
Neuro-Oncology Advances
4(1), 1–15, 2022 | https://doi.org/10.1093/noajnl/vdac149 | Advance Access date 15 September 2022

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author(s) 2022. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Natalia Filippova, Jeffrey M. Grimes, Jianmei W. Leavenworth, David Namkoong, Xiuhua Yang, 
Peter H. King, Michael Crowley, David K. Crossman, and L. Burt Nabors

Department of Neurology, Division of Neuro-oncology, UAB, Birmingham, Alabama, USA (N.F., D.N., X.Y., L.B.N.); 
Department of Neurosurgery, Program of Immunology, UAB, Birmingham, Alabama, USA (J.M.G., J.W.L.); 
Department of Neurology, Birmingham Veterans Affairs Medical Center, Birmingham, Alabama, USA (P.H.K.); 
Department of Genetics, Heflin Center Genomics Core, UAB, Birmingham, Alabama, USA (M.C., D.K.C.)

Corresponding Author: L. Burt Nabors, MD, Division Neuro-oncology, Department of Neurology, University of Alabama at 
Birmingham, FOT 1020, 510 20th Street South, Birmingham, AL 35294, USA (bnabors@uabmc.edu).

Abstract
Background. Tumor cellular and molecular heterogeneity is a hallmark of glioblastoma and underlies treatment 
resistance and recurrence. This manuscript investigated the myeloid-derived microenvironment as a driver of glio-
blastoma heterogeneity and provided a pharmacological pathway for its suppression.
Methods. Transcriptomic signatures of glioblastoma infiltrated myeloid-derived cells were assessed using R2: 
genomic platform, Ivy Glioblastoma Spatial Atlas, and single-cell RNA-seq data of primary and recurrent glio-
blastomas. Myeloid-derived cell prints were evaluated in five PDX cell lines using RNA-seq data. Two immunocom-
petent mouse glioblastoma models were utilized to isolate and characterize tumor-infiltrated myeloid-derived cells 
and glioblastoma/host cell hybrids. The ability of an inhibitor of HuR dimerization SRI42127 to suppress TREM1+-
microenvironment and glioblastoma/myeloid-derived cell interaction was assessed in vivo and in vitro.
Results. TREM1+-microenvironment is enriched in glioblastoma peri-necrotic zones. TREM1 appearance is en-
hanced with tumor grade and associated with poor patient outcomes. We confirmed an expression of a variety of 
myeloid-derived cell markers, including TREM1, in PDX cell lines. In mouse glioblastoma models, we demonstrated 
a reduction in the TREM1+-microenvironment and glioblastoma/host cell fusion after treatment with SRI42127. In 
vitro assays confirmed inhibition of cell fusion events and reduction of myeloid-derived cell migration towards gli-
oblastoma cells by SRI42127 and TREM1 decoy peptide (LP17) versus control treatments.
Conclusions. TREM1+-myeloid-derived microenvironment promulgates glioblastoma heterogeneity and is a thera-
peutic target. Pharmacological inhibition of HuR dimerization leads to suppression of the TREM1+-myeloid-derived 
microenvironment and the neoplastic/non-neoplastic fusogenic cell network.

Key Points

	•	 Cytosolic PFKM binds to KIF11 to maintain GBM cytoskeleton assembly and invasion.

	•	 Nuclear PFKM regulates DNA damage responses in GBM cells.

	•	 The anesthetic, bupivacaine, phenocopies the effects of targeting PFKM in reducing 
tumor growth and augments the efficacy of bevacizumab.

Targeting the TREM1-positive myeloid 
microenvironment in glioblastoma
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Graphical Abstract  
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Circulating immune cells normally present at very low num-
bers in the CNS gain access to brain tissue affected by ma-
lignant transformations due to breach of blood–brain barrier 
(BBB) permeability and chemoattraction to the inflammatory 
glioma microenvironment.1,2 In a grade-dependent manner, 
pro-tumorigenic immune cells enrich the glioma microenvi-
ronment and often share genotype with tumor cells through 
intercellular gene-transfer.2–4 This contributes to de novo 
transformation, promoting tumor dissemination, generation 
of heterogeneity, reoccurrence, and treatment resistance.4,5

The focal hypoxic, ischemic, necrotic glioblastoma 
loci trigger a systemic inflammatory response and gen-
erate permissive niches that attract circulating immune 
cells.1,2,6,7 Among these cells are myeloid-derived pe-
ripheral immune cells that infiltrate the tumor microen-
vironment and selectively express an inflammatory type 
I  membrane receptor (TREM1).2,8 TREM1 is activated by 
danger/damage-associated molecular patterns (DAMPs), 
like HMGB1, released from the brain into the systemic cir-
culation and is up-regulated by the HuR-COX2-PGE2 axis 
provided by tumor cells locally.9–13 The cold-inducible RNA-
binding protein (CIRBP), recently identified as a mediator 
of peritumoral invasion and a prognostic factor for recur-
rence of surgically resected brain metastases, is enriched 
in glioblastomas and is an endogenous TREM1 ligand.14,15 
The extracellular actin (ACTB) and the peptidoglycan 

recognition protein 1 (PGLYRP1) are other TREM1 ligands 
associated with abnormal glioblastoma vascularity and 
neutrophil activation in damaged tissue.8,10,16,17 The sources 
of TREM1-positive cells reported in the glioblastoma micro-
environment consist of monocytes and macrophages that 
emerged from monocytes recruited to the tumor bed, neu-
trophils, microglia, and endothelial cells.2,8 Indeed, we and 
others have shown improved patient outcomes with re-
duced neutrophils or neutrophil to lymphocyte ratios.18–20

Tumor cells with stemness hallmarks can fuse at a 
high rate with myeloid-derived cells in the inflamma-
tory and hypoxic tumor microenvironment in different 
cancer types.21–23 A  meta-analysis suggests that TREM1 
up-regulation alters the expression of chemokines, cyto-
kines, adhesive molecules, fusogens, and cytoskeletal 
remodeling transcripts that might, directly and indirectly, 
facilitate cell fusion events.2,8,24 The selective survival of 
the TREM1+-myeloid-derived cells is due to enhanced mi-
tochondrial function promoted by Bcl2 and mitofusin 
overexpression.25,26 These events promote the develop-
ment of treatment resistance and favorable survival of 
fused cells acquiring the TREM1+-phenotype.

The palette of TREM1 inhibitors is very poor and is repre-
sented by inhibitory peptides, which exhibit disadvantages 
due to limited BBB permeability and short lifetime. The sig-
nificant overlap of cell signaling pathway and transcripts 

Importance of the Study

The stress-response events, such as cell fusion 
and membrane nanotube formation that lead 
to intercellular gene-transfer and tumor plas-
ticity, are poorly characterized in glioblastomas. 
Myeloid-derived immune-suppressive TREM1+-
microenvironment promotes inflammatory 
stress, which positively correlates with dis-
ease progression. Our work highlights the role 
of the myeloid-derived TREM1+-glioblastoma 
microenvironment in the promulgation of 
hetero-cellular fusion events as an underlying 
mechanism of glioblastoma invasiveness and 

heterogeneity. We provide evidence that the 
mRNA-binding protein HuR could be one of 
the main regulators of the TREM1+-myeloid-
derived axis in glioblastomas and that the 
pharmacological inhibition of HuR dimeriza-
tion suppresses the TREM1+-glioblastoma mi-
croenvironment and cell fusion events in vivo 
and in vitro. This study advances the applica-
tion of a recently discovered inhibitor of HuR 
dimerization for the suppression of oncogenic 
pro-inflammatory conditions associated with 
tumor development.
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controlled by the mRNA-binding protein HuR with tran-
scripts essential for stress-responsive TREM1 activation, 
myeloid-derived cell directional migration, and fusion 
creates the unique opportunity to override the TREM1-
dependent complex myeloid-derived glioblastoma micro-
environment with a recently discovered BBB permeable 
HuR inhibitor.11–13,27–31 Our current work explores the on-
cogenic role of the TREM1+-myeloid-derived glioblastoma 
microenvironment and presents a novel pharmacological 
opportunity for its inhibition.

