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Abstract

Glioblastoma (GBM) is the most aggressive and lethal form of brain cancer and do not
benefit from immunotherapies. These disappointing results may be explained by the
strong immunosuppressive tumor microenvironment (TME) that characterize this form of
cancer. Neutrophils (Neu) have emerged as key contributors to the TME in different types
of cancers, including brain cancers, where their presence is associated with a poor
prognosis and a worse response to therapies. Neu represent a heterogeneous population
and different subsets of Neu can co-exist in the same cancer patient. However, their
characterization remains mainly descriptive in the context of GBM. Moreover, targeting
immunosuppressive Neu has proven to be extremely difficult, mostly due to the
incomplete understanding of the mechanisms by which Neu can shape the
immunosuppressive TME. Histone lactylation (Kla) is a recently described post-
translational modification driven by lactate production and able to control the expression
of homeostatic and regulative genes during macrophages differentiation. However, the

role of Kla in Neu has never been investigated

With this project, we proved that Neu acquire immunosuppressive features within the
GBM TME in both human patients and mice models. Single cell RNA sequencing analysis
on blood versus tumor derived Neu isolated from GBM-bearing mice, revealed the
expansion of a glycolytic subpopulation of Neu within the tumor, characterized by the
expression of the transferrin receptor CD71 and by a strong hypoxic signature. Based on
the expression of CD71, we identified two different populations of Neu: CD71-Neu and
CD71'"Neu. CD71'Neu, but not CD71'Neu, suppressed T cells responses in mouse and
human GBM tumors. Hypoxia induced suppressive activity in CD71*Neu via glucose- and
lactate-driven histone Kla, which promoted the expression of the potent
immunosuppressive enzyme Arginase-1 (ARG-1). CD71"Neu were massively mobilized
from the bone marrow during tumor progression and quickly infiltrated GBM tumors,
where they acquired a proliferative potential and resistance to ferroptosis, thus being able

to persist for long periods within the GBM TME. Finally, targeting Kla in vivo through



IFNa- or Isosafrole-mediated inhibition of lactate dehydrogenase A (LDHA), resulted in a

dramatic improvement of the survival of GBM-bearing mice.

For the first time, these findings bring evidence on Neu heterogeneity in the context of
GBM, showing insights on the mechanism that governs the immunosuppressive functions
of pro-tumoral Neu. The detrimental role of lactate and Kla in controlling these functions
opens a new era for the treatment of GBM patients, offering a novel target to improve the

survival and the response to immunotherapies in this cohort of patients.

Background

Glioblastoma

Gliomas are the most common tumors of the central nervous system (CNS) that originate
from transformed neural stem or progenitor glial cells. The World Health Organization
(WHO) divided gliomas into groups based on histopathological characteristics: low-grade
gliomas (LGG, grades I and II) are well differentiated, slow-growing tumors, whereas
high-grade gliomas (HGG, grades III and IV) are less differentiated or anaplastic, and
strongly infiltrate brain parenchyma'? Grade IV glioma or Glioblastoma (GBM) is the
most aggressive and lethal form of brain cancers, with an incidence of 3.2 cases per 100,000
people per year®. Despite surgical resection, targeted radiotherapy and high dose
chemotherapy (Temozolomide), patients still have a median overall survival of

approximatively 14 months and a 5-year survival rate of less than 3%?*.

In recent years, cancer immunotherapy has revolutionized the way to treat cancer.
Immune checkpoint blockade targeting the Programmed cell death protein 1 (PD1)-PD1
ligand 1 (PDL1) axis and/or cytotoxic T lymphocyte- associated antigen 4 (CTLA4) has
offered dramatic successes against a variety of solid tumors®. However, no survival benefit
has been observed in GBM patients®$. These disappointing results may be explained by

the strong immunosuppressive tumor microenvironment (TME) that may represent



resistance pathways to immune-mediated interventions®!, thus highlighting the urgent

need for a more comprehensive understanding of the biology of GBMs.

The brain has long been recognized as an immune privileged tissue because of the
restrictions imposed by the brain-blood barrier (BBB)!!. However, this concept of immune
privilege has been partially redefined and now the brain is proposed to be an
immunologically distinct rather than an immune privileged organ®. It is now clear that
there are functional lymphatic vessels in the CNS, and that varied types of leukocytes exist

within the CNS2.

The gliomas present unique transcriptomic profiles, which allows discrimination of classic
(CL), mesenchymal (MES), neural (N), and proneural (PN) tumors?. Whereas MES gliomas
are associated with vascular disorders and with the accumulation of immune cells, PN
tumors show a reduced immune infiltration and a better prognosis'®. The methylation
induced by isocitrate dehydrogenases 1/2 (IDH1/2) mutations represses the essential genes
necessary for the recruitment and induction of the immune response. Patients with IDH
mutation show lower immune infiltrates and better prognosis independently of grade,

compared to IDH wild type (WT) gliomas'.

Acquiring more insights on the mechanisms governing the immunosuppression at the
GBM TME is therefore detrimental to develop novel strategies to treat GBM patients and

improve their survival.

Neutrophils in GBM

Neutrophils (Neu) are the most abundant circulating leukocytes in humans and they have
emerged for their wider functions in the immune response’®. Recently neutrophils have
been described as important players and contributors to the tumoral stroma'®!” and their
presence correlates with a poor prognosis in various cancers'®, including GBMY2. The
number of tumor infiltrating neutrophils correlates with glioma grade and represents a
negative prognostic parameter for resistant patients'®??. Neu gene signatures are

abundantly present in GBM patients resistant to the anti-PD-1 immunotherapy®. Neu



depletion enhanced the survival of mice with brain tumors* and the therapeutic efficacy
of the anti-PD-1 therapy in a mouse model of glioma?. These results indicate that Neu

may be an important target to induce anti-tumor responses.

Neutrophils can be commonly found in the tumor core of GBM®. IL8, MIF, and CXCLS8
lead to neutrophils infiltration at the tumor site?®?. Once in the TME, neutrophils release
elastase that facilitate neutrophils and glioma cancer cell infiltration at the tumor site®.
Neutrophils directly promote GBM-initiating cells” proliferation and migration via the
production of S100A4, which induced the transition to a mesenchymal phenotype,
favoring cancer invasion and resistance to anti-VEGF therapies?'. Furthermore, neutrophils
form neutrophil extracellular traps (NETs) that protect cancer cells in the brain and
support the development of both primary tumors and metastasis®>. Moreover, neutrophils
from GBM patients suppress T cells proliferation in an Arginase-1 (ARG-1) dependent
manner®. Recent evidence showed that tumor damages occurring during early tumor
progression may also favor the recruitment of neutrophils to the tumor site and that
neutrophils-induced ferroptosis promoted tumor necrosis in glioblastoma progression
through a mechanism involving iron-dependent accumulation of lipid peroxides within

the tumor343>.

Neutrophils are heterogeneous® inside the tumor and different subsets of neutrophils can
co-exist in the same cancer patient’>¥3., At any given moment, myeloid cells in tissues
comprise classically activated neutrophils with pro-inflammatory and antitumor activity
and pathologically activated polymorphonuclear myeloid derived suppressor cells (PMN-
MDSCs) with potent immune suppressive and pro-tumorigenic activity'®®. Despite the
tact that PMN-MDSCs and neutrophils are different at biochemical, genomic, and
functional levels, neutrophils were all classified as either neutrophils or PMN-MDSCs in
most of the studies on glioma patients. This limits the clinical relevance of the findings so
far reported over the biology of these cells in GBM. In summary, as shown already in other
tumors, neutrophils and PMN-MDSCs can coexist in GBM and thus may have different

functions in brain tumors. The understanding of the phenotypic and functional



heterogeneity of neutrophils will further clarify their contribution to immune and

therapeutic responses to GBM, as well as their clinical relevance.

Scope

Despite the recent appreciation of the functions of different subsets of neutrophils in
several types of cancer, the characterization of neutrophils in GBM remains mainly
descriptive compared to other myeloid cells. This critically limits the understanding of the
cellular and molecular mechanisms used by neutrophils to regulate immune and
therapeutic responses in GBM patients. In fact, because of the incomplete understanding
of the mechanisms by which Neu can shape the immunosuppressive TME, targeting

immunosuppressive Neu has proven to be extremely difficult*4!.

Thus, our scope was to fill this gap by extensively characterizing Neu heterogeneity in the
context of GBM and how GBM can shape Neu function, with the final goal of identifying
novel unexplored modalities to treat GBM patients, able to enhance the efficacy of

immunotherapies also in this cohort of patients.

Materials and Methods

Human Samples

Samples of peripheral blood and tumor tissues were collected from patients at Moffitt
Cancer Center (MCC) (Tampa, Florida) and at Department of Neurology and
Neurosurgery at Policlinico Umberto I Hospital (Rome, Italy). The study was approved by
Motffitt Cancer Center Institutional Review Board and all patients signed consent forms
that were approved by the Institutional Review Board. Samples collected at Department of
Neurology and Neurosurgery at Policlinico Umberto I Hospital (Rome, Italy) were
collected in accordance with the Declaration of Helsinki and with good clinical practice
guidelines and all patients signed informed consent (Policlinico Umberto I Ethics
Committee Protocol, RIF.CE: 4181). Blood and Tissue specimens were immediately

collected from the operating room and processed as described below.
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Clinical Sample Processing

Fresh resected human brain tissue samples were taken within 2 hours to the laboratory to
start tissue dissection and processing. Tissue specimens were washed in PBS1x and macro-
dissected under sterile conditions. It was further processed with Tumor Dissociation Kit
(Miltenyi), according to the manufacturer’s instructions, using the gentleMACS
Dissociator (Miltenyi). Afterward, the homogenate was filtered through a 70 um cell
strainer and centrifuged at 400 x g for 8 min at 4°C to pellet the cells and myelin. This was
followed by myelin removal step by gradient centrifugation with 30% Percoll (Sigma-
Aldrich) in 1X PBS (1,592 x g for 30 minutes at 4°C; with slow acceleration and without
breaks during deceleration). After myelin (the top white layer) removal, the middle
transparent layer and the single-cell suspension was washed in 1X PBS and centrifuged at

400 x g for 8 min at 4°C to pellet the cells. Cells were then used downstream analysis.

Peripheral Blood Mononuclear Cells (PBMCs) were obtained from blood after Percoll

gradient stratification for 20 min. at 2000 RPM, RT without break.

Cell lines

GL261 and SB28 cells were obtained from NCI and Hideho Okada at University of
California, respectively. They were cultured in RPMI (Gibco) supplemented with 10% fetal
bovine serum (Gibco), 1% penicillin/streptomycin (Gibco) and 2-mercaptoethanol 55uM

(Gibco). Tumor cell lines were tested negative for mycoplasma contamination.

Mouse models

Animal experiments were approved by the H. Lee Moffitt Cancer Center Animal Care and
Use Committee. C57BL/6 mice (female/male, 6-8 weeks old) were purchased from The
Jackson Laboratory. Slc2al fl/fl Lyz2-cre mice were created after breeding Slc2al fl/fl
(Slc2altm1.1Stma) mice with Lyz2-cre (B6.129P2-Lyz2tm1(cre)lfo/]). Lyz2-cre (B6.129P2-
Lyz2tm1(cre)lfo/]) mice were obtained from Paulo Rodriguez at Moffitt Cancer Center.
Slc2al fl/fl (Slc2altm1.1Stma) mice were obtained from The Jackson Laboratory. Tfrc fl/fl
S100A8-cre mice were created after breeding Tfrc fl/fl (B6.1295(Cg)-Tfrc<tm3.1Nca>/J) mice
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with S100A8-cre (B6.Cg-Tg(S100A8-cre,-EGFP)11lw/]) mice. Both Tfrc fl/fl (B6.1295(Cg)-
Tfrc<tm3.1Nca>/]) mice and S100A8-cre (B6.Cg-Tg(S100A8-cre,-EGFP)11lw/]) mice were

obtained from The Jackson Laboratory.

Orthotopic glioma cell injection
Mice were intracranially injected with GL261 (40,000 cells) or SB28 (10,000 cells) into the

right posterior cortex (1.5 mm posterior from bregma, 1.5 mm lateral from bregma, and 2.5
mm deep) using a stereotactic apparatus. Mice were monitored daily for neurological

symptoms, lethargy, and hunched posture that would qualify as signs of tumor burden.

Processing of mouse brain samples

Mice were euthanized with CO2 and perfused with 20 mL of PBS 1X through the left
ventricle of the heart using a 25-G needle attached to a 50 mL syringe. Brain tumor tissues
were washed in 1X PBS, macro-dissected under sterile conditions and further processed
with Tumor Dissociation Kit (Miltenyi), according to the manufacturer’s instructions,
using the gentleMACS Dissociator (Miltenyi). Afterward, the homogenate was filtered
through a 70 um cell strainer and centrifuged at 400 x g for 8 minutes at 4°C to pellet the
cells and myelin. This was followed by myelin removal step by gradient centrifugation
with 30% Percoll (Sigma-Aldrich) in 1X PBS (1,592 x g for 30 minutes at 4°C; with slow
acceleration and without breaks during deceleration). After myelin (the top white layer)
removal, the middle transparent layer and the single-cell suspension were washed in cold
PBS and centrifuged at 400 x g for 8 minutes at 4°C to pellet the cells. Cells were counted

and then used for downstream analysis.

