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Glioblastoma (GBM) is the most lethal primary brain malignancy®. Immunosuppression
inthe GBM tumour microenvironment (TME) isanimportant barrier toimmune-
targeted therapies, but our understanding of the mechanisms of immune regulation
in the GBM TME is limited®. Here we describe a viral barcode interaction-tracing
approach®to analyse TME cell-cell communication in GBM clinical samples and
preclinical models at single-cell resolution. We combine it with single-cell and bulk
RNA-sequencing analyses, human organotypic GBM cultures, in vivo cell-specific
CRISPR-Cas9-driven genetic perturbations as well as human and mouse experimental
systems to identify an annexin Al-formyl peptide receptor 1 (ANXA1-FPR1)
bidirectional astrocyte-GBM communication pathway that limits tumour-specific
immunity. FPR1inhibits immunogenic necroptosisin tumour cells, and ANXA1
suppresses NF-kB and inflammasome activation in astrocytes. ANXAl expression
inastrocytes and FPR1 expression in cancer cells are associated with poor outcomes
inindividuals with GBM. The inactivation of astrocyte-glioma ANXA1-FPR1signalling
enhanced dendritic cell, T celland macrophage responses, increasing infiltration

by tumour-specific CD8* T cells and limiting T cell exhaustion. In summary, we have
developed amethod to analyse TME cell-cell interactions at single-cell resolutionin
clinical samples and preclinical models, and used it to identify bidirectional astrocyte-
GBM communication through ANXA1-FPR1as adriver ofimmune evasion and tumour

progression.

GBMisanaggressive formof brain cancer with afive-year survival rate
oflessthan10% (ref.1). The lack of effective therapies leaves patientsin
dire need of effective options, despite undergoing surgery, radiation
and chemotherapy'. Althoughimmunotherapies such as T cell check-
pointblockade haverevolutionized treatment for many malignancies,
immunotherapy has been unsuccessfulin GBM'. Theimmune-mediated
recognition and targeting of GBM is limited by heterogeneity within
tumours and between patients, as well as by acomplex TME, in which
the drivers of immunosuppression are poorly understood?.
Cell-cell interactions in the GBM TME have central roles in esta-
blishing an immunosuppressive microenvironment that limits

tumour-specificimmune responses. For instance, tumour-associated
macrophages (TAMs) in the TME interact with T cells*® and cancer
cells>”®to promote cancer progression. Furthermore, astrocyte inter-
actions withimmune cells regulate inflammation in autoimmune and
neurodegenerative diseases®', but their contributions to GBM TME
immunosuppression are not well understood. Indeed, the systematic
investigation of TME cell-cell interactions that promote GBMimmune
evasion hasbeen limited by alack of tools for unbiased analysis in clini-
cal samples and experimental models at single-cell resolution.

Here we describe the development of a viral barcode interaction-
tracing approach to study TME cell-cell interactions in GBM clinical
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samples and preclinical models with single-cell resolution. Using this
innovative approach, we have identified a bidirectional communica-
tion pathway involving ANXA1 expressed inastrocytes and itsreceptor
FPR1 expressed in GBM cells and found that it limits tumour-specific
immune responses. In summary, we have developed a new approach
for the investigation of cellular interactions in the TME and were able
toidentify mechanisms of disease pathogenesis and candidate thera-
peutic targets in GBM.

Sequencing and viral barcoding of GBM tissue

To study astrocyte functions in GBM, we first analysed single-cell RNA
sequencing (scRNA-seq) data from clinical GBM specimens", identify-
ing malignant cells by copy-number variation analysis of chromosome
7 gain and chromosome 10 loss™* (Fig. 1a). We next used a combina-
tion of gene expression and downstream pathway activation to rank
differentially expressed genes (DEGs) in non-malignant astrocytes by
their biological relevance. ANXA1 (which encodes annexin Al) ranked
highest among recurrence- and disease-associated DEGs (Fig. 1a,b,
Extended DataFig.1aand Supplementary Dataland 2).Indeed, ANXA1
transcripts were enriched inastrocytes fromindividuals with GBM com-
pared withnon-diseased astrocytes, as well as inastrocytes fromindi-
viduals with GBM with accelerated recurrence of less than 12 months
(Fig.1cand Extended DataFig.1a-d). To validate these findings, we used
multipleximmunofluorescence microscopy to analyse two independ-
ent cohorts of patients with GBM (Supplementary Data 3), using OLIG2
or SOX2expression to identify tumour cells* (Extended DataFig. 1e,f).
We detected increased ANXAI expression in astrocytes surrounding
areas of high SOX2* or OLIG2* tumour cellular density (Fig. 1d-fand
Extended Data Fig. 1g—j); GBM cells expressed lower levels of ANXAI
(Extended Data Fig. 1g,j). Furthermore, spatial transcriptomics data-
sets” showed ANXAI expression to be highly enriched in non-malignant
astrocytes'®, which are most abundant at the infiltrating tumour zone
of GBM (Extended Data Fig. 1k,1). These findings indicate that ANXA1
expression in astrocytes is linked to TME regions where tumour cells
are likely to remain after surgery and are associated with worse out-
comes in GBM.

We next adapted our method for in vivo labelling of interact-
ing cells with barcoded mCherry in a process called rabies barcode
interaction detection followed by scRNA-seq (RABID-seq?), using
glycoprotein-deficient pseudotyped rabies virus to detect interactions
between ANXA1"astrocytes and other cellsin GBM surgical specimens.
First, we established organotypicslice cultures from surgical specimens
obtained from three patients with recurrent GBM (Supplementary
Table1). In RABID-seq, the uniquely barcoded glycoprotein-deficient
rabies virus (RabAG) is pseudotyped with EnvA to limit initial infec-
tion to cells expressing TVA; replication is limited to cells expressing
glycoprotein G that are required for envelope formation®. Thus, we
used alentiviral vector to transduce the genes encoding TVA and glyco-
protein G under the control of the EF1a promoter in GBM organotypic
slice cultures, enabling initial RabAG entry into any cell type (Fig. 1g
and Extended Data Fig. 1m-s). Indeed, we used immunofluorescence
to detect infection by the TVA/G-expressing lentivirus and RabAG
(Extended Data Fig. 2a-z). Five days after lentiviral transduction,
we infected the cultures with RabAG, and five days later we isolated
mCherry* cells by flow-cytometry sorting; mCherry” cells were then
analysed by scRNA-seq to detect transcriptomes and shared barcodes
indicative of cell-cell interactions (Fig. 1g).

We detected barcodes shared between tumour cells and mac-
rophages, astrocytes, endothelial cells and neurons, but astrocytes
shared the greatest number of barcodes with malignant cells (Fig. 1h,i
and Extended Data Fig. 1Im-s). Of note, lower than expected numbers
of oligodendrocytes and neurons are consistent with previous reports
using similar tissue-dissociation methods followed by flow-cytometry
sorting"”. Notably, astrocytes expressing the ANXAI gene signature
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shared numerous barcodes with malignant cells indicative of abundant
interactions (Fig. 1i) and were enriched for severalimmunosuppressive
genes and pathways, suchas LGALS1, PD-1-PD-L1, TME, TGFf and STAT3
signalling (Fig. 1j,k and Supplementary Data 4 and 5). In summary,
we developed patient-tissue RABID-seq (ptRABID-seq), a barcoding
approach to study TME cell-cell interactions in tissue from patients
with GBM, whichidentified ANXA1"astrocytes that interact with GBM
cells and show animmunosuppressive phenotype.

Tumour-anchored RABID-seq of mouse glioma

We next investigated astrocyte-glioma interactions in vivo using the
GL261 orthotopic murine glioma model in syngeneic B6 wild-type
mice. To develop a RABID-seq approach in which RabAG first infects
tumour cells and then spreads to other interacting cells in the TME
invivo (tumour-anchored RABID-seq; taRABID-seq), we engineered
mouse GL261 cells to express glycoprotein G and the EnvA recep-
tor TVA. We implanted wild-type B6 mice intracranially with GL261
cells expressing glycoprotein G and TVA, and after confirmation of
tumour growth, we injected barcoded RabAG at the same site (Fig. 2a).
One week after RabAG injection, virus-infected mCherry” GL261 and
interacting non-malignant cells, including astrocytes, were sorted by
flow cytometry and analysed by scRNA-seq to detect cell transcrip-
tomes and shared barcodes (Fig. 2b,c and Extended Data Figs. 3a-p
and 4a-c). The analysis of astrocyte-tumour interaction networks by
taRABID-seq detected abundant connections between GL261 cells (dis-
tinguished by GFP expression) and astrocytes enriched for the ANXA1
signature (Fig. 2d and Extended Data Fig. 4d). We detected no differ-
encesin ANXAlsignature expressioninastrocytesisolated 14 or 21days
after tumour implantation (Extended Data Fig. 4e). Moreover, ANXA1
signature-positive astrocytes connected to GL261 cells displayed
decreased expression of NLRP3 inflammasome components (Vrp3and
NeklI) and aconcomitant upregulation of anti-inflammatory molecules
(Tgfbrl, Entpd1, Il10rb, Havcr2 and Vsir) and signalling pathways (IL-10,
TGFp, STAT3 and arginase signalling) when compared with ANXAT"
astrocytes not connected to cancer cells (Fig. 2e and Supplementary
Data6).Reciprocally, GL261 cellsinteracting with astrocytes displaying
an ANXALl signature exhibited upregulation of PD-1-PD-L1 signalling
and downregulation of neuroinflammatory signalling and necroptosis,
an immunogenic form of cell death that activates T cell responses™
(Fig. 2f and Supplementary Data 7). Indeed, multiple suppressors of
necroptosis (Traf2, Cflar, Ripkl and Hmox1) were upregulated, whereas
necroptosis drivers were downregulated (Cyld and Pcbp2)®. Hence,
our RABID-seq analyses of clinical and pre-clinical samples indicate
that ANXA1" astrocytes and glioma cells participate in bidirectional
immunosuppressive interactions.

Wealso identified other candidate mediators of GBM cell-cellinter-
actions by taRABID-seq. When comparing DEGs between connected
and non-connected tumour cell-astrocyte pairs in taRABID-seq, we
detected anenrichment of Ax/in connected GL261 cellsinteracting with
astrocytes (Extended Data Fig. 4f). Indeed, Ax/inactivation in GL261
cellsextended survivalin tumour-bearing mice (Extended DataFig. 4g).
Furthermore, tumour cells interacting with TAMs were enriched for
known (Cd47 and Pdcd1lg2) and new candidate regulators of pathogenic
GBM-TAMinteractions, such as Cd38 (ref. 20), Cd93 (ref.21), Tmem60
(ref.22), Asb3 (ref.23), Btf3l4 (ref.24) and S100a10 (ref. 25) (Extended
Data Fig. 4h); these molecules have been associated with worsened
prognosis and implicated inimmunosuppression, but they remain
mechanistically unexplored in GBM.

FPR1in GBMis linked to poor prognosis

ANXALis an agonist of formyl peptide receptors (FPRs)?. We detected
FPRIexpressioninour GBM scRNA-seq dataset"; FPR2and FPR3showed
lower expression (Extended DataFig. 5a—e). We validated FPR1 protein
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Fig.1|Patient-tissue RABID-seq identifies ANXA1" astrocytesinhuman
GBM. a, Dataset schematic and volcano plot of DEGs detected in astrocytes by
scRNA-seqina GBM cohort'; n=392astrocytes. b, Biological relevance score
ofastrocyte DEGs from early- and late-recurring tumours, calculated according
to the differential expression and number of pathways affected by each gene.

¢, Astrocyte ANXAI expressionin scRNA-seq GBM dataset showing time to
recurrence.d,e, Representative images ofimmunofluorescence analysis of
three control (d) and three GBM tumours (e) at the infiltrating tumour zone
displaying ANXA1expressioninastrocytes.Scalebars, 25 pm. f, Quantification of
ANXAI expressioninnon-malignant astrocytes (n =4 control non-diseased brain
specimens; n=4GBM specimens). Intotal, n=11,505 GBM-associated astrocytes
andn=7,755 control astrocytes were quantified. Datashow mean = s.e.m.and

expressionin GBM cellsin acohort of EGFRVIII" patients (Fig.3a,band
Extended Data Fig. 5f); FPR2 and FPR3 were expressed at lower levels.
We therefore studied the role of FPR1in GBM.

We evaluated the correlation between FPRI expression and disease
outcomesin GBM. FPR1protein expression by GBM cells wasinversely
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g, Schematic of ptRABID-seq to study clinical samples. h, UMAP plot of non-
malignant cells from organotypic GBM cultures analysed by ptRABID-seq
(n=1,520cells).i, Connectome captured by ptRABID-seq. Bands represent
connections between two cell types; band width corresponds to the number of
connections detected. ANXA1signature-positive astrocytes are highlighted in
the astrocyte-GBM band (n =219 tumour cells and n =149 astrocytes).j, DEGs
between ANXA1lsignature-positive astrocytes and ANXAI signature-negative
astrocytes connected to GBM cells. k, Ingenuity pathway analysis of the DEGs
showninj.lllustrationsinaand g created in BioRender (Lee, ). https://BioRender.
com/Obkvepw;2025).

correlated with survival (Fig. 3b and Supplementary Data 3). FPR1
expression was also higher in individuals with GBM with accelerated
recurrence (Fig. 3c). Furthermore, a transcriptional signature of FPRI
signallingin GBM cells derived from our scRNA-seq dataset was associ-
ated with shorter survival time in a multivariate analysis of GBM cohorts
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Fig.2| Tumour-anchored RABID-seq detects astrocyte-glioma
communication. a, Schematic of taRABID-seq to study the TME. b, UMAP
of cellsanalysed by taRABID-seq (n = 6 mice, n =21,189 cells). ¢, Circos plot
showing connectome captured by taRABID-seq.d, Circos plot of astrocyte—
GL261connections divided by ANXAlsignature expression (n=307 tumour
cells, n=83 astrocytes). e, Volcano plot and ingenuity pathway analysis

from The Cancer Genome Atlas (TCGA) and Glioma Longitudinal Analy-
sis (GLASS) datasets (Fig. 3d and Supplementary Data 8).

