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Microglia accumulate in malignant gliomas and play a pivotal role in tumor progression. Using single-cell RNA sequencing studies
researchers have probed gene expression in the myeloid cells in experimental gliomas at relatively late stages of the tumor
development. Therefore, the early changes in gene expression in microglia in response to glioma are not fully characterized. We have
previously reported distinct profiles of gene expression in the rat primary microglia cultures treated for 6 hours with either rat Cé
glioma-conditioned medium (GCM) or lipopolysaccharide. In the current study, using RNA-seq, we characterized the transcriptional
response of rat primary microglia to GCM in vitro at different time-points: 6 h, 24 h, and 48 h, as compared to the control treated for
6 h with its own medium. We observed that during the GCM treatment gene expression changes in a biphasic, swing-like pattern. This
includes the genes involved in innate immune response, which are mostly down-regulated at 6 h by the GCM treatment, as compared
to the time-matched control, and subsequently up-regulated at 48 h, as compared to the earlier time-points of the GCM treatment.
Conversely, the genes involved in the cell cycle are up-regulated at 6 h and down-regulated at 48 h, which coincides with the induction
of Tgfb1. Notable exceptions to this biphasic pattern include key genes activating immune response, such as TIr9 and Myd88, which are
down-regulated early and persistently, while genes inhibiting immune activation, such as Trem1, and genes involved in a metabolic
switch, such as Pfkl, are persistently up-regulated. Most notably, the up-regulated genes include Ptgs7 (alias Cox7) and Thxas1, which
encode the enzymes catalyzing the synthesis of thromboxane A2, a known inducer of T cell suppression. Further studies are needed to
test the functional consequences of their up-regulation.
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INTRODUCTION

Glioblastoma wild type IDH (GBM) is the primary,
WHO grade 4 brain tumor. Despite surgery, radio- and
chemotherapy GBM patients have a poor prognosis.
GBMs are infiltrated by myeloid cells, which constitute
up to 30-40% of the tumor mass. The composition of
glioma-associated myeloid cells (GAMs) changes while
the tumor progresses. Initially, the tumor becomes
infiltrated by the microglia - central nervous system
(CNS) resident myeloid cells (Gabrusiewicz et al., 2011).
Due to this different ontogeny, as microglia originate
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from yolk sac progenitors, colonize the CNS during
early embryogenesis, and persist throughout the entire
life (Prinz et al., 2014), these cells display distinct tran-
scriptional signature from peripheral macrophages
(Butovsky et al., 2014). Microglia associated with ma-
lignant gliomas are polarized into immunosuppressive,
tumor supporting cells (Gieryng et al., 2017b ; Buonfi-
glioli & Hambardzumyan, 2021). In the murine GL261
gliomas at day 7 after the implantation, the myeloid
cells that accumulate at the tumor site are predomi-
nantly activated microglia (Gabrusiewicz et al., 2011;
Sielska et al., 2013; Virtuoso et al., 2022). The changes
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in gene expression in glioma-associated myeloid cells
(GAMs) as well as their subpopulations have been char-
acterized by using single-cell RNA sequencing (scRNA-
seq) (Bowman et al., 2016; Ochocka et al., 2021, 2023;
Pombo Antunes et al., 2021). The cytokines and chemo-
kines secreted by tumor-associated microglia stimulate
a massive influx of the monocytes into the brain from
the blood, which is observed at day 14 (Gabrusiewicz
et al., 2011). These monocytes undergo differentiation
into macrophages and by day 21 acquire high levels of
immunosuppressive markers, such as Argl and PD-L1,
which are absent in blood monocytes (Ochocka et al.,
2023). In human glioma patients, microglia-derived
GAMs were predominant in newly diagnosed tumors,
but were outnumbered by monocyte-derived GAMs fol-
lowing recurrence, especially in hypoxic tumor envi-
ronments (Pombo Antunes et al., 2021). Recurrent high
grade gliomas are characterized by a prominent infil-
tration of immature dendritic cells and immunosup-
pressive macrophages (Roura et al., 2021).

The above studies point to the pivotal role of mi-
croglia during early stages of glioma development.
However, the activation of microglia in response to the
factors released by tumor cells is not fully understood.
Available in vivo single cell RNA studies probed gene
expression in the myeloid cells inside the glioma ei-
ther at a single, late time-point of 21 days (Ochocka
et al., 2021; Pombo Antunes et al., 2021), or at sever-
al time-points - days 14 and 21 (Ochocka et al., 2023).
A milestone study (Kirschenbaum et al., 2024) utilizing
Zman-seq method demonstrated that the process of
polarization of incoming monocytes into immunosup-
pressive macrophages is completed within 48 hours.
However, the Zman-seq technique is not applicable to
microglial cells, as it relies on pulse-labelling of pe-
ripheral blood cells.

