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Abstract

Background. Glioblastomas (GBMs) are central nervous system tumors that resist standard-of-care interventions
and even immune checkpoint blockade. Myeloid cells in the tumor microenvironment can contribute to GBM pro-
gression; therefore, emerging immunotherapeutic approaches include reprogramming these cells to achieve desir-
able antitumor activity. Triggering receptor expressed on myeloid cells 2 (TREM2) is a myeloid signaling regulator
that has been implicated in a variety of cancers and neurological diseases with contrasting functions, but its role
in GBM immunopathology and progression is still under investigation.

Methods. Our reverse translational investigations leveraged single-cell RNA sequencing and cytometry of human
gliomas to characterize TREM2 expression across myeloid subpopulations. Using 2 distinct murine glioma models,
we examined the role of Trem2 on tumor progression and immune modulation of myeloid cells. Furthermore, we
designed a method of tracking phagocytosis of glioma cells in vivo and employed in vitro assays to mechanistically
understand the influence of TREM2 signaling on tumor uptake.

Results. We discovered thatTREM2 expression does not correlate with immunosuppressive pathways, but rather
showed strong a positive association with the canonical phagocytosis markers lysozyme (LYZ) and macrophage
scavenger receptor (CD163) in gliomas. While Trem2 deficiency was found to be dispensable for gliomagenesis,
Trem2* myeloid cells display enhanced tumor uptake compared to Trem2- cells. Mechanistically, we demonstrate
that TREM2 mediates phagocytosis via Syk signaling.

Conclusions. These results indicate that TREM2 is not associated with immunosuppression in gliomas. Instead,
TREM2 is an important regulator of phagocytosis that may be exploited as a potential therapeutic strategy for brain
tumors.

Key Points
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Importance of the Study

Triggering receptor expressed on myeloid cells 2(TREM2)
has been implicated as a major immunoregulator in
both neurological disorders 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

Gliomas are the most common primary adult brain tu-
mors and comprise over 80% of central nervous system
malignancies.” Of these, glioblastomas (GBMs) are high-
grade tumors that display the poorest clinical outcome.
Despite standard-of-care treatments including surgical
resection and concurrent chemoradiation, GBM patients
have a median survival of only 15-18 months.?? Although
lymphocyte-based immune checkpoint therapies have sig-
nificantly improved progression-free survival for many
other solid tumors, these treatments have yielded disap-
pointing results in clinical trials for GBM.*® Glioma patients
are lymphopenic and exhibitT-cell scarcity in the tumor im-
mune microenvironment (TIME), but currently approved
immunotherapies continue to target T lymphocytes for
facilitating anti-tumor immunity.5-8

Recent immunophenotyping studies have revealed that
the glioma TIME is characterized by a heterogeneous, pre-
dominantly myeloid population.®""These cells include yolk
sac-derived, brain resident microglia (MG), bone marrow-
derived macrophages (MACs), and monocyte-derived
macrophages (MDMs)."'2 Because of their relative abun-
dance, selective targeting of myeloid cells may be a more
viable alternative to current T-cell-based treatments.’
Myeloid-targeted clinical trials in various cancers are
emerging, but a deeper functional understanding of the
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 presenta-
tion toT cells, how these pleiotropic functions affect glioma
progression remains unclear.'™7

Triggering receptor expressed on myeloid cells 2
(TREM2) is a type | transmembrane receptor in the im-
munoglobulin superfamily that has been implicated as a
major regulator of the myeloid cell immune response.'®'®
It is expressed on MACs and MG and is also implicated in
dendritic cell (DC) maturation.’ The binding of its various
ligands and association with DNAX activator proteins 10
and 12 (DAP10, DAP12) causes activation of the PI3K-Akt
pathway or spleen tyrosine kinase (Syk), resulting in the
downstream promotion of cell survival pathways or phag-
ocytosis and cytokine production, respectively.2’ TREM2
is involved in engulfment, a crucial step for the initiation
of phagocytosis, and TREM2 deficient or defective MG
displays impaired phagocytosis in vitro and in vivo.?'-?
TREM2 is well-characterized in Alzheimer’s disease (AD),
where the R47H mutation is associated with an increased
risk of typical late-onset AD, and TREM2 promotes mi-
croglial survival and phagocytosis of amyloid plaques in
early-stage AD mouse models.?>?° Recently, TREM2 has

microenvironment. Instead, TREM2 expression is asso-
ciated with microglial phagocytosis in both human and
mouse gliomas. These findings indicate that TREM2
blockade may not be a viable treatment strategy for
gliomas and that the context-dependent complexity of
TREM2 signaling in GBM warrants deeper investigations.

garnered attention for its role in cancer due to its expres-
sion on tumor-associated MACs and an increasing interest
in the dual role of myeloid cells in the inflammatory re-
sponse against tumors as well as pro-tumoral immuno-
suppression.3%3" Despite the protective role of TREM2 in
neurological disorders, its functions in gliomas have been
recently reported to be pro-tumorigenic.32-34

In this study, we extensively characterize the role of
TREM2* myeloid cells using both human patient-derived
glioma tissues as well as orthotopic mouse models.
Through comprehensive analysis of a large cohort of
human gliomas, we identified a population of glioma-
associated TREM2* myeloid cells that are correlated
with phagocytic gene modules. Furthermore, using 2
independent mouse glioma cell lines with different im-
munogenicity, we demonstrate that although Trem2 is dis-
pensable for glioma control, Trem2* myeloid cells engulf
tumor cells in a Syk-dependent manner. In summary, our
investigations ascertain TREM2 as a critical phagocytic
immunomodulator in gliomas.

