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Abstract

Diffuse gliomas (grades II-IV) are amongst the most frequent and devastating primary brain tumours of adults. Currently,
patients are monitored by clinical examination and radiographic imaging, which can be challenging to interpret and insensi-
tive to early signs of treatment failure and tumour relapse. While brain biopsy and histologic analysis can evaluate disease
progression, serial biopsies are invasive and impractical given the cumulative surgical risk, and may not capture the complete
molecular landscape of an evolving tumour. The availability of a minimally invasive ‘liquid biopsy’ that could assess tumour
activity and molecular phenotype in situ has the potential to greatly enhance patient care. Circulating extracellular vesicles
(EVs) hold significant promise as robust disease-specific biomarkers accessible in the blood of patients with glioblastoma
and other diffuse gliomas. EVs are membrane-bound nanoparticles shed from most if not all cells of the body, and carry
DNA, RNA, protein, and lipids that reflect the identity and molecular state of their cell-of-origin. EVs can cross the blood—
brain barrier and their release is upregulated in neoplasia. In this review, we describe the current knowledge of EV biology,
the role of EVs in glioma biology and the current experience and challenges in profiling glioma-EVs from the circulation.
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Introduction

Diffuse gliomas (grades II-IV) are among the most fre-
quent and devastating primary brain tumours of adults and
are characterised by diffuse infiltrative growth into the brain
parenchyma [1]. Glioblastoma (GBM) is the most common
and most lethal of these tumours, with a median survival of
approximately 15 months [2]. Four distinct molecular types
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of glioblastoma have been described [3] and molecular het-
erogeneity within a given tumour is well recognised [4].
Key molecular features of diffuse gliomas include isocitrate
dehydrogenase (IDH) mutational status, 1p/19q codeletion,
EGFR gene amplification, and mutations in 7P53 and/or
ATRX [1]. In GBM, promoter hypermethylation of the DNA
repair gene, O-6-methylguanine-DNA-methyltransferase
(MGMT) is a key predictive and prognostic marker [5, 6].
While surgical resection remains a mainstay of treatment,
the diffusely infiltrative nature of GBM makes curative
surgery impossible [7, 8]. Adjuvant treatment options are
limited, and despite maximal efforts, tumour will almost
invariably recur. In lower grade gliomas, progression of
malignant features is common upon recurrence, and there is
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often evolution of a ‘hypermutation phenotype’ after temo-
zolomide treatment [9]. In recurrences of GBM, emergence
of subclonal heterogeneity and treatment resistance is the
rule, which is partly dependent on TP53 pathway mutation
[10].

Liquid biopsies

Liquid biopsies sample tumour-derived materials released
into biofluids, i.e., blood, urine, cerebrospinal fluid (CSF),
and saliva, in either free-form (soluble protein [11, 12]; cir-
culating tumour nucleic acids [13, 14]), circulating tumour
cells [15], or within membrane-bound vesicles [16, 17].
Unlike traditional tissue biopsies, liquid biopsies can be
repeated regularly with minimal risk and serve as a powerful
approach to assess dynamic, real-time molecular informa-
tion from tumours (see Fig. 1). Furthermore, liquid biopsies
offer the potential to assess a tumour’s molecular diversity in
toto, which is not possible in small-biopsy specimens. Lig-
uid biopsy assay development is garnering immense atten-
tion for multiple cancer types [18-20] with efforts underway
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Fig. 1 Potential clinical applications of circulating glioma extracellu-
lar vesicles. Glioma biomarkers, such as extracellular vesicles (EVs),
circulating tumour cells (CTCs), and circulating DNA and RNA are
released into the circulation and can be accessed by a minimally inva-
sive blood test. Glioma-EVs carry molecules (e.g., nucleic acids,
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to develop unique panels of descriptive cancer biomarkers.
There are three key considerations for the selection of suit-
able candidate biomarkers for glioma liquid biopsy: ease
of access, stability, and detection sensitivity. This is espe-
cially relevant to GBM, where the highly dynamic nature
of the tumour can lead to clinically relevant changes within
weeks—months [21]. The ability to monitor tumour changes,
ideally before they are clinically or radiologically apparent,
would significantly improve the clinical management of
glioma patients as well as provide accurate surrogate end-
points for the new generation of adaptive clinical trials such
as GBM-AGILE [22].