FACS Sorting
Cells were incubated with a cocktail of surface antibodies, FC-block (BD Biosciences), and

Aqua Fixable viability dye (Invitrogen) in FACS (or MACS) buffer (PBS 1x, +1% FBS,
+0.5mM EDTA) at room temperature (RT) for 30 min. Afterward, cells were washed with
FACS buffer, filtered with 70 pum cell strainer and then target cells were sorted using

FACSAria II (BD Biosciences) using FACSDiva (BD Biosciences).
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Surface and intracellular staining for flow cytometry

For surface staining, 0.5 x 106 cells were incubated with a cocktail of surface antibodies,
FC-block (BD Biosciences), and Aqua Fixable viability dye in FACS Buffer at room
temperature (RT) for 30 min. For Intracellular staining, cells were fixed and permeabilized
with Fixation/Permeabilization Buffers (BD Biosciences) at 4°C for 15 min, washed twice
with Wash Buffer (BD Biosciences), and incubated with a cocktail of intracellular antibody
at 4°C for 30 min. Cells were run on either BD FACSymphony (BD Biosciences) or BD

LSRII (BD Biosciences), and data were analyzed using Flow]Jo (Tristar).
Glucose uptake

Cells were incubated with PBS containing 40 uM fluorescent D-glucose analog 2-NBDG (2-
[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy D-glucose) (catalog N13195, Life
Technologies) for 40 minutes at 37°C. Cells were then washed with cold MACS buffer,
stained with surface antibodies for 30 min at 4°C, washed again with cold MACS buffer

and fluorescence intensities were immediately analyzed by flow cytometry.
Single cell RNA Sequencing

Mice were injected with 10,000 SB28. After 18 days, neutrophils were sorted from tumor
and blood. Blood was collected by submandibular puncture followed by cardiac puncture
(right atrium). After blood collection, mice were perfused with 20 mL of PBS 1X through
the left ventricle and the tumor was collected and process as previously described. Neu
were then FACS sorted in MACS buffer, as previously described. After sorting, Neu were
washed in RPMI containing 10% FBS and 1U/uL of Protector RNase inhibitor (Sigma, PN-
3335399001). The media was filtered through 0,22 um before the use. Cells were then
counted and resuspended at a concentration of 1,000 cells/uL. 20,000 cells per lane were
loaded for encapsulation. Cells were then processed with 10X Chromium 3’ scRNA-seq,

40,000 reads/cell using NovaSeq S1-100 and NovaSeq SP-100 sequencing run.
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Western blot

Cells were lysed in RIPA buffer (Cell Signaling) in the presence of protease and
phosphatase inhibitor cocktail (Thermofisher), 1 mM DTT, Sodium Butyrate (1:100) and 1
mM PMSF, sonicated and stored at —80°C. Whole-cell lysates were prepared and subjected
to SDS-PAGE and transferred to PVDF membrane. The membranes were probed
overnight at 4°C with primary antibodies. Membranes were washed and incubated for 1h
at RT with secondary antibody conjugated with peroxidase. Blots were developed with
enhanced chemiluminescence (ECL Millipore) and signals captured with the Odyssey Fc
(LI-COR).

CUT&RUN

A diluted aliquot of cells suspension was mixed with Trypan Blue (1:1) and counted on a
hemocytometer. Equal numbers of cells were pooled and diluted to a final concentration
of 1000 - 300 cells/uL in wash buffer, with 100 uL (~100,000 cells for in vitro experiments
and ~30,000 cells for in vivo experiments) used for each CUT&RUN reaction. CUT&RUN
was performed using the CUT&RUN Assay Kit (Cell Signaling) according to the
manufacturer’s instructions. The DNA was immunoprecipitated with panKla antibody
(PTM1401RM, PTM, Bio) or the IgG as non-specific control. The precipitated chromatin
DNA was purified using a DNA Clean & Concentrator-5 kit (Zymo Research) and
detected by RT-qPCR using specific primers.

Preparation of tumor explant supernatants

Tumor explant supernatants (TES) were prepared from excised mouse and human tumors.
A small tumor piece (5-10 mm2) was minced into pieces less than 3 mm in diameter and
resuspended in 15-20 mL of RPMI without FBS but supplemented with 1%
penicillin/streptomycin. After 16-18 h of incubation at 37°C with 5% CO2, the cell-free

supernatant was collected and passed through 0.22-um filters and stored at —80°C.
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Hypoxia

Hypoxic conditions were maintained by generating a 1% O2 and 5% CO2 concentrations
through the BioSpherix subchamber system, including a C-Chamber and ProOx C21
Oxygen CO2 Single Chamber Controller.

RT-qPCR.

RNA was extracted using the Quick RNA microprep Kit (Zymo Research) according to the
manufacturer’s instructions. RNA was DNase-treated and converted to random primed
cDNA using Superscript IV kit (Invitrogen). cDNA was used as a template in subsequent
PCR with gene-specific primers. RT-qPCR was performed using Power SYBR Green PCR
Master Mix (Applied Biosystems) in 96- or 384-well plates. Plates were read with ABI 7900

(Applied Biosystems).

Seahorse analysis

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured using a XF96 extracellular flux analyzer (Seahorse Bioscience) through
mitochondrial (Mito) and glycolysis (Glyco) stress test. Cells were plated onto CellTak pre-
coated wells (1x105cells/well in triplicate) and subjected to mitochondrial stress and
glycolysis stress protocols using specific non-buffered XF base mediums. For Mito Stress
test, cells were analyzed under basal conditions and in response to 1 uM oligomycin, 2 uM
fluorocarbonyl-cyanide-phenylhydrazone (FCCP), and 0.5 uM rotenone/antimycin A. For
Glyco Stress Test, cells were plated in XF media lacking glucose and pyruvate and
monitored under basal conditions and in response to 10 mM glucose, 1 uM oligomycin,

and 50 mM 2-Deoxy-D-glucose (2-DG).

Lactate colorimetric assay
Intracellular lactate concentrations were assessed using a Lactate colorimetric Assay Kit II

(Sigma).
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Pimonidazole

HypoxiprobeTM-1 [Pimonidazole Hydrochloride] solution was injected intraperitoneally
at a dosage of 60 mg/kg. 1 hour after injection, mice were euthanized and tissues were
collected. After tissue processing, single cell suspensions were stained for surface antigens
and, subsequently, were processed for the intracellular staining. A purified rabbit anti-
pimonidazole (Pab2627AP) was used at a 1:50 dilution (60 min. at RT) for the intracellular

staining, followed by a Secondary APC-conjugated anti-rabbit staining (30 min. at RT).

BrdU

Mice were stereotactically injected with SB28 cell line (10,000 cells/mouse). 15 days after
the tumor cells injection, a one-time administration of BrdU was performed. APC BrdU
Flow Kit (BD PharmigenTM, Catalog No. 552598) was used, following manufacturer’s
instructions. Briefly, 165 puL of BrdU solution (1.65 mg) were intraperitoneally injected in
each mouse at day 0. Mice were euthanized either 3 hours post injection (D0) or 9 days
post injection (D9) and tissues were collected and processed to obtain single cell
suspensions. Surface staining was first performed (30 min. at RT). Cells were then washed,
resuspended in 100 pL of BD Cytofix/CytoPerm Buffer and incubated for 30 min on ice.
Cells were washed with 1 mL of 1X BD Perm/Wash Buffer. Cells were then resuspended in
100 puL of BD CytoPerm Permeabilization Buffer and incubated for 10 min. on ice, washed
with 1X BD Perm/Wash Buffer, re-fixed for 5 minutes on ice with 100 pL of BD
Cytofix/CytoPerm Buffer and then washed with 1X BD Perm/Wash Buffer. Cells were then
resuspended in 100 uL of diluted DNase (300 pg/mL in PBS 1X) and incubated for 1 hour
at 37°C, then washed with 1X BD Perm/Wash Buffer. Cells were then stained with the anti-
BrdU (1:40) for 20 min. at RT. Cells were finally acquired using a low/medium flow rate,

no greater than 400 events/second.

LiperFluo staining
Single cells suspensions were first stained for surface antigens and then washed in 1X PBS.

Supernatant was carefully discarded in order to remove all the FBS. Cells were then
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resuspended in 100 pL of 1X PBS and 10 uM of Liperfluo (Dojindo) was added to each

sample; cells were incubated for 30 min. at 37°C and then washed with 1X PBS.

Generation of murine neutrophils for in vitro studies

To get mature neutrophils, femur and tibiae of naive C57BL/6 mice (female/male, 6-8
weeks old) were flushed with FACS Buffer; BM cells were then filtered through a 70mM
cell strainer and red blood cells were lysed with the ACK Lysing Buffer. 3 mL of
Histopaque 1119 were added to a 15 mL tube followed by 3 mL of Histopaque 1077; then,
BM cells were resuspended in 1 mL of cold 1X PBS and carefully added on top. Tube was
centrifuged for 30 min., 872 xg at 4°C with no break. Bottom white layer was collected and
stained with an anti-Ly6G to check purity (only samples containing > 95% of neutrophils

were used for further experiments).

To generate in vitro CD71-Neutrophils and CD71*Neutrophils, BM cells were cultured for
5 days with GM-CSF. Briefly, femur and tibiae of naive C57BL/6 mice (female/male, 6-8
weeks old) were flushed with cold FACS Buffer; BM cells were then filtered through a
70mM cell strainer and red blood cells were lysed with the ACK Lysing Buffer. Cells were
seeded at a concentration of 3x10° cells/mL in 6-well plates, 3 mL/well with 20 ng/mL of
GM-CSF (Peprotech) at day 0 either in normoxic or hypoxic conditions. At day 3, GM-CSF
was added to the culture in 1 mL of fresh complete RPMI. In TES experiments, 30% of TES
was added to the cultures at day 0 and day 3. In some experiments, cells were treated with
2-Deoxy-D-glucose (2-DG) 5 mM at day 4, LDHA inhibitor (GNE-140) 5 uM at day 3 and
10 uM at day 4, ACLY inhibitor (BMS-303141) 20 uM at day 3 and 4, IFNa (Miltenyi)
12,000 U.L/mL at day 3, Isosafrole (Chem Service) 250 uM at day 3.

Generation of human neutrophils for in vitro studies

To get human blood neutrophils, 15 mL of Histopaque 1119 were added to a 50 mL tube
followed by 15 mL of Histopaque 1077; then, 15 mL of blood were carefully added on top.
Tube was centrifuged for 30 min., 872 xg at 4°C with no break. Bottom white layer was
collected and stained with an anti-CD66b to check purity (only samples containing > 95%

of neutrophils were used for further experiments).
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Suppression assay, mini-suppression assay and IFN-y production

MOUSE SUPPRESSION ASSAY AND IFN-y PRODUCTION

U-bottom 96-well plates were used. Anti-CD3 (Invitrogen, clone 145-2C11) and anti-CD28
(Invitrogen, clone 37.51) were diluted at a final concentration of 1 pg/ml in sterile PBS 1X.
50 ul of PBS containing the antibodies were loaded in each well (one or two for each
condition). 2 wells were kept as negative control (no antibodies) and 2 wells as positive

control. The plate was incubated at 37°C for 4-6 hours.

For T cells insolation, one spleen was mechanically dissociated and CD3* cells were
isolated with a negative selection kit (Mojo Sort, Biolegend). A maximum of 10x10°
isolated T cells were resuspended in 1 mL of sterile PBS 1X + 0,1% FBS containing 0.3 pM
CFSE (BioLegend) and incubate for 10 min in the dark at RT. T cells were then washed
twice with cold RPMI complete, 5 min 1500 rpm at 4°C. Isolated T cells were resuspended
in fresh RPMI complete, containing 10% FBS, Pen/Strep 1:100 and B-Mercaptoethanol
1:1000. For in vitro suppression assays, T cells were resuspended at a concentration of 0.5-

1 x10° cells/mL.

For in vitro suppression assays, neutrophils were FACS sorted, washed with fresh RPMI
complete, counted and resuspended at the same concentration of T cells (0.5-1 x10°

cells/mL) in fresh complete RPMIL.

PBS was removed from the wells by turning the plate upside down and shaking it and the
wells were washed twice with 200 ul of PBS by repeating this step. Depending on the
experiment, 50,000 (50 pl) or 100,000 (100 pl) T cells were plated in each well. Neutrophils
were added in the same amount and volume of T cells in order to get a ratio of 1:1 (except
from the negative and positive control wells, where complete media was instead added).
Surrounding empty wells were filled with 200ul of PBS to avoid evaporation. T cells

proliferation was analyzed after 72h.

For IFN-y production experiments, 66 hours after plating the cells, cells were re-stimulated
with the Cell activation cocktail, containing PMA and ionomycin (BioLegend), at a
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concentration of 2 ul/mL and with Golgi Stop (BD Biosciences) at a concentration of
2ul/3mL. 6 hours after, cells were first stained for surface antigens and then processed for
intracellular staining and stained with a PE anti-IFN-y 1:100 for 30 min. at 4°C. IFN-y

production was then analyzed by flow cytometry.

For the suppression assays with the Arginase-1 inhibitor Nw-Hydroxy-nor-L-arginine
(norNOHA, Sigma), T cells and neutrophils were resuspended at a concentration of 0.5
x10¢ cells/mL and 25,000 cells (50 ul) of each were used for the assay. NorNOHA was
added at a concentration of 750 puM. Since norNOHA can partially reduce T cells

proliferation, it has been added also to positive controls.
HUMAN SUPPRESSION ASSAY

U-bottom 96-well plates were used. Anti-CD3 (clone UCHT1; BD Biosciences) was diluted
at a final concentration of 20 pug/ml in sterile PBS 1X. 50 ul of PBS containing the antibodies
were loaded in each well (one or two for each condition). 2 wells were kept as negative

control (no antibodies) and 2 wells as positive control. The plate was incubated at 37°C for

4-6 hours.

For T cells isolation, PBMC from the same donor of neutrophils were collected from whole
blood and T cells were isolated using the Human CD3* T Cell Enrichment Column Kit
(R&D Systems), stained with CFSE and resuspended in fresh complete RPMI, containing
10% FBS and Pen/Strep 1:100.

Neutrophils were FACS sorted and resuspended in fresh complete RPMI.

PBS was removed from the wells by turning the plate upside down and shaking it and the
wells were washed twice with 200 ul of PBS by repeating this step. T cells and neutrophils
were added at a 1:1 ratio. 2 pg/ml of soluble anti-CD28 (clone CD28.2; BD Biosciences)
were added in each well (except for negative control). T cells proliferation was analyzed

after 72h by flow cytometry.

