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Abstract 47 

Glioblastomas are aggressive primary brain cancers that recur as therapy-resistant tumors. Myeloid 48 

cells control glioblastoma malignancy, but their dynamics during disease progression remain poorly 49 

understood. Here, we employed single-cell RNA sequencing and CITE-Seq to map the glioblastoma 50 

immune landscape in newly diagnosed and recurrent patients and in mouse tumors. This revealed a 51 

large and diverse myeloid compartment, with dendritic cell and macrophage populations that were 52 

conserved across species and were dynamic across disease stages. Tumor-associated macrophages 53 

(TAMs) consisted of microglia- or monocyte-derived populations, with both exhibiting additional 54 

heterogeneity, including subsets with conserved lipid and hypoxic signatures. Microglia- and monocyte-55 

derived TAMs (Mo-TAMs) were self-renewing populations that competed for space and could be 56 

depleted via CSF1R blockade. Microglia-derived TAMs were predominant in newly diagnosed tumors 57 

but were outnumbered by Mo-TAMs upon recurrence, especially in hypoxic tumor environments. Our 58 

results unravel the glioblastoma myeloid landscape and provide a framework for future therapeutic 59 

interventions.    60 



 3 

Introduction 61 

 The success of immune checkpoint inhibition has revealed the immense potential of mobilizing 62 

anti-tumor immunity in cancer treatment. This also holds promise for primary brain tumors, especially 63 

since the field is gradually uncovering the intricacies of brain immunology. Recent work has shown that 64 

the brain and its border regions contain a diverse immune compartment1-3, combined with a lymphatic 65 

system that drains brain-derived antigens and assists in mounting efficient immune responses4. 66 

However, glioblastoma (GBM), the most aggressive primary brain tumor5, remains refractory to 67 

immunotherapy. The standard of care for newly diagnosed GBM patients is neurosurgical resection 68 

followed by adjuvant radiotherapy and temozolomide chemotherapy, but cancer recurrence and death 69 

are almost inevitable. Therapy resistance is thought to in part result from the molecular-genetic 70 

heterogeneity of GBM cancer cells, which exist in multiple cellular states or subtypes6, 7. Additionally, 71 

anti-tumor immunity is impaired, so a better understanding of the GBM immune compartment is critical 72 

for delineating and reprogramming these suppressive immune circuits8. Furthermore, the GBM immune 73 

landscape may evolve upon treatment and subsequent recurrence, an important feature that remains 74 

incompletely explored.  75 

 Macrophages and dendritic cells (DCs) are important components of the GBM immune 76 

landscape that affect both anti-tumor immunity and intrinsic tumor growth characteristics, including 77 

angiogenesis and invasion9. Brain DCs are known to initiate T-cell activation during autoimmune 78 

disease of the central nervous system (CNS)10, but their presence and heterogeneity within GBM 79 

remains unclear. The homeostatic brain contains a heterogenous population of macrophages, 80 

consisting of microglia in the parenchyma11, and border-associated macrophages or BAMs in the brain's 81 

border regions12. While microglia are yolk-sac-derived, BAMs have a distinct transcriptomic profile and 82 

some populations have a bone marrow (BM) origin1, 13. Similarly, GBM tumors have been shown to 83 

contain tumor-associated macrophages or TAMs that are either microglia- or BM-derived14-17. However, 84 

it is unknown whether GBM TAM ontogeny is altered depending on the disease stage and whether 85 

ontogenetically distinct TAM subsets are found in different tumor microenvironments and/or exhibit 86 

distinctive functionalities. Furthermore, the degree of GBM TAM heterogeneity within the microglia- or 87 

BM-derived TAM populations remains incompletely understood. To provide insights into these matters, 88 

we performed single-cell RNA sequencing (scRNA-Seq) and cellular indexing of transcriptomes and 89 

epitopes by sequencing (CITE-Seq)18 on the GBM immune landscape from human newly diagnosed 90 

and recurrent tumors, and in a widely used mouse model of GBM. Our results now delineate the 91 

heterogeneity of the GBM myeloid compartment across species and disease stage.  92 
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Results 93 

scRNA-Seq analysis reveals a dynamic immune landscape in human and mouse glioblastoma 94 

tumors. 95 

 We performed scRNA-Seq on fresh isocitrate dehydrogenase (IDH) WT tumors obtained from 96 

seven newly diagnosed (ND) (ND1-7) and four recurrent (R1-4) GBM patients (Fig. 1a). All ND patients 97 

were treatment-naive, while recurrent patients had previously been treated with surgical resection and 98 

adjuvant radio- and chemotherapy (Supplementary Table 1). Patients R1-3 also received one injection 99 

of nivolumab 24 hours prior to surgery, but it is unlikely that this would significantly have altered the 100 

tumor immune compartment (TIC) within this short time frame. The ND and recurrent samples were 101 

combined in two separate datasets (ND1-7 and R1-4). For R4 we included a highly necrotic core as a 102 

separate sample (R4 n.c.). After combining the individual samples and excluding CD45- cells, we aimed 103 

to remove batch effects, without obscuring relevant cellular heterogeneity. The harmony algorithm19 104 

efficiently integrated the datasets and accurately grouped the distinct cell types that were common to 105 

all tumors (Extended data Fig. 1a,b). Unsupervised clustering and UMAP projections were performed 106 

on 21.303 immune cells from ND tumors (Fig. 1b) or 42.870 immune cells from recurrent tumors (Fig. 107 

1c). To perform cross-species comparisons and assess how mouse GBM models compare to the 108 

human disease, we performed scRNA-Seq on CD45+ immune cells from orthotopic GL261 tumors. 109 

GL261 tumors were also grown in CCR2-KO mice, to examine monocyte contribution to the TIC, as 110 

CCR2 deficiency significantly reduces blood monocyte numbers20. Mouse tumors were micro-dissected 111 

to minimize contamination with healthy brain tissue. Three repeats were performed for each genotype, 112 

resulting in a total of 27.276 WT and 22.588 CCR2-KO immune cells that were combined in a single 113 

harmony-corrected mouse dataset (Fig. 1d). Human and mouse immune cell clusters were identified 114 

based on previously described gene expression patterns1, 21. We correlated the immune subsets in the 115 

two species and compiled a list of signature genes for their identification (Fig. 1e,f, Supplementary 116 

Table 2-4). Most immune cells in ND human tumors were macrophages (82-97%), followed by T cells 117 

(2-20%) (Fig. 1b). TAMs consisted of two main populations grouped as TAM-1 (orange) and TAM-2 118 

(red). The main difference between these two populations lies at the level of their ontogeny, as will be 119 

shown later. Interestingly, recurrent human tumors showed a more diverse immune compartment (Fig. 120 

1c). We observed an increase in the percentage of lymphocytes, including T, NK and B cells and a 121 

greater contribution of monocytes (Extended Data Fig. 1c). R1, who had experienced a long 122 

progression-free survival after initial treatment, was an outlier in terms of its TIC, with 75% T cells and 123 

5% TAMs. In the other recurrent tumors, TAMs were still a large population, but contrary to ND tumors, 124 

the TAM-1 subset outnumbered TAM-2 (Extended Data Fig. 1d).  125 

 The TIC of mouse GL261 tumors was diverse, with a large and heterogenous lymphocyte 126 

population and a high percentage of monocytes and DCs (Fig. 1d). TAMs were the largest immune cell 127 

fraction and we again identified two main populations: TAM-1 and TAM-2, relating to their human 128 

counterparts. Tumors from WT and CCR2-KO mice showed comparable immune cell subsets, but the 129 

percentage of monocytes was strongly reduced in CCR2-KO tumors (Extended Data Fig. 1e). 130 
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Remarkably, the percentage of TAMs was not different between WT and CCR2-KO tumors. However, 131 

while in WT tumors TAM-1 outnumbered TAM-2, CCR2-KOs showed a relative decrease in TAM-1 132 

(Extended Data Fig. 1f), suggesting that this subset relies on monocyte infiltration.  133 

 134 

Single-cell analysis reveals the heterogeneity of intratumoral dendritic cells and identifies cDC2 135 

subsets that are conserved in humans and mice.  136 

 To examine DC heterogeneity, we re-clustered human DCs from ND and recurrent tumors in a 137 

single dataset (Fig. 2a, Supplementary Table 5). This identified XCR1+CLEC9A+CADM1+ cDC1 and 138 

FCER1A+CLEC10A+CD1C+ cDC2 conventional DC subsets (Fig. 2b, Extended Data Fig. 2a). The 139 

CCR7+LAMP3+SAMSN1+ DCs in cluster 2 (Fig. 2c) exhibited a gene signature reminiscent of migratory 140 

DCs (MigDCs)22. These cells did not express cDC1 or cDC2 marker genes, suggesting that this form 141 

of activation overrules the cDC1/cDC2 transcriptional programs. Cluster 3 was identified as 142 

IL3RA+LILRA4+ plasmacytoid DCs (pDCs) (Fig. 2d). Cluster 4 expressed CD5, AXL and SIGLEC6 (Fig. 143 

2d) and corresponds to pre-DCs21, 23-25. cDC2s exhibited additional heterogeneity. cDC2s in cluster 6 144 

were CD1A+CD207+CEACAM3+ (Fig. 2d), while clusters 7,8 exhibited upregulation of IL1B, ZEB2 and 145 

TSPO. Furthermore, cluster 8 cDC2s expressed monocyte-related genes (FCN1, VCAN, CD14). This 146 

is in agreement with recent observations of a human cDC2 subset expressing monocyte genes21, 24, 147 
25,26. Cells in cluster 5 expressed macrophage genes (MAFB, C1QA) (Extended Data Fig. 2a) and were 148 

considered TAMs. However, this shows that cDC2s and macrophages share part of their transcriptional 149 

identity. We termed the two main cDC2 subsets cDC2a (cluster 6) and cDC2b (cluster 8), in line with 150 

the recent nomenclature26. A fraction of cDC2b also showed an IFN-induced signature (cluster 9, Fig 151 

2d). In all tumors, cDC2s were the most abundant subset (Extended Data Fig. 2b).  152 

 Reclustering of intratumoral mouse DCs (Fig. 2e, Supplementary Table 6) revealed subsets 153 

reminiscent of cDC1s, cDC2s, MigDCs and pDCs (Fig. 2f,g, Extended Data Fig. 2c). Many of the top 154 

differentially expressed (DE) genes were shared across species (Fig 2h, Extended Data Fig. 2d,e, 155 

Supplementary Table 7). Mouse cDC2s also exhibited heterogeneity, with cluster 4 being Mgl2+ 156 

Cd9+Epcam+ DCs, while cells in cluster 6 were Cd209a+ and expressed monocyte-related genes (Ccr2, 157 

Lyz2, Ly6c2) (Fig. 2i, Extended Data Fig. 2c). This subset was not significantly altered in CCR2-KO 158 

tumors (Extended Data Fig. 2f), arguing against a monocyte origin. Based on their shared gene 159 

signatures, mouse clusters 4 and 6 emerge as the putative counterparts for human cDC2a and cDC2b, 160 

respectively.  161 

 Both in human and mouse tumors we observed cDC1 and cDC2 clusters expressing cell cycle 162 

genes (e.g. STMN1, MKI67) (Extended Data Fig. 2a,c). In human recurrent tumors 15±5% of cDC1s 163 

and 6±2% of cDC2s associated with a proliferation cluster (Fig. 2j). In mice, this was further increased 164 

both for cDC1s and cDC2s (Fig. 2k). To confirm that cDCs can proliferate in GBM tumors, mice were 165 

injected with bromodeoxyuridine (BrdU) and two hours later BrdU incorporation was assessed. Tumor 166 

cDC1 and cDC2s were identified via flow cytometry (Extended Data Fig. 2g) and exhibited a clear 167 

incorporation of BrdU (Fig. 2l), suggesting that cDCs actively proliferate within GBM tumors.   168 
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 169 

Glioblastoma TAMs are derived from microglia or classical monocytes, which differentially 170 

contribute to the macrophage pool in newly diagnosed versus recurrent tumors. 171 

 Monocytes and macrophages were re-clustered for human ND (Fig. 3a), recurrent (Fig. 3b) and 172 

mouse (Fig. 3c) tumors. The majority of human tumor monocytes were of the classical subset 173 

(FCN1+VCAN+CD14intFCGR3Alo) (Fig 3d,e). Recurrent tumors also contained a small cluster of non-174 

classical monocytes (FCN1+CDKN1C+VCAN-CD14loFCGR3Ahi) (Supplementary Fig. 1a,b). Similarly, 175 

mouse tumors mostly contained classical (Ly6c2+Chil3+Ccr2+) and a small percentage of non-classical 176 

(Ear2+Ace+) monocytes (Fig. 3f, Supplementary Fig. 1c,d). TAMs downregulated FCN1/VCAN (human) 177 

or Ly6c2/Chil3 (mouse) and upregulated macrophage markers such as C1QA. A fraction of TAMs 178 

expressed cell cycle genes (STMN1, MKI67) indicating proliferation (Fig. 3d-f). Importantly, TAMs 179 

consisted of two main populations, encircled by blue and red dotted lines (corresponding to TAM-1 and 180 

TAM-2 in Fig. 1, respectively). Comparing these two groups suggested a distinction at the level of 181 

ontogeny. The blue encircled clusters expressed genes that were previously associated with monocyte-182 

derived brain macrophages1, 14, 15, 27-29 (e.g. TGFBI, CLEC12A, FXYD5) (Fig 3g,h, Supplementary Fig. 183 

1e). These cells were termed Mo-TAMs. In contrast, Mg-TAMs expressed microglial signature genes 184 

(e.g. SALL1, TMEM119, P2RY12), suggesting a microglial ontogeny. While multiple ontogeny-defining 185 

genes were shared across species (Fig. 3i and Supplementary Fig. 1f), there were important 186 

exceptions. For example, Cst7, Hexb and Sparc were highly differential between Mg-TAMs and Mo-187 

TAMs in mice, but not humans. Conversely, TMIGD3, APOC2, and SCIN, were Mg-TAM markers 188 

restricted to humans. Interestingly, while Mg-TAMs formed the major TAM fraction in ND patients, the 189 

opposite was observed in recurrent tumors (Fig. 3j and Supplementary Fig. 1g), revealing a switch in 190 

TAM ontogeny. In mouse tumors the majority of macrophages were Mo-TAMs. This fraction was 191 

significantly reduced in CCR2-KO mice, in line with the proposed monocytic origin for this subset (Fig. 192 

3j and Supplementary Fig. 1h).  193 

 To further confirm the differential ontogeny of GBM TAMs, we relied on Cx3cr1CreER:R26-YFP 194 

mice for fate mapping of microglia30. Microscopy confirmed that a fraction of F4/80+ TAMs expressed 195 

YFP, indicating a microglial ontogeny (Fig. 4a). As both classical and non-classical monocytes were 196 

detected in tumors, we investigated whether each could act as precursors for Mo-TAMs. Blood 197 

monocytes were purified from Cx3cr1Gfp/+ mice and classical (1x106) or non-classical (7x105) monocytes 198 

were adoptively transferred in CCR2-KO mice harboring GL261 tumors (Fig. 4b). For both groups, GFP+ 199 

cells were detected in tumors five days post transfer (Fig. 4c), while being absent in non-injected mice 200 

(Fig. 4d). However, only classical monocytes were differentiating into macrophages, as indicated by 201 

their expanded scatter profile, which was also accompanied by a downregulation of Ly6B and 202 

upregulation of MHCII (Fig. 4c). This indicates that classical monocytes are the precursors of Mo-TAMs. 203 

