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ARTICLE INFO ABSTRACT

Keywords: Human glioblastoma (GBM) is one of the most feared primary malignant brain tumors. We investigated the effect
Glioblz?stoma of hyperbaric oxygen (HBO) on GBM patient-derived cells and on microglia cell biology (CHME-5). HBO
Hypoxia administered to GBM cells inhibited cell proliferation, downregulated hypoxia-inducible factor 1 o (HIF-1a)
Inflammation . . . . L. s

Radioresistance expression, and induced glucose metabolism reprogramming (glucose rewiring). It also affected the ability of a

cell to perpetuate its lineage, give rise to differentiated cells and interact with its environment to maintain a
balance between quiescence, proliferation and regeneration (stemness features). Such an effect may be ascribable
to an increase in intracellular ROS levels and to the triggering of inflammasome signaling by HBO itself through
caspasel activation. Moreover, the results obtained from the combination of HBO and radiotherapy (RT) clearly
showed a radiosensitising effect of HBO on GBM cells grown in both 2D and 3D, and a radioprotective effect of
HBO in CHME-5. In addition, the exposure of MO microglia cells to exhausted medium or extracellular vesicles
(EVs) of HBO-treated GBM cells upregulated the expression of pro-inflammatory cytokines IL1f, IL6 and STAT1,
whilst also downregulating the anti-inflammatory cytokine PPARy. Collectively, these data provide a scientific
rationale for the use of HBO in combination with RT for the treatment of patients with GBM.

Preclinical studies

1. Introduction

Glioblastoma (GBM) is the most aggressive brain tumor and one of
the deadliest cancers, with a median overall survival of only 15 months
[1]. Currently, the standard approach to manage GBM includes maximal
safe surgical resection followed by external beam irradiation five times a
week for six weeks, together with oral temozolomide daily [2]. Despite
advances in surgery, radiation, and conventional chemotherapeutic

treatments, the majority of patients relapse within 6.9 months of the
initial diagnosis [3]. The poor clinical outcome of GBM is generally
attributed to its intratumoral heterogeneity [4], the highly invasive
nature of tumor cells, making complete surgical resection virtually
impossible [5], and the presence of cancer stem cells (CSCs) [6].

One of the distinctive pathological features of grade IV glioma is the
presence of necrotic foci with surrounding cellular pseudopalisades and
microvascular hyperplasia, typical hallmarks of complete or partial
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deprivation of oxygen [7]. Hypoxia has long been associated with
increased tumor aggressiveness, poor prognosis and resistance to
radiotherapy and chemotherapy in different cancers, including GBM. In
particular, it has been hypothesized that oxygen deprivation promotes
the spread of GBM cells, favoring cell disposition at the perivascular
niche and allowing escape from the adverse microenvironment [8]. The
establishment of a hypoxic microenvironment also impacts immune cell
composition and cell metabolism remodeling by the activation of
hypoxia-sensitive factors (e.g HIF 1-2) and pro-inflammatory tran-
scription factors (e.g. NF-xB) [9,10]. In particular, it has been reported
that hypoxia is a typical microenvironmental feature of chronically
inflamed tissues [11] and, in fact, the most hypoxic areas of numerous
solid tumors show a pronounced congregation of M2-like macrophages,
concurring to the assessment of the immunosuppressive tumor micro-
environment [12,13]. Literature data report that the function of many
immune cells within and around GBM tissue tend to be severely
impaired. Moreover, the immune cell component appears to be
composed mainly of tumor-associated macrophages (TAMs), which may
account for 30% of the total tumor mass [14]. TAMs can be peripheral
myeloid cells or brain-resident microglia [15], both capable of adopting
classic (proinflammatory, M1) and alternative (anti-inflammatory,
prohealing, M2) activation states that impact tumor niche behavior
[16]. In tumors, including GBM, the induction of hypoxia-inducible
factor 1 alpha (HIF-1a) expression leads to the upregulation of the
glycolysis metabolic pathway, enhancing adenosine triphosphate (ATP)
production required for cell survival and proliferation [17,18]. It also
increase lactate production which, in glioma cells, contributes to tumor
hypoxic acidosis [19], associated with increased aggressiveness, poor
prognosis and radio- and chemotherapy resistance [18].

A potential alternative therapeutic approach to reversing or partially
mitigating the hypoxic immunosuppressive GBM microenvironment
could hyperbaric oxygen therapy (HBOT). HBOT is based on the
administration of pure oxygen (i.e. 100 %) to patients at pressures
greater than one standard atmosphere (ATM), ie. >1 atm absolute
(ATA). HBOT is widely used as an additional treatment for ischemic
diseases [20]. In oncology, HBOT in combination with radiotherapy
(RT) is believed to act as an RT adjuvant, enhancing the amount of
dissolved oxygen in the blood and peripheral tissue, and also increasing
the free-reactive oxygen species (ROS), which leads to DNA damage
[21]. In addition, a study on in vivo experimental models by Hatfield
et al. [22] suggested that high oxygen concentrations may also posi-
tively impact the adenosine-rich tumor microenvironment, a typical
feature of inflammation, enhancing tumor regression and long-term
survival in mice. Furthermore, the results from non-randomized clin-
ical trials conducted on Japanese GBM patients [23] suggest that RT
after HBOT confers a survival benefit for patients with recurrent
high-grade gliomas. However, a scientific rationale for the use of HBO in
combination with radiation, base on the evaluation of the crosstalk be-
tween oxygen sensing pathways and inflammation effector cells, is still
lacking.

In the present work we investigated the radiosensitising action of
different HBO pressures (1.9 and 2.5 ATA) and their effect on the
glycolytic metabolism of GBM and microglia cells in in vitro patient-
derived models of GBM.