EX-VIVO MINI-SUPPRESSION ASSAY
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For both mouse and human ex vivo mini-suppression assays, neutrophils were sorted in
FACS buffer, washed in fresh complete RPMI, resuspended in 500 pl of complete RPMI
and counted. Neutrophils were then washed, supernatant was completely discarded and
cells were resuspended at a concentration as low as 5,000 cells/50ul (between 5,000 and
20,000 /50pl). T cells were resuspended at the same concentration of neutrophils, and used
for the mini-suppression assay at a 1:1 ratio, in a final volume per well of 100 ul (50 ul of

neutrophils and 50 ul of T cells).

Giemsa staining

Sorted neutrophils were cytospinned on the slides. Slides were fixed in methanol 5-7
minutes. Giemsa Stain was diluted 1:20 with deionized water. Slides were stained for 45
minutes, rinsed 3 times with deionized water and a cover was mounted with Cytoseal-60

Mounting media.

In vivo treatments

For all the in vivo treatments, 10,000 SB28 were injected. For Neu depletion, we performed
intraperitoneal (i.p.) injections of a rat anti-LY6G antibody (BE0075-1, 200 ug/mouse)
combined to an anti-rat antibody (BE0122, 50 ug/mouse)*? every other day starting at day
8. IFNa (Miltenyi, 130-093-131) was administered i.p. in 100 uL of PBS 1X per mouse at a
dose of 1x10* I.U./mouse, every day starting from D7. Isosafrole (ChemServive, N-12281)
was administered i.p. in 200 uL of 1% Carboxymethylcellulose (prepared in saline
solution) per mouse at a dose of 200 mg/kg, every other day starting from day 7. The

respective isotypes and vehicles were used as controls for each experiment.

Statistical analysis

After testing for normal distribution of data, statistical analyses were performed using
two-tailed Student’s t test; paired t test was used for matched samples; when more than
two groups were compared, one- or two-way ANOVA test with correction for multiple
comparisons (Tukey or Holm-Siddk post hoc test) were used. Data were presented as
mean + SEM. Pearson Correlation Coefficient with the associated two-tailed p value was

calculated to study correlations. Kaplan-Meier plots were used for survival analysis, and
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the log rank test was used to compare survival distributions between groups. A p <0.05

was considered statistically significant.

Results

Neutrophils infiltrate brain tumors acquiring immunosuppressive features
To understand the role of neutrophils in brain cancer, we first analyze the abundance of
neutrophils in different orthotopic models of brain tumor (GL261 and SB28) by flow
cytometry. We observed a higher frequency of neutrophils in spleen of GL261 and SB28
models than in spleen of tumor free mice injected with vehicle (naive) (Fig. S1a), while the
frequency of neutrophils was unchanged in the bone marrow (BM) of GL261 and SB28
models, compared to naive mice (Fig. S1a). Even though the frequency of neutrophils in
spleen in both models was higher than in naive mice, SB28 tumors showed a much higher
infiltration of neutrophils compared to GL261 tumors (Fig. 1a). The frequency of
neutrophils in GL261 tumors was only slightly, but not significantly, higher to that
observed in naive brain. Of note, contrary to GL261, SB28 brain tumors recapitulate key
characteristics of human GBMs, such as aggressive growth and low mutation burden, and
exhibited high resistance to immune checkpoint blockade therapy®. We next analyzed the
kinetics of neutrophil infiltration in GBM tumors. In both tumor models, we found that
neutrophils were not expanded at early stages (day 12) but critically infiltrated GBM
tumors at late stages (day 21 and day 24) (Fig. 1b). To assess the contribution of
neutrophils to tumor growth, we analyzed the survival of mice with brain tumors (SB28)
upon depletion of total neutrophils using an optimized approach for a durable
neutrophils” depletion, based on the administration of a rat anti-LY6G antibody combined
to an anti-rat antibody*>. Neutrophils” depletion was effective both in the blood (at early
and late stages) and inside the tumor (Fig. S1b, c). To make sure that neutrophils depletion
was truly effective and not just the result of the depleting antibody covering the receptor,
an indirect neutrophils” staining (CD11B"e" F480- LY6C™), not including Ly6G, was used
to validate our observations (Fig. S1b, c). Similarly to what has been previously

published?*, we found that SB28-bearing mice survived longer upon neutrophils’
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depletion, when compared to control mice treated with the isotype controls (Fig. 1c).
Interestingly, the depletion of neutrophils was associated with a higher infiltration of both
CD8* and CD4* T cells inside GBM tumors (Fig. 1d). Of note, the frequency of other
potentially immunosuppressive myeloid cells (including monocytes, monocyte derived
macrophages, MDM, and microglia, MG) was not altered by this depletion strategy (Fig.
S1d).

Since it is established that neutrophils can acquire immunosuppressive functions in
cancer’®, we analyzed the immunosuppressive ability of neutrophils isolated from mouse
SB28 tumors. To test the functionality of neutrophils, we FACS sorted neutrophils
(LY6Gheh LY6C- CD11b+ F4/80'") from bone marrow (BM), spleen and brain tumors, and
we co-cultured them with autologous CD3* T cells pre-stained with CFSE and activated
with anti-CD3/CD28 antibodies. Contrary to BM and spleen derived neutrophils, which
lacked suppressive ability, neutrophils from tumors were able to suppress the
proliferation of both CD4* and CD8* T cells (Fig. 1e). The acquisition of suppressive
activity correlated with an immunosuppressive signature, characterized by high mRNA
levels of different immunosuppressive genes such as arginase-1 (argl), nitric oxide
synthetase 2 (n0s2), nicotinamide adenine dinucleotide phosphate oxidase 2 (nox2) and
Programmed Death Ligand 1 (pdl1) compared to BM and spleen derived neutrophils (Fig.
Sle).

To assess the relevance of neutrophils in human patients we analyzed the frequency of
neutrophils in human brain tumors by flow cytometry. We observed that neutrophils
infiltrated human brain tumors to a similar extent of what was previously observed in the
SB28 mouse model, accounting for 10-20% (with some patients showing frequencies up to
70%) of the CD45" immune cells population and representing one of the most expanded
immune populations in human brain tumors (Fig. 1f, g). We did not find differences in the
frequency of neutrophils between diagnosed (ND) to recurrent (REC) brain tumors (Fig.
1h). However, we found an increased, even if not statistically significant, frequency of

neutrophils in GBM tumors compared to oligodendrogliomas and astrocytomas (Fig. 1i).
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Of note, GBM has a worse prognosis than oligodendroglioma and astrocytoma tumors.
Next, we FACS sorted neutrophils from blood and tumors of brain tumor patients, and we
co-cultured them with autologous T cells, pre-stained with CFSE and stimulated with anti-
CD3/CD28 antibodies. As previously observed in the SB28 mouse model, neutrophils from
tumors suppressed the proliferation of CD4* and CD8* T cells compared to blood derived
neutrophils, which lacked suppressive properties (Fig. 1j). The suppressive activity of
tumor associated neutrophils correlated with a higher expression of the Lectin-Like
Oxidized Low-Density Lipoprotein Receptor 1 (LOX-1) (Fig. S1e), which has already been
described as highly expressed by immunosuppressive neutrophils in other tumor
models*. Moreover, a higher frequency of neutrophils in brain tumor tissues inversely

correlated with the infiltration of total CD3* T cells, CD4* T cells and CD8* T cells (Fig. 1k).

Collectively, our data may suggest that local clues provided by mouse and human brain
tumors favor the reprogramming of neutrophils towards cells with potent

immunosuppressive activity.

A population of glycolytic neutrophils expressing the CD71 receptor is
expanded in brain tumors where it acquires a hypoxic signature.

Neutrophils are known to be heterogeneous inside the tumor®™. Thus, to probe
neutrophils’” heterogeneity in brain tumor, we employed single cell RNA sequencing
(scRNA-seq). Single-cell analysis of neutrophils generally remains a significant challenge.
This is because neutrophils have relatively low RNA content and relatively high levels of
RNases and other inhibitory compounds, resulting in fewer transcripts detected in GEMs,
and less usable sequencing reads. Furthermore, neutrophils are particularly sensitive to
degradation after collection and processing. Thus, we optimized the samples” collection
and processing, as described in the materials and methods section, in order to obtain a
high quality 10x Genomics Single-Cell Assays for neutrophils. Therefore, we FACS sorted
neutrophils (CD45'Ly6G*Ly6C*") from blood and tumor of 4 SB28-bearing mice and we
pulled them together in couples, obtaining 4 different samples (blood Neu_1, blood

Neu_2, tumor Neu_1, tumor Neu_2) that were processed for 10X Chromium 3’ scRNA-
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seq, with 40,000 reads per cell. Cells with less than 200 detected genes, or more than 15%
mitochondrial genes, or log10GenesPerUMI <0.8 were removed. Also, three methods were
used to predict doublet (or multiplets) cells (scrublet, scDblFinder, and DoubletFinder).
Cells predicted as doublets in >=2 methods were removed. In total, 18,493 single cells were
considered and processed for further analysis. The scran* and scater*® packages were used
to normalize the raw counts to control cell-specific biases. These normalized counts were
then supplied to Seurat package (v3.1.1)¥ to perform batch correction, clustering, and
marker identification for the predicted cell clusters. To determine cell identity, we
matched our dataset with two separate public mouse datasets*®* using singleR package
(v1.0.0)*. Based on transcriptomic results, we projected them into two dimensions with
Uniform Manifold Approximation and Projection (UMAP). Only cells expressing the
neutrophils” signature were selected for further analysis. Unbiased, graph-based clustering
initially identified 24 different clusters (Fig. S2a). Based on similar gene signatures (Fig.
S2b), the 24 clusters were subsequently re-classified in 9 sub-population of neutrophils
(celltype_1 to 9, Fig. 2a and S2c). Blood derived neutrophils clustered together and were
well separated from tumor derived neutrophils (Fig 2b). Using computational trajectory
analysis, we assessed the relationship between blood and tumor derived neutrophils.
Blood neutrophils were used as the initial stage for the trajectory, assuming that the
pseudotime reflects a direction of possible transition from blood neutrophils to tumor
neutrophils. Interestingly, trajectory analysis revealed that blood derived neutrophils can
give raise to tumor derived neutrophils, most likely indicating that blood neutrophils
migrate to the tumor and that the tumor microenvironment shapes neutrophils phenotype
producing different sub-populations of tumor associated neutrophils. Then, the 9 sub-
populations of neutrophils were studied and classified based on their peculiar features
and markers expression (Fig. 2c). Celltype_1 was referred as the conventional neutrophils
population and represented more than 90% of blood neutrophils (Fig. 2d). It was
characterized by the expression of Lyz2 and Rac2 and appeared to be dependent on
oxidative phosphorylation (Fig. 2e). Celltype_2 represented a very small sub-population of

neutrophils, characterized by the expression of Adpgk and Camp and a high metabolic
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signature (Fig. 2c, d, e). Celltype_3 was referred as the glycolytic sub-population of
neutrophils (Fig. 2c). In fact, compared to the other sub-populations, it showed a higher
expression of the glycolytic pathway (Fig. 2e) and of all the genes involved in the
glycolysis, including the solute carrier family 2 member 1, Slc2al (GLUT-1, Fig. S2b) and
the lactate dehydrogenase A, Ldha, which was preferentially expressed by this sub-
population and thus considered as a specific marker (Fig. 2c and S2b). Interestingly, the 4
clusters forming the Celltype_3 (clusters 2, 4, 13 and 16) exclusively expressed the
transferrin receptor Tfrc (CD71, Fig. S2b) that was thus considered as another specific
marker of this population (Fig. 2c). Celltype_3 was the sub-population most expanded in
the tumor when compared to the blood (Fig. 2d) and was the most enriched for the
hypoxia pathway (Fig. 2e), suggesting its localization in the hypoxic regions of the tumor.
In addition, this population showed an increased unfolded protein response, fatty acid
metabolism and TGFf signaling (Fig. 2e), all features that were previously associated with
an immunosuppressive phenotype of neutrophils'®**%. Celltype_4, regarded as the pro-
inflammatory sub-population and characterized by the expression of Cxcl3 and Fpr1 (Fig.
2¢), was represented in both the blood and the tumor, being expanded mostly in the latter
(Fig. 2d). Similarly to the Celltype_3, the Celltype_4 showed an enrichment for the hypoxic
pathway (Fig. 2e). Being this sub-population the second most represented in the tumor
after Celltype_3 and being the GBM one of the most hypoxic tumor types®?, it suggests
that the greatest part of brain tumor associated neutrophils is found in hypoxic regions.
Celltype_5 was characterized by the exclusive expression of Bcl2[15, was represented in
both the blood and tumor, but more expanded in the latter; differently from the previous 2
sub-populations, Celltype_5 was not enriched for the hypoxic pathway. Celltype_6 was
equally represented in both the blood and tumor, was identified by the expression of Ifit
and referred as the Interferon response subpopulation (Fig. 2¢, d, e). Celltype_7 was a low
count subtype (Fig. 2c). Celltype_8, regarded as the stress response and identified by the
expression of Eifba and Atf3, was mostly expanded in the tumor and, similarly to
Celltype_3 and Celltype_4, was enriched for the hypoxic pathway (Fig. 2c, d, e).

Celltype_9 represented a sub-population of activated neutrophils, characterized by the
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expression of CD63 and Ccrl2 and, even if only little represented, was only found inside

the tumor (Fig. 2¢, d, e).

Altogether, our scRNA-seq data indicates that blood neutrophils migrate inside brain
tumors, where different stimuli can shape their phenotype, giving raise to different sub-
populations. Most of the tumor associated neutrophils are exposed to hypoxic conditions
in the context of brain tumor. A sub-population of highly glycolytic neutrophils, mostly
expanded inside the tumor, can be identified by the expression of CD71 and shows a
highly enriched hypoxic signature together with other signatures previously associated

with immunosuppressive neutrophils.

CD71*Neu are critical contributors to the immunosuppressive activity
associated with neutrophils in brain tumors.

