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Glioma remains the toughest brain tumor among all primary central nervous system
(CNS) tumors. The complexity of its pathogenesis makes it difficult to achieve radical
cure, especially in the case of glioblastoma multiforme (GBM, WHO grade IV), the most
aggressive subtype of glioma [1]. Recently, the existence of glioma stem cells (GSCs) in
GBM has been demonstrated, which exhibit the properties of neural stem cells (NSCs) and
are responsible for chemo/radiotherapy resistance and tumor recurrence [2–4], making
them potential therapeutic targets against GBM [5,6].

In this Special Issue, we collected 10 articles discussing the genomic alterations of
glioma, its immune microenvironment, and multi-therapy for glioma. Wu. et al. screened
necroptosis (NCPS)-related genes (CTSD, AP1S1, YWHAG, and IER3) to construct a prog-
nostic model for GBM, paving the way for the use of new targets for the diagnosis and
treatment of glioma. Fang et al. proved that the transient receptor potential (TRP) fam-
ily genes are promising immunotherapeutic targets and potential clinical biomarkers for
glioma. Besides genetic mutations, increasing evidence shows that the tumor microenvi-
ronment is also important for glioma development and resistance to therapy [7]. Within the
GBM microenvironment, Alice Giotta Lucifero et al. found that the phosphatase and tensin
homolog (PTEN)-related immune landscape mainly consists of Treg and M2 macrophages,
which repress the antitumor immune activation and are responsible for triggering glioma
cell growth and invasion. Li et al. demonstrated that the tyrosine phosphatase receptor
type N (PTPRN) could be an independent prognostic factor and correlates with tumor
immune infiltration in low-grade glioma.

In the past decade, newly emerging therapeutic strategies such as tumor-treating fields
(TTF) have been introduced in GBM patients [8]. Yu et al. suggested that irreversible elec-
troporation possibly mediates glioma apoptosis via the upregulation of transcription factor
AP-1 and Bim (Bcl2l11) expression. Programmed death protein 1 (PD-1) and programmed
death-ligand 1 (PD-L1) play critical roles in tumor immune escape, and several immunother-
apies, including PD-1/PD-L1 checkpoint inhibitors and chimeric antigen receptor-T cells
(CAR-T), have already been applied in glioma therapy. Yu et al. explore the PD-1/PD-L1
protein expression in recurrent glioma and its paired primary tumor and reveal a tendency
of increased PD-1/PD-L1 in recurrent glioma. However, immunotherapies proved ther-
apy failures, which strongly indicates that beyond the T cell-based adaptive immunity,
innate immunity might also be the key to regulating anti-tumor immunity in the glioma
microenvironment. Qi et al. provided a cellular response to the interleukin-4 (IL-4)-related
gene signature as an excellent immune biomarker of gliomas, which may be beneficial to
develop novel immunotherapies for glioma.
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Rodent models of glioma are still indispensable for understanding the basic principles
of glioma development and tumor invasion [9]. Rodent models, including xenograft
(Figure 1) and genetically engineered models, are used to study glioma development,
reveal tumor progression, and test novel therapy strategies [10,11]. Cintia Carla da Hora
et al. proposed patient-derived xenografts (PDX) or patient-derived GSC models in glioma
research, which provide the possibility of studying glioma growth, treatment response,
and survival outcome. In addition, Hannes Becker et al. conducted multilayered profiling of
a platelet-derived growth factor B (PDGFB)-driven glioma mouse model and discovered
radiological, histological, and metabolic features that are comparable to human high-
grade glioma.
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Irreversible Electroporation Mediates Glioma Apoptosis
via Upregulation of AP-1 and Bim: Transcriptome Evidence
Shuangquan Yu 1,† , Lingchao Chen 1,†, Kun Song 1, Ting Shu 2, Zheng Fang 3 , Lujia Ding 3, Jilong Liu 2,
Lei Jiang 2, Guanqing Zhang 4, Bing Zhang 2,* and Zhiyong Qin 1,*

1 Department of Neurosurgery, Huashan Hospital Shanghai Medical College, Fudan University,
Shanghai 200040, China

2 Intelligent Energy-Based Tumor Ablation Laboratory, School of Mechatronic Engineering and Automation,
Shanghai University, Shanghai 200444, China

3 Division of Biomedical Engineering, University of Saskatchewan, Saskatoon, SK S7N 5A9, Canada
4 Biomedical Science and Technology Research Center, School of Mechatronic Engineering and Automation,

Shanghai University, Shanghai 200444, China
* Correspondence: bingzhang84@shu.edu.cn (B.Z.); wisdomqin@vip.163.com (Z.Q.)
† These authors contributed equally to this work.

Abstract: The heat-sink effect and thermal damage of conventional thermal ablative technologies can
be minimized by irreversible electroporation (IRE), which results in clear ablative boundaries and
conservation of blood vessels, facilitating maximal safe surgical resection for glioblastoma. Although
much comparative data about the death forms in IRE have been published, the comprehensive genetic
regulatory mechanism for apoptosis, among other forms of regulatory cell death (RCD), remains
elusive. We investigated the electric field intensity threshold for apoptosis/necrosis (YO-PRO-1/PI
co-staining) of the U251 human malignant glioma cell line with stepwise increased uniform field
intensity. Time course samples (0–6 h) of apoptosis induction and sham treatment were collected for
transcriptome sequencing. Sequencing showed that transcription factor AP-1 and its target gene Bim
(Bcl2l11), related to the signaling pathway, played a major role in the apoptosis of glioma after IRE. The
sequencing results were confirmed by qPCR and Western blot. We also found that the transcription
changes also implicated three other forms of RCD: autophagy, necroptosis, and immunogenic cell
death (ICD), in addition to apoptosis. These together imply that IRE possibly mediates apoptosis
by the AP-1-Bim pathway, causes mixed RCD simultaneously, and has the potential to aid in the
generation of a systemic antitumor immune response.

Keywords: irreversible electroporation; glioma; apoptosis; regulatory cell death; AP-1; FOS; JUN; Bim

1. Introduction

Glioblastoma multiform (GBM) accounts for the majority of gliomas (56%) [1] and
displays the most aggressiveness. The efficacy of current surgery plus conventional radia-
tion and chemotherapy for GBM is poor, despite a second surgical treatment [2,3]. GBM
patients only have a median overall survival of 12–15 months [4] and inevitably die of
tumor recurrence or progression. The development of novel treatment strategies is urgently
required. As a novel non-thermal tumor ablation modality, irreversible electroporation
(IRE) has successfully been applied to solid tumors, including liver cancer [5], pancreatic
cancer [6], prostate cancer [7], and renal cell carcinoma [8], after Food and Drug Adminis-
tration (FDA) approval in 2008. GBM is characterized by a rich blood supply and requires
spatially maximal safe surgical resection with minimal disruption of neurological func-
tion. Compared to conventional thermal ablative technologies, IRE ablation would not be
subject to heat-sink effects [9] from nearby blood flow and have clear ablation boundaries.
Moreover, IRE effectively protects vascular networks within treated areas. These make it
a suitable therapeutic candidate for GBM [10]. Within the field of GBM treatment, there
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was only modest evidence of animal research and in vitro cell experiments for IRE [11,12].
Further investigation into gene regulatory mechanisms and therapeutic efficacy after IRE
must be completed.

Selectively based on specific signaling pathways, there have been numerous studies
for gene regulatory mechanism of regulatory cell death (RCD), including apoptosis after
IRE. Loss of mitochondrial membrane potential, cytochrome c release, caspase-9 activation,
upregulation of pro-apoptotic factors (BAX, BAK, BAD), and downregulation of anti-
apoptotic factors (Bcl-2, Bcl-xL, Mcl-1) confirmed the involvement of mitochondria, mostly
through the intrinsic apoptosis pathway. However, in some studies, BID cleavage also
points to the activation of type II extrinsic-like apoptosis. In some cells (HCT, B16F10, E4
SCC, Jurkat), apoptosis also progresses through the type I extrinsic-like pathway without
or with little involvement of mitochondria and with caspase-8 activation and modulation
of extrinsic apoptotic regulators, which influence sensitivity to nsEP [13]. To the best of
our knowledge, few studies were based on high-throughput transcriptome sequencing
in this gene regulatory mechanism issue after IRE in glioma. The transcriptome includes
the complete set of transcripts in cells. Based on the generation of a high-throughput
sequencing technology platform, transcriptome sequencing is used to comprehensively
and quickly obtain almost all transcriptional sequence information of cells during a certain
state. Unbiased high-throughput transcriptome sequencing seems to be the most valid
approach to avoid any bias during pathways pre-selection.

Electric field strength threshold values for U251 cell apoptosis/necrosis were iden-
tified under stepwise increased field intensity. Cells of apoptosis induction by IRE and
sham intervention were sampled (0–6 h) for high-throughput transcriptome sequencing.
Furthermore, the obtained results disclosed mixed RCD forms simultaneously (including
autophagy, necroptosis, and ICD) [14]. Here, we aimed to characterize the mechanisms
of IRE-mediated RCD in vitro using the U251 cell line by high-throughput transcriptome
sequencing. We then confirmed the sequencing results by qPCR and Western blot. We
hypothesized that IRE-mediated RCD occurs via the AP-1–Bim-related signaling path-
way. Mechanistic characterization of IRE-induced RCD will be important for translation
into brain tumor clinical trials, in which IRE-mediated RCD will be exploited to reduce
recurrence and inhibit the progression of GBM.

2. Materials and Methods
2.1. Cell Culture and IRE

U251 human malignant glioma cells were maintained in Dulbecco’s modified eagle
medium (DMEM) (hg)-10% FBS in 5% CO2, 37 ◦C. Cells were seeded into 6-well plates
before electroporation. Tumor cells were exposed to a flat electric field generated by a
custom-made IRE pulse generator (HUIWEI MEDICAL Inc., Suzhou, China) after reaching
70–80% confluency, with field intensity incrementally increased. The pulse parameters
were set as pulse duration 100µs, frequency 1 Hz, 60 pulses, and unipolar. For DAPI
staining, samples were incubated in 10% DAPI for 20 min before the intervention. Flat non-
uniform/uniform electric fields were generated by two parallel-needle electrodes (blunt-
ended, diameter: 0.4 mm, center-to-center distance: 1 cm, perpendicularly oriented to the
plate bottoms, made with stainless-steel) or two parallel-plate electrodes (thickness: 0.4 mm,
width: 2 cm, height: 4 cm, edge-to-edge distance: 1 cm, both vertically erected on the plate
bottoms, made with stainless-steel) in 3 mL PBS at the center of every well of the 6-well
plate. The pulse parameters were set as pulse duration 100µs, frequency 1 Hz, 60 pulses,
unipolar, and applied voltage of 1100 V on the needle electrodes or 200–730 V on the plate
electrodes. Three-dimensional numerical simulations of the flat non-uniform/uniform
electric fields were modeled using the finite element software (COMSOL Multiphysics 5.6,
COMSOL Inc., Stockholm, Sweden, 2021).
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2.2. Apoptosis and Necrosis Assay

Field strength threshold values for cell apoptosis/necrosis were identified by DNA
fluorescence staining (YO-PRO-1/PI co-staining) and morphological changes 24 h post elec-
troporation. YO-PRO-1 staining permits real-time cytofluorometric analysis of apoptosis
with cell viability unaffected [15]. For YO-PRO-1/PI co-staining, samples were incubated in
5% YO-PRO-1/PI immediately following the electroporation. YO-PRO-1 and PI resulted in
green and red staining of cell apoptosis and necrosis separately. Pictures were taken using
a Nikon DS-Ri2 Zoom fluorescent microscope which can splice approximately 100 single
fields of a normal microscope. Each picture showed the full view of a well in a 6-well cell cul-
ture cluster. Fluorescence intensity after flat uniform electric field treatment was analyzed
using ImageJ software (ImageJ 1.46, the National Institutes of Health, Bethesda, MD, USA,
https://imagej.nih.gov/ij/ (accessed on 1 July 2021)). S-shaped curves were obtained after
all data were fitted by a nonlinear sigmoid curve regression using GraphPad Prism Software
(Prism 7.00, GraphPad Software Inc., CA, USA, 2021, the x-axis displays the field intensity,
and the y-axis shows the percentages of the fluorescent area in relation to the entire uni-
form electrical field-treated area) (https://www.graphpad.com/scientific-software/prism/
(accessed on 2 July 2021)). After electroporation, cells were re-cultured for another 24 h to
further characterize their states by light microscopy.

2.3. RNA Extraction and Transcriptome Sequencing

Flat uniform electric fields of 520 V/cm were generated by the two parallel-plate
electrodes in 3 mL PBS at the center of every well of the 6-well plate. Normal culture
medium was added after IRE. Sham treatment was similarly handled in parallel with
no current delivery. Samples were collected at 0 h after sham treatment, 0 h, 3 h, and
6 h after the electroporation. Cells exposed to the electric field were scraped off plates
by a cell scraper and were harvested by centrifugation at 1000 rpm for 5 min. A total
of 1 mL of TRIzol reagent was then added and mixed thoroughly by vortexing. Three
replicates were taken for samples of each time point. All samples were stored at −80◦ until
total RNA extraction. Total RNA was extracted using the mirVana™ miRNA ISOlation
Kit (Ambion-1561) according to the instructions of the kit. The purity and quantification
of RNA were assessed using the NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). RNA integrity was evaluated using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Libraries were constructed using the TruSeq
Stranded mRNA kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions. These libraries were sequenced on the Illumina transcriptome sequencing
platform (NovaSeq 6000 Sequencing System).

2.4. Western Blot

Western Blot was performed using standard Western blot methods. c-Fos and Bim
were detected using an Anti-c-Fos antibody (ab190289, Abcam, Cambridge, UK) and an
Anti-Bim antibody (ab32158, Abcam). c-Fos and Bim primary antibodies were followed by
a secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L) antibody
(A0208, Beyotime, Shanghai, China). β-actin was detected using beta Actin Antibody (HRP
Conjugated) (AB2001, Abways Technology, Shanghai, China). Western blot data were
analyzed using ImageJ software.

2.5. Quantitative PCR

The qPCR for validating the mRNA expression of JUN, FOS, and Bim in U251 (hu-
man malignant glioma cells) and LN229 cells (glioblastoma) was performed. In samples
collected at 0 h after sham treatment, 0 h, 3 h, and 6 h after the electroporation, total RNA
was extracted using a FastPure® Cell/Tissue Total RNA Isolation Kit (RC101, Vazyme
Biotech Co., Ltd., Nanjing, Jiangsu, China) according to the manufacturer’s instructions.
First Strand cDNA was synthesized according to the instructions of the Thermo Scientific
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA). mRNA was quanti-
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fied using the Bestar® SybrGreen qPCR mastermix kit (DBI® Bioscience, Ludwigshafen,
German) according to the instruction manuals. The mRNA expression levels in the control
groups were set at 1.00.

2.6. Statistics

In the present analysis, 12 samples (4 time points × 3 biological replicates) were
collected for transcriptome sequencing. Raw reads were quality filtered using Trimmomatic
to remove low-quality reads and obtain the clean reads (https://github.com/timflutre/
trimmomatic (accessed on 20 May 2021)). Approximately 6.77~7.29 G of clean data for each
sample were retained for subsequent analyses. The Q30 base distribution ranged from 94.57
to 94.83%. The average GC composition was 49.68 %. Reads were mapped to the human
genome (GRCh38) using the HISAT2 (https://daehwankimlab.github.io/hisat2/ (accessed
on 22 May 2021)). The alignment rate across the 12 samples to the reference genome ranged
from 97.02 to 98.55%. On the basis of the alignments, the FPKM of each gene was obtained
using Cufflinks [16], and read counts of each gene were acquired by HTSeqcount (https:
//htseq.readthedocs.io/en/master/ (accessed on 25 May 2021)). The q-value represents
the corrected p-value using the Benjamini and Hochberg method [17]. The threshold
for significantly differential expression was set at q-value < 0.05 and foldchange > 2 or
foldchange < 0.5. Differential expression gene (DEGs) analysis was carried out using the
DESeq (2012) R package (https://www.huber.embl.de/users/anders/DESeq/ (accessed
on 25 May 2021)). Hierarchical cluster analysis of DEGs was performed to display the
expression pattern of genes in different samples. GO enrichment and KEGG pathway
enrichment analysis of DEGs were carried out, respectively, using R on the basis of the
hypergeometric distribution. The possible RCD-related genes were screened by comparing
DEGs to RCD gene lists from KEGG (Apoptosis: hsa04210, hsa04215; Autophagy: hsa04136,
hsa04140; Necroptosis: hsa04217; Ferroptosis: hsa04216; Pyroptosis: not available). The
potential immune-related genes were screened by comparing DEGs to gene lists from
secondary classification terms (Immune disease and Immune system) based on KEGG.
Human transcription factor names and their targets were obtained through hTFtarget
(http://bioinfo.life.hust.edu.cn/hTFtarget#!/ (accessed on 5 October 2021)). The possible
RCD-related transcription factors were screened by comparing the RCD-related genes from
the present results with transcription factors from hTFtarget. Corresponding potential
target genes were predicted by comparing transcription factor targets from hTFtarget with
DEGs. An additional condition of searching the target genes and filtering pathways was
set at gene expression levels (FPKM) ≥ 3 to avoid false-positive patterns. The STRING
database (http://string-db.org (accessed on 9 October 2021)) was utilized to construct
the PPI network of RCD-related DEGs, transcription factors, and corresponding target
genes, with a combined score ≥ 0.4. The PPI data were demonstrated through Cytoscape
(https://cytoscape.org/ (accessed on 9 October 2021)).

3. Results
3.1. Electric Field Intensity Threshold for Apoptosis/Necrosis of U251 Glioma Cell Line

With the field intensity incrementally increased, the percentages of the green/red
fluorescent area in relation to the entire uniform electrical field-treated area sharply in-
creased from basal values to near-constant values (Figure 1A). Fine S-shaped curves were
obtained after the nonlinear sigmoid curve regression fitting. Apoptosis and necrosis
were induced with a 50% response after electroporation treatment (Field intensity ED50
value) of 299.5 ± 1.7 V/cm and 542.6 ± 1.6 V/cm (mean ± Std. Error), respectively. The
threshold field intensity (initial cell response) of electroporation-induced apoptosis and
necrosis was approximately 270 V/cm and 520 V/cm, respectively. Representative fluores-
cence pictures of unaffected (240 V/cm) (blue fluorescence), apoptotic (520 V/cm) (green
fluorescence), and necrotic cells (640 V/cm) (red fluorescence) are provided (Figure 1B).
Incubation continued for a further 24 h after electroporation treatment. Corresponding
light microscopy pictures of the three different states are demonstrated (Figure 1C). Field
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intensity below the threshold field intensity of apoptosis induction did not exhibit signifi-
cant cytotoxicity on the U251 cell line. The unaffected cells showed no apparent changes in
cell density and cellular morphology. After being exposed to the field intensity between
the threshold field intensity of apoptosis induction and necrosis induction, the apoptotic
cells exhibited drastically different behaviors. These behaviors included membrane blebs
formation, separation from the surrounding cells, weak extracellular attachments to the
plates, and disintegration of the cell into apoptotic bodies. Field intensity beyond the
threshold field intensity of necrosis induction leads to the coagulative necrosis of cells. A
similar phenomenon was also observed after the cells were exposed to the flat non-uniform
electric fields generated by two parallel-needle electrodes (Figure 1D). Green fluorescence
shows that the cells underwent apoptosis, and similar apoptotic morphologies appeared
after a further 24 h incubation. The cells stained with red fluorescence appeared to have
coagulative necrosis. Other areas show that the cells were intact, as observed 24 h later
using light microscopy. The experimentally observed distribution shapes and boundaries of
the three states are similar to numerical simulations (solid red and yellow lines). However,
the simulation-predicted threshold field intensity of electroporation-induced apoptosis and
necrosis seemed to be approximately 500 V/cm and 800 V/cm, respectively.
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Figure 1. Electroporation-induced apoptosis and necrosis were determined by field intensity. (A) 
Field intensity of electroporation influenced the percentages of green (apoptosis) and red (necrosis) 
fluorescent areas to the entire treated area in a dose–effect-related manner. The threshold field in-
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V/cm, respectively. (B) Representative fluorescence images of unaffected (green and red fluores-
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Figure 1. Electroporation-induced apoptosis and necrosis were determined by field intensity.
(A) Field intensity of electroporation influenced the percentages of green (apoptosis) and red (necro-
sis) fluorescent areas to the entire treated area in a dose–effect-related manner. The threshold
field intensity of electroporation-induced apoptosis and necrosis was approximately 270 V/cm and
520 V/cm, respectively. (B) Representative fluorescence images of unaffected (green and red fluo-
rescence double negative), apoptotic (green fluorescence single positive), and necrotic cells (green
and red fluorescence double positive) are presented. Nuclei of all cells were visualized using DAPI
staining (blue fluorescence). (C) Corresponding representative light microscopy pictures of unaffected
(240 V/cm), apoptotic (520 V/cm), and necrotic cells (640 V/cm) were acquired 24 h after electropo-
ration. (D) Similar fluorescence after electroporation (right part) and corresponding morphological
changes 24 h afterwards (Left part) were reproduced by the flat non-uniform electric fields generated
by two parallel-needle electrodes. Solid red and yellow lines are numerical simulations of rough
apoptotic and necrotic threshold field intensity (500 V/cm for the red line and 800 V/cm for the
yellow line). Perspective blue and white cylinders represent one of the parallel-needle electrodes.
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3.2. Comprehensive Regulatory Transcription Changes of IRE-Induced Apoptosis

Cells of apoptosis induction by IRE (520 V/cm) and sham intervention were sam-
pled (0–6 h) for high-throughput transcriptome sequencing. There are 33 differential
expression genes at 0 h after electroporation vs. 0 h after sham treatment (14 upregulated
and 19 downregulated), 612 differential expression genes at 3 h (505 upregulated and
107 downregulated), and 1500 differential expression genes at 6 h (1223 upregulated and
277 downregulated). Volcano plots were employed to depict the differences in gene expres-
sion (Figure 2A). The results of the hierarchical cluster analysis are displayed in the form of
a heat map (Figure 2B).
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Figure 2. Time series transcriptomic changes of electroporation-induced apoptosis revealed gradually
widespread gene expression differences. (A) Volcano plots for showing time series differentially
expressed genes (q-value < 0.05 and foldchange > 2 or foldchange < 0.5). (B) Heat maps for displaying
hierarchical cluster analysis of time series differentially expressed genes.

The up- and downregulated differential expression genes were annotated into 64 groups
based on the GO level2 entries classifications (Figure 3A). GO annotations consist of three
categories of differential expression genes: biological process, molecular function, and cellu-
lar component. The top 10 GO terms, sorted by the -log10P-value and containing at least
three differential expression genes, in the three categories were screened out, respectively
(Figure 3B). GO term “transcription factor AP-1 complex” (black rectangle) of “cellular
component” is top-ranked. Additionally, the GO term “inflammatory response” (black
rectangle) of “biological process” is also in the ranking list. Bubble plots are used to portray
the top 20 enriched KEGG pathways, sorted by the -log10P-value and containing at least
three differential expression genes (Figure 4). Inflammatory-related signaling pathways
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(IL-17 signaling pathway, MAPK signaling pathway, TNF signaling pathway, and NF-kappa
B signaling pathway) and apoptosis-related signaling pathways (TNF signaling pathway
and FoxO signaling pathway) are top-ranked.
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Figure 3. Data mining of the time series transcriptomic changes of electroporation-induced apoptosis.
(A) Gene ontology (GO) term analysis was performed to annotate the up- and downregulated
differential expression genes into 64 groups based on the GO level2 entries classifications. (B) GO
terms were sorted by the -log10P-value, and the top 10 GO terms in each of the three GO level1
categories were displayed. The term "transcription factor AP-1 complex” of “cellular component"
and “inflammatory response” of “biological process” was depicted by a black rectangle.
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Figure 4. Enriched KEGG pathways were sorted by the -log10P-value, and the top 20 pathways were
portrayed using bubble plots.

3.3. Transcription Factors FOS and JUN Played a Major Role in the Apoptosis after IRE,
Accompanied by Mixed RCD Forms

In this experiment, a total of 31 possible RCD-related genes were screened out by
comparing DEGs to RCD gene lists from KEGG (not counting ICD-related genes). Dis-
tributions of the 31 genes among different RCD forms, including apoptosis, autophagy,
necroptosis, and ferroptosis, are shown in Table 1. However, there are no readily available
pyroptosis pathway maps from KEGG. The role that pyroptosis plays in the RCD after IRE
remains unclear. No differential expression genes in the present study were involved in the
ferroptosis pathway.

Table 1. Distributions of the screening 31 possible RCD-related differential expression genes among
RCD forms (not counting ICD-related genes).

Apoptosis
Apoptosis-
Multiple
Species

Autophagy-
Other

Autophagy-
Animal Necroptosis Pyroptosis Ferroptosis

hsa04210 hsa04215 hsa04136 hsa04140 hsa04217 Not Available hsa04216

BIRC3 BIRC3 BIRC3

N/A /

BCL2L11
APAF1

BCL2L11
APAF1

PIK3R3
EIF2AK3

PIK3R3
EIF2AK3

TNFRSF10A
TNF

TNFRSF10A
TNF

ATG9B ATG9B
DDIT4

DEPTOR
GADD45B MCL1 JUN

DDIT3 PIDD1
GADD45A

NFKBIA FOS NTRK1
GADD45G ATF4

H2AC6
PLA2G4C
H2AC20

PYGM JAK3
PLA2G4F

IL1A USP21
TNFAIP3 ZBP1

KEGG pathway names and entries were listed at the head of the table. “N/A” represented that there were no
currently available pyroptosis pathway maps from KEGG. “/” represented that there was no distribution of
RCD-related DEGs in "Ferroptosis" in this experiment.

Among the 31 possible RCD-related genes, the screening identified two transcription
factors: FOS and JUN. PPI data of the union of the 31 RCD-related genes, two transcription
factors, and corresponding transcription factors target genes, were demonstrated (Figure 5).
The foldchange of JUN was 1.43 at 0 h after electroporation (mean expression level 115) vs.
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0 h after sham treatment (mean expression level 78) and did not meet the predetermined
threshold for significantly differential expression (foldchange > 2 or foldchange < 0.5). This
question aside, FOS, in conjunction with JUN, played a central role in the RCD, including
apoptosis at all three time points after IRE.
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A total of 122 potential immune-related genes were screened by comparing DEGs and
gene lists from secondary classification terms (immune disease and immune system) based
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on KEGG. The temporal profile of the immune-related differentially expressed genes of all
three time points after IRE is shown in Table 2.

Table 2. Time course transcriptomic changes of electroporation-induced RCD to involve immune-
related differentially expressed genes.

G0H-vs-C G3H-vs-C G6H-vs-C

FOS FOSB FOS FOSB FOS FOSB
MMP1 MMP1

FERMT3 NFKBIA ITGAM
MAPK13 H2BU1 ATP6V1B1

GRIN2B C5AR1 HSPA6 EGR3
SERPINC1 TNFAIP3 H2BC18

CCL2 IL17B TNFRSF10A
CXCL3 C3AR1 DLL1 MYLK3
IL6 PRKCG MAP3K8 PTPN6
IL23A PECAM1 CXCL2 EGR2

BCL3 IL1A ITGAX H3C4
IL17C C9 JUN CD1D CD79A

BUB1B-PAK6 IL1R2 GNB3
RASGRP2 H2BC17 JAK3

HSPA1B PLA2G4F RASSF5
CD14 HSPA1A

FERMT3 NFKBIA ITGAM
MAPK13 H2BU1 ATP6V1B1

GRIN2B C5AR1 HSPA6 EGR3
SERPINC1 TNFAIP3 H2BC18

CCL2 IL17B TNFRSF10A
CXCL3 C3AR1 DLL1 MYLK3
IL6 PRKCG MAP3K8 PTPN6
IL23A PECAM1 CXCL2 EGR2

BCL3 IL1A ITGAX H3C4
IL17C C9 JUN CD1D CD79A

BUB1B-PAK6 IL1R2 GNB3
RASGRP2 H2BC17 JAK3

HSPA1B PLA2G4F RASSF5
CD14 HSPA1A

CCL26
HSPA2 FGG COL3A1 F3

CD74 APBB1IP
KIT TNFRSF13C H2BC6
H2BC5 H2BC4 CD34 C2

TBX21 DLL3 H3C13 SCIN
CXCR4 MASP2 GRK7 GBP1

PLA2G4C FOSL1 KSR1
H2AC20 MYLK4 F2 FOXO3

H2BC11 POLR1C TNFRSF11A
RUNX1 CD1A PTGS2

BDKRB2 CALML4 TNF FLT1
LCK TLR9 H2AC6 RARA
DLL4 GUCY1A2 NFATC2

CLDN1 TBKBP1 TLR5 IL5RA
F2RL2 POLR2H RAG1 IRF1
F2R CLDN19 NFKBIE IRF3
SERPINF2 PIK3R3 BIRC3
JAM2 THBD ITGB7 H3C3
ITGA2B H2BC8 NAMPT

ZBP1 PIP5K1A BTK
Head of the table shows the sampling time points. Red font denotes transcription factors.

Finally, we confirmed the sequencing results by qPCR and Western blot (Figure 6).
The mRNA levels of FOS and JUN, major constituents of the AP-1 transcription factor,
and Bim, a known executioner of RCD, were all gradually upregulated after the treat-
ment (Figure 6C–H). Expression of the protein c-Fos was also consistently upregulated
(Figure 6A,B). These all echoed the sequencing results. However, the expression of the
protein Bim was complicated (Figure 6A,B). Bim showed high basal expression and did
not reduce instantly after the treatment. The protein amount of Bim then dropped to
the lowest expression at 3 h and gradually upregulated 6 h later. This will be discussed
in the ‘Discussion’ section. Overall, the qPCR and Western blot findings supported the
sequencing results.
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Figure 6. Upregulation of transcription factor AP-1 and upregulation of Bim (Bcl2l11) expression
after electroporation. Western blot results (A) and analysis (B) of c-Fos and Bim in samples collected
at 0 h after sham treatment, 0 h, and 6 h after electroporation in U251 cells. c-Fos was consistently
upregulated. Bim showed high basal expression and did not significantly reduce instantly after the
treatment and then dropped to the lowest expression 3 h later. Expression of Bim was gradually
upregulated 6 h later. qPCR results (C–H) of FOS (C,F), JUN (D,G), and Bim (E,H) in two different
cells, U251 (C–E) and LN229 cells (F–H), all showed gradual upregulation after electroporation,
which was consistent with the sequencing results.

4. Discussion

The primary purpose of the present study was to comprehensively explore the mech-
anism of apoptosis after IRE based on high-throughput transcriptome sequencing. To
confirm apoptosis, YO-PRO-1/PI co-staining and cellular morphological changes after
re-culture for another 24 h were used (Figure 1B–D). YO-PRO-1 staining confirmed apop-
tosis in near real-time [18]. Cellular changes of typical apoptotic morphologies [19] 24 h
later, including membrane blebs formation, separation from the surrounding cells, weak
extracellular attachments to the plates, and disintegration of the cell into apoptotic bodies,
further validated apoptosis.

However, the fact that COMSOL simulation-predicted threshold field intensity of
electroporation-induced apoptosis and necrosis was approximately 500 V/cm and 800 V/cm,
respectively, needs to be discussed in depth. We noticed that the cathode electrode of the
two parallel-needle electrodes generated a large number of gas bubbles (Figure S1), while
a similar phenomenon was not apparent on the two parallel-plate electrodes. The gas
bubbles formation may arise from the excessive field strength generated around the needle
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electrodes. Most of the cathode electrode surface of the needle electrode was covered by the
bubbles, causing local current density to increase, leading to local field intensity increasing,
resulting in the experimental field strengths being smaller than the predicted values in other
regions. The difference between the simulation-predicted apoptosis and necrosis threshold
field intensity of electroporation (approximately 300 V/cm) is similar to the difference
between the field intensity ED50 value for apoptosis and necrosis induction (243.1 V/cm).
The overpredicted field strengths are likely to arise from gas bubble formation on the needle
electrode. Field intensity ED50 values for apoptosis and necrosis induction obtained by
utilizing the two parallel-plate electrodes are more robust. Like our results, electrode design
for IRE should adequately consider the influence of bubble formation [20].

Through the optimized field intensity gradient settings of flat uniform electric fields,
fine S-shaped curves were obtained (Figure 1A), which is similar to “dose-effect relation-
ships” in pharmacological investigations. Apoptosis and necrosis sharply increased in a
field intensity-dependent manner if the corresponding thresholds were exceeded. Origi-
nally, ED 50 was defined as the median effective dose, the dose of a drug that is effective
in 50% of individuals [21]. Field intensity resembles the dose of the drug, and individuals
refer to single cells here. For the first time, we draw on the pharmacological concepts of
“S-shaped curves”, “dose-effect relationships”, and “ED50” to study the biological effects
of electroporation.

The number of differentially expressed genes from samples after apoptosis induction by
IRE increased progressively with time from 0 h to 6 h in a regulatory way. Profiles of transcrip-
tome sequencing were unbiasedly demonstrated (Figure 2A,B, Figure 3A,B and Figure 4).
The “transcription factor AP-1 complex”, immune-related go terms, and signaling path-
ways were more prominent. Firstly, activator protein-1 (AP-1) is a classical regulator of cellular
apoptosis in specific cell types [22]. AP-1 consists of heterodimers and homodimers of JUN,
FOS, or activating transcription factor bZIP proteins. However, to our knowledge, this is the
first report of such a transcription factor in the gene regulatory mechanism of apoptosis after
IRE. Secondly, what deserves attention is that apoptosis is usually immunologically silent [23],
contrary to our transcriptome sequencing results, that 122 potential immune-related genes
were involved. In-depth data mining for other forms of RCD [14] will be performed later.

Possible differentially expressed RCD-related genes were screened out (Table 1). Al-
though iron-based stainless-steel electrodes might generate in situ Fe2+ during electropo-
ration, which plays an important role in ferroptosis [24], no differential expression genes
were detected to be involved in the ferroptosis pathway in the present study. Involve-
ment of ferroptosis in RCD within 6 h after IRE can therefore be ruled out. The possible
RCD-related genes are distributed in different RCD forms, including apoptosis, autophagy,
and necroptosis. Necroptosis is a highly immunogenic type of RCD [25], and autophagy
has been reported to control further inflammatory responses [26]. Apoptosis is linked to
DNA damage via several pathways that were not yet fully studied in the case of nsEP. One
possibility is via PLK-1 protein and centrosome-mediated apoptosis, PUMA and NOXA
were not activated. Exposure of cells to nsEP causes ER stress that could be related to ROS
formation, permeabilization of the ER, or Ca2+ influx and can further trigger mitochondria-
mediated intrinsic apoptosis via PERK and IRE1. ROS formation that occurs after nsEP
could trigger both intrinsic and extrinsic apoptosis via several cellular targets, including
those in the mitochondria, DNA, ER, and plasma membrane [13]. Among the 122 poten-
tial immune-related genes, 28 genes act as pro-inflammatory factors, and 4 genes act as
anti-inflammatory factors [27]. The 28 pro-inflammatory genes we detected are 14 differ-
entially expressed pro-inflammatory cytokines, cytokine receptors, and cytokine-induced
proteins: IL17B, IL17C, IL1A, IL23A, IL6, IL5RA, TNF, TNFRSF11A, TNFRSF13C, CCL2,
CCL26, CXCL2, CXCL3, and TNF alpha-induced protein 3 (TNFAIP3); pro-inflammatory
complement receptors C3AR1 and C5AR1; heat shock proteins HSPA1A and HSPA1B; Toll-
like receptors TLR5 and TLR9; leukocyte differentiation antigen: CD14, CD1A, CD1D, CD74,
and CD79A; kinases JAK3 and MAPK13; nuclear factor NFATC2. On the opposite side, four
anti-inflammatory factors, including cytokine receptors (TNFRSF10A and IL1R2) and NFKB

16



Brain Sci. 2022, 12, 1465

inhibitors (NFKBIE and NFKBIA), were detected. Although mainly produced by immune
cells, inflammation-related substances produced by tumor cells are also common [28]. More
promisingly, these inflammation-related substances after IRE endow the U251 glioma cells
with the potential of generating a systemic antitumor immune response. The immunogenic-
ity merits further thorough inquiry. As amply discussed above, the apoptosis induction of
IRE caused multiple RCD forms (involvement of apoptosis, autophagy, necroptosis, and
ICD transcriptome mechanisms) simultaneously.

Except for the fact that the foldchange of JUN at 0 h after the electroporation (mean
expression level at 0 h after sham treatment as benchmark) did not meet the predetermined
threshold for significantly differential expression, upregulation of FOS and JUN, major
constituents of the AP-ranscription factor [22], maintained throughout all the three time
points (0 h, 3 h, and 6 h). AP-1 transcription factor was also the only transcription factor
among the 31 possible RCD-related genes. GO term “transcription factor AP-1 complex” of
“cellular component” was top-ranked after GO enrichment analysis of all DEGs (Figure 3B).
Electrical stimulation was reported to induce the upregulation of AP-1 [29]. Additionally,
increased AP-1 activity can cause apoptosis in specific cell types, including tumor cells
and neuronal cells [22]. Similarly, transcription factor AP-1 should play a key role during
apoptosis after the irreversible electroporation in this experiment. However, FOS expression
duration and intensity in our study were considerably higher than the moderate one in
the published data [29]. Su et al. reported a transient FOS expression elevation 1 h after
electro-stimulation (approximate expression level = 10, fold change = 2), returning to
baseline after 4 h, causing no significant cell death and excitotoxicity. Our results show an
immediately early upregulation after the irreversible electroporation, a drastic upregulation
in less than 3 h, and maintenance of high expression level for at least 6 h. It is widely
believed that transcription factor AP-1 mediates apoptosis by mainly regulating the gene
expression of P53 [30,31], Fas [32], Fas-L [32], Bim [33], and HRK [34]. Combining our
results, Bim, also named Bcl2l11, was the only DEG with gene expression levels (FPKM) ≥ 3,
whose expression level gradually increased and significantly upregulated at 3 h and 6 h.
Putcha et al. [35] reported that the protein amount of Bim started to gradually upregulate
6 h after a cellular disturbance. The trend toward the upregulation of Bim from 3 h to
6 h (Figure 6A,B) after electroporation was consistent with the findings of Putcha et al.
Importantly and different from them, the U251 cells showed high basal expression of Bim at
0 h after sham treatment (C group) and 0 h after electroporation (G0H group) (Figure 6A,B).
We conjectured that the lowest expression of Bim at 3 h was due to protein leakage of basal
Bim through cellular membrane holes formed after the electroporation. The upregulation
of Bim around 6 h reflected de novo synthesis of protein Bim. However, more additional
follow-up experiments need to be performed in the future.

