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Astrocyte immunometabolic regulation
of the tumour microenvironment drives
glioblastoma pathogenicity
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Malignant brain tumours are the cause of a disproportionate level of morbidity and mortality among cancer patients,
an unfortunate statistic that has remained constant for decades. Despite considerable advances in the molecular
characterization of these tumours, targeting the cancer cells has yet to produce significant advances in treatment.
An alternative strategy is to target cells in the glioblastoma microenvironment, such as tumour-associated astro-
cytes. Astrocytes control multiple processes in health and disease, ranging from maintaining the brain’s metabolic
homeostasis, to modulating neuroinflammation. However, their role in glioblastoma pathogenicity is not well under-
stood. Here we report that depletion of reactive astrocytes regresses glioblastoma and prolongs mouse survival.
Analysis of the tumour-associated astrocyte translatome revealed astrocytes initiate transcriptional programmes
that shape the immune and metabolic compartments in the glioma microenvironment. Specifically, their expression
of CCL2 and CSF1 governs the recruitment of tumour-associated macrophages and promotes a pro-tumourigenic
macrophage phenotype. Concomitantly, we demonstrate that astrocyte-derived cholesterol is key to glioma cell sur-
vival, and that targeting astrocytic cholesterol efflux, via ABCA1, halts tumour progression. In summary, astrocytes con-
trol glioblastoma pathogenicity by reprogramming the immunological properties of the tumour microenvironment and
supporting the non-oncogenic metabolic dependency of glioblastoma on cholesterol. These findings suggest that tar-
geting astrocyte immunometabolic signalling may be useful in treating this uniformly lethal brain tumour.

1 Sagol School of Neuroscience, Tel Aviv University, Tel Aviv, Israel

2 Shmunis School of Biomedicine and Cancer Research, George S. Wise Faculty of Life Sciences, Tel Aviv University,
Tel Aviv, Israel

3 Cancer Data Science Laboratory (CDSL), National Cancer Institute (NCI), National Institutes of Health (NIH),
Bethesda, MD, USA

4 Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel

Correspondence to: Lior Mayo Shmunis
School of Biomedicine and Cancer Research
George S. Wise Faculty of Life Sciences

Tel Aviv University, Tel Aviv 69978, Israel
E-mail: liormayo@tauex.tau.ac.il

glioma; cholesterol; astrocytes

Received March 06, 2022. Revised May 18, 2022. Accepted June 09, 2022. Advance access publication July 28, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com


https://orcid.org/0000-0002-8210-3614
https://orcid.org/0000-0003-3975-5171
https://orcid.org/0000-0002-0047-1166
https://orcid.org/0000-0002-2472-8501
https://orcid.org/0000-0003-4694-5248
https://orcid.org/0000-0002-7057-2552
https://orcid.org/0000-0003-2450-9197
https://orcid.org/0000-0003-3441-3228
https://orcid.org/0000-0002-7862-3940
https://orcid.org/0000-0002-1296-6692
mailto:liormayo@tauex.tau.ac.il
https://doi.org/10.1093/brain/awac222
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ACM =astrocyte-conditioned medium; CM =condition media; DT-A =diphtheria toxin A; ECAR=
extracellular acidification rate; FACS=fluorescence-activated cell sorting; FCS=foetal calf serum; GBM=
glioblastoma multiforme; GCV = ganciclovir; GFP =green fluorescent protein; IDH =isocitrate dehydrogenase; iDTR
=induced diphtheria toxin; iNOS=inducible nitric oxide synthase; LPDS=Ilipoprotein-deficient serum; OCR=
oxygen consumption rate; OXPHOS=oxidative phosphorylation; TAA =tumour-associated astrocytes; TAM=
tumour-associated macrophages; TCGA = The Cancer Genome Atlas; TME = tumour microenvironment

Introduction

Cancers develop in complex tissue-dependent environments, on
which they rely for sustained growth, response to therapy and regu-
late of the immune response to the tumours.’ Unlike the tumour
cells, non-neoplastic cells in the tumour microenvironment (TME)
are genetically stable and thus represent an attractive therapeutic
target, with a lower risk of resistance and tumour recurrence.
Accumulating data suggest that modulation of the bioenergetic,>*
metabolic>® orimmunological’~** properties of the TME can regulate
tumour progression in the CNS. However, the mechanisms that
shape the immunometabolic landscape of the TME, and thus control
brain cancer pathogenesis, are not well understood.

Glioblastoma multiforme (GBM) is the most common primary
malignant brain tumour and carries an abysmal 5-year survival
rate of just 5.6%, a statistic that, regrettably, has shown little change
over decades.'**® Despite significant advances in our understand-
ing of this disease, the translation to improved treatment has
been quite disappointing. As a result, surgery, radiation and cyto-
toxic chemotherapy remain the mainstays of therapy, although im-
mune checkpoint therapy has recently been suggested as a
potentially efficacious approach.'®* Astrocytes are the most abun-
dant cells in the CNS. They perform essential functions during de-
velopment and homeostasis, such as participating in the
maintenance of the blood-brain barrier, storing and distributing
energetic substrates to neurons and supporting the development
of neural cells and synaptogenesis.’'® Astrocytes can also control
CNS inflammation and neurodegeneration through multiple me-
chanisms, including neurotoxicity, modulation of microglial activ-
ities, recruitment of inflammatory cells into the CNS and even
via their metabolic cascade.”*® Tumour-associated astrocytes
(TAAs) were recently suggested to participate in shaping the TME
of primary and secondary brain tumours.*»** However, the role of
reactive astrocytes in GBM pathogenicity is poorly understood.

Here we report that depletion of reactive TAAs regresses GBM pro-
gression in mice and prolongs animal survival. In addition, we found
that astrocytes support the tumour by regulating the recruitment of
tumour-associated macrophages (TAMs) to the TME via CCL2, and
by promoting a pro-tumourigenic phenotype in the TAMs, partially
via the release of CSF1. We also found that glioma cells depend on
astrocyte-derived cholesterol for survival and, accordingly, targeting
the cholesterol efflux from TAAs halts tumour growth. These findings
explain the role of astrocytes in GBM pathogenesis and define the mo-
lecular circuits by which the astrocytes shape the immunometabolic
landscape of the TME and control tumour progression, thereby identi-
fying potential druggable candidates for therapeutic intervention.

Materials and methods

C57BL/6], Gfap-TK [B6.Cg-Tg(Gfap-TK)7.1Mvs/J], Gfap-CRE [B6.Cg-
Tg(Gfap-cre)77.6Mvs/2], from founder line 77.6, stock no 024098],

induced diphtheria toxin (iDTR) [Gt(ROSA)26Sor ™ HBEGHAWal] 51
RiboTag (B6N.129-Rpl22tm1.1Psam/]) mice were purchased from
Jackson Laboratory (ME, USA). Female Gfap-TK*'~ mice were
crossed with male C57BL/6] to generate Gfap-TK*'~ or wild-type
(WT) mice. Female Gfap-Cre*’~ were crossed with male RiboTag"?
or iDTR™ to generate F1 littermates of GfapCre*~-RiboTag®~ or
Gfap-Cre*~-iDTRY~ or GfapCre™~-iDTRY~ mice. All animals were
kept in a pathogen-free facility at the Tel Aviv University Faculty
of Medicine and were housed five animals per cage under a stand-
ard light cycle (12 h:12 h light:dark) with ad libitum access to water
and food. All experiments were carried out in accordance with
guidelines prescribed by the Institutional Animal Care and Use
Committee of Tel Aviv University.

GL261-Luc2 cells (#9361, Caliper), CT-2A-Luc2 (#SCC195, Merck Ltd),
US7EGFRVIII*® (kindly provided by Dr Paul S. Mischel, Stanford
University, CA, USA) and 293T AAVpro cells (#632273, Takara)
were grown in Dulbecco’s modified Eagle medium (DMEM) (Gibco
#41965-039) with 10% foetal bovine serum (Gibco #12657-029) and
1% penicillin-streptomycin (Gibco #15140-122). The 293T medium
was further supplemented with non-essential amino acids (BI,
#01-340-1B) and 1% sodium pyruvate (BI, #03-042-1B). Cells were
maintained free of mycoplasma contamination; routine myco-
plasma analysis was performed using the EZ-PCR™ Mycoplasma
Detection Kit (BI #2-700-20). In lipoprotein starvation experiments,
normal foetal calf serum (FCS) was replaced with lipoprotein-
deficient serum (LPDS, Sigma-Aldrich, #55394).

Primary murine mixed glia (astrocytes and microglial cells) and as-
trocytes were prepared as we previously described.'® Primary astro-
cytes cultures were found to be >99% GFAP-positive by
immunofluorescent staining (Supplementary Fig. 5E). Microglial
cultures were isolated by subjecting confluent mixed glial cultures
to mild trypsinization (0.05% Trypsin in DMEM) according to previ-
ously published protocols.?” This results in the detachment of an
intact layer of cells containing virtually all the astrocytes, leaving
undisturbed a population of firmly attached cells. Primary micro-
glial cultures were identified as >99% IBA1* by immunofluorescent
staining, and ~97.8% positive for the microglial marker CD11b (1:50;
M1/70, BioLegend #101251) and negative for the astrocyte marker
GLAST (1:11, ACSA-1, Miltenyi Biotec, #130-095-821) by fluores-
cence-activated cell sorting (FACS) analysis (Supplementary Fig.
5E and F). The following reagents were used for analysis:
anti-IBA1 (1:500, Wako Chem, #019-19741), anti-GFAP (1:500, 4A11,
1B4, 2E1, BD Pharmingen #556330), anti-CD11b (1:50; M1/70,
BioLegend #101251) and anti-GLAST (1:11, ACSA-1, Miltenyi
Biotec, #130-095-821). For microglial proliferation analysis,
pure microglial cultures were stained with CellTrace™ Violet
Cell Proliferation Kit (Invitrogen, #C34517), according to the
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manufacturer’s instructions. Human astrocytes (ScienceCell, #1800)
were grown according to the manufacturer’s instructions. In some
studies, cells were treated with 2 mM N-nitro-L-arginine methyl ester
hydrochloride (L-NAME, Sigma, N5751), or anti-mouse CSF1R mono-
cloncal antibody (mAb) (BioXcell, clone AFS98, #BE0213), anti-mouse
TGFp mAb (BioXcell, clone 1D11.16.8, #BE0057), anti-mouse
IL10R mAb (BioXcell, clone 1B1.3A, #BP0050), anti-mouse [FNy mAb
(BioLegend, clone XMG1.2, 505834), anti-mouse IL6R mAb (BioXcell,
clone 15A7, #BE0047) or appropriate isotype control IgG (BioXcell,
#BE0090, BE0090). All mAbs were used at a final concentration of

25 pg/ml

A total of 2 x 10° GL261 cells were cultivated in a 10 cm culture plate
for 48 h, media was removed and 8 ml of fresh medium, containing
DMEM with 1% FCS and 1% penicillin-streptomycin was added. The
supernatant was collected after 24 h, centrifuged at 500g for 10 min
at 4°C, sterile filtered using a 22-um filter and stored at —80°C. For
microglial stimulation, glioblastoma-conditioned medium (GBM-
CM) was diluted 2:1 with DMEM.

