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Protumoral lipid droplet-loaded macrophages are
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Glioblastoma presents a formidable clinical challenge because of its complex microenvironment. Here, we charac-
terized tumor-associated foam cells (TAFs), a type of lipid droplet-loaded macrophage, in human glioblastoma.
Through extensive analyses of patient tumors, together with in vitro and in vivo investigations, we found that
TAFs exhibit distinct protumorigenic characteristics related to hypoxia, mesenchymal transition, angiogenesis,
and impaired phagocytosis, and their presence correlates with worse outcomes for patients with glioma. We fur-
ther demonstrated that TAF formation is facilitated by lipid scavenging from extracellular vesicles released by
glioblastoma cells. We found that targeting key enzymes involved in lipid droplet formation, such as diacylglyc-
erol O-acyltransferase or long-chain acyl-CoA synthetase, effectively disrupted TAF functionality. Together, these
data highlight TAFs as a prominent immune cell population in glioblastoma and provide insights into their contri-
bution to the tumor microenvironment. Disrupting lipid droplet formation to target TAFs may represent an ave-

nue for future therapeutic development for glioblastoma.

INTRODUCTION

Glioblastoma (GBM) is a lethal brain cancer characterized by severe
hypoxia, vascular hyperproliferation, and abnormal metabolism.
The standard of care for patients newly diagnosed with GBM is neu-
rosurgical resection followed by adjuvant radiotherapy and temo-
zolomide chemotherapy, but cancer recurrence and death are almost
inevitable (1). GBM cells reprogram their tumor microenvironment
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(TME), evoking resistance to radiochemotherapy and a compro-
mised antitumor immune response, which leaves few therapeutic
options. Therefore, a better understanding of the interaction of can-
cer cells with surrounding stromal cells is critical for delineating and
reprogramming the immunosuppressive TME (2, 3).

Although recent studies have elucidated how malignant cells in
various cancers confer rewired lipid metabolism as an adaptive re-
sponse to their hostile microenvironment (4-11), immune cell
stress adaptation remains poorly understood. Major pathologies,
including infectious and cardiovascular disease, feature lipid droplet
(LD)-loaded macrophages, known as foam cells (12). LD accumula-
tion in microglia has emerged as a hallmark of neurodegenerative
disease and appears to increase in the aged brain (13, 14). Cur-
rently, lipid-targeting drugs from the cardiovascular field are being
evaluated for repurposed treatment of several pathologies, includ-
ing cancer.

In GBM, tumor-associated macrophages (TAM:s), either periph-
eral bone marrow-derived macrophages (BMDMs) or brain-resident
microglia, may represent up to 50% of stromal cells within the mi-
croenvironment, and their content is associated with enhanced tu-
mor growth and poor patient survival (2). Several important studies
have described the GBM immune microenvironment using single-
cell RNA sequencing (scRNA-seq), delineating the transcriptional
heterogeneity of the myeloid compartment across species and dis-
ease stages (15, 16). The realization of TAM complexity within the
TME governed by the plasticity of these cells, has challenged the
paradigm of the TAM M1 and M2 dichotomy. However, attempts to
eradicate the entire macrophage population have failed as a thera-
peutic concept, highlighting the urgent need for additional strategies
aimed at reversing tumor-promoting functions of TAMs (17-19).
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Here, we identified an immune cell subset of CD68*LD™ macro-
phages, or tumor-associated foam cells (TAFs), in samples from
patients with GBM, reminiscent of the hallmark macrophage phe-
notype of atherosclerotic lesions. Comprehensive patient tumor
profiling revealed a proangiogenic and antiphagocytic TAF signa-
ture associated with poorer patient outcome. Mechanistically, we
found that the TAF phenotype could be conferred to macrophages
by increased scavenging of glioma cell-derived extracellular vesicles
(EVs) in the hypoxic tumor niche. Our data further suggest that
TAFs can be targeted by LD-disruptive drugs that may represent a
therapeutic approach for GBM.

RESULTS

Identification of TAFs in human GBM biopsies

We initially assessed the LD phenotype in the healthy human
brain, in low-grade glioma [LGG, astrocytoma World Health Or-
ganization (WHO) grade 2], and in GBM (WHO grade 4). Where-
as LD-positive areas were absent and modestly present in the
healthy brain and LGG, respectively, we found abundant LDs in
GBM tissue (Fig. 1A), which was corroborated by LD staining and
flow cytometry analysis of patient-derived cultures from fresh sur-
gical resections (Fig. 1B). We next hypothesized that not only gli-
oma cells but also the immune cell compartment, constituting on
average 5 to 10% (LGG) and 25 to 40% (GBM) of the total tumor
cell population (Fig. 1C and fig. S1, A and B), could acquire the LD
phenotype. CD45*LD™ cells were abundant in GBM, whereas, as
expected, few CD457LD" cells were observed in LGG (Fig. 1D).
By quantifying CD45"LD" and CD45*LD™ areas in GBM, we
found that about half of LD cells were also CD45% (Fig. 1E). This
provided evidence that the impact on lipid metabolism by the
TME, as previously shown in malignant cells (20-22), may also
entail a substantial fraction of infiltrating immune cells. Given that
TAMs of different ontogeny (BMDM:s and microglia) are predom-
inant among immune cells in GBM (16), together with the fact
that lipid-rich macrophages are pathognomonic of several disease
conditions, and were recently described in other cancers (23, 24),
we focused on the TAM subfraction. We demonstrate that TAMs,
based on the pan-macrophage marker CD68 (25), on average
make up approximately 65% of the total immune cell population
in GBM, whereas tumor-infiltrating lymphocytes (TILs; CD45"
CD3*) and tumor-associated neutrophils (TANs; CD45"CD66b*)
represent only 10 to 15% (Fig. 1F). We found CD68LD™ cells to
be prevalent in GBM cryosections (almost 40% of total CDe68%)
as compared with LGG (<10%) (Fig. 1G). Circulating peripheral
blood mononuclear cells (PBMCs) from patients with GBM and
microglia in normal brain samples did not exhibit the LD* pheno-
type, as visualized by high-resolution confocal imaging (fig. S1, C
and D) and imaging flow cytometry (fig. S1, E and F). Further sup-
porting that LD-loaded cells were TAMs, we observed CD204 LD ™"
and CD163"LD" cells, markers associated with a protumorigenic
TAM phenotype (18, 26) (fig. S1, G and H). Moreover, LD (HILPDA,
DGATI, GOS2, PLINI, PLIN2, PLIN3, and SOATI) and TAM (CD14,
CD68, CD163, ITGAM, AIF1, and FCGR3A) gene signatures cor-
related in The Cancer Genome Atlas (TCGA) program and the
Chinese Glioma Genome Atlas (CGGA) datasets (fig. S1I) (27, 28).
Together, these data highlight the presence of TAFs in the GBM
immune cell landscape.
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TAFs exhibit a transcriptome signature with

protumorigenic features

To determine the transcriptional phenotype of TAFs, we next iso-
lated CD68TLD* (TAF) and CD68*LD™ (no-TAF) areas from
two different patient cohorts (n = 3 and 5, respectively, in a total
of eight patients) by laser capture microdissection (LCM) for RNA
profiling (Fig. 2A). We demonstrated differences between TAF
and CD68TLD™ transcriptomes (Fig. 2B); TAFs were enriched in
“hypoxia’-related genes (e.g., ADM, PDPN, THBSI, and VEGFA)
and in genes involved in “lipid response” (e.g., ACAT2, CAV1,
NAMPT, and VLDLR), as shown by pathway overrepresentation
analysis and gene set enrichment analysis (GSEA) (Fig. 2, C and D).
Moreover, in both patient cohorts, we consistently found several key
genes implicated in “immune regulation” (e.g., CD163, CD163L1,
FCGR2B, and TGFB2) and “matrix remodeling” (e.g., DSE, MMP7,
PLAU, and PLAUR) (Fig. 2, E and F). We extracted a TAF signature
of 54 genes on the basis of their consistent overexpression when
compared with CD68"LD™ areas in both cohorts; this signature in-
corporated genes associated with their phenotypic characteristics
(lipid response) as well as genes previously implicated in TAM biol-
ogy (table S1). We showed that enriched genes in TAFs overall cor-
related with CD68 expression in the TCGA and CGGA cohorts (Fig.
2E, lower row), supporting that a high-purity macrophage popula-
tion was obtained by LCM for gene expression analysis. Moreover,
the lack of LDs in patient and healthy donor PBMC:s (fig. S1, C, E,
and F), together with similar expression of TAF signature genes in
patient versus healthy donor PBMC:s (fig. S1J), suggests that the LD-
loaded phenotype was not intrinsic to circulating PBMCs.

