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Abstract: Glioblastoma multiforme (GBM) is the most frequent and most devastating of the
primary central nervous system tumors, with few patients living beyond 2 years postdiagnosis.
The damage caused by the disease and our treatments for the patients often leave them physi-
cally and cognitively debilitated. Generally, GBMs appear after very short clinical histories
and are discovered by imaging (using magnetic resonance imaging [MRI]), and the diagnosis
is validated by pathology, following surgical resection. The treatment response and diagnosis of
tumor recurrence are also tracked by MRI, but there are numerous problems encountered with
these monitoring modalities, such as ambiguous interpretation and forms of pseudoprogression.
Diagnostic, prognostic, and predictive biomarkers would be an immense boon in following
treatment schemes and in determining recurrence, which often requires an invasive intracranial
biopsy to verify imaging data. Extracellular vesicles (EVs) are stable, membrane-enclosed, virus-
sized particles released from either the cell surface or from endosomal pathways that lead to the
systemic release of EVs into accessible biofluids, such as serum/plasma, urine, cerebrospinal
fluid, and saliva. EVs carry a wide variety of proteins, nucleic acids, lipids, and other metabolites,
with many common features but with enough individuality to be able to identify the cell of origin
of the vesicles. These components, if properly interrogated, could allow for the identification
of tumor-derived EVs in biofluids, indicating tumor progression, relapse, or treatment failure.
That knowledge would allow clinicians to continue with treatment regimens that were actually
effective or to change course if the therapies were failing. Here, we review the features of GBM
EVs, in terms of EV content and activities that may lead to the use of EVs as serially accessible
biomarkers for diagnosis and treatment response in neuro-oncology.
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Introduction

Glioblastoma multiforme (GBM; World Health Organization [WHO] grade IV glioma)
is the most common primary malignant brain tumor in the United States, striking some
three in 100,000 people. Patients with GBM are faced with a poor prognosis as 5-year
survival rates are less than 5% for all age groups (of those =75 years of age, virtually
none are alive by that time).! Roughly 17,000 Americans are diagnosed with GBM
each year, and the disease claims ~13,000 lives, with most succumbing in 1-2 years,
despite gross total surgical resection, external beam radiation treatment, and the latest
in multimodal chemotherapy.> These therapies are relatively nonspecific and come at
significant cognitive and physiopsychological costs to the patient, as the brain is an
organ that can not tolerate much collateral damage. Despite the relatively short time
course of the disease, the financial burdens at a familial level, are staggering,® and at a
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national level, the therapies may represent the most expensive
(ie, ineffective) treatments per life-year saved when factoring
in quality-of-life adjustments.** Thus, at the individual, famil-
ial, and a national level, GBMs take a horrendous toll.

Glioblastoma: surgical and

other therapeutic limitations

GBMs are highly invasive malignant neoplasms of glial
cells within the central nervous system that carry a very
poor prognosis, despite advancements in surgical and
oncological modalities. Neurosurgical resection of GBMs
has failed to offer patients with a curative option as even
radiological imaging with contrast enhancement of disease
inadequately correlates with actual neoplastic disease
burden (Figure 1A). Thus, gross total resection, using
the radiological image of the apparent tumor margins, fails
to address the microinfiltrative disease beyond the borders
of the radiological depiction (which can be identified upon
histological representation).®® Histologic characterization
of GBMs commonly shows small areas of central necrosis,
with a distinct pseudopalisading rim of anaplastic glial cells
and a hyperplastic, hyperpermeable vasculature, which
differentiates these tumors from lower-grade astrocytomas
(Figure 1B and C). Examination of the pseudopalisading
network of neoplastic glial cells is remarkable for disease
heterogeneity. The neoplastic heterogeneity observed in
GBM poses significant challenges in disease treatment as
well-known oncological therapeutics fail to target the entire
disease burden and may actually select for inherently resis-
tant neoplastic cells.”™'? Further histological investigation
of the brain parenchyma beyond the location of the radio-
graphical depiction of the disease often reveals significant
microinfiltrative tumor cells, which are thought to be a
major contributor to the dismal prognosis of GBM.*° The
inability to cure GBM via neurosurgical resection and the
failure of our current therapeutics contribute to the urgent
need for further GBM tumor characterization.

Characterization of glioblastoma

There have been remarkable strides made recently in the
molecular genetic characterizations of GBMs, which have
been valuable in the initial understanding of the detrimental
effects of GBM and may prove useful in the stratification of
patients by therapeutic response and/or in clinical trials.!?
However, these types of tumor identifiers are obviously evident
only after the tumor is present and accessible. For the purposes
of serial monitoring during the course of treatment or the early
detection of recurrent tumors, biofluid-based biomarkers will

Figure | Radiographic (MRI) images and histology of GBMs.

Notes: (A) shows an MRI of a GBM before (left) and after (right) surgery. Yellow
circles show the area of tumor (left) and the resection cavity following surgery
(right). (B) (low power, 100x) and (C) (high power, 600x) are hematoxylin/eosin
stains of a section of a GBM used in histopathologic diagnosis. (B) shows the typical
hypercellularity, cytological atypia, and prominent pseudopalisading necrosis of a
GBM. (C) at higher power (same tumor, different section), better illustrates the
cellular atypia and mitotic activity in the GBM.

