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SUMMARY
Glioblastomas (GBM) are incurable central nervous system (CNS) cancers characterized by substantial
myeloid cell infiltration. Whether myeloid cell-directed therapeutic targets identified in peripheral non-CNS
cancers are applicable to GBM requires further study. Here, we identify that the critical immunosuppressive
target in peripheral cancers, triggering receptor expressed on myeloid cells-2 (TREM2), is immunoprotective
in GBM. Genetic or pharmacological TREM2 deficiency promotes GBM progression in vivo. Single-cell and
spatial sequencing reveals downregulated TREM2 in GBM-infiltrated myeloid cells. TREM2 negatively corre-
lateswith immunosuppressivemyeloid and T cell exhaustion signatures in GBM.We further demonstrate that
during GBM progression, CNS-enriched sphingolipids bind TREM2 on myeloid cells and elicit antitumor re-
sponses. Clinically, high TREM2 expression in myeloid cells correlates with better survival in GBM. Adeno-
associated virus-mediated TREM2 overexpression impedes GBM progression and synergizes with anti-
PD-1 therapy. Our results reveal distinct functions of TREM2 in CNS cancers and support organ-specific
myeloid cell remodeling in cancer immunotherapy.
INTRODUCTION

Triggering receptor expressed on myeloid cells-2 (TREM2), a

myeloid cell surface receptor, is a major immune signaling hub

in various diseases.1 Physiologically, TREM2 is expressed in a

limited number of tissue-specific myeloid cells, including micro-

glia (MG) in the central nervous system (CNS), tomaintain cellular

homeostasis.1 In pathological conditions, TREM2 binds to many

ligands released from the lesion sites, and the TREM2 pathway

becomes central for sensing damage and restricting its

spread.2–5 In Alzheimer’s disease (AD), TREM2-deficient mice

show impaired MG function and Ab plaque aggregation.3 The

R47H mutation in TREM2, which disrupts TREM2 ligand binding

ability, is a confirmed AD risk factor in humans.3,6

However, the role of TREM2 in cancer is more complicated.

Accumulating evidence suggests that TREM2 expression

is limited to tumor-associated macrophages (TAMs) and
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myeloid-derived suppressor cells (MDSCs).7 The combination

of anti-TREM2 and anti-PD-1 antibodies showed promising ef-

fects in several different cancers, including sarcoma, colo-

rectal, and breast cancers.8 In hepatocellular carcinoma,

whether TREM2 is tumor-promotive or tumor-suppressive is

controversial.9,10 These different roles of TREM2 may result

from the diversity of its ligands and subsequent intracellular

signaling transduction mechanisms mediated by DAP10/12,

which may exert opposing downstream effects depending on

the tissue type and status.2,11 Given its role in sensing environ-

mental cues and eliciting diverse downstream signaling,

TREM2 may be critical in the functional reprogramming of

TAMs. However, the underlying mechanism whereby TREM2

redirects TAMs to an immunosuppressor or defender state

has yet to be elucidated. How to utilize TREM2 to target

TAMs or induce their reprogramming in different malignancies

requires further study.
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Figure 1. TREM2 deficiency promotes GBM progression in mice

(A) Illustration of the GL261/CT2A GBM model established in Trem2+/+ and Trem2�/� mice. i.c., intracranial injection.

(B) Left, representative hematoxylin and eosin (HE)-stained brain sections fromGBM-bearing Trem2+/+ and Trem2�/�mice. Scale bar, 1mm. Right, quantification

of tumor volume in the HE-stained brain sections (n = 3). Two-tailed paired t test.

(C) Kaplan-Meier analysis of GBM-bearing Trem2+/+ and Trem2�/� mice (n = 8). MST, median survival time. Log rank test.

(D) Illustration of the crossing strategy for generating spTREM2-WT/KO mice.

(E) Left, representative HE-stained brain sections from spTREM2-WT/KO mice collected on day 200 after birth. Scale bar, 1 mm. Right, quantification of tumor

volume in the HE-stained brain sections (n = 3). Two-tailed paired t test.

(F) Kaplan-Meier analysis of spTREM2-WT (n = 10) and spTREM2-KO (n = 20) mice. Log rank test.

(G) Illustration of GBM model mice treated with IA9. i.p., intraperitoneal injection.

(H) Immunofluorescence staining of TREM2 and IA9-FITC in brain tumor sections from control or IA9-treated GL261-GBM-bearing mice. Scale bar, 10 mm.

(I) Left, representative HE-stained brain sections from control or IA9-treated mice. Scale bar, 1 mm. Right, quantification of tumor volume in the HE-stained brain

sections (n = 3). Two-tailed paired t test.

(J) Kaplan-Meier analysis of control or IA9-treated GL261-GBM-bearing mice (n = 8 per group). Log rank test.

Data are represented as the mean ± SD in (B), (E), and (I).

See also Figure S1.
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Glioblastoma (GBM), the most common and lethal primary

CNS cancer, is characterized by considerable TAM infiltration

(30%–50% of the cellular components).12 TAMs in GBM are

largely composed of resident MG and blood monocyte-derived

macrophages (MDMs)12 (hereon, ‘‘TAMs’’ refers to tumor-asso-

ciated MG and MDMs in GBM, unless otherwise specified).

Although TAMs have emerged as promising targets for immuno-

therapeutic intervention,13 GBM showed unsatisfactory re-

sponses to TAM-targeted therapies compared with peripheral

cancers in several clinical trials,13–15 suggesting that GBM has

a unique tumor microenvironment (TME) that shares few com-

mon characteristics with the TME of peripheral cancers.16–19

Given the high heterogeneity of TAMs and other immune cells

with sometimes opposing roles in GBM initiation, progression,

and response to therapy,20–23 recent studies applied single-cell

RNA sequencing (scRNA-seq) to decipher themilieu and distinct

TAM phenotypes in GBM.24,25 Critical molecules governing TAM

activities, including TGF-b in tumor-associated MG,26,27 SDF-1/

CXCR4 signaling inMDMs,28 CSF-1 signaling,29 CD39 andCD73

ectoenzymes,30,31 and SIRPa-CD47 pathway,32 are emerging as

potential TAM targets. To date, therapeutic approaches have yet

to be translated into clinical practice.13–15,33 As a signaling hub

on TAMs, the role of TREM2 in GBM and other CNS cancers is

poorly understood, as single-cell analyses of TREM2 expression
2 Cancer Cell 42, 1–17, June 10, 2024
in GBM have rarely been reported. Clarifying the detailed role of

TREM2 and its crosstalk with the TME in this lethal cancer is crit-

ical, as therapeutic strategies using TREM2 agonists or anti-

bodies may be useful for the treatment of GBM and other CNS

malignancies.

Here, we reveal the protective role of TREM2 in GBM and

downregulation of TREM2 in infiltrated myeloid cells during

GBM progression. Elevating TREM2 levels impedes GBM pro-

gression, highlighting the organ-specific remodeling of molecu-

lar targets in cancer immunotherapy.

RESULTS

TREM2 deficiency promotes GBM progression in mice
TREM2 is preferentially expressed in myeloid cells rather than

other cell types1 (Figures S1A–S1D). The Cancer Genome Atlas

(TCGA) GBMdataset indicates overall TREM2 upregulation in tu-

mors (Figure S1E). We thus genetically depleted TREM2 in

C57BL/6 mice (Trem2�/� mice) (Figures S1F–S1H) to investigate

its role in GBM. TREM2 depletion resulted in no gross abnormal-

ities (e.g., unaffected survival)34 or significant changes in the pro-

portions of major immune cell populations (Figure S1I). Next, the

micewere intracranially injectedwithmurine syngeneic GBMcell

lines (GL261 and CT-2A) (Figure 1A). Both implanted tumors



Figure 2. TREM2 deficiency induces an immunosuppressive TAM compartment in the GBM TME

(A) ScRNA-seq profiling workflow. WT, tumor-free Trem2+/+mice; KO, tumor-free Trem2�/� mice; GBM, GL261-GBM-bearing Trem2+/+mice; GBM KO, GL261-

GBM-bearing Trem2�/� mice.

(legend continued on next page)
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grew significantly faster in Trem2�/� mice than in wild-type mice

(Figure 1B). Shortened overall survival (OS) was also observed in

the tumor-bearing Trem2�/� mice, as compared to the wild-type

ones (Figure 1C).

To further validate the role of TREM2 in GBM, we crossed

TREM2-deficient mice with spontaneous genetic GBM model

mice35 (Gfap-Cre; Trp53f/f; R26-MET404-flagLSL/+) and com-

pared GBM growth in these mice (spTREM2-WT vs.

spTREM2-KO) (Figures 1D and S1J). Consistent with aforemen-

tioned results, spTREM2-KO mice developed larger brain neo-

plasms than spTREM2-WT mice (Figure 1E), and the OS of the

spTREM2-KO group was markedly shortened with the median

survival time (MST) reduced by �40 days (Figure 1F).

In addition, we employed a pharmacological TREM2-blocking

model. GL261-GBM-bearing mice were administered with a

TREM2 blocking peptide IA936 (Figure 1G). The injected peptide

exerted minimal effects on peripheral immunity (Figures S1K and

S1L), passed the blood-brain barrier and colocalized with

TREM2 at the cell membrane in the TME (Figure 1H), and effec-

tively blocked TREM2 downstream signaling in the sorted TAMs

(Figure S1M). Consistently, IA9 treatment exacerbated tumor

progression and shortened the OS (Figures 1I and 1J). The effect

of IA9was TREM2-dependent, as no differences in tumor growth

and OSwere observed between control or IA9-treated Trem2�/�

mice (Figures S1N and S1O). In these TREM2-deficient mice, the

cytotoxicity and cytokine production of CD8+ T cells andNK cells

were not significantly affected by IA9 treatment (Figure S1P).

These data uncover a protective role for TREM2 against GBM

progression, in contrast to its established tumor-promoting role

in peripheral non-CNS cancers.8,37,38

TREM2 deficiency induces an immunosuppressive TAM
compartment in the GBM TME
To understand the impact of TREM2 on the immune landscape

during GBM progression, we employed scRNA-seq to analyze

immune cells sorted from the normal brains or intracranial

GL261 allografts collected fromwild-type or Trem2�/�mice (Fig-

ure 2A, hereafter, tumor-free wild-type and Trem2�/� mice are

referred as WT and KO; tumor-bearing wild-type and Trem2�/�

mice are referred as GBM and GBM KO). A total of 121,701 cells

were obtained. Unsupervised clustering by uniform manifold

approximation and projection (UMAP) identified 12 cell types ac-

cording to the expression of canonical gene markers
(B) UMAP plot and bar graph showing identified cell clusters of MG and their pro

(C) Volcano plot showing differentially expressed genes in the MG-TAMG cluste

(D) Bar graph showing the functionally enriched pathways in the significantly upr

cluster.

