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Background: The tumor microenvironment (TME) of human glioblastoma (®B exhibits
considerable immune cell in ltration, and such cell types ave been shown to be
widely involved in the development of GBM. Here, weighted aoelation network analysis
(WGCNA) was performed on publicly available datasets to idéfy immune-related
molecules that may contribute to the progression of GBM andhus be exploited as
potential therapeutic targets.

Methods: WGCNA was used to identify highly correlated gene clusters iChinese
Glioma Genome Atlas glioma dataset. Immune-related genes signi cant modules were
subsequently validated in the Cancer Genome Atlas (TCGA) dirembrandt databases,
and impact on GBM development was examined in migration and ascular mimicry
assaysin vitroand in an orthotopic xenograft model (GL261 luciferase-GFEells) in mice.

Results: WGCNA yielded 14 signi cant modules, one of which (black) cormined genes
involved in immune response and extracellular matrix forntian. The intersection of these
genes with a GO immune-related gene set yielded 47 immune-tated genes, ve of
which exhibited increased expression and association witlworse prognosis in GBM.
One of these genes,TREM1, was highly expressed in areas of pseudopalisading cells
around necrosis and associated with other proteins inducedn angiogenesis/hypoxia. In
macrophages induced from THP1 cellsTREM1expression levels were increased under
hypoxic conditions and associated with markers of macrophge M2 polarization. TREM1
siRNA knockdown in induced macrophages reduced their abtl to promote migration
and vascular mimicry in GBM celldn vitro, and treatment of mice with LP-17 peptide,
which blocks TREM1, inhibited growth of GL261 orthotopic xeografts. Finally, blocking
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the cytokine receptor for CSF1 in induced macrophages alsanpeded their potential to
promote tumor migration and vascular mimicry in GBM cells.

Conclusions:  Our results demonstrated that TREM1 could be used as a novel
immunotherapy target for glioma patients.

Keywords: glioblastoma, macrophages, tumor microenvironment, M2 polarization, bioinformatics, TCGA

INTRODUCTION clustering or the identi cation of intramodular hub genesZ),

to speci cally identify immune-related genes associatetth e
Glioblastoma (GBM) is one of the most deadly types of malignarievelopment and/or prognosis of GBM from publicly available
solid tumor. Despite considerable e ort toward the moleculardatasets, namely The Cancer Genome Atlas (TCGA), the Céiines
understanding and treatment of the disease, the patientigalv Glioma Genome Atlas (CGGA), and Rembrandt. The analysis
rate remains dismally low. The 5-year survival rate of 6.8%jelded a gene calleREM1 Inhibition of TREM1 reduced
is especially low for GBM relative to all tumor types$).( migration and vascular mimicryn vitro, and tumor growthin
A compounding problem for the incidence of GBM is the vivo, possibly through decreased release of the cytokine CSF1.

increasing longevity of the human population worldwide. In theThys, targeting TREM1 might be of therapeutic value in the
United States, the incidence of GBM is estimated to be 3.22 p@katment of human GBM.

100,000 individuals1). However, the incidence of glioma rises
rapidly with increasing age, reaching a peak incidence 0f915.2
per 100,000 individuals in the elderly between the ages of fqATERIALS AND METHODS
and 84 (1). Therefore, the development of e ective treatment
strategies to prevent the progression of GBM and improve thMicroarray Data
quality of life for patients is urgently needed. Microarray data for human gliomas were downloaded from The
In recent years, a molecular classi cation scheme adopted yancer Genome Atlas (TCGA, http://cancergenome.nih.gov/
the World Health Organization (WHQ) has provided insight abouttcga) {3), the Chinese Glioma Genome Atlas (CGGA,
into the response of GBMs to current treatment strategie8),  http://www.cgga.org.cn/)14), and the Rembrandt brain cancer
GBMs are now categorized as one of four molecular subtypekataset (http://www.betastasis.com/glioma/rembrandt/).5)(
with variants in isocitrate dehydrogenase genes (IDH) galhe These datasets include whole-genome expression pro les and
appearing in cases that exhibit better overall survival. @ltfh ~ corresponding clinical information of the patients.
genetic changes reveal the precise molecular pathways cedrupt The CGGA expression dataset was collected using the Agilent
during the development of individual GBMs, the biology of theWhole Human Genome Microarray platform and includes data
brain poses additional challenges for treatment; it is aicait from a total of 301 glioma samples. All probe sets were mapped
organ with an extremely rich blood supply, a complete bloodto gene symbols according to the probe annotation les of
brain barrier (BBB), and a parenchyma lacking immune cellsthe GPL4133 platform, and gene expression values wege log
Such features constitute the tumor microenvironment (TME)transformed. The TCGA and Rembrandt databases have been
of GBM, which is increasingly becoming a therapeutic targepreviously described.
of interest, in part due to the role immune cells play in
tumor development. . .
In the last decade, checkpoint blockade immunotherapy ha¥Veighted Gene Co-expression Networks
shown remarkable success in treating a variety of tumor@nd Their Modules
including advanced melanomal)( non-small-cell lung cancer WGCNA is a freely accessible R software package (version R
(NSCLC) 6), and Hodgkin's lymphoma€). A series of clinical 3.4.3) developed for the construction of weighted gene co-
trials investigating the e cacy of checkpoint inhibitors i@BM  expression networks. Rather than focusing only on di ereintia
showed that only a small subset of patients (8%) demonstrategene expression, WGCNA uses information from the genome to
objective responseg)( One possible explanation for this result identify a set of genes of interest and converts the assoct
is the lower tumor mutational burden of GBMS8) and the of thousands of genes with phenotypes into associations leetwe
low level of T-cell in ltration (9). However, a more rigorous several gene sets and phenotypes, eliminating the problem
understanding of the biology of other immune cell types, suctof multiple hypothesis test correction. The parameteris
as tumor-associated macrophages (TAMs), which promote aa soft-thresholding power parameter that strengthens strong
inhibit the progression of GBM through the secretion of mpleé  correlations and penalizes weak correlations between genes.
cytokines {0, 11), might also provide new therapeutic targetsA hierarchical clustering tree was constructed, with di eten
of interest. branches of the tree representing di erent gene modules. The
In this study, we performed weighted correlation networkadjacency matrix was transformed into a topological overlap
analysis (WGCNA), which identi es/generates highly céated matrix (TOM). Genes were divided into di erent gene modules
gene clusters by summarizing such clusters using modulgased on the TOM-based dissimilarity measure.
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Module Genetic Analysis and Sub-network TREM-1: F BTTTGTTTCCCAGTCTGTGTGC-8 R
Analysis 5LTCCCCTATTCTCCATCACCACT-§ ACTB: F HCATG
Gene ontology (GO) 16) and Kyoto Encyclopedia of Genes TACGTTGCTATCCAGGC-§ R 8- CTCCTTAATGTCACGC
and Genomes (KEGG)L() analyses were used to explore theACGAT-3% CD206: F BCGAAATGGGTTCCTCTCTGGT-3
biological function of the module with the highest corrétat R S*TTTATCCACAGCCACGTCCC-§ CD163: F 8GTAG
with clinical traits and to screen hub genes. The STRING dztab TCTGCTCAAGATACACAGAA-S R B.GCGTTTTGAGCT
(https://string-db.org/) (8 is currently the largest database of CCACTCTG-3) IL1B: F STGATGGCTTATTACAGTGGA-3
protein interactions. All genes in the selected module wer® S*GGTCGGAGATTCGTAGCTGG-3 CSF1: F %CTCC
rst analyzed by GO and KEGG pathway enrichment analysifGCCAAGATGTGGTGA-8 R BL-TCAGAGTCCTCCCAGG
using DAVID web tools (https://david.ncifcrf.gov/homep)g19). TCAA-3% CSF2: F BAGCCCTGGGAGCATGTGAAT-3
A plug-in for Cytoscape 40), MCODE (21), determines the R S*GCAGCAGTGTCTCTACTCAGG-3 IL6F ZCCTG
hub gene and extracts sub-networks based on the degree SACCTTCCAAAGATGGC-8 R B-TTCACCAGGCAA
connectivity of genes to surrounding genes in the networkbH GTCTCCTCA-8 CXCL: F B8TGTGAAGGTGCAGTTT
genes were de ned as those with gene signi cance (68)3 and TGCC-?, R B:-GGGGTGGAAAGGTTTGGAGT-3 TGFa: F