To corroborate this conclusion, we performed adoptive transfers of classical (7x105) or non-classical 204 

(7x105) monocytes in WT mice, and in NR4A1-KO mice, which have a compromised non-classical 205 

monocyte compartment31. This confirmed that only classical monocytes were differentiating into tumor 206 
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macrophages, as indicated by an enlarged scatter profile and upregulation of F4/80 and MHCII, both in 207 

WT (Extended Data Fig. 3a-d) and NR4A1-KO (Extended Data Fig. 3e-h) mice.        208 

 To investigate the spatial distribution of Mg-TAMs and Mo-TAMs in human GBM, we performed 209 

multiplex immunohistochemistry using the MILAN method, mapping cancer cells (SOX2+), blood 210 

vessels/endothelial cells (CD34+) and macrophages (CD68+) (Fig. 4e). TMEM119hi cells (defined as 1 211 

SD higher than the overall average) were considered as Mg-TAMs. Tumor sections were stained from 212 

2 ND and 5 recurrent patients (Fig. 4e-h, Supplementary Fig. 2). This showed that CD68+TMEM119hi 213 

cells were often observed in patches covering areas ranging from 16-50% throughout the whole tumor 214 

section, both in regions with high and low density of SOX2+ cancer cells. This suggests that Mg-TAMs 215 

and Mo-TAMs are found throughout the whole tumor.  216 

 217 

Monocyte- and microglia-derived TAMs exhibit a spectrum of activation states. 218 

 Mo-TAMs showed a high degree of heterogeneity. In human recurrent tumors we identified six 219 

main subsets (Fig. 5a, Supplementary Table 8). The "Transitory Mo-TAMs" in cluster 1 still expressed 220 

several monocyte-related genes (e.g. EREG, S100A6, LYZ) and were lower for mature macrophage 221 

markers (e.g. C1QA, IGF1) (Fig. 5b,c), suggesting an ongoing monocyte-to-macrophage differentiation. 222 

Cluster 2 Mo-TAMs exhibited a gene signature that associated with phagocytosis and lipid metabolism32 223 

(e.g. GPNMB, LGALS3, FABP5) (Fig. 5b,d), which was also confirmed by Gene Ontology (GO) analysis 224 

(Supplementary Fig. 3a, Supplementary Table 9). We suggest that this signature may associate with 225 

TAMs that are actively phagocytosing cells, debris and/or lipid-rich molecules. Interestingly, cluster 3 226 

Mo-TAMs exhibited a clear hypoxic and glycolytic gene expression profile as indicated by GO analysis, 227 

with signature expression of BNIP3, ADAM8, MIF and SLC2A1 (Fig. 5b,e; Supplementary Fig. 3b). 228 

Remarkably, Mo-TAMs in cluster 4 (SEPP1lo Mo-TAMs) expressed many microglial signature genes 229 

(e.g. CX3CR1, BIN1, SCIN) (Fig. 5b,c). Furthermore, GO analysis identified "synapse pruning" as the 230 

top enriched GO term (Supplementary Fig. 3c). This suggests that these Mo-TAMs have adopted a 231 

microglia- or "resident-like" phenotype. In contrast, macrophages in cluster 5 were low for microglial 232 

genes and showed high expression of SEPP1 (SEPP1hi Mo-TAMs), SLC40A1, FOLR2, MRC1 and 233 

RNASE1 (Fig. 5b, Extended Data Fig. 4a), genes that are often associated with an anti-inflammatory 234 

activation. To corroborate this, we relied on the study from Xue et al., which measured the 235 

transcriptional changes of human macrophages exposed to various in vitro stimuli33. We took the top 236 

enriched genes from cluster 5 (Extended Data Fig. 4a) and assessed whether these are induced or 237 

repressed in the Xue et al. dataset. This revealed a clear glucocorticoid (GC)-induced signature 238 

(Extended Data Fig. 4b). Of note, none of these recurrent patients had received synthetic GCs since 239 

their initial diagnosis and treatment. Finally, Mo-TAMs in cluster 6 showed an IFN-induced signature 240 

(Extended Data Fig. 4c,d, Supplementary Fig. 3d).  241 

Each of these Mo-TAM subsets were also observed in ND tumors (Extended Data Fig. 5a-f, 242 

Supplementary Table 10). However, in these samples SEPP1+ Mo-TAMs did not clearly segregate into 243 

a SEPP1lo and SEPP1hi subset. Upon comparing SEPP1+ Mo-TAMs from ND (cluster 5) and recurrent 244 

samples (cluster 4 and cluster 5), SEPP1hi genes such as SEPP1 and FOLR2 were found to be 245 
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increased in recurrent tumors, while BIN1 and SCIN (SEPP1lo genes) were downregulated (Extended 246 

Data Fig. 5g). This suggests that the SEPP1hi signature is enhanced in recurrent tumors.  247 

 Interestingly, most of the Mo-TAM heterogeneity seen in human tumors was recapitulated in 248 

mouse GL261 (Fig. 5f-h, Supplementary Table 11). This included Transitory Mo-TAMs in cluster 1 (Fig. 249 

5g), which were significantly reduced in CCR2-KO tumors (p value = 0,0325) (Extended Data Fig. 5h, 250 

Extended Data Fig. 6a). Mouse tumors also contained Mo-TAM clusters with Phagocytic/lipid (Extended 251 

Data Fig. 6b), IFN and hypoxic (Extended Data Fig. 6c) gene signature, which were conserved across 252 

species (Extended Data Fig. 6d-g, Supplementary Table 12). While the hypoxic gene signature was 253 

highly conserved in humans and mice, one exception was Arg1, a top DE gene in mouse hypoxic Mo-254 

TAMs (Extended Data Fig. 6c,h), but absent in humans. To confirm that Mo-TAMs with a hypoxic 255 

signature were associated with hypoxia, mice were injected with pimonidazole (PIMO) to visualize 256 

hypoxic microenvironments in combination with Arginase1 (ARG1) staining. This showed that ARG1+ 257 

TAMs were enriched in PIMO+ hypoxic tumor regions (Extended Data Fig. 6i). Finally, Mo-TAMs in 258 

cluster 5, which exhibited an enriched expression of Sepp1, Ms4a7 and Apoe (Extended Data Fig. 6a), 259 

likely represent the mouse counterpart for human SEPP1+ Mo-TAMs, as suggested by cross-species 260 

comparison (Extended Data Fig. 6g). 261 

 To explore Mg-TAM heterogeneity, we first assessed the transcriptional changes that brain 262 

microglia undergo as they infiltrate the tumor. Therefore, scRNA-Seq was performed on CD45+ cells 263 

isolated from the surrounding brain tissue of GL261 tumor-bearing mice and trajectory analysis was 264 

performed on microglia and Mg-TAMs (Extended Data Fig. 7a). This revealed the downregulation of 265 

homeostatic signature genes and induction of Disease-Associated Microglia markers34 (e.g. Cst7, 266 

Apoe, Axl). A downregulation of homeostatic genes in Mg-TAMs as compared to parenchymal microglia 267 

has recently also been reported in human GBM17. We identified additional cellular states that were 268 

superimposed upon Mg-TAMs. Both in ND, recurrent and mouse tumors, clusters were observed that 269 

exhibited an IFN or phagocytic/lipid signature (Fig. 5i-k, Extended Data Fig. 7b-d). We also identified a 270 

Mg-TAM cluster with a hypoxic signature in human recurrent and mouse tumors (Extended Data Fig. 271 

7e,f). However, in both cases the fraction of hypoxic Mg-TAMs was considerably smaller than that of 272 

hypoxic Mo-TAMs, (Fig. 5l,m). Conversely, the fraction of IFN-signature Mo- and Mg-TAMs in these 273 

tumors was more comparable (Fig. 5l,m). Additionally, no hypoxic Mg-TAMs were detected in the ND 274 

dataset. This suggests that Mg-TAMs are outcompeted by Mo-TAMs in the hypoxic tumor niche.  275 

 276 

Altered transcriptional states in TAM subsets from newly diagnosed versus recurrent tumors.  277 

 We performed DE analysis between TAM subsets from ND and recurrent patients, to assess 278 

for transcriptional changes that may correlate with disease-stage and/or drug treatment. The analysis 279 

was first performed at the single-cell level (Supplementary Table 13) and subsequently the mean 280 

normalized expression levels of selected genes were plotted for individual patients (Extended data Fig. 281 

8a,b). We focused the analysis on Mg-TAMs, SEPP1+ Mo-TAMs and hypoxic Mo-TAMs. Notable genes 282 

that were enriched in recurrent vs. ND TAMs related to monocyte chemotaxis, interferon signaling and 283 

phagocytosis (Extended Data Fig. 8a), as also indicated by GO analysis (Extended Data Fig.  8c). 284 
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Remarkably, many of the genes that were enriched in ND tumors are known to be induced by GCs (e.g. 285 

TSC22D3, RHOB, NR4A1), which was also highlighted by GO analysis (Extended Data Fig. 8d). 286 

Therefore, at least part of this signature in the ND patients may result from GC drug treatment that they 287 

had received prior to surgery, and which was absent in the recurrent cohort (Supplementary Table 1).  288 

We also identified TAM-expressed genes that exhibited a high variation in expression across both ND 289 

and recurrent patients (Extended Data Fig. 8e). This revealed patient-specific gene expression variation 290 

in TAM subsets. The association of these genes with GBM patient survival was assessed using 291 

PRECOG, which offers a prognostic score by integrating 6 GBM expression datasets35. Notable genes 292 

that are linked to reduced patient survival, included the cytokines IL1B, CXCL8, IL6 and SPP1 293 

(Extended Data Fig. 8e).  294 

 295 

CITE-Seq with extensive antibody panels provides broad protein validation and identifies key 296 

surface markers of TAM and DC subsets. 297 

 To provide protein validation for the gene expression signatures observed in GBM myeloid 298 

cells, we performed simultaneous quantification of RNA and cell surface proteins using the CITE-Seq 299 

approach18. A panel of 268 and 174 barcoded antibodies (Supplementary Table 14) were used for 300 

profiling human and mouse tumors, respectively. CITE-Seq was performed on the CD45+ immune 301 

compartment of 1 ND (ND8) and 2 recurrent (R2, R5) human GBM tumors, after which monocytes, 302 

TAMs and DCs were selected and combined in a single dataset (14.793 cells), followed by unbiased 303 

clustering of the transcriptomic data (Fig. 6a). Similarly, following CITE-Seq of CD45+ cells from WT 304 

(WT4) and CCR2-KO (KO4) GL261 tumors, monocytes, TAMs and DCs were selected and pooled 305 

(13.635 cells, Fig. 6b). Both for human and mouse tumors, all previously identified TAM and DC subsets 306 

were reobserved (Fig 6a,b Extended Data Fig. 9a,b), indicating that CITE-Seq implementation did not 307 

introduce a transcriptional distortion. Harmony-corrected UMAP projections based on protein data 308 

showed a segregation of most TAM and DC subsets (Fig. 6a,b, Extended Data Fig. 9c,d). Many gene-309 

protein combinations showed an excellent correlation, both in human (Fig. 6c, Extended Data Fig. 9e,f) 310 

and mouse (Extended Data Fig. 9g,h). However, some genes that were not differential at the RNA level 311 

showed differential antibody staining (Extended Data Fig. 9e-g). This highlights that CITE-Seq in 312 

conjunction with large unbiased antibody panels can reveal important new surface markers that are not 313 

always obvious candidates based on transcript expression. Our analysis now provides an extensive list 314 

of protein markers that are differentially expressed in the distinct human TAM subsets (Fig. 6c,d, 315 

Supplementary Table 15). These include markers that capture monocyte-to-macrophage differentiation 316 

(e.g. CD36, CD64), markers that are differential between Mo-TAMs and Mg-TAMs (CD44/CD49d/CD9 317 

vs. CD69/CD151/TMEM119) and markers that are enriched in specific Mo-TAM subsets, including 318 

SEPP1hi Mo-TAM (FolateRB, CD206, CD209), hypoxic Mo-TAMs (CD184, CD354) and 319 

Phagocytic/Lipid Mo-TAMs (CD71, CD72). Subset-specific surface markers were also identified for 320 

mouse GBM TAMs (Extended Data Fig. 9h, Supplementary Table 16)   321 

 To further assess protein expression in DCs, these cell populations were selected and re-322 

clustered separately (Fig 6.e,f), revealing key signature proteins for all of the previously identified DC 323 
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subsets, both in human (Fig. 6g, Supplementary Table 17) and mouse (Fig. 6h, Supplementary Table 324 

18). This includes new surface markers for MigDCs (CD273 in human, CD200 in mouse). Interestingly, 325 

a fraction of MigDCs still exhibited cDC1 or cDC2-related proteins, while this was hardly observed at 326 

the transcript level (Extended Data Fig. 10a,b). This suggests that following migratory cDC activation 327 

and suppression of the cDC1/cDC2 transcriptional programs, some cDC1 or cDC2-related proteins may 328 

persist longer due to a slower protein turnover. Remarkably, mouse MigDCs also exhibited high MHCII 329 

protein staining, while having low H2-Aa transcript levels (Extended Data Fig.10c). The distinction 330 

between the cDC2a and cDC2b subsets was also recapitulated at the protein level, both in human (Fig. 331 

6i) (e.g. CD1c/CD1a/CD117 vs. CD14/CD64) and mouse (Extended Data Fig. 10d) (e.g. 332 

CD326/CD301b/CD117 vs. CD62L/Ly6C).  333 

 334 

Ex vivo functional profiling of monocyte- and microglia-derived TAMs reveals a convergent 335 

angiogenic and T-cell suppressive capacity. 336 

 To investigate the functionality of Mo- and Mg-TAMs, we assessed their ability to secrete 337 

cytokines, induce angiogenesis and modulate T-cell responses. A FACS-gating strategy was developed 338 

to sort TAM subsets from mouse tumors (Fig. 7a). Monocytes and TAMs were selected by gating 339 

CD45+CX3CR1+F4/80+ cells. Next, classical monocytes and differentiating macrophages (Transitory 340 

Mo-TAMs) were separated from mature TAMs based on their expression of Ly6B and MHCII. Within 341 

the Ly6B- mature TAM gate, Mg-TAMs were distinguished from Mo-TAMs based on CD11b vs. CD45 342 

expression. Microglia from the surrounding brain tissue could be selected using the same gating as for 343 

Mg-TAMs (Fig. 7a). Fate mapping in Cx3cr1CreER:R26-YFP mice confirmed that YFP+ brain microglia 344 

and YFP+ Mg-TAMs were contained in the CD45low/int gate (Fig. 7b).  345 

 Our scRNA-Seq analysis showed that Mo-TAMs and Mg-TAMs exhibited a distinct cytokine 346 

profile, notable examples being Tnf, Ccl4 and Ccl2 that were enriched in Mg-TAMs, while Il10 was not 347 

significantly different (Supplementary Fig. 4). To investigate the differential secretion of these cytokines, 348 

sorted TAM subsets were cultured in vitro. This confirmed that secretion of TNF, CCL4 and CCL2 was 349 

significantly higher in Mg-TAMs  (Fig. 7c). To broadly assess how the secretome of Mo-TAMs and Mg-350 

TAMs affects angiogenesis, TAM subsets were cultured on a chick chorioallantoic membrane and their 351 

effect on blood vessel development was quantified (Fig. 7d). Mo- and Mg-TAMs exhibited a comparable 352 

pro-angiogenic activity, which was significantly higher than that of brain microglia or Transitory Mo-353 

