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Tumor-associated macrophages facilitate tumor progression and resistance to therapy.
Their capacity for metabolic and in�ammatory reprogramming represents an attrac-
tive therapeutic target. ONC201/TIC10 is an anticancer molecule that antagonizes the
dopamine receptor D2 and affects mitochondria integrity in tumor cells. We examined
whether ONC201 induces a metabolic and pro-in�ammatory switch in primary human
monocyte-derived macrophages that reactivates their antitumor activities, thus enhanc-
ing the onco-toxicity of ONC201. Contrary to glioblastoma cells, macrophages exhib-
ited a low ratio of dopamine receptors D2/D5 gene expression and were resistant to
ONC201 cytotoxicity. Macrophages responded to ONC201 with a severe loss of mitochon-
dria integrity, a switch to glycolytic ATP production, alterations in glutamate transport, and
a shift towards a pro-in�ammatory pro�le. Treatment of macrophages–glioblastoma cells
co-cultures with ONC201 induced similar alterations in glutamatergic and in�ammatory
gene expression pro�les of macrophages. It induced as well metabolic changes and a pro-
in�ammatory switch of the co-culture milieu. However, these changes did not translate
into increased onco-toxicity. This study provides the �rst evidence that ONC201 affects
macrophage immunometabolism and leads to a pro-in�ammatory tumor environment.
This speaks in favor of implementing ONC201 in combinatorial therapies and warrants
further investigation of the mechanisms of action of ONC201 in macrophages and other
immune cells.
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Introduction

Macrophages are very plastic cells that react to external sig-
nals by a fast reprogramming at the genetic and metabolic
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levels, thus facilitating an adequate answer to a changing envi-
ronment [1]. Macrophages responding to pathogens or pro-
inflammatory molecules activate a transcriptional program lead-
ing to an increased expression of pro-inflammatory genes and a
switch from mitochondrial oxidative phosphorylation (OXPHOS)
to glycolysis. Macrophages involved in tissue homeostasis and
repair exhibit an anti-inflammatory profile and rely mostly on
OXPHOS [2]. Macrophages present in solid tumors undergo
reprogramming toward a “homeostatic” profile [3]. As a result,
these tumor-associated macrophages (TAM) lose their cytotoxic
capacities and gain tumor-supportive functions that largely con-
tribute to tumor growth [4]. Considering their involvement in
tumor biology and their capacity to rapidly change their transcrip-
tional and functional profiles, TAMs represent a promising target
for cancer therapy.

Glioblastoma, the most aggressive form of brain tumors, host
a large number of blood-derived macrophages [5]. Together with
microglia, the brain resident macrophages, they constitute a sub-
population of cells that actively promote tumor growth [6]. Var-
ious in vitro and in vivo strategies have addressed the feasibility
to mitigate the tumor-supportive functions of these cells [7]. We
demonstrated that human microglia/macrophages isolated from
freshly resected glioblastoma could be reprogrammed by stim-
ulating their Toll-like receptor 3 and consequently exerted anti-
proliferative, anti-migratory, and cytotoxic activities, in vitro. This
reprogramming however was inhibited by co-cultured glioblas-
toma cells, indicating the difficulty to translate such an approach
to therapy [8]. An alternative strategy would consist in target-
ing the energy metabolism of macrophages. Metabolic adapta-
tion is part of their plasticity and goes together with changes
in their inflammatory profiles and functions [4]. TAMs are
exposed to metabolic conditions shaped by tumor cells that
exhibit strong metabolic alterations [9]. In glioblastoma, such
a metabolic condition consists i.a. in elevated concentrations of
extracellular glutamate [10] resulting from changes in the glu-
tamate metabolism of the tumor cells [11]. We have reported
alterations in the expression of glutamatergic genes in human
tumor-associated microglia/macrophages and monocyte-derived
macrophages exposed to tumor cells [12]. Moreover, recent data,
including our own, suggest a connection between the glutamate
metabolism and the inflammatory status of macrophages [13, 14].

Considering the potent role of metabolism on the inflamma-
tory and functional status of macrophages and the metabolic
changes occurring in tumor cells, metabolic reprogramming rep-
resents an extremely attractive therapeutic strategy. Recently, the
small molecule ONC201/TIC10 has emerged as a very valuable
drug in cancer therapy and has been included in clinical trials
for glioblastoma [15–18]. ONC201 works as an antagonist of the
dopamine receptor D2 (DRD2) [19] and as a ligand for the mito-
chondrial ClpP protein [20, 21]. Moreover it induces TRAIL [22]
through activation of the transcription factor ATF4 [23]. Recent
studies report that ONC201 affects mitochondria integrity[24]
and induces a metabolic reprogramming in glioblastoma cells in
vitro, leading to anti-proliferative and anti-migratory effects [25,
26]. This toxicity seems to be tumor cell-specific since human

astrocytes [25] or monocyte-derived macrophages [27] have been
reported to be ONC201 resistant at doses that killed tumor cells.
However, ONC201 certainly affects the metabolism of these non-
transformed cells present in and around the tumor mass. The
impact of these alterations on the efficacy of ONC201 glioblas-
toma therapy has still to be elucidated.

Based on current data, we hypothesized that ONC201 has the
potential to exert its activity in glioblastoma not only by targeting
tumor cells, but also by inducing a metabolic switch in TAMs. This
would invoke their pro-inflammatory activities, supporting and/or
enhancing ONC201 cytotoxicity to tumor cells. To test this hypoth-
esis, we first characterized the response of human monocyte-
derived macrophages to ONC201 by analyzing their resistance to
the drug, alterations in their glutamate- and energy-metabolism,
and their inflammatory status. We then treated co-cultures of
monocyte-derived macrophages and tumor cells from three dif-
ferent glioblastoma-derived cell lines with ONC201. We evaluated
the degree of ONC201 cytotoxicity on both cell types and moni-
tored inflammatory and metabolic changes in macrophages and
the co-culture environment. With this study, we provide, to the
best of our knowledge, the first analysis of the effects of ONC201
on the immunometabolism of monocyte-derived macrophages
and its relevance to glioblastoma therapy.

Results

Macrophages are resistant to ONC201 and show a low
DRD2/DRD5 ratio

The sensitivity of human primary monocyte-derived macrophages
(thereafter referred to as macrophages) to ONC201, was tested
and compared to the sensitivity of three human glioblastoma (GB)
cell lines. Normal human astrocytes were included as nontrans-
formed counterpart of GB cells. We treated cells with increas-
ing concentrations of ONC201 and monitored their viability
(Figure 1A; Supporting Information Figure S1A). As expected,
ONC201 induced a strong time- and concentration-dependent
cytotoxic effect on the three GB cell lines. It had a lower effect
on astrocytes, detectable from day 3 and only at the highest doses
(50% viable cells at 2.5 µM and 5.0 µM). Macrophages were very
resistant, with 80% or more viable cells at the latest time point
and highest drug concentration.

