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Abstract

Glioblastoma (GBM) is the most common and devastating primary malignant brain
tumor in adults. The past few years have seen major progress in our understanding of
the molecular basis of GBM. These advances, which have contributed to the
development of novel targeted therapies, will change the paradigms in GBM therapy
from disease-based to individually tailored molecular target-based treatment. No
validated circulating biomarkers have yet been integrated into clinical practice for
GBM. There is thus a critical need to implement minimally invasive clinical tests
enabling molecular stratification, prognosis assessment, as well as the prediction and
monitoring of treatment response. After examination of data from recent studies
exploring several categories of tumor-associated biomarkers (circulating tumor cells,
extracellular vesicles, nucleic acids, and oncometabolites) identified in the blood,
cerebrospinal fluid and urine, this article will discuss the challenges and prospects for

the development of circulating biomarkers in GBM.



Introduction

Glioblastoma (GBM, World Health Organization grade 1V astrocytoma) is the most
common and aggressive primary malignant brain tumor in adults. GBM accounts for
~50% of primary brain malignancies with an annual incidence of 3.19 per 100,000 in
the United States [1]. Despite intensive multimodal therapy comprising surgery,
concomitant radio-chemotherapy and adjuvant chemotherapy [2], patients with GBM
continue to have a dismal prognosis with a median survival between 10 and 15
months [3-5], resulting in approximately 175,000 GBM-related deaths each year
worldwide [6]. Therefore, efforts are urgently needed to accelerate progress in neuro-
oncology and improve the outcome of patients with GBM.

The past decade has seen remarkable strides forward in the molecular characterization
of GBM. These advances — achieved through collaborative works of international
research groups [7-13] — have provided a tremendous opportunity to improve the
management of GBM patients [14-17]. Several molecular alterations such as the
IDH1 mutation and MGMT promoter methylation have been associated with
diagnostic, prognostic and predictive values [18-21], suggesting that such biomarkers
could be used to improve the diagnosis and enhance the effectiveness of cancer care,
by allowing physicians to tailor therapy to individual molecular profiles. With the
rapid advances in this field, and the recent progress that has occurred during the past
few years in non-invasive tests that detect circulating tumor cells (CTCs) and tumor
DNA fragments [22-26], a growing body of research indicates that circulating

biomarkers would facilitate the clinical management of GBM patients [27-30].

Main molecular features of glioblastoma



GBM is a highly heterogeneous and invasive malignant tumor. The definitive
diagnosis requires the histological analysis of tumor tissue — obtained through surgical
resection or biopsy —, and typically shows poorly differentiated glial tumor cells with
increased density and mitotic activity, hyperplastic vasculature, and areas of necrosis
[31]. Several studies have described the genomic landscape of GBM, using integrated
analysis from multi-omics datasets including epigenome, genome, transcriptome,
metabolome and proteome of large cohorts of GBM [7-13]. In most cases, genomic
alterations act in concert to disrupt several fundamental cellular processes
simultaneously: retinoblastoma and p53 tumor-suppressor pathways, receptor tyrosine
kinase — mitogen-activated protein kinase — phosphoinositide 3-kinase signaling
pathways, chromatin remodeling, and telomere maintenance mechanisms. Several
types of molecular aberrations are found, including copy number variations,
mutations, deletions, translocations, dysregulated gene expression, and epigenetic
reprogramming. Gene expression analysis has allowed GBM to be subclassified into
at least four distinct molecular subtypes (proneural, classical, neural and
mesenchymal), with better survival for the proneural subtype [7,10-12]. Moreover,
several molecular alterations have been associated with a significant prognostic
and/or predictive value. The best described and known is the methylation of the
MGMT promoter, which encodes a DNA repair protein that counteracts the cytotoxic
effect of temozolomide, the main chemotherapeutic agent used to treat newly
diagnosed GBM [2,3]. Methylation of the MGMT promoter results in silencing of
MGMT protein expression and is associated with sensitivity to temozolomide [18,19].
Other recurrent cancer genome aberrations — including IDH1, PIK3CA, EGFRuvlII,

BRAF and FGFR oncogenic alterations — are currently investigated as theranostic



biomarkers for molecular targeted therapies in clinical trials [17,32-39].

It is important to underline here that GBM typically displays a great degree of spatial
and temporal intratumor heterogeneity (i.e. extensive genetic diversity both between
different regions of the tumor and tumor subpopulations over time) [12,17,40-46].
This tumor heterogeneity has important implications for the mechanisms of cancer
progression and resistance to therapy and represents a major challenge to personalized
cancer medicine [47-49]. Indeed, this intrinsic feature of GBM may affect the ability
of molecular signatures to predict therapeutic response and clinical outcome, and may
explain — at least partially — the inefficacy of targeted therapies despite the use of
robust biomarkers as inclusion criteria in clinical trials [17,34,50,51]. Non-invasive
longitudinal tumor sampling approaches using circulating biomarkers (e.g. CTCs or
cell-free circulating tumor nucleic acids) have the potential to provide real-time
information on tumor heterogeneity and changes in the tumor subclonal architecture
along the disease course, allowing clinicians to predict and circumvent tumor

adaptation and drug resistance [47,48].

General concepts related to circulating biomarkers

Circulating biomarkers refer to “measurable biological molecules found in the blood,
or other body fluids that provide information on a normal or abnormal process, or of a
condition or disease, such as cancer” [52]. In oncology, circulating biomarkers
display several potential clinical applications [53-55]. The diagnostic value lies in the
abilities of the test to: (i) estimate a risk, (ii) facilitate early and differential diagnosis,
(iii) assess the prognosis, (iv) follow the tumor evolution longitudinally and (v)

monitor specific treatment [48,56,57]. In addition, several circulating biomarkers —



often referred as liquid biopsies (e.g. CTCs or cell-free circulating tumor nucleic
acids) — can provide specific cytologic and/or molecular information on the tumor
itself, and allow non-invasive tracking of the cancer genome. Finally, biomarkers can
have predictive value, when the result of the test gives an indication of the probable
effect of a treatment on the patient [58]. Such biomarkers are referred as companion
diagnostics.

For brain tumors, circulating biomarkers have the undeniable advantage of providing
useful information via a minimally invasive procedure. Such tests would be clinically
useful, especially in cases in which surgery is contraindicated or when biopsy results
are inconclusive [59]. Furthermore, at recurrence — which is virtually inevitable in
GBM - less than 30% of patients are candidates for second surgery [2]. For the
remaining inoperable patients, circulating biomarkers could be the source of a
molecular profile of the relapsed tumor, allowing clinicians to identify potentially
druggable molecular alterations driving recurrence.

The development and validation of circulating biomarkers is a long process that
involves multiple steps from their discovery to approval for use. These steps (Figure)
aim to ensure the robustness and usefulness of the test for making decisions about
effective treatments or preventive strategies, and to demonstrate its added value
compared to available tools [60]. No validated circulating biomarkers have yet been
integrated into clinical practice for GBM. Current standard monitoring and follow-up
procedures include clinical evaluation and brain imaging (magnetic resonance
imaging [MRI], when feasible) [2,61]. They are valuable for evaluating disease
evolution (i.e. stable, progression or response), but have several limitations: (i) they
provide no or very limited molecular information [62-64], (ii) they offer scant

prognostic and/or predictive information, (iii) they are frequently challenged when



differentiating between true tumor progression and treatment-related necrosis
(pseudo-progression) in case of apparent tumor regrowth [61,65] as well as between
true tumor response and a pseudo-response when antiangiogenic agents are used [66].
The validation of clinically useful circulating biomarkers from blood, urine, or
cerebrospinal fluid (CSF) would be a major advance in neuro-oncology, since they
may improve the management of patients through multimodal diagnosis and follow-

up procedures.

Sources of circulating biomarkers in patients with glioblastoma

Circulating biomarkers can be collected from several sources in patients with GBM.
Blood-based biomarker testing is the fastest and easier approach. The most
extensively studied circulating biomarkers are proteins, which are actively or
passively secreted by tumor cells and/or their microenvironment, and can be detected
in blood, urine and CSF [27-30,67]. In addition, tumor cells can release small pieces
of their DNA and/or RNA into the bloodstream and/or CSF [68-72], due to cell death
or active secretion [73]. These pieces of tumor nucleic acids — called cell-free
circulating tumor DNA (ctDNA) and circulating microRNA (miRNA) — are relatively
stable in plasma and serum [54]. Conversely, cell-free messenger RNA (mMRNA) is
rapidly degraded in blood (see below for analysis of mMRNA). In the case of
biomarkers analyzed from CSF, it is important noteworthy that although CSF
collection is safe in most cases, it is a more invasive procedure than blood sampling,
and may be contraindicated due to the risk of brain herniation in patients with tumor-
induced increased intracranial pressure. However, CSF analysis may be more

sensitive than a blood analysis to detect ctDNA, at least for a subset of patients, as



demonstrated with the IDH1 mutation [74,75].

