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Abstract

Aims: Glioblastoma is the most malignant primary brain tumour. Even with standard
treatment comprising surgery followed by radiation and concomitant temozolomide
(TMZ) chemotherapy, glioblastoma remains incurable. Almost all patients with glioblas-
toma relapse owing to various intrinsic and extrinsic resistance mechanisms of the
tumour cells. Glioblastomas are densely infiltrated with tumour-associated microglia and
macrophages (TAMs). These immune cells affect the tumour cells in experimental studies
and are associated with poor patient survival in clinical studies. The aim of the study was
to investigate the impact of microglia on glioblastoma chemo-resistance.

Methods: We co-cultured patient-derived glioblastoma spheroids with microglia at
different TMZ concentrations and analysed cell death. In addition, we used RNA
sequencing to explore differentially expressed genes after co-culture. Immunostaining
was used for validation.

Results: Co-culture experiments showed that microglia significantly increased TMZ
resistance in glioblastoma cells. RNA sequencing revealed upregulation of a clear
interferon-stimulated gene (ISG) expression signature in the glioblastoma cells after
co-culture with microglia, including genes such as IFl6, IFI27, BST2, MX1 and STATI.
This ISG expression signature is linked to STAT1 signalling, which was confirmed by
immunostaining. The ISG expression profile observed in glioblastoma cells with
enhanced TMZ resistance corresponded to the interferon-related DNA damage resis-
tance signature (IRDS) described in different solid cancers.

Conclusions: Here, we show that the IRDS signature, linked to chemo-resistance in other
cancers, can be induced in glioblastoma by microglia. ISG genes and the microglia induc-

ing the ISG expression could be promising novel therapeutic targets in glioblastoma.
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INTRODUCTION

Glioblastoma is the most frequent and malignant primary brain
tumour in adults. For almost two decades, standard therapy has
consisted of surgery followed by radiotherapy as well as concomitant
and adjuvant chemotherapy with temozolomide (TMZ) [1]. Despite
extensive treatment, the median survival is less than 15 months, and
the 5-year survival is below 5% [2]. Glioblastomas nearly always recur
because of their infiltrative growth preventing complete resection, as
well as their ability to circumvent the cytotoxic effects of treatment.
One of the most well-described tactics involves the profitable
exploitation of the DNA repair enzyme O®%-methylguanine-DNA
methyltransferase (MGMT). In non-neoplastic cells, MGMT acts as a
DNA repair enzyme protecting cells from apoptosis by removing alkyl
groups from the O6 position on guanine. In glioblastoma, MGMT
enables the tumour cells to evade the alkylating and thus apoptotic
effect of TMZ [3]. Methylation of the MGMT promoter silences the
gene leading to increased chemo-sensitivity and is associated with
prolonged survival in glioblastoma patients [4, 5]. Thus, TMZ has an
effect on tumours with methylated MGMT promoters [6], which
account for ~50% of all glioblastomas [7], and for these tumours, the
resistance mechanisms are less clear. Alternative resistance mecha-
nisms may involve the tumour microenvironment, in particular, the
microglia and macrophages, which are recruited to the site of the
tumour. These immune cells constitute up to 30%-50% of the total
tumour [8-11] and secrete factors that affect the tumour cells in
various ways [12]. Subsets of tumour-associated microglia and
macrophages (TAMs) have been linked to poorer patient survival in
glioblastoma, such as CD163" TAMs [13] and CD204" TAMs [11] as
previously reported by our group. In addition, subsets of TAMs are
involved in radio-resistance of glioblastomas [14-16] and may also be
implicated in chemo-resistance [17]. Mechanisms for this chemo-
resistance have been suggested in small pre-clinical studies with
commercial and patient-derived cell lines, proposing that microglial
secretion of the complement component C5a may facilitate DNA
damage repair in glioblastoma [18], or that A Disintegrin and Metallo-
proteinase Domain 8 (ADAMBS8)-recruited macrophages may be
involved in TMZ resistance [19]. However, the challenge of TMZ
resistance in glioblastoma remains to be solved.

Interferon (IFN)/signal transducer and activator of transcription
1 (STAT1) signalling in tumour cells leads to expression of an IFN-
stimulated gene (ISG) expression profile with high expression of
genes, such as IFI27, BST2, MX1, OAS1, IFIT1 and STAT1 [20]. In
normal cells, the ISGs are involved in antiviral responses, but high ISG
expression has been identified in many different cancer types in a
comprehensive pan-cancer study describing transcriptional intratu-
mour heterogeneity [21]. The ISG expression profile has been linked
to increased glioblastoma stemness [22], resistance to immune check-
point blockade in melanoma [23] and radiation and chemotherapy
resistance in breast cancer [24]. Accordingly, Weichselbaum et al.
defined the ISG signature as an IFN-related DNA damage resistance
signature (IRDS) and demonstrated the presence of this signature in

lung, prostate, head and neck cancers, as well as high-grade

Key Points

e Microglia increase TMZ resistance in glioblastoma.

e Microglia induce an interferon-stimulated gene expres-
sion profile in glioblastoma cells.

e The microglial-induced interferon-stimulated gene

expression profile is mediated by STAT1 signalling.

gliomas [24]. The IRDS signature was recently identified in a subpopu-
lation of tumour cells in glioblastoma, where it was found to correlate
with poorer survival [25].