A total of 5 x 10° primary astrocytes were cultivated in a 10 cm cul-
ture plate, and stimulated for 12 h with DMEM containing 1% FCS
and 1% penicillin-streptomycin [to generate astrocyte-conditioned
medium (ACM)] or GBM-CM (to generate T-ACM). Media was re-
moved and 8 ml of fresh medium, containing DMEM with 0.5%
BSA (Millipore, #810683) and 10 mM HEPES, was added. The super-
natant was collected after 24 h, centrifuged at 500g for 10 min at
4°C, sterile filtered using a 22-pm filter and stored at —80°C.

Spleen monocytes (CD11b*/CD37/CD45R™/CD117/Ly-6G/NK1.17/
SiglecF7/SSC°%) were isolated from C57BL/6 mice using EasySep
Mouse Monocyte Isolation Kit (Stemcell, #19861). Monocytes were
stained with CellTrace CFSE Cell Proliferation (Thermo Fisher
Scientific, #C34554) and a total of 2 x 10®> monocytes per well were
plated in IncuCyte ClearView 96 well Cell Migration Plate
(Sartorius, #4582), which was precoated with 50 ug/ml Matrigel®
(Corning, #FAL356237). ACM or T-ACM were added to the lower
chamber and monocytes migration to the lower chamber was mea-
sured following 2h incubation at 37°C with IncuCyte ZOOM
(v.2020C). The chemotaxis index was defined as the percentage of
monocytes that infiltrated the lower chamber. In some experi-
ments, the T-ACM was supplemented with 30 ug/ml of anti-mouse
CCL2 neutralizing mAb (BioXcell, clone 2H5, #BE0185) or isotype
control (BioXcell, #BE0091).

For intracranial mouse glioma, mice were anaesthetized, posi-
tioned in a Stereotaxic Alignment System and injected with 1.5x
10* GL261 or CT-2A cells in 2 pl of DMEM. Injections were made to
the right frontal lobe, ~2.5 mm lateral and 0.1 mm caudal from
bregma at a depth of 3 mm. In vivo bioluminescence imaging,
following XenoLight D-luciferin potassium salt (150 mg/kg) i.p.
administration, was determined using the IVIS Spectrum
system (PerkinElmer). Ganciclovir (GCV, Cymevene, Roche
#SAP-10051872; 25 mg/kg), diphtheria toxin (DT, Sigma-Aldrich,
#D0564; 1100 ng/mice nasally) or vehicle control (PBS) were
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administered daily following tumour establishment (Day 10), as
previously described.’®?® CD8* T-cell depletion was performed
using an anti-CD8 monoclonal antibody (53.6-7, Bioxcell) or an iso-
type control monoclonal antibody (2A3, Bioxcell), as previously de-
scribed.® GBM-bearing mice were intraperitoneally injected
(0.1 mg/mouse) with an anti-CD8 or an isotype control mAbs,
1 day before and 7 days after, GCV administration. CD8 T-cell deple-
tion was validated by FACS analysis using a Sony SH800 FACS in-
strument (Sony Biotechnology). Data analysis was performed
using FlowJo v.10 (TreeStar, USA). The following reagents were
used for analysis: anti-CD45 (1:100; 30-F11, BioLegend, #103106),
anti-CD3e (1:50; 145-2C11, BioLegend #100335) and anti-CD8a
(1:100; 53-6.7, BioLegend, #100765).

Animals were perfused with ice-cold PBS, followed by 4% parafor-
maldehyde in 0.1 M PBS. Tissues were cryoprotected in 0.1 M PBS
plus 30% sucrose and cut with cryostat into 10-um thick sections.
Sections were blocked in 5% goat serum and 5% donkey serum con-
taining 0.3% Triton™ X-100 (Sigma-Aldrich, #9002-93-1) and 0.3 M
Glycine (Holland Moran, #BP381-1), and incubated overnight at 4°C
with following antibodies: GFAP (chicken, 1:1000, Abcam, #ab4674),
IBA1 (rabbit, 1:1000, Wako Chem, #019-19741), HA (rat, 1:300,
Roche, #11-867-423-001), MBP (chicken, 1:50, Chemicon #AB9348),
NeuN (mouse, 1:100, EMD Millipore, #MAB377) DRAQ7 (1:500
BioLegend, #424001), Cleaved Caspase 3 (rabbit, 1:500, Cell
Signaling Technology, #9664S), ABCA1 (rabbit, 1:200, Novusbio,
#NB400-105), Annexin A2 (rabbit, 1:500, proteintech, #11256-1-AP),
Ki67 (Rat, 1:500, Thermo Fisher Scientific, #14-6698-82), PD-L1 (Rat,
1:500, BioXcell, #BE0101) or CD74 (Rabbit. Clone EPR25399-94, 1:500,
Abcam, # ab289885). The next day sections were washed five times
and incubated with an appropriate fluorophore-conjugated goat sec-
ondary antibodies (1:500) from Abcam (#ab150167 or ab150176) or
Thermo Fisher scientific (#A11037, A11020 or A32733) for 1h at
room temperature. Sections were mounted in Prolong™ Gold con-
taining DAPI (Invitrogen, P36935). Images were acquired using a
Leica SP8 confocal microscope and Leica LAS AF software and pro-
cessed using Fiji and LAS X. All settings were kept the same during
image acquisition of comparable images including magnification, la-
ser intensity and optical configuration.

GL261-implanted mice were killed 17 days after implantation and
single-cell suspension was prepared as we previously described.™
In brief, mice were anaesthetized and perfused with 10 ml of PBS
and the brain was isolated, enzymatically dissociated using collage-
nase type III (Worthington Biochemical, #L5004182) and Dispasell
(Roche, #04942078001), and mechanically dissociated using
gentleMACS™ Dissociator. Myelin was removed by resuspending
the homogenate in 25% Percoll solution, underlaid by 75% Percoll
and overlaid with 5 ml HBSS. Centrifugation at 1000g for 30 min
with slow acceleration and without breaks created a gradient that
separated the cell pellet on the bottom from the myelin, which
was carefully aspirated. Cells were carefully collected from the
75-25% interphase. TAMs (CD11b*CD45*) or microglial cells
(CD11b*CD45%™) were analysed or sorted into TRIzol LS reagent
(Invitrogen, #10296028) for RNA purification using Sony SH800
FACS (Sony Biotechnology). Data analysis was performed using
FlowJo v.10 (TreeStar, USA). The following reagents were used for
analysis: anti-CD11b (1:50; M1/70, eBioscience, #12-0112-82,
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BioLegend #101251), anti-CD45 (1:100; 30-F11, BioLegend, #103116)
and anti-PD-L1 (1:50; 10F.9G2, BioLegend, #124314).

Filipin Il was used to evaluate cholesterol content in the cells using
FACS and immunofluorescence staining. Filipin III (Cayman
Chemical Company, #70440) staining was performed at 100 pg/ml
for 25 min at room temperature, as previously described.?® For
FACS analysis cells were first fixated with 0.5% in paraformalde-
hyde (Electron Microscopy Sciences, #15710; dissolved in PBS),
stained and then analysed by CytoFLEX LX flow cytometer
(Beckman Coulter) equipped with a 355 nm (UV) laser.

Real-time extracellular acidification rate (ECAR) and OCR measure-
ments were made with an XF-96 Extracellular Flux Analyzer
(Seahorse Bioscience). 1x10° cells were plated into each well of
Seahorse X96 cell culture microplates and preincubated at 37°C for
24 hin 5% CO,in either FCS or LPDS supplemented media. The sensor
cartridge for the Xfe96 analyser was hydrated in a 37°C non-CO, incu-
bator a day before the experiment. OCR and ECAR were measured un-
der basal conditions and after the addition of the following
compounds: 1.5uM oligomycin, 2uM FCCP [carbonyl cyanide4-
(trifluoromethoxy)phenylhydrazone], 0.5uM rotenone and 0.5 uM
antimycin, 10 mM glucose and 50 mM 2-deoxy-p-glucose (all obtained
from Sigma) as indicated. Data were expressed as the rate of oxygen
consumption in pmol/min or the rate of extracellular acidification
in mpH/min, normalized to DNA labelling in individual wells deter-
mined by the Hoechst 33342 staining. Results were collected with
Wave software v.2.4 (Agilent).

GL261, CT-2A or astrocytes were seeded at a density of 1.5x 10° cells
per well in a six-well plate. Cells were treated for 72 h FCS- or LPDS-
supplemented media for 5 days. In some studies, cells were treated
with lovastatin (Thermo Scientific, #PH1285R) at 2.5 or 5 uM (GL261,
CT-2A, astrocytes), 24(S)-hydroxy-cholesterol (Cayman Chemical
Company, #10009931) at 2.5, 5 or 10 uM (GL261 cells) or at 1.25, 2.5,
5 uM (CT-2A cells) for 72 h, or 250 ng/ml cholesterol (Sigma-Aldrich,
#C4951). Cell death was analysed by FACS analysis based using
Annexin-V assay according to the manufacturer’s instructions
(BioLegend, #640951, 640941). Microglial cell death was determined
by LDH Assay (Sigma-Aldrich, #4744934001) according to the manu-
facturer’s instructions.

pLenti-GFAP-EGFP-mir30-sh Abcal (Fig. 6F) harbouring shRNA
sequences against Abcal was cloned into the pLenti-GFAP-EGFP-
mir30-shB4galt6 vector backbone'® and replaced by validated
Abcal-targeting shRNA sequence (MISSION® TRC shRNA clone
#TRCN0000271860, Sigma-Aldrich), as we previously described.’
Non-targeting shRNA vector (pLenti-GFAP-EGFP-mir30-shNT) was
previously described.”® pLenti-GFAP-CRISPRv2GFP-sgRNA vectors
(Supplementary Fig. 8B), were generated by cloning the relevant
single-guide RNA (sgRNA) to pLentiCRISPRv2GFP (Addgene #82416)
as previously described.*® The EF-1a promoter, which drives the ex-
pression of the polyprotein Cas9-P2A-GFP, was then replaced with
the gfaABC1D promoter (GeneArt, Thermo Fisher Scientific) using
Xbal and EcoRI restriction enzymes (#R3101 and #R0145, New
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England Biolabs). CRISPR-Cas9 sgRNA sequences were designed using
the Broad Institute’s sgRNA GPP Web Portal (https:/portals.
broadinstitute.org/gpp/public/analysis-tools/sgrna-design). All se-
quences are detailed in Supplementary Table 1. Lentivirus particles
were then generated by transfecting 3.9 x 10° 293T cells using 24.4 pg
PEI MAX (Polysciences, #24765-1) with 6.1 pg pLenti-GFAP-EGFP-
mir30-shRNA or pLenti-GFAP-CRISPRv2GFP-sgRNA vectors with the
packing plasmids [4.6 pg psPAX2 (Addgene, #12260) and 1.5pg
pMD2.G (Addgene, #12259)]. Forty-eight hours after transfection
supernatant was concentrated using Lenti-X Concentrator (Takara,
#631232) and stored at —80°C until use. The viral titrate was deter-
mined using the quantitative real-time polymerase chain reaction
(qPCR) Lentivirus titration kit (ABM, #L.V900) according to the manufac-
turer’s instructions.

