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Abstract

This international consensus statement synthesizes key findings on the complex roles of microglia and macrophages (tumor-
associated microglia/macrophages or TAMs) in glioma progression and therapeutic resistance. Recent advances have high-
lighted the cellular, spatial, and temporal heterogeneity of TAMs, their functional plasticity, and the intricate interactions
between TAMs, glioma stem cells, and the neuronal microenvironment, challenging the M1/M2 classification paradigm
for TAMs in gliomas and other misconceptions. The statement emphasizes that glioma cells manipulate TAMs to suppress
anti-tumor functions, while microglia-mediated modulation of neuron-glioma cell interactions promotes tumor progression.
Furthermore, glioblastoma-derived extracellular vesicles (EVs) reprogram microglia to support tumor progression, offering
novel therapeutic targets. To advance research and develop more effective treatments, the statement advocates for precision
therapies targeting specific TAM subsets or functions, the use of bioengineered EVs as a therapeutic approach, and a shift
away from simplistic terminology like “M1/M2” and “neuroinflammation”. Ultimately, this new understanding can support
innovative strategies to modulate the tumor microenvironment, turning immunosuppression into immunostimulation and
improving outcomes for patients with glioblastoma and other types of gliomas.

Keywords Glioma - Microglia - Macrophages - Immunotherapy - Neurooncology

Abbreviations MDSCs Myeloid-derived suppressor cells

2-HG 2-Hydroxyglutarate MG Microglia

BBB Blood-brain barrier MMPs  Matrix metalloproteinases

CCL2 C-C motif chemokine ligand 2 SIRPa  Signal-regulatory protein ol

CSF1 Colony-stimulating factor 1 TAMs  Tumor-associated macrophages/microglia
CSFIR  Colony-stimulating factor 1 receptor TGF-p  Transforming growth factor §

ECM Extracellular matrix TME Tumor microenvironment

EVs Extracellular vesicles

GSCs Glioma stem cells

IDH Isocitrate dehydrogenase Introduction to tumor-associated microglia/
MDMs  Monocyte-derived macrophages macrophages (TAMs) in gliomas

The authors would like to dedicate this article to the memory
of our colleague Kevin Lee, who passed away during the
preparation of the manuscript.

Extended author information available on the last page of the article

Published online: 16 April 2026

TAMs constitute a very significant component of the cellular
microenvironment of gliomas and of glioblastoma in par-
ticular, which has the highest TAM:lymphocyte ratio among
all cancers [68]. Following a period of relative neglect by
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neuro-oncologists, TAMs have become recognised as crucial
players in the development and progression of gliomas in
recent years [101, 104, 138].

It seems appropriate to differentiate between resident
(pre-existing) microglia (MG) and newly arrived monocyte-
derived macrophages (MDMs) in the tumor, despite their
overlapping functions, as they have distinct developmental
origins, markers, and potential roles in glioma development
[127]. As will be discussed in detail, TAMs produce growth
factors and cytokines, including chemokines, that promote
tumor growth, survival, migration, and blood vessel forma-
tion, thereby creating a supportive environment for glioma
cells to infiltrate surrounding tissue. Their interactions with
glioma stem cells (GSCs) are considered to increase tumor
aggressiveness and resistance to treatment [159].

As will also be discussed, targeting or modulating the
functions of TAMs has been suggested as a promising new
approach to improve treatment outcomes for patients with
glioma [44, 165].

There is cellular heterogeneity of TAMs in gliomas

Section summary: TAMs in gliomas exhibit pronounced phe-
notypic and functional heterogeneity, originating from two
primary sources: resident microglia and monocyte-derived
macrophages. These distinct subsets are characterized by
unique gene expression profiles and surface marker signa-
tures. Furthermore, the tumor microenvironment (TME) is
also inhabited by other immune cell types, including neutro-
phils and dendritic cells, which contribute to its complexity
and diversity.

The dual origin of TAMs in glioblastoma, deriving
from either MG or MDMs, has been well studied [17,
85]. Single-cell RNA sequencing (scRNA-seq) analyses
have demonstrated that CCR2, CD45RA, CDI141, ICAM,
CDI11B, TGFBI, FXYD5, FCGR2B, CLECI2A, CLECI0A,
CD207, ITGA4, and CD209 are enriched in MDMs, whereas
CX3CRI, SALLI, HEXB, P2RY12, and TMEM119 are highly
expressed in MG [4, 39, 85, 88, 103]. Of note, discrimi-
nation of cell ontogeny based on a set of markers alone is
challenging in the face of evidence that MDMs tend to adopt
MG-like phenotypes once exposed to the brain micromilieu
[14, 26, 127]. The determination of TAM ontogeny requires
orthogonal techniques in humans, including somatic variant-
or chimerism-based fate mapping [84, 121]. Mass cytometry
studies showed that the highly expressed TAM markers are
those commonly present in most phagocytes (CD11c, CD64,
HLA-DR, and CX3CR1) [120]. CNS-resident MG, infiltrat-
ing MDMs (CD64%, CD11c*, and CD11b"), and neutrophils
(CD66b* and CD16%) comprise up to 80% (+ 18%) of leu-
kocytes in gliomas. P2RY12 was found to be expressed in
MG, while ITGA4 was expressed mostly in monocytes and
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MDMs [17]. CD45RA, CD141, ICAM, and CD45RA were
differentially expressed by MDMs compared to MG.

Among MDMs, four subpopulations have been described,
one of them with high levels of CD163, CD206, CD169
that likely represent phagocytic macrophages [39]. These
markers are also found in CNS border-associated mac-
rophages (BAMs). ScCRNA-seq studies showed overexpres-
sion of NAV3, SLCIA3, SIGLECS and P2YRYI12 in MG,
and TGFBI, ITGA4, FPR3, IFITM3 and SI100A11 in MDMs
[85]. Another scRNA-seq study distinguished two transcrip-
tionally distinct MG subsets, monocytes, MDMs, and den-
dritic cells (DCs) and demonstrated differential expression
in MG from the tumor center and periphery. The authors
found downregulation of inflammation-related genes in the
peripheral MG (FCGBP and CCL20), downregulation of
genes associated with canonical interferon (IFN) responses
(IF16, IF127, STATI, ISG15), cell proliferation (STMNI),
and downregulation of CD163 (a scavenger receptor) [103].
Recently, a population of TAMs expressing ANXA1 and
HMOX1, driven by FOSL2, has been associated with high-
grade glioma transformation [161]. Sub-populations of
XCRI*CLEC9A*CADMI" type 1 conventional dendritic
cell (cDC1) and FCERIA*CLECIOATCDIC? type 2 con-
ventional (cDC2), along with the CCR7*LAMP3*SAMSNI*
DCs exhibiting a gene signature reminiscent of migratory
DCs (MigDCs) were defined [103].

TAMs in gliomas—does the cell of origin matter?

Section summary: In malignant gliomas, the spatial distri-
bution of TAMs is dynamically influenced by the TME, with
specific niches such as hypoxic and necrotic regions shap-
ing their localization. Despite this heterogeneity, the func-
tional roles of distinct TAM subsets remain poorly defined,
which poses a significant challenge for developing effective
therapeutic strategies that target immune modulation in
glioblastoma.

The innate immune system of the central nervous sys-
tem (CNS) is represented by parenchymal MG and CNS
BAMs [30]. Under physiological conditions, these cells
maintain brain homeostasis. In glioblastoma (WHO grade
4, isocitrate dehydrogenase [IDH] wild-type), MG and
BAMs acquire TAM features. In his pioneering observa-
tions of 1925, Wilder Penfield noted: “Microglia in various
stages of migratory and phagocytic activity can be seen
everywhere throughout the tumor” [97]. However, upon
the onset of necrosis, the majority of TAMs in hypoxic
tissue originate from MDMs rather than MG [68, 73].
Accordingly, MG appears to be more important in tumor
areas where diffuse tissue infiltration is taking place [25,
166]. Thus, brain-derived TAMs are complemented and
in some tumor areas replaced by myeloid cells from the
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circulation, which include monocytes, myeloid-derived
suppressor cells (MDSCs), neutrophils, and DCs.

It has been proposed that these peripheral immune cells
home in on the tumor in response to wound-like properties
of the malignant tumor mass [33], including the upregula-
tion of immune-mobilizing chemokines [34].

