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Background: DNA damage repair (DDR) alterations are important events in cancer initiation, progression, and
therapeutic resistance. However, the involvement of DDR alterations in gliomamalignancy needs further inves-
tigation. This study aims to characterize the clinical and molecular features of gliomas with DDR alterations and
elucidate the biological process of DDR alterations that regulate the cross talk between gliomas and the tumor
microenvironment.
Methods: Integrated transcriptomic and genomic analyses were undertaken to conduct a comprehensive inves-
tigation of the role of DDR alterations in glioma. The prognostic DDR-related cytokineswere identified frommul-
tiple datasets. In vivo and in vitro experiments validated the role of p53, the key molecule of DDR, regulatingM2
polarization of microglia in glioma.
Findings: DDR alterations are associated with clinical and molecular characteristics of glioma. Gliomas with DDR
alterations exhibit distinct immune phenotypes, and immune cell types and cytokine processes. DDR-related cy-
tokines have an unfavorable prognostic implication for GBM patients and are synergistic with DDR alterations.
Overexpression ofMDKmediated by p53, the key transcriptional factor in DDR pathways, remodels the GBM im-
munosuppressive microenvironment by promoting M2 polarization of microglia, suggesting a potential role of
DDR in regulating the glioma microenvironment.
Interpretation: Our work suggests that DDR alterations significantly contribute to remodeling the glioma micro-
environment via regulating the immune response and cytokine pathways.
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1. Introduction

Gliomas remain the most common malignant primary brain tumors
in the central nervous system and are characterized bymultiple somatic
mutations and aberrant activation of inflammatory responses [1]. De-
spite aggressive treatment with surgical resection, radiotherapy, and
chemotherapy, the tumors tend to ultimately recur [2]. Most of the cur-
rent treatments cause different kinds of DNA damage in glioma cells. As
cells are continually exposed to endogenous and exogenous factors that
generate DNA damage, the maintenance of genome stability is a major
challenge faced by the cells. Glioma cells have evolved mechanisms to
recognize and repair DNA damage, known as the DNA damage response
(DDR), and defects in this process can lead to disease [3]. DDR is
composed of eight canonical pathways:mismatch repair (MMR), nucle-
otide excision repair (NER), base excision repair (BER), nonhomologous
end joining (NHEJ), homologous recombination (HR), Fanconi Anemia
(FA), trans-lesion synthesis (TLS) and direct repair (DR) [4]. The DDR
can affect a variety of immune response, such as innate immunity, lym-
phocyte development and humoral immunity [5,6].

The critical links between the microenvironment and the DDR path-
ways regulate cell stress responses, epithelial cell fate, and tissue integ-
rity [7]. DDR-pathways inhibition together with inactivation of
homologous recombination mediated by Rad50 might be a reasonable
strategy for improving the effectiveness of temozolomide (TMZ) treat-
ment in malignant glioma [8]. Our previous study showed that after
treatment with the DDR pathways inhibitor KU-55933, TMZ induced
higher levels of γH2AX, indicating more TMZ-related DNA damage [9].
DNA damage repair protein ATM controls insulin-mediated signaling,
which in turn regulates AKT signaling and promotes glioblastoma
(GBM) cell growth [10]. p53 gain-of-function and the downstream
phosphorylation of ATM in the DNA damage process upregulate C\\C
motif chemokine ligand 2 (CCL2) and tumor necrosis factor alpha
(TNFA) expression via nuclear factor kappa B (NFκB) signaling. Conse-
quently, microglia and monocyte-derived immune cell infiltration in-
creases, and this positively correlates with tumor-associated immunity
in patients with glioblastoma [11].

In the present study,we conducted a comprehensive investigation of
DDR alterations in glioma based on integrated transcriptomic and geno-
mic analyses. We observed that the clinical and molecular characteris-
tics of gliomas with DNA damage repair alterations exhibit distinct
immune phenotypes, immune cell types and cytokine processes in glio-
mas. DDR-related cytokines have an unfavorable prognostic implication
for GBM patients and are synergistic with DDR alterations. Overexpres-
sion of MDK mediated by p53, the key transcriptional factor in DDR
pathways, remodels the GBM immunosuppressive microenvironment
by promoting M2 polarization of microglia, suggesting a potential role
of DDR in regulating the glioma microenvironment.

2. Materials and methods

2.1. DDR gene set compilation

The gene set of the canonical DDR pathways, including DR, MMR,
NER, BER, HR, NHEJ and FA factors along with checkpoint genes, was
built using the Molecular Signature Database [12,13], the KEGG
pathway-specific genes and the updated table of DDR-pathways genes
listed at http://sciencepark.mdanderson.org/labs/wood/dna_repair_
genes.html. Additionally, the trans-lesion DNA synthesis (TLS) pathway
genes were left out from the current analysis because of their ambigu-
ous role in SSBR and DSBR [14].

2.2. Data collection and tissue specimens

Three transcriptome datasets from patients diagnosed with glioma
(WHO II-IV)were used. The datasets usedwere The Chinese GliomaGe-
nome Atlas (CGGA, 545 samples) dataset (http://www.cgga.org.cn),
The Cancer Genome Atlas (TCGA, 702 samples) dataset (http://
cancergenome.nih.gov/) and the Rembrandt dataset (https://
caintegrator.nci.nih.gov/rembrandt/, 444 samples). The copy number
variation (CNV) profile and somaticmutation datawere obtained online
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(http://cancergenome.nih.gov/). The ChIP-seq data were obtained from
the GSM2944126, GSM2944127, GSM2296271 and GSM2296277
datasets. The TP53 microarray expression dataset was obtained from
the GSE60813 dataset. The clinical samples were confirmed by two pa-
thologists. Informed consent was obtained from patients involved in
this study, and the study protocolwas approved by the Clinical Research
Ethics Committee of the Second Affiliated Hospital of Harbin Medical
University. The clinical and molecular characteristics of samples in the
TCGA, Rembrandt and CGGA datasets are recorded in Table S1.