To validate the observations made with the scRNA-seq, we studied the expression of
CD71 by both flow cytometry and RT-qPCR. The immunosuppressive activity of tumor
infiltrating neutrophils correlated with a higher expression of CD71 (encoded by the tfrc
gene) compared to BM and spleen neutrophils isolated either from mice with brain tumors
or naive mice, by both RT-qPCR (Fig. S3a) and flow cytometry (Fig. 3a). CD71 is a
transferrin receptor that was associated with the earliest neutrophils developmental stages
in the bone marrow®. CD71 marked proliferating neutrophils, which were expanded in
the blood of melanoma patients and detectable in blood and tumors from lung cancer
patients®. Based on the expression of CD71, we were able to identify two main
populations of neutrophils by flow cytometry in murine brain tumor models: CD71
Neutrophils (CD71'Neu) and CD71*Neutrophils (CD71'Neu) (Fig. 3b). CD71'Neu were
previously reported as immature neutrophils characterized by the double expression of
CD71 and CD117%. In our case, both CD71-Neu and CD71*Neu showed the characteristic
morphology of nuclei associated with polymorphonuclear mature neutrophils. In line with
previous reports, CD71"Neu showed a higher expression of CD117, which suggested an
immature phenotype® (Fig. S3b). However, they also showed a higher expression of
CD101, LY6G and CD11B (Fig. S3b), suggesting common features of both mature and
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immature tumor associated neutrophils and an activated phenotype!®. CD71*Neu were
mostly found inside GBM tumors, where they accounted for about 20-30% of total
neutrophils (Fig. 3d). In spleen and BM, they represented about 1% and 6% of total
neutrophils, respectively (Fig. 3d). Blood neutrophils were similar to splenic Neu
regarding CD71 expression (data not shown). The proportion of CD71*Neu in total BM,
spleen, and tumor neutrophils was similar to what observed in BM, spleen and brain of
naive mice, respectively (Fig. 3d). Next, to assess if there is an expansion of CD71*Neu in
GBM tumors, we analyzed the frequency of CD71*Neu out of CD45" immune cells in
spleen, BM and tumor tissues in both GL261 and SB28 murine GBM models and compared
the two models to naive mice. The percentage of CD71*Neu out of CD45* immune cells in
SB28 brain tumors was significantly higher than in naive brain tissue and GL261 brain
tumors (Fig. 3e). However, the frequencies of CD71*Neu in BM and spleen of SB28 model
were similar to the ones observed in BM and spleen of both naive mice and GL261 model
(Fig. S3c). Of note, the frequency of CD71*Neu out of CD45" cells in the BM was similar to
the one observed in the tumor and higher than the one observed in the spleen; this seems
in line with the previous reports that described the CD71 as a receptor expressed by
neutrophils at an early stage of their development and, thus, the CD71*Neu population as
more represented in the BM. Next, we found that CD71*Neu were mostly found in GBM
tumors at later stages of tumor progression in SB28 model (Fig. 3f), similarly to what was
previously observed for the total neutrophils population (Fig. 1b). Since from the scRNA-
seq data CD71'Neu showed features associated with immunosuppressive Neu, we
investigated their contribution to the immunosuppressive ability of GBM associated Neu
that was previously described. To assess the function of CD71*Neu, we FACS sorted these
cells from SB28 tumors and tested their ability to suppress the proliferation of CD4" and
CD8" T cells stimulated with an anti-CD3 and anti-CD28. To perform ex vivo suppression
assays with low numbers of neutrophils, we optimized a neutrophils-based mini-
suppression assay, as described in the Materials and Methods section. We found that
CD71*Neu were potent immunosuppressive cells compared to CD71 Neu, which showed a

very mild to inexistent suppressive activity (Fig. 3g). Of note, BM derived CD71*Neu and
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CD71'Neu lacked any suppressive activity (Fig. S3d), indicating that the GBM TME can
shape CD71*Neu function. The immunosuppressive activity of tumor derived CD71*Neu
was associated with a pro-tumoral signature, characterized by a higher expression of argl,
vegfa, tgfb, PDL-1 and CD14% (Fig. S3e). To clarify the role of CD71 in the regulation of the
immunosuppressive activity of neutrophils in GBM tumors, we created neutrophils-
specific conditional knock-out mice (CKO) deficient in tfrc (CD71) by crossing Tfrc mice
with SI00A8 Cre* mice (Tfrc Cre*). Brain tumors (SB28) were established in Tfrc Cre* and
Cre” mice and total neutrophils, which were FACS sorted from tumors, were assayed for
their ability to suppress the proliferation of CD4* and CD8* T cells. First, we confirmed the
efficient KO by WB on ex-vivo FACS sorted neutrophils (Fig. S3f). Second, no survival
advantage was observed for Tfrc Cre* SB28-bearing mice (Fig. S3g). Third, we found that
CD71 CKO neutrophils suppressed the proliferation of CD4* and CD8* T cells at same
extent of control neutrophils (Tfrc Cre’) (Fig. S3h), suggesting that CD71 is not involved in

the regulation of immunosuppressive activity of neutrophils in GBM tumors.

To assess the relevance of our data, we analyzed the expression of CD71 in blood and
tumor neutrophils from patients with brain cancer. Similarly to what we observed in mice
models, we were able to identify 2 distinct populations of Neu based on CD71 expression
also in humans (Fig. 3h). We also found that the expression of CD71 was higher in
neutrophils isolated from brain tumors compared to blood (Fig. 3h). CD71'Neu
represented 10-20% of total neutrophils that infiltrated human GBM tumors. In blood,
CD71*Neu represented 2-5% of total neutrophils. This proportion was similar to that
observed in healthy donors’ blood. When we separated our brain cancer patients based on
the diagnosis, we observed that CD71'Neu infiltrated GBMs to a higher extent than
Oligodendrogliomas and, even if not statistically significant, Astrocytomas (Fig. 3i). Of
note, Oligodendrogliomas have the best prognosis between the three groups and GBMs
the worst*. Next, we asked whether human CD71*Neu are suppressive cells as in mouse
models. Towards this goal, we FACS sorted CD71"Neu from blood and tumor tissue of
patients with brain tumors and we co-cultured them with autologous CD4* and CD8* T

cells, pre-stained with CFSE and stimulated with anti-CD3/CD28 antibodies. We found
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that CD71*Neu from tumors highly suppressed the proliferation of T cells, compared to
CD71'Neu (Fig. 3j). However, CD71*Neu isolated from blood of the same brain tumor
patients lacked suppressive functions (Fig. S3i). Importantly, the suppressive activity of
tumor CD71*Neu was associated with high expression of the pro-tumoral markers argl,
tefb, PDL-1 and LOX1 compared to tumor CD71-Neu (Fig. S3j). Moreover, the frequency
of CD71*Neu, but not of CD71Neu, negatively correlated with the presence of the
activated anti-tumoral population CD8*PD1*CD137* T cells (Fig. 3k). Importantly, recent
papers showed that the density of CD8'PD1*CD137* T cells correlated with improved

responses to immune checkpoint blockade therapies in different cancer types®.

Altogether, our data suggest that CD71'Neu represent critical contributors to the

immunosuppressive ability of neutrophils in mouse and human brain tumors.

Hypoxia drives immunosuppressive function and ARG-1 expression in
CD71*Neu.

Our data showed that CD71 was highly expressed by tumor infiltrating neutrophils, thus
we asked whether the GBM TME may drive the expression of CD71 in Neu and
consequently their suppressive functions. To reproduce GBM TME in vitro, we used brain
tumor explant supernatant (TES) and hypoxia. Hypoxia is a crucial factor in GBM TME
and our scRNA-seq data showed that most of GBM associated Neu, and CD71'Neu in
particular, are exposed to hypoxia. To confirm these findings, we injected pimonidazole
(PIMO), a hypoxia tracer, in SB28-bearing mice before the sacrifice, and then performed an
anti-PIMO intracellular staining to assess whether tumor associated neutrophils
experience hypoxia. We found that both CD71"'Neu and CD71'Neu are exposed to hypoxia
in GBM tumors (Fig. 4a). Hypoxia can induce CD71 expression in tumor cells as early as 6
hours®#°. Thus, we treated naive mature neutrophils, isolated from bone marrow or spleen
(data not shown) through histopaque gradient, with TES or hypoxia (1% O2), for up to 24
hours. Of note, more than 95% of Neu isolated through histopaque gradient were CD71-
Neu (Fig. S4a). We observed that neither TES nor hypoxia were able to induce the
expression of CD71 by flow cytometry (Fig. S4a), RT-qPCR (Fig. S4b) and WB (Fig. S4c) at
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different time points. We found similar results when we analyzed the expression of CD71
by flow cytometry in mature neutrophils isolated through histopaque gradient from blood
of human GBM patients and exposed to hypoxia (Fig. S4d). Moreover, mouse and human
CD71'Neu isolated through histopaque gradient did not acquire suppressive activity upon
stimulation with TES or hypoxia (data not shown). Then, in order to get both CD71-Neu
and CD71*Neu and study the effects of the TME on these cells in vitro, we decided to
generate neutrophils by culturing mouse total BM cells with GM-CSF for 5 days, in the
presence of TES or hypoxia (1% O2). First, through this system, we were able to generate a
significant amount of CD71*Neu (Fig. 4b and S4e), regardless of the presence of TES or
hypoxia, indicating that TES and hypoxia neither drive the expansion of this population
from hematopoietic progenitors nor increase the CD71 expression throughout neutrophils
differentiation. Normoxic CD71*Neu expressed significantly lower levels of LY6G
compared to normoxic CD71'Neu, confirming that in normoxic conditions the CD71
receptor is expressed mostly in immature neutrophils (Fig. 4c). However, hypoxia was
able to induce a significant increase of both LY6G and CD11B on CD71*Neu (Fig. 4c),
partially mimicking the phenotype observed in vivo within the TME and suggesting that
hypoxia may induce the maturation and activation of the CD71*Neu population, although
maintaining the expression of CD71. Next, we used our in vitro model to FACS sort CD71-
Neu and CD71*Neu and we co-cultured them with CD4* and CD8" T cells pre-stained with
CFSE and stimulated with an anti-CD3 and anti-CD28 to assess their ability to suppress
the proliferation and the IFN-y production of T cells in vitro. Strikingly, we found that
CD71*Neu but not CD71'Neu acquired the ability to suppress both T cell proliferation and
IFN-y production in hypoxic conditions (Fig. 4d, e). Importantly, untreated or TES treated
CD71*Neu did not show suppressive abilities (Fig. 4d, e and S4f, g). Similarly to what
observed in vivo, the potent suppressive ability of hypoxic CD71'Neu correlated with a
pro-tumoral signature characterized by the expression of argl (Fig. 4f), vegfa and tgfb (Fig.
S4h) by RT-qPCR. Of note, hypoxic CD71'Neu and CD71*Neu showed similar levels of
HIFla (Fig. S4i). We also confirmed an increased production of ARG-1 by hypoxic
CD71'Neu by WB (Fig. 4g), while no differences were observed in the inducible nitric
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oxide synthetase (iNOS) expression (Fig. S4j). ARG-1 is a very a well-known suppressive
marker expressed by immunosuppressive neutrophils. To assess ARG-1 contribution to
the immunosuppressive capacity of hypoxic CD71*Neu, we inhibited ARG-1 in the co-
cultures of neutrophils with T cells using the arginine analogue norNOHA. Interestingly,
we found that the treatment with norNOHA critically affected the ability of hypoxic
CD71*Neu to suppress the proliferation and the IFN-y production of T cells (Fig. 4h),
indicating that ARG-1 is a critical mediator of the suppressive ability of CD71*Neu in
hypoxic conditions. To confirm the relevance of this finding, we showed that also
CD71*Neu FACS sorted from SB28 tumors expressed higher levels of ARG-1 by WB
compared to CD71'Neu (Fig. 4i). Of note, neutrophils generated in hypoxic conditions
from CD71 CKO mice showed a similar suppressive ability and ARG-1 levels of those
generated from control mice, confirming that CD71 is not involved in the regulation of the

suppressive ability of CD71*Neu (Fig. S4k, 1, m).

Altogether our data suggest that hypoxia is a major driver of the immunosuppressive

ability of CD71*Neu within GBM tumors through the induction of ARG-1 expression.

Hypoxia boosts glucose metabolism in CD71+Neu.

Our scRNA-seq data indicated CD71'*Neu as a highly glycolytic sub-population of
neutrophils. In addition, it is well established that hypoxia supports metabolic changes
that may drive functional reprogramming of immune cells inside the TME®'. Therefore, we
asked whether hypoxia may drive metabolic changes in neutrophils. To understand the
metabolic profile of neutrophils, we differentiated neutrophils in normoxic and hypoxic
conditions with GM-CSF. At day 5, CD71'Neu and CD71*Neu were FACS sorted and
assayed for their metabolic profile by Seahorse extracellular flux analyzer. Using Seahorse
Mito Stress Test (Fig. 5a-d), we did non observe significant differences in the basal oxygen
consumption rate (OCR) between CD71'Neu and CD71*Neu in normoxic and hypoxic
condition (Fig. 5a, ¢). However, we found that CD71'*Neu, independently of hypoxia,
showed higher spare respiratory capacity (SRC) (Fig. S5a). Importantly, normoxic

CD71'Neu showed higher basal extracellular acidification rate (ECAR) compared to
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normoxic CD71'Neu (Fig. 5 b, d). Hypoxic CD71*Neu demonstrated even higher basal
ECAR when compared with both normoxic CD71*Neu and with normoxic and hypoxic
CD71'Neu (Fig. 5 b, d). These data suggested that CD71'Neu have an intrinsic
predisposition toward a glycolytic metabolism that is highly enhanced in hypoxic
conditions. Thus, to further confirm that hypoxic CD71'Neu are glycolytic cells, we
analyzed their metabolic profile by Seahorse Glycolysis Stress Test (Fig. 5e, f). Our results
confirmed that hypoxic CD71*Neu showed higher glycolysis and glycolytic capacity than
hypoxic CD71'Neu and normoxic CD71'Neu and CD71*Neu (Fig. 5f). Altogether, these
results validated the observations made with scRNA-seq analysis and further suggested
that CD71'Neu and CD71*Neu are two distinct populations of neutrophils characterized
by a different metabolic profile. CD71*Neu are intrinsically more glycolytic than CD71
Neu, and this glycolytic potential is enhanced in hypoxic conditions. This enhanced
glycolytic profile of hypoxic CD71*Neu was accompanied by a higher expression of both
GLUT-1, a major receptor for the uptake of glucose, and LDHA, a rate-limiting enzyme for
lactate production (Fig. 5g), similarly to what was reported in the scRNA-seq data. In line
with that, hypoxic CD71*Neu also showed increased levels of intracellular lactate (Fig. 5h).
Collectively our data suggested that hypoxic CD71'Neu are a highly glycolytic sub-

population of Neu, accumulating massive amounts of intracellular lactate.