Collectively, TAMs account for more than 30% of all
cells within the tumor mass of glioblastoma [82] and 80%
of immune cells within the TME [39], creating transcrip-
tionally and spatially diverse subsets [91, 103, 157]. The
ratio between TAMs derived from MG and monocytes var-
ies across patient tumors and in preclinical models, where
distinct transcriptomic genetic and histopathological fea-
tures of TAMs and their distribution largely depend on
the spatial organization of tumor niches, which in glio-
blastoma is mainly driven by hypoxia [49]. Monocytic
TAMs accumulate in hypoxic and necrotic areas with
increased blood—brain barrier (BBB) leakage, and micro-
glial TAMs are abundant at the tumor border and within
invasive niches, respectively [103]. Compared to IDH wild-
type glioblastoma, IDH mutant low-grade gliomas do not
show necrotic, contrast-enhancing areas, with TAM origin
consequently shifted towards MG [39, 59]. Interestingly,
while circumscribed tumors create a visible accumula-
tion of microglial TAMs at the tumor margin, more dif-
fuse tumors display various activation states, including
homeostatic and highly ramified MG, that coexist within
the infiltrative tumor niche [157]. An increased density
of microglial TAMs inside tumors, and not at tumor bor-
ders, positively correlates with survival [162]. It remains
to be clarified if the pro-inflammatory features of micro-
glial TAMs result simply from earlier stages of polariza-
tion against brain injury or whether they play an alterna-
tive active role in the maintenance of tumor growth. The
exact origin of blood-derived TAMs is still unsettled since
myeloid cells lose their identity markers (e.g., Ly6C). The
infiltration of MDSCs into the tumor suggests the genera-
tion of new immature bone marrow (BM)-derived myeloid
cells in response to tumor growth. Moreover, TAMs share
somatic mutations with peripheral blood monocytes [161].
Undifferentiated monocytes show the strongest signals in
hypoxic niches with a leaky BBB, toward heterogene-
ous monocytic TAMsS in the tumor core [157], suggesting
that these areas constitute their main entry niche. While
the majority represent classical and non-classical mono-
cytes, the infiltration of circulating MDSCs has also been
reported [5, 45, 110]. Similarly, microglial TAMs down-
regulate homeostatic markers (e.g. TmemlI19, P2ryl2).
Both entities can also be replenished by active prolifera-
tion within glioblastoma, as indicated by the presence of
actively cycling TAMs. In mouse models of glioblastoma,
adoptive transfer experiments suggest that the great major-
ity of MDMs are derived from classical monocytes [103].

The advances in single-cell transcriptomics have enabled
the investigation of TAM origins in greater detail, based on
larger gene signatures, thereby reducing the bias associated
with limited marker-based flow cytometry approaches [16,
57, 126]. Trajectory analyses in patient tumors, syngeneic
mouse glioblastoma models, and patient-derived xenografts
confirmed the active conversion of the majority of MG and
monocytes toward highly immunosuppressive TAMs [91,
101, 103, 157]. Importantly, microglial and monocytic
TAMs both contribute to and partly compensate for each
other's functions [103], highlighting a potential challenge for
TAM-targeting therapies. Additional compensatory mech-
anisms can be maintained by neutrophils, as shown upon
depleting monocyte chemoattractants in PDGFB-driven
genetically engineered mouse models of glioblastoma [23].
While recently identified immunomodulatory programs,
including inflammatory and immunosuppressive states, are
not equally distributed across TAMs of different cellular ori-
gins [84], it remains to be determined to what extent diverse
TAMs can compensate for the spectrum of these states and
functions. Whether therapeutic strategies should target the
immunomodulatory functions of TAMs as a whole or in a
manner specific to their cell of origin remains to be deter-
mined [100].

Cellular composition and ontogeny

Microglia and monocyte-derived macrophages
have a dual role in gliomas: tumor-supportive
and anti-tumor functions

Section summary: MG and MDMs play dichotomous roles
in glioma development, influencing both tumor growth and
anti-tumor immune responses. Their functions are modu-
lated by interactions with the TME, which can drive them
towards immunosuppressive phenotypes that facilitate dis-
ease progression. Recent breakthroughs in spatial and multi-
omics technologies have enhanced our understanding of the
polarization mechanisms governing MG and MDM behavior
in gliomas, as well as their prognostic significance.

MG and MDMs play a complex role in gliomas, exhibit-
ing both tumor-supportive and anti-tumor functions. This
dual nature is influenced by the tumor cells and/or the TME,
which can convert TAMs into immunosuppressors that pro-
mote tumor growth and invasion. In response to the glioma
microenvironment, MG and MDMs can release factors like
Vascular Endothelial Growth Factor (VEGF) and express
VEGEF receptor 1 (VEGFR-1) [69] as well as IL-10, which
support tumor progression. They are also recruited by chem-
oattractants, such as SDF1/CXCL12, MCP-1 (CCL2) [102]
and CSF-1, that not only attract these cells but also promote
their polarization (see Textbox 1) into a state that supports
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tumor growth [67]. To advance treatment results, further
research into the polarization mechanisms and interactions
between MG, MDMs, and the TME is necessary. The intro-
duction of spatial and multiomics technologies into glioma
research has led to important discoveries, such as the acqui-
sition of a mesenchymal program in TAMs induced by their
interaction with glioma cells [53], the enrichment of tissue
maintaining (previously referred to as M2-like) macrophages
(see Textbox 1) in perivascular niches in patients with glio-
blastoma with poor survival [153], and a multi-layered,
structured TME where TAMs are enriched in the hypoxia-
adjacent and angiogenesis niches [49], supporting the role
of hypoxia as an important microenvironmental driver of
immunomodulatory expression programs [9, 49, 84, 109].
These immunomodulatory programs, and their associated
myeloid cell phenotypes, can predict response to immuno-
therapy and overall survival [84].

Functionally, the divergent roles of macrophages can
be understood by considering their dual responsibilities as
both guardians of tissue homeostasis and immune defenders.
Therefore, MG also possesses intrinsic anti-tumor proper-
ties, particularly in the early, but also at later stages of gli-
oma development [84]. When activated and in a pro-inflam-
matory state, they can promote immunity against glioma
cells. The exact timing, signals, and spatial cues that switch
MG and macrophages from anti-tumor to tumor-support-
ive roles remain unclear. Tumor-associated factors such as
hypoxia-associated nutrient deprivation are likely culprits
[49, 153]. Understanding this transition seems important,
especially for developing immuno-therapeutic strategies.

Hypothesis of gliomas as wounds that do not heal

Section summary: Gliomas, especially those harboring IDH
mutations, display characteristics reminiscent of a chronic,
non-healing wound, marked by persistent remodeling of
the extracellular matrix (ECM) and profound metabolic
dysregulation. This aberrant microenvironment is charac-
terized by the accumulation of oncometabolites, such as
2-hydroxyglutarate (2-HG), which in turn drive tumor inva-
siveness, angiogenesis, and immune evasion. Furthermore,
these ECM alterations also contribute to the development of
treatment resistance, with distinct ECM subtypes correlating
with divergent clinical outcomes, underscoring the complex
interplay between the TME and disease progression.
Gliomas, particularly IDH-mutant variants, are
increasingly recognized as tumors driven by mechanisms
resembling a wound that does not heal, largely due to
chronic ECM remodeling and the accumulation of the
oncometabolite 2-hydroxyglutarate (2-HG). This “wound-
like” behavior is marked by persistent alterations in the
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ECM, where continuous deposition of components such
as hyaluronic acid, tenascin C, and collagen promotes
tumor invasiveness, angiogenesis, and immune suppres-
sion [149]. For instance, tenascin C expression is linked
to reduced mTOR signaling in infiltrating immune cells,
which restricts their proliferation, a mechanism that can
undermine the immune response within the TME [149].

IDH mutations, prevalent in approximately 10% of
gliomas [96], particularly in hypoxic and acidic TME
from grade 3 anaplastic astrocytomas and oligodendro-
gliomas, result in the accumulation of 2-HG, which dis-
rupts cellular processes. Elevated 2-HG levels inhibit
a-ketoglutarate—dependent dioxygenases, leading to wide-
spread epigenetic changes, including DNA and histone
hypermethylation [112]. These changes enhance malignant
proliferation and promote features such as mesenchymal
transition, further contributing to tumor progression. More-
over, 2-HG stabilizes hypoxia-inducible factor (HIF)-1a
at the protein level, driving angiogenesis and impairing
immune cell recruitment by reducing CXCL10 expres-
sion [40, 112]. This combination of metabolic reprogram-
ming and ECM alterations forms a unique, self-sustaining,
and constantly evolving environment that supports tumor
growth and evasion of immune surveillance.

The ECM remodeling in gliomas is not only driven
by tumor cells but also by stromal components, which
increase ECM stiffness and exacerbate treatment resist-
ance [149]. This pro-stiffness environment, compounded
by the secretion of collagen VI, creates barriers to effec-
tive therapies, such as bevacizumab, and contributes to a
poor prognosis [31]. Additionally, ECM changes actively
modulate the immune landscape, with hyaluronan bind-
ing to receptors like CD44 and CD168, activating path-
ways that promote tumor invasion and immune tolerance
through macrophage re-education via elevated expression
of PD-L1 [31].

Recent studies led by Wei et al. [151] have further
refined our understanding of ECM-related subtypes in
IDH-mutant gliomas. Two major subtypes, ECM1 and
ECM2, have been identified based on distinct ECM
signatures. While the ECM2 subtype was reported to
present a more favorable prognosis with higher muta-
tion profiles in FUBPI, ECM1 subtypes, enriched with
mutations in TP53, CDKN2A/B, NF1, and EGFR, were
associated with poor prognosis due to enhanced ECM
remodeling, EMT (epithelial-mesenchymal transition),
and increased immune infiltration, including resting DCs
and macrophages [151]. Additionally, ECM1 was linked
to dysregulated metabolic pathways, such as amino acid
and lipid metabolism, which further promote tumor sur-
vival and growth [151].
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Context-dependent functional states
of microglia and macrophages in glioma

The spatial distribution of microglia
and macrophages in gliomas plays a role in their
functional behavior

Section summary: The spatial topography of MG and
MDMs within gliomas has a profound impact on their
Sfunctional repertoire, with regional specialization emerg-
ing in response to tumor-intrinsic factors such as hypoxia,
architectural patterning, and microenvironmental hetero-
geneity. Therapeutic interventions can reconfigure these
spatial distributions, underscoring the interplay between
the TME, cellular subsets, and treatment modalities that
collectively shape glioma progression and outcome.

