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Glioblastoma (GBM) is a highly aggressive primary brain tumor characterized by profound immunosuppression that facilitates
tumor progression and promotes therapeutic resistance. Fibroblast activation protein (FAP), a recognized theranostic target in
multiple cancers, is upregulated in GBM and predominantly expressed by pericyte-like stromal cells. Here we identify a role for FAP*
pericyte-like cells in shaping the GBM immune microenvironment through monocyte recruitment and differentiation. Analysis of
The Cancer Genome Atlas (TCGA) datasets, supported by reverse-transcription quantitative PCR and immunohistochemistry,
revealed that elevated FAP expression—serving as a proxy for the abundance of FAP* pericyte-like cells—is associated with an
immune-enriched tumor microenvironment characterized by higher macrophage abundance and elevated expression of M2
polarization markers. Spatial analyses, including immunofluorescence and spatial transcriptomics, demonstrated that
immunosuppressive macrophages preferentially localize in proximity to FAP* pericytes. Single-cell RNA sequencing identified these
FAP* cells as a distinct perivascular stromal subset with a unique expression pattern of extracellular matrix components and
cytokines, including CCL2 and CSF1, with corresponding receptors expressed on myeloid cells. Functional assays using patient-
derived FAP* pericyte-like cells confirmed their ability to attract monocytes via soluble mediators and to promote their
differentiation and polarization into tumor-associated macrophages with immunoregulatory features, partly mediated by the
CSF1-CSF1R axis. Orthotopic co-implantation experiments in mice further supported their capacity to enhance myeloid infiltration
in vivo. Consistent with these biological effects, a transcriptional signature characteristic of FAP* pericytes correlated with worse
overall survival in patients with GBM. Together, these findings position FAP* pericyte-like cells as modulators of the GBM immune
landscape, fostering a tumor-permissive niche by promoting the differentiation of circulating monocytes into immunoregulatory
macrophages. Targeting this stromal population may offer new therapeutic avenues to reprogram tumor-associated immune

responses in GBM.
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INTRODUCTION
Glioblastomas (GBMs) are the most common and highly
aggressive primary brain tumors in adults, characterized by a
high degree of inter- and intratumoral heterogeneity, rapid and
infiltrative growth, rampant but defective vasculature and
profound local immunosuppression'. Central to these GBM
features is the presence of diverse leukocyte subpopulations,
notably a high proportion of tumor-associated macrophages
(TAMs)?.

TAMs in GBM originate from microglia and, to a large extent,
from blood-derived monocytes*® recruited by different soluble

mediators such as MCP-1 (CCL2; monocyte chemotactic protein
1, chemokine (C-C motif) ligand 2), M-CSF (CSF1; macrophage
colony-stimulating factor), GM-CSF (CSF2; granulocyte-macrophage
colony-stimulating factor), HGF (hepatocyte growth factor), MIF
(macrophage migration inhibitory factor) and SDF-1 (stromal cell-
derived factor)**. During diapedesis through the endothelial layer
and under the influence of factors in the perivascular niche,
monocytes begin to differentiate and polarize into various TAM
subpopulations®. The phenotype of these TAMs combines features
of both classically activated proinflammatory M1 macrophages and
alternatively activated anti-inflammatory M2 macrophages’*.
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Nonmalignant mesenchymal cells, such as cancer-associated
fibroblasts (CAFs), constitute an essential component of the tumor
microenvironment (TME) in extracranial malignancies and con-
tribute to several hallmarks of cancer®. CAFs originate from local
mesenchymal cells, such as fibroblasts and pericytes, or nonlocal
sources, such as bone marrow-derived mesenchymal cells®.
Despite their heterogeneity, CAFs frequently express fibroblast
activation protein (FAP), a serine protease that is highly expressed
across many tumor types but shows limited expression in most
healthy adult tissues'®'’. This tumor-associated expression
pattern has made FAP an attractive theranostic target in both
intra- and extracranial malignancies'>. Among their tumor-
promoting functions, FAP*™ CAFs play an essential role in shaping
the tumor immune landscape in extracranial tumors'>. However,
whether analogous FAP* stromal populations exert similar
immunomodulatory functions in GBM remains unclear, given the
unique cellular composition and immune environment of the
brain'.

Our previous studies have demonstrated FAP overexpression in
GBM, particularly in the mesenchymal subtype'>'®. Nonmalignant
mesenchymal cells resembling pericytes and/or CAFs account for
most FAP-expressing cells in GBM, although FAP can also be
expressed by a subpopulation of tumor cells and by tumor
endothelial cells'>™"”. Notably, the highest expression of FAP was
observed in regions identified as hyperplastic blood vessels and
microvascular proliferation in human GBMs'®. We showed that
FAP* pericyte-like cells support GBM vascularization by enhancing
endothelial cell migration and sprouting. In addition, they
promote glioma cell migration and proliferation’®.

Here, we aim to elucidate the relationship between FAP*
pericyte-like cells and immune myeloid cell subpopulations in the
GBM microenvironment. Using in silico analysis of The Cancer
Genome Atlas (TCGA) data, quantitative reverse-transcription PCR
(RT-gPCR) and immunohistochemistry analysis of GBM tissues, we
found that monocytes/macrophages are enriched in GBMs with
high FAP expression. Furthermore, by using single-cell RNA
sequencing (scRNA-seq), spatial transcriptomics and functional
experiments, we found that FAP* pericyte-like cells contribute to
the migration and differentiation of monocytes into TAMs in
perivascular regions. We propose that FAP' pericytes play an
important role in shaping the immunosuppressive properties in
GBM.

MATERIALS AND METHODS

Patients

The study was approved by the Institutional Ethics Committee (study
approval numbers 108-39/4-2014-UVN and 7/8/2014-25) and conducted in
accordance with the Helsinki Declaration. Fully informed consent was
obtained from all donors before neurosurgical resection. GBM diagnosis
was established according to the 2021 WHO classification. Patients with
newly diagnosed GBM (IDH-wild-type, grade 4 glioma, n=117) under-
going neurosurgical resection at the Department of Neurosurgery, Na
Homolce Hospital, Prague or at the Department of Neurosurgery and
Neurooncology, First Faculty of Medicine, Charles University and Military
University Hospital, Prague, were included in the study.

In silico bioinformatic analysis

TCGA gene expression data from Affymetrix expression array platform HG-
U133A were accessed via the GlioVis online portal (http://gliovis.bioinfo.
cnio.es/) in September 2019%°. For in silico analysis, data from newly
diagnosed IDH-wild-type GBMs were divided into terciles based on FAP
messenger RNA expression (FAP high =upper tercile, n=119; FAP
low = lower tercile, n=119). To assess the cellular composition of the
TME, we estimated the absolute abundance of immune and stromal cell
populations in IDH-wild-type TCGA-GBM samples using the MCP-counter
algorithm?', implemented via the R package immunedeconv. To evaluate
the association between FAP expression and the TME landscape, patients
were stratified into terciles based on their FAP expression levels.
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Abundance scores were calculated according to the MCP-counter frame-
work based on log,-transformed gene expression values. In this study, the
MCP-counter ‘cancer-associated fibroblast (CAF)" category was used and
referred to as nonmalignant mesenchymal cells. lvy Glioblastoma Atlas
(http://glioblastoma.alleninstitute.org/) was used to explore the expression
of monocyte and macrophage markers in perivascular regions based on
FAP mRNA expression. For this purpose, we defined ‘perivascular regions’
as Hyperplastic blood vessels and microvascular proliferations, divided
them based on FAP expression into terciles, and compared the expression
of monocyte and macrophage markers between ‘FAP-high’ (upper tercile)
and ‘FAP-low’ (lower tercile) perivascular regions. To further identify the
characteristics of FAP-high perivascular regions, differentially expressed
genes (DEGs) between FAP-high and FAP-low regions were identified and
subjected to gene set enrichment analysis using the iDEP application
(http://bioinformatics.sdstate.edu/idep/).

Isolation and quantification of total RNA, determination of
RNA integrity and library preparation for RNA-bulk
transcriptome analysis

Total RNA was isolated from 13 GBM tissues using RNeasy Micro Kit
(Qiagen) according to the manufacturer’s protocol, including treatment by
DNase I. The quantity and quality of isolated RNA were measured using a
NanoDrop ND-1000 (Thermo Fisher Scientific) and Agilent 2100 Bioana-
lyzer (Agilent Technologies). The RNA integrity number ranged between
6.3 and 9.5. A KAPA mRNA HyperPrep kit with poly(A) mRNA selection
(Roche) was used to construct the sequencing library, starting with 1 pg of
total RNA.

RNA-bulk transcriptome analysis

Libraries were sequenced on a NextSeq 500 platform (lllumina) using the
75-bp single-end configuration. The sequencing yielded an average of
30 million reads per sample. Technical quality control and gene
quantification were done using the nf-core/RNAseq v1.4.2 bioinformatics
pipeline??, with HISAT2 mapping® and read counting with feature-
Counts®*. GRCh38 (Ensembl annotation version 95) was chosen as the
reference genome?’. Gene set enrichment analysis was performed against
Gene Ontology (GO) terms®® using the fgsea package?®’.

Immunohistochemistry

CD45 and CD68 immunopositivity was detected in 4-um formalin-fixed
paraffin-embedded GBM tissue sections using primary monoclonal
antibodies: anti-CD45 (clone X16/99, Leica), anti-CD68 (clone KP1, Thermo
Fisher Scientific) following antigen retrieval using an EDTA-based pH 9.0
epitope retrieval solution (BOND Epitope Retrieval Solution 2) for 20 min.
Bond polymer refine detection (Leica) was used to visualize the primary
antibody signal and hematoxylin nuclear counterstaining. Images were
captured by an experienced pathologist (Petr Hrabal) on an Axioskop 2
mot plus microscope using the Axiocam ICc1 camera (Zeiss). Using
ImageJ®, the percentage of CD45 and CD68 positive area was analyzed in
five random fields of view. FAP expression in stromal cells was evaluated
by immunohistochemistry in a previous study'®. The immunopositivity
score for each tumor represents an average of five independent
microscopic fields, evaluated using a four-tiered semiquantitative scale
(where 0 is negative; 1 is perivascular positivity in sporadic blood vessels; 2
is perivascular positivity in over 2/3 of the visual field; 3 is extensive
perivascular positivity and FAP™ trabeculae)'®.

Immunofluorescence

Immunofluorescence labeling was performed in 10-um frozen sections of
human GBM and mouse brain tumors. Samples were fixed and
permeabilized using either a 1:1 mixture of methanol and acetone
(5 minutes, —20 °C) or 4% paraformaldehyde followed by 0.1% Triton-X100.
Nonspecific antibody binding was blocked with 10% fetal bovine serum
(FBS) and 1% bovine serum albumin in Tris-buffered saline (60 min, room
temperature). Human GBM sections were subjected to sequential double
immunofluorescence labeling for FAP in combination with CD68, CD163,
CD206, aSMA, PDGFRB, NG2 or GFAP using the following primary
antibodies diluted in Tris-buffered saline with 1% bovine serum albumin:
anti-FAP (clone D8, Applied DNA Sciences, 1:800, 1 h, room temperature),
anti-CD68 (clone D4B9C, Cell Signalling, 1:800, overnight, 4 °C), anti-CD163
antibody (clone GHI/61, Santa Cruz, 1:200, overnight, 4 °C) and anti-CD206
(clone 15-2, Santa Cruz, 1:200, overnight, 4°C), anti-aSMA (clone 1A7,
Abcam; 1:200; overnight, 4 °C), anti-PDGFRp (clone PR72112, Invitrogen;
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1:100; overnight, 4°C), anti-NG2 (clone E3B3G, Cell Signaling; 1:200;
overnight, 4 °C) and anti-GFAP (clone GF-01, Exbio; 1:200; overnight, 4 °C).
Mouse tumor sections from the co-implantation model were stained for
leukocyte and macrophage markers using anti-CD45 (clone 30-F11, R&D
Systems; 1:100; overnight, 4°C) and anti-F4/80 (clone CI-A3-1, Novus
Biologicals; 1:500; overnight, 4 °C). Primary antibodies were visualized using
the species-appropriate Alexa Fluor-conjugated secondary antibodies
(anti-rat Alexa Fluor 488, anti-rabbit Alexa Fluor 594 or 488, anti-mouse
Alexa Fluor 647 or 488, all 1:500, 60 min, room temperature). Images of
human GBM sections were acquired using a Leica Stellaris 5 confocal
microscope (Leica), whereas mouse tumor sections were imaged using an
Olympus 1X70 microscope equipped with an ORCA-Flash 4.0 camera
(Hamamatsu). For mouse tumors, five representative fields per marker
were imaged and positive cells were manually quantified using the Cell
Counter plugin in ImageJ (NIH).

