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SUMMARY 

 

 Glioblastoma (GBM) is the most common and aggressive primary brain tumour in adults, 

characterized by high degrees of both inter- and intra-tumour heterogeneity. GBM cells secrete 

numerous factors promoting the recruitment and infiltration of cellular players to the local tumour 

microenvironment. Tumour-associated microglia/macrophages (TAMs) represent the major cell type 

of the stromal compartment in GBM playing important roles along tumour development. Along GBM 

progression, these cells are supposed to be geared towards a tumour-supportive phenotype, 

therefore TAMs are pursued as key targets for the development of novel strategies aimed at re-

educating them towards anti-tumour phenotypes. However, it is yet unclear how these immune 

suppressive properties are acquired and whether TAM subsets may phenotypically and functionally 

differently contribute to tumour development. Hence, the main goal of the present PhD project was 

to elucidate TAM diversity under defined temporal and spatial settings in GBM. Taking advantage of 

the GBM GL261 syngeneic and patient-derived orthotopic xenograft mouse models, we 

comprehensively studied the cellular and transcriptional heterogeneity of TAMs by combining single-

cell RNA-sequencing, multicolour flow cytometry, immunohistological and functional analyses. We 

demonstrated that, as observed in patients, the myeloid compartment is the most affected and 

heterogeneous stromal compartment, with microglia and macrophage-like cells acquiring key 

transcriptional differences and rapidly adapting along GBM progression. Specifically, we uncovered 

that TAM transcriptional programmes converge over time, suggesting a context-dependent 

symbiosis mechanism characterized by decreased antigen-presenting cell signatures at late tumour 

stages. In the absence of Acod1/Irg1, a key gene involved in the metabolic reprogramming of 

macrophages towards an anti-inflammatory phenotype, we detected higher TAM diversity in the TME 

displaying increased immunogenicity and correlating with increased lymphocytic recruitment to the 

tumour site. Additionally, we uncovered that TAMs exhibit niche-specific functional adaptations in 

the tumour microenvironment, with microglia in the invasive landscapes displaying higher immune 

reactive profiles when compared to the corresponding cells in the angiogenic tumour phenotypes. 

Taken together, our data provide insights into the spatial and molecular heterogeneity of TAMs 

dynamically adapting along tumour progression or across specific tumour sites and revealing 

potential reactive anti-tumorigenic cell subsets that may be harnessed for therapeutic intervention in 

GBM. 
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 CHAPTER 1 

I. Diffuse gliomas of adulthood 

 

1.1. General overview 

 

Adult diffuse gliomas represent a heterogeneous group of tumours of the central nervous system 

(CNS) accounting for approximately 80% of the CNS malignancies (Xu et al., 2020). Approximately, 

six cases per 100,000 individuals are worldwide diagnosed with diffuse gliomas (Bray et al., 2018; 

Weller et al., 2021). The majority of gliomas are sporadic without major known risk factors. However, 

some exogenous risk factors such as exposure to radiation, have been associated with an increased 

risk of brain tumour development (Ohgaki and Kleihues, 2005). 

The vast majority of gliomas are diagnosed upon the appearance of clinical symptoms, such as 

new-onset epilepsy, focal deficits (e.g. paresis or sensory disturbances), neurocognitive impairment, 

and symptoms associated with increased intracranial pressure (Weller et al., 2021; Wen et al., 2020). 

As such, the evolution of neurological symptoms enables the estimation of glioma growth dynamics. 

As a first preoperative imaging diagnostic choice, brain magnetic resonance imaging (MRI) is the 

golden standard method for brain tumours detection. Moreover, surgical resection, whenever 

feasible is commonly performed with both diagnostic and therapeutic in tent (Weller et al., 2021). 

Regarding the diagnostic part, tissue analysis is performed upon surgery by assessing histological 

and molecular markers relevant for disease prognosis and treatment decisions.  

The classification and tumour grading of diffuse gliomas were originally defined by histological 

diagnosis following the World Health Organization (WHO) of CNS tumour classification (Louis et al., 

2016). However, thanks to new technological advances of next-generation sequencing, there have 

been important advances that contributed to a better understanding of the biology and molecular 

pathogenesis of diffuse gliomas in adults. This knowledge enabled the adoption of an integrated 

diagnosis not only based on histological features, but also taking into account several molecular 

signatures for better classification, diagnosis, and management of adult patients with diffuse gliomas 

(Brat et al., 2020; Brat et al., 2018; Capper et al., 2018; Ellison et al., 2019; Louis et al., 2016; Louis 

et al., 2020).  

Recently, in order to provide the clinical and scientific communities with a source of reference for 

the diagnosis and clinical management of gliomas, the European Association of Neuro-Oncology 

(EANO) released new guidelines, which integrate major changes through the revision of the four 

editions from the WHO classification system (Weller et al., 2021). In this context, the classification 
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of diffuse gliomas should follow the most recent WHO criteria (Louis et al., 2016), complemented 

with the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy 

(cIMPACT-NOW) recommendations (Brat et al., 2020; Brat et al., 2018; Louis et al., 2020). Today, 

an integrated histomolecular analysis of diffuse gliomas, including tumour typing and grading as well 

as analysis of molecular markers (Table 1), is essential for the classification of diffuse gliomas 

(Figure 1) (Weller et al., 2021). 

 

Table 1. A list of the recommended 2016 WHO system and cIMPACT-NOW molecular markers 
for the diagnosis and classification of diffuse gliomas. Adapted from (Weller et al., 2020). 

 

Molecular Marker Biological Function Diagnostic Role 

IDH1 R132 or IDH2 
R172 mutation 

Gain- of- function mutation Distinguishes diffuse gliomas with IDH 
mutation from IDH-wildtype GBM and other 

IDH- wildtype gliomas 

 
1p/19q codeletion 

Inactivation of tumour 
suppressor genes such as 

FUBP1 and CIC 

Distinguishes oligodendroglioma, IDH- mutant 
and 1p/19q- codeleted from astrocytoma, IDH- 

mutant 

Loss of nuclear 
ATRX 

Role in proliferation and 
alternative lengthening of 

telomeres 

Loss of nuclear ATRX in an IDH-mutant glioma 
is diagnostic for astrocytic lineage tumours 

 
Histone H3 K27M 

mutation 

H3F3A or HIST1H3B/C 
missense mutation affecting 

epigenetic regulation of 
gene expression 

Defining molecular feature of diffuse midline 
glioma, H3 K27M- mutant 

Histone H3.3 
G34R/V mutation 

Histone mutation affecting 
epigenetic regulation of 

gene expression 

Defining molecular feature of diffuse 
hemispheric glioma, H3.3 G34- mutant 

MGMT promoter 
methylation 

 
DNA repair 

None, but is a predictive biomarker of benefit 
from TMZ in patients with IDH-wildtype 

Glioblastoma 

Homozygous 
deletion of 

CDKN2A/CDKN2B 

Regulators of Rb1 and p53- 
dependent signalling 

A marker of poor outcome and WHO grade 4 
disease in IDH-mutant astrocytomas 

EGFR amplification Cell proliferation, invasion 
and resistance to induction 

of apoptosis 

EGFR amplification occurs in ~40–50% of 
GBM, IDH-wildtype.  

TERT promotor 
mutation 

Cell proliferation; increasing 
TERT expression 

TERT promoter mutation occurs in ~70% of 
Glioblastoma, IDH-wildtype and >95% of 

oligodendroglioma, IDH- mutant and 1p/19q- 
codeleted.  

+7/–10 cytogenetic 
signature 

Gain of chromosome 7 
combined with loss of 

chromosome 10 

Molecular marker of Glioblastoma, IDH 
wildtype. 

BRAFV600E mutation Oncogenic driver mutation 
leading to MAPK pathway 

activation 

Rare in adult diffuse gliomas but amenable to 
pharmacological intervention 
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On the basis of the 2016 WHO classification and cIMPACT-NOW recommendations, the 

following molecular biomarkers are key to categorize diffuse gliomas in adults: IDH mutation, ATRX, 

1p/19q co-deletion, homozygous deletions on 9p21 involving the CDKN2A and CDKN2B gene loci, 

TERT, EGFR amplification, chromosome 7 gain combined with chromosome 10 loss, histone H3.3 

G34R/V mutation and histone H3 K27M mutation (Figure 1) (Weller et al., 2021).  

 

 

Figure 1. Adult diffuse gliomas diagnostic algorithm for an integrated histomolecular 
classification. Tissue biopsies are routinely evaluated for the assessment of molecular markers 
relevant for the diagnosis of adult diffuse gliomas by immunohistochemistry. This diagram displays 
the central molecular biomarkers for its categorisation: IDH mutation, ATRX, 1p/19q co-deletion, 
homozygous deletions on 9p21 involving the CDKN2A and CDKN2B gene loci deletion, TERT 
promoter mutation, EGFR gene amplification, chromosome 7 gain combined with chromosome 10 
loss (the +7/-10 signature), histone H3.3 G34R/V mutation and histone H3 K27M mutation. Figure 
from (Weller et al., 2021). Abbreviations: IDH, Isocitrate dehydrogenase; ATRX, ATRX Chromatin 
Remodeler, CDKN2A/B, Cyclin Dependent Kinase Inhibitor 2A/B; TERT, Telomerase Reverse 
Transcriptase, EGFR, Epidermal Growth Factor Receptor; H3.3, H3.3 Histone A. 
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1.2. Isocitrate dehydrogenase-mutant gliomas 

 

Isocitrate dehydrogenase (IDH) is a key rate-limiting enzyme in the Krebs cycle that plays an 

important role in cellular metabolism. IDH is involved in a number of cellular processes, including 

mitochondrial oxidative phosphorylation, glutamine metabolism, lipogenesis, glucose sensing, and 

regulation of cellular redox status (Huang et al., 2019). Specifically, IDH catalyses the oxidative 

decarboxylation of isocitrate to alpha-ketoglutarate (α-KG) and NADP+ to NADPH.  

The heterozygous point mutations resulting from the substitution of the amino acid arginine (R) 

in codon 132 of isocitrate dehydrogenase 1 (IDH1) or codon 172 of isocitrate dehydrogenase 2 

(IDH2) are the molecular signatures defining IDH-mutant astrocytomas and oligodendrogliomas. 

Mutations of the metabolic enzyme IDH1/2 are observed in the vast majority of low grade gliomas 

and secondary high grade gliomas (Cohen et al., 2013). Precisely, molecular investigation of IDH1 

R132 or IDH2 R172 mutation enables to distinguish diffuse gliomas with IDH mutation from IDH-

wildtype Glioblastomas and other IDH-wildtype gliomas (Weller et al., 2021). IDH mutations lead to 

a gain of function enzyme that produces the oncometabolite 2-hydroxyglutarate (2-HG) (Cohen et 

al., 2013). In fact, 2-HG reduces the NADPH pool, which has an important function to protect the 

cells against oxidative damage (Pramono et al., 2020; Tedeschi et al., 2015).  Moreover, the 

accumulation of 2-HG impairs the activity of α-KG–dependent dioxygenases, such as histone and 

DNA demethylases (eg, TET enzymes) and, thus being associated with cytosine-phosphate-guanine 

(CpG) island methylator phenotype (CIMP) (Malta et al., 2018). Importantly, patients carrying G-

CIMP+ are younger at the time of diagnosis and exhibit better prognosis than those not carrying that 

phenotype (G-CIMP−) (Ceccarelli et al., 2016; Noushmehr et al., 2010). For therapeutic purposes, 

subtyping the G-CIMP status (-low and –high) might help for a better patient stratification, as G-

CIMP-high tumours can emerge as G-CIMP-low at recurrence (Ceccarelli et al., 2016). 

Astrocytoma and oligodendroglioma are classified as WHO grade 2 or 3. The characteristics 

of these tumours include necrosis, high microvascular proliferation and low levels of global DNA 

methylation (G-CIMP-low), which are associated with poor prognosis in patients (Brat et al., 2020). 

When ATRX is retained, the evaluation of 1p/19q codeletion is necessary to distinguish astrocytoma 

from oligodendroglioma, as 1p/19q codeletion remains exclusive to this type of diffuse gliomas (Louis 

et al., 2016). Other molecular characteristics present in astrocytomas include CDK4 amplification 

and homozygous deletion of RB1, which together can be considered as strong predictors of poor 

patient prognosis (Brat et al., 2020).  
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1.3. Isocitrate dehydrogenase-wildtype gliomas 

 

Gliomas with wildtype status of IDH are classified as WHO grade 4 and further subtype 

classification can be evaluated by assessing ATRX and histone H3.3 status. Paediatric and young 

adult patients exhibit ATRX and OLIG2 loss (90% of cases) together with histone variant H3.3-G34 

mutation (missense mutations substituting glycine (G) with arginine (R) or valine (V) at position 34 

of H3 histone family 3 (H3.3) encoded by H3F3A) (Louis et al., 2020). On the other hand, diffuse 

midline glioma location subtype retains nuclear ATRX localization and presents H3 K27M mutation 

(replacing lysine (K) to methionine (M) at position 27 of H3 histone family 3 (H3.3) ) (Louis et al., 

2016). Gliomas with IDH, ATRX and histone H3.3 wildtype status are classified as WHO grade 4 

Glioblastomas (GBMs) (Louis et al., 2016). IDH-wildtype GBMs represent approximately 90% of the 

cases and, most frequently, they represent primary or de novo GBMs in patients aged over 55 years 

(Ohgaki and Kleihues, 2013).  

 

II. Glioblastoma 

 

1.4. Clinical overview 

 

Glioblastoma (GBM) is the most common and aggressive malignant brain tumour in adults, 

which is exemplified by its very poor prognosis. GBM accounts for 70-75% of all diffuse gliomas and 

has an incidence rate of approximately 3.2/ 100,000 cases per year (Tamimi and Juweid, 2017). 

GBM patients, on average, show the highest age at diagnosis (median 59 years) and the worst 

prognosis (Molinaro et al., 2019). 

Common GBM symptoms comprise increased intracranial pressure, headache,  neurologic 

deficits or seizures and focal or progressive neurologic deficits (Davis, 2016). Unfortunately, they 

almost systematically appear when the tumour is already well developed and limited therapeutic 

options are available for those patients. The initial diagnosis relies on MRI and an example of a 

regular MRI picture of a GBM patient using peripheral enhancement with gadolinium contrast 

injection shows a dark and hypo-intense centre corresponding to necrosis (Figure 2) (Davis, 2016). 
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Figure 2. Magnetic resonance imaging of primary Glioblastoma. T1 post- gadolinium contrast 
(white) with dense rim enhancement. Picture from (Davis, 2016).  

 

GBM surgery should involve maximal resection (Molinaro et al., 2020), however due to the high 

degree of invasiveness of the neoplastic cells towards eloquent areas of the brain, including regions 

that control speech, motor function and the senses (Davis, 2016), major resection of the primary 

tumour is not entirely feasible.  

Prior to 2005, the standard care of treatment was the combination of surgical resection and 

subsequent radiation therapy. A pivotal phase III trial demonstrated that the addition of concurrent 

and adjuvant temozolomide (TMZ) to a standard radiation schedule improved overall survival 

towards 15-18 months than radiation alone in newly diagnosed GBM patients (Stupp et al., 2005). 

However, beyond these treatments, there has been minimal progress in extending patient survival. 

Nevertheless, the survival advantage observed was later found to be attributed to the methylation 

status of the O6-methylguanine-DNA methyltransferase (MGMT) gene, located on chromosome 

10q26. MGMT codes for an enzyme involved in DNA repair and promoter methylation and MGMT 

methylation status has been shown to be associated with improved survival and TMZ sensitivity 

(Hegi et al., 2005). As a result, MGMT testing became part of routine assessment as a prognostic 

biomarker. 

Nevertheless, GBM recurrence is commonly observed following therapy and it is largely 

accepted that remained radio- and chemo-resistant GBM cells are likely to contribute to this 

phenomenon (Louis et al., 2016; Weller et al., 2014). Moreover, GBM displays high levels of inter- 

and intra-tumour heterogeneity, therefore its cure remaining a clinical challenge.  

 

1.5. Glioblastoma molecular heterogeneity 
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GBM tumours exhibit an important inter- and intratumoural heterogeneity both at the cellular 

and molecular level (Furnari et al., 2007; Lee et al., 2017). According to the latest diffuse gliomas 

classification, patients with immunohistochemical negativity for IDH1 R132H, retained ATRX nuclear 

localization, non-midline tumour location and without a pre-existing lower grade glioma are classified 

as IDH-wildtype GBMs (Weller et al., 2021). Besides the mentioned molecular markers, GBM 

frequently shows unique molecular signatures such as EGFR gene amplifications (occurs in 

approximately 40-50%), TERT promoter mutations (occurs in approximately 70%) and gain of 

chromosome 7 (harbouring genes encoding for PDGFA and EGFR, among others) and loss of 

chromosome 10 (harbouring genes including PTEN and MGMT) (Brat et al., 2018; Brennan et al., 

2013; Louis et al., 2020).  

Importantly, genetic heterogeneity represents an important hallmark of treatment resistance in 

GBM, thus efforts have been conducted to identify robust gene expression-based molecular 

classifications. As such, a multidimensional genomic data study taking advantage of whole-tumour 

RNA sequencing analysis from The Cancer Genome Atlas (TCGA) further sub-classified GBM into 

four molecular subtypes: classical, mesenchymal, proneural and neural (Figure 3) (Verhaak et al., 

2010). 

The classical subtype mainly displays EGFR amplification and EGFR point or vIII mutation co-

occurring with homozygous deletion of CDKN2A and the absence of TP53 mutations. Additionally, 

genes belonging to the Notch and Sonic hedgehog signalling pathways were specifically expressed 

in the classical subtype.  

The mesenchymal subtype contains a neurofibromin 1 (NF1) hemizygous deletion, expresses 

mesenchymal markers (chitinase-3-like protein-1, CHI3L1, and hepatocyte growth factor receptor; 

HGFR) as well as genes implicated in tumour necrosis factor (TNF) and nuclear factor-kappa B (NF-

kB) pathways. Additionally, it is associated with higher aggressiveness, invasiveness and myeloid 

recruitment (Brennan et al., 2013; Wang et al., 2017).  

The proneural subtype is characterised by the amplification and higher platelet-derived growth 

factor receptor alpha (PDGFRA) gene expression. In addition, tumours belonging to the proneural 

subtype also display point mutations in IDH1 and include TP53 mutations. Immune landscape 

analysis showed reduced immune infiltration in this subtype associated with a better prognosis 

(Martinez-Lage et al., 2019)  

Lastly, the neural subtype includes tumours enriched with neuronal markers (e.g. NEFL, 

GABRA1, SYT1 and SLC12A5) as well as associated with oligodendrocytic and astrocytic 



 

9 

 CHAPTER 1 

differentiation. Importantly, the neural subtype, whose expression pattern was closely related to 

normal brain or the result of normal neural lineage contamination, has been excluded from the 

current IDH-wildtype GBM molecular classification (Wang et al., 2017).  

 

 

Figure 3. Schematic representation of the distinct molecular biomarkers across GBM 
subtypes. GBM molecular subtypes are classified as classical, proneural, mesenchymal and the 
neural molecular subtype according to the Verhaak classification. Work from Wang et al 2017, 
excludes the neural subtype from the classification. Figure from (Sasmita et al., 2018).  

 

Important insights into GBM biology started to emerge with the advent of next -generation 

sequencing techniques. Here, tumour molecular and spatial characterization uncovered intra-tumour 

heterogeneity at the single-patient level, underlying variation in response to treatment (Sottoriva et 

al., 2013). Additionally, dynamic transcriptional program transitions were identified by Patel et al 

2014, showing that a spectrum of GBM molecular subtypes co-exists in the tumour (Patel et al., 

2014). Recently, taking advantage of single-cell RNA-sequencing (scRNA-seq) analyses, it was 

demonstrated that malignant cells in GBM exist in four main transcriptional cellular states. Three of 

them – neural stem cell (NPC)-like, oligodendrocyte progenitor cell (OPC)-like, and astrocyte (AC)-

like – mirror cell types within a neurodevelopmental differentiation hierarchy, while the fourth cell 

state, termed mesenchymal (MES)-like does not seem to represent a specific cell type (Neftel et al., 

2019), suggesting the influence of stromal cells in the tumour microenvironment (TME). In this 



 

10 

 CHAPTER 1 

context, NF1 deactivation correlated with increased infiltration of allograft inflammatory factor 1 

(AIF1) myeloid cells at the tumours site (Wang et al., 2017).  

Interestingly, at the transcriptional level GBM cells can span across the four main cellular states, 

as observed by the co-occurrence of combinatorial distinct cellular modules, such as AC-like/MES-

like, NPC-like/OPC-like and AC-like/OPC-like (Neftel et al., 2019). It remains to be elucidated 

whether these transcriptional cellular states predict tumour progression and/or therapy response. 

Alternatively, the composition of the current microenvironment can dictate the dominance of a 

specific transcriptional state in GBM, as the presence of AIF1 myeloid cells have shown to regulate 

the proneural-to-mesenchymal transition in GBM (Bhat et al., 2013; Wang et al., 2017).  

Genome instability equips tumour cells with the potential to adapt to new environments and a 

combination of genetic, epigenetic, and microenvironmental cues influences cellular programmes 

and drive GBM heterogeneity. A better understanding of the multiple sources of heterogeneity in 

GBM and of their inter-relationships with the unique cellular components of the TME, may contribute 

to the development of more targeted therapies for GBM patients.  

 

1.6. Glioblastoma immunosuppressive environment 

 

Given GBM poor prognosis, there is a great interest in applying immunotherapy as a 

mechanism to overcome the immunoresistance of tumour cells and promote their eradication. 

Immune checkpoint inhibitors (ICIs) have changed the treatment landscape of many solid tumours 

and demonstrated remarkable improvements in melanoma, renal cell carcinoma and non-small cell 

lung cancer (Motzer et al., 2015; Paz-Ares et al., 2018; Ribas et al., 2015). A classification scheme 

has been proposed on the basis of clinical responses to ICIs. In this context, GBM has been 

characterized as an immunologically unresponsive or “cold” tumour (Woron iecka et al., 2018), thus 

showing poor response to current therapies. To date, phase III clinical studies with ICIs for GBM 

have been disappointing, as a short median overall survival of 7.3 months has been achieved upon 

treatment (Brahm et al., 2020). These prominent failures are, at least partially, explained by a low 

tumour mutational burden (Hodges et al., 2017), as well as by a local and systemic 

immunosuppression (Razavi et al., 2016). Precisely, systemic immunosuppression has been 

associated with sequestration of immune cells in the bone marrow in both pre-clinical models and 

GBM patients (Chongsathidkiet et al., 2018). Moreover, the paucity of T cells in the TME conferred 

GBM the status of “lymphocyte-depleted” tumour (Thorsson et al., 2018). The scarcity of T cells in 
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GBM is highly influenced by the distinct immunosuppressive populations as discussed below (Figure 

4) (Grabowski et al., 2020). 

In GBM, both neoplastic and non-neoplastic cells co-evolve in the TME. GBM-intrinsic factors 

have been shown to directly impact several cellular players, which collectively support the 

established immunosuppressive environment in GBM (Figure 4) (Grabowski et al., 2020). STAT3 

was described as a key hub in mediating the secretion of immunosuppressive cytokines in GBM and 

higher expression of STAT3 was associated with mesenchymal subtype (Piperi et al., 2019). 

Classical immunosuppressive cytokines, such as transforming growth factor beta (TGF -β) and 

interleukin-10 (IL-10), largely contribute to the recruitment of immunosuppressive cell populations to 

the TME, which hampers local anti-tumour immune responses in GBM.  

 

Regulatory T cells (Tregs) 

Tregs play a significant role in inducing local immune dysfunction by suppressing anti-tumour 

immunity in human gliomas. While Tregs are rarely present in the normal brain tissue, they 

significantly increase in the TME of GBM, also compared to lower grade astrocytomas and 

oligodendroglial tumours (Heimberger et al., 2008; Wainwright et al., 2012). This population 

contributes to local immunosuppression by expressing the classical immune checkpoint markers, 

such as CTLA-4 and the programmed death-ligand 1 (PD-L1) on the cell surface, which bind to the 

co-stimulatory molecules on antigen presenting cells (e.g. CD80/86) and PD1 on effector T cells, 

respectively (Corse and Allison, 2012). Moreover, increased numbers of FoxP3+ Tregs over CD3+ 

and CD8+ T cells negatively impact the survival of primary GBM patients (Sayour et al., 2015). The 

recruitment of Tregs in GBM is, at least in-part, mediated through tumoral release of the cytokine 

TGF-β and upregulation of the enzyme indoleamine 2,3-dioxygenase (IDO) (Kaminska et al., 2013; 

Wainwright et al., 2012). Pre-clinical studies have demonstrated that the simultaneous targeting of 

immune checkpoints (e.g., CTLA-4 and PD-L1) and tryptophan catabolism decreases Treg numbers 

with improved T-cell-mediated long-term survival (Wainwright et al., 2014). Hence, these data 

suggest a combinatorial targeting of classical immune checkpoints together with metabolic pathways 

may bring potential value for future clinical trials in GBM patients. 

 

Natural Killer (NK) cells 

GBM-secreted TGF-β affects NK cell activity by downregulating the expression of NKG2D, 

an activating receptor important for NK cell-mediated killing of the target cell. This mechanism affects 
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NK cell activity by decreasing its cytotoxic immune response, thus contributing to GBM immune 

evasion mechanism (Crane et al., 2010). Despite NK cells make up a relatively small proportion of 

tumour-infiltrating cells in GBM, computational-based studies have recently demonstrated that 

activated NK cell transcriptional signatures correlate with improved prognosis in GBM patients 

(Barrow et al., 2018). For a summary of NK cell immunotherapy against CNS malignant tumours, 

please refer to the review by Sedgwick and co-workers (Sedgwick et al., 2020). 