The spatial distribution of MG and MDMs within
tumors appears to play a significant role in their func-
tional behavior. MG of the ramified phenotype are typi-
cally found at the tumor margins (diffuse infiltration zone),
where they may facilitate invasion [56] and gradually
switch to pro-tumorigenic ameboid TAMs. TAMs derived
from MDMs are especially numerous in both necrotic
zones in the center of a malignant glioma and in perivas-
cular areas, close to the compromised BBB, controlling
chemokine dynamics [19, 27, 165]. MDMs in hypoxic
tissue areas are reprogrammed for immunosuppression
[122]. It is interesting to note, however, that TAMs pre-
sent in the dense tumor areas arise both from MG and
MDMs [79, 84]. Importantly, the ratio between MG- and
monocyte-derived TAMs can vary depending not only on
the tumor niche and stage of tumor development but also
on inter-patient differences. Such diversity is preserved
in in vivo preclinical models with different genetic and
histopathological features, where syngeneic models create
bulky tumors with a high proportion of monocytic TAMs,
whereas patient-derived xenografts sustain TAMs largely
from MG, and genetically engineered mouse models show
varying ratios depending on the genetic background [19,
91, 103, 157]. Recent studies utilizing state-of-the-art
omics approaches impressively demonstrated that organi-
zation of glioblastoma architecture follows either high or
low structuring, which seems to be driven by tumor indi-
vidual cues [49, 115]. Not surprisingly, glioblastoma sam-
ples with a higher structured architecture possessed more
and larger vessels. Consequently, the distribution of TAMs
in glioblastoma varies from patient to patient, but follows
basic rules of tumor-intrinsic spatial regionalization: infil-
trating tumor area, solid/tumor-rich region, vascularized
tumor, and hypoxic zones. A recent study [52] utilized
imaging mass cytometry to determine different myeloid
states across glioblastoma regions and reports multiple

MG and MDM subsets. Furthermore, they describe that
one of the main drivers of myeloid spatial organization
was hypoxia, and that this compartimentalization is a con-
served pattern across patient samples [52]. Treatments can
also modify the spatial organization of MG within tumors.
For example, after tumor surgery, the transient increase in
BBB permeability is associated with an increase in MG in
the core region of the tumor upon recurrence [12]. Further,
corticosteroids skew MG phenotypes [84], but the exact
effect on polarization is context- and corticoid receptor-
dependent. It is also important to distinguish between
long-term changes at recurrence in patients [4], where
a subset of patients shows an increase in TAMs and the
acute reaction to treatment (including resection, glucocor-
ticoids, as well as radiotherapy and chemotherapy). Inter-
estingly, while previous efforts attempting to tackle tumor-
promoting features of TAMs resulted in enhanced survival
in preclinical models, multi-modal treatment strategies,
including TAM depletion by BLZ945, have been recently
shown to induce the formation of a tumor stem cell niche
by fibrotic responses. Yet, those niches were devoid of
CD68" TAMs [147]. These findings imply that TAMs not
only promote tumor growth through multiple mechanisms,
but also that their deficiency can be compensated for by
other cellular processes, leading to tumor recurrence. In
summary, it appears that tumor architecture is primarily
determined by intrinsic traits of the tumor itself, while the
interplay between infiltrating tumor-stroma cells, including
TAMs, and the TME gives rise to distinct micro-niches.

Microglia functions converge towards those
of classical activated macrophages in gliomas

Section summary: In the context of gliomas, activated micro-
glia undergo a significant functional shift, adopting charac-
teristics reminiscent of classically activated macrophages.
This phenotypic transformation is driven by pro-inflamma-
tory cytokines, resulting in enhanced phagocytic activity
and antigen presentation capabilities. However, microglia
can also express CD163 in glioblastoma, a marker normally
found on monocyte-derived macrophages (Fig. 1).

Under homeostatic conditions, MG represent a unique
immune cell population distinct from other tissue-resident
macrophages [135]. This specific identity stems from their
developmental origins, maintenance, unique gene expression
signature, and environmental specialization [14, 26]. MG
originate from embryonic yolk sac progenitors that migrate
to the brain during development and self-renew postnatally
independently of peripheral blood cells [63, 140]. In con-
trast, most tissue macrophages derive from fetal hemat-
opoietic stem cells and are replenished by blood-derived
monocytes. During development, MG display an amoeboid
morphology and are essential for neuronal development

@ Springer



39 Page 6 of 24

Acta Neuropathologica (2026) 151:39

,L.\:‘\

-

w

* oy

T

] 5
|
.::“,' '
ES ok - b
< - - .
) S ¥
- i s &
0 Rt
P
5 & 5
" -3 o
4 B :
. .
K ¢ " [
)
- ?:
2 -
A a
% = > : ~
RN
n’ Y
\ %
> -
* & v
- o
: &
pe
>
»
¥ 4
o
,
: ; ‘ 5 b‘
> ) : . PR
L |
3 -
I . SX i s

Fig.1 CD163 labeling of MG in glioblastoma. a Frontal cortex in
a glioblastoma case showing de novo upregulation of CD163 in
ramified microglia, a phenomenon rarely seen to this extent in other
human diseases. b Glioblastoma-infiltrated brain tissue displays pre-
sumed MG with macrophage characteristics: stout, ramified processes
and fairly regular intercellular spacing similar to normal brain tis-
sue although cell density is increased. Note the absence of significant
macrophage clustering. Brown, diaminobenzidine reaction product.
Scale bar: 50 microns. Courtesy Y. Zheng/M.B. Graeber

and synaptic pruning [94], whereas they acquire a ramified
state after birth, characterized by a small soma and long
process extensions possessing highly branched ramifications
that scan the brain parenchyma. MG signatures are mainly
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influenced by CNS factors, including TGF-p and IL-34,
which enable the acquisition of a specific homeostatic sig-
nature (also defined as the sensome signature) characterized
by unique lineage markers, including TMEM119, SALLI,
P2RY 12, and epigenetic landscapes tightly linked to neu-
ronal activity [11, 45, 47]. Similarly, tissue macrophages
outside the CNS develop unique programs tailored to local
stimuli, such as microbiota in the gut or heme metabolism in
the liver. Notably, the MG homeostatic signature is reduced
in their activated states, such as during infections and in
gliomas [136, 157], showing a certain degree of functional
convergence towards cytoprotective macrophages. However,
many, if not most, macrophages in necrotic glioma tissue
areas derive from bone marrow hematopoietic stem cells via
circulating monocytes that infiltrate the tumor and differenti-
ate into MDMs. They have larger somata but are smaller in
terms of process reach, less branched, and they are migra-
tory cells. MDMs normally express CD163, but MG are also
capable of upregulating CD163, especially in gliomas of
higher grades (Fig. 1), and they are able to transform into
fully developed phagocytes. At this stage, they are morpho-
logically indistinguishable from MDMs that have invaded
the tissue. MG are CD49d (encoded by Itga4) negative,
which can be used for identification by flow cytometry [91].

A distinct activated state of TAM polarization
is present in glioblastoma

Section summary: Glioblastoma TAMs demonstrate a unique
polarization state influenced by the TME, diverging from
conventional M1 and M2 classifications.

Textbox 1 summarizes information on the canonical M1
and M2 states and highlights that TAMs do not fit neatly into
these categories. The following section discusses evidence
suggesting that TAMs exist in a distinct, tumor-specific
polarized state that does not align with the conventional
reparative or pro-inflammatory programs of myeloid cells,
and instead, appears to be shaped by the unique character-
istics of the TME. A more detailed understanding of TAM
biology, acknowledging the complexities of their role in
cancer progression, is needed. Specifically, recent evidence
suggests that TAMs in glioblastoma exist in a spectrum of
activated states that is induced by the TME. This concept is
supported by several studies, including a pan-cancer analysis
[13, 150]. Earlier omics-based research also revealed that
TAMs do not fit into the traditional and simplistic M1 or
M2 categories, hinting at a more complex polarization state
[137]. More recently, TAMs have been assigned to a dis-
tinct “mesenchymal macrophage” category [53]. This MES
TAM population was characterized by an upregulation of
genes reminiscent of mesenchymal glioma states, including
Vim, CD44, and ANXAI. The authors proposed a recipro-
cal upregulation of corresponding markers in glioma cells
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but also TAMs, highlighting the co-evolution of GBM and
its TME. Furthermore, co-culture experiments with glio-
blastoma cells have successfully induced tumor-specific
polarization of macrophages, providing direct evidence for
the tumor’s ability to shape the TAM phenotype [7, 54].
These findings collectively support the idea that glioblas-
toma TAMs occupy a novel functional state that is shaped
by their interaction with the tumor.