GBM is highly heterogeneous, with several discernable anatomical
compartments, including cellular tumor, leading edge, infiltrating
tumor, hypoxic/pseudopalisading regions, and perivascular niches
(29). Among the most up-regulated genes in TAFs, we recognized
several that define the mesenchymal-like state of GBM macro-
phages (e.g., CD44, NAMPT, PLAUR, and VIM) (30), and GSEA
confirmed that TAFs are enriched in genes responsible for epithelial-
to-mesenchymal transition as compared with no-TAFs (fig. S2A).
Moreover, increased expression of TAF signature genes correlated
with the mesenchymal GBM subtype in TCGA and CGGA data-
sets (Fig. 2G). The mesenchymal phenotype has been associated
with hypoxic regulation (31), with no apparent overlap with typical
M1- and M2-like macrophages (18). TAMs in hypoxic regions are
known to be primarily BMDM derived (15), which we independently
corroborated by costaining for CD68 (total TAMs), TMEM119
(microglia marker), and CAIX (hypoxia marker) (fig. S2B). Accord-
ingly, the TAF signature included some of the most up-regulated
genes in hypoxic versus nonhypoxic GBM macrophages (e.g., LDHA,
S100A, SPP1, and VIM) previously identified by scRNA-seq (15)
and was mainly associated with BMDMs rather than yolk sac-
derived microglia by GSEA (fig. S2C). We next costained GBM tumor
sections for CD68 and LDs together with either CD49d (BMDM
marker) or TMEM119. Our results show that approximately 80
and 20% of TAFs (CD68*LD") were also positive for CD49d and
TMEM119, respectively, further supporting that most TAFs are
BMDMs (fig. S2D). We further showed that TAFs were associated
with tumor areas displaying overexpression of GLUT1, which de-
fines hypoxic regions in GBM (Fig. 2H), and are less abundant and
only scattered in LGG (fig. S2E). We supported these observations
with immunohistochemistry (IHC) analysis for GFAP (GBM cells)
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Fig. 1. Identification of TAFs in human GBM. (A) LipidTOX staining of LDs in the normal brain, LGG, and GBM. Nuclei were stained with Hoechst (images are representa-
tive of n > 5 individuals per group). Scale bars, 20 pm. (B) Flow cytometry histogram (left) and quantification (right) of BODIPY-493-503 staining of GBM patient-derived
culture (GBM-PDC) versus LGG-PDC, normalized against PBMCs (n = 4 individuals per group). MFI, mean fluorescence intensity. (C) Frequency of immune cells (CD45%) in
GBM (n = 10), LGG (n = 4), and healthy brain (n = 1), assessed by flow cytometry (n = 15 samples in total). Statistical analysis by unpaired t test [(B) and (C)]. (D) H&E (left)
and IF (middle and right) for CD45 and LDs in LGG and GBM tissue samples (scale bars, 20 um) and in PDCs (scale bars, 5 um). (E) IF staining of CD457LD™ and CD45*LD*
in GBM (dashed squares, zoomed area) and corresponding quantification of the fraction of CD45™ cells that were LD* (images are representative of n = 3 individuals, >7
areas per tumor). Statistical analysis by paired t test. Scale bars, 100 and 20 um (inset). (F) Frequency of neutrophils (TANs), TAMs, and T cells (TILs) in GBM, assessed by flow
cytometry (n = >7 individuals per group). Statistical analysis by one-way ANOVA with Tukey'’s correction for multiple comparisons. (G) IF images and corresponding quan-
tification of the fraction of CD68*LD* of total CD68" cells in GBM and LGG (images are representative of n = 3 individuals per group, 53 areas per group). Statistical analy-
sis by unpaired t test. Scale bars, 20 or 5 pm in merged detail. [(B), (C), and (E) to (G)] Data are presented as the mean + SEM. *P < 0.05, **P < 0.001, and ****P < 0.0001.

and CD68, which showed the presence of GFAP"CD68" areas single-nucleus RNA sequencing (snRNA-seq) on fresh frozen GBM
with bright vacuoles in perinecrotic regions (Fig. 2I). To further tumor tissues (n = 16). In accordance with previous studies (32),
address the BMDM versus microglia ontogeny, we next performed we observed an underrepresented TAM cluster (fig. S3, A to C),
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Fig. 2. TAFs exhibit a transcriptome signature with protumorigenic features and infiltrate the GBM hypoxic niche. (A) Schematic overview of TAF profiling in GBM
by LCM and IF staining illustrating typical CD68*LD™ (no-TAF) and CD68*LD™" (TAF) areas (dashed white squares) captured by LCM from eight patients for comparative
gene expression analysis. (B) Gene expression in TAF versus no-TAF areas (log; of fold change, x axis, versus statistical significance with P value as —logj, y axis). (C) Path-
way analysis of up-regulated gene IDs (cutoff, 0.5 log, of fold change, P < 0.05) in TAF versus no-TAF areas, calculated via Fisher’s exact test. (D) Significant enrichment of
“response to lipid”and “hallmark hypoxia” genes in TAF versus no-TAF areas. (E) Up-regulated genes in TAF versus no-TAF regions from two separate patient cohorts (1 and
2), categorized into four groups (top row). Bottom rows show correlations between TAF signature genes and CD68 expression in the TCGA and CGGA datasets. Correlation
of target genes with CD68 was performed with Spearman’s R. (F) Expression of key genes involved in hypoxia/angiogenesis and immune regulation in TAF versus no-TAF
samples. (G) Enrichment of the TAF gene signature across GBM subtypes in data from the TCGA and CGGA cohorts (TCGA: n = 131 primary GBM, IDH-wild type, n = 60, 48,
12, and 11 for the mesenchymal, classical, proneural, and unknown subtypes, respectively; CCGA: n = 183 primary GBM, IDH-wild type, n = 57, 69, 57, and 11 for the
mesenchymal, classical, and proneural subtypes, respectively). Comparison of group means was performed with Wilcoxon signed-rank test. (H) Evaluation of TAF enrich-
ment in the hypoxic GBM niche by IF staining for CD68, LDs, and GLUT1 (dashed squares, zoomed area). Scale bars, 20 and 5 pm (zoomed). Images are representative of
n > 5 individual tumors. (I) H&E (upper left) of GBM tissue highlighting the necrotic area (N) and IHC for GFAP (tumor cells, upper right) and CD68 (lower images) in con-
secutive sections (dashed square, zoomed area; white arrows, vacuolated CD68* cells). Images are representative of n = 3 individual tumors. (J to L) snRNA-seq analysis of
immune subclusters of GBM samples (n = 16 individuals), showing enrichment scores of the TAF gene signature (J), the BMDM gene signature (K), and the microglia gene
signature (L) illustrated by Uniform Manifold Approximation and Projection (UMAP) (left). Violin plots (right) show enrichment scores per subcluster. The lines indicate the
median and the first and third quartiles. (M) Quantification of TAF gene signature expression in the indicated GBM regions; data were retrieved from IvyGAP (n = 122).
Comparison of group means versus “pseudo-palisading cells” was performed with the Wilcoxon signed-rank test. The box represents the interquartile range with the
median value; the upper and lower quartiles are represented by whiskers, and outliers are represented as dots. ***P < 0.001.
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probably due to loss during tissue or library processing. We demon-
strated that the TAF signature preferentially associated with BMDM
clusters compared with microglia clusters, particularly in two spe-
cific BMDM subclusters (3 and 4) (Fig. 2, J to L). This provides more
direct evidence that TAFs are predominantly BMDMs. Last, inter-
rogation of anatomical transcriptome data from the Ivy Glioblasto-
ma Atlas Project (IvyGAP) (29) demonstrated that the TAF signature
predominated in the hypoxic/pseudopalisading region, with a rela-
tively limited contribution to the leading edge transcriptome (Fig.
2M). Together, these data indicate that TAFs primarily consist of
BMDMs and are enriched within the hypoxic GBM niche. More-
over, gene profiling suggests that TAFs exhibit key protumorigenic
features, such as angiogenesis, immune regulation, and matrix re-
modeling.