To verify the relevance of our in vitro data, we evaluated the ability of in vivo tumor
associated neutrophils to uptake glucose using the fluorescent glucose tracer 2-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NDGB) by flow cytometry. In
vivo CD71"Neu showed higher avidity to uptake 2-NDGB (Fig. 5i) and expressed higher
levels of GLUT-1 compared to CD71*Neu (Fig. 5j). Importantly, we also confirmed that
CD71*Neu expressed higher levels of LDHA (Fig. 5k), which was previously reported in
the scRNA-seq as a distinctive marker of this population. To further confirm our scRNA-
seq findings, tumor associated CD71'Neu showed a higher expression of different
glycolytic genes (Fig. S5b). Tumor associated CD71*Neu also accumulated higher amounts

of intracellular lactate (Fig. 51).

31



To validate our data in human brain cancer patients, we analyzed glucose uptake and
GLUT-1 expression by flow cytometry in tumor associated CD71'Neu and CD71*Neu. As
observed in mouse tumors, human tumor associated CD71'Neu demonstrated higher
avidity for glucose (Fig. 5m) and higher GLUT-1 expression (Fig. 5n) than CD71-Neu. In
addition, also human CD71'Neu showed a higher expression of different glycolytic genes

(Fig. S5c¢), including Idha (Fig. 50).

Since CD71*Neu are immunosuppressive cells in both mouse and human brain tumors,
our data indicated that glucose metabolism is associated and, therefore, could control the

pro-tumoral functions of hypoxic CD71*Neu.

Glycolysis and lactate govern the immunosuppressive activity of CD71+Neu
through histone lactylation.

It is well established that glucose and lactate can drive epigenetic and functional
reprogramming of macrophages. In fact, an enhanced glycolysis and lactate production
were shown to regulate the gene expression and immunosuppressive functions of
macrophages by increasing lactylation levels of histones’ lysine residues thus leading to an
increased ARG-1 production®®. Since our hypoxic CD71'Neu showed increased
glycolysis, lactate production and an ARG-1-dependent immunosuppressive activity, we
analyzed histone lactylation (Kla) and acetylation (Kac) levels in both CD71Neu and
CD71'Neu, isolated from both in vitro cultures and directly from tumor tissue, using anti-
Pan Kla and anti-Pan Kac® antibodies by WB. We found that both in vitro hypoxic
CD71*Neu (Fig. 6a) and in vivo tumor derived CD71*Neu (Fig. 6b) demonstrated higher
Kla levels compared to in vitro hypoxic CD71-Neu, normoxic CD71'Neu and CD71*Neu
and in vivo CD71Neu, respectively. Importantly, no differences in Kac levels were
observed in both in vitro and in vivo neutrophils (Fig. 6a, b). Similarly to what was
previously reported for macrophages, also in hypoxic and in tumor derived CD71*Neu
high levels of Kla correlated with an higher argl transcription and synthesis. Thus, to test
if Kla can regulate argl transcription in tumor derived CD71*Neu, we analyzed the Kla

marks at the promoters of argl gene, using CUT&RUN assay with an anti-Pan Kla
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antibody followed by qPCR, which was optimized in our laboratory. CUT&RUN assay
confirmed that CD71"Neu showed higher levels of Kla marks at the promoter regions of
argl compared to CD71-Neu (Fig. 6c). Collectively, our data suggest that glucose-driven
histone lactylation in CD71*Neu may play a detrimental role in the reprogramming of

CD71*Neu towards cells with potent immunosuppressive activity.

Next, to assess the contribution of glycolysis and lactate to the immunosuppressive
activity of CD71*Neu, we analyzed the suppressive function of in vitro hypoxic Neu
treated with 2-deoxyglucose (2-DG), a glycolysis inhibitor, and GNE-140, an inhibitor of
lactate dehydrogenase®. Strikingly, both the treatment with 2-DG (Fig. 6d) and GNE-140
(Fig. 6e) hampered the capacity of hypoxic CD71*Neu to suppress the proliferation and
IFN-y production of CD4" and CD8* T cells. In addition, 2-DG and GNE-140 treatments
drastically suppressed the transcription (Fig. 6f, g) and synthesis (Fig. 6h) of ARG-1. The
reduced ARG-1 expression that followed the inhibition of glycolysis and LDH was
associated with a simultaneous reduction of the Kla levels (Fig. 6i). Furthermore, we
performed CUT&RUN assay on hypoxic CD71*Neu treated with either 2-DG or GNE-140.
CUT&RUN assay first confirmed that hypoxic CD71*Neu showed higher levels of Kla
marks at the promoter regions of arg-1 compared to hypoxic CD71'Neu (Fig. 6j).
Moreover, 2-DG and GNE-140 treatments were able to drastically reduce the levels of Kla
marks at the promoter regions of argl in hypoxic CD71*Neu (Fig. 6j), confirming the
detrimental role of both the glycolysis and lactate in controlling Kla levels and,
subsequently, ARG-1 expression in hypoxic CD71*Neu. To assess the contribution of
GLUT-1 to the suppressive activity of CD71*Neu, we created myeloid-specific conditional
mice deficient in Slc2al (GLUT-1) by crossing a Slc2al® mouse with a Ly2z Cre* mouse
(Slc2al? Cre*). CD71*Neu isolated from brain tumors (SB28) orthotopically established in
Slc2al™ Cre* mice, exhibited a very low expression of GLUT-1 (Fig. S6a) and an impaired
ability to suppress the proliferation of both CD4*and CD8* T cells (Fig. 6k).

Finally, since also Kac levels can control ARG-1 expression in different ways, depending

on the immune cell type®”’, and in different cells, including MDSC”!, we assessed the
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contribution of Kac to the immunosuppressive phenotype of hypoxic CD71*Neu, by
treating in vitro hypoxic Neu with BMS-303141, an inhibitor of the acetyl-CoA production,
able to inhibit Kac’. Importantly, Kac do not hampered the immunosuppressive activity
and the ARG-1 expression of hypoxic CD71*Neu (Fig. Séb, ¢, d). These results, together
with those showing no differences in the Kac levels between CD71*Neu and CD71-Neu
both in vitro and in wvivo, confirmed the exclusive role of Kla in controlling the

immunosuppressive reprogramming of hypoxic and tumor associated CD71*Neu.

Collectively, these results demonstrate that the increased glycolysis and lactate production
observed in both in vitro hypoxic CD71*Neu and in vivo tumor associated CD71'Neu,
induce high levels of Kla at the argl promoter, promoting an increased ARG-1 synthesis

and thus reprogramming CD71*Neu phenotype towards highly immunosuppressive cells.

CD71*Neu are mobilized from BM during tumor progression and persist
longer within the TME.

Our previous data showed that CD71*Neu progressively infiltrate GBM tumors during
tumor progression, being mostly expanded inside the tumor at later stages. Thus, we
investigated the possible reasons behind this higher accumulation of CD71*Neu in later
stages of brain tumors compared to earlier stages and to the periphery. One possible
explanation could be that neutrophils migrate inside brain tumors and there upregulate
the CD71 receptor. However, our data suggested that CD71'Neu and CD71*Neu are two
distinct population. Moreover, the results showed in figure S4 indicated that both human
and mouse neutrophils are not able to upregulate the CD71 when exposed to either
hypoxia or tumor derived factors. Also, in the figure S3c we showed no differences in the
frequency of CD71*Neu in the BM or spleen of brain tumor-bearing mice compared to
tumor-free mice, indicating that there is not an increase in CD71"Neu production in the
BM or spleen during tumor progression. However, when we looked at the frequencies in
the blood, we observed a drastic increase throughout tumor progression of both the total
neutrophils population and, to a larger extent, of CD71*Neu in both the GL261 and SB28

models (Fig. 7a, b). The same result was obtained when looking at CD71*Neu frequencies
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in the blood of healthy donors vs brain cancer patients (Fig. 7c). Neutrophilia and the
recruitment in the circulation of immature neutrophils occur in both humans and mice and
can promote immunosuppression'’”*74,  Thus, our results together with the literature,
suggested an increase in total neutrophils and, more specifically, in CD71*Neu
mobilization from the BM during tumor progression and prompted us to look at the
chemokines receptors in BM derived neutrophils. neutrophils trafficking from BM into
peripheral blood is tightly regulated, particularly by signaling through the chemokine
receptors CXC-chemokine receptor 2 and 4 (CXCR2 and CXCR4). Expression of CXC-
chemokine ligand 12 (CXCL12) by bone marrow stromal cells mediates the retention of
CXCR4* immature neutrophils. Downregulation of CXCR4 coupled with the upregulation
of CXCR2 and the activation of its signaling in BM neutrophils, triggers the entry of
neutrophils into the peripheral blood. Thus, in the circulation, neutrophils newly released
from the bone marrow are characterized by high expression of CXCR2 and low expression
of CXCR4'"5. Moreover, the upregulation of CXCR4 in tumor associated neutrophils is
associated with aged and pro-tumoral neutrophils, capable of promoting tumor growth
and metastasis’>’®. Compared to BM neutrophils from tumor-free mice, both BM CD71-
Neu and CD71*Neu from SB28-bearing mice significantly upregulated CXCR2 (Fig. 7d),
supporting the increased recruitment of neutrophils in the circulation observed in SB28-
bearing mice. CXCR4 expression was not significantly modulated in both the BM
population (Fig. S7a, b). Of note, compared to their naive counterpart, CD71*Neu
upregulated CXCR2 significantly more than CD71-Neu (Fig. 7d and S7b), indicating a
higher mobilization of this population during tumor progression that could, at least
partially, explain their expansion inside brain tumors at later stages. When comparing
blood CD71'Neu and CD71"Neu from SB28-bearing mice, no differences were observed in
the expression of both CXCR2 and CXCR4 (Fig. S7¢, d, e). However, tumor associated
CD71*Neu expressed similar levels of CXCR2 (Fig. 7e) and significantly higher levels of
CXCR4 (Fig. 7f) when compared to tumor associated CD71'Neu (Fig. S7e). The similar
levels of CXCR2 indicated that probably the recruitment rate to the tumor site is similar

between the two populations of neutrophils. However, the increased CXCR4 expression
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by tumor associated CD71*Neu””, together with their increased GLUT-1 expression”,
suggested that CD71"Neu may be aged neutrophils that are capable of persisting longer
within the tumor bed, acquiring pro-tumoral features. To confirm this, we injected
bromodeoxyuridine (BrdU) in SB28-bearing mice. BrdU is an analog of the DNA precursor
thymidine that is incorporated into newly synthesized DNA by proliferating cells and
persists in the cells until their death or until it gets diluted and lost following several cell
divisions”. BrdU incorporation can be detected by flow cytometry using fluorochromes
associated anti-BrdU antibodies. If measured few hours after the administration, BrdU
incorporation can be used to quantify the in vivo proliferation potential of the cells. In
addition, by studying the persistence of BrdU* cells several days after BrdU
administration, it can reveal information regarding the turnover and the age of cells in
vivo””. 3 hours post injection, CD71*Neu showed a slightly, but not significantly, higher
BrdU incorporation compared to CD71'Neu in the periphery; however, their proliferation
ability was strongly increased inside the tumor, compared to both the periphery and
tumor associated CD71'Neu (Fig. 7g), indicating that these cells most likely acquire
proliferation abilities inside the TME. Between day 2 and 4, BrdU*Neu reached their peak
in both the periphery and the tumor (data not shown), indicating that neutrophils quickly
colonize both the peripheral organs and the tumor, as previously reported”. 9 days after
BrdU administration, almost all neutrophils in the periphery were BrdU- and, thus, had
been replaced by younger neutrophils (Fig. 7h). However, at the tumor site, almost 30% of
CD71*Neu were still BrdU* and, thus, 9 days old, while most of CD71'Neu were BrdU,
indicating that, differently from CD71'Neu, most of CD71-Neu coming from day 0 had
been replaced by younger cells (Fig. 7h). These data suggested that CD71'Neu can
proliferate and persist longer inside the GBM TME compared to CD71-Neu. This appears
in line with our previous findings reporting that tumor associated CD71"Neu expressed
more CD117, as the proliferating neutrophils recently described*, and more GLUT-1 and
CXCR4, as the aged and long-persisting pro-tumoral neutrophils reported in the
literature”™”. This seems also coherent with the role of CD71 that was described as an

important receptor to sustain the proliferation of different cells®>”. However, CD71 was
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also described as capable of inducing ferroptosis and, thus, cell death in different cell
types®, contrasting our previous results that showed how CD71*Neu can persist longer
inside the GBM TME. Therefore, we decided to stain SB28 tumors with LiperFluo, a
routinely used method to assess the accumulation of lipid peroxide in the cells and, thus,
able to indirectly measure the amount of ferroptosis®. Surprisingly, CD71*Neu did not
accumulate lipid peroxide in GBM tumors (Fig. 7i). In line with that, tumor associated
CD71*Neu showed higher levels of the Glutathione Peroxidase 4 (GPX4) (Fig. 7j), the main
inhibitor of lipid peroxidation and, thus, of ferroptosis®>. In line with that, hypoxia
increased the levels of GPX4 in CD71*Neu while decreasing them in CD71-Neu (Fig. 7k),

conferring a survival advantage to hypoxic CD71*Neu (Fig. 71).