Materials and Methods

Human Samples

The glioma and control brain tissue samples were obtained 
from O’Neal Tissue Procurement Shared Facility Brain 
Biorepository (IRB-300002497); the protein lysates were 
isolated as it was described.30 The study involved only the 
secondary analysis of human biological tissue and speci-
mens were provided without identifiable information by 
personnel without any role in this research study.

Mouse Glioblastoma Models and Treatments

All animal studies were carried out in compliance with 
UAB IACUC and NIH policies as we described31; see details 
in Supplementary material.

Myeloid-Derived Cell Subsets Isolation and 
Analysis

The myeloid-derived cells were isolated from mouse 
brains harboring or not harboring tumors as described32; 
see details in Supplementary material. For the in vitro ex-
periments, the myeloid-derived cell subsets (neutrophils 
and Mϕ) were isolated from the peritoneal lavage fluid as 
described24; see details in Supplementary material.

Trans-Well Migration Assay, In Vitro

The trans-well migration assay was performed using pol-
ycarbonate BD Falcon FluoroBlok 24-multiwell Insert 
system, 3 µm (BD Biosciences Discovery Labware). Tumor 
cells (75–100  ×  103 per well) were platted in the bottom 
chamber 24  h prior to the experiment. The differentiated 
neutrophil-like HL-60 cells and Mϕ RAW267.4 were la-
beled with CellBrite Orange (Biotium, CA) according to the 
manufacturer’s instruction prior to the experiment. The pri-
mary neutrophils-RFP+ and Mϕ-RFP+ were isolated from 
the peritoneal lavage fluid of transgenic C57Bl/6 mice with 
wide-spread expression of tdTomato (RFP+) prior to the ex-
periment (see protocol for myeloid-derived cell isolation 
from the peritoneal lavage fluid). During the experiment, 
both the insert and bottom chambers were loaded with the 
corresponding conditioned media. The myeloid-derived 
cells were resuspended and pre-incubated for 20 min in the 
conditioned media before loading to the insert chamber 

(100–150 × 103 per well). The EVOSFI (Life Technologies) im-
aging system was utilized for myeloid-derived cell imaging 
and analysis on the insert and on the bottom chamber. At 
the end of the experiment, the insert and bottom chambers 
were separated for data processing. All conditions used 
were at least in duplicate for each experiment. Assays were 
performed in the presence of CoCl2 132 µM to mimic the 
hypoxic condition.

Cell Fusion Assay, In Vitro

Cell fusion assay between myeloid-derived cells and tumor 
adherent cells.—Tumor cells expressing EGFP were plated 
in the complete DMEM/F12 media in 96-well plates 24 h be-
fore experiment. The myeloid-derived cells were marked 
with CellBrite Orange according to the manufacturer’s in-
struction. The neutrophil-like differentiated HL-60 cells and 
Mϕ RAW267.4 were resuspended in the conditioned media 
and added to the corresponding wells pre-loaded with 
tumor cells for 24–48 h. At the end of the experiment, cells 
were detached by trypsinization from each well, washed, 
and analyzed in the 4X well-size format (24-well plates) 
using EVOSFI imaging system.

Cell fusion assay between myeloid-derived cells and tumor 
neurospheres.—Tumor neurospheres expressing EGFP 
were formed and maintained as previously described 
in Neurobasal-A medium (Gibco, Carlsbad, CA) supple-
mented with B-27 supplement without vitamin A (Gibco), 
N2 supplement (Gibco), 2 mM l-Glutamine (Mediatech) 100 
U/ml Penicillin/Streptomycin (Mediatech), the basal growth 
factors EGF 20  ng/ml and bFGF, 20  ng/ml (TermoFisher, 
Waltham, MA) in 96-well plates [black with clear bottom 
(Corning, NY) and white with clear bottom (Kennebunk, 
ME)].31 The neutrophil-like differentiated HL-60 and Mϕ 
RAW267.4 cells were marked with CellBrite Orange ac-
cording to the manufacturer’s instruction. The assays were 
performed in 96-well plates, the myeloid-derived cells 
were added to the tumor neurospheres for 48–72  h, 3D 
images were obtained with EVOSFI imaging system, each 
treatment condition was at least triplicate. The single-cell 
level analysis of fused cells was performed in the following 
steps: neurosphere/myeloid-derived cell complexes were 
collected, dissociated with Accutase (ThermoFisher), 
washed, and analyzed in the 4X well-size format (24-well 
plates) using EVOSFI imaging system. Multi nuclei forma-
tions were confirmed by staining with CellCycle-405blue 
(Invitrogen). The formation of multinuclear cells (MNC), 
the double-positive unencapsulated fluorescence sig-
nals, and TREM1 expression were the most distinctive fea-
tures of fused cells presented in our models. Assays were 
performed in the presence of CoCl2 132 µM to mimic the 
hypoxic condition or in the hypoxia incubator with the fol-
lowing hypoxic mixture: 5% O2, 10% CO2, 85% N2.

Proliferation Assay, In Vitro

Tumor neurospheres expressing EGFP were formed and 
maintained as previously described in black 96-well plates 
(Corning).31 The myeloid-derived cells (neutrophil-like 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
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differentiated HL-60 and Mϕ RAW267.4) were added to 
neurospheres for 24 h in the presence of (i) SRI42127, 5 µM 
or with corresponding vehicles as the control, (ii) with LP17 
(35  ng/ml) or with the scrambled peptide (35  ng/ml) as 
the control (cells were pre-incubated with LP17 and con-
trol peptides for 20 min prior to the addition to the tumor 
neurospheres). The tumor EGFP-reporter signal was read 
by using a SynrtgyH1 microplate reader, images were 
taken using EVOSFI imaging system. The HL-60 cells were 
differentiated to the neutrophil-like cells in the RPMI (1x) + 
GlutaMAX medium (Gibco) supplemented with 100 U/ml 
Penicillin/Streptomycin (Mediatech), 10% FBS, 1.3%DMSO 
for 6 days prior experiment. Assay was performed in the 
presence of CoCl2 132 µM. All conditions were used at least 
in triplicate.

Immunohistochemistry

The immunostaining of the cell culture and tissue was 
performed as previously described31; see details in 
Supplementary material.

HuR Dimerization Split Luciferase Reporter Assay

The reporter HuR dimerization split luciferase assay was 
performed as previously described in normal and hypoxic 
conditions with the following hypoxic mixture: 5% O2, 10% 
CO2, 85% N2.

