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Glioblastoma is the most common and uncompromising primary brain tumour and is characterized by a dismal prognosis despite

aggressive treatment regimens. At the cellular level, these tumours are composed of a mixture of neoplastic cells and non-neoplastic

cells, including tumour-associated macrophages and endothelial cells. Cerebral oedema is a near-universal occurrence in patients

afflicted with glioblastoma and it is almost exclusively managed with the corticosteroid dexamethasone despite significant draw-

backs associated with its use. Here, we demonstrate that dexamethasone blocks interleukin-1 production in both bone marrow-

derived and brain resident macrophage populations following stimulation with lipopolysaccharide and interferon gamma.

Additionally, dexamethasone is shown to inhibit downstream effectors of interleukin-1 signalling in both macrophage populations.

Co-culture of bone marrow-derived macrophages with organotypic tumour slices results in an upregulation of interleukin-1 cyto-

kines, an effect that is absent in co-cultured microglia. Genetic ablation of interleukin-1 ligands or receptor in mice bearing RCAS/

tv-a-induced platelet-derived growth factor B-overexpressing glioblastoma results in reduced oedema and partial restoration of the

integrity of the blood–brain barrier, respectively; similar to results obtained with vascular endothelial growth factor neutralization.

We establish that tumours from dexamethasone-treated mice exhibit reduced infiltration of cells of the myeloid and lymphoid

compartments, an effect that should be considered during clinical trials for immunotherapy in glioblastoma patients. Additionally,

we emphasize that caution should be used when immune profiling and single-cell RNA sequencing data are interpreted from fresh

glioblastoma patient samples, as nearly all patients receive dexamethasone after diagnosis. Collectively, this evidence suggests that

interleukin-1 signalling inhibition and dexamethasone treatment share therapeutic efficacies and establishes interleukin-1 signalling

as an attractive and specific therapeutic target for the management of glioblastoma-associated cerebral oedema.
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Introduction
Glioblastoma is the most common primary brain tumour

and is characterized by a dismal median survival of �15

months despite an aggressive treatment regimen consisting

of maximal surgical resection followed by radiation and

concomitant and maintenance temozolomide (Stupp et al.,

2005). During tumour progression, the development of

glioblastoma-associated cerebral oedema is ubiquitous,

and it is nearly exclusively managed with the corticoster-

oid dexamethasone (Raslan and Bhardwaj, 2007).

Dexamethasone has been the gold standard for manage-

ment of cerebral oedema since its introduction for this pur-

pose in the 1960s (Galicich et al., 1961), to the extent that

it has even been referred to as ‘one of the greatest contri-

butions in the history of neurosurgery’ (Kostaras et al.,

2014). Although it is exceptionally efficacious for peri-sur-

gical management of inflammation, historical hurdles and

recent discoveries highlight significant drawbacks asso-

ciated with long-term dexamethasone-based management

of oedema in patients with glioblastoma. The notion that

an alternative therapy is necessary has received significant

attention recently (Wong and Swanson, 2019).

Since the introduction of glucocorticoid therapy, side

effects including abnormal fat deposition, myopathy,

mental excitement, and hyperglycaemia have been well-

documented (Kofman et al., 1957). Initial trials of

dexamethasone therapy for the management of cerebral

oedema additionally encountered difficulties in weaning

patients off the drug due to suppressed production of en-

dogenous glucocorticoids caused by prolonged administra-

tion (French, 1966). Moreover, in these initial trials,

uncertainty around ideal dosing was identified (Galicich et

al., 1961), a problem that still has not been resolved con-

clusively (Kostaras et al., 2014). Recent work has demon-

strated that dexamethasone therapy significantly interferes

with anti-neoplastic therapies in glioblastoma and is asso-

ciated with worse prognosis in both mice and humans

(Pitter et al., 2016; Luedi et al., 2017). This interference

has been proven to be dose-dependent, with maximal inter-

ference occurring at the highest daily doses of dexametha-

sone (Wong et al., 2015). The immunosuppressive effects of

dexamethasone have also been highlighted (Coutinho and

Chapman, 2011), although the exact impact on the com-

position and behaviour of the immune microenvironment

in glioblastoma remains undefined. It has nonetheless been

suggested that dexamethasone may interfere with novel

immunotherapies entering clinical trials (Wong et al.,

2015). Considering this evidence, there is significant ration-

ale to support the notion that an alternative to dexametha-

sone for the management of cerebral oedema will be

beneficial for patients with brain tumours and the clinicians

who manage their treatment.

Studies suggest that the effects of dexamethasone in man-

agement of vasogenic oedema are mediated by decreasing

blood–brain barrier permeability (Ostergaard et al., 1999;

Kotsarini et al., 2010). The exact molecular and cellular

mechanisms of action of dexamethasone for the manage-

ment of cerebral oedema, however, remain elusive. Specific

to brain tumours, it has been suggested that the mechanism

of action of dexamethasone stems from suppressed produc-

tion of vascular endothelial growth factor (VEGF) by the

tumour (Heiss et al., 1996; Machein et al., 1999). Analysis

of human tumour samples with microarrays, however, illu-

strated no significant effect between dexamethasone use

and VEGF expression in malignant gliomas (Carlson et

al., 2007). Regardless, VEGF inhibition with bevacizumab

or cediranib has been shown to be effective in managing

glioblastoma-associated cerebral oedema (Kamoun et al.,

2009; Pitter et al., 2016).

The founding members of the IL-1 family of cytokines,

IL-1� and IL-1b, were initially discovered and characterized

in the 1980s (March et al., 1985) and are now known to

signal through the same receptor, although with different

potencies (Gabay et al., 2010). IL-1� is produced by nearly

all cell types and is typically secreted upon cell death, while

IL-1b is produced primarily by activated myeloid cells

(Barksby et al., 2007; Dinarello et al., 2012). This exclu-

sivity results from macrophage-specific expression of the

NLRP3 inflammasome complex, which is necessary for

cleavage of pro-IL-1b into its active form (Guarda et al.,

2011). In glioblastoma, tumour-associated macrophages are

the largest non-neoplastic cell type, constituting 430% of

the tumour bulk and contributing significantly to tumour

progression and treatment resistance (Hambardzumyan et

al., 2016). Specifically in models of proneural glioblastoma

driven by platelet-derived growth factor B (PDGFB) over-

expression, the tumour-associated macrophage population

is composed of both brain-resident microglia as well as

infiltrating bone marrow-derived macrophages (BMDM)

from the circulation (Chen et al., 2017). Considering the

prevalence of macrophages in glioblastoma, and their cap-

acity to produce and cleave IL-1b to its active form in the

tumour microenvironment, we found IL-1 signalling to be

an intriguing avenue of investigation in glioblastoma-asso-

ciated oedema. Bearing in mind that dexamethasone is

known to alter cytokine production in glioblastoma

(Gottschall et al., 1992) and that IL-1 signalling has been

implicated in both blood–brain barrier disruption (Argaw

et al., 2006; Wang et al., 2014) and oedema formation

(Clausen et al., 2011) in other neuroinflammatory condi-

tions, we focused on determining the link between dexa-

methasone and IL-1 signalling as well as the suitability of

specific IL-1 inhibition as a strategy for the management of

glioblastoma-associated oedema.

Our data demonstrate that dexamethasone inhibits the

production of IL-1 cytokines in the context of tumour-asso-

ciated macrophages in glioblastoma and they further sug-

gest that specific inhibition of IL-1 signalling would provide

a therapeutic effect similar to dexamethasone. We found

that dexamethasone prevents IL-1 production and dampens

IL-1 signalling in primary murine BMDM and microglia.

Similar results were obtained in an ex vivo system where
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organotypic tumour slices and BMDM or microglia were

co-cultured. A reduction in Il1a and Il1b mRNA was

observed in tumour tissue from dexamethasone-treated

tumour-bearing mice. Infiltration of myeloid and lymphoid

cells from the blood was impaired in murine tumours fol-

lowing dexamethasone administration. A similar reduction

of myeloid cell chemotaxis was also observed in Ntv-a/

Il1r1–/– mice with flow cytometry and immunohistochemis-

try. Ablation of IL-1R1 in vivo additionally resulted in

decreased vessel leakage as measured by a Hoechst dye-

based assay. Genetic loss of IL-1 ligands resulted in

decreased oedema as measured by MRI, serial histology,

and a methodology analysing wet/dry tissue weight. The

results presented here demonstrate that dexamethasone

broadly impairs function of the immune system, a phenom-

enon that warrants further investigation. The complete im-

pacts of IL-1 inhibition on immune function remain largely

undefined outside of myeloid cell chemotaxis and also merit

further examination. Finally, by using genetic and pharma-

cological approaches we demonstrate that targeting IL-1

signalling does not compromise efficacy of radiation ther-

apy in tumour-bearing mice. These results suggest specific

IL-1 signalling inhibition may be a preferred alternative to

dexamethasone for the management of glioblastoma-asso-

ciated cerebral oedema.

Materials and methods

Bone marrow-derived macrophage
isolation and culture

BMDMs were isolated from 4–12-week-old C57BL/6 mice
using a modified established protocol (Weischenfeldt and
Porse, 2008). For a detailed description, see the online
Supplementary material.

Microglia isolation and culture

Microglia were isolated from postnatal Day 0–3 pups using a
modified established protocol (Roy, 2018). For a detailed de-
scription, refer to the Supplementary material.

Bone marrow-derived macrophage
and microglia stimulation

A 3-h starvation in foetal bovine serum (FBS)-deficient media
was carried out prior to stimulation with 100 ng/ml lipopoly-
saccharide (LPS) (Sigma Aldrich, L5293), 40 ng/ml interferon
gamma (IFN�) (Peprotech, 315-05), 75 pM or 400 pM IL-1�
(R&D, 400-ML-005/CF), or 200 pM or 1 nM IL-1b (R&D,
401-ML-005/CF). Six-hour incubations with the indicated
stimulants were performed. Dexamethasone (Sigma-Aldrich,
D4902) was included as a 2-h pretreatment at a dose of 5
mM where indicated. Gallium nitrate (Sigma-Aldrich,
289892-5G) was included as a 2-h pretreatment at a dose of
500 mM where indicated. Cells were treated with 5 mM ATP
(Sigma, A2383) for 30 min following the 6-h simulation to

induce cytokine release, as previously described (Wewers and
Sarkar, 2009).

Quantitative PCR analysis

RNA was isolated from cell cultures or snap-frozen tumour
pieces using a RNeasy� Lipid Tissue Mini Kit (Qiagen,
74804) according to the manufacturer’s instructions. RNA
quantity was assessed with a NanoDropTM 2000 spectrometer,
while quality was confirmed by electrophoresis of samples in a
1% bleach gel, as previously described (Aranda et al., 2012).
Following RNA validation, cDNA synthesis was carried out
with a First Strand SuperScriptTM III cDNA synthesis kit
(ThermoFisher, 18080051) according to the manufacturer’s in-
structions and with equal amounts of starting RNA.
Quantitative PCR was performed with the validated Bio-Rad
PCR primers for murine Il1a, Il1b, Vegfa, Aurka, Cdc20,
Plk1, Cenpa, Ccnb1, Kif2c, Ccl2, Ccl5, Ccl7, Ccl8, Ccl12,
Aif1, and Actb using a SsoAdvancedTM Universal SYBR�

Green Supermix (Bio-Rad, 1725271). Fold-change in gene ex-
pression was determined relative to a defined control group
using the 2–��Ct method with Actb/b-actin as a housekeeping
gene.

ELISA

Cell lysates for ELISA were collected by sonication of cells in
lysis buffer supplemented with protease and phosphatase in-
hibitors. Tissue lysates were collected via mechanical hom-
ogenization in lysis buffer followed by sonication. Protein
concentration was determined using a Bradford protein assay
(Bio-Rad, 5000001) according to the manufacturer’s instruc-
tions. ELISAs were carried out for IL-1b (R&D, DY401-05)
on cell lysates and cell supernatants according to the manufac-
turer’s instructions.

Mice

All procedures related to the care, handling, and usage of ani-
mals in this study were reviewed and approved by the IACUC
at Emory University. Specific details regarding the mice used
can be found in the Supplementary material.

Virus production and tumour
generation

Tumours were induced using the RCAS/tv-a system for stereo-
tactic delivery of virus-producing cells expressing RCAS
PDGFB-HA or RCAS shp53-RFP, as previously described
(Hambardzumyan et al., 2009; Herting et al., 2017). For de-
tails regarding viral production and surgical protocols, refer to
the Supplementary material.

Organotypic tumour slice culture

At endpoint, Ntv-a/Cdkn2a–/– mice harbouring PDGFB-over-
expressing tumours were euthanized by carbon dioxide as-
phyxiation. Without perfusion, the brain was rapidly
extracted and embedded in 4% low-melt agarose in phos-
phate-buffered saline (PBS). The embedded brain was then
mounted on a vibratome (Leica) and submerged in ice-cold
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Hank’s balanced salt solution (HBSS). The brain was cut into
300-mm thick sections and the slices were transferred to inserts
in a 6-well plate. Slices were cultured in NeuroCultTM Basal
Medium (STEMCELL, 05700) supplemented with B-27TM

supplement (ThermoFisher, 17504044), sodium pyruvate
(ThermoFisher, 11360070), and glutamine (ThermoFisher,
35050061). Macrophage-colony stimulating factor (M-CSF)
at a concentration of 40 ng/ml, was included in the media
during co-culture experiments with BMDM and microglia.
Dexamethasone (Sigma-Aldrich, D4902) was included at a
dose of 5 mM where administration is indicated.

In vivo dexamethasone
administration

Mice were given intraperitoneal injections of either dexametha-
sone (West-Ward, 462-329-02) at a dose of 10 mg/kg or a
corresponding volume of 0.9% saline solution (McKesson,
2718344) for 5 days prior to sacrifice. Treatment was initiated
when mice began to show neurological signs of tumour
burden. Mice were sacrificed on Day 6 after treatment initi-
ation and tumour tissue was collected for analysis as
described.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, par-
affin-embedded sections isolated as previously described
(Herting et al., 2017). Detailed methodology is described in
the Supplementary material.

Flow cytometry

At endpoint, mice were sacrificed with an overdose of keta-
mine. Blood was collected via cardiac puncture and decoagu-
lated with EDTA. Mice were then perfused with cold Ringers
solution (Sigma-Aldrich, 96724-100TAB) and the brains were
extracted and placed in dishes with sterile HBSS. Tumour dis-
sociation was performed with a neural tissue dissociation kit
(Milltenyi, 130-092-628) using 1 mg/ml collagenase D (Sigma-
Aldrich, 11088882001) in water as a digestive enzyme. The
resulting cell suspension was cleaned of debris via Percoll dens-
ity gradient centrifugation and was blocked with Fc-block (BD
Biosciences, 553141), FBS (HyClone, SH30396.03), normal
rat serum (ThermoFisher, 10710C), normal mouse serum
(ThermoFisher, 10410), and normal rabbit serum
(ThermoFisher, 31883) on ice. Staining was performed in the
blocking solution with the following antibodies: CD45-APC
(BioLegend, 103111), CD11b-PerCP-Cy5.5 (BD Biosciences,
550993), Ly6C-PE-Cy7 (BD Biosciences, 560593), and
Ly6G-V450 (BD Biosciences, 560603). Cells were washed
and resuspended in a buffer consisting of PBS, bovine serum
albumin, EDTA, and sodium azide prior to analysis on an
LSRII cytometer (BD).

Tumour tissue isolation

At endpoint, mice were euthanized with an overdose of keta-
mine and xylazine and perfused with cold Ringer’s solution
(Sigma-Aldrich, 96724-100TAB). The brain was extracted
and a piece of tumour was immediately snap-frozen in liquid

nitrogen for storage at –80�C. The rest of the brain was fixed
in 10% formalin for 72 h for histology.

Hoechst dye leakage assay and
whole-slice imaging

The Hoechst dye leakage assay was performed as previously
described (Herting et al., 2017). A detailed description of this
assay can be found in the Supplementary material.

Whole-slice images were obtained using the multi-area time
lapse function on the Fluoview FV1000 microscope
(Olympus). Four z-planes were acquired at a spacing of
5 mm for each channel analysed. The grid/collection stitching
plugin in FIJI was used to combine the individual tiles from the
multi-area time lapse into a complete image of the brain slice
(Preibisch et al., 2009). Z-projection was used to reduce the
separate z-planes into one image. The per cent positive
Hoechst area was determined and divided by the total
tumour area, as judged by propidium iodide staining, to gen-
erate a readout of tumour vessel leakage. All image analysis
and quantification was carried out blinded to treatment
condition.

B20-4.1.1 treatment

Treatment with B20-4.1.1 (Genentech) commenced 30 days
following tumour induction via RCAS injection. Mice were
administered B20-4.1.1 at 5 mg/kg via intraperitoneal injection
every 4 days until endpoint symptoms developed.

MRI tumour volume reconstruction

All MRI data were acquired as previously described (Herting
et al., 2017). Specifics regarding the scanning protocol are
described in the Supplementary material. To reconstruct
tumour volume, the tumour area in each slice was outlined
in the Bruker software and multiplied by the thickness of the
slice. The total volume for all slices within each tumour was
summed to generate the total tumour volume. All tumours
were analysed in a blinded fashion.

Haematoxylin and eosin tumour
volume reconstruction

At endpoint, mice were sacrificed with an overdose of keta-
mine and xylazine and perfused with 4% paraformaldehyde in
PBS. The brain was carefully extracted and incubated in 4%
paraformaldehyde in PBS for 24 h following a 72-h incubation
in 30% sucrose in PBS. The brain was then embedded in
O.C.T. compound (VWR, 25608-930) and frozen on dry ice.
The entire brain was then serially sectioned on a cryostat
(Leica) set to cut 30-mm sections. Every 10th section was col-
lected and mounted on a slide for automated haematoxylin
and eosin staining. The slides were scanned at 20� magnifi-
cation with a whole slide scanner (Hamamatsu). Tumour area
in each section was determined in a blinded fashion in
NDP.view2 and multiplied by the thickness of 10 slices. The
resulting volumes for the slides of each tumour were then
summed, producing an estimation of the total volume.
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Wet/dry tissue weight oedema
measurement

At endpoint, whole brains were extracted without perfusion
and immediately weighed. Tissue was then placed in a
vacuum oven (Across International) and dried at complete
vacuum and 95ºC for 24 h. Dry tissue was then reweighed,
and the per cent brain water was calculated as previously
described (Tait et al., 2010).

Mouse irradiation and gallium nitrate
administration

Irradiation of tumour-bearing mice was performed as previ-
ously described (Herting et al., 2017). Gallium nitrate
(Sigma-Aldrich, 289892-5G) was administered via intraperito-
neal injection in saline at a dose of 50 mg/kg as indicated.
Mice were followed until endpoint criteria were met and over-
all survival was recorded.

Statistical analysis

Statistical analysis and figure generation were performed in
GraphPad Prism version 8 and Adobe Illustrator, respectively.
Significant effects were considered at P 5 0.05. Specific stat-
istical analyses used for each experiment are indicated in the
figure legends. All data are presented as mean � standard
error of the mean (SEM).

Data availability

All raw data used for figure generation in this manuscript can
be obtained by contacting the corresponding author.

Results

Dexamethasone blocks the
production of IL-1 cytokines in
primary murine BMDM and microglia
in vitro

For in vitro analysis of the effects of dexamethasone on IL-

1 production by macrophages, primary murine BMDM and

microglia culturing protocols (Fig. 1A and B) were estab-

lished by modification of existing methods (Weischenfeldt

and Porse, 2008; Roy, 2018). To validate the purity of cells

isolated with these methodologies, immunofluorescent

staining for IBA1 and flow cytometric analysis of CCR2

and CX3CR1 were used (Supplementary Fig. 1).

Macrophages are known to upregulate IL-1 cytokines

following stimulation with LPS and IFN� (Beuscher et al.,

1990), and they secrete IL-1b following activation of the

P2X7 purinergic receptor by ATP (Wewers and Sarkar,

2009). Therefore, we used a scheme consisting of LPS

and INF� stimulation, followed by ATP treatment, to

functionally validate our primary BMDM and microglia

cultures (Fig. 1C–F). Dexamethasone pretreatment

suppressed LPS and IFN�-induced Il1a and Il1b RNA ex-

pression in both BMDM (Fig. 1C) and microglia (Fig. 1D).

Intracellular and secreted IL-1b protein levels were also

suppressed by dexamethasone in both cell types (Fig. 1E

and F).

IL-1 stimulation has been shown to upregulate IL-1 cyto-

kines in multiple different cell types and we investigated

this phenomenon in our primary murine BMDM and

microglia (Dinarello et al., 1987; Warner et al., 1987a,

b). First, we performed dose-response experiments in

BMDM and microglia to determine the optimal doses of

IL-1� and IL-1b to use for further experiments

(Supplementary Fig. 2). We chose to use doses of 75 pM

IL-1� and 200 pM IL-1b in primary BMDMs

(Supplementary Fig. 2A and C). Doses of 400 pM IL-1�

and 1 nM IL-1b were used in experiments with primary

microglia (Supplementary Fig. 2B and D).

We next assessed the effects of dexamethasone on IL-1-

induced IL-1 production. In both BMDMs (Fig. 1G and H)

and microglia (Fig. 1I and J), dexamethasone was shown to

inhibit Il1a and Il1b RNA expression following stimulation

with either IL-1 cytokine. These in vitro results confirm

that dexamethasone is capable of blocking IL-1� and IL-

1b production following multiple different stimulation

schemes. A propidium iodide and annexin V-based apop-

tosis assay confirmed that these results were not due to

dexamethasone toxicity in BMDMs or microglia

(Supplementary Fig. 3).

Dexamethasone reduces cytokine
and chemokine levels in co-cultured
myeloid cells and tumour slices

Based on the inhibitory effect of dexamethasone on IL-1

signalling in BMDMs and microglia in vitro, we next de-

signed an ex vivo system to interrogate questions more

specific to glioblastoma. Previously by using RNA-sequen-

cing, we showed that BMDMs, and not microglia, primar-

ily express Il1b in glioblastoma and that BMDMs are

recruited to the tumour through a monocyte chemoattract-

ant protein (MCP) family chemokine-dependent mechanism

(Chen et al., 2017). To evaluate whether BMDMs or

microglia upregulate IL-1 family cytokines in the tumour

microenvironment, and what effects dexamethasone has on

this process, we developed a system for co-culturing

BMDMs and microglia with organotypic tumour slices

(Fig. 2A).

The results showed that BMDMs exposed to organotypic

tumour slices upregulate both Il1a and Il1b (Fig. 2B). This

effect was shown to be abrogated by dexamethasone treat-

ment. Tumour slices co-cultured with BMDM and treated

with dexamethasone were shown to downregulate Il1a and

Il1b, as well as Ccl2, Ccl7, and Ccl12, three of the four

MCP family members (MCP-1/CCL2, MCP-2/CCL7,

MCP-3/CCL8, and MCP-4/CCL12) (Fig. 2C). Contrary to

the results in BMDMs, microglia did not upregulate Il1a or
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Figure 1 Dexamethasone blocks LPS/IFN� and IL-1-induced IL-1 expression in primary BMDMs and microglia. Primary murine

BMDMs (A) and microglia (B) were cultured using modifications of previously established protocols. Il1 expression in BMDMs (n = 4) (C) and

microglia (n = 4) (D) following stimulation with LPS and IFN�. Intracellular (n = 5) and secreted (n = 7) IL-1b protein levels in BMDMs (E) as well

as intracellular (n = 6) and secreted (n = 8) IL-1b protein levels in microglia (F) following stimulation with LPS and IFN�. IL-1� (G) and IL-1b (H)

stimulation of BMDMs (n = 4). IL-1� (I) and IL-1b (J) stimulation of microglia (n = 4). One-way ANOVA, ns = not significant. �P 5 0.05, ��P 5
0.01, ���P 5 0.001, ����P 5 0.0001. MG = microglia.
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Il1b following co-culture with tumour slices (Fig. 2D). In

fact, microglia were surprisingly shown to downregulate

Il1a and Il1b in this context. Both Il1a and Il1b expression

were still downregulated by dexamethasone treatment

relative to the control microglia. Tumour slices co-cultured

with microglia and treated with dexamethasone were

shown to downregulate Il1a and Il1b, as well as Ccl2

and Ccl7, similar to what was seen in tumour slices co-

Figure 2 Dexamethasone treatment ablates Il1 upregulation by BMDMs exposed to organotypic tumour slices and reduces

expression of MCP cytokines by tumour tissue. (A) An experimental outline of the co-culture of BMDMs and microglia (MG) with

organotypic tumour slices (TS). (B) Expression of Il1a and Il1b in BMDMs co-cultured with tumour slices (n = 6). (C) Il1a, Il1b, Ccl2, Ccl7, Ccl8, and

Ccl12 expression in tumour slices co-cultured with BMDMs (n = 6). (D) Expression of Il1a and Il1b in microglia co-cultured with tumour slices (n

= 5). (E) Il1a, Il1b, Ccl2, Ccl7, Ccl8, and Ccl12 expression in tumour slices co-cultured with microglia (n = 6). In all experiments, dexamethasone

(DEX) was added at a dose of 5 mM where indicated. One-way ANOVA and two-tailed Student’s t-test. ns = not significant. �P 5 0.05, ��P 5
0.01, ���P 5 0.001, ����P 5 0.0001. DEX = dexamethasone; VEH = vehicle.
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cultured with BMDM (Fig. 2E). The downregulation of

MCP cytokine family members suggested that dexametha-

sone may affect BMDM chemotaxis.

Dexamethasone significantly reduces
the amount of tumour-associated
macrophages without altering
angiogenesis

To assess the effects of dexamethasone on tumour-associated

macrophages and angiogenesis in vivo, PDGFB-overexpres-

sing tumours were generated in Ntv-a/Cdkn2a�/� mice as

previously described (Herting et al., 2017). The treatment

schematic for this experiment (Fig. 3A) involved dosing

tumour-bearing mice with vehicle solution (saline) or dexa-

methasone (10 mg/kg) for 5 days prior to sacrifice, with

mice displaying endpoint symptoms. The efficacy of this

dexamethasone treatment scheme was verified by assessing

the expression levels of Aurka, Cdc20, Plk1, Cenpa, Ccnb1,

and Kif2c genes in tumour tissue with quantitative PCR

(Supplementary Fig. 4). These genes were previously demon-

strated to be downregulated by dexamethasone treatment

(Pitter et al., 2016). Quantitative PCR analysis of the iso-

lated tumours indicated a decrease in total Il1a and Il1b

post-dexamethasone treatment (Fig. 3B). Contrary to prior

reports that dexamethasone alters the expression of Vegfa,

we observed no difference in Vegfa expression in tumours

isolated from vehicle or dexamethasone-treated mice

(Fig. 3B). Aif1, a pan-macrophage marker, was shown to

be significantly downregulated by dexamethasone (Fig. 3B).

Based on these results, we questioned whether vehicle-

and dexamethasone-treated mice would display differences

in angiogenesis or tumour-associated macrophage accumu-

lation. Therefore, we stained our tumour specimens for the

endothelial cell marker CD31 and the pan-macrophage

marker IBA1 (the protein product of the Aif1 gene) (van

Mourik et al., 1985; Imai et al., 1996). Quantification of

vessel-length density, average vessel size, and vessel calibre

based on CD31-positive staining revealed no differences

between vehicle or dexamethasone treatment (Fig. 3C).

There was a reduction in IBA1-positive area in tumour

samples from mice treated with dexamethasone compared

to vehicle-treated mice (Fig. 3D). These results suggest that

while having no effect on angiogenesis, dexamethasone de-

creases the amount of tumour-associated macrophages.

Dexamethasone impairs the influx of
circulating myeloid and lymphoid
cells into glioblastomas in vivo

As IBA1 is a shared marker between BMDMs and microglia

it is unable to distinguish between the two cell types by

immunohistochemistry. To determine whether dexametha-

sone decreased tumour-associated macrophages through al-

terations in BMDMs or microglia, we next used flow

cytometry to analyse tumour samples from vehicle- and

dexamethasone-treated mice. We previously demonstrated

the ability to distinguish BMDMs and microglia based on

CD45-protein expression levels by flow cytometry (Chen et

al., 2017). PDGFB-overexpressing tumours were generated

in Ntv-a mice and treated with vehicle or dexamethasone

following the same treatment schematic previously used

(Fig. 4A). As expected, we observed a reduction in total

myeloid cells (CD45+CD11b+) in tumours of dexametha-

sone-treated mice (Fig. 4B). When the myeloid cells were

divided into BMDMs (CD45high) and microglia (CD45low)

by CD45 positivity, the reduction in total myeloid cells

could be completely attributed to a reduction in the infiltra-

tion of BMDMs from the circulation (Fig. 4B). Additionally,

we demonstrated that dexamethasone significantly impairs

the ability of lymphoid cells (CD45+ CD11b�) to infiltrate

the tumours (Fig. 4B).

These results indicated that dexamethasone has an inhibi-

tory effect on immune cell infiltration into the tumour.

Next, we evaluated whether this decreased infiltration

stemmed from effects on immune cell extravasation from

the bone marrow or circulation. Therefore, we determined

circulating immune cell levels in tumour-bearing mice trea-

ted with vehicle or dexamethasone. Our results indicated

that dexamethasone has different effects on cells of the

myeloid and lymphoid compartments. No significant

effect was observed on the circulating levels of total mye-

loid cells (CD45 + CD11b + ) or neutrophils (CD45 +

CD11b + Ly6GhighLy6Cmid) (Fig. 4C). We did, however, ob-

serve an increase in circulating inflammatory monocytes

(CD45 + CD11b + Ly6GlowLy6Chigh) (Fig. 4C). Circulating

lymphoid cell (CD45 + CD11b�) levels were strongly de-

pressed by dexamethasone administration (Fig. 4C). These

effects were confirmed by administration of dexamethasone

to tumour-naı̈ve C57BL/6 mice. In fact, in this experiment,

significant increases in circulating total myeloid cells

(CD45 + CD11b + ), inflammatory monocytes (CD45 + CD

11b + Ly6GlowLy6Chigh), and neutrophils (CD45 + CD11b +

Ly6GhighLy6Cmid) were observed (Supplementary Fig. 5).

The significant reduction in circulating lymphoid cells

(CD45 + CD11b�) observed in tumour-bearing mice was

also recapitulated in naı̈ve mice (Supplementary Fig. 5).

These experiments illustrated that dexamethasone likely im-

pacts lymphoid cell release from the bone marrow and

myeloid cell extravasation from the circulation into inflam-

matory sites.

IL-1R1 ablation has no effect on
angiogenesis but reduces the influx of
BMDMs in PDGFB-overexpressing
tumours

As dexamethasone was shown to exert such a profound

effect on IL-1 signalling in vitro (Fig. 1), ex vivo (Fig. 2),

and in vivo (Fig. 3), we questioned if we could recapitulate

phenotypes observed following dexamethasone
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administration by specifically ablating IL-1 signalling. To

investigate this hypothesis, PDGFB-overexpressing tumours

were generated in Ntv-a and Ntv-a/Il1r1�/� mice. Ablation

of IL-1R1 activity was confirmed by stimulating Il1r1�/�

BMDMs with IL-1� and IL-1b in vitro (Supplementary Fig.

6). Immunohistochemical analysis of CD31 (Fig. 5A) and

IBA1 (Fig. 5B) demonstrated no significant effect on angio-

genesis, but a significant reduction in tumour-associated

Figure 3 Dexamethasone treatment has no effect on tumour angiogenesis, but significantly reduces the amount of tumour-

associated macrophages. (A) An experimental outline of the generation and treatment of PDGFB-overexpressing tumours. (B) Quantitative-

PCR of tumour samples and interrogation of Il1a, Il1b, Vegfa, and Aif1 expression in tumour tissue samples from vehicle (VEH, n = 13) and

dexamethasone (DEX)-treated mice (n = 15). Immunohistochemical analysis of CD31 (C) and IBA1 (D) expression in formalin-fixed, paraffin-

embedded tumour slices from vehicle- (n = 9) and dexamethasone-treated mice (n = 11). Scale bars = 100 mm. Two-tailed Student’s t-test, ns = not

significant. �P 5 0.05, ��P 5 0.01, ���P 5 0.001. RCAS = replication-competent avian sarcoma-leukosis virus long terminal repeat with splice acceptor.
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Figure 4 Dexamethasone treatment significantly impairs the ability of immune cells to infiltrate the tumour from the cir-

culation. (A) An experimental outline of the treatment of mice bearing PDGFB-overexpressing tumours with vehicle (VEH) or dexamethasone

(DEX). (B) Representative flow cytometry plots and quantification of total myeloid cells, BMDMs, microglia (MG), and lymphoid cells in PDGFB-

overexpressing tumours from mice treated with vehicle (n = 10) or dexamethasone (n = 10). (C) Representative flow cytometry plots and

quantification of circulating myeloid cells, lymphoid cells, inflammatory monocytes, and neutrophils in the blood of tumour-bearing mice treated

with vehicle (n = 9) or dexamethasone (n = 9) at endpoint. Two-tailed Student’s t-test, ns = not significant. �P 5 0.05, ��P 5 0.01, ���P 5 0.001.

RCAS = replication-competent avian sarcoma-leukosis virus long terminal repeat with splice acceptor.
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macrophages in tumours from Ntv-a/Il1r1�/� mice com-

pared to tumours from Ntv-a mice. These results closely

mimicked those seen following dexamethasone administra-

tion (Fig. 3C and D).

To establish whether the reduction in IBA1-positivity

could be attributed to BMDMs, microglia, or both cell

types, we used flow cytometry. Our results indicated no sig-

nificant reduction in total myeloid cells (CD45+ CD11b +) in

tumours from Ntv-a/Il1r1�/� mice (Fig. 5C). Division of the

total myeloid cells into BMDMs (CD45high) and microglia

(CD45low) indicated a strong reduction in the influx of

BMDMs (Fig. 5C). No decrease in the amount of total

lymphoid cells (CD45 +CD11b�) was apparent (Fig. 5C).

When assessing the circulating immune cell profiles of

these mice, no differences were observed in the levels of

circulating myeloid cells (CD45 +CD11b +), lymphoid cells

(CD45+ CD11b�), inflammatory monocytes (CD45+ CD

11b+Ly6GlowLy6Chigh), or neutrophils (CD45+CD11b+

Ly6GhighLy6Cmid) (Supplementary Fig. 7).

IL-1R1 ablation reduces blood–brain
barrier permeability in PDGFB-over-
expressing tumours

Considering the similarities between dexamethasone treat-

ment and IL-1R1 ablation with respect to BMDM infiltra-

tion, we next evaluated the ability of IL-1R1 ablation to

reduce blood–brain barrier permeability in PDGFB-overex-

pressing tumours. Additionally, we assessed whether IL-1R1

ablation in conjunction with VEGF neutralization would

have a synergistic effect on blood–brain barrier disruption.

To do so, we modified a previously established Hoechst dye-

based assay (Herting et al., 2017). Tumours were generated

in Ntv-a and Ntv-a/Il1r1�/� mice that were treated with

vehicle or the VEGF-neutralizing antibody B20-4.1.1 every

4 days at a dose of 5 mg/kg following tumour initiation and

up to endpoint (Fig. 6A). Comparison of per cent Hoechst

positivity in the tumours of Ntv-a and Ntv-a/Il1r1�/� mice

treated with vehicle indicated a significant reduction in

blood–brain barrier permeability in Ntv-a/Il1r1�/� mice

(Fig. 6B). No significant difference was observed between

the two genotypes when treated with the VEGF-neutralizing

antibody B20-4.1.1 (Fig. 6C). The leakage in both VEGF-

neutralized groups was similar to IL-1R1 ablation alone.

These results suggest that IL-1 signalling regulates blood–

brain barrier permeability.

IL-1 ligand ablation reduces oedema
formation in tumour-bearing mice at
endpoint

As our results with IL-1R1 ablation indicated a reduction

in blood–brain barrier permeability, and both IL-1� and

IL-1b signal through the same receptor, we next assessed

whether depletion of IL-1b, or IL-1� and IL-1b, would

drive a reduction in the formation of cerebral oedema.

We used a previously established MRI-based assessment

of oedema formation in mice based upon endpoint

tumour volume determination, where an increase in end-

point tumour volume is attributed to a decrease in oedema

(Pitter et al., 2016). We confirmed the MRI results in this

experiment with ex vivo tumour volume reconstruction and

a wet/dry tissue weight assay.

The schematic of this experiment used tumour induction

in Ntv-a, Ntv-a/Il1b�/�, and Ntv-a/Il1a/b�/� mice and sub-

mitted them to T2-weighted MRI at endpoint to determine

tumour volume (Fig. 7A). Tumours were then extracted

and serially sectioned prior to haematoxylin and eosin

staining and ex vivo tumour volume reconstruction to con-

firm the MRI results. This experiment indicated a signifi-

cant increase in endpoint tumour volume in the Ntv-a/

Il1b�/� and Ntv-a/Il1a/b�/� mice relative to the Ntv-a

mice with T2-weighted MRI (Fig. 7B). No significant in-

crease in endpoint tumour volume in the Ntv-a/Il1b�/�

group and a significant increase in the Ntv-a/Il1a/b�/�

group relative to the Ntv-a group were observed with

serial histology (Fig. 7C). Utilizing a wet/dry tissue

weight-based measurement of oedema (Fig. 7D) we first

validated the assay and the efficacy of dexamethasone in

reducing oedema (Supplementary Fig. 8). We then per-

formed the assay in Ntv-a and Ntv-a/Il1a/b�/� mice and

confirmed the results obtained with MRI and serial hist-

ology (Fig. 7E). These data suggest a decrease in oedema

following IL-1 signalling ablation and imply that the effect

may be IL-1b-driven.

Inhibition of IL-1 signalling does not
compromise radiotherapy efficacy
in vivo

The interference of dexamethasone treatment with the re-

sponse to radiation in mice and humans has been previ-

ously documented (Pitter et al., 2016). We next evaluated

whether IL-1 inhibition either by genetic or pharmaco-

logical approaches compromises the efficacy of radiation

therapy in tumour-bearing mice. We first chose to assess

the response to radiation in Ntv-a and Ntv-a/Il1a/b�/�

tumour-bearing mice (Fig. 8A) and demonstrated no reduc-

tion in median survival time following radiation in Ntv-a/

Il1a/b�/� compared to Ntv-a mice. We then validated the

ability of gallium nitrate to inhibit IL-1 release in bone

marrow-derived macrophages (Supplementary Fig. 9) and

assessed its impacts on the efficacy of radiation therapy.

We used the same treatment schedule as dexamethasone

in the experiment demonstrating its interference with radi-

ation (Pitter et al., 2016). Similar to dexamethasone, gal-

lium nitrate alone had no impact on the survival of

tumour-bearing mice when compared to the vehicle-treated

group. In contrast to dexamethasone, there was no

significant difference between gallium nitrate plus radio-

therapy-treated animals compared to radiotherapy alone,

3844 | BRAIN 2019: 142; 3834–3851 C. J. Herting et al.



Figure 5 IL-1R1 ablation reduces the influx of circulating myeloid cells in the tumours of mice bearing PDGFB-overexpressing

glioblastoma. Immunohistochemical analysis of CD31 (A) in Ntv-a (n = 5) and Ntv-a/Il1r1�/� (n = 9) mice. Immunohistochemical analysis of

IBA1 (B) in Ntv-a (n = 14) and Ntv-a/Il1r1�/� (n = 11) mice. (C) Representative flow cytometry plots and quantification of total myeloid cells,

BMDMs, microglia (MG), and lymphoid cells in tumours of Ntv-a (n = 5) and Ntv-a/Il1r1�/� (n = 6) mice bearing PDGFB-overexpressing

glioblastoma. Two-tailed Student’s t-test, ns = not significant. ���P 5 0.001, ����P 5 0.0001.
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demonstrating that gallium nitrate treatment does not inter-

fere with radiotherapy efficacy (Fig. 8B).

Discussion
Following its introduction, dexamethasone has long been

recognized as the gold standard for management of glio-

blastoma-associated cerebral oedema (Galicich et al., 1961;

McClelland and Long, 2008). Recent attention, however,

has highlighted the need to find an alternative to

dexamethasone for the long-term management of glioblast-

oma-associated cerebral oedema because of the complica-

tions associated with prolonged dexamethasone therapy, as

well as the interference of dexamethasone with anti-neo-

plastic therapies used to combat the tumour (Kostaras et

al., 2014; Pitter et al., 2016; Wong and Swanson, 2019).

In the current study we used a murine model of glioblast-

oma where BMDMs comprise the majority of the tumour-

associated macrophage population. RNA sequencing results

on these cells suggested that they upregulate the inflamma-

tory mediator Il1b significantly compared to naı̈ve BMDMs

Figure 6 Ablation of IL-1 signalling reduces blood–brain barrier permeability in mice bearing PDGFB-overexpressing tu-

mours. (A) A schematic outlining tumour generation, treatment, and tissue processing. (B) Comparison of Hoechst dye leakage in tumours from

Ntv-a (n = 10) and Ntv-a/Il1r1�/� (n = 11) mice treated with vehicle solution. (C) Comparison of Hoechst dye leakage in tumours from Ntv-a (n =

8) and Ntv-a/Il1r1�/� (n = 5) mice treated with the VEGF-neutralizing antibody B20-4.1.1. Two-tailed Student’s t-test, ns = not significant. �P 5
0.05.
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Figure 7 IL-1 ligand ablation reduces oedema formation in tumour-bearing mice. (A) A schematic illustration of the MRI and serial

histology experimental workflow. (B) Comparison of endpoint tumour volumes between Ntv-a (n = 8), Ntv-a/Il1b�/� (n = 8), and Ntv-a/Il1a/b�/�

(n = 6) mice with T2-weighted MRI. (C) Comparison of endpoint tumour volumes between Ntv-a (n = 7), Ntv-a/Il1b�/� (n = 9), and Ntv-a/Il1a/b�/

� (n = 7) mice with serial sectioning followed by haematoxylin and eosin staining. (D) A schematic illustration of the wet/dry assay for oedema

measurement. (E) Comparison of per cent brain water in naı̈ve Ntv-a (n = 5), naı̈ve Ntv-a/Il1a/b�/� (n = 5), tumour-bearing Ntv-a (n = 7), and

tumour-bearing Ntv-a/Il1a/b�/� (n = 8) mice. One-way ANOVA, ns = not significant. �P 5 0.05, ��P 5 0.01, ���P 5 0.001, ����P 5 0.0001.
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or tumour-associated microglia (Chen et al., 2017). In

vitro, we demonstrated that BMDMs and microglia both

upregulate IL-1 family cytokines when stimulated with

either LPS and IFN� or IL-1; effects that were inhibited

by dexamethasone treatment. Our ex vivo experiments

demonstrated that BMDMs upregulate Il1a and Il1b

when exposed to organotypic tumour slices, and that this

effect can be abrogated by dexamethasone treatment.

