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Abstract

Background. Mpyeloid cells comprise up to 50% of the total tumor mass in glioblastoma (GBM) and have been
implicated in promoting tumor progression and immunosuppression. Modulating the response of myeloid cells
to the tumor has emerged as a promising new approach for cancer treatment. In this regard, we focus on the
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2), which has recently emerged as a novel immune mod-
ulator in peripheral tumors.

Methods. We studied the TREM2 expression profile in various patient tumor samples and conducted single-cell
transcriptomic analysis in both GBM patients and the GL261 mouse glioma model. We utilized multiple mouse
glioma models and employed state-of-the-art techniques such as in vivo 2-photon imaging, spectrum flow
cytometry, and in vitro co-culture assays to study TREM2 function in myeloid cell-mediated phagocytosis of tumor
cells, antigen presentation, and response of CD4+*T cells within the tumor hemispheres.

Results. Our research revealed significantly elevated levels of TREM2 expression in brain tumors compared to
other types of tumors in patients. TREM2 was predominantly localized in tumor-associated myeloid cells and was
highly expressed in nearly all microglia, as well as various subtypes of macrophages. Surprisingly, in preclinical
glioma models, TREM2 deficiency did not confer a beneficial effect; instead, it accelerated glioma progression.
Through detailed investigations, we determined that TREM2 deficiency impaired the ability of tumor-myeloid cells
to phagocytose tumor cells and led to reduced expression of MHCII. This deficiency further significantly decreased
the presence of CD4+T cells within the tumor hemispheres.

Conclusions. Our study unveiled a previously unrecognized protective role of tumor-myeloid TREM2. Specifically,
we found that TREM2 enhances the phagocytosis of tumor cells and promotes an immune response by facilitating
MHCIll-associated CD4*T-cell responses against gliomas.

Key Points
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Importance of the Study

Triggering Receptor Expressed on Myeloid Cells 2
(TREM2) has predominantly been recognized for its pro-
tective effects in neurodegeneration; however, recent
studies have highlighteditsrole as a biomarkerfortumor-
associated myeloid cells and its detrimental impacts on
peripheral tumor progression. The specific function of
TREM2 in brain tumors remains largely unknown. Our
study shows that, in contrast to peripheral tumors,
TREM2 deficiency aggravates glioma progression. Qur

Antitumor immunity requires the presence of both major
histocompatibility complex (MHC) class | and MHC Class Il,’
which activate CD8* and CD4* cells, respectively, although
their tumoricidal contributions vary across different types
of tumors. For instance, in murine colon adenocarcinoma
and sarcomas, antitumor immunity relies on CD8* T-cell
infiltration and effectively responds to anti-programmed
cell death protein 1 (PD-1) immunotherapy.>* In contrast,
in brain tumors, recent studies have suggested that MHC
Class ll-restricted CD4* tumor-infiltrating T cells play a
key role in regulating tumor clearance.>® As a result, anti-
cytotoxic T-Lymphocyte-associated Antigen 4 (CTLA4), but
not anti-PD-1, extended the survival of glioma mice in a
CD4+ T-cell-dependent manner.’

MHC Class ll-restricted antigen presentation requires
antigen-presenting cells to efficiently engulf and degrade
exogenous antigenic material.” As a cell surface receptor,
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2)
is expressed exclusively in microglia® in the central nervous
system (CNS), macrophages,® and dendritic cells.®™ The de-
ficiency of TREM2 impairs the ability of microglia to sense
and degrade numerous antigenic materials, including but not
limited to pathogens,'? apoptotic neurons,® B-amyloid,''6
TAR DNA binding protein 43 (TDP-43)," myelin,'® and neu-
ronal synapses.'® Early studies reported that upon ligation of
TREM2, genes related to MHC Class Il rapidly upregulate.™
Additionally, tumor-myeloid cells in CD4* mediated glioma
regression upregulated genes involved in pathways related
to phagocytosis, including Trem2.5 Increased phagocytosis
of tumor cells by macrophages has been shown to prolong
the survival of glioma-burden mice.?°

Interestingly, TREM2 deficiency reduced the immuno-
suppression of tumor-associated myeloid cells, suggesting
that TREM2 can be detrimental in mouse models of pe-
ripheral tumors.3421-28 Here, we found that brain tumors
exhibited significantly higher levels of TREM2 expression
compared to the paired normal tissues, predominantly
in tumor-associated myeloid cells. TREM2 was not cor-
related with immunosuppressive markers but correlated
with genes associated with phagocytosis and MHC Class
Il antigen presentation. Consistently, TREM2 deficiency in
classic glioma murine models did not slow disease pro-
gression. We further revealed that loss of TREM2 damp-
ened the ability of myeloid cells to phagocytose tumor
cells and express MHC Class Il. Our study highlighted
the importance of myeloid TREM2 in promoting MHCII-
associated CD4*T-cell response in gliomas.

results further underscore the significance of myeloid
TREM2 in promoting MHCII-associated CD4* T-cell re-
sponses in gliomas. Considering that TREM2 antagon-
ists are emerging as potential therapeutic targets for
cancer treatment, it is imperative to fully comprehend
the diverse range of TREM2 functions in different im-
mune cell types and carefully evaluate their influence
on tumor progression.

Materials and Methods
Animals

The Trem2’- line was kindly provided by Dr. Marco
Colonna at Washington University School of Medicine, St.
Louis, and was bred at Mayo Clinic."”” Wild-type mouse line
was purchased from Jackson Laboratory. All animals were
housed under standard conditions (21°C-22°C; 55% hu-
midity) in individually ventilated cages, with a 12-h light/
dark cycle and ad libitum access to food and water. Male
and female mice aged between 8 and 14 weeks were used
in the studies. All experimental procedures were approved
by the Mayo Clinic’s Institutional Animal Care and Use
Committee (IACUC).

Tumor Cell Culture

Murine GL261 glioma inoculation of C57BL/6 mice is a
well-established experimental model of human glioblas-
toma (GBM).2* GL261 is a syngeneic mouse model of
GBM in C57BL/6 mice that does not require an immuno-
deficient host.?®> The GL261 cell line transduced with
firefly luciferase (GL261-luc) for in vivo monitoring of
tumor kinetics was kindly provided by the laboratory of
Dr. Aaron J. Johnson (Mayo Clinic, Rochester, MN, USA).
The cell line GL261-luc transduced with mCherry (GL261-
luc-mCherry) for an in vivo phagocytosis study was gen-
erated by the laboratory of Dr. Alfredo Quinones-Hinojosa
(Mayo Clinic, Jacksonville, FL, USA). Cells were grown
in Dulbecco’s modified Eagle medium (DMEM; Gibco,
#11965092) with 10% fetal bovine serum (FBS; Sigma-
Aldrich, #F2442) and 1% Penicillin-Streptomycin (Gibco,
# 15140122), in a 37°C humidified incubator with 5%
CO,. For tumor inoculation, cells were dissociated with
TrypLE Express (Gibco, # 12605010) and resuspended in
phosphate-buffered saline (PBS) at a final concentration
of 5 x 10 cells per pL.