TAMs. To better understand how these TAM subsets may modulate adaptive immunity, we first 354 

assessed their T-cell stimulatory potential via the mixed leukocyte reaction assay. This showed that 355 

TAMs were unable to induce allogeneic CD4+ or CD8+ T-cell proliferation, while this was readily 356 

observed with naive splenic cDC subsets (Fig. 7e). This suggests that all GBM TAMs have a poor 357 

antigen-presenting capacity. In contrast, Mg-TAMs strongly suppressed anti-CD3 induced T-cell 358 

proliferation, while brain microglia did not (Fig. 7f). Mo-TAMs also suppressed T-cell proliferation, 359 

although less efficient than Mg-TAMs. Together, these data suggest that while Mo-TAMs and Mg-TAMs 360 

may exhibit some level of functional specialization, both subsets may be detrimental with regard to 361 

adaptive anti-tumor immunity.   362 
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 363 

Monocyte and microglia-derived TAMs self-renew, compete for space and both can be depleted 364 

via CSF1R inhibition.   365 

 To blunt the pro-tumoral activity of TAMs, most current strategies either rely on direct TAM 366 

depletion or on impairing monocyte influx. However, our scRNA-Seq data suggests that the latter may 367 

not reduce TAM numbers, but merely alters its ontogenetic composition (Extended Data Fig. 1e,f). To 368 

confirm this, we investigated TAM numbers and ontogeny in tumors from WT and CCR2-KO mice via 369 

flow cytometry (Fig. 8a-e). Monocytes and Transitory Mo-TAMs were strongly reduced in CCR2-KO 370 

tumors (Fig. 8a,b), resulting in a significant decrease of CX3CR1+F4/80+ cells (Fig. 8c). However, the 371 

percentage of CX3CR1+F4/80+Ly6B- mature TAMs was not significantly different between WT and 372 

CCR2-KO tumors (Fig. 8d). This suggests that impairing monocyte influx results in compensatory 373 

mechanisms that maintain TAM numbers. CCR2-KO tumors showed a significantly higher percentage 374 

of Mg-TAMs, indicating that a reduction in Mo-TAMs is partly compensated by an increase in Mg-TAMs 375 

(Fig. 8e). This is likely due to an increased infiltration of microglia into the tumor, as pulse-chase BrdU 376 

analysis did not reveal a significant increase in Mg-TAM proliferation (Fig. 8f). BrdU analysis did show 377 

that Mo-TAMs proliferated significantly more in CCR2-KO tumors (Fig. 8f), in agreement with scRNA-378 

Seq data (Fig. 8g). This indicates that a decrease in monocyte influx results in a compensatory increase 379 

of Mo-TAM proliferation.  380 

 An attractive approach to target TAMs in brain tumors is CSF1R inhibition36. To investigate 381 

whether blocking CSF1R may deplete TAMs and whether this differentially affects Mo- vs. Mg-TAMs, 382 

WT and CCR2-KO tumor-bearing mice received PLX3397, an orally administered inhibitor of CSF1R37. 383 

PLX3397 significantly reduced the percentage of mature TAMs in WT mice (Fig. 8d). However, the 384 

relative contribution of monocytes and Transitory Mo-TAMs within the CX3CR1+F4/80+ population 385 

increased (Fig. 8b), and a significantly higher percentage of monocytes was observed within tumors 386 

(Fig. 8e). This indicates that CSF1R inhibition does not impair monocyte influx into GBM tumors, but 387 

rather blocks monocyte-to-macrophage differentiation. Importantly, PLX3397 treatment significantly 388 

reduced tumor growth, confirming that TAMs play a pro-tumoral role (Fig. 8h). The PLX3397-mediated 389 

reduction in tumor growth was comparable in WT and CCR2-KO mice (Fig. 8h), which both contained 390 

a similar number of mature TAMs. This suggests that monocytes and Transitory Mo-TAMs, which 391 

accumulate in PLX-treated WT mice, but are low in PLX-treated CCR2-KOs, have a limited influence 392 

on primary tumor growth.  393 

 394 

  395 
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Discussion 396 

  DCs are promising targets for cancer immunotherapy38-40. The healthy mouse brain contains 397 

various DC subsets, which are mostly found in its border regions1, 2. cDC2s are enriched in the dura 398 

mater, while cDC1s are dominant in the choroid plexus1, 10. These border regions also contain DCs with 399 

a migratory gene signature1, which was first reported for peripheral lymph node DCs22. Our results now 400 

show that DC diversity is also evident in glioblastoma tumors. In human tumors we identified 5 main 401 

subsets: cDC1, cDC2, MigDC, pre-DC and pDCs, with additional heterogeneity observed in cDC2s. A 402 

migratory signature does not necessarily imply DC migration, which remains to be shown. The recent 403 

emergence of cDC2 heterogeneity reveals a new layer of complexity within the cDC compartment. A 404 

subset of cDC2s with monocyte-related genes has been described in human blood21, 24, 25 and spleen26, 405 

which we now also report for human GBM tumors. Putative counterparts for the human cDC2a and 406 

cDC2b subsets were also observed in mouse GBM tumors. However, it is likely that cDC2s exhibit 407 

additional tissue or disease-specific signatures, as was shown for tumor vs. adjacent-tissue DCs41. 408 

Tumor cDCs were actively proliferating in both human and mouse GBM tumors. This proliferative 409 

potential was recently also reported for peripheral tissue cDCs26, 42, highlighting that cDC expansion 410 

does not solely rely on BM precursors.  411 

 Microglia are yolk-sac-derived cells that self-maintain throughout life. BM engraftment is only 412 

observed when embryonic microglia are compromised, for example following irradiation28, 29. Previous 413 

work has shown that GBM TAMs have a dual ontogeny, either being microglia- or BM-derived14, 15. Our 414 

results confirm this and suggest that in GBM tumors microglia- and monocyte-derived TAMs compete 415 

for space. Impairing tumor monocyte infiltration resulted in a compensatory increase of Mg-TAMs. 416 

Furthermore, recurrent tumors showed a switch in TAM ontogeny. One explanation is that adjuvant 417 

treatment, and especially radiotherapy, may compromise the ability of resident microglia to infiltrate and 418 

expand in brain tumors. The loss of microglia may also result from a progressive change in the 419 

microenvironment and loss of resident brain cells. The nature of the tumor microenvironment was 420 

recently shown to be an important determinant for TAM ontogeny, as the fraction of Mo-TAMs is higher 421 

in brain metastases as compared to primary gliomas43, 44. Therapy-induced inflammation may also 422 

boost monocyte attraction to the tumor. Radiotherapy may elevate CXCL12, thereby facilitating 423 

monocyte infiltration via CXCR4 signaling45. Recent work has also shown that radiotherapy increases 424 

the fraction of Mo-TAMs in recurrent mouse GBM tumors46. Intriguingly, we observed that TAMs in 425 

hypoxic regions were primarily monocyte-derived. This may result from a higher plasticity of monocyte-426 

derived macrophages, which may better adapt to such environments.  427 

 At least three GBM subtypes exist: proneural (TCGA-PN), classical (TCGA-CL) and 428 

mesenchymal (TCGA-MES)7. ScRNA-Seq studies indicate additional complexity, with GBM cancer 429 

cells that exist in four interchangeable cellular states6. There are indications of a two-way interaction 430 

between GBM cells and TAMs7. Future work will need to assess whether individual TAM subsets 431 

preferentially adhere to specific GBM subtypes and delineate their interactions.  432 
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 While TAMs were historically often described in the context of M1/M2 activation, scRNA-Seq is 433 

revealing the complexity of macrophage responses and is moving us beyond the linear M1/M2 434 

activation paradigm. Targeting specific TAM subsets may hold significant therapeutic potential and our 435 

results now provide a resource that can aid in this effort. This may lead to new therapeutic targets47 or 436 

biomarkers for predicting therapy response. Since we observed conservation between the human and 437 

mouse GBM immune compartment, it highlights the value of preclinical models. A similar conclusion 438 

was drawn in a human and mouse comparison study for lung cancer48. However, the GL261 immune 439 

landscape seemed to more closely resemble that of human recurrent tumors. This may result from the 440 

distinct growth patterns of human GBM as compared to transplantable mouse models. In contrast to 441 

the human situation, transplanted GL261 shows a clear demarcation between the healthy brain tissue 442 

and tumor. The latter may form a boundary which microglia may need to cross, while in humans 443 

microglia may be overgrown by tumor tissue. In this regard, spontaneous mouse glioma models may 444 

more accurately mimic the human situation. Understanding the strengths and pitfalls of these models 445 

will be important for the development of new therapies for glioblastoma. 446 
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Figure legends 583 

Fig. 1. scRNA-Seq of the human and mouse glioblastoma immune compartment.  584 

a, Schematic overview of the 10x chromium scRNA-Seq setup used on tumor tissue isolated from 585 

human or mouse brain. Tumors were resected from 7 ND and 4 recurrent patients. Mouse data 586 

contained GL261 tumors micro-dissected from WT C57BL/6J (n = 3) or CCR2-KO mice (n=3). b-d, 587 

Harmony-corrected UMAP-projection of 21.303 CD45+ immune cells from human ND GBM tumors (b, 588 

top panel), 42.870 CD45+ immune cells from human recurrent GBM tumors (c, top panel), and 49.864 589 

CD45+ immune cells from WT and CCR2-KO GL261 tumors (d, top panel). b-d, bottom panels: pie 590 

charts for each individual human ND tumor (b); recurrent tumor (c) and mouse tumor (d), visualizing 591 

the relative contribution of each CD45+ immune cell population. Percentages are indicated in the pie 592 

charts. The colors match the cluster colors used in the UMAP-projections. e,f, Heatmaps representing 593 

relevant subset-specific genes that are expressed in immune cell subsets found in (e) human recurrent 594 

GBM tumors and (f) in mouse WT and CCR2-KO GL261 tumors. Colors and numbers match that of the 595 

clusters shown in b-d. B = B cells, DC = Dendritic cells, Mast = Mast cells, Mo = Monocytes, n.c. = 596 

necrotic core, NK = Natural Killer cells, Pl. B = Plasma B cells, prol. TAM = proliferating tumor-597 

associated macrophages, T = T cells, TAM = tumor-associated macrophages, Treg = regulatory T cells. 598 

 599 

Fig. 2. Single-cell analysis of tumor DCs and identification of distinct cDC2 subsets that are 600 

conserved in humans and mice. 601 

a, 2.417 DCs were selected and pooled from human ND and recurrent tumors, followed by re-clustering 602 

and Harmony-corrected UMAP-projection. The distinct DC subsets that were identified are annotated.  603 

b, Volcano plot showing genes that are differentially expressed (DE) (in red: -log10(adjusted P) > 20, 604 

log2(FC) > 0.5) between cDC2 (clusters 6-9 in a) and cDC1 (cluster 1 in a). P value adjustment was 605 

performed using Bonferroni correction. c, Volcano plot showing genes that are DE (in red: -606 

log10(adjusted P) > 20, log2(FC) > 0.5) between MigDC (cluster 2 in a) and cDC1 (cluster 1 in a). P 607 

value adjustment was performed using Bonferroni correction. d, Heatmap of normalized expression of 608 

selected marker genes in specific human DC subsets that were identified in a. e, 5.500 DCs were 609 

selected from the mouse GL261 datasets (Fig. 1d), followed by re-clustering and Harmony-corrected 610 

UMAP-projection. The distinct DC subsets that were identified are annotated. f, Volcano plot showing 611 

genes that are DE (in red: -log10(adjusted P) > 20, log2(FC) > 0.5) between cDC2 (clusters 4-6 in e) and 612 

cDC1 (cluster 1 in e). P value adjustment was performed using Bonferroni correction. g, Volcano plot 613 

showing genes that are DE between MigDC (cluster 2 in e) and cDC1 (cluster 1 in e). P value adjustment 614 

was performed using Bonferroni correction. h, Scatter plot comparing the log10(adjusted P) value of the 615 

150 most significantly up- or downregulated genes in mouse cDC2 versus cDC1 (x-axis) and human 616 

cDC2 versus cDC1 (y-axis). The sign of the log10(adjusted P) corresponds to up- or downregulation of 617 

genes. Common up- and downregulated genes are represented in red and blue, respectively. Genes 618 

that are only up-or downregulated within 1 species (human or mouse), but are not differential in the 619 
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other species, are represented in black. Genes that are upregulated in mouse and downregulated in 620 

human, or vice versa, are represented in pink. P value adjustment was performed using Bonferroni 621 

correction. i, Heatmap of normalized expression of selected marker genes in specific mouse DC 622 

subsets. j, Proliferating human DCs (cluster 10 in panel a) were mapped onto the non-proliferating DCs 623 

to determine the subpopulation they belong to (see methods). Bar graphs represent the percentage of 624 

cDC1 (green bar) and cDC2 (red bar) that associated with the proliferation cluster, in individual patients 625 

(ND7, R1-4). Mean ± s.e.m. Significance was evaluated using a paired two-tailed t-test. k, The 626 

percentages of mouse cDC1 (green bars) and cDC2 (red bars) that associated with a proliferation 627 

cluster in individual WT and CCR2-KO scRNA-Seq samples. Bar graphs represent mean ± s.e.m. 628 

Significance was evaluated using a two-way ANOVA with Sidak’s multiple comparisons test. l, The 629 

percentages of mouse cDC1(green bars) and cDC2 (red bars) that are BrdU positive in WT and CCR2-630 

KO GL261 tumors, two hours post-BrdU injection, as measured via flow cytometry. Bar graphs 631 

represent mean ± s.e.m. of n = 7 (WT control), n = 7 (CCR2-KO), which originate from 2 independent 632 

experiments. Significance was evaluated using a RM two-way ANOVA model with Sidak’s multiple 633 

comparisons test. ns P > 0.05; ** P < 0.01; ****, P < 0.0001. Exact P values can be found in 634 

Supplementary table 19. 635 

 636 

Fig. 3. GBM TAMs exhibit a mixed ontogeny which is significantly altered upon human disease 637 

stage.  638 

a-c, Monocytes and macrophages were selected from the human and mouse datasets and re-clustered. 639 

Shown are Harmony-corrected UMAP-projections from human ND GBM tumors (18.157 cells, a), 640 

human recurrent GBM tumors (19.541 cells, b) and mouse GL261 tumors (29.309 cells, c). Mo-TAM 641 

clusters are encircled in blue, Mg-TAM clusters in red. d-f. UMAP plots showing the expression of 642 

selected genes in ND tumors (d), recurrent tumors (e) and mouse tumors (f). g,h, Volcano plot showing 643 

genes that are DE (-log10(adjusted P) > 20, log2(FC) > 0.5) between Mg-TAMs and Mo-TAMs in human 644 

recurrent tumors (g) and mouse tumors (h). P value adjustment was performed using Bonferroni 645 

correction. i, Scatter plot comparing the log10(adjusted P) value of the 150 most significantly up- or 646 

downregulated genes in mouse Mg-TAMs versus Mo-TAMs (x-axis) and in human Mg-TAMs versus 647 

Mo-TAMs (y-axis). The sign of the log10(adjusted P) corresponds to up- or downregulation of genes. 648 

Common up- and downregulated genes are represented in red and blue, respectively. Genes that are 649 

only up- or downregulated within 1 species (human or mouse) are represented in black. P value 650 

adjustment was performed using Bonferroni correction. j, Bar graphs representing the ratios of Mo-651 

