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Abstract 27 

Glioma microenvironment contains numerous myeloid cells, including brain-resident microglia and 28 
recruited monocytes and macrophages (Mo/Mφ). When studied collectively, these cells presented 29 
pro-tumor effects. Yet, little is known about the differences among these myeloid populations. 30 
Using single-cell sequencing analysis, we studied the phenotypic characteristics, spatial variances, 31 
and dynamic changes of these relatively heterogeneous cell populations. Microglia populations with 32 
distinct spatial distribution presented different functional states, including tumor-associated subsets 33 
with phagocytic and lipid metabolism signature. Notably, this subset of glioma-associated 34 
microglia shared similar trait in a diverse spectrum of neuropathogenesis. In contrast, Mo/Mφ 35 
highly expressed genes related to angiogenesis, tumor invasion, and immune evasion. Moreover, 36 
identifying the Mo/Mφ subsets had prognostic and classificatory value in clinical application. These 37 
results thus eliminate the long-existing ambiguity about the role of microglia and Mo/Mφ in glioma 38 
pathogenesis, and reveal their prognostic and therapeutic value for glioma patients. 39 
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Introduction 40 

Glioma, a fatal malignancy in the CNS, develops highly complex immune 41 
microenvironment along with progression. Microglia and macrophages are the dominant immune 42 
cell subsets, composing approximately 30 - 50% of the cellular component in the tumor tissue(1). 43 
Most prior studies collectively termed these cells as glioma-associated microglia/macrophages 44 
(GAM) and revealed their multiple tumor-promoting effects, such as supporting tumor growth, 45 
angiogenesis, invasion, and immune evasion(2, 3). Therefore, GAM served as a theoretical target 46 
for glioma therapy. Unfortunately, blocking GAM activation with minocycline showed no clear 47 
clinical benefit, neither did GAM depletion with CSF-1R inhibitor(2). To improve the GAM-48 
targeted therapy for glioma, more detailed studies are urgently needed to define the functional 49 
organization of GAM populations in the scenario of glioma.  50 

GAM composed of two cell populations with distinct ontogeny. Microglia are the brain-51 
resident phagocytes that derived from yolk sac, colonizing the CNS during the embryonic 52 
development and self-renewing instead of relying on peripheral supplements(4). Monocytes and 53 
macrophages (Mo/Mφ) entering afterwards originate from hemopoietic stem cell in the bone 54 
marrow, and gradually differentiate into mononuclear phagocytes during infiltration(5). The 55 
difference between microglia and Mo/Mφ have been explored in previous studies using microarray 56 
and bulk seq analysis(6-8). Recently, several researches unveiled the additional heterogeneity 57 
within these two cell populations based on the single-cell RNA sequencing (scRNA-seq) and mass 58 
cytometry (CyTOF) analysis(9-15). Exploring GAM cellular components may elucidate their 59 
potential functional differences in immune response. However, the depiction of microglia and 60 
Mo/Mφ subpopulations is still up for discussion. Their cellular component at different disease stage, 61 
their functional transition during glioma progression, and their spatial position in the tumor 62 
structure remained unknown. 63 

Combining scRNA-seq analysis, microglia fate-mapping system, and multi-dimensional 64 
results, we depicted the temporal and spatial changes of microglia and Mo/Mφ during the 65 
development of glioma, and illustrated their phenotypic difference. According to previous 66 
research(9, 10) and our results, the majority of microglia located at the periphery of tumor foci. To 67 
avoid losing these microglial subsets, we thus isolated the myeloid cells from the tumor-bearing 68 
hemispheres, but not only the tumor mass. Based on this study, Mo/Mφ are more likely the factual 69 
mediator of tumor-promoting processes such as angiogenesis and T cells apoptosis. Microglia were 70 
misconceived as the saboteur to anti-tumor immune response. Instead, they may well be the 71 
sustainer of homeostasis in the CNS and the protector of neural tissue from the hyperactivated 72 
immune response. The expression pattern of Cst7+ microglia was common in multiple CNS 73 
pathologies. Moreover, significant correlation was found between particular Mo/Mφ subsets and 74 
the survival of glioma patients, indicating the predictive significance of these cell subsets. 75 
 76 
Results  77 

Different infiltration and spatial distribution between microglia and peripheral-derived 78 
monocytes/macrophages in murine glioma 79 

To explore the dynamics of glioma-infiltrating microglia and Mo/Mφ, we established the 80 
orthotopic murine glioma model (Fig. 1A). The microglial fate-mapping system or reporter mice 81 
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(Cx3cr1CreER: R26-tdTomato)(16, 17) were used to distinguish the microglia and Mo/Mφ 82 
populations (Fig. 1B). After tamoxifen treatment, microglia in the reporter mice were specifically 83 
labeled with red fluorescence, and can thus be stably and consistently traced, which was confirmed 84 
by flow cytometry analysis (Fig. 1C). Similarly, immunofluorescence staining also showed that 85 
microglia in the brain parenchyma were tdTomato+, while the meningeal macrophages derived from 86 
monocytes were free of the reporter protein (fig. S1A). These results showed that the fate-mapping 87 
mice model can properly distinguish the brain-resident microglia from peripheral-derived 88 
macrophages. 89 

Using flow cytometry, we first studied the proportion of myeloid cells infiltrated in the 90 
tumor-bearing brain. The SSChi granulocytes were excluded in all FACS analyses (fig. S1B). 91 
CD45hi peripheral immune cells infiltrated CNS during tumor progression (fig. S1C). 92 
CD45hi/loCD11b+ myeloid cells served as the majority of infiltrating immune cells and the cell 93 
number increased along with the tumor progression (Fig. 1D and fig. S1D). The proportion of 94 
tdTomato- Mo/Mφ increased dramatically after Day 20 (Fig. 1E), in concordance with rapid tumor 95 
development(18). tdTomato- subset primarily consisted of Ly6C+ cells (Fig. 1F). These results 96 
showed the dynamics of myeloid cell infiltration during the tumor progression.  97 

Using Immunofluorescence staining, we found that while the amebiform IBA1+ tdTomato- 98 
peripheral-derived Mo/Mφ accumulated in the core region of tumor foci (intratumoral region, IT), 99 
microglia mainly gathered at the periphery (Fig. 1G, H). As the microglia infiltrated from normal 100 
tissue (N) to invasive margin (IM), their morphology changed from typical ramified form to 101 
amoeboid and rod-like shapes (Fig. 1H). These results demonstrated that microglia and Mo/Mφ 102 
possessed distinct spatial distribution in the glioma microenvironment. 103 