2. Materials and methods
2.1. Cell lines

Primary cultures of GBM (G34, G40 and G44) were isolated in our
laboratory from surgical samples of GBM obtained from the Neurosur-
gery Unit of Bufalini Hospital in Cesena and selected by a pathologist.
CHME-5 cell line (transformed human microglial cells) was kindly
provided by Prof. Di Virgilio of the University of Ferrara. Primary cul-
tures were maintained in NeuroCult™ for primary neuronal and neural
stem cell culture (Stemcell Technologies, Vancouver, Canada) at 37 °C.
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CHME-5 cells were maintained in DMEM high glucose, supplemented
with 10% FBS and 1% r-glutamine (Euroclone, Milan, Italy) at 37 °C. All
cell lines were maintained in hypoxic conditions (4% 02).

2.2. Human specimens

Fresh tumor tissue was obtained from patients undergoing surgical
resection in the Neurosurgery Unit of Bufalini Hospital (Cesena, Italy)
and selected by a pathologist. The Ethics Committee of IRST and AVR
(Area Vasta Romagna) reviewed and approved the study protocol
(B004) and patients provided written informed consent.

2.3. Patient clinical characteristics

Samples were collected from 10 patients with GBM, 8 of whom at the
first diagnosis (G40 and G44 primary cell lines were isolated from 2 of
these) and 2 with recurrent disease (from whom derived G34 primary
cell culture). One patient had relapsed 12 months after HBO and
radiotherapy. The group consisted of 7 males and 3 females aged 40-80
years, median age 62 years (Table S1).

2.4. Invitro radiation system

The flasks containing monolayer cells or 3D-spheroids were inserted
into a custom-built plexiglass phantom (40 x 40 x 8 cm). The phantom
was irradiated using a 6-MV photon beam delivered by an Elekta Syn-
ergy linear accelerator (Elekta Oncology Systems, Stockholm, Sweden).
The delivered dose was calculated using the Philips Pinnacle 3 radiation
therapy planning system (Philips Healthcare, Best, The Netherlands)
customized with the geometric and dosimetric characteristics of an
Elekta Synergy linear accelerator, as previously described [24].

2.5. Treatments

HBOT was performed in a hyperbaric chamber designed expressly for
preclinical studies. The air inside the chamber was replaced with 100%
O and the pressure increased for 15 min until 1.9 and 2.5 ATA (absolute
atmospheres) were reached. The latter conditions were maintained for 1
h. Finally, decompression from 2.5 to 1.9 ATA back to atmospheric
pressure was done gradually over 15 min.

Radiation. Within 30 min of HBOT, cells were irradiated in 25-cm?
flasks or 96-multiwell plates using the linear acceleration Elekta Synergy
Platform system. The doses delivered were 5 Gy and 7.5 Gy.

2.6. In vitro cytotoxicity assay

3D cell viability was measured using the CellTiter-Glo® 3D Cell
Viability Assay (Promega, Milan, Italy) 72 h after the treatments.
Spheroids were removed from the 96-well low-attachment culture plates
and placed separately in single wells of a 96-well opaque culture plate
(BD Falcon, Corning, Somerville, MA, USA). CellTiter-Glo® 3D reagent
was added to each well and the luminescence signal was read after 30
min using the GloMax® bioluminescent reader (Promega).

2.7. Soft agar colony formation assay

Soft agar colony formation assay was performed as described by
Borowicz et al. [25]. After two weeks’ incubation, the resulting colonies
were counted: colonies with >50 cells were quantified under inverted
microscope (I500X, Olympus, Tokyo, Japan) by two independent ob-
servers. The count was repeated each week up to a maximum of 5 weeks’
incubation.

2.8. In vitro glucose uptake activity

Glucose uptake assay was performed with Glucose Uptake-Glo™
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Assay according to the manufacturer’s instructions (Promega). Briefly,
cells exposed to different radiation doses (5 and 7.5 Gy) and oxygen
pressures (1.9 and 2.5 bars) were washed with PBS-1X and incubated
with 2-deoxy-p-glucose (2DG) for 10 min. After several additions of
buffer, the uptake of 2DG was measured according to the manufacturer’s
instructions and luminescence intensity (Relative light unit, RLU) was
recorded using a GloMax® Luminometer (Promega).

2.9. Invitro lactate activity

Lactate assay was performed with Lactate-Glo™ Assay (Promega)
according to the manufacturer’s protocol. Briefly, cells exposed to
different radiation doses (5 and 7.5 Gy) and oxygen pressures (1.9 and
2.5 bars) were incubated with lactate detection reagent for 60 min at a
1:1 ratio of cell medium and lactate detection solution. The lumines-
cence signal was recorded using a GloMax® Luminometer.

2.10. ROS detection

The H202 assay was performed with ROS-Glo™ H202 Assay
(Promega). Cells exposed to different radiation doses (5 and 7.5 Gy) and
oxygen pressures (1.9 and 2.5 bars) were seeded onto an opaque white
96-well plate in the desired medium or PBS. The H202 substrate solu-
tion was then added, bringing the final volume to 100 pL. The plate was
incubated at 37 °C in a 5% CO2 incubator for 60 min. 100 pL of the ROS-
Glo detection solution was added to each well at the end of incubation.
After an additional incubation of 20 min at room temperature, lumi-
nescence was recorded using a GloMax® Luminometer.

2.11. Caspase-1 activity assay

Caspase-1 activity was anlayzed with the Caspase-Glo 1 inflamma-
some assay kit (Promega) according to the manufacturer’s protocol.
Prior to the assay, the caspase-1 luminescent substrate solution was
prepared and equilibrated to room temperature. After the respective
incubation periods, 100 pL of the substrate solution was added to each
well of the 96-well plate. The plate was then shake for 30 s and incu-
bated at room temperature for 1.5 h to allow the luminescent signal to
stabilize. The plate was then read using a GloMax® Luminometer.

2.12. NAD/NADH and NADP/NADPH detection

NAD/NADH and NADP/NADPH assays were performed with NAD/
NADH-Glo™ Assay and NADP/NADPH Glo™ Assay (Promega, Milan,
Italy) according to manufacturer’s protocols. Briefly, cells untreated and
exposed to different oxygen pressures (1.9 and 2.5 bar), were incubated
with NAD/NADH or NADP/NADPH Detection Reagent for 30 min, with
a 1:1 ratio of cells medium + PBS and detection solution. The lumi-
nescence signal was recorded using a GloMax® Luminometer.