Cells were lysed in RIPA buffer supplemented with protease inhibi-
tors (Cell Signaling). A total of 35 pg of sample was separated by 7.5,
10 or 12% Tris-Glycine gels, transferred to nitrocellulose mem-
branes (Millipore) and developed with antibodies against
anti-ABCA1 (rabbit, 1:1000; Novus Biologicals, #NB400-105),
anti-low-density lipoprotein receptor (LDLR) (rabbit, 1:500,
ProteinTech, #10785-1-AP), anti-ACTIN (mouse, 1:1000-30 000; MP
Biomedicals, #08691001), anti-a-ACTININ (mouse, 1:1000; Cell
Signaling Technology, #69758S) and anti-VINCULIN (rabbit, 1:1000,
Proteintech, #26520-1-AP). Blots were developed using a Clarity
Western ECL kit (Bio-Rad, #1705061) on Amersham Imager 600 (GE
Healthcare). Expression levels were normalized to ACTIN,
a-ACTININ or VINCULIN. Quantification was done using Image
Studio Lite software v.5.2 (LI-COR Biosciences).

iMAT?! was used to incorporate gene expression levels into the
metabolic model to predict a set of high and low activity reactions.
Network integration was determined by mapping the genes to the
reactions according to the metabolic model, and by solving
constraint-based modelling optimization to find a steady-state
metabolic flux distribution.® By using the constraint-based
modelling approach, we assign permissible flux ranges to all the
reactions in the network, in a way that satisfies the stoichiometric
and thermodynamic constraints embedded in the model and
maximizes the number of reactions whose activity is consistent
with their expression state. The pathway enrichment analysis
was carried out by a hypergeometric test where the background
is the number of reactions found in the human model, and the
overlap of each metabolic pathway with the set of active (top 20%)
and inactive reactions (low 20%) is then examined via hypergeo-
metric test.

Total RNA (100ng) was analysed using the nCounter Mouse
Immunology V1 Panel according to the manufacturer’s instructions
(NanoString Technologies). Data were analysed using nSolver
Analysis software. Functional enrichment analysis was performed
using the Expander?® and g:Profiler® platforms.

Sham or tumour-bearing mice were sacrificed and were subjected
to perfusion through the left ventricle with ice-cold PBS, followed
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Figure 1 TAA depletion regress GBM progression. (A) Representative immunofluorescence images of reactive TAAs stained for GFAP (cyan) crowning
a glioblastoma (GBM) tumour (GFP*-GL261, white), and nuclei (DAPI, yellow). The right image is an expansion of the area marked by the white
box. (n=3 biologically independent experiments, three mice per group). Scale bar = 1000 um. (B-G) Wild-type (WT), or Gfap-TK
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by perfusion with 10 ml ice-cold 1% PFA (Electron Microscopy
Sciences, #15710; dissolved PBS). Brains were harvested, and the
right hemisphere was homogenized as previously described.®
Briefly, samples were homogenized using 7 ml Dounce homogen-
izer in 10% w/v supplemented homogenization buffer.
Homogenate was transferred to an Eppendorf tube and centrifuged
for 15 min at 15000g at 4°C. The supernatant was transferred to a
new tube and 5pl of mouse monoclonal anti-HA antibody was
added (BioLegend, #901515). Samples were placed on a rotator for
6h at 4°C. Pierce beads (200pl) (Pierce, #88803) or 70pl of
Dynabeads (Invitrogen, #10004D) were washed with 800 ul hom-
ogenization buffer and coupled with the tissue-antibody homogen-
ate for an overnight rotation at 4°C. The following day, samples
were placed on a magnet and the supernatant was removed before
washing the pellets three times for 10 min in a high salt buffer. RLT
lysis buffer (350 pl) was added to the beads and RNA was extracted
using the RNeasy Mini kit (Qiagen, #74104) per the manufacturer’s
instructions and quantified with a Qubit RNA HS Assay Kit
(Thermo Fisher, #Q32852). RNA was kept at —80°C until use.

RNA extracted from immunoprecipitated polyribosomes was used
to prepare libraries by NEBNext® rRNA depletion kit (#E6310),
NEBNext® Ultra™ II RNA Library Prep Kit for Illumina (#E£7770G)
and NEBNext® Multiplex Oligos for Illumina® (#E7335G) kit, accord-
ing to the manufacturers’ instructions. Libraries were normalized,
pooled and sequenced on the Illumina NextSeq 500 with the
NextSeq 500/550 Mid Output Kit v.2.5 (150 Cycles) (#20024904), ac-
cording to the manufacturers’ instructions. RNA-sequencing
(RNA-seq) reads were aligned using Kallisto®® to mouse genome
v.mm10, and expression levels were calculated using RSEM.*” The
data were normalized using TMM normalization and differentially
expressed genes were defined using the differential expression
pipeline on the raw counts with a single call to the function
Bioconductor package DESeq2 v.1.24.0 in R* (FDR-adjusted
P-value <0.05). Heat map figures were generated using the pheat-
map package® and clustered using Euclidian distance. Functional
enrichment analysis was performed using the Expander® and g:
Profiler®® platforms.

Bulk gene expression of matched GBM patients and normal brain
tissue was analysed using the GEPIA portal®*® based on The Cancer
Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) da-
tasets. P<0.01 was considered statistically significant. Survival
analysis was performed using the Chinese Glioma Genome Atlas
(CGGA),** P<0.05 was considered statistically significant.
Single-cell analysis was performed on data of GBM patients [isoci-
trate dehydrogenase 1 (IDH1)-negative, grade IV] reported by
Darmanis et al.*? using Bbrowser*® (v.2.10.40; BioTuring Inc.).
Cell-linage clusters were defined on the basis of the expression of

Figure 1 Continued
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known markers***> (TAMs, PTPRC, C1QC and TMEM119; OPCs,
PDGFRA, GPR17, OLIGO1 and AC058822.1; TAAs, SLC7A10, GJA1 and
AQP4; Oligodendrocytes, MOBP and MOG; endothelial cells, CD34
and PECAMI).

Samples were randomly allocated into experimental groups at the
start of each individual experiment. Genetically identical mice
were randomly allocated to experimental groups at the start of
the experiments. For in vitro experiments, biological samples were
randomly allocated into experimental groups at the beginning of
the experiment. Statistical analyses were performed with Prism
v.9.3 software (GraphPad), and the statistical tests used are indi-
cated in the individual figure legends. P < 0.05 was considered stat-
istically significant. All error bars represent SEM. Box-and-whisker
plots show median, interquartile interval, minimum and max-
imum values.

RNA-seq data that support the findings of this study have been de-
posited in the Gene Expression Omnibus GSE193526. All other data
supporting the findings of this study are available from the corre-
sponding authors on request.

Results

Reactive astrocytes, characterized by elevated expression of glial fi-
brillary acidic protein (GFAP), have a considerable impact on the
course of traumatic, ischaemic, inflammatory and degenerative
diseases of the CNS.'7:*8 Astrocytes are one of the most abundant
non-cancerous cell types in glioblastoma,*? and reactive astrocytes
are present around the tumour margins (Fig. 1A). Accumulating ex
vivo data concerning the cross-talk between astrocytes and glioma
cells,>* and specific inhibition of astrocytic signalling in medullo-
blastoma and brain metastasis tumour models,”>*¢* suggest that
astrocytes might play a role in glioblastoma progression.
However, the role reactive astrocytes play in glioblastoma patho-
genicity in vivo is not well understood.

To study the role of TAAs in glioblastoma, we analysed the
course of tumour progression in mice expressing the herpes sim-
plex virus thymidine kinase (HSVtk) under the Gfap promotor
(Gfap-TK), in which GCV administration can deplete reactive and
proliferating astrocytes.’®*%4° For this purpose, we intracranially
injected GFP*GL26]-Luc (GL261) glioma cells, into syngeneic C57Bl/
6 wild-type or Gfap-TK littermates. Ten days after tumour implant-
ation, once the tumours were established, the mice were treated
with GCV for 7 days, before an examination of the presence of
GFAPM#" reactive astrocytes at the tumour margins (Fig. 1B). In

GBM-bearing mice were treated daily with GCV (25 mg/kg) from Day 10 until the experimental end point as illustrated in B. (C) representative immuno-
fluorescence images of reactive-astrocyte depletion at the tumour margins (GFP*-GL261, white), as detected by GFAP (cyan) and nuclei staining (DAPI,
yellow). Scale bars = 500 um. Data are representative of three independent experiments with n=4 mice/group. (D and E) Tumour size in GCV-treated
wild-type or Gfap-TK GBM-bearing littermates. (D) Representative images of GL261-derived bioluminescence from each group are shown on the left and
quantification of tumour size on the right. Data are representative of five independent experiments with n=6 mice/group. (E) Representative images
from each group, 17 days after GL261 cell implantation, are shown on the left with quantification of tumour size on the right, tumour (GL261 cells in
purple) and nuclei (DAPI; white). Scale bar = 1000 um. Data are representative of three independent experiments with n=5 mice/group. (F)
Bodyweight assessment of mice from D. (G) Kaplan-Meier curves assessing overall survival. Data are representative of three independent experiments
with n=8 mice/group. Data in D-F are shown as mean + SEM. P-values were determined by two-way ANOVA (D-F) or log rank (Mantel-Cox) test (G). *P <