module membership (MM} 0.8. 52GTTGTAGCAAACCCTCAAGCTG-§ R 3GAGGTACA
GGCCTCTGATG-& VEGFA: F 8AAAACACAGACTCGCG
Cell Culture and Induction of THP-1 Cell TTGC-P R CCTCGGCTTGTCACATCTGCS

Differentiation
Human GBM cell lines U87MG and LN229 and the mouse GBM
cell line GL261 were purchased from the Chinese Academy &\/estern Blotting

Sciences Cell Bank (Shanghai, China). The human monocyigeated cell samples were lysed 30min in RIPA buer
leukemia cell line (THP-1) was a kind gift from Professor Wua (Thermo Fisher Scientic) supplemented with the protease
Guo, Department of General Medicine, Shandong Universityinhibitor phenylmethanesulfonyl uoride (PMSF, Beyotime
U87MG, LN229, GL261, and THP1 were cultured in DUlbeCCOIBioteChno|ogyl Shanghai’ Chma) Protein |ysa[es were
modi ed Eagle’s medium (DMEM; Thermo Fisher Scienti ¢; separated with 10% sodium dodecyl sulfate polyacrylamide
Waltham, MA, USA) supplemented with 10% fetal bovine serunye|  electrophoresis (SDS-PAGE) and  electrophoretically
(FBS; Thermo Fisher Scienti c). THP-1 cells were treatethwi transferred to polyvinylidene diuoride (PVDF) membranes
200 nM phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich (0. 22rm, Merck Millipore; Darmstadt, Germany). Membranes
St. Louis, MO, USA) for 24 h to allow for di erentiation into were blocked at room temperature for 1 h in Tris-bu ered saline
macrophages in six-well plates. All cells were maintaineda€3 ith Tween-20 (TBST;10mM Tris, 150mM NaCl, and 0.1%
in a cell incubator containing 5% GO Tween 20) containing 5% skim milk powder (Beyotime) and
. . incubated overnight with primary antibody at €, followed the
Gene Silencing . next day by incubation with a secondary antibody conjugated
RNA interference (RNAI) technology was used to knocky, noseradish peroxidase (HRP) reconstituted in antibody

down the expression of target genes. Small interfering RNA§;tion bu er (dilution 1: 5000; Beyotime) for 1h at room
(SIRNA) were synthesized (GenePharma; Shanghai, China) aggyperature. Specic proteins were visualized with enhanced
transfected into cells using Lipofectamine 2000 (Thermbétis 1 omiluminescence (ECL, Millipore: Bedford, MA, USA)

Sci_enti c¢) according to the manufacturer's pr(_)tocol._ Knalckvn according to the manufacturer's protocol. The following peing
e ciency was evaluated 48 h after transfection using RT-&°C ,qtihodies were used: rabbit anti-TREM1 (PA5-95477, Thermo

and Western.blotting. Sequences of the ?iRNAD 2) that  Fisher Scienti c); rabbit anti-ACTB (20536-1-AP, Prottnh
generated e cient knockdown are the following: Group, Inc.: Wuhan, China).

Si-TREM1 1# 3 GGAUCAUACUAGAAGACUATT-2
si-TREM1  2# F.GGUCAUUUGUACCCUAGGCTT-§
si-Control: 2UUCUCCGAACGUGUCACGUTT-8 , ,

Cell Migration Assay
Real-Time Quantitative PCR (RT-gPCR) Transwell assays were performed in Transwell chambersn(8
Total RNA was isolated from GBM cells using the RNA-QuickCorning Costar; Corning, NY, USA). Cells were cultured
Puri cation Kit (Shanghai YiShan Biotechnology; Shanghaiin complete medium and supernatant with corresponding
China) according to the manufacturers protocol. Reverséreatments (volume ratio: 1:1) for 72 h. Cells (210 in DMEM
transcription was conducted using the ReverTra Ace qPCR Rimedium (200mL) were then seeded in the top chamber. The
Master Mix Kit (FSQ-101, TOYOBO; Osaka, Japan), and cDNAower chamber was lled with medium (600L) containing 30%
was used as the template in real-time uorescence quantiocat FBS. The chambers were incubated for 24 h. Cells that m@jrate
RT-gPCR was performed with the hot start reaction mix SYBRo the lower surface were xed with 4% paraformaldehyde
Green Master (Roche; Basel, Switzerland) on a Real-Time PQ®olarbio; Beijing, China), stained with crystal violet IE8bio)
Detection System (Roche 480ll). Independent experiments wefer 15min, and counted under bright eld microscopy (Leica
conducted in triplicate, and ACTB served as an internal contr DMi8; Leica Microsystems, Wetzlar, Germany). Images were
The following primers were used: acquired from 5 random elds in each well.
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Vasculogenic Mimicry (VM) Formation CD68 (1:200), and VEGFR2 (1:200) atC4overnight and
Assay then incubated with Alexa Fluor 488-conjugated or Alexa

