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Abstract 

Background  Gliomas are among the most malignant tumors, with a very poor prognosis. Early diagnosis is highly 
desirable since it can help implement more effective treatments for smaller tumors, which have not yet extensively 
metastasized. Improving early diagnosis may facilitate access of patients to clinical trials and prepare them for the 
future availability of new disease-modifying treatments.

Methods  We analyzed retrospective samples collected at diagnosis (before therapy initiation), with PEA (Olink 
Proteomics), quantifying about 3000 proteins. We utilized 30 plasmas from gliomas (20 glioblastomas, 5 anaplastic 
astrocytomas, 5 anaplastic oligodendrogliomas) and 20 meningiomas (as controls). We then analyzed the data to 
identify proteins which either alone, or in combination, could discriminate gliomas from meningiomas, or correlate 
with clinical and molecular alterations.

Results  We identified 8 plasma proteins which were increased in gliomas vs. meningiomas (GFAP, NEFL, EDDM3B, 
PROK1, MMP3, CTRL, GP2, SPINT3) and 4 proteins which were decreased in gliomas vs. meningiomas (FABP4, 
ALDH3A1, IL-12B and OXT). Partition algorithms and logistic regression algorithms with two biomarkers (GFAP and 
FABP4) achieved sensitivity of 83% and 93% at 100% and 90% specificity, respectively. The strongest single marker was 
GFAP with an area under the ROC curve (AUC) of 0.86. The AUC for the GFAP-FABP4 combination was 0.98.

Conclusion  PEA is a powerful new proteomic technology for biomarker discovery. GFAP and a handful of other 
plasma biomarkers may be useful for early glioma detection and probably, prognosis.

Statement  Detecting gliomas as early as possible is highly desirable since it can significantly improve the chances of 
effective treatments. Reliable glioma biomarkers can timely inform glioma patients about the efficacy of their pre-
scribed treatment. Our results reveal some novel putative glioma markers that may prove valuable, when used alone 
or in combination, towards improved clinical care of gliomas. In order to better appreciate the potential usefulness of 
these markers, their performance needs to be further validated in a larger cohort of samples.
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Introduction
Gliomas are tumors that originate in the glial cells of 
the brain or spine [1, 2]. Gliomas comprise about 30% 
of all brain tumors and 80% are malignant. Symptoms 
of gliomas depend on which part of the central nerv-
ous system is affected. A brain glioma can cause head-
aches, vomiting, and seizures. Gliomas do not usually 
metastasize through the blood circulation but they can 
spread via the cerebrospinal fluid.

High-grade gliomas are highly vascular tumors and 
tend to infiltrate diffusely. They usually have extensive 
areas of necrosis and hypoxia. Tumor growth can cause 
a breakdown of the blood-brain barrier in the vicin-
ity of the tumor. As a rule, high-grade gliomas almost 
always recur, even after complete surgical excision. 
Low-grade gliomas grow slowly, often over many years, 
and can be followed without treatment unless they 
cause symptoms.

Gliomas are named according to the specific type of 
cell with which they share histological features, but not 
necessarily from which cell type they originate. The main 
types of gliomas are ependymomas (ependymal cells) [2] 
and astrocytomas (astrocytes). Glioblastoma multiforme 
is a malignant astrocytoma and the most common pri-
mary brain tumor among adults [1]. Oligodendrogliomas 
originate from oligodendrocytes. Mixed gliomas, such as 
oligoastrocytomas, contain cells from different types of 
glia.

Gliomas are further categorized according to their 
grade, which is determined by histopathologic evaluation 
of the tumor. The neuropathological evaluation of brain 
tumor specimens is usually performed according to the 
WHO classification of tumors of the central nervous sys-
tem, briefly as follows [3].