To further evaluate the functional relevance of FPR1 expression
in glioma cells, we inactivated Fprl in mouse GL261 cells using the
CRISPR-Cas9 systemand aspecific targeting guide RNA (gRNA), using
arandom-sequence gRNA and agRNA targeting Fpr2as controls (Fig. 3e
and Extended Data Fig. 5g). Fpr1 inactivation did not affect GL261 cell
proliferation (Extended Data Fig. 5h) but extended survival after intrac-
ranialimplantation of GL261and CT-2A tumours (Fig. 3fand Extended
DataFig. 5i). Notably, inactivation of the Fpri-related gene Fpr2in GL261
cellshad no effect on survival (Extended Data Fig. 5j). Moreover, there
was no survival benefit from Fpriinactivationin GL261 cellsimplanted
into Rag2-deficient mice (Extended Data Fig. 5k). Collectively, these
findingsindicate that the ANXAlreceptor FPR1intumour cells contrib-
utes to GBM pathology by modulating the adaptive immune response
against the tumour.

To investigate the role of intratumoral spatial heterogeneity in
FPR1 expression in GBM cells, we evaluated the correlation of FPR1
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of DEGsin ANXAlsignature-positive astrocytes comparing astrocytes
connected to GL261 cells with astrocytes not connected to GL261 cells.
f,Volcano plot and ingenuity pathway analysis of DEGs comparing GL261cells
connected to ANXAlsignature-positive astrocytes with GL261 cells that are not
connected. Illustrationsinacreated in BioRender (Lee, J. https://BioRender.com/
Obkvepw;2025).

expression with recently defined glioblastoma cell layers and spa-
tial niches'®?. FPR1 expression was most highly correlated with the
immune hub layer (Extended Data Fig. 51) and with tumour cells dis-
playing a mesenchymal-like cellular state (Extended Data Fig. 5m).
Notably, theimmune hub layer is adjacent to the outer margins of the
tumour®, which include the infiltrating tumour zone”. Indeed, FPR1
and ANXA1 were most highly co-expressed at the infiltrating tumour
zone” (Extended Data Fig. 5n). These data, in combination withinvitro
evidencethat Fprlinactivationimpairs the migratory capacity of glioma
cells (Extended Data Fig. 50), indicate that ANXA1-FPR1 interactions
contribute to immunosuppression as GBM cells migrate from the
tumour core to more distant sites.

FPR1suppresses GBM cell necroptosis

To further evaluate the role of FPR1in glioma, we analysed RNA-seq
control or Fprl-inactivated GL261 cells 24 days after implantation in
wild-type B6 mice (Fig. 3g). Fprl inactivation resulted in increased
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showing volcano plot (g) and pathway analysis (h) (n =4 mice each).i, Violin plot
of necroptosis and FPRsignalling signatures in cells fromindividuals with
GBM'2 j, Published necroptosis-related prognostic GBM signature and
necroptosis signalling signature (GOBP_M24779) applied to RNA-seq of GL261
after Fprl (sgFprl) or control (sgRandom) inactivation. k, Necroptosis pathway

schematic.l,m, Immunofluorescence microscopy (I) and quantification (m)

of pMLKL in GL261sgFprI-implanted mice (n=3 mice per group, two-sided
unpaired t-test). n, Design of in vitro studies using primary human GBM
isolates treated with ZVAD-FMK (Z), cycloheximide (C) and TNF (T) toinduce
necroptosis. 0, pMLKL in one human GBM isolate after necroptosis induction
withrecombinant human ANXA1land/or an FPR1-neutralizing antibody (one
dot per well withn =3 wells). p, Design of the necroptosis system using the
GL261-RIPK3**model followed by in vivo activation by B/B homodimerizer
(alsoknownas AP20187) administration. q, Kaplan-Meier plot of GL261 cells
expressing small-molecule-activatable RIPK3 (n =20 mice each; log-rank test).
r,Intratumoral GL261 GARC-1-specific CD8" T cells; Pvalue calculated using
anunpaired two-tailed t-test. Graphsinf,m,0,q and rrepresent one of three
independentreplicate experiments and Pvalues were from two-sided unpaired
ttestsinb,i,m,0andr.****P<0.0001,*P<0.01,*P<0.02. Dataare mean +s.e.m.
inb,m,0andr.Scalebars:25 pm (a) and 50 pum (I). lllustrationsin ncreated in
BioRender (Lee, J. https://BioRender.com/Obkvepw; 2025).
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expression of Ripk3 (encoding receptor-interacting protein kinase 3)
and other necroptosis-related genes in tumour cells (Fig. 3g,h and Sup-
plementary Data9). Consistent with these findings, the FPR1signalling
transcriptional signature intumour cells was inversely correlated with a
necroptosis gene signature in GBM scRNA-seq data™ (Fig. 3j,i). Further-
more, in FPR1-deficient GL261 cells, which were identified by luciferase
expression, we detected increased phosphorylation of the necroptosis
executioner pMLKL using immunofluorescence® (Fig. 3k-m).

We next used human GBM isolates to examine the effects of FPR1
signalling on tumour-cell necroptosis induced by the pan-caspase
inhibitor ZVAD-FMK, the protein-synthesis inhibitor cycloheximide
and tumour necrosis facto as described previously*® (Fig. 3n and Sup-
plementary Table 2). Treatment of three independent GBM isolates
with the FPR1 agonist ANXA1 decreased necroptosis, as detected by
pMLKL quantification; by contrast, treatment with an FPR1-blocking
antibody abrogated the anti-necroptotic effect of ANXA1 (Fig.30 and
Extended Data Fig. 6ab).

To further investigate the role of necroptosis in tumour immunity,
we generated two GL261 lines expressing a RIPK3 variant that is acti-
vatable by small-molecule-induced dimerization (GL261-RIPK3*")*
(Fig.3pand Extended DataFig. 6¢,d). We implanted mice with a mix of
70% wild-type GL261 and 30% GL261-RIPK3*“ cells and intravenously
administered the brain-penetrantinducer of RIPK3 dimerization 5days
later (Fig.3p). The induction of necroptosisinafraction of gliomacells
resulted in a significant extension of survival (Fig. 3q).

As well as promoting cell death, necroptosis activates NF-kB and
other pathways that boost the expression of pro-inflammatory mol-
ecules and may supportantitumour immunity’®. Indeed, activation of
necroptosis in vivo increased the abundance of tumour-infiltrating
conventional dendritic cell 1 (cDC1), whereas cDC2s were decreased
(Extended Data Fig. 6e,f). Furthermore, GL261-associated antigen
GARC-1-specific® and IFNy-producing CD8" T cells were increased
when necroptosis was induced (Fig. 3r and Extended Data Fig. 6g).
Conversely, tumour-infiltrating T cells displayed decreased expres-
sion of IL-10, TIM3 and FOXP3 in mice bearing necroptosis-activated
GL261-RIPK3** tumours (Extended Data Fig. 6h-k).

In complementary in vitro experiments, we generated a GL261 line
co-expressing RIPK3*“ and the model antigen OVA (GL261-RIPK3**/
OVA; Extended Data Fig. 6d). We then generated tumour-cell lysates
from GL261-RIPK3*"/OVA cells treated with the inducer of RIPK3
dimerizationtoinduce necroptosis or vehicle (Extended Data Fig. 6l).
Mouse splenic dendritic cells (DCs) treated with lysate from necrop-
totic GL261-RIPK3*"/OVA cells had an increased ability to activate
OT-1T cell receptor-transgenic OVA-specific CD8" T cells (Extended
Data Fig. 6m-w). Together, these findings indicate that disruption of
ANXA1-driven FPR1signalling unleashes GBM cell necroptosis, which
boosts glioma-specificimmunity.

ANXALI1 limits astrocyte inflammatory response

ANXALlislocalized inthe membrane, cytoplasm or nucleus and modu-
lates biological responses in the cells that expressit®; we also detected
ANXAlsecretionby astrocytes (Extended DataFig. 7a). Thus, we inves-
tigated the effect of FPRI-ANXAl interactions on astrocyte responses.
First, we analysed the effect of Fprlinactivation in GL261 cellsimplanted
intracranially into wild-type B6 mice. In RNA-seq analyses, astrocytes
from mice implanted with FpriI-inactivated GL261 cells displayed
increased pro-inflammatory signalling, including NF-kB and NLRP3
inflammasome pathways, compared with astrocytes from control
GL261-implanted mice (Fig. 4a-c and Supplementary Data10).Indeed,
inimmunofluorescence validation studies, we detected increased ASC
speck formation and nuclear NF-kB (indicative of activation) in TME
astrocytes after Fprl inactivation in GL261 cells (Fig. 4d-f).

To establish the role of ANXALin the regulation of inflammasome
and NF-kB activationin human cells, we co-cultured human astrocytes
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with GBM cells and quantified inflammasome and NF-kB activation
following stimulation with lipopolysaccharide (LPS) followed by
polyinosinic:polycytidylic acid (poly(I:C)) as described previously**
(Fig.4g). Wefound that LPS and poly(I:C) treatmentinduced ASC speck
formation and IL-1f3 cleavage (Fig. 4h-j and Extended Data Fig. 7b).
Similarly, treatment with TNF and IL-1f induced NF-kB nuclear localiza-
tion (Fig. 4k and Extended DataFig. 7c). However, co-culture with GBM
cells abrogated these responses (Fig.4h-k and Extended DataFig. 7b,c).
Moreover, the FPR1Linhibitor T-0080, which blocks the FPR1interaction
site with ANXAL (ref. 35), or an anti-FPR1 blocking antibody rescued
the pro-inflammatory responses of co-cultured astrocytes (Fig. 4i-k).

To complement these findings, we evaluated the effect of Anxal
inactivationinastrocytesinthe GL261 orthotopic modelin B6 wild-type
mice. To inactivate Anxal in astrocytes, we injected the retro-orbital
sinus of wild-type B6 mice with 5 x 102 genome copies of PHP.eB
serotype adeno-associated virus (AAV-PHP.eB) encoding sgAnxal
or sgRosa26 under the U6 promoter and Staphylococcus aureus Cas9
(SaCas9) under the GFAPpromoter GfaABC,D expressed in astrocytes
(Fig. 4l and Extended Data Fig. 7d,e). Three weeks later, GL261 cells
were implanted by intracranial injection. Anxal inactivation in astro-
cytes extended survival (Fig.4m). We validated this beneficial effectin
independent studiesin whichwe used alentivirus-based CRISPR-Cas9
systemto knockdown Anxalin astrocytes (Extended DataFig. 7f,g). The
extension of survival resulting from Anxal inactivation in astrocytes
was concomitant with the upregulation of pro-inflammatory astrocyte
responses, as determined by the increased expression detected by
RNA-seq of transcriptional modules associated with IL-1and NF-kB
signalling in astrocytes (Extended Data Fig. 7h,i and Supplementary
Data11). Anxal inactivation in astrocytes also resulted in decreased
glioma cell G-protein-coupled receptor (GPCR) signalling, which is
consistent with the mechanism of ANXAl-induced FPR1 signalling
because FPRs are GPCRs* (Extended Data Fig. 7j). Moreover, Anxal
inactivation in astrocytes also led to increased ASC speck formation,
as determined by immunofluorescence (Fig. 4n and Extended Data
Fig. 7k), which is concomitant with increased pMLKL expression in
tumour cells (Fig. 40). However, astrocyte-specific Anxal inactivation
provided only a minor survival benefit in immunodeficient Rag2”"
mice (Extended DataFig. 71), supporting arole for astrocyte-produced
ANXALin the suppression of the adaptive immune response to the
tumour. Taken together, these findings indicate that ANXAlsuppresses
astrocyte pro-inflammatory responses driven by NF-kB and the inflam-
masome in astrocytes, and it also limits glioma-cell necroptosis and
antitumour immunity.