TAMs (blue bars) and Mg-TAMs (red bars) in human ND GBM tumors (patients ND1-7), human 652 

recurrent GBM tumors (patients R1-4), and in mouse GL261 tumors in WT (WT 1-3) and CCR2-KO 653 

(KO 1-3) mice. c.monocytes = classical monocytes, FC = fold change, Mg-TAM = microglia-derived 654 

TAM, Mo-TAM = monocyte-derived TAM, nc. monocytes = non-classical monocytes, prol. TAM = 655 

proliferating TAM. 656 

 657 
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Fig. 4. Fate mapping and spatial analysis reveals the distribution of Mo-TAMs and Mg-TAMs in 658 

mouse and human tumors.  659 

a, Cx3cr1CreER:R26-YFP mice received tamoxifen injections followed by a 4-week washout period prior 660 

to GL261 injection. Coronal brain sections of fate-mapped tumor-bearing mice, were stained for F4/80 661 

(red), YFP (green) and DAPI (white). DAPI was used to delineate the border (dashed line) between 662 

tumor and brain. In the tumor, Mo-TAMs were identified as F4/80+YFP- cells, while Mg-TAMs were 663 

F4/80+YFP+ (yellow). Insets (i, ii, iii) of regions of interest are shown and the percentage of YFP+ cells 664 

within the IBA1+/F4/80+ population was quantified and is represented in the bar graphs on the right. 665 

Graphs represent mean ± s.e.m. of n = 3 mice. Representative images of n = 3 mice. Scale bars: 50 666 

μm. b, Schematic overview of the adoptive transfer experiment. c, Adoptively transferred cells were 667 

identified as GFP+CX3CR1+F4/80+ cells (green) (pre-gated on CD45+ live single cells) and were 668 

overlaid on GFP-CX3CR1+F4/80+ cells (blue). This showed that adoptively transferred cells were 669 

contained in the CD11b+CD45hi gate, where Mo-TAMs are present. However, adoptively transferred 670 

non-classical monocytes retain a monocytic scatter profile, while classical monocytes show an 671 

expanded profile characteristic of TAMs. Transferred classical monocytes also downregulate Ly6B 672 

expression. For reference the arrow indicates Ly6B expression levels of classical monocytes as they 673 

are found in blood. Plots are representative of n = 2 mice. d, GFP+ cells are not detected in tumors of 674 

CCR2-KO mice that did not receive an adoptive transfer of monocytes. Plots are representative of n = 675 

2 mice. e, Fluorescent images of a recurrent GBM FFPE tumor section (R5) stained for various markers 676 

(DAPI = blue, CD68 = green, TMEM119 = red, SOX2 = magenta, CD34 = cyan; all images are at the 677 

same scale; scale bar in DAPI image = 50µm). The “overlay” image combines all single channel images. 678 

Finally, a digitized image in which the unequivocally identified cell types are highlighted with a colored 679 

dot, is shown in the last panel (color representations are indicated in the image). Results are 680 

representative for n = 7 GBM patients. f, Overlay image of the CD68 (green) and TMEM119 (red) 681 

staining showing the presence of both Mo- and Mg-TAMs in a GBM tumor section. Results are 682 

representative for n = 7 GBM patients. scale bar = 50µm g, Digital representation of the entire tumor 683 

section (square indicates the highlight of panel e) in which cancer cells, endothelial and TAMs are 684 

highlighted across the entire tissue (gray background are all detected DAPI+ cells; red dots = indicated 685 

cell type). h, (left panel) Digital representation of the entire tumor section, in the which the TAMs are 686 

colored by their relative TMEM119 expression (0-5). (right panel) In each square of 100x100pixels, the 687 

number of TMEM119hi and TMEM119lo TAMs was counted: if TMEM119hi cells were >50% of all 688 

detected TAMs in that square, it is colored red; otherwise the square is colored cyan. c. Mono = classical 689 

monocytes; nc. Mono = non-classical monocytes; MFs = macrophages.  690 

 691 

Fig. 5. scRNA-Seq reveals the heterogeneity of Mo-TAMs and identifies subsets that are 692 

conserved across species.  693 

a, Overview of Mo-TAM subsets in human recurrent GBM tumors, with 6 subclusters that were 694 

discerned: (1) Transitory Mo-TAM (green), (2) Phagocytic/lipid signature Mo-TAM (purple), (3) Hypoxic 695 
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Mo-TAM (blue), (4) SEPP1lo Mo-TAM (dark orange), (5) SEPP1hi Mo-TAM (pale orange), and (6) IFN 696 

signature Mo-TAM (pink). b, UMAP plots showing the expression of key signature genes that are 697 

differential between the various subsets. Dashed lines encircle the subsets as annotated in panel a. c-698 

e, DE analysis in human recurrent Mo-TAMs. c, Volcano plot showing genes that are DE between 699 

SEPP1lo Mo-TAMs (cluster 4) and transitory Mo-TAMs (cluster 1). d, Volcano plot showing genes that 700 

are DE between Phagocytic/lipid Mo-TAMs (cluster 2) and transitory Mo-TAMs (cluster 1). e, Volcano 701 

plot showing genes that are DE between hypoxic Mo-TAMs (cluster 3) and all other Mo-TAMs (clusters 702 

1, 2, 4, 5, 6). DE threshold: -log10(adjusted P) > 20, log2(FC) > 0.5; P value adjustment was performed 703 

using Bonferroni correction (c-e). f, Overview of Mo-TAM subsets in mouse GL261 tumors, with 6 704 

subclusters that were discerned. The cluster numbers and names indicate similarity to their human 705 

counterparts. g, UMAP plots showing the expression of key signature genes that are differential 706 

between the various subsets. h, Overview of the distinct Mo-TAM subsets present in human (top) and 707 

mouse (bottom) tumors. i, Overview of Mg-TAM subsets in human ND tumors. j, Mg-TAMs from human 708 

recurrent tumors were selected and re-clustered (3.914 cells). k, Mg-TAMs from mouse tumors were 709 

selected and re-clustered (4.504 cells). l, Bar graphs showing the percentage of hypoxic TAMs (left 710 

panel) and IFN signature TAMs (right panel) in human recurrent Mo-TAM (blue) and Mg-TAM (red) 711 

populations per patient. m, Bar graphs showing the percentage of hypoxic TAMs (left panel) and IFN-712 

signature TAMs (right panel) in mouse Mo-TAM (blue) and Mg-TAM (red) populations per mouse 713 

sample in WT tumors (WT 1-3) and CCR2-KO tumors (KO 1-3). 714 

 715 

Fig. 6. CITE-Seq analysis validates TAM and DC subsets at the protein level and reveals subset-716 

specific cell surface protein markers. 717 

a, Human CITE-Seq dataset consisting of GBM-associated monocytes, macrophages and DCs. Shown 718 

are Harmony-corrected UMAP-projections based on RNA expression (left panel) or cell surface protein 719 

expression (right panel) (14.793 cells). Colors are derived from RNA-based clustering. b, Mouse CITE-720 

Seq dataset consisting of monocytes, macrophages and DCs derived from WT and CCR2-KO GL261 721 

tumors. Shown are Harmony-corrected UMAP-projections based on RNA expression (left panel) or cell 722 

surface protein expression (right panel) (13.635 cells). Colors are derived from RNA-based clustering. 723 

c, Human RNA-based UMAP plots, showing the expression of selected genes (top plots) and their 724 

corresponding proteins based on CITE-Seq antibody staining (Antibody-Derived Tag or ADT signals) 725 

(bottom plots). d, Heatmap of normalized expression of selected cell surface proteins in human 726 

monocyte and TAM subsets. e-f, DCs were selected from the human CITE-Seq dataset (1333 cells) (e) 727 

or the mouse CITE-Seq dataset (2761 cells) (f), and re-clustered. Shown are Harmony-corrected 728 

UMAP-projections based on RNA expression (left panels) or cell surface protein expression (right 729 

panels). Colors are derived from RNA-based clustering. g-h, Heatmaps representing relevant proteins 730 

expressed in human DCs (g) or mouse DCs (h). i, Human Protein-based UMAP plots, showing the 731 

expression of selected genes (top) and their corresponding proteins (bottom). 732 

 733 
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Fig. 7. Functional profiling of Mo-TAMs and Mg-TAMs reveals their T-cell suppressive potential.  734 

a, Representative contour plots depicting the gating strategy for selecting monocytes and TAM subsets 735 

in GL261 tumors (a1) and microglia in the surrounding brain (a2). Cells were pre-gated as live and 736 

single cells. (a3) Contour plots where brain microglia, Mg-TAMs and Mo-TAMs were overlaid to reveal 737 

their differential expression profile of CX3CR1 vs. F4/80 and Ly6B vs. MHCII.  Representative plots of 738 

4 independent experiments with n = 14 to 15 mice. b, Tumors and brains of Cx3cr1CreER:R26-YFP mice, 739 

which were injected with GL261 cells 4 weeks post tamoxifen treatment, were processed individually 740 

for flow cytometry. The flow cytometry plots confirm the presence of YFP+ microglia-derived Mg-TAMs 741 

(red) and YFP- monocyte-derived Mo-TAMs (blue) in tumors. YFP+ microglia from adjacent brain are 742 

indicated in green. YFP+ brain microglia, YFP+ Mg-TAMs and YFP- Mo-TAMs were overlaid to reveal 743 

their differential expression profile of CD11b vs. CD45. Results are representative of 3 independent 744 

experiments with n = 2 mice. c, FACS-sorted Mg-TAMs, Mo-TAMs and Transitory Mo-TAMs were 745 

cultured for 20h, after which the presence of IL10, TNF, CCL4 and CCL2 in the cell culture medium was 746 

quantified. Bars represent mean ± s.e.m. n = 6 experiments (IL10, CCL4 and CCL2), n = 5 experiments 747 

(TNF), where in each experiment TAMs were sorted from a pool of n = 10 mice. Significance was 748 

evaluated using a one-way ANOVA and Sidak’s multiple comparisons test. d, FACS-sorted TAM 749 

subsets, brain microglia or PBS/BSA were grafted on Chick Chorioallantoic membranes. The numbers 750 

of implant-directed vessels were quantified. Bars represent mean ± s.e.m of n = 6 (Brain Mg), n = 18 751 

(Mg-TAMs), n = 13 (Mo-TAMs), n = 12 (Transitory Mo-TAMs) mice. Each data point represents an 752 

individual egg and data were pooled from 3 experiments. TAMs and microglia were always sorted from 753 

a pool of 6-10 mice. Significance was evaluated using a mixed effects ANOVA model and Sidak’s 754 

multiple comparisons tests. e, Allogeneic mixed leukocyte reaction (MLR) assay, where sorted TAM 755 

subsets or splenic cDCs were cultured with purified CD4+ or CD8+ T cells from naive BALB/c mice. T-756 

cell proliferation was measured using [3H]thymidine incorporation. Graphs represent the average level 757 

of [3H]thymidine incorporation ± s.e.m, expressed as counts per minute (CPM). Representative results 758 

of n = 3. f, Sorted TAM subsets or brain microglia were added to naive C57BL/6J splenocytes, followed 759 

by anti-CD3 treatment to activate T cells. T cell proliferation was measured using [3H]thymidine 760 

incorporation. Bars represent the % suppression of T cell proliferation (see methods). Each data point 761 

represents an independent experiment (n = 6 for TAM subsets, n = 3 for brain microglia). TAMs or 762 

microglia were always sorted from a pool of 10 mice. Significance was evaluated with a mixed effects 763 

ANOVA model and Sidak’s multiple comparisons tests. ns P > 0.05; * P < 0.05; ** P < 0.01; *** P < 764 

0.001; **** P < 0.0001. Exact P values can be found in Supplementary Table 19. 765 

 766 

Fig. 8. CCR2-deficiency results in a switch in TAM ontogeny and boosts Mo-TAM proliferation, 767 

while CSF1R-blockade depletes TAMs. 768 

a, Representative contour plots of tumors from control and PLX3397-treated C57BL/6J or CCR2-KO 769 

mice. Cells were pre-gated as CD45+ live single cells. b, Pie charts for the mouse groups, according to 770 

the order in panel a, showing the distribution of TAM subsets and classical monocytes within the 771 
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CX3CR1+F4/80+ compartment. c,d, Percentage of CX3CR1+F4/80+ (c) or CX3CR1+F4/80+Ly6B- (d) 772 

cells within all live tumor cells of the indicated mouse groups. Significance was evaluated with an 773 

ordinary two-way ANOVA and Sidak’s multiple comparisons tests.  e, Percentage of TAM subsets and 774 

classical monocytes within all live tumor cells, for each group. Significance was evaluated with an 775 

ordinary two-way ANOVA and Sidak’s multiple comparisons tests within each population. (a-e) Graphs 776 

represent mean ± s.e.m. of n = 15 (WT control), n = 17 (WT + PLX3397), n = 16 (CCR2-KO control), n 777 

= 24 (CCR2-KO + PLX3397) mice, which originate from 4 independent experiments. f, Percentages of 778 

BrdU-positive Mg-TAMs (red) and Mo-TAMs (blue) in WT and CCR2-KO (KO) GL261 tumors, two hours 779 

post-BrdU injection, as measured via flow cytometry. Bars represent mean ± s.e.m of n = 7 (WT control), 780 

n = 6 (CCR2-KO), which originate from 2 independent experiments. Significance was evaluated using 781 

a mixed effects ANOVA model and Sidak’s multiple comparisons tests. g, Proliferating mouse TAMs 782 

were mapped onto the non-proliferating TAMs to determine the subpopulation they belong to (see 783 

methods). Bar graphs represent the percentage of Mg-TAMs (red) and Mo-TAMs (blue) that associated 784 

with a proliferation cluster, in individual WT and CCR2-KO scRNA-Seq samples. Significance was 785 

evaluated using a two-way ANOVA and Sidak’s multiple comparisons tests. h, Tumor weights of control 786 

and PLX3397-treated C57BL/6J and CCR2-KO mice. Bar graphs represent mean ± s.e.m. of n = 25 787 

(WT control), n = 27 (WT + PLX3397), n = 25 (CCR2-KO control), n = 25 (CCR2-KO + PLX3397) mice, 788 

which originate from 4 independent experiments. Significance was evaluated with an ordinary two-way 789 

ANOVA and Sidak’s multiple comparisons tests. ns P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** 790 

P < 0.0001. Exact P values can be found in Supplementary Table 19.  791 

  792 
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Legends Extended Data Figures 793 

Extended Data Fig. 1. Harmony efficiently corrects for patient-, batch-, and platform-induced 794 

gene expression noise without obscuring relevant heterogeneity.  795 

a, UMAP-projections without (left) and with (right) Harmony-correction of the entire CD45+ immune 796 

compartment of human recurrent GBM tumors (top) and of a subsetted and re-clustered dataset of 797 

monocytes and macrophages only (bottom). Clusters are colored based on patient identity (R1-4), 798 

illustrating a clear patient-specific segregation without Harmony-correction, but the absence of this 799 

segregation after Harmony-correction. b, Harmony-corrected UMAP-projections of patients R1 to R4 800 

represented separately on each plot, indicating that each cluster carries cells from every patient. The 801 

UMAP clusters are colored based on cluster annotations in Fig. 1c. Only cells belonging to one 802 

individual patient are colored per panel, cells belonging to the other patients, are colored in grey.  n.c. 803 

= necrotic core. c, Percentage of the indicated populations within the CD45+ compartment of human 804 

ND and recurrent tumors, as measured via scRNA-Seq. Each datapoint stems from an individual 805 

patient: ND1-7 and R1-4. Bar graphs represent mean ± s.e.m. Significance was evaluated using the 806 