Materials and Methods
Human Brain Tissue Collection

Tissue samples were collected from 56 glioma patients
and 5 epilepsy patients. Informed consent and detailed in-
formation including age, sex, glioma type, and site of tumor
extraction were obtained before neurosurgery. The brain
tumor samples were collected according to MD Anderson
Internal Review board (IRB)-approved protocols LAB03-0687,
LABO04-0001, and 2012-0441, and epileptic brain tissue was
collected at Baylor College of Medicine under IRB-approved
protocol H-13798. All experiments were performed in com-
pliance with the IRB of UT 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). Tissues
were finely minced, and mouse brains were homogenized
using a Dounce homogenizer. Tissues were enzymatically
dissociated in a warm digestion medium containing 100
pg/ml collagenase D (Sigma-Aldrich #11088866001) and
2 pg/ml DNase for 30 min at 37°C. The reaction was neu-
tralized with 2% fetal bovine serum (FBS) (Gibco #16140-
071) in IMDM. Tissues were passed through a 100 pm
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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 min 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 min at 4°C,
and human samples were cryopreserved in 10% DMSO
(Sigma-Aldrich #F4135) in FBS in liquid nitrogen at —196°
C until use, whereas mouse tissues were collected and pro-
cessed freshly ahead of experimentation. A detailed de-
scription of methods for human leukocyte preparation is
provided in our companion manuscript.™

Single-Cell RNA,Sequencing, Cytometry, and
Computational Analyses

Clinical characteristics, experimental, and computational
analyses for sc-RNAseq data generated from glioma-
associated CD45* immune cells of 18 glioma patients are
detailed previously.” Briefly, expression of TREM2 and
phagocytosis pathway gene/s were mapped on myeloid
cell types as discussed in this study. Similarly, protein level
corroboration for gated TREM2* and TREM2- myeloid cell
types with MFI of LYZ and CD163 expression was estab-
lished with 56 glioma patients stratified by IDH and recur-
rence status. Experimental and corresponding details are
elaborated in the Gupta et al. study.™

TCGA and GLASS Cohorts

GBMs (528) 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
(grades | and Il gliomas), the TCGA dataset containing 513
LGGs was analyzed (https://www.cancer.gov/tcga). Data
were visualized and correlation analyses were computed
using the GlioVis platform (gliovis.bioinfo.cnio.es), and
GEPIA2 was used to visualize survival curves (http:/gepia2.
cancer-pku.cn).®® Immunohistochemistry (IHC) was per-
formed on gliomas from the GLASS (Glioma Longitudinal
AnalySiS) consortium (glass-consortium.org).3®

Immunohistochemistry (IHC) and
Immunofluorescence (IF)

Formalin-fixed paraffin embedded (FFPE) tissues from
human patients and mice were serially sectioned on a
microtome at 5 pM. Slides were baked for 30 min at 60
°C then deparaffinized by subsequent washes in xylene,
1:1 xylene, and 100% ethanol, 100% ethanol, 95% eth-
anol, 70% ethanol, 50% ethanol, and water. Antigen re-
trieval was performed using a pressure cooker at 100°
C for 10 min in sodium citrate pH=6 buffer. For IHC,
slides were washed 3 times in 1X PBS and endogenous
peroxidases were blocked with 3% hydrogen peroxide
for 30 min. After three washes in PBS, slides were incu-
bated for an hour at room temperature with 10% bovine
serum albumin (Millipore Sigma #A7030) to block non-
specific binding. For IF, autofluorescence was blocked

with True Black (Biotum #23007) for 5 min followed by
3 washes in deionized water, then background fluores-
cence was blocked using Background Buster and Fc re-
ceptor block (Innovex Biosciences #NB306 and #NB309).
Slides were incubated overnight with primary antibody
for both IHC and IF (1:100 TREM2 (D8I4C) rabbit mAb, Cell
Signaling Technology #91086; 1:1000 Ki-67 (SP6) rabbit
mAb, Thermo Fisher #MAb-14520; 1:1000 IBA1 (Ch311H9)
chicken mAb, Synaptic Systems #234-009) at 4°C or at
room temperature, respectively. After three washes in
PBS (IHC) or deionized water (IF), the slides were incu-
bated with the corresponding HRP-conjugated or fluores-
cent secondary antibody for 1 h at room temperature (goat
anti-rabbit IgG (H&L) HRP, Abcam #ab6721; goat anti-rabbit
IgG (H&L) Alexa Fluor 488, Invitrogen #A11042; goat anti-
chicken IgY Alexa Fluor 594, Invitrogen #A32731). For IHC,
slides were washed in PBS 3 times and then developed
using a 3,3-diaminobenzidine (DAB) substrate kit (Abcam
#ab64238), then slides were covered in hematoxylin for
3 min and counterstained in PBS for 5-10 min. The slides
were dehydrated and coverslipped using an aqueous
mounting medium. IHC was assessed using the Olympus
BX43 microscope and cellSens software, and IF was im-
aged with the Keyence BZ-X810 and BZ-X800 viewer.
Quantitative analyses were performed blinded using the
Imaged IHC toolkit by multiple authors.

