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Extracellular vesicles as a source of prostate cancer biomarkers
in liquid biopsies: a decade of research
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Prostate cancer is a global cancer burden and considerable effort has been made through the years to identify biomarkers for the
disease. Approximately a decade ago, the potential of analysing extracellular vesicles in liquid biopsies started to be envisaged. This
was the beginning of a new exciting area of research investigating the rich molecular treasure found in extracellular vesicles to
identify biomarkers for a variety of diseases. Vesicles released from prostate cancer cells and cells of the tumour microenvironment
carry molecular information about the disease that can be analysed in several biological fluids. Numerous studies document the
interest of researchers in this field of research. However, methodological issues such as the isolation of vesicles have been
challenging. Remarkably, novel technologies, including those based on nanotechnology, show promise for the further
development and clinical use of extracellular vesicles as liquid biomarkers. Development of biomarkers is a long and complicated
process, and there are still not many biomarkers based on extracellular vesicles in clinical use. However, the knowledge acquired
during the last decade constitutes a solid basis for the future development of liquid biopsy tests for prostate cancer. These are
urgently needed to bring prostate cancer treatment to the next level in precision medicine.
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BACKGROUND

Prostate cancer

In 2020, almost 20 million people were diagnosed with cancer and
10 million were estimated to die of cancer worldwide [1]. Prostate
cancer (PCa) was the most frequent cancer type among men in
112 countries and the second leading cause of cancer deaths. It is
expected that improving the diagnosis and treatment of PCa
patients will increase men’s life expectancy.

Prostate cancer is classified as localised, locally advanced or
metastatic disease. Localised PCa is further subdivided into risk groups
based on prostate-specific antigen (PSA) level, International Society of
Urological Pathology (ISUP) grade/Gleason score (GS) and clinical TNM
stage [2, 3]. In general, low-risk patients are offered active surveillance
(AS) and intermediate-risk patients are treated by radical prostatect-
omy (RP) or curative radiotherapy (RT). High-risk patients are treated
with RP with extended lymph-node dissection or RT in combination
with long-term androgen-deprivation therapy. Locally advanced
patients are offered extended lymph-node dissection and RP or RT
as part of multimodal therapy. Metastatic disease is at present

incurable, and these patients are offered systemic treatment,
eventually in combination with surgery or RT.

The incidence of PCa increased dramatically when PSA testing for
early detection and screening of PCa was introduced into the
market in the 1990s [4, 5]. Overdiagnosis and subsequent
overtreatment became a problem, and the search for biomarkers
that could discriminate indolent localised PCa that can be followed
by AS from aggressive localised PCa that needs radical treat-
ment was intensified. Thirty years later, a handful of molecular
biomarkers are finally slowly approaching the clinic, such as the
prostate cancer antigen 3 (PCA3) RNA test or the SelectMDx test
based on RNA detection of DLX1 and HOXC6, both using urine
collected after prostate massage [4, 6-8]. These tests can improve
detection of clinically significant PCa and change clinical decisions
for patients within each risk group. They are, however, still not
routinely recommended in the clinical guidelines as more data are
needed to prove their cost-benefit. At the same time, the treatment
landscape of metastatic PCa is rapidly changing [9]. As new
expensive drugs are entering the clinic, there is an intense search
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for predictive biomarkers that aim to identify responsive patients
and thereby reduce unnecessary side effects.

PCa is a multifocal and heterogeneous malignancy. To bring
precision medicine in PCa treatment to the next level, we need to
identify biomarkers reflecting the phenotype of multiple tumour
foci, which is determined by the cancer-cell genotype and shaped
by the tumour microenvironment and systemic factors. The use of
liquid biopsies constitutes an attractive approach in this respect
because the intratumoural heterogeneity within and between the
tumour foci can potentially be mirrored by molecular analyses of
body fluids. Body fluids are easily accessible, enabling screening of
men at risk of developing PCa as well as real-time monitoring of
disease progression and treatment responses. In fact, molecular
biomarkers in liquid biopsies have a long history in PCa. This is
exemplified by the use of prostatic acid phosphatase (PAP) for the
diagnosis of PCa since 1938 [10] and later PSA, which was FDA-
approved to monitor PCa relapse in 1986 [5].

Liquid biopsies

Liquid biopsies have emerged as a promising alternative to tissue
biopsies for the detection, prognosis and prediction of response to
therapy, AS and post-operative monitoring of PCa. The term ‘liquid
biopsies’ refers to the analysis of tumour cells and molecules
providing information about the disease in samples of body fluids
like blood or urine [11]. Such samples can be obtained in a minimally
invasive or non-invasive way; therefore, liquid biopsies are particularly
suitable for monitoring patients and tracking tumour evolution.
Commonly studied cancer-derived analytes in liquid biopsies are
circulating tumour cells (CTCs) and circulating tumour DNA (ctDNA)
[12, 13]. CTCs are disseminated cancer cells that may exist in the
circulation as single cells or clusters of 2-50 cells consisting of only
CTCs or CTCs associated with stromal or immune cells [14]. The
methods for CTC analyses range from enumeration of CTCs, which
can be exploited for prognosis and early detection of relapse, to
genomic, transcriptomic and proteomic profiling of CTCs and
establishing ex vivo cultures or xenografts that may be of use for
guiding the choice of drug treatment [15]. However, the main
challenges in CTC clinical use are their very low counts in peripheral
blood and their phenotypic heterogeneity [16, 17]. In localised PCa,
CTCs are detectable only in a minority of patients [18, 19]. However,
CTCs are detectable in 33-75% of patients with metastatic castration-
resistant prostate cancer (mCRPC) and have a high prognostic and
predictive significance [20-23].