2.3. Cells and reagents

The human microglial clone 3 cell line, HMC3 (Dr. J. Pocock, Univer-
sity College London), was established in the laboratory of Prof. Tardieu
in 1995 [15]. HMC3 expresses microglial and macrophage surface
markers and shows a distinct response of cytokines and chemokines
in contact to pathogens [16–18]. The cells were cultured in Minimum
Essential Media (MEM) (Thermo Fisher Scientific, Darmstadt,
Germany) supplementedwith 10% fetal bovine serum (FBS) (Sigma-Al-
drich, Taufkirchen, Germany) and 100 units/ml (U/ml) penicillin/strep-
tomycin (Pen/Strep, Invitrogen, Darmstadt, Germany) in T-75 flasks
(PRIMARIA™ Tissue Culture Flask, Becton Dickinson, Heidelberg,
Germany). The cells were passaged at a confluency of 80%. For experi-
ments, cells were plated in 24-well plates (10,000 cells/well) (Sarstedt,
Nümbrecht, Germany) 24 h before coculture experiments or treatment
with pharmacological substances. The LN229 human GBM cells were
cultured in DMEM/F12 medium with 10% FBS. The BV-2 mouse
microglial cell line was cultured in Dulbecco's Modified Eagle Medium
(DMEM) with 10% FBS. The GL261 tumor cells were maintained in
DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 1%
penicillin–streptomycin (Solarbio, China).

The HG7 cells were obtained from a female adult patient with GBM.
The tumor tissue was washed in phosphate buffered saline (PBS) and
minced to 1mm3 [9]. Then, the tumor tissuewas enzymatically dissoci-
ated with 0.05% trypsin. Finally, the tumor cells were suspended in cul-
ture medium. All cells were cultured in Dulbecco's modified Eagle's
medium (DMEM)/F12 (Corning, Armonk, NY, USA) supplemented
with 10% fetal bovine serum (FBS, BD Biosciences, San Jose, CA, USA)
and 1% antibiotics (Sigma, St. Louis, MO, USA) at 37 °C in a humidified
atmosphere with 5% CO2 and 95% air.

2.4. Cell transfection

Cells for transfection were seeded in 6-well plates at 70–80% conflu-
ence. For human MDK overexpression, plasmid containing the human
MDK sequence (NM_001270550, Genechem, Shanghai, China) was
transfected into LN229 and HG7 cells with using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to themanufacturer's instruc-
tions. FormouseMdk overexpression, the plasmid contained themouse
Mdk sequence (NM_001012335, Genechem, Shanghai, China) was
transfected into GL261 cells. After 6 h the supernatant was removed
and changed to fresh culture medium and cells were selected by neo-
mycin for 7 days. The overexpression of human MDK and mouse Mdk
was validated by Western blot assays. For TP53 knockdown, siRNAs
targeting human TP53 (stQ0002017–1, RIBOBIO, China) were
transfected into LN229R and HG7R cells with using Lipofectamin 2000
as previously described.

2.5. Establishment of TMZ-resistant cells

The LN229, HG7 and GL261 cells were seeded into 96-well plates at
6000 cells per well, and the half maximal inhibitory concentration
(IC50) of TMZ was determined. TMZ was then added to the cell culture
medium at an IC50 1/50 concentration (LN229/0.83 ± 0.26 mM, HG7/
1.48 ± 0.14 mM) to cultures of LN229, HG7 and GL261 cells in 6-well
plates. After the cells grew stably, the drug dose was increased in
multiples. Each dose was maintained for 15 days until the end of the
fifth month. The induced TMZ-resistant cells were named LN229R,
HG7R and GL261R.

2.6. Microarray analysis

RNA expression profiling was performed using Agilent custom
human lncRNA and mRNA microarrays (Biotechnology Corporation,
Shanghai, China). The raw data were normalized using the quantile al-
gorithm from the limma package in R. Heatmaps representing differen-
tially regulated genes were generated using Cluster 3.0 and R.

2.7. Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed using the Chromatin Immuno-
precipitation Assay Kit (Millipore, 17–295) and the anti-p53 antibody
(Abcam, ab1101) following the manufacturer's protocol. Briefly,
4 × 107 cells were fixed by 1% formaldehyde for 15 min, then
crosslinking was stopped by adding 0.125 M glycine for 5 min. The
cells in each tube were resuspended in 1 ml of cell lysis buffer
(with PI), vortexed every 3 min for a total of 15 min and centrifuged at
300 ×g for 5 min, and then the supernatant was aspirated. Nuclei were
resuspended in 2000 μl of Nuclei Lysis buffer (with PI) and sonicated
on ice until chromatin fragments were approximately 250 to 500 bp in
size, as detectedwith agarose gel electrophoresis. A 50 μl aliquot of son-
icated samples wasmixedwith ChIP dilution buffer and PI in a total vol-
ume of 500 μl. Five μl of each sample was transferred into a new tube to
be used as 1% input and stored at−80 °C. Three μg of anti-p53 primary
antibody and 25 μl of magnetic protein A/G beads were added to each
sample before overnight rotation at 4 °C. The DNA was purified and
rehydrated using the kit, and then the sample was analyzed by qPCR.

2.8. Luciferase assay

GenomicDNA fragments of the humanmidkine gene, spanning from
+1 to−3000 relative to the transcription initiation site, were generated
by PCR and inserted into pGL3-Basic vectors (denoted as pGL3–
midkine). LN229, LN229R, HG7 and HG7R cells were transfected with
midkine reporters according to themanufacturer protocol. Transfection
was done with pRL construct containing Renilla reniformis luciferase
gene, which was used as normalizing control. Luciferase assays were
performed using Dual Luciferase Assay System (Promega). Relative lu-
ciferase activity was defined as the ratio of firefly luciferase activity to
R. reniformis luciferase activity. Error bars represented standard devia-
tion of the three experiments.

2.9. Quantitative real-time reverse transcription-polymerase chain reaction
(qRT-PCR)

Total RNAwas extracted using TRIzol reagent (TaKaRa, Otsu, Japan).
The cDNAs were synthesized with a PrimeScript RT reagent kit
(TaKaRa) according to manufacturer's instructions. The endogenous
levels of MDK mRNA and DNA in the p53-precipitated protein/DNA
complex were determined using the SYBR PrimeScript RT-PCR Kit
(Roche, Roswell, GA, USA). The qRT-PCR data were analyzed using the
2-△△Ct method. PCR primers were designed and synthesized using a
primer designing tool (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/), and the primer sequences are listed in Table S2.