Mann-Whitney test (two-tailed). d, The percentage of cluster TAM 1 within (TAM 1 + TAM 2) in human 807 

ND and recurrent tumors. Each datapoint stems from an individual patient: ND1-7 and R1-4. Bar graphs 808 

represent mean ± s.e.m. Significance was evaluated using the Mann-Whitney test (two-tailed). e, 809 

Percentage of the indicated populations within the CD45+ compartment of WT and CCR2-KO GL261 810 

tumors, as measured via scRNA-Seq. Each datapoint stems from an individual scRNA-Seq sample: 811 

WT 1-3 and CCR2-KO 1-3. Bar graphs represent mean ± s.e.m. Significance was evaluated using an 812 

unpaired two-tailed t-test with Welch’s correction. f, The percentage of cluster TAM 1 within (TAM 1 + 813 

TAM 2) in WT and CCR2-KO GL261 tumors. Each datapoint stems from an individual scRNA-Seq 814 

sample: WT 1-3 and CCR2-KO 1-3. Bar graphs represent mean ± s.e.m. Significance was evaluated 815 

using an unpaired two-tailed t-test with Welch’s correction. ns P > 0.05; * P < 0.05; ** P < 0.01; *** P < 816 

0.001. Exact P values can be found in Supplementary Table 19. 817 

 818 

Extended Data Fig. 2. DC heterogeneity in human and mouse GBM tumors. 819 

a, UMAP feature plots based on the Harmony-corrected UMAP-projection of DCs from human ND and 820 

recurrent GBM tumors of Fig. 2a, showing the expression levels of the indicated genes. b, Pie charts 821 

visualizing the percentage of the indicated DC subsets in ND and recurrent GBM tumors, represented 822 

per patient. The relative abundance of the various DC subsets was calculated for the individual patients 823 

for which sufficient numbers of DCs were captured (ND7 and R1-4).  Colors match the cluster colors of 824 

Fig. 2a. c, UMAP feature plots based on the Harmony-corrected UMAP-projection of DCs from mouse 825 

GL261 tumors in Fig. 2e, showing the expression levels of the indicated genes. d, Scatter plot 826 

comparing the log10(adjusted P) value of the most significantly up-or downregulated genes in mouse 827 

MigDC versus other DC populations (x-axis) and in human MigDC versus other DC populations (y-828 

axis). The sign of the log10(adjusted P) corresponds to up- or downregulation of genes. Common up- 829 

and downregulated genes are represented in red and blue, respectively. Genes that are only up- or 830 
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downregulated within 1 species (human or mouse), but are not differential in the other species, are 831 

represented in black. Genes that are upregulated in mouse and downregulated in human, or vice versa, 832 

are represented in pink. P value adjustment was performed using Bonferroni correction. (e), Similar to 833 

(d) but for pDCs. f, Bar graphs illustrating the percentages of DCs belonging to the distinct DC 834 

subpopulations for WT (WT 1-3) and CCR2-KO (KO 1-3) samples. Bar graphs represent mean ± s.e.m. 835 

Significance was evaluated using an unpaired two-tailed t-test with Welch’s correction. ns P > 0.05; * P 836 

< 0.05. Exact P values can be found in Supplementary Table 19. g, Representative flow cytometry plots 837 

depicting the gating strategy for selecting cDC1 and cDC2 subsets in GL261 tumors. Cells were pre-838 

gated as live and single cells (top). Plots show BrdU staining in cDC1s or cDC2s from control (non-839 

injected) or BrdU injected mice (bottom). Representative plots of 2 independent experiments with n = 7 840 

mice.  841 

 842 

Extended Data Fig. 3. Adoptive transfer of classical and non-classical monocytes in C57BL/6 or 843 

NR4A1-KO GL261 tumor-bearing mice. 844 

a, Representative flow cytometry plots showing GFP+ cells in GL261 tumors from C57BL/6 mice, 5 days 845 

after the adoptive transfer of classical (c. Mono) or non-classical (nc. Mono) monocytes that were 846 

purified from Cx3cr1GFP/+ mice. Plots are gated on live single CD45+CD11b+ cells. GFP+ cells were not 847 

detected in tumors of mice that did not receive an adoptive transfer of monocytes (Control). b, In mice 848 

that had received an adoptive transfer of classical monocytes, GFP+CD11b+CD45+ cells (red) were 849 

overlaid on GFP-CD11b+CD45+ cells (grey). The representative plots show how the transferred cells 850 

(red) relate to the host cells (grey) in terms of scatter profile and expression of the indicated markers. 851 

c, In mice that had received an adoptive transfer of non-classical monocytes, GFP+CD11b+CD45+ cells 852 

(blue) were overlaid on GFP-CD11b+CD45+ cells (grey). The representative plots show how the 853 

transferred cells (blue) relate to the host cells (grey) in terms of scatter profile and expression of the 854 

indicated markers.  d, Overlay of GFP+ cells from (b) and (c). The results show that 5 days post adoptive 855 

transfer, classical monocytes (red) exhibited an enlarged scatter profile and upregulated CX3CR1, 856 

F4/80 and MHCII expression, while this was not seen for adoptively transferred non-classical 857 

monocytes (blue). e-h, Similar to a-d except that adoptive transfers were performed in tumor-bearing 858 

NR4A1-KO mice. Plots are representative of two independent experiments n = 2 to 4 mice. c. Mono = 859 

classical monocytes; nc. Mono = non-classical monocytes. 860 

 861 

Extended Data Fig. 4. Delineating the gene signatures of human Mo-TAMs. 862 

a, Volcano plot showing DE genes (-log10(adjusted P) > 20, log2(FC) > 0.5) between SEPP1hi Mo-TAMs 863 

(cluster 5 in Fig. 5a) and SEPP1lo Mo-TAMs (cluster 4 in Fig. 5a). P value adjustment was performed 864 

using Bonferroni correction. SEPP1hi TAM enriched genes are marked in green, if their expression was 865 

reported to be affected by a panel of cytokines/stimuli in the study of Xue et al., 201433. b, For the 866 

SEPP1hi TAM enriched genes marked in green in (a), a heatmap was made using the data from Xue et 867 

al., 2014, visualizing the normalized gene expression levels of human macrophages treated with the 868 
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indicated stimuli. c, Volcano plot showing DE genes (in red: -log10(adjusted P) > 20, log2(FC) > 0.5) 869 

between IFN sign. Mo-TAMs (cluster 6 in Fig. 5a) and SEPP1lo Mo-TAMs (cluster 4 in Fig. 5a). P value 870 

adjustment was performed using Bonferroni correction. We marked IFN sign. enriched genes in pink, if 871 

their expression was reported to be affected by a panel of cytokines/stimuli in the study of Xue et al., 872 

2014. d, For the IFN sign. enriched genes marked in pink in (c), a heatmap was made using the data 873 

from Xue et al., 2014, visualizing the normalized gene expression levels of human macrophages treated 874 

with the indicated stimuli. GC = glucocorticoid, HDL = high-density lipoprotein, upLPS = ultrapure 875 

lipopolysaccharide, LA = lauric acid, LiA = linoleic acid, OA = oleic acid, P3C = Pam3CSK4, PA = 876 

palmitic acid, PGE2 = prostaglandine E2, SA = stearic acid, sLPS = standard lipopolysaccharide, TPP 877 

= TNF + PGE2 + P3C. 878 

 879 

Extended Data Fig. 5. Mo-TAM heterogeneity in GBM tumors. 880 

a, Overview of Mo-TAM subsets in human ND GBM tumors, with 5 subclusters that were discerned: (1) 881 

Transitory Mo-TAM (green), (2) Phagocytic/lipid signature Mo-TAM (purple), (3) Hypoxic Mo-TAM 882 

(blue), (5) SEPP1+ Mo-TAM (pale orange), and (6) IFN signature Mo-TAM (pink). b, UMAP plots 883 

showing the expression of key signature genes that are differential between the various subsets. 884 

Dashed lines encircle the subsets as annotated in panel a. c-d, DE analysis in human ND Mo-TAMs. 885 

c, Volcano plot showing genes that are DE between Hypoxic Mo-TAMs (cluster 3) and SEPP1+ Mo-886 

TAMs (cluster 5). d, Volcano plot showing genes that are DE between Phagocytic/lipid Mo-TAMs 887 

(cluster 2) and SEPP1+ Mo-TAMs (cluster 5). In red are shown genes with -log10(adjusted P) > 20, 888 

log2(FC) > 0.5; P value adjustment was performed using Bonferroni correction. e-f, Pie charts showing 889 

the percentage of Mo-TAM subsets in human ND tumors (e), and human recurrent tumors (f), per 890 

individual patient sample. g, Bar graphs showing the mean normalized expression of selected genes in 891 

ND SEPP1+ Mo-TAMs (ND cluster 5), Recurrent SEPP1lo Mo-TAMs (R cluster 4) and Recurrent 892 

SEPP1hi Mo-TAMs (R cluster 5), for the individual patient samples. Bar graphs represent mean ± s.e.m. 893 

Significance was evaluated using an ordinary One-way ANOVA and Tukey’s multiple comparisons 894 

tests. ns P > 0.05; * P < 0.05; ** P < 0.01. Exact P values can be found in Supplementary Table 19. h, 895 

Pie charts showing the percentage of Mo-TAM subsets in mouse GL261 tumors per individual mouse 896 

sample. 897 

 898 

Extended Data Fig. 6. Human GBM Mo-TAM heterogeneity is recapitulated in mouse GL261 899 

tumors with conserved gene signatures between species. 900 

a-c, DE analysis in mouse GL261 Mo-TAMs. a, Volcano plot showing genes that are DE between 901 

mouse GL261 SEPP1+ Mo-TAMs and Transitory Mo-TAMs. b, Volcano plot showing genes that are DE 902 

between mouse GL261 Phagocytic/lipid Mo-TAMs and Transitory Mo-TAMs. c, Volcano plot showing 903 

genes that are DE between Hypoxic Mo-TAMs and other Mo-TAMs.  In red are shown genes with -904 

log10(adjusted P) > 20, log2(FC) > 0.5; P value adjustment was performed using Bonferroni correction. 905 

d, Scatter plot comparing the log10(adjusted P) value of the most significantly up- or downregulated 906 
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genes in mouse GL261 Lipid Mo-TAM versus other Mo-TAM populations (x-axis) and in human 907 

recurrent GBM Lipid Mo-TAM versus other Mo-TAM populations (y-axis). The sign of the log10(adjusted 908 

P) corresponds to up- or downregulation of genes. Common up- and downregulated genes are 909 

represented in red and blue, respectively. Genes that are only up- or downregulated within 1 species 910 

(human or mouse), but are not differential in the other species, are represented in black. Genes that 911 

are upregulated in mouse and downregulated in human, or vice versa, are represented in pink. P value 912 

adjustment was performed using Bonferroni correction. e, Similar to (d) but for mouse and human IFN 913 

Mo-TAM f, Similar to (d) but for mouse and human Hypoxic Mo-TAM. g, Similar to (d) but for mouse 914 

Sepp1+ Mo-TAM and human SEPP1hi Mo-TAM. h, UMAP plot showing the expression of Arg1, which 915 

was enriched in mouse hypoxic Mo-TAMs. i, GL261 tumor-bearing mice were injected with 916 

pimonidazole 2 hours prior to sacrifice. Coronal cryosections of GL261 brain tumor tissue, were stained 917 

for ARG1 (red), F4/80 (green) and pimonidazole (blue) to visualize hypoxia. ARG1 specifically 918 

colocalizes with F4/80+ macrophages (yellow) and is enriched in PIMO+ hypoxic tumor regions. Image 919 

is representative for n = 3 mice. Scalebar = 50 μm. 920 

 921 

Extended Data Fig. 7. Mg-TAM heterogeneity in human and mouse GBM. 922 

a, SCORPIUS trajectory inference was run on a dataset containing Mg-TAMs and microglia that were 923 

isolated from the surrounding brain tissue of GL261 tumor-bearing WT mice (WT5 w.b.). Cells were 924 

automatically ordered along a linear trajectory, where green cells represent brain microglia and blue 925 

cells Mg-TAMs. The top genes were clustered into three gene modules (normalized expression) that 926 

are down- or upregulated as brain microglia transition towards Mg-TAMs. b, Volcano plot showing 927 

genes that are DE (in red: -log10(adjusted P) > 20, log2(FC) > 0.5) between human ND GBM Mg-TAM 928 

cluster 3 (Phagocytic/lipid Mg-TAM) and Mg-TAM cluster 1. P value adjustment was performed using 929 

Bonferroni correction. c-d, UMAP plots of signature genes for phagocytic/lipid, IFN and hypoxic subsets 930 

in human recurrent (c) and mouse GL261 tumors (d) are shown. e-f, Volcano plots showing genes that 931 

are DE (in red: -log10(adjusted P) > 20, log2(FC) > 0.5) in hypoxic Mg-TAMs in human recurrent (e) and 932 

mouse GL261 (f) tumors. P value adjustment was performed using Bonferroni correction. 933 

 934 

Extended Data Fig. 8. Altered transcriptional states in TAM subsets from human ND versus 935 

recurrent tumors. 936 

a, b, Bar plots showing the mean normalized expression levels of a selection of genes that are enriched 937 

in human recurrent versus ND tumors (a), or that are enriched in human ND versus recurrent tumors 938 

(b), in Mg-TAM (left), SEPP1+ Mo-TAM (middle) and Hypoxic Mo-TAM (right), for each patient sample. 939 

Each data point corresponds to the individual human scRNA-seq sample, n= 7 for ND and n=5 for 940 

recurrent. Bar graphs represent mean ± s.e.m. Significance was evaluated using unpaired two-tailed t 941 

test with Welch's correction for Mg-TAM and hypoxic Mo-TAM and Ordinary One-way ANOVA for 942 

SEPP1+ Mo-TAM. ns P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. Exact P values 943 

can be found in Supplementary Table 19. c, d, Gene ontology analysis on DE genes between human 944 
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recurrent GBM SEPP1+ Mo-TAMs and ND GBM SEPP1+ Mo-TAMs showing the top 20 enriched GO 945 

terms in recurrent versus ND GBM TAMs (c) and enriched GO terms in ND versus recurrent GBM 946 

TAMs (d) (adjusted P-value cutoff of 10-10, log2FC cutoff of 0.379). e, Bar graphs showing the mean 947 

normalized expression values for a selection of genes that exhibited a high variation in expression 948 

across individual ND and recurrent patients. Meta-z-score values for these genes were obtained via 949 

PRECOG35 which represents the association of the genes with GBM patient survival based on public 950 

datasets. The values are colored according to the color-scale at the bottom. 951 

 952 

Extended Data Fig. 9. CITE-Seq protein validation for human and mouse GBM TAMs. 953 

a-b, RNA-based UMAP plots showing expression of signature genes for Mg-TAM, Monocytes, 954 

Transitory Mo-TAMs, Phagocytic/lipid Mo-TAMs, Hypoxic Mo-TAMs, SEPP1+ Mo-TAMs and IFN Mo-955 

TAMs in human (a) and mouse (b) tumors. c-d, Protein-based UMAP plots in which the TAM clusters 956 

identified based on RNA-expression are highlighted in human (c) and mouse (d) tumors. e-g, Scatter 957 

plots comparing the log10(adjusted P) value of the most significantly up- or downregulated proteins (ADT 958 

values) (x-axis) and genes (y-axis) in human GBM Mg-TAMs versus other TAM subsets (e), in human 959 