Cell-free DNA (cfDNA) fragments are released into the circula-
tion from a variety of cell types. Tumour cell-free DNA (ctDNA)
represents a fraction of cfDNA that is released from apoptotic or
necrotic tumour cells. ctDNA can be distinguished from normal
tissue-derived cfDNA by the presence of genetic or epigenetic
alterations such as somatic point mutations, rearrangements, copy
number variations and tumour-specific methylation markers [17].
The half-life of ctDNA varies from around 16 min to 2.5 h, allowing
real-time monitoring of tumour burden [24, 25]. Hence, ctDNA
analyses could be applied for monitoring treatment responses and
disease progression, and tracking intratumoural heterogeneity
and evolution [26]. However, the fraction of ctDNA in the cfDNA
may vary from 0.01 to 90%, and ultrasensitive methods such as
digital-droplet PCR, BEAMing or tagged amplicon sequencing are
required for the detection of rare tumour-derived variants in the
background of wild-type cfDNA [27]. Another challenge in the
clinical application of ctDNA assays is that a fraction of the genetic
alterations in the <fDNA may arise from age-related clonal
expansion of mutated hematopoietic cells [28].

Extracellular vesicles

EVs represent an alternative source of cancer-derived molecules in
liquid biopsies [16, 17, 29, 30]. ‘EV' is a generic term for all types of
lipid bilayer-delimited particles that are naturally released from cells
and cannot replicate [31]. According to the biogenesis pathway, the

main subtypes of EVs are exosomes, microvesicles (also called
ectosomes, shedding vesicles or microparticles) and apoptotic bodies
[32-35]. Exosomes correspond to the released intraluminal vesicles
found in the lumen of multivesicular bodies and range in size from 30
to 150 nm. Microvesicles are formed by budding and blebbing from
the plasma membrane and the majority have a size range from 100 to
1000 nm [36]. Finally, apoptotic bodies are formed by blebbing of the
plasma membrane or formation of membrane protrusions such as
microtubule spikes, apoptopodia and beaded apoptopodia in
apoptotic cells. The majority of apoptotic bodies range in size from
1 to 5 pm in diameter, though the formation of smaller vesicles during
the progression of apoptosis has also been reported [37]. In PCa, large
EVs (1-10 um), usually referred to as large oncosomes, have been
found to be released by shedding of membrane blebs from highly
migratory cancer cells, but their biogenesis is not fully understood
[38, 39]. Although the mean size of various EV subtypes is different,
their size range overlaps and the current EV-isolation methods do not
allow accurate separation of the EV subtypes. Therefore, the
International Society for Extracellular Vesicles recommends using
operational terms for EV subtypes referring to their physical or
biochemical characteristics instead of the terms ‘exosome’ or
'microvesicle’, unless their biogenesis pathway is clearly established
[31].

EVs are secreted by virtually all cell types in the body and are
able to reach various body fluids, including blood, urine, semen,
milk, saliva, etc. [32, 40, 41]. There is not much known about the
specific mechanism of EV release into body fluids, and vesicles
formed by different mechanisms and cell types are expected to
coexist in biofluids. Thus, vesicles that are found in biofluids would
be more appropriately referred to as EVs. This is the term that will
be used in this review, even if other terms may have been used in
the original articles.

Although initially considered to be a waste-disposal mechanism
[42], it is now clear that both EVs generated by living or apoptotic
cells can be taken up by recipient cells and are important
mediators of intercellular communication [37, 43]. A growing body
of evidence suggests that cancer-derived EVs promote cancer
progression by acting in a paracrine and systemic manner: they
transfer aggressive phenotypic features and drug resistance to
other cells, mediate the cross-talk with stromal cells and bone
marrow, modulate the antitumour immune response and promote
the formation of pre-metastatic niches [30, 44, 45].

EVs carry a variety of proteins, lipids, carbohydrates (attached to
proteins and lipids), coding and non-coding RNAs, DNA fragments,
metabolites and even entire organelles, such as in apoptotic
bodies and possibly other EV types [32, 46-51]. Their molecular
cargo partially reflects the intracellular status and physiological
state of their parental cells. EVs isolated from cancer patients’
body fluids have been shown to contain cancer-derived molecules
such as truncated EGFRvIII [52], overexpressed MET [53], cancer-
specific miRNAs and protein signatures and mutated DNA or
mMRNA fragments [23, 54-56]. These findings have raised the idea
that the analysis of EV molecular cargo could inform about the
presence and behaviour of cancer and, therefore, could be of use
for diagnosis, monitoring of response to therapy, early detection
of relapse and tracking tumour evolution. In fact, emerging
evidence shows that DNA molecules in blood-derived EVs show
superiority over ctDNA as a cancer biomarker [57, 58]. The study of
EVs is a very active area of research at the moment, and several
resources have been made available in the last few years to
facilitate research in this exciting field (Table 1) [59].

EV-based biomarkers for PCa have been a very active research
area in the last decade [60-69], and the first works already
appeared in 2009 [70, 71]. In this review, we discuss the
preanalytical and methodological considerations in developing
EV-based assays for the diagnosis and management of PCa, and
summarise patient studies investigating EV-based biomarkers for
diagnosis, prognosis and monitoring of PCa (Fig. 1).
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Table 1. Some resources for EV research.

Type

EV molecular databases

Courses

Reporting

Guidelines/
Position papers

Societies /Task Forces/

Working groups

Conferences/Seminars

Name
Exocarta/Vesiclepedia

EVpedia

exoRBase

exRNA Atlas

Basics of Extracellular
Vesicles

Extracellular Vesicles in

Health and Disease

Extracellular Vesicles:
From Biology to

Biomedical Applications

EV-TRACK platform
MIFlowCyt-EV
MISEV2018

Urinary EVs

Blood EVs

EV RNA

EVs in therapy

ISEV
National societies
ISEV task forces

EV Flow Cytometry
Working Group
ISEV Annual Meeting

WebEVTalk

EV Club

British Journal of Cancer (2022) 126:331-350

Purpose/Description

Compendium of molecular data
(protein, RNA and lipid) of EVs from
multiple sources.

Integrated database of high-throughput
molecular data (protein, RNA and lipid)
for analyses of prokaryotic and
eukaryotic EVs.

Repository of EVs long RNAs (mRNA,
IncRNA, and circRNA) derived from RNA-
seq data analyses in different human
body fluids.

Data repository of the Extracellular RNA
Communication Consortium including
small RNA sequencing and qPCR-
derived exRNA profiles from human and
mouse biofluids.

This MOOC course provides basic
knowledge about EVs.

This MOOC course provides current
understanding about EVs and their role
in health and diseases.

Practical course organised by EMBO
covering different EV purification and
characterisation techniques and
strategies to understand the role of EVs
in biomedical applications.