We previously reported transcriptomic changes
in the rat primary microglia cells in vitro treated for
6 hours with either microglia-conditioned medium
(MGCM), rat Cé6 glioma-conditioned medium (GCM) or
lipopolysaccharide (LPS), determined by microarray
gene expression analysis (Ellert-Miklaszewska et al.,
2013). Distinct patterns of changes in gene expression
induced by either treatment were revealed. Genes,
such as Nos2 and Il1b were induced by the LPS treat-
ment only, while other genes, including Argl, Cx3crl,
Id1, Myc, Smad7, were preferentially induced by the
GCM treatment. The GCM treatment also affected chro-
matin openness of rat primary microglial cells at the
6 h time-point (Przanowski et al., 2019), and induced
changes in the histone modification pattern (Malesze-
wska et al., 2021).

In the current study we characterized the tran-
scriptional response of rat primary microglia to GCM
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in vitro at 3 time-points: 6 h, 24 h, and 48 h, and com-
pared to the control (being microglia exposed for
6 h to MGCM). We demonstrate that a majority of
genes involved in the innate immune response are
down-regulated at 6 h by the GCM treatment, as com-
pared to the MGCM control, and then are up-regulat-
ed at 48 h, as compared to the earlier time-points of
the GCM treatment. The exceptions to this pattern,
include the two genes Ptgsl and Tbxasl, encoding the
enzymes catalyzing the synthesis of thromboxane A2
(TXA2), a known inducer of T cell suppression, which
are stably up-regulated in microglia at 6 h and 48 h of
the GCM treatment.

METHODS
Cell culture and GCM treatment

Microglial cultures were prepared from 1-day-old
Wistar rat pups as previously described (Zawadzka &
Kaminska, 2005). Briefly, cells were isolated from cere-
bral cortices by trypsinisation, mechanically dissociat-
ed and plated (3 x 105 cells/cm2) on poly-I-lysine-coat-
ed flasks in Dulbecco’s modified Eagle medium, 4.5 g/L
glucose (DMEM high glucose), with Glutamax, 10%
heat-inactivated fetal bovine serum (FBS, Gibco), and
antibiotics. After 10 days, microglia were collected by
mild shaking and centrifugation (300 g for 5 min). Cell
viability was determined by trypan blue exclusion. Cells
were suspended in the culture medium, plated (2-3
x105 cells/cm2) onto plastic Petri dishes for suspen-
sion cultures (Sarstaed) and left for 48 h before exper-
iments. Adherent cells were >98% positive for isolectin
B4. Microglia were stimulated with conditioned medi-
um from C6 rat glioma cells (GCM). The GCM treatment
was performed by replacing the medium over the mi-
croglial cells with GCM, and maintaining for 6 h, 24 h,
or 48 h. The control cells were cultured for 48 h and
then MGCM was pulled out and pipetted back in. The
cells were cultured for further 6 h, and collected for the
RNA isolation simultaneously with the 6 h point of the
GCM treatment.

Glioma cells were grown in DMEM with 1 g/L glu-
cose, 10% FBS and antibiotics. Conditioned media from
glioma cells were prepared as follows: C6 cells (1 x106)
were seeded onto 100-mm dishes in a standard culture
medium (DMEM low glucose) and after 24 h the medium
was exchanged for 8 ml of a medium used for microg-
lia cultures (DMEM high glucose + Glutamax). GCM was
harvested after 24 h conditioning, centrifuged at 300 g
for 10 min to remove cell debris, and added to microg-
lial cultures. The design of the experiment is shown in
the Fig. 1A.
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RNA isolation and sequencing

Total RNA was isolated from microglial cultures
with High Pure RNA kit (Roche). Quality and yield of
RNAs were verified using the 2100 Bioanalyzer (Agi-
lent Technologies) and NanoDrop 2000 (Thermo Sci-
entific). RNA libraries for sequencing were prepared
using a KAPA Stranded mRNA Sample Preparation Kit
(KK8401-07962169001, Kapa Biosystems, Wilmington,
MA, USA). The libraries were sequenced after onboard
cluster generation using HiSeq Rapid SBS Kit v2 (200
cycles) and HiSeq PE Rapid Cluster Kit v2 (Illumina)
on a HiSeq 1500 (Illumina).

