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Abstract: Cancer cells secrete extracellular vesicles (EVs), including exosomes, which contain a varied cargo
of tumour-specific genetic material such as DNA, mRNA and miRNA. EVs possess the ability to manipulate
various functional and pathological characteristics of the donor and recipient cells, in addition to facilitating
modifications of the tumour microenvironment, firstly during disease progression and also in response to
clinical treatment. ‘Liquid biopsy’ platforms, such as blood based tests for monitoring cancer progression
and response to therapeutics, have been part of oncologic care for decades. However, further development
of biofluid-based methodologies is required as an important step not only in tumour characterization and
the ongoing monitoring of the disease, but also as a basis for creating novel therapies for treating cancer
patients. Cerebrospinal fluid (CSF) is another accessible body fluid which can provide an overview of the
pathological state of central nervous system (CNS) malignancies such as gliomas. Glioma cells are known
to secrete EVs, including exosomes, and CSF is recognized as a route for the potential seeding of invasive
cells of CNS tumours. This suggests that CSF-derived exosomes are a promising source of biomarkers that
not only have the capacity to mirror the genetic diversity within a tumour at any one time, but to also enable
the longitudinal measurements for monitoring genetic changes in the tumour during treatment without the
need for repeated tissue biopsies. In this review, we examine the current scientific literature on our current

understanding of exosomes in glioma and the relevance of CSF-derived exosomes in this disease.
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Introduction approximately 24.7% of all primary brain and CNS tumours,
but overall they account for a majority (74.6%) of malignant
CNS tumours. In addition, GBM and astrocytomas
account for about 74.9% of all gliomas (55.4% and 19.5%

respectively of these registered cases in the USA) (4).

It is well documented that there are over 100 distinct
histological types of primary central nervous system (CNS)
tumours (1,2). However, one of the most prevalent CNS

based type tumours, known as a glioma, had an estimated
23,000 new cases and 16,000 deaths reported in the USA in
2016 (3). Gliomas are derived from glial cells and include a
spectrum of tumour types including glioblastomas (GBM),
astrocytomas, oligodendrogliomas, ependymomas and mixed
gliomas. The CBTRUS Statistical report by Ostrom et a/. (4),
indicates that the broad category of glioma represents
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The 2016 World Health Organization (WHO)
Classification of tumours of the CNS is an integration
of the phenotypic or histological classification of brain
tumours utilized for the majority of the last 100 years, and
has now been incorporated with data from studies over the
last 20 years examining the molecular parameters which
may contribute to the additional sub-classification of some
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tumours (5,6). Nonetheless, it is understood that the lower
grade astrocytomas are known to be slow growing, less
aggressive tumours, whilst the higher grade, GBM is the
most aggressive with an extremely dismal prognosis. Despite
the current standard clinical combinatorial treatment
approach, which involves maximal safe surgical resection
and post-operative fractionated radiation therapy coupled
with concomitant chemotherapy with temozolomide (7), the
median survival for GBM patients is only 14.6 months (8)
and the 5-year survival rate is only 5.5% (4). An Australian
study examining 542 GBM patients over a 12-year period
had a shorter median overall survival of 7.7 months (9).
Diagnostic and therapeutic monitoring strategies that
are employed include magnetic resonance imaging (MRI)
and repeat brain biopsies. As a result of limitations in the
resolution of MRI leading to potential delays in disease
diagnosis or detection of treatment resistance (10-12)
and the risks of significant morbidity with highly invasive
multiple post-treatment treatment tumour biopsies (13,14),
there is an urgent requirement for alternative monitoring
techniques for following disease progression and response
to treatment. Serum based tumour markers have been
proposed as an alternative for providing a diagnostic, disease
progression or treatment response profile of the patient
(15-20). However, due to the variations in the permeability
of the blood-brain barrier that can influence or prevent the
released amount of biomarker into the bloodstream (21),
there have been efforts in identifying alternate clinical
sampling avenues. Cerebrospinal fluid (CSF) has been
investigated as a potential source of brain tumour markers.

CSF

CSF is a clear fluid that is primarily produced in the
ventricular choroid plexus with a portion also generated
by capillaries in the brain parenchyma (22) and is
subsequently distributed within the ventricular system
and the subarachnoid space. Up to 500 mL of CSF can be
produced daily, even though only about 100-150 mL is
present in the ventricular system and subarachnoid space at
any one time, and production being influenced by a number
of factors including venous pressure and blood hydrostatic
pressure (23-25). It can serve a number of functions, with
the most important being a neuroprotective agent in the
form of a protective cushion, ultimately dispersing force
away from the delicate structures of the brain and spinal
cord (26). Additionally, CSF can assist in the maintenance
of normal intracranial pressure, regulate brain blood flow
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and provide buoyancy for the brain (22). Importantly, with
CSF being renewed about four times every 24 hours (27),
a critical regulatory function is to maintain a homeostatic
environment via the transfer between the CSF and
bloodstream of various biologic/pathologic products, as well
as acting as a medium for nutrient delivery (28,29).

CSF is an ideal source for viable biomarkers, as it exists
in a state of equilibrium, while it interacts directly with the
extracellular space and neighbouring microenvironment
within the brain and potentially can reflect changes in both
biological and pathological systems (30-36). Therefore as
a result, CSF analysis is widely used for both diagnostic
and prognostic purposes to provide critical information
for numerous conditions. CSF is routinely obtained by a
lumbar puncture (37) or during intra-operative sampling of
the ventricles (38). Serial sampling of CSF is also achievable
with up to 20 mL being collected at any one time by lumbar
puncture due to the high production and turnover rates.
It is less complex in composition than serum, which would
allow for a more straightforward detection of tumour-
specific markers. Given the continuous proximity of CSF
with the CNS, it is possible that cancer cells from primary
CNS cancers can infiltrate the CSF directly, allowing for
the examination of CSF under the microscope to detect the
presence of cancer cells. However, the cytological analysis
of CSF samples is problematic due to the low sensitivity in
detecting tumour cells, even though tumour progression
has been observed and ultimately does not provide for
quantification or molecular analysis of tumour cells that are
identified (39-41).

