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Simple Summary: Despite crucial scientific advances, Glioblastoma (GB) remains a fatal disease with
limited therapeutic options and a lack of suitable biomarkers. The unveiled competence of the brain
immune system together with the breakthrough advent of immunotherapy has shifted the present
translational research on GB towards an immune-focused perspective. Several clinical trials targeting
the immunosuppressive GB background are ongoing. So far, results are inconclusive, underpinning
our partial understanding of the complex cancer-immune interplay in brain tumors. High throughput
Magnetic Resonance (MR) imaging has shown the potential to decipher GB heterogeneity, including
pathologic and genomic clues. However, whether distinct GB immune contextures can be deciphered
at an imaging scale is still elusive, leaving unattained the non-invasive achievement of prognostic
and predictive biomarkers. Along these lines, we integrated genetic, immunopathologic and imaging
features in a series of GB patients. Our results suggest that multiparametric approaches might
offer new efficient risk stratification models, opening the possibility to intercept the critical events
implicated in the dismal prognosis of GB.

Abstract: Background: The aim of the present study was to dissect the clinical outcome of GB patients
through the integration of molecular, immunophenotypic and MR imaging features. Methods: We
enrolled 57 histologically proven and molecularly tested GB patients (5.3% IDH-1 mutant). Two-
Dimensional Free ROI on the Biggest Enhancing Tumoral Diameter (TDFRBETD) acquired by MRI
sequences were used to perform a manual evaluation of multiple quantitative variables, among which
we selected: SD Fluid Attenuated Inversion Recovery (FLAIR), SD and mean Apparent Diffusion
Coefficient (ADC). Characterization of the Tumor Immune Microenvironment (TIME) involved the
immunohistochemical analysis of PD-L1, and number and distribution of CD3+, CD4+, CD8+ Tumor
Infiltrating Lymphocytes (TILs) and CD163+ Tumor Associated Macrophages (TAMs), focusing on
immune-vascular localization. Genetic, MR imaging and TIME descriptors were correlated with
overall survival (OS). Results: MGMT methylation was associated with a significantly prolonged OS
(median OS = 20 months), while no impact of p53 and EGFR status was apparent. GB cases with high
mean ADC at MRI, indicative of low cellularity and soft consistency, exhibited increased OS (median
OS = 24 months). PD-L1 and the overall number of TILs and CD163+TAMs had a marginal impact
on patient outcome. Conversely, the density of vascular-associated (V) CD4+ lymphocytes emerged
as the most significant prognostic factor (median OS = 23 months in V-CD4high vs. 13 months in
V-CD4low, p = 0.015). High V-CD4+TILs also characterized TIME of MGMTmeth GB, while p53mut

appeared to condition a desert immune background. When individual genetic (MGMTunmeth), MR
imaging (mean ADClow) and TIME (V-CD4+TILslow) negative predictors were combined, median
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OS was 21 months (95% CI, 0–47.37) in patients displaying 0–1 risk factor and 13 months (95% CI
7.22–19.22) in the presence of 2–3 risk factors (p = 0.010, HR = 3.39, 95% CI 1.26–9.09). Conclusion:
Interlacing MRI–immune–genetic features may provide highly significant risk-stratification models
in GB patients.

Keywords: glioblastoma; tumor immune microenvironment (TIME); magnetic resonance
imaging (MRI)

1. Introduction

The growth characteristics and spread dynamic coupled with treatment resistance
make glioblastoma (GB) among the deadliest of all cancers, with a median survival
rate of 14–16 months despite intensive regimens including surgery, radiotherapy, and
chemotherapy [1,2].

The imperative need for prognostic and predictive markers of this lethal disease has
substantially prompted the clinical and molecular characterization of GB, leading to the
discovery of key genetic alterations, included in the last updated WHO classification, which
are now guiding the current therapeutic strategies of brain tumors [3,4]. The identification of
IDH-1 gene mutation endowed with a favorable prognostic value [5,6], and the observation
that MGMT-gene methylation confers sensitivity to temozolomide-based chemotherapy
have represented a breakthrough in the clinical management of GB [7–9]. Other gene
alterations involving EGFR [10], p53 [11], ATRX and PTEN [12] have added new insights
in the pathobiology of GB, although their significance and translation in a clinical setting
has not been fully established.

To pursue the path towards novel reliable prognostic markers in GB, focus has recently
been shifted to immune-centered cues, partly as a reflection of the bursting advent of
Immune Checkpoint Inhibitors (ICIs) in the therapeutic scenario of solid and hematologic
malignancies. The considerable number of reported and ongoing clinical studies on GB
immunotherapy [13] has been promoted by advanced knowledge on the anatomical and
functional aspects of the brain immune system. Specifically, the claimed documentation of
brain lymphatics [14,15] and the notion that, in addition to macrophages and dendritic cells,
resident populations of microglial cells display antigen presenting cell (APC) properties [16],
strongly support the GB immunity cycle as a potential therapeutic target. Attempts to treat
the disease with ICIs have substantially failed to achieve a durable response, highlighting
the long-lasting knowledge on the distinctive characteristics of the brain immune contex-
ture and its neoplastic counterpart [17,18]. While the Tumor Immune Microenvironment
(TIME) in GB has been generally ascribed as immunosuppressive [16], recent findings have
called into question whether the prominent incidence of Tumor Associated Macrophages
(TAMs) exclusively exerts a negative role or whether Tumor Infiltrating Lymphocytes (TILs)
consistently contribute to a clinically favorable TIME [19,20]. In addition, as the complex
GB cytoarchitecture is a critical factor for tumor progression and patient outcome, the
cross-talk between immune cells and vascular structures is under intense scrutiny [21].
Thus, more reliable prognostic factors may be obtained by the assessment of the relative
proportion and topographical distribution of different immune phenotypes within the
TIME [22].

Great efforts have been also addressed to GB imaging techniques able to provide
clinically meaningful elements through the extraction of defined parameters from Magnetic
Resonance Imaging (MRI) [23–25]. First, morphologic imaging can provide several details
regarding tumor heterogeneity, hypercellularity, blood–brain barrier disruption, necrosis,
hemorrhagic foci, mono or multifocal lesions and mismatch FLAIR/T2. Moreover, quanti-
tative multimodal imaging with perfusion techniques and spectroscopy can add important
aspects such as tumor margins invasion, vasculature patterns, permeability and evaluation
of metabolites within the lesion (i.e., 2-Hydroxyglutarate related to IDH1 mutation) through
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radiomic studies [23,26]. Furthermore, over the last few years, there has been growing
interest towards artificial intelligence to images microstructure analysis and the extraction
of quantitative variables potentially linked to biomolecular and prognostic cues [25,27,28].
For example, mean apparent diffusion coefficient (mean ADC), which directly correlates
to the more solid or liquid consistency of the tumor, has been documented as a potential
predictor of tumor grade and patient prognosis [29,30]. Conversely, limited investiga-
tions are available on the potential association of radiomic with TIME parameters, leaving
underexplored the possibility to non-invasively decode the key immune characteristics
underpinning survival outcome and therapy resistance in GB patients [31,32].

Along these lines of investigation, we carried out a multiparametric analysis on 57 GB
cases to determine whether clinico-pathological, biomolecular and MR imaging features
reflect specific immune contextures, with the ultimate aim to offer prognostically relevant
radio-immune signatures.

2. Materials and Methods
2.1. Patient Population

Data were retrospectively analyzed on patients diagnosed and surgically treated for
Glioblastoma at the University Hospital of Parma (Medical Oncology, Neuroradiology and
Neurosurgery Units) between January 2012 and January 2018. The clinico-pathological
characteristics of our patient population are summarized in Table 1, while the clinical
course of each patient is illustrated by the swimmer plot (Figure 1).

Table 1. Patient population.

Total (n = 57)

Age, years (Median, range) 63 (41–82)
Overall Survival (OS, median, range) 15 (1–87)

n (%)
Sex Male 33 (58)

Female 24 (42)
ECOG PS 0–1 53 (93)

2 4 (7)
Site of primary lesions Frontal lobe 26 (45)

Temporal lobe 50 (35)
Parietal 5 (9)

Occipital 4 (7)
Cerebellar 1 (2)

Deep 1 (2)
Number of lesions at diagnosis Single 45 (79)

Multiple 12 (21)
Genetic-molecular status

IDH1-2 * WT 53 (88)
Mutant 3 (5)

EGFR Not overexpressed 32 (56)
Overexpressed 25 (44)

p53 WT 22 (44)
Mutant 35 (56)

MGMT Not methylated 31 (54)
Methylated 26 (46)

First-line treatment STUPP protocol 49 (86)
Other protocols (RT alone; RT → CT) 8 (14)

Second-line treatment Yes 12 (21)
No 45 (79)

ECOG: Eastern Cooperative Group Performance Status; IDH: Isocitrate dehydrogenase; EGFR: Epidermal Growth
Factor Receptor; MGMT: O6-methylguanine-DNA methyltransferase; RT: Radiotherapy; CT: Chemotherapy. * In
one patient the data was not available.
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Figure 1. Patient clinical course. Swimmer plot to illustrate patient clinical course, including the
main oncological events: surgery (yellow circle), first line treatment (start—red triangle; end—black
triangle), disease progression (PD, red cross) and eventual second line treatment (green square). At
data cut-off, 3 patients were still alive (black arrow). To be noted: MRI date are not plotted because
essentially overlapping with surgery, as MRI was performed within 5 days prior to surgery.