The murine 73C glioma model utilizes astrocyte-derived
gliomas harboring p53~-, Pten™-, and Braf'6%% mutations,
leading to the formation of intracranial tumors consistent
with high-grade histopathology.?®?’The cell line was kindly
provided by the laboratory of Dr. Woo-ping Ge (University
of Texas Southwestern Medical Center, Dallas, TX, USA).
For tumor inoculation, cells were dissociated with TrypLE



Express and resuspended in PBS at a final concentration of
1 x 104 cells per pL.

The murine MC38 cell line derived from C57BL6 murine
colon adenocarcinoma?® was kindly provided by the labo-
ratory of Dr. Haidong Dong (Mayo Clinic, Rochester, MN,
USA). Cells were grown in Roswell Park Memorial Institute
Medium (RPMI; Corning, #10-040-CV) with 10% FBS and
1% PenicillinStreptomycin, in a 37°C humidified incubator
with 5% CO,. For tumor inoculation, cells were dissociated
with TrypLE Express, washed and resuspended in PBS at a
final concentration of 5 x 103 cells per pL.

Inoculation of GL261 and 73C Glioma Cells

Under isoflurane anesthesia, a 0.5-cm longitudinal inci-
sion was made on the scalp, and a burr hole was drilled
using a high-speed dental drill (ML: £1.5; AP: +1.5). Using
a stereotactic frame, the needle of a Hamilton syringe
was then lowered 3.5 mm into the striatum and a total
of 5 x 10* GL261-luc cells in 1-2 pL were injected, as pre-
viously described.?® Similarly, for 73C inoculation, a
total of 1 x 10* cells in 1-2 pL were injected. The wound
was closed using 6-0 ETHILON Nylon Suture (Ethicon,
#1660G).

To assess tumor burden in GL261-luc-bearing mice, bio-
luminescence imaging was used as previously described.?®
Mice were intraperitoneally (IP) injected with 200 pL of 15
mg/uL D-Luciferin in PBS (Goldbio, #LUCK-1G), and an-
aesthetized with 2% isoflurane during imaging. Mice were
scanned using the IVIS Spectrum system (Xenogen Corp.)
at Mayo Clinic, running Living Image software.

To evaluate the tumor burden in mice bearing the 73C
glioma, the mouse brains were dissected, and the tumor
weight was calculated by subtracting the weight of the con-
tralateral hemisphere from that of the tumor hemisphere.

For the survival study, the mice were closely monitored,
and when they reached a humane endpoint, showing signs
such as hunching, bulging head, or weight loss of approx-
imately 20%, they were euthanized. Additionally, the sur-
vival of WT mice with 5 x 10* GL261 tumor cell inoculation
consistently remains around 4 weeks, which has been set
as a reliable control for experiments.

Inoculation of MC38 Tumor Cells

MC38 cells were washed, and resuspended in sterile PBS,
and then injected subcutaneously into previously shaved
flanks of the mice. A total of 5x 10° cells in 100 yL PBS
were injected into the mammary fat pad. Mice were
monitored daily, and tumors were measured twice per
week using calipers. All mice were sacrificed on Day 22.

RNA Sequencing Analysis

Single-cell RNA sequencing files containing human newly
diagnosed GBM samples and mouse GL261 glioma sam-
ples were downloaded from the GEO database with ac-
cession number GSE163120.%° Seurat package (v4.3.0)
was used for downstream analysis.3' In brief, Seurat ob-
jects were created from the feature-barcode matrices and
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annotated by the metadata file provided by the original
study. The expression matrices were normalized with a
scale factor of 1e6 and scaled.The top 200 variable features
were calculated and used for linear dimension reduction by
the principal component analysis (PCA). Harmony package
(v0.1.1) was used to integrate data from each biological
individual.®? First 20 Harmony dimensions were used to
calculate neighbor cells and cell clusters were called by
the FindCluster function with a resolution of 0.5. Cell iden-
tity of each cluster was determined based on the marker
genes provided in the original study. UMAP of cells from
human newly diagnosed GBM samples was projected by
the DimPlot function. TREM2 expression was plotted by the
RidgePlot function. A normalized TREM2 expression ma-
trix was extracted from the Seurat object and examined.
The ProjecTILs package was used to determine the iden-
tity and ratio of T cells in the human newly diagnosed GBM
samples.33

Single-cell RNA sequencing files containing MC38
glioma samples from wild type and Trem2”~ mice were
also downloaded from GEO database with accession
number GSE151710.% Seurat objects were created from
the feature-barcode matrices and annotated by the meta-
data file provided by the original study. Tumor-associated
macrophages were first subset out according to the
annotations described in the original paper and then
reannotated with the more detailed macrophage annota-
tion file provided by the original study.The expression ma-
trices were then normalized with a scale factor of 1e6 and
scaled.The top 2 000 variable features were calculated and
used for PCA. Harmony package (v0.1.1) was used to inte-
grate data from each biological individual. UMAP projec-
tion was done using the first 50 dimensions from Harmony.
The expression heatmap of selected genes was plotted by
the FeaturePlot function in Seurat.

Spectrum Flow Cytometry

Mice were perfused with 40 mL of 1xPBS through
intracardiac administration. After perfusion, tumor hemi-
spheres were processed using a previously published pro-
tocol for enriching brain infiltrating immune cells, using
the Dounce Homogenizer followed by centrifugation on a
30% Percoll (Sigma, P1644-1L) gradient.3*

Zombie NIR viability dye (1:1 000, BioLegend, 77184)
was used to label dead cells. Dissociated cells were further
incubated with a with a combination of the following anti-
bodies along with a Fc blocking antibody, rat anti-CD16/
CD32 (1:100, BD Pharmingen, 553142): BUV395 anti-F4/80
(1:100, BD Pharmingen, T45-2342), BUV615 anti-NK1.1
(1:100, BD Pharmingen, 751111), BUV805 anti-ICOS (1:100,
BD Pharmingen, 568039), BV421 anti-CD62L (1:100,
BioLegend, 115537), BV510 anti-CD4 (1:50, BiolLegend,
100449), BUV570 anti-CD44 (1:100, BioLegend, 103037),
BV605 anti-CTLA4 (1:100 intracellular staining, BioLegend,
106323), BV650 anti-Ly6C (1:100, BiolLegend, 128049),
BV750 anti-MHCII (1:500, BioLegend, 747458), BV785 anti-
CD8a (1:200, BioLegend, 100750), FITC anti-PD-1 (1:100,
BioLegend, 135213), Spark Blue 550 anti-Ly6G (1:500,
BioLegend, 127663), PerCP anti-CD45 (1:100, BioLegend,
103130), PE-Cy5 anti-CD11b (1:1000, Tonbo, 55-0112-U100),
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PE-Fire 700 anti-CD3 (1:200, BioLegend, 100272), APC anti-
Foxp3 (1:50 intracellular staining, eBioscience, 17-5773-82),
Spark NIR 685 anti-CD69 (1:100, BioLegend, 103277).

