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Abstract  

Glioblastomas (GBMs) are tumors of the central nervous system that remain recalcitrant 

to both standard of care chemo-radiation and immunotherapies. Emerging approaches to 

treat GBMs include depletion or re-education of innate immune cells including microglia 

(MG) and macrophages (MACs). Here we show myeloid cell restricted expression of 

triggering receptor expressed on myeloid cells 2 (TREM2) across low- and high-grade 

human gliomas. TREM2 expression did not correlate with immunosuppressive pathways, 

but rather showed strong positive association with phagocytosis markers such as 

lysozyme (LYZ) and CD163 in gliomas. In line with these observations in patient tumors, 

Trem2-/- mice did not exhibit improved survival compared to wildtype (WT) mice when 

implanted with mouse glioma cell lines, unlike observations previously seen in peripheral 

tumor models. Gene expression profiling revealed pathways related to inflammation, 

adaptive immunity, and autophagy that were significantly downregulated in tumors from 

Trem2-/- mice compared to WT tumors. Using ZsGreen-expressing CT-2A orthotopic 

implants, we found higher tumor antigen engulfment in Trem2+ MACs, MG, and dendritic 

cells. Our data uncover TREM2 as an important immunomodulator in gliomas and 

inducing TREM2 mediated phagocytosis can be a potential immunotherapeutic strategy 

for brain tumors.   
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Key points 

• TREM2 is not associated with immunosuppressive molecules in GBM 

• TREM2 is associated with phagocytosis in both human and mouse gliomas 

• Deletion of Trem2 in mice does not improve survival in glioma models 

 

Importance of the study 

Triggering receptor expressed on myeloid cells 2 (TREM2) has been implicated as a 

major immunoregulator in both neurodegenerative diseases and systemic cancers, yet 

its functional role in gliomas remains unclear. This study reveals that unlike in other 

cancers, TREM2 is not associated with immunosuppression in the glioma 

microenvironment. In fact, TREM2 expression is associated with phagocytosis in both 

human and mouse gliomas, similar to its role in Alzheimer’s disease. These findings 
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indicate that TREM2 blockade will not be a viable treatment strategy for gliomas. Instead, 

TREM2 induction may boost the potential of myeloid cells in the tumor microenvironment 

to engulf cancer cells.  

 

Introduction  

Gliomas are the most common primary adult brain tumors and comprise over 80% of 

central nervous system (CNS) malignancies (Ostrom, et al., 2015). Of these, 

glioblastomas (GBMs) are high grade gliomas that exhibit the poorest clinical outcome. 

Despite standard of care treatments including surgical resection and concurrent 

chemoradiation, these patients have a median survival of only 15-18 months (Stupp et 

al., 2005) (Hegi et al., 2005). Although lymphocyte-based immune checkpoint therapies 

have significantly improved progression-free survival for many other solid tumors, these 

modalities have yielded disappointing results in clinical trials for GBM patients (Reardon 

et al., 2020) (Sade-Feldman et al., 2018). In fact, glioma patients are lymphopenic (Kim 

et al., 2019) and inherently show T cell scarcity in the tumor immune microenvironment 

(TIME, Klemm et al., 2020) (Friebel et al., 2020), yet currently approved immunotherapies 

target T lymphocytes for facilitating antitumor immunity.   

Recent immunophenotyping studies have revealed that the glioma TIME is 

characterized by a heterogeneous, predominantly myeloid population (Chen et al., 2017) 

(Larkin et al., 2022) (Gupta et al., 2022 Preprint). These myeloid cells include yolk sac-

derived brain resident microglia (MG), bone marrow-derived macrophages (MACs), and 

monocyte-derived macrophages (MDMs) (Morantz et al., 1979) (Gupta et al., 2022 

Preprint). Because of their relative abundance, selective targeting of myeloid cells may 

be a more viable alternative to current T cell-based investigations (Quail and Joyce, 

2017). Myeloid-targeted clinical trials in various cancers are emerging (Cassetta and 

Pollard, 2018), but a deeper functional understanding of anti-tumor properties of myeloid 

cells in GBM is needed. Although MG and MACs perform a variety of protective 

immunoregulatory functions including phagocytosis of pathogens and cellular debris as 

well as antigen presentation to T cells (Barker et al., 2002) (Schetters et al., 2017) (Brown 

and Neher, 2014), how these pleiotropic functions affect glioma progression remains 

unclear.   
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Triggering receptor expressed on myeloid cells 2 (TREM2) is a type I 

transmembrane receptor in the immunoglobulin superfamily that has been implicated as 

a major regulator of the myeloid cell immune response (Bouchon et al., 2001) 

(Deczkowska et al., 2020). It is expressed on bone marrow-derived MACs, MG, and is 

implicated in dendritic cell (DC) maturation (Bouchon et al., 2001). The binding of its 

various ligands and association with DNAX activator proteins 10 and 12 (DAP10, DAP12) 

result in activation of the PI3K-Akt pathway or SYK kinase, resulting in downstream 

promotion of cell survival pathways or phagocytosis and cytokine production, respectively 