Microglia and macrophages in glioma-affected
brains exhibit a spectrum of functional states

Section summary: In glioma-affected brains, microglia and
macrophages exhibit a spectrum of functional states, pri-
marily adopting an anti-inflammatory, tumor-supportive
phenotype that fosters immunosuppression, angiogenesis,
and tumor progression. Importantly, they retain the abil-
ity to shift their polarization in response to environmental
cues, impacting therapeutic responses and contributing to
recurrence.

MG and macrophages in a brain affected by glioma out-
side the local TME, i.e., not yet fully under the glioma’s
regulation, may also exist in a spectrum of functional states,
ranging from pro-inflammatory and anti-tumor (M1-like)
to anti-inflammatory and tumor-supportive (M2-like) [44,
119]. The former (M1-like) is characterized by the pro-
duction of cytokines like TNF-a, IL-6, and CXCL10, and
the expression of high levels of MHC class II molecules
for antigen presentation. However, if a true M1-like stage
occurs in vivo in the case of glioma, this response is not
associated with successful tumor suppression. In contrast,
the other extreme state, M2 polarization, can be induced by
cytokines in vitro, including IL-4, IL-10, CSF-1 and IL-13,
and is characterized by the production of anti-inflammatory
cytokines (e.g., IL-10, TGF-f) and growth factors like EGF
(epidermal growth factor). This state promotes immunosup-
pression, tissue remodeling, angiogenesis, and tumor inva-
siveness [165]. It is typically characterized by the expression
of markers, such as CD163, CD204, and CD206.

It seems safe to say that glioma-associated MG and mac-
rophages predominantly adopt states closer to the conven-
tional M2 phenotype, which is promoted by glioma cells.
This is considered to create an immunosuppressive TME
that fosters glioma growth and immune evasion. However,
both types of TAMs appear to have maintained their abil-
ity to transition between polarization states in response to
environmental cues. The M 1-to-M?2 shift facilitates glioma
progression by inhibiting cytotoxic T cell activity, enhanc-
ing angiogenesis, and promoting tumor invasion. Thus, a
vicious cycle is created where glioma survival and expan-
sion are reinforced. Importantly, changes in TAM polariza-
tion following treatments influence therapeutic responses
and contribute to recurrence. Cancer treatments themselves

can lead to innate immune memory, as demonstrated by
radiotherapy leading to MG priming [145]. Therapeutic
strategies to manipulate TAM polarization need to take these
effects into account. Landmark studies utilizing preclinical
glioma models demonstrated that targeting TAMs via CSF1-
CSFIR axis inhibition resulted in depletion of a majority of
macrophages, resulting in improved survival. However, the
remaining cells became re-polarized, ultimately leading to
tumor recurrence. Interestingly, overcoming these resistance
mechanisms was achieved by a combination of radiotherapy
[4, 104, 106].

Same, Same but different? Lessons from brain
metastasis-associated macrophage populations

Section summary: Despite sharing the same host organ,
brain metastases (BrM) and gliomas exhibit distinct TMEs
that are primarily shaped by intrinsic properties of the
tumor itself, rather than the brain context. Notably, TAMs
in BrM, regardless of their origin from MDMs or resident
MG, play a key role in establishing immunosuppressive and
pro-tumoral TMEs. The transcriptomic profiles of these
TAMs are linked to tumor-specific features, underscoring
the importance of tumor origin in defining the immune land-
scape of brain metastases. These findings have implications
for the development of therapeutic strategies, suggesting that
targeted interventions against TAMs may need to be tailored
to specific tumor types.

IDH-wildtype glioblastoma is the most common pri-
mary tumor arising within the brain parenchyma; however,
brain metastases (BrM) constitute the most prevalent brain
tumor entity in adults. Up to 40% of all cancer patients are
estimated to develop BrM over the course of their disease.
Although virtually any malignancy can seed the brain, BrM
most frequently originates from lung, breast, and cutaneous
melanoma primaries [2, 105, 124]. Despite sharing the same
host organ as gliomas, BrM co-evolve a strikingly distinct
TME. As in gliomas, the BrM TME is dominated by myeloid
cells [39, 59, 123]. Molecular differences among TAMs in
BrM have been described in mouse models [60, 90, 125]
and in human specimens [39, 59]. The identification of line-
age markers, including CD49d encoded by ITGA4/Itga4, has
enabled the dissection of macrophage ontogeny across BrM
from diverse primary tumor entities. Notably, transcriptomic
TAM programs in these studies have been linked to pro-
tumoral functions in both monocytic and microglial TAMs.
For example, Klemm et al. [60] showed that pharmacologic
CSF1R blockade with BLZ945 reduced the number of
extravasating tumor cells in two breast cancer BrM mouse
models and transiently impeded BrM progression. Consist-
ent with this, Rodriguez-Baena et al. [114] reported that
genetic depletion of MG decreased BrM burden in melanoma
models. They further demonstrated that targeting NF-kB
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signaling in microglial TAMs reprogrammed tumor-edu-
cated MG towards a more pro-inflammatory state, thereby
enhancing antitumor, T cell-mediated immunity. Seminal
cross-tumor analyses by Friebel et al. [39] and Klemm et al.
[59] underscored that tumor-intrinsic properties, rather than
the brain tissue context per se, primarily shape the immune
landscape. By integrating transcriptomic and proteomic
TAM datasets, both groups found entity-specific myeloid
states. Using surface-marker-guided trajectory analyses,
Friebel et al. [39] showed that IDH-wildtype gliomas har-
bor increased MDM populations triple-positive for CD163,
CX3CR1, and CADM1, whereas distinct MDM subsets
predominate in carcinoma- and melanoma-derived BrM. In
contrast, IDH-mutant (lower grade) gliomas possess a higher
number of microglial TAMs. Melanoma BrM exhibits the
highest frequencies of infiltrating lymphocytes among ana-
lyzed tumor types and concurrently contains MDM subsets
with elevated PD-L1 and PD-L2 expression, aligning with
the greater abundance of regulatory and exhausted T cells
within the TME. A recent pan-BrM scRNA-seq study by
Xing et al. [155] corroborated these observations, reporting
the highest levels of exhausted T cells in melanoma BrM,
characterized by increased expression of canonical markers
including PDCD1, CTLA4, LAG3, and HAVCR?2. Extending
beyond inter-tumor differences, Xing et al. further resolved
intra-entity heterogeneity: patients with EGFR-mutant lung
adenocarcinoma (LUAD) BrM displayed more pro-tumoral
myeloid states than those with EGFR—wildtype LUAD. Con-
sistent immunogenomic divergence in BrM TMEs has also
been described in lung and breast cancer cohorts [8]. Col-
lectively, these large-scale studies compellingly demonstrate
that tumor-intrinsic features are the principal drivers sculpt-
ing the brain metastatic TME, surpassing the influence of the
brain milieu itself. While the overall TME composition in
various brain tumors of primary or secondary origin varies
by the underlying tumor type, BrM harbor an enormously
heterogenous pool of resident and monocyte-derived mac-
rophages as well. Altogether, all TAM populations contrib-
ute to an immunosuppressive and pro-tumoral TME in BrM
in a spatio-temporal manner.

Dialogues within tumor niches favor tumor
progression

TAMs are key players in tumor angiogenesis
and blood vessel remodeling in glioma

Section summary: TAMs are key orchestrators of glioma
progression, primarily through their ability to promote
angiogenesis and remodel blood vessels within the TME.
This is achieved via the secretion of pro-angiogenic factors,
including vascular endothelial growth factor (VEGF) and
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chemokine (C-X-C motif) ligand 2 (CXCL2), as well as ECM
remodeling. Notably, hypoxic conditions prevalent in glio-
mas further potentiate TAM activation, creating a self-rein-
forcing cycle that accelerates tumor growth and exacerbates
tissue damage, ultimately driving malignant progression.

MG and macrophages secrete pro-angiogenic factors
such as VEGF and CXCL2, thereby facilitating and stimu-
lating the growth of new blood vessels. The depletion of
MG has been shown to significantly reduce tumor blood
vessel density, highlighting their important role in this pro-
cess. Moreover, MG dynamically interact with the tumor
vasculature, particularly in perivascular regions, where
they facilitate vessel growth and remodeling. Additionally,
they upregulate matrix metalloproteinases (MMPs), such as
membrane type 1 MMP and MMP-9, which can degrade the
ECM and enhance angiogenesis and tumor invasion. How-
ever, rather than focusing solely on ECM degradation, it may
be more accurate to consider the process of ECM remod-
eling by TAMs, which not only degrade pre-existing ECM
components via MMPs, but also produce new ECM pro-
teins that promote angiogenesis and glioblastoma progres-
sion. This concept is supported by studies on osteopontin/
SPP1 in the glioblastoma ECM [20, 148]. While it has been
suggested that glioblastoma macrophages may also deposit
other ECM components, such as collagen and hyaluronan,
direct evidence for this is limited compared to other tissues
and cancers. Glioma-derived factors upregulate membrane
type 1 MMP in microglia, which in turn activates MMP-2
produced by glioma cells to cleave ECM and facilitate tumor
cell spread [81].