In this study, we report a pronounced microglial-induced protec-
tion from TMZ in glioblastoma using an experimental in vitro set-up.
Patient-derived glioblastoma spheroids co-cultured with microglia
upregulate the IRDS gene expression profile making them less respon-
sive to TMZ treatment. This suggests that microglia may contribute to

chemo-resistance by inducing the IRDS profile in glioblastoma cells.

MATERIALS AND METHODS

Cell cultures

Patient-derived glioblastoma spheroid cultures (T78, T87, T105, T110,
T116 and T121) were established in our lab as previously described
[26-29] and cultured as free-floating spheroids in serum-free
Neurobasal-A medium (Gibco, NY, USA) supplemented with 1% B27
(Invitrogen, MA, USA), 0.5% N2 (Invitrogen), 1% L-Glutamine (Gibco),
1% penicillin/streptomycin (Gibco), 25-ng/mL EGF (Sigma-Aldrich,
MO, USA) and 25-ng/mL bFGF (PeproTech, NJ, USA). Written
informed consent was obtained from all patients, and the Regional
Scientific Ethical Committee and the Data Protection Authority
approved the study. All glioblastoma spheroid cultures have previ-
ously been thoroughly characterised and validated by spheroid forma-
tion and differentiation assays, molecular subtyping according to
Verhaak et al. [30], sequencing with a custom next-generation
sequencing panel for the mutational status of 20 of the most fre-
quently mutated genes in glioma [31], and by orthotopic xenograft
implantation in mice. Table S1 provides an overview of the character-
istics of the patient-derived glioblastoma spheroids used in the study.
All spheroid cultures had methylated MGMT promoter and were
derived from glioblastomas, isocitrate dehydrogenase (IDH) wildtype.
The mouse BV2 immortalised microglia cell line [32, 33] (AcceGen
Biotech, NJ, USA) was maintained in RPMI 1640 Medium with
GlutaMAX™ (Gibco) supplemented with 5% foetal bovine serum
(FBS) (Sigma-Aldrich) and 1% penicillin/streptomycin. The human
SV40 immortalised microglia cell line [29, 34] (cat. no. TO251, Applied
biological materials, BC, Canada) and human primary microglia (cat.

no. 37089-01, Celprogen, CA, USA) were grown adherently in
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collagen-coated (Type | solution from rat tail, Sigma Aldrich) flasks
with DMEM (high glucose, GlutaMAX) medium (Gibco) supplemented
with 10% FBS and 1% penicillin/streptomycin. Microglia cell culture
medium was switched to serum-free Neurobasal-A medium 24 h
before all experiments. All cells were cultured at 37°C in a standard
tissue culture incubator (95% humidity, 95% atmospheric air,
5% CO,).

Co-culture experiments

Co-culture experiments were carried out to investigate the influence
of microglia on the effect of TMZ in glioblastoma spheroids. For each
glioblastoma spheroid culture, we determined the optimal time point
for the co-culture experiments based on TMZ response (Figure S1)
and spheroid size to avoid large areas of central necrosis in big individ-
ual spheroids.

For direct co-culturing, BV2 immortalised microglia were seeded
onto 24-well plates (15,000 cells/well) and allowed to attach. Thereaf-
ter, media and non-attached cells were replaced with fresh media and
single glioblastoma spheroids were carefully pipetted into the wells
(~10-15 spheroids/well) with or without BV2 microglia followed by
24 h of incubation. Next, cultures were treated with TMZ
(Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich)
and diluted in serum-free media to a final concentration of 60 or
120 uM for 24 h. DMSO was used as a negative control.

For indirect co-culturing, hanging cell culture inserts with a
pore size of 1.0 pum for 24-well plates were used (Millicell®, cat.
no. MCRP24H48, Millipore, MA, USA). BV2 immortalised microglia
(15,000 cells/insert), SV40 immortalised microglia (45,000 cells/insert)
or primary microglia (15,000 cells/insert) were plated onto the inserts.
Single glioblastoma spheroids were pipetted into the lower chamber
of the wells. Inserts with or without microglia were placed in the wells.
Cells were allowed to (co)-incubate for 24 h and then treated with
TMZ for 24-72 h.

Microglia-conditioned medium (MCM) was generated as follows:
BV2 immortalised microglia were seeded onto 24-well plates (15,000
cells/well) and allowed to attach. Media and non-attached cells were
replaced with fresh medium, and cells were incubated for 24 h and
then treated with TMZ or DMSO for 24 h. Microglia supernatants
were harvested and transferred into 24-well plates. Control medium
(COM) was prepared similarly to the MCM but without the presence
of microglia. Single glioblastoma spheroids were pipetted into the
wells containing either MCM or COM, allowed to incubate for 24 h
and then treated with TMZ or DMSO for 24-48 h.

Propidium iodide fluorescence assay

Cell death was visualised using propidium iodide (PI) (Sigma-Aldrich)
[35]. Pl was added to the cell cultures to a final concentration of 2 uM
and incubated for 3-4 h at 37°C. Greyscale fluorescence images were

acquired by a Leica DM IRB inverted fluorescence microscope
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equipped with a standard rhodamine filter and a Leica DFC300 FX
camera. The PI intensity of individual spheroids, BV2 immortalised
and SV40 immortalised microglia was measured using Image) soft-
ware (NIH) [36].