Platform for recording experimental
parameters of EV-related studies.

Framework for standardised reporting of
EV flow cytometry experiments.

Provide guidance in standardisation of
protocols and reporting in the EV field.

A position paper by the Urine Task Force
of the International Society for
Extracellular Vesicles.

Considerations towards a roadmap for
collection, handling and storage of
blood EVs.

Obstacles and opportunities in the
functional analysis of extracellular
vesicle RNA — an ISEV position paper.

Applying EV-based therapeutics in
clinical trials — an ISEV position paper.

Global society of EV researchers.
Societies of national EV researchers.

The Rigor & Standardization
Subcommittee includes several task
forces for advancing specific EV areas of
research such as urine EVs, blood EVs
and reference materials.

This groups aims to establish guidelines
for best practices for flow cytometry
analysis of EVs.

This seminar brings together EV
interested scientists from around
the world.

These online weekly seminars aim to
support networking and to push EV
science forward.

These online weekly seminars are a
venue for discussing research and
published articles.

Web address

http://www.exocarta.org/
http://www.microvesicles.org/

http://www.evpedia.info

http://www.exoRBase.org

https://www.exrna-atlas.org/

https://www.coursera.org/learn/extracellular-
vesicles

https://www.coursera.org/learn/extracellular-
vesicles-health-disease

https://www.embl.org/about/info/course-
and-conference-office/events/ex022-01/

https://www.evtrack.org/

https://www.tandfonline.com/doi/full/
10.1080/20013078.2020.1713526

https://www.pubmed.ncbi.nlm.nih.gov/
30637094/

https://www.onlinelibrary.wiley.com/doi/
10.1002/jev2.12093

https://www.tandfonline.com/doi/full/
10.1080/20013078.2019.1647027

https://www.tandfonline.com/doi/full/
10.1080/20013078.2017.1286095

https://www.tandfonline.com/doi/full/
10.3402/jev.v4.30087
https://www.isev.org/
https://www.isev.org/national-societies
https://www.isev.org/rigor-standardization

http://www.evflowcytometry.org

https://www.isev.org/isev-annual-meeting

https://www.youtube.com/user/MsOlinolin/

featured

https://www.isev.org/ev-club
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Table 1 continued

Type Name

Exosomes, Microvesicles
and Other Extracellular
Vesicles

Extracellular vesicles

Journal of extracellular
vesicles

SpecializedJournals

The European journal of
extracellular vesicles

Extracellular Vesicles and

Purpose/Description

Keystone symposia are a series of
seminars organised for the
advancement of biomedical and life
sciences.

Gordon Research Conferences are a
series of seminars bringing a global
network of scientists together to discuss
frontier research.

Publication of EV research.

Publication of EV research.

Publication of EV research.

Web address

https://www.keystonesymposia.org/KS/
Online/Events/2022B3/Exosomes-
Microvesicles-and-Extracellular-Vesicles.aspx?
EventKey=2022B3

https://www.grc.org/extracellular-vesicles-
conference/2022/

https://www.onlinelibrary.wiley.com/journal/
20013078

http://www.libpubmedia.co.uk/ejev/

https://www.evcna.com/

Circulating Nucleic Acids

Journal of extracellular

biology Late 2021)

Publication of EV research. (Launching

https://www.isev.memberclicks.net/journal-
of-extracellular-biology

circRNA circular RNA, exRNA extracellular RNA, IncRNA long non-coding RNA, MISEV minimal information for studies of extracellular vesicles, ISEV International

Society for Extracellular Vesicles, MOOC massive open online course.

Bladder

# Uretra
Prostate
Tumour tissue

o®
%
.

Glycans

«
Lipids and

metabolites ' /é
. ;' ———— DNA fragments
Proteins
" —Z—=——===RNA (fragments)

I

[ ] PS [
C;; ®
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(plasma or serum) fluid
Liquid biopsy
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Fig. 1 Extracellular vesicles as liquid biopsies for prostate cancer.
Figure designed by Elena S. Martens-Uzunova using BioRender.

EVS AS LIQUID BIOMARKERS FOR PROSTATE CANCER:
METHODOLOGICAL CONSIDERATIONS

Relevant biofluids for the identification of EV-based
biomarkers for prostate cancer

Several biofluids are expected to contain prostate-derived EVs
[72]. The prostate is an excretory gland of the male genitourinary
system located below the bladder, surrounding the proximal
urethra, composed of stroma and an epithelium component [73].

The prostatic acinar epithelial cells secrete prostatic fluid, which
constitutes approximately one-fifth to one-third of the semen
volume and plays an essential role in male fertility [73].
Remarkably, an EV population, called prostasomes, was identified
~40 years ago in prostatic and seminal fluid [74-77]. The highest
concentration of prostate-derived EVs can be expected to be
found in prostatic fluid and seminal plasma. However, direct
collection of prostatic fluid can be relatively invasive and the use
of semen for diagnostic purposes of aging PCa patients does not
appear as the best option [78]. It should also be mentioned that in
addition to the prostate, EVs in seminal fluid may have other
origins, such as the epididymis [79]. Importantly, gentle prostate
massage can induce the secretion of prostatic fluid into the
urethra, which is then mixed with urine during urination. Since
prostate massage is often done in connection with a digital rectal
examination (DRE), this urine is often called DRE urine. Prostatic
fluid is also drained during urination in normal conditions, and
possible mechanisms have been proposed [80]. Further, it has
been demonstrated that the fraction of prostate-derived EV in
urine is significantly enriched after DRE due to the increased
amount of prostatic fluid released in the urine [71, 81, 82]. Thus, it
could be beneficial to collect urine for EV analysis after DRE to
enhance sensitivity. On the other hand, collection of non-DRE
urine is more amenable. In any case, urine is seen as a highly
suitable and desirable biofluid for liquid biopsy that can be utilised
for the clinical management of PCa. Several factors contribute to
this, including the minimally invasive character of urine collection,
the possibility to collect relatively large volumes and the limited
number of organs, i.e, the kidneys, ureters, bladder, seminal
vesicles and the prostate (although several recent reports also
suggest that EVs from the bloodstream can be found in urine)
from which the majority of urinary EVs originate [83]. At the same
time, urine is a highly dynamic biofluid and its composition and
concentration depend on biorhythm, fitness and diet. This causes
a large inter- and intrapersonal variability, which complicates the
study of urinary EVs and the discovery and validation of urinary
biomarkers in general. Other exogenic factors, such as the
presence of microorganism-derived EVs from bacteria and yeast
present in urine, as well as viruses with size similar to that of EVs,
can additionally contribute to the complexity of the urinary EV
population and complicate EV analysis in urine, for example EV
quantification [84-90]. The extent by which different organs from
the urogenital tract contribute to the urinary EV repertoire is yet to
be established, but it has been shown that several prostate-related
proteins and their mRNAs, such as PAP, PSA, prostate-specific
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membrane antigen (PSMA), prostate stem cell antigen (PSCA),
protein—-glutamine gamma-glutamyltransferase 4 (TGM4) or trans-
membrane protease serine 2 (TMPRSS2), are found in urinary EVs
[72, 91-93].