 104 

scRNA-profiling of myeloid cells in glioma 105 

To further investigate the phenotypic difference of the myeloid populations, we performed 106 
scRNA-seq for the CD45hi/loCD11b+ cells isolated from the tumor-bearing hemispheres of the mice 107 
model at different stages of tumor development (Day 10, Day 20, Terminal Stage) (Fig. 1A). After 108 
filtering the low-quality cells and cells not in the study scope (NK cells, T cells, mast cells, and 109 
neutrophils), a total of 15,765 single-cell RNA profiles was used in following analyses. Graph-110 
based clustering of the filtered myeloid cells identified 12 cell clusters (Fig. 2A), all of which 111 
expressed the pan-myeloid markers(6-8) (Fig. 2B). MG0-MG5 were featured with high expression 112 
of canonical microglia genes(19, 20) (Fig. 2C). In contrast, Mo1-2 and MP1-2 highly expressed 113 
canonical Mo/Mφ markers(6-8) (Fig. 2D). To verify the identity of various clusters, we assessed 114 
the microglia and Mo/Mφ identity score using gene set variation analysis (GSVA)(21) based on the 115 
reference genes of microglia (P2ry12, Siglech, Sparc, Gpr34, Tmem119, Fcrls, and Olfml3)(8, 19, 116 
20) and Mo/Mφ (Tgfbi, Ccr2, Ly6c2, Plac8, Itga4, S100a4, and S100a6)(6-8) (Fig. 2E). Cell 117 
clusters were classified as either microglia or Mo/Mφ based on the identity score, and the results 118 
were confirmed using the expression of canonical markers respectively. As the main focus of the 119 
present study lies on microglia and Mo/Mφ, therefore, CD11b- dendritic cells (mostly lost in the 120 
cell enrichment procedure) and CD11b+ dendritic cells were not included in further analysis. 121 
Similar to the flow cytometry results (Fig. 1E), the proportion of Mo/Mφ in the myeloid cells 122 
gradually increased during the tumor development (Fig. 2F, G). Some clusters, such as MG3, MG4, 123 
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and MP2 also increased as tumor progressed, indicating their close relationship with tumor 124 
progression (Fig. 2H, I). In summary, the microglia and Mo/Mφ populations were distinguished 125 
according to the analysis of transcriptomic profile. 126 

Based on the general identity of each subgroup, we then investigated the expression of 127 
marker genes in different microglia and Mo/Mφ clusters. Notably, expression of some marker genes 128 
changed significantly during cell differentiation or activation, such as Ly6C2 in Mo/Mφ and P2ry12 129 
in microglia (Fig. 2C, D). Furthermore, upregulation of typical microglia markers was found in 130 
some Mo/Mφ clusters, including Olfml3, Fcrls and Tmem119 (fig. S2A). Therefore, we verified the 131 
stability and robustness of marker genes within the two subgroups, Crybb1 and Ldhb were 132 
expressed abundantly, specifically, and consistently in microglia clusters, while Iqgap1 was 133 
recognized as a robust cell marker for Mo/Mφ clusters (Fig. 2J and fig. S2B). According to the 134 
Immunological Genome Project (ImmGen ULI RNA-seq) dataset(22), microglia rarely express 135 
Iqgap1 compared with many myeloid cell subsets (fig. S2C). Confirmed in Ivy Glioblastoma Atlas 136 
Project (IVYGAP) dataset(23) (fig. S2D) and the GBM single-cell sequencing dataset 137 
(GSE84465)(9) (fig. S4E, H), IQGAP1 can also distinguish Mo/Mφ from microglia in human 138 
glioma samples. Tissue immunohistochemistry results from the Human Protein Atlas database(24) 139 
indicated that IQGAP1 mainly located at the perivascular space in normal brain, and its distribution 140 
pattern was completely different from microglia marker P2RY12 (fig. S2E). We have thus 141 
identified stable gene markers to distinguish microglia and Mo/Mφ, which is of great significance 142 
to the study of myeloid cells in CNS. 143 

 144 

Phenotypical transition, temporal changes and spatial distribution of microglia during the 145 
progression of glioma 146 

We then preformed differentially expressed gene (DEG) analysis and examined the 147 
transcriptional status of microglial clusters (Fig. 3A, C, D and Table S2). Cell trajectory analysis 148 
depicted the linear continuum of microglia clusters (Fig. 3B). MG0 was recognized as the “resting” 149 
microglia in the normal tissue, since this cluster was featured with expression of genes related to 150 
the homeostasis of CNS, including P2ry12, Gpr34, and Smad7(25-27) (Fig. 3C-F). MG1-2 were 151 
pro-inflammatory microglia, considering the expression of inflammatory factors (Tnf) and 152 
chemokines (Ccl3 and Ccl4) (Fig. 3C, D, F). Interestingly, MG3 and MG4 shared similar 153 
transcriptomic features with Mo/Mφ. As previously reported, glioma-associated myeloid cell 154 
markers Spp1 were found highly expressed in these two clusters(6), suggesting their correlation 155 
with glioma scenario (Fig. 3C and Fig. 4F). Furthermore, phagocytosis-associated gene Cst7 was 156 
also a feature gene of MG3 and MG4(28) (Fig. 3C, D, F). Moreover, genes involved in fatty acid 157 
metabolism such as Fabp5 presented high expression in these two clusters(29), suggesting their 158 
unique metabolic feature (Fig. 3C, D). MG5, expressing proliferation-associated genes (Mki67, 159 
Cenpf, Cdk1, Birc5, Stmn1 and Top2a), were actively proliferating microglia (Fig. 3C, D and fig. 160 
S3A), suggesting that microglia accumulated at tumor periphery derived from both migration and 161 
proliferation.  162 

The distribution of feature genes was consistent with the microglial trajectory (fig. S3C). 163 
The transition of microglia started from “resting” state to activated and pro-inflammatory state, and 164 
finally reached an end stage of tumor-associated phenotype. We also checked the abundance of 165 
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microglia clusters at different stages of glioma model (Fig. 2H and Table S1). As expected, the 166 
majority of the microglia presented pro-inflammatory state (MG1-2) at the early stage (Day 10) of 167 

glioma development, and the majority of the microglia presented glioma-associated phenotype 168 

(MG3-4) at the terminal stage (TM) (Fig. 2H).  169 

Immunofluorescence and RNAscope were performed to validate the distribution of 170 
microglia subsets in the glioma microenvironment. As expected, tdTomato+ microglia in the normal 171 
tissue possessed higher expression of P2RY12 compared with those at the tumor rim, and hardly 172 
any expression of P2RY12 was observed in the microglia at the invasive margin (Fig. 3G). The 173 
expression pattern of P2RY12 in microglia validated the previous analysis of cluster identity and 174 
phenotype. Flow cytometry analysis showed that P2RY12lo tumor-associated microglia gradually 175 
increased as tumor progressed (Fig. 3E). RNAscope results indicated that Ccl3+ pro-inflammatory 176 
MG1-2 located at the tumor rim (Fig. 3H), Cst7+ glioma-associated phenotype mainly gathered at 177 
the invasive margin and intra-tumoral area (Fig. 3I), and Mki67+ proliferating microglia were found 178 
at invasive margin (fig. S3B). Collectively, these analyses revealed the phenotype transition, 179 
temporal changes and spatial distribution of microglia during the progression of glioma. 180 

 181 

Phenotypic transition, temporal changes and spatial distribution of Mo/Mφ during the 182 
progression of glioma 183 

