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Abstract

Background Glioblastoma represents the most aggressive primary brain malignancy, characterized by a profoundly
immunosuppressive microenvironment that limits therapeutic efficacy and drives disease progression. Myeloid
cells—comprising tumor-associated macrophages, myeloid-derived suppressor cells, and dendritic cells—serve

as central regulators of this milieu. However, their profound heterogeneity in origin, function, and localization has
historically complicated efforts to neutralize their protumoral effects using conventional bulk analyses.

Main body This review synthesizes emerging insights from single-cell and spatial transcriptomics to decode myeloid
dynamics across distinct glioblastoma anatomical compartments. We delineate how ontogeny and niche-specific
cues sculpt cellular identity: microglia-derived macrophages predominate at the invasive leading edge to facilitate
tumor dissemination, whereas monocyte-derived populations cluster in perivascular and necrotic zones to support
angiogenesis and proliferation. Furthermore, the analysis highlights the hypoxic core as a critical niche where
myeloid-derived suppressor cells and reprogrammed macrophages form immunosuppressive hubs, sequestering
cytotoxic T cells and sustaining glioma stemness through specific signaling axes such as hypoxia-inducible factors and
chemokine gradients.

Conclusions By mapping these spatially segregated mechanisms, this review offers a blueprint for next-generation
precision oncology. Integrating spatial resolution into the understanding of myeloid heterogeneity supports a
paradigm shift from uniform immunomodulation to niche-targeted interventions. Strategies that selectively disrupt
compartment-specific interactions—ranging from invasion inhibitors at the periphery to metabolic modulators in the
hypoxic core—hold the potential to dismantle the structural resilience of the glioblastoma microenvironment and
overcome therapeutic resistance.
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Introduction

Glioblastoma (GBM) is the most aggressive primary
brain malignancy. It features an immunosuppressive
tumor microenvironment (TME) that is associated with
immune evasion, tumor progression, and therapeutic
resistance. Myeloid cells, including tumor-associated
macrophages (TAMs) (resident microglia and infiltrat-
ing monocyte-derived macrophages), myeloid-derived
suppressor cells (MDSCs), and dendritic cells (DCs),
are central regulators of this milieu [1], [2-5]. TAMs
predominate, associated with immunosuppression and
tumor growth [1]. MDSCs are linked to amplified sup-
pression and associated with chemotherapy resistance [3,
6-8]. DCs possess dual potential for immune activation
but are often associated with subversion by the TME,
contributing to tolerance [4, 5]. The interplay among
their origins, functional plasticity, and spatial organi-
zation underpins GBM complexity, rendering uniform
therapies inadequate.

Recent advances in single-cell transcriptomics, spatial
transcriptomics, and multimodal imaging have revolu-
tionized our understanding of myeloid spatial dynamics
and functional heterogeneity across GBM anatomical
compartments: leading edge (LE), cellular tumor (CT),
pseudopalisades (PAN), and microvascular proliferation
(MVP) zones [5, 9]. Yet, these technologies face con-
straints, including limited single-cell spatial resolution,
dissociation-induced artifacts, and inability to capture
temporal dynamics, underscoring the need for integra-
tive methods [5, 9, 10]. These approaches reveal niche-
specific roles: microglia-derived TAMs at the invasive
periphery correlate with invasion, monocyte-derived
macrophages in the vascular core contribute to angio-
genesis, MDSCs in hypoxic rims support stem-like cells,
and DCs distributed variably may indicate latent immune
activation [5, 9]. Such functions correlate with location
via pathways like CCL2—-CCR2, MIF-CXCR4, and VEGEF-
VEGER. However, spatial omics data yield primarily cor-
relations, with functional studies implicating causal roles
for cues like hypoxia [11, 12] (Fig. 1).

Spatial data refines molecular inferences by merg-
ing gene expression (e.g., HIF1A upregulation in TAMs)
with proximity (e.g., TAM-stem cell colocalization),
inferring roles like tumor sustenance; yet, these rely on
associations, demanding validation via inhibitors or per-
turbations [13]. Besides, key assumptions—that prox-
imity denotes direct interactions (overlooking diffusive
signals) and expression equates to function (despite post-
transcriptional regulation)—require causal inference
methods like Mendelian randomization or perturbations

to address biases [5, 9, 14, 15]. These patterns show con-
sistency across GBM cases in multi-patient cohorts,
though interpatient variability (e.g., from IDH muta-
tions or subtypes) modulates adaptations [5, 9, 16—18].
Derived from integrated omics in 5-20 samples per
study, augmented by animal models, these maps offer
representative insights, with consistent patterns validated
orthotopically, albeit tempered by sample limitations [5,
9, 10].