ANXAI-FPR1disruption boosts GBM immunity

Astrocytes control myeloid and T cell responses in the central nerv-
ous system (CNS)**!, ANXAL is reported to promote immunosup-
pression®, indicating that ANXAI-expressing astrocytes could limit
tumour-specific T cells. We therefore analysed the T cell response to
gliomaafter theinactivationof Fpriin GL261 cells or Anxalin astrocytes
(Extended Data Fig. 8a). Tumour-infiltrating CD8" T cells displayed
increased expression of numerous pathways associated with T cell
receptor signalling, such as NUR77 and CD28, and co-stimulatory
pathways, such asICOS, 0X40 signalling and cytotoxicity in recipients
of Fpr1-deficient GL261 cells (Fig. 5a,b and Supplementary Data 12).
Similarly, in CD4" T cells we detected increased expression of tran-
scriptional moduleslinked to T cell activation, proliferation, survival,
Thelper1(T,1) cell polarizationand memory formation (Fig. 5c,d and
Supplementary Data13). Furthermore, Fprlinactivationin GL261 cells
also triggered the activation of transcriptional programs linked to
antitumour responses in TAMs derived from monocytes and micro-
glia, such as those linked to antigen presentation, phagocytosis and
pro-inflammatory cytokine signalling (Extended Data Fig. 8b,c and
Supplementary Data 14 and 15).
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Fig.4|ANXAlinhibits astrocyteimmuneresponses. a-c, RNA-seq of
astrocytes from GL261sgFprl or sgRandom-bearing mice. Volcano plot (a)
and pathway analysis (b,c) are shown (n =3 sgFprl and n = 4 sgRandom mice).
d-f,Immunofluorescence of ASC (d,e) and nuclear NF-kB (f) in peritumoral
GFAP-positive luciferase-negative astrocytes. Each point represents one
mouse (n =3 mice per group).g-j, Co-culture of primary human astrocytes
with CellTrace-labelled primary GBM culturesin the presence or absence of
LPSand poly(I:C) + FPR1inhibitor (FPR1i) T-0080 (g, top right arm), followed
byimmunofluorescence staining for ASC (h,i) or cleaved IL-1f (j) (n =3 replicate
wells per group). k, Co-culture of primary human astrocytes with CellTrace-
labelled primary GBM cultures in the presence or absence of TNF and IL-1j3,
FPR1inhibitor T-0080 and neutralizing anti-FPR1antibody (g, schematic,
bottom right arm), staining for nuclear NF-kB.1,m, AAV constructand GBM

In support of these findings, in flow-cytometry studies, Fprl inacti-
vation in GL261 cells was linked to an increase in tumour-infiltrating
CD8" T cells reactive with the GL261-associated antigen GARC-1
(ref. 32) (Fig. 5e) and decreased expression of the exhaustion

mouse model timeline for survival, RNA-seq and immunofluorescence analysis
(I).Kaplan-Meier survival plot of GL261-bearing mice, transduced with sgRosa
orsgAnxal AAV-PHP.eB under the GFAPpromoter (m); n = 8 mice per group, log
rank.n, Immunofluorescence staining of ASC, GFAP and DAPIin peritumoral
regions from GL261-bearing mice from day 24. Each point represents one
mouse; n =3 mice per group. o, Immunofluorescence staining of pMLKL and
DAPIintumour-cell regions from mice that underwent geneticinactivation

of Anxal, followed by implantation of GL261. Each point represents a different
mouse; n=3micepergroup.Ine,f,ijk mnando,there wasonereplicate
experiment, whichwas performed three times with similar results. ***P < 0.001,
**P<0.005,*P<0.05. Pvalues were from unpaired two-tailed t-tests (e,f,i,j, k,n
and o). Dataare mean *s.e.m. (e,f,i,j, k,nand o). Scale bars, 25 um. Illustrations
ingcreatedinBioRender (Lee,]. https://BioRender.com/Obkvepw;2025).

markers PD-1and TIM-3, as well as the terminal exhaustion phenotype
PD-1'TIM-3'SLAMF6° (ref. 42) (Fig. 5f,g). We also detected a decrease
in FOXP3" regulatory T cells, IL-10" and IL-10°FOXP3™ CD4" T cells, and
anincreaseinIL-2* CD4" T cells (Extended DataFig. 9a-d). Conversely,
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Fig.5|Disruption of astrocyte-glioma ANXA1-FPR1crosstalkenhances
anti-tumourimmunity. a-d, Experimental schematic and bulk RNA-seq
analysis of CD8" (a,b) and CD4" (c,d) T cells from GL261 sgFpri-implanted mice.
DEGs (a,c) and pathway analysis (b,d) are shown; n =3 mice per sgFprl group
and n=5mice for the sgRandom group. e-g, Flow-cytometry analysis of CD8"
Tcellsfrom GL261sgFpri-bearing mice. CD8'T cells stained for tumour-
specificantigen GARC-1(e; n =9 for sgRosa26 and n =14 for sgFprlI; two-sided
unpaired t-test) or exhaustion markers (f, PD-1; g, TIM3) are shown (n =9 mice
for GL261sgRandom and n =14 mice for GL261sgFprI; two-sided unpaired ¢-
test). h-1, Schematic (h) and bulk RNA-seq analysis of CD8’ (i,j) and CD4" (k,I)
Tcellssorted from GL261-implanted mice after AAV-mediated genetic Anxal

Fprl overexpression in GL261 cells resulted in decreased GARCI-
specificCD8" T cellsand CD8"T cells undergoing degranulation; it also
reduced IFNy and TNF production (Extended Data Fig. 9e-h).

These changes in T cells in the TME of mice implanted with Fpr1-
deficient GL261 cells were concomitant with increased cDCls and
monocytic DCs, decreased cDC2s, upregulation of pro-inflammatory

8 | Nature | www.nature.com
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Z-score

inactivationinastrocytes (n =4 mice for sgAnxal, CD8" and CD4"; n =4 mice for
CD8*; n=5micefor CD4"T cell sgRosa group). DEGs (i,k) and pathway analysis
(j,1) areshown.m,n, Flow-cytometry analysis of CD8" T cells from GL261-bearing
mice after genetic Anxalinactivationinastrocytes. CD8' T cells were stained
with tetramersloaded with the tumour-specific antigen GARC-1(m; n =10 for
sgRosa26 and n = 8 for sgAnxal; two-sided unpaired t-test), SLAMF6 and
exhaustion markers PD-1and TIM-3 (n =8 for sgRosa and n = 5for sgAnxal; two-
sided unpaired t-test). Datain e, f,g,mand nrepresent pooled data from three
separate experiments.***P<0.0005,**P<0.01,*P<0.05.Dataaremean = s.e.m.
(e,f,g,mandn).

pathways and downregulation of anti-inflammatory signalling
(Extended Data Fig. 9i-n and Supplementary Data 16-18). These
findings are of particular importance in light of the role of cDC1
in promoting tumour immunity****, Thus, FPR1 regulates GBM
necroptosis and limits immunogenic signalling in DCs and T cell
activation.



Further support for a role of ANXA1-FPR1 signalling in the con-
trol of glioma immunity was provided by analysis of the effects of
Anxal inactivation in astrocytes, which resulted in the upregulation
of transcriptional modules linked to T cell receptor signalling, pro-
liferation, trafficking, cytotoxicity and memory differentiation in
tumour-infiltrating CD8" T cells, as determined by RNA-seq (Fig. 5h-j
and Supplementary Data 19). Anxal inactivation in astrocytes also
led to increased expression of genes linked to T, 1 cell differentia-
tion, IFNy, TNF and IL-7 signalling in CD4" T cells (Fig. 5k,l and Sup-
plementary Data 20). In agreement with these findings, FACS
analyses of tumour-infiltrating CD8" T cells detected an increase in
GARC-1-reactive CD8' T cells following Anxal inactivationin astrocytes
(Fig. 5m), concomitant with reduced expression of the exhaustion
markers PD-1and TIM-3 and a decrease in CD8" T cells displaying the
terminally exhausted T cell phenotype PD-1'TIM-3"'SLAMF6™ (Fig. 5n
and Extended Data Fig. 90,p). Furthermore, Anxal inactivation in
astrocytesled totheactivation of numerous transcriptional programs
linked to activation and antitumour TAM responses (Extended Data
Fig.9q,r and Supplementary Data 21 and 22). These findings indicate
that FPR1I-ANXAlglioma-astrocyteinteractions limit tumour-specific
T cell responses.

Discussion

The immunosuppressive nature of the TME represents a substantial
challenge for the success of immunotherapy in GBM. It is therefore
important to define TME mechanisms that limit theimmune response
to GBM.Indeed, immunosuppressive mechanisms driven by TAMs*®and
neutrophils* have been described in the GBM TME. However, despite
their roles in the immune response to infection, neurodegeneration,
autoimmunity and brain metastases®*, astrocytes are under-studied
inGBM. For example, astrocytes secreteimmunosuppressive cytokines
when co-cultured with GBM tumour cells¥, but the study of astrocytes
in bulk precluded the identification of the specific astrocyte subsets
and mechanisms involved. Using RABID-seq to study of TME cell-cell
communication with single-cell resolution, we established that bidi-
rectional astrocyte-GBM interactions mediated by ANXAland FPR1
promote tumour immunoevasion.

ANXALl s a calcium-dependent phospholipid-binding protein that
regulates cellular responsesin the cells that expressit and also in neigh-
bouring cells expressing FPR*. ANXA1 expression and secretion are
induced by glucocorticoids*®, which are prescribed to nearly all patients
with GBM atsome pointin their disease course. ANXAl contributes to
the immune-suppressive activities of glucocorticoids through multi-
ple mechanisms, including the inhibition of cytosolic phospholipase
A, (PLA,)*® and inducible nitric oxide synthetase (iNOS)*, and also
through the induction of anti-inflammatory cytokines such as IL-10
(ref. 50). ANXA1 has also been reported to inhibit NLRP3 inflamma-
some activationin macrophages, suppressing the production of active
IL-1B°". We have shown that cytosolic PLA, promotes NF-kB activation
inastrocytes®, driving pro-inflammatory responses characterized by
the expression of iNOS, IL-1f and other molecules that promote CNS
inflammation, and also activating microglia and other cell types. Thus,
ANXALlinhibits pathways that driveimmunostimulatory responsesin
astrocytes and other cells in the GBM TME.

FPRsignallingis reported to boost the invasiveness and proliferative
capacity of GBM cells®, but its effects on tumour-specific immunity
have remained unknown. Here we show that FPR1 signalling inhib-
its necroptosis in GBM cells and tumour-specificimmunity. Indeed,
necroptosis has been shown to promote tumour-specific immune
responses through the release of tumour-associated antigens in
combination with pro-inflammatory signals®**. However, the role of
necroptosis in GBM has thus far been unclear®. RIPK1and RIPK3 activa-
tion during necroptosis increases cytosolic calcium levels®. A similar
increase occurs following FPR1 blockade®, and increased cytosolic

calcium levels lower the threshold for necroptosis®. As a result, FPR1
signalling is likely to suppress tumour-cell necroptosis by decreasing
intracellular calcium levels. These effects of FPR1 signalling might also
modulate calcium-dependent bidirectional GBM-neuroninteractions
that promote tumour progression®, Although ANXA1-FPR1 signal-
ling may have context- and cell type-dependent effects®, our study
links astrocyte-glioma communication through ANXA1-FPR1to the
modulation of the immune response to GBM.

In summary, we have developed a barcoding approach to ana-
lyse TME cell-cell interactions with single-cell resolution in clinical
samples and preclinical models. This innovative approach could be
extended to other CNS and peripheral diseases, provided that the
tissue-processing methods used prevent the exclusion of specific cell
types of interest>”. Our barcoding approachidentified ANXA1-FPR1
astrocyte-GBM communication as a promoter ofimmunoevasion and
tumour progression. Future studies should combine the barcoding
of TME cell interactions with spatial analyses', to further define the
role of astrocytes in TME nicheslinked to GBM recurrence’®. Neverthe-
less, our findings support targeting of ANXA1-FPR1 signalling with
CNS-penetrantinhibitors® or other modalities to boost the efficacy of
GBMimmunotherapies such as vaccination™, CAR T cells*® orimmune
checkpoint blockade®®.
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Methods

Human samples and RABID-seq of organotypic GBM cultures
Human GBM fresh tumour tissue specimens were allocated by the
Neuropathology Division and the Tissue and Blood Repository at
Brigham and Women'’s Hospital in accordance with prospective consent
to atissue-procurement institutional review board protocol for CNS
disorders or institutional review board waiver of consent. Tissue was
immediately placed in hibernate A (Gibco, A1247501) medium using
an aseptic technique. Fragments of tissue were gently cut into pieces
of about 2 mm? for cultures on Millicell transwell membranes (EMD
Millipore, PICM03050) in neurobasal Amedium (Thermo Fisher Scien-
tific,17504044) supplanted with1x B27 (Gibco, 12349015). The transwell
system contained 1 ml of medium below the membrane, fitted into a
6-well tissue-culture plate, with the slice resting on the membrane,
covered with a thin film of medium (roughly 5 pl) for optimal oxygen
diffusion. The liquid film was maintained by pipetting 5 pl of medium
onto slices from the lower chamber daily. The medium in the lower
well was replaced every 48 h. The EF1a promoter was cloned into the
pBOB-SynP-HTB plasmid, which contains alentiviralbackbone and was
agift fromE. Callaway and L. Luo (Addgene plasmid 30195) . Lentivirus
was produced from newly cloned pBOB-EF1a-HTB using previously
described methods?.