Samples were assessed by a spectral flow cytometer
(Cytek Aurora, Cytek Biosciences) equipped with
SpectroFlo software (Cytek Biosciences). Acquired flow
cytometry results were analyzed by FlowJo software (BD
Life Sciences).

In vivo 2-photon Imaging

Craniotomy was performed as previously described.3%36 |n
brief, under isoflurane anesthesia (3% induction, 1.5%-2%
maintenance), a circular craniotomy (<5 mm diameter)
was made over somatosensory cortex with the center at
about -2.5 posterior and +2 lateral to bregma. A total of
1-2 x 10% GL261-luc-mCherry cells in 0.3 pL were injected
into the cortex. A circular glass coverslip (4 mm diameter,
Warner) was secured over the craniotomy using dental ce-
ment (Tetric EvoFlow). A 4-point headbar (NeuroTar) was
secured over the window using dental cement. A total of
7-14 days after surgery, we can observe mCherry tumor in
the center of the window.

Generation and Culture of Bone Marrow-derived
Macrophages

-929 fibroblasts (Sigma-Aldrich, 85011425-1VL) were cul-
tured in GlutaMaxTM DMEM (Gibco, 10569010), supple-
mented with 10% FBS, and 1% Penicillin-Streptomycin,
to serve as a source of macrophage colony-stimulating
factors (M-CSF). Once a sufficient quantity of L-929 cul-
ture supernatant was obtained, bone marrow was har
vested from WT and Trem2”/- mice’s femurs and tibias.
The extracted bone marrow was cultured in GlutaMaxTM
DMEM containing 15% L-929 fibroblast cell culture super-
natant which supplied the necessary M-CSF, 10% FBS and
1% Penicillin-Streptomycin. The freshly obtained bone
marrow cells underwent a 7-day differentiation period
to develop into Bone Marrow-derived Macrophages
(BMDMs), with the culture medium refreshed every 72 h.

Phagocytosis Assay

Apoptotic GL261 cells were used to feed the BMDMs. A 2
UM of staurosporine (Abcam, ab146588) was added into
the cell culture medium to induce the apoptosis of the
GL261 cells 48 h prior to the experiment. The 5 x 10* WT
and Trem2’- BMDMs were seeded in every well of the
24-well plate 24 h prior to the experiment.

The pHrodo cell labeling kit (Sartorius, 4649) was em-
ployed to tag apoptotic GL261 cells with a pH-sensitive
fluorophore. Apoptotic GL261 cells were harvested and
cleansed using IncuCyte pHrodo Wash Buffer. Following re-
suspension of the GL261 cells in IncuCyte pHrodo Labeling
Buffer, 125 ng/ml of pHrodo red cell labeling dye was intro-
duced, and incubation was carried out at 37°C for 1 h. After
dual washing steps, 5 x 10* GL261 cells were added to each
well of a 24-well plate and co-cultured with BMDMs for 0,
2,3,and4h.

Following internalization by phagocytes, pHrodo red-
labeled cells, situated in the neutral extracellular milieu
(pH 7.4), undergo a transformation within the acidic phag-
osome (pH 4.5-5.5), resulting in a noticeable enhancement
of red fluorescence emission. Subsequently, BMDMs were
collected for flow cytometry analysis to quantify phagocy-
tosis by evaluating the mean fluorescence intensity (MFI)
of the red fluorescence.

In vitro Antigen Presentation Assay

BMDMs were reseeded into 24-well plates at a density of
3 x 105 cells per well. The cells were then exposed to 10 pg/
mL ovalbumin (sigma A5503) for a duration of 6 h, followed
by treatment with 100 ng/ml LPS for 18 h. Subsequently, the
BMDMs were washed with fresh medium and co-cultured
for 3 days with purified carboxyfluorescein diacetate
succinimidyl ester (CFSE)-labeled naive OT | CD8T cells or
naive OT Il CD4T cells at a 1:1 ratio. Following a 5-day in-
cubation period, T cells were subjected to flow cytometry
analysis to assess CFSE dilution in viable CD3*CD4* or
CD8* lymphocytes.

In vivo CD4* T-Cell Depletion

Mice were subjected to intraperitoneal (IP) injections of a
200 pg anti-CD4 depleting antibody (clone GK1.5, catalog
#BEO0003-1, BioXcell). The initial injections were adminis-
tered on both Day 10 and Day 11 after brain tumor inocula-
tion. Subsequently, injections were administered at 5-day
intervals to sustain the depletion of CD4*T cells throughout
the entire study period. The control group received IgG
(14131-10MG) at the same dosage.

Formalin-fixed Paraffin-embedded (FFPE),
Cryosection, Immunofluorescence Staining and
Confocal Imaging

FFPE was used to embed endpoint tumor brains, to re-
duce autofluorescence of CD4 staining in tumor core re-
gions. After 24-48 h of fixation, tissues were dissected, and
placed in embedding cassettes. Fixed tissues were then
transferred to 70% ethanol and processed as follows: 70%
ethanol for 1 h, 85% ethanol for 1 h, 95% ethanol for 3 x 30
min, 100% ethanol for 3 x 30 min, and xylene 3 x 30 min.
After xylene, tissues were embedded into paraffin at 60°C
across 4 changes, 2 x 45 min, 2 x 60 min. Tissues were im-
mersed in liquid throughout the process.

Brain sections (5 ym) were obtained by a Leica micro-
tome. Paraffin was removed from samples by consecutive
2 x 10 min washes with xylene. Xylene was then removed
with graded washes of ethanol to water (100% ethanol
3 x 3 min, 96% ethanol 2 x 3 min, 85% ethanol 1 x 3 min,
70% ethanol 1 x 3 min, and ddH,0 20s). The samples were
immediately subjected to antigen retrieval using Tris EDTA
buffer (pH = 9) at 70°C for 60 min. After cooling down, we
removed the antigen retrieval buffer and washed the slides
with PBS.