Isolation and quantitation of total RNA and determination of
RNA integrity for real-time qRT-PCR

Total RNA was isolated with the TRIzol reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. RNA concentration was assayed
with the RiboGreen RNA quantitation Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Integrity of the isolated RNA
samples was determined using Agilent 2100 Bioanalyzer (Agilent
Technologies) and the Agilent RNA 6000 Nano Kit (Agilent Technologies).
All samples used for the real-time RT-PCR quantitation of the studied
mRNAs displayed RNA integrity number >5.

Real-time qRT-PCR

The forward and reverse primers and TagMan probes (Thermo Fisher
Scientific; Supplementary Table 1) were designed with the Primer Express
software (Thermo Fisher Scientific). A two-step real-time RT-PCR assay was
used to quantitate mRNA expression. SuperScript IV VILO MasterMix
(Thermo Fisher Scientific) was used for reverse transcription according to
the manufacturer’s instructions. The subsequent PCR step was performed
with an aliquot of the RT-mix, corresponding to a PCR input of 50 ng of
total RNA. The PCR assays for RT-samples were run in triplicate, along with
no-template controls, on the QuantStudio 12K Flex instrument (Thermo
Fisher Scientific). Threshold cycle (Ct) values for amplification reactions
were determined from plots of background-subtracted fluorescence
intensity (AFI) of the reporter dye (6-FAM) versus PCR cycle number using
the QuantStudio 12K Flex Software. Expression data were normalized to a
reference transcript using the ACt method (that is, 272,

Single-cell transcriptomics analysis

scRNA-seq data from newly diagnosed GBM tumor tissues analyzed in this
study include four datasets: LeBlanc et al? (10 patients, GSE173280),
Abdelfattah et al.3° (10 patients, GSE182109), Nomura et al.3' (56 patients,
GSE274546) and an in-house dataset from Ebert et al.’> (3 patients). Each
dataset was individually preprocessed using the standard workflow in the
Seurat package (Seurat v5) (https://satijalab.org/seurat/articles/pbmc3k_
tutorial). This included quality control, log normalization (scale factor
10,000), data scaling, linear dimensional reduction, cell clustering and
uniform manifold approximation and projection (UMAP) reduction. We
used cell type annotations for the clusters as reported by the authors in the
publications first reporting the generation of each dataset (GSE173280%,
GSE182109°° and GSE274546%", Ebert et al.’®). High relative expression of
established pericyte markers (PDGFRB, THY1, ACTA2 and CSPG4) was used
to confirm that pericyte clusters were annotated appropriately. Pericyte
clusters from each dataset were subset and reclustered to resolve pericyte
subpopulations. Highly variable genes (1000 features) were identified
using variance-stabilizing transformation, followed by principal component
analysis (PCA). The first 20 principal components were used to construct a
shared nearest neighbor graph and perform graph-based clustering
(resolution 0.1-0.3), with dimensionality selection guided by elbow plots.
A UMAP was performed using 10-35 principal components, selected per
dataset to optimize subcluster separation. We further identified specific
marker genes for pericyte subpopulations using the ‘FindAllMarkers’
function (minimum percentage of >25% of cells in at least one group). The
list of pericyte subpopulation markers was further refined based on cluster
specificity across the four datasets. The resulting pericyte subpopulation
markers (Supplementary Table 2) were then used to annotate pericyte cells
in each dataset as follows: pericyte subpopulations for a total number of
cells n and genes m having normalized expression E, were annotated by
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first calculating the scaled gene expression (S;) for gene i in cell j as

nE.
Sj = Ey/ (2’1 U) :

n

From this, we then calculated the subpopulation score for the cell j over
I genes in a gene list g as

ZiegSIj ZI¢95U

Ny == m—1

Each cell is assigned the pericyte subpopulation for which it has a
maximum score Ng; greater than 1. Cells with a score less than 1 are not
assigned to any subpopulation. To reduce cell-to-cell noise and increase
robustness of pericyte annotations, pericyte subpopulation signature
scores were smoothed using k-nearest neighbor averaging with the UCell
SmoothKNN function. Pericyte subtype annotations were validated against
results from an independent single-cell analysis of mural cell populations
acros3s2 different brain tumor disease cohorts including IDH-wild-type
GBM™~.

Pericyte subpopulation composition was quantified by calculating,
within each dataset, the percentage of pericytes in each subpopulation
for each patient and then averaging these patient-level percentages to
obtain dataset-level means (rescaled to sum to 100%). Similarly, for FAP*
GBM cell type composition, FAP™ cells (FAP counts >0) were identified, and
per-patient cell type percentages were quantified and averaged within
each dataset (rescaled to sum to 100%).

The expression of marker genes was quantified for each pericyte
subpopulation in each dataset. To facilitate comparison between datasets,
gene counts for genes of interest were z-score normalized within each
dataset. We identified DEGs in each dataset (log,FC >0.5 or <—0.5, and
adjusted P value <0.05 as determined by Benjamini-Hochberg false
discovery rate (FDR) analysis) between FAP* (FAP counts >0) and FAP~
pericytes (FAP counts equal to 0) using the Seurat function ‘FindMarkers'.
Overlapping the significantly up- and downregulated gene lists across the
four datasets identified common DEGs. We use the ligand-receptor
interaction database in CellChat®® to identify ligands of interest from the
common DEG list. The identified ligand of interest was selected and
quantified as z-score expression and percentage expressing (percent of
cells with counts >0) across GBM cell types in each dataset. Analyses were
performed both in FAP* (FAP counts >0) across all cell type clusters and in
the full, unfiltered cell population. Gene expression of the corresponding
receptors was also quantified in myeloid subpopulations. These myeloid
subpopulations were obtained by selecting the ‘myeloid’ cluster as defined
by the dataset’s authors. Previously published lists of markers for myeloid
subpopulations®* were used to annotate monocytes, macrophages and
microglia using the same signature scoring method used for pericyte
subpopulations. The macrophage population was then selected and
further annotated as M1 or M2 using previously published markers®.

Spatial transcriptomics analysis

Visium spatial transcriptomics data of newly diagnosed GBM tumor tissues
in this study include Ravi et al3® (20 patients) and Greenwald et al¥”
(GSE237183, 13 samples from 6 patients).

For the Ravi dataset, data were downloaded as SPATA2 objects and
converted to Seurat objects using the SPATA2 (v2.0.4) function, ‘asSeurat()'.
The Spaceranger output was downloaded and used to create the Seurat
objects for the Greenwald dataset. The data were individually processed
following the standard spatial transcriptomics workflow in the Seurat
package (Seurat v5) (https://satijalab.org/seurat/articles/spatial_vignette).
Libraries were scaled to 10,000 UMIs per spot and log-normalized with the
Seurat function ‘NormalizeData'. To analyze the spatial distribution of cell
types in GBM, we used robust cell type decomposition (RCTD)3® analysis
using the spacexr package (v2.2.0) to infer cellular composition in spatial
transcriptomics data. We used the annotated Abdelfattah scRNA-seq
dataset as a reference to identify cell types and subpopulations in the TME.
This approach was used for broad cell types (for example, pericytes,
endothelial cells, myeloid cells, malignant cells, lymphocytes and
oligodendrocytes) as well as their corresponding subpopulations, including
pericyte subpopulations (for example, FAP* pericytes) and myeloid
subpopulations. In addition, we annotated the malignant cell cluster in
the scRNA-seq data using the GBM cell-state signatures described by
Neftel et al>® (NPC1, NPC2, OPC, AC, MEST and MES2) and the same
signature scoring method used for pericyte and myeloid subtype
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annotations. To facilitate broader downstream comparisons, related
malignant states were subsequently consolidated into broader categories,
with NPC1 and NPC2 grouped as NPC, and MES1 and MES2 grouped as
MES. This analysis generated a cell type ‘proportion’ composition score
(0-1) for each cell type per spot.

To identify tissues enriched in vessels, we summed the endothelial cell
and pericyte composition scores to define a ‘vessel’ score. Spots with a
vessel score >mean + 1 standard deviation across all spots in the tissue
were classified as ‘vessel enriched’. To ensure these enriched spots formed
contiguous vessel structures, we computed a spot-aggregation score, that
measured the percentage of surrounding ‘neighborhood’ spots (in Visium
data, up to six neighbors) that were also vessel enriched. Only tissues with
an average vessel aggregation score >0.3 were classified as vessel-enriched
and included in further analysis (13/33 tissues). FAP* pericyte-enriched
spots were defined as those with a FAP* pericyte composition score >
mean + 1s.d. across all spots in the tissue. To enable comparison, vessel
structures depleted of FAP" pericytes were annotated as spots with a
vessel score>the vessel enrichment threshold and a FAP* pericyte
score < FAP™ pericyte enrichment threshold. log,FC differences in ligand
expression were quantified in FAP* pericyte-enriched spots versus FAP*
pericyte-depleted vessel spots per tissue. Significance was assessed by
paired t-test and Benjamini-Hochberg multiple testing correction with
P <0.05 considered significant.

To estimate the relative contribution of ligand expression from different
cell subtypes within FAP* pericyte-enriched spatial regions, mean cell-type
proportions (composition scores) were first quantified in FAP* pericyte-
enriched spots for each vessel-enriched tissue. Expression of ligands of
interest was then assessed across four scRNA-seq datasets. For each
dataset, average expression of each ligand was calculated within each
annotated cell subtype and normalized to the global mean expression of
that ligand across all cells within that dataset. This generated a dataset-
specific normalized ligand expression score for each ligand-cell type pair.
Normalized ligand expression scores were then averaged across datasets
to generate an overall mean normalized expression value for each
ligand-cell type pair. To account for the relative abundance of each cell
subtype within FAP* pericyte enriched spots, these mean normalized
expression values were multiplied by the corresponding average cell-type
proportion for each tissue within FAP* pericyte enriched spots. This
produced a contribution-weighted ligand expression score for each
ligand-cell subtype combination in each tissue. For statistical comparisons,
contribution-weighted expression scores were analyzed using a one-way
analysis of variance (ANOVA) with cell subtype as the grouping variable.
Ligand-cell subtype combinations were considered significant where
Tukey-adjusted P values <0.001. For heat map Vvisualization, mean
normalized expression values were multiplied by the average cell-type
proportion within FAP* pericyte enriched spots across all tissues.

To measure log,FC differences in expression of myeloid markers in local
neighborhoods surrounding FAP* pericyte-enriched versus FAP* pericyte-
depleted vessel spots, the region was expanded to include the immediate
six neighboring spots (seven-spot local neighborhood). Significance was
once again assessed by t-test, with P < 0.05 considered significant.