Lactate dehydrogenase activity

The cytotoxic effect of TMZ on microglia was assessed by measuring
the lactate dehydrogenase (LDH) activity released by microglia
into the supernatant using a colourimetric LDH assay (cat.
no. 11644793001, Roche, Sigma-Aldrich). Briefly, microglia were
seeded onto uncoated (BV2) or collagen-coated (SV40 and primary
microglia) 24-well plates in serum-free medium with 15,000 cells/well
(BV2 and primary microglia) or 45,000 cells/well (SV40 microglia).
After 24 h, TMZ (0-960 uM) was added into each well, and cells were
exposed for 48 h. The cell supernatants were then harvested and
transferred into 96-well plates. The LDH reagent was added (1:1)
and allowed to incubate for 30 min at room temperature, and optical

densities were measured at 490 and 630 nm using an ELISA reader.

Cell viability/proliferation assay

Microglia viability following TMZ exposure was examined using the
colourimetric WST-1 based assay (cat. no. 11644807001, Roche,
Sigma-Aldrich). Microglia were seeded onto uncoated (BV2 microglia)
or collagen-coated (SV40 and primary microglia) 96-well plates in
serum-free medium with 2,500 cells/well (BV2 microglia and primary
microglia) or 7,500 cells/well (SV40 microglia). After 24 h, TMZ
(0-960 uM) was added. Cells were exposed for 48 h. The supernatant
was then discarded and replaced by fresh medium and WST-1 (1:10)
followed by an incubation time of 3 h at 37°C. Optical densities were

measured at 450 and 630 nm using an ELISA reader.

Immunohistochemistry and quantitative image
analysis

Glioblastoma spheroids were fixed in 10% neutral-buffered formalin
for 24 h. Fixed spheroids were washed three times with 0.9% NaCl
and clotted with a mix of thrombin/plasma followed by embedment in
paraffin. Three micrometre sections were then mounted on FLEX IHC
slides (Dako, Glostrup, Denmark). Immunostaining with unconjugated
primary rabbit monoclonal antibodies against cleaved caspase-3
(clone 5A1E, Cell Signaling Technology, MA, USA) and p-STAT1
(clone D3B7, Cell Signaling Technology) was performed semi-
automatically using the Dako Autostainer Link 48 instrument and
EnVision FLEX+ detection system (Agilent Technologies, CA, USA).
Following deparaffinisation, rehydration, heat-induced epitope
retrieval in TEG (10-mmol/L Trisbase and 0.5-mmol/L EGTA, pH 9)
for 15 min and blocking of endogenous peroxidase, sections were
incubated with anti-cleaved caspase-3 (1:400) or p-STAT1 (1:800) for
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60 min at room temperature. The antigen-antibody complex was
detected using EnVision FLEX+ with DAB as chromogen. Immunos-
taining with primary rabbit monoclonal antibodies against STAT1
(clone D1K9Y, Cell Signaling Technology), bone marrow stromal cell
antigen 2 (BST2) (clone E4AN3W, Cell Signaling Technology) and myxo-
virus resistance protein 1 (MX1) (clone D3W?7I, Cell Signaling Technol-
ogy) was carried out on the fully-automated DISCOVERY ULTRA
immunostainer (Ventana Medical Systems, Inc., AZ, USA). Standard
protocols included epitope retrieval in protease-3 for 4 min followed
by cell conditioning 1 buffer for 32 min at 100°C (STAT1) or cell con-
ditioning 1 buffer for 32 min at 100°C followed by protease-3 for
4 min (BST2 and MX1), quenching of endogenous peroxidase and
incubation with anti-STAT1 (1:800), anti-BST2 (1:400) or anti-MX1
(1:50) for 32 min at 36°C. The bound antigen-antibody complex was
visualised with OptiView-DAB according to the manufacturer's
instructions. Sections were counterstained with Mayers haematoxylin
or Haematoxylin Il plus bluing reagent, and coverslips were mounted
using Pertex® Mounting Medium (HistoLab Products AB, Géteborg,
Sweden). Stained slides were digitalised using the NanoZoomer 2.0HT
whole slide scanner (Hamamatsu Photonics) equipped with a 40x
objective. Images were then imported into the Visiopharm Image
Analysis Software (Visiopharm, Harsholm, Denmark), version 2018.4,
and pixel-based algorithms were designed as previously described [37]
to quantify fractions of the positive staining area within the individu-

ally outlined glioblastoma spheroids.