(E) Violin-box plots showing the expression of proinflammatory or anti-inflammator

vs. GBM KO). Two-tailed unpaired Wilcoxon rank-sum test.

(F) UMAP plot and bar graph showing identified cell clusters of infiltrated MDMs

(G) Bar graph showing the functionally enriched pathways in the significantly upr

Lipid) cluster.

(H) Violin-box plots showing the monocyte or macrophage score of the MDM (TA

sum test.

(I and J) Representative histograms (I) and quantification (J, n = 8) showing the

indicated GBM model mice. Data are represented as the mean ± SD. Two-tailed

For the violin-box plots in (E) and (H), the centerlines indicate themedian. The box l

minima.

See also Figures S2 and S3 and Tables S1 and S2.
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(Figures S2A and S2B). Ptprc (CD45) expression was detected

in most clusters, indicating trustworthy CD45+ sorting (Fig-

ure S2C). Trem2 was expressed mainly in myeloid cells,

including MG and macrophages (Figures S2D and S2E). Signifi-

cantly reduced TREM2 expression levels were observed in the

KOandGBMKOgroups (Figures S2F andS2G), indicating effec-

tive TREM2 disruption in the Trem2�/� mouse model.

The proportion of identified cell types was not significantly

changed after TREM2 depletion (WT vs. KO, GBM vs. GBM

KO, Figures S2H and S2I) and was validated by flow cytometry

(Figures S2J–S2L). TREM2 disruption only resulted in modest

transcriptional changes in the tumor-free groups (WT vs. KO),

whereas more remarkable transcriptional alterations were re-

corded in tumor-bearing groups (GBM vs. GBM KO) (Fig-

ure S2M), indicating critical functional involvement of TREM2

during GBM progression. Thus, we next focus on the role of

TREM2 in shaping the TME of GBM (GBM vs. GBM KO).

We first concentrated on the two major infiltrated myeloid cell

types (MG and MDMs) in GBM. Resident MG were reclustered

into 11 subsets (Figures S2N and S2O), all of which highly ex-

pressed Trem2 and exhibited successful TREM2 disruption in

the KO group (Figures S2P and S2Q). We focused on a subset

of cells only seen after tumor inoculation (TAMG, cluster 8).

Although the proportion of this subset in the TME was similar be-

tween the GBM and GBM KO groups (Figures 2B and S2R),

marked changes occurred at the transcriptional level, including

a rise in Arg1 (a hallmark of myeloid suppressive cells in the

TME39) levels upon TREM2 disruption (Figure 2C; Table S1).

Pathway analysis revealed significant negative regulation of

leukocyte activation and cytokine production, indicating

decreasing antitumor activities after TREM2 loss (Figure 2D).

Several TREM2-associated genes (Tyrobp, Apoe, Spp1, and

Lpl) were downregulated upon TREM2 depletion (Figure S2S),

while similar patterns were observed in proinflammatory genes

(Cst7, Cd80, and Il1b) (Figure 2E). In contrast, in addition to

Arg1, other anti-inflammatory signatures (Mrc1, Msr1, Ap1b1,

Tgfbi, and Igf1) were markedly upregulated in this TAMG cluster

(Figures 2E and S2T).

The analysis was extended to other identified microglial sub-

sets, yielding findings suggesting that TREM2 deficiency may

potentially enhance the M2-like anti-inflammatory state while

suppressing the M1-like proinflammatory state in MG, indicating

a shift toward a more tumor-promoting status (Figure S2T).
portion in the indicated groups.

r (GBM vs. GBM KO).

egulated or downregulated genes (GBM vs. GBM KO) in the MG (MG-TAMG)

y signatures in theMG (MG-TAMG) or theMDM (TAMacro-Lipid) clusters (GBM

and their proportion in the indicated groups.

egulated or downregulated genes (GBM vs. GBM KO) in the MDM (TAMacro-

Macro-Lipid) cluster (GBM vs. GBM KO). Two-tailed unpaired Wilcoxon rank-

expression of M1-like or M2-like markers in MG or infiltrated MDMs from the

unpaired t test.

imits indicate the first and third quartiles. Thewhiskers indicate themaxima and



Figure 3. TREM2 deficiency in myeloid cells impairs T cell antitumor activity in GBM

(A) UMAP plot and bar plot showing the identified lymphoid subset clusters and their proportion in the indicated groups.

(B) Heatmap showing the expression levels of marker genes in the identified lymphoid clusters. Gene expression levels are color coded, ranging from blue (low

expression levels) to red (high expression levels).

(C) The levels of effector (left) or exhaustion (right) scores of the identified lymphoid clusters are indicated by a color gradient, ranging from blue (low expression

levels) to red (high expression levels).

(D) Boxplots showing the effector or exhaustion scores in indicated clusters (GBM vs. GBM KO). The centerlines indicate the median. The box limits indicate the

first and third quartiles. The whiskers indicate the maxima and minima.

(E) Heatmap of functional gene sets in CD4+/CD8+ T clusters (GBM vs. GBM KO). Expression levels are color coded, ranging from blue (low expression levels) to

red (high expression levels).

(legend continued on next page)

ll
Article

Cancer Cell 42, 1–17, June 10, 2024 5

Please cite this article in press as: Zhong et al., Distinct roles of TREM2 in central nervous system cancers and peripheral cancers, Cancer Cell (2024),
https://doi.org/10.1016/j.ccell.2024.05.001



ll
Article

Please cite this article in press as: Zhong et al., Distinct roles of TREM2 in central nervous system cancers and peripheral cancers, Cancer Cell (2024),
https://doi.org/10.1016/j.ccell.2024.05.001
Additionally, when MG were depleted before GBM inoculation

without affecting peripheral blood and spleen myeloid cells40

(Figures S2U–S2W), we observed no significant differences in tu-

mor proliferation and mouse OS in our model (Figures S2X and

S2Y). These results indicate that tumor-promotive and tumor-

suppressive factors coexist in MG, while TREM2 represents a

protective hub against GBM progression.

We next investigated the impact of TREM2 disruption on

MDMs. We reclustered MDMs into 12 subclusters (Figures 2F,

S3A, and S3B). Trem2 disruption was observed in all subclusters

and did not significantly affect the subcluster proportions

(Figures S3C–S3E). We focused on the TAMacro-Lipid subset,

which expressed the highest level of Trem2 (Figure S3C).

TREM2 disruption critically altered the expression of genes at

the transcriptional level, marked by a pronounced increase in

Arg1 levels (Figure S3F; Table S2). The upregulated genes

were enriched in the negative regulation of cell population prolif-

eration and the intrinsic apoptotic signaling pathway, while the

downregulated genes were enriched in macrophage activation

and the positive regulation of T cell activation (Figure 2G). The

expression of anti-inflammatory signatures (Tgfbi and Chil3)

was upregulated, accompanied by downregulated proinflamma-

tory signatures (Cd86 and Tnfaip2) (Figure 2E). After TREM2

depletion, the monocyte signature score (Ly6c2, Plac8, Ccr2,

Gsr, Plaur, etc.) was increased in this TAMacro-Lipid subset,

along with a downregulation of macrophage signatures (Apoe,

C1qa, C1qb, C1qc, Ms4a7, Cd81, Egr1, etc.) (Figure 2H), sug-

gesting maturation arrest of macrophages in the TME of the

TREM2-deficient group, which has been suggested to drive

the insufficient activation of antitumor response.39,41–43 The

aforementioned results could largely be seen in the other identi-

fied macrophage subclusters (Figure S3G).

The enhanced anti-inflammatory and attenuated proinflam-

matory phenotypes of MG and MDMs were confirmed by flow

cytometry using conventional markers (Figures 2I and 2J). The

elevated expression of ARG1 was validated by the increased

arginase activity in sorted GBM TAMs (Figure S3H). Additionally,

given that phagocytic activity has been verified to participate in

neoantigen presentation to cytotoxic T lymphocytes (CTL),44

we evaluated the phagocytic activity of GBM TAMs upon

TREM2 loss and revealed that significantly less bioparticles

were phagocytized in TREM2-deficient TAMs (Figure S3I).

To further explore the role of TREM2 in MG and MDMs during

GBM tumorigenesis, we established two mouse models.
(F) Bubble map showing the interactions of selected ligand-receptor pairs betw

average expression level of interacting molecule 1 in cluster 1 and interacting mo

level) and circle size. Significant interactions (p < 0.05) are presented as a ring.

(G) Quantification of effector CD8+ T cell (CD44hiCD62Llo) proportion in GBM-bear

unpaired t test.

(H) Representative contour plots (left) and quantification (right) showing the prop

marked by PD-1 and LAG-3 (n = 8 per group). Two-tailed unpaired t test.

(I) Representative histogram (left) and quantification (right) of proliferation (CFSElo

TAMs. n = 3 independent experiments. Two-tailed unpaired t test.

(J) Quantification of effector OT-1 cell (CD62LloCD25+) proportion after cocultur

unpaired t test.

(K) Representative contour plots (left) and quantification (right) showing the propo

n = 3 independent experiments. Two-tailed unpaired t test.

Data are represented as the mean ± SD in (G–K).

See also Figure S4.
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Tmem119 andCcr2 are clustering markers good at distinguishing

MG and MDMs24,45–47 (Figures S2A and S2B). Two strains for

TREM2 conditional knockout, Tmem119CreER;Trem2f/f (MG-

TREM2-CKO) and Ccr2Cre;Trem2f/f (MDM-TREM2-CKO), were

constructed (Figure S3J) and intracranially injected with GL261

or CT-2A GBM cells. The CKO control mice (Trem2f/f strain) ex-

hibited no difference in tumor growth or OS when compared to

the Trem2+/+ control mice used in aforementioned results

(FiguresS3K–S3M).BothCKOstrains showed faster tumorgrowth

and a shorter OS, however, to a lesser extent when compared to

the global TREM2 KO strain (Trem2�/� mice) (Figures S3K–

S3M). These results further support that TREM2 expressed in

MGandMDMsexhibits a protective role. A recent study highlights

TREM2+ neutrophils in prostate cancer patients.37 However, little

TREM2 expression in the neutrophils was observed in GBM (Fig-

ureS2E).Ourdata indicate thatTREM2exerts itsprotectiveeffects

mainly through MG and MDMs.

TREM2 deficiency in myeloid cells impairs T cell
antitumor activity in GBM
Another indispensable component of the TME is the lymphoid

subsets, of which CD4+ helper T cells (Th) and CD8+ CTLs are

key players in the immune response against tumors. Since

they dynamically interact with myeloid cells, we then asked

whether TREM2 deficiency alters the T cell landscape. We re-

clustered the lymphoid compartment into 21 subsets

(Figures 3A and 3B). TREM2 expression was barely detected in

these subsets (Figures S4A and S4B). No significant proportional

changes were observed in these subsets upon TREM2 disrup-

tion (WT vs. KO, GBM vs. GBM KO, Figure S4C). Compared to

the homeostatic brain (WT), the TME of GBM consisted of

decreased number of naive T cells and CD4+ Th cells but an

enlarged population of effector and exhausted CD4+/CD8+

T cells (Figure 3A). During GBM progression, the T cell subsets

exhibited a phenotype characterized by effector-like signatures

and marked exhaustion signatures (Figures 3C and S4D).