Gene Module Correlation Analyses

For the correlation of phagocytic gene modules to the
TREM2 pathway, we included “ TREM2,” “HCST,” “TYROBF"
"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 phag-
ocytic scores were calculated for each myeloid cell using
the Seurat function AddModuleScore.®” Single-cell RNA-
seq data were downloaded from the Brain Immune Atlas
database.®® Phagocytosis-related pathways from MSigDB
¢b.bp, ¢b.mf, ¢b.cc, Hallmark, and KEGG collections of gene
sets were used to compute the enrichment in each single
myeloid cell using single-sample MWW-GST (ssMWW-
GST).3%4 Pearson’s correlation has been used to evaluate
the correlation between the gene expression of TREM2 and
phagocytosis-related pathways.

Animals

Wildtype C57BL/6J (Jax #000664) and C57BL/6J-
Trem2em2Adivi/J (Jax #027197) mice were procured from
the 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.

Murine Cell Lines and In Vivo Glioma Models

For survival studies, 6-month-old mice were intracranially
bolted at 2.5 mm lateral and 1 mm anterior to the bregma
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according to the guide-screw procedure.*> One week fol-
lowing bolting, mice were implanted via stereotaxic in-
jection with 2 x 10* CT-2A-luc, 2.0 x 10* CT-2A, or 1.0 x 10°
GL261-luc cells resuspended in serum-free DMEM. For flow
cytometry analysis, mice were implanted with 5.0 x 10*
CT-2A-ZsGreen (CT-2A-ZsG) cells and sacrificed 21 days
postinjection. For flank models of glioma, mice were in-
jected subcutaneously in the hind flank with 2.5 x 108 CT-2A
cells. 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 pl/g and 15 mg/ml sterile D-luciferin and were im-
aged using the Perkin-Elmer in vivo imaging system (IVIS
200) 15 min postinjection. Data were analyzed using Aura
(Spectral Instruments Imaging) software. CT-2A cells were
a gift from Dr. Sourav Ghosh (Yale University) and finger-
printed before use. CT-2A-luc cells were purchased from
Sigma-Aldrich (#SCC195) and expanded in-house. CT-2A-
ZsG cells were generated using lentiviral particles derived
from a pLVX-ZsGreen1C1 vector (Takara Bio #632566).
CT-2A and CT-2A-luc were grown in DMEM high glucose
with 10% FBS (Gibco #16140-071) and CT-2A-ZsG cells
were grown on a puromycin (Thermo Fisher #A1113803)
selection cassette at 1 pyg/ml. GL-261 cells were grown in
DMEM/F12 (Sigma-Aldrich #D8900) containing 10% FBS
(Gibco #16140-071). 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 #13924100)
for 3 min at 37 °C, followed by neutralization with an equal
volume of culture medium. Cells were pelleted via cen-
trifugation for 3 min 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

Punch biopsy needles (1.5 mm) 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 expression was performed according to nanoString
protocol in the nSolver advanced analysis system and in R.

Flow Cytometry and Staining

Cells were washed twice with 1X PBS then stained with
Live Dead Blue Dead dye (Invitrogen #L34962) for 15 min
at 4°C. Cells were washed 3 times with FACS buffer (2%
FBS in 1X PBS) and then stained for 15 min at 4 °C in Fc
block cocktail (1:20 Nova block, Phitonex, Mouse TruStain
FcX, Biolegend #101320, CellBlox monocyte/MAC blocking
buffer, Invitrogen #B001T07F01). Cells were washed with
FACS buffer after staining with Fc block. Cells were stained
in an antibody cocktail containing the appropriately titrated
antibodies described in Supplementary Table 3 for 20 min
at 4 °C. Cells were washed in FACS buffer 3 times and fixed

overnight in 200 pl. True Nuclear fixation buffer (Biolegend
#73158, #71360) at 4 °C. Data were acquired using the BD
LSR Fortessa and Cytek Aurora 5 spectral flow cytometer.
Data were analyzed using Cytek SpectroFlo and Becton
Dickinson FlowJo 10.8.1.

Sorting of Trem2*ZsG* Cells

The murine leukocytes (protocol mentioned in preparation
of single-cell leukocyte suspension Section of Methods)
were stained with CD45, CD11b, and TREM2 (staining pro-
tocol mentioned in flow cytometry and staining section
of Methods). Sytox Blue (Invitrogen #S34857) was used
for the viability determination of cells. Trem2+tZsG* cells
were sorted using BD Influx Silver FACS sorter. The gating
strategy is represented in Figure 4.

Cytospin

The Trem2+ZsG* sorted cells were pooled from a set of 6
mice. The cells were concentrated on Superfrost Adhesion
Ringed Cytology slides (Fisher Scientific #22037241) by
loading the cells into an EZ Single Cytofunnel (Epredia
#A78710003) following manufacturer instructions and cen-
trifuged at 1000 rpm for 4 min.

