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In glioblastoma (GBM), tumour-associated microglia/macrophages (TAMs)

represent the major cell type of the stromal compartment and contribute to

tumour immune escape mechanisms. Thus, targeting TAMs is emerging as a

promising strategy for immunotherapy. However, TAM heterogeneity and

metabolic adaptation along GBM progression represent critical features for

the design of effective TAM-targeted therapies. Here, we comprehensively

study the cellular and molecular changes of TAMs in the GL261 GBM mouse

model, combining single-cell RNA-sequencing with flow cytometry and

immunohistological analyses along GBM progression and in the absence of

Acod1 (also known as Irg1), a key gene involved in the metabolic reprogram-

ming of macrophages towards an anti-inflammatory phenotype. Similarly to

patients, we identify distinct TAM profiles, mainly based on their ontogeny,

that reiterate the idea that microglia- and macrophage-like cells show key tran-

scriptional differences and dynamically adapt along GBM stages. Notably, we

uncover decreased antigen-presenting cell features and immune reactivity in

TAMs along tumour progression that are instead enhanced in Acod1-deficient

mice. Overall, our results provide insight into TAM heterogeneity and high-

light a novel role for Acod1 in TAM adaptation during GBM progression.
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1. Introduction

Complex interactions between neoplastic cells and

their microenvironment sustain cancer heterogeneity

and evolution [1,2]. In the brain, tumours develop

within a network of resident central nervous system

(CNS) cells, including neurons, astrocytes, oligoden-

drocytes, endothelial cells and microglia, together with

peripheral infiltrating immune components. These cells,

together with the extracellular matrix, constitute the

tumour microenvironment (TME), which drives dis-

ease progression by affecting tumour growth, patient

survival and response to therapy. In glioblastoma

(GBM), the most aggressive brain tumour in adults,

the TME is mainly composed of tumour-associated

microglia/macrophages (TAMs), which can represent

up to 40% of the tumour mass, creating a supportive

milieu that facilitates tumour proliferation, survival

and migration [3]. TAMs are either resident parenchy-

mal microglia, whose progenitors migrated to the

CNS during early development [4,5] or peripheral

monocyte-derived cells that have crossed the blood–
brain barrier [6]. Once in the CNS, the latter differenti-

ate into tumour-associated macrophages becoming

nearly indistinguishable from activated resident micro-

glia [7]. Thus, how ontogeny contributes to TAM edu-

cation has only been started to be described in GBM

transgenic mouse models [8] or in patients [9,10] as a

result of recently discovered specific markers.

Glioblastoma recruits TAMs, which in turn release

growth factors and cytokines that affect the tumour.

TAMs display specific immune properties that are dif-

ferent from classical pro-inflammatory activated

(immune-permissive) M1 or alternatively activated

(immune-suppressive) M2 reactive profiles [11,12] or

even exhibit nonpolarized M0 features [13]. The com-

plex interplay between pro- and anti-tumour processes

depending on the molecular signals within the TME,

both within and across cell types, contributes to the dif-

ficulty in interpreting tissue-resolution bulk signatures

of GBM. In this context, single-cell RNA-sequencing

(scRNA-seq) provides a remarkable method to depict

heterogeneous cell populations and measure cell-to-cell

expression variability of thousands of genes [14–17].
Specifically, in GBM patients, scRNA-seq has emerged

as a critical tool to discriminate TAM heterogeneity and

their contribution to distinct glioma subtypes [9,18].

Notably, scRNA-seq analyses enabled to discover that

TAMs frequently co-express canonical M1 and M2

genes in individual cells [10].

Here, we combine scRNA-seq analyses with flow

cytometry and immunofluorescence studies to elucidate

the cellular and molecular properties of the TME, with

a specific focus on TAMs. Following the discrimina-

tion of microglia from monocyte-derived macrophages

and the characterization of their transcriptional pro-

grammes along tumour progression, we assess the role

of aconitate decarboxylase 1/immunoresponsive gene 1

(Acod1/Irg1) in TAM polarization. The ACOD1/IRG1

enzyme catalyses the production of the anti-microbial

immunometabolite itaconate from cis-aconitate in the

tricarboxylic acid (TCA) cycle [19]. In macrophages,

the induction of itaconate under inflammatory condi-

tions reprograms them into a more pronounced anti-

inflammatory phenotype, participating to the resolu-

tion of inflammation [20,21]. Notably, the induction of

the ACOD1/IRG1-itaconate axis in monocytes con-

tributes to the immune paralysis in sepsis [22], while

its inhibition in macrophages reduces the tumour bur-

den in peritoneal tumours [23]. Here, we identify dis-

crete TAM profiles, which reiterate microglia- versus

macrophage-like features showing key transcriptional

differences and dynamically adapting along GBM

stages. Notably, we demonstrate that TAMs display

decreased antigen-presenting cell features and immune

reactivity along tumour progression, which are

enhanced in Acod1/Irg1-deficient mice.

The understanding of TAM diversity, and more sys-

tematically of TME heterogeneity, which significantly

contributes to GBM growth, is of utmost relevance for

the discovery of novel immunotherapeutic opportuni-

ties [24]. Hence, our results point to important aspects

to take into consideration when targeting TAMs and

highlight a novel role for Acod1/Irg1 in TAM adapta-

tion during GBM progression.

2. Materials and methods

2.1. Animals

Acod1 KO mice were generated by Dr. Haruhiko

Koseki at the RIKEN Institute using embryonic stem

cells purchased from the Knockout Mouse Project

Repository (KOMP, University of California, DAVIS)

under strain ID Irg1tm1a(KOMP)Wtsi containing an inser-

tion cassette between exons 3 and 5. Briefly, Acod1

KO C57BL/6N ESCs were injected into recipient

female C57BL/6N mouse blastocysts and selected

females were subsequently bred with wild-type C57BL/

6N mice [25]. For the experiments, heterozygote ani-

mals were crossed to generate homozygote Acod1 KO

mice and WT C57BL/6N littermate controls. We con-

firmed their genotype by PCR and we used a mix of
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male and female littermates for experiments. Mice

were housed in 12 h light/dark cycle and had free

access to sterile food and water. All animal procedures

were approved by the national authorities and the ani-

mal welfare structure of LIH under the reference

LUPA 2017/20. The animal work of this study has

been conducted and reported in accordance to the

ARRIVE (Animal Research: Reporting of In Vivo

Experiments) guidelines to improve the design, analysis

and reporting of research using animals, maximizing

information published and minimizing unnecessary

studies.

2.2. Glioma cell line

Mouse glioma 261 (GL261) cells were kindly provided

by Dr. Poli (Neuro-Immunology Group, Luxembourg

Institute of Health) and were maintained at 37 °C with

5% CO2 in culture medium [Dulbecco’s Modified

Eagle’s Medium (DMEM; Gibco/Life Technologies,

Waltham, MA, USA)] supplemented with 10% Fetal

Bovine Serum (FBS; Gibco/Life Technologies) and

pen-strep (100 U�mL�1; Gibco/Life Technologies, Wal-

tham, MA, USA). Cells at 80% confluence were disso-

ciated with 0.05% Trypsin–EDTA (Gibco/Life

Technologies) and tested for mycoplasma (MycoAlert

PLUS Mycoplasma Detection Kit, Westburg, The

Netherlands) before mice implantation. For mice

orthotopic implantation, GL261 cells were re-

suspended in serum-free medium.

2.3. 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 7 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 lm pore size Boyden cham-

bers (Thincert, Greiner, Kremsm€unster, Austria),

whereas BMDMs were plated on the bottom of the

6-well plates. The mRNA was isolated from BMDMs

at 0, 24 and 48 h using the RNeasy mini kit according

to the manufacturer’ instructions (Qiagen, German-

town, MD, USA).

2.4. GL261 orthotopic implantation and tumour

volume measurement

Before the implantation, mice were intraperitoneally

anesthetized with a mixture of ketamine (100 mg�kg�1)

and xylazine (10 mg�kg�1) and placed in a stereotactic

frame. A local anaesthetic was administered subcuta-

neously (Marcain 0.25% with Adrenalin) and 1 lL con-

taining 500 GL261 cells were implanted into 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 postimplantation.

Magnetic resonance imaging (MRI) was performed

weekly upon 15 postimplantation to assess tumour vol-

ume, using a 3T preclinical horizontal bore scan-

ner (MR Solutions, Guilford, UK), equipped with a

quadrature volume coil designed for mouse head imag-

ing. Animals were placed prone in the cradle and main-

tained asleep during the duration of the scans, using 2–
3% isoflurane mixed with oxygen. The body tempera-

ture was kept constant at 37 °C and breathing was mon-

itored throughout the scan sessions. Anatomical series

were used to screen the animals and calculate tumour

volumes. The Fast Spin Echo T2-weighted MRI

sequence was acquired, with the following acquisition

parameters: TE: 68 ms, TR: 3000 ms, echo train: 8,

averages: 4, plane resolution: 256 lm, slice thickness:

1 mm, slices: 15, orientation: coronal. Tumour volume

was measured on ImageJ software (NIH, Bethesda,

MD, USA) as the sum of area obtained by delineating

the tumour in each slice and multiplying by slice thick-

ness. Tumour volume quantification was normalized to

the initial tumour take.

2.5. GBM patient-derived orthotopic xenograft

(PDOX) mouse model

Human glioma biopsy from Patient 13 diagnosed as

grade IV GBM IDH wild type was obtained from the

Haukeland University Hospital (Bergen, Norway) and

used for the generation of patient-derived orthotopic

xenografts upon approval of the local ethics commit-

tees (Haukeland University Hospital, Bergen, and Lux-

embourg National Research Ethics Committee,

CNER). The study methodologies conformed to the

standards set by the Declaration of Helsinki and the

experiments were undertaken with the understanding

and written consent of the subject.

3D organoids were prepared as previously described

[26,27]. Fresh human biopsy was mechanically minced

and seeded on agar-coated flasks (0.85%) allowing the

formation of spheroids until up to 2 weeks at 37 °C
under 5% CO2 and atmospheric oxygen in DMEM
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medium, 10% FBS, 2 mM of L-Glutamine, 0.4 mM of

NEAA and 100 U�mL�1 Pen–Strep (all from Lonza).

Re-suspended in serum-free medium, viable organoids

of approximately 300–1000 lm 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, Saint Ger-

main Nuelles, France). Animals were maintained under

specific-pathogen-free conditions and sacrificed at the

appearance of neurological or behavioural abnormali-

ties and weight loss. MRI was performed weekly upon

tumour implantation, as described above.

2.6. Brain tissue processing and dissociation

Animals were intraperitoneally anaesthetized with a mix-

ture of ketamine (100 mg�kg�1) with medetomidine

(0.5 mg�kg�1) and buprenorphine (0.05 mg�kg�1) before

intracardiac perfusion with ice-cold phosphate-buffered

saline (PBS). Brain samples were isolated and processed

according to the different applications. For immunofluo-

rescence staining, brains were fixed in 4% PFA for 48 h

at room temperature, immersed in 30% sucrose (dissolved

in PBS) for 48 h at 4 °C, embedded in optimal cutting

temperature (OCT, Tissue-Tek) solution, sectioned

(12 lm), slide mounted and stored at �20 °C. For ex vivo

studies, na€ıve brains and tumour-bearing brains (demar-

cated taking the tumour core region based on MRI scan)

were dissociated using the Neural Dissociation Kit P

(MACS Miltenyi Biotec, Bergisch Gladbach, Germany)

accordingly to the manufacturer’s instructions. Briefly,

the cell pellet was re-suspended in prewarmed EM1 solu-

tion (50 lL of Enzyme P, 1900 lL of Buffer X and

2.5 lL of 2-mercaptoethanol) and incubated for 15 min

at 37 °C by reverting tube every 5 min. Next, freshly pre-

pared EM2 solution (20 lL of Buffer Y and 10 lL of

Enzyme A) was added to the cell pellet and tissue was

mechanically dissociated using glass pipettes and incu-

bated for 10 min at 37 °C to yield a single-cell suspension.

The resultant single-cell suspension was filtered through a

50 lm and centrifuged at 300 g, 4 °C for 10 min. Next,

we removed the myelin from the single cell suspension

using the myelin removal beads kit (Myelin Removal

Beads II, MACSMiltenyi Biotec) accordingly to the man-

ufacturer’s instruction for 500 mg of tissue. Briefly, brain

tissue was suspended in 1800 lL of MACS buffer and

incubated with 200 lL of myelin Microbeads (MACS

Miltenyi Biotec) at 4 °C for 15 min. Cells were washed,

centrifuged for 10 min at 300 g and re-suspended in

MACS buffer (3 9 1000 lL per mouse brain).