2.10. Western blot assay

Cells were scraped and collected in Thermo Fisher Scientific RIPA
buffer (Solarbio) with 1% protease inhibitors. After centrifugation at
140,000 rpm for 30 min at 4 °C, the total cellular protein concentration
was measured with a NanoDrop 2000C spectrophotometer (NanoDrop
Products) according to the manufacturer's instructions. All samples
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were subjected to 7.5%/10%/12.5% sodium dodecyl sulfate polyacryl-
amide gel (EpiZyme Scientific) electrophoresis, and the gels were trans-
ferred onto PVDF membranes (Millipore, USA). The membranes were
blocked in a 5%milk-TBST solution and incubated separatelywith rabbit
anti-ATR (1:1000, Abcam, ab2905), rabbit anti-ATM (1:1000, Abcam,
ab78), mouse anti-p53 (1:1000, Abcam, ab26), mouse anti-RAD50
(1:1000, Abcam, ab89), rabbit anti-γH2AX (1:1000, Abcam, ab2893),
rabbit anti-C5 (1:500, ABclonal, A8104), rabbit anti-IL6 (1:500,
ABclonal, A0286), rabbit anti-TNFSF4 (1:500, Abcam, ab156285), rabbit
anti-human SAA1 (1:1000, Abcam, ab207445), rabbit anti-mouse SAA1
(1:1000, Abcam, ab199030), rabbit anti-MDK (1:1000, Abcam,
ab170820), mouse anti-VEGFA (1:500, Abcam, ab1316) and mouse
anti-GAPDH (1:1000, Abcam, ab8245). Following incubation with
HRP-labeled mouse IgG secondary antibodies (1:4000, Invitrogen,
#31430) and HRP-labeled rabbit IgG secondary antibodies (1:4000,
Invitrogen, #31460), the protein bands were detected with the
SuperEnhanced chemiluminescence detection reagents (Applygen
Technologies Inc) in a ChemiDocTM MP Imaging System (BioRad).

2.11. Enzyme-linked immunosorbent assay (ELISA)

The levels of human C5 (Abcam, ab125963), SAA1 (Abcam,
ab100635), IL6 (Abcam, ab46027), TNFSF4 (Abcam, ab213842), MDK
(Abcam, ab193761) and VEGFA (Abcam, ab119566) were measured in
the supernatant of human glioma cells using ELISA kits. The levels of
mouse C5 (Abcam, ab193718), Saa1 (Abcam, ab157723), Il6 (Abcam,
ab100712), Tnfsf4 (Abcam, ab193729), Mdk (LifeSpan BioSciences,
LS-F5765) and Vegfa (Abcam, ab119565) were measured in the
supernatant of mouse glioma cells using ELISA kits according to
the manufacturer's instructions.

2.12. Confocal immunofluorescence (IF) microscopy

Cellswere grownon coverslips overnight. Then cover cells to a depth
of 2–3 mm with 4% formaldehyde diluted in warm PBS for 15 min in
room temperature. Then aspirate fixative, rinse three times in 1 × PBS
for 5 min each. After treating with 0.5% Triton-X100 (ThermoFisher,
USA) diluted in warm PBS and blocking specimen in blocking buffer
(5% Bovine Serum Albumin diluted in warm PBS, BioFroxx, Guangzhou,
China) for 60 min in room temperature, primary antibodies were
applied for 4 C overnight. AlexaFluor488- conjugated anti-mouse
IgG (1:1000, Molecular Probes, A11029), AlexaFluor488-conjugated
anti-rabbit IgG (1:1000, Molecular Probes, A11034) or AlexaFluor594-
conjugated anti-rabbit IgG (1:1000, Molecular Probes, A11037) second-
ary antibodies were used in room-temperature for 1 h. Nuclei were
counterstained with DAPI (1 μg/ml, Molecular Probes, D1306). Protein
subcellular localization was analyzed under a Zeiss 510 META or Leica
TCS-SP2 confocal laser scanning microscope. The concentration of
primary antibodywas rabbit anti-CD68 (1:200, Abcam, ab125212), rab-
bit anti-CD163 (1:200, Proteintech, 16,646–1-AP), rabbit anti-CD204
(1:200, Abcam, ab123946), rabbit anti-CD206 (1:200, Abcam,
ab64693), mouse anti-Arg1 (1:200, Abcam, ab239731), rabbit anti-
Mrc1 (1:200, Abcam, ab64693), rabbit anti-Fizz1 (1:200, Abcam,
ab39626).

2.13. Tumor xenograft study

Six- to seven-week-old female wild-type C57BL/6 mice were pur-
chased from the Chinese Academy of Medical Science (Beijing, China)
Animal Center and housed in conventional pathogen-free conditions.

GL261, GL261R, GL261-Scr and GL261-OE cells were injected into
the intracranial site of female nude mice as described [19,20]. All mice
were sacrificed 6 weeks after tumor formation. These procedures were
carried out following approval by the HarbinMedical University Institu-
tional Animal Care and Use Committee.
2.14. Immunohistochemistry (IHC) assay

We obtained 10 paraffin-embedded GBM tissues from patients who
provided informed consent under an Institutional Ethics Committee-
approved study from the Second Affiliated Hospital of Harbin Medical
University. The IHC assay was described in our previous work [21].
Briefly, the slices were incubated with primary antibody rabbit anti-C5
(1:100, ABclonal, A8104), rabbit anti-IL6 (1:200, ABclonal, A0286),
mouse anti-TNFSF4 (1:200, Abcam, ab89896), rabbit anti-TNFSF4
(1:200, ThermoFisher, #MA5–17910), rabbit anti-SAA1 (1:200,
Abcam, ab207445), rabbit anti-SAA1 (1:200, Abcam, ab199030), rabbit
anti-MDK (1:200, Abcam, ab170820), mouse anti-VEGFA (1:200,
Abcam, ab1316), rabbit anti-CD68 (1:200, Abcam, ab125212), rabbit
anti-CD163 (1:200, Proteintech, 16,646–1-AP), rabbit anti-CD204
(1:200, Abcam, ab123946), rabbit anti-CD206 (1:200, Abcam,
ab64693), mouse anti-Arg1 (1:200, Abcam, ab239731), rabbit anti-
Fizz1 (1:200, Abcam, ab39626) and rabbit anti-Mrc1 (1:200, Abcam,
ab64693) for 12 h at 4 °C. Then the slides were incubated with HRP la-
beled anti-mouse/anti-rabbit IgG secondary antibody (Boster, SV0004)
at 37 °C for 30 min. After washing with PBS three times for 5 min
each, the slices were stained with Diaminobenzidine (DAB, ZSGB-BIO,
ZLI9018) for 2min, rinsed in PBS and counterstained with hematoxylin.