Most patients were treated with standard procedures mainly consisting of surgery,
STUPP protocol including chemotherapy (CHT) plus radiotherapy (RT) and maintenance
CHT with Temozolomide. The vast majority of patients were from the Oncology Unit of
University Hospital of Parma, while a few were from Piacenza and Reggio Emilia Hospitals.

GB patients who fulfilled the following criteria were included in the present study:

1. Availability of tissue specimens as a result of surgical resection or biopsy;
2. Histopathological diagnosis of glioblastoma made by an expert pathologist;
3. Molecular and immunophenotypic characterization of pathologic specimens;
4. Data derived from MRI pre-surgical images (either on 1.5T or 3T);
5. Availability of complete clinical records;
6. Set date of last follow-up if the patient(s) was still alive on 30 September 2021.

Patients were enrolled after informed consent and the study was performed following
the approval from the ethical committee (1116/2019/OSS*/AOUPR) and in accordance
with Helsinki principles.

2.2. Genetic-Molecular Analysis (MGMT, IDH1, p53, EGFR, ATRX)

MGMT methylation: biopsy specimens were treated and analyzed by an expert pathol-
ogist (P.C.) at the University-Hospital of Parma. MGMT methylation status was evaluated
by end-point amplification of the extracted DNA and genotypization and allelic quantifi-
cation of the sequence of interest. A consistent group of patients (n = 28) were evaluated
with methylation specific PCR (MSP), as the study leads back to a time before the adoption
of routine pyrosequencing analysis (PSQ) of MGMT. PSQ was then adopted for MGMT
analysis of the remaining 29 cases using PyroMark Q96 ID Instrument (Qiagen SRL, Milan,
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Italy). General guidelines published in the literature [33] were adopted to interpret the
results and samples were considered methylated if >9%.

IDH, ATRX, EGFR and P53 were detected by immunohistochemistry (IHC) according
to standard procedures employed for diagnostic pathology (OptiView DAB IHC Detection
Kit—Ventana Medical Systems). Briefly, sections from formalin- fixed-paraffin-embedded
(FFPE) samples were treated with 3% H2O2 for 5 min at room temperature (RT) to block
endogenous peroxidase. For antigen unmasking, slides were heated in sodium citrate
buffer (10 mM sodium citrate, pH 6.0) for 15 min at 100 ◦C. After washing with phosphate-
buffered saline, sections were immunostained with anti-human IDH1-R132H antibody
(H09, Ventana) or anti-human ATRX antibody (ab97508, Abcam), and incubated at 4 ◦C
over night. CONFIRM anti-EGFR (5B7, Ventana) rabbit monoclonal antibody was used to
quantitatively detect the presence of EGFR overexpression within the specimens. Anti-p53
primary antibody (Bp53.11, Ventana) was used to detect the overexpression of the phospho-
protein. Ultraview universal DAB detection kit was applied to reveal immunoreactions.

Negative controls consisted of samples subjected to the same immunohistochemical
procedure in which the primary antibody was omitted.

Data were qualitatively and quantitatively revised by an expert pathologist (P.C.).

2.3. Immunohistochemical Analysis of TIME

An extensive characterization of TIME was carried out on 32 GB samples and involved
the analysis of Tumor Infiltrating Lymphocytes (TILs), Tumor Associated Macrophages
(TAMs) and PD-L1 levels of expression.

Tissue sections (5 µm thick) from FFPE blocks containing representative tumors were
processed for IHC.

The density and distribution of immune cells and the expression of PD-L1 (Supplementary
Figure S1) were evaluated using a computerized image analysis system (Nanozoomer-Digital-
Pathology apparatus, Hamamatsu Photonics). Photomicrographs covering the entire neoplastic
area were digitally obtained and recorded for later analysis, allowing large-scale histological
evaluation with high precision across each sample. Necrotic and hemorrhagic areas were
excluded from counting to avoid potential artifacts due to unspecific staining. Distinctive
and consistent areas displaying clear tumor margins could be detected in only 30% of cases,
preventing a suitable assessment of TILs incidence at the cancer/brain interface.

- TILs were analyzed by the immunohistochemical detection of CD3, CD8 and CD4.
Immunoperoxidase was performed by an automated staining system (OptiView DAB
IHC Detection Kit—Ventana Medical Systems) using antibodies against CD3 (clone
2GV6), CD8 (clone SP16) and CD4 (clone SP35). We adopted the basic morphometric
principle by counting the number of positive cells in the microscopic fields of the
defined area. Only small, mostly round shaped, nucleated cells with intense surface
immunoperoxidase labelling were considered, while cells with elongated cytoplasm
or faint staining were excluded. Thus, the density (n/mm2) of CD3+, CD8+, and
CD4+ cells was computed analyzing a tissue area of a minimum of 6.83 mm2 to a
maximum of 254.99 mm2 according to the size and quality of samples. The incidence
of TILs phenotypes was evaluated according to their localization in direct contact with
neoplastic cells (intratumoral, IT) or in perivascular (PV) or intravascular (IV) location.
TILs localized within 20 µm linear distance from vascular profiles were defined as PV
while IV when lymphocytes were endowed within the vessel wall. The cut off distance
of 20 µm was selected according to the conventional view that it represents a minimal
distance allowing a bio-humoral cross talk. Vascular profiles were morphologically
identified, however, to better define their interaction with TILs, sections were stained
automatically (OptiView DAB IHC Detection Kit—Ventana Medical Systems) with
anti-CD31 (mouse, Ventana) and -CD34 (mouse, Ventana) antibodies or manually with
α-smooth muscle actin (SMA) (mouse, Abcam, 1.5 h at 37 ◦C) antibodies. In addition,
to ascertain TILs localization with respect to vascular profiles, CD4 and α-SMA were
simultaneously detected by double immunofluorescence in a subset of samples. To
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this purpose, following incubation for 1 h at 37 ◦C with respective primary antibodies,
FITC- and TRITC-conjugated secondary antibodies were applied for 1 h at 37 ◦C and
nuclei were visualized following 20 min exposure to 4′,6-Diamidino-2-phenylindole
(DAPI; D8417, Merck, NJ, USA). Examples of the immunohistochemical detection of
each investigated phenotype and its spatial distribution within the tissue are provided
in Supplementary Figure S2.

- TAMs were detected by immunoperoxidase through an antibody directed against
CD163 (clone MRQ-26). Due to the irregular and wavy profile of macrophages hamper-
ing the precise definition of individual cells, we measured the fractional area occupied
by CD163 immunolabeling using a software dedicated to image analysis (Image Pro
Plus 4.0, Media Cybernetics, Rockville, MD 20852, USA).

- PD-L1 was assessed by a specific antibody (clone SP263) and quantified using an
algorithm to obtain the tumor PD-L1 score (H-score; 0–300) on the basis of both extent
and intensity of PD-L1 staining [34]. PD-L1 expression was also measured in stromal
compartments by a semi-quantitative approach using a grading score from 0 to up to
3+ according to staining intensity.

- Controls for each investigated antigen were represented by sections undergoing the same
staining protocol but omitting the primary antibody or using an indifferent antibody.

2.4. MRI-Based Texture Analysis

The entire population of 57 patients enrolled in the study had a brain MRI scan before
surgery. The study protocol consisted of the acquisition of the same sequences between
studies: T1 3D before and after the administration of contrast medium, Axial FLAIR 4 mm,
Axial GRE 4 mm sequence, Axial T2 4 mm, Axial DWI with EPI technique with B values
between 0–1000 Gs. Computation of the ADC map with quantitative values in mm2/s
was also performed. Two MRI scanners were used: a 3.0 T system in 36 patients (63%)
and 1.5T System in 21 patients. Using a GE software of synchronization (Ready-View),
an expert Neuroradiologist manually outlined a bidimensional free ROI on the widest
tumoral enhancing axial diameter on T1 post-contrast sequence and then cloned it on the
other three sequences (FLAIR, ADC, GRE). From the bidimensional ROI were extracted
the following parameters: maximum tumor area (mm2), SD FLAIR, mean ADC (mm2/s)
and SD ADC (mm2/s) values. The rationale behind the MRI characterization is that SD
ADC and FLAIR are directly related to tissue heterogeneity within the tumor, as the SD
value itself is a measurement of the dispersion of values around the mean, and statistically
correlates with the homogeneity or heterogeneity of the set itself [35]. Moreover, mean
ADC correlates with the mobility of water molecules within a lesion, which is linked to the
structural features (being either more “solid” or “soft”) of the mass itself [35].

2.5. Statistical Analysis

OS and PFS were estimated according to the Kaplan–Meier method. OS was defined
as the interval from the date of surgery to the date of death or to the date of last follow-up
for alive patients. PFS was defined as the interval from the date of surgery to the date of
radiological/clinical progression or death due to any cause, whichever occurred first, or to
the date or last follow-up visit for patients alive without disease progression.