To quantify the spatial enrichment of myeloid subtypes around FAP*
pericyte spots, we calculated the neighborhood composition score (NCS*).
Spots with a FAP* pericyte composition score>the FAP* pericyte
enrichment threshold were identified, and the proportion of neighboring
spots (within the seven-spot local neighborhood) enriched for each
myeloid subtype (for example, M1/M2 macrophages, monocytes and
microglia) was determined. The NCS was computed as the ratio of
enriched myeloid subtype spots to total neighborhood spots, with average
NCS values calculated per tissue. This analysis was also performed for other
pericyte subpopulations annotated using RCTD analysis.

To observe how this spatial enrichment changes across regions proximal
and distal to FAP' pericyte-enriched spots, we quantified myeloid
composition scores at increasing distances from these spots. Spots with
a FAP" pericyte composition score = FAP* pericyte enrichment threshold
were identified, and the average composition score of each myeloid
subtype was quantified per binned distance (100 pm). To facilitate cross-
tissue comparison, average composition scores were normalized to 0-1. To
enable direct comparison between FAP* pericyte-enriched spots and other
pericyte spots not enriched with FAP* pericyte, we performed the same
analysis around FAP™ pericyte spots defined as pericyte enriched spots
with pericyte composition score > pericyte enrichment threshold and FAP*
pericytes composition score < FAP* pericyte enrichment threshold. This
analysis was also performed for myeloid marker genes.

SPRINGER NATURE

Derivation of primary cell cultures and cultivation of cell lines
FAP* pericyte-like cells were derived from fresh human GBM tissue
according to a previously described procedure'®. In brief, tumor tissue was
dissociated mechanically and enzymatically (TrypLE, Gibco) and cultured in
complete pericyte media, consisting of pericyte medium (PM) supple-
mented with 2% fetal bovine serum, pericyte growth supplement, 100
units/ml penicillin G and 100 pg/ml streptomycin (all provided by ScienCell
Research Laboratories) on fibronectin-coated (2 pg/cm?, Merck) plastic.
After 7 days, the FAP-expressing cells were isolated by magnetic-activated
cell sorting using anti-FAP antibody (F11)-coated DynaBeads (Invitrogen).
Cells were cultured on fibronectin-coated plastic under standard condi-
tions at 37 °C in a humid atmosphere of 5% CO, in a complete pericyte
medium. Patient-derived GBM stem-like cell cultures (GSCs) were isolated
as described previously’' and cultured in complete GSC medium
consisting of DMEM/F-12 (Sigma-Aldrich) with 1% GlutaMAX (Thermo
Fisher Scientific), 2% B-27 supplement minus vitamin A (Thermo Fisher
Scientific), 100 U/ml penicillin, 100 pg/ml streptomycin (Sigma-Aldrich),
20ng/ml EGF and 20 ng/ml FGF2 (PeproTech EC) in nonadherent cell
culture flasks. The GSC cell line NCH644 (Cell Lines Service) was cultured in
complete stem cell medium as described above. Cell cultures were tested
for mycoplasma using the MycoAlert PLUS Mycoplasma Detection Kit
(Lonza, LT07-703) and authenticated by short tandem repeat profiling
performed by Generi Biotech.

Monocytes were isolated from healthy donors’ buffy coats by density
gradient centrifugation using Ficoll-Paque (Cytiva) and by indirect
magnetic-activated cell sorting using a Pan Monocyte Isolation Kit (Miltenyi
Biotec) according to the manufacturer’s instructions. THP-1 monocytic cell
line was a kind gift from Professor Klener (Institute of Pathological
Physiology, First Faculty of Medicine, Charles University). Monocytes and
THP-1 cells were cultured in RPMI1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (monocyte cultivation medium). The
purity of isolated monocytes was verified by flow cytometric assessment of
CD14 expression.

Primary mouse pericytes were isolated from adult C57BL/6 mice
according to an established protocol®. In brief, six mouse brains were
dissociated using the Papain dissociation system (Worthington Biochem-
ical). Cells were initially cultured in endothelial-optimized conditions; after
two passages, the medium was replaced with complete pericyte medium.
To ensure culture purity, cells were characterized at each passage for the
expression of pericyte markers: NG2, aSMA and contaminant markers:
endothelial marker CD31, astrocyte marker GFAP and immune cell marker
CD45. At the fourth passage, cells were positive for NG2 and a-SMA and
negative for CD31, GFAP and CD45. Based on this marker profile, the cells
were considered pericytes and were used for downstream in vivo
experiment.

GL261 murine GBM cell line was acquired from NCI tumor repository and
cultured in RPMI1640 medium supplemented with 10% of fetal
bovine serum.

In vivo co-implantation model

All animal experiments were approved by the Commission for Animal
Welfare of the First Faculty of Medicine, Charles University, and by the
Ministry of Education, Youth and Sports of the Czech Republic (MSMT-
3828/2024-5), in accordance with national animal protection legislation.
Eight-week-old male C57BL/6J mice (The Jackson Laboratory) were used
for intracranial implantation. Surgical procedures were performed under
intramuscular anesthesia with ketamine (100 mg/kg) and xylazine
(10mg/kg) to minimize animal suffering. Orthotopic tumors were
generated using a stereotactic frame (Stoelting) by co-implantation of
1.7 x 10* pericytes with 5 x 10% GL261 GBM cells in a total volume of 4 pl
(n = 7). Control mice received 5 x 10* GL261 cells alone in a total volume of
4 ul (n=7). Cells were injected at coordinates 1.2 mm anterior to bregma,
2.5 mm lateral to the midline and 3 mm deep into the right hemisphere at
a rate of 1 pl/min using a Pump 11 Elite syringe pump (Harvard Apparatus).
Mice were monitored and weighed daily. Brain tumors were collected
15 days post implantation, when the first mice in the cohort developed
neurological symptoms or 10% body weight loss. Brains were embedded
in Tissue Freezing Medium (Leica) and stored at —20°C until further
processing. Brains were sectioned coronally at a thickness of 10 um using a
cryotome (Leica). Sections were stained with hematoxylin and eosin for
histological evaluation and volumetric analysis. From the first section
showing detectable tumor tissue onward, every tenth section was
collected for volumetric analysis. Tumor volume was analyzed using
ImageJ software with the Volumest plugin.
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Immunocytochemistry

Primary FAP* pericyte-like cell cultures and primary mouse pericytes
growing on fibronectin-coated glass coverslips were fixed with 4%
paraformaldehyde for 10 min at room temperature and permeabilized
with 0.1% Triton X-100. Cells were incubated overnight at 4 °C with the
following primary antibodies: anti-FAP (mouse hybridoma F19, ATCC,
55 pg/ml), anti-fibroblast (clone TE-7, Merck Millipore, 1:200), anti-NG2/
MCSP (clone LHM 2, Novus Biologicals, 1:200), anti-aSMA (clone 1A7,
Abcam, 1:100), anti-PDGFRp (polyclonal, LS Bio, 1:100), anti-vWf (polyclonal,
Dako, 1:200), anti-GFAP (clone GF-01, Exbio, 1:200) and anti-Sox2
(polyclonal, Abcam, 1:600), anti-FAP (clone AF3715, R&D Systems, 1:40),
anti-NG2 (clone 546930, Invitrogen, 1:400), anti-CD31 (clone MEC 7.46, R&D
Systems, 1:100), anti-GFAP (polyclonal, Abcam, 1:5000) and anti-CD45
(clone 30-F11, R&D Systems, 1:100). The primary antibodies were visualized
using the corresponding secondary antibodies: anti-mouse Alexa Fluor 488
(Invitrogen), anti-rabbit Alexa Fluor 488 (Invitrogen), and nuclei were
counterstained with Hoechst 33258 (Invitrogen, final concentration 0.5 ng/
ml). Samples were mounted in Aqua-Poly/Mount (Polysciences). Images
were acquired using an epifluorescence microscope (IX70, Olympus) with
Orca-flash 4.0 camera (Hamamatsu).

FISH

To verify the stromal origin of FAP* pericyte-like cultures and rule out
malignant cell contamination, fluorescence in situ hybridization (FISH) was
performed using a dual-color probes (IntellMed) targeting the CDKN2A
(9p21) locus (Orange) with the centromere 9 (CEN9) control (green) in
cultures 95A and 109A, or the EGFR locus (orange) with the centromere 7
(CEN7) control (green) in cultures 69A and 90A. Cells growing on
fibronectin-coated glass coverslips were fixed in a methanol and acetic
acid solution (3:1), washed in 50 mM NH,Cl and permeabilized using 0.2%
Triton X-100. Following dehydration through a graded ethanol series, the
probes were hybridized for 5min at 75°C, followed by an overnight
incubation at 37 °C in a humidified chamber. Remaining unbound probes
were washed away using a washing solution | (0.4x saline-sodium citrate/
0.3% NP-40) heated to 73°C for 2 min and subsequently with washing
solution Il (2x saline-sodium citrate/0.1% NP-40) for 30s at room
temperature. Nuclei were counterstained with Hoechst 33258 (Invitrogen,
final concentration 0.5ng/ml). At least 100 nuclei per culture were
analyzed by two independent observers using an Olympus fluorescence
microscope. Images were acquired using an epifluorescence microscope
(IX70, Olympus) with Orca-flash 4.0 camera (Hamamatsu). The status of the
9p deletion and EGFR amplification in the corresponding patient tumor
tissue was established by the clinical pathology department during routine
diagnostic examination.

Preparation of conditioned media

To obtain serum-free conditioned media, 0.6 x 10° FAP* pericyte-like cells
were seeded in 100-mm fibronectin-coated Petri dishes and grown in
complete pericyte medium for 72 h. Then, the medium was removed, cells
were washed twice with PBS, and 10 ml of serum-free RPMI 1640 medium
or pericyte medium without supplements was added. Cells were cultured
at 37 °C under standard conditions. After 72 h, the conditioned medium
was collected, centrifuged (618g at 4 °C for 10 min), filtered through a 0.22-
pum pore filter (Merck) and stored in aliquots at —80 °C. Corresponding
media not exposed to cells were used as controls.

For secretome analysis, FAP* pericyte-like cells and GSCs were seeded at
1x 10%*cm? in their corresponding complete media, grown for 72 h after
which the media were replaced for fresh complete media. After additional
72h, the conditioned media were collected and processed as
described above.

Analysis of conditioned media using xMAP Intelliflex DR-SE
multiplex platform

Cytokine and chemokine levels in conditioned media from FAP* pericyte-
like cells and GSCs cultured in their corresponding complete medium
were quantified using human cytokine/chemokine/growth factor magnetic
bead panels A and B (Merck Life Science, HCYTPAB). Fluorescent
signals were acquired on an xMAP Intelliflex DR-SE analyzer (version 2.1,
Luminex Corporation), and analyte concentrations were calculated
using the Belysa analysis software (version 1.2.2, Merck Life Science).
All  procedures were performed according to the manufacturer's
instructions.
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Monocyte migration

Monocyte migration was evaluated using a Transwell migration assay. For
primary human monocytes, freshly isolated cells were resuspended in
serum-free RPMI media and 2x10° cells were seeded into the upper
compartment of polycarbonate inserts with 5-um pores (Corning). For THP-
1 cells, 2 x 10° cells were resuspended in serum-free pericyte medium and
seeded into polycarbonate inserts with 8-um pores (Falcon). In both assays,
the lower compartment was filled with serum-free conditioned media from
FAP* pericyte-like cell cultures or the corresponding nonconditioned
control media (serum-free RPMI for primary monocytes and pericyte
medium without supplements for THP-1 cells). Recombinant CCL2
(100 ng/ml; Miltenyi) was used as a positive control. Cells were allowed
to migrate for 2h. For primary monocytes, nonmigrated cells were
removed from the upper surface of the membrane using a cotton swab,
and migrated cells were fixed with 4% paraformaldehyde, stained with
crystal violet and manually counted. For THP-1 cells, transmigrated cells in
the lower compartment were counted using an automated cell counter
(Beckman Coulter). Primary monocyte migration assays were performed
using monocytes from four different donors and conditioned media from
four independent FAP* pericyte-like cell cultures to account for potential
donor-specific and cell culture-specific variations. Two inserts were used
per condition, and migrating cells were quantified in five nonoverlapping
visual fields per insert at 20x objective. THP-1 migration assays were
repeated twice using conditioned media from six independent FAP*
pericyte-like cell cultures, with three inserts per condition.