(Peng et al., 2010). TREM2 is involved in engulfment, a crucial step for the initiation of 

phagocytosis (Takahashi et al., 2005), and TREM2 deficient or defective MG display 

impaired phagocytosis in vitro and in vivo (Kleinberger et al., 2017) (N'Diaye et al., 2009) 

(Ulrich et al., 2014). TREM2 is well characterized in Alzheimer’s disease (AD), where the 

R47H mutation is a variant associated with an increased risk of typical early-onset AD 

(Jonsson et al., 2013) (Guerreiro et al., 2013) and TREM2 promotes microglial survival 

and phagocytosis of amyloid plaques in early-stage AD mouse models (Wang et al., 2015) 

(Ulland et al., 2017) (Wang et al., 2016). Recently, TREM2 has garnered attention for its 

role in cancer due to its expression on tumor associated MACs and an increasing interest 

in the dual role of myeloid cells in the inflammatory response against tumors as well as 

pro-tumoral immunosuppression (Molgora et al., 2020) (Katzenelenbogen et al., 2020). 

Despite its critical role in other cancers and neurological disorders, the function of TREM2 

in gliomas has not been well-characterized, and previous studies lack in vivo relevance 

and provide only correlative associations (Yu et al., 2022).  

In this study, we characterize the role of TREM2+ myeloid cells using both human 

patient-derived glioma tissues as well as orthotopic mouse models. Through a 

comprehensive analysis of a large cohort of human gliomas, we identified a population of 

glioma-associated TREM2+ myeloid cell populations that are associated with 

phagocytosis. We also find that Trem2+ myeloid cells engulf tumor antigens, and survival 

benefits of Trem2 deletion as reported in other cancers (Molgora et al., 2020) are not 

observed in mouse models of glioma. In summary, our pre-clinical and translational 

studies define TREM2 as a key phagocytic immunomodulator in gliomas.  
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Methods  

Human brain tissue collection  

Tissue samples were collected from fifty-six glioma patients and five epilepsy patients. 

Informed consent and detailed information including age, sex, glioma type, and site of 

tumor extraction were obtained prior to neurosurgery. The brain tumor samples were 

collected according to MD Anderson internal review board (IRB)-approved protocols 

LAB03-0687, LAB04-0001, and 2012-0441, and epileptic brain tissue was collected at 

Baylor College of Medicine under IRB-approved protocol H-13798. All experiments 

performed were in compliance with the IRB of MD Anderson Cancer Center.  

  

Preparation of single-cell leukocyte suspensions  

Resected brain tumors or tissue from humans and mice were freshly processed or stored 

overnight in MACS tissue storage solution (Miltenyi Biotech #130-100-008). Human tissue 

and mouse lymph nodes and spleen were finely minced, and mouse brains were 

homogenized using a Dounce homogenizer. Tissues were enzymatically dissociated in 

warm digestion medium containing 100 µg/mL collagenase D (Sigma-Aldrich 

#11088866001) and 2 µg/mL DNase for 30 minutes at 37º C. The reaction was 

neutralized with 2% fetal bovine serum (FBS) (Gibco #16140-071) in IMDM. Tissues were 

passed through a 100 µm cell strainer (Corning #352360) and brain samples were 

subjected to 33-40% Percoll gradient (Sigma-Aldrich #17-0891-01) to remove myelin then 

resuspended in red blood cell (RBC) lysis buffer (Sigma-Aldrich #R7757-100ML) for 10 

minutes at room temperature. The RBC lysis reaction was neutralized with an equal 

volume of 1X PBS. Cell pellets were obtained via centrifugation at 500g for 5 minutes at 

4º C, and human samples were cryopreserved in 10% DMSO (Sigma-Aldrich #F4135) in 

FBS in liquid nitrogen at -196ºC until use, whereas mouse tissues were collected and 

processed freshly ahead of experimentation. A detailed description of methods for human 

leukocyte preparation is provided in Gupta, et al., 2022.  
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IHC and immunofluorescence  

Formalin fixed paraffin embedded (FFPE) tissues from human patients and mice were 

serially sectioned on a microtome at 5 µM. Slides were baked for 30 minutes at 60° C 

then deparaffinized by subsequent washes in xylene, 1:1 xylene and 100% ethanol, 100% 

ethanol, 95% ethanol, 70% ethanol, 50% ethanol, and water. Antigen retrieval was 

performed using a pressure cooker at 100ºC for 10 minutes in sodium citrate pH=6 buffer. 