ScRNA-seq profiling of immune cells from early stage and late-

stage GBM samples also indicated concomitant activation and

marked exhaustion of T cells during glioma progression

(Figures S4E–S4I).

When we examined the effect of TREM2 loss on T cell subsets

in the TME (GBM vs. GBM KO), we found that the cells of the

TREM2-deficient group were characterized with downregulating

effector score (Gzmk, Gzmb, Cst7, Prf1, etc.) and T helper score
een CD4+/CD8+ T cells and the MG-TAMG subset. The scaled means of the

lecule 2 in cluster 2 are indicated by color gradients (blue, low level; red, high

ing Trem2+/+ and Trem2�/�mice by flow cytometry (n = 8 per group). Two-tailed

ortion of effector CD8+ T cells marked by IFN-g and exhausted CD8+ T cells

w) of OT-1 cells after coculture with OVA257-264-loaded Trem2+/+ and Trem2�/�

e with OVA257-264-loaded TAMs. n = 3 independent experiments. Two-tailed

rtions of perforin- or TNF-a-expressing OT-1 cells in the T cell priming assay.



(legend on next page)
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(Ifng, Tnf, Cd69, Il17a, etc.) but further enhanced exhaustion

score (Pdcd1, Tigit, Ctla4, etc.) (Figures 3D, 3E, and S4J), sug-

gesting that TREM2 deficiency is responsible for the suppressed

T cell activity against GBM. Differential gene expression analysis

revealed that T cells in the TREM2-deficient group exhibited up-

regulated signatures of exhaustion (Pdcd1) and apoptosis

(Bcl2l11 and Bcl2a1b) and downregulated effector markers

(Gzmb, Prf1, Ifng, and Irf1) (Figure S4K). Pathway analysis indi-

cated that T cells in the TREM2-deficient group were enriched

with upregulated checkpoint pathway, positive regulation of

apoptotic process while with downregulated interferon signaling,

adaptive immune response, and cell killing (Figure S4L).

Intercellular communication analysis indicated that TREM2

deficiency resulted in enhanced interaction between MG sub-

sets and T cells that exhibited PDCD1-CD274, CD48-CD244,

ADORA2A-NAMPT, and LGASL3-MERTK pairs, which were re-

ported pairs involved in mediating the exhaustion of antitumor

T cells48–50 (Figures 3F and S4M). Flow cytometry profiling re-

vealed decreased effector T cells (CD44hiCD62Llo) and IFN-

g+CD8+ T cells in the Trem2�/� TME, along with markedly

increased exhausted CD8+ T cells (PD-1+ and LAG-3+) (Fig-

ures 3G and 3H).

To further validate that the TREM2 deficiency in GBM TAMs

resulted in the observed phenotypes of CTLs, we sorted pri-

mary TAMs from Trem2+/+ and Trem2�/� GL261-GBM-bearing

mice and performed coculture assays with primary CD8+

T cells. TREM2-deficient TAMs displayed upregulated activity

in suppressing T cell activation when cocultured with poly-

clonal activated CD8+ T cells in the T cell suppression assay

(Figures S4N and S4O). In the antigen-specific T cell priming
Figure 4. Single-cell and spatial transcriptomics reveals TREM2 down

(A) Scatterplot showing the fold change in TREM2 mRNA levels in the sorted C

peritumoral tissues. The gray dots indicate the samples with lower levels of TRE

dependent paired human GBM samples. Data are represented as mean ± SD.

(B) Semiquantification of TREM2 levels using immunoblot grayscale analysis in the

tailed paired t test.

(C) Left, representative IF images (with H&E staining) showing the infiltrated mye

tumoral humanGBM tissues. Scale bar, 500 mm (H&E and IF overview), 20 mm (ma

quantification of IBA1+ cell proportion and the mean fluorescence intensity (MF

image. The thick dashed centerlines indicate the median. The thin dashed lines fla

the maxima and minima. n = 51 independent GBM samples. Two-tailed paired t

(D) Illustration of scRNA-seq and spatial transcriptomics profiling of human gliom

(E) UMAP plot of the identified cell clusters in the human glioma samples.

(F) Measured TREM2 levels are shown by a color gradient as indicated in the UMA

coded, ranging from gray (low expression levels) to cyan (high expression levels

(G–I) Violin-box plots showing TREM2 levels between peritumoral and tumoral sam

infiltrated MDMs (I).

(J) HE-stained sections of the human high-grade glioma samples HT34 (left) and

namely, the normal, peritumor, tumor, and tumor core. The AIF1 (IBA1)-expres

sections. Scale bar, 1 mm. TREM2 levels are color coded, ranging from bright re

(K and L) Left, color gradient plot showing TREM2 expression across tissue sectio

peritumoral tissue to the tumor core. Middle, Line plot showing the inferred TR

expression in each indicated cluster. Games-Howell post hoc test. Scale bar, 1

levels) to dark red (high expression levels).

(M) Survival analysis of three GBM cohorts based on public bulk RNA-seq data

CGGA (mRNAseq693) database. Log rank test. ns, nonsignificant.

(N) Survival analysis investigating the involvement of TREM2-NEG in the OS (left

(O) Survival analysis of the in-house GBM cohort in (C). The cases were stratified

For the violin-box plots in (G–I), (K), and (L), the centerlines indicate the median.

maxima and minima.

See also Figure S5 and Table S3.
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assay, TREM2-deficient TAMs were less proficient than wild-

type TAMs (both loaded with OVA257-264 peptide) in activating

the naive OT-1 T cells, as indicated by decreased proliferation,

effector proportion and effector marker (perforin/TNF-a)

expression (Figures 3I–3K).

Overall, these results demonstrate that TREM2 deficiency in

GBM TAMs results in a more immunosuppressive status and

contributes to decreased CTL activity, thus leading to enhanced

GBM progression.

Single-cell and spatial transcriptomics reveals TREM2
downregulation in myeloid components during GBM
progression
GBM is reportedly capable of impairing extrinsic factors to

establish an immunosuppressive TME that facilitates its progres-

sion.17,21 Given the protective role of TREM2, we next wondered

whether the endogenous TREM2 levels in myeloid cells are

affected in GBM.We leveraged the scRNA-seq data to compare

TREM2 expression between the tumor-bearing and tumor-free

groups at the single-cell level (GBM vs. WT). In the GBM group,

TREM2 expression was significantly downregulated in the whole

myeloid cell compartment, MG and infiltrated MDMs (Fig-

ures S5A and S5B). These findings were validated in the peritu-

moral and cancerous tissues from the GL261-GBM-bearing

mice by immunofluorescence (IF) (Figure S5C) and flow cytome-

try (Figure S5D).

Next, we asked whether this scenario occurs in human GBM.

We first sorted myeloid cells (CD14+) from paired GBM samples

and subjected them to qPCR (Figure 4A) and immunoblot analysis

(Figures 4B and S5E). Reduced TREM2 expression was observed
regulation in myeloid components during GBM progression

D14+ myeloid cells from tumoral tissues compared to those sorted from the

M2 mRNA in tumoral CD14+ cells compared to peritumoral ones. n = 41 in-

aforementioned cohort of 41 independent paired human GBM samples. Two-

loid cells (IBA1+) and their TREM2 expression levels in paired peritumoral and

gnified views in the middle), or 10 mm (rightmost magnifiedmerged view). Right,

I) of TREM2 on these cells in randomly selected microscopy fields of each IF

nking the centerlines indicate the first and third quartiles. The whiskers indicate

test.

a samples.

P plot of peritumoral and tumoral samples, respectively. TREM2 levels are color

).

ples in the whole myeloid subset (G), in three paired samples (H), or in MG and

HT40 (right). The section regions on the slide are separated into four clusters,

sing and TREM2-expressing (with color gradients) points are shown on the

d (low expression levels) to dark red (high expression levels).

ns from HT34 (K) and HT40 (L). The black arrow indicates the direction from the

EM2 expression along the trajectory. Right, Violin-box plots showing TREM2

mm. TREM2 levels are color coded, ranging from bright red (low expression

obtained from Oncolnc (TCGA, RNASeqV2), PrognoScan (GSE7696), and the

) or the PFI (right) in the GBM TCGA-CDR dataset. Log rank test.

by the median of TREM2 MFI (n = 51 independent samples). Log rank test.

The box limits indicate the first and third quartiles. The whiskers indicate the
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in tumoral myeloid cells compared to their peritumoral counter-

parts. IF stainingof IBA1andTREM2also showeda similar pattern

as observed in themurine samples (Figure S5C); there weremark-

edly increased myeloid cells (IBA1+) in tumoral areas with attenu-

ated TREM2 intensity in each single cell (Figure 4C). Themarkedly

augmented infiltration of myeloid cells may explain the overall

overexpression of TREM2 in the cancerous group indicated by

the TCGA dataset (Figure S1E), which does not permit the quanti-

fication of TREM2 levels in each single cell in GBM tissue owing to

bulk RNA-seq methods. Flow cytometry profiling of paired fresh

GBM samples confirmed the decreased TREM2 levels on both

MG and MDMs (Figure S5F).

To substantiate the findings of TREM2 alterations in the TME

of human GBM, we performed scRNA-seq on human glioma

cancerous (T, n = 5) and peritumoral (P, n = 4) tissues (containing

three paired samples) (Figure 4D). 94,577 high-quality cells were

detected and clustered into 16 subsets (Figures 4E and S5G).

TREM2 expression was centered on the major myeloid subsets

(Figure S5H). In the cancerous tissues, an obvious decrease in

TREM2 expression levels was found in the myeloid subsets

(Figures 4F and 4G) and this finding was observed in each paired

sample (Figure 4H). The same patterns were also observed for

MG and MDMs (Figure 4I). Compared to MG, more obvious

TREM2 downregulation in the tumoral group was seen in MDMs.

To gain deeper insights into spatial organization information,

we examined three human high-grade glioma slides (all contain-

ing areas spanning peritumoral and tumoral tissues) by spatial

transcriptomics (ST, 103 Visium platform) (Figure 4D). For

each slide, the areas were categorized into four distinct types:

normal, peritumor, tumor, and tumor core regions (Figures 4J,

S5I, and S5J), consistent with the hematoxylin and eosin (HE)

staining results. TREM2 expression distribution was colocalized

with the myeloid cell marker AIF1 (IBA1) in these ST sections.