Quantitative evaluation was performed by examining each section
using at least 10 different high-power fields with the most abundant
stained cells as our previous description [22,23]. Each stained slide
was individually reviewed and scored by the two independent neuropa-
thologists in a double-blinded fashion. The proportion of stained cells
counts per field for each patient was used for statistical analysis. Stain-
ing was scored using a 4-point scale from “-” to “+++”, with “-” if
there was no staining or very little staining, “+” if b10% of cells stained
positively, “++” if 10%–30% of cells stained positively, and “+++”
if N30% of cells stained positively [24]. The staining scores of cytokines
were classified into four categories (“-”, “+”, “++” and “+++”)
based on the staining intensity (none, weak, moderate, or strong) [25].
The representative imaged field were determined by the average
method.

2.15. Statistical analysis

The differences in variables were assessed by Student's t-test for two
group comparisons or one-way analysis of variance (one-way ANOVA)
for comparisons of at least three groups (WHO grade and histological
types as the basal levels, age at diagnosis and gender as other condi-
tions). Comparisons of binary and categorical patient characteristics
between subgroups were performed via the Chi-squared test. Single-
sample GSEA (ssGSEA) [26] was used to calculate the enrichment
score of every gene set for every sample. In thismanner, ssGSEA projects
a single sample's genes expression profile from the space of single genes
onto the space of every gene set [27,28]. Each enrichment score repre-
sents the degree to which the genes in every gene set are coordinately
up- or down-regulated within a sample. The Kaplan–Meier survival
curve and log-rank testswere used to describe the survival distributions
and assess statistical significance between the two groups. Cox regres-
sion analysis was performed with SPSS 24.0. GISTIC2.0 was used to as-
sess CNVs associated with the DDR clusters. A GISTIC value of less
than −1 or more than 1 was defined as a deletion or amplification, re-
spectively. The gene ontology (GO) analysis was performed when the
genes (r N 0.4) were submitted to the DAVID website (http://david.
abcc.ncifcrf.gov/home.jsp). The cytokine genes were annotated on the
Molecular Signature Database of the GSEA website (http://software.
broadinstitute.org/gsea/index.jsp). Cytoscape [29] was used to visualize
the significance of genes associated with prognostic survival. The Inte-
grative Genomics Viewer (IGV) was used to visualize the ChIP-seq
data [30]. R packages, such as consensus, ComplexHeatmap, pHeatmap,
ggplot2 and corrplot, were used to produce figs. P values b.05 were con-
sidered statistically significant.
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3. Results

3.1. Gliomas with DDR alterations exhibit distinct clinicopathological char-
acteristics, immune phenotypes and cytokine processes

The clinical and molecular characteristics of samples in the TCGA
(Fig. 1a), Rembrandt and CGGAdatasets (Fig. S1)were arranged accord-
ing to the ascending order of their DDR scores. Low DDR scores
Fig. 1.DDRalterationswere associatedwith clinicopathological characteristics, immune phenoty
ascending order according to their DDR scores. The relationship between the DDR scores an
including glioma purity, stromal score, immune score, hypoxia activation, microvascular an
(c) Samples in the TCGA dataset were arranged in ascending order according to their DDR sco
cytokine-associated pathways. The Pearson correlation was calculated between the DDR score
indicated better prognosis (P = 4.25E-25, HR = 0.25), lower WHO
grades (P=6.36E-262) and IDHmutant status (P=7.00E-142). In con-
trast, high DDR scores were associated with an unfavorable prognosis,
higher WHO grades and IDH wild-type status. For a better demonstra-
tion, samples were divided into two groups within each dataset:
lower grade gliomas (LGG) and GBM (Fig. S2). In the TCGA LGG group
(530 samples), lowDDR scoreswere still correlatedwith better progno-
sis (P = 2.16E-7, HR = 0.41), lower WHO grades (P = 8.02E-100) and
pes and cytokineprocesses in glioma. (a) Samples fromthe TCGAdatasetwere arranged in
d patients' characteristics were depicted. (b) The heatmap showed that TME signatures
d mature vascular pathways were correlated with the DDR scores in the TCGA dataset.
res. The heatmap showed that the DDR scores were related to immunosuppression and
s and immunosuppression or cytokine-associated pathways.
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IDH mutant status (P = 7.98E-07). In the TCGA GBM group (172 sam-
ples), low DDR scores were correlated with MGMT methylated status
(P = 1.99E-07) and EM/PM classification (P = 3.10E-12). The results
were validated in the analyses of the Rembrandt and CGGA datasets.

DDR gene expression was used as a quantitative measure for deter-
mining two clusterswithin each dataset.With the consensus-based rec-
ommendations, samples were separated into two clusters (Fig. S3). The
occurrence of the 1p/19q codeletion, a genomic hallmark of
oligodendroglioma [31], decreased as DDR scores increased. However,
Chr7 amplification accompanied by Chr10 loss, a representative event
Fig. 2. Gliomas with DDR alterations exhibit distinct infiltrating immune cells phenotypes a
expression data to infer the relative proportions of twenty-two types of immune cells. The pr
by stacked bar charts and their distributions were represented in box plots. (b) IHC assays w
clinical glioma tissues (20×). (c) Overlap of cytokines associated with poor outcomes in the T
for the patients with GBM in the TCGA and CGGA datasets.
of GBM [32], was positively correlated with higher DDR scores
(Fig. S4a). The raw copy number heatmap showed that the 1p/19q
codeletion was more frequent in the DDR cluster1 samples compared
to the DDR cluster2 samples, however the Chr7 amplification accompa-
nied by Chr10 loss occurred more frequently in the DDR cluster2 sam-
ples than in the DDR cluster1 samples (Fig. S4b, c). These analytical
results were also converted to q values, and DDR cluster1 and
cluster2were visualized separatelywith lineplots according to chromo-
some order (Fig. S4b, Tables S3–S4). We further examined the
functional consequences of glioma mutations (Fig. S4d), including
nd cytokines expressions. (a) CIBERSORT scores were estimated with normalized gene
oportions of twenty-two immune cells were depicted in a summary of all TCGA samples
ere performed to detect the M2 microglia markers CD68, CD163, CD204 and CD206 in
CGA and CGGA datasets. (d-e) Cox regression analyses of DDR-related cytokines in GME