Blood-derived EVs have also been extensively investigated in
biomarker studies. Blood is a rich source of EVs, but also contains
structures that can possibly co-isolate with EVs and mask or
disturb EV analyses such as cells, cell-free DNA and lipoproteins.
Hence, the isolation and characterisation of blood-derived EVs
with high purity is not straightforward. Blood EVs are mainly
derived from platelets, red blood cells and leucocytes, as indicated
by specific markers of these cell types, CD41, CD235a and CD45,
respectively [94]. Blood may be especially relevant for patients
with metastatic PCa, considering the distal location of the
advanced metastasis of PCa (often bone metastasis) and that
many patients with metastatic PCa may have undergone RP. It is
not clear how prostate-derived EVs reach the blood circulation.
PSA, which is normally secreted from prostate epithelial cells into
prostatic fluid, can reach the blood circulation and shows
increased serum levels in PCa and other prostatic diseases. This
is probably due to morphological and functional changes of
prostate and endothelial cells, resulting in increased permeability
and leakage of the tumour vasculature, which facilitates the
entrance of PSA into blood [95]. EVs are larger in size than PSA, but
they may reach the blood system by a similar mechanism. Finally,
a recent analysis of the literature of EVs and PCa, including articles
with 50 or more patients from 2010 to 2017 (13 articles), showed
that almost 30% of the analyses were performed with blood, while
in the rest, urine was the selected biofluid [68].

Preanalytical considerations in EV-biomarker research
Determining inclusion patient criteria for identification of EV-
based PCa biomarkers depends on the main purpose of such
biomarkers, whether early diagnosis, AS, prognosis or cancer
recurrence. Correct sample-size determination is vital if robust
conclusions are going to be drawn from EV-biomarker studies. In
any case, patient information should be carefully reported,
including at a minimum gender, age and clinical-relevant
information. In some studies, it may also be important to include
additional information such as diet, ethnicity, body mass index,
medication, food and fluid intake. In addition, it is fully recognised
today that after collection of the biofluid of choice, preanalytical
variables should be carefully controlled to avoid degradation
before being used for EV-biomarker analysis. Preanalytical
variables such as collection method, volume of sample, pre-
servatives, processing and storage temperature can influence the
results [83, 96-99], and it is, therefore, essential to report these
conditions in detail. To facilitate this, a possibility is to use the
Standard PREanalytical Code (SPREC), a seven-element code
corresponding to the most critical preanalytical variables of
biospecimens [100, 101].

Optimal parameters for the study of EVs in urine and blood
(plasma is usually preferred to serum [98]), the two more relevant
biofluids for PCa, are being investigated by the respective task
forces of the International Society for Extracellular Vesicles (ISEV)
[83, 971. For blood, the fasting status of the donors and the choice
of anticoagulant during collection are especially important, and
the degree of haemolysis and levels of residual platelets in
platelet-free plasma should be measured before using the
samples for EV analysis [98, 99]. Concerning the latter, platelets
need special attention when studying blood EVs because they can
be easily activated under blood collection, handling and storage,
and release EVs that may confound the results [99, 102-105]. Two
subsequent centrifugations at 2500 x g for 15 min have often
been used to deplete platelets from plasma samples, but a
protocol using a single-step centrifugation has recently been
proposed [98, 102, 106]. Moreover, blood samples contain
lipoproteins of similar sizes to EVs [35, 107]. When working with
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blood EVs, separation of lipoproteins is necessary as they are
found to be more abundant (100-fold than EVs) in plasma and
may confound EV analysis. Combination of methodologies such as
ultracentrifugation followed by density gradient or size-exclusion
chromatography can improve the purity of EV samples [108].
Urine is a biofluid in close anatomical proximity with the
prostate through the prostatic urethra, and it has been the biofluid
of choice in several recent studies of EV-based PCa biomarkers
(Tables 2 and 3). In these studies, both urine and DRE urine have
been used. As mentioned above, DRE urine is a rational choice if
high amounts of EV molecules of prostatic origin are needed or if
the analyte under investigation has a relatively low abundance
[60]. The physiological characteristics of urine and its dynamic
character as an excretory biofluid require specific preanalytical
steps to assure consistent analysis and experimental results.
Timely urine pre-clearing (within hours after collection) by mild
centrifugation to remove shed cells is important to prevent cell
lysis, which could contaminate the EV fraction with cell debris. If
the precleared urine is not to be processed immediately for EV
analysis, which is often the case in biobanking and in large clinical
studies, it is warranted to store the precleared fraction in aliquots
at temperatures below —70°C [83]. Removal of uromodulin (also
known as Tamm-Horsfall protein), a high-abundance protein in
urine, has also been the focus of several studies because it forms
polymer networks that can trap EVs and skew downstream
analysis [109-111]. Urine composition is highly variable (pH,
osmolality and concentration) and influenced by certain medica-
tions and diet, therefore, an assessment of urine-sample
characteristics using dipsticks (e.g., proteins, glucose, ketones,
haemoglobin, nitrite, leucocytes and pH) can provide an easy and
inexpensive quality-control measure to identify deviating samples.
In addition, microbial presence (endogenous, pathological or
caused by contamination during sample collection) should also be
taken into consideration as it can influence not only EV
quantitation, but also the normalisation of experimental data.