RNA isolation, sequencing and data analyses

Indirect co-culturing was performed with the SV40 immortalised
microglia cell line and the glioblastoma spheroid culture T121, and the
co-cultures were exposed to 60 or 120 uM TMZ for 48 h using
DMSO as negative control, as described above. T121 spheroids were
harvested from the 24-well plates, centrifuged and stored as dry
pellets. Dry pellets of single cultures of T121 spheroids were prepared
in a similar manner. The experiment was performed in biological
triplicates, and all samples were stored at —80°C until RNA extraction
and sequencing. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Venlo, The Netherlands) according to the manufacturer's
protocol, and sample RNA concentration was measured with
NanoDrop™ 2000 (Thermo Scientific, MA, USA). RNA sequencing
(RNA-seq) was performed using the lllumina NextSeq sequencer and
2 x 75 bp paired-end reads. The raw data (BCL files) were first demul-
tiplexed using lllumina software CASAVA thereby creating FASTQ
files. The FASTQ files were processed using (BBDUK) from the
BBTools package [38] for trimming remnant adaptor sequences,
removal of low-quality bases and reads, and kmer-filtering. The quality
filtered reads were subsequently first aligned against the human tran-
scriptome (Homo_sapiens.GRCh38.95) and then to the human
genome (GRCh37/hgl9) using TOPHAT2 [39]. Quantification was
done using the HTseg-count Python module embedded in the HTSeq
tool package [40]. The edgeR R-package [41] was used for the trans-
formation of the raw counts into counts per million (cpm) and for the

filtration of very low expressed genes. Only genes that had cpm 2 1 in
at least three samples were kept for further analysis. This step led to a
total of 15,128 genes for further downstream analysis. After filtering,
the data were normalised using Trimmed Mean of M-values (TMM)
normalisation. For differential expression analysis, the glmFit and
glmLRT functions embedded in the edgeR R package were used,
and the false discovery rate (FDR) was applied to correct for multiple
testing. Genes having an FDR < 0.05 were considered significantly dif-

ferentially expressed.

Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) [42] was performed using the
GSEA software v.3.0 to determine if a given set of curated genes/
pathways showed statistically significant concordant differences
between the above-compared groups. The GSEA was run on pre-
ranked individual genes (based on log2 fold changes and considering
all past-filtering expressed genes). The collection of human KEGG
(Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/
kegg/) and Reactome (https://reactome.org/) defined gene sets were
used as input for the analysis. Next, an enrichment score was calcu-
lated for each of these a priori-defined gene sets, which is a metric of
how significantly the members of a gene set deviate from a randomly
distributed ordered list compared with the input pre-ranked list. In our
analysis, GSEA was conducted using 1,000 permutations, and
minimum and maximum gene sets size was set to 15 and 500, respec-
tively. Gene sets with an FDR < 0.05 were considered to be statisti-
cally significantly enriched between groups.

Correlation analyses between microglia markers and
ISGs in TCGA and CGGA data

The Chinese Glioma Genome Atlas (CGGA) RNA-seq data were down-
loaded from the GlioVis web application (http://gliovis.bioinfo.cnio.
es) [43] and filtered to exclude IDH-mutant, 1p19g-codeleted and
secondary glioblastomas as well as patients with an age of <18 years.
Both primary and recurrent glioblastoma patients were included.
In addition, The Cancer Genome Atlas (TCGA) microarray data
(Agilent-4502A) from adult glioblastoma patients were downloaded
from GlioVis and filtered to exclude IDH1-mutant and secondary glio-
blastomas. Both primary and recurrent glioblastoma patients were
included.

Statistics

For the co-culture experiments, statistical analyses were performed
with the GraphPad Prism software 5.0. Data were tested for
normality and homogeneity of variance. Student’s unpaired t-test or
its non-parametric equivalent Mann-Whitney U-test was used for

the comparison of two groups, whereas one-way ANOVA with
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Bonferroni’s correction or non-parametric Kruskal-Wallis test with
Dunn multiple comparisons test was used when comparing more than
two groups. Each experiment was performed as at least two indepen-
dent biological replicates, and data were pooled from consecutive
experiments and normalised using the means. For the correlation
studies, statistical analyses were performed with the GraphPad Prism
software 9.5. mRNA expression of selected ISGs (IFI6, IF27, BST2,
MX1, HERC6 and STAT1) and microglia markers (AIF1 and TMEM119)
were plotted against each other, and Pearson correlation coefficients
(r) were calculated. r was used to test whether the relationship
between the ISGs and microglia markers was significant using a
two-tailed correlation analysis. P <0.05 were considered statistically
significant.

RESULTS

Microglia increase TMZ resistance of
glioblastoma cells

Different co-culture experiments were performed to investigate
the effect of microglia on TMZ sensitivity in glioblastoma cells
(Figure 1A-C), analysing cell death with a Pl assay. First, we selected
a panel of glioblastoma cell cultures sensitive to TMZ treatment
(Figure S1). Direct co-culture experiments (Figure 1A) of T87 and T78
glioblastoma spheroids and mouse BV2 immortalised microglia
showed significantly reduced glioblastoma cell death after co-culture
with microglia compared with cultures without microglia (Figure 1D-F).
Next, we investigated whether the effect was caused by direct cell-
cell contact or by secreted factors performing indirect co-culture
experiments using transwell inserts that only permit the passage of
secreted factors. Microglia were placed in the upper compartment,
whereas the glioblastoma spheroids were placed in the bottom of the
wells (Figure 1B). We observed the same effect as in the direct co-
culture experiments; T87, T78 and T121 glioblastoma spheroids were
significantly less sensitive to TMZ-induced cell death when cultured
together with BV2 immortalised microglia in the transwell insert
(Figure 1G-I). To further explore this, glioblastoma spheroids were
exposed to TMZ in the presence and absence of microglia-conditioned
medium (Figure 1C). BV2 immortalised microglia were cultured with
and without TMZ and, after 24 h, the microglia-conditioned medium
was harvested and transferred to glioblastoma spheroid cultures that
were then exposed to different concentrations of TMZ. We observed
significantly reduced glioblastoma cell death when cultured in
microglia-conditioned medium treated with 0 and 60 uM TMZ
(Figure 1J-L). However, when microglia had been exposed to 120 uM
TMZ, we did not see a significant protective effect.

