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Single-cell RNA sequencing reveals functional
heterogeneity of glioma-associated brain
macrophages
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Microglia are resident myeloid cells in the central nervous system (CNS) that control
homeostasis and protect CNS from damage and infections. Microglia and peripheral myeloid
cells accumulate and adapt tumor supporting roles in human glioblastomas that show pre-
valence in men. Cell heterogeneity and functional phenotypes of myeloid subpopulations in
gliomas remain elusive. Here we show single-cell RNA sequencing (scRNA-seq) of CD11b+
myeloid cells in naive and GL261 glioma-bearing mice that reveal distinct profiles of microglia,
infiltrating monocytes/macrophages and CNS border-associated macrophages. We demon-
strate an unforeseen molecular heterogeneity among myeloid cells in naive and glioma-
bearing brains, validate selected marker proteins and show distinct spatial distribution of
identified subsets in experimental gliomas. We find higher expression of MHCII encoding
genes in glioma-activated male microglia, which was corroborated in bulk and scRNA-seq
data from human diffuse gliomas. Our data suggest that sex-specific gene expression in
glioma-activated microglia may be relevant to the incidence and outcomes of glioma patients.
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nnate immune cells are abundant in the tumor micro-

environment (TME) and play pivotal role in tumor progres-

sion and modulation of responses to therapy!. High numbers
of macrophages within the TME have been associated with poor
prognosis in many cancers, because those tumor-educated cells
suppress antitumor immunity, stimulate angiogenesis, and pro-
mote tumor invasion?. The central nervous system (CNS) is
equipped with resident innate immune cells: microglia, and CNS
border-associated macrophages (BAMs) that migrate to the CNS
during the prenatal life and maintain a long-lasting population. In
malignant gliomas, both local microglia and circulating mono-
cytes (Mo) migrate to the TME and differentiate into tumor
supporting cells, commonly referred to as glioma-associated
microglia and macrophages (GAMs). Reliable identification of
specific subpopulations is hampered by a shortage of specific
markers3. Transcriptome profiling of bulk CD11b* cells isolated
from human glioblastomas (GBMs) and rodent gliomas showed a
mixture of protumorigenic and antitumorigenic phenotypes, and
did not reveal consistent markers and pathways*°. Recent
reports showed that GAMs consist of diverse cell populations
with likely distinct roles in tumor progression’~10. Dissecting the
TME composition and functional heterogeneity of tumor-
infiltrating immune cells would extend the understanding of
glioma immune microenvironment, and allow to modulate
functions of distinct subpopulations for therapeutic benefits.

Sex differences in incidence (male-to-female ratio of 1.6:1),
transcriptomes, and patient outcomes in adult GBM patients have
been previously reported!!. Sex-specific disease outcomes can be
related to immune functions, because the efficacy of cancer
immunotherapy in humans was shown to be largely depending
on sex, with better outcomes in males!?. In naive mice, male
microglia show enrichment of inflammation and antigen
presentation-related genes, whereas female microglia have higher
neuroprotective capacity!>!4. Until now, sex differences have
been largely unexplored in animal studies on glioma
immunobiology.

Here, we used single-cell RNA sequencing (scRNA-seq) to
decipher the composition and functions of GAMs in murine
experimental GL261 gliomas grown in male and female mice. We
demonstrate distinct transcriptional programs of microglia (MG),
monocytes/macrophages (Mo/M®), and CNS BAMs. The iden-
tified MG and Mo/M® signature markers allow for a separation
of these cells within glioma TME. Intracranial gliomas activate
similar transcriptional networks in MG and Mo/M® present in
TME. However, transcriptional responses of Mo/M® are more
pronounced and associated with activation of immunosuppres-
sive genes. In males, MG and a fraction of Mo/M® infiltrating
gliomas show higher expression of the major histocompatibility
complex II (MHCII) genes, suggesting stronger activation of male
MG. Altogether, this study demonstrates considerable cellular
and functional heterogeneity of myeloid cells in TME and is
suggestive of sex-specific differences in responses of myeloid cells
to gliomas.

Results

Single-cell RNA-seq identifies myeloid cells with distinct
expression profiles among CD11b* cells from naive and
glioma-bearing brains. We employed a murine orthotopic
GL261 glioma model, because tumors established from
GL261 cells recapitulate many characteristics of human GBMs
and are frequently used in studies of glioma immunology,
immunotherapy, and in preclinical studies!”. To assess the het-
erogeneity of GAMs in GL261 gliomas, we performed scRNA-seq
on CD11b™ cells sorted from naive and tumor-bearing brains of
male and female mice (two replicates per group, two pooled mice

per replicate; Fig. 1a). We used nave brains as controls, because
scRNA-seq data for CD11b™ cells sorted from brains of naive and
sham-implanted animals did not indicate that the surgical pro-
cedure affects identified cell populations, their proportions, and
gene expression (Supplementary Fig. le-h). The tumor-bearing
animals were sacrificed 14 days post implantation. This time
point corresponds to a presymptomatic stage of tumorigenesis,
when GL261 tumors are restricted to a single hemisphere, show a
substantial infiltration of peripheral Mo/M®1%, and no signs of
necrosis that could affect perfusion (Supplementary Fig. la-d).
Using fluorescence-activated cell sorting, we sorted CD11b™ cells
with a particularly high purity (>96%) and viability (~95%;
Supplementary Fig. 1d). We did not detect differences in the
tumor size between sexes at this stage of the tumor growth
(Supplementary Fig. le).

To resolve the molecular profiles of CD11b* cells, we
performed scRNA-seq. After quality control and adjusting for
technical noise, single-cell transcriptomic profiles for 40,401 cells
and 14,618 genes were selected for the analysis (see “Methods”
section). We visually inspected the transcriptomic diversity of
computed clusters, projecting the data onto two dimensions by ¢-
distributed stochastic neighbor embedding (¢-SNE; Fig. 1b). To
characterize the cell identity of the obtained clusters, we applied
the immune cell marker panel (Fig. 1c) created with the
literature-based markers (Supplementary Table 1)37:8:10.17-30,
The cell identities were inferred by identifying significantly
overexpressed genes in each cluster.

Unsupervised clustering of each group demonstrated a similar
number of clusters between sexes (Fig. 1b). To avoid over-fitting,
we used the same parameters for all cluster analyses (see
“Methods” section) and this might have resulted in different
stratification of the analyzed conditions. However, this analysis
was done primarily to select cells for further processing.

For naive female and male CD11b™ cells, nine and eight
clusters were obtained, respectively. Gene expression profiles
underlying a specific cluster could reflect different functions of
contained cells or their different origin from various brain
structures. To dissect functional meaning of gene expression
underlying microglial clusters (MG), we explored the available
information on microglial phenotypes?%21:31:32, The predominant
cluster MG1 characterized by relatively high expression of
microglia-enriched genes (Crybbl, Cst3, P2ryl12, and Prosi)3!
may reflect a subpopulation of homeostatic microglia (Hom-
MG). Cluster MG2 is characterized by a high expression of
immediate early genes (Jun, Junb, Jund, Fos, Egrl, KIf6, and Aft3)
encoding transcription factors, and may encompass a subpopula-
tion of transcriptionally active cells (Supplementary Data 1).
MG?2 shows also an increased expression of Nfkbia encoding an
NFkB inhibitor alpha. Cluster MG3 is marked by high expression
of genes coding for signaling inhibitors: Bmp2k and transcrip-
tional repressors: Bhlhe41, Ncoa3, and Notch2 (Supplementary
Data 1). The transcription factors Bhlhe40 and Bhlhe41 directly
repress the expression of lineage-inappropriate genes in alveolar
macrophages3. Ncoa3 in association with nuclear receptors
represses  expression of inflammation mediators and
activates genes encoding anti-inflammatory mediators34. Three
microglial clusters represented by a smaller cell number: MG4,
MGS5, and MG6 were identified in female naive CD11b™ cells.
MG4 did not show cluster-specific genes. MG5 showed
increased expression of myelin specific genes: Plpl, Pltp, and
Mbp, which are found in microglia with increased myelin
uptake32. Among top highly expressed genes in MG6, we found
Cd63 and Cd9 encoding proteins that are enriched in extracellular
vesicles3?.

In both male and female CD11b* cells from naive brains, we
identified preMG cluster characterized by an increased expression
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Fig. 1 Identification of immune cell populations in control and tumor-bearing brain hemispheres. a Scheme of the experimental workflow. The used brain
image was modified from Database Center for Life Science. b t-SNE plot demonstrating clustering obtained for each group (female control, female tumor,
male control, and male tumor), two biological replicates were combined. Clusters annotations: MG microglia, preMG premature microglia, Mo monocytes,
intMoM® intermediate monocyte-macrophage, M® macrophages, BAM CNS border-associated macrophages, DCs dendritic cells, Ncam1+ Ncam1-
positive cells, NK natural killer cells, NKT natural killer T cells, B cells B lymphocytes, T cells T lymphocytes. € Expression of “signature” genes selected from
the immune marker panel for identification of a cluster cell type (Supplementary Table 1). d Pie charts demonstrating distribution of the identified cell types
across samples.

of microglial genes (Tmem119, P2ry12, and Crybbl) and genes Among CD11b* cells from tumor-bearing hemispheres, we
characteristic for their premature state (Csfl, Mcm5, and Ifit3)?!  identified 13 clusters for both sexes. In TME-infiltrating MG,
(Fig. 1c). PreMG upregulated genes encoding a cysteine protease  besides the presence of previously described clusters MG1-2, we
inhibitor (Cst7), cytokines (Mif and CsfI), chemokines (Ccl12, found a MG7 cluster characterized by increased expression of
Ccl3, and Ccl4), genes involved in a response to interferon (IfitI, genes encoding the components of MHC class I (B2m, H2-DlI,
Ifit3, Ifit3b, Ifitm3, and Irf7), and genes implicated in a ubiquitin- and H2-KI) and MHC class II (H2-Oa and H2-DMa), Bst2 and
like process of ISG-ylation (Isgl5 and Uspl8) that are activated Lgals3bp, upregulation of which has been reported in disease-
during inflammation (Supplementary Data 1). These microglia associated microglia®37, and Ccl12 encoding a cytokine critical
could represent surveying cells fitted to rapidly respond to for CCR2* Mo recruitment3. Among TME-infiltrating male
homeostasis dysfunction. MG, we found cluster MG8 characterized by a high expression of
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genes encoding proliferation-related proteins (Stmnl, Tubb5,
Tubalb, Cdkl, and Top2a), which is consistent with the observed
proliferation of MG within glioma TME, as previously
reported®¥. MG from tumor bearing animals show also
upregulation of Timp2, Serpine2, Cst7, and Ctsd, genes encoding
proteases or their modulators participating in reorganization of
extracellular matrix, which may reflect invasion supporting
properties. The identified MG clusters may represent a transient,
intermediate activation states of microglia.

