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Introduction: The tumor microenvironment (TME) of glioblastoma (GB) is

characterized by an increased infiltration of immunosuppressive cells that

attenuate the antitumor immune response. The participation of neutrophils in

tumor progression is still controversial and a dual role in the TME has been

proposed. In this study, we show that neutrophils are reprogrammed by the

tumor to ultimately promote GB progression.

Methods: Using in vitro and in vivo assays, we demonstrate the existence of

bidirectional GB and neutrophil communication, directly promoting an

immunosuppressive TME.

Results and discussion: Neutrophils have shown to play an important role in

tumor malignancy especially in advanced 3D tumor model and Balb/c nude mice

experiments, implying a time- and neutrophil concentration-dependent

modulation. Studying the tumor energetic metabolism indicated a mitochondria

mismatch shaping the TME secretome. The given data suggests a cytokine milieu

in patients with GB that favors the recruitment of neutrophils, sustaining an anti-

inflammatory profile which is associated with poor prognosis. Besides, glioma-

neutrophil crosstalk has sustained a tumor prolonged activation via NETs

formation, indicating the role of NFkB signaling in tumor progression. Moreover,
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clinical samples have indicated that neutrophil-lymphocyte ratio (NLR), IL-1b, and
IL-10 are associated with poor outcomes in patients with GB.

Conclusion: These results are relevant for understanding how tumor progression

occurs and how immune cells can help in this process.
KEYWORDS

tumor associated neutrophils, glioblastoma, tumor microenvironment, cancer,
neutrophil extracellular traps
Highlights
1) Glioma progression and malignancy is positively modulated

by neutrophils.

2) Neutrophils induce glioma mitochondrial recovery.

3) Glioma-neutrophil crosstalk supports an immunosuppressive

microenvironment.

4) Gliomas modulate neutrophil activation and increase

lifespan.

5) Neutrophils affect cytokine profile production, correlating

with poor prognosis.
Introduction

Glioblastoma (GB) represents over 80% of the total cases of

malignant gliomas and is confined to the central nervous system,

rarely metastasizing to distant sites (1, 2). However, its histology

shows that it is highly invasive and infiltrative with an acceleration

of cellular and mitotic activity, angiogenesis, and necrosis (1). The

tumor microenvironment (TME) of GB is characterized by an

increased infiltration abundant in immunosuppressive cell

populations attenuating the antitumor immune response (3).

Interestingly, the infiltration rates of these immune cells are

closely related to clinical outcomes (4). The permanence of

immune cells, especially in the TME, supports an abnormal

microenvironment of chronic inflammation – considered a

hallmark of cancer (5, 6). In spite of leucocyte invasion, GB is

considered a “cold tumor” due to its tall sums of regulatory B and T

cells, as well as immunosuppressive myeloid cells (7).

Regarding the complexity of immune cell subpopulations, it

was suggested in recent studies that neutrophils might play a

significant role in stimulating disease progression in GB. Patients

with increased levels of circulating neutrophils have increased

neutrophils infiltration in the tumor tissue, which was linked to

poor prognosis (8, 9). Neutrophils are myeloid components of the

innate immune system, representing 50 to 70% of circulating

leukocytes (10). They effectively participate in immune responses,

using various mechanisms, such as phagocytosis, degranulation,
02
and/or formation of neutrophil extracellular trap (NET) (11).

Overall, neutrophils can be characterized by their phenotypic

and functional plasticity as pro-tumor or anti-tumor cells (12).

The controversy of the contribution of neutrophils to tumor

progression has been used to explain their dual role in the

TME (13).

The contribution of nonmalignant cells to tumor development

and progression is now indisputable (14). The diffuse nature of the

tumor, which infiltrates adjacent tissues and varies in character and

location within the brain, result in the inability to resect the tumor

completely. Despite the many studies, it is difficult to establish

efficient immunotherapies against GB due to tumor evasion

mechanisms (15). Therefore, effective therapies have yet to be

discovered, which makes this tumor an important target for

studies with different approaches. Neutrophils might be a

potential target for better patient outcome (16). Thus, this study

proposes that neutrophils promote GB progression after being

reprogrammed by the tumor. We report the existence of GB-

neutrophil bidirectional communication with direct impact on

promoting an immunosuppressive TME.
Materials and methods

Material

The chemicals employed in this study are listed in

Supplementary Table 1. All other chemicals and solvents were

obtained from standard commercial suppliers with analytical

grade standard and were used as received.
Human cell culture

Human U87MG glioma cell line obtained from ATCC

(American Type Cell Collection; Rockville, Maryland, USA) was

grown in Dulbecco’s modified Eagle’s medium (DMEM – Sigma-

Aldrich, USA) prepared with 8.4 mM HEPES, 23.8 mM sodium

bicarbonate (NaHCO3), 0.1% fungizone, 100 U/L penicillin/

streptomycin 0.5 U/L and 10% of heat-inactivated Fetal Bovine

Serum (FBS – Gibco, USA), at final pH of 7.4. Cells were incubated

at 37°C with 95% minimum relative humidity and 5% CO2.
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Primary neutrophil cultures

Peripheral blood was collected from healthy volunteers into

EDTA blood collection tubes. Within less than 15 min after the

donation, the blood was processed following the described protocol

elsewhere (17). Briefly, the blood was entirely diluted with an equal

volume of 2% Dextran (Sigma-Aldrich, USA) in saline solution and

incubated for 20 min at room temperature (RT). Afterwards,

leucocytes were collected and gently loaded on top of Histopaque-

1077® (Sigma-Aldrich, USA) with 1:2 volume proportion.

Continuous centrifugation, at 428 × g, for 30 min, at RT, was used

for separation of low-density leucocytes from high-density ones. The

high-density fraction with polymorphonuclear cells (PMN) was

further subjected to red blood cell lysis with Milli-Q water for 25

seconds and neutralization with HBSS 10x concentration. To remove

the lysis product, the sample was centrifuged for 10 min, at 400 × g,

and at RT. Isolated neutrophils (Nq) were cultured in DMEM

supplemented with 10% FBS. The institutional ethics review board

of Hospital de Clıńicas de Porto Alegre (n° 2.969.418) approved

this study.
2D Glioblastoma-neutrophil co-culture

U87MG cells were seeded in 48-well plates (15 × 103 cells/well)

and cultured for 1.5 h before neutrophils were added in the ratios

1:30, or 1:60, (GB to Nq, respectively). Co-cultures were incubated
for 24, 72, and 120 h. Monocultures of GB and Nq cells were applied
as controls. The following assays were performed:

MTT assay
So lub l e MTT [3 - ( 4 , 5 -d ime thy l th i a zo l - 2 - y l ) - 2 , 5 -

diphenyltetrazolium bromide] reduction assay to formazan crystals

was performed as previously described (18). The absorbance was

determined at 560 and 630 nm on a microplate reader (SpectraMax®

M3-Molecular Devices). Data were expressed as absorbance and

estimated by the difference between 560 and 630 nm, and the MTT

absorbance of U87MG cells were considered as the control (CRTL)

group by 100%.

SRB assay
The sulforhodamine B (SRB) assay was used for cell density

determination and it is based on the measurement of cellular

protein content. U87MG monolayers were fixed with 10%

trichloroacetic acid for 1 h, stained with SRB solution for 15 min,

and the excess dye was completely removed by washing repeatedly

with 1% acetic acid. The protein-bound dye was dissolved in 10 mM

Tris base solution for optical density (OD) determination at 515 nm

using a microplate reader (19). Data were expressed as percentage

of CTRL.