For the GBM PDOX model, tissue dissociation was

performed using the Neural Dissociation Kit P (MACS

Miltenyi Biotec) followed by myelin removal beads kit

(Myelin Removal Beads II, MACS Miltenyi Biotec), as

described above. An additional step was performed using

the mouse cell depletion kit (MACS Miltenyi Biotec) fol-

lowing the manufacturer’s protocol. Specifically, this step

allowed to enrich murine stromal cells over human patient

tumour cells. Briefly, the cell pellet was re-suspended in

80 lL of cold HBSS with 0.5% BSA (Sigma-Aldrich,

Overijse, Belgium) and incubated with 20 lL of cell deple-

tion cocktail for 1 9 107 total cells at 4 °C for 15 min.

2.7. Single-cell RNA-sequencing using drop-

sequencing

Single-cell suspensions derived from both na€ıve and

GL261-tumour-bearing mice (Table 1) were obtained

using an adapted protocol from MACS Miltenyi.

Specifically, tissue enzymatic dissociation was per-

formed using the Neural Dissociation Kit P (MACS

Miltenyi Biotec) (as described above) and the cell sus-

pension was subsequently added into ‘C tubes’ for the

gentle MACS Dissociator (gentleMACSTM Octo Disso-

ciator with Heaters, Miltenyi Biotec). The

37C_ABDK_01 program was used to dissociate the

brain tissue (> 100 mg). We centrifuged the cellular

suspension and removed myelin using the myelin

removal beads kit (Myelin Removal Beads II, MACS

Miltenyi Biotec) accordingly to the manufacturer’s

instruction for 500 mg tissue. The eluted fraction was

collected in 2% BSA RNase-free solution. Cell viabil-

ity and counting was assessed prior injection into

Drop-seq. A total of 5659 single cells were successfully

sequenced and analysed. Cell handling, microfluidics

fabrication, single cell droplet encapsulation and next-

generation sequencing preparation for Drop-seq

libraries were done as previously described [28].

2.8. Single-cell RNA-sequencing bioinformatics

processing, data and statistical analyses

The FASTQ files were assembled from the raw BCL

files using Illumina’s bcl2fastq converter and ran

Table 1. Tumour volume measurement by MRI for biopsy

collection at early, intermediate and late stage in GL261 tumour-

bearing WT and Acod1 KO mice used for scRNA-seq analyses (1

mouse per condition).

Time-point

(stage)

Weeks post

implantation

Tumour volume (mm3)

WT (gender)

Acod1 KO

(gender)

Early 2 6.11 (female) 9.61 (male)

Intermediate 3/4 22.63 (male) 20.48 (female)

Late 4/5 33.14 (male) 33.83 (male)
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through the FASTQC codes [Babraham bioinformat-

ics; https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/] to check for the consistency in the library quali-

ties. 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 [15]. The

sequencing reads were converted to digital gene expres-

sion (DGE) matrix. To normalize for the transcript load-

ing 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 experimental

batch, we retained top 1000 cell barcodes based on the

cumulative distribution, leading to 8000 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

< 1000 genes. Lastly, we concatenated each batch in a

single matrix of the following dimensions: 5659 cells

9 18 338 genes. These preanalytical filtering steps were

processed using R environment (version 3.4.4) with the

TIDYVERSE package (version 1.3.1) [29]. The tSNE projec-

tion was processed with the RTSNE package (version 0.16)

[30] with a perplexity = 50, followed by a topological

clustering with the library HDBSCAN (version 1.1-5)

[31] (Hierarchical DBSCAN with a minimum of 19

points – cells – for a cluster to be considered). We con-

ducted statistical analysis for significant expression

between groups using pairwise Wilcoxon test (wilcox.test

from the R base package), while P-values were adjusted

with Benjamini Hochberg (BH) method.

Data visualization and downstream investigations

were performed with TABLEAU DESKTOP software (Seat-

tle, WA, USA) and R environment (R Core Team,

Vienna, Austria).

In the PDOX experiment, we conducted scRNA-seq

data preprocessing as described above and used the

SEURAT package (v4.0.5). For each sample, QC thresh-

olds were empirically applied to exclude low-quality

cells based on the number of counts and features in

the digital gene expression matrix before being merged

to preserve unique reads from each sample. Only genes

expressed in at least three cells, cells expressing at least

200 features and cells with < 30% mitochondrial reads

were selected for further analysis. A total of 4448 cells

(na€ıve nude = 1692, PDOX = 2756) with 24 067 genes

were used for further analysis. The data were normal-

ized using Seurat-based ‘LogNormalize’ method.

Dimensionality reduction was done using Uniform

Manifold Approximation and Projection (UMAP)

implemented in the SEURAT package (v4.0.5). We iden-

tified cell clusters based on the expression of known

marker genes and the list of marker genes generated

using the ‘FindAllMarkers’ function in Seurat. Differ-

ential expression analysis was done between selected

clusters of cell types of interest using the Wilcoxon

rank-sum test and P-values were adjusted using Bon-

ferroni correction.

2.9. Kaplan–Meier survival curves

The Cancer Genome Atlas (TCGA) low and high

grade glioma raw data together with the respective

sample annotation were extracted from the GlioVis

platform. Data were further normalized based on the

library size (DESeq2) followed by a log2 transforma-

tion. Tumour-associated microglia- and macrophage-

like transcriptional signatures were used to assign a

score for each patient. Signatures were obtained from

identified TAM I and TAM II profiles in the GL261

mouse model, converting the corresponding mouse

genes into human genes accessing Biomart from

Ensembl using the R package BIOMART (version 2.44.1)

and identifying shared genes between the GBM syn-

geneic murine model and patients from Muller et al.

dataset [10] . In total, 702 TCGA patients (LGG: 351

and GBM: 351) have been stratified based on their

score, with 50% of the highest and lowest score

selected to calculate the Kaplan–Meier survival curves

using the R software packages SURVIVAL and GGPLOT2

for data visualization. The corresponding P-value was

computed based on a log rank test.

Survival analyses conducted in the GL261 mouse

model were performed according to humane endpoints

guidelines, including loss of locomotor activity, weight

loss (up to 20%) and central nervous system symp-

toms. The survival time was measured from the day of

tumour cell implantation until the day of euthanasia

and median mouse survival time was calculated in

GRAPHPAD for each group (WT mice = 8; Acod1 KO

mice = 8 mice) using the Mantel-Cox signed-rank sta-

tistical test.

2.10. Single cell trajectory inference analysis

Single cell trajectory inference analysis was done with

Monocle 2 in R (version 3.6.3) using default parame-

ters [32,33]. The branching method orders cells along a
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trajectory based on gene expression similarities. Mono-

cle 2 uses reversed graph embedding to describe multi-

ple fate decisions in a fully unsupervised manner.

Branches in the trajectory represent cell fate decisions

through a developmental process. To test genes under-

lying the differences observed along the trajectory, ‘dif-

ferentialGeneTest’ function was used to identify genes

showing significant changes between the different

states as a function of pseudotime, while ‘plot_ge-

nes_in_pseudotime’ function was used to plot the

expression levels of identified genes.

2.11. Gene ontology analyses

DAVID (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.

We represented Gene Ontology (GO) terms enrichment

using CYTOSCAPE software (National Institute of General

Medical Sciences, https://cytoscape.org/). Each node rep-

resents a GO term and the size of each node is propor-

tional to the number of nodes from the correspondent

query set with that term. Only nodes with P-value

< 0.001 were chosen for network representation.

2.12. Mouse brain CD11b+ cell isolation

Murine brain CD11b+ isolated cells were enriched by

magnetic separation using CD11b beads (MACS Mil-

tenyi Biotec) for RNA extraction or for flow cytometry

phenotyping experiments. Briefly, 1 9 107 cells were re-

suspended in 90 lL of PBS supplemented with 0.5%

BSA (Sigma-Aldrich) and 2 mM EDTA (MACS buffer)

and incubated with 10 lL of CD11b beads (MACS Mil-

tenyi Biotec) at 4 °C for 20 min. Cells were washed with

MACS buffer, centrifuged for 10 min at 300 g and re-

suspended in 500 lL of MACS buffer at a density of

1 9 108 cells. The cell suspension was applied into the LS

columns (MACS Miltenyi Biotec) and the CD11b+ frac-

tion was eluted. Flow cytometry experiments to evaluate

the lymphocytic population were performed without

prior CD11b+ beads isolation. Flow cytometry acquisi-

tion was performed using a FACSAria IIu SORP

cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)

and data were further analysed using FLOWJO version

10.6.1 (Becton Dickinson).

2.13. Flow cytometry analyses

Single-cell suspension was obtained as previously

described. The cells were re-suspended in ice-cold

HBSS with 2% FBS and 10 mM HEPES (FACS buf-

fer) and filtered through a 70 lm nylon mesh (Cell-

Trics, Norderstedt, Germany). For multicolour

phenotyping, cells were blocked with Fc receptor-

binding inhibitor (anti-mouse CD16/CD32 monoclonal

antibody; 1 : 100; eBioscience, Waltham, MA, USA)

for 15 min at 4 °C to reduce binding of nonspecific

Fc-gamma receptors, and then stained with

fluorochrome-conjugated antibodies for 30 min at

4 °C in the dark. The following antibodies were used

in this study: rat anti-mouse CD45 monoclonal anti-

body (clone 30-F11), FITC; rat anti-mouse CD74

monoclonal antibody (clone In-1), FITC; rat anti-

mouse CD11b monoclonal antibody (clone M1/70),

Percp-Cy5.5; rat anti-mouse P2RY12 monoclonal anti-

body (clone S16007D) PE and mouse anti-mouse

MHC-II (clone AF6-1201) APC. Unstained (control)

and stained cells were washed and re-suspended in

100 lL of FACS buffer prior acquisition. Before

acquisition, the performance of the instrument was

assessed using CS&T beads according to the manufac-

turer’s instructions. Single-stain controls were prepared

with UltraComp eBeads (eBioscience) following the

manufacturer’s instructions and thus used to calculate

the compensation matrix. Hoechst (0.1 lg�mL�1, Bis-

benzimide, 33342; Sigma) or Zombie NIR (1 : 1000

dilution in PBS, Biolegend, Amsterdam, The Nether-

lands) was added for dead cell discrimination. 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).

2.14. RNA extraction and qPCR analyses

Total RNA was extracted from BMDMs and freshly

isolated CD11b+ cells from tumour-bearing mice at

late stage using the RNeasy Mini Kit (Qiagen),

according to the manufacturer’s instructions. RNA

concentration was quantified by NanoDrop (Nano-

Drop Technologies, Wilmington, DE, USA) and RNA

quality was assessed by the quotient of the 28S to 18S

ribosomal RNA electropherogram peak using a bio-

analyser (Agilent 2100; Agilent Technologies, Diegem,

Belgium). For cDNA synthesis, RNA was reverse-

transcribed using SuperScriptTM III reverse transcrip-

tase (10 000 U; Invitrogen/Life Technologies) with

1 lL (50 lM)/reaction oligo(dT)20 (25 lM; Invitrogen/
Life Technologies) as primer according to the manu-

facturer’s instructions. Reverse transcription was per-

formed at 50 °C for 60 min. Gene expression reaction

mixtures contained 2 lL of diluted cDNA, 10 lL of

Fast SYBR Green Master Mix (Applied Biosystems/

Thermo Fisher Scientific, Waltham, MA, USA) and
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0.5 lL of each 10 lM forward and reverse primers.

PCRs were carried out in 384-well plates on a ViiATM

7 real-time PCR system (Applied Biosystems/Thermo

Fisher Scientific, Waltham, MA, USA) using the fol-

lowing programme: 95 °C for 20 s, 40 cycles at 95 °C
for 1 s and 60 °C for 20 s. Samples were run in tripli-

cates, and the mean Ct (threshold cycle) values were

used to calculate the relative amount of product by

the DDCt method using 60S ribosomal protein L27

(Rpl27) as housekeeping gene. The specific primer

sequences were as follows: Acod1 forward: 50 GCA

ACA TGA TGC TCA AGT CTG 30; Acod1 reverse:

50 TGC TCC TCC GAA TGA TAC CA 30; Cd74 for-

ward: 50 GAC CCA GGA CCA TGT GAT GC 30;
Cd74 reverse: 50 TTC CTG GCA CTT GGT CAG

TAC TTT A 30; H2-Ab1 forward: 50 TCA CTG TGG

AGT GGA GGG CA 30; H2-Ab1 reverse: 50 GGC

AGT CAG GAA TTC GGA GC 30; H2-Aa forward:

50 TCT GTG GAG GTG AAG ACG AC 30; H2-Aa

reverse: 50 AGG AGC CTC ATT GGT AGC TGG 30;
Irf1 forward: 50 ACT CGA ATG CGG ATG AGA

CC 30; Irf1 reverse: 50 GCT TTG TAT CGG CCT

GTG TG 30; RpL27 forward: 50 TGG AAT TGA

CCG CTA TCC CC 30; Rpl27 reverse: 50 CCT GTC

TTG TAT CGC TCC TCA A 30.