Blood-based glioblastoma biomarkers

While gliomas are generally confined to the CNS [23], an
abundance of tumour-derived material has been identi-
fied in the circulation, including circulating tumour cells
(CTCs) [15, 24-26], soluble proteins [27, 28], circulating
tumour nucleic acids (DNA [13, 14, 29], miRNA [30, 31])
and extracellular vesicles (EVs) [17, 32]. Protein biomarkers
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proteins, and lipids) that may be useful as diagnostic, prognostic, and
predictive biomarkers to assist numerous clinical challenges in glioma
patient management, including real-time monitoring, tumour subtyp-
ing/stratification, prognostication, therapy selection, and population
screening
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include factors that are important for GBM pathophysiology,
such as cytokines (IL-1p, IL-2, IL-6, IL-8, IL-10, TNF-a),
angiogenic proteins (VEGF, FGF-2, TSP-1) [33, 34] and
glial fibrillary acidic protein (GFAP) [35, 36]. Matrix met-
alloproteinases (MMPs) [37] have also been shown to have
prognostic value, distinguishing high from low-grade glio-
mas [38] and predicting treatment response [39, 40]. Plasma
2-hydroxyglutarate (2-HG), the neometabolite of mutant
IDH, has also gained interest as a circulating biomarker [41];
however, it has shown limited correlation with IDH muta-
tional status [42]. Free circulating nucleic acids identified
in the peripheral circulation include tumour-derived DNA
with tumour-specific genetic or epigenetic marks [43—45]
and miRNA [46]. Circulating tumour DNA was found in
the plasma of 10% glioma patients in one study [47], whilst
it was detectable in 55% of patients’ sera using methylation
assays in another [45]. Free circulating EGFRvVIII DNA [14]
as well as IDHI mutant DNA [13] both show promise as
candidate biomarkers in glioma.

Extracellular vesicles (EVs)

EVs are 30-1000 nm membrane-bound nanoparticles that
are secreted by most if not all cell types and carry an abun-
dant array of lipids, DNA, RNA and protein that reflect the
identity and molecular state of their cell-of-origin [48].
EVs encompass three main classes of secreted vesicles,
endosome-derived ‘exosomes’ (30—100 nm), plasma mem-
brane-derived ‘microparticles’ (100—1000 nm) and apoptotic
cell-derived ‘apoptotic bodies’ (1000—5000 nm) all vary-
ing in size, content and biogenesis. Microparticles form by
outward budding of the plasma membrane, while exosomes
form through intraluminal invagination of the membrane of
late endosomes to form multivesicular bodies (MVB), that
then fuse with the plasma membrane to secrete the intralu-
minal vesicles (ILV) as exosomes [49]. While normal cells
secrete microparticles and exosomes, apoptotic bodies are
only formed during programmed cell death, which, like in
many tumours, plays an important role in GBM pathophysi-
ology [50].

EV biogenesis appears to be a highly regulated, energy-
dependent and complex process of membrane trafficking.
The ESCRT (endosomal complex required for transport)
pathway has overlapping functions for both exosome and
microparticle formation [51]. Exosome formation and
release involves multiple (~20) ESCRT proteins assembled
into four complexes (ESCRT-O0, -1, -II and -IIT) [52] responsi-
ble for sorting ubiquitinated proteins into the ILV [53], stim-
ulating inward blebbing of the endosomal membrane [54, 55]
and enacting membrane scission, in conjunction with Vps4
ATPase, to complete the budding process [55, 56]. RAB
GTPases are involved in docking of the MVB to the cell
membrane and SNARE (soluble N-ethylmaleimide-sensitive

component attachment protein receptor) membrane fusion
machinery mediates exosome secretion [54]. Alternative
ESCRT-mediated [57] and ESCRT-independent [58] exo-
some biogenesis pathways have also been described. For
microparticles, the ESCRT machinery is involved in the pro-
duction of vesicles enriched in plasma membrane proteins
[51, 59]. In contrast to exosomes and microparticles, less is
known of apoptotic body biogenesis. The process of apop-
tosis involves nuclear chromatin condensation, followed by
membrane blebbing and the disintegration of cellular con-
tents into the membrane-enclosed apoptotic bodies [49] with
evidence suggesting that membrane blebbing is mediated by
actin—myosin interactions [60—62].

