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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GB) is the most common and aggressive form of primary brain tumor, in which the presence of an
TLR4 inflammatory environment, composed mainly by tumor-associated macrophages (TAMs), is related to its pro-
Glioblastoma

gression and development of chemoresistance. Toll-Like Receptors (TLRs) are key components of the innate
immune system and their expression in both tumor and immune-associated cells may impact the cell commu-
nication in the tumor microenvironment (TME), further modeling cancer growth and response to therapy. Here,
we investigated the participation of TLR4-mediated signaling as a mechanism of induced-immune escape in GB.
Initially, bioinformatics analysis of public datasets revealed that TLR4 expression is lower in GB tumors when
compared to astrocytomas (AST), and in a subset of TAMs. Further, we confirmed that TLR4 expression is
downregulated in chemoresistant GB, as well as in macrophages co-cultured with GB cells. Additionally, TLR4
function is impaired in those cells even following stimulation with LPS, an agonist of TLR4. Finally, experiments
performed in a cohort of clinical primary and metastatic brain tumors indicated that the immunostaining of TLR4
and CD45 are inversely proportional, and confirmed the low TLR4 expression in GBs. Interestingly, the cyto-
plasmic/nuclear pattern of TLR4 staining in cancer tissues suggests additional roles of this receptor in carci-
nogenesis. Overall, our data suggest the downregulation of TLR4 expression and activity as a strategy for GB-
associated immune escape. Additional studies are necessary to better understand TLR4 signaling in TME in
order to improve the benefits of immunotherapy based on TLR signaling.

Chemoresistance
Macrophages
Immune evasion

1. Introduction development of chemoresistance and by the presence of an inflamma-
tory microenvironment, which is fundamental for GB progression [3-7].

Glioblastoma (GB) is the most common and aggressive form of pri- Although the mechanisms correlating innate immunity, inflamma-
mary brain tumor [1,2]. Despite intense efforts, patient prognosis re- tion, and cancer are unclear, studies have shown that Toll-Like Re-
mains dismal (12-18 months). The success of therapy is limited by the ceptors (TLRs) are expressed by both tumor and immune cells, thereby
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impacting the cell communication in the tumor microenvironment
(TME) [8]. TLRs are components of the innate immune response that
recognize and respond to both pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs), which
consist of exogenous and endogenous ligands, respectively [9,10].
DAMPs could be chronically released as a result of chemo/radiotherapy
triggering an aseptic inflammatory response, which may further impact
cancer progression [8,11].

The expression of TLRs has been reported in a variety of tumors,
including hepatocellular carcinoma, colorectal, prostate, and bladder
cancer [12], and is frequently associated with disease prognosis [10].
However, the precise result of TLR signaling in cancer remains a chal-
lenge [13]. For example, the anti-tumorigenic role of TLRs is associated
to their stimulation by PAMPs/DAMPs on immature antigen-presenting
cells (APCs), resulting in a specific cancer cytotoxic response [14-16].
Based on this principle, many clinical trials using TLRs agonists were
performed, exhibiting varied efficiency that remains to be defined
[17,18]. On the other hand, TLRs sensitization may mediate a chronic
inflammatory response, which is a hallmark of cancer. Indeed, TLR4
overexpression is generally associated with IL-6 and IL1f production,
which favor tumor maintenance [10,19,20]. In GB, the low TLR4
expression in self-renewing cancer stem cells (CSC) is related to stem-
ness maintenance, allowing those cells to survive by disregarding im-
mune signaling [21]. As different populations of cells express TLRs,
which are differentially stimulated by PAMPs/DAMPs, the dual role of
TLR signaling in TME may be expected and need to be better understood.

Therefore, considering that an inflammatory microenvironment rich
in tumor-associated macrophages (TAMs) has a key role on GB pro-
gression, and the dual activity of TLR signaling in cancer progression,
here we investigated the participation of TLR signaling in the scenario of
GB chemoresistance. In silico analysis and TLR4 expression were inves-
tigated in human tumor specimens and in TAM. The expression and
functionality of TLR4 was assessed in TMZ-sensitive and TMZ-resistant
GB cells, and in macrophages co-cultured with GB cells. This study
may provide insights about the participation of TLR4 signaling in the
immune-tumor cell interaction, enabling the development of an efficient
immunotherapy against GB.

2. Material and methods
2.1. Materials

Chemicals applied in the present study were described in Supple-
mentary Table 1. All other chemicals and solvents were obtained from
standard commercial suppliers with analytical grade and were used as
received.

2.2. Bioinformatics analysis

2.2.1. Datasets

Gene expression profiling across glioma histological subtypes and
non-tumor specimens were evaluated in GSE68848 (Rembrandt cohort;
n = 580 samples), GSE16011 (n = 284 samples) and GSE4290 (Henry
Ford Hospital cohort; n = 180 samples) datasets. Microarray data were
generated from Affymetrix U133 Plus 2.0 microarray platform, and
downloaded from the Gene Expression Omnibus. The datasets were
imported into R analysis environment by using the GEOquery package.
Expression data was annotated and normalized. Genes were annotated
with the hgul33plus2.db package, and expression data was quantile
normalized using the affyPLM package. Only samples annotated as
“astrocytoma” (AST) and “oligodendroglioma” (ODG), “glioblastoma”
(GB), and “non-tumor/normal” (NT) were analyzed. In case of multiple
probes to the same gene, the summarization was carried out by calcu-
lating the gene mean value. Differential expression of TLR4 and CD14 in
microarrays was evaluated by empirical Bayes statistics available in the
limma package, and an adjusted p-value <0.05 was considered
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statistically significant. For the single-cell analysis, the GSE84465
dataset [22] comprising n = 3589 single-cell RNA-sequencing from
tumor core and peritumoral regions of 4 GBM specimens/patients was
evaluated. Single cell comprised RNA sequencing and phenotyping of
myeloid (CD45™), astrocytes (HepaCAM™), neoplastic/GBM, vascular
endothelial (BSL-1), oligodendrocyte progenitor cells, neurons (CD90™M)
and oligodendrocytes (anti-O4 hybridoma®). Gene counts, cell type
phenotyping and 2D-tSNE (t-distributed stochastic neighbor embed-
ding) representation of included cells were downloaded from http://gb
mseq.org/. Gene expression data were log2 transformed, and genes with
zero counts per million (CPM) in all cells were excluded. We further
separated the CD45" cell subset into macrophages and microglia by
using the following markers: microglia (ADORA3, GPR34, OLFML3,
P2RY12, SALL1, SLC2A5, TMEM119); macrophage (ANXA1, CRIPI,
EMILIN2, S100A8, S100A9) [22,23]. Only CD45" sorted cells with
detectable RNA sequencing counts (log2 CPM > 0) for the CD45/PTPRC
gene were used. CD45" cells were clustered with the pheatmap package
using Euclidean distances and Ward.D2 clustering methods.