Slides were washed 3 times in 1X PBS and endogenous peroxidases were blocked with 

3% hydrogen peroxide for 30 minutes. After 3 washes in PBS, slides were incubated for 

an hour at room temperature with 10% bovine serum albumin (Millipore Sigma #A7030) 

to block nonspecific binding. Slides were incubated overnight at 4°C with primary antibody 

(1:100 TREM2 (D8I4C) rabbit mAb, Cell Signaling Technology #91086). The following 

day, after 3 washes in PBS, the slides were incubated with the corresponding 

HRPconjugated secondary antibody for one hour at room temperature (goat anti-rabbit 

IgG H&L HRP, Abcam #ab6721). The slides were then washed in PBS 3 times then 

developed using the DAB substrate kit (Abcam #ab64238). The slides were covered in 

hematoxylin for 3 minutes, then counterstained in PBS for 5-10 minutes. The slides were 

dehydrated and cover slipped using aqueous mounting medium. Quantitative analysis 

was performed blinded using ImageJ IHC toolkit by multiple authors.   

  

Gene module correlation analyses  

For the correlation of phagocytic gene modules to the TREM2 pathway, we included 

‘TREM2’, 'HCST’, 'TYROBP’, 'APOE’, 'CLU’, 'CD33’, 'LGALS1’, 'LGALS3’, 'GRN’, 

'NFATC1’, 'MS4A4A’, 'MS4A6A’. Phagocytic genes were curated from related gene 

ontology terms containing ‘Phagocytosis’ and the expression values are enlisted in 

Supplementary Table S1. TREM2 pathway score and phagocytic scores were calculated 

for each myeloid cell using Seurat function AddModuleScore (Butler et al., 2018).  

  

Animals  

WT C57BL/6J (Jackson Labs #000664) and C57BL/6J-Trem2em2Adiuj/J (Jackson Labs  

#027197) mice were procured from Jackson Laboratory and housed at MD Anderson 

Department of Veterinary Medicine and Surgery under IACUC-approved protocol 

#00001504-RN02. Mice used for experiments were sex and age matched.  
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Cell lines and in vivo glioma models  

6-month-old mice were intracranially bolted at 2.5 mm lateral and 1 mm anterior to the 

bregma according to guide-screw procedure (Lal et al., 2000) One week following bolting, 

mice were implanted via stereotaxic injection with 20,000 CT-2A-luc, 20,000 CT-2A, or 

100,000 GL261-luc cells resuspended in serum-free DMEM. For flow cytometry analysis, 

mice were implanted with 700,000 CT-2A-ZsGreen cells and sacrificed 12 days 

postinjection. Mice in all survival studies were monitored daily for signs of distress and 

were sacrificed when moribund, as defined by hunched posture, ataxia, and neurological 

sequelae including seizures. To monitor tumor growth via bioluminescence, mice were 

injected subcutaneously with 20 µL/g 15 mg/mL sterile D-luciferin and were imaged using 

the Perkin-Elmer in vivo imaging system (IVIS 200) 15 minutes post-injection. Data were 

analyzed using Aura (Spectral Instruments Imaging) software. CT-2A cells were a gift 

from Dr. Sourav Ghosh (Yale University) and fingerprinted prior to use. CT-2A-luc cells 

were purchased from Sigma-Aldrich (#SCC195) and expanded in-house. CT-2AZsGreen 

cells were generated using lentiviral particles derived from a pLVX-ZsGreen1C1 vector 

(Takara Bio #632566). All cell lines were grown in DMEM high glucose with 10% FBS 

(Gibco #16140-071) and CT-2A-ZsGreen cells were grown on a puromycin (Thermo 

Fisher #A1113803) selection cassette at 1 µg/mL. Cells were passaged twice a week or 

when 70-80% confluent. Culture medium was aspirated and flasks were washed with 

sterile 1X PBS, then cells were dissociated through trypsinization (Gibco #T3924100) for 

3 minutes at 37ºC followed by neutralization with an equal volume of culture medium. 

Cells were pelleted via centrifugation for 3 minutes at 400g, then resuspended in culture 

medium and split 2:1. All cells for experiments were used within the first 5 passages after 

thawing.   

  

RNA isolation and NanoString analysis  

1.5 mm punch biopsy needles were used to extract tissue from the tumor core of FFPE 

mouse brains (Integra #33-31A). The QIAGEN RNeasy FFPE kit (QIAGEN #73504) was 

used to isolate RNA following deparaffinization. The RNA was sent for NanoString 

nCounter analysis using the mouse neuroinflammation panel. Statistical analysis of gene 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 6, 2023. ; https://doi.org/10.1101/2023.04.05.535792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.05.535792
http://creativecommons.org/licenses/by-nc-nd/4.0/


   8  

expression was performed according to NanoString protocol in the nSolver advanced 

analysis system and in R. Supplementary Table S2 shows the list of genes and their 

expression values in WT and Trem2-/- murine tumors.  

  

Spectral flow cytometry and staining   

Thawed cryopreserved human specimens were washed in 10% FBS in IMDM, pelleted 

at 500g for 5 minutes, and resuspended in 10% FBS in IMDM and incubated for 30 

minutes at 37ºC. Mouse cells were suspended in 10% FBS in IMDM upon dissociation. 