There are currently no clear physical or biochemical char-
acteristics that can distinguish between EVs from endosomal
and plasma membrane origins [63]. Given this, the Inter-
national Society for Extracellular Vesicles recommends
that the term “Extracellular Vesicle” be used in the place of
‘exosome’ or ‘microvesicle’, with operational terms for EV
subtypes that refer to physical characteristics of EVs, such
as size, density or biochemical composition (MISEV2018)
[63]. The term ‘EV’ is used in this review to encompass
small (<200 nm) and medium/large (>200 nm) nanosized
extracellular membrane-bound particles, without reference
to their biogenesis pathway, with the caveat that most studies
cited refer to vesicles of smaller size.

EVs were first discovered in the early 1980s from matur-
ing blood reticulocytes [64]. They were initially considered
as a conduit for cellular waste, carrying apoptotic material
out of the cell [65], but are now recognised as important
biological effectors in health and disease [48]. EVs are uti-
lised by cells as unique packaging systems that facilitate
the protection and delivery of cellular information through
the extracellular milieu. They play integral roles in cancer
biology [66, 67], contributing to the preparation of pre-
metastatic niches [68, 69], stimulating cell proliferation,
angiogenesis [70] and responding to environmental stimuli,
such as hypoxia [71].

Glioma-EVs were first identified 3 decades ago from a
rat-glioma cell line [72]. Little was known of their physi-
ological importance at the time; however, increasingly, stud-
ies show that EVs are integral to glioma-cell signalling and
are capable of cultivating a tumour-supportive microenvi-
ronment within the brain [73]. GBM-EVs transfer oncogenic
material to less malignant GBM cells to induce transfor-
mation and therapy resistance [74], influence endothelial
cells to promote angiogenesis [70, 75], and maintain intra-
tumoural heterogeneity [71, 76-80]. Recently, GBM-EVs
were shown to induce normal astrocytes to acquire a pro-
inflammatory, tumour-promoting, senescence-associated
secretory phenotype [81]. GBM-derived EVs are taken up by
resident microglial cells [82] and skew the activity of clas-
sical M1 monocytes/macrophages to an immunosuppressed
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M2 phenotype to mediate immune evasion [82—84]. Exoso-
mal transfer of miR-21 is known to downregulate the expres-
sion of M1 markers in tumour-associated macrophages and
to promote their M2 polarization in other tumours [85],
and miR-21 is a key microRNA significantly enriched in
glioblastoma EVs [75]. Another cancer-related microRNA
that shows a relationship to microglia is miR-504, which
negatively regulates the tumour suppressor pS3 [86]. The
miR-504/miR145/CTGF and miR-504/Grb10/Egr1 path-
ways were recently identified as important regulators of the
mesenchymal transformation of glioblastoma, and miR-504
overexpression in glioma stem cells inhibits their oncogenic
potential and the crosstalk with microglia via exosomal
delivery [87]. Overexpressed miRNA-21 and miRNA-451
can both be transferred to microglial cells via EVs [88].
Importantly, glioblastoma-derived EVs may modify the phe-
notype not only of resident microglia but also of invading
monocytic cells [84] and even seem to have a predilection
for the latter [89].

In addition to their significant roles in intercellular signal-
ling, EVs are also being recognised as promising candidates
for liquid biopsy development. The physical and biochemical
properties of EVs make them exploitable as stable biomarker
reservoirs. Tumour-derived EVs carry constellations of mol-
ecules (RNA, DNA, protein, and lipids), enclosed within
a lipid bilayer and protected from enzymatic degradation
[70, 75, 90]. Moreover, tumour cells secrete EVs in sig-
nificantly greater quantities than normal cells [91], allowing
tumour-derived molecules to be detected above the levels of
potential ‘noise’ from EVs released from other sources. EVs
can also cross the blood—brain barrier (BBB) [92, 93], and
are significantly increased in the plasma of GBM patients
[94], making them excellent candidates for monitoring brain
tumours in situ. EVs are relatively stable within the blood,
with reports of a half-life of 30—60 min in mice [95] and up
to 5 h in patients with thrombocytopenia [96].