We then analyzed the tumor-infiltrating Mo/Mφ, unsupervised clustering identified 4 184 
Mo/Mφ clusters in our dataset and feature genes for each cluster were identified by DEG analysis 185 
(Fig. 4A, C, D and Table S2). Cell trajectory analysis depicted a branched structure of Mo/Mφ 186 
clusters (Fig. 4B). Mo1 was featured with high expression of peripheral monocyte markers (Ace, 187 
Ear2, and Cd300e) and low expression of Ly6c2(30-32) (Fig. 4C, D). Mo2, on the contrary, highly 188 
expressed Ly6c2 and various mononuclear phagocyte markers (Chil3, Hp, Vcan, and Sell)(30-32) 189 
(Fig. 4C, D, E), suggesting that this cluster was the Ly6C+ monocytes that skewed to differentiate 190 
into macrophages. In concordance with the transition of peripheral monocytes reported in recent 191 
studies(30-32), Mo1 were recognized as Ly6c- monocytes, since this cluster manifested 192 
comparatively low level of Ly6c2, Ccr2 and Sell as well as high expression of Cx3cr1, Cd300e and 193 
Nr4a1 (Fig. 4E). Considering the specific expression of Arg1 and Mmp14 in MP1 and MP2 (Fig. 194 
4C, D, F), these two clusters were most probably the accomplice to tumor progression. These two 195 
molecules played a critical role in promoting tumor progression and were reported to have common 196 
expression in the tumor-infiltrating myeloid cells(2, 3). ARG1 was found to mediate the inhibition 197 
of tumor-infiltrating T cells(33), while MMP14 was responsible for the invasive growth of 198 
glioma(34, 35). These two genes were expressed exclusively in Mo/Mφ, suggesting that microglia 199 
were the scapegoat of tumor-promoting phenotype of Mo/Mφ. Moreover, MP1 highly expressed 200 
Vegfa, closely related to the tumor angiogenesis(36) (Fig. 4C, D). Besides, MP2 differentially 201 
expressed Mrc1 (Fig. 4C, D), suggesting that these cells were related to angiogenesis, tumor 202 
invasion, and immune suppression(37). Immunofluorescence staining and RNAscope results 203 
verified the main distribution of ARG1+ and Mmp14+ MP1-2 in the intra-tumoral region (Fig. 4G, 204 
H).  205 

Based on the known transition from Ly6Chi monocytes to Ly6Clo monocytes(31), Mo2 206 
(Ly6Chi monocytes) was set as the start of inferred trajectory. Mo2-MP1-MP2 transition appeared 207 
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as a branched structure along the main trajectory (Fig. 4B). This was consistent with the distribution 208 
of feature genes along the trajectory (fig. S3D). This analysis demonstrated the differentiation of 209 
Mo/Mφ along with infiltration, as well as their eventual transition to the tumor-associated 210 
macrophage. Further, the abundance of Mo/Mφ clusters at the early and middle stage of glioma 211 
progression was similar, whereas massive increase of MP2 was observed at the terminal stage (Fig. 212 
2G, I). Combined with the fulminant tumor progression observed at Day 20, MP2 likely played an 213 
indispensable role in the explosive growth of tumor. Flow cytometry analysis of featured markers 214 
in tdTomato+ microglia and tdTomato - Mo/Mφ further confirmed the differences between these 215 
populations (Fig. 4I). Conclusively, these analyses revealed that Mo/Mφ phenotype transition, 216 
temporal changes and spatial distribution of Mo/Mφ during the progression of glioma. 217 

 218 

Single-cell profiling of myeloid cells in human glioma sample 219 

We then studied myeloid cells in human glioma sample. We re-clustered myeloid cells in 220 
human glioma dataset (data from GSE84465)(9), and identified 6 cell clusters (fig. S4A). C0 and 221 
C5 showed high expression of canonical microglia genes (P2RY12 and GPR34) (fig. S4D), while 222 
C2 and C3 were featured with expression of Mo/Mφ markers (TGFBI, S100A6 and IQGAP1) (fig. 223 
S4E). The corresponding identity score further verified the identity of cell clusters (fig. S4C). 224 
Microglia clusters in human shared high expression of microglia marker genes found in mice (CCL3, 225 

CCL4, and TNF) (fig. S4F). Consistent with their identities, C2 and C3 highly expressed Mo/Mφ 226 

marker genes (TGFBI, VEGFA, and GPNMB) (fig. S4E, G). Similar distribution pattern of 227 
microglia and Mo/Mφ clusters were found in human samples and mice model. Microglia gathered 228 
at the peripheral region while Mo/Mφ accumulated in the core area of tumor (fig. S4B). Similar 229 
distribution of microglia and Mo/Mφ was also confirmed in the IVYGAP dataset (fig. S4H). 230 
Interestingly, C1 and C4 were of mixed identity and presented both characteristics of microglia and 231 
Mo/Mφ (fig. S4C). This was possibly due to the prolonged course of glioma in human, during 232 
which Mo/Mφ adapted to the CNS microenvironment and acquired microglia-like phenotypes. In 233 
summary, myeloid cells in human glioma sample and mice glioma model presented similar 234 
transcriptome profile and distribution pattern.  235 

 236 

Pathway enrichment and functional transition of microglia and Mo/Mφ clusters 237 

To investigate biological states and functional characteristics of various myeloid subsets, 238 
we analyzed the pathways enrichment in microglia and Mo/Mφ by GSVA. Gene sets were selected 239 
from Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 240 
database (Table S3). Pathways involved in activation and migration gradually increased during the 241 
transition of both microglia and Mo/Mφ, while enrichment of pathway related to antigen processing 242 
and presentation turned to decrease during the transition (Fig. 5A), in consistent with the previous 243 
study(18). Enrichment of pathway related to morphological changes (dendritic spine development) 244 
steadily decreased during the transition (Fig. 5A), consistent with the observation in 245 
immunofluorescence staining. Pathway analysis also revealed the different characteristics of 246 
microglia and Mφ subsets (Fig. 5B-H).  247 
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The enrichment of terms related to response to stimulus provided additional information 248 
about the spatial distribution (Fig. 5G). Mo1 were least enriched in transforming growth factor beta 249 
(TGF-β) related terms and hypoxia-related pathways (Fig. 5G, H), and most likely remained in the 250 
oxygen-rich blood vessels instead of entering the brain parenchyma that contains high concentration 251 
of TGF-β(38). As reported previously, Ly6C- monocytes such as Mo1 cannot enter parenchymal 252 
tissues(31, 32). On the contrary, Mo2, MP1 and MP2 were comparatively enriched in terms related 253 
to inflammatory response and hypoxia-related pathways, suggesting that they existed in hypoxic 254 
intra-tumoral tissues (Fig. 5G, H). These results were consistent with the location distribution of 255 
myeloid populations observed by immunofluorescence. 256 

Generally, activation process of microglia and Mo/Mφ were similar. Some pathway scores 257 
gradually increased during the transition of microglia and Mo/Mφ, including pathways involved in 258 
activation, migration, and phagocytosis (Fig. 5A), whereas other pathways only enriched transiently, 259 
including pathways involved in nerve damage (regulation of neuron death and neuron apoptotic 260 
process), pathways related to neuroinflammation (antigen processing and presentation and 261 
neuroinflammatory response), and various immune-related signaling pathways (TLR signaling, 262 
NF-κB signaling and JAK-STAT signaling) (Fig. 5A, B, H), consistent with our previous 263 
observations(18).  Similar pattern was also found in human glioma-associated myeloid cells (fig. 264 
S5). 265 

However, microglia and Mo/Mφ clusters eventually evolved to enrich in divergent functions. 266 
Enrichment score for M1/M2 phenotype changed synchronously in the transition of microglia 267 
clusters, while in Mo/Mφ clusters, enrichment score for M2 phenotype continued to increase even 268 
when M1 phenotype score decreased (Fig. 5E). These results suggested that pro-inflammatory 269 
effect of microglia was self-restricted, thereby preventing excessive inflammation in the CNS. As 270 
for Mo/Mφ, the M2-biased phenotype of MP2 may suppress the anti-tumor immune response. 271 
Additionally, MP1 and MP2 were highly enriched of terms involved in immune checkpoint and 272 
apoptosis process of T cells (Fig. 5E), suggesting that Mo/Mφ facilitated the immune evasion of 273 
glioma. 274 