Cut-off for survival analysis was set at 30 September 2021. Median follow-up was
calculated according to the so-termed “reverse Kaplan–Meier” (Kaplan–Meier estimate of
potential follow-up) technique [36]. Log-rank test (Mantel-Cox) was applied to evaluate
statistical differences in OS and PFS between groups. Survival data were then analyzed
through Cox uni- and multivariate proportional hazards regression models and results
expressed as hazard ratios (HR), 95% CI and p values. The multivariate models were fitted,
including the covariates which were statistically significant in the univariate model.

The Fisher’s exact test was used to examine the differences between categorical vari-
ables while the Mann–Whitney U test or Kruskal–Wallis to detect differences in continuous
variables between groups of patients, given that the distribution of data was not normal
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(Kolmogorov– Smirnov test). Classification and regression tree (CART) analysis identified
specific cut-off values that segregated patients by clinical outcomes.

p value of 0.05 was set as a threshold of statistical significance. To minimize the risk of
multiplicity, the Bonferroni correction test was applied to all our multiple comparisons.

IBM SPSS Statistics v 25.0 (IBM) and Stata 13 with Cart module (Statacorp) were used
to perform all computational analyses.

3. Results
3.1. Patients Characteristics

The study population included 57 subjects affected by glioblastoma and admitted to
our Institution from January 2012 through January 2018. Median age was 63 years (range:
41–82), with a slight male prevalence (57.9%) (Table 1).

At MRI, the vast majority of cases presented a single tumor lesion (78.9%) and most
primary tumor sites were frontal (45.6%) and temporal (35.1%), while parietal (8.8%),
occipital (7%), cerebellar (1.8%) and deep (1.8%) lobes were significantly less represented.

With a median follow up of 51.5 months (95% CI 29.9–73.2), median OS of our patient
population was 16.1 months, ranging from 4.6 to 87 months, while median PFS resulted in
6.3 months (95% CI 3.2–9.4).

3.2. Correlations between Genetic, MRI and TIME Characteristics

Most GB cases resulted in IDH1-2 wt (87.7%) while p53 mutation was detected in more
than 60% of cases (Table 1).

As reported in Table 2, mean ADC values ranged from 0.657 to 3.430 × 10−3 mm2/s,
while SD ADC values from 0.32 to 9.15 × 10−4 mm2/s (median: 2.95 × 10−4 mm2/s)
and SD FLAIR from 0.12 to 7.38 × 10−4 (median: 1.12 × 10−4). Furthermore, we found a
significant relationship between SD ADC and IDH1 mutation, since higher SD ADC values
were documented in IDH1 mutant cases (p = 0.028). No significant associations between
MGMT methylation status and MRI findings were detected.

Table 2. MRI Texture Analysis.

MRI Systems n (%)

- 1.5 T 21 (37)
- 3 T 36 (63)

Median Range
Max area of tumor
enhancement, mm2 1183.95 229.7–3030.20

Mean ADC, mm2/s 1.2 × 10−3 0.65–3.43 × 10−3

SD ADC, mm2/s 2.95 × 10−4 0.32–9.15 × 10−4

SD FLAIR, n 111.80 12.20–738.10
MRI: Magnetic Resonance Imaging; ADC: Apparent Diffusion Coefficient; SD: Standard Deviation; FLAIR:
Fluid-attenuated inversion recovery.

The tissue density (n/mm2) of T-cell populations, as assessed by IHC, largely reflected
the expected incidence according to their phenotype, with a higher representation of CD3+
T cells over a similar lower fraction of CD4+ and CD8+ lymphocytes. When TILs were
quantified according to the different location within TIME, we observed that 74.5% of the
overall number of CD3+ T cells were in contact with GB cells (IT), while the remaining
were associated with vascular structures.

Accordingly, 19.4% and 18.7% of the overall number of CD4+ and CD8+ lymphocytes,
respectively, were located at vascular sites where a higher CD4-to-CD8 ratio (1.15) compared
to that observed at tumor site (IT, 0.89) was detected (Table 3; Figure 1).
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Table 3. TIME Characteristics.

Median Range

CD3+ TILs, n/mm2

Total 37.45 9.46–360.49
IT 18.04 1.28–326.03
PV 4.88 0.29–118.65
IV 1.26 0–15.91

CD4+ TILs, n/mm2

Total 17.35 1.63–481.16
IT 10.05 0.53–301.58
PV 2.88 0–318.02
IV 0.30 0–69.6

CD8+ TILs, n/mm2

Total 16.38 3.45–265.91
IT 8.02 0.88–230.33
PV 2.64 0–62.11
IV 0.53 0–11.05

CD163 area, % 1.86 0.03–6.15
PD-L1 tumor score 12 0–270

TILs: Tumor Infiltrating Lymphocytes; IT: intratumor; PV: perivascular; IV: intravascular.

TILs: Tumor Infiltrating Lymphocytes; IT: intratumor; PV: perivascular; IV: intravascular.
Macrophages were evaluated here by the expression of CD163, a M2 associated antigen

which is considered the most suitable makers of TAMs [37,38] and known to be involved in
GB oncogenesis [39]. Although CD163+ cells were observed in perivascular space (Figure 1)
and in inflammatory areas of potential glial polarization, we focused our quantification on
the tumor core. The fractional area occupied by TAMs significantly varied among cases
reaching more than 2% of the entire tissue in 32% of GB samples.

Strong tumor PD-L1 expression (H-Score > 150) (Figures 2 and S3) was present in
only 15% of cases and intermediate (H-Score: 30–149) in 12% while negative staining
was predominant (73%). GB cells displayed membranous and cytoplasmic expression
as specific PD-L1 labelling was noted on spared neural cells (Supplementary Figure S3).
Amplification of PD-L1 signal in tumor cells located in proximity to vascular structures
was noted (Figures 2 and S3) and stromal PD-L1 expression was also apparent in 14 out of
34 examined tumors.

Studying the impact of the genetic-molecular background on TIME and MRI features,
we intriguingly found that cases carrying IDH1-2 mutation, although representing only 5%
of the overall population, were characterized by a significantly higher density of PV-TILs
(CD3+, CD4+ and CD8+, p < 0.005) compared to WT ones (Figure 3A).

A trend towards TIME particularly enriched in perivascular CD3+ (p < 0.05), CD4+ and
CD8+ (NS) was distinctive of MGMT methylated cases (Figure 3B), which also frequently
presented with only one brain lesion at diagnosis (p < 0.05). Interestingly, when we
categorized patients in long- (OS≥ 24 months) versus short-term (OS < 9 months) survivors,
we observed a higher proportion of MGMT methylated cases (82% vs. 47% in the short-
term, p = 0.07) coupled with significantly higher MR-derived Mean ADC (16 × 10−4 vs.
9 × 10−4 mm2/s) and vascular CD4+ TILs (95.2 vs. 8.4 n/mm2, p = 0.05) (data not shown).

Among other genetic-molecular characteristics, EGFR overexpression appeared to
condition increased PD-L1 levels of expression (p < 0.05, Figure 3C), while p53 mutation
did not display a substantial impact on tissue or imaging parameters (not shown).

When we focused on the differential distribution of TIME features according to MR-
based imaging, no significant correlations were observed (Spearman test—data not shown).
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Figure 2. Glioblastoma Immune Microenvironment. Immunoperoxidase stained serial sections of a
surgically resected glioblastoma to illustrate on the same microscopic field CD4+ and CD8+ tumor
infiltrating lymphocytes (TILs) and CD163+ tumor associated macrophages (TAMs). The vascular
profile, recognized by CD31+ (PECAM-1) endothelial cells lining the lumen filled by unstained red
blood cells, is predominantly surrounded and infiltrated by CD4+ TILs. The remarkable contribution
of CD163+ TAMs to the perivascular immune microenvironment is apparent. Nuclear ATRX staining
of angio-invasive cancer cells of different dimensions, including giant cells, is shown in a serial
section in which the vascular structure is barely recognized by small ATRX positive intravascular
lymphocytes and few stromal-vascular ATRX negative cells (bottom left). The proliferative boost
of glioblastoma cells is depicted by nuclear Ki67 labelling. Nuclear blue counterstaining by light
Hematoxylin. Scale bars: 50 µm.

Figure 3. Correlations between TIME and genetic-molecular characteristics. Bar charts reporting
Mean (+St.Err) values of perivascular CD3+ (i), CD4+ (ii) and CD8+ (iii) TILs according to IDH1-2
(A) mutational and MGMT (B) methylation status. (C): bar graphs illustrating the extent of PD-L1
tumor score according to EGFR expression.
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3.3. Impact of Genetic, MRI and TIME Features on Survival Outcome

Our study confirmed the well-known correlation between MGMT methylation and
clinical outcome. Median OS in highly methylated patients was 20.5 months (10.6–30.4 CI)
vs. 14.8 months (12.8–16.8 CI) in not methylated (p = 0.007) (Figure 4A). Moreover, although
within a limited sample size, IDH1-wt patients had a significantly shorter median OS
compared to IDH mutated cases (15.03 months vs. NR, p = 0.042). Conversely, EGFR and
p53 mutation did not appear to affect survival outcome (Table 4).