Evolution in technological advances and techniques in
the laboratory have allowed laboratory studies to focus on
potential biomarker changes at the molecular level preceding
observable macroscopic tumour alterations (40). These
include proteomic profiling (42-44), immunocytochemistry
(43,45), mass spectrometry (46) and the detection of a
number of conventional serum based markers such as
epidermal growth factor receptor (EGFR) (47) and pf-human
chorionic gonadotropin (48,49). However, due to variations
in sensitivities and specificities, none are currently clinically
validated. Several studies have also reported the detection
of microRNAs (miRNAs) in biological fluids including
CSF from CNS malignancies (50-52). As miRNAs have
been observed to be either oncogenic (oncomirs) or tumour
suppressive with different types of brain cancer possessing
distinct miRNA signatures (51,53-55), whilst also being
undetectable in normal brain (56), there has been an
increased interest in investigating if there are distinctive
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brain tumour miRNA signatures present in biofluids such as
CSEF. Laboratory studies have shown that miR-21, miR-125b,
miR-223, miR-451 and miR-771 have been detected in the
CSF of patients with CNS malignancies (50,57).

Extracellular vesicles (EVs)

EVs, which were discovered over 30 years ago (58), are a very
heterogeneous and molecularly complex group of membrane-
bound cell secreted vesicles that can range from 30-2,000 nm
in size and are secreted by a variety of cell types including
normal and cancer cells (59-63). Numerous laboratory studies
have demonstrated the ability to isolate EVs from body fluids
such as urine (64), plasma (65), saliva (66), breast milk (67),
ascites (68), semen (69) and CSF (57), indicating their potential
in acting as circulating biomarkers for the diagnosis and
progression of pathologic diseases.

EVs have been categorized into a number of different
classes based on size and their subcellular origin including:
(I) exosomes (40-120 nm in diameter; originating from
the endocytic recycling pathway); (II) microvesicles
(50-1,000 nm in diameter; originating directly from
the plasma membrane) and (III) apoptotic bodies
(1,000-5,000 nm in diameter; released from the plasma
membrane as blebs during apoptosis). EVpedia (70,71),
ExoCarta (72,73) and Vesiclepedia (74) are comprehensive
public online databases that list currently identified cargos
of EVs. As gliomas account for the majority of all CNS
tumours (of which over 50% are GBMs) (3,4) and recent
studies have shown that GBM cells secrete EVs that contain
tumour-specific genetic material such as DNA, mRINA and
miRNA (75-79), we will focus on glioma based studies. Also,
as the field of EV research has been rapidly expanding over
the last 30 years, this review will include a brief overview on
the available literature focussing on the role of exosomes in
glioma and the relationship with CSE.

Exosomes

Intracellular crosstalk occurs between both neighbouring and
distant tumour cells, immune and stromal cells in the tumour
microenvironment and the surrounding normal tissue that
can ultimately contribute to various aspects of tumour
development including the proliferative, migration and
invasive phenotypes (76,78-80). Whilst it is known that this
can occur via secreted cellular factors into the surrounding
microenvironment or direct cell to cell contact, there is an
increased focus on exosomes acting as important mediators of
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cell to cell communication. Exosomes are known as spherical
to cup-shaped vesicles that possess a distinct lipid bi-layer and
are of a diameter between 40-120 nm (81), are of endocytic
origin and sediment at approximately 100,000 g in a sucrose
gradient of 1.13-1.19 g/mL (81). Exosomes are also known
to be highly heterogeneous in their composition (82). The
lipid bilayer can contain transmembrane proteins whilst their
aqueous core may also contain numerous proteins, mRNA and
small non-coding RNA including miRINA and DNA that are a
reflective fingerprint of the donor cell (80,83,84) (Figure I).

Exosomes can influence various stages of tumour biology
or progression through the protected transfer of their
bioactive cargo by the lipid bilayer in travelling between
donor and recipient cells (61,85,86). Release of their cargo
into the recipient cells, in particular mRNA and microRNA,
can ultimately lead to the modulation of gene expression
through translational regulation of target mRNAs, altering
the transcriptome and signalling activity which can induce
phenotypic changes in the recipient cells (87-89). The
recognition of exosomes as important mediators in the
communication between cells in both physiological and
pathological processes can be seen in Figure 2, which shows
the number of manuscripts published each year since the
initial few in 1987, as determined by a PubMed search.
There has been an increasing trajectory of exosome research
that has been published within the last decade.

Whilst the biogenesis of exosomes is a multifaceted process
and incompletely understood, current evidence indicates
that they are derived from the release of intraluminal vesicles
(ILVs) through the fusion of multivesicular bodies (MVB)
with the plasma membrane that may occur via a number
of highly structured pathways. These include ESCRT
(Endosomal Sorting Complex Required for Transport) and
ESCRT-independent pathways (90). ESCRT-dependent
pathways function primarily by acting on MVBs, allowing
for the sorting of ubiquitinylated proteins or receptors into
ILVs, which in turn may be degraded during the fusion of
MVBs with lysosomes, or exocytosed (90). The ESCRT
machinery is required for a number of different processes
and is comprised of a number of peripheral membrane
sub complexes including ESCRT-0, -1, -II, -IIT and the
ALIX homodimer. It has also been proposed that soluble
N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARES) are required for the fusion of exosomes
with the plasma membrane, as they form the anchor-complex
between the vesicular and plasma membrane SNARES (91).