In naive brains, MG comprised the vast majority of all sorted
cells (91% in females, 90% in males), whereas BAMs constituted
6% of cells in both sexes (Fig. 1d). Amongst CD11b™ cells
from male controls, we found a small subset of Mo (Ly6c2™, and
Ccr2t), natural killer (NK, Ncaml1t), and dendritic cells (DC,
Cd24a™).

In tumor-bearing brains, MG were still the most abundant cell
population (64% in females, 65% in males), although their
proportion decreased due to infiltration of Mo/M®, forming the
second main myeloid cell population of the TME (23% in females,
28% in males; Fig. 1d). For both sexes, we identified three clusters
of infiltrating Mo/M® that could be further characterized by an
inflammatory monocyte signature—Mo (Ly6c2high, Ccr2high, and
TgfbiloW), an intermediate state of monocyte and macrophage
signature—intMoM® (Ly6¢c2high and Tgfbihigh), and a differen-
tiated macrophage signature—M® (Ly6c2!o%, Ifitm2high, Ifitm3-
high and $100a6Migh; Fig. 1c). These results demonstrate dynamic
changes in Mo/M®-infiltrating gliomas. We found minor
populations of NK cells, DCs, NKT cells, and a marginal fraction
of B and T cells. CD11b™ is not expressed on lymphocytes, but
rare CD11b™ lymphocytes (<1%) may appear after activation of
the immune response?04l, Nevertheless, a vast majority of cells
were MG, Mo/M®, and BAM.

Assessment of new and known cell type-specific markers. To
identify the molecular features that distinguish naive and tumor-
associated myeloid cells, we performed further analyses on major
cell subpopulations. From all the conditions and replicates, we
extracted only the cells identified as MG, Mo/M®, and BAMs. In
all conditions, both scRNA-seq replicates similarly contributed to
these results (Supplementary Fig. 2), demonstrating good repro-
ducibility. The combined three cell subpopulations, projected on
the two-dimensional space using a Uniform Manifold Approx-
imation and Projection (UMAP) algorithm, formed three sepa-
rate groups (Fig. 2a and Supplementary Fig. 3). This observation
demonstrates a predominance of a biological signal over technical
artifacts or batch effects. To confirm cell identities, we performed
differential expression analyses between three subpopulations of
CD11b™ cells. Among the most highly upregulated genes in each
group (see “Methods” section for details of differential gene
expression analysis), we found the well-known microglial genes—
P2ry12, Sparc, Tmem119, Gpr34, Selplg, and Cx3cr1 (refs. 1942) in
MG, Mo—Ly6i and Ly6c2, and M® genes—Ifitm3 (ref. 19) in Mo/
M®, and BAM genes—Apoe, Ms4a7, and Mrcl (ref. 43) in BAMs
(Fig. 2b). The expression of Tmeml119, Cx3crl, P2ryl2, Gpr34,
Olfml3, and Sparc was enriched only in MG (Fig. 2b and Sup-
plementary Fig. 5a). Other genes expressed at a high level in MG
were also highly expressed in BAMs (Cd81), BAMs and Mo/M®
(Hexb and Cst3) or were found only in a fraction of cells (P2ry13
gene was expressed by <75% of MG cells; Supplementary Fig. 5a).
For Mo/M®, we found enriched expression of previously repor-
ted genes, such as Ifitm2, S100a6, and S100a11 (ref. 10), as well as
novel genes, namely Ms4a4c, Lgals3, Cripl, and Isgl5 (Fig. 2b and
Supplementary Fig. 5b). Ifitm3 was highly expressed by the Mo/
M® population, but appeared in a substantial fraction of MG,
showing its low specificity in Mo/M® within glioma TME. Highly

expressed genes in BAMs were Apoe and Ms4a7, recently pro-
posed as markers of CNS border macrophages*3. However, we
found these genes also highly expressed by Mo/M®, suggesting
that Apoe and Ms4a7 are not exclusive for BAMs in TME. Mrcl
showed high expression restricted to BAMs. In addition, we
found Pf4, Dab2, and F13al highly and specifically expressed by
BAMs (Fig. 2b and Supplementary Fig. 5c).

We aimed to identify markers for separation of MG and Mo/
M® in TME. From the top differentially expressed genes (ranked
by the average log fold-change value, all with adjusted
(Bonferroni correction) p value < 107190) in the MG and Mo/
M® groups (Fig. 2b), we selected candidate genes with enriched
expression in a majority of cells in the group of interest—
Tmeml119 (MG) and Lgals3 (Mo/M®; Fig. 2¢, d). Tmem119 was
proposed as a MG marker by Bennet et al.!°, who confirmed its
utility in CNS inflammation and nerve injury. Lgals3 encodes
galectin-3 (Gal-3), a lectin involved in tumor immunosuppres-
sion*%. Gal-3 is produced and secreted by M®, regulates IL-4
induced alternative macrophage activation*> and acts as Mo/M®
chemoattractant.

We assessed Tmem119 and Gal-3 expression in CD11b™ cells
from tumor-bearing hemispheres by flow cytometry at day 14
post implantation (Fig. 2e). Brains were mechanically processed
and dissociated enzymatically with DNase I to preserve
Tmeml19 surface expression (see Supplementary Fig. 6a and
“Methods” section). Gal-3 and Tmeml119 allowed for the
discrimination of two populations: Tmem119+Gal-3~ (75.2%
of cells) and Tmem119—Gal-3T (15.0% of cells), whereas
Tmem119%Gal-3T population was minor (Fig. 2e). These results
correspond to scRNA-seq analysis, in which 60% and 21.9% of
CD11b™ cells expressed only Tmeml119 or Lgals3, respectivel?r.
We assessed Tmem119 and Gal-3 expression in CD11b+CDA45'°
and CD11bTCD45M cells, in order to compare these marker
candidates with the previously used method. Interestingly,
the two methods produced similar separation, as 89.5%
of CD11bTCD45 cells were Tmeml19+ and 83.4% of
CD11bTCD45M cells were Gal-3* (Fig. 2e).

Among the highly upregulated Mo/M® genes, we found
candidates enriched in discrete subpopulations of Mo/M®. The
high Ly6c2 expression was found in a large cell fraction, which
could be further divided into Ly6c2MghCerzhigh Mo and
Ly6c2highTefbihigh  monocyte/macrophage  intermediate ~cells
(intMoM®; Fig. 2f,g). The remaining cells resembled differen-
tiated tissue macrophages (M®), because they lacked the markers
of the cytotoxic Mo (Ly6c2 and Ccr2) and had a strong
“macrophage signature” (Ifitm2high, §100a6Migh, and $100a11Migh;
Supplementary Fig. 5b).

Notably, we found a population of M® expressing Ccl22 and
Ccl5 genes, encoding chemokines important for T-cell recruit-
ment*®47 and Cd274, a gene encoding an immune checkpoint
protein PD-L1 (Fig. 2f, g). Such expression pattern suggests a
putative role of these cells in mediating the immunosuppressive
response. Flow cytometric analysis confirmed that PD-L1
expression is restricted to the CD11bTCD45high population
(Fig. 2h). Distribution of Ly6C and PD-L1 among CD45hi
population indicates that those proteins denote distinct popula-
tions among peripheral myeloid cells infiltrating gliomas:
Ly6ChighPD-L1~ intMoM® and Ly6Cl°"PD-L1+ M®(Fig. 2i
and Supplementary Fig. 6). Thus, we identified genes enriched in
the Mo/M® subpopulations (Fig. 2j).

We also examined the expression of genes recently proposed as
specific markers of Mo/M® in gliomas: Itga4 (ref. 7), Hp, Emilin2,
Sell, and Gda?® (Fig. 2f and Supplementary Fig. 5d). The
expression of Itga4 (CD49d) was low and limited mostly to the
M® subpopulation, resembling differentiated macrophages and
expressing a high level of Cd274 (PD-L1). However, flow
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Fig. 2 Transcriptomic characterization of main myeloid subpopulations. a Projection of cells combined from clusters identified as microglia (MG),
monocytes/macrophages (Mo/M®), and BAMs from all groups. b Top ten differentially expressed genes for the three main identified cell populations,
new marker candidates are in bold. ¢, d Feature plots depicting genes highly expressed in MG (¢) and MoM® (d). e Flow cytometric analysis of the
distribution of Tmem119 and Gal-3 protein markers within CD11b™ cells and projection of Tmem119+ and Gal-3* cells onto CD45/CD11b graphs, dot plots
demonstrate percentages of Tmem119+ and Gal-3+ cells within CD45N and CD45!° groups (n= 8, 4 males, and 4 females, two-sided Mann-Whitney
U test, mean = SD, *** < 0.001, Tmem119 Pv = 0.0002, Gal-3 Pv = 0.0002). f Feature plots depicting distribution of the expression of genes discriminating
monocytes (Mo), monocyte-macrophage intermediate (intMoM®), and macrophage (M®) subpopulations. g Density plots demonstrating the expression
level of markers discriminating the Mo/M® subpopulations. h Flow cytometry analysis of CD49d and PD-L1 proteins within CD11b™ cells and their
projection onto CD11b/CD45 graphs, dot plots demonstrate percentages of CD49d+ and PD-L1+ cells within CD45h and CD45/° groups (n = 4, 2 males,
and 2 females; two-sided Mann-Whitney U test, mean + SD, * < 0.05, CD49d Pv = 0.0286, PD-L1 Pv=0.0286). i Flow cytometry analysis of the
distribution of the markers discriminating Mo/M® subpopulations within CD11bTCD45hi cells, dot plots demonstrate percentage of CD11b+CD45N cells
that belong to the defined populations (n =4, 2 males, and 2 females; two-sided Mann-Whitney U test, mean = SD, * < 0.05, Ly6C CD49d Pv = 0.0286,
Ly6C PD-L1 Pv=0.0286). j UMAP plot showing clusters of Mo/M® subpopulations.
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cytometric analysis showed that the CD49d protein is expressed
by 72.1% of CD11b+tCD45M cells (Fig. 2h), out of which 66.2%
are Ly6Chi and 24.5% Ly6Cl (Fig. 2i), demonstrating that CD49d
protein is expressed in both monocytic and macrophage fraction
of bone marrow-derived macrophages (BMDM). CD49d was not
found in CD11b*CD45° cells, which corroborated its specificity
toward the Mo/M® compartment. The expression of Hp,
Emilin2, Sell, and Gda, the markers suggested in recent meta-
analysis of bulk RNA-seq data sets, and validated at RNA and
protein levels?3, was found in the fraction of Mo (Ly6c2M and
Ccr2hi; Supplementary Fig. 5e). Expression of Tgm2 and Gpnmb,
previously reported as the genes commonly upregulated by
GAMs across different glioma animal models and in a bulk RNA-
seq of patient-derived samples, was limited to the small fraction
of Mo/M® (Supplementary Fig. 5e). This observation shows how
bulk RNA-seq results may be biased by genes expressed at a high
level in a small subset of cells.