Cells were washed twice with 1X PBS then stained with Live Dead Blue Dead dye 

(Invitrogen #L34962) for 15 minutes at 4ºC. Cells were washed three times in 1x PBS 

then stained for 15 minutes at 4ºC in Fc block cocktail (1:20 Nova block, Phitonex, Mouse 

TruStain FcX, Biolegend #101320, CellBlox monocyte/MAC blocking buffer, Invitrogen 

#B001T07F01). Cells were stained in an antibody cocktail containing the appropriately 

titrated antibodies described in Supplementary Table S3 for 20 minutes at 4ºC. Cells were 

washed in FACS buffer three times and fixed overnight in 200 µL True Nuclear fixation 

buffer (Biolegend #73158, #71360) at 4ºC. Data were acquired using the Cytek Aurora 5 

spectral flow cytometer. Data were analyzed using Cytek SpectroFlo and Becton 

Dickinson FlowJo 10.8.1.  

TCGA and GLASS cohorts   

528 GBMs and 10 nontumor brains from the TCGA dataset analyzed on HG-U133A were 

used for all GBM correlation analyses (Cancer Genome Atlas Research, 2008).  For LGG 

(grade I and grade II gliomas), the TCGA dataset containing 513 LGGs was analyzed 

(Cancer Genome Atlas Research et al., 2015), and pooled glioma analysis was performed 

using the TCGA GBMLGG combined set (Ceccarelli et al., 2016). Data were visualized 

and all analyses were computed using the GlioVis platform (gliovis.bioinfo.cnio.es) 

(Bowman et al., 2017). Data were generated by the TCGA Research Network 

(https://www.cancer.gov/tcga). Immunohistochemistry was performed on gliomas from 

the GLASS (Glioma Longitudinal AnalySiS) consortium (Consortium, 2018).  
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Results and discussion  

Characterization of TREM2 expression in glioma-associated myeloid cells  

Although TREM2 plays a central immunomodulatory role in neurodegenerative diseases, 

its role in gliomas has not been elucidated. Therefore, we evaluated TREM2 mRNA 

expression across glioma associated myeloid and lymphoid cells. We used our single cell 

RNA sequencing human glioma dataset that provides the most advanced picture of 

immune contexture of isocitrate dehydrogenase (IDH) classified gliomas (Gupta et al., 

2022 Preprint). Myeloid cells showed significant enrichment of TREM2 when compared 

to lymphoid cells across gliomas classified by IDH mutation status (Fig. 1A). These 

observations are consistent with previous studies demonstrating TREM2 restriction to 

myeloid lineage cells (Bouchon et al., 2001) (Qiu et al., 2021) and a recent study showing 

TREM2 expression in glioma-associated MG and MACs (Yu et al., 2022). We further 

interrogated TREM2 expression in our transcriptionally defined myeloid cell types, which 

revealed its expression in MG, MG-like, MAC, Myeloid-IFN and cDC2 subsets compared 

to monocytes, neutrophils and other DCs (Fig. 1B). Immunofluorescence co-staining with 

MG/MAC marker Iba1 (Sasaki et al., 2001) further validated our genomic observations 

that TREM2 is tightly correlated with myeloid cells (Fig S1A and S1B). Because MG and 

MACs can be altered by treatment paradigms (Wei et al., 2020) (Gabrusiewicz et al., 

2016), we evaluated TREM2 in matched treatment naïve versus recurrent gliomas from 

the GLASS (Glioma Longitudinal AnalySiS) consortium cohort (Consortium, 2018) using 

immunohistochemistry (IHC). When compared to IDH mutant (IDH-mut) gliomas, which 

displayed ramified morphology indicative of sensing (Nimmerjahn et al., 2005), TREM2+ 

cells showed predominantly amoeboid or activated morphology in IDH-wildtype (IDH-wt) 

gliomas (Fig. 1C). Furthermore, the proportion of TREM2+ cells in the tumor core were 

significantly higher in IDH-wt than IDH-mut gliomas (Fig. 1D), however no differences 

between primary and recurrent tumors were observed. These results suggest that 

differential infiltration of TREM2+ cells correlates with IDH status but is not necessarily 

altered by chemo-radiation.  

We extended these observations in a larger cohort of TCGA datasets and found 

that TREM2 and its signaling partner TYROBP are associated with higher grade, which 

are predominantly IDH-wt tumors (Fig. S1C, S1D) and TREM2 expression correlated with 
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poor survival in low grade gliomas (LGG, Fig. S1E). However, TREM2-high versus -low 

GBMs displayed no significant survival differences (Fig. 1E). Based on the unique 

morphologies displayed by TREM2+ myeloid cells in our IHC cohort, these findings 

suggest that the role of TREM2 in the glioma microenvironment may be dependent on 

tumor grade and IDH status. Taken together, our genomic and proteomic analyses 

validated by larger datasets indicate that TREM2 is highly expressed in myeloid cell 

lineages in IDH-wt high grade gliomas.   