2.15. Immunofluorescence staining and

microscopy imaging acquisition

Coronal sections of 12 lm thickness were prepared

adopting the standard protocol with minor modifica-

tions [34]. Briefly, sections were washed (PBS with

0.1% Triton X-100), permeabilized (PBS with 1.5%

Triton X-100), blocked (PBS with 5% BSA) and incu-

bated with the following primary antibodies: rabbit

anti-Iba1 (1 : 1000; Biocare Medical, Antwerpen, Bel-

gium), rat anti-MHC-II (1 : 100; Abcam, Cambridge,

UK), rat anti-CD74 FITC (1 : 50; eBioscience) and

mouse anti-IRF1 (1 : 100; Santa Cruz Biotechnology,

Heidelberg, Germany). Secondary antibodies against

the appropriate species were incubated for 2 h at room

temperature. Cell nuclei were counterstained with

Hoechst (1 mg�mL�1; Sigma). Sections were mounted

on glass slides cover slipped using FluoromountTM

Aqueous Mounting Medium (Sigma). For each brain

section, at least 5 random 409 and 639 confocal

images along the tumour margin and the tumour core

were acquired with a Zeiss LSM880 microscope (Jena,

Germany). High-resolution XYZ stack images

(1.024 9 1.024 pixels per Z step) were taken with a

step size of 0.50 lm. Cell quantifications were per-

formed using NIH IMAGEJ software (NIH, Bethesda,

MD, USA) and values for single mouse are

represented with distinct shape. Hoechst staining was

used as reference for tumour localization.

2.16. SDS/PAGE and western blotting analyses

Cells were collected in 600 lL RIPA lysis buffer and

stored at �80 °C before protein extraction. Samples were

centrifuged at 10 000 g for 10 min at 4 °C and super-

natants were harvested. Protein concentrations were mea-

sured with Bio-Rad Protein Assay Dye Reagent

Concentrate (500-0006, Bio-Rad, Temse, Belgium). Pro-

teins were diluted in RIPA lysis and loading buffers.

Heat-denatured protein samples were separated on 4–
12% BisTris-polyacrylamide gel electrophoresis

(NP0322BOX, Invitrogen) followed by transfer to

polyvinylidene flouride (PVDF) membranes 0.2 lm
(LC2005, Invitrogen). After blocking with 5% (wt/vol)

dry milk in TBS containing 0.1% triton (TBST), the

membrane was incubated overnight at 4 °C with primary

anti-IRG1 antibody (Ab222411, Abcam) diluted 1 : 250

in 1% (wt/vol) BSA in TBST with constant shaking.

After three washing steps with TBST, the membrane was

incubated with anti-rabbit antibody coupled to horserad-

ish peroxidase and revealed by chemoluminescence using

PierceTM ECL detection reagents (Thermo Fisher Scien-

tific). For the second hybridization, the membrane was

incubated with anti-actin antibody (MAB 1501, Milli-

pore, Overijse, Belgium) for 90 min at RT in 1% (wt/vol)

BSA in TBST with constant shaking. After three washing

steps with TBST, the membrane was incubated with anti-

mouse antibody coupled to horseradish peroxidase and

revealed by chemoluminescence.

2.17. Raw data files

All relevant datasets are within the paper and its sup-

porting information files (Figs S1–S10) and

(Tables S1–S6). We deposited the raw scRNA-seq data

in Gene Expression Omnibus (GEO) database under

the accession number GSE158016.

2.18. Statistical analyses

Data were analysed using the GRAPHPAD PRISM 8 soft-

ware (GraphPad software, La Jolla, CA, USA) and R

environment (R Core Team). Unless otherwise indi-

cated, all data are presented as mean � standard error

of the mean (SEM) of at least three independent bio-

logical experiments. Statistical analysis was performed

using Unpaired t test or Two-way ANOVA. All differ-

ences were considered significantly different at P-value

< 0.05 and were annotated as follows: *< 0.05,

**< 0.01, ***< 0.001, ns > 0.05.
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3. Results and Discussion

3.1. Single-cell transcriptomics reveals cellular

diversity and cell type-specific differential gene

expression in na€ıve and GL261 tumour-bearing

wild type and ACOD1/IRG1 knock-out mice

To investigate the heterogeneity of the TME in GBM,

both at baseline and under ACOD1/IRG1 deficiency,

we dissected brain tissue from na€ıve and GL261

tumour-bearing mice at early (5–10 mm3), intermediate

(20–25 mm3) and late (30–35 mm3) stage of tumour

progression, both from wild type (WT) and age-

matched ACOD1/IRG1 knock-out (KO) C57BL/6N

mice. Briefly, we took advantage of the GL261 (mouse

glioma 261) syngeneic murine model as a widely used

paradigm for immunotherapy studies in GBM [35].

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 [36–38]. Recent studies aimed at compar-

ing datasets obtained in GBM patients with distinct

GBM syngeneic mouse models identified high correla-

tion levels with both the 005 and GL261 models, thus

serving as reliable preclinical models recapitulating sev-

eral GBM patient features [39]. For our aims, the tis-

sue was digested to a single-cell suspension and

analysed using scRNA-seq to profile hundreds of cells

isolated from the corresponding na€ıve and orthotopic

syngeneic GL261-implanted mice (Fig. 1A). Following

preanalytical filtering of the scRNA-seq experiments,

we obtained a matrix composed of 5659 single cells

(n = 18 338 genes). In order to reduce the dimensional-

ity of the matrix, we applied t-Distributed Stochastic

Neighbourhood Embedding followed by unsupervised

topological clustering with DBSCAN on the 2D pro-

jection of the tSNE. We identified 12 cell clusters with

distinct gene expression signatures, irrespective of the

tumour burden and genotype (Fig. 1B). We annotated

11 of them (n > 30 cells) based on cell type-specific

gene markers [40,41] and gene set enrichment analysis

(GO) of up-regulated genes in the correspondent clus-

ters. Specifically, in addition to tumour cells (Cd44+,

n = 3332 cells), we identified 10 stromal clusters that

we classified as pericytes (Dbi+, n = 61 cells), lympho-

cytes (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) (Fig. 1C, Fig. S1A). Cells in the addi-

tional small subset (n = 20 cells) expressed myeloid

markers (e.g. Itgam, Aif1), but clustered independently

from the annotated main myeloid clusters (Fig. 1B).

The analysis of additional specific markers provided

robust molecular definitions of the major cell types

present in the brain of na€ıve and tumour-bearing mice

(Fig. S1). Notably, identities, markers and proportions

of cell types in na€ıve mice matched previous single-cell

droplet-based sequencing data from mouse brain tissue

[42], indicating that our results were robust to the

inclusion of tumour-affected brains. In addition, the

proportion of the cell types identified here were similar

to the ones described in recent single-cell studies con-

ducted in GBM patients [18,43,44]. Lastly, GBM is an

archetypal heterogeneous tumour characterized by a

significant extent of common genetic alterations affect-

ing tumour progression [45]. In line with previous

studies [46], Myc and Trp53 were the main highly

overexpressed genes in tumour cells compared to non-

malignant cells (Fig. S2).

Focusing on the TME, we first observed that lym-

phocytes, OPCs and a subset of myeloid cells were

solely present in tumour-bearing mice (Fig. 1D). Next,

a direct comparison of tumour-associated cells versus

the corresponding cells in na€ıve mice enabled to iden-

tify differentially expressed genes (P-value < 0.01; log2

Fig. 1. Cell-type diversity in na€ıve and GL261 tumour-bearing mice at different tumour stages, both from wild type and ACOD1/IRG1 knock-

out mice. (A) Flowchart depicting the overall design of the scRNA-seq analyses. Na€ıve- and macro-dissected brain tumour regions from both

wild type and ACOD1/IRG1 knock-out (KO) mice were processed by scRNA-seq analyses. 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 magnetic resonance imaging

(MRI). One biological replicate per experimental condition (WT/na€ıve; WT/early; WT/intermediate; WT/late; ACOD1/IRG1 KO/na€ıve; ACOD1/

IRG1 KO/early; ACOD1/IRG1 KO/intermediate; ACOD1/IRG1 KO/late) has been taken into account for subsequent analyses. (B) 2D-tSNE rep-

resentation of all single cells included in the study (n = 5659 cells) grouped within 12 cell clusters. (C) 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 myeloid cells 2 (Itgam+). See Fig. S1 for additional cell type-specific markers used for clusters annotation. (D) 2D-tSNE repre-

sentation showing na€ıve (in black) and tumour-associated (in red) cells. (E) Examples of the most up-regulated genes (P-value < 0.01, log2

FC > 0.5) per cell type in tumour-bearing mice.
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FC > � 0.5) (Fig. 1E, Table S1) according to the

defined cell types. We observed a prominent transcrip-

tional adaptation in tumour-associated endothelial

cells, oligodendrocytes as well as in the myeloid subset

(Fig. 1D), which has been described also in patients

[18,44]. We detected cell-type-specific up-regulated

genes across the four CNS resident cells (Fig. 1E,

Fig. S3A). Notably, all four cell types displayed a

shared antigen processing and presentation gene signa-

ture (e.g. H2-D1, H2-K1 and B2m) (Table S1). Specifi-

cally, approximately 15% of the genes, representing

more than 90 genes (e.g. Junb, Spp1, Cd74, B2m, H2-

K1 and H2-Q7), were up-regulated in both tumour-

associated endothelial and myeloid cells 1 compared to

the corresponding na€ıve cells (Fig. S4A), indicating

that endothelial cells are also active immune modula-

tors in the TME of GBM. Indeed, the tumour vascula-

ture is a key element of the TME, which largely

contributes to the immunosuppressive features of

GBM [47]. We corroborated these observations in a

patient-derived orthotopic xenograft (PDOX) preclini-

cal mouse model characterized by its angiogenic nat-

ure, as previously described [26]. By conducting

scRNA-seq analyses of the tumour biopsy and the

whole brain, respectively from the PDOX model and

na€ıve nude mouse, we discriminated na€ıve from

tumour-associated cells (Fig. S4B) and, in line with the

results obtained in the GL261 model, we identified the

corresponding myeloid cell subsets (na€ıve, myeloid

cells 1 and 2) as well as the endothelial cluster

(Fig. S4C). In the PDOX model, we detected 27%

shared up-regulated genes (n = 335) between tumour-

educated myeloid cells 1 and endothelial cells

(Fig. S4D). Taken together, we detected 8% shared

up-regulated genes (n = 32 genes) between myeloid

cells 1 and tumour endothelial cells across syngeneic

GL261 and PDOX GBM murine models (Fig. S4E).

Specifically, we identified genes involved in antigen

presentation via MHC class I (e.g. B2m and H2-K1)

(Fig. S4C), thus indicating that endothelial cells

display immunological signatures maintained across

various GBM murine models.

Overall, these results show that, in analogy to GBM

patients, the growing tumour in the analysed syngeneic

mouse model induces the emergence of lymphocytes,

OPCs and a subset of myeloid cells in the TME that

are normally absent in the homeostatic CNS. Further,

it specifically affects the transcriptional signature of

the major resident CNS cell types, with the myeloid

compartment displaying high heterogeneity, major

tumour-associated education and specific gene expres-

sion signatures shared with endothelial cells.

3.2. Tumour-associated myeloid cells in

glioblastoma are heterogeneous and display

distinct transcriptional programmes

Similar to GBM patients, the myeloid compartment

constituted the biggest cluster in the TME of the

GL261 GBM mouse model (39.3% of the TME)

(Fig. S3B) and displayed prominent transcriptional

adaptation and heterogeneity, thus representing a rele-

vant paradigm to deepen and address its molecular

profile. Resident parenchymal microglia are difficult to

segregate from peripheral monocyte-derived cells,

which prevalently constitute the myeloid compartment

in GBM. 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 na€ıve and the two TAM subsets identi-

fied by 2D-tSNE, irrespective of the tumour stage

(Fig. 2A). Na€ıve 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 peripheral monocytic-derived

macrophage markers (e.g. Arg1, Ccr2, Ly6c2, Mrc1,

Tgfbi) (Fig. 2B). These observations were supported

by flow cytometry analyses of the macro-dissected

Fig. 2. Microglia- (TAM I) and macrophage-like (TAM II) subsets display discrete functional adaptation in the GBM syngeneic GL261 murine

model. (A, B) Colour-coded 2D-tSNE representation showing (A) three distinct myeloid cell subsets in WT mice: na€ıve, TAM I and TAM II

clusters and (B) the expression of microglia homeostatic genes (Gpr34, Hexb, P2ry12, Siglech and Sparc) and macrophage-like markers

(Arg1, Ccr2, Ly6c2, Mrc1 and Tgfbi), irrespective of the tumour stage. Results show one biological replicate per experimental condition (WT/

na€ıve; WT/early; WT/intermediate; WT/late). (C) Percentage of CD11b+ P2ry12+ cells in na€ıve and tumour-bearing mice quantified by flow

cytometry at late stage of the disease. (D) Two-way hierarchical heat-map clustering analyses of the most differentially expressed genes (P-

value <0.01) for each myeloid cluster: na€ıve, TAM I and TAM II, irrespective of the tumour stage, Table S2). Results show one biological

replicate per experimental condition (WT/na€ıve; WT/early; WT/intermediate; WT/late). Scale bar represents colour-coded z-scores. (E) Corre-

sponding gene ontology functional network of TAM I (left graph) and TAM II (right graph) versus na€ıve microglia. Node size correlates to

gene set numbers and annotated nodes defined as containing ≥ 15 genes. (F) Kaplan–Meier survival analysis in low and high grade glioma

patients (TCGA-LGG and TCGA-GBM databases) with high and low TAM II-enriched signature (n = 84 genes; e.g. TGFBI, THBS1, VIM, IL1B,

IL1RN, F13A1, CYBB). Statistical analysis for (C) Unpaired Student t test (WT = 4, Acod1 KO n = 3), mean � SEM, **P < 0.01.
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tumour region to discriminate CD11b+ P2ry12+ from

CD11b+ P2ry12�/low cells (Fig. S5A). Compared to

na€ıve mice, where more than 95% of CD11b+ cells

were P2ry12+ resident microglial cells, the amount of

CD11b+ P2ry12+ cells in tumour-bearing mice was sig-

nificantly reduced (mean 58.16 � 5.6%) (Fig. 2C).