Macrophage low sensitivity to ONC201 cytotoxicity might
be related to their expression of the dopamine receptors D2
(DRD2) and D5 (DRD5). The ratio of DRD2/DRD5 gene
expression is reported to be an indicator of tumor cell sensitiv-
ity to ONC201 [28]. Therefore, we examined DRD2 and DRD5
gene expression in untreated cells and calculated the correspond-
ing ratio (Figure 1B). Astrocytes expressed very low levels of
both receptors and were used for normalization of the data. Each
GB cell line expressed higher levels of DRD2 than macrophages
and astrocytes which showed comparable levels. Astrocytes (non-
normalized data, not shown) and GB cells also expressed a higher
level of DRD2 than DRD5, whereas the contrary was observed

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu

 15214141, 2021, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202048957 by U

niversitätsbibliothek M
ainz, W

iley O
nline L

ibrary on [21/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1248 Carsten Geiß et al. Eur. J. Immunol. 2021. 51: 1246–1261

Figure 1. Sensitivity of primary astrocytes, primary macrophages and glioblastoma cell lines to ONC201. (A) Cell viability of the primary cells and
GB cell lines LN18, LN229, NCH82 was determined using PrestoBlue reagent after treatment with ONC201. Note that astrocytes were not tested at
0.625 µM. Values are normalized to the respective DMSO treated controls (dashed line). Two different preparations of primary macrophages (M�

#1, M� #2) were used. Data are given as mean ± SEM of ten technical replicates from one experiment. (B) Ratio of the relative gene expression
levels of DRD2 and DRD5 in primary macrophages and GB cells. Values are normalized to the expression in primary astrocytes (dashed line). Three
different preparations of primary macrophages (M� #1, M� #2, M� #3) were used. Data are given as mean ± SEM of three technical replicates
from one experiment. (C) Relative gene expression levels of DDIT-3, DRD2, DRD5, and TNFSF10 in primary macrophages and GB cells after ONC201
treatment. Values are normalized to the gene expression of the respective DMSO-treated controls (dashed line). Data are given as mean ± SEM
of three technical replicates. Macrophages: data are from one experiment representative of three independent experiments (each performed with
one macrophage preparation). GB cells, one experiment. Relative gene expression in (B) and (C) was determined by qPCR as described in Materials
and methods.

© 2021 The Authors. European Journal of Immunology published by
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for macrophages. In line with published observations, a compar-
ison of the calculated DRD2/DRD5 ratios with the cells’ sensitiv-
ity to ONC201 indicated that sensitivity positively correlated with
this ratio. Thus, macrophages, the most resistant cells, exhibited
the lowest DRD2/DRD5 ratio whereas the most ONC201-sensitive
LN18 cells showed the highest DRD2/DRD5 ratio. In conclusion,
macrophages, as well as astrocytes, are more resistant to ONC201
than GB cells. This resistance correlates with their expression of a
low DRD2/DRD5 ratio.

The titration experiment (Figure 1A) indicated that ONC201
concentrations up to 1.25 µM induced a negligible cytotoxicity
in macrophages and astrocytes but were highly toxic to the three
GB cell lines. Since higher ONC201 concentrations did not trigger
a dramatic increase of GB cell death, further characterization of
ONC201 activity on macrophages was performed with concentra-
tions of 0.625 and 1.25 µM ONC201.

ONC201 increases DDIT-3 and DRD5 expression in
macrophages and GB cells

Macrophage low sensitivity to ONC201 could also reflect a defi-
ciency of ONC201 in triggering signaling pathways in these cells.
As an antagonist of DRD2, ONC201 induces early activation of
the integrated stress response, leading to upregulation of DDIT-
3 (DNA damage-inducible transcript 3 protein—also known as
CHOP) and of TNFSF10 (Tumor necrosis factor ligand superfamily
member 10 - also known as TRAIL) [23, 29]. Silencing of DRD2 is
reported to lead to an increase in DRD5 expression [30], an inter-
esting observation regarding the opposed effects of the signaling
cascades activated by both receptors [31]. We examined DDIT-3,
DRD2, DRD5, and TNFSF10 expressions at three time points after
ONC201 addition to the cells (Figure 1C). In macrophages, an
increased DRD5 expression was detected at day 3 and enhanced
at day 6. Changes in DDIT-3 expression were weak at day 3 but
a clear increase was detectable at day 6. Changes in DRD2 and
TNFSF10 expression levels were minimal. Contrary to its effect on
macrophages, ONC201 affected gene expression levels in each GB
cell line at an earlier time point and in a concentration-dependent
manner. At day 1, ONC201 increased DDIT-3 and DRD5 expres-
sion in each GB cell line, with only minor changes in DRD2and
decreased TNFSF10 expression in two of the three GB lines. From
day 3 on, DDIT-3 and DRD5 expression continued to increase
whereas DRD2 expression decreased in LN18 and NCH82 cells
and increased in LN229 cells. The expected induction of TNFSF10
expression was observed only in NCH82 cells. Altogether, this
gene expression analysis indicates that macrophages, similar to
GB cells, react to ONC201 by activating the integrated stress
response (DDIT-3 increase) and by modulating the expression of
DRD5.

ONC201 inhibits OXPHOS in macrophages and
induces loss of mitochondrial integrity

We next assessed ONC201 effects on macrophage metabolism.
In a first step, we determined the total ATP production rate

after treatment with the highest ONC201 concentration (5 µM).
ONC201 induced a time-dependent reduction of mitochondrial
ATP production and an increase of glycolytic ATP production,
starting at day 3 (Figure 2A). We next analyzed the mitochondria
status after three days of treatment with increasing ONC201 con-
centrations. Each tested ONC201 concentration led to increased
proton leakage and strong reductions of the maximal and basal
respiration, the non-mitochondrial oxygen consumption, the ATP
production, and the coupling efficiency (Figure 2B, Supporting
Information Figure S2). Reduction of mitochondrial ATP produc-
tion was dose-dependent whereas the increase in glycolytic ATP
production did not significantly change at each ONC201 con-
centration tested (Figure 2C). In conclusion, ONC201 induces a
time- and concentration-dependent switch to glycolysis, concomi-
tant to a severe loss of mitochondrial integrity in macrophages.
These results suggest that ONC201 might activate the mitochon-
drial caseinolytic protease P (ClpP) and its signaling [20, 21] in
macrophages.