GBM SEPP1hi TAMs versus other TAM subsets (f) and in mouse GL261 mg-TAMs versus other TAM 960 

subsets (g). The sign of the log10(adjusted P) corresponds to up- or downregulation of protein/gene 961 

combinations. Common up- and downregulated protein/gene combinations are represented in red and 962 

blue, respectively. Protein/gene combinations that are only up- or downregulated on the protein level 963 

but not on the gene expression level, are represented in green. Genes that are upregulated on the 964 

protein level and downregulated on the gene expression level, or vice versa, are represented in pink. P 965 

value adjustment was performed using Bonferroni correction. h, Mouse RNA-based UMAP plots 966 

showing the expression of the indicated genes and their corresponding cell surface protein markers.  967 

 968 

Extended Data Fig. 10. CITE-Seq analysis reveals the persistence of cDC1 or cDC2-related 969 

proteins in a fraction of MigDCs in human and mouse GBM. 970 

a, Protein-based UMAP plot of human DCs, in which MigDCs are highlighted in purple (left). The 971 

rectangle delineates the insets shown in the right panels, where the expression of cDC1- or cDC2-972 

related marker genes and their corresponding cell surface proteins are plotted. b, RNA-based UMAP 973 

plot of mouse DCs, in which MigDCs are highlighted in purple (left). The rectangle delineates the insets 974 

shown in the right panels, where the expression of cDC1- or cDC2-related marker genes and their 975 

corresponding cell surface proteins are plotted. c, RNA-based UMAP plots of mouse DCs showing the 976 

expression level of H2-Aa in the top panel and the corresponding protein IA-IE in the bottom panel. d, 977 

RNA-based UMAP plots of mouse DCs showing showing the expression of the indicated genes and 978 

their corresponding cell surface protein markers. 979 

  980 
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Methods 981 
 982 

Patients, human tumor tissue acquisition and single-cell isolation 983 

Fresh tumor tissue was obtained from 13 patients undergoing surgical resection at three Belgian 984 

hospitals: UZ Brussel (ND7, R1-5), KU Leuven (ND1-5) and St. Elisabeth (ND6, ND8). The study was 985 

approved by the local ethics committees of the UZ Brussel/Vrije Universiteit Brussel (Brussels, 986 

Belgium), UZ Leuven/KU Leuven (Leuven, Belgium) and Medical Ethical Committee of the Europe 987 

Hospitals (Brussels, Belgium). All patients provided informed consent. Clinical patient information can 988 

be found in Supplementary table 1. After resection, samples were immediately transported on ice to 989 

research facilities at the Vrije Universiteit Brussel or KU Leuven. For ND7, ND8 and R1-5, tumor 990 

samples were cut into small pieces (2-3 mm) and dissociated using Enzyme Mix A (30 U.ml-1 DNAse I 991 

(Roche), 10 U.ml-1 collagenase type I (Worthington) and 400 U.ml-1 collagenase type IV (Worthington) 992 

diluted in 1X HBSS (Gibco)) for 20 min at 37°C. Tumor tissue was crushed with a syringe plunger and 993 

homogenized via trituration using standard Serological Pipettes and filtered twice using a nylon filter 994 

(100 µm). Next, the samples were centrifuged (515 g, 5 min, 4°C) and the cell pellet was resuspended 995 

with red blood cell (RBC) lysis buffer (ammonium chloride (NH4Cl) 155 mM, sodium hydrogencarbonate 996 

(NaHCO3) 12 mM, EDTA 0,1 mM). After a 3 min incubation, 9 ml of RPMI (Gibco) was added and the 997 

samples were centrifuged and resuspended in FACS buffer. A fraction of the single cell suspension 998 

from the samples ND7 and R1-4 were stained with anti-CD45 Alexa Fluor 647 (clone HI30) for 20 min 999 

on ice. The remaining fraction of unstained cells was frozen, in 90% heat-inactivated fetal calf serum 1000 

(Gibco) and 10% DMSO (SeccoSolv, Merck Millipore, Cat. No.: 102931) and kept in liquid nitrogen for 1001 

future studies. CITE-Seq experiments were performed on fresh samples ND8 and R5 and on frozen 1002 

sample R2. Hereto, one million cells were counted, isolated and centrifuged. The cell pellet was 1003 

resuspended and incubated for 30 min on ice with 25 µL of staining mix in PBS + 0.04% BSA containing 1004 

Human TruStain FcX (BioLegend), anti-CD45 Alexa Fluor 647 (clone HI30) and the human cell surface 1005 

protein antibody panel containing 268 oligo-conjugated antibodies (see Supplementary Table 14). Cells 1006 

were washed and CD45+ immune cells were sorted using a BD FACS Aria II using an 85 µm nozzle. 7-1007 

AAD (Biolegend) was used to exclude dead cells. Typically, between 50 000 - 100 000 cells were sorted 1008 

per sample. The complete dissociation and cell sorting procedure took approximately 2.5 hours and 1009 

cells were maintained on ice whenever possible. For ND1-6, tumor samples were dissociated using the 1010 

MACS Brain Tumor Dissociation Kit (P) (Miltenyi Biotec) according to the manufacturer’s instructions. 1011 

Briefly, tumor tissues were transferred into preheated C tubes containing the provided buffers and 1012 

enzymes to enzymatically and mechanically dissociate the tissue in single cells. Cells were 1013 

subsequently passed through a 70 µm cell strainer and red blood cells were removed using the RBC 1014 

lysis buffer (Roche). Finally, following centrifugation, samples were washed in culture medium and 1015 

eventually resuspended in 1 ml PBS containing 8 µl UltraPure BSA (50 mg /ml; ThermoFisher Scientific) 1016 

and filtered over Flowmi 40 µm cell strainers (VWR) using wide-bore 1 ml low-retention filter tips 1017 

(Mettler-Toledo). Next, live cells were counted using an automated cell counter (Luna). The entire 1018 

procedure was completed in less than 2 hours and cells were maintained on ice whenever possible.  1019 
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 1020 

Mice 1021 

C57BL/6J and BALB/c mice were purchased from Janvier or bred in house. The following gene targeted 1022 

mouse strains were used: CCR2-KO49, Cx3cr1CreER 30, Cx3cr1GFP 50, R26-YFP 51, NR4A1-KO 52 which 1023 

were bred in house. For 10x chromium scRNA-Seq and CITE-Seq, 7-12-week-old female CCR2-KO 1024 

and C57BL/6J mice were used. Additional details regarding the strain, sex and age of mice used within 1025 

this study can be found within the Reporting Summary. Mice were kept in standard housing conditions 1026 

with 12h light and 12h dark. Food and water were provided ad libitum. The temperature was kept 1027 

between 20-24°C and the humidity between 45%-65%. Animals were checked daily. A logbook was 1028 

kept, each abnormal observation was recorded on an individual basis and the motility of the mice, 1029 

posture and grooming behavior were carefully monitored. All mouse experiments were performed 1030 

according to the regulations of the Ethische Commissie Dierproeven at the Vrije Universiteit Brussel.  1031 

 1032 

Stereotactic intracerebral tumor cell inoculation  1033 

The GL261 cell line53 was cultured in DMEM/F12 (1:1) (1x) - Dulbecco's Modified Eagle Medium: 1034 

Nutrient Mixture F-12 (Gibco; catalog nr 11320-0033) containing 10% (v/v) heat-inactivated fetal calf 1035 

serum (Gibco), 300 mg.ml-1 L-glutamine (Gibco), 100 U.ml-1 penicillin and 100 mg.ml-1 streptomycin 1036 

(Gibco). For intracranial injection cells were harvested via trypsinization (Gibco), brought to a 1037 

concentration of 1x105 cells/µl and injected as previously described54. Briefly, mice were anesthetized 1038 

(ketamine (140 mg/kg, Ketamidor, Ecuphar)/xylazine (10 mg/kg, Rompun, Bayer)), and immobilized in 1039 

a stereotactic frame. A midline incision was made on the skin to expose the scalp and with a microdrill 1040 

a craniotomy was made 2 mm anterior and 1.5 mm lateral to the bregma. 5x105 cells in a total volume 1041 

of 5 μl were slowly injected over 1 min at a depth of 3 mm with a Hamilton syringe (ga26s/51mm/pst2). 1042 

Tumors were allowed to grow for 21 days. Mice were randomly distributed into the relevant experimental 1043 

groups and injections with GL261 were alternated across these groups. 1044 

  1045 

Mouse tumor and brain single-cell isolation, flow cytometry and cell sorting 1046 

For tumor single-cell isolation, mice were deeply anaesthetized and transcardially perfused with 20 ml 1047 

of ice-cold PBS and brains were collected. The tumors were carefully micro-dissected using a stereo 1048 

microscope to avoid contamination with healthy brain tissue. Tumor samples were cut into small pieces 1049 

(2-3 mm) and Enzyme Mix A (30 U.ml-1 DNAse I (Roche), 10 U.ml-1 collagenase type I (Worthington) 1050 

and 400 U.ml-1 collagenase type IV (Worthington) diluted in 1X HBSS (Gibco)) was added. Following 1051 

20 min at 37°C, tumor tissue was crushed with a syringe plunger and homogenized via trituration using 1052 

standard Serological Pipettes and filtered twice using a nylon filter (100 µm). Next, the samples were 1053 

centrifuged (515 g, 5 min, 4°C) and the pellet was resuspended with red blood cell (RBC) lysis buffer 1054 

(ammonium chloride (NH4Cl) 155 mM, sodium hydrogencarbonate (NaHCO3) 12 mM, EDTA 0,1 mM). 1055 

After a 3 min incubation, 9 ml of RPMI (Gibco) was added and the samples were centrifuged and 1056 
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resuspended in FACS buffer (2 mM EDTA (Duchefa), 2% heat-inactivated fetal calf serum (Gibco) 1057 

dissolved in 1X HBSS). 1058 

For the processing of GL261 surrounding brain tissue for single-cell isolation, brain tissue from which 1059 

the tumor was removed, was minced and dissociated using Enzyme Mix A for 20 min at 37°C. Cells 1060 

were passed through a cell strainer (100 µm), centrifuged and resuspended in 5 ml 70% Standard 1061 

Isotonic Percoll (SIP) (GE Healthcare) and gently overlaid with 5 ml of 37% SIP and 5 ml of 30% SIP 1062 

(centrifuged at 800 g, 4°C, 30 min). The 70/37% interphase containing the immune cells was collected 1063 

and after centrifugation resuspended in FACS buffer.  1064 

For the scRNA-Seq experiments (KO1-3, WT1-3) cells were stained with anti-CD45-APC/Cy7 (clone 1065 

30-F11) for 20 minutes on ice. For the CITE-Seq experiments (KO4, WT4), one million cells per sample 1066 

were stained in 25 µL PBS + 0.04% BSA staining buffer containing mouse TruStain FcX (Biolegend), 1067 

anti-CD45-APC/Cy7 (clone 30-F11) and the mouse cell surface protein antibody panel containing 174 1068 

oligo-conjugated antibodies (see Supplementary Table 14), for 30 min on ice. Subsequently, the 1069 

samples were washed and CD45+ immune cells were sorted using a BD FACS Aria II using an 85 µm 1070 

nozzle and collected in ME medium (RPMI containing 10% (v/v) heat-inactivated fetal calf serum 1071 

(Gibco), 300 mg.ml-1 L-glutamine (Gibco), 100 U.ml-1 penicillin, 100 mg.ml-1 streptomycin (Gibco), 1% 1072 

Minimum essential medium non-essential aminoacids (100x) (Gibco), 1% pyruvate 100 mM (100x) 1073 

(Gibco) and 1% β-mercaptoethanol (Sigma)). 7-AAD (Biolegend) was used to exclude dead cells. 1074 

Typically, around 100,000 cells were sorted per sample. The complete dissociation and cell sorting 1075 

procedure took approximately 2.5 hours. The single cell suspension was centrifuged for 6 min at 4°C 1076 

at 400 g and resuspended in PBS + 0.04% bovine serum albumin in a final concentration of 1000 cells 1077 

µl-1. 1078 

For multicolor flow cytometry cells were incubated for 15 min with Zombie Aqua Fixable Live-dead 1079 

(BioLegend) at a concentration of 1/1000. Next, cells were washed with FACS buffer, centrifuged and 1080 

blocked with rat anti-mouse CD16/CD32 (clone: 2.4G2) for 15 min on ice and subsequently stained for 1081 

20 min. All antibodies used are listed in Supplementary Table 20 and in the Reporting Summary. For 1082 

measuring BrdU incorporation C57BL/6J and CCR2-KO tumor-bearing mice (d21 post GL261 1083 

inoculation), were injected intraperitoneally with 1 mg of BrdU (FITC BrdU Flow Kit, BD Biosciences, 1084 

cat nr 559619) 2 hours prior to sacrifice. BrdU incorporation was assessed via flow cytometry on tumor 1085 

single-cell suspensions following the manufacturers’ instructions. Flow cytometry data was acquired 1086 

using a BD FACS Canto II (BD Biosciences) using the BD FACSDiva v4.0 software and analyzed using 1087 

FlowJo v10 (Tree Star, Inc.).   1088 

 1089 

Single cell RNA-Seq and CITE-Seq using the 10x Genomics platform  1090 

Single-cell suspensions were loaded on a GemCode Single Cell Instrument (10x Genomics) to generate 1091 

single-cell gel beads-in-emulsion (GEM). For the mouse GL261 samples (KO1-3, WT1-3) and for 1092 

patients ND6-7 and R1-4, GEMs and scRNA-Seq libraries were prepared using the GemCode Single 1093 

Cell 3’ Gel Bead and Library kit, version 2 (10x Genomics, No. 120237) and the Chromium i7 Multiplex 1094 

Kit (10x Genomics, No 120262) according to the manufacturer’s instructions. For ND1-5 samples, 1095 
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libraries were prepared using the GemCode Single Cell 5’ Gel Bead and Library kit (10x Genomics, No. 1096 

1000002) and the Chromium i7 Multiplex Kit (10x Genomics, No. 120262) according to the 1097 

manufacturer’s instructions. For the mouse GL261 samples (KO4, WT4) and for patients ND8 and R5, 1098 

GEMs and CITE-Seq libraries were prepared using the Chromium Next GEM Single Cell 3’ Gel Bead 1099 

and Library kit, version 3.1 (10x Genomics, No. 1000121). Briefly, GEM reverse-transcription incubation 1100 

was performed in a 96-deep-well reaction module at 53°C for 45 min, 85°C for 5 min and ending at 4°C. 1101 

Next, GEMs were broken and complementary DNA (cDNA) was cleaned up with DynaBeads MyOne 1102 

Silane Beads (Thermo Fisher Scientific, No. 37002D) and SPRIselect Reagent Kit (Beckman Coulter, 1103 

No. B23318). Full-length, barcoded cDNA originating from the mRNA, and from the oligonucleotide-1104 

labeled cell surface protein antibodies, was PCR amplified with a 96-deep-well reaction module at 98°C 1105 

for 3 min, fourteen cycles at 98°C for 15 s, 67°C for 20 s and 72°C for 1 min, one cycle at 72°C for 1 1106 

min and ending at 4°C. For the 5’ samples, the PCR amplification was performed according to the 1107 

following protocol: 98°C for 45 s, fourteen cycles at 98°C for 20 s, 67°C for 30 s and 72°C for 1 min, 1108 

one cycle at 72°C for 1 min and ending at 4°C. Size selection with the SPRIselect Reagent Kit was 1109 

used to separate the amplified cDNA molecules for 3’ gene expression and cell surface protein library 1110 

construction. Gene expression library construction to generate Illumina-ready sequencing libraries was 1111 

performed after cleanup with the SPRIselect Reagent Kit and enzymatic fragmentation, by adding R1 1112 