Altogether, our results suggest that during GBM progression CD71*Neu are highly
mobilized from the BM; when they reach the GBM TME, CD71*Neu acquire a proliferative

potential and resistance to ferroptosis, thus being able to persist longer at the tumor site.

LDHA targeting through IFNa and Isosafrole prolonged the survival of GBM
bearing mice.

Our data showed that neutrophils play a central role in favoring brain cancer progression,
through the suppression of T cells functions. In particular, the glycolytic population of
CD71*Neu was the key contributor to this immunosuppressive activity. Hypoxia-driven
lactate accumulation and increased Kla levels were able to shape CD71*Neu function,
controlling their pro-tumoral activity. Thus, we reasoned that targeting LDHA in vivo
could result in a reduced lactate production and Kla levels in tumor associated CD71*Neu,
with a consequent loss of their immunosuppressive functions leading to a reduced tumor
progression. Based on a recent publication showing that Interferon a (IFN«) can shape
tumor cells glycolytic metabolism and reduce LDHA levels and activity®, we decided to
first test the potential of IFNa in our in vitro model. IFNa treatment was able to reduce
LDHA expression in hypoxic CD71*Neu and, consequently, reduced the levels of
intracellular lactate and Kla, with a consequent loss of ARG-1 expression (Fig. 8a and S8a,

b) and a complete abrogation of hypoxic CD71*Neu immunosuppressive ability (Fig. 8b,
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¢). Thus, we decided to test the efficacy of IFNa directly in vivo in SB28-bearing mice.
Starting from day 7 after the intra-cranial tumor challenging, we intraperitoneally injected
10,000 L.U./mouse of IFNa every day. The treatment with IFNa strongly improved the

survival of SB28-bearing mice (Fig. 8d).

In addition, we revised the literature and found that the anti-epileptic drug stiripentol was
able to efficiently cross the blood-brain barrier to inhibit LDHA/B activity in the brain of
mice® and successfully slowed tumor progression in a pre-clinical model of murine brain
tumor®. Interestingly, another work showed that an analog of stiripentol, isosafrole,
inhibited LDH enzymes and lactate production to a larger extent than stiripentol, thus
potently suppressing lactate-dependent seizures in vivo in murine models®. However, its
potential in GBM models was never investigated. Therefore, we first tested the effects of
isosafrole treatment in our in vitro system. Compared to the control, isosafrole strongly
reduced LDHA, intracellular lactate and Kla levels, completely abrogating ARG-1
production and the immunosuppressive activity of hypoxic CD71*Neu (Fig. 8e, f, g and
S8¢, d). Giving the promising results obtained in vitro, we tested isosafrole also in vivo.
Starting 7 days after the tumor cells challenging, we treated SB28-bearing mice
intraperitoneally with a dose of 200 mg/kg of isosafrole, every other day. Strikingly, the

treatment with isosafrole drastically delayed tumor growth in SB28-bearing mice (Fig. 8h).

Collectively, our data demonstrate the potential of targeting LDHA and lactate production
in brain tumors. In particular, the repurposing of IFNa and of the anti-epileptic drug
isosafrole, both of which showed a potent ability in reducing CD71*Neu
immunosuppression, for the treatment of GBM-bearing mice, resulted in a dramatic effect
in delaying tumor growth. Thus, these pre-clinical results highlight the promising
potential of introducing these drugs also in novel therapeutical approaches for human

GBM patients.
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Discussion

Glioblastoma is characterized by a profound immunosuppressive TME that restricts the
success of promising immunotherapies. Neutrophils recently emerged as key contributors
to the GBM immunosuppressive TMEY>2788  However, the mechanisms by which
neutrophils govern the immunosuppressive state of GBM tumors remained unknown?.
With this paper, we functionally characterized for the first time tumor associated
neutrophils in the context of murine and human brain tumors. As previously reported?®,
we confirmed that Neu depletion had a critical effect in prolonging the survival of GBM-
bearing mice. This was largely due to their ability of suppressing T cells responses, as
neutrophils’ depletion resulted in a dramatic expansion in T cells infiltration. Similarly,
neutrophils infiltration in human brain cancer was inversely correlated with T cells
infiltration. These data strengthen the concept that neutrophils accumulation in GBM TME

is a critical factor in limiting the success of immunotherapies®.

Single-cell RNA sequencing analysis in blood versus tumor derived neutrophils allowed
us to probe neutrophils heterogeneity in the SB28 murine model of GBM. It is well
established that different subsets of neutrophils can coexist in the same cancer patient!®343¢-
3889, Pro-tumoral and immunosuppressive neutrophils are usually referred as PMN-
MDSC!, however it is still not clear if PMN-MDSC represent a unique population of
neutrophils or if they just represent a functional state induced by the tumor. Moreover, no
unique markers able to precisely discriminate between pro-tumoral and classical
neutrophils in both mice and humans have been described so far. Finally, in most of the
studies available at this moment in brain tumors, neutrophils have been considered as a
homogeneous population and referred as either neutrophils or PMN-MDSC, limiting the
relevance of the findings. Our scRNA-seq analysis showed that blood neutrophils reach
the GBM TME where they are reprogrammed, forming 9 main clusters. Interestingly, a
high glycolytic subset of neutrophils was largely expanded inside the tumor, showing an
increased hypoxic signature and other features previously associated with

immunosuppressive neutrophils. A glycolytic population of Neu showing pro-tumoral
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function was recently identified also in the context of pancreatic ductal adenocarcinoma
(PDAC)*2. However, no surface markers were identified in order to easily distinguish this
population of neutrophils and an in-depth characterization of how the TME controlled
and reprogrammed these cells was lacking. Similarly to what was observed in PDAC, also
our population of glycolytic Neu expressed high levels of LDHA. However, LDHA is not
uniquely expressed by this subset of neutrophils. Interestingly, our scRNA-seq revealed
that glycolytic Neu were characterized by the exclusive expression of CD71. Consequently,
flow cytometry staining allowed the identification of 2 different sub-populations of
neutrophils in both murine and human brain tumors, based on the expression of CD71:
CD71'Neu and CD71'Neu. CD71*Neu were expanded within the TME compared to the
periphery. Contrary to CD71'Neu, only CD71*Neu acquired pro-tumoral features and a

strong immunosuppressive ability at the tumor site.

A proliferating early unipotent neutrophil progenitor population characterized by the
coexpression of CD71 and CD117 was recently identified in the human bone marrow®.
These cells were expanded in the blood of melanoma patients and detectable in blood and
tumors from lung cancer patients. Our tumor associated CD71*Neu expressed high levels
of CD117 and a higher proliferating potential compared to CD71-Neu. However, they
showed a mature morphology, higher levels of LY6G, CD101 and CD11B, suggesting
common features with both mature and immature cells. This may suggest that once
CD71*Neu migrate into the TME, they undergo maturation and activation without losing
the expression of CD71 and CD117. In support of this hypothesis, our in vitro model
showed that hypoxia is able to induce maturation and upregulation of both LY6G and
CD11B in CD71*Neu. Overall, GBM is one of the most hypoxic tumor types®*, with an
intratumoral average of 1.25% O: levels®. This, together with our scRNA-seq data showing
that most of SB28 tumor associated Neu are exposed to a strongly hypoxic TME, support

the relevance of our in vitro model based on 1% O: cultures.

Hypoxia induced an ARG-1-dependent immunosuppressive activity selectively in

CD71*Neu. These results are in line with a previous publication showing that hypoxia is
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able to control the differentiation and function of MDSC%. Moreover, ARG-1 was already
linked with the ability of neutrophils to suppress T cells in GBM?3. However, molecular
insights showing how hypoxia can reprogram immunosuppressive neutrophils were
missing. Moreover, clear evidence of how neutrophils metabolism can drive their function
within the TME were never reported. We found that, differently from CD71Neu,
CD71*Neu have an intrinsic predisposition toward a glycolytic metabolism that is highly
enhanced in hypoxic conditions, together with an increased LDHA expression. This
difference in their metabolism, leads CD71*Neu to produce and accumulate higher levels
of intracellular lactate both in vitro under hypoxic conditions and in vivo within the TME.
A recent study demonstrated that glucose is incompletely oxidized to produce the
metabolite lactate which generate lactyl-CoA®. This lactyl-CoA acted to add a lactyl group
to the lysine tails of histone proteins to produce a modification called histone lactylation®
Histone lactylation (Kla) promotes the expression of homeostatic genes in the late phase of
in vitro polarization with LPS/IFN-y® as well as reparative genes in macrophages that
regulate inflammation resolution and cardiac repair initiation after myocardial infarction®.
Moreover, Kla was able to reprogram immunosuppressive M2-like macrophages by
controlling ARG-1 expression®%. However, the role of Kla in neutrophils was never
investigated. We found that both in vitro hypoxic CD71*Neu and in vivo tumor associated
CD71*Neu had increased levels of Kla. CUT&RUN assay confirmed higher level of Kla
marks at the ARG-1 promoter in CD71*Neu, supporting the idea that, similarly to what
was observed in macrophages®>*, Kla can control ARG-1 expression also in hypoxic
CD71*Neu. Inhibiting glycolysis through 2-DG and lactate production through the LDHA
inhibitor GNE-140, led to a dramatic reduction in Kla and ARG-1 levels, and a complete
abrogation of the immunosuppressive ability of hypoxic CD71*Neu, confirming the
detrimental role of glycolysis and lactate production in reprogramming the function of
these cells. Some papers showed that also Kac levels can control ARG-1 synthesis in
different and opposite ways depending on the immune cell type®”’, including MDSC™.
However, both in vitro hypoxic CD71*Neu and in vivo tumor associated CD71*Neu did not

show changes in Kac levels compared to both CD71'Neu and to their normoxic
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counterpart. Moreover, inhibition of Kac did not reduce ARG-1 expression and did not
alter the immunosuppressive activity of hypoxic Neu, indicating that Kac levels are not

involved in the immunosuppressive reprogramming of hypoxic CD71*Neu.

CD71*Neu were expanded in the blood and tumor of both GBM-bearing mice and GBM
human patients. CD71 expression could not be induced in either murine or human CD71-
Neu. In addition, CD71*Neu were not expanded in both the spleen and BM of GBM-
bearing mice, suggesting that their production is not increased during tumor progression.
Our scRNA-seq data suggested that blood neutrophils are recruited inside the tumor. Our
cytokines receptors staining suggested that both CD71'Neu and CD71*Neu are highly
mobilized from the BM during tumor progression. However, compared to their naive
counterpart, BM CD71*Neu upregulated the CXCR2 receptor to a larger extent compared
to CD71'Neu, thus explaining their massive expansion throughout tumor progression in
the blood of both murine GBM models and human patients. Previous studies already
highlighted how the expansion of neutrophils in the circulation and the massive
recruitment of immature cells promote immunosuppression in both mice and
humans'”7374, Neutrophils trafficking from BM into the circulation is finely controlled by
signaling through the chemokine receptors CXCR2 and CXCR4. Expression of CXCL12 by
BM stromal cells retains CXCR4* immature neutrophils inside the BM. Downregulation of
CXCR4 together with upregulation of CXCR2 and activation of its signaling in BM
neutrophils, triggers the entry of neutrophils into the peripheral blood. CXCR2 levels on
neutrophils surface tightly regulate their recruitment at the tumor site®. The similar
expression of CXCR2 by CD71'Neu and CD71'*Neu in both blood and tumor of SB28-
bearing mice, suggested a similar recruitment rate of both these two neutrophils
populations at the tumor site. Thus, a higher mobilization from BM could only partially
explain the observed expansion of CD71*Neu at the tumor site. However, the increased
expression of GLUT-1 and CXCR4 by tumor associated CD71*Neu suggested an increased
persistency of these cells within the tumor microenvironment, as the increased expression
of both these receptors at the tumor site was previously associated with aged and pro-

tumoral Neu”®””. The high CD117 and CD71 expression by tumor CD71*Neu also
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suggested that these cells could exhibit proliferating abilities®. BrdU experiments
confirmed that CD71*Neu show an increased proliferating potential within the tumor and
are able to persist longer inside GBMs compared to CD71-Neu. Since CD71 is a marker of
ferroptotic cells®, we would have expected an increased susceptibility of these cells to
undergo ferroptosis at the tumor site. Strikingly, LiperFluo staining indicated a reduced
accumulation of peroxides lipids by these cells at the tumor site, accompanied by a
dramatic upregulation of GPX4, the main inhibitor of ferroptosis®. Hypoxia was able to
upregulate GPX4 expression in CD71*Neu while reducing it in CD71-Neu, conferring a
survival advantage to hypoxic CD71*Neu. These results are in line with a recent paper in
which LY6Ghe" neutrophils isolated from the BM (mostly CD71;, as previously reported in
our results) downregulated GPX4 when exposed to hypoxia®. Contrary to what was
reported in this paper, our CD71*Neu seems to upregulate GPX4 in hypoxic conditions as
a compensatory mechanism allowing them to persist longer in the TME and suppress T
cells responses. However, the differences observed in these 2 diverse systems suggest an
intricate link between hypoxia, glucose metabolism, GPX4 expression, ferroptosis
regulation and CD71*Neu functions, which will need to be further investigated in future

studies.