These analyses allowed to discriminate microglia-like

(TAM I) from macrophage-like (TAM II) cells in the

GL261 syngeneic model. Notably, our results are in

line with recent single-cell profiling studies of myeloid

cells uncovering similar cellular distributions in the

corresponding GBM mouse model and patients

[48,49].

Two-way hierarchical heat-map clustering analyses

of the most differentially expressed genes (P-value

< 0.01) between na€ıve, microglia- and macrophage-like

cells (Table S2) revealed, in agreement with their dif-

ferent ontogeny, a less pronounced difference between

na€ıve and tumour-associated microglia compared to

the monocyte/macrophage cluster (Fig. 2D). In line

with the decrease of homeostatic genes in microglia

under inflammatory conditions [28], tumour-associated

microglia displayed a decreased expression of these

genes (e.g. P2ry12, Sparc, Csf1r, Cx3Cr1, Fcrls,

Gpr34, Siglech, Mef2c, Olfml3, Tmem119) when com-

pared to the na€ıve group (Fig. 2D). Moreover, as

expected these genes were not detected in the TAM II

population (Fig. 2D). On the other hand, TAM II

subset showed up-regulated genes associated with posi-

tive regulation of angiogenesis (e.g. Vegfa, Lgals3,

Il1b, Cybb, Thbs1, Plek, Vim, Stat1) and metabolic

redox metabolism (e.g. Cybb, Msrb1) (Fig. 2D). Both

TAM I and TAM II exhibited increased expression

levels of genes associated with antigen presentation

(e.g. Cd74, H2-Ab1, H2-Aa, H2-Eb1, H2-D1 and H2-

K1) compared to the na€ıve group (Fig. 2D). Overall,

these results point towards the heterogeneous composi-

tion of TAMs and their distinct adaptation profiles in

the TME of GBM.

Gene set enrichment analysis of tumour-associated

microglia or tumour-associated-monocyte/macrophage

transcriptional programmes revealed immunological

terms shared by both cell types (e.g. inflammatory

response and innate immune response). We also identi-

fied terms specifically associated with TAM I (e.g. pos-

itive regulation of phagocytosis and T cell-mediated

cytotoxicity) or TAM II (e.g. positive regulation of cell

migration and oxidation–reduction process), suggesting

distinct ontogeny-based functional adaptations to the

tumour (Fig. 2E). The comparison of the TAM I sig-

nature with distinct microglia-like clusters identified by

Ochocka et al. [48] uncovered similarities with the

defined microglial group 7 (MG7), independently from

the gender, and with the female-associated MG2 clus-

ter (Fig. S5B). The MG7 cluster exhibits overexpres-

sion of genes encoding components of MHC class I

(e.g. H2-D1, H2-K1, B2m), while the MG2 cluster is

characterized by high expression levels of early activa-

tion genes (e.g. Nfkbia, Ccl3, Ccl12). By conducting a

similar comparison for the TAM II signature, we

found great similarity with the defined intermediate

state of monocyte and macrophage (intMoMΦ) clus-

ter, characterized by specific genetic markers (e.g.

Lyz2, Tgfbi, Fth1), in both male and female mice

(Fig. S5C). As the intMoMΦ cluster represents the

main cluster of infiltrative cells to the tumour

described by Ochocka et al. [48], it corroborates the

relevance of our identified TAM II signature.

Next, 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 cor-

responding cell types recently described in GBM

patients at single-cell resolution [10]. Overall, 8.6% of

up-regulated genes in TAM I (P < 0.01; Log2 FC >
0.5) were shared with tumour-associated microglia-like

cells in GBM patients. In addition, 7% of differen-

tially expressed genes characterizing TAM II

(P < 0.01; Log2 FC > 0.5) were mutually up-regulated

in blood monocyte-derived macrophage-like cells in

GBM patients (Fig. S6A). We used the identified tran-

scriptional signatures discriminating tumour-associated

microglia (n = 21 genes; e.g. CCL4, CCL3, P2RY12,

CX3CR1, BIN1, SELPLG, CD83, SALL1) and macro-

phages (n = 84 genes; e.g. TGFBI, THBS1, VIM,

IL1B, IL1RN, F13A1, CYBB) both in the GBM syn-

geneic murine model and in patients (Fig. S6A,

Table S3), to verify their prognostic value in low and

high grade glioma patients. For this, we took advan-

tage of The Cancer Genome Atlas (TCGA) datasets

allowing to link patient survival with corresponding

bulk transcriptional data from two publicly available

TCGA-databases (TCGA-LGG: low grade glioma and

TCGA-GBM: high grade glioma). Notably, a

macrophage-like enriched signature correlated with a

worse patient survival compared to a microglia-like

enhanced programme in LGG patients. Nevertheless,

our signatures did not allow to stratify GBM patients,

which are overall characterized by higher levels of

peripheral monocytic infiltration associated with a

worse survival compared to LGG patients (Fig. 2F).

Of note, we verified these signatures in our PDOX

model and identified corresponding up-regulated genes

in TAM I and TAM II compared to na€ıve microglia

(P < 0.01; Log2 FC > 0.5). Similarly to the GL261

model, we found microglia- and macrophage-like
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signatures shared between the PDOX model and GBM

patients (TAM I, n = 15 genes; e.g. CCL4, CCL3,

P2RY12, CX3CR1, BIN1; TAM II, n = 9 genes; e.g.

TGFBI, PLAC8, IFITM3, TMSB10) (Fig. S6B).

Taken together, our scRNA-seq analyses enabled a

clear separation of microglia from peripheral

monocytic-derived macrophages displaying key tran-

scriptional and functional differences along their adap-

tation to the tumour, both in the GBM syngeneic

mouse model and patients. Our results are in agree-

ment with recent prognostic studies conducted in

GBM patients showing that immunosuppressive

immune cell infiltrates increase from grade II to grade

IV [50] and a reduced immune suppressive phenotype

correlates with extended survival, as observed in LGG

patients [51]. Collectively, we demonstrate the rele-

vance of discriminating between microglia and

monocyte-derived macrophages for prognostic pur-

poses in glioma patients. We take advantage of this

critical distinction to separately characterizing tumour-

associated microglia and macrophage subsets along

GBM progression.

3.3. TAMs rapidly infiltrate the tumour and

adapt along GBM progression

By studying TAM heterogeneity along GBM progres-

sion in WT mice at single-cell resolution, we detected

microglia-like and macrophage-like cell subsets in all

analysed tumour stages (i.e. early, intermediate and

late time points), indicating that, in agreement with

prior observations [8], in this model the infiltration of

monocyte-derived macrophages occurs early during

tumour growth (Fig. 3A). 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 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 programmes of microglia and

peripheral infiltrated macrophages converge over time

(Fig. 3B). Overall, the ratios of microglia-like and

macrophage-like cells in the GBM TME did not

change across early (TAM I: 29.35%; TAM II:

70.65%) and late (TAM I: 24.43%; TAM II: 75.57%)

stages (Fig. 3C). Next, we sought to investigate

microglia-like and peripheral macrophage-like cell

transcriptional programmes along tumour progression

separately, with a special focus at early and late

stages.

Two-way hierarchical heat-map clustering analyses

of the most differentially expressed genes (P-value

< 0.01) in TAM I across the tumour stages revealed

three clusters mainly represented by na€ıve microglia,

tumour-associated microglia at early stages and an

intermediate/late-enriched group (Fig. S7A). We anal-

ysed up-regulated genes characterizing microglia-like

cells at early and late tumour stages versus na€ıve

microglia (Fig. 3D). 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, Nfk-

bia), indicating a core transcriptional programme

maintained along GBM progression (Table S4). When

comparing the levels of specific differentially expressed

genes between early (n = 112) and late (n = 329)

tumour stages, markers associated with antigen pro-

cessing 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 (Fig. 3E,

Fig. S7B). In parallel, genes associated with chromatin

remodelling (e.g. Cbx5, Ezh2, Nasp) and actin nucle-

ation/polymerization (e.g. Arpc1a, Arpc1b) were

enhanced at later stages (Fig. 3E). In particular, we

found a subset of microglia-like cells up-regulating

Ezh2 expression at late stage. Although studies have

demonstrated that Ezh2 is frequently overexpressed in

a wide variety of cancers, mechanistic links of Ezh2

expression in TAMs to cancer progression remains to

be elucidated. In ovarian cancer, Ezh2 has direct roles

on T cell response and inhibition of Ezh2 in tumour-

specific T cells increases the tumour burden in vivo

[52].

We conducted similar analyses for the macrophage-

like subset. Two-way hierarchical heat-map clustering

analyses of the most differentially expressed genes (P-

value < 0.01) in TAM II along the tumour stages

revealed two main clusters represented by tumour-

associated macrophages at early stage and an

intermediate/late-enriched group (Fig. S7C, Table S4).

We found prominent overlap (54.3%) of genes up-

regulated both at early and late tumour stages

expressed by macrophage-like cells compared to na€ıve

microglia (e.g. Lyz2, Apoe, Fth1, Il1b, H2-K1, H2-D1,

Vim, Cd14, Cybb, Tgfbi) indicating, similarly to

microglia-like cells, a main transcriptional programme

preserved along GBM progression (Fig. 3F).

The comparison of the levels of specific differentially

expressed genes between early and late tumour stages

revealed the decrease of macrophage activation mark-

ers (e.g. Ccl5, Ass1, Tlr2, Itgb2, Klf4) as well as, simi-

larly to microglia-like cells, the down-regulation of

genes associated with antigen processing and presenta-

tion (e.g. Cd74, H2-Ab1, H2-Aa) and regulation of T-
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helper cells (e.g. H2-Q7, H2-T23). In addition, type I

interferon genes (e.g. Irf1, Stat1) were drastically

reduced at late stage (Fig. 3G, Fig. S7D). Taken

together, the reduced antigen cross-presentation ability

of both microglia- and macrophage-like cells at later

time points may add to the recognized poor recruit-

ment of T cells to the tumour site in GBM [53], thus

dampening potential T-cell-mediated tumour eradica-

tion along its progression.

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 corre-

sponding tissue sections. To discriminate brain-

resident microglia and blood derived-

monocytes/macrophages in immunohistological analy-

ses, we took advantage of the Ivy Glioblastoma Atlas

Project to infer TAM spatial localization in laser-

micro-dissected regions of GBM patients [54]. Here,

we observed an enrichment of microglia-like cells (ex-

pressing 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 (Fig. 3H). Similar findings

were described by spatial scRNA-seq of the myeloid

compartment in GBM patients where TGFBI, VEGFA

and IL1RN were mainly expressed by macrophages in

the tumour core, while microglial cells enriched in the

tumour periphery displayed a reduced expression of

these genes [18]. Supporting these observations, 2-

photon microscopy in murine GBM sections recently

revealed two distinct cell types with different morpho-

logical properties composing TAMs. Specifically, cells

with reduced branching and increased surface area

compared to na€ıve resident parenchymal cells mainly

accumulated at the tumour margins and represented

tumour-associated microglia, while monocyte-derived

macrophages displaying shrank surface area and

increased migratory properties were mainly located in

the tumour core [55]. In agreement with this, we

observed a significant reduction of the surface area of

macrophage-like infiltrative cells in the tumour core

compared to larger and branched microglia-like

enriched cells in the tumour margin independent of

tumour stage (Fig. 3I,J and Fig. S7E). In line with our

scRNA-seq data, we observed a significant decrease of

the antigen presenting cell markers MHC-II (Fig. 3K)

and CD74 (Fig. 3L) at late GBM stage in both the

tumour margin and core. 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 (Fig. 3K), highlighting spatial hetero-

geneity of TAMs at the protein level. These differences

were independent from the mouse gender.