Abbreviations: GBM, glioblastoma multiforme; MRI, magnetic resonance imaging.

be essential tools. Virtually all biofluids (eg, serum/plasma,
urine, cerebrospinal fluid, breast milk, semen, colostrum,
bronchial lavage fluid, ascites fluid, saliva, and synovial fluid)
have one set of common components — extracellular vesicles,
consisting of exosomes and microvesicles.'*!®

Extracellular vesicles (EVs) are membrane-enclosed,
virus-sized (30-1,000 nm) nanovesicles that are released
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extracellularly from cells, either directly from the cell

EENT3

surface (called “microvesicles,” “microparticles,” or “ecto-
somes”) by membrane “blebbing” or via the formation in
an endocytic route, with fusion of a late endosome/multi-
vesicular body with the plasma membrane (“exosomes”)!*!13
(Figure 2). Extracellular release deposits EVs into systemic
or circulating fluids, with the potential for proximal and
distal effects. These vesicles contain numerous cellular
constituents, such as proteins, nucleic acids, lipids, and
metabolites, that have common denominators in terms of
the biogenesis of vesicle formation and cargo loading, but
the constituents also have sufficient specificity that they can
identify the cell of origin of their release. EVs are stable
and protect the constituents from nucleases, proteases,
and the other means of degradation found in the biologi-
cally harsh extracellular environments.'® EVs also have
physicochemical properties that enable their purification
via standard procedures.!”!® Based on these features, EVs
appear to be veritable repositories of potential biomark-
ers for health and disease," and this is clearly evident in

Fusion with cell
membrane and
release

Invagination of the
cell membrane

Microvesicles

OO

Figure 2 Two main modes of EV formation.

Notes: (A) shows the exosome pathway, whereby materials are taken from the
cell surface into the endosomal system, with later invaginations forming MVB. If
the MVB fuses with the plasma membrane, it releases the internal vesicles into the
extracellular space as exosomes. (B) shows the formation of microvesicles as shed
vesicles, budding directly off from the plasma membrane.

Abbreviations: EV, extracellular vesicle; MVB, multivesicular body.

oncology as well,* especially in neuro-oncology, where the
needs for diagnostic, prognostic, and predicative biomark-
ers are urgent.?!

Biomarkers - general

considerations

The term “biomarker” (as in “biological marker”) seems
straightforward, but some definitions are applicable. Typically
a biomarker refers to “a characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention.”? This is a broad statement but
encompasses most aspects. There are three recognized sub-
categories of biomarkers: 1) diagnostic markers that identify
the presence of and specific type of disease; 2) prognostic
markers used to imply outcomes independently of therapy;
and 3) predictive markers that can inform in the context of
particular treatment response. For gliomas, we currently know
of nothing truly useful as an early-stage diagnostic biomarker
as most GBMs present as full-blown tumors with little or no
prior clinical evidence of their existence.” There are certain
molecular features of GBMs that aid in and verify diagnoses,
and some of those are also prognostic and may be predic-
tive (study of this is ongoing).?* The current line of thought
in this area is that recurrent genetic abnormalities are able
to subcategorize GBMs into groups, defined as Classical,
Mesenychmal, Proneural, and Neural.?* The main features of
these designations are shown in Table 1. The gene expression
patterns and genomic alterations associated with the GBM
categories may eventually lead to better therapeutic strategy
design, but for now, the most disturbing correlation is that only
patients with the Proneural subtype show any trend towards
longer survival compared with patients in the other three
categories. Nonetheless, that prolonged survival is not statisti-
cally significantly different compared with the other groups
and in general, it is still less than 2 years postdiagnosis.

It is important to realize that the molecular signatures of
GBMs are based on analyses of actual tumor specimens or
biopsies from them. Thus, the use of those molecules in the
ongoing monitoring of patient progress or response to thera-
pies may be limited, suggesting that biofluid-based biomark-
ers are likely to be of far more practical benefit. Circulating
biomarkers may be serially collected, which is essential for
therapeutic assessment, and the (usually) minimally invasive
nature of collection (compared with the substantial intracra-
nial interventions at surgery or biopsy) is also attractive.

As mentioned above, most GBMs present acutely, with
relatively few clear indications of the oncoming pathogenesis
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Table | Subclassifications of glioblastomas (based on TCGA)*

Subclass Chromosome alterations Gene/protein expression changes Drugs/targets Relative survival
Classical cs7 gain with csl0 loss; 1 CDKN2A, PTEN T™Z Poor
loss 9p21.3 T NES NOTCH3 JAGI MDM2 inhibitors
LFNG SMO GAS| GLII EGFR amplified;
EGFRUVIIl expression
Mesenchymal Loss 17ql1.2 T CHI3LI/YKL40 MET CD44 MERTK TMZ/XRT Poor
TTNF and NFKB family Bevacizumab
Mutated p53 PTEN NF| VEGFR inhibitors
Proneural Amplification c¢s7; loss cs|0; T PDGFRA OLIG2 TCF3 NKX2-2 SOX Inhibitors of Better
amplification 4q12, but low DCX DLL3 ASCLI TCF4 HIF But not significantly
amplification of 7p| 1.2 Mutated IDHI p53 PIK3CA/PIK3RI1 PI3K
PDGRFA
Neural cs7 gain T NEFL GABRAI SYTI SLCI2A5 Poor
cs10 loss