Summarizing, we validated the expression of known markers at
the single-cell level, and obtained a coherence of selected
microglia and BAM markers in our data set with literature data.
In contrast, Mo/M® in TME showed substantial heterogeneity
that is likely related to their differentiation state.

Distinct gene expression profiles of glioma-associated micro-
glia and monocytes/macrophages. Distribution of cells accord-
ing to the experimental conditions (naive vs tumor) revealed
separation of functional subgroups of MG. This separation was
further supported by the unsupervised clustering that led to
clusters either highly enriched in the cells from naive brains
representing Hom-MG or clusters dominated by cells originating
from the tumor-bearing hemispheres representing Act-MG
(Fig. 3a and Supplementary Fig. 7). This result demonstrates
activation of MG within TME. Mo/M® cell fraction is composed
of the TME-infiltrating Mo/M®. BAMs from naive and tumor-
bearing brains distributed evenly and did not show any clusters of
cells originating predominantly from tumor-bearing hemispheres
(Fig. 3a).

Using MG and Mo/M® scores (defined as an average of
expression levels of genes restricted to and highly expressed in a
given population; Fig. 3b), we examined whether microglia and
macrophage “signature” gene expression is modified in TME. We
found a shift toward the lower “microglia signature” score in MG
from the tumor-bearing brains compared to those from the naive
brains (Fig. 3c). Still, the “microglia signature” in MG from
the tumor was strong and distinguishable from Mo/M®, allowing
for clear separation of the two cell populations. Similarly,
the “macrophage signature” score was high and distinctive
for the Mo/M® population. Using selected markers, we
performed hierarchical clustering of cells according to the
expression of reported microglia and macrophage markers,
resulting in clear separation of microglia and Mo/M® (Fig. 3d).
This observation indicated that the expression of signature genes
is retained even under the strong influence of the glioma
microenvironment.

We separated distinct CD11b™ subpopulations: MG
(Tmem119high) and Mo/M® (Gal-3high) by flow cytometry
(Fig. 2e). Using immunostaining, we studied spatial localization
of those populations in TME. We demonstrate that Tmem119™
MG adopt an amoeboid morphology in the tumor proximity
and localize abundantly at the tumor edge, whereas Gal-3+ Mo/
M® accumulate mostly within the tumor mass in both female
(Fig. 3e) and male animals (Supplementary Fig. 8). This
finding confirms previous reports demonstrating that MG occupy
the tumor periphery and Mo/M® localize mostly within the
tumor core®48,

Altogether, we show that MG undergo glioma-induced
activation associated with slight reduction of “microglia signa-
ture” gene expression, but both MG and Mo/M® retain
expression of “signature” genes within TME. Staining for
Tmeml119 and Gal-3 separates MG and Mo/M® in murine
gliomas.

Transcriptional networks induced in microglia by glioma are
present and more pronounced in infiltrating monocytes/mac-
rophages. As demonstrated above, MG and Mo/M® have distinct
gene expression profiles. To elucidate their roles in supporting
glioma growth, we examined the transcriptional networks acti-
vated in MG and Mo/M® in TME. Firstly, we extracted genes
highly upregulated in microglial cells from glioma-bearing brains
(significantly upregulated genes in Act-MG compared to Hom-
MG). Subsequently, we compared those profiles in Act-MG and
Mo/M® cells (Fig. 4a) to find genes either common or specific for
each subpopulation. We found that the majority of genes upre-
gulated in the Act-MG are also expressed by Mo/M®, and their
expression is usually higher in Mo/M® than Act-MG (Fig. 4b, c).
Among commonly induced genes, we found Ifitm3 and a group of
genes encoding MHCII proteins (H2-Aa, H2-Abl, H2-DI,
and H2-K1). Expression of Ifitm3 has been reported to demarcate
M® from MG!0. We demonstrate that Ifitm3 is highly expressed
in Mo/M®, but also in Act-MG (Fig. 4b, c). Act-MG showed a-
high expression of Ccl3, Ccl4, and Ccll2 (chemokine-encoding
genes) when compared to Mo/M®. In contrast, Mo/M®
were characterized by high expression of Ifitm2 and Ccl5 gen-
es (Fig. 4b, ¢).

Next, we performed Gene Ontology (GO) analysis of biological
processes on two sets of genes—genes significantly upregulated in
Act-MG compared to Hom-MG (Fig. 4d), and genes significantly
upregulated in Mo/M® compared to the Act-MG (Fig. 4e). Gene
expression in Act-MG was enriched in terms “cytoplasmic
translation”, whereas terms “purine monophosphate metabolic
process” were enriched in Mo/M®. All other terms were directly
related to the immune function and largely shared between
upregulated genes in MG and Mo/M®. Both populations showed
induction of genes related to “response to bacterium” and
“response to interferon gamma”; however, those terms encom-
passed the broader number of genes for Mo/M®. In addition,
Mo/M® demonstrated the enrichment of “response to interferon-
beta” genes. The genes coding for MHCII components (e.g., H2-
Aa, H2-Abl, and H2-EbI) are upregulated in both Act-MG and
Mo/M®; however, in Act-MG, these genes are represented under
“antigen processing and presentation” and “response to inter-
feron gamma” terms, and in Mo/M® they are represented only
under “response to interferon gamma” term.

Several shared genes (Cd52, Statl, Isgl5, and Uspl8) were
expressed at a higher level in Mo/M® compared to their levels in
Act-MG (Fig. 4f). Proteins encoded by those genes are involved in
immune responses: CD52 mediates co-stimulatory signals for
T-cell activation and proliferation?”; Statl is a mediator of
interferon signaling; Isgl5 stabilizes Statl preventing premature
termination of an inflammatory response®’; Uspl8 negatively
regulates Stat] expression and termination of interferon-induced
genes®!. Such expression patterns may indicate that both MG and
Mo/M® initiate some elements of the immune response, with
more prominent activation in Mo/M®. Among genes that were
highly expressed in Mo/M®, we found IlIb coding for an
inflammatory cytokine IL-1f along with IlIrn and Il18b coding
for the inhibitors of pro-inflammatory cytokines (Fig. 4g). These
data, together with the high expression of Cd274 coding for PD-
L1 in Mo/M®, suggest stronger activation of immunosuppressive
pathways in Mo/M® (Fig. 4g).

6 | (2021)12:1151 | https://doi.org/10.1038/s41467-021-21407-w | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

MG score
a b (Tmem119, P2ry12, Cx3cr1, Olfml3, Sparc, Gpr34) C . control . fumor
MG [ Mome ]
Pv<2.2e-16
Pv<2.2e-16
——— Pv=3.25e-7
4
23
O
i 2]
o2
=
N 1
S
< 0
> GvAp T [ 18542 13 113 185 5026 |
Mo/M® score control  tumor control  tumor
Ifitm2, S100a6, S100a11, Lgals3, Isg15, Ms4a4c, Crip1
{ 92153, Isg 2l M ][ Momo |
Pv=1.36e-6
g o4
5 8
. control “om ®3
3
; X I
‘ tumor I =2
O
N, =
o
5 3 ‘ eis L 18542 13113 185 5026 ]
UMAP_1 UMAP_1 control  tumor control  tumor
d Pv<22e-16

B
|

merged

condition
group

H ‘Selp/g condition
P2ry12 M control [l tumor
Tmem119 group
Cx3crt BMG [ Mo/M®
P2ry13 expression
Tgfbi ¥ -H )
Ifitm2 ow 9
S100a11
S100a6

Fig. 3 Tumor-derived microglia and macrophages form separate cell populations. a UMAP plots demonstrate the distribution of CD11b™ cells from naive
and tumor-bearing mice. b Distribution of MG and Mo/M® “signature” gene scores (presented as an average of expression of the selected genes).

¢ Density plots of MG and Mo/M® scores across MG and Mo/M® populations demonstrating no overlap of a specific “signature” between the two cell
populations, two-sided Wilcoxon signed-rank test. d Cell hierarchical clustering according to the expression of reported macrophage markers
demonstrating bimodal cell distribution, two-sided Fisher's exact test. @ Immunohistochemical staining for microglia (Tmem119+ and Gal-37) and Mo/M®
(Tmem119~ and Gal-31) shows the localization of specific immune cells within the tumor and its surroundings in female animal (for male, see
Supplementary Fig. 8); a dashed line marks the tumor edge; scale, 100 pm; the staining was performed for three animals, four sections each, a

representative image is shown.

| (2021)12:1151 | https://doi.org/10.1038/s41467-021-21407-w | www.nature.com/naturecommunications


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-021-21407-w

v v //isz.iw2 Hs[ oL ¢

Hom-MG@ACt-MG « Mo/M® Differential gene expression analysis diffusion maps generation H2-Ab1
Hom-MG vs @ Act-MG

IS

— Tmsb30 H2; AaA.Doe 3 o4
g Lgals3  pp-gp1 '.