Fig. 3. DDR-related cytokines derived from glioma cells are synergistic with DDR alterations in vitro and in vivo. (a) Gene expression profiling revealed the associations between DDR-
related cytokines and the DDR scores or DDR genes. (b) IHC assays were used to detect the expression level of six cytokines, C5, SAA1, MDK, IL6, VEGFA and TNFSF4 in glioma samples
within the different DDR clusters (20×). (c) Western blot validation of DDR-associated protein and cytokine expression levels in LN229, LN229R, HG7, HG7R, GL261 and GL261R cells.
(d) ELISA assay revealed differential expression of six cytokines in the medium of LN229, LN229R, HG7, HG7R, GL261 and GL261R cells. (e) Cytokine expression in xenograft gliomas
formed by GL261 and GL261R cells was detected by IHC assays (20×).
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IDH1 (P = 5.19E−96), TP53 (P = 2.35E−03), ATRX (P = 6.53E−13),
EGFR (P = 6.91E−38) and PTEN (P = 3.26E−21) [33–37], which
might disrupt the DNA damage response, apoptosis, or senescence
pathways such as altering histonemethylation, leading to genetic insta-
bility, impairing nonhomologous end joining, and alternate lengthening
of telomeres [9,38–40].

To further delineate the common principles of the microenviron-
ment variation associated with alterations in DDR, we identified that
themicroenvironment gene signatures [41] includedhypoxia activation
signature (P b .0001 in TCGA, P b .0001 in Rembrandt, P = .0228
in CGGA-Agilent, P b .0001 in CGGA-RNAseq),mature vascular signature
(P b .0001 in TCGA, P= .0037 in Rembrandt, P b .0001 in CGGA-Agilent,
P = .285 in CGGA-RNAseq) and microvascular signature (P b .0001 in
TCGA, P b .0001 in Rembrandt, P b .0001 in CGGA-Agilent, P b .0001
in CGGA-RNAseq) were positive correlated with the DDR scores
(Fig. 1b, Fig. S5a). The DDR scores were positively correlated with
immunosuppression (Fig. 1c, r = 0.47, P b .0001), somatic diversifica-
tion of immune receptors (r = 0.66, P b .0001), positive regulation of
cytokine biosynthetic process (r=0.4, P b .0001) and response to cyto-
kines (r = 0.39, P b .0001). In the Rembrandt and CGGA datasets, the
DDR scores were also positively correlated with immunosuppression
(Fig. S5b, r = 0.32, P b .0001 in Rembrandt, r = 0.36, P b .0001 in
CGGA-Agilent and r=0.37, P b .0001 in CGGA-RNAseq), the diversifica-
tion of immune receptors (r = 0.9, P b .0001 in Rembrandt, r = 0.86,
P b .0001 in CGGA-Agilent and r = 0.89, P b .0001 in CGGA-RNAseq),
regulation of the cytokine biosynthetic process (r = 0.35, P b .0001 in
Rembrandt) and positive regulation of response to cytokine stimulus
(r = 0.34, P b .0001 in CGGA-Agilent and r = 0.49, P b .0001 in CGGA-
RNAseq).
3.2. Estimation of immune cell types and cytokines in glioma tissues with
DNA damage repair alterations

We investigated whether distinct patterns based on the 22 immune
cell proportions could be discerned within the DDR clusters by
conducting hierarchical clustering of all samples. The relative propor-
tions of 22 immune cell types between the DDR clusters were estimated
using CIBERSORT [42] (http://cibersort.stanford.edu/). Normalized gene
expression data were used to infer the relative proportions of 22 types
of infiltrating immune cells. The proportions of 22 immune cells were
depicted with stacked bar charts and their distributions with box plots
in a summary of all TCGA samples (Fig. 2a). In the TCGA dataset, M2
macrophages had a larger proportion in DDR cluster2 than in DDR clus-
ter1, and the average score of cluster2 was higher than cluster1 (P =
1.89E-03). This indicated that tumor-associated M2 macrophages
were more frequent in the DDR cluster2 samples compared with the
DDR cluster1 samples. This result was also validated with analyses of
the Rembrandt and CGGA datasets (Fig. S6a-c, P = 1.75E−05 in Rem-
brandt, P = 4.16E−04 in CGGA-Agilent, P = 1.42E−01 in CGGA-
RNAseq).

To further validate the results in clinical tissue samples, we used IHC
to detect the phenotypes of microglia, which are tissue-residentmacro-
phages in the CNS [43,44]. The expression of γH2AXwas used to repre-
sent the DDR alterations for each patient [3] (Fig. S6d, P= .0111). CD68
(P = .0356), CD163 (P = .0299), CD204 (P = .0394), and CD206 (P =
.0341), characterized as M2 macrophage markers [45–47], had higher
expression levels in DDR cluster2 than in DDR cluster1 samples
(Fig. 2b, Fig. S6e).
Fig. 4. P53 transcriptionally upregulates the midkine cytokine in glioma cells. (a) The heatmap
from the GSM2944126, GSM2944127, GSM2296271 and GSM2296277 datasets. (b) Snapshots
Site1 and site2were predicted by the JASPARdatabase, and site3wasused as a negative control.
promotor of theMDK genewashigher in LN229RandHG7R cells comparedwith the LN229 and
theRNA expression levels of TP53 andMDK in p53-NC andp53-siRNA cells. (f-g) RelativemRNA
mRNA expression level and protein expression level was lower than those in si-NC group.
The expression levels of all cytokine genes from the GSEA website
was depicted in heatmaps arranged in order of the DDR clusters or the
DDR scores (Fig. S7). To further evaluate the correlation between cyto-
kine expression and DDR alterations, we analyzed cytokine genes with
either differential expression (FC N 1.2) between the DDR clusters or
with positive correlation with the DDR scores (r N 0.2) in the TCGA,
Rembrandt and CGGA datasets (Fig. S8). We estimated the survival of
patients with GBM across the TCGA, Rembrandt and CGGA datasets. In
the TCGA-U133a dataset, 40 of 175 cytokines were significantly corre-
lated with poor prognosis (HR N 1, P b .05). In the TCGA-Agilent dataset,
39 of 201 cytokines were significantly correlated with poor prognosis
(HR N 1, P b .05). In the TCGA RNA-seq dataset, 33 of 217 cytokines
were significantly correlated with poor prognosis (HR N 1, P b .05). In
the CGGA datasets, patients with high expression of cytokines had
poor prognosis according to the low expression groups (20 of 213
genes in CGGA-Agilent, 25 of 175 genes in CGGA-RNAseq). Further,
we compared the cytokines associated with poor prognosis in the
TCGA and CGGA datasets to identify 18 DDR-related cytokines in GME
(Fig. 2c). The Cox regression analysis and Kaplan-Meier curves demon-
strated that high expression of these DDR-related cytokines in GME in-
dicated an unfavorable prognosis for patients with GBM in the TCGA
and CGGA datasets (Fig. 2d-e, Fig. S9a–b).