Insufficient blood supply within glioblastomas leads to
hypoxic and necrotic tissue areas. The hypoxic environment
perpetuates a vicious cycle, driving TAM recruitment and
activation, which in turn accelerates tissue remodeling, dam-
age, and tumor progression.

Glioma cells manipulate TAMs to suppress
anti-tumor functions and maintain GSCs

Section summary: Glioma cells exploit TAMs to dampen
anti-tumor responses and sustain GSC populations, which
are essential for tumor progression and therapy resistance.
This complex manipulation involves specific molecular
mechanisms, including SPP1/POSTN-integrin interactions,
hypoxia-induced signaling pathways, and alterations in
metabolic processes.

The TME significantly influences the behavior of TAMs.
Glioma cells are not only capable of manipulating TAMs by
inhibiting their anti-tumor functions but also suppress T cell
activity and limit the recruitment of additional macrophages.
Conversely, TAMs play a supportive role in glioma develop-
ment by maintaining GSC populations. They achieve this by
secreting factors that activate signaling pathways associated
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with stemness, thereby promoting glioma cell proliferation,
survival, and therapy resistance [128]. Indeed, genetically
engineered mouse models in which TAMs cannot provide
trophic support to the tumor cells result in reduced glioma
growth and improved animal survival [128]. Glioma-derived
secreted phosphoprotein 1 (SPP1/osteopontin) and GSC-
derived periostin (POSTN) through integrin avf3 on mye-
loid cells recruit and reprogram TAMs, as blocking this sign-
aling by gene knockout or an RGD peptide inhibited TAM
accumulation, tumor growth, and increased survival of mice
bearing glioma [35] or human GSC xenografts [167]. A syn-
thetic peptide 7aaRGD targeting SPP1-integrin interactions
efficiently blocked microglia-dependent invasion of human
and mouse glioma cells in vitro and prevented the emergence
of immunosuppressive TAMs and led to normalization of
peritumoral blood vessels when intratumorally delivered.
Combining 7aaRGD with anti-PD-1 antibody resulted in
reduced tumor growth, with an increase in the number of
proliferating, interferon-y producing CD8*T cells and con-
comitant depletion of regulatory T cells [36].

Hypoxia induces TAMs to support angiogenesis and
glioma cell invasion via HIF-1a-mediated pathways and
secretion of factors such as MIF and VEGF. Tumor-derived
ligands such as versican can activate Toll-like receptors
(e.g., TLR2) on MG, leading to the upregulation of enzymes
that remodel the ECM and facilitate tumor spread [71]. Met-
abolic changes, including lactate accumulation [77], addi-
tionally polarize TAMs towards tumor-supporting states.

Reciprocal molecular interactions between TAMs
and GSCs sustain stemness, drive invasion,
and foster therapeutic resistance in glioblastoma

Section summary: The interactions between TAMs and
GSCs are important for maintaining GSC stemness, promot-
ing tumor invasion, and conferring therapeutic resistance.
These interactions are mediated by various signaling path-
ways, including TGF-$1 and PTN. However, the relationship
between TAMs and GSCs is complex and context-dependent,
with evidence suggesting that TAMs can exert both promo-
tive and inhibitory effects on GSC properties.

TAMs and GSCs are found in perivascular and hypoxic
regions as well as along invasive margins, where their prox-
imity reflects a reciprocal molecular interaction critical for
tumor progression. Despite the proven intimate interaction
between GSCs and TAMs in the TME, contradictory results
have been reported pertaining to the promotion and inhi-
bition of GSCs features and glioma progression driven by
TAMs interaction with GSCs.

TAMs are thought to support GSC maintenance and
exert potent tumor-promoting effects within the micro-
environment by sustaining stemness, promoting invasion,

and facilitating resistance to therapy. Specifically, TAMs
support the invasive capacity of GSCs via paracrine
secretion of transforming growth factor beta 1 (TGF-p1)
and activation of the TGF-B1-TGFBR2 signaling axis,
in which MMP-9 acts as a pivotal downstream effec-
tor mediating enhanced invasiveness [159]. In addition,
TAM-derived TGF-f1 binds to integrin avp5, increases
phosphorylation of tyrosine kinase Src and subsequently
the phosphorylation of Stat3. The activation of the
avp5—Src—Stat3 pathway maintains GSC proliferation
and stemness, while blockade of this axis attenuates the
tumor-promoting functions of TAMs and extends survival
in preclinical models [98]. Similarly, TAMs secrete plei-
otrophin (PTN), a heparin-binding glycoprotein, which
stimulates GSCs through its receptor PTPRZ1, thereby
promoting GSC maintenance and tumor progression via
the PTN-PTPRZ1 paracrine axis [128]. Furthermore,
TAM-derived macrophage receptor with collagenous
structure (MARCO) has been shown to reprogram non-
mesenchymal GSCs into a more aggressive mesenchymal
phenotype, characterized by enhanced invasion, migra-
tion, and resistance to ionizing radiation [116]. Together,
these findings suggest that TAMs act as essential regula-
tors of GSC function, operating through multiple signal-
ing mechanisms to sustain stemness, drive invasion, and
foster therapeutic resistance in glioblastoma.

On the other hand, however, co-culturing MG with
patient-derived glioblastoma spheroids, which are enriched
in GSCs, has been shown to block the invasive capaci-
ties of neoplastic cells [21]. A possible explanation for
this diametrical phenomenon could lie in the microRNAs
(miRNAs) expressed by GSCs during their interaction
with MG and other TAMs. miRNA-504, which is highly
expressed in neural stem cells and exhibits anti-tumor
and anti-stemness properties both in vitro and in vivo, is
naturally found to be downregulated in glioblastomas and
GSCs. However, when overexpressed in GSCs, miRNA-
504 diminishes the expression of stemness markers such
as Nanog and Oct4, limits their self-renewal and neuro-
sphere-forming capacities, and induces a switch of MG
towards a pro-inflammatory phenotype, characterized by
increased expression of CD86 and TNF-a [15].

The reciprocal interaction between TAMs and GSCs
has recently been demonstrated [50]. The authors demon-
strated that pro-inflammatory signals, mediated by TNF-
a, induce the maintenance of GSCs and promote glioma
progression by activating EGFR and AKT signaling path-
ways. This activation led to the production of TNFAIPG6,
which in turn can promote TAM immunosuppression. This
inter-relationship has also been shown by the work of the
Akkari team, revealing that a specific subset of TAMs can
fuel tumor cells with lipid recycling [61].
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Microglia-mediated modulation of neuron-glioma
cell interactions: a potential novel mechanism
of tumor promotion

Section summary: Microglia influence neuron-glioma
interactions by modulating synaptic connections, poten-
tially promoting tumor growth through brain-derived neu-
rotrophic factor (BDNF )—tropomyosin receptor kinase B
(TrkB) signaling. Additionally, microglia contribute to
neuronal hyperexcitability in the glioma environment,
highlighting the complex interplay between immune cells,
neurons, and cancer cells.

The interaction between glioma cells and neurons is
a complex process. Neurons form synaptic contacts with
glioma cells, and glutamatergic signaling promotes tumor
proliferation and invasiveness [38]. Neuronal activity also
drives tumor growth through paracrine signaling, e.g., via
BDNF (brain-derived neurotrophic factor) and neuroli-
gin-3 (NLG3) signaling [144]. Mechanisms of synaptic
plasticity that are normally important for learning and
memory in the healthy brain are controlled by glioma
and enhance malignant growth. The BDNF-TrkB sign-
aling pathway is central to this process, regulating both
the strength and number of neuron-to-glioma synapses
[139]. MG are considered to contribute to neuron-glioma
cell interactions by influencing the formation of aberrant
synapses between neurons and glioma cells [93, 107]. As
part of their natural function, MG are involved in syn-
apse formation and pruning, which can be exploited by
gliomas. For instance, MG may facilitate the formation
of glutamatergic synapses between neurons and glioma
cells, allowing for the transmission of signals that promote
tumor proliferation. By modulating synaptic connections,
MG can indirectly influence the behavior of glioma cells
and contribute to their progression. Furthermore, glioma-
associated MG have been found to potentiate neuronal
hyper-excitability in the glioma environment [160]. There
is dysregulated microglial synaptic engulfment in diffuse
midline glioma, potentially allowing modulation of tumor-
associated neuronal hyperexcitability by targeting aberrant
microglial synaptic engulfment [80].

Extracellular vesicles (EVs) orchestrate
glioma-brain cell interactions

Microglia-derived EVs regulate neuronal activity
and synaptic plasticity

Section summary: Microglia-derived EVs play a role
in regulating neuronal activity and synaptic plasticity,
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conveying molecular signals that maintain synaptic
health under physiological conditions. In the context of
glioma, EV-associated microRNAs, such as miR-21, are
significantly upregulated and can be detected in peripheral
biofluids, including plasma and urine. They are largely
attributable to non-tumoral cells, particularly activated
microglia, and may provide a novel avenue for early dis-
ease detection and monitoring.