We then performed SCENIC analysis and obtained the featured regulons of each cluster (fig. 275 
S6A). AP-1 family members such as Jun and Fos were highly active in “resting” MG0 (fig. S6B). 276 
However, previous study proposed that cell isolation process of inactivated sensitive cells such as 277 
MG0 may lead to the up-regulation of these genes(20). Atf3 was highly active in MG1 and MG2, 278 
suggesting its pro-inflammatory role in these subsets (fig. S6B). Moreover, we found that Nfia 279 
might serve as a linage-related regulon to distinguish microglia from Mo/Mφ (fig. S6B). As for 280 
Mo/Mφ clusters, Cebpb was highly activated (fig. S6B). Irf1 and Irf7 were active in pro-281 
inflammatory Mo2 and MP1 (fig. S6B).  282 

 283 

Disease-associated gene expression pattern of microglia 284 

Among microglial clusters, MG4 was the most abundant cluster at the terminal stage of 285 
glioma and was the end of phenotype transition (Fig. 2H, 3B and Table S1). The transcriptome 286 
profile of MG4 was characteristic of active metabolism and protein secretion, strong phagocytic 287 
function and decreased immune activity (Fig. 5B, D-F). Surprisingly, such disease-associated 288 
pattern was also found in many CNS pathological processes. Analysis of terms related to various 289 
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CNS diseases showed that corresponding enrichment score steadily increased during the transition 290 
of microglia and reached the peak value in MG4 (Fig. 6A, B). Then, we analyzed the identity of 291 
disease-associated myeloid cells based on marker genes of disease-associated subset (Table S4) and 292 
MG4 respectively. Either in Alzheimer disease model (5xFAD and CK-p25)(39, 40), aging mice(41) 293 
or demyelination model (experimental autoimmune encephalitis, EAE and lysolecithin injection, 294 
LPC)(41, 42), myeloid cells high in disease-associated microglia score coincided with those high 295 
in MG4 identity score (Fig. 6C). These results suggested that disease-associated transcriptome 296 
pattern found in MG4 might serve as the mutual characteristics of CNS pathologies.  297 

 298 

Composition of the TCGA LGG/GBM cohort and the clinical implication 299 

We next explore the potential clinical applications of the myeloid cell composition using 300 
TCGA LGG/GBM dataset. Survival analysis showed that expression of microglia feature genes 301 
(CCL3, P2RY12 and PDE3B) was positively correlated with prognosis of disease, but patients with 302 
high expression of Mo/Mφ feature genes (IQGAP1, VEGFA, MMP14, ARG1 and ITGA4) presented 303 
unfavorable prognosis (fig. S7). We then estimated the cellular composition of glioma using MCP-304 
counter. According to the infiltration of peripheral immune cells and dominant myeloid populations, 305 
TCGA LGG/GBM cohort was divided into 6 groups (Fig. 7A-C). Survival analysis indicated that 306 
patients with high infiltration of peripheral immune cells had prominently poor prognosis (Fig. 7D). 307 
Consistently, flow cytometry analysis revealed that peripherally infiltrated CD45hi immune cells 308 
increased during tumor progression (fig. S1C). Furthermore, in groups with high infiltration of 309 
peripheral immune cells, median survival time (MST) of Mo/Mφ-dominant group (13.6 months) 310 
was much shorter than the MST of microglia-dominant group (47.9 months) (Fig. 7D). Same trend 311 
also existed in the median and low infiltration groups. Moreover, positive correlation was found 312 
between abundance of quiescent microglia and the prognosis of glioma, abundance of monocytes 313 
and macrophages were negatively correlated with patient prognosis (Fig. 7E).  314 

Then, we examined the composition of patients in 6 groups according to various 315 
classification of LGG/GBM cohort(43, 44) (Fig. 7F). Isocitrate dehydrogenase (IDH) mutation, 316 
codeletion of the 1p and 19q chromosome arms (Chr 1p/19q), O6-methylguanine-DNA 317 
methyltransferase (MGMT) promoter methylation status and telomerase reverse transcriptase 318 
(TERT) expression and promoter status are all significant prognostic biomarkers for glioma patients. 319 
Subtype and transcriptome subtype are comprehensive classification based on the molecular and 320 
genetic profiles of glioma patients. We found that composition of patients in 6 groups was quite 321 
different based on the authoritative and comprehensive classification of glioma, and was consistent 322 
with the prognostic implications of these classifications (Fig. 7F). In conclusion, these results 323 
revealed the prognostic and classificatory value of Mo/Mφ. The newly proposed classification of 324 
glioma patients might serve as reference for prognosis prediction and target therapy. 325 
 326 
Discussion  327 

It is of great interest to distinguish the glioma-associated myeloid populations, which have 328 
distinct origins and thus potential differences in phenotype and function. In this study, we leveraged 329 
a diverse panel of analyses and datasets to evaluate the brain-resident microglia and Mo/Mφ in the 330 
glioma microenvironment. Differences between these populations were found not only in spatio-331 
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temporal dynamics, but also in transcriptomic profiles, pathway enrichment, and prognosis 332 
implication. Microglia may well initiate anti-tumor immune response in the early phase of tumor 333 
development, but ultimately skew to phenotypes involved in phagocytic clearance, restoration of 334 
CNS homeostasis and tissue protection. Besides, a disease-associated microglia cluster was found 335 
universal in a various spectrum of neurological diseases. Mo/Mφ, on the other hand, gradually 336 
invaded and accumulated during tumor progression, most likely prohibited the anti-tumor immune 337 
response and promoted tumor angiogenesis and invasion. In conclusion, microglia have most 338 
probably been misconceived as the scapegoat of tumor-promoting Mo/Mφ.  339 

The difference in spatial distribution between Mo/Mφ and microglia was first noticed in the 340 
bulk-seq for microdissection of specific glioma structure and scRNA-seq for tumor tissue of 341 
different region(9, 10). Antunes et al.(15) and we validated the distribution difference in animal 342 
models through the microglial fate-mapping system. In addition, Caponegro et al.(45) and we found 343 
that the activated Ccl3+ microglia accumulated in the tumor rim. This indicated that, compared with 344 
“clean tumor-bulk”, obtaining cell samples from the entire tumor-bearing hemisphere can avoid 345 
losing certain amount of tumor-related microglia subsets. 346 

Considering the distinct roles of microglia and Mo/Mφ, it is indispensable to distinguish the 347 
two cell populations in myeloid cell researches in CNS pathologies. Nevertheless, known markers 348 
might be insufficient to stably differentiate these two populations during functional activation. As 349 
previously reported and confirmed in this study, during activation and differentiation, expression 350 
of signature genes for microglia (P2ry12 and Sall1) and Mo/Mφ (Ly6c and Ccr2) were dramatically 351 
reduced (19, 20, 46, 47) (7, 8). On the other hand, Mo/Mφ were gradually assimilated after invading 352 
the CNS, considering the downregulation of CD45 and the upregulation of “microglia signature” 353 
genes such as Cx3cr1 and Tmem119(7, 8, 48). Using the fate-mapping murine model and bulk-seq 354 
analysis, Bowman et al. reported that Itga4 can be used to distinguish microglia and Mo/Mφ(7). In 355 
the current study, Crybb1 and Ldhb were identified as specific and stable markers across different 356 
microglia phenotypes in mice. Mo/Mφ clusters were featured with constant expression of Iqgap1, 357 
in keeping with multiple murine and clinical datasets. These newly-identified markers may assist 358 
the identification of the individual myeloid populations, and may facilitate a more precise 359 
immunotherapy of glioma and other CNS pathologies. On the basis of distinguishing the identity 360 
of microglia and Mo/Mφ, it is of greater biological significance to conduct comparative analysis 361 
between subsets from same ontology. For myeloid cells in clinical samples, directly comparing 362 
Mo/Mφ from tumor mass with microglia from normal tissues may confound the functional 363 
transition with identity difference. It is also worth noticing that different stages of tumor progression 364 
will inevitably lead to different compositions of myeloid subgroups. Therefore, we selected 365 
multiple time points to study the possible phenotypic and functional changes of myeloid cells.  366 