2.2.2. Gene set signature expression

In order to estimate the enrichment scores for M1, M2 and TAM
macrophages, gene sets representative of M1-like (CCL2, CCL3, CCL5,
CCR7, CD38, CD40, CD80, CD86, CXCL10, CXCL11, CXCL16, CXCL9,
FCGRI1A, FCGR2A, HLA-DRA, IDO1, IFNG, IL12A, IL12B, IL15, IL18,
IL1A,IL1B,IL1R1,IL23A, IL6, IRF5, KYNU, NOS2, SIGLEC1, STAT1, TNF,
TLR2 and TLR4), M2-like (CCL16, CCL17, CCL18, CCL22, CCL24, CD163,
CD200R1, MRC1, MSR1, FCER2, EGF, FGF2, IL10, ILIRN, LTA, CLEC7A,
CLEC10A, TGFB1, TGM2, VEGFA, MARCO, CD209, IRF4, SOCS1,
GATA3, STAB1, MMP1, MMP12, TGFBR2) and Tumor-Associated Mac-
rophages (TAM) (ADGRE2, ANGPT1, ANGPT2, C1QA, CI1QB, CI1QC,
CCL17,CCL18, CCL2, CCL22, CCL3, CCR2, CD163, CD68, CD74, CHI3L1,
CLEC10A, CLEC7A, CSF1, CSFI1R, CTGF, CX3CR1, CXCR4, EGF, EGFR,
FCER2, FCGR2A, FCGR3A, FGF2, FLT1, HGF, HLA-DRA, IL10, KDR,
MARCO, MMP2, MMP9, MRC1, MSR1, PDGFA, PECAM1, PTGS2, STAT3,
TGFBR2, TNF, VEGFA, VEGFC) were evaluated from glioma gene
expression datasets. These genes were curated from prior studies on GB
and on macrophage polarization [24-31]; note that some M1 and M2
genes appear in the TAM gene set, given that TAM can express both M1
and M2 markers, depending on tumor stage and microenvironment/
region. For estimating signature expression scores, normalized expres-
sion values of each gene “i” for sample “j” were transformed to Z-score
values (Zij) with mean p = 0 over all samples/row. M1/M2/TAM
signature score per sample was calculated by summing the Z-scores of
each in-signature gene with a sample, and then normalized into a
combined Z-score across all samples [32]. Signature scores per sample
were then pooled into their respective phenotypes (i.e. GB, AST, ODG
and NT) and plotted. Thus, for a signature to be up/downregulated, a
significant number of genes are required to change expression in the
same direction.

2.3. General cell culture procedures

2.3.1. Glioma cell line cultures and chemoresistance induction protocol
Mouse GL261 (isogenic to C57/BL-6 mice) and human U87MG gli-
oma cell lines were obtained from ATCC (American Type Cell Collection;
Rockville, Maryland, USA). Cells were grown in culture flasks and
maintained in Dulbecco's modified Eagle's medium (DMEM) (pH 7.4)
containing 8.4 mM HEPES, 23.8 mM sodium bicarbonate (NaHCOs3),
0.1% fungizone, 100 U/L penicillin/streptomycin 0.5 U/mL, and sup-
plemented with 10% (v/v) FBS. Cells were incubated at a temperature of
37 °C, a minimum relative humidity of 95%, and a 5% CO atmosphere.
Chemoresistance phenotype was induced in GL261 and U87MG by
exposing glioma cells to increasing TMZ concentrations (2.5-2500 pM
and 2.5-320 pM for GL261 and U87MG, respectively) for a period of 4 to
6 months [33,34]. For maintenance of chemoresistance phenotype,
GLTMZ and U87TMZ cells were cultivated in DMEM/10% FBS as
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described above in the presence of TMZ (160 pM).

2.3.2. Primary mouse and human macrophage cultures and co-cultures
with glioblastoma cells

Peritoneal macrophages from mouse male C57BL/6 (6-8 weeks)
were collected by lavage of peritoneal cavity with DMEM/FBS-free
medium as previously described [34]. Briefly, cells were centrifuged
and suspended in DMEM/FBS-free medium, and the obtained cells were
seeded in 6 multi-well plates (1 x 10° cells/well). Macrophages were
allowed to attach for 30 min. Then, the medium containing unattached
cells was removed and the mouse macrophages were directly co-
cultured with GL or GLTMZ (6 x 10* cells/well).