Extracellular vesicles (EVs) are nanometer size membrane-enclosed particles that are
released from GBM living tumor cells either from the fusion of an endosome with the
plasma membrane (“exosomes”), or directly from the cell membrane
(“microvesicles”) [76,77]. EVs are vehicles of communication between different
tumor compartments and its microenvironment, as other tumor cells and normal cells
take them up [78-81]. Importantly, EV's — which can be isolated from both blood and
CSF [75,78,79,82-84] — are a rich source of tumor-derived molecules such as DNA,
microRNA, mRNA, proteins, lipids and metabolites, because the structure of EVs
protect them from nucleases and proteases [76]. Accordingly, isolation of RNA
(including mRNA) from EVs can yield a greater concentration of RNA compared to
circulating mRNA from whole blood, plasma or serum [74]. Platelets can sequester
the content of EVs, and it has been demonstrated that tumor-specific nucleic acids can
be isolated in platelets extracted from patients with GBM [85]. These additional
sources of tumor RNA could be useful for mRNA-based analysis (e.g. gene
expression profiling and gene rearrangements detection).

Finally, recent works demonstrated the presence of CTCs in a subset of patients with

GBM [86-88].

Circulating Tumor Cells

CTCs are cells that have shed from a tumor into the vessels and circulate in the
bloodstream. CTCs are tumor-specific, and can potentially constitute seeds for
subsequent growth of additional tumors (metastasis) in distant organs. CTCs are a

widely studied biomarker with potential to inform on the prognosis and therapeutic



response in a variety of solid malignancies including lung, breast, and prostate
cancers [89]. Furthermore, CTC analysis provides crucial diagnostic information on
tumor cells, including morphology, immunocytochemical phenotype and molecular
profile [90-92]. Finally, CTC isolation offers the ability to perform in vivo functional
testing thereby providing opportunities to study the biology of metastasis, and to test
drug sensitivity in ex vivo preclinical models [93,94].

Various technologies have been developed to detect and characterize CTCs including
flow-cytometry based systems, immunomagnetic cell enrichment, and automated
microscopy systems [89,95,96], but only one, CellSearch® (Janssen Diagnostics),
based on clinical trials in patients with metastatic breast, prostate and colorectal
cancers, has been approved by the US Food and Drug Administration (FDA) for
detecting the presence of CTCs and monitoring disease evolution through CTC levels.
As CellSearch® is mainly based on the detection of epithelial cell adhesion molecule
(EpCAM), it is probably ineffective for the detection of primary brain tumor cells,
which do not express such surface markers [86].

The presence of CTCs in GBM has fuelled debate for many years [97]. Although
GBM is a highly aggressive and invasive tumor, it is mostly restricted to the brain.
Unlike the case in other solid malignancies, the incidence of extracranial metastases is
extremely low in patients with GBM with only 0.5%-2% of patients developing
secondary lesions in the bone, lymph nodes, or liver [98-100]. Conversely, cases of
GBM transmission have been reported in patients who received organ transplants
from donors with GBM [101]. These rare observations have provided indirect
evidence that GBM tumor cells may acquire the ability to disseminate via the
bloodstream, in particular circumstances such as systemic immunosuppression.

Recently, three research groups reported on the isolation of CTCs in the blood of 20-



70 percent of GBM patients (Table 1). MacArthur et al devised a strategy based on
the evaluation of telomerase activity in a cohort of glioma patients undergoing
radiotherapy [86]. Telomerase is a DNA polymerase required to replicate the ends of
the chromosomes, and is aberrantly expressed through TERT promoter mutation in
75.7 percent of primary GBM [102]. The detection assay used was an adenoviral
probe allowing GFP expression in cells with elevated telomerase activity. Initial
experiments demonstrated the specificity of the probe for accurately isolating glioma
cells while leaving normal cells — including normal brain and white blood cells —
unaffected. In this pilot study, CTCs were detectable in 72 percent (8/11) of pre-
radiotherapy patients, compared with 12 percent (1/8) of post-radiotherapy patients
[86]. Interestingly, in a small subset of patients with available serial measurements,
the variation of CTC levels during the disease course was correlated with tumor
progression, suggesting that CTC levels may reflect the status of the tumor after
resection and/or radiation therapy. In a recent study by Sullivan et al [88], CTCs were
identified in 39 percent (13/33) of patients with GBM, using both immunomagnetic
and immunofluorescence-based cell selection. First, blood specimens were enriched
for CTCs using a microfluidic device developed by the authors, the CTC-iChip
platform, which combines size-based removal of red blood cells and platelets, and
immunomagnetic depletion of leukocytes using antibodies against leukocyte markers
(CD45 and CD16). Subsequently, GBM CTCs were isolated from purified samples
using immunofluorescence staining based on a panel of markers commonly expressed
in GBM tumor cells (SOX2, Tubulin -3, EGFR, A2B5, and c-MET). The analysis of
CTCs isolated from both patient-derived xenografts (PDX) models and patients
revealed enrichment for mesenchymal over neural subtype, suggesting that the

mesenchymal subtype of GBM may harbor a greater potential to proliferate outside



the brain. Finally, Mdller et al [87] identified CTCs in blood collected from 20.6
percent of patients (29/141), using tumor cell enrichment and screening methods
based on glial fibrillary acidic protein (GFAP). The tumor-specificity of GFAP-
positive and CD45-negative cells was demonstrated by the absence of such cells in
healthy volunteers. GFAP-positive CTCs were further characterized with comparative
genomic hybridization (CGH array) and/or next generation deep sequencing, which
allowed the detection of tumor-specific aberrations such as gains of chromosome 7
regions, losses of chromosome 10 regions and EGFR amplification. Interestingly,
there was no correlation between the presence of CTCs and survival or GBM
dissemination.

Using assays based on different technologies, these independent studies established
the proof of concept of the feasibility of isolating and characterizing CTCs in GBM
(Table 1). The question is what is the more accurate and useful technology for
identifying CTCs originating from brain tissue, especially given the heterogeneity of
GBM? Larger-scale prospective studies are needed to address this question, and to
demonstrate the clinical utility of characterizing CTCs in GBM. Further research is
needed in this field to determine whether CTCs are: (i) relevant for understanding the
clinical behavior of GBM and its mechanisms of extracranial dissemination, (ii)
representative of the majority of tumor cells, and (iii) informative for the
characterization of somatic genomic aberrations and the dynamics of tumor genomic

diversity during the disease course.

Cell-free circulating tumor DNA

CtDNA can be easily extracted from blood plasma, using commercially available Kits,



and is found at varying levels in the blood of patients with diverse solid tumor types
[103]. Extensive research is ongoing to develop and implement ctDNA-based
biomarkers [54,55,104]. Multiple approaches are now available, from PCR-based
methods that allow the detection of known point mutations to next-generation exome
or whole genome sequencing that allow characterization of mutations, copy-number
changes and chromosomal rearrangements [22-25,104]. Thus, ctDNA analysis has the
potential to provide similar molecular information as that obtained from invasive
tumor biopsies [54-56]. However, isolating and characterizing ctDNA pose a number
of challenges, especially for diseases confined to the brain, since ctDNA levels
correlate with both cancer type and stage. To illustrate this point, Bettegowda et al
[103] reported a very low rate of glioma patients with detectable ctDNA as compared
with patients with other solid tumors. This is probably mainly due to the biophysical
obstacle represented by the blood-brain barrier (BBB). Indeed, although being
partially disrupted in virtually all GBM, the BBB may prevent the efficient passage of
DNA molecules into the peripheral circulation [105]. However, with the development
of ultrasensitive ctDNA detection methods [106], as well as that of novel methods to
overcome the BBB [107], more sensitive ctDNA detection assays are expected in the
coming years.

Several small retrospective studies have addressed the feasibility and utility of ctDNA
detection in patients with primary brain tumor (Table 2). Using Polymerase Chain
Reaction (PCR)-based assays, ctDNAs were successfully detected in GBM patients,
and multiple molecular alterations were characterized including loss of heterozygosity
(LOH) in chromosome arms 1p, 19qg and 10qg, IDH1 and EGFRvIII mutations, as well
as methylation status of promoters of MGMT, PTEN, and CDKN2A [105,108-113]. In

addition, a recent study reported on the value of a ctDNA-based NGS panel of 54



genes using the Guardant360® assay in a prospective cohort of patients with primary
brain tumors, including 34 GBM. Overall, 43 percent of GBM patients had at least
one somatic alteration detected among 21 genes [114], with most common mutations
affecting TP53 (n=12). These studies indicated the potential diagnostic value of
CtDNA and provided several other insights. MGMT promoter methylation status
assessed from ctDNA exhibited both prognostic [115,116] and predictive values
[111]. However concordance between tissue and serum methylation status was limited
[115], with several false-negative results when status was assessed from blood.
Nevertheless, compared with the analysis performed on respective tumors samples,
ctDNA-based mutation testing showed an excellent specificity (100 percent in most
studies), and sensitivity was between 50 and 90 percent in most studies. As expected,
the sensitivity was correlated with the tumor volume and contrast enhancement [105],
indicating that an intact BBB prevents ctDNA from entering the circulation. Until
now, the clinical utility of candidate ctDNAs as biomarkers for patients with GBM
has not been demonstrated, and larger-scale prospective studies are needed before

their implementation in routine clinical practice.

Cell-free circulating miRNA and extracellular vesicles carrying tumor-derived

RNA

Tumor cells can release small pieces of their RNA into the bloodstream and/or CSF
[68-72], as the result of cell death or active secretion [73]. Circulating miRNA can be
collected as cell-free circulating entities, as these nucleic acids are relatively stable in
plasma and serum [54]. Conversely cell-free mMRNAs are prone to rapid digestion due

to the presence of RNA degrading enzymes which are elevated in the serum. Tumor-



derived mRNA can be efficiently isolated and analyzed after extraction from EVs.
EVs are highly stable nanometer size membrane-enclosed particles that are released
from both normal and tumor cells in blood, urine and CSF [75,78,79,82-84], carrying
a rich source of nucleic acids (including DNA, miRNA and mRNA), proteins, lipids
and metabolites from the host cells. Importantly, isolation of RNA (including mRNA)
from EVs can yield a greater concentration of RNA compared to circulating RNA
from whole blood, plasma or serum [74], as the structure of EVs protect RNA from
circulating nucleases [76].

miRNAs are small (~ 22 nucleotides) non-coding RNAs that can be detected as cell-
free entities or as the content of circulating EVs in blood and/or CSF. miRNAs are
regulatory nucleic acids that modulate the epigenetic state and gene expression of
cells from both the tumor and its microenvironment, thereby exerting an impact on
tumor behavior [117]. Indeed, several functional studies have demonstrated that
miRNASs may act as oncogenes or tumor suppressor genes and influence tumor cell
proliferation, differentiation, survival, and invasion [118,119]. miRNAs are the most
extensively studied circulating nucleic acids in GBM. Several groups have studied the
expression patterns of circulating miRNAs, and have reported that miRNA
differential expression can distinguish patients with GBM from healthy patients
[69,77,84,120-125]. Altered levels of several miRNAs have been associated with
GBM, and miRNA-21, miRNA-128 and miRNA-342-3p plasma levels have been
associated with both prognostic and monitoring values [120,121,123,124].
Tumor-specific mMRNAs — including EGFRvIIl and MGMT - can be isolated from
EVs and/or platelets from GBM patients [77,82,85], allowing analysis using
technologies such as NGS and RT-gPCR. Several pilot studies [77,82,85] have

demonstrated that tumor-derived EVs isolation is feasible in GBM, providing the



opportunity for mRNA-based molecular profiling (e.g. gene expression profiling and
characterization of tumor-specific molecular alterations such as mutations and
translocations).

Overall, these studies established the feasibility of noninvasive tumor-derived RNAs
analysis in patients with GBM. Such tests have several potential applications from
differential to molecular diagnosis. Like ctDNAs, circulating RNAs, have not been
evaluated in large-scale prospective studies. Further validation of these biomarkers is

needed before their integration into clinical practice.

Circulating Tumor-associated Oncometabolite and Protein Biomarkers

Circulating Oncometabolites

Mutations of the isocitrate dehydrogenase genes (IDH1 and IDH2) are found in 6
percent of primary GBM and more than 70 percent of secondary GBM [12,127].
IDH1/2 mutations are independent prognostic factors [10-12,128,129], and
assessment of the IDH1/2 status has been implemented in routine clinical practice for
patients with gliomas. IDH1 and IDH2 encode enzymes that catalyze the oxidation of
isocitrate to alpha-ketoglutarate in the tricarboxylic acid cycle [130]. Mutant IDH
enzymes acquire neomorphic enzymatic activity, thereby catalyzing the production of
D-2-hydroxyglutarate (D2HG), an oncometabolite that accumulates at high levels and
inhibits several enzymes notably involved in histones and DNA demethylation [131].
Elevated circulating D2HG levels have been reported in patients with D-2-
hydroxyglutaric aciduria (an extremely rare neurometabolic inborn disease), and with
IDH1/2-mutant cancers, including acute myeloid leukemias (AML), and

cholangiocarcinomas [132,133]. Importantly, D2HG levels have been demonstrated to



be of interest for both the diagnosis and monitoring of patients with IDH1/2-mutant
malignancies [132-135]. However, in most patients with IDH1/2-mutant gliomas,
plasmatic D2HG values are in the normal range [136], suggesting that the BBB
prevents D2HG from entering the circulation. A recent study showed that the
plasma/urine ratio of 2HG may increase the sensitivity and specificity for IDH1/2
mutation detection in glioma [137]. However, in the latter study, the authors explored
the value of the total 2HG level — which include both enantiomers L-2-
hydroxyglutarate and D2HG — although previous studies have demonstrated that only
D2HG level is predictive for IDH1/2 status. Whereas the clinical value of noninvasive
detection and monitoring of D2HG levels has been well established in AML [132],
the feasibility in glioma remains unclear. Brain imaging-based methods [62] are
currently under investigation. To our knowledge, the diagnostic value of the D2HG

level in the CSF has not been evaluated.

Non-tumor specific proteins

Whereas CTCs, tumor EVs, circulating tumor nucleic acids, and oncometabolites are
tumor-specific, most of the circulating proteins that have been studied as putative
GBM biomarkers are not tumor-specific because they are also closely associated with
diverse types of brain parenchymal injury [138-142], suggesting that these proteins
are released into the bloodstream in case of disruption of the BBB, whatever the
mechanism of disruption. Indeed, when BBB disruption occurs due to tumor
development, these circulating proteins could originate either from tumor cells or
other cells in the tumor microenvironment, such as endothelial, inflammatory and
stromal cells. That circulating GFAP levels are reported to be significantly increased

in patients with glioma compared with healthy controls is a case in point, as GFAP



values were also elevated in several other conditions such as head trauma,
intracerebral hemorrhage, brain infarction and multiple sclerosis [138-142].

Several circulating proteins have been evaluated, and include proteins associated
with: (i) cell lineage such as GFAP [143-147], NCAM [148] and S100B
[145,147,149], (ii) matricellular proteins and matrix metalloproteinases such as YKL-
40 [150-153], MMP2 [154-159], MMP9 [151,154-156,159-161], TIMP-1
[78,157,158,162-164] and osteopontin (OPN) [164,165], and (iii) cytokines/growth
factors and growth factors receptors such as VEGF [159,160,166-173], FGF-2
[157,158,162,171,174], PIGF [147], IGFBP-5 [175], epidermal growth factor receptor
(EGFR) [176], VEGFR1 [161,162,171], and TGFB-1 [177].

Further validation of these biomarkers is warranted, and several ongoing prospective
studies are examining the clinical utility of candidate circulating proteins in patients

with GBM.

Conclusion

Circulating biomarkers represent an exciting area of research that holds promise for
better management of patients with GBM. They have the potential to expand our
knowledge of GBM biology, to improve the diagnosis of this entity and to identify
novel therapeutic targets, which should ultimately help improve the outcome of GBM
patients. Circulating biomarkers can be studied from several types of biofluids such as
blood, CSF and urine. Current research is at an exploratory stage and shows that the
potential applications for circulating biomarkers encompass early diagnosis,
molecular stratification, prognosis assessment, prediction of treatment response, and

disease course monitoring. Several promising circulating biomarkers identified in



small studies require further evaluation and validation in larger-scale prospective
studies before their implementation in routine clinical practice. Compared to tissue
analysis which is the ‘gold-standard’, CTCs, tumor-derived circulating EVs and
nucleic acids, and oncometabolites have the advantages of being tumor-specific and
of providing genomic information that will help physicians to tailor treatment to
individual molecular profiles along the disease course. The translation of circulating
biomarkers into a routine clinical test is hampered by the relatively low sensitivity of
some candidate biomarkers for disease confined to the brain. The advent of such a test
is in the offing, since novel ultrasensitive methods for detecting circulating

biomarkers are under development.

Expert commentary

Despite numerous attempts to improve the outcome of patients with GBM, overall
survival remains stagnant. Translating progress achieved in our understanding of the
biology of GBM into a clinical benefit is an unmet need, since recent clinical trials
evaluating targeted therapies have failed to demonstrate efficacy in overall population
of enrolled GBM patients. Several particularities of neuro-oncology may explain
these failures. First, GBM has an extremely complex biology that thwarts our ability
to: (i) identify and prioritize actionable alterations, (ii) understand intratumor
heterogeneity and the dynamics of clonal and subclonal tumor architecture during
disease progression, and (iii) prevent tumor adaptation and drug resistance. Second,
we lack the noninvasive tools to more accurately monitor disease progression. Third,
GBM is a unique challenge with regard to difficulties in drug delivery due to the
BBB. Circulating biomarkers — especially tumor-specific biomarkers — may help

clinicians overcome some of the above-mentioned challenges. From the viewpoint of



a neuro-oncologist, circulating biomarkers have the major advantage of providing
real-time molecular information without recourse to brain surgery, particularly when
tumor recurrence occurs.

Key issues in this field of research must be addressed in order to maximize the
potential of circulating biomarker-based profiling for treatment selection and
monitoring. Ensuring that the process and technologies implemented will exhibit
greater sensitivity in patients with GBM is one of the most pressing issues.
Specifically regarding antiangiogenic agents such as bevacizumab — one of the main
agents used to treat progressive GBM —, studies are needed to better determine the
impact of therapies “normalizing” the BBB on our ability to detect circulating
biomarkers. As normalization of tumor vasculature may be associated with decreased
levels of circulating biomarkers, some of these may not be adequate for monitoring
patients treated with antiangiogenics. Finally, combining several approaches of
noninvasive tumor profiling (e.g. concomitant analysis of tumor-derived RNA and
DNA) may enhance our ability to characterize tumor genome at diagnosis and during
disease progression, which may help to match patients to targeted therapies. The
integration of data collected from noninvasive diagnostics tests with clinical and
radiological evaluation will be undoubtedly pivotal in upcoming years to characterize
specific tumor processes (e.g. discriminate between tumor progression and pseudo-
progression) within the setting of clinical trials or daily routine medical management
of patients.

The sensitivity, accuracy and prognostic and predictive value of the technologies
remain to be evaluated, and larger-scale prospective studies are required before these
novel methods can be integrated into routine clinical practice. Collaborative research

efforts worldwide are needed to this end.



Five year view

Two scenarios can be expected. In the first scenario, with continued research, the
clinical utility of more informative circulating biomarkers will be demonstrated,
resulting in their use in routine clinical practice as liquid biopsies to: (i) perform non-
invasive molecular stratification, (ii) improve patient treatment stratification based on
genomic characterization, (iii) offer assistance for real-time disease monitoring, and
(iv) identify changes in the tumor genomic architecture and mechanisms of drug
resistance. Liquid biopsies — integrated with sequential analysis of advanced imaging
—, will provide a noninvasive and relatively easy way to sample tumors in real-time.
This will lead to earlier diagnosis of cancer or recurrence, and will ultimately improve
the survival of GBM patients. Due to their lack of specificity and their limited value
to inform on molecular profiles and tumor heterogeneity, it is less likely that
circulating proteins will demonstrate clinical utility in the coming years.

In the second scenario, circulating biomarkers will fail to demonstrate clinical utility,
due to their low sensitivity for diagnosis and inefficient prediction of disease
progression or response to therapies. Tissue-based analysis will remain the standard
strategy at diagnosis. Clinicians will need to obtain multiple tissue samples from
patients during surgery, in order to maximize the chances of identifying the most
relevant and/or actionable target among clonal and subclonal molecular alterations.
Whenever possible, the same strategy will be repeated at relapse, in order to address
resistance mechanisms and to adapt the therapeutic strategy. As multiple tumor
sampling will not be feasible for all patients during the disease course, progress in
noninvasive advanced imaging procedures [62-64] will contribute to therapeutic

decision-making.



Key issues

e The past decade has seen remarkable strides forward in the genomic
characterization of GBM. Several candidate oncogenic alterations have been
identified for rational drug design.

e Accurate molecular diagnosis is a major issue in precision medicine to assess
patient candidacy for a smart therapy targeting specifically molecular alterations in
the tumor.

e Circulating biomarkers can be collected from blood, urine and CSF. Potential
applications for circulating biomarkers encompass early diagnosis, molecular
stratification, prognosis assessment, prediction of treatment response, and disease
course monitoring.

e Circulating tumor cells (CTCs) can be isolated and characterized from a simple
blood test and their molecular characterization can inform diagnosis, prognosis and
therapeutic response.

o Cell-free circulating tumor DNA (ctDNA) represents a very promising biomarker
with several potential applications from molecular diagnosis to disease monitoring.

e Several circulating proteins have been associated with diagnostic, prognostic and
predictive values in GBM.

e Analytical and clinical validation of technologies is required if circulating
biomarkers are to become routine tests in the clinic; collaborative research efforts

worldwide will be decisive in achieving this objective.



Legend to figure

Figure 1. Development and validation of circulating biomarkers — from
discovery to clinical utility. The initial discovery generally involves comparing
samples from patients with cancer and healthy donors (or different subgroups of
patients with cancer, depending on the clinical question) matched for known
confounding factors such as age and performance status. Multiple types of platforms
based on “omics” technologies (e.g. genomic, metabolomic and proteomic platforms)
can be used to identify candidate biomarkers. Analytical and clinical validation
involves analyses performed in larger patient populations in order to: (i) ensure robust
biomarker detection, and (ii) demonstrate that the test accurately and reliably informs
on the clinical state of interest. The final step of development is when the clinical
utility of the test for making decisions about patient management is established,
followed by regulatory approval for its application in the clinic. This step requires
controlled studies across multiple institutions to demonstrate the usefulness and added
value of the test, compared with currently available testing. The current standard
diagnosis and following procedures include tumor histological analysis, and clinical

and imaging follow-up. No circulating biomarker has to date demonstrated its clinical



utility in GBM.

References

1.

Ostrom QT, Gittleman H, Liao P et al. CBTRUS statistical report: primary
brain and central nervous system tumors diagnosed in the United States in
2007-2011. Neuro Oncol, 16 Suppl 4, iv1-63 (2014).

Weller M, van den Bent M, Hopkins K et al. EANO guideline for the
diagnosis and treatment of anaplastic gliomas and glioblastoma. Lancet Oncol,
15(9), €395-403 (2014).

Stupp R, Mason WP, van den Bent MJ et al. Radiotherapy plus concomitant
and adjuvant temozolomide for glioblastoma. N Engl J Med, 352(10), 987-996
(2005).

Stupp R, Hegi ME, Mason WP et al. Effects of radiotherapy with concomitant
and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase 1l study: 5-year analysis of the EORTC-
NCIC trial. Lancet Oncol, 10(5), 459-466 (2009).

Renning PA, Helseth E, Meling TR, Johannesen TB. A population-based

study on the effect of temozolomide in the treatment of glioblastoma



10.

11.

12.

13.

14.

15.

multiforme. Neuro Oncol, 14(9), 1178-1184 (2012).

Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer,
127(12), 2893-2917 (2010).

Phillips HS, Kharbanda S, Chen R et al. Molecular subclasses of high-grade
glioma predict prognosis, delineate a pattern of disease progression, and
resemble stages in neurogenesis. Cancer Cell, 9(3), 157-173 (2006).

Parsons DW, Jones S, Zhang X et al. An integrated genomic analysis of
human glioblastoma multiforme. Science, 321(5897), 1807-1812 (2008).
Network CGAR. Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature, 455(7216), 1061-1068 (2008).
Verhaak RG, Hoadley KA, Purdom E et al. Integrated genomic analysis
identifies clinically relevant subtypes of glioblastoma characterized by
abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell, 17(1), 98-
110 (2010).

Noushmehr H, Weisenberger DJ, Diefes K et al. Identification of a CpG island
methylator phenotype that defines a distinct subgroup of glioma. Cancer Cell,
17(5), 510-522 (2010).

Brennan CW, Verhaak RG, McKenna A et al. The somatic genomic landscape
of glioblastoma. Cell, 155(2), 462-477 (2013).

Frattini V, Trifonov V, Chan JM et al. The integrated landscape of driver
genomic alterations in glioblastoma. Nat Genet, 45(10), 1141-1149 (2013).
Preusser M, de Ribaupierre S, Wohrer A et al. Current concepts and
management of glioblastoma. Ann Neurol, 70(1), 9-21 (2011).

Weller M, Stupp R, Hegi ME et al. Personalized care in neuro-oncology



16.

17.

18.

19.

20.

21.

22.

23.

24,

coming of age: why we need MGMT and 1p/19q testing for malignant glioma
patients in clinical practice. Neuro Oncol, 14 Suppl 4, iv100-108 (2012).

Olar A, Aldape KD. Using the molecular classification of glioblastoma to
inform personalized treatment. J Pathol, 232(2), 165-177 (2014).

Prados MD, Byron SA, Tran NL et al. Toward precision medicine in
glioblastoma: the promise and the challenges. Neuro Oncol, (2015).

Hegi ME, Diserens AC, Gorlia T et al. MGMT gene silencing and benefit
from temozolomide in glioblastoma. N Engl J Med, 352(10), 997-1003 (2005).
Hegi ME, Liu L, Herman JG et al. Correlation of O6-methylguanine
methyltransferase (MGMT) promoter methylation with clinical outcomes in
glioblastoma and clinical strategies to modulate MGMT activity. J Clin Oncol,
26(25), 4189-4199 (2008).

Sanson M, Marie Y, Paris S et al. Isocitrate dehydrogenase 1 codon 132
mutation is an important prognostic biomarker in gliomas. J Clin Oncol,
27(25), 4150-4154 (2009).

Wick W, Meisner C, Hentschel B et al. Prognostic or predictive value of
MGMT promoter methylation in gliomas depends on IDH1 mutation.
Neurology, 81(17), 1515-1522 (2013).

Leary RJ, Kinde I, Diehl F et al. Development of personalized tumor
biomarkers using massively parallel sequencing. Sci Transl Med, 2(20),
20ral4 (2010).

Leary RJ, Sausen M, Kinde | et al. Detection of chromosomal alterations in
the circulation of cancer patients with whole-genome sequencing. Sci Transl
Med, 4(162), 162ral54 (2012).

Forshew T, Murtaza M, Parkinson C et al. Noninvasive identification and



25.

26.

27.

28.

29.

30.

31.

32.

33.

monitoring of cancer mutations by targeted deep sequencing of plasma DNA.
Sci Transl Med, 4(136), 136ral68 (2012).

Chan KC, Jiang P, Zheng YW et al. Cancer genome scanning in plasma:
detection of tumor-associated copy number aberrations, single-nucleotide
variants, and tumoral heterogeneity by massively parallel sequencing. Clin
Chem, 59(1), 211-224 (2013).

Kristensen VN, Lingjerde OC, Russnes HG, Vollan HK, Frigessi A,
Barresen-Dale AL. Principles and methods of integrative genomic analyses in
cancer. Nat Rev Cancer, 14(5), 299-313 (2014).