2.13. LDH-Glo™ Cytotoxicity Assay

LDH release was measured in the culture supernatants with the LDH-
Glo™ Cytotoxicity Assay (Promega), according to manufacturer’s in-
structions. Briefly, 250 x 10 GBM cells were plated in a six-well plates.
After HBO treatments, cell supernatants diluted 1:25 in LDH storage
buffer (200 mM Tris-HCI (pH 7.3), 10% Glycerol, 1% BSA in deionized
water) were added to LDH detection reagent at ratio 1:1 and incubated
at room temperature for 60 min. Luminescence were then measured
using the GloMax® bioluminescent reader (Promega). LDH release (%),
was calculated by using the following formula: LDH release (%) =
[(experimental LDH release value) — (background value)]/[(LDH
release value in 10% Triton X-100-treated samples) — (background
value)] x 100.
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2.14. Annexin V assay

Treated and untreated cells were washed in PBS 1X and then incu-
bated with 25 pL of Annexin V-FITC in binding buffer (Thermo Fisher
Scientific, Waltham, MA, USA) for 15 min at 37 °C in a humidified at-
mosphere in the dark. Immediatly before flow cytometric analysis, 5 pg/
mL of propidium iodide was added to discriminate between apoptotic
and necrotic cells.

2.15. Western blot analysis

Briefly, cell proteins were extracted with M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with Halt Protease Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific). Mini-PROTEATGX™ precast gels (4-20%
and any kD) (Bio-Rad Laboratories Hercules, CA, USA) were run using
Mini-PROTEAN Tetra electrophoresis cells and then electroblotted by
Trans-BlotTurbo™ Mini PVDF Transfer Packs (Bio-Rad Laboratories).
The unoccupied membrane sites were blocked with T-TBS 1X (Tween
0.1%) and 5% non-fat dry milk to prevent nonspecific binding of anti-
bodies and probed with specific primary antibodies overnight at 4 °C.
This was followed by incubation with the respective secondary anti-
bodies. The antibody-antigen complexes were detected by chem-
iluminescence with Clarity™ Western ECL Substrate (Bio-Rad
Laboratories).

2.16. Comet assay

The assay was performed according to the manufacturer’s protocol
(Comet assay, Trevigen, Gaithersburg, MD, USA). Briefly, at the end of
the treatments, 5 x 10° cells were suspended in LM Agarose (at 37 °C) at
a ratio of 1:10 (v/v), and 75 pL were immediately transferred onto the
comet slide. The slides were immersed for 1 h at 4 °C in a lysis solution,
washed in the dark for 1 h at 4 °C in alkaline solution and then elec-
trophoresed for 30 min at 20 V. Slides were immersed twice in dH20 for
5 min each, dipped in 70% ethanol and stained with 20 pL of diluted
SYBR® Green Master Mix (Bio-Rad Laboratories). The extent of DNA
damage was evaluated quantitatively by EVOS Cell Imaging Systems 10x
(Thermo Fisher Scientific). The percentage of DNA in tail for different
categories of comets was expressed, as previously described by Garcia
et al. [26]. We used CometAnalyser tool to obtain reproducible and
reliable quantitative data, as previously decribed by Pignatta et al. [27].

2.17. Confocal microscopy analysis

After HBOT, cells were fixed and permeabilized with ice-cold
methanol for 10 min and acetone for 1 min on ice, blocked for 1 h at
room temperature with blocking solution (1X PBS/5% normal goat
serum/0.3% Triton X-100) and incubated overnight at 4 °C with primary
anti-ASC antibody (1:250 dilution, Santa Cruz, Santa Cruz, USA). After
washing 5 times with PBS 1X, slides were incubated for 1 h at room
temperature with secondary goat anti-mouse Alexa Fluor 546 (1:250;
Life Technologies, Carlsbad, CA, USA). Slides were then washed 5 times
with PBS 1X and mounted. The confocal imaging was performed with a
Nikon A1 confocal laser scanning microscope (Tokyo, Japan), equipped
with a 60X oil objective (1.4 NA), using 405 and 561 nm laser lines.

2.18. Characterization and isolation of extracellular vesicles (EVs)

Briefly, cell lines were grown to 70% confluence, at which point the
growth medium was replaced with FBS-depleted equivalent medium
and exposed to HBOT. After 72 h, 200 mL of conditioned supernatant
were collected and centrifuged at 500 g for 5 min at 4 °C to pellet
cellular contaminant, followed by 3000 g for 30 min at 4 °C to pellet cell
debris. The supernatant was centrifuged at 18,000 g for 30 min and
subsequently for 30 min at 10,000 g. The resulting supernatant was
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ultra-centrifuged twice at 100,000 g for 70 min and 120 min at 4 °C. The
final EV pellet was solubilized in 100 pL of filter-sterilized PBS. EVs were
used immediately or stored at —80 °C.

2.19. Nanoparticle tracking analysis (NTA) of EVs

Nanoparticle tracking analysis was used to determine particle size
and concentration of all samples. Purified EVs were diluted in 0.22 pM of
filtered PBS to an appropriate concentration before analysis, loaded into
the sample chamber of a NanoSight LM10 instrument (Malvern Pan-
alytical, Salisbury, UK). At least three videos of 30 or 60 s in length were
recorded for each sample. The temperature was kept constant
throughout the measurements. Data analysis was performed with NTA
3.1 software. Data is presented as the average and standard deviation of
the three video recordings. When samples contained large numbers of
particles, they were diluted before analysis and the relative concentra-
tion was then calculated according to the dilution factor.

2.20. Microglial polarization

CHME-5 human microglial cells were activated by a 24-h incubation
with 150 nM of phorbol 12-myristate 13-acetate followed by a 24-h
incubation in DMEM high medium. Microglial cells were polarized in
M1 by incubation with 20 ng/mL of interferon-y (IFN-y). M2 polariza-
tion was obtained by incubation of the cells with 40 ng/mL of inter-
leukin 4 and 40 ng/mL of interleukin 13. MO-like cells were exposed to
untreated HBOT-exposed GBM cell medium or exosomes. Finally,
microglial cells were exposed to EVs or culture medium isolated from
GBM cells exposed to HBOT. Gene expression levels of M1/M2
polarization-associated markers were analyzed in CHME-5 cells exposed
to each of the above conditions.

2.21. Co-culture

CHME-5 human microglial cells were activated by a 24-h incubation
with 150 nM of phorbol 12-myristate 13-acetate followed by a 24-h
incubation in DMEM high medium. GBM cells were pipetted into the
inner circle of the underside of cell culture inserts membrane of a 0.3 pm
(BD FALCON). The plate was covered with a lid, thus holding the cell
suspension to the underside of the membrane by capillary action. The
cells were allowed to adhere overnight at 37 °C and 5% CO2. Subse-
quently, the insert was placed in the well of a 24 well plate with CHME-5
MO cells. Co-cultures were maintained for 2 days at 37 °C and then
treated with HBO.

2.22. Three-dimensional cell culture

A rotatory cell culture system (RCCS) (Synthecon Inc., Houston, TX,
USA) was used, as previously described [24]. The rotator bases were
placed inside a humidified 37 °C incubator and connected to power
supplies set up externally. Single cell suspensions of about 1 x 10°
cells/mL of lung cell line were placed in the 10-mL rotating chamber at
an initial speed of 12 rpm. The culture medium was changed every 4
days and tumor spheroids with an equivalent diameter ranging from
about 500 to 700 pm (depending on the cell line used) were obtained in
around 15 days. The spheroids were transferred into 96-well
low-attachment culture plates (Corning Inc., Corning, NY, USA).

2.23. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cell lines using TRIzol® reagent
following the manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA). Reverse transcription (RT) reactions were performed in a 20-pL
volume containing 400 ng of total RNA using an iScript TM cDNA
Synthesis kit (Bio-Rad Laboratories). mRNA levels of the selected genes
were assessed by RT-qPCR using custom TaqgMan probes (Applied
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Biosystems, Carlsbad, CA, USA). Gene expression was normalized with
two endogenous reference genes, GAPDH and HPRT, identified as the
most stable genes by the geNorm VBA applet for Microsoft Excel.
Relative quantification of target gene expression was calculated using
the comparative Ct method. All experiments were conducted in
triplicate.

2.24. Nanostring

Total RNA was extracted from frozen tumor tissue using Qiagen
DNA/RNA all prep (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions, and hybridized with nCounter® PanCancer 10
360™ Panel (NanoString Technologies, USA). RNA concentration was
evaluated using the Nanodrop 2000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) and quantified using Qbit. RNA
quality and integrity were confirmed on Bioanalyzer Nano RNA Chip
(Agilent Technologies, Santa Clara, USA). The differential mRNA
expression of 770 genes (750 immune genes and 20 housekeeping
genes) was quantified using the nCounter Digital Analyzer. Quality
control, normalization and data analysis of count numbers were carried
out with NanoString nSolver® Analysis Software v3.0 based on the
geometric mean of positive controls, background thresholding, and
housekeeping genes.

2.25. Statistical analysis

All experiments were performed at least three times. Quantifiable
data were derived from three independent experiments. Data are re-
ported as mean and standard deviations. The statistical analysis was
carried out using GRAPH PAD PRISM 8 software or applying the Student
t-test for 2-group comparisons or statistical one-way ANOVA as appro-
priate. Differences were considered statistically significant when p <
0.05.

3. Results

3.1. HBO modulates the expression of stemness-related genes in patient-
derived GBM cells

In our experiments we used a panel of three GBM patient-derived
primary cultures characterized by different morphology, growth rates
and stemness-related phenotypes (Fig. 1A-D), thus representative of the
high heterogeneity and plasticity of GBM. G34 was obtained from a
patient with recurrent GBM, while G40 and G44 were obtained from
naive patients who underwent a first surgical resection but who were not
treated with radiotherapy and/or chemotherapy (Table S1). Notably,
G34 cells showed the highest growth rate and expressed the stemness
markers CD133, CD44 and Eph2a at the highest level with respect to
G40 and G44 cells (Fig. 1 B, C). We exposed our primary GBM cell
cultures to different HBO pressures (1.9 and 2.5 ATA) commonly used in
hyperbaric medicine for clinic care of wounds [28], to investigate the
HBO impact on the stemness-related expression signature. Among the
stemness-related surface markers investigated we observed a significant
decrease in CD44, Nestin and Slug after the exposure to 2.5 and 1.9 ATA
in all cell lines tested (0.01 < p < 0.001; Fig. 1 D; Fig. S1). In particular,
1 h-exposure to HBO at 2.5 ATA causes the down regulation of the
highest number of stemness-related markers, independently from the
cell line (p < 0.5p < 0.001; Fig.1 D; Fig. S1).

These data highlighted the high plasticity of glioma stem cell
phenotype and the capability of HBO to lead GBM cells to a non-stem
phenotypic shift.

3.2. HBO causes remodeling of glucose metabolism in glioma cells and
long-lasting inhibition of cell proliferation

Hypoxic stimulus has been reported to induce GLUT1 expression in a
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For the analysis, all primary cultures were seeded at the same cell density (250,000 cells/plate). The cell count was plotted on the y-axis, the days on the x-axis. B)
Expression analysis of ephrin-A and CD44 and their co-expression in human GBM cells. Cell suspensions were labeled with PE-conjugated anti-ephrin A and FITC-
conjugated anti-CD44 antibodies, and analyzed by flow cytometry. C) Representative flow cytometry dot plot graphs showing the percentage of CD133 expression in
GBM primary cultures. Isotypic controls were used to establish correct gating. D) Heatmaps displaying stemness-related expression patterns for GBM patient-derived
primary cultures exposed to different HBO pressures. Increasing values are converted into color intensities of green and red. Each row represents a sample, and each

column a gene.
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HIF-1-dependent manner, leading to an increase in cellular glucose
uptake and lactate production [29]. In our model, glioma cells were
maintained in hypoxia (4% oxygen) before their exposure to HBO in
hyperbaric chamber. A 1-h-exposure to HBO at 2.5 ATA caused a
decrease of HIF-1a protein expression in all GBM primary cell cultures
tested, whereas 1.9 ATA HBO exposure induced a similar effect only in
G34 cells (Fig. 2A). The decrease of HIF-1a expression exerted by HBO
was further confirmed by RT-qPCR analysis of mRNA expression
(Fig. 2B). Moreover, in all glioma cells, as expected HBO exposure
significantly reduced GLUT1 expression level (0.05 < p < 0.001, Fig. 2
B, Fig. S2A) concurrently with a decrease in glucose uptake (0.05 < p <
0.001, Fig. 2 B, Fig. S2B) and lactate production (0.05 < p < 0.001, Fig
2B,Fig. S2C). The remodeling of glucose metabolism exerted by HBO
was paired with a significant increase in DNA damage in all glioma cells
investigated, as shown by the results of the comet assay analysis
(Fig. 2C). In particular, independently of the oxygen pressure used, HBO
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caused a significant induction of DNA damage (p < 0.001) in G40 cells
with respect to untreated cells. A significant increase in damaged nuclei
(~30%) was induced in G44 cells by 1.9 ATA HBO, whereas G34 cell
nuclei were damaged by 2.5 HBO treatments (p < 0.01). Furthermore,
HBO exposure fostered the impairment of the replicative properties of
glioma cells, as shown in short- and long-term growth assays performed
after 14 and 50 days in the hyperbaric chamber (Fig. 2D). Notably, the
effect of 1.9 ATA HBO on proliferation was particularly evident in G44
cells where, 50 days after exposure, a >50% reduction in cell survival
was observed. Moreover, when the same cell line was exposed to 2.5
HBO, a ~10% reduction in plating efficiency was observed. Exposure of
G34 cells to both HBO treatments led to a significant inhibition of cell
proliferation. Finally, the proliferation properties of G40 cells were also
significantly compromised by HBO treatments, albeit to a lesser degree
than the other two glioma cell lines. Variations observed between cell
lines in response to HBO stimuli could be ascribed to their different
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phenotype, mirroring the high heterogeneity of GBM. To further our
understanding of the relationship between HBO and the rewiring of
glucose metabolism, we measured NADH and NADPH levels in our cell
lines after exposure to 1.9 and 2.5 ATA. An increase in NADH, especially
significant after 2.5 ATA, was observed in all GBM cells (0.05 < p <
0.001, Fig. 2E). Conversely, the production of NADPH was decreased or
unchanged with respect to that of untreated cells (Fig. 2E). These data
would seem to indicate a rewiring of glucose metabolism towards
mitochondrial respiration (Fig. 2F).

3.3. HBO induces NLRP3 inflammasome activation signaling

We next used confocal microscopy to analyze inflammasome for-
mation in glioma cells after HBO. As shown in Fig. 3A, the increase of
ROS was independent from partial oxygen pressures used (0.01 < p <
0.001).

As expected, after NLRP3 inflammasome activation we detected also
a significant induction of ASC production in all cell lines following
exposure to both oxygen pressures (Fig. 3 B).

Furthermore, a significant induction of caspase-1 activity was
observed in G40 and G44 cell lines exposed to 1.9 and 2.5 oxygen
pressures with respect to untreated cells. In particular, the activity
increased to 40% in G40 cells after exposure to 2.5 HBO and to 50% in
G44 line after the exposure to 1.9 HBO (Fig. 3C). Moreover, as a
consequence of caspase —1 activation we observed an induction of
cleaved Gasdermin D (GSDM D) in G40 cell lines exposed to 1.9 and 2.5
(Fig. 3 D). Interestingly, the HBOT also induced apoptosis activation in
all cell lines in proportion to LDH release, indicating the triggering of the
pyroptosis pathway (Fig. 3 E, F). These results are consistent with the
significant increase in LDH release observed in all treated cells with
respect to the untreated one (p < 0.05) (Fig. 3E). Additionally, the
highest percentage of apoptotic cells was observed after 2.5 ATA
(Fig. 3F).

3.4. Radiosensitising effect of hyperbaric oxygen in GBM cell lines

GBM cells exposed to 2.5 and 1.9 HBO were treated with two
different radiation doses (5 Gy and 7.5 Gy) within 30 min of HBOT.
Exposure to 1.9 HBO followed by radiation induced a strong growth
inhibition in G44, G40 and G34 cell lines with respect to HBO treatment
or radiation alone (0.05 < p < 0.001) (Fig. 4 A). We also detected a
significant inhibition of cell viability after exposure to 2.5 HBO followed
by both radiation doses in G44 and G40 cell lines (0.01 < p < 0.001), but
not in G34 cells. Next, we focused our attention on the last glioma cell
line, representative of recurrent GBM, a clinical condition for which
there is still no standard of care. Exposure of G34 cells to 2.5 and 1.9
ATA HBO followed by radiation treatment induced a significant reduc-
tion in survival fraction and increase in DNA damage (0.05 < p < 0.001)
(Fig. 4B and C). Moreover, this treatment schedule induced a remodeling
of glucose metabolism with a significant reduction in glucose uptake
(0.05 < p < 0.001) compared to irradiation alone (Fig. 4D). Further-
more, a significant increase in ROS production (0.01 < p < 0.001)
(Fig. 4D) and caspase-1 activation (0.05 < p < 0.001) were observed
after HBO-RT, showing a synergistic effect of the treatments in acti-
vating the inflammasome pathway (Fig. 4E). In particular, 2.5 HBO
followed by 5 Gy and 7.5 Gy RT induced a 60%-80% increase in caspase-
1 activity with respect to radiation alone (0.05 < p < 0.01).

These results were confirmed in GBM cells grown as three-
dimensional (3D) cultures, which closely resemble the cytoarchi-
tecture of clinical tumors. We observed that exposure of the 3D GBM
model to HBO significantly inhibited tumor cell proliferation (Fig. 5A, p
< 0.05) and increased DNA damage (Fig. 5B, p < 0.05). In particular, the
combined treatment resulted in a significant induction of DNA damage,
as shown by the 40% increase in DNA in the comet tail. The exposure of
GBM spheroids to HBO also fostered the reprogramming of glucose
metabolism, as highlighted by the decrease in glucose transporter
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GLUT1 expression followed by increased glucose uptake and reduced
lactate production (Fig. 5C-D-E). Following HBO exposure and conse-
quent NLRP3 inflammasome activation, ROS levels increased and
caspase-1 activation was also observed (Fig. 5F and G). Finally, the
exposure of G34 spheroids to HBO-RT highlighted the radiosensitising
effect of HBO, confirmed by the results of the clonogenic assay and by
the DNA damage observed (p < 0.001) (Fig. 5H and D).

3.5. HBO exerts a radioprotective effect on human microglia cell line
(CHME-5) and switch off inflammasome signaling

We exposed a CHME-5 cell line grown under hypoxic conditions (4%
oxygen) to the same oxygen pressures used for previous experiments. No
effect was found in terms of inhibition of colony formation, DNA dam-
age, inflammasome activation or cellular metabolism (Fig. S3 A-D).
Notably, exposure to 1.9 HBO produced a slight but significant increase
in survival and a decrease in the percentage of comet tail DNA intensity.
Conversely, exposure to 1.9 and 2.5 HBO followed by 5 Gy or 7.5 Gy
induced a significant decrease in cytotoxicity with respect to that
observed after RT used alone (p < 0.001)(Fig. 6A). Moreover, after
exposure to HBO-RT, a significant decrease in terms of DNA damage was
also detected by the comet assay with respect to exposure to 5 Gy or 7.5
Gy used alone (0.05 < p < 0.001) (Fig. 6B). The clonogenic assay
(Fig. 6C) revealed a significant increase in plating efficiency after
exposure to 1.9 or 2.5 HBO followed by 5 Gy or 7.5 Gy radiation doses
with respect to that observed after RT alone (0.05 < p < 0.001).

We also investigated the impact of HBO on the inflammasome
pathway (Fig. 6 D). After 2.5 HBO followed by 7.5 Gy, caspase-1 activity
significantly decreased to 60%-80% with respect to RT alone (p < 0.01).
As expected, the same response was also obtained after exposure to 1.9
HBO followed by 5 Gy or 7.5Gy, compared to RT alone (p < 0.05). We
also examined mRNA expression levels of proinflammatory cytokines IL-
1p and IL-6 (Fig. 6E), observing a significant reduction in IL-1p expres-
sion after exposure to both oxygen pressures (0.05 < p < 0.01), and
significantly lower IL-6 levels only after treatment with 1.9 HBO (p <
0.05). In addition, expression levels of both cytokines significantly
decreased after exposure to 1.9 or 2.5 ATA HBO followed by 5 Gy or 7.5
Gy compared to RT alone (0.05 < p < 0.01).

3.6. HBO affect the crosstalk between GBM and immune
microenvironment by modifying microglia polarization towards the M1-

phenotype

We exposed CHME-5 MO cells to the exhausted medium of glioma
cells treated or not with HBO (Fig. 7A and B), observing a phenotypic
shift towards M2-like polarization (Fig. S4A). Conversely, the expression
of pro-inflammatory cytokines IL1p, IL6, STAT1 and PPARa transcrip-
tion factor were highly induced in microglial cells exposed to exhausted
medium of HBO-treated GBM cell (Fig. 7 B, Fig. S4B; 0.05 < p < 0.01). In
particular, M1-associated genes STAT1 was significantly expressed,
while the mRNA level of the anti-inflammatory and immunosuppressive
marker, PPARy and TGF-b respectively, were consistently lower in MO
exposed to medium obtained from HBO-treated cells than in MO cells
exposed to untreated cell medium (Fig. 7 B, Fig. S4(0.05 < p < 0.001).
We explored the hypothesis that the polarization message may be
conveyed by exosomes by exposing microglial cells to EVs secreted from
glioma cells treated or not with HBO (Fig. 7A, C). The results showed
that HBO GBM EVs, independently of the glioma cell of origin, signifi-
cantly induced the expression of pro-inflammatory cytokines and M1-
associated genes (Fig. 7C, Fig. S4C; 0.05 < p < 0.001).

Then, to confirm the role of HBOT in rendering microglia less
immunosuppressive, we treat co-cultures of GBM and CHME-5 MO cells
with 1.9 and 2.5 ATA. We found that the expression of pro-inflammatory
cytokines IL1p, IL6, STAT1 and PPAR« transcription factor were highly
induced in CHME-5 MO (Fig.7 D, Fig. S4; 0.05 < p < 0.001). Conversely,
the mRNA level of PPARy and TGF-b were significantly lower in treated
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Fig. 3. Caspase-1 activation by HBOT. A) Functional metabolic assays. ROS production in GBM cells 24 h after HBOT was measured by luminescence-based assay, as
described in Materials and Methods. B) Immunofluorescence staining with ASC antibody. The images are representative of G34, G40 or G44 cells exposed to different
hyperbaric oxygen doses (1.9 and 2.5 ATA). Fluorescent DAPI staining was used to visualize nuclear DNA. Cell images were captured by Nikon Eclipse Ti2 confocal
microscope with 60x plan apochromatic oil immersion objective lens. Scale bars, 50 pm. C) Functional metabolic assays by Caspase-Glo® 1 Inflammasome Assay in
GBM cells 24 h after HBOT was measured by luminescence-based assay. D) Gasdermin D and cleaved GSDM D protein expressions determined by Western blotting
analysis in G34, G40 and G44 cell lines. E) Functional metabolic assays. LDH release in GBM cells 24 h after HBOT (LDH-Glo™ Cytotoxicity Assay). F) Apoptosis was
analyzed by Annexin V assay in G34, G40 and G44 cells 7 days after HBOT (1.9 or 2.5 ATA). Data are reported as mean * SD for three experiments. Statistical
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Fig. 4. Radiosensitising effect of HBOT in glioma cells. A) Cytotoxic effect evaluated as plating efficiency after RT or HBOT alone and after HBOT-RT in GBM cells. B)
The survival fraction of G34 cells was evaluated after RT alone and after the HBOT-RT combination. Data are reported as mean + SD. C) DNA damage measured in
G34 cells by alkaline comet assay. DNA damage is expressed as a percentage of tail intensity relative to untreated cells. Error bars represent mean + SE. D) Glucose
uptake, lactate production and ROS production by G34 cells was measured by luminescence assay after RT alone and after HBOT-RT. Error bars represent mean + SE.
E) Evaluation of caspase-1 activity in G34 cells by Caspase-Glo® 1 Inflammasome Assay 24 h after RT alone and after HBOT-RT. Statistical significance was
determined by Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 5. Effect of HBO and HBOT-RT on in vitro GBM 3D model.

Cancer Letters 506 (2021) 152-166

A) The viability of G44 spheroids was evaluated by CellTiter-Glo® 3D Cell Viability Assay 72 h after HBOT. Data are reported as mean + SD of 3 independent
experiments. B) DNA damage measured by alkaline comet assay in G44 spheroids. DNA damage is expressed as a percentage of tail intensity relative to untreated
cells. Error bars represent mean + SE. C) Glutl mRNA was isolated in G44 spheroids 72 h after HBOT and gene expression was determined using RT qPCR. Graphs are
representative of two independent experiments, each performed in triplicate. D-E). Glucose uptake and lactate production by G44 spheroids was measured by
luminescence assay 24 h after HBOT. F) ROS production in G44 spheroids was measured by luminescence assay 24 h after HBOT. Error bars represent mean =+ SD. G)
Caspase-1 activity was analyzed in G44 spheroids by the luminescent assay Caspase-Glo® 1 Inflammasome Assay 24 h after HBO. H) The cytotoxic effect on G44
spheroids was reported as plating efficiency after exposure to RT alone and after HBOT-RT. I) DNA damage measured by alkaline comet assay. DNA damage
expressed as a percentage of tail intensity relative to untreated cells 72 h after RT alone and after HBOT-RT. Statistical significance was determined by Student’s t-

test. (*p < 0.05, **p < 0.01, ***p < 0.001).

cells respect to untreated (0.05 < p < 0.001).

3.7. The anti-tumor effect of HBO-RT treatment schedule was showed by
transcriptional profiling analysis of GBM tissues

Currently a clinical trial is ongoing at our Institute aimed to evaluate
the role of HBO as radiotherapy adjuvant in the treatment of GBM
recurrent patients (clinical trial N. 1851 approved by Local Committee
of December 13, 2017). In the present work, we performed Nanostring
transcriptional profiling analysis on 8 tissue samples obtained by naive
GBM patients who underwent the first surgical removal and two samples
from a GBM recurrent patient (Table S 1). One of the latter underwent
surgical removal after HBO-RT treatment schedule (1-h exposure to 2.5
HBO followed by accelerated hyperfractionated radiotherapy- 25 Gy/5
fractions/5 days). Due to restricted sample size, we limited the analysis
to a qualitative comparison of gene expression profile using Nanostring
nCounter platform (Fig. 8A-C). As highlighted by the differential hier-
archical clustering specific transcriptional signatures associated to
autophagy and cell proliferation pathways were observed. In particular,
down-regulation of genes involved in cell proliferation, and up-
regulation of genes related to autophagy, were observed (Fig. 8A and
B). Additionally, we analyzed immunoprofiling signaling, observing
high expression of pro-inflammatory cytokines IL1p and IL18, and a
downregulation of IL6 and TGFb in relapsed GBM patients (sample test)
(Fig. 8C). These preliminary data further support the use of HBO as
radiotherapy adjuvant in patients with GBM.

4. Discussion

The few preclinical studies focusing on the therapeutic use of HBOT
in GBM have reported inconclusive and often contrasting results. For
example, an in vivo study by Sthur et al. [30] demonstrated that HBOT
helps to reduce GBM growth and enhance apoptosis, whereas Zang et al.
reported that HBO exerts a pro-tumorigenic effect, promoting glioma
cell proliferation and angiogenesis, and inhibiting apoptosis and cell
cycle arrest [31]. Conversely, several clinical trials conducted mainly on
Asian patients supported the use of HBOT as a radiotherapy adjuvant but
did not propose a scientific rationale to back up their hypothesis [23,31,
32[33]]. There may be several reasons for the discrepancies between
preclinical and clinical data, not least the fact that the preclinical GBM
models used to test the efficacy of HBOT were not always representative
of real-life clinical conditions.

In the present work, we used a panel of GBM patient-derived low-
passage primary cell cultures grown under hypoxic conditions. The cells
were characterized by stemness features representative of glioma stem
cells (GSCs) localized in heterogeneous cell hypoxic niches and
responsible for the aggressiveness and plasticity of clinical GBM. In our
model, HBO inhibited glioma cell proliferation independently of the
partial oxygen pressure used. Such an effect can be ascribed to an in-
crease in intracellular ROS levels caused by HBOT and consequently to
greater DNA damage, both of which were detected in our glioma cells.
However, the hampered glioma cell growth may also have been due to
the triggering of inflammasome signaling by HBOT followed by the in-
duction of pyroptosis, a form of necrotic and inflammatory programmed
cell death induced by inflammatory caspase-1 [34,35]. This finding was
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further confirmed by the high cell death and LDH release induced by
HBOT. This effect of HBOT on glioma cells has never been reported.

Furthermore, in our model we explored the hypothesis of the pres-
ence of high levels of oxygen coupled with specific oxygen tension to
effectively counteract the hypoxic glioma stem cell niche [8] by
reprogramming the gene expression profile and metabolism of glioma
cells. We found that HBO downregulates the expression of
hypoxia-inducible factor 1 (HIF-1), one of the master regulators
orchestrating cellular responses to hypoxia, including the makeup of
their stem cell phenotype [8]. Our experiments showed that the expo-
sure of glioma cells to high oxygen concentrations affected their stem-
ness features, leading them towards a non-stem phenotype. In
particular, after HBOT, GBM primary cultures showed a significant
reduction in expression levels of CD133 and Nestin, two stemness
markers associated with tumor invasiveness and angiogenesis [35,36].

It has been established that tumor cells have an elevated rate of
glucose uptake and high lactate production in the presence of oxygen, a
phenomenon known as aerobic glycolysis (also called the Warburg ef-
fect) [37-39]. In our model, we observed a reprogramming of glucose
metabolism with a decrease in the expression of glucose transporter
GLUT1 and a reduction in glucose uptake and lactate production in all
the glioma cells investigated. This is especially important because high
lactate production has been reported to be capable of remodeling the
tumor microenvironment (TME), contributing to acidosis which acts as a
cancer cell metabolic fuel and induces immunosuppression. This leads to
aggressive tumor cell proliferation, invasion, migration and resistance to
treatment, including radiotherapy [40]. We also observed a strong
production of NADH when GBM cell lines were exposed to HBOT that
seems to indicate an increase of oxygen consumption through mito-
chondrial respiration.

In our in vitro model, HBOT prior to radiotherapy enhanced radio-
toxicity in the radioresistant cell line G34. To further investigate this
finding, we verified and confirmed the efficacy of the combination
HBOT-RT in in vitro 3D GBM spheroids, which closely reproduce the
spatial organization and microenvironmental elements of in vivo
microtumors such as nutrient gradients and oxygen [40-42]. Moreover,
preliminary data on the transcriptional profiling of GBM tissue by
nanostring technique revealed a downregulation in cell proliferation
pathways and upregulation genes linked to autophagy pathways and
pro-inflammatory cytokines of in recurrent GBM patients. These find-
ings, albeit inconclusive, indicates the importance of further investiga-
tion for the usefulness of HBOT-RT in clinical practice. Finally, we
explored the impact of HBOT on the immunosuppressive microenvi-
ronment of the GCS niche, composed mainly of tumor-infiltrating
microglia and macrophage populations that represent up to 50% of
GBM resident non-neoplastic cells [14]. These immune
tumor-infiltrating subpopulations are thought to be involved in the
development of gliomas, promoting cell proliferation, angiogenesis,
immunosuppression, and to contribute to chemotherapy and radio-
therapy resistance [43]. We exposed the human microglia cell line
CHME-5, grown under hypoxic conditions (4% oxygen), to the same
treatment schedules used for the experiments on glioma cells, observing
no colony formation inhibition, DNA damage or alteration in cellular
metabolism after HBOT alone, thus supporting the hypothesis that hy-
perbaric oxygen therapy exerts a radioprotective effect on immune cells.
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Fig. 6. Radioprotective effect of HBOT in human microglia cell line (CHME-5). A) survival fraction of CHME-5 cells was evaluated by clonogenic assay after exposure
to RT alone and after HBOT-RT. Data are reported as mean =+ SD of three experiments. B) DNA damage measured by alkaline comet assay. DNA damage was
expressed as a percentage of tail intensity relative to untreated cells. Error bars represent mean =+ SE of three experiments. C) The cytotoxic effect exerted by RT alone
and by HBOT-RT in CHME-5 cell line was reported as plating efficiency. D) Caspase-1 activity in CHME-5 was measured by luminescence assay 24 h after HBOT or
RT. E) mRNA expression in CHME-5 was determined by RT qPCR 4 h after HBOT or RT. Graphs are representative of two independent experiments, each performed
in triplicate. Error bars represent +SD of triplicate values. Statistical significance was determined by Student’s t-test (*p < 0.05; **p < 0.001; ***p < 0.001).
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of up- and downregulation, respectively. Graphs are representative of two independent experiments, each performed in triplicate.

It is known that microglia cells have a very efficient DNA damage
response machinery and are sensitive to ROS [44]. We hypothesize that
pretreatment with HBO may serve to prime the DNA damage repair
capacity of microglial cells, equipping them to deal with the increase in
ROS production after radiotherapy and to repair consequent DNA
damage. These data were further confirmed by our findings that hy-
perbaric oxygen in combination with RT reduced the activation of
inflammasome in the human microglia cell line by attenuating expres-
sion levels of IL-1p and IL-6. Similar results were obtained by Qian et al.
who suggested that HBO alleviates the inflammatory response in trau-
matic brain injury by modulating microglial inflammasome signaling
[45].

We also described, for the first time, the effect of HBOT on the po-
larization status of microglia and on the crosstalk between glioma cells
and microglia. In particular, we observed that the presence of glioma
cells in an in vitro co-culture system polarized microglia cells towards an
M2-like phenotype. Conversely, exposure of MO microglial cells grown
in co-culture to HBOT upregulated the expression of several pro-
inflammatory cytokines closely linked to an M1-like phenotype, such
as IL1p, IL6, STAT1 and the transcription factor PPARa, whilst also
downregulating the anti-inflammatory cytokines PPARy and TGFb
linked to an M2-like phenotype. Finally, we demonstrated that the po-
larization message was conveyed by EVs secreted by HBO-treated gli-
oma cells, concluding that it could be a potentially important diagnostic
tool for monitoring response to treatment. The literature data regarding
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IL6 and IL1b are controversial probably due to their frequently co-
expression in both M1/M2 gene signatures [46,47]. However, there
are several papers that include them in the signature of M1 like TAMs
[48,49]. Our data provide evidence of the extreme plasticity that char-
acterizes glioma cells and which can also be considered an Achilles’ heel
on which to base new therapeutic approaches in an effort to combat this
most feared brain tumor.

In conclusion, the data obtained in our study suggest a potential use
of HBO before radiotherapy as second-line treatment of patients with
recurrent GBM, for whom there is still no standard of care. In particular,
we showed that HBO is capable of counteracting the hypoxic GSC niche
and for this reason should be considered as a potential therapeutic op-
tion for the treatment of GBM.
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