Primary human macrophages were obtained from differentiation of
circulating monocytes as previously described [35,36] with minor
modifications. Briefly, monocytes were isolated from total blood of
umbilical cord using Histopaque®-1077 density gradient; cells were
seeded in 6 multi-well plates (7 x 106 cells/well) and differentiated into
macrophages by stimulation with GM-CSF (50 ng/mL) for 7 days. Sub-
sequently, mature human macrophages were directly co-cultured with
U87 or US7TMZ (6 x 10° cells/well). The analyses were performed 18 h
following glioma-macrophage co-cultures. GL, GLTMZ, U87 or U87TMZ
glioma cells or mouse/human macrophages cultured in DMEM/10% FBS
under the same conditions were considered controls. All procedures
used in the present study followed the Principles of Care from NIH and
were approved by the Ethical Committee of UFCSPA (protocol number
157/14) or by the Ethical Committee of Hospital de Clinicas de Porto
Alegre (protocol number 2.476.898) for experiments performed in mice
or with human blood, respectively.

2.4. Cell proliferation and viability assays

2.4.1. Cell counting assay

For cell proliferation analysis, GL and GLTMZ were seeded in 24 well
plates (1 x 10* cells/well) in DMEM/10% FBS and cells were allowed to
grow for 48 h. Subsequently, the culture medium was replaced by fresh
DMEM/0.5% FBS, and after 24 h glioma cells were treated with LPS
(100 ng/mL) or HMGB1 (1 pg/mL) in DMEM/0.5% FBS. In experiments
using TLR4 antagonist, Sparstolonin B (SsnB; 10 or 100 pM) was added
to the culture 30 min before LPS [37]. Cell number was assessed 18 h
later by cell counting using a hemocytometer. Glioma cells exposed to
DMEM/0.5% FBS or to DMEM/10% FBS were considered negative and
positive controls of cell proliferation, respectively. Data were expressed
as cell number per well.

2.4.2. MTT assay

GL and GLTMZ glioma cells were seeded in 96 well plates (10 x 10°
cells/well) in DMEM/10% FBS and cell viability was determined after
48 or 72 h of culture by soluble MTT reduction assay [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to formazan crystals
as previously described [38]. The absorbance was determined at 492 nm
on a microplate reader (SpectraMax® M3- Molecular Devices). Data
were expressed as absorbance.

2.4.3. BrdU assay

GL or GLTMZ cell lines were seeded in 6 well plates (6 x 10* cells/
well) in DMEM/10% FBS. For DNA synthesis analysis, the culture me-
dium (DMEM/10% FBS) was replaced by fresh DMEM/0.5% FBS. After
22 h of starvation, cells were exposed to 10 pM bromodeoxyuridine
(BrdU) for 2 h incubation in DMEM/10% FBS. Cells were then incubated
with anti-BrdU-PE antibody (1:50 dilution; BD Biosciences) and the
percentage of BrdU-incorporating cells was determined by flow cytom-
etry (FACSCanto II Flow Cytometer; BD Biosciences).

2.5. Cell migration assay

GL and GLTMZ glioma cells were seeded in 12 well plates (5 x 10*
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cells/well). The wound healing assay was carried out as described pre-
viously [39]. Briefly, a pipette-200 tip was used to create a lesion in the
cell monolayer to generate the “wound”. GL and GLTMZ cell cultures
were washed with PBS to remove debris and cells were treated with LPS
(1, 10 and 100 ng/mL) or HMGB1 (1 pg/mL) in DMEM/0.5% FBS.
Closure of the wound was monitored in an inverted microscope (40x) at
time intervals of 0, 6, 12 and 24 h after scratching the monolayer. Cells
exposed to DMEM/0.5% FBS and DMEM/10% FBS were considered
negative and positive controls of migration. Quantitative analysis of the
cell-free slit was performed using ImageJ software (National Institutes of
Health, USA) and the cell migration was expressed in percentage.

2.6. Quantitative real-time PCR analysis

Total RNA was isolated from the cells using Trizol (Invitrogen) ac-
cording to the manufacturer's instructions and quantified by spectro-
photometry at 260 nm. One microgram of RNA was reverse-transcribed
to cDNA using Superscript III reverse transcriptase kit (Invitrogen)
following the manufacturer's instructions. qPCR was carried out in the
Applied-Biosystems Step One Plus cycler using Fast SYBR Green Master
Mix (Applied Biosystems) following the manufacturer's instructions.
Sequences of TLR and constitutive gene primers are listed in Supple-
mentary Table 2. As a control for genomic DNA contaminations of the
RNA preparation, PCR reactions were also performed in the absence of
reverse-transcription, and no signal was detected in these samples. All
results were analyzed in relation to a standard curve generated with
sequential dilutions (10x to 100x) of a pooled cDNA sample. TBP [40]
and Ppia (Table 3S) expression were used as internal control genes for
human and mouse expression calculations, as determined by Norm-
Finder® software [41].

2.7. Determination of CD11b expression, active TLR4/MD2 complex and
cytokine production by flow cytometry

Primary mouse peritoneal macrophages co-cultured with GL or
GLTMZ were obtained as described above (Section 2.2.2). Cultures in
either absence or presence of LPS stimulation (100 ng/mL for 24 h) were
washed with PBS and carefully detached with cold EDTA solution (2.5
uM) using a cell scraper. The cell viability of detached cells was deter-
mined by cell counting using trypan-blue staining. Samples were then
incubated with TLR4/MD2 (1:25; BD Biosciences) and CD11b mono-
clonal Antibody (M1/70), eFluor 660 (1:160; eBioscience). Primary
mouse macrophages, GL and GLTMZ cultured alone, in presence or
absence of LPS were considered controls. Results were expressed as the
percentage of positive cells. Cytokines (IL-6, IL-10, MCP-1, IFNy, TNF
and IL12p-70) were determined in the supernatant of cell cultures using
Cytometric Bead Array (CBA). All analyses were performed by flow
cytometry (FACSCanto II Flow Cytometer; BD Biosciences) following the
manufacturer's instructions.