To investigate the human microglial effect on TMZ sensitivity, the
indirect co-culture experiments were repeated using the human SV40
immortalised microglia cell line. Comparably with the mouse BV2
immortalised microglia, we observed significantly reduced glioblas-
toma spheroid death when co-culturing six different glioblastoma

spheroid cultures with SV40 immortalised microglia (Figure 2A-F).
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Next, we analysed glioblastoma cell death by immunohistochemical
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staining (IHC) of cleaved caspase-3, an apoptotic marker, using the
indirect co-cultures (Figure 2G). We observed a significant microglial-
induced reduction in cleaved caspase-3 expression in two different
glioblastoma spheroid cultures (Figure 2H,l). To further verify the pro-
tective effect of microglia, we performed indirect co-culture experi-
ments with two glioblastoma spheroid cultures using human primary
microglia that more closely resemble the microglia observed in vivo,
and here, we observed a significantly reduced cell death in the co-
cultured glioblastoma spheroids (Figure 2J,K). To investigate the influ-
ence of TMZ on microglia, we performed cell death/viability assays on
the three microglia cell lines, and these experiments showed a signifi-
cant cytotoxic effect only at high TMZ concentrations (2480 uM for
cell death and 2240 uM for cell viability) (Figure S2).

In summary, we discovered that both mouse and human immorta-
lised microglia, as well as human primary microglia, secrete factors
that reduce TMZ-mediated cell death and leave glioblastoma cells
unresponsive or less responsive to TMZ.

Microglia induce an interferon-stimulated gene
expression profile in glioblastoma cells

To gain more insight into why glioblastoma cells become resistant to
TMZ after co-culture with microglia, we performed RNA-seq on T121
glioblastoma spheroids cultured with or without human SV40
immortalised microglia. We performed indirect co-culturing to avoid
cross-contamination with microglia. After filtering and normalisation
of the RNA-seq data, differential gene expression analysis and GSEA
were performed.

First, differential gene expression between T121 spheroids
exposed to O uM or 60/120 pM TMZ was investigated. As expected,
we observed an upregulation of pro-apoptotic factors (e.g., FAS,
PMAIP1, TNFRSF10A, CHAC1 and TRIB3) and the cell cycle inhibitor
CDKN1A. GSEA supported this, as it showed upregulation of the
KEGG p53 signalling pathway as well as the KEGG apoptosis
(Figure 3A). Next, the microglial impact on glioblastoma spheroids was
examined. We analysed differentially expressed genes between T121
spheroids cultured alone or co-cultured with microglia. We observed
a clear ISG expression profile in the glioblastoma spheroids co-
cultured with microglia, with a high number of upregulated ISGs
(e.g., IFI27, MX1, BST2, IFI6, HERC6 and STAT1) (Figure 3B). GSEA
REACTOME and KEGG analyses indicated IFN and JAK/STAT
signalling, respectively. An almost identical gene expression profile
was identified when comparing T121 spheroids cultured alone with
T121 spheroids co-cultured with microglia and treated with TMZ.
Multiple ISGs were upregulated, and GSEA analysis revealed IFN and
JAK/STAT signalling (Figure 3C). The differential expression of
selected ISGs is illustrated in a heatmap in Figure 4A (see Tables 1
and S2 for the top 25 or top 100 differentially expressed genes and
the supplementary Excel data file (Data S1) for raw expression with
annotations). The heatmap includes some of the most described ISGs

in the literature and compares the gene expression in T121 single-
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FIGURE 1 Mouse BV2 immortalised microglia reduce TMZ sensitivity of glioblastoma spheroids. (A-C) lllustration of culture set-ups showing
direct co-culture of microglia and glioblastoma (GBM) spheroids (A), indirect co-culture with GBM spheroids and microglia separated by a
microporous membrane (B) and a set-up where GBM spheroids are treated with conditioned medium derived from microglia cultures (C). (D)
Images of T87 spheroids cultured without (top) and with (bottom) BV2 microglia in a direct co-culture set-up with 0, 60 and 120 uM TMZ. The
left panels show light microscope images of the spheroids, and the right panels indicate fluorescent microscope images of their respective
propidium iodide (PI) signals (outlined using Imagel). (E, F) Two spheroid cultures (T87 and T78) treated with TMZ showed reduced cell death
(reduced PI intensity) after direct co-culture with BV2 microglia. (G, H, I) Three spheroid cultures (T87, T78 and T121) treated with TMZ showed
reduced cell death after indirect co-culture with BV2 microglia. (J, K, L) Three spheroid cultures (T87, T78 and T121) treated with TMZ and
control medium (COM, with and without TMZ) or BV2 microglia-conditioned medium (MCM, with and without TMZ). After 24 h (T87) or 48 h
(T78 and T121) of culture, a significantly reduced TMZ-induced cell death of GBM spheroids was observed in MCM cultures treated with O or