The molecular composition of glioma-EVs

Profiling the molecular constituents of EVs derived from pri-
mary and established GBM cells [97, 98] and biofluids [99]
has identified multiple RNA, DNA and protein species with
tumour-supportive ontologies (Table 1). Some molecules are
enriched in EVs compared to their cell of origin, indicating
that there is selective packaging of some molecules for trans-
port in EVs. The mechanisms driving the selective packaging
of molecules into EVs are not well understood. Proteins are
directed to MVBs by ubiquitination and ESCRT machinery
[100]. miRNAs found within EVs are enriched for species
with uradine at their 3’ ends [101] indicating that this post-
transcriptional modification is involved in miRNA sorting
into exosomes, and may represent a common mechanism for
many types of small RNAs such as Y RNAs. Overexpression
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of neural sphingomyelinase 2 (nSMase2) increases miRNAs
within exosomes [102], and some heterogeneous nuclear rib-
onucleoproteins (hnRNPs) are able to bind to the 3’ end of
miRNAs and direct them to the exosomal compartment [103].
Ceramide-rich lipid rafts in the endosomal membrane are
thought to be sites of RNA loading into exosomes, influenced
by nSMase?2, and enhanced affinity for these domains may be
influenced by specific sequence motifs [104].

Skog et al. [70] performed the first comprehensive study
to profile the molecular contents of glioma EVs. They iden-
tified 27,000 enriched transcripts that were characteristic
of glioma, including transcripts encoding EGFRVIII and
GFAP, within EVs derived from GBM cells in vitro. Selec-
tive packaging of a wide variety of nucleic acids occurs,
including retrotransposon elements [105], mRNA (includ-
ing abundant mRNA for the enigmatic vault protein associ-
ated with drug-resistance) [70, 75], small non-coding RNAs
including miRNAs, tRNAs, vtRNAs and Y RNAs, as well as
numerous unannotated small RNAs from intergenic regions
of unknown function [70, 75, 106].

Recently, attempts have been made to determine prot-
eomic signatures for GBM-EVs that are reflective of GBM
invasiveness and aggression. Proteomic analysis of EVs
released by six established GBM cell lines identified a
common set of 145 proteins, with diverse biological and
molecular annotations and significant functional associa-
tions to cell proliferation, cell fate and intercellular signal-
ing [97]. Protein specifically enriched in EVs from primary
GBM cultures are involved in extracellular matrix interac-
tions, leukocyte migration [84] and angiogenesis, notably
angiogenin, IL-6, IL-8, TIMP-1, VEGF and TIMP-2 [70].
Proteomic profiling of EVs captured from neurosurgical
aspirates also shows distinct signatures able to distinguish
GBM from grades II to III gliomas [16], including GBM-
EV proteins previously associated with tumour invasiveness
and reduced survival [97]. One such candidate, chaperonin-
containing TCP1 subunit 6A (CCT6A), is a subunit of the
key molecular chaperone T-complex protein 1 ring complex
(TRiC). Interestingly, CCT6A is co-localised with EGFR at
7pl11.2, with a strong tendency for co-amplification and EV-
associated CCTOA levels are proposed as a proxy for EGFR
testing in tumours [16]. Studies addressing the molecular
composition of EVs both in vitro and in vivo are summa-
rised in Table 1; an up-to-date compendium of EV-associ-
ated molecules from all cell types is curated in Vesiclepedia
(http://microvesicles.org) [107].