2.8. Immunofluorescence analysis

Primary human macrophages co-cultured with U87 or U87TMZ were
obtained as described above (Section 2.3.2). Cell cultures were fixed in
10% phosphate-buffered formalin/acetone and sections were incubated
for 90 min at RT with the primary mouse monoclonal anti-TLR4 anti-
body (1:50; SC). They were then incubated with FITC-conjugated anti-
mouse antibody (1:1000) for 60 min at RT. Sections were counterstained
with DAPI blue (1:10,000). Images were captured using a digital camera
connected to a microscope (Olympus, Japan).

2.9. Immunohistochemistry analysis
Human specimens resected from patients with primary (N = 8) or

metastatic (N = 2) brain tumors who underwent operations at Santa
Casa de Misericdrdia de Porto Alegre (ISCMPA) in 2019. This study was
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approved by the institutional review board of UFCSPA, ISCMPA and
Commission of Ethic in Research (CEP; protocol number
78664117.0.0000.5345). Informed written consent was obtained from
all patients. Two pathologists provided the histological diagnoses ac-
cording to the revised World Health Organization classification. For
immunohistochemistry analysis, paraffin-embedded specimens were cut
into 4 pm sections. After deparaffinization with xylol and rehydration,
antigen retrieval was performed. Endogenous peroxidase activity was
blocked with 3% H0; in methanol. Primary antibodies against TLR4
(1:100; SC), and CD45 (1:100; DAKO) were used. The immunohisto-
chemical results were evaluated by a pathologist in a blinded manner.
Samples were imaged under a DM6B light microscope (Leica Optical).

2.10. Statistical analysis

Data were expressed as mean + S.D. of at least 3 independent ex-
periments and were subjected to one-way analysis of variance (ANOVA)
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followed by either Tukey-Kramer post-hoc test (for multiple compari-
sons), Bonferroni test, or Student's t-test as appropriate. Differences
between mean values were considered significant when P < 0.05. For
bioinformatics experiments, statistical analysis was performed by
Kruskal-Wallis followed by Dunn's post hoc tests at a p < 0.05 threshold.

3. Results
3.1. TLR4 expression is downregulated in TAM and human GB

The GB microenvironment consists of neoplastic and non-neoplastic
cells, with TAMs comprising the majority of infiltrated GB-immune cells
[6,7]. Indeed, TAMs constitute up to 40% of tumor bulk, and the
important role of TLR4 in the macrophages/microglial immune/in-
flammatory activities is well established [9,10]. Therefore, we investi-
gated the TLR4 expression in brain tumor cells and in TAMs by in silico
analysis. We first observed that GB and non-tumor specimens showed
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Fig. 1. Analysis of TLR4 expression in brain tumors and in TAM. (A) TLR4 and CD14 expression and (B) M1-, M2- and TAM-like signature expression scores across
gliomas histological subtypes (Glioblastoma/GBM, astrocytoma/AST and oligodendroglioma/ODG; TAM - tumor-associated macrophages) from microarray datasets.
(C) 2D-tSNE representation of the single cells included in the study (graph generated in http://gbmseq.org/), and heatmap representation of macrophages and
microglia clustering of CD45+ cells from GSE84465 dataset [22]. (D) TLR4 mRNA expression across different cell types isolated from GB tumor core (immune/
macrophage/microglia, GBM/neoplastic and oligodendrocyte) and tumor periphery (astrocytes and neurons), and histogram representation of TLR4 expression
distribution in tumor core neoplastic/GBM cells and macrophages as evaluated by single-cell RNA-sequencing (scRNA-Seq) (GSE84465). (E) Left panel: Dot plot
representation of the most expressed M1 and M2 classical markers in TLR4" and TLR4~ macrophages isolated from the GBM tumor core as evaluated by scRNA-Seq
(GSE84465). Right panel: Control analysis showing upregulationof M1, M2 and TAM signature expression in GB tumor core macrophages versus astrocytes and
neoplastic cell populations from scRNA-Seq. *different from NT, “different from ODG, *different from AST or at indicated comparisons (Kruskal-Wallis post hoc

Dunn's; p < 0.05; In “A” Empirical Bayes Statistics was also employed).
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lower expression of TLR4 when compared to AST tumors in the three
datasets evaluated (Fig. 1A). Darmanis et al. reported that CD45" cells
within GB tumors consist of ~69% macrophages and only ~31%
microglial cells [22]. Conversely, expression of macrophage (and
microglia) surface marker CD14 is higher in GB and AST tumors in
comparison with both the less aggressive tumor ODG and NT samples
[42,43]. These patterns were consistent across two out of the three
datasets evaluated (Fig. 1A). We next evaluated the expression of M1-,
M2- and TAM-like signatures in glioma samples. Interestingly, M1, M2
and TAM gene signatures are enriched in GB; in AST, M1 and TAM
signatures are enriched; whereas no enrichment of signatures was
detected for ODG tumors in comparison with NT brain tissues (Fig. 1B).
To further assess these differences, we took advantage of single-cell RNA
sequencing data generated by Darmanis [22] and evaluated TLR4 mRNA
expression among cell types isolated from GB tumors (Fig. 1C), as well as
in myeloid/CD45" cells separated into macrophage and microglia
phenotypes based on gene expression signatures (Fig. 1C, heatmap). We
found that TLR4 expression is higher in tumor-associated immune cells
(macrophages and microglia) compared to neoplastic/GB cells (Fig. 1D),
whereas oligodendrocytes, OPC and neurons showed very low/unde-
tectable TLR4 mRNA. Interestingly, non-neoplastic astrocytes isolated
from tumor periphery showed the highest levels of TLR4 mRNA
(Fig. 1D), which correlates with the increased expression of TLR4 in
astrocytomas versus more undifferentiated gliomas such as GB (Fig. 1A).
Of note, the majority (90%) of GB cells are TLR4-negative, and only 42%
of TAMs are TLR4-positive (log2 CPM > 1), indicating that TLR4 is
suppressed in a subpopulation of GB-associated macrophages (58%)
(Fig. 1D, histograms). Because TLR4 is typically associated with M1-like
phenotypes, we grouped tumor macrophages into TLR4-negative (log2
CPM < 1) and TLR4-positive (log2 CPM > 1) and found that both M1
and M2 markers are expressed in GB-associated macrophages (in
accordance with previous data) [25]. Indeed, these gene markers
showed similar patterns of expression between TLR4-negative and
TLR4-positive macrophage subsets (Fig. 1E). As a control, analysis of
gene signature scores confirmed that M1-, M2- and TAM-like gene sets
are enriched in GB-associated macrophages when compared to other
glial cell types such as astrocytes and tumor core neoplastic glial cells
sequenced in single cell experiments (Fig. 1E, right graph).