TAF abundance is associated with outcome in human GBM
The protumorigenic features of the TAF gene signature motivated us
to investigate how TAF abundance correlates with tumor aggres-
siveness and patient outcome. We explored a possible association
between TAFs and prognosis in a patient cohort with a broad sur-
vival range (80 to 1418 days), all receiving standard oncological
treatment according to international guidelines (n = 36; table S2).
Because most CD45"LD™ cells were also CD68TLD™ (Fig. 1), and
given that CD45 provides a distinct and distinguishable surface sig-
nal in tissue sections, in contrast with the primarily cytoplasmic
CD68, we used CD45 and LD costaining for scoring. For three
representative TAF®" and TAF'8" cases, we observed variation in
the TAF score (the fraction of CD45" cells that were LD™) among
GBM tumors (Fig. 3A). By plotting survival and TAF scores as
continuous variables in the entire cohort, we demonstrated a sig-
nificant, inverse correlation between the TAF score and survival
(r =—0.65; P = 0.0005) (Fig. 3B). Accordingly, Kaplan-Meier analy-
sis with patients dichotomized according to TAF score showed that
patients in the TAF®™ group had a significantly improved survival
probability as compared with those in the TAF"8" group (hazard
ratio = 3.3; P = 0.002) (Fig. 3C). To understand whether these
correlations were simply a reflection of the total tumor volume and
degree of necrosis, we next analyzed contrast-enhanced T1-MRI
images at presurgery (available from n = 13 patients) using whole
tumor and necrosis segmentation (33). However, we observed no
apparent correlations between the TAF score and tumor volume or
the ratio of necrosis to tumor volume, respectively (fig. S4, A and B).
Moreover, in both the TCGA and CGGA cohorts, we found that
increased expression of TAF signature genes correlated with a higher
glioma grade (Fig. 3, D and E, left panels), IDH-wild-type status
(Fig. 3, D and E, right panels), and poorer survival (Fig. 3, F and G).
We conclude that TAF abundance negatively correlated with pa-
tient outcome.

GBM-EVs fuel macrophage LD acquisition through
hypoxia-induced lipid transfer that is reversible by DGAT1
and ACSL inhibition

We were next interested in understanding how TAMs may acquire
the LD-loaded phenotype. Given that GBM tumors are poorly per-
fused and relatively inaccessible to a systemic supply of lipids and
other nutrients, we explored a paracrine mechanism whereby glio-
ma cells rewire macrophages into the LD phenotype. In this context,
EVs constitute an attractive lipid source, and numerous reports
have shown excessive EV release and uptake in response to tumor
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hypoxia (34-36). We established an in vitro model of primary hu-
man macrophages differentiated from circulating CD14" cells (Fig.
4A), conditioned at oxygen-deprived conditions (1% O,) to mimic
the hypoxic GBM environment. Initially, we elucidated how LD dy-
namics were affected by either whole conditioned media (CM) or
only the EV fraction of freshly isolated cultures from patients with
GBM. In both cases, we observed increased LD loading as compared
with unconditioned, control medium (Fig. 4B). In addition, GBM
cell-derived CM (GBM-CM) as well as GBM-EVs could induce a
foamy phenotype comparable to LDL-treated primary macrophages
(Fig. 4C). However, macrophages cultured in EV-depleted CM (su-
pernatant, GBM-CM Sup) showed minimal LD loading, similarly to
unconditioned medium (Fig. 4C). In the THP-1 macrophage cell
line, we similarly found increased LD formation by GBM-CM and
EVs but not EV-depleted supernatant (fig. S5A). The observed ef-
fects were not restricted to U87MG as EV donors, because CM and
EVs from several primary GBM cultures likewise converted macro-
phages into foamy cells (fig. S5B; characterization of different EV
sources is shown in fig. S5, C to H). Although hypoxia alone in un-
conditioned medium had no effect on LD abundance, we found
increased LD loading in hypoxic as compared with normoxic mac-
rophages when treated with GBM-CM (fig. S5I) and EVs (Fig. 4D
and fig. S5]) as the lipid source. Moreover, we found that hypoxic
macrophages were even more LD loaded by EVs derived from hy-
poxic as compared with normoxic GBM cells (fig. S5K), further sug-
gesting a requirement for hypoxia in generating foamy cells. To
understand whether the observed effects of EVs could be attributed
to transfer of EV-associated LDs, we next investigated the time
kinetics of EV uptake by macrophages, which reached saturation
within 3 hours (fig. S5L). Concurrently, we assessed EV-dependent
LD formation at different time points (6, 12, and 24 hours), finding
a stronger LD phenotype at 24 hours as compared with 12 hours and
only few LDs at 6 hours (fig. SSM). These data suggest that there was
no direct transfer of preformed LDs carried by EVs. The presence of
a fatty acid synthase (FASN) inhibitor did not affect EV-induced LD
formation (Fig. 4E), indicating that LD formation primarily results
from EV lipid uptake rather than from the induction of lipid synthe-
sis. To investigate the processing of GBM-EV lipids into LD storage
more directly, we used an EV-lipid transfer assay (34) and observed
the transfer of the EV-derived lipid probe (BODIPY-FA) into LDs,
demonstrated by its colocalization with LipidTOX in recipient mac-
rophages (Fig. 4F). Using U87MG as an EV donor source, we ob-
served transfer of the lipid probe from CM and EVs to LDs, whereas
EV-depleted CM supernatant showed no transfer (fig. S5N). The
preferential LD induction in hypoxic macrophages (Fig. 4D and fig.
S5]) was supported by efficient internalization of PKH67 fluoro-
phore-labeled GBM-EVs into hypoxic TAFs (Fig. 4G). Further, we
linked increased EV-mediated LD induction in hypoxia to increased
EV uptake activity in macrophages in hypoxic conditions, as visual-
ized by confocal microscopy imaging and quantified by flow cytom-
etry (Fig. 4H).