This review synthesizes TAM, MDSC, and DC origins,
subtypes, and spatial distributions in GBM, merging cut-
ting-edge omics and imaging to chart their roles in pro-
gression and modulation. By integrating these researches,
we offer a blueprint for spatially tailored therapies that
dismantle the TME, surpassing uniform approaches for
this fatal disease. Specifically, spatial insights translate
into targeted therapies by pinpointing niche-specific
molecular targets, enabling the development of interven-
tions that selectively reprogram myeloid cells in distinct
compartments, such as edge-directed invasion inhibitors
or core-focused hypoxia modulators, providing possibili-
ties for precise treatment.

What this review adds: Unlike prior narrative reviews
that primarily focused on general interactions between
GBM and myeloid cells or the broader TME without
explicit spatial context, such as the overview of glioma-
microenvironment crosstalk by or the discussion of GBM
microenvironment biology and therapy, this synthesis
emphasizes a compartment-specific lens (LE, CT, PAN,
MVP). By integrating recent spatial transcriptomics data,
it maps myeloid niche-dependent functions, such as
hypoxia-driven TAM reprogramming and MDSC-stem
cell interactions, while highlighting therapeutic opportu-
nities like niche-targeted interventions.

Technological advances in single-cell and spatial
multiomics

The immunosuppressive TME of GBM poses unique
challenges for dissecting myeloid cell heterogene-
ity, necessitating advanced tools to resolve cellular
states and interactions at high resolution. Single-cell
RNA sequencing (scRNA-seq) marked an initial break-
through, evolving to multiomic methods that jointly
profile transcriptomes with DNA and epigenomics [1,
5]. These developments have been instrumental in GBM
research, allowing delineation of TAM lineages and
MDSC subtypes by capturing co-expression of markers
[1, 5]. For example, scRNA-seq has revealed functional
myeloid heterogeneity, including immunosuppressive
TAM states, in GBM progression [5, 19]. However, such
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Fig. 1 Spatially compartmentalized myeloid heterogeneity and immunosuppressive networks in the glioblastoma microenvironment. The schematic
illustrates the functional adaptation of myeloid lineages across four distinct anatomical niches in glioblastoma (GBM). Leading edge (LE): at the inva-
sive periphery, microglia-derived tumor-associated macrophages (TAMs) and polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) drive
tumor dissemination via WNT4-EMT signaling and immune evasion (CD47-SIRPa). While cDc1s establish local activation hubs for T-cell priming (MHC-
[I/CXCL9/10), their efficacy is dampened by checkpoint signals. Cellular tumor (CT): in the proliferative core, monocyte-derived TAMs (Mo-TAMs) and
monocytic MDSCs (M-MDSCs) sustain tumor growth and stemness through SPP1-av31/Akt and MIF-CXCR2 axes, respectively, fostering T-cell exhaus-
tion via PD-L1/IL-10. Microvascular proliferation (MVP): perivascular niches feature Mo-TAM clusters that support angiogenesis (VEGF/ANGPT/TIE2) and
reprogramming (CSF1R/TGF-B). Plasmacytoid DCs (pDcs) and monocyte-derived DCs (moDcs) reinforce vascular barriers to restrict T-cell infiltration.
Pseudopalisades (PAN): the hypoxic perinecrotic rim sequesters early-stage MDSCs and PD-L1* TAMs. This niche mediates profound T-cell trapping and

exhaustion through hypoxia-driven metabolic pathways (purinergic metabolism/adenosine/ARG1) and chemokine recruitment (CCL2/CCR2)

methods omit spatial context, curtailing insights into
niche adaptations—a void filled by spatial technologies