Mo/Mφ were to blame for the reported pro-tumor phenotypes of myeloid cells. In addition 367 
to their high expression of genes related to angiogenesis and tumor invasion (ARG1, MMP14, 368 
VEGF-A), Mo/Mφ subsets were highly enriched in pathways related to regulation of T cell 369 
apoptotic process. This is consistent with our previous research that PD-L1 mainly distributed 370 
inside the tumor rather than periphery, suggesting that Mo/Mφ may be the main induction of PD-371 
1+ T cell apoptosis (49). Meanwhile, abundance of Mo/Mφ subsets were negatively correlated with 372 
patient prognosis(10, 12, 13), and expression of Mo/Mφ related genes, ITGA4 and IQGAP1, were 373 
reported to show correlation with unfavorable prognosis (7, 50). Our study confirmed the 374 
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prognostic significance of Mo/Mφ and found that this correlation was more significant in patients 375 
with high infiltration of peripheral immune cells. Recent studies demonstrated that targeting CCR2 376 
to restrict Mo/Mφ extended the survival of glioma model mice, confirming the tumor-promoting 377 
role of Mo/Mφ (51). These results demonstrated that infiltration of Mo/Mφ might serve as a 378 
prognostic indicator for glioma patient and a promising target for glioma immunotherapy.  379 

Glioma-associated microglia were featured with enhanced lipid metabolism, phagocytosis, 380 
and immune regulation at the terminal stage of transition. Notably, previous studies have observed 381 
similar characteristics of microglia in AD model mice and patients as well as cuprizone-fed mice 382 
and multiple sclerosis patients(39, 52-54). Collectively, these results indicated that microglia might 383 
evolve to present common disease-associated pattern, aiming to protect the neural tissue and restore 384 
the CNS homeostasis. In addition, “quiescent microglia score” was found positively corelated with 385 
survival time. Therefore, boosting the inflammatory response of microglia or eliminating the 386 
disease-associated microglia might either crush the CNS under overactivated neuroinflammatory 387 
response or weaken the CNS confronting physiological and pathological challenges. These findings 388 
may explain, at least in part, that no obvious clinical benefit was observed in the current 389 
immunotherapy targeting both microglia and Mo/Mφ(2). 390 

Further studies are needed to clarify the role of microglia in glioma development. However, 391 
it is difficult to get direct evidence for this question. Existing methods, such as CSF1R inhibitors 392 
and DTR mice, may be insufficient to specifically and persistently deplete microglia, since the 393 
regeneration of residual microglia usually occurs within 1 month(55). Administration of CSF1R 394 
inhibitors after tumor establishment will inevitably disturb the development of tumor(1, 56). In 395 
addition, microglia and macrophages can also affect tumor via antigen-presentation to T cells. More 396 
specific research of myeloid cells-T cells-tumors axis is needed to completely reveal the functional 397 
characteristics of myeloid cells. Besides, other myeloid cells, such as dendritic cells, granulocytes, 398 
and mast cells, are not discussed in this study, and these cells may also play an important role in 399 
the process of glioma. 400 
 401 
Materials and Methods 402 
 403 
Experimental Design 404 

This study aimed at characterizing the dynamics of CNS-resident microglia and the 405 
peripheral-derived Mo/Mφ, as well as comparing their functional differences during the 406 
development of glioma. For this, we used a combination of scRNA sequencing and microglial fate-407 
mapping system. Most single-cell sequencing analysis mainly captured GAMs inside the tumor foci, 408 
while microglia actually gathered around the tumor. Therefore, existing datasets may not be 409 
sufficient to completely depict the dynamic changes of microglia. In this study, we sorted microglia 410 
and Mo/Mφ from tumor-bearing hemispheres at different stage of glioma, so as to reveal the 411 
authentic temporal and functional changes of these subsets. Flow cytometric analysis, in situ 412 
microscopy and prognostic analysis were then used to verify the computational analysis. 413 

Experiments were performed with both males and females. For all mouse experiments, mice 414 
were randomly distributed into different groups. Numbers of animals and statistical analysis 415 
methods are given in each figure. Experiments (FACS, Immunofluorescence staining, and 416 
RNAscope assay) were repeated at least for three times and the representative results are shown. 417 
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Catalog numbers and the description of antibodies used throughout the study can be found as an 418 
additional technical sheet (Table S6). 419 
Animals 420 

C57BL/6J mice (6–8 weeks) were purchased from Shanghai Slac Laboratory Animal Co., 421 
Ltd. Cx3cr1CreER mice (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung /J , Stock No: 020940) and Rosa-26-422 
tdTomato reporter mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Stock No: 007914) were 423 
purchased from the Jackson Laboratory. Microglia reporter mice (Cx3cr1CreER: Rosa26-tdTomato 424 
mice) at 4 weeks old (either gender) were injected intraperitoneally with tamoxifen daily at 100 425 
mg/kg body weight for 5 days. Tamoxifen (Sigma‐Aldrich) was dissolved in corn oil (Sigma‐426 
Aldrich) at a concentration of 20 mg/ml. All mice were housed under the pathogen-free condition 427 
in the Animal Facility of Fudan University (Shanghai, China). All animal experiments adhered to 428 
the Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional 429 
Animal Care and Use Committee of Fudan University.  430 

Orthotopic glioma model 431 

Microglia reporter mice or WT C57BL/6J mice were injected with GL261 glioma cells at 8 432 
weeks old. Detailed procedure for stereotactic intracranial tumor inoculation was previously 433 
reported(18). Briefly, anesthetized mice were immobilized and mounted onto a stereotactic head 434 
holder in the flat-skull position. The skin of the skull was dissected in the midline by a scalpel. 1 435 
mm anterior and 2 mm lateral to the bregma, the skull was carefully drilled with a 20-gauge needle 436 
tip. Then a microliter Hamilton syringe was inserted to a depth of 3 mm and retracted to a depth of 437 
2.5 mm from the dural surface. 5 μL (2×104 cells/μL) cell suspension or PBS was slowly injected 438 
in 2 min. The needle was then slowly taken out from the injection canal, and the skin was sutured. 439 