30

PDX RNA-seq Data Generation and Analysis

Illumina global RNA-sequencing data were gener-
ated as described.12,31 Briefly, five patient-derived PDX 
neurosphere cell lines of different molecular subtypes 
(proneural PDX1, PDX2; classic PDX3, PDX4; mesenchymal 
PDX5) have been treated with SRI42127, 3 µM for 12 h or 
with vehicles as the control. RNA was isolated by using 
TRIzol reagent (Invitrogen, Carlsbad, CA) and processed in 
the UAB Genomic and Sequencing Core facility. The results 
were available in the Gene Expression Omnibus (GEO) re-
pository database (GSE158271). Data were normalized to 
the RSP9 value in each sample; the experiments were per-
formed twice for each cell line.

Transcriptome Analysis and Datasets

The grade-dependent mini-ontology analysis of gene sets 
positively correlated with TREM1 gene expression was per-
formed using the Madhavan study, R2: platform. Gene sets 
positively correlated with TREM1, r > .5, P < .009 cutoffs 
were used for the enrichment (Enrichr) analysis. A  total 
of 454 genes for grades I–II, 241 genes for grade III, 198 
genes for grade IV were selected for the analysis of biolog-
ical processes, molecular function, cellular components, 
and pathway hallmarks using the Enrichr platform. GEO 
(GSE131928), the single-cell RNA-seq data from adult and pe-
diatric glioblastomas, was used for the analysis of the TREM1 
expression in Mϕ, malignant cells, oligodendrocytes, and T 
cell subsets using Broad Institute of MIT and Harvard portal  
(https://singlecell.broadinstitute.org/single_cell). GEO 

(GSE163120) and raw sequencing reads of the human 
scRNA-seq from European Genome-phenome Archive (EGA) 
(EGAS00001004871) were used for TREM1 profiling in TAMs 
from primary and recurrent glioblastomas. The Chinese 
Glioma Genome Atlas (CGGA) was used to analyze survival 
for patients harboring gliomas with high and low TREM1 ex-
pression. NIH GDC Data portal was utilized to obtain TCGA-
GBM and TCGA-LGG digital slide collection and analysis of 
neutrophil infiltration in glioma tissue. cBioPortal was util-
ized to analyze correlation between Buffa-Hypoxia score and 
TREM1 expression in low and high grades gliomas.

Statistical Analysis

For comparison between the two groups, Student’s 
two-tailed t-test was used. For comparisons between three 
or more groups, one-way ANOVA with multiple compari-
sons was used; a P-value less than .05 was considered 
to be significant. Correlation analysis was performed by 
using Pearson’s correlation. The results are shown as the 
mean ± SD.

Results

TREM1+-Microenvironment is Enriched in 
Glioblastoma and is Associated with Poor Patient 
Outcomes

First, we analyzed the clinical outcome of patients with 
gliomas harboring low or high expression of TREM1 by 
using the R2: Genomic Analysis and Visualization Platform 
(http://r2.amc.nl) Madhavan—550 MAS.5.0-u133p2 
study; low expression levels of TREM1 were associated 
with favorable outcome (Figure 1A). A  significant grade-
dependent over-expression of TREM1 was confirmed in 
both low and high grades gliomas compared to normal 
brain samples utilizing the Madhavan study for brain tu-
mors and Harris study for normal brain (Figure 1B). Note 
a significant TREM1 enhancement in high-grade WHO IV 
gliomas compared to low grades WHO I–II and grade III 
gliomas; TREM1 expression was normalized to the corre-
sponding ACTB expression in each analyzed sample. Data 
from the Chinese Glioma Genome Atlas (CGGA) confirmed 
the highest TREM1 expression level in grade IV gliomas 
and a significant shortening of overall survival for patients 
harboring grade IV gliomas with TREM1 overexpression 
(Supplementary Figure 1A). Analysis of the TREM1 
immunostaining in glioblastomas and normal brain tis-
sues obtained from the Human Protein Atlas (http://www.
proteinatlas.org) confirmed TREM1 overexpression in 
the glioblastoma microenvironment, particularly in peri-
necrotic zones (Figure 1C). We found the strong Pearson 
correlation (0.53, P < .005) between TREM1 expression and 
Buffa-Hypoxia score in grade IV gliomas (Supplementary 
Figure 1B). Next, we utilized the single-cell RNA-seq data 
from adult and pediatric glioblastomas presented in the 
single-cell portal of the Broad Institute of MIT and Harvard 
(GEO: GSE131928),33 and confirmed TREM1 expression in 
both infiltrated Mϕ and tumor cells that imply intercellular 
gene-transfer between infiltrated myeloid-derived and 
tumor cells in the glioblastoma microenvironment (Figure 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
https://singlecell.broadinstitute.org/single_cell﻿
http://r2.amc.nl
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://www.proteinatlas.org
http://www.proteinatlas.org
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
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1D). TREM1 expression in the tumor-associated Mϕ (TAMs) 
from primary and recurrent glioblastomas obtained from 
the Brain Immune glioblastoma Atlas portal confirms an 
increase in the TREM1-positive subsets of TAMs from 21.3% 
in the primary glioblastoma to 36.8% in the recurrent glio-
blastoma (Figure 1E).

Therefore, data analysis suggests that the TREM1+-
microenvironment supports glioma progression and is en-
hanced with tumor grade and glioblastoma recurrence.

TREM1+-Myeloid-Derived Cells are Accumulated 
in the Peri-Necrotic Loci and are Involved in Cell 
Fusion Events with Glioblastoma Cells

We employed RNA-seq data from Ivy Glioblastoma 
Project (http://glioblastoma.alleninstitute.org) to ana-
lyze the spatial distribution of the myeloid-cell markers 
and chemokines in the glioblastoma microenvironment. 
An increase of TREM1 was confirmed in the peri-necrotic 
areas of all glioblastoma molecular subtypes (Figure 2A). 

In the same zone, we found an accumulation of the mon-
ocyte and macrophage markers as well as chemokines 
like CXCL2 and CXCL3 known to be involved in the re-
cruitment of polymorphonuclear leukocytes (PMN). The 
appearances of PMN were confirmed in peri-necrotic 
and perivascular zones in GBMs (three or less per visual 
fields) and to a lower extent (one or less per visual fields) 
in lower-grade gliomas using TCGA-GBM and TCGA-LGG 
digital slide collection. An increase in TNFAIP2, ICAM1, 
and ITGA5 expression pointed to a possible TREM1- and 
HuR-dependent formation of tertiary structures between 
tumor and myeloid-derived cells within the inflammatory 
peri-necrotic areas. A  grade-dependent enhancement of 
the TREM1/HMGB1 axis in the glioblastoma microenviron-
ment compared to normal brains was confirmed using clin-
ical tissue samples and western blot technique (Figure 2B). 
Note that the HMGB1 protein belongs to the DAMPs re-
leased by transformed cells and is involved in the myeloid-
derived cell chemoattraction and TREM1-activation.9 Next, 
we performed profiling of the human myeloid-derived cell 
markers in patient-derived glioblastoma xenolines (PDX) 
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Figure 2.  TREM1 expression is enriched in the glioblastoma peri-necrotic zones and in the glioblastoma/myeloid-derived cell hybrids. (A) Spatial 
RNA-seq signature of the myeloid-derived biomarkers and cytokines for glioblastomas of different molecular subtypes: classical, neural, proneural, 
mesenchymal, mesenchymal/neural, classical/neural, classical/mesenchymal, neural/proneural (36 samples total from 19 males and 17 females, 
Ivy Glioblastoma Project). The top two plots represent log2 of transcript expression; the bottom plot illustrates z-score. Note that the TREM1 is en-
riched in the peri-necrotic zones of glioblastomas of all molecular subtypes. (B) Western blot illustrates TREM1 and HBGB1 protein levels in normal 
and glioma samples of different grades; Actin is shown to confirm equal protein loading, TREM1/Actin ratios were calculated by using Image J 
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using RNA-seq technique. The RNA-seq data analysis of 
five PDX cell lines of different molecular subtypes (classic, 
mesenchymal, and proneural) revealed expression of a 
variety of myeloid-cell markers (including CD45, CD11b, 
CD14, CD15, CD33, CD163, CD68, CD80, CD86) following 
at least five passages of PDX cell lines in the cell culture 
(Figure 2C). This supports the hypothesis of intercellular 
gene-transfer between glioblastoma and myeloid-derived 
cells in the glioblastoma microenvironment. TREM1 ex-
pression was detected in three of five PDX cell lines and in 
the established U87-MG glioblastoma cell line.