Monocyte polarization experiments, CSF1R inhibition

FAP* pericyte-like cells (0.1 x 10° per well) were seeded into six-well plates
in complete pericyte medium. After 1 day, the medium was removed, cells
were washed twice with PBS and 0.4 x 10° freshly isolated monocytes in
monocyte cultivation medium were added. For M1/M2 monocyte
polarization, 1x 10° freshly isolated healthy donors’ monocytes per well
were plated in a six-well plate in monocyte cultivation medium. To induce
M1 macrophage polarization, cells were cultured with GM-CSF (50 ng/ml),
and IFN-y (50 ng/ml) and lipopolysaccharide (10 ng/ml) were added 24 h
before collection. To induce M2 macrophage polarization, cells were
cultured in M-CSF (50 ng/ml)-containing medium and IL-4 (20 ng/ml) was
added 24 h before collection. Monocytes without treatment were cultured
in complete monocyte cultivation medium. Media were changed on day 3
and day 5.

For CSF1R inhibition experiments, FAP* pericyte-like cells (6 x 10* cells/
well) were seeded in the upper compartment of a Transwell insert (0.4-um
pore size, 24-well format; VWR). After 24 h, monocytes from healthy donors
(n=2; 2.4 x 10° cells per well) were seeded in the lower compartment. The
selective CSF1R inhibitor BLZ945 (MedChemExpress) was added to the
medium (0.5 uM and 1 pM) at the onset of the 6-day differentiation period.
Fresh medium containing BLZ945 was replenished on days 3 and 5. As
positive controls, monocytes were concurrently differentiated into M1 and
M2 macrophages over 6 days as described above.

On day 6, cells were collected using Accutase (Merck) and the expression
of M1 (CD80, HLA-DR), and M2 (CD14, CD163 and CD206) polarization
markers was quantified by flow cytometry.

Flow cytometry

Flow cytometry was used to phenotype freshly isolated monocytes,
macrophages generated in co-culture experiments, monocytes without
treatment and classically (M1) or alternatively (M2) polarized macrophages.
Cells were stained with fluorochrome-conjugated antibodies against CD14
(APC-Cy7, clone MEM-15, Exbio), CD45 (FITC, clone MEM-28, Exbio), HLA-DR
(PE, clone L243, Sony), CD80 (APC, clone 2D10, Sony), CD206 (APC, clone
15-2, Sony) and CD163 (PE, clone GH1/61, Sony). Cell viability was assessed
using Hoechst 33258 (Invitrogen, final concentration 5 ug/ml). Before
antibody staining, cells were incubated with an Fc receptor-blocking
solution (Miltenyi Biotec). Data acquisition was performed on a BD
FACSVerse flow cytometer with the BD FACSuite software (Becton
Dickinson), and data were analyzed using FlowJo software (TreeStar). For
experiments involving CSF1R inhibition, a modified antibody panel was
used consisting of HLA-DR (PE-CF594, clone L243, BD), CD80 (BV605, clone
L307.4, BD), CD206 (BV421, clone 15-2, Sony) and CD163 (APC, clone GHI/
61, Exbio). Cell viability was assessed using LIVE/DEAD Fixable Near-IR
Dead Cell Stain Kit (Molecular Probes). Data acquisition for these
experiments was performed using a NovoCyte Quanteon flow cytometer
(Agilent Technologies), and data were analyzed using FlowJo software.
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Quantification of IFNy production by T cells co-cultured with
differentiated macrophages

Primary T cells were isolated from healthy donor buffy coats by negative
magnetic selection (Pan T Cell Isolation Kit, Miltenyi Biotec). T cells were
preactivated for 3 days using anti-CD3/CD2/CD28-coated beads (T Cell
Activation/Expansion Kit, human; Miltenyi Biotec) according to the
manufacturer's recommendations. Monocytes (1x 10° cells/24WP well)
were differentiated for 6days under four conditions: (1) classically
activated macrophages (M1: GM-CSF + IFNy + LPS), (2) alternatively acti-
vated macrophages (M2: M-CSF + IL-4), (3) GSC-educated macrophages or
(4) FAP* pericyte-like cell-educated macrophages. GSCs or FAP* pericyte-
like cells (2.5 x 10* cells) were seeded in the upper compartment of 24-well
Transwell insert (0.4-um pore size; VWR) 24 h before monocyte addition
into the lower compartment to allow adherence. After 6days of
differentiation, Transwell inserts were removed, macrophages were
thoroughly washed with prewarmed PBS, and activated T cells (5x 10°
cells per well) were added.

After 72 h of co-culture, supernatants were collected, centrifuged to
remove cellular debris and IFNy concentrations were quantified using a
human IFNy Quantikine ELISA kit (R&D Systems) according to the
manufacturer’s instructions. Absorbance was measured at 450 nm with
wavelength correction at 570 nm using a microplate reader (Tecan).
Cytokine concentrations were calculated by interpolation from a
standard curve.

Transcriptional signature of FAP" pericyte-like cells and
survival analysis

A transcriptional signature was derived from genes distinguishing FAP*
pericyte-like cells from other pericyte populations. To ensure specificity for
FAP* pericytes and minimize confounding from genes expressed by
malignant, endothelial or other stromal cell types within the TME, genes
with high expression in nonpericyte compartments (=15% expressing cells
and z-score =0 in more than 50% of dataset per cell type) were excluded.
The refined ten-gene signature comprised FAP, LTBP2, CYP1B1, ASAM
(CLMP), FBLN2, OGN, FMOD, BICC1, CXCL6 and SFRP2. Gene nomenclature
was harmonized across datasets (ASAM/CLMP).

Survival analyses were performed using publicly available GBM cohorts,
including TCGA RNA-seq (HiSeqV2), TCGA HT_HG-U133A microarray and
CGGA mRNAseq_325 and mRNAseq_693 datasets. Only primary, IDH-wild-
type GBMs with available overall survival data were included. Platform
availability of signature genes was 10/10 in TCGA RNA-seq and both CGGA
RNA-seq cohorts and 7/10 in the TCGA U133A microarray dataset (missing
genes: CLMP/ASAM, BICC1 and SFRP2).

Within each cohort, gene expression values were analyzed indepen-
dently. For RNA-seq datasets, expression values were log,-transformed
where required and z-score-normalized per gene across samples within
each cohort. A signature score was calculated as the mean z-score across
the available signature genes in each cohort.

Overall survival was assessed using Cox proportional hazards regression,
with the signature score modeled as both a continuous variable (trend
analysis) and a categorical variable after stratifying patients into cohort-
specific terciles. Survival differences between the upper and lower terciles
were evaluated using Kaplan-Meier analysis with log-rank testing. All
analyses were performed in R using the survival and survminer packages.

Statistical analysis

Statistica 12 and GraphPad Prism 8.0 were used. Normality was assessed
using the Shapiro-Wilk test. For datasets that did not meet the
assumptions of normality, nonparametric tests were applied. When
homogeneity of variances was not met, Welch’s correction was used. A
two-sided P <0.05 was considered statistically significant. A linear mixed
model (ANOVA) was used to analyze data from monocyte migration
experiments. The log,-transformed number of migrating monocytes was
used as the dependent variable. For experiments using the THP-1
monocytic cell line, the chemoattractant type (control medium, condi-
tioned media from individual FAP* pericyte-like cell cultures and the
positive control CCL2) was modeled as a fixed factor (treatment), and
experimental repetition was included as a random factor. For experiments
using primary human monocytes, the chemoattractant type was included
as a fixed factor (factor A) in the model. Random factors included
individual donors (factor B), the type of pericyte-like cell culture used to
produce the conditioned medium (factor C), the interaction between these
two factors (BxC) and individual inserts used in the modified Boyden
chamber assay (factor D). PCA was used to evaluate the expression of M1
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and M2 markers. In addition, paired t-tests were used for each marker to
determine whether monocytes co-cultured with FAP* pericyte-like cells
more closely resembled the classically activated M1 macrophages or
alternatively activated M2 macrophages. The null hypothesis posited that
the co-cultured monocytes were as far from classically activated M1
macrophages as from alternatively activated M2 macrophages. Rejection
of the null hypothesis was interpreted as resemblance to one of the above
phenotypes.

RESULTS

FAP expression is associated with higher immune cell
infiltration in GBM

In a pilot analysis, we categorized GBMs based on FAP expression
determined by ELISA (n=117 (refs. '*%) and unpublished data)
into FAP high (upper tercile, mean FAP expression 6.06 ng/mg of
total protein, n=39) and FAP low (lower tercile, mean FAP
expression 1.2ng/mg of total protein, n=38). Transcriptome
sequencing of seven FAP-high and six FAP-low GBMs revealed
that gene sets comprised in GO biological processes related to
immune response (GO0006955) and inflammatory response
(GO0006954) were enriched in FAP-high GBM (Fig. 1a).

To interrogate the proportion of stromal cell types in GBM, we
analyzed TCGA data from newly diagnosed IDH-wild-type GBMs
using MCP Counter?' in the R immunedeconv package and
stratified tumors into terciles based on FAP mRNA expression (FAP
high, n=119; FAP low, n=119). As expected based on our
previous studies'®'?, nonmalignant mesenchymal and endothelial
cells were significantly more abundant in the FAP-high GBM group
(Supplementary Fig. 1a). In addition, abundance estimates of
various subpopulations of lymphoid (T cells, NK cells and B cells)
and myeloid cells (monocytes, macrophages, myeloid dendritic
cells and neutrophils) were higher in the FAP-high GBM group,
suggesting an immune-enriched TME (Fig. 1b). Consistent with
these microenvironmental differences, the distribution of tran-
scriptomic subtypes differed significantly between FAP-high and
FAP-low GBMs (x*(2) =76.1, P<0.0001; Cramér's V= 0.56). FAP-
high tumors were predominantly mesenchymal (60%), with
smaller fractions of classical (31%) and proneural (9%) subtypes,
whereas FAP-low tumors were mainly proneural (46%) or classical
(45%), with only 9% classified as mesenchymal. NF1 alterations
were more frequent in FAP-high tumors (12% versus 4%;
x’(1) =4.73, P=0.03; Fisher's exact P=0.033; odds ratio of 3.1,
95% Cl 1.1-9.4; ® = 0.14), consistent with the enrichment of the
mesenchymal transcriptomic subtype. Conversely, PDGFRA altera-
tions tended to occur more frequently in FAP-low tumors (16%
versus 9%; x’(1)=3.11, P=0.078; Fisher's one-tailed P =0.058;
odds ratio of 2.06, 95% Cl 0.91-4.64). Although not statistically
significant, this trend mirrors the expected proneural enrichment
of PDGFRA alterations and complements the inverse pattern
observed for NF1 alterations.