@ ActMG  vs ) MoMo @ ) Lym\ms ,\.. ‘5 S
/\ ‘ Lys, »

o &
m S

Ass1 o .
Sz g& f oo

intMoM® @ Mo n1m

‘ = o
UMAP_1 %4 g,
. (26/4 C{a/ 12

8Co
fago8
0 ®Act-MG Mo/M® e common|

DE genes comparision Gene network analysis

N

expression level in Mo/M®
w

0 i 2 3 4 5
expression level in Act-MG

Ccl3
c d oo,
yec2 Lyzz Fau_ Si2 Bstz
3
Ccl5 Fegrd i Cag? Gbp7, statt Ifitm3
Ly6i Sp110, /rzo4Cd180 Ccl12 -~ [Cxcl16_response to
Ael,sll‘;;4c Mpeg, < “Jrgm1— interferon-gamma
Lyz2 Lps26 em. Mg response to Gb%zlz Gapdh
Cl
! (Lgalss Rpl10a JRpl38 Ly6a= Ly bacterium < F ,_?: _:M
», —Aa
B awiraoto s Isg15e 2% S H2\07) A ent
dc Rplp0 < . H2-T123°%¢g!

Rpl3 -
AA467197 s 9'Usp18 Rps19, Fegrt,® eH2-K1 %

1fi205 Rplf8a cytoplasmic Cebpb” anfigen " Fal2
" Ho- igen processing s °
gfgggg Rps fraggtation Trim308 Lgals9 M'E‘Bzm and presentation  12-02
© JRelt7 TaP2. o1l killing i
_l7l'msb10 Ros2 \Resa Hz-lgs1p90ab1 °Cd74
i1 Roi24 s, VY [Stapg \, "TP0P
Mndal Bp/19R <2 H2-T22 H2-Q4 '~ °H2-DMb1
Elfrt:1 P; Ctsc 3 Pgmb&
Anxa2 Frats PmeT 13-k
Fryds fold change
I3 A
Cd74
—HZ-AM e Ifnart AA467197C)W,10 Lyz2
Ccl12 L/{af. Fau Ta p2 M olyba
H2-Aa Cebpb 97 ® Fogrd S 110" 119 Plaat3
H2-Eb1 ¢y o Heycb P10 111m pafC3 e Cd52
Ifi2712a 0xc/9 Slapf8 Myd88 Gpx1® Sln2 Xaft
ooty Rps19 «Placg’ Y/1b Jupb 2 ©Psmb9 ”
Axl *Cap74 Acp5 kazuan33 s S Tnfreflh 1206
Snx3 . Rgs] P Kkt Mndal "~ /fit3 °i209
98] Nfkbib bacterlum
Isg15° = zég” *ifi211 “1fi203
Cd47 Gbp5c /5 Stat1 B:ég; ' ligpt ’f204 cellular response .’fl47
b4 Cxcl16 = ~— tointerferon-beta o/fi213
H2-Aa Gel 1V/m Gbp3 2 ’g response-to 207
© Actr3 Gbp: interferon-beta
Cap‘q .
response-to Ifitm3
zyxgbp4. H2-Q9 —interferon-gamma fitm2 1
Actg1® Socs1 ftme i leoside  Atpsl 9SEIfB
3 Rabzo purine nucleoside .p Ak2 ng1
H2-Q7 © JGsn Gapyh monoph_osphate *Atp5h 3 oLdha
H2-AbT m otibns me&abohc process oPQGM1_Tspo.GpI.1
Ho-Eb1 P AdSS”AtpSk_ Tp,, o Pid1__ Aprt oHifla
7e . SUqgcrfst Pkm ®Cox5a
Hom-MG Act-MG Mo/M® C",’\‘/u;” 9 Pﬂ(p‘:’p&” f’p5e * o GoTaz
- ler3
5 Cox4i1 ® ®Atp6v1b2 fold change
expression level Atp5o Uqcrq Hspa8 Aldoa -
o — p—
f 0 Hom-MG [ Act-MG [ Mo/M® Hom-MG  @Act-MG ) Mo/M® I Mo @intMoM® @ Mo
Cd52 Usp18 Isg15 Stat1 Ifitm3
5
Ed s 4 : 4
3
_53 2 3 2 3
§2 2 2
%1 ! 1 f 1
0 [ 0 o 0
g cell types
111b Mrn nms 1118bp Cd274 3
4 4 3
2, 3 2 2
g 2
?2 2
% 1 ; 1
8 1 o o
04 04 o o o [ =
FLE_1 FLE_1

cell types

Fig. 4 Functional analysis of glioma-activated microglia in comparison to tumor-infiltrating monocytes/macrophages. a Scheme of the analytical
approach. b Scatter plot depicting expression levels of differentially upregulated genes in Act-MG and Mo/M®. ¢ Heatmap showing the comparison of
expression of top 25 upregulated genes in Hom-MG vs Act-MG and Act-MG vs Mo/M®. d, e Gene Ontology analysis of biological processes for genes
upregulated in d Act-MG compared to Hom-MG and e Mo/M® compared to the Act-MG. f, g Expression level of selected genes expressed specifically in
distinct subpopulations. h, i Visualization of cells projection on two-dimensional FLE (force-directed layout embedding) space.

8 NATURE COMMUNICATIONS | (2021)12:1151 | https://doi.org/10.1038/s41467-021-21407-w | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

In addition, we used scSVA tool>? to generate single-cell
diffusion maps and to obtain visualization of our data set on
force-directed layout embedding (FLE; Fig. 4h, i). Using
previously assigned cell identity labels, we demonstrate with a
different computational approach, how cells from each cluster are
projected onto two-dimensional space. Analysis showed similar
patterns of cell distribution for Hom-MG, Act-MG, and Mo/M®
cells on FLE (Fig. 4h) as on UMAP (Fig. 3a), as well as for
subpopulations of Mo/M® cells (Figs. 4i and 2j, respectively).
Expression profiles of Mo and M® suggest to some extent that
transition from Mo to intMoM® to differentiated macrophages
takes place in glioma microenvironment.

Sex-related differences in microglial expression of MHCII
genes. Sex is an important prognostic marker in GBM patients
influencing incidence and disease outcomes!'l. Differences
between male and female MG in naive mice have been repor-
ted!314, We examined whether there are sex-related differences in
gene expression in main myeloid populations in gliomas. The
unsupervised cell clustering showed that microglia from glioma-
bearing brains, but not from naive brains, segregate into clusters
that are enriched either in cells originating from female or male
(Fig. 5a and Supplementary Fig. 10a). Similarly, we observed the
sex-driven cell grouping within the intMoM® subpopulation,
pointing to differences in immune cell activation in male and
female mice (Fig. 5a and Supplementary Fig. 10b).

In Act-MG from males, among most highly upregulated genes
are H2-Abl, H2-Ebl, and H2-Aa coding for the components of
MHCII and Cd74—encoding an invariant MHCII chain impli-
cated in folding and trafficking of the MHCII proteins (Fig. 5b).
The increased expression of the MHCII genes and Cd74 was
found in the male-dominated cell clusters in the Act-MG, but also
in the intMoM® (Fig. 5c). Accordingly, the cells with the high
expression of MHCII and Cd74 genes were enriched in Act-MG
and intMoM® in males. This enrichment was not observed in
Hom-MG, Mo, M®, and BAMs (Fig. 5d).

We verified the difference in Cd74 and MHCII genes
expression in another model: male- and female-derived murine
primary microglial cells cocultured with GL261 cells (Fig. 5e).
Expression levels of the selected genes were sex-dependent with
higher expression in male- compared to female-derived cultures.
The non-stimulated microglia derived from males also showed
increased expression of MHCII genes, which might suggest an
intrinsic capability of male microglia to overexpress MHCII genes
that is detected already in immature microglia.

IntMoM® in males upregulated Mif encoding a macrophage
migration inhibitory factor. MIF stimulates CCL2-mediated
macrophage migration and cell proliferation®3, and in glioma
TME it suppresses antitumoral microglia activity via activation of
CD74 (ref. >4). The increased Mif expression in cells with high
expression of MHCII genes was restricted to intMoM® and not
detected in the Act-MG (Fig. 5f). Although high expression of
MHCII genes was found in Act-MG and intMoM® from males,
its implications in different subpopulations may differ in gliomas.

In addition to the two independent animal and in vitro models,
we observed the similar differences in expression of MHCII genes
in human samples. We performed an analysis of the MHCII gene
expression using bulk RNA-seq on MG and BMDMs derived
from WHO grades 1I-IV glioma patients®® (Fig. 5g, left panel)
and human data sets obtained in single-cell studies on MG from
WHO grade II glioma patients!®>¢ (Fig. 5g, right panel). In line
with our findings on mouse gliomas, an average expression of
the MHCII genes was higher in males (Fig. 5g). Female samples
were underrepresented in this analysis, despite including all data
sets from single-cell studies on human gliomas, where sex

information was provided. In addition, we tested the human
glioma expression data from The Cancer Genome Atlas (TCGA)
to determine if sex has an impact on the expression of MHCII
and CD74 genes. GBM samples were not discriminated by
expression of the selected MHCII and CD74 genes (data not
shown), irrespective of IDHI mutation status or M® content as
estimated with the xCell>’. However, the expression of MHCII
and CD74 genes stratified WHO grade II diffuse glioma patients
into the female-enriched MHCIIOV and the male-enriched
MHCIIMgh groups (Supplementary Fig. 11). This observation
shows that the differential regulation of genes coding for MHCII
complex between sexes is not limited to a mouse glioma model,
and those differences could be of clinical relevance.