EVs as glioma biomarkers

An important consideration for any peripheral biomarker of
central nervous system disease is their ability to cross the
BBB into the circulation. GBM-EVs have been shown to
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Table 1 Timeline of publications reporting potential glioma—EV biomarkers
Publication year Main glioma-EV biomarker findings Molecule type EV source References
2008 EGFRVIII and GFAP transcripts mRNA Serum and primary GBM cells [70]
let-7a, miR-15b, miR-16, miR-19b, miRNA
miR-21, miR-26a, miR-27a, miR-92, Protein
miR-93, miR-320, miR-20
Angiogenic proteins: angiogenin,
IL-6, IL-8, TIMP-1, VEGF, TIMP-2,
FGF-a
2008-2009 EGFRvIII Protein GBM cell lines [74, 108]
2009 EGFR wild-type, EGFRVIIL, TGFf1 Protein Glioma cell line [109]
2012 Downregulation of ribosomal genes mRNA Serum [110]
2013 Selectively packaged: miR-451a, -4301, Coding and non-coding RNA  Glioma cell line [75]
-5096, -4454, -3676-5p, -1303, Protein
-1273a, -619, -448, -1246, -4792,
-5095, -1273, -4256, -4255, -5100,
-1285-1, -1269b, -4500, -1273d,
-4443, AC068946.1
Vault RNAs
Highly abundant: miR-21, -99a, -23a,
-30a, -30d, -30b, -22, -125a, -25,
-221, -92b, -135b, -29a, -222, -100,
-451-a, -4301, -27b, -15b, -23b,
-5096, -3676, -30e, -374b, -339, -191,
-4454, let-7b
2013 IDH1 mRNA CSF and serum [111]
2013 miR-21 miRNA CSF [99]
2014 RNUG61, miR-320, miR-574-3p, miR- Small nuclear RNA Serum [106]
483-5p, miR-197, miR-484, miR- miRNA
146a, miR-223
2015 MGMT, APNG mRNA GBM cell lines and serum [21]
2015 miR-21, miR-103, miR-24, miR-125 miRNA CSF, plasma and primary GBM cells [112]
2015 miR-21 miRNA CSF and GBM cell lines [113]
2016 TrkB Protein GBM cell line and Plasma [114]
2016 ANXALI, ACTR3, ITGpI1, IGF2R, Protein GBM cell lines and neurosurgical [97]
PDCD6IP, CALR, IPO5, MVP, aspirates
PSMD2
2016 Ras Protein GBM cell lines [115]
2017 miR-221 miRNA GBM cell line [116]
2017 IDH1 wild-type and mutant DNA Xenograft mouse plasma [32]
AKT1, AKT3, ASCL1, CDK4, EGFR, Primary GBM cells
ERBB2, IDH2, MDM2, MDM4, Plasma
MGMT, PIK3CA, RB1
2017 miR-21, miR-218, miR-193b, miR-331, miRNA CSF [117]
miR-374a, miR-548c, miR-520f, miR-
27b, miR-130b
2017 Wild-type EGFR, EGFRVIII mRNA CSF [118]
2017 miR-1587 miRNA Primary GBM cells [119]
2018 Upregulation of miR-301a miRNA Serum [120]
2018 PD-L1 DNA Serum and plasma [121]
2018 HOTAIR Long non-coding RNA Serum [122]
2018 PTRF Protein Serum [123]
2018 EGFRvIII mRNA Serum [124]
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Table 1 (continued)

Publication year Main glioma-EV biomarker findings

Molecule type

EV source References

2018 Markers for IDH wild-type GBM: miR-
182-5p, miR-328-3p, miR-339-5p,
miR-340-5p, miR-485-3p, miR-
486-5p and miR-543

Markers for IDH mutant Glioma:
miR-7d-3p, miR-98-5p, miR-106b-3p,
130b-5p and 185-5p

2019 Markers for IDH wild-type GBM:
CCT6A, S100A10, S100A11, LCP1,
CHI3L1, CLIC1, EIF2S3, CD163,
MRC2, APOL2, STAB1, RPS27,
PYGL, FCGR2A, CAPG, SLC16A3

Markers for IDH-mutant Glioma:
CERS4, CBSL, NUBPL, SLC9A6

2019 FTL, vWF, AZGP1, Serpin 3, C3,
APOE

2019 SDCl1

miRNA

Protein

Protein

Protein

GBM, glioma and healthy control [17]
serum

GBM and glioma neurosurgical aspi- [16]
rates

Plasma [94]