Figure 4. Impact of genetic and neuroradiologic features on survival outcome. (Ai): Repre-
sentative MGMT pyrosequencing of methylated (upper) and unmethylated (lower) GB samples.
(Aii): Kaplan–Meier survival curves showing the impact of MGMT methylation status on OS.
(Bi): Representative MRI illustrating high (upper) and low (lower) apparent diffusion coefficient
(ADC) values, which are encircled in red. (Bii): Kaplan–Meier survival curves documenting the
impact of MRI-based Mean ADC on OS.
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Table 4. Explanatory prognostic factors in Cox proportional hazard models.

OS,
Univariate Analysis a

Overall

HR CI (95%) χ2 p Value

Age 1.033 1.002–1.065 4.435 0.065
Sex 1.168 0.658–2.073 0.282 0.595

Location of primary lesions 1.156 0.923–1.447 1.600 0.206
Number of lesions at diagnosis 1.364 0.710–2.621 0.868 0.351

IDH1-2 6.179 0.841–45.409 3.203 0.074
EGFR 1.230 0.698–2.167 0.513 0.474

p53 0.757 0.422–1.359 0.871 0.351
MGMT 2.363 1.249–4.470 6.995 0.008

CD3+ TILs, n/mm2

Total 0.995 0.988–1.002 2.003 0.157
IT 0.998 0.992–1.004 0.430 0.512
PV 0.968 0.935–1.001 3.645 0.056
IV 0.895 0.804–0.996 4.131 0.042

CD4+ TILs, n/mm2

Total 0.994 0.988–1.000 3.582 0.058
IT 0.994 0.986–1.003 1.658 0.198
PV 0.806 0.746–1.007 2.317 0.048
IV 0.810 0.759–1.015 2.848 0.042

CD8+ TILs, n/mm2

Total 0.996 0.988–1.003 1.233 0.267
IT 0.998 0.991–1.005 0.354 0.552
PV 0.949 0.899–1.002 3.598 0.078
IV 0.958 0.895–0.977 4.838 0.128

CD163 area, % 0.966 0.761–1.228 0.078 0.780
PD-L1 tumor score 0.997 0.992–1.002 1.297 0.255
Max Area of Tumor
Enhancement, mm2 1 0.999–1.000 1.283 0.257

Mean ADC, mm2/s 0.688 0.598–1.000 8.741 0.003
SD ADC, mm2/s 0.998 0.996–0.999 9.131 0.113

SD FLAIR 0.999 0.996–1.001 1.294 0.255
OS: Overall Survival; Age (continue variable), Sex (Male = 0, Female = 1), Location of primary lesions (Frontal = 1,
Temporal = 2, Parietal = 3, Occipital = 4, Cerebellar = 5, Deep = 6), Number of lesions at diagnosis (continue
variable), IDH 1-2 (Mutant = 1, WT = 2), EGFR (Overexpressed = 1, Not overexpressed = 2), p53 (Mutant = 1,
WT = 2), MGMT (Methylated = 1, Unmethylated = 2), CD3+/CD4+/CD8+ TILs (continue variables), CD163
area (continue variable), PD-L1 (continue variable), Max area of tumor enhancement/Mean ADC/SD ADC/SD
FLAIR (continue variables). Statistical results with p < 0.05 are bolded. a Univariate analysis carried out without
any adjustment.

No relevant impact on OS was documented by MRI-derived SD ADC, SD FLAIR
and Max area of Tumor enhancement (Table 4). However, when we applied CART Tree
Regression Analysis to identify specific cut-offs for mean ADC (1.48 × 10−3 mm2/s),
two subgroups of high (n = 44) and low (n = 13) patients with distinct clinical outcomes
were defined. Mean ADChigh cases had a significantly (p = 0.007) prolonged OS (median
OS: 24.01 months, 95% CI 8.85–39.17) compared to mean ADClow group (15.03 months, 95%
CI 12.7–17.36), thus implying the relevant prognostic power of this MRI feature (Figure 4B).

Among TIME parameters, the extent of CD163+ TAMs, PD-L1+ levels and the overall
number of CD3+, CD4+ and CD8+ TILs were unable to strongly discriminate patients’ sur-
vival. Conversely, the incidence of CD4+ lymphocytes associated with vascular structures
had significant prognostic power. Specifically, GB patients with high PV-CD4+ cells had a
median survival of 23.6 months (95% CI 12.8–34.3) compared to 14.28 months in the low
PV-CD4+ group (Figure 5A). Similarly, median OS in cases displaying a high number of
IV-CD4+ TILs resulted in a significant increase (p = 0.008) compared to that of patients with
low IV-CD4+ (20.49 vs. 11.71 months) (Figure 5B). When we combined PV and IV values
to obtain the overall incidence of vascular-associated (V) CD4+ cells, prolonged OS was
observed in GB patients carrying high V-CD4+ lymphocytes (Figure 5C).
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Figure 5. Impact of TIME features on survival outcome. (Ai–Bi): Representative images of im-
munoperoxidase stained sections from glioblastoma samples documenting the perivascular (PV, (Ai))
and intravascular (IV, (Bi)) localization of CD4+ (brownish) lymphocytes. (Ci): double immunofluo-
rescence staining on a section of glioblastoma to simultaneously detect CD4 (green) and a-Smooth
Muscle Actin (a-SMA, red). CD4+ lymphocytes are aggregated in a PV cluster or in contact with
a-SMA cells. Scale Bars: 50µm. Kaplan–Meier survival curves documenting Overall Survival (OS)
according to the incidence (n/mm2) of PV (Aii), IV (Bii) and overall vascular (PV+IV, (Cii)) CD4+
TILs, respectively.

Integrating the most prognostically relevant variables (MGMT, mean ADC and V-
CD4+ TILs), we developed a risk stratification score. One point was assigned to each low
V-CD4+ TILs, MGMT not methylated and low mean ADC values as negative predictors. By
applying this multiparametric strategy, GB patients with a risk score of 0–1 had significantly
(p = 0.010) prolonged OS (median OS 20.49 months, 95% CI, 0.0–47.37) compared to those
with scores 2–3 (median OS 13.22 months 95% CI, 7.22–19.22) (Figure 6).

Finally, in view of the well-known notion that IDH mutant status conditions a signifi-
cantly better prognosis, we performed additional survival analyses considering IDH1-2 WT
cases only (n = 53) to strengthen our findings independently from IDH status. As reported
in Supplementary Figure S4, the impact of our previously identified prognostic factors
(MGMT status, MR-based Mean ADC, CD4+ vascular TILs and integrated risk score) on
OS was confirmed regardless IDH status.
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Figure 6. Highly Prognostic Integrated Risk Stratification Model. (Ai): Schematic representation of
our approach to generate a prognostic score interlacing MRI-derived ADC value, MGMT methylation
status and the incidence of vascular CD4+ lymphocytes, as pre-determined risk factors. Representa-
tive images of original data obtained from our patient cohort and adapted for illustrative purposes.
(Aii): Kaplan–Meier curve documenting patient survival (OS) according to the presence and extent
of low mean ADC values, MGMT not methylated and low vascular CD4+ TILs.

4. Discussion

Despite important advances in genetic characterization and unveiled properties of the
tumor immune background, therapy resistance remains an unsolved issue in the clinical
management of GB. The difficult accessibility and often inadequacy of tumor biopsies
further limit the possibility of defining, monitoring and positively impacting on critical
events implicated in the evolution of this devastating disease. Challenging efforts are
currently being undertaken to intercept the remarkable heterogeneity and the unique
immune-vascular interplay of brain tumors. Multidisciplinary studies aimed at providing
insights to the composition of TIME potentially deciphered by high throughput extracted
MR images might implement our approach to GB. Several observations are also emerging on
the attempt to translate through advanced MRI imaging relevant biomolecular tumor hints.
Thus, based on the integration of genetic, imaging and tissue immune-vascular features,
results of the present study revealed specific profiles sharply dissecting GB clinical outcome.

The genetic background of our limited cohort of patients largely reflects the incidence
of alterations, as MGMT and IDH1, commonly tested in GB. While the well-established
prognostic relevance of MGMT methylation status [40–42] was not associated here with
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specific imaging parameters, IDH1 mutation was correlated with SD ADC. This evidence
has not been reported in the literature, while other studies [43–46] have documented an
association of IDH1 mutation with mean ADC, being low values predictive of IDH1-wt
status. As mean ADC correlates with tumor cellularity and tissue consistency, its potential
implication as a prognostic parameter has also been well described [46–48]. This finding
was largely confirmed here, making it reasonable to infer that GB displaying low mean
ADC, underlying a more solid consistency and high cellularity, are characterized by a more
aggressive behavior and rapid spread. Thus, mean ADC and IDH1 status appear to be
closely linked in conditioning GB patients’ survival and their prognostic role should be
tested in a larger and more representative cohort of IDH1-mutant cases.

Interrogating TIME to uncover the potential link with the genomic and clinical char-
acteristics of our patient population, we found that high V-CD4+ lymphocytes content
was a distinctive feature of IDH1-mutant GB, and when combined with mean ADC, ulti-
mately portrayed an MRI–immune–genetic trait. MGMT methylation also trended toward a
TILs-rich microenvironment, however without significant association with MRI parameters.