Conventional and novel methodological approaches for the
analysis of EVs in liquid biopsies

In early days, the most common method to isolate EVs was
differential centrifugation, and the smaller EV population was
enriched by ultracentrifugation (often at 100,000 x g) for 1-2h
[112]. Today, a plethora of methods based on different physical
and molecular EV characteristics are available, including filtration,
precipitation, hydrostatic dialysis, ultrafiltration, size-exclusion
chromatography, immunocapture and acoustic trapping [113-
119]. Moreover, a combination of different isolation methods can
also be an option in some cases. Considering the diverse
methodology available for EV separation, it is important to be
aware of the advantages and disadvantages of the different
methods, which have been presented in numerous publications
[59, 114,115, 117-1201. For example, when working with biofluids,
it can be an advantage to use immunocapture with a cancer-
related or a tissue-specific molecule because biofluids contain
several EV populations that can mask the signal of the EV
population of interest.

As shown in Tables 2 and 3, several EV-isolation methods have
been used to separate EVs from biofluids to identify PCa
biomarkers. A challenge in EV isolation is that different isolation
methods may lead to different results, probably because the
methods separate to different degrees the different types of EVs
and other molecular structures present in the sample [121-124].
Moreover, it is not always practical to use some of these methods
in a clinical setting for different reasons, such as low throughput,
requirement of a large amount of sample or expensive and
difficult-to-use instrumentation. Indeed, several easy-to-use isola-
tion kits have been commercialised. Although these methods
could be very useful in a clinical setting, a main drawback is that
the isolation principle, the kit components and how they affect
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[107, 117,139, 140]. Immunoaffinity relies on the use of antibodies
(or beads coated with antibodies) against EV-surface proteins. The
most commonly used antibodies target tetraspanin proteins such
as CD63 or CDY, which are generally enriched in EV membranes.
Besides, EVs from different cell origin can be selectively
recognised by using antibodies against molecules overexpressed
in cancer cells [141]. On the other side, EVs can be isolated,
depending on their physical properties. Nanoscale deterministic
lateral-displacement pillar arrays are an efficient technology to
sort and separate EVs, because EVs follow different trajectories in a
pillar array depending on their size [142]. When integrating these
arrays on a chip, a superior yield of EVs was isolated from serum
and urine compared with conventional isolation techniques such
as ultracentrifugation or density-gradient ultracentrifugation [143].
Ultrasonic waves can also be used to isolate and enrich EVs,
enabling downstream small RNA sequencing from PCa clinical
samples [144]. In addition, electrostatic interactions were used as
separation principle in a nanowire-anchored microfluidic device
that also allowed in situ extraction of RNA [140]. When applied to
urine samples, the device showed higher efficiency of miRNA
extraction and a much larger variety of miRNAs than ultracen-
trifugation. However, the positively charged surface nanowires
have low selectivity in terms of EV analysis because they collect
indiscriminately negatively charged structures in urine, including
EVs and free negatively charged molecules such as miRNAs [140].
Another technology that has been described to separate EVs in a
size-dependent and label-free manner is viscoelasticity-based
microfluidics, showing a high level of recovery (>80%) and purity
(>90%) of EVs [145]. Similarly, sheathless oscillatory viscoelastic
microfluidics has been used to separate EVs, although further
research is needed to bring these technologies into the clinics
[146].

In addition to EV isolation, the possibility to integrate EV
detection and analysis within the same platform is gaining
considerable attention. Combining microfluidics with techniques,
such as fluorescence, surface plasmon resonance, colorimetric or
electrochemical detection, has opened the path towards clinical
translation [147]. Pioneering examples of these platforms include
the ExoChip device that can isolate EVs directly from blood using a
microfluidic device functionalized with anti-CD63 antibodies and
quantify them using a fluorescent dye and a plate reader [148].
Going a step further, the ExoSearch chip allows on-chip isolation
and multiplexed detection of tumoural EV in 40 min [149]. The
integration of these platforms with detection systems or
smartphones as imaging read-out systems is emerging as an
ideal approach for point-of-care diagnosis due to the excellent
portability and cost-effectiveness of these devices [150-153].
Although much effort has been done for the development of
portable and automatised devices for the isolation, detection and
analysis of EVs, many of the reports are still at a proof-of-concept
level [134].

EV-BASED BIOMARKERS FOR PROSTATE CANCER

A main aim of the studies of EV-based biomarkers for PCa is to
improve detection of clinically significant PCa and aid clinical
decision-making for patients within each risk group. Biomarkers
can be divided into different categories based on their particular
application [154]. In this review, we have classified the identified
EV biomarkers into two main groups. In the group of diagnostic
biomarkers, we have included the biomarkers used for the
detection of PCa and/or the stratification of patients according
to GS or ISUP grade (Table 2). The biomarkers that predict survival
rates, cancer progression, probability of metastasis and develop-
ment of treatment resistance or cancer recurrence have been
included in the prognostic and monitoring group (Table 3). Only
studies containing more than 10 individuals are included in the
tables.

Prostate-cancer extracellular vesicles as diagnostic
biomarkers

Studies of diagnostic biomarkers have compared PCa patients
with healthy individuals, but also to patients afflicted with benign
prostate hyperplasia (BPH), which is also usually related to an
increased serum PSA level. Additionally, several publications have
addressed the necessary distinction between low-risk PCa, which
may not require aggressive treatment, and intermediate- and
high-risk prostate tumours that require treatment. Usually GS or
the equivalent ISUP grade, together with PSA and clinical stage, is
used to classify the PCa risk [3].