The exact mechanism of EV uptake remains to be unraveled;
however, cell-surface heparan sulfate proteoglycans (PGs) have been
shown to facilitate EV uptake by tumor cells (37), including in
hypoxic glioma cells (34). To understand whether similar mecha-
nisms operate in macrophages, we next analyzed EV uptake and LD
formation in the presence of the heparan sulfate mimetic heparin in
hypoxic macrophages, showing a dose-dependent inhibition of
EV uptake (fig. S6, A and B) that was associated with reduced
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Fig. 3. TAFs define a macrophage subset associated with outcome in human GBM. (A) Representative H&E and IF of GBM TAF®" and TAF"9" tumors. Scale bars, 100 pm
(H&E), 50 pm (IF), and 10 pm (zoomed). (B) Shown is the correlation [determined by Pearson correlation (r)] between TAF score, defined as the fraction of CD45*LD™ area
versus total CD45" area (n = 36 individuals; >20 areas per patient), and survival. (C) Kaplan-Meier plot of survival against the TAF score dichotomized at the median. The
log-rank (Mantel-Cox) test was performed. HR, hazard ratio; Cl, confidence interval. (D and E) TAF gene signature expression across glioma grades (WHO 2, 3, and 4) and
IDH status (mutant and wild type) in the TCGA (n = 669 individuals) (D) and CGGA (n = 651 individuals) (E) cohorts. Comparison of group means was performed with
Wilcoxon signed-rank test. (F and G) Kaplan-Meier plot of survival data based on TAF gene signature expression in the TCGA (F) and CGGA (G) datasets. TAF®" and TAF"9"
correspond to patients in Q1 and Q4, respectively. Comparison of survival was performed with the log-rank test.
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Fig. 4. GBM-EVs fuel macrophage LD acquisition through hypoxia-induced lipid transfer. (A) Schematic of in vitro model with GBM-PDC and primary macrophages. (B) Confo-
cal microscopy of LD formation in hypoxic macrophages treated for 24 hours with whole CM or the EV fraction of CM (50 pg/ml) isolated from PDC. Scale bars, 20 pm. CTRL, control.
Images are representative of n > 3 individual tumors per condition. (C) Confocal microscopy (left) and corresponding quantification of LD area per cell (right) in hypoxic macro-
phages, either untreated (CTRL) or treated for 24 hours with GBM-CM, EV-depleted CM [GBM-CM Sup (supernatant)], GBM-EV (50 pg/ml), or LDL (50 pg/ml). Scale bars, 20 um. (D) LD
area per cell after similar treatments as in (C) in normoxic (N) versus hypoxic (H) macrophages. For (C) and (D), n = 3 and 4 individual macrophage donors, respectively, and 18 to 24
images per condition, mean fold of CTRL + SEM. Statistical analysis by one-way ANOVA with Tukey’s correction for multiple comparisons. (E) Confocal microscopy visualization (left)
and corresponding LD area per cell (right) in hypoxic macrophages, either untreated (CTRL) or treated for 24 hours with GBM-EV (50 pg/ml) in the absence or presence of FASN in-
hibitor (FASNi, 100 uM), n = 4 individual macrophage donors, mean + SEM. Statistical analysis via one-way ANOVA with Tukey’s correction for multiple comparisons. Scale bars,
20 pm. (F) Transfer of GBM-EV-BODIPY-FAs into macrophage LDs (dashed white squares, zoomed area). Scale bars, 5 and 0.5 pm (zoomed). (G) High-resolution confocal microscopy
of hypoxic GBM-PDC shows GBM-EV uptake (PKH67-EV) by CD68* cells (3 hours). Scale bar, 2 pm. Images are representative of n = 2 individual tumors. (H) Confocal microscopy (left),
flow cytometry histogram (center), and quantification (right) of PKH67-EV (50 pg/ml) uptake by normoxic (N) versus hypoxic (H) macrophages (n = 5 individual macrophage donors,
mean + SEM). Statistical analysis by paired t test. Scale bars, 2 pm. (I) Confocal microscopy (right) and corresponding quantification of LD area per cell (left) in hypoxic macrophages,
either untreated (CTRL) or treated for 24 hours with GBM-EV (50 pg/ml) in the absence or presence of DGAT1i (5 pM) or TrC (0.5 pM) (n > 3 individual macrophage donors, mean + SEM).
Statistical analysis via one-way ANOVA with Tukey’s correction for multiple comparisons. Scale bars, 20 pm. (J) GSEA showing the enrichment of genes related to angiogenesis,
response to lipids, hypoxia, and negative regulation of immune effector processes in hypoxic macrophages treated with GBM-EVs as compared with CTRL (magenta line), with or
without DGAT1i treatment (GBM-EV + DGAT1i versus CTRL, gray line). (K) TAF gene signature expression in hypoxic macrophages treated with GBM-EV compared with macrophages
treated with GBM-EV + DGATT1j, relative to CTRL (dashed line). Boxes represent the minimum and maximum TAF gene signature scores normalized to CTRLs with the median shown
by the line inside the box. (L) Heatmap of TAF signature genes in hypoxic macrophages treated with GBM-EV or GBM-EV + DGAT1i. In (J) to (L), n = 3 separate experiments from one
macrophage donor. In (K) and (L), the data were normalized to CTRL + DGAT1i. **P < 0.005 and *P < 0.05.
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transformation into the foamy phenotype (fig. S6, C and D). These
data were corroborated in THP-1 cells, showing dose-dependent in-
hibition of EV uptake (fig. S6, E and F) and EV-induced LD forma-
tion (fig. S6, G and H) by heparin treatment. Moreover, the PG
transport pathway was induced in hypoxic macrophages, as shown
by increased anti-heparan sulfate antibody uptake (fig. S6I).

Given that heparan sulfate PGs are ubiquitously expressed in
the normal brain and thus less attractive for TAF-targeting pur-
poses, we next explored drugs from the atherosclerosis field that
were recently repurposed in preclinical tumor treatment studies
(21, 38). LDs store large amounts of triglycerides, and we initially
targeted diacylglycerol O-acyltransferase (DGAT1), which cata-
lyzes the esterification of fatty acyl-coenzyme A (FA-CoA) with
diacylglycerol (DAG), representing the key last step in triglyceride
storage into LDs. We demonstrated that LD induction by LDL was
prevented by the specific DGAT1 inhibitor (DGAT1i) A922500 in
hypoxic macrophages (fig. S7A). As expected, CD68YLD* TAFs
were abundant in cultures derived from patients with GBM (fig.
S7B, t = 0 hours, lower row), and after 48 hours of conditioning in
hypoxic, nutrient-poor medium, TAF LDs appeared to be con-
sumed, whereas LD loading was strongly induced by GBM-CM
and EVs (fig. S7B, t = 48 hours, lower row). The latter was true also
for LGG cultures (fig. S7B, upper row), further suggesting that hy-
poxic stress in the presence of GBM-EVs is sufficient to convert
LGG TAM:s into the LD phenotype. We then attempted to inhibit
CM and EV-dependent TAF induction with DGAT1i, showing a
complete inhibition of LD formation in cultures from patients
with GBM and LGG (fig. S7B). However, in two different mouse
tumor settings with primary human GBM cells (fig. S7C), TAMs
(F4/80™) only showed moderate LD accumulation (fig. S7D), re-
flecting the limitations of mouse models to fully reproduce TME
complexity in patients (39). In the context of hypoxia and GBM-
CM, however, mouse TAMs could also acquire LDs (fig. S7E). In
the presence of DGAT1i, we observed few LDs in mouse TAMs
(fig. S7E). DGAT1 inhibition prevented EV-dependent LD loading
in hypoxic macrophages (Fig. 4I), and targeting of long-chain
acyl-CoA synthetase (ACSL), which acts upstream of DGATI,
with triacsin C (TrC), likewise precluded LD formation by EVs
(Fig. 41) and GBM-CM (fig. S7F). These results further highlight
that EV-induced LD formation depends on active processing by
triglyceride biosynthetic enzymes rather than direct transfer of
EV-incorporated LDs.