Collectively, these analyses show that TAMs display

distinct transcriptional programmes along GBM pro-

gression, with both microglia and monocytic-derived

macrophages exhibiting decreased antigen presenting

cell features at later tumour stages compared to earlier

phases.

3.4. TAMs 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/

Fig. 3. TAM subsets spatial and temporal characterization along glioblastoma development. (A–G) Results show one biological replicate per

experimental condition (WT/na€ıve; WT/early; WT/intermediate; WT/late). (A) Myeloid tSNE plot colour- coded representation for tumour pro-

gression (green: early; blue: intermediate; purple: late stage). (B) Number of up- and down-regulated genes (P-value < 0.01, ¦log2 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. (D) Venn diagram representation showing TAM I shared (n = 228) and exclusively up-regulated genes at

early (n = 112) and late (n = 329) stages versus na€ıve microglia. (E) Single-cell bar plots showing selected top differentially expressed genes

in TAM I between early and late GBM stages. Gene expression numbers on the right axis represent gene counts per cell. (F) Venn diagram

representation showing TAM II shared (n = 403) and exclusively up-regulated genes at early (n = 262) and late (n = 77) stages versus na€ıve

microglia. (G) Single-cell bar plots showing selected top differentially expressed genes in TAM II between early and late GBM stages. Gene

expression numbers on the right axis represent gene counts per cell. (H) RNA-sequencing profiles of laser-microdissected regions of GBM

patients for microglia (BIN1, CX3CR1, P2RY12) and peripheral monocyte-derived cell (IL1RN, TGFBI, THBSI) marker genes. Data extracted

from the Ivy Glioblastoma Atlas Project (PCAN: pseudopalisading cells around necrosis; MvP: microvascular proliferation). (I) Representative

immunofluorescence pictures of Iba1 positive cells in the tumour margin and core in murine brain sections. (J) Quantification of Iba1 surface

area in the tumour margin and tumour core at early and late stages. (K–L) Representative immunofluorescence pictures and quantification

for (K) MHC-II and (L) CD74 staining in the tumour margin and core at early and late stages. In (J–L), circles represent females and squares

symbolize males. Statistical analysis for (J) Two-way ANOVA with Sidak’s multiple comparison corrections [early n = 3 (2 females and 1

male) and late n = 3 (females)], (K, L) Two-way ANOVA with Sidak’s multiple comparison corrections [early n = 3 (2 females and 1 male)

and late n = 4 (2 females and 2 males)], mean � SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant. Scale bars in I, K and

L = 50 lm. CD74, HLA class II histocompatibility antigen gamma chain; Iba1, Allograft inflammatory factor 1; MHC-II, Major histocompatibil-

ity complex class II molecules; MvP, Microvascular proliferation; PCAN, Pseudopalisading cells around necrosis; T. core, tumour core; T.

margin, tumour margin; TAM I, tumour-associated microglia; TAM II, tumour-associated macrophage.
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immunoresponsive gene 1 (Acod1/Irg1), catalyses the

production of itaconate from the decarboxylation of

cis-aconitate, an intermediate metabolite of the TCA

cycle [19,56]. Itaconate is one of the most up-regulated

metabolites in activated macrophages [57] exhibiting

anti-inflammatory properties, thus contributing to the

resolution of inflammation [20,21]. Interestingly, it has

been recently shown that low doses of itaconate inhi-

bits inflammation, while it promotes inflammation at

high doses [58]. Due to the emerging role of various

immune metabolites 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. Acod1 defi-

ciency did not affect the distinct cell types identified by

scRNA-seq (Fig. S8A). In the GL261 model, we exclu-

sively detected Acod1/Irg1 induction across the mye-

loid compartment and, at a larger extent, within the

macrophage-like subset (Fig. 4A). We observed similar

results in the Brain Tumour Immune Micro Environ-

ment dataset acquired in GBM patients by RNA-seq

[59]. Indeed, ACOD1/IRG1 expression was up-

regulated in both CD49Dlow microglial cells and

CD49Dhigh macrophages, with higher expression levels

in IDH-wild type compared to IDH-mutant gliomas

(Fig. S8B). Microarray analysis of RNA extracted

from CD11b+ MACS-isolated cells from na€ıve and

GL261-implanted mouse brains showed also a signifi-

cant increase of Acod1/Irg1 expression in tumour-

bearing (n = 3) compared to na€ıve mice (n = 3)

(Fig. S8C) [11]. Bone marrow-derived macrophages

(BMDMs) co-cultured with GL261 tumour cells

in vitro showed increased expression of Acod1 com-

pared to mono-cultured BMDMs, while its expression

was undetectable in BMDMs obtained from Acod1

KO mice (Fig. 4B). However, in these co-culture con-

ditions, contrarily to BMDMs treated with LPS

(100 ng�mL�1) for 6 h, IRG1/ACOD1 protein was not

detectable (Fig. S8D). These results are in agreement

with its weak induction at the mRNA level in these

co-culture conditions.

The analysis of TAM subsets by scRNA-seq across

all the stages suggested an over-representation of the

macrophage-like population in Acod1 KO mice

(81.15%, 298 cells sequenced) compared to age-

matched WT mice (63.11%, 159 cells sequenced)

(Fig. 4C). Moreover, a higher proportion of TAM II

cells versus tumour cells was observed in Acod1 KO

compared to WT mice, while we found no differences

for TAM I cells (Fig. 4D). Albeit we did not detect

differences in the total number of bone-marrow pre-

cursors between na€ıve WT and Acod1 KO mice

(Fig. S8E), we observed an increase in the number of

CD11b+ cells in the brain of Acod1 KO compared to

WT tumour-bearing mice (Fig. 4E). 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 infiltration of myeloid cells in Acod1 KO

mice (Fig. 4F). Investigation of the exclusively up-

regulated genes in microglia-like and macrophage-like

Fig. 4. Acod1 expression is induced in TAMs and its deficiency affects their recruitment. (A) Irg1/Acod1 expression levels across the main

10 stromal cell-types identified by scRNA-seq. Results show one biological replicate per experimental condition (WT/na€ıve; WT/early; WT/in-

termediate; WT/late; ACOD1/IRG1 KO/na€ıve; ACOD1/IRG1 KO/early; ACOD1/IRG1 KO/intermediate; ACOD1/IRG1 KO/late). (B) Analysis by

qPCR of the expression levels of Acod1 (normalized using Rpl27 as housekeeping gene) in BMDMs from WT and Acod1 KO mice upon co-

culture with GL261 tumour cells at 24 and 48 h (WT n = 2, Acod1 KO n = 2). (C) Myeloid tSNE plot colour coded (brown: WT; orange:

Acod1 KO) and respective number of myeloid cells sequenced by scRNA-seq according to the genotype (WT, na€ıve: 86 cells; TAM I: 87

cells; TAM II 159 cells. Acod1 KO, na€ıve: 112 cells; TAM I: 91 cells; TAM II: 298 cells) taking into account all the tumour stages. (D) Graphi-

cal representation depicting the proportions of TAMs and tumour cells in WT (upper) and Acod1 KO (bottom) mice taking into account all

the tumour stages (WT/na€ıve; WT/early; WT/intermediate; WT/late; ACOD1/IRG1 KO/na€ıve; ACOD1/IRG1 KO/early; ACOD1/IRG1 KO/inter-

mediate; ACOD1/IRG1 KO/late). (E) Number of CD11b+ cells isolated from WT and Acod1 KO from tumour-bearing mouse brains at late

stage. Bars represent the ratio of the number of CD11b+ cells over the number of total cells applied to the columns. (F) Immunofluores-

cence pictures depicting Iba1 positive cells in the tumour margin (left) and core (right). Number of Iba1 positive cells were quantified in WT

and Acod1 KO mice at early GBM stage. (G) 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. Notch plot representation of

selected genes exclusively up-regulated by TAM II in Acod1 KO mice compared with WT mice at early stage. In (E, F), circles represent

females and squares denote males. Statistical analysis for (A) pairwise Wilcoxon test with P-value adjusted with Benjamini Hochberg

method; (E) Unpaired Student t test (WT = 6, Acod1 KO n = 4); (F) Unpaired Student t test (WT early n = 4; Acod1 KO early n = 3),

mean � SEM. *P < 0.05, **P < 0.01. Scale bars in F = 50 lm. Acod1, aconitate decarboxylase 1; BMDMs, bone marrow-derived macro-

phages; Ccr2, C-C chemokine receptor type 2; Iba1, Allograft inflammatory factor 1; KO, knock-out; Ldha, Lactate dehydrogenase A; Mif,

Macrophage migration inhibitory factor; TAM I, tumour-associated microglia; TAM II, tumour-associated macrophage; Tspo, Translocator pro-

tein; WT, wild-type.
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cells at early stages in Acod1 KO mice versus their cor-

responding counterparts in WT mice identified a major

transcriptional effect on macrophage-like (n = 41

genes) compared to microglia-like (n = 3 genes) cells

(Fig. 4G). Genes associated with TAM recruitment,

such as Ccr2, Mif, Ldha and Tspo, were uniquely over-

expressed in macrophage-like cells from Acod1 KO

mice (Fig. 4G). Specifically, the CCL2/CCR2 axis is

essential for monocyte migration into the inflamed

CNS [60,61]. Further, macrophage migration inhibi-

tory factor (MIF) plays an important role in regulating

inflammatory responses in innate immune cells [62]

and can directly interact with CXCR2 and CXCR4

promoting inflammatory activity and leukocyte chemo-

taxis in cancer [63].

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 (Fig. 5A, Table S5),

confirming that the lack of Acod1/Irg1 mainly affected

the transcriptional programme of peripheral infiltrat-

ing 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 pro-

cessing and presentation via MHC class I (e.g. H2-K1)

and T cell-mediated cytotoxicity (e.g. H2-T23)

(Fig. 5A, Fig. S9A). The common 15 microglia-like

and macrophage-like cell up-regulated genes in Acod1

KO compared to WT mice were associated with anti-

gen presenting cell (e.g. Cd74, H2-Ab1) and inflamma-

tory (Stat1) markers (Fig. 5A), 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 (Fig. 5B). IRF family members

play essential roles in regulating immune responses

[64,65] and seminal work has shown that Irf1 KO

mice exhibit impaired NK cell maturation and defec-

tive Th1 responses [66,67]. Additionally, IRF1 oper-

ates as a tumour suppressor and its inactivation has

been shown to significantly increase risk of malig-

nancy [68]. To investigate the expression of IRF1 at

the protein level, we conducted immunofluorescence

analysis and detected higher numbers of IBA1+ IRF1+

positive cells in the tumour core in Acod1 KO com-

pared to WT mice (Fig. 5C). Amongst the down-

stream targets of IRF1, we detected by flow

cytometry an increased expression of MHC-II in

TAMs isolated at late stage from Acod1 KO com-

pared to WT mice (Fig. 5D, Fig. S9B). Additionally,

in brain sections from Acod1 KO tumour-bearing

mice, we detected a significant increase of CD74

expressed by macrophage-like cells, which were

enriched in the tumour core, compared to WT mice

Fig. 5. TAMs under Acod1 deficiency display higher antigen presenting cell programmes associated with increased lymphocytic recruitment

at late GBM stage. (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 (Table S5). Corresponding notch plot repre-

sentations 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. Results show one biological replicate per experimental condition (WT/na€ıve; WT/early; WT/late; ACOD1/IRG1 KO/na€ıve;

ACOD1/IRG1 KO/early; ACOD1/IRG1 KO/late). (B) Analysis by qPCR of the expression levels of Cd74, H2-Ab1, H2-Aa and Irf1 genes (nor-

malized using Rpl27 as housekeeping gene) in CD11b+ cells isolated from WT and Acod1 KO mice at late stages. (C) Immunofluorescence

pictures (left) and quantification (right) of IRF1 expression in Iba1+ cells in the tumour core region at late stage in Acod1 KO and WT mouse

brain sections. Arrowheads indicate examples of co-localization of IRF1 with Iba1 staining. (D) Representative overlay histogram (left) and

quantification (right) of MHC-II expression in TAMs analysed in WT and Acod1 KO mice at late stage by flow cytometry. (E) Immunofluores-

cence pictures (left) and quantification (right) of CD74 expression in Iba1+ cells in the tumour core region at late stage in Acod1 KO and WT

mouse brain sections. (F) Percentage of CD11b� CD45+ lymphocytes at late stage quantified by flow cytometry. (G) Single cell trajectory

inference analysis of 335 myeloid cells from WT na€ıve and tumour-bearing mice (left graph) and 501 myeloid cells from Acod1 KO na€ıve and

tumour-bearing mice (right graph). In (C–F), circles represent females and squares symbolize males. Statistical analysis for (B) Unpaired Stu-

dent t test (WT n = 4 (3 females and 1 male), Acod1 KO n = 2 (females)); (C) Unpaired Student t test (WT n = 3 (females), Acod1 KO n = 3