Plasma [125]

traverse the BBB in several mouse models [32, 126]. In an
orthotopic xenotransplant mouse model of human glioma
with an intact blood-brain barrier, tumour-derived DNA
associated with a variety of vesicle types was detected in
the peripheral blood [28]. In another elegant experiment,
EVs from dendritic cells transfected with a neural surface
protein were electroporated with siRNA against GAPDH
and injected into the tail vein of mice [126]. After 3 days
there was a significant reduction in GAPDH mRNA lev-
els in sampled brain regions but not in peripheral organs,
indicating that the EVs were able to cross the BBB in the
reverse direction, and could be targeted to specific cell types
to deliver an effective molecular cargo.

A variety of studies have examined EVs in patient groups
to assess their usefulness as clinical biomarkers, starting
with Skog et al. [70]. To date, most studies have used rela-
tively small numbers of patients, but findings from many
studies have demonstrated that larger longitudinal stud-
ies are well justified. Several studies have utilised CSF as
the EV source, as CSF bathes the brain and theoretically
should be a good source of brain-derived materials. In an
early study using digital droplet PCR, mutant IDH] tran-
scripts were detected in CSF-EVs collected during surgery,
showing good concordance to tumour IDH mutational status
[111] In another CSF study, miR-21 levels in EVs captured
from GBM patients were found to be around tenfold higher
than in CSF—EV's from non-tumour patients [93]. This find-
ing was further substantiated in a larger cohort with high
sensitivity (87%) and specificity (93%), flagging CSF EV
miR-21 levels as a potential biomarker with clinical utility
[99]. An extended study of 70 glioma patients also demon-
strated significantly elevated CSF EV miR-21 levels (with
trauma-matched controls), while serum EV levels of miR-21
were unaltered [126]. EGFRvIII mRNA as well as elevated
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levels of EGFR mRNA have been assessed in CSF-derived
EVs. While approximately 60% of EGFRVIII tissue-positive
GBM patients had detectable EGFRVIII in CSF-EVs, only
one of 48 EGFRVIII tissue-negative patients had detectable
EGFRVIII in their CSF-EVs [118].

Serum and plasma EV studies in patients with glioma
have also been performed (Table 1). In general these have
interrogated pre-defined groups of molecules by RT-PCR,
TagMan Arrays or microarrays. In 2012, serum EV RNA
from patients with primary GBM (n=09) and healthy con-
trols (n="7) were analysed by RNA microarrays, showing
profiles with discriminatory power between the two cohorts
[106]. Several studies also included serum-derived EVs,
where miR-21 was reported as significantly upregulated
[112]. Another study found serum exosomal miR-320, mir-
547-3p, and RNU6-1 were significantly associated with
GBM diagnosis, as well as outcome (RNU6-1) [106] in a
group of 25 newly diagnosed GBM patients and matched
controls, with validation of the findings in an additional 50
GBM patients. Levels of serum EV-associated miR-301 have
also been found to be elevated in glioma patients by quan-
titative real-time PCR, and that levels fall after surgery and
are predictive of overall survival [127]. Microfluidic chip-
based analysis of MGMT and APNG levels in blood-derived
EVs has demonstrated that the levels of these two drug-
resistance enzymes in EVs are correlated with intratumoural
levels and may represent a method to predict drug-resistance
[21]. EGFRVIII has also been detected in peripheral blood
EVs [109, 124]. Using unbiased next-generation sequenc-
ing, partially overlapping, yet distinct miRNA signatures for
IDH wild-type GBM and IDH mutant grades II-III gliomas
were described in serum-derived EVs, and could distinguish
preoperative GBM patients from healthy controls with high
accuracy [17]. Sampling EVs from the glioma patient blood
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with subsequent molecular profiling may serve as a non-
invasive alternative to tissue biopsies and allow tumours to
be assessed in real-time. Under the 2016 WHO guidelines,
diffuse glioma diagnoses now require molecular testing,
including IDH-mutational and 1p/19q codeletion states
[128]. If circulating EV molecular profiles mirror the muta-
tional status of the respective tumours, glioma subtyping
and/or stratification may also be possible via liquid biopsies.