In summary, our time-course transcriptome sequencing data suggest that IRE possibly
mediate apoptosis by long-term high-intensity upregulation of transcription factor AP-1
and upregulation of Bim (Bcl2l11) expression. Based on this prediction, further studies will
need to be carried out on the pathways of IRE-induced apoptosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12111465/s1, Figure S1. Light microscopy picture of gas
bubbles formation around the cathodal needle electrode. Red dotted ellipse indicates the electrode
(Diameter: 0.4 mm). Red arrows indicate gas bubbles.
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Abstract: Glioblastomas are incurable primary brain tumors harboring a heterogeneous landscape of
genetic and metabolic alterations. Longitudinal imaging by MRI and [18F]FET-PET measurements
enable us to visualize the features of evolving tumors in a dynamic manner. Yet, close-meshed
longitudinal imaging time points for characterizing temporal and spatial metabolic alterations during
tumor evolution in patients is not feasible because patients usually present with already established
tumors. The replication-competent avian sarcoma-leukosis virus (RCAS)/tumor virus receptor-A (tva)
system is a powerful preclinical glioma model offering a high grade of spatial and temporal control
of somatic gene delivery in vivo. Consequently, here, we aimed at using MRI and [18F]FET-PET to
identify typical neuroimaging characteristics of the platelet-derived growth factor B (PDGFB)-driven
glioma model using the RCAS-tva system. Our study showed that this preclinical glioma model
displays MRI and [18F]FET-PET features that highly resemble the corresponding established human
disease, emphasizing the high translational relevance of this experimental model. Furthermore, our
investigations unravel exponential growth dynamics and a model-specific tumor microenvironment,
as assessed by histology and immunochemistry. Taken together, our study provides further insights
into this preclinical model and advocates for the imaging-stratified design of preclinical therapeutic
interventions.

Keywords: glioblastoma; RCAS-tva; rodent glioma models; metabolism; multiparametric PET/MR
imaging; model characterization; PDGFB

1. Introduction

A glioblastoma is one of the most aggressive primary tumors in the central nervous
system. Despite multimodal therapy approaches, glioblastomas still have a devastating
prognosis, with a median overall survival in the range of 1.5 years [1–5]. Standard of care
therapy outside of clinical trials consists of maximal safe resection followed by a combi-
nation of radiation therapy, alkylating chemotherapy, and tumor-treating fields [1,3,6–8].
Still, tumor progression is inevitable in most patients. Re-resection can be considered if
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the whole contrast-enhancing tumor volume can be removed without new neurological
symptoms [7,9,10]. Furthermore, alkylating chemotherapy or other systemic therapies are
considered in interdisciplinary tumor boards [7,9–11].

Comprehensive genetic sequencing efforts over the last decades have revealed a com-
plex network of mutations in human cancer entities [12]. Multi-omic approaches and
extensive bioinformatic clustering analysis have enabled the definition of progressively
sharper subsets of different cancer entities [13–16]. This scientific progress contributed
to the better understanding of its biology and of potential treatment targets in some enti-
ties [14,17]. Furthermore, molecular profiling enables reverse translation approaches to
design more accurate preclinical models [18,19]. In glioblastomas, genetic alterations are
clustered into three subtypes: classical, proneuronal, and mesenchymal [14,16,20]. Besides
genetical alterations, metabolic adaptation and the reprogramming of cancers cells have
been defined as an additional hallmark of cancer [21,22]. In fact, immunosuppressive
reshaping of the glioma-associated microenvironment by the release of oncometabolites
and a distinct landscape of metabolomic alterations in human glioma have highlighted
the importance of metabolic fine tuning for human glioma [23,24]. In vivo imaging us-
ing [18F]FET-PET is a strong diagnostic tool in neuro-oncology when assessing tumor
metabolism on a molecular level and has become a standard tool in clinical neuroimag-
ing [25]. [18F]FET-PET is an amino acid radiotracer that is taken up by proliferating tumor
cells and has been associated with L-type amino acid transporters (LAT) [26]. PET/MRI
plays an important clinical role in the evaluation of metabolically active regions and thereby
in differentiating therapy-associated pseudoprogression from real tumor progression [7,25].
In particular, [18F]FET-PET improves sensitivity, specificity, and accuracy in differentiating
glioma from non-neoplastic tissue [27–29]. [18F]FET-PET/MRI has a value in the differenti-
ation between tumor progression and so-called pseudoprogression [30–33]. Furthermore,
contrast-enhanced MRI can evaluate blood brain barrier (BBB) permeability with high sensi-
tivity, and pseudoquantification can be performed [34,35]. Moreover, it has been correlated
with tumor infiltration and associated with tumor vascularity, as well as progression-free
survival [36,37].

Preclinical models recapulating the genetical and metabolic alterations of human
gliomas are urgently needed for dissecting potential vulnerabilities during glioma evolu-
tion in preclinical in vivo settings [38]. In this regard, somatic gene transfer systems that
offer the spatial and temporal control of gene delivery are of high scientific and transla-
tional value [39,40]. One retrovirus-based system that displays these characteristics is the
replication-competent avian sarcoma-leukosis virus (RCAS)/tumor virus receptor-A (tva)
system [41]. As illustrated in Figure 1A, the RCAS virus offers a multicloning site for the
insertion of genetic information with a maximum of 2.5 kilobase (kb), which is controlled
by the viral LTR promoter [42]. Viral replication solely takes place in cells expressing the
tva receptor, which is essential for viral entrance. Unlike mammalian cells, avian cells,
such as the chicken fibroblast long-term cell line DF-1, naturally express the tva receptor
(Figure 1B).

The establishment and breeding of immunocompetent, transgenic mice expressing the
tva receptor under the control of tissue-specific promoters allows the orthotopic induction
of diverse tumor entities using a broad range of oncogenic drivers (example shown in
glioma setting in Figure 1C). For instance, mouse models using the RCAS-tva delivery
system are available for glioma, ependymoma, pancreatic cancer, hepatic cancer, and
ovarian cancer research [41–45]. Additionally, rodent crossbreeding offers large genetic
combination possibilities. Examples are the implementation of luciferase-dependent in vivo
imaging as well as the combination of existing gene editing systems, such as the widely
used cre-lox or CRISPR-Cas9 editing systems for inducing chromosomal translocation or
gene fusions [42,46–48].

A platelet-derived growth factor B (PDGFB)-driven glioma model using the RCAS-tva
system has been used to test a wide range of novel therapeutic targets [49–51]. It comprises
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genetic features of the proneuronal glioma subtype by combining PDGFB amplification
with the lack of cell cycle regulator Cdkn2a (Figure 1) [14,16,46,52,53].

The aim of the study was to investigate (i) the growth dynamics with a special focus
on identifying neuroimaging characteristics of the PDGFB-driven glioma mouse model
using clinically relevant imaging methods, i.e., preclinical [18F]FET-PET/MRI, and (ii) to
study features of the glioma-associated microenvironment by immunohistochemistry.
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Subsequently, the PDGFB amplification is integrated retrogradely into the host genome. Together
with the systemic deletion of the cell cycle regulator Cdkn2a, intracerebral tumor formation occurs.
Created with BioRender.com.

2. Materials and Methods
2.1. DF-1 Cell Transfection

DF-1 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Ther-
moFisher, Waltham, MA, USA) at 39 ◦C with 5% CO2 atmosphere [54]. Cells were seeded
24 h before transfection. An amount of 2.5 µg of the RCAS-PDGFB or RCAS-GFP plasmid
was dissolved in 150 µL DMEM, together with 25 µL SuperFect® Transfection Reagent
(Qiagen, Venlo, The Netherlands), and incubated for 7 min at room temperature (RT) to
form complexes [41,46]. Next, 1 mL of DMEM was added, and the solution was transferred
to the seeded DF-1 cells and incubated for 3 h at 39 ◦C 5% CO2. Afterwards, cells were
washed and cultured with DMEM. Transfection control was assessed by fluorescence mi-
croscopy. The GFP signal of RCAS-GFP-transfected DF-1 cells was evaluated starting at
day 5 post transfection. Pictures were taken with an Axiovert 200M imaging system (Zeiss
Microscopy, Oberkochen, Germany).

2.2. Transfected DF-1 Cell Implantation into Immunocompetent (129S.Tg(NES-TVA)-Cdkn2a−/−) Mice

Animal experiments were conducted in accordance with the local authorities and the
German laws regulating the appropriate use of laboratory animals. Described procedures
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and experimental settings were approved by The Institute of Animal Welfare and the
Veterinary Office at the University of Tubingen and the Regional Council Tuebingen. We
used a PDGFB-driven glioma mouse model using the RCAS-tva somatic gene transfer
delivery system as originally established and described by Hambardzumyan et al. [46].
Fifty thousand RCAS-PDGFB transfected DF-1 cells were implanted intracranially in the
same manner as described previously [55–57].

In brief, adult mice (male and female) (129S.Tg(NES-TVA)-Cdkn2a−/−) [53] were
anesthetized with a 3-component anaesthetic (fentanyl, midazolam, and medetomidine).
Then, the anatomical injection site, the right striatum, was located using a stereotactic
device (Stoelting, Wood Dale, IL, US). Next, 5 × 104 transfected DF-1 cells resuspended
in 1 × PBS, in a volume of 2 µL were injected into the mice using a Hamilton syringe
(Hamilton Bonaduz AG, Bonaduz, Switzerland). Intracranially implanted mice were
carefully monitored and longitudinally imaged as outlined in Section 2.3. Tumor-bearing
mice were euthanized at the appearance of moderate clinical signs, which were regularly
assessed according to a predefined, previously described scoring system shown in detail in
Supplementary Table S1 [57–60].

2.3. MRI and [18F]FET-PET Measurements

PET and MRI acquisitions were performed longitudinally over a period of 42 days in
tumor-bearing mice (n = 8), starting 6 days after implantation as outlined in Section 3.1.
Isoflurane with a 2.5% induction and 1–1.5% maintenance using room air at a flow rate
of 1.5 L/min was used as an anesthetic during the measurements. A constant body
temperature of 37 ± 0.5 ◦C was maintained throughout the acquisitions, using temperature
regulated bed systems for MRI (Bruker Biospin, Ettlingen, Germany) and PET (Medres,
Cologne, Germany).

MRI scans were performed using a 7T Clinscan small-animal MR scanner equipped
with a whole-body transmitter coil and a volume coil that completely covered the mouse
head (Bruker Biospin, Ettlingen, Germany). Respiratory rate and gating for MRI sequences
were performed using a breathing pad. T2 weighted images (T2W) were acquired using a
2D-spoiled turbo RARE spin echo sequence (256 × 256 matrix, 20 × 20 mm2 field of view
(FOV), repetition time (TR) = 2500 ms, echo time (TE) = 33 ms, slice thickness = 0.7 mm,
18 slices, averages = 2). T1-weighted images were acquired with increasing flip angles using
the following parameters: 129 × 129 matrix, 25 × 25 mm2 field of view (FOV), repetition
time (TR) = 10 ms, echo time (TE) = 1.34 ms, slice thickness = 0.2 mm, flip angles = [2,9,27],
80 slices, averages = 2. For contrast enhancement, T1-weighted images were measured
using the above-mentioned parameters approximately 4 min after the intravenous contrast
agent injection of Gadobutrol (Gadovist® 1 mmol/mL, Bayer Schering Pharma, Berlin,
Germany) diluted to a concentration of 0.2 mmol/mL at a dosage of 25 mmol per kg of body
weight. Relaxometry T1-maps were calculated by linearly fitting the T1-weighted images
voxel-wise, as previously described using Matlab (Matlab 2013b, The MathWorks, Natick,
MA, USA) [34,61]. To further validate the T1-maps and quantify gadolinium concentrations
in the brain, we acquired T1-weighted images of a phantom containing linearly increasing
concentrations of Gadobutrol. PET acquisitions were performed using brain-dedicated beds
using an Inveon small-animal PET scanner (Siemens Healthineers, Erlangen, Germany). A
bolus of 11.6 ± 0.74 MBq of O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) was injected in the
catheterized tail vein and measured using PET through a dynamic acquisition of 50-min in
list-mode. The data were histogrammed in a 10-min time frame and reconstructed using an
iterative ordered subset expectation maximization (OSEM3D) algorithm. For attenuation
correction, a 10-min transmission acquisition using a 57Co source was acquired for every
PET measurement.

2.4. MR Image Analysis

The acquired PET and MRI images were realigned and co-registered using Pmod
Software v3.2 (Bruker Biospin, Ettlingen, Germany). Regions of interest (ROI) were drawn
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in agreement with two experienced neuroimaging scientists using the contrast enhanced
T1-weighted images. The ROI masks were used to extract data from the T1-relaxometry
maps and dynamic PET image data.

2.5. Scoring of Experimental Animals and SMA560&VM/Dk Mice

After transfected DF-1 cell implantation, the animals were closely examined, and
the clinical and neurological symptoms were evaluated according to a well-established
scoring scheme (Supplementary Table S1) [58]. The endpoint of the experiments was set
at a moderate physical burden. As soon as clinical endpoints were met, the experimental
animals were euthanized as defined by the responsible governmental authority (Regional
council Tuebingen).

Described IHC images in Section 3.3 were taken from either transgenic mice after
DF-1 cell implantation or immunocompetent mice of the orthotopic SMA560/VM-Dk
model [62]. In brief, 5 × 103 SMA560 cells were implanted in the same manner as described
in Section 2.2. Mice were part of an experiment previously published [57]. Shown mice
belonged to the control group, which received an isotype control antibody (MOPC-21)
intraperitoneally once per week (30 mg/kg). The isotype control was provided by Roche
Diagnostics (Penzberg, Germany). Treatment started at day 7 post-tumor cell implantation.
The experiment was closed at day 18 post-tumor cell implantation.

2.6. Immunohistochemistry of Murine Tumor Samples

The following antibodies were used: CD3, CD4, CD8, CD11b, CD19, CD20, CD45R,
CD163, Ki67, NCRI (Abcam, Cambridge, UK), CD204 (ThermoFisher, Waltham, MA, USA),
CD31 (BD Biosciences, Heidelberg, Germany), PD1, and PD-L1 (ProSci, Poway, CA, USA).
After reaching the predefined experimental endpoint, animals were perfused with ice cold
PBS, and brains were snapped frozen. Then, 8 µm thick sections were cut using a Leica
CM3050S cryostat (Leica, Wetzler, Germany). Brain slices were stored at −80 ◦C.

First, brain sections were dried at room temperature for 10 min, and fixation was per-
formed either with ice-cold acetone at −20 ◦C for 10 min or 4% PFA for 15 min. Endogenous
peroxidase activity was blocked by Bloxall (Vector Laboratories, Peterborough, UK). Next,
brain sections were incubated with 10% bovine serum albumin (BSA) in PBS-Tween 0.3%
for 1 h at RT. The primary antibody was incubated overnight at 4 ◦C. After several washing
steps with PBS, slides were incubated for 1 h at RT, with respective biotinylated secondary
antibodies diluted in 2% BSA PBS-Tween 0.05%. Vectastain® ABC Kit as a signal amplifier
and Vector NovaRED (Vector Laboratories) as a detection kit were used. Counterstaining
with Hematoxilin (Sigma-Aldrich, St. Louis, MO, USA) was performed. Finally, slides were
dehydrated and were mounted in DPX medium (VWR, Radnor, PA, USA). Stained tissue
sections were analysed under a Carl Zeiss Axioplan2 Imaging brightfield microscope (Zeiss
Microscopy, Oberkochen, Germany) with the Axio Vision 4.0 software.

2.7. Statistics

In vivo symptom-free survival was evaluated with Kaplan–Meier survival fractions, p
values were generated, and the Log-rank test (Mantel–Cox) was performed. Additionally,
the Tukey-Kramer post hoc test was used. Error bars represent standard deviation (SD).
Pearson correlations were calculated using MATLAB (R2021b, The MathWorks, Inc., Natick,
MA, USA).

Growth curves of contrast-enhancing regions and gadolinium- and FET-uptake were
analysed by GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) and visualized
with Adobe Illustrator 2022 (Adobe, San José, CA, USA).

3. Results
3.1. Implantation of RCAS-PDGFB Transfected DF-1 Cells and Glioma Formation In Vivo

First, we generated murine glioma in vivo after the implantation of RCAS-PDGFB
transfected DF-1 cells in experimental mice in two independent animal experiments with
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and without longitudinal imaging. Therefore, as illustrated in Figures 1 and 2A, DF-1 cells
were transfected with RCAS-PDGFB [46]. Transfection was controlled by a GFP-labelled
transfection control (RCAS-GFP), showing an enhanced GFP signal after plasmid trans-
fection (see Figure 2A). Next, 5 × 104 transfected DF-1 cells were implanted into the right
striatum of the mice (day 0). For longitudinal MRI and FET-PET imaging, mice received
baseline measurement one day before cell implantation (see Figure 2B). Animals received
cerebral MRI measurements twice per week (in total, 12 measurements) and an additional
FET-PET once per week depending on the availability of the FET tracer, as visualized in
Figure 2B. Untreated symptom-free survival was assessed according to the experimental
endpoint, as outlined in material/methods and Supplementary Table S1. Median symptom-
free survival time in the imaging animal group was 38 days; the independent implantation
of transfected DF-1 cells in seven additional animals revealed a median symptom-free
survival of 39 days (see Figure 3A).
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Figure 2. Longitudinal MRI-FET-PET imaging study and H&E staining pattern. (A) Schematic
overview of experimental design. Brightfield image shows transfected DF-1 cells. Scale bar is
50 µm. Representative picture of DF-1 cells transfected with RCAS-GFP plasmid as transfection
control. (B) Imaging schedule: day 0 represents the day of implantation of transfected DF-1 cells.
(C) Representative images of two animals showing glioma formation. Typical aspects of high-grade
glioma, such as infiltrating growth behavior, neovascularization (highlighted in green), and cell
atypia, are visible. Boundaries of the tumor core area are highlighted with a dotted line. Scale bars
are 50 and 100 µm. (A,B) were created with BioRender.com.

26



Brain Sci. 2022, 12, 1426Brain Sci. 2022, 12, x FOR PEER REVIEW 8 of 16 
 

 
Figure 3. (A): Kaplan–Meier plots of symptom-free survival of the longitudinal observational study 
with and without MRI and FET-PET measurements (yellow and green curve). The red curve repre-
sents entire animal studies. No statistically significant differences in Log-Rank test and Tukey–Kra-
mer post hoc test were observed. (B) Longitudinal tumor volume development: (1) representative 
FET-PET image day 7; (2) and (3) representative MRI images of day 39 PTI (post tumor initiation) 
of two animals showing glioma-like gadolinium enhancement in the final stage of the disease; (4) 
representative H&E staining showing glioma-like histologic features in the region of the previously 
occurred gadolinium enhancement (scale bar is 50 µm); (5) representative FET-PET image, showing 
FET uptake in tumor regions at day 42 PTI. (C) (1) Analysis of [18F]FET uptake in five representative 
imaged animals. (2) Analysis of longitudinal gadolinium uptake in tumor regions and normal brain 
regions. Error bars represent standard deviation (SD). (D): Longitudinal MRI and FET-PET images 
of one representative animal. Color bars as the reference of gadolinium and [18F]FET uptake are 
shown. 

We aimed at investigating the relationships between the measured imaging variables 
and the timepoints when the primary outcome parameter, i.e., symptom-free survival, 
was reached. Therefore, we correlated tumor volume, tumor [18F]FET uptake, and gado-
linium concentration in the tumor region and the brain parenchyma adjacent to the main 
tumoral mass. We observed significant positive correlations between tumor volume, 
[18F]FET uptake, and gadolinium concentrations in the tumor region (p < 0.001). Moreover, 
evaluated imaging variables highly correlated with the primary outcome parameter (p < 
0.001). Correlations are shown in supplementary Figure S4. 

The dynamic analysis of the PET data per time point showed a steady retention in 
the brain up to day 27 but no tumor differentiation. Unfortunately, we could not perform 
FET-PET acquisitions between days 27 and 42. After 42 days, the tumors displayed an 
increased uptake in comparison to brain background, without wash-out dynamics, only 
constant increased retention (Figure 3C). In summary, the tumors were first identifiable 
on day 25 using gadolinium-enhanced MRI. We detected colocalizing gadolinium and 
[18F]FET enhancement on the last imaging acquisition day (day 42 after DF-1 cell implan-
tation). 

3.3. PDGFB-Driven Glioma Show High Basal Infiltration of Immune Cells in Comparison with 
the Orthotopic Syngeneic SMA560/VM-Dk Glioma Mouse Model 
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with and without MRI and FET-PET measurements (yellow and green curve). The red curve repre-
sents entire animal studies. No statistically significant differences in Log-Rank test and Tukey–Kramer
post hoc test were observed. (B) Longitudinal tumor volume development: (1) representative FET-
PET image day 7; (2) and (3) representative MRI images of day 39 PTI (post tumor initiation) of
two animals showing glioma-like gadolinium enhancement in the final stage of the disease; (4)
representative H&E staining showing glioma-like histologic features in the region of the previously
occurred gadolinium enhancement (scale bar is 50 µm); (5) representative FET-PET image, showing
FET uptake in tumor regions at day 42 PTI. (C) (1) Analysis of [18F]FET uptake in five representative
imaged animals. (2) Analysis of longitudinal gadolinium uptake in tumor regions and normal brain
regions. Error bars represent standard deviation (SD). (D): Longitudinal MRI and FET-PET images of
one representative animal. Color bars as the reference of gadolinium and [18F]FET uptake are shown.

We performed Hematoxylin and Eosin (H&E) staining for the histological confirmation
of tumor formation in post-experimental brain tissue. Additionally, immunohistochemistry
for the proliferation marker Ki67 as well as endothelial marker CD31 were executed (see
Figure 4, column 1–2). Both experiments revealed extensive tumor formation with glioma-
type histological characteristics [20]. We observed infiltrative growth behavior, a high
density of strong basophilic stained tumor cells, a high grade of neovascularization, and
an extended necrosis area (as illustrated in Figure 2C). This infiltrative growth was more
pronounced compared to the SMA560-glioma (see Supplementary Figure S1). Proliferation
marker Ki67 was largely present in tumor regions and was good comparable to the staining
patterns in untreated VM-Dk mice (see Figure 4, column 1). Staining against CD31 showed
large vessel formation in good accordance with the PDGFB amplification as the tumor
driver mutation (see Figure 4, column 2). CD31 signal was present in the widely used
orthotopic SMA560/VM-Dk glioma mouse model as well. Interestingly, tumor volume
expanded over the adjacent brain regions, infiltrating into the adjacent temporal and
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parietal lobe. Taken together, we could detect robust tumor formation, which could be
confirmed by histology, displaying high-grade glioma-like histological features.
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either VM/Dk mice treated with an isotype control antibody (MOPC-21), as described in Przystal
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3.2. Longitudinal MR-Imaging Reveals Exponential Growth Dynamics and Late FET Uptake

Acquired imaging data, a total of 12 MRI measurements and 4 FET-PET measurements,
were co-registered, and the longitudinal course was analysed. As shown in Figure 3B, the
longitudinal volumetry of the contrast agent-enhanced regions revealed tumor-specific
signals starting at day 25 until 27 after the implantation of transfected DF-1 cells. First,
the contrast agent-enhancing lesions were detected in the region of cell implantation and
were expanded and showed increasing accumulations in an exponential fashion. Irregular
and diffuse gadolinium uptake, similar to the radiological behavior of human high-grade
glioma, was detected. At the final phase of acquired measurements, gadolinium uptake
was detected even contralateral to the implantation side, infiltrating the corpus callosum
and the contralateral parietal lobe (see Figure 3B(2 + 3),D). In the T2-weighted images, a
large signal alteration was apparent in comparable localizations. Furthermore, in the region
of the cell implantation, T2-alterations highly suspected for tumor necrosis were detected
(Figure 3D). The final measured volume of the contrast agent-enhancing regions before
reaching the defined experimental endpoints (as outlined in Supplementary Table S1) were
in the range of 65 mm3 to 135 mm3 in four of the five included animals (see Figure 3B).
Of note, calculated tumor volumes represented up to 40% of the whole brain volume in
the final stage of the disease (see Supplementary Figure S2A). As visualized in Figure 3D,
[18F]FET uptake was in good accordance with gadolinium uptake in the late phase of
tumor progression at day 42. Of note, at 27 days, although several mice presented contrast-
enhancing tumor lesions, [18F]FET-PET did not present any focal lesions.

We aimed at investigating the relationships between the measured imaging variables
and the timepoints when the primary outcome parameter, i.e., symptom-free survival, was
reached. Therefore, we correlated tumor volume, tumor [18F]FET uptake, and gadolinium
concentration in the tumor region and the brain parenchyma adjacent to the main tumoral
mass. We observed significant positive correlations between tumor volume, [18F]FET
uptake, and gadolinium concentrations in the tumor region (p < 0.001). Moreover, evaluated
imaging variables highly correlated with the primary outcome parameter (p < 0.001).
Correlations are shown in supplementary Figure S3.

The dynamic analysis of the PET data per time point showed a steady retention in
the brain up to day 27 but no tumor differentiation. Unfortunately, we could not perform
FET-PET acquisitions between days 27 and 42. After 42 days, the tumors displayed an
increased uptake in comparison to brain background, without wash-out dynamics, only

28



Brain Sci. 2022, 12, 1426

constant increased retention (Figure 3C). In summary, the tumors were first identifiable on
day 25 using gadolinium-enhanced MRI. We detected colocalizing gadolinium and [18F]FET
enhancement on the last imaging acquisition day (day 42 after DF-1 cell implantation).

3.3. PDGFB-Driven Glioma Show High Basal Infiltration of Immune Cells in Comparison with the
Orthotopic Syngeneic SMA560/VM-Dk Glioma Mouse Model

Treatment-naïve human glioblastomas harbor an immunosuppressive microenviron-
ment with low numbers of infiltrating T cells and tremendous amounts of tumor-associated
macrophages (TAMs) [63,64]. Current approaches in immunotherapy, e.g., by personalized
peptide vaccination, can lead to an increased infiltration of CD8-positive T cells and in-
creased immunogenicity [65]. Moreover, systemic immunosuppressive and inflammation
markers can be influenced by novel therapeutic options as well [66–69].

Therefore, we assessed the composition of the glioma-associated microenvironment of
treatment-naïve PDGFB-driven glioma in mice. We performed an immunohistochemical
analysis of 14 markers on tumor tissue (Figure 4 and Supplementary Figure S4). We
investigated the infiltration of tumor tissue by host T cells and microglia/macrophages
using the well-established markers CD3, CD4, CD8 (as illustrated in Figure 4, column 3–5),
CD11b, CD204, and CD163 (column 6–8).

Moreover, we compared the staining patterns with the untreated tissue of the or-
thotopic SMA560/VM-Dk glioma mouse model (see Figure 4, row 1) [57]. T cell-specific
markers showed a stable presence in animal cohorts (both with and without imaging), and
the strongest signal was detectable against CD3-positive cells. Of note, even CD8-positive
cells could be often clearly distinguished, whereas in the SMA560/VM-DK, only single
positive stained cells could be observed (see Figure 4, column 5). Interestingly, CD11b
showed a strong staining signal in both glioma mouse models. In contrast CD204, which
was widely expressed in the syngeneic SMA560/VM-Dk model, showed a reduced fre-
quency in the evaluated PDGFB-driven glioma. Inversely, we detected an increased CD163
staining signal in the evaluated RCAS-tva model in comparison to the SMA560/VM-Dk
model. Additionally, the PD1/PD-L1 axis immunosuppressive markers were assessed
(as illustrated in Supplementary Figure S4). PD1 as well as ligand PD-L1 were present in
evaluated tissue samples. Additional histological markers against several subtypes of B and
T cells revealed comparable results to the SMA560/VM-Dk model, with a slight tendency
towards decreased numbers of natural cytotoxicity, triggering receptor 1 (NCRI)-expressing
cells (Supplementary Figure S4, column 3) and an increased signal for CD20-expressing
cells in the evaluated tumor tissue from mice after DF-1 cell implantation (Supplementary
Figure S4, column 2).

4. Discussion

Robust and flexible systems to precisely implement genetic and metabolic alterations
in immunocompetent rodent glioma models are essential for the preclinical evaluation of
therapeutic strategies [38]. Here, we aimed at further characterizing the PDGFB-driven
glioma model using the RCAS-tva delivery system, monitoring tumor growth dynamics as
well as tumoral metabolic activity by neuroimaging.

Genetic alterations, such as PDGFB amplification, the homozygous loss of Cyclin
Dependent Kinase Inhibitor 2A (CDKN2A), and coding for p16INK4A and p14ARF, show
high frequency in human glioma [4]. In general, as outlined in Figures 1 and 2A, we
observed robust tumor induction in a reliable manner [41,42], i.e., stable tumor forma-
tion and comparable median symptom-free survival, in two independently conducted
experiments using the RCAS-tva system with a PDGFB overexpression in Cdkn2a deleted
mice, underlining the high reproducibility of the model (Figure 3A). Of note, our evaluated
median symptom-free survival was comparable to Hambardzumyan et al., who primarily
evaluated the tumor-formation capacity of RCAS-PDGFB in transgenic mice depending on
the cerebral implantation site [46]. Control groups of treatment studies, e.g., focusing on
colony stimulating factor 1 (CSF1R) inhibition, have also reported similar symptom-free
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survival [49]. The morphological analysis of post-mortem tumor tissue revealed histological
features of human glioblastoma (Figure 2C) [20]. We detected a high grade of neovascu-
larization and necrosis areas as well as infiltrating growth behavior (Figure 2C)). Similar
findings were described by Connolly et al., who established a PDGFB-driven glioma model
in transgenic rats using the RCAS/tva system [70].

The multimodal neuroradiological assessment of treatment responses using classical
and functional imaging modalities, evaluating tumoral growth kinetics, are essential for
brain tumor surveillance [7]. Executed longitudinal MRI imaging of the PDGFB-driven
glioma model revealed exponential growth kinetics of contrast-enhanced lesions (Figure 3B).
Interestingly, the evaluated tumors showed comparable radiological features with the
clinical situation. The time points of the first-detectable contrast-enhancing lesions and
tumor volumes before reaching the experimental endpoint differed in the range of five
to ten days between animals within the experimental group (Figure 3B). Despite the
different onset of detectable tumoral lesions, we could observe similar growth patterns
and stable median-symptom-free survival, as shown in Figure 3A in our experimental
group. These findings correlate with other preclinical studies that evaluated treatment
responses by MRI. The exponential growth dynamics were displayed in control groups or
in tumors that acquired therapeutic resistance [49,50]. Moreover, growth dynamics might
recapitulate high proliferative capacities in combination with rapid neovascularization in
human glioblastoma [20].

Due to the complexity of the contrast agent application in rodent models, monitoring
glioma growth in therapy studies is mostly performed by assessing T2-weighted images.
However, these do not always allow reliable and clear tumor delimitations (Figure 3D).
T2-weighted imaging showed perifocal edema with loss of signal in center regions, often
observed in cerebral micro bleedings [71]. Of note, tumor borders are rather ill-defined
in T2-weighted images (Figure 3B,D). Gadolinium uptake provides a better delineation
of the tumor region, similar to the clinical situation in glioma patients [72]. In fact, the
observed gadolinium uptake in this study reflected other published contrast-agent uptake
patterns observed in the same model during treatment that targeted myeloid-derived
suppressor cells (MDSCs) [73]. Interestingly, our findings indicated a delayed contrast-
agent uptake starting at day 25 until 27 post-DF-1 cell implantation (Figure 3B). This finding
entails a disruption of the BBB that produced a focal observable lesion at day 25. Although,
histologically, tumor cells are present at early time points, they appear to present insufficient
tissue alterations to disrupt the BBB. A late onset of BBB disruption and gadolinium-
enhanced tumor visualization starting between days 25 and 27 emphasizes that appropriate
therapy starting points in treatment studies are imperative for evaluating PDGFB-driven
glioma. Fixed and early treatment schedules might result in the early therapy initiation
of small-size lesions that poorly recapitulate the clinical situation. Accordingly, it might
lead to the exaggerated interpretation of treatment responses in rodent models. Therefore,
imaging-based therapy start points referring to a predefined minimum tumor volume
might be helpful to increase the translational impact, i.e., comparability between in vivo
modelling and human glioma patients. This consideration was implemented in several
studies tackling TAMs-centered therapies. Therapy started only with a tumor volume of
40 mm3 in T2-weighted images, largely observed between weeks 4 and 5 after the tumor
induction of PDGFB-driven glioma [49,50,74]. In some studies, group randomization
referring to initially measured tumor volume was possible in preclinical rodent therapy
studies, probably leading to better balanced treatment groups [49,73]. We suggest the
following experimental sequence for preclinical therapeutic assessments: cell implantation,
baseline imaging and determination of tumor volume, start of therapy with comparable
tumor volume in all experimental groups, and clinical and imaging-based monitoring.

Longitudinal metabolic imaging using [18F]FET-PET detecting temporal and spatial
alterations in human glioma usually encompasses the period from the initial diagnosis of
a clinically apparent tumor to its evolution under therapy. In contrast, the used PDGFB-
driven glioma model offers the unique possibility to monitor the interval from tumor
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induction to the establishment of a clinically and biologically advanced tumor by close-
meshed [18F]FET PET imaging time points (Figures 2B and 3). Longitudinal [18F] FET-PET
imaging showed the late onset of intense and diffuse tracer uptake in tumoral regions above
the background brain activity. The tumor [18F]FET uptake presented a similar pattern as
observed post-contrast-enhancement T1-weighted images (Figure 3C,D). Taking these two
patterns together, the model presents typical human PET/MRI features that are highly
relevant for the diagnostic and clinical management of glioma [33]. Interestingly, [18F]FET-
PET did not correlate with BBB permeability at early tumor stages (Figure 3C). This finding
is in agreement with previously published glioma rat data, where BBB permeability did not
always correlate to [18F]FET uptake [75]. Possible explanations for this phenomenon might
be a delayed availability of amino-acid transporters in the tumor, the partial volume effect,
or sensitivity limitations of PET [76]. In addition, the lack of a “washout” dynamic curve in
all evaluated tumors is reminiscent of the IDH-mutant tumor in humans [77]. Therefore,
the uptake behavior of wash-out negative glioblastomas and their biological mechanisms
can be further investigated using this mouse model.

Next, we investigated the composition of the glioma-associated microenvironment
by immunohistochemistry [63]. We detected several subtypes of infiltrating lymphocytes,
as well as CD163- and CD11b-positive cells, highly suggestive of the presence of TAMs
inside the glioma-associated microenvironment (Figure 4 and Supplementary Figure S4).
The presence of stained TAM markers has been linked to a worse prognosis in molecular
glioblastoma subtypes, and an increased frequency correlates with the respective WHO
grade [64,78,79]. Additionally, the comparison of the widely used syngeneic SMA560/VM-
Dk model showed similarities and differences regarding the composition of the glioma-
associated microenvironment, indicating a rodent model-specific microenvironmental
structure and reflecting the different genetic landscapes and immune escape mechanisms
of modelled human gliomas (Figure 4) [57]. However, potential cofounding factors, such
as the difference in tumor size or the experimental setup, might be considered as well. In
general, glioma models using the RCAS-tva system might better reflect the natural course
of disease than chemically induced or spontaneous-occurring syngeneic orthotopic glioma
transplantation models, e.g., implanting GL261 cells in C57BL/6 mice, regarding tumor
initiation and disease progression [80].

The PDGFB-driven model was widely used in studies with novel TAM-centered thera-
peutic options. For example, one study demonstrated that primarily achieved re-education
of TAMs through CSF1R inhibition often led to acquired therapeutic resistance via alter-
native insulin growth factor 1 (IGF1)/IGFR signaling. Combination therapeutic regimes
targeting the acquired resistance mechanism led to a survival benefit, underscoring the
PDGFB-driven mouse model applicability towards combination therapeutic regimes [50].
Moreover, valuable insights into the dynamic composition of the tumor microenvironment
under therapy and during disease progression could be achieved in a study combining
two-photon microscopy and MRI measurements [74]. Even more so, the discrimination of
undiscovered potential drivers of gliomagenesis can be addressed by the establishment of
a novel genetic forward screen using the retroviral integration capacity of the RCAS virus
for detecting potential novel oncogenes in the PDGFB-driven glioma model [81].

Taken together, we provided the multiparametric profiling of a PDGFB-driven glioma
mouse model using the RCAS-tva delivery system and demonstrated radiological, his-
tological, and metabolic features that are comparable to human high-grade glioma. Still,
the small number of imaged animals as well as limited FET tracer availability during day
27 and 42 are a study limitation. Therefore, future close-meshed imaging studies using
[18F]FET PET should begin close to day 25 p.i. in order to capture early model-specific
tumor features.