Analysis of RNA-seq data

Raw sequencing data were processed using next-
flow 23.04.4 and nf-core/rnaseq 3.12.0 workflow with
the default options (Di Tommaso et al., 2017; Ewels et
al., 2020; Patel et al., 2025). Specifically, reads qual-
ity was assessed using fastqc 0.11.9, adapters were
removed with cutadapt 3.4, low quality reads were
filtered out with trimgalore 0.6.7. The filtered reads
were aligned to GRCr8.114 rat genome using STAR
2.7.9a, followed by quantification and mapping to
genes using Salmon 1.10.1 (Dobin et al., 2013; Patro et
al., 2017). BEDTools 2.30.0 and ucsc 377 were used to
create bigWig coverage files. The aligned reads were
sorted and indexed using samtools 1.17. Picard 3.0.0
was used to mark duplicates. RNA-seq results quality
was verified using MultiQC 1.14. The Salmon-gener-
ated reads counts file (salmon.merged.gene_counts.
tsv) was imported into R 4.2.3 environment, which
was used for subsequent analysis and visualizations.
BiomaRt 2.54.1 was used to map rows of the reads
counts file to Ensembl 115 gene_biotype using ensem-
ble_gene_id. Only the genes with the following bio-
types: protein_coding, miRNA, IncRNA, were used for
subsequent analysis. Differential expression analysis
was performed in DESeq2 1.38.3 (Love et al., 2014).
We performed the recommended variance stabiliz-
ing transformation (VST) of the DESeq2-normalized
data, followed by a removal of the batch effect of the
replicate number using limma 3.54.2. Neither the VST
nor the batch effect removal affects the result of the
DESeq2 differential expression analysis, which is not
using VST data. We used the profile of every gene in
DESeq2-normalized, VST- and limma-transformed
data to visualize its absolute expression, and the same
profile converted to Z-scores to visualize the relative
changes in expression. For compactness and clarity, in
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the current paper we present the average expression
profiles - averaged over the replicates in each group.
The profiles shown are only for the genes that sig-
nificantly changed expression with DESeq2 adjusted
p-value for the indicated contrast(s) < 0.05. We used
gprofiler2 R package, contacting the gProfiler webser-
vice (Kolberg et al., 2020; 2023) to analyze over-rep-
resentation of genes with specific functional annota-
tions (using the mouse as the target organism because
of its better annotation), namely: Reactome, KEGG
and Gene Ontology, among the genes that significant-
ly changed expression for the indicated contrasts. For
visualization of the RNA-seq results aligned on the ge-
nome, BEDTools 2.30.0 and ucsc 377 were used to cre-
ate bigWig coverage files for every sample. Individual
loci were visualized using IGViewer 2.19.2.

In every sample, Illumina paired sequencing
generated between 44 and 60 million (Samtools) of
75-76 bp (FastQC) high-quality (Phred score > 30)
reads per sample, with 92% of them uniquely mapped
(STAR) and, in every sample, 83-85% exonic, 11-13%
intronic, 4% intergenic, with 99% of genic reads map-
ping to protein coding genes. Quantification of gene
expression with Salmon, generated read counts for
43360 genes, all of them identified by ensembl_gene_
id and gene symbol (gene_name). Using ensmaRt we
mapped ensembl_gene_id to the Ensembl 115 gene
symbol (external_gene_name) and the gene biotype.
For further analysis we retained 20714 genes with
the biotypes: protein_coding, IncRNA and miRNA
that had identical symbol in the reads counts file and
in Ensembl. We furthermore required a one-to-one
mapping between Ensembl ensembl_gene_id and
external_gene_name, which reduced the number of
considered genes to 20300. The counts data for the
20300 filtered genes were analyzed for differential
expression using DESeq2. As a preliminary step, after
importing data into DESeq data set, we filtered out
the genes with very low expression, by requiring that
a gene has read counts > 10 in at least 3 (of the total
of 12) samples.