To evaluate mCherry tumor signals during the early
stages of tumor development, PFA-perfused tumor



hemispheres underwent a 30%
process followed by cryosection.
For immunostaining, the slides were blocked by 4% of
bovine serum albumin (EMD Millipore Corp, 126615-25
mL) in PBS with 0.2% Tween-20. Primary antibodies were
stained overnightin 4°C with rat anti-CD4 (1:100, Invitrogen,
14-9766-82) and rabbit-anti-lba1 (1:500, Abcam, Ab178847).
Slides were incubated with secondary antibodies of goat-
anti-rat 488 and goat-anti-rabbit 594 (1:500, Invitrogen,
A11006, A11037) for 1.5 h at room temperature. Sections
were washed and mounted with DAPI Fluoromount-G
mounting medium (SouthernBiotech). Fluorescent images
were obtained by a confocal microscope (LSM 980, Zeiss).
Cell counting was manually quantified, and brightness and
contrast were adjusted by ImageJ (National Institutes of
Health). A 3D reconstruction was generated using IMARIS.

sucrose dehydration

RNA Extraction and Quantitative Reverse
Transcription Polymerase Chain Reaction
(qRT-PCR)

RNA was extracted from the endpoint hemispheres using
RNAeasy Plus Mini Kit (Qiagen, 74134). Reverse transcrip-
tion of RNA was performed using iScript cDNA Synthesis
Kit (Bio-Rad, 1708891). cDNA was added to a reaction mix
(20 pL final volume) containing gene-specific primers and
SYBR Green Supermix (Bio-Rad, 1725271). All samples were
run in duplicates in LightCycler 480 Il (Roche). The relative
gene expression was normalized to Gapdh and assessed
using the 2-22CT method. Primer sequences and information
are as follows (5"-3’): Gapdh: CATCTTCCAGGAGCGAGACC
(forward), TCTCGTGGTTCACACCCATC (reverse); Trem2:
CTCCAGGAATCAAGAGACCTCC (forward), CCGGGTCCAG
TGAGGATCT (reverse); Cd68: TGTCTGATCTTGCTAGGA
CCG (forward), GAGAGTAACGGCCTTTTTGTGA (reverse);
H2-Aa: TCAGTCGCAGACGGTGTTTAT (forward), GGGGG
CTGGAATCTCAGGT (reverse); Cd4: AGGTGATGGGACCTA
CCTCTC (forward), GGGGCCACCACTTGAACTAC (reverse).

Statistical Analysis

GraphPad Prism 9 was used for statistical analysis. All re-
sults were reported as mean with standard error of the
mean (SEM). The data were tested for normal distribution
using Shapiro-Wilk test first. P-values were acquired using
2-tailed Student t tests or 2-way ANOVA if the data were
normally distributed, or Mann-Whitney test if they were
not. Survival curves were analyzed using log-rank test.
Mice were of mixed sexes. Mice within experiments were
age and sex-matched.

Results

Brain Tumors Exhibit Significantly Higher Levels
of TREMZ2 Expression, Predominantly in Tumor-
associated Myeloid Cells

To understand the potential relevance of TREM2 in cancer,
first, we explored the TREMZ2 expression profile across
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multiple tumor samples through the GEPIA portal.®’
Interestingly, we found a prevalent increase of TREMZ2
in 22 tumor types compared to the paired normal tis-
sues (Supplementary Table 1). Brain tumors exhibited re-
markably elevated levels of TREMZ2 expression compared
to other tumor types (GBM: median =117.85 transcripts
per million (TPM); LGG: median =54.32 TPM; Figure 1A).
Although recent studies have demonstrated that TREMZ2
is linked to worse outcomes in peripheral murine tumors,
including sarcoma, colon adenocarcinoma, and breast ad-
enocarcinoma,®?'?2 research on TREM2 in brain tumors
remains limited. To investigate the potential role of TREM2
in glioma, we first queried TREM2 expression patterns at
the cellular level using a recently published glioma data
set.3 When a tumor occurs, there is a massive infiltration
of immune cells into the tumor mass. We examined a total
of 21,303 CD45* immune cells from human newly diag-
nosed GBM and categorized them into 9 distinct immune
populations based on their marker genes (Supplementary
Figure 1A). The majority of immune populations are tumor-
associated myeloid cells, comprising approximately 80%
of the immune cells (Figure 1B). These tumor-myeloid
cells were composed of 2 main populations, microglia and
macrophages. Among all immune cell populations, TREM2
was expressed in almost all microglia, with the highest
levels of transcription observed in these cells (Figure 1C and
D). TREMZ2 expression was also detected in multiple sub-
types of macrophages and some extent in other immune
cells including lymphocytes. Although TREM2 is mostly ex-
pressed in immune cells, we still need to confirm whether
tumor cells could be the source of TREM2. Our analysis
based on clinical sample data set® showed that CD45 nega-
tive cells from dissected human IDHWT gliomas, which are
likely to be actual tumor cells, have no TREM2 expression
compared to tumor-associated microglia and macrophages
as positive controls of TREM2 expression (Figure 1E).

We extended our investigation to the TCGA data set,
which provides a larger cohort of patients, to analyze
the correlation between TREM2 expression and tumor-
myeloid features as well as functional genes. Our anal-
ysis of human gliomas (LGG and GBM) revealed a strong
correlation between TREM?Z2 expression levels and tumor-
associated myeloid markers, such as AIFT (encoding IBA1),
ITGAM (encoding CD11B), and CD14 (Figure 1F). This sug-
gested that higher levels of TREM2 expression were as-
sociated with increased myeloid infiltration. Additionally,
although TREM2 was linked to tumor immunosuppression
in recent studies,® we found that immunosuppressive
markers including ARG1 (encodes Arginase 1), and CD274
(encodes programmed death-ligand 1 (PD-L1), an immune
inhibitory receptor ligand) were poorly associated with
TREM_?2 expression (Figure 1F). In line with known TREM2
function in phagocytosis in the neurodegeneration field,
we found that CD68 (encodes a heavily glycosylated gly-
coprotein predominantly expressed in late endosomes
and lysosomes of macrophages) was strongly correlated
with TREM2 expression. Furthermore, genes involved in
antigen-presenting pathways such as ITGAX (encodes in-
tegrin alpha X chain protein CD11C, a marker of antigen-
presenting cells), CD86 (provides costimulatory signals
necessary for T-cell activation and survival), CIITA (MHC
Class Il transactivator, responsible for turning on MHC
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Figure 1. Brain tumors exhibit significantly higher levels of TREM2 expression, predominantly in tumor-associated myeloid cells. (A) Top 6 types

of tumors with elevated TREM2 expression in a descending order from left to right, which were glioblastoma (GBM), brain lower grade glioma
(LGG), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), pancreatic adenocarcinoma (PAAD), and breast
cancer (BRCA). (B) UMAP plots displaying the immune cells in patients with newly diagnosed GBM. (C, D) TREM?Z transcription in different
immune cell populations. (E) TREMZis not detected in brain tumor cells. The data were shown as mean + SEM and analyzed by 1-way ANOVA.
(F) The correlation between TREM?Z expression and signature genes related to myeloid cell phagocytosis, immunosuppression, and antigen
presentation was evaluated in LGG and GBM patients. The Spearman’s correlation test produces both P-values and correlation coefficients (R?).
All listed genes had a P-value of less than 0.05. Genes with an R? value greater than 0.25 were considered to have a correlation (either positive or

negative) with TREM2 expression.