(read 1 primer), P5, P7, i7 sample index and R2 (read 2 primer sequence) via end-repair, A-tailing, 1113 

adapter ligation, post-ligation SPRIselect cleanup/size selection and sample index PCR. For cell 1114 

surface protein library construction, sample index PCR and SPRIselect size selection was performed. 1115 

The cDNA content of pre-fragmentation and post-sample index PCR samples was analyzed using the 1116 

2100 BioAnalyzer (Agilent). Sequencing libraries were loaded on an Illumina HiSeq4000 or an Illumina 1117 

NovaSeq flow cell with sequencing settings according to the recommendations of 10x Genomics (for 3’ 1118 

gene expression and cell surface protein libraries: read 1: 26 cycles; read 2: 98 cycles; index i7: eight 1119 

cycles; index i5: no cycles, pooled in a 80:20 ratio for the combined 3’ gene expression and cell surface 1120 

protein samples, respectively; for 5’ gene expression libraries: read 1: 26 cycles; read 2: 91 cycles; 1121 

index i7: eight cycles; index i5: no cycles).   1122 

 1123 

Single-cell and CITE-Seq gene expression data processing 1124 

The Cell Ranger pipeline (10x Genomics) was used to perform sample demultiplexing and to generate 1125 

FASTQ files for read 1, read 2 and the i7 sample index for the gene expression and cell surface protein 1126 

libraries, respectively. Read 2 of the gene expression libraries, containing the cDNA, was mapped to 1127 

the reference genome (mouse mm10, or human GRCh38) using STAR. Subsequent barcode 1128 

processing, unique molecular identifiers filtering and single-cell 3’ or 5’ gene counting was performed 1129 

using the Cell Ranger suite and Seurat v.3.0.1. The average of the mean reads per cell across all gene 1130 

expression libraries was 53,228, with an average sequencing saturation of 67.6%, as calculated by Cell 1131 

Ranger. In total 19 individual scRNA-Seq libraries were created in this study, totaling 141,708 cells of 1132 

which 119,377 were CD45+ immune cells. In addition, five CITE-Seq libraries were generated, 1133 
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consisting of 45,987 CD45+ cells. Aggregation of sample conditions was done using the Cell Ranger 1134 

Aggr software from 10x Genomics. Digital gene expression matrices were preprocessed and filtered 1135 

using SCRAN and Scater R packages55. Outlier cells were first identified based on three metrics (library 1136 

size, number of expressed genes and mitochondrial proportion); cells were tagged as outliers when 1137 

they were three median absolute deviations distant from the median value of each metric across all 1138 

cells. Secondly, a principal component analysis plot was generated based on the following metrics: 1139 

‘pct_counts_in_top_100_features’, ‘total_features_by_ counts’, ‘pct_counts_feature_control’, 1140 

‘total_features_by_counts_feature_control’, ‘log10_total_counts_endogenous’ and 1141 

‘log10_total_counts_feature_control’. Outlier cells in this principal component analysis plot were 1142 

identified using the R package mvoutlier. Low-abundance genes were removed using the ‘calcAverage’ 1143 

function and the proposed workflow. The raw counts were normalized in Seurat by a global-scaling 1144 

normalization and log-transform method ‘LogNormalize’ that normalizes the gene expression 1145 

measurements for each cell by the total expression, and multiplies it by a scale factor (10,000), and log-1146 

transforms the result. Highly variable genes were detected in Seurat according to the method described 1147 

in Stuart et al.56 and the data was scaled by linear transformation. Subsequently, the highly variable 1148 

genes were used for unsupervised dimensionality reduction. A previously described list of dissociation-1149 

induced genes1, was removed from the highly variable gene list, to limit their effect on dimensionality 1150 

reduction and clustering. Differential expression analysis between different cell clusters and between 1151 

ND and recurrent GBM samples was performed using Wilcoxon Rank Sum test through the Seurat 1152 

“FindMarkers” function. P value adjustment was performed using Bonferroni correction. For the 1153 

differential expression analysis between ND and recurrent GBM samples, identified immunoglobulin 1154 

genes were excluded from the results as potential artefacts, possibly due to ambient RNA 1155 

contamination from dying plasma cells. 1156 

 1157 

The samples for scRNASeq belonging to different patients and mice were processed, sorted and their 1158 

libraries constructed on different days. Furthermore, the human samples were processed with either 1159 

the 10x Genomics Chromium Single Cell 3’ or 5’ platforms. To remove batch effects and 1160 

technical/biological noise the Harmony algorithm19 was used in Seurat v.3.0.1. Harmony projects cells 1161 

into a shared embedding in which cells group by cell type rather than dataset-specific conditions. After 1162 

soft k-means clustering which assigns cells to clusters while favoring a mixed dataset representation, 1163 

cluster centroids for each dataset are used to compute cluster-specific linear correction factors which 1164 

correct the assignment of the cluster-weighted average of each cell. This process is iterated until all 1165 

cell-cluster assignments are stable. Default parameters for Harmony were used, the q-value was 1166 

adapted per dataset. This parameter decides the degree of penalty for dependence between batch 1167 

membership and cluster assignment. A higher q-value favors more independence between batch and 1168 

cluster assignment. The q parameter was set to one, with the exception of four datasets, where it was 1169 

varied depending on their sensitivity to batch differences: the macrophage/monocyte/DC subset of the 1170 

human GBM CITE-Seq aggregate dataset (q = 0), the macrophage/monocyte subset of the newly 1171 
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diagnosed human GBM aggregate dataset (q = 2), the microglia subset of the recurrent human GBM 1172 

aggregate dataset (q = 2), and the microglia subset of the newly diagnosed human GBM aggregate 1173 

dataset (q = 3). 1174 

The corrected Harmony embeddings were next used, rather than principal components, to perform 1175 

unsupervised clustering of the cells using graph-based clustering based on SNN-Cliq and PhenoGraph 1176 

as implemented in the Seurat v.3.0.1 R package (default parameters). Clustering was visualized in two-1177 

dimensional scatter plots (via UMAP) using the Seurat v.3.0.1 package. 1178 

 1179 

CITE-Seq cell surface protein (ADT) data processing 1180 

CITE-Seq ADT reads were quantified using the feature-barcoding functionality of Cell Ranger. All ADT 1181 

reads associated with low-quality cells and doublets based on the CITE-Seq gene expression data 1182 

processing, have been discarded from further analysis. On average across the 5 CITE-Seq libraries, 1183 

the mean number of ADT reads per cell-associated barcode, which also contained a recognized 1184 

antibody barcode and a valid UMI, was 2668. The average sequencing saturation of the ADT reads 1185 

was 49.8%.  1186 

ADT count data has been normalized using ASINH_GEOM transformation: inverse hyperbolic sine 1187 

(asinh) transformation with an additional cofactor, which is a modified version of the geometric mean of 1188 

the counts per antibody18. The normalization takes as input the ADT count matrix: 1189 

𝑋 ∈ ℕ3
4×6, 1190 

where 𝑛 is the number of cells, 𝑝 is the number of antibodies, and ℕ3 is the set of natural numbers 1191 

{0,1,2, … }. Each column is a 𝑛-dimensional vector:  1192 

𝑥(B) = E𝑥F
(B)	𝑥H

(B) 	⋯ 	𝑥4
(B)J

K
, 1193 

where 𝑗 = 1,… , 𝑝 is the ADT index, 𝑥M
(B) is the UMI count of antibody 𝑗 in cell 𝑖. The ASINH_GEOM 1194 

normalization is applied element-wise over the ADT count vector: 1195 

ASINH_GEOMO𝑥(B)P = 	asinh Q
𝑥(B)

𝑀(B)S	, 1196 

The cofactor is a 𝑝-dimensional vector 𝑀 = T𝑀(F)	𝑀(H) ⋯		𝑀(6)U, where 𝑀(B) for antibody 𝑗 equals: 1197 

𝑀(B) = sinhV
1
𝑛
Wasinh X𝑥M

(B)Y
4

MZF

[ . 1199 

 1198 

Asinh is a widely used transformation in flow and mass cytometry data processing57. An advantage of 1200 

applying this transformation for proteomic data analysis is a better delineation of positive and negative 1201 

populations. In the high-value range it has similar behavior to a log-transformation, while for values 1202 

approaching zero it is close to linear, therefore it can handle zero and small counts58. The cofactor 𝑀 1203 
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defines the width of the linear or less log-like region of the transformed values. For the cofactor M we 1204 

did not use the standard definition of geometric mean in ℝ3
^	: the nth root of the product of n numbers, 1205 

which becomes zero in presence of a single zero value. Instead, we made use of the fact that the 1206 

geometric mean can also be expressed as the exponential of the arithmetic mean of logarithms (in 1207 

ℝ_3): 1208 

exp EF
4
∑ ln(𝑎M)4
MZF J, 1209 

for a set of numbers {a1, a2, …  an}. This allowed us to calculate the cofactor M analogously to the 1210 

geometric mean in asinh scale, rather than in logarithmic scale. Therefore, we named our 1211 

transformation ASINH_GEOM. 1212 

To visualize the ADT data, UMAP projections were calculated using the normalized ADT count matrix 1213 

that was centered and scaled. Antibodies with low expression in the studied samples were filtered out 1214 

before calculating the UMAP projections, based on inspection of the density plots and feature plots for 1215 

each antibody. For the human ADT data, library-specific batch effect was clearly present on the 1216 

UMAP plots, therefore Harmony correction was applied on the normalized ADT count matrix, followed 1217 

by centering and scaling. The default parameters of Harmony were applied, except the q value, which 1218 

was set to zero to apply moderate batch correction. 1219 

Human antibodies used for UMAP projection calculation:  1220 

C5L2, CD10, CD102, CD103, CD105, CD106, CD107a, CD109, CD112, CD115, CD117, CD119, 1221 

CD11a, CD11b-A0014, CD11b-A0161, CD11c, CD123, CD126, CD127, CD13, CD134, CD137, CD14-1222 

A0051, CD14-A0081, CD141, CD142, CD144, CD146, CD15-A0076, CD15-A0392, CD150, CD151, 1223 

CD155, CD158, CD158b, CD158e1, CD16, CD161, CD162, CD163, CD164, CD169, CD172a, CD177, 1224 

CD18, CD184, CD19, CD192, CD194, CD195, CD196, CD198, CD1a, CD1c, CD1d, CD2, CD20, 1225 

CD201, CD203c, CD204, CD205, CD206, CD209, CD21, CD218a, CD22, CD226-A0368, CD23, CD24, 1226 

CD244, CD25, CD26, CD267, CD27-A0154, CD27-A0191, CD270, CD271, CD272, CD273, CD275-1227 

A0172, CD276, CD278, CD279, CD28, CD29, CD3-A0034, CD3-A0049, CD303, CD304, CD305, 1228 

CD307e, CD309, CD31, CD314, CD32, CD325, CD33, CD335, CD35, CD354, CD36, CD366, CD371, 1229 

CD38-A0389, CD38-A0410, CD39, CD4-A0045, CD4-A0072, CD40, CD41, CD43, CD44-A0125, 1230 

CD45-A0048, CD45-A0391, CD45RA, CD45RO, CD46, CD48, CD49a, CD49b, CD49d, CD49f, CD5, 1231 

CD52, CD54, CD55, CD56-A0047, CD57, CD58, CD59, CD62L, CD62P, CD63, CD64, CD66a-c-e, 1232 

CD66b, CD69, CD7, CD71, CD72, CD73, CD8, CD81, CD83, CD85g, CD85j, CD86, CD8a, CD9, 1233 

CD90, CD93, CD94, CD95, CD98, EGFR, ERK1, FceRIa, FolateReceptorBeta, HLA-A2, HLA-ABC, 1234 

HLA-DR, IgD, IntegrinB7, IRF4, KLRG1-A0153, LOX-1, MERTK, Podoplanin, TCR-Va24-Ja18, TCR-1235 

Va7.2, TCRab, Tim-4, TMEM119, TSLPR 1236 

Mouse antibodies used for UMAP projection calculation: 1237 
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CD102, CD103, CD105, CD106, CD107a, CD115, CD117, CD11a, CD11b, CD11c, CD124, CD127, 1238 

CD134, CD137, CD138, CD14, CD150, CD16-CD32, CD169, CD172a, CD19, CD195, CD1d, CD2, 1239 

CD200, CD200R, CD200R3, CD201, CD204, CD206, CD207, CD21-CD35, CD22, CD223, CD226, 1240 

CD24, CD25, CD26, CD27, CD270, CD272, CD274, CD278, CD279, CD28, CD29, CD3, CD300c-d, 1241 

CD300LG, CD301a, CD301b, CD304, CD31, CD317, CD326, CD357, CD36, CD366, CD371, CD38, 1242 

CD39, CD4, CD41, CD43, CD45R-B220, CD48, CD49b, CD49d, CD49f, CD5, CD54, CD55, CD62L, 1243 

CD63, CD64, CD69, CD71, CD73, CD80, CD86, CD8a, CD8b, CD9, CD90-2, CD95, CX3CR1, ENPP1, 1244 

F4-80, FceRIa, FRB, IA-IE, IgD, IL33Ra, Integrin-b7, JAML, KLRG1, Ly49D, Ly49H, Ly6A-Ly6E, Ly6C, 1245 

Ly6G, Mac2, MERTK, NK1-1, P2X7R, PIRA-PIRB, SiglecH, TCRb, TIGIT, Tim4, TLR4, XCR1 1246 

Human-mouse comparison of the differentially expressed genes in TAM and DC subsets  1247 

Differential expression analysis was performed in GBM recurrent and mouse TAM aggregates for the 1248 

TAM subsets and in the human and mouse DC aggregates for the DC subsets, respectively. The Seurat 1249 

“FindMarkers” function was used, by applying the Wilcoxon Rank Sum test and setting the 1250 

logfc.threshold (minimum logFC of a gene) and the min.pct (minimum fraction of cells, in which the gene 1251 

is expressed) thresholds to zero in order to get an output for all genes in the respective human and 1252 

mouse datasets. P value adjustment was performed using Bonferroni correction. The gene symbols 1253 

were converted between human and mouse based on one-to-one orthology, using biomartR v.2.44.1. 1254 

The top 150 most significantly differentially expressed genes were manually curated based on the 1255 

ortholog information in the Mouse Genome Informatics website 1256 

(http://www.informatics.jax.org/faq/ORTH_gene.shtml).  1257 

 1258 

SCORPIUS trajectory inference  1259 

SCORPIUS trajectory inference was performed on Mg-TAM clusters of mouse tumors and microglia 1260 

from surrounding healthy brain tissue. SCORPIUS was run on the log2 normalized counts using the 1261 

proposed workflow59. 1262 

 1263 

Proliferation mapping 1264 

For the proliferation mapping we used the FindTransferAnchors function of the Seurat R package 1265 

(v3.1.0). We first created a Seurat object containing all proliferating cells and a second Seurat object 1266 

containing all the remaining cells. Next, we applied the FindTransferAnchors function with the non-1267 

proliferating cells as the ‘reference’ and the proliferating cells as the ‘query’. Predicting to which cluster 1268 

the proliferating cells belong was done using the TransferData function with the output of 1269 