5. Conclusions

Our study provided a multilayered profiling of a PDGFB-driven glioma mouse
model using the RCAS-tva delivery system and discovered radiological, histological, and
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metabolic features that are comparable to human high-grade glioma. We conclude that our
results further highlighted the translational capacities of this innovative preclinical model
by reflecting relevant glioblastoma-like imaging and histological characteristics. Further-
more, future translational studies using this preclinical model might be further facilitated
and reproducible by using the following experimental sequence: cell implantation, baseline
imaging and determination of tumor volume, start of therapy with comparable tumor
volume in all experimental groups, and clinical and imaging-based monitoring. This might
optimize the design of future preclinical studies and comparability with the clinical setting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12111426/s1, Figure S1: Representative H&E images of
SMA560 glioma, Figure S2: Selected immunohistochemistry staining in SMA560 and PDGFB-driven
glioma, Figure S3: Longitudinal MRI dynamics and correlation with [18F]FET uptake, Figure S4:
Correlation matrix of all imaging parameters to the primary outcome parameter, Table S1: Parameter
for scoring of the experimental animals.
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Abstract: Background: Glioblastoma (GBM) is the most common and deadly brain tumor. The
clinical significance of necroptosis (NCPS) genes in GBM is unclear. The goal of this study is to
reveal the potential prognostic NCPS genes associated with GBM, elucidate their functions, and
establish an effective prognostic model for GBM patients. Methods: Firstly, the NCPS genes in GBM
were identified by single-cell analysis of the GSE182109 dataset in the GEO database and weighted
co-expression network analysis (WGCNA) of The Cancer Genome Atlas (TCGA) data. Three machine
learning algorithms (Lasso, SVM-RFE, Boruta) combined with COX regression were used to build
prognostic models. The subsequent analysis included survival, immune microenvironments, and
mutations. Finally, the clinical significance of NCPS in GBM was explored by constructing nomograms.
Results: We constructed a GBM prognostic model composed of NCPS-related genes, including CTSD,
AP1S1, YWHAG, and IER3, which were validated to have good performance. According to the above
prognostic model, GBM patients in the TCGA and CGGA groups could be divided into two groups
according to NCPS, with significant differences in survival analysis between the two groups and a
markedly worse prognostic status in the high NCPS group (p < 0.001). In addition, the high NCPS
group had higher levels of immune checkpoint-related gene expression, suggesting that they may be
more likely to benefit from immunotherapy. Conclusions: Four genes (CTSD, AP1S1, YWHAG, and
IER3) were screened through three machine learning algorithms to construct a prognostic model for
GBM. These key and novel diagnostic markers may become new targets for diagnosing and treating
patients with GBM.

Keywords: glioblastoma; necroptosis; machine learning algorithms; single-cell analysis; immune
microenvironments

1. Introduction

Glioblastoma (GBM) is an aggressive, highly malignant, and lethal brain tumor that
originates from astrocytes and accounts for approximately 80% of all CNS malignan-
cies [1]. The overall survival of GBM patients after standard treatment is generally less than
15 months, and although some patients with recurrent GBM can benefit from improved
survival and prognosis when they undergo secondary surgery [2,3], the overall 5-year
survival rate is still less than 5% [4,5]. The high frequency of molecular mutations (p53, RB,
unmethylated MGMT) makes GBM less sensitive to conventional cytotoxic therapies and
highly resistant to standard chemotherapy and radiotherapy [6]. Thus, it is important to
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identify new targets and molecular mechanisms that can propose alternative therapeutic
strategies. Genetic data mining has attracted more and more attention with the develop-
ment of high-throughput sequencing and bioinformatics. Therefore, the discovery of new
markers that inhibit cell growth, migration, and invasion in GBM, and the study of their
biological mechanisms for treating GBM patients, as well as the construction of prognostic
models are undoubtedly essential for the advancement of prognosis and treatment.

Tumors can escape from immune surveillance, which includes the loss of programmed
apoptosis [7]. Therefore, the inducing of programmed apoptosis in tumor cells is an impor-
tant treatment for tumors. Targeting NCPS is considered a prospective cancer treatment
strategy. Programmed cell death participated in homeostatic regulation, inflammatory
response, anti-infective, and carcinogenic, which includes apoptosis, cell scorch, NCPS, and
iron death [8–10]. Since the discovery of NCPS by HITOMI et al. in 2008 [11], the underlying
mechanisms have been elucidated as research progresses [12]. Further exploration of NCPS
has contributed to a new understanding of the composition of programmed cell death. It is
mechanistically similar to apoptosis and morphologically similar to necrosis. It is mediated
by activated receptor-interacting protein kinase 1 (RIPK1), RIPK3, and mixed-spectrum
kinase domain-like (MLKL) [13]. Previous studies find NCPS associated with several tumor
types and their immune microenvironment [14]. At present, research on NCPS in neuro-
logical disorders has focused on non-neoplastic diseases, such as cerebral ischemia [15],
traumatic brain injury [16], and Alzheimer’s disease [17]. Previous researchers have shown
that Alzheimer’s disease can be alleviated by overexpression of the core molecule of NCPS,
MLKL [17]. Damage caused by cerebral ischemia can be reduced by inhibitors of NCPS [15].
However, its relationship with GBM is not yet clear. Thus, it is of great significance to
explore the role of NCPS in GBM.

Single-cell RNA sequencing (scRNA-seq) is now emerging as a new approach to the
study of human tumors, allowing gene expression data to be analyzed at the individual
cell level. The multidimensional analysis of cell clustering allows for a clear exploration
of the cellular heterogeneity of tumor tissue and the spatial, molecular, and functional
heterogeneity of associated immune cells [18]. Currently, some researchers have begun to
explore glioma heterogeneity from a single-cell perspective [19–21]. However, the majority
of studies have focused on the heterogeneity of immune cells themselves in gliomas, with
limited studies focusing on the expression of cell death-related molecules in gliomas and
the impact on the immune microenvironment, particularly NCPS.

Nowadays, next-generation sequencing (NGS) technologies allow us to explore the
variation of thousands of molecules at multiple omics levels, but how to choose the right
and accurate variables in a high-dimensional computation, machine learning is a promising
algorithm for computing such problems [22]. Some of the popular machine learning
algorithms include the Least Absolute Shrinkage and Selection Operator (LASSO), Support
Vector Machine (SVM), and Random Forest (RF). LASSO [23] is a regression method that
is of great importance in datasets with many variables and supports unbiased parameter
selection. SVM is an algorithm that efficiently handles problems by using a non-linear
kernel function [24,25], while recursive feature elimination (RFE) is a popular method of
variable selection at the multi-omics level [26,27]. In this research, we used support vector
machine recursive feature elimination (SVM-RFE) to dimensionally reduce the search for
suitable variables. Random Forest is an integrated algorithm based on decision trees [28].
The Boruta algorithm is a wrapper around the Random Forest algorithm, allowing the
algorithm to iteratively remove less relevant features determined by statistical tests [29].

In this study, to explore GBM-associated potentially prognostic NCPS genes and
clarify their functions to provide a new reference for the diagnosis and treatment of GBM
patients, we collected and collated GBM patients’ data from The Cancer Genome Atlas
(TCGA) database, the GEO database, and sequencing data from China Glioma Genome
Atlas Database (CGGA). Weighted co-expression network analysis (WGCNA) combined
with machine learning was used to develop a GBM NCPS-related prognostic model, which
was divided into two groups based on median values according to risk scores. In addition,
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the value of using multiple immune scoring algorithms to assess the tumor immune
microenvironment and tumor mutational load characteristics is also explored in this paper.

2. Materials and Methods
2.1. Transcriptome Data Download and Processing

The transcriptome files of GBM and the clinical information of the samples correspond-
ing to them were downloaded from the TCGA database (https://portal.gdc.cancer.gov/,
accessed on 16 May 2022), and the TPM data were extracted for subsequent analysis. After
removing the non-primary tumor samples, a final sample of 143 GBM patients with com-
plete clinical information was used as a training cohort (Table S1). After downloading 325
glioma samples from the CGGA portal (http://www.cgga.org.cn/index.jsp, accessed on 16
May 2022), only GBM-related information was retained, and, finally, 85 GBM samples were
obtained, and the transcriptome FPKM data were converted to TPM data and combined
with clinical information as the validation cohort data [30].

2.2. Single-Cell Data Download and Processing

The GSE182109 single-cell glioma dataset was downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/, accessed on 19 May 2022) and 11 GBM samples
from 44 glioma patients were selected for analysis [31]. To assure data quality, the cells
selected for this study set the screening criteria as less than 20% of mitochondrial genes,
more than 200 genes, and gene expression between 200 and 7000, and containing more
than three genes. The number of highly variant genes was 3000. Samples were integrated
using SCT correction. Next, data dimensionality was reduced by setting the “DIMS”
parameter to 25 and using the TSNE method. The clustering of cells was performed using
the “KNN” method. Cells were subsequently annotated using different cell surface markers.
Finally, NCPS genes were imported using the “AddModuleScore” function to determine
the percentage of NCPS-related genes in each cell.

2.3. The Acquisition of NCPS-Related Genes

A total of 614 genes associated with NCPS were identified in the Genecards database
(https://www.genecards.org/, accessed on 17 April 2022). We set the correlation coefficient
threshold to greater than or equal to 1.0 and finally obtained 91 genes associated with NCPS.

2.4. Weighted Co-Expression Network Analysis (WGCNA) and Single Sample Gene Set
Enrichment Analysis (ssGSEA)

Weighted gene co-expression network analysis (WGCNA) is a systems biology ap-
proach that explores the gene network itself and its associated phenotypes, as well as the
core genes in the network, by finding highly correlated gene modules, which are ultimately
used to identify candidate biomarker genes or therapeutic targets. Additionally, ssGSEA
analysis is commonly used to quantify specific genomes in a sample. In this study, ssGSEA
analysis was used to obtain the associated scores of NCPSfor each GBM patient. Then,
WGCNA was used to obtain GBM score-associated gene modules in order to identify
NCPS-associated genes.

2.5. Construction of the Prognostic Model Associated with NCPS

Univariate Cox analysis was used to initially identify the correlation between NCPS-
related genes and patient prognosis, and we selected a p value less than 0.01 as an indication
that the gene had a significant prognostic ability. After filtering, candidate prognostic genes
were selected by a combined analysis of three machine learning algorithms, including
the LASSO regression algorithm, the SVM-RFE algorithm [32], and the random forest-
based Boruta algorithm [33]. In all three algorithms, the number of random seeds is
set to 2022, the maximum number of passes of the lambda value on the data in LASSO
is 1000, the 10-fold cross-validation is used in the RFE algorithm and the calculation
method is set to “svmRadial”, and the number of trees to 500 is adjusted in the Boruta
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algorithm. Subsequently, overlapping genes from the three algorithms were selected from
the candidate genes and, finally, a prognostic model was constructed using multivariate
Cox regression. The correlation coefficients from multifactorial Cox regression analyses
allowed us to derive the NCPS scores for each sample and to divide them into two groups
according to the median. The prognosis was assessed using the Kaplan–Meier curve, and
p < 0.05 was considered a clinically significant prognosis. The classification of GBM was
evaluated by applying principal component analysis (PCA) to observe the grouping of
this model. On this basis, modeling tests were performed on the external data using the
above-mentioned methods.

2.6. Immunological Function and Mutation Analysis

The “IBOR” package integrates various immune infiltration assessment algorithms in
the R language [34]. Using the “IBOR” package, we evaluated seven immune infiltration
algorithms for GBM patients in the TCGA repository and showed the different levels of
infiltration of various immune cells in a heat map to investigate the differences in immune
cell infiltration between the different necroptotic groups. The genes associated with the
immune checkpoint identified in the NCPS subgroup were also analyzed in a box plot. We
also performed a study of the major variants in GBM, presenting the top 20 genes with the
highest mutation frequency and the base types of the major mutations in GBM.

2.7. Location and Expression of Prognostic Models in Single-Cell Sequencing Analysis

In single-cell sequencing analysis, the expression of the genes used to construct the
prognostic model was analyzed in the well-annotated cells to find out the expression of
a specific gene in prognostic model genes at the single-cell level, and the expression was
presented using TSNE plots.

2.8. Building a Predictive Nomogram

In this study, we used the Nomogram to establish a method that can effectively predict
the probability of survival of patients, taking into account the influence of clinical covariates.
The NCPS values were correlated with clinical data to construct a Nomogram to evaluate
the risk of death in patients with GBM. Finally, the patient’s prognosis was evaluated based
on the ROC curve.

3. Results
3.1. Single Cell Sequencing Data Analysis

The study flow chart of this article is shown in Figure 1. The single-cell sequencing
dataset GSE182109 from GBM was used as a follow-up analysis and different samples were
integrated. The results are shown in Figure 2A, with 11 samples having no significant batch
effects for subsequent analysis. All cells were then clustered into 12 clusters using the KNN
clustering algorithm (Figure 2B,C). Subsequently, using the “AddModuleScore” function,
91 genes associated with NCPS were entered, resulting in the percentage of each cell type
associated with NCPS. Based on the percentage of cells obtained, these cells were divided
into two groups according to the median value and displayed as TSNE plots (Figure 2D).
Then, based on the surface marker genes of different cell types (Table S2), their expression
in different clusters was observed (Figure 2C), and, finally, seven cell types were identified
based on the expression, they were: B cells, T cells, endothelial cells, myeloid cells, pericytes,
oligodendrocytes, and glioblastoma cells (Figure 2E). The differentially expressed genes
were then analyzed for the high and low NCPS groups, and a total of 2451 differential
genes were identified.
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Figure 2. Single-cell sequencing analysis of GSE182109. (A) The integration effect of 11 samples is
good. (B,C) Dimensionality reduction and cluster analysis. All cells in 11 samples were clustered
into 12 clusters. (D) The percentage of necroptosis genes in each cell. The cells were divided into
high- and low-necroptosis cells. (E) According to the surface marker genes of different cell types, the
cells are annotated as B cells, T cells, endothelial cells, myeloid cells, pericytes, oligodendrocytes, and
glioblastoma cells, respectively.
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3.2. Weighted Co-Expression Network Analysis

TCGA transcriptomics were performed in 143 GBM patients using the WGCNA
method to acquire gene modules related to NCPS. The soft threshold was set to 12, the
minimum number of modules was set to 80, deepSplit was set to 2, and the modules
with similarity lower than 0.25 were merged to derive a total of 15 non-grey modules
(Figure 3A). In non-grey modules, a strong association was found between Meblue, Me-
brown, and Meyellow and NCPS (Figure 3B). Genes from the three modules were selected
for subsequent analysis.
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Figure 3. WGCNA and construction of the necroptosis-related prognostic model. (A,B) WGCNA
found that Meblue, Mebrown, and Meyellow modules were closely related to the score of necroptosis.
(C) Fourteen genes were selected to construct the prognostic model by Lasso regression. (D) Six genes
were selected to construct the prognostic model by the Boruta algorithm. (E) Thirteen genes were se-
lected to construct the prognostic model by the SVM-RFE algorithm. (F) Intersection feature selection
between LASSO, SVM-RFE algorithm, and Boruta algorithm and their individual components.
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3.3. Selection of Prognostic Candidate Genes by Machine Learning Algorithms

To begin with, differential genes between high and low expression populations were
acquired according to the NCPS gene scores from the previous single-cell dataset. It was
then intersected with the NCPS-related genes obtained in the WGCNA to yield a total of
1437 genes. By matching the TCGA with the crossover genes obtained in the previous step,
eventually, all genes analyzed in the previous step were allowed for subsequent calculations.
In the following analysis, we take the TCGA cohort as our training set, univariate Cox
analysis was set at p < 0.01, and 18 genes associated with patient prognosis were initially
obtained. Then, the random seed was set to 2022 and the results of the regression revealed
that the contraction of the lasso stabilized when the number of variables was 14, with
the smallest deviation in the score and the best LAMDA of 0.062 (Figure 3C). The Boruta
algorithm set the same random seeds and outcome variables as the previous two algorithms,
and obtained three genes that the algorithm considered as definitively correlated with
survival time, called “Confirmed”; three genes that were considered potentially correlated,
described as “Tentative”; the rest of the variables were not considered relevant. In order to
include more variables, “Confirmed” and “Tentative” were selected for inclusion in the final
results and plotted for display (Figure 3D). SVM-RFE used survival time as the outcome
variable, and the results of the 10-fold validation showed that minimal root mean square
error (RMSE) was obtained when the number of genes was 13, outputting the above genes
as the result of SVM-RFE (Figure 3E). The results of the above algorithms were presented
in Venn diagrams and the overlapping results were selected as the final candidate features
for inclusion in the construction of the model so that we obtained four genes (Figure 3F).
They are CTSD, AP1S1, YWHAG, and IER3, respectively. The respective optimal results of
these three algorithms and the intersecting genes are summarized in Table S3.

3.4. Construction and Validation of NCPS-Related Prognostic Model

Based on the results of multivariate Cox regression analysis, the four genes previously
analyzed were still chosen to construct prognostic signatures (Figure 4A). For this signature,
the concordance index = 0.65, Akaike information criterion (AIC) = 874.69, and p-value
= 4.55 × 10−6. The following equation was applied to construct the risk score formula:
NCPS = (0.002758577 * Expr CTSD) + (0.00431492 * Expr AP1S1) + (0.001704931 * Expr
YWHAG) + (0.013004668 * Expr IER3). Where each coefficient is derived from the results
of multivariate Cox regression. All four genes in the formula were considered risk factors
for HR > 1 (Figure 4A). A score was assigned to the prognosis of each GBM patient based
on the above formula, and all patients were divided into two groups, named the high-risk
or low-risk group, according to the median of this score. In the figure, survival time was
more beneficial for patients with low-risk scores (p < 0.001). Surprisingly, in the validation
set (CGGA), we observed similar results, namely a significantly worse outcome in patients
with high NCPS (p < 0.01, Figure 4B,C). Furthermore, we analyzed the ROC curves of the
training and validation cohorts (Figure S1). Finally, PCA analysis was used to analyze
the high-risk and low-risk of the training and validation groups, which indicated that the
model could better group the GBM patients. (Figure 4D,E).
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Figure 4. Multivariate Cox and survival analysis. (A) Hazard ratio and p-value of constituents
involved in multivariate Cox regression and some parameters of the signature. (B) Survival analysis of
TCGA cohort. The prognosis was significantly worse in the high-NCPS group (p < 0.001). (C) Survival
analysis of CGGA cohort. The prognosis was significantly worse in the high-NCPS group (p < 0.01).
(D,E) PCA analysis in TCGA cohort and CGGA cohort. It was found that the model could group
GBM patients well in both the training cohort and the validation cohort. * p < 0.05; ** p < 0.01.
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3.5. Immune Infiltration and Mutation Landscape

The above findings demonstrated that there was a significant difference in NCPS
survival between different groups of GBM patients. To explore the degree of immune
infiltration and its causes between the high-risk and low-risk groups, and to provide a
basis for clinical application, we performed immune infiltration and mutation analysis
(Figure 5A). Patients in the high NCPS group had a large infiltration of macrophages, with
M1 and M2 types predominating. Next, the results of the analysis of genes related to
immune checkpoints showed that genes such as LAIR1 and CD28 showed high expression
in patients with high NCPS (Figure 5B). It can then be conjectured that patients with high
NCPS have a higher degree of immune infiltration, and then patients in the high NCPS
group are more likely to benefit from inhibitors of immune checkpoints due to the low
response status caused by high immune checkpoint genes. Then, we analyzed the top 20
mutated genes between the different groups (Figure 5C,D). It was found that the percentage
of top 20 mutations was 92.75% in high NCPS and 87.14% in low NCPS. The main mutation
type at both groups of base sites was a mutation from cytosine to thymine. In patients with
high NCPS, the PTEN gene was most prominently mutated, while the TP53 gene was the
most notably mutated in patients with low NCPS.
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Figure 5. Immune infiltration analysis and mutation landscape. (A) Heat map of immune cell
infiltration in the high NCPS group and low NCPS group. (B) Expression of immune checkpoint-
related genes in the high NCPS group and low-NCPS group. The results showed that the expression
trend of immune checkpoint-related genes was higher in the high NCPS group. (C) Mutation
landscape of TCGA cohort in the high-NCPS group. (D) Mutation landscape of TCGA cohort in the
low-NCPS group. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3.6. Cell Localization of Four Modeling Genes

After constructing the model, we tried to obtain more insight into the expression
of the screened NCPS-related genes in different cell types, which we explored in single-
cell sequencing analysis. As shown in Figure 6A–F, CTSD expression was highest in
myeloid cells, high expression of AP1S1 was shown in glioblastoma cells, and YWHAG
was mainly expressed in glioblastoma cells, oligodendrocytes, and myeloid cells, and IER3
was predominantly expressed in myeloid cells.
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Figure 6. Single-cell sequencing analysis to explore the cell localization of 4 modeling genes. (A) The
location of different cell types in GBM. (B–F) CTSD expression was highest in myeloid cells, high
expression of AP1S1 was shown in glioblastoma cells, YWHAG was mainly expressed in glioblastoma
cells, oligodendrocytes, and myeloid cells, and IER3 was predominantly expressed in myeloid cells.

3.7. The Construction of a Nomogram

By analyzing the clinical data and NCPS values, a nomogram was constructed to
better evaluate the risk of GBM patients (Figure 7A). The mortality rates at 1, 2, and 3 years
were estimated from the “TCGA-02-0047” patients by gender, age, race, and NCPS scores
of 0.369, 0.781, and 0.931, respectively. The nomogram can better evaluate the patient’s risk
and guide future clinical decisions. This method was analyzed using the ROC method to
evaluate its model accuracy (Figure 7B). The AUC values were found to be 0.74, 0.76, and
0.78 for 1, 2, and 3 years. In addition, a decision curve analysis was also performed based
on the area of 1, 2, and 3 years and the horizontal axis of None. The results indicate that
this method is effective in predicting the prognostic survival time of patients and has some
reference value for clinical treatment decisions (Figure 7C).
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Figure 7. The construction of a nomogram. (A) Nomogram of patient “TCGA-02-0047”. The mortality
rates at 1, 2, and 3 years were estimated from the “TCGA-02-0047” patients by gender, age, race, and
NCPS scores of 0.369, 0.781, and 0.931, respectively. (B) ROC curve of the nomogram. The area under
the curve (AUC) in 1, 2, and 3 years were 0.76, 0.74, and 0.78, respectively. (C) Decision curve analysis.
This method is effective in predicting the prognostic survival time of patients. ** p < 0.01; *** p < 0.001.

4. Discussion

Despite partial clinical advances, GBM remains the most aggressive and common
malignancy of the brain [35]. Due to heterogeneity, rapid appreciation, and aggressiveness,
patients often have a low average survival of 12–15 months [36]. An increasing number of
patients with advanced solid tumors have seen some improvement in prognosis, stemming
from the translation of immunotherapy to clinical oncology. GBM is unlike other extracra-
nial solid tumors, as peripheral conventional immune cells seem to be less appreciated
intracranially and the brain is mostly in a state of immune quiescence; on the other hand,
the brain becomes very poorly tolerated when an intracranial lesion arises, especially when
an immune attack from a tumor-like GBM occurs, making it fascinating to explore the
immune microenvironment of GBM [37]. In the current study, we constructed a prognostic
signature associated with NCPS based on machine learning algorithms through extensive
analysis of GBM in single-cell sequencing data and TCGA transcriptome data. Four genes
were finally screened as having prognostic values, namely CTSD, AP1S1, YWHAG, and
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IER3. We then performed a risk score on their constructed models to classify GBM patients
into high- and low-risk groups. The results of the survival curves explicitly showed that
patients with NCPS-related high risk scores had a worse prognosis (p < 0.001).

NCPS plays a critical role in the regulation of cancer biology, including tumorigenesis
and cancer metastasis [38]. Therapeutic strategies targeting apoptosis resistance in tumor
cells have led to the increasing research status of NCPS in tumors. The specific process
of NCPS involves activation of RIP1 by TNF-α/TNFR1 when caspase-8 is cleared or in-
hibited by mutation or infection and the subsequent recruitment of RIP3 through the RIP
homotypic interaction motif (RHIM) [39]. The interaction of these two proteins results
in the phosphorylation of RIP3, which activates its kinase in proper sequence, resulting
in increased phosphorylation of RIP3 and downstream MLKL. The combinatorial inter-
action of RIP1–RIP3 and RIP3–MLKL collectively forms a necrosome complex to execute
NCPS [40,41]. Several studies have shown that the effect of NCPS on tumors appears to be
a double-edged sword: on the one hand, key molecules associated with NCPS promote
cancer progression and reduce patient survival [42,43], and on the other hand, several stud-
ies have demonstrated that promoting NCPS can effectively inhibit tumor growth [44–46].
Although studies on the effects of NCPS on CNS tumor processes are limited, the available
information suggests a possible link between genes related to the necroptotic pathway
and the clinical behavior of GBM. For example, a significant reduction in overall survival
(OS) in GBM under P53-induced inhibition is inextricably linked to the high expression
of RIPK1 [47]. Nevertheless, the effect of NCPS on GBM has not been fully elucidated. To
date, studies related to NCPS in GBM have been relatively scarce. In the current study, our
results showed that four NCPS-related genes have predictable value in the prognosis of the
GBM risk. The survival curves explicitly showed that patients with NCPS-related high risk
scores had a worse prognosis. This suggests that NCPS may play a pro-cancer role in GBM,
which is consistent with the results of other analyses [47,48]. Our study provided a basis
for the prediction of NCPS-related genes in GBM and lays a foundation for further study of
their prognosis.

The tumor microenvironment plays a pivotal role in tumors. In addition to the process
of tumor development, it also has a remarkable impact on immunotherapy outcomes and
overall patient survival [49]. In addition to the influence of the tumor and its surrounding
microenvironment, the systemic immune-inflammatory status has also received increased
attention [50,51]. Studies have found that elevated neutrophils, lymphocytes, and platelets
in the blood of patients with tumors are associated with aggressiveness and poor prognosis
of solid tumors [52,53]. In studies related to GBM, systemic immune-inflammatory index,
which uses blood cells as a marker for detection, has been proven to be significantly
associated with patient prognosis [54]. Interestingly, this index can also assess the impact of
different types of surgery on the prognosis of GBM patients [55]. The complicated immune
environment, involving immune cell distribution within and around the tumor, immune
cell composition, and the overall immune environment of the GBM, can all have an impact
on the effectiveness of immunotherapy and even the malignancy of the tumor [56]. We
have researched the immune microenvironment of GBM and found that NCPS may be
associated with macrophage infiltration in GBM, particularly in the M1 and M2 subtypes.
Previous studies have also demonstrated the close association of macrophages not only
with glioma survival and prognosis but also with their role in apoptosis [57]. Furthermore,
in our follow-up study, we found that patients with highly expressed genes related to
immune detection sites are more sensitive to this immunotherapy. This indicates that
the model we made not only could determine the survival prognosis of patients but also
could reflect the immune infiltration of the tumor. In addition, the comparison results
between different risk groups showed that the number of mutated genes in the high-risk
group was significantly higher than that in the low-risk group. This may be due to the
deterioration of the microenvironment due to the mutation of immune-related genes, which,
in turn, promotes tumorigenesis. Therefore, our results may provide new evidence for the
immunotherapy of GBM.
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The CTSD gene, a member of the peptidase A1 family, has been shown to be highly
expressed in the breast cancer tumor microenvironment and is strongly associated with
the survival of breast cancer patients [58]. Recent experiments have identified a role for
CTSD in GBM: upregulation of CTSD expression contributes to enhanced radio-resistance
of GBM cells, while inhibition of CTSD significantly reduces the migration ability of GBM
cells [59]. As a member of the bridging protein (AP) family that coordinates various
transports in the intracellular membrane pathway, AP1S1 and its related genes were
shown to be associated with immune response, lysosomal vesicle transport, and protein
presentation [60]. In previous bioinformatics analyses, investigators found that AP1S1
was highly expressed in GBM and associated with survival prognosis [61]. Our findings,
which identified AP1S1 as an independent prognostic indicator in GBM, are consistent with
previous studies. YWHAG, one of the 14-3-3 family isoforms, is involved as a regulatory
molecule in a variety of cellular processes, including cell survival and apoptosis, protein
transport, and cell cycle regulation [62,63]. Researchers have found that YWHAG was
significantly overexpressed in GBM, head, and neck squamous cell carcinoma, and breast
and gastric cancer [64–66]. IER3 belongs to a stress-inducible gene, also known as IEX-1,
which is classified as a family of immediate early response genes. IER3 plays a complex,
and to some extent contradictory, role in cell cycle control and apoptosis [67]. Current
studies on IER3 in tumors have also confirmed that it is expressed in opposite ways in
different tumors [68,69], so the exact mechanism and function of this gene remains to
be explored. In this study, the results showed that CTSD and IER3 were predominantly
expressed in myeloid cells, high expression of AP1S1 was shown in glioblastoma cells,
and YWHAG was mainly expressed in glioblastoma cells, oligodendrocytes, and myeloid
cells. This corroborates our previous evidence of association of NCPS with macrophages
in immune infiltration. The value shown by these four genes in GBM patients deserves
deeper investigation.

The previously published GSE182109 dataset explored the heterogeneity and immune
infiltration of gliomas, including low-grade gliomas, and primary and recurrent glioblas-
tomas, by single-cell sequencing analysis. The investigators analyzed the GBM immune
microenvironment and classification of functional immune cell subtypes, on the basis of
which specific immune checkpoints were inspected and screened, and S100A4 was iden-
tified as a potential target for immunotherapy [31]. In this study, primary glioblastoma
data from the GSE182109 dataset were first subjected to further single-cell analysis, which
divided them into two groups with different NCPS states. This is a useful reference for
studying the heterogeneity of NCPS states in GBM. Afterward, a prognostic model was
constructed based on differentially expressed genes in the cell population. This model
was tested using TCGA survival data. One of the strengths of this model is its ability to
accurately assess the prognosis of GBM patients. This study is the first to apply single-cell
clustering analysis to predict the prognosis of GBM cell necroptosis, which may not only
provide a new perspective to study its regulated cell death different from transcriptome
analysis, but also provide a new angle for clinical treatment. Admittedly, there are certain
shortcomings in the present study. Due to the limitations of current technology, GBM
patients are still under-explored at the single-cell level on various immune cell subtypes
with NCPS. In addition, there is no standardized assay for clinical screening of the expres-
sion of the NCPS-related genes we obtained, and we know too little about the underlying
mechanisms of the complex functions of NCPS, which we hope will be investigated more
in the future scientific work.

5. Conclusions

In summary, we developed a predictive model for glioblastoma NCPS genes. These
genes may be closely related to the mechanism of NCPS in GBM. The expression of these
four genes in specific cells, such as myeloid cells and glioblastoma cells, makes us more
curious about the specific function of NCPS on immune cells and tumor cells. These results
contribute to further understanding of the molecular mechanisms of GBM regulation. The
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construction of this model allows us to evaluate GBM from a new perspective, in addition
to the tumor microenvironment of GBM, and to design effective combination therapies
based on cell type-specific expression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12080988/s1, Figure S1: ROC curves of the training and
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Machine learning algorithms and results.
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Abstract: Polystyrene nanoparticles (PS-NPs) are organic pollutants that are widely detected in
the environment and organisms, posing potential threats to both ecosystems and human health.
PS-NPs have been proven to penetrate the blood–brain barrier and increase the incidence of neu-
rodegenerative diseases. However, information relating to the pathogenic molecular mechanism
is still unclear. This study investigated the neurotoxicity and regulatory mechanisms of PS-NPs
in human neuroblastoma SHSY-5Y cells. The results show that PS-NPs caused obvious mitochon-
drial damages, as evidenced by inhibited cell proliferation, increased lactate dehydrogenase release,
stimulated oxidative stress responses, elevated Ca2+ level and apoptosis, and reduced mitochon-
drial membrane potential and adenosine triphosphate levels. The increased release of cytochrome c
and the overexpression of apoptosis-related proteins apoptotic protease activating factor-1 (Apaf-1),
cysteinyl aspartate specific proteinase-3 (caspase-3), and caspase-9 indicate the activation of the
mitochondrial apoptosis pathway. In addition, the upregulation of autophagy markers light chain
3-II (LC3-II), Beclin-1, and autophagy-related protein (Atg) 5/12/16L suggests that PS-NPs could
promote autophagy in SHSY-5Y cells. The RNA interference of Beclin-1 confirms the regulatory role
of autophagy in PS-NP-induced neurotoxicity. The administration of antioxidant N-acetylcysteine
(NAC) significantly attenuated the cytotoxicity and autophagy activation induced by PS-NP expo-
sure. Generally, PS-NPs could induce neurotoxicity in SHSY-5Y cells via autophagy activation and
mitochondria dysfunction, which was modulated by mitochondrial oxidative stress. Mitochondrial
damages caused by oxidative stress could potentially be involved in the pathological mechanisms for
PS-NP-induced neurodegenerative diseases.

Keywords: polystyrene nanoparticles; neurotoxicity; autophagy; mitochondrial oxidative stress

1. Introduction

Polystyrene (PS) plastics are widely used as decorative materials in optical instruments
and chemical departments, or they are utilized as vehicles for drugs and other types of
health devices. It is estimated that several million tons of PS plastics are produced annually
on a global scale. Over 80% of PS plastics are not or cannot be effectively recycled, and
they are eventually released into the environment, particularly the marine environment.
Discarded PS plastics can be physically broken into small pieces (nano∼micro size) and
then ingested by organisms; the plastics can be accumulated in the food chain due to
their resistance to biodegradation [1,2]. Previous studies have found that PS nanoparticles
(PS-NPs) (with a diameter < 100 nm) are globally dispersed in marine sediments, oceans,

53



Brain Sci. 2022, 12, 952

and marine organisms [3,4]. Moreover, PS-NPs have been detected in various types of
human food sources, such as bottled water, tap water, fish, shrimps, beer, sugar, and sea salt,
indicating a potential risk to human health [5,6]. PS-NPs may be even more hazardous than
parent macroparticles due to their greater permeability across biological membranes [7].
PS-NPs are also the ideal vector for various toxic contaminants, including persistent organic
pollutants, metals, pathogenic bacteria, and antibiotics [8–10]. Therefore, investigation
into the potential adverse effects and molecular mechanism induced by PS-NPs is of
great urgency.

The uptake of PS-NPs by organisms and the subsequent translocation to different
biological tissues was first reported decades ago [11]. Studies have so far confirmed that
PS-NP exposure has multiple adverse effects, such as inflammatory responses, hepatic
stress, intestinal damage, reproduction disorders, nephrotoxicity, and oxidative stress stim-
ulation [12–15]. Recent studies have found that PS-NPs can be detected in the brain tissue
of Caenorhabditis elegans, zebrafish, and mice [16–19]. The accumulated PS-NPs in mouse
brains resulted in neurobehavior alteration and cognitive impairment [20]. Penetration
by PS-NPs through the blood–brain barrier (BBB) is mainly due to increased BBB perme-
ability [21], which could potentially result from the reduced expression of tight junction
proteins [22]. Mechanism research conducted by Barboza et al. indicated that the neurotox-
icity induced by PS-NPs in European seabass was mediated by the induction of oxidative
stress, the promotion of lipid oxidation, and the inhibition of acetylcholinesterase (AChE)
activity [23]. In vitro studies have confirmed that exposure to PS-NPs (100 nm) could
induce oxidative stress, increase apoptosis, and alter metabolic activity in mice primary
neuronal cells [24,25]. The uptake of PS-NPs by mice hippocampal neuronal HT22 cells also
induced oxidative stress and cell cycle arrest [26]. It has been documented that oxidative
stress is an important mechanism for the incidence of neurodegenerative diseases following
chronic long-term exposure to NPs [27,28].

The autophagy process is involved in clearing and recycling damaged proteins and
cellular components [29]. It has been demonstrated that autophagy plays an essential
role in the protection of neurons in the central nervous system (CNS) [30]. Considerable
evidence suggests that autophagy dysregulation induced by environmental stressors is
involved in the development of many neurodegenerative diseases [30,31]. A recent study
proved the involvement of the autophagy pathway in embryonic toxicity, nephrotoxicity,
physiological toxicity, and oxidative damage induced by NPs [32–34]. Exposure to 60 nm
PS-NPs in human neuroblastoma SH-SY5Y cells also demonstrated autophagic activation,
which could potentially be responsible for neural tube defects [34]. However, relatively
few mechanistic studies on autophagy in potential neurotoxic effects induced by PS-NP
exposure have been conducted.

A size-dependent induction by PS-NPs of autophagy initiation was observed recently
in vitro in human umbilical vein endothelial cells (HUVECs) [35]. It was demonstrated that
PS-NPs with a diameter of less than 100 nm could directly penetrate the cell membrane
and aggregate in the cytoplasm [24,34,35]. In this study, 50 nm PS-NPs were chosen for
treating human neuroblastoma SHSY-5Y cells, which is one of the most commonly used
in vitro models in neurotoxicity studies [36]. Assays of cytotoxicity, autophagy activation,
and mitochondrial activity were conducted. RNA interference and antioxidant N-Acetyl-L-
cysteine (N-Acetylcysteine, NAC) were applied to confirm the role of oxidative stress and
the autophagy process.

2. Materials and Methods
2.1. Materials

The 50 nm polystyrene nanoparticle (PS-NPs) beads (5% w/v) were purchased commer-
cially from Janus New-Materials (Nanjing, China) (refer to the Supplementary Materials for
more detailed parameters). SHSY-5Y cells, the clonal subline of neuroblastoma SK-N-SH cell
line, were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA).
The 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di- phenytetrazo-liumromide (MTT), Rhodamine
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123 (Rh 123), 2,7-dichlorodi- hydrofluorescein diacetate (DCFH-DA), tert-Butyl hydroper-
oxide (tBHP), and N-Acetylcysteine (NAC) were obtained from Sigma (St. Louis, MO,
USA). The annexin V-fluoresceine isothiocyanate/propidium iodide (annexin V-FITC/PI)
apoptosis detection kit was obtained from Sungene (Tianjin, China). Protein extraction
and assay kit was purchased from Thermo (MA, USA). Fluo 3-AM was acquired from Do-
jindo (Kyushu, Japan). Lactate dehydrogenase (LDH) cytotoxicity assay kit and adenosine
5′-triphosphate (ATP) detection kit were obtained from Beyotime (Shanghai, China).