Class Il gene transcription), and CD74 (the invariant chain
required for the proper folding and trafficking of MHC
Class Il in antigen-presenting cells), were well-correlated
with TREM2 expression (Figure 1F). These findings under-
score the potential involvement of TREM2 in phagocytosis
and antigen presentation in glioma.

TREM?2 Deficiency Does Not Slow Brain Tumor
Progression

To investigate whether TREM2 contributes to glioma pro-
gression, we used an immunocompetent glioma model
by inoculating 5 x 10* GL261 cells into the brains of both
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Figure 2. TREMZ2 deficiency does not slow mouse glioma progression. (A) A schematic illustration of establishing an immunocompetent glioma
model using murine glioma GL261 cells. (B) To determine the expression of TremZ2in the GL261 cell line, CD11b* cells were sorted from gliomas
of both WT and Trem2-/- mice, serving as positive and negative controls, respectively. (C) The mRNA levels of Trem2in the contralateral and
tumor hemispheres were quantified by qRT-PCR. (D, E) Bioluminescence imaging was used to track and monitor the same mice over a period of
21 days. The statistical analysis showed that brain tumor burden was relatively higher in TremZ2-- mice compared to WT mice. (F) A larger tumor
size was observed in Trem2- mice compared to the WT mice 21 days after tumor inoculation, as indicated by the increased weight of tumor
hemisphere. (G-1). The survival study using 26 WT (12 males and 14 females) and 23 Trem2~- (9 males and 14 females) mice showed Trem2 de-
ficiency did not confer any survival benefit in glioma. The data were shown as mean + SEM. The data were tested for normal distribution using
Shapiro-Wilk test first. P-values were acquired using 2-tailed Student ¢ tests or 2-way ANOVA if the data were normally distributed, or Mann—
Whitney test if they were not. Survival curves were analyzed using log-rank test.

WT and Trem2’- mice (Figure 2A). We first confirmed
that TREM2 is absent in mouse glioma cells both in vitro
(Figure 2B) and in vivo (Figure 2C). Additionally, there is

hemispheres

a significant increase in Trem2 expression in WT tumor

compared to contralateral hemispheres

(Figure 2C). Next, we measured the glioma growth by
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bioluminescence imaging and the weight of the tumor
hemispheres (Figure 2D-F). Using bioluminescence im-
aging to monitor the same mice, our result revealed a
slightly higher burden of brain tumors in Trem27- mice
compared to WT animals at both Day 14 and Day 21 post-
tumor inoculation (Figure 2D and E). Consistent with the
bioluminescence result, a larger tumor size was observed
in Trem2”- mice compared to the WT mice, as evidenced
by the increased weight of the tumor hemisphere at Day 21
post-tumor inoculation (Figure 2F). A survival study using
26 age-matched WT (14 females and 12 males) and 23
Trem2-~ mice (14 females and 9 males) showed that Trem2
deficiency did not improve glioma survival, and even re-
sulted in a slightly shorter median survival time compared
to the WT (Figure 2G). We acknowledge that the slightly
increased tumor burden in Trem2~/- mice does not signifi-
cantly affect the survival curves, as survival curves are typ-
ically measured by the 50% death rate and do not account
for the full range of survival times.This conclusion was con-
sistent regardless of whether the data was analyzed by sex
(Figure 2H and 1). In addition to the GL261 model, we con-
ducted an experiment utilizing the 73C astrocyte-derived
glioma model (Supplementary Figure 2A). Similar to that
in the GL261 model, the tumor burden of the 73C glioma
was found to be elevated in Trem2- mice (Supplementary
Figure 2B). Furthermore, an independent research team
employed the CT2A brain tumor model and arrived at anal-
ogous conclusions.®® Thus, a comprehensive analysis of
3 distinct brain glioma models collectively demonstrates
that TREM2 deficiency does not impede intracranial tumor
progression.

The observed phenotype within the preclinical glioma
models contrasts with findings from various peripheral
tumor models, where TremZ2”/- mice exhibited a deceler-
ated rate of tumor progression.32'22 To discern whether
the discrepancy was potentially due to the tumor loca-
tions, we repeated the same experiments using the MC38
subcutaneous model with 9 WT and 8 Trem2”/~ mice
(Supplementary Figure 2C). In line with previous find-
ings,® we observed a clear trend toward attenuated tumor
progression in Trem2~’~ mice (Supplementary Figure 2D).
Individual plots (Supplementary Figure 2E and F) showed
that despite variations within the Trem2/- group, these
mice displayed an attenuated trend in tumor progression
compared to the WT, with some even exhibiting tumor re-
gression. Taken together, our findings suggest that the
role of TREM2 in brain tumors may differ from that in pe-
ripheral tumors. Although TREM2 in peripheral tumors is
detrimental, it may have unrecognized protective roles
specific to brain tumors, highlighting the need for further
investigation.

TREM2 Deficiency Reduces the Ability of Tumor-
associated Myeloid Cells to Phagocytose Tumors

We next examined 27,276 WT immune cells®® from mouse
GL261 glioma at Day 21 post inoculation to map TREMZ2
transcription in immune cells. Similar to newly diagnosed
human GBM, tumor-associated myeloid cells constituted
the largest immune cell population in GL261 glioma, ac-
counting for approximately 65% of the total immune cells

(Figure 3A and Supplementary Figure 1B). Additionally,
the proportion of macrophages was much higher (49.98%)
compared to microglia (7.85%). Among all immune cell
populations, TREMZ2 was highly expressed in almost all mi-
croglia, and multiple subtypes of macrophages (Figure 3B
and C).