Western Blotting

Total cell protein was extracted by RIPA buffer containing
protease inhibitor and phosphatase inhibitor (TargetMol
#C0045). Protein was quantified and separated by SDS-PAGE.
Primary antibodies were diluted and incubated overnight at 4
°C.The membranes were then washed with TBST and incu-
bated with HRP-conjugated secondary antibodies (1:3000 di-
lution) (GenDepot #SA002-500) at room temperature for 1 h.
Enhanced chemiluminescence (GenDepot) was performed.
The following primary antibodies were purchased from Cell
Signaling Technology; TREM2 (# 91068, 1:500 dilution), Syk
(# 13198, 1:1000 dilution), mTOR (#2983, 1:1000 dilution),
phospho-mTOR Ser 2448 (#2971, 1:1000 dilution), p70 S6 ki-
nase (#2708, 1:1000 dilution), phospho-p70 S6 kinase Thr389
(#9234, 1:1000 dilution). Anti-phospo-Syk antibody was pur-
chased from Novus Biologicals (#MAB6459, 1:1000 dilution).
Anti-b-actin antibody was purchased from Millipore Sigma
(#A5441, 1:10,000 dilution). For cells subjected to inflamma-
tory conditions, a cytokine cocktail consisting of 5 ng/ml ILl-1a
(Novus Biologicals #200-LA-002), I-18 (R&D Systems #201-
LB-005/CF), I.-6 (R&D Systems #7270-1.-025/CF), TNF-a (R&D
Systems #10291-TA-100), and IFN-y (R&D Systems #285-IF-
100/CF) each was added to cells overnight before harvesting
for protein extraction.

In vitro Phagocytosis Assays

HMC3 cells were obtained from ATCC (#CRL-3304) and
maintained in EMEM with 10% FBS (Gibco #16140-
071). Lentiviral particles were generated from pLV[Exp]-
EGFP:T2A:Puro-EF1A > hTREM2 (Vector Builder
#VB900014-4782faa) and  pLV[Exp]-Puro-EF1A > EGFP
(Vector Builder #VB10000-9483amc) vectors and used to
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infect early passage HMC3. TREM2-overexpressing HMC3
(TREM2-HMC3) and empty vector HMC3 (EV-HMC3) cells
were maintained in media containing 5 pg/ml puromycin
(InvivoGen #ant-pr-1). For Syk or mTOR inhibition, cells
were treated for 2 h with 1 yM R406 (Selleck Chemicals
#S1533) or 1 uyM rapamycin (Selleck Chemicals #S51039)
respectively. To assess in vitro phagocytosis, EV-HMC3 or
TREM2-HMC3 cells were incubated for 2 h at 37°C with
10 pg/ml pHrodo Escherichia Coli bioparticles (Invitrogen
#P35361) in pH =74 PBS. Phagocytosis was assessed via
fluorescence microscopy using the Olympus IX81 micro-
scope and cellSens software, and images were processed
using ImagelJ.

Results and Discussion

Characterization of TREM2 Expression in Glioma-
Associated Myeloid Cells

Although the immunoprotective role of TREM2 in neurode-
generative diseases is well-established, its implication in
gliomas is only recently emerging.3?3* Furthermore, how
different glioma pathologies may affect TREM2 expres-
sion across myeloid cell subpopulations remains unclear.
To address this, we systematically investigated TREM2
expression by utilizing our recent resource study com-
prised of scRNA-seq and cytometry datasets across human
gliomas.” Overall, TREMZ2 was significantly enriched in
myeloid cells compared to lymphoid cells across isocitrate
dehydrogenase (IDH) classified gliomas (Supplementary
Figure 1A). Within myeloid cells, MG, MAC, MDM, and
c¢DC2 showed the highest expression of TREM2 across all
pathologies (Figure 1A). These observations are consistent
with previous studies demonstrating TREM2 restriction
to myeloid cells and recent studies showing TREM2 ex-
pression in glioma-associated MG and MACs.'8323343 |F
co-staining with MG/MAC marker IBA1 further corrobor-
ated our genomic observations that TREM2 is tightly cor-
related with myeloid cells in GBM (Supplementary Figure
1B).** Because MG and MAC phenotypes may be altered
by chemo-radiation, we evaluated TREM2 in matched treat-
ment naive versus recurrent gliomas from the Glioma
Longitudinal AnalySiS (GLASS) consortium cohort
(Supplementary Table 1) using IHC.364546 We found that
the proportion of TREM2* cells was significantly higher in
IDH-wildtype (IDH-wt) than IDH-mutant (IDH-mut) gliomas,
but no differences between primary and recurrent tumors
were observed (Figure 1B and Supplementary Figure 1C).
However, TREM2* cells in primary tumors displayed a sig-
nificantly higher proportion of ramified morphology than
in recurrent gliomas regardless of IDH mutation status,
which is consistent with the existing dogma that chemo-
therapy and radiation can influence microglial reactivity
(Figure 1C and Supplementary Figure 1D).*’ These results
suggest that IDH status and treatment may alter the ex-
pression or activation of TREM2* myeloid cells.

Our extended analyses in a larger cohort of TCGA datasets
revealed that expression of TREMZ2 and its signaling partner
TYRO protein tyrosine kinase-binding protein (TYROBP) is
associated with higher-grade gliomas and predominant

in IDH-wt tumors (Supplementary Figure 1E). We also ob-
served that TREM2 expression correlated with poor sur-
vival only in low- grade gliomas (LGGs), but not in GBMs
(Figure 1D and Supplementary Figure 1F). Together, our ge-
nomic and proteomic analyses indicate thatTREM2 is highly
expressed in myeloid cell lineages in IDH-wt high-grade
gliomas relative to IDH-mut gliomas.