Immunofluorescence and RNAscope 440 

Brains of orthotopic glioma model were harvested at day 10, 20, 30 after tumor inoculation. 441 
Frozen sections of mice brain were obtained as previously described(18). For immunofluorescence, 442 
sections were thawed and dried at room temperature and rinsed in PBS and followed by 4% PFA 443 
cell fixation (5 minutes at room temperature). Samples were permeabilized with 0.25% Triton-X 444 
100 (15 minutes at room temperature) and blocked with blocking buffer containing 10% donkey 445 
serum (2 hours at room temperature or overnight at 4℃). Then, samples were incubated with 446 
indicated primary antibodies overnight at 4℃. Samples were then washed with PBS and incubated 447 
with the appropriate fluorophore-conjugated secondary antibodies: Alexa Flour-488, 594 (Thermo 448 
Fisher) at a dilution of 1:500 in 1% BSA for 1 hour at room temperature, and 4’, 6-diamidino-449 
2phenylindole (DAPI) were used as a counterstain. For RNAscope, RNAscope Multiplex 450 
Fluorescent v2 Assay combined with Immunofluorescence was performed according to the 451 
manufacturer’s protocol (ACD Biosystems). IBA1 antibody followed with Alexa Flour-488-452 
conjugated secondary antibody was used as the myeloid cell marker for each probe. Additionally, 453 
the ACD 3-plex negative control probe was used to confirm signal specificity. The probes (Probe-454 
Mm-Ccl3-C2, Probe-Mm-Mmp14-C3, Probe-Mm-Cst7, and Probe-Mm-Mki67-C3) were amplified 455 
and labeled with Opal 570 or Opal 620 (Akoya Biosciences) for each experiment. Images were 456 
acquired by a fluorescence microscope Olympus IX73 (Olympus). Appropriate gain and black level 457 
settings were determined by control tissues stained with secondary antibodies alone. Analyses of 458 
images were performed using ImageJ software (U.S. National Institutes of Health). 459 
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Fluorescence-activated cell sorting analyses 460 

Percoll gradient isolation of immune cells were conducted as previously reported(18). 461 

Briefly, tumor-bearing hemispheres were harvested with olfactory bulbs and cerebella removed, 462 

dissociated mechanically with Dounce homogenizers to make homogenates and then forced 463 
through a filter for single-cell suspension and washed with PBS. Cell pallets were re-suspended in 464 
37% Percoll. Percoll gradients (70%/37%/30%/0%) were set up and centrifuged for 20 min at 200 465 
g, 4 °C, brake off. Mononuclear cells were collected at 70%/37% interface and washed with PBS. 466 
The majority of microglia located at the periphery of tumor foci. To avoid losing these microglial 467 
subsets, we thus isolated the myeloid cells from the tumor-bearing hemispheres, but not only the 468 
tumor mass. For flow cytometry, isolated cells were counted and incubated with anti-CD16/32 469 
(eBioscience) for 30 minutes, followed by another 30-minute incubation with conjugated antibodies 470 
for extracellular markers. For intracellular cytokine detection, cells were stimulated in vitro with 471 
Cell Stimulation Cocktail (eBioscience) for 4 hours at 37℃ before FACS analysis. After 472 
stimulation, the cells were stained for surface markers and cytokines with Intracellular Fixation and 473 
Permeabilization Buffer Set (eBioscience). Proper isotype controls and compensation controls were 474 
performed in parallel. BD FACSCanto II Cell Analyzer was used for flow cytometry, and a BD 475 
FACS Melody Cell Sorter was used for cell sorting. FlowJo software (Tree Star) was used for FACS 476 
data analysis. CD45lo/hiCD11b+ myeloid cells were sorted for scRNA-seq profiling. Each sample 477 
was pooled from 5 mice (tumor-bearing hemispheres) at Day 10, Day 20, and Day 30 after tumor 478 
inoculation. The cell viability and density of samples were checked before following procedures. 479 

RNA isolation and library preparation 480 

The scRNA-Seq libraries were generated using the 10X Genomics Chromium Controller 481 
Instrument and Chromium Single Cell 3’V3.1 Reagent Kits (10X Genomics). Briefly, the density 482 
of cells was adjusted to 1000 cells/μL. For each sample, approximately 7,000 cells were loaded into 483 
each channel to generate single-cell Gel Bead-In-Emulsions (GEMs), resulting into expected 484 
mRNA barcoding of 5,000 single-cells. After the RT step, GEMs were broken and barcoded-cDNA 485 
was purified and amplified. The amplified barcoded cDNA was fragmented, A-tailed, ligated with 486 
PCR amplified adaptors and index. The final libraries were quantified using the Qubit High 487 
Sensitivity DNA assay (Thermo Fisher Scientific) and the size distribution of the libraries were 488 
determined using a High Sensitivity DNA chip on a Bioanalyzer 2200 (Agilent). Then, all libraries 489 
were sequenced by illumina sequencer (Illumina) on a 150 bp paired-end run. 490 

Single-cell RNA data processing 491 

We applied fastp with default parameter filtering the adaptor sequence and removed the 492 
low-quality reads. Using CellRanger v3.1.0, the feature-barcode matrices were obtained by aligning 493 
reads to the mouse genome (Mm10 Ensemble version 92). Finally, we applied the down sample 494 
analysis among sequenced samples according to the mapped barcoded reads per cell of each sample 495 
and achieved the aggregated matrix. Cell quality filtering removed cells containing over 200 496 
expressed genes and with mitochondria UMI rate below 20%. Mitochondria genes were removed 497 
in the expression table. A total of 18453 single-cell RNA profiles was acquired. 498 

Unsupervised clustering and DEG identification 499 
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Seurat package (v2.3.4)(57) was used for cell normalization and scaled according to the 500 
UMI counts of each sample and percent of mitochondria rate. PCA was constructed based on the 501 
scaled data with top 2000 high variable genes and top 10 principal components were used for tSNE 502 
and UMAP construction. Utilizing graph-based cluster method, we acquired the unsupervised cell 503 
clustering result based on the top 10 principal components. Marker genes were calculated by 504 
FindAllMarkers function (test.use = “wilcox”, min.pct = 0.25, min.diff.pct = 0.1, logfc.threshold = 505 
0.25). In order to identify the detailed cell clusters, clusters of same cell type were selected for 506 
further graph-based clustering and differential gene expression analysis. After first round clustering, 507 
cells not in the study scope were excluded, including NK cells, T cells, mast cells, and neutrophils. 508 
Finally, 15,765 single-cell RNA profiles were used in following analyses.  509 

After cell identity annotation, we used the FindMarkers function (test.use = “wilcox”, 510 
min.pct = 0.25, min.diff.pct = 0.1) based on normalized data to identify DEGs. P -value adjustment 511 
was performed using Bonferroni correction based on the total number of genes in the dataset. DEGs 512 
with adjusted P -values >= 0.05 were filtered out. Genes of top 100 average Log2 fold change were 513 
recognized as the marker genes for microglia or Mo/Mφ population (Table S2). Genes of top 20% 514 
or 25% absolute average Log2 fold change were recognized as the up-regulated or down-regulated 515 
genes for each cluster. (Table S2). 516 

Definition of cell scores and identity 517 

To clarify the identity of clusters, we concluded the microglia markers (P2ry12, Siglech, 518 
Sparc, Gpr34, Tmem119, Fcrls and Olfml3) and Mo/Mφ markers (Itga4, S100a6, S100a4, Ccr2, 519 
Tgfbi, Plac8 and Ly6c2)(6-8, 19, 20). Gene Set Variation Analysis (GSVA) (v1.38.0)(21) were 520 
applied to calculate “Microglia score” and “Mo/Mφ score”. Difference of z-score normalized 521 
microglia and Mo/Mφ score was calculated and recognized as myeloid identity score. Mixsmsn 522 
package (v1.1-8)(58) was used to fit finite mixture of scale mixture of skew-normal (FM-SMSN) 523 
distributions for myeloid identity score and 0.27 was selected as the cut-off for determining 524 
microglia and Mo/Mφ identity. Analysis of myeloid cells from other scRNA-seq datasets 525 