Microglia were surprisingly shown to downregulate IL-1

cytokines when co-cultured with tumour slices. In vivo,

we demonstrated a decrease in total tumour Il1a and Il1b

levels following dexamethasone treatment.

Our in vivo results further illustrated no effect on the

expression levels of Vegfa, or vessel parameters in the tu-

mours of dexamethasone-treated mice. These results differ

from previous work that demonstrated a significant reduc-

tion in Vegfa produced by glioblastoma tumour cells in

response to dexamethasone treatment (Heiss et al., 1996;

Machein et al., 1999). This difference in results can be

attributed to the genetic make-up of the tumours in these

studies. Our data are consistent with results illustrating no

effect of dexamethasone therapy on VEGF expression in

human glioma samples (Carlson et al., 2007). Our work

suggests that dexamethasone impacts the permeability of

the blood–brain barrier in an angiogenesis-independent

fashion. Experiments in naı̈ve mice, with no cerebral

injury or aberrant angiogenesis, have demonstrated that

dexamethasone reduces the permeability of the blood–

brain barrier to macromolecules (Hedley-Whyte and Hsu,

1986). Moreover, following cerebral injury, dexamethasone

has been demonstrated to upregulate tight junction mol-

ecules, such as tight junction protein-1, in endothelial

cells within the blood–brain barrier (Raslan and

Bhardwaj, 2007; Hue et al., 2015). Although cerebral

injury and brain tumours are distinct entities, it is plausible

that the mechanism of action of drugs used to treat oedema

induced by each trauma may be similar.

Although no effect was observed on angiogenesis follow-

ing dexamethasone treatment, a significant reduction in the

amount of tumour-associated macrophages was observed

with immunohistochemistry. Further analysis with flow

cytometry elucidated that this effect was attributable to a

reduction in the influx of BMDM from the circulation.

Previous work in cancer and other inflammatory conditions

has demonstrated impaired monocyte chemotaxis following

treatment with dexamethasone (Badie et al., 2000; Kim et

al., 2017). The precise mechanism of this effect has not

been determined; however, dexamethasone has been

shown to suppress circulating cytokine levels in humans

(Schuld et al., 2001; Remmelts et al., 2012). It has been

suggested that dexamethasone does so through global sup-

pression of nuclear factor-kappa B, which is a known me-

diator of IL-1 signalling (Auphan et al., 1995; Albrecht

et al., 2007). As macrophage chemotaxis is primarily con-

trolled by the expression of MCP family chemokines, it is

plausible that the effects of dexamethasone on macrophage

chemotaxis are mediated by its effects on chemokine levels

(Jones, 2000; Xuan et al., 2015). This hypothesis is

strengthened by our data showing that tumours induced

in Ntv-a//Il1r1�/� mice have reduced BMDM infiltration

compared to those induced in Ntv-a mice. Evidence also

suggests that IL-1 may act as a regulator of MCP family

member expression, specifically in the tumour microenvir-

onment, but this hypothesis has not been extensively exam-

ined in the context of glioblastoma (Yoshimura, 2017).

Our ex vivo data clearly illustrated the ability of

Figure 8 Genetic and pharmacological inhibition of IL-1

signalling have no impact on radiotherapy efficacy. (A) A

schematic illustration of the irradiation of tumour-bearing Ntv-a (n =

13) and Ntv-a/Il1a/b�/� (n = 9) mice with the associated survival

curves. (B) A schematic illustration of the treatment of tumour-

bearing mice with vehicle (n = 10), gallium nitrate (n = 10), vehicle

plus radiation (n = 10), or gallium nitrate plus radiation (n = 11)

with the associated survival curves. Mantel-Cox (MC) and Gehan-

Breslow-Wilcoxon (GBW) tests, ns = not significant. �P 5 0.05,
��P 5 0.01, ����P 5 0.0001. RCAS = replication-competent avian

sarcoma-leukosis virus long terminal repeat with splice acceptor.
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dexamethasone to reduce MCP chemokine levels in orga-

notypic tumour slices co-cultured with BMDMs or micro-

glia, lending further support to the hypothesis that this

effect is chemokine-dependent.

In addition to the differences observed in myeloid cell

infiltration, mice treated with dexamethasone displayed a

significant reduction in the influx of lymphoid cells to their

tumours. These results are in line with previous studies that

demonstrated that dexamethasone decreases circulating

lymphocyte levels in patients with brain tumours (Hughes

et al., 2005). Direct studies on the effects of dexamethasone

on circulating T lymphocytes in a bovine model established

that dexamethasone is capable of reducing circulating

CD3 + cell levels to 30% of normal, on par with the re-

duction we observed in mice (Burton and Kehrli, 1996).

The effects of dexamethasone on lymphoid cells may not

be responsible for its ability to manage oedema; however,

they are almost certain to alter the efficacy of T cell-based

immunotherapies in glioblastoma. Previous work on ipili-

mumab in melanoma brain metastases demonstrated that

dexamethasone may interfere with its efficacy (Margolin

et al., 2012). Additionally, recent work in glioblastoma

investigated mechanisms of dexamethasone-induced im-

munosuppression and their effects on brain tumour im-

munotherapy (Giles et al., 2018). These investigations

must continue if dexamethasone and immunotherapy are

to co-exist in the therapeutic repertoire of clinicians in

neuro-oncology. Furthermore, if IL-1 inhibition is to be

considered as an alternative to dexamethasone for the man-

agement of oedema, its precise effects on the action of the

immune microenvironment in glioblastoma must be

established.

In this work, we used a Hoechst dye-based assay to in-

terrogate blood–brain barrier permeability, as well as an

MRI-based assay and wet/dry tissue weight assay for deter-

mination of oedema at endpoint as a function of IL-1 sig-

nalling. We demonstrated a reduction in blood–brain

barrier integrity and oedema formation, respectively,

when either IL-1R1, IL-1b, or both IL-1� and IL-1b were

homozygous lost compared to wild-type tumour-bearing

mice. Considering the collection of clinically-approved

drugs for specific IL-1 signalling inhibition (Dinarello

et al., 2012), and the demonstration that IL-1b inhibition

reduces oedema formation in traumatic brain injury

(Clausen et al., 2011), IL-1 signalling inhibition warrants

additional investigation in the context of management of

glioblastoma-associated cerebral oedema.
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