Onthefirstday of culture, each piece of tissue was lentivirally trans-
duced with TVA and G under the EF1a promoter, which was pipetted
on top of cultures in a volume of 5 pl at a concentration of 10° infec-
tious units. One day later, tissue was gently rinsed with PBS, which was
removedtoleaveathinliquid filmonthe top of eachslice. After 5days,
tissues were injected with 1 pl of barcoded, pseudotyped rabies virus
(EnvA-RABAG) at a concentration of 1,000 infectious units per microli-
tre. One day later, tissue was gently rinsed with PBS, which was removed
to leave a thinliquid film on the top of each slice. After 5 days, tissue
was digested using papain, followed by trituration using fire-polished
glass Pasteur pipettes. Cells then underwent myelin removal using a
myelin removal kit (Miltenyi Biotec, 130-096-733). Filtered cell sus-
pensions then underwent fluorescence-activated cell sorting (FACS)
for mCherry” cells. Sorted mCherry* cells then underwent single-cell
dropletencapsulation using Indrop v3 switch drops, followed by cDNA
library preparation at the Single Cell Core at Harvard Medical School.
Before sequencing, mCherry barcodes were amplified using 3’ cDNA
primers and a primer to mCherry as described previously>.

Mice

Inbred C57BL/6) mice (Jackson Laboratory, 000664) were used as a
genetic background forin vivo experiments. Mice were housed under
standard conditionsin apathogen-free facility at the Hale Building for
Transformative Medicine at 20-23 °C and 50% humidity with access
to water and food ad libitum and under a12 h:12 h light:dark cycle, in
accordance with guidelines defined by the Institutional Animal Care
and Use Committee (IACUC).

Cell culture

GL261-Luc2 cells (Caliper Life Sciences) were cultured in high-glucose
DMEM (Gibco, 11965118) supplemented with 10% fetal bovine serum
(FBS; Gibco, 10-438-026), 1% penicillin/streptomycin (Thermo Fisher
Scientific,15140122) and 100 pg mI™ G418 Geneticin (Thermo Fisher Sci-
entific,10131027). Patient-derived human GBM lines BT485, BT482 and
BT1018 were generated with prospective patient consent and obtained
through the Dana-Farber Cancer Institute Center for Patient Derived
Models (available at models@dfci.harvard.edu). These lines were kept
in NeuroCult NS-A Proliferation Kit Human (StemCell Technologies,
05751) supplemented with B27, N2 (Gibco, 17502-048), 1% penicillin/
streptomycin, 1:100 0.2% heparin (StemCell Technologies, 07980),
10 ng ml™ recombinant FGF (Invitrogen, PHG0021) and 20 ng mI™ EGF
(PeproTech, AF-100-15). Human astrocytes (ScienCell, 1800) were

cultured in high-glucose DMEM containing 10% FBS and expanded
at confluency. All cell lines were tested for mycoplasma and authenti-
cated by RNA-seq, short tandem repeat analysis, histological analysis,
and pathogen PCR testing by their suppliers.

Generation of GL261 cell lines
For the production of TVAand G-expressing GL261-luc2 cells, the human
GFAP promoter was cloned into the pBOB-SynP-HTB plasmid, which
wasagift fromE. Callaway and L. Luo (Addgene plasmid 30195). GL261-
Luc2 cells were stably transfected with newly cloned pBOB-GFAP-HTB.
GL261sgRandom, sgFprl and sgFpr2 were generated using the plasmid
pLenti- U6-sgScramble-Gfap-Cas9-2A-EGFP-WPRE lentiviral backbone,
as described previously®. This backbone contains derivatives of the
previously described reagents lentiCRISPR v2 (a gift from F. Zhang;
Addgene plasmid 2961) and lentiCas9-EGFP (a gift from P.SharpandF.
Zhang; Addgene plasmid 63592). The Gfap promoter is the ABC,D gfa2
GFAPpromoter®. PCR-based restriction cloning was done to exchange
sgRNA sequences 20 nucleotides long to target different genes using
Phusion HF Master Mix (Thermo Fisher Scientific, F-548S) and the
following primers: U6-PCR-F, 5-AAAGGCGCGCCGAGGGCCTAT
TT-3;U6-PCR-R,5- TTTTTTGGTCTCCCGGTGTTTCGTCCTTTCCAC-3’;
cr-RNA-R, 5-GTTCCCTGCAGGAAAAAAGCACCGA-3’; and cr-RNA-F,
5-AAAAAAGGTCTCTACCG(N),oGTTTTAGAGCTAGAAATAGCAAGTT-%’,
where N,, marks the sgRNA substitution site. The sgRNAs were designed
using a combination of tools: Synthego (https://design.synthego.
com/#/); CRISPick (SpyoCas9, Hsu (2013) tracrRNA, https://portals.
broadinstitute.org/gppx/crispick/public); and the Sabatini/Lander
list (Addgene, 1000000096). The exon-targeting guides that were
represented on most sgRNA design platforms and were most upstream
were selected. The sgRNA sequences used are as follows: non-targeting
random sgRNA. 5-GCACTACCAGAGCTAACTCA-3;sgFprl,5-ATTGCCA
GCATGGTCATGGG-3’;and sgFpr2,5-GCAAACAGCAACAATTGACA-3’.
Togenerate new GL261subclonallines, Lipofectamine 3000 (Thermo
Fisher Scientific, L3000008) was used. In brief, 1.5 x 10° cells seeded
in 6-well plates were transfected by dropwise addition of DNA-lipid
complexes composed of 2.5 pg DNA and 7.5 pl Lipofectamine 3000 in
Opti-MEMreduced serum medium + GlutaMAX (Thermo Fisher Scien-
tific, 51985034). Then, 48 h after transfection, antibiotic selection was
initiated with 800 pg ml™zeocin (Invivogen, ant-zn-1) for 2 weeks. Suc-
cessfully transfected antibiotic-resistant clones were further expanded
and maintained at 200 pg ml™ Zeocin thereafter. Gene inactivation
in subclonal lines bearing gRNA was confirmed by quantitative PCR.
For generation of GL261-RIPK3** and GL261-OVA-RIPK3**, GL261-luc
and GL261-OVA lines underwent transfection using Lipofectamine
3000 as described above, using the AO358-pBABE-FLAG-mRIPK3-
2xFV-2A-GFP-puro plasmid provided by A. Oberst®. Then 48 h after
transfection, antibiotic selection was initiated with 2 pg ml™ puromycin
(Sigma-Aldrich, P9620-10ML). Construct expression was confirmed
by GFP detection and separately by confirmation of cell death after
adding B/Bhomodimerizer (also known as AP-1or AP20187; Clontech
Labs, 635058) as originally described®. Successfully transfected,
antibiotic-resistant clones were further expanded and maintained at
1pg ml? puromycin thereafter. For generation of GL261-FPR10E, GL261
sgRandom cells underwent transfection using Lipofectamine 3000
using the conditions described above, with the plasmid pUNO-mFPR1
(InVivoGen, punol-mfprl). Then, 48 h after transfection, antibiotic
selection was initiated using 8 pg ml™ blasticidin (Thermo Fisher Sci-
entific, A1113903). Successfully transfected, antibiotic-resistant clones
were further expanded and maintained at 4 pg ml™ blasticidin there-
after. FPR1 overexpression was confirmed by qPCR.

RNA extractionand qPCR

For quantitative analysis of gene transcription from cultured cells,
cellular RNA was extracted using the RNeasy Kit (Qiagen, 74004). In
brief, cells were lysed in 350 pl RLT buffer and stored at —80 °C until
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extraction. RNA was transcribed to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Life Technologies, 4368813). Quan-
titative measurement of gene expression was performed by qPCR using
Tagman Fast Universal PCR Master Mix (Life Technologies, 4367846),
MicroAmp Optical 384 well plates (Thermo Fisher Scientific, 43-098-
49)andaViiA 7 Real-Time PCR System (Applied Biosciences). Tagman
probes used in this study were Gapdh (Mm99999915_g1) and Fprl
(MmO00442803_s1). qPCR data were analysed by the AAC, method
by normalizing the expression of each gene for each replicate by the
average of the housekeeping gene (Gapdh) and then normalizing the
treatment group to the control group to determine a relative change.

Orthotopic tumour model and intratumoral delivery

The syngeneic model of glioblastoma was established by intracra-
nial implantation of 1 x 10° GL261-Luc2 cells in 3 pl PBS. In brief, cells
were detached using Accutase (Stemcell Technologies, 07920) and
cell suspensions prepared in serum-free DMEM. The surgical pro-
cedure was done following IACUC guidelines for survival surgery. A
small-animal stereotaxic frame (David Kopf Instruments) was posi-
tioned within a laminar flow cabinet and a sterile field containing all
the surgical instruments and tools was established. The surgical site
was shaved and sterilized using isopropyl swabs (Becton Dickinson)
and Betadine (Purdue Products). For intracranial injection, mice were
placed on the stereotaxic frame and covered with a sterile drape to
maintain the sterile field. A 1-cm incision was made on the scalp and
the coordinate system was centred on bregma. A hole was drilled at
the +1.8 mm (lateral) and +0.5 mm (anterior) position. A 25 pl glass
syringe (Hamilton) was inserted to a final depth of 3 mm, and 3 pl of
cell suspension was injected at a rate of 1 ul min™. After a minute, the
needle was slowly retracted to avoid liquid backflow. Tumour implan-
tation was confirmed by in vivo bioluminescence imaging. In brief,
mice anaesthetized usingisoflurane as described above were injected
intraperitoneally with 0.15 mg per kg D-luciferin (Cayman Chemical,
14681) in PBS. After 10 min, luminescence was captured at 560 nm
wavelength multiple times at high sensitivity and 30 s exposure time
using the In-Vivo Xtreme Optical/X-ray imaging system (Bruker). Bruker
MISE v7 (Bruker) software was used to quantify photons per second
net of background signal within the area of the mouse skull. Regions
of interest were overlaid onto X-ray images to visualize the tumour
burden. For GL261-RIPK3**necroptosis induction, B/Bhomodimerizer
or vehicle control was injected retro-orbitally in mice at 5 mg per kg 5
days after tumour implantation.

RABID-seq analysis of GL261

C57BL/6) mice wereimplanted intracranially with100,000 GL261-TVA/G
cellsinto the right striatum. Then, 7 or 14 days after implantation, the
tumour site was injected with 1 ul EnvA-RABAG at a concentration of
1,000 infectious units per pl. Seven days after EnvA-RABAG injection,
mice were euthanized and the CNS was isolated using methods iden-
tical to those of the human GBM samples above, except that sorted
mCherry* cells underwent single-cell droplet encapsulation using 3’
feature barcode kits from 10X Genomics (1000262).

Design of adeno-associated virus constructs

The sgRNA expression plasmid was derived from pAAV-FLEX-
SaCas9-U6-sgRNA (agift from L. Zweifel (Addgene plasmid 124844),in
which the FLEX cassette was removed by PCR and the GFAP promoter
(ABC,D gfa2) was inserted. Guide RNAs were cloned into the above
AAV expression plasmid using annealed oligo cloning as described
previously®>. The most-upstream exon-targeting guide RNA for Anxal
was identified using the search function of CRISPick (SpyoCas9, Hsu
(2013) tracrRNA, https://portals.broadinstitute.org/gppx/crispick/
public): sgAnxal, 5-GCAAACAGCAACAATTGACA-3’. The sgRosa26
was previously published: 5-GCAAACAGCAACAATTGACA-3’ (ref. 6).
The sgRNA cloning was validated by Sanger sequencing (Azenta Life

Science) of multiple clones using forward and reverse primers
(PCR-F, 5’-CTGAACGGCCTGTACGACGACAAGGACAA-3/, reverse,
5’-GCGCAGAGAGGGAGTGGCCAACTC-3).

AAV packaging

AAV-PHP.eBwas produced with the above sgRNA-expressing plasmids
by transfection of HEK293 AAV ProT Cells (Takara, 632273) using poly-
ethylenamine (Polysciences, 23966-1). The pUCmini-iCAP-PHP.eBwas a
giftfromV. Gradinaru (Addgene plasmid 103005) and pAdF6 (Addgene,
112867) was a gift from the lab of J. M. Wilson), as described previously®>.
The AAV was titred by qPCR (Abm, G931) and 5 x 10" genome copiesin
100 pl PBS was administered by a single retro-orbital injection three
weeks before tumour implantation.

Isolation of mouse CNS cells

Cellswereisolated from mouse brain tissue by intracardiac perfusion
of anesthetized mice with 20 ml cold PBS. The brain was dissected,
minced and enzymatically dissociated for 20 minat 37 °Cand 100 rpm
shakinginasolution containing 0.66 mg ml™ papain (Sigma-Aldrich,
P4762) in HBSS without Mg/Ca (Thermo Fisher Scientific, 14175095),
followed by incubation at the same conditions after the addition of
anequal volume of DMEM supplemented with Collagenase D (Roche,
11088858001) and DNase I (Thermo Fisher Scientific, 90083) at
0.66 mg ml™ and 8 U ml™, respectively. The suspension was dissoci-
ated by pipetting and filtered through a 70-pm cell strainer (Thermo
Fisher Scientific, 22363548). After centrifugation at 600g for 5 min,
the pellet was resuspended in 10 ml 30% Percoll (GE Healthcare Bio-
sciences, GE17-0891-01) in PBS and gradient centrifuged at 600g for
25 minatthelowestacceleration and deceleration settings. The myelin
layer accumulating at the top of the solution was aspirated and the cell
pellet was washed with PBS once.

GL261 migration assay

GL261 cells were cultured on transwell membranes (Celltreat, 230633).
The chemotactic stimulant was NIH-3T3 (ATCC, CRL-1658) conditioned
medium in the bottom, with serum-free medium in the top well, as
previously described®*.