1. Biologically benign gliomas [WHO grade 1] are 
comparatively low risk and can be removed surgically 
depending on their location.
2. Low-grade gliomas [WHO grade 2] are well-dif-
ferentiated (not anaplastic). These tumors tend to 
exhibit benign tendencies and afford a better prog-
nosis. However, they have a uniform rate of recur-
rence and increase in grade over time, so they are 
classified as malignant.
3. High-grade gliomas [WHO grades 3–4] are undif-
ferentiated or anaplastic; these are malignant and 
carry a poor prognosis.

Treatment for brain gliomas depends on the loca-
tion, the cell type, and the grade of malignancy. Often, 
treatment combines surgery, radiation therapy and 
chemotherapy. A prolonged survival was observed 
when treating with radiotherapy and concomitant 

temozolomide [4]. Treatment with contemporary immu-
notherapy may help with some gliomas [5].

Patients with gliomas carrying mutations in either 
IDH1 or IDH2 enzymes have a relatively favorable 
survival, compared with patients with gliomas with 
wild-type IDH1/2 genes [6]. In WHO grade 3 glioma, 
IDH1/2-mutated gliomas have a median survival 
of ~ 3.5 years, whereas IDH1/2 wild-type gliomas have a 
median overall survival of 1.5 years.

Apart from the major clinical unmet need for gliomas, 
which is development of safe and effective new thera-
peutics, a number of other advances may also help the 
patients with gliomas. These include:

1. Non-invasive earlier detection of brain tumors (or 
ruling-out glioma diagnosis), preferably with a simple 
blood test (liquid biopsy), in patients with symptoms, 
before imaging and biopsy is instituted. This may 
allow triaging of patients and reduction of expensive 
imaging costs.
2. Use of non-invasive tests for patient prognosis 
and monitoring treatment success or failure. This 
will become a major issue for therapy personaliza-
tion and optimization, as new therapies become 
available.
3. Differential diagnosis of various brain tumor types 
and their grade without the need for biopsy, which 
requires craniotomy. Especially, blood-based bio-
markers can be used to identify metastatic tumors to 
the brain from unknown primaries, that look similar 
to primary brain tumors on imaging.

In this paper we used for the first time, new and revo-
lutionary technology (proximity extension assay; PEA; 
Olink Proteomics, Waltham, MA, USA) to identify novel 
serum biomarkers of brain tumors in a small cohort of 
patients, as a proof-of-principle. These candidate bio-
markers, which can non-invasively be quantified in 
plasma, need further validation with larger sets of sam-
ples before they are brought closer to the clinic.

Materials and methods
Study population, sample collection and analysis
We used the Olink Proximity Extension Assay (PEA) 
to explore panel of 3000 proteins (Olink Proteomics, 
Waltham, MA, USA) to analyze a cohort of the following 
plasmas, provided by the Northwestern University Brain 
Tumor Biobank: 20 glioblastomas, 5 anaplastic astrocy-
tomas, 5 anaplastic oligodendrogliomas and 20 men-
ingiomas (as controls). All analyses were performed at 
Olink Proteomics facilities using PEA described in detail 
elsewhere [7, 8]. The list of 3000 proteins can be found 
on the Olink Website (info@olink.com). We previously 
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validated PEA and found it to be reproducible, with CVs 
of < 20% for > 99% of the proteins [8]. After analysis, Olink 
provided an excel file consisting of 50 patients (plasma 
samples) with 3000 quantified proteins per sample 
(approximately 150,000 data points).

Some clinical information of the study participants is 
provided in (Table 1).

We used the following preliminary steps to prepare the 
data for analysis.

1.	 Protein abundances below the limit of detection 
(LOD) were set to the LOD for each protein.

2.	 After inspecting the distribution of abundances for 
each protein, log2 transformations were applied to 
normalize the data

3.	 Each protein reliability as a biomarker was tested by 
randomly allocating participants to two groups, strat-
ified by disease type (glioma vs meningioma) and 
checking for statistical differences. Proteins exhib-
iting statistical differences in random groups were 
considered unreliable (note that no proteins were 
removed via this criterion).

4.	 Additional checks revealed that some proteins were 
repeated within panels; these were removed.

For all statistical analyses, all glioma sub-types were 
included in a single glioma group due to the small num-
ber of patients in each sub-group.