Abbreviations: ASCLI, achaete-scute complex homolog |; CD44, cluster of differentiation 44; CDKN2A, cyclin-dependent kinase inhibitor 2A; CHI3LI, chitinase-
3-like protein I; cs, chromosome; DCX, doublecortin; DLL3, delta-like 3; EGFR, epidermal growth factor receptor; EGFRvVIIl, mutated EGFR variant Ill; GABRAI,
gamma-aminobutyric acid (GABA) receptor alpha |; GASI, growth arrest-specific |; GLII, glioma-associated oncogene |; HIF, hypoxia-inducible factor; IDHI, isocitrate
dehydrogenase | (NADP+), soluble; JAGI, jagged |; LFNG, lunatic fringe (O-fucosylpeptide 3-beta-N-acetylglucosaminlytransferase); MDM2, mouse double minute 2 homolog;
MET, mesenchymal-epithelial transition factor; MERTK, MER proto-oncogene tyrosine kinase; NEFL, neurofilament, light polypeptide; NES, nestin; NFI, neurofibromatosis |;
NFKB, nuclear factor kappa-light-chain-enhancer of activated B cells; NKX2-2, NK2 homeobox 2; NOTCH3, 3rd human notch homolog; OLIG2, oligodendrocyte lineage
transcription factor 2; PDGFRA, platelet-derived growth factor receptor alpha; PI3K, phosphoinositide-3-kinase; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase,
catalytic subunit alpha; PIK3RI, PI3K regulatory subunit |; PTEN, phosphatase and tensin homolog; SLC12A5, solute carrier family 12 (potassium/chloride transporter),
member 5; SMO, smoothened; gas|, growth arrest specific |; SOX, Sry-related HMG box; SYT |, synaptotagmin |; TCF3/4, transcription factor 3 or 4; TCGA, The Cancer
Genome Atlas; TNF, tumor necrosis factor; TMZ, temozolomide; PI3KCA, phosphatidylinositol-4,5-bisphosphate 3 kinase, catalytic subunit alpha; XRT, external beam

radiation therapy; YKL40, chitinase-3-like protein |; VEGFR, vascular endothelial growth factor receptor.

(usually, headache, seizures, intracranial pressure, vision/
hearing issues, and even personality changes), making the
window for early disease screening almost nonexistent.
Imaging techniques, such as magnetic resonance imaging
(MRI)*/magnetic resonance spectroscopy (MRS)?’ are stan-
dard brain tumor diagnostics; these are clearly valuable but
are limited to use after a tumor is suspected due to the afore-
mentioned symptoms. Also, these techniques are extremely
expensive, as is the entire brain tumor affliction.?® Such imag-
ing modalities generally offer little histologic or prognostic
information without employing specialized technologies
such as various forms of positron emission tomagraphy,
vessel architectural imaging, or stimulated Raman scattering.
Beyond that, the only acceptable diagnoses are made, intra- or
postoperatively, by pathology, which offers prognostic evalu-
ations using immunohistochemistry or genetic techniques.?**
Obviously, those tests require tumor access from surgery
or biopsy, both intracranially invasive procedures. This is
especially true for recurrent tumors (which occur with nearly
all patients with high-grade gliomas), where imaging distinc-
tions for remnant tumor, regrowth, or postradiation necrosis
are difficult,*’ and “pseudoprogression” (radiographic indi-
cations — usually, gadolinium enhancement — that appear as
progressively growing tumor following radiation but later
resolve or devolve into radiation necrosis) is another com-
mon problem.?>3 Tumor diagnostic/biomarker capabilities
from an accessible compartment (blood/sera, urine, or saliva)
would be a major advance for neuro-oncology, especially

since there seem to be no circulating exfoliated brain tumor
cells** (cerebral spinal fluid offers mixed results**=¢). Thus,
most biomarker efforts for GBM are geared towards the
determination of recurrent disease, either in the context of
standard of care treatment or in a clinical trial setting, with
an emphasis on clinical-level assessments.

Circulating biomarkers
in glioblastoma - current state

Proteins

Most of the proteins previously identified as putative GBM
biomarkers in blood may be more closely associated with the
GBM and its treatment as markers of neurotrauma rather than
being unequivocally related to the tumor itself.3* These proteins
include glial fibrillary acidic protein (GFAP), vascular endothe-
lial growth factor (VEGF), epidermal growth factor receptor
(EGFR), basic fibroblast growth factor (bFGF), chitinase-3-like
protein (CHI3L1) or YKL-40, and matrix metalloproteinase 9
(MMPY). Other factors that are known to be secreted by tumors
or by immune cells following encounters with GBMs include
transforming growth factor beta (TGF-B) family members®’
as well as interleukin 10 (IL-10).*® So far, there has been no
clinical validation of these serum-borne molecules as glioma
biomarkers, but such research is ongoing.”!