3.3. DDR-related cytokines derived from glioma cells are synergistic with
DDR alterations in vitro and in vivo

We had established TMZ resistant glioma cells, LN229R, HG7R and
GL261R. Compared with LN229, HG7 and GL261 cells (parental cells),
TMZ resistant glioma cells had a higher level of the TMZ half maximal
inhibitory concentration (IC50) (Fig. S10a, P = 6.29E-05 LN229 vs.
LN229R, P = 2.54E-03 HG7 vs. HG7R, P = 9.31E-03 GL261 vs.
GL261R). We used gene expression profiling in TMZ-resistant glioma
cells and observed that TMZ-resistant glioma cells showed higher DDR
scores compared with parental cells (Fig. 3a, P = 4.19E-02). In TCGA
dataset, the DDR scores in recurrent tumors are higher than those in
new diagnosed tumors (Fig. S10b, P = 1.82E-03). DNA damage repair
molecules, such as p53, ATR, ATM and RAD50, were also validated to
have higher expression in TMZ-resistant glioma cells than in parental
cells, demonstrating that the DDR pathways are altered in TMZ-
resistant cells. In addition, six of eighteen DDR-related cytokines (C5,
SAA1, TNFSF4, IL6, MDK and VEGFA) in GMEwere positively correlated
with the DDR scores in glioma cells (Fig. 3a, Table S5). In the TCGA and
CGGA datasets, higher expression of these six cytokines also correlated
with increased malignancy in gliomas (Fig. S11a-c, Table S6). The IHC
assay demonstrated that patients in cluster2 (with higher expression
levels of γH2AX, as described above) had increased protein expression
of DDR-related cytokines derived from glioma cells (Fig. 3b, Fig. S11d).
Western blot analyses showed that the higher expression of DDR-
related geneswas synergistic with higher expression of DDR-related cy-
tokines in glioma cells (Fig. 3c). ELISA assays showed that DDR-related
cytokine expressionwas increased in LN229R, HG7R andGL261R super-
natants (Fig. 3d). With xenograft gliomas constructed with the GL261
and GL261R glioma cells, we detected that the expression of six DDR-
related cytokines in gliomas formed by the GL261R line was higher
than in gliomas formed by the GL261 line (Fig. 3e, Fig. S11e).

The occurrence of the 1p/19q codeletion decreased as the cytokine
scores increased, and was more frequent in cytokine cluster1 than in
the cytokine cluster2, estimated by the same method as DDR clusters
and DDR scores. However, the Chr7 amplification accompanied by
of ChIP-seq data using an antibody against p53 protein. The ChIP-seq data were obtained
of the UCSC genome browser showing the p53 ChIP-seq data at the locus of theMDK gene.
(c-d) TheChIP-qPCRassay and the luciferase reporter assay showed that p53 binding in the
HG7cells. Error bars indicatemean±SD. ** P b .01; Student's t-test. (e) Circos plots showed
expression level andprotein expression level ofMDK. In TP53 knockdowngroups, theMDK

http://cibersort.stanford.edu/
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Chr10 loss was positively correlated with higher cytokine scores, and
occurred more frequently in cytokine cluster2 than in cytokine cluster1
(Fig. S12, Tables S7–S8). We also examined the differential proportions
of mutations in IDH1 (P = 2.33E-73), TP53 (P = 8.77E-07), ATRX (P =
6.92E-22), EGFR (P = 2.66E-36) and PTEN (P = 3.63E-25) in gliomas
in the two clusters (Fig. S13). The cytokine scores demonstrated that
high cytokine scores were associated with gliomas characterized by
the Mesenchymal subtype, IDHwild-type status and GBM (Fig. S14a-c,
Table S9).

3.4. Midkine expression transcriptionallymediated by p53 is upregulated in
TMZ resistant glioma cells

To elucidate themechanisms throughwhichDDR pathways regulate
cytokine expression, we used ChIP-seq data (GSM2944126,
GSM2944127, GSM2296271 and GSM2296277) of p53, the key tran-
scriptional factor in DDR pathways. The heatmaps showed all p53 bind-
ing sites across the whole genomes of p53 wild-type cells (Fig. 4a). We
used the JASPAR database (http://jaspar.genereg.net/) to predict two
p53 binding sites (Chr11 46,402,057–46,402,071, Chr11
46,401,950–46,401,967) in the promotor region of the MDK gene
(Fig. 4b). Site3 (Chr11 46,399,465–46,400,451) was used as a negative
control. The ChIP-qPCR assay validated that p53 protein bound to the
predicted site1 and site2 in MDK, and this binding was much higher in
LN229R, HG7R and GL261R cells compared with LN229, HG7 and
GL261 cells. There were no significant differences in binding at site3
(Fig. 4c). We cloned the predicted sites (site1 and site2) and the nega-
tive control (site3) into luciferase reporter plasmids. Cells transfected
with promoter fragment (site1 or site2) showed clear induction of lucif-
erase activity in TMZ resistant cells, however cells transfectedwith neg-
ative control fragment had no effect on promoter activation in TMZ
resistant cells (Fig. 4d). In the GSE60813 dataset, TP53-knockdown
cells had less midkine expression than control cells, further indicating
that p53 can transcriptionally regulate the expression of midkine in gli-
oma cells (Fig. 4e). The small interfering RNAswere used to knockdown
the p53 expression and observed that they could downregulate MDK
expression at mRNA and protein level (Fig. 4f-g, Fig. S14d-e). With
transfection of siRNAs (si-1 and si-3) into LN229R, the mRNA expres-
sion level of MDK was downregulated relative to si-NC group (P =
3.49E-06 in si-1, P = 1.14E-05 in si-3). The results were similar in
HG7R (P=1.16E-04 in si-1, P=1.05E-05 in si-3). These results demon-
strated that p53 had a transcriptional activation on MDK.