 

Myeloid-derived suppressor cells (MDSCs) 

Higher numbers of MDSCs are detected in GBM compared to other tumours, such as 

melanoma, renal cell cancer and bladder cancer patients (Raychaudhuri et al., 2015). Precisely, a 

reduced intratumoural infiltration of MDSCs correlates with a better prognosis in GBM (Alban et al., 

2018; De Leo et al., 2020) with subsequent increase of CD3+ and CD4+ T cell counts in both murine 

and human GBM patients (Raychaudhuri et al., 2015). MDSCs mediate immunosuppression by 

several mechanisms, including: 1) expression of arginase, which decreases the level of L-arginine 

necessary for T cell receptor chain expression and function; 2) secretion of nitric oxide and  reactive 

oxygen species (ROS) inducing T cell suppression; 3) expression of PD-L1 contributing to T cell 

exhaustion (Dubinski et al., 2016; Nagaraj and Gabrilovich, 2007).  

 

Tumour-associated microglia/macrophages (TAMs) 

Increased myeloid gene expression in the mesenchymal subtype of GBM has been 

associated with a poor prognosis (Wang et al., 2017). Due to the local inflammation exerted by GBM 

cells, the majority of TAMs acquire an anti-inflammatory phenotype under the direct influence of 

tumour cells (Hambardzumyan et al., 2016). TAMs display high degree of plasticity in regards to 

their immune functions and other polarization phenotypes can be present in the TME, as discussed 

in section III. In the TME, TAMs are known to secrete anti-inflammatory cytokines such as IL-6, IL-

10 and TGF-β, which further enhance immunosuppression in the TME leading to GBM growth and 

proliferation (Hambardzumyan et al., 2016) 

It has been shown that TGF-β secretion by TAMs induces epithelial-to-mesenchymal 

transition and enhances CD133+ glioma stem cells invasion (Ye et al., 2012). Moreover, microglia-

derived TGF-β is an important mediator of tumour–host interactions and a regulator of glioma 

invasion (Wesolowska et al., 2008). As innate immune cells, TAMs express Toll-like receptors 

(TLRs), which are pathogen recognition receptors playing important roles in tumour growth. TLR2 
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promotes TAM production of several matrix metalloproteinase (MMP), such as MMP2 and MMP9 

which disrupts the ECM matrix potentiating GBM invasiveness (Hu et al., 2014; Ye et al., 2012). 

Additionally, TLR4 expression on TAMs which regulates IL-6 cytokine secretion, has been shown to 

increase glioma stem cell proliferation (Dzaye et al., 2016). TAMs also contribute to local 

angiogenesis by providing pro-angiogenic factors such as epidermal growth factor (EGF) and 

Vascular endothelial growth factor (VEGF) (Hambardzumyan et al., 2016; Zhu et al., 2017). Both 

murine and human TAMs show significant expression of transmembrane glycoprotein NMB (Gpnmb) 

and osteopontin (Spp1), which are respectively implicated in immunosuppression and tumour cell 

invasion, as well as are associated with poor prognosis in GBM patients (Szulzewsky et al., 2015). 

Additionally, GBM-secreted factors have been shown to downregulate the expression of major 

histocompatibility complex (MHC) surface molecules on microglia (Razavi et al., 2016), thus 

favouring local tumour immune evasion mechanisms. Lastly, peripheral blood macrophages from 

GBM patients exhibit higher PD-L1 expression compared to healthy control patients, which showed 

to suppress T cell activation in vitro (Bloch et al., 2013). 

 

Figure 4. GBM-secreted factors recruit and modulate immune cell players in the TME towards 
an immunosuppressive phenotype contributing to immune evasion mechanisms. GBM cells 
secrete several soluble factors that contribute to the local immunosuppressive environment in GBM. 
Picture from (Grabowski et al., 2020).  
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Clinical studies have shown a correlation between the number of TAMs and poor prognosis 

for multiple cancer types, including brain tumours (Kowal et al., 2019). There has been considerable 

interest in targeting TAMs for GBM and therefore are being pursuit as key targets for the 

development of immune-based therapeutic approaches for GBM patients.  

 

III. Tumour-associated microglia/macrophages  

 

1.7. Ontogeny  

 

TAMs constitute approximately 40% of the stromal compartment in GBM and include both tissue-

resident microglia and monocyte-derived macrophages (Bowman et al., 2016; Hambardzumyan et 

al., 2016). 

Parenchymal microglia are a unique immune cell population of the CNS (Sousa et al., 2017). 

Fate-mapping and lineage-tracing studies have identified immature yolk sac runt-related 

transcription factor 1 (Runx1) progenitors as the predominant source of brain microglia. The 

embryonic progenitors (between days 8.5 (E8.5) and E9.5) migrate from the yolk sac into the 

primitive brain, becoming the source of microglia in the adult brain (Ginhoux et al., 2010). Once in 

the CNS, microglia present limited self-renewal capacity (Ginhoux et al., 2010; Gomez Perdiguero 

et al., 2015) and they live for about 15 months on average, almost equalling the life span of post -

mitotic neurons (Fuger et al., 2017). It has been debated for some time weather blood peripheral 

progenitors could contribute to the pool of adult microglia after birth.  Recent fate-mapping studies 

confirmed the presence of non-parenchymal macrophages at CNS interfaces (called border-

associated macrophages, BAMs) and indeed, they form a separate identity in terms of ontogeny, 

gene signature and contrary to microglia, they do not require TGF-β for their development (Utz et 

al., 2020).  

The CNS parenchyma is mostly occupied by resident microglia, while in the context of tumour-

bearing brain, there is a disruption of the BBB as a results of local inflammation and the growing 

tumour. This results in the infiltration of bone-marrow derived cells (BMDMs) from the circulation to 

the tumour site, where they differentiate into macrophages (Bowman et al., 2016; Hambardzumyan 

et al., 2016). In the TME, microglia and macrophages become morphologically similar in histological 

sections (Figure 5) (Buonfiglioli and Hambardzumyan, 2021). Naïve microglia display a highly 

ramified morphology aligned with its surveillance mode and once activated they rapidly modify their 
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morphology into an amoeboid shape. Monocyte-derived cells display a round-shape in the tissue 

and thus, making it challenging to distinguish from the resident activated microglia cells in GBM 

histological sections (Figure 5). 

 

 

Figure 5. Myeloid cell lineage origin and respective morphological characterization in the 
healthy brain and GBM. Microglia arise from yolk sac progenitors in the embryonic stage and reside 
in the brain parenchyma. Microglia display a ramified morphology in the naïve brain, while they 
change towards a more amoeboid-like shape in GBM. In GBM, upon BBB disruption, BMDMs 
migrate from the circulation to the brain and differentiate into tissue-associated macrophages. These 
cells display a round-shape in circulation and upon infiltration to the tumour site become difficult to 
discriminate from the resident activated microglia cells. Picture from (Buonfiglioli and 
Hambardzumyan, 2021).  

 

In GBM, when lineage-tracing models are not used, microglia cells were initially discriminated 

based on the expression of surface markers as CD11b+/CD45low (or CD45int), whereas BMDMs 

were characterized as CD11b+/CD45high population. However, this discrimination is inadequate 

since activated microglia can upregulate CD45 expression in pathological conditions (Muller et al., 

2015). The combination of Ly6C and Ly6G markers were proposed to aid for discriminating microglia 

(CD11b+ CD45low Ly6C- Ly6G-) from macrophage (CD11b+ CD45high Ly6Clow Ly6G-) cells in murine 

GBM model (Chen et al., 2017). Several groups have used distinct genetically engineered GBM 

mouse models (GEMMs), such as the Flt3:Cre;Rosa26:mTmG or the Cx3Cr1GFP/+;Ccr2RFP/+ knock-

in mice, which identified the contribution of peripheral cells to the overall TAM population. A meta-

analysis using murine transcriptional databases identified P2ry12, Tmem119, Slc2a5 and Fcrls as 

genes specifically expressed by microglial cells, and Emilin2, Gda, Hp and Sell being expressed by 
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BMDMs in murine gliomas (Haage et al., 2019). Recently, the glycoprotein Itga4 (CD49D) was 

reported to discriminate resident microglia from BMDMs in both humans and mice (Bowman et al., 

2016; Klemm et al., 2020).  

The combination of recent genome-wide and scRNA-seq technologies has revolutionized both 

the phenotypic and transcriptomic characterization of these two populations in GBM (Figure 6). For 

an exhaustive overview on this topic, please refer to our review (Appendix) (Pires-Afonso et al., 

2020).  

 

Figure 6. Chronology of the characterization of tumour-associated microglia/macrophages 
(TAMs) heterogeneity in glioblastoma (GBM). Key studies that have contributed to elucidate 
TAMs polarization, ontogeny and subsets in GBM mouse models and patients (Pires-Afonso et al., 
2020).  

 

The presence of both populations in GBM patients have been identified in recent scRNA-seq 

studies (Muller et al., 2017; Pombo Antunes et al., 2021). Despite the fact that TAMs are the most 

abundant immune cell type in GBM (Klemm et al., 2020), insight into the precise contribution of the 

two ontogenetically distinct TAM cell types is starting to emerge. Precisely, initial studies have shown 

that these two myeloid populations hold distinct transcriptional profiles.  

The cytokine colony-stimulating factor-1 (CSF-1) critically supports TAMs survival and 

differentiation. Furthermore, inhibition of its receptor, CSF-1R, substantially gained attention for 

clinical approval. Despite promising strategy, it showed to contributed to tumour recurrence in more 
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than 50% of the mice through phosphoinositide 3-kinase (PI3K) signalling (Quail et al., 2016). 

Additionally, targeting the CSF-1/CSF-1R axis in phase II trial in recurrent GBM did not improved 

overall survival (Butowski et al., 2016). These studies are of relevance as TAMs heterogeneity 

impose limitations to non-selective immunotherapies and the identification of alternative markers 

may aid to a more targeted intervention for GBM patients.  

 

1.8. Localization 

 

TAMs exhibit differential localization at defined tumour regions. Recent studies have implied a 

dominance of BMDMs in the tumour core, while microglial cells are more prevalent in the invading 

edge in GBM patients (Darmanis et al., 2017; Muller et al., 2017). Whether this distinct in situ 

localization impacts the functional adaptation of microglia and BMDMs in the TME is starting to 

emerge. Leveraging from spatial transcriptomic technologies, Darmanis and colleagues showed, an 

enrichment of pro-inflammatory markers (e.g. IL1α and IL1β) in the periphery of the tumour, while 

an anti-inflammatory phenotype (e.g. IL1RN and TGFBI) was enhanced in the tumour core (Figure 

7) in human GBM patients (Darmanis et al., 2017).  

 

Figure 7. Discrimination of specific TAM subpopulations in GBM patients . TAMs present 
distinct features according to their ontogeny and spatial localization in specific tumour areas. Picture 
from (Pires-Afonso et al., 2020).  

 



 

18 

 CHAPTER 1 

Recent work, further identified microglia enriched cells (IBA1+ CD163-) diffusely scattered 

thorough the section, while distinct macrophage subsets, CD163+, CD169+ and CD209+ were found 

in close proximity to blood vessels in gliomas (Friebel et al., 2020). Similarly, recent work also 

identified BMDMs dominance in close proximity to CD31+ vascular structures (Klemm et al., 2020).  

Respective tumour region occupancy can be partially mediated by differential migratory properties 

employed by TAMs. Morphological features combined with spatial characterization was evaluated 

by applying intravital two-photon microscopy imaging on GBM tumour sections (Chen et al., 2019). 

Precisely, they observed an enrichment of cells with a stationary profile characterized by larger 

surface area and branched morphology in the tumour periphery. In contrast, enrichment of amoeboid 

monocyte-derived macrophages was identified in the tumour core (Chen et al., 2019). Overall, these 

studies uncovered TAMs spatial heterogeneity in both murine and human GBM samples.   

In order to elucidate TAMs functional dynamics in GBM, Chen and colleagues revealed that 

resident microglial cells display a pro-inflammatory cytokine-related signature compared to an 

enriched migratory signature in BMDMs (Chen et al., 2017). In line with this study, BMDMs were 

described to exhibited higher immunosuppressive potential in the tumour core compared to 

microglial cells from the tumour periphery in GBM patients (Pinton et al., 2019). Similarly, TAMs 

spatial-associated functions in GBM samples were linked to an increased activity of PD-1 signalling 

pathway in the tumour core, while an enrichment of NF-kB signalling was associated to the tumour 

periphery (Landry et al., 2020). Whether the PD-1 inhibition response correlates to the presence of 

TAM-enriched cells in the tumour core awaits further investigations. 

Overall, TAMs spatial characterization and association with specific functional immune profiles 

are indicative of their high level of heterogeneity, a feature that should be taken into consideration 

for their specific targeting. Moreover, TAMs immunosuppressive capability further validates the 

rationale of potential targeting as a mean for intervention to modulate their activity and/or recruitment 

in GBM.  

 

1.9. Polarization 

 

The transcriptomic profile of TAMs can be shaped by numerous factors present in the GBM 

microenvironment. TAMs are recognized by having a significant degree of plasticity. Recent work 

has highlighted the role of the environment in governing tissue-specific education of macrophages. 

The role of epigenetic modifications as conduit for mouse tissue-specific macrophage identity and 

plasticity has been previously established (Lavin et al., 2014). Bowman and colleagues, showed that 
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the differential TAM education in the TME is regulated by epigenetic events, suggesting that TAMs 

might be poised to engage in distinct transcriptional programs based on initial enhancer selection 

(Bowman et al., 2016).  

In general, tumours develop gradually and whether the tumour genotype instructs differential 

functional shifts on highly dynamic TAMs needs further investigations. The majority of these studies 

have been performed at late stage of GBM and therefore a dynamic adaptation of these cells along 

GBM progression is lacking. As such, we cannot exclude that differential ontogeny and regional 

heterogeneity might contribute for the distinct functional adaptation of TAMs in the TME.  

In the tumour, TAMs are being categorised taking into account their activation/polarization profile. 

Previous work adopted the conventional in vitro binary system for the characterization of TAMs in 

the TME. Specifically, in vitro stimulation with interleukin 4 (IL-4) shifts macrophages towards the 

“M2 or alternative activation”, while interferon gamma (IFN-γ) skew them towards the “M1 or classic 

activation” state (Mills et al., 2000). Distinct activated states correlate with differential properties, 

wherein M1 macrophages are capable of mounting an anti-tumour immune response by presenting 

antigens to adaptive immune cells, producing pro-inflammatory cytokines and phagocytosing tumour 

cells (Martinez et al., 2008). In contrast, M2 macrophages are considered pro-tumorigenic by 

promoting tissue remodelling, angiogenesis (Hambardzumyan et al., 2016; Zhou et al., 2015).  

However, the traditional M1 and M2 nomenclature does not fully represent TAM heterogeneous 

activated states in GBM (Muller et al., 2017; Pires-Afonso et al., 2020). In brain malignancies, 

intermediate phenotypes exist as a putative M2c state has been identified and associated with 

immune regulation, matrix deposition and tissue remodelling (Roesch et al., 2018). Moreover, it has 

been described that TAMs in GBM exhibit a M0 state, as they exhibit an undifferentiated or non-

polarized phenotype (Gabrusiewicz et al., 2016). Recent studies have unravelled that TAMs co-

express the canonical M1 and M2 markers in traumatic brain injury (Kim et al., 2016) as well in 

human gliomas (Muller et al., 2017). 

The MacSpectrum algorithm, a scRNA-seq based gene enrichment tool used to estimate the 

polarization index of TAMs in human GBM, enabled to uncover that TAMs display high 

heterogeneous activated states (Landry et al., 2020). Independently of the regional localization, the 

M2-like state dominated and showed no significant differences between tumour core and periphery 

(Landry et al., 2020).  

It is becoming of urgent need to discriminate between the biological functions of microglia from 

macrophages in GBM and elucidate whether there is a redundancy of their functions in the TME.  
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1.10. Myeloid heterogeneity across Glioblastoma subtypes 

 

GBM creates a proangiogenic and inflammatory microenvironment, which leads to an increased 

expression of adhesion molecules on endothelial cells and reduced tight junctions, thereby 

promoting a permeable blood-brain barrier (BBB) (Chen and Hambardzumyan, 2018). These 

changes support cellular infiltration to the tumour site. The presence of distinct immune-related cell 

infiltrates within the tumour significantly accounts for the gene expression variability observed in 

GBM patients. Therefore, the exact implication of immune infiltrates in distinct GBM subtypes are 

starting to emerge.  

Across several cancers, myeloid cells are described as key determinant players for tumour 

progression and patient outcome (Cassetta and Pollard, 2018; DeNardo and Ruffell, 2019). In GBM, 

despite extensive correlative studies implying that TAMs may play differential roles across GBM 

subtypes, to date, there are still no systemic functional studies corroborating this hypothesis.  

Clinically, GBM subtypes have not been established as predicative biomarkers for patient 

survival (Verhaak et al., 2010), although accumulating evidences indicate that subtype-specific 

treatment may preferentially benefit patients (Chen and Hambardzumyan, 2018). Tumour cells from 

the mesenchymal subtype frequently deactivate NF1 through genomic copy loss or somatic 

mutations (Verhaak et al., 2010) and it has been proposed that NF1 deficiency drives the recruitment 

of myeloid cells (Wang et al., 2017). Accordingly, the mesenchymal subtype exhibits the highest 

percentage of myeloid and lymphocyte infiltrates (Kaffes et al., 2019; Wang et al., 2017), making this 

subtype attractive for immune-based therapies. Tissue microarray analyses from a cohort of 98 GBM 

patients revealed that 80% of the mesenchymal subtype cellularity is composed by CD163 positive 

cells, which have been associated with poor prognosis (Martinez-Lage et al., 2019), thus supporting 

the rationale for the design of therapies directed against the myeloid component in the mesenchymal 

subtype.  

Moreover, a proneural-mesenchymal transition (PMT) has been described in GBM patients and 

activation of the transcription factor signal transducer and activator of transcription 3 (STAT3) has 

been demonstrated to result in the transition to the mesenchymal profile (Piperi et al., 2019; 

Segerman et al., 2016). Precisely, the PMT transition has been associated with recurrent tumours 

with the emergence of chemotherapeutic and radiation resistance glioma-initiating cell clones 

harbouring gain in PMT transcriptomic patterns (Segerman et al., 2016). In this context, it was 

recently shown that the potential of clustering STAT3-high and STAT3-low gene signature as a mean 

for stratifying glioma patients to receive targeted therapy (Tan et al., 2019). Furthermore, elevated 
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levels of phosphorylated STAT3 have been shown to favour an anti- inflammatory phenotype in 

myeloid cells affecting their potential as antigen presenting cells, thus dampening their anti-tumour 

immune response (Piperi et al., 2019; Wang et al., 2004; Wu and Watabe, 2017). 

Recent work demonstrated distinct TAM composition dependent on the tumour genotype. 

Precisely, IDH-mutant tumours exhibited a predominance of microglial cells in the TME, while IDH-

wildtype tumours showed an increased invasion by monocyte-derived infiltrative cells (Friebel et al., 

2020; Klemm et al., 2020).  

 

IV. Therapeutic targeting of tumour-associated microglia/macrophages 

 

Immunotherapy, and especially immune checkpoint inhibitors, have transformed the landscape 

of cancer treatment and improved patient survival in a number of different cancer types. However, 

no clinical benefit has been observed in GBM patients. Despite the general interest in targeting TAMs 

in GBM, only a few studies performed in preclinical models have taken into account the dual origin 

of the TAM population (Bowman et al., 2016; Chen et al., 2017). Nevertheless, due to their 

abundance in the TME, their genomic stability and phenotypic plasticity, several strategies are being 

pursued to target TAMs in GBM. Currently TAM-based strategies are mainly focused on two 

strategies: 1) blocking their infiltration to the tumour site and 2) strategies at reprogramming their 

function (De Leo et al., 2020). 

 

1.11. Strategies targeting TAMs recruitment 

 

The CCL2/CCR2 axis is essential for monocyte recruitment to the tumour site, and genetic 

ablation of Ccl2 prolonged the survival of GBM-bearing mice (Chen et al., 2017). The involvement 

of CCL2 signalling in multiple diseases renders it an interesting therapeutic target, however caution 

should be taken as CCL2 shows pleiotropic effects on myeloid cells, including polarization, activation 

and survival (Gschwandtner et al., 2019). Although current targeting strategies have not met early 

expectations in the clinic, few clinical trials using antagonists for CCL2 and CCR2 to treat solid 

tumours, such as in metastatic pancreas cancer (PF-04136309, NCT02732938). 

As previously mentioned, TAMs critically depend on CSF-1 for survival and differentiation, thus 

several approaches targeting either the CSF ligand or the receptor are substantially gaining attention 

for clinical approval. The use of CSF1R small-molecule inhibitors, such as BLZ945, was shown to 



 

22 

 CHAPTER 1 

decrease glioma progression by polarizing TAMs into an anti-tumour phenotype in a proneural 

rodent model of GBM (Pyonteck et al., 2013). However, further pre-clinical trials studying the long-

term administration of BLZ945 showed tumour rebound rapidly after a dormancy phase of 4 weeks 

(Quail et al., 2016). The resistance mechanism was shown to be mediated by TAMs, via the 

secretion of insulin growth factor 1 (IGF-1) and cognate interaction with IGF-1R on the surface of 

tumour cells, which in turn activated the phosphatidylinositol 3-kinase (PI3K) signalling pathway 

leading to tumour resistance and proliferation (Quail et al., 2016). The usage of another CSF-1R 

inhibitor, PLX3397, showed no efficacy advantage in recurrent GBM (Butowski et al., 2016). 

Another promising target to block TAM recruitment is the stromal cell-derived factor 1 (SDF-1) 

receptor C-X-C chemokine receptor type 4 (CXCR4). Preclinical studies showed that after irradiation, 

tumour induces the recruitment of myeloid cells through the SDF-1/CXCR4 pathway (Liu et al., 2014; 

Walters et al., 2014). Several CXCR4 antagonists, such as peptide R or LY2510924, were shown to 

be beneficial in GBM mouse models (Mercurio et al., 2016; Peng et al., 2015). In newly diagnosed 

GBM patients, a phase I/II study showed that infusion of Plerixafor, the currently and only FDA 

approved CXCR4 antagonist, is well-tolerated as an adjuvant to chemo-radiation therapy, 

contributing to a median overall survival of 21.3 months (Thomas et al., 2019).  

 

1.12. Strategies targeting TAM functions 

 

Despite no significant improvements were observed in TAMs recruitment upon CSF1R blockade, 

the use of CSF1R inhibitor BLZ945 showed the potential to polarize TAMs into an anti-tumour 

phenotype in the proneural GBM mouse model (Pyonteck et al., 2013). Conversely, in the syngeneic 

GL261 GBM mouse model, stimulator of interferon gene (STING) agonists significantly increased 

IFN-γ production by TAMs. This lead to TAMs re-education towards a pro-inflammatory phenotype 

and subsequent recruitment and activation of T cells (Ohkuri et al., 2014). 

A genetic reprogramming of macrophages to perform antitumor functions without causing 

systemic toxicity might be achieved using targeted nanocarriers that can deliver in vitro-transcribed 

mRNA encoding M1-polarizing transcription factors through the mannose receptor CD206. Infusion 

of nanoparticles containing mRNAs encoding interferon regulatory factor 5 (IRF5) in combination 

with its activating kinase IKKβ, not only inhibit the immunosuppressive state of TAMs, but also 

reprogram them to an anti-tumour phenotype, which contributed to tumour regression (Zhang et al., 

2019). 
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Another compelling strategy to target TAMs is the use of nucleic acid-based therapies, such as 

microRNA. Reports showed that microRNAs can be transported from donor cells to recipient cells, 

serving as TLR signalling activators (Fabbri et al., 2012). In the study from Buonfiglioli and 

colleagues, s subset of the Let-7 microRNA family members, was shown to induce microglial anti-

tumour activity in TLR7 dependent manner, associated with increased inflammatory response and 

antigen presentation in GL261 syngeneic GBM model (Buonfiglioli et al., 2019). 

A recent and promising treatment for GBM consists of oncolytic viruses (OVs). The oncolytic 

adenovirus Delta24-RGD, also known as DNX-2401, is designed to selectively replicate in cells 

harbouring the retinoblastoma gene. To access its efficacy as a treatment for recurrent malignant 

gliomas, 37 patients received an intra-tumoral injection of DNX-2401. The study showed long free 

survival of 26 months before a second tumour resection due to recurrence (Lang et al., 2018). 

Mechanistically, Delta24-RGD-infected tumour cells were detected by TLR9 on macrophages, via 

the MyD88–IRF5 pathway. Consequently, TLR9 skew TAMs towards a M1 polarizing phenotype, 

which is associated with enhanced tumour cell phagocytosis and leukocyte recruitment (van den 

Bossche et al., 2018). Despite the promising results, it remains to elucidate whether the TAM 

phenotypic shift is responsible for mediating tumour delayed in this cohort.  

 

V. Macrophage immunometabolism 

 

1.13. Metabolic reprogramming in innate immune cells 

 

Otto Warburg, during his research on tumour cells, first identified a dramatic increase of 

glucose uptake and lactate by the cells in conjunction with reduced levels of oxidative 

phosphorylation (OXPHOS) in the presence of oxygen. Later, it has been coined as the “Warburg 

effect” or “Warburg metabolism” (Warburg et al., 1927). Contrary to tumour cells, which require high 

levels of energy to sustain their proliferation rate on site, metabolic rewiring of inflammatory 

macrophages evolved as an inducible and reversible phenotype (El Kasmi and Stenmark, 2015).  

Over the last decade, the metabolism of immune cells is a rapidly expanding area of 

research. Immune cells react to their environment by flexibly reprogramming intrinsic metabolic 

pathways that subsequently alter immune function, in a process called immunometabolism. Thus, 

immunometabolism relates to the dynamic crosstalk between the immune cells and the metabolic 

pathways occurring upon stress and insults (Mathis and Shoelson, 2011; O'Neill et al., 2016). 
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Distinctive metabolic rewiring networks occur to sustain their phenotype and function in distinct 

contexts. For instance, to sustain a pro-inflammatory phenotype, macrophages mainly rely on 

glycolysis and the pentose phosphate pathway to meet their ATP requirements to sustaining the 

glycolytic metabolism, while the metabolic activity of anti-inflammatory macrophages is mainly 

characterized by enhanced OXPHOS and fatty acid oxidation (Mills et al., 2017).  