Data availability

The Salmon-generated reads counts (salmon.
merged.gene_counts.tsv), the results of the DESeq2
differential expression analysis (GRCr8_newComboDf,
tsv), and the reads counts aligned to the genome for
individual samples (bigWig), have been submitted to
RepoOD (repod.icm.edu.pl) and are available at https://
doi.org/10.18150/WCGKP9.
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RESULTS
Time course patterns of gene expression

The RNA sequencing followed by quality filtering re-
sulted in the dataset of 11577 genes, probed for expres-
sion under the 4 studied conditions: the MGCM-treat-
ed control group (Ctrl), and the three experimental
groups treated with GCM for 6 h (H6), 24 h (H24), or
48 h (H48). The PCA plots of the top two principal com-
ponents showed good reproducibility of the differences
between the experimental groups within each replicate
(Fig. 1B). These differences were captured by the prin-
cipal component 1 (PC1), explaining 47% of the total
variance. At the same time, the PCA plots also indicate
a marked batch effect of the replicate number with-
in each group. To mitigate the outcome of this batch
effect on the differential expression analysis results,
a paired analysis was performed, by fitting a two factor
model in DESeq2, with the experimental group and the
replicate number as two factors, with no interaction.
In subsequent analysis the effect of the replicate num-
ber was regressed out, by analyzing contrasts between
the levels of the group factor only. We also removed the
batch effect of the replicate number from the VST data,
which resulted in better within-the-group sample sim-
ilarity and between-the-group separation in the PCA
plot, facilitating its interpretation (Fig. 1C). The PCA
plot in Fig. 1C demonstrates that the GCM treatment
induces changes in gene expression that evolve in time,
with the initial changes in expression at 6 h (H6) of the
GCM treatment, as compared to the time-matched MG-
CM-treated control (Ctrl), reduced at 24 h (H24) of the
GCM treatment and then followed by changes in the
largely opposite direction at 48 h (H48) of the treat-
ment, as indicated by the opposite sign of the change
in PC1. The same conclusion can be drawn from the
heatmap plot of clustered pairwise distances between
the samples, shown in the Fig. 1D. The saturation of the
heatmap color and the clustering dendrogram show
that gene expression pattern at 6 h and at 48 h are the
most different to each other, while the gene expression
at 24 h is most similar, but not identical, to the MGCM
control group.

In differential expression analysis, we performed
two series of comparisons. In the first series of com-
parisons, the effect can be attributed to a single exper-
imental factor: either the GCM treatment (Hé6vsCtrl),
or the time following the GCM treatment (H24vsHs6,
H48vsH24). We used the above comparisons to de-
scribe the dynamics of the gene expression changes
in response to the addition of GCM. For each gene at
every comparison, we computed its log2 fold change
of expression and the corresponding adjusted p-value
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(padj). A positive log2 fold change indicates a higher
expression in the group on the left hand side of the
comparison. Independently for each comparison, we
identified the genes that were up-regulated (padj<0.05,
log2FoldChange>0) and separately the genes that were
down-regulated (padj<0.05, log2FoldChange<0), yield-
ing a total of 6 potentially overlapping sets of genes.
To identify groups of genes with common patterns
of expression, we analyzed the Venn subsets of the
above 6 sets of genes. Because Venn diagrams are not
well-readable for 6 sets, we show the numbers of genes
in every Venn subset as a barplot (Fig. 1E). For the ma-
jority of genes marked by violet bars, their patterns of
expression include a change (up or down) at the first
time-point (6 h) following the GCM treatment, as com-
pared to the time-matched control (Ctrl). Among the
genes that change expression more than once, there is
a clear dominance of the genes with different (up vs.
down) directions of the changes at subsequent time
points, relative to consistent directional changes. Thus,
the global biphasic pattern of changes in gene expres-
sion, indicated by the PCA plot in the Fig. 1C, extends to
the majority of genes that change expression at 6 h of
the GCM treatment, as compared to the MGCM control.