The VM formation assay was performed as described previouslluor 594-conjugated secondary antibodies (Beyotime) for
Brie y, 96-well tissue culture plates were coated with Mgati  2h. DAPI (Beyotime) was used to stain the nuclei. The
(0.1 mL/well; Corning; Bedford, MA, USA) and allowed to immuno uorescent signals were detected by uorescence
polymerize for 0.5h at 3T. Cells were cultured in complete Microscopy (Leica DMi8; Leica Microsystems, Wetzlar,
medium and supernatant with corresponding treatmentsGermany). The following primary antibodies were used:
(volume ratio:1:1) for 72 h. Cells were resuspended, andd00 rabbit anti-CD68 (ab213363, Abcam; Cambridge, UK);
of suspension was seeded onto Matrigel at 2(P cells/mL and ~ rabbit anti-VEGFR2 (26415-1-AP, Proteintech Group, Inc.;
subsequently incubated without serum in 5% £& 37 C for ~ Wuhan, China).

6 h. Cultures were photographed using a Leica microscope (Leica

DMi8; Leica Microsystems, Wetzlar, Germany). Plotting and Statistical Analysis
. Each assay was performed at least three times independently.
Orthotopic Xenograft Model Data analysis was performed using GraphPad Prism 8

GL261 cells infected with lentivirus expressing lucifert@s®  goftware (San Diego, CA, USA). Data were reported as the
cells (3 1C°; OBiO Technology; Shanghai, China) weremean  SD. The statistical signicance of experimental
stereotactically implanted into the brains of 6-week-old’/85/6  data was evaluated using the Studemttest between two
mice. After 7 days, tumor size was determined, and animalgroups and one-way analysis of variance (ANOVA) among
were divided into the following two groups: Control group, more groups. A Chi-square test was used to determine the
n D 6 and LP-17 groupn D 6. Mice were administered association betweenTREM1 expression and pathological
50 mg of diluted control peptide (TDSRCVIGLYHPPLQVY) characteristics. The Pearson correlation was applied to
or 50 mg of LP-17 (LQVTDSGLYRCVIYHPP), respectively, byevaluate the linear relationship between gene expression
intravenous injection every day (GL Biochem; Shanghain@hi |evels. In addition, for microarray data in a common
Tumor volume was monitored using bioluminescence imagingjatabase, non-parametric tests were used to detect di erences
(PerkinElmer IVIS Spectrum; Waltham, MA, USA). Atthe endp |og-rank model was used for single-variate survival

of the experiment, tumors were dissected and frozen in liquiynalysis, whereas a COX regression model was used for

nitrogen or xed in formalin for further analysis. multivariate survival analysis. Dierences were considered t
. . be signi cant at the followingp-values: P < 0.05; P < 0.01;
Immunohistochemistry (IHC) P< 0.001.

Tumors were removed from sacriced mice, xed in 4%
paraformaldehyde and embedded in para n. Para n-embedded

samples were sectioned rii) and xed on glass slides. RESULTS
Epitope retrieval of sections was performed in 10 mmol/ . . .

ci?ric ICz;cid bu er at pH7.2 heated in 2 microwave. Slides WerléNGCNA_‘ Identi es Key Modules in Glioma
subsequently incubated with the primary antibody (rabbitian EXpression Data

CD11b, dilution 1:200, ab133357, Abcam; Cambridge, UK) ako nd the key modules associated with GBM clinical traits,
4 C overnight followed by HRP-conjugated secondary antibodyve performed WGCNA on the CGGA glioma dataset. Clinical
for 1 h at room temperature. Antibodies were detected usirg thsample information includes gender, age, TCGA-subtype, WHO
substrate diaminobenzidine (DAB, Beyotime), and slidesewe grade, progression-free survival time (PFS), and overalligair
counterstained with hematoxylin (Beyotime). Staining sy (0OS). All samples were rst clustered using the FlashClust
(scores of 0: negative, 1: light yellow, 2: light brown, and 3ackage, and “150” was chosen as the criterion to exclude atypic
dark brown) and positive ratio (scores of 1: 0-25%, 2: 26-509%amples Figure 1A). The soft-thresholding power was set as
3: 51-75%, and 4: 76—100%) were used as scoring methods fof and a topological matrix with non-scale features (scale

statistical analysis. free R2 D 0.84) was obtainedF{gures 1A,B. The clustering
dendrograms of the sample matched the strip chart for clinical
Periodic Acid-Schiff (PAS) Stain features Figure 1B). The topological overlapping heat map

Brie y, slides were depara nized, hydrated in distilled veaf depicted the TOM including all geneBigure 10). The topology
immersed in PAS solution for 5 min, rinsed 4 times, incubaited matrix was clustered using the dissimilarity between gexres
Schi 's Solution for 15 min and counterstained with hemaytin ~ then divided into di erent modules. We eventually identi ed

for 2—3 min (Solarbio). 14 modules Figure 1D; non-clustering genes shown in gray). A
o module and sample trait correlation heatmap was created based
Immuno uorescence Staining on correlations between module eigengenes and clinicastrai

Tissue slices or VM cells were xed with 4% paraformaldehydéFigure 1D). Finally, an eigengene adjacency heatmap showed
at 4 C for 15min and incubated in 0.3% Triton X-100 for the correlation between di erent moduleg-igure 10). These
15min. After blocking with 5% goat serum for 30min, steps representthe general ow of analysis of expressionetatas
tissue slices or VM cells were incubated with correspondingising WGCNA. Black, green, magenta, tan, and pink modules
primary antibodies against TREM1 (1:200), CD11b (1:200emerged as the most signi cant from the analysis.
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FIGURE 1 | WGCNA and identi cation of signi cant modules.(A) Sample dendrogram and clinical trait heatmap. The cutoff uae of the sample dendrogram is set to
150 to exclude samples with high variability. The samples arclustered according to clinical features (gender, age, TGA-subtype, WHO grade, PFS, and OS).
Gender: white represents male, gray represents female. Ag&FS, and OS: color depth is positively correlated with vati TCGA-subtype: blue represents neural
subtype, yellow represents proneural subtype, green repsents classical, and white represents mesenchymal. Whitegink, and red represent WHO grades II, I, and
1V, respectively,(B) Cluster dendrogram obtained from transcriptomic data of gbma in the CGGA database with average hierarchical linkaggustering. The color row
underneath the dendrogram shows the module assignment detenined by Dynamic Tree Cut and Merged Dynamic. Comparison tieeen Dynamic Tree Cut and
Merged Dynamic shows that the black and dark blue modules mege into a new black module, which means that the expression caracteristics of the genes in the
black module are more different(C) Network heatmap of the whole genome. In the heatmap, each row ad column corresponds to a gene; light color denotes low
topological overlap, and progressively darker red denotehigher topological overlap. Darker squares along the diagwl correspond to modules. The gene
dendrogram and module assignment are shown along the left ahtop. (D) Module-trait relationship heatmap. Hierarchical clustgrg of module eigengenes that
summarize the modules found in the clustering analysis. Th®w represents the module, and the column represents the tiad The values in the box indicate the
correlation andp-value.