We then focused in more detail on monocytes/macrophages,
which represent up to 40% of cells in GBMs**. We analyzed the
expression of monocyte/macrophage markers in 14 FAP-high and
16 FAP-low GBMs selected based on FAP protein concentration
measured by ELISA. We tested ACTB, TUBB and GAPDH transcripts
to normalize the target gene expression. ACTB exhibited the
lowest variability and comparable expression in FAP-high and
FAP-low tumors, and we therefore chose it for normalization. FAP
transcript was more expressed in the FAP-high group (Supple-
mentary Fig. 1b). The monocyte/macrophage lineage marker
CD68 and M2 macrophage marker CD163 expression were
twofold and threefold higher, respectively, in the FAP-high
tumors. Differences in the expression of macrophage markers
CD40, CD74 and CD204 between FAP-high and FAP-low GBMs did
not reach statistical significance (Fig. 1c).

Previous studies have shown that FAP is predominantly
expressed in pericyte-like cells in GBM'>'®. We utilized samples
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from our previous study, where FAP expression was analyzed
separately in stromal and cancer cells'®. Tumors with more
abundant FAP* stroma (upper tercile, n =21, mean stromal FAP
score 2.26) exhibited higher immunopositivity of the leukocyte
marker CD45 (16.48% +7.22% versus 10.99% +7.12% of tumor
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area) compared with tumors with low abundance of FAP* stroma
(lower tercile, n =20, mean stromal FAP score 0.11; Fig. 1d, e). In
addition, CD68* macrophages were more abundant
(4.07% + 2.76% versus 2.10% = 1.11% of tumor area) in tumors
rich in FAP* stroma (Fig. 1d, e and Supplementary Fig. 1¢),
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Fig. 1

FAP expression is associated with proinflammatory state characterized by higher abundance of TAMs in GBM. a Gene set

enrichment analysis (GSEA) of differentially regulated GO biological processes between FAP-high (n = 7) as compared with FAP-low (n = 6) GBMs.
GSEA plots of the immune and inflammatory response are shown. b Quantification of immune cell subpopulations in FAP-high (n =119, upper
tercile) and FAP-low (n=119, lower tercile) GBMs in TCGA dataset determined using the MCP counter, *P < 0.05, **P < 0.01, ***P < 0.001,
***¥P < 0.0001, two-way ANOVA multiple comparison test. ¢ Relative expression of CD68, CD40, CD74, CD163 and CD204 in FAP-high (n = 14) and
FAP-low (n = 16) GBMs determined by real-time qRT-PCR. d Representative immunohistochemistry images of CD45, CD68 and FAP in FAP-low
and FAP-high GBMs. e Quantification of CD45* and CD68" cells in FAP-low and FAP-high GBMs as the percentage of immunopositive area.
**P < 0.01, Mann-Whitney U test. The line is the median, and the whiskers are the 95% confidence interval. ES, enrichment score; FC, fold change;

NES, normalized enrichment score.

«

confirming the association between macrophages and FAP*
pericyte-like cells in human GBMs.

TAM:s are in close contact with FAP™ pericyte-like cells in the
perivascular niche

To evaluate the spatial relations and possible interactions of FAP*
cells and monocytes/macrophages, we performed multicolor
fluorescence immunostaining of GBMs (n=5). Consistent with
our previous findings'®, FAP* cells predominantly localized to
perivascular regions (Fig. 2a), expressed mesenchymal markers
(aSMA, PDGFRB and NG2) and lacked expression of the glial
marker GFAP (Supplementary Fig. 2).

Macrophages expressing M2 phenotypic markers (CD163 and
CD206), typically associated with tumor-supporting functions,
were frequently localized in the vicinity of FAP* pericyte-like cells
in GBM (Fig. 2a). To investigate further the possible association
between FAP* pericyte-like cells and monocytes/macrophages, we
took advantage of the Ivy Glioblastoma Atlas dataset'®. Samples
from perivascular regions defined as hyperplastic blood vessels
and microvascular proliferation, which display the highest FAP
expression'®, were divided into terciles based on the amount
of FAP mRNA. FAP-high (upper tercile, n = 16) and FAP-low (lower
tercile, n=17) samples were subjected to analysis of DEGs and
GO enrichment analysis using iDEP software. Among the
significantly enriched GO biological processes, terms such as
immune system processes, immune response, regulation of
immune system processes and inflammatory response were
identified (Fig. 2b).

Moreover, we found that FAP-high vascular tumor regions
displayed statistically significantly higher expression of monocyte/
macrophage lineage marker genes (CD68, CD14 and ITGAM/
CD11b) (Fig. 2c) and genes related to macrophage activation and
polarization (CD86, HLA-DR for M1-like and CD200R1, MRC1 (that
is, CD206), MSR1 (that is, CD204), CD163 and MARCO for M2-like
phenotype) in comparison to FAP-low perivascular regions
(Fig. 2¢). In addition, we observed higher expression of transcrip-
tion factors associated with macrophage polarization toward M1-
like (IRF5, SOCS3) and M2-like (IRF4) phenotypes.

These results suggest an association between FAP* pericyte-like
cells and the quantity of infiltrated monocytes and M1- and M2-
like macrophage subpopulations in GBM perivascular regions.

Single-cell and spatial transcriptomics reveal a distinct gene
expression profile of FAP" pericytes and their interaction with
myeloid cells

Given the observed differences in myeloid cell composition
between FAP* and FAP~ vascular tumor regions, we next
investigated transcriptional profiles of FAP* and FAP™ pericytes
using scRNA-seq data. We analyzed data from 79 patients with
primary GBM from four datasets (Ebert et al.'>, n = 3; Abdelfattah
et al®>°, n = 10; and LeBlanc et al.*°, n = 10; Nomura et al.>', n = 56;
333,271 cells in total). These datasets contain malignant and
various stromal cell populations (Supplementary Fig. 3a). Across
datasets, FAP expression was detected in distinct cell populations,
with variable FAP expression among cell types (Supplementary
Fig. 3b) but higher expression in pericyte clusters, as identified by
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the dataset’s authors and confirmed by high expression of
PDGFRB, THY1, ACTA2 and CSPG4 (Supplementary Fig. 3c).
Subclustering of pericyte cell clusters revealed six distinct pericyte
subpopulations in GBM (Fig. 3a and Supplementary Fig. 4a—c). The
identity of these pericyte subclusters matched with recent
annotations for different types of pericytes across brain tumor
disease cohorts including IDH-wild-type GBM>? (Supplementary
Fig. 4d). Notably, in all datasets, FAP™ pericytes formed a separate,
transcriptionally distinct cell subpopulation (Fig. 3b and Supple-
mentary Fig. 4a, c).

We then analyzed differential gene expression between FAP*
and FAP™ pericytes in these datasets. Compared with FAP™
pericytes, 214 genes were upregulated, whereas 15 genes were
downregulated in FAP* pericytes in at least three of the four
datasets (Fig. 3¢, d and Supplementary Table 3). Notably, various
extracellular matrix (ECM) proteins including collagens (COL1AT,
COL1A2, COL3A1, COL5A1, COL6A1, COL6A2, COL6A3, COL8AT,
COL11A1, COL12A1 and COL13A1), fibulins (FBLN2 and FBLNS5),
proteoglycans (HSPG2, LUM, OGN and VCAN) and the glycopro-
tein EFEMP1, were consistently upregulated in FAP™ pericytes. In
addition, genes involved in ECM synthesis (ADAMTS2 and SULF2)
and turnover (PLAU, MMP2, MMP19, TIMP1 a nd LOXL1,2) were
upregulated, suggesting an important role for FAP* pericytes in
ECM remodeling in GBM. These findings align with our recent
proteomics analysis demonstrating the role of FAP* pericytes in
producing fibrillar ECM proteins in GBM*°.

Interestingly, gene expression of several molecules involved in
leukocyte recruitment was also upregulated in FAP* pericytes,
including CSF1, CCL2, CXCL1, CXCL12, RARRES2, SERPINE1, THBS2,
WNT5A and SEMA3C (Fig. 3e). Notably, the chemokines CCL2 and
CXCL1, as well as the matricellular protein THBS2, were expressed
at markedly higher levels in FAP* pericytes compared with
malignant cells and other cells in the TME, including the FAP*
subpopulations of these cells, whereas CXCL12 and SERPINE1
were also expressed in endothelial cells and SEMA3C in
oligodendrocytes (Fig. 3e and Supplementary Fig. 5a). CSF1,
which encodes M-CSF (macrophage colony-stimulating factor), a
cytokine involved in the proliferation, differentiation and survival
of monocytes and macrophages, was upregulated in FAP*
pericytes in three of the four datasets. This finding further
supports the potential role of FAP* pericytes in modulating
myeloid cells. Moreover, corresponding receptors for these
ligands were expressed on myeloid cells, particularly in monocytes
and M2-macrophages (TLR4, (D36, CD47, LRP1, CCR2
and PLXND1; Fig. 3e) and microglia and M2-macrophages
(for example, CSF1R).

To further explore the spatial localization and relationships
between these myeloid and pericyte cell subpopulations, we
used RCTD?® to annotate FAP* pericytes in spatial transcriptomics
data (13 vessel-enriched tissue sections from 10 patients
with GBM obtained from 2 public datasets*®3’). Supporting
their correct identification using the RCTD method, regions rich
in FAP" pericytes were predominantly localized around blood
vessels and had higher expression of M2 markers, such as CD163,
MSR1 and MRC1 in their neighborhoods, compared with vessel
regions depleted of FAP™ pericytes (Fig. 3f, g). In addition, FAP*
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Fig.2 TAM:s are in the proximity to FAP" pericyte-like cells in GBM. a Macrophages expressing M2 markers CD163 and CD206 are localized in
close proximity to FAP* pericyte-like cells in GBM. Scale bar, 100 um. b Enrichment analysis (GO biological processes) on DEGs in FAP-high versus
FAP-low vascular regions in the Ivy Glioblastoma Atlas dataset. ¢ Heat map depicting expression of monocyte/macrophage lineage markers and
M1 and M2 macrophage phenotype markers in FAP-high versus FAP-low perivascular regions from the Ivy Glioblastoma Atlas dataset. *FDR <0.01,
t-tests with FDR approach using two-stage step up method of Benjamini, Krieger and Yekutieli. ITGAM, integrin alpha M; HLA-DR, human
leukocyte antigen DR; NOS2, inducible nitric oxide synthase; IRF5, interferon regulatory factor 5; IRF4, interferon regulatory factor 4; STAT1, signal
transducer and activator of transcription 1; SOCS3, suppressor of cytokine signaling 3; CD200R1, CD200 receptor 1; MSR1, macrophage scavenger
receptor 1 (CD204); MRC1, mannose receptor C-type 1 (CD206); MARCO, macrophage receptor with collagenous structure; STAT6, signal

transducer and activator of transcription 6; SOCS2, suppressor of cytokine signaling 2.

pericyte-enriched regions exhibited significantly higher expression
of multiple monocyte-recruiting and macrophage-polarizing
ligands identified in the scRNA-seq analysis, including CCL2,
CSF1, CXCL1, RARRES2 and THBS2 (Supplementary Fig. 6a).
Because the local expression of the ligands within a tissue niche
is influenced by both cell type-specific expression and cellular
composition, we next integrated ligand expression data from the
four independent scRNA-seq datasets with spatial cell-type
proportions inferred by RCTD analysis. Although malignant cell
populations represented the predominant cellular component of
FAP* pericyte-enriched regions, FAP* pericytes showed dispropor-
tionately high contribution-weighted expression of several
ligands, including CXCL1, THBS2 and WNT5A compared with
most other cell populations within these regions. FAP* pericytes
were further among the major contributors to the expression of
CCL2, CSF1 and RARRES2, together with malignant cell popula-
tions (Supplementary Fig. 6b, c). These findings suggest that FAP*
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pericytes are not only enriched for the expression of ligands
implicated in myeloid cell recruitment and polarization at the
single-cell level but contribute substantially to the ligand-
expression profile of FAP* pericyte-enriched perivascular niches
after accounting for cellular abundance. Using NCS analysis, we
observed that M2 macrophages and, to a lesser extent, M1
macrophages, were more enriched in regions around FAP*
pericytes compared with monocytes and microglia (Fig. 3h, i, j).
Of note, we found that this association was specific for FAP*
pericytes and, to a lesser extent, ECM pericytes but was absent in
other pericyte subpopulations (Fig. 3k). This suggested M2
macrophages and FAP* pericytes are close to each other in
GBM, which we confirmed by analysis of distance distribution of
M2 and M1 cell type scores (Fig. 3l) and gene marker expression
(Supplementary Fig. 5b) from FAP* and FAP™ pericytes. Interest-
ingly, distance analysis revealed monocytes preferentially accu-
mulate around FAP* pericytes but not FAP™ pericytes (Fig. 3I, m).
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In summary, these findings identify FAP* pericytes as a distinct
subpopulation characterized by ECM remodeling and expression
of multiple ligands implicated in myeloid cell recruitment and
polarization. Their preferential localization within vessel niches
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enriched for M2 macrophages, together with their substantial
contribution to the ligand-expression profile of these niches,
suggests that FAP™ pericytes may play an important role in
shaping myeloid cell composition and phenotype in GBM.
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Fig. 3 Single-cell and spatial transcriptomics analysis identifies a distinct FAP" pericyte population localized to M2 macrophage-
enriched hubs in the TME. a Peric¥te subpopulations in GBM. Clustering analysis from four independent scRNA-seq datasets (Ebert'?,
Abdelfattah®®, LeBlanc®® and Nomura®') comprising 79 GBMs identifies six conserved pericyte populations: ECM pericytes, FAP* pericytes,
interferon pericytes, proliferative pericytes, smooth muscle cells (SMCs) and transport pericytes. A representative UMAP from the Ebert dataset is
shown (UMAPs for Abdelfattah and LeBlanc and Nomura, as well as a list of subpopulation markers are shown in Supplementary Fig. 4 and
Supplementary Table 2). b FAP expression in the pericyte subpopulations in the Ebert dataset. ¢ Venn diagrams of DEG expression analysis in FAP™
versus FAP™~ pericytes. Overlap of DEGs across 4 datasets identifies 214 upregulated and 15 downregulated genes in FAP" pericytes versus FAP~
pericytes in three out of four datasets (adjusted P < 0.05). d Heat map of FAP* versus FAP™ pericytes DEGs. Genes significantly differentially
expressed in three of four datasets were used to produce the heat map. Genes upregulated in FAP* pericytes include many immune regulatory
genes (highlighted in blue). e Dot plots showing the expression of key immune-regulatory ligands across FAP* and FAP~ pericytes and other major
cell populations (endothelial, malignant, myeloid, lymphoid and oligodendrocyte) in individual scRNA-seq datasets. Ligand expression is enriched
in FAP* pericytes compared with FAP~ pericytes and other major cell populations. Dot size indicates the percentage of expressing cells, and color
intensity represents scaled expression (z-score). Cell type annotations were adopted from the original publications. Corresponding receptors show
myeloid subtype dependent patterns of expression. Ligand expression in the FAP* cell subpopulations of malignant, endothelial and myeloid
cells, lymphocytes and oligodendrocytes is provided in Supplementary Fig. 5a. f Spatial transcriptomics plot showing the localization of FAP*
pericytes. Some vessels show overlap with FAP* pericytes, whereas other vessel regions are FAP* pericyte depleted. g Average log, FC in
expression of key myeloid subtype genes in FAP* pericyte enriched neighborhoods versus FAP* pericyte depleted vessel neighborhoods. For each
annotated spot, the local neighborhood comprises the annotated spot and the six surrounding spots. Significant upregulation of the M2-
associated genes MSR1 (CD204) and MRCT1 (CD206) (P < 0.05) was observed in FAP* pericyte enriched neighborhoods. Statistical significance was
assessed by paired t-test and Benjamini—-Hochberg multiple testing correction. *P < 0.05. h Spatial transcriptomics plots of nonmalignant cell
populations from a representative tissue section. FAP" pericytes localize to areas enriched in vessels and M2 macrophages. i NCS was calculated as
the fraction of spots in which a given cell type is detected relative to the total number of spots within the local neighborhood. j Plot of the
average NCS of each myeloid cell type in FAP* pericyte neighborhoods. M2 macrophages are the most enriched myeloid subtype in FAP* pericyte
neighborhoods. Each datapoint represents the average NCS of an individual tissue; statistical significance was assessed using one-way ANOVA
followed by Tukey post hoc test. *P < 0.05, ***P < 0.001. k Heat map of the average NCS of each myeloid subtype in each pericyte subpopulation
neighborhood. FAP* pericytes exhibit the highest NCS for M2 macrophages among all pericyte populations. I, m Heat maps illustrating the
average distance (um) of each myeloid population from FAP* pericyte spots (I) and FAP™ pericyte spots (m). M2 macrophages are enriched in
proximity to FAP* pericytes compared with all other myeloid cells; however, monocytes are also more enriched close to FAP" pericytes and
depleted in regions close to FAP™ pericytes. All spatial transcriptomics analyses were performed on 13 vessel-enriched tissue sections from 10

patients with GBM obtained from two public datasets>®>.

<

FAP™ pericyte-like cells induce monocyte chemotaxis
Single-cell transcriptomic analysis identified M-CSF (CSF1), SDF-1
(CXCL12) and CCL2 (MCP-1) as highly enriched transcripts in FAP*
pericytes in GBM. To validate these findings at the protein level
and assess functional relevance, we isolated FAP* pericyte-like
cells from human GBMs as previously described'®, prepared
conditioned media and performed secretome analysis and
monocyte Transwell migration assays.

Consistent with our previous data'?, isolated FAP* pericyte-like
cell cultures expressed mesenchymal markers and lacked expres-
sion of markers associated with malignant, endothelial and
hematopoietic cell populations (Supplementary Fig. 7). To further
assess potential contamination with GBM cells, FISH targeting
chromosome 9p deletion and EGFR amplification, and genomic
alterations characteristic of GBM, was performed on representative
FAP* pericyte-like cultures derived using our established protocol.
These analyses demonstrated absence of tumor-specific altera-
tions, indicating that the isolation pipeline yields stromal cells that
do not carry the GBM-specific genomic aberrations present in the
corresponding tumor tissue (Supplementary Fig. 8).

Quantitative analysis of the conditioned media (CM) from FAP*
pericyte-like cells revealed significantly elevated levels of CSF1,
CXCL12 and CCL2 compared with conditioned media from
patient-derived GSC cultures, which represent a well-established
in vitro model of GBM cells (Fig. 4a).

To functionally test the chemotactic potential of FAP* pericyte-
like cells, we first utilized THP-1 monocytic cells. Migration assays
using CM from FAP" pericyte-like cell cultures revealed significant
increases in THP-1 monocyte migration in five of six cultures
compared with control medium (linear mixed-effects model,
P<0.001), with fold increases ranging from 3.2- to 4.7-fold
(Fig. 4b).

To further validate these findings using primary human cells,
we used freshly isolated monocytes from healthy donor buffy
coats. Monocytes were placed in the inserts and allowed to
migrate toward FAP* pericyte-like cell-conditioned media or CCL2
(100 ng/ml), a known monocyte chemoattractant, that we found
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upregulated in FAP* pericyte-like cells (Figs. 3e and 4a). CCL2
induced a variable but reproducible increase in the number of
migrating cells with a mean increase of 218% (P<0.001, 95%
confidence interval 91-430%, linear mixed model) compared
with control nonconditioned media (Fig. 4c, d). Although the
effect of FAP' pericyte-like cell-conditioned media was more
variable among individual donors, we observed a mean increase
of 65% (95% confidence interval, 14-139%, linear mixed model) in
the number of migrating cells compared with the negative
control.

To determine whether these in vitro findings translate into
enhanced myeloid recruitment within the TME in vivo, we
assessed the impact of pericytes in an orthotopic GBM model.
Selective depletion approaches were not feasible, as commonly
used murine GBM models do not exhibit a robust and spatially
organized FAP* perivascular cell population comparable to that
observed in human tumors. We therefore used an orthotopic co-
implantation strategy to evaluate whether increasing pericyte
abundance within tumors enhances immune cell infiltration
in vivo.

Primary mouse brain pericytes were isolated (Supplementary
Fig. 9a) and co-implanted intracranially with GL261 GBM cells into
syngeneic immunocompetent mice. Mice were killed 15 days after
implantation upon reaching predefined humane endpoints.
Tumors co-implanted with pericytes exhibited a 27.7% increase
in CD45* cell infiltration compared with controls (mean difference
53.8 cells per visual field; 95% Cl 0.6-106.9; two-tailed t-test,
P =0.0479). Similarly, F4/80* macrophage density was increased
by 39.4% in the pericyte-enriched tumors (mean difference 46.43,
95% Cl 5.51-87.35; two-tailed Welch's t-test, P= 0.0313) (Fig. 4e, f).
Tumor volume was not significantly different between the two
groups within the experimental timeframe (Supplementary
Fig. 9b, ©).

Together, these results demonstrate that FAP* pericyte-like cells
promote monocyte migration in vitro and pericyte enrichment in
an orthotopic animal model is associated with increased myeloid
infiltration.
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FAP" pericyte-like cells induce monocyte-to-macrophage
differentiation

To determine the effect of FAP™ pericyte-like cells on monocyte
differentiation, we co-cultured them with healthy donor mono-
cytes (n=8 independent experiments) for 6days. In parallel,
monocytes were differentiated into classically (M1) and alterna-
tively (M2) activated macrophages using GM-CSF + IFN-y + lipopo-
lysaccharide and M-CSF + IL-4, respectively. The expression of M1
(CD80, HLA-DR) and M2 (CD14, CD163 and CD206) polarization
markers was analyzed using flow cytometry in CD45™ cells.
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Isolated primary monocytes cultured in medium alone for
6 days did not acquire macrophage morphology and showed
limited viability, consistent with the requirement for exogenous
survival signals. Consistent with expectations, classically (M1)
activated macrophages predominantly upregulated CD80 and
HLA-DR, while alternatively (M2) activated macrophages upregu-
lated CD14, CD163 and CD206. Notably, expression of these
markers was also observed in monocytes co-cultured with FAP*
pericyte-like cells (Fig. 5a and Supplementary Fig. 10). PCA showed
that, based on the expression of polarization markers, monocytes
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Fig. 4 Monocytes are attracted to FAP' pericyte-like cells isolated from human GBMs. a Protein levels of myeloid-modulating cytokines in
conditioned media (CM) from FAP™ pericyte-like cells compared with patient-derived GSC cultures. Concentration (pg/ml) of CSF1, CXCL12 and
CCL2 was determined using the xMAP Intelliflex DR-SE multiplex platform. *P < 0.05, **P < 0.01, Mann-Whitney U test. b Quantification of THP-1
monocyte migration in a Transwell assay. Conditioned media from individual FAP* pericyte-like cell cultures (27A, 38B, 39A, 43A, 49A and 50A)
were used as chemoattractants. Nonconditioned medium and 100 ng/ml CCL2 served as negative and positive controls, respectively. Each point
represents the number of transmigrated cells in an individual well; data from two independent experiments. Conditioned media from five of six
FAP* cultures significantly increased migration compared with control medium, while one culture (50A) showed no significant effect. The line is
the median, the box represents the interquartile range (25th to 75th percentile), the whiskers are the minimum to maximum values and the
triangles are the individual wells; ***P < 0.001, linear mixed-effects model. ¢ Quantification of transmigrating monocytes in a Transwell migration
assay. Four independent experiments using monocytes isolated from four different healthy donors; conditioned media from four FAP* pericyte-
like cell cultures (39A, 46A, 49A, 50A) were used as a chemoattractant. Nonconditioned medium and 100 ng/ml CCL2 served as negative and
positive controls, respectively. The line is the median, the box represents the interquartile range (25th to 75th percentile), the whiskers are the
minimum to maximum values and the triangles are the individual wells; P < 0.001 for CCL2 versus control and P < 0.01 for FAP* pericyte-like cell-
conditioned media versus control, linear mixed-effects model. d Representative images of Transwell membranes with transmigrated monocytes
stained with crystal violet. e Representative immunofluorescence images of CD45* immune cells and F4/80* macrophages in orthotopic GBMs
generated by implantation of syngeneic GL261 cells alone or co-implanted with mouse brain-derived pericytes. Scale bar, 50 um. f Quantification
of CD45* and F4/80* cells per visual field in tumors derived from GL261 cells alone or co-implanted with pericytes. Each data point represents an
individual mouse and corresponds to the mean of five independent high-power fields analyzed per tumor (n =7 mice per group). Data are

presented as mean £ s.d. *P < 0.05, unpaired two-tailed t-test.