Co-culture assays with human astrocytes and GBM cells
Forinvitro experiments of astrocyte inflammasome and NF-kB activa-
tion, humanastrocytes (ScienceCell, 1800) were plated on poly-D-lysine
(ThermoFisher Scientific, A3890401)-coated 96-well plates at 10,000
cells per well. Two days later, primary human GBM cultures (BT1018,
BT145 and BT482) were labelled with CellTrace Far Red (Invitrogen,
C34564) and added to astrocytes at 10,000 cells per well. The FPR1
inhibitor T-0080 (10 uM, Sigma Adrich, SML3283) or the neutraliz-
ing FPR1 antibody (R&D Systems, clone 350418, MAB3744, 4 ng ml™)
were immediately added to the appropriate wells; an equal volume
of DMSO, used as the solvent for T-0080, was added to control wells.
Co-cultures were left to rest for 2 h before adding 10 ng mI™ LPS (InVi-
vogen, tlrl-eklps) for 3 h followed by 500 ng mI™ high-molecular-weight
poly(I:C) (InVivogen, tirl-pic) for 3 h; or, in experiments measuring
nuclear NF-kB, cells were stimulated for 1 h with TNF (R&D Systems,
210-TA, 10 ng mI™) and IL-1f3 (R&D Systems, 201-LB, 20 ng ml™). Cells
were then fixed and stained for immunofluorescence microscopy as
described below. For in vitro GBM cell necroptosis assays, BT1018,
BT145 or BT482 was seeded in 96-well plates at 20,000 cells per well.
After two days, recombinant human ANXA1 (R&D Systems, 3770-AN-
050, 4 pg ml™) or the neutralizing FPR1 antibody (R&D Systems, clone
350418, MAB3744, 4 ng ml™') was added. One hour later, cells were
treated with Z-VAD(OMe)-FMK (MedChem Express, HY-16658,20 1M),
cycloheximide (Sigma-Aldrich, 239763-M, 20 uM), followed one hour
later by recombinant human TNF (R&D Systems, 210-TA, 20 ng mi™).
An equivalent volume of DMSO was added to control wells. After 8 h,
cells were fixed forimmunofluorescence microscopy.
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Co-culture of GL261-OVA-RIPK3** lysate-pulsed DCs and OT1
CDS8 + Tcells

GL261-OVA-RIPK3** cells were treated with 0.5% ethanol (Sigma-Aldrich,
E7023) or 50 M B/B homodimerizer for 4 h, and cell cultures/super-
natants were collected and washed with PBS then flash-frozen on dry
ice, alternating with thawing in a warm water bath five times. Protein
concentration was determined by Pierce BCA assay (Thermo Fisher
Scientific, 23235). Splenic DCs were isolated from naive mouse spleen
using CD11c microbeads (Miltenyi Biotec, 130-125-835) and plated at
5,000 cells per well in a 96-well plate. After 30 min, 10 pg lysate per
well and 25,000 per well CellTrace Far Red-labelled OT1 CD8" T cells
(purified usinga CD8"T cellisolation kit; Miltenyi Biotec, 130-096-543)
wereadded. After 72 h, cells were collected for flow cytometry or pulsed
with Thymidine for 12 h for scintillation counting.

Immunofluorescence microscopy

Antibodies used for immunofluorescence microscopy were: ASC
(Adipogen, AL177;1:100); cleaved IL-1 (Thermo Fisher Scientific, PAS-
105048;1:200), and NF-kB (Cell Signaling Technology, clone D14E12;
1:100); pMLKL (Abcam, human, ab187091; mouse, ab196436;1:100);
GFAP (Abcam, ab4674;1:500); Luciferase (BioRad, MCA2076;1:100);
and DAPI (Sigma Aldrich, D9542;1:1,000). Secondary antibodies were
used at 1:1,000 and were: donkey anti-rabbit Alexa Fluor 647 (Invitro-
gen, A31573); donkey anti-chicken Alexa Fluor 594 (Invitrogen, A21203);
goat anti-chicken Alexa Fluor 488 (Invitrogen, A78948); and donkey
anti-rabbit Alexa Fluor 488 (Invitrogen, A21206). For in vivoimmuno-
fluorescence, mice were euthanized and perfused with ice-cold PBS
followed by 4% paraformaldehyde. Brains were dissected, soaked in
4% PFA for 24 h, then transferred to 30% sucrose for dehydration for 1
week. Then 8-pum coronal sections were made with a cryostat, including
the tumour and peritumoral regions in the right striatum. Slices were
permeabilized with permeabilization/wash buffer (BD Biosciences,
554723) before immunofluorescence staining. Images were captured
onaleicaDMi8inverted microscope using LasX software to perform
tile scans. Nine-paneltile scans were performed on each well of 96-well
plates from in vitro experiments. For in vivo immunofluorescence
image capture, stained sections were imaged by 4-9 panel tile scans
with LasX software. Tile scans for pMLKL were performed within the
GL261 tumour region, which was identified by luciferase expression
and confirmed by extremely high DAPI density. Images were quantified
using Qupath positive cell detection and subcellular point detection
(ASC) algorithms. Intensity thresholds were applied uniformly across
allsamples, and when applicable, positivity for additional markers was
manually calculated by applying uniform thresholds using the countif
function on detection measurements in Microsof't Excel.

Immunofluorescence of human GBM

Multiplexed immunofluorescence and immunohistochemistry label-
lingwas done by standard indirect staining methods (for SOX2/ANXA1)
and use of the iterative indirect immunofluorescence imaging (4i)
protocol described previously® (for OLIG2/ANXA1and EGFRVIII/FPR1).
Inbrief, formalin-fixed paraffin-embedded tissue sections 2 pm thick
were mounted onadhesive glassslidesinan adaptable chamber system
(Ibidi sticky slides, 80808) before deparaffinization and heat-induced
antigenretrieval at pH 9. Standard indirectimmunofluorescence stain-
ingincluded: DAPIstaining (Carl Roth, 28718-90-3;1:1,000); SOX2 (Cell
Signaling Technology, 3579;1:5,000); GFAP (Abcam 13970;1:1,000);
and ANXA1 (Abcam, ab214486; 1:2,000). For 4i, each immunofluo-
rescence imaging cycle consisted of blocking, indirectimmunofluo-
rescence staining and DAPI staining (Carl Roth, 28718-90-3,1:1,000),
imaging on a Keyence BZ- X810 compact fluorescence microscope
(Keyence Corporation) inimaging buffer and antibody elution. After
fiveiterations, subsequentimmunohistochemistry for EGFRvIIl and
GFAP, as well as haematoxylin counterstaining, were done adhering

tothestandard operating procedures of the Institute of Neuropathol-
ogy in Freiburg using the same sections and performing stepwise
bright-field imaging at identical locations on the same microscope.
Immunofluorescence and immunohistochemistry images (with
inverted grey-scale intensity) were aligned and integrated based on
nuclear staining in DAPI and haematoxylin. This resulted in a15-plexed
source file for downstream analysis of each sample, created inImage
J(v.1.53t withJava1.8.0_345 (64-bit)). Antibodies used in cycle 1were:
GFAP (DAKO, Z0334; 1:1000); Ibal (Synaptic Systems, 234308); the
cycle 2 antibodies were: ANXA1 (Abcam, ab214486;1:2,000); FPR1
(Abcam, ab113531;1:100); cycle 3: the antibody was FPR3 (BioTechne,
MAB3896;1:500); cycle 4: the antibody was FPR2 (Santa Cruz, sc-57141;
1:200); and cycle 5: antibodies were EFGRVIII (Biozol, 31-1305-00;
1:100), GFAP (DAKO, Z0334; 1:100) and haematoxylin. In a separate
cohort of six newly diagnosed GBM samples, GFAP (DAKO, Z0334;
1:1,000), ANXA1 (Abcam, ab214486; 1:2,000) and OLIG2 (Merck Mil-
lipore, MABN50;1:1,000) were applied in a4i panel on cycle 2. Image
analysis and fluorescence quantification were done using QuPath
(v.0.3.2 with Java16.0.2). In brief, comprehensive training of auto-
mated analysis tools was carried out across samples. First, regions of
interest wererestricted to parenchymal/tumoral regions by training
a pixel classifier to exclude erythrocyte-filled luminal endothelium
and other areas of obviously unspecific antibody binding (identified
by exact signal correlation across more than two channels). Next,
automated segmentation was done using the Watershed cell detec-
tion algorithm anchored on a DAPI nuclear signal. Cell classification
was done with asemi-supervised learning approach by using the train
object classifier algorithm, whereby positive or negative cells were
manually selected while confirming the accuracy of the classifier on
the total image. GFAP was used to identify tumour cells and astro-
cytes, and IBA1 for myeloid cells. To distinguish between malignant
cells and non-malignant astrocytes, we trained an object classifier to
detect cells positive for GFAP and ANXA1 but not EGFRVIII, or posi-
tive for GFAP, EGFRvIIl and FPR1. Detection measurements were then
exported, converted to fcs format (flowCore package) and analysed
in FlowJo (v.10.9.0) and R. To further filter out misclassified tumour
cells, thresholding was performed in FlowJo by using the EGFRVIII
signal and the nuclear:cytoplasm ratio in comparison with a healthy
controlsample. The number of specific detections was then divided by
the surface area of the analysed region of interest and plotted against
the patient’s survival in days.

Multivariate survival analysis of TCGA and GLASS data

The ANXAT" astrocyte and FPR1* GBM gene expression signatures
were derived from published scRNA-seq data by comparing express-
ing and not-expressing cells using the Seurat function FindMarkers™.
We validated the association of our FPR1" gene expression signature
with survival using data from a 2013 TCGA glioblastoma cohort® and
the 2019 GLASS cohort®. Bulk RNA-seq transcripts per million and
clinical data were downloaded from cBioPortal®®. We used GenePat-
tern’s implementation of ssGSEA®® to score enrichment of the FPR1*
signature for each patientinthe cohort possessing RNA-seq transcripts
per million, inacell type-specific manner, focusing on malignant cells
deconvolved using Bayes prism’. We tested the association between
signature enrichment scores and survival using Cox proportional
hazards regression. The regression controlled for several clinical
covariates, specifically age, temozolomide treatment status, MGMT
methylation status and gene-expression subtype annotation”. We
encoded the gene-expression subtype categorical variable by letting
the mesenchymal subtype serve asreference; the remaining subtypes
were represented with boolean values. For the purposes of regression,
we standardized the ssGSEA scores to mean zero and unit variance. We
restricted our analysis to IDHIwt patients with no missing covariates,
yielding n =141patients. The regression produced an estimated hazard
ratio of 1.36 (P=0.01).
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Flow cytometry

For flow-cytometry analysis, single-cell suspensions were obtained
fromthe CNSasdescribed above. The sample was first stained for 12 min
at room temperature with LIVE/DEAD Fixable Aqua or Far Red Dead
Cell Stain Kit (Thermo Fisher Scientific, L34966) at 1:2,500 dilution
and anti-CD16/CD32 Fcblock (BD Biosciences, 553142), then washed in
0.5%BSA and 2 mM EDTA pH 8.0in PBS (FACS buffer), and then stained
extracellularly with a mix of fluorescently labelled antibodies in FACS
buffer for 30 min at 4 °C, protected from light. For intracellular stain-
ing, cell pellets were fixed and permeabilized following the protocols
of BD Cytofix/Cytoperm (BD Biosciences, 554715) for intracellular
staining. Finally, samples were washed with FACS buffer and analysed
onaBD FACSymphony Analyzer (BD Biosciences). Data were analysed
using FlowJo (v.10.9.0). Antibodies for T cell analysis were used at
1:100 dilution unless otherwise specified: BUV496 anti-SLAMF6 (BD
Biosciences, 750046), BUV563 anti-CD11b (BD Biosciences, 741242),
BUV661 anti-CD45 (BD Biosciences, 612975; 1:500), BUV737 anti-PD-1
(BD Biosciences, 749306), BUVS0S anti-LAG-3 (BD Biosciences,
748540),BUV650 anti-CD3 (BD Biosciences, 740530), BV711 anti-TIGIT
(BD Biosciences, 744214), BV750 anti-TNF (BD Biosciences, 566365),
BV786 anti-TIM3 (BD Biosciences, 747621), FITC anti-CD8a (Biolegend,
100804), PE anti-CTLA4 (Biolegend, 106306) or BV421 anti-CTLA4
(Biolegend, 106312), PE/Dazzle 594 anti-IL-10 (Biolegend, 505034), PE/
CyS5anti-IL2 (Biolegend, 503824), PE/Cy7 anti-CD4 (Biolegend, 100422),
AF700 anti-CD39 (Invitrogen, 56-0391-82) and APC/Cy7 anti-IFNy
(BD Biosciences, 561479). GL261-specific CD8" T cells were stained
with an APC-conjugated H-2D(b) tetramer loaded with GARC-177-85
peptide (AALLNKLYA) (NIH Tetramer Core; 1:50 dilution). Antibodies
used were: BV421 anti-CD11a (BD Biosciences, 740020; 1:20 dilution),
BV605 anti-CX3CR1 (Biolegend, 149027), BV650 anti-CD11b (BD Bio-
sciences, 563402), BV711 anti-CD8a (BD Biosciences, 752634), BV785
anti-Ly6C (Biolegend, 128041), FITC anti-CD3 (Biolegend, 100204),
PE/Cy7 anti-CD4 (Biolegend, 100422), APC anti-CD45 (Thermo Fisher
Scientific, 17-0451-83) and APC/Cy7 anti-CD49d (Biolegend, 103635;
1:20 dilution). CD4 T cellswere sorted as Live* CD45" CD11b™ CD3*CD4",
CD8T cellsas Live* CD45" CD11b™ CD3* CD8" cells, microglia as Live”
CD45" CD11b* Ly6C'*¥/~ CX3CR1* CD49d"*, CD11a"°". Monocytes were
sorted as CD45" CD11b" Ly6C"'e" CD49d"e" CD11a"¢". Cells were sorted
using a FACSAria IllU (BD Biosciences).