Notably, spatial trajectory analysis highlighted high TREM2

expression in the peritumoral area and comparatively lower

TREM2 expression in the tumor area, with the tumor core ex-

pressing the lowest levels (Figures 4K, 4L, and S5K), in line

with the aforementioned results.

Survival analysis using multiple bulk RNA-seq GBM datasets

from TCGA, Chinese Glioma Genome Atlas (CGGA), and

PrognoScan failed to reveal any significant difference between

the TREM2high and TREM2low groups based on themedian cutoff

(Figure 4M). In contrast, high expression of TREM2-negatively

correlated genes (TREM2-NEG, consisting of the top 50 upregu-

lated genes (p_val_adj <0.05 and ordered by avg_log2FC) in

TREM2-deficient TAMG identified in the mouse scRNA-seq

(GBM vs. GBM KO), Table S3), were found to correlate with infe-

rior OS and progression-free interval (PFI) after analyzing a GBM

cohort from the TCGAClinical Data Resource (TCGA-CDR) data-

sets51 (Figure 4N), supporting that TREM2maintains a protective

landscape in the GBM TME. In our IF-staining cohort, higher

TREM2 MFI in myeloid cells was correlated with better OS in

these GBM patients (Figure 4O).

TREM2 overexpression in myeloid cells represses GBM
growth and synergizes with immune checkpoint
blockade (ICB) therapy
Given that GBM progression downregulated TREM2 expression

in myeloid cells, we next investigated whether elevating TREM2
expression in TAMs can effectively impede GBM development.

To efficiently overexpress TREM2 in MG and MDMs, we utilized

an adeno-associated virus vector (AAV9-F4/80-TREM2-flag) to

deliver TREM2. The AAV was intracranially injected at day 3

and day 10 after tumor inoculation, targeting resident MG and

later on infiltrated MDMs, respectively (Figure 5A). This AAV

serotype has been confirmed to have tropism toward the brain

and MG and can effectively express its transgene for over six

months.52–54 The incorporated F4/80 promoter sequence also

ensures selective TREM2 overexpression in MG and MDMs.55

The selective TREM2 overexpression on myeloid subsets was

validated by TREM2 immunoblotting on sorted CD11b+ cells

(Figure S6A) and flow cytometry (Figure S6B). Elevating

TREM2 expression resulted in repressed GBM growth and pro-

longed OS in both GL261 and CT-2A GBM models (Figures 5B

and 5C). Similar results for inhibited tumor growth and prolonged

OS were observed when GBM-bearing Trem2�/� mice were

treated with AAV-mediated TREM2 re-expression (Figures S6C

and S6D), indicating that maintaining TREM2 levels is important

for suppressing GBM progression.

To investigate how TREM2 overexpression changes the im-

mune landscape of GBM, we applied scRNA-seq to profile the

TME of the GL261 model treated with vector or AAV-TREM2.

66,643 cells were obtained and subjected to UMAP clustering

(Figure 5D). Selective TREM2 overexpression was observed in

the MG and MDM subsets (Figure 5E). AAV administration redir-

ected the myeloid components toward immune-active pheno-

types, as evidenced by upregulated proinflammatory signatures

(Il1b, Il1a, Tnf, Cd86, and Cd80) and downregulated anti-inflam-

matory signatures (Mrc1, Arg1, Chil3, Cd163, and Tgfbi) in the

MG and MDMs (Figure S6F). Upon AAV-TREM2 administration,

T cells exhibited improved activity (Figure S6F), marked by

downregulated naive signatures (Lef1, Sell, and Tcf7) but upre-

gulated signatures related to activation or effector function

(Icos, Cd69, Cd28, Ifng, Prf1, and Gzmb). Pathway analysis indi-

cated that AAV-TREM2 administration upregulated inflammatory

immune responses in the MG and MDM subsets, and the upre-

gulated terms were associated with enhanced antitumor func-

tion in T cells (Figure 5F). These results were in concert with

the flow cytometry validation using canonical markers (Fig-

ures 5G and 5H).

Since the AAV specifically targeted the myeloid cell compart-

ment and pronounced CTL exhaustion was observed in the GBM

TME (Figure 3C), we asked whether this treatment can be com-

bined with the T cell-targeting ICB therapy. We treated the mice

with AAV-TREM2 and intraperitoneal injection of anti-PD-1 anti-

body (10 mg/kg, every 5 days) (Figure 5I). Compared to AAV-

TREM2 monotherapy, the combination therapy further impeded

tumor proliferation and extended OS (Figures 5J and 5K), exhib-

iting strong synergistic effects.

CNS microenvironment defines the distinct role of
TREM2 in GBM
We next sought to investigate the mechanisms underlying the

distinct function of TREM2 in GBM. To define whether GBM-

intrinsic features are involved, we intracranially injected a breast

cancer cell line, EO771,56 into wild-type and Trem2�/� mice.

Similar to GBM tumors, EO771 tumors displayed accelerated

growth and worse survival in Trem2�/� mice (Figures 6A–6C).
Cancer Cell 42, 1–17, June 10, 2024 9



Figure 5. TREM2 overexpression in myeloid cells represses GBM growth and synergizes with ICB therapy

(A) Illustration of AAV treatment in GBM model mice.

(B) Representative and quantification (n = 3) of HE-stained brain sections from control vector or AAV-TREM2 treated GBM-bearing mice. Scale bar, 1 mm. Two-

tailed paired t test.

(C) Kaplan-Meier analysis of the control vector (n = 8) or AAV-TREM2 (n = 9) treated GBM-bearing mice. Log rank test.

(D) UMAP plot of identified cell clusters in the TME of control vector- or the AAV-TREM2 treated GL261-GBM-bearing mice. n = 3 per group.

(E) Violin plot showing TREM2 expression in each identified cell cluster.

(F) Pathway analysis showing enriched upregulated terms in MG, MDM and T cell clusters of the AAV-TREM2 group.

(G) Phenotype profiling of infiltrated MG and MDMs by flow cytometry examination of conventional M2-like (ARG1, CD206, and PD-L1) and M1-like (iNOS and

CD11c) markers. n = 5 per group. Two-tailed unpaired t test.

(H) Flow cytometry analysis of the proportion, effector status (IFN-g) and exhaustion status (PD-1 and LAG-3) of effector CD8+ T cells. n = 5 per group. Two-tailed

unpaired t test.

(I) Illustration of AAV treatment, anti-PD-1 (ICB) treatment or combined treatment at the indicated timepoints.

(J) Representative and quantification (n = 3) of HE-stained brain sections from the indicated groups. Scale bar, 1 mm. Two-tailed paired t test.

(K) Kaplan-Meier analysis of the indicated groups. n= 8 per group. MST,median survival time. Solid lines, GL261model. Dashed lines, CT2Amodel. Log rank test.

****p < 0.0001.

Data are represented as the mean ± SD in (B), (G), (H), and (J).

See also Figure S6.
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Figure 6. CNS microenvironment defines the distinct role of TREM2 in GBM

(A) Illustration of the brain EO771 model established in Trem2+/+ and Trem2�/� mice. i.c., intracranial injection.

(B and C) Representative and quantification of HE-stained brain sections (B) and survival analysis (C) of the EO771-tumor-bearing Trem2+/+ (n = 12) and Trem2�/�

(n = 9) mice. Scale bar, 1 mm. Two-tailed paired t test in (B). Log rank test in (C).

(D) Flow cytometry profiling of MG (left), infiltrated MDMs (middle) and CD8+ T cells (right) in the TME of the brain EO771 model. n = 5 per group. Two-tailed

unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Illustration of the subcutaneous GL261 model established in Trem2+/+ and Trem2�/� mice. s.c., subcutaneous injection.

(F) Growth curves of subcutaneous GL261 tumor in Trem2+/+ and Trem2�/� mice. Tumor growth in each individual mouse is shown on the right. n = 5 per group.

Two-tailed unpaired t test at each time point. *p < 0.05, **p < 0.01.

(G) Flow cytometry profiling of infiltrated MDMs and CD8+ T cells in the TME of the subcutaneous GL261 model mice. n = 5 per group. Two-tailed unpaired t test.

(H) Heatmap drawn by gene expression pearson analysis showing clear distinction between the transcriptomes of icTAMs (IC) and scTAMs (SC). Correlation

levels are color coded, ranging from blue (low levels) to red (high levels).

(I) Waterfall plot showing the significant DEGs between icTAMs and scTAMs.

(J) Bubble plot showing GO and KEGG pathway enrichment analysis of the significantly upregulated DEGs in icTAMs.

(K) GSEA showing that the sphingolipid signaling pathway is enriched in icTAMs.

(L) Heatmap comparing the expression of genes related to the sphingolipid signaling pathway between icTAMs (IC) and scTAMs (SC). Gene expression levels are

color coded, ranging from blue (low expression levels) to red (high expression levels).

Data are represented as the mean ± SD in (B), (D), (F), and (G).

See also Figure S7 and Table S4.
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Flow cytometry revealed a more immune-hostile TME in these

mice, marked by enlarged population of M2-like immunosup-

pressive TAMs and exhausted CD8+ T cells and decreased num-

ber of effector T cells (Figure 6D). These results suggest that tu-

mor-intrinsic characteristics are unlikely to determine the

function of TREM2 during CNS carcinogenesis.

In contrast, when GL261 cells were subcutaneously im-

planted, TREM2 deficiency resulted in arrested proliferation of

inoculated tumor cells (Figure 6E and 6F) and a transition of

the TME toward a proinflammatory and effectively antitumor

state, as marked by downregulated CD206 but upregulated

M1-likemarkers (iNOS and CD86) inMDMs and effector markers

(IFN-g and GZMB) in CD8+ T cells (Figure 6G), similar to recently

reported results using other non-CNS tumor cell lines.8 These
findings indicate that tumor-extrinsic or microenvironmental fac-

tors rather than tumor-intrinsic factors mediate the opposing

roles of TREM2 in CNS and peripheral cancers.

To probe the potential cause, we sorted CD11b+ myeloid cells

(representing TREM2-expressing cells1) from GL261 intracranial

and subcutaneous tumors (icTAMs and scTAMs) and performed

bulk RNA-seq to investigate TREM2-related responses in these

cells. The transcriptomes of icTAM were clearly distinguished

from those of scTAM (Figure 6H). A list of 1,532 significantly

differentially expressed genes (DEGs) was obtained (Figure 6I;

Table S4). The upregulated DEGs were enriched in gene

ontology (GO) terms related to membrane components and

signaling transduction, including external side of the plasma

membrane, cell surface receptor signaling pathway, and
Cancer Cell 42, 1–17, June 10, 2024 11
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intracellular signal transduction (Figure 6J; Table S4). Pathway

terms downstream of TREM2-DAP10/12, such as calcium ion

transmembrane transport and the PI3K-AKT pathway,1,11 were

also enriched (Figure 6J; Table S4). These results indicated

that the major differences between icTAMs and scTAMs were

exhibited at the signal sensing surface and subsequent signaling

transduction pathways, suggesting different stimulation by li-

gands derived from the microenvironment.