Under homeostatic conditions, microglial favour oxidative metabolism to fuel the dynamic 

motility they exhibit in surveillance mode. In contrast, it was shown that primary microglia cultures 

increase their glycolytic flux in response to proinflammatory stimuli (Nair et al., 2019). Similarly, in 

neuroinflammatory conditions, microglia shift away from oxidative phosphorylation towards a more 

glycolytic profile necessary for cytokine production and phagocytosis, which is mediated by 

increased hypoxia-inducible factor 1-alpha (HIF-1α) and mTOR transcriptional control (Bernier et al., 

2020).  

In tumour context, local environment is characterized by high nutrient competition, low pH 

and limited oxygen. Under such conditions, myeloid cells undergo metabolic reprogramming by 

adjusting their phenotype and function in response to the local cues (Gosselin et al., 2014). In human 

gliomas, a decreased glycolytic metabolism in tumour-associated macrophages compared to 

tumour-associated microglia, is associated with increased immunosuppression in the TME and poor 

patient survival (Muller et al., 2017). These findings shed light on the potential of environmental 

factors mediating TAM-specific immunity. As discussed previously, microglia and macrophages 

preferentially occupy distinct regions in the tumour brain, thus exhibiting distinct metabolic profiles 

and adaptations, which ultimately may govern divergent functions in the TME. Whether these 

metabolic adaptations dictate TAM contribution to GBM progression awaits further investigation.  

 

1.14. Immunoregulatory role of itaconate 

 

Metabolic reprogramming of macrophages plays a predominant role in regulating their 

phenotype but also their plasticity. The discovery that intermediate metabolites of the trycarboxylic 

acid (TCA) cycle (such as succinate) and metabolites produced by their conversion (e.g. itaconate 

from cis-aconitate) possess immunological properties, led to the discovery that central metabolism 

can regulate immune cell functions and affect their responses (Michelucci et al., 2013; Tannahill et 

al., 2013).  
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Lipopolysaccharide (LPS) is a potent activator of monocytes and macrophages and the LPS-

inducible gene, cis-aconitate decarboxylase or initially termed as immune-responsive gene 1 

(ACOD1/IRG1), catalyses the decarboxylation of the TCA cycle intermediate cis-aconitate to 

produce itaconate (Strelko et al., 2011). Itaconate contributes to succinate accumulation in 

macrophages by acting as an endogenous succinate dehydrogenase (SDH) inhibitor ( Figure 8) 

(Cordes et al., 2016).  

 

Figure 8. Itaconate produced in LPS-activated macrophages induces intracellular succinate 
accumulation. Under inflammatory conditions, such as LPS stimulation, IRG1 catalyses the 
decarboxylation of the TCA cycle intermediate cis-aconitate to produce itaconate. This metabolite 
contributes to succinate accumulation in macrophages by acting as an endogenous SDH inhibitor. 
Picture from (Cordes et al., 2016).  

 

Itaconate ability to directly inhibit SDH comes from its structural similarity with succinate 

(O'Neill and Artyomov, 2019). Increasing succinate levels inhibit prolyl hydroxylase domain (PHD) 

enzyme activity, resulting in the stabilization of hypoxia-inducible factor 1-alpha (HIF-1α) leading to 

subsequent induction of HIF-1α-dependent genes, such as IL-1β during inflammation (Tannahill et 

al., 2013). The mechanism by which itaconate induces these metabolic and functional changes in 

LPS-activated macrophages has been recently elucidated (Figure 9) (Mills et al., 2018). Itaconate 

alkylates several cysteine residues on the protein Kelch-like ECH-associated protein 1 (KEAP1), 

enabling nuclear factor erythroid 2-related factor 2 (Nrf2) translocation to the nucleus, thus 

suppressing the pro-inflammatory downstream signalling pathway (Figure 9). Metabolic rewiring 

plays a crucial role and high levels of itaconate has the potential to skew macrophages towards an 

anti-inflammatory phenotype (Figure 9) (Mills et al., 2018) 
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Figure 9. Schematic representation of the anti-inflammatory role of itaconate in LPS-
stimulated macrophages. LPS-activated macrophages leads to the production of itaconate inside 
the cell. Itaconate alkylates several cysteine residues on the protein Kelch-like ECH-associated 
protein 1 (KEAP1) with subsequent suppression of the pro-inflammatory downstream signalling 
pathway, contributing to anti-inflammatory reprogramming. Picture from (Mills et al., 2018).  

 

Previous studies showed that, itaconic acid display intrinsic antimicrobial properties by 

inhibiting isocitrate lyase, a key enzyme of the glyoxylate shunt, and fundamental for infectious 

bacterial survival (Williams et al., 1971). The effect of itaconate in host susceptibility to viral infections 

has also been elucidated following the observation that Acod1 mRNA is strongly induced in the early 

stages of influenza A virus infection in mice (Preusse et al., 2013). Further protective effects of 

itaconate on neurons exposed to RNA viruses have also been reported (Daniels et al., 2019). 

Additional roles have been identified in septic shock patients where IRG1 expression levels are up-

regulated in monocytes and correlate with the suppression of TLR-mediated production of pro-

inflammatory cytokines (e.g. TNF, IL-6, and IFN-β) (Li et al., 2013b). This regulation is mediated by 

the inhibition of the NF‐κB activation by A20 expression through a ROS-dependent manner (Li et al., 

2013b). In the context of sepsis, itaconate synthesis contributed to immune tolerance in human 

monocytes (Dominguez-Andres et al., 2019). This effect was reverted by β-glucan, a fungal cell wall 

component that exerts a long-term upregulation of innate immune function. Precisely, β-glucan 

reverted monocytes immunoparalysis by preserving the SDH pathway (Dominguez-Andres et al., 

2019). 

Cellular metabolism is a key mechanism by which metabolic rewiring plays a role in the 

establishment of disease tolerance and the induction of immunoparalysis  (O'Neill et al., 2016). 

Accumulating evidences have shown that the mammalian innate immune system can adapt its 
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functions following previous infections or vaccinations, a process termed as “trained immunity” 

(Netea et al., 2011). These results identify itaconate as a critical regulatory node linking metabolism 

with trained immunity and highlight the importance to modulate IRG1-itaconate-SDH axis as a 

mechanism to revert immune tolerance in disease.  

 

1.15. Role of itaconate in cancer 

 

Although the role of itaconate under inflammatory and infectious conditions are emerging, 

little work has yet been addressed regarding the function of the ACOD1/IRG1 axis in a tumour 

context, especially in GBM. Although its role in cancer is still unclear, itaconate is emerging as a 

critical metabolic component underlying the crosstalk between neoplastic cells and tumour-

associated macrophages.  

Acod1/Irg1 is highly expressed in mammalian macrophages during inflammation and in 

cancer. In cancer, microarrays analysis have shown that CD11b+ cells from the GL261 syngeneic 

models show significant increase of Irg1 expression compared to naïve controls (Szulzewsky et al., 

2015). Recent work has shown that itaconate metabolite is highly upregulated in peritoneal 

macrophages from tumour-bearing mice, which contributed to tumour progression (Weiss et al., 

2018). By using a lentiviral shRNA approach that specifically targets Irg1 expression on 

macrophages, they observed a drastic reduction of B16 tumour burden in the peritoneum. 

Mechanistically, they have shown that itaconate promotes tumour growth via OXPHOS-driven ROS 

expression on macrophages and concomitant ROS-mediated MAPK activation in tumour cells 

(Weiss et al., 2018).  

In conclusion, itaconate metabolism represents a crucial regulatory node for therapeutic 

interventions focused on TAM reprogramming in the TME. Particularly in GBM, characterized by a 

highly immunosuppressive environment, targeting of ACOD1/IRG1-itaconate axis represents a 

promising alternative to modulate the immunosuppressive profile of myeloid cells.  
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GBM is the most common primary brain tumour in adults characterized by an extensive 

transcriptional heterogeneity. The management of newly diagnosed GBM patients has not changed 

since the introduction of TMZ in 2005 and, until today, GBM remains an incurable tumour. Thus, 

given its poor response to current standard treatments, GBM represents an attractive target for 

immunotherapy. 

Within the tumour microenvironment (TME), TAMs are increasingly recognized as critical 

players in shaping the local microenvironment. In GBM, TAMs constitute up to 40% of the stromal 

compartment, outnumbering the infiltrating lymphocytes in the TME (Quail and Joyce, 2017). This 

scarcity of lymphocytes in the tumour microenvironment is in contrast with other tumour types, such 

as melanoma or lung cancer, therefore classifying GBM into the category of “cold tumours”.  Hence, 

due to their substantial number, genomic stability and their ability to infiltrate the tumour, TAMs are 

being pursued as key targets for the development of novel strategies for GBM patients. 

In GBM, TAMs are mainly composed of resident microglia, which colonize the brain early 

during development giving rise to a unique immune population in the CNS (Ginhoux et al., 2010; 

Sousa et al., 2017), and monocyte-derived macrophages, which infiltrate the CNS as a result of BBB 

impairment due to the growing tumour (Hambardzumyan et al., 2016).  

Due to significant advances on next generation sequencing techniques, it  is currently 

emerging that these two myeloid cell populations possess different adaptations in the TME, thus 

immunotherapies which seek to target TAMs indiscriminately may be counterproductive. For 

example, as TAMs critically depend on CSF-1 for their survival, differentiation and proliferation, 

murine gliomas tumour burden can be reduced following CSF-1R blockade (Pyonteck et al., 2013). 

However, clinical trials in GBM patients targeting CSF-1R have not shown increased overall survival 

(Butowski et al., 2016), suggesting that subsets of TAMs are resistant to CSF-1R inhibition.  

It has been shown that microglia and monocyte-derived macrophages react differently to 

various types of CNS insults (London et al., 2013). Notably, recent studies have uncovered distinct 

regional abundances of TAMs with a predominance of microglial cells in the invading edge of the 

tumour, while monocyte-derived macrophages are mainly located in the tumour core (Darmanis et 

al., 2017; Muller et al., 2017). Moreover, it is starting to emerge that differential in situ localization 

might be related with distinct functional adaptations of these cells in the TME. Recent work revealed 

that monocyte-derived macrophages are endowed with higher immunosuppressive potential in the 

tumour core compared to resident microglial cells (Pinton et al., 2019), thus suggesting distinct 

functional adaptations. Overall, these results are indicative of high levels of heterogeneity among 
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TAMs and harnessing their functional adaptive features is critical for the development of novel 

immune therapeutic strategies for GBM patients.  

Further, the role of intermediate metabolites of the TCA cycle is emerging as immune 

modulators and metabolic reprogramming is emerging as a promising strategy to re-educate TAMs 

in the TME. Recently, ACOD1/IRG1 has been shown to link metabolism to immunity by catalysing 

itaconate production from cis-aconitate, a tricarboxylic acid (TCA) cycle intermediate (Michelucci et 

al., 2013). Additionally, it has been shown that itaconate has the potential to skew macrophages 

towards an anti-inflammatory phenotype (Mills et al., 2018). For example, in sepsis context, itaconate 

synthesis contributed to immune tolerance in human monocytes (Dominguez-Andres et al., 2019), 

while promoted tumour growth in peritoneal tumours (Weiss et al., 2018).  

In this context, the work presented in this thesis focuses on elucidating TAM diversity in GBM, 

with a special focus on: 

1. TAM education along GBM progression 

2. TAM adaptation under ACOD1/IRG1 deficiency 

3. TAM functional adaptation across GBM landscapes 

 

Overall, our results contribute to elucidate the transcriptional diversity of TAMs and their 

diverse functional adaptations within the TME that might be taken into consideration for the design 

of novel anti-tumour immune strategies in GBM. 
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3.1. Animals 

 

Adult male and female 8–10 week old C57BL/6N mice (25–30g) and Acod1 KO C57BL/6N 

mice were bred in house. For the experiments, heterozygote animals were crossed to generate 

homozygote Acod1 KO mice and WT littermate controls, with their genotype confirmed by PCR. 

Immunodeficient Nu/Nu Nude adult females were obtained from Charles River Laboratories (France) 

and used to generate patient-derived orthotopic xenograft (PDOX) models. Animals were maintained 

under specific pathogen-free conditions, housed in 12 h light/dark cycle with ad libitum access to 

water and food. The handling of animals was performed in accordance to the Luxembourguish law 

(based on the European Directive 2010/63/EU) and all animal procedures were approved by the 

national authorities and the Animal Welfare Structure (AWS) at the LIH.  

 

3.2. GL261 murine glioma cell line 

 

Mouse glioma 261 (GL261) cells were cultured as adherent monolayers in DMEM containing 

10% FBS (Gibco/Life Technologies), 2 mM L-Glutamine (ThermoFisher Scientific) and 100 U/ml 

Pen-Strep (100 U/ml/; Gibco/Life Technologies). Cells were maintained at 37°C in a humidified 

atmosphere containing 5% CO2. Upon reaching 80% confluence, GL261 cells were trypsinized with 

0.05% Trypsin-EDTA (Gibco/Life Technologies), and total cell number was measured using the 

Countess Automated Cell Counter (Thermo Scientific). Cell viability was assessed with trypan blue. 

GL261 cells were tested as mycoplasma free (MycoAlert PLUS Mycoplasma Detection Kit, 

Westburg, The Netherlands) before mice implantation. For in vivo orthotopic implantation, GL261 

cells were re-suspended in serum-free medium. 

 

3.3. GBM intracranial models 

 

3.3.1. Syngeneic GL261 orthotopic model 

 

Mice were intraperitoneally (i.p) anesthetized with a mixture of ketamine (100 mg/kg) and 

xylazine (10 mg/kg) and placed in a stereotactic frame. Subsequent subcutaneous administration of 

local anhestetic (Marcain 0.25% with Adrenalin) was slowly delivered before GL261 tumour cell 
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implantation. In vivo orthotopic implantation was performed by administrating 1 µl of 500 GL261 cells 

in the frontal cortex of the brain using a Hamilton syringe (Hamilton, Reno, NV, USA). Mice were 

monitored weekly for the first 2 weeks and daily from day 15 post-implantation, due to the fast 

growing tumour. Magnetic resonance imaging (MRI) was performed weekly upon 15 post-

implantation to assess tumour volume. When tumours reached early (5-10 mm3), intermediate (20-

25 mm3) and late (30-35 mm3) stage of tumour progression, wild type (WT) and age-matched 

ACOD1/IRG1 knock-out (KO) C57BL/6N mice were sacrificied and the brains isolated for the 

respective analyses.  

 

3.3.2. Patient-derived orthotopic xenograft models 

 

Human glioma biospies from P8 (invasive tumour phenotype) and P13 (angiogenic tumour 

phenotype) patients were obtained from Haukeland University Hospital (Bergen, Norway) upon 

approval of the local ethics committee. 3D organoids from patient biopsies were prepared as 

previously described (Bougnaud et al., 2016) and the correspondent biopsies were diagnosed as 

grade 4 GBM IDH wildtype. Tumour biopsies were mechanically minced without enzymatic digestion 

for the generation of organotypic spheroids, as previously published by the NORLUX Neuro-

Oncology Laboratory (Golebiewska et al., 2013). Briefly, the minced tumour pieces were seeded on 

agar coated flasks, forming spheroids whithin 7-10 days in DMEM 4.5g/L glucose w/o L-glutamine 

(Lonza) supplemented with 10% Fetal Bovine Serum (FBS) (ThermoFisher Scientific), 10 000U/ml 

Penicillin and Streptomycin (Pen-Strep) (Sigma-Aldrich), 200mM UltraGlutamine I (Lonza) and 

10mM Non-Essential Amino Acid Solution (Lonza). Ressuspended in serum-free medium, viable 

organoids of approximately 400 – 1000 µm size were collected and used for in vivo implantation (6 

organoids per mouse) in the right frontal cortex of immunodeficient Nu/Nu Nude mice (Charles River 

Laboratories, France).  

 

3.4. Tumour volume measurement 

 

Tumour volume was measured by Magnetic Resonance Imaging (MRI) on a 3T preclinical 

horizontal bore scanner (MR Solutions, Guilford, UK), equipped with a quadrature volume coil 

designed for mouse head imaging. Animals were placed prone in the cradle and maintained asleep 

during the duration of the scans, using 2-3% isoflurane mixed with oxygen. The body temperature 
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was kept constant at 37°C and breathing was monitored throughout the scan sessions. Anatomical 

series were used to screen the animals and calculate tumour volumes. The Fast Spin Echo T2-

weighted 2D sequence protocol was used with the following acquisition parameters: TE: 68 ms, TR: 

3000 ms, echo train: 8, averages: 4, plane resolution: 256 μm, slice thickness: 1 mm, slices: 15, 

orientation: coronal. The total scanning time for T2 weighted scan took 6 minutes and 12 seconds. 

Tumour volume was measured on ImageJ software (NIH, Bethesda, MD, USA) using the polygon 

selection tool and the delineated area was measured by analysis tool. Tumour  volume was 

measured as the sum of areas obtained by delineating the tumour in each slice and multiplying by 

slice thickness (1mm).  

 

3.5. Survival analysis 

 

Mice survival analyses were performed according to humane endpoints guidelines, including 

loss of locomotor activity, weight loss (up to 20%) and central nervous system symptoms. The 

survival time was measured from the day of tumour cell implantation to the day of euthanasia and 

median mouse survival time was calculated for each group. 

 

3.6. Single cell RNA-sequencing using Droplet-Sequencing 

 

3.6.1. Tissue collection and dissociation  

 

Mice were deeply i.p anaesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 

mg/kg) and transcardially perfused with ice-cold PBS. Brains were rapidly removed and further tissue 

processing was performed at 4°C. In sterile conditions, the olfatory bulbs and cerebellum were 

discarded and either full brain (naïve samples) and tumour core regions (with the exception of the 

invasive tumour phenotype) were minced with scalpels until few pieces were observed. The 

respective tissues were collected into 50ml tube containing HBSS w/o Ca2+/Mg2+ (Sigma-Aldrich).  

For single cell RNA-sequencing (scRNA-seq) experiments, naïve and tumour-bearing mice 

from both syngeneic GL261 and GBM PDOX models were used (Table 2) and processed 

accordingly.  

 
Table 2. List of samples used for scRNA-seq using the Droplet-seq methodology. 
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Syngeneic GL261 Mice strain Tumour stage Tumour volume  

Naïve C57BL/6N 
Immunocompetent 

mice 
 

NA NA 
Early  Early 5-10 mm3 

Intermediate Intermediate 20-25 mm3 
Late Late 30-35mm3 

PDOX models Mice strain Tumour stage Tumour volume 
Naïve Nu/Nu 

Immunocompromised 
mice 

NA NA 
Invasive tumour phenotype Late Tumour present in 

both hemispheres 

Angiogenic tumour 
phenotype 

Late 40-50mm3 

 
NA: not applicable 

 

To obtain a single cell suspension, tissues were dissociated using the Neural Dissociation 

Kit P (MACS Miltenyi Biotec) following the manufacturer’s instructions. Briefly, cell pellets were 

resuspended in prewarmed EM1 solution (50μl of Enzyme P, 1900μl of Buffer X and 2,5μl of 2 -

mercaptoethanol) and incubated for 15 minutes at 37°C by reverting the tube every 5 minutes. Next, 

freshly prepared EM2 solution (20μl of Buffer Y and 10μl of Enzyme A) was added to the cell pellet 

and tissue was mechanically dissociated as described below.  

For the syngeneic GL261 model, the cell suspension was loaded into the “C tubes” of the 

gentleMACS Dissociator (gentleMACS™ Octo Dissociator with Heaters, Miltenyi Biotec). The 

following 37C_ABDK_01 program was used to dissociate the brain tissue (>100 mg). Upon 

centrifugation, the myelin was removed using the Myelin removal beads kit (Myelin Removal Beads 

II, MACS Miltenyi Biotec) accordingly to the manufacturer’s instruction (for 500 mg of tissue). 

Specifically, the cell suspension was resuspended in 1800 µL of MACS buffer and incubated with 

200 µl of myelin Microbeads (MACS Miltenyi Biotec) at 4ºC for 15 min. Cells were washed, 

centrifuged for 10 min at 300g and suspended in MACS buffer (3 x 1000 µl/mouse brain). The cell 

suspension was applied into the LS columns (1000µl/each column) and the eluted fraction was 

collected in 2% of BSA RNAse free solution before Drop-seq loading. 

For the GBM PDOX models, the cell suspension was manually dissociated using glass 

pipettes and incubated for 10 minutes at 37°C, by inverting the tube every 5 minutes. If pieces still 

remained visible, another mechanical dissociation was repeated and cells were washed with HBSS 

w/o Ca2+/Mg2+ (Sigma-Aldrich). To distinguish human tumour cells from host murine cells, PDOXs 

single suspension was FACS-sorted (for the invasive tumour phenotype) or MACS-purified (for the 

angiogenic tumour phenotype). Regarding the FACS-sorted samples, we separated hCD90 positive 

human tumour cells from hCD90 negative stromal cells. MACS-purified samples were obtained using 
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the Myelin removal beads kit (Myelin Removal Beads II, MACS Miltenyi Biotec) accordingly to the 

manufacturer’s instruction, as described above. An additional step was performed using the mouse 

cell depletion kit (MACS Miltenyi Biotec) following the manufacturer’s protocol. Specifically, this step 

allows for the enrichment of murine stromal cells over human patient tumour cells. Briefly, cell pellet 

was resuspended in 80µl of cold HBSS with 0.5% BSA (Sigma-Aldrich) and incubated with 20µl of 

cell depletion cocktail for 1x107 total cells at 4ºC for 15 min. Cells were washed, centrifuged for 10 

min at 300g, applied to the LS columns (500µl/each column) and the eluted fraction was collected 

in 2% BSA RNA-free solution before Drop-seq loading.  

Prior to cell loading on the Drop-seq microchips, cellular viability was assessed. All samples 

analysed in this work had a cell viability above 90-95%. Microfluidic devices were fabricated using a 

previously published design (Macosko et al., 2015) and subsequent steps, such as cells handling, 

microfluidics fabrication, single cell droplet encapsulation and next-generation sequencing 

preparation for Drop-seq libraries were done as previously described (Sousa et al 2018).  

 

3.6.2. Bioinformatic processing  

 

The FASTQ files were assembled from the raw BCL files using Illumina’s bcl2fastq converter 

and ran through the FASTQC codes [Babraham bioinformatics; 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/] to check for the consistency in the 

library qualities. The monitored quality assessment parameters were: a) quality per base sequence 

(especially for the read 2 of the gene); b) per base N content; c) per base sequence content and d) 

over-represented sequences. The libraries, which showed significant deviation, were re -sequenced. 

Then, the FASTQ files were merged and converted to binaries using PICARD’s fastqtosam 

algorithm. We have applied the Drop-seq bioinformatics pipeline (Macosko et al., 2015). The 

sequencing reads were converted to digital gene expression (DGE) matrix. To normalize for the 

transcript loading between the beads, the averaged normalized expression levels (log2(TPM+1)) 

were calculated. To distinguish between cell-containing and empty beads, a cumulative function of 

the total number of transcripts per barcode was plotted. Then, a threshold was applied empirically 

on the resulting “knee plot” to estimate the beads exposed to the cell content. For each experimenta l 

batch, we retained top 1’000 cell barcodes based on the cumulative distribution, leading to 8’000 

cells. We removed low-abundance genes and only genes that were expressed in at least 30 cells 

were considered for further analysis. We additionally removed cells expressing less than 1’000 

genes. Lastly, we concatenated each batch in a single matrix of the following dimensions: 5’659 cells 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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x 18’338 genes. These pre-analytical filtering steps were processed using R environment with the 

tidyverse package. The tSNE projection was processed with the Rtsne package with a perplexity = 

50, followed by a topological clustering with the library HDBSCAN (Hierarchical DBSCAN with a 

minimum of 19 points - cells - for a cluster to be considered). We conducted statistical analysis for 

significant expression between groups using pairwise Wilcoxon test, while p-values were adjusted 

with Benjamini Hochberg (BH) method.  

Single cell trajectory inference analysis was done with Monocle 2 in R (version 3.6.3) using 

default parameters (Qiu et al., 2017; Trapnell et al., 2014). The branching method orders cells along 

a trajectory based on gene expression similarities. Monocle 2 uses reversed graph embedding to 

describe multiple fate decisions in a fully unsupervised manner. Branches in the trajectory represent 

cell fate decisions through a developmental process. 

Data visualization and exploration were performed using the Tableau Desktop software 

(Seattle, USA). The respective digital gene expression (DGE) matrix generated was integrated into 

Tableau Prep Builder (Seattle, USA) and the workflow was design in order to generate the Tableau 

Data Extract hyper file for data visualization. For data dimensionality reduction and heat-maps 

representation, we used FlowSOM advanced analysis from Cytobank (Santa Clara, CA). Here, we 

selected the top 40 differentially expressed genes (p-value ≤ 0.01) across the corespondent 

comparisons, which was further merged in n = 49 clusters and n = 10 metaclusters. The output files 

were used for the generation of two-way hierarchical heat-maps using the Glucore (version 3.5, 

Lund, Sweden) software.  

 

3.6.3. Gene Ontology analysis 

 

The DAVID (The Database for Annotation, Visualization and Integrated Discovery) gene 

functional classification tool (http://david.abcc.ncifcrf.gov) was used to investigate and interpret the 

respective functional biological terms from the large gene lists of differentially expressed genes  

(DEGs). Representation of gene ontology (GO) terms enrichment was done on Cytoscape Software 

(National Institute of General Medical Sciences, https://cytoscape.org/). Each node represents a GO 

term and the size of each node is proportional to the number of genes from the correspondent query 

set with that term. Only nodes with p-value < 0.001 were chosen for network representation. 

 

3.7. Adult CD11b+ myeloid cells isolation  



 

40 

 CHAPTER 3 

 

Mice were deeply i.p anaesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 

mg/kg) and transcardially perfused with ice-cold PBS. Brains were rapidly removed and the tissue 

was processed as previoulsy described. Upon tissue dissociation, cells were passed through a 70μm 

sterile filter and the total number of cells were counted using a hemocytometer . Myeloid cells were 

enriched by magnetic separation using CD11b+ beads (MACS Miltenyi Biotec). Briefly , 1 × 107 cells 

were resuspended in 90 µl of PBS supplemented with 0.5% BSA (Sigma-Aldrich) and 2 mM EDTA 

(MACS buffer) and incubated with 10 µl of CD11b beads (MACS Miltenyi Biotec). The cell 

suspension was incubated at 4°C for 20 min, washed and pelleted in 500 μl of MACS buffer at a 

density of 1 × 108 cells. The cell suspension was applied into the LS columns (MACS Miltenyi Biotec) 

and the CD11b+ fraction was eluted. The purity of CD11b+ isolated cells was analysed by flow 

cytometry.  