Sorting of ubiquitinylated proteins in the MVB pathway
is mediated by the ESCRTO0 subcomplex, via the binding
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Figure 1 The molecular components of exosomes—they are known as a phospholipid bilayer (coloured blue) enclosed vesicle which contain

various proteins on their surface membrane. Internally, their cargo can be comprised of nucleic acids and numerous proteins.

Number of
publications
(2]
8

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 20152016
Publication year

Figure 2 PubMed literature search [1987-2016] for exosome related publications showing an increasing trajectory in articles within the last

decade.

and clustering of this cargo for delivery into MVBs, coupled
with the recruitment of ubiquitin ligases, deubiquitinating
enzymes and clathrin (90). ESCRTO can then bind to
the ESCRTT complex, allowing the ESCRTT complex to
assemble with its crucial partners, the ESCRTII subunits,
resulting in MVB biogenesis and bud formation (92).
ESCRTII subsequently facilitates the association of the
ubiquitin-bound ESCRT complexes with the ESCRTIII
complex, leading to the production of free vesicles as the
result of cleavage of the nascent ILVs. The ESCRTIII
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complex, as the central membrane scission mechanism, is
inactive in the cytoplasm and only once it polymerizes on a
membrane can it be activated, permitting the fusion of the
MVB with the peripheral membrane and ensuing release of
exosomes into the extracellular space (92). This membrane
bound ESCRTIII complex undergoes a process of
disassembly allowing for the return of ESCRTIII subunits
to the cytoplasm.

Whilst the ESCRT system is understood to govern the
majority of cargo incorporation into exosomes, the ESCRT-
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independent pathway, aided by tetraspanins (CD63, CD81,
CD9Y) (93) also plays a role for many proteins (94). In general
exosomes are enriched not only in tetraspanins, but also
export molecules such as (Rab27a/b, TSG101 and ALIX),
heat shock proteins (HSP90, HSP70, HSP60), proteases
(ADAM10, MMP-2), integrins, receptor tyrosine kinases,
phospholipids and immunomodulating molecules (95).
Therefore exosomal protein constituents not only reflect
molecules that are central to the exosome biogenesis
pathway, but there will also exist proteins that were
present in the cell of origin, which may provide an insight
into the biological function of the released exosomes.
Furthermore, there has been an emphasis on identifying
the lipid composition of exosomes as it is recognized that
lipids are essential in providing exosomal membrane rigidity
and stability (96). A number of different lipids have been
identified to occur in the lipid bilayer of exosomes including
sphingomyelin, phosphatidylserine, phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol,
cholesterol, ganglioside, GM3 and prostaglandins (97,98).

Exosomes and normal brain

Whilst this review is focussing on cancer derived exosomes in
the CSE it is important to briefly outline what is understood
about exosomes in normal brain. Homeostasis within the
brain relies upon the coordinated interactions of a number
of cell types (including neurons, microglia, astrocytes and
oligodendrocytes) via an efficient cell-cell communication
system. The modulation of synaptic plasticity has been
linked to the secretion of neuronal based exosomes (99),
especially as their secretion at synapses is known to be
internalized by neighbouring cells through endocytosis (100).
It has been postulated that exosomes might be involved in
the physiological regulation of the synapse and this study
showed that glutamatergic synaptic activity modulated
exosomal release given that they carry the GluR2/3 subunit
of the AMPA receptor. Exosomes from oligodendrocytes
function in an autocrine fashion through a second messenger
cascade involving a number of molecules, but not the
reinternalization of the exosomes that can inhibit myelin
formation by these cells (101). Neurons can also internalize
oligodendroglial exosomes to regulate their own internal
cargo as a way of on-going cell maintenance (102).
Astrocytes are involved in neuronal growth and survival,
but also form the blood brain barrier (BBB). The exosomal
cargo of astrocytes is varied but includes growth factors,
angiogenic factors, MMPs and lipids (79), however to
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maintain a homeostatic environment in response to heat
or oxidative stress, exosomes from astrocytes are also
known to contain heat shock proteins which can provide
a neuroprotective effect to neurons (103). Microglial
exosomes are involved in the execution of immune
functions through antigen presentation in a pathologic
situation, however, in a physiological environment, the
exosomes can contain the lactate transporter and glycolytic
enzymes, allowing for the delivery of energy substrates to
neurons (104). The exosomes released by brain cancer
cells, in particular gliomas, carry cargo which may be
oncogenic in nature, but also facilitate angiogenesis. Donor
cells can then internalize these vesicles to promote cell
transformation or the tubular growth of endothelial cells,
ultimately producing an environment that is ideal for
tumour growth, invasion and suppression of anti-tumour
immune responses (75,76). The field of exosome function
in normal brain is still within its infancy and has not been
thoroughly elucidated at a mechanistic level.

Exosomes and glioma—diagnostic biomarkers

One hallmark of all cancers, including glioma, is tumour
heterogeneity. This can have a significant impact on patient
outcome due to difficulty in providing a clear diagnosis, as
well as reducing the effect of current clinical treatments
or designing efficacious therapies to target the mixed
population of cancer cells within tumours (intra-tumour
heterogeneity) and between tumours from different patients
(inter-tumour heterogeneity). The degree of heterogeneity
can also lead to variations in proliferation rate, level of
aberrant vascularization within tumours, and extent of
diffuse invasion of the infiltrative cells, contributing to the
difficulty in defining response to therapeutic intervention
and patient outcome. As mentioned earlier, determining
the clinical status of glioma patients involves diagnostic
tools such as clinical manifestations, computed tomography
(CT), MRI and histological examination of surgical
biopsies. At the present, histological analysis remains the
gold standard for obtaining tumour diagnosis, however
there are inherent risks involved with this invasive method
including the potential risk of neurological damage and
brain haemorrhaging, in particular when serial biopsies are
involved. The ability to monitor the disease normally only
appears after sufficient tumour burden has occurred to alter
the neurologic examination in defining the overall clinical
manifestation. Importantly, the resolution limit of MRI is
only 2-3 mm (105), with a specificity of between 50-80% of
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correctly identifying GBM tumours from other intracranial
lesions or changes that have been induced by treatments
such as radiation and temozolomide (106,107). Therefore,
an urgent need exists for a clinical application which is
potentially less invasive and has a lower risk of morbidity,
but is able to allow in a timely manner for the detection
of an ideal biomarker which may have diagnostic, disease
progression and/or predictive capabilities.