EVs, cell-derived lipid bilayer structures released into
the extracellular space, play crucial roles in intercellular
communication. EVs' roles have been minimized as mere
waste disposal pathways that all cells have, but they are now
recognized as highly complex mechanisms of cell-to-cell
communication, antigen presentation, and signal transduc-
tion that can manipulate the fate of recipient cells in both
health and disease. Indeed, EVs, which include exosomes,
microvesicles, and apoptotic bodies, carry molecular cargo
from source cells, such as proteins, RNA species, DNA, and
lipids, all of which manipulate target cell behavior starting
at the membrane interaction. Since an in-depth discussion of
EVs is beyond the scope of this article, readers are invited to
consult the following references [32, 65] for further informa-
tion. While EVs can interact with cellular elements in the
vicinity of source cells, they are also capable of traveling
through circulation and bidirectionally crossing the BBB
to interact with the brain parenchyma [77]. Since EVs mir-
ror the status of source cells, it is not surprising that dur-
ing healthy conditions, MG-derived EVs modulate synapse
homeostasis and thus neuronal activity via specific cargo
such as miRNA146a-5p, as well as neurotransmission pro-
moting the neuronal synthesis of sphingosine and ceramides.
Oligodendrocytes clear their excessive membranes by releas-
ing EVs, which are then internalized by MG via macropi-
nocytosis, without impacting their cytokine profiles [152].
When activated, MG release a greater number of EVs, which
are also larger in size, suggesting a higher cargo capacity
aimed at their target cells [158]. For example, in response
to viral infections, MG release vesicles loaded with dsDNA
fragments that affect IFN-a-responsive neurons, triggering
apoptosis and thus neurodegeneration [10]. Upon damage,
neurons secrete EVs loaded with miRNA-124, which when
taken up by MG, stimulate a pro-inflammatory M1-like state
(cf. Textbox 1) distinguished by elevated levels of MHC-II,
IL-1, nitric oxide, and TNF-a [99]. Beyond acute inflam-
matory signaling, microglia-derived EVs also play a role in
tumor-immune communication. In glioma, EV-associated
microRNAs such as miR-21 are strongly upregulated and
detectable in peripheral biofluids, including plasma and
urine. Importantly, this signal originates largely from non-
tumoral cells, particularly activated microglia, highlight-
ing microglial EVs as early mediators of tumor-associated
signaling and promising candidates for minimally invasive
glioma biomarkers [29].
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Glioblastoma-derived EVs reprogram microglia
to support tumor progression

Section summary: Glioblastoma-derived EVs shape
the TME by transporting mutant mRNAs, miRNAs, and
immune checkpoint molecules. Upon uptake by microglia,
these EVs reprogram their function, inducing M2-like
polarization and suppressing anti-tumor immunity. This,
in turn, fosters an immunosuppressive microenvironment
that promotes tumor progression and enhances malig-
nancy. Conversely, bioengineered EVs have emerged as a
promising therapeutic strategy against glioblastoma.

MG can be reprogrammed by glioblastoma-derived
EVs to support tumor progression and limit survival. For
instance, glioblastoma-derived EVs can transport tumor-
specific mutant mRNAs and miRNAs related to biological
processes such as angiogenesis, cell proliferation, histone
modification, cell migration and immune responses [6,
129], as well as immune checkpoint molecules like PD-L1
and FasL, suppressing anti-tumor immune responses while
promoting malignant survival and progression [87, 109,
113]. In gliomas, these vesicles can alter MG function,
promoting immunosuppressive niches. Specifically, glio-
blastoma-derived EVs recruit MG to the TME, reducing
their expression of thrombospondin-1, a negative regula-
tor of angiogenesis [141]. Moreover, while glioblastoma-
derived EVs loaded with hsa-miRNA-27a-3p down-
regulate EZH1 expression in MG and stimulate M2-like
polarization [164], those enriched in miRNA-3184-3P
block the NF-kB axis and also induce M2-like polarization
in macrophages [156], which become tolerogenic against
the tumor. In addition, when glioblastoma-derived EVs
enriched with miRNA-451/miRNA-21 are taken up by
MG, these cells experience a downregulation in c-MYC
expression and a concomitant upregulation of Argl levels,
both of which are characteristic features of an M2-like
switch [142]. This immunosuppressive TME is further
enhanced by the blockade of T cell clonal expansion
via CD73, a marker commonly found on the surface of
exosomes regardless of their cargo. CD73 was also one
of the first discovered MG activation markers [64]. CD73
promotes the production of adenosine, blocking T cell
aerobic glycolysis, fostering T cell starvation and, there-
fore, limiting their entry into the cell cycle [146]. How-
ever, astrocytes stimulated by glioblastoma-derived EVs
enhance their metabolic fitness state by increasing both
glycolytic and mitochondrial energetic routes, reprogram-
ming states that are linked to the neoplastic growth of
hypothetically targeted astrocytes [163].

Interestingly, bioengineered EVs show promise as
a novel therapeutic approach against malignancies.
MI1-type MG-derived EVs loaded with ferritin ablate the

metabolism of glioblastoma cells by simultaneously block-
ing lactate efflux and depriving cancer cells of glucose
through increased consumption. These events are linked to
the production of H,0,, a switch to an M1-like phenotype,
and the induction of apoptosis in glioblastoma cells, sup-
pressing glioma growth in xenograft models in vivo [77].

Tumor-associated foam cells (TAFs) are lipid droplet-
loaded macrophages that contribute to a glioblastoma's com-
plex microenvironment [48]. They exhibit pro-tumorigenic
characteristics and correlate with poor patient outcomes.
Notably, TAF formation can be disrupted by targeting key
enzymes involved in lipid droplet formation, such as diacylg-
lycerol O-acyltransferase or long-chain acyl-CoA synthetase
[48]. By inhibiting lipid droplet formation, it may be pos-
sible to create engineered therapies that selectively disrupt
TAF functionality, offering a new avenue for glioblastoma
treatment.

Therapeutic modulation of TAMs in glioma

Therapeutic interventions alter the function
of TAMs, providing novel opportunities

Section summary: Therapeutic interventions targeting TAMs
in malignant gliomas have been found to reprogram these
immune cells, leading to unforeseen consequences. Never-
theless, this phenomenon also unlocks novel therapeutic
options, offering strategies for making use of the interplay
between TAMs and the glioma TME.

The behavior of MG and macrophages in high-grade glio-
mas shows significant differences depending on tumor com-
partment and progression over time. In areas surrounding
blood vessels or zones characterized by necrosis or hypoxia,
the cells may display increased mobility, enhanced phago-
cytic activity, and elevated cytokine release in response to
extracellular ATP and purinergic signaling. As the glioma
progresses, TAMs can promote angiogenesis, facilitate
tumor invasion through the production of matrix metal-
loproteinases, and suppress immune responses. However,
therapeutic interventions such as radiation, chemotherapy,
and immunotherapy can reprogram TAMs, sometimes lead-
ing to unintended consequences. For instance, radiation
therapy can recruit myeloid cells to the tumor and change
the functional states of resident MG, leading to priming/
training innate immune memory [145]. Likewise, anti-
angiogenic therapies can also increase TAM numbers [78].
Recently, time-resolved single-cell transcriptomics (Zman-
seq) revealed that monocytes, soon after tumor infiltration,
embark on distinct differentiation trajectories upon experi-
mental immunotherapy [58].

Data from preclinical models and human postmortem
brain tissues from patients with brain tumors suggest that
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cancer treatment can profoundly impact the neuroimmune
response [1, 132] leading to persistent changes and medi-
ating neurotoxicity. However, further data mapping the
dynamic changes of TAMs within the TME after treatment
is needed. Importantly, corticosteroids that are routinely
administered to patients with glioma to reduce vasogenic
edema induce an immunosuppressive program in mac-
rophages [84].

Radiotherapy permeabilizes the BBB and can attract MG
and macrophages to glioma [67], where they contribute to
treatment resistance by promoting the formation of new
blood vessels and enhancing tumor invasiveness through
signaling pathways such as SDF-1 (Stromal cell-derived
factor-1, known as CXCL12)/CXCR4 and HIF 1« [42, 46].
Accordingly, combining radiotherapy with inhibitors that
target these pathways may lead to improved treatment out-
comes. The efficacy of radiotherapy varies with the radiation
modality, e.g., proton therapy, photon therapy, or ultra-high-
dose-rate radiotherapy (FLASH—-RT) [92], and the level of
hypoxia in the tumor core, which can reduce the efficacy of
reactive oxygen species generation by radiotherapy.

Turning immune suppression into immune
stimulation is key to unlocking more effective
glioma treatments

Section summary: Targeting microglia and macrophages
offers a promising strategy to transform their immune-sup-
pressive roles into immune-stimulatory functions, potentially
enhancing glioma treatment efficacy. Although these myeloid
cells play a significant role in promoting tumor growth and
conferring therapy resistance, targeted interventions—such
as manipulating key signaling pathways or exploiting their
distinctive receptor expression profiles—make novel thera-
peutic approaches a reality.