«

co-cultured with FAP* pericyte-like cells formed a cluster distinct
from M1 and M2 activated macrophages (Fig. 5b).

We further used the MFI values of the M1 and M2 polarization
markers in classically (M1) and alternatively (M2) activated
macrophages as border values for the respective macrophage
phenotypes and compared them with the MFI values in
monocytes co-cultured with FAP* pericyte-like cells using paired
t-test. This allowed us to evaluate whether the co-cultured cells
are more similar to M1 or M2-activated macrophages. In
monocytes co-cultured with FAP™ pericyte-like cells, the expres-
sion of CD14, CD163 and CD80 was more similar to alternatively
(M2) activated macrophages, whereas CD206 and HLA-DR were
more similar to classically (M1) activated macrophages (Fig. 5¢).
Thus, cancer-associated FAP™ pericyte-like cells induce a mixed
phenotype, expressing both M1 and M2 markers, a characteristic
of TAMs. Building on our single-cell sequencing data and
quantitative analysis of the conditioned media from FAP*
pericyte-like cells which both identified CSF1 as a signaling
molecule secreted by FAP™ pericytes (Fig. 4a), we investigated
whether the CSF1-CSF1R axis drives the observed monocyte-to-
TAM transition. We co-cultured monocytes with FAP™ pericyte-like
cells in the presence or absence of the selective CSF1 receptor
(CSF1R) inhibitor BLZ945. Both inhibitor concentrations elicited
comparable effects; therefore, the data were pooled for statistical
analysis. Inhibition of CSF1R signaling significantly altered the
resulting macrophage phenotype, characterized by a marked
decrease in the percentage of CD206" cells and a concomitant
increase in CD80" populations (Fig. 5d). Interestingly, the
expression levels of HLA-DR remained largely unaffected,
and for CD163, only the percentage of positive cells
decreased with BLZ945 treatment, suggesting that additional
FAP* pericyte-derived factors may contribute to the mixed
phenotype (Fig. 5d).

To determine if the TAM-like phenotype translates into
functional immunosuppressive activity, we performed a T cell
suppression assay. We co-cultured preactivated T cells (n=4
independent donors) with FAP* pericyte-like cell-educated
macrophages and measured IFNy production as a readout of T
cell activation. Results were compared with those obtained from
classically activated (M1-like), alternatively activated (M2-like) and
GSC-educated macrophages. T cells co-cultured with macro-
phages educated by FAP* pericyte-like cells exhibited IFN-y
production substantially lower than in co-cultures with M1-like
macrophages and comparable to levels observed in co-cultures
with M2-like and GSC-educated macrophages (Fig. 5e). These
findings indicate that, despite displaying a mixed profile of M1
and M2 markers, FAP* pericyte-like cell-educated macrophages
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exert an immunomodulatory effect functionally aligned with an
M2-like state.

A transcriptional signature of FAP" pericyte-like cells is
associated with worse survival in patients with GBM

To assess the clinical relevance of FAP* pericyte-like cells, we first
examined the association between FAP expression and survival.
Although FAP expression has been associated with worse survival
in studies examining the effect across gliomas of different
grades®, its prognostic relevance in IDH-wild-type GBM remains
inconsistent. In our reanalysis of TCGA and CGGA datasets
restricted to IDH-wild-type primary GBM, FAP expression alone
did not show a robust, reproducible association with overall
survival (Fig. 6d and Supplementary Fig. 11).

Based on our single-cell and spatial transcriptomic analyses we
constructed a ten-gene signature specific for FAP* pericyte-like
cells (Supplementary Fig. 12), excluding genes highly expressed by
other cell types (Materials and methods).

We next evaluated the prognostic relevance of this signature in
multiple independent IDH-wild-type primary GBM cohorts. Across
datasets, higher signature expression was associated with worse
overall survival, with strongest effects observed in the TCGA RNA-
seq and CGGA mRNAseq_325 cohorts (Fig. 6 and Supplementary
Table 4).

In the TCGA RNA-seq cohort (n = 145), patients in the upper
tercile exhibited significantly increased hazard of death compared
with the lowest tercile (hazard ratio (HR) of 1.61, 95% Cl 1.00-2.55,
P=0.044), and an ordered trend analysis confirmed a
dose-response relationship across increasing terciles (P=0.034)
(Fig. 6b).

These findings were supported in the expanded TCGA HG-
U133A IDH-wild-type cohort (n=482), where higher signature
score was associated with worse OS in continuous Cox
regression (HR of 1.16, P=0.0489) (Fig. 6a). The effect remained
directionally consistent after age adjustment (Supplementary
Table 4).

Importantly, in the independent CGGA mRNAseq_325 cohort
(n=74), continuous Cox regression demonstrated a significant
association between higher signature score and worse overall
survival (HR of 1.42, 95% Cl 1.03-1.96, P =0.034). Patients with
upper-tercile signature expression exhibited markedly worse
survival compared with those with lower-tercile expression (HR
of 2.54, 95% Cl 1.31-4.97, P =0.0061) (Fig. 6c).

By contrast, no significant association was observed in the
CGGA mRNAseq_693 cohort (Supplementary Table 4). The
estimated hazard ratios were below 1, indicating an inverse trend
compared with the other cohorts and underscoring intercohort
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heterogeneity frequently reported in transcriptomic studies of DISCUSSION

GBM.

Collectively, these findings demonstrate that a transcriptional
signature characteristic of FAP* pericyte-like cells is associated
with worse clinical outcome in IDH-wild-type GBM, supporting the

translational relevance of this strom

SPRINGER NATURE

al cell population.

Bone marrow-derived monocytes represent an important source
of tumor-promoting myeloid cells in GBM*. In this study, we
identify FAP* pericyte-like cells as a perivascular stromal popula-
tion associated with monocyte recruitment and differentiation
into TAMs. Tumors with high FAP expression exhibit an immune-
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Fig. 5 Co-culture of patient-derived FAP' pericyte-like cells with healthy donor monocytes induces their differentiation into
macrophages expressing M1 and M2 markers. a Expression of macrophage polarization markers determined by flow cytometry and
representative histograms of monocytes co-cultured with FAP™ mesenchymal cultures (39A, 49A, 46A) or classically (M1) and alternatively (M2)
polarized macrophages. b PCA of M1 (CD80 and HLA-DR) and M2 (CD14, CD163 and CD206) polarization marker expression (MFl) in monocytes
co-cultured with FAP" pericyte-like cells or classically (M1) and alternatively (M2) activated macrophages. ¢ Results of paired t-tests evaluating
whether monocytes co-cultured with FAP* pericyte-like cells are more similar to M1 or M2 activated macrophages. d Flow cytometric analysis of
macrophage phenotype in Transwell co-cultures following CSF1R inhibition. Percentage and MFI of CD206"*, CD80*, HLA-DR" and CD163*
macrophages following 6 days of co-culture with FAP* pericyte-like cells in the presence of the CSF1R inhibitor BLZ945 (0.5 uM and 1 uM; data
pooled) or control. Data represent individual replicates from two independent donors (open triangles and filled circles) with mean + s.d. **P < 0.01,
***%p < 0.001, main effect of treatment (two-way ANOVA). e A quantification of IFNy production in T cell co-culture assays. Concentration of IFNy
(pg/ml) in supernatants of preactivated T cells co-cultured for 72 h with classically activated (M1), alternatively activated (M2), GSC-educated or
FAP* pericyte-like cell-educated macrophages. Data are presented as mean = s.d. from five independent Transwell co-cultures derived from four
donors. *P < 0.05, ****P < 0.001, Kruskal-Wallis ANOVA. MFI, mean fluorescence intensity.

<

enriched microenvironment characterized by increased abun-
dance of myeloid and lymphoid cells. In particular, the abundance
of macrophages and expression of M2 polarization markers are
higher in FAP-high GBMs, and TAM:s are frequently in close spatial
proximity to FAP* pericyte-like cells. Single-cell RNA sequencing
and spatial transcriptomics further define FAP* pericytes as a
transcriptionally distinct stromal subpopulation enriched for ECM
components and myeloid-modulating ligands. Consistent with this
molecular profile, functional assays demonstrate that FAP*
pericyte-like cells isolated from human GBMs promote monocyte
migration and differentiation into TAMs with M2-like character-
istics, with evidence supporting a contributory role of the
CSF1-CSF1R axis, and orthotopic co-implantation experiments in
mice further support their capacity to enhance myeloid infiltration
in vivo. Finally, a transcriptional signature characteristic of FAP*
pericytes correlates with worse overall survival in patients
with GBM.

FAP, a cell surface marker of cancer-associated fibroblasts and
pericytes, is upregulated in various tumor types, including GBMs,
and represents a potential theranostic target''. In our study, FAP
was used to stratify tumors according to the proportion of FAP*
pericyte-like cells. Although single-cell RNA sequencing data
indicate that FAP transcripts are detectable in malignant cells, as
previously reported'?, the overall validity of this approach was
supported by the higher number of nonmalignant mesenchymal
stromal cells identified in FAP-high GBMs by the deconvolution
algorithm. Abundance of endothelial cells was also higher in these
tumors, suggesting enhanced vascularization, consistent with the
previously reported proangiogenic function of the FAP* pericyte-
like cells'™.

We complemented bioinformatic results with gRT-PCR analysis in
tumors stratified by FAP protein level. Because the majority of GBMs
do not show detectable FAP protein expression in malignant cells
by immunohistochemistry'®, protein-based stratification predomi-
nantly reflects stromal FAP expression. In this setting, both the pan-
macrophage marker CD68 and the M2 macrophage marker CD163
were more expressed in FAP-high GBMs. This was further
corroborated by immunohistochemistry analysis of GBM tissues,
which showed that CD68" macrophages were more frequent in
GBMs with a high abundance of FAP* stroma. In addition, using
publicly available expression data from morphologically defined
GBM regions and triple immunolabeling, we established that
macrophages expressing CD163 and CD206 were in close proximity
to FAP™ cells, suggesting their functional interplay. These observa-
tions are consistent with a recently published study based on the
analysis of TCGA data, which showed that FAP expression positively
correlated with the expression of M2 macrophage markers and
macrophage abundance in GBM?’.