In 2009, Nilsson et al. showed that the RNAs PCA3 and
TMPRSS2:ERG were found in urinary EVs [71]. Interestingly, the
presence or absence of TMPRSS2:ERG in urinary EVs mimics the
results from prostate biopsies [155]. While one study claimed that
the expression of PCA3 alone in urinary EVs is not a good predictor
of PCa [156], others found that PCA3, ERG, BIRC5, TMPRRS2 and
TMPRRS2:ERG can differentiate between healthy and PCa patients
[155]. The analysis of a cohort of 195 men showed that the
expression of PCA3 and ERG genes (including the fusion gene
TMPRSS2:ERG) normalised to the level of SPDEF (SAM-pointed
domain-containing Ets transcription factor) can be used to
differentiate between GS <6 and GS > 7 tumours [157]. This result
was later confirmed in independent cohorts of 519 and 503
patients [158, 159]. These results are the basis of the EV-based
ExoDx PCa test, which helps to decide about biopsy for men over
the age of 50 and PSA 2-10 ng/ml [160]. In the first study from
2009, sequential centrifugation was used to isolate EVs from both
DRE- and non-DRE urine [71]. Later studies have used non-DRE
urine and ultrafiltration centrifugation to concentrate the vesicles
and detect PCA3 and ERG [158, 159]. Additionally, a recent
independent study including 217 men proposed that the addition
of GATA2 to this model could improve the detection of high-risk
PCa [161]. Further studies with urinary EVs have reported that the
ratio between PCA3 and PCa-susceptibility candidate (PRAC) can
differentiate both between healthy men and PCa patients and
between GS <6 and GS =7 in a cohort of 89 individuals [127] and
that PCA3, together with PCGEM1, can be used to distinguish
between favourable and unfavourable intermediate tumours (GS
3+4 vs GS 4+ 3 or higher) in a racially diverse cohort of 271
patients [162]. Analysis of a microarray panel identified a decrease
in CDH3-expression level in PCa patients compared with BPH in
independent cohorts using different EV-isolation methods [163].
The different AGR2 splice variants can also distinguish between
BPH and PCa [164].

Several miRNAs previously identified as PCa biomarkers have been
detected in EVs. miR-21 is one of the most commonly identified
[165, 166]. Li et al. compared the expression of miR-21, miR-574 and
miR-375 in serum EVs of treated and untreated PCa patients as well as
healthy men, and showed that the miRNAs levels were higher in
untreated patients than in healthy donors, while patients after RP
showed an intermediate level [167]. Later studies have confirmed the
increase in miR-21 levels in PCa patients compared with healthy
individuals or BPH patients in plasma [168] and urine [128, 169, 170].
Other prominent miRNAs previously detected in liquid biopsies for
PCa and later identified in EVs are miR-375 and miR-141 [171, 172].
miR-375 was also found differentially expressed between PCa patients
and healthy donors in urinary EVs in a cohort of 70 men [170], and
was also selected in an independent discovery cohort [129].
Interestingly, one study could not find differences in miR-21 or miR-
375 levels in urinary EVs, but detected a significant change in the
expression of their corresponding isomiRs [173]. miR-141 has also
been found to be deregulated in EVs in both urine [169, 174] and
plasma [175]. A few other miRNAs previously related to PCa have also
been validated in urinary EVs, such as miR-145 [176], miR-2909 [177]
and miR-200c [128].

Several studies have been designed to identify novel EV miRNAs
for PCa diagnosis. miR-1246 was found significantly altered in the
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serum of PCa patients [178]. In addition, miR-574 and miR-107
have been identified in plasma samples as PCa biomarkers [179].
These miRNAs showed a similar behaviour in urinary EVs
[169, 179]. Other miRNAs such as miR-196a and miR-501 [180],
miR-451a and miR-486 [129] and miR-30b and miR-126 [181] were
found to be altered in urinary EVs of PCa patients compared with
healthy men. Recently, Ku et al. developed a new technique for
urinary EV isolation, acoustic trapping, and detected several
miRNAs deregulated in patients with high-risk PCa (grade 3 or
lower versus grades 4 and 5) [144]. One of them was miR-23b,
which had previously been found to be deregulated in plasma EVs
of PCa patients compared with healthy donors [182]. In terms of
other biofluids, Barcelo et al. showed that miRNAs found in EVs
isolated from semen can also be used as biomarkers in a discovery
cohort of 12 patients and in a validation cohort of 39 individuals.
They reported that a model including PSA and 3 miRNAs (miR-
142-3p, miR-142-5p and miR-223) could differentiate between PCa
and BPH patients, while the combination of PSA, miR-342 and
miR-374 was able to distinguish GS 6 from GS 7 [183]. The first
model was later confirmed using 3 different EV-isolation protocols
in an independent cohort of 26 donors [184].

Logozzi et al. studied the potential of PSA associated with plasma
vesicles as a biomarker. In a cohort of 45 individuals, the EV-PSA
level was higher in PCa patients than in BPH patients or healthy
individuals [185]. A follow-up study, including 240 individuals,
showed that EV-derived PSA outperforms the conventional PSA test
[186]. An MS analysis of urinary EVs also included PSA in a panel of 5
proteins  (CD63-GLPK5-SPHM-PSA-PAPP) able to distinguish
between low- and high-grade patients [187]. Moreover, the
tetraspanins CD63 and CD9 were analysed in DRE urine (100 pl of
cell-free urine) using a time-resolved fluorescence immunoassay
developed by Duijvesz et al. for capture/detection of PCa-derived
EVs. Using this sensitive assay, the expression level of CD63 and CD9,
normalised to urinary PSA, was higher in PCa patients than in
healthy men [81]. Interestingly, it was also found that the levels of
CD9 and CD63 were very low in urine from women, men after
prostatectomy and non-DRE urine. Using the same assay, Soekmadiji
et al. reported that the CD9 level was higher in plasma of PCa
patients than in benign patients [188]. Moreover, EV immunocapture
with CD13/aminopeptidase N, a protein found in semen EVs [189],
was used to develop a proximity-ligand assay using four antibodies
attached to DNA strands as analytical method [190]. It was shown
then that the signals measured directly in blood samples from PCa
patients were higher compared with healthy men. This assay also
distinguished patients with GS < 6 from patients with higher GS.