Analysis of Black Module Genes potential biological functions of the genes within the black
From the module—trait correlations heatmap, we identi edceth module, we conducted GO and KEGG analyses. The GO
black module as highly correlated with clinical traits (eation  terms emerging as the most signi cant were biological preces
coe cient D 0.64,P D 1.1E-175Figure 2A). The black module, (BP), cellular component (CC), and molecular function (MF)
containing a total of 1,518 geneFigure 2A), was positively (Figure 2B). GO analysis indicated that genes within the black
correlated with the pathological grade of glioma and negdyiv module were mainly involved inimmune response, in ammatory
correlated with PFS, OS, and TCGA subtypes. To reveal thresponse, angiogenesis, cell surface receptor signaling, and
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leukocyte migration. KEGG pathway analysis revealed thetdh SERPINE1, HLA-A, HLA-DBQ, IFI30, CD53, ITGB2, PTAFR,
genes were involved in cytokine—cytokine interaction, ECM-FAM20A, FN1, CCR5, LCP2, and CGRZBese core genes are
receptor interaction, PI3K-Akt signaling, cell adhesiomda mainly involved in the immune response and the formation
phagosomesHigure 20). All genes in the black module were of extracellular matrix. The two largest sub-networks are
input into String to construct a protein—protein interaction also shown Figure 2D). Genes from the sub-networks are
network (Supplementary Figure 2B and then divided into mainly involved in immune reactions, in ammatory reactions,
several sub-networks. By setting the module membership (MMgxtracellular matrix, and cell adhesion. These results led us
to > 0.8 and the gene signi cance (GS) 0 0.3, we selected to focus on the genes involved in the immune response in
15 hub genes from the black moduleAMC1, LANB1, CIITA, subsequent analysis.
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Identi cation of Immune-Related Genes TABLE 1 | Correlation of TREM1expression in human glioma patients with
The genes in the black module were sorted according to theffinicopathological features.
contribution to the clinical traits of the module, and the tdj»3

i X X Variable High TREMI Low TREMI Chi-square P-value
genes were selected. The intersection of these genes with GO expression  expressiOn  values
annotation for immune-related genes (total 148 genesiigidla
list of 47 genes that are functionally involved inimmunacgans  Age 45 67 58 15.38  <0.0001
and closely related to histopathological grade, TCGA subtype <45 54 120
WHO grade, PFS, and O%ifgure 3A). To validate this list of Gender Male 83 97 6.510 0.0107
47 genes, we generated a heatmap using expression pro les and Female 38 83
clinical data from the TCGA databasEigure 3B). These genes wHO I 18 98 5261  <0.0001
generally exhibited higher expression leveldH wild-type and  Grade Il 24 33
mesenchymal molecular subtype GBMs and lower expression v 76 48
levels in low-grade gliomas, astrocytomid@ mutated GBMs, Tcea- Classical 8 15 62.33  <0.0001
and neural and pro-neural molecular subtype GBNMgUre 3B subtype Mesenchymal 86 25
andSupplementary Figures 3A-L Proneural 19 67

IDH1 wT 95 28 17.13  <0.0001
Identi cation of TREM1 as a Candidate Mutation 3 10
Biomarker for Poor Prognosis PFS 643 34 114 83.27. <0.0001
We further characterized these 47 genes based on mRNA <643 82 65

expression, survival prognosis, and prOtein expression usmgvalueswere determined by chi-square and Fisher's exact tests.
the TCGA GBM data. Immunohistochemistry images of

antibody staining in the human protein atlas database

were used to verify the protein expression of these genes

(https://www.proteinatlas.org/humanproteome/pathology) rogression-free survival time (PFSYable ). Nomograms

(22). A group of candidate genes was chosen based on tl%ere constructed to predict the OS of an individual patient

following three characteristics: 1. mRNA expression levelBased on a Cox orobortional hazards rearession model
were higher in GBMs than in non-tumor tissues; 2. high(%upplementaryTablep). P 9

expression of thgge genes was re_late_d to WOrS€ prognosis, We furthermore examined TREM1 protein expression
positive IHC staining increased with increasing patholobica. . . . .
. . in images of immunostained GBM samples stored in the
grade of glioma S$upplementary Figures4A-E Genes ; - ; ) .
. S . Ivy Glioblastoma Atlas Project, which is a foundational
with these characteristics includedREM1 (Figures 4A-Q, resource for exoloring the anatomic and genetic basis
GBP2 (Figures4D-B, IFITM2 (Figures4G-), CIITA ploring 9

(Fuesdit an TYROBP (Fauesani-0. Dus 1o % PN 8l celr wnd nolecr led The
the fact that TREM1 appeared prominently in the black P 9

. . . . . were the leading edge, inltrating tumor, cellular tumor,
module and little is known concerning a potential role in microvascular proliferation, and pseudopalisading cells adoun
GBM, we mainly focused offREML1 for further analysis in P ' P P 9

. necrosis. Higher expression of TREM1 appeared in areas of

this study. Lo . ) -
pseudopalisading cells around necrosis than in other regions,