The observed correlation between TREMZ2 expression
and phagocytic and antigen-presenting markers in human
gliomas prompted an in vivo exploration to assess the ex-
tent of TREM2's impact on promoting a glioma-mediated
immune response. To determine whether TREM2 defi-
ciency impairs myeloid cell phagocytosis in brain tumors,
we took advantage of in vivo 2-photon imaging. After
transducing the GL261 tumor cell line with mCherry la-
beling, we injected them into the somatosensory cortex of
Cx3cr16f+ mice after craniotomy. Between 7 and 14 days
after tumor inoculation, we observed CX3CR16FP mye-
loid cells closely interacting with tumor cells in the tumor
core region. Interestingly, some of these myeloid cells
were observed to uptake mCherry* tumor debris and per-
sisted for hours (Figure 3D). To assess potential variations
in mCherry debris signal in the absence of TREM2, brain
samples were collected 12-14 days after tumor inoculation
for immunostaining (Supplementary Figure 3A). Notably,
tumor-associated myeloid cells, marked by pan-myeloid
marker IBA1, exhibited diverse patterns of mCherry signal
distribution within their cytosol. Specifically, observations
revealed a spectrum of occurrences: instances devoid
of detectable mCherry signals (Figure 3E, Cells 1 and 4;
Supplementary Figure 3B, Cell 4), instances characterized
by the presence of discrete mCherry* puncta within the cy-
tosol (Figure 3E, Cell 3; Supplementary Figure 3B, Cells 1,
2, and 3), and instances exhibiting a spherical morphology
alongside condensed DAPI staining (Figure 3E, Cells 2
and b). These intracellular mCherry signals were evident
in structures resembling tumor debris or aligned with the
characteristics of apoptotic cells.*’ Furthermore, through
an analysis of myeloid cell dimensions and mCherry con-
tent, we discerned that the occurrence of mCherry signals
varies across different sizes of myeloid cells. In addition,
the presence of red signals was diminished in myeloid
cells lacking TREM2 (Figure 3F and Supplementary Figure
3B). These mCherry signals can also be detected by flow
cytometry (Supplementary Figure 3C). Consistent with
the immunostaining result, we found the mCherry signals
were colocalized with MHCII*F4/80* antigen presenting
like macrophages, with a higher MFl in WT compared to
Trem2- mice (Figure 3G and G’ and Supplementary Figure
3D).

As in vivo phagocytosis could be influenced by tumor
size, we also established a more controlled environ-
ment by employing BMDM to investigate the potential
impact of TREM2 on tumor phagocytosis. In this exper-
imental setup, GL261 tumor cells were subjected to a 2
MM staurosporine treatment to induce apoptosis. After a
48-h interval, the resulting apoptotic tumor cells were har-
vested, labeled with pHrodo red dye, and subsequently
introduced to WT and Trem27- BMDM for phagocytic anal-
ysis (Supplementary Figure 3E). In the sequence of phag-
ocytosis events, the pHrodo dyes underwent a shift from
a nearly nonfluorescent state under neutral pH conditions
to manifesting a progressively intense red fluorescence
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Figure 3. TREMZ2 deficiency reduces the ability of tumor-associated myeloid cells to phagocytose tumors and exhibit MHC Class Il expression. (A)
UMARP plots displaying the immune cells in mice with glioma GL261. (B, C) TREMZ2transcription in differentimmune cell populations. (D) Through
in vivo 2-photon imaging, interactions between CX3CR1¢"” myeloid cells and mCherry* tumor cells were observed. Solid triangles indicate myeloid
cells that uptake red tumor debris and hollow triangles indicating those that do not. Scale bar: 10 um. (E) Immunostaining revealed a diverse mCherry
signal distribution within the cytosol of tumor-associated myeloid cells, identified by the pan-myeloid marker IBA1. These observations delineated
a spectrum of patterns: Cells 1 and 4 lacked discernible mCherry signals, Cell 3 showcased discrete mCherry* puncta within the cytosol, and Cells 2
and 5 displayed a spherical morphology accompanied by condensed DAPI staining. (E’) IMARIS-generated 3D reconstruction demonstrates distinct
patterns of mCherry signal in Cell 1, 2, and 3. (F) An analysis of myeloid cell dimensions and mCherry content revealed variations in the occurrence
of mCherry signals across different sizes of myeloid cells. Each tumor mouse contributed 15 cells, and each group consisted of 5 mice. The distribu-
tion is depicted in the violin plot, highlighting that the absence of TREM2 in myeloid cells led to a reduction in the presence of mCherry signals. (G,
G’) Measurement of the MFI of mCherry* tumor debris signal in F4/80*MHCII* macrophages. The percentage of tumor debris signal in F4/80*MHCII*
macrophages was reduced in Trem27-. (H, 1) The mRNA levels of Cd68 and H2Aa (encoding MHC Class I1) in the endpoint tumor hemispheres
were collected and quantified by gRT-PCR. The bar graphs were shown as mean + SEM. The data were tested for normal distribution using Shapiro—
Wilk test first. P-values were acquired using 2-tailed Student ttests if the data were normally distributed, or Mann—Whitney test if they were not.

within the acidic phagosome environment. BMDMs sub-  progressive rise in the mean fluorescent intensity (MFI) of
jected to the treatment were collected at timepoints of 0, red fluorescence over time. Notably, at the 4-h timepoint,
2, 3, and 4 h for flow cytometry analysis. We observed a  the MFI of WT was higher than Trem27- (Supplementary
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Figure 3G and H). Collectively, our results showed that
TREM2 deficiency reduces the capacity of tumor-associated
myeloid cells to engage in phagocytose (Supplementary
Table 1 and Figures 1-6) tumors.

TREM2 Deficiency Reduces Tumor-associated
Myeloid Cell MHC Class II Expression

Because MHC Class Il presentation is generally derived
from exogenous proteins, we further investigated whether
TREM2 affects the tumor-myeloid MHC Class Il expression.
We extracted RNA from tumor hemispheres at the humane
endpoint of the mouse survival study when the glioma
reached its maximum size. We found that Cd68 expression
in the WT tumor hemispheres was significantly higher than
in the Trem2-- tumor hemispheres (Figure 3H). The H2-Aa,
which encodes mouse Class Il antigen A, was also signif-
icantly lower in the Trem2~- tumor hemispheres than the
WT ones (Figure 3l).

To better understand how TREM2 deficiency affects
myeloid cell responses concerning MHC Class Il, we ini-
tiated our analysis by examining WT and Trem2-- tumor-
associated myeloid cells, utilizing a dataset derived from
Day 10 MCA/1956 tumors.® Myeloid cells were clustered
into 8 subsets using Uniform Manifold Approximation and
Projection (UMAP; Supplementary Figure 4A). Cluster 5
(CX3CR1-Macs) and Cluster 6 (Cycling-Macs), which were
poorly represented in Trem2”/~ mice, exhibited particu-
larly high Trem2 expression. These 2 clusters showed a
more macrophage-like profile with high levels of Cx3cr1
and Mrc1, but low levels of Ly6c2 and Ccr2. They also ex-
pressed lysosome markers Cd68, and antigen-presenting
cell markers Cd86 and H2-Ab1 (Supplementary Figure 4B).
These findings suggested that TREM2 deficiency induces
alterations within myeloid cell subsets in response to tu-
mors. Notably, this deficiency may lead to a decrease in a
specific subset of myeloid cells characterized by both high
TREM2 expression and antigen-presenting features.