Further gene set enrichment analysis (GSEA) and gene set

variation analysis (GSVA) both supported that icTAMs were

more associated with the sphingolipid-related pathways (Fig-

ures 6K, S7A, and S7B; Table S4). Significant upregulation of

several genes (Sgpp2, Adora1, and Acer2) related to the sphin-

golipid signaling pathway was identified in icTAMs (Figures 6I

and 6L). Sphingolipids are one kind of TREM2 ligands that are

highly enriched in the CNS microenvironment during patholog-

ical conditions, including cancer.3,4,57 We next sought to identify

the specific ligands responsible for the characteristic function of

TREM2 in CNS cancers.

Sphingolipid-TREM2-signaling reprograms TAMs into
an antitumor state
TREM2 serves as a membrane-bound sensor of environmental

change and mediates multifaceted downstream signaling upon

binding with different ligands (a wide panel of metabolites,

including phospholipids and anionic carbohydrates).2 We spec-

ulated that unspecified lipid ligands of TREM2 enriched in the

CNS TME may result in the distinct TREM2-related antitumor

response. To define the potential lipid ligand, we analyzed me-

tabolomics data profiling the cerebrospinal fluid (CSF) collected

from 21 GBM and 4 control patients (Figure 7A). A total of 656

lipidic metabolites were identified (Figure 7B; Table S5). Notably,

sphingolipid metabolism stood out from the pathway enrichment

analysis of the upregulated metabolites (Figure 7C; Table S5), in

concert with the findings of bulk RNA-seq analysis.

The abundance of sphingomyelins (SM) and glycosphingoli-

pids (GSL), both involved in sphingolipid metabolism, was mark-

edly increased in the CSF of GBM (Figure 7B). They are common

lipids in the CNS TME during tumor progression, releasing from

tumor-disrupted myelin sheaths and other neuronal structures

that are highly enriched in the CNS but much less distributed in

peripheral pathological conditions.57–61 We chose the represen-

tative forms of these lipids and subjected them to docking anal-

ysis to simulate their binding with TREM2. Both SM and GSL

(ganglioside GM1) fit well with the basic patch on the TREM2

extracellular domain2 (Figure 7D). A reporter cell assay sup-

ported the binding of these two lipids to TREM2 (Figure S7C).

TREM2 can activate SYK-PI3K-AKT signaling upon sensing

various kinds of lipids.3,62 We next determined whether these

CNS-enriched SM/GSLs were responsible for eliciting protective

signaling in a TREM2-dependent fashion in GBM TAMs.

To this end, we sorted TAMs from the GL261 GBM and incu-

bated them with purified SM and GM1. Treatment with gradient

concentrations of SM and GM1 defined the optimal concentra-

tions as 0.2 mg/mL and 0.5 mM, respectively (Figure 7E). SM/

GM1 stimulation dramatically downregulated the M2-like

markers CD206 and ARG1 while upregulating the M1-like

markers iNOS and MHC-II63 (Figure 7F). The levels of phos-

pho-STAT3, a key regulator in M2 polarization, decreased
12 Cancer Cell 42, 1–17, June 10, 2024
upon SM/GM1 treatment, while the levels of M1-related phos-

pho-STAT1 increased64 (Figure 7F).

The involvement of SYK and AKT signaling in macrophage po-

larization has been extensively studied.65–68 Of the three AKT

isoforms, AKT2 is particularly associated with M1-like polariza-

tion.68 Notably, phospho-SYK and downstream phospho-AKT2

were upregulated upon SM/GM1 stimulation (Figure 7G), while

the anti-inflammatory-related isoform AKT1 remained unaltered

(Figure S7D). The aforementioned effects were absent in TAMs

sorted from Trem2�/� mice (Figures 7F and 7G), suggesting

that reprogramming by SM/GM1 was TREM2-dependent.

In TAMs isolated from human GBM, SM/GM1 stimulation also

resulted in a transition from an M2-like phenotype to an M1-like

phenotype (Figures 7H and 7I). As assessed by qPCR, a wider

panel of M2-like signature genes (Cd163, Arg1, Mrc1, Stab1,

Il10, F13a1, and Chil3) were markedly downregulated upon

SM/GM1 stimulation, accompanied by upregulated M1-like sig-

natures (Il12a, Il1a, Cd86, and Nos2) (Figure 7J). SM/GM1-stim-

ulated TAMs became less inhibitory of T cell proliferation (Fig-

ure 7K). The phagocytic activity of SM/GM1-stimulated TAMs

was significantly increased (Figure 7L). Additionally, in themyelin

sheath disruption-enriched area of the CNS cancer models, the

proinflammatory marker CD11c63 was upregulated in the infil-

trated myeloid cells (Figures S7E and S7F). In spatial sequenced

human GBM slides, a correlation between myelin sheath disrup-

tion and inflammatory response was observed (Figure S7G).

Overall, these results altogether indicate that CNS-enriched

sphingolipids are capable of directing TAMs via TREM2 toward

a defender state against GBM.

DISCUSSION

Increasing evidence underlines the immunosuppressive role of

TREM2 in various malignancies where TREM2 defines an immu-

nosuppressive macrophage subset or activates senescent-like

tumor-promotive programs after sensing cancer-derived fac-

tors.8,37,69 TREM2 has been comprehensively studied in neuro-

degenerative diseases, with crucial functions in recognizing

damage-induced factors and potentiating metabolic fitness

and neuroprotective processes.62,70 It is conceivable that the

role of TREM2 can be redirected to maintain CNS homeostasis

during tumorigenesis. Previously, TREM2 was suggested as a

therapeutic target for GBM based on bulk RNA-seq analysis

and loss-of-function studies using TREM2 knockdown GBM

cell lines.71 However, the bulk RNA-seq failed to pinpoint the

TREM2-expressing cells. Our in-house and published scRNA-

seq data reveal that TREM2 is specifically expressed in myeloid

subsets rather than cancer cells.1 Most recently, TREM2 inhibi-

tion was reported to trigger antitumor activity in GBM.72 Howev-

er, the TREM2-deficient mouse strain and the GBM cell lines

were different from the ones used here. Furthermore, this study

treated themice with a brain-penetrant CSF-1R inhibitor after tu-

mor implantation, which is known to disrupt the TAMs.

Here, we observe that TREM2 plays a distinct immunoprotec-

tive role in the context of CNS malignancies. Unlike peripheral

cancers, loss of TREM2 at the single-cell level in the TME may

be a critical event during GBM progression. Experimental

disruption of TREM2 robustly simulated this process and thus re-

sulted in inferior survival outcomes. TREM2 loss may result from



Figure 7. Sphingolipid-TREM2-signaling reprograms TAMs into an antitumor state

(A) Workflow illustration of CSF metabolomics profiling.

(B) Waterfall plot showing the differentially altered lipidic metabolites (GBM vs. control). Insig, insignificant. A metabolite with p < 0.05 and VIP (variable

importance in projection) R 1 was considered significantly altered.

(C) KEGG pathway enrichment analysis showing the significance of lipidic metabolic pathways. Hypergeometric test. The dash line indicates p = 0.05.

(D) Molecular docking analysis shows the key interactions between TREM2 and SM (orange) or between TREM2 and GM1 (yellow). TREM2 is shown in gray, or in

cyan for the magnified view.

(E) Immunoblotting of phospho-SYK and downstream phospho-AKT levels in primary TAMs isolated from GL261 GBMmodel mice after SM/GM1 stimulation at

the indicated concentrations. Representative of three independent experiments.

(F–I) (F and H) Immunoblotting of conventional M2-like markers (CD206, ARG1, and phospho-STAT3), M1-like markers (iNOS, HLA-DR, and phospho-STAT1),

and TREM2 in SM (0.2 mg/mL for 48 h) or GM1 (0.5 mM for 48 h) stimulated primary TAMs frommodel mice (F, mTAM) or humanGBM samples (H, hTAM). (G and I)

Immunoblotting of phospho-SYK and phospho-AKT2 levels in the aforementioned SM/GM1-or solvent-stimulated primary mTAM (G) and hTAM (I). Repre-

sentative of three independent experiments.

(J) Relative mRNA levels of M1-like and M2-like gene signatures in the aforementioned SM/GM1-stimulated mTAM and hTAM. n= 3 independent experiments.

Two-tailed unpaired t test. *p < 0.5, **p < 0.01, ***p < 0.001.

(K) Proliferation assay of CD3+ T cells cocultured with SM/GM1 or solvent stimulated mTAM and hTAM. n = 3 independent experiments. Two-tailed unpaired t

test. *p < 0.5, **p < 0.01, ***p < 0.001.

(L) Phagocytosis assay of SM/GM1 or solvent stimulated mTAM and hTAM. n = 3 independent experiments. MFI, median fluorescence intensity. Two-tailed

unpaired t test. *p < 0.5, ***p < 0.001.

Data are represented as the mean ± SD in (J–L).

See also Figure S7 and Table S5.
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microenvironmental factors predominantly existing within the

GBM TME, such as the myelin debris released during tumor

expansion or IL-10 and other secretive factors.73,74 The up-

stream mechanisms of TREM2 loss in the GBM TAMs remain a

critical area for further investigations.

We determined that SM/GSL, markedly upregulated lipids in

the CNS TME during tumor expansion that destroys CNS-spe-

cific structures such as myelin sheaths and neurons, are respon-

sible for activating TREM2 protective signaling. Due to the lack of

such structures, these ligands are absent in the TME of periph-

eral cancers, which explains the disparate response patterns

downstream of TREM2. A recent study has signified the critical

involvement of SYK signaling (downstream of TREM2) in coordi-

nating protective microglial activation upon binding damaged

myelin during neurodegenerative diseases.75 However, the un-

derlyingmechanism of CNS-enriched damage-induced lipids re-

programing TREM2-expressing cells is lacking. In our study, we

discovered predominant activation of AKT2 in GBM TAMs upon

SM/GSL stimulation, consequently leading to preferential M1-

like polarization and enhanced antitumor responses of myeloid

cells. However, whether additional factors exist merits further

investigation.

Based on the observations of TREM2 loss and its antitumor

role in GBM, we restored TREM2 expression and observed a

pronounced antitumor efficacy. A more apparent decrease in

TREM2 levels in MDMs than in MG was observed during GBM

progression. Since MDMs are more closely associated with

GBM patient survival than MG, recovering the innate antitumor

function of MDMs may result in more benefits for GBM pa-

tients.14,22 Our results suggest that TREM2 is an organ-specific

TAM target that requires different strategies depending on the

microenvironmental cues. For cancers that are characterized

by TREM2 receptor downregulation but are enriched with pro-

tective signaling ligands, TREM2 overexpression represents a

promising therapy.