. . . suggesting that TREM1 may be closely linked with hypoxia
TREM1 Is Associated With Poor Prognosis (Figure 5.
in All Databases Analysis of reverse-phase protein array data (RPPA; a high-
To validate TREM1 as a gene associated with prognosisthroughput antibody-based technique) from the TCGA GBM
we examined molecular features of the gene in samples whataset yielded proteins signi cantly associated with TREM1,
the Rembrandt, TCGA, and CGGA databases. In all threecluding IFGBP2, TGM2 VEGFR2, and NDRG1, many of
databases, the mRNA expressionT®fEM1gradually increased which have also been linked to hypoxidiqures 5B,G-).
with increasing WHO grade Kigures 5A,B. Furthermore, IGFBP2 has been reported to exert an oncogenic e ect
GBM TREMI9" signied a worse prognosis than GBM by enhancing invasiveness, angiogenesis, and VM formation
TREMIY (P D 0.0475;Figure 50 using the Rembrandt and as part of a negative feedback loop with HiFin
database. Non-G-CIMP-positive and mesenchymal moleculaglioma @24-26). It has also been correlated with classic
GBM subtype tumors expressed higher levels T®RREM1. immunosuppressive biomarkers in glioma, such @slI3L1,
Many studies have demonstrated that non-G-CIMP-positiveTNFRSF1A, LGALS1, TIMP1, VEGFA, ANXAhd LGALS3
and mesenchymal molecular subtypes correlate with worg@7). TGM2 has been reported to be highly expressed in glioma
prognosis Figures 5D,B. This result therefore indicated tissues and therefore a possible diagnostic marker for glioma.
that expression levels ofREM] the G-CIMP state, and TGM2 has been shown to be related to hypoxia adtF1
GBM molecular subtypes may be linked. The analysis dh malignant pleural mesothelioma and gastric cances).(
CGGA data also veried that the expression BREM1was NDRG1 a member of theN-myc downregulated gene family,
related to gender, age, WHO grade, molecular subtype, arid involved in stress and hormone responses, cell growth, and

Frontiers in Immunology | www.frontiersin.org 7 July 2020 | Volume 11 | Article 1281


https://www.proteinatlas.org/humanproteome/pathology
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kong et al.

TREM1 Contributing to Glioblastoma Develop

B
1 O BN S MM 7 A Subtype ] TCOA-Subtype
IDH1-mutation Classical
| NRUTNTURD || Histology Mesenchymal
WHO Grade Fi NA
— SPON2 Neural
| | “ FCGR2B
_E |‘ | a1 FCGR3A 0 Proneural
i [ ] | CIITA
RNF135 IDH1-mutation
15620 0
‘ IFITM2 2
| [ IFITM3 1
| TNFRSF14 NA
| | TNFRSF1A
ANXA1 "
| { | GRP86 -4 Histology
CFI A
_ l SERPING1 AA
C1R
||| H C1RL A0
-E 1 ANG AOA
| - c2 | eBm
ANG HLA-DRB1 I GBP2
ANXA1 HLA-DRB3 ! | ”t GZMA NA
APOBEC3G HLA-DRB4 | e o
c1QB HLA-DRB5 | HLA-DRA OA
C1R IFITM2 [l | HLA-DRB1 A
C1RL IFITM3 it | HLA-DRB3 AA
Cc1s IL18 | HLA-DRB4
I HLA-DRBS rAO
c2 1SG20 I 1L18
CASP4 LCP2 | 5 | | 1 Lep2 rAOA
CCR5 LILRB2 I LILRB2 rGEM
LTF
cD14 LTF = ¢ il [ Lyos AR
CD74 LY96 — MR [ NCF4 sAO
CFI NCF4 tE l 0 | PLSCR1 SAGA
PTX3
| APOBEC3G
FCGR2B RNF135 {:[ I c1a8 WHO Grade
FCGR3A SERPING1 glss o NA
FCGR3B SPON2 ] ! CeRS "
GBP2 TLR2 ' cD14 i
GPR65 TNFRSF14 | ‘ | r ‘ co7a "
GZMA TNFRSF1A | | ’ 1 | g:'s c
HLA-DMA TREM1
HLA-DPA1 TYROBP {E I 1 {3 | FOORIA
HLA-DRA el FCGRIB
TREM1
— |I | l l i | y TYROBP
FIGURE 3 | Identi cation of immune-related genes.(A) Venn diagram displaying the intersection between the top 1% genes in the black module and the top 148
immune-related genes. The 47 genes at the intersection of #se two groups are listed in the table below(B) Cluster heatmap generated from expression pro les and
clinical information of these 47 genes from the CGGA gliomaatabase. IDH mutation, 0, wild type; 1, mutation; NA, unknownA, astroglioma; AA, anaplastic
astrocytoma; AO, anaplastic oligodendroglioma; AOA, andpstic oligodendroastrocytoma; GBM, glioblastoma multifrme; O, oligodendroglioma; NA, unknown; rA,
recurrent astroglioma; rAA, recurrent anaplastic astrodggma; rAO, recurrent anaplastic oligodendroglioma; rAOAgcurrent anaplastic oligodendroastrocytoma;
rGBM, recurrent glioblastoma multiforme; sAA, secondaryraplastic astrocytoma; sAO, secondary anaplastic oligodedroglioma; sAOA, secondary anaplastic
oligodendroastrocytoma; sGBM, secondary glioblastoma mliiforme.

di erentiation, and is regarded as a mesenchymal marker inf REM1 and Glioma-Associated
GBM (29). Macrophages

As one of the receptors for VEGF, VEGFR2 is a wellyye next performed Gene Set Enrichment Analysis (GSEA) to
recognized marker for hypoxia/angiogenesis. Actually, manybtain functional proles for molecular signatures invahgj
clinical trials using monoclonal antibodies (MAB) againstTREM1 (34). The top functional pro les were associated with
the protein have been carried out in an eort to block angiogenesis, epithelial-mesenchymal transition, hypoxia
tumor growth. However, clinical studies using bevacizumabj| 6-JAK-STAT3 signaling, TNk signaling via NFkb,
a humanized mAb that blocks/EGFA signaling, did not inammatory response, IL2-STAT5 signaling, and allograft
improve overall survival in patients with GBMB(). GBM often  rejection Figures 5C,J. These results indicated that TREM1
develops resistance to bevacizumab owing to the upregulafion may be induced by hypoxia and participate in angiogenesis,
alternative proangiogenic pathways and the induction of tumo tumor cell migration, and other functions. This prediction $1a
cell invasion §1). Moreover, di erences in angiogenic responsesbeen partially con rmed in a previous work demonstrating that
could originate from inter-individual GBM heterogeneit$d TREM1 was expressed on mature dendritic cells in ltrating
33. Although clinical results for inhibitors of VEGFR2 are the in amed hypoxic joints of children a ected with juvenile
inconsistent, other strategies for blocking angiogemegiht still  idiopathic arthritis. The engagement of TREM-1 elicited
hold promise for the treatment of GBM. DAP12-linked signaling, resulting in ERK-1, Akt, and
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FIGURE 4 | The mRNA expression, survival analysis, and protein exprsion of TREM1, GBP2, IFITM2, CIITA, and TYROBP using the TCGA daféhe three columns
consist of images for mRNA levels of genes in non-neoplastielative to GBM tissue samples, Kaplan-Meier survival cues for patients withgene"" vs. gene°¥
tumor samples, and IHC for each gene in non-neoplastic, LGG,rad GBM tissue samples from the TCGA database(A) TREM1mRNA levels in non-neoplastic relative|
to GBM tissue samples.(B) Kaplan—Meier survival curves for GBM patients wititREM2"9" and TREM1°¥ tumors. (C) IHC of TREM1 in non-neoplastic tissues, LGG
an . (D- ; (G- 3 (3 s (M- . *P < 0.01; < 0. compared to non-tumor tissue (scale bar: .
d GBM. (D-F) GBP2; (G-I) IFITM2;(J-L) CIITA;(M-O) TYROBP. *P < 0.01; ***P < 0.001 pared t t i le bar: 100mm