ONC201 affects glutamate transport in macrophages
and GB cells

To further investigate the effects of ONC201 on macrophage
energy metabolism, we examined the expression profile of genes
coding for transporters of glucose and glutamate. Both are critical
metabolites of the TCA cycle and glutamate is specifically rele-
vant in the context of glioblastoma. We analyzed SLC2A1, coding
for glucose transporter type 1, as an indicator for glucose uptake;
SLC7A11, coding for the Cystine/glutamate transporter, exporting
glutamate in exchange for cystine and known to be upregulated
through ATF4 [32]; and SLC1A2 coding for a major transporter
for glutamate uptake (Excitatory amino acid transporter 2) that
likely counteracts the effects of SLC7A11 on glutamate transport.
As shown in Figure 3A, expression of SLC2A1 was not or only
slightly affected, suggesting that ONC201 did not impact glucose
import in macrophages and GB cells. This lack of effect might
reflect a high basal level of the receptor expression as a conse-
quence of culture in high glucose conditions, thus prohibiting fur-
ther upregulation of SLC2A1. On the contrary, ONC201 affected
the gene expression of the two glutamate transporters, though to
various extents, in both cell types. SLC1A2 expression increased
in LN18 from day 1 on, but decreased in all other cells at day
6. The most striking effect was observed on SLC7A11. ONC201
treatment increased its expression in each cell type. This increase,
together with DDIT-3 increase, are clear hints of ATF4 activation
by ONC201.

To assess the relevance of altered SLC1A2 and SLC7A11
expressions to glutamate transport, we determined the amount
of extracellular glutamate in the cell supernatants. Untreated
macrophages accumulated much less extracellular glutamate than
the three GB cells (Supporting Information Table S1). As shown in
Figure 3B, macrophages responded to treatment with a significant
ONC201-concentration-dependent increase of extracellular gluta-
mate at day 6. GB cells on the contrary displayed an increased

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 2. ONC201 reduces mitochondrial integrity and increases glycolytic ATP production rate. ATP production rates were determined by extra-
cellular �ux analysis using the Real-Time ATP Rate assay. (A) Mitochondrial and glycolytic ATP production rates of two independent macrophage
preparations (M� #1, M� #2) after treatment with 5 µM ONC201. Data are given as mean ± SEM of four technical replicates from one experiment.
(B) Mito Stress Tests: macrophages were treated with indicated doses of ONC201 for three days. Left: OCR and ECAR were calculated based on
extracellular �ux analysis of these cells sequentially treated with oligomycin (OM), FCCP, and rotenone (ROT) plus antimycin A (AA). Right: Cal-
culated mitochondrial parameters are shown relative to those in DMSO treated macrophages. Data are given as mean ± SEM of four technical
replicates and are from one experiment representative of two independent experiments. (C) Relative mitochondrial (left) and glycolytic (right) ATP
production by macrophages after three days of treatment with ONC201. Data are from three independent experiments (macrophage preparations
M� #1, M� #2, M� #3). Values are normalized to the respective DMSO-treated controls (dashed line) and represent the mean of two independent
measurements for each biological sample run in four technical replicates. *p ≤0.05, **p ≤ 0.01, n.s. = non-signi�cant (two-way ANOVA corrected for
multiple comparisons using Tukey test).

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 3. ONC201 induces changes in extracellular glutamate concentrations and expression of metabolic genes. (A) Relative expression levels of
SLC2A1,SLC1A2, and SLC7A11were determined by qPCR in ONC201-treatedmacrophages andGB cells. Values are normalized to the gene expression
of the respective DMSO-treated controls (dashed line). Data are given as mean ± SEM of three technical replicates. Macrophages, two independent
experiments; GB cells, one experiment. (B) Extracellular glutamate concentrations of macrophages and GB cells treated with ONC201 were deter-
mined with the Glutamate-GloTM Assay. Data are given as mean ± SEM of two technical replicates. Macrophages, six independent experiments; GB
cells, one experiment *p ≤0.05, ****p ≤0.0001 (two-way ANOVA corrected for multiple comparisons using Tukey test).

amount of glutamate from day 3 of treatment on. The results
are in line with the increased expression of SLC7A11 and the
partly decreased expression of SLC1A2. Note that the high rate
of cytotoxicity in GB cells (Figure 1) possibly explains their lower
glutamate concentrations at day 6. Altogether, these data indi-
cate that ONC201 affects glutamate transport in macrophages and
enhances its dysregulation in GB cells.

ONC201 induces a pro-in�ammatory phenotype in
macrophages

Macrophages switching to glycolysis are reported to adopt a pro-
inflammatory profile [2]. We characterized the inflammatory sta-

tus of ONC201-treated macrophages by investigating the expres-
sion levels of the pro-inflammatory genes IL1B (Interleukin-1ß)
and TNF (Tumor necrosis factor) and of the anti-inflammatory
genes CD163 (Scavenger receptor cysteine-rich type 1 protein
M130) and CD206 (Macrophage mannose receptor 1). As shown
in Figure 4A, IL1B expression significantly increased after treat-
ment with 1.25 µM ONC201 for 6 days; the same trend (though
not significant, P = 0.0503) was observed with 0.625 µM
ONC201. Expression levels of TNF, CD163, and CD206 were not
significantly affected at any time point tested. However, a dose-
dependent trend could be detected at day 6 for these genes.
TNF on the one hand side and CD163 and CD206 on the other
hand side were more and less expressed, respectively. Together
with alterations in IL1B expression, these results suggest the

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 4. ONC201 induces a pro-in�ammatory pro�le inmacrophages. (A) Relative gene expression levels ofCD206,CD163, IL1B, and TNF in ONC201-
treated macrophages were determined by qPCR. Values are normalized to the gene expression of the respective DMSO-treated controls (dashed
line). Data are given as mean ± SEM of three technical replicates and are from three independent experiments. (B) Quanti�cation of IL-1ß in the
supernatants (left) and cell homogenates (right) of ONC201-treated macrophages using the IL-1ß Human ProQuantum Immunoassay Kit. Values of
intracellular IL-1ß are normalized to the total amount of protein used for analysis. Data are given as mean ± SEM of three technical replicates and
are from three independent experiments. *p ≤0.05, **p ≤0.01, ***p ≤ 0.001 (two-way ANOVA corrected for multiple comparisons using Tukey test).

acquisition of a pro-inflammatory profile. It is worth mentioning
that treatment of macrophages with ONC201 in the presence of
pro- or anti-inflammatory molecules induced a time-dependent
shift towards a pro-inflammatory profile (Supporting Information
Figure S3).

To confirm the effect of ONC201 on IL1B and TNF expres-
sions, cells and supernatants were tested for the presence of the
respective proteins (Figure 4B). TNF-α was detected neither in
the supernatants nor in the cells. At day 3, treatment with 1.25
µM ONC201 led to an increased amount of extracellular IL-1ß
that correlated with a decreased intracellular amount, suggest-
ing IL-1ß release from an intracellular pool. At day 6, the intra-
cellular level of IL-1ß increased significantly at both ONC201
concentrations while the extracellular level was back to day 1
levels. Furthermore, a comparison of the intracellular levels at
day 1 and day 3 with those at day 6 in treated macrophages,
indicates an increase in intracellular IL-1ß. Together with the
increased gene expression observed in these conditions (Fig-
ure 4A), these data suggest not only a replenishment but also
an increase of the intracellular IL-1ß pool in macrophages.
To conclude, the gene and protein expression analyses suggest
that ONC201 shifts macrophages towards a pro-inflammatory
phenotype.

Data reported in Figures 1–4 indicate that ONC201 induces a
metabolic and pro-inflammatory shift in macrophages. We next
investigated whether this profile could be induced by ONC201 in
macrophages co-cultured with tumor cells and thus support or
even increase the anti-tumor activities of ONC201.

ONC201 activates the DRD2 signaling cascade in
macrophages co-cultured with GB cells

We investigated whether co-cultured macrophages react to
ONC201 by activating the integrated stress response and by mod-
ulating the expression of DRD5. Co-cultures of macrophages with
each GB cell line were incubated in the absence or presence of
ONC201 for 3 and 6 days. We did not test for day 1 because
of the lack of visible change in the monocultures at that time.
A comparative analysis of the �CT values obtained from qPCR
analyses of mono- and co-cultured macrophages indicated that,
in the presence of GB cells, macrophages decreased their basal
expression of DDIT-3 and increased DRD5 and TNFSF10 expres-
sion (data not shown). The addition of ONC201 to the co-cultures
induced concentration- and time-dependent alterations in the
expression levels of the four analyzed genes in macrophages (Fig-
ure 5). Similar tendencies were detected irrespective of the GB
cell line used. As shown for macrophages in monoculture (Fig-
ure 1C), ONC201 increased DDIT-3 and DRD5 expression levels.
Increase in DDIT-3 expression was however detected earlier in
co-cultured macrophages, possibly due to their lower basal DDIT-
3 expression. Of note, expression of the down-stream target of
ATF4, SLC7A11, was consistently increased on days 3 and 6 (Fig-
ure 6B). DRD2 and TNFSF10 expression was slightly enhanced on
day 3 but returned to basal levels on day 6, except for TNFSF10
expression in macrophages co-cultured with NCH82 cells. These
latter alterations were not observed in macrophages in monocul-
ture. Altogether these data indicate that the presence of GB cells

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 5. Expression of TNFSF10, DRD5, DRD2, and DDIT-3 in primary macrophages co-cultured with the respective GB cell line and treated with
ONC201. Preparations of macrophages from three different donors were used for co-cultures with GB cells in three independent experiments.
Gene expression in macrophages was determined by qPCR. Values are normalized to the gene expression of the respective DMSO-treated controls
(dashed line). Data are given as mean ± SEM of the three biological replicates. Each biological replicate was run in three technical replicates. *p
≤0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤0.0001 (two-way ANOVA corrected for multiple comparisons using Tukey test).

did not prevent macrophages to activate the DRD2 signaling cas-
cade in response to ONC201.

ONC201 induces metabolic changes in
macrophages/GB cells co-cultures

Technical limitations prevented us to monitor ONC201 effects on
energy metabolism at the cell level in the co-culture. We therefore
took advantage of the ratio of extracellular lactate and pyruvate
that is described as a reliable parameter for estimating the energy
state of cells [33]. ONC201 treatment increased this ratio, sug-
gesting that a metabolic switch to glycolysis took place or was
enhanced in either macrophages and/or GB cells after treatment
(Figure 6A).

We next evaluated changes in glucose and glutamate trans-
port by analyzing SLC2A1, SLC1A2, and SLC7A11 expression in
macrophages and by measuring the concentration of extracel-
lular glutamate released by the co-cultured cells. As shown in
Figure 6B, SLC2A1 expression was slightly increased at day 3,
though non significantly except for the LN229 co-cultures. Sim-
ilarly, SLC1A2 expression showed only slight changes at day 3
but not at day 6. As already observed in the monocultures, the
clearest effect of ONC201 on co-cultured macrophages was on
SLC7A11 expression which increased in a concentration- and
time-dependent manner irrespective of the GB cell line used (Fig-
ure 6B). The amount of extracellular glutamate measured at
day 3 positively correlated with the increasing concentrations
of ONC201 (Figure 6C). At day 6, we observed an ONC201
concentration-dependent decrease of extracellular glutamate in

LN18 and NCH82 co-cultures, whereas glutamate levels contin-
ued to increase in LN229 co-cultures. Comparison of glutamate
concentrations measured in monocultures and co-cultures sug-
gests that most of the glutamate was contributed by GB cells. As
shown in Supporting Information Table S1, untreated monocul-
tured macrophages released up to 50 µM glutamate and mono-
cultured GB cells between 100 and 700 µM whereas concentra-
tions in the co-culture supernatants amounted to approximately
50 to 500 µM depending on the GB cell line. This, moreover, indi-
cates a net decrease in the amount of extracellular glutamate that
accumulates in co-cultures.

In conclusion, ONC201 induced a global glycolytic shift and
altered glutamate transport also in the co-cultures.

Cytotoxicity of ONC201 and in�ammatory status of
macrophages/GB cells co-cultures

The results above confirmed that ONC201 activated the inte-
grated stress response and induced transcriptional changes in
macrophages as well as metabolic changes in the co-cultures. We
next assessed whether these changes support an increased cyto-
toxicity towards GB cells. As shown in Figure 7A and Support-
ing Information Figure S1B, we observed a trend for GB cells
sensitivity to ONC201 in the presence of macrophages which
was very similar to that observed in absence of macrophages
(Figure 1A, Supporting Information Figure S1A). LN18 cells
were the most sensitive to ONC201 cytotoxicity, followed
by NCH82 and LN229 cells that were the most resistant.
These two latter were even more resistant to ONC201 in the

© 2021 The Authors. European Journal of Immunology published by
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Figure 6. ONC201 induces changes in the energy and glutamate metabolism of co-cultured cells. Supernatants (A, C) and cells (B) harvested from
the co-cultures (three independent experiments; same as in Figure 5) were analyzed as follows. (A) The supernatants of the three independent
co-cultures were pooled, lactate and pyruvate were measured (technical replicate = 1) and the lactate/pyruvate ratio determined. (B) Relative gene
expression levels of SLC2A1, SLC1A2, and SLC7A11 were measured in macrophages by qPCR. Values are normalized to the gene expression of the
respective DMSO-treated controls (dashed line). Data are given as mean ± SEM of three biological replicates. Each biological replicate was run in
three technical replicates. *p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 (two-way ANOVA corrected for multiple comparisons using Tukey test). (C)
Extracellular glutamate concentration was determined in the pooled supernatants (same as in panel A) with the Glutamate-GloTM Assay. Data are
given as mean ± SEM of two technical replicates; one measurement was performed.

co-culture as indicated by a higher viability, whereas LN18 cells
were still efficiently killed, except at the lowest dose (0.625
µM) of ONC201. Actually, dying LN18 cells most likely triggered
the decrease in macrophages viability observed on day 6. Alto-
gether the results reported in Figure 7A indicate that the pres-

ence of macrophages was not increasing the efficacy of ONC201
treatment.

We next assessed the inflammatory profile of the co-cultured
macrophages. Gene expression analysis indicated a general trend
of reduced levels of the anti-inflammatory markers CD163 and

© 2021 The Authors. European Journal of Immunology published by
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Figure 7. ONC201 induces glioblas-
toma cell death and a pro
-in�ammatory pro�le in the co-
culture milieu. Cells and super-
natants harvested from the co-
cultures (three independent exper-
iments; same as in Figure 5) were
analyzed as follows. (A) Cell viability
of the co-cultured cells after ONC201
treatment was analyzed with the
PrestoBlue reagent. M� (+GB cell) =
viability of macrophages co-cultured
with the respective GB cell line; GB
cell (+M�) = viability of the respec-
tive GB cell line co-cultured with
primary macrophages. Values are
normalized to the respective DMSO
treated controls (dashed line). Data
are given as mean ± SEM of the three
biological replicates. Each biological
replicate was run in three technical
replicates. (B) Relative gene expres-
sion levels of CD206, CD163, IL1B, and
TNF were determined by qPCR in
macrophages co-cultured with the
respective GB cell line and treated
with ONC201. Values are normalized
to the gene expression of the respec-
tive DMSO-treated controls (dashed
line). Data are given as mean ± SEM
of the three biological replicates .
Each biological replicate was run in
three technical replicates. *p ≤ 0.05,
**p ≤0.01, ***p ≤ 0.001, ****p ≤ 0.0001
(two-way ANOVA corrected for
multiple comparisons using Tukey
test). (C) In�ammatory secretome of
the co-cultures. The supernatants of
the three co-cultures were pooled
and analyzed for the indicated
molecules with the LEGENDplexTM

Human Macrophage/Microglia
Panel and the Human ProQuantum
Immunoassay Kit. One measure-
ment was performed. Data (mean
of two technical replicates ± SEM
see Supplementary Table 2 for
complete data) are expressed as a
heat map (created with [50]). Pro-
in�ammatory cytokines are written
in bold. Color-coding is by mean
protein concentration relative to the
concentration measured at 0 µM
ONC201 at the respective day. In case
that molecules were not detectable
at 0 µM ONC201, threshold values
were used to calculate relative
changes. Black dot: not detectable.
Measurement was performed once.

CD206 with a significant decrease for this latter in one co-culture.
Changes in the expression of the pro-inflammatory markers TNF
and IL1B were minor, with only one significant increase observed
for each gene in one co-culture (Figure 7B). This observation
suggests that ONC201 mitigates the anti-inflammatory status of
macrophages in the presence of GB cells. We further analyzed
the secretome of the co-cultures for a set of pro- and anti-
inflammatory molecules. As shown in Figure 7C and in Supporting
Information Table S2, treatment of each co-culture with ONC201

at 1.25 µM led to an increase in the extracellular concentration of
the pro-inflammatory cytokines TNF-α, IL-6, and IL-12p40 and a
concomitant decrease of the anti-inflammatory cytokines IL-1RA,
IL-4, and IL-10. These changes were stable over the period of time
analyzed except for the pro-inflammatory cytokine IL-23 in which
production was concentration-dependent. ONC201 treatment did
not affect the amount of extracellular arginase, an enzyme
that can be produced both by immune and tumor cells and is
associated with an anti-inflammatory environment (Supporting

© 2021 The Authors. European Journal of Immunology published by
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Information Table S2) [34]. IL-1ß, which was secreted by
ONC201-treated macrophages (Figure 4B), was not detected in
the supernatants of the co-cultures. The consistent shift towards a
pro-inflammatory milieu, irrespective of the GB cell line used, was
not observed with the lower concentration of ONC201. Note that
the cytokine decrease observed at day 6 in the supernatants of
co-cultures with the LN18 cells likely results from the decreased
number of LN18 cells (see Figure 7A).

Altogether these data suggest that treatment of
macrophages/GB cells co-cultures with ONC201, despite inducing
a pro-inflammatory shift of the co-culture milieu and decreasing
the macrophage anti-inflammatory profile, does not result in an
increased onco-toxicity.

Discussion

We hypothesized that ONC201 not only affects GB cells viabil-
ity but also stimulates the anti-tumor activities of macrophages,
by inducing a metabolic and inflammatory switch. We indeed
observed that ONC201 reprograms macrophages, as single cells
or in co-culture with GB cells. Whereas this reprogramming does
not lead to an improved elimination of glioblastoma cells, it con-
tributes to a pro-inflammatory shift of the tumor environment that
might provide appropriate conditions for the recruitment and acti-
vation of additional immune cells.

Two main modes of action for ONC201-induced cytotoxicity
have been described, the most studied being through the antago-
nism of the DRD2 dopamine receptor leading to TRAIL-dependent
or independent cell death [19, 28, 30]. Irrespective of the cell type
we analyzed in this study, the cell’s sensitivity to ONC201 cyto-
toxic effects positively correlated with their ratio of DRD2 and
DRD5 gene expression, not with changes in TNFSF10 expression.
These data are in accordance with reported observations [24, 28]
and contribute further support to the use of the DRD2/DRD5 ratio
as an indicator for cell’s sensitivity to ONC201 cytotoxicity.

The second mode of action consists in ONC201 binding to and
activating the mitochondrial caseinolytic protease P (ClpP) [20,
21], consistent with its targeting of mitochondria [24]. ClpP acti-
vation leads to mitochondrial dysfunctions, including inhibition
of oxidative phosphorylation. Various facts speak in favor of ClpP
activation in ONC201-treated macrophages. A glycolytic switch
and severe loss of mitochondria integrity are detected after 3 days
of treatment, concomitantly to an increase in SLC7A11 expression
and before an increase in DDIT-3 expression. These two genes
are direct targets of ATF4 of which expression has been reported
to increase after ClpP activation [21]. ATF4 thus likely activates
SLC7A11 and DDIT-3 transcription in macrophages, and might do
so in GB cells as well. We hypothesize that macrophages, given
their low level of DRD2 expression, predominantly respond to
ONC201 with a mitochondrial stress which, at the ONC201 con-
centrations used in this study, does not affect -or only minimally-
their survival but affects their metabolic and inflammatory
status.

Concomitant to the severe loss of mitochondrial integrity,
ONC201 induces a time- and concentration-dependent switch to
a glycolytic ATP production. This switch is accompanied by alter-
ations in the expression levels of glutamatergic and inflammatory
genes. These alterations lead to changes in amounts of extracel-
lular glutamate and cytokines produced by treated macrophages,
resulting in a pro-inflammatory profile of macrophages. Whereas
the glycolytic switch might be the direct consequence of the inte-
grated stress response induced by ONC201 and inactivation of
Akt, a hub for metabolic and inflammatory pathways [35], it
might as well be a compensatory mechanism to ensure ATP pro-
duction in absence of functional mitochondria. Furthermore, it
likely triggers the pro-inflammatory profile [2]. Further experi-
ments would be needed to define the cause-to-effect relationship
between these events.

The inflammatory reprogramming induced by ONC201 in
macrophages might not only rely on the glycolytic switch. CHOP,
the product of the DDIT3 gene is involved in triggering apopto-
sis and inflammation [36–38]. According to our results, CHOP
is more likely to have contributed to inflammation than cell
death in ONC201-treated macrophages. It is worth noting that
a late increase in DDIT3 expression was observed in murine
macrophages treated with the pro-inflammatory molecule LPS: in
those conditions, macrophages did not die but activated the IL-
1ß pathway [36]. Dopamine receptors are important players in
the regulation of inflammation in the brain levels [39]. Recently,
DRD5 has been shown to inhibit NF-kB activation and modu-
late levels of inflammation [40]. The increased DRD5 expression
induced by ONC201 might reflect the contribution of this receptor
signaling in returning macrophages to homeostasis after ONC201
treatment.

Considering that glutamate transport, energy metabolism,
and oxidative stress are closely linked [41], ONC201-treated
macrophages might first react to the mitochondrial stress by
increasing their intracellular glutamate pool to sustain ATP pro-
duction via the TCA cycle and to generate glutathione for scaveng-
ing oxidative species. Excess glutamate however must be removed
in time to guarantee homeostasis of the cells and this might
be accomplished by the glutamate/cystine antiporter which gene
(SLC7A11) expression is increased 3 days after ONC201 treat-
ment.

Changes induced by ONC201 in glutamate import/export are
also observed in GB cells. They occur from the first day of treat-
ment, indicating a fast adjustment of the cell metabolism to
ONC201-induced stress. The increased expression of SLC7A11
and the extracellular accumulation of glutamate might indi-
cate enhancement of their anti-oxidant response. ONC201-treated
LN18 cells are the only cells to react with an increased SLC1A2
expression. The transporter encoded by this gene facilitates
uptake of glutamate but also aspartate which might both be used
to fuel the TCA cycle. This increased SLC1A2 expression is intrigu-
ing given its very low or even silenced expression in glioblas-
toma cells [42] and might indicate an unknown aspect of ONC201
activity.

© 2021 The Authors. European Journal of Immunology published by
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Given the metabolic shift and pro-inflammatory response of
macrophages to ONC201, we expected a decreased prolifera-
tion and/or increased death of GB cells in a co-culture model.
This is not what we observed at the concentrations tested. A
simple explanation might rely on the amount of ONC201 avail-
able to both cell types in co-culture. On the one hand side,
GB cells that express higher levels of DRD2 than macrophages
might capture more ONC201 and thus mitigate the effects of
ONC201 on macrophages. On the other hand side, macrophages,
as cells endowed with a high endocytic capacity, certainly take
up ONC201 and hence lower the dose that would have led to
the death of GB cells if they would have been in monoculture.
Whatever the explanation may be, the current data suggest that in
presence of ONC201, macrophages do not support tumor growth
as they do in its absence [6].

A very interesting effect of ONC201 in the co-culture is the
dampening of the anti-inflammatory gene expression profile of
macrophages and the sustained change of the extracellular milieu
in metabolites and inflammatory molecules. It is beyond our capa-
bilities to determine which cell type contributed to the develop-
ment of the pro-inflammatory milieu that emerged after ONC201
treatment. IL-23, for instance, is reported to be a direct tar-
get of CHOP [37] which gene expression was observed to be
upregulated in macrophages and GB cells after ONC201 treat-
ment. ONC201 was reported to increase the secretion of IL-
12p70 and TNF-α by colorectal carcinoma cell lines [43]. Thus,
not only macrophages but also GB cells might secrete TNF-α
after ONC201 treatment. These data indicate that ONC201 is
a potentially very interesting modulator of the tumor environ-
ment as it can turn it into a pro-inflammatory milieu by targeting
both tumor cells and macrophages, thus creating conditions for
recruiting and activating other immune cells such as NK- and T-
cells. Moreover, ONC201 might protect macrophages from being
reprogrammed toward an anti-inflammatory status by GB cells.
Indeed, loss of mitochondria integrity, which ONC201 triggers in
these immune cells, has been reported to prevent reprogramming
of pro-inflammatory macrophages towards an anti-inflammatory
status [44].

Although these observations speak for the potential of ONC201
to activate macrophage anti-tumor activities, they emphasize its
limitations in a multicellular environment and point to the need
of combining it with other drugs. GB cells that resisted six days of
treatment expressed a high level of DRD5, suggesting DRD5 as a
possible target for combinatorial therapy [45, 46]. The glycolytic
switch and the correlated glucose uptake represent another inter-
esting target. Pruss et al [45, 46] have demonstrated that com-
bining ONC201 with 2-Deoxyglucose, an analogue of glucose that
inhibits its uptake, increased the anti-tumor activities of ONC201.
Inhibitors of glucose transporters have recently been shown to kill
tumor cells expressing high level of SLC7A11 [45, 46].

In this study, we have addressed ONC201 activities in an in
vitro cellular system characterized by a high level of heterogeneity.
As expected, primary macrophages exhibit inter-individual vari-
ations but mount a similar response to ONC201. This response

is differently affected by each of the three different GB cell
lines, suggesting a context-dependent efficacy of ONC201. We
provide first evidence for the potential of ONC201 to act on
macrophage plasticity. How these changes operate in ONC201-
treated macrophages and other immune cells is worth investigat-
ing to develop a more efficient therapeutic use of this drug for
cancer therapy.

Material and methods

Monocyte isolation and differentiation into
macrophages

Buffy coats were purchased from the Transfusion Center of the
University Medical Center of the Johannes Gutenberg University
(Mainz, Germany) and were obtained from anonymized healthy
blood donors. All buffy coats used in this study are residual bio-
logical materials made available by the Transfusion Center to sci-
entists on a randomized basis. Blood samples are collected and
processed in accordance with the relevant German guidelines and
regulations. Personal data is neither collected nor shared for this
material.

Peripheral blood mononuclear cells were isolated from buffy
coats using a Ficoll gradient. Monocytes were differentiated with
20 ng/ml macrophage-colony stimulating factor [M-CSF (Biole-
gend, San Diego, CA, USA)] for one week. Monocyte-derived
macrophages were further cultured in absence of M-CSF for
another week prior to experiment. A detailed description of the
protocol is reported in [13]. At the end of these two weeks, cells
displayed the typical morphology of macrophages. Flow cytome-
try indicated that more than 94% of the cells expressed the CD11b
protein (data not shown). Average yield was 1 × 107 -1.5 × 107

macrophages per preparation.

Culture of human primary astrocytes
and glioblastoma cell lines

Primary astrocytes purchased from ScienCell (Carlsbad, CA, USA)
were cultured at 37°C and 5% CO2 in astrocyte medium (Sci-
enCell) containing 2% heat-inactivated FCS (Sigma-Aldrich, St.
Louis, MO, USA), 1% Astrocyte Growth Supplement (ScienCell)
and 50 µg/ml Gentamicin (Gibco Invitrogen, Carlsbad, Califor-
nia, USA). The glioblastoma cell lines LN18 and LN229 were pur-
chased from American Type Culture Collection. The human pri-
mary glioblastoma cell line NCH82 was generated at the Depart-
ment of Neurosurgery, Heidelberg University Hospital (Heidel-
berg, Germany) [47]. All glioblastoma cell lines were cultured
in cDMEM [DMEM (Sigma-Aldrich), 10% heat-inactivated FCS,
2 mM L-Glutamine (Gibco Invitrogen), 50 µg/ml Gentamicin] at
37°C and 5% CO2.

© 2021 The Authors. European Journal of Immunology published by
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In vitro cell culture and ONC201 treatment

Monoculture experiments: Cells were seeded in cDMEM in tis-
sue culture (TC) vessels (Greiner Bio-One, Frickenhausen, Ger-
many) and incubated for 24 h (37°C, 5% CO2). At this time point,
the medium was removed and replaced by low serum-containing
cDMEM (1% FCS) supplemented with ONC201 (dissolved in
DMSO; MedChemExpress, Monmouth Junction, NJ, USA) or the
respective volume of DMSO (Sigma-Aldrich). Plates were further
incubated for one to six days (37°C, 5% CO2) before analysis.
Low serum-containing cDMEM was used to decrease potential
side effects of FCS components during treatment. One prepara-
tion of macrophages was used for one independent experiment
unless otherwise stated.

Co-culture experiments: Glioblastoma cells were seeded
in cDMEM onto TC inserts with 0.4 µm membrane (Sarst-
edt, Nümbrecht, Germany). Macrophages were seeded in
cDMEM on 6-well plates. Glioblastoma cells and macrophages
were incubated for 24 h (37°C, 5% CO2). Thereafter, the
medium was removed and replaced by low serum-containing
cDMEM (1% FCS) supplemented with ONC201 or the respec-
tive volume of DMSO. Inserts were placed into the vessels
containing macrophages and plates were incubated for three
to six days (37°C, 5% CO2) before analysis. Three inde-
pendent co-culture experiments each using a macrophage
preparation from a different donor, were conducted; each
condition was tested in duplicate. Analysis of the cells and
supernatants harvested from these co-cultures is presented in
Figures 5–7, Supplementary Fig 1B and Supplementary Tables 1
and 2.

Determination of cell viability

Analysis with the Presto Blue reagent: after one to six days
of treatment, PrestoBlueTM Cell viability reagent (Ther-
moFisher Scientific, Waltham, MA, USA) was added directly
to the wells in the culture medium, according to manufac-
turers’ instructions. After 30 min of incubation at 37°C (5%
CO2) fluorescence was measured using an Infinite® 200
PRO multiplate reader (Tecan, Männedorf, Switzerland) and
cell viability calculated as described in the manufacturers’
protocol.

Analysis with the crystal violet staining assay: after one
to six days of treatment, cell culture supernatants were
removed, cells washed with PBS and stained with crystal
violet solution [0.1% crystal violet (Sigma-Aldrich) in 2%
Ethanol (Carl Roth, Karlsruhe, Germany)] for 10 min at
room temperature. After removal of the staining solution,
cells were washed three times with H2O and plates air-dried
upside down. To solubilize the stain, 1% SDS (Carl Roth) was
added and plates put on a shaker until the dye was com-
pletely dissolved. For quantification, absorbance was measured
at 570 nm using an Infinite® 200 PRO multiplate reader
(Tecan).

Extracellular �ux measurements

Measurements of oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) were performed using the
XF96e Extracellular Flux analyzer (Agilent Technologies, Santa
Clara, CA, USA). Macrophages were plated in cDMEM into
XF96 (V3) polystyrene cell culture plates (Agilent Technolo-
gies). After 24 h, cells were treated with ONC201 for one to
six days and incubated under standard conditions. Prior to per-
forming the assay, the medium was exchanged with the XF
assay medium [XF RPMI with 1 mM HEPES (Agilent Tech-
nologies) supplemented with 1 mM Pyruvate (Sigma-Aldrich),
2 mM L-Glutamine (Sigma-Aldrich), 10 mM Glucose (Sigma-
Aldrich)]. Three baseline measurements were taken prior to
addition of any compound and three response measurements
were taken after addition of each compound. For Real-Time
ATP Rate Assay, sequential injections of ATP Synthase inhibitor
Oligomycin (final concentration 1.5 µM), Complex 1 Inhibitor
Rotenone and Complex 3 inhibitor Antimycin A (each 0.5 µM)
were applied. For Mito Stress Tests, Oligomycin (1.5 µM), Car-
bonyl cyanide-4 (trifluoromethoxy)phenylhydrazone (FCCP; 1
µM) and Rotenone/Antimycin A (0.5 µM each) were used. ECAR
(mpH/min) and OCR (pmoles/min) are reported as absolute rates
normalized against cell counts. Cell counts were obtained post
flux measurements using the EarlyTox integrity assay (Molecular
devices, San Jose, CA, USA) according to manufacturers’ instruc-
tions. Cells were imaged with a SpectraMax MiniMax 300 Imaging
Cytometer (Molecular Devices) using green (541 nm emission)
and red (713 nm emission) channels. Cell nuclei were automati-
cally identified by setting size and threshold for object identifica-
tion in the red channel.

Analysis and quanti�cation of extracellular
metabolites and cytokines

Supernatants from the three co-cultures were pooled according to
conditions and immediately centrifuged (10 min, 400 rcf, 4°C).
Aliquots from each pooled supernatant were prepared. Aliquots
saved for the determination of glutamate were diluted (1:40) in
ice-cold PBS and stored at -80°C. Aliquots saved for the deter-
mination of extracellular lactate and pyruvate, and extracellular
cytokines (see below) were stored undiluted at -80°C.

Concentration of extracellular glutamate in cell culture
supernatants was determined with the Glutamate-GloTM Assay
(Promega, Madison, WI, USA). The assay was performed accord-
ing to manufacturers’ instructions.

Determination of extracellular lactate and pyruvate was
adapted from Uran et al [48]. Supernatants were diluted with
ultra-pure water 1:10 (v/v) and mixed with ice-cold methanol
1:4.5 (v/v). 50 µl of these extracts were mixed with 25 µl 140 mM
3-Nitrophenylhydrazine hydrochloride (Sigma-Aldrich), 25 µl
methanol, and 100 µl 50 mM Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (Sigma–Aldrich) and incubated for
20 min at 60°C. Separation was carried out using an Acquity
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H-class UPLC system coupled to a QDa mass detector (Waters,
Milford, MA, USA) using an Acquity HSS T3 column (100 mm ×
2.1 mm, 1.8 µm, Waters) heated to 40°C. Separation of derivates
was achieved by increasing the concentration of 0.1 % formic acid
in acetonitrile (B) in 0.1% formic acid in water (A) at 0.55 ml/min
as follows: 2 min 15% B, 2.01 min 31% B, 5 min 54% B, 5.01
min 90% B, hold for 2 min, and return to 15% B in 2 min. Mass
signals for the following compounds were detected in single ion
record mode using negative detector polarity and 0.8 kV capillary
voltage: Lactate (224.3 m/z; 25 V CV) and pyruvate (357.3 m/z;
15 V).

The concentration of extracellular cytokines was determined
as follows. Supernatants and cells were harvested from mono-
cultures of macrophages after ONC201 treatment. Supernatants
were centrifuged (10 min, 400 rcf, 4°C), aliquoted and stored
at -80°C. Cells were lysed in Triton-X 100 buffer (150 mM NaCl
[Carl Roth], 1.0% [v/v] Triton X-100 [Carl Roth], 50 mM Tris-HCl
[Carl Roth], pH 7.4) supplemented with freshly added protease
inhibitor [cOmplete, Roche Diagnostics GmbH, Mannheim, Ger-
many] and their protein content measured with the bicinchoninic
acid assay (ThermoFisher Scientific). After adjusting the protein
concentrations to equal levels, the samples of the three prepa-
rations were pooled. IL-1ß and TNF-α were measured in super-
natants and cell lysates using Human ProQuantum Immunoas-
say Kits (ThermoFisher Scientific) according to manufacturers’
instructions.

Co-culture supernatants were analyzed using the
LEGENDplexTM Human Macrophage/Microglia Panel (BioLe-
gend) and an Attune NxT Flow cytometer (ThermoFisher
Scientific). The panel of analyzed cytokines is composed of
IL-12p70, TNF-α, IL-6, IL-4, IL-10, IL-1β, Arginase, TARC, IL-1RA,
IL-12p40, IL-23, IFN- γ, and IP-10. Since the concentrations
of IL-4 and IL-10 were below the detection limit, we used the
Human ProQuantum Immunoassay Kit (ThermoFisher Scientific)
for quantification of these cytokines. The assays were performed
according to manufacturers’ instructions.

Total RNA isolation, cDNA transcription, and gene
expression pro�ling

After PrestoBlue incubation, cells were washed with PBS and
total RNA isolation was performed using RNeasy Mini Kit (Qia-
gen, Hilden, Germany) according to manufacturers’ instructions.
RNA concentration and quality were determined using a Nan-
odrop 2200 (ThermoFisher Scientific). Only samples showing a
260/280 nm ratio between 1.8 and 2.1 were selected for cDNA
transcription performed with the FastGene Scriptase II - Ready
Mix (NIPPON Genetics Europe, Düren, Germany). Quantitative
PCR (qPCR) analysis was done using TaqMan® primers and a
StepOnePlus System (Applied Biosystems, Foster City, CA, USA).
Briefly, for each well of the 96-well qPCR plate (Sarstedt), 10 µl of
qPCRBIO Probe Mix (NIPPON Genetics Europe) were mixed with
5 ng cDNA, 1 µl of the appropriate primer (Table 1), and 4 µl
H2O. Relative quantification (RQ) of gene expression was deter-

Table 1. List of TaqMan® primers used for qPCR

Target gene (associated protein) Assay ID

CD163 (Scavenger receptor cysteine-rich
type 1 protein M130)

Hs00174705_m1

CD206 (Macrophage mannose receptor 1) Hs00267207_m1
DDIT-3 (DNA damage-inducible transcript 3
protein)

Hs00358796_g1

DRD2 (D(2) dopamine receptor) Hs00241436_m1
DRD5 (D(1B) dopamine receptor) Hs00361234_s1
HPRT1 (Hypoxanthine-guanine

phosphoribosyltransferase)
Hs02800695_m1

IL1B (Interleukin-1 beta) Hs01555410_m1
SDHA (Succinate dehydrogenase

(ubiquinone) �avoprotein subunit,
mitochondrial)

Hs00188166_m1

SLC1A2 (Glutamine synthetase) Hs01102423_m1
SLC2A1 (Solute carrier family 2, facilitated

glucose transporter member 1)
Hs00892681_m1

SLC7A11 (Cystine/glutamate transporter) Hs00921938_m1
TNF (Tumor necrosis factor) Hs00174128_m1
TNFSF10 (Tumor necrosis factor ligand
superfamily member 10)

Hs00921974_m1

mined using the 2−��Ct method [49]. Reference genes: SDHA and
HPRT1 were used in PCR conducted with samples of monocyte-
derived macrophages; SDHA was used for analyses of astrocytes
and tumor cells.

Statistics

Statistical analysis was performed using GraphPad Prism soft-
ware. The difference between means of unpaired samples was
performed using two-way ANOVA with a significance defined by
an α of 0.05. The resulting p-values were corrected for multiple
comparisons using the Tukey test. *p ≤ 0.05, **p ≤ 0.01, ***p
≤ 0.001, ****p ≤ 0.0001.
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