Even though tumour biopsy and histologic analysis has
been the mainstay of disease diagnosis, it only provides a
snapshot of the heterogeneous tumour at any one time.
But it is known that, in addition to the numerous growth
factors, cytokines and metabolites that can be secreted
by glioma cells (108), these cells have also been shown
to release various types of EVs that can support many
critical biologic and pathological processes of a tumour cell
including proliferation and invasion (80). EVs (including
exosomes) are released into the surrounding extracellular
environment and can potentially travel across various
anatomical compartments to enter the systemic blood
circulation or the CSF (75,109). As a consequence of the
detection of EVs in these biological fluids and their capacity
to act as carriers of a bioactive cargo (such as RNA, DNA,
proteins and lipids) that can be a ‘fingerprint’ representation
of the donor cell, it has been proposed that CSF or serum
can act as a ‘liquid biopsy’, providing a potential prospect
of an avenue for diagnostic markers, monitoring glioma
progression and also response to therapy [see review by
Lin et al. presenting an overview of exosomes as novel
biomarkers for clinical diagnosis in a number of cancers
including GBM (110)]. EGFR mutations, rearrangements
or amplifications occur in up to 70% of GBM tumours
(111,112) and around 50% of patients that harbour
EGFR amplification also possess an EGFRvIII mutation,
resulting from an in-frame deletion of exons 2-7, leading to
constitutive and ligand independent receptor activity (113).
A gRT-PCR based study investigating the EGFRVIII status
of exosomes derived from GBM patient sera identified that
EGFRvIIT mRNA was found in the exosomes of patients
with EGFRVIII expressing tumours (75). Interestingly,
EGFRVIII positive exosomes were undetectable after
tumour resection. This has also been confirmed in a study
by Nilsson ez al. (114) highlighting the diagnostic potential
of GBM derived exosomes. As EGFRVIII has been linked
with the ‘classical’ molecular subtype of GBM (115), this
may have great potential in the application of a personalized
therapeutic approach for these patients based on their
exosomal profile. Significantly, a correlation between the
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levels of wild-type EGFR in glioma patient CSF-derived
exosomes and chemotherapeutic response has also been
observed (112), reinforcing the relevance of CSF derived
exosomes as a clinical liquid biopsy.

By comparison, the isolation of CSF based exosomes
is ideal compared to serum as (I) the BBB is not a
concentration-limiting factor as it would be with serum
derived exosomes and (II) CSF would provide a ‘cleaner’
source of glioma based exosomes compared to serum which
would contain exosomes from normal (non-tumour) based
processes (for example—maturation of reticulocytes and
platelet activation). Furthermore, isocitrate dehydrogenase
1 (IDH1) is a citric acid cycle enzyme with mutations in
this enzyme occurring in approximately 10% of all GBMS
and 80% of secondary GBMs (116). This has allowed for
the IDH1 mutation status to be utilized in the detection
of a secondary tumour arising from a lower grade tumour
versus a primary tumour that has arisen de novo. A novel
study by Chen et /. (117) involving the exosomal RNA
analysis of human CSF and serum samples using BEAMing
RT-PCR, reliably detected and quantified mutant and wild-
type IDH1 RNA transcripts in CSF-based exosomes from
glioma patients (5 out of 8 patients). The authors were not
able to detect the mutant IDHI1 transcript in exosomes
isolated from the sera of patients that possessed tumours
positive for this IDH1 mutation. Significantly, the levels
of mutant IDH1 transcript showed a strong correlation
with tumour volume, signifying the strong possibility of
CSF-based exosomes predicting glioma disease burden.
Additionally, it has also been shown that IDH1 mutations
may appear to be a significant marker of a positive
chemosensitivity response of secondary GBM to TMZ (118).
Therefore, CSF-derived exosomes with IDH1 mutant
transcripts may provide clinical information on two levels:
(I) the presence of a secondary GBM and (II) predicting the
response to TMZ treatment. An important consideration
is malignant tumour cells (including GBM) exhibit altered
cellular energetics that can influence the metabolism
of tumour cells, promoting aerobic glycolysis and ATP
generation (119). In terms of IDH1 and the mutations
which can occur in GBM (120), this is noteworthy as
independent studies in other systems have shown that
exosomes can possess the ability to aerobically synthesize
ATP (121,122). Exosomes isolated from urine (121) and
mesenchymal stem cells (122) were able to carry out
oxidative phosphorylation to synthesize ATP and consume
oxygen. It has been suggested that since mitochondrial redox
chain proteins and ATP synthase are ectopically expressed
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on the surface of exosomes that they can transfer their
oxidative phosphorylation machinery and ultimately rescue
aerobic respiration (123). IDHI1 catalyzes the oxidative
decarboxylation of isocitrate into a-ketoglutarate (120),
whereas IDHI1 mutations in some gliomas convert
a-ketoglutarate to 2-hydroxyglutarate (124). The presence
of these mutations may be of significance in terms of
treatment response (radiotherapy and chemotherapy), as
there is some evidence suggesting increased sensitivity to
treatment (125). However, there are also conflicting reports
indicating that the mutations do not correlate with an
improved treatment response (126). Therefore the role of
exosomes in mediating the aerobic synthesis of ATP in cells
must also be considered.