 

3.7.1. Flow cytometry 

 

Enriched CD11b+ populations from tumour-bearing mice were ressuspended in ice-cold flow 

buffer (HBSS with 2% FBS and 10 mM HEPES) at density of 1 x 106 cells in 100 μl volume. Cell 

pellets were blocked with Fc receptor binding inhibitor (anti-mouse CD16/CD32 monoclonal 

antibody; 1:100; eBioscience) for 15 min at 4ºC to reduce binding of non -specific Fc-gamma 

receptors. After incubation, cells were washed and subsequently stained with 1ug/ml of amine 

reactive fluorescent dye Zombie NIR (1:1000 dilution in PBS; Biolegend) for 30 minutes at room 

temperature for dead cell discrimination (with the exception for the unstained tube). Next, 

fluorochrome-conjugated antibodies were added in flow buffer at 4°C for 30 minutes in the dark (see 

Table 3). Before acquisition, the performance of the instrument was assessed using CS&T beads 

according to the manufacturer’s instructions. Single-stain controls were prepared with UltraComp 

eBeads (eBioscience) following the manufacturer’s instructions and thus used to calculate the 

compensation matrix. Samples were run on FACSAria IIu SORP cytometer (Becton Dickinson) and 

flow cytometry data was analysed using FlowJo software (v. 10.6.1, Becton Dickinson).  

Table 3. List of antibodies used for flow cytometry. 

Epitope Conjugate Clone Supplier Dilution Catalog 
mLy6C  PB HK1.4 Biolegend 0.5µl/test 128014 
hCD90  BV605  Biolegend 5µl/test  
mLY6G  BV785 1A8 Biolegend 2.5ul/test 127645 
mCD74  FITC In-1 BD pharmigen 5µl/test 561941 
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mCD45 FITC 30-F11 eBioscience 1µl/test  
mCD11b  PERCPCY5.5 M1/70 eBioscience 5µl/test 550993 

mP2RY12 PE 16007D eBioscience 5µl/test 848003 

mMHC-II  APC F6-120,1 Biolegend 5µl/test 116418 
mC206  APC C068C2 Biolegend 2.5ul/test 141708 

mCD16/CD32 NA 93 eBioscience 1µl/test 14-0161-82 
Zombie NIR™ 

Fixable Viability Kit 
  Biolegend 0.5µl/test  

in PBS 
23106 

 

3.7.2. Cell proliferation  

 

Ex vivo CD11b+ isolated cells from naïve and tumour-bearing mice were directly seeded in 

96-well plate in DMEM-F12 containing 10% FBS (Gibco/Life Technologies) and 100 U/ml Pen-Strep 

(100 U/ml/; Gibco/Life Technologies). The plates were transferred into the Incucyte ZOOM (Essen 

Bioscience, MI USA) platform and cells were kept inside the cell incubator at 37°C/5% CO2 for 48h. 

Cell proliferation was quantified by applying a phase contrast mask enabling the identification of 

cells/per field. 10X objective was used for imaging acquisition.  

 

3.8. Ex vivo functional assays 

 

3.8.1. Transwell migration and invasion assays 

 

Ex vivo CD11b+ migratory abilities were assessed using 8µm pore size boyden chambers 

(Thincert cell culture inserts, Greiner), fitting into 24-well plate. 100’000 cells were sedeed in the 

upper part of the boyden chambers in DMEM-F12 medium. Upon 48 hours, cells were fixed in 4% 

PFA for 15 minutes and washed briefly 2 times in PBS. Cells were stained with DAPI for 15 minutes 

and washed 2 times in PBS before imaging. Migratory cells were quantiifed by counting the number 

of cells on the lower side of the membrane under light microscope with a 20x magnifying objective 

(5 representative fields per membrane). Experiments were conducted in 3 biological replicates (each 

with 2 technical replicates). The data was normalized according to the respective proliferation index 

and is represented as percentage of cells that migrated relative to the initial number of cells. 

 

3.8.2. Phagocytic assay 
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Ex vivo CD11b+ phagocytic abilities were measured using the pHrodo Red E.coli bioparticles 

(Essen Bioscience, MI USA ), according to the manufacturer’s instructions. Briefly, 100’000 CD11b+ 

freshly isolated cells were plated into the 96 well-plates in 100ul and left for 2h to adhere. pHrodo 

Red E.coli bioparticles were added at 1 μg/ml and the plates were transferred into the Incucyte 

ZOOM (Essen Bioscience, MI USA) platform. Four images per well from at least three technical 

replicates were taken every hour for 48 h using a 10× objective and then analyzed using the IncuCyte 

Basic Software. Red channel acquisition time was 800 ms and corresponding red channel 

background noise was subtracted with the Top-Hat method of background non-uniformity correction 

with a radius of 20 μm. Red fluorescence signal was quantified applying a mask and the parameter 

red object area was extracted for data analysis and visualization. 

 

3.9. Differentiation of murine bone marrow-derived macrophages and co-culture 

experiments with GL261 cells 

 

Bone-marrow cells were obtained by flushing the tibia and femurs of WT and Acod1 KO adult 

mice. Briefly, mice were euthanized and their legs were removed. Bone marrow precursors were 

flushed out and cell suspension was further incubated with red blood cells hypotonic lysis buffer. 

After washing, cells were plated in DMEM media containing 10% FBS supplemented with 20% of 

L929 supernatant for seven days for full differentiation of bone marrow-derived macrophages 

(BMDMs).  

GL261 and BMDMs were co-cultured in 1:1 mix in DMEM medium containing 10% FBS. 

GL261 cells were plated on top of 1 µm pore size Boyden chambers (Thincert, Greiner), whereas 

BMDMs were plated on the bottom of the 6-well plates. RNA was extracted from BMDMs at 0, 24 

and 48 hours. 

 

3.10. RNA extraction and RT-qPCR 

 

Total RNA was extracted from BMDMs and freshly isolated CD11b+ cells from naïve and 

tumour-bearing mice at late stage using the RNeasy Mini Kit (Qiagen, Germantown, MD) according 

to the manufacturer's instructions. RNA concentration was quantified by NanoDrop (NanoDrop 

Technologies) and RNA quality was assessed by the quotient of the 28S to 18S ribosomal RNA 

electropherogram peak using a bioanalyser (Agilent 2100; Agilent Technologies). For cDNA 
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synthesis, RNA was reverse‐transcribed using SuperScript™ III reverse transcriptase (10,000 U; 

Invitrogen/Life Technologies) with 1 μl (50μM)/reaction oligo(dT)20 (25 μM; Invitrogen/Life 

Technologies) as primer according to the manufacturer's instructions. Reverse transcription was 

performed at 50°C for 60 min. Gene expression reaction mixtures contained 2 μl of diluted cDNA, 

10 μl of Fast SYBR Green Master Mix (Applied Biosystems/Thermo Fisher Scientific) and 0.5 μl of 

each 10 μM forward and reverse primers. PCRs were carried out in 384 ‐well plates on a ViiA™ 7 

real‐time PCR system (Applied Biosystems/Thermo Fisher Scientific) using the following program: 

95°C for 20 s, 40 cycles at 95°C for 1 s and 60°C for 20s. Samples were run in triplicates, and the 

mean Ct (threshold cycle) values were used to calculate the relative amount of product by the ΔΔCt 

method using 60S ribosomal protein L27 (Rpl27) as housekeeping gene. The specific primer 

sequences are listed in Table 4.  

Table 4. PCR primer pair sequences used in this work. 

 
Gene PCR primer sequenceS (5’-3’) 
Acod1 Forward: GCAACATGATGCTCAAGTCTG 

Reverse: TGCTCCTCCGAATGATACCA 
Cd74 Forward: GACCCAGGACCATGTGATGC 

Reverse: TCCTGGCACTTGGTCAGTACTTTA 
H2-Ab1 Forward: TCACTGTGGAGTGGAGGGCA 

Reverse: GGCAGTCAGGAATTCGGAGC 
H2-Aa Forward: TCTGTGGAGGTGAAGACGAC 

Reverse: AGGAGCCTCATTGGTAGCTGG 
Irf1 Forward: ACTCGAATGCGGATGAGACC 

Reverse: GCTTTGTATCGGCCTGTGTG 
Tyrobp Forward: ATGCGACTGTTCTTCCGTGA 

Reverse: TTGTTTCCGGGTCCCTTCC 
Trem2 Forward: CTTGCTGGAACCGTCACCAT 

Reverse: ACAGGATGAAACCTGCCTGGA 
Itgax Forward :TTTGGCTTCCCAGACTTGAAGA 

Reverse: TGCTGTCACACATGAGGTGC 
L27 Forward: ACATTGACGATGGCACCTC 

Reverse: GCTTGGCGATCTTCTTCTTG 

 

3.11. Immunofluorescence staining and confocal microscopy imaging 

 

Naïve and tumour-bearing brains were isolated as previously described and immediately 

fixed in PFA for 2 days at room temperature. In order to cryopreserve the tissue quality for further 

imaging analysis, the brain tissue was further immerged in 30% sucrose solution for two days at 

room temperature and subsequently stored at -80C. Coronal sections of 12 µm tickness were 

prepared adopting the standard protocol with minor modifications (Buttini et al., 1999). Briefly, 
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sections were fixed with PFA 4% during 10 minutes and washed twice with PBS, permeabilised (PBS 

with 1.5% Triton X-100), blocked (PBS with 5% BSA) and incubated with the following primary 

antibodies (Table 5). Secondary antibodies against the appropriate species were incubated for 2h 

at room temperature. Cell nuclei were counterstained with Hoechst (1 mg/ml; Sigma). Sections were 

mounted on glass slides and cover slipped using FluoromountTM Aqueous Mounting Medium 

(Sigma-Aldrich).  

 

Table 5. List of primary and secondary antibodies used in this study. 

 

Primary Host Clone Company Catalog Dilution 
Anti-IBA1 Rabbit N/A Biocare Medical CP 290A 1.1000 

Anti-MHC-II Rat NIMR-4 Abcam ab25333 1:00 
Anti-CD11c Mouse 3.9 Abcam ab11029 1:200 

Anti-CD74 FITC Rat In-1 BD Pharmingen 561941 1:50 
Anti-Irf1 Mouse E-4 Santa Cruz 

Biotechnology 
sc-514544 1:100 

Secondary Host Conjugate Company Catalog Dilution 

Anti-Rabbit IgG Goat/IgG Alexa Fluor 
555 

Thermo Fisher A-11039 1:500 

Anti-Mouse IgG  Goat/IgG Alexa Fluor 
647 

Thermo Fisher A-11037 1:500 

Anti-Rat IgG Goat/IgG Alexa Fluor 
488 

Thermo Fisher A-21244 1:500 

 

Fluorescence imaging of the distinct tumour sections was performed by acquiring at least 5 

random 40X or 63X confocal images along the tumour margin and the tumour core with a Zeiss 

LSM880 microscope (Jena, Germany). High-resolution XYZ stack images (1.024 x 1.024 pixels per 

Z step) were taken with a step size of 0.50 µm. Cell quantifications were peformed using NIH ImageJ 

software (Bethesda, United States). The number of IBA1 positive cells per field and respective IBA1 

surface area were analysed. Surface area measurements were done on Fiji software by applying a 

threshold (min:40-50; max=255) and random cells per field were selected for surface area 

measurements. Otherwise mentioned, at least 3 mice per condition were analysed and data from 

single mouse is represented with a disticnt shape in the graphs. Hoechst staining was used as 

reference for tumour localization. 

 

3.12. Raw data files 
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All relevant datasets were merged in a single supplementary file attached to the thesis. We 

deposited the raw scRNA-seq data from the GL261 analyses in Gene Expression Omnibus (GEO) 

database under the accession number GSE158016. 

 

3.13. Statistical analysis 

 

Data were analysed using the GraphPad Prism 8 software (GraphPad software, La Jolla, CA, 

USA) and R environment (R Core Team, Vienna, Austria). Unless otherwise indicated, all data are 

presented as mean ± standard error of the mean (SEM) of at least three independent biological 

experiments. Statistical analysis was carried out with GraphPad Prism 8 software (GraphPad 

software, La Jolla, CA, USA). Differences were considered significantly different at p value <0.05 

and were annotated as follows: * p< 0.05, ** p< 0.01, *** p< 0.001 and ns > 0.05. 

 



 

 

  



 

47 

 CHAPTER 4 

  

CHAPTER 4 

RESULTS 

  



 

48 

 CHAPTER 4 

I. Elucidating tumour-associated microglia/macrophage diversity along 

Glioblastoma progression and under aconitate decarboxylase 1 deficiency 

 

4.1. Single-cell transcriptomics reveals cellular diversity in naïve and GL261 tumour-bearing 

wildtype and ACOD1/IRG1 KO mice 

 

 To investigate the heterogeneity of the TME in GBM, both at baseline and under 

ACOD1/IRG1 deficiency along tumour progression, we analysed brain tissue from naïve and GL261 

tumour-bearing mice at early (5-10 mm3), intermediate (20-25 mm3) and late (30-35 mm3) stage in 

wildtype (WT) and age-matched ACOD1/IRG1 knock-out (KO) mice by single cell RNA-sequencing 

(scRNA-seq) (Figure 10). We took advantage of the GL261 syngeneic murine model as a widely 

used paradigm for immunotherapy studies in GBM (Oh et al., 2014). Importantly, this model allows 

investigating the TME in immunocompetent mice which, differently from the immunodeficient 

models, includes an intact lymphocytic compartment. 

 

 

Figure 10. Flowchart depicting the overall design of the study. Naïve- and macro-dissected 
brain tumour regions from both WT and ACOD1/IRG1 KO mice were processed. Samples were 
collected at different time points (early: 5-10 mm3; intermediate: 20-25 mm3; late: 30-35 mm3) 
according to tumour volume measured by MRI. Respective samples were loaded using the Drop-
seq methodology for scRNA-seq.  

 

Following pre-analytical filtering of the scRNA-seq experiments, we obtained a matrix 

composed of 5’659 single cells (n = 18’338 genes). In order to reduce the dimensionality of the 

matrix, we applied t-Distributed Stochastic Neighbourhood Embedding followed by unsupervised 

topological clustering with DBSCAN on the 2D projection of the tSNE. We identified 12 cell clusters 

with distinct gene expression signatures, irrespective of the tumour burden and genotype ( Figure 

11A). We annotated 11 of them (n > 30 cells) based on cell type-specific gene markers (Cahoy et 

al., 2008; Tasic et al., 2016) and gene set enrichment analysis of up-regulated genes in the 
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correspondent clusters. Specifically, in addition to tumour cells (Cd44+, n = 3’332 cells), we identified 

10 stromal clusters that we classified as pericytes (Dbi+, n = 61 cells), lymphocytes (Trac+, n = 178 

cells), ependymal cells (Ttr+, n = 73 cells), endothelial cells (Pecam1+, n = 328 cells), astrocytes 

(Slc1a2+, n = 289 cells), oligodendrocytes (Plp1+, n = 365 cells), oligodendrocyte precursor cells 

(OPCs, Pdgfra+, n = 60 cells), neural stem cells (NSCs, Meg3+, n = 36 cells) and myeloid cells 1 

and 2 (Itgam+, n = 836 cells) (Figure 11B).  

 

Figure 11. Stromal cell type diversity in naïve and GL261 tumour-bearing mice at different 
tumour stages, both from wildtype and ACOD1/IRG1 knock-out mice. (A) 2D-tSNE 
representation of all single cells included in the study (n = 5’659 cells) grouped within 12 cell clusters. 
(B) Cell type-specific markers allowing the identification of stromal cell types: pericytes (Dbi), 
lymphocytes (Trac), ependymal cells (Ttr), endothelial cells (Pecam1), astrocytes (Slc1a2), 
oligodendrocytes (Plp1), oligodendrocyte precursor cells (OPCs, Pdgfra), neural stem cells (NSCs, 
Meg3), myeloid cells 1 (Itgam) and 2 (Itgam). See Figure 12 for additional cell type-specific markers 
used for clusters annotation. 

 

Cells in the additional small subset (n = 20 cells) expressed myeloid markers (e.g. Itgam, 

Aif1), but clustered independently from the annotated main myeloid clusters (Figure 11A). Further, 

the analyses of additional specific markers provided robust molecular definitions of the major cell 

types present in the brain of naïve and tumour-bearing mice (Figure 12). 
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Figure 12. Gene expression levels of distinct cell-type specific markers analysed by scRNA-
seq in the GL261 syngeneic murine model and naïve mice.  Bar plots of additional cell type-
specific markers. Pericytes (Nnat, Hdc, Kif6), lymphocytes (Trbc2, Ptprc, Ptprcap), ependymal 
(Enpp2, Arl6ip1, Igf2), endothelial (Bsg, Flt1, Ptprb), astrocytes (Aldoc, Aqp4, Gpr37l1), 
oligodendrocytes (Mbp, Cldn11, Mobp), OPCs (Tnr, Cacng4, Olig2), NSCs (Snap25, Syt1, Snhg11), 
myeloid cells 1 and 2 (Apoe, Aif1, Plek), tumour cells (Vim, Cd44, Sox2) Abbreviations: OPCs, 
Oligodendrocyte precursor cells; NSCs, Neural stem cells. 
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Finally, as GBM is an archetypal heterogeneous tumour characterized by a significant extent 

of common genetic alterations affecting tumour progression (Patel et al., 2014), we verified the 

expression levels of specific oncogenes in the GL261-implanted mice. In line with previous studies 

(Szatmari et al., 2006), Myc and Trp53 were the main highly overexpressed genes in tumour cells 

compared to non-malignant cells (Figure 13). 

 

Figure 13. Expression levels of tumour cell oncogenes in the GL261 GBM murine model. Myc 
and Trp53 gene expression levels across tumour cells and the main 10 stromal cell-types identified 
by scRNA-seq. Unpaired Student t test. Data are presented as mean ± SEM, *** p < 0.001. 

 

Under homeostatic conditions, microglia, endothelial cells, astrocytes and oligodendrocytes 

represented 83.5% of all cells in the naïve CNS. Pericytes, ependymal cells, neural stem cells and 

resident macrophages composed the remaining 16.5% of the cells (Figure 14A-B). Focusing on the 

TME, we observed that lymphocytes, OPCs and a subset of myeloid cells were solely present in 

tumour-bearing mice (Figure 14A). Similar to GBM patients, the myeloid compartment constituted 

the biggest cluster, representing 39.3% in the TME of the GL261 GBM mouse model (Figure 14B).  
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Figure 14. GBM induces the emergence of cells in the TME that are absent in the homeostatic 
CNS. (A) 2D-tSNE representation showing naïve (in black) and tumour-associated (in red) cells. (B) 
Pie charts representing cell-type proportions of 2’282 isolated cells from naïve mice and 3’377 
isolated cells from tumour-bearing mice. 

 

Next, a direct comparison of tumour-associated cells (myeloid cells, endothelial cells, 

oligodendrocytes and astrocytes) versus the corresponding cells in naïve mice enabled to identify 

differentially expressed genes (p value < 0.01; log FC > ± 0.5) (Table S1). Among them, myeloid 

cells displayed the highest number of up-regulated genes (n = 574) followed by endothelial cells (n 

= 178), oligodendrocytes (n = 18) and astrocytes (n = 7) (Figure 15A), thus indicating a prominent 

adaptation of the myeloid compartment in the TME of GBM. Similar findings have been described 

also in patients (Darmanis et al., 2017; Venteicher et al., 2017).  

We detected cell-type specific up-regulated genes across the four CNS resident cells (Figure 

15B). Notably, all four cell types displayed a shared antigen processing and presentation gene 

signature (e.g. H2-D1, H2-K1 and B2m) (Table S1).  
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Figure 15. Myeloid cells display prominent transcriptional adaptation in the TME compared 
to tumour-associated endothelial cells, oligodendrocytes and astrocytes. (A) Up-regulated 
genes in tumour-associated clusters compared to corresponding naïve cell types (myeloid cells, 
endothelial cells, oligodendrocytes and astrocytes). (B) Examples of the most up-regulated genes 
(p value < 0.01, logFC > 0.5) per cell type in tumour-bearing mice. 

 

Neo-angiogenesis is an important component of tumorigenesis in GBM and various roles of 

TAMs contributing to angiogenesis have been described (Zhu et al., 2017). Since TAMs are 

described to actively contribute to this process, we analysed common differentially expressed genes 

between myeloid and endothelial cells versus the correspondent naïve cells (Table S2). We 

observed common genes involved in angiogenesis (e.g., Anxa2, Spp1, Gpx1, Itgb1, Ncl, Mmp14, 

Ptgs2, Nr4a1, Vim and Junb), indicating that TAMs participate to local angiogenesis in GBM. 

Additionally, we observed that more than 90 genes (e.g. Cd74, B2m, Calr, H2-K1, H2-d1, H2-Q7, 

Psmb1, Psmb8, Cd63 and Junb) were up-regulated in both tumour-associated endothelial and 

myeloid cells (Table S2), indicating that the endothelial compartment is also an active immune 

modulator of the TME in GBM. 

 

4.2. Tumour-associated myeloid cells in Glioblastoma are heterogeneous and display distinct 

transcriptional programmes 

 

In GBM, resident parenchymal microglia are difficult to segregate from peripheral infiltrative 

immune cells, which prevalently constitute the myeloid compartment of the TME. Thus, we took 

advantage of our scRNA-seq dataset obtained in WT mice to analyse the expression of known 

microglia and monocyte-derived macrophage markers across naïve and the two TAM subsets 
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identified by 2D-tSNE (Figure 16A). Naïve and TAM I clusters showed high expression levels of the 

microglia homeostatic genes (e.g. Gpr34, Hexb, P2ry12, Siglech, Sparc), while these genes were 

almost undetectable (except Hexb) in the TAM II cluster. Accordingly, the TAM II cluster exhibited 

high levels of macrophage markers (e.g. Arg1, Ccr2, Ly6c2, Mrc1, Tgfbi) (Figure 16B). These 

observations were supported by flow cytometry analyses of the macro-dissected tumour region to 

discriminate CD11b+ P2RY12+ from CD11b+ P2RY12-/low cells (Figure 16C). Compared to naïve 

mice, where more than 90% of CD11b+ cells were P2RY12+ resident microglial cells, the percentage 

of CD11b+ P2RY12+ cells in tumour-bearing mice was significantly reduced (mean 58.16 ± 5.6 %) 

(Figure 16C-D).  

 

 

Figure 16. Microglia- (TAM I) and macrophage-like (TAM II) subsets identification in naïve and 
tumour-bearing mice. (A) Colour-coded 2D-tSNE representation showing three distinct myeloid 
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cell subsets in WT mice: naïve, TAM I and TAM II clusters. (B) 2D-tSNE representation showing the 
expression of microglia homeostatic genes (Gpr34, Hexb, P2ry12, Siglech and Sparc) and 
macrophage-like markers (Arg1, Ccr2, Ly6c2, Mrc1 and Tgfbi). (C) Representative flow cytometry 
gating strategy. (i) Cells of interest were gated based on forward (FSC) and side scatter (SSC). (ii) 
Doublets were excluded based on the forward scatter height (FSC-H) versus forward scatter 1016 
area (FSC-A). (iii) Zombie NIR-APC.Cy7 was used to discriminate living cells. (iv) CD11b-
PERCP.Cy5 was used to gate the myeloid compartment. Lastly, we gated P2RY12- and P2RY12+ 
expressing cells in (v) naïve and (vi) tumour samples. (D) Percentage of CD11b+ P2RY12+ cells in 
naïve (n = 4) and tumour-bearing mice (n = 3) quantified by flow cytometry in naïve (black) and 
tumour-bearing mice (red) (1 biological replicate). Bars represent mean ± SEM, ** p < 0.01. 

 

The presence of heterogeneous TAM subsets in GBM was further supported by the overall 

higher number of differentially expressed genes between naïve microglia and tumour -associated 

monocytes/macrophages (up = 943 genes, down = 111 genes) compared to tumour -associated 

microglia (up = 574 genes, down = 17 genes) (Figure 17A, Table S3).  

Hierarchical clustering based on the top 40 differentially expressed genes with the lowest p -

value between naïve, microglia- and macrophage-like cells (Table S4) revealed, in agreement with 

their different ontogeny, a less pronounced difference between naïve and tumour -associated 

microglia compared to the monocyte/macrophage cluster (Figure 17B). In line with the decrease of 

homeostatic genes in microglia under inflammatory conditions (Sousa et al., 2018), TAM I cells 

displayed a decreased expression of these genes (e.g. Siglech, P2ry12, Gpr34, Sparc, Mef2c, 

Olfml3) in the tumour when compared to the naïve group (Figure 17B).  

Notably, we further detected two subsets with distinct transcriptional profiles representing 

both TAM I and TAM II populations that we latterly attributed to different tumour stages. Specifically, 

the main difference between TAM I subsets relied on the differential expression of the microglia 

homeostatic genes, while TAM II subpopulations differently up-regulated genes associated with 

antigen presentation (e.g. H2-Aa, Cd74), positive regulation of angiogenesis (e.g. Lgals3, Il1β, Cybb, 

Thbs1, Plek, Vim, Stat1) and metabolic redox metabolism (e.g. Cybb, Msrb1) (Figure 17B). Overall, 

these results point towards the heterogeneous composition of TAMs and their distinct adaptation 

profiles in the TME of GBM. 
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Figure 17. Myeloid cells display heterogeneous transcriptional adaptation in GBM. (A) Number 
of differentially expressed genes for TAM I versus naïve (n = 574 up-regulated; n = 17 down-
regulated) and for TAM II versus naïve (n = 943 up-regulated; n = 110 down-regulated). (B) Heat-
map representation of two-way hierarchical clustering analyses of the top 40 differentially expressed 
genes based on the p-value rank (rows) for each myeloid cluster: naïve, TAM I and TAM II (columns). 
Genes represented were present at least in one of the three comparisons (TAM I versus naïve; TAM 
II versus naïve and TAM I versus TAM II, Table S4). Red: up-regulation; blue: down-regulation. 