FACS sorting

Cellsuspensions were stained extracellularly as described above with
Live/Dead stain and Fc block, and finally with a mix of antibodies in
FACSbuffer for30 minat4 °C. Allantibodies were diluted 1:100 in FACS
buffer. Before sorting, cell suspensions were filtered through tubes with
35-um cell strainer caps (Falcon, 352235). For RNA-seq analyses, cells
were sorted directly into 100 pl Picopure Extraction Buffer (Thermo
Fisher Scientific, KIT0204), incubated 30 minat42 °Cand then stored
at-80 °C until RNA isolation and sequencing was done.

FACS analysis of T cells

To analyse tumour-infiltrating T cells by flow cytometry, magnetic-
activated cell separation was used to negatively select T cells with the
Pan T CellIsolation Kit Il mouse (Miltenyi Biotec, 130-095-130) follow-
ingthe manufacturer’s protocol. T cell culture mediumwas composed
of RPMI1640 (Gibco, 11875119) supplemented 10% FBS, 1% penicillin/
streptomycin, 50 pM 2-mercaptoethanol (Sigma-Aldrich, M6250), 1%
non-essential amino acids (Thermo Fisher Scientific,11140050),10 mM
HEPES (Thermo Fisher Scientific, 15630130), 1 mM sodium pyruvate
(Thermo Fisher Scientific,11360070) and 1x GlutaMAX (Thermo Fisher
Scientific, 35050061). Collected T cells were then reactivated in culture
mediumsupplemented with 50 ng ml™ phorbol12-myristate 13-acetate
(PMA) (Sigma Aldrich, P8139),1 uMionomycin (Sigma Aldrich, 13909-
1ML) and 1:1,500 of each GolgiStop and GolgiPlug (BD Biosciences,

554724)for4 hat37 °C.T cellswere thenincubated with 50 nM dasatinib
(Selleck Chemicals, S1021) and 1:200 FcBlock (BD Biosciences: 553142)
for20 minat37 °C. To this solution, APC-conjugated H-2D(b) tetramer
loaded with GARC-1,,_¢s peptide (AALLNKLYA) (NIH Tetramer Core) was
added for afinal dilution of 1:50 in 2% FBS and incubated at room tem-
perature for 1 h in the dark. Washing was performed with FACS buffer
and centrifugationat 600gfor 5 minat4 °C.Next, surface markers were
stained in FACS buffer for 30 min at 4 °C, followed by cell fixation and
permeabilization with BD Cytofix/Cytoperm (BD Biosciences, 554715)
for 20 min at 4 °C according to the manufacturer’s protocol. Intracel-
lular markers and cytokines were stained with antibodies diluted in
permeabilization buffer. Finally, stained T cells were stored at 4 °C in
FACS buffer until cytometric analysis.

Bioinformatic analysis

Bulk RNA-seq expression of Fprl, Fpr2 and Fpr3in GL261 cells was quan-
tified as previously described”. Spatial transcriptomic data of ANXA1
and FPRI in glioblastoma were analysed from previously published
datasets®. Single-cell RNA-seq samples were aligned to GRCm38 refer-
ence genome and GRCh38 reference genome and were quantified using
the STARsolo functionin STAR software”, respectively. To callmalignant
cells, the gene expression matrix was analysed by CONICsmat™. The
copy number variations of each chromosome arm were calculated for
each cell, and the malignant cells were called based on gain of chromo-
some 7 and loss of chromosome 10. Non-malignant cells identified by
copy-number variation analysis were reclustered and cell types were
called using unbiased cell-type recognition singleR™ and confirmed by
canonical marker expression. To obtain the biological relevance score,
the genes that were differentially expressedin astrocytes between dif-
ferent recurrence states were obtained from a previously published
scRNA-seq dataset" Differentially expressed genes were analysed
using the enrichment analysis of the ClusterProfiler package, and
theiroccurrencesinall pathways were counted. Then the top genes that
were enriched in the most pathways were selected. The connectome
of the single-cell RNA-seq samples were generated using the pipeline
published with the Rabid-Seq protocol*”. In the human GBMRABID-seq
dataset, multiple samples were obtained from multiple donors, and
rabies barcode detection and connection calling was done on each
donor sample to avoid false-positive connectivity between different
samples from different donors. Seurat (v.4.3)”” was used to perform
the analysis. Empty droplets were detected and removed using the
EmptyDrop algorithm’”°, Cells with mitochondrial contents higher
than 25% were removed. The batch effects between different samples
were corrected using harmony®® and clustered using Louvain com-
munity clustering”. For human RABID-seq UMAP representation, 12 or
14 principal components were used for all cells and for non-malignant
cells, respectively. Signature scores used in the paper were calculated
using the algorithm described previously””®. A necroptosis-related
gene signature was obtained from ref. 28. All differential expression
analyses in this manuscript were performed on the log-transformed
counts-per-million normalized expression of cells. Thus, any potential
differences caused by library size and sequencing depth were miti-
gated. We chose Mann-Whitney-Wilcoxon ranked-sum tests for the
differential-expression analyses, so that bias brought by unequal num-
bers of cells in different groups and unequal variances within groups
were considered. Pathway analysis was done by gene-set enrichment
analysis (Broad Institute, v.4.3.2) or Ingenuity Pathway Analysis (Qia-
gen) using a pre-ranked list with the average expression log,(FC) as
the ranking metric. Curated gene signatures from the Molecular Sig-
natures Database (MSigDB) v.2023.1 were used to identify relevant
pathways. Seurat (v.4.3), dittoSeq (v.4.3), ggplot2 (v.3.5) and circlize
(v.0.4.16) were used for visualization. Volcano plots were generated
using EnhancedVolcano (v.3.17). We thank github.com/PeeperLab for
sharing the replotGSEA function. All R-based analyses were done on
RStudio (v.4.3.0) with R (v.4.3.1).



Statistical analysis

GraphPad Prism 10 (GraphPad Software, v.10.0.2) was used for visu-
alizations and to calculate significant differences. Sample sizes (n)
refer to biological replicates. For in vitro studies, replicates indicate
independentbiological samples randomly allocated into experimental
groups. Forinvivostudies, replicates indicate individual mice randomly
allocated to experimental groups. No statistical methods were used to
predetermine sample sizes. Statistical tests used to detect significant
differences between groups are detailed in the figure legends for each
experiment. A Pvalue of less than 0.05 was considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited in the Gene Expression Omni-
bus (GEO) under the respective SuperSeries accession codes: human
data, GSE263612; mouse single cell data, GSE263613; mouse bulk
RNA-seqdata, GL261sgFpriversus GL261sgRandom, GSE263737; AAV
sgGFAP-Anxalversus AAV GFAP-sgRosa, GSE263738. Publicly available
datasets: scRNA-seq dataset fromref. 11, https://github.com/kpetrecca/
NeuroOncology2022.git; spatial transcriptomics datasets fromref. 15,
https://datadryad.org/dataset/doi:10.5061/dryad.h70rxwdmyj; Ivy
Glioblastoma Atlas (ref. 27), http://glioblastoma.alleninstitute.org;
TCGA/GLASS, http://www.cbioportal.org; GRCh38 reference genome,
https://ftp.ensembl.org/pub/release-113/fasta/homo_sapiens/dna/. All
other dataare available fromthe corresponding authors upon reason-
able request. Correspondence and request for materials should be
addressed toF.J.Q.

Source data are provided with this paper.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|scRNA-seq, spatial transcriptomic, and ptRABID-seq
analysis of astrocytesin GBM. (a) Biological relevance score of astrocyte
DEGs; GBMyvs. controls'. (b) Feature plot of ANXAIin control and GBM scRNA-
seqastrocytes. (c) Violin plot of ANXA1 expression by cell type in control and
GBM. (d) Volcano plot of DEGs between ANXAI" and ANXAI astrocytesin human
GBM scRNA-seq. (e) Controland GBM specimen staining of SOX2 to identify

malignant cells. (f) Quantification of SOX2" cells in control and GBM specimens.

(n=4specimens each; p=0.0286 by two-sided unpaired Mann-Whitney U-test).
(g) ANXAL" tumor cell (GFAP* SOX2") and astrocyte (GFAP'SOX2) density at the
infiltrating tumor zone (ITZ). Each point represents aseparate brain, (n =4
specimens each; p value from Mann-Whitney U-test). (h) ANXAlstaining in
astrocytesinn=>5GBMsinwhich malignantcells are distinguished by OLIG2
staining. Regions adjacent to tumor core (ITZ) were compared with regions
distant from the tumor (leading edge; LE) when available. (i) ANXA1" astrocyte
densityatLEvs.ITZ,using OLIG2 as atumor marker.Intotal,n=3,641

GBM-associated astrocytes at the ITZand n=1,213 GBM-associated astrocytes
atthe LE; two-tailed unpaired U-test. (j) ANXAL" tumor cell (GFAP*OLIG2") and
astrocyte (GFAP'OLIG2) density at the ITZ. p = 0.0159 by Mann-Whitney U-test.
(k,1) Spatial transcriptomics of the reactive astrocyte gene signature correlated
to spatially defined layers programs (k) and to ANXAI expression (I)inn=13
GBMs. (m) Dot plot (top) and signature score (bottom) of cell type markers of
cellsanalyzed by ptRABID-seq (n=1,520 cells). (n) UMAP of CNV analysis (top,
n=3,157 malignantand 1,520 non-malignant cells), and cells grouped by patient
(bottom) in ptRABID-seq. (0) Number of barcodes shared between astrocytes
and other cell types (top) and divided by patient (bottom), as detected by
RABID-seq. (p) Proportions of cell types in ptRABID-seq. (q, r) Average (q) and
total (r) barcode numbers detected in each celltypein ptRABID-seq. (s) Shared
barcodesbetween each celltypein ptRABID-seq. Data are mean and error bars
show+SEM(f, g, 1i,j).
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Extended DataFig.2|Detection oflentivirus transduction and rabies virus
infectioninhuman organotypic cultures. (a) Quantification of GFP* staining
(indicating transduction by the helper lentivirus that delivers TVAand G) as
determined by brightfieldimmunofluorescence detection (each dot represents
aseparate culture,and n = 6 organotypic cultures per condition from epilepsy
surgery (non-GBM)). (b) Quantification of GFP* cells by cell type. Each slide

was co-stained for GFP, DAPI, and one cell type marker. Each dot represents
aseparate culture,and n =5 organotypic cultures per condition from epilepsy
surgery. (c) Quantification of apoptotic GFP* cells by cell type using cleaved
caspase-3 asamarker of apoptosis. Each slide was co-stained for GFP, one cell
type marker, and cleaved caspase 3. Each dot represents aseparate culture, and
n=>5organotypiccultures per condition fromepilepsy surgery (non-GBM).

(d) Quantification of mCherry* staining (indicating rabies infection) as

determined by brightfieldimmunofluorescence detection. Each dot
represents aseparate culture, and n = 6 organotypic cultures per condition.

(e) Quantification of mCherry* cells by cell type. Each slide was co-stained for
mCherry, DAPI, and one cell type marker. Each dot represents aseparate culture,
and n=5organotypic cultures for astrocytes, n =3 cultures for other cell types.
(f) Quantification of apoptotic mCherry" cells by cell type using cleaved caspase
3 asamarker of apoptosis. Each slide was co-stained for DAPI, mCherry, one
celltype marker, and cleaved caspase 3. Each dot represents aseparate culture,
and N =5organotypiccultures forastrocytesand n=3for other celltypes.

(g-p) Representativeimages of control and lentivirus transduced cultures.

(q-z) Representative images of control and rabies virus-infected cultures.
Dataare meanand error bars show + SEM (a-f).
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Extended DataFig. 3| Analysis of tumor-anchored RABID-seq. GL261-TVA-G
bearing mice wereinjected with1,000 infectious units of rabies one week after
tumor implantation; GL261-TVA-G bearing mice were used as controls (n =5
each). (a-c) Quantification of total (a), cell-type specific (b) mCherry* staining
(indicating rabiesinfection), and cleaved caspase-3*staining of mCherry” cells
(c) asdetermined by brightfieldimmunofluorescence detection. Each dot
representsoneanimal,andina, statistics were two sided unpaired t-test.

GL261 TVA G RABAG overview:

No Rabies
Control

Rabies Virus
(RABAG)

Rabies Virus (RABAG)

(d) Overview images of control non-rabies injected tumor site (top) and rabies
injected tumor site (bottom) from representative animals. Hematoxylin

and eosin (H&E) referenceimages are taken fromslices proximate to the
immunofluorescenceslices for reference purposes. (e-p) Representative
images of rabies-injected and control staining by cell type. GFP-negative cells
were used as controls when staining for GFAP and OLIG2 to exclude malignant
cells. Dataare mean and error bars show + SEM (a-c).
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Extended DataFig.4|Tumor-anchored RABID-seqidentifies regulators of
glioma-TMEinteractions. (a) Representative FACS plot of cellsisolated from
GL261-anchored RABID-seq one week after infection. (b) Dot plot showing cell
type markers used foridentification of cell types captured by taRABID-seq
(n=6miceand 21,189 cells). (c) Cell type proportions by analyzed mouse
sample. (d) Matrix showing shared barcodes between each cell type. (e) Anxal
signaturein mouse astrocytesisolated 14 or 21 days after tumor implantation.