Discussion

In the present study, we have used flow cytometry and scRNA-
seq to dissect the cellular and functional heterogeneity of GAMs.
scRNA-seq of CD11bT cells from naive brains revealed con-
siderable MG heterogeneity suggesting the existence of various
functional states of MG in the brain. Main clusters expressed
homeostatic and signature genes (MG1)3!, immediate early genes
typical for transcriptionally active cells (MG2), or genes coding
for signaling inhibitors and transcriptional repressors (MG3)22-33.
PreMG cluster was enriched in the “microglia signature”, cyto-
kines, chemokines, and interferon response genes. Similarly,
recent work of Sankowski et al.>8 distinguished several microglial
phenotypes within healthy and diseased (glioma and brain
metastases) human brains, including a homeostatic subpopula-
tion upregulating core microglia genes, a subpopulation expres-
sing high levels of cytokine genes, and a subpopulation enriched
in MHCII genes expressing cells®®. However, the study did not
discriminate peripherally derived M® among GAMs, which could
interfere with the characterization of the microglial subsets.

MG and BMDMs accumulate in human GBMs and support
glioma progression by augmenting tumor invasion, angiogenesis,
and inducing immunosuppression?. Our main goal was to iden-
tify markers and functions of distinct myeloid subpopulations in
murine malignant gliomas. Identifying specific roles of various
subpopulations is critical for a cell population-specific interven-
tion. Transcriptomic analyses of bulk CD11b™" infiltrates from
human GBMs and murine gliomas showed a mixture of profiles
characteristic for both pro- and antitumor phenotypes*=¢. Cell
separation based on CD45 expression has been criticized as CD45
can be upregulated in microglia under pathological conditions®®.
Herein, we show that Tmem119 is highly expressed by MG (both
in control and glioma conditions), and Lgals3 (encoding Gal-3)
by infiltrating Mo/M® at RNA and protein levels. This pattern
allows efficient separation of Tmem1197" and Gal-3T cells within
CD11b* cells with flow cytometry. Interestingly, Tmem119 and
Gal-3 separation of CD11b" largely overlapped with CD45hi/lo
separation. Staining for Tmem119 and Gal-3 revealed a non-
uniform cell distribution within the tumor, with the pre-
dominance of Mo/M® (Gal-31) in the tumor core, and MG
(Tmem119+) occupying the tumor periphery. This observation is
in agreement with results showing a distinct spatial distribution
of microglia and BMDMs in lineage tracing experiments*3, high-
resolution two-photon imaging®, and a scRNA-seq study on
matched patient-derived samples from the tumor core and
periphery®.

MG and MO transcription regulatory networks adapt to
changing environments®1-62. Single-cell RNA-seq studies on
human GBMs suggested that MG and Mo/M® diminish their
signature of origin, forming a phenotypic continuum and
impeding clear separation®10. On the other hand a CyTOF study
showed that MG, Mo and M® cell fractions could be
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distinguished in both gliomas and brain metastases®. In our
study, the unsupervised cell clustering yielded three cell clusters
representing MG, Mo/M®, and CNS BAMs. When we tested
“microglia” and “macrophage” signatures, the “microglia sig-
nature” was indeed lower in glioma Act-MG, but its expression
was still high and distinguishable from Mo/M®. These

10

av. expression of MHCII genes

observations demonstrate that the transcriptional signature of cell
origin is retained in glioma TME.

Genetic lineage tracing studies showed BMDM accumulation
in GL261 gliomas and transgenic RCAS-PDGF-B-HA gliomas,
and the presence of distinct transcriptional networks associated
with tumor-mediated education in MG and recruited
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Fig. 5 Expression of MHCII and Cd74 genes is more abundant in microglia and monocytes/macrophages from gliomas in males. a Illustration of the
analytical approach. UMAP plot demonstrates the distribution of male and female cells across cell clusters and reveals sex-enriched areas in Act-MG and
Mo/M®. Differential gene expression analysis was performed for male vs female in Act-MG and Mo/M® groups, and expression level of top differentially
expressed genes (DEG) verified across all cell groups. b Volcano plots depicting DEG across sexes in Act-MG and Mo/M®-infiltrating gliomas. ¢
Expression of the most highly upregulated genes from males. d Density plots show enrichment of male cells in MHCII genes- and Cd74-high expressing
populations of Act-MG and intMoM®. e Gene expression analysis of MHCII and Cd74 genes in murine primary microglia cocultured with GL261 cells. Gene
expression differences determined by gPCR are depicted as dCt, with Actb as a housekeeping gene. f Violin and density plots demonstrate that Mif
upregulation is limited to the intMoM® MHCIIN cells; two-sided Chi-Square test. g Distribution of MHCII genes average expression in human data sets.
Left panel shows distribution of the MHCII genes level in microglia and monocyte-derived macrophage cells sorted from glioma grades II-IV samples
(males n=5, females n=3)5, and right panel in single microglial cells from WHO grade Il glioma samples (males n =5, females n= 2 (refs. 10.56),
Difference between the distribution was assessed with Kolmogorov-Smirnov test.

BMDMs748. We demonstrate that GL261 gliomas induce similar
transcriptional networks in MG and Mo/M®, however, the
induction is stronger in Mo/M®. This could be related to their
prevalent localization within the tumor core, in contrast to MG
occupying tumor periphery®#8. Mo/M® express numerous genes
related to immunosuppression, whereas, Act-MG show high
expression of genes encoding chemokines, acting as chemoat-
tractants from immune cells in mice®.

Mo/M® are heterogeneous and based on expression profiles we
distinguished Mo (Ly6c2hiCer2hi), intMoM® (Ly6c2hiTgfbihi),
and differentiated macrophages (Ifitm2h, S100a6h, and
S100a11M) expressing a high level of Cd274 (coding for an
immune checkpoint inhibitor—PD-L1). This is in line with a
single-cell proteome study on human gliomas demonstrating
transition of a Mo to a M®, as a result of tumor-specific edu-
cation®. The expression profiles of the identified subpopulations
together with patterns of cell distribution obtained with UMAP
and FLE diffusion maps suggest that Mo arrive as antitumor cells,
and undergo differentiation into protumorigenic M® in the
glioma microenvironment.

We found only a partial overlap with the recently proposed
M®-specific markers in gliomas37-?3, but the proportion of Mo/
MO subpopulations may depend on the particular tumor stage.
The occurrence of Mo/M® expressing an inflammatory II1b,
along with IlIrn and Il18b (coding for the inhibitors of pro-
inflammatory cytokines) and Cd274 is interesting for its clinical
relevance, suggesting that pro-invasive and immunoregulatory
functions are split between MG and M® in the glioma micro-
environment, respectively.

Another important finding refers to sex-dependent differences
in microglial responses to glioma. We report that male MG and
intMoM® from the tumor-bearing hemispheres show higher
expression of genes coding for MHCII components and Cd74.
Evaluation of the Cd74 and MHCII genes by qPCR in primary
MG cultures from male and female brains shows higher expres-
sion of these genes in male MG in cocultures with GL261 cells
and under basal conditions. While we did not detect the sex
differences in MHCII genes in Hom-MG by scRNA-seq, another
study on bulk CD11b* RNA-seq showed that MG from male
nalve mice express a higher level of MHCI and MHCII genes, and
are more reactive to ATP stimulation!3. The analysis of TCGA
and scRNA-seq human glioma data sets showed sex-related dif-
ferences in MHCII complex and CD74 genes in WHO grade 1I
diffusive gliomas, where antitumor immunity may influence
outcomes. Such differences were not detected in highly immu-
nosuppressed human GBMs. However, higher expression of the
MCHII genes was noted in a bulk RNA-seq data set of MG and
BMDMs immunosorted from human GBMs>>. Thus, this issue
should be further explored in human studies. Although women
are more susceptible to autoimmune diseases, men have a higher
risk of death for a majority of malignant cancers®. In the
immune checkpoint inhibitor therapy of various cancers, males

presented better therapeutic outcomes!2. While the source of sex
differences in cancer incidence and outcome remains unknown,
antitumor immunity is a plausible candidate.

In sum, MG in a naive brain are heterogeneous and represent
various functional states. Glioma cells attract and polarize MG
and peripheral Mo that migrate to CNS. Whereas infiltrating Mo
express some inflammatory markers, they likely differentiate into
immunosuppressive M® within the tumor. Those cells retain
their cell signatures, occupy different tumor niches, and display
various degrees of glioma-induced activation and specific func-
tions. Interestingly, we found the stronger upregulation of genes
of the MHCII complex in MG and a fraction of Mo/M® in male
than female mice. Further studies on glioma immunopathology
should explore this issue, ensure proper representation of both
sexes and avoid extending findings from single-sex studies to the
general population.

Methods

Animals. Ten-week-old male and female C57BL/6 mice were purchased from the
Medical University of Bialystok, Poland. Animals were kept in individually ven-
tilated cages, with free access to food and water, at the temperature of 21-23 °C,
50-60% humidity, under a 12h/12h day and night cycle. All experimental pro-
cedures on animals were approved by the First Local Ethics Committee for Animal
Experimentation in Warsaw (approval no 563/2018 and 764/2018).

Glioma cell lines. GL261 glioma cells obtained from Prof. Helmut Kettenman
(MDC, Berlin, Germany), were cultured in Dulbecco modified essential medium
(DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco, MD, USA) and
antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin) in a humidified
atmosphere of CO,/air (5%/95%) at 37 °C (Heraeus, Hanau, Germany).

GL261 luct/tdT™ cell line was developed from the GL261 cells. GL261 cells
were seeded in antibiotic-free medium and after 24 h transfected with pcDNA3.1
(4)/Luc2-tdT plasmid (Addgene) linearized with Notl restriction enzyme
(ThermoFisher) using Lipofectamine2000 (ThermoFisher). Cells were maintained
in a medium supplemented with 400 ug/mL G-418 Solution (Roche) until complete
death of mock-transfected cells. tdT-positive cells were enriched by fluorescence-
activated cell sorting, expanded and cryopreserved in FBS with 10% dimethyl
sulfoxide (Sigma-Aldrich).