 

Gene set enrichment analysis of tumour-associated microglia or tumour-associated-

monocyte/macrophage transcriptional programs revealed immunological terms shared by both cell 

types (e.g. inflammatory response and innate immune response). We also identified terms 

specifically associated with TAM I (e.g. positive regulation of phagocytosis and T cell mediated 
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cytotoxicity) or TAM II (e.g. positive regulation of cell migration and oxidation -reduction process), 

suggesting distinct ontogeny-based functional adaptations to the tumour (Figure 18). 

 

Figure 18. Microglia- (TAM I) and macrophage-like (TAM II) subsets display discrete functional 
adaptation in the GBM syngeneic GL261 murine model. Gene ontology functional network of 
TAM I (left graph) and TAM II (right graph) versus naïve microglia. Node size correlates to gene set 
numbers and annotated nodes were defined as containing ≥ 15 genes. 

 

We take advantage of this critical distinction to separately characterizing tumour-associated 

microglia and macrophage subsets along GBM progression. 

 

4.3. Tumour-associated microglia/macrophages rapidly infiltrate the tumour and adapt along 
Glioblastoma progression 

 

By studying TAM heterogeneity along GBM progression in WT mice at single-cell resolution, 

we detected microglia-like and macrophage-like cell subsets across all the analysed tumour stages 

(i.e. early, intermediate and late time points), indicating that, in  agreement with prior observations 

(Bowman et al., 2016), in this model the infiltration of monocyte-derived macrophages occurs early 

during tumour growth (Figure 19A). Notably, we observed a gradual decrease in the number of up-

regulated genes (early n = 372, intermediate n = 291 and late n = 143) and a relatively constant 
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number of down-regulated genes (early n = 138; intermediate n = 110 and late n = 167) between 

macrophage-like and microglia-like cells along tumour stages. These results indicate that the 

transcriptional programs of microglia and peripheral infiltrated macrophages converge over time 

(Figure 19B), suggesting a context-dependent symbiosis mechanism along GBM progression. 

Overall, the ratios of microglia-like and macrophage-like cells in the GBM TME did not significantly 

change across early (TAM I: 29,35%; TAM II: 70,65%) and late (TAM I: 24,43%; TAM II: 75,57%) 

stages (Figure 19C). 

 
 

Figure 19. TAM subsets characterisation along Glioblastoma development. (A)  tSNE plot 

showing myeloid cells along tumour progression (green: early; blue: intermediate; purple: late stage). 
(B) Number of up-regulated and down-regulated genes (p-value <0.01, FC > ± 0.5) between TAM II 
and TAM I along GBM progression. (C) Relative proportions of TAM I and TAM II subsets at early 
and late GBM stages obtained by scRNA-seq analysis. 

 

Focusing on TAM I subset, hierarchical clustering based on the top 40 differentially 

expressed genes with the lowest p value across the tumour stages revealed three clusters mainly 

represented by naïve microglia, tumour-associated microglia at early/intermediate time points and a 

late-enriched group (Figure 20A, Table S5). Thus, we sought to investigate microglia-like cell 

transcriptional programmes along tumour progression separately, with a special focus at early and 

late stages (Figure 20B and C).  
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Figure 20. Differential microglia transcriptional adaptation along GBM progression.  (A) Two-
way hierarchical heat-map clustering analyses of the most differentially expressed genes (based on 
p-value rank) in TAM I along tumour progression. Red: up-regulation; blue: down-regulation. (B) 
Venn diagram representation showing TAM I shared (n = 228) and exclusively up-regulated genes 
at early (n = 112) and late (n = 329) stages versus naïve microglia. (C) Single-cell bar plots showing 
selected top differentially expressed genes in TAM I between early and late GBM stages. (D) Gene 
ontology terms of TAM I exclusive up-regulated genes at early (left) and late (right) GBM stages. 

 

We found great overlap (34.1%) of genes expressed by microglia-like cells between the two 

stages (e.g. H2-D1, H2-K1, Cd83, Il1b, Ccl12, Ccl4, Lyz2, Fth1, Ctsb, Atf3, Cst7, B2m, Cd52, 

Nfkbia), indicating a core transcriptional programme maintained along GBM progression . When 

comparing the levels of specific differentially expressed genes between early ( n = 112) and late (n 

= 329) tumour stages, markers associated with antigen processing and presentation (e.g. Cd74, H2-

Ab1, H2-Aa) or T-cell activation and cytotoxicity (e.g. H2-T23, H2-Q7) and inflammatory response 

(e.g. Axl, Cybb) were largely decreased at later tumour stages (Figure 20C-D). In parallel, genes 
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associated with chromatin remodelling (e.g. Cbx5, Ezh2, Nasp) and actin nucleation/polymerization 

(e.g. Arpc1a, Arpc1b) were enhanced at later stages (Figure 20C-D).  

Next, we conducted similar analyses for the macrophage-like subset. Unsupervised 

clustering of the top 40 differentially expressed genes along the tumour stages revealed a less 

pronounced separation of the clusters across tumour stages compared to microglia-like cells, 

probably due to the strong transcriptional differences between naïve microglia and the overall TAM 

II subset (Figure 21A, Table S6). 

 

Figure 21. Differential macrophage transcriptional adaptation along GBM progression. (A) 
Two-way hierarchical heat-map clustering analyses of the most differentially expressed genes 
(based on p-value rank) in TAM II along tumour progression. Red: up-regulation; blue: down-
regulation. (B) Venn diagram representation showing TAM II shared (n = 403) and exclusively up -
regulated genes at early (n = 262) and late (n = 77) stages versus naïve microglia. (C) Single-cell 
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bar plots showing selected top differentially expressed genes in TAM II between early and late GBM 
stages. (D) Gene ontology terms of TAM II exclusive up-regulated genes at early (left) and late (right) 
GBM stages. 

 

We found prominent overlap (54.3%) of genes up-regulated both at early and late tumour 

stages expressed by macrophage-like cells compared to naïve microglia (e.g. Lyz2, Apoe, Fth1, Il1β, 

H2-K1, H2-D1, Vim, Cd14, Cybb, Tgfbi) indicating, similarly to microglia-like cells, a main 

transcriptional programme preserved along GBM progression (Figure 21B). The comparison of the 

levels of specific differentially expressed genes between early and late tumour stages revealed the 

decrease of macrophage activation markers (e.g. Ccl5, Ass1, Tlr2, Itgb2, Klf4) as well as, similarly 

to microglia-like cells, the down-regulation of genes associated with antigen processing and 

presentation (e.g. Cd74, H2-Ab1, H2-Aa) and regulation of T-helper cells (e.g. H2-Q7, H2-T23). In 

addition, type I interferon genes (e.g. Irf1, Stat1) were drastically reduced at late stage (Figure 21C-

D). Moreover, exclusive gene ontology (GO) terms associated with positive regulation of oxidative 

phosphorylation, wound healing together with angiogenesis were present at late stage (Figure 21D). 

To corroborate these results at the protein level, we compared the expression levels of CD74 

and MHC-II (encoded by H2-Ab1) at early and late stages in corresponding tissue sections. To 

discriminate brain-resident microglia and peripheral monocytes/macrophages in immunohistological 

analyses, we took advantage of the Ivy Glioblastoma Atlas Project to infer TAM spatial localization 

in laser-micro-dissected regions of GBM patients (Puchalski et al., 2018). Here, we observed an 

enrichment of microglia-like cells (expressing BIN1, CX3CR1, P2RY12) at the leading edge of the 

tumour, while macrophage-like cells (expressing IL1RN, TGFBI, THBS1) were mostly detected in 

the microvascular compartment (Figure 22A). Recent work applying 2-photon microscopy in murine 

GBM sections revealed two distinct cell types with different morphological properties composing 

TAMs. Specifically, reduced branching and increased surface area compared to naïve, resident 

parenchymal cells mainly accumulated at the tumour margins and represented tumour -associated 

microglia, while BMDMs displaying shrank surface area were mainly located in the tumour core  

(Chen et al., 2019). In agreement with this, we observed a significant reduction of the surface area 

of macrophage-like cells in the tumour core compared to larger and branched microglia-like enriched 

cells in the tumour margin independent of tumour stage (Figure 22B-D).  
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Figure 22. Spatial and temporal morphological characterization of microglia and 
macrophages in GBM. (A) RNA-seq profiles of laser-micro dissected regions of GBM patients for 
microglia (BIN1, CX3CR1, P2RY12) and peripheral monocyte-derived macrophage (IL1RN, TGFBI, 
THBSI) marker genes. Data extracted from the Ivy Glioblastoma Atlas Project (PCAN: 
pseudopalisading cells around necrosis; MvP: microvascular proliferation). (B) Picture representing 
Hoechst‐stained nuclei used to discriminate tumour margin and core in mouse brain sections. (C) 
Representative immunofluorescence pictures of IBA1 positive cells in the tumour margin and core 
in murine brain sections. Scale bar = 50μm. (D) Quantification of IBA1 surface area in the tumour 
margin and tumour core at early (n = 3) and late (n = 3) stages. Two-way ANOVA with Sidak's multiple 

comparison corrections (1 biological replicate). Data are presented as mean ± SEM, *** p < 0.001.  

 

In line with our scRNA-seq data, we observed a significant decrease of the antigen presenting 

cell markers MHC-II (Figure 23A) and CD74 (Figure 23B) at late GBM stage in both the tumour 

margin and core. These results further support the notion that TAMs at late stage show a reduced 

immune reactive profile.  
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Figure 23. TAM subsets spatial and temporal characterisation along GBM development. (A-
B) Representative immunofluorescence pictures and quantification for (A) MHC-II and (B) CD74 
staining in the tumour margin and core at early (n ≥ 3) and late (late n = 4) stages. Two-way ANOVA 

with Sidak's multiple comparison corrections (1 biological replicate). Data are presented as mean ± 
SEM, * p < 0.05; ** p < 0.01; *** p < 0.001; ns > 0.05. Scale bars in A and B = 50μm. 

 

Notably, we observed a higher percentage of IBA1+ MHC-II+ cells in the tumour margin 

compared to tumour core both at early and late stages (Figure 23A), indicating that microglia-like 
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cells express higher levels of antigen presenting cell markers when compared to macrophage-like 

cells in the TME.  

To strengthen our findings obtained in the GL261 syngeneic mouse model, we compared 

microglia-like (TAM I) and monocyte/macrophage-like (TAM II) transcriptional signatures with 

putative corresponding cell types recently described in GBM patients at single-cell resolution (Muller 

et al., 2017) (Table S7). Overall, 8.6% of up-regulated genes in TAM I (p < 0.01; Log FC > 0.5) were 

shared with tumour-associated microglia-like cells in GBM patients. In addition, 7% of differentially 

expressed genes characterizing TAM II (p < 0.01; Log FC > 0.5) were mutually up-regulated in blood 

monocyte-derived macrophage-like cells in GBM patients (Figure 24A). 

 

Figure 24. TAM transcriptional signatures predict GBM patient survival. (A)  Comparison of up-
regulated genes in microglia-like (TAM I) and macrophage-like (TAM II) cells with putative 
corresponding cell types described in GBM patients (Muller et al., 2017). Shared and unique genes 
are represented in Venn diagrams and a selection of genes is annotated (see Table S7 for full gene 
lists). (B) Kaplan-Meier survival analysis in GBM patients (TCGA-LGG and TCGA-GBM databases) 
with high and low TAM I or TAM II enriched signatures.  

 

This comparison enabled to identify robust transcriptional signatures maintained across the 

two species allowing discriminating tumour-associated microglia (e.g. CCL4, CCL3, P2RY12, 
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CX3CR1, BIN1, SELPLG, CD83, SALL1) and tumour-associated macrophages (e.g. TGFBI, 

THBS1, VIM, IL1B, IL1RN, F13A1, CYBB) both in the GBM syngeneic murine model and in patients 

(Table S7). We used the characterized transcriptional signatures to verify their prognostic value in 

GBM patients. For this, we took advantage of The Cancer Genome Atlas (TCGA) datasets allowing 

to link patient survival with corresponding bulk transcriptional data from two publicly available TCGA-

databases (TCGA-GBM: high grade glioma and TCGA-LGG: low grade glioma). Notably, a 

macrophage-like-enriched signature correlated with a worse patient survival compared to a 

microglia-like-enhanced programme supporting the notion that tumour-associated microglia may 

possess effective immunological functionality, while tumour-associated macrophages display an 

immune-suppressed pro-tumorigenic phenotype (Figure 24B). 

 

4.4. Tumour-associated microglia/macrophages display higher immunological reactivity 
under aconitate decarboxylase 1 deficiency affecting T cell recruitment 

 

In mammals, immune-responsive gene 1 protein (IRG1), encoded by aconitate 

decarboxylase 1/immunoresponsive gene 1 (Acod1/Irg1), catalyses the production of itaconate from 

the decarboxylation of cis-aconitate, an intermediate metabolite of the TCA cycle (Cordes et al., 

2016; Michelucci et al., 2013). Interestingly, it has been recently shown that low doses of itaconate 

inhibit inflammation, while itaconate promotes inflammation at high doses (Muri et al., 2020). Due to 

the emerging role of itaconate in macrophage reprogramming towards specific phenotypes, we 

sought to analyse the role of Acod1/Irg1 in TAM adaptation along GBM progression and characterize 

TAM subsets under ACOD1 deficiency at single cell resolution.  

Taking advantage of the Brain Tumour Immune Micro Environment dataset acquired in GBM 

patients by RNA-seq, we observed that ACOD1/IRG1 expression was up-regulated in both CD49Dlow 

microglial cells and CD49Dhigh macrophages. Additionally, higher expression levels were detected in 

IDH-wildtype compared to IDH-mutant gliomas (Figure 25A) (Klemm et al., 2020). In the GL261 

model, we exclusively detected Acod1/Irg1 induction across the myeloid compartment and, at a 

larger extent, within the macrophage-like subset (Figure 25B). 
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Figure 25. IRG1/ACOD1 expression is induced in myeloid cells of GBM patients and GL261 
mouse model. (A) IRG1/ACOD1 expression in both microglia (MG) and macrophages (MDM) in 
GBM patients from the Brain Tumor Immune Micro Environment dataset (Klemm et al., 2020). (B) 
Irg1/Acod1 expression levels across the main 10 stromal cell-types identified by scRNA-seq. 

 

In our hands, Acod1/Irg1 was mainly induced by a subset of myeloid cells at early stages, 

while its expression was reduced at later tumour stages (Figure 26A), indicating a time-dependent 

expression of Acod1/Irg1 in myeloid cells in GBM. BMDMs co-cultured with GL261 tumour cells in 

vitro showed time-dependent expression of Acod1, while its expression was undetectable in BMDMs 

obtained from Acod1 KO mice (Figure 26B). Similarly to LPS stimulation (Dominguez-Andres et al., 

2019; Michelucci et al., 2013), the expression of Acod1/Irg1 was mainly induced at earlier (24h) 

compared to later (48h) time points (Figure 26B). 
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Figure 26. Time-dependent induction of Acod1/Irg1 in myeloid cells in GBM. (A) Acod1 
expression levels in naïve and tumour-bearing TAM I (logFC 0,44) and TAM II (logFC 0,46) cells at 
early and late stage of GBM progression by scRNA-seq. (B) Expression levels of Acod1 gene in 
BMDMs from WT and Acod1 KO mice upon co-culture with GL261 tumour cells at 24 and 48h (WT 
= 2, Acod1 KO n= 2) (1 biological replicate). Dash line represents baseline expression at time zero. 
Data are presented as mean ± SEM, ns > 0.05. 
 

The analysis of TAM subsets by scRNA-seq suggested an over-representation of the 

macrophage-like population in Acod1 KO mice (81.15%) compared to age-matched WT mice 

(63.11%) (Figure 27A). Albeit we did not detect differences in the total number of BMDM precursors 

between naïve WT and Acod1 KO mice (Figure 27B), we observed an increase in the number of 

CD11b+ cells in tumour-bearing brain of Acod1 KO compared to WT tumour-bearing mice (Figure 

27C). 
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Figure 27. Acod1-deficient tumour-bearing mice display higher recruitment of TAMs. (A) tSNE 

plot showing colour coded (brown: WT; orange: Acod1 KO) myeloid cells and respective 
percentages of microglia-like and macrophage-like cells according to the genotype. (B) Total number 
of bone marrow precursor cells flushed from the legs of WT (n = 13) and Acod1 KO (n = 12) mice. 
Unpaired Student t test. (C) Total number of CD11b+ cells isolated from WT (n = 8) and Acod1 KO 
(n = 5) tumour-bearing mouse brains at late stage. Unpaired Student t test (1 biological replicate). 
Data are presented as mean ± SEM, ns > 0.05. 

 

Indeed, immunofluorescence analyses revealed a significant increase in the number of 

IBA1+ cells at early stages at both the tumour margin and core, thus confirming enhanced myeloid 

cells recruitment to the tumour site in Acod1 KO mice (Figure 28).  
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Figure 28. Acod1 deficiency affects TAM recruitment to the tumour site . (A-B) 
Immunofluorescence pictures depicting IBA1 positive cells in (A) the tumour margin and (B) tumour 
core in tumour-bearing brain sections. Number of IBA1 positive cells were quantified in WT (n = 4) 
and Acod1 KO (n ≥ 2) mice at early GBM stage. Unpaired Student t test (1 biological replicate). Data 
are presented as mean ± SEM. *** p < 0.001. Scale bars = 50μm. 

 

Investigation of the exclusively up-regulated genes in microglia-like and macrophage-like 

cells at early stages in Acod1 KO mice versus their corresponding counterparts in WT mice identified 

a major transcriptional effect on macrophage-like (n = 41 genes) compared to microglia-like (n = 3 

genes) cells (Figure 29A, Table S8). Genes associated with TAM recruitment, such as Ccr2, Mif, 

Ldha and Tspo, were uniquely overexpressed in macrophage-like cells from Acod1 KO mice (Figure 

29B). 
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Figure 29. Acod1 deficiency mainly affected the transcriptional programme of peripheral 
infiltrating macrophages compared to microglia at early stage. (A) Venn diagram representation 
showing shared and exclusive up-regulated genes in Acod1 KO TAM I (n = 3) and TAM II (n = 41) 
at early stage versus their respective counterparts in age-matched WT cells. (B) Notch plot 
representation of selected genes exclusively up-regulated by TAM II in Acod1 KO mice in 
comparison to WT mice at early stage (see Table S8).  

 

Similarly to early stages, the number of exclusively up-regulated genes was higher in 

macrophage-like (n = 68 genes) compared to microglia-like (n = 9 genes) cells when comparing 

Acod1 KO with WT tumour-bearing mice at late stage (Figure 30A, Table S9), confirming that the 

lack of Acod1/Irg1 mainly affected the transcriptional programme of peripheral infiltrating 

macrophages compared to microglia. Gene set enrichment analysis of macrophage -like cell 

exclusively up-regulated genes at late GBM stage in Acod1 KO compared to WT mice uncovered 

enrichment of terms associated with inflammation (e.g. Irf1), antigen processing and presentation 

via MHC class I (e.g. H2-K1) and T cell mediated cytotoxicity (e.g. H2-T23) (Figure 30B).  

The common 15 microglia-like and macrophage-like cell up-regulated genes in Acod1 KO 

compared to WT mice were associated with antigen presenting cell (e.g. Cd74, H2-Ab1) and 

inflammatory (e.g. Stat1) markers, reflecting an enhanced immune activation at late stage in Acod1 

KO mice. In agreement with these results at single-cell resolution, we detected a higher induction of 

antigen presentation (e.g. Cd74, H2-Ab1, H2-Aa) and inflammatory (e.g. Irf1) transcripts in ex vivo  

CD11b+ isolated TAMs from Acod1 KO compared to WT tumour-bearing mice at late stages (Figure 

30C). 
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Figure 30. TAMs under Acod1 deficiency display higher antigen presenting cell programmes. 
(A) Venn diagram representation showing shared (n = 15) and exclusive up-regulated genes in 
Acod1 KO TAM I (n = 9) and TAM II (n = 68) at late stage versus their respective counterparts in 
age-matched WT cells (see Table S9). Corresponding notch plot representations of selected shared 
or unique genes up-regulated in TAM I and TAM II cells in Acod1 KO mice compared to age-matched 
WT mice at late stage. (B) Gene set enrichment analysis of TAM II uniquely up-regulated genes in 
Acod1 KO mice versus WT mice at late stages. (C) Expression levels of Cd74, H2-Ab1, H2-Aa and 
Irf1 genes in CD11b+ cells isolated from WT (n = 4) and Acod1 KO (n = 2) mice at late stages. 
Unpaired Student t test (1 biological replicate). Data are presented as mean ± SEM ** p < 0.01.  

 

IRF family members play essential roles in regulating immune responses (Borden et al., 

2007; Taniguchi et al., 2001) and seminal work has shown that Irf1 KO mice exhibit impaired NK cell 

maturation and defective Th1 responses (Lohoff et al., 1997; Ogasawara et al., 1998). Additionally, 

IRF1 operates as a tumour suppressor and its inactivation was shown to significantly increase risk 

of malignancy (Alsamman and El-Masry, 2018). To investigate the expression of IRF1 at the protein 

level, we conducted immunofluorescence analysis and detected higher numbers of IBA1+IRF1+ 
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positive cells in the tumour core in Acod1 KO compared to WT mice (Figure 31A). Amongst the 

downstream targets of IRF1, we detected by flow cytometry an increased expression of MHC-II in 

TAMs isolated at late stage from Acod1 KO compared to WT mice (Figure 31B). Additionally, in 

brain sections from Acod1 KO tumour-bearing mice, we detected a significant increase of CD74 

marker expressed by macrophage-like cells, which were enriched in the tumour core, compared to 

WT mice (Figure 31C). 
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Figure 31. Up-regulation of IRF1 is associated with increased expression levels of antigen 
presenting cell markers by TAMs at late stage. (A) Immunofluorescence pictures (left) and 
quantification (right) of IRF1 expression in IBA1+ cells in the tumour core region at late stage in 
Acod1 KO (n = 3) and WT (n = 3) mouse brain sections. Unpaired Student t test (1 biological 
replicate). (B) Representative overlay histogram (left) and quantification (right) of MHC-II expression 
in TAMs analysed in WT (n = 7) and Acod1 KO (n = 3) mice at late stage by flow cytometry. Unpaired 
Student t test (1 biological replicate). (C) Immunofluorescence pictures (left) and quantification (right) 
of CD74 expression in IBA1+ cells in the tumour core region at late stage in Acod1 KO (n = 3) and 
WT (n = 4) mouse brain sections. Unpaired Student t test (1 biological replicate). Data are presented 
as mean ± SEM, * p < 0.05; *** p < 0.001. Scale bars in A and C = 20μm.  

 

Since gliomas are characterized as “immunologically silent” in IDH-mutant or “lymphocyte-

depleted” in IDH-wildtype subtypes (Thorsson et al., 2018), we sought to investigate whether the 

ablation of Acod1, which induces an enhanced TAM immunogenic phenotype, could influence the 

recruitment of T cells to the tumour site. Therefore, we applied trajectory analysis to investigate TAM 

cellular states in the TME. We observed higher macrophage-like cell heterogeneity in Acod1 KO 

compared to WT mice, suggesting that Acod1 deficiency supports TAM II diversity in the TME 

(Figure 32).  

 

Figure 32. Acod1 deficiency contributes to TAM II heterogeneity in GBM. Trajectory analysis of 
335 myeloid cells from WT naïve and tumour-bearing mice (left graph) and 501 myeloid cells from 
Acod1 KO naïve and tumour-bearing mice (right graph). 

 

Moreover, we observed that Acod1 TAM diversity in the TME occurs independently of the 

tumour stage (Figure 33A) and distinct cellular states were identified among the TAM II subset 

(Figure 33B).  
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Figure 33. TAM II heterogeneous cellular states are maintained along GBM progression. (A) 
Trajectory analysis of 501 myeloid cells from Acod1 KO naïve along GBM progression and (B) 
identification of four distinct cellular states across the myeloid compartment. 

 

We further investigated the transcriptional set of cellular state 4 in macrophage-like cells in 

Acod1 KO mice (Figure 34), as it showed the most prominent trajectory among the four cellular 

states. Interestingly, we identified a subset of TAMs in Acod1 deficient mice involved in leukocyte 

migration and T cell activation and differentiation (e.g., Ccl17, Ccl22, Ccr7, IL12b, Cd1d1) as well as 

expressing serine proteinase inhibitors (e.g., Serpinb9, Serpinb6b) (Figure 34). In particular, serpins 

have been described to play a critical role in T lymphocyte mediated immunity (Ashton-Rickardt, 

2013). These results show that a specific TAM II subset present in Acod1- deficient tumour bearing 

mice might support leukocyte migration to the tumour site.  
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Figure 34. Pseudo-time dynamics of exclusive genes driving the cellular state 4 in TAM II 
subset under Acod1 deficiency. Relative expression of genes driving the correspondent cellular 
state in TAM II subset. Abbreviations: Actn1 (Actinin Alpha 1), Cd1d1 (CD1d Molecule), Cd200 
(CD200 Molecule), Gnb4 (G Protein Subunit Beta 4), Napsa (Napsin A Aspartic Peptidase), Ramp3 
(Receptor Activity Modifying Protein 3), Ccl17 (C-C Motif Chemokine Ligand 17), Ccl22 (C-C Motif 
Chemokine Ligand 22), Ccnd2 (Cyclin D2), Ccr7 (C-C Motif Chemokine Receptor 7), Cnn2 (Calponin 
2), Il12b (Interleukin 12B), Lsp1 (Lymphocyte Specific Protein 1), Serpinb6b (Serpin Family B 
Member 6), Serpinb9 (Serpin Family B Member 9), Tbc1d4 (TBC1 Domain Family Member 4), Traf1 
(TNF Receptor Associated Factor 1).  

 

Notably, in line with this notion, we observed a considerable increase of the lymphocytic 

population in Acod1 KO compared to WT mice, both in our scRNA-seq dataset (Figure 35A) and by 
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flow cytometry (Figure 35B-C), suggesting an effective crosstalk between TAMs and the adaptive 

immune cell compartment.  

 

Figure 35. Enhanced TAM immunogenic phenotype under Acod1 deficiency influences the 
recruitment of T cells to the tumour site. (A) tSNE representation of the lymphocytic population 
detected at early and late stage by scRNA-seq. (B) Flow cytometry gating strategy. (i) Cells of 
interest were gated based on forward (FSC) and side scatter (SSC). (ii) Doublets were excluded 
based on the forward scatter height (FSC-H) versus forward scatter (FSC-A). (iii) Zombie NIR-
APC.cy7 was used to discriminate living cells. (iv) CD11b-PERCP.cy5 was used to gate the myeloid 
compartment. Lastly, we gated MHC-II expressing cells and lymphocytes (CD11b- CD45+). (C) 
Percentage of CD11b- CD45+ lymphocytes at late stage quantified by flow cytometry. Unpaired 
Student t test (WT n = 5, Acod1 KO n = 3) (1 biological replicate). Data are presented as mean ± 
SEM, * p < 0.05.  

 

However, although Acod1/Irg1 silencing in macrophages significantly reduced the peritoneal 

tumour burden (Weiss et al., 2018), the analysis of tumour growth did not show significant differences 
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between WT and Acod1 KO in GL261 tumour-bearing mice (Figure 36A), neither we detected 

differences in the mouse survival (Figure 36B). 

 

Figure 36. Acod1 KO mice do not show improved survival. (A) Time course of tumour volume 

ratio in WT and Acod1 KO mice. Tumour volume was normalized to the initial tumour take for each 
week. (B) Kaplan-Meier curves showing the survival rate in WT and Acod1 KO mice. 

 

II. Revealing tumour-associated microglia/macrophage heterogeneity across 

distinct Glioblastoma landscapes 

 

4.5. Patient-derived orthotopic xenograft models recapitulate human Glioblastoma features 

 

In order to elucidate TAM diversity across specific GBM tumour landscapes/niches, we took 

advantage of patient-derived orthotopic xenograft (PDOX) models as they preserve key 

histopathological features of patient tumours in immunocompromised mice. Specifically, we took 

advantage of previously characterized GBM PDOX models, established by the NORLUX Neuro-

Oncology Laboratory (see Materials and Methods section). These models display distinct tumour 

landscapes depending on the origin of the tumour (Bougnaud et al., 2016). According to 

histopathological features, GBM PDOX models displayed a varying range of invasive and angiogenic 

features (Golebiewska et al., 2020). In our study, we selected two distinct paradigms of the disease 

to investigate microglia and macrophage-like cells in the TME and their specific functional adaptation 

across distinct GBM landscapes. Therefore, we conducted our analysis on the invasive tumour 

phenotype, characterized by a highly infiltrative growth pattern with an apparent normal brain 
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vasculature, and on the angiogenic tumour phenotype, displaying necrotic areas with large, dilated 

blood vessels and microvascular proliferation (Bougnaud et al., 2016).  

In order to address the inherent capacity of distinct tumour phenotypes in modifying the 

various host immune and haematological components, we collected peripheral blood from naïve and 

the two distinct tumour phenotypes at late stage of GBM development. In this context, total white 

blood cell (WBC) counts were increased in the invasive compared to the angiogenic tumour 

phenotype and naïve mice (Figure 37A). Within the WBC counts, increased lymphocytes and 

granulocytes were observed in the peripheral blood of mice from the invasive tumour phenotype 

(Figure 37A), suggesting an increased production of WBC counts as response to the tumour. 

Moreover, we detected reduced numbers of red blood cells (RBC) and platelets in the angiogenic 

tumour phenotype compared to naïve and the invasive tumour phenotype (Figure 37B-C).  

 

Figure 37. Peripheral blood analysis of naïve and GBM tumour-bearing mice at late stage. (A) 
WBC (B) RBC and (C) platelet counts in the blood of naïve and late stage tumour-bearing mice. 
One-way ANOVA followed by Tukey's multiple comparisons test (naïve brain, n = 6; invasive 
landscape, n = 7, angiogenic landscape, n = 5) (1 biological replicate). Data are represented as 
mean ± SEM, * p<0.05, ** p < 0.01, *** p< 0.001; ns > 0.05.  

 

Overall, the association of thrombocytopenia with reduced mice survival demonstrates a 

more aggressive tumour phenotype characterizing the angiogenic tumour phenotype. These results 

show the relevance of using PDOX models recapitulating specific features of GBM disease. 
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Therefore, we took advantage of the invasive and angiogenic GBM paradigms to elucidate 

respective innate immune cells adaptation across naïve and GBM tumour-bearing mice. 

 

4.6. Tumour-associated microglia/macrophages accumulate at the tumour site showing 
morphological heterogeneity across Glioblastoma landscapes 

 

Having observed cellular differences in the peripheral blood, we next aimed to investigate 

whether distinct tumour landscapes would differently recruit immune cells to the tumour site. Thus, 

we performed immunohistochemistry analysis to investigate the number of IBA1 cells in both naïve 

and late stage GBM tumour sections (Figure 38). Microglia cells actively survey the environment by 

extending their protrusions. Functioning as a sensor unit in the brain, these cells display a ramified 

morphological phenotype, which was recapitulated in the naïve brain (Figure 38A). By measuring 

the surface area occupied per cell, we indeed confirmed that IBA1+ cells show an altered 

morphology associated with reduced branching in the tumour sections compared to naïve mice 

(Figure 38B). Remarkably, we detected a more heterogeneous IBA1 surface area in the angiogenic 

tumour phenotype, indicating heterogeneous TAM populations at the tumour site, in comparison to 

a more homogenous surface area population in the invasive tumour phenotype (Figure 38B). 

Preliminary analyses indicate increased numbers of IBA1 cells in the tumour in comparison to naïve 

mice (naïve: 9.14 ± 2.41; invasive tumour phenotype: 15.87 ± 5.52; angiogenic tumour phenotype: 

19.45 ± 4.10), showing that independently of the tumour phenotype, GBM actively recruit TAMs to 

the tumour site (Figure 38C).  
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Figure 38. Naïve microglia and TAMs spatial morphological characterization at late stage of 
GBM development. (A) Immunofluorescence pictures depicting IBA1+ cells morphological features 
across distinct tumour landscapes: naïve (grey), invasive (green), angiogenic tumour core (red) and 
angiogenic contralateral hemisphere (blue). (B) IBA1 surface area measurements per cell across 
naïve and tumour-bearing sections. (C) Numbers of IBA1 positive cells per field. One-way ANOVA 
followed by Tukey's multiple comparisons test (naïve n = 1; invasive n = 2; angiogenic n = 2) (1 
biological replicate). Data are presented as mean ± SEM, ** p < 0.01, *** p< 0.001, ns > 0.05. Scale 
bars = 50µm.  

 

 TAMs can assume different morphologies in GBM tumour bearing mice (Ricard et al., 2016). 

Specifically, the ramified phenotype is considered typical for a “resting” state, whereas the amoeboid 

phenotype is associated with a more activated state. However, how morphological changes relate 

to functional states in the TME is still poorly understood. Thus, we applied scRNA-seq analysis to 

investigate myeloid tumour-instructed transcriptional adaptation in the TME. 
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4.7. Glioblastoma-educated myeloid cells display major transcriptional adaptation across 
distinct landscapes 

 

In order to investigate the heterogeneity of the TME in relevant PDOX models, we analysed brain 

tissue from naïve and GBM tumour-bearing mice at late stage by scRNA-seq. For this analysis, we 

took the whole brain for naïve and invasive tumour phenotype, while we dissected the tumour-

containing hemisphere for the angiogenic tumour phenotype. Following pre-analytical filtering of the 

scRNA-seq experiments, we obtained a matrix composed of 6’641 single cells. In order to reduce 

the dimensionality of the matrix, we used unsupervised topological clustering uniform manifold 

approximation and projection (UMAP) (Figure 39A). Irrespective of the GBM tumour phenotype, we 

identified 17 stromal clusters that we annotated based on respective cell type-specific gene markers 

(Figure 39B, Table 6).  

 

Figure 39. Stromal cell type diversity in naïve and PDOX models. (A) UMAP representation of 
all the cells included in the study from naïve (n = 1’692 cells) and tumour -bearing mice (invasive 
landscape, n = 2’193 cells and angiogenic landscape, n = 2’756 cells). (B) UMAP representation of 
all single cells included in the study grouped within 17 cell clusters. Cell type -specific markers 
allowing the identification of stromal cell types are summarized in Table 6. Abbreviations: MG: 
Microglia; TAM I: Microglia-like cells; TAM II: Macrophage-like cells; Astro: Astrocytes; Endo: 
Endothelial cells OPCs: Oligodendrocyte progenitor cell; Oligo: Oligodendrocytes; αSMA: alpha-
smooth muscle actin. 
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Table 6. Cell type identification, related to Figure 39.  

 

Cell type Genes  

Astro I: Astrocytes Gja1, Slc1a2, Slc4a4, Aqp4, Acsl3, Htra1, Aldoc, 
Vegfa, Gpr37l1, Timp3 

Naïve MG: Naïve microglia P2ry12, Cx3cr1, Hexb, Cst3, Gpr34, Csf1r, 
Siglech, Sparc, Itgam, Tmem119 

TAM I : Microglia-like cells P2ry12, Cx3cr1, Hexb, Ctss, Tyrobp, C1qa, 
Trem2, Hexb, C1qb, Cd68 

Endo I: Endothelial cells Pecam1, Ptprb, Nes, Vim, Flt1, Bsg, Spock2, 
Adgff5, Pltp, Prom1 

OPCs: Oligodendrocyte progenitor cells Cacng4, Pdgfra, Olig1, Vcan, Cntn1, Gap43, 
Ccnd1, Meg3, Olig2, Serpina3n 

Cycling cells Aif1, Mki67, Top2a, Cenpa, Cenpf, Cenpe, 
Ccnb2, Cenph, Cdkn1, Ccna2 

TAM II : Macrophage-like cells Aif1, Lyz2, Ms4a7, Ccr2, Cybb, Ptprc, Atf3, Ctss, 
Cyba, Cd14 

Pericytes Rgs5, Pdgfrb, Cspg4, Myl9, Gjc1, Mgp, Cygb, 
Itga1, Col4a2, Col3a1 

Endo II: Endothelial cells Pecam1, Kdr, Angpt2, Adgrl4, Tie1, Anxa2, 
Notch4, Icam2, Vim, Nes 

Astro II: Astrocytes Plpp3, Aldoc, Mt2, Mt1, Gfap, Aqp4, Gpr37l1, 
Vim, Scg3, Slc1a2 

Oligo I: Oligodendrocytes Plp1, Apod, Ptn, Frzb, Col5a2, Igf1, Timp3, Gja1, 
Ptgds, Mfap3l 

Astro III: Astrocytes Plpp3, Gria2, Slc1a2, Slc1a3, Acsl3, Aldoc, 
Malat1, Ptprz1, Neat1, Lsamp 

Unknown Ccdc153, Tmem212, Rsph1, Gm12346, Enkur, 
Mns1, Dbi, Rarres2, Ak7 

Ependymal I Vim, Acta1, Lgals1, Top2a, Hist1h1d, Tmsb4x, 
Nasp, Rack1, Atp5e, Gap43 

Oligo II: Oligodendrocytes Pdgfra1, Edn3, Ptgds, Apod, Igf2, Col1a2, 
Colec12, Pdgfra, Serpinh1, Anxa2 

αSMA Myh11, Acta2, Tpm2, Cald1, Crip1, Lmod1, 
Tpm1, Tagln, Myl9, Filip1l 

Ependymal II Calml4, Prlr, Igf2, Otx2, Folr1, Kcnj13, Vat1l, 
Tmem72, Ppp1r1b, Atp2b3 

 

Under homeostatic conditions, microglia, endothelial cells, astrocytes and oligodendrocytes 

represented 90.5% of all cells present in the brain of naïve nude mice. The remaining 9.5% were 

pericytes, ependymal cells, OPCs and cycling cells (Figure 40A). Focusing on the TME of the 

invasive landscape, we observed a prominent presence of OPCs (18.74%) compared to naïve brain 

(1.06%) and angiogenic landscape (1.71%) (Figure 40B). Moreover, in the TME of the angiogenic 

landscape we observed the emergence of additional cells, such one cluster composed by ependymal 

cells (Ependymal II: 2.18%) and a third cluster composed by astrocytes (Astro III: 5.59%) (Figure 
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40C). These results suggest that distinct tumour-intrinsic phenotypes might affect cell type diversity 

in the TME. 

Focusing on the myeloid compartment, we were able to identify and annotate three distinct 

myeloid clusters (Figure 40), as detected in the GBM syngeneic model. Specifically, naïve and TAM 

I clusters showed gene markers of the microglia homeostatic genes (e.g., P2ry12, Cx3cr1, Gpr34, 

Siglech, Sparc), while these genes were not detected in the TAM II cluster  (Table 6). Moreover, the 

TAM II cluster exhibited peripheral monocytic-derived macrophage gene markers (e.g., Aif1, Lyz2, 

Ms4a7, Ccr2, Cybb, Ptprc) (Table 6). Interestingly, the TAM morphological heterogeneity that we 

detected in the angiogenic tumour phenotype might be explained by the increased number of 

monocyte-derived macrophages when compared to the more homogeneous microglia population 

detected in the invasive landscape (Figure 38B). By scRNA-seq, we detected a small fraction of 

TAM-I like and TAM II-like cells in the naïve brain (Figure 40A). Recent work has demonstrated 

regional microglia heterogeneity in the naïve mouse brain (Silvin and Ginhoux, 2018; Stratoulias et 

al., 2019; Uriarte Huarte et al., 2021) and our results could explain its clustering with TAM I-like cells. 

Also, non-parenchymal macrophages, namely border-associated macrophages (BAMs), are present 

in the naïve brain, which most probably compose the identified TAM II-like cells (Figure 40A). In line 

with this notion, mannose receptor CD206 (coded by Mrc1) was expressed by this subset of cells, 

as observed by others (Goldmann et al., 2016). Additionally, in line with its angiogenic nature as 

previously described, by scRNA-seq we detected higher percentage of endothelial cells composing 

the TME of the angiogenic tumour phenotype (mean = 20.42%) in comparison to the naïve (mean = 

2.48%) and invasive landscape (mean = 7.06%) (Figure 40). 
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Figure 40. GBM-intrinsic tumour phenotype contributes to the emergence of specific cell 
types in the TME. (A-C) Pie chart representations of respective cell-type proportions for (A) 1’692 
cells from naïve brain, (B) 2’193 cells from the invasive landscape and (C) 2’756 cells from the 
angiogenic landscape.  

 

For our purposes, we focused our analysis on the myeloid compartment, which, similarly to the 

syngeneic model, also showed a prominent transcriptional adaptation in the TME of PDOX models  

(Figure 41). By analysing TAM heterogeneity across GBM landscapes at single-cell resolution, we 

detected microglia-like and macrophage-like cell subsets in tumour-bearing mice from the invasive 

(TAM I: 43.77%; TAM II: 10.49%) and angiogenic tumour landscape (TAM I: 24.66%; TAM II: 

27.37%) (Figure 41B-C). Interestingly, we detected a smaller fraction of macrophage-like cells in 

the homeostatic conditions (TAM II: 8.04%) and the invasive landscape (TAM II: 10.49%) when 

compared to the angiogenic tumour phenotype (TAM II: 27.37%). Taking together, these results 

show that the invasive tumour phenotype is mainly composed by microglia-like cells in the TME, 

while the angiogenic tumour phenotype shows almost equal presence of both microglia and 

macrophage-like cells (Figure 41B-C).  
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Figure 41. Microglia- (TAM I) and macrophage-like (TAM II) subsets identification in naïve and 
tumour-bearing mice. (A-C) Myeloid cells pie chart representations for respective proportions in 
(A) the naïve brain (n = 734 cells), (B) the invasive landscape (n = 610 cells) and (C) the angiogenic 
landscape (n = 665 cells).  

 

Previous phenotypic characterization of the TME composition by flow cytometry identified distinct 

myeloid subtypes across GBM landscapes based on surface markers, such as CD11b, Ly6C, Ly6G 

and CD206 (Figure 42A). This strategy allowed for the identification of resting or activated 

microglia/macrophages (CD11b+Ly6C-Ly6G-CD206-), alternatively activated/perivascular 

macrophages (CD11b+Ly6C-Ly6G-CD206+) and infiltrative monocytes (CD11b+Ly6C+Ly6G-

CD206-) (Figure 42A). In line with the scRNA-seq dataset, inflammatory monocytes were mainly 

found in the angiogenic tumour phenotype (7.7% of cells), indicating that peripheral monocytic 

infiltration was mainly present in the angiogenic tumour phenotype (Figure 42B). This observation 

correlates with BBB disruption as previously observed by MRI contrast imaging (Bougnaud et al., 

2016). 
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Figure 42. Peripheral monocytic infiltration is largely absent in GBM invasive compartments 

(A) FACS gating strategy allowing to distinguish distinct myeloid cell types based on the differential 
expression of CD11b, Ly6C, Ly6G and CD206 markers: resting or  activated microglia/macrophages 
(CD11b+Ly6C-Ly6G-CD206-), alternatively activated/perivascular macrophages (CD11b+Ly6C-
Ly6G-CD206+) and monocytes (CD11b+Ly6C+Ly6G-). (B) Quantification of monocytes across 
naïve and GBM tumour phenotypes (TC: tumour core; CH: contralateral hemisphere). Two tailed 
Student’s t-test, n=3. Data are presented as mean ± SEM, ** p < 0.01. 

 

Next, we focused our analysis on GBM-educated microglia cells across the invasive and 

angiogenic GBM landscapes at late stage. A direct comparison of microglia-like cells (TAM I subset) 

from the invasive and angiogenic tumour phenotype versus the corresponding cells in naïve mice 

showed a distinct transcriptional adaptation across GBM landscapes (Figure 43A). This observation 

was supported by the overall higher number of differentially expressed genes between naïve 

microglia and TAM I subset from the angiogenic (up = 930 genes, down = 204 genes) compared to 

TAM I subset from the invasive tumour phenotype (up = 520 genes, down = 106 genes)  (Figure 

43A). These results suggest tumour-intrinsic phenotype differently affects distinct transcriptional 

adaptation of resident microglia-like cells in the TME. We found partial overlap (21.3%) of genes 

expressed by TAM I subset across the two GBM landscapes versus naïve microglia (e.g. Spp1, Lpl, 

Apoe, Lyz2, Fn1, Cst7, H2-D1, Ctsb, Ctsz, H2-K1, Axl, Cd14, Csf1, Ifg1, Vim, Atf3, Ifitm3), indicating 

that microglia-like cells maintain a core transcriptional programme across the distinct GBM 

landscape (Figure 43B). Investigation of the exclusive up-regulated genes in microglia-like cells 

from the invasive landscape versus their correspondent counterparts in the angiogenic landscape, 

identified a major transcriptional effect on the angiogenic landscape (n = 675 genes) compared to 

the invasive landscape (n = 265 genes) (Figure 43B).  

GO analysis of microglia-like cells exclusively up-regulated genes from the invasive landscape 

uncovered enrichment of terms associated with host immune response (e.g. positive regulation of 

cytokine secretion, response to oxidative stress, phagocytosis and positive regulation of MAPK 
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cascade) (Figure 43C, Table S10), thus reflecting their immune reactive profile in the TME. Focusing 

on microglia-like cells exclusively up-regulated genes from the angiogenic landscape, we also 

uncovered a reactive profile, although represented by different GO terms (e.g. positive regulation of 

nitric oxide biosynthetic process, ATP biosynthetic process and cellular response to interferon-alpha) 

(Figure 43D, Table S11). Taking together, these results support the notion that distinct tumour-

intrinsic properties differentially affect microglia-like transcriptional programmes in the TME. 

 

Figure 43. GBM-educated microglial cells display distinct transcriptional adaptations across 
GBM landscapes. (A) Number of differentially expressed genes for TAM I in the invasive (n = 520 
up-regulated; n = 106 down-regulated) and angiogenic (n = 930 up-regulated; n = 204 down-
regulated) tumour phenotypes versus naïve microglial cells. (B) Venn diagram representation 
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showing TAM I shared (n = 255) and exclusively up-regulated genes in the invasive (n = 265) and 
angiogenic (n = 675) tumour phenotypes versus naïve microglia. (C-D) Microglia-like cells gene 
ontology terms of exclusively up-regulated genes (C) in the invasive (Table S10) and (D) angiogenic 
(Table S11) tumour phenotypes versus correspondent naïve microglial cells.  

 

We conducted similar analyses for the macrophage-like subset. A direct comparison of 

macrophage-like cells (TAM II subset) from the invasive and angiogenic tumour phenotype versus 

naïve microglia cells, showed a pronounced difference between tumour-associated macrophage 

cells from the angiogenic landscape compared to the invasive landscape (Figure 44A). This 

observation was supported by the overall higher number of differentially expressed genes between 

naïve microglia and TAM II subset from the angiogenic (up = 866 genes, down = 91 genes) 

compared to TAM II subset from the invasive tumour phenotype (up = 259 genes, down = 45 genes) 

(Figure 44A). Similar to TAM I subset, tumour-intrinsic phenotype differently mediated distinct 

transcriptional adaptation of macrophage-like cells across GBM landscapes. We observed that 

macrophage-like cells maintain a core transcriptional programme (e.g. Spp1, Trem2, Cd83, Fn1, 

Ctsd, Plac8, Cxcl13, H2-K1, H2-Ab1, Ly6c2, Axl, Sparc, Mpeg1, Ramp1, Lat2, Icam1, H1f1α) across 

GBM landscapes (Figure 44B). Additional investigation of the exclusive up-regulated genes in 

macrophage-like cells from the invasive landscape versus their correspondent counterparts in the 

angiogenic landscape, identified a major transcriptional effect on the angiogenic landscape (n = 725 

genes) compared to the invasive landscape (n = 118 genes) (Figure 44B). Taken together, the 

angiogenic landscape contributed to a major transcriptional adaptation of both microglia and 

macrophage-like cells in the TME.  

GO analysis of macrophage-like cells exclusively up-regulated genes from the invasive 

landscape uncovered enrichment of terms associated with migratory properties (e.g. leukocyte 

migration, cell-matrix adhesion and integrin-mediated signalling pathway) and immune response 

(e.g. positive regulation of inflammatory response and adaptive immune response) (Figure 44C, 

Table S12). Focusing on macrophage-like cells exclusively up-regulated genes from the angiogenic 

landscape, we mainly found enrichment of terms associated with chemotaxis (e.g. positive regulation 

of monocyte chemotaxis) and migration (e.g. positive regulation of T cell migration) (Figure 44D, 

Table S13). 
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Figure 44. GBM-educated macrophages display distinct transcriptional adaptations across 
GBM landscapes. (A) Number of differentially expressed genes for TAM II in the invasive (n = 259 
up-regulated; n = 44 down-regulated) and angiogenic (n = 866 up-regulated; n = 90 down-regulated) 
tumour phenotypes versus naïve microglial cells. (B) Venn diagram representation showing TAM II 
shared (n = 141) and exclusively up-regulated genes in the invasive (n = 118) and angiogenic (n = 
725) tumour phenotypes versus naïve microglia. (C-D) Macrophage-like cells gene ontology terms 
of exclusively up-regulated genes (C) in the invasive (Table S12) and (D) angiogenic (Table S13) 
tumour phenotypes versus naïve microglia cells.  

 

 Overall, these results demonstrate that various tumour-intrinsic phenotypes induce specific 

transcriptional adaptations of microglia and macrophage-like cells in the TME of GBM.  
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4.8.  Tumour-associated microglia/macrophages display niche-specific functional 
adaptation across Glioblastoma landscapes 

 

TAMs phagocytic activity is emerging as a mechanism to improve innate anti-tumour 

immunity and to promote T-cell mediated adaptive immune responses. Taking our results, microglia-

like cells from the invasive landscape showed enriched GO terms associated with phagocytosis and 

activated T cell proliferation (Figure 43C). Hence, we sought to investigate the phagocytic activity 

of ex vivo CD11b isolated cells from naïve and tumour-educated cells at late stage of GBM 

development.  

Due to the high abundance of tumour cells in the tumour-bearing mice, prior to CD11b 

isolation we performed mouse cell depletion step in order to discriminate host murine cells from 

human patient tumour cells (see Materials and Methods section) (Figure 45A-B). Moreover, as 

TAMs accumulate at the tumour site, we dissected the tumour core region of the angiogenic  

landscape, while no dissection was done for the invasive landscape (Figure 45B). The purity of ex 

vivo CD11b isolated cells was assessed by flow cytometry after the mouse cell depletion step by 

quantifying the ratio between human CD90+ cells versus murine myeloid CD11bpos cells (Figure 

45C). Overall, we obtained high enrichment of CD11b+populations across the invasive (96.90% ± 

3.10) and the angiogenic (97.00% ± 1.85) tumour phenotypes (Figure 45C).  
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Figure 45. Ex vivo CD11b magnetic cell isolation of high viable CD11b+ TAMs in PDOX 
models. (A) Flow cytometry gating strategy. (i) Cells of interest were gated based on side scatter 
(SSC) and forward (FSC). (ii) Doublets were excluded based on the forward scatter height (F SC-H) 
versus forward scatter area (FSC-A). (iii) Hoechst was used to discriminate living cells. (iv) CD11b-
PERCP.cy5 was used to gate the myeloid compartment and human CD90 BV605 to identify tumour 
cells. (B) Nestin immunohistochemistry staining depicting tumour mass and red circle denotes 
respective tumour core dissection. Bottom graphs depict CD11b enrichment population obtained for 
the invasive and angiogenic tumour phenotype upon tumour cell depletion step  (C) Bar plots 
depicting the ratio between murine CD11b+ myeloid cells versus human CD90+ tumour cells 
obtained across the invasive (n = 2) and angiogenic (n = 2) tumour phenotypes after tumour cell 
depletion step (1 biological replicate). 

 

In line with the scRNA-seq dataset, we detected an increased phagocytic ability of CD11b cells 

isolated from the invasive tumour phenotype compared to the corresponding cells harvested from 

the angiogenic phenotype and naïve mice (Figure 46A, Table S14). In line with these results, the 

expression of  phagocytic markers (e.g. Trem2 and Tyrobp) were significantly overexpressed on 

CD11b cells isolated from the invasive landscape when compared to the angiogenic landscape and 

naïve mice (Figure 46B). These results show higher phagocytic potential of microglia-like cells within 

the TME of the invasive tumour phenotype when compared to TAMs in the corresponding angiogenic 
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PDOX model. Whether macrophage-like cells have the potential to dampen the phagocytic capacity 

of resident microglia-like cells in the TME needs to be addressed.  

 

Figure 46. GBM-educated microglial cells display increased phagocytic capacity. (A) Ex vivo 
CD11b phagocytic uptake of pHrodo E.coli bioparticles from naïve and tumour-bearing mice. Two-
way ANOVA followed by Tukey's multiple comparisons test (naïve n = 4, invasive n = 4 and 
angiogenic n = 4) (1 biological replicate) (Table S14). (B) Expression levels of the phagocytic 
markers Trem2 and Tyrobp from ex vivo CD11b cells 48h upon the phagocytic assay (naïve n = 2; 
invasive n = 3 and angiogenic n = 2) (1 biological replicate). Data are represented as mean ± SEM, 
* p <0.05, ** p <0.01, *** p <0.001, ns >0.05. 

 

Phagocytosis is a mechanism employed by the cells, which leads to the proteolysis of exogenous 

antigens with the potential to display them on the cell surface via MHC class I and/or class II 

molecules (Mantegazza et al., 2013). Precisely, the cross-presentation of tumour antigens by TAMs 

is critical to initiate an adaptive immune response at the tumour site. Therefore, TAM phagocytic 

activity and antigen presentation to improve local anti-tumour response is a promising axis of 

investigation. In line with this notion, we further investigated antigen presentation cell markers, both 

at the gene and protein levels in tumour sections of the invasive tumour phenotype. The analysis of 

the relevant markers across our scRNA-seq datasets, showed that microglia-like cells exhibit an 

immunologically reactive signature associated with the down-regulation of the “homeostatic” genes 

(e.g. P2ry12, Tmem119, Gpr34 and Hexb) and the overexpression of antigen presenting cell 

markers (e.g. Itgax, Igf1 and Cd74) (Figure 47A). In the healthy brain, about 2–3% of the microglial 

cells are CD11c positive (Wlodarczyk et al., 2018). Preliminary immunofluorescence analyses, 

indicate that approximately 50% of the total activated IBA1 microglial cell population co-express 

MHC-II and CD11c (encoded by Itgax) in the invasive tumour phenotype (Figure 47B-C). Moreover, 

approximately 15% of IBA1 cells expressed CD11c independently of MHC-II molecules and 
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approximately 35% of IBA1 cells were CD11c negative and only 10% of them expressed MHC-II 

(Figure 47C). Overall, these results show differential activation states among GBM-educated 

microglia subsets and that distinct subsets differentially express antigen presenting cell markers 

within the tumour. CD11c is commonly used as a marker for dendritic cells specialized in antigen 

capture and MHC class II type antigen presentation to T cells. Whether different GBM-educated 

CD11c microglial subsets differently interact with T cell subpopulations in GBM would need to be 

further investigated.  

 

Figure 47. GBM-educated microglia subsets express antigen presenting cell markers. (A) 
Heat-map representation of microglia core genes (P2ry12, Tmem119, Gpr34, Hexb) and antigen 
presenting cell markers (Itgax, Igf1, Cd74) from scRNA-seq data from naïve mice and the invasive 
tumour phenotype (B) Representative immunofluorescence pictures depicting MHC-II and CD11c 
staining of IBA1 cells in the invasive tumour phenotype at late stage of GBM development. Scale 
bar = 20µm. (C) Percentage of IBA1 cells expressing MHC-II and/or CD11c in the tumour core of 
the invasive tumour phenotype at late stage (n = 2, 1 biological replicate). 

 

One striking feature of microglia is their ability to actively sense the brain environment, thus 

they have the capacity to efficiently migrate to the sites of injury. Therefore, we evaluated the 

migratory capacities (see Materials and Methods section) of ex vivo CD11b cells from naïve and 
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tumour-bearing mice at late stage of GBM development (Figure 48A). As expected, tumour-

educated CD11b cells showed higher migratory capacities compared to naïve CD11b cells (Figure 

48A), independently of the GBM tumour phenotype. Moreover, in our experimental setting, ex vivo 

CD11b TAMs from the angiogenic phenotype displayed a less pronounced migratory ability in 

comparison to CD11b cells from the invasive tumour phenotype (Figure 48A), suggesting differential 

TAM-education profiles. By immunofluorescence, we confirmed that more than 99% of the migrated 

cells corresponded to IBA1 cells (IBA1: mean = 99.50% ± 0.52; HuNu: mean 2.51% ± 2.59) (Figure 

48B). 

 

Figure 48. Ex vivo CD11b isolated cells display distinct migratory properties across GBM 
landscapes. (A) Percentage of migratory ex vivo CD11b cells from naïve (n = 3) and GBM tumour-
bearing mice (invasive: n = 3; angiogenic: n = 3) (1 biological replicate) at late stage. Bars represent 
the mean ± SEM, ** p < 0.01, *** p < 0.001. (B) Immunofluorescence representative pictures 
depicting human nuclei (HuNu) and IBA1 cells upon the migration assay and respective 
quantification. Data are represented as mean ± SEM (1 biological replicate), *** p <0.001.  

 

GO analysis of microglia-like cells from the invasive tumour phenotype showed positive 

regulation of the MAPK cascade (Figure 43C). In fact, extracellular signal–regulated kinases (ERKs) 

or classical MAP kinases are known to play important roles in the signalling pathways that regulate 

microglia activation and chemotaxis. Therefore, we further investigated potential genes involved in 

microglial cellular migration. For this, we compared the up-regulated genes expressed by microglia-

like cells from the invasive tumour phenotype versus naïve cells with the GO cell migration  list 

extracted from the Mouse Genome Informatics (MGI) database (Figure 49B, Table S15). Here, we 
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specifically focused on various types of receptors expressed by the cells, such as integrin (e.g. Itgax, 

Itgb1bp1, Itgb3, Itga5), tyrosine kinases (e.g. Flt1, Ptprc, Fgr, Ptk2b) and surface receptors (e.g. 

Ptprc, Trem2, C3ar1, P2rx4, Tlr2, f2r, Nsmf, Itga5) as potential modulators involved in microglia 

cellular migration to the tumour site (Figure 49A). Compared to naïve microglial cells, CD11b+ 

isolated cells from the invasive landscape showed increased gene expression levels of the integrin 

Itgax and the receptor Trem2 compared to the counterparts of the angiogenic tumour phenotype 

(Figure 49B). 

 

Figure 49. Tumour-associated microglia migratory genes investigation. (A) Venn diagram 
representation showing shared ( n = 75 ) up-regulated genes in TAM I versus naïve microglia cells 
versus cell migration list extracted from the Mouse Genome Informatics and intersection shows a 
selection of integrin, tyrosine kinases and receptor genes involved in motility processes (see Table 
S15). (B) Expression levels of Itgax and Trem2 in CD11b+ cells from naïve and tumour-bearing mice 
at later stages (naïve n = 2; invasive tumour phenotype n = 2 and angiogenic tumour phenotype n = 
2) (1 biological replicate). Data are represented as mean ± SEM, * p <0.05, ** p <0.01, ns > 0.05. 

 

Overall, we observed that distinct GBM landscapes differently educate and influence TAM 

functional adaptation in the TME.  
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GBM is a highly heterogeneous tumour, and several cellular players co-exist and co-evolve 

together with the tumour cells. Within the TME, TAMs are increasingly recognized as critical players 

in shaping the local microenvironment, not only for being the most abundant cell population 

accounting for up to 40% of the stromal compartment, but also for their pro-tumorigenic phenotype 

contributing to tumour growth and progression (Hambardzumyan et al., 2016). Therefore, 

understanding TAMs plasticity and functional heterogeneity in GBM is imperative for the 

development of new therapeutic strategies. In particular, elucidating mechanisms contributing to 

distinct functional adaptations in the TME may be key to re-educate TAMs toward anti-tumour 

immune phenotypes in GBM.  

 

I. Elucidating tumour-associated microglia/macrophage diversity along 

Glioblastoma progression and under aconitate decarboxylase 1deficiency 

 

5.1. Resident microglia and peripheral monocytic-derived macrophages display discrete 

functional adaptation in Glioblastoma 

 

We took advantage of the GL261 syngeneic mouse model as a widely used paradigm for 

immunotherapy studies in GBM (Oh et al., 2014). This model allows the engraftment of immortalized 

tumour cells from the same strain with low immune rejection, thus enabling the investigation of an 

immunocompetent TME in vivo, including functional T and B cells (Aslan et al., 2020; Fecci et al., 

2007; Qian et al., 2018). Recent studies aiming at comparing datasets obtained in GBM patients 

with distinct GBM syngeneic mouse models, identified high correlation levels with both the 005 and 

GL261 models, thus serving as reliable preclinical models recapitulating several GBM patient 

features (Khalsa et al., 2020).  

In GBM, resident parenchymal microglia are difficult to segregate from peripheral infiltrative 

immune cells, which prevalently constitute the myeloid compartment of the TME.  Experimentally, 

approaches to distinguish resident microglia from other inflammatory immune cells entering the CNS 

have traditionally relied on CD45 expression to discriminate resident microglia (CD11b+CD45low 

cells) from peripheral monocyte-derived macrophages (CD11b+CD45high cells). However, this 

strategy has been challenged showing that glioma-associated microglia upregulate CD45 

expression, thus limiting the effective discrimination of both populations in GBM (Muller et al., 2015). 

In recent years, the transcriptional signatures of microglia and macrophage-like cells in the TME has 
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been possible due to advances on single cell technologies (Darmanis et al., 2017; Muller et al., 2017; 

Ochocka et al., 2021).  

In our dataset, we have shown that the myeloid compartment in tumour-bearing GL261 mice 

displays the highest number of differentially expressed genes compared to respective counterparts 

in naïve mice, indicating a prominent adaptation of the myeloid compartment in the TME. We have 

been able to discriminate at the transcriptional level microglia-like (e.g., Gpr34, Hexb, P2ry12, 

Siglech, Sparc) from macrophage-like (e.g., Arg1, Ccr2, Ly6c2, Mrc1, Tgfbi) cells in the GL261 

syngeneic model. Similar findings have been reported by others using the GL261 syngeneic model 

(Bowman et al., 2016; Ochocka et al., 2021) and in GBM patients (Darmanis et al., 2017; Muller et 

al., 2017; Pombo Antunes et al., 2021; Venteicher et al., 2017) . Additionally, in line with the decrease 

of homeostatic genes in microglia under inflammatory conditions (Sousa et al., 2017; Sousa et al., 

2018) and human GBM (Pombo Antunes et al., 2021; Sankowski et al., 2019), microglia-like cells 

displayed a decreased expression of these genes (e.g. Siglech, P2ry12, Gpr34) in the GL261 

syngeneic tumour-bearing mice when compared to the naïve mice. 

Elegant genetic mouse models have demonstrated that microglia and BMDMs are both present 

in gliomas and possess distinct transcriptional states (Bowman et al., 2016). Notably, we uncovered 

high transcriptional heterogeneity within microglia- and macrophage-like populations in the TME. 

Specifically, the main difference between TAM I subsets relied on the differential expression of the 

microglia homeostatic genes and inflammatory genes (e.g. Stat1, Il-1β), while TAM II subpopulations 

differently up-regulated genes associated with antigen presentation (e.g. H2-K1, H2-D1, H2-Aa, 

Cd74), positive regulation of angiogenesis (e.g. Lgals3, Il1β, Cybb, Thbs1, Plek, Vim, Stat1) and 

metabolic redox metabolism (e.g. Cybb, Msrb1). Overall, these results highlight the presence of 

heterogeneous TAM populations and their diverse transcriptional adaptation profiles in the TME of 

the GL261 syngeneic GBM model.  

Several studies have demonstrated the distinct roles of microglia and macrophages in CNS 

diseases (Ajami et al., 2011; Greenhalgh et al., 2018; Shemer and Jung, 2015) . To date, the 

understanding of the individual roles of microglia and macrophages in GBM are only partially 

understood. We identified common immunological terms shared by both microglia- and macrophage-

like cells (e.g. inflammatory response and innate immune response) in the TME of GL261 syngeneic 

murine model by performing gene set enrichment analysis. Additionally, we also uncovered 

exclusive terms for microglia-like cells (e.g., positive regulation of phagocytosis and T cell mediated 

cytotoxicity) and macrophage-like cells  (e.g. positive regulation of cell migration and oxidation-

reduction process) , thus highlighting distinct ontogeny-based functional adaptations in the TME. 
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Nevertheless, we cannot exclude that diverse transcriptional adaptations of TAMs might also be 

influenced by the spatial localization of these cells and by specific GBM loco-niche cues.  

Several studies point out that a higher presence of immunosuppressed monocyte-derived 

macrophages in the TME contributes to GBM progression. Precisely, immunosuppressive immune 

cell infiltrates increase from grade 2 to grade 4 (Pinton et al., 2019) and a reduced immune 

suppressive phenotype correlates with extended survival, as observed in LGG patients (Alban et al., 

2018). In order to verify the prognostic value of microglia- and macrophage-like transcriptional 

signatures in glioma patients, we took advantage of The Cancer Genome Atlas (TCGA) database. 

The TCGA project started in 2006 with the aim to provide with large-scale multidimensional analysis 

of genetic mutations of human cancers, using genome sequencing and bioinformatics. Today, it 

comprises over 20,000 primary cancer and matched normal samples spanning from 33 cancer types 

(Cancer Genome Atlas Research, 2008). In our study, we took advantage of two publicly available 

TCGA-databases (TCGA-HGG: high-grade glioma and TCGA-LGG: low-grade glioma). Notably, our 

results demonstrate macrophage-like-enriched signature correlates with a worse patient survival 

compared to a microglia-like-enhanced program, supporting the notion that TAMs differently 

contribute to glioma patient survival. In line with our findings, higher ratio of microglia to macrophage-

like cells correlates with increased GBM patient survival (Woolf et al., 2021). Moreover, macrophage-

like cells from GBM biopsies exhibited higher levels of immunosuppression compared to microglial 

cells, when assessed their ability to interfere with the proliferation of activated T cells (Pinton et al., 

2019). Also, microglial cells from grade 2 and 3 gliomas showed reduced immunosuppressive 

activity, indicating differential myeloid immune tolerogenic features in gliomas (Pinton et al., 2019). 

These results are of relevance as therapeutic strategies targeting TAMs indiscriminately have not 

shown significant improvement in the clinic. Taken together, these findings suggest that the 

presence of microglia within the TME may be beneficial and highlight the importance of cell-type 

specific therapies, such as targeting macrophage-like cells whilst sparing resident microglia-like 

cells.  

 

5.2. Resident microglia and peripheral monocytic-derived macrophages display distinct 

transcriptional adaptation along Glioblastoma progression 

 

Recent literature has pointed out the role of the brain microenvironment in shaping the microglial 

phenotype in a time- and region-dependent manner (Gosselin et al., 2014; Lavin et al., 2014; Masuda 

et al., 2019). Much of the knowledge regarding TAMs adaptation in GBM derives from studies at late 
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stages of the disease. This is due to the already advanced stage of the disease when GBM patients 

are diagnosed. In addition, there are currently no standard diagnostic or prognostic strategies for 

early stages GBM, which further limit our knowledge regarding TAMs adaptation along GBM 

progression.  

In order to understand TAMs functional adaptation along GBM development, we investigated 

microglia and macrophage-like transcriptional signatures at early and late stage of GBM progression 

taking advantage of the syngeneic GL261 GBM mouse model. Briefly, tumour progresses through 

four main stages over a four-week period following implantation: perivascular organization, 

proliferation near vasculature, hypoxia through blood vessel degeneration and neovascular ization 

towards necrotic regions (Oh et al, 2014). Thus, the orthotopic syngeneic GL261 GBM mouse model 

recapitulates several characteristics of GBM in patients (Ausman et al., 1970).  

In our dataset, we detected microglia and macrophage-like cell subsets across all the analysed 

tumour stages (i.e. early, intermediate and late time points), thus indicating that, in agreement with 

previous studies, the infiltration of monocyte-derived macrophages occurs early during tumour 

development in GL261 model (Bowman et al., 2016). Notably, we detected a gradual decrease in 

the number of up-regulated differentially expressed genes between microglia and macrophage-like 

cells along tumour stages, indicating that the transcriptional programs of microglia-like and 

macrophage-like cells converge over time. Recently, in human GBM recurrent tumours, it has been 

uncovered that a subset of macrophage-like cells (SEPP1low) express microglial signature genes 

(e.g. CX3CR1, BIN1, SCIN) suggesting macrophage-like cells transcriptionally adopt a resident-like 

signature (Pombo Antunes et al., 2021). 

Along GBM progression, the ratio between microglia and macrophage-like populations did not 

significantly change across early and late stages. The analysis of up-regulated genes characterizing 

microglia and macrophage-like cells at early and late tumour stages versus naïve microglia 

uncovered a core transcriptional programme maintained along GBM progression. Particularly, both 

microglia and macrophage-like cells displayed a down-regulation of genes associated with antigen 

processing and presentation (e.g., Cd74, H2-Ab1, H2-Aa) and regulation of T-helper cells (e.g., H2-

Q7, H2-T23) at late stage. In line with our scRNA-seq dataset, we observed a significant decrease 

of the antigen presenting cell markers MHC-II and CD74 at the protein level in both microglia and 

macrophage-like cells at later stage. The reduced antigen cross-presentation ability of both 

microglia- and macrophage-like cells at late stage may add to the recognised poor recruitment of T 

cells to the tumour site in GBM (Woroniecka et al., 2018), thus dampening potential T-cell-mediated 

anti-tumour responses in GBM. Precisely, ex vivo functional profiling of microglia- and macrophage-

like cells from GL261 syngeneic model, revealed that both TAM populations were unable to induce 
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allogeneic CD4+ or CD8+ T-cell proliferation, thus demonstrating their poor T-cell stimulatory 

potential to induce adaptive anti-tumour immunity in GBM (Pombo Antunes et al., 2021). Notably, 

we measured higher percentage of IBA1 cells expressing MHC-II at the tumour margin compared to 

tumour core both at early and late stages. These results highlight microglia-like cells display higher 

immune reactive profiles compared to macrophage-like cells in the syngeneic GL261 model. In this 

context, although macrophage-like cells have been shown to possess higher immunosuppressive 

features compared to microglial cells (Pinton et al., 2019), recent results have shown that microglia-

like cells show higher capacity to suppress T-cell proliferation compared to macrophage-like cells 

from GL261 syngeneic model (Pombo Antunes et al., 2021). These contradictory results might be 

explained due to species differences, thus more functional validations are needed to appreciate their 

respective contribution in GBM. 

Focusing on tumour-associated microglia transcriptional adaptation along GBM development, 

we identified genes associated with chromatin remodelling (e.g. Cbx5, Ezh2, Nasp) at later stages. 

In particular, we found a subset of microglia-like cells up-regulating enhancer of zeste homolog 2 

(Ezh2) expression. EZH2 is a histone methyltransferase and together with the catalytic subunit of 

the polycomb repressive complex 2 leads to epigenetic silencing of target genes through the tri-

methylation of the lysine 27 at the histone H3 (H3K27me3). In microglia, Ezh2 expression is 

increased upon a pro-inflammatory stimuli mediated through TLR4 stimulation (Zhang et al., 2018) 

and has been proposed to promote a M1-like state by repressing the expression of suppressor of 

cytokine signalling 3 (SOCS3) gene (Cheray and Joseph, 2018). Inhibition of EZH2 with the selective 

small molecule inhibitor EPZ-6438 suppressed the expression of the transcription factors IRF1, IRF8 

and STAT1, which regulate inflammatory responses (Arifuzzaman et al., 2017). Here, we 

hypothesize that a subset of microglia-like cells might upregulate EZH2 histone methyltransferase 

as a timely inflammatory-associated response in the local microenvironment, which may be exploited 

to enhance anti-tumour immunity at later GBM stages. Moreover, these results indicate the 

importance of epigenetic mechanisms in the control of microglia polarization toward a  specific 

phenotype or activation state that could differentially affect the TME.  

Another level of plasticity comes from the intrinsic capacity of TAMs to rapidly reorganizing their 

actin network to fulfil specific on-site demands. In this context, microglia-like cells exhibited an actin 

nucleation/polymerization enriched gene signature (e.g. Arpc1a, Arpc1b, Arpc2, Arpc3, Arpc5) at 

later stages. Dynamic remodelling of the Arp2/3 complex is known to partially regulate various 

cellular processes such as division, phagocytosis and migration (Jimenez et al., 2000). In DCs, 

Cdc42- and Arp2/3-mediated accumulation of F-actin at the cell front slows motility, while this 

process is required for micropinocytosis and antigen uptake in immature dendritic cells (Vargas et 
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al., 2016). Interestingly, at later stages, we also identified enrichment of GO terms associated with 

pinocytosis and ATP synthesis. ATP efficiently triggers pinocytosis in microglia (Li et al., 2013a) and 

it has been described that resting microglia employs pinocytosis to monitor their microenvironment 

as a mechanism of immune surveillance (Nimmerjahn et al., 2005). Specifically, pinocytosis is 

described as a type of endocytosis process employed by the cells to engulf external fluids and  

mechanisms underlying the regulation of pinocytosis by microglia in the context of GBM have not 

been elucidated yet. Autocrine ATP signalling triggered microglial pinocytosis of amyloid-beta uptake 

through the activation of P2Y4 purinergic receptors (Li et al., 2013a). Different purinergic receptors 

have been shown to modulate the microglial phenotype associated with distinct microglial functions 

(Illes et al., 2020). In this context, the A2RA and P2RX4 purinergic receptors are upregulated in 

microglia leading to processes retraction allowing their migration to the injury site where they adopt 

an amoeboid morphology. In this morphological state, activation of P2RY6 mediates phagocytosis, 

while activation of P2RY4 promotes pinocytosis in spinal cord microglia (Illes et al., 2020). No 

specific studies have addressed the role of pinocytosis as an immune surveillance or anti-tumour 

mechanism employed by the innate immune cells in GBM. Whether this mechanism is employed by 

GBM-educated microglia also awaits further investigations.  

Next, focusing on macrophage-like cells transcriptional adaptation during GBM progression, we 

detected a drastic reduction of type I interferon genes (e.g. Irf1 and Stat1) together with an over-

representation of GO terms associated with positive regulation of oxidative phosphorylation, 

angiogenesis and wound healing, suggesting macrophage-like cells display a characteristic M2-like 

signature at later stages. Anti-inflammatory TAMs have a proangiogenic role and increased numbers 

of macrophages around blood vessels is observed in GBM compared to healthy tissue (Hughes et 

al., 2015). In this context, CD163+ TAMs have been identified in proximity of CD31+ vascular 

structures (Klemm et al., 2020). An anti-inflammatory signature is characterized by a decreased 

glycolytic profile and enhanced oxidative phosphorylation (Mills et al., 2017). In line with this notion, 

it has been shown that blood-derived TAMs exhibit decreased glycolytic metabolism compared to 

microglia TAMs in human gliomas. Moreover, this metabolic reprogramming has been described to 

potentiate immunosuppression in the TME and being associated with poor patient survival in glioma 

(Muller et al., 2017).  

In line with potential repolarization towards an M1-like phenotype, we observed enrichment of 

“activation of phospholipase D (PLD)” at later stages. PLD is a widely expressed enzyme that 

catalyses the hydrolysis of phosphatidylcholine, the major phospholipid in the membrane, to produce 

the water-soluble choline and phosphatidic acid (Zhu et al., 2018). PLD is rapidly activated in 

response to extracellular stimuli and its activity is regulated by many factors including small 
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GTPases, kinases or phosphoinositides (Brandenburg et al., 2014). Its precise role in the TME nor 

the link between PLD-mediated immune responses in GBM have been elucidated. Recent work has 

demonstrated that ablation of Pld2 significantly promotes tumour growth associated with reduced 

CD8 T cell numbers in B16 melanoma and Lewis lung carcinoma mouse models. Moreover, 

engraftment of bone marrow cells into Pld2−/− mice significantly reduced B16 melanoma tumour 

growth (Ngo Thai Bich et al., 2018) suggesting its potential role in anti-tumour immunity. 

Macrophages lacking either PLD1 or PLD2 exhibit impaired phagocytosis and cell migration due to 

abnormal cytoskeletal organization (Ali et al., 2013). Additionally, it has been shown that PLD2 is 

critical for the proliferation and survival of CD8 T cells through activation of the Ras/Erk signalling 

pathway (Zhu et al., 2018). Therefore, PLD activity might represent a signalling mechanism with the 

potential to recruit the adaptive immune system to the TME. Here, it might be interesting to 

investigate whether macrophage-like cells up-regulate PLD activity as an intrinsic response 

mechanism to enhance anti-tumour immunity at later stages.  

Collectively, our analyses across different stages of GBM development evidenced TAM distinct 

transcriptional programmes and their potential role as functional unit to shape the local anti -tumour 

immune response. Therefore, a new concept may emerge in which by boosting their anti-tumour 

functions across different phases of the disease, TAMs may be exploited for the development of 

innovative therapies in GBM.  

 

5.3. Tumour-associated microglia/macrophages display higher immunological reactivity 

under aconitate decarboxylase 1 deficiency affecting T cell recruitment 

 

Immune cells flexibly adapt their metabolic profile to sustain their polarization and function in 

specific environments (Gosselin et al., 2014). Under inflammatory conditions, the IRG1/ACOD1 gene 

is highly induced in myeloid cells and its encoded enzyme catalyses the decarboxylation of cis-

aconitate, an intermediate metabolite of the TCA cycle to produce itaconate (Michelucci et al., 2013). 

Importantly, ACOD1-mediated itaconate production has been shown to inhibit LPS-induced 

cytokines, such as IL-6, IL-12, IL-1β, and type I IFN production in bone marrow derived 

macrophages, contributing to the resolution of inflammation (Hooftman and O'Neill, 2019; Mills et 

al., 2018). In the tumour context, itaconate has been measured in GBM patients (Wibom et al., 2010) 

or with lung cancer (Fan et al., 2016). In glioma patients, up-regulation of ACOD1/IRG1 expression 

levels was higher in CD49Dhigh macrophages compared to CD49Dlow microglial cells (Klemm et al., 

2020). These observations are in agreement with our results, where we identified a major 
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transcriptional effect of Acod1-deficiency in macrophage-like cells compared to microglial cells. To 

our knowledge, no studies have yet addressed the potential role of the ACOD1-itaconate axis in the 

myeloid compartment along GBM progression. In our analyses, we mainly detected Acod1 induction 

in a subset of myeloid cells at early stages, while its expression was reduced at later tumour stages, 

indicating a time-dependent expression of Acod1 in myeloid cells in GBM. Similarly, early induction 

of Acod1 mRNA levels has been also observed upon LPS stimulation (Dominguez-Andres et al., 

2019; Michelucci et al., 2013).  

Focusing on the early stages, increased transcripts associated with TAM recruitment, such as 

Ccr2, Mif, Ldha and Tspo, were up-regulated in Acod1 KO mice at early stages when compared to 

WT tumour-bearing mice. In line with these results, increased numbers of IBA1 cells were detected 

at early stages by immunofluorescence supporting myeloid recruitment to the tumour site. Previous 

reports have shown the crucial role of CCL2/CCR2 axis for monocyte migration into the inflamed 

CNS (Chen et al., 2017; Zhang et al., 2012). Precisely, a decreased number of infiltrative peripheral 

monocytes has been observed in Ccr2-KO mice at single cell resolution, supporting its origin in GBM 

(Pombo Antunes et al., 2021). Additionally, macrophage migration inhibitory factor (MIF) possesses 

chemokine-like functions and, functioning as a ligand for CXCR2 and CXCR4 chemokine receptors, 

it enhances monocyte recruitment and leukocyte chemotaxis in cancer (Guda et al., 2019). To date, 

a variety of MIF biological functions have been identified. For example, its ability to enhance the 

capacity of macrophages to kill intracellular parasites and tumour cells, its role to increase TNF, IL-

1β and IFN-γ pro-inflammatory cytokines (Mitchell et al., 2002). In this context, we might speculate 

that increased Mif expression levels are employed in an autocrine fashion by TAMs to support their 

infiltration to the tumour site under Acod1 deficiency.  

At later stages, in comparison with WT mice, TAMs in Acod1 KO mice displayed an enhanced 

immune activation profile characterized by the overexpression of markers associated to antigen 

processing and presentation via MHC class II (e.g. Cd74, H2-Ab1, H2-Aa) and inflammation (e.g. 

Irf1). We previously showed that macrophage-like cells in WT mice at later stages, exhibit a drastic 

reduction of type I interferon genes (e.g. Irf1 and Stat1) associated with decreased antigen 

presentation features. Gene regulatory network analyses identified IRF1 among the main 

transcription factors regulating ACOD1 expression in mouse and human macrophages. In this 

context, siRNA targeting IRF1 correspondingly reduced Acod1/Irg1 expression in macrophages 

(Tallam et al., 2016). It has been shown that IRF1 induction is mediated by type I and not type III 

interferons (Forero et al., 2019). Taken together, we hypothesise that type I IFN signalling might be 

responsible for the temporal regulation of Acod1 in TAMs, thus, affecting their immunogenicity in 

GBM. In line with an increased TAM immunogenic signature in the Acod1 KO mice, we detected 
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increased lymphocytic tumour infiltration compared to WT mice, suggesting an effective crosstalk 

between TAMs and the adaptive immune cell compartment in the TME. Applying single cell trajectory 

inference analysis, we observed that Acod1 deficiency supports macrophage-like cellular diversity 

in GBM, independent of the tumour stage. Furthermore, we detected a subset of macrophage -like 

cells in Acod1 KO mice that might support leukocyte migration to the tumour site (e.g., Ccl17, Ccl22, 

Ccr7, Il12b and Cd1d1). These results support the notion that Acod1 deficiency enhances TAMs 

immunogenicity and diversity in the TME, with the potential to mediate T cell recruitment to the 

tumour site. As IDH-wildtype gliomas are characterized as “lymphocyte-depleted” subtype (Thorsson 

et al., 2018), these results demonstrate the potential role of the ACOD1-itaconate axis as a key 

immunometabolic component regulating innate and adaptive immune responses in GBM. 

Lastly, despite enhanced TAM immunogenic phenotype with subsequent increased T cell 

infiltrates, we did not observe differences regarding the tumour growth neither we detected 

differences in the mouse survival between WT and Acod1 KO GL261 tumour-bearing mice. 

However, it is important to notice that increased numbers of macrophage-like cells in Acod1 KO mice 

did not correlate with decreased mouse survival rate, as we would expect according to our survival 

curves obtained from LGG and HGG patients. These results suggest that the TAM immune 

signature, rather than the TAM numbers at the tumour site, might be a better prognostic feature to 

take into consideration.  

From a therapeutic point of view, although immune checkpoint blockade therapy has markedly 

improved survival in several immunogenic cancers, such as melanoma, its efficacy has not been 

extended to GBM patients, as observed in a randomized phase III clinical trial for recurr ent GBM 

(CheckMate 143; Identifier NCT 02017717) (Reardon et al., 2020). As it is becoming increasingly 

evident that a mono-therapeutic approach is unlikely to provide anti-tumour efficacy, the combination 

of ACOD1 suppression in TAMs, which enables to harness both the innate and adaptive immune 

systems, together with immune checkpoints inhibitors , may advance therapeutic successes against 

GBM and other solid tumours. 

 

II. Revealing tumour-associated microglia/macrophage heterogeneity across 

distinct Glioblastoma landscapes  

 

5.4. Tumour-educated microglia/macrophages display distinct transcriptional adaptation 

across Glioblastoma landscapes 
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Loss of immunosuppressive signatures and acquisition of TAM pro-inflammatory phenotypes 

correlate with increased survival in mice and patients with diverse forms of cancer (Kaneda et al., 

2016). Recent work elucidated differential TAM compositions dependent on tumour grade and 

genotype. In this context, IDH-mutant or LGG exhibited a predominance of microglial cells, while 

IDH-wildtype or HGG showed an increased invasion of monocyte-derived infiltrative cells (Friebel et 

al., 2020; Klemm et al., 2020).  

TAMs spatial characterization is starting to shed light on their distinct functional adaptation 

within particular tumour niches. PDOX mouse models represent unique pre-clinical avatars to study 

specific features recapitulated in GBM patients (Golebiewska et al., 2020). In our study, we took 

advantage of two distinct paradigms of the disease displaying different tumour intrinsic architectures, 

including an invasive and an angiogenic tumour pattern. Previous work from the NORLUX Neuro-

Oncology Laboratory has shown the presence of a disrupted BBB in the angiogenic compared to the 

invasive landscape by MRI contrast imaging (Bougnaud et al., 2016). In line with its angiogenic 

feature, by scRNA-seq, we detected higher percentage of endothelial cells composing the TME 

(20.42%) in comparison to the naïve brain (2.48%) and the invasive landscape (7.06%). Moreover, 

peripheral blood analysis showed significant reduction of platelet and red blood cell counts in the 

angiogenic landscape compared to naïve mice and the invasive tumour phenotype.  It was shown 

that platelets carrying immune molecules (e.g., TGF-β, β-2 microglobulin) can contribute to the 

maintenance of brain homeostasis (Leiter and Walker, 2019). Whether platelet and red blood cells 

have the potential to migrate to the brain to exert wound healing roles or participate in the angiogenic 

cascade requires further investigation. Additionally, local endothelial proliferation may occur and the 

recruitment of platelets and red blood cells from the peripheral blood could ultimately contribute to 

the local endothelial pool in the angiogenic landscape.  

Similarly to the GL261 syngeneic model, we were able to discriminate at the transcriptional 

level microglia-like from macrophage-like cells in the PDOX models. By scRNA-seq, we detected a 

higher percentage of macrophage-like cells in the angiogenic tumour phenotype compared to the 

corresponding invasive phenotype. In line with these findings, previous work in the laboratory 

showed increased inflammatory monocytes in the angiogenic landscape. Taken together, these 

results demonstrate enhanced peripheral monocytic infiltration in the angiogenic tumour phenotype, 

while the invasive phenotype is mainly characterized by a microglia enriched microenvironment. 

Notably, the angiogenic tumour phenotype associated with peripheral infiltration displayed shorter 

mouse survival compared to the invasive tumour phenotype (Bougnaud et al., 2016).  

Under homeostatic conditions, microglia exhibit highly branched processes allowing the 

constant surveying of the local environment. When microglia encounter tissue damage, they become 
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active and dynamically modify their morphology by reducing their branches (Tremblay et al., 2011). 

This phenomenon has been reported in various diseases, including Alzheimer’s disease (AD), 

amyotrophic lateral sclerosis (ALS) and demyelinating diseases (Holtman et al., 2015; Kamphuis et 

al., 2016; Remington et al., 2007). Similar results have been described in both murine and human 

GBM samples (Chen et al., 2017; Kvisten et al., 2019). Independently of the tumour phenotype, we 

detected increased numbers of IBA1+ cells in tumour sections compared to naïve brain, supporting 

TAMs recruitment to the tumour site in our PDOX models. As previously described by others, tumour-

associated microglia showed remarkable morphological alterations as assessed by IBA1 surface 

area measurements. Specifically, microglia-like cells exhibited reduced branching compared with 

distal ramified microglia in the angiogenic landscape, supporting morphological regional 

heterogeneity of microglia-like cells in GBM tumour sections.  

Investigation of the exclusive up-regulated genes in both microglia and macrophage-like cells 

uncovered a major transcriptional adaptation of these cells in the angiogenic landscape, supporting 

TAMs niche-specific transcriptional education in GBM. Moreover, despite exhibiting an immune 

reactive profile across the two analysed GBM landscapes, our work demonstrates that distinct 

tumour-intrinsic properties differentially affected microglia-like transcriptional programmes in the 

TME. The analysis of the relevant markers across our scRNA-seq datasets showed that microglia-

like cells exhibit an immunologically reactive signature associated with overexpression of antigen 

presenting cell markers (e.g. Itgax, Igf1 and Cd74) at later stages. In the healthy brain, only about 

2–3% of microglial cells express CD11c (coded by Itgax). In response to CNS damage, CD11c 

expressing microglia was found in neuroinflammatory and neurodegenerative conditions (Butovsky 

et al., 2006; Remington et al., 2007). Approximately 60% of CD11c+ microglia was detected in the 

experimental autoimmune encephalomyelitis (EAE). In this context, it was reported that CD11c- 

microglia expressed low levels of MHC II and co-stimulatory molecules and were poor inducers of T 

cell proliferation (Wlodarczyk et al., 2014). Lastly, in the context of AD, CD11c+ microglia counteract 

amyloid deposition via increased Aβ-uptake and degradation, suggesting their enhanced phagocytic 

capacity (Kamphuis et al., 2016; Keren-Shaul et al., 2017). In the invasive tumour phenotype, 50% 

of the total activated microglia cell population co-expressed MHC-II and CD11c. Independently of 

MHC-II expression, we also observed that 15% of the cells expressed CD11c. These results show 

that GBM-educated microglia cells exhibited heterogeneous antigen-presenting cell subsets 

characterized by differential surface expression of MHC-II and CD11c.  

 

5.5. Glioblastoma-educated microglia exhibit higher immune reactive profile 
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Increased phagocytic ability within the brain along with increased MHC-II molecules are 

characteristics of immune reactive microglia (Vilhardt, 2005). It has been described that 

phagocytosis favours M1-like phenotype promoting antigen presentation via MHC-I and MHC-II 

expression (Lecoultre et al., 2020). In cancer, TAMs phagocytic activity is emerging as a new 

mechanism to mediate tumour immunity in the TME with the potential to induce long-lasting and 

efficient anti-tumoral immune responses in GBM (von Roemeling et al., 2020). Cell–cell interactions 

between SIRPα on microglia and CD47 on tumour cells have been shown to suppress microglia 

phagocytosis in GBM (Hutter et al., 2019). We have shown that associated with increased antigen-

presenting cell signatures, GBM-educated microglia cells exhibit increased phagocytic capacity in 

the invasive tumour phenotype compared to the counterparts in the angiogenic landscape. Some 

reports have highlighted the reciprocal signalling between microglia and macrophages, which 

differently contributes to their divergent functions in the CNS. For example, in the context of spinal 

cord injury, increasing numbers of infiltrative macrophages correlate with the suppression of the 

microglial inflammatory profile with subsequent reduced phagocytic ability (Greenhalgh et al., 2018).  

As previously mentioned, actin remodelling is essential for cellular migration and purinergic 

receptors have been described to mediate chemotaxis of multiple cell types (Di Virgilio and Vuerich, 

2015). ATP, the primary nucleotide in the CNS, regulates various physiological functions of microglia 

(Kettenmann et al., 2011; Koizumi et al., 2013) and microglial cells express several receptors for 

extracellular nucleotides named P2 receptors. Specifically, the expression levels of these receptors 

are largely dependent on their environment and respective set of pur inergic receptors varies 

according to microglia phenotypes (Koizumi et al., 2013). On the basis of their signalling properties, 

P2 receptors can be further subdivided into metabotropic P2Y receptors (P2YRs) that are G‐protein‐

coupled, and ionotropic P2X receptors (P2XRs) that are nucleotide ‐gated ion channels (Domercq et 

al., 2013). Activated microglia upregulates P2X4 receptor, which promotes P2Y12 receptor-

mediated microglial migration to the injured sites (Koizumi et al., 2013). Under pathological 

conditions, the expression of the P2X4 receptor is increased (Inoue et al., 2005; Tsuda et al., 2003). 

By scRNA-seq, we identified P2x4 receptor at later stage in GBM-educated microglia cells from the 

invasive tumour phenotype. Precisely, P2X4 receptor has been shown to mediate microglial 

chemotaxis towards regions of cell damage (Kurpius et al., 2007), while its pharmacological 

blockade suppressed microglia chemotaxis (Ohsawa et al., 2007). Additionally, microglia P2X4R 

activation drives phagocytic activity as a neuronal repair mechanism in the EAE model (Zabala et 

al., 2018). Phagocytic microglia are characterized by increased levels of P2Y6 receptors while 

migratory microglia by decreased levels of P2Y12 receptors, which might suggest a functional shift 
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from migratory to a phagocytic phenotype (Koizumi et al., 2007). In fact, P2X4 receptor can be 

localized both at the plasma membrane and at the lysosomal membrane, therefore its expression 

and downstream signalling activation might also depend on the local environment. In GBM, P2X4R 

protein expression was found to be expressed by TAMs in the C6 rat experimental GBM model (Guo 

et al., 2004). Hence, microglial purinergic receptors may be important in regulating microglia 

functions in GBM, including chemotaxis and phagocytosis, in a mutually exclusive but coordinated 

fashion. Hence, future perspectives might focus on the rationale of increasing TAM phagocytic 

activity and antigen presentation for an orchestrated anti-tumour immune response, as a mechanism 

to promote T-cell mediated adaptive immune responses.  

A summary of the major findings is shown in Figure 52. 

 

Figure 52. Schematic representation of TAMs functional adaptation across distinct GBM 
landscapes at late stage of the disease. (A) Human glioma biopsies from P8 (invasive tumour 
phenotype) and P13 (angiogenic tumour phenotype) patients were intracranially implanted into the 
frontal cortex of immunocompromised nude mice. We observed an enrichment of microglia-like cells 
in the invasive landscape, while both resident microglia and monocyte-derived macrophages were 
present in the angiogenic landscape. Microglia-like cells from the invasive landscape exhibited 
higher immune reactive profiles characterized by higher antigen presentation and phagocytic 
potential compared to immune suppressive counterparts in the angiogenic landscape. (B) The 
GL261 murine glioma model was chosen to investigate TAMs adaptation along GBM progression as 
well as the effect of ACOD1/IRG1 deficiency. This model is characterized by high peripheral 
monocytic-derived macrophages infiltration to the tumour site. Temporal analysis uncovered that 
TAMs exhibited decreased antigen-presenting cell signature at later stages of the disease, 
supporting the notion that these cells display an immune suppressive status at the tumour site. 
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Moreover, TAMs exhibited increased immunogenicity, including enhanced type I interferon response 
and antigen presentation correlating with increased lymphocytic recruitment to the tumour site.  
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The main goal of the present PhD project was to elucidate the heterogeneity of TAMs under 

defined temporal and spatial settings in GBM. Taking advantage of the GBM GL261 syngeneic and 

PDOX mouse models and by combining single-cell RNA-sequencing, multicolour flow cytometry, 

immunohistological and functional immunological analyses we characterized TAM high plasticity and 

adaptive features, highlighting the importance to consider these aspects when designing novel 

therapeutic strategies targeting TAMs in GBM.  

In chapter 4-I, we uncovered that myeloid cells display a prominent transcriptional adaptation 

in the TME of GBM GL261 syngeneic model in comparison to the other cell types in the TME. In 

GBM, resident parenchymal microglia are difficult to segregate from monocyte-derived 

macrophages. Taking advantage of the scRNA-seq dataset generated, we were able to distinguish 

at transcriptional level microglia- and macrophage-like cells in the TME. Dissecting their 

transcriptome, although we uncovered that both TAM subsets share an immunological 

transcriptional signature, we also identified exclusive transcriptional programme associated to 

microglia-like cells (e.g. positive regulation of phagocytosis and T cell mediated cytotoxicity) and to 

macrophage-like cells (e.g. positive regulation of cell migration and oxidation-reduction process), 

suggesting distinct ontogeny-based functional adaptations in our model. Analysing TAMs temporal 

adaptation in GBM, we uncovered a gradual transcriptional symbiotic adaptive mechanism along 

GBM progression. Differential TAMs transcriptional adaptation along GBM progression was 

observed but both TAM subsets exhibit decreased antigen-presenting cell signature at later stages 

of GBM, supporting the notion that these cell subsets display an immune suppressive status in the 

TME. Considering these evolutionary adaptive functions in the TME, future work should focus on the 

identification of regulatory factors controlling this phenotype switching or predictive of differential cell 

fate transitions among TAM subsets. In line with this notion and taking advantage of the temporal 

dataset generated, preliminary gene-regulatory network analyses uncovered common and exclusive 

key transcription factors involved in microglia- and macrophage-like cells differential education in the 

TME. Pharmacological or genetic modulation of the putative identified genetic targets might uncover 

targets with the capacity to re-educate TAMs towards anti-tumour phenotypes. 

TAMs are being recognized as having a significant degree of plasticity and it has been shown 

that differential TAM education in the TME is regulated by epigenetic events, suggesting that TAMs 

might be poised to engage in distinct transcriptional programs based on initial enhancer selection 

(Bowman et al., 2016). We identified a subset of microglia-like cells up-regulating Ezh2 histone 

methyltransferase as a timely inflammatory-associated response to the local environment. It has 

been described that IFN-γ induces EZH2 recruitment in human macrophages and selectively 

contributes to gene silencing of anti-inflammatory genes, such as MERTK (Qiao et al., 2016). 
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MERTK is a member of the Tyro-Axl-MerTK family of receptor tyrosine kinases present on 

macrophages. It has been described to be important for phagocytosis of apoptotic cells, a process 

known as efferocytosis, which ultimately promotes inflammation resolution (Cai et al., 2018). 

Contrary to phagocytosis, efferocytosis is associated with the decrease of pro-inflammatory cytokine 

secretion through STAT1 inhibition, while promoting IL-10 and TGFβ secretion. Additionally, it has 

the potential to rapidly degrade antigens by increasing acidic environment and thus limiting the cross-

presentation capacity of the cells (Lecoultre et al., 2020). In tumour, usage of potent 

immunosuppressors for patient care, such as corticoids, have been reported to increase MERTK 

expression in macrophages (Zagorska et al., 2014). Binding of an apoptotic cell to MERTK 

counterbalances the secretion of type I IFNs while it upregulates the expression of toll -like receptors 

suppressors SOCS1 and SOCS3 (Elliott et al., 2017; Rothlin et al., 2007). As a future perspective it 

would be interesting to evaluate whether TAMs exhibit higher phagocytic or cytotoxic potential 

towards GBM cells via a mechanism involving EZH2, as well as whether epigenetic modifications 

can dictate TAMs plasticity in the TME.  

Metabolic reprogramming of macrophages is emerging as an alternative to enhance anti-

tumour immune response. In mammals, IRG1 encoded by Acod1/Irg1 catalyses the production of 

itaconate from the decarboxylation of cis-aconitate, an intermediate metabolite of the TCA cycle 

(Michelucci et al., 2013). Acod1/Irg1 is a key gene involved in the metabolic reprogramming of 

macrophages towards an anti-inflammatory phenotype. In our study, we detected an increased 

immunogenic profile of TAMs in Acod1-deficient compared to WT tumour bearing mice. The 

mechanistic link between ACOD1 deficiency and the increase of antigen presenting cell features in 

TAMs remains unclear. It has been shown that the transcriptional induction of the IRF1-responsive 

gene class II transactivator (CIITA) is impaired in IRF1-/- organoids (Forero et al., 2019). At later 

stages, isolated TAMs exhibited higher mRNA Irf1 levels, and it should be evaluated CIITA is 

responsible for enhancing TAMs immunogenicity in GBM. In agreement with TAM increased 

immunogenicity, we detected higher T cell infiltrates in the TME at late stages, indicating an effective 

crosstalk between the innate and the adaptive immune system. By performing single cell trajectory 

inference analysis to investigate TAMs cellular diversity in the TME, we found a subset of 

macrophage-like cells enriched in genes associated with T cell migration and activation. In this 

context, further work should focus on assessing the cross-presentation capacity of this identified 

TAM subset arising under ACOD1 deficiency in modulating T cell activation and recruitment to the 

tumour site. Taking advantage of our scRNA-seq dataset, bioinformatics analyses should focus on 

the identification of ligand-receptor pairs that might contribute for the crosstalk between TAMs and 

the lymphocytic compartment in the TME, as previously addressed (Browaeys et al., 2020). 
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Additionally, GO analysis of exclusively up-regulated genes on macrophage-like cells at late GBM 

stage in Acod1 KO compared to WT mice uncovered the enrichment of terms associated with antigen 

processing and presentation via MHC class I and T cell mediated cytotoxicity. In line with these 

results, the investigation of recruited CD8 T cells and the assessment of their respective immune 

status, such as cytotoxic activity and granular contents for an effective tumour killing activity should 

be further investigated. Moreover, the analysis of the tumour growth and mouse survival in GL261 

tumour-bearing mice did not show significant differences between WT and Acod1 KO mice. 

However, we identified a subset of T cells expressing high levels of the immune checkpoint CTLA-

4. Thus, it would be interesting to evaluate whether anti-CTLA4 blockade in Acod1 KO tumour-

bearing mice might improve their survival rate. Finally, future studies should look for the comparison 

of potential secreted metabolites between WT and Acod1-deficient TAMs, which could improve T-

cell-mediated long-term activation and response in the TME. 

 

In chapter 4-II, we demonstrated that tumour-intrinsic phenotypes mediate specific 

transcriptional adaptations of microglia and macrophage-like cells in the TME. Taking advantage of 

PDOX models from the NORLUX Neuro-Oncology Laboratory, we observed that TAMs exhibit 

distinct transcriptional adaptations across GBM landscapes. Additionally, we showed the presence 

of inflammatory monocytes in the angiogenic tumour phenotype, while this population was largely 

absent in the invasive tumour phenotype. GBM-educated microglia cells in the invasive landscape 

exhibit an immune reactive profile, characterized by heterogeneous antigen-presenting cell 

signatures as observed by a differential expression of CD11c and MHC-II surface markers at late 

stages of the disease. Associated with an immunogenic profile, microglia-like cells also showed 

higher phagocytic index in comparison to CD11b+isolated cells from the angiogenic tumour 

phenotype. Here, future work should investigate the potential role of phagocytosis and antigen 

presentation, as an orchestrated mechanism to enhance local anti-tumour response in the TME. In 

line with the decreased phagocytic index of myeloid cells from the angiogenic landscape, the 

investigation of phagosome maturation and/or its dysfunction might contribute to immune escape 

mechanism and thus mediating tumour progression. Some reports have highlighted the reciprocal 

signaling between microglia and macrophages, which contributes to their divergent functions in the 

CNS. For example, in the context of spinal cord injury, increasing numbers of infiltrative 

macrophages correlate with the suppression of the microglial inflammatory profile with subsequent 

reduced phagocytic ability (Greenhalgh et al., 2018). Similar correlations remain poorly understood 

in the context of GBM and our work provide the first evidence into this paradigm using distinct GBM 

landscapes characterized by differential TAM composition in the TME. Among all malignant gliomas, 
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the proneural (32.73%) and mesenchymal (32.4%) subtypes are the most prevalent (Lin et al., 2014). 

Immune landscape analysis showed reduced immune infiltration in the proneural subtype associated 

with a better prognosis (Martinez-Lage et al., 2019), compared to higher tumour aggressiveness, 

associated with myeloid recruitment in the mesenchymal subtype (Brennan et al., 2013; Wang et al., 

2017). The exact implication of immune infiltrates in distinct GBM subtypes are starting to emerge 

and thus, the identification of exclusive TAMs functional adaptation across distinct GBM landscapes 

might help the community to find evidence indicative of subtype-specific treatment for personalized 

therapy. 

Lastly, we generated datasets describing the transcriptional adaptation programmes of 

microglia and macrophage-like cells across the GL261 syngeneic and PDOX, such as the 

identification of common and/or exclusive TAM mechanisms involved in biological functions, such 

as migration/invasion, antigen presentation and cross-presentation abilities by TAM and phagocytic 

potential. Particularly, the identification of common modules across the invasive and angiogenic 

GBM landscapes might be relevant for patient stratification and/or prediction of potential immune 

therapy strategies benefiting a specific cluster of patients. Additionally, taking advantage of these 

datasets, it would be important to identify and validate key genes responsible for the crosstalk 

between the innate and adaptive immune system using in the syngeneic versus the PDOX models. 
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