In summary, our study uncovers the distinct function of

TREM2 in CNS cancers and the underlying mechanistic clues

and reveals that restoring rather than suppressing TREM2

expression may represent a disease-specific treatment

approach for GBM.
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Alexa Fluor 647 anti-human/mouse TREM2 R&D Cat# FAB17291R; RRID: AB_3095857; clone237920

Brilliant Violet 785 anti-mouse CD86 BioLegend Cat# 105043; RRID: AB_2566722; clone GL-1

PE/Dazzle 594 anti-human/mouse

Granzyme B

BioLegend Cat# 372216; RRID: AB_2728383; clone QA16A02

Alexa Fluor 700 anti-mouse CD45 BioLegend Cat# 103128; RRID: AB_493715; clone 30-F11

PerCP/Cyanine5.5 anti-mouse Ly-6C BioLegend Cat# 128012; RRID: AB_1659241; clone HK1.4

PE anti-mouse NK-1.1 BioLegend Cat# 108707; RRID: AB_313394; clone PK136

APC/Cyanine7 anti-human CD14 BioLegend Cat# 325620; RRID: AB_830693; clone HCD14

PerCP/Cyanine5.5 anti-human CD16 BioLegend Cat# 302028; RRID: AB_893262; clone 3G8

PE anti-human CD49d BioLegend Cat# 304304; RRID: AB_314430; clone 9F10

BV605 anti-mouse CD25 BioLegend Cat# 102036; RRID: AB_2563059; clone PC61

APC anti-mouse Perforin BioLegend Cat# 154304; RRID: AB_2721463; clone S16009A

PE/Dazzle 594 anti-mouse TNF-a BioLegend Cat# 506346; RRID: AB_2565955; clone MP6-XT22

Brilliant Violet 785 anti-mouse CD11c BioLegend Cat# 117335; RRID: AB_11219204; clone N418

Brilliant Violet 711 anti-mouse TCRb BioLegend Cat# 109243; RRID: AB_2629564; clone H57-597

APC anti-mouse CD19 BioLegend Cat# 115511; RRID: AB_313646; clone 6D5

Alexa Fluor 488 anti-mouse CD4 BioLegend Cat# 100425; RRID: AB_493520; clone GK1.5

BV605 anti-mouse CD8 BioLegend Cat# 100743; RRID: AB_2561352; clone 53-6.7

PE/Cyanine5 anti-mouse CD80 BioLegend Cat# 104712; RRID: AB_313133; clone 16-10A1

PE/Cyanine7 anti-mouse CD163 BioLegend Cat# 155320; RRID: AB_2890710; clone S15049I

Biological samples

Human glioma specimen Department of Neurosurgery,

the First Affiliated Hospital of

Sun Yat-sen University

N/A

Human cerebrospinal fluid specimen Department of Neurosurgery,

the First Affiliated Hospital of

Nanjing Medical University

N/A

Chemicals, peptides, and recombinant proteins

OVA257-264(SIINFEKL) peptide Solarbio Cat# CLP0080

IA9 and IA9-FITC peptide Botai Biotechnology N/A

Sphingomyelin Macklin Cat# S929003

Ganglioside GM1 Macklin Cat# G873919

Tamoxifen Sigma Aldrich Cat# T5648; CAS#10540-29-1

Corn Oil Macklin Cat# C805618; CAS#8001-30-7

Debris Removal Solution Miltenyi Biotec Cat# 130-109-398

Carboxyfluorescein Succinimidyl

Ester (CFSE)

BD Biosciences Cat# 565082

CD3/CD28 Dynabeads Thermo Fisher Cat# 11456D

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pHrodo E. coli Bioparticles Thermo Fisher Cat# P35361

Evo M-MLV RT Master Mix Accurate Biology Cat# AG11706

SYBR Green Pro Taq HS Premix Accurate Biology Cat# AG11718

Cell Stimulation Cocktail Thermo Fisher Cat# 00-4975-93

Fixable Viability Dye eFluor 520/455UV Thermo Fisher Cat# 65-0867-14/65-0868-14

Sodium Citrate Buffer Beyotime Cat# P0081

Critical commercial assays

Arginase Activity Assay Kit Solarbio Cat# BC5555

Enhanced BCA Protein Assay Kit Beyotime Cat# P0010

Foxp3/Transcription Factor

Staining Buffer Set

Thermo Fisher Cat# 00-5523-00

Tumor Dissociation Kit, mouse Miltenyi Biotec Cat# 130-096-730

Tumor Dissociation Kit, human Miltenyi Biotec Cat# 130-095-929

MojoSort Human CD14 Selection Kit BioLegend Cat# 480026

MojoSort Mouse CD8 T cell Isolation Kit BioLegend Cat# 480008

MojoSort Mouse CD3 T cell Isolation Kit BioLegend Cat# 480024

EasySep Direct Human T cell Isolation Kit StemCell Cat# 19661

Deposited data

ScRNA-seq datasets of mouse

TREM2-wildtype or deficient models

this paper GSA: CRA012254

ScRNA-seq datasets of mouse

vector- or AAV-TREM2-treated models

this paper GSA: CRA014760

RNA-seq datasets of sorted murine

myeloid cells from intracranial and

subcutaneous tumor models

this paper GSA: CRA012271

ScRNA-seq datasets of early stage

or late-stage murine GBM models

this paper GSA: CRA014718

SnRNA-seq datasets of spontaneous

GBM mouse model

this paper GSA: CRA012090

ScRNA-seq datasets of human

glioma samples

this paper GSA-Human: HRA005318

Spatial sequencing datasets of

human glioma samples

this paper GSA-Human: HRA005322

RNA-seq and survival data of

human glioma samples

Oncolnc TCGA RNAseqV2

RNA-seq and survival data of

human glioma samples

PrognoScan GEO: GSE7696

RNA-seq and survival data of

human glioma samples

Chinese Glioma Genome Atlas mRNAseq693

TCGA Clinical Data Resource Liu et al. 201851 N/A

Experimental models: Cell lines

GL261 DSMZ Cat# ACC802

CT-2A Millipore Cat# SCC194

EO771 Meisen CTCC Cat# 003–0098

Experimental models: Organisms/strains

Mouse: Trem2�/� mice:

C57BL/6JSmoc-Trem2em1Smoc

Model Organisms Cat# NM-KO-190402

Mouse: littermate Trem2+/+ mice Model Organisms N/A

Mouse: C57BL/6J The Laboratory Animal Center

of the First Affiliated Hospital

of Sun Yat-sen University

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: spTREM2-WT: Gfap-Cre; Trp53f/f;

R26-MET404-flagLSL/+
Prof. ZHANG Nu’s Lab,

Zhong et al., 2023

N/A

Mouse: spTREM2-KO: Trem2�/�; Gfap-Cre;

Trp53f/f; R26-MET404-flagLSL/+
Model Organisms N/A

Mouse: OT-1 mice: C57BL/6-Tg

(TcraTcrb)1100Mjb/J

The Jackson Laboratory Cat# 003831

Mouse: Trem2f/f: C57BL/6JCya-

Trem2em1flox/Cya

Cyagen Cat# S-CKO-17045

Mouse: Tmem119CreER:

Tmem119-2A-CreERT2

Cyagen Cat# C001327

Mouse: Ccr2Cre Prof. BIAN Xiuwu and

Dr. SHI Yu’s Lab

N/A

Mouse: Tmem119CreER;Trem2 f/f Cyagen N/A

Mouse: Ccr2Cre;Trem2 f/f Cyagen N/A

Oligonucleotides

Primers: see Table S6

Recombinant DNA

AAV9-F4/80-MCS-p2A-GFP WZ Biosciences N/A

AAV9-F4/80-TREM2-flag-p2A-GFP WZ Biosciences N/A

Software and algorithms

R (version 4.2.2) The R Foundation https://www.r-project.org/

Cell Ranger (version 6.1.2) 10x Genomics https://10xgenomics.com/

Seurat Package (version 4.1.0) Satija Lab and collaborators https://satijalab.org/seurat/

CellphoneDB (version 4) Lorenzi et al., 2022 https://www.cellphonedb.org

Space Ranger (version 1.3.1) 10x Genomics https://10xgenomics.com/

SPATA2 package (version 2.0.4) Kueckelhaus Lab

and collaborators

https://themilolab.github.io/SPATA2/index.html

GraphPad Prism (version 9.5.0) GraphPad https://www.graphpad.com

SkanIt (version 6.1) Thermo Fisher https://www.thermofisher.com

Excel (version 16.80) Microsoft https://www.microsoft.com

FlowJo (version 10.6.2) FlowJo, LLC https://www.flowjo.com

GEPIA Tang et al. 2017 http://gepia.cancer-pku.cn/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nu Zhang

(zhangnu2@mail.sysu.edu.cn).

Materials availability
All stable and unique reagents generated in this study are available from the lead contact upon reasonable request.

Data and code availability
Raw data of the murine scRNA-seq, single-nucleus RNA sequencing (snRNA-seq), bulk RNA-seq of sorted myeloid cells from intra-

cranial and subcutaneous tumor models have been deposited in the Genome Sequence Archive (GSA) in National Genomics Data

Center (NGDC). Raw data of the human GBM scRNA-seq and human GBM spatial transcriptomics have been deposited in the GSA-

human database in NGDC. The data are publicly available as of the date of publication. Accession numbers are listed in the key re-

sources table. This paper does not report original code. Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tissues and blood samples
Human glioma cancerous and peritumor tissues and peripheral blood samples were collected at the Department of Neurosurgery of

the First Affiliated Hospital of Sun Yat-sen University with informed consent from the donors. The pathological features of the

analyzed samples were confirmed by neuropathologists. The study was approved by the Ethics Institutional Review Boards of

the First Affiliated Hospital of Sun Yat-sen University and complied with all relevant ethical regulations regarding human participants.

The cerebrospinal fluid samples of GBM patients and control patients (without tumors and CNS disorders) were collected at the

Department of Neurosurgery of the First Affiliated Hospital of Nanjing Medical University with informed consent from the donors

and the sample collection was approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University.

Cell lines
The murine glioma cell lines GL261 and CT-2A were purchased from the Leibniz Institute DSMZ-German Collection of Microorgan-

isms andCell CulturesGmbH (ACC802) andMillipore (SCC194), respectively. Themurine breast cancer cell line EO771was obtained

fromMeisen CTCC (003–0098). These cell lines weremaintained in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS),

cultured in a humidified incubator at 37�C with 5% CO2 and were regularly tested and verified to be free of mycoplasma

contamination.