TREM?2 Expression Correlates With Microglial
Phagocytosis Pathway Genes But Not
Immunosuppression

Recent studies have shown that TREMZ2 expression correl-
ates with immunosuppressive genes including arginase
1 (ARG1), macrophage receptor with collagenous struc-
ture (MARCO), mannose receptor C-type 1 (MRC1), and
integrin subunit alpha 4 (ITGA4) in peripheral malig-
nancies such as sarcomas, breast, and colorectal can-
cers.308148Trem2 blockade or deficiency in mouse models
of systemic cancers led to TIME remodeling, decreased
tumor growth, expression of immunostimulatory mol-
ecules on MACs, and increased infiltration of T lympho-
cytes and NK cells, and similar observations were seen
in recent glioma studies.3%333 Qur analyses of TCGA
glioma datasets showed that although TREM2 correl-
ated with canonical pathway genes such as TYROBPE no
correlation between TREMZ2 and immunosuppressive
genes was observed in either GBM or LGG (Figure 2A
and Supplementary Figure 2A)." TREM2 is known to be
a phagocytic mediator, positively regulating the microg-
lial ability to recognize and engulf pathogens through ac-
tivation of canonical phagocytosis genes in associated
pathways.*%%0 We therefore examined if the expression of
TREM2 pathway genes (referred to as TREM2 score, see
Supplemental Table 2) correlates with phagocytosis gene
modules. Using a metagene score derived from genes
associated with phagosomes, vesiclemediated trans-
port, and lysosomes (see methods and Supplementary
Table 2), we observed that TREMZ2 expression/scores
showed significant positive correlations with the phag-
ocytosis score in myeloid populations in both internal
(Supplementary Figure 2B) and external (Supplementary
Figure 2C) scRNA-seq datasets.®#5152 MG and MAC/MDMs
also showed similar positive correlations of phagocytic
score with TREM2 (Figure 2B). Furthermore, TREM2 ex-
pression was correlated with lysozyme (LYZ), a marker
for active phagocytosis, and the MAC scavenger receptor
CD163 (Figure 2C) only in MG, but not in MAC/MDMs
(Supplementary Figure 2D).53-%5

Next, we corroborated the expression of TREM2 at the
protein level in both MG and non-MG myeloid cell popula-
tions in gliomas (Figure 2D). Median fluorescence intensity
(MFI) of LYZ and CD163 was used to define their distribu-
tion inTREM2-stratified myeloid subsets from primary and
recurrent IDH-mut and IDH-wt tumors (n=9-13/glioma
subtype). These analyses revealed that across all tumors,
TREM2 was associated with higher expression of LYZ in
both MG and MAC, whereas CD163 correlation was seen
only in MG (Figure 2E and Supplementary Figure 2E). Even
in the TCGA GBM transcriptomic datasets, we observed
similar positive correlations between TREM2 and CD163 or
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Figure 1. TREM2 is associated with myeloid cells across glioma pathologies and is highly expressed in IDH-wt GBMs. (A) Violin plot showing

831

TREM?Z transcript expression in myeloid cell subsets across human gliomas (n = 18) stratified as IMP, IMR, IWP, and IWR and 3 NGB. Clinical
characteristics of the patient cohort and myeloid cell types are defined previously."" (B-C) Representative IHC staining of TREM2 in human gliomas
obtained from GLASS consortium derived FFPE archival tissue as follows: IMP (n = 9), IMR (n = 10), IWP (n = 10), and IWR (n = 12), scale bar = 20
pm. (B) TREM2 + cells (left panel) and corresponding bar graphs representing % TREM2* cells as mean +/- SD in different glioma subtypes (right
panel). (C) Magnified areas showing ramified, intermediate, and amoeboid morphology of TREM2* cells (left panel). Scatter plots representing %
of stated morphology of TREM2* cells as mean + SD in different glioma subtypes (right panel). In (B and C), each data point represents an average
of %TREM2* cells of three independent tumor regions per patient. Error bars indicate SD of mean. Statistical significance was determined using
one-way ANOVA followed by Tukey’s multiple comparison test. ****P < 0.0001, ***P< 0.001, *P< 5, ns = not significant. (D) Kaplan-Meier survival
curve showing percent survival of patients stratified by TREM2"9" (top 25%) and TREM2'°" (bottom 25%) from TCGA-GBM dataset. Statistical sig-

nificance was determined using the log-rank test. The number of samples in each group is shown in the inset.

LYZ (Figure 2F).These data demonstrate thatTREM2 mRNA
and protein correlate with canonical phagocytosis markers
in human gliomas.

Trem2 Expression on Myeloid Cells is
Dispensable for Glioma Growth

The relevance of MG and MACs in GBM is still evolving
due to their remarkable heterogeneity and plasticity,
and the lack of appropriate mouse models to distinguish
these populations further impedes our understanding.%®
Nevertheless, previous studies have shown a functional
distinction of MG and MACs in gliomas. For example,
MG regulates phagocytosis even in the absence of MACs,
whereas depletion of MACs restrains tumor progres-
sion.®%”%8 However, a recent study claims that depletion
of tumor-associated MACs does not improve survival in a