Only a few studies addressed pericyte heterogeneity in gliomas.
Supporting our findings, Guo et al. identified seven pericyte
subpopulations, with one population possibly involved in immune
cell infiltration and immunomodulation®®. A recent preprint
further highlighted the role of perivascular mesenchymal cells in
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recruiting TAMs*®. Our analysis of four single-cell transcriptomic
datasets (79 patients, 333,271 cells) revealed a set of genes
consistently upregulated in FAP* pericytes. Many of these genes
encode ECM proteins, and several, including CSF1, CCL2, CXCL1,
CXCL12, RARRES2, SERPINE1, THBS2, SEMA3C and WNT5A, are
associated with leukocyte recruitment and differentiation. Speci-
fically, CSF1, CCL2 and CXCL1 are known monocyte chemoat-
tractants>>>'. CXCL12 plays a role in the recruitment of monocytes
and TAMs*’, whereas RARRES2 and SEMA3C influence macro-
phage polarization®***. SERPINE1 promotes the recruitment and
polarization of monocytes into M2 macrophages®, THBS2
facilitates macrophage recruitment and their differentiation into
TAMs®®, and WNT5A induces M2 macrophage polarization and
macrophage recruitment through CCL2 induction®”. FAP* peri-
cytes highly expressed these ligands compared with malignant
cells. Importantly, integration of single-cell and spatial transcrip-
tomic data demonstrated that FAP* pericyte-enriched regions are
characterized by increased expression of several of these ligands.
This was particularly evident for CXCL1, THBS2 and WNT5A,
whereas FAP* pericytes also contributed substantially to CCL2,
CSF1 and RARRES2 expression together with malignant cells,
which were abundant in these regions. Furthermore, our analysis
confirmed the expression of the corresponding receptors in
myeloid cells. Although it was not possible to stratify the samples
used for spatial transcriptomics into FAP-high and FAP-low
samples, the analysis revealed that M2 macrophages were
localized closer to FAP* pericytes compared with other myeloid
subtypes.

We recently elucidated the role of FAP™ mesenchymal cells in
angiogenesis, as well as in GBM cell migration and growth, effects
that were mediated at least in part by soluble factors'®. There is
further an increasing appreciation that mesenchymal cells located
within or close to the blood vessel wall, including pericytes,
adventitial fibroblasts and mesenchymal stromal cells, play an
important role in immunity and inflammation®®. Studies in
extracranial malignancies have shown that modulation of pericyte
phenotype or function can alleviate immunosuppression, normal-
ize tumor vasculature and enhance responses to immune
checkpoint blockade®®™®'. Our findings extend this emerging
concept into GBM.

We used FAP* pericyte-like cell cultures derived from GBMs as
established previously in our laboratory'® to test whether they
affect monocyte migration and polarization in vitro. Conditioned
media from these cultures contained higher levels of CSF1,
CXCL12 and CCL2 than those from glioma cells, supporting the
findings of transcriptomic analyses that FAP* pericyte-like cells
contribute substantially to the local production of these media-
tors. Migration of THP-1 cells increased 3.2-4.7-fold in response to
five of six conditioned media. These results were further
supported by migration assays using human blood monocytes
from healthy donors. The promigratory effect of FAP* pericyte-like
cells, mediated by soluble factors in their conditioned media, was
modest, with substantial variability in the chemotactic response
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Fig. 6 A transcriptional signature of FAP" pericyte-like cells is associated with worse survival in IDH-wild-type GBM. a Forest plot showing
HR estimates from Cox proportional hazards regression analyses evaluating the association between the FAP* pericyte signature score (modeled
as a continuous variable, per unit increase in the signature score) and overall survival in IDH-wild-type primary GBM cohorts: TCGA RNA-seq
(n = 145), TCGA HG-U133A (n = 482) and CGGA RNAseq_325 (n = 74). Points represent HRs, horizontal lines indicate 95% confidence intervals and
the dashed vertical line indicates HR of 1. b Kaplan—Meier plots for patients in the TCGA RNA-seq cohort stratified by terciles of the FAP* pericyte
signature score. Patients in the upper tercile exhibited significantly worse survival compared with those in the lower tercile (HR of 1.61, 95% Cl
1.00-2.55, Cox proportional hazards model; log-rank P = 0.043). ¢ Kaplan-Meier plots for patients in the independent CGGA mRNAseq_325 cohort
stratified by terciles of the FAP* pericyte signature score. Patients in the upper tercile showed significantly worse survival compared with those in
the lower tercile (HR of 2.54, 95% Cl 1.31-4.97, Cox proportional hazards model; log-rank P =0.0047). d Kaplan—-Meier plots for patients in the
TCGA RNA-seq cohort stratified by terciles of FAP expression alone. FAP expression alone did not show a significant association with overall

survival (log-rank P = 0.26).

among individual donors. This aligns with previous reports
showing heterogeneous response of healthy donor monocytes
to chemoattractants and differentiation stimuli®*®3, CCL2, a potent
and well-established chemoattractant for human blood mono-
cytes, elicited robust migratory responses; however, the magni-
tude of the response also varied among donors (1.8-3.5-fold
increase) at concentrations previously reported in the litera-
ture®®®, This interdonor variability, observed even with a defined
and highly potent stimulus, highlights the intrinsic heterogeneity
in migratory responsiveness of primary human monocytes. The
underlying cause of this variability remains unclear, but it likely
involves differential expression of chemokine receptors or other
donor-specific biological factors.

To extend our in vitro observations, we used an orthotopic co-
implantation model in which primary murine brain pericytes were

SPRINGER NATURE

implanted together with GL261 glioma cells. In this setting, pericyte
enrichment was associated with increased infiltration of CD45*
leukocytes and F4/80* macrophages, whereas tumor size was not
significantly affected. Given the rapidly progressive nature of the
GL261 model, changes in immune composition may not readily
translate into measurable differences in tumor growth. It should be
noted that this approach does not establish that implanted murine
pericytes fully recapitulate the molecular phenotype of human FAP*
pericyte-like cells nor does it address long-term pericyte persistence
in vivo. We therefore interpret these findings as supportive evidence
that increasing pericyte abundance within a glioma-conditioned
microenvironment is sufficient to modulate myeloid infiltration,
rather than as a definitive mechanistic dissection of FAP*
pericyte function. Although several previous reports showed rather
pro-tumorigenic functions of GBM-associated pericytes'*®, a recent
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work reported that genetic pericyte depletion in glioma models
accelerated tumor progression, increased immune-suppressive
macrophage polarization, and promoted mesenchymal transforma-
tion of tumor cells®. In contrast to their depletion model, we used a
pericyte co-implantation strategy and observed increased myeloid
infiltration without measurable differences in tumor size within the
experimental timeframe. Although the experimental strategies differ,
both depletion and enrichment-based approaches indicate that
altering pericyte abundance substantially impacts the immune
microenvironment in GBM. These observations also emphasize the
context-dependent and potentially subtype-specific roles of these
perivascular stromal cells.

Previous studies have shown that most TAMs in GBM originate
from peripheral blood monocytes and are preferentially recruited
to perivascular areas*®’. Given their perivascular localization, FAP*
pericyte-like cells and the cytokines and ECM components they
produce are among the first GBM microenvironmental compo-
nents to encounter infiltrating monocytes and may play a crucial
role in guiding their differentiation and polarization®’. Although
FAP* pericytes represent a numerically minor population in single-
cell sequencing datasets, which may underestimate vascular-
associated stromal compartments, their functional impact is likely
to depend more on their strategic perivascular localization than
on their overall tumor-wide abundance. In our experiments, co-
culture of monocytes with FAP* pericyte-like cells resulted in
increased expression of M2 polarization markers, as well as the M1
polarization marker HLA-DR. This finding is consistent with a
previous study showing that TAMs in GBM co-express canonical
M1 and M2 polarization markers®. Similarly, a recent study using
GBM-derived CAFs, which may originate from pericytes®®, showed
that these cells can induce M2 polarization of macrophages'’. The
use of conditioned media in that study suggested that soluble
factors mediated these effects. In our study, transcriptomic and
secretome analyses identified CSF1 as a candidate mediator of the
effect of FAP™ pericyte-like cells. This was functionally supported
by pharmacologic inhibition of CSF1R using BLZ945. CSF1R
inhibition significantly reduced the proportion of CD206* macro-
phages and increased CD80" populations, whereas HLA-DR
expression remained largely unaffected and only the percentage
of CD163" cells decreased. These findings indicate that CSF1/
CSF1R signaling contributes to macrophage polarization in this
context; however, the incomplete reversal of the phenotype
suggests that additional cytokines, such as IL-6 and IL-10%° may
also participate in shaping the mixed macrophage state. Another
mechanism contributing to macrophage polarization may be the
ECM, particularly the fibrillar ECM proteins produced by FAP*
pericyte-like cells®®. Indeed, ECM scaffolds have been shown to
drive a hybrid M1-M2 macrophage phenotype’®. The biological
relevance of this transition is reflected in the functional state of
the resulting macrophages. Activated T cells in the presence of
FAP* pericyte-educated macrophages produced lower levels of
the antitumor cytokine IFNy than in the presence of M1-polarized
macrophages and comparable levels to those observed with M2-
polarized and GSC-educated macrophages. Thus, despite partial
expression of M1-associated markers such as HLA-DR, their
functional profile more closely aligned with M2-like macrophages.
Other mechanisms leading to M2 polarization in GBM include the
production of CHI3L1 by glioma cells’!, hypoxia in the GBM
microenvironment’? and positive feedback mediated by soluble
factors released by M2 macrophages’>. Our findings suggest that
FAP* pericyte-like cells represent an additional perivascular
stromal component capable of shaping local myeloid differentia-
tion within this broader immunosuppressive network.

The direct involvement of the FAP molecule itself in the
observed effects of FAP* pericyte-like cells on monocytes remains
unclear. A study using a glioma cell line endogenously expressing
FAP revealed that conditioned medium from FAP-knockdown cells
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was less effective in promoting the M2 polarization in a human
monocytic cell line U937, but the mechanism remains poorly
defined®’.

Elevated FAP expression in gliomas has been associated with
adverse outcomes when analyzed across tumor grades*, yet its
prognostic relevance specifically in IDH-wild-type GBM has been
inconsistent and appears dependent on cohort composition and
cut-off selection'>'®'®, Because our single-cell and spatial
transcriptomic analyses identified a distinct transcriptional pro-
gram characteristic of FAP* pericyte-like cells, we hypothesized
that a gene signature reflecting this stromal cell population would
more accurately capture its biological and clinical relevance than
FAP expression alone. Indeed, higher expression of the FAP*
pericyte-like cell signature was associated with worse overall
survival in independent IDH-wild-type GBM datasets.

These observations are consistent with prior studies linking
increased pericyte abundance to resistance to temozolomide in
GBM’* and demonstrating that tumor-associated pericyte gene
programs are associated with progression and adverse outcome in
low-grade gliomas’>. By contrast, in the CGGA mRNAseq_693 cohort,
we observed an inverse association, with hazard ratios below 1.
Although all cohorts were restricted to primary IDH-wild-type GBM,
differences in sequencing platform, cohort composition, treatment
context or residual clinical heterogeneity may contribute to this
discordance, underscoring the well-recognized variability of tran-
scriptomic survival associations across independent GBM cohorts.

Collectively, these findings support the notion that FAP
expression alone is unlikely to account for the observed biological
and clinical associations; rather, FAP may mark a broader
perivascular stromal program characterized by ECM remodeling
and myeloid-modulating ligand expression. In this context, our
study identifies FAP™ pericyte-like cells as a distinct stromal
subpopulation in GBM associated with increased myeloid cell
infiltration. Consistent with their enrichment in ECM components
and myeloid-modulating ligands, these cells can stimulate
monocyte migration and induce their differentiation into TAMs.
We posit that FAP™ pericyte-like cells contribute to the immuno-
suppressive and tumor-supportive nature of the GBM microenvir-
onment and may represent potential therapeutic targets.

DATA AVAILABILITY
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