IkBa phosphorylation, and pro-in ammatory cytokine and CD7Q and CD86 (Figure 5K). These results corroborated a
chemokine secretior8f). previous study demonstrating thiREM1was mainly expressed
Given the vital functions of immune co-stimulatory factors in tumor-associated macrophages and induced by hypoxia,
and checkpoint molecules in the regulation ofimmune procgssethus participating in angiogenic and in ammatory responses.
we performed correlation analysis to assess the relatipnshimportantly, TREM1 expression was not detectable in GBM
betweenTREM1and several well-known genes in GBM samplescell lines under normoxia or hypoxia, indicating that TREM1
TREM1was correlated witD40, PDCD1, TNFRSF4, TNFRSF9expression originated from cell types other than tumor cells
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FIGURE 5 | TREML1 is closely related to hypoxia and angiogenesidREM1mRNA expression pro les based on pathological grade from{A) TCGA-Glioma and(B).
Rembrandt-Glioma datasets.(C) Kaplan—Meier survival curves for GBM patients witiREM1"9" and TREM1°% tumors using the Rembrandt database (D) TREM1
mMRNA expression levels in different GBM molecular subtype$E) TREM1mRNA expression levels in non-GIMP and GIMP positive samplesofn the TCGA. (F)
TREM1mRNA expression levels in different pathologic areas/tumanicrosections. Corresponding data were obtained from the ly Glioblastoma Atlas Project. Scatter
plots displaying the correlation betweenTREM1mRNA expression and protein levels ofG) IGFBP2,(H) TGM2, and (1) VEGFR2.(J) The results of representative
GSEA analysis(K) Chord diagram constructed from data on the correlation betveen TREM1and immune co-stimulatory factor and checkpoint molecules(L)
Heatmap generated withTREM1mRNA expression levels in multiple immune cells using the TBGA-GBM dataset. Signi cant difference between the two group: *P <

0 0.2

0.4 0.6

(Supplementary Figures 5D,E (36). We subsequently used

correlated with neutrophil and dendritic cell in ltration leals

TIMER, a web server for comprehensive analysis of tumortFigure 5F.

in Itrating immune cells (https://cistrome.shinyapps.iafter/)

and found that the mRNA expression levels TREM1 were
inversely correlated with tumor purity in GBM3(/). Speci cally,
the mRNA expression levels oTREM1 were negatively
correlated withCD8positive T-cell in Itration but positively

We also used Cibersort (https://cibersort.stanford.edw) t
further explore the relationship betweerREM1and immune
cell in ltration. Cibersort converts gene expression prodata
into relative quanti cation of immune cells38). We divided the
TCGA GBM data into high- and low-expression groups based on
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FIGURE 6 | Inhibition of TREM1 suppresses migration and vasculary miory formation of GBM cellsin vitro. (A) RT-gPCR results forTREM1, CD206, and CD163 in
macrophages derived from the THP1 cell line under normoxiaral hypoxia. (B) Western blot analysis of TREM1 protein levels under normaiand hypoxia.(C)
Graphical representation of qRT-PCR after siRNA knockdownf TREM1.ACTB was used as an internal reference(D) Western blot to validate the ef ciency of
si-TREM1 knockdown in macrophages derived from the THP1 ckline. ACTB was used as a protein loading controkE) Representative images of Transwell migration
for U87MG and LN229 under normoxia, hypoxia plus control, ath hypoxia plus si-TREM1 (scale bar: 2000m). Statistical results of the invasive ratio with
corresponding treatment for 24 h in the Transwell assay(F) Representative images of VM formation assay for U87MG in nmoxia, hypoxia plus control, and hypoxia
plus si-TREML1.(G) RT-gPCR to detect mRNA expression offGF- , CSF1, CSF2, and VEGFAafter knockdown of TREM1 under hypoxia(H) Statistical results of the
invasive ratio for U87MG and LN229 in both control and pexiddinib (10mM) treatment under hypoxia(l) Representative images of VM formation assay for US7MG i
both control and pexidartinib (10mM) groups under hypoxic conditions. Signi cant difference ltween the two groups: *P < 0.05; **P < 0.01; ***P < 0.001.

the median expression level ®REM, quanti ed immune cell  signi cantly in GBM samples with high expression BREM1
populations, and plotted these results in heatmaggre 5K).  Thus, we proposed that high expressioT&EM1plays arole in
We found that the percentage of M2 macrophages increasqutomoting the development and progression of gliomas, similar
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to the mechanism of M2 macrophages in promoting the diseasg@exidartinib (10mM), an inhibitor of the CSF1 receptor (CSF1R).

We therefore performed a series of experiment¥ivo andin  Supernatants from pexidartinib-treated macrophages redatiiv

vitro to test this hypothesis. controls signi cantly inhibited cell migration and patholazgal
angiogenesis under hypoxic conditioriSidures 6D,H,l). These
results indicated that hypoxia can induce upregulation of the

TREM1 PrquteS GBM Cell Migration and expression oT REM1in macrophages, thereby promoting GBM
VM Formation progression through the release of CSF-1, which triggessiion

Hypoxic necrosis is a major feature in the diagnosis of GBM andnd vascular mimicry in GBM cells.

is closely related to stem cell maintenance, angiogeressisgy

metabolism, and growth characteristics of tumor cells.é8as TREM1 Contributes to GBM Progression
on the literature and our previous analysis, we hypothesizeﬁ.l Vivo

that TREM1 may be induced by hypoxia. We also use

immuno uorescence to conrm that TREM1 was mainly dTo investigate the e ect of REMZ1on tumor growthin vivo, we

found to be expressed in macrophagdSg(re 64). TREM1 treated mice bearing orthotopic GBM xenograft with peptides

- . . s a control and with LP17, which blocks TREM1. The results
expression levels were increased in macrophages culturest un . . . .
. " . . from bioluminescence imaging demonstrated that tumor growth
hypoxic conditions relative to those cultured under normoxi

conditions. Markers of macrophage polarizatioBD206 and was inhibited in animals treated with LP17 relative to cotgro

v :
CD163(markers of M2 polarization), were also elevated unde{ 16'? . 10’ vs. 8.2 10 photons/s, cqntrol vs. LP17
: o . reated;Figures 7A,B. The OS of tumor-bearing animals was
hypoxic conditions Figures 6A,B.