murine model of glioma, suggesting context-dependent
roles consistent with the clinically heterogeneous pres-
entation of GBM.%® Given our observations that TREM2
is expressed in myeloid cells across human gliomas,
we sought to examine the effect of global Trem2 dele-
tion on brain tumor growth in syngeneic mouse models
(Supplementary Figure 3A). We implanted wildtype
(WT) and Trem2”- C57BL/6J mice with GL261-luciferase
(GL261-luc) due to its ubiquitous use in preclinical murine
studies.®® When compared to WT mice, Trem2~- glioma-
bearing mice showed no significant differences in sur-
vival (Figure 3A), which is in contrast to previous studies
where Trem2 deletion caused reduced tumor progression
in sarcoma and triple-negative breast cancer models.3%60
Although the survival differences were not statistically
significant, Trem2-7/- mice showed significantly increased
tumor burden compared to WT mice at 15 days after GL261
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Figure 2. TREM2 is associated with phagocytosis but not immunosuppression in gliomas. (A) Linear regression plots (with corresponding r
and p-values) showing correlation between TREM2 (x axis) and indicated immunosuppressive genes (y axis) from TCGA-GBM HG-U133A. r
value was computed using Pearson’s product-moment correlation. Plots were generated using the GlioVis portal.®® (B and C) Scatter plots (with
corresponding r and P-values) showing the Spearman correlation of (B) mean scores of TREM2 versus phagocytosis pathway genes across
glioma patients in MG (left) and MAC/MDM (right) or (C) mean gene expression of TREMZ2 versus LYZ (top) and TREMZ2 vs CD163 expres-
sion (bottom) in MG across glioma patients derived from our sc-RNAseq dataset (Gupta et al., 2022). The blue line in the plot represents the
best fit linear regression line, while the gray shadow denotes the confidence interval (95%). Dots are colored by their pathology group. (D)
Representative flow cytometry plots showing gating strategy for expression of LYZ and CD163 on TREM2* and TREM2 myeloid cell types de-
fined as MG (P2RY12 + CX3CR1 + gated on CD3:CD567), MAC (CD68* CCR2), MDM (CD68* CCR2*, and Mo (CD68- CCR2* gated on CD3-CD56"). (E)
Heatmap showing MFI of LYZ and CD163 in TREM2* vs TREM2- myeloid cell types (MG, MAC, MDM, Mo). Data was derived from cytometry evalu-
ations the Gupta et al. 2022. (F) Linear regression plots (with corresponding rand P-values) showing a correlation between TREMZ2vs LYZ and
TREMZ2vs CD163in TCGA-GBM HG-U133A datasets.
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Figure 3. TREM2 deletion does not improve survival in mouse models of glioma. (A) KaplanMeier curve showing % survival in glioma (GL261-
luc) bearing WT (purple; n = 14) and Trem2-/- (pink; n = 12) mice. Statistical significance was determined using the Log-rank test at indicated P
value. (B) Quantification of bioluminescence in WT and Trem2-/- mice bearing GL261-luc at day 1,9, 15, 21 -tumor implantation. Each point rep-
resents average radiance (p/sec/cm?/sr) values as (log) +/- SD. Statistical significance was determined using Mann-Whitney U test at * P < 0.05.
(C) KaplanMeier curve showing % survival in glioma (CT-2A-luc) bearing WT —(purple; n = 9) and Trem2-/- (pink; n = 10) mice. Statistical signif-
icance was determined using Log-rank test at the indicated P value. (D) Quantification of bioluminescence in WT and Trem2-/- mice bearing
CT-2A-luc at day 1, 9, 16, 23 post-tumor implantation. Each point represents average radiance (p/sec/cm?sr) values as (log) + SD. Statistical
significance was determined using Mann—Whitney U'test at *P< 0.05. (E) H&E staining of glioma bearing brains of WT vs Trem2-/- 21 days after
CT-2A implantation. Scale bar = 2mm. (F and G) Representative IHC staining of Ki-67 in the tumor core of CT-2A bearing WT vs Trem2-/- mice
(Scale bar = 20 pm) is shown in (F) and corresponding bar graphs depicting %Ki-67* cells as mean + SD is shown in (G) 21 days after tumor im-
plantation. Error bars indicate SD of the mean. Statistical significance was determined using a Mann-Whitney U test at ****P< 0.0001. Data are
presented from 29 tumor core regions from five mice per group, which were assessed blinded by two experimentalists, and pooled. (H) Boxplots
showing the distribution of normalized log, transformed counts from nanoString nCounter data of Trem2, C3, Tgm2, Mertk, and Syk genes be-
tween WT and Trem2-/- mice (n = 5 mice per group). Statistical significance was determined by an independent two sample t-test at **P < 0.01,
*P < 0.05.

implantation (Figure 3B). Previous studies have shown Consistent with the trend observed with GL261-luc, the

that murine glioma models show differences in immune
response that can be further altered by luciferase trans-
duction.8"%2To rule out luciferase or cell line-dependent ef-
fects, we used another syngeneic mouse glioma cell line
with (CT-2A-luc) and without (CT-2A) luciferase to assess
the impact of Trem2 depletion on glioma growth. CT-2A
was also chosen due to its appropriateness for immu-
notherapy studies, relatively low immunogenicity, and
histological features reminiscent of human GBM.364