The role of MG and TAMs in shaping the outcomes of
treatments is a new and important aspect that must be con-
sidered. These cells facilitate tumor growth and invasion by
releasing factors such as TGF-f1 and MMPs like MMP-2
and MMP-9. The presence of these factors enhances the
invasiveness of glioma cells and renders them more resist-
ant to therapy. MG and macrophages diminish the effec-
tiveness of chemotherapeutic agents. To counteract these
effects, microglial pathways may be targeted using drugs
like minocycline [83, 118]. However, a cautionary note is
warranted: blocking TAM pathways, such as those initiated
by CSFIR signaling [104], can result in the activation of
compensatory salvage pathways (e.g., IGF1 signaling [106]
or GM-CSF [60]) that ultimately render the tumor resistant
to the initial anti-TAM therapy.

In the context of targeted and immunotherapies, MG and
macrophages create an environment that limits the success of
these treatments by suppressing the immune system. However,
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in spite of their negative impact on therapies, MG and mac-
rophages also offer novel opportunities for therapeutic interven-
tion. For instance, their expression of specific receptors, such as
folate receptor f3, can be exploited to deplete or modulate their
function. Additionally, therapies that activate MG, such as TLR3
agonists or IL-12, have the potential to enhance anti-tumor
immune responses. It has been reported that FLASH radiother-
apy (ultra-high-dose-rate irradiation) reprograms macrophage
lipid metabolism leading to a reversal of tumor immunosuppres-
sion and sensitizing another CNS tumor type, medulloblastoma,
to CAR-T cell immunotherapy [89]. Similarly, the use of low-
dose radiation has been shown to enhance the efficacy of GD2
TRAC-CART cell therapy in neuroblastoma [131].

Targeting TAMs in glioblastoma therapy

Section summary: Targeting TAMs in glioblastoma has
proven challenging due to their heterogeneity and plastic-
ity, with many clinical trials showing limited success. How-
ever, emerging strategies such as epigenetic reprogramming,
SMAC mimetics, and non-steroidal anti-edema therapies
offer new potential to modulate TAM functions and enhance
treatment efficacy.

Despite the abundance of TAMs in glioblastoma, attempts
to therapeutically reprogram them have so far delivered little
clinical benefit. A recent census of the clinicaltrials.gov data-
base identified 54 myeloid-based strategies tested in glioblas-
toma; however, only three phase-III trials (CheckMate 143,
508, and 548) have been completed, and all three were negative
[3]. Early-phase studies of CSF-1R inhibitors illustrate the dif-
ficulty: the small-molecule Pexidartinib can cross the BBB and
deplete circulating monocytes, yet it failed to produce objec-
tive responses in recurrent glioblastoma. Similarly, the CSFIR
antibody BLZ945 showed only limited efficacy when combined
with PD-1 blockade. Other myeloid-depletion strategies, such as
low-dose capecitabine to reduce MDSCs or CXCR4 antagonists
like plerixafor to inhibit monocyte recruitment, remain in early
clinical testing [3] (Fig. 2).

Preclinical evidence suggests that agonistic CD40 anti-
bodies can reprogram glioma-associated macrophages
towards an anti-tumor phenotype [143]. In experimen-
tal glioma models, these agents synergized with CSF1R
blockade, IL-6 inhibition and the microtubule-disrupt-
ing agent lisavanbulin (BAL101553) [43], highlighting
their potential to overcome immune-checkpoint inhibitor
resistance. These findings have informed two ongoing
phase-I trials in glioblastoma: one assessing APX005M
(sotigalimab) monotherapy (NCT03389802), and another
testing the Fc—engineered anti-CD40 agonist 2141-V11
in combination with the dual-specific immunotoxin
D2C7-IT (NCT04547777). Macrophage-based cell thera-
pies (CAR-macrophages) [76, 168] and metabolic check-
point inhibitors (IDO1 blockers) are all being evaluated,
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Fig.2 Immune programs across low- to high-grade gliomas and
their targetable pathways. Schematic illustrating four major myeloid
and glial immune programs [84] that emerge across the spectrum of
low- and high-grade gliomas. Each quadrant represents a dominant
transcriptional and functional state with characteristic genes, micro-
environmental drivers, and available therapeutic strategies. Microglia-
Inflammatory Program (low-grade enriched): This state is promi-
nent in low-grade gliomas and features resident microglial activation
with markers such as CXCR4, CXCLI2, CCL2, CCL3, CCIA4, and
CX3CRI. These cells maintain a normoxic, IDH-mutant, non-pro-
liferative niche. Targeted pathways include the CXCR4 axis (plerixa-
for), CD40 agonists (APX005M, D2C7-IT), and PD-L1 blockade
(atezolizumab, durvalumab). Systemic-Inflammatory Program (low- to
high-grade transition): This program reflects strong cytokine-driven
inflammation influenced by myeloid recruitment and activator protein
1 signaling. Key associated genes include ILIB, ILIA, CCL2, TNF,
OSM, and CXCLS8. These features become more pronounced with
increasing grade and correlate with microenvironmental stimulation.

but none has yet produced durable survival improve-
ments (NCT02327078; NCT04047706, NCT02764151)
[74]. Moreover, blockade of the CD47/SIRPa “don’t eat
me” signal with magrolimab was recently halted due to
excess mortality (phase III-NCT05079230), underscor-
ing the on-target toxicities that plague myeloid-directed
therapies.
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Potential interventions include bromodomain inhibition (GNE-781),
adrenomedullin antagonists (AMA), and CSFIR inhibitors such as
pexidartinib and BLZ945. Complement-Immunosuppressive Program
(observed in both low- and high-grade gliomas): This state is defined
by complement activation and immunoregulatory signaling, enriched
for C7, C4A, C10QB, CIQC, C3, VSIG4, and CD163. These cells often
arise in niches shaped by vascular and inflammatory cues as well as
dexamethasone exposure. Targetable pathways include IDO1 (indoxi-
mod, epacadostat), TLR agonists (imiquimod, poly-ICLC), and Tie-
2-directed approaches such as temferon cell therapy. Scavenger-Immu-
nosuppressive Program (predominantly high-grade): A high-grade
associated program driven by hypoxia, necrosis, and scavenger recep-
tor activity. Marker genes include MARCO, MSRI, LYVEI, NR4Al,
RNASEI, and CTSB. These features reflect adaptation to metabolic
stress and a strong immunosuppressive microenvironment. Targetable
mechanisms overlap with those affecting CSFIR signaling and adre-
nomedullin modulation, as indicated in the therapeutic panel. Created
with BioRender. Courtesy A. Anand/B.W. Kristensen

Myeloid influence on anticancer therapy

A central reason for these failures is the remarkable
heterogeneity and plasticity of TAMs. Single-cell tran-
scriptional deconvolution has revealed that MG and infil-
trating monocytes actuate four immunomodulatory pro-
grams, microglial inflammatory, systemic inflammatory,
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scavenger immunosuppressive, and complement immu-
nosuppressive [84] (Fig. 2). These programs are spatially
distinct within glioma niches and shaped by the TME; for
example, the complement-immunosuppressive program
is driven by glucocorticoid-receptor signaling, which can
be triggered by endogenous corticosteroids and is mark-
edly upregulated by dexamethasone [84]. Dexamethasone,
routinely used to control cerebral edema, simultaneously
promotes abnormal myeloid proliferation and expansion
of myeloid-derived suppressor cells in the bone marrow,
thereby worsening systemic immunosuppression. Moreo-
ver, the presence of myeloid cells has been implicated in
conferring resistance of malignant cells to chemotherapy
in glioblastoma [134] and other cancer types [22, 28, 51],
further complicating therapeutic efficacy. High CD204*
TAM density was found to correlate with higher tumor
grade and was independently associated with poorer sur-
vival in glioblastomas treated with temozolomide and
irradiation, supporting a pro-tumorigenic role for M2-like
macrophages in glioblastoma progression [133]. These
findings highlight the need to replace dexamethasone with
more immunologically neutral anti-edema strategies such
as anti-VEGF therapy [66]. Moreover, to mitigate steroid-
associated toxicities, several non-steroidal strategies are
under active investigation. Among the most promising
are inhibitors of RAGE and S100A9, such as azeliragon
and tasquinimod, which have demonstrated the ability to
suppress inflammation and preserve blood—brain-barrier
integrity [111]. In preclinical surgical brain-injury models,
genetic or pharmacologic blockade of RAGE or S100A9
reduced cerebral edema to a degree comparable to dexa-
methasone, while maintaining the efficacy of concurrent
anti-PD-1 immunotherapy [70].

Early-phase clinical trials are now evaluating the transla-
tional potential of these approaches. One ongoing Phase I/I1
study (NCT05773664) is testing peri-operative administra-
tion of azeliragon as a targeted RAGE inhibitor to prevent
postoperative edema. A separate Phase I dose-de-escalation
study is assessing whether combining azeliragon with low-
dose dexamethasone can achieve adequate edema control
while enabling significant steroid sparing. Additionally, a
Phase I trial pairing azeliragon with stereotactic radiosur-
gery reported that oral RAGE inhibition could safely substi-
tute for corticosteroids, achieving robust clinical responses
without dose-limiting toxicities [62].