Lipids
There is little mention of circulating lipid species as putative
biomarkers for GBMs, but 24S-hydroxycholesterol is among
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the lipids described as brain-specific that have been identified
in the systemic blood circulation.** However, hydroxycholes-
terol seems only to appear at high levels in serum following
severe central nervous system (CNS) trauma and not neces-
sarily in response to brain tumors.*

Nucleic acids

The levels of free nucleic acids in circulation is low and are
difficult to detect due to the lack of protection from nucleases
that are present in the circulating system. However, some
potential biomarker candidates have been proposed. The
circulating nucleic acid content in the serum or plasma of
GBM patients consists of both deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA) species and was summarized in
areview by Holdhoff et al.>* Briefly, the potential circulating
tumor DNA biomarkers include methylated promoter regions
of O-6-methyl-guanine-DNA methyltransferase (MGMT),
cyclin-dependent kinase inhibitor 24 (p16), death-associated
protein kinase 1 (DAPK), and Ras association (RalGDS/
AF-6) domain family member 1 (RASSF1A4). Others have
also shown methylation of promoter regions in MGMT and
phosphatase and tensin homolog (PTEN); however, detec-
tion rates of these epigenetic changes were low in serum
samples, or not detectable in the case of PTEN, compared
with the astrocytic tumor samples.*! Additionally, the authors
analyzed the loss of heterozygosity (LOH) of chromosomes
10q, 19q, and 1p in oligodendroglial tumors and reported a
higher percentage of LOH in the tumor tissue compared with
the serum samples.

Different RNA species have also been detected in the
circulation. EGFRVIII message was detected in plate-
lets isolated from glioma patients.*? Circulating tumor
microRNA (miRNA) has also been detected in the blood
of GBM patients.*** In these studies, miRNA 21 (miR-21)
and miRNA 128 (miR-128) were shown to be upregulated
in the blood of GBM patients. The cohorts in these studies
were relatively small, less than 20 patients at most, and an
analysis for these molecules should be performed on a higher
number of patients to provide more evidence of the use of
these molecules as biomarkers. Additionally, it is unclear how
small miRNAs are present in serum without some form of
proteinaceous or membrane-enclosed protection. EVs may
provide that protection.

Extracellular vesicles
in neuro-oncology: biology

and potential biomarkers
The term “exosome” was used to describe exfoliated
microvesicles from the rat C-6 glioma line over 30 years

ago;* the vesicle sizes (500—1,000 nm) are what we would
describe today as microvesicles, and their origin appears
to be from the cell surface rather than endosomal. In
those and other earlier studies*>*¢ it is unclear whether any
controls were used for the fetal calf serum supplement-
ing the cell culture medium as it is now known that the
fetal bovine sera frequently used in cell culture contain
extracellular vesicles.”’” Those vesicles may be cleared
by centrifugation (ie, >100,000x g) prior to inclusion of
the sera in culture medium. We may have been the first
to describe exosomes in brain tumor cell lines from both
human and murine sources,*® and our studies were soon
followed by important publications from Al-Nedawi et al*
and Skog et al.*® The former demonstrated the presence
of glioma-specific mutant EGFR variant III (EGFRVIII)
in EVs from both cell lines transfected with the mutant
construct and from EVs in the sera of mice growing those
EGFRuvllI-expressing tumors. Incubation of glioma cells
that did not express the mutant receptor with EVs from
cells that did express it showed the transfer of EGFRVIII
to the nonexpressing cells, with the concomitant activation
of tumor-promoting signaling pathways associated with
EGFRvVIII signaling (extracellular signal-regulated kinase
[ERK]/protein kinase B [AKT] phosphorylation, VEGF
release). The latter paper demonstrated the presence of
mRNAs and miRNAs in the sera of patients with GBMs
that may be of diagnostic utility. A major advantage of
nucleic acid technologies in regard to EVs is that they have
standard preparation/handling conditions, and one has the
ability to amplify signals from small amounts of starting
material, which is not possible with other biologics (eg,
proteins and lipids). The paper also showed that there was
a differential distribution of specific messenger (m)RNAs
in EVs compared with the relative amounts in the cells of
origin and that a model mRNA could be passaged from
cell to cell by EVs, resulting in translation of the mRNA
to protein in the recipient cells. Among the mRNAs found
in at least some patient serum EVs, was that encoding
EGFRUVIII as a tumor-specific marker. Finally, the EVs had
angiogenic-promoting activities in human brain microvas-
cular endothelial cells.

Our group later showed®' that EGFRVIII appeared on
the surfaces of exosomes from EGFRvIII-expressing cells
(along with heat shock proteins [HSPs] 70 and 27) and
that EGFRVIII protein could be identified on EVs from the
sera of patients with GBM; however, EGFR seemed to be
present in sera EVs from both patients and healthy donors.
Exosomes from a murine brain tumor line served as potent
anticancer vaccines in a prophylactic setting but were largely
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ineffectual in a stringent therapeutic setting, suggesting
that immune responses to tumor exosomes may be strongly
context-dependent. We also performed the first proteomic
survey of brain tumor exosomes in that study, identifying
36 distinct proteins, including endogenous murine retroviral
Gag polyproteins. Those proteins are indicative of a retrovirus
known to be involved in the progression of murine tumors by
subversion of immune surveillance.? This paper noted the
immune dichotomy of brain tumor exosomes, demonstrating
the presence of putative tumor antigens as well as a number
of immunosuppressive entities.