  

TREM2 correlates with microglial phagocytosis pathway molecules  

Recent studies have shown that TREM2 correlates with expression of 

immunosuppressive markers including ARG1, MARCO, MRC1, and ITGA4 in peripheral 

malignancies such as sarcomas, breast, and colorectal cancers (Katzenelenbogen et al., 

2020; Khantakova et al., 2022; Molgora et al., 2020). TREM2 blockade or deficiency in 

mice causes remodeling of the TIME that is associated with decreased tumor growth, 

alteration of MACs to express immunostimulatory molecules and increased infiltration of 

T lymphocytes and NK cells (Molgora et al., 2020).  Our analyses of TCGA datasets 

showed that although TREM2 correlated with canonical pathway genes such as APOE, 

TYROBP, and CD33 (Deczkowska et al., 2020), no correlation between TREM2 and 

immunosuppressive genes were observed in either LGG or GBMs (Fig. 2A, S2A). TREM2 

is known to be a phagocytic mediator, positively regulating the microglial ability to 

recognize and engulf pathogens through activation of its downstream pathways 

(Krasemann et al., 2017) (Yeh et al., 2016). We therefore examined if expression of 

TREM2 correlates with phagocytosis gene modules. We used a condensed metagene 

score derived from canonical genes participating in phagocytic functions including genes 

associated with phagosomes, vesicle mediated transport, and lysosomes (see methods 

and Supplementary Table S1). This analysis revealed that TREM2 expression 

significantly showed positive correlations with the phagocytic score primarily in MG 

compared to MAC and MDMs (Fig. 2B). We next examined TREM2 expression across 

different myeloid cell subsets by spectral cytometry using lysozyme (LYZ), a marker for 

active phagocytosis  (Venezie et al., 1995) and the MAC scavenger receptor CD163, 

which plays a role in rendering MACs phagocytosis competent (Schulz et al., 2019) 
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(Colton and Wilcock, 2010). TREM2 was confirmed to be expressed by both MG and non-

MG myeloid cell populations in gliomas (Fig. 2C). We used the median fluorescence 

intensity (MFI) of LYZ and CD163 to define their distribution in TREM2 stratified myeloid 

subsets from primary and recurrent IDH-mut and IDH-wt tumors. Across all glioma 

subtypes, TREM2 was associated with higher expression of LYZ and CD163 in both 

microglial and MAC cell populations (Fig. 2D). In the TCGA GBM transcriptomic datasets, 

we found similar positive correlations between TREM2 and CD163, LYZ and CD74, a 

gene encoding class II major histocompatibility complex (Basha et al., 2012) (Fig. 2E). 

These data demonstrate that TREM2 mRNA and protein correlate with phagocytosis 

markers in human gliomas.  

  

TREM2 expression on myeloid cells is dispensable for glioma growth   

The role of MG and MACs in GBM progression is still evolving given their heterogeneity 

and lack of appropriate mouse models to completely demarcate these cell types. 

Nevertheless, previous studies have shown functional distinction of MG and MACs in 

gliomas. For example, MG regulate phagocytosis even in the absence of MACs (Hutter 

et al., 2019) whereas depletion of MACs restrains tumor progression (Chen et al., 2017; 

Pyonteck et al., 2013). Because TREM2 can be expressed by both myeloid populations, 

we sought to examine the impact of Trem2 deletion on the growth of brain tumors. We 

initially used GL261, a widely used murine glioma line, transduced with luciferase (GL261-

luc) and performed intracranial orthotopic implants in C57BL/6 mice. When compared to 

wild-type (WT) mice, Trem2-/- mice showed no significant differences in survival rates, 

which is in contrast to previous studies (Molgora et al., 2020) (Timperi et al., 2022) where 

Trem2 deletion caused reduced tumor progression in sarcoma and triple-negative breast 

cancer xenografts (Fig. S2A). Gross histological examination of the tumors did not reveal 

differences in grade or morphology (not shown). Although the survival differences did not 

reach statistical significance, the kinetics of the tumor growth showed significant 

differences between WT and Trem2-/- mice (Fig. S2B). Previous studies have shown that 

murine glioma models show differences in immune response that can be further altered 

by luciferase transduction (Podetz-Pedersen et al., 2014; Sanchez et al., 2020). To 

address this, we used syngeneic mouse glioma cell lines CT-2A and CT-2A-luc to assess 
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the impact of Trem2 depletion. Consistent with the trend observed with GL261, the Trem2-

/- mice showed no significant differences in survival compared to WT mice (Fig. 3A, and 

3B). Similarly, the kinetics of the tumor growth were significantly higher in Trem2-/- mice 

(Fig. 3C and 3D). These data imply that TREM2 is dispensable for tumor growth and in 

fact may play a tumor suppressive role in gliomas compared to systemic cancers. Further 

studies remain to be seen if the differences are due to differential roles and dynamics of 

Trem2+ MG versus peripheral MACs using cell type specific Trem2 genetic ablation.  