3.5. Midkine derived from glioma cells promotes the M2 polarization
of microglia in glioma

The CIBERSORT analysis detected that the glioma tissueswith higher
expression of DDR-related cytokines were derived from glioma cells
with the M2 macrophage phenotype in the TCGA (Fig. 5, Table S10)
and CGGA datasets (Fig. S15, Fig. S16, Tables S11, S12). To determine
whether DDR-related cytokines were essential for the microglia polari-
zation phenotype in GME, we performed IF to detect the expression of
M2 markers (CD68, CD163, CD204 and CD206 in HMC3 cells and Arg1,
Mrc1, Fizz1 [48] and Cd163 [49] in BV-2 cells) (Fig. 6). HMC3 cells cul-
tured with the glioma-conditioned medium (GCM) from LN229R and
HG7R cell lines had higher expression of CD68, CD163, CD204 and
CD206 than those cultured with GCM from the LN229 and HG7 cell
lines. This suggests that the DDR-related cytokines in GME promote
human M2 microglia polarization in vitro (Fig. 6a). LN229 (LN229-OE)
and HG7 (HG7-OE) glioma cells were transfected to over-express
midkine (Fig. S17a-b). The expression of CD68, CD163, CD204 and
CD206 in HMC3 cells cultured with GCM from LN229-OE or HG7-OE
cells were higher than in those cultured in GCM from LN229-Scr or
HG7-Scr (Fig. 6b). The expression of Arg1, Mrc1, Fizz1 and Cd163 was
significantly increased in BV-2 cells cultured with GCM from GL261R
or GL261-OE compared to those with GCM from GL261 or GL261-Scr
(Fig. 6c). An IHC assay validated that tumor tissues formed by GL261-
OE had higher expression levels of Arg1, Mrc1, Fizz1 and Cd163 than
tumor tissues formed by GL261 cells (Fig. 6d, Fig. S17c. P = 1.86E-02
of Arg1, P = 2.56E-02 of Mrc1, P = 3.02E-02 of Fizz1, P = 2.56E-02 of
Cd163). These results revealed that the enhanced levels of midkine se-
creted by glioma cells also promoted the M2 polarization of HMC3
and BV-2.
4. Discussion

DDR plays key roles in maintaining human genomic stability.
The maintenance of genome stability is a major challenge faced
by cells, as they are continually exposed to endogenous and exog-
enous factors that generate DNA damage [3]. Conversely, DDR al-
terations are important determinants of tumor risk, progression,
and therapeutic response [40]. Alterations of specific DDR path-
ways that constitutively activate DDR lead to undesirable outcomes
after aggressive treatments for glioma patients with an average
overall survival advantage of only 14.6 months after diagnosis
[50,51]. However, the mechanism through which DDR promotes
glioma malignancy remains unknown.

One hundred and forty genes involved in eight canonical DDR path-
ways [4,52] were used to calculate the DDR alterations for every sample
of TCGA, Rembrandt and CGGA datasets by ssGSEA which estimates the
degree of enrichment of DDR pathways in individual samples [12,53].
Besides expression profile, the genetic variations, epigenetic modifica-
tion and post-transcriptional regulation were also involved in the func-
tional regulations of DDR pathways in cancers [12,14,40,54]. The
limitation of the current work is that the assessment of DDR alterations
was based on the expression profiles alone. With extended studies on
the mutations, epigenetic modification and post-transcriptional regula-
tion of DDR genes, more consequences of DDR alterations on biological
processes would need further investigation. It's reported that CNV gain
and loss of DDR genes positively correlated with up- and down-
regulation of their expression, respectively [55]. Epigenetic silencing of
critical genes (e.g., FANCF, BRCA1) throughmethylation of the promoter
region could down-regulate their expression levels [56-58]. Lnc-RI pre-
vents the degradation of RAD51mRNAs via competitively binding with
miR-193a-3p and release of its inhibition of RAD51 expression [59]. Ab-
errant expression of specific miRNAs might contribute to the variable
MGMT expression through post-transcriptional regulation [60-62].

In present study, we observed that low DDR scores indicated lower
WHO grades and IDHmutant status, and that high DDR scores showed
higher WHO grades and IDH wildtype status. In addition to the clinical
features, this study also presents a comprehensive characterization of
the molecular landscape of DDR alterations in glioma. Recurrent geno-
mic variations could be involved in the DNA damage repair alterations
of glioma. The occurrence of the 1p/19q codeletion, a genomic hallmark
of oligodendroglioma, decreased as DDR scores increased. However,
Chr7 amplification accompanied by Chr10 loss, a common event in
GBM, was positively correlated with higher DDR scores. The somatic
mutation spectra based on the DDR clusters revealed that some classical
genomic variationswere implicated in theDDRalterations.Mutations of
IDH1, which reduce NADP+ − dependent IDH activity to cause DNA
damage and genome instability in glioma, occurred more frequently in
DDR cluster1 (84%) [63]. The chromatin remodeler ATRX, which is one
of SWI/SNF-like family proteins, governs genomic stability through the
regulation of repetitive sequences [9]. Mutations in ATRX that cause
loss of ATRX function were enriched in DDR cluster1. These mutations
impair NHEJ activity and result in genetic instability in glioma [64].
TP53 mutations might inhibit the genome caretaker proteins involved
in DNA repair and thus evoke genomic instability [34]. EGFR amplifica-
tion, which was characterized as more frequent in DDR cluster2, acti-
vates DNA-dependent protein kinases and stimulates repair of DNA
strand breaks [36].