Biphasic transcriptional response of immune
genes in GCM-treated microglia

For functional interpretations of the gene expres-
sion changes, we used another series of comparisons,
in which all the experimental conditions (time-points
following the GCM treatment) were compared to the
MGCM control (Ctrl). We performed over-represen-
tation analysis separately for each time-point, sepa-
rately for the genes up-regulated (padj<0.05 and log-
2FoldChange>0) and down-regulated (padj<0.05 and
log2FoldChange<0) at this time-point, as compared
to the MGCM control. This resulted in 6 sets, each of
which was independently used as input for the anal-
ysis of over-represented annotations with functional
terms, from the Reactome (Jassal et al., 2020; Milacic et
al., 2024), KEGG (Kanehisa et al., 2023; Kanehisa & Goto,
2000), and Gene Ontology databases (Ashburner et al.,
2000; Gene Ontology Consortium et al., 2023). The in-
spection of the output revealed very large numbers of
over-represented Gene Ontology terms, and a smaller
number of terms from the Reactome and KEGG data-
bases. The results of the over-representation analysis
of terms from the Reactome and KEGG databases were
represented as dot plots, permitting comparison of re-
sults between the time-points, separately for the genes
up- and down-regulated at a given time-point. The
presented plots show only the 10 most significantly
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Fig. 1. Global analysis of gene expression changes induced by GCM in rat primary microglia cultures. (A) The design of the experiment. Transcriptional
analysis was performed on microglia exposed to GCM for 6 h, 24 h, and 48 h, as compared to the MGCM control (Ctrl). (B, C) The results of the principal
component analysis (PCA) of the DESeq2-normalized variance-stabilized (VST) data, before (B) and after the successful (C) removal of the batch effect
between the biological replicates. Dots represent individual RNA samples, with the investigated groups coded by colors and labels indicate replicate
numbers. (D) The heatmap of the gene expression differences between the individual samples, with the color intensity and the clustering dendrograms
indicating the distance between the samples. (E) The barplot of the (nonzero) counts of genes in every Venn subset of genes with a common pattern of
expression changes, among the 6 sets of the genes up-regulated (Up) or down-regulated (Down), identified separately for each of the three comparisons
(H6vsCtrl, H24vsH6, H48vsH24). Up indicates higher expression at the left-hand condition of the comparison, Down - lower. The violet bars mark Venn

subsets with a significant change for the H6vsCtrl comparison.

over-represented terms for each direction of change/
time-point combination, sorted by decreasing signifi-
cance, shown in the Fig. 2A-D.

We show the over-represented functional terms
associated with gene expression down-regulation
(Fig. 2A, B), and with the up-regulation (Fig. 2C, D),
from the Reactome (the left column - Fig. 2A, C) and
KEGG (the right column - Fig. 2B, D) databases. The

time-points are represented as columns of the dot plot.
At 6 h (HévsCtrl), the two most significantly over-rep-
resented functional annotations within the down-reg-
ulated genes are: Reactome Immune System and Innate
Immune System (Fig. 2A). Notably, the latter two anno-
tations become also over-represented among the genes
up-regulated at 48 h (H48vsCtrl) (Fig. 2C). The genes
up-regulated at 6 h are also enriched in the KEGG anno-
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Reactome “Innate Immune System” genes (I), represented as average Z-scores.
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tation DNA replication (Fig. 2D). The genes with several
related annotations, including Cell cycle, in both Reac-
tome and KEGG, become again over-represented among
the genes down-regulated at 48 h (Fig. 2A, B). The genes
annotated with immune-related Gene Ontology terms
are over-represented among the genes down-regulat-
ed at 6 h and among the genes up-regulated at 48 h
(Fig. 2E, F). The opposite pattern was observed for cell
cycle-related genes (up-regulated at 6 h and down-reg-
ulated at 48 h) (Fig. 2B, D).

To facilitate interpretation of changes at later
time-points, we performed a functional over-repre-
sentation analysis of the Venn subsets (Fig. 2G). The
results demonstrate that the over-representation of
the cell cycle-related genes is specific to the genes in
the single Venn subset H48vsH24Down, marked on the
X axis as NND (which stands for: No change (H6vsCtrl),
No change (H24vsH6), H48vsH24Down). These genes
change their expression for the first time at 48 h of
culture. Conversely, the genes with immune-related
Reactome annotations: Immune System, and Innate
Immune System; are over-represented among the
genes in the Venn subsets: H6vsCtrlDown (DNN), and
HeévsCtrlDown_H24vsH6Up_H48vsH24Up (DUU). The
expression profiles of these genes are affected by the
GCM treatment, because they begin with down-reg-
ulation in response to GCM. This down-regulation is
either persistent (DNN), or followed by up-regulation
(DUU).

The expression of S phase-associated genes regulat-
ed at 6 h by GCM, as compared to the MGCM control, is
illustrated in the heatmap shown in the Fig. 2H. A visu-
alization of expression profiles of the Reactome Innate
Immune System genes (Fig. 2I) shows that under the
condition of the GCM treatment the changes in expres-
sion of multiple immune-related genes are biphasic,
with initial down-regulation, followed by up-regula-
tion to the level comparable or higher than observed in
the control cells (Ctrl). There are, however, Reactome
Innate Immune System genes that become up-regulat-
ed at 6 h and remain up-regulated at 48 h (Fig. 3A). Con-
versely, there are also Reactome Innate Immune System
genes down-regulated at 6 h that remain down-regu-
lated at 48 h. The persistently down-regulated genes
include Tlr9 and Myd8, marked by rectangles in Fig. 3B.