In recent years, there has also been a focus on exosome
associated miRNAs, since they are small, non-coding
RNAs that regulate gene expression by binding to specific
target mRNAs and inhibiting their translation. This is
highly relevant as exosomes can protect this donor cell
‘tumour-specific’ material from the action of RNAses in
the extracellular environment, and have this transferred to
a recipient cell. Ultimately, the presence of miRNAs within
exosomes in a biofluid such as CSF may also allow us to
understand the spectrum of disease progression or response
to therapy. A meta-analysis of data from different studies
and databases investigating the potential diagnostic value
of miRNA in primary CNS lymphoma [PCNSL—a rapidly
growing tumour that has a median survival of around
3 months once diagnosed (127)] and glioma was carried
out by Wei and colleagues (128). This analysis invovled
23 studies, 299 CNS patients and 418 control subjects
involving the qRT-PCR analysis of blood and CSF samples
to determine the level of detection and sensitivity of the
assays. This study determined that CSF-based miRNA
assays yielded more reproducible and accurate results than
those from blood-based samples which further supports the
use of studies based on CSF-isolated exosomes.

Akers et al. (129) examined the miRNA contents of
exosomes isolated from the CSF and plasma of GBM
patients and glioblastoma cell lines. In exosomes derived
from GBM patient plasma or glioblastoma cell lines,
the relative abundance of miRNA was highly variable
with miRNA species alternating between exosomes and
microvesicles in different specimens. However, they were
able to demonstrate that CSF-derived exosomes were
enriched for miRNAs relative to CSF microvesicles which
indicates that CSF exosomes are the major compartment
that can harbour miRNAs. Utilizing a TagMan OpenArray
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human microRNA panel, their analysis revealed 46
miRNAs that were detected in the CSF exosomes (including
miR-21, miR-24, miR-103, and miR-125) not in the
microvesicles. In addition, 6-8 of the miRNAs that were
found to be expressed in both exosomes and microvesicles
were up to 150-fold higher in the exosomes relative to
the microvesicles implying that miRNAs are enriched in
the CSF-derived exosomes. A critical follow-up study was
also carried out by Akers er a/. (130) for maximizing the
exosome related miRINA derived from clinical CSF samples.
They proposed the clinical CSF samples should firstly be
aliquoted and stored at -80 °C at the volume that will be
required for laboratory analysis, as one single freeze thaw
cycle does not affect the content of the CSF exosomes
or their associated miRNAs. Importantly, they also
determined that CSF can be safely stored and transported
at room temperature for up to seven days, an important
factor to consider if samples are going to be transported
from smaller hospitals to specialized laboratories for
exosome isolation and miRNA analysis. A study by Teplyuk
et al. (52) investigating miRNA profiles of CSF miRNA
as a means of discriminating between metastatic brain
cancers and GBM revealed that by using the combined
analysis of a group of seven cancer-related miRNA, they
were able to discriminate between these two types of
brain cancers with 90% accuracy. MiR-21 and miR-10b
expression levels were elevated in the CSF of GBM patients
compared to the metastatic brain cancer patients and CSF
from non-neoplastic tissue, whilst the miR-200 family was
detected only in the CSF of the metastatic brain cancer
patients. This allowed them to distinguish between GBM
and metastatic cancers. MiR-21, known to be a promising
biomarker for the progression of GBM patients, was also
found to be overexpressed in CSF exosomes in the Akers
study (129), further emphasizing the relevance of utilizing
CSF-derived exosomes.

Exosomes and glioma—disease progression

Exosomes contain various membrane-associated proteins
that facilitate many different cellular functions, such as
the tetraspanins, which include CD151. The tetraspanins
are protein superfamilies that aid the organization of
membrane microdomains, known as tetraspanin-enriched
microdomains, by establishing clusters and also interacting
with numerous transmembrane and cytoplasmic signalling
proteins (131). CD151 has been shown to contribute to host
matrix remodelling due to exosomal-integrin and tetraspanin-
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protease associations (131), with one of these associations
regulating cell motility via protease activity (132). CD151
induces matrix metalloproteinase-9 (MMP-9) expression
via CD151-associated integrin signalling (133) and it also
associates with MMP14 to regulate ADAM10/ADAMI17 (A
Disintegrin and Metalloproteinases) activity (134). Secreted
proteases such as the matrix metalloproteinases (MMPs) and
the ADAMS with thrombospondin motifs (ADAMTS) cleave
various extracellular matrix (ECM) components and cell
surface proteases, and also regulate stimulatory autocrine/
paracrine factors in glioma cells to facilitate an invasive
phenotype (135). The critical characteristic of all gliomas is
their extensive infiltration which thwarts efforts to completely
remove or ablate malignant cells at the time of surgery (136).
A number of these proteases have also been observed to
exert their proteolytic matrix remodelling function through
the aid of finger-like membrane structures in glioma cells
known as invadopodia (137,138). Many types of tumour
cells, including glioma, can form these actin-rich dynamic
protrusions which aid invasion through the involvement
of numerous adaptor, signalling, adhesion and proteolytic
proteins, including those linked to CD151. The association
between exosomes and invadopodia is strengthened by
the involvement of TSG101. It is known that TSG101 as
an ESCRT pathway protein plays a key role in ESCRT-1
function by binding to ubiquitinated receptors and
facilitating interactions with other ESCRT complexes.
Importantly, TSG101 can also mediate the translocation of
active Src from endosomes to assist in tumour cell invasion
through the promotion of functional invadopodia (139).
Tks5 (also known as SH3PXD2A) is an adaptor
protein that facilitates invadopodia activity and we have
demonstrated that it has a potential prognostic role in
glioma, with increased Tks5 expression resulting in
significantly reduced survival among glioma patients (137).
Importantly, Tks5 is also known as a Src substrate (140,141)
and through Src mediated phosphorylation, and subsequent
association directly with the SH3-SH2 domain adaptor
proteins Nck1/Nck2, we identified a Src-Tks5-Nck pathway
in the activity of matrix degrading invadopodia (140).
Therefore it is emerging that TSG101 (and potentially
ESCRT complexes), as a mediator of Src translocation, may
be vital in coordinating the dynamic trafficking of Src from
endosomes to its sight of function in invadopodia, thereby
facilitating the remodelling or degradation of the matrix
surrounding the tumour cells. Significantly, this identifies
that exosomes possess a vital role in promoting glioma cell
invasion through a functional relationship linking exosome
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secretion and invadopodia activity.