It should be pointed out that, while several reports have documented a correlation
between IDH status and tumor infiltrating lymphocytes [17,49], the literature is scant about
the identification of specific immunophenotypic characteristics associated with MGMT
status and so far inconsistent results have been described [50,51]. On a large-scale RNAseq
profiling of 769 GBM patients from five independent datasets, the score evaluation, defined
as GBM-associated TIME immune cell infiltration (GTMEI) score, of more than 20 immune
cell marker genes, including Thy-1 CD4, were analyzed in patients with different MGMT
methylation status to define prognostic classes [52] and/or response to treatment [53].
While immune gene signatures were able to discriminate high- vs low-risk groups and to
predict the response to chemo- or immuno-therapy, no differences were observed in the
GTMEI score according to MGMT methylation status. Additionally, these findings are in
line with data from clinical trials, showing that sensitivity to immune checkpoint inhibitors
is not affected by MGMT status [54].

Epigenetic mechanisms triggered by cancer to shape the identity of tumor infiltrating
CD4+ T cells within the TIME have been observed in cancer models [55,56]. Moreover,
evidence has been provided on the possibility that GBM, through DNA methylation of key
genes, dictates the fate of tumor infiltrating CD4+ T cells [57]. Unfortunately, in this small
patient cohort only, one case had documented, MGMT promoter methylation, hampering a
conclusive view on the potential involvement of MGMT status in conditioning the extent
and function of CD4+TILs in GBM, as suggested by our findings.

The ability of MRI features to reflect TIME and the pathologic clues of GB remains
an unsolved issue, although the potential to non-invasively predict patient outcome and
response to treatment is of paramount relevance. The GB immune landscape has been
extensively investigated, as properly reported by Quail et al. [16], and more recently
revisited by RNAseq and FACS single cell profiling in a comparative analysis with brain
metastasis [58,59]. In addition, to highlight the inductive role of cancer lineage on TIME
composition, these observations have called into question the validity to apply to GB the
common criteria employed in solid tumors to assess the prognostic and predictive value
of tissue immune descriptors. Even the typical ascription to classical phenotypes, such as
M1/M2 macrophages, cannot be ascertained in the context of GB [58–60]. These contentions,
together with the limited clinical significance of Tumor Mutational Burden (TMB), have
further tangled the road to define valid biomarkers in a GB setting. In this regard, actual
interest has been shifted toward the intense immune-vascular interplay taking place in
GB in reason of novel methodological approaches [61], and biologic discoveries on tumor
immunity [62] and angiogenesis [63].

The development of strong immune reactions against tumor antigens is accomplished
by their entry into fluid spaces and egress into draining lymph nodes or, when present, into
local so called Tertiary Lymphoid Structures (TLS). This widely accepted principle is not
easily applicable to or detectable in GB due to the peculiar brain vasculature, including lym-
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phatic vessels, and the substantial lack of lymphoid tissue limiting viable immune synapses.
The fact that microglial cells might function as APC [20] could represent a vicariant mech-
anism allowing the local initiation of the GB immunity cycle. The profound vascular
rearrangement characterizing GB involves a variety of cellular and biological processes,
including the existence of tumor CD133+ multipotent cells capable of endothelial lineage
differentiation [64] and the repeatedly documented dysregulation of pro-angiogenic and
anti-angiogenic pathways. The mutual role played by vascular remodeling and immune
activation in dictating the response to immunotherapy in GB has been recently emphasized
by the observation that CD4+ lymphocytes are primary actors of the so-called tumor vessel
normalization [65]. This process mainly consists of restoration of pericyte coverage, im-
proved vessel perfusion/permeability, ultimately leading to attenuated hypoxia [66,67].
Importantly, disruption of vascular normalization negatively affects immune activation
while conditional CD4+ lymphocytes knockout alters vascular remodelling [68]. Taken
together, these observations underscore the dual function of type 1 T helper (TH1) CD4+
cells in shaping both vascular and immune tumor compartments, strongly suggesting their
determinant role in the outcome of immune checkpoint and angiogenetic targeting.

Along these lines, findings of the present investigation on the prognostic impact of
vessels associated TILs strongly support the reported relevance of CD4+ lymphocytes in
the immune-vascular crosstalk critically implicated in cancer growth and regression.

Finally, it is increasingly clear that the heterogeneous nature of GB imposes a dramatic
improvement in our actual knowledge, likely gained from genetic and immune profiling, in
order to develop future targeted therapeutic strategies. Great efforts have been addressed
to molecular underpinnings of GB, by high-throughput single omic profiling (i.e., whole
genome sequencing, RNA sequencing, deep metabolomics) [69] with the aim to define new
contexts of vulnerability. Nonetheless, a real multi-omic approach should not be restrained
to genetic features only [69,70], but potentially extended towards multiple aspects, includ-
ing imaging and immunologic cues. From this perspective, our study might represent a
preliminary attempt to merge tumor- and patient-specific characteristics, achievable by
different areas of expertise, thus more faithfully intercepting disease heterogeneity and its
therapeutic implications.

Despite its novelty, several limitations of the present study must be acknowledged.
The observational and retrospective nature of the present study, together with the relatively
limited sample size, does not allow an immediate translation of our proposed approach into
clinical practice. In addition, a more detailed immunophenotypic characterization of TILs,
and, to a further extent, of CD4+ subpopulations (i.e., Tregs, Th17, Ki67, PD-1), should be
performed to implement the scientific significance of our results. The role of other immune
relevant phenotypes, such as Myeloid-Derived Suppressor Cells, was not addressed here as
they may well participate to condition the immunosuppressive trait of TIME in GB. Finally,
it is worth mentioning that our study was performed on patients enrolled from 2012 to
2018, before the introduction of the revised 2021 WHO classification of brain tumors. Thus,
the three cases carrying the IDH mutation should be actually diagnosed as astrocytoma
G4. We will make an effort to update and expand our MRI–immune–genetic approach in a
more actual contextualization.

5. Conclusions

The present study suggests that interlacing MR Imaging and genetic features with
tissue immune characteristics might provide suitable risk stratification models to dissect
GB clinical outcome, potentially offering new therapeutic targets.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers14133249/s1, Figure S1: Glioblastoma Immune
Microenvironment, Figure S2: Glioblastoma associated vascular phenotypes, Figure S3: Patterns of
PD-L1 Expression, Figure S4: Survival outcome–IDH1/2 WT population.

https://www.mdpi.com/article/10.3390/cancers14133249/s1


Cancers 2022, 14, 3249 16 of 19

Author Contributions: Conceptualization, F.Q. and G.M.; methodology, C.A.M.L., C.F., D.M., A.P.
and B.L.; software, C.F., A.O. and S.D.; validation, P.C., A.P., M.T. and F.Q.; formal analysis, G.M.,
C.A.M.L., A.O. and S.D.; investigation, P.C. and M.M.; resources, P.C. and M.M.; data curation, G.M.,
A.O., C.A.M.L. and C.T.; writing—original draft preparation, A.O. and G.M.; writing—review and
editing, G.M., F.Q., A.O., A.P., P.C., M.T., M.M. and A.M.; visualization, A.P.; supervision, P.C. and
A.P.; project administration, P.C. and F.Q.; funding acquisition, F.Q. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Commit-
tee) of University Hospital of Parma (protocol code 1116/2019/OSS*/AOUPR; date of approval
1 March 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Emilia Corradini for her invaluable technical support in tissue
sample preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ostrom, Q.T.; Gittleman, H.; Stetson, L.; Virk, S.; Barnholtz-Sloan, J.S. Epidemiology of Intracranial Gliomas. Prog. Neurol. Surg.

2018, 30, 1–11. [CrossRef] [PubMed]
2. Wen, P.Y.; Weller, M.; Lee, E.Q.; Alexander, B.M.; Barnholtz-Sloan, J.S.; Barthel, F.P.; Batchelor, T.T.; Bindra, R.S.; Chang, S.M.;

Chiocca, E.A.; et al. Glioblastoma in adults: A Society for Neuro-Oncology (SNO) and European Society of Neuro-Oncology
(EANO) consensus review on current management and future directions. Neuro Oncol. 2020, 22, 1073–1113. [CrossRef] [PubMed]

3. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef]

4. IARC Publications Website—Central Nervous System Tumours. Available online: https://publications.iarc.fr/Book-And-Report-
Series/Who-Classification-Of-Tumours/Central-Nervous-System-Tumours-2021 (accessed on 15 May 2022).