We next sought to understand how well in vitro generated, LD-
loaded macrophages could mimic the phenotype of patient TAFs.
First, we showed that EV-induced LD formation in vitro recapitu-
lated important features of patient TAFs, including the enrichment
of genes associated with reinforced hypoxic, angiogenic, and immu-
nodeficient functions and response to lipid, as compared with con-
trol (hypoxic macrophages that did not receive EVs), and these
effects were attenuated by DGAT1 inhibition (Fig. 4] and fig. S7G).
Moreover, most of the TAF signature genes were induced in LD-
loaded as compared with control macrophages (Fig. 4K and fig.
S7H). A majority of these genes displayed reduced expression after
DGAT1 inhibition to preclude LD formation (Fig. 4, K and L). Col-
lectively, these results demonstrate that GBM-EV's can fuel macro-
phages to acquire LDs and key features of the TAF phenotype. This
process is facilitated by the transfer of EV-associated lipids through
a hypoxia-induced, heparan sulfate PG-dependent uptake route
and can be prevented by inhibiting DGAT1 and ACSL.

Governa et al., Sci. Transl. Med. 16, eadk1168 (2024) 30 October 2024

TAFs and LD-loaded macrophages exhibit

impaired phagocytosis

Phagocytosis has a crucial role in the antitumor activity of TAMs
through the elimination of malignant cells and initiation of adaptive
immune responses. Impaired phagocytosis has emerged as a hall-
mark of LD-loaded microglia of the aging brain (13) and in foamy
macrophages in the context of infectious disease (40). Moreover,
decreased phagocytosis by lipid-laden TAMs was demonstrated in a
murine model of gastric cancer (24). Overall, we found a reduction
in expression of phagocytosis-related genes in TAFs compared with
CD68*LD™ (no-TAFs), as well as in GBM-EV-treated macrophages
compared with untreated macrophages (Fig. 5A), whereas FcyR-
mediated phagocytosis showed no apparent difference (fig. S8A). In
particular, the expression of the gene encoding the phagocytosis-
inhibitory Fc receptor FCGRIIB (41) was induced in patient TAFs
compared with no-TAFs (Fig. 2E). FCGRIIB was also induced in
GBM-EV-treated macrophages compared with untreated macro-
phages, an effect that was reversed by LD inhibition (Fig. 4L). As
shown by Hussain et al. (42), FcyRIIb can be induced by hypoxia to
suppress phagocytosis in macrophages. Moreover, transcription of
the gene encoding FcyRIIb was shown to be directly driven by
hypoxia-inducible factor 1o (HIF1a) and HIF2a, the master regula-
tors of the hypoxic response (42). We observed that HIFIA mRNA
was induced in patient TAFs compared with no-TAFs (Fig. 2E), as
well as in GBM-EV-treated versus untreated macrophages, an effect
that was attenuated by LD inhibition (Fig. 4L). Other studies (43)
reported that lipid loading with fatty acids induces HIF1a, which
was dependent on the PI3K-AKT-mTOR pathway, resulting in in-
creased ACSL and LD formation in hepatocellular cancer cells.
Moreover, lipid loading was shown to induce FcyRIIb in hepato-
cytes, and it was suggested that FcyRIIb, in addition to its negative
regulation of phagocytosis, has a direct role in LD formation
(44). We next hypothesized that GBM-EV lipid loading involves similar
mechanisms by reinforcing the hypoxic HIF response in primary human
macrophages. We found that p-AKT was induced in GBM-EV-treated
macrophages (Fig. 5B) and that GBM-EV's increased mTOR activa-
tion (Fig. 5C) and protein abundance of HIF1a as well as FcyRIIb in
hypoxic macrophages (Fig. 5D). Moreover, pharmacological induc-
tion of HIF with dimethyloxalylglycine (DMOG) in normoxic
macrophages resulted in increased FcyRIIb expression (Fig. 5E).
We found that pharmacological HIF stabilization resulted in EV-
induced LD formation also in normoxic macrophages, an effect that
was reversed by DGAT1 inhibition, thus mimicking the hypoxic
situation (Fig. 5F).

We next studied the phagocytic capacity of TAFs and LD-loaded
macrophages. Initially, we observed that TAFs appeared deficient
in phagocytic uptake of pHrodo-conjugated particles (Fig. 5G).
Moreover, the phagocytic activity in hypoxic macrophages was im-
paired by GBM-EV-induced LD loading, and pHrodo particle up-
take was observed when LD formation was prevented by DGAT1
inhibition (Fig. 5H). Accordingly, the capacity to engulf and proteo-
Iytically process DQ-OVA antigen was decreased in LD-loaded
macrophages (fig. S8B). This was consistent with previous studies
showing impaired antigen cross-presentation in LD-loaded dendritic
cells (23). Inspired by these data, we next set up a flow cytometry-
based phagocytosis assay with macrophages to quantitatively assess
the engulfment of pHrodo particles opsonized with human se-
rum (fig. S8, C and D). Consistent with results from confocal mi-
croscopy imaging experiments, preconditioning with GBM-EV's
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Fig. 5. TAFs and LD-loaded macrophages exhibit impaired phagocytosis. (A) GSEA shows depletion of phagocytosis-related genes in TAF versus no-TAF samples and in GBM-
EV-treated versus untreated (CTRL) hypoxic macrophages. (B to D) Hypoxic macrophages treated with GBM-EVs or not (CTRL) were analyzed for phospho-AKT and total AKT (B),
phospho-mTOR (Ser2448), total mTOR (C), and HIF1a and FCyRIIB (D) expression by Western blotting, with p-actin or a-tubulin as loading control. (E) HIF 1o and FCyRIIB expression
assessed via Western blot analysis in cell lysates from normoxic macrophages, either untreated (CTRL) or treated with DMOG (250 pM) for 24 hours. Right panels show corresponding
semiquantifications by ImageJ normalized to loading control (fold of CTRL + SEM). In (B) to (E), left panels show representative blots from n = 2 [(B) and (E)] and 3 [(C) and (D)] indi-
vidual macrophage donors, with two replicates each. Statistical analysis by unpaired t test. (F) Confocal microscopy images and corresponding quantification of LD area per cell in
normoxic macrophages, either untreated (CTRL) or treated for 24 hours with GBM-EV (50 pg/ml) with or without DMOG and DGAT1j, as indicated (n > 3 individual macrophage
donors, fold of CTRL + SEM). Scale bars, 20 pm. Statistical analysis was performed using one-way ANOVA with Tukey’s correction for multiple comparisons. (G) Confocal microscopy
shows deficient phagocytic uptake of pHrodo Red Zymosan BioParticles (2 hours) by TAFs isolated from GBM-PDC. PBMCs are shown as positive controls. Scale bars, 5 pm. Images
are representative of n = 3 individual tumors. (H) Similar experiment as in (G) measuring phagocytosis in LD-loaded macrophages preconditioned with GBM-EVs (GBM-EV) versus
control macrophages (CTRL). GBM-EV preconditioned LD-loaded macrophages were treated or not with DGAT1i (5 pM). Scale bars, 10 pm. (I) Flow cytometry plot (left) of pHrodo
particle uptake (ratio macrophage:pHrodo, 1:10) and corresponding quantification (right) in suspensions of CTRL, GBM-EV, and GBM-EV + DGAT1i-treated macrophages, as in (C)
[n =4 (CTRL and GBM-EV) and 2 (GBM-EV + DGAT1i) individual macrophage donors, mean + SEM]. Statistical analysis via one-way ANOVA with Tukey’s correction for multiple com-
parisons. (J and K) Phagocytosis of pHrodo particles was assessed by Incucyte live cell imaging of adherent CTRL macrophages and GBM-EV-, GBM-EV + DGAT 1i-, or GBM-EV + tri-
acsin C-treated (GBM-EV + TrC) macrophages. (J) Representative images at 1.5 hours of particle uptake. (K) Time-dependent phagocytosis (left) and quantification of particle uptake
at 1.5 hours (right) (n = 2 individual macrophage donors with >3 technical replicates per group, mean + SEM). Statistical analysis via one-way ANOVA with Tukey’s correction for
multiple comparison. ****P < 0.0001, ***P < 0.001, and *P < 0.05.
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was found to attenuate phagocytosis (approximately 50% of con-
trol), whereas GBM-EVs had no effect in the presence of DGAT1i
(Fig. 5I). We corroborated these data by quantitative live imaging
of adherent macrophages, demonstrating decreased phagocytosis in
GBM-EV-treated as compared with control macrophages, and LD
inhibition by targeting of DGAT1 or ACSL partially restored phago-
cytosis (Fig. 5, ] and K). Together, these findings establish a func-
tional link among GBM-EV transfer, LD formation, and decreased
phagocytic capacity in macrophages.