http://jaspar.genereg.net/


Fig. 5. The association between DDR-related cytokines derived from glioma cells and infiltrating immune cells.
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Fig. 6. Photomicrographs ofM2microglia followingGCM stimulation of glioma cells in vitro and in vivo. (a) The humanmicroglia HMC3 cells were treatedwith GCM from LN229, LN229R,
HG7 and HG7R cells. (b) HMC3were treatedwith GCM from LN229-Scr, LN229-OE, HG7-Scr and HG7-OE cells. (c) BV-2 cells were treatedwith GCM from GL261, GL261R, GL261-Scr and
GL261-OE cells. CD68, CD163, CD204 and CD206were stained in red, while Arg1, Mrc1, Fizz1 and Cd163were stained in green. Nuclei were stainedwith DAPI (blue). (d) IHC assays were
performed to detect Arg1, Mrc1, Fizz1 and Cd163 in xenograft gliomas formed by GL261-Scr and GL261-OE cells. All images were taken microscopically (20× or 40×).
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To further investigate the role of DDR in glioma malignancy, we
analyzed the common principles of the biological processes associ-
ated with DDR and found that DDR alterations exhibit distinct im-
mune phenotypes, cytokine processes and infiltrating immune cell
types. The DDR alterations were correlated with immunosuppres-
sion, positive regulation of the cytokine biosynthetic process and re-
sponse to cytokines. DDR alternative tumors appear to avoid host
immune-mediated elimination through activation of immunosup-
pression [65]. The converting immune microenvironment releases
a plethora of cytokines and chemokines to communicate with other
cells and thereby to orchestrate immune responses [66]. The relative
abundance of individual immune cell types differed between DDR
alterations [67]. We used the CIBERSORT tool to estimate the abun-
dances of specific immune cell types using gene expression data.
The proportion of M2 macrophages is greater in DDR cluster2 than
in DDR cluster1, indicating that tumor-associated M2 macrophages
were more highly populated in the DDR cluster2 samples compared
with the DDR cluster1 samples. We detected M2-phenotypic
markers of microglia, the tissue-resident macrophages in the CNS.
Microglia can become activated and/or dysregulated in the context
of neurodegenerative disease and cancer, and thereby contribute to
disease severity [68]. The M2 microglia markers CD68, CD163,
CD204, and CD206 were differentially expressed in glioma tissues
with DDR alterations.
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The DDRhas been implicated in activation of the checkpoint induced
by the methylating agent TMZ [69]. Critical DNA damage response ki-
nases (e.g., ATM and ATR) are rapidly activated after exposure of cells
to TMZ [70]. We observed that the DDR scores of TMZ-resistant glioma
cells were higher than that of parental cells. The expression levels of
DNA damage response kinases, such as p53, ATR, ATM and RAD50,
were higher in TMZ-resistant glioma cells. The effects of TMZ on immu-
nity are variable and result in a decrease of lymphocytes and qualitative
dysfunction of T and B cells, contributing to the immunosuppressive en-
vironment. TMZ resistance causes the accumulation of immunosup-
pressive cells which activate immunosuppression through secretion of
immunosuppressive cytokines [71]. The DDR-related cytokines (C5,
SAA1, TNFSF4, IL6, MDK and VEGFA) were upregulated in TMZ-
resistant glioma cells.

C5 is a component of the complement system,which is part of the in-
nate immune system that plays an important role in inflammation, host
homeostasis, and host defense against pathogens [72,73]. IL6 amplifies
the inflammation response to activate STAT3 and its downstream anti-
apoptotic and pro-proliferation genes [74]. TNFSF4 is an important cyto-
kine of the tumor necrosis factor (TNF) ligand family and is associated
with susceptibility to systemic sclerosis as well as its clinical and auto-
antibody subsets [75-77]. SAA1 increases migration and invasion be-
haviors in glioma cells [78] and binds to several cell surface receptors
which are activated during an immune response [79]. Midkine,
transactivated by SP1, has biological functions in inducing the glioma
cell malignant characteristics [80,81], the induction of macrophage in-
flammatory proteins [82] and autoimmune responses [83]. VEGFA is a
member of the PDGF/VEGF growth factor family [84], which induces
proliferation and infiltration of macrophage [85] and contributes to
tumor-induced immune suppression [86].

P53, a conventional regulator in DDR alterations, regulates down-
stream cytokine expression, increases microglia infiltration and con-
verts myeloid cells of the M1-like tumor-suppressing phenotype to
the M2-like tumor-promoting phenotype [87]. P53 also reprograms
macrophages to a tumor-supportive and anti-inflammatory state
[88,89]. We used p53 ChIP-seq data to analyze the p53 binding sites
across the whole genomes of p53 wild-type cells and validated two
binding sites in the promotor region of theMDK gene. The binding activ-
ity was higher in TMZ-resistant glioma cells than in parental cells. Over-
expression of midkine stimulates macrophage polarization and
contributes to glioma metastases [81,90,91]. After stimulation with
GCM of midkine-overexpressing glioma cells, we observed higher ex-
pression levels of CD68, CD163, CD204 and CD206 in HMC3 cells and
higher expression levels of Arg1, Mrc1, Fizz1 and Cd163 in BV-2 cells.
The gliomas formed by GL261-OE have higher protein levels of Arg1,
Mrc1, Fizz1 and Cd163, indicating that midkine promotes M2-
phenotypic microglia polarization. Our results demonstrated that p53,
an important transcription factor in DDR pathways, transactivated
MDK to promote communication between glioma cells and microglia
via the cytokine process.

In the present work, we observe the clinicopathological characteris-
tics of gliomas with DNA damage repair alterations. Gliomas with DNA
damage repair alterations have distinct genomic variation spectrum,
and they also exhibit different immune phenotypes, immune cellular
types and cytokine processes in gliomas. Overexpression of MDKmedi-
ated by p53, the key transcriptional factor in DDR pathways, remodels
the GBM immunosuppressive microenvironment by promotingM2 po-
larization of microglia. Our results suggest a potential role for DDR in
regulating the gliomamicroenvironment and provide promising and re-
alistic targets for glioma immunotherapy.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.01.067.
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