5. Han, S.; Liu, Y.; Cai, S.J.; Qian, M.; Ding, J.; Larion, M.; Gilbert, M.R.; Yang, C. IDH mutation in glioma: Molecular mechanisms
and potential therapeutic targets. Br. J. Cancer 2020, 122, 1580–1589. [CrossRef]

6. Christians, A.; Adel-Horowski, A.; Banan, R.; Lehmann, U.; Bartels, S.; Behling, F.; Barrantes-Freer, A.; Stadelmann, C.; Rohde, V.;
Stockhammer, F.; et al. The prognostic role of IDH mutations in homogeneously treated patients with anaplastic astrocytomas
and glioblastomas. Acta Neuropathol. Commun. 2019, 7, 1–11. [CrossRef] [PubMed]

7. Smrdel, U.; Popovic, M.; Zwitter, M.; Bostjancic, E.; Zupan, A.; Kovac, V.; Glavac, D.; Bokal, D.; Jerebic, J. Long-term survival in
glioblastoma: Methyl guanine methyl transferase (MGMT) promoter methylation as independent favourable prognostic factor.
Radiol. Oncol. 2016, 50, 394–401. [CrossRef] [PubMed]

8. Hegi, M.E.; Diserens, A.-C.; Gorlia, T.; Hamou, M.-F.; de Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Mason, W.; Mariani,
L.; et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003. [CrossRef]

9. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.B.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466.
[CrossRef]

10. Li, J.; Liang, R.; Song, C.; Xiang, Y.; Liu, Y. Prognostic significance of epidermal growth factor receptor expression in glioma
patients. OncoTargets Ther. 2018, 11, 731–742. [CrossRef]

11. Zhang, Y.; Dube, C.; Gibert, M.; Cruickshanks, N.; Wang, B.; Coughlan, M.; Yang, Y.; Setiady, I.; Deveau, C.; Saoud, K.; et al. The
p53 Pathway in Glioblastoma. Cancers 2018, 10, 297. [CrossRef] [PubMed]

12. Liu, J.; Zhang, X.; Yan, X.; Sun, M.; Fan, Y.; Huang, Y. Significance of TERT and ATRX mutations in glioma. Oncol. Lett. 2019,
17, 95–102. [CrossRef] [PubMed]

13. Dapash, M.; Castro, B.; Hou, D.; Lee-Chang, C. Current Immunotherapeutic Strategies for the Treatment of Glioblastoma. Cancers
2021, 13, 4548–4597. [CrossRef] [PubMed]

14. Hu, X.; Deng, Q.; Ma, L.; Li, Q.; Chen, Y.; Liao, Y.; Zhou, F.; Zhang, C.; Shao, L.; Feng, J.; et al. Meningeal lymphatic vessels
regulate brain tumor drainage and immunity. Cell Res. 2020, 30, 229–243. [CrossRef] [PubMed]

http://doi.org/10.1159/000464374
http://www.ncbi.nlm.nih.gov/pubmed/29241168
http://doi.org/10.1093/neuonc/noaa106
http://www.ncbi.nlm.nih.gov/pubmed/32328653
http://doi.org/10.1093/neuonc/noab106
https://publications.iarc.fr/Book-And-Report-Series/Who-Classification-Of-Tumours/Central-Nervous-System-Tumours-2021
https://publications.iarc.fr/Book-And-Report-Series/Who-Classification-Of-Tumours/Central-Nervous-System-Tumours-2021
http://doi.org/10.1038/s41416-020-0814-x
http://doi.org/10.1186/s40478-019-0817-0
http://www.ncbi.nlm.nih.gov/pubmed/31623667
http://doi.org/10.1515/raon-2015-0041
http://www.ncbi.nlm.nih.gov/pubmed/27904447
http://doi.org/10.1056/NEJMoa043331
http://doi.org/10.1016/S1470-2045(09)70025-7
http://doi.org/10.2147/OTT.S155160
http://doi.org/10.3390/cancers10090297
http://www.ncbi.nlm.nih.gov/pubmed/30200436
http://doi.org/10.3892/ol.2018.9634
http://www.ncbi.nlm.nih.gov/pubmed/30655743
http://doi.org/10.3390/cancers13184548
http://www.ncbi.nlm.nih.gov/pubmed/34572775
http://doi.org/10.1038/s41422-020-0287-8
http://www.ncbi.nlm.nih.gov/pubmed/32094452


Cancers 2022, 14, 3249 17 of 19

15. Louveau, A.; Smirnov, I.; Keyes, T.J.; Eccles, J.D.; Rouhani, S.J.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, J.W.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337–341. [CrossRef] [PubMed]

16. Quail, D.F.; Joyce, J.A. The Microenvironmental Landscape of Brain Tumors. Cancer Cell 2017, 31, 326–341. [CrossRef] [PubMed]
17. Ott, M.; Prins, R.M.; Heimberger, A.B. The immune landscape of common CNS malignancies: Implications for immunotherapy.

Nat. Rev. Clin. Oncol. 2021, 18, 729–744. [CrossRef]
18. Antunes, A.R.P.; Scheyltjens, I.; Duerinck, J.; Neyns, B.; Movahedi, K.; Van Ginderachter, J.A. Understanding the glioblastoma

immune microenvironment as basis for the development of new immunotherapeutic strategies. eLife 2020, 9, 2345–2390, e52176.
[CrossRef]

19. Saha, D.; Martuza, R.L.; Rabkin, S.D. Macrophage Polarization Contributes to Glioblastoma Eradication by Combination
Immunovirotherapy and Immune Checkpoint Blockade. Cancer Cell 2017, 32, 253–267.e5. [CrossRef]

20. Pinton, L.; Masetto, E.; Vettore, M.; Solito, S.; Magri, S.; D’Andolfi, M.; Del Bianco, P.; Lollo, G.; Benoit, J.-P.; Okada, H.; et al. The
immune suppressive microenvironment of human gliomas depends on the accumulation of bone marrow-derived macrophages
in the center of the lesion. J. Immunother. Cancer 2019, 7, 58–114. [CrossRef]

21. Mu, L.; Yang, C.; Gao, Q.; Long, Y.; Ge, H.; DeLeon, G.; Jin, L.; Chang, Y.; Sayour, E.J.; Ji, J.H.; et al. CD4+ and Perivascular Foxp3+
T Cells in Glioma Correlate with Angiogenesis and Tumor Progression. Front. Immunol. 2017, 8, 1451. [CrossRef] [PubMed]

22. Tamura, R.; Ohara, K.; Sasaki, H.; Morimoto, Y.; Kosugi, K.; Yoshida, K.; Toda, M. Difference in Immunosuppressive Cells
Between Peritumoral Area and Tumor Core in Glioblastoma. World Neurosurg. 2018, 120, e601–e610. [CrossRef] [PubMed]

23. Lundy, P.; Domino, J.; Ryken, T.; Fouke, S.; McCracken, D.J.; Ormond, D.R.; Olson, J.J. The role of imaging for the manage-
ment of newly diagnosed glioblastoma in adults: A systematic review and evidence-based clinical practice guideline update.
J. Neuro-Oncology 2020, 150, 95–120. [CrossRef] [PubMed]

24. Rathore, S.; Akbari, H.; Rozycki, M.; Abdullah, K.G.; Nasrallah, M.P.; Binder, Z.A.; Davuluri, R.V.; Lustig, R.A.; Dahmane, N.;
Bilello, M.; et al. Radiomic MRI signature reveals three distinct subtypes of glioblastoma with different clinical and molecular
characteristics, offering prognostic value beyond IDH1. Sci. Rep. 2018, 8, 1–12. [CrossRef] [PubMed]

25. Suh, C.H.; Kim, H.S.; Jung, S.C.; Choi, C.G.; Kim, S.J. Multiparametric MRI as a potential surrogate endpoint for decision-
making in early treatment response following concurrent chemoradiotherapy in patients with newly diagnosed glioblastoma: A
systematic review and meta-analysis. Eur. Radiol. 2018, 28, 2628–2638. [CrossRef]

26. Abd-Elghany, A.A.; Naji, A.A.; Alonazi, B.; Aldosary, H.; Alsufayan, M.A.; Alnasser, M.; Mohammad, E.A.; Mahmoud, M.Z.
Radiological characteristics of glioblastoma multiforme using CT and MRI examination. J. Radiat. Res. Appl. Sci. 2019, 12, 289–293.
[CrossRef]

27. Chow, D.; Chang, P.; Weinberg, B.D.; Bota, D.A.; Grinband, J.; Filippi, C.G. Imaging Genetic Heterogeneity in Glioblastoma and
Other Glial Tumors: Review of Current Methods and Future Directions. Am. J. Roentgenol. 2018, 210, 30–38. [CrossRef]

28. Bakas, S.; Shukla, G.; Akbari, H.; Erus, G.; Sotiras, A.; Rathore, S.; Sako, C.; Ha, S.M.; Rozycki, M.; Shinohara, R.T.; et al. Overall
survival prediction in glioblastoma patients using structural magnetic resonance imaging (MRI): Advanced radiomic features
may compensate for lack of advanced MRI modalities. J. Med. Imaging 2020, 7, 031505. [CrossRef]

29. Darbar, A.; Waqas, M.; Enam, S.F.; Mahmood, S.D. Use of Preoperative Apparent Diffusion Coefficients to Predict Brain Tumor
Grade. Cureus 2018, 10, 1120–1176, e2284. [CrossRef]

30. Durand-Muñoz, C.; Flores-Alvarez, E.; Moreno-Jimenez, S.; Roldan-Valadez, E. Pre-operative apparent diffusion coefficient
values and tumour region volumes as prognostic biomarkers in glioblastoma: Correlation and progression-free survival analyses.
Insights Imaging 2019, 10, 36–87. [CrossRef]

31. Karimian-Jazi, K.; Münch, P.; Alexander, A.; Fischer, M.; Pfleiderer, K.; Piechutta, M.; Karreman, M.A.; Solecki, G.M.; Berghoff,
A.S.; Friedrich, M.; et al. Monitoring innate immune cell dynamics in the glioma microenvironment by magnetic resonance
imaging and multiphoton microscopy (MR-MPM). Theranostics 2020, 10, 1873–1883. [CrossRef]