To further validate what we observed from the single-
cell sequencing data, we performed flow cytometry on Day
25 when most mice had a high tumor burden. Unbiased
UMAP clustering of high parameter flow cytometry data
obtained from total immune cells (CD45*) of PBS-perfused
tumor hemispheres identified 7 main clusters, including
microglia, infiltrating myeloid, CD8* T cells, natural killer
cells (NK), B cells, regulatory T (Treg), and conventional
T helper (Th) cells (Supplementary Figure 4C). As the
tumor size increased, the percentage of microglia in WT
mice decreased due to the influx of other immune cells
(Supplementary Figure 4D). However, the percentage of
microglia was already low in Trem2-- mice and further de-
creased with increasing tumor size. This observation sug-
gests that Trem2-- microglia may have impaired activation
in response to the tumor at the onset, leading to a lower
proportion of microglia in the tumor microenvironment.
The higher percentage of infiltrating cells in Trem2-~ mice
may be a compensatory response to the impaired microglia
activation. In infiltrating immune cells (CD45"), infiltrating
myeloid, NK cells, and lymphocytes weighted similarly in
WT and Trem27/- (Supplementary Figure 5A-D). WT and
Trem2- showed a similar trend of increased percentage

of infiltrating myeloid, and a decreased percentage of NK
and lymphocytes along with increased tumor size. We fur-
ther delved into the influence of TREM2 on infiltrating my-
eloid subsets. Consistent with findings of TREM2 deficient
macrophages in MCA/1956 tumors (Supplementary Figure
4B), a Ly6C"e9F4/80* cluster with high CD68 and MHC Class
Il expression was reduced in Trem2-- mice (Supplementary
Figure 4E and F).This MHC II"" macrophage-like subset was
positively correlated with the tumor size. However, the per-
centage of this antigen-presenting-like macrophage subset
was much higher in WT, particularly in high tumor burden
hemispheres (more than 250 mg), compared to that in
Trem2-- mice (Supplementary Figure 4G). Collectively, our
findings suggested thatTREM2 deficiency leads to a reduc-
tion in MHC Class Il expression within myeloid cells.

TREM2 Deficiency Impairs CD4" T-Cell
Responses to Gliomas

Considering CD4* T cells’" engagement with antigen-
presenting cells, we next determine whether TREM2 de-
ficiency in the mouse model of glioma could affect CD4*
T-cell infiltration. To ascertain the significance of CD4*T-cell
involvement in regulating tumor size within the GL261
glioma model, we initiated an investigation involving
the depletion of CD4+T cells using an anti-CD4* antibody.
We administered 200 pg of the anti-CD4 depleting anti-
body or control-lgG through IP injections on days 10, 11,
16, and 21 (Supplementary Figure 6A). The mice that un-
derwent CD4* cell depletion exhibited a significantly in-
creased tumor burden (Supplementary Figure 6B). This
observation aligns with previous studies*? that underscore
the critical role of CD4* cells in regulating tumor growth.
Delving further into this aspect, we examined the variance
in CD4 expression within the trem2 context and found that
Cd4 expression in WT glioma-endpoint hemispheres was
higher compared to that in Trem27- mice (Figure 4A).This
was corroborated by immunofluorescence staining of CD4
at the endpoint hemispheres, which consistently demon-
strated a greater number of CD4*T cells in WT mice than in
Trem2- mice (Figure 4B). In addition, we found that CD4*
T cells were mostly located in the tumor region and were
in contact with macrophages (lba1*, ramified structure)
with varying proximities and interactions (Figure 4C). In
WT, approximately 16% of CD4*T cells had no cell-to-cell
contact with macrophages, 17% had some interaction via
the tips of macrophage processes, 58% had tight interac-
tion between cell soma, and 8% were enclosed by multiple
macrophages. In Trem2-- mice, CD4*T cells had decreased
intermediate contact with macrophages and increased
enclosed-type interaction (Figure 4C and D). The formation
of intermediate/tight contacts betweenT cells and antigen-
presenting cells is thought to be a result of antigen stimula-
tion,*® whereas the enclosed structure is likely to represent
macrophage uptake of exhausted T cells. Thus, these re-
sults suggest that TREM2 in the antigen-presenting-like
macrophage subset is critical for the interaction with CD4+*
T cells in gliomas.

Upon analyzing infiltrating T-cell composition using flow
cytometry, we surprisingly found that the higher number
of CD4* T cells in WT mice was primarily due to Treg
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Figure 4. TREMZ2 is necessary for accumulation of CD4* T cells in brain tumors. (A) Quantification of CD4 mRNA levels in tumor hemispheres
using gRT-PCR. (B) Quantification of the number of CD4* T cells per mm? in the tumor core using confocal microscopy on 5 pm thick brain slides.
(C) Representative images of CD4* T cell and myeloid cell (Iba1*) interactions. Scale bar: 10 um. (D). Quantifications of different types of CD4+-
myeloid cell interactions in WT and Trem2--. (E). The percentage of each CD3* T cell subsetin WT and TremZ27- mice. Unidentified populations
are indicated in gray. (F) Expression levels of T cell cluster markers and feature genes indicating T cell activation or inmunosuppression. (G).
The proportion of a CD4* Th cell subset co-expressing PD-1 and ICOS is greater in WT mice compared to Trem27~ mice. (H) The MFI of CTLA
expression in CD4* Th cells was higher in Trem2- compared to the WT. The bar graphs were shown as mean + SEM. The data were tested for
normal distribution using Shapiro-Wilk test first. P-values were acquired using 2-tailed Student t tests if the data were normally distributed, or
Mann—Whitney test if they were not. (I) Projection of T cells from newly diagnosed GBM using the ProjecTIL package to reveal T-cell subsets. (J)
Correlation between TREMZ2 expression and marker genes of T cell subtypes in LGG and GBM patients. All listed genes, except for CTLA4, had
a P-value less than 0.05. (K) Our working model proposes that TREM2-mediated phagocytosis of glioma debris by myeloid cells leads to further
MHC Class Il presentation to CD4* T cells, ultimately contributing to antitumor immunity in brain tumors.
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(CD25*Foxp3*; Figure 4E). However, no notable distinction
was observed in the proportion of CD8*T cells between WT
and Trem2~-.We further investigated variousT-cell markers
and found that the Treg cluster expressed a mixture of
markers that positively regulated T-cell activation44® such
as CD44+, ICOS*, CD69*, CD62L*, as well as negative reg-
ulatory markers such as CTLA4* (Figure 4F). Therefore,
this population could potentially have both anti- and pro-
tumoral functions.

Despite the unchanged percentage of CD4* Th cells,
we observed a higher presence of a CD4* Th cell subset
co-expressing PD-1 and ICOS in WT compared to Trem2-/~
(Figure 4G). This subset was demonstrated to recog-
nize both tumor-associated antigens and tumor-specific
neoantigens, contributing to antitumor responses.*®> On
the other hand, we found that the expression level of
CTLA in CD4* Th cells was higher in Trem27- compared
to the WT (Figure 4H). This observation suggested a po-
tential downregulation of CD4* Th antitumor responses
in Trem2--.To gain further insights into TREM2’s function
in antigen presentation, we conducted co-culture experi-
ments involving naive OT | CD8*T cells and naive OT Il CD4+*
T cells with OVA-fed BMDMs from WT or Trem2--. By sub-
jecting the BMDM s to this model antigen, they processed
and presented antigen fragments to OT | CD8* T cells via
MHC | or to OT Il CD4*T cells via MHC II. Consequently, T
cells recognizing antigens were activated, as evidenced by
their proliferation. We observed that when co-cultured with
OVA-fed Trem2-deficient BMDMs, only OT Il CD4* T cells
exhibited decreased proliferation, but not OT | CD8*T cells
(Supplementary Figure 6C and D).