Trypan blue assay
Viable and dead neutrophils were counted in a Neubauer

chamber after trypan-blue staining (2%) as previously

described (20).
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Flow cytometry
To test cell viability, cells were stained with Live/Dead

fluorescent dye – AmCyam 1:400 (Thermo Fisher, EUA). Cells

were clustered by FSC x SSC, followed by doublets removal and

selection of live cells only (Supplementary Figure 1). For

mitochondria assay, cells were washed in PBS and stained with

200 nM MitoTracker Green (Invitrogen, Carlsbad, CA), 50 nM

MitoTracker Deep Red (Invitrogen), and MitoSOX (5 mM). For

glucose-uptake assay, after washing with PBS, cells were

resuspended in 100 μL of RPMI1640 without bicarbonate,

containing 5 mM glucose and 5 mM glucose fluorescent

analogue, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4- yl)amino)-2-

Deoxyglucose (2-NBDG), for 20 min at 37°C. After the

incubation period, cells were washed and resuspended in PBS

containing 2% FBS and immediately acquired in a flow

cytometer. Samples were analyzed using a FACSCanto flow

cytometer driven by BD FACS Diva software (BD Biosciences,

San Diego, USA) and were processed using Flow-Jo software

(FlowJo LLC, Ashland OR).

Glucose and lactate determination
Quantification of glucose and lactate in supernatants was

performed using enzymatic systems (ref n° 133 and ref n° 138,

Labtest), according to manufacturer’s recommendations.

Absorbance was determined at 505 nm (glucose) and 550 nm

(lactate) wavelengths in a spectrophotometer (Synergy™ Mx

Microplate Reader; BioTek) coupled to Gen5™ software

(BioTek). Results were expressed as mg/dL of culture supernatant

normalized per mg of protein.

Cytokine cytometric bead array
The Human-Inflammatory Cytokine Based Assay (CBA) kit

for IL-8, IL-1b , IL-6, IL-10, TNFa , and IL-12p70 (BD

Biosciences, San Diego, CA, USA) was performed according to

manufacturer’s recommendations.
GB-neutrophil 3D co-culture

Three-dimensional spheroids were generated using the hanging

drop technique (21). After the enzymatic dissociation of the

U87MG culture, the cell suspension was diluted to a final

concentration of 25×103 cells per 30 μL. Each drop containing 30

μL was placed inside the cap of a 48-well plate previously treated

with agarose 1.5% and filled with 300 μL of PBS 1× in order to

prevent dryness of the drop (22). Rolling and falling off from drops

were considered as failed procedure. Plates were kept immobile in

incubators at 37°C and 5% CO2, during 4 days for the establishment

of cell aggregates. After that, each well was filled to their maximum

volume with DMEM supplemented with 10% FBS for the purpose

of causing the sphere to fall gently into the well. Only one spheroid

per well was cultured for more than 2 days. The co-culture

procedure started with 7.5 × 103/500 μL neutrophils for each

spheroid to mimic initial tumor communication and the 3D

media was totally removed and replaced with the one containing
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recently isolated PMNs. GB and Nq cultured alone were considered

the control of experiment. The following assays were performed:

Advanced tumor model
The neutrophil infiltrate assay aimed to mimic neutrophil

communication with advanced tumors. During the assay, a “pool”

of neutrophils was applied to the environment of an U87MG

sphere. Thus, after removing the cell aggregate from the culture

medium, 7.5 × 105/500 μL of neutrophils were added to each tumor

spheroid. The spheroids were incubated for 24 h and 72 h, at 37°C,

and at 5% CO2.

Histopathologic evaluation of 3D cultures
The spheroids were fixed with 4% paraformaldehyde for 18 h

and left immersed in PBS until histological processing. The protocol

adapted from the agarose block was used as a 2% agarose template

containing microwells for each bead (23). The mold was inserted

into the histological cassette for processing in the OMA pv.85

histotechnical equipment (Instrumental OMA Ltda, São Paulo,

Brazil). The material was dehydrated with a series of alcoholic

solutions with increasing concentrations (50%, 70%, 90% methanol

bath and four baths in 100% methanol, 1 h each), followed by the

clarification process of 3 baths of xylene (1 h each) and

impregnation with liquid paraffin (2 baths of 2 h each). Sections

of 4 mm slides were performed on a Leica RM2255 microtome

(Leica Microsystems, Inc., Wetzlar, Germany). The material

obtained was collected with positively charged microscopy

glass slides.

For hematoxylin and eosin (HE), staining slides were dewaxed

with 3 baths of xylene (5 min each) and rehydrated in descending

scale ethanol baths (1 min each). Staining was performed with

hematoxylin monohydrate (Merck KGaA, Darmstadt, Germany)

and yellowish eosin (Synth, Diadema, Brazil).

For immunohistochemistry, slides were submitted to the

antigen recovery process, using a solution composed of 10 mM

sodium citrate (pH 6.0) for Ki67. The samples were incubated with

the respective recovery solutions at 98°C, for 30 min. The blockage

of endogenous peroxidase activity was performed with 5%

hydrogen peroxide solution (Merck KGaA), and nonspecific

binding was blocked with 1% BSA (Sigma-Aldrich, St. Louis,

Missouri, USA). Anti-Ki67 (1:100, Dako, Santa Clara, USA)

antibody was incubated for 12 h, at 4°C. The detection kit (Dako,

Santa Clara, USA) was used according to the manufacturer’s

recommendations. The percentage of positively labeled cells for

each sample was counted from the average of the total positives and

negatives of five images per sample using ImageJ Software. The

slides were analyzed in a blinded manner by a pathologist.

Time-lapse microscopy
The spheroids were submerged into an environment containing

106 neutrophil, and time-lapse images were captured for a period of

20 h, at 10-min intervals, with camera (Axiocam mrn, Zeiss,

Göttingen, Germany) attached to an inverted microscope (Axio

Observer Z1, Zeiss, Göttingen, Germany). The sphere area from

each time point was plotted and analyzed using ImageJ software.
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The growth of spheres was determined by comparing the initial and

the final size of each spheroid and expressed as area (pixel2).
Annexin V/propidium iodide assay
Apoptosis/necrosis was evaluated using annexin V/propidium

iodide (PI) staining followed by flow cytometry. Glioma spheroids

produced and treated with neutrophils for 72 h and 120 h were

collected from the four groups and dissociated. Cells were

centrifuged at 300 × g for 5 min and washed twice with cold PBS.

Afterwards, the cells were resuspended in binding buffer and

incubated with PI and Annexin V-FITC (BD Biosciences

Pharmingen, San Diego, CA) for 15 min, at RT. A total of 10,000

events were collected and analyzed by flow cytometry (FACSCanto,

BD). As tumor and Nq cells exhibit highly distinct size and

complexity patterns, the neutrophil and tumor cell population

gate were based on scatter plot. Initial apoptotic cells were taken

as Annexin V-positive/PI-negative, while late apoptotic cells were

taken as Annexin V-positive/PI-positive and necrotic cells were

taken as Annexin V-negative/PI-positive cells. Live cells were taken

as Annexin V-negative/PI-negative.
In vivo tumorigenicity experiment

The animal ethics committee of Hospital de Clıńicas de Porto

Alegre approved our studies with animals (n° 2020-0708). Male and

female BALB/c-nude mice (n=40; specific-pathogen free; 8-12 weeks

old; 22-26 g) were housed at 20-24°C with a relative humidity of 40-

60%, consuming an average of 3-5 g of food and 5-10 mL of water per

day, with a light/dark cycle of 12 h/12 h. The mice were divided into

four groups with ten nude mice in each group (5 male, 5 female). The

tumorigenicity experiments were performed within a laminar flow

cabinet. The following analysis consisted of a subcutaneous

heterotopic model with the implantation of 106 U87MG with

increasing concentrations of neutrophils (3%, 10%, and 20%)

injected into the right flank of mice. Cell suspension (100 mL) and
Matrigel (Sigma-Aldrich, E1270) (100 mL; 5-6 mg/mL) were applied

to the animals subcutaneously (final volume applied 200 mL). The
control group received only tumor cells. The two distances

(diameters) at right angles were measured every two days, i.e., the

width (w) – which is the greatest transverse diameter, and the length

(l) – the greatest longitudinal diameter) until tumors reached the

endpoint of 2000 mm3. At the end of the experiments, tumors were

fixed with 4% paraformaldehyde and processed for HE histological

staining and immunohistochemical for Ki67 as described above. The

slices were analyzed by a pathologist in a blinded manner.

Volume   (mm3) = (
w2

*l
2

)� 1000
In vivo neutrophil maturation status

Neutrophils extracted from the bone marrow of C57/BL6 mice

according to the protocol described by Liu and colleagues (24).
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Therefore, murine Nq were challenged with GL261 cells (mouse

glioma cell line obtained from ATCC) following the same conditions

as U87MG + Nq described earlier for 24h. CD11b+ cells (1:400) were
further divided into the following groups: mature: Ly6Ghigh (1:400),

CXCR4- (1:100), CXCR2+ (1:100); immature: Ly6Glow/mid, CXCR4+,

CXCR2low; aged: Ly6Ghigh, CXCR4+, CXCR2- (25). Animal studies

were approved by the ethics committee of UFCSPA and USP (n° 278/

20 and n° 6769171122, respectively).
Sytox green: NETs assay

Aliquots of 106 neutrophils/mL in HBSS/Ca+2 (1 mL) was

prepared in microtubes following the planned groups. The sytox

green reagent (Invitrogen) was added to each tube at a final

concentration of 0.2 μM. Cells exposed to HBSS 1× or Triton

100× were applied as negative and positive controls, respectively.

U87MG conditioned media was produced according to the

following parameters: after reaching 85% confluency in T75-flask,

10 mL of DMEM with 0.5% or 10% FBS were kept for 72 h, at 37°C,

5% CO2. PMA (100 nM) and LPS (1 mg/mL) groups were

performed as control. PMNs were incubated for 3 h and 200 μL

of each condition was transferred to a separate well of a 96-well

black plate. Fluorescence was quantified at excitation/emission

wavelengths of 488/520 nm with a microplate reader (26). The

results were expressed as relative fold change by dividing the

average of the experimental condition by the average of the

untreated condition (negative control).
In silico TCGA analysis

Data from GBM dataset (n = 172) was downloaded from the

Cancer Genome Atlas (TCGA; https://gdc.nci.nih.gov). Gene

expression profiles were analyzed for glioma poor prognosis

markers (IDH and MGMT), cell signaling pathways (TGFb1 and

NFkB1), epithelial-mesenchymal transition (CDH1 and CDH2),

mitochondria activation (FOXO3 and ATF5) and neutrophil

markers (MPO and ELANE) using the XENA browser (UC Santa

Cruz) (27). Pearson test correlation matrix was performed to

analyze the strength of association. Correlation was indicated as

follow: small is 0.1-0.3 (positive) and −0.1 to −0.3 (negative);

medium is 0.3 to 0.5 (positive) and −0.3 to −0.5 (negative); and

large is 0.5 to 1.0 (positive) and −0.5 to −1.0 (negative) for the same

gene set.
Glioma patients

Medical records of 43 patients who underwent surgery for

glioma resection at Irmandade Santa Casa de Misericórdia de

Porto Alegre (ISCMPA) from 2019 to 2022 were prospectively

reviewed. Blood was collected at time of surgery. Patients were

divided into two groups based on histopathological classification

(glioblastoma vs. non-glioblastoma). The following variables for
Frontiers in Immunology 05
each patient were studied: sex, age, and the number of leucocytes,

neutrophils, lymphocytes, and monocytes in the circulation. The

neutrophil to lymphocyte ratio (NLR) was estimated. The

institutional ethics review board of ISCMPA (n° 3.204.937)

approved this study. Voluntary donors signed the informed

consent form.
Statistical analysis

Data are expressed as mean and standard deviation (SD) or as

standard error of the mean (SEM) when appropriate of at least three

independent experiments and were subjected to two-way analysis of

variance (ANOVA) followed by Tukey–Kramer post-hoc test (for

multiple comparisons) or One-way ANOVA, Bonferroni’s test or

Student’s t-test, when appropriate. Differences between mean values

were considered significant when P < 0.05.
Results

Glioma-neutrophil crosstalk induces tumor
cell proliferation

To assess the bidirectional communication between cultured

glioma cells (U87MG) and human neutrophils, we performed co-

culture studies. Firstly, the viability of U87MG cultures was

measured by flow cytometry in the presence and absence of

neutrophils (Figure 1). U87MG viability was sustained regardless

of neutrophil interaction (Figures 1A, B). However, U87MG protein

synthesis (Figure 1C) and MTT absorbance (Figure 1D) suggests

that, in the first 24 h and 72 h of culture, neutrophils negatively

affect the viability of U87MG cells. After 120 h of neutrophil-glioma

co-culture, tumor growth seemed to extrapolate the previous

pattern. Moreover, protein synthesis was proportional to MTT

absorbance, indicating a metabolic recovery. We also observed the

cellular interactions of U87MG (red arrow) and neutrophils (black

arrow) by light microscopy (Figure 1E), and neutrophil distribution

changed over time, clustering around tumor cells. Furthermore, 3D

culture was used to test neutrophil infiltration capability and tumor

proliferation. Figure 1F shows the experimental groups of the 3D

culture experiment, with U87MG spheres as CTRL, U87MG with

neutrophils sphere formation representing initial tumor, and

U87MG spheres immersed on neutrophil pool representing

advanced tumor. Therefore, to investigate the effect of neutrophils

on apoptosis of U87MG 3D culture, the cells were double-stained

with Annexin V and PI, prior to detection using flow cytometry

(Figures 1G, H). Quantitative analysis demonstrated a slight

reduction in cell viability, followed by an increase in U87MG cells

undergoing late apoptosis in the presence of neutrophils in

advanced tumor 3D model (Figure 1I), in addition to

augmentation of necrotic death (Figure 1J). Given data suggests

interaction with neutrophils stimulates glioma proliferation over

time in the 2D culture model, while late apoptosis was detected in

the advanced tumor spheroids.
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3D culture model indicates that
neutrophils alter glioma cell organization

Given the results regarding tumor cell proliferation, we

hypothesized that neutrophils have further tumor-promoting

effects. Therefore, we evaluated the growth of 3D spheres for 20 h

using time-lapse technology. Glioma spheres with neutrophil pool

expanded significantly faster (P < 0.05; Figures 2A, B) and showed a

distinct growth pattern over time (Figure 2C). While glioma spheres

seemed to grow linearly in the presence of neutrophils, the U87MG

control showed a peak between 800 and 1000min and stabilizes itself.

Thus, we conducted a histopathological analysis, including HE

staining of spheres (Figure 2D) and Ki67 staining to assess cell
Frontiers in Immunology 06
proliferation (Figure 2E). These experiments revealed a shift of

glioma cell morphology. While CTRL cells were characterized by a

fusiform cell shape, groups with neutrophils appeared as small and

homogeneous cells (Supplementary Table 2). The quantification of

Ki67 staining revealed a significant increase of cell proliferation in

neutrophil-treated groups (P < 0.01; Figure 2G), especially in the

border zones of the spheres (Figure 2E), along with slightly extension

of the necrotic area (Figure 2F). The neutrophil infiltration in the

spheroids was accessed by CD45 immunostaining and a small

percentage of positive cells was detected (Figure S1). Taken

together, these data are in line with the results obtained using 2D

culture model and reinforce the role of neutrophils as promoters of

GB cell proliferation.
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FIGURE 1

(A) Gating strategy to select living glioma cells (U87MG), by FSC x SSC, followed by selection of live cells only. (B) Quantification of U87MG live cells
percentage. (C) SRB assay performed on a monolayer of U87MG with or without neutrophil coculture (ccNq) after 24 h, 72 h, and 120 h. The data is
expressed by cell growth considering U87MG control result as 100% in each time. (D) MTT assay performed on a monolayer of U87MG with or
without neutrophil co-culture after 24 h, 72 h, and 120 h. The data is expressed by MTT percentage considering U87MG control result as 100% in
each time. (E) Representative images of glioma and neutrophil culture. Red arrow glioma and black arrow neutrophil. (F) Hang drop technique
protocol. (G) Gating strategy to select glioma cells (U87MG) from 3D culture. (H) Gating strategy for initial apoptotic cells were taken as Annexin
Vpositive/PI-negative, while late apoptotic cells were taken as Annexin V-positive/PI-positive and necrotic cells were taken as Annexin V-negative/
PIpositive cells. Live cells were taken as Annexin V-negative/PI-negative. Apoptosis measurement using Annexin V/PI double staining of 3D U87MG
culture. Bar graphs representing the percentage of live cells and apoptotic cells (I) and necrotic (J) with or without neutrophil. Two-way ANOVA,
multiple comparisons, Tukey test, in which a = 0.05 and *P < 0.05, **P < 0.005, ***P < 0.001. Error bars are mean ± SD.
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Glioma-neutrophil crosstalk attenuates
initial tumor growth, but stimulates growth
pattern in advanced tumors

To confirm our results in vivo, we injected, subcutaneously, 106

U87MG cells along with increased proportions of neutrophils (3%,

10%, and 20%) into the right flank of athymic BALB/c nude mice

(Figure 3A). Figure 3B shows the tumor volume of each group.

Notably, CTRL tumors (only U87MG cells) have a slightly bigger

initial growth than other groups (with neutrophils), however, the

tumorigenesis pattern shifts after day 18, in which 10% of the

neutrophil groups emerged above control (P < 0.05). Despite the use

of both male and female BALB/c nude mice, the histopathology

showed no differences between sex regarding intratumor

hemorrhage and edema (Figure 3C), necrosis extent (Figure 3D),

and Ki67 staining (Figure 3E). In addition, no neutrophil

infiltration was detected in all experimental groups analyzed

following 20 days of tumor implant (Supplementary Table 3).

Although tumor proliferation did not present statistically

significant difference, the 10% neutrophil group seemed to be

concentrated in around 50% of Ki67 staining while the other
Frontiers in Immunology 07
groups have a broader distribution. Representative images of

tumor size (Figure 3F), HE staining (Figure 3G), and Ki67

staining (Figure 3H) are displayed according to each group.

Overall, the given data suggest that tumor-associated neutrophils

induce a significative, but modest, in vivo tumor progression using

the preclinical model of glioblastoma in nude mice. It is probably

that an integral immune system interaction is required to

neutrophils drive effective in vivo tumor growth.
Energy metabolism of glioma cells shifts
due to glioma-neutrophil interactions

Another set of experiment addressed the energy metabolism of

glioma cells in the presence and absence of neutrophils and, thus, we

evaluated tumor mitochondria functionality using mitochondrial

probes. The results indicate that glioma cells sustain the number of

mtROS (mitochondrial reactive oxygen species) production in the

first 24 h, followed by a decrease after 120 h of co-culture with

neutrophils (P < 0.005; Figures 4A, B). Meanwhile the opposite effect

was observed for mtROS negative clustering as it increases after 120 h
A B

D E F

G

C

FIGURE 2

(A) Neutrophil interaction with 3D U87MG promotes sphere growth. 3D U87MG culture were placed with 106 neutrophils and performed time-lapse
analysis during 20 h. (B) Initial (0 h) and final (20 h) areas were compared between groups (C), and the mean tumor growth pattern was also
observed. (D) Representative image from HE, (E) Ki-67 staining and (F) necrosis extent analysis. (G) Ki-67 quantification representing the percentage
of positive cells. Two-way ANOVA, multiple comparisons. Tukey test, in which a = 0.05, *P < 0.05 and **P < 0.005. Error bars are mean ± SD.
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of co-culture with neutrophils (P < 0.005). MitoTracker DeepRed

indicated a sharp disruption of the mitochondrial membrane

potential after 120 h of co-culture with neutrophils (P < 0.005;

Figures 4C, D). Altogether, this data implies glioma mitochondrial

recovery after culture with neutrophils for 120 h, along with a

reduction of membrane potential in the presence of neutrophils,

indicating dysfunctional organelles.
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Glioma-neutrophil crosstalk
results in the release of an
immunosuppressive secretome

To explore factors modulating the cell-to-cell communication in

the glioma-neutrophil crosstalk soluble factors, we assessed the

release by either the glioma cells or by the neutrophils. First,
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FIGURE 3

(A) In vivo glioblastoma protocol. (B) Tumor growth measured by day. (C) Histopathological quantitative analysis. (D) Necrosis extent quantification.
(E) Ki67 staining percentage. (F) Representative images from tumor at euthanasia, (G) from HE staining, and (H) Ki-67. Two-way ANOVA, multiple
comparisons. Tukey test, in which a = 0.05, *P < 0.05. Error bars are mean ± SD.
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glucose and lactate production were evaluated in culture media after

24 h and 120 h of culture (Figure 5A). The bar graph shows great use

of glucose and, consequently, higher production of lactate over time,

especially regarding glioma-neutrophil culture. We then analyzed

glucose-uptake, which revealed that glioma cells have a slight glucose

uptake increase after 24 h of co-culture with neutrophils, followed by

a complete cell recovery after 120 h (Figures 5B, C). Similarly,

neutrophils appeared to increase their glucose-uptake after 120 h of

co-culture with glioma cells as well (Figures 5D, E), indicating that

glucose consumption by both cells contributes to lactate production.

Additionally, a Human Inflammatory Cytometric Bead Array (CBA)

was conducted to determine the in vitro cytokine production of

glioma-neutrophil culture over time and with different proportions of

neutrophils (1:30 or 1:60). In vitro cytokine production showed three

different states that can be clustered by culture duration (Figure 5F).

In the first 24 h, glioma-neutrophil cultures produced high amounts

of IL-8 and TNFa, slightly increased amounts of IL-12p70, and low

to zero levels of IL-1b, IL-6, and IL-10. After 72 h, we identified a

proportional increase of tested cytokines, especially with regards to

IL-8, IL-10, and IL-12p70, while the production of TNFa was

reduced. However, after 120 h, this pattern shifted and there was a

rise in IL-1b and IL-6 release, while IL-8 declined and there was

almost no IL-10, TNFa, and IL-12p70 production. All control

neutrophils, regardless of culture duration, showed very low or no

cytokine production. A detailed quantification and analysis

demonstrated a significant IL-8 production of glioma-neutrophil

co-cultures after 24 and 72 h, with a sharp downturn after 120 h

(Figure 5G). The opposite was observed for IL-6 in glioma-neutrophil

(1:30) experimental group, in which IL-6 production was 10 times

higher (Figure 5H). Despite only detecting low levels of IL-12p70, its

expression pattern is comparable with IL-8, showing increased levels

in the first hours, followed by basically absent production after 120 h
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(Figure 5I). Differently from IL-6, the antithesis of the production of

TNFa had a high initial expression, proportionally decreasing over

the hours (Figure 5J). Finally, there were no significant alterations in

IL-10 and IL-1b production (Figures 5K, L). Overall, the data suggest

that the neutrophil-glioblastoma crosstalk potentiates the differential

release of immune cell recruiting and suppression molecules

described as drivers of tumor progression.
Glioma cells reprogram cellular functions
of neutrophils

In addition to the analysis of effects of the neutrophil-glioma

crosstalk on the tumor cells, we also evaluated alterations in the

neutrophil population. Staining with trypan-blue, along with an

analysis by flow cytometry, revealed that the co-culture of

neutrophils and U87MG increased the neutrophil life span when

compared with neutrophils cultured in absence of tumor cells

(Figure 6A-C). The amount of live neutrophils in the presence of

glioma significantly increased, considering the period of 120 h

(Figure 6D). In addition to experiments with human cells, we

extracted neutrophils from murine bone marrow and cultured

them with murine GL-261 cells for 24 h (Figure 6E). This co-

culture resulted in a reduction of neutrophil (CD11b+) viability (P <

0.05; Figure 6F). However, different maturation states can be

observed when murine neutrophils were challenged with GL-261.

With this regard, we detected an increase of over 10% of mature

neutrophils, after co-culture with GL-261 (P <.05), and significant

decreases of the immature (P < 0.001) and of aged population (P <

0.0001; Figures 6G–I). Furthermore, we evaluated neutrophil

mitochondria functionality with mitochondrial probes. Gating

strategy for MitoTracker Greenhigh MitoSOX red -/+ (Figure 6J)
A B

DC

FIGURE 4

Evaluation of mitochondrial function by flow cytometry mitochondrial probes MitoTracker Green, MitoTracker Red and MitoSOX Red. (A) Gating
strategy overlaps between groups. (B) Quantification of mtROS production from selected MitoTracker Green+ cells. (C) MitoTracker DeepRed MFI
between groups. (D) Quantification of MFI in U87MG cell line with or without neutrophils for 24 h and 120 h. Two-way ANOVA, multiple
comparisons. Tukey test, in which a = 0.05, **P < 0.005 and ***P < 0.001. Error bars are mean ± SEM.
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demonstrated different neutrophil populations after 24 h

(Figure 6K) and 120 h (Figure 6L), which indicates a substantial

amount of MitoSOX- neutrophils when cultured with glioma cells

(Figure 6M). Moreover, the data illustrates no significant alterations

in mitochondrial membrane potential (Figure 6N, O). Concerning

NETs release, neutrophils were treated with conditioned medium

harvested from cultured U87MG cells and compared with

commonly used chemicals (PMA 100 nM and LPS 1 mg/mL) for

3 h. Data revealed that glioma soluble factors were able to induce

neutrophil DNA extravasation (P < 0.005; P < 0.001; Figure 6P).

Altogether, the data have demonstrated the great ability of tumors

to modulate the life span and response of neutrophils.
Cytokines play an important role in
recruiting neutrophils and sustaining
anti-inflammatory state

To validate a potential role of neutrophils in clinical samples, a

principal component analysis was performed (Loadings plot,
Frontiers in Immunology 10
Figure 7A). The results showed that the variables CDH1 and

FOXO3 are clustered closely together, indicating that these two

variables are positively correlated, similar to MGMT and MPO and

to IDH1, TGFb1, and NFkB1. In comparison, the vectors for FOXO3

and MGMT form a nearly 180° angle, indicating that these variables

are negatively correlated; the same was observed with CDH1 and

ELANE. Finally, the vectors for variables FOXO3 and CDH1 form a

nearly right angle with IDH1, TGFb1, and NFkB1, suggesting that

these variables are likely uncorrelated. Overall, the data suggests that

neutrophils act in accordance with immunosuppressive signaling

pathways, especially with MGMT (Figure 7B). In our patient

cohort, we performed a correlation analysis between neutrophils,

lymphocytes, leucocytes, and neutrophil-lymphocyte ratio (NLR) in

healthy volunteers (Figure 7C) and glioma patients (Figure 7D). This

analysis illustrated a considerable shift in blood count in glioma

patients. The results imply an important neutrophil-monocyte

correlation improvement in glioma patients (Figures 7E, F), which

can explain the role of innate cells in sustaining immunosuppressive

TME in glioma. To sum up, a descriptive analysis of glioma patient

dataset shows a considerable amount of glioblastoma grade IV (n =
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FIGURE 5

(A) Quantification of glucose consumption and lactate production from co-culture (cc) supernatant compared to control in 24 h and 120 h. Data
normalized by protein. (B) 2-NBDG uptake assay: U87MG quantification (B) and MFI (C); and neutrophil quantification (D) and MFI (E). Cytokines
pattern release in co-culture supernatant express in heat map (F) and quantification of IL-8 (G), IL-6 (H), IL-12p70 (I), TNFa (J), IL-10 (K), and IL-1b
(L). Two-way ANOVA followed by Bonferroni & Šidák corrections for multiple comparisons, in which a = 0.05, *P < 0.05, **P < 0.005, ***P < 0.001,
and ****P < 0.0001. Data shown as mean ± SEM.
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27), notably with IDH wild-type (n = 19) (Supplementary Table 4).

Patients IDH status was stratified according to grading system to

visualize the existence of any condition related to IDH (Figure 7G).

Furthermore, the amount of circulating neutrophil significantly

increased in glioblastoma patients, when compared with non-

glioblastoma (Supplementary Table 4 - P < 0.0001). The correlation

analysis between NLR, Ki-67 staining, and grade from glioma

patients was performed to test the connection between those

parameters. This graph shows no correlation between NLR and Ki-

67 staining, the dashed line represents the limit between the ratio

considered normal (NLR = 3.0; Figure 7H). Afterwards, the Human

Inflammatory CBA was conducted in blood serum from glioma
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patients and the Kaplan-Meyer survival graph was used to analyze the

data (Figure 7I). The data indicates poor prognostic value of NLR >3,

IL-1b, and IL-10, which validates our in vitro results described above.
Cytokines from each patient was stratified to understand the big

picture, the last one (n° 48) represents the healthy subject (Figure 7J).

Quantified data shows high amount of serum IL-8, which is

consistent with neutrophil mobilization, recruitment, and tumor

infiltration. IL-6 and IL-10 also showed considerable amounts,

which converses with the immunosuppressive state (Figure 7K).

Pearson’s test demonstrated correlation between serum IL-1b, IL-
10, TNFa, and IL-12p70; while IL-10 is also closely related to IL-8

(Figure 7L). Overall, the given data suggests a cytokine milieu in
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FIGURE 6

(A) Neutrophil viability tests performed using the trypan blue dye exclusion test throughout 24 h, 72 h and 120 h of co-culture along with U87MG
(ccU87MG) in different proportions (1 U87MG: 30/60 Nq). (B) Gating strategy to analyze neutrophil viability. (C) Live/Dead overlap between
experimental groups. (D) Percentage of live neutrophils. (E) Gate strategy to select CD11b+ cells (F) Cell viability quantification from neutrophil
derived from mice C5/BL6 bone marrow isolation. (G) Gating strategy to select Ly6G populations. (H) MFI for CXCL4 and CXCL8. (I) Quantification
of neutrophil maturation state according to mature: Ly6Ghigh, CXCR4-, CXCR2+; immature: Ly6Glow/mid, CXCR4+, CXCR2low; and aged:
Ly6Ghigh, CXCR4+, CXCR2-. (J) Gating strategy to cluster MitoGreen/MitoSOX (K) in 24 h and (L) 120 h. Evaluation of neutrophil mitochondrial
function by flow cytometry mitochondrial probes MitoTracker Green, MitoTracker Red, and MitoSOX Red. (M) Quantification of the percentage of
mitochondrial ROS production in neutrophils with or without U87MG, for 24 h and 120 h. (N) MitoTracker DeepRed MFI distribution and (O)
quantification. (P) NETs formation observed after 3h incubation with SytoxGreen reagent. Two-way ANOVA, multiple comparisons, Tukey test, in
which a = 0.05, *P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001.
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glioma patients that favors recruitment of neutrophils, sustaining an

immunosuppressive profile, that which is associated with

poor prognosis.
Discussion

The intercellular interaction and communication within the

tumor is crucial for understanding the TME (28, 29). The tumor
Frontiers in Immunology 12
niche includes, in addition to tumor and stromal cells, fibroblasts,

immune, and endothelial cells (5, 30). The immune infiltrate,

including neutrophils, is a feature of chronic inflammation,

contributing to tissue damage and ultimately to tumor

progression (13). In this context, we were able to demonstrate

that neutrophils act as expected in the first 24h after being in

contact with glioma cells: they attack tumor cells and compromise

their viability. This action persists until the next hours, and after

72 h it is possible to observe a slight change in this behavior,
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(A) Data download from TCGA GBM and analyzed by XENA browser (n = 172). The principal component analysis (Loadings plot) (B) Pearson’s
correlation matrix test, in which the strength of association is indicated. Correlation analysis between Neutrophil, Lymphocyte, Leucocyte, and NLR
from healthy volunteers (C) and glioma patients (D). On this graph, about 20 healthy volunteers and 50 glioma patients are shown as individual
circles. The X-coordinate of each circle represents circulating neutrophils/mL, whereas the Y-coordinate represents the circulating lymphocyte/mL.
The size of each symbol is proportionate to the NLR. Finally, the color of each symbol represents the total circulating leucocyte/mL. Correlation
matrix (Pearson’s coefficient) indicates strength of association from patients database (n = 20 healthy (E); n = 50 GB patients (F). (G) IDH status
stratify according to grading system. (H) Correlation analysis between NLR, Ki67 staining and grade from glioma patients. On this graph, about 50
glioma patients are shown as individual circles. The X-coordinate of each circle represents circulating Ki67 staining in percentage (%), whereas the Y
coordinate represents the NLR, in which the dashed line represents the limit between the ratio considered normal and high (NLR = 3.0). The size of
each symbol is proportionate to tumor grade (I – IV). (I) Kaplan-Meier survival analysis. Cytokine quantification in heat map (J) and dot plot (K). (L)
Heat map with correlation analysis between NLR and cytokine from blood serum of glioma patients.
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suggesting that from that point on, tumor cells are successful in

reprogramming the functions of neutrophils. The data suggest an

important role of neutrophils in tumor progression, both in vitro

and in vivo. The neutrophil plasticity happens according to the

stimuli received, and time seems to be a major factor for their

reprogramming. Other authors as well have presented evidence

supporting this theory (13, 31–33). After 120 h, we observed that

the tumor reacts to the presence of the neutrophils and its viability

increases. This behavior shows that the “contact time” factor is a

variable that must be considered when studying a neutrophil

response in tumor progression. It also indicates that tumor-

infiltrating neutrophils may have heterogenous functions

depending on their actual time in the TME.

The results of Ki-67 labeling demonstrated that the neutrophil

sphere groups proliferated almost exclusively in the periphery –

consistent with the literature and with clinical findings in glioma

patients (34) – since this region has greater access to nutrients and

oxygen, while the central area shows necrosis. Additionally, while

the control sphere, U87MG, revealed Ki-67 positivity of about 40%,

the neutrophil groups, in both initial and advanced tumor 3D

models, reached a plateau of about 80%, demonstrating that growth

was significantly higher when there is crosstalk between these cells.

Necrosis is a relevant finding in clinical tumor samples, being an

indication of malignancy (35). Thus, since our experiments revealed

increased levels of necrosis in the presence of neutrophils, it is

suggested that neutrophils could help in inducing necrosis within

the tumor niche, favoring the poor prognosis in glioma patients.

Moreover, tumor infiltration of neutrophils has been described as

an indicator of poor prognosis (36) and the location within the

tumor mass has prognostic relevance, since they are usually found

in the peritumoral area (23, 37, 38). Our in vitro data suggests that

neutrophils can attach to glioma sphere at the periphery (data not

shown), similar to studies which have described mostly peritumoral

neutrophil infiltration in tumor patients (4, 39). These results

suggest that the location of the immune infiltration in the tumor

is of high prognostic importance and impacts on its malignancy,

and that the presence of neutrophils in the intratumoral region is

highly associated with cancer progression and growth.

Furthermore, glioma mitochondria metabolism indicates a

possible mitochondria distress, which can result in mtDNA

release. The tumor depends on mitochondrial mismatch in its

tumor escape process (40, 41). According to cell energy necessity,

the ATP production is increased in stress conditions, such as

immune interaction, high oxidative phosphorylation (OXPHOS)

activity, necrosis, and hypoxia (42). High ATP production need

leads to mitochondria fusion (43), which can explain the lowMFI in

MitoTracker DeepRed after 120 h with neutrophils culture.

However, in tumor cells, such as glioma, the ATP produced is

mostly used as a signal, being extravasated via pannexin channels,

activating purinergic receptors, such as P2Y2 in immune cells, and

leading to the activation and chemotaxis of neutrophils (44). The

Warburg effect can be observed by the high lactate production in

the mixed culture. This effect describes the use of glucose
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preferentially in the glycolytic pathway, even in the presence of

oxygen, which accelerates tumor metabolism and, consequently,

lactate production (45, 46). Cell stress can initiate various signaling

pathways (47). Our data implies the possibility of glioma mtDNA

release into cytosol. Tumor cells can initiate NFkB signaling,

increasing IL-8 and reducing IL-6 secretion, mtDNA can activate

cyclic GMP-AMP synthase and inflammasome pathways.