To evaluate cell fusion events in the glioblastoma mi-
croenvironment, we employed two immunocompetent 
glioblastoma models with fluorescently defined host 
and glioblastoma cells. The established mouse glioblas-
toma GL261-EGFP cell line and mouse TRP-EGFP-Fluc cell 
line of transformed astrocytes (truncated SV40 T antigen, 
Kras G12D mutation, Pten deletion)32 were intracranially 
injected in the transgenic C57Bl/6 mice with wide-spread 
expression of tdTomato (RFP+). Figure 2D illustrates the 
gating of the double-positive (DP) glioblastoma/host hy-
brid cells (EGFP+RFP+), isolated from the dissociated brain 
tissues using a 30% Percoll gradient. The DP cell percentage 
varied from 1 to 14% and positively correlated with tumor 
size. TREM1 expression on host cells undergoing glioblas-
toma/host cell fusion was confirmed on brain slices pre-
pared from the GL261 glioblastoma mouse model (Figure 
2E). Around 75% of DP cells, expanded in cell culture and 
stained with the TREM1 antibody, were TREM1 positive 
compared to less than 1% of control cells (Figure 2F, G). The 
multinuclear formations, the DP unencapsulated fluores-
cence signals, and TREM1 expression were the most dis-
tinctive features of fused cells in our model.

Therefore, our results confirm involvement of the 
myeloid-derived microenvironment in cell fusion and spa-
tial accumulation of TREM1+-cells in the peri-necrotic glio-
blastoma loci.

Suppression of the TREM1+-Myeloid-Derived 
Microenvironment and Cell Fusion Events in the 
Glioblastoma Mouse Models by an Inhibitor of 
HuR Dimerization

First, we defined the TREM1+-myeloid-derived micro-
environment in the immunocompetent TRP and GL261 

mouse glioblastoma models. TREM1 expression was sig-
nificantly enhanced in the myeloid-derived (CD45+CD11b+) 
cells isolated from the dissociated brain tissue of mice 
harboring TRP and GL261 tumors compared to the con-
trol mice without intracranial tumor cells injection (Figure 
3A, F for TRP and GL261 glioblastoma models, respec-
tively). TREM1+-cells were enriched in poly-morphonuclear 
PMN (up to 75%) and Mϕ (up to 15%) fractions, and at a 
lesser degree were observed in the microglia fraction (up 
to 3%) following three weeks of the tumor development 
(Figure 3B, G for TRP and GL261 glioblastoma models, re-
spectively). Supplementary Figure 2 illustrates the main 
characteristics of tumor-infiltrated myeloid-derived cells 
exhibiting TREM1 expression. In summary, M2 CD206+-
subsets of Mϕ mostly expressed TREM1 in both GL261 and 
TRP glioblastoma models and were immunosuppressive, 
positive for PD-L1 (see details in the Supplementary Figure 
2A, B); GL261 model revealed the unique subset of PMN 
with strong positive correlation between TREM1 and PDL1 
expression (R > .5, P < .005), TREM1+PDL1+ subsets reached 
up to 35% and 50% of PMNs for GL261 and TRP models, 
respectively (Supplementary Figure 2C). Recently, we de-
veloped a new inhibitor of the mRNA-binding protein HuR 
dimerization SRI42127 and confirmed that HuR dimeriza-
tion is involved in generation of the myeloid-derived mi-
croenvironment following LPS-induced pro-inflammatory 
conditions.27,31 We predicted that the pro-inflammatory 
myeloid-derived microenvironment could be affected by 
the SRI42127 compound in glioblastoma and therefore, 
evaluated the composition of the myeloid-derived micro-
environment in the immunocompetent TRP and GL261 
glioblastoma mouse models treated with SRI42127 com-
pound (15  mg/kg, twice per day for 20  days) versus the 
control (vehicle treatment). We confirmed a significant de-
crease in the TREM1+-myeloid-derived microenvironment 
after SRI42127 treatment in both models (Figure 3A, D, F, 
I for TRP and GL261 glioblastoma models, respectively); 
TREM1 decline was accompanied by a significant reduc-
tion in tumor-infiltrated PMN cells and notable but not 
significant reduction of Mϕ (Fig. 3C, H for TRP and GL261 
glioblastoma models, respectively). SRI42127 significantly 
reduced the population of TREM1+PDL1+ subpopulation 
of PMN cells, which exhibited a strong positive correla-
tion between TREM1 and PDL1 expression, from 5.5% 
± 1% (n  =  5) to 2.1% ± 0.9% (n  =  5), P < .005 of total 
CD45+CD11b+cells (Supplementary Figure 2C). Overall, the 

program and are shown for each sample. (C) Chart illustrates expression of the myeloid cell markers in PDX cell lines of 
different subtypes (classical PDX1, PDX2; neural PDX3, PDX4; and mesenchymal PDX5; RNA-seq data). (D) Representative plots illustrate DP 
(double-positive, EGFP+RFP+) cell selection by flow cytometry technique from dissociated tumor tissue from the immunocompetent glioblastoma 
mouse models; TRP-Fluc-EGFP and GL261-EGFP cells were intracranially injected in the immunocompetent mice with a wide-spread expression 
of RFP; DP cells were isolated 24 days after tumor implantation (see method). The representative image illustrates the bioluminescence tumor-
reporter signal from mice injected with TRP-Fluc-EGFP cells. (E) Images illustrate representative TREM1 immunostaining in brain slices from 
glioblastoma mouse model with host cells expressing RFP and GL261-EGFP tumor; scale bar is 200 µm; the insert illustrates TREM1 expression 
on the host cell, which is undergoing fusion with tumor-cell in peri-necrotic zone. (F) Images illustrate representative TREM1 immunostaining in 
cultured DP (EGFP+RFP+) cells isolated from the immunocompetent glioblastoma model with a wide-spread expression of RFP in host cells and 
GL261-EGFP tumor. Multi nuclei formations were observed in around 90% of DP cells. The scale bar is 200 µm. (G) Graph illustrates the percent-
ages of the TREM1+-cells in DP (EGFP+RFP+) glioblastoma/host hybrids versus control GL261-EGFP cells. Results are shown as mean ± SD; the 
difference is statistically significant (P < .005, Student t-test). At least five visual fields were analyzed for each analyzed slice, or sample of DP 
cells per mouse.
  