Candidate biomarker selection
Volcano plots were created by calculating the difference 
in mean log-transformed abundance values between 
glioma and meningioma (log2 fold change) and plotting 
these log fold changes against p-values from t-tests com-
paring the mean differences in the log-transformed abun-
dance values. Proteins with the greatest up-regulation for 
glioma are plotted furthest to the right and those with 
the greatest down-regulation furthest to the left. Pro-
teins with fold-changes > 1 and p-values < 0.05 were high-
lighted. Given the exploratory nature of these analyses, 
no adjustment was made for multiple testing. In addition, 
proteins were screened using a non-parametric Wilcoxon 

rank sum test with a false discovery rate of 10%, in order 
to capture any additional proteins that may have large 
differences in median, but not mean values.

Additional statistical analyses
Proteins identified in the candidate selection stage were 
further limited to those with FDR-corrected p-values 
of < 0.001, to build a model to predict disease type (gli-
oma vs meningioma). A partitioning algorithm, devel-
oped at perfect specificity, was used to identify proteins 
predictive of glioma. This algorithm searches for the pro-
tein with the greatest sensitivity, conditional on achieving 
100% specificity. Partitioning continues in this manner 
on the remaining participants until the marginal sensitiv-
ity of identifying the remaining participants falls below 
50%. The final model describes cut-points for each pro-
tein that achieve perfect specificity.

A multivariable logistic regression model was fit to 
predict disease group from age and sex, to determine the 
importance of these clinical factors and univariate plots 
are provided to facilitate interpretation.

Univariate logistic regression analyses were run for 
each candidate biomarker and receiver operating char-
acteristic (ROC) curves were constructed. The area 
under the curve (AUC) was calculated, along with 95% 
confidence intervals, using bootstrap resampling with 
2000 bootstraps. A ROC curve was also constructed for 
the combination of GFAP and FABP4 from the logistic 
regression model.

Table 1  Some demographic and clinical information of study 
participants

Glioma Meningioma

Participants, n 30 20

Age at sampling, in years 21–83 21–83

Sex-female, n (%) 7 14

Sex-male, n (%) 23 3

Fig. 1  Volcano plots showing 8 up-regulated (green font) and 4 
down-regulated (red font) proteins. For more details and discussion, 
see text. GFAP was the most up-regulated protein. The horizontal 
dashed line shows the cut-off p value
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Survival analysis
There have only been five recorded deaths in this cohort 
at the time of analysis, so the sample is not well-powered 
to examine differences in survival status. For survival 
analysis, the seven cases with unknown survival status 
were treated as censored at the last known date of sur-
vival, similar to those known to have survived. Kaplan-
Meier survival curves were then constructed to show the 
effect of each of the recorded molecular alterations on 
patient survival.

Examining the effect of GFAP concentration on overall 
survival
A stratified Cox proportional hazard model was 
used to determine the risk of death associated with 
increased GFAP level, controlling for age and stratifying 

by diagnosis (glioma vs meningioma) to control for 
confounding.

Results
Volcano plot
Up-regulated or down-regulated proteins refer to pro-
teins that were increased (green font) or decreased 
(red font) in plasma of glioma vs meningioma patients 
(Fig. 1). We identified eight up-regulated and four down-
regulated proteins, with GFAP displaying the most pro-
nounced up-regulation. Table  1 presents the AUC for 
these 12, and three additional proteins: LMOD1, IDO1 
and IL-8 (CXCL-8) which have previously been linked to 
glioma.

Wilcoxon Rank Sum tests did not highlight any proteins 
in addition to the volcano plot. Examples of boxplots for 

Fig. 2  Box-plots of four representative proteins. One protein is down-regulated in gliomas (ALDH3A1) and 3 are up-regulated in gliomas (GFAP, 
NEFL and PROK1). Wilcoxon-Rank Sum p values were < 0.1 in all cases. For more details see text
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four representative proteins (GFAP, ALDH3A1, NEFL 
and PROK1) are shown in (Fig. 2).