32. Ly, K.I.; Vakulenko-Lagun, B.; Emblem, K.E.; Ou, Y.; Da, X.; Betensky, R.A.; Kalpathy-Cramer, J.; Duda, D.G.; Jain, R.K.; Chi,
A.S.; et al. Probing tumor microenvironment in patients with newly diagnosed glioblastoma during chemoradiation and adjuvant
temozolomide with functional MRI. Sci. Rep. 2018, 8, 1–13. [CrossRef] [PubMed]

33. Dunn, J.; Baborie, A.; Alam, F.; Joyce, K.; Moxham, M.; Sibson, R.; Crooks, D.; Husband, D.; Shenoy, A.; Brodbelt, A.; et al. Extent
of MGMT promoter methylation correlates with outcome in glioblastomas given temozolomide and radiotherapy. Br. J. Cancer
2009, 101, 124–131. [CrossRef] [PubMed]

34. Igarashi, T.; Teramoto, K.; Ishida, M.; Hanaoka, J.; Daigo, Y. Scoring of PD-L1 expression intensity on pulmonary adenocarcinomas
and the correlations with clinicopathological factors. ESMO Open 2016, 1, e000083. [CrossRef] [PubMed]

35. Singer, A.D.; Pattany, P.M.; Fayad, L.M.; Tresley, J.; Subhawong, T.K. Volumetric segmentation of ADC maps and utility of
standard deviation as measure of tumor heterogeneity in soft tissue tumors. Clin. Imaging 2016, 40, 386–391. [CrossRef]

36. Schemper, M.; Smith, T.L. A note on quantifying follow-up in studies of failure time. Control. Clin. Trials 1996, 17, 343–346.
[CrossRef]

37. Franco, R.; Fernández-Suárez, D. Alternatively activated microglia and macrophages in the central nervous system. Prog.
Neurobiol. 2015, 131, 65–86. [CrossRef]

38. Lisi, L.; Ciotti, G.M.P.; Braun, D.; Kalinin, S.; Currò, D.; Dello Russo, C.; Coli, A.; Mangiola, A.; Anile, C.; Feinstein, D.L.; et al.
Expression of iNOS, CD163 and ARG-1 taken as M1 and M2 markers of microglial polarization in human glioblastoma and the
surrounding normal parenchyma. Neurosci. Lett. 2017, 645, 106–112. [CrossRef]

http://doi.org/10.1038/nature14432
http://www.ncbi.nlm.nih.gov/pubmed/26030524
http://doi.org/10.1016/j.ccell.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28292436
http://doi.org/10.1038/s41571-021-00518-9
http://doi.org/10.7554/elife.52176
http://doi.org/10.1016/j.ccell.2017.07.006
http://doi.org/10.1186/s40425-019-0536-x
http://doi.org/10.3389/fimmu.2017.01451
http://www.ncbi.nlm.nih.gov/pubmed/29163521
http://doi.org/10.1016/j.wneu.2018.08.133
http://www.ncbi.nlm.nih.gov/pubmed/30165233
http://doi.org/10.1007/s11060-020-03597-3
http://www.ncbi.nlm.nih.gov/pubmed/33215340
http://doi.org/10.1038/s41598-018-22739-2
http://www.ncbi.nlm.nih.gov/pubmed/29572492
http://doi.org/10.1007/s00330-017-5262-5
http://doi.org/10.1080/16878507.2019.1655864
http://doi.org/10.2214/AJR.17.18754
http://doi.org/10.1117/1.JMI.7.3.031505
http://doi.org/10.7759/cureus.2284
http://doi.org/10.1186/s13244-019-0724-8
http://doi.org/10.7150/thno.38659
http://doi.org/10.1038/s41598-018-34820-x
http://www.ncbi.nlm.nih.gov/pubmed/30459364
http://doi.org/10.1038/sj.bjc.6605127
http://www.ncbi.nlm.nih.gov/pubmed/19536096
http://doi.org/10.1136/esmoopen-2016-000083
http://www.ncbi.nlm.nih.gov/pubmed/27843633
http://doi.org/10.1016/j.clinimag.2015.11.017
http://doi.org/10.1016/0197-2456(96)00075-X
http://doi.org/10.1016/j.pneurobio.2015.05.003
http://doi.org/10.1016/j.neulet.2017.02.076


Cancers 2022, 14, 3249 18 of 19

39. Liu, S.; Zhang, C.; Maimela, N.R.; Yang, L.; Zhang, Z.; Ping, Y.; Huang, L.; Zhang, Y. Molecular and clinical characterization of
CD163 expression via large-scale analysis in glioma. OncoImmunology 2019, 8, e1601478. [CrossRef]

40. Hsu, C.-Y.; Ho, H.-L.; Lin, S.-C.; Ho, T.D.-H.; Ho, D.M.-T. The MGMT promoter single-nucleotide polymorphism rs1625649 had
prognostic impact on patients with MGMT methylated glioblastoma. PLoS ONE 2017, 12, e0186430. [CrossRef]

41. Binabaj, M.M.; Bahrami, A.; ShahidSales, S.; Joodi, M.; Joudi Mashhad, M.; Hassanian, S.M.; Anvari, K.; Avan, A. The prognostic
value of MGMT promoter methylation in glioblastoma: A meta-analysis of clinical trials. J. Cell. Physiol. 2018, 233, 378–386.
[CrossRef]

42. Zhao, H.; Wang, S.; Song, C.; Zha, Y.; Li, L. The prognostic value of MGMT promoter status by pyrosequencing assay for
glioblastoma patients’ survival: A meta-analysis. World J. Surg. Oncol. 2016, 14, 261–312. [CrossRef] [PubMed]

43. Xing, Z.; Yang, X.; She, D.; Lin, Y.; Zhang, Y.; Cao, D. Noninvasive Assessment of IDH Mutational Status in World Health
Organization Grade II and III Astrocytomas Using DWI and DSC-PWI Combined with Conventional MR Imaging. AJNR. Am. J.
Neuroradiol. 2017, 38, 1134–1144. [CrossRef] [PubMed]

44. Leu, K.; Ott, G.A.; Lai, A.; Nghiemphu, P.L.; Pope, W.B.; Yong, W.H.; Liau, L.M.; Cloughesy, T.F.; Ellingson, B.M. Perfusion
and diffusion MRI signatures in histologic and genetic subtypes of WHO grade II–III diffuse gliomas. J. Neuro-Oncology 2017,
134, 177–188. [CrossRef] [PubMed]

45. Thust, S.C.; Hassanein, S.; Bisdas, S.; Rees, J.H.; Hyare, H.; Maynard, J.A.; Brandner, S.; Tur, C.; Jäger, H.R.; Yousry, T.A.; et al.
Apparent diffusion coefficient for molecular subtyping of non-gadolinium-enhancing WHO grade II/III glioma: Volumetric
segmentation versus two-dimensional region of interest analysis. Eur. Radiol. 2018, 28, 3779–3788. [CrossRef] [PubMed]

46. Maynard, J.; Okuchi, S.; Wastling, S.; Al Busaidi, A.; Almossawi, O.; Mbatha, W.; Brandner, S.; Jaunmuktane, Z.; Koc, A.M.;
Mancini, L.; et al. World Health Organization Grade II/III Glioma Molecular Status: Prediction by MRI Morphologic Features
and Apparent Diffusion Coefficient. Radiology 2020, 296, 111–121. [CrossRef]

47. John, F.; Bosnyák, E.; Robinette, N.L.; Amit-Yousif, A.J.; Barger, G.R.; Shah, K.D.; Michelhaugh, S.K.; Klinger, N.V.; Mittal, S.;
Juhász, C. Multimodal imaging-defined subregions in newly diagnosed glioblastoma: Impact on overall survival. Neuro-Oncology
2019, 21, 264–273. [CrossRef] [PubMed]

48. Elson, A.; Bovi, J.; Siker, M.; Schultz, C.; Paulson, E. Evaluation of absolute and normalized apparent diffusion coefficient
(ADC) values within the post-operative T2/FLAIR volume as adverse prognostic indicators in glioblastoma. J. Neurooncol. 2015,
122, 549–558. [CrossRef]

49. Berghoff, A.S.; Kiesel, B.; Widhalm, G.; Wilhelm, D.; Rajky, O.; Kurscheid, S.; Kresl, P.; Wöhrer, A.; Marosi, C.; Hegi, M.E.; et al.
Correlation of immune phenotype with IDH mutation in diffuse glioma. Neuro-Oncology 2017, 19, 1460–1468. [CrossRef]

50. Han, S.; Zhang, C.; Li, Q.; Dong, J.; Liu, Y.; Huang, Y.; Jiang, T.; Wu, A. Tumour-infiltrating CD4+ and CD8+ lymphocytes as
predictors of clinical outcome in glioma. Br. J. Cancer 2014, 110, 2560–2568. [CrossRef]

51. Orrego, E.; Castaneda, C.A.; Castillo, M.; Bernabe, L.A.; Casavilca, S.; Chakravarti, A.; Meng, W.; Garcia-Corrochano, P.; Villa-
Robles, M.R.; Zevallos, R.; et al. Distribution of tumor-infiltrating immune cells in glioblastoma. CNS Oncol. 2018, 7, CNS21.
[CrossRef]