Moreover, mechanistically informed interventions have
begun to emerge. In patient-derived organoids, the selective
p300/CBP bromodomain inhibitor GNE-781 downregulated
the scavenger immunosuppressive program and associated
AP-1 transcriptional signatures while restoring a default
inflammatory profile [84]. This suggests that epigenetic
reprogramming may tilt TAMs away from tumor-support-
ive states. Similarly, the CNS-penetrant SMAC mimetic
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GDC-0152 reprogrammed MG and monocyte-derived mac-
rophages in ex vivo glioblastoma explants and mouse mod-
els [12, 130]. The treatment promoted microglial activation,
enhanced antigen presentation, reduced anti-inflammatory
macrophages, remodeled vasculature and increased CD8
T-cell infiltration, collectively converting an immunosup-
pressive microenvironment into an anti-tumor one. These
proof-of-concept studies indicate that targeted perturbation
of specific transcriptional programs or apoptotic pathways
can overcome intrinsic myeloid plasticity.

In summary, the clinical setbacks of CSF-1R inhibitors,
immune-checkpoint blockade and other non-discrimina-
tory strategies underscore the need for next-generation
therapies that integrate the diverse phenotypes and pro-
grams of TAMs [162]. Rational combinations that couple
epigenetic or apoptotic modulators (such as p300/CBP
inhibitors or SMAC mimetics) with agents that block glu-
cocorticoid-induced immunosuppression, restrain systemic
myelopoiesis and enhance lymphocytic infiltration may
ultimately produce more durable responses in glioblas-
toma. Future approaches could use combination therapies
of macrophage-based cellular immunotherapies and immu-
nocytokines [75].

Summary of key points of this statement
and implications for our understanding
of microglial and macrophage functions
in gliomas

e There is cellular, spatial, and temporal heterogeneity of
TAMs in gliomas

¢ MG and monocyte-/bone marrow-derived macrophages
can exert tumor-supportive or anti-tumor functions and
are highly plastic, which makes them difficult to distin-
guish and target

e The spatial distribution of MG and macrophages in glio-
mas plays a role in their functional behavior

e Glioma cells manipulate TAMs to suppress anti-tumor
functions and maintain tumor-supportive functions that
help the persistence of GSCs

¢ MG functions converge towards those of classical acti-
vated macrophages in gliomas

e MG and macrophages in glioma-affected brains exhibit a
spectrum of functional states that are plastic, modulated
by the tumor, and differ from the conventional M1/M2
paradigm

e Reciprocal molecular interactions between TAMs and
GSCs sustain stemness, drive invasion, and foster thera-
peutic resistance in glioblastoma

e MG-mediated modulation of neuron-glioma cell interac-
tions is a novel mechanism of tumor promotion
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Textbox 1 Avoid using M1 and
M2 labels

Early attempts to characterize macrophage heterogeneity led to the concept of M1/M2 macrophage
polarization, which proposes a differentiation of activated macrophages into distinct functional types
in response to specific cues in their microenvironment. These experiments were based on in vitro
work, in which this polarization is thought to be characterized by the expression of specific cell
surface markers and the production of function-specific cytokines and chemokines. According to
this model

M1 Macrophages are pro-inflammatory and produce factors such as IL-6, IL-12, and TNF [72],
express high levels of CD80, CD86, and CD16/32, are capable of secreting pro-inflammatory
cytokines, and are typically associated with anti-tumor functions;

M2 Macrophages are anti-inflammatory and contribute to tissue repair, angiogenesis, and immune
suppression [55, 86], express high levels of arginase-1 (Arg-1), mannose receptor (CD206), IL-10,
TGFB, and chemokines CCL17 and CCL22, contribute to recruiting regulatory T cells (Tregs) and
T helper 2 (Th2) cells to tissues, and are typically associated with pro-tumor functions.

Limitations of the M1/M2 dichotomy: The M1 and M2 phenotypes should be considered extremes
in a continuum of polarization states of myeloid cells [95]. Increasing evidence suggests that the
M1/M2 dichotomy fails to define macrophage functionalities in tumors in vivo, including in malignant
gliomas. Macrophages can co-express markers previously assigned to either M1 or M2 categories,
with fluid boundaries rather than the rigid classifications once assumed. The descriptions of M1/M2
phenotypes are based on in vitro studies and do not accurately reflect the complexity of
macrophage responses to the multiple signal gradients and changing conditions found in vivo.
Glioma-associated myeloid cells/TAMs do not fit well into M1/M2 categories due to several reasons,
including:
e They represent both CNS-resident MG and BM-derived myeloid cells;
e There is no identifiable correlation between in vitro-defined macrophage phenotype markers
and macrophage cluster signature genes identified in glioblastoma;
e Definite markers for M1 or M2 macrophages are still missing;
e TAMs do not display pure M1 or M2 phenotypes, but may co-express M1 and M2 genes in
individual cells [85].

Recommendations:

e Recognize that macrophage responses are more plastic than simply "M1" and "M2" [95]

e Use multiple and multi-level technologies including but not limited to anatomical and
morphological information, DNA, RNA or protein changes, as well as epigenetics to
precisely characterize macrophages and TAMs at the single-cell level and identify new
myeloid cell sub-populations with specific tumor-modulatory functions in glioma

e Most importantly, avoid using the M1 and M2 labels [95] and instead focus on the

analysis of TAM functions in response to tumor signals, i.e., cell behavior

e MG-derived EVs regulate neuronal activity and synaptic e Therapeutic interventions alter the function of TAMs,

plasticity causing unintended consequences but also providing
e Glioblastoma-derived EVs reprogram MG to support novel opportunities to attack the tumor

tumor progression e Turning immunosuppression into immunostimulation
e Bioengineered EVs are a novel approach to targeting may be key to unlocking more effective glioma treat-

glioblastoma ments

e TAMs are key players in tumor angiogenesis and vessel e Abandon simplistic and/or misleading terms such as

remodeling in gliomas

“M1/M2” and “neuroinflammation” which stand in the
way of research progress (see Textboxes 1 and 2)
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Textbox 2 Retiring the term
neuroinflammation

The term 'neuroinflammation’ can be considered obsolete due to its inherent ambiguity and
inconsistent usage among researchers [41, 95]. Historically, it referred to classical
CNS inflammation, but over time, its meaning has shifted to frequently denote microglial
activation, rendering it unreliable for consistent scientific use. Furthermore, the term has become
overly broad, encompassing both genuine inflammation characterized by immune cell infiltration
and non-classical inflammatory responses, such as microglial and astrocytic reactions. This dual
usage leads to ambiguity, making it difficult for researchers to discern the intended meaning, and
ultimately causing misunderstandings and miscommunication. As a result, the pervasive
ambiguity and misuse of theterm 'neuroinflammation' are detrimental to research
progress, hindering the advancement of knowledge due to the lack of a clear concept essential
for effective communication. Avoiding such confusion is especially important for glioma
research, where a thorough understanding of inflammatory mechanisms appears
increasingly important for the development of more effective therapies. Therefore, precise

language should be used instead.

Suggestions for future research directions:
TAM:s as delivery systems for glioma
therapies

Understanding the role of MG and macrophages in the con-
text of tumor treatment is critical. For example, it is impor-
tant to consider the clear differences between intratumoral
MG and TAMs or MDSCs, as the latter are not directly
exposed to radiation therapy. This realization may give rise
to new treatment approaches. Particularly, the recruitment of
monocytes to the tumor following irradiation could poten-
tially be exploited as a Trojan horse strategy. A promising
approach involves engineering MG and macrophages to
serve as delivery vehicles for nanoparticles, immunocy-
tokines, or other therapeutic agents.

Because access to post-treatment human brain-tumor tis-
sue is limited—specimens are obtained at surgical resection
before adjuvant therapies are initiated—studying the early
effect of treatment directly in patients is challenging. This
limitation underscores the need for advanced models that
recapitulate the human glioma TME, such as induced pluri-
potent stem cell-derived cerebral organoids incorporating
MG and vascular cells [108, 117].

There is a pressing need for research on TAMs in thera-
peutic targeting and timing, given the absence of specific
treatments and the limitations of non-specific approaches
that target entire signaling axes, such as CSF1/CSFIR or
CD47/SIRPa, which can lead to treatment resistance or
off-target results [18, 24, 104, 106]. In addition, the tim-
ing of the treatment is crucial in modulating tumor control
and subsequent toxicity. SMAC mimetics act on the TAMs
compartment, promoting anti-tumoral response and reduc-
ing immunosuppression [130, 154]. Recently, engineered
macrophages endowed with adaptative polarization have
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been efficiently used to deliver a radiosensitizer to glio-
blastoma [37].

Important note

While this manuscript has elements of a review article, it
was not designed as such but rather as a consensus state-
ment. For this purpose, the group first agreed on a list of
key topics that were deemed particularly relevant. These
topics were discussed during an online meeting that had
high attendance. Subsequently, the initiating group drafted
a manuscript with limited references. The text was then
reviewed and edited online by all participants, retaining
only those points that were found to be both important and
well-supported in the scientific literature. Some of these
points received additional attention and were elaborated
upon further. When disagreements arose, formal votes
were held—both during the conference and in subsequent
email discussions. Therefore, this consensus statement
does not aim to cover every aspect of the microglia/TAM
literature and glioma but instead focuses on those points
that are widely agreed upon.
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