0.05, *P <0.01, **P <0.001, n.s. = not significant.
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Figure 2 RiboTag analysis of TAAs reveals activation of immunoregulatory pathways and perturbation of metabolic circuits. (A) Illustration of the
RiboTag workflow. (B) Enrichment of astrocyte-specific gene expression and de-enrichment of neuronal, oligodendroglial and TAMs gene expression,
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Figure 3 TAA depletion attenuates TAM recruitment. (A-C) Chemokine expression in TAA. (A) Heat map of differently expressed chemokines (at least
2-fold, Padj <0.01) (A) and Ccl2 mRNA expression (C) in astrocytes derived from sham-injected or GBM-bearing mice, as in Fig. 2E. Data are represen-
tative of three independent experiments with n=4 biologically independent samples. (B) scRNAseq analysis of chemokine expression intensity
(colour-coded), frequency (dot size) and Z-score in TAAs from GBM patients*? (astrocyte cluster as in Supplementary Fig. 2A). Expression levels (A
and B) are defined by colour-coded expression as indicated (from blue to pink). (D) Primary astrocytes were stimulated with complete medium
(Med) or GBM-CM from GL261 cells for 6 h. qPCR analysis of Ccl2 expression normalized to Ppia (n=4 biologically independent experiments). (E)
Astrocytes were stimulated with complete medium or GBM-CM for 12 h, extensively washed and used to prepare ACM or tumour cell-induced ACM
(T-ACM), which was tested in an in vitro monocyte migration assay. (F and G) Analysis of TAMs in the TME. GFP*-GL261 glioma cells were intracranially
injected into wild-type (WT) or Gfap-TK mice. Following tumour establishment (Day 9 after tumour implantation), mice were treated daily with GCV (as
in Fig. 1); TAMs recruitment to the tumour was examined 17 days after tumour implantation. (F) Representative immunofluorescence images TAMs
stained for IBA-1 (white) in the tumour (GBM, green) microenvironment (n=2 biologically independent experiments, four mice per group). Scale
bars = 100 um. (G) Percentage of TAMs (CD11b* CD45") gated from GCV-treated GL261-bearing wild-type and Gfap-TK mice. Representative flow cyto-
metry plots from each group are shown on the left and quantification analyses are on the right (n=3 independent experiments, six mice per experi-
ment). Data are shown as mean + SEM. P-values were determined by one-way ANOVA, followed by Fisher’s LSD post hoc analysis (E) or two-sided
Student’s t-tests (C, D, F and G). *P <0.05, *P<0.01, **P <0.001.

line with previous reports of the specificity and efficiency of the GCV treatment of GL261-bearing Gfap-TK mice did result in dramat-
Gfap-TK model,’>*®*° we found that GCV administration to ic tumour regression (Fig. 1D and E). Of note, clinical trials aimed at
GBM-bearing mice results in specific ablation of reactive astrocytes over-expressing HSVtk in high-grade gliomas have shown minimal
around the tumour in the Gfap-TK mice but not in wild-type mice to no improvement in tumour burden and survival.>® Collectively,
(Fig. 1C). To test the functional contribution of reactive astrocytes these data suggest that depletion of TAAs halts glioma growth. To
to GBM progression, we repeated the same experimental paradigm, further validate these findings, we used an alternative astrocyte-
as in Fig. 1B, and evaluated the tumour growth by bioluminescence depleting transgenic mice model, in which the DT receptor is ex-
imaging and histology (Fig. 1D and E). While neither GCV treatment pressed under the control of the murine Gfap promoter (GfapCRE:
of wild-type mice nor genetic insertion of the HSVtk into Gfap-TK iDTR, Supplementary Fig. 1C). Astrocytes are ablated in the
mice, affected GBM progression (Supplementary Fig. 1A and B), Gfap CRE:iDTR mice by administration of diphtheria toxinA

Figure 2 Continued

total cell RNAs from the original homogenate (including astrocytes). (C) Representative immunofluorescence images of GfapCRE:Rpl22HA mice dem-
onstrating co-localization of ribosome-associated HA Tag (yellow) with specific cell-lineage markers of astrocytes, TAMs, oligodendrocytes or neurons
cell-linage specific markers (GFAP, IBA1, MBP or NeuN, respectively; blue). Co-localization (white) is identified by red arrowheads. Scale bars = 20 um.
(D) Heat map of differently expressed genes (at least 2-fold, P.gj < 0.01) of astrocytes derived from sham-injected or GBM-bearing brain hemisphere spe-
cimens. (E) RiboTag-isolated mRNA expression in astrocytes from GL261-bearing (GBM) or PBS-injected (Sham) Gfap“*®:Rpl22™# mice; 17 days after intra-
cranial injection. Data are representative of three independent experiments with n =4 biologically independent samples, pool of two mice per sample.
(F) Manhattan plot of gene ontology (GO) of upregulated in TAAs. Similar pathways are colour-coded: Immune regulation (green), metabolism (pink),
proliferation (blue), miscellaneous (orange). Highlighted GO are numbered and detailed in Supplementary Table 2. Data in B and E are shown as mean +
SEM. P-values were determined by one-way ANOVA (B) or two-sided Student’s t-tests (E). *P <0.05, **P <0.01, **P <0.001.
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Figure 4 TAA ablation attenuates TAM activation. (A-D) Functional analysis of TAMs (CD11b*CD45") isolated from GCV-treated wild-type (WT) and
Gfap-TK GL261-implanted mice (as in Fig. 3) 17 days after tumour implantation. (A) Pathway enrichment analysis of differentially expressed genes
(at least 2-fold, P.4;<0.05) as detected by Nanostring (Supplementary Fig. 5A). (B and C) qPCR analysis of Arg1, Ahr, Stat3, Irf7, Gpnmb, Vegfa, Mmp14
and Cd274 expression in FACS-sorted TAMSs; expression normalized to Ppia. Data are representative of three independent experiments
(n=4 biologically independent samples, pool of two mice per sample). (D) PD-L1 expression in TAMs. Representative flow cytometry plots from
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(DT-A). We, therefore, crossed heterozygote GfapCRE with homozy-
gotes mice harbouring a Cre-inducible expression of DTR (iDTR).
GfapCRE:iDTR and iDTR littermates were intracranially implanted
with GL261 gliomas, and were treated with DT-A once the tumours
were established. The results indicate a significant regression in tu-
mour size in the GL261-bearing GfapCRE:iDTR mice, compared to
their iDTR tumour-bearing littermates (Supplementary Fig. 1D),
which is in agreement with the data obtained from the Gfap-TK
astrocyte-depleting model (Fig. 1D).

Next, we examined the effect of astrocyte depletion on the dis-
ease pathophysiology. To this end, we intracranially implanted
GL261 cells into wild-type or Gfap-TK littermates. The mice were
treated with GCV (as in Fig. 1D) and the weight and survival were
monitored. In accordance with the observed tumour regression,
we found that astrocyte ablation significantly attenuates the weight
loss in GL261-bearing Gfap-TK mice compared to their tumour-
bearing wild-type littermates and dramatically improves their sur-
vival (Fig. 1F and G, respectively). In contrast, GCV administration to
GL261-bearing wild-type mice, or expression of the HSVtk transgene
without GCV treatment, had no effect on survival (Supplementary
Fig. 1E and F). Interestingly, the high survival rate of the
GL261-implanted Gfap-TK mice persisted even after GCV adminis-
tration was terminated following the death of all the mice in the
wild-type group (Fig. 1G). It should be noted that prolonged treat-
ment (34 weeks) of the GfapCRE:iDTR mice with DT-A led to lethal
bowel inflammation, presumably due to ablation of GFAP* enteric
glia in the distal small intestine. This was unrelated to tumour bur-
den (data not shown), but as a result the GfapCRE:iDTR model was
only used to monitor tumour growth for a short regimen of DT-A
treatment (7 days), well before the appearance of any
DT-dependent clinical phenotype, and was not used in the survival
studies. Importantly, our observations that astrocytes support tu-
mour pathogenicity were validated by the finding of similar results
in an alternative syngeneic GBM model (CT-2A glioma cells)
(Supplementary Fig. 1G-I). Thus, these data suggest that reactive
TAAs play a pivotal role in supporting glioma progression and tu-
mour pathogenicity.

To investigate the mechanisms by which reactive astrocytes sup-
port GBM pathogenicity, we first analysed their transcriptional pro-
gramme using the RiboTag strategy, in which the expression of a
haemagglutinin (HA)-tagged ribosome subunit, under the control
of a CRE recombinase, allows for the analysis of cell-specific

Figure 4 Continued
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ribosome-associated mRNA. Mice carrying the floxed Rpl22-HA al-
lele® (Ribotag mice) were crossed with GfapCRE mice to generate
GfapCRE:Rpl22HA mice. To implement the RiboTag method for the
study of TAAs, GfapCRE:Rpl22HA mice were intracranially im-
planted with GL261 glioma cells (GBM) or injected with PBS
(sham). Seventeen days later, RNA was retrieved from mouse brain
extract (input) by anti-HA immunoprecipitation (IP-HA, Fig. 2A).
First, we examined the co-localization of the HA tag specifically
with astrocytes in the GfapCRE:Rpl22HA mice and the cell-type spe-
cificity of the obtained translatomes. Analysis of astrocyte-enriched
RNAs (immunoprecipitated by an anti-HA antibody) confirmed en-
richment of astrocyte-specific gene expression, and concomitant
depletion of neuronal, oligodendroglial and macrophage-specific
gene expression (Fig. 2B). This was further validated by immunos-
taining (Fig. 2C). As the next step, we examined the transcriptional
phenotype of the reactive astrocytes in the GBM microenvironment.
Principal component analysis demonstrated distinct differences
between the TAAs (GBM) and the astrocytes isolated from the
sham control group (Supplementary Fig. 2A). Indeed, we found
that 3884 genes were differentially expressed (FDR-adjusted
P-value <0.01, fold change >2) between the two groups of astrocytes
(Fig. 2D). These included an increased expression of
immune-associated genes (Chi3ll, Cd74),** complement compo-
nents (Cls, €3),>**! chemokines (Ccl2)** and proliferation (Mki67,
Anxa?2),?* transcription factors associated with glial support of brain
tumours (Stat1, Stat3, Ahr 2 aswellas genes associated with astro-
cyte cross-talk with microglial cells (Csf1, Cd44)”*®>* or immunosup-
pression (e.g. Cd274, Gpnmb)>*>>°® (Fig. 2E and Supplementary Fig.
2B and C). In line with our findings, analysis of single-cell
RNA-sequencing data (scRNAseq) released by Darmanis et al.*? of
the TME of GBM patients (IDH1-negative, grade IV) identified a simi-
lar expression pattern in TAAs (Supplementary Figs 3A and B, and
4D). Functional analysis®* of the differentially expressed genes,
identified enrichments in three main categories, namely perturb-
ation of metabolic process, immune regulation, and cell prolifer-
ation (Fig. 2F and Supplementary Table 2). Notably, the astrocyte
immunosuppressive activity in the TME is not dependent on the
CD8" T-cell response, as the latter depletion did not modulate
astrocyte-driven GBM pathogenicity (Supplementary Fig. 2D and E).
Thus, these data identify a distinct phenotype of TAAs in the glio-
blastoma microenvironment, whose transcriptomic characteristics
resemble those of astrocytes from GBM patients. These results
suggest that astrocytes might support glioma pathogenicity by
directly promotingimmunosuppression, regulating the neighbouring
immune cells and contributing to the metabolic landscape of
the TME.

each group are shown on the left and quantification analyses of the percentage of PD-L1* TAMs and PD-L1 expression (geometric mean fluorescence
intensity, gMFI) is on the right. Data are representative of three independent experiments (n =4 biologically independent samples, pool of two mice per
sample). (E and F) Mixed glial cultures were treated with mild trypsin/EDTA to remove the astrocyte monolayer leaving only the microglia attached to
the plate, or were left untreated. Cultures were then treated with GL261 conditioned media (GBM-CM) for 72 h. (F) Representative flow cytometry plots
of microglial (gated as CD11b* cells) PD-L1 expression from each group are shown on the left, and quantification analyses of the percentage of PD-L1*
microglial cells are on the right (n =4 biologically independent experiments). (G) Mixed glia and microglial cultures were prepared as in E and treated
with GBM-CM for 24 h. Microglial cultures were then isolated with mild trypsin/EDTA and co-cultured with GFP*-GL261 cells for 48 h. The viability of
GFP-gated GL261 cells was then determined by Annexin-V assay. (H) Representative flow cytometry plots of GFP-gated GL261 cells from each group are
shown on the left, and quantification analyses of cell death are on the right (n =4 biologically independent experiments). (I) Microglial cultures were
pretreated with L-NAME (2 mM) before co-incubation with GL261 cells, and glioma viability was analysed as in H. n=3 biologically independent experi-
ments. (J) QPCR analysis of Nos2 expression in FACS-sorted microglial cells (CD11b*CD45%™) isolated from GCV-treated wild-type and Gfap-TK
GBM-bearing mice, as in Fig. 1; expression normalized to Ppia. Data are representative of three independent experiments (n = 3 biologically independent
samples, pool of two mice per sample). (K) Mixed glial cells were treated with the indicated blocking antibodies or appropriate isotype controls (25 ug/
ml), and then activated with GBM-CM. Microglia were isolated as in E, and microglial expression of Nos2 was determined by gPCR relative to Ppia (n=5
biologically independent experiments). Data are shown as mean + SEM. P-values were determined by two-sided Student’s t-tests (A-J) and one-way
ANOVA, followed by Fisher’s LSD post hoc analysis (K) or *P <0.05, **P <0.01, ***P <0.001; ns = not significant.
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Table 1 Metabolic pathway enrichment in glioblastoma-
associated astrocytes

Metabolic pathway P-value
Bile acid biosynthesis <107'¢
Hyaluronan metabolism <107
Stilbene, coumarine and lignin biosynthesis <107
Cholesterol metabolism 1.22x107"
Folate metabolism 4.04x1077
Ubiquinone biosynthesis 3.88x107°
Carnitine shuttle 1.83x107°
Eicosanoid metabolism 7.21x107°
Transport, lysosomal 1.13x10™*
Transport, peroxisomal 3.72x107*
Transport, endoplasmic reticular 3.91x10™*
Pentose and glucuronate interconversions 3.85x1073
Nucleotide sugar metabolism 6.69x1073
Glycosylphosphatidylinositol-anchor biosynthesis 6.82x1072

The population of TAMs is made up of brain-resident microglia and
monocyte-derived macrophages from the periphery.*>":°8
Together, they account for 30-50% of the tumour mass, and their
number is positively correlated with the tumour malignancy grade
and inversely correlated with overall survival in patients with recur-
rent glioblastoma.>” Astrocytes regulate leukocyte infiltration to the
CNS through several mechanisms that range from the regulation of
blood-brain barrier permeability to the secretion of chemokines.”"*
Indeed, we found that TAAs significantly upregulate their chemo-
attractant profile, compared to astrocytes isolated from the sham
control (Fig. 3A), of which CCL2 and CXCL16, chemokines associated
with TAMs tumour-promoting activity,”>*® were significantly ex-
pressed in astrocytes from GBM patients*? (Fig. 3B). There are many
factors that may mediate TAM chemoattraction to the GBM,* but
the main pathway for the recruitment of peripheral macrophages to
the TAM compartment is considered to be via CCR2 signalling, which
is triggered by CCL2 and CCL7. Accordingly, our analysis of the GBM
Genome Atlas data revealed high levels of expression of CCR2, CCL2
and CCL7, which were associated with decreased survival in glioblast-
oma patients (Supplementary Fig. 4A-C). Under neuroinflammatory
conditions, astrocytes regulate leucocyte infiltration to the CNS
through several mechanisms, including the secretion of CCL2.'%?3¢°
However, the contribution of TAAs to the recruitment of TAMs during
GBM progression is not well understood. To address this question, we
first screened scRNAseq data from GBM patients* for astrocytic ex-
pression of CCL2 and CCL7. The results indicated that while astrocytes
express high levels of CCL2, CCL7 was barely detectable
(Supplementary Fig. 4D). Similarly, the levels of Ccl2 were elevated
in astrocytes isolated from GL261-bearing mice using the RiboTag sys-
tem (Fig. 3C) and primary astrocytes treated with tumour-conditioned
media generated using murine GL261 glioma (GBM-CM) (Fig. 3D).
Interestingly, Ccl7 expression was not detected in Ribotag-isolated as-
trocytes, or GBM-CM treated primary astrocytes. Accordingly, we
found that ACM, harvested from GBM-treated astrocytes (T-ACM),
was significantly more efficient in inducing monocyte migration
than control ACM (Fig. 3E). Importantly, the use of anti-CCL2 neutral-
izing antibodies to block CCL2 signalling, inhibited this increase in
monocyte migration, implicating CCL2 as the main chemoattractant
in GBM-induced astrocyte recruitment of the monocytes (Fig. 3E). To
investigate whether these observations indicate that TAAs regulate
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TAM recruitment to the TME, we monitored the recruitment of
TAMs into the TME of GL261-bearing wild-type and Gfap-TK mice trea-
ted with GCV (as in Fig. 1B). We found that depletion of reactive astro-
cytes with GCV significantly reduces the accumulation of IBA-1*
TAMs in the TME (Fig. 3F). Similar results were obtained by FACS ana-
lysis of the frequency of TAMs (CD11b*CD45") cells in the TME
(Fig. 3G), suggesting that reactive astrocytes directly control the re-
cruitment of TAMs to the GBM TME and that this process is predom-
inantly mediated by CCL2.

TAMs support glioblastoma pathogenicity, by promoting tumour
growth, immunosuppression and resistance to therapy.>*” ¢
They acquire this distinct pro-tumour phenotype as a result of dir-
ect interactions with the tumour and the TME,>”°®%” although the
mechanisms concerned are not entirely understood. We have pre-
viously demonstrated that astrocytes regulate the immunological
profile of resident microglial cells and CNS-infiltrating monocytes
during neuroinflammation®?* and Henrik Heiland et al.>* reported
a similar cross-talk between astrocyte and microglial cells in in vitro
models of glioma. Thus, to investigate whether reactive astrocytes
also control TAMs activity in the context of tumour pathology, we
analysed the transcriptome from TAMs harvested from
GL261-bearing wild-type and Gfap-TK mice that were treated with
GCV (as in Fig. 1D) to deplete their reactive astrocytes (Fig. 4A-C
and Supplementary Fig. 5A). We found that astrocyte depletion
was accompanied by significant differences in the mRNA expres-
sion profile of TAMs. These changes were identified as factors asso-
ciated with the functional enrichment of immune regulation
pathways, TAM metabolome and regulation of cell death (Fig. 4A
and Supplementary Fig. 5A). Notably, astrocyte depletion reduced
the expression of a number of the hallmark genes associated with
the tumour-promoting TAM phenotype,””**® including Argi,
Mmp14, Stat3, Irf7, Gpnmb, Vegfa and aryl hydrocarbon receptor
(Ahr), which was recently shown to regulate TAMs activity in
GBM?” (Fig. 4B). Promoting immunosuppression is one of the me-
chanisms by which TAMs are known to contribute to GBM progres-
sion and resistance to emerging immunotherapies.’”®®
Programmed death-ligand 1 (PD-L1), encoded by CD274, is among
the prominent members of the checkpoint inhibitor family and
has shown promising therapeutic potential in a variety of different
neuropathologies, including GBM.'***%? Analysis of the scRNAseq
data*? derived from the TME of GBM patients reveals that the
high expression of CD274 seen by TCGA analysis in GBM patients
can be attributed predominantly to TAMs and astrocytes.
Importantly, a reduction in the expression of CD274 is associated
with improved survival (Supplementary Fig. 5B-D). We found that
depletion of reactive astrocytes significantly attenuated Cd274 in-
duction and PD-L1 expression by TAMs (Fig. 4C and D), suggesting
that TAAs program the TAMs to support GBM pathogenicity and in-
duce an immunosuppressive environment. To test this hypothesis,
we studied the effects of the presence or absence of astrocytes on
the microglial expression of PD-L1 in response to GBM-CM stimula-
tion (Fig. 4E). In line with our in vivo analysis (Fig. 4D), the expression
of PD-L1 was inhibited in the absence of astrocytes (Fig. 4F). These
data therefore support the notion that astrocytes can directly re-
programme the microglial cells to promote the immunosuppres-
sive profile of the TME.

Most microglial cells in non-malignant or regressing tumours
have a pro-inflammatory activity that may promote tumour lysis.
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Accordingly, pro-inflammatory microglial cells, which express the
inducible nitric oxide synthase (iNOS), have been shown to induce
glioma cell death.>””%”! Our transcriptomic analysis suggests that
astrocyte depletion regulates the TAMs cytotoxic potential and
can modulate nitric oxide (NO) metabolism in the TME (Figs 2F
and 4A and Supplementary Table 2). As the first step to confirm
this possibility, we examined the ability of astrocytes to regulate
the microglial-mediated glioma cytotoxicity (Fig. 4G and H).
For this purpose, microglial cells were pre-activated with
GBM-CM in the presence or absence of astrocytes for 24 h, to allow
for astrocyte modulation of microglial activity. The astrocytes were
then removed by mild trypsin/EDTA treatment, and the microglial
cells were co-incubated with GFP*-GL261 cells for 48 h. Glioma cells
were then isolated on the basis of their green fluorescent protein
(GFP) expression, and their viability was determined (as illustrated
in Fig. 4G). We found that astrocytes attenuate the microglial-
dependentkilling of glioma cells by 48 + 12.6% (Fig. 4H). Next, we in-
vestigated whether this immunosuppressive function on micro-
glial cell cytotoxicity towards glioma «cells is a specific
immunosuppression response or a general response to the with-
drawal of trophic support by astrocytes. To this end, microglial cells
were treated with ACM, which was generated from astrocyte cul-
tures without previous contact with neither glioblastoma nor
microglial cells, or control medium (Med) and co-incubated with
GFP*-GL261 cells as in Fig. 4H. We found that ACM did not signifi-
cantly regulate the microglial-dependent killing of glioma cells (P
=0.678 by two-sided Student’s t-test, Supplementary Fig. 5G).
Suggesting that astrocytes play a direct and specific immunosup-
pressive function in regulating the microglial response to glioma
cells. To continue and explore this hypothesis, we then repeated
in the presence of the NO synthase inhibitor, L-NAME, which has
been shown to inhibit iNOS-depend neuroinflammation and
microglial-induced cell death.”>’® We observed that inhibition of
NO synthesis also attenuates microglial-induced killing in our sys-
tem, suggesting that itis at least partially dependent on NO produc-
tion (Fig. 4I). Accordingly, we could also detect a significant
upregulation in Nos2 (the transcript encoding iNOS) expression in
microglial cells isolated from GCV-treated GL261-bearing Gfap-TK,
compared to wild-type mice (Fig. 4]). Next, we studied the signalling
cascade by which astrocytes govern microglial reprogramming.
Treating mixed glia cultures (containing microglial cells and astro-
cytes) with neutralizing antibodies to CSF1, TGFp, IL-10, IFNy or IL-6
signalling, and analysing GBM-CM stimulated microglial induction
of Nos2, indicated that blockade of CSF-1R induced its expression.
Suggesting that astrocyte-driven CSF1 inhibits microglial Nos2 in-
duction (Fig. 4K). Of note, blocking CSF-1R signalling did not signifi-
cantly regulate microglial viability or microglial proliferation
(Supplementary Fig. 5H and I). Indeed, analysis of TCGA data, and
scRNAseq data of the GBM TME,* identify the upregulation of
CSF1 and CSF-1R expression (mainly in astrocytes and TAMs, re-
spectively), which is correlated with lower patient survival
(Supplementary Fig. 5]-N). Taken together, the data indicate that
astrocytes reprogramme the microglial cells to promote immuno-
suppression and support tumour survival, a process that is partly
mediated by CSF1 signalling and iNOS expression.

The metabolism of cancer cells adapts during transformation, and
the altered cellular metabolism that is a hallmark of gliomas, may
be a promising source of druggable targets for therapy.?’* This is
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particularly pertinent for glioblastoma progression, as the CNS is
isolated from the circulation by the blood-brain barrier and de-
pends heavily on astrocytes for metabolic homeostasis. Our ana-
lysis of the tumour-associated astrocyte transcriptome suggests a
significant perturbation in the metabolic network (Fig. 2F). We
used genome-scale metabolic modelling®' to identify which of the
astrocyte core metabolic pathways are regulated by the tumour,
since this method was previously shown to model human brain
metabolism in health and disease.”>’® For this purpose, we ana-
lysed the transcriptome data using the Integrative Metabolic
Analysis Tool (IMAT?') to predict the metabolic flux activity
(Table 1). Interestingly, the results reveal a significant enrichment
of the cholesterol metabolic pathway (P=1.22x107").

Cholesterol is predominantly localized to bilayer membranes
such as the cell membrane and the mitochondrial membrane. Itis es-
sential for cellular biological functions ranging from signal transduc-
tion to modulation of critical mitochondrial-governed processes
such as oxidative phosphorylation (OXPHOS) and regulation of apop-
tosis.””’#7° Many cancers display a high cholesterol content, which
is thought to support tumour growth?®’9# and the viability and ac-
tivity of cells in the TME,? and targeted disruption of cholesterol me-
tabolism was recently shown to be beneficial in adult and childhood
brain tumours.?®#! Analysis of cholesterol distribution in the brain of
GL261-bearing mice identified higher cholesterol levels in the tumour
cells than in the surrounding brain tissue, which agrees with
previous reports®?® that glioma cells take up significantly more
extracellular cholesterol than non-neoplastic cells
(Supplementary Fig. 6A). Importantly, cholesterol synthesis in
the brain is mainly dependent on astrocytes, as the blood-brain
barrier effectively prevents the uptake of lipoprotein-bound
cholesterol from circulation. Indeed, perturbations in astrocyte-
derived cholesterol have been associated with a variety of neuro-
pathologies.?*#? However, the role of astrocyte-derived choles-
terol in GBM progression is unknown.

Since cholesterol has been found to be specifically enriched in the
mitochondrial membrane of cancer cells where it decreases mem-
brane fluidity and reduces the mitochondria sensitivity to stress,”**>
we hypothesized that cholesterol produced by the TAAs could be
used to regulate GBM pathogenicity. To test this hypothesis, we first
studied the dependency of glioma cells on exogenous cholesterol by
removing the cholesterol-carrying lipoproteins from the culture
media and assessing the mitochondrial bioenergetic potential as
an indication of cellular stress. Interestingly, although like many
other cancer cells glioma cells can use glycolysis for growth
(Warburg effect), they rely on mitochondrial OXPHOS to support ag-
gressive tumour growth.>* We therefore monitored the ECAR, indi-
cative of aerobic glycolysis and oxygen consumption rate (OCR) as
a readout of OXPHOS, in GL261 and CT-2A glioma cells cultured for
18 h in media supplemented with LPDS or normal serum (FCS)
(Fig. 5A and B and Supplementary Fig. 6B and C). We found that lipo-
protein depletion had little to no effect on ECAR, and the addition of
glucose did not affect the cytosolic-based glycolysis rate or glycolytic
capacity in the glioma cell lines, with only a minor effect on the
GL261 glycolytic reserve (Fig. SA and Supplementary Fig. 6B).
However, in absence of lipoproteins, there was significant inhibition
of the OCR potential as well as a decrease in basal respiration and
ATP production by the glioma cells. Notably, OCR was attenuated
when oxygen consumption was uncoupled from ATP production
by FCCP [carbonyl cyanide4-(trifluoromethoxy)phenylhydrazone],
demonstrating a significant reduction in the glioma cells’ maximal
respiration and spare respiratory capacity. Thus, suggesting that
the removal of exogenous cholesterol resulted in mitochondrial
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Figure 5 Astrocyte-derived cholesterol support glioma survival. (A and B) Real-time changes in the ECAR (A) and OCR (B) of GL261 glioma cells, cultured
in media supplemented with full serum (FCS) or lipoprotein-deprived serum (LPDS) for 18 h and measured using Seahorse. Oligo = oligomycin; FCCP =
carbonyl cyanide4-(trifluoromethoxy) phenylhydrazone; R/A = rotenone plus antimycin A; 2-DG = 2-deoxy-p-glucose. Glycolysis, glycolytic capacity
and glycolytic reserve were extracted from the ECAR reading, and basal respiration, ATP production, maximal respiration and spare respiratory cap-
acity were determined on the basis of OCR. Data are representative of two independent experiments (n=6 technical replicates per experiment).
(C) Percentage of cell death of GL261 and CT-2A glioma cells, or primary astrocytes, cultured in FCS or LPDS for 5 days; as determined by Annexin-V
assay (n=4 independent experiments). (D) GL261 or CT-2A glioma cells were cultured in FCS or LPDS-media and treated with PBS (Mock) or
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stress, specifically targeting the OCR activity of the glioma cells,
which is required for the tumour progression.>*

Mitochondrial stress is often associated with cell death, as is the
reduction in cellular cholesterol levels.”*# Therefore, we analysed
the viability of the murine glioma cells and primary astrocytes sub-
jected to prolonged deprivation of cholesterol. We reasoned that
while astrocytes, which can de novo synthesize cholesterol, will re-
sist exogenous cholesterol deprivation, the murine glioma cells will
be highly vulnerable. To address this objective, we treated primary
astrocytes and glioma cells with lovastatin, which inhibits the
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), a rate-
limiting enzyme in the cholesterol synthesis pathway. We found
that suppressing endogenous cholesterol synthesis did not affect
glioma viability, but led to significant cell death of primary astro-
cytes (Supplementary Fig. 6D and E). Conversely, depriving the
murine glioma cells of lipoprotein-bound cholesterol resulted in
substantial cell death while astrocyte viability remained unaffected
(Fig. 5C), suggesting that the glioma cells are indeed dependent on
exogenous cholesterol. Consistent with this interpretation, remov-
ing the cholesterol-carrying lipoproteins from the culture media in-
creased the expression of the LDLR, which mediates cholesterol
uptake by the cells, a finding we have also noted in GBM patients
(Supplementary Fig. 6F and G). Furthermore, exogenous cholesterol
overcame the deleterious effects of lipoprotein-bound cholesterol
deprivation on glioma viability (Fig. 5D). Also, similarly, activating
the liver X receptor (LXR) signalling pathway with the endogenous
ligand 24(S)-hydroxycholesterol (24-OHC), which results in a
24-OHC dose-dependent LDLR degradation, thus limiting cholesterol
uptake by the cells,?® led to dramatic cell death in both GL261 and
CT-2A glioma cell lines (Fig. 5E and F). Collectively, these data dem-
onstrate that glioma cells depend on exogenous cholesterol for their
survival. Importantly, these findings align with similar data de-
scribed recently by Villa et al.® that demonstrate a dependency of
human gliomas on LXR-depended cholesterol uptake.

Next, we investigated the dynamics of cholesterol metabolism
in the astrocyte-glioma cross-talk. Treating astrocytes with
GBM-CM, or co-culturing them with glioma cells, induces the ex-
pression of rate-limiting enzymes in the cholesterol de novo synthe-
sis pathway, including Hmgcs1, Hmgcr and Dhcr24 (Supplementary
Fig. 7A-C). Again, this increase is in line with the elevated expres-
sion levels of these genes seen in scRNAseq data of astrocytes
from GBM patients*? (Supplementary Fig. 7D), suggesting that gli-
oma cells may elicit astrocytes to support their metabolic require-
ment for cholesterol. Culturing glioma cells in the presence
(co-culture) or absence (mono-culture) of astrocytes, and subjecting
them to lipoprotein deprivation, revealed a dramatic rescue of the
murine GL261 and CT-2A glioma cells by the astrocytes (Fig. 5G
and Supplementary Fig. 7E). Moreover, we found a similar recovery
from cholesterol starvation in human U87EGFRVIII*® glioma cells in
the presence of human primary astrocytes (Fig. S5H and
Supplementary Fig. 7F). Taken together, these data indicate that
the glioma cells rely on the uptake of exogenous cholesterol for

Figure 5 Continued
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survival and that human and murine astrocytes can meet these
metabolic requirements for cholesterol and support glioma cell
survival.