Implantation of GL261 luc/tdT+ glioma cells. Mice (12-week-old) were kept
under deep anesthesia with 2% isoflurane during surgery. Using a stereotactic
apparatus, a single-cell suspension of GL261 lucttdT™ cells (80 000 cells in 1 pL of
DMEM) was implanted into the right striatum (+-1 mm AP, —1.5mm ML, and —3
mm DV) at the rate of 0.25 uL per minute. In sham-operated animals, 1 uL of
DMEM was injected. To confirm the presence of the tumor, 2 weeks after
implantation, animals received an intraperitoneal injection of 150 mg luciferin/kg
body weight 10 min prior to imaging with the Xtreme in vivo bioluminescence
imaging system (Bruker, Germany). The images were acquired at medium binning
with an exposure time of 2 min. X-ray images were acquired at the same mice
position with the Xtreme equipment. The signal intensity of the region of interest
was computed using the provided software.

Tissue dissociation. Two weeks after tumor implantation, mice with gliomas,
naive or sham-operated animals (controls) were perfused transcardially with cold
phosphate-buffered saline (PBS) to clear away blood cells from the brain. Further
processing was performed on the pooled tissue from two animals per replicate. The
tumor-bearing hemispheres and corresponding hemispheres from naive animals
were dissociated enzymatically to obtain a single-cell suspension with a Neural
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Tissue Dissociation Kit with papain (Miltenyi Biotec) or 0.5 mg/mL DNase I
(DN25, Sigma-Aldrich) in DMEM (Gibco, Germany) with 10% FBS for Tmem119
preparations and gentleMACS Octo Dissociator (Miltenyi Biotec), according to the
manufacturer’s protocol. Next, the enzymatic reaction was stopped by the addition
of Hank’s Balanced Salt Solution with calcium and magnesium (Gibco, Germany).
The resulting cell suspension was filtered through a 70 and 40 pm strainer, and
centrifuged at 300 x g, 4 °C for 10 min. Next, myelin was removed by centrifugation
on 22% Percoll gradient. Briefly, cells were suspended in 25 mL Percoll solution
(18.9 mL gradient buffer containing 5.65 mM NaH,PO,H,0, 20 mM Na,HPO,2
(H,0), 135 mM NaCl, 5mM KCl, 10 mM glucose, 7.4 pH; 5.5 mL Percoll (GE
Healthcare, Germany); 0.6 mL 1.5 M NaCl), overlayered with 5 mL PBS and cen-
trifuged for 20 min at 950 x g and 4 °C, without acceleration and brakes. Next, cells
were collected, washed with Stain Buffer (BD Pharmingen), quantified using an
EVE™ Automatic Cell Counter (NanoEnTek Inc., USA), and split for CD11b*
FACS and cytometric analysis.

Flow cytometry. Samples were constantly handled on ice or at 4 °C avoiding direct
light exposure. First, samples were incubated with Live/Dead Fixable Violet Dead
Cell Stain (ThermoFisher) or Fixable Viability Dye eF506 (eBioscience) in PBS for
10 min to exclude nonviable cells. Next, samples were incubated for 10 min with rat
anti-mouse CD16/CD32 Fc Block™ (BD Pharmingen) in Stain Buffer (BD Phar-
mingen) to block FcyRIII/II and reduce unspecific antibody binding. Then, cell
suspensions were incubated for 30 min with an antibody cocktail in Stain Buffer
(BD Pharmingen). For cell surface antigens the following anti-mouse antibodies
were used: from BD Pharmigen: CD45 (30-F11), CD11b (M1/70), and Ly6C
(AL-21); from BioLegend: CD49d (R1-2); from ThermoFisher: PD-L1 (MIH5); and
from Abcam: Tmem119 (106-6). For intracellular staining, Foxp3/Transcription
Factor Staining Buffer Set was used (eBioscence), following manufacturer’s
instructions. For intracellular antigens, anti-mouse Galectin-3

(M3/38 BioLegend) was used.

Antibodies were titrated prior to staining to establish the amount yielding the
best stain index. Samples were acquired using a BD LSR Fortessa Analyzer
cytometer. Data were analyzed with FlowJo software (v. 10.5.3, FlowJo LLC, BD).
Gates were set based on FMO (fluorescence minus one) controls and back-gating
analysis. Percentages on cytograms were given as the percentage of a parental gate.
All flow cytometry experiments were performed at the Laboratory of Cytometry,
Nencki Institute of Experimental Biology. For reagent specifications, catalog
numbers and dilutions see the Supplementary Table 4.

Sorting of CD11b™ cells by flow cytometry. Cells were incubated with Live/Dead
Fixable Violet Dead Cell Stain (ThermoFisher) in PBS for 10 min to exclude
nonviable cells (Supplementary Fig. 1d). Then, cells were suspended in Stain Buffer
(BD Pharmingen) at a density of 1 million cells per 100 uL and stained with anti-
mouse CD16/CD32 Fc Block™ (BD Pharmigen) for 10 min. Next, anti-mouse
CD11b antibody (M1/70, BD Pharmigen) was added and cells were incubated for
20 min at 4 °C, washed with Stain Buffer, and sorted to 20% FBS in PBS.

Single-cell RNA sequencing. Directly after sorting, cell quantity, and viability of
CD11b* cells were measured, and a cell suspension volume equivalent to 5000
target cells was used for further processing. Preparation of gel beads in emulsion
and libraries were performed with Chromium Controller and Single-Cell Gene
Expression v2 Chemistry (or v3 for naive vs sham-implanted experiment—Sup-
plementary Fig. 1; 10x Genomics), according to the Chromium Single-Cell 3/
Reagent Kits v2 (or v3) User Guide provided by the manufacturer. Libraries’
quality and quantity were verified with a High-Sensitivity DNA Kit (Agilent
Technologies, USA) on a 2100 Bioanalyzer (Agilent Technologies, USA). Next,
sequencing was run in the rapid run flow cell and paired-end sequenced (read
1-26 bp, read 2-100 bp) on a HiSeq 1500 (Illumina, San Diego, CA 92122 USA).

Single-cell RNA-seq data preprocessing and normalization. Raw sequencing
data (BCL files) were demultiplexed and converted to fastq files using the Cell-
Ranger v3.0.1 (10x Genomics)®®%7 (https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/installation) and bcl2fastq v2.20.0.422
(Mlumina). Sequencing results were mapped to a mouse genome GRCm38 (mm10)
acquired from the 10x Genomics website and quantified, using a CellRanger v.3.0.1
(refs. 667). The total number of cells identified by the CellRanger was 41,059
(details in Supplementary Table 2). The median number of detected genes per cell
was 1059, and the median unique molecular identifiers per cell was 2178. Data
analysis was performed in R using Seurat v3 (refs. ©7-08). Unless otherwise specified
in the description, all other quantitative parameters were fixed to default values. To
filter out possible empty droplets, low-quality cells, and possible multiplets, cells
with <200 or >3000 transcripts were excluded from the analysis. In addition, cells
of poor quality, recognized as cells with >5% of their transcripts coming from
mitochondrial genes, were excluded from the downstream analysis. After applying
these filters, 40,401 cells were present in the data set. Gene expression measure-
ments for each cell were normalized by the total number of transcripts in the cell,
multiplied by a default scale factor, and the normalized values were log-
transformed (“LogNormalize” method). Following a Seurat workflow, for each
replicate the 2000 most highly variable genes were identified, using variance

stabilizing transformation (“vst”). To facilitate identification of cell types, these
gene sets were expanded by adding genes described as having important roles in
immune cells (see Supplementary Table 3) and genes involved in cell cycle reg-
ulation®. This extension did not influence our conclusions.

Identification of myeloid cells. Having two biological replicates for each sex and
condition (female control, female tumor, male control, and male tumor), data from
corresponding samples were integrated using a Seurat v3 approach®”. To avoid
obtaining results fitted too closely to particular data set and therefore possibly
failing to fit to additional data, firstly 2000 integration anchors (i.e., cells that are
mutual nearest neighbors between replicates) were found. These anchors were then
used as an input to the data sets integration procedure. Integrated data were scaled,
and unwanted sources of variation, namely total number of counts per cell, per-
centage of transcripts coming from mitochondrial genes per cell, and cell cycle
effect were regressed out, as described in a corresponding vignette [https://satijalab.
org/seurat/v3.0/cell_cycle_vignette html]. Data dimensionality reduction was per-
formed using a principal component analysis, and the first 30 principal compo-
nents were used in the downstream analyses. For each condition separately, the
expression profiles were then clustered using an unsupervised, graph-based
approach with the resolution parameter set to 0.3. Clustering results were visua-
lized using two-dimensional t-SNE7?. Based on expression of the reported/cano-
nical markers, the clusters dominated by myeloid cells in four conditions were
identified and further analyzed.

Comparative analysis. The comparative analysis was based on the raw counts, but
limited to the previously selected profiles and genes (see above). For such a merged
data set, a new set of the 2000 most highly variable genes was identified using
variance stabilizing transformation (“vst”), and this set was further expanded by
adding the genes involved in cell cycle regulation. Computation of expression
estimations, regression of the unwanted variation, and data dimensionality
reduction were performed as described above. Next, the expression profiles were
clustered using the same approach as above, but with a resolution parameter set to
0.6. After clustering, data were visualized using two-dimensional UMAP’!. Based
on expression of reported/canonical markers of myeloid cells, clusters with cells of
interest (microglia, macrophages, and BAMs) were identified. Further analysis of
the microglia cluster revealed that some subclusters cells originated in a significant
majority from tumor samples. In contrast, there were no subclusters so strongly
dominated by cells originated from control samples. Based on that observation, two
subsets of microglial cells with distinct transcriptional profiles were identified:
Hom-MG and activated microglia (Act-MG).

Differentially upregulated genes (signature genes) were found for each of the
identity classes of interest. Significantly upregulated genes between compared
groups were found using a Wilcoxon rank-sum test implemented in Seurat v3
(min.pct = 0.25, only.pos = TRUE). These genes were subsequently used for the
functional analysis and characterization of the identified clusters. GO analysis was
performed using the clusterProfiler v3.12.0 package’2. In addition, scSVA v0.2
(Docker image version) was used to create FLE plots.