Other articles of interest have shown that various
brain tumor cell EVs (from GBMs, oligodendroglioma
cells, and medulloblastoma cells) have activities and
impacts on recipient cells that range from transformation
of those cells®® to induction of apoptosis,* along with
growth promotion and migratory-driving activities.*
That paper®® again showed the immune dichotomy of
medulloblastoma exosomes in both immunosuppressive
and immunostimulatory functions and identified almost
150 proteins in proteomic analyses. Furthermore, in other
studies,’®” exosomes/EVs isloated from hypoxic GBM
cells enhanced GBM bioactivity and induced epithelial
cells to secrete tumor-promotion factors, resulting in
increased tumor growth, migration, and vascularization
and angiogenesis. This involved paracrine signaling via
tissue factor associated with EVs. Thus, exosomes/EVs
can serve as transfer mechanisms for tumor survival and
progression.>®3” Curiously, coagulopathies are part of the
comorbidities associated with brain tumors, and tissue
factor likely plays a significant part. While its presence on
EVs is well known, the role of tissue factor in the context
of EVs remains unclear®®*® and may represent an area into
which therapeutic intervention can expand.*

There have been some extremely interesting publica-
tions describing the role of EVs in the biology of GBM,
but the attempts to find clear and utilizable biomarkers
are at early stages, and the field faces the same (lack of)
outcomes that have plagued the cancer biomarker field for
years — ie, large numbers of putative biomarkers on input,
few approved entities on output.®*®! The development of
useful, robust, and clinically viable biomarkers follows a
complex, multiphase pathway with harsh go/no-go deci-
sions and is fraught with difficulties that involve biology,
bioinformatics, and current plus developing (and currently
unforeseen) biotechnologies.®”> However, as biomarkers are
tied to clinical drug development platforms in the form of
companion diagnostics, and as multiplexed systems may

be necessary to validate drug efficacy,®® EVs will likely
play vital roles as reservoirs of multiple types of biologic
materials suitable for biomarker assays.

As alluded to previously, EVs contain proteins, nucleic
acids, lipids, and other metabolites that reflect their cells
of origin; individual or multiple entities amongst those
biomaterials may prove to be the identifiers of cancer cells
in the host. As EVs are present in (and purifiable from)
essentially all routinely obtainable biofluids, a distinct
advantage in this scenario is that EVs bundle multiple
potential biomarkers in one package. Thus, multiplexed
assays that evaluate more than one biomaterial (eg, RNA
and protein) could theoretically be performed on the same
sample. The concept of “liquid biopsy” is often applied to
circulating tumor cells® and more recently to circulating
cell-free (cf)-DNA,® but the numbers of circulating tumor
cells are often low (or even nonexistent, in the cases of
patients with GBM), and cf-DNA is largely nontumor in
origin. EVs overcome these barriers in liquid biopsy — EVs
are known to occur in elevated quantities in the blood of
cancer patients,* % and the protein and nucleic acid con-
tents can be tumor-specific.’!35670 With this background,
we will explore what is known and what may be possible
concerning the use of EVs as biomarkers for GBM.

Glioblastoma extracellular

vesicle protein content

Perhaps the best known and most specific protein marker for
GBMs is EGFRVIII; this has been identified on both cell line
and patient serum EVs.#-! It is a tumor-specific mutation
(also found in several other cancer types that overexpress
EGFR)"! that deletes 267 amino acids from the extracellular
domain, resulting in a truncated receptor that has no clear
ligands but nonetheless signals constitutively.”>”® There are
some discrepancies concerning the frequency of the mutant
protein in GBM patient samples, perhaps resulting from
differences in techniques and reagents,”' but estimates range
from 25% to over 60%. Thus, EGFRVIII seems to be an excel-
lent putative biomarker from a diagnostic perspective, and its
loss of expression may be a predictive biomarker if the protein
is directly targeted.” However, it is likely that evaluation of
the protein status would be the most direct assessment, but
access to antibody reagents is limited, resulting in the use of
nucleic acid techniques for detection.” There remains con-
cern over the lack of correlation between polymerase chain
reaction (PCR)-based detection of EGFRvIII and the actual
protein expression levels,” so specificity and sensitivity
issues may depend on the techniques employed.
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Gene amplification of EGFR is common in GBMs, as is
overexpression of the protein (and with EGFRVIII expres-
sion in a subset of the EGFR-amplified tumors).”® We*! and
others*”” have identified EGFR in EVs from GBM cells and
patient sera, but it also appears to be in EVs from healthy
donors®! and from nontumor cell lines,”®” which begs the ques-
tion of specificity. However, it may be a valuable biomarker tool
as part of a multiparameter screening assay.”’ In a very limited
study, we also identified EGFR2/v-erb-b2 avian erythroblastic
leukemia viral oncogene homolog 2 (ErbB2)/human epidermal
growth factor receptor 2 (HER?2) as a relatively specific marker
for EVs, from patients with medulloblastoma.*® Perhaps 17%
(or more) of GBMs probed express HER2,%8! so this protein
may also be a useful biomarker, but it is unclear whether it
is incorporated into EVs from healthy donors; much larger
sample sizes are necessary to establish that correlation.