2.2. Cell Culture and PS-NP Treatment

The complete culture medium used for the SHSY-5Y cells was RPMI 1640 (Hyclone,
Logan, UT, USA) containing 10% FBS (Hyclone, Logan, UT, USA), 100 U/mL penicillin, and
100 mg/L streptomycin. The SHSY-5Y cells were sub-cultured at a 104 cells/mL density
and maintained in an incubator at 37 ◦C with 5% CO2 and 100% relative humidity. Working
solutions of PS-NPs were freshly diluted using the RPMI 1640 medium to 20, 50, 100, 200,
and 500 mg/L. For the cytotoxicity assays, SHSY-5Y cells in the exponentially growing
phase were treated with different concentrations of PS-NPs from 20 to 500 mg/L. The
treated groups of 100 and 200 mg/L PS-NPs were reserved for the following mechanistic
studies based on the cytotoxicity results. NAC is a sulfhydryl-containing antioxidant that
can protect SHSY-5Y cells from peroxidative stress. For the NAC experiments, SHSY-5Y
cells were pretreated with NAC (5 mM, 4 h) and exposed to 200 mg/L PS-NPs for 24 h. The
control group cells were treated with the RPMI 1640 medium only.

2.3. Cytotoxicity Assays

SHSY-5Y cells seeded in a 96-well plate were treated with different concentrations of
PS-NPs for 24 h. MTT (5 mg/mL) was then supplied, and cell viability was measured by
absorbance value (570 nm) using a multifunctional microplate reader (Tecan, Männedorf,
Switzerland). LDH activity was detected by the LDH assay kit with an absorbance value
recorded at 490 nm. Following exposure to PS-NPs, the intracellular reactive oxygen
species (ROS) level of SHSY-5Y cells seeded in a 6-well plate was measured by a fluorescent
DCFH-DA assay, with excitation at 480 nm and emission at 525 nm. At the same time,
the oxidative stress inducer tBHP (100 µM, 1 h) was applied as a positive control for the
detection of oxidative stress [37]. The mitochondrial membrane potential (MMP, ∆ψm) was
measured with a fluorescent probe Rh 123 (10 µM), with excitation at 507 nm and emission
at 529 nm. The calcium ion (Ca2+) content was examined by a fluorescent probe Fluo-3AM
(5 µM), with excitation at 506 nm and emission at 526 nm. The fluorescence intensity
was then converted to a percentage and compared to the control group [18]. The ATP
levels after exposure to PS-NPs were measured with an ATP assay kit (Beyotime, Shanghai,
China) according to the instructions of the manufacturer. Cell apoptosis was assayed using
flow cytometry with the annexin V-FITC/PI kit according to the instructions. Detailed
information related to these biological assays is provided in the Supplementary Materials.

2.4. RNA Interference (RNAi)

RNAi regulates gene expression through small interfering RNA (20–24 bp). In this
study, sh-pBeclin-1 plasmid (Dharmacon, Lafayette, CO, USA) was transfected into SHSY-
5Y cells using the Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) to construct Beclin-1
RNAi (siBeclin-1) cells according to the instructions. At the same time, sh-pGIPZ plasmid
(Dharmacon, Lafayette, CO, USA) was applied to construct negative control (NC) cells. NC
and siBeclin-1 cells were treated with 200 mg/L of PS-NPs so that the cytotoxicity results
could be verified.

2.5. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Following PS-NP treatment (100 and 200 mg/L, 12 h), the SHSY-5Y cells were collected
and lysed using TRIZOL reagent to prepare the total RNA. The first strand of cDNA
was then reverse-transcribed using a reverse transcription kit (TOYOBO, Osaka, Japan).
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The cDNA was used as a template for real-time quantitative PCR amplification with
the SYBR Green PCR Master Mix (Toyobo, Osaka, Japan). Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) was used as an internal reference for quantifying the expression
of Beclin-1. No-template controls were included in each experiment. More information,
including the reaction mixture, amplification procedure, and data analysis, can be found in
the Supplementary Materials.

2.6. Immunofluorescence Detection

After treatments of 100 and 200 mg/L PS-NPs for 24 h, the SHSY-5Y cells were rinsed
using Hank’s buffer and fixed with methanol for 10–20 min. After being washed once more
using Hank’s buffer, the cells were treated with Triton-X 100 (0.1%) for 10–20 min and BSA
Hank’s solution (1%) for 5–15 min. Then, cells were incubated with the primary antibody of
cytochrome c (Cyc-c) (Abcam Company, Cambridgeshire, UK) and FITC-labeled secondary
antibody (Beyotime, Shanghai, China), according to a previous study [38]. The fluorescence
was excited and representative images were recorded using a fluorescent microscope
(Olympus, Tokyo, Japan).

2.7. Western Blotting

After the PS-NP treatment described previously, the total protein samples of the SHSY-
5Y cells were prepared using cell lysis buffer (Thermo, Waltham, MA, USA). The protein
samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes. The membranes were then sequentially
incubated with the primary and secondary antibodies. More detailed information is
provided in the Supplementary Materials. The antibodies that were used in this study
included anti-light chain 3-II (LC3-II), anti-Beclin-1, anti-autophagy-related protein 12
(Atg12), anti-Atg5, anti-Atg16L, anti-Cyc-c, anti-apoptotic protease activating factor-1
(Apaf-1), anti-cysteinyl aspartate specific proteinase-3 (caspase-3), anti-caspase-9 (Cell
Signaling, MA, USA), anti-GAPDH (Abcam, Cambridgeshire, UK), horseradish peroxidase
(HRP)-conjugated secondary anti-mouse immunoglobulin G (IgG), and anti-rabbit IgG
(Zhong Shan, China).

2.8. Statistical Analysis

Each experiment was independently repeated three times with at least triplicate
replicates for each group. Data were expressed as mean ± standard deviation (SD) and
analyzed by one-way analysis of variance (ANOVA). Two-way ANOVA was performed to
test the interaction between the inhibitor and non-inhibitor groups. A p-value < 0.05 was
considered to be statistically significant.

3. Results and Discussion
3.1. PS-NPs Induced Neurotoxicity in SHSY-5Y Cells

As an emerging organic pollutant, the potential adverse effects of plastics have at-
tracted extensive attention, especially nanoplastics with diameters of less than 100 nm. In
this study, cytotoxicity was evaluated with MTT colorimetric assay, and the viability of
SHSY-5Y cells treated with PS-NPs is shown in Figure 1A. Compared to the control group,
a dose-dependent inhibitory effect on cell viability was observed in cells exposed to various
concentrations of PS-NPs. Low concentrations of PS-NPs (<100 mg/L) appeared to have no
obvious inhibitory effects on cell viability, while exposures of 200 and 500 mg/L PS-NPs for
24 h reduced cell viability by 12.0% and 29.6%, respectively (Figure 1A). The destruction
of the cell membrane results in the release of the LDH enzyme, which is widely used as
a membrane integrity indicator. PS-NPs could significantly induce the release of LDH in
SHSY-5Y cells. After exposure to 200 and 500 mg/L PS-NPs for 24 h, the concentrations
of LDH in the culture medium increased by 39.6% and 74.3%, respectively (Figure 1B).
Previous studies have also observed a significant decrease in cell viability after exposure
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to PS-NPs (33 nm) under comparatively high concentrations (>180 mg/L) [39], as well as
obvious increases in LDH activity after PS-NP (55 nm) treatment at 250 mg/L [25].
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Figure 1. The cytotoxicity induced by PS-NPs in SHSY-5Y cells. SHSY-5Y cells were treated with
different concentrations (20, 50, 100, 200, and 500 mg/L) of PS-NPs for 24 h. Then, cytotoxicity
was measured. (A): Cell viability was measured with MTT. (B): LDH activity was detected using a
LDH assay kit. (C): ROS production was measured using a fluorescent probe DCFH-DA, and tBHP
(100 µM, 1 h) was used as a positive control for oxidative stress. (D): Ca2+ content was examined
using the fluorescent probe Fluo-3AM (5 µM). (E): MMP (∆ψm) was measured using the fluorescent
probe Rh 123 (10 µM). (F): ATP level was measured using an ATP assay kit. The fluorescence intensity
was converted as a percentage compared with the control. In the control group, SHSY-5Y cells were
only treated with RPMI 1640 medium. * p < 0.05 and ** p < 0.01, compared to the control.

3.2. PS-NPs Promoted Oxidative Stress in SHSY-5Y Cells

The byproducts of mitochondrial metabolism include the buildup of reactive oxygen
species (ROS) and the concentration of calcium ion (Ca2+) [40]. Excessive production of
ROS can cause oxidative damage, disrupt homeostasis, and significantly suppress cell
viability. Oxidative stress has been confirmed by previous studies to be a prominent
neurotoxic mechanism after exposure to exogenous toxicants [41,42]. The activation of
oxidative stress is closely associated with the onset of neurodegenerative diseases [43]. As
shown in Figure 1C, PS-NP treatment at concentrations of >100 mg/L could obviously
increase intracellular ROS production. There were 1.8-, 2.6-, and 3.0-fold increases in the
ROS levels in the 100, 200, or 500 mg/L PS-NP treatment groups, respectively. An earlier
study discovered that PS-NPs could significantly enter human cerebral microvascular
endothelial hCMEC/D3 cells and mouse hippocampal neuronal HT22 cells, which resulted
in a significant increase in ROS production [21,26].
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3.3. PS-NPs Induced Mitochondrial Damage in SHSY-5Y Cells

As a secondary messenger, calcium ions (Ca2+) are essential for maintaining physiolog-
ical nerve conduction function. Mitochondria take part in the regulation of the intracellular
Ca2+ levels, functioning as a local Ca2+ buffer pool. The entry of Ca2+ into mitochondria
is driven by the mitochondrial inner membrane (∆Ψm) electrochemical gradient. Ca2+

accumulation and the consequent mitochondrial permeability transition pore (mPTP) open-
ing can lead to the dissipation of ∆Ψm and ultimately induce the cell death signaling
pathways [44]. In this study, the fluorescent probes Fluo-3AM and Rh123 were used to
detect the Ca2+ concentrations and MMP in SHSY-5Y cells. Our results show that the Ca2+

level was markedly increased and the mitochondrial membrane potential (MMP, ∆Ψm)
was significantly reduced after treatment with 100, 200, and 500 mg/L PS-NP (Figure 1D,E),
which indicates the induction of mitochondrial damage. These results are in agreement with
previous findings that 55 nm PS-NPs influenced the mitochondrial activity of neural cells at
high concentrations (250 mg/L) [25]. Other particles, such as combustion-derived particles,
could also affect intracellular calcium homeostasis, contributing to the development or
aggravation of cardiovascular disease [45].

Adenosine triphosphate (ATP) participates in various physiological processes in or-
ganisms, functioning as an active energy molecule, which is produced in the folds of the
inner membrane of mitochondria. When the mitochondria are damaged, the switching
state of the mitochondrial membrane voltage-dependent anion channel (VDAC) is affected,
thereby inhibiting the release of macromolecule anionic ATP [46]. Especially in the state of
apoptosis or necrosis, a decrease in ATP levels generally occurs simultaneously with the
loss of MMP [47]. In comparison to the control group, the ATP levels in the SHSY-5Y cells
were reduced by 13.2%, and 17.3%, respectively, after treatment with 200 and 500 mg/L
PS-NP (Figure 1F). This finding further demonstrates the mitochondrial damage in SHSY-
5Y cells induced by PS-NPs. All these data are consistent with the results of cell viability,
suggesting that oxidative stress and mitochondrial respiration defect might be involved in
the cytotoxicity induced by PS-NPs.

3.4. PS-NPs Induced Mitochondrial Apoptosis in SHSY-5Y Cells

Apoptosis is a complicated process in multicellular organisms to remove abnormal
cells and maintain cellular homeostasis, which is regulated by complex signaling path-
ways [48]. The imbalance of apoptotic homeostasis is closely associated with numerous
diseases, such as cancer, autoimmune diseases, neurological disorders, and cardiovascular
disorders [49]. Oxidative stress has been proven to be one of the primary reasons for the
induction of apoptosis [50]. To investigate whether the mitochondrial apoptotic pathway is
involved in the cytotoxicity of PS-NPs in SHSY-5Y cells, cell apoptosis was detected using
the annexin V-FITC/PI kit. Our results show a positive correlation between the apoptosis
ratio and PS-NP concentration, with significant apoptosis induction at doses of 100, 200,
and 500 mg/L (Figure 2A). In mammal cells, mitochondrial damage can cause the release
of cytochrome c (Cyc-c) into the cytoplasm, forming a complex with cysteinyl aspartate
specific proteinase-9 (caspase-9) and apoptotic protease activating factor-1 (Apaf-1), which
can activate caspase-3, and ultimately result in apoptosis [51]. The localization transition of
Cyc-c in cells was monitored in this study using an immunofluorescence assay. Based on
the results of cytotoxicity, moderate doses of 100 and 200 mg/L were used for subsequent
mechanistic studies. As shown in Figure 2B, the aggregation of Cyc-c in the cytoplasm
was observed, indicating a release of Cyc-c from the mitochondria into the cytoplasm. The
results of Western blotting show that the protein expressions of caspase-3 increased to
123.6% and 178.5% in the control group, after treatment with 100 and 200 mg/L PS-NPs.
Synchronously, the expressions of caspase-9 and Aparf-1 show similar increasing trends
to 136.2% and 185.3%, and 121.3% and 159.4% (Figure 2C,D), respectively. These results
provide evidence that PS-NPs could trigger oxidative stress as an early response, eventually
resulting in apoptosis via the mitochondrial apoptotic pathway.
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Figure 2. The apoptosis induced by PS-NPs in SHSY-5Y cells. (A): SHSY-5Y cells were treated with
different concentrations (20, 50, 100, 200, and 500 mg/L) of PS-NPs for 24 h. Then, apoptosis was
detected with the annexin V-FITC/PI kit. (B): After the treatment of 100 and 200 mg/L of PS-NPs for
24 h, the localization of Cyc-c was observed by immunofluorescence. (C): The expressions of caspase-
3, caspase-9, and Aparf-1 were measured with Western blotting. (D): The expressions of proteins
were quantified. In the control group, SHSY-5Y cells were only treated with medium. * p < 0.05 and
** p < 0.01, compared to the control.

3.5. PS-NPs Activated Autophagy in SHSY-5Y Cells

Autophagy is a conserved phylogenetic process, playing a vital role in the elimination
of aggregated proteins and damaged organelles [29]. A dysregulated autophagy process
is related to the development of neurodegenerative diseases [52]. Autophagic initiation
is a complex multi-step and crosstalk process that could be induced by an alteration in
redox signaling [53]. Excessive ROS is a well-known inducer of autophagy initiation [54].
Our results show that PS-NPs have the ability to induce oxidative stress and mitochondria
dysfunction. To investigate the autophagy status induced by PS-NPs in SHSY-5Y cells, the
expression levels of LC3-II were measured using Western blotting. LC3 is a homolog of
autophagy-related protein-8 (Atg8) in mammalian cells. LC3-I (located in the cytoplasm)
is covalently connected with phosphatidylethanolamine and inserted into the bilayer
membrane of autophagy to form LC3-II. The conversion of LC3-I to LC3-II has been used
as a recognized indicator for the evaluation and determination of autophagy [29]. As
depicted in Figure 3A,B, a significant increase in LC3-II expression was observed after
PS-NP exposure (Figure 3A), suggesting autophagy initiation in SHSY-5Y cells treated with
PS-NPs.

To confirm the formation of autophagy in the SHSY-5Y cells, the expressions of Beclin-1
and Atg5/12/16L1 were measured using Western blotting. Beclin-1 is a subunit of the
phosphatidylinositol 3 kinase complex. The binding of Beclin-1 to autophagy precursors
results in the initiation of autophagosome formation [55]. The triplet complex that is
formed by the sequential conjugation of Atg12, Atg5, and Atg16L is indispensable for
autophagosome formation [56]. Our results show that the levels of Beclin-1 were elevated
in SHSY-5Y cells exposed to PS-NPs compared to the control (Figure 3A,B). The expressions
of Beclin-1 increased to 132.6% and 178.3%, respectively, after exposure to 100 and 200 mg/L
PS-NPs. The expressions of Atg12, Atg5, and Atg16L show similar increasing changes,
with inductions of 32.1–113.0% (Figure 3A,B). These results further confirm the induction
of autophagy by PS-NPs. Wang et al. reported that human kidney proximal tubular
epithelial HK-2 cells had higher protein levels of LC3-II and Beclin-1 after exposure to
PS-MPs (2 µm) [57]. The data of Nie et al. indicated the upregulation of Atg7, Atg5, and
LC3-II protein expression and the fluorescence intensity of GFP-LC3 in SH-SY5Y cells after
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exposure to 60 nm PS-NPs [34]. Exposure to 100 nm PS-NPs could increase LC3 autophagic
pathway activation in mouse embryonic fibroblasts (MEFs) [58].
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of siRNA Beclin-1 in neonatal rat hippocampal cells [59]. At the same time, biological in-
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were significantly relieved in siBeclin-1 SHSY-5Y cells. As shown in Figure 4C, the activity 
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Figure 3. The autophagy induced by PS-NPs in SHSY-5Y cells. After the treatment of 100 and
200 mg/L of PS-NPs for 24 h. (A): The expressions of autophagy-related proteins including LC3-
II, Beclin-1, Atg12, Atg5, and Atg16L were measured with Western blotting. (B): The expressions
of proteins were quantified. In the control group, SHSY-5Y cells were only treated with medium.
* p < 0.05 and ** p < 0.01, compared to the control.

3.6. Regulatory Role of Autophagy in PS-NP-Induced Neurotoxicity

To verify the involvement of autophagy in the neurotoxicity induced by PS-NPs in
SHSY-5Y cells, autophagy-blocked RNAi was conducted. Sh-pBeclin-1 and sh-pGIPZ
plasmids were transfected into SHSY-5Y cells as described in the method section, and
then the gene levels and protein expressions of Beclin-1 were analyzed using RT-qPCR
and Western blotting, respectively. The results show that gene expression decreased by
76.5%, and protein expression decreased by 58.4% in siBeclin-1 SHSY-5Y cells compared
to the control, indicating that autophagy was effectively knocked down in the initial step
(Figure 4A). As displayed in Figure 4B, the upregulation of LC3-II induced by PS-NPs was
obviously suppressed compared to NC cells. Similarly, in a study on sevoflurane-induced
neurotoxicity, a significant decrease in LC3-II expression was observed after the transfection
of siRNA Beclin-1 in neonatal rat hippocampal cells [59]. At the same time, biological
influences on SHSY-5Y cells (including LDH release, ROS level, MMP, and apoptosis rate)
were significantly relieved in siBeclin-1 SHSY-5Y cells. As shown in Figure 4C, the activity
of LDH after exposure to 200 mg/L PS-NPs decreased by 14.5% in the siBeclin-1 cell
group, and the production of ROS and the apoptosis rate were reduced by over 30%. In
addition, the depolarization of MMP was also alleviated in the siBeclin-1 group. Previous
studies have also reported that the inhibition of autophagy by Beclin-1 siRNA in neonatal
rat hippocampal cells reduced sevoflurane-induced apoptosis [59]. The downregulation
of Beclin-1 attenuated viral-induced inflammation in HIV-1-infected microglial cells [60].
These results indicate that autophagy is involved in the regulation of neurotoxicity induced
by PS-NPs, which is also in accordance with the study conducted by Yin et al., showing
that microplastics triggered autophagy-dependent ferroptosis and apoptosis in chicken
brains [22].
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LDH release, MMP reduction, and apoptosis induction in PS-NP-treated SHSY-5Y cells 
were significantly attenuated by the administration of NAC (Figure 5A). Additionally, 
NAC alleviated mitochondrial apoptosis in SHSY-5Y cells, demonstrated by reduced 
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Figure 4. Autophagy-regulated neurotoxicity induced by PS-NPs. (A): SHSY-5Y cells were transfected
with sh-pBeclin-1 and sh-pGIPZ plasmids to construct Beclin-1 RNAi cells (siBeclin-1) and negative
cells (NC). The expression of Beclin-1 was analyzed with RT-qPCR and Western blotting. NC and
siBeclin-1 cells were treated with 200 mg/L of PS-NPs, and then the expressions of LC3-II were
measured with Western blotting, and the expressions of proteins were quantified (B). The LDH
activity, ROS level, MMP, and apoptosis rate were measured (C). In the C (control) group, SHSY-5Y
cells were only treated with medium. * p < 0.05 and ** p < 0.01, compared to the control. # p < 0.05,
siBeclin-1 group compared to the NC group.

3.7. PS-NP-Induced Neurotoxicity Attenuated by Oxidative Antioxidant

Accumulating evidence indicates the central role of autophagy in the mammalian
oxidative stress response. The dysregulation of redox homeostasis can activate autophagy
to degrade or recycle intracellular damaged macromolecules and facilitate cellular adap-
tation [61]. The antioxidant NAC can antagonize arsenic-induced neurotoxicity through
the suppression of oxidative stress in mouse oligodendrocyte precursor cells [62]. The
addition of NAC can abolish H2O2-induced autophagy and inhibit mitochondrial ROS pro-
duction [63]. To confirm the role of oxidative stress in PS-NP-induced autophagy initiation
and neurotoxicity, NAC was applied in the present study. NAC pretreatment obviously
reduced ROS generation induced by PS-NPs in SHSY-5Y cells (Figure 5A). Similarly, LDH
release, MMP reduction, and apoptosis induction in PS-NP-treated SHSY-5Y cells were
significantly attenuated by the administration of NAC (Figure 5A). Additionally, NAC
alleviated mitochondrial apoptosis in SHSY-5Y cells, demonstrated by reduced caspase-3,
caspase-9, and Aparf-1 protein levels (Figure 5B). Moreover, the expressions of LC3-II
and Beclin-1 expression in SHSY-5Y cells exposed to PS-NPs were significantly reduced
by NAC pretreatment (Figure 5B). Liu et al. reported that the suppression of oxidative
stress by NAC rescued the inhibition of cell growth and induction of autophagy caused by
plasticizer tri-ortho-cresyl phosphate (TOCP) treatment in rat spermatogonia stem cells [64].
The pretreatment of antioxidant nanomaterial poly-amidoamine effectively impaired the
autophagic effects and reduced neuronal cell death [65]. Our data confirm that mitochon-
drial oxidative stress plays a vital role in neurotoxicity and autophagy initiation induced

61



Brain Sci. 2022, 12, 952

by PS-NPs in SHSY-5Y cells, indicating that mitochondrial oxidative stress is a regulatory
mechanism of neurotoxicity.
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Figure 5. Oxidative stress regulated autophagy and neurotoxicity induced by PS-NPs. SHSY-5Y
cells were pretreated with NAC (5 mM) for 4 h and then treated with 200 mg/L of PS-NPs for 24 h.
(A): The ROS level, LDH activity, MMP, and apoptosis rate were measured. (B): The expression of
apoptosis and autophagy-related proteins were measured with Western blotting, and the expressions
of proteins were quantified. In the control group, SHSY-5Y cells were only treated with medium.
* p < 0.05 and ** p < 0.01, compared to the control. # p < 0.05, NAC+PS-NPs group compared to the
PS-NPs group.

4. Conclusions

In conclusion, exposure to PS-NPs reduced cell viability and induced the release of
LDH in SHSY-5Y cells in a concentration-dependent manner. PS-NPs could significantly in-
duce oxidative stress and mitochondrial dysfunction as indicated by increased intracellular
ROS production and Ca2+ concentrations and decreased MMP and ATP levels. Moreover,
PS-NPs activated the mitochondrial apoptotic pathway and promoted cell apoptosis. The
upregulation of autophagy marker proteins indicates the stimulation of the autophagy pro-
cess after PS-NP exposure. The suppression of Beclin-1 with RNAi revealed the regulatory
role of autophagy in neurotoxicity induced by PS-NPs. The results of antioxidant NAC
suggest that mitochondrial oxidative stress could regulate PS-NP-induced neurotoxicity
by the modulation of autophagy activation. In general, high concentrations (>100 mg/L)
of PS-NPs resulted in significant neurotoxic effects by the activation of autophagy and
mitochondrial dysfunction, which was modulated by oxidative stress. The stimulation of
mitochondrial oxidative stress and autophagy suggests the potential pathological mecha-
nisms of neurodegenerative diseases induced by PS-NPs.
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Abstract: Background: Glioma is one of the most common malignant tumors of the central nervous
system. Immune infiltration of tumor microenvironment was associated with overall survival
in low grade glioma (LGG). However, effects of Tyrosine phosphatase receptor type N (PTPRN)
on the progress of LGG and its correlation with tumor infiltration are unclear. Methods: Here,
datasets of LGG were from The Cancer Genome Atlas (TCGA) and normal samples were from
GTEx dataset. Gepia website and Human Protein Atlas (HPA) Database were used to analyze the
mRNA and protein expression of PTPRN. We evaluated the influence of PTPRN on survival of
LGG patients. MethSurv was used to explore the expression and prognostic patterns of single CpG
methylation of PTPRN gene in LGG. The correlations between the clinical information and PTPRN
expression were analyzed using logistic regression and Multivariate Cox regression. We also explored
the correlation between PTPRN expression and cancer immune infiltration by TIMER. Gene set
enrichment analysis (GSEA) was formed using TCGA RNA-seq datasets. Results: PTPRN mRNA and
protein expression decreased in LGG compared to normal brain tissue in TCGA and HPA database.
Kaplan-Meier analysis showed that the high expression level of PTPRN correlated with a good
overall survival (OS) of patients with LGG. The Multivariate Cox analysis demonstrated that PTPRN
expression and other clinical-pathological factors (age, WHO grade, IDH status, and primary therapy
outcome) significantly correlated with OS of LGG patients. The DNA methylation pattern of PTPRN
with significant prognostic value were confirmed, including cg00672332, cg06971096, cg01382864,
cg03970036, cg10140638, cg16166796, cg03545227, and cg25569248. Interestingly, PTPRN expression
level significantly negatively correlated with infiltrating level of B cell, CD4+ T cells, Macrophages,
Neutrophils, and DCs in LGG. Finally, GSEA showed that signaling pathways, mainly associated with
tumor microenvironment and immune cells, were significantly enriched in PTPRN high expression.
Conclusion: PTPRN is a potential biomarker and correlates with tumor immune infiltration in LGG.

Keywords: PTPRN; glioma; immune infiltration; biomarker; tumor microenvironment

1. Introduction

Glioma is one of the most common malignant tumors of the central nervous system.
According to the glioma grading classification criteria of the World Health Organization
(WHO), gliomas are divided into Grade 1, 2, 3, and 4 [1,2]. Grade 1 and 2 gliomas belong to
low-grade gliomas (LGGs) while Grade 3 and 4 gliomas are high-grade gliomas (HGGs).
LGG encompasses a diverse group of diffusely infiltrative, slowly growing glial brain
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tumors that would dedifferentiate and progress to HGG. Standard treatment strategies for
LGG include surgical treatment, radiotherapy, chemotherapy, and combination therapy.
Despite advances in surgical techniques and the availability of new chemotherapeutic
agents, outcomes for patients with LGG remain poor.

Cancer immunotherapy has recently become an important pillar of cancer treatment.
Immunotherapy based on cytotoxic T lymphocyte-associated antigen 4 (CTLA4), pro-
grammed death-1 (PD-1) and programmed death ligand-1 (PD-L1) inhibitors have emerged
as an effective treatment in melanoma, non-small cell lung carcinoma and glioma [3–5].
Tumor-infiltrating lymphocytes, such as tumor-associated macrophages (TAMs), play a
very important role in patient prognosis and the efficacy of immunotherapy [6]. However,
the discovery of glioma immunotherapy mainly affects GBM and rarely appears in LGG
research. Additionally, in recent years, with the introduction of the concept of precision
medicine, the detection of molecular diseases and the improvement of targeted therapy
have significantly improved the overall survival rate of LGG patients. In patients with
LGG, 1p/19q co-deletion, IDH mutation, and TERTp (telomerase reverse transcriptase gene
promoter region) mutation can help assess the prognosis [7,8]. LGG patients with IDH1
mutation or 1p/19q co-deletion but not TERTp mutation can benefit from radiotherapy
and chemotherapy. Although molecular targeted therapy has shown good clinical effects,
the curing of LGG patients is still a challenge, especially due to the development of drug
resistance. Therefore, there is an urgent need to develop a new and effective biomarker for
the diagnosis and treatment of patients with LGG.

PTPRN, also called islet cell autoantigen 512 (ICA512/IA-2), is located on human
chromosome band 2q35. PTPRN is mainly expressed in endocrine cells, neurons of the
autonomic nervous system, and neuroendocrine neurons of the brain, including pancreas,
pituitary, adrenal medulla, amygdala, and hypothalamus, because they all contain neuro-
secretory granules [9]. PTPRN is a type I transmembrane protein that participates in
neuroendocrine processes, such as biogenesis, transport, and/or regulation of exocyto-
sis [10]. It’s involved in regulating the secretion pathways of various neuroendocrine cells
and in the occurrence and development of diabetes mellitus [11]. Multiple studies have
concluded that PTPRN may play a potential role in solid tumors [12–16]. PTPRN was
identified as an independent prognostic factor in hepatocellular carcinoma [16]. Abnormal
hypermethylation of PPTRN DNA is related to the OS of patients with ovarian cancer [12].
In addition, the expression of PTPRN mRNA and protein increased in breast cancer cells
under hypoxia [13]. PTPRN was overexpressed in a group of glioblastoma patients, in-
dicating poor survival [14]. Furthermore, PTPRN could be a biomarker that predicts the
prognosis of glioblastoma and could estimate the OS of patients with glioblastoma [15].
However, the role of PTPRN in LGG is still unknown, especially its role in the regulation of
tumor microenvironments.

In this study, the clinical features and survival information of patients with LGG
from TCGA was analyzed using bioinformatics to assess the prognostic significance of
PTPRN in LGG. We also investigate the relationship between PTPRN expression and
tumor-infiltrating immune cells in LGG. Finally, the functional enrichment analysis was
performed based on the differential genes expression in low and high PTPRN expression
in LGG. These results shed light on the essential role of PTPRN and provide a potential
mechanism for LGG.

2. Material and Methods
2.1. PTPRN Expression and Overall Survival Analysis by Gepia

Using an open website, Gepia (http://gepia2.cancer-pku.cn/#analysis, accessed on
9 May 2022), to analyze the mRNA expression of PTPRN between normal patient samples
and LGG samples. All the samples are from TCGA (n = 518) and GTEx (n = 207) database.
Fragments per kilobase million (FPKM) values were transformed into per kilobase million
(TPM) values, which was more comparable between samples. A P value less than 0.05 was
considered significant by Wilcoxon rank sum test. The samples of LGG were divided into
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two groups according to the median PTPRN expression to plot a Kaplan-Meier survival
curve of LGG patients (n = 257 in both high and low expression groups, two cases were
missing during follow-up).

2.2. The Human Protein Atlas Database

The human protein atlas (https://www.proteinatlas.org, accessed on 17 February 2022)
is a Swedish-based program to map all the human proteins in cells, tissues, and organs
using an integration of various omics technologies, including, antibody-based imaging,
mass spectrometry-based proteomics, transcriptomics, and systems biology. It was used to
compare the protein expression of PTPRN in LGG and normal brain tissue.

2.3. Clinic Data Analysis

We extracted the clinic data of the LGG project from TCGA (https://portal.gdc.cancer.
gov/, accessed on 1 February 2022) [17]. The correlations between PTPRN expression and
clinic-pathological parameters (histological type, IDH status, 1p/19q codeletion, and WHO
grade) in LGG patients were analyzed [18].

2.4. DNA Methylation of the PTPRN Gene

DNA methylation plays an important function in prognostic evaluation and potential
biomarker in tumorigenesis and progression. We used an integrated online tool, MethSurv
(https://biit.cs.ut.ee/methsurv/, accessed on 2 May 2022), to explore the expression and
prognostic patterns of single CpG methylation of PTPRN gene in LGG [19–21]. The DNA
methylation results of PTPRN and survival analysis were generated via the MethSurv
platform.

2.5. TIMER Database to Analyze Tumor Infiltrating Immune Cells

The TIMER database (https://cistrome.shinyapps.io/timer/, accessed on 5 February
2022), which includes 10,897 samples across 32 cancer types from TCGA, is a comprehensive
resource for estimating the abundance of immune infiltrates cells, including B cells, CD4+
T cells, CD8+ T cells, neutrophils, macrophages, and DCs [22]. We analyzed the correlation
of PTPRN expression with the abundance of immune infiltrates via the gene module. For
each survival analysis, TIMER outputs Kaplan-Meier plots for TIICs and genes to visualize
the survival differences between the upper and lower 50 percentile of patients. A log-rank
p-value is also calculated and displayed for each Kaplan-Meier plot.

2.6. Gene Set Enrichment Analysis

A computational method that analyzes the statistical significance of a priori defined set
of genes and the existence of concordant differences between two biological states is known
as the GSEA [23]. In this study, GSEA created an initial list on the classification of the genes
according to their correlation with the PTPRN expression. This computational method
expounded on the noteworthy differences that we observed in the survival between high-
and low- PTPRN expression groups. For each analysis, we performed 1000 repetitions of
gene set permutations. The phenotype label that we put forth was the expression level of
PTPRN. Additionally, to sort the enriched pathways in each phenotype, we utilized the
nominal p-value and normalized enrichment score (NES). Gene sets with a discovery rate
(FDR) <0.050 were considered to be significantly enriched.

2.7. Statistical Analysis

All p-values were two-sided, and values lower than 0.050 were considered significant.
The correlations between the clinical information and PTPRN expression were analyzed
using logistic regression. Multivariate Cox analysis was used to evaluate the influence
of PTPRN expression and other clinic-pathological factors on survival. The CIBERSORT
package was used to explore the difference in immune cells subtypes.
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3. Results
3.1. PTPRN Expression Levels and Prognostic Value in LGG

We used Gepia website to determine the expression difference of PTPRN mRNA level
between LGG and normal brain tissues. Compared with that in normal tissues, PTPRN
mRNA expression was significantly decreased (p < 0.050) (Figure 1A) in LGG. Meanwhile,
the protein of PTPRN expression was consistent with the mRNA results (Figure 1B). Kaplan-
Meier analysis showed that high expression levels of PTPRN correlated with a good overall
survival (OS) of patients with glioma (p = 0.000) (Figure 1C).

Figure 1. PTPRN mRNA and protein expression between normal and LGG samples, and overall
survival in LGG. (A) PTPRN mRNA expression is higher in normal brain (n = 207) than that in LGG
(n = 518) from the Gepia website (http://gepia2.cancer-pku.cn/#analysis, accessed on 9 May 2022).
mean ± SD, *: p < 0.050. (B) Representative IHC images of PTPRN protein expression in normal brain
tissues and glioma tissue (https://www.proteinatlas.org, accessed on 17 February 2022). (C) Overall
patient survival in groups of high (red) and low (blue) expression was analyzed by Kaplan-Meier
survival curve.

Then, we explored the associations between PTPRN expression and clinical characteris-
tics, such as histological type, IDH status, 1p/19q status, and grade. In oligodendroglioma,
PTPRN expression was sharply higher than astrocytoma (p = 0.000) (Figure 2A). Addi-
tionally, PTPRN expression was significantly higher in IDH mutation status (p = 0.000)
(Figure 2B) and 1p/19q codeletion status gliomas (p = 0.000) (Figure 2C). However, the
expression of PTPRN was similar in different grades of glioma (p = 0.101) (Figure 2D).
Moreover, we examined whether PTPRN expression was an independent prognostic factor
for LGG using Multivariate Cox regression analyses. The Multivariate Cox analysis demon-
strated that age (p = 0.000), WHO grade (p = 0.000), IDH status (p = 0.001), primary therapy
outcome (p = 0.000), and PTPRN expression (p = 0.016) significantly correlated with OS of
LGG patients (Table 1). These results indicate that PTPRN expression is an independent
prognostic index and high expression of PTPRN is correlated with longer OS.
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Figure 2. The associations between PTPRN mRNA expression and clinic characteristics. (A) In oligo-
dendroglioma, PTPRN expression was higher than astrocytoma (p = 0.000). n (Astrocytoma) = 195,
n (Oligodendroglioma) = 199. (B) PTPRN expression was high in IDH mutation status (p = 0.000)
compare to IDH wildtype. n (WT) = 95, n (Mut) = 428. (C) PTPRN expression was elevated
in 1p/19q codeletion status gliomas compare to Non-codel status (p = 0.000). n (Codel) = 171,
n (Non-codel) = 357. (D) The expression of PTPRN was similar in different grades of glioma
(p = 0.101). n (G2) = 224, n (G3) = 243. ns: not significant; ***, p < 0.001. abbreviation: WT: wildtype;
Mut: mutation; Codel: codeletion; Non-codel: non-codeletion.

Table 1. Multivariate Cox regression analysis of clinicopathological features (including PTPRN
expression) with OS in the TCGA datasets.

Characteristics Total HR(95% CI) p Value

Age (≤40 vs. >40) 527 3.245 (2.039–5.164) <0.001

WHO grade (G2 vs. G3) 466 2.163 (1.355–3.450) 0.001

Histological type (Astrocytoma vs. Oligodendroglioma) 527 0.988 (0.624–1.564) 0.958

IDH status (WT vs. Mut) 524 0.391 (0.241–0.635) <0.001

1p/19q codeletion (codel vs. non-codel) 527 1.731 (0.924–3.241) 0.087

Primary therapy outcome (PD&SD vs. PR&CR) 457 0.254 (0.134–0.481) <0.001

PTPRN (High vs. Low) 527 0.872 (0.781–0.974) 0.016
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3.2. DNA Mythylation Analysis of the PTPRN Gene in LGG

DNA methylation is an epigenetic alteration that relates to the tumorigenesis and
progression. DNA methyltransferases on CpG island methylation are transcription factors
that can suppress or promote cell growth and the process is a reversible. We showed the
heatmap of DNA methylation clustering the expression levels of the PTPRN gene in LGG
(Figure 3A). Furthermore, the DNA methylation pattern of PTPRN with significant prog-
nostic value were also confirmed, such as cg00672332, cg06971096, cg01382864, cg03970036,
cg10140638, cg16166796, cg03545227, and cg25569248 (Figure 3B–I, and Table 2).
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Figure 3. The DNA methylation of PTPRN in LGG of TCGA. (A) Heatmap of DNA methylation
expression levels of the PTPRN gene in LGG by MethSurv platform. (B–I) Prognostic values of single
CpG of the PTPRN gene in LGG. The threshold of significance was LR Test p value <0.05. cg00672332,
cg06971096, cg01382864, cg03970036, cg10140638, cg16166796, cg03545227, and cg25569248 of PTPRN
displays the significant level of DNA methylation in LGG.
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Table 2. Prognostic Value of Single CpG of the PTPRN gene family in LGG by MethSurv platform.