Defining spatial context

In this context, “spatial” denotes the fusion of molecu-
lar data (e.g., transcriptomics) with cellular position-
ing in tumor tissue, encompassing localization (e.g.,
myeloid relative to tumor/stroma/immune cells), niches
(hypoxic core, invasive periphery, vascular zones), and
architecture (e.g., compartmental structures like LE,
CT, PAN, MVP). By preserving this spatial information,
these approaches reveal how local signaling and interac-
tions drive myeloid heterogeneity and GBM progression.
Such spatial approaches, often based on datasets from
10 to 30 human GBM samples across multiple stud-
ies or integrated with preclinical models (e.g., syngeneic

mouse gliomas), enable the delineation of representative
compartment-specific adaptations, though they primarily
capture snapshots from resected tumors and may under-
represent rare subpopulations or longitudinal dynamics
[5,9, 10].

Advantages over bulk analyses

Compared to non-spatial (bulk) analyses, which homog-
enize tissue samples and average molecular signals across
all cells, thereby masking subpopulation differences
and location-dependent variations, spatial heterogene-
ity profoundly influences our understanding of myeloid
cell function. For instance, bulk RNA sequencing might
detect overall immunosuppressive signatures in TAMs
but fail to distinguish how hypoxia in PAN reprograms
TAMs toward enhanced PD-L1 expression and IL-10
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secretion, while peripheral leading-edge TAMs retain
more surveillant, pro-inflammatory traits [5, 9, 10]. Spa-
tial approaches, by contrast, uncover these niche-specific
functional adaptations—such as differential activation
of pathways like HIF1A in hypoxic cores versus CCL2—
CCR2 at invasive edges—revealing dynamic crosstalk
that drives GBM progression and resistance. This granu-
larity enables identification of targeted interventions that
bulk methods overlook, such as disrupting spatially seg-
regated immunosuppressive hubs.

Spatial data supports molecular conclusions from
scRNA-seq (e.g., gene expression signatures of immu-
nosuppressive states) by adding proximity information
(e.g., colocalization in PAN), inferring functions like PD-
L1-mediated suppression primarily from both; however,
these inferences reflect correlations, and causal evidence
is provided by functional experiments (e.g., pathway
inhibitors) [10, 20]. Underlying assumptions in these
interpretations posit that spatial colocalization equates to
functional crosstalk, which may not account for non-con-
tact-mediated signaling, and that observed expression
gradients imply causal drivers of phenotypes, assump-
tions that must be tested against potential confounders
like tissue heterogeneity. Causal inferences, therefore,
demand complementary approaches such as Mendelian
randomization or in vivo perturbations to distinguish
correlation from causation [5, 9, 10, 14].

Advances in spatial multiomics

The field has advanced to spatial multiomics, using
array-based transcriptomics and microfluidic barcod-
ing for resolved profiling of poly(A) RNA and analytes
[10]. These methods illuminate intercellular mecha-
nisms in GBM, revealing myeloid niche-specific roles,
e.g., hypoxia-driven TAM reprogramming in PAN.
While these spatial technologies primarily capture cor-
relations between positioning and functional states,
complementary mechanistic experiments (e.g., pathway
inhibitors) support causal inferences, highlighting the
need for integrated approaches to establish direct cau-
sation [10]. Despite these advancements, current spa-
tial and molecular technologies face several limitations,
including suboptimal resolution in early platforms (e.g.,
capturing multiple cells per spot, leading to averaged sig-
nals), difficulties in integrating large multimodal datas-
ets, and restrictions in gene detection due to preselected
panels or spectral overlap in imaging-based methods.
Furthermore, they predominantly provide static snap-
shots, limiting the capture of temporal dynamics in GBM
progression, and may introduce biases from tissue pro-
cessing, such as dissociation artifacts in scRNA-seq or
nucleic acid degradation in formalin-fixed samples [5, 9,
10, 14]. By complementing scRNA-seq with spatial con-
text, these tools bridge the gap between cellular identity
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and TME architecture, as demonstrated in studies inte-
grating spatial transcriptomics to decode glioma cellu-
lar heterogeneity and myeloid-tumor interactions [5, 9].
Recent applications include mapping the GBM spatial
architecture from core to edge, revealing myeloid contri-
butions to tumor organization and therapeutic resistance
[4, 5]. Such integrated analyses have revealed consistent
spatial patterns across diverse GBM cases, including
conserved myeloid distributions in hypoxic and vascular
niches, despite variations in individual tumor profiles [5,
9, 10].