Clinical predictors
Multivariate logistic regressions were performed to 
determine if diagnosis was related to either patient age 
or sex. As expected, we found that sex, but not age, was 
associated with males more likely to have glioma and 
females more likely to have meningioma (Fig. 3).

GFAP, FABP4 and other proteins
GFAP was the strongest predictor of disease status. Can-
didate proteins were plotted against GFAP to determine 
if there were proteins that could potentially improve 
GFAP’s prediction. Prediction was improved the most, by 
combining GFAP with FABP4. Interestingly, this model 
also aggregates the glioma cases by sub-type, with glio-
blastomas having high GFAP, meningiomas having low 
GFAP and high FABP4 [9, 10], while anaplastic astrocy-
tomas and oligodendrogliomas display both low FABP4 
and low GFAP (Fig.  4A). At 100% specificity (correct 
prediction of all 20 meningiomas) the sensitivity (correct 
prediction of gliomas) was 25/30 or 83%.

Logistic regression
We fit a logistic regression model with GFAP and FABP4. 
The prediction was slightly better but at the expense of 

specificity. More specifically, we correctly classified 18/20 
meningiomas (specificity of 90%) and 28/30 gliomas 
(sensitivity of 93%). (Fig.  4B) illustrates the classifica-
tion via logistic regression, with cases to the right of line 
predicted to be gliomas. The four misclassified cases are 
circled.

Univariate logistic regression analyses were run for 
each candidate biomarker and receiver operating char-
acteristic (ROC) curves were created. The area under the 
curve (AUC) was calculated, along with 95% confidence 
intervals. A ROC curve was also constructed for the com-
bination of GFAP and FABP4 from the logistic regression 
model. (Fig. 5) shows the respective ROC curves. GFAP 
alone had an AUC of 0.86 and the GFAP-FABP4 combi-
nation had an AUC of 0.98. The AUCs and confidence 
intervals of all identified candidate biomarkers are shown 
in (Table 2).

Survival analysis according to GFAP levels
Figure 6 shows the log-GFAP intensities for the diagnos-
tic groups, according to their survival status. The hori-
zontal line is the median GFAP, which is highly correlated 
with disease type. A multivariable Cox model [11] con-
trolling for age indicates a non-significant increased risk 
of death with higher GFAP levels. The hazard ratio (HR) 
and 95% confidence interval (CI) for high GFAP vs low 
GFAP was 1.61 (95% CI 0.71, 3.66; p = 0.26), while for age 
the HR was 0.98 (0.89, 1.09; p = 0.72).

Fig. 3  Age was not significantly different between patients with glioma or meningioma (left panel, p = 0.54) but glioma was most frequent in 
males than in females (p < 0.001). For comments see text
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Effect of molecular changes on survival
Figure  7 shows Kaplan-Meier survival curves accord-
ing to various molecular indices for gliomas. Due to the 
small number of cases and death events, statistical power 
was low, and p-values were not significant. However, the 
observed trends are in accord with what is known about 
patient survival and glioma molecular changes [6].

Discussion
In this exploratory analysis, we used the highly sensitive 
PEA technology to analyze plasma samples collected 
from glioma patients before therapy and compared 
the results with age- and sex-matched control patients 
with meningiomas. The details of the PEA technology 
are described in our recent review [7]. Our laboratory 
has previously frequently used other proteomic tech-
nologies, such as mass spectrometry (MS) and ELISA 
for biomarker discovery [12–15] and we are in a good 
position to compare PEA, ELISA and MS technologies. 