Mobilizing cGAS-STING1 and canonical NFkB signaling

st imulates TNFa and IL-6 cytokine secret ion, whi le

inflammasome mechanism cleavage IL-1b and, together, activate

immune responses (48–50). With this regard, our in vitro results

suggest that in 24 h and 72 h there is an increase in IL-8 production

in glioma cells challenged with neutrophils, which might be

explained by the NFkB signaling. This converses with glioma

viability, protein synthesis, and MTT absorbance. Neutrophils

first interaction cause glioma distress, which has a turnover over

the hours. The remaining living glioma cells might be able to

activate cGAS-STING1 pathway and release TNFa. On the other

hand, after 120 h, glioma mitochondria data indicates mitochondria

recovery and fusion, which can be due to the increase in energy

metabolism and ATP production necessity (43). Authors have

evaluated ATP increase in distress glioma cells (46). Moreover,

cell resurgence is in accordance with the increase in IL-6 and IL-1b
in vitro production, after 120 h.

Neutrophils are formed from the common myeloid precursor in

the bone marrow and circulate for a limited time, capable of being

active for approximately 3 days after stimulation (13, 31, 51). The

aging process of the cell is marked by the phenotypic activation

triggered by some disturbance (52). Nonetheless, there is evidence

that survival rate changes when there is cellular hyperresponsiveness;

the mechanisms by which the life span is increased are still under

investigation for different chronic inflammatory diseases (53–57).

Notably, neutrophil modulation indicates onset by the third day,

while the viability of U87MG in that same period suggests a break in

the immune cell attack process against the tumor. In other words, a

period of prolonged contact is necessary for neutrophils to effectively

assist in tumor growth. Indeed, glioma mtDNA can activate

neutrophil response via TLR9 (58, 59) leading to the increased

release of inflammatory cytokines, including TNFa, IL-6 and IL-1b
(58). Moreover, mtDNA can trigger NETs release (60).

Neutrophils are well-known for modulating their own

metabolism under environmental circumstances (61). Neutrophils

have few mitochondria; during maturation process, however, they

have an increase in OXPHOS (62–64), describing a metabolic shift

towards free fatty acids (FFAs)-dependent OXPHOS (65). Our data

suggests that neutrophil mtROS production is decreased and

probably not the major ROS source production in these cells.

Oxidative neutrophils have an essential role in inhibiting T cell

activation, especially in environments with limited glucose (61, 63,

66). Similar observations were made in our study. Both, tumor cells

and neutrophils, increased glucose-uptake, with subsequent increase

of lactate production. Moreover, high lactate production has been

described to contribute to immunosuppression in the TME (67, 68).
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Neutrophil azurophilic granules are rich in myeloperoxidase

(MPO) and in proteolytic and bactericidal proteins, being directly

involved with phagocytosis (69, 70). During neutrophil oxidative burst,

MPO granules inside the cell generate HOCl. Those oxidants are

essential to NETosis (71). NETs are a nuclear network composed of

granular proteins such as elastase (NE) and MPO (72). This process is

considered a mechanism of cell death different from apoptosis and

necrosis since it consists of disintegrating the nuclear envelope,

exposing the content in the cytosol. The detriment of the

intercellular membrane leads to the loss of organelles, and,

consequently, the integrity of the plasma membrane is impaired (73).

DNA-binding proteins, such as HighMobility Group Box 1 (HMGB1),

are increased in NETs-mediated activation of TLR4 and TLR9 (74).

One study revealed that HMGB1 interaction with RAGE/NFkB
receptors from glioma cells induces IL-8 expression in tumor cells

(75). The data suggest a higher NETs release in the presence of glioma

soluble factors. Under tumor conditions, NETs have been linked to the

formation of metastases, because, theoretically, these bonds capture the

circulating tumor cells and facilitate the disposition in other tissues (76,

77). Moreover, NETosis pathway requires ROS generation and increase

in intracellular Ca2+ (78). This is mediated by mitochondria ATP

production which sustain a positive feedback loop specially by

activating purinergic receptors, such as P2Y2 (44). Although the

NETs release is a cell death mechanism, studies have demonstrated

that some neutrophils remain alive after NETosis due to the chromatin

source, which is mitochondrial (79). Therefore, it is suggested that GB-

neutrophil crosstalk have a prolonged tumor activation that could

involve NETs formation and the release of HMGB1, MPO and NE

proteins by neutrophils, which activates glioma cells by NFkB
signaling, inducing oxidative mutations, impairing mitochondrial

function and secreting immunosuppressive cytokines.

One study observed in a zebrafish glioblastoma model that

neutrophils are recruited very early during oncogenesis and their

presence increases tumor cell proliferation. The study suggests that

this is due to the release of ROS, capable of causing DNA damage

and inducing oncogenesis in cells around the tumor (80). We

observed in our in vivo experiments that neutrophils can shift

tumor growth pattern and increase its size along time. However, the

animal model revealed that neutrophil alone have low effect in the

overall outcome, BALB/c nude mice have no adaptive immune

system, and the implantation of human neutrophils might not have

the strength to recruit mice innate cells, such as monocytes. A

recent study demonstrated the ability of neutrophils to recruit

macrophages and regulatory T cells in hepatocellular carcinoma

via cytokine release (81). Moreover, our clinical dataset

demonstrated a strong positive correlation between circulating

neutrophils and monocytes in GB patients. Our patients dataset

revealed that high-grade glioblastoma had Ki-67 positivity

increased by almost two times when compared with non-

glioblastoma, in accordance with higher NLR (>3). Studies have

demonstrated that higher percentage of Ki-67-positive cells in

gliomas is related to the higher concentration of neutrophils in

relation to lymphocytes in peripheral blood. Furthermore, this

proportion is considerably higher in grade IV tumors (82).
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Overall, the data suggest a relevant crosstalk between inflammation

and Ki-67 in glioma, corroborating our findings in the U87MG

spheres, in in vivo BALB-c nude mice and clinical samples, in which

there is a propensity between cell proliferation in control group and

in groups with neutrophils.

It is not unusual to find pro-inflammatory cytokines in the

TME, acting as stimulators of tumor progress and metastasis (83).

Cytokines such as TNFa and IL-1b – known for their generally pro-

inflammatory functions – and IL-10, a cytokine with

immunosuppressive capacity are often found in the TME (84).

Within the TME, some of the main cytokine-producing cells are B

and T lymphocytes, dendritic cells, tumor-associated macrophages,

TANs, MDSCs, and NK cells (85–87). Furthermore, IL-6, IL-8, and

IL-10 production by cells from the TME mediate pro-tumor

functions of immune cells, such as neutrophils and macrophages

(88, 89). Our data demonstrates that glioma patients present an

important cytokine-related worse outcome, especially regarding IL-

1b and IL-10. Notably, the information provided by the release of

cytokines in patients with glioma corroborates those found in vitro.

In general, there is a high amount of circulating IL-8, in the same

way that there is an increase in gliomas challenged with neutrophils.

We found this pattern of late release of IL-1b and IL-6, which shows
to be related to a worse prognosis in our patients. Moreover, the

importance of IL-10, being preferentially released by immune cells,

in this case, neutrophils, as indicated in the literature (84, 90–92).

These data together with the NLR indicate great relevance of the

role of neutrophils in both local and systemic immunosuppression.

Overall, our study answers an important question about the ability

of dual communication followed by cell modulation between glioma

and neutrophils (Figure 8). Bringing out the important role of

neutrophil immunosuppression activation. Briefly, we have shown

that, when cells are in contact, there is a constant and time dependent

modulation. With tumor activation by mitochondrial disruption and

mtROS release. The set of cytokines released is consistent with the

maintenance of an immunosuppressed environment, which would

explain the important role of this communication for the perpetuation

of a TME favorable to the tumor. Due to cellular activation, both cells

consume glucose, which leads to an increase in lactate in the

environment and potentiates the effects of immune inhibition. On

the other hand, pathways yet to be discussed activate neutrophils,

promoting the release of NETs and ROS, which in turn contribute to

the maintenance of the chronic inflammatory state found in the TME.