To decipher global changes that occur in the mouse brain TIME, we used the 

NanoString nCounter assay and measured changes in ~700 genes involved in 

neuroinflammation. Brains were harvested from mice when moribund and processed to 

examine differential gene expression. Comparison of tumors from WT and Trem2-/- mice 

showed that most significantly differential genes were located in the upper left quadrant 

of the volcano plot implying that a majority of the genes were downregulated in the Trem2/- 

group (Fig. S3). To further understand the functional relevance of Trem2 in the murine 

TIME, we performed gene ontology analyses. Pathways that were downregulated in the 

Trem2-/- group compared to CT-2A tumors in the WT mice included gene families that 

play a role in the adaptive immune response (e.g. Syk, Btk, Vav1), inflammation (e.g., 

Irf8, Msr1), and MG functions (Fig. 3E, 3F and Supplementary Table S2). Of these, 

previous studies have linked TREM2 as anti-inflammatory modulator (Turnbull et al., 

2006) and an important regulator of MG survival (Zheng et al., 2017), and it is not 

surprising that these functions were reduced in the TIME of Trem2-/- mice. However, 

several genes in the MG autophagic pathway (e.g., Mertk, Tgm2, and Dock2) were 

downregulated in Trem2-/- mice (Supplementary Table S2). It is noteworthy that previous 

studies have linked autophagic machinery to microglial phagocytosis (Berglund et al., 

2020; Li et al., 2021) and TREM2 may function through these pathways to regulate glioma 

growth.  

  

TREM2+ MG and DC mediate phagocytosis of gliomas  

To further investigate the functional role of Trem2+ myeloid cells in mouse gliomas, we 

utilized a CT-2A-ZsGreen cell line to visualize the uptake of tumor-derived fluorescent 

protein by myeloid cells. As ZsGreen-expressing cancer cells are phagocytosed, the 
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fluorescence can be detected by flow cytometry, making ZsGreen a model for tracking 

phagocytosis and tumor antigen uptake (Bowman-Kirigin et al., 2023). We implanted 

CT2A-ZsGreen cells directly into the caudate nucleus of wildtype C57BL/6 mice, and 12 

days after implantation, mice were sacrificed and their brains were analyzed via flow 

cytometry, allowing for the interrogation of Trem2+ZsGreen+ cells in MG, MAC and DCs 

(Fig. 4A, 4B). ZsGreen was detected in the brains of the glioma-bearing mice, specifically 

in myeloid subsets, confirming its efficacy as a phagocytosis surrogate. Concurrent with 

our human studies, we detected the presence of Trem2 on MG, MACs, and DCs (Fig. 

4C). After gating on ZsGreen+ cells, we found that Trem2+ myeloid cells had higher 

ZsGreen expression than Trem2- cells (Fig. 4D and 4E), suggesting that the phagocytic 

ability of Trem2+ cells is conserved in mice. The percent of ZsGreen+ cells increased for 

all mice in Trem2+ MG and DC subsets compared to Trem2- MG and DCs, and the percent 

of ZsGreen+ cells was significantly higher in Trem2+ DC than in Trem2- DC (Fig. 4F). Of 

note, an overwhelming majority of MACs were Trem2+, so a pairwise comparison between 

ZsGreen expression in Trem2+ vs. Trem2- MACs was not feasible. This data indicates 

Trem2 promotes phagocytosis in the mouse brain TIME, and it is particularly important 

on DCs, suggesting a tractable potential target for enhancing phagocytosis and antigen 

presentation in gliomas  

Collectively, our human and mouse data position TREM2 as important regulator of 

phagocytosis in glioma. Emerging studies show both cell intrinsic as well 

immunomodulatory roles of TREM2 in cancer (Wolf et al., 2022). TREM2 is expressed in 

cancer cells and can function as either an oncogene or tumor suppressor (Deczkowska 

et al., 2020), but most studies revolve around immunosuppressive functions of TREM2 

given its high expression in tumor associated MACs (Katzenelenbogen et al., 2020) 

(Molgora et al., 2020). As such, our studies show that blocking TREM2 in gliomas will not 

be feasible as an immunotherapeutic strategy as suggested in other cancers (Qiu et al., 

2021). Rather, TREM2 plays a protective role like in AD, wherein loss of TREM2 alters 

microglial behavior including reduced phagocytosis and amyloid clearance (Keren-Shaul 

et al., 2017). Therefore, strategies to boost TREM2 function by stabilization and reducing 

its membrane shedding could be glioma specific treatment approaches that are 

warranted.   
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Figure 1. TREM2 is associated with myeloid cells and highly expressed in IDH-wt GBMs. 
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Figure 1. TREM2 is associated with myeloid cells and highly expressed in IDH-wt 
GBMs. (A) Bar graphs showing TREM2 mRNA expression levels on lymphoid vs. myeloid 

cells across glioma types. NGB=non glioma brain, IMP=IDH-mut primary, IMR=IDH-mut 

recurrent, IWP=IDH-wt primary, IWR=IDH-wt recurrent. Wilcoxon signed-rank test was 