Mass spectrometry multiplexing allows simultaneous 
analysis of 50–100 proteins by multiple reaction moni-
toring (MRM) [12], significantly less than PEA (> 3000 
proteins measured in parallel). Also, MS suffers from 
low precision (CVs ~ 30–60%) for direct serum analy-
sis. PEA precision is much better at 10–15%. Individual 
ELISA assays usually require 100 ul sample volume per 
assay (or, by extrapolation, 100  mL for 1000 assays, a 
volume which is unrealistic in clinical practice). PEA 
requires only 15 uL of sample for > 3000 assays. PEA is 
more specific than single ELISAs using the same anti-
bodies due to dual recognition of both antibodies and 
nucleotides [7]. To summarize, PEA is a new, ultra-
sensitive, highly specific and precise technology that 
requires no sample pre-treatment and can be highly 
multiplexed with minimal sample volume require-
ments. These properties qualify PEA as superior to LC/
MS/MS and single ELISAs for liquid biopsy-based bio-
marker discovery applications.

Fig. 4  Combination of GFAP and FABP4 for discriminating gliomas (red circles) from meningiomas (blue dots) Anaplastic astrocytomas (red crossed 
diamonds) and anaplastic oligodendrogliomas (red double diamonds) are also shown. A: The vertical dashed line shows GFAP cut-ff at 100% 
specificity for gliomas and the horizontal dashed line shows FABP4 cut-off at 100% specificity for meningiomas. This model also aggregates the 
glioma cases by sub-type with glioblastomas having high GFAP, meningioma having low GFAP and high FABP4, while anaplastic astrocytomas and 
oligodendrogliomas display both low FABP4 and low GFAP [9, 10]. At 100% specificity (correct prediction of all 20 meningiomas) the sensitivity 
(correct prediction of gliomas) was 25/30 or 83%. B: Classification using logistic regression. We correctly classified 18/20 meningiomas (specificity of 
90%) and 28/30 gliomas (sensitivity of 93%). The misclassified cases (two gliomas and two meningiomas) are circled
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To our knowledge, our work is the first demonstration 
of the use of this technology for glioma biomarker discov-
ery. Most of the identified candidates have been shown 
in the past to have some relationship to gliomas/brain 
tumors, suggesting that our findings are unlikely to rep-
resent false discovery and are quite relevant to gliomas.

In this study, we found associations between glioma 
and several candidate plasma biomarkers. GFAP had the 
highest discriminatory potential between gliomas and 
meningiomas (Fig.  1), followed by several other candi-
dates (Table 2).

The combination of just two markers (GFAP and 
FABP4) results in a ROC curve with an AUC of 0.98 
(Fig. 5). Due to the small number of patients, these data 
should be interpreted with caution until they are inde-
pendently validated with a larger number of patients.

For a long time, the structural role of GFAP in astro-
cytes [the main type of glial cells in the central nervous 
system (CNS)] was acknowledged [16]. More recently, 
GFAP has been demonstrated to be involved in numer-
ous astrocyte functions. [17, 18]. After brain surgery, 
in the early stages of recovery, it has been found that 
GFAP increases in response to astrocytic reaction to 
the brain injury [19].

Recent emerging evidence supports the involvement 
of GFAP in glioblastoma multiforme (GBM). Serum 
GFAP was significantly increased in Grade 4 glioma 
and was detected in 63% of all Grade 4 patients com-
pared to 13% of healthy controls, [20] indicating that 
glioma patients had higher GFAP levels, in accord-
ance with our findings. [21, 22] Serum GFAP correlates 
with invasiveness and malignancy in astrocytomas and 

Fig. 5  ROC curve for the combination of GFAP and FABP4 by logistic regression and ROC curves for the best four candidate biomarkers. The AUCs 
for all identified candidates are shown in Table 1. For discussion see text
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high-grade gliomas, compared to lower grade glio-
mas [16, 17]. Based on the Human Protein Atlas [23] 
GFAP is a highly brain-enriched protein (with very high 
expression in the central nervous system). Within the 
brain tissue, GFAP is expressed by the cerebral cor-
tex, cerebellum, choroid plexus, basal ganglia, (hypo) 
thalamus, midbrain, pons, medulla oblongata, hip-
pocampus, white matter, and amygdala, as well as in the 
spinal cord. High levels of GFAP are also seen in mouse 
brains. On the contrary FABP4, according to the same 
database [24] is mostly expressed by connective and 
soft tissues (mostly adipose tissues), followed by the 
Respiratory System and Female Tissues. Thus, GFAP is 
a potential biomarker and possible therapeutic target 
for gliomas.

Another well-known glioma biomarker is NEFL (Neu-
rofilament light polypeptide) also known as neuro-
filament light chain, a potential tumor suppressor [25]. 
NEFL is involved in a variety of common human cancers 
such as breast, prostate, and head and neck cancers [26]. 
Serum NFL concentration was higher in patients with 
CNS tumors with disease in progression versus CNS 
tumors with stable disease [27]. In addition, serum NFL 
was higher in patients with metastatic solid tumors with 
known brain metastases than in those with metastatic 
tumors with no brain metastases [27].

Fatty acid-binding protein 4 (FABP4) is one of ten 
intracellular small molecular weight proteins that make 
up the FABP family [28, 29] and is found in adipose tis-
sue, peripheral macrophages, and microglia [30]. Fur-
thermore, it is not found in normal brain blood vessels, 

although it has been found in certain endothelial cells 
or tumor cells in benign and malignant meningiomas 
[10, 31]. FABP4 has a role in carcinogenesis in menin-
giomas by stimulating cell proliferation in a cell type-
independent way. In this connection, rapamycin, a 
well-known inhibitor of the mTOR pathway, which is a 
master regulator of cell growth and metabolism, inhib-
its FABP4 production in endothelial cells [32]. FABP4 is 
expressed in a significantly higher percentage of GBMs 
in comparison to both normal brain tissues and lower-
grade glial tumors. Data suggest that FABP4 may play 
a role in angiogenesis associated with GBMs. Another 
study analyzed FABP4 expression in a cohort of paraf-
fin-embedded meningioma specimens by immunohis-
tochemistry and double immunofluorescence analyses 
[9]. These results demonstrate that FABP4 is commonly 
expressed in meningioma vascular endothelial cells 
while tumor cell expression of FABP4 is primarily 
observed in anaplastic meningiomas. A combination of 
FABP4 immunostaining with histopathologic grading 
might provide a more accurate prediction of the bio-
logical behavior of meningiomas than histopathologic 
grading alone [31, 32].

MMP3 is involved in cell migration. PDGFR-alpha 
induces MMP3 gene expression and increased cell pro-
liferation and cell migration upon stimulation by plate-
let-derived growth factor (PDGF). The induction of 
expression of MMP3 in glioblastoma cells triggers a cas-
cade of gene expression, resulting in decreased cell adhe-
sion and migration [33–35].

High plasma interleukin-8 (IL-8) was associated with 
short progression-free survival in newly diagnosed 
patients with Glioblastoma Multiforme (GBM). IL-8 was 
mostly secreted and expressed by mesenchymal GBM 
cell lines and expressed by vascular cells and immune 
cells. High plasma IL-8 at surgery was associated with 
short OS in newly diagnosed GBM [36].

Prokineticin 1 (PROK1) is a relatively conserved 
hypoxia-induced small protein mostly known for its abil-
ity to induce proliferation, migration and fenestration in 
the context of angiogenesis, pain perception and neu-
rogenesis [37]. In a recent glioma biomarker discovery 
study, PROK1 expression in glioma tissue was found to be 
significantly higher than that in normal tissue (P < 0.05) 
with higher expression in high grade gliomas compared 
to low grade ones. Interestingly, glioma patients with 
higher PROK1 expression had a significantly shorter pro-
gression-free survival time further suggesting putative 
prognostic value of PROK1 in human gliomas [38].