Figure 2 (continued):

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
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Figure 3.  TREM1+-myeloid-derived glioblastoma microenvironment is downregulated by an inhibitor of HuR dimerization in immunocompetent 
glioblastoma mouse models. (A, F) Graphs illustrate the weights of TREM1+-myeloid-derived microenvironment in the dissociated brain tissue from 
immunocompetent TRP and GL261 mouse glioblastoma models at different treatment modalities versus normal (not tumor harboring) mice. Results 
are shown as mean ± SD; the statistically significant differences are marked with asterisks (P < .05, Student t-test). The percentages of TREM1+-
myeloid-derived cells were the following in the experiment with TRP glioblastoma model: 1.2 ± 0.3%, n = 3 in normal mice without intracranial tumor 
injection, 7.7 ± 5.0%, n = 6 in mice injected with TRP tumor cells and treated with control vehicles, 1.5 ± 0.8%, n = 6 in mice intracranially injected 
with TRP tumor cells and treated with SRI42127. The percentages of TREM1+-myeloid-derived cells were the following in the experiment with 
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PDL1+-immunosuppressive myeloid-derived microenvi-
ronment exhibited a tendency to reduction after SRI42127 
treatment (see details in Supplementary Figure 2C–E).

Following 20  days post intracranial TRP-cells implan-
tation, mice treated with control vehicles exhibited spa-
tial and robust tumor-reporter bioluminescence signals 
in 70% of mice (Figure 3E); these tumors were defined 
as high-grade tumors with pathology closely resembling 
high-grade gliomas in human patients.34 Mice treated with 
SRI42127compound exhibited high-grade tumors only 
in 30% of mice and exhibited delayed tumor progression 
characterized by limited tumor-reporter bioluminescence 
signals and smooth/non-infiltrating tumor edges in 50% 
of mice (Figure 3E). In the glioblastoma GL261 model, we 
observed the reductions in tumor invasion in the mouse 
group treated with the SRI42127 compound versus the 
control mouse group treated with vehicles (Supplementary 
Figure 3). Therefore, our results confirm that the TREM1+-
myeloid-derived microenvironment in the glioblastoma 
mouse models is mostly represented by PMN and Mϕ; the 
inhibitor of the HuR dimerization might suppress it.

To determine whether the suppression of the TREM1+-
glioblastoma microenvironment leads to a reduction in 
cell fusion events, we analyzed cell fusion events between 
tumor and myeloid-derived cells in the fluorescently de-
fined GL261 glioblastoma model following mice treatment 
with SRI42127 (15 mg/kg, twice per day for 18 days) versus 
control treatment. The immunocompetent C57Bl/6 mice 
with wide-spread expression of tdTomato (RFP+) were in-
tracranially injected with GL261-EGFP cells, and the ratios 
of DP (EGFP+RFP+) cell hybrids isolated by using 30% 
Percoll gradient to unfused tumor cells (EGFP+RFP−) were 
determined using flow cytometry. Figure 4A illustrates rep-
resentative examples of DP cell gating in the SRI42127 and 
control mouse groups; note a significant reduction in the 
(EGFP+RFP+)/(EGFP+RFP−) cell ratio in the SRI42127 group 
versus control (Figure 4B).

Thus, prevention of HuR dimerization leads to 
downregulation of the TREM1+-glioblastoma microenvi-
ronment and is associated with a reduction in cell fusion 
events between tumor and myeloid-derived cells in the 
mouse glioblastoma model.

Chemotaxis of neutrophils and Mϕ towards glioma cells 
is attenuated by the inhibitor of HuR dimerization SRI42127 
and the TREM1-decoy peptide LP17 in vitro.

We used established myeloid-derived cell line 
models of neutrophils (differentiated HL-60 cells)35 
and MϕRAW264.7 to evaluate the impact of TREM1-
decoy peptide LP17 and the HuR dimerization inhibitor 
SRI42127 on cell chemotaxis towards glioblastoma cells 
in the trans-well assay under conditions that mimic hy-
poxia (CoCl2 132 uM) in vitro (Figure 5A–E). Figure 5A 
illustrates the migration of neutrophils and Mϕ, labeled 
with the red-fluorescent dye, towards GL261-EGFP cells 
in the trans-well migration assay. The neutrophil migra-
tion was evaluated 12  h after cell placement into the 
middle chamber; the Mϕmigration was evaluated after 
24–48 h of cell placement into the middle chamber. Note 
that neutrophils migrated through the pores of the insert 
and reached the bottom chamber (bottom level), loaded 
with tumor cells. Mϕmigrated through the pores of the 
insert and remained on the other side of the insert sur-
face (intermediate level); less than 0.00001% of macro-
phages reached the bottom level. Neither neutrophils 
nor Mϕexhibited directional migration in the control 
condition (without tumor cells). Graphs in Figure 5B and 
C represent average data of neutrophil and Mϕmigration 
towards GL261 and U87 cell lines. A  significant reduc-
tion in directional migration of neutrophils and to 
lesser degree of Mϕ was observed in the presence of 
SRI42127 compound (5  µM) and LP17-peptide (35  ng/
ml) compared to the vehicle and scrambled control-
peptide (35  ng/ml) treatments, respectively (Figure 5D, 
E). Representative images of neutrophil and Mϕ migra-
tions towards GL261 cells at different treatment condi-
tions are shown in Figure 5D and E on the right side of 
the graphs. Next, primary neutrophils and Mϕ isolated 
from the thioglycolate-stimulated peritoneal cavities of 
C57Bl/6 mice with wide-spread expression of tdTomato 
were evaluated in trans-well migration assay with Gl261 
cells under conditions that mimic hypoxia. Primary neu-
trophils and Mϕexhibited a significant reduction in mi-
gration towards glioblastoma cells in the presence of 
LP17-peptide (35 ng/ml) and SRI42127 (5 µM) compared 