We used the Seurat R package to perform normalization for the datasets of myeloid cells in 526 
various diseases (GSE98969, GSE121654, GSE103334, and GSE118948). We performed PCA on 527 
the normalized expression matrix using top 2000 highly variable genes identified by 528 
“FindVariableGenes” function. Following the results of PCA, the top 20 PCs were selected for 529 
clustering with the specific resolution parameters. We concluded the marker genes for disease-530 
associated microglia (DAM) from the original published paper (Table S4). Gene Set Variation 531 
Analysis (GSVA) were applied to calculate “DAM score” and “MG4 score” based on the selected 532 
marker genes for DAM and MG4. Cluster with highest DAM score were recognized as DAM. 533 

Cell trajectory analysis 534 

The cell trajectory of microglia and Mo/Mφ populations was inferred respectively by using 535 
Monocle2(59). We first created an object with parameter ‘‘expressionFamily = negbinomial.size’’ 536 
following the Monocle2 tutorial. Then we select marker genes of the Seurat clustering result to 537 
order the cells in trajectory analysis. Finally, trajectory analysis was performed using DDR-Tree 538 
and default parameter. 539 

Gene Enrichment Analysis and SCENIC Analysis 540 
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To characterize the relative activation of a given gene set, we performed GSVA analysis 541 
using standard settings. The gene sets were selected from the Gene Ontology (GO) (biological 542 
processes)(60) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database(61). To 543 
assess transcription factor regulation strength, we applied the Single-cell regulatory network 544 
inference and clustering (pySCENIC, v0.9.5)(62) workflow using the 20-thousand motifs database 545 
for RcisTarget and GRNboost. 546 

TCGA LGG/GBM data downloading and survival analyses 547 

The normalized expression and phenotype data of TCGA LGG/GBM dataset(63) were 548 
downloaded from the GlioVis database(64). We excluded patients whose survival and status were 549 
not available. Cox proportional hazards model was used for survival analysis and Kaplan–Meier 550 
method for survival curves. The log-rank test was used for statistical comparison of the survival 551 
curves. R packages survival (v3.2-7) and survminer (v0.4.8) were applied for the analysis and 552 
plotting. 553 

Deconvolution of the cellular composition with MCP-counter  554 

The MCP-counter package (v1.2.0)(65) was applied to produce the absolute abundance 555 
scores for eight major immune cell types (T cells, CD8+ T cells, cytotoxic lymphocytes, natural 556 
killer cells, B lineage cells, monocytic lineage cells, myeloid dendritic cells and neutrophils), 557 
endothelial cells and fibroblasts. The abundance scores of myeloid clusters were calculated based 558 
on reference genes (Table S4). The infiltration of peripheral immune cell was calculated by 559 
aggregating the z-score normalized abundance score of major immune cell types. Patients were 560 
evenly separated into high, median and low infiltration group based on the aggregated score. 561 
Dominant myeloid cells were determined based on the mean abundance score of Mono-Mo2-Sell 562 
and Mφ-MP2-Mrc1 cluster minus abundance score of MG-MG0-P2ry12 cluster. Mixtools package 563 
(v1.2.0)(66) was used to fit finite mixture of normal distributions for the calculated score and 0.35 564 
was selected as the cut-off for microglia-dominant and monocyte/macrophage-dominant. 565 

Statistical Analysis 566 

GraphPad Prism 9.0 (GraphPad Software Inc., USA) was used for FACS and IF data 567 
analysis. Parametric data were presented as mean ± standard error of the mean (SEM). Differences 568 
between two groups were analyzed using the Student’s unpaired t test. Analysis of variance 569 
(ANOVA) was used to compare multiple groups. Statistical significance was determined at P < 570 
0.05. 571 
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Figures and Tables 901 

 902 
Fig. 1. Infiltration and spatial distribution of myeloid cells in glioma. 903 
(A) Overview of the experimental strategy. 904 
(B) Schematic of Cx3cr1CreER:Rosa26-tdTomato microglia reporter mice. 905 
(C) FACS of the tdTomato expression in immune cell populations derived from glioma model (Day 906 
20). 907 
(D-F) Left, FACS of myeloid cells in tumor-bearing hemispheres. Representative data of 908 
CD45hi/loCD11+ Myeloid cells (D), tdTomato+ microglia and tdTomato- Mo/Mφ (E), Ly6C+ 909 
Mo/Mφ and Ly6C- Mo/Mφ (F) at indicated time points. Right, the statistical summary for 910 
abundance of the cell populations, n = 3-4 in normal tissue group, n = 6-7 in Day 10, Day 20, and 911 
Terminal Stage groups. Mye, CD45hi/loCD11+ Myeloid cells. tdT, tdTomato. 912 
(G) Representative staining for IBA1 (green), tdTomato (red) and DAPI (blue) in the tumor-bearing 913 
hemispheres (Day 20). N, normal tissue; TR, tumor rim; IM, invasive margin; IT, intratumoral 914 
region. Dash line, tumor fraction border. Scale bar, 200 μm. 915 
(H) Left, Representative IF staining at indicated area of murine glioma (Day 20). Scale bar, 100 916 
μm. Right, tdTomato+IBA1+ microglia or tdTomato-IBA1+ Mo/Mφ counts per field were calculated. 917 
Data were collected from 3-4 random fields for each region per mouse, n = 3. One-way ANOVA 918 
was performed in (D-F) and (H). *P < 0.05; **P < 0.01. All values are shown as mean ± SEM. 919 

 920 
  921 
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 922 
Fig. 2. scRNA-seq profiling of myeloid cells in glioma. 923 

(A) UMAP projection showing 15,765 single-cell RNA profiles in 12 myeloid clusters. FACS-924 
sorted CD45lo/hiCD11b+ myeloid cells were isolated from glioma model at Day 10, Day 20, and 925 
Terminal stage. Each sample of indicated time point was pooled from 5 mice (tumor-bearing 926 
hemispheres). 927 

(B-D) UMAP projection showing the expression of pan-myeloid (B), microglia (C), and Mo/Mφ 928 
(D) markers. 929 

(E) Left, violin plot representing the identity score of each cluster. Higher identity score indicated 930 
more “microglia-like”, and lower indicated more “Mo/Mφ-like”. Right, UMAP projection 931 
presenting the cell identity as microglia (MG), Mo/Mφ or dendritic cells (DC). 932 

(F) UMAP projection showing the myeloid cells at the indicated time points. 933 

(G) Pie plots representing the abundance of microglia (MG), Mo/Mφ, and dendritic cells (DC) at 934 
the indicated time points. 935 

(H-I) Pie plots showing the proportion of microglia (H) and Mo/Mφ (I) clusters at the indicated 936 
time points. 937 
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(J) Scatter plots representing the robustness of microglia and Mo/Mφ markers in the glioma model. 938 
X axis, the standard deviation of mean expression of genes in the microglia (left) or Mo/Mφ (right) 939 
clusters. Y axis, the Log2(Fold change) of mean expression of genes in the indicated populations. 940 
Shade of color, abundance of genes in the indicated populations. 941 

 942 
  943 
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 944 

Fig. 3. Microglial components in glioma. 945 

(A) Heatmap indicating the expression of microglia enriched genes. 946 

(B) Left, pseudotime-ordered analysis of microglial clusters in glioma. Right, UMAP projection 947 
and 2D pseudotime plots of each microglial subset. 948 