Through a complex network-based communication
system between cellular components, secreted factors
(such as growth factors and cytokines), and the interaction
with the surrounding cells and environment, cancer cells
including glioma can promote a plethora of processes such
as proliferation, ECM degradation, invasion, angiogenesis
and evasion of immune-surveillance to drive disease
progression. It is recognized that glioma derived exosomes
with their multifunctional cargo can facilitate these
processes (142). This can be achieved through a number of
avenues. Exosomes isolated from primary GBM cells which
contain EGFRVIII can stimulate the in vitro proliferation
of human glioma cells (75). Proliferation of glioma cells has
also been observed to be driven by the miRNA, miR-21
(51,55). This oncomir (miR-21) has been detected in CSF
derived exosomal fractions (along with miR-24, miR-103,
and miR-125) when compared directly with the
corresponding CSF derived microvesicles. Therefore,
it has been proposed that CSF derived exosomes, and
not microvesicles, are the major EV compartment that
harbour miRNAs which can potentially drive the increased
proliferation of exosome recipient cells (129). It has also
been demonstrated that the miRNA cargo of GBM derived
exosomes can also include miR-29a and miR-30e, which are
known to be drivers of angiogenesis (77). MiR-29a through
the targeting of PTEN, which is coupled to the activation
of Akt, results in the activation of endothelial cells leading
to their migration as a part of the angiogenesis process (143).
Alternatively, another stimulator of angiogenesis, VEGF-C,
is upregulated as a result of the enhanced expression of NF-
kB-regulated genes which have been linked to the miR-30e
induced hyperactivation of NF-kB (144).

A study by Valadi et a/. (87) in 2007 showed that
exosomes isolated from human mast cells contained over
1,330 mRNA and 120 non-coding RNA/miRNA, which has
been updated as further research into exosome biogenesis
in normal and tumour cells is conducted. With this aspect
of mRNA/miRNA in mind, we undertook an analysis of
glioma based studies within the online Oncomine® platform
for datasets that contained mRINA expression levels of genes
that are involved in the biogenesis of exosomes (1able 1).
Oncomine (version 4.5—www.oncomine.org, Compendia
Bioscience™, Ann Arbor, MI, USA, Thermo Fisher) is
an online tool that contains 715 mRINA and copy number
expression datasets from 86,733 cancer and normal tissue
samples (12,764 samples are normal tissue samples) (145). A
total of 62 datasets (5,571 samples) are brain/CNS related
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Table 1 Comparison of exosomal marker mRNA expression in glioma tissue compared to normal brain

Mean fold- Total No. of Gene
Oncomine Exosomal Glioma  Sample number logz change ) .
P value measured ranking Platform
dataset marker/gene type (normal/tumour) vs. normal N
tissue genes (%)
Bredel CD9 GBM 4/27 1.303 0.039 14,836 28 ND*
Brain 2 CD81 GBM 4/27 1.315 8.79x10" 14,836 12 ND*
CD151 AO 4/6 1.573 0.002 14,836 3 ND*
CD151 GBM 4/27 3.531 6.50x10 " 14,836 1 ND*
TSG101 GBM 4/27 1.507 0.007 14,836 19 ND*
French Alix AO 6/4 1.881 0.004 19,574 8 Human
Brain (PDCD6IP) Genome U133
Plus 2.0 Array
CD63 AOD 6/23 1.757 7.09x10° 19,574 5 Human
Genome U133
Plus 2.0 Array
CD63 AO 6/4 2.437 0.004 19,574 9 Human
Genome U133
Plus 2.0 Array
CD81 AO 6/23 1.710 2.17><1074 19,574 11 Human
Genome U133
Plus 2.0 Array
CD81 AO 6/4 1.504 0.032 19,574 21 Human
Genome U133
Plus 2.0 Array
CD151 AO 6/4 2.128 0.034 19,574 22 Human
Genome U133
Plus 2.0 Array
CD151 AO 6/23 1.570 7.47x10° 19,574 8 Human
Genome U133
Plus 2.0 Array
TSG101 AO 6/23 1.519 6.76x10" 19,574 14 Human
Genome U133
Plus 2.0 Array
Murat Brain Alix GBM 4/80 2.101 5.90x1074 19,574 13 Human
(PDCD6IP) Genome U133
Plus 2.0 Array
CD63 GBM 4/80 2.119 0.016 19,574 29 Human
Genome U133
Plus 2.0 Array
CD151 GBM 4/80 1.643 0.011 19,574 27 Human

Genome U133
Plus 2.0 Array

Table 1 (continued)
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Table 1 (continued)

Mean fold-

Oncomine Exosomal Glioma  Sample number  logz change

dataset marker/gene type (normal/tumour) vs. normal
tissue

Total No. of Gene
P value measured ranking Platform
genes (%)