Technological synergies and challenges
Single-cell RNA sequencing (scRNA-seq) provides high-
resolution transcriptomic profiling of individual cells,
enabling the identification of myeloid subtypes (e.g.,
immunosuppressive TAM states) and heterogeneity, but
it requires tissue dissociation, losing spatial information
[1, 5]. Spatial transcriptomics complements this by pre-
serving tissue architecture, mapping gene expression to
specific niches (e.g., hypoxia-driven TAM reprogram-
ming in PAN via array-based methods), thus revealing
location-dependent functions like immunosuppression
in hypoxic cores [9, 10]. Multimodal imaging (e.g., imag-
ing mass cytometry) further integrates by offering visual
and protein-level data, validating RNA findings and cap-
turing morphological/cellular interactions (e.g., TAM-T
cell colocalization in perivascular niches) at subcellular
resolution [5, 9]. Together, these technologies synergize:
scRNA-seq defines cellular states, spatial transcriptomics
assigns them to anatomical compartments, and imaging
confirms spatial organization and adds non-transcrip-
tomic layers, as seen in integrated studies decoding GBM
TME resilience, where functions are inferred from gene
expression enriched in specific niches and validated by
proximity-driven interactions [4, 5, 9, 21] (Fig. 2).

However, these synergies rest on assumptions that
proximity-based inferences capture true functional
dependencies, potentially underestimating dynamic or
indirect effects, and that static snapshots from spatial
data suffice for causal modeling, highlighting the need
for time-resolved or perturbation-based validations to
refine interpretations [4, 5, 9, 15]. Nonetheless, these
synergies are tempered by ongoing challenges, such as
computational demands for deconvoluting mixed signals
in low-resolution spatial data and the inability to fully
resolve subcellular interactions or causal mechanisms
without functional validation [4, 5, 9]. Building on these
methodological synergies, the following sections explore
myeloid cell types, starting with TAMs, where origins
inform functional plasticity and spatial roles in GBM
progression.

Key Takeaways: The progression from scRNA-seq
to integrated spatial multiomics has revolutionized the
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Fig.2 Evolution of single-cell and spatial multiomics technologies for decoding the glioblastoma microenvironment. The timeline delineates three trans-
formative paradigms in resolving myeloid complexity. scRNA-seq breakthrough (2018-2021): droplet-based microfluidics enabled the high-throughput
profiling of dissociated tissues, establishing foundational atlases that first unveiled the extent of myeloid heterogeneity. Multiomic integration (2021-
2023): the simultaneous capture of transcriptomes, cell-surface proteomics (CITE-seq), and chromatin accessibility (scATAC-seq) within single cells added
critical epigenomic and protein-level dimensions, refining the definition of functional states beyond RNA expression alone. Spatial multiomics revolution
(2023-2025): current platforms preserve native tissue architecture while integrating spatial transcriptomics, proteomics, and metabolomics. This allows
the direct mapping of niche-specific programs—such as hypoxia-driven reprogramming in pseudopalisades (PAN) and pro-angiogenic signaling in mi-
crovascular proliferation (MVP) zones—shifting the analytical paradigm from dissociated cellular inventories to spatially organized ecosystems

dissection of myeloid heterogeneity in GBM, preserving
spatial context to reveal niche-specific adaptations and
functional states that bulk analyses obscure. By synergiz-
ing transcriptomic, proteomic, and imaging modalities,
these tools uncover immunosuppressive mechanisms and
intercellular crosstalk, though limitations in resolution
and causal inference underscore the need for multimodal
validations and perturbations to guide targeted therapies,

setting the stage for exploring myeloid subsets’ roles in
tumor progression.

Tumor-associated macrophages: origins, functions,
and spatial roles

TAMs constitute a substantial fraction of the cellu-
lar composition of GBM, accounting for 30-50% of
the tumor mass in single-cell studies of IDH-wild-type
GBM [1, 22-25]. TAMs are instrumental in shaping the
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immunosuppressive TME. Unlike monolithic entities,
TAMs display remarkable diversity in their origins, func-
tional states, and spatial distribution within the tumor.
This section traces their lineages, functional plasticity,
and spatial dynamics, which is the key to their tumor-
promoