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Abstract 

Even if cancer therapy is making continuous progress, the prognosis for several tumor types re-

mains poor. Especially for glioblastoma, the most common malignant primary brain tumor, current 

treatments only marginally improve patient’s overall survival. Hence, there is a great demand for 

novel therapeutic approaches. A promising strategy is the use of the body’s own immune cells 

(like T cells or macrophages) to specifically attack and eliminate tumor cells. T cell-based tumor 

therapy has gained much interest in the recent years. Similarly, macrophages show many prom-

ising qualities, speaking in favor of their use for therapeutic purposes. But before developing mac-

rophage-based therapeutic strategies more knowledge of their characteristics is needed, espe-

cially of their inflammatory phenotypes which are strongly regulated through metabolic alterations. 

The experiments described in the publications presented in this thesis were performed in order 

to shed some light on the immunometabolism of macrophages and its possible manipulation for 

therapeutic use. Prior to these experiments a major problem affecting the work with tumor sam-

ples or primary cells, namely the scarcity of this material, has been addressed. In “Assessing the 

reliability of gene expression measurements in very-low-numbers of human monocyte-derived 

macrophages” the possibility to scale down the number of primary human macrophages required 

for experimental analyses has been evaluated and confirmed. This result built the basis for the 

following protein-protein interaction analyses, leading to the identification of a so far unknown 

possible regulator of the immune status of macrophages. Furthermore, the established low cell 

number approach was a requirement to perform the experiments described in “Metabolic and 

inflammatory reprogramming of macrophages by ONC201 translates in a pro-inflammatory envi-

ronment even in presence of glioblastoma cells”, demonstrating the feasibility to introduce a pro-

inflammatory phenotype in macrophages by manipulating their metabolism even if they are co-

cultured with glioblastoma cell lines. Since a pro-inflammatory phenotype is typically suppressed 

by glioblastoma cells, the published results underline the major impact of metabolism on immune 

cell functions. Finally, if and how these findings can be used for glioblastoma therapy will be 

critically discussed.
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Zusammenfassung 

Auch wenn die Therapie von Krebserkrankungen kontinuierlich Fortschritte erzielt, ist die Prog-

nose für einige Tumorarten weiterhin schlecht. Insbesondere beim Glioblastom, dem häufigsten 

bösartigen primären Hirntumor, führen auch modernste Behandlungsmethoden nur zu einer ge-

ringfügigen Verlängerung der Lebenszeit, weshalb dringend neuartige Therapieansätze benötigt 

werden. Eine vielversprechende Strategie ist der Einsatz von körpereigenen Immunzellen (wie 

beispielsweise T-Zellen oder Makrophagen) zur spezifischen Bekämpfung der Tumorzellen. Die 

T-Zell-basierte Tumortherapie hat in den letzten Jahren viel Aufmerksamkeit bekommen, aber 

auch Makrophagen weisen diverse vielversprechende Eigenschaften auf, die für ihren therapeu-

tischen Einsatz sprechen. Bevor jedoch Strategien zur Tumortherapie unter Verwendung von 

Makrophagen entwickelt werden können, ist eine genauere Charakterisierung dieser Zellen not-

wendig. Insbesondere ihre inflammatorischen Phänotypen, die maßgeblich durch den zellulären 

Metabolismus reguliert werden, bedürfen intensiverer Untersuchungen.  

Die in dieser Dissertation vorgestellten Publikationen befassen sich mit dem Immunstoffwechsel 

von Makrophagen und dessen mögliche Manipulation zu therapeutischen Zwecken. Zuvor wurde 

das Problem der Materialknappheit, das insbesondere bei der Arbeit mit Tumorproben oder pri-

mären Zellen auftritt, adressiert. In der Publikation „Assessing the reliability of gene expression 

measurements in very-low-numbers of human monocyte-derived macrophages“ wird gezeigt, 

dass es möglich ist die Anzahl primärer humaner Makrophagen für experimentelle Analysen um 

ein Vielfaches zu reduzieren. Dieses Ergebnis bildete die Grundlage für Protein-Protein-Interak-

tionsanalysen, welche zur Identifizierung eines bisher unbekannten möglichen Regulators des 

inflammatorischen Profils von Makrophagen führten. Darüber hinaus bildete die Möglichkeit der 

Verwendung geringerer Zellzahlen die Voraussetzung für die Durchführung der in „Metabolic and 

inflammatory reprogramming of macrophages by ONC201 translates in a pro-inflammatory en-

vironment even in presence of glioblastoma cells“ beschriebenen Experimente. Diese Publikation 

beschreibt die Induktion eines pro-inflammatorischen Phänotyps in Makrophagen durch Manipu-
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lation ihres Stoffwechsels, auch in Anwesenheit von Glioblastom-Zelllinien. Da ein pro-inflamma-

torischer Phänotyp typischerweise von Glioblastomzellen unterdrückt wird, veranschaulichen 

diese Ergebnisse den starken Einfluss des Metabolismus auf die Funktionen der Immunzellen. 

Ob und wie diese Erkenntnisse für die Glioblastom-Therapie genutzt werden können, wird im 

Anschluss kritisch diskutiert. 
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1 Introduction 

Using our own immune system to treat cancer is a very promising approach which gained a lot of 

interest in the recent years. This cumulative thesis is based on two publications, focusing on the 

metabolic reprogramming of human macrophages as possible tools for the treatment of glioblas-

toma, a primary brain tumor.  

 

1.1 Brain tumors: a brief introduction 

In general, the term “brain tumor” describes the growth of abnormal cells in brain tissues. These 

tumors can be benign (neither invade nearby tissue nor spread to other parts of the body) or 

malignant (can invade nearby tissue and/or spread to other parts of the body). They are further 

classified into primary brain tumors, originating in the brain, and secondary (or metastatic) brain 

tumors, derived from cancer cells spread to the brain from other organs. To characterize brain 

tumors the World Health Organization (WHO) released a classification system, which was lastly 

restructured in 2016. Since this restructuring the classification is also based on molecular altera-

tions and not only on histopathologic features as it was in 20071,2. Based on the WHO criteria, 

brain tumors are graded from I to IV. Grade I is representing benign, slow growing tumors whereas 

grade IV is corresponding to infiltrative, fast growing tumors. Primary brain tumors can arise from 

different brain tissues and are therefore grouped by their cellular origin.  

The latest comprehensive summary of the current descriptive epidemiology of brain tumors is the 

“CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diag-

nosed in the United States in 2013-2017”, including 415,411 records of brain and other central 

nervous system (CNS) tumors (123,484 malignant and 291,927 non-malignant)3. According to 

this study, 80.8% of all malignant primary brain and other CNS tumors are gliomas (see                 

Figure 1A). These tumors arise from glial cells (oligodendrocytes, astrocytes, microglia, and ep-

endymal cells), which normally have mainly supportive and protective functions. Gliomas devel-

oping from astrocytes, are called astrocytomas and make up around 78% of all gliomas (see 

Figure 1B). The most frequent representative of astrocytoma is glioblastoma (GB), a grade IV 
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brain tumor characterized by uncontrolled cellular proliferation, local infiltration, extensive ge-

nomic instability, tendency for necrosis, angiogenesis, and resistance to current therapies (see 

chapter 1.2). To underline its high heterogeneity in appearance the term “glioblastoma multiforme” 

has been introduced in 19264. But after the revision of the WHO-nomenclature in 2007, it is simply 

called “glioblastoma”1. Interestingly, even though GBs are very invasive they rarely intravasate 

and metastasize from the brain5. Only in rare cases GBs can spread to other parts of the body 

like liver and bone 6. A possible explanation for this phenomenon can be found in the early patient 

mortality. 

 

Figure 1: Incidence of brain tumors and gliomas in the United States from 2013 to 2017. A: Distribu-

tion of malignant primary brain and other CNS tumors. B: Distribution of primary brain and other CNS glio-

mas. The glioma sub-group astrocytoma has been further subdivided into glioblastoma and other astrocy-

tomas to illustrate the high percentage of glioblastoma. Diagrams based on “CBTRUS Statistical Report: 

Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2013-2017” 3.  

 

1.2 Glioblastoma: incidence, symptoms, and diagnosis  

As shown above, GB represents 57.7% of all primary brain and other CNS gliomas (this accounts 

for 48.6% of all malignant primary brain and other CNS tumors) with an incidence rate of 3.23 per 

100,000 population. For the years 2020 and 2021 the number of projected cases of glioblastoma 

in the United States is 12,800 and 12,970, respectively. The relative survival rate shows that 

36.0% of patients with malignant brain and other CNS tumors were still alive after five years, 

whereas only 7.2% of glioblastoma patients survived. The median survival for glioblastoma, re-

gardless of treatment, was 8 months. The incidence of glioblastoma increased with age (95% of 

patients were older than 40 years, median age 65) and was 1.59 times higher in males compared 
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to females. 90% of all diagnosed GBs were primary tumors (arise de novo), whereas only 10% 

were secondary tumors (arise from lower-grade tumors)7. Secondary tumors, correlating with a 

longer survival, were more often diagnosed in younger patients (mean age 45 years)8.  

The causes for brain and other CNS tumors are various and many risk factors have been inves-

tigated. So far, only ionizing radiation could be identified as a positive risk factor9. But in general 

these tumors are characterized by dysregulation of key signaling pathways involving cell survival, 

growth, proliferation, and apoptosis due to genomic mutations7. Interestingly, even if no genetic 

predispositions are known, the diagnosis of a first-degree family member increases the risk ap-

proximately two-fold10. On the other hand, having an allergy or other atopic disease decreased 

the risk for these tumors11.  

The most common locations for GBs are the frontal and temporal lobes of the brain, but in rare 

cases also other brain areas are affected3. Patients typically show symptoms of increased intra-

cranial pressure, like headaches, neurological defects, and seizures12. The diagnosis is based on 

histological features including anaplasia, mitotic activity, microvascular proliferation, and necro-

sis13. Mutation of the isocitrate dehydrogenase correlates with secondary GB and better progno-

sis, possibly caused by increased genome-wide methylation14.  

 

1.2.1 Glioblastoma therapy 

The standard of care for glioblastoma patients consists of maximal safe resection followed by 

chemo- and radiotherapy15. This treatment extends the median overall survival to about 

16 months16. A gross surgical resection prolongs the overall survival time17 and maximizes quality 

of life18. Moreover, the use of fluorescent dyes to improve the identification of the tumor edge, 

prolongs progression-free survival19. Nevertheless, a complete surgical resection of the tumor still 

remains almost impossible since the tumors lack a clear margin and tumor cells infiltrate the sur-

rounding healthy tissue18.  

Chemo- and radiotherapies also show limited success. Radiotherapy faces the problem that only 

a small area around the tumor margin can be targeted, possibly not covering the whole spreading 
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area of migrating tumor cells20. Due to the accumulation of GB driver mutations in astrocyte-like 

neural stem cells in the subventricular zone21, targeting radiotherapy towards this area maybe 

improves patient outcome, but these results are strongly discussed22. A major restriction for chem-

otherapy is the blood-brain barrier (BBB), which stays impassable for most chemotherapeutics 

even after losing integrity during tumor progression23. Since 2005 temozolomide (TMZ) is com-

monly used as first line chemotherapeutic agent for newly diagnosed glioblastoma15. The effi-

ciency of chemotherapeutic therapies relies on several factors, which can vary from patient to 

patient or change during treatment. Unfortunately, even if an initial efficacy can be observed, 

tumors often acquire therapy resistance and recur12. One mechanism of therapeutic resistance is 

the expression of O6-methylguanine methyltransferase, an enzyme normally repairing DNA dam-

ages, including the damages induced by TMZ. The expression of this enzyme is controlled 

through the methylation of its promoter, linking the promoter methylation status directly to the 

efficiency of TMZ therapy. In case TMZ therapy resistance has developed, nitrosureas or a com-

bination of procarbazine, lomustine and vincristine can be used as second line treatments yet 

showing higher toxicity and poorer efficacy compared to TMZ24. However, even using state-of-

the-art technologies, GB recurrence is detected within approximately 7 months in almost all 

cases15.  

Unfortunately, also novel approaches, like anti-angiogenic therapies using antibodies (e.g., 

Bevacizumab), were ultimately ineffective at treating GB in clinical trials25–27. Other strategies aim 

at stimulating the immune system of the patient to detect and eliminate the tumor cells. This pro-

cess, called cancer immunosurveillance, is a physiological process that happens on a regular 

basis and prevents the accumulation of transformed cells and the establishment of tumors. Nev-

ertheless, in few cases the transformed cells are able to evade the immune system28,29. To over-

come this mechanism cancer immunotherapies are currently tested or already in clinical use. The 

field of immunotherapies made great progress since the discovery and clinical implementation of 

immune checkpoint inhibitors, mostly targeting cytotoxic T-lymphocyte protein 4 (CTLA-4), pro-

grammed cell death protein 1 (PD-1) or programmed cell death 1 ligand 1 (PD-L1)30. However, 

even if this approach shows high potential in several kinds of cancer and clinical trials including 
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GB are ongoing31, until this day, there was no breakthrough using immune checkpoint inhibitors 

for GB therapy. An explanation for these failures may be found in the systemic and intra-tumoral 

immunosuppression induced by GB cells32. Besides, there is evidence that a high number of pa-

tients receiving immunotherapy have to struggle with adverse events33. 

Since the success of immune checkpoint inhibition in GB treatment is limited, recent immunother-

apy strategies aim at combinatorial strategies to overcome the immune resistance. Anyway, to 

find suitable drug combinations a deeper understanding of GB induced immunosuppression is 

mandatory. Of particular note would be the characterization of GB heterogeneity, which is thought 

to contribute to immunotherapy resistance34. 

 

1.2.2 Tumor heterogeneity 

Like other types of tumors glioblastoma consist of a heterogenous cell population in and around 

the tumor mass, making each tumor unique. This inter- and intra-tumoral heterogeneity is partly 

based on the tumor cells which can be differentiated or undifferentiated and vary in morphology, 

proliferation rate or self-renewal capacity35,36. Furthermore, surrounding, or invading cells contrib-

ute to tumor heterogeneity. Especially GBs are very heterogenous tumors, defined by tumor cells, 

tumor-initiating cells (or stem-like cells), endothelial cells, pericytes, fibroblasts and immune 

cells37. These tumor-associated cells are interacting with the tumor cells and thereby typically 

promote tumor growth and progression38. Moreover, local conditions and the genetic background 

influence the tumor composition, as exemplified at the tumor core which is more hypoxic and 

contains more anti-inflammatory CD163+ tumor-associated macrophages than the peritumoral 

area39. This complex tumor diversity of phenotypes is a major reason for (chemo)therapy re-

sistance and tumor recurrence since it allows the adaptation to various conditions or treatments40. 

Nevertheless, based on the efforts of The Cancer Genome Atlas network GBs and low-grade 

gliomas could be grouped in different subtypes based on their genetic profile41,42. Subsequent 

studies further redefined the classification of glioblastoma to the three most relevant subtypes: 
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proneural, mesenchymal, and classical42. According to literature the proneural subtype is com-

monly related to a more favorable outcome and mesenchymal to a poor survival42–44.  

However, since patients with tumors exhibiting isocitrate dehydrogenase mutations usually show 

an increased survival and these tumors are consistently classified as proneural, the meaningful-

ness of molecular subtyping is probably affected. Besides, a common problem for tumor subtyp-

ing arises with the acquisition of biopsies from only one single random location of the tumor. As 

a result of the high intra-tumoral heterogeneity varied molecular subtypes can coexist in the tumor 

mass, leading to a mixed cellular population of different subtypes34. This heterogeneity is not only 

a problem for the identification of therapeutic targets, but a high heterogeneity is also limiting the 

effects of treatment and decreases overall survival45. 

 

1.2.3 Glioblastoma microenvironment 

As described above, tumor cells are not only in contact with each other, they are also strongly 

interacting with surrounding and infiltrating cells of other cell types. These interactions lead to the 

promotion of GB cell proliferation (as exemplified by neurons secreting neuroligin-346) or the sup-

pression of anti-tumor immune responses (e.g., of infiltrating macrophages, or the CNS-resident 

macrophages called microglia47). The crosstalk between different cell types is largely defined by 

the conditions in the milieu around the tumor, which is further known as tumor microenviron-

ment (TME). The abundance of specific cell types or cytokines can shift the TME from an inflam-

matory towards an anti-inflammatory/immunosuppressive phenotype, influencing tumor therapy 

and patient survival (see Figure 2). To state a few examples: Regulatory T cells (Tregs), probably 

attracted by C-C motif chemokine (CCL) 2 and CCL22 secreted by GB cells48,49, shift the tumor 

cytokine milieu towards immunosuppression50, preventing the production of Interleukin (IL)-12 

and thereby restrict the function of infiltrating T cells51. Another example are myeloid-derived sup-

pressor cells (MDSCs), whose infiltration negatively correlates with T cell infiltration52. Interest-

ingly, the level of CCL2 expression correlates with poor prognosis accompanied by a high infiltra-

tion of Tregs, MDSCs, and tumor-associated microglia/macrophages (TAMs)48. Likewise, colony 
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Furthermore, predominantly low levels of oxygen (hypoxia) and a lowered pH are characteristics 

of the TME. Hypoxia leads to the stabilization of the transcription factor HIF1-α (hypoxia-inducible 

factor 1-alpha), resulting in the production and release of tumor-supportive molecules like growth 

factors, cytokines, and metalloproteases. These factors can promote angiogenesis59 or monocyte 

recruitment60. Moreover, hypoxia itself has shown to trap macrophages by inhibiting chemotaxis61 

and induce a pro-tumoral phenotype in these cells62. Hypoxia, through HIF-1α signaling, also 

leads to an upregulation of glycolytic genes such as SLC2A1 (coding fur glucose transporter type 

1)63, enabling tumor cells to switch their energy production towards anaerobic glycolysis. A higher 

rate of glycolytic energy production increases the production of lactate, which is released through 

monocarboxylate transporter as H+-lactate into the extracellular space, hereby lowering the ex-

tracellular pH64,65.  

Although the TME is a known key regulator of tumor progression66 and a recent publication 

demonstrates that distinct molecular GB profiles are correlated with differences in their microen-

vironment45, the TME is not (yet) part of the WHO classification. Nevertheless, the interest in 

targeting the TME for tumor therapy is growing and clinical trials are already ongoing67.  

 

1.3 Tumor-associated microglia and macrophages 

The human immune defense system is composed of innate and adaptative immune cells. Macro-

phages and microglia, are innate immune cells which represent the first line of defense68. Even if 

these cell types have comparable functions and share many features, they also have cell type 

specific characteristics. A reason for these differences could be found in the cellular origins: Mi-

croglia arise from the yolk sac69, whereas macrophages originate from the prenatal yolk sac70 or 

by differentiating from circulating monocytes71.  

Under healthy conditions the macrophage population in the CNS consists only of microglia, which 

make up 5-20% of the total glial cell population72. In case the BBB is disrupted, which can be 

caused by inflammation, disease, or cancer, the brain parenchyma can be infiltrated by circulating 
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immune cells73. Especially in GBs a high rate of myeloid cell infiltration is detected, probably ex-

plaining the high percentage of 30-50% of microglia and macrophages of the total tumor mass47. 

Studies focusing on the tumor mass composition give contradictory results about the percentage 

of microglia and macrophages, mainly because of difficulties to differentiate these cell types due 

to a lack of specific markers74. As a result, macrophages and microglia are often referred to as 

TAMs without further differentiation. On top of that, it has been reported that tumor-infiltrating 

monocytes, the precursors of macrophages, could persist in an undifferentiated state of self-re-

newal, adding another level of complexity75. Using a genetically engineered mouse model, it was 

demonstrated that peripheral macrophages represent the majority of TAMs in the tumor mass, 

and resident microglia form a minor TAM population76. However, since other studies describe 

different microglia/macrophage ratios this topic is still controversially discussed. These differ-

ences can probably be traced back to the used models and markers for cell type identification, 

however a time-dependent increase of the macrophage population has been detected in most of 

longitudinal studies (see 77 for a review).  

Independent of their origin or localization, microglia and macrophages are characterized by a high 

plasticity and heterogeneity78. After stimulation by different types of molecules (e.g., growth fac-

tors, cytokines, microbial products, nucleotides) inflammatory response cascades are activated, 

finally leading to the clearance of pathogens or the stimulation of other immune cells, including 

neutrophils, innate lymphoid cells, and NK cells79. Besides pathogen elimination, the major task 

of macrophages and microglia is the maintenance of homeostasis, e.g., by phagocytic removal 

of apoptotic cells or self-limitation of inflammation during infections. This variety of functions is 

only possible due to the high range of phenotypic adaptations these cells can undergo. Depending 

on the environmental conditions macrophages and microglia adopt inflammatory states ranging 

from pro- to anti-inflammatory. 

To allow a better characterization and understanding of the immune states of macrophages, arti-

ficial stimuli have been used to shift the cells in vitro towards a pro- or anti-inflammatory state. 

Macrophages treated with the pro-inflammatory interferon-γ (IFN–γ) and/or lipopolysaccharides 
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(LPS) represent the so called M1 population, whereas macrophages treated with the anti-inflam-

matory cytokines IL-4/IL13 represent the M2 population79. Although this categorization helps to 

investigate the functionality of TAMs, recent analyzes revealed a spectrum of activation states 

which is not covered by the M1/M2 nomenclature80.  

M1 macrophages initiate and sustain the inflammatory responses by secreting cytokines such as 

tumor necrosis factor-α (TNF-α), IL-6, and IFN-γ, and recruiting other immune cells to the inflamed 

tissue79. This inflammatory reaction is beneficial for example in the killing of invading bacteria or 

abnormal cells, but it also induces collateral damage to the surrounding healthy tissue [e.g., 

through the release of reactive oxygen species (ROS)]. To prevent serious damage macrophages 

are subjected to strong regulatory mechanisms finally introducing an anti-inflammatory phenotype 

and thereby dampening the inflammation. However, if the pro-inflammatory reactions of macro-

phages are going to be dysregulated or overstimulated, it can have severe pathological conse-

quences as seen in chronic inflammatory and autoimmune diseases (see 81 for a review). In other 

situations, the inflammatory response of macrophages is suppressed and therefore not strong 

enough to eliminate the threat. This phenomenon can be observed in TAMs, acquiring an anti-

inflammatory phenotype, though being close to pathogenic cells.  

Influenced by the tumor cells, most infiltrating TAMs become tumor-supportive and promote tumor 

growth, invasion, angiogenesis, and metastasis82. By secreting anti-inflammatory cytokines such 

as IL-6, IL-10 and TGF-β they also contribute to an immunosuppressive microenvironment83. Fi-

nally, the tumor-supportive activities of TAMs lead to a sooner and higher tumor cell migration 

and an increased invasiveness of the tumor cells as shown in murine models84,85. Likewise, stud-

ies using human samples revealed a correlation between the presence of TAMs and poor prog-

noses or an increase in tumor aggressiveness86,87. How GB cells polarize TAMs towards the tu-

mor-supportive phenotype is still barely known, but several factors including cytokines, exo-

somes, and metabolites were already identified to influence the inflammatory state of TAMs88–90. 

Importantly, it has been shown that the tumor-supportive state of TAMs can be suppressed in 

vitro through artificial stimuli, resulting in anti-tumor activities in in vitro models91–93. 
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Moreover, it was found that macrophages showing different phenotypes coexist within the same 

TAM population, also in human samples94–96. Importantly, it seems that the distribution of pro- and 

anti-tumoral TAMs is not random, but determined though spatial conditions95,97. Further studies 

of human material showed that anti-inflammatory (M2) macrophages were correlated with unfa-

vorable prognoses98. Looking at standard GB treatment approaches it was shown that surgical 

resection or TMZ treatment increase the anti-inflammatory phenotype of TAMs99. Moreover, radi-

ation therapy renders the tumor more aggressive, which could be caused by a selection of M2 

macrophages which are more resistant towards radiation than M1 macrophages100. This selection 

could explain why recurrent tumors mostly arise near the irradiated area101. Besides, TAMs were 

described to be involved in tumor resistance towards TMZ and anti-angiogenic treatments58.  

Thus, the removal of tumor-supportive TAMs or their reprogramming towards a pro-inflamma-

tory/tumoricidal state represent interesting and promising therapeutic approaches which are al-

ready tested in clinical trials (please see 58,96 for detailed compilations). Especially the influence 

of intracellular metabolic pathways on the inflammatory status of immune cells, a process called 

immunometabolism, is gathering more and more attention. Even if the knowledge in this field is 

still limited (see chapter 1.4), the potential of manipulating metabolic pathways to directly stimu-

late immune cells and use them as therapeutic tools is immense.  

 

1.4 Immunometabolism of macrophages 

The cellular energy metabolism is based on adenosine triphosphate (ATP), which can be pro-

duced by two major pathways: the glycolytic pathway and the oxidative phosphorylation 

(OXPHOS) pathway. The ATP yield per glucose molecule is higher using OXPHOS (36 molecules 

ATP) compared to glycolysis (2 molecules ATP), but OXPHOS is oxygen-dependent and there-

fore not always possible. Moreover, besides ATP the glycolysis pathway generates other meta-

bolic intermediates which are needed for various cellular processes (e.g., synthesis of amino ac-

ids or fatty acids). Interestingly, especially cancer cells do normally not use OXPHOS for their 

energy production (even in presence of oxygen), instead they perform aerobic glycolysis, a phe-

nomenon called the Warburg Effect102. This shift in energy metabolism, representing one hallmark 
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of cancer103, requires high levels of glucose but allows rapid energy production and the generation 

of intermediates used for the biosynthesis of amino acids, nucleotides, and lipids which are nec-

essary for cell growth104.  

But not only tumor cells adapt their metabolism, also macrophages change their energy produc-

tion, depending on their phenotype. Factors influencing macrophage metabolism are various and 

include intrinsic as well as extrinsic signals. First studies demonstrated that pro-inflammatory ac-

tivation of murine macrophages through Corynebacterium ovis infection leads to an increased 

rate of glycolysis and a decreased oxygen consumption105. Further analyses revealed a broken 

tricarboxylic acid (TCA) cycle, caused by upregulation of ACOD1 [coding for cis-aconitate decar-

boxylase (CAD)], producing itaconate, which in turn inhibits succinate dehydrogenase (SDH), fi-

nally leading to an accumulation of succinate106. Rising levels of succinate enhance the produc-

tion of ROS and inhibit prolyl hydroxylases (PHDs)107. The inhibition of PHDs stabilizes transcrip-

tion factor HIF1-α108, which in turn upregulates the level of the pro-inflammatory cytokine IL-1β109 

and the expression of glycolytic proteins110. A consequence of dysfunctional OXPHOS is an in-

creased leakage of electrons in the mitochondrial electron transport chain (ETC), finally leading 

to the generation of ROS through reverse electron transport (RET)111. Moreover, pro-inflamma-

tory/M1 macrophages upregulate the expression of inducible nitric oxide synthase (iNOS) to pro-

duce nitric oxide (NO) from arginine. NO plays an important role as antimicrobial molecule and in 

killing cancer cells112. Furthermore, glycolysis, pentose phosphate pathway (PPP), acetylation 

and fatty acid synthesis (FAS) are upregulated, whereas fatty acid oxidation (FAO) and OXPHOS 

pathway are downregulated. The impairment of the TCA cycle promotes the intracellular accu-

mulation of citrate and succinate, which is used as an indicator of a pro-inflammatory phenotype 

(see Figure 3)106,113,114.  
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promotes the M1 phenotype117. Our own studies on pro- (LPS + Polyinosinic:polycytidylic acid) or 

anti-inflammatory (IL-4 + IL-10) stimulated human macrophages confirmed the upregulation of 

GS through anti-inflammatory cytokines, but moreover, we could show the upregulation of glu-

taminase (GLS), converting glutamine to glutamate, after pro-inflammatory treatment118. Further-

more, we identified another glutamate-related enzyme, gamma-glutamyl hydrolase (GGH), to be 

connected to the inflammatory status of macrophages. Based on our observations, higher levels 

of GGH correspond to the pro-inflammatory phenotype, whereas lower levels are related to the 

anti-inflammatory phenotype. Interestingly, GGH is also involved in folate metabolism and it has 

been shown that M2 macrophages and TAMs show an increased expression of folate receptor ß, 

leading to an enhanced folate uptake119.  

It has to be mentioned that species-dependent variations in macrophage phenotypes exist120 and 

that most common immunometabolic markers, like iNOS or Arg1, are validated only in the murine 

system. Nevertheless, our understanding of immunometabolism is still growing and there is in-

creasing evidence that polarization of immune cells requires metabolic adaptations.  
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The conditions macrophages and other tumor infiltrating immune cells have to face are unique for 

each tumor and by far different from the conditions that can be reconstituted in the laboratory. 

Nevertheless, researchers were able to identify and characterize some factors influencing the 

inflammatory phenotype of TAMs: High rates of aerobic glycolysis in tumor cells lead to an in-

creased production of lactate, which can be exported via monocarboxylate transporters and ac-

cumulate in the extracellular space123. Importantly, high levels of lactate support the immunosup-

pressive phenotype of TAMs through HIF1-α and the expression of vascular endothelial growth 

factor and arginase-1123. Moreover, the extracellular space is acidified, resulting in pH values of 

solid cancers ranging from 6.0 to 6.5124, enhancing the pro-tumoral phenotype of TAMs125. As 

TAMs seem to depend on glycolysis, probably to refill metabolic intermediates and avoid dam-

ages induced by ROS, environmental acidification and lactate accumulation are further promoted. 

Furthermore, especially in brain tumors, an abundancy of glutamate and glutamine is detectable. 

Glutamate, being released in high amounts by (brain) tumor cells126–128 promotes tumor growth 

and correlates negatively with the overall survival129. Interestingly, higher levels of glutamine up-

take and metabolism have been described130 in TAMs and it has been shown that depletion of 

glutamine prevents acquisition of a tumor-supportive phenotype106.  

Of major importance, especially for tumor progression and therapy, is the fact that TAMs also 

alter the immune functions of other immune cells. The depletion of extracellular arginine through 

the upregulation of arginase-1 impairs the function of T-cell receptors131 and the differentiation of 

T-cells132. Furthermore, depletion of tryptophan or accumulation of tryptophan metabolites by in-

doleamine 2,3-dioxygenase (IDO) inhibit cytotoxic T cells and thereby supports the tumoral im-

mune resistance133. 
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1.6 Novel macrophage-based therapeutic strategies 

At the beginning of tumor formation, immune cells, including macrophages and T cells, are likely 

to react to and eliminate the tumor cells. This is successful in most cases, but once a tumor could 

establish itself it starts to modify the TME which is changing the phenotypes of surrounding im-

mune cells towards a pro-tumoral and immune-suppressive state. As a result, the presence of 

TAMs in the TME mostly correlates with disease progression and a poor prognosis. Only in colo-

rectal cancer a higher abundance of TAMs is associated with a higher overall survival134. These 

observations are in line with the predominantly tumor-supportive phenotype of TAMs. It has to be 

mentioned that tumor-supportive TAMs also decrease the efficacy of novel therapeutics like im-

mune checkpoint inhibitors135. Besides, macrophages can be involved in tumor generation by 

promoting a mutagenic environment (through the release of ROS136) or by secreting factors im-

portant for de novo carcinogenesis (e.g., TNF-α137). 

Since TAM populations are mixed populations containing cells showing pro- or anti-inflammatory 

phenotypes and it is not yet possible to target them separately, total elimination pf TAMs or block-

ing TAM recruitment could be possible ways to impede tumor growth. In a murine model genetic 

ablation of CSF-1 was used to specifically block the attraction of macrophages to the tumor side, 

leading to a decreased invasiveness and thereby demonstrating the pro-tumoral role of macro-

phages138. The receptor of CSF-1 (CSF-1R) is mostly expressed in monocytes and macro-

phages139, enabling a cell type dependent targeting. Hence, small molecules targeting CSF-1R 

(like BLZ945 or PLX3397) can be used to specifically induce cell death140 or inhibit chemotactic 

recruitment141. In a phase II study in patients with recurrent glioblastoma, PLX3397 treatment was 

tolerated, and PLX3397 was able to pass the BBB; nevertheless, PLX3397 treatment did not 

show improvement in the 6-month progression-free survival when compared with radio- and 

chemotherapy142. Interestingly, using in silico modelling it was demonstrated that patients would 

only benefit from microglia depletion if treatment would be applied at early stages of tumor devel-

opment143. 
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More promising approaches are the targeted reprogramming of macrophages using nanoparticles 

or viruses shifting the cells towards a tumor-suppressive phenotype144,145. These strategies not 

only combat the tumor-supportive functions of TAMs, but they also stimulate their tumoricidal 

activities, finally transforming the TME into a pro-inflammatory milieu. Hereby, the anti-tumor ac-

tivities of other immune cells (e.g., T- or NK cells) are promoted whereas the negative effects of 

a total macrophage ablation (loss of their supportive and protective functions) are avoided. Inter-

estingly, TAMs express high levels of the immune checkpoint molecules PD-L1, PD-L2 and 

PD-1146, the latter one shown to inhibit tumor phagocytosis147. Inhibition of PD-1 on TAMs reduces 

tumor growth and prolongs survival in murine cancer models147, speaking in favor of combining 

immune checkpoint therapy with macrophage reprogramming. The fact that macrophages are 

also able to induce antibody-dependent cellular cytotoxicity148 points out why more attention 

should be paid to these cells in (personalized) antibody-based tumor therapies.
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2 Present investigations 

2.1 Aims 

At the present state, glioblastoma treatments can only marginally improve the overall survival of 

patients, but no therapy leads to a complete cure. The current strategy focuses mostly on target-

ing the tumor cells, failing to account for other (cellular and non-cellular) constituents of the tu-

mor149. Hence, to achieve a complete elimination of tumors, new therapeutic strategies are in 

great demand. Unfortunately, novel promising approaches like immunotherapy show major limi-

tations: In 2018, only 43.6% of cancer patients were eligible for immunotherapy, and the predicted 

immunotherapy response rate was 12.46% with significant variability among cancers150. It should 

be noted that response rates strongly vary with patient characteristics and tumor pathology. Es-

pecially in the case of Glioblastoma the blood-brain barrier and the immune-suppressive environ-

ment represent major limitations for immunotherapeutic approaches. Moreover, the mutational 

load, a predictive factor for immune checkpoint therapy151, is low in GB152. This low mutual burden 

also represents an obstacle for the identification and targeting of tumor specific antigens for (per-

sonalized) immunotherapy153. Fortunately, the identification and targeting of tumor specific anti-

gens is making rapid progress, also due to major technological improvements (next generation 

sequencing, etc.)153. Anyway, there is still no breakthrough in modulating the tumor environment 

from “cold” (inflammatory inactive) to “hot” (inflammatory active), being mandatory for a success-

ful immunotherapy154. Thus, therapeutic strategies inducing an inflammatory shift are needed.  

First steps in the development of strategies suitable for the induction of an inflammatory active 

TME are the identification of possible targets and their validation using in vitro and in vivo settings. 

Unfortunately, the acquisition and availability of sample material (e.g., tumor biopsies) or the 

transferability of animal models to the human system represent major obstacles in biomedical 

science. The scarcity of primary sample material and primary cells (like macrophages) restricts 

the number or type of feasible experiments. A possible way to circumvent this issue is the use of 

less cells/material per experiment. However, the reduction of cell numbers is not as trivial as it 
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sounds. Besides getting less analyzable cellular material (e.g., DNA or RNA), it has to be demon-

strated that a small cell population behaves the same way as a big population does. In Publica-

tion I “Assessing the reliability of gene expression measurements in very-low-numbers of human 

monocyte-derived macrophages” (see page 48) we focus on this topic and prove that a down-

scaling of cell numbers for experimental approaches is possible, at least in our setup. This result 

enabled us to continue working with less cells and thereby to start with the investigation of the 

influence of metabolism on the inflammatory status of human monocyte-derived macrophages.  

In Publication II “Metabolic and inflammatory reprogramming of macrophages by ONC201 trans-

lates in a pro-inflammatory environment even in presence of glioblastoma cells” (see page 62) 

we evaluated the possibility of manipulating the energy metabolism of macrophages (as regula-

tory immune cells) to create a pro-inflammatory tumor environment. The idea is that this shift will 

not only reactivate the tumor-suppressive function of TAMs, but it will also restrict the activity of 

regulatory T cells and hereby promote the tumoricidal functions of CD4+ and CD8+ T cells. Hence, 

the induction of an inflammatory active TME represents a promising strategy for glioblastoma 

therapy and creates the basis for other therapeutic approaches. 

We based our experiments on human macrophages derived from monocytes, which were isolated 

from the blood of healthy donors. By taking advantage of this procedure, we were independent of 

cellular human material (e.g., biopsies), but still able to conduct our research on primary cells. 

Moreover, we avoided “impurities” due to the presence of other cell types, like microglia, and were 

sure about the macrophage origin. These conditions allowed us to analyze specifically the type 

of cells which would represent the majority of GB infiltrating immune cells. Importantly, the high 

relevance of macrophages for other diseases and other types of cancer strengthens the point of 

developing macrophage-based therapies. Besides, the relatively easy accessibility, isolation and 

differentiation of monocytes (the precursors of macrophages) would allow ex vivo manipulations 

of huge cell numbers followed by non-invasive re-infusion. The high susceptibility of mono-

cytes/macrophages to chemoattractants promotes the infiltration of affected organs/tissues and 

thereby supports locally targeted therapy.  
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Furthermore, we detected a network of inflammatory genes and identified GGH (an enzyme in-

volved in folate and glutamate metabolism) as a possible regulator of the inflammatory status of 

macrophages. We hypothesize that GGH influence the phenotype of macrophages through the 

regulation of intracellular folate and glutamate levels. Indeed, GGH catalyzes the hydrolysis of 

polyglutamate sidechains from polyglutamylated folate. Thereby it increases the level of free glu-

tamate and decreases the level of folic acid by enabling it to pass the cell membrane, which is 

not possible for polyglutamylated folate. Interestingly, both metabolites have been shown to be 

involved in epigenetic modifications of macrophages through DNA methylation (glutamate via 

α-ketoglutarate)155–157. Based on the fact that DNA methylations are important regulators of the 

inflammatory state of macrophages158, GGH is probably influencing the phenotype of immune 

cells via balancing the intracellular levels of folate and glutamate. However, other substrates of 

GGH probably exist, but further investigations are needed at this point. Since our study is the first 

showing a connection between the inflammatory state of macrophages and GGH, more research 

is needed to reveal its way of function and corresponding effects on immune cells. 

 

2.3 Publication II 

The work described in “Metabolic and inflammatory reprogramming of macrophages by ONC201 

translates in a pro-inflammatory environment even in presence of glioblastoma cells”159 focuses 

on the immunometabolism of macrophages as a possible lever to activate the pro-inflammatory 

phenotype of these cells (Figure 7).  





Present investigations 

25 
 

2.4 Concluding remarks and future perspectives 

In Publication I we showed that it is possible to reduce the number of cells to a small fraction 

without losing information or biasing the results of gene expression analysis. As technological 

improvements will allow us to gather more and more information from low amounts of cellular 

material, it is essential to prove the reliability of these data. The opportunity to analyze even small 

cellular fractions with different approaches opens unforeseen scientific and diagnostic possibili-

ties. Since, we were interested in establishing a cost-effective method being applicable in most 

laboratories equipped with standard devices, we focused our experiments on quantitative PCR. 

We have verified the usage of small sample sizes only using human monocyte-derived macro-

phages and reverse transcription quantitative PCR, but we hypothesize that our results are also 

valid for other species, cell types and types of analyses. Of course, other technologies like single-

cell RNA sequencing can be used to analyze even smaller numbers of cells163. However, these 

approaches are much more money-consuming, also face technical limitations (e.g., the lack of 

detection of some RNAs) and require special devices and skills164. 

Our studies also pointed out GGH as a possible regulator of macrophage immunometabolism. 

Due to the fact that glutamatergic genes have already been described to be involved in the com-

munication between glioblastoma cells and TAMs130, manipulating glutamate metabolism to 

shape immune cell functions could be a promising approach. Supposed that GGH affects the 

polarization state of macrophages, targeting this enzyme would allow a specific immune cell ac-

tivation. Our findings regarding the gene expression of glutamatergic genes fit well with other 

observations, like the identification of the protein-glutamine gamma-glutamyltransferase 2 as a 

marker for M2 macrophages120, underlining the impact of glutamate/glutamine metabolism on the 

inflammatory state of TAMs106. Furthermore, the already described upregulation of folate import 

in anti-inflammatory macrophages and TAMs119 increases the concentration of intracellular folate 

and thereby probably restricts GGH activity, underlining the role of GGH in macrophage im-

munometabolism. Anyway, before testing GGH as a target for tumor therapy, a deeper charac-
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terization of this enzyme and its effects on immune cell functions is mandatory. Therefore, exper-

iments analyzing the immune state of macrophages after manipulation of protein expression lev-

els by overexpression or repression of translation are currently performed.  

In Publication II another way of immunometabolic manipulation of immune cells was investi-

gated. We used the small, blood-brain barrier permeable and oncotoxic molecule ONC201165 to 

block the OXPHOS pathway in human monocyte-derived macrophages. By blocking OXPHOS 

we intended to force the cells towards a glycolytic energy production and thereby promote a pro-

inflammatory phenotype. As revealed by our observations, this metabolic switch shifted not only 

the macrophages, but also their environment towards a pro-inflammatory state. Of special im-

portance is the fact that even the presence of GB cells could not suppress these changes. More-

over, the detected loss of mitochondrial integrity in macrophages, preventing a reprogramming of 

these cells towards an anti-inflammatory state166, speaks in favor of a long-lasting pro-inflamma-

tory phenotype. Although we could not detect an increased oncotoxicity based on the metabolic 

reprogramming of macrophages, this study underlines the promising use of immunometabolic 

drugs for tumor therapy. It has to be mentioned that due to technical limitations no other immune 

cells were present in our system. Therefore, one can only speculate about possible ONC201-

induced effects on other tumor-associated immune cells: On the one hand, the pro-inflammatory 

shift of the TME could boost the tumoricidal functions of NK and T cells and therefore be effective 

for tumor therapy. On the other hand, the presence of Tregs or MDSCs could suppress the im-

mune-stimulatory effect induced by ONC201 and hence limit its efficacy. Anyway, our results 

speak in favor of testing ONC201 in combinatorial strategies like immune checkpoint therapies. It 

has been shown that the presence of TAMs and T cells in the TME is needed to unleash the full 

therapeutic potential of combined immune checkpoint therapies145, underlining the strong interac-

tion of these cells and clearly speaking against a complete elimination of TAMs.  

Another important factor regarding a possible tumor therapy using ONC201 is its efficacy under 

hypoxia. ONC201 activates the mitochondrial caseinolytic protease P (ClpP), which promotes the 

degradation of respiratory chain proteins, finally leading to the impairment of oxidative phosphor-

ylation and generation of ROS161,167. Our own data (not shown) indicates a reduced oncotoxic 
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activity of ONC201 under hypoxia (3% O2), which could probably be explained by a lower gener-

ation of ROS under this conditions. Besides, ClpP activation increases the expression of cyclic 

AMP-dependent transcription factor ATF-4161, regulating the expression of DNA damage-induci-

ble transcript 3 protein, which is involved in triggering inflammation and apoptosis168–170. Our anal-

yses on human macrophages revealed only an induction of inflammation in the examined period 

of six days, but apoptotic events could happen at a later timepoint. The apoptosis of macrophages 

could be a control-mechanism to limit inflammation and restore homeostasis. Interestingly, we 

observed a time-dependent upregulation of DRD5 (coding for D(1B) dopamine receptor, which is 

known to inhibit NF-kB activation171), which could represent another way to restrict inflammatory 

events. As a next step to further examine these possible regulatory mechanisms, we are going to 

study the long-term effects of ONC201 in primary human macrophages. In case the inflammatory 

response of macrophages induced by ONC201 is tightly controlled, the administration of ONC201 

could be used to induce a pro-inflammatory boost in the TME, which is temporally restricted and 

thereby limits long term side effects. To examine the consequences of this inflammatory boost, 

ex vivo or in vivo studies focusing on the interaction of macrophages with other immune cells will 

be needed. 

Anyway, directing macrophages towards a pro- or anti-inflammatory state still represents a prom-

ising strategy for tumor therapy or the treatment of autoimmune diseases. Their key roles as 

regulators of immune cells and linkers between adaptive and innate immune system makes them 

an undeniable element for therapy and recovery. Cell type specific targeting, which could be 

achieved using appropriate nanoparticles172, could be used to directly manipulate macrophages 

and use the natural regulatory mechanism of the human immune system to exploit its full potential 

as a therapeutic tool173. Especially for non-responders of immune checkpoint therapy this ap-

proach could open new perspectives. Nevertheless, possible side and long-term effects caused 

by the metabolic manipulation of immune cells (e.g., neurological damages induced by uncon-

trolled inflammation81) still need to be examined. In case of unwanted effects, strategies for a 

temporal, local and controlled inflammation need to be developed. A possible way to counteract 

overwhelming immune reactions is the administration of immunosuppressive drugs174. 
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However, the growing number of clinical trials targeting TAMs58,96 highlights the potential and the 

growing interest in novel, immune cell-based therapies and will hopefully allow us one day to 

understand and unleash the full potential of these cells. 
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ATP Adenosine triphosphate 

BBB Blood-brain barrier 

CAD Cis-aconitate decarboxylase 

CCL C-C motif chemokine 

ClpP Caseinolytic protease P 

CNS Central nervous system 

COX-2 Cyclooxygenase-2 

CSF-1 Macrophage colony-stimulating factor 1  

CSF-1R Macrophage colony-stimulating factor 1 receptor 

CTLA-4 Cytotoxic T-lymphocyte protein 4 

DNA Deoxyribonucleic acid 

ETC Electron transport chain 

F1,6BP Fructose 1,6-bisphosphate 

F6P Fructose 6-phosphate 

FAD Flavin adenine dinucleotide 

FAO Fatty acid oxidation 

FAS Fatty acid synthesis 

G6P Glucose 6-phosphate 

GB Glioblastoma 

GDNF Glial cell line-derived neurotrophic factor 

GGH Gamma-glutamyl hydrolase 

GLS Glutaminase 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

GS Glutamine synthetase 

HGF Hepatocyte growth factor 

HIF1-α Hypoxia-inducible factor 1-alpha 

IDO Indoleamine 2,3-dioxygenase  

IFN-γ Interferon-γ 

IL Interleukin 

iNOS Inducible Nitric oxide synthase 

LPS Lipopolysaccharide 

MDSC Myeloid-derived suppressor cell 

MIF Macrophage migration inhibitory factor 

NAD Nicotinamide adenine dinucleotide 

NO Nitric oxide 
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OXPHOS Oxidative phosphorylation 

PCR Polymerase chain reaction 

PD-1 Programmed cell death protein 1 

PD-L1 Programmed cell death 1 ligand 1 

PD-L2 Programmed cell death 1 ligand 2 

PHD Prolyl hydroxylase 

PPP Pentose phosphate pathway 

RET Reverse electron transport 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

SDF-1 Stromal cell-derived factor 1 

SDH Succinate dehydrogenase 

TAMs Tumor-associated microglia/macrophages 

TCA Tricarboxylic acid 

TGF-ß Transforming growth factor ß 

TME Tumor microenvironment 

TMZ Temozolomide 

TNF-α Tumor necrosis factor-α 

TRAIL Tumor necrosis factor ligand superfamily member 10 

Treg Regulatory T cell 

VEGF Vascular endothelial growth factor A 

WHO World Health Organization 

α-KG α-ketoglutarate 
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Assessing the reliability of gene 
expression measurements in very-
low-numbers of human monocyte-
derived macrophages
Carsten Geiß1, Gregorio Alanis-Lobato2,3, Miguel Andrade-Navarro  3 &  

Anne Régnier-Vigouroux1*

Tumor-derived primary cells are essential for in vitro and in vivo studies of tumor biology. The scarcity 

of this cellular material limits the feasibility of experiments or analyses and hence hinders basic and 

clinical research progress. We set out to determine the minimum number of cells that can be analyzed 

with standard laboratory equipment and that leads to reliable results, unbiased by cell number. A 

proof-of-principle study was conducted with primary human monocyte-derived macrophages, seeded 

in decreasing number and constant cell density. Gene expression of cells stimulated to acquire opposite 

inflammatory states was analyzed by quantitative PCR. Statistical analysis indicated the lack of 
significant difference in the expression profile of cells cultured at the highest (100,000 cells) and lowest 
numbers (3,610 cells) tested. Gene Ontology, pathway enrichment and network analysis confirmed the 
reliability of the data obtained with the lowest cell number. This statistical and computational analysis 

of gene expression profiles indicates that low cell number analysis is as dependable and informative as 
the analysis of a larger cell number. Our work demonstrates that it is possible to employ samples with a 
scarce number of cells in experimental studies and encourages the application of this approach on other 

cell types.

The use of primary cells in basic and clinical research is of upmost importance and interest because it facilitates 
the analysis of a biological material whose physiological properties (e.g. morphology, phenotype, function) are 
much less compromised than those of established, immortalized cell lines1. However, experimenting with these 
cells entails some restrictions due to (i) their properties (e.g. the (epi)genetic uniqueness of each donor), (ii) 
technical (e.g. differences resulting from the preparation of each sample) and (iii) practical issues (e.g. limited 
amount of material). This is a recurrent question in cancer research where researchers must deal not only with 
the high heterogeneity of the biological tissues of interest but also with problems associated with their physical 
availability and accessibility. This is the case, for instance, with the cellular material that can be obtained from 
biopsies of glioblastoma. Those brain tumors are characterized by a high level of molecular and cellular heteroge-
neity, which largely contribute to their resistance to therapy2,3. Tumor-associated microglia/macrophages (TAMs) 
constitute one subpopulation of glioblastoma cells that efficiently support tumor growth4,5 and, as such, represent 
attractive therapeutic targets6. Targeting these cells for therapeutic purposes necessitates a thorough knowledge 
of their properties. This knowledge has tremendously increased in the last few years thanks to experimental work 
performed with human primary microglia/macrophages7–14. However, the study of these highly plastic cells still 
poses experimental challenges. For instance, the patient to patient variability in terms of amount and quality of 
cells isolated from glioblastoma resections limits the extent and range of assays. Furthermore, discrete cellular 
phenotypic or functional profiles might vary with the location of the cells in the tumor or with their origin (resi-
dent microglia versus infiltrating macrophages). This heterogeneity and its biological significance typically cancel 
out in the analysis of cells pooled from the whole tumor. Two approaches might be considered to circumvent 

1Institute of Developmental Biology and Neurobiology, Faculty of Biology, Johannes Gutenberg University of Mainz, 
Johann-Joachim-Becher-Weg 13, 55128, Mainz, Germany. 2Human Embryo and Stem Cell Laboratory, The Francis 
Crick Institute, 1 Midland Road, London, NW1 1AT, UK. 3Institute of Organismic and Molecular Evolution, Faculty 
of Biology, Johannes Gutenberg University of Mainz, Hans-Dieter-Hüsch-Weg 15, 55128, Mainz, Germany. *email: 
vigouroux@uni-mainz.de

OPEN

https://doi.org/10.1038/s41598-019-54500-8
http://orcid.org/0000-0001-6650-1711
mailto:vigouroux@uni-mainz.de


2SCIENTIFIC REPORTS |         (2019) 9:17908  | https://doi.org/10.1038/s41598-019-54500-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

these limitations: the use of single-cell analysis or the use of a very low number of cells. Both would have to com-
ply with the requirement of full reliability in the data generated by each setup.

Single cell profiling, namely single cell-RNA sequencing, combined with bioinformatics, is becoming a main-
stream methodology to characterize the transcriptome of individual cells. A recent publication has reported 
profiles of TAMs freshly isolated from brain tumor biopsies, indicating the feasibility of this approach for such 
heterogeneous tumors15. The measurement of gene expression in single cells however has a number of experimen-
tal pitfalls such as the so-called “dropout event” or lack of detection of some RNAs16,17. More worryingly, highly 
plastic cells such as microglia or macrophages are expected to exhibit temporal fluctuation in gene expression. 
This transcriptional burst is covered in the transcriptome analysis of cell populations but not in a single cell analy-
sis. As a consequence, different intermediate transcriptional states of TAMs - that would be part of a longitudinal 
and regional TAM signature - will be lost in a single cell analysis and hidden in the analysis of a large number 
of cells but will be kept in the analysis of a small number of cells. These intermediate states potentially represent 
relevant therapeutic targets, making the analysis of a limited number of reactive cells -such as cells of the immune 
system- more relevant than that of individual cells. The limitations and reliability of this approach have not been 
systematically determined yet. Reducing cell numbers might increase the variability in gene expression according 
to the law of large numbers. The response of highly plastic cells to the same external stimuli might as well differ 
according to their number. Thus, what is the minimum number of cells that we can analyze and that will lead to 
results that are not significantly different from those obtained with a more standard number of cells?

To answer this question, we investigated how much we can reduce the number of cells without affecting the 
gene expression profile analyzed by standard procedures that they would exhibit when analyzed at a higher cell 
number. As a cellular model, we used human primary monocyte-derived macrophages (MDMs). Besides rep-
resenting the precursors of macrophages that infiltrate tumors, these cells offer the advantages of being easily 
isolated from various donors (biological variation) and having a well-characterized response to inflammatory 
stimuli18,19. In order to simulate in vivo conditions in which macrophages are exposed to multiple pro- and/or 
anti-inflammatory stimuli, we treated MDMs with two Toll-like receptor (TLR) ligands or with two cytokines to 
polarize them towards a defined pro- or anti-inflammatory status, respectively. Cells were seeded in decreasing 
amount but at the same density in multi-well plates with various diameters. Following treatment, the resulting 
macrophage states were characterized by RT-qPCR. Gene expression levels in cells seeded at the highest cell 
number were compared with levels in cells seeded at the lower cell numbers. Statistical analyses were carried out 
to assess the degree of change between the two conditions and to select the lowest possible number of cells that 
maintains sensitivity of and reliability in the gene expression measurements. Finally, we performed functional 
enrichment and network analyses with these data as a means to understand the biological processes and molecu-
lar interactions that are perturbed under changing conditions.

Results
Decreasing the number of cells does not affect the expression level of a selected set of 
genes. In order to determine the lowest number of cells that enables a reliable detection of gene expression, 
comparable to that detected in high cell numbers, we first analyzed mRNA levels of a small set of genes in MDMs 
after 24 h of treatment with lipopolysaccharide (LPS) and polyinosinic-polycytidylic acid (poly(I:C)) (hereinaf-
ter referred to as M(LPS/IC)). LPS, a ligand of TLR-4, and poly(I:C), a ligand of TLR-3, are pro-inflammatory 
molecules that trigger tumoricidal activities of macrophages and TAMs8,18. Cells from the same macrophage 
preparation were seeded at various numbers but at constant density in vessels of decreasing size (see Table 1). 
The highest number of cells we tested, referred to as standard number of cells, was 100,000 cells seeded in one 
well of a 6-well plate. The lowest vessel we tested was the well of a 96-well plate in which 3,610 cells were seeded. 
We did not assay a lower number of cells because it would be impractical for any type of molecular analysis using 
standard methodologies and equipment.

We first assessed whether the applied stimulus affects cell viability. As shown in Fig. 1, there were no significant 
changes in cell viability after 24 h of stimulation at any seeded cell number. We next analyzed and compared the expres-
sion of a set of 6 genes in cells seeded at the standard number (6-well plate) and at the lowest number (96-well plate). 
RNA extraction and RT-qPCR were performed with technical replicates consisting of individual wells of the 6-well 
plates and a pool of two wells of the 96-well plates. After 24 h of pro-inflammatory treatment with the LPS/poly(I:C) 
combination, cells seeded at the highest number (100,000 cells per well in 6-well plates) exhibited the expected profile. 
Gene expression of IL1B and SLC1A2 was upregulated18,20, that of CD163 and CD206 was downregulated18,21, whereas 
that of GAPDH (our unpublished observations) and GLUL22 were not altered (Fig. 2A). An expression profile similar 
to that of the standard condition was observed for cells seeded at the lowest number (Fig. 2B). The statistical analysis of 

Multiple well 
plate

Area/well 
(cm2)

Seeded cell 
number/well

µl medium/
well

6 well 8,87 100,000 4,000

12 well 3,90 44,000 1,760

24 well 1,90 21,400 860

48 well 1,00 11,300 450

96 well 0,32 3,610 140

Table 1. Seeding conditions of monocyte-derived macrophages in vessels of different size. To keep the cell 
density identical, the cell number per vessel was calculated by dividing the vessel area by the reference vessel 
area (8,87 cm2) and multiplying the result by the standard cell number (100,000).
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these data (see the Materials and Methods) did not show significant differences between the standard condition and the 
lowest cell number (Fig. 2C). From these results we concluded that it is possible to decrease the number of cultured cells 
to a minimum of 3,610 cells per well of a 96-well plate without inducing significant changes in the expression of a panel 
of genes. In the next experiments, gene expression levels were analyzed and compared in cells seeded in the standard 
condition (6-well plates) and cells seeded at the lowest number (96-well plates).

Different stimuli induce the expected gene expression profile independently of cell number.  
We next analyzed gene expression in MDMs treated with an anti-inflammatory stimulus and compared it 
with the MDM response to the pro-inflammatory stimulus. These stimuli are expected to induce distinct 

Figure 1. Viability of human MDMs 24 h after treatment with LPS and poly(I:C). Data are expressed as viability 
of treated cells relative to viability of untreated cells. Values are means ± SD of at least three technical replicates. 
Statistical analysis was performed using a two-tailed t-test. Calculated p-values: 6 well, untreated vs M1: 0.1683; 
12 well, untreated vs M1: 0.6438; 24 well, untreated vs M1: 0.8825; 48 well, untreated vs M1: 0.1370; 96 well, 
untreated vs M1: 0.1180.

Figure 2. Relative gene expression of human MDMs seeded in 6-well or 96-well plates, 24 h after M(LPS/IC) 
stimulation (M1) or absence of stimulation (Mock). (A) qPCR analysis of 6-well samples. (B) qPCR analysis 
of 96-well samples. M1 values are relative to mock which is normalized to 1. Average RQs of three technical 
replicates ± SD are shown. Technical replicates: individual wells of a 6-well plate, pool of two wells of a 96-well 
plate. Reference genes: SDHA, HPRT1. (C) Scatter plot showing the statistical comparison between seeding 
conditions for matched treatments. Dashed lines correspond to the significance level ɑ = 0.05.
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pro-inflammatory and anti-inflammatory phenotypes that should translate into the opposite expression pro-
file of the inflammatory genes IL1B, CD163 and CD20618,21. Cells from individual preparations of MDMs were 
seeded in 6- and 96-well plates and were left untreated or were incubated for 24 h with the pro-inflammatory 
M(LPS/IC) stimulus or with the anti-inflammatory combination of the interleukin-4 (IL-4) and interleukin-10 
(IL-10) (M(IL-4/IL-10)) stimuli. After having excluded possible cytotoxic effects of the M(IL-4/IL-10) stimuli 
(Fig. 3), gene expression was analyzed by RT-qPCR. Consistent with our observations (see Fig. 2), M(LPS/IC) 
stimulation induced the expected pro-inflammatory profile. That is, upregulation of the pro-inflammatory IL1B 
and downregulation of the anti-inflammatory CD163 and CD206, both in MDMs seeded at the standard and at 
the lowest number of cells (Fig. 4). M(IL-4/IL-10) stimulation did not alter the level of IL1B or CD163 expressed 
by untreated macrophages, suggesting a basal anti-inflammatory status of these cultured MDMs for which the 
expression of these genes could not be modulated further by the IL-4/IL-10 stimulus. It did, however, increase 
the level of CD206 expression, indicating that MDMs were responsive to the anti-inflammatory stimulus. This 
expression profile was observed both for cells seeded at the standard and lower numbers (Fig. 4A,B). The statis-
tical analysis of these data did not show significant differences between the standard condition and the lower cell 
numbers (Fig. 4C,D). These results confirm that it is possible to decrease the number of cultured cells to a mini-
mum of 3,610 cells without inducing significant changes in gene expression, independently of the type of stimulus 
to which the cells were subjected.

Analysis of a larger set of genes confirms the similarity of the gene expression profiles in stand-
ard and low numbers of MDMs. To further demonstrate that the gene expression profile detected in the 
low number of cells is similar to the profile detected in a larger number of the same cells, we extended our analysis 
to a broader spectrum of 28 genes. We included genes whose expression is regulated during inflammation and 
that code for: proteins involved in the immune response (e.g. TGFß, TNF), (metabolic) enzymes (e.g. arginase, 
dipeptidyl peptidase 4) and metabolite transporters (e.g. EAAT2, xCT). Selection of these genes was based on 
reported data, as well as on our own unpublished observations (see Table 2 for the complete list of genes). MDMs 
were seeded in 6-well plates and in 96-well plates and were either left untreated or were treated with the M(LPS/
IC) or the M(IL-4/IL-10) stimulus for 24 h. Extracted RNA was then analyzed by quantitative RT-qPCR. Analysis 
of 28 genes with RT-qPCR requires more RNA than the amount that it is possible to extract from 3,610 cells. This 
analysis was therefore conducted with technical replicates consisting of a pool of thirty-two wells of the 96-well 
plates. The robustness of the qPCR was increased by including three instead of two reference genes (SDHA, 18 S 
and GAPDH; see Materials and Methods). With the exception of five genes (ARG1, IFNG, IL4, IL6, IL13), all 
the genes listed in Table 2 were detectable in all tested conditions. The same profile was observed in both setups 
(Fig. 5A,B). The statistical analysis of these data confirmed that there were no significant differences between the 
two setups (Fig. 5C). These results indicate that we can perform an unbiased evaluation of the expression of a few 
genes of interest in a low number of cells.

Gene ontology and pathway enrichment analysis of dysregulated genes. We finally examined the 
validity of our approach through a bioinformatics analysis in order to determine and compare pathways altered in 
treated MDMs seeded at the standard and low numbers. The rationale was that both seeding conditions should result 
in similar sets of differentially expressed genes and that these genes should be involved in biological processes related to 
the induced pro- or anti-inflammatory responses. For that purpose, we further analyzed the data generated by the PCR 
array and determined the genes whose expression showed significant changes after treatment with the M(LPS/IC) and 
the M(IL-4/IL-10) stimuli. Volcano plots were generated for each differential gene expression analysis (see Materials 
and Methods): untreated versus M(LPS/IC), untreated versus M(IL-4/IL10) and M(LPS/IC) versus M(IL-4/IL-10), in 
both setups (Fig. 6). Only genes whose change in expression was at least 1.5-fold larger than the standard condition are 
indicated by name in Fig. 6. Among those genes, CD206, IL1B, SHPK, VEGFA and GGH displayed the most robust 
profile of expression, being identified in each condition and setup. Also note that regardless of the seeding condition 
(6-well or 96-well plates), the differential gene expression analysis led to similar gene lists.

Figure 3. Cell viability of human MDMs 24 h after stimulation with LPS and poly(I:C) (black) or IL-4 and IL-10 
(grey). All values are means ± SD of at least three independent experiments. Statistical analysis was performed 
using the Kruskal-Wallis method. Comparison of M(LPS/IC) vs M(IL-4/IL-10) vs untreated cells revealed no 
significant differences.
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We then searched for the biological processes and pathways associated with genes differentially expressed 
in the M(LPS/IC) and M(IL-4/IL-10) macrophages. GO and pathway enrichment analysis using the Reactome 
database are shown for the 6-well and 96-well plate setups (Fig. 7). Both seeding conditions led to very similar 
GO terms and Reactome pathways. Indeed, more than 50% of the GO terms and pathways were shared by both 
conditions whereas other GO terms and pathways presented high similarity. For instance, the upregulated GO 
terms “positive regulation of neuroinflammatory response” and “lipopolysaccharide-mediated signaling path-
way” were found exclusively in the standard condition and the low cell condition, respectively. These two terms 
obviously refer to the same biological process that is inflammation, which we expect to be induced in M(LPS/IC) 
macrophages. Similarly, the GO terms “phagocytic cup” and “membrane raft” were found exclusively in the stand-
ard condition and the low number of cells condition respectively and refer both to membrane dynamics. These 
differences are most likely to be explained by the still “low” number of genes we analyzed and would disappear by 
increasing the number of tested genes. We thus can conclude that, when we use a low number of cells and identify 
genes of interest, we can trust that the enriched pathways are of value.

The results of the GO and pathway enrichment analysis prompted us to perform a network analysis with 
genes from the low cell number setup. This included all genes showing at least a 1.5-fold up- or downregula-
tion in the M(LPS/IC) vs M(IL-4/IL-10) stimulated macrophages: CD206, SHPK, GLS, GGH, CD163, GLUL, 
SLC7A11, CD14, SLC1A2, TNF, IL1B (see Fig. 6F). Since genes coding for interacting proteins tend to be 
co-regulated, we examined the protein interaction network around the proteins coded by those dysregulated 
genes to point to affected pathways. A reference protein-protein interaction network was constructed using 
high-quality interactions from the HIPPIE database (see Materials and Methods)23. Based on this network, sub-
networks containing only the proteins coded by the up- or down-regulated genes and their one-level neighbors 
(i.e. the proteins that directly interact with them) were built (Fig. 8). This network analysis revealed a connec-
tion between gamma-glutamyl hydrolase (GGH), which is upregulated after M(LPS/IC) stimulation, and other 
pro-inflammatory markers such as TNF. The possible relevance of this metabolic enzyme to the inflammatory 
status and functions of tumor-associated macrophages is discussed below.

Figure 4. Relative gene expression of human MDMs seeded in 6-well or 96-well plates, 24 h after stimulation 
with LPS and poly(I:C) (M1), IL4 and IL-10 (M2) or absence of stimulation (Mock). (A) qPCR analysis of 6-well 
samples. (B) qPCR analysis of 96-well samples. M1 and M2 values are relative to mock which is normalized to 1. 
Average RQs of three technical replicates ± SD are shown. Technical replicates: individual wells of a 6-well plate, 
pool of two wells of a 96-well plate. Reference genes: SDHA, HPRT1. (C,D) Scatter plots showing the statistical 
comparison between seeding conditions for matched treatments (C = M1, D = M2). Dashed lines correspond to 
the significance level ɑ = 0.05.
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Discussion
In this study, we sought to determine the reliability and the limitations in analyzing low numbers of cells in 
terms of their gene expression. Indeed, a decrease in cell number could result in an increased variability in gene 
expression or force changes in their response to external stimuli. We demonstrate that gene expression analysis 
of a low number of cells is as reliable and informative as the analysis of a larger number of cells. We provide an 
experimental workflow to assess the reliability of gene expression measurements of a low cell number using 
RT-qPCR followed by the statistical and computational analysis of the gene expression profiles that we obtained. 
This experimental workflow is applied to human monocyte-derived macrophages and presents a valid framework 
for similar studies with other cell types.

We investigated a cellular experimental system that combines different sources of variability: the genetic back-
ground of healthy blood donors which is reflected in each of the macrophage preparations used for the study; 
the stimuli applied to the cells; and finally, the inherent heterogeneity of an in vitro culture of primary cells. We 
kept the seeding density of the cells constant in order to ensure that we would assess the effect of cell number 
and not that of cell density. Given that our standard number was 100,000 cells/well seeded in a 6-well plate, the 
size of the smallest vessel available for cell culture, the 96-well plate, imposed a constraint of 3,610 cells on the 
lowest number of seeded cells. We did not observe statistical differences in the profile of a given set of genes 
expressed by macrophages from the same preparation and seeded at 3,610 or 100,000 cells. This indicates that, in 
our experimental system, we can lower the number of macrophages to 3,610 without the risk of introducing an 
artefactual variability factor. A practical consequence is that more experiments can be conducted with the same 
batch of cells by using less cells per experiment. In the case of cells isolated from a tissue and that can only be 
extracted in limited amounts, such as tumor-associated macrophages, our results suggest that 3,610 cells would 
be sufficient to obtain statistically reliable gene expression measurements. This low number of cells is indeed not 
meant to be used for the analysis of a large number of parameters (e.g. number of genes) because of the physical 
limit it imposes on the quantity of material to be analyzed (e.g. RNA). As reported in Figs. 2 and 4, assessing the 
expression of seven to eight genes (including two reference genes) with our RT-qPCR protocol required pooling 

Target gene (associated protein) Assay ID

18s Hs99999901_s1

SDHA (Succinate dehydrogenase (ubiquinone) flavoprotein subunit, 
mitochondrial)

Hs00188166_m1

HPRT1 (Hypoxanthine-guanine phosphoribosyltransferase) Hs02800695_m1

IL1B (Interleukin-1 beta) Hs01555410_m1

CD163 (Scavenger receptor cysteine-rich type 1 protein M130) Hs00174705_m1

CD206 (Macrophage mannose receptor 1) Hs00267207_m1

GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) Hs02758991_g1

GLUL (Glutamine synthetase) Hs01013056_g1

SLC1A2 (Glutamine synthetase) Hs01102423_m1

SLC7A11 (Cystine/glutamate transporter) Hs00921938_m1

SLC1A5 (Neutral amino acid transporter B(0)) Hs01056542_m1

SLC3A2 (4F2 cell-surface antigen heavy chain) Hs00374243_m1

GLS (Glutaminase kidney isoform, mitochondrial) Hs01014020_m1

GGH (Gamma-glutamyl hydrolase) Hs00914163_m1

OAT (Ornithine aminotransferase, mitochondrial) Hs00236852_m1

CHORDC1 (Cysteine and histidine-rich domain-containing protein 1) Hs00854389_g1

DPP4 (Dipeptidyl peptidase 4) Hs00897386_m1

G6PD (Glucose-6-phosphate 1-dehydrogenase) Hs00166169_m1

ARG1 (Arginase-1) Hs00163660_m1

ARG2 (Arginase-2, mitochondrial) Hs00982833_m1

IL4 (Interleukin-4) Hs00174122_m1

IL6 (Interleukin-6) Hs00174131_m1

IL10 (Interleukin-10) Hs00961622_m1

IL13 (Interleukin-13) Hs00174379_m1

TNF (Tumor necrosis factor) Hs00174128_m1

IFNG (Interferon gamma) Hs00989291_m1

TGFB1 (Transforming growth factor beta-1 proprotein) Hs00998133_m1

CD14 (Monocyte differentiation antigen CD14) Hs02621496_s1

VEGFA (Vascular endothelial growth factor A) Hs00900055_m1

SLC2A1 (Solute carrier family 2, facilitated glucose transporter member 1) Hs00892681_m1

PKM (Pyruvate kinase PKM) Hs00761782_s1

SHPK (Sedoheptulokinase) Hs00950008_m1

Table 2. List of TaqMan® primers used for qPCR.
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Figure 5. Relative gene expression of human MDMs seeded in 6-well and 96-well plates, 24 h after M(LPS/
IC) stimulation (M1), M(IL-4/IL-10) stimulation (M2), or absence of stimulation (Mock). (A) Average RQ 
values of 6-well samples. (B) Average RQ values of 96-well samples. M1 and M2 values are relative to mock 
which is normalized to 1. Bars represent means of monoplicates of 3 independent experiments ± SEM. 
Technical replicates: individual wells of a 6-well plate, pool of thirty-two wells of a 96-well plate. Reference 
genes: SDHA, 18S, GAPDH. (C) Scatter plot showing the statistical comparison between seeding conditions for 
matched treatments in M(LPS/IC) and M(IL-4/IL-10) stimulated macrophages. Dashed lines correspond to the 
significance level ɑ = 0.05.
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material from two wells of cells seeded at the lowest number. Although we de facto analyzed the RNA extracted 
from 7,220 cells, these cells were cultured separately and thus represent cellular replicates. Our study highlights 
that working with a low cell number certainly imposes a limit on the quantity but not on the quality of the param-
eters (genes, in this study) analyzed.

The robustness of our analysis was tested by applying two different types of inflammatory stimuli to these very 
plastic cells that are well characterized for their swift response to any modification of the extracellular milieu. 
The stimuli we selected trigger different signaling pathways and activate different transcription factors, resulting 
in two very different molecular and functional profiles of macrophages. The gene expression profiles obtained 
after the pro- or the anti-inflammatory activation were evaluated using a restricted set of genes. This evaluation 
was confirmed in the analysis of a larger set of genes and showed the expected changes in the expression levels of 
specific genes in both setups (standard versus low number of cells). We thus detected the upregulation of TNF, 
SLC1A2 and IL1B after M(LPS/IC) stimulation or the upregulation of CD163, CD206 and SHPK24 after M(IL4/
IL10) stimulation. Moreover, we observed a remarkable similarity in the expression profiles of all genes displayed 
by both low and standard numbers of cells after the pro- or the anti-inflammatory activation. It thus appears 
that notwithstanding the use of a very sensitive type of cells (macrophages), the usual sources of technical (such 
as the batch effect) or biological variation (such as cell heterogeneity or plasticity) neither had an impact on the 
analysis of the low number of cells we determined nor did they compromise its reproducibility. This leads us to 
the assumption that this approach could be valid for other types of cells and could be used whenever the cellular 
material is limited.

Statistical analyses and network analyses with gene expression data of the larger set of genes provided further 
evidence for the reliability of the data obtained from the low number of cells. Indeed, similar lists of differen-
tially expressed genes and enriched pathways were obtained from both setups. Interestingly, the investigation of 
dysregulated genes from a protein network perspective suggested interaction between two metabolic enzymes, 
the gamma-glutamyl hydrolase (GGH) and the glutaminase (GLS), with the pro-inflammatory cytokine TNF, 
which are all upregulated after M(LPS/IC) stimulation. GGH is a critical enzyme in the regulation of folates. It 
is responsible for the intracellular cleavage of the poly g-glutamates25, releasing glutamate as one reaction prod-
uct. GLS is involved in glutamate/glutamine metabolism which is highly relevant to the inflammatory status of 
macrophages26,27. Whether and how these proteins interact and what functional meaning it would have for the 
immunometabolism of macrophages is worth investigating.

In closing, this study has focused on only one cell type, human macrophages, and one target of analysis, 
mRNA, as a proof of principle. We have used standard RT-qPCR and laboratory equipment to measure gene 
expression in these very plastic primary cells seeded at high and low cell numbers. The statistical and computa-
tional analysis of the gene expression profiles we have obtained in different conditions of cell seeding and treat-
ment prove our hypothesis that the analysis of a low number of cells is not only reliable, but also informative. 

Figure 6. Volcano plots showing the results of the differential gene expression analysis. Only genes that display 
the strongest alteration in expression in both the 6-well and 96-well setups are indicated by names. Genes whose 
change in expression was at least 1.5-fold larger than the standard condition and had an associated p-value of at 
most 0.05 are highlighted in blue. Genes for which only the first condition is met are shown in gray. (A–C) Data 
from the 6-well plate analysis. (D–F) Data from the 96-well plate analysis. Mock = untreated cells, M1 = M(LPS/
IC) macrophages, M2 = M(IL-4/IL-10) macrophages.
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Having shown the soundness of our approach in this experimental framework, we hope this work will motivate 
further studies on different types of cells. Indeed, our study is of relevance for a wide range of biologists and bio-
medical scientists who could adapt the experimental workflow we provide to their own experimental needs and 
questions.

Materials and Methods
Ethics statement. 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 biological materials made available by the Transfusion 
Center to scientists 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.

Monocyte isolation and differentiation into MDMs. Buffy coats were isolated from whole blood of 
healthy donors collected in CPD bags at the Transfusion Center (University Medical Center of the Johannes 

Figure 7. GO and pathway enrichment analysis of data generated from the 6-well and 96-well plate setups. 
Comparison of the M(LPS/IC) versus M(IL-4/IL-10) macrophages. (A) Upregulated terms in the 6-well setup. 
(B) Upregulated terms in the 96-well setup. (C) Downregulated terms in the 6-well setup. (D) Downregulated 
terms in the 96-well setup. BP, Biological Process; MF, Molecular Function; CC, Cellular Component.
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Gutenberg University). Briefly, after an initial centrifugation without a density gradient, the pelleted erythrocytes 
and the top plasma layer were transferred into new bags, leaving the interface (buffy coat) in the original bag. 
Each unit (approx. 460 ml) of whole blood yielded an approx. 60 ml buffy coat.

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats as follows. The total volume 
of each buffy coat was filled up with sterile PBS to a final volume of 120 ml. Afterwards, 10 ml Ficoll®-Paque 
PREMIUM 1.073 (GE Healthcare) were overlaid with 30 ml of the diluted blood and centrifuged (40 min, 400 
rcf, RT, without brake). The PBMC containing layer was isolated and centrifuged again (5 min, 450 rcf, RT). The 
cell pellet was resuspended in 10 ml erythrocyte lysis buffer (0.15 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, 
pH 7.2–7.4), incubated for 5 min on ice and centrifuged (5 min, 450 rcf, 4 °C). The pellet was resuspended in PBS, 
centrifuged (15 min, 200 rcf, RT), resuspended again in PBS and centrifuged (10 min, 450 rcf, RT). Finally, the 
pellet was resuspended in 1x NB complete medium [10 ng/ml basic fibroblast growth factor (PeproTech), 20 ng/
ml epidermal growth factor (PeproTech), B27™ supplement (Gibco) in Neurobasal™-A medium (Gibco)] and 
cells distributed on 10 cm Petri dishes (Sarstedt). After 2.5 h of incubation (37 °C, 5% CO2), supernatants were 
collected and replaced by cDMEM [DMEM (Sigma), 10% heat-inactivated FCS (Sigma), 2 mM L-Glutamine 
(Gibco), 50 µg/ml Gentamicin (Gibco)] containing 20 ng/ml macrophage-colony stimulating factor (M-CSF, 
Biolegend) for cell differentiation into MDMs. The collected supernatant was distributed on new 10 cm Petri 
dishes and incubated overnight (37 °C, 5% CO2) for a second round of cell attachment. The next day, superna-
tants were replaced by cDMEM containing 20 ng/ml M-CSF. All dishes were incubated for one week in cDMEM 
containing M-CSF and cultured for another week in cDMEM without M-CSF prior to experiments. At the end of 
these two weeks, cells displayed the typical morphology of macrophages and flow cytometry indicated that more 
than 94% of the cells expressed the CD11b protein (data not shown). Average yield is 8 × 106–1 × 107macrophages 
per preparation.

In vitro culture and stimulation. Each independent experiment was conducted with cells from one prepa-
ration. Monocyte-derived macrophages were seeded in tissue culture vessels of different size (tissue culture plates, 
Greiner), adapting cell number to vessel area in order to keep the cell density identical (Table 1). The smallest 

Figure 8. Direct protein-protein interaction partners (gray nodes) of proteins coded by differentially expressed 
genes (red nodes) according to the M1 vs M2 comparison from the low cell number setup.
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vessel we could assay was the well of a 96-well plate, hence the lowest number of cells to be tested was 3,610 cells. 
Cells were seeded in cDMEM and incubated for 24 h (37 °C, 5% CO2) to let cells attach and recover from scraping/
trypsinisation. Afterwards medium was removed and replaced by low serum-containing cDMEM (1% FCS) sup-
plemented or not with the inflammatory stimuli. Cells were thus left untreated or treated for another 24 h (37 °C, 
5% CO2) before analysis. Low serum-containing cDMEM was used in order to decrease potential side effects 
of FCS components during MDMs treatment (e.g. competition with stimuli). Treatment consisted of: 10 µg/
ml polyinosinic-polycytidylic acid (InvivoGen) combined with 10 ng/ml lipopolysaccharide (Sigma Aldrich) 
as pro-inflammatory stimulus; 10 ng/ml Interleukin-4 (BioLegend) combined with 10 ng/ml Interleukin-10 
(BioLegend) as anti-inflammatory stimulus. As recommended in28, macrophages are described according to the 
stimuli they were treated with: M(LPS/IC) and M(IL-4/IL-10). For space reasons, M(LPS/IC) and M(IL-4/IL-10) 
labels appear in graphs and legends as M1 and M2 respectively.

Determination of cell viability. After 24 h of treatment, PrestoBlue™ Cell viability reagent (ThermoFisher) 
was added directly to the wells in the culture medium according to manufacturers’ instructions. After 30 min of 
incubation at 37 °C (5% CO2) fluorescence was measured at a multiplate reader (TECAN Infinite® 200 PRO) and 
cell viability calculated as described in the manufacturers’ protocol.

Total RNA isolation, cDNA transcription and gene expression profiling. Isolation of total RNA 
was performed using RNeasy Mini Kit (Qiagen) according to manufacturers’ instructions. After PrestoBlue 
incubation, cells were washed with 1xPBS and lysed in Buffer RLT (containing 1% ß-mercaptoethanol). All fol-
lowing steps were conducted as described in the manufacturers’ protocol. RNA concentration and quality were 
determined using a Nanodrop 2200 (ThermoFisher). Only samples showing a 260/280 nm ratio between 1.8 
and 2.1 were selected for cDNA transcription which was performed with the Omniscript RT Kit (Qiagen) and 
random hexamers (Life Technologies). Quantitative PCR (qPCR) analysis was done using TaqMan® primers and 
a StepOnePlus System (Applied Biosystems). Briefly, for each well of the 96-well qPCR plate (Sarstedt), 10 µl of 
TaqMan™ Universal PCR Master Mix (ThermoFisher) were mixed with 5 ng cDNA and 1 µl of the appropriate 
primer (Table 2). All measurements were performed using three technical replicates. The PCR array was con-
ducted with a customized TaqMan® gene expression array plate (ThermoFisher) using the same conditions as 
mentioned above, without technical replicates. Relative quantification (RQ) of gene expression were determined 
using the 2−∆∆Ct method29. To ensure the robustness of the PCR analyses, we included two reference genes when 
measurements were performed with technical triplicates (data reported in Figs. 2 and 4) and three reference genes 
when measurements were performed without technical replicates (data reported in Fig. 5). The reference genes 
were determined among a set of four candidates (18S, SDHA, HPRT1, GAPDH) using the geNorm algorithm30. 
SDHA and HPRT1 were identified as the most stable genes in PCR conducted with technical triplicates. SDHA 
and 18 S, followed by GAPDH were identified as the most stable genes in PCR conducted without technical repli-
cates; HPRT1 had to be dismissed because of technical issues.

Statistical comparison between seeding conditions. To compare the RQ of gene expression between 
seeding in 6- and 96-well plates, we employed a two-tailed t-test under the null hypothesis that there were no dif-
ferences in expression between conditions. These tests were performed for matched treatments, i.e. mock 6-well 
vs mock 96-well, M1 6-well vs M1 96-well and M2 6-well vs M2 96-well. The resulting p-values were corrected for 
multiple comparisons using the Benjamini-Hochberg method.

Differential gene expression, functional enrichment and network analyses. We identified dif-
ferentially expressed genes between treatments (mock vs M1, mock vs M2, M1 vs M2) using log2-fold changes 
accompanied by p-values computed via t-tests. This was done separately for the 6- and 96-well seeding condi-
tions. Genes with absolute log2-fold changes ≥1.5 were considered to be up- or down-regulated. These genes were 
subjected to Gene Ontology (GO) and Reactome pathway enrichment analyses using the R package FunEnrich31. 
In addition, we constructed a protein-protein interaction network with the direct interactors of the genes showing 
at least a 1.5-fold up- or down-regulation in the M1 vs M2 stimulated macrophages. For this, we used experi-
mentally validated protein-protein interaction data from version 2.2 of the Human Integrated Protein-Protein 
Interaction rEference (HIPPIE)23. Only interactions with confidence scores above the upper quartile of the score 
distribution were considered.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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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
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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.
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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
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Figure 2. ONC201 reduces mitochondrial integrity and increases glycolytic ATP production rate. ATP production rates were determined by extra-
cellular flux 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 flux 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-significant (two-way ANOVA corrected for
multiple comparisons using Tukey test).
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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-inflammatory 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
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Figure 4. ONC201 induces a pro-inflammatory profile inmacrophages. (A) Relative gene expression levels of CD206,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) Quantification 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
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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 inflammatory 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
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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
Wiley-VCH GmbH

www.eji-journal.eu



Eur. J. Immunol. 2021. 51: 1246–1261 Immunomodulation and immune therapies 1255

Figure 7. ONC201 induces glioblas-
toma cell death and a pro
-inflammatory profile 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) Inflammatory 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-
inflammatory 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
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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.
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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.
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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 flux 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 quantification 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 profiling

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) flavoprotein 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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Supplementary Figure 1. Glioblastoma cells viability after ONC201 treatment. Crystal violet staining (left) 

and quantitative analysis (right) of LN18, LN229 and NCH82 cells treated for the indicated periods of time 

and ONC201 concentrations. Cristal violet images are shown for one representative experiment. 

Quantification: Values are normalized to the respective DMSO treated controls (dashed line). (A) 

monocultures; data are given as mean ± SEM of three technical replicates and are from one experiment. (B) 

co-cultures with macrophages; data are given as mean ± SEM of three biological replicates; each biological 

replicate was run in three technical replicates. Data are from three independent experiments.  
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Supplementary Figure 2 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2. ONC201 reduces mitochondrial integrity of primary macrophages. Mito Stress 

Tests of macrophages treated with indicated doses of ONC201 for three days. Values for each calculated 

parameter are normalized to the respective DMSO treated controls (dashed line). Data are given as mean ± 

SEM of four technical replicates and are from one experiment representative of two independent 

experiments. 
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Supplementary Figure 3 

 

Supplementary Figure 3. Expression of IL1B, CD163 and CD206 in primary macrophages after ONC201 

treatment. Macrophages were stimulated for the indicated periods of time with pro-inflammatory M1 

[10 µg/ml polyinosinic-polycytidylic acid (InvivoGen) + 10 ng/ml lipopolysaccharide (Sigma Aldrich)] or anti-

inflammatory M2 [10 ng/ml Interleukin-4 (BioLegend) + 10 ng/ml Interleukin-10 (BioLegend)] stimuli in the 

absence (A) or in the presence (B) of 5 µM ONC201. Relative gene expression was determined by qPCR as 

described in Materials and methods. 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 one 

experiment. 

  



6 

 

 

Supplementary Table 1 

 

Extracellular Glutamate in µM 
Day 1 Day 3 Day 6 

M
o

n
o

-c
u

lt
u

re
 

MΦ 49.50 (± 3.54) 48.16 (± 6.87) 39.54 (± 12.72) 

LN18 231.98 (± 0.50) 677.20 (± 0.22) 496.56 (± 11.10) 

LN229 119.68 (± 0.55) 300.01 (± 3.89) 263.01 (± 1.34) 

NCH82 210.07 (± 0.21) 611.99 (± 0.84) 492.03 (± 7.30) 

C
o

-c
u

lt
u

re
 MΦ + LN18 Not tested 381.20 (± 3.52) 426.63 (± 6.72) 

MΦ + LN229 Not tested 146.72 (± 1.72) 45.22 (± 0.60) 

MΦ + NCH82 Not tested 500.06 (± 7.07) 487.68 (± 3.43) 

 

Glutamate concentrations measured in supernatants of control conditions. Extracellular glutamate 

concentration was determined in culture supernatants with the Glutamate-Glo™ Assay. Data from cells in 

monoculture (related to Figure 3): data are given as mean ± SEM of two technical replicates. Macrophages, 

six independent experiments; GB cells, one experiment. Data from cells in co-culture were obtained from 

pooled supernatants of three independent experiments (related to Figure 6): data are given as mean ± SEM 

of two technical replicates; one measurement. 
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Supplementary Table 2 

Pro-inflammatory molecules 

 

Anti-inflammatory molecules 

 

  time point  ONC201 TNF-α (pg/ml) IL-6 (pg/ml) IL-12p40 (pg/ml) IL-23 (pg/ml) 

MΦ + LN18 

day 3 

0 µM 18.23 (± 4.29) 35.55 (± 0.93) <1.22 0.68 (*) 

0.625 µM 15.62 (± 4.71) 48.76 (± 5.65) 229.77 (± 125.86) 14.04 (*) 

1.25 µM 23.43 (± 0.35) 55.43 (± 1.31) 289.96 (*) 3.87 (*) 

day 6 

0 µM 18.32 (± 2.46) 28.73 (± 0.24) <1.22 <0.24 

0.625 µM 14.09 (± 8.69) 28.58 (± 3.21) <1.22 <0.24 

1.25 µM 10.05 (± 3.33) 24.86 (± 0.26) <1.22 <0.24 

MΦ + LN229 

day 3 

0 µM 7.63 (± 0.07) <15.09 326.22 (*) 0.79 (*) 

0.625 µM 7.56 (± 1.05) <15.09 215.75 (± 27.20) 11.08 (± 1.31) 

1.25 µM 18.19 (± 2.87) 70.61 (± 3.97) 353.11 (*) 2.77 (*) 

day 6 

0 µM 5.06 (± 2.08) <15.09 <1.22 23.96 (*) 

0.625 µM 6.11 (± 3.47) <15.09 499.03 (*) 18.36 (*) 

1.25 µM 23.10 (± 3.30) 70.27 (± 3.68) 519.42 (*) <0.24 

MΦ + NCH82 

day 3 

0 µM 50.99 (± 10.55) 1935.36(± 36.27) <1.22 5.03 (± 0.94) 

0.625 µM 38.63 (± 1.78) 1764.53 (± 10.94) 229.85 (*) 10.68 (*) 

1.25 µM 69.80 (± 11.85) 3525.87 (± 651.53) 162.92 (*) <0.24 

day 6 

0 µM 38.10 (± 5.93) 502.29 (± 6.49) <1.22 2.53 (*) 

0.625 µM 32.84 (± 1.49) 766.20 (± 38.54) 336.43 (± 204.13) 9.10 (± 3.13) 

1.25 µM 56.95 (± 14.36) 4097.65 (± 157.04) 419.54 (± 66.43) <0.24 

  time point  ONC201 Arginase (pg/ml) IL-1RA (pg/ml) IL-4 (fg/ml) IL-10 (pg/ml) 

MΦ + LN18 

day 3 

0 µM 31903.65 (± 2485.45) 1872.05 (± 109.25) 99.70 (± 2.79) 6.72 (± 0.54) 

0.625 µM 32219.65 (± 1792.45) 1473.15 (± 33.85) 225.84 (± 8.64) 4.19 (± 0.54) 

1.25 µM 28307.00 (± 1556.80) 1053.70 (± 33.30) 209.58 (± 5.16) 3.75 (± 1.94) 

day 6 

0 µM 30303.85 (± 1201.65) 3573.00 (± 1085.50) 178.63 (± 12.09) 25.92 (± 0.44) 

0.625 µM 31441.00 (± 2248.75) 2258.65 (± 136.35) 157.16 (± 6.62) 11.18 (± 2.00) 

1.25 µM 29864.65 (± 1470.65) 1234.90 (± 10.50) 143.67 (± 9.46) 11.26 (± 0.06) 

MΦ + LN229 

day 3 

0 µM 30458.00 (± 531.50) 1375.60 (± 9.40) 138.33 (± 0.34) 5.42 (± 1.76) 

0.625 µM 30538.00 (± 70.25) 1237.65 (± 34.15) 255.85 (± 46.71) 2.59 (± 0.24) 

1.25 µM 31559.46 (± 1401.35) 1003.70 (± 109.60) 126.74 (± 0.13) 4.81 (± 0.68) 

day 6 

0 µM 26779.15 (± 894.25) 1636.65 (± 36.45) 200.89 (± 5.03) 11.84 (± 1.44) 

0.625 µM 26681.00 (± 1724.45) 1258.00 (± 13.70) 182.43 (± 2.70) 6.80 (± 2.39) 

1.25 µM 29882.10 (± 573.80) 1230.85 (± 146.55) 144.40 (± 7.70) 6.58 (± 0.06) 

MΦ + NCH82 

day 3 

0 µM 31482.55 (± 1708.75) 3009.25 (± 21.55) 236.29 (± 4.62) 16.06 (± 0.16) 

0.625 µM 28301.00 (± 975.95) 3243.80 (± 6.60) 178.51 (± 3.17) 9.67 (± 2.71) 

1.25 µM 32894.55 (± 325.75) 1782.40 (± 203.20) 149.63 (± 5.20) 2.74 (± 1.48) 

day 6 

0 µM 31937.40 (± 554.20) 4456.40 (± 167.90) 141.86 (± 2.28) 10.39 (± 0.76) 

0.625 µM 30125.70 (± 2016.60) 3869.30 (± 236.70) 122.33 (± 0.18) 12.79 (± 2.68) 

1.25 µM 31191.85 (± 1929.85) 2081.35 (± 227.85) 113.82 (± 3.46) 6.06 (± 3.39) 
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Concentrations of extracellular inflammatory molecules in the co-culture supernatants. The values 

reported in this table are those presented in the heat map of Figure 7C. Briefly, three independent 

experiments were performed, the supernatants were harvested, pooled and extracellular cytokine 

concentrations was measured in each pool of the three biological samples using the LEGENDplex™ Human 

Macrophage/Microglia Panel and the Human ProQuantum Immunoassay Kit. Please note that the 

concentrations of IL-4 are indicated in fg/ml. Data are given as the mean of two technical replicates ± SEM, 

except for data marked with an asterisk (*) for which the mean could not be calculated because only one 

technical replicate was above the detection threshold. Analytes detected in less than 50% of the samples 

(IL-12p70, IL-1ß, IFN- γ, IP-10) are not shown. Data from TARC measurements had to be excluded because 

of too high intra -sample variability. 
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