60 uM TMZ, but not 120 uM TMZ. In figures J-L the TMZ concentrations right below the x-axis indicate TMZ in the culture, whereas the TMZ
concentrations below the brackets indicate TMZ in the pre-treated COM and MCM cultures. The level of significance is indicated with asterisks
(* p < 0.05; ** p < 0.01; *** p < 0.005). The standard error of the mean (SEM) based on at least two biological replicates is indicated by the vertical
lines. The scale bar in D is 100 um.

cultured spheroids with T121 co-cultured spheroids with and without The microglial-induced ISG expression profile is
TMZ exposure. All ISGs were significantly upregulated after co-culture mediated by STAT1 signalling
with microglia, indicating that the ISG expression profile detected in

our data is highly similar to the ISG expression profiles described Differential gene expression analysis as well as GSEA analysis on the
in the literature. Collectively, microglia induced an ISG expression RNA-seq data suggested the involvement of STAT1 signalling through
profile in glioblastoma cells, and the GSEA analysis suggested that upregulation of ISGs after co-culture with microglia. To confirm this,
JAK/STAT signalling may be involved. we performed immunostaining of STAT1 and phosphorylated (p-)
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FIGURE 2 Human microglia increase TMZ resistance of glioblastoma spheroids. (A-F) Six glioblastoma spheroid cultures treated with TMZ
showed significantly reduced cell death measured by PI intensity following indirect co-culture with human SV40 immortalised microglia. (G) IHC
images of cleaved caspase-3 in spheroids cultured without (top) and with (bottom) SV40 microglia and treated with O (left) or 120 uM (right) TMZ,
illustrated for T105. (H, I) Two spheroid cultures treated with TMZ showed significantly reduced apoptosis after indirect co-culture with SV40
microglia. (J, K) Two spheroid cultures treated with TMZ showed significantly reduced cell death after indirect co-culture with human primary
microglia. The level of significance is indicated with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.005). The SEM based on at least two biological
replicates is indicated by vertical lines. The scale bar in G is 100 um.

STAT1 as well as BST2 and MX1 on paraffin-embedded glioblastoma

cell clots derived from indirect co-culture experiments with two glio-

blastoma spheroid cultures

and SV40

immortalised microglia

(Figure 4B). STAT1 and p-STAT1 were weakly expressed in T105 and

T121 spheroids cultured alone but when co-cultured with microglia,
STAT1 (Figure 4C,D) and p-STAT1 (Figure 4E,F) expression levels
were significantly upregulated in both the presence and absence of
TMZ. Similar results were found for BST2 (Figure 4G, H) and MX1
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FIGURE 3 Glioblastoma spheroids acquire an ISG expression profile after co-culturing with microglia. We performed RNA-seq on TMZ-
treated and non-treated T121 glioblastoma spheroids co-cultured with and without SV40 immortalised microglia. Differential gene expression
analyses between different treatments are illustrated in volcano plots (left), and GSEA is shown (middle: REACTOME and right: KEGG). (A)
Differential gene expression analysis between T121 spheroids cultured with and without TMZ showed induction of apoptosis after TMZ
treatment. (B) Differential gene expression analysis between T121 spheroids cultured alone vs T121 spheroids cultured with microglia showed
upregulation of 1SGs, and GSEA indicated IFN and JAK/STAT signalling. (C) Differential gene expression analysis between T121 spheroids
cultured alone vs T121 spheroids cultured with TMZ and microglia showed the same expression profile as co-culturing without TMZ exposure.
For both A and C, the 60 and 120 uM TMZ samples were pooled in the analysis, as these groups showed comparable results. Separate analyses
can be found in Figure S3. Experiments were performed in biological triplicates.
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FIGURE 4 STAT1 signalling and IFN-stimulated protein expression levels are upregulated in glioblastoma spheroids after co-culture with
microglia. (A) Heatmap showing the expression of the most well-described ISGs in T121 spheroids cultured with and without SV40 immortalised
microglia and TMZ. (B) IHC staining of STAT1, p-STAT1, BST2 and MX1 on paraffin-embedded cell clots from T121 spheroids cultured with
(right) and without (left) SV40 microglia. (C-J) Immunoreactivity of STAT1 (C, D), p-STAT1 (E, F), BST2 (G, H) and MX1 (1, J) in two glioblastoma
cell cultures co-cultured with (grey) and without (white) SV40 microglia and with and without TMZ. The level of significance is indicated with
asterisks (* p < 0.05; *** p < 0.005). SEM based on two biological replicates is indicated by the vertical lines. The scale bar in B is 100 pum.

(Figure 4l, J). The immunostaining supports the RNA-seq data and
suggests a microglial-induced activation of the STAT1 signalling path-

way as well as an upregulation of ISG expression in glioblastoma cells.

Expression of ISGs in glioblastoma correlates with the
presence of microglia

To further investigate the association between microglia and I1SG
expression in glioblastoma, we utilised data from TCGA and CGGA.
We analysed if there was a correlation between two known markers
of microglia and the top five most differentially expressed ISGs from
the RNA-seq analysis (Figure S4). Overall, there was a significant posi-
tive correlation between the expression of the top five expressed
ISGs and AIF1 and TMEM119 in both datasets. However, IFI27
expression only correlated with the expression of the more general
TAM marker AIF1 and not the microglia-specific marker TMEM119.