Challenges in developing glioma EV-based liquid
biopsies

Despite the suitability of glioma—EVs as biomarker reser-
voirs, multiple obstacles have hindered their application
to the clinic. One of the barriers to blood-derived EV bio-
marker discovery is the complexity and heterogeneity of the
blood. Glioma-EVs are a minor population of the total EVs
within the blood; EVs are secreted by all cells into the sys-
temic circulation with a significant proportion in the blood
being platelet-derived [129]. Analysis of single vesicles in
patient sera suggests that GBM-derived EVs constitute less
than 10% of the total EV pool [130]. However, significant
associations between specific GBM molecular pathways
and altered EV miRNA profiles from GBM patient blood
can be observed [17], suggesting that while mixed vesicle
populations are present in crude EV preparations, there is
a disease-specific signal in the periphery sufficient for bio-
marker studies. Enrichment strategies for GBM-derived EVs
are being investigated, with antibody-based purification of
the GBM-specific peptide EGFRVIII as well as podoplanin
being used successfully [131].

Primary or immortalised glioma cell cultures have been
useful for EV profiling studies (refer to Table 1), however
in vitro models are rarely accurate reflections of in vivo dis-
ease. With increased passage number, cultured cells lose
features that were present in the original tumour. Recently,
neurosurgical aspirates from glioma patients were shown
to be rich sources of tumour-released EVs and are valuable
for determining glioma-EV molecular profiles as a first-pass
for the discovery of peripheral EV biomarkers, including
markers associated with tumour invasion and patient sur-
vival [16, 97]. Moreover, surgical aspirates are collected at
a critical window for biomarker discovery; surgery is the
only time when the tumour microenvironment is directly
accessible, and represents a key standardised time point in a
patient’s clinical management to which several parameters
are measured.

The effective translation of EV-based liquid biopsies
to clinic assays requires rigorous standardisation of pre-
analytical variables. EV isolation methods include differ-
ential ultracentrifugation, polymer-based isolation, affin-
ity methods and filtration systems, each method capturing
subtly different sub-populations of EV species [132]. EV

isolation procedures are often time-consuming, require
large quantities of starting material, and currently can-
not separate tumour-derived EVs from other EV popu-
lations present. The isolation method is usually selected
in accordance with several factors, including the nature
and quantity of the starting sample, the degree of required
purity and final downstream applications. Some of the
variability across existing studies is likely due to dif-
ferences in EV isolation methods. Other pre-analytical
variables, including sampling methods, processing time,
preservative agents, storage conditions and freeze/thaw
cycles can all impact the yields, purity and subpopula-
tions of EVs recovered, further impacting downstream
results and confounding cross-assay comparisons [133].
Methods of nucleic acid extraction also impact upon the
profile of RNA or DNA identified in EV preparations
[134]. Methods that offer targeted capture of glioma—EVs
from patient blood hold major promise for the future of
EV-based liquid biopsies. Recently developed microflu-
idic immunoaffinity-based devices or alternating current
electrokinetic (ACE) chips capture tumour-derived EVs
directly from the blood of patients without any previous
purification or manipulation, offering several advantages
for clinical translation, including low cost and, small
sample volumes [135-137]. The recent rapid expansion
of the EV research field has driven the need for improved
standardisation, and minimal requirements for reporting
EV isolation, characterisation and analytical approaches
have been refined by the International Society for Extracel-
lular Vesicles (MISEV2018) [63]. With this framework in
place and access to rich, well annotated clinical sources of
tumour-derived EVs, a universal set of surface glioma-EV
markers may be described that allows for more targeted
biomarker discovery analyses.

Summary

Critical to the clinical management of glioma is the abil-
ity to monitor tumour progression and treatment response
accurately, non-invasively and in a timely manner. Gli-
oma-associated EVs present in the blood have significant
potential to be used for such purposes. The application
of multi-omics to glioma-EVs will yield more complete
molecular profiles and allow the identification of diagnos-
tic, prognostic and predictive biomarkers signatures with
clinical applicability as liquid biopsies.
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