Intracellular cholesterol trafficking in the brain is mediated mainly
by the sterol transporters ABCA1 (ATP binding cassette transporter
A1) and ABCG1 (ATP binding cassette subfamily G member 1).5* Our
analysis of TCGA data identified a high expression of both genes in
the CNS of GBM patients (Fig. 6A and Supplementary Fig. 8A), al-
though our analysis of scRNAseq of the GBM microenvironment*?
identified that TAAs predominantly express ABCA1 (Fig. 6B).
Transcriptomic analysis of the TAAs isolated from GBM-bearing
mice transcriptome similarly detected high levels of Abcal induc-
tion with an absence of Abcgl transcripts (Fig. 6C). Concomitantly,
we could detect the expression of ABCA1 in reactive astrocytes sur-
rounding the GBM tumour in mice by immunofluorescence (Fig. 6D)
and also show that exposure to GBM-CM directly induces ABCA1
expression in astrocytes (Fig. 6E), suggesting that ABCA1 plays a
role in the astrocyte-mediated cholesterol shuttling to the tumour.

We, therefore, reasoned that knocking down astrocytic ABCA1
expression would limit the astrocyte-derived cholesterol available
to the tumour cells and enable us to evaluate the extent to which
it contributes to tumour pathology. To investigate this hypothesis,
we generated ABCA1-targeting lentiviruses using RNA interference
(RNAI) or the CRISPR-Cas9 systems (Fig. 6F and Supplementary Fig.
8B, respectively). We transduced primary astrocytes with our lenti-
viruses targeting ABCA1 [shAbcal, sgAbcal(#1) and sgAbcal(#2)] or
appropriate controls [non-targeting ShRNA (shNT) or sgRNA target-
ing the luciferase gene (sglLuc2), respectively]. We found that all
Abcal-targeting sequences significantly knocked-down ABCA1 ex-
pression compared to their respective controls (Supplementary
Fig. 8C). We next studied whether astrocytic ABCA1 knock-down
would attenuate astrocyte-mediated rescue of glioblastoma cells
from cholesterol depredation. To that end, the transduced primary
astrocytes were co-cultured with glioblastoma cells in a
cholesterol-free medium, and their survival was analysed (as in
Fig. 5G). We found that all Abcal-targeting sequences significantly
inhibited the astrocyte-mediated rescue of the glioma cells
(Supplementary Fig. 8D). Thus, these data demonstrate that
ABCA1 plays an important role in the astrocyte-mediated choles-
terol shuttling to the glioma cells.

To further investigate our initial hypothesis and determine the
role of astrocytic ABCA1 expression on tumour pathogenicity, we
delivered the validated shRNAs (shAbcal or shNT) to reactive astro-
cytes in the GBM TME. To this end, we used a previously established
lentivirus-based system optimized for astrocyte-specific knock-
down in vivo*®*?3 (Fig. 6F). In this system, the truncated GFAP pro-
moter, GfaABC1D, drives the expression of a miR30-based shRNA
and a GFP reporter. Intracranial injection of shRNA-encoding

cholesterol (250 ng/ml) for 5 days. Representative flow cytometry plots of Annexin-V/DAPI staining from each group are shown on the left and quan-
tification analyses of cholesterol rescue are on the right (n=4 biologically independent experiments). (E and F) Representative images and quantifica-
tion of LDLR expression (Immunoblot, E) and cell death via FACS analysis of Annexin-V/DAPI staining (F) in response to endogenous LXR agonists
(24-OHC) or Mock (DMSO) treatment in GL261 and CT-2A cells. (n=3 biologically independent experiments). (G and H) Analysis of LPDS-induced glioma
cell death, in the presence of absence of primary astrocytes, by Annexin-V assay. (G) Representative flow cytometry plots of murine GL261 and CT-2A
glioma cells co-cultured for 5 days with primary mouse astrocytes are shown on the left and quantification analyses on the right (n =4 biologically in-
dependent experiments). (H) quantification analyses of human U87EGFRvIII*® (U87) glioma cells co-cultured with human primary astrocytes for 5 days
(n=3Dbiologically independent experiments). Data are shown as mean + SEM. P-values were determined by two-sided Student’s t-tests (B-D, G and H) or

by two-way ANOVA (E and F). *P <0.05, *P <0.01, **P <0.001.
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Figure 6 Astrocytic expression of ABCA1 regulates glioma cholesterol levels and tumour progression. (A) Box plot analysis of TCGA gene expression
for ABCA1 in normal (Norm; n=207) or GBM patients (n=163). n represents the number of patients per group. (B) Heat map overly of the scRNAseq
gene expression intensity of ABCA1, and ABCG1 in TAAs from GBM patients*? (astrocyte cluster as in Supplementary Fig. 3A). (C) qQPCR analysis of
Abcal expression in Ribotag-isolated astrocytes GBM-bearing mice, as in Fig. 2. (D) Representative immunofluorescence images of sham-injected or
GL261-bearing mice stained for ABCA1 (purple), GFAP (reactive astrocytes, yellow), GBM, (GFP*-GL261, red) and nuclei (DAPI, white); asterisk
indicates the injection coordinates in sham, scale bars = 35um (n=2 biologically independent experiments, four mice per group).
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lentivirus to GL261-bearing mice indeed confirmed that the GFP re-
porter was detected exclusively in the GFAP* astrocytes
(Supplementary Fig. 8E and F), and significantly reduced astrocytic
Abcal expression (Fig. 6G).

As the next step, we investigated whether knock-down of Abcal
in astrocytes affects the cholesterol content of tumour cells. To ad-
dress this objective, GL261-bearing mice were intracranially in-
jected with the Gfap-shNT or Gfap-shAbcal and we assessed
cholesterol accumulation in the tumour cells using Filipin III stain-
ing.?® In accordance with our hypothesis, knock-down of astrocytic
Abcal led to a significant decrease in glioma cholesterol (Fig. 6H)
and concomitant induction of apoptotic cell death (Fig. 6I).
Moreover, inhibiting the efflux of cholesterol from the TAAs signifi-
cantly regressed tumour growth and prolonged survival of the
GL261-bearing mice (Fig. 6] and K). Notably, analysis of TCGA data
indicated thatreduced expression of ABCA1 was associated with in-
creased survival in patients with GBM (Fig. 6L). Collectively, these
data suggest that glioblastoma pathogenicity is dependent on
astrocyte-derived cholesterol.

Discussion

Whereas it is becoming increasingly clear that astrocytes play an
importantrole in a number of neurological disorders, little is known
about the nature of astrocyte contribution to glioblastoma patho-
genicity in vivo. Here, we first addressed this question by genetically
depleting GFAP™#" reactive astrocytes in adult immunocompetent
mice, a method that has proven valuable for understanding the role
of astrocytes in various neuropathologies.’®?%¥%° Two models
were used: the GfapCre:iDTR mice model, which depletes
GFAP™&® astrocytes, and the Gfap-TK mice model,***®*° which
also requires the astrocytes to be in a proliferative state [a charac-
teristic feature of both human?®* and murine TAAs (Fig. 2E and F)].
The results indicate that ablation of reactive glioma-associated as-
trocytes from the TME halts tumour progression, regresses estab-
lished gliomas and markedly enhances survival of the animals in
both GBM models (Fig. 1 and Supplementary Fig. 1), suggesting
that TAAs play a pivotal role in controlling glioblastoma
pathogenicity.

To unravel the molecular circuits by which astrocytes govern
GBM pathogenicity, we performed RiboTag-based RNA-seq on
TAAs. RiboTag restricts analysis to ribosome-associated mRNAs
that are likely to be in active translation, thereby reflecting the cel-
lular protein expression profile, while minimizing any bias result-
ing from cell isolation-based methods.®>¢ Our results identify
unique transcriptomic reprogramming of glioma-associated

Figure 6 Continued
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astrocytes, with the capacity to directly induce immunosuppres-
sion and control the immunological compartment and the meta-
bolic landscape of the TME (Fig. 2 and Supplementary Fig. 2).
Importantly, our astrocyte gene expression dataset is validated by
broad agreement with other RNA-seq profiles of astrocytes from
the GBM patients including the scRNAseq analysis of the GBM
(IDH1-negative, grade IV) TME by Darmanis et al.*? and the analysis
of GBM-associated astrocytes isolated by immunopanning by
Henrik Heiland et al.**

TAMs, which possess both tumour-promoting and immunosup-
pressive capacities, are abundant in the TME. Since their accumula-
tion has been shown to be reversely correlated with patient
survival, and given the abysmal prognosis of GBM patients, there
is growing interest in developing novel therapeutics to target
TAM activity. However, whether these activities are predominantly
shaped by the non-neoplastic cells in the TME milieu or by the ma-
lignancy itself is unknown.?” Here we demonstrate that astrocytes
have an important role in reprogramming TAMs in the glioma
microenvironment. We found that astrocytes regulate the recruit-
ment of TAMs to the tumour (Fig. 3) and control various aspects
of the TAM tumour-promoting and immunosuppressive phenotype
(Fig. 4 and Supplementary Fig. 5). In addition, we implicate the
CCL2-CCR2 and CSF1-CSF1R axes in the molecular mechanisms
by which the astrocytes control the TAM compartment and thus
shape tumour-specific immunity (Figs 3 and 4). We could also de-
tect an increased expression of these genes in GBM patient-derived
scRNAseq and in TCGA data, which was inversely correlated to pa-
tient survival (Supplementary Figs 4 and 5). Similar expression and
survival patterns were also found for CD274, the transcript encod-
ing PD-L1 (Supplementary Fig. 5). These findings are in agreement
with previous reports showing the perturbations of CCL2, CSF1 or
PD-L1 signalling are able to regulate the TAMs niche in the TME
and affect tumour pathogenicity in mouse models of GBM.”**%8
Regulating TAMs activity, for example, by using minocycline that
blocks microglial activation or the specific CSF-1R inhibitor
PLX3397, reduces glioma expansion in experimental glioma mouse
models. Unfortunately, so far, the clinical application of these basic
science advances has been disappointing, and strategies designed
to silence TAM function have not translated well to human clinical
trials.””®? Immunotherapies have demonstrated limited efficacy in
patients with glioblastoma. However, in recent early phase clinical
trials, the use of nivolumab or pembrolizumab, which targets the
PD-L1/PD-1 axis, has shown promising outcomes.’®** Thus, sug-
gesting that to overcome the tumour-supporting properties of the
TAMs, it might not be enough to target specific aspects of TAM biol-
ogy. Instead, there is a need to develop strategies to harness the