Holdhoff M, Yovino SG, Boadu O, Grossman SA. Blood-based biomarkers
for malignant gliomas. J Neurooncol, 113(3), 345-352 (2013).

Ilhan-Mutlu A, Wagner L, Preusser M. Circulating biomarkers of CNS
tumors: an update. Biomark Med, 7(2), 267-285 (2013).

Kros JM, Mustafa DM, Dekker LJ, Sillevis Smitt PA, Luider TM, Zheng PP.
Circulating glioma biomarkers. Neuro Oncol, (2014).

Best MG, Sol N, Zijl S, Reijneveld JC, Wesseling P, Wurdinger T. Liquid
biopsies in patients with diffuse glioma. Acta Neuropathol, (2015).

Louis DN, Perry A, Burger P et al. International Society Of Neuropathology--
Haarlem consensus guidelines for nervous system tumor classification and
grading. Brain Pathol, 24(5), 429-435 (2014).

Babu R, Adamson DC. Rindopepimut: an evidence-based review of its
therapeutic potential in the treatment of EGFRvIII-positive glioblastoma. Core
Evid, 7, 93-103 (2012).

Rohle D, Popovici-Muller J, Palaskas N et al. An inhibitor of mutant IDH1

delays growth and promotes differentiation of glioma cells. Science,



34.

35.

36.

37.

38.

39.

40.

41.

42.

340(6132), 626-630 (2013).

Reardon DA, Wen PY, Mellinghoff IK. Targeted molecular therapies against
epidermal growth factor receptor: past experiences and challenges. Neuro
Oncol, 16 Suppl 8, viii7-13 (2014).

Thomas AA, Brennan CW, DeAngelis LM, Omuro AM. Emerging therapies
for glioblastoma. JAMA Neurol, 71(11), 1437-1444 (2014).

Gallego O, Cuatrecasas M, Benavides M et al. Efficacy of erlotinib in patients
with relapsed gliobastoma multiforme who expressed EGFRVIII and PTEN
determined by immunohistochemistry. J Neurooncol, 116(2), 413-419 (2014).
Di Stefano AL, Fucci A, Frattini V et al. Detection, characterization and
inhibition of FGFR-TACC fusions in IDH wild type glioma. Clin Cancer Res,
(2015).

Touat M, Dhermain F, André F, Sanson M. Adapting the drivers to the road: a
new strategy for cancer evolution? Ann Oncol, 26(5), 827-829 (2015).

Meyer M, Reimand J, Lan X et al. Single cell-derived clonal analysis of
human glioblastoma links functional and genomic heterogeneity. Proc Natl
Acad Sci U S A, 112(3), 851-856 (2015).

Snuderl M, Fazlollahi L, Le LP et al. Mosaic amplification of multiple
receptor tyrosine kinase genes in glioblastoma. Cancer Cell, 20(6), 810-817
(2011).

Lass U, Numann A, von Eckardstein K et al. Clonal analysis in recurrent
astrocytic, oligoastrocytic and oligodendroglial tumors implicates IDH1-
mutation as common tumor initiating event. PLoS One, 7(7), e41298 (2012).
Little SE, Popov S, Jury A et al. Receptor tyrosine kinase genes amplified in

glioblastoma exhibit a mutual exclusivity in variable proportions reflective of



43.

44,

45.

46.

47.

48.

49,

50.

individual tumor heterogeneity. Cancer Res, 72(7), 1614-1620 (2012).
Sottoriva A, Spiteri I, Piccirillo SG et al. Intratumor heterogeneity in human
glioblastoma reflects cancer evolutionary dynamics. Proc Natl Acad Sci U S
A, 110(10), 4009-4014 (2013).

Johnson BE, Mazor T, Hong C et al. Mutational analysis reveals the origin
and therapy-driven evolution of recurrent glioma. Science, 343(6167), 189-
193 (2014).

Patel AP, Tirosh I, Trombetta JJ et al. Single-cell RNA-seq highlights
intratumoral heterogeneity in primary glioblastoma. Science, 344(6190), 1396-
1401 (2014).

Francis JM, Zhang CZ, Maire CL et al. EGFR variant heterogeneity in
glioblastoma resolved through single-nucleus sequencing. Cancer Discov,
4(8), 956-971 (2014).

Yap TA, Gerlinger M, Futreal PA, Pusztai L, Swanton C. Intratumor
heterogeneity: seeing the wood for the trees. Sci Transl Med, 4(127),
127ps110 (2012).

Burrell RA, McGranahan N, Bartek J, Swanton C. The causes and
consequences of genetic heterogeneity in cancer evolution. Nature, 501(7467),
338-345 (2013).

McGranahan N, Favero F, de Bruin EC, Birkbak NJ, Szallasi Z, Swanton C.
Clonal status of actionable driver events and the timing of mutational
processes in cancer evolution. Sci Transl Med, 7(283), 283ra254 (2015).
Lassman AB, Rossi MR, Raizer JJ et al. Molecular study of malignant
gliomas treated with epidermal growth factor receptor inhibitors: tissue

analysis from North American Brain Tumor Consortium Trials 01-03 and 00-



51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

01. Clin Cancer Res, 11(21), 7841-7850 (2005).

Nathanson DA, Gini B, Mottahedeh J et al. Targeted therapy resistance
mediated by dynamic regulation of extrachromosomal mutant EGFR DNA.
Science, 343(6166), 72-76 (2014).

Group. BDW. Biomarkers and surrogate endpoints: preferred definitions and
conceptual framework. Clin Pharmacol Ther, 69(3), 89-95 (2001).

Ludwig JA, Weinstein JN. Biomarkers in cancer staging, prognosis and
treatment selection. Nat Rev Cancer, 5(11), 845-856 (2005).

Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic acids as biomarkers
in cancer patients. Nat Rev Cancer, 11(6), 426-437 (2011).

Crowley E, Di Nicolantonio F, Loupakis F, Bardelli A. Liquid biopsy:
monitoring cancer-genetics in the blood. Nat Rev Clin Oncol, 10(8), 472-484
(2013).

Diehl F, Schmidt K, Choti MA et al. Circulating mutant DNA to assess tumor
dynamics. Nat Med, 14(9), 985-990 (2008).

Dawson SJ, Tsui DW, Murtaza M et al. Analysis of circulating tumor DNA to
monitor metastatic breast cancer. N Engl J Med, 368(13), 1199-1209 (2013).
Rubin EH, Allen JD, Nowak JA, Bates SE. Developing precision medicine in
a global world. Clin Cancer Res, 20(6), 1419-1427 (2014).

Yabroff KR, Harlan L, Zeruto C, Abrams J, Mann B. Patterns of care and
survival for patients with glioblastoma multiforme diagnosed during 2006.
Neuro Oncol, 14(3), 351-359 (2012).

Teutsch SM, Bradley LA, Palomaki GE et al. The Evaluation of Genomic
Applications in Practice and Prevention (EGAPP) Initiative: methods of the

EGAPP Working Group. Genet Med, 11(1), 3-14 (2009).



61.

62.

63.

64.

65.

66.

67.

68.

69.

Wen PY, Macdonald DR, Reardon DA et al. Updated response assessment
criteria for high-grade gliomas: response assessment in neuro-oncology
working group. J Clin Oncol, 28(11), 1963-1972 (2010).

Choi C, Ganji SK, DeBerardinis RJ et al. 2-hydroxyglutarate detection by
magnetic resonance spectroscopy in IDH-mutated patients with gliomas. Nat
Med, 18(4), 624-629 (2012).

Baldock AL, Yagle K, Born DE et al. Invasion and proliferation kinetics in
enhancing gliomas predict IDH1 mutation status. Neuro Oncol, 16(6), 779-
786 (2014).

Tykocinski ES, Grant RA, Kapoor GS et al. Use of magnetic perfusion-
weighted imaging to determine epidermal growth factor receptor variant 11
expression in glioblastoma. Neuro Oncol, 14(5), 613-623 (2012).

Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ. Clinical
features, mechanisms, and management of pseudoprogression in malignant
gliomas. Lancet Oncol, 9(5), 453-461 (2008).

Raizer JJ, Fitzner KA, Jacobs DI et al. Economics of Malignant Gliomas: A
Critical Review. J Oncol Pract, (2014).

Schuhmann MU, Zucht HD, Nassimi R et al. Peptide screening of
cerebrospinal fluid in patients with glioblastoma multiforme. Eur J Surg
Oncol, 36(2), 201-207 (2010).

Liu BL, Cheng JX, Zhang W et al. Quantitative detection of multiple gene
promoter hypermethylation in tumor tissue, serum, and cerebrospinal fluid
predicts prognosis of malignant gliomas. Neuro Oncol, 12(6), 540-548 (2010).
Baraniskin A, Kuhnhenn J, Schlegel U et al. Identification of microRNAs in

the cerebrospinal fluid as biomarker for the diagnosis of glioma. Neuro Oncol,



70.

71.

72.

73.

74.

75.

76.

77.

78.

14(1), 29-33 (2012).

Teplyuk NM, Mollenhauer B, Gabriely G et al. MicroRNAs in cerebrospinal
fluid identify glioblastoma and metastatic brain cancers and reflect disease
activity. Neuro Oncol, 14(6), 689-700 (2012).