It is important to emphasize that the activation pathways that lead to

these signals need to be better elucidated. New experiments should be

carried out to try to enlighten the open questions raised in our study

about the signaling pathways between glioma-neutrophil crosstalk.
Concluding remarks

Thus, the data demonstrates a bidirectional crosstalk between

glioma cells and neutrophils in modulating not only each other but

also the local microenvironment. This study allowed insights into

the complex interaction between tumor cells and the
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microenvironment that surrounds them. Briefly, we observed that

the presence of neutrophils closely located to the tumor is capable of

inducing tumor-promoting effects. We have verified that there is a

glioma-neutrophil crosstalk, resulting in further increase of

neutrophil recruitment as well as elongation of neutrophil

lifespan. These results are relevant to understand how tumor

progression occurs and how immune cells contribute to that

process. However, further studies are needed to confirm the

magnitude of this interaction.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving human participants were reviewed and

approved by Irmandade Santa Casa de Misericórdia de Porto
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SUPPLEMENTARY FIGURE 1

Analysis of neutrophil infi ltration in U87MG spheroids by CD45
immunohistochemistry. Representative images from (A) U87MG sphere; (B)
U87MG + N0 sphere; (C) U87MG + pool N0 sphere for 72h; (D) U87MG +

pool N0 sphere for 120 h (magnification 40x).

SUPPLEMENTARY TABLE 1

List of materials.

SUPPLEMENTARY TABLE 2

3D histopathological analysis.

SUPPLEMENTARY TABLE 3

Histopathological analysis of HE stained slices of glioblastomas implanted in
Balb/c male and female nude mice.

SUPPLEMENTARY TABLE 4

Glioma patients group description. *anaplastic astrocytoma, metastatic

adenocarcinoma, transitional meningioma, “no evidence of neoplasia in
histological findings,” pilocytic astrocytoma, oligodendroglioma, diffuse Large B

Cell Lymphoma, and “astrocytoma” – all described as per medical report.
References
1. Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: a clinical
review. JAMA - J Am Med Assoc (2013) 310:1842–50. doi: 10.1001/jama.2013.280319

2. Tiziano D, Carlo D, Cagnazzo F, Benedetto N, Morganti R, Perrini P, et al.
Multiple high-grade gliomas : epidemiology , management , and outcome. A systematic
Rev meta-analysis (2017) 42:263–275. doi: 10.1007/s10143-017-0928-7

3. Nørøxe DS, Poulsen HS, Lassen U. Hallmarks of glioblastoma: a systematic
review. ESMO Open (2016) 1:1–9. doi: 10.1136/esmoopen-2016-000144

4. Shaul ME, Fridlender ZG. Tumour-associated neutrophils in patients with
cancer. Nat Rev Clin Oncol (2019) 16:601–20. doi: 10.1038/s41571-019-0222-4

5. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144:646–74. doi: 10.1016/j.cell.2011.02.013

6. Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. Lancet (2016)
388:2023–38. doi: 10.1016/S0140-6736(16)30173-8

7. Dapash M, Hou D, Castro B, Lee-Chang C, Lesniak MS. The interplay between
glioblastoma and its microenvironment. Cells (2021) 10:1–14. doi: 10.3390/cells10092257

8. Takakura K, Ito Z, Suka M, Kanai T, Matsumoto Y, Odahara S, et al.
Comprehensive assessment of the prognosis of pancreatic cancer: peripheral blood
neutrophil-lymphocyte ratio and immunohistochemical analyses of the tumour site.
Scand J Gastroenterol (2016) 51:610–7. doi: 10.3109/00365521.2015.1121515

9. Massara M, Persico P, Bonavita O, Poeta VM, Locati M, Simonelli M, et al.
Neutrophils in gliomas. Front Immunol (2017) 8:1349. doi: 10.3389/fimmu.2017.01349

10. Lawrence SM, Corriden R, Nizet V. The ontogeny of a neutrophil: mechanisms
of granulopoiesis and homeostasis. Microbiol Mol Biol Rev (2018) 82:1–22.
doi: 10.1128/mmbr.00057-17

11. Silvestre-Roig C, Fridlender ZG, Glogauer M, Scapini P. Neutrophil diversity in
health and disease. Trends Immunol (2019) 40:565–83. doi: 10.1016/j.it.2019.04.012

12. Hellebrekers P, Vrisekoop N, Koenderman L. Neutrophil phenotypes in health
and disease. Eur J Clin Invest (2018) 48:e12943. doi: 10.1111/eci.12943

13. Giese MA, Hind LE, Huttenlocher A. Neutrophil plasticity in the tumor
microenvironment. Blood (2019) 133:2159–67. doi: 10.1182/blood-2018-11-844548

14. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy.
Nat Med (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x

15. Yu MW, Quail DF. Immunotherapy for glioblastoma: current progress and
challenge. Front Immunol (2021) 12:676301. doi: 10.3389/fimmu.2021.676301

16. Granot Z. Neutrophils as a therapeutic target in cancer. Front Immunol (2019)
10:1710. doi: 10.3389/fimmu.2019.01710

17. Oh H, Siano B, Diamond S. Neutrophil isolation protocol. J Vis Exp (2008) 17:1–
2. doi: 10.3791/745

18. Azambuja JH, Ludwig N, Braganhol E, Whiteside TL. Inhibition of the
adenosinergic pathway in cancer rejuvenates innate and adaptive immunity. Int J
Mol Sci (2019) 20(22):5698. doi: 10.3390/ijms20225698

19. Vichai V, Kirtikara K. Sulforhodamine b colorimetric assay for cytotoxicity
screening. Nat Protoc (2006) 1:1112–6. doi: 10.1038/nprot.2006.179

20. Crowley LC, Marfell BJ, Christensen ME, Waterhouse NJ. Measuring cell death
by trypan blue uptake and light microscopy. Cold Spring Harb. Protoc (2016) 2016:643–
6. doi: 10.1101/pdb.prot087155
21. Gao B, Jing C, Ng K, Pingguan-Murphy B, Yang Q. Fabrication of three-
dimensional islet models by the geometry-controlled hanging-drop method. Acta Mech
Sin (2019) 35:329–37. doi: 10.1007/s10409-019-00856-z

22. Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA. Spheroid-based drug screen:
considerations and practical approach. Nat Protoc (2009) 4:309–24. doi: 10.1038/
nprot.2008.226

23. Umansky V, Blattner C, Gebhardt C, Utikal J. The role of myeloid-derived
suppressor cells (MDSC) in cancer progression. Vaccines (2016) 4(50):e2597.
doi: 10.3390/vaccines4040036

24. Liu X, Quan N. Immune cell isolation from mouse femur bone marrow. Bio
Protoc (2015) 5(20):e1631. doi: 10.21769/bioprotoc.1631

25. Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A.
Neutrophil diversity and plasticity in tumour progression and therapy. Nat Rev
Cancer (2020) 20:485–503. doi: 10.1038/s41568-020-0281-y

26. Carmona-Rivera C, Kaplan MJ. Induction and quantification of NETosis. Curr
Protoc Immunol (2016) 2016:14.41.1–14.41.14. doi: 10.1002/cpim.16

27. Goldman MJ, Craft B, Hastie M, Repečka K, McDade F, Kamath A, et al.
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