In addition, we also looked at changes in expres-
sion in categories of genes that we considered as rel-
evant for the microglia response to glioma, including
the genes encoding: interleukins and chemokines and
their receptors, Tnf family and Tgfb family ligands
and receptors. The expression profiles of the genes
in these categories that significantly changed expres-
sion at 6 h of the GCM treatment, as compared to the
time matched MGCM control (Ctrl), are shown in the
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Fig. 3C-F. In these categories multiple genes, mostly
encoding interleukins, become transiently up-regu-
lated at 6 h and then down-regulated. This group in-
cludes 117, 1118, 1l4r, Ilér (Fig. 3C), and Tgfbrap1 (Fig. 3F).
Another group, including Ilirn, 1133 (Fig. 3C), and Ccr1,
Ccl22 (Fig. 3D), only became up-regulated at 48 h. No-
tably, Il1a, Cxcli6, and Tgfbr1,2 (marked by rectangles)
become up-regulated at 6 h and remain up-regulated at
later time-points. Furthermore, Cxcl16 was expressed at
a high absolute level (DESeq2 normalized counts about
7000). The data on absolute expression are available
in the RepOD, in the file GRCr8_newComboDf_v5.tab,
at https://doi.org/10.18150/WCGKP9. Tgfbl becomes
down-regulated at 6-24 h and then up-regulated above
the MGCM control level at 48 h. Conversely, I11b (Fig. 3C)
becomes down-regulated at 6 h and remains down-reg-
ulated at 48 h.

Microglial gene expression changes during
prolonged culture in GCM

The early down-regulation of many immune-relat-
ed genes and their later up-regulation prompted us
to compare the changes in expression in the current
RNA-seq experiment with the results of the earlier mi-
croarray study, in which we characterized the changes
at 6 h following treatment with GCM or 100 ng/ml LPS,
as compared to the 6 h MGCM control (Ellert-Miklasze-
wska et al., 2013). We calculated Pearson’s correlation
coefficients between the log2 fold changes, thereafter
referred to as “changes”, of expression for indicated
comparisons for the genes that showed significant
change in expression in both experiments (Fig. 3G, H).
As expected, the changes at 6 h of GCM treatment in
the current study (H6vsCtrl) and in the previous mi-
croarray study (GCMvsCTRL) show good correlation.
The changes between the later consecutive time-points
(H24vsH6 and H48vsH24) were anti-correlated with
the changes at 6 h of the GCM treatment, as compared
to the 6 h MGCM control (H6vsCtrl). Despite this, the
changes at the two later time points, as compared to
the control (H24vsCtrl and H48vsCtrl) showed posi-
tive correlations with the changes at 6 h (H6vsCtrl),
demonstrating that the initial changes in response to
the GCM were stronger then subsequent changes in the
opposite direction. Comparison of the GCM-induced
changes in the current study with the changes at 6 h
after the addition of LPS (Fig. 3H), showed that the
changes induced at 6 h by GCM were negatively cor-
related with the changes following LPS, whereas the
changes at 48 h GCM (H48vsH24 and H48vsCtrl) were
positively correlated with the changes at 6 h of LPS
(LPSvsCTRL).
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Fig. 3. Gene expression profiles of selected groups of genes, for the genes that significantly changed expression at 6 h of the GCM treatment, as compared
to the 6 h MGCM control. (A, B) Heatmaps of the changes in gene expression, represented as average Z-scores, for the rat Reactome “Innate Immune
System” genes persistently up-regulated (A), or persistently down-regulated (B) by the GCM treatment. Heatmaps of the changes in gene expression for
interleukin-related genes (C), chemokines and their receptors (D), Tnf family genes (E), and Tgfb family genes (F). Global correlations of gene expression
changes in the current experiment with published microarray data on the changes induced at the 6 h time-point by GCM or LPS (G, H), shown as Pearson
correlation coefficients between the log2 fold changes in either experiment, for the genes that in both experiments significantly changed expression at 6 h
of the GCM treatment, or at 6 h LPS treatment, as compared to the 6 h MGCM control.
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Induction of thromboxane synthesis genes
in microglial response to GCM