Further, HERC6 had a stronger correlation with TMEM119 compared
with AIF1. We also analysed STAT1 correlation with the microglia
markers and found that STAT1 expression only correlated positively
with TMEM119 and not the general TAM marker AIF1. The data sug-
gest a tendency towards a higher expression of ISGs in glioblastomas
with higher infiltration levels of microglia. Further, we performed
RNA-seq analysis on single-cultured SV40 microglia and SV40 micro-
glia co-cultured with T121 glioblastoma spheroids, and these analyses
showed no differential expression of ISGs in the microglia (data not
shown). This suggests that the ISG signature is specific for glioblas-

toma cells that are interacting with microglia.

DISCUSSION

In the present study, we showed that co-culturing microglia and glio-

blastoma cells protects the glioblastoma cells against TMZ-induced
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TABLE 1 Differentially expressed genes in RNA-seq samples.

T121 vs T121 + SV40

T121 vs T121 + SV40 + TMZ

Genes Log2 FC P-value FDR Genes Log2 FC P-value FDR
IF127 6.21 2.77E-37 1.12E-34 IFI27 6.55 2.07E-108 1.40E-104
AC017076.5 5.84 1.03E-44 7.22E-42 RSAD2 6.18 2.06E-25 1.04E-22
MX1 5.68 6.97E-24 1.39E-21 MX1 6.15 3.80E-80 1.03E-76
RP1-71H24.1 5.20 1.79E-65 7.51E-62 IFI6 5.52 3.75E-106 1.70E-102
IF16 511 8.67E-47 7.78E-44 IF144L 5.38 3.73E-11 3.68E-09
BST2 5.09 4.17E-43 2.50E-40 OASL 5.33 5.60E-10 4.81E-08
OAS1 5.03 2.10E-22 3.67E-20 BST2 5.30 4.57E-116 6.19E-112
HERC6 5.00 2.66E-75 1.67E-71 I1SG15 5.27 3.40E-30 2.31E-27
RSAD2 4.95 8.09E-12 4.84E-10 XAF1 5.13 1.07E-08 7.10E-07
RTP4 4.88 1.96E-35 7.05E-33 COL3A1 5.13 0.00136 0.020761
CMPK2 4.84 1.36E-44 8.99E-42 RP1-71H24.1 5.02 1.71E-27 1.01E-24
ISG15 4.65 1.53E-18 2.16E-16 HERC6 4.95 5.62E-91 1.90E-87
IF144L 4.37 4.19E-07 1.11E-05 HERC5 4.66 7.81E-15 1.47E-12
HERC5 4.30 2.63E-14 2.31E-12 CMPK2 4.62 4.87E-33 4.40E-30
MX2 4.25 1.05E-05 0.00019 DDX60 4.58 1.90E-36 2.15E-33
IFIH1 4.23 6.18E-24 1.25E-21 COL1A2 4.56 0.001824 0.025834
DDX60 4.22 1.15E-25 2.53E-23 TGFBI 4.54 0.001038 0.016745
EPSTI1 4.17 3.21E-07 8.73E-06 IFIH1 4.50 6.36E-23 2.69E-20
DDX58 3.97 4.43E-56 6.19E-53 COL6A3 449 0.002099 0.028712
SLC15A3 3.96 5.86E-09 2.29E-07 PARP12 3.92 4.34E-36 4.52E-33
OASL 3.93 3.16E-07 8.66E-06 DDX58 3.89 4.18E-40 5.67E-37
C19orf66 3.92 8.94E-33 3.12E-30 SAMD9 3.81 9.89E-19 3.12E-16
PARP12 3.88 3.28E-50 3.43E-47 PLSCR1 3.70 1.30E-43 2.52E-40
SAMD9IL 3.78 4.15E-29 1.16E-26 DDX60L 3.68 2.04E-30 1.46E-27
DDX60L 3.75 1.06E-39 5.34E-37 IF144 3.61 4.99E-26 2.70E-23

Note: Top 25 differentially expressed genes for T121 vs T121 spheroids co-cultured with SV40 microglia (left) and T121 vs T121 spheroids co-cultured
with SV40 microglia and treated with TMZ (right; 60 and 120 uM pooled in analysis), sorted by log, fold change.

Abbreviations: FDR, false discovery rate; logFC, log fold change.

cell death (Figure 5). We also found that microglia induce expression
of ISGs in glioblastoma cells possibly leading to a reduced TMZ sensi-
tivity of the glioblastoma cells. This gene expression signature corre-
sponds to the previously described IRDS, which is upregulated in
different cancers and is linked to radiation and chemotherapy resis-
tance [24, 25]. However, we here report for the first time that the
IRDS can be induced by microglia. This opens up an alternative thera-
peutic target to increase the elimination of glioblastoma cells with
TMZ, seeing that microglia are genetically stable and possibly easier
targetable than the heterogeneous, unstable glioblastoma cells. The
IRDS genes identified in our RNA-seq analysis are comparable with
the previously observed signature, with highly significant, differential
expression of genes including IFI6, IFI27, MX1, BST2 and HERC6 in
glioblastoma cells following co-culture with microglia. In addition,
STAT1 expression was significantly upregulated indicating JAK/STAT
signalling. These results were confirmed at a protein level for STAT1,
BST2 and MX1. In data from the TCGA and CGGA, we observed a
positive correlation between the most upregulated I1SGs and AIF1,