Tumilson CA, Lea RW, Alder JE, Shaw L. Circulating microRNA biomarkers
for glioma and predicting response to therapy. Mol Neurobiol, 50(2), 545-558
(2014).

Pan W, Gu W, Nagpal S, Gephart MH, Quake SR. Brain tumor mutations
detected in cerebral spinal fluid. Clin Chem, 61(3), 514-522 (2015).

Stroun M, Lyautey J, Lederrey C, Olson-Sand A, Anker P. About the possible
origin and mechanism of circulating DNA apoptosis and active DNA release.
Clin Chim Acta, 313(1-2), 139-142 (2001).

Chen C, Skog J, Hsu CH et al. Microfluidic isolation and transcriptome
analysis of serum microvesicles. Lab Chip, 10(4), 505-511 (2010).

Chen WW, Balaj L, Liau LM et al. BEAMing and Droplet Digital PCR
Analysis of Mutant IDH1 mRNA in Glioma Patient Serum and Cerebrospinal
Fluid Extracellular Vesicles. Mol Ther Nucleic Acids, 2, €109 (2013).

Redzic JS, Ung TH, Graner MW. Glioblastoma extracellular vesicles:
reservoirs of potential biomarkers. Pharmgenomics Pers Med, 7, 65-77
(2014).

Shao H, Chung J, Lee K et al. Chip-based analysis of exosomal mMRNA
mediating drug resistance in glioblastoma. Nat Commun, 6, 6999 (2015).

Skog J, Wiirdinger T, van Rijn S et al. Glioblastoma microvesicles transport
RNA and proteins that promote tumour growth and provide diagnostic

biomarkers. Nat Cell Biol, 10(12), 1470-1476 (2008).



79.

80.

81.

82.

83.

84.

85.

86.

87.

Al-Nedawi K, Meehan B, Micallef J et al. Intercellular transfer of the
oncogenic receptor EGFRvIII by microvesicles derived from tumour cells. Nat
Cell Biol, 10(5), 619-624 (2008).

Bronisz A, Wang Y, Nowicki MO et al. Extracellular vesicles modulate the
glioblastoma microenvironment via a tumor suppression signaling network
directed by miR-1. Cancer Res, 74(3), 738-750 (2014).

Godlewski J, Krichevsky AM, Johnson MD, Chiocca EA, Bronisz A.
Belonging to a network-microRNAs, extracellular vesicles, and the
glioblastoma microenvironment. Neuro Oncol, 17(5), 652-662 (2015).
Noerholm M, Balaj L, Limperg T et al. RNA expression patterns in serum
microvesicles from patients with glioblastoma multiforme and controls. BMC
Cancer, 12, 22 (2012).

Akers JC, Ramakrishnan V, Kim R et al. MiR-21 in the extracellular vesicles
(EVs) of cerebrospinal fluid (CSF): a platform for glioblastoma biomarker
development. PLoS One, 8(10), e78115 (2013).

Qu S, Guan J, Liu Y. Identification of microRNAs as novel biomarkers for
glioma detection: a meta-analysis based on 11 articles. J Neurol Sci, 348(1-2),
181-187 (2015).

Nilsson RJ, Balaj L, Hulleman E et al. Blood platelets contain tumor-derived
RNA biomarkers. Blood, 118(13), 3680-3683 (2011).

Macarthur KM, Kao GD, Chandrasekaran S et al. Detection of brain tumor
cells in the peripheral blood by a telomerase promoter-based assay. Cancer
Res, 74(8), 2152-2159 (2014).

Miller C, Holtschmidt J, Auer M et al. Hematogenous dissemination of

glioblastoma multiforme. Sci Transl Med, 6(247), 247ral101 (2014).



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Sullivan JP, Nahed BV, Madden MW et al. Brain tumor cells in circulation
are enriched for mesenchymal gene expression. Cancer Discov, 4(11), 1299-
1309 (2014).

Krebs MG, Metcalf RL, Carter L, Brady G, Blackhall FH, Dive C. Molecular
analysis of circulating tumour cells-biology and biomarkers. Nat Rev Clin
Oncol, 11(3), 129-144 (2014).

Maheswaran S, Sequist LV, Nagrath S et al. Detection of mutations in EGFR
in circulating lung-cancer cells. N Engl J Med, 359(4), 366-377 (2008).

Pantel K, Brakenhoff RH, Brandt B. Detection, clinical relevance and specific
biological properties of disseminating tumour cells. Nat Rev Cancer, 8(5),
329-340 (2008).

Heitzer E, Auer M, Ulz P, Geigl JB, Speicher MR. Circulating tumor cells and
DNA as liquid biopsies. Genome Med, 5(8), 73 (2013).

Baccelli I, Schneeweiss A, Riethdorf S et al. Identification of a population of
blood circulating tumor cells from breast cancer patients that initiates
metastasis in a xenograft assay. Nat Biotechnol, 31(6), 539-544 (2013).

Yu M, Bardia A, Aceto N et al. Cancer therapy. Ex vivo culture of circulating
breast tumor cells for individualized testing of drug susceptibility. Science,
345(6193), 216-220 (2014).

Yu M, Stott S, Toner M, Maheswaran S, Haber DA. Circulating tumor cells:
approaches to isolation and characterization. J Cell Biol, 192(3), 373-382
(2011).

Alix-Panabiéres C, Pantel K. Circulating tumor cells: liquid biopsy of cancer.
Clin Chem, 59(1), 110-118 (2013).

Bohm C, Wassmann H, Paulus W. No evidence of tumour cells in blood of



98.

99.

100.

101.

102.

103.

104.

105.

106.

patients with glioma. Mol Pathol, 56(3), 187-189 (2003).

Subramanian A, Harris A, Piggott K, Shieff C, Bradford R. Metastasis to and
from the central nervous system--the ‘'relatively protected site'. Lancet Oncol,
3(8), 498-507 (2002).

Fonkem E, Lun M, Wong ET. Rare phenomenon of extracranial metastasis of
glioblastoma. J Clin Oncol, 29(34), 4594-4595 (2011).

Beauchesne P. Extra-neural metastases of malignant gliomas: myth or reality?
Cancers (Basel), 3(1), 461-477 (2011).

Armanios MY, Grossman SA, Yang SC et al. Transmission of glioblastoma
multiforme following bilateral lung transplantation from an affected donor:
case study and review of the literature. Neuro Oncol, 6(3), 259-263 (2004).
Labussiére M, Di Stefano AL, Gleize V et al. TERT promoter mutations in
gliomas, genetic associations and clinico-pathological correlations. Br J
Cancer, 111(10), 2024-2032 (2014).

Bettegowda C, Sausen M, Leary RJ et al. Detection of circulating tumor DNA
in early- and late-stage human malignancies. Sci Transl Med, 6(224),
224ra224 (2014).

Haber DA, Velculescu VE. Blood-based analyses of cancer: circulating tumor
cells and circulating tumor DNA. Cancer Discov, 4(6), 650-661 (2014).
Boisselier B, Géallego Pérez-Larraya J, Rossetto M et al. Detection of IDH1
mutation in the plasma of patients with glioma. Neurology, 79(16), 1693-1698
(2012).

Newman AM, Bratman SV, To J et al. An ultrasensitive method for
quantitating circulating tumor DNA with broad patient coverage. Nat Med,

20(5), 548-554 (2014).



107.

108.

109.

110.

111.

112.

113.

114.

van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, Wurdinger T,
de Vries HE. Overcoming the blood-brain tumor barrier for effective
glioblastoma treatment. Drug Resist Updat, 19, 1-12 (2015).

Weaver KD, Grossman SA, Herman JG. Methylated tumor-specific DNA as a
plasma biomarker in patients with glioma. Cancer Invest, 24(1), 35-40 (2006).
Salkeni MA, Zarzour A, Ansay TY et al. Detection of EGFRvIII mutant DNA
in the peripheral blood of brain tumor patients. J Neurooncol, 115(1), 27-35
(2013).

Majchrzak-Celinska A, Paluszczak J, Kleszcz R et al. Detection of MGMT,
RASSF1A, pl15INK4B, and pl4ARF promoter methylation in circulating
tumor-derived DNA of central nervous system cancer patients. J Appl Genet,
54(3), 335-344 (2013).

Balafia C, Ramirez JL, Taron M et al. O6-methyl-guanine-DNA
methyltransferase methylation in serum and tumor DNA predicts response to
1,3-bis(2-chloroethyl)-1-nitrosourea but not to temozolamide plus cisplatin in
glioblastoma multiforme. Clin Cancer Res, 9(4), 1461-1468 (2003).
Wakabayashi T, Natsume A, Hatano H et al. p16 promoter methylation in the
serum as a basis for the molecular diagnosis of gliomas. Neurosurgery, 64(3),
455-461; discussion 461-452 (2009).

Lavon I, Refael M, Zelikovitch B, Shalom E, Siegal T. Serum DNA can
define tumor-specific genetic and epigenetic markers in gliomas of various
grades. Neuro Oncol, 12(2), 173-180 (2010).

Piccioni DE, Lanman RB, Nagy RJ, Talasaz A, Pingle SC, Kesari S. Analysis
of cell-free circulating tumor DNA in patients with glioblastoma and other

primary brain tumors. (Ed.~(Eds) (J Clin Oncol, 2015)



115.