To identify novel genes potentially involved in
the early microglial response to GCM, we focused at
changes occurring at 6 h. The expression changes at
this time-point, relative to the time-matched MGCM
control (Ctrl), are presented as a volcano plot in the
Fig. 4A. The 40 most significantly regulated genes
(those with the largest -log10 adjusted p-values) are
labeled. Among these are several genes previously
reported as up-regulated in microglia exposed to gli-
oma, including Smad7 and MHC class II components
(RT1-DMa, RT1-DMb), as well as established microglial
markers Cx3crl and Tmem119. Among the most induced
transcripts, Ptgs1 (also known as Cox1) and Tbxas1 stood
out because they encode two enzymes - prostaglan-
din-endoperoxide synthase 1 and thromboxane A syn-
thase 1 - responsible for the conversion of arachidonic
acid to thromboxane A2 (TXA2), a potent lipid mediator
that can modulate inflammatory signaling and microg-
lial activation (Fig. 4B). The RNA-seq read coverage data
confirmed high expression levels, strong reproducibil-
ity across biological replicates, and robust induction of
both genes by the GCM treatment (Fig. 4C, D).

DISCUSSION

Microglia that accumulate in malignant gliomas ex-
hibit the immunosuppressive phenotype. Our previous
studies revealed a list of genes upregulated in microglia
early (6 h) in response to the stimulation with GCM.
However, these genes are not upregulated in microg-
lia isolated from gliomas (typically tested at 7 or 14,
21 days after glioma cell implantation), suggesting
their transient activation. In this study, we aimed to
identify genes that are activated and remain upregu-
lated following glioma stimulation.

We found the dominant biphasic pattern of gene ex-
pression changes following the exposure to the GCM,
which was unexpected. Our results reveal that most
gene expression changes observed at 6 hours are tran-
sient. At the subsequent time-points, the transcription-
al profile shifts toward a state more closely resembling
that of microglia 6 hours after LPS stimulation than the
one observed 6 hours after GCM.

This swing-like pattern of the changes in expression
of a majority of genes following the GCM treatment may
be a consequence of its single addition. It is likely that
the factors present in the GCM become used-up or de-
graded at the later time-points during the cell culture
progression. Additionally, the late down-regulation of
the S-phase genes might be related to using-up the nu-
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trients or inhibition of cell division due to an increased
cell density.

Ideally, time-matched MGCM controls for every
time-point of the GCM treatment should be employed.
However, a number of primary microglia cells that can
be obtained from a single microglia preparation is lim-
iting, and we chose the experiment design with three
time-points following the GCM treatment, and the
MGCM control only for the earliest (6 h) time-point. We
reasoned that if a gene changes expression in response
to GCM at the earliest time-point of the treatment the
latter evolution of its expression will also be affect-
ed. This assumption is corroborated by changes in the
chromatin structure induced by the GCM treatment ob-
served in our previous work (Przanowski et al., 2019;
Maleszewska et al., 2021).

Alternatively, the biphasic response may reflect
the in vivo dynamics of the response to the factors se-
creted by glioma. We had previously identified Spp1
as one of such factors, and showed that its distinct
cleavage forms have different effects on microglia (El-
lert-Miklaszewska et al., 2016). This second possibility
is supported by the fact that some of the genes up-reg-
ulated at 48 h, such as Ilirn, Ccl2, Ccl22, and Cxcli6, are
also up-regulated in the glioma in vivo (Gieryng et al.,
2017a). Ccl2, which is also produced by glioma (Takacs
et al., 2022), is involved in regulation of oriented mi-
gration and penetrative infiltration of tumor mainly by
monocytes/macrophages (reviewed in Vakilian et al.,
2017). The comparison of the current in vitro data with
our earlier in vivo data is complicated by different tim-
ing (48 hours after GCM in vitro vs. 21 days after glioma
implantation in vivo).