(2]

Cell Count (x10%)

o

BrdU" cells (%)
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3.2. Sensitive and chemoresistant glioma cells exhibit differential TLR4
expression and functionality

We next determined whether the chemoresistance phenotype im-
pacts the expression of TLRs in glioma cells. To address this need, GL261
glioma cell resistance to TMZ was induced by exposing cell cultures to
increasing concentrations of this drug [34]. We first compared cell
biology characteristics of sensitive (GL) and chemoresistant (GLTMZ)
gliomas in culture. GL cells exhibited the expected star-shape
morphology, while GLTMZ became fusiform and elongated after the
acquisition of chemoresistance (Fig. 2A-B). Interestingly, cell prolifera-
tion and viability were decreased by ~40%, 50% and 40% in GLTMZ
when compared to GL cells as assessed by cell counting, BrdU and MTT
assays, respectively (Fig. 2C-E). GL and GLTMZ exhibited a differential
migration profile, and GL cells showed a slight migratory advantage
when compared to GLTMZ following 6 and 12 h of analysis (Fig. 2F). Of
note, although the GLTMZ cells exhibit lower in vitro proliferation rates,
their implantation in an in vivo preclinical GB model generated larger
tumors when compared to GL cells, as reported in a previous study [34].

We further investigated the TLR mRNA expression (TLR1-TLRY,
TLR11-TLR13) in GL and GLTMZ cells by qPCR. Previous experiments to
define the best internal control gene for absolute expression quantifi-
cations (Ppia) (Table 3S) and the primer amplification efficiency
(Fig. 1S) were performed. Of note, TLR2, TLR4, TLR8 and TLR9 were
expressed by GL and GLTMZ glioma cells, and no amplification signal
was detected for the other TLRs described in mouse. As shown in Fig. 3
(panel A), the chemoresistance development resulted in a differential
TLR expression in glioma cells, with the expression of TLR4 and TLR9
significantly downregulated (~60% and 70%, respectively) in GLTMZ
when compared to GL cells. As TLR4 downregulation was observed in
human GB (Fig. 1) and also described as fundamental to maintenance of
GB stemness [21], the TLR4 functionality was then determined in glioma
cells. We found out that TLR4 exhibits distinct pharmacological prop-
erties in GL and GLTMZ cells. The stimulation of GL cells with LPS (10
ng/mlL) for 24 h induced a 60% TLR4-MD2 complex activation when
compared to unstimulated cells; nonetheless, no change was observed in
GLTMZ at the same experimental condition (Fig. 3B). GL and GLTMZ
also exhibited a distinct migration profile in response to TLR4 agonism
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Fig. 2. Biological characteristics of sensitive and chemoresistant glioblastoma cells. The morphological differences between GL and GLTMZ are shown in (A) and (B),
respectively (arrows; phase-contrast micrographs at 20x magnification). Cell proliferation analysis in GL and GLTMZ glioma cells was determined by cell counting
(C), BrdU incorporation (D), MTT assay (E). GL and GLTMZ cell migration was determined by scratch-wound assay (F). Data represent the average + standard
deviation of at least two experiments performed in triplicate, analyzed by Student's t-test (graphs C, D and F) or ANOVA followed by Tukey's post-hoc (graph E). **
and ***Significantly different from control (GL cells; P < 0.01 and P < 0.001, respectively).

GL: GL261 glioblastoma cell sensitive to TMZ; GLTMZ: GL261 glioblastoma cell resistant to TMZ.
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Fig. 3. Determination of TLR mRNA expression and TLR4 functionality in sensitive and chemoresistant glioblastoma cells. (A) Total mRNA of GL and GLTMZ was
isolated and the mouse TLRs expression was determined by qPCR using specific primers. Data were analyzed by Student's t-test; *significantly different from GL cells
(P < 0.05). (B) TLR4-MD2 complex activation was determined by flow cytometry in GL and GLTMZ cells following stimulation with LPS (100 ng/mL) for 18 h. Data
were analyzed by Student's t-test. *Significantly different from control (unstimulated GL cells; P < 0.05). Glioma cell migration was determined by scratch-wound
assay in GL (C) or GLTMZ (D) exposed to LPS (as indicated) for 18 h. Data were analyzed by two-way ANOVA followed by Bonferroni test. ** ****Significantly
different from control (unstimulated GL or GLTMZ cells; P < 0.001 and P < 0.0001, respectively). Glioma cell proliferation was determined by cell counting in GL (E)
or GLTMZ (F) exposed to LPS (100 ng/mL) for 18 h in absence or in presence of SsnB (10 or 100 ng/mL), which was added to culture 30 min before LPS stimulation.
Data were analyzed by one-way ANOVA followed by Tukey's post-hoc test. ***, ****Sjgnificantly different from unstimulated GL or GLTMZ cells, P < 0.001 and P <
0.0001; #significantly different from LPS stimulated GL or GLTMZ cells, P < 0.0001.