Of the other proteins listed above as putative circulat-
ing protein biomarkers for GBM, all but CHI3L/YKL-40
have been found in EVs (and the mRNA for YKL-40 was
identified).”® We had identified GFAP in medulloblastoma,
but it has also been identified in healthy donor human
plasma EVs,* suggesting that it may not be tumor-specific.
VEGF-A protein was identified in human GBM cell line
EVs by antibody array,*® and so far, there appear to be no
other normal cell EVs carrying it, but it is obviously not a
tumor-specific marker. Li et al have identified 112 proteins in
a proteomic analysis of U251MG cell line-derived EVs;® of
those, all but one (myoferlin) had been previously identified
in other EVs. Our group found bFGF (also called FGF2) in
medulloblastoma EVs, suggesting that it may be a tumor
marker, but again, it is not tumor-specific, as is true of MMP9,
TGF- 3, and IL-10. MMP9 mRNA was found in GBM EVs,*
and the protein is present and active in ovarian cancer EVs.%
MMPs and other extracellular proteases play important roles
in modifying the tumor microenvironment for angiogenesis,
migration, and invasion, implicating EVs as major players in
this important function.

GBMs leave their hosts profoundly immunosuppressed,-3
and those effects are often linked to TGF-3 and IL-10.%® Both
of these cytokines are produced by immune system cells but
have been identified as EV components from both cancer
and normal cell types.>'#? There may be a question regard-
ing the normal background amounts of those cytokines in
EVs as IL-10 was identified coming from mesenchymal
stem cell EVs,*? and active TGF-B from EVs of thymus cell
origin may drive regulatory T cell phenotypes.?” Curiously,
we saw what appeared to be latent forms of TGF-3 on serum
EVs from patients with GBMs.! Since active TGF-B1 has a

serum half-life of <2 minutes,*® transport of it in blood may
rely on EVs.

Other tumor-specific mutations identified in brain tumors
are in the isocitrate dehydrogenases 1 (IDH1) and 2 (IDH2).
These mutations are far more prevalent in lower-grade
gliomas (and secondary gliomas) than in the high grades
(such as GBMs).* While we identified IDH1 in the proteome
of medulloblastoma EVs,* the peptide sequence coverage
did not include the potentially mutated regions. However,
using an antibody specific for the IDH1 R132H mutant
protein, Shao et al’”” included the enzyme as part of a four-
protein GBM molecular signature to interrogate GBM cell
line and patient sera EVs. This was part of a micro nuclear
magnetic resonance (micro-NMR) device study that indi-
cated such a molecular signature, coupled with an extremely
sensitive instrument, could accurately type responders vs
nonresponders in both animal models and patients receiv-
ing therapy for GBMs. This, again, strongly suggests that
effective biomarkers may come in packages (such as EVs),
utilizable as a panel, rather than as individual entities.”*! It
also suggests that despite the nanoscale of EVs, microfabri-
cation of devices capable of interrogating such vesicles for
clinical applications is truly possible.

Glioblastoma extracellular

vesicle lipid content

While relatively little is known about the lipid components
of EVs,” we are learning more all the time.”* Nonetheless,
almost nothing has been reported on the lipid contents of
GBM EVs. 24S-hydroxycholesterol in serum has been associ-
ated with CNS trauma® but not so with brain tumors;* still,
it is unclear whether the methods for extraction and identifi-
cation of 24S-hydroxycholesterol would have encompassed
a significant population of extracellular vesicles,” and cho-
lesterol is one of the highly enriched lipids in extracellular
vesicles.”” Thus, there may be CNS-enriched (or specific)
lipid markers on the EVs from CNS tumors, but their dis-
covery is pending.

Glioblastoma extracellular

vesicle nucleic acid content

The nucleic acid content of EVs is quite diverse. Skog et al®
were the first to report on the mRNA and miRNA content
of GBM EVs. Balaj et al found that EVs from different
types of CNS tumors contained single-stranded DNA, and
both complementary (c)DNA and genomic DNA as well
as retrotransposable elements.® Li et al reported that an
abundance of miRNAs and small (presumably noncoding)
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RNAs are packaged in glioma EVs.* miRNAs may be very
useful sources of biomarker potential in GBMs, given the
differences in the miRNA signature for healthy subjects and
GBM patients.?%67

Although the nucleic acid content of EVs is diverse,
there are only a few potential biomarkers that have been
suggested to date. As with the protein content of GBM-
derived EVs, the EGFRvVIII mRNA is also one of the most
specific and well-known markers that has been detected in
EVs. In their work, Skog et al*® purified EVs from the serum
of GBM patients and detected EGFRvVIII mRNA in 28% of
samples tested using PCR-based methods. The percentage of
EGFRvIII mRNA compared with total RNA in EVs is con-
sistent with the percentage of GBM patients who are positive
for this particular mutation, ie, about 30% of GBM patients
have the EGFRVIII mutation. The detection of EGFRVIII
RNA in glioma EVs was also reported by Nilsson et al,
and they found that EVs are used to transfer the message to
recipient cells.** The work of Chen et al is promising in its
potential to use the detection of the IDH1 mutation in CSF
as a biomarker, especially considering the sensitivity of this
technique.” The authors used very sensitive PCR methods
to detect and quantify wild-type and mutant IDH1 transcripts
in EVs isolated from the CSF of glioma patients and found
higher levels of mutant IDH1 in the CSF of patients with
gliomas compared with healthy controls. The sensitivity of
the technique is evident considering that IDH1 mutants are
relatively rare in patients with GBM.”® However, the source
of material (CSF) is not a prime candidate for serial evalu-
ation of biomarker status.