Trem2~~ mice implanted with CT-2A or CT-2A-luc showed
no significant differences in survival compared to WT mice
(Figure 3C and Supplementary Figure 3B), and gross his-
tological examination of the tumors did not reveal differ-
ences in grade or morphology (Figure 3E). However, the
kinetics of the tumor growth were significantly higher
in Trem2~- mice (Figure 3D and Supplementary Figure
3C), and Trem2~- tumors display an increased propor-
tion of Ki-67* cells, indicative of enhanced proliferation
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Figure 4. Trem2* myeloid cells exhibit enhanced tumor uptake capacity. (A) lllustration outlining the experimental design of CT-2A-ZsG implan-
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flow cytometry contour plots show proportions of Trem2 and ZsG on MG, MAC and DC (left), and corresponding scatter plots showing propor-
tions as mean +/- SD of % ZsG tumor uptake by Trem2* and Trem2- of the indicated cell types from glioma bearing WT mice 22 days post-tumor
implantation. Error bars indicate the SD of mean. Statistical significance was determined using the Wilcoxon signed-rank test at * P<0.05. (C and
D) Representative flow cytometry pseudocolor plots depicting a sequential gating of CD45 vs ZsG (gated on live cells), CD11b vs FSC-A (gated
on CD45* cells) and Trem2 vs ZsG (gated on CD11b* cells) in (C) and corresponding representative microscopic IF image (scale bar = 100 pm) of
flow-sorted Trem2+ZsGreen* cells (concentrated by cytospin) as shown in (D) from glioma bearing WT mice post 22 days post-tumor implantation.

compared to WT mice (Figure 3F and 3G). Interestingly,
when CT-2A cells were injected subcutaneously into the
flanks of mice, the Trem2~~ group displayed remarkably
reduced tumor volume compared to WT (Supplementary
Figure 3D and 3E). Collectively, these data suggest that
Trem2 is dispensable for tumor growth in the brain and
may in a tumor-suppressive role in gliomas compared to
peripheral cancers. Furthermore, our contrasting results
in a flank model of glioma raise the possibility of differen-
tial roles of Trem2* myeloid cells in the brain compared to
peripheral MACs/DCs.

To understand how Trem2 deficiency affects
neuroinflammatory pathways in the murine TIME, CT-2A
tumors from WT and TremZ2~- brains were analyzed using
nanoString nCounter to measure changes in ~700 genes
involved in neuroinflammation. Comparative differential
gene expression (DEG) and gene ontology (GO) analyses
revealed significant downregulation of gene families that
play a role in the adaptive immune response (eg. Syk, Btk,
Vav1), inflammation (eg. Irf8, Msr1), and MG functions in
the Trem2~- group compared to WT mice (Supplementary
Figure 3F and 3G). Previous studies have implicated TREM2
as an anti-inflammatory modulator and an important reg-
ulator of MG survival, so it is not surprising that these

functions were reduced in the TIME of Trem2”- mice.5566
However, several genes in the MG autophagic pathway
(eg. Mertk, Tgm2) were downregulated in Trem2”~ mice
(Figure 3H). It is noteworthy that previous studies have
linked autophagic machinery to microglial phagocytosis,
and TREM2 may function through these pathways to regu-
late glioma growth.6768

Trem2* Myeloid Cells Mediate Phagocytosis of
Gliomas

To further investigate the functional role of Trem2* my-
eloid cells in mouse gliomas, we generated CT-2A-
ZsGreen (CT-2A-Zs@G), a reporter cell line to visualize the
uptake of tumor-derived fluorescent protein by myeloid
cells. As ZsG-expressing cancer cells are phagocytosed,
the fluorescence can be detected by flow cytometry,
making CT-2A-ZsG a useful model for tracking phago-
cytosis and tumor uptake (Figure 4A).%° We implanted
CT-2A-ZsG cells directly into the caudate nucleus of
WT C57BL/6 mice, and 21 days after implantation, mice
were sacrificed and their brains were analyzed via flow
cytometry, allowing for the interrogation of Trem2+*ZsG*
cells in MG, MAC, and DCs. ZsG was detected in the
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p70S6K, and p-p70S6K in EV or TREM2-overexpressing HMC3 cells. For inflammatory groups, cells were incubated overnight with a cytokine
cocktail (IL-1a, IL-1B, IL-6, TNF-q, IFN-y, 5 ng/ml each). (B) Representative IF images of pHrodo particles (red) within HMC3 transduced with empty
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images of pHrodo incubation with TREM2-HMC3 treated with either Syk inhibitor or mTOR inhibitor for 2 h before phagocytosis assay (bottom
panel). Scale bar = 100 pm. (C) Bar graph representing proportions of % phagocytosis as mean + SD of EV-HMC3, TREM2-HMC3, TREM2-HMC3
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represent the SD of the mean. Statistical significance was determined by one-way ANOVA; ****P < 0.0001, ns = not significant.

brains of the glioma-bearing mice, specifically in my-
eloid subsets, confirming its efficacy as a phagocytosis
surrogate. In line with our human studies, we observed
the expression of Trem2 on MG, MACs, and DCs (Figure
4B). Across these myeloid subpopulations, we found that
Trem2* cells showed significantly higher phagocytic up-
take of ZsG* tumor cells when compared to Trem2- cells
(Figure 4B and Supplementary Figure 4A and B). To rule
out Trem2+*ZsG* cells as technical doublets, we sorted
these cells and confirmed by cytospin that CT-2A-ZsG
tumor cells were indeed phagocytosed by Trem2* mye-
loid cells (Figure 4C and D). These in vivo results impli-
cateTrem2 as a key phagocytic regulator in gliomas.