GL: GL261 glioblastoma cell sensitive to TMZ; GLTMZ: GL261 glioblastoma cell resistant to TMZ; LPS: lipopolysaccharide (TLR4 agonist); SsnB: Sparstolonin B
(TLR2-TLR4 antagonist).
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(Fig. 3C-D). Indeed, LPS (1, 10 and 100 ng/mL) promoted respectively
100, 100 and 50% of GL migration after 24 h of stimulation when
compared to control cells (Fig. 3C). On the other hand, LPS at the lowest
tested concentration (1 ng/mL) induced a sustained GLTMZ cell
migration through 24 h of the experiment, while LPS at 10 ng/mL
promoted a slight and biphasic effect following 12 and 24 h of analysis,
and LPS at 100 ng/mL had no effect when compared to untreated cells
(Fig. 3D).

In addition, the impact of LPS (100 ng/mL) on GL and GLTMZ cell
proliferation was determined by cell counting in presence or absence of
Sparstolonin B (SsnB), a TLR2-TLR4 selective antagonist [37]. LPS
stimulation did not change the GL or GLTMZ proliferation when
compared to the respective controls (Fig. 3E-F). However, the treatment
with SsnB (10 and 100 pM) alone for 18 h reduced cell proliferation of
GL by ~75% and 90% and of GLTMZ by ~45% and 90%, suggesting that
endogenous TLR2-TLR4 stimulation maintains glioma cell survival. Of
note, the treatment with LPS (100 ng/mL) did not reverse the anti-
proliferative effect of SsnB. Finally, the effect of TLR4 sensitization in
glioma cell proliferation, viability, and migration was also investigated
by exposing the cultures to HMGB1, a DAMP and an endogenous TLR2/4
agonist [11,21]. Similarly to LPS, HMGBI did not change cell prolifer-
ation or viability of GL and GLTMZ when compared to the control.
However, the treatment impaired GLTMZ cell migration at 12 and 24 h
of analysis, while no changes were detected in GL cells (Fig. 2S, A-D).
These data indicate that chemoresistant cells express lower TLR4 levels
and that they are more tolerant to LPS stimulation (Fig. 3B) when
compared to TMZ-sensitive glioma cells, which may contribute to im-
mune escape.

3.3. TLR4 expression and activity are downregulated in TAM

TLR4 plays a key role in the activation of innate immunity, modu-
lating macrophage activity [45]. Therefore, since TAMs are important
components for tumor progression [34,46], the impact of glioma cells on
TLR4 expression and activity of macrophages was determined. Mouse
and human primary macrophage cultures were obtained as described
above, and co-cultured with either sensitive or chemoresistant mouse
(GL; GLTMZ) or human (U87; U87TMZ) glioma cells, respectively
(Fig. 4A-D). TLR4 expression was found in human macrophages as well
as in macrophages co-cultured with U87 and U87TMZ, as assessed by IF
staining. Interestingly, glioma cells, particularly U87TMZ, interacted
with macrophages forming a cord-like structure (Fig. 4A). This charac-
teristic has already been reported for mouse macrophage-GLTMZ co-
cultures [34] and highlights the importance of macrophage-glioma
crosstalk for tumor biology. Next, TLR4 mRNA expression in macro-
phages co-cultured with glioma cells was determined by qPCR. We
found that TLR4 expression was reduced by 75% and 90% in human and
mouse macrophages cultured with glioma cells, respectively, when
compared to controls (human or mouse macrophages cultured alone;
Fig. 4B-C). TLR4 functionality was further determined by measuring
TLR4-MD2 complex in mouse macrophages cultured in presence or
absence of glioma cells. The double labeling of TLR4-MD2 with CD11b
was used to identify the population of macrophages that had active TLR4
and to differentiate it from active TLR4 in glioma cells (Fig. 4D). As
expected, macrophages stimulated with LPS (10 ng/mL) exhibited an
increase of 31% in TLR4-MD2 complex activation when compared to
untreated macrophages. However, the presence of GL or GLTMZ
completely impaired the TLR4-MD2 activation on macrophages even
following stimulation with the TLR4 agonist (LPS), suggesting the
decrease in TLR4 expression and functionality as a mechanism of
glioma-induced immune escape. In line with this, increased levels of
tumor-promoting cytokine IL6 (60%), immunosuppressive IL10 (180%),
MCP-1 (30%) and TNF (60%) were measured in macrophages co-
cultured with glioma when compared to control macrophages
(Fig. 5A-D). Consistent with the lack of TLR4 response, the stimulation
of macrophage-glioma co-cultures with LPS also did not change the
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cytokine release profile. Of note, both sensitive and chemoresistant
glioma cells induced similar effects on TLR4 signaling in macrophages,
indicating that TLR4 modulation in macrophages is most likely associ-
ated with glioma cell presence itself, as a fundamental mechanism of
immune escape, rather than with the chemoresistance phenotype.

3.4. TLR4 and CD45 are differentially expressed in human gliomas and in
metastatic brain tumors

Based on the potential immunosuppressive function of TLR4'°"
macrophages in the GB tumor environment, the expression of TLR4 and
CD45, a marker of hematopoietic cells also expressed by macrophages
[47], was subsequently analyzed in ten brain tumor samples from pa-
tients to determine whether the prevalence of these markers may
correlate with tumor aggressiveness. A cohort of 10 biopsies from pa-
tients diagnosed with primary II-IV glioma grades, IV glioma grade
relapse, and brain metastatic tumors (adenocarcinoma and esophageal)
undergoing treatment in ISCMPA were enrolled in this study (Fig. 3S).
Interestingly, TLR4 exhibited both cytoplasmic and an uncommon nu-
clear staining patterns (Table 1) and its differential expression was
found in the tumors analyzed (Fig. 6A-B, Fig. Supplementary Figure 4).
TLR4 expression was inversely proportional to CD45, and primary IV
grade glioma exhibited decreased TLR4 expression when compared to
CD45, which is in accordance with TLR4 downregulation determined in
GB cells, as well as in TAM evaluated by scRNA sequencing. On the other
hand, higher TLR4 expression when compared to CD45 was detected in
metastatic brain tumors, suggesting that the tumor origin or the
metastasis process impacts TLR4 expression. The evaluation of histo-
scores for TLR4 and CD45 in brain tumors is summarized in Table 1.