Gene-CpG HR LR Test p-Value

PTPRN-Body-N_Shelf-cg00672332 0.523 0.000 *
PTPRN-Body-N_Shore-cg00743991 0.817 0.260
PTPRN-Body-N_Shore-cg06971096 1.579 0.012 *
PTPRN-TSS200-Island-cg01382864 1.876 0.001 *
PTPRN-TSS200-Island-cg03970036 1.887 0.001 *
PTPRN-TSS200-Island-cg10140638 1.604 0.009 *
PTPRN-TSS200-Island-cg16166796 1.502 0.026 *
PTPRN-Body-Island-cg03545227 1.434 0.047 *
PTPRN-Body-Island-cg20176194 1.001 1.000

PTPRN-3’UTR-Open_Sea-cg03398156 0.873 0.450
PTPRN-Body-S_Shelf-cg25569248 0.674 0.029 *

* : p < 0.050.

3.3. Correlation of PTPRN Expression with Immune Infiltration Level and Cumulative Survival
in LGG

As mentioned above, some tumor-infiltrating lymphocytes are independent predictors
of cancer survival, and thus, we investigated the association of PTPRN expression and
immune infiltration levels in LGG. We implemented it by selecting PTPRN expression
levels that were positively correlated with tumor purity. The investigation showed that
the level of PTPRN expression negatively correlated with the infiltration level of B cell
(r = −0.370, p = 0.000), CD4+ T cells (r = −0.518, p = 0.000), Macrophages (r = −0.485,
p = 0.000), Neutrophils (r = 0.324, p = 0.000) and DCs (r = −0.403, p = 0.000) in LGG
(Figure 4A). Moreover, our findings showed that B cell (p = 0.000), CD8+ T cells (p = 0.010),
CD4+ T cells (p = 0.000), Macrophages (p = 0.000), Neutrophils (p = 0.000) and DCs (p = 0.001)
are factors related to the cumulative survival rate of LGG over time (Figure 4B). These data
strongly indicate that PTPRN is associated with immune infiltration in LGG.
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Figure 4. Correlation of PTPRN expression with immune infiltration level in LGG. (A) PTPRN
expression level has significant negative correlations with infiltrating levels of B cell (r = −0.370,
p = 0.000), CD4+ T cells (r = −0.518, p = 0.000), Macrophages (r = −0.485, p = 0.000), Neutrophils
(r = −0.324, p = 0.000) and DCs (r = −0.403, p = 0.001) in LGG. (B) Cumulative survival is related
to B cell (p = 0.000), CD8+ T cells (p = 0.010), CD4+ T cells (p = 0.000), Macrophages (p = 0.000),
Neutrophils (p = 0.000) and DCs (p = 0.001) in LGG.
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3.4. Gene Sets Enriched in PTPRN Expression Phenotype

Based on GSEA, PTPRN-associated signaling pathways were used to determine in
LGG between low and high expression data sets and demonstrated significant differences
(FDR < 0.050, p-value < 0.050) in the enrichment of GO and KEGG collection.

Ten pathways, related to the tumor microenvironment, including interferon signal-
ing, immunoregulatory interactions between lymphoid and lymphoid cell, complement
cascade, FCGR3A mediated IL10 synthesis, chemokine receptors bind chemokine, IL3,
IL-5 and GM-CSF signaling, type II interferon signaling, Toll-like receptor signaling, NKT
pathway, and TNFs bind their physiological receptors were showed significantly differ-
ential enrichment in PTPRN high and low expression groups based on NES, FDR, and
p-value (Figure 5, Table 3). Strikingly, ten pathways, associated with immune cells, such as
B cell receptor, TCR signaling, interactions between immune cells and microRNAs in the
tumor microenvironment, T helper pathway, TCRA pathway, DC pathway, CTL pathway,
B lymphocyte pathway, ASB cell pathway, and granulocytes pathway were demonstrated
significantly differential enrichment between PTPRN high and low expression groups
according to NES, FDR, and p-value (Figure 6, Table 4).

Table 3. Pathways, related to the microenvironment, were showed significantly differential enrich-
ment in PTPRN high and low expression groups based on NES, FDR, and p-value.

ID NES p. Adjust FDR

REACTOME_INTERFERON_SIGNALING −2.084 0.048 0.038
REACTOME_IMMUNOREGULATORY_INTERACTIONS_BETWEEN_A_

LYMPHOID_AND_A_NON_LYMPHOID_CELL −2.835 0.045 0.036

REACTOME_COMPLEMENT_CASCADE −2.976 0.041 0.033
REACTOME_FCGR3A_MEDIATED_IL10_SYNTHESIS −2.496 0.04 0.032

REACTOME_CHEMOKINE_RECEPTORS_BIND_CHEMOKINES −2.227 0.04 0.032
REACTOME_INTERLEUKIN_3_INTERLEUKIN_5_AND_GM_CSF_SIGNALING −2.098 0.039 0.031

WP_TYPE_II_INTERFERON_SIGNALING_IFNG −2.13 0.039 0.031
WP_TOLLLIKE_RECEPTOR_SIGNALING_RELATED_TO_MYD88 −1.902 0.039 0.031

BIOCARTA_NKT_PATHWAY −2.118 0.039 0.031
REACTOME_TNFS_BIND_THEIR_PHYSIOLOGICAL_RECEPTORS −1.931 0.039 0.031

significance: False discovery rate (FDR) < 0.050 and p. adjust < 0.050.

Table 4. Pathways, associated with immune cells, were demonstrated significantly differential
enrichment between PTPRN high and low expression groups according to NES, FDR, and p-value.

ID NES p. Adjust FDR

REACTOME_SIGNALING_BY_THE_B_CELL_RECEPTOR_BCR_ −2.039 0.045 0.036
REACTOME_TCR_SIGNALING −2.041 0.044 0.035

WP_INTERACTIONS_BETWEEN_IMMUNE_CELLS_AND_MICRORNAS_IN_
TUMOR_MICROENVIRONMENT −2.264 0.039 0.031

BIOCARTA_THELPER_PATHWAY −2.076 0.039 0.031
BIOCARTA_TCRA_PATHWAY −2.271 0.039 0.031

BIOCARTA_DC_PATHWAY −1.972 0.039 0.031
BIOCARTA_CTL_PATHWAY −1.983 0.039 0.031

BIOCARTA_BLYMPHOCYTE_PATHWAY −2.193 0.039 0.031
BIOCARTA_ASBCELL_PATHWAY −2.062 0.039 0.031

BIOCARTA_GRANULOCYTES_PATHWAY −2.162 0.039 0.031

significance: False discovery rate (FDR) < 0.050 and p. adjust < 0.050.
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Figure 5. Pathways, related to the microenvironment, including interferon signaling, immunoregula-
tory interactions between lymphoid and lymphoid cell, complement cascade, FCGR3A mediated IL10
synthesis, chemokine receptors bind chemokine, IL3 IL-5 and GM-CSF signaling, type II interferon
signaling, Toll-like receptor signaling, NKT pathway, and TNFs bind their physiological receptors
were showed significantly differential enrichment in PTPRN high and low expression groups based
on NES, FDR, and p-value.
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Figure 6. Pathways, associated with immune cells, such as B cell receptor, TCR signaling, interactions
between immune cells and microRNAs in the tumor microenvironment, T helper pathway, TCRA
pathway, DC pathway, CTL pathway, B lymphocyte pathway, ASB cell pathway, and granulocytes
pathway were demonstrated significantly differential enrichment between PTPRN high and low
expression groups according to NES, FDR, and p-value.

4. Discussion

PTPRN is a transmembrane protein and is expressed in different tumors, including
breast cancer, hepatocellular carcinoma, ovarian cancer, and glioblastoma. However, little
is known about the potential prognostic impact of PTPRN in LGG. In this investigation, we
designed the in silico experiments to determine the clinical value of PTPRN in LGG.
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Here, we used TCGA LGG data to analyze the expression level of PTPRN in both
tumor and normal tissues. The result showed that mRNA and protein expression of
PTPRN was sharply lower in LGG and LGG patients with high expression of PTPRN had
a positive prognosis, which suggests LGG has prognostic value. Moreover, Multivariate
COX regression analysis confirmed that high expression of PTPRN was an independent
prognostic factor in patients with LGG. Previous studies have shown that the type of
astrocytic tumor (vs. oligodendroglioma) is a poor prognostic parameter for LGG patients.
In our study, we found that PTPRN expression was significantly lower in astrocytoma than
in oligodendrocytoma, which again confirmed the prognostic value of PTPRN expression.
Additionally, the relationship between PTPRN expression and IDH status or 1p/19q status
was illustrated. The presence of IDH mutations is a powerful prognostic biomarker in
patients with glioma and is associated with favorable outcomes independent of age and
grade. Therefore, WHO strongly recommends that IDH phenotype is used as a new clinical
diagnostic method. Complete deletion of both 1p and 19q (1p/19q co-deletion) is the
molecular genetic signature of oligodendrogliomas. The presence of 1p/19q co-deletion
is a strong independent prognostic biomarker associated with improved survival in both
diffuse low-grade and anaplastic tumors. Our study demonstrated PTPRN expression was
higher in LGG patients with IDH mutation and 1p/19q co-deletion. Additionally, DNA
methylation plays an important role in prognostic evaluation and potential biomarker in
tumorigenesis. the DNA methylation pattern of PTPRN with significant prognostic value
were also confirmed, such as cg00672332, cg06971096, cg01382864, cg03970036, cg10140638,
cg16166796, cg03545227, and cg25569248. In brief, these results imply that PTPRN could be
a promising prognostic factor in LGG.

Immune infiltration in LGG is a hot topic at present. Understanding immune infil-
trating cells is conducive to the development of immunotherapy for LGG. A significant
association between PTPRN expression and immune infiltration levels in LGG was es-
tablished. PTPRN expression level significantly negatively correlated with infiltrating
level of B cell, CD4+ T cells, Macrophages, Neutrophils, and DCs in LGG. In addition, the
relationship between PTPRN and immune cells implicates PTPRN plays a crucial part in
regulating the immune microenvironment of LGG. To further investigate the function of
PTPRN in LGG, we performed GSEA using TCGA dataset. GSEA showed that signaling
pathways, mainly associated with microenvironment and immune cells, were significantly
enriched in PTPRN high expression. Our overall finding emphasized the significant effect
of PTPRN in immune infiltration in LGG.

PTPRN, termed ICA512 or ICA3 as well, was reported to play a role in vesicle-
mediated secretory processes in hippocampus, pituitary, and pancreatic islets and regulate
catalytic active protein-tyrosine phosphatases [24–26]. Interestingly, PTPRN is highly ex-
pressed in patients with high-grade glioma, which activates the PI3K/AKT pathway by
interacting with HSP90AA1 to promote cell proliferation and metastasis [10]. However, a
Kaplan-Meier survival analysis indicated that expression of PTPRN was downregulated in
GBM tissue when compared with that of normal tissue and this gene was a good prognostic
biomarker for GBM [27]. Although there is no detailed explanation for these controversial
results except the sample numbers analyzed are small, we have reason to believe that
PTPRN plays the important role in the development of pathophysiology in LGG.

There are several limitations in this study. First, the findings showed in this study
need to be further verified by bench experiments. Second, the current findings only
analyzed noticeable features associated with the prognosis of PTPRN without mechanism
exploration. Therefore, additional research in vitro and in vivo is needed to confirm PTPRN
efficacy as a viable target in the glioma immune microenvironment and to develop glioma
immunotherapy in the future.

In summary, our findings demonstrated that high PTPRN expression correlates with
good prognosis and restraints immune infiltration levels (in B cell, CD4+ T cell, macrophage,
neutrophil, and dendritic cell) in LGG. In addition, there was a large degree of tumor
immune cell infiltration in LGG patients with high PTPRN expression. In addition, the key
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pathways in LGG that were regulated by PTPRN are possibly tumor microenvironment
and immune cells. These findings suggest that PTPRN could be an independent prognostic
factor and correlates with tumor immune infiltration in LGG.

5. Conclusions

PTPRN could be an independent prognostic factor and correlates with tumor immune
infiltration in LGG.
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Abstract: (1) Background: glioma is the most prevalent primary tumor of the human central nervous
system and accompanies extremely poor prognosis in patients. The transient receptor potential
(TRP) channels family consists of six different families, which are closely associated with cancer cell
proliferation, differentiation, migration, and invasion. TRP family genes play an essential role in the
development of tumors. Nevertheless, the function of these genes in gliomas is not fully understood.
(2) Methods: we analyze the gene expression data of 28 TRP family genes in glioma patients through
bioinformatic analysis. (3) Results: the study showed the aberrations of TRP family genes were
correlated to prognosis in glioma. Then, we set enrichment analysis and selected 10 hub genes
that may play an important role in glioma. Meanwhile, the expression of 10 hub genes was further
established according to different grades, survival time, IDH mutation status, and 1p/19q codeletion
status. We found that TRPC1, TRPC3, TRPC4, TRPC5, TRPC6, MCOLN1, MCOLN2, and MCOLN3
were significantly correlated to the prognosis in glioma patients. Furthermore, we illustrated that the
expression of hub genes was associated with immune activation and immunoregulators (immunoin-
hibitors, immunostimulators, and MHC molecules) in glioma. (4) Conclusions: we proved that TRP
family genes are promising immunotherapeutic targets and potential clinical biomarkers in patients
with glioma.

Keywords: TRP family genes; glioma; prognosis; immunotherapy; bioinformatics analysis

1. Introduction

As the most prevalent subgroup of primary intracranial tumors, glioma accounts for
24.5% of all primary brain tumors and 80.9% of malignant primary brain tumors [1,2].
According to the WHO Classification of CNS tumors, the diagnostic categories can partly
be defined by genotype, and this was the first study to define glioma according to the
presence or absence of IDH mutation and 1p/19q codeletion [3,4]. Currently, the treatment
for glioma holds three predominant tenants: surgical resection, external beam radiation
therapy, and chemotherapy. However, even for the most promising treatment, the effect of
immunotherapy still falls far short of our expectations. Systemic medications cannot reach
a therapeutic concentration inside solid tumor tissues and are accompanied by significant
systemic side effects [5,6].

Currently, targeted therapy has become an important method in individualized treat-
ment for glioma. Previous studies revealed that gliomas have a high immune infiltration
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rate [7,8]. Immune checkpoints are costimulators or cosuppressors required to produce
an immune response [9]. Affecting immune checkpoints has achieved a breakthrough in
the treatment of glioma. For instance, immune-checkpoint-blocking therapy is effective
in a GBM mouse model, which suggests that immune checkpoints may be a potential
clinical strategy for glioma [10]. Transient receptor potential (TRP) channels are widely
expressed on the plasma membrane in numerous types of cells. It consists of six different
families, including TRPC (TRP canonical), TRPV (TRP vanilloid), TRPM (TRP melastatin),
TRPML (TRP mucolipin), TRPP (TRP polycystin), and TRPA (TRP ankyrin) [11]. TRP
channels are cation channels, which are associated with cancer [12]. The TRP family genes
related to various diseases and their role in cancer are of particular concern, such as breast
cancer, prostate cancer, melanoma, and tract cancers [12–14]. mRNA levels for PARP1,
PARP2, and TRPM2 genes are deregulated in acute myelogenous leukemia cells [15]. The
plasma membrane of triple-negative breast cancer (TNBC) Cells MDA-MB-231 were found
to overexpress TRPC3 [16]. Recently, the functions of TRP family genes in glioma have
been of great importance. Evidence has shown that TRP family genes are associated with
tumor proliferation, the cell cycle, apoptosis, resistance to treatment, and migration [17].
In glioma, TRP family genes could play either an oncogenic role or suppressive role in
tumors. In a previous study, TRP family genes were demonstrated to play a crucial role
in tumor death and therapy in glioma. For instance, TPRC3 suppresses cell proliferation
and promotes cell death in glioma. A previous study revealed that TRPV2 can decrease
cell proliferation in hGBM cells and GSCs and induce apoptosis and autophagy in tumor
cells [18]. TRPML2 also plays a crucial role in the progression of glioma [17]. Although
TRP family genes have an effect on tumorigenesis in a variety of tumors, the underlying
mechanism of TRP family genes in glioma is still not very clear. TRPC1 channels may
affect glioma cell division mainly by regulating calcium signaling during cytokinesis [19].
TRPC6 induces a sustained elevation of intracellular calcium in conjunction with activation
of the calcineurin-nuclear factor of the activated T-cells (NFAT) pathway. By inhibiting
the calcineurin-NFAT pathway, the development of malignant GBM phenotypes under
hypoxia is significantly reduced [20].

The relationship between TRP family genes and inflammatory markers and inhibitory
molecules have been proved in several studies. A fatty acid amide, palmitoylethanolamide
(PEA), has been proven to have anti-inflammatory and analgesic properties by activating
TRPV1 [21,22]. Bang et al. found that dimethylallyl pyrophosphate (DMAPP) induces acute
inflammation by activating TRPV4 [23]. According to Zhao et al., Cathepsin S (Cat-S), which
is released by antigen-presenting cells during inflammation, activates PAR2 and TRPV4 to
cause inflammation [24]. Inflammation has been well established as a significant factor in
cancer development [25]. The use of inflammation markers in cancer immunotherapy has
been proven promising [26].

In our present study, we used data from The Tumor Genome Atlas (TCGA) database
to analyze the expression of TRP family genes in glioma and their relationship with clinico-
pathological characteristics. Moreover, we also performed bioinformatic analysis to explore
the potential functions of the TRP family genes. The analysis showed that TRP family genes
may be potential immunotherapeutic targets and novel clinical biomarkers for patients
with glioma.

2. Materials and Methods
2.1. Genetic Alteration of TRP Family Genes in Glioma

CBioPortal (http://www.cbioportal.org/) (accessed on 7 November 2021) is a free web
resource for visualizing and analyzing cancer genomics data in a multidimensional manner
and was used to determine the correlation between aberrations of TRP family genes and
survival time in glioma [27]. Additionally, the correlation was measured by KM diagrams.
We selected sixteen cancers (including breast cancer, colon cancer, cholangiocarcinoma,
glioma, kidney cancer, liver cancer, uterus corpus endometrial carcinoma, esophageal
cancer, lung cancer, pancreatic cancer, stomach cancer, prostate cancer, head and neck cancer,
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thyroid cancer, skin cancer, and bladder cancer) that are more common and important in
human and more abundant in the database. We included all relevant tumor samples in the
database for analysis, including IDH1 wild-type and mutated tumors, 1p/19q codeleted
tumors and those without this alteration, and also all WHO grades.

2.2. Enrichment Analysis and Hub Genes

To detect which sites and pathways the TRP family genes may act on, an enrichment
analysis was conducted using GO and KEGG. By using the Bioinformatics database, GO
and KEGG enrichment results were visualized using bubble diagrams. Diagrams of GO
enrichment analysis included three parts—a biological process (BP) section, a cellular
component (CC) section, and a molecular function (MF) section [28]. KEGG, a utility
database resource, was used to understand advanced functions and biological systems [29].
In both analyses, GO enrichment and KEGG enrichment were calculated using p < 0.05 as
the level of significance.

The hub genes were excavated by the STRING database (https://cn.string-db.org/)
(accessed on 11 November 2021) and made by CytoHubba plug-in in Cytoscape software.
By inputting the 28 TRP family genes in the STRING database, we obtained the data that can
be made into a final figure in Cytoscape software. Interaction scores (median confidence) of
0.4 were considered cut-off values. The Cytoscape software was used to establish a network
scaffold. Additionally, the CytoHubba plug-in in Cytoscape software can detect and locate
the top 10 of the relevant TRP family genes by using the maximal clique centrality (MCC)
and mark them in red (high correlation) or yellow (low correlation) colors based on their
correlation with glioma.

2.3. Validation of Hub Genes

To validate the expression level of hub genes in different grades of HGG vs. LGG, IDH
mutation status vs. IDH wildtype status, and 1p/19q codeletion status vs. 1p/19q non-
deletion status, CGGA database (http://www.cgga.org.cn/) (accessed on 15 November
2021) was used for analysis [30]. Human Protein Atlas (HPA) database (The Human Protein
Atlas), which contains immunohistochemistry-based expression data for over 20 types
of cancers, was used to identify the protein expression levels of TRPC1, TRPC6, TRPM7,
MCOLN1, MCOLN2, and MCOLN3 in HGG and LGG tissues [31].

2.4. Survival Analysis of Hub Genes

The correlation between overall survival (OS) time and hub genes expressed, in
addition to disease-free survival (DFS) time and hub genes expression was assessed by the
Kaplan–Meier (KM) survival analysis in the GEPIA database (http://gepia.cancer-pku.cn/)
(accessed on 18 November 2021) in glioma patients. Additionally, the standard for gene
expression analysis was the lower and upper 50% of gene expression, in which standard
patients of glioma were categorized into 2 groups. Log-rank was regarded as significant
when p < 0.05.

2.5. Immune Response Prediction

By retrieving literature, we summarized immune cells, immune cell markers, and
immune checkpoint molecules, which might be related to glioma [32–34]. Using the
TIMER2.0 database (http://timer.cistrome.org/) (accessed on 21 November 2021) [35], we
detected the relationship between hub genes and the expression levels of immune cell
infiltration (including purity, B cell, CD8+ T Cell, CD4+ T Cell, macrophage, neutrophil,
dendritic cell), biomarkers (EGFR, EGFL7, CIC, BRAF, H3F3A, HIST1H3B, ATRX, DAXX,
PDGFRA, TERT, CHI3L1, MYC, PTEN, S100A8, S100A9, AHSG, SOCS3, NPM1, FTL, BIRC5,
GFAP, CXCR4, CTSD, LDHA, TP53, IL13RA2, PROM1, CD44), immune cell markers (CD8A,
CD8B, CD3D, CD79A, CD86, CSF1R, CCL2, CD68, IL10, NOS2, IRF5, PTGS2, CD163, VSIG4,
MS4A4A, CEACAM8, KIR2DL3, KIR2DL4, KIR3DL1, KIR3DL2, CD1C, NRP1, STAT1,
IFNG, STAT3, IL17A, FOXP3, CCR8, STAT5B, TGFB1, PDCD1, GZMB, CD3E, CD2, CD19,
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KIR3DL3, KIR2DS4, HLA-DPB1, ITGAM, CCR7, KIR2DL1, STAT6, STAT5A, IL13BCL6,
ITGAX, TBX21, STAT4, CTLA4, LAG3, HAVCR2, HLA-DQB1, HLA-DRA, HLA-DPA1, TNF,
GATA3, IL21) and immune checkpoint molecules (IDO1, LAG3, CD80, PDCD1LG2, CD86,
PDCD1, LAIR1, IDO2, CD276, CD40, CD274, HAVCR2, CD28, CD48, VTCN1, CD160, CD44,
TNFSF18, CD200R1, TNFSF4, CD200, NRP1, CTLA4, TNFRSF9, COS, TNFRSF8, TNFSF15,
TNFRSF14, CD27,BTLA, LGALS9, TMIGD2, TNFRSF25, CD40LG, ADORA2A, TNFRSF4,
TNFSF14, HHLA2, CD244, TNFRSF18, BTNL2, C10ORF54, TIGIT, CD70, TNFSF9, ICOSLG,
KIR3DL1) in glioma. Subsequently, we selected the module of Gene_Corr in TIMER2.0,
inputted the target genes, and then downloaded the correlated data. Using the TBtools
application, after we selected the heatmap module from graphics, inputted the selected
data, and modified some parameters, the final figures were obtained.

The correlations between the expression level of hub genes and immunoregulators,
which contains immunoinhibitors, inmunostimulators, and MHC molecules, were calcu-
lated by the TISIDB database (http://cis.hku.hk/TISIDB/) (accessed on 22 November
2021) [36].

2.6. Statistical Data

p-Values of less than 0.05 were considered statistically significant in all the analyses,
except for those specifically mentioned.

3. Results
3.1. Aberrations in TRP Family Genes Are Correlated with Prognosis in Human Cancers

Using the cBioPortal database, we analyzed the correlation between TRP family
aberrations and overall survival (OS) time to evaluate the functional importance of the
TRP family in human cancers. As presented in Figure 1, aberrations in the TRP family in
the genome were remarkably correlated with shorter OS time in patients with prostate
cancer, lung cancer, and skin cancer; however, they were remarkably correlated with better
prognosis in patients with cholangiocarcinoma, glioma, bladder cancer, and liver cancer.
A significant correlation between the TRP family and survival time was not found in the
remaining human cancers. As seen in Figure 1, we evaluated the prognostic usefulness of
TRP family genes by pan-cancer analysis. Additionally, we found that aberrations of TRP
family genes were associated with a better prognosis among glioma patients.

3.2. GO and KEGG Enrichment Analysis and Hub Genes of the TRP Family

To understand downstream pathways of TRP family genes in gliomas, GO and KEGG
enrichment analyses were conducted using bioinformatics databases to analyze the poten-
tial biological functions of TRP family genes. As shown in Figure 2A, the most significant
GO-enriched terms were involved in calcium ion transmembrane transport, cellular diva-
lent inorganic cation homeostasis, and protein tetramerization (BP); cation channel complex,
calcium channel complex, and cell body (CC); calcium channel activity, ligand-gated cal-
cium channel activity, and store-operated calcium channel activity (MF). KEGG-enriched
terms were mainly involved in the process of inflammatory mediator regulation of TRP
channels, axon guidance, and mineral absorption (Figure 2A).

After the potential interaction among these genes was investigated, the CytoHubba
plug-in in Cytoscape software was used to reveal the relationship among hub genes. The
top 10 hub genes identified included TRPC1, MCOLN1, MCOLN2, MCOLN3, TRPC5,
TRPC4, TRPA1, TRPC3, TRPC6, and TRPM7 (Figure 2B). By using the TIMER 2.0 database
and TBtools software, the correlation between hub genes and tumor malignancy-associated
genes in glioma was determined. As shown in Figure 2C, a majority of hub genes were
positively correlated with tumor malignancy.
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Figure 1. Human cancer prognosis was related to aberrations of genes of the TRP family genes.
(A–P) The relationship between TRPs family genes aberrations and overall survival time in patients
with breast cancer, colon cancer, cholangiocarcinoma, glioma, kidney cancer, liver cancer, uterus
corpus endometrial carcinoma, esophageal cancer, lung cancer, pancreatic cancer, stomach cancer,
prostate cancer, head and neck cancer, thyroid cancer, skin cancer, and bladder cancer.

3.3. Amplification, Mutation, and Deletion of Hub Genes in Glioma

The different functions of hub genes have been involved in several cancers in previous
studies, such as pancreatic cancer [37], bladder cancer [38], esophageal squamous cell carci-
noma [39], and non-small cell lung carcinoma [40], especially in glioma [41]. The purpose
of this study was to explore the functions of TRP family genes in gliomas. CBioPortal was
used to identify genetic variations in hub genes in 6853 cases. Among the 10 hub genes,
different levels of genetic change were found, including TRPC1, MCOLN1, MCOLN2,
MCOLN3, TRPC5, TRPC4, TRPA1, TRPC3, TRPC6, and TRPM7 (Figure 3). The results
revealed that all hub genes were amplified, deleted, and mutated in glioma, among which
MCOLN1 displayed the highest incidence rate (1.8%).

3.4. Expression Difference of Hub Genes in Different Grades of Glioma

The results from the GCCA database revealed that the gene expression levels of
TRPC1, MCOLN1, MCOLN2, MCOLN3, TRPC5, TRPC4, TRPC3, TRPC6, and TRPM7
in different grades were significantly different. The gene expression levels of TRPC1,
TRPC3, and TRPC5 were significantly higher in low-grade glioma (LGG), while the levels
of TRPC4, TRPC6, TRPM7, MCOLN1, MCOLN2, and MCOLN3 were significantly higher
in high-grade glioma (HGG). All of these results showed that high expression levels of
TRPC4, TRPC6, TRPM7, MCOLN1, MCOLN2, and MCOLN3 may correlate with a worse
prognosis, while higher expression of TRPC1, TRPC3, and TRPC5 correlates with a better
prognosis. However, the expression of TRPC4 in glioma presented no statistical significance
(Figure 4A).

85



Brain Sci. 2022, 12, 662
Brain Sci. 2022, 12, x FOR PEER REVIEW 6 of 17 
 

 
Figure 2. GO and KEGG enrichment analysis and hub genes of the TRP family in glioma. (A) The 
bubble plot shows the most enriched GO and KEGG pathways of target genes. Three factors were 
considered in the GO enrichment analysis, including BP, CC, and MF. Additionally, the most sig-
nificant KEGG pathways involved inflammatory and their signaling pathways. (B) By using Cyto-
Hubba based on the MCC algorithm, the top 10 of the hub genes were identified in the center of the 
diagram. Additionally, the importance of genes was represented by different colors; red to yellow 
represent the decreasing importance of the hub genes, while blue was excluded from hub genes. (C) 
Heatmap representing the correlations between hub genes of TRP family and 28 biomarkers in gli-
oma. 

After the potential interaction among these genes was investigated, the CytoHubba 
plug-in in Cytoscape software was used to reveal the relationship among hub genes. The 
top 10 hub genes identified included TRPC1, MCOLN1, MCOLN2, MCOLN3, TRPC5, 
TRPC4, TRPA1, TRPC3, TRPC6, and TRPM7 (Figure 2B). By using the TIMER 2.0 database 
and TBtools software, the correlation between hub genes and tumor malignancy-associ-
ated genes in glioma was determined. As shown in Figure 2C, a majority of hub genes 
were positively correlated with tumor malignancy. 

3.3. Amplification, Mutation, and Deletion of Hub Genes in Glioma 
The different functions of hub genes have been involved in several cancers in previ-

ous studies, such as pancreatic cancer [37], bladder cancer [38], esophageal squamous cell 
carcinoma [39], and non-small cell lung carcinoma [40], especially in glioma [41]. The pur-
pose of this study was to explore the functions of TRP family genes in gliomas. CBioPortal 
was used to identify genetic variations in hub genes in 6853 cases. Among the 10 hub 
genes, different levels of genetic change were found, including TRPC1, MCOLN1, 
MCOLN2, MCOLN3, TRPC5, TRPC4, TRPA1, TRPC3, TRPC6, and TRPM7 (Figure 3). The 

Figure 2. GO and KEGG enrichment analysis and hub genes of the TRP family in glioma. (A) The
bubble plot shows the most enriched GO and KEGG pathways of target genes. Three factors
were considered in the GO enrichment analysis, including BP, CC, and MF. Additionally, the most
significant KEGG pathways involved inflammatory and their signaling pathways. (B) By using
CytoHubba based on the MCC algorithm, the top 10 of the hub genes were identified in the center of
the diagram. Additionally, the importance of genes was represented by different colors; red to yellow
represent the decreasing importance of the hub genes, while blue was excluded from hub genes.
(C) Heatmap representing the correlations between hub genes of TRP family and 28 biomarkers in
glioma.
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By inputting the hub genes as target genes into the HPA database, available represen-
tative immunohistochemistry images of TRPC1, TRPC6, TRPM7, MCOLN1, MCOLN2, and
MCOLN3 were outputted. As shown in Figure 4B, compared with HGG tissues, the ex-
pression of TRPC1 was significantly higher in LGG tissues, while the expression of TRPC6,
MCOLN1, MCOLN2, and MCOLN3 was relatively low, and these results are consistent
with the above tendency.
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Figure 4. Expression of hub genes in the grade of glioma. (A). Validation of hub gene expression
levels of TRPC1, MCOLN1, MCOLN2, MCOLN3, TRPC5, TRPC4, TRPC3, TRPC6, and TRPM7
in different grades of glioma using CGGA database. (B). Representative immunohistochemistry
images of TRPC1, TRPC6, TRPM7, MCOLN1, MCOLN2, and MCOLN3 in HGG and LGG tissues
derived from the HAP database. (HGG, high-grade glioma; LGG, low-grade glioma; HAP, Human
Protein Atlas).

3.5. Survival Analysis of the Hub Genes in Glioma

To investigate the prognostic value of the above genes, we performed an analysis
of OS and DFS. According to the results, we observed that analysis of the filtered hub
genes through the above steps was further conducted by survival plots in the GEPIA
database. As demonstrated in Figure 5, higher levels of TRPC1, TRPC3, and TRPC5 were
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significantly associated with longer OS time in glioma. Higher levels of TRPC4, TRPC6,
MCOLN1, MCOLN2, and MCOLN3 were significantly associated with shorter OS times in
glioma. Favorable DFS was significantly correlated with higher levels of TRPC1, TRPC3,
and TRPC5 but significantly associated with lower levels of TRPC6, MCOLN1, MCOLN2,
and MCOLN3. These findings were consistent with the obtained result of the expression
profile of hub genes in the grade of glioma, which means that follow-up studies of TRPC1,
MCOLN1, MCOLN2, MCOLN3, TRPC5, TRPC4, TRPC3, and TRPC6 will make more sense.
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glioma. (A–I) higher expression levels of TRPC1 (A), TRPC3 (B), and TRPC5 (D) were significantly
associated with better OS time in glioma. Additionally, higher levels of TRPC4 (C), TRPC6 (E),
MCOLN1 (G), MCOLN2 (H), and MCOLN3 (I) were significantly associated with worse OS time in
glioma. (J–R) Similarly, higher levels of TRPC1 (J), TRPC3 (K), and TRPC5 (M) were significantly
associated with better DFS time in glioma. Additionally, higher levels of TRPC6 (N), MCOLN1 (P),
MCOLN2 (Q), and MCOLN3.

3.6. Expression Difference of Hub Genes in IDH Status, 1p/19q Codeletion Status of Glioma

By using the CGGA database, the expression levels of TRPC1, TRPC3, TRPC4, TRPC5,
TRPC6, MCOLN1, MCOLN2, and MCOLN3 with IDH mutation status and 1p/19q codele-
tion status were compared. The expression levels of TRPC1 and TRPC3 were signifi-
cantly higher in the 1p/19q codeletion status, while the gene expression levels of TRPC6,
MCOLN1, MCOLN2, and MCOLN3 were significantly higher in the 1p/19q non-codeletion
status (Figure 6B). IDH, a vital enzyme that participates in several essential metabolic pro-
cesses, frequently exhibits a mutation status in human malignancies. A previous study
indicated that patients with glioma with IDH mutation had a better OS time than those
patients with wild-type IDH [42]. Similarly, the codeletion of chromosome status in glioma
was associated with longer OS and DFS times, which means that 1p/19q codeletion status
in patients with glioma could be used to predict a better prognosis [43]. The results demon-
strated that the gene expression levels of TRPC1 and TRPC3 were significantly higher
in IDH mutation status, while the gene expression levels of TRPC4, TRPC6, MCOLN1,
MCOLN2, and MCOLN3 were significantly higher in IDH wild-type status (Figure 6A).
The results were consistent with the survival analysis and expression differences above.
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3.7. Hub Genes Are Associated with Immune Activation in Glioma

By using the TIMER 2.0 database and TBtools software, we revealed the correlation of
hub genes with the expression levels of immune cell infiltration, immune cell markers, and
immune checkpoint molecules. The results that hub genes correlated with immune cell
infiltration, immune cell markers, and immune checkpoint molecules in GBM and LGG
are presented in Figure 7. As shown in Figure 7, a majority of hub genes were positively
correlated with molecular markers.

3.8. Correlations between Hub Genes and the Expression of Immunoregulators in Glioma

By calculating the correlations between the expression of hub genes and immunoregu-
lators, the effects of hub genes on the tumor immune response were explored (Figure 8).
The results indicated that hub genes and the expression of immune regulators exhibited
obvious correlations. TRP family genes have been shown to play key roles in inflammatory
and immune cells by affecting cytokine production, cell differentiation, and cytotoxicity.
In this section, we revealed that the expression of hub genes is correlated with immune
activation and immunoregulators in glioma, which indicated that TRP family genes may
serve as putative drug targets in glioma.
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Figure 8. Correlations Between Hub Genes and the Expression of Immunoregulators in Glioma. The
correlation between the expression of TRPC1, TRPC3, TRPC4, TRPC5, TRPC6, MCOLN1, MCOLN2,
and MCOLN3 and immunoinhibitors (A,D), immunostimulators (B,E), and MHC molecules (C,F) was
calculated based on the TISIDB database.

4. Discussion

Several studies have shed light on the role of TRP family genes in glioma in the past
few years. In previous studies, the high expression of TRPC1 promoted tumor cell growth
and migration through the mechanisms of cytokinesis and chemotaxis, respectively [44,45].
TRPC6 enhances cell proliferation, tumor growth, and angiogenesis, which is essential for
glioma [46]. It has been shown that TRPML2 plays an important role in the progression of
gliomas through the PI3K/AKT and ERK1/2 pathways [47]. In contrast, TRPM7 suppresses
glioma progression through miR-28-5p regulation in GBM cells with subsequent effects on
cell proliferation and invasion [48]. TRPML1, mediating autophagic cell death and exerting
its cytotoxic effects in glioma, showed a protective effect against glioma progression [49,50].
Nevertheless, there remains a lack of wide analysis of the correlation between TRP family
genes and glioma progression. Our study found significant prognostic value for TRP family
genes in glioma by analyzing multiple datasets. Additionally, we determined whether TRP
family genes affect antitumor immunity.

Our research systematically identified the most promising TRP family genes, which
have the potential to be used as potential biomarkers in glioma prognosis and immunother-
apy. We found that aberrations in TRP family genes in the genome were significantly
correlated with prognosis in human glioma. Then, we performed functional enrichment
analysis and found the top 10 hub genes of TRP family genes in glioma. The results showed
that TRP family genes are mainly related to calcium ion transmembrane transport, cellular
divalent inorganic cation homeostasis, and protein tetramerization in biological processes.
In the cellular component category, TRP family genes were mainly enriched in cation chan-
nel complexes, calcium channel complexes, and the cell body. In molecular function, TRP
family genes mainly correlate to calcium channel activity, ligand-gated calcium channel
activity, and store-operated calcium channel activity. In KEGG-enriched terms, inflam-
matory mediator regulation of TRP channels displayed the highest correlation with TRP
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family genes. According to the results, we hypothesized that TRP family genes are highly
associated with the immune response in glioma. Then, we found the top 10 hub genes in
TRP family genes, which could be important genes correlated with immunotherapy and
used as biomarkers. A previous study proved that the clinical value of TRPC1, TRPC6,
TRPML1, and TRPML2 plays key roles in the diagnosis and prognosis of glioma patients. In
our present study, we revealed that several novel TRP family genes may play an important
role in glioma progression and be potential therapeutic targets.