116.

117.

118.

119.

120.

121.

122.

123.

Fiano V, Trevisan M, Trevisan E et al. MGMT promoter methylation in
plasma of glioma patients receiving temozolomide. J Neurooncol, 117(2),
347-357 (2014).

Balana C, Carrato C, Ramirez JL et al. Tumour and serum MGMT promoter
methylation and protein expression in glioblastoma patients. Clin Transl
Oncol, 13(9), 677-685 (2011).

Mgller HG, Rasmussen AP, Andersen HH, Johnsen KB, Henriksen M,
Duroux M. A systematic review of microRNA in glioblastoma multiforme:
micro-modulators in the mesenchymal mode of migration and invasion. Mol
Neurobiol, 47(1), 131-144 (2013).

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell,
116(2), 281-297 (2004).

Esquela-Kerscher A, Slack FJ. Oncomirs - microRNAs with a role in cancer.
Nat Rev Cancer, 6(4), 259-269 (2006).

Roth P, Wischhusen J, Happold C et al. A specific miRNA signature in the
peripheral blood of glioblastoma patients. J Neurochem, 118(3), 449-457
(2011).

Ilhan-Mutlu A, Wagner L, Wohrer A et al. Plasma MicroRNA-21
concentration may be a useful biomarker in glioblastoma patients. Cancer
Invest, 30(8), 615-621 (2012).

Ma R, Zhang G, Wang H, Lv H, Fang F, Kang X. Downregulation of miR-544
in tissue, but not in serum, is a novel biomarker of malignant transformation in
glioma. Oncol Lett, 4(6), 1321-1324 (2012).

Wang Q, Li P, Li A et al. Plasma specific miRNAs as predictive biomarkers

for diagnosis and prognosis of glioma. J Exp Clin Cancer Res, 31, 97 (2012).



124,

125.

126.

127.

128.

129.

130.

131.

132.

Yang C, Wang C, Chen X et al. Identification of seven serum microRNAs
from a genome-wide serum microRNA expression profile as potential
noninvasive biomarkers for malignant astrocytomas. Int J Cancer, 132(1),
116-127 (2013).

Zhi F, Shao N, Wang R et al. Identification of 9 serum microRNAS as
potential noninvasive biomarkers of human astrocytoma. Neuro Oncol,
(2014).

Chen X, Ba Y, Ma L et al. Characterization of microRNAs in serum: a novel
class of biomarkers for diagnosis of cancer and other diseases. Cell Res,
18(10), 997-1006 (2008).

Yan H, Parsons DW, Jin G et al. IDH1 and IDH2 mutations in gliomas. N
Engl J Med, 360(8), 765-773 (2009).

Cairncross JG, Wang M, Jenkins RB et al. Benefit from procarbazine,
lomustine, and vincristine in oligodendroglial tumors is associated with
mutation of IDH. J Clin Oncol, 32(8), 783-790 (2014).

Houillier C, Wang X, Kaloshi G et al. IDH1 or IDH2 mutations predict longer
survival and response to temozolomide in low-grade gliomas. Neurology,
75(17), 1560-1566 (2010).

Cairns RA, Mak TW. Oncogenic isocitrate dehydrogenase mutations:
mechanisms, models, and clinical opportunities. Cancer Discov, 3(7), 730-741
(2013).

Turcan S, Rohle D, Goenka A et al. IDH1 mutation is sufficient to establish
the glioma hypermethylator phenotype. Nature, 483(7390), 479-483 (2012).
Janin M, Mylonas E, Saada V et al. Serum 2-hydroxyglutarate production in

IDH1- and IDH2-mutated de novo acute myeloid leukemia: a study by the



133.

134.

135.

136.

137.

138.

139.

Acute Leukemia French Association group. J Clin Oncol, 32(4), 297-305
(2014).

Borger DR, Goyal L, Yau T et al. Circulating oncometabolite 2-
hydroxyglutarate is a potential surrogate biomarker in patients with isocitrate
dehydrogenase-mutant intrahepatic cholangiocarcinoma. Clin Cancer Res,
20(7), 1884-1890 (2014).

Fathi AT, Sadrzadeh H, Borger DR et al. Prospective serial evaluation of 2-
hydroxyglutarate, during treatment of newly diagnosed acute myeloid
leukemia, to assess disease activity and therapeutic response. Blood, 120(23),
4649-4652 (2012).

DiNardo CD, Propert KJ, Loren AW et al. Serum 2-hydroxyglutarate levels
predict isocitrate dehydrogenase mutations and clinical outcome in acute
myeloid leukemia. Blood, 121(24), 4917-4924 (2013).

Capper D, Simon M, Langhans CD et al. 2-Hydroxyglutarate concentration in
serum from patients with gliomas does not correlate with IDH1/2 mutation
status or tumor size. Int J Cancer, 131(3), 766-768 (2012).

Lombardi G, Corona G, Bellu L et al. Diagnostic Value of Plasma and
Urinary 2-Hydroxyglutarate to Identify Patients With Isocitrate
Dehydrogenase-Mutated Glioma. Oncologist, (2015).

Rosengren LE, Lycke J, Andersen O. Glial fibrillary acidic protein in CSF of
multiple sclerosis patients: relation to neurological deficit. J Neurol Sci,
133(1-2), 61-65 (1995).

Aurell A, Rosengren LE, Karlsson B, Olsson JE, Zbornikova V, Haglid KG.
Determination of S-100 and glial fibrillary acidic protein concentrations in

cerebrospinal fluid after brain infarction. Stroke, 22(10), 1254-1258 (1991).



140.

141.

142.

143.

144.

145.

146.

147.

148.

Herrmann M, Ehrenreich H. Brain derived proteins as markers of acute stroke:
their relation to pathophysiology, outcome prediction and neuroprotective
drug monitoring. Restor Neurol Neurosci, 21(3-4), 177-190 (2003).

Pelinka LE, Kroepfl A, Schmidhammer R et al. Glial fibrillary acidic protein
in serum after traumatic brain injury and multiple trauma. J Trauma, 57(5),
1006-1012 (2004).

Foerch C, Curdt I, Yan B et al. Serum glial fibrillary acidic protein as a
biomarker for intracerebral haemorrhage in patients with acute stroke. J
Neurol Neurosurg Psychiatry, 77(2), 181-184 (2006).

Jung CS, Foerch C, Schanzer A et al. Serum GFAP is a diagnostic marker for
glioblastoma multiforme. Brain, 130(Pt 12), 3336-3341 (2007).

Brommeland T, Rosengren L, Fridlund S, Hennig R, Isaksen V. Serum levels
of glial fibrillary acidic protein correlate to tumour volume of high-grade
gliomas. Acta Neurol Scand, 116(6), 380-384 (2007).

Lyubimova NV, Toms MG, Popova EE, Bondarenko YV, Krat VB,
Kushlinskii NE. Neurospecific proteins in the serum of patients with brain
tumors. Bull Exp Biol Med, 150(6), 732-734 (2011).

Husain H, Savage W, Grossman SA et al. Pre- and post-operative plasma glial
fibrillary acidic protein levels in patients with newly diagnosed gliomas. J
Neurooncol, 109(1), 123-127 (2012).

Ilhan-Mutlu A, Wagner L, Widhalm G et al. Exploratory investigation of eight
circulating plasma markers in brain tumor patients. Neurosurg Rev, 36(1), 45-
55; discussion 55-46 (2013).

Todaro L, Christiansen S, Varela M et al. Alteration of serum and tumoral

neural cell adhesion molecule (NCAM) isoforms in patients with brain tumors.



149.

150.

151.

152.

153.

154.

155.

156.

J Neurooncol, 83(2), 135-144 (2007).

Kanner AA, Marchi N, Fazio V et al. Serum S100beta: a noninvasive marker
of blood-brain barrier function and brain lesions. Cancer, 97(11), 2806-2813
(2003).

Tanwar MK, Gilbert MR, Holland EC. Gene expression microarray analysis
reveals YKL-40 to be a potential serum marker for malignant character in
human glioma. Cancer Res, 62(15), 4364-4368 (2002).

Hormigo A, Gu B, Karimi S et al. YKL-40 and matrix metalloproteinase-9 as
potential serum biomarkers for patients with high-grade gliomas. Clin Cancer
Res, 12(19), 5698-5704 (2006).

Bernardi D, Padoan A, Ballin A et al. Serum YKL-40 following resection for
cerebral glioblastoma. J Neurooncol, 107(2), 299-305 (2012).

Iwamoto FM, Hottinger AF, Karimi S et al. Serum YKL-40 is a marker of
prognosis and disease status in high-grade gliomas. Neuro Oncol, 13(11),
1244-1251 (2011).

Friedberg MH, Glantz MJ, Klempner MS, Cole BF, Perides G. Specific matrix
metalloproteinase profiles in the cerebrospinal fluid correlated with the
presence of malignant astrocytomas, brain metastases, and carcinomatous
meningitis. Cancer, 82(5), 923-930 (1998).

Pagenstecher A, Wussler EM, Opdenakker G, Volk B, Campbell IL. Distinct
expression patterns and levels of enzymatic activity of matrix
metalloproteinases and their inhibitors in primary brain tumors. J Neuropathol
Exp Neurol, 60(6), 598-612 (2001).