(E) Representative immunoblot (left) and quantitative reverse transcription (right) analyses comparing ABCA1 levels in primary astrocytes treated with
GBM-CM for 24 h (immunoblot) or 6 h (quantitative reverse transcription; expression normalized to Ppia) (n =3 biologically independent experiments).
(F) Schematic map of the astrocyte-specific ShRNA lentiviral vector. (G-K) Intracranially injection of astrocyte-specific shAbcal lentivirus attenuates
GBM progressions. Non-targeting (Gfap-shNT) or Abcal-targeting (Gfap-shAbcal) astrocyte-specific lentiviruses were injected into the TME of
GL261-bearing mice every 5 days (as indicated) starting 9 days after tumour implantation. (G) Quantitative reverse transcription analysis of
FACS-sorted GFP*-astrocytes for Abcal on Day 18; expression normalized to Ppia. Data are representative of two independent experiments (n=4 bio-
logically independent samples). (H) Representative flow cytometry plots of Filipin Il staining in tdTomato+-expression GL261 cells from each group are
shown on the left and quantification analyses of the percentage of Filipin* GL261 cells and filipin intensity (gMFI) are on the right. Data are represen-
tative of two independent experiments (n =4 biologically independent samples per group). (I) Representative immunofluorescence images of cleaved
caspase-3 (red) and nuclei (DAPI, blue) 10 days after lentivirus injection are shown on the left and quantification is on the right. T indicates the tumour.
Data are representative of two independent experiments (n =4 biologically independent samples per group). (J) Representative images of GL261-derived
bioluminescence from each group are shown on the left and quantification of tumour size on the right. Data are representative of three independent
experiments with n=6 mice/group. (K) Kaplan-Meier curves assessing overall survival of these groups. Data are representative of two independent
experiments with n=6 mice/group. (L) Kaplan-Meier curves assess the overall survival of GBM patients on the basis of ABCA1 expression; n represents
the number of patients per group. Data are shown as mean + SEM. P-values were determined by two-sided Student’s t-tests (A, C, E, G, Hand I), two-way
ANOVA (J) or log rank (Mantel-Cox) test (K and L). *P <0.05, *P <0.01, **P <0.001. n.d. = not detected.
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astrocytes to reprogramme the TAMs and redirect them back to
fight cancer.

Alterations in cellular metabolism, governed by the interaction
between tumour genotype and its microenvironment, are a hall-
mark of many malignancies including brain gliomas.? Cancer cells,
due to their genetic abnormalities, aggressive proliferation rate and
metabolic restrictions of their microenvironment, may become de-
pendent on factors that are not themselves oncogenic. This process
is known as non-oncogene addiction or non-oncogene co-
dependency and opens up treatment possibilities. Accordingly,
two of the main genetic abnormalities found in GBM tumours are
the amplification of the gene encoding for epidermal growth factor
receptor (EGFR), with nearly half of the cases bearing the
gain-of-function EGFR variant III (EGFRvVIII) alteration; And, the re-
currence of mutations in the genes IDH1 and IDH2, which are com-
ponents involved in the tricarboxylic acid cycle. Both EGFR and IDH
have been associated with the regulation of glioma bioenergetics,
which favours OXPHOS for aggressive growth, over glycolysis.>*
Accordingly, treatment of patient-derived GBM xenograft mice
with Gboxin, an OXPHOS inhibitor, suppresses the growth of tu-
mours with EGFR or IDH1 mutations.? In recent years, several im-
portant findings as to the role of IDH mutations in glioblastoma
pathogenicity, have linked tumour metabolism and immune per-
turbations of T cells®”*° and TAMs**#” in TME. Accordingly, Bunse
et al.”® have elegantly demonstrated that the oncometabolite
(R)-2-hydroxyglutarate, produced by IDH mutations, suppresses
T-cell activity, while Klemm et al.>® found that IDH mutation status
shapes TAM composition (favouring microglial recruitment over
monocyte-derived macrophages) and phenotype (e.g. suppressing
GPNMB induction) in TME, suggesting that understanding the im-
munometabolic cross-talk between the glioma cells and the non-
neoplastic cells in the TME is becoming increasingly important
for finding more effective ways to treat glioblastoma patients: spe-
cifically, by targeting the tumour altered cellular metabolism, and
the unique metabolic vulnerabilities enforced by the blood-brain
barrier. However, currently, the metabolic landscape of the GBM
microenvironment and the mechanisms by which it is changed
by the cross-talk between the glioma cells and the non-neoplastic
cells in the TME, mainly the astrocytes, are not well understood.

We found that GBM modulates the metabolic activity of the
TAAs and, using genome-scale metabolic network analysis, identi-
fied significant perturbations in several key metabolic pathways
that might be associated with tumour progression. These include
cholesterol metabolism,>®° bile acid (synthesized from cholesterol)
biosynthesis and hyaluronan metabolism, which was shown to
maintain the glioblastoma stem-like cell tumourigenicity poten-
tial®® (Fig. 2F and Table 1). Given the unique role of astrocytes in
controlling brain cholesterol homeostasis,>** here we decided to
focus on studying the contribution of astrocyte-derived cholesterol
to glioma pathogenicity. Our results indicate that glioma cells rely
on exogenous cholesterol to maintain their energy metabolism
and support viability. Accordingly, deprivation of cholesterol-
carrying lipoproteins from their environment lowers the OXPHOS
potential, which is important for tumour progression.** Indeed, a
variety of OXPHOS-targeting drugs, including metformin, Gboxin
and IACS-010759, were shown to inhibit glioma proliferation
and induce cell death. In this context, metformin combined with te-
mozolomide (standard-of-care chemotherapy for GBM patients) or
radiotherapy is currently in clinical trials for glioma (NCT02780024,
NCT03243851).2 In addition, we demonstrate that both mouse and
human glioma cells are dependent on cholesterol efflux from the
astrocytes (Fig. 5 and Supplementary Figs 6 and 7), and that
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blocking the efflux of cholesterol from the astrocytes, by targeting
astrocytic expression of the cholesterol transporter ABCA1, causes
regression of tumour growth and prolongs mouse survival (Fig. 6).
The physiological relevance of these findings to human disease is
provided by scRNAseq data analysis of the TME of GBM patients,
as well as TCGA data demonstrating an increased expression of
astrocytic ABCA1 in the GBM TME and an inverse correlation with
patient survival. Further support is provided by recent reports by
Villa et al.?® that targeting the ABCA1-LDLR axis, using a brain-
penetrant LXR agonist, kills glioma cells and attenuates tumour
pathogenicity in a GBM xenograft model.

Our data demonstrate a tissue context in which reactive astro-
cytes in the TME supply the metabolic requirements of tumour
cells, thereby exposing vulnerabilities that merit clinical exploit-
ation and contributing to the recently emerging line of research
that demonstrates a profound astrocyte-mediated metabolic-
dependent regulation of neuro-pathologies.’>**?*?2 Notably,
here we only addressed the cholesterol node in the astrocyte-tu-
mour cell axis within the vast complexities of the metabolic net-
work that governs GBM pathogenicity. Future studies should
continue to unmask the role of additional metabolic circuits in
the TME (Table 1), and expand our understanding of the wider
role of astrocyte-derived cholesterol in the TME (Ma et al.>°).

Astrocytes’ diverse functions in health and disease encompass a
continuum of cellular states with the potential for plasticity and re-
programming.”*°* Recent scRNAseq studies had provided valuable
insights into basal®® and reactive-astrocyte heterogeneity in neu-
roinflammation and neurodegeneration.’®®” However, little is
known about astrocyte heterogeneity in the GBM TME, and the
underlying mechanisms driving it. To address the question of
astrocyte diversity, we analysed the astrocyte scRNAseq data
from the GBM patients*? by means of differential expression,
pathway analysis and transcription factors enrichment. We
found that the astrocytes clustered into two main populations
(Supplementary Fig. 3C-H and Supplementary Table 3). Cluster A
(Blue, 599 cells), which is enriched with the immune response tran-
scripts, and cluster B (Pink, 453 cells), enriched in genes associated
with cholesterol synthesis and bioenergetics (Supplementary Fig.
3C-G). Interestingly, each cluster was also significantly (FDR<
0.001) enriched by a unique transcription factor signature. The
transcripts encoding AHR, ATF3, SOCS3, PITX1, RELB and CRBPB
were mainly associated with cluster A, while the transcripts encod-
ing NFIA, HES6, HES1, SOX11, SOX15, TFDP2 and PPARGC1A were
mainly associated with cluster B (Supplementary Fig. 3H).
Notably, several transcripts encoding key transcription fac-
tors*®?>9% such as STAT1, STAT3, NFATC3, SOX9 and IRF1 displayed
a pan-astrocyte activation pattern and were evenly expressed be-
tween the two clusters (Supplementary Fig. 3H). Suggesting a het-
erogeneity in the astrocyte response to the GBM TME.
Interestingly, Kambach et al.”® suggested an inverse correlation be-
tween astrocyte cell density and their capacity for cholesterol syn-
thesis. To study if the difference in astrocyte cell density may be
related to the differential expression in cholesterol synthesis be-
tween the two clusters, we analysed the expression of fibroblast
growth factor 2 (FGF2), whose expression is inhibited in high cell
density in human astrocytes.”® We found that FGF2 expression
was strongly associated with cluster A, and had no significant cor-
relation with any of the key cholesterol synthesis transcripts that
were shown to be associated with astrocyte density®®
(Supplementary Fig. 3I and J, respectively). Suggesting that astro-
cyte cell density plays a role in TAAs responses in the TME.
Indeed, with recent advances in the field of spatial transcriptomics,
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Astrocytes promote GBM pathogenicity

it will be interesting to further investigate astrocyte heterogeneity
in the GBM to better target the astrocyte regulation of the TME.

In conclusion, we identified a mechanism by which astrocytes
participate in the control of TAM immunity and sustain the meta-
bolic landscape necessary for tumour survival. These findings
shed new light on the pivotal role astrocytes play in promoting glio-
blastoma pathogenicity and the potential vulnerabilities caused by
the tumour dependence on astrocyte immunometabolic support of
the TME, thereby identifying candidate targets for therapeutic
intervention.
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