(C) MA plots displaying genes that are upregulated (red) in each microglial cluster. Dashed lines 949 
denote fold change thresholds used when identifying DEGs. 950 

(D) Heatmap indicating the expression of marker genes for microglial clusters. 951 

(E) Left, flow cytometry analysis of P2RY12 expression in tdTomato+ microglia (MG). Right, the 952 
statistical summary for abundance of P2RY12+ microglia, n = 3-4 in normal tissue (N) group, n = 953 
6-7 in Day 10 (10), Day 20 (20), and Terminal Stage (TM) group. One-way ANOVA was performed. 954 
*P < 0.05; **P < 0.01. All values are shown as mean ± SEM. 955 
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(F) Left, UMAP projection showing the expression of selected marker genes for microglial clusters. 956 
Right, violin plots representing the expression of marker genes in each cluster. 957 

(G-I) Representative images of IF staining for P2RY12 in glioma at Terminal Stage (G), RNAscope 958 
for Ccl3 at Day 10 (H) and Cst7 at Day 20 (I). Fields from low power field (LPF) and indicated 959 
area of murine glioma were shown. TR, tumor rim; IM, invasive margin; IT, intratumor. Dashed 960 

line, border of different areas. Arrows, Ccl3+ (H) or Cst7+ (I) microglia. Scale bar, 200/100 μm. 961 

  962 
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 963 

Fig. 4. Monocyte/macrophage components in glioma. 964 

(A) Heatmap indicating the expression of Mo/Mφ enriched genes. 965 

(B) Left, pseudotime-ordered analysis of Mo/Mφ clusters in glioma. Right, UMAP projection and 966 
2D pseudotime plots of each microglial subset. 967 

(C) MA plots displaying genes that are upregulated (red) in each Mo/Mφ cluster. Dashed lines 968 
denote fold change thresholds used when identifying DEGs. 969 

(D) Heatmap indicating the expression of marker genes for Mo/Mφ clusters. 970 
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(E) Violin plots showing the expression of featured genes involved in the transition from Mo2 971 
(Ly6C+) to Mo1 (Ly6C-). 972 

(F) Left, UMAP projection showing the expression of selected marker genes for Mo/Mφ clusters. 973 
Right, violin plots representing the expression of marker genes in each cluster. 974 

(G-H) Representative images of IF staining for ARG1 at Terminal Stage (G) and RNAscope for 975 
Mmp14 at Day 20 (H). Fields from low power field (LPF) and indicated area of murine glioma 976 
were shown. TR, tumor rim; IM, invasive margin; IT, intratumoral region. Dashed line, border of 977 
different areas. Arrows, ARG1+ (G) or Mmp14+ (H) myeloid cells. Scale bar, 200/100 μm. 978 

(I) Top, flow cytometry analysis of featured markers in microglia (MG, tdTomato+) and Mo/Mφ 979 
(tdTomato -). Bottom, the statistical summary for expression of featured markers, n = 4-7. Student’s 980 
t-test was performed, *P < 0.05; **P < 0.01. All values are shown as mean ± SEM. 981 
  982 
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 983 

Fig. 5. Pathway enrichment and functional transition of microglia and Mo/Mφ clusters. 984 

(A) Two-dimensional plots showing the pathway enrichment scores for genes related to 985 
macrophage activation, macrophage migration, antigen processing, and presentation and dendritic 986 
spine development in Mo/Mφ (red) and microglia (MG, blue) along with the pseudotime. 987 

(B) A representative UMAP projection showing the enrichment of pathways related to angiogenesis, 988 
inflammation response, neuroprotection and protein secretion. Size of the bubbles indicated the 989 
number of cells. 990 

(C-H) Heatmap indicating the enrichment of pathways related to cell cycle (C), metabolism (D), 991 
immunology (E), phagocytosis and neuroprotection (F), response to stimulus (G), and signaling 992 
pathways (H). GSVA was applied to calculate the pathway enrichment based on the mean 993 
expression of genes within each subset. 994 

 995 
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 996 

Fig. 6. Common disease-associated pattern found in multiple CNS pathology. 997 

(A) Heatmap indicating the enrichment of disease-associated pathways. GSVA was applied to 998 
calculated the pathway enrichment based on the mean expression of genes within each subset. 999 

(B) Two-dimensional plots showing the enrichment scores for disease-associated pathways in 1000 
Mo/Mφ (red) and microglia (MG, blue) along with the pseudotime. 1001 

(C) Left, UMAP projections showing disease-associated microglia (DAM, red) and rest myeloid 1002 
cells (Rest, grey), disease-associated microglia score, and microglia-MG4-Cst7 score in myeloid 1003 
cells from 5xFAD mice (data from GSE98969), aging mice (data from GSE121654), Ck-p25 mice 1004 
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(data from GSE103334), EAE mice (data from GSE118948), and LPC mice (data from 1005 
GSE121654). Right, violin plots showing the disease-associated microglia score and microglia-1006 
MG4-Cst7 score of disease-associated microglia (DAM, red) and rest myeloid cells (Rest, grey) for 1007 
corresponding datasets. GSVA was applied to calculate the disease-associated microglia score and 1008 
microglia-MG4-Cst7 score. Marker gene lists of disease-associated microglia were concluded from 1009 
the previous studies (Table S4). 1010 
  1011 
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 1012 

Fig. 7. Composition of the TCGA LGG/GBM cohort and the clinical implication. 1013 

(A) Composition of the TCGA LGG/GBM cohort by infiltration of peripheral immune cells and 1014 
dominant myeloid cells. 1015 

(B) Heatmap showing the composition of the tumor microenvironment defined by the MCP-counter 1016 
Z-scores. 1017 

(C) Heatmap showing the abundance scores for microglia, MG-MG0-P2ry12, Mo/Mφ, Mono-1018 
Mo2-Sell and Mφ-MP2-Mrc1 subsets defined by the MCP-counter Z-scores. 1019 
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(D) Kaplan-Meier analysis showing the survival probability of patients in each composition of the 1020 
TCGA LGG/GBM cohort. The number of patients and the risk classification are indicated in the 1021 
figure. Significance was calculated using the log-rank test. High, Mid, or Low represented high, 1022 
median, or low infiltration of peripheral immune cells. Mo/Mφ-dom, monocyte and macrophage 1023 
dominant subgroup. MG-dom, microglia dominant subgroup. n, number of patients. MST, median 1024 
survival time. 1025 

(E) Left, Kaplan-Meier analysis showing the survival probability of patients, characterized by either 1026 
high (blue) or low (red) abundance of quiescent microglia (left), macrophages (middle) and 1027 
monocytes (right) subsets, respectively. Right, marker genes used to estimate the abundance of 1028 
corresponding subset with MCP-counter. 1029 

(F) Histograms showing the proportion of patients in various classifications of the TCGA 1030 
LGG/GBM cohort.  1031 
 1032 
Supplementary Materials 1033 

Fig. S1. Validation of reporter mice and gating strategy for myeloid cells. 1034 

Fig. S2. Expression of cluster markers. 1035 

Fig. S3. Expression of marker genes for pan-myeloid cells, microglia and Mo/Mφ. 1036 

Fig. S4. Single-cell profiling of myeloid cells in human glioma sample. 1037 

Fig. S5. Signaling and metabolic pathway enrichment of myeloid cells in human glioma sample. 1038 
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Table S2. Featured genes of microglia and Mo/Mφ clusters. Figure 3 and Figure 4 related. 1042 
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