Rickman CcDh9 A 6/45 3.059 0.006 5,338 10 HumanGeneFL
Brain Array

CD63 A 6/45 3.510 3.09x10 ™" 5,338 1 HumanGeneFL
Array

CD81 A 6/45 2.668 6.30x10" 5,338 5 HumanGeneFL
Array

CD151 A 6/45 1.558 0.003 5,338 8 HumanGeneFL
Array

Shai Brain CcDh9 A 7/3 4.968 0.004 8,603 14 Human
Genome
U95A-Av2

CD63 GBM 7/27 3.259 8.37x10" 8,603 1 Human
Genome
U95A-Av2
Array

CD63 O 7/3 2.400 2.10x10™" 8,603 6 Human
Genome
U95A-Av2
Array

CD81 GBM 7/2 1.250 0.043 8,603 31 Human
Genome
U95A-Av2
Array

CD81 A 7/2 1.414 0.010 8,603 17 Human
Genome
U95A-Av2
Array

CD151 GBM 7/27 1.810 1.70x10" 8,603 2 Human
Genome
U95A-Av2
Array

TSG101 GBM 7/27 1.433 418x10° 8,603 7 Human
Genome
U95A-Av2
Array

TSG101 o) 7/3 2.453 2.93x10" 8,603 1 Human
Genome
U95A-AV2
Array

Table 1 (continued)
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Table 1 (continued)

Mean fold-
. . Total No. of Gene
Oncomine Exosomal Glioma  Sample number  logz change .
P value measured ranking Platform
dataset marker/gene type (normal/tumour) vs. normal
. genes (%)
tissue
Sun Brain Alix GBM 23/81 1.396 2.25x10° 19,574 19 Human
(PDCD6IP) Genome U133
Plus 2.0 Array
Alix GBM 3/22 1.377 0.014 19,574 13 Human
(PDCD6IP) Genome U133
Plus 2.0 Array
Alix AA 23/19 1.251 0.009 19,574 22 Human
(PDCD6IP) Genome U133
Plus 2.0 Array
Alix DA 23/7 1.314 0.040 19,574 21 Human
(PDCD6IP) Genome U133
Plus 2.0 Array
CD9 GBM 23/81 1.392 0.011 19,574 34 Human
Genome U133
Plus 2.0 Array
CD9 AA 23/19 1.477 0.010 19,574 23 Human

Genome U133
Plus 2.0 Array

CD63 GBM 23/81 1.931 7.67x10°"° 19,574 5 Human
Genome U133
Plus 2.0 Array

CD63 AA 23/19 1.450 3.25x10" 19,574 12 Human
Genome U133
Plus 2.0 Array

CD63 DA 23/7 1.542 0.034 19,574 19 Human
Genome U133
Plus 2.0 Array

CD63 (0] 23/50 1.232 0.005 19,574 22 Human
Genome U133
Plus 2.0 Array

CD81 AA 23/19 1.300 7.23x10™" 19,574 14 Human
Genome U133
Plus 2.0 Array

CD81 DA 23/7 1.442 3.68x10" 19,574 3 Human
Genome U133
Plus 2.0 Array

CD151 GBM 23/81 4.264 1.55x10 " 19,574 3 Human
Genome U133
Plus 2.0 Array

CD151 O 23/50 1.700 3.69x10" 19,574 15 Human
Genome U133
Plus 2.0 Array

Table 1 (continued)
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Table 1 (continued)
Mean fold-
Oncomine Exosomal Glioma  Sample number  logz change Total No. of Ger}e
P value measured ranking Platform
dataset marker/gene type (normal/tumour) vs. normal o
tissue genes (%)
TCGA Brain Alix GBM 10/542 2.254 2.16x10 " 12,624 2 Human
(PDCD6IP) Genome
U133A Array
Alix GBM 10/5 1.907 7.16x10™" 12,624 4 Human
(PDCD6IP) Genome
U133A Array
CD9 GBM 10/542 3.178 1.69x10 12,624 12 Human
Genome
U133A Array
CD63 GBM 10/542 2.558 1.71x10"° 12,624 5 Human
Genome
U133A Array
CD81 GBM 10/524 1.543 4.41x10° 12,624 9 Human
Genome
U133A Array
CD151 GBM 10/542 2.547 1.25x10" 12,624 11 Human
Genome
U133A Array
TSG101 GBM 10/542 1.115 0.010 12,624 38 Human
Genome
U133A Array

mRNA expression of the nominated exosomal markers was examined in various glioma types within the Oncomine database. Displayed in
this table are the mean fold changes vs. corresponding normal tissue in each study, overall P value and percentage ranking for the relative
mRNA in that dataset. Gene expression data are log transformed and normalized as previously described (145). *, platform not defined. A,
astrocytoma; AA, anaplastic astrocytoma; AO, anaplastic oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocytoma;

GBM, glioblastoma; O, oligodendroglioma.

datasets. Our data mining of the 62 brain/CNS datasets
deposited in the Oncomine Compendium examined the
relative mRNA levels of exosomal related gene markers
in both glioma and normal brain tissue. The exosomal
markers which were differentially expressed between
normal brain and glioma tissue included Alix, CD9,
CD63, CD81, CD151 and T'SG101. As can be observed
by the data presented in Tible I, there was an elevation of
mRNA expression levels in glioma tissue relative to normal
brain. Approximately 47% of the exosome markers in the
listed studies were ranked in the top 10% of differentially
expressed genes between glioma and normal tissue.

The potential importance of exosomal markers as a
diagnostic or prognostic tool in glioma is further enhanced
by the fact that up to 90% of the exosome markers

© Translational Cancer Research. All rights reserved.
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examined here were ranked in the top 20% of differentially
expressed genes. In addition, it can also be observed that the
mRNA expression levels of multiple exosomal markers were
elevated in the same tissue grade in a number of the studies.
Interestingly, the datasets which contained exosomal mRNA
expression data from GBM patient samples (Bredel Brain
2, Murat, Shai, Sun and TCGA), CD151 and TSGI101
were the two exosomal markers with mRNA expression
levels that were elevated in GBM relative to normal brain
in all five studies. A recent study by Shi e a/. (57) identified
that miR-21, which is known to be upregulated in the
tissue of higher grade glioma (grade II and grade IV), was
significantly higher in CSF derived exosomes in glioma
patients than in control samples isolated from patients
without tumours and the exosomal marker CD63 was also
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observed to be present.