a pan-marker for TAMs, as well as TMEM119, a microglia-specific
marker. Furthermore, STAT1 expression correlated positively with
TMEM119 expression. In our RNA-seq data, we also observed a signif-
icant expression of six proposed regulators of the IRDS genes [20].
Using an upstream regulator analysis with ingenuity pathway analysis,
Padariya et al. suggested IRF7, EIF2AK2, STAT1, USP18, ISG15 and
IFIH1 as major regulators of the IRDS genes. All six proposed regula-
tors were upregulated in glioblastoma cells after co-culture with
microglia. Together, this supports the hypothesis that the expression
levels of ISGs as well as IFN and STAT1 signalling are elevated in
microglia-rich glioblastomas.

Our observed association between microglia and the ISG expres-
sion profile as well as TMZ resistance is supported by previous
studies. In one study, phosphatidylinositol 3-kinase gamma (PI3Ky)
inhibition in glioblastoma decreased intratumoural microglia infiltra-
tion that in turn increased survival and TMZ response in a murine
model [44]. In another study, microglia depletion in brain slices

resulted in the downregulation of ISGs as well as reduced JAK/STAT
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FIGURE 5 A hypothesis for microglial-mediated TMZ resistance in glioblastoma. Glioblastomas with low infiltration of microglia have a low
expression of ISGs and are more sensitive to TMZ treatment (top panel), while microglia-rich glioblastomas have high levels of ISGs and show
increased resistance to TMZ-induced cell death (bottom panel). Microglia infiltrating glioblastoma stimulate the expression of ISGs, possibly
through secretion of IFNs, resulting in STAT1 signalling. Phosphorylation of STAT1 leads to binding of p-STAT1 to gamma-activated sequence
(GAS) initiating transcriptional activation of different ISGs [20]. In this way, glioblastoma cells acquire an IFN-related DNA damage resistance
signature (IRDS) that protects them against TMZ-mediated cell damage. The illustration was created with BioRender.com.

signalling in astrocytes [45]. In addition, we found that ISG expression
correlated with the presence of microglia in glioblastoma using in silico
datasets. Interestingly, Khan et al. reported a significant association
between IFN/STAT1 signalling and the mesenchymal phenotype in
glioblastoma [46], which is characterised by high TAM infiltration.
Further, they showed that high STAT1 expression correlated with
poorer prognosis in the mesenchymal subtype only [46], suggesting a
relation between TAMs and the STAT1 pathway. Additionally,
IFN/STAT1 signalling and high ISG expression were mainly present in
glioblastoma stem-like cells, linking the ISGs to more aggressive
glioblastoma cells. In line with these results, Yang et al. identified the
ISG expression profile in a subpopulation of glioblastoma cells by
single-cell sequencing, and this subpopulation actively interacted with
TAMs and predicted shorter survival in patients with glioblastoma
who had received radio-chemotherapy [25]. Further, we have previ-
ously shown that high levels of CD204-positive TAMs correlate with
shorter overall survival in glioblastoma [10]. Interestingly, in the group
with MGMT methylated tumours, patients whose tumours had high
CD204 expression showed a poorer prognosis than patients whose
tumours had low CD204 levels. This finding suggests a possible
chemo-protective role of TAMs in glioblastoma, supporting our
in vitro results in the present study. Collectively, these findings indi-

cate that both microglia and the ISG expression profile may correlate

with tumour aggressiveness, chemo-resistance and poorer outcome in
patients with glioblastoma.

The IRDS genes could be explored as therapeutic targets to elimi-
nate the TMZ-resistant glioblastoma cells. Seeing that these genes are
regulated by STAT1, they could be targeted together with a STAT1
inhibitor, for example, fludarabine, which inhibits STAT1 phosphoryla-
tion and signalling, potentially leading to downregulation of ISGs
[20, 47]. Fludarabine is already approved for haematological malignan-
cies. Bromodomain and extra-terminal domain (BET) inhibitors could
also potentially be used to inhibit ISGs. BET proteins are epigenetic
regulators of gene transcription, and an in vitro study using glioblas-
toma spheroids suggested that a BET inhibitor could directly inhibit the
transcriptional level of ISGs, bypassing STAT1 signalling [48]. In addi-
tion, depletion of the IRDS-inducing microglia may be a favourable
therapeutic strategy. In this study, we used microglial cell lines to test
our hypothesis; however, in an in vivo setting, macrophages may also
be responsible for the possible ISG-mediated TMZ resistance. The
IRDS profile has been observed in other solid cancers, for example,
breast and lung cancer [24], and macrophages could potentially play a
role here, although this has not been investigated. Thus, additional
in vivo experiments are needed to elucidate whether the microglia
and/or macrophage subpopulation is responsible for the observed

effect using, for example, single-cell sequencing and spatial multiomics.
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In conclusion, our study show that microglia can promote the
development of TMZ-resistant glioblastoma cells via induction of
ISG expression. The ISG gene expression signature has been linked to
resistance and described as an IRDS. These genes as well as the
IRDS-inducing microglia could serve as valuable therapeutic targets in
glioblastoma.
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