Supernatants from hypoxic M2 macrophages have beeenhanced under treatment with LP17 compared to controls

h . Pmedian survival,> 28 days vs. 20.5 days, LP17 and control
shown to promote the proliferation of pulmonary artery smooth eptide, respectively? < 0.05) Eigure 70. Immunostainin
muscle cells39). Inhibition of GTP cyclohydrolase (GCH1) was pepliae, pect ’ - 9 ) 9

. . . . for CD11b positive cells in the LP17-treated group showed a
discovered to shift the phenotype of TAMs from proangiogenic

. e - dramatic decrease compared to the control gro&m(re 7D).
M2 toward M1, accomp_amed .by a shift in p!asma Chenrmkme%ections stained with PAS showed that in the LP17 treatment
(40). Host-produced histidine-rich glycoproteins have alsorbee

S - S .~ group, vascular mimicry was decreased compared to controls.
found to inhibit tumor growth and metastasis while improving o
: ... 2 In summary, these data demonstrate that inhibitionT/REM1
the eects of chemotherapy by skewing TAM pOIanz"’monblocked the progression of GBM vivo and may be used as a
away from M2 to a tumor-inhibiting M1-like phenotype prog y

(41)). TREM1 has been shown to act as an in ammatorytherapeunc target.
ampli er, speci cally releasing pro-in ammatory chemokines
and cytokines or altering the expression of activated ceD|SCUSSION
membrane surfaces upon receipt of external stimuli. Thersfor
we suspect that increas@@REM1may play a role in promoting The current standard of care for GBM includes surgery,
tumor migration and angiogenesis through the release dbaer radiotherapy, and chemotherapy (temozolomide, TMZ). New
in ammatory factors. We therefore knocked dowfREM1 complications arise with each arm of this multi-modal treatme
with siRNAs in THP1 cells induced to become macrophageand tumors recur not long after the primary diagnosis. The
and examined their role in promoting biological properties most promising approach in recent years for other tumor types
of GBM cells such as migration. Western blot and gRCRhas been immunotherapy. Our present work also supports the
analysis were used to verify the knockdown e ciencyl®dEM1  possibility of interfering with alternative immune cell types
(Figures 6C,D. After induction of siRNA-treated THP1 cells typically in ltrating GBM. However, immunotherapy has not
into macrophages, they were cultured for 24 h under normoxigroven satisfactory for the clinical treatment of GBM. For
and hypoxia, and supernatants were collected and mixed leixample, although immune checkpoint inhibitors, such as-anti
with culture media containing 10% FBS for incubation withprogrammed cell death (PD)1 antibody, have achieved better
GBM cells. prognosis in GBM animal models, a recent clinical trial indesat
The results of Transwell and VM formation assaysthat PD-1 inhibitors have an objective response rate of ofty 8
demonstrated that hypoxia-induced macrophages promoteth patients with recurrent GBMY). In another approach, CAR-
U87 and LN229 tumor cell migration and vascular mimicry butT therapy has achieved tremendous success in hematological
that this e ect was signi cantly reduced after knockdown of malignancies. However, CAR-T therapy targeting EGFRVIII, a
TREMZ1(Figures 6B,E,F. To explore the molecular mechanism, tumor-speci ¢ antigen, has not achieved the desired clinical
we compared the changes in expression levels of criticabsults in GBM treatment4?2).
cytokine mRNAs in macrophages under normoxic and hypoxic Several possibilities might account for the reduced e caty o
conditions as well as between control ahBREM1knockdown immunotherapy in GBM treatment. First, the immunocompetent
groups. Analysis of the intersection of signicantly altére mouse models used to study immunotherapy do not accurately
genes in these two groups yield&BFlas a common factor re ectthe human GBM TME. The methylcholanthrene-induced
potentially involved in TREM1 (Figures 6C,G. To conrm  GL261 and SMA-560 models are the commonly used orthotopic
that CSF1 plays a role in promoting GBM cell migrationxenograft models in GBM immunotherapy1). However, both
and vascular mimicry, induced macrophages were exposed model types possess a high number of mutations and predict
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FIGURE 7 | Inhibition of TREM1 suppresses tumor growthn vivo. (A) Representative bioluminescence images of tumor-bearing ioe from control and LP-17
treatment groups at week 3.(B) Fluorescence quantitation for xenografts in animals fromdih groups at week 3. (C) Kaplan-Meier survival curves for tumor bearing
animals in control and LP-17 treatment groups. A log-rank tst was used to assess the statistical signi cance of the diffeences. (D) Images of IHC staining for CD11b
and PAS staining in tumors from each group as indicated (scalbars: 50mm). (E) A hypothetical schematic diagram depicts how TREM1 promote the development
of GBM. In hypoxic conditions, macrophages express increase levels of TREM1 and release more CSF1, which promotes pattagical angiogenesis and migration of
GBM cells. P < 0.05 compared to control.

neoepitopes and enhanced immune cell inltration. Theseand downregulating the number of suppressive Tregs and tumor-
features are in contrast to primary GBM samples, which typicallyn ltrating dendritic cells (43).