(2 females and 1 male); (D) Unpaired Student t test (WT n = 7 (2 females and 5 males), Acod1 KO n = 3 (males)), (E) Unpaired Student t

test (WT n = 3 (females), Acod1 KO n = 3 (2 females and 1 male)), (F) Unpaired Student t test (WT n = 5 (2 females and 3 males), Acod1

KO n = 3 (males)), mean � SEM, *P < 0.05; **P < 0.01. Scale bars = 20 lm in (C) and 50 lm in (E). Cd36, CD36 molecule; Cd74, CD74

molecule; Clec7a, C-type lectin domain containing 7A; Cxcl9, C-X-C motif chemokine ligand 9; H2-aa, major histocompatibility complex, class

II; H2-Ab1, major histocompatibility complex, class II; H2-K1, major histocompatibility complex, class I, a; H2-T23, major histocompatibility

complex, class I, E; Irf1, interferon regulatory factor 1; KO, knock-out; Stat1, signal transducer and activator of transcription 1; TAM I,

tumour-associated microglia; TAM II, tumour-associated macrophage; WT, wild-type.
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(Fig. 5E). As gliomas are characterized as ‘immuno-

logically silent’ in IDH-mutant or ‘lymphocyte-

depleted’ in IDH-wild-type subtypes [69], 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. Indeed, we observed an increase of the lymphocytic

population in Acod1 KO compared to WT mice, both in

our scRNA-seq dataset (Fig. S9C) and by flow cytome-

try (Fig. 5F, Fig. S9B), thus suggesting an effective

crosstalk between TAMs and the adaptive immune cell

compartment. We further identified up-regulated genes

comparing lymphocytes isolated from Acod1 KO and

WT mice at early stages (P < 0.01; Log2 FC > 0.5;

n = 17 genes; e.g. Dbi, Ifitm3, Lgals1, Mt1, Pfn1)

(Fig. S9D, Table S6), while we did not conduct the cor-

responding analysis at late stage due to the low number

of gathered lymphocytes in WT mice (Fig. S9C).

Lastly, in order to elucidate if specific TAM subsets

under ACOD1 deficiency display enhanced immuno-

genic phenotypes, we conducted single cell trajectory

inference analyses. We showed higher macrophage-like

cell heterogeneity in Acod1 KO compared to WT mice,

thus suggesting that ACOD1 deficiency also supports

TAM diversity (Fig. 5G). Specifically, pseudo-time

analyses uncovered four distinct cellular states across

the TAM II subset under Acod1 deficiency (Fig. S10A,

B). Further analysis of exclusive genes driving the

most prominent cellular state (cellular state four)

revealed a TAM II subset exclusively present in Acod1

deficient tumour-bearing mice, which might support

leukocyte migration and T cell activation (e.g. Ccl17,

Ccl22, Ccr7, IL12b, Cd1d1) to the tumour site

(Fig. S10C). This subset was also characterized by

higher expression levels of genes encoding serine pro-

teinase inhibitors (e.g. Serpinb6b and Serpinb9)

(Fig. S10C), which have been described to play a criti-

cal role in T lymphocyte-mediated immunity [70].

Although Acod1/Irg1 silencing in macrophages has

been shown to significantly reduce the peritoneal

tumour burden [23], the analysis of tumour growth in

GL261 tumour-bearing mice did not show significant

differences between WT and Acod1 KO (data not

shown), neither we detected differences in the mouse

survival (Fig. S10D), most probably due to the very

high aggressiveness of the tumour in the analysed

model.

4. Conclusion

In summary, despite scRNA-seq analyses conducted in

one biological replicate per experimental condition rep-

resent a limitation of the study, we here elucidated the

diversity of the myeloid compartment along GBM pro-

gression and under ACOD1 deficiency by corroborat-

ing the main findings by flow cytometry,

immunohistological and targeted gene expression anal-

yses. We demonstrate that the myeloid compartment is

the most affected and heterogeneous stromal cell com-

ponent in GBM, with microglia and macrophages

acquiring key transcriptional differences and rapidly

adapting along GBM progression. Specifically, we

show that TAMs display a decreased antigen-

presenting cell signature along GBM progression,

which is retained under ACOD1 deficiency. Collec-

tively, these results are in line with the anti-

inflammatory role of ACOD1/itaconate [71], since

their absence skewed TAMs in GBM towards a more

reactive and immunogenic phenotype. Mechanistically,

itaconate modifies a range of proteins in macrophages,

including KEAP1, which leads to NRF2 activation

and induction of NRF2-dependent genes encoding

anti-inflammatory and antioxidant factors. Similarly,

itaconate might also modify GILT (IFI30), a protein

that regulates antigen presentation [71]. However, how

itaconate and GILT might potentially contribute to

the decrease of antigen presentation marks warrants

further investigation. From a therapeutic point of

view, although immune checkpoint blockade therapy

has markedly improved survival in several immuno-

genic cancers, such as melanoma, its efficacy has not

been extended to GBM patients, as observed in a ran-

domized phase III clinical trial for recurrent GBM

(CheckMate 143; Identifier NCT 02017717) [72]. As it

is becoming increasingly evident that a mono-

therapeutic approach is unlikely to provide anti-

tumour efficacy, the combination of ACOD1 suppres-

sion in TAMs, which enables to harness both the

innate and adaptive immune systems, together with the

inhibition of immune checkpoints may advance thera-

peutic successes against GBM and other solid

tumours.

Acknowledgements

The authors thank Amandine Bernard for mouse

genotyping and western blotting, Virginie Baus for

helping with the MRI as well as Thomas Cerutti for

the support with flow cytometry experiments. The

authors are grateful to Dr Oihane Uriarte and Dr

Tony Heurtaux for aiding with gentleMACSTM Dissoci-

ator. YPA and CS were supported by the Luxembourg

National Research Fund (PRIDE15/10675146/CAN-

BIO and AFR6916713, respectively) and the Fonda-

tion du P�elican de Mie et Pierre Hippert-Faber under

the aegis of Fondation de Luxembourg. YAY was

3186 Molecular Oncology 16 (2022) 3167–3191 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

TAM diversity in GBM Y. Pires-Afonso et al.



supported by GLIOTRAIN ITN funded by the Euro-

pean Union’s Horizon 2020 research and innovation

programme under the Marie Skłodowska-Curie grant

agreement No 766069 (The material presented and

views expressed here are the responsibility of the

author(s) only. The EU Commission takes no respon-

sibility for any use made of the information set out).

AS was supported by the C14/BM/7975668/CaSCAD

project as well as by the National Biomedical Compu-

tation Resource (NBCR) through the NIH P41

GM103426 grant from the National Institutes of

Health. AM was supported by Action Lions ‘Vaincre

le Cancer’ Luxembourg. The authors acknowledge

financial support by the Luxembourg Institute of

Health (MIGLISYS) and the Luxembourg Centre for

Systems Biomedicine.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

YPA, SPN and AlM designed the project; YPA, KG,

AO, YAY, CS, AS and RH performed experiments;

YPA, ArM, KG, YAY, AC, AG and AlM analysed

experiments; AP supported in silico analyses; DC sup-

ported in vivo mouse experiments; AS set up and

supervised scRNA-seq analyses; YPA and AlM wrote

the manuscript; all the authors edited and approved

the manuscript.

Peer review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13287.

Data accessibility

The data that support the findings of this study are

openly available in NCBI’s Gene Expression Omnibus

(GEO) and are accessible through. https://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE158016, GEO

Series accession number GSE158016.

References

1 Lathia JD, Heddleston JM, Venere M, Rich JN. Deadly

teamwork: neural cancer stem cells and the tumor

microenvironment. Cell Stem Cell. 2011;8:482–5. https://
doi.org/10.1016/j.stem.2011.04.013

2 Venkatesan S, Swanton C. Tumor evolutionary

principles: how intratumor heterogeneity influences

cancer treatment and outcome. Am Soc Clin Oncol Educ

Book. 2016;35:e141–9. https://doi.org/10.14694/EDBK_

15893010.1200/EDBK_158930

3 Quail DF, Joyce JA. The microenvironmental landscape

of brain tumors. Cancer Cell. 2017;31:326–41. https://
doi.org/10.1016/j.ccell.2017.02.009

4 Ginhoux F, Greter M, Leboeuf M, Nandi S, See P,

Gokhan S, et al. Fate mapping analysis reveals that adult

microglia derive from primitive macrophages. Science.

2010;330:841–5. https://doi.org/10.1126/science.1194637
5 Schulz C, Gomez Perdiguero E, Chorro L, Szabo-

Rogers H, Cagnard N, Kierdorf K, et al. A lineage of

myeloid cells independent of Myb and hematopoietic

stem cells. Science. 2012;336:86–90. https://doi.org/10.
1126/science.1219179

6 Glass R, Synowitz M. CNS macrophages and

peripheral myeloid cells in brain tumours. Acta

Neuropathol. 2014;128:347–62. https://doi.org/10.1007/
s00401-014-1274-2

7 Hambardzumyan D, Gutmann DH, Kettenmann H.

The role of microglia and macrophages in glioma

maintenance and progression. Nat Neurosci. 2016;19:20–
7. https://doi.org/10.1038/nn.4185

8 Bowman RL, Klemm F, Akkari L, Pyonteck SM,

Sevenich L, Quail DF, et al. Macrophage ontogeny

underlies differences in tumor-specific education in

brain malignancies. Cell Rep. 2016;17:2445–59. https://
doi.org/10.1016/j.celrep.2016.10.052

9 Friebel E, Kapolou K, Unger S, Nunez NG, Utz S,

Rushing EJ, et al. Single-cell mapping of human brain

cancer reveals tumor-specific instruction of tissue-

invading leukocytes. Cell. 2020;181:1626–1642.e20.
https://doi.org/10.1016/j.cell.2020.04.055

10 Muller S, Kohanbash G, Liu SJ, Alvarado B, Carrera

D, Bhaduri A, et al. Single-cell profiling of human

gliomas reveals macrophage ontogeny as a basis for

regional differences in macrophage activation in the

tumor microenvironment. Genome Biol. 2017;18:234.

https://doi.org/10.1186/s13059-017-1362-4

11 Szulzewsky F, Pelz A, Feng X, Synowitz M, Markovic

D, Langmann T, et al. Glioma-associated

microglia/macrophages display an expression profile

different from M1 and M2 polarization and highly

express Gpnmb and Spp1. PLoS One. 2015;10:

e0116644. https://doi.org/10.1371/journal.pone.0116644

12 Zeiner PS, Preusse C, Golebiewska A, Zinke J, Iriondo

A, Muller A, et al. Distribution and prognostic impact

of microglia/macrophage subpopulations in gliomas.

Brain Pathol. 2018;29:513–29. https://doi.org/10.1111/
bpa.12690

13 Gabrusiewicz K, Rodriguez B, Wei J, Hashimoto Y,

Healy LM, Maiti SN, et al. Glioblastoma-infiltrated

innate immune cells resemble M0 macrophage

phenotype. JCI Insight. 2016;1:e85841. https://doi.org/

10.1172/jci.insight.85841

3187Molecular Oncology 16 (2022) 3167–3191 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Y. Pires-Afonso et al. TAM diversity in GBM

https://publons.com/publon/10.1002/1878-0261.13287
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158016
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158016
https://doi.org/10.1016/j.stem.2011.04.013
https://doi.org/10.1016/j.stem.2011.04.013
https://doi.org/10.14694/EDBK_15893010.1200/EDBK_158930
https://doi.org/10.14694/EDBK_15893010.1200/EDBK_158930
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1126/science.1194637
https://doi.org/10.1126/science.1219179
https://doi.org/10.1126/science.1219179
https://doi.org/10.1007/s00401-014-1274-2
https://doi.org/10.1007/s00401-014-1274-2
https://doi.org/10.1038/nn.4185
https://doi.org/10.1016/j.celrep.2016.10.052
https://doi.org/10.1016/j.celrep.2016.10.052
https://doi.org/10.1016/j.cell.2020.04.055
https://doi.org/10.1186/s13059-017-1362-4
https://doi.org/10.1371/journal.pone.0116644
https://doi.org/10.1111/bpa.12690
https://doi.org/10.1111/bpa.12690
https://doi.org/10.1172/jci.insight.85841
https://doi.org/10.1172/jci.insight.85841


14 MJC J, Sankowski R, Brendecke SM, Sagar, Locatelli

G, Tai YH, et al. Single-cell profiling identifies myeloid

cell subsets with distinct fates during

neuroinflammation. Science. 2019;363:eaat7554. https://

doi.org/10.1126/science.aat7554

15 Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K,

Goldman M, et al. Highly parallel genome-wide

expression profiling of individual cells using nanoliter

droplets. Cell. 2015;161:1202–14. https://doi.org/10.
1016/j.cell.2015.05.002

16 Shalek AK, Satija R, Adiconis X, Gertner RS,

Gaublomme JT, Raychowdhury R, et al. Single-cell

transcriptomics reveals bimodality in expression and

splicing in immune cells. Nature. 2013;498:236–40.
https://doi.org/10.1038/nature12172

17 Tang F, Barbacioru C, Wang Y, Nordman E, Lee C,

Xu N, et al. mRNA-seq whole-transcriptome analysis

of a single cell. Nat Methods. 2009;6:377–82. https://doi.
org/10.1038/nmeth.1315

18 Darmanis S, Sloan SA, Croote D, Mignardi M,

Chernikova S, Samghababi P, et al. Single-cell RNA-

seq analysis of infiltrating neoplastic cells at the

migrating front of human glioblastoma. Cell Rep.