Another protein that has been investigated as PCa biomarker is
survivin, a member of the inhibitor of apoptosis family of proteins. The
levels of this protein in plasma EVs measured by ELISA were reported
to be higher in PCa patients than in BPH patients or healthy
individuals [191], and this result was later confirmed in an
independent cohort [192]. MS allows the identification of over 1000
proteins simultaneously and has been used for the discovery of novel
EV-based PCa biomarkers. For example, MS analysis of urinary EVs
from healthy men and PCa patients found several deregulated
proteins, including TMEM256 and LAMTORT [93]. Another study
showed that FABP5 distinguished between healthy individuals and
patients with low-risk (GS 6) and intermediate-high-risk PCa tumours
[193]. The EV levels of PTEN [194], flotillin 2 and PARK7 [195], ephrinA2
[196], Del-1 [197], the integrins ITGA3 and ITGB1 [198] and GGT1
activity [199] have also been reported to differentiate between PCa
patients and healthy individuals and/or BPH patients. In addition, the
prostate-enriched protein STEAP1 was found to be increased in
plasma samples of PCa patients compared with healthy males [200].

While mRNAs, miRNAs and proteins are the most common
molecules studied as PCa biomarkers, some reports highlight the
potential of using other types of EV cargos. Skotland et al. found
several lipid species in urinary EVs that were differentially
expressed in PCa patients and healthy men [201]. Moreover,
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Clos-Garcia et al. identified 76 lipids and metabolites differentially
expressed between PCa and BPH in urinary EVs [202]. Interestingly,
urinary EVs seem to reflect several metabolic alterations reported
in PCa, including phosphathidylcholines, acyl carnitines and
citrate. Puhka et al. have also shown the potential of metabo-
lomics analysis of urinary EVs in PCa [203]. For EV-derived nucleic
acid cargo, three long non-coding RNAs have been proposed to
differentiate between prostate tumours and BPH: IncRNA-p21 in
urine [204] and SAP30L-AS1 and SChLAP1 in plasma [205]. The
different miR Scientific’'s Sentinel tests use a profile of urinary EV
small non-coding RNAs to differentiate between healthy and PCa
patients or stratify according to the ISUP grade [206]. Other
projects have explored the possibility of using light-scattering
techniques for EV analysis. Krafft et al. showed that the Raman
spectra of EVs from PCa patients and healthy individuals were
different [207], and in another study, the amount of vesicles
estimated by spectroscopy was higher in PCa patients than in
healthy men [208].

Prostate-cancer extracellular vesicles as prognostic and
monitoring biomarkers

Several studies have reported alterations in the expression levels of EV
miRNAs isolated from CRPC patients and their prognostic power. For
instance, an increase in miR-1290 and miR-375 levels has been
associated with poor overall survival (OS) (7.23 months vs. 19.3 months)
[209]. In serum EVs, the expression of miR-375 and miR-141 was able
to distinguish recurrent from non-recurrent PCa [179].

Another study performing a direct comparison of DNA-
methylation markers and gene expression between paired CTCs
and plasma-derived EVs of mCRPC patients showed that CK-8
expression, together with RASSF1A and GSTP1 methylation,
correlated with lower OS (16.9 months vs. 31.8 months, 8.0 months
vs. 22.6 months and 8.6 months vs. 21.4 months, respectively)
[210]. Moreover, when comparing PSMA-positive plasma EV levels
in mCRPC patients, BPH patients and healthy men, PSMA-positive
EVs were predominant in mCRPC [211]. This result correlates with
recent findings by Nanou et al. where a higher amount of tumour-
derived EVs were found in the plasma of CRPC patients compared
with healthy men, and that an increase in EV numbers was
associated with lower OS [212, 213]. Another approach used the
RNA expression profiles from urinary EVs to predict cancer
progression within 5 years in a cohort of AS patients [214]. RNA
profiling also showed that the expression of five miRNAs in EV-
enriched urine (miR-151a-5p, MiR-204-5p, miR-222-3p, miR-23b-3p
and miR-331-3p) and serum PSA levels predicted the time of
recurrence after RP in 3 independent cohorts [215].

Several studies have identified biomarkers that could serve as
drug-resistance predictors for PCa treatment [216, 217]. Andro-
gen receptor (AR) variants, in particular, the AR-Variant 7 (AR-V7), are
of special interest due to their crucial role in CRPC development
[218-220]. In 2016, Del Re et al. reported that 36% patients of a
CRPC cohort were positive for AR-V7 mRNA in plasma-derived EVs.
AR-V7 EV expression correlated with lower mean progression-free
survival (20 vs. 3 months) and OS (not reached vs. 8 months) [221].
In contrast, other studies reported that only a minor fraction of
plasma-derived EVs from CRPC patients contained AR-V7 and
suggested that CTCs might be a better predictor for AR-therapy
failure [23, 222]. Higher levels of AR-V7 transcripts have also been
shown in urinary EVs derived from CRPC patients compared with
hormone-sensitive PCa patients [223].

Among other potential biomarkers, studies analysing EVs in
serum of CRPC patients have shown that the tandems miR-654-3p
and 379-5p and miR let-7a-5p and miR-21-5p might predict the
efficiency of RT [224, 225]. In addition, CD44v8-10 mRNA copy
numbers could predict resistance to docetaxel [226]. While
comparing serum EV-protein content released by CPRC patients
versus localised PCa patients receiving ADT treatment, proteomic
analysis revealed that actinin-4 was highly expressed in the CPRC
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Table 4.

Limitations & challenges

Challenges and possible solutions for the analysis of EVs in liquid biopsies for prostate cancer.

Solutions & future directions

Translational

Poor reproducibility due to incomplete description of patient cohorts
and biofluid collection and storage protocols.

Low availability of biobanks designed specifically for the needs of EV
research.

High variability of study outcome due to low cohort size and lack of
cross-validation.

Biomarker studies do not always address a real clinical need in prostate
cancer.

Sub-optimal performance of the identified EV biomarkers.

- Increase awareness of reporting importance.
- Implement guidelines for minimal reporting information.

- Better understanding of how biofluid collection and storage
parameters affect EV properties.
- Establish biobanks that match the needs of EV research.

- Use larger cohorts.
- Increase the number of multisite studies.

- Identify clinical questions where EVs analysis can be an advantage.
- Improve dialog between EV scientists, urologists and oncologists.

- Use multiplexing of different types of EV molecules such as different
RNA molecular types, or RNA and proteins.

- Use multiplexing of EV molecules and non EV molecules in the
biofluid.

- Study if the candidate biomarker performs better in other biofluid or
in a specific subpopulation of prostate-cancer patients.