GL261 glioblastoma model: 2.8 ± 1.6%, n = 3 in normal mice without intracranial tumor injection, 7.0 ± 1.2%, n = 5 in mice 
intracranially injected with GL261 tumor cells and treated with control vehicles, 3.3 ± 1.5%, n = 5 in mice injected with GL261 cells and treated 
with SRI42127. (B, G) Representative plots illustrate flow cytometric profiling of brain myeloid-derived microenvironment from TRP and GL261 
immunocompetent glioblastoma mouse models 20 days post intracranial tumor implantation. Plots illustrate representative examples of TREM1 
expression in different subsets of myeloid-derived cells isolated from each group of mice (plots of each set represent data from the same mouse). 
(C, H) Graphs illustrate the weights of PMN and Mϕ cell subsets in brain tissue from TRP(C) and GL261(H) glioblastoma models at different treat-
ment modalities. Results are shown as mean ± SD; the statistically significant differences are marked with asterisks (P < .05, Student t-test). 
The percentages of tumor-infiltrated PMN and Mϕ were the following in the TRP-glioblastoma model: 5.7 ± 4.4%, n = 6 and 24 ± 22%, n = 6 after 
control-vehicle treatment versus 1.5 ± 0.9%, n = 6 and 20 ± 14%, n = 6 after SRI42127 compound treatment. The percentages of tumor-infiltrated 
PMN and Mϕ were the following in the GL261-glioblastoma model: 23 ± 9%, n = 5 and 7 ± 3%, n = 5 after control-vehicle treatment versus 13 ± 6, 
n = 5 and 1.9 ± 1, n = 5 after SRI42127 compound treatment. (D, I) Representative plots illustrate flow cytometric profiling of myeloid-derived tumor 
microenvironment in TRP and GL261 glioblastoma models treated with SRI42127 compound. Plots illustrate representative examples of TREM1 
expression in different subsets of myeloid-derived cells isolated from each group of mice (plots inside of each set represent data from the same 
mouse). (E) Images of bioluminescence tumor-reporter signals from TRP glioblastoma model after treatment with SRI42127 compound (10 mice) 
versus control treatment with vehicles (10 mice) twenty days post intracranial tumor implantation. Note the robust tumor-reporter signal from 
70% of mice in the control group versus 30% of mice in the group treated with SRI42127, suggesting the delay of the tumor progression in the 
mouse group treated with SRI42127.
  

Figure 3 (continued):

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
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to the control-peptide (35 ng/ml) and vehicle treatments, 
respectively (Supplementary Figure 4).

Therefore, our data suggest that cell signaling pathways 
controlled by HuR dimerization and TREM1 activation are 
involved in myeloid-derived cell migration toward tumor 
cells in the hypoxic condition.

Intercellular Cell Fusion is Attenuated by the 
Inhibitor of HuR Dimerization SRI42127 and the 
TREM1-Decoy Peptide LP17 In Vitro

Intercellular cell fusion events were evaluated (i) between 
adherent tumor cells expressing EGFP and established cell 
lines of neutrophils and Mϕ labeled with red-fluorescent 
dye (Figure 6A), and (ii) between tumor neurospheres ex-
pressing EGFP and established cell lines of neutrophils 
and Mϕ labeled with red-fluorescent dye (Figure 6B) under 
conditions that mimic hypoxia (CoCl2, 132 uM) in vitro. 
Figure 6A and B illustrate representative examples of cell 
fusion events. A significant reduction in the percentage of 
DP (EGFP+RFP+) cells in assays with adherent tumor cells 
and neutrophils and Mϕ was observed in the presence of 
SRI42127 (5 µM) compared to the control-vehicle treatment 
(Figure 6A). Next, we analyzed cell fusion events between 
tumor neurospheres and the established cell lines of neu-
trophils and Mϕ at several treatment conditions: (i) in the 
presence of SRI42127 (5 µM) versus vehicle treatment, and 
(ii) in the presence of LP17 peptide (35 ng/ml) versus scram-
bled control-peptide treatment (35 ng/ml). A significant re-
duction in fusion events between tumor neurospheres and 
neutrophils was observed in the presence of LP17-peptide 
and SRI42127 compared to the vehicle and control-peptide 
treatments, respectively, in the experiments with GL261 and 
PDX-XD456 tumor neurospheres (Figure 6B). Concordantly, 
cell fusion events between Mϕ and GL261 neurospheres 
were reduced significantly after treatments with LP17-
peptide and SRI42127 versus control treatments; how-
ever, the reduction of cell fusion events between Mϕ and 
PDX-XD456 tumor neurospheres was only significant in the 
presence of LP17-peptide versus control-peptide treatment 
(Figure 6B). The significant reduction of cell fusion between 
myeloid-derived cells and tumor neutospheres by SRI42127 
has been observed in the incubator with hypoxic gas mix-
ture as well (Supplementary Figure 5).

We performed the RNA-seq analysis of five patient-
derived PDX neurosphere cell lines of different molec-
ular subtypes after SRI42127 treatment versus control 
and found a significant reduction in the expression of the 
chemo-attractants (such as CXCL2, CXCL3, SPP1) essential 
for the myeloid-derived cell directional migration (Figure 
6C). Also, we confirmed a significant reduction in the ex-
pression of TREM1 ligands (such as HMGB1, ACTB, CIRPB, 
PGLYRP1) and several transcripts involved in the regula-
tion of membrane fluidity and intercellular cell fusion with 
myeloid-derived cells (TNFAIP2, GJA1, MMP9, PTGES2, 
PTG4A, PTGA4B) (Figure 6C). Interestingly, all PDX 
neurospheres exhibited dominantly high expression levels 
of IL17D transcript and a very low level of IL17C transcript 
(about 100 fold less compared to IL17D). IL17D expression 
significantly declined after treatment with SRI42127 in all 
PDX subtypes; however, we detected a slight increase in 

the IL17C expression that might be responsible for the de-
velopment of SRI42127 treatment resistance and the al-
ternative activation of the cell signaling pathways of cell 
fusion in the PDX-XD456 neurospheres.

Proliferation of GL261-EGFP and XD456-EGFP 
neurospheres (based on the EGFP-reporter signal) was ana-
lyzed in the presence of Mϕ and neutrophils for 24 h at sev-
eral treatment conditions: (i) in the presence of SRI42127 
compound (5 µM) versus vehicle treatment, and (ii) in the 
presence of LP17 peptide (35 ng/ml) versus treatment with 
the scrambled control-peptide (35 ng/ml). Tumor-cell prolifer-
ation significantly declined for both cell lines in the presence 
of LP17-peptide and SRI42127 compound versus control-
peptide and vehicle treatments, respectively (Figure 6D). The 
mini-ontology analysis of TREM1-dependent cell signaling 
pathways and transcripts expressed in gliomas of different 
grades based on data from the R2: platform (Supplementary 
Figure 6) confirmed a significant TREM1-influence on cell 
cycle progression in glioblastoma. Hypoxia, inflammatory 
response, the epithelial-mesenchymal transition, comple-
ment, KRAS, mTORC1, and TNFα via NF-kB cell signaling 
pathways are among the hallmarks of TREM1 related path-
ways in gliomas of different grades (Supplementary Figure 
6) with emphasizing molecular functions such as overall 
enhancement of protein dimerization and endopeptidase 
inhibitor activity in low-grade gliomas and the enhance-
ment of cytokine and chemokine production in high-grade 
gliomas (Supplementary Figure 7). Concordantly, we 
confirmed an increase in the TREM1 expression at the 
mimic hypoxic condition in the U87 cell line, differentiated 
neutrophil-like HL-60 cells, and primary PMN with a signif-
icant reduction of the TREM1 protein level after treatment 
with SRI42127 (Fig. 6E and Supplementary Figure 8).

Therefore, our results confirm the reduction of the HuR- 
and TREM1-dependent axis of cell fusion between glioblas-
toma neurospheres and myeloid-derived cells (neutrophils 
and Mϕ) by the inhibitor of HuR dimerization SRI42127.