To further address the significance of CD4* T cells in
human gliomas, we analyzed T-cell composition in newly
diagnosed GBM. We projected all the GBMT cells® onto a
T cell reference atlas provided by the ProjecTIL package®?
to reveal T-cell subsets. We found that Th1-like CD4*T cells
were the second largest population in the newly diag-
nosed GBM T cells after effector memory CD8* T cells,
accounting for 19.8% of the total GBM T cells (Figure 4l).
Furthermore, analysis of the TCGA data set revealed a
correlation between TREMZ2 and Th1-like markers such
as CD4 and IFN-gamma receptor 1 (/fngr1) in both LGG
and GBM (Figure 4J). However, no significant correlation
was found between TREM2 expression and Treg markers
such as FOXP3 and CD25 (also known as IL2RA), or im-
munosuppressive markers such as CTLA4. Additionally,
markers of effector memory CD8* T cells such as PDCD1
and granzymes (mostly GZMK, with an intermediate level
of GZMB) showed minimal correlation withTREM2 expres-
sion. Collectively, these results suggest a positive role of
TREM2 in mediating MHClII-restricted CD4* responses to
gliomas. Our findings may have important clinical impli-
cations for the development of novel immunotherapeutic
strategies targeting TREM2 and other myeloid-specific pro-
teins in cancer treatment.

Discussion

In this study, we showed that depletion of TREM2 did not
result in beneficial effects in our preclinical models of GBM.

In addition to our utilization of the GL261 and 73C glioma
models, another research group employed the CT2A
brain tumor model and reported comparable findings.*°
Affirming our results, their investigation likewise dem-
onstrated that TREM2-deficient mice did not exhibit pro-
longed survival but instead displayed a tendency toward
shorter survival times. Moreover, our analysis revealed
that nearly all tumor-microglia and macrophages exhibited
high TREM2 expression in both patient GBM and mouse
GL261 models. This finding suggests that the overall rise
in TREM2 expression is likely connected to the significant
influx of myeloid cell infiltration following tumor appear-
ance. The increased TREM2 expression in glioma may not
be the causal driver of tumor progression at least in the
model of GL261, 73C, and CT2A.

Furthermore, our results implied that there are differ-
ences in tumor immunity between the brain and peripheral
tissues. In preclinical models of colon carcinoma and mela-
noma, CD8*T cells have been shown to be the primary me-
diators of tumor reduction, and their depletion has been
found to eliminate the protective benefits of both genetic
and immunotherapeutic interventions.*®4’ Additionally,
in metastatic melanoma patients who responded to PD-1
blockade treatment, tumor regression was accompanied by
the proliferation of CD8*T cells.*® In this paradigm, TREM2
deficiency reduced the immunosuppressive activity of my-
eloid cells, which in turn led to improved preservation and
functionality of CD8* T cells responding to anti-PD-1; as a
result, overall survival in mice was improved in Trem2/-
compared with WT mice.34222 However, anti-PD-1/PD-L1
immunotherapy has shown limited efficacy in most clinical
studies of GBM.*® CD4* T cells not only provide essential
help to B cells for effective antibody-mediated immune re-
sponses.?%5! Preclinical models of glioma, such as GL261
and 005 GSC, have demonstrated that CD4*T cells are es-
sential for tumor clearance and can induce tumor regres-
sion through therapeutic interventions without requiring
CD8*T cells.56:5253

It is noteworthy that the specific cell line utilized can sub-
stantially affect results. For instance, SB28 tumor clear-
ance might lean more on CD8* responses,®® possibly due
to the scarcity of neoantigens in SB28.25 The presentation
of neoantigens through MHCII is particularly important
when CD4* T-cell-mediated immune responses are more
predominant.’#25* In contrast, GL261 is known for its abun-
dant neoantigens, potentially explaining the divergence in
phenotype when compared to SB28. Nevertheless, in line
with existing literature,'®?? our current study showed that
TREM2 deficiency reduces the number of MHCII* macro-
phages and CD4* T-cell infiltration in GL261 model. This
may explain why we did not observe a significant benefi-
cial effect, but unexpectedly the detrimental consequence
of TREM2 deficiency in the preclinical models of GBM. In
the CD4*T-cell dominant context, the benefits of TREM2 de-
ficiency on CD8*T cells may still not outweigh the negative
effects on CD4*T cells.

We revealed that TREM2 deficiency impaired the ability
of myeloid cells to uptake tumor debris, which is the first
step in the antitumor response through the phagocytosis-
MHCII antigen presentation-CD4* axis (Figure 4K). This
conclusion is drawn from both in vivo and in vitro as-
says. In the in vivo assay, we employed flow cytometry
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to observe the red tumor signals within myeloid cells.
Considering that in vivo phagocytosis might be influenced
by tumor size, we established a more controlled environ-
ment by using BMDM, feeding them with apoptotic tumor
cells instead of beads,® offering a precise and controlled
approach to mimic physiological conditions. Our results
are consistent with previous research in the CNS, where
TREM2 is known to play a key role in the phagocytosis of
apoptotic neurons.'¥%5% |n addition, TREM2 function in
phagocytosis of protein aggregations has been increas-
ingly recognized in neurodegenerative diseases.>’->° Based
on our findings, we reason that the impaired phagocy-
tosis inTREM2 deficient mice may likely cause the reduced
MHCII* macrophages in gliomas.

Additionally, our research provides insight into TREM2
expression beyond the myeloid population, as we identi-
fied a modest population of TREM2*T cells in both human
GBM and murine GL261. This is especially noteworthy be-
cause TREM2 has recently been discovered as a sensor re-
sponsible for Th1 activation, and its deficiency in CD4* T
cells impairs proinflammatory Th1 responses to infectious
diseases.?06! Therefore, future studies using conditional
TREM2 knockout will be required to dissect TREM2 func-
tions in multiple tumor-associated immune cells.

In summary, we have demonstrated that TREM2 plays
a protective role in gliomas through phagocytosis and
antigen presentation. Furthermore, our findings empha-
size the importance of evaluating both CD8* and CD4*
responses in different tumor contexts when developing
TREM2-targeted therapies. As TREM2 antagonists emerge
as promising therapeutic targets for cancer treatment, it is
crucial to fully understand the range of TREM2 functions in
different immune cell types and scrutinize their impact on
tumor progression.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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