LD-loaded macrophages are associated with increased
angiogenesis and tumor growth

With the aim to further decipher the functional relevance of TAFs,
we decided to expand on the hypoxic and proangiogenic aspects of
the patient TAF and LD-loaded macrophage gene signatures (Figs. 2
and 4]J). Previous studies have shown a role of TAMs in the tumor
angiogenic response (45-47). We next evaluated the correlation be-
tween vascular density and TAF and TAM abundance, respectively,
by costaining for CD45, LD, and CD31. Tumor vascularization was
greater in TAF"#" versus TAF®" tumors (Fig. 6A), whereas we could
not observe increased vascular density in TAM™8" versus TAM'®¥
GBM tumors (fig. S8, E and F), which supports a link between TAF
abundance and an increased angiogenic drive in GBM. Endothelial
cell hyperproliferation is a hallmark of GBM, and the interaction
between endothelial cells and TAMs has been shown to be critical
for the development of aberrant blood vessels and tumor progres-
sion (45-47). We therefore next established an in vitro model with
primary human brain-derived endothelial cells (HBMECs) to ex-
plore how GBM-CM or GBM-EVs may confer a proangiogenic phe-
notype to hypoxic macrophages (Fig. 6B). We verified that several
angiogenesis-related TAF genes (CD44, THBS1, and VEGFA; Fig. 2,
E and F) were also induced in LD-loaded macrophages precondi-
tioned with GBM-EVs as compared with control (Fig. 6C; see also
fig. S7H). Moreover, macrophages preconditioned with GBM-EVs
showed increased secretion of key, proangiogenic cytokines and
growth factors as compared with control (Fig. 6D). Our data consis-
tently showed increased expression of vascular endothelial growth
factor-A (VEGFA), one of the most potent proangiogenic factors, in
TAFs and LD-loaded macrophages at both the gene and protein lev-
els (Figs. 2, E and F, and 6, C and D), and this effect was reduced by
LD inhibition (Fig. 6E). This was corroborated by enzyme-linked
immunosorbent assay (ELISA), showing an approximately twofold
increased release of VEGFA from LD-loaded macrophages as com-
pared with control macrophages (Fig. 6F). Increased VEGFA secre-
tion was reversed by inhibition of ACSL, whereas DGAT1 inhibition
had no effect under these conditions, supporting that GBM-EV
stimulation of macrophages may depend on LD formation (Fig. 6F).
We next collected media derived from LD-loaded and control
macrophages to assess the potential functional cross-talk between
TAFs and HBMECs. We found that HBMECs cultured in medium
from LD-loaded versus control macrophages exhibited increased
ATP concentrations (approximately 1.5-fold; Fig. 6G) as well as
increased migratory capacity (approximately 2-fold; Fig. 6H). Treat-
ment of macrophages with DGAT1i to preclude LD formation at-
tenuated the stimulatory effects on HBMECs (Fig. 6, H and I).
Moreover, in support of a specific role for VEGFA, pretreatment
of medium from LD-loaded macrophages with the VEGFA-
neutralizing antibody bevacizumab (Avastin) attenuated HBMEC
activation (Fig. 6I).

Governa et al., Sci. Transl. Med. 16, eadk1168 (2024) 30 October 2024

To further explore the macrophage-HBMEC cross-talk, we ana-
lyzed the HBMEC transcriptome after incubation with medium
from control macrophages, LD-loaded macrophages, or macro-
phages treated with DGAT1i to deplete LDs. We observed up-
regulation of proangiogenic genes (e.g., ICAM]I, IL6, and SDC4) in
HBMECs incubated with medium from LD-loaded as compared
with control macrophages (Fig. 6, ] and K). Moreover, LD inhibi-
tion in macrophages by DGAT1i counteracted the proangiogenic
activation of HBMECs (Fig. 6L), thus reinforcing that the GBM-
macrophage-HBMEC signaling axis involves GBM-EV lipid trans-
fer and LD induction in macrophages.

Last, we explored how these findings might be translated to the
in vivo setting. As indicated, primary human GBM mouse models
harbor few TAFs (fig. S7D). We then explored the presence of TAFs
in a cell line-derived xenograft model (U87MG; fig. S9A), a patient-
derived xenograft model (U3054MG; fig. S9B), and a murine
syngeneic model (GL261; fig. S9C), as well as in PDGFB- and
shTrp53-induced murine GBM in fully immune-competent mice
using the RCAS/tv-a system (fig. S9D). The RCAS/tv-a system was
further used to generate postradiotherapy, recurrent GBM by sub-
jecting symptomatic mice to 10 Gy radiotherapy and allowing tu-
mors to recur before analysis (fig. S9D, right panel). In all models,
we found no or only scarce TAFs. In lieu of a mouse model that
could accurately mimic human GBM TAFs, we therefore coinjected
U3054MG with human macrophages, preloaded (TAFs) or not (no-
TAF) with GBM-EVs, or with TAFs treated with the LD inhibitor
TrC (Fig. 7A). After 4 weeks of inoculation, tumors were replen-
ished with the respective macrophage variants via repeated injection
(Fig. 7A). To directly assess the biological effects of TAFs and LD
inhibitor treatment, the experiment was terminated when the first
mouse displayed neurological symptoms, as per the predetermined
protocol. In support of a protumorigenic role of TAFs in mice, we
demonstrated increased tumor growth in the presence of TAFs as
compared with no-TAFs, an effect that was attenuated by LD deple-
tion of TAFs with TrC (Fig. 7B). Immunofluorescence analysis of
mouse tumor sections confirmed decreased LD loading in tumors
provided with TAFs compared with LD-depleted TAFs (Fig. 7C).
Moreover, we found that LD depletion of TAFs corresponded with
reduced tumor angiogenesis, as suggested by decreased staining for
CD31 (Fig. 7D). Together, these data suggest that TAFs play a cru-
cial role in promoting angiogenesis in GBM through increased se-
cretion of VEGFA, among other factors.

DISCUSSION

TAMs are prominent constituents of aggressive cancers, and an im-
proved understanding of their specific phenotypic and functional
traits may allow pharmacological targeting for clinical translation
(2, 48). Here, we characterized TAFs, a subset of TAMs in human
GBM featuring LD accumulation, which may represent a distinc-
tive, targetable type of protumorigenic immune cell (fig. S10). As
shown here and in previous studies (20-22, 34), GBM tumors are
enriched in LD-positive areas that had primarily been attributed to
malignant cells. However, we found that TAFs may constitute up to
40% of the total TAM population in human GBM.