Mouse strains and housing
C57BL/6J mice were purchased from the Laboratory Animal Center of the First Affiliated Hospital of Sun Yat-sen University. Trem2�/�

mice (C57BL/6JSmoc-Trem2em1Smoc, #NM-KO-190402) and littermate wild-type mice (C57BL/6J) were obtained from Model Organ-

isms (Shanghai, China). Briefly, Cas9 mRNA and gRNAs (gRNA1: CGCTATGCTCCCTGCACTCCTGG; gRNA2: CTGGCAGTGA

CTGCGGATGGAGG) were microinjected into the fertilized eggs of C57BL/6J mice, and the injected fertilized eggs were transplanted

into pseudopregnant female mice. The mice born afterward were F0 generation mice. The F0 generation mice identified as positive by

PCR amplification and Sanger sequencing were further mated with C57BL/6J mice to obtain F1 generation mice (target mice) with sta-

ble inheritance. Spontaneous genetic GBM mouse models (spTREM2-WT: Gfap-Cre; Trp53f/f; R26-MET404-flagLSL/+; spTREM2-KO:

Trem2�/�; Gfap-Cre; Trp53f/f; R26-MET404-flagLSL/+) were generated by Model Organisms. The spTREM2-WT mice have been

validated in a previous report.35 OT-1 mice were obtained from the Jackson Laboratory (#003831). Trem2 f/f mice (CKO-control, #S-

CKO-17045, Cyagen) were crossed with Tmem119CreER (Tmem119-2A-CreERT2, #C001327, Cyagen) and Ccr2Cre mice (kindly pro-

vided by Prof. BIAN Xiuwu and Dr. SHI Yu’s Lab) to generate Tmem119CreER;Trem2f/f and Ccr2Cre;Trem2f/f mice, respectively. Three

weeks prior to tumor initiation, the mice for CKO experiments were intraperitoneally injected with 100 mg/mL tamoxifen (dissolved in

corn oil) for 5 consecutive days. The mice were kept in specific-pathogen-free (SPF) status under a 12-h light-dark cycle at 24�C–
26�C and 50–70% humidity. All of the animal experiments conducted in this study were approved by the Ethics Institutional Review

Boards of the First Affiliated Hospital of Sun Yat-sen University.

METHOD DETAILS

Tumor models
To establish orthotopic brain tumormodels, eight-week-oldmicewere anesthetized with isoflurane. Themicewere then intracranially

injected with GL261, CT-2A or EO771 cells (1.03105) in 2.5 mL PBSwith a 10-mL Hamilton syringe through a guide screw into the right

frontal lobe at a depth of 2.5 mm. For the metastatic brain tumor model in Figure S7, EO771 cells (4.03105) were injected into the

internal carotid artery of the mice.76 For the extracranial tumor model, GL261 (2.03106) cells resuspended in 100 mL PBS were sub-

cutaneously injected into the flank of each mouse. For in vivo TREM2 signaling blocking, the blocking peptide IA9 (25 mg/kg)36 was

resolved in DMSO and diluted in 200 mL PBS, and was intraperitoneally injected into the mice daily from day 7 after intracranial tumor

inoculation until the mice were sacrificed. For in vivo TREM2 overexpression, AAV-TREM2 (�5.031010 VG/mL in 2 mL per mouse) or

control vector was intracranially injected on day 3 and day 10 after GL261/CT-2A inoculation. For ICB, mice were intracranially in-

jectedwith anti-PD-1 antibody (BE0146, BioXcell, 10mg/kg, 1:5 diluted in PBS) or IgG control antibody every 5 days after tumor inoc-

ulation. Themice weremonitored andweighed every day and humanely sacrificed once they displayed neurological symptoms, 20%

weight loss or became moribund. The intracranial tumor volume (mm3) was calculated by measuring the length (L) and width (W) of

the tumor from the HE-stained sections (V = p/6*L*W2). For the subcutaneous tumor model, the tumor size was routinely measured,

and the mice were euthanized when the tumor volume reached �1000 mm3.

Bioinformatic analysis
Single-cell RNA-seq data processing

Raw gene expression matrices were generated for each sample by Cell Ranger (version 6.1.2) pipeline coupled with the human refer-

ence genome version GRCh38 and the mouse reference genome version mm10, respectively. The output filtered gene expression

matrices were analyzed by the Seurat package (version 4.1.0).77 In brief, genes expressed at a proportion >0.1% of the data and cells

with >200 genes detected were selected for further analyses. For human data, low-quality cells were removed if they met the

following criteria: 1)% 500 genes, 2) R 8,000 genes, 3)R 50,000 UMIs or 4)R 10% UMIs derived from the mitochondrial genome.
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For murine data, low-quality cells were removed if they met the following criteria: 1) % 200 genes, 2) R 8,000 genes, 3) R

50,000 UMIs or 4) R 10% UMIs derived from the mitochondrial genome. After removal of low-quality cells, the gene expression

matrices were normalized by the NormalizeData function, and 2000 features with high cell-to-cell variation were calculated using

the FindVariableFeatures function. To reduce the dimensionality of the datasets, the RunPCA function was conducted with default

parameters on linear-transformation scaled data generated by the ScaleData function. Next, the ElbowPlot, DimHeatmap and Jack-

StrawPlot functions were used to identify the true dimensionality of each dataset, as recommended by the Seurat developers. Finally,

we clustered cells using the FindNeighbors and FindClusters functions and performed nonlinear dimensional reduction with the Run-

UMAP function with default settings. All details regarding the Seurat analyses performed in this work can be found in the website

tutorial [https://satijalab.org/seurat/articles/get_started.html].

Multiple dataset integration

To compare cell types and proportions between the wild-type and Trem2�/� mice, the Seurat package was used to assemble mul-

tiple distinct scRNA-seq datasets into an integrated and unbatched dataset. In brief, we identified 2000 features with high cell-to-cell

variation as described above. Next, we identified ‘‘anchors’’ between individual datasets with the FindIntegrationAnchors function

and input these anchors into the IntegrateData function to create a ‘‘batch-corrected’’ expression matrix of all cells, which allowed

cells from different datasets to be integrated and analyzed together.

Cell type annotation and cluster marker identification

After nonlinear dimensional reduction and projection of all cells into two-dimensional space by UMAP, cells were clustered together

according to common features. The FindAllMarkers function in Seurat was used to find markers for each of the identified clusters.

Clusters were then classified and annotated based on the expression of canonical markers of particular cell types. Clusters express-

ing two or more canonical cell-type markers were classified as doublet cells and excluded from further analysis.

Subclustering of major cell types

To characterize the subsets of a major cell type, cells from that major cell type were first extracted from the overview integrated data-

set first. Next, the cells from this major cell type were integrated for further subclustering. After integration, genes were scaled to unit

variance. Scaling, PCA, and clustering were performed as described above.

DEG identification and functional enrichment

Differential gene expression testing was performed using the FindMarkers function in Seurat with parameter ‘test.use = wilcox’ by

default. DEGs were filtered using a minimum log2(fold change) of 0.2 and a maximum p-value of 0.01. Enrichment analysis for the

functions of the DEGs was conducted using the Metascape webtool (www.metascape.org). Gene sets were derived from the Mo-

lecular Signatures Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb), including the following collections of gene

sets: GO Biological Processes, Hallmark Gene Sets, Reactome Gene Sets, WikiPathways, KEGG Pathway, and PANTHER Pathway.

Defining cell state scores

Weused cell scores to evaluate the degree to which individual cells expressed a certain predefined expression gene set.78–81 The cell

scoreswere initially based on the average expression of the genes from the predefined gene set in the respective cell. For a given cell i

and a gene set j (Gj), the cell score SCj(i) quantifies the relative expression of Gj in cell i as the average relative expression (Er) of the

genes in Gj compared to the average relative expression of a control gene set (Gjcont): SCj(i) = average[Er(Gj, i)] – average[Er(Gjcont,

i)]. The control gene set was randomly selected based on aggregate expression level bins, which yielded a comparable distribution of

expression levels and over size to that of the considered gene set. The AddModuleScore function in Seurat was used to implement

the method with default settings. We used well-defined naive markers (Ccr7, Sell, Lef1, and Tcf7), effector-associated genes (Prf1,

Ifng, Nkg7, Gzmb, Gzma, Gzmk, Gzmd, Klrk1, Klrb1, Klrd1, Ctsw, and Cst7), exhaustion markers (Pdcd1, Tigit, Ctla4, Havcr2, Tox,

and Cd244a) and T cell helper markers (Ifng, Tnf, Il2, Il2ra, Il4, Il6, Il17a, Il21, Il22, Cd69, Cd74, H2-Aa) to define the naive, effector,

exhaustion and helper scores of the T cells.78,81,82 Themonocyte andmacrophage signature scores were measured on 10monocyte

marker genes (Ly6c2, Plac8, Chil3, Hp, Ccr2, Gsr, Plaur, Cebpb, Taldo1, and Klra2), and 9 macrophage maker genes (Apoe, C1qa,

C1qc, Ms4a7, Cd81, Egr1, Itm2b, Tmem176a, and Tmem176b), respectively.

Putative cell-to-cell interaction patterns

We calculated the expression of ligand-receptor pairs between any two cell types across conditions to infer intercellular communi-

cation by CellphoneDB (version 4).83 Mouse gene names were translated to their human orthologs first. Next, the statistical analysis

method was employed with default parameters based on interactions and complexes database version 4.0.0. All details regarding

the interaction analyses performed in this work can be found on the official website [https://cellphonedb.readthedocs.io/en/latest/

index.html]. Ktplots [https://github.com/zktuong/ktplots] (version 2.3.0) was used to enhance the visualization of CellPhoneDB

results.

Spatial transcriptomics visium data analysis

Raw gene expression matrices were generated for each sample by Space Ranger (version 1.3.1) pipeline coupled with the human

reference genome version GRCh38. The output filtered gene expression matrices were analyzed by the SPATA2 package (version

2.0.4). In brief, the initiateSpataObject_10X function was employed to create a spata2 object and perform a variety of computations

(e.g., count normalization, dimensionality reduction and clustering) while relying on the gold-standard functions of the Seurat-pack-

age. Then, spatial trajectories were added to the spata2 object via two functions, createSpatialTrajectory and addSpatialTrajectory.

Copy number variation (CNV) analysis of spatial data is implemented in SPATA2 through the runCnvAnalysis command. We

measured the mean expression levels of the genes in BP.GO_NEGATIVE_REGULATION_OF_MYELINATION, HM_

INFLAMMATORY_RESPONSE to define the myelin sheath (MS) degradation and inflammatory stress, respectively. All details
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regarding the SPATA2 analyses performed in this work can be found on the website [https://themilolab.github.io/SPATA2/

index.html].

RNA-seq analysis

Paired-end read sequences were aligned to the mouse reference genome (version mm10) using the default settings in STAR (version

2.6.1b) and quantified by HTSeq (version 0.11.0) in ‘‘intersection-strict’’ mode. Significant DEGs were identified as those with a false

discovery rate (FDR) value above the threshold (Q < 0.05) and fold-change >2 using edgeR software (v3.2.0). To assign pathway ac-

tivity estimates to individual samples, we applied GSVA (version 1.40.1) using standard settings for KEGG metabolism pathways as

described previously.78 The differential activity levels of pathways between conditions were calculated using Limma (version 3.48.1).