52. Zhao, L.; Zhang, J.; Xuan, S.; Liu, Z.; Wang, Y.; Zhao, P. Molecular and Clinicopathological Characterization of a Prognostic
Immune Gene Signature Associated With MGMT Methylation in Glioblastoma. Front. Cell Dev. Biol. 2021, 9, 600506. [CrossRef]
[PubMed]

53. Zhao, R.; Pan, Z.; Li, B.; Zhao, S.; Zhang, S.; Qi, Y.; Qiu, J.; Gao, Z.; Fan, Y.; Guo, Q.; et al. Comprehensive Analysis of the
Tumor Immune Microenvironment Landscape in Glioblastoma Reveals Tumor Heterogeneity and Implications for Prognosis and
Immunotherapy. Front. Immunol. 2022, 13, 112–167, 820673. [CrossRef] [PubMed]

54. Khasraw, M.; Reardon, D.A.; Weller, M.; Sampson, J.H. PD-1 Inhibitors: Do they have a Future in the Treatment of Glioblastoma?
Clin. Cancer Res. 2020, 26, 5287–5296. [CrossRef]

55. Ahlén Bergman, E.; Hartana, C.A.; Johansson, M.; Linton, L.B.; Berglund, S.; Hyllienmark, M.; Lundgren, C.; Holmström, B.;
Palmqvist, K.; Hansson, J.; et al. Increased CD4+ T cell lineage commitment determined by CpG methylation correlates with
better prognosis in urinary bladder cancer patients. Clin. Epigenetics 2018, 10, 1–15. [CrossRef]

56. Kim, Y.-D.; Park, S.-M.; Ha, H.C.; Lee, A.R.; Won, H.; Cha, H.; Cho, S.; Cho, J.M. HDAC Inhibitor, CG-745, Enhances the
Anti-Cancer Effect of Anti-PD-1 Immune Checkpoint Inhibitor by Modulation of the Immune Microenvironment. J. Cancer 2020,
11, 4059–4072. [CrossRef] [PubMed]

57. Bam, M.; Chintala, S.; Fetcko, K.; Williamsen, B.C.; Siraj, S.; Liu, S.; Wan, J.; Xuei, X.; Liu, Y.; Leibold, A.T.; et al. Genome wide
DNA methylation landscape reveals glioblastoma’s influence on epigenetic changes in tumor infiltrating CD4+ T cells. Oncotarget
2021, 12, 967–981. [CrossRef] [PubMed]

58. Klemm, F.; Maas, R.R.; Bowman, R.L.; Kornete, M.; Soukup, K.; Nassiri, S.; Brouland, J.-P.; Iacobuzio-Donahue, C.A.; Brennan,
C.; Tabar, V.; et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of
Immune Cells. Cell 2020, 181, 1643–1660.e17. [CrossRef]

59. Friebel, E.; Kapolou, K.; Unger, S.; Núñez, N.G.; Utz, S.; Rushing, E.J.; Regli, L.; Weller, M.; Greter, M.; Tugues, S.; et al. Single-Cell
Mapping of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading Leukocytes. Cell 2020, 181, 1626–1642.e20.
[CrossRef] [PubMed]

http://doi.org/10.1080/2162402X.2019.1601478
http://doi.org/10.1371/journal.pone.0186430
http://doi.org/10.1002/jcp.25896
http://doi.org/10.1186/s12957-016-1012-4
http://www.ncbi.nlm.nih.gov/pubmed/27733166
http://doi.org/10.3174/ajnr.A5171
http://www.ncbi.nlm.nih.gov/pubmed/28450436
http://doi.org/10.1007/s11060-017-2506-9
http://www.ncbi.nlm.nih.gov/pubmed/28547590
http://doi.org/10.1007/s00330-018-5351-0
http://www.ncbi.nlm.nih.gov/pubmed/29572636
http://doi.org/10.1148/radiol.2020191832
http://doi.org/10.1093/neuonc/noy169
http://www.ncbi.nlm.nih.gov/pubmed/30346623
http://doi.org/10.1007/s11060-015-1743-z
http://doi.org/10.1093/neuonc/nox054
http://doi.org/10.1038/bjc.2014.162
http://doi.org/10.2217/cns-2017-0037
http://doi.org/10.3389/fcell.2021.600506
http://www.ncbi.nlm.nih.gov/pubmed/33614641
http://doi.org/10.3389/fimmu.2022.820673
http://www.ncbi.nlm.nih.gov/pubmed/35309323
http://doi.org/10.1158/1078-0432.CCR-20-1135
http://doi.org/10.1186/s13148-018-0536-6
http://doi.org/10.7150/jca.44622
http://www.ncbi.nlm.nih.gov/pubmed/32368288
http://doi.org/10.18632/oncotarget.27955
http://www.ncbi.nlm.nih.gov/pubmed/34012510
http://doi.org/10.1016/j.cell.2020.05.007
http://doi.org/10.1016/j.cell.2020.04.055
http://www.ncbi.nlm.nih.gov/pubmed/32470397


Cancers 2022, 14, 3249 19 of 19

60. Gabrusiewicz, K.; Rodriguez, B.; Wei, J.; Hashimoto, Y.; Healy, L.M.; Maiti, S.N.; Thomas, G.; Zhou, S.; Wang, Q.; Elakkad, A.; et al.
Glioblastoma-infiltrated innate immune cells resemble M0 macrophage phenotype. JCI Insight 2016, 1, 15–63, e85841. [CrossRef]
[PubMed]

61. Li, L.; Chen, X.; Yu, J.; Yuan, S. Preliminary Clinical Application of RGD-Containing Peptides as PET Radiotracers for Imaging
Tumors. Front. Oncol. 2022, 12. [CrossRef] [PubMed]

62. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef] [PubMed]
63. Holash, J.; Wiegand, S.J.; Yancopoulos, G.D. New model of tumor angiogenesis: Dynamic balance between vessel regression and

growth mediated by angiopoietins and VEGF. Oncogene 1999, 18, 5356–5362. [CrossRef] [PubMed]
64. Wang, R.; Chadalavada, K.; Wilshire, J.; Kowalik, U.; Hovinga, K.E.; Geber, A.; Fligelman, B.; Leversha, M.; Brennan, C.; Tabar, V.

Glioblastoma stem-like cells give rise to tumour endothelium. Nature 2010, 468, 829–835. [CrossRef] [PubMed]
65. Huang, Y.; Kim, B.Y.S.; Chan, C.K.; Hahn, S.M.; Weissman, I.L.; Jiang, W. Improving immune–vascular crosstalk for cancer

immunotherapy. Nat. Rev. Immunol. 2018, 18, 195–203. [CrossRef] [PubMed]
66. Goel, S.; Wong, A.H.-K.; Jain, R.K. Vascular Normalization as a Therapeutic Strategy for Malignant and Nonmalignant Disease.

Cold Spring Harb. Perspect. Med. 2012, 2, a006486. [CrossRef]
67. Hamzah, J.; Jugold, M.; Kiessling, F.; Rigby, P.J.; Manzur, M.; Marti, H.H.; Rabie, T.; Kaden, S.; Gröne, H.-J.; Hämmerling, G.J.; et al.

Vascular normalization in Rgs5-deficient tumours promotes immune destruction. Nature 2008, 453, 410–414. [CrossRef]
68. Tian, L.; Goldstein, A.; Wang, H.; Lo, H.C.; Kim, I.S.; Welte, T.; Sheng, K.; Dobrolecki, L.E.; Zhang, X.; Putluri, N.; et al. Mutual

regulation of tumour vessel normalization and immunostimulatory reprogramming. Nature 2017, 544, 250–254. [CrossRef]
69. White, K.; Connor, K.; Clerkin, J.; Murphy, B.M.; Salvucci, M.; O’Farrell, A.C.; Rehm, M.; O’Brien, D.; Prehn, J.H.M.; Niclou,

S.P.; et al. New hints towards a precision medicine strategy for IDH wild-type glioblastoma. Ann. Oncol. 2020, 31, 1679–1692.
[CrossRef]

70. Yuan, Y.; Qi, P.; Xiang, W.; Yanhui, L.; Yu, L.; Qing, M. Multi-Omics Analysis Reveals Novel Subtypes and Driver Genes in
Glioblastoma. Front. Genet. 2020, 11, 1449. [CrossRef]

http://doi.org/10.1172/jci.insight.85841
http://www.ncbi.nlm.nih.gov/pubmed/26973881
http://doi.org/10.3389/fonc.2022.837952
http://www.ncbi.nlm.nih.gov/pubmed/35311120
http://doi.org/10.1158/2159-8290.CD-21-1059
http://www.ncbi.nlm.nih.gov/pubmed/35022204
http://doi.org/10.1038/sj.onc.1203035
http://www.ncbi.nlm.nih.gov/pubmed/10498889
http://doi.org/10.1038/nature09624
http://www.ncbi.nlm.nih.gov/pubmed/21102433
http://doi.org/10.1038/nri.2017.145
http://www.ncbi.nlm.nih.gov/pubmed/29332937
http://doi.org/10.1101/cshperspect.a006486
http://doi.org/10.1038/nature06868
http://doi.org/10.1038/nature21724
http://doi.org/10.1016/j.annonc.2020.08.2336
http://doi.org/10.3389/fgene.2020.565341