Guo and colleagues recently showed that DGAT1 expression
increases with glioma WHO grade and associates with poor sur-
vival in GBM; they also showed that oxidative stress and apoptosis
are induced upon inhibition of DGAT1 in malignant cells (21).
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Fig. 6. TAFs and LD-loaded macrophages are associated with increased angiogenesis. (A) Increased vascular density (CD317) in TAF"" (CD45*LD™) versus TAF®" (CD45*LD")
GBM tumors, as shown by IF (left) and corresponding quantification (right). The white dashed line indicates zoomed area (n = 3 individual tumors per group and 5 or 6 areas per
individual, mean + SEM). Statistical analysis via unpaired t test. Scale bars, 100 and 20 pm (zoomed). (B) Schematic layout of GBM-macrophage-HBMEC cross-talk experiments.
(€) Genes involved in angiogenesis induced in hypoxic macrophages treated with GBM-EVs versus CTRL (n = 5 individual macrophage donors). Statistical analysis via paired t test
(VEGFA, THBS1, and CD44) and Wilcoxon signed-rank test (PDPN). (D) Immunoprofiling of CM from hypoxic macrophages preconditioned with GBM-CM (LD-loaded macrophage-
CM) or with fresh medium (CTRL macrophage-CM). (E) VEGFA gene expression in hypoxic macrophages, either untreated (CTRL) or treated for 24 hours with GBM-EV (50 pg/ml) in
the absence or presence of DGAT1i (5 pM). (F) ELISA of VEGFA in CTRL macrophage-CM and LD-loaded macrophage-CM with or without treatment with DGAT1i (5 pM) or TrC
(0.5 pM). (G) Cell-titer assay (ATP measurement) of hypoxic HBMECs exposed to CM derived from macrophages preconditioned as in (F). RLU, relative light unit. (H) HBMEC transwell
migration assay over 6 hours toward FBS (positive control), CTRL macrophage-CM, and LD-loaded macrophage-CM without or with DGAT1i (LD-depleted macrophage-CM). Quan-
tification is shown on the left, and representative images are shown on the right. (I) Cell-titer assay of hypoxic HBMECs exposed to CTRL macrophage-CM or LD-loaded macrophage-
CM for 72 hours in the absence () or presence of the VEGFA-blocking antibody avastin (1 pg/ml). [(D), (E), (H), and ()] n =3 and [(F) and (G)] n > 3 individual macrophage donors per
group. [(D) and (F) to (I)] Data are presented as the mean fold of CTRL + SEM. Statistical analysis by unpaired t test (D) or by one-way ANOVA with Tukey’s correction for multiple
comparisons [(E) to (I)]. (J) Gene expression in HBMECs exposed over 6 hours to LD-loaded macrophage-CM as compared with CTRL macrophage-CM (log; of fold change versus
statistical significance with P value as -logso, n = 2 individual macrophage donors). (K) Heatmap shows selected, angiogenesis-related genes up-regulated in HBMECs exposed to
LD-loaded macrophage-CM versus CTRL macrophage-CM from the experiment in (J). (L) CM from macrophages preconditioned with GBM-EVs or normal medium (CTRL) in the
absence or presence of DGAT1i was added to HBMECs for 6 hours before gene expression analysis. Shown is the percentage of DGAT1i-dependent inhibition of the GBM-EV effect,
mean + SEM, corrected for DGAT1 inhibition in the control condition. *P < 0.05, **P < 0.01, and ***P < 0.005.
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Moreover, pharmacological inhibition of DGAT1 suppressed GBM
tumor growth and LD formation, as indicated by TIP47 staining, in
a mouse flank model (21). However, LD loading in nonmalignant
cells was not considered. DGAT1 inhibition has been tested in met-
abolic diseases in the clinic, and DGAT1 expression is low in the
normal brain (21, 49). Thus, a dual rationale emerges for consider-
ing DGAT1 inhibition as a promising therapeutic strategy in GBM,
targeting both malignant cells and protumorigenic TAFs.
Macrophage dysfunction by LD loading is a common phenome-
non in major human conditions, including neurodegeneration, can-
cer, and atherosclerosis (13, 50-56). How TAMs acquire the LD
phenotype in the TME, and its impact on cancer progression, re-
main an important area for further exploration. Our data suggest
that EV lipids originating from GBM cells serve as substrates for LD
formation, particularly in hypoxic macrophages. Yang et al. (56)
showed that scavenger receptor CD36 can engulf fatty acids carried
by EVs, resulting in tumor-promoting activities in liver metastasis—
associated macrophages. Here, we suggest a role for hypoxia-
induced, heparan sulfate PG-mediated uptake of GBM cell-derived
EVs, resulting in increased LD formation. In GBM, previous studies
have mostly focused on EV-mediated microRNA and protein trans-
fer (57, 58). For example, GBM-EVs were shown to induce M2-like
macrophage polarization by the transfer of interleukin-6 (IL-6) and
miR-155-3p (59). Here, we show that the functional interaction with
macrophages is driven in part by EV-mediated lipid transfer, given
that reduced LD formation effectively mitigated the proangiogenic

Governa et al., Sci. Transl. Med. 16, eadk1168 (2024) 30 October 2024

and antiphagocytic TAF phenotype. It has been shown that tumor-
derived EV lipids cause dendritic cell dysfunction (60) and that adi-
pocytes can feed macrophages with EV lipids, thereby regulating
macrophage function in obesity (61). Moreover, LD loading was
previously associated with dysfunctional natural killer (NK) cells
that failed to control tumor growth in obese animals (62) and with
exhausted CD8" T cells exhibiting impaired antitumoral functions
(63). These findings, in conjunction with the present study, lay the
foundation for future investigations on the broader role of EV lipid
transfer to tumor-infiltrating immune cells, as well as on the respec-
tive contributions of microvesicles, exosomes, and the other EV spe-
cies present in the TME (64).

Among potential mechanisms that may underlie the unfavorable
prognostic association with TAFs, we demonstrated an association
between LD loading and impaired phagocytic capacity. This is consis-
tent with recent studies showing decreased phagocytosis in lipid-
loaded macrophages in gastric and colorectal cancers (24). In the
hypoxic TME, it is conceivable that macrophages build LD depots as
a protective measure against toxic free FAs. Consequently, the energy
supply from impaired FA oxidation may not suffice to execute effi-
cient phagocytosis (65). In addition, lipids are critical in the transduc-
tion of phagocytic signals and in the remodeling of the actin
cytoskeleton (66). Our studies propose an additional mechanism
whereby EV-mediated LD loading may induce FcyRIIb by reinforcing
the HIF response in hypoxic macrophages. Hypoxia-inducible lipid
droplet associated (HILPDA), also known as a HIF responsive gene,
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has been shown to promote LD formation in macrophages and cancer
cells, partly by activating DGAT1 (67). Further studies should provide
a more detailed mechanistic understanding of how lipid loading and
a reinforced HIF response could regulate phagocytic activity in the
TME. Our data further suggest that TAFs contribute to GBM malig-
nancy through proangiogenic mechanisms involving HIF-induced
VEGFA. BMDCs were shown to invade gliomas in response to hy-
poxia and stimulate neovascularization (68-70), but whether this
phenomenon could be linked to TAM metabolic reprogramming was
still unexplored. Our study demonstrates that TAFs and LD-loaded
primary macrophages can exhibit robust proangiogenic characteris-
tics, including increased VEGFA, to foster stimulatory cross-talk with
HBMEQC:s. Similarly, foam cell-driven angiogenesis in atherosclerosis
is known to rely on increased VEGFA (71), indicating that LDs not
only are passive storage organelles but also serve as signaling plat-
forms for functions such as angiogenesis.