4. Discussion

In our study, we provided evidence for the participation of TLR
signaling in the modulation of TME. We identified that TLR4 expression
in GB tumors (tumor bulk transcriptome) was similar to that observed in
NT tissues, but lower when compared to AST tumors. Further, using
reverse translational investigation, we confirmed that TLR4 expression
and function are impaired in a subset of chemoresistant glioma as well as
in macrophages co-cultured with GB cells. Finally, experiments per-
formed in a cohort of clinical primary and metastatic brain tumors
indicated that the TLR4 and CD45 immunostaining are inversely pro-
portional and confirmed the low TLR4 expression in GB. Overall, our
data suggest the downregulation of TLR4 expression and activity as a
strategy of GB-associated immune escape.

Although multiple immune checkpoints have been described [48]
and patients diagnosed with specific types of cancer have benefited from
immunotherapy [49,50], the treatment of GB remains a challenge [3].
The chemoresistance development and the complexity of GB-tumor
microenvironment constitute major issues for the success of therapy.
GB is characterized by the induction of both local and systemic immu-
nosuppression [51]. Multiple cell pathways are involved in the control
of immune/inflammatory response in the tumor microenvironment,
which is a determinant of chemotherapy response [52]. Considering the
complexity and dynamical behavior of TLR signaling in the tumor
context, we hypothesized that TLR4 is differentially expressed and
activated in the transformed and non-transformed cell populations that
compose TME, resulting in distinct biological outcomes. Therefore, here
we investigated the participation of TLRs, particularly TLR4, in the
scenario of cancer-related inflammation by evaluating TLR4 signaling in
GB cells, TAMs, and in clinical brain tumor biopsies.

To understand the participation of TLR4 in GB-associated immune
evasion, we firstly evaluated gene expression data from gliomas of 3
independent microarray datasets. The results showed that TLR4
expression is lower in GB when compared to AST. On the other hand,
both GB and AST were shown to be enriched for CD14 expression when
compared to NT tissues. Data from scRNA-sequencing indicated that
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Fig. 4. Evaluation of TLR4 expression and functionality in primary macrophages co-cultured with sensitive or chemoresistant glioblastoma cells. (A) Representative
images of TLR4 staining in human macrophages cultured alone or in presence of U87 or U87TMZ glioma cells determined by IF using anti-TLR4 antibody and DAPI as
nucleus staining (Olympus microscope; 40 x magnification; yellow arrows point glioma cells, white arrows point human macrophages). Total mRNA of human (B) or
mouse (C) macrophages cultured alone or in presence of U87/U87TMZ or GL/GLTMZ, respectively, was isolated and TLR4 expression was determined by qPCR using
specific primers. Data represent the average of TLR4 expression + standard deviation of at least five samples performed in duplicate, and were analyzed by one-way
ANOVA followed by Tukey's post-hoc.***, **** Significantly different from control (human or mouse macrophages, P < 0.0002 and P < 0.0001, respectively). (D)
TLR4-MD2 complex activation was determined by flow cytometry in macrophages cultured alone, and co-cultured with either GL or GLTMZ cells in presence or
absence of LPS stimulation (10 ng/mL for 18 h). Double labeling with CD11b was used to identify macrophage population. Data were analyzed by two-way ANOVA
followed by Bonferroni test. < “Significantly different from controls (macrophages and macrophages stimulated with LPS, P < 0.0001).

GL: GL261 glioblastoma cell sensitive to TMZ; GLTMZ: GL261 glioblastoma cell resistant to TMZ; U87: human U87MG glioblastoma cell sensitive to TMZ; U87TMZ:
human U87MG glioblastoma cell resistant to TMZ; M®: macrophages; LPS: lipopolysaccharide (TLR4 agonist).
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Fig. 5. Determination of cytokines production in primary mouse macrophages co-cultured with sensitive or chemoresistant glioblastoma cells. The measurement of
cytokines was performed in the supernatant of macrophages cultured alone, or co-cultured with either GL or GLTMZ in presence or absence of LPS stimulation (10
ng/mL for 18 h) by flow cytometry using the CBA assay. IL-6 (A), IL-10 (B), MCP-1 (C) and TNF (D). Data represent the average =+ standard deviation of at least three
experiments performed in duplicate, which were analyzed by one-way ANOVA followed by Tukey's post-hoc test. *, **, *** **** Sjgnificantly different from control
(macrophages cultured alone, P < 0.01, P < 0.0012, P < 0.0004 and P < 0.0001, respectively). GL: GL261 glioblastoma cell sensitive to TMZ; GLTMZ: GL261

glioblastoma cell resistant to TMZ; LPS: lipopolysaccharide (TLR4 agonist).

most of the TLR4 expression occurs in myeloid/immune cells present in
GB tumors, while neoplastic cells are mostly TLR4-negative. In addition,
a significant subpopulation of GB-associated macrophages (58%) did not
express detectable TLR4. Based on these results, we hypothesized that
GB neoplastic cells could be suppressing TLR4 expression in macro-
phages that infiltrate GB tumors. In line with this, deeper investigations
performed in GB cultures reveals that the chemoresistant cells displayed
characteristics of immune escape as evidenced by the downregulation of
TLR4 expression and function, even following stimulation with the
agonist LPS. Indeed, cancer stem cells are described as responsible for

chemoresistance phenotype and the key role of TLR4 downregulation to
stemness maintenance was previously reported [21]. Considering the
high cellular heterogeneity of GBs, the presence of GB-TLR4"8" and GB-
TLR4'°" subsets in the TME and its differential activation by DAMPs may
impact the composition of TME and the chemotherapy response profile.