Exosomes and glioma—therapeutic capacity?

Despite the considerable progress achieved over the years
with technological advances in neuroimaging, surgery
and post-operative treatments, the prognosis for patients
with glioma, in particular GBM tumours, remains poor
(4,146). Consequently, there is a continual effort to
develop novel therapeutic approaches for the treatment of
glioma. Exosomes are emerging as an attractive strategy
for potentially providing a flexible drug delivery system.
Exosomes, as spherical structures with a well-defined lipid
bilayer and an aqueous core, have the ability to house both
hydrophilic and hydrophobic molecules, but importantly
can function as ‘protectors’ of their cargo while they
cross biological barriers to reach specific cellular targets.
Importantly, they possess a long circulating half-life, are
taken up by recipient cells leading to changes in biological
processes within these cells, do not activate acute immune
rejection upon being administered (147), and their exosomal
cargo or their membrane can be tailored for tumour-specific
targets or patient personalized treatment. Yet one of the
most critical features of exosomes is that they can cross the
BBB, making them an ideal courier for drugs or therapeutic
molecules in treating glioma. The BBB is partly permeable
due to a weakened association between endothelial cells
and astrocytes (148), permitting for an easier passage of
the exosomes to the tumour cells, which is normally highly
impermeable to many chemotherapeutic drugs. In addition,
the phospholipid bilayers allow direct delivery of the cargo
into the cytoplasm of the recipient tumour cells as a result
of fusion with the cell membrane (149) and their small
size assists them in bypassing rapid phagocytosis from the
circulation by mononuclear phagocytic mechanisms.

A laboratory based study by Yang er /. (150) using a
zebrafish model employing U87 glioma cells demonstrated
that exosomes derived from brain endothelial cells utilized
as drug carriers facilitated the delivery of paclitaxel and
doxorubicin across the BBB resulted in toxicity. This could
not be achieved in the absence of exosome-drug cargo
loading, with the drugs remaining within the vasculature,
unable to cross the BBB. Exosome transfer across the
BBB has also been demonstrated in additional laboratory
based models. Delivery of siRNA via systemically injected
exosomes allowed for the transport into brain tissue,
specifically neurons, microglia and oligodendrocytes to
efficiently target RNA expression in these cells (151).

© Translational Cancer Research. All rights reserved.
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Dendritic cells have been genetically engineered to release
exosomes which expressed the protein Lamp2b fused to
the neuron peptide RVG (targeting neural cells) on the
exosome membrane, allowing for the effective delivery of
siRNA cargo to the neurons (151).

The successful delivery of exosome-encapsulated
anti-inflammatory drugs across the BBB via intranasal
administration in treating brain inflammatory diseases
further indicates their suitability as cargo carriers through
the BBB (152). Since exosomes can function as cargo
carriers to deliver drugs into the cells, it is also logical that
secreted vesicles can potentially function as facilitators of
chemoresistance through the expression of genes driving
vesicle secretion in removing cytotoxic drugs from within
the cell. This was demonstrated by Munoz et 4/. (153) to
revert TMZ resistance in GBM cells through the exosomal
delivery of anti-miR-9 from mesenchymal stem cells
(MSCs). MiR-9 levels are normally elevated in GBM cells
which in turns lead to the increased expression of the drug
efflux transporter, P-glycoprotein. Exosomal-mediated
delivery of the anti-miR-9 to the GBM cells resulted in
a reduction in the expression levels of miR-9 leading to a
restoration in TMZ chemosensitivity through increased
apoptosis and caspase activity. Whilst, the interaction
between the GBM cells and the donor MSCs may have been
the result of a gap-junction (contact dependent) mechanism
between the two cell types, the authors were able to
demonstrate that the anti-miR-9 transfer occurred via a
contact independent mechanism mediated via exosomes.
Overall, it appears that exosomes have considerable
promise as cargo delivery agents for the treatment of
glioma. However, the studies are based on iz vitro and in
vivo models in the laboratory and a greater understanding
of the distribution of administered exosomes clearance and
tumour-targeting properties are required for the successful
application of exosomal-mediated therapeutics in the
treatment of glioma. However, it must be noted that CSF
sampling may be limited to ventricular/lumbar collection at
the time of primary or repeat surgery for glioma patients.

Conclusions

Research in the field of EVs, including exosomes, is moving
forward at an increasing rate. Coupled with the ongoing
evolution in isolation and characterization techniques, of
various EVs isolated from normal cell and tumour cell
populations, there has been a significant increase in the
number of EV related publications over the last decade.
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The information presented in this review highlights the
relevance of glioma-derived exosomes as a ‘liquid biopsy’ to
potentially develop avenues for diagnostic and prognostic
markers to monitor disease progression, personalize
treatment through the stratification of patients based on the
profile of the exosomal biomarkers, and potentially lead to
an improvement in glioma patient outcome. Whilst serum
has been proposed as a liquid biopsy for exosomes, there
is the complicating factor that it also contains exosomes
from a greater variety of normal cells and processes in
the body. This emphasizes the importance of utilizing
CSF as a purer source of glioma-derived exosomes,
since it interacts directly with the extracellular space and
neighbouring environment around the tumour, ultimately
reflecting gradual changes that may be occurring over time
as the disease progresses or as the tumour cells respond to
treatment. Whilst current evidence is promising, this field
of research is still in its early stages. However, continued
development of exosome composition and biomarker
analytics being linked to technologies such as miRINA arrays
and qRT-PCR assays have potential for CSF-derived glioma
exosomes being incorporated into the clinical management
of glioma patients in the future.
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