As mentioned above, Li et al®® detected several differ-
ent types of RNA in glioma EVs. Of particular interest, is
their finding that in the U251 cell line, derived EV miR-21
was detected in high levels, consistent with Skog et al.*
This finding complements the results from Skog et al, also
showing a high expression of miR-21 in serum EVs from
patients with GBM.** The results of both of these groups
are consistent with reports that miR-21 is highly overex-
pressed in glioma tissue and suggest that miR-21 has clear
potential as a biomarker in GBMs,?” particularly in the
context of other putative markers. It should be pointed out
that miR-21 is not specific for GBMs and is also found
in the EVs of healthy donors,'® so “context and commu-
nity” will likely be important to determine the utility of
miRNAs as biomarkers. As sophisticated, sensitive PCR
methodologies become robust and more widely usable in
a diagnostic setting, it is conceivable that the detection of
other highly abundant GBM-specific miRNAs in biofluid

EVs will be possible and may provide additional biomarker
candidates.

Other aspects of extracellular
vesicles relatable to biomarkers

EV surfaces as interrogable landscapes

The surfaces of EVs contain a great deal of information rela-
tive to the sizes of these tiny vesicles and considering the
relatively limited internal volumes of them. Various aspects
of EV surfaces may reveal much about their abilities to dif-
ferentially represent the presence of tumor vs normal cells,
or the changes in tumor cells due to treatment.

Glycome

The surfaces of cancer cells are often differentially gly-
cosylated compared with their normal cell counterparts,'!
thus suggesting that tumor glycomes may distinguish tumor
cells from normal cells. Technologies for carbohydrate
analyses are progressing, including better separation and
mass spectrometry identification, as well as microarray-
style high-throughput methods.!®? The glycosylated
surfaces of EVs, either in the form of glycoproteins, gly-
colipids, or surface-bound carbohydrates, are ripe for this
type of probing.

Recently, Batista et al utilized a lectin array to study the
glycomes of EVs harvested from several different sources.'®
They showed differences between the cell surface glycomes
and the resulting EV glycomes, which tended to be conserved,
although there were distinguishing features in the gross gly-
comic compositions. Urinary exosome surface glycosylation
has also been proven to distinguish between EVs from healthy
donors vs those with polycystic kidney disease,'™ suggest-
ing that these surface phenomena may harbor carbohydrate
biomarkers. We recently reported that particular antibodies
that recognize the brain tumor-specific gangliosides 3’-isoLM 1
and/or 3’,6’-isoLD1'% would bind to glioma exosomes,'%
demonstrating that such antigens could be present on circu-
lating EV's as biomarkers. This is a relatively unexplored area
in EV biology, but it may hold great promise as a means for
identifying pathology-related circulating EVs.

Proteome

The EV surface proteome is likely to contain proteins (in par-
ticular, glycoproteins) that reflect the cancerous state. GBM
“stem cells” were used to profile cell surface glycoproteins
whose expression was upregulated on the “neurospheres” stem
cells compared with classic, long-term adherent cultures.!’
Receptor-type tyrosine protein phosphatase  (phosphacan),
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tenascin-C, chondroitin sulfate proteoglycan NG2 (CSPG4),
podocalyxin-like protein 1, and cluster of differentiation
(CD)90 were upregulated (and CD44 was comparatively
downregulated). Of those glycoproteins, tenascin C, CSPG4,
and CD44 have been identified in EVs,® and there is an antibody
(81C6) that specifically recognizes brain tumor tenascin C'*
as well as a potential therapeutic antibody against CSPG4.'%
Thus, the stem cell portions of GBMs may have surface markers
that could be released in EVs; due to the association of stem
cells with tumor therapeutic resistance, these may be valuable
markers, as harbingers of impending recurrence.

As mentioned above, our group identified EGFRVIII on
glioma cell EV surfaces, along with HSPs 27 and 70,”' and
later, we showed HSP90 on medulloblastoma EV surfaces.>
The presence of HSPs on brain tumor EV surfaces fits with
the demonstration of the HSPs and other chaperones on the
surfaces of a variety of brain tumor cells.*3!!° As these proteins
are typically regarded as intracellularly localized, these data
suggest that location may relate to biomarker status, with
tumors altering the “standard” localizations of proteins. Newer
technologies, such as nanoparticle tracking analysis (NTA)
with fluorescent (usually antibody) staining, allows for the
specific quantification of labeled vesicles within the overall
population of vesicles present, thus allowing for both the
detection and enumeration of putative tumor or pathologic
EVs in a mixed field of vesicles (eg, such as from serum!'!!
or from urine!''?). Another use of antibody detection for both
surface and internal EV content was mentioned previously,
where using a microfluidic NMR chip, GBM EVs were
labeled (or lysed and internal materials labeled) with tar-
geted magnetic nanoparticles against a four-protein signature
(EGFR, EGFRVIIL, podoplanin [PDPN], and IDH1 mutant).”
This rendered the EVs superparamagnetic and yielded faster
proton decay rates for enhanced NMR signal. While none of
the markers individually had high sensitivity (but overall good
specificity), the combination of the four markers resulted in
both high sensitivity and specificity, and the ability to quantify
EVs at several logs better than current technologies. A major
message here is that multiple biomarkers may be able to
overcome the limitations of one or a few.

Surface antigens

One interesting host response to tumor EVs is the anti-
body response against presumed surface antigens. This has
been shown with model or known antigens “loaded” into
EVs,!3114 but we have also shown high-titer murine responses
against naturally occurring brain tumor antigens;>"'% these
responses occur very quickly and in the absence of adjuvant.