We focus on the genes annotated in the Reactome
database to the innate immune system, and the 40 genes
that were most significantly regulated in either direc-
tion at 6 h. This filtering has resulted in identification
of at least 13 innate immune response genes that were
stably up-regulated by the GCM treatment. Notably,
these genes include genes encoding key molecules in-
volved in signaling, such as: Trem1 - a marker of GAMs
(Ispirjan et al., 2024) and prognostic indicator in glioma
(Dong et al., 2024; Zhang et al., 2024); Clec7a - expressed
on glioma-associated M2 macrophages (Wang et al.,
2024); Ripk2 (alias Rip2) - inducing temozolomide re-
sistance and PD-L1 up-regulation when overexpressed
in GBM cells (Liu et al., 2025); Ltadh - a LTB4 synthase
(Li et al., 2021); as well as metabolic genes, including:
Hexb - involved in microglia-neuron (Frosch et al., 2025)
and TAM-GBM (Zhu et al., 2024) metabolic cross-talk;
Pygl - encoding glycogen phosphorylase (Abbadi et al.,
2014), Ncfl - encoding a NADPH oxidase subunit (Ding
et al., 2017); Pfkl - encoding the core rate-limiting en-
zyme of glycolysis important in cancer - reviewed in
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(Yuan et al., 2025). A larger number of 19 innate im-
mune response genes were stably down-regulated by
the GCM treatment, and these genes notably include
Tlr9 and Myd88. TIr9 is an endosomal membrane-bound
protein that binds to CpG-containing microbial DNA or
endogenous signals from dead cells or tissue damage.
Inhibition of Tlr9-Myd88 interaction blocks Tlr9-me-
diated gene induction (Veleeparambil et al., 2025). In
GBM cells Tlr9 is important for Stat3 activation (Hung
et al., 2025) and induction of Mmp2,9,13 in glioma cells
(reviewed in Fehri et al., 2022), and of Mmp9 in microg-
lia and macrophages (Tiwari et al., 2021). Glioma-re-
leased factors trigger the expression and activity of
Mmp14 via microglial toll-like receptors and the p38
MAPK pathway, as deletion of the toll-like receptor
adapter protein Myd88 or p38 inhibition prevented
Mmp14 expression and activity in cultured microglial
cells. Microglial Mmp14 then activates glioma-derived
pro-Mmp2 and promotes glioma expansion (Markovic
et al., 2009). In addition to innate immune genes, we
looked into changes in cytokines, chemokines and re-
lated genes. Among them, Cxcl16, and Tgfbrl and Tgfbr2
were early stably up-regulated at 6 h and at 48 h. Cxcl16
encodes a chemokine that drive microglia polarization
towards an anti-inflammatory phenotype (Lepore et
al., 2018). Tgfbl was transiently down-regulated at 6 h
and subsequently up-regulated at 48 h showing a pat-
tern opposite to that of the S-phase genes, consistent
with known ability of Tgfb1 to inhibit microglia prolif-
eration (Jones et al., 1998).

Among the top 40 most significantly affected genes,
we identified Ptgs1 (alias Cox1) and Tbxasl, encoding
the two enzymes in the TXA2 biosynthesis pathway
(Fig. 4B). Ptgsl encodes prostaglandin-endoperox-
ide synthase 1, which catalyzes the conversion of ar-
achidonic acid into prostaglandin H2. Tbxasl encodes
thromboxane A synthase 1, which catalyzes the conver-
sion of prostaglandin H2 to thromboxane A2 (Ashton
et al., 2022). These finding are particularly interesting
in the context of several recent studies related to can-
cer, including glioma. Inhibitors of cyclooxygenase 1
(COX-1), including aspirin, enhance immune response
to cancer metastasis, by releasing T cells from suppres-
sion by platelet-derived TXA2 (Yang et al., 2025). The
COX-1 protein is elevated in both low and high grade
gliomas, including glioblastoma, where it is expressed
in a subset of macrophages/microglia cells and not in
the tumor cells (Deininger et al., 1999). The up-regu-
lation of Ptgsl and Tbxasl in rat microglia cells in re-
sponse to factors from Cé6 glioma raises the possibility
of increased TXA2 synthesis, which may contribute to
the T cell immunosuppression observed in glioma tu-
mors and could be targeted with commonly used drugs.
Testing this possibility requires further studies. Before
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embarking on such studies, a word of caution is need-
ed: while our transcriptomic evidence on the early and
persistent induction of both genes is strong, a major
limitation of the current study is the lack of the confir-
mation of these findings at the protein expression or at
the TXA2 synthesis level.

CONCLUSIONS

Changes induced by GCM treatment are transient
for the majority of genes, but stable changes that last
up to 48 h were observed for some of the key genes.

Changes observed at 6 h of GCM treatment are con-
sistent with previous published microarray findings,
but extend for additional genes.

Most notably, among the genes induced at 6 h by the
GCM treatment that remain up-regulated for 48 h are
those encoding the enzymes involved in the synthesis
of thromboxane A2, which is known to induce T cell
suppression.
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