Discussion

Although glioblastoma heterogeneity has been acknowl-
edged for nearly a decade, treatments preventing the devel-
opment of glioblastoma heterogeneity and drug resistance 
have yet to be developed. There are several reasons for 
this shortage: (i) the mechanisms underlying glioblastoma 
heterogeneity are poorly investigated and diverse; (ii) for 
a long time, the focus of the investigation was placed on 
the glioblastoma cells alone without accounting role of the 
pro-inflammatory glioblastoma microenvironment. This 
manuscript outlines a novel axis directly involved in cell 
fusion events and promulgating glioblastoma progression, 
the TREM1+-HuR-dependent myeloid-derived glioblastoma 
microenvironment. Our work presents novel pharmaco-
logical opportunities for inhibition of the TREM1+-myeloid-
derived glioblastoma microenvironment with a recently 
discovered inhibitor of HuR dimerization SRI42127.

This effort provides a detailed characterization of the 
myeloid-derived TREM1+-glioblastoma microenviron-
ment. In agreement with recent scientific reports, we con-
firmed that TREM1 is highly expressed in glioblastomas 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
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http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac149#supplementary-data
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11Filippova et al. TREM1-positive glioblastoma microenvironment
N

eu
ro-O

n
colog

y 
A

d
van

ces

of all molecular subtypes. TREM1 expression is associ-
ated with tumor-infiltrated myeloid-derived immune cells, 
particularly with PMN, Mϕ, and at a lower degree, with 
microglia.2,8,34–36 Our analysis revealed that TREM1 expres-
sion is a valuable biomarker of glioblastoma progression 
and, according to the mini-ontology analysis, positively 
correlates with immunosuppressive, pro-inflammatory, 
and angiogenic tumor phenotype in a grade-dependent 
manner. We confirmed a supportive role of the TREM1+-
myeloid-derived microenvironment in cell cycle progres-
sion in glioma and an increase in the proliferation rate of 
the glioblastoma stem cells by tumor-infiltrated neutro-
phils through neutrophil extracellular traps (NETs) en-
riched with TREM1.37–39 Clinical data suggest that patients 
with high preoperative neutrophil to lymphocyte ratio 
(NLR) exhibited a poor survival rate compared to patients 
with low NLR.18–20,39 It has recently been shown that neu-
trophils may escort circulating tumor cells to enable cell 
cycle progression and metastasis.40 In glioma preclinical 
models, neutrophils promote tumor invasion, proliferation, 
and resistance to anti-angiogenic therapies.41,42 However, 
it is important to mention that neutrophils might also 
serve an anti-tumorigenic role; the necrosis promoted by 
neutrophil-induced ferroptosis was reported in some glio-
blastoma cases associated with glutathione peroxidase-4 
overexpression.43 The TREM1+-positive subset of Mϕ was 
mostly represented by M2 polarized Mϕ, which promote 
migration and vascular mimicry in glioblastomas in vitro.8 

In agreement with our results, Mϕ might contribute to gli-
oblastoma proliferation in a TREM1-dependent manner 
by secreting colony stimulation factor-1 (CSF1) and stim-
ulating the immune-suppressive microenvironment.6,8,44,45

In this report, we demonstrate a positive correlation be-
tween cell fusion events in glioblastoma and the TREM1+-
myeloid-derived microenvironment. Spatial transcriptomic 
analysis of glioblastoma of different molecular subtypes 
confirmed an accumulation of TREM1 and other myeloid-
cell markers in the peri-necrotic zones enriched with highly 
mutagenic tumor cells. Historically, the population of vi-
able tumor cells selected from the peri-necrotic zones is 
hypoxia resistant, treatment-resistant, most invasive, and 
is enriched with de novo genotypes.46,47 The population of 
tumor cells lacking the ability for a stress-response and 
therefore incapable of intercellular cell fusion, tunneling 
nanotube (TNT) formation, and intercellular gene-transfer 
undergo cell death with the release of DAMP molecules. 
These, in combination with CXCL2, CXCL3, SPP1 cyto-
kines, serve the role of chemo-attractants for generation 
of the myeloid-derived microenvironment in the peri-
necrotic zones. According to several manuscripts, TREM1-
ligand-dependent multimerization and activation are 
essential for directional migration of circulating myeloid-
derived cells, production of the pro-inflammatory cyto-
kines and fusogenic proteins.2,9,24,48 We found a significant 
reduction in the expression of HMGB1, ACTB, CIRPB, and 
PGLYRP1 transcripts, encoding the major TREM1 ligands, 
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Figure 4.  Glioblastoma/host cell fusion events are significantly reduced by SRI42127 in the immunocompetent GL261 glioblastoma model. (A) 
Representative plots (top) of DP (EGFP+RFP+) glioblastoma/host cell hybrids selected by flow cytometry technique from brain tissue of GL261 mouse 
glioblastoma model treated with SRI42127 (T-SRI42127) versus control-vehicle treatment (T-Vh). Bottom plots illustrate corresponding EGFP+RFP+/− 
cell selection. GL261-EGFP cells (0.8 × 106) were injected in ten mice with wide-spread expression of RFP; mice were randomly divided into two 
equal groups and treated for 18 days starting from day four with SRI42127 (15 mg/kg, twice per day) or control vehicle. (B) The graph represents 
(EGFP+RFP+)/(EGFP+RFP−) cell ratio in the mouse group treated with SRI42127 versus the control group. Results are shown as mean ± SD; the differ-
ence is statistically significant (P < .05, Student t-test).
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after glioblastoma-neurosphere treatment with SRI42127. 
Moreover, the transcriptional levels of CXCL2, CXCL3, 
SPP1 cytokines were also significantly reduced, in agree-
ment with previous observations.27 A map of tumor-host 
interactions in glioma at the single-cell resolution anal-
ysis predicted several ligand-receptor cross-talks between 
myeloid-derived and glioblastoma cells49; our results sug-
gest that the TREM1- and HuR-dependent cell-signaling 
pathways are the main orchestrators of these events.

The myeloid-cell heterogeneity in the tumor microenvi-
ronment, particularly of Mϕ and PMN cells, is defined as 
“not a single cell alike” and may reach up to 17 subsets 
in a single tumor.50 Myeloid-cells efficiently change their 
transcriptome and phenotype in response to the sur-
rounding microenvironment to meet tissue demand and 
orchestrate suitable functional feedback. The diversity of 
myeloid-derived cells in glioblastomas is determined, on 
the one hand, by hypoxic, necrotic, nutrient-deprived, pro-
inflammatory complex tissue milieu.41,44–47 On the other 