Then, we found that aberrations in hub genes in the genome were correlated with
prognosis in glioma. As shown in Figure 3, we revealed that all of the hub genes were
amplified, deleted, and mutated in glioma, with MCOLN1 exhibiting the highest incidence
rate (1.6%). The new studies indicate that MCOLN1/TRPML1 inhibits autophagy by in-
ducing ROS-mediated TP53/p53 pathways, which inhibit cancer metastasis [51]. To verify
the correlation between hub gene expression and malignancy in glioma, we investigated
the expression of hub genes in glioma with different grades and explored their correlation
with the time of OS and DFS. Our results indicated that all hub genes were differentially ex-
pressed in glioma grade except TRPA1. It is worth mentioning that although the expression
of TRPV4 in different grades of glioma did not meet the inclusion criteria (p > 0.05), the
difference in expression in OS time was significant. According to the screening criterion,
the top 10 hub genes except TRPA1 and TRPM7 were finalized as reference genes for the
follow-up study.

Among the eight final identified hub genes, higher expression levels of TRPC1, TRPC3,
and TRPC5 were significantly associated with longer OS time in glioma, while higher
expression levels of TRPC4, TRPC6, MCOLN1, MCOLN2, MCOLN3 were significantly
associated with shorter OS time. In previous reports, TRPC1, TRPC3, TRPC6, TRPML1, and
TRPML2 were proven to play crucial roles in glioma progression. Impairing TRPC6 activity
in human glioma cells could reduce human xenograft growth in immunocompromised
mice [52]. The expression level of TRPML2 was dramatically augmented in high-grade
glioblastoma cell lines [47].

To evaluate whether hub genes are related to glioma patient prognosis, we further
explored hub gene expression in patients with IDH mutations and 1p/19q codeletions.
Previous studies indicated that patients with glioma with IDH mutation or 1p19q codeletion
have a more favorable prognosis than patients with wild-type IDH or without 1p/19q
codeletion [53,54]. In our present study, the results showed that the expression of TRPC1
and TRPC3 was significantly increased in glioma with IDH mutation status and 1p/19q
codeletion status, while the expression of TRPC6, MCOLN1, MCOLN2, and MCOLN3
was significantly decreased. These results indicate that higher expression of TRPC1 and
TRPC3 correlates with a better prognosis in patients with glioma, while higher expression of
TRPC6, MCOLN1, MCOLN2, and MCOLN3 correlates with a worse prognosis in patients
with glioma. The outcomes are consistent with previous results.

In recent years, much progress in immunotherapy has been made, and immunotherapy
has promising prospects [55]. Previous studies have shown that immune cells, such as T
cells, are closely correlated with tumor progression and clinical prognosis in patients and
the response to immunotherapy in both humans and mice [56]. TRP family genes have
been shown to play key roles in inflammatory and immune cells by affecting cytokine
production, cell differentiation, and cytotoxicity [57]. However, few studies have clarified
the relationship between TRP family genes and tumor immunotherapeutic targets. In our
present study, we found that the expression of TRP family genes is strongly associated with
a variety of cancers, especially glioma.

As shown in our previous study, we found that the TRP gene family was enriched
in the inflammatory response. Previous studies have shown that the prognosis of glioma
is related to immune cell infiltration, immune cell markers, and immune checkpoint
molecules [2,22,58–60]. Some immunotherapy approaches, such as immune checkpoint
blockade, have been successfully applied in organisms [61]. As a further demonstration
of the predictive value of hub genes for immune therapy response in glioma, a heatmap
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was created to represent the correlation between hub genes and immune markers. Ac-
cording to the correlation between hub genes and immune biomarkers, we can predict
the immunotherapy effects. In addition, we further validated the correlation between hub
genes and the level of immune cell infiltration in cancer from TISIDB. The results were
consistent with the conclusion beforehand.

5. Conclusions

In summary, the study identified the dysregulation of eight glioma-associated hub
genes of the TRP family through bioinformatics analysis, which is correlated with the
prognosis of glioma patients. Thus, it can be used as a prognostic biomarker. Further,
we showed that the expression of hub genes is correlated with immune activation and
immunoregulators in glioma. Our study indicated that TRP family genes may work as
putative drug targets in glioma. We should be aware of several limitations of this study.
First of all, the number of validation databases in this article is insufficient. A future study
will need to examine other public databases for verification to confirm the results obtained
in this study. Secondly, there is a lack of clinical practice in our conclusion, so further
clinical trials are needed to confirm whether TRP family genes can be used as new glioma
treatment targets. Thirdly, the current study does not yet prove that the hub genes can be
used as an independent prognostic factor, which means that further trials are needed. In
conclusion, our study identified characteristics of TRP family genes, which can be used
to predict prognosis for glioma patients and are associated with immunological response,
providing a new potential treatment strategy for glioma patients.
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Abstract: Introduction: PTEN gene mutations are frequently found in the genetic landscape of high-
grade gliomas since they influence cell proliferation, proangiogenetic pathways, and antitumoral
immune response. The present bioinformatics analysis explores the PTEN gene expression profile
in HGGs as a prognostic factor for survival, especially focusing on the related immune microenvi-
ronment. The effects of PTEN mutation on the susceptibility to conventional chemotherapy were
also investigated. Methods: Clinical and genetic data of GBMs and normal tissue samples were
acquired from The Cancer Genome Atlas (TCGA)-GBM and Genotype-Tissue Expression (GTEx)
online databases, respectively. The genetic differential expressions were analyzed in both groups
via the one-way ANOVA test. Kaplan–Meier survival curves were applied to estimate the overall
survival (OS) and disease-free survival (DFS). The Genomics of Drug Sensitivity in Cancer platform
was chosen to assess the response of PTEN-mutated GBMs to temozolomide (TMZ). p < 0.05 was fixed
as statistically significant. On Tumor Immune Estimation Resource and Gene Expression Profiling
Interactive Analysis databases, the linkage between immune cell recruitment and PTEN status was
assessed through Spearman’s correlation analysis. Results: PTEN was found mutated in 22.2% of the
617 TCGA-GBMs patients, with a higher log2-transcriptome per million reads compared to the GTEx
group (255 samples). Survival curves revealed a worse OS and DFS, albeit not significant, for the
high-PTEN profile GBMs. Spearman’s analysis of immune cells demonstrated a strong positive corre-
lation between the PTEN status and infiltration of Treg (ρ = 0.179) and M2 macrophages (ρ = 0.303).
The half-maximal inhibitor concentration of TMZ was proven to be lower for PTEN-mutated GBMs
compared with PTEN wild-types. Conclusions: PTEN gene mutations prevail in GBMs and are
strongly related to poor prognosis and least survival. The infiltrating immune lymphocytes Treg

and M2 macrophages populate the glioma microenvironment and control the mechanisms of tumor
progression, immune escape, and sensitivity to standard chemotherapy. Broader studies are required
to confirm these findings and turn them into new therapeutic perspectives.

Keywords: glioblastoma; high-grade gliomas; phosphatase and tensin homolog; PTEN;
temozolomide; The Cancer Genome Atlas

1. Introduction

High-grade gliomas (HGGs) are common neoplasms of the central nervous system
accounting for 70% of brain tumors [1–5]. Glioblastoma (GBM) is the most lethal and
represents 60% of newly diagnosed gliomas in the adult population [6,7]. The current
standard of care in the management of HGGs is maximum surgical resection, adjuvant
chemoradiation, and six cycles of temozolomide [8].

Despite advances in surgical techniques, diagnostics, and target therapeutic strategies,
the 5-year survival rate persists under 10% and the median overall survival (OS) still ranges
between 14 and 16 months [9]. The poor prognosis and high mortality rate of GBM are
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attributable to aberrant angiogenesis, extreme mitotic activity, immune escape mechanisms,
and intrinsic genome-wide heterogeneity [10–17]. In 2021, Louis and colleagues published
the fifth edition of the WHO classification of brain cancers, which reflects the advances in
translational medicine, taxonomy, and genetics in neuro-oncology.

They reported a novel tumors nomenclature aimed at integrating histological features,
key diagnostic genes, and molecular characteristics underlying oncogenesis [18].

Phosphatase and tensin homolog (PTEN), a tumor suppressor gene, is closely involved
in cell translation, proliferation, and tumorigenesis [19–22]. PTEN protein blocks the intra-
cellular pathways of phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin
(PI3K/AKT/mTOR) via dephosphorylation of phosphatidylinositol-3-triphosphate, result-
ing in inhibition of the cell cycle [23–26].

Moreover, the PTEN pathway has a close interaction with the Wnt/β-catenin signals
involved in embryogenesis and the determination of neural patterning [22].

Lack/mutation of the PTEN gene, found in 40% of GBMs, influences neurogenesis,
and gliogenesis and heightens the DNA damage repairing and the malignant progression
of brain tumors [20,25,27].

The prognostic significance of the PTEN gene is also related to the maintenance of
the immune microenvironment [28]. Recent transcriptomic pieces of evidence support
the correlation between PTEN mutation and the amendment of immune infiltrating cells
expression [29,30]. The immune suppression mechanisms intrude on the host antitumor
responses and are liable for the failure of conventional therapeutic approaches [31–35]. The
number of reported studies on the immunogenomics and immunosuppressive microenvi-
ronment of HGGS opened the way for tailored treatments against glioma resilience [36–39].
Based on these assumptions, we conducted a bioinformatics analysis to examine the PTEN
gene expression profile in HGGs as a prognostic factor for survival. We investigated the
cluster of the immune infiltrates within the PTEN-related microenvironment intending to
identify the contribution of each subpopulation to the immune escape mechanisms. The
effects of PTEN mutation on the sensitivity to standard chemotherapy were also explored.

2. Materials and Methods
2.1. Data Acquisition

Transcriptomes, genetic, and clinical features of HGGs-patients were extracted from
The Cancer Genome Atlas (TCGA)-GBM project (https://portal.gdc.cancer.gov) (accessed
on 31 October 2021) [40]. The genetic data of normal brain tissue samples were acquired
from the Genotype-Tissue Expression (GTEx) online database (https://gtexportal.org)
(accessed on 1 November 2021).

2.2. Statistical Bioinformatics Analysis

R (https://www.r-project.org) (accessed on 7 March 2022) and Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA) software were used for statistical analysis. Continuous
and categorical variables were reported as mean and percentages, respectively.

Top mutation trends and gene patterns were estimated in the TCGA-GBM cohort,
focusing on nucleotide variations of the PTEN gene. The differential expressions of PTEN
mRNA levels were determined in TCGA-GBM and GTEx groups with the aim to assess the
significance of the PTEN gene in the glioma genome compared to healthy brain tissue. A
one-way ANOVA test was used for the analysis.

Kaplan–Meier survival curves were used to estimate the prognostic value of the PTEN
gene mutations. The overall survival (OS), disease-free survival (DFS), and comparisons
between the high- or low-PTEN mutation profile in TCGA-GBM patients were assessed
using the log-rank test. Hazard ratios (HDs) were calculated with the Cox proportional
risk regression model. The Genomics of Drug Sensitivity in Cancer (GDSC) database
(https://www.cancerrxgene.org/) (accessed on 15 November 2021) was the source used
for the appraisal of the chemotherapeutic response of PTEN-mutated HGGs [41]. The
R software package “Prophetic” was used and the half-maximal inhibitor concentration
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(IC50) of temozolomide (TMZ) was assessed by one-way ANOVA analysis [41]. p-value
was set at <0.05 for all the tests.

2.3. Estimation of Immune Infiltrating Cells

On behalf of the glioma immune microenvironment, the T cells CD4+, CD8+, Treg, NK
cells, monocytes/macrophages, and tumor-infiltrating endothelial cells were considered in
the TCGA-GBM cohort. Tumor Immune Estimation Resource 2.0 (TIMER2.0) was used to
identify the correlation between mRNA PTEN expression and the transcriptional profile of
each tumor immune cell in the TCGA-GBM project.

Assuming the purity adjustment, Spearman’s correlation method was employed,
where rho (ρ) > 0 and ρ < 0 denoted a positive and negative correlation between the vari-
ables, respectively. Based on the Gene Expression Profiling Interactive Analysis (GEPIA),
the differential subexpression of mRNA PTEN in the immune subtypes, for both TCGA-
GBM and GTEx samples, was clustered with the one-way ANOVA method, and p < 0.05
was assumed as statistical. The results were reported as boxplots.

3. Results
3.1. Demographics and Gene Mutation Profiles

The genetic and clinical data of 617 HGGs were collected by the TCGA-GBM project.
The average patients’ age was 58.8 ± 14 years; males were 59.5%, and 96.3% were Cau-
casian. All the tumors were supratentorial glioblastoma. Chemotherapy was administered
as adjuvant treatment in 52.2% of patients, while 45% were treated with concomitant radio-
therapy. The average follow-up was 14.7 months, and 69.2% of patients were dead. Overall
data about TCGA-GBM patients are summarized in Table 1.

Table 1. Demographic, clinical, and histological data of TCGA-GBM patients.

Variable Data

Case no. 617

Average pts. age (yrs ± SD) 58.8 ± 14

Sex

Male no. (%) 367 (59.5)

Female no. (%) 230 (37.3)

NOS no. (%) 20 (3.2)

Ethnicity

Caucasian no. (%) 594 (96.3)

African no. (%) 20 (3.2)

Asian no. (%) 3 (0.5)

Histological type

Glioblastoma no. (%) 617 (100)

IDH wild-type ratio/IDH-mutant ratio 577:40

Primary site

Brain no. (%) 617 (100)

Adjuvant treatment

Pharmacotherapy no. (%) 322 (52.2)

Radiation Therapy no. (%) 278 (45)

NOS no. (%) 17 (2.8)
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Table 1. Cont.

Variable Data

Histological type

Glioblastoma no. (%) 617 (100)

IDH wild-type ratio/IDH-mutant ratio 577:40

Primary site

Brain no. (%) 617 (100)

Adjuvant treatment

Pharmacotherapy no. (%) 322 (52.2)

Radiation Therapy no. (%) 278 (45)

NOS no. (%) 17 (2.8)

Vital status

Dead no. (%) 427 (69.2)

Alive no. (%) 151 (24.5)

NOS no. (%) 39 (6.3)

Average FU (months) 14.7

PTEN Mutations no. pts (%) 137 (22.2)
FU: Follow-up; IDH: Isocitric Dehydrogenase; no.: Number; NOS: Not Otherwise Specified; PTEN: phosphatase
and tensin homolog. SD: standard deviation; yrs: years.

PTEN was the most frequent gene by the transcriptome examination (22.2%). It
was followed by TTN (20.75%), TP53 (20.10%), EGFR (17.18%), FLG (12.64%), MUC16
(11.51%), NF1 (8.27%), RYR2 (7.62%), PKHD1 (7.29%), HMCN1 (7.29%), SYNE1 (7.29%),
SPTA1 (6.97%), PIK3R1 (6.97%), RB1 (6.81%), ATRX (6.65%), IDH (6.62%), PIK3CA (6.48%),
OBSCN (6.48%), APOB (6.32%), FLG2 (6.32%), and LRP2 (6.16%) (Figure 1).

Figure 1. Distribution of the most frequent mutated genes in the TCGA-GBM project.

Expression profiles and mutations of the top 50 genes in TCGA-GBM are shown in the
Oncogrid (Figure 2).
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Figure 2. OncoGrid of top 50 mutated genes with impact mutations on the TCGC-GBM cohort.

From the GTEx dataset, a total of 255 samples of normal brain tissue were included.
The differential analysis revealed a higher expression of PTEN mRNA levels in the tumor
than in normal tissue, albeit not significant, with a log2-transcriptome per million reads
(TPM) +1 of 2.8–5.75 and 2.7–4.8 in the TCGA-GBM and GTEx datasets, respectively
(Figure 3).

Figure 3. Box plots revealing the differential PTEN mRNA expression levels in TCGA-GBM and
GTEx datasets.
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3.2. Survival Analysis

Kaplan–Meier curves showed a worse, though non statistic, OS (Log-rank p = 0.58,
HR = 0.91, p = 0.6) and DFS (Log-rank p = 0.78, HR = 1, p = 0.82) in high-PTEN mutation
profile (Figure 4).

Figure 4. Kaplan–Meyer curves showing the (A) Overall Survival and (B) Disease Free Survival in
TCGA-GBM patients according to the level of PTEN TPM.

3.3. Immune Landscape in PTEN-Related Glioma Microenvironment

Spearman’s correlation analysis of immune subpopulations applied in the TCGA-GBM
cohort revealed a negative correlation between mRNA PTEN mutations expression (log2
TPM) and infiltrating T cell CD4+ Th 1 (ρ = −0.245; p = 3.81 × 10−3), Th 2 (ρ = −0.225,
p = 8.06 × 10−3), and NK cells (ρ = −0.163, p = 5.64 × 10−2) within the tumor microen-
vironment. Conversely, Treg (ρ = 0.179, p = 3.54 × 10−2), endothelial cells (ρ = 0.303,
p = 2.97 × 10−4), and monocyte/macrophages (ρ = 0.368, p = 9.17 × 10−6) were predom-
inant, with a polarization of M2 (ρ = 0.303, p = 2.97 × 10−4) against of the monocyte
(ρ = −0.205, p = 1.6 × 10−2) (Figures 5 and 6).

The GEPIA analysis of the mRNA PTEN mutations expression (logTPM +1) in the
immune infiltrates of the TCGA-GBM cohort highlighted the decreased density of B cell
naive (p < 1 × 10−15), T cell CD4+ naive (p < 1 × 10−15), T cell CD8+ (p = 0.08), and NK cell
(p = 3.97 × 10−9) in the glioma microenvironment compared to GTEx samples. The Treg
subtype was slightly more represented (p = 0.07).

Furthermore, the boxplots evidenced the monocytes (p < 1 × 10−15), endothelial cells
(p < 1 × 10−15), macrophages M0 (p = 3.49 × 10−3), M1 (p < 1 × 10−15), and M2 (p < 1 × 10−15)
as the main components of the immune profile at the tumor site in the TCGA-GBM cohort
(Figures 7 and 8).
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Figure 5. Scatter plots picturing the correlation of mRNA PTEN expression and the immune infiltra-
tion of T cell CD4 Th1 (A), Th2 (B), NK cell (C), and Treg (D) in the TCGC-GBM project.
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Figure 6. Scatter plots exhibiting the correlation of mRNA PTEN expression and the immune
infiltration of (A) macrophage/monocyte, (B) macrophage M2, (C) monocyte, and (D) endothelial
cells in the TCGA-GBM project.
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Figure 7. Box plots showing the immune cell subexpression analysis in PTEN-mutated TCGA-GBMs
and normal brain samples from GTEx. (A) Grouped by tissue. (B) Grouped by B cells naive, T cells
CD8, CD4, Treg, and NK cells.

Figure 8. Box plots illustrating the immune cell subexpression analysis in PTEN-mutated TCGA-
GBMs and normal brain samples from GTEx. (A) Grouped by tissue. (B) Grouped by monocytes,
macrophages M0, M1, and M2, and endothelial cells.
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3.4. Prediction of Chemotherapeutic Response

Based on the GDSC pharmacogenomic database, lower differential targeted responses
to TMZ were found in PTEN-mutated and PTEN wild-type samples, with a median IC50
of 531.13 and 701.55 µM, respectively (Figure 9).

Figure 9. Scatter plot for the sensitivity to temozolomide (TMZ) in PTEN mutated and wild-type of
TCGA-GBMs.

4. Discussion

The present study analyzes mutation profiles and immune signatures of PTEN-
associated microenvironment estimating GBM patients’ prognosis, survival, and chemother-
apy response. The PTEN gene regulates the cell cycle and DNA repair mechanisms. Its
expression modulates cell proliferation, neural development, and gliogenesis [21,27,42].

PTEN mutations are hallmarks of glioma malignancy and influence the patients’
survival [43–49]. As recently reported by Erira and his group, alterations of PTEN genes
are related to glioma proliferation. PTEN mutation may induce post-translational changes
in low-grade gliomas, leading to malignant progression [50].

106



Brain Sci. 2022, 12, 501

The prognostic role of the PTEN status has been widely deepened in the literature.
In 2001, Sasaki et al. analyzed the different median survival of glioma patients as it
related to the PTEN expression. They reported a better OS for wild-type PTEN gliomas
(123.4 months), compared to the mutated ones (14.8 months) [51]. In 2016, Han and
colleagues explored the genetic linkage between PTEN expression and patients’ outcomes
in a meta-analysis where a worse prognosis was revealed for PTEN-mutated gliomas [49].
Zhang and his group, 2021, conducted an online bioinformatics analysis about PTEN
mutation as a prognostic signature for HGGs. They designed a tailored risk score based on
the individual PTEN status, aiming to simplify HGGs diagnosis, prognosis, and treatment
planning. They identified 14 independent prognostic genes in PTENwild-type tumors and
3 for the PTEN-mutated ones. These last proved to be related to the worse survival [52].

Even without any statistical significance, our Kaplan–Meier analysis confirmed dismal
OS (Log-rank p = 0.58, HR = 0.91, p = 0.6) and DFS (Log-rank p = 0.78, HR = 1, p = 0.82) for
the high-PTEN mutation profiles.

Amid the PTEN-related genetic mechanisms underlying the tumorigenesis, the main-
tenance of the glioma immune microenvironment is critical. Based on this rationale, our
analysis also aimed at typifying the subpopulations in the glioma immune niche.

Our Spearman’s correlation tests of immune subpopulations reported a negative cor-
relation (ρ < 0) between PTEN mutations and the expression of infiltrating T cell CD4+
Th 1 (ρ = −0.245), Th 2 (ρ = −0.225), and NK cells (ρ = −0.163) within the tumor mi-
croenvironment. The GEPIA one-way ANOVA analysis also revealed a lower density of
B cell naive (p < 1 × 10−15), CD8+ (p = 0.08), CD4+ naive (p < 1 × 10−15), and NK cell
(p = 3.97 × 10−9) concomitant with TCGA-GBM high-PTEN mutation profiles, compared
to the GTEx samples.

In accordance with the evidence in the literature, these data denoted that brain tumor
growth and progression are sustained by genetic mechanisms of immune tolerance and
exhaustion. The suppression of T, B, and NK cells activity within the PTEN tumor microen-
vironment suggested immune-mediated biological processes are involved in pathways for
glioma immune evasion and resistance to chemotherapies [53–56].

On the contrary, through Spearman’s analysis the Treg (ρ = 0.179), endothelial cells
(ρ = 0.303), and monocyte/macrophages (ρ = 0.368) were found to be prevalent. The
differential examination demonstrated the polarization of M2 (ρ = 0.303) within the glioma
microenvironment, versus the monocytes (ρ = −0.205). The GEPIA Treg (p = 0.07) and
macrophages (p = 3.49 × 10−3) were the most represented subtypes, with a prevalence of
M2 in the TCGA-GBM group.

Tregs preserve immune homeostasis, contribute to the downregulation of T cell activity,
and regulate innate and adaptive responses against self-antigens, allergens, and infectious
agents [57–61]. Tregs also act as immunosuppressive within the tumor microenvironment,
repressing the function of CD4+, CD8+, and NK cells [62]. The immune control is carried
out by cytokines, extracellular vesicles, perforins, and cytolytic enzymes [63]. They re-
press antitumor immunity and facilitate immune escape mechanisms, resulting in glioma
progression and relapse [64–66].

Our results also verified that the immunosuppressive anticancer microenvironment
is sustained by the recruitment of monocytes, which in the glioma context are converted
into macrophages, with an explicit M2 polarization. M2 macrophages are known to hold
an immunosuppressive role [67,68]. M2 phenotypes induce the differential expression of
receptors, cytokines, and chemokines. They produce IL-10, IL-1, and IL-6, stimulating tu-
morigenesis and negatively affecting the prognosis [69,70]. The M2 macrophages, detected
in perivascular areas, enhance the VEGF and COX2 production resulting in increased and
aberrant angiogenesis [71–73].

Therefore, Treg and M2 cells stimulate the glioma cell proliferation, invasion, and sup-
port immune escape mechanisms [74–77]. These data were confirmed by our bioinformatic
analysis (ρ = 0.3.03).
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Opposing our results, the latest study by Zhou and colleagues published in 2022,
found the high expression of PTEN related to a better prognosis for HGGs patients [78].
They discovered via the transwell and flow cytometry that the PTEN gene may inhibit the
M1/M2 polarization and M2 macrophages recruitment. These data suggest a potential
positive role of the PTEN as an antitumoral immunoregulatory gene [78].

The discrepancy in our study can be explained by the distinct patients cohorts involved,
such as the Chinese Glioma Genome Atlas (CGGA) database, and the different techniques
applied for data analysis. However, above all, they explored the effects of different PTEN
statuses, split into PTEN deletion, PTEN mutated, and PTEN wild-type. This distinction
allowed us to assess the specific impact of each PTEN gene expression on glioma immunity.
The study demonstrates that, despite advances in genomics, further research is needed to
shed light on PTEN activity and its immunological role in tumor progression.

The composition of immune infiltrates explains the prognosis concomitant to the
PTEN status and, above all, the ineffective response to standard therapies. TMZ is currently
the first line of treatment for HGGs in combination with surgery and radiotherapy [79,80].
It is still debated whether the PTEN mutation may influence sensitivity to radiochemother-
apy [81–83]. PTEN controls the Wnt/β-catenin and PI3K/Akt/mTOR signaling pathways
and arrests the cell cycle at the G2/M phase. TMZ alkylates DNA at this stage, hence PTEN
overexpression affects the complex biochemical mechanism of drug alkylation encouraging
TMZ activity [84,85].

In 2012 Carico and colleagues conducted a clinical study involving newly diagnosed
GBM treated with TMZ. They reported greater effectiveness of TMZ in GBMs with PTEN
loss. Inaba et al. investigated the effects of TMZ related to PTEN status founding an
increased efficacy in cases of PTEN mutation [83]. Similarly, our analysis of the GDSC
database revealed a lower IC50 for PTEN-mutated GBMs (531.13 µM) in comparison with
wild-types (701.55 µM).

Apart from conventional chemotherapy, the identification of immune phenotypes
and molecular interactions within the tumor microenvironment has been recognized
as crucial to widening the spectrum of tailored strategies against the immune escape
mechanisms [86–88].

Limitations of the Study

The present study has several undeniable limitations, among which are the relatively
limited number of patients and short follow-up (average 14.7 months). Other potential
biases were the different patients’ ethnicity, limited data about the histological classification,
and heterogeneity of radiochemotherapy regimens.

5. Conclusions

PTEN mutations frequently occur in malignant brain tumors, contributing to their
progression, reduced OS, and DFS. Within the glioblastoma microenvironment, the PTEN-
related immune landscape mainly consists of Treg and M2 macrophages. They repress
the antitumor immune activation and are responsible for the triggering of the glioma cell
growth, invasion, and aberrant vasculogenesis.

PTEN expression and related glioma microenvironment also influence the sensitivity
to conventional radiochemotherapy.

Prospective and randomized trials are necessary to validate these data and to develop
novel target treatments.
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Abstract: (1) Background: Hypofractionated stereotactic radiotherapy (HSRT) and anti-vascular
endothelial growth factor (VEGF) antibodies have been reported to have a promising survival benefit
in recent studies. Anlotinib is a new oral VEGF receptor inhibitor. This report describes our experience
using HSRT and anlotinib for recurrent glioblastoma (rGBM). (2) Methods: Between December 2019
and June 2020, rGBM patients were retrospectively analysed. Anlotinib was prescribed at 12 mg daily
during HSRT. Adjuvant anlotinib was administered d1-14 every 3 weeks. The primary endpoint was
the objective response rate (ORR). Secondary endpoints included overall survival (OS), progression-
free survival (PFS) after salvage treatment, and toxicity. (3) Results: Five patients were enrolled.
The prescribed dose was 25.0 Gy in 5 fractions. The median number of cycles of anlotinib was 21
(14–33). The ORR was 100%. Three (60%) patients had the best outcome of a partial response (PR),
and 2 (40%) achieved a complete response (CR). One patient died of tumour progression at the last
follow-up. Two patients had grade 2 hand-foot syndrome. (4) Conclusions: Salvage HSRT combined
with anlotinib showed a favourable outcome and acceptable toxicity for rGBM. A prospective phase
II study (NCT04197492) is ongoing to further investigate the regimen.

Keywords: hypofractionated stereotactic radiotherapy; recurrent high-grade glioma; salvage treat-
ment; anlotinib

1. Introduction

Glioblastoma is the most frequently diagnosed malignant primary brain tumour in
adults. Maximum surgical resection with six courses of temozolomide adjuvant chemora-
diotherapy is the current standard of care in the first-line management of glioblastoma [1].
However, most patients still suffer from recurrence within eight months after primary
treatment, and approximately 90% of recurrences occur within a 2 cm margin of the original
tumour resection cavity [2]. The management of recurrent glioblastoma is highly challeng-
ing due to resistance to available therapeutic approaches, and treatment outcomes remain
uniformly poor.
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For recurrent glioblastoma (rGBM), several options have been studied, including
surgery, re-irradiation, tumour-treating fields, and systemic therapy. Many second-line
targeted agents and chemotherapy regimens have been examined in trials with limited
success. The anti-vascular endothelial growth factor (VEGF) antibody bevacizumab has
been demonstrated to prolong the progression-free survival (PFS) of glioblastoma (GBM);
however, patients still progress after 3–6 months with an OS of 6–9 months after salvage
treatments [3]. Anlotinib is a novel tyrosine kinase inhibitor that targets vascular endothelial
growth factor receptor (VEGFR) 1/2/3, platelet-derived growth factor receptor (PDGFR),
fibroblast growth factor receptors (FGFR) 1/2/3/4, c-Kit, and Ret. It has been reported
to have a promising effect on tumour control in an rGBM case report [4]. However, as
a salvage treatment, failure ultimately occurs. It is crucial to increase local treatment to
reduce the risk of disease progression. The Radiation Therapy Oncology Group (RTOG)
1205 trial reported a prolonged PFS for bevacizumab with hypofractionated stereotactic
radiotherapy (HSRT) compared with bevacizumab alone [5]. As the main pattern of failure
remains local recurrence, it is crucial to optimize local control to improve survival.

Advances in stereotactic radiation can deliver high doses to tumours while limiting
toxicity to normal structures. CyberKnife is a noncoplanar radiosurgery system that allows
highly conformal image-guided radiotherapy and shows a promising tumour control effect
for central nervous system tumours. A prior retrospective study at our centre showed
the efficacy of hypofractionated stereotactic radiotherapy for recurrent high-grade glioma
(rHGG) patients with mild toxicity. This study aimed to report the preliminary outcome of
HSRT combined with anlotinib. To our knowledge, this is the first cohort of rGBM patients
treated with HSRT combined with anlotinib.

2. Materials and Methods
2.1. Eligibility Criteria and Endpoints

This is a retrospective, cross-sectional study that was approved by the local ethics
committee. Between December 2019 and June 2020, five rGBM patients received salvage
HSRT with anlotinib at Huashan Hospital, Fudan University. All patients received surgery
followed by standard chemoradiotherapy before recurrence. Recurrence was confirmed by
the Response Assessment in Neuro-Oncology (RANO) criteria. Patients who were able to
lie flat to receive radiotherapy and had Karnofsky Performance Status (KPS) scores higher
than or equal to 70 were considered eligible for the regimen at our institution. All patients
were treated at first recurrence within the radiation field and were not eligible for resection
after neurosurgeons’ evaluation. Patients were informed that re-resection, re-irradiation,
systemic therapy, and best supportive care were the treatment options and chose to receive
the treatment after having fully understood and agreed to the potential harm and benefit.

The outcome endpoint was the objective response rate (ORR). Other endpoints in-
cluded overall survival (OS) after HSRT, progression-free survival after salvage treatment,
the best tumour response defined by the RANO criteria, and toxicity defined by the Com-
mon Terminology Criteria for Adverse Events (CTCAE) 5.0.

2.2. Baseline Evaluation and Treatment Delivery

Patients were immobilised with a custom thermoplastic mask and underwent localised
1.25-mm thin-slice computed tomography (CT, GE Light speed Ultra 16 Slice, San Francisco,
CA, USA) and 2-mm thin-slice magnetic resonance imaging (MRI) including T1 post-
contrast and T2 FLAIR images. CT and MRI scans were then fused using the planning
system for contouring. HSRT was delivered by a CyberKnife Radiosurgery System (Accuray,
Sunnyvale, CA, USA).

Radiation oncologists, neurosurgeons, and radiation physicists participated in tumour
delineation and planning. The prescribed dose was 25.0 Gy in 5 fractions. The gross tumour
volume (GTV) was defined as the gadolinium-enhanced tumour on the T1-weighted series.
The clinical tumour volume (CTV) was considered equal to the GTV. The planning target
volume (PTV) was a uniform 1-mm expansion of the CTV. Multiplan software was used

114



Brain Sci. 2022, 12, 471

for inverse planning. The prescribed isodose line to the PTV was determined according
to the target volume, site, previous irradiation volume, and interval between treatments.
Anlotinib (Tai-Tianqing Pharmaceutical Co., Ltd., Jiangsu, China) was prescribed at a dose
of 12 mg daily for 14 consecutive days every 3 weeks from the first day of HSRT.

2.3. Assessment and Toxicity

All patients underwent a clinical and radiological follow-up every two months after
HSRT. If there was any significant deterioration in the patient’s performance, an MRI was
performed immediately. The radiological examination included MRI and other necessary
examinations, such as MRI-based spectroscopy, perfusion MRI, and methionine positron
emission tomography. The KPS after treatment, adverse event occurrence, and associated
clinical outcomes were recorded. Toxicity was assessed using the CTCAE 5.0.

2.4. Statistics

The outcome measures considered were the objective response rate based on the
proportion of patients with a best overall response of a confirmed complete response (CR)
or partial response (PR). Other measures included overall survival after HSRT, defined as
survival from the time of the completion of HSRT to death due to any cause, progression-
free survival after salvage treatment, and treatment-related toxicities.

The CTCAE 5.0 was used to assess toxicity. The number of events, number of subjects,
and incidence rate are used to describe the measurement. The maximum, minimum, and
median values are used to describe the measurements of patient characteristics.

3. Results
3.1. Patient Characteristics

Five glioblastoma patients with clinical and radiographic evidence of recurrence were
treated with HSRT between December 2019 and June 2020. All patients were initially
treated with a maximum safe resection of gross total resection and adjuvant radiation
treatment with a median dose of 60 Gy in 30 fractions with concurrent and maintenance
temozolomide. The GTV of adjuvant radiation after surgery was defined by the post-
contrast T1 and T2 fluid-attenuated inversion recovery sequences. GTV was expanded
1–2 cm to create CTV. PTV with a 3–5 mm margin was added to the CTV. All patients
had information on methyl-guanine-methyltransferase (MGMT), isocitrate dehydrogenase
1 (IDH1), 1p/19q co-deletion, and telomerase reverse transcriptase (TERT) after initial
resection. Five patients were TERT- and MGMT-positive, one patient had a 1p/19q co-
deletion, and no patient was IDH1-positive. Three patients were male and two were female.
The median age was 51 years (range 43–60 years). The KPS score at the time of salvage
treatment ranged from 70 to 90. The median time from initial diagnosis to salvage HSRT
was 10.4 months, with a range of 7.0 to 14.8 months. The median PTV was 26.9 cm3

(5.5–54.4 cm3). The treatment was delivered daily, and the dose was 25 Gy in five fractions
with a median isodose line of 68% (65–70%). Patient characteristics are listed in Table 1.

3.2. Compliance and Toxicities

All patients received the planned radiation dose without interruption. The median
number of cycles of anlotinib administered were 21 and ranged from 14 to 33 cycles. No
acute clinical morbidity was observed. Grade 2 hand-foot syndrome was observed in two
patients during cycles 8 and 10. Anlotinib was discontinued for one week in these two
patients. The symptoms were relieved after dermatologic treatment, and the regimen was
continued. Details are shown in Table 2. No operations or hospitalisation was required
related to acute or delayed toxicity of HSRT and anlotinib.
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Table 1. Patient characteristics and treatment outcomes.

Case Age Sex
Interval between
Initial Diagnosis

and HSRT (Months)

Upfront RT
Dose/fx

Upfront
Chemotherapy

(Cycles)
MGMT IDH1 1p/19q

1 60 Male 12.6 60Gy/30 TMZ (12) + - -
2 46 Female 10.4 60Gy/30 TMZ (6) + - -
3 55 Female 14.8 60Gy/30 TMZ (12) + - +
4 51 Male 10.0 60Gy/30 TMZ (4) + - -
5 43 Male 7.0 60Gy/30 TMZ (4) + - -

Case TERT Recurrent Lesion Recurrent PTV
(cm3) KPS at HSRS Dose (iso-dose

line)
Cycles of
Anlotinib

F/U Interval
from HSRS
(months)

1 + Left Frontal Lobe 7.08 80 68 15 10
2 + Left Frontal Lobe 26.94 80 65 14 10
3 + Left Occipital Lobe 54.41 70 70 9 6
4 + Right Frontal Lobe 5.53 90 70 4 4

5 + Left and Right
Frontal Lobe 44.33 90 68 8 6

Table 2. Best treatment outcomes and adverse events that occurred in rGBM patients.