Komatsu K, Nakanishi Y, Nemoto N, Hori T, Sawada T, Kobayashi M.

Expression and quantitative analysis of matrix metalloproteinase-2 and -9 in



157.

158.

159.

160.

161.

162.

163.

human gliomas. Brain Tumor Pathol, 21(3), 105-112 (2004).

Batchelor TT, Sorensen AG, di Tomaso E et al. AZD2171, a pan-VEGF
receptor tyrosine kinase inhibitor, normalizes tumor vasculature and alleviates
edema in glioblastoma patients. Cancer Cell, 11(1), 83-95 (2007).

Batchelor TT, Duda DG, di Tomaso E et al. Phase Il study of cediranib, an
oral pan-vascular endothelial growth factor receptor tyrosine kinase inhibitor,
in patients with recurrent glioblastoma. J Clin Oncol, 28(17), 2817-2823
(2010).

Tabouret E, Boudouresque F, Barrie M et al. Association of matrix
metalloproteinase 2 plasma level with response and survival in patients treated
with bevacizumab for recurrent high-grade glioma. Neuro Oncol, 16(3), 392-
399 (2014).

de Groot JF, Piao Y, Tran H et al. Myeloid biomarkers associated with
glioblastoma response to anti-VEGF therapy with aflibercept. Clin Cancer
Res, 17(14), 4872-4881 (2011).

Gerstner ER, Eichler AF, Plotkin SR et al. Phase I trial with biomarker studies
of vatalanib (PTK787) in patients with newly diagnosed glioblastoma treated
with enzyme inducing anti-epileptic drugs and standard radiation and
temozolomide. J Neurooncol, 103(2), 325-332 (2011).

Crocker M, Ashley S, Giddings | et al. Serum angiogenic profile of patients
with glioblastoma identifies distinct tumor subtypes and shows that TIMP-1 is
a prognostic factor. Neuro Oncol, 13(1), 99-108 (2011).

Lin Y, Wang JF, Gao GZ, Zhang GZ, Wang FL, Wang YJ. Plasma levels of
tissue inhibitor of matrix metalloproteinase-1 correlate with diagnosis and

prognosis of glioma patients. Chin Med J (Engl), 126(22), 4295-4300 (2013).



164.

165.

166.

167.

168.

169.

170.

171.

172.

Sreekanthreddy P, Srinivasan H, Kumar DM et al. Identification of potential
serum biomarkers of glioblastoma: serum osteopontin levels correlate with
poor prognosis. Cancer Epidemiol Biomarkers Prev, 19(6), 1409-1422 (2010).
Guttler A, Giebler M, Cuno P et al. Osteopontin and splice variant expression
level in human malignant glioma: radiobiologic effects and prognosis after
radiotherapy. Radiother Oncol, 108(3), 535-540 (2013).

Groves MD, Puduvalli VK, Chang SM et al. A North American brain tumor
consortium (NABTC 99-04) phase Il trial of temozolomide plus thalidomide
for recurrent glioblastoma multiforme. J Neurooncol, 81(3), 271-277 (2007).
Kesari S, Schiff D, Henson JW et al. Phase Il study of temozolomide,
thalidomide, and celecoxib for newly diagnosed glioblastoma in adults. Neuro
Oncol, 10(3), 300-308 (2008).

Ilhan A, Gartner W, Neziri D et al. Angiogenic factors in plasma of brain
tumour patients. Anticancer Res, 29(2), 731-736 (2009).

Rafat N, Beck GCh, Schulte J, Tuettenberg J, Vajkoczy P. Circulating
endothelial progenitor cells in malignant gliomas. J Neurosurg, 112(1), 43-49
(2010).

Carlsson A, Persson O, Ingvarsson J et al. Plasma proteome profiling reveals
biomarker patterns associated with prognosis and therapy selection in
glioblastoma multiforme patients. Proteomics Clin Appl, 4(6-7), 591-602
(2010).

Reynés G, Vila V, Martin M et al. Circulating markers of angiogenesis,
inflammation, and coagulation in patients with glioblastoma. J Neurooncol,
102(1), 35-41 (2011).

Corsini E, Ciusani E, Gaviani P et al. Decrease in circulating endothelial



173.

174.

175.

176.

177.

progenitor cells in treated glioma patients. J Neurooncol, 108(1), 123-129
(2012).

Albulescu R, Codrici E, Popescu ID et al. Cytokine patterns in brain tumour
progression. Mediators Inflamm, 2013, 979748 (2013).

Fine HA, Figg WD, Jaeckle K et al. Phase Il trial of the antiangiogenic agent
thalidomide in patients with recurrent high-grade gliomas. J Clin Oncol, 18(4),
708-715 (2000).

Chinnaiyan P, Chowdhary S, Potthast L et al. Phase | trial of vorinostat
combined with bevacizumab and CPT-11 in recurrent glioblastoma. Neuro
Oncol, 14(1), 93-100 (2012).

Quaranta M, Divella R, Daniele A et al. Epidermal growth factor receptor
serum levels and prognostic value in malignant gliomas. Tumori, 93(3), 275-
280 (2007).

Schneider T, Sailer M, Ansorge S, Firsching R, Reinhold D. Increased
concentrations of transforming growth factor betal and beta2 in the plasma of

patients with glioblastoma. J Neurooncol, 79(1), 61-65 (2006).



Aknowledgements

The authors would like to thank Lorna Saint Ange for providing editing assistance

and Sebastien Di Dio for providing graphical assistance.



Table 1. Summary of clinical studies evaluating circulating tumor cells in glioblastoma.

Methodology Type of analysis Sensitivity (%) Observations Reference

GFAP-based assay Quantitative, 21 CTCs shared genomic alterations with the primary tumor. [87]
molecular profiling

Immunomagnetic and  Quantitative, 39 CTCs analysis showed enrichment for the mesenchymal subtype. [88]

immunofluorescence-  molecular profiling CTCs shared genomic alterations with the primary tumor.

based cell selection

Telomerase-based Quantitative, 72 Detection rate was higher before treatment with radiation therapy. [86]

assay

longitudinal analysis

Evolution of CTCs levels correlated with treatment response in a

small subset of patients with available longitudinal sampling.




Table 2. Summary of clinical studies evaluating cell-free circulating tumor DNA (ctDNA) in glioblastoma.

Candidate ctDNA Methodology Observations Reference
EGFRuvIII PCR, RT-PCR Good correlation between mutational status in tumor and [109,85]
blood.
Mutant IDH1 COLD-PCR Moderate sensitivity (60%), excellent specificity (100%). [105]
The sensitivity increased with both tumor volume and
contrast enhancement.
MGMT promoter Methylation-specific ~ Moderate sensitivity (50-60%) and good specificity in most  [68,108,110,111,113,115,116]
methylation PCR studies.

PTEN promoter
methylation
RASSF1A promoter
methylation
CDKN2A promoter

methylation

Methylation-specific
PCR
Methylation-specific
PCR
Methylation-specific

PCR

Prognostic and predictive values of serum MGMT status.

Sensitivity of 50% and specificity of 100%.

Hypermethylation of RASSF1A differentiated primary from
metastatic brain tumors.
High correlation between methylation status in tumor and

serum.

[116]

[110,111,116]

[68,108,110,111,112,116]



1p, 10g and 19q LOH PCR-based LOH Sensitivity of 50% and specificity of 100%. [113]

analysis

Abbreviations: PCR, Polymerase Chain Reaction; RT-PCT, Real-Time Polymerase Chain Reaction; COLD-PCR, co-amplification at lower denaturation

temperature-PCR; LOH, Loss of Heterozygosity;



Table 3. Summary of main clinical studies evaluating circulating proteins in glioblastoma.

Protein Methodology Potential values for clinical application Reference

YKL-40 ELISA Diagnostic, prognostic, and monitoring [150-153]

MMP-9 ELISA Diagnostic, prognostic, and monitoring [151,154-156,159-161]

MMP-2 ELISA Diagnostic, prognostic, predictive, and monitoring [154-159]

TIMP-1 ELISA Diagnostic [78,157,158,162-164]

OPN ELISA, mass Prognostic [164,165]
spectrometry

VEGF ELISA Diagnostic, prognostic, and monitoring [159,160,166-173]

PIGF ELISA Diagnostic, prognostic [147]

FGF-2 ELISA Diagnostic, prognostic [157,158,162,171,174]

IGFBP-5 ELISA Predictive [175]

EGFR ELISA Diagnostic, prognostic [176]

Soluble VEGFR-1 ELISA Diagnostic [161,162,171]

TGFp-1 ELISA Diagnostic [177]



GFAP ELISA Diagnostic [143-147]
S100B ELISA Diagnostic [145,147,149]

2-hydroxyglutarate Mass spectrometry Diagnostic [137]

Abbreviations: ELISA, enzyme-linked immunosorbent assay
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Clinical validation

Analytical validation

Identification of candidate biomarkers

No circulating biomarker has to date demonstrated
its clinical utility in GBM.

The current standard diagnosis and following
procedures include tumor histological analysis,
and clinical and imaging follow-up.

Candidate circulating biomarkers under investigation:

CIRCULATING TUMOR CELLS

CIRCULATING EXTRACELLULAR VESICLES

CIRCULATING NUCLEIC ACIDS (DNA, RNA)

CIRCULATING PROTEINS

Figure 1
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