FindTransferAnchors for the ‘anchorset’ parameter and the cluster IDs of the non-proliferating cells for 1270 

the ‘refData’ parameter. 1271 

 1272 

Gene ontology enrichment analysis and heatmaps 1273 

To predict putative biological functions based on differential gene expression, we performed a gene 1274 

ontology analysis. Genes that were differentially expressed in human recurrent tumors between lipid 1275 
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sign. Mo-TAMs and transitory Mo-TAMs (adjusted P-value cutoff of 10-10, log2FC cutoff of 0.5), between 1276 

hypoxic sign. Mo-TAMs and the other Mo-TAM subsets (adjusted P-value cutoff of 10-20, logFC cutoff 1277 

of 0.5), between Resident-like Mo-TAMs and Transitory Mo-TAMs (adjusted P-value cutoff of 10-20, 1278 

logFC cutoff of 0.5), and between IFN-sign. Mo-TAMs and resident-like Mo-TAMs (adjusted P-value 1279 

cutoff of 10-20, logFC cutoff of 0.8) were inserted into the Metascape (http://metascape.org/)60 online 1280 

tool with default parameters. 1281 

The heatmaps of Fig. 2, 6d and Extended Data Fig. 4 were made using Morpheus 1282 

(https://software.broadinstitute.org/morpheus). 1283 

 1284 

Tamoxifen treatment 1285 

3-4-week old Cx3cr1CreER:R26-YFP mice (double heterozygous) were injected with 4 mg tamoxifen 1286 

(Sigma-Aldrich), dissolved in 200 µl cornoil (Sigma-Aldrich). Injections were performed subcutaneously 1287 

near the fore and hind limbs (4 x 50 µl) and repeated three times at 48-hour intervals. GL261 tumor 1288 

inoculations were performed 4 weeks after the final tamoxifen injection. 1289 

 1290 

Adoptive transfer experiments 1291 

Blood was collected from naive Cx3cr1GFP/+ mice via heart puncture using heparin-filled syringes. RBCs 1292 

were lysed using RBC lysis buffer followed by neutralization with RPMI and resuspension in FACS 1293 

buffer.  Classical and non-classical monocytes were sorted as shown in Supplementary Fig. 5a and 1294 

were intravenously injected in tumor bearing CCR2-KO, C57BL/6J and NR4A1-KO mice (at d16 post 1295 

GL261 inoculation). CCR2-KO mice were injected with 7x105 non-classical monocytes or 1x106 1296 

classical monocytes. C57BL/6J and NR4A1-KO mice were injected with 7x105 non-classical or 7x105 1297 

classical monocytes. At day 21 mice were sacrificed and tumors were processed for flow cytometry. 1298 

      1299 

TAM cytokine secretion 1300 

Sorted TAM subsets were cultured in ME medium, in 96-well flat bottom plates. 20 hours later the plates 1301 

were spun down (805 g, 5 min, 4°C), the supernatant was collected and Luminex technology was used 1302 

to detect the cytokines IL10, TNF, CCL4 and CCL2 (Bio-Rad) according to the manufacturers’ 1303 

instructions.  1304 

 1305 

Chorioallantoic membrane assay 1306 

Chorioallantoic membrane (CAM) assays were performed as described earlier61. Gelatin sponges (1–1307 

2 mm3; Hospithera) with 2 × 104 sorted TAM subsets or brain microglia were placed on the CAM. 1308 

PBS/0.1% bovine serum albumin (BSA; 50 μg/CAM) served as control. At day 13, membranes were 1309 

fixed and analyzed using a Zeiss Lumar V.12 stereomicroscope with NeoLumar S 1.5× objective (15× 1310 

magnification).  1311 

 1312 

T-cell suppression assay  1313 
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Splenocytes were isolated from the spleen of naive female C57BL/6J mice. The spleen was crushed 1314 

using a syringe plunger and homogenized via trituration using standard Serological Pipettes. The 1315 

sample was then lysed with RBC lysis buffer (5 ml, 2 min), blocked with 30ml of RPMI, filtered and 1316 

centrifuged. The pellet was resuspended in ME medium and was plated in flat-bottom 96-well plates 1317 

(Falcon) at 2x105 splenocytes/well. Sorted TAM subsets were added at 1x105 TAMs/well (in triplicate) 1318 

and the cultures were treated with 1 µg/ml of anti-CD3 (clone 145-2C11). 24 hours later [3H]thymidine 1319 

was added and cells were allowed to proliferate for another 18 hours prior to measurement on a Wallac 1320 

1450 MicroBeta TriLux Liquid Scintillation Counter. % suppression was calculated as: (1 - [proliferation 1321 

with TAMs] / [proliferation without TAMs]) x 100.  1322 

 1323 

Mixed leukocyte reaction (MLR) assay  1324 

CD4+ and CD8+ T cells were isolated from spleen single-cell suspensions (see T-cell suppression 1325 

assay) of naive BALB/c mice via successive steps of MACS sorting. First, CD11c+ (CD11c beads - 1326 

catalog nr. 130-108-338, lot nr. 5190903182, Miltenyi Biotec) and CD19+ cells (CD19 beads – catalog 1327 

nr. 130-052-201, lot nr. 5190306670, Miltenyi Biotec) were depleted. Next, CD8+ T cells were purified 1328 

(CD8 beads - catalog nr. 130-049-401, lot nr. 5180308206, Miltenyi Biotec), followed by CD4+ T cells 1329 

(CD4 beads - catalog nr. 130-108-043, lot nr. 5190903039, Miltenyi Biotec). 2x105 CD4+ or CD8+ T cells 1330 

were co-cultured, in ME medium, in 96-well round bottom plates, with different ratios of sorted TAM 1331 

subsets or splenic C57BL/6J cDCs (1:2, 1:4, 1:8 and 1:16 TAM/cDC:T cell ratio). 3 days later cultures 1332 

were pulsed with [3H]thymidine and cells were allowed to proliferate for another 18 hours prior to 1333 

measurement on a Wallac 1450 MicroBeta TriLux Liquid Scintillation Counter. The splenic cDCs (cDC1 1334 

and cDC2) were obtained from 10-15 spleens of GL261 tumor-bearing C57BL/6J mice. Spleens were 1335 

flushed with 200 U.ml-1 of collagenase III (Worthington) and incubated at 37°C for 30 min. Next, spleens 1336 

were processed to single-cell suspensions and CD11c+ cells were enriched using MACS-sorting with 1337 

CD11c beads. cDC1 and cDC2 subsets were subsequently FACS sorted based on the gating strategy 1338 

shown in Supplementary Fig. 5b. 1339 

 1340 

PLX3397 treatment of tumor-bearing mice 1341 

C57BL/6J and CCR2-KO mice were injected with GL261 after which half of the mice were fed control 1342 

chow and the others PLX3397 chow. PLX3397 (Advanced Chemblock Inc.) was incorporated in AIN-1343 

76A chow by Research Diets inc. at a concentration of 600 mg/kg. At day 21, mice were sacrificed, and 1344 

the tumors were micro-dissected, weighed and processed for flow cytometry.   1345 

 1346 

Immunohistochemistry of mouse brain sections  1347 

Tumor-bearing mice were deeply anaesthetized and transcardially perfused with ice-cold PBS followed 1348 

by 4% ice-cold paraformaldehyde (PFA)/PBS solution. Brains were removed, post-fixed in 4% PFA/PBS 1349 

at 4°C for 4 hours and dehydrated with sucrose/PBS solution (15% o/n, 30% o/n). Brains were 1350 

embedded in Tissue-Tek O.C.T™ compound (Sakura Finetek Europe B.V. Alphen aan den Rijn, NL) 1351 

and frozen using dry ice. 12 µM cryosections were made using a Leica CM1850 UV cryostat. Sections 1352 
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were blocked and permeabilized with 0.1% PBS-Triton™X-100 (PBS-T) (Sigma-Aldrich) containing 1353 

10% Normal Donkey Serum (NDS) (v/v) (Sigma) for 1 hour. Sections were incubated with primary 1354 

antibodies (diluted in a PBS-T solution containing 3% NDS) o/n at 4°C in a moist chamber. For 1355 

visualizing hypoxia, tumor-bearing mice were injected ip with pimonidazole (HypoxyprobeTM Omni Kit, 1356 

catalog nr HP3-100) at a concentration of 60 mg/Kg of body weight, 2 hours prior to sacrifice. The 1357 

following primary antibodies were used: chicken anti-GFP (id. Ab13970, polyclonal, lot nr. GR3190550-1358 

3, Abcam, 1/500), rabbit anti-IBA-1 (id. 019-19741, polyclonal, lot nr. WDE1198, Wacko, 1/250), rat 1359 

anti-F4/80 (id. MCA497GA, monoclonal, lot nr. 1610, Biorad, 1/250), goat anti-arginase1 (id. NB100-1360 

59740, polyclonal, lot nr. S2C2E08719, NovusBio, 1/500), rabbit anti-pimonidazole (id. Pab2617(AP) 1361 

rabbit anti-sera, lot nr. 022319, HypoxyprobeTM Omni Kit, catalog nr HP3-100, 1/100). The following 1362 

secondary antibodies were used: goat anti-chicken Alexa Fluor 488 (id. A11039, polyclonal, lot nr. 1363 

1691381, Life Technologies, 1/500), donkey anti-rabbit Alexa Fluor 647 (id. A31573, polyclonal, lot nr. 1364 

1693297, Life Technologies, 1/500) and goat anti-rat Alexa Fluor 555 (id. A21434, polyclonal, lot nr. 1365 

1722994, Life Technologies, 1/500), donkey anti-goat Alexa Fluor 568 (id A11057, polyclonal, lot nr. 1366 

1975005, Invitrogen, 1/500), donkey anti-rat Alexa Fluor 488 (id. A21208, polyclonal, lot nr. 1789917, 1367 

Life Technologies, 1/500). Images were acquired using the Zeiss LSM880 Fast Airy scan. For 1368 

quantification of %YFP within the IBA1+/F4/80+ population in Fig. 4a, 13-14 sections/images were 1369 

analyzed per region, for each mouse, using Fiji (ImageJ) version 2.1.0/1.53c. 1370 

 1371 

MILAN Multiplex immunohistochemistry of human brain sections 1372 

Tissue staining 1373 

Multiplex immunohistochemistry was performed according to the previously published method62-64. 1374 

Tissue sections of 3 µm were prepared out of formalin-fixed paraffin-embedded (FFPE) human 1375 

glioblastoma samples (collected at the UZ/KULeuven biobank according to protocols S59804, S61081 1376 

and S62248). Following dewaxing, antigen retrieval was performed using PT link (Agilent) using 10mM 1377 

EDTA in Tris-buffer pH 8. Immunofluorescent staining was performed using the Bond RX Fully 1378 

Automated Research Stainer (Leica biosystems) with the primary antibodies as indicated in 1379 

Supplementary Table 21. The sections were incubated during 4 hours with the primary antibodies, 1380 

washed and visualized with secondary antibodies (30 min; see Supplementary Table 21). To amplify 1381 

the signal, negative isotype controls were added for 30 min followed by a second incubation with the 1382 

same secondary antibody for 30 min after three washing steps. A coverslip was placed on the slides 1383 

with medium containing DAPI and were scanned in the Zeiss Axio Scan Z.1 (Zeiss) with 10X 1384 

magnification. After completion of the staining procedure, the coverslips were manually removed after 1385 

30 min soaking in washing buffer. Consecutive washing steps were thereafter performed using TBS. 1386 

Stripping of the antibodies was performed in a buffer containing 1% SDS and β-mercaptoethanol during 1387 

30 min at 56°C. After this stripping process, the slides were washed in washing buffer for 45 min with 1388 

frequent changes of the buffer. The staining procedure was thereafter repeated until all markers were 1389 

stained and scanned on each of the slides.  1390 

Image processing 1391 
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Raw scans were transformed to grayscale 16-bit TIFF images using developer’s software (ZEN). Image 1392 

registration was performed by applying a homomorphic transformation over a set of matched 1393 

descriptors using a Harris detector. Images were subsequently adjusted for background intensity 1394 

variations using the rolling ball algorithm, and Autofluorescence (AF) subtraction was performed by 1395 

subtracting the pre-stained image of the corresponding tissue section from the measured signal (MS). 1396 

Intensities for both images were normalized using quantile normalization. For cellular segmentation, 1397 

first a mask was generated in the DAPI channel of the pre-stained image using a local thresholding 1398 

approach; second, a distance map was calculated using the binary image; and third, the distance map 1399 

was split in cellular objects using the watershed algorithm. DAPI positive objects were expanded 5 1400 

pixels to capture the expression of markers present in the cell cytoplasm. For each cellular object, 1401 

morphological (nuclear size) and functional (marker intensity) features were extracted. Given that not 1402 

the whole cell surface expresses all the markers, the expression of every cell was summarized by the 1403 

95% quantile of the expression of all its pixels. 1404 

Data analysis 1405 

Phenotypic identification was implemented as described in Bosisio et al63. Briefly, three different 1406 

clustering methods were applied (PhenoGraph, FlowSom, and KMeans), from which only those cells 1407 

that agreed over at least 2 algorithms using a consensus-based approach werepertained. Agreeing 1408 

clusters were then manually annotated by expert pathologists and assigned to the right cell type. 1409 

Macrophages were further characterized into TMEM119high/low functional groups. To that end, the 1410 

expression of TMEM119 was z-normalized using the population of all cells and a threshold for high/low 1411 

discretization was set at z_tmem119 = 1. In addition, TMEM119 expression was split in a range in 5 1412 

equal bins to define colors as shown in the digital images. Regarding spatial analysis of TMEM119 1413 

cells, each tumor section was divided into windows of 100x100 pixels, in which we defined the number 1414 

of TMEM119hi and TMEM119lo cells based on the above defined criteria, and subsequently calculated 1415 

and plotted colored boxes on the original image with the following criteria: if TMEM119hi/CD68+ >50% 1416 

of TAMs in window = red; otherwise = cyan). 1417 

  1418 

Statistics 1419 

All graphs represent mean ± s.e.m. The statistical tests that were used are indicated in the figure 1420 

legends and in Supplementary Table 19. All the statistics performed were done using GraphPad 8.3.0. 1421 

Differential gene expression was assessed using the Wilcoxon rank sum test (two-sided) as 1422 

implemented in the Seurat R package. P value adjustment was performed using Bonferroni correction 1423 

based on the total number of genes in the dataset. Data distribution was assumed to be normal, but 1424 

this was not formally tested. The sample sizes were determined by means of power analysis, using 1425 

G*Power v.3.1.9.3. Data collection and analysis were not performed blind to the conditions of the 1426 

experiments. 1427 

 1428 

Data availability  1429 
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All human and mouse scRNA-Seq and CITE-Seq datasets described in this article can be accessed via 1430 

our interactive webserver: www.brainimmuneatlas.org, where all gene-cell count and cell annotation 1431 

matrices can also be downloaded. Through this tool, it is possible to evaluate the expression of genes 1432 

or proteins via CITE-Seq antibody staining in our datasets and to download DE gene lists. Additionally, 1433 

all mouse single-cell RNA-Seq/CITE-Seq raw data, mouse gene-cell count matrices and human gene-1434 

cell count matrices are deposited at GEO (NCBI) under accession number GSE163120. Raw 1435 

sequencing reads of the human scRNA-Seq/CITE-Seq experiments have been deposited in the 1436 

controlled access public repository European Genome-phenome Archive (EGA), under study accession 1437 

number EGAS00001004871. Other data that support the findings of this study are available from the 1438 

corresponding author upon request.  1439 

 1440 

Code availability 1441 

The R codes that were used for scRNA-Seq and CITE-Seq analysis can be found at Github: 1442 

https://github.com/Movahedilab/Glioblastoma 1443 
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