used to derive p values. (B) Violin plot of TREM2 expression in myeloid cell subsets as 

defined by Gupta, et al. (C) Representative staining of TREM2 IHC in primary and 

recurrent IDH-wt and IDH-mut gliomas. Scale bar: 20 µm. Table shows TREM2+ cells 

were classified as ramified or ameboid based on extent of branching. p value was 

calculated with Chi-square goodness of fit. (D) Representative IHC images of TREM2 in 

primary and recurrent IDH-wt and IDH-mut tumors. Scale bar: 20 µm. The contingency 

table shows the number of gliomas with <10%, 10-30%, or >30% TREM2+ cells in the 

tumor core. p value was calculated using Chi-square goodness of fit. (E) Kaplan-Meier 

curves from TCGA GBM datasets (analyzed via RNA-Seq, HG-U133A, and Agilent-

4502A, respectively) showing no significant survival differences in TREM2 high vs. 

TREM2 low GBMs.  For RNA-Seq, log-rank p value=0.6267 and Wilcoxon p 

value=0.83553. For HG-U133A, log-rank p value=0.0951 and Wilcoxon p value=0.1032. 

For Agilent-4502A, log-rank p value=0.2606 and Wilcoxon p value=0.8442. 
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Figure 2. TREM2 is associated with phagocytosis in gliomas.
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Figure 2. TREM2 is associated with phagocytosis in gliomas. (A) Linear regression 

plots showing lack of correlation between TREM2 and immunosuppressive markers from 

TCGA GBM HG-U133A. r value was computed using Pearson’s product moment 

correlation. For all plots, p<0.001. (B) 2D density plot showing distribution of TREM2- and 

TREM2+ MG, MDMs, and MACs based on their phagocytosis and TREM2 pathway score. 
(C) Gating strategy showing TREM2 expression on both MG and non-MG myeloid 

subsets. MG are defined as CD11b+ P2RY12+, and non-MG myeloid cells are CD11b+ 

P2RY12-. In both MG and non-MG subsets, TREM2- and TREM2+ populations are 

observed. (D) Heat map of median fluorescence intensity (MFI) values of LYZ and CD163 

in TREM2+ and TREM2- sorted myeloid populations across gliomas. Each row in the 

heatmap is data from a single patient. (E) Linear regression plots showing correlation of 

TREM2 expression with CD74, LYZ, and CD163 in TCGA GBM dataset HG-U133A. The 

r value was computed using Pearson’s product moment correlation. For all correlations, 

p<0.001. 
 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 6, 2023. ; https://doi.org/10.1101/2023.04.05.535792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.05.535792
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

20 40 60
0

50

100

Days post CT-2A injection

%
 S

ur
vi

va
l

Survival of Trem2 KO vs. WT mice (CT-2A)

Trem2-/-

WT

20 40 60
0

50

100

Days post CT-2A-Luc injection

%
 S

ur
vi

va
l

Survival of Trem2 KO vs. WT mice (CT-2A-Luc)

Trem2-/-
WT

B

C D

W
T

Tr
em

2-/-
Tr

em
2-/-

Figure 3. Deletion of Trem2 does not slow tumor growth in mouse models of glioma.
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Figure 3. Deletion of Trem2 does not slow tumor growth in mouse models of 
glioma. (A) Kaplan-Meier curve showing survival of wildtype and Trem2-/- mice 

challenged with CT-2A. p=0.3072, Log-Rank (Mantel-Cox) test. (B) Kaplan-Meier curve 

of wildtype and Trem2-/- mice bearing CT-2A-luc; p = 0.2837, Log-Rank (Mantel-Cox) test. 
(C) Bioluminescence imaging of WT and Trem2-/- mice bearing CT-2A-luc.  (D) 
Quantification of bioluminescence in WT and Trem2-/- mice throughout tumor progression. 

p=0.0135 (mixed-effects analysis). (E) Pathway signature scoring between WT and 

TREM2 KO mice. Trend plots using NanoString ncounter data were used to define 

pathway scores based on the expression of key genes across WT and Trem2-/- mice.  

Lines in the trend plot represent each pathway’s average score across WT and Trem2-/- 

groups. Trem2-/- mice display a drastic decrease in the pathway scores associated with 

adaptive immune response, apoptosis, autophagy, astrocyte function, neurons and 

neurotransmission, MG function, cytokine signaling, innate immune response, growth 

factor signaling and inflammatory signaling. (F) Boxplots showing the distribution of 

normalized log2 transformed counts from nanoString ncounter data of TREM2, C3, Tgm2, 

Mertk, Dock2 and Syk genes between WT and Trem2-/- mice. Median expression values 

of the selected genes in WT mice are higher as compared to Trem2-/- mice, and the 

difference is statistically significant (p-value < 0.05). 
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Figure 4. Trem2 is associated with increased ZsGreen uptake in an orthotopic murine glioma model.
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Figure 4. Trem2 is associated with increased ZsGreen uptake in an orthotopic 
murine glioma model. (A) Schematic outlining implantation of CT-2A-ZsGreen, 

phagocytosis and uptake of tumor antigen by myeloid cells, and flow cytometry analysis. 