Finally, since neutrophils played a pivotal role in determining the survival of GBM-
bearing mice and since their immunosuppressive ability relied on lactate-dependent Kla,
we decided to target LDHA in vivo with the aim of reducing lactate accumulation and
KLA in CD71*Neu, thus hampering their immunosuppressive ability. Importantly, LDHA
targeting has recently emerged as a very promising approach to treat cancer patients”. In
fact, individuals showing genetic deficiencies in LDHA subunits only develop minor
symptoms as muscle rigidity and myoglobinuria after strenuous excercise®®, thus
indicating potential high anticancer efficacy, accompanied by only minor side effects. We
developed 2 different therapeutical approaches to target LDHA in a murine GBM model,
involving either IFN« or the anti-epileptic drug Isosafrole. Both the drugs already showed
their great potential in efficiently targeting LDHAS®# and revealed able to completely

hamper the immunosuppressive ability of in vitro hypoxic CD71*Neu through the
43



reduction of Kla levels and the subsequent inhibition of ARG-1 production. When
administered to SB28-bearing mice, both the compound showed a dramatic effect in
prolonging mice survival, suggesting their promising role as anti-GBM treatments. Of
note, I[FNa already showed promising results in a phase 3 randomized trial for the

treatment of newly diagnosed high-grade gliomas in combination with temozolomide!®.

In summary, our study probed for the first time neutrophils heterogeneity in the context of
brain tumors. We identified the glycolytic population of CD71*Neu as able of strongly
suppress T cells function in both human and mice brain tumors. CD71*Neu reach GBM
tumors where they are reprogrammed by the hypoxic TME, becoming able to persist
longer within the tumor, thanks to their proliferating ability and resistance to ferroptosis,
and acquiring immunosuppressive features. CD71'Neu are cells with an intrinsic
predisposition towards a glycolytic metabolism, which is strongly increased in hypoxic
conditions, leading to increased intracellular lactate levels, Kla levels and ARG-1
production. Due to the incomplete understanding of the mechanisms by which
neutrophils can shape the immunosuppressive TME, targeting pro-tumoral neutrophils
has so far proven to be extremely difficult****. However, our study presented an in-depth
characterization of how the glycolytic metabolism is able to shape the function of
immunosuppressive CD71*Neu within the hypoxic GBM TME. So, we were able to target
this novel mechanism by inhibiting LDHA in vivo, using IFNa and Isosafrole, and thus
proposing these two drugs as very promising compounds to be introduced in future

therapeutical approaches for patients with brain cancer.
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Fig. 1 - Neutrophils infiltrate brain tumors acquiring immunosuppressive features.

(a). Frequency of Neu out of live CD45* cells in the brain of naive vs GBM-bearing mice by FACS.
(b). Frequency of Neu out of live CD45* cells in GL261 vs SB28 GBM murine models by FACS. (c).
Kaplan-Meier representation of SB28-bearing mice treated with the isotype control or the Neu
depleting strategy (aLy6G). (d). Frequency of Neu, CD8"and CD4* T cells out of live CD45* cells in
tumor of SB28-bearing mice after Neu depletion by FACS. (e). Suppressive ability of mouse tumor
(SB28) derived Neu on CD8*and CD4* T cells proliferation, measured as CFSE dilution by FACS.
(f). Frequencies of different immune cells out of live CD45* cells in brain cancer patients from
Moffitt Cancer Center (USA) and Policlinico Umberto I by FACS. (g). Frequency of Neu out of live
CD45* cells in brain cancer patients from Moffitt Cancer Center (USA) and Policlinico Umberto I
by FACS. (h). Frequency of Neu out of live CD45* cells in brain cancer patients divided in newly
diagnosed (ND) and recurrent (Rec) from Moffitt Cancer Center (USA) and Policlinico Umberto I
by FACS. (i). Frequency of Neu out of live CD45* cells in brain cancer patients divided based on
the diagnosis from Moffitt Cancer Center (USA) and Policlinico Umberto I by FACS. (j).
Suppressive ability of human tumor derived Neu on CD8*and CD4* T cells proliferation, measured
as CFSE dilution by FACS. (k). Correlation between the presence of Neu and T cells in the tumor of
brain cancer patients by FACS. All data are presented as mean + SEM. Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test (a, b, e and i), Kaplan-Meier
method and log-rank test (c), unpaired two-sided Student’s t-tests (d and h), paired two-sided
Student’s t-tests (j) and Pearson Correlation Coefficient with the associated two-tailed p value (k).
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Fig. 2 - A population of glycolytic neutrophils expressing the CD71 receptor is
expanded in brain tumors where it acquires a hypoxic signature.

(a). Unsupervised clustering of Neu. (b). Unsupervised clustering of Neu based on sample’s origin.
(c). Main features of the different Neu clusters. (d). Cell type composition of the different samples.
(e). Pathway analysis in the different Neu clusters.
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Fig. 3 - CD71*Neu are critical contributors to the immunosuppressive activity associated
with neutrophils in brain tumors.

(a). CD71 expression in different murine organs by FACS. (b). Example of murine tumor derived
Neu gating strategy based on CD71 expression by FACS. (c). Giemsa staining of tumor derived
Neu. (d). Frequencies of CD71"Neu and CD71Neu in different murine organs by FACS. (e).
Frequency of CD71*Neu out of live CD45* cells in murine brain by FACS. (f). Frequency of
CD71*Neu out of live CD45* cells in the SB28 GBM murine model over time by FACS. (g).
Suppressive ability of mouse tumor (S5B28) derived CD71*Neu and CD71-Neu on CD8"and CD4* T
cells proliferation, measured as CFSE dilution by FACS. (h). Example of human tumor derived
Neu gating strategy based on CD71 expression (left) and frequencies of CD71*Neu and CD71-Neu
in human blood and tumor (right), by FACS. (i). Frequency of CD71*Neu out of live CD45" cells in
human brain cancers. (j). Suppressive ability of human tumor derived CD71*Neu and CD71-Neu
on CD8&" and CD4* T cells proliferation, measured as CFSE dilution by FACS. (k). Correlation
between the presence of CD71*Neu or CD71'Neu and PD1*CD137°CD8* T cells in the tumor of
brain cancer patients by FACS. All data are presented as mean + SEM. Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test (a, e, f and i), paired two-sided
Student’s t-tests (g and j) and Pearson Correlation Coefficient with the associated two-tailed p
value (k).
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Fig. 4 - Hypoxia drives immunosuppressive function and ARG-1 expression in
CD71*Neu.

(a). anti-PIMO staining by FACS, expressed as PIMO Geom. Mean fold change to splenic Neu. (b).
Example of murine in vitro Neu gating strategy based on CD71 expression by FACS. (c). LY6G and
CD11B expression in in vitro Neu by FACS. (d). Suppressive ability of in vitro CD71*Neu and CD71-
Neu on CD8*and CD4*T cells proliferation, measured as CFSE dilution by FACS. (e). Suppressive
ability of in vitro CD71*"Neu and CD71-Neu on CD8*and CD4* T cells IFN-y production by FACS.
(f). arg1 expression by RT-QPCR in in vitro Neu. (g). WB of indicated markers in in vitro Neu. (h).
Suppressive ability of in vitro CD71*Neu and CD71-Neu treated with nor-NOHA on CD8* and
CD4* T cells proliferation (left), measured as CFSE dilution, and IFN-y production (right), by
FACS. (i). WB of indicated markers in tumor derived Neu. All data are presented as mean + SEM.
Statistical analysis was performed using two-way ANOVA with Tukey’s post hoc test.
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Fig. 5 - Hypoxia boosts glucose metabolism in CD71*Neu.

(a). Representative Mito Stress Test kinetic plot wherein values for Oxygen Consumption Rate
(OCR, pmol/min) are plotted versus time. Note that oligomycin A was injected at 18 min followed
by FCCP injection at 36 min and rotenone and antimycin A injection at 54 min. (b). Representative
Mito Stress Test kinetic plot wherein values for extracellular acidification rate (ECAR, mpH/min)
are plotted versus time. Note that oligomycin A was injected at 18 min followed by FCCP injection
at 36 min and rotenone and antimycin A injection at 54 min. (c). Summaries of OCR data
representative of the basal OCR levels. (d). Summaries of ECAR data representative of the basal
ECAR levels. (e). Representative Glyco Stress Test kinetic plot wherein values for extracellular
acidification rate (ECAR, mpH/min) are plotted versus time. Note that glucose was injected at 18
min followed by oligomycin A injection at 36 min and 2-DG injection at 54 min. (f). Summaries of
ECAR data representative of the Glycolytic capacity (left) and glycolysis (right). (g). WB of
indicated markers in in vitro Neu. (h). Intracellular lactate levels in in vitro Neu (Lactate assay kit).
(i). 2-NDGB uptake in murine tumor (SB28) derived Neu measured by FACS. (j). GLUT-1
expression in murine tumor (SB28) derived Neu measured by FACS. (k). WB of indicated markers
in tumor derived Neu. (I). Intracellular lactate levels in in vitro Neu (Lactate assay kit). (m). 2-
NDGB uptake in human tumor derived Neu measured by FACS. (n). GLUT-1 expression in
human tumor derived Neu measured by FACS. (o). [dha expression by RT-qPCR in human tumor
derived Neu. All data are presented as mean + SEM. Statistical analysis was performed using one-
way ANOVA with Tukey’s post hoc test (c, d, and f), two-way ANOVA with Tukey’s post hoc test
(h), and paired two-sided Student’s t-tests (i, j, 1, m, n and o).
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Fig. 6 - Glycolysis and lactate govern the immunosuppressive activity of CD71*Neu
through histone lactylation.

(a). WB of indicated markers in in vitro Neu. (b). WB of indicated markers in tumor derived Neu.
(c). CUT&RUN-RT-qPCR analysis for the association of Kla with the promoter of Argl gene in
tumor derived Neu. (d). Suppressive ability of in vitro hypoxic CD71*Neu and CD71-Neu treated
with 2-DG on CD8* and CD4* T cells proliferation (left), measured as CFSE dilution, and IFN-y
production (right), by FACS. (e). Suppressive ability of in vitro hypoxic CD71*Neu and CD71-Neu
treated with GNE-140 on CD8*and CD4* T cells proliferation (left), measured as CFSE dilution, and
IFN-y production (right), by FACS. (f). arg1 expression by RT-qPCR in in vitro hypoxic CD71*Neu
and CD71-Neu treated with 2-DG. (g). argl expression by RT-qPCR in in vitro hypoxic CD71*Neu
and CD71-Neu treated with GNE-140. (h). WB of indicated markers in in vitro hypoxic Neu treated
with 2-DG and GNE-140. (i). WB of indicated markers in in vitro hypoxic Neu treated with 2-DG
and GNE-140. (j). CUT&RUN-RT-qPCR analysis for the association of Kla with the promoter of
Argl gene in in vitro hypoxic Neu treated with 2-DG and GNE-140. (k). Suppressive ability of
tumor (5B28) derived CD71*Neu and CD71-Neu from control (Slc2al?f LysMk-) vs GLUT-1 CKO
(Slc2al®”f LysMRE*) mice on CD8* and CD4* T cells proliferation, measured as CFSE dilution by
FACS. All data are presented as mean + SEM. Statistical analysis was performed using two-way
ANOVA with Holm-Sidék’s post hoc test (¢ and j) and two-way ANOVA with Tukey’s post hoc
test (d, e, f, g and k).
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Fig. 7 - CD71*Neu are mobilized from BM during tumor progression and persist longer
within the TME.

(a). Frequency of Neu out of live CD45* cells in the blood of SB28 (left) and GL261 (right) GBM
murine models over time by FACS. (b). Frequency of CD71*Neu out of live CD45* cells in the
blood of SB28 (left) and GL261 (right) GBM murine models over time by FACS. (c). Frequency of
CD71*Neu out of live CD45* cells in the blood of healthy donor (HD) vs brain cancer patients by
FACS. (d). CXCR2 Geom. Mean fold change of SB28-bearing mice BM derived CD71*Neu vs CD71-
Neu to their naive counterpart, by FACS. (e). CXCR2 expression by tumor (SB28) derived Neu by
FACS. (f). CXCR4 expression by tumor (SB28) derived Neu by FACS. (g). In wvivo BrdU
incorporation by Neu 3h post BrdU administration, measured by FACS. (h). In vivo BrdU
persistence in Neu 9 days post BrdU administration, measured by FACS. (i). LiperFluo staining on
tumor (SB28) derived Neu by FACS. (j). WB of indicated markers in tumor (SB28) derived Neu.
(k). WB of indicated markers in in vitro Neu. (l). Survival of in vitro hypoxic Neu. All data are
presented as mean + SEM. Statistical analysis was performed using one-way ANOVA with
Tukey’s post hoc test (a, b and d), unpaired two-sided Student’s t-tests (¢, e and f), paired two-
sided Student’s t-tests (d), two-way ANOVA with Tukey’s post hoc test (g, h and i) and two-way
ANOVA with Holm-Sidak’s post hoc test (I).
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Fig. 8 - LDHA targeting through IFN«a and Isosafrole prolonged the survival of GBM
bearing mice.

(a). WB of indicated markers in in vitro hypoxic Neu after treatment with IFNa. (b). Suppressive
ability of in vitro hypoxic CD71*Neu and CD71-Neu treated with IFNa on CD8" and CD4* T cells
proliferation measured as CFSE dilution by FACS. (c). Suppressive ability of in vitro hypoxic
CD71*Neu and CD71-Neu treated with IFNa on CD8" T cells IFN-y production by FACS. (d).
Kaplan-Meier representation of SB28-bearing mice treated with vehicle or IFNa. The dashed line
indicates the ending of treatment. (e). WB of indicated markers in in vitro hypoxic Neu after
treatment with Isosafrole. (f). Suppressive ability of in vitro hypoxic CD71*Neu and CD71-Neu
treated with Isosafrole on CD8*and CD4* T cells proliferation measured as CFSE dilution by FACS.
(g). Suppressive ability of in vitro hypoxic CD71*Neu and CD71-Neu treated with Isosafrole on
CD8* T cells IFN-y production by FACS. (h). Kaplan-Meier representation of SB28-bearing mice
treated with DMSO or Isosafrole. The dashed line indicates the ending of treatment. All data are
presented as mean = SEM. Statistical analysis was performed using two-way ANOVA with

Tukey’s post hoc test (b, ¢, f and g) and Kaplan-Meier method and log-rank test (d and h).
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Supplementary Fig. 1 - Neutrophils infiltrate brain tumors acquiring

immunosuppressive features.