Human data analysis. MHCII plots were prepared using bulk RNA-seq data from
Klemm et al.% (https:/joycelab.shinyapps.io/braintime/) and scRNA-seq glioma
data from Tirosh et al.®®%% [GSE70630] and Venteicher et al.!0 [GSE89567]. For
scRNA-seq data, only expression profiles from glioma WHO grade II were selected.
For each patient, top 10% cells with the highest microglia score were selected. For
each of the selected cells an average expression of MHCII complex genes was
computed (the list of genes in Table 3). For TCGA data analysis, the normalized
expression values for low- and high-grade gliomas were downloaded from TCGA
website (RNASeqV2 set available on 07/05/19). Sample annotations and IDHI
mutation status were obtained from Ceccarelli and colleagues’ study’>. Content of
immune cells was computed with xCell pre-calculated scores downloaded from the
xCell website®”. The genes encoding MHCII and CD74 proteins were selected
based on the literature!”747>, The expression profiles were clustered using hier-
archical clustering. Significance of the clustering was computed using Fisher’s exact
test. Separation of glioma samples was done for each grade separately.

Immunohistochemistry on brain slices. For tissue collection for histology, mice
were anesthetized and transcardially perfused with PBS and 4% paraformaldehyde
(PFA). Brains were dissected and fixed in 4% PFA overnight, then placed in 30%
sucrose for 2 days, and then embedded in Tissue-Tek O.C.T Compound. Cryo-
sections (10 pm) were cut and stored at —80 °C. Cryosections were blocked in PBS
containing 10% donkey serum in 0.1% Triton X-100 solution for 2 h and incubated
overnight at 4 °C with rat anti-Gal-3 and rabbit anti-Tmem119 antibodies. Next,
sections were washed in PBS and incubated with corresponding secondary anti-
bodies for 2 h at room temperature. Nuclei were counter-stained with DAPI (0.1
mg/mL). Images were obtained on a Leica DM4000B fluorescent microscope. All
antibodies were diluted in 0.1% Triton X-100/PBS solution containing 3% of
donkey serum. For reagent specifications, catalogue numbers, and concentrations,
see Supplementary Table 4.
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Primary microglia and GL261 cocultures. Primary microglial cultures were pre-
pared from cerebral cortices of PO-P2-0ld-C57BL/6 ] male and female mice as
described in Walentynowicz et al.3. Microglial cells were seeded onto round glass
coverslips at 5 x 10% per well in a six-well plate and GL261 cells were seeded onto 0.4
pm inserts (Falcon) at 1.25 x 10° cells per insert. Twenty four hours after seeding, the
inserts were transferred into the plate with microglial cells and cocultured for 48 h.

Quantitative gene expression analysis. RNA was isolated using RNeasy Mini Kit
(QIAGEN, USA) and RT-PCR was performed using SuperScript III Reverse Tran-
scriptase (Invitrogen) on 500 ng of total RNA. Quantitative real-time PCR was per-
formed on 40 ng of cDNA in duplicates using TagMan™ Fast Advanced Master Mix
(ThermoFisher) and TagMan™ Gene Expression Assay (FAM) probes (Thermo-
Fisher). Following probes were used: Cd74 (Mm01262765_g1), H2-Aa
(Mm00439211_m1), H2-Abl Mm00439216_m1, H2-Eb1 (Mm00439221_m1), Gapdh
(Mm99999915_g1), and Actb (Mm00607939_s1). Ct values were normalized to the
endogenous expression of Actb and Gapdh. Similar results were obtained for both
housekeeping genes, thus only Actb is presented. Delta Ct values obtained for technical
replicates (1 = 2) were averaged and the linear model was built only with biological
replicates (n = 2). Apart from sex, also litter of animals and genes were used as
covariates. The analysis was done with R statistical environment.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability

Data that support findings of this study (bam files and Seurat v3 processed gene
expression matrix for each condition) are available in NIH GEO database with the
accession number GSE136001.

Code availability
The code to reproduce the analyses and figures described in this study can be found at:
github.com/jakubmie/2019_OchockaSegit.

Received: 22 August 2019; Accepted: 26 January 2021;
Published online: 19 February 2021

References

1. Binnewies, M. et al. Understanding the tumor immune microenvironment
(TIME) for effective therapy. Nat. Med. 24, 541-550 (2018).

2. Qian, B. Z. & Pollard, J. W. Macrophage diversity enhances tumor progression
and metastasis. Cell 141, 39-51 (2010).

3. Walentynowicz, K. A. et al. In search for reliable markers of glioma-induced
polarization of microglia. Front. Immunol. 9, 1-13 (2018).

4. Szulzewsky, F. et al. Glioma-associated microglia/macrophages display an
expression profile different from M1 and M2 polarization and highly express
Gpnmb and Sppl. PLoS ONE 10, e0116644 (2015).

5. Szulzewsky, F. et al. Human glioblastoma-associated microglia/monocytes
express a distinct RNA profile compared to human control and murine
samples. Glia 64, 1416-1436 (2016).

6. Gieryng, A. et al. Inmune microenvironment of experimental rat C6 gliomas
resembles human glioblastomas. Sci. Rep. 7, 17556 (2017).

7. Bowman, R. L. et al. Macrophage ontogeny underlies differences in tumor-
specific education in brain malignancies. Cell Rep. 17, 2445-2459 (2016).

8. Miiller, S. et al. Single-cell profiling of human gliomas reveals macrophage
ontogeny as a basis for regional differences in macrophage activation in the
tumor microenvironment. Genome Biol 18, 234 (2017).

9. Darmanis, S. et al. Single-cell RNA-seq analysis of infiltrating neoplastic cells
at the migrating front of human glioblastoma. Cell Rep. 21, 1399-1410 (2017).

10. Venteicher, A. S. et al. Decoupling genetics, lineages, and microenvironment
in IDH-mutant gliomas by single-cell RNA-seq. Science 355, eaai8478 (2017).

11. Yang, W. et al. Sex differences in GBM revealed by analysis of patient imaging,
transcriptome, and survival data. Sci. Transl. Med. 11, eaa05253 (2019).

12. Conforti, F. et al. Cancer immunotherapy efficacy and patients’ sex: a
systematic review and meta-analysis. Lancet Oncol. 19, 737-746 (2018).

13. Guneykaya, D. et al. Transcriptional and translational differences of microglia
from male and female brains. Cell Rep. 24, 2773-2783 (2018).

14. Villa, A. et al. Sex-specific features of microglia from adult mice. Cell Rep. 23,
3501-3511 (2018).

15. Oh, T. et al. Immunocompetent murine models for the study of glioblastoma
immunotherapy. J. Transl. Med. 12, 107 (2014).

16. Gabrusiewicz, K. et al. Characteristics of the alternative phenotype of
microglia/macrophages and its modulation in experimental gliomas. PLoS
ONE 6, €23902 (2011).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Murphy, K., Janeway, C., Alderson, J., Travers, P. & Walport, M. J. S.
Janeway’s Immunobiology (New York: Garland Science, 2012).

Sousa, C., Biber, K. & Michelucci, A. Cellular and molecular characterization
of microglia: a unique immune cell population. Front Immunol 8, 198 (2017).
Bennett, M. L. et al. New tools for studying microglia in the mouse and human
CNS. Proc. Natl Acad. Sci. USA 113, E1738-E1746 (2016).

Masuda, T. et al. Spatial and temporal heterogeneity of mouse and human
microglia at single-cell resolution. Nature 566, 388-392 (2019).
Matcovitch-Natan, O. et al. Microglia development follows a stepwise
program to regulate brain homeostasis. Science 353, aad8670 (2016).
Keren-Shaul, H. et al. A unique microglia type associated with restricting
development of Alzheimer’s disease. Cell 169, 1276-1290 (2017).

Haage, V. et al. Comprehensive gene expression meta-analysis identifies
signature genes that distinguish microglia from peripheral monocytes/
macrophages in health and glioma. Acta Neuropathol. Commun. 7, 20 (2019).
Jordado, M. J. C. et al. Neuroimmunology: single-cell profiling identifies
myeloid cell subsets with distinct fates during neuroinflammation. Science
363, eaat7554 (2019).

Goldmann, T. et al. Origin, fate and dynamics of macrophages at central
nervous system interfaces. Nat. Immunol. 17, 797-805 (2016).
Ziegler-Heitbrock, L. et al. Nomenclature of monocytes and dendritic cells in
blood. Blood 116, €74-80 (2010).

Thomas, G. D. et al. Human blood monocyte subsets: a new gating strategy
defned using cell surface markers identifed by mass cytometry. Arterioscler.
Thromb. Vasc. Biol. 37, 1548-1558 (2017).

Fleming, T. J., Fleming, M. L. & Malek, T. R. Selective expression of Ly-6G on
myeloid lineage cells in mouse bone marrow. RB6-8C5 mAb to granulocyte-
differentiation antigen (Gr-1) detects members of the Ly-6 family. J. Immunol.
151, 2399-2408 (1993).

Musumeci, A., Lutz, K., Winheim, E. & Krug, A. B. What makes a PDC: recent
advances in understanding plasmacytoid DC development and heterogeneity.
Fronti. Immunol. 10, 1222 (2019).

Crinier, A. et al. High-dimensional single-cell analysis identifies organ-specific
signatures and conserved nk cell subsets in humans and mice. Immunity 49,
971-986 (2018).

Dubbelaar, M. L., Kracht, L., Eggen, B. J. L. & Boddeke, E. W. G. M. The
kaleidoscope of microglial phenotypes. Front. Immunol. 9, 1753 (2018).
Thériault, P. & Rivest, S. Microglia: senescence impairs clearance of myelin
debris. Curr. Biol. 26, R772-R775 (2016).

Rauschmeier, R. et al. Bhlhe40 and Bhlhe41 transcription factors regulate
alveolar macrophage self-renewal and identity. EMBO ] 38, €101233 (2019).
Rollins, D. A., Coppo, M. & Rogatsky, I. Minireview: nuclear receptor
coregulators of the p160 family: insights into inflammation and metabolism.
Mol. Endocrinol. 29, 502-517 (2015).