Schematic illustration made in BioRender. (B) Uniform manifold approximation and 

projection (UMAP) showing MG (green), MAC (red), and DC (blue) in CT-2A-ZsGreen-

bearing mouse brains. MG were defined as P2RY12+ CD11b+, MACs were defined as 

P2RY12- CD11b+ F4/80+ MHC II+, and dendritic cells were defined as P2RY12- CD11b+ 

CD11c+ MHC II+. (C) Histogram showing intensity of Trem2 expression on these distinct 

myeloid populations. (D) FSC vs. ZsGreen as gated on the Trem2- population shows low 

proportions of Trem2-ZsGreen+ cells. (E) FSC vs. ZsGreen gated on Trem2+ populations 

show a large frequency of Trem2+ZsGreen+ cells. (F) Quantification of ZsGreen+ cells in 

Trem2- vs. Trem2+ DCs. All mice showed higher proportions of ZsGreen in the Trem2+ 

DCs. A paired samples t test indicates that Trem2+/ZsGreen+ DCs are significantly higher 

in number than Trem2-ZsGreen+ DCs (p=0.0448). (G) Quantification of ZsGreen+ cells in 

Trem2- vs. Trem2+ MG. A paired samples t test indicates no significant difference in 

Trem2+ZsGreen+ and Trem2-ZsGreen+ MG populations (p=0.2349).  
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Supplementary Figure 1. Expression of TREM2 and associated transcripts across expanded glioma subsets. 
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Supplementary Figure 1. Expression of TREM2 and associated transcripts across 
expanded glioma subsets. (A) Individual and merged immunofluorescence staining 

images for DAPI (blue), Iba1 (red), and TREM2 (green). Scale bar: 50 µm. (B) 
Quantification of Iba1 and TREM2 colocalization in ImageJ. (C) Expression levels of 

TREM2 from TCGA data by tumor grade, IDH classification, and subtype. (D) Expression 

levels of TYROBP from TCGA by tumor grade, IDH status, and subtype. (E) Kaplan-Meier 

curve for LGGs in TCGA stratified by TREM2 high or TREM2 low expression levels. Log-

rank p value=0.004. (F) Kaplan-Meier curve for all gliomas (LGGs and GBMs pooled) in 

TCGA by TREM2 expression. Log-rank p value<0.00. (G) Linear regression plots of 

TREM2 vs. immunosuppression markers across all glioma types from TCGA. Pearson’s 

product moment correlation r = 0.13 (TREM2 vs. ARG1), p<0.001. For TREM2 vs. MRC1, 

r=0.07 and p=0.09. (H) Linear regression of TREM2 vs. phagocytic marker expression in 

pooled all gliomas from TCGA. Pearson’s product moment correlation for CD163 yields 

r=0.48 and p<0.001. For LYZ, r=0.51 and p<0.001. 
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A

Supplementary Figure 2. Trem2 deficiency does not improve survival in a GL261 model and is associated with
increased tumor growth. 
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Supplementary Figure 2. Trem2 deficiency does not improve survival in a GL261 
model and is associated with increased tumor growth. (A) Kaplan-Meier curve 

showing survival differences in GL261-challenged WT and Trem2-/- mice. Log-rank p 

value=0.1410. (B) Quantification of bioluminescence of WT and Trem2-/- mice. Mixed 

effects analysis p=0.0158. 
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Supplementary Figure 3. Differentially expressed genes in tumor-bearing wildtype vs. Trem2-/- mice.
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Supplementary Figure 3. Differentially expressed genes in tumor-bearing wildtype 
vs. Trem2-/- mice. (A) Volcano plot of genes differentially expressed in NanoString 

analysis between WT and Trem2-/- mice. Genes left of zero (negative fold change) are 

downregulated in Trem2-/- mice, and genes to the right of 0 (positive fold change) are 

upregulated in Trem2-/- mice compared to WT.  

 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 6, 2023. ; https://doi.org/10.1101/2023.04.05.535792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.05.535792
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Triggering receptor expressed on myeloid cells 2 (TREM2) regulates phagocytosis in glioblastoma
	Abstract
	Key words
	Key points
	Importance of the study
	Introduction
	Methods
	Human brain tissue collection
	Preparation of single-cell leukocyte suspensions
	IHC and immunofluorescence
	Gene module correlation analyses
	Animals
	Cell lines and in vivo glioma models
	RNA isolation and NanoString analysis
	Spectral flow cytometry and staining

	Results and discussion
	Characterization of TREM2 expression in glioma-associated myeloid cells
	TREM2 correlates with microglial phagocytosis pathway molecules
	TREM2 expression on myeloid cells is dispensable for glioma growth
	TREM2+ MG and DC mediate phagocytosis of gliomas

	Acknowledgments
	References