Aldehyde dehydrogenase 3A1 (ALDH3A1) is a brain 
expressed (midbrain, hypothalamus) drug metabolizing 
protein that has been implicated in temozolomide-medi-
ated resistance of glioma tumors [39]. Down-regulation 

Table 2  Areas under the curve (AUC) and 95% confidence 
intervals (CI) for all identified biomarkers in this study1

AUC​ Area under the ROC Curve, CI 95% confidence intervals

Biomarker AUC​ CI

GFAP 0.86 0.76, 0.95

NEFL 0.81 0.68, 0.92

PROK1 0.80 0.67, 0.92

ALDH3A1 0.80 0.66, 0.91

EDDM3B 0.78 0.64, 0.90

SPINT3 0.77 0.62, 0.90

FABP4 0.77 0.63, 0.88

CTRL 0.74 0.59, 0.87

MMP3 0.73 0.58, 0.86

OXT 0.69 0.52, 0.85

GP2 0.68 0.53, 0.82

IL12B 0.66 0.50, 0.80

LMOD1 0.57 0.41, 0.73

CXCL8 0.52 0.36, 0.69

IDO1 0.46 0.29, 0.64
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of aldehyde dehydrogenase activity via Wnt/beta-catenin 
signaling blockade has been recently proposed as a pos-
sible means of reducing ALDH-mediated resistance to 
temozolomide (the chemotherapeutic drug currently 
used as standard treatment for glioblastoma) [40].

Interleukin 12 is a broad acting cytokine and a potent 
proinflammatory cytokine that is expressed by activated 
macrophages and acts as an essential inducer of Th1 
responses. It is expressed in human brain (basal ganglia, 
hypothalamus, midbrain) and its expression in the con-
text of glioma pathology it has been found to be mediated 
via insulin-like growth factor (IGF)-1 signaling networks 
[41]. Of note, a recent comprehensive transcriptome 
analysis of GBM microarray and data from The Cancer 
Genome Atlas (TCGA) database revealed interleukin 12 

as a direct target certain microRNAs involved in GBM 
development [41].

Indoleamine 2, 3-dioxygenases 1 (IDO-1) is a trypto-
phan catabolizing enzyme that permits the conversion of 
tryptophan into kynurenine, a pathway with clear immu-
nosuppressive functions. IDO1 targeting has emerged as 
a novel therapeutic opportunity in modern cancer immu-
notherapy [42]. Interestingly, while IDO1 is not generally 
expressed in the adult central nervous system, most of 
GBM patients do express significant levels of IDO1 [43]. 
Accumulating evidence highlight an important putative 
role for IDO1 in regulating tumor immunological escape 
in brain tumors [44, 45].

For the other identified candidate biomarkers 
(EDDM3B, LMOD1, GP2, SPINT3, CTRL, OXT) there 

Fig. 6  This plot shows the log-GFAP intensities for the diagnostic groups, colored by their survival status. The horizontal line is the median GFAP 
concentration. For comments see text
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Fig. 7  Kaplan-Meier survival curves of glioma patients according to molecular changes shown. For more discussion see text
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is no specific literature linking them to gliomas or other 
brain tumors.

Similar to our own findings, the incidence of meningi-
omas is higher in females than males (Fig.  3) [31]. One 
of the reasons could be that in females, endogenous sex 
hormone levels are significantly higher during childbear-
ing years [46]. Also, according to one of the previous 
studies, the risk of meningioma has increased because of 
reproductive variables or using exogenous sex hormones 
[47]. Also, according to previous studies, males have a 
higher incidence for glioma than females although this is 
not important in the pathological diagnosis and clinical 
treatment [48].

There are important limitations to this study, mainly 
due to the small number of patients. Consequently, these 
results need to be further validated in a larger cohort 
of samples. Specifically, the nature of the interaction 
between GFAP and FABP4 and its role in glioma diagno-
sis and prognosis requires further study.

Conclusions
Overall, our results indicate that GFAP and a handful of 
other proteins could be valuable non-invasive biomarkers 
for glioma, but additional validation studies are needed. 
We anticipate that by using these biomarkers, alone or 
in combination, gliomas could be diagnosed and treated 
earlier, when the tumors are smaller, more sensitive to 
treatment, and have not yet widely metastasized.
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