- Study EV molecules that have not received much attention so far and
molecular modifications (e.g. lipids, glycans).

Methodological

Poor reproducibility due to incomplete description of EV isolation
methods.

Poor reproducibility due to the high variety of EV-isolation methods.

Misinterpretation of results due to confounders in biofluids.

High heterogeneity of the EV population in biofluids (different release
mechanisms, different cells of origin) and low relative abundance of
prostate-derived EVs hamper the detection of prostate-cancer
biomarkers.

Low sensitivity of the analytical method.

Lack of optimal normalisation methods and endogenous normalisation
controls.

Laboratory methodology is too complex for clinical implementation.

cohort [227]. An interesting study conducted by Bhagirath et al.
has shown that enzalutamide treatment increases the release of
BRN4 and BRN2 mRNA via serum EVs and that it may modulate
the progression from CRPC to neurocrine PCa [228].

Finally, it is plausible that some of the previously identified PCa
biomarkers in biofluids are indeed part of EVs, for example,
caveolin-1, a membrane protein that plays a role in PCa cell
survival [229, 230]. The levels of caveolin in serum have been
reported to be higher in PCa patients than in healthy men and
men with BPH [231]. In addition, the preoperative level of serum
caveolin-1 can predict decreased time to cancer recurrence [232].

CHALLENGES AND POSSIBLE SOLUTIONS FOR THE USE OF EVS
IN LIQUID BIOPSIES FOR PROSTATE CANCER

As presented in this review, EVs have actively been investigated in
the last decade as potential biomarkers for PCa in liquid biopsies.
However, the analysis of EVs in biofluids is not trivial, and several

- Increase awareness of reporting importance.

- Implement guidelines for minimal reporting information.

- Advocate transparent information sharing about the components of
commercial kits for EV isolation.

- Use reference materials to compare and normalise the results
obtained by different methods.

- Explore direct analysis of EVs without prior isolation.

- Perform control experiments to confirm that the molecule of interest
is associated with EVs.

- Use spike-in and endogenous controls.

- Register and monitor biofluid parameters (e.g. blood and uromodulin
in urine, urine pH and protein concentration, haemolysis, platelets,
lipoprotein content).

- Gain insight into how different EV-isolation methods affect the yield of
different EV populations.

- Identify prostate and prostate-cancer-specific EV molecules.

- Develop methods to isolate prostate-specific EV populations.

- Develop more sensitive analytical tools for EV analysis.

- Optimise yield of EV-isolation methods.

- For urine, perform DRE to increase prostate-derived EV numbers.

- Design and execute systematic studies addressing normalisation
methods and their optimal utilisation.

- Develop reference materials.

- Develop robust, fast and cheap methods for detection and
quantification of EVs and EV biomarkers.

- Improve communication between academia, hospitals and industry.

challenges have been found in the translation of EV-based
biomarkers into the clinic [233-235]. Table 4 shows the main
challenges and possible solutions for the analysis of EVs in liquid
biopsies for PCa. For example, a main challenge has been the
initial lack of methodological consensus and reporting in the EV
field, now addressed by several initiatives such as MISEV and EV-
track [31, 236]. Another hurdle that still needs to be overcome is
the heterogeneity of EVs. All biofluids contain a complex mixture
of EVs released by various mechanisms from various cell types.
Cancer-derived EVs most likely constitute a small and variable
fraction of EVs present in biofluids, therefore, cancer-derived
molecules are highly diluted. Moreover, various subsets of EVs
produced by the same cell type have been shown to differ in their
protein and RNA composition [237-239]. Hence, a deeper
understanding into the heterogeneity of EVs in terms of their
biophysical properties, composition of surface molecules and
molecular cargo, is needed to develop more specific and sensitive
assays for detecting EV-based cancer biomarkers. Finally, when
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EVs began to be considered as a potential source for biomarkers,
there was in general an incomplete understanding in the EV
community about the specific clinical needs and the long and
thorough pipeline required for the successful development of
clinical biomarkers [233, 240-242]. These initial studies constitute,
however, a proof-of-principle that can be further developed in
multidisciplinary teams in the coming years. Importantly, in the
last few years, EV-biomarker studies have been more carefully
planned and have included more patients. Therefore, it is to be
expected that in a close future some of these biomarkers will
move from the discovery phase to analytical validation, clinical
validation and finally clinical application. Besides, it would be very
interesting to investigate the function of novel EV biomarkers in
the disease and their possible use as therapeutic target.

Today, it is considered that multiplex biomarker assays perform
better than single cancer biomarkers, and many available cancer-
diagnostic assays are based on the detection of several molecules
[4, 6-8]. In this respect, EVs are particularly interesting because
they contain hundreds of proteins, nucleic acids, lipids and
metabolites. EV molecules belonging to the same molecular type
can be analysed together, but different types of molecules such as
proteins and RNAs can also be analysed in the same sample. This
constitutes a promising approach, still in its early days [29].
Moreover, the molecular content of EVs could be analysed
together with other liquid biomarkers to increase the robustness
of cancer diagnostic tests.

CONCLUSION

The implementation of novel liquid biopsies in the clinic is
necessary to bring PCa care to the next level in the field of
precision medicine. Body fluids are easily accessible, enabling
screening of men at risk of developing PCa and real-time
monitoring of disease progression and treatment responses.
Therefore, liquid biopsies are expected to become part of PCa
care from diagnosis till the end of treatment, helping to improve
the treatment-response rate and reduce unnecessary side effects.
To reach these goals, we need to continue the search for
biomarkers addressing real clinical needs, to increase the number
of prospective studies to show clinical benefits of the putative
markers already known and to analyse the costs of using
biomarkers in the clinic from a societal perspective.

While the majority of the identified EV-based biomarkers have
still not reached the clinic, many studies have shown their clinical
potential, and the first test has been commercialised [159, 206]. In
the coming years, we expect to obtain a better understanding of
(cancer) EV biology and develop more precise and sensitive
technology for their detection. Furthermore, the use of a
multidisciplinary approach in the design of EV-biomarker studies,
the design of clinically friendly EV analytical assays and a good
understanding of the requirements for regulatory approval will
help to accelerate the translation of EV-based biomarkers into
clinical assays for PCa and other diseases.
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