Conversely, tumor antigens (eg, HER2) on the surfaces of
circulating tumor-derived EVs have the capacity to bind and
effectively titrate out therapeutic antibodies, such as trastu-
zumab, potentially reducing the effectiveness of such drugs.'"
There appear to be natural antibodies that recognize reticu-
locyte EVs, with potential involvement in the elimination of
apoptotic bodies.!'® We have shown that circulating EVs from
the sera of patients with GBMs carry substantial amounts of
bound antibody; those antibodies may be “eluted” from the
EVs, and at least some fraction of the antibodies recognize
tumor antigens from GBM cell lines, in Western blots.!% This
raises the possibility that antibodies on circulating tumor EVs
may be able to reveal the presence of tumor antigens, which
may produce a signature on high-density protein or peptide
arrays alerting of tumor presence. From a predictive perspec-
tive, one issue would be our lack of knowledge of the clearance
or half-lives of such antibodies, so there may be more value
in them from an initial diagnostic perspective.

Glioblastoma extracellular
vesicle biologic activities

with biomarker potential

One should consider the concept that particular molecular entities
of EVs may be difficult to identify and ascertain as recognizably
different between tumors and normal cell types. However, the
collection of materials may have endemic, measurable activities
that could distinguish between pathologic and normal states; in
a further connection of tumorigenicity to a measurable readout,
EVsmay be able induce responses in model cell types that could
reveal the presence of tumor and perhaps even, in some situa-
tions, an “aggressiveness’ measure of the tumor. The following
are some possible areas of assay development.

Metabolic

Biologic/metabolic enzymes represent about 25% of the
proteins found in brain tumor exosomes®*> and glycolytic
enzymes are among the top ten proteins identified in EVs.'"”
Ronquist et al recently demonstrated that prostasomes (EVs
released from the prostate gland into seminal fluid) can
functionally generate adenosine triphosphate (ATP) from
substrates such as glucose or fructose,!!® indicating that EVs
have intrinsic metabolic capacity. We recently showed that
EVs from the sera of patients with GBM possessed the tumor-
associated enzyme pyruvate kinase M2 (PKM2) necessary
for the Warburg effect and that the addition of EVs from
GBM cells increased the expression of various metabolic
enzymes in those recipient cells.!” One potential effect of the
increased enzyme quantities could be increased measurable
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metabolic output; for instance, the addition of GBM EVs to
GBM (or other reporter) cells might drive lactate release,
suggesting that such assays may reveal the presence of tumor
EVs by surrogate cellular-based assays.

Attractant

We previously demonstrated that medulloblastoma cells
migrated towards EVs used as attractants in Boyden chamber/
transwell migration assays, and this has proven true for EVs
of other tumor types.''"” While this likely has more biologic
than diagnostic significance, certain elements of EV activity
(eg, extracellular proteolytic activity of MMP9) may have
useful, measurable outputs in the appropriate assays.

Signaling

EVs are known to transport phosphoproteins with putative
signaling potential,'**!?! and GBM EVs can alter signaling
pathways within recipient cells.'? In similar assays, our
unpublished data show that EVs from “stressed” GBM
cells (ie, those induced to undergo the unfolded protein
response)'? drive more extensive changes in receptor tyrosine
kinase signaling pathways on recipient GBM cells than do
those EVs from “unstressed” cells (not shown). One could
imagine a standard cell line assay, where EVs from patient
body fluids were incubated with the model cell line, which
was then lysed and assayed for specific (ie, limited) changes
in phosphoprotein status indicative of tumor EV-driven phe-
notypic alterations. It is conceivable that EVs themselves
could be lysed and exposed to phosphoantibody arrays that
might reveal the presence of high levels of tumor-associated
phosphoproteins. Other EV protein posttranslational modi-
fications that may indicate tumor presence may include gly-
cosylation (see above), ubiquitination,'?* citrullination,!?
acylation,'?® and other lipid modifications. We are likely
just scratching the surface in understanding posttranslational
modifications and their impacts on cargo loading into EVs,
and potential downstream biologic significance.

Discussion

EVs show great promise as reservoirs of biomarkers for
patients with glioblastoma. The presence of EVs in every
biofluid allows for theoretically easy access in minimally
or noninvasive fashion, and the assortment of biomolecules
surely provides a signature for the presence of disease or of
change in the disease state. In few cases are the components
of that signature truly tumor-specific (in the cases of GBMs,
perhaps EGFRVIII and IDH mutants are tumor-restricted).
Thus, we may need to quantify potential (combinations of)

biomarkers, and possibly their locations in or on EVs, to
distinguish the signature as distinct from normal tissue EVs.
That signature may be only readable through a translation via
bioassays rather than by the direct identification of “letters”
or “words” in the signature. There is a great need for bio-
marker development in neuro-oncology since our current
imaging systems often fail to provide adequate information
concerning recurrent tumor growth or current biological sta-
tus of either the primary or recurrent tumor. This paucity of
information tends to drive a fairly uniform treatment regimen
for every patient and thus, fails to account for a personalized
approach to monitoring disease and individual responses to
therapy. It may be that these circulating “fat balls” can pro-
vide that window into the presence and status of the tumor
that will give us a therapeutic edge in the treatment of these
devastating diseases.
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