TREMZ2 Regulates Phagocytosis via the Syk
Pathway

Previous studies have shown thatTREM2 dependent phag-
ocytosis requires activation of Syk, a central regulator of
signal transduction downstream of TREM2, and that de-
letion of Syk impairs microglial activation.’%72 To mech-
anistically examine the involvement of this pathway in
TREM2-mediated phagocytosis, we overexpressed TREM2
in the human microglial cell line HMC3.7® As shown pre-
viously, TREM2 was undetectable in this line under basal
conditions (Figure 5A).7* We overexpressed TREM2 in
these cells using lentiviral transduction and examined the
levels of key proteins downstream of TREM2 signaling.
Overexpression of TREM2 increased p-Syk, p-mTOR, and

p-p70S6K levels, and correspondingly increased phago-
cytosis as determined by engulfment of E. coli conjugated
to a pH-sensitive fluorogenic dye (pHrodo, Figure 5A-C).
Because TREM2 expression has been shown to modulate
levels of inflammatory cytokines including IL-1B3 and IL-6,
we investigated if incubation with an inflammatory cyto-
kine cocktail could affect TREM2 expression and phospho-
rylation of its downstream targets.”® Overnight incubation
with a 5 ng/ml cocktail of inflammatory cytokines (IL-1qa,
IL1B, IL-6, TNF-a, and IFN-y), resulted in an increase in Syk,
mTOR, and p70S6K phosphorylation (Figure 5A) but did
not significantly affect phagocytosis (data not shown).
Because Syk deficiency ultimately inhibits mTOR signaling
via PI3K/Akt, we wanted to determine if the enhanced
phagocytosis inTREM2-HMC3 was dependent on Syk itself
or its downstream pathways.”?> Pharmacological inhibition
of Syk, but not mTOR, blocked TREM2-driven induction of
phagocytosis (Figure 5B and C), implying a crucial role for
Syk signaling in this process.

Collectively, our reverse translational evaluations
with glioma patients and in vivo mouse models posi-
tion TREM2 as an important regulator of phagocytosis in
GBM. Emerging studies show both cell intrinsic as well
immunomodulatory roles of TREM2 in cancer.”® TREM2
can function as either an oncogene or tumor suppressor
in cancer cells, but most studies have highlighted immu-
nosuppressive functions of TREM2 given its high expres-
sion in tumor-associated MACs."®3031 Other studies have
suggested that TREM2 may have an oncogenic func-
tion in gliomas.’>3* However, our investigation reveals
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that the role of TREM2 in brain tumors is likely complex
and highly context-dependent.®¥3* For example, mouse
models of glioma vary widely in their backgrounds and
immunogenicity.”” Our studies utilize cell lines created
by methylcholanthene injection into the brain (CT-2A and
GL261), whereas the SB28 line, which was used in a recent
study with contrasting results from ours, was generated
via sleeping beauty transposon.®® GL261 is highly immu-
nogenic and expresses MHC class | and despite its lower
immunogenicity, CT-2A also displays moderate expression
of MHC class 1.8 In contrast to these lines, SB28 is remark-
ably low in MHC class |, leading to distinct responses to
immune checkpoint blockade in mouse glioma models.%%78
With the recent discovery of MHC class I-independent NK
cell killing mechanisms in GBM, it is possible that differen-
tial MHC class | expression in mouse glioma lines activates
distinct anti-tumor immune pathways.”® Even in the same
cell line, sex, and age can impact TREM2 dynamics.3480
Therefore, additional validation should be performed
using male and female mice across the lifespan to better
understand how these variables impact Trem2 expression
and survival in glioma models. Additionally, all reported
studies on TREM2’s role in glioma employ global Trem2~/-
animals, which do not allow for interrogation of cell type
specific effects mediated by Trem2* MG, infiltrating MACs,
or other transient myeloid cells, which is warranted given
the contrasting results of glioma growth in the brain
versus flanks of Trem2~- mice. Although beyond the scope
of this study, our future directions include developing con-
ditional Trem2 knockout mouse models. This would enable
the investigation of differential functions of Trem2* MG or
MACs in gliomas. Because previous studies have shown a
reduced number of MG in Trem2~~ mice and myeloid com-
pensatory mechanisms in GBM, conclusions drawn from
glioma studies employing Trem2~~ mice should be inter-
preted carefully.882

Nonetheless, our study suggests that, at least in certain
contexts, blocking TREM2 in gliomas may not be a fea-
sible immunotherapeutic strategy as suggested in other
cancers or other glioma cell lines.*® Rather, TREM2 may
play a protective role like in AD, wherein loss of TREM2 al-
ters microglial behavior including reduced phagocytosis
and amyloid clearance.® Therefore, strategies to boost
TREM2 function by stabilization and reducing its mem-
brane shedding could be glioma-specific treatment ap-
proaches that need to be explored. It is interesting to note
that while TREM2 is associated with phagocytosis in the
glioma microenvironment, we did not find its expression
to be correlated with improved survival in GBM patients.
It is possible that although TREM2* phagocytes engulf
cancer cells, the kinetics of the tumor’s growth and inva-
sion outpace innate immune surveillance. Cancer cells
can also evade engulfment by upregulating the “don’t eat
me” transmembrane protein CD47, but mechanisms of
immune escape remain to be explored in this context.?*
Furthermore, this study did not examine the effects of ra-
diation therapy on phagocytosis, and because dead cells
are particularly prone to phagocytic uptake, combining
TREM?2 stabilization with radiation or chemotherapy
could help to better understand TREM2’s functional role
within a clinical context.8® Despite these limitations, this
study reveals a novel protective role of TREM2* myeloid

cells in GBM, highlighting the necessity for further inves-
tigation intoTREM2 in additional GBM models.

Supplementary material

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