Turola, E., Furlan, R., Bianco, F., Matteoli, M. & Verderio, C. Microglial
microvesicle secretion and intercellular signaling. Fron. Physiol. 3, 149
(2012).

Rangaraju, S. et al. Identification and therapeutic modulation of a pro-
inflammatory subset of disease-associated-microglia in Alzheimer’s disease.
Mol. Neurodegener. 13, 24 (2018).

Mathys, H. et al. Temporal tracking of microglia activation in
neurodegeneration at single-cell resolution. Cell Rep. 21, 366-380 (2017).
Shi, C. & Pamer, E. G. Monocyte recruitment during infection and
inflammation. Nat. Rev. Immunol. 11, 762-774 (2011).

Ellert-Miklaszewska, A. et al. Molecular definition of the pro-tumorigenic
phenotype of glioma-activated microglia. Glia 61, 1178-1190 (2013).
McFarland, H. I, Nahill, S. R., Maciaszek, ]. W. & Welsh, R. M. CD11b (Mac-
1): a marker for CD8+ cytotoxic T cell activation and memory in virus
infection. J. Immunol. 149, 1326-1333 (1992).

Kawai, K. et al. CD11b-mediated migratory property of peripheral blood B
cells. J. Allergy Clin. Immunol. 116, 192-197 (2005).

Hickman, S. E. et al. The microglial sensome revealed by direct RNA
sequencing. Nat. Neurosci. 16, 1896-1905 (2013).

Van Hove, H. et al. A single-cell atlas of mouse brain macrophages reveals
unique transcriptional identities shaped by ontogeny and tissue environment.
Nat. Neurosci. 22, 1021-1035 (2019).

Farhad, M., Rolig, A. S. & Redmond, W. L. The role of Galectin-3 in
modulating tumor growth and immunosuppression within the tumor
microenvironment. Oncolmmunology 7, 1434467 (2018).

MacKinnon, A. C. et al. Regulation of alternative macrophage activation by
galectin-3. J. Immunol. 180, 2650-2658 (2008).

Rapp, M. et al. CCL22 controls immunity by promoting regulatory T cell
communication with dendritic cells in lymph nodes. J. Exp. Med. 216,
1170-1181 (2019).

Zumwalt, T. J., Arnold, M., Goel, A. & Boland, C. R. Active secretion

of CXCL10 and CCL5 from colorectal cancer microenvironments

associates with GranzymeB+ CD8+ T-cell infiltration. Oncotarget 6,
2981-2991 (2015).

| (2021)12:1151 | https://doi.org/10.1038/541467-021-21407-w | www.nature.com/naturecommunications 13


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136001
http://github.com/jakubmie/2019_OchockaSegit
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Chen, Z. et al. Cellular and molecular identity of tumor-associated
macrophages in glioblastoma. Cancer Res. 77, 2266-2278 (2017).

Zhao, Y. et al. The immunological function of CD52 and its targeting in organ
transplantation. Inflamm. Res. 66, 571-578 (2017).

Przanowski, P., Loska, S., Cysewski, D., Dabrowski, M. & Kaminska, B.
ISG’ylation increases stability of numerous proteins including Statl, which
prevents premature termination of immune response in LPS-stimulated
microglia. Neurochem. Int. 112, 227-233 (2018).

Goldmann, T. et al. USP 18 lack in microglia causes destructive
interferonopathy of the mouse brain. EMBO J. 34, 1612-1629 (2015).
Tabaka, M., Gould, J. & Regev, A. scSVA: an interactive tool for big data
visualization and exploration in single-cell omics. Preprint at https://doi.org/
10.1101/512582 (2019).

Calandra, T. & Roger, T. Macrophage migration inhibitory factor: a regulator
of innate immunity. Nat. Rev. Immunol. 3, 791-800 (2003).

Ghoochani, A. et al. MIF-CD74 signaling impedes microglial M1 polarization
and facilitates brain tumorigenesis. Oncogene 35, 6246-6261 (2016).

Klemm, F. et al. Interrogation of the microenvironmental landscape in brain
tumors reveals disease-specific alterations of immune cells. Cell 181,
1643-1660 (2020).

Tirosh, I. et al. Single-cell RNA-seq supports a developmental hierarchy in
human oligodendroglioma. Nature 539, 309-313 (2016).

Aran, D., Hu, Z. & Butte, A. J. xCell: digitally portraying the tissue cellular
heterogeneity landscape. Genome Biol. 18, 220 (2017).

Sankowski, R. et al. Mapping microglia states in the human brain through the
integration of high-dimensional techniques. Nat Neurosci. 22, 2098-2110
(2019).

Miiller, A., Brandenburg, S., Turkowski, K., Miiller, S. & Vajkoczy, P. Resident
microglia, and not peripheral macrophages, are the main source of brain
tumor mononuclear cells. Int. J. Cancer 137, 278-288 (2015).

Chen, Z., Ross, J. L. & Hambardzumyan, D. Intravital 2-photon imaging
reveals distinct morphology and infiltrative properties of glioblastoma-
associated macrophages. Proc. Natl Acad. Sci. USA 116, 14254-14259 (2019).
Gosselin, D. et al. An environment-dependent transcriptional network
specifies human microglia identity. Science 356, 1248-1259 (2017).

Lavin, Y. et al. Tissue-resident macrophage enhancer landscapes are shaped by
the local microenvironment. Cell 159, 1312-1326 (2014).

Friebel, E. et al. Single-cell mapping of human brain cancer reveals
tumor-specific instruction of tissue-invading leukocytes. Cell 181, 1626-1642
(2020).

Griffith, J. W., Sokol, C. L. & Luster, A. D. Chemokines and chemokine
receptors: positioning cells for host defense and immunity. Annu. Rev.
Immunol. 32, 659-702 (2014).

Cook, M. B., McGlynn, K. A, Devesa, S. S., Freedman, N. D. & Anderson, W.
F. Sex disparities in cancer mortality and survival. Cancer Epidemiol. Biomark.
Prey. 20, 1629-1637 (2011).

Zheng, G. X. Y. et al. Massively parallel digital transcriptional profiling of
single cells. Nat. Commun. 8, 14049 (2017).

Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177,
1888-1902.e21 (2019).

Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-
cell transcriptomic data across different conditions, technologies, and species.
Nat. Biotechnol. 36, 411-420 (2018).

Tirosh, L. et al. Dissecting the multicellular ecosystem of metastatic melanoma
by single-cell RNA-seq. Science 352, 189-196 (2016).

Van Der Maaten, L. & Hinton, G. Visualizing data using t-SNE. J. Mach.
Learn. Res. 9, 2579-2625 (2008).

Mclnnes, L., Healy, J., Saul, N. & Grof8berger, L. UMAP: uniform manifold
approximation and projection. J. Open Source Softw. 3, 861 (2018).

Yu, G, Wang, L. G, Han, Y. & He, Q. Y. ClusterProfiler: an R package for
comparing biological themes among gene clusters. Omi. A J. Integr. Biol. 16,
284-287 (2012).

73. Ceccarelli, M. et al. Molecular profiling reveals biologically discrete
subsets and pathways of progression in diffuse glioma. Cell 164, 550-563
(2016).

74. van Lith, M., McEwen-Smith, R. M. & Benham, A. M. HLA-DP, HLA-DQ,
and HLA-DR have different requirements for invariant chain and HLA-DM. J.
Biol. Chem. 285, 40800-40808 (2010).

75. Lefranc, M.-P. et al. IMGT®, the international InMunoGeneTics information
system® 25 years on. Nucleic Acids Res. 43, D413-D422 (2015).

Acknowledgements

We would like to thank Artur Wolny from Laboratory of Imaging Tissue Structure and
Function at Nencki Institute of Experimental Biology for his help and assistance during
analysis of the microscopic images, Kacper Lukasiewicz from University of California,
Santa Cruz for his guidance in microscopy image processing in ImageJ software, and
Marcin Tabaka from Centre of New Technologies University of Warsaw for his guidance
in scSVA analysis. Studies were supported by the National Science Centre, Poland (2017/
27/BINZ3/01605). K.A.W. was supported by the H2020-MSCA-COFUND-2014 grant
Bio4Med (GA no 665735).

Author contributions

N.O, KAW,, J.M. and BXK. conceived the study, N.O. and K.A.W. performed scRNA-seq
experiments, P.S., ].M. and N.O. performed bioinformatical analysis, S.C. and J.S. performed
cytometric experiments and analysis, K.W. performed immunohistochemical staining, N.O.,
PS., JM,, S.C. and K.W. prepared figures, ].M. and B.K. supervised the project, N.O,, P.S,,
J.M. and B.K. wrote the manuscript. All authors have approved the submitted version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21407-w.

Correspondence and requests for materials should be addressed to J.M. or B.K.

Peer review information Nature Communications thanks Aaron Diaz, Marco Prinz and
Oliver Schnell for their contribution to the peer review of this work. Peer reviewer reports
are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:1151 | https://doi.org/10.1038/s41467-021-21407-w | www.nature.com/naturecommunications


https://doi.org/10.1101/512582
https://doi.org/10.1101/512582
https://doi.org/10.1038/s41467-021-21407-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Single-cell RNA sequencing reveals functional heterogeneity of glioma-associated brain macrophages
	Results
	Single-cell RNA-seq identifies myeloid cells with distinct expression profiles among CD11b+ cells from naive and glioma-bearing brains
	Assessment of new and known cell type-specific markers
	Distinct gene expression profiles of glioma-associated microglia and monocytes/macrophages
	Transcriptional networks induced in microglia by glioma are present and more pronounced in infiltrating monocytes/macrophages
	Sex-related differences in microglial expression of MHCII genes

	Discussion
	Methods
	Animals
	Glioma cell lines
	Implantation of GL261 luc+/tdT+ glioma cells
	Tissue dissociation
	Flow cytometry
	Sorting of CD11b+ cells by flow cytometry
	Single-cell RNA sequencing
	Single-cell RNA-seq data preprocessing and normalization
	Identification of myeloid cells
	Comparative analysis
	Human data analysis
	Immunohistochemistry on brain slices
	Primary microglia and GL261 cocultures
	Quantitative gene expression analysis

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