(f) Volcano plot showing DEGs of GL261 cells highly connected to astrocytes vs.

a . Myeloid-derived Macrophages o O o.o O @ o O. Percent
Naive mouse GL261-TVA-G Expressed
o o 20
0.05% 0.64% Infected Homeostasis Microglia{ ~ © Q00 L Y@) (@) O o 0
= tumor
% Endothelial Cells 1 0oc0 10) o o ° Y 8 gg
£ CD4 T Cells | ©c@ <0 o O 00 0000 :° Average
& 0.71% 2.47% Expression
o Infected Infected CD14 Monocytes 1 ©o0® 00 O O- ° 2
TME TME 1
Astrocytes {@ @@ @O o © o (&) Q
mCherry (RabAG) 0
Activated Microglia{ ~ © [@le]®) J@) Q o O- -1
2o R A LSRR @ Fre STCTIRIRIACEN ISP
v\e’ IS ®+ ‘\‘(’v SN {\vo\\\ RSN $\xq(o"o\‘\o"’ ¢ \\%\%0\\5‘0 &5 6% S
(o
s017 388 13916 2042 585 653 Homeostatic Microglia | B goo0e. -
2 [ Activated Microglia 2 9030 [i0680) 13205 1990 495 722 Activated Microglia 50000
o
] = gitg‘éﬁytei § 5, 4224 8276 1694 580 81 206 Monocytes 40000
- cells s 5
§ "] Monocytes 2 £ 8 32314 9037 1582 322 645 Mggf’ggfgggwed 30000
o " >
§ [ CD4 T cells 2 S 8 BB a0 419 10 119 GL261 cells 20000
g || Endothelial cells g & 5 29 o 10000
I B Homeostatic Microglia £ S = 8s g B0 B 75 Astrocytes
-deri’ k3] 5O ]
Il Monocyte-derived Macrophages T 2 ‘gg S % G 9 Endothelial cells
153 q [9) ®
9= 5 S T 28 CD4Tcels
S 3 S o
= < K] =
() o
£
s 3
w (@]
e f GL261 cells highly connected to astrocytes [¢]
GL261 cells lowly connected to astrocytes
Downregulated Upregulated _
Astrocytes 100 :gl:%g]-:gﬁzndom P=0.0004
20
Week1 S 154 3
Week2 a S 50
2 104 >
Sy (%]
S
0 0.25 0.50 T 5] 25
ANXA1 signature o 0
h T T T T T T 1
25 3 75 : 75 0o 10 Dzo 30{' 4:) . 15'0 60 70
h Log2(fold change) ays post-implantation

lowly connected to astrocytes, withimmunosuppression-related genes

of interestlabeled. (g) Kaplan-Meier plot of GL261bearing mice with gRNA
targeting Axlorarandom gRNA sequence (n =26 mice sgRandomand

n=16 mice sgAxl; p calculated from log-rank analysis; represents 3 pooled
experiments). (h) Scatter plot of gene expression correlation between GL261
connected vs.not connected to activated microglia, by GL261connected vs.
not connected withinfiltrating monocyte-derived macrophages.



Article

a b c d
FPR1
GBM
FPR1 FPR2 FPR3 Control [ )
scRNA-seq eeoo
v GBM [ X X X ] LN ]
25 25 25 : @
~ ~ 20 o‘b\:@eo@\@o‘s\(ao\io@&e & T
I 3% Oy NGNS O )
} w ol I w, i 15, = ?5;@@\\\&\ -\@&@ ©
R _‘:4 2z . 10z © Q& IS
- Noh g 12 : s 052 b T A9
| » % o oy 0.0 Average Percent
-25 E b =25 o0 T =25 Expression Expressed
- 1 o 10
o IO s O 25
- Q0
35 0 % -75 0 35 0
tSNE_1 tSNE_1 tSNE_1 0 Ors
e f [ Werod e Feri |
ANOVA P = 4.3 E-14 9 Merged EPR1 40— p =0.0009
GL261 RNA-seq P=63E1l F P
in vitro and in vivo ) P=3sELL 6L261 %3%
- T 300 sgRandom o
= o ]
53 w N20-{
8 A E, ?
2 < E200 P
N 2 5 o
S 02 10
] ) [
£ = 100
S 1 &
2 & GL261 0l .
s . sgFprl Q&,@ ¢ &
2
Fpr1 Fpr2 Fpr3 ég“ &
h .
40000 b= 00028 CT-2A model: ! GL261 model: GL261 model:
) JRI S 1007 100 - 100+ Rag2*
5 - — sgRandom 1 - o003 ~ SgRandom ‘P =05453 —ngandom‘ P =0.706
3 30000 P =0.0030 sgFpr1 *k — sgFpr2 sgFprl ns
® 75 = 757 3 75
5 20000 S I =
g 3 3
2 S 50 g 50+ S 504
= 10000 s g 5
B @ 2] *
o 25+ 25 254
N
o & &
P K S
C”\’Q_fé\ ,e‘g & 0 T T T T T T 1 0 T T T T T T 1 0 , T T , T .
S @ & 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60
NV N ) ) ) ; Days post-implantation
© 9 Qo x Days post-inoculation Days post-implantation
oV 3
[©) [©)
l m N pearson correlation:
. 03 . CTmvp CThbv CTpan
kel c 02 ° 51° 40 °
g 0.2 2 Malignant 601 . . 304 s
= Layer @ . metaprogram 401 . r
8 program & g 4 AC . L
b 01 . L1 3 B u Chromatin.reg ZO’M °Ce .
a L2 = MES (Ast) s o S Ihe o Jolfe *
T U D #L3  aggf..... oo .| = MES(Hyp) 200 400 600 500 1000 1500 2000 200 400 600 800 250 500 750 1000
o oo - 54 ._.6 = MES R=0.25 R =0.23 R=0.35 R =0.55
8 s 2 - = ggg p=021 P =031 P =0.026 P = 0.0035
S-01 2-01 Prolif Metab CT IT LE
£ z 100 s N
5 ) 40
O_ 5 75 100
0.2 8 04 . % 30
50 20
10
»
b, T T T T T °1 T .\ T T 0 T T T T
12007 p=0.0005 g 0 500 1000 1500 2000 100 200 300 400 0 100 200 300
_kkk TR R =0.067 R =0.88 R=0.8
[y ANXAl  p=049 P < 0.0001 P < 0.0001
© 900
8 Structure
% mCellular Tumor (CT) WInfiltrating Tumor (10-20% tumor)
.§>6OO B CT Microvascular M Leading Edge (1-3% tumor)
E proliferation
5300- B CT Hyperplastic blood
vessels
BCT pseudopalisades
0 around necrosis
& T perinecrotic zone
& & MCT perinecrotic
&2 \gg
N
© o
o

Extended DataFig.5|See next page for caption.



Extended DataFig. 5| FPR expressionin GBMand survival. (a-c) FPRI (a), FPR2
(b),and FPR3(c) ina GBM scRNA-seq dataset (n = 25 patients). (d) Dot plot of
FPR1by celltype in GBM scRNA-seq data'. () RNA-seq of Fprl,2,3in GL261 cells.
Eachdotrepresentsamouse or cell culturereplicate.n=3 GL261bearing mice,
n=3cell culturereplicates per group. (f) FPRI expressionin GBM cells (one

dot per patient, and n = 18 patients; statistics by two-way ANOVA with Tukey’s
multiple comparisons test; post-hoc unpaired two tailed t-tests were then
performed). (g) Fprlinactivationin GL261-implanted mice (n =3 mice per group;
each dotrepresentsaverage staining froma9 high power field tile scanfromone
mouse’s tumor; statistics were from two-sided unpaired t-test). (h) Thymidine
incorporation assay of GL261sub-lines cultured for 6 h with thymidine. P values
were calculated by unpaired two-sided t-test. (i) Survival of mice bearing CT2A
harboring Fprl or random sequence gRNA (n =20 mice per group, statistics were

logrank; represents 3 pooled experiments). (j) Survival of mice bearing control
GL261or GL261with Fpr2gRNA (n =20 mice for sgRandom; n =10 mice for
sgFpr2; statistical test by log rank; repeated twice with identical results).

(k) Survival of Rag2” mice bearing GL261 harboring Fprl or random control gRNA
(n=8micesgRandomand n="7sgfprl group; statistics by log rank; repeated twice
withidentical results). (I) Box and whisker plot of FPR1expression vs. spatially
defined layers programs'. (m) Box and whisker plot of FPR1 correlation to
malignant metaprograms'. Boxplots display median, interquartile range
(IQR) £1.5IQR and outlier values (n) Correlation of FPRI and ANXAI expression
fromthe Ivy Glioblastoma Atlas?. (o) Transwell migration assay of GL261
sgRandom vs GL261sgFprI; p value from unpaired two-tailed t-test. *** p <0.001,
**p<0.005.Dataaremeanand error bars show + SEM (e-h, o). Illustrationsina
created in BioRender (Lee, J. https://BioRender.com/Obkvepw;2025).
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Extended DataFig. 6 | Immuneresponse fromnecroptotic GL261.

(a-b) Immunofluorescence of pMLKL in two human GBM isolates following
necroptosisinductioninthe presence of rhANXAland/or an FPR1 neutralizing
antibody (each dotrepresents aseparate well, with n =3 wells per condition;

p values were calculated by two-sided unpaired t-test and replicated twice).
(c-d) Invitro demonstration of GL261-RIPK3*(c) or GL261-OVA-RIPK3** (d) cell
death as measured 48 hafter the addition of 50 uM B/B homodimerizer (n=3
wells per condition; two-sided unpaired t-test; experiment was replicated 3
times). (e-k) Flow cytometry analysis of vehicle (n = 3) vs RIPK3-activated (n=35
mice) GL261-infiltrating cDC1 (e), cDC2 (f;) subsets,and CD8" T cells (n =4 and
n=>5mice) for IFN-y (g), IL-10 (h), PD1and TIM3 expression (I); and FOXP3
expression (j) and IL10 expression (k) in the CD4" population. Unpaired

e Vehicle lysate
o RIPK3* lysate

two-tailed t-test (e-k). (I) Schematic for antigen presentation assay inwhich
lysate from RIPK3 activated or control GL261-OVA cells was pulsed onto splenic
DCs, and co-cultured with transgenic SIINFEKL-specific OTICDS8T cells.

(m-o0) Mean fluorescence intensities of CD11c* MHCII" dendritic cells, I-a/I-e
(m), CD80 (n),and CD86 (0). (p) Percent proliferating CD3* CD8" T cells from
OT1mice,as measured by Cell Tracedilution, after 72 h of co-culture with
lysate-pulsed DCs. (q) Thymidine incorporation assay of co-cultures takenin
the final 12 h. (r-w) Flow cytometry of OT1CD8T cells from co-culture, displaying
upregulation of IL-2 (r), CD25 (s), CD44 (t), IFNy (u), CD107a (v),and PD1(w).n=3
replicates per group, p values from unpaired two tailed t-test for m-w. Data are
mean and error barsshow + SEM (a-k; m-w.
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Extended DataFig.7|Investigation of astrocyte ANXAlsignaling. (a) ELISA
quantificationin supernatants of primary human astrocytes (n =3 wells per
group; unpaired two-tailed t-test; graph represents one replicate experiment
which was performed 3 times with similar results). (b) Representativeimages
fromstaining of humanastrocytes for cleaved IL-1B. (c) Representative images
corresponding to Fig. 4j, detecting nuclear NF-kB in human astrocyte-GBM co-
cultures. (d-e) Validation of astrocyte-specific Anxal knockdown with AAV-
PHP.eB and sgRNA. Representative image (d) and automated quantification (e)
of ANXAT" cells of GFAP" astrocytes (n = 5sgRosa-transduced and n = 5sgAnxal
transduced mice; p values from unpaired two-tailed t-test). (f) Schematic of
lentivirus-mediated Anxal perturbation study. (g) Kaplan-Meier survival plot
of GL261bearing mice following astrocyte-specific Anxal inactivation with
lentivirus. Transduction witharandom gRNA was used as a control. (n =9 mice