Each pathway with a Benjamini-Hochberg-corrected p value <0.05 and absolute t-value >2.5 was considered to be significantly

disturbed. GSEA was conducted using the fgseaMultilevel function in the fgsea package.

Metabolomics analysis

Collected CSF samples were subjected to global metabolomics profiling using an ultrahigh-performance liquid chromatography–

mass spectrometry (UPLC–MS/MS) platform following conventional metabolomics procedures (MetWare Biotechnology Inc.).

Significantly regulated lipids between the normal CSF and the GBM CSF groups were determined by VIP R1 and absolute

Log2FC (fold change) R 1. VIP values were extracted from the OPLS-DA results generated using the R package

MetaboAnalystR. The data were log transformed (log2) and mean centered before OPLS-DA. To avoid overfitting, a permutation

test (200 permutations) was performed. Identified lipids were annotated using the KEGG compound database. Pathway enrichment

analysis was carried out following instructions from online tool MetaboAnalyst [https://www.metaboanalyst.ca].

Public database analysis

Survival data of three GBM cohorts in TCGA RNAseqV2, GSE7696 andmRNAseq_693 datasets were obtained fromOncolnc [http://

www.oncolnc.org/], PrognoScan [http://dna00.bio.kyutech.ac.jp/PrognoScan/] and the CGGA database [http://www.cgga.org.cn/

index.jsp]. The data were analyzed and illustrated by GraphPad Prism (version 9.5.0). The expression of TREM2 in the cohorts

from TCGA and GTEx datasets was plotted following the instructions provided by the online tool GEPIA [http://gepia.cancer-pku.

cn/]. The clinical relevance of TREM2 negatively regulated genes in GBM was investigated using the standardized dataset named

the TCGA Pan-Cancer Clinical Data Resource (TCGA-CDR).51 GBM patients were classified into high and low groups based on

the optimal cutpoint returned by the surv_cutpoint function.

Constructs and reagents
The TREM2-overexpressing (AAV9-F4/80-TREM2-flag-p2A-GFP) and the control (AAV9-F4/80-MCS-p2A-GFP) adeno-associated

viruses were generated by WZ Biosciences. TREM2 blocking 9-mer peptide IA9 or IA9-FITC was synthesized, purified and validated

by mass spectrometry according to the reported protocols36 by Botai Biotechnology (Shanghai, China). Sphingomyelin (S929003,

Macklin) and ganglioside GM1 (G873919, Macklin) were purchased from Macklin, China. Purified lipids were dissolved in methanol,

coated onto high-absorbent plates (Thermo Fisher), and incubated at room temperature to dry for 15min in a biological safety cabinet

prior to downstream stimulation experiments, as previously reported.4,84

Cell suspension preparation and cell sorting
Fresh human ormouse tissues were cut into 2-4mmpieces and transferred into gentleMACSC tubes (130-093-237, Miltenyi Biotec).

Tissues were digested in an enzyme mix (130-096-730 for mouse and 130-095-929 for human tissues, Miltenyi Biotec) on a gentle-

MACS Octo Dissociator following the manufacturer’s protocols. The cell suspension was diluted in PBS and filtered through 70 mm

strainers. Cell debris was excluded by Debris Removal Solution (130-109-398, Miltenyi Biotec) according to the manufacturer’s in-

structions. Red blood cells (RBC) were then removed using RBC lysis buffer (C3702, Beyotime). The cell pellets were then resus-

pended in FACS staining buffer (PBS +2% FBS) and ready for downstream experiments (scRNA-seq, flow cytometry or magnetic

sorting, etc.). CD14+ cells from human brain tissues were sorted by a magnetic isolation kit (480026, BioLegend) following the man-

ufacturer’s protocols.

Isolation of TAMs from tumor samples
Fresh mouse or human tumor tissues were digested into single-cell suspensions using the abovementioned methods. The cell sus-

pension was then subjected to flow cytometry cell sorting using previously reported gating strategies.16,63 For the mouse tissues,

TAMs were defined as live CD45+CD11b+F4/80+LY6C�LY6G� cells (including both MDMs and MG for GBM samples). For human

GBM tissues, TAMs were defined as live CD45+CD11b+CD14+CD16� cells (including both MDMs and MG). The sorted cells were

resuspended in collection medium (RPMI 1640 + 10% FBS) and used for downstream analysis.

Arginase activity assessment
TAMs were isolated fromGL261-GBM-bearing mice using abovementioned methods. After cell counting, the same number of TAMs

(2.03105) from each group was subjected to an arginase activity assay (BC5555, Solarbio) following the manufacturer’s instructions.

The absorbance was measured at 560 nm, and the arginase activity was calculated and normalized using SkanIt software (version

6.1) and Microsoft Excel (version 16.80).
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T cell isolation and T cell suppression assay
For separating murine primary T cells, mouse spleens were collected and crushed by the plunger end of a syringe. The splenocytes

were washed through a 70 mm cell strainer and incubated in RBC lysis buffer (C3702, Beyotime) to remove red blood cells. CD3+ T or

CD8+ T cells were then magnetically isolated from the cells by MojoSort Mouse CD3+ T cell Isolation Kit (480024, BioLegend) or by

MojoSort Mouse CD8+ T cell Isolation Kit (480008, BioLegend). For separating human CD3+ T cells from peripheral whole blood, an

EasySep Direct Human T cell Isolation Kit (19661, StemCell) was applied following the manufacturer’s instructions. The isolated

T cells were first labeled with 1 mM carboxyfluorescein succinimidyl ester (CFSE, 565082, BD Biosciences), activated with CD3/

CD28 Dynabeads85 (11456D, Thermo Fisher) and plated with the myeloid cells at a ratio of 1:1. In some instances, the myeloid cells

were incubated with the indicated lipids 24 h prior to coculture. After 72 h of coculture, the cells were stained with indicated anti-

bodies and Fixable Viability Dye eFluor 455UV (65-0868-14, eBioscience).

T cell priming assay
This assay was performed following a previously published method.86 Briefly, the sorted TAMs were incubated with the OVA257-264

(SIINFEKL) peptide (1 nM) for 1 h at 37�C and cocultured with CFSE-labeled OT-1 CD8+ T cells (separated from the spleens of OT-1

mice). After 72 h of coculture, the cells were stained for CD8, CD44, CD25, CD62L and PD-1 to analyze their activation status.

Phagocytosis assay
The assay was conducted based on previously published methods.87 Briefly, cells were seeded at a density of �23105 in 24-well

plates coated with purified lipids or control solvent and incubated for 24 h pHrodo E. coli bioparticles (P35361, Invitrogen) at a con-

centration of 1 mg/mL were prepared in PBS, and a total of 50 mg of bioparticles was added per well. A negative control sample con-

taining all reagents was incubated on ice, according to the manufacturer’s protocol. After incubation for 60 min at 37�C, cells were

harvested and washed two times with FACS staining buffer (PBS +2% FBS), and analyzed by a BD FACS Celesta flow cytometer.

Data analysis was performed using the FlowJo software (version 10.6.2).

Microglial depletion
To pharmacologically deplete the MG in the mouse brain, mice were fed with PLX3397-formulated AIN-76A diet (290 ppm, Moldiets)

or control AIN-76A diet daily.40 Twenty-one days after the initial feeding, themice were intracranially inoculated with GL261 cells. The

feeding treatment wasmaintained until themicewere sacrificed. Blood samples for investigating the impact on peripheral monocytes

were collected from the submandibular vein.

Reverse transcription and qPCR
RNA reverse transcription was performed using EvoM-MLV RTMaster Mix (AG11706, Accurate Biology). Then, qPCR was conduct-

ed using SYBRGreen Pro TaqHS Premix (AG11718, Accurate Biology) in a QuantStudio 5 system (Applied Biosystems). Primers are

summarized in Table S6.

Reporter assay
GFP-NFAT reporter cells4 were stably transfected with human TREM2 and DAP12 cDNAs. The reporter cells were added to the wells

coated with purified lipids or treated with solvent. The reporter activity (%) was assessed after overnight incubation, which is defined

as the percentage of GFP-positive cells subtracted from the background (percentage of GFP-positive cells in the solvent-

treated wells).

Flow cytometry
Cell suspensions were first labeled with surface fluorescent antibodies on ice for 30 min and then stained for other intracellular

markers using a Cell Stimulation Cocktail (00-4975-93, eBioscience) and a Foxp3/Transcription Factor Staining Buffer Set (00-

5523-00, eBioscience). Dead cells were labeled with Fixable Viability Dye eFluor 520/455UV (65-0867-14/65-0868-14, eBioscience)

and excluded. The gating strategies are provided in the supplemental figures. Flow cytometry was performed on a Cytek Aurora flow

cytometer, and the data were analyzed using FlowJo software (version 10.6.2).

Immunoblotting
Total protein was extracted from the cells by RIPA buffer supplemented with a cocktail of protease and phosphatase inhibitors (HY-

K0010/HY-K0021/HY-K0022, MedChemExpress) and quantified using a BCA kit (P0010, Beyotime). Equal amounts of proteins were

loaded into the wells of SDS‒PAGE gels. After electrophoresis, proteins were transferred to polyvinylidene fluoride (PVDF) mem-

branes. After blocking, membraneswere incubatedwith the indicated primary antibodies andHRP-conjugated secondary antibodies

(1:10000, 5220-0336/5220-0341, SeraCare). The bands were obtained by chemiluminescence using Clarity Western ECL Substrate

(Bio-Rad).

Immunofluorescence
For paraffin-embedded tissues, graded series of xylene and ethanol were used for dewaxing and hydration. The sections were then

subjected to heat-induced antigen retrieval in sodium citrate buffer (P0081, Beyotime) using a microwave. For frozen-sectioned
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tissues, the sections were first incubated in PBS and restored to room temperature. The sections were then blocked with 5%donkey

serum and incubated with primary antibody overnight at 4�C and fluorescence secondary antibody (Invitrogen) for 1 h at room tem-

perature. Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI). Fluorescent signals were detected using an Olympus

FV3000 confocal microscope or an Olympus BX63 microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were carried out using GraphPad Prism (version 9.5.0) software unless otherwise specified. Experimental data are

presented as the mean ± standard deviation (SD) of at least three biologically independent replicates. For comparing parametric

data, a two-tailed unpaired Student’s t test was used to determine statistical significance. For comparing parametric data between

paired tumoral and peritumoral tissues, a two-tailed paired Student’s t test was used. For determining the significance of differences

in survival analysis, the log rank test was applied. A p value less than 0.05 was considered statistically significant.
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