exhibit a low tumor mutational load and an immunosuppressive In addition, both immune checkpoint inhibitors and CAR-
microenvironment @). Second, immune cell inltration is T therapy rely on killer T cells, but the GBM TME exhibits
signi cantly less than in other solid tumors, rendering GBM mass macrophage in Itration, which includes phenotypically
so-called “cold” tumor. However, immune checkpoint inhilnis  suppressive CD1&3 M2 to undi erentiated MO macrophages,
still exert anti-GBM e ects even though they rely onthe reegv  particularly in the mesenchymal molecular GBM subtype
of reactive T cells to execute a killing e e®)(Third, although  (30). Our laboratory has reported that hypoxic glioma-derived
CAR-T therapy generates a signi cant increase in the numbeexosomes deliver microRNA-1246 to induce M2 macrophage
of killer T cells, the presence of the BBB may limit theirpolarization, which promotes proliferation, migration, and
access to brain tumors, unlike for other solid tumors. Moregv invasion in vitro and in vivo of glioma cells by targeting
even after entering the tumor microenvironment, killer Tlise telomere binding repeat 2 interacting protein (TERF2IP) thrbug
may have reduced killing potential due to hypoxic conditionsthe STAT3 and NF«B pathways 44). It was also found that
generated becausel®H variants and the heterogeneityGFR M2 macrophages enhance phosphoglycerate kinase 1 (PGK1)
mutations (7). Fourth, in addition to PD-L1, PD-1, and CTLA- threonine 243 phosphorylation, which facilitates glycolysis,
4, TMEs of GBM may also contain other immunosuppressiveroliferation, and tumorigenesis in GBM cells.(). In the
factors, such as the A2aR high-a nity adenosine receptompresent study, we also found that the expression levels of
(on lymphocytes and tumor-associated macrophages) or PDFREM1may be accompanied by an increase in macrophage M2
L2 (on macrophages lacking PD-L1 expression). It has begwolarization. This result contradicts previous indicatiotisat
reported that anti-PD-L1 and anti-TIGIT (a novel immune TREML1lis an M1 marker of macrophages in liver biopsies. The
checkpoint inhibitor) combination therapy improved overall reason for this discrepancy may be due to pathological and
survival in GBM patients by increasing e ector T cell function tissue di erences.
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Several other studies support a role f6REML1 in the http://www.cgga.org.cn/, http://www.betastasis.com/gkdm
development of cancemREM1has been reported to exert pro- rembrandt/.
in ammatory immune responses not only in acute pathogen-
induced reactions but also in chronic and non-infectious
in ammatory disorders, including various types of cancer.ETHICS STATEMENT
TREMZ/- mice exhibited reduced tumor number and load in
an experimental model of in ammation-driven tumorigenesis
of colorectal tumor {5. TREML1 has also been reported to
cooperate with diminished DNA damage resporisevivo to
promote expansion and leukemic progression in Fanca-/- pre-
leukemia stem cellstg). Our present study demonstrated that AUTHOR CONTRIBUTIONS
increased expression GREM1in macrophages may promote
GBM progression through the release of CSF1. The CSPMK, Z-CF, NY, and X-GL conceived the study. YK and
receptor (CSF1R) has been investigated as a possible therapelfit were involved in bioinformatics analysis. YK and
target in the treatment of GBM. Inhibition of CSF1R has beerZ-CF performed experiments. Y-LZ, YM, Z-MZ, and DZ
shown to alter the expression of activated M2 markers and tgarticipated in animal experiments. A-JC and BH performed
reduce intracranial growth of patient-derived glioma xerafts ~ the statistical analysis. YK and Z-CF drafted the paper.
(47). CSF1R ligand expression was also found to be elevat¥dFL and JW supplemented manuscript. FT, JW, NY, and
in GBM xenografts treated with ionizing radiatiort®). Both  X-GL contributed substantially to its revision. NY and X-GL
studies indicate that inhibition of CSF1R might be a promisin supervised the study. All authors read and approved the
strategy to improve the treatment and prognosis of GBM. nal manuscript.

Besides TREMJ, other genes may also have potential
therapeutic roles in GBM treatment. For instané@BP2was FUNDING
found to inhibit mitochondrial ssion and cell metastasis i

breast cancer cells bothvitro andin vivo (49). Further,IFITM2  This work was supported by the National Natural Science
was signi cantly up-regulated and induced after activatioh fFoundation of China (81972351, 81701329, 81702475,
beta-catenin signaling in colorectal cancef£)( and it was and 81702474), the Department of Science & Technology
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all of these genes will be highly interesting for studies BMG the Norwegian Research Council, and the Shandong Research
In summary, we analyzed the GBM data in the CGGAjnstitute of Industrial Technology.

database using WGCNA to obtain immune-related genes
that may promote the progression of GBMREM1 emerged
as a gene of interest due to higher expression in GBM'Q\CKNOVVI—EDGMENTS

relative to non-neoplastic tissue and association with a . .
worse prognosis. The expression GREML increased in Wewo_uld like to tha_nkour researc_hers for their hard work and
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cells promoted pathological angiogenesis and migration
of GBM cells in vitro. A possible factor mediating this SUPPLEMENTARY MATERIAL
response is CSF1Figure 7B. These results underscore
the importance of the TME in GBM development. Thus, The Supplementary Material for this article can be found
targeting the tumor microenvironment, or specically online at: https://www.frontiersin.org/articles/10.2388nmu.
TAMs, allow a vulnerability in the development of GBM 2020.01281/full#supplementary-material
to be exploited and should be considered as a viablgupplementary Figure 1| (A) Network topology for different soft-thresholding
therapeutic strategy. powers. Numbers in the plots indicate the corresponding sdfthresholding

powers. The approximate scale-free topology can be attaing at a

soft-thresholding power of 5.(B) Assessing the scale-free topology when the
soft-thresholding power was set to 5 (scale-freeR? D 0.84, slope D 1.35). (C)
DATA AVAILABILITY STATEMENT Eigengene adjacency heatmap. Different colors indicate éhdegree of correlation
between modules.
PUb“C|y available datasets were analyZEd in this StUdyS ThSuppIementary Figure 2 | (A) Heatmap for gene expression in black modules.
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Institutional Animal Care and Use Committee (IACUC) of
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Frontiers in Immunology | www.frontiersin.org 14 July 2020 | Volume 11 | Article 1281



Kong et al.

TREM1 Contributing to Glioblastoma Develop

correlated with the expression of genes within the black modle.
(B) Protein—protein interaction network consisting of all gegs in the black module.

Supplementary Figure 3| The expression of intersection genes in different
groups based on the CGGA database (A) Expression of IDH wild-type and
mutant. (B) Expression of LGG and GBM(C) Expression of the
non-mesenchymal subgroup and mesenchymal subgroup.

Supplementary Figure 4 | Quantitative graph of IHC staining in normal tissue

and glioma samples.(A) TREM1;(B) GBP2; (C) IFITM2 (D) CIITA; and(E)

TYROBP. Signi cant difference between the two groups: P < 0.05; P < 0.01;
P < 0.001.

Supplementary Figure 5| (A) TREM1mRNA expression levels in both LGG and
GBM samples from the CGGA database(B) Scatter plot displaying the
correlation betweenTREM1mRNA expression levels and NDRG1pT346 protein
levels. (C) GSEA highlighting a positive association of increaseiIREM1
expression levels with in ammatory response, IL2-STATS5 sigaling, and allograft
rejection. (D) Immuno uorescence staining of GBM tissue sections. Red
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