Days post-implantation

forsgRandom and n =10 mice for sgAnxal group; p values fromlog rank;
experiment was repeated twice with similar results). (h-i) Volcano plot (h)

and ingenuity pathway analysis (IPA; i) of astrocytes from sgAnxal vs.sgRosa
transduced mice (n =4 sgAnxaland n=3sgRosa mice per group). (j) Gene set
enrichment pathway analysis (GSEA) of astrocyte specific knockdown of Anxal
showing decreased G protein-coupled receptor signaling in GL261cells (n=3
sgRosaand n =4 sgAnxal transduced mice). (k) Representative images of
immunofluorescence staining of ASC, GFAP, and DAPlin peritumoral regions
from GL261-bearing mice from day 24, corresponding to Fig. 4n. (I) Kaplan-
Meier survival plot of GL261bearing Rag2”” mice that were pre-treated with
AAV-PHP.eB transducing sgAnxal or Rosa26 control under the GFAP promoter,
asinFig.4l,m. (n=8mice pergroup, and p value fromlogrank; experiment
replicated twice). Dataare meananderror barsshow + SEM (a, e).
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Extended DataFig.9|Effect on T cellsand DCs of Fpr1perturbation and
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or absence of GL261 cell inactivation of Fprl. (a) FOXP3* CD4" T cells (n=4
sgRandom and n =5sgFprl mice), (b) IL-10* CD4" T cells (n =4 sgRandom and
n=>5sgFprl mice), (c) FOXP3IL-10* CD4" T cells (n =4 sgRandom and n = 5sgFprl
mice), and (d) IL-2' CD4" T cells were quantified (n =4 sgRandom and n = 5sgfprl
mice). (e-h) CD8 T cell suppression upon over-expression of FPR1in GL261,
including tetramer staining for GARC-1(e; n = 6 control and n =7 Fprl OE mice)
and CD107a (f;n = 6 controland n =7 FprI OE mice), IFN-y (g; n = 6 control
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(i-n) Conventional (cDC) and monocyte-derived dendritic cell (moDC)
quantification and gene expression analysis following GL261 cell inactivation
of Fpr1,including cDClabundance (i; n =4 mice per group), pathway analysis
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(jyn=3sgRandomand n=3sgFfprl mice), cDC2abundance (k;n=4sgRandom
and n=>5sgFprl mice per group) and pathway analysis (I; n =3 sgRandom and
n=3sgFprlmice),and monocyte-derived DC (moDC) abundance (m; n=4
sgRandom and n = 6 sgFprl mice) and pathway analysis (n; n =3 sgRandom

and n =3 sgFprl mice). (o, p) Exhaustion markers of CD8 T cells from animals
receiving sgAnxal or sgRosa are shown (n =10 for sgRosa and n =7 for sgAnxal;
left, PD-1, and right, TIM-3). (p) contour plot of exhaustion stages of CD8"

T cells. (g-r). Pathway analysis on microglia (q) and monocyte-derived
macrophages (r) based on RNA-seq between mice transduced with AAV-PHP.eB
sgAnxalvs.sgRosafollowed by GL261-Luc2 implantation (n =3 mice per group).
Allpvalues were from two-sided unpaired t-test. Dataare mean and error bars
show + SEM (a-i; k, m, 0).
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Data collection  BD FACSDIVA (v.8.0.1)
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data have been deposited in GEO under the SuperSeries accession code Human data: GSE263612. Token: obmjyoiurfetxer.

Mouse single cell data: GSE263613. Token: mzodacysrtgpbin. Mouse bulk RNA seq data: All other data are available from the corresponding authors on reasonable
request. Correspondence and request for materials should be addressed to F.J.Q. Publicly available datasets: scRNA-seq dataset from Couturier et al, 2022: https://
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dataset/doi:10.5061/dryad.h70rxwdmj; Ivy Glioblastoma Atlas: http://glioblastoma.alleninstitute.org; TCGA/GLASS: http://www.cbioportal.org; GRCh38 reference
genome: https://ftp.ensembl.org/pub/release-113/fasta/homo_sapiens/dna/
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes. Sample sizes are similar to those used in the field, as previously reported: Lee
HG et al, Nature 2024 Sanmarco and Wheeler et al. Nature 2021 Wheeler et al. Nature 2020, Wheeler et al. Nature 2019, Chao et al. Cell
2019, Rothhammer et al. Nature 2018, Rothhammer et al. Nature Medicine 2016, Mayo et al. Nature Medicine 2014.

Data exclusions | Formal outlier tests in Prism (9.2.0) were used to exclude outlying datapoints, which was pre-established and similar to exclusion criteria
described in recent publications: (Vujkovic-Cvijin et al., Nature 2020; Ballesta et al., Nature 2020; Lukonin et al., Nature 2020; Badimon et al.,

Nature 2020; Wheeler et al., Nature 2020; Wheeler et al., Cell 2019; Hur et al., Nature 2020; Sahin et al., Nature 2020).

Replication To ensure replication, all deep sequencing data were repeated in 3-5 mice per group per timepoint. For in vitro and in vivo experiments,
experiments were repeated at least twice, with consistent results.

Randomization  All samples were randomly allocated into treatment groups.
Blinding Experimenters were blinded to treatment during survival study monitoring. Similarly, during data processing of all sequencing data,

experimenters were blinded to condition. Otherwise, blinding was not performed, such as during in vitro experiments, where experimenters
were required to know the conditions of each well.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™ Antibodies |:| ChlP-seq
Eukaryotic cell lines |:| g Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

NOOOXOOs
OX XXX D

Dual use research of concern

Antibodies

Antibodies used Antibodies used for T-cell analysis were: BUV496 anti-SLAMF6 (BD Biosciences, 750046), BUV563 anti-CD11b (BD Biosciences,
741242), BUV661 anti-CD45 (BD Biosciences, 612975), BUV737 anti-PD-1 (BD Biosciences, 749306), BUV805 anti-LAG-3 (BD
Biosciences, 748540), BUV650 anti-CD3 (BD Biosciences, 740530), BV711 anti-TIGIT (BD Biosciences, 744214), BV750 anti-TNF (BD
Biosciences, 566365), BV786 anti-TIM3 (BD Biosciences, 747621), FITC anti-CD8a (Biolegend, 100804), PE anti-CTLA4 (Biolegend,
106306) or BV421 anti-CTLA4 (Biolegend, 106312), PE/Dazzle 594 anti-IL-10 (Biolegend, 505034), PE/Cy5 anti-IL2 (Biolegend,
503824), PE/Cy7 anti-CD4 (Biolegend, 100422), AF700 anti-CD39 (Invitrogen, 56-0391-82), APC/Cy7 anti-IFNy (BD Biosciences,
561479). GL261-specific CD8+ T cells were stained with an APC-conjugated H-2D(b) tetramer loaded with GARC-177-85 peptide
(AALLNKLYA) (NIH Tetramer Core) was used.

The anti-FPR1 blocking antibody was from R&D Systems (clone 350418, catalog MAB3744; lot XSU0422112).

Antibodies used for sorting were: BV421 anti-CD11a (BD Biosciences, 740020), BV605 anti-CX3CR1 (Biolegend, 149027), BV650 anti-
CD11b (BD Biosciences, 563402), BV711 anti-CD8a (BD Biosciences, 752634), BV785 anti-Ly6C (Biolegend, 128041), FITC anti-CD3
(Biolegend, 100204), PE/Cy7 anti-CD4 (Biolegend, 100422), APC anti-CD45 (Thermo Fisher Scientific, 17-0451-83), APC/Cy7 anti-
CD49d (Biolegend, 103635).

Immunofluorescence staining of mouse tissue and human cells (all antibodies cross react with both species): ASC (Adipogen; AL177;
1:100), cleaved IL-1B (Thermo Fisher Scientific; PA5-105048 1:200), and NFkB (Cell Signaling Technology, Clone D14E12; 1:100).
pMLKL (Cell Signaling Technology; 1:100), GFAP (Abcam ab4674: 1:500), Luciferase (BioRad; MCA2076; 1:100), and DAPI (Sigma
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Validation

Aldrich: 1:1,000). Secondary antibodies were used at 1:1,000 and were: donkey anti-rabbit Alexa Fluor 647 (Invitrogen A31573),
donkey anti-chicken Alexa Fluor 594 (Invitrogen A21203), goat anti-chicken Alexa Fluor 488 (Invitrogen A78948), and donkey anti-
rabbit Alexa Fluor 488 (Invitrogen A21206).

Immunofluorescence staining of human tissue using the 4i method: Antibodies used in cycle 1 used were: GFAP (DAKO (Zo334,
1:1000), Ibal (Synaptic Systems, 234308); cycle 2 antibodies were ANXA1 (abcam ab214486: 1:2000), FPR1 (Abcam ab113531,
1:100); cycle 3 antibody was FPR3 (BioTechne, MAB3896, 1:500); cycle 4 antibody was FPR2 (Santa Cruz, sc-57141, 1:200), and cycle
5 antibodies were EFGRVIII (Biozol, 31-1305-00, 1:100), GFAP (DAKO, Z0334, 1:100), and hematoxylin.

All antibodies were commercial in origin and validated by the company. Specifically, BioLegend (https://www.biolegend.com/nl-nl/
reproducibility), Abcam (https://www.abcam.com/primary-antibodies/how-we-validate-our-antibodies), BD Biosciences, Miltenyi
(https://www.miltenyibiotec.com/US-en/resources/macs-academy/live-webinars/antibody-validation-for-reproducible-flow-
cytometry-analysis.html#gref), Thermo Fisher (https://www.thermofisher.com/us/en/home/life-science/antibodies/invitrogen-
antibody-validation.html), R&D Systems (https://www.rndsystems.com/quality/antibodies-built-for-reproducibility#:~:text=R%26D%
20Systems%C2%AE%20takes%20rigorous%20steps%20towards%20antibody%20validation%20and%20reproducibility. &text=By%
20developing%20and%20testing%20our,100%25%20guarantee%20for%200ur%20products.), and Millipore (https://
www.emdmillipore.com/US/en/life-science-research/antibodies-assays/antibodies-overview/Antibody-Development-and-Validation/
cFOb.qB.8McAAAFOb64qQvSS,nav), purify antibodies from cell line supernatant using affinity chromatography followed by validation
using proper negative and positive controls in functional assays, relevant for all antibodies used for flow cytometry and
immunostaining. Additionally, co-authors reviewed staining properties with positive and negative controls to

ensure no non-specific staining (regarding subcellular location by microscopy, appropriate co-staining with other markers).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

GL261-luc2, CT-2A-Luc2 (Caliper Life Sciences); NIH-3T3 (ATCC); BT 1018, BT482, BT145 (Dana-Farber Cancer Institute Center
for Patient Derived Models (available at models@dfci.harvard.edu).

cell lines were authenticated by their suppliers by RNA-seq, histological analysis, STR, and pathogen PCR panels (eg CLEAR).

Mycoplasma contamination Cells tested negative for mycoplasma by their suppliers and low passage (<3 passages) stocks were banked for experimental

use.

Commonly misidentified lines  None.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Mice were housed 2-5 animals per cage under a standard light cycle (12h light/dark) (lights on from 7am to 7 pm) at 20-23°C and
humidity (~50%) with ad libitum access to water and food. WT C57BI/6J (The Jackson Laboratory, #000664); Male and female mice
were used. Mice were 8-12 weeks old when used for experiments.

The study did not involve wild animals

The study did not involve samples collected from the field.

Brigham and Women's Hospital IACUC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Human GBM samples were analyzed from n=31 GBM patients and n=4 control tissue. Covariate information is included in
tables S1, S2, and Supplementary Data 3. Covariate data from TCGA/GLASS are available at cbioportal.org.

All patients were recruited through the Department of Oncologic Pathology at Dana Farber Cancer Institute. Informed
consent from both the patients and the family was obtained. Patients were chosen based on a clinical diagnosis of GBM, thus
a self-selection bias is not relevant.

Resected GBM and healthy brain tissue samples were collected from GBM patients with full ethical approval and informed
consent as approved by the Department of Oncologic Pathology at Dana Farber Cancer Institute.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mouse CNS cells: Anesthetized mice were perfused with 20 mL cold PBS. The brain was minced and enzymatically dissociated
for 20 min, 37°C and 100 rpm shaking in a solution containing 0.66 mg/mL Papain (Sigma-Aldrich, #P4762) in HBSS w/o Mg/
Ca (Thermo Fisher Scientific, 14175095), followed by a second incubation at the same conditions with equal volume of
DMEM supplemented with Collagenase D (Roche, #11088858001) and DNase | (Thermo Fisher Scientific, #90083) in the
concentration of 0.66 mg/mL and 8 U/mL respectively. Using a 10mL serological pipette, the suspension was dissociated and
filtered through a 70 um cell strainer (Fisher Scientific, #22363548) into a 50 mL tube. After centrifugation at 600xg for 5 min,
the pellet was resuspended in 10mL of a solution containing 30% Percoll (GE Healthcare Biosciences) in PBS. Following
gradient centrifugation for 25 min at 600xg with lowest acceleration and deceleration speeds, the layer of myelin
accumulating at the top was aspirated. The cell pellet was washed with PBS and used for downstream applications.

Mouse splenic cells: Mouse spleens were dissected out of anesthetized mice prior to cardiac perfusion, mechanically mashed
through 70um nylon strainers (Thermo Fisher Scientific, 22-363-548) by use of a syringe plunger, and washed with HBSS w/o
Mg/Ca (Thermo Fisher Scientific, 14175095). Next, spleen tissue was incubated in 1mL ACK Lysis Buffer (Gibco, A10492) for 5
min at 4°C to lyse red blood cells, washed in HBSS, centrifuged at 500 xg and resuspended in PBS with 0.5% BSA (Sigma-
Aldrich, A3294-100G) and 2mM EDTA (VWR, E177-100ML) for downstream applications.

Instrument BD FACSAria llu or BD Facs Symphony A5.

Software BD FACSDIVA (v8.0.1)

Cell population abundance Sorting was performed with "Purity" settings, thus purity is >95%. Abundance is reported in figures where relevant.

Gating strategy Gating strategies are shown for each flow cytometry experiment

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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