Outcomes/AE Total No. of Patients
No. of Patients

Grade 1 Grade 2 Grade 3

ORR 5 (100%)
N/ACR 2

PR 3
Haematologic

Thrombocytopenia 1 0 1 0
Nonhaematologic

Hand foot syndrome 2 0 2 0
Rash 1 0 1 0
Hypertension 1 0 1 0

3.3. Treatment Outcomes

The patients were assessed by the RANO criteria. Three (60%) patients had the best
outcome of PR, and two (40%) achieved CR; the ORR was 100% (Figure 1A). The follow-up
from the time of HSRT ranged from 20 to 26 months. By the end of the study, four patients
had progressive disease (PD) and one patient died of tumour progression (Figure 1B).
The overall survival rates following the salvage treatment were 100% and 80% at one
and two years, and the PFS rates were 60% and 40%, respectively (see Supplementary
Figures S1 and S2).
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4. Discussion

Recurrent glioblastoma has been reported to have a poor prognosis. Due to its ther-
apeutic resistance and aggressiveness, its clinical management is challenging. GBM is
a vascularised tumour that produces VEGF. Anti-VEGF treatments have been widely
used in recurrent GBM. The mechanism of anti-VEGF treatments may have two aspects.
First, inhibiting VEGF and its receptor reduces tumour angiogenesis to produce a hypoxic
environment and inhibits tumour growth [6]. Second, the tumour vessel diameter was nor-
malised, and the basement membrane was thin. A reduced volume of tumour microvessels
has been reported to be related to longer survival [7].

Bevacizumab is approved for treating recurrent glioblastoma by the US Food and Drug
Administration and has become a recommended treatment in the National Comprehensive
Cancer Network (NCCN) guidelines, with several phase II and III randomised trials
indicating a prolonged PFS compared with chemotherapy alone [8–10]. A phase III RCT
reported a prolonged median PFS (4.2 vs. 1.5 months) in the bevacizumab and Lomustine
groups compared with the Lomustine alone group. However, this trial did not find a
difference in OS between the two groups. The grade 3 to 5 toxicity rate in the experimental
group was 63.6% [10]. Friedman et al. reported a phase II randomised controlled trial
(RCT) in which a higher 6-month PFS rate (50.3% vs. 42.6%) and better ORR (37.8% vs.
28.2%) were observed in the bevacizumab with irinotecan group than in the bevacizumab
alone group [9]. Other anti-angiogenic drugs, including sorafenib, pazopanib, sunitinib,
etc., were reported in phase I and II trials treating rGBM. The ORR reported for anti-VEGF
treatments for rGBM ranged from 6% to 30% (Table 3), and the 6-month PFS ranged from 3%
to 63%. The treatment-related toxicity was mild for these anti-VEGF treatments. However,
the efficacy seems to be unsatisfactory.

Anlotinib is an oral novel multi-target tyrosine kinase inhibitor targeting the VEGF1/2/3
receptor, fibroblast growth factor receptor and platelet-derived growth factor receptor. It
inhibits more targets than bevacizumab, sunitinib, sorafenib, etc. and has been reported to
reduce both tumour proliferation and angiogenesis [3]. Lv et al. published the first case
report of the administration of 12 mg anlotinib to an rGBM patient. The patient achieved
a PR after 26 days, but the tumour progressed in two months [4]. Wang et al. reported a
recurrent GBM patient with an FGFR-TACC3 fusion who was administered anlotinib 12 mg
and temozolomide 100 mg/m2. The patient achieved a PR after two months and maintained
stable disease for more than 17 months [11].

Several reports have suggested that re-irradiation has a reasonable efficacy with
acceptable safety profiles in selected patients with recurrent GBM. However, for rGBM,
salvage treatment failure ultimately occurs. It is crucial to increase local treatment to reduce
recurrence risk. In a meta-analysis, a highly conformal technique with a hypofractionated
regimen (e.g., 25 Gy in five fractions or 35 Gy in 10 fractions) is recommended, considering
the volume and location of the recurrent tumour. The RTOG 1205 trial reported a prolonged
PFS with anti-VEGF treatment with HSRT compared with bevacizumab alone [5]. Philip
et al. theorized that additional anti-VEGF treatment sensitised the tumour endothelia to
radiotherapy and induced apoptosis [12]. New-generation automated noncoplanar HSRT
delivery systems can deliver high-dose treatment by limiting the dose to normal structures
and can provide a higher local treatment intensity for recurrent tumours. In this study, the
ORR rate of salvage treatment was 100% in two CR and three PR patients. The ORR was
higher than other results of anti-VEGF treatments [13–25], which ranged from 6% to 30%
(Table 3). There may be several possible reasons for the promising treatment outcomes.
Patient selection may be a reason for good outcomes. All patients had a KPS of 70 or higher,
and HSRT was performed after the first recurrence. Moreover, the administration of HSRT
increased the local treatment intensity. The preliminary result of RTOG 1205 also reported
an increased PFS in the intensified treatment groups. Additionally, patients with a smaller
tumour volume may have a better response. The two CR patients (Figure 2A,B) in this
study had a relatively smaller PTV (7.08 and 5.53 cm3) than the three PR patients (26.94,
44.33, and 54.41 cm3).

117



Brain Sci. 2022, 12, 471

Table 3. Reported anti-angiogenic treatment for recurrent glioblastoma.

Author, Year Treatment Phase (Sample
Size)

Outcome
(ORR Rate%)

Median PFS
(Months)

Median OS
(Months) 6-Month PFS

Reardon, 2018 [13] Trebananib II (11) 2CR (18) 0.7 11.4 N/A
Reardon, 2005 [14] Imatinib II (33) 3PR (9) 3.3 N/A 27.0%
Iwamoto, 2010 [15] Pazopanib II (35) 8PR (22) 3.0 8.1 3.0%

Pan, 2012 [16] Sunitinib II (16) 0 N/A 12.6 16.7%
Hutterer, 2014 [17] Sunitinib II (40) 0 2.0 9.2 12.5%
Hassler, 2014 [18] Imatinib II (24) 2PR (8) 3.0 6.2 N/A

Batchelor, 2010 [19] Cediranib II (131) 1CR, 17PR (14) 3.0 8.0 16.0%
Gerstner, 2015 [20] Cediranib I (45) 2CR, 2PR (9) 1.9 6.5 4.4%
Chheda, 2015 [21] Vandetanib I (19) 2PR (11) 1.9 7.2 63%
McNeill, 2014 [22] Vandetanib II (32) 2PR (6) 1.7 5.6 N/A

Duerinck, 2016 [23] Axitinib II (22) 2CR, 4PR (27) N/A 6.7 34%
Lee, 2012 [24] Sorafenib I/II (18) 2PR (11) 1.8 N/A N/A

Groot, 2020 [25] Aflibercept II (27) 8PR (30) N/A N/A N/A
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Figure 2. Contrast-enhanced MRI T1 of responses to HSRT and anlotinib, including (A) patient case 1
and (B) patient case 4, who achieved a complete response.

Salvage HSRT was administered with a full dose of 25 Gy/5 fx for all five patients
without any interruption. No radiation necrosis occurred during the follow-up. Grade 2
hand-food syndrome was found in two patients (40%), and rash and hypertension were
observed in one patient (20%). These adverse effects were considered to be related to
anlotinib. In a phase II randomised trial of non-small-cell lung cancer patients, 28.33% of
the subjects had grade 2 hand-foot syndrome, and grade 2 hypertension was observed in
55% of patients [26]. These toxicities were also observed in our study.

The study had some limitations due to its retrospective nature: an inherent patient
selection bias was created when the physicians chose eligible patients to receive the regimen.
The treatment option was provided for patients with high KPS scores who were not willing
to receive standard intravenous bevacizumab treatment. Thus, the cohort was enriched
with patients with a better prognosis. Another limitation was that recurrence before salvage
treatment was diagnosed by radiological parameters according to the RANO criteria, which
is a common practice [27]. However, the lack of biopsy samples limited the information on
tumour genomic characterisations. It is crucial to consider whether the previously detected
mutation still presents as the dominant clone at the time of recurrence [28]. Further
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investigation is warranted to explain the potential treatment mechanisms and select good
responders to the regimen.

Despite the limitations, this study provides initial evidence of a promising outcome
using salvage HSRT with anlotinib in a real-world scenario. Responses were observed
in all rGBM patients included in the study. Further investigation is needed to identify
patients who can benefit from this regimen. A prospective phase II study HSCK-002
(ClinicalTrials.gov identifier: NCT04197492) is ongoing to further investigate the value of
HSRT with anlotinib.

5. Conclusions

Salvage radiosurgery with anlotinib appeared to achieve a clinical benefit with accept-
able toxicity for rGBM patients in this preliminary report. A prospective phase II study
(NCT04197492) is ongoing to further investigate the value of HSRT with anlotinib in rHGG.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12040471/s1. Figure S1: Overall survival (OS) from
salvage treatment of all rHGG patients (calculated with the Kaplan–Meier method). Figure S2:
Progression-free survival (PFS) from salvage treatment of all rHGG patients (calculated with the
Kaplan–Meier method).
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Abstract: Purpose: This study aims to investigate PD-1/PD-L1 expression patterns in paired primary
and recurrent gliomas. Methods: From January 2008 to December 2014, 42 patients who underwent
surgical resections of primary and recurrent gliomas were retrospectively included. PD-1/PD-L1
protein expression in tumors was evaluated through immunohistochemistry. Results: In primary
gliomas, PD-1 and PD-L1 expression was evident in 9 (22.0%) and 14 (33.3%) patients. In the paired
recurrent glioma, PD-1 and PD-L1 expression was evident in 25 (61.0%) and 31 (74.0%) lesions. Both
PD-1 and PD-L1 showed significantly enhanced expression after recurrence (p < 0.005; p < 0.005). For
PD-L1 expression in recurrent gliomas, the adjuvant therapy group showed significantly increased
expression compared to primary gliomas (p < 0.005). For PD-1- primary gliomas, if the matched
recurrent gliomas showed PD-1+, the PFS became worse than the remaining recurrent gliomas
PD-1- (12.7 vs. 25.9 months, p = 0.032). Interestingly, for PD-L1- primary gliomas, if the matched
recurrent gliomas showed PD-L1+, the OS became better than the remaining recurrent gliomas PD-L1-
(33.8 vs. 17.5 months, p < 0.001). Conclusions: In the study, we found the expression of PD-1/PD-L1
increased significantly in recurrent gliomas and the elevated level of PD-L1 was tightly associated
with adjuvant treatment, suggesting the potential therapeutic and predictive value of PD-1 and PD-L1
in the treatment of recurrent gliomas.

Keywords: glioma; recurrence; programmed cell death 1 receptor; programmed death-ligand 1;
therapeutics

1. Introduction

Glioma accounts for 36.7–42.6% of all primary brain tumors, which is the most com-
mon primary brain neoplasm [1–3]. Gliomas can be histopathologically classified as a low-
grade glioma or high-grade glioma. The median survival time for a low-grade glioma is
5–10 years. However, 50–75% of low-grade gliomas will eventually develop into a high-
grade glioma. Glioblastoma is highly malignant and shows rapid clinical progression.
Notably, glioblastoma accounts for the highest proportion of all gliomas [1,2]. The ag-
gressive treatments on glioblastoma include surgical resection with a maximum safety
margin, followed by concurrent chemoradiotherapy and six cycles of adjuvant temozolo-
mide chemotherapy. Even after receiving all these treatments, the median survival time of
patients with newly diagnosed glioblastoma is around 14.6 months [4–6]. Despite effective
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radiotherapy and chemotherapy after the operation, most patients will inevitably relapse
after treatment. The recurrent glioma is more aggressive, progresses more rapidly, and
resists treatment [7]. The treatment of recurrent gliomas has always been a challenge for
clinicians. These years, the anti-tumor effects of immune checkpoint inhibitors have been in-
creasingly recognized. They are highly reactive in bladder carcinoma, head and neck cancer,
melanoma, lung cancer, and renal cell carcinoma with long-term tumor remission [8–11].
The brain is an organ with a unique tumor immune microenvironment [12]. The pres-
ence of tumor-infiltrating lymphocytes (TILs) in tumor lesions indicates that the immune
modulation is involved in brain neoplasm progression [13]. Tumors generate immunosup-
pressive systems to avoid host immune attacks [14]. Programmed death protein 1 (PD-1) and
programmed death-ligand 1 (PD-L1) play critical roles in tumor immune escape [15]. In 2000,
Freeman et al. confirmed that PD-1 could reverse modulate lymphocyte activation [16].
PD-1, a co-inhibitory receptor, is expressed in activated CD4+ or CD8+ T cells. PD-L1, the
ligand of PD-1, is represented by a variety of cells, including tumor cells and lymphocytes.
The reaction between PD-1 and PD-L1 in T cells could exhaust T cell clones, allowing tumor
cells to survive under normal physiological conditions [17–19].

PD-L1 expression in tumors, validated by immunohistochemistry (IHC) assays, is
related to the response of PD-L1/PD-1 inhibitors. Besides, it is suggested as a biomarker in
clinical practice [9,20]. Multiple studies show the evidence that PD-1/PD-L1 is expressed
in gliomas [21–23]. However, up to now, few systematic studies have compared the
expression of immune checkpoint molecule PD-1/PD-L1 genes in primary and matched
recurrent specimens of glioma.

Data comparing paired primary and recurrent gliomas are scarce, due to the small
proportion of reoperation in recurrent gliomas. In this study, 42 patients who underwent
surgical resections of both primary and recurrent gliomas were retrospectively included.
PD-1/PD-L1 expression in tumors was assessed by IHC. This comparative study will help
us better understand the tumor biology of glioma, thus providing new insights into the
treatment strategy.

2. Materials and Methods
2.1. Patients

From January 2008 to December 2015, 42 patients who received surgical resections of
both primary and recurrent gliomas in the Second Affiliated Hospital of Zhejiang University
(SAHZU) were retrospectively included. Histopathology diagnosis was acquired after
operations and diagnosed by neuropathologists. Patients were included if they met the
following inclusion criteria: (1) patients received operations of both primary and recurrent
gliomas; (2) primary and recurrent gliomas were histopathologically confirmed; (3) long-
term follow-up in SAHZU after treatment. On the other hand, patients were excluded
based on the following: (1) patients received immune therapy; (2) one of the operations
was not conducted in SAHZU; (3) lack of pathological confirmation. PD-1, PD-L1 and
IDH1 expression in tumors was assessed by IHC. This study was approved by the Ethics
Committee of SAHZU, and was carried out in accordance with the Declaration of Helsinki.
The code of ethics was 046.

2.2. Immunohistochemistry

The primary antibodies used in this study were PD-1 (Abcam, Cambridge, UK), PD-L1
(Cell Signaling Technology, Danvers, MA, USA) and IDH1 (ZSGB-BIO, Beijing, China).
Formalin-Fixed and Paraffin-Embedded (FFPE) blocks from the pathology department
of SAHZU were cut into serial 4 um slices with a microtome. The paraffin sections were
incubated at 60 ◦C in the incubator overnight. The sections were then deparaffinized in
xylene and rehydrated through graded alcohols (100%, 95%, 75%). The sections for PD-1,
PD-L1, IDH1 testing were put in boiled SignalStain EDTA Unmasking Solution (pH 9) in the
electric cooker for 10 min and heat-preserved for 10 min. Then the sections were blocked
with 1% BSA (Bovine serum Albumin) and incubated at 4 ◦C overnight with primary
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antibody (the dilution rate of the primary antibody was as follows: PD-1 (1:50), PD-L1
(1:200), IDH1 (ready to use). The day after, sections were incubated with HRP-conjugated
secondary antibody at room temperature (the second antibody used for PD-1 and IDH1
was the Polink-1 HRP staining system (ZSGB-BIO), incubated for 15 min. The second
antibody used for PD-L1 was SignalStain Boost IHC Detection Reagent (Cell Signaling
Technology), incubated for 30 min). After that, the sections were incubated with chromagen
3, 3′-diaminobenzidine (DAB) at room temperature (10 min for PD-1, 2 min for PD-L1
and IDH1). The sections were counterstained with hematoxylin for 3 min and dehydrated
through graded alcohols (75%, 95%, 100%) and mounted.

2.3. Scoring System

PD-1 was expressed in lymphocytes, so the immunohistochemical staining evaluation
of the PD-1 protein was unique: to find the area with the highest density of TILs in
low magnification, counting PD-1 expression cell at a 400× visual field (/HPF). Staining
was scored as positive if the number of PD-1-positive TIL was one cell per high-power
field [24,25]. Evaluation of PD-L1 protein expression by IHC staining was based on the
range and the intensity. Briefly, the proportion of immunopositive cells among the total
number of tumor cells was subdivided into five categories, as follows: 0, <1%; 1, 1–25%; 2,
25–50%; 3, 50–75%; and 4, >75% positive cells. The immunointensity was subclassified into
four groups: 0, negative; 1, weak; 2, moderate; and 3, strong immunointensity. IHC scores
were generated by multiplication of these two parameters. The value of multiplication less
than two was defined as PD-L1-negative. The value of multiplication equal to or more than
two was defined as PD-L1-positive. Immunohistochemical staining evaluation of the IDH1
protein was based on the intensity of staining. Negative staining was defined as wild-type,
and positive staining was defined as a mutation.

2.4. Statistical Analysis

A normality test (Kolmogorov–Smirnov test) and homogeneity of variance test (Lev-
ene test) were conducted in measurement data, such as age, among subgroups. In each
test, p > 0.1 was considered for the Gaussian distribution and homogeneity of variance,
respectively. A two-group t-test was conducted among subgroups to compare the measure-
ment data if they had a Gaussian distribution and homogeneity of variance. The chi-square
test and Fisher’s exact test was conducted among subgroups to compare enumeration
data, such as sex, tumor location, WHO grade, residue, adjuvant therapy, and type of
recurrence. p < 0.05 was considered significant. For the ranked data of paired primary and
recurrent samples, the Wilcoxon rank-sum test was used to analyze the variation trend
of each gene expression. Correlations between PD-1 and PD-L1 gene expression were
tested by the Spearman rank correlation test. Overall survival (OS) is defined as the time
from the first surgical treatment until the death of the patient. Progression-free survival
(PFS) is defined as the time from the first operation of the glioma to the progression of the
tumor. PFS and OS were estimated by the Kaplan–Meier method with a two-sided log-rank
test. p < 0.05 was considered statistically significant. IBM SPSS Statistics 26.0 was used for
statistical analyses.

3. Results
3.1. Patients’ Characteristics and Follow-Up

From January 2008 to December 2015, 42 patients who received surgical resections of
both primary and recurrent gliomas were retrospectively included (Figure 1). The genders
of the patients were 27 male and 15 female. The average age at first operation was 43.2 years
(range: 11–61 years old). After the first surgical resection, 21 cases had residual tumors,
and 21 had no residual tumor. There were two pilocytic astrocytomas, eight astrocytomas
with IDH1-mutant, 15 astrocytomas with IDH1-wildtype, three oligodendrogliomas, NOS,
12 glioblastomas with IDH1-wildtype, and one ganglioglioma. Nine patients were IDH1-
mutant, 33 were IDH1-wildtype. Six patients received radiation alone, one patient received
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only chemotherapy, 15 patients received radiation and chemotherapy, and 20 patients
had not received adjuvant therapy. Before the secondary operation, 38 cases recurred in
situ, and four cases had a distant recurrence in the brain. After the second operation,
31 patients had residual tumors, and 11 patients had no residual tumor. There was one
pilocytic astrocytoma, nine astrocytomas with IDH1-mutant, 10 astrocytomas with IDH1-
wildtype, four oligodendrogliomas, NOS, and 18 glioblastomas with IDH1-wildtype. Eleven
patients were IDH1-mutant, 31 were IDH1-wildtype. After that, one patient received only
radiation, eight patients received chemotherapy alone, nine patients received radiotherapy
and chemotherapy, and 24 patients had not received adjuvant treatment. The last follow-up
time was 18 August 2017, with a median PFS of 13.5 months (95% CI: 11.0–16.05 months).
The median PFS of newly diagnosed low-grade gliomas was 18 months (95% CI: 12.4–24.6
months), and the median PFS of the newly diagnosed high-grade gliomas was 12.7 months
(95% CI: 10.0–15.4 months). At the time of the last follow-up, 12 patients were alive. The
median OS was 33.8 months (95% CI: 28.3–39.3) for all 42 patients. The median OS of newly
diagnosed low-grade gliomas was 54.9 months (95% CI: 30.9–78.9), and the median OS of
the newly diagnosed high-grade gliomas was 30.0 months (95% CI: 22.2–37.8): 31.0 months
(95% CI: 26.6–35.4) for grade III gliomas and 24.4 months (95% CI: 22.2–37.8 months) for
glioblastomas. The median OS after the second operation was 14.1 months (95% CI: 7.7–20.5).
In primary gliomas, 18 cases were low-grade gliomas, and 24 cases were high-grade gliomas.
In recurrent gliomas, 34 cases were high-grade gliomas, and 8 cases were low-grade gliomas.
Ten cases deteriorated from low-grade to a high-grade glioma (Table 1).
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Table 1. Baseline clinical characteristics.

Characteristics Primary (n = 42) Recurrence (n = 42)

Age(year)
Mean (range) 43.2 (11–61) 44.9 (12–64)

Sex
Male 27 27

Female 15 15
Tumor location—side

Left 22 19
Right 20 22

Middle 0 1
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Table 1. Cont.

Characteristics Primary (n = 42) Recurrence (n = 42)

Pathological Type
Pilocytic astrocytoma 2 1

Astrocytoma, IDH1-mutant 8 9
Astrocytoma, IDH1-wildtype 15 10

Oligodendroglioma, NOS 3 4
Glioblastoma, IDH1-wildtype 12 18

Ganglioglioma 1 0
Pleomorphic xanthoastrocytoma 1 0

IDH1 status 9 (mutant)/33 (wildtype) 11 (mutant)/31 (wildtype)
WHO grade

1 2 1
2 16 7
3 12 11
4 12 23

Residual after first surgery
Yes 21 31
No 21 11

Adjuvant therapy after first surgery
Radiotherapy alone 6 1

Chemotherapy alone 1 8
chemoradiotherapy 15 9

No adjuvant therapy 20 24
Type of recurrence
Recurrence in situ 38

Distant relapse in the brain 4
Median PFS (month) 13.5
Median OS (month) 33.8 14.1

3.2. Increased Protein Expression of PD-1 and PD-L1 in Recurrent Gliomas Compared to Their
Corresponding Primary Tumors

In primary gliomas, expression of PD-1 and PD-L1 was found in 9 (22.0%) and 14
(33.3%) patients, respectively; in contrast, 25 (61.0%) and 31 (74.0%) of the lesions, respec-
tively, had positive PD-1 and PD-L1 expression in their corresponding recurrent gliomas.
In the samples from the first operation, PD-1 and PD-L1 expression was found in only
3 (16.7%) and 5 (27.8%), respectively, of patients with low-grade glioma; in high-grade
glioma cases, the corresponding numbers of were 6 (26.1%) and 9 (37.5%), respectively.
In the recurrent samples, low-grade gliomas expressed PD-1 and PD-L1 in 5 (62.5%) and
4 (50.0%), respectively, of the patients, whereas they were expressed in 21 (63.6%) and
26 (76.5%), respectively, of the patients with recurrent high-grade gliomas (Figure 2). For
PD-1 expression, 21 cases (51.2%) were shown to be negative in primary gliomas but pos-
itive in matched recurrent tumor samples; five cases (12.2%) were shown to be positive
in primary gliomas but negative in matched recurrent tumor samples; 15 cases (36.6%)
had no changes. The corresponding numbers for PD-L1 were 24 (57.1%), 7 (16.7%), and 11
(26.2%), respectively. The overall expression rates of PD-1 and PD-L1 were enhanced after
recurrence (p < 0.005; p < 0.005).

Ten low-grade glioma patients progressed to high-grade glioma: For PD-1 expression,
one patient showed positive expression in both the primary and recurrent samples; another
patient changed from positive to negative. In the rest of the eight patients with PD-1-
negative expression in primary glioma, three of them (3/8, 37.5%) changed to positive
when there was recurrence. For PD-L1 expression, one patient showed positive expression
in both the primary and recurrent samples; two patients changed from positive to negative.
In the rest of the seven patients with PD-L1-negative expression in primary glioma, five of
them (5/7, 71.4%) changed to positive when there was recurrence.

125



Brain Sci. 2022, 12, 266

Brain Sci. 2022, 12, x FOR PEER REVIEW 6 of 19 
 

(50.0%), respectively, of the patients, whereas they were expressed in 21 (63.6%) and 26 
(76.5%), respectively, of the patients with recurrent high-grade gliomas (Figure 2). For PD-
1 expression, 21 cases (51.2%) were shown to be negative in primary gliomas but positive 
in matched recurrent tumor samples; five cases (12.2%) were shown to be positive in pri-
mary gliomas but negative in matched recurrent tumor samples; 15 cases (36.6%) had no 
changes. The corresponding numbers for PD-L1 were 24 (57.1%), 7 (16.7%), and 11 (26.2%), 
respectively. The overall expression rates of PD-1 and PD-L1 were enhanced after recur-
rence (p < 0.005; p < 0.005).  

 
Figure 2. Expression of PD-1 and PD-L1 in primary and recurrent gliomas. (A–C) PD-1 expression 
in primary and recurrent gliomas in the cohort of totality, low-grade and high-grade gliomas. (D–
F) PD-L1 expression in primary and recurrent gliomas in the cohort of totality, low-grade and high-
grade gliomas. NS: no significance. **: p < 0.01 

Ten low-grade glioma patients progressed to high-grade glioma: For PD-1 expres-
sion, one patient showed positive expression in both the primary and recurrent samples; 
another patient changed from positive to negative. In the rest of the eight patients with 
PD-1-negative expression in primary glioma, three of them (3/8, 37.5%) changed to posi-
tive when there was recurrence. For PD-L1 expression, one patient showed positive ex-
pression in both the primary and recurrent samples; two patients changed from positive 
to negative. In the rest of the seven patients with PD-L1-negative expression in primary 
glioma, five of them (5/7, 71.4%) changed to positive when there was recurrence.  

In cases which were high-grade gliomas at first operation, they are still high-grade 
when there is recurrence. For PD-1 expression, three patients showed positive expression 
in both the primary and recurrent samples; three patients changed from positive to nega-
tive. In the rest of the 17 patients with PD-1-negative expression in primary glioma, 14 of 
them (14/17, 82.4%) changed to positive when there was recurrence. For PD-L1 expression, 
six patients showed positive expression in both the primary and recurrent samples; three 
patients changed from positive to negative. In the rest of the 15 patients with PD-1-nega-
tive expression in primary glioma, 14 of them (14/15, 93.3%) changed to positive when 
there was recurrence (Figure 3). Figure 4 showed the expression of PD-1 and PD-L1 in two 
typical patients in both their primary and recurrent gliomas.  

Figure 2. Expression of PD-1 and PD-L1 in primary and recurrent gliomas. (A–C) PD-1 expression in
primary and recurrent gliomas in the cohort of totality, low-grade and high-grade gliomas. (D–F)
PD-L1 expression in primary and recurrent gliomas in the cohort of totality, low-grade and high-grade
gliomas. NS: no significance. **: p < 0.01.

In cases which were high-grade gliomas at first operation, they are still high-grade
when there is recurrence. For PD-1 expression, three patients showed positive expression in
both the primary and recurrent samples; three patients changed from positive to negative.
In the rest of the 17 patients with PD-1-negative expression in primary glioma, 14 of them
(14/17, 82.4%) changed to positive when there was recurrence. For PD-L1 expression, six
patients showed positive expression in both the primary and recurrent samples; three
patients changed from positive to negative. In the rest of the 15 patients with PD-1-negative
expression in primary glioma, 14 of them (14/15, 93.3%) changed to positive when there
was recurrence (Figure 3). Figure 4 showed the expression of PD-1 and PD-L1 in two typical
patients in both their primary and recurrent gliomas.

3.3. Effect of Postoperative Adjuvant Therapy on the Expression of PD-1, PD-L1

To evaluate the impact of postoperative adjuvant treatment on the expression of PD-1
and PD-L1 genes, we further classified patients into the adjuvant therapy group (n = 22)
and no adjuvant therapy group (n = 20). Compared with primary gliomas, the overall
expression of PD-1 increased in the no-adjuvant therapy group (p < 0.05), and it had an
increasing trend in the adjuvant therapy group (0.05 < p < 0.1). Compared with primary
gliomas, the overall expression of PD-L1 increased in the adjuvant therapy group (p < 0.005),
but the no adjuvant therapy group showed no statistical differences (p > 0.25) (Table 2).

Table 2. Effect of postoperative adjuvant therapy on the expression of PD-1 and PD-L1.

Group (n) Primary (%) Recurrence (%)

Positive Negative Positive Negative p

PD-1
No adjuvant therapy (20) 3 17 10 10 p < 0.05

Adjuvant therapy (21) 6 15 15 6 0.05 < p < 0.1

PD-L1
No adjuvant therapy (20) 8 12 13 7 p > 0.25

Adjuvant therapy (22) 6 16 18 4 p < 0.005
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Figure 3. Change in PD-1 (A–D) and PD-L1 (E–H) expression from primary to recurrent glioma.
(A) In the whole group, 51% of cases with PD-1 expression increased from primary to recurrent
glioma, 37% with PD-1 expression were unchanged, and 12% with PD-1 expression decreased.
(B) Ten cases were low-grade gliomas at the first operation, and developed to high-grade when there
was recurrence. Thirty percent of cases with PD-1 expression increased from primary to recurrent
glioma, 60% with PD-1 expression were unchanged, and 13% with PD-1 expression decreased.
(C) Eight cases were low-grade gliomas at the first operation, and continued to be of low grade when
there was recurrence. Fifty percent of cases with PD-1 expression increased from primary to recurrent
glioma, 37% with PD-1 expression were unchanged, and 13% with PD-1 expression decreased.
(D) Twenty-three cases were high-grade gliomas at first operation, and were still high-grade gliomas
when there was recurrence. Sixty-one percent of cases with PD-1 expression increased from primary
to recurrent glioma, 26% with PD-1 expression were unchanged, and 13% with PD-1 expression
decreased. (E) In the whole group, 57% of cases with PD-L1 expression increased from primary to
recurrent glioma, 26% with PD-L1 expression were unchanged, and 17% with PD-L1 expression
decreased. (F) Ten cases were low-grade gliomas at first operation and developed to high-grade
when recurrence. Fifty percent of cases with PD-L1 expression increased from primary to recurrent
glioma, 30% with PD-L1 expression were unchanged, and 20% with PD-L1 expression decreased.
(G) Eight cases were low-grade gliomas at the first operation and continued to be low-grade when
there was recurrence. Sixty-two percent of cases with PD-L1 expression increased from primary
to recurrent glioma, 13% with PD-L1 expression did not change, and 25% with PD-L1 expression
decreased. (H) Twenty-four cases were high-grade gliomas at first operation, and continued to be
high-grade gliomas when there was recurrence. Fifty-eight percent of cases with PD-L1 expression
increased from primary to recurrent glioma, 29% with PD-L1 expression were unchanged, and 13%
with PD-L1 expression decreased.

127



Brain Sci. 2022, 12, 266

Brain Sci. 2022, 12, x FOR PEER REVIEW 8 of 19 
 

 
Figure 4. Expression of PD-1 and PD-L1 in two representative patients with primary and paired 
recurrent gliomas. One patient was diagnosed as having PD-1-negative glioblastoma after the first 
operation in 2013, and the histological diagnosis was still glioblastoma (A), with recurrence in 2014, 
but where the expression of PD-1 was positive (B). Another patient was diagnosed as having PD-
L1-negative anaplastic astrocytoma after the first operation in 2012 (C), and the histological diagno-
sis was glioblastoma when there was recurrence in 2014, and the expression of PD-L1 was positive 
(D). 

3.3. Effect of Postoperative Adjuvant Therapy on the Expression of PD-1, PD-L1 
To evaluate the impact of postoperative adjuvant treatment on the expression of PD-

1 and PD-L1 genes, we further classified patients into the adjuvant therapy group (n = 22) 
and no adjuvant therapy group (n = 20). Compared with primary gliomas, the overall ex-
pression of PD-1 increased in the no-adjuvant therapy group (p < 0.05), and it had an in-
creasing trend in the adjuvant therapy group (0.05 < p < 0.1). Compared with primary 
gliomas, the overall expression of PD-L1 increased in the adjuvant therapy group (p < 
0.005), but the no adjuvant therapy group showed no statistical differences (p > 0.25) (Ta-
ble 2). 

  

Figure 4. Expression of PD-1 and PD-L1 in two representative patients with primary and paired
recurrent gliomas. One patient was diagnosed as having PD-1-negative glioblastoma after the first
operation in 2013, and the histological diagnosis was still glioblastoma (A), with recurrence in 2014,
but where the expression of PD-1 was positive (B). Another patient was diagnosed as having PD-L1-
negative anaplastic astrocytoma after the first operation in 2012 (C), and the histological diagnosis
was glioblastoma when there was recurrence in 2014, and the expression of PD-L1 was positive (D).

3.4. Correlation between PD-1/PD-L1 Expression

Recent studies indicated that co-expression of PD-1 and PD-L1 might be correlated
with responses to immune checkpoint inhibitors [23]. Thus, we investigate the correlation
between PD-1/PD-L1 expression in glioma samples. In primary samples, co-expression of
PD-1 and PD-L1 was evident in 5 (11.9%) glioma samples and negative staining for both
PD-1 and PD-L1 in 23 (54.8%) samples. PD-1 expression was not correlated with PD-L1
status (rs = 0.198, p = 0.21) (Figure 5A). Notably, in recurrent samples, co-expression of
PD-1 and PD-L1 was found in 23 (56.1%) samples and negative staining for both PD-1
and PD-L1 in 9 (22.0%) samples. PD-1 expression showed a significant positive correlation
with PD-L1 expression (rs = 0.531, p < 0.001) (Figure 5B). Figure 6 shows PD-1 and PD-L1
expression in the same location in a primary tumor and its corresponding recurrent glioma
from one of the glioma patients. This typical case was diagnosed as glioma grade III after
surgical resection of primary glioma in 2012 with both the PD-1 and PD-L1-negative stains.
Strikingly, when recurrent, the pathologic diagnosis was glioma grade IV after secondary
surgery in 2014 with both PD-1 and PD-L1-positive staining. Here, we used CD43 as a
lymphocyte marker to the located PD-1-positive cells. Results indicated that PD-1 was
expressed in tumor-infiltrating lymphocytes, whereas PD-L1 was expressed in tumor cells
near these lymphocytes (Figure 6).
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3.5. The Prognostic Value of PD-1 and PD-L1

Table 3 compared baseline data of the PD-1-negative and PD-1-positive group. Table 4
showed baseline data of the PD-L1-negative and PD-L1-positive groups. Univariate analy-
sis indicated that PD-1 and PD-L1 expression was not predictive of PFS or OS in primary
and recurrent glioma. Importantly, for PD-1-negative primary gliomas, if the matched re-
current gliomas showed positive PD-1 expression, the PFS became worse than the recurrent
gliomas that remained PD-1-negative (12.7 vs. 25.9 months, p = 0.032). Interestingly, for
PD-L1-negative primary gliomas, if the matched recurrent gliomas showed positive PD-L1
expression, the OS became better than recurrent gliomas that remained PD-1-negative
(33.8 vs. 17.5 months, p < 0.001) (Figure 7).

Table 3. Comparison of baseline clinical characteristics between PD-1-negative and PD-1-positive
group in primary glioma.

Characteristics PD-1 Negative
(n = 32)

PD-1 Positive
(n = 10) p-Value

Age(year)
Mean (range) 43 (11–61) 44 (12–61) 0.887

Sex
Male 20 7 -

Female 12 3 1.000
WHO grade

1 2 0 -
2 13 3 -
3 10 2 -
4 7 5 0.135

IDH1 status 9 (mutant)/23 (wildtype) 10 (wildtype) 0.086
Resection type

Total gross resection 15 6 -
Subtotal resection 17 4 0.719

Adjuvant therapy after first surgery
Yes 15 7 -
No 17 3 0.284

Type of recurrence
Local recurrence 30 8 -

Distant recurrence 2 2 0.236
Median PFS (month) 15.3 10.3 0.081
Median OS (month) 34.0 24.4 0.183
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Figure 6. PD-1 and PD-L1 expression in the same location in a primary tumor and its corresponding 
recurrent glioma in one of the glioma patients. A. HE staining for primary glioma. B. HE stained for 
the corresponding recurrent glioma. C. CD43 immumohistochemical staining for the serial section 
of primary glioma. D. CD43 immumohistochemical staining for the serial section of the correspond-
ing recurrent glioma. E. PD-1 immumohistochemical staining for the serial section of primary 

Figure 6. PD-1 and PD-L1 expression in the same location in a primary tumor and its corresponding
recurrent glioma in one of the glioma patients. (A) HE staining for primary glioma. (B) HE stained
for the corresponding recurrent glioma. (C) CD43 immumohistochemical staining for the serial
section of primary glioma. (D) CD43 immumohistochemical staining for the serial section of the
corresponding recurrent glioma. (E) PD-1 immumohistochemical staining for the serial section of
primary glioma. (F) PD-1 immumohistochemical staining for the serial section of the corresponding
recurrent glioma. (G) PD-L1 immumohistochemical staining for the serial section of primary glioma.
(H) PD-L1 immumohistochemical staining for the serial section of the corresponding recurrent glioma.
The patient was diagnosed as glioma grade III, negative for both PD-1 and PD-L1 after the first
operation in 2011; when recurrence occurred, the histological diagnosis progressed to glioblastoma
with positive PD-1 and PD-L1. PD-1 was expressed in lymphocytes (CD43 labeled), and PD-L1 was
expressed in tumor cells near these lymphocytes.
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PFS and OS. A. Comparation of progress-free survival (PFS) in PD-1 negative group and PD-1 pos-
itive group. B. Comparation of overall survival (OS) in PD-1 negative group and PD-1 positive 

Figure 7. Correlation of the expression of PD-1, PD-L1, increasing PD-1, and increasing PD-L1 with
PFS and OS. (A) Comparation of progress-free survival (PFS) in PD-1 negative group and PD-1
positive group. (B) Comparation of overall survival (OS) in PD-1 negative group and PD-1 positive
group. (C) Comparation of PFS in the group that PD-1 expression didn’t increase after recurrence and
PD-1 expression increased after recurrence. (D) Comparation of OS in the group that PD-1 expression
didn’t increase after recurrence and PD-1 expression increased after recurrence. (E) Comparation of
PFS in PD-L1 negative group and PD-L1 positive group. (F) Comparation of OS in PD-L1 negative
group and PD-L1 positive group. (G) Comparation of PFS in the group that PD-L1 expression didn’t
increase after recurrence and PD-L1 expression increased after recurrence. (H) Comparation of OS
in the group that PD-L1 expression didn’t increase after recurrence and PD-L1 expression increased
after recurrence.
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Table 4. Comparison of baseline clinical characteristics between PD-L1-negative and PD-L1-positive
groups in primary glioma.