Our study has some important limitations, including the diffi-
culty of sorting enough TAFs from clinical samples for down-
stream functional studies. Furthermore, the association between
TAF abundance and poorer survival was based on a cohort from
one study site that, however, was supported by independent analysis
from the TCGA and CGGA cohorts. Yet, the concordance between
patient tumor data and in vitro models using freshly isolated patient-
derived cultures and primary human cells provides reliable support
for the concept that TAFs have clinical impact in GBM. The known
limitations of murine GBM models, including less hypoxia, necro-
sis, and vascular proliferation (39), may explain the scarcity of en-
dogenous TAFs across models. In support of this notion, mouse
TAMs from human GBM xenografts also acquired LDs when put
into hypoxia with GBM-CM ex vivo. We demonstrated increased
tumor growth and an enhanced angiogenic response by introducing
human TAFs into the mouse GBM microenvironment, an effect that
was attenuated by inhibition of LD formation.

The urgent need for new therapeutic strategies has stimulated ma-
jor efforts to not only target TAMs in GBM (72, 73) and other cancers,
including inhibition of their recruitment and protumorigenic polar-
ization, but also modulate their metabolic status (74). Despite promis-
ing studies in GBM, such as inhibition of the colony-stimulating
factor-1 receptor (75, 76), this concept still awaits solid support by
clinical studies. Hypothesizing that the several protumorigenic char-
acteristics associated with TAMs may converge on their abnormal
lipid phenotype, TAF depletion or reprogramming using LD inhibi-
tors could offer a promising therapeutic avenue and serve as a viable
alternative to other targeted treatments. To materialize this direction
for GBM therapy; it will be critical to tailor LD-inhibiting agents with
improved blood-brain barrier penetrance, allowing increased tumor
bioavailability. Although such strategies could eradicate tumor cells, it
may prove more beneficial to revert TAFs into antitumorigenic TAMs.
In conclusion, we identify TAFs as a dominant, protumorigenic im-
mune cell entity in human GBM and provide insights into the emerg-
ing role of immune cell lipid metabolism in cancer. Our results
support efforts to develop LD-inhibiting drugs with the potential to
modulate disease progression and patient outcome in GBM.

MATERIALS AND METHODS

Study design

The objective of this study was to molecularly characterize and
investigate the protumorigenic role of TAFs in human GBM. We

Governa et al., Sci. Transl. Med. 16, eadk1168 (2024) 30 October 2024

hypothesized that the TAF phenotype can be conferred to macro-
phages by increased scavenging of glioma cell-derived EV lipids.
We aimed to profile TAFs in patients with GBM using freshly re-
sected tumor cultures and fresh frozen tissue. Human adult GBM
tissue samples were obtained from patients referred to the Neuro-
surgery Department at Skane University Hospital, Lund, Sweden.
The inclusion criteria were age (18 years or above), WHO perfor-
mance status (0 to 2), and the ability to comprehend and give writ-
ten informed consent. The study was carried out according to the
International Conference on Harmonization (ICH)/Good Clinical
Practice (GCP) guidelines, in agreement with the Helsinki declara-
tion, and approved by the local ethics committee, Lund University
(Dnr. 2018/37). Clinical-pathological characteristics of included pa-
tients are provided in table S2. CD68TLD™ (TAF) and CD68TLD™
(no-TAF) areas were isolated by LCM from patients with GBM
(n = 8) and analyzed for differential gene expression. The TAF gene
signature was analyzed in a GBM tumor snRNA-seq dataset (n = 16)
as well as in publicly available TCGA, CGGA, and IvyGAP datasets.
For survival analyses, we collected a cohort of patients with GBM
(n = 36) with a broad survival range (80 to 1418 days; table S2). To
reduce confounding biases, age distribution and MGMT promotor
methylation status (established prognostic factors in GBM) were
comparable in selected long-term and short-term survivors. To op-
timize reproducibility between scorers (blinded to clinical data), we
decided to perform CD45 staining that provides a distinct surface
signal as opposed to CD68. We then used in vitro models with
patient-derived cultures and primary GBM, macrophages, and
HBMEC cultures, as well as established GBM and macrophage cell
lines, to understand how TAFs acquire the LD phenotype and to
explore TAF protumorigenic functions as well as the potential of
TAF targeting as a therapeutic paradigm in GBM. Donor primary
macrophage cultures with poor viability during differentiation were
not used for experiments. No experimental data points were re-
moved from the studies. Last, we interrogated the protumorigenic
role of TAFs and possible therapeutic effects of LD inhibitors in
vivo. For this purpose, we used NOD scid gamma (NSG) mice or-
thotopically injected with primary GBM cells and differentially pre-
conditioned macrophages. In general, six animals were used for
each treatment group. No power analyses were used to predeter-
mine sample sizes, which instead were chosen on the basis of prior
studies using comparable experimental paradigms. All experimen-
tal procedures were approved by the ethical committee for animal
research in Malmo/Lund (ethical permit M144-14 and M145-14)
and performed in accordance with the European Union animal
rights and ethics directives.

Statistical analysis

Individual-level tabular data are presented in data file S1. GSEA sta-
tistics for the enrichment score (ES), normalized enrichment score
(NES), nominal P value, and false discovery rate (FDR) were per-
formed according to the GSEA software methodology (77). Signifi-
cance of pathway overrepresentation terms was calculated according
to Fisher’s exact test. Significance tests of differentially expressed
genes were performed on log,-transformed expression values (for
which normality assumptions are applicable because of log-normal
distribution) using moderated ¢ statistics as per the limma package
(78,79). Correlation of TAF genes with CD68 (in TCGA and CCGA)
was performed with Spearman’s rank correlation rho test. snRNA-seq
statistical analyses were performed as described in the Supplementary

130f 18

$202 ‘T 4800100 U0 %2Y101|qIgeliuaZ - USUoU A WNIUSZ Zijoyw eH e 610°80us 105" Mmm//:sdny WwoJ) pepeojumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Materials. Kaplan-Meier survival curves were generated using GraphPad
Prism 9 (v8.3.1; RRID:SCR_002798) and R (v4.4.1; RRID:SCR_001905),
and the log-rank test was performed to assess statistical significance
between groups. For the TCGA and CGGA cohorts, differential sur-
vival significance and hazard ratios were assessed with the survival
R package. Comparisons of subtype group (TCGA and CCGA) and
tumor region (IvyGAP) means were performed with Wilcoxon
signed-rank test. Statistical analyses of quantitative experimental
models were performed using either paired or unpaired Student’s ¢
test (two-tailed), as indicated in the figure legends, with the Graph-
Pad Prism 9 suite. Normal data distribution was analyzed using
the Shapiro-Wilk test. Alternatively, one-way analysis of variance
(ANOVA) was used with Tukey’s correction for multiple compari-
sons. In vitro experiments were carried out with at least three inde-
pendent biological experiments with separate patient cultures and
macrophage donors or as indicated by 7 in the figure legends. Data
are presented as means + SD or as means + SEM. All values with
P < 0.05 were considered significant. All graphical illustrations
were created with BioRender.com (RRID:SCR_018361), and figure
composition was performed with Adobe Illustrator 27.4 (RRID:-
SCR_010279).

Supplementary Materials
The PDF file includes:

Materials and Methods

Figs.S1to S11

Tables S1 and S2
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