2017;21:1399–410. https://doi.org/10.1016/j.celrep.2017.
10.030

19 Michelucci A, Cordes T, Ghelfi J, Pailot A, Reiling N,

Goldmann O, et al. Immune-responsive gene 1 protein

links metabolism to immunity by catalyzing itaconic

acid production. Proc Natl Acad Sci USA.

2013;110:7820–5. https://doi.org/10.1073/pnas.
1218599110

20 Hooftman A, O’Neill LAJ. The immunomodulatory

potential of the metabolite itaconate. Trends Immunol.

2019;40:687–98. https://doi.org/10.1016/j.it.2019.05.007
21 Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon

D, Zaslona Z, et al. Itaconate is an anti-inflammatory

metabolite that activates Nrf2 via alkylation of KEAP1.

Nature. 2018;556:113–7. https://doi.org/10.1038/
nature25986

22 Dominguez-Andres J, Novakovic B, Li Y, Scicluna BP,

Gresnigt MS, Arts RJW, et al. The itaconate pathway

is a central regulatory node linking innate immune

tolerance and trained immunity. Cell Metab.

2019;29:211–220.e5. https://doi.org/10.1016/j.cmet.2018.

09.003

23 Weiss JM, Davies LC, Karwan M, Ileva L, Ozaki MK,

Cheng RY, et al. Itaconic acid mediates crosstalk

between macrophage metabolism and peritoneal

tumors. J Clin Invest. 2018;128:3794–805. https://doi.
org/10.1172/JCI99169

24 Pires-Afonso Y, Niclou SP, Michelucci A. Revealing

and harnessing tumour-associated

microglia/macrophage heterogeneity in glioblastoma.

Int J Mol Sci. 2020;21:689. https://doi.org/10.3390/

ijms21030689

25 Cordes T, Wallace M, Michelucci A, Divakaruni AS,

Sapcariu SC, Sousa C, et al. Immunoresponsive gene 1

and itaconate inhibit succinate dehydrogenase to

modulate intracellular succinate levels. J Biol Chem.

2016;291:14274–84. https://doi.org/10.1074/jbc.M115.

685792

26 Bougnaud S, Golebiewska A, Oudin A, Keunen O,

Harter PN, Mader L, et al. Molecular crosstalk

between tumour and brain parenchyma instructs

histopathological features in glioblastoma. Oncotarget.

2016;7:31955–71. https://doi.org/10.18632/oncotarget.
7454

27 Golebiewska A, Hau AC, Oudin A, Stieber D, Yabo

YA, Baus V, et al. Patient-derived organoids and

orthotopic xenografts of primary and recurrent gliomas

represent relevant patient avatars for precision

oncology. Acta Neuropathol. 2020;140:919–49. https://
doi.org/10.1007/s00401-020-02226-7

28 Sousa C, Golebiewska A, Poovathingal SK, Kaoma T,

Pires-Afonso Y, Martina S, et al. Single-cell

transcriptomics reveals distinct inflammation-induced

microglia signatures. EMBO Rep. 2018;19:e46171.

https://doi.org/10.15252/embr.201846171

29 Wickham H, Averick M, Bryan J, Chang W,

McGowan LDA, Franc�ois R, et al. Welcome to the

Tidyverse. J Open Source Softw. 2019;4:1686. https://

doi.org/10.21105/joss.01686

30 Krijthe JH. Rtsne: T-distributed stochastic neighbor

embedding using a Barnes-hut implementation. R

package version 0.15; 2015.

31 McInnes L, Healy J, Astels S. Hdbscan: hierarchical

density based clustering. J Open Source Softw.

2017;2:205. https://doi.org/10.21105/joss.00205

32 Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner

HA, et al. Reversed graph embedding resolves complex

single-cell trajectories. Nat Methods. 2017;14:979–82.
https://doi.org/10.1038/nmeth.4402

33 Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li

S, Morse M, et al. The dynamics and regulators of cell

fate decisions are revealed by pseudotemporal ordering

of single cells. Nat Biotechnol. 2014;32:381–6. https://
doi.org/10.1038/nbt.2859

34 Buttini M, Orth M, Bellosta S, Akeefe H, Pitas RE,

Wyss-Coray T, et al. Expression of human

apolipoprotein E3 or E4 in the brains of Apoe�/�
mice: isoform-specific effects on neurodegeneration. J

Neurosci. 1999;19:4867–80.
35 Oh T, Fakurnejad S, Sayegh ET, Clark AJ, Ivan ME,

Sun MZ, et al. Immunocompetent murine models for

the study of glioblastoma immunotherapy. J Transl

Med. 2014;12:107. https://doi.org/10.1186/1479-5876-12-

107

36 Aslan K, Turco V, Blobner J, Sonner JK, Liuzzi AR,

Nunez NG, et al. Heterogeneity of response to immune

checkpoint blockade in hypermutated experimental

3188 Molecular Oncology 16 (2022) 3167–3191 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

TAM diversity in GBM Y. Pires-Afonso et al.

https://doi.org/10.1126/science.aat7554
https://doi.org/10.1126/science.aat7554
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1038/nature12172
https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1016/j.celrep.2017.10.030
https://doi.org/10.1016/j.celrep.2017.10.030
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1016/j.it.2019.05.007
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/nature25986
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1172/JCI99169
https://doi.org/10.1172/JCI99169
https://doi.org/10.3390/ijms21030689
https://doi.org/10.3390/ijms21030689
https://doi.org/10.1074/jbc.M115.685792
https://doi.org/10.1074/jbc.M115.685792
https://doi.org/10.18632/oncotarget.7454
https://doi.org/10.18632/oncotarget.7454
https://doi.org/10.1007/s00401-020-02226-7
https://doi.org/10.1007/s00401-020-02226-7
https://doi.org/10.15252/embr.201846171
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.00205
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1186/1479-5876-12-107
https://doi.org/10.1186/1479-5876-12-107


gliomas. Nat Commun. 2020;11:931. https://doi.org/10.

1038/s41467-020-14642-0

37 Fecci PE, Ochiai H, Mitchell DA, Grossi PM, Sweeney

AE, Archer GE, et al. Systemic CTLA-4 blockade

ameliorates glioma-induced changes to the CD4+ T cell

compartment without affecting regulatory T-cell

function. Clin Cancer Res. 2007;13:2158–67. https://doi.
org/10.1158/1078-0432.CCR-06-2070

38 Qian J, Luo F, Yang J, Liu J, Liu R, Wang L, et al.

TLR2 promotes glioma immune evasion by

downregulating MHC class II molecules in microglia.

Cancer Immunol Res. 2018;6:1220–33. https://doi.org/10.
1158/2326-6066.CIR-18-0020

39 Khalsa JK, Cheng N, Keegan J, Chaudry A, Driver J,

Bi WL, et al. Immune phenotyping of diverse syngeneic

murine brain tumors identifies immunologically distinct

types. Nat Commun. 2020;11:3912. https://doi.org/10.

1038/s41467-020-17704-5

40 Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian

JL, Christopherson KS, et al. A transcriptome database

for astrocytes, neurons, and oligodendrocytes: a new

resource for understanding brain development and

function. J Neurosci. 2008;28:264–78. https://doi.org/10.
1523/JNEUROSCI.4178-07.2008

41 Tasic B, Menon V, Nguyen TN, Kim TK, Jarsky T,

Yao Z, et al. Adult mouse cortical cell taxonomy

revealed by single cell transcriptomics. Nat Neurosci.

2016;19:335–46. https://doi.org/10.1038/nn.4216
42 Tabula Muris Consortium; Overall coordination;

Logistical coordination; Organ collection and

processing; Library preparation and sequencing;

Computational data analysis; Cell type annotation;

Writing group; Supplemental text writing group;

Principal inves. Single-cell transcriptomics of 20

mouse organs creates a Tabula Muris. Nature.

2018;562:367–72. https://doi.org/10.1038/s41586-018-
0590-4

43 Sankowski R, Bottcher C, Masuda T, Geirsdottir L,

Sagar, Sindram E, et al. Mapping microglia states in

the human brain through the integration of high-

dimensional techniques. Nat Neurosci. 2019;22:2098–
110. https://doi.org/10.1038/s41593-019-0532-y

44 Venteicher AS, Tirosh I, Hebert C, Yizhak K, Neftel C,

Filbin MG, et al. Decoupling genetics, lineages, and

microenvironment in IDH-mutant gliomas by single-cell

RNA-seq. Science. 2017;355:eaai8478. https://doi.org/

10.1126/science.aai8478

45 Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie

SM, Wakimoto H, et al. Single-cell RNA-seq highlights

intratumoral heterogeneity in primary glioblastoma.

Science. 2014;344:1396–401. https://doi.org/10.1126/
science.1254257

46 Szatmari T, Lumniczky K, Desaknai S, Trajcevski S,

Hidvegi EJ, Hamada H, et al. Detailed characterization

of the mouse glioma 261 tumor model for experimental

glioblastoma therapy. Cancer Sci. 2006;97:546–53.
https://doi.org/10.1111/j.1349-7006.2006.00208.x

47 Schaaf MB, Garg AD, Agostinis P. Defining the role of

the tumor vasculature in antitumor immunity and

immunotherapy. Cell Death Dis. 2018;9:115. https://doi.

org/10.1038/s41419-017-0061-0

48 Ochocka N, Segit P, Walentynowicz KA, Wojnicki K,

Cyranowski S, Swatler J, et al. Single-cell RNA

sequencing reveals functional heterogeneity of glioma-

associated brain macrophages. Nat Commun.

2021;12:1151. https://doi.org/10.1038/s41467-021-21407-

w

49 Pombo Antunes AR, Scheyltjens I, Lodi F, Messiaen J,

Antoranz A, Duerinck J, et al. Single-cell profiling of

myeloid cells in glioblastoma across species and disease

stage reveals macrophage competition and

specialization. Nat Neurosci. 2021;24:595–610. https://
doi.org/10.1038/s41593-020-00789-y

50 Pinton L, Masetto E, Vettore M, Solito S, Magri S,

D’Andolfi M, et al. The immune suppressive

microenvironment of human gliomas depends on the

accumulation of bone marrow-derived macrophages in

the center of the lesion. J Immunother Cancer.

2019;7:58. https://doi.org/10.1186/s40425-019-0536-x

51 Alban TJ, Alvarado AG, Sorensen MD, Bayik D,

Volovetz J, Serbinowski E, et al. Global immune

fingerprinting in glioblastoma patient peripheral blood

reveals immune-suppression signatures associated with

prognosis. JCI Insight. 2018;3:e122264. https://doi.org/

10.1172/jci.insight.122264

52 Zhao E, Maj T, Kryczek I, Li W, Wu K, Zhao L, et al.

Cancer mediates effector T cell dysfunction by targeting

microRNAs and EZH2 via glycolysis restriction. Nat

Immunol. 2016;17:95–103. https://doi.org/10.1038/ni.
3313

53 Woroniecka KI, Rhodin KE, Chongsathidkiet P, Keith

KA, Fecci PE. T-cell dysfunction in glioblastoma:

applying a new framework. Clin Cancer Res.

2018;24:3792–802. https://doi.org/10.1158/1078-0432.
CCR-18-0047

54 Puchalski RB, Shah N, Miller J, Dalley R, Nomura

SR, Yoon JG, et al. An anatomic transcriptional atlas

of human glioblastoma. Science. 2018;360:660–3.
https://doi.org/10.1126/science.aaf2666

55 Chen Z, Ross JL, Hambardzumyan D. Intravital 2-

photon imaging reveals distinct morphology and

infiltrative properties of glioblastoma-associated

macrophages. Proc Natl Acad Sci USA.

2019;116:14254–9. https://doi.org/10.1073/pnas.
1902366116

56 Cordes T, Michelucci A, Hiller K. Itaconic acid: the

surprising role of an industrial compound as a

mammalian antimicrobial metabolite. Annu Rev Nutr.