TLR4 signaling was further investigated in macrophages-GB co-cul-
tures, which was applied as a strategy to mimic macrophage-tumor
crosstalk. Notably, TLR4 expression was lower in macrophages co-
cultured with GB cells when compared to control. TLR4 functionality
was also specifically impaired in macrophages and it remained
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Fig. 6. Analysis of TLR4 and CD45 expression in human brain tumor biopsies. In (A) representative images of TLR4 and CD45 staining in grade II, III and IV gliomas,
relapse glioma and metastatic brain tumors (as indicated) determined by IHC using anti-TLR4 and anti-CD45 antibodies in serial slices of tumor samples (DM6B
optical microscope, Leica Optical, 20x magnification). (B) Through the use of the final histoscore (staining intensity and percentage of stained cells - Table 1), a
graph containing the results of TLR4 and CD45 expression was constructed. Note the low TLR4 expression in grade IV glioma and the higher TLR4 expression in brain
metastatic tumor, which was inversely proportional to CD45 expression.
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Table 1
Evaluation of TLR4 and CD45 labeling in human brain tumors.
Sex Age  Grade TLR4 CD45
Staining Labeled cells  Final Staining location Staining Labeled cells  Final Staining location
intensity (%) score intensity (%) score

M 47 1I glioma 2 3 6 Cytoplasmic and 3 3 9 Cytoplasmic
nuclear staining staining

M 63 1II glioma 1 1 1 Cytoplasmic staining 3 2 6 Cytoplasmic
staining

M 53 1V glioma 2 2 4 Cytoplasmic and 2 2 4 Cytoplasmic
nuclear staining staining

M 63 IV glioma 1 3 3 Cytoplasmic and 3 4 12 Cytoplasmic
nuclear staining staining

F 46 1V glioma 1 1 1 Predominance of 3 3 9 Cytoplasmic
nuclear staining staining

F 61 Relapse GB 2 3 6 Cytoplasmic staining 3 4 12 Cytoplasmic
staining

F 64 Relapse GB 1 1 1 Cytoplasmic staining 2 2 4 Cytoplasmic
staining

M 57 Relapse GB 3 4 12 Cytoplasmic and 3 1 3 Cytoplasmic
nuclear staining staining

M 57 Metastasis 3 4 12 Cytoplasmic and 3 1 3 Cytoplasmic
(adenocarcinoma) nuclear staining staining

M 73 Metastasis (esophagus) 2 4 8 Cytoplasmic and 2 1 2 Cytoplasmic
nuclear staining staining

Expression of TLR4 and CD45 in biopsies of primary and metastatic brain tumors were analyzed by immunohistochemistry. TLR4 and CD45 intensities and the
percentage of staining were determined by a pathologist in a blinded manner. The final score was obtained by the multiplication of intensity and the percentage of

staining values.

Scores of intensity of immunostaining (0: absent; 1: light; 2: moderate; 3: intense).
Score of percentage of cell staining (0: absent; 1: up to 25%; 2: 26 to 50%; 3: 51 to 75%; 4: 76 to 100%).

unchanged even following LPS stimulation, as evidenced by the lack of
both TLR4-MD2 complex activation and TNF production. In addition,
the repertory of cytokines secreted in macrophage-glioma is consistent
with a tumor-promoting microenvironment, containing increased levels
of IL-6 and IL-10,which are important mediators of tumor migration and
immune evasion, respectively [53,54]. These data are in accordance
with the theory that macrophages are educated by tumor cells to
develop protumor actions [46] and suggest that GB cells, regardless of
their chemoresistance status, can suppress TLR4 signaling in TAMs as a
mechanism of immune escape. Indeed, TLR4 stimulation is an important
signal to induce the phagocytic functions of macrophages [45], and
thereby its impairment may contribute to tumor immune escape.

Finally, the expression of TLR4 and CD45 was analyzed in human
brain tumors. Our data demonstrate that TLR4 and CD45 are inversely
expressed in gliomas, in recurrent GB and in metastatic brain tumors. In
line with previous data, GB exhibited low TLR4 expression when
compared to II-IIl grade gliomas, which was followed by increased
hematopoietic-derived immune cells, as indicated by CD45 expression.
In contrast to physiological conditions, in which TLR4 is located mainly
on the cell surface, here the pattern of TLR4 staining was predominantly
cytoplasmic and in some tumors, nuclear. Studies have shown that both
TLR4 and its endogenous ligand, HMGBI1, are overexpressed and
become cytoplasmic during the transformation toward dysplasia
[12,55,56]. The investigations suggest that the abnormal and constitu-
tive intracellular TLR4 activation results in a chronic inflammatory
process which induces immune tolerance and carcinogenesis [12].
Nonetheless, the role of nuclear and cytoplasmic TLR4 in the inflam-
matory response is unclear and needs to be investigated.

In conclusion, we found that TLR4 expression and functionality is
impaired in chemoresistant GB cells and in TAMs. Additionally, low and
cytoplasmic/nuclear TLR4 expression was detected in clinical samples
of GB. Our data provide insights about the complexity of TLR signaling
in GB and suggest that the differential TLR4 expression and activity in
mature cancer, CSCs and TAMs is dynamic through carcinogenesis
progression and could represent a mechanism of tumor immune escape.
Further investigations are needed to better characterize TLR4 signaling
in transformed and non-transformed cells in clinical biopsies of human
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GB to improve the benefits of immunotherapy based on TLR signaling.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2021.166155.
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