hand, the pro-inflammatory microenvironment has a sig-
nificant influence on systemic immune response and brain 
myeloid-derived cell composition.16 Local and systemic 
TREM1-dependent myeloid-derived responses were re-
ported in the form of TREM1+-positive monocytes, Mϕ, 
and neutrophils to brain-related injuries. The TREM1+-
myeloid-derived cell fusogenicity with glioblastoma cells 
and pro-inflammatory ability might have a profound im-
pact on transformed cell plasticity, proliferation, immune 
evasion, metastasis, and development of drug resistance. 
Therapeutic approaches to dissect and selectively, in a 
subset-specific manner, deplete or reprogram the myeloid-
derived microenvironment in cancers are currently in great 
demand. Our work provides a new approach for the elim-
ination of the TREM1+-myeloid-derived microenvironment 
in glioblastomas by using an inhibitor of HuR dimerization 
SRI42127, which suppressed TREM1 expression, activation, 
and TREM1-dependent directional myeloid-cell migration 
and fusion with glioblastoma cells.
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Figure 5.  Chemotaxis of myeloid-derived cells towards glioblastoma cells was attenuated by HuR and TREM1 inhibitors at the mimic hypoxic con-
dition in vitro. (A) Representative images of migration of neutrophils and Mϕ labeled with red-fluorescence dye towards glioblastoma GL261-EGFP 
cells in the trans-well migration assay. Scale bars are 400 um in all images. (B, C) The graphs represent the areas (in percentages) covered by mi-
grated neutrophils and Mϕ on the middle filter and at the bottom level in the trans-well migration assays towards glioblastoma GL261 and U87 cells 
plated at the bottom level 24 h prior to neutrophil and Mϕ placement in the middle chamber. Control experiments were performed without tumor 
cells on the bottom level. Results are shown as mean ± SD. (D, E) Graphs represent normalized migration of neutrophils and Mϕ towards glioblas-
toma cells in trans-well migration assay at different treatment modalities. The normalized values of neutrophil migration (detected on the bottom 
level) were 0.38 ± 0.13, n = 7 and 0.37 ± 0.06, n = 4 in the presence of LP17 (35 ng/ml) peptide towards GL261 and U87 cells, respectively, versus 
control-peptide treatments; and 0.13 ± 0.07, n = 7 and 0.17 ± 0.05, n = 7 in the presence of SRI42127 compound (5 µM) towards GL261 and U87 cells, 
respectively, versus control-vehicle treatments. The differences were significant for all conditions (P < .05, Student t-test). The normalized values of 
Mϕ migration (detected in the middle filter) were 0.71 ± 0.09, n = 7 and 0.75 ± 0.12, n = 4 in the presence of LP17 (35 ng/ml) peptide towards GL261 and 
U87 cells, respectively, versus control-peptide treatments; and 0.70 ± 0.11, n = 7 and 0.75 ± 0.11, n = 5 in the presence of SRI42127 (5 µM) towards 
GL261 and U87 cells, respectively, versus control-vehicle treatments. The differences were significant for all conditions (P < .05, Student t-test). The 
images on the right side of the graphs illustrate representative examples of myeloid-derived cell migration under different treatment conditions; 
scale bars are 400 µm; inserts framed with yellow represent images at high magnification.
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dye and adherent glioblastoma GL261-EGFP cells at control (vehicle treatment) and SRI42127 (5 µM) treatment conditions. Scale bars are 400 µm. 
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myeloid-derived cells and tumor neurospheres at different treatment conditions: SRI42127 treatment versus control (vehicle treatment) and LP17 
treatment versus control scrambled peptide treatment. The ratios were the following: 0.49 ± 0.04, n = 6 (Vh-tr), 0.32 ± 0.03, n = 6 (SRI42127-tr) and 
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Results are shown as mean ± SD; the statistically significant differences are marked with asterisks (P < .05, Student t-test). (C) The graphs repre-
sent normalized transcript expression in five PDX neurosphere cell lines after treatment with SRI42127 compound versus control vehicle treatment. 
Results were obtained by using RNA-seq analysis and are shown as mean ± SD; the statistically significant differences are marked with asterisks 
(P < .05, Student t-test). (D) The graphs represent normalized tumor neurosphere proliferation in the presence of myeloid-derived cells at different 
treatment conditions: SRI42127 treatment versus control (vehicle treatment) and LP17 treatment versus control scrambled peptide treatment. The 
tumor-cell proliferation was determined by EGFP tumor-cell reporter signal. Results are shown as mean ± SD; the statistically significant differences 
are marked with asterisks (P < .05, Student t-test). The proliferation was significantly declined in the range of 14–18% and 14–48% in the presence of 
LP17 and SRI42127 treatments, respectively. (E) Representative western blot illustrates TREM1 expression in the U87 cell line at different treatment 
conditions. GAPDH is shown for equal protein loading.
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Figure 6.  Cell fusion events between glioblastoma and myeloid-derived cells were significantly attenuated by HuR and TREM1 inhibitors at the 
mimic hypoxic condition in vitro. (A) Representative images of cell fusion events between myeloid-derived cells labeled with red-fluorescence 
dye and adherent glioblastoma GL261-EGFP cells at control (vehicle treatment) and SRI42127 (5 µM) treatment conditions. Scale bars are 400 µm. 
(B) Schematic illustration of cell fusion experiment between myeloid-derived cells labeled with red-fluorescence dye and tumor neurospheres 
expressing EGFP (top panel); representative images of cell fusion events between myeloid-derived cells labeled with red-fluorescence dye and 
PDX (XD456-EGFP) tumor neurospheres at 3D and single-cell levels (bottom panel). Scale bars are 400 µm. Yellow framed inserts represent images 
of neurospheres at high magnification. The graphs represent ratios of DP (EGFP+RFP+) to (EGFP+ + EGFP+RFP+) cells in cell fusion assays between 
myeloid-derived cells and tumor neurospheres at different treatment conditions: SRI42127 treatment versus control (vehicle treatment) and LP17 
treatment versus control scrambled peptide treatment. The ratios were the following: 0.49 ± 0.04, n = 6 (Vh-tr), 0.32 ± 0.03, n = 6 (SRI42127-tr) and 
0.13 ± 0.03, n = 4 (Vh-tr), 0.09 ± 0.03, n = 4 (SRI42127-tr) in experiments with XD456 neurospheres and neutrophils or Mϕ, respectively; 0.52 ± 0.03, 
n = 4 (Vh-tr), 0.25 ± 0.03, n = 4 (SRI42127-tr) and 0.16 ± 0.02 n = 4 (Vh-tr), 0.10 ± 0.03, n = 4 (SRI42127-tr) in experiments with GL261 neurospheres 
and neutrophils or Mϕ, respectively; 0.45 ± 0.04, n = 6 (control-peptide), 0.23 ± 0.09, n = 6 (LP17) and 0.18 ± 0.03, n = 6 (control-peptide), 0.11 ± 0.03, 
n = 6 (LP17) in experiments with XD456 neurospheres and neutrophils or Mϕ, respectively; 0.49 ± 0.04, n = 5 (control-peptide), 0.29 ± 0.07, n = 5 
(LP17) and 0.11 ± 0.03, n = 5 (control-peptide), 0.06 ± 0.02, n = 5 (LP17) in experiments with GL261 neurospheres and neutrophils or Mϕ, respectively; 
Results are shown as mean ± SD; the statistically significant differences are marked with asterisks (P < .05, Student t-test). (C) The graphs repre-
sent normalized transcript expression in five PDX neurosphere cell lines after treatment with SRI42127 compound versus control vehicle treatment. 
Results were obtained by using RNA-seq analysis and are shown as mean ± SD; the statistically significant differences are marked with asterisks 
(P < .05, Student t-test). (D) The graphs represent normalized tumor neurosphere proliferation in the presence of myeloid-derived cells at different 
treatment conditions: SRI42127 treatment versus control (vehicle treatment) and LP17 treatment versus control scrambled peptide treatment. The 
tumor-cell proliferation was determined by EGFP tumor-cell reporter signal. Results are shown as mean ± SD; the statistically significant differences 
are marked with asterisks (P < .05, Student t-test). The proliferation was significantly declined in the range of 14–18% and 14–48% in the presence of 
LP17 and SRI42127 treatments, respectively. (E) Representative western blot illustrates TREM1 expression in the U87 cell line at different treatment 
conditions. GAPDH is shown for equal protein loading.
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