(a). Frequency of Neu out of live CD45* cells in the spleen and BM of naive vs GBM-bearing mice
by FACS. (b). Frequency of Neu out of live CD45* cells in the blood of SB28-bearing mice (left) and
direct vs indirect Neu gating strategy (right) after Neu depletion by FACS. (c). Indirect Neu gating
strategy in tumor after Neu depletion by FACS. (d). Frequency of monocytes, MDM and MG out of
live CD45* cells in tumor of SB28-bearing mice after Neu depletion by FACS. (e). RT-qPCR of the
indicated markers of in vivo Neu from naive vs tumor (SB28)-bearing mice. (f). LOX-1 expression
by human patients’ blood vs tumor derived Neu by FACS. All data are presented as mean + SEM.
Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test (a), two-way
ANOVA with Tukey’s post hoc test (b and e), unpaired two-sided Student’s t-tests (d) and paired
two-sided Student’s ¢-tests (f).
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Supplementary Fig. 2 - A population of glycolytic neutrophils expressing the CD71
receptor is expanded in brain tumors where it acquires a hypoxic signature.

(a). Unsupervised clustering of Neu. (b). Most expressed genes in the different clusters of Neu. The
arrow indicates the tfrc gene. (c). Cell type numbers in the different samples.
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Supplementary Fig. 3 - CD71*Neu are critical contributors to the immunosuppressive
activity associated with neutrophils in brain tumors.

(a). tfrc expression by RT-qPCR of in vivo Neu from naive vs tumor (5B28)-bearing mice. (b). Geom.
Mean of the indicated markers of tumor (SB28) derived Neu by FACS. (c). Frequency of CD71*Neu
out of live CD45* cells in the spleen and BM of naive vs GBM-bearing mice by FACS. (d).
Suppressive ability of BM derived CD71*Neu and CD71-Neu FACS sorted from SB28-bearing mice
on CD8" and CD4* T cells proliferation, measured as CFSE dilution by FACS. (e). RT-qPCR or
Geom. Mean fold change by FACS of the indicated markers of in vivo Neu from SB28-bearing mice.
(f). WB of indicated markers in tumor (SB28) derived Neu. (g). Kaplan-Meier representation of
SB28-bearing control (Tfrc”f SI00A8RE) vs CD71 CKO (Tfrc?”t SI00A8E*) mice. (h). Suppressive
ability of tumor (SB28) derived Neu from control (Tfrc”® S100A8®E-) vs CD71 CKO (Tfrc
S100A8RE*) mice on CD8*and CD4* T cells proliferation, measured as CFSE dilution by FACS. (i).
Suppressive ability of blood derived CD71*Neu and CD71'Neu FACS sorted from brain cancer
patients on CD8*and CD4* T cells proliferation, measured as CFSE dilution by FACS. (j). RT-qPCR
or Geom. Mean fold change by FACS of the indicated markers of in vivo Neu from human brain
tumors. All data are presented as mean + SEM. Statistical analysis was performed using two-way
ANOVA with Tukey’s post hoc test (a), unpaired two-sided Student’s t-tests (b), one-way ANOVA
with Tukey’s post hoc test (¢ and h), paired two-sided Student’s t-tests (d, e, i and j) and Kaplan-
Meier method and log-rank test (g).
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Supplementary Fig. 4 - Hypoxia drives immunosuppressive function and ARG-1
expression in CD71*Neu.

(a). Frequency of CD71*Neu in in vitro murine mature Neu. (b). tfrc expression by RT-qPCR of in
vitro murine mature Neu. (c¢). WB of indicated markers in in vitro murine mature Neu. (d).
Frequency of CD71*Neu in in vitro human mature Neu. (e). Frequency of CD71*Neu in in vitro BM
precursors derived Neu. (f). Suppressive ability of in vitro CD71*Neu and CD71-Neu on CD8* and
CD4* T cells proliferation, measured as CFSE dilution by FACS. (g). Suppressive ability of in vitro
CD71*Neu and CD71-Neu on CD8*and CD4* T cells IFN-y production by FACS. (h). RT-QPCR of
the indicated markers of in vitro Neu. (i). WB of indicated markers in in vitro hypoxic Neu. (j). WB
of indicated markers in in vitro Neu. (k). Suppressive ability of in vitro generated Neu from the BM
of control (Tfrc”* SI00A8RE) vs CD71 CKO (Tfrc”f SI00A8RE*) mice on CD8* and CD4* T cells
proliferation, measured as CFSE dilution by FACS. (). Suppressive ability of in vitro generated
Neu from the BM of control (Tfrc?t SI00A8%E-) vs CD71 CKO (Tfrc”f S100A8RE*) mice on CD8* and
CD4' T cells IFN-y production, by FACS. (m). WB of indicated markers in in vitro hypoxic Neu
generated from the BM of control (Tfrc”f SI00A8RE) vs CD71 CKO (Tfrc* SI00A8RE*) mice. All
data are presented as mean + SEM. Statistical analysis was performed using one-way ANOVA
with Tukey’s post hoc test (a, e, k and 1), two-way ANOVA with Tukey’s post hoc test (b, £, g and
h) and unpaired two-sided Student’s t-tests (d).
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Supplementary Fig. 5 - Hypoxia boosts glucose metabolism in CD71*Neu.

(a). Summaries of OCR data representative of the Spare Respiratory Capacity. (b). RT-qPCR of the
indicated markers of in vivo tumor (SB28) derived Neu. (c). RT-qPCR of the indicated markers of in
vivo Neu from human brain tumors. All data are presented as mean + SEM. Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test (a) and paired two-sided Student’s
t-tests (b and c).
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Supplementary Fig. 6 - Glycolysis and lactate govern the immunosuppressive activity of
CD71*Neu through histone lactylation.

(a). GLUT-1 expression by FACS of tumor (5B28) derived CD71"Neu and CD71-Neu from control
(Slc2al? LysMRE) vs GLUT-1 CKO (Slc2al?”f LysMRE*) mice (b). Suppressive ability of in vitro
hypoxic CD71*Neu and CD71-Neu treated with BMS-303141 on CD8*and CD4* T cells proliferation
(left), measured as CFSE dilution, and IFN-y production (right), by FACS. (c). argl expression by
RT-gPCR in in vitro hypoxic CD71*Neu and CD71Neu treated with BMS-303141. (h). WB of
indicated markers in in vitro hypoxic Neu treated with BMS-303141. All data are presented as
mean + SEM. Statistical analysis was performed using two-way ANOVA with Tukey’s post hoc

test.
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Supplementary Fig. 7 - CD71*Neu are mobilized from BM during tumor progression
and persist longer within the TME.

(a). CXCR4 Geom. Mean fold change of SB28-bearing mice BM derived CD71"Neu vs CD71-Neu to
their naive counterpart, by FACS. (b). CXCR4 and CXCR2 expression by FACS in naive vs SB28-
bearing mice BM derived Neu. (c). CXCR2 expression by blood derived Neu in SB28-bearing mice
by FACS. (d). CXCR4 expression by blood derived Neu in SB28-bearing mice by FACS. (e). CXCR4
and CXCR2 expression by FACS in blood vs tumor derived Neu in SB28-bearing mice. All data are
presented as mean + SEM. Statistical analysis was performed using one-way ANOVA with

Tukey’s post hoc test (a) and unpaired two-sided Student’s t-tests (c and d).
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Fig. 8 - LDHA targeting through IFN« and Isosafrole prolonged the survival of GBM
bearing mice.

(a). Intracellular lactate levels in in vitro hypoxic CD71*Neu and CD71-Neu treated with IFN«
(Lactate assay kit). (b). argl expression by RT-qPCR in in vitro hypoxic CD71*Neu and CD71-Neu
treated with BMS-303141. (c). Intracellular lactate levels in in vitro hypoxic CD71*"Neu and CD71
Neu treated with Isosafrole (Lactate assay kit). (b). argl expression by RT-qPCR in in vitro hypoxic
CD71*Neu and CD71Neu treated with Isosafrole.
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vecchie incomprensioni e nuove alleanze".
Mercoledi 2 Febbraio. Prof.L.Farina/A.Rughetti/M.Nuti Network medicine:
Perspectives 2.
Mercoledi 9 Febbraio. Maura Gancitano e Andrea Colamedici, Seminari STITCH
“Big data e medicina”.” Prove di dialogo tra medicina e big data: vecchie
incomprensioni e nuove alleanze”.
Mercoledi 16 febbraio 14,30-17 online Prof.L.Farina/A.Rughetti/E. Ferretti, Data
Base PhD game, Corso per il disegno e costruzione di un database per la raccolta
dati dei pazienti e la successiva analisi.
Giovedi 17 febbraio. A.Rughetti, Basic of Immunology for Oncology — L.
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Venerdi 18 febbraio. A.Rughetti Basic of Immunology for Oncology — II.

Mercoledi 23 febbraio. Prof.L.Farina/A.Rughetti/M.Nuti, Data Base PhD game,
Corso per il disegno e costruzione di un database per la raccolta dati dei pazienti e
la successiva analisi.

Mercoledi 2 Marzo. ProfL.Farina/A.Rughetti/M.Nuti, Network medicine:
Perspectives 3.

Mercoledi 9 Marzo. Prof.L.Farina/A.Rughetti/A.Po, Data Base PhD game, Corso per
il disegno e costruzione di un database per la raccolta dati dei pazienti e la
successiva analisi.

Mercoledi 16 marzo. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti, Data
Base PhD game, Corso per il disegno e costruzione di un database per la raccolta
dati dei pazienti e la successiva analisi.

Mercoledi 23 Marzo. Prof.M.Petti/L.Farina, I linguaggi della Network medicine.
Mercoledi 30 marzo. Prof.M.Petti/L.Farina, I linguaggi della Network medicine.
Mercoledi 6 Aprile. Prof.L.Farina/A.Rughetti/A.Po, Data Base PhD game, Corso per
il disegno e costruzione di un database per la raccolta dati dei pazienti e la
successiva analisi.

Mercoledi 13 Aprile. Prof.M.Petti/L.Farina, I linguaggi della Network medicine.
Mercoledi 20 Aprile. Prof.M.Petti/L.Farina, I linguaggi della Network medicine.
Mercoledi 27 Aprile. Prof.M.Petti/L.Farina, I linguaggi della Network medicine.
Mercoledi 4 maggio. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti, Data
Base PhD game, Corso per il disegno e costruzione di un database per la raccolta
dati dei pazienti e la successiva analisi.

Mercoledi 18 maggio. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti,
Data Base PhD game, Corso per il disegno e costruzione di un database per la
raccolta dati dei pazienti e la successiva analisi.

Mercoledi 25 maggio. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti,
Tutoring: Learned lessons 36° vs 37°.

Mercoledi 8 giugno. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti, Data
Base PhD game, Corso per il disegno e costruzione di un database per la raccolta
dati dei pazienti e la successiva analisi.

Mercoledi 22 Giugno. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti,
Data Base PhD game, Corso per il disegno e costruzione di un database per la
raccolta dati dei pazienti e la successiva analisi.

Mercoledi 6 luglio. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti, Data
Base PhD game, Corso per il disegno e costruzione di un database per la raccolta
dati dei pazienti e la successiva analisi.

Mercoledi 20 luglio. Prof.L.Farina/A.Rughetti/Z.M. Besharat/A. Po/E. Ferretti, Data
Base PhD game, Corso per il disegno e costruzione di un database per la raccolta
dati dei pazienti e la successiva analisi.

34 YEAR (November 2022 — October 2023).

Tutti i Martedi, Novembre 2022 — Ottobre 2023. Conferenze “Immuno Oncology
Program, Reasearch in progress”.
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Tutti i Giovedi, Novembre 2022 — Ottobre 2023. Conferenze “Advances in Tumor
Immunology and Cancer Research Journal Club”.

Me 21 Settembre 2022. L.Farina- A.Rughetti- A.Po- M.Petti- C.Napoletano-
E.Ferretti ~ Meeting PhD students.

Me 5 Ottobre 2022. Dottorandi 3° anno European Society for Medical Oncology
2022 update.

Lu 17 Ottobre 2022. L.Farina- A.Rughetti- A.Po-Z.M.Besharat - E.Ferretti Passaggio
d’anno.

16 Novembre 2022. Therapeutic Development in Neuro-Oncology Symposium.

14 Dicembre 2022. Jennifer L. Guerriero, PhD, Dana-Farber Cancer Institute,
presents "The complexities of tumor associated macrophages and the key to
effective targeting for anti-cancer therapy." Seminar and lunch with speaker.

14 Febbraio. Thirumala-Devi Kanneganti PhD, St. Jude Children's Research
Hospital, presents "Targeting Innate Immunity and Inflammatory Cell Death,
PANoptosis for the Treatment of Inflammatory and Infectious Diseases." Seminar
and lunch with speaker.

Ma 14 Marzo 2023. Z.M. Besharat. Come si allestisce un data-base (1/2).

Ve 17 Marzo 2023. Z.M. Besharat. Come si allestisce un data-base (1/2).

Tutti i Venerdi, Marzo 2023 — Luglio 2023. Gruppo di lavoro B - I'applicazione della
medicina delle reti nell’ambito oncologico. L.Farina- A.Rughetti- A.Po- M.Petti-
C.Napoletano- E.Ferretti.

Ma 9 maggio 2023. A. Po - G. Catanzaro. Modelli preclinici 1/2.

Ma 16 maggio 2023 . A. Po - G. Catanzaro. Modelli preclinici 2/2.

13 Giugno. Weiping Zou, MD, PhD, University of Michigan Medical School,
presents "IFN, a matter of life and death in cancer immunotherapy."

26 Luglio. Juan R. Cubillos-Ruiz, PhD, Meyer Cancer Center, Weill Cornell
Medicine, Cornell University, presents "Decoding and Intercepting ER Stress
Signals for Cancer Immunotherapy." Seminar and lunch with speaker.
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