Characteristics PD-L1 Negative
(n = 28)

PD-L1 Positive
(n = 14) p-Value

Age(year)
Mean (range) 46 (11–61) 38 (12–52) 0.073

Sex
Male 17 10 -

Female 11 4 0.734
WHO grade

1 2 0 -
2 11 5 -
3 7 5 -
4 8 4 0.573

IDH1 status 7 (mutant)/21 (wildtype) 2 (mutant)/12 (wildtype) 0.692
Resection type

Total gross resection 16 5 -
Subtotal resection 12 9 0.326

Adjuvant therapy after first surgery
Yes 16 6 -
No 12 8 0.515

Type of recurrence
Local recurrence 25 13 -

Distant recurrence 3 1 1.000
Median PFS (month) 12.7 15.8 0.491
Median OS (month) 32.8 36.3 0.284

4. Discussion

PD signaling represents a tumor adaptation in the context of cancer. Tumor cells can
restrain immune responses by endogenous cellular feedback, which is called “adaptive
resistance”. The combination of tumor PD-L1 and the PD-1 receptor on infiltrating effector
T cells can inhibit cytotoxic activity. As a result, the CTL (cytotoxic T lymphocyte)-mediated
elimination of cancer cells is inhibited (Figure 8). Elevated PD-L1 levels in tumor cells are
connected to more aggressive behaviors and poor prognoses in certain cancers, including
the breast, pancreas, kidney, ovary, gastric and esophageal cancer. To date, there is no
systematic study on PD-1/PD-L1 expression patterns in primary and paired recurrent
glioma specimens. Berghoff et al. used immunohistochemistry to detect PD-1/PD-L1 gene
expression in 117 newly diagnosed glioblastomas and 18 recurrent glioblastomas. No
significant difference in the expression of PD-1 and diffuse/fibrillary PD-L1 was found
between the two groups. The expression of interspersed epithelioid tumor cells with
membranous PD-L1 in primary tumor cells was higher than that in recurrent specimens [26].
Rahman et al. analyzed 146 primary and 19 recurrent glioblastoma samples from TCGA
datasets. They found no statistical difference in PD-1 or PD-L1 between primary and
recurrent glioblastomas [27]. However, their studies have several limitations. The case
number of recurrent gliomas in these studies is minimal, and they did not compare the
paired primary and recurrent glioma, which cannot correctly answer the current question.

This study is the first to systematically compare the protein expression of the PD-1/PD-L1
in primary and paired recurrent glioma tissue samples. Immunohistochemistry is currently
the standard method to analyze the protein expression of PD-1 and PD-L1 in surgical
specimens, which we used to detect the PD-1/PD-L1 gene in 42 newly treated and paired
recurrent glioma specimens. The expressions of PD-1 and PD-L1 in the recurrent sam-
ples were higher than those in the primary samples. As PD-1 and PD-L1 are immune
escape-related genes, the increased expression of PD-1 and PD-L1 means that the tumor
is more immune-tolerant. To investigate the effect of postoperative adjuvant therapy on
the expression of PD-1 and PD-L1, we further analyzed the cases in subgroups accord-
ing to the situation of radiotherapy and chemotherapy. The results showed that in the
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chemoradiotherapy group, the expression of PD-L1 in the recurrent specimens was sig-
nificantly higher than that of the untreated samples, and PD-1 had an increasing trend
from primary to recurrence. The expression of PD-1 was also significantly increased in the
non-chemoradiotherapy group, but there was no significant difference in the expression of
PD-L1. Our results suggest that the expression of PD-1 in recurrent specimens is generally
increased, which is not related to therapy, while the increase of PD-L1 expression was more
evident in patients who received adjuvant treatment. The expression rates of PD-1 and
PD-L1 in primary glioma were 22% and 33%, respectively, and 61% and 74% in recurrent
specimens. Berghoff et al. detected PD-1/PD-L1 gene expression in 117 newly diagnosed
glioblastomas and 18 recurrent glioblastomas. The expression rates of PD-1 and PD-L1 in
untreated glioblastomas were 29.1% and 88%, respectively, and that of PD-L1 in recurrent
glioblastomas was 72.2%. Garber et al. analyzed PD-1 protein expression in 235 glioma
samples and PD-L1 protein in 345 glioma samples and found that the expression rates of
PD-1 and PD-L1 were 31.5% and 6.1%, respectively [24].

Brain Sci. 2022, 12, x FOR PEER REVIEW 14 of 19 
 

group. C. Comparation of PFS in the group that PD-1 expression didn’t increase after recurrence 
and PD-1 expression increased after recurrence. D. Comparation of OS in the group that PD-1 ex-
pression didn’t increase after recurrence and PD-1 expression increased after recurrence. E. Com-
paration of PFS in PD-L1 negative group and PD-L1 positive group. F. Comparation of OS in PD-L1 
negative group and PD-L1 positive group. G. Comparation of PFS in the group that PD-L1 expres-
sion didn’t increase after recurrence and PD-L1 expression increased after recurrence. H. Compara-
tion of OS in the group that PD-L1 expression didn’t increase after recurrence and PD-L1 expression 
increased after recurrence. 

4. Discussion 
PD signaling represents a tumor adaptation in the context of cancer. Tumor cells can 

restrain immune responses by endogenous cellular feedback, which is called “adaptive 
resistance”. The combination of tumor PD-L1 and the PD-1 receptor on infiltrating effector 
T cells can inhibit cytotoxic activity. As a result, the CTL (cytotoxic T lymphocyte)-medi-
ated elimination of cancer cells is inhibited (Figure 8). Elevated PD-L1 levels in tumor cells 
are connected to more aggressive behaviors and poor prognoses in certain cancers, in-
cluding the breast, pancreas, kidney, ovary, gastric and esophageal cancer. To date, there 
is no systematic study on PD-1/PD-L1 expression patterns in primary and paired recurrent 
glioma specimens. Berghoff et al. used immunohistochemistry to detect PD-1/PD-L1 gene 
expression in 117 newly diagnosed glioblastomas and 18 recurrent glioblastomas. No sig-
nificant difference in the expression of PD-1 and diffuse/fibrillary PD-L1 was found be-
tween the two groups. The expression of interspersed epithelioid tumor cells with mem-
branous PD-L1 in primary tumor cells was higher than that in recurrent specimens [26]. 
Rahman et al. analyzed 146 primary and 19 recurrent glioblastoma samples from TCGA 
datasets. They found no statistical difference in PD-1 or PD-L1 between primary and re-
current glioblastomas [27]. However, their studies have several limitations. The case num-
ber of recurrent gliomas in these studies is minimal, and they did not compare the paired 
primary and recurrent glioma, which cannot correctly answer the current question. 

 
Figure 8. PD-L1 is upregulated on cancer cells by IFN-γ released from infiltrating immune cells. 
Meanwhile, it is also upregulated by a tumor-specific non-IFN-γ-dependent mechanism. As a re-
ceptor of cancer cells, PD-L1 induces a killing effect on cytotoxic T lymphocyte (CTL) by interacting 
with PD-1 expressing tumor infiltrating lymphocyte (TIL) to inhibit the antitumor immune re-
sponses. 

This study is the first to systematically compare the protein expression of the PD-
1/PD-L1 in primary and paired recurrent glioma tissue samples. Immunohistochemistry 
is currently the standard method to analyze the protein expression of PD-1 and PD-L1 in 

Figure 8. PD-L1 is upregulated on cancer cells by IFN-γ released from infiltrating immune cells.
Meanwhile, it is also upregulated by a tumor-specific non-IFN-γ-dependent mechanism. As a receptor
of cancer cells, PD-L1 induces a killing effect on cytotoxic T lymphocyte (CTL) by interacting with
PD-1 expressing tumor infiltrating lymphocyte (TIL) to inhibit the antitumor immune responses.

The expression rate of PD-L1 was varied in different studies. Such variation might be
caused by the different antibody used, the different scoring criteria, the heterogeneity of
samples, and the different sample sizes. Berghoff et al. used the antibody made by Yale
University Laboratory, the scoring standard was according to the staining range, and the
specimen was glioblastoma [26]. Garber et al. used the antibody of Spring Biosciences
and the scoring standard was according to the staining intensity, and the specimen was
glioma [24]. However, we used the commercial antibody of cell signaling technology to
identify glioma by staining range and staining intensity. We also found that PD-1 and
PD-L1 expression were not correlated in primary glioma (Figure 4), somewhat at odds with
the results reported by Garber et al. [24]. These findings may suggest that the PD-1/PD-L1
pathway is activated to some extent in recurrent glioma, which means more severe immune
suppression in recurrent glioma. Thus, the anti-PD-1 and PD-L1 antibodies used in glioma,
especially in recurrent glioma, may be helpful.

We further studied the correlation between PD-1, PD-L1 gene expression, and survival,
and found that the expression of PD-1 and PD-L1 was not correlated with PFS and OS.
Berghoff et al. analyzed the expression of the PD-L1 protein in 446 glioma samples from
the TCGA database by univariate analysis and multivariate analysis, and found that the

133



Brain Sci. 2022, 12, 266

expression of PD-L1 was not related to overall survival. Besides, Nduom et al. analyzed
PD-1 and PD-L1 mRNA expression by univariate analysis and found that they were
associated with poor prognosis [28]. Hao et al. conducted a meta-analysis and found PD-L1
high expression predicted poor prognosis in glioblastoma [29]. However, we found that
patients in which PD-1 expression increased from primary to recurrent glioma relapsed
more efficiently than those whose PD-1 expression did not increase. More interestingly,
an increase in PD-L1 from primary glioma to recurrent glioma was a better predictor of
prognosis than was a lack of increase. As we know, PD-1 prevents the activation of T-
cell cytotoxicity, with or without interaction with its ligand. Therefore, cytotoxic T-cell
activation is further suppressed in recurrent glioma. We conjecture that in the group whose
PD-L1 did not increase, a more effective tumor-promotion mechanism than PD-L1 occurred
in their recurrent glioma. This finding may partly explain the explosive growth of gliomas
after a stationary phase achieved using an immune checkpoint inhibitor. However, in our
study, only four patients were PD-L1-negative in both their primary and recurrent gliomas;
we need a larger sample size to corroborate this hypothesis.

In recent years, immunosuppressive agents have shown considerable prospects in clin-
ical practice. They are highly reactive in bladder cancer, head and neck cancer, melanoma,
lung cancer, and renal cell carcinoma with persistent tumor remission [8,9]. The antibody
targeting PD-1 and PD-L1 can reverse the immunosuppression, thus playing an anti-tumor
effect [30]. An antibody directed to the PD-1 / PD-L1 axis has shown a substantial im-
pact on the mouse glioma model [31]. Currently, many clinical trials are underway on
the use of these antibodies in gliomas—a phase III randomized controlled clinical trial
combined nivolumab and ipilimumab in the treatment of glioblastoma (NCT02017717). A
phase II clinical trial applied pembrolizumab alone or combined with bevacizumab to treat
recurrent glioblastoma (NCT02337491). A phase II clinical trial combined atezolizumab
with radiation and temozolomide during the concurrent stage and in combination with
temozolomide during the adjuvant stage in newly diagnosed glioblastoma (NCT03174197),
while Checkmate 143 reported that nivolumab, which targets PD-1, did not show survival
benefits compared with bevacizumab in recurrent glioblastoma [32]. Possible etiologies of
treatment failure may be systemic lymphopenia when recurrence, low PD-L1 expression
rate in this cohort, poor drug penetration of the blood–brain barrier (BBB), antigen-specific
T-cells heavily dysfunctional in this special immune microenvironment, no identification
of discrepancies between different genomic subtypes in their response to PD-1/PD-L1
checkpoint blockades, or the presence of structural barriers preventing T-cell–antibody
interactions. Therefore, two other studies followed. However, the Phase III CheckMate-498
study did not meet the primary endpoint of OS with nivolumab plus radiation in patients
with newly diagnosed MGMT-unmethylated glioblastoma. CheckMate-548, which com-
pared nivolumab or placebo with radiotherapy plus temozolomide (TMZ) in patients with
newly diagnosed glioblastoma with a methylated MGMT promotor, obtained a negative
result. Although these results are disappointing, many new methods to solve these poten-
tial causes of failure and new explorations are ongoing. A team from the Department of
Immunobiology, Yale University School of Medicine found that the existence of GBM in
the brain alone is not enough to cause an immune antitumor effect. The activation of a
peripheral immune response may help to prolong the survival of patients with GBM. Their
established VEGF-C-mRNA (lymphangiogenesis-promoting factor, Vascular Endothelial
Growth Factor C (VEGF-C), using AAV9 and mRNA delivery vectors) can increase the
activation of tumor-specific T cells and their tumor infiltration in lymph nodes. Combined
administration of VEGF-C-mRNA and the anti-PD-1 antibody resulted in tumor regression
and survival benefits in tumor-bearing mice in a T-cell-dependent manner [33]. Hwang et al.
reported that laser interstitial thermotherapy (LITT) can destroy BBB and may enhance host
T-cell-mediated cytotoxicity. The combination of LITT and pembrolizumab in recurrent IDH
wild-type glioblastoma prolonged PFS and OS [34,35]. A phase II clinical trial NCT03661723
adopted reirradiation-combined Pembrolizumab to stimulate the immune response and
open up the blood–brain barrier, and achieved further stratification with Bevacizumab
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Naïve and Bevacizumab Resistant Recurrent Glioblastoma to accurately capture the group
benefiting from PD-1 antibody-combined irradiation [36]. There are also similar studies,
such as NCT03743662 [37], NCT03197506 [38], NCT04977375 [39]. NCT03233152 adopted
intra-tumoral ipilimumab plus intravenous nivolumab following the resection of recurrent
glioblastoma for circumvention of BBB and stronger immune activation [40]. NCT04013672
used SurVaxM (a survivin vaccine) plus pembrolizumab for recurrent glioblastoma [41]. A
single-arm phase II clinical trial (NCT02550249) concluded that neoadjuvant nivolumab
modifies the tumor immune status in resectable glioblastoma [42]. A randomized, multi-
institution clinical trial conducted by the Ivy Foundation Early-Phase Clinical Trials Con-
sortium demonstrated that neoadjuvant anti-PD-1 immunotherapy promotes a survival
benefit with intratumoral and systemic immune responses compared to the adjuvant-only
group in recurrent glioblastoma [43].

Current data are not mature and early studies have not shown clear benefits, yet we
cannot rule out the possibility of using immune checkpoint inhibitors as a potential strategy
for glioma. Our results indicated that the protein expression of PD-1 and PD-L1 increased
in recurrent gliomas. Several clinical trials have demonstrated that the expression of PD-1
and PD-L1 is correlated with treatment response [9,44]. Immune checkpoint inhibitors
targeting PD-1 and PD-L1 may have potential value in the treatment of recurrent gliomas.

5. Conclusions

This study explored the PD-1/PD-L1 protein expression in recurrent glioma and its
paired primary tumor. We confirmed the tendency of increased PD-1/PD-L1 in recurrent
glioma. In addition, increased PD-L1 expression was related to adjuvant treatment. We
revealed some immune characteristics of primary and their paired recurrent gliomas to a
better understanding of gliomas, which indicated the potential therapeutic and predictive
value of PD-1 and PD-L1 in the treatment and diagnosis of recurrent gliomas. Although
several large-scale clinical trials obtained negative results of PD-1 antibody applied in
glioblastoma, further studies are needed to recognize the special immune microenviron-
ment of the brain, especially under the tumor condition. We believe the dawn is just around
the corner.
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Abstract: Background: Emerging molecular and genetic biomarkers have been introduced to classify
gliomas in the past decades. Here, we introduced a risk signature based on the cellular response to the
IL-4 gene set through Least Absolute Shrinkage and Selection Operator (LASSO) regression analysis.
Methods: In this study, we provide a bioinformatic profiling of our risk signature for the malignancy,
prognosis and immune phenotype of glioma. A cohort of 325 patients with whole genome RNA-seq
expression data from the Chinese Glioma Genome Atlas (CGGA) dataset was used as the training set,
while another cohort of 667 patients from The Cancer Genome Atlas (TCGA) dataset was used as
the validating set. The LASSO model identified a 10-gene signature which was considered as the
optimal model. Results: The signature was confirmed to be a good predictor of clinical and molecular
features involved in the malignancy of gliomas. We also identified that our risk signature could serve
as an independently prognostic biomarker in patients with gliomas (p < 0.0001). Correlation analysis
showed that our risk signature was strongly correlated with the Tregs, M0 macrophages and NK
cells infiltrated in the microenvironment of glioma, which might be a supplement to the existing
incomplete innate immune mechanism of glioma phenotypes. Conclusions: Our IL-4-related gene
signature was associated with more aggressive and immunosuppressive phenotypes of gliomas. The
risk score could predict prognosis independently in glioma, which might provide a new insight for
understanding the IL-4 involved mechanism of gliomas.

Keywords: glioma; IL-4; 10-gene signature; prognosis; microenvironment

1. Introduction

Gliomas are the most prevalent and aggressive brain tumors, with extremely poor
prognosis in adults. Among all grades of gliomas, glioblastoma (GBM) is the most dev-
astating type with a median overall survival time of approximately 19 months [1]. At
recurrence, patients always have a very poor survival rate despite the beneficial treatments
including second surgery [1] and re-irradiation [2]. In the past decade, newly emerging
therapeutic approaches such as tumor-treating fields (TTF) and several immunotherapies
were introduced in the hopes of GBM treatment [3]. However, the majority of the im-
munotherapies including PD-1/PD-L1 checkpoint inhibitors, chimeric antigen receptor-T
cells (CAR-T), and adoptive T cell strategies ended in the failure of GBM treatments [4–6].
These failures strongly indicated that beyond the T cell-based adaptive immunity, innate
immunity might be one of the most critical aspects to regulate anti-tumor immunity in the
glioma microenvironment [4]. Many works have focused on the microglia, while other
innate immune cells such as infiltrating macrophages and NK cells are becoming more
attractive in the studies of the GBM immune microenvironment [7,8]. Despite the existing
efforts in glioma research, little progress has been made in understanding the molecular
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mechanism of gliomas, and the effects of innate immunity in the glioma microenvironment
still remain incomplete [9].

Interleukin-4 (IL-4), a Th2 cytokine mainly produced by activated T cells and mast cells,
is confirmed to regulate the proliferation of lymphocytes [10]. In addition to its immune
function, IL-4 produced by cancer cells is also reported to promote tumor proliferation and
aggressiveness in glioma, bladder cancer, breast cancer and other epithelial tumors through
STAT6 signal transduction pathways [11,12]. Enhanced IL-4 secretion of cancer cells could
also be involved in tumor-associated macrophages (TAM)-induced tumor growth and
metastasis [13]. Polymorphisms in the IL-4 receptor genes are reported to influence the
glioma survival, which indicate that IL-4-induced inflammatory pathways might regulate
the glioma development and prognosis [14]. However, the role of cellular response to IL-4
in glioma development remains unclear.

In our study, we focus on the cellular response to the IL-4 gene set from gene ontology
in gliomas. Consensus clustering was firstly applied to identify that the cellular response to
the IL-4 gene set had the ability to distinguish clinicopathological features of gliomas. Next,
a cellular response to IL-4-related gene risk signature was generated in the CGGA dataset
through LASSO regression, and further validated in the TCGA dataset. Our risk signature
was observed to be strongly associated with clinicopathological features of gliomas and to
be an independent prognostic factor for both all grade gliomas and GBM. In addition, we
found that this cellular response to the IL-4-related gene risk signature was closely related
to tumor infiltrating lymphocytes (including M0 macrophages, NK cells, and Tregs) in the
glioma microenvironment, which indicated a potential association between the cellular
response to IL-4 and the immune phenotype of gliomas. We believe that our bioinformatic
analysis might provide a new insight for understanding the IL-4 involved mechanism
of gliomas.

2. Materials and Methods
2.1. Data Collection

Two population datasets were analyzed in this study: a glioma dataset from the
Chinese Glioma Genome Atlas (CGGA) dataset and a glioma dataset from The Cancer
Genome Atlas (TCGA) dataset. The RNA-seq expression data and clinical information of
325 glioma patients from CGGA dataset (http://www.cgga.org.cn, 1 October 2020) was
used as the training set [15,16]. RNA-seq data and clinical information of 667 glioma
patients from TCGA dataset (http://cancergenome.nih.gov, 1 October 2020) was used as
validation set [17,18].

2.2. Consensus Clustering

All 28 genes in the cellular response to IL-4-related gene set were extracted from Molec-
ular Signatures Database v6.2 [15]. Determined by the median absolute deviation (MAD),
the most variable genes of the cellular response to IL-4-related gene set were selected for the
consensus clustering analysis through ConsensusClusterPlus package [19]. R programming
language was used for consensus clustering for detecting the cellular response to IL-4-
related glioma subgroups of the CGGA training set. The optimal number of the clusters
was further determined by quantitative stability evidence in an unsupervised analysis.

2.3. Construction of the Gene Risk Signature

Screened by univariate Cox regression analysis in the CGGA training set, all genes with
high prognostic value (p < 0.05) in the cellular response to IL-4-related gene set were selected
for Least Absolute Shrinkage and Selection Operator (LASSO) regression analysis [20].
We used glmnet package in R programming language as our LASSO regression tool. The
generalized linear model produced by LASSO regression analysis was further analyzed
with 10-fold cross validation in order to generate the minimum cross validated error [21].
Based on the minimum cross validated error, expressions (expr) of 10 genes in the cellular
response to IL-4-related gene set and their regression coefficients (Coef) were eventually
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achieved. Then, the risk score for each patient in the CGGA training set and TCGA
validation set was calculated by the following formula: risk score = exprgene1 × Coefgene1
+ exprgene2 × Coefgene2 + . . . + exprgene10 × Coefgene10.

All patients in the CGGA training set and TCGA validation set were then separated
into high or low risk group according to the median risk score cutoff. Survival analysis
based on the risk score was evaluated by Kaplan–Meier survival curve using R program-
ming language. Univariate and multivariate survival analysis was performed by using Cox
proportional hazards model in R programming language.

2.4. Estimation of the Abundances of Immune Cell Types

For evaluating the association between the cellular response to IL-4-related gene risk
signature and the immune phenotype of glioma, estimation of the abundances of immune
cell types through gene expression data in CGGA and TCGA datasets was achieved by
CIBERSORT package in R programming language. We used LM22 introduced by Newman,
A.M. et al. as our input marker matrix of 22 types of immune cells [22]. The correla-
tion between our risk signature and immune cell was validated by corrplot package in
R programming language, and all the heatmaps were produced through ComplexHeatmap
package in R programming language [23].

2.5. Statistical Analyses

Main statistical analysis including Student’s t-test, chi-square test, and Pearson’s test
were also performed in R programming language. Statistical significance was considered
at the level of p < 0.05.

3. Results
3.1. Classification of Gliomas Based on Cellular Response to IL-4-Related Gene Set

The gene expression profiling of all genes in the cellular response to IL-4-related gene
set obtained from the CGGA training set was used as variables of consensus clustering.
The result of consensus clustering indicated that 325 patients in the training set could be
classified into two robust clusters with clustering stability increasing between k = 2 to
k = 10 (Figure 1A–C; Supplementary Figure S1). Kaplan–Meier survival analysis showed
that patients with gliomas in cluster2 (n = 201) had a significantly poorer prognosis than in
cluster1 (n = 124; median OS: 555 vs. 1082 days; Figure 1D). Furthermore, differences in
clinicopathological features between these two clusters were also found through Student’s
t-test and chi-square test (Supplementary Table S1). Cluster2 had a strong correlation with
older age at diagnosis (median age: 46, p < 0.001), classical or mesenchymal subtypes
(62.19%, p < 0.001), glioblastoma phenotype (58.21%, p < 0.001), IDH wildtype (70.65%,
p < 0.001), and 1p/19q non-codeletion (82.59%, p < 0.001). By contrast, cluster1 mainly
represented younger age at diagnosis (median age: 38, p < 0.001), proneural or neural
subtypes (86.29%, p < 0.001), lower grade phenotype (78.23%, p < 0.001), and IDH mutation
(87.09%, p < 0.001). Our results indicated that cellular response to IL-4-related gene set was
involved in the malignancy of gliomas and strongly correlated to prognosis.
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3.2. Identification of a 10-Gene Risk Signature Associated with Cellular Response to IL-4

Through univariate Cox regression analysis, all cellular responses to IL-4-related genes
with high prognostic values (p < 0.05) were selected for further analysis in the CGGA
training set. To identify the risk signature associated with cellular response to IL-4, genes
with high prognostic values further underwent the LASSO regression analysis. After
10-fold cross validation, LASSO regression analysis generated 10 genes (CORO1A, FASN,
HSPA5, IL2RG, LEF1, MCM2, NFIL3, PML, RPL3, TUBA1B) in total as active covariates to
calculate the risk score (Figure 2; Table 1). The signature risk score of each patient in the
training set and validating set was then calculated with the LASSO regression coefficients
and expression value of these 10 genes through equations.

Table 1. Univariate Cox regression analysis and LASSO regression coefficients of 10 genes generated
by LASSO regression analysis.

Gene LASSO Regression Coefficient

CORO1A 0.020692273
FASN −0.019673763

HSPA5 0.000533637
IL2RG 0.051870857
LEF1 0.038347165

MCM2 0.059818862
NFIL3 0.016612283
PML 0.101586488
RPL3 −0.002205126

TUBA1B 0.000593799
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3.3. Cellular Response to IL-4-Related Gene Risk Signature Distinguished the Clinicopatho Logical
Features of Gliomas

After calculating the 10-gene risk signature score of each patient, we observed that
higher risk scores were found in glioblastoma than lower grade gliomas (p < 0.001), in
classical and mesenchymal subtypes than other subtypes (p < 0.001), and in the IDH
wildtype than the IDH mutation (p < 0.001) in the CGGA dataset (Figure 3A,C,E). A
similar distributional pattern of the risk score was also observed in the TCGA dataset
(Figure 3B,D,F). Then, we classified the patients in the training set into high-risk group
and low-risk group by using median signature risk score as the cutoff value. Patients in
the high-risk group were linked to older age at diagnosis (median age: 46.5, p < 0.001),
classical or mesenchymal subtypes (79.01%, p < 0.001), glioblastoma phenotype (70.98%,
p < 0.001), IDH wildtype (78.39%, p < 0.001), and 1p/19q non-codeletion (95.23%, p < 0.001,
Supplementary Table S2). By contrast, patients in the low-risk group were associated with
younger age at diagnosis (median age: 39, p < 0.001), proneural or neural subtypes (91.41%,
p < 0.001), lower grade phenotype (82.21%, p < 0.001), and IDH mutation (80.98%, p < 0.001;
Supplementary Table S2). In the TCGA dataset, we also observed that patients in the
high-risk group were correlated with older age at diagnosis (median age: 54, p < 0.001),
classical or mesenchymal subtypes (67.91%, p < 0.001), IDH wildtype (69.66%, p < 0.001),
and 1p/19q non-codeletion (96.88%, p < 0.001, Supplementary Table S2), while patients in
the low-risk group had a strong correlation with younger age at diagnosis (median age:
39, p < 0.001), proneural or neural subtypes (99.62%, p < 0.001), lower grade phenotype
(99.70%, p < 0.001), and IDH mutation (97.03%, p < 0.001; Supplementary Table S2). These
results indicated that the 10-gene risk signature associated with cellular response to IL-4
could distinguish the malignancy of gliomas.
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3.4. Prognostic Value of Cellular Response to IL-4-Related Gene Risk Signature in All Grade
Gliomas and Glioblastoma

In the CGGA dataset, Kaplan–Meier survival analysis revealed that patients in the
high-risk group (n = 155) had a significantly poorer prognosis compared with patients in
the low-risk group (n = 156; median OS: 376 days vs. NA; p < 0.001; Figure 4A). In the
TCGA dataset, patients in the high-risk group (n = 327) were also found to have much
shorter overall survival times than patients in the low-risk group (n = 338, median OS:
592 vs. 3200 days; p < 0.001; Figure 4C). After taking important clinical and molecular
factors (including age, gender, WHO grade, IDH status, chemotherapy and radiotherapy)
into account, univariate and multivariate Cox analysis further demonstrated that this risk
score was an independent prognostic factor of prognosis in the CGGA dataset (Table 2). Cox
proportional hazard model also found risk score could serve as an independent prognostic
factor in the TCGA dataset (Table 2). When focusing on the GBM phenotype, we also
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observed that patients in the high-risk group (n = 71) had a shorter OS than patients in
the low-risk group (n = 67) of the GBM phenotype in the CGGA dataset (median OS:
315 vs. 447 days; p = 0.0075; Figure 4B). Results in the TCGA dataset further validated
the prognostic value of the risk signature in the GBM phenotype (median OS: 360 vs.
505 days; p = 0.0025; Figure 4D). These results indicated that our 10-gene risk signature
associated with cellular response to IL-4 had high prognostic value in both all grade gliomas
and glioblastoma.
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Table 2. Univariate and multivariate Cox regression analysis of the clinical features and risk score for
OS in CGGA and TCGA datasets.

Variables
Univariate Analysis Multivariate Analysis

Hazard Ratio 95% CI p Value Hazard Ratio 95% CI p Value

Training set CGGA RNA-seq cohort (n = 325)
Age 1.0 1.0~1.1 <0.0001 1.01 0.99~1.03 0.22

Gender 1.2 0.83~1.7 0.37 1.32 0.88~1.96 0.176
Grade 5.9 4.1~8.6 <0.0001 1.79 1.07~3.0 0.026

IDH status 4.3 3~6.2 <0.0001 1.25 0.72~2.14 0.428
MGMT status 1.4 0.99~2.0 0.058 1.0 0.68~1.47 0.999
Chemotherapy 1.2 0.87~1.7 0.23 0.80 0.54~1.19 0.276
Radiotherapy 0.41 0.28~0.58 <0.0001 0.41 0.27~0.61 <0.001

Risk score 3.9 3.1~4.8 <0.0001 2.7 1.93~3.78 <0.001
Validation set TCGA RNA-seq cohort (n = 667)

Age 1.1 1.1~1.1 <0.0001 1.03 1.02~1.04 <0.0001
Gender 1.2 0.96~1.6 0.11 1.48 1.06~2.1 0.021
Grade 9.1 6.9~12.0 <0.0001 1.63 1.04~2.6 0.033

IDH status 9.8 7.4~13.0 <0.0001 2.78 1.61~4.8 <0.001
MGMT status 3.3 2.5~4.3 <0.0001 1.19 0.81~1.7 0.367
Chemotherapy 0.41 0.27~0.61 <0.0001 0.63 0.4~1.0 0.052
Radiotherapy 2.1 1.5~2.9 <0.0001 1.05 0.63~1.7 0.843

Risk score 2.3 2.1~2.5 <0.0001 1.34 1.12~1.6 <0.033
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3.5. Cellular Response to IL-4-Related Gene Risk Signature Was Correlated with Inhibited Immune
Phenotype of Gliomas

After confirming the clustering and prognostic value of our IL-4-related gene risk
signature, we then investigated the potential role of our risk signature in the immune
phenotype of gliomas. We firstly calculated the abundances of 22 immune cell types in both
the CGGA and TCGA datasets through the CIBERSORT package, and then presented the
correlation between immune cells and our risk signature through heatmaps. In the CGGA
datasets, higher risk score was strongly associated with less NK cells, less monocytes, less
mast cells, more Tregs and more M0 macrophages (Figure 5). A similar phenotype was seen
in the TCGA datasets, with higher risk score associated with less NK cells, less monocytes,
less mast cells, more Tregs and more M0 macrophages (Supplementary Figure S2). With
Pearson’s test, our risk score was found to be strongly correlated with immunosuppressive
factors (Figure 6), including CD274 (PD-L1), PDCD1 (PD-1), CTLA4, LAG3, HAVCR2
(TIM3), and so on. These results indicated that our cellular response to IL-4-related risk
signature might be correlated with the inhibited immune phenotype of gliomas.
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4. Discussion

Gliomas are the most frequent tumors of the central nervous system, with extremely
poor prognosis in adults. In 2016, the WHO classification of CNS tumors was revised
for the first time using molecular and genetic biomarkers (IDH mutation and 1p/19q
codeletion) to classify gliomas [24]. Then, the new WHO classification published in 2021
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included more molecular biomarkers [25]. Since then, a diverse set of biomarkers have
been implicated as prognostic indicators in gliomas, including checkpoint molecules (PD-1,
CTLA-4, TIM-3) [26–28], growth/angiogenesis proteins (EGFR) [29], and cytokines (TGF-β,
IL-4, IL-13) [30,31]. Among them, the effects of IL-4/IL-4 receptors were investigated in
the last decade [32]. Some research advocated IL-4/IL-4 receptors could serve as excellent
biomarkers and immunotherapeutic targets [33], while others found polymorphisms in
IL-4 genes were not associated with glioma risk independently [32].

With the development of bioinformatic technologies, gene risk signature analysis
emerged as a useful method to identify prognostic signatures in almost all kinds of
cancers [34]. In gliomas, gene risk signature analysis also identified several new biomarkers
including immune-related, metabolism-related, and inflammation-related gene
signatures [15,35–37]. Here, we introduced a cellular response to IL-4-related gene signature
as a newly discovered biomarker of clinicopathological features, prognosis, and immune
phenotype of gliomas. We firstly confirmed that 28 genes on the cellular response to IL-4
pathway had the ability to distinguish the key clinicopathological features of gliomas in
both CGGA and TCGA datasets. Then, we built the cellular response to IL-4 gene risk signa-
ture through LASSO regression analysis. Our cellular response to IL-4 gene risk signature
was found to be strongly correlated with previously confirmed clinical features of gliomas
including WHO grade, molecular subtypes, 1p/19q codeletion status and IDH status [24].
Using our gene risk signature, patients with higher risk score tend to be associated with
the higher WHO glioma grade, the more invasive molecular subtypes (classical and mes-
enchymal), 1p/19q non-codeletion and IDH wide type, which represented worse prognosis.
By contrast, the lower WHO glioma grade, the less invasive TCGA subtypes (proneural
and neural subtype) and IDH mutation were preferentially associated with patients in
the lower risk group. Our IL-4-related signature can work as a molecular biomarker to
classify glioma patients combined with current genetic biomarkers, which will be beneficial
to predict survival more precisely and even can be used to predict clinical response to
adjuvant therapies such as immunotherapy. By analyzing the Kaplan–Meier survival curve
and Cox proportional hazards model, we found our gene risk signature could serve as an
independent prognostic marker of gliomas. In both CGGA and TCGA datasets, patients
in the high-risk group had a significantly poorer prognosis compared with patients in the
low-risk group (CGGA, median OS: 376 days vs. NA; TCGA, median OS: 592 vs. 3200 days).
Considering the GBM phenotype, patients in the high-risk group also had a significantly
shorter OS than patients in the low-risk group (CGGA, median OS: 315 vs. 447 days; TCGA,
median OS: 360 vs. 505 days).

Next, we focus on the relationship between our gene risk signature and immune
phenotype of the gliomas by CIBERSORT algorithm. In addition to the traditional surgery,
chemotherapy and radiotherapy, immunotherapy has been regarded as the next generation
approach in the treatment of gliomas. A range of different immunotherapies such as PD-
1/PD-L1 checkpoint inhibitors, chimeric antigen receptor-T cells (CAR-T) and adoptive T
cell strategies have currently been actively investigated in patients with gliomas [4–6]. Un-
fortunately, negative outcomes of these clinical trials challenge the concept of immunother-
apy as a single modality treatment of gliomas [38]. Local immunosuppression in the glioma
microenvironment might be responsible for the failure of current immunotherapies. The
pathologic findings of most patients with gliomas showed a typical ‘cold’ tumor microenvi-
ronment with exhausted CD8+T cells and enriched Tregs [38,39]. Our cellular response to
IL-4 gene risk signature showed to be highly correlated with Tregs, and higher risk scores
were associated with more infiltrating Tregs. However, our risk signature was not found
to be correlated with the infiltrating CD8+T cells. In addition to the adoptive immune
cells, innate immune cells such as macrophages and NK cells have been a new trend in the
research of glioma immunotherapy [40]. We also calculated the correlation between our risk
signature and innate immune cells and found higher risk scores were strongly associated
with more M0 macrophages and less NK cells. Unlike the classically activated immunos-
timulant M1 phenotype macrophages and alternatively activated immunosuppressive M2
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phenotype, M0 macrophages are nonpolarized macrophages and found to be positively
associated with malignant phenotypes of gliomas [41]. Contrary to the traditional con-
cept, glioma-infiltrated macrophages were recently found to resemble the M0 macrophage
phenotype instead of M1 or M2 phenotype [42]. The genetic and molecular mechanism
of immunosuppressive M0 macrophages in gliomas remains unclear. According to our
bioinformatic analysis and current dogma that Tregs secrete IL-4 to trigger the development
of tumor-associated macrophages with immunosuppressive properties [43], we considered
our cellular response to IL-4-related gene signature as evidence of the immunosuppressive
mechanism of M0 macrophages in the glioma microenvironment. Moreover, NK cells
are known as innate immune effective cells but are frequently exhausted in the glioma
microenvironment [40]. Our IL-4-related risk signature might also indicate a potential
genetic pathway of NK cell exhaustion in the gliomas.

5. Conclusions

In summary, we provided a cellular response to the IL-4-related gene signature as
an excellent clinicopathological, prognostic and immune biomarker of gliomas in this
study. In the future, the pathway involved in IL-4 to regulate the infiltration of immune
cells will be an intriguing topic, especially in patients with high score, which may be
beneficial to develop a novel immunotherapy or clinical biomarker. We believe that our
bioinformatic analysis might provide new insight for understanding the IL-4 involved
mechanism of gliomas.
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