2015;35:451–73. https://doi.org/10.1146/annurev-nutr-
071714-034243

3189Molecular Oncology 16 (2022) 3167–3191 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Y. Pires-Afonso et al. TAM diversity in GBM

https://doi.org/10.1038/s41467-020-14642-0
https://doi.org/10.1038/s41467-020-14642-0
https://doi.org/10.1158/1078-0432.CCR-06-2070
https://doi.org/10.1158/1078-0432.CCR-06-2070
https://doi.org/10.1158/2326-6066.CIR-18-0020
https://doi.org/10.1158/2326-6066.CIR-18-0020
https://doi.org/10.1038/s41467-020-17704-5
https://doi.org/10.1038/s41467-020-17704-5
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://doi.org/10.1038/nn.4216
https://doi.org/10.1038/s41586-018-0590-4
https://doi.org/10.1038/s41586-018-0590-4
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1126/science.aai8478
https://doi.org/10.1126/science.aai8478
https://doi.org/10.1126/science.1254257
https://doi.org/10.1126/science.1254257
https://doi.org/10.1111/j.1349-7006.2006.00208.x
https://doi.org/10.1038/s41419-017-0061-0
https://doi.org/10.1038/s41419-017-0061-0
https://doi.org/10.1038/s41467-021-21407-w
https://doi.org/10.1038/s41467-021-21407-w
https://doi.org/10.1038/s41593-020-00789-y
https://doi.org/10.1038/s41593-020-00789-y
https://doi.org/10.1186/s40425-019-0536-x
https://doi.org/10.1172/jci.insight.122264
https://doi.org/10.1172/jci.insight.122264
https://doi.org/10.1038/ni.3313
https://doi.org/10.1038/ni.3313
https://doi.org/10.1158/1078-0432.CCR-18-0047
https://doi.org/10.1158/1078-0432.CCR-18-0047
https://doi.org/10.1126/science.aaf2666
https://doi.org/10.1073/pnas.1902366116
https://doi.org/10.1073/pnas.1902366116
https://doi.org/10.1146/annurev-nutr-071714-034243
https://doi.org/10.1146/annurev-nutr-071714-034243


57 Lampropoulou V, Sergushichev A, Bambouskova M,

Nair S, Vincent EE, Loginicheva E, et al. Itaconate

links inhibition of succinate dehydrogenase with

macrophage metabolic remodeling and regulation of

inflammation. Cell Metab. 2016;24:158–66. https://doi.
org/10.1016/j.cmet.2016.06.004

58 Muri J, Wolleb H, Broz P, Carreira EM, Kopf M.

Electrophilic Nrf2 activators and itaconate inhibit

inflammation at low dose and promote IL-1beta

production and inflammatory apoptosis at high dose.

Redox Biol. 2020;36:101647. https://doi.org/10.1016/j.

redox.2020.101647

59 Klemm F, Maas RR, Bowman RL, Kornete M,

Soukup K, Nassiri S, et al. Interrogation of the

microenvironmental landscape in brain tumors reveals

disease-specific alterations of immune cells. Cell.

2020;181:1643–1660 e1617. https://doi.org/10.1016/j.cell.

2020.05.007

60 Chen Z, Feng X, Herting CJ, Garcia VA, Nie K, Pong

WW, et al. Cellular and molecular identity of tumor-

associated macrophages in glioblastoma. Cancer Res.

2017;77:2266–78. https://doi.org/10.1158/0008-5472.
CAN-16-2310

61 Zhang J, Sarkar S, Cua R, Zhou Y, Hader W, Yong

VW. A dialog between glioma and microglia that

promotes tumor invasiveness through the CCL2/CCR2/

interleukin-6 axis. Carcinogenesis. 2012;33:312–9.
https://doi.org/10.1093/carcin/bgr289

62 Calandra T, Roger T. Macrophage migration inhibitory

factor: a regulator of innate immunity. Nat Rev

Immunol. 2003;3:791–800. https://doi.org/10.1038/
nri1200

63 Guda MR, Rashid MA, Asuthkar S, Jalasutram A,

Caniglia JL, Tsung AJ, et al. Pleiotropic role of

macrophage migration inhibitory factor in cancer. Am J

Cancer Res. 2019;9:2760–73.
64 Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff

RM, Foster GR, et al. Interferons at age 50: past,

current and future impact on biomedicine. Nat Rev

Drug Discov. 2007;6:975–90. https://doi.org/10.1038/
nrd2422

65 Taniguchi T, Ogasawara K, Takaoka A, Tanaka N.

IRF family of transcription factors as regulators of host

defense. Annu Rev Immunol. 2001;19:623–55. https://doi.
org/10.1146/annurev.immunol.19.1.623

66 Lohoff M, Ferrick D, Mittrucker HW, Duncan GS,

Bischof S, Rollinghoff M, et al. Interferon regulatory

factor-1 is required for a T helper 1 immune response

in vivo. Immunity. 1997;6:681–9. https://doi.org/10.
1016/s1074-7613(00)80444-6

67 Ogasawara K, Hida S, Azimi N, Tagaya Y, Sato T,

Yokochi-Fukuda T, et al. Requirement for IRF-1 in

the microenvironment supporting development of

natural killer cells. Nature. 1998;391:700–3. https://doi.
org/10.1038/35636

68 Alsamman K, El-Masry OS. Interferon regulatory

factor 1 inactivation in human cancer. Biosci Rep.

2018;38:BSR20171672. https://doi.org/10.1042/

BSR20171672

69 Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone

DS, Ou Yang TH, et al. The immune landscape of

cancer. Immunity. 2018;48:812–830.e14. https://doi.org/
10.1016/j.immuni.2018.03.023

70 Ashton-Rickardt PG. An emerging role for serine

protease inhibitors in T lymphocyte immunity and

beyond. Immunol Lett. 2013;152:65–76. https://doi.org/
10.1016/j.imlet.2013.04.004

71 O’Neill LAJ, Artyomov MN. Itaconate: the poster

child of metabolic reprogramming in macrophage

function. Nat Rev Immunol. 2019;19:273–81. https://doi.
org/10.1038/s41577-019-0128-5

72 Reardon DA, Brandes AA, Omuro A, Mulholland P,

Lim M, Wick A, et al. Effect of nivolumab vs

bevacizumab in patients with recurrent glioblastoma:

the CheckMate 143 phase 3 randomized clinical trial.

JAMA Oncol. 2020;6:1003–10. https://doi.org/10.1001/
jamaoncol.2020.1024

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Gene expression of distinct cell-types identi-

fied by scRNA-seq in the GL261 syngeneic murine

model and na€ıve mice, related to Figure 1.

Fig. S2. Expression of Myc and Trp53 genes in the

GL261 GBM murine model, related to Figure 1.

Fig. S3. Gene expression of distinct cell-types present

in na€ıve and tumour-bearing mice, related to Figure 1.

Fig. S4. Comparisons of gene expression profiles

between myeloid cells 1 and tumour endothelial cells

in the GBM syngeneic GL261 and patient-derived

orthotopic xenograft (PDOX) mouse models, related

to Figure 1.

Fig. S5. Characterization of TAM I and TAM II sub-

sets by FACS and by comparing their gene expression

signatures with datasets gathered from the literature,

related to Figure 2.

Fig. S6. Microglia- versus macrophage-like features in

GBM, related to Figure 2.

Fig. S7. Differential microglia and monocytic-derived

macrophage transcriptional adaptation along GBM

progression, related to Figure 3.

Fig. S8. Acod1 expression levels in TAMs, related to

Figure 4.

Fig. S9. TAM and lymphocytic signatures under

Acod1 deficiency, related to Figure 5.

Fig. S10. TAM II cellular state diversity under Acod1

deficiency, related to Figure 5.

TAM diversity in GBM Y. Pires-Afonso et al.

3190 Molecular Oncology 16 (2022) 3167–3191 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

https://doi.org/10.1016/j.cmet.2016.06.004
https://doi.org/10.1016/j.cmet.2016.06.004
https://doi.org/10.1016/j.redox.2020.101647
https://doi.org/10.1016/j.redox.2020.101647
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1158/0008-5472.CAN-16-2310
https://doi.org/10.1158/0008-5472.CAN-16-2310
https://doi.org/10.1093/carcin/bgr289
https://doi.org/10.1038/nri1200
https://doi.org/10.1038/nri1200
https://doi.org/10.1038/nrd2422
https://doi.org/10.1038/nrd2422
https://doi.org/10.1146/annurev.immunol.19.1.623
https://doi.org/10.1146/annurev.immunol.19.1.623
https://doi.org/10.1016/s1074-7613(00)80444-6
https://doi.org/10.1016/s1074-7613(00)80444-6
https://doi.org/10.1038/35636
https://doi.org/10.1038/35636
https://doi.org/10.1042/BSR20171672
https://doi.org/10.1042/BSR20171672
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.imlet.2013.04.004
https://doi.org/10.1016/j.imlet.2013.04.004
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1001/jamaoncol.2020.1024
https://doi.org/10.1001/jamaoncol.2020.1024


Table S1. Up-regulated differentially expressed genes in

tumour-associated clusters (astrocytes, endothelial, oligo-

dendrocytes, myeloid) versus correspondent na€ıve cells (p-

value < 0.01 and log2 FC > 0.5), related to Figure 1.

Table S2. List of the most differentially expressed

genes across the myeloid clusters (Na€ıve, TAM I and

TAM II), irrespective of the tumour stage (p-value

< 0.01), related to Figure 2.

Table S3. Common transcriptional signatures between

tumour-associated microglia and macrophages in the

GBM syngeneic murine model and in patients used to

assign a score for each TCGA patient, related to Figure 2.

Table S4. Up-regulated differentially expressed genes

at early and late stages for TAM I and TAM II versus

na€ıve cells (p-value < 0.001 and log2 FC > 0.5), related

to Figure 3.

Table S5. Up-regulated differentially expressed genes

at late stage for TAM I KO and TAM II KO versus

correspondent WT cells (p-value < 0,001 and log2 FC

> 0,5), related to Figure 5.

Table S6. Up-regulated differentially expressed genes

at early stage comparing lymphocytes from KO and

WT mice (p-value < 0.01 and Log2 FC > 0.5), related

to Supplementary Figure 9.

3191Molecular Oncology 16 (2022) 3167–3191 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Y. Pires-Afonso et al. TAM diversity in GBM


	Outline placeholder
	mol213287-aff-0001
	mol213287-aff-0002
	mol213287-aff-0003
	mol213287-aff-0004
	mol213287-aff-0005
	mol213287-aff-0006
	mol213287-aff-0007
	mol213287-aff-0008
	mol213287-tbl-0001
	mol213287-fig-0001
	mol213287-fig-0002
	mol213287-fig-0003
	mol213287-fig-0004
	mol213287-fig-0005
	mol213287-bib-0001
	mol213287-bib-0002
	mol213287-bib-0003
	mol213287-bib-0004
	mol213287-bib-0005
	mol213287-bib-0006
	mol213287-bib-0007
	mol213287-bib-0008
	mol213287-bib-0009
	mol213287-bib-0010
	mol213287-bib-0011
	mol213287-bib-0012
	mol213287-bib-0013
	mol213287-bib-0014
	mol213287-bib-0015
	mol213287-bib-0016
	mol213287-bib-0017
	mol213287-bib-0018
	mol213287-bib-0019
	mol213287-bib-0020
	mol213287-bib-0021
	mol213287-bib-0022
	mol213287-bib-0023
	mol213287-bib-0024
	mol213287-bib-0025
	mol213287-bib-0026
	mol213287-bib-0027
	mol213287-bib-0028
	mol213287-bib-0029
	mol213287-bib-0030
	mol213287-bib-0031
	mol213287-bib-0032
	mol213287-bib-0033
	mol213287-bib-0034
	mol213287-bib-0035
	mol213287-bib-0036
	mol213287-bib-0037
	mol213287-bib-0038
	mol213287-bib-0039
	mol213287-bib-0040
	mol213287-bib-0041
	mol213287-bib-0042
	mol213287-bib-0043
	mol213287-bib-0044
	mol213287-bib-0045
	mol213287-bib-0046
	mol213287-bib-0047
	mol213287-bib-0048
	mol213287-bib-0049
	mol213287-bib-0050
	mol213287-bib-0051
	mol213287-bib-0052
	mol213287-bib-0053
	mol213287-bib-0054
	mol213287-bib-0055
	mol213287-bib-0056
	mol213287-bib-0057
	mol213287-bib-0058
	mol213287-bib-0059
	mol213287-bib-0060
	mol213287-bib-0061
	mol213287-bib-0062
	mol213287-bib-0063
	mol213287-bib-0064
	mol213287-bib-0065
	mol213287-bib-0066
	mol213287-bib-0067
	mol213287-bib-0068
	mol213287-bib-0069
	mol213287-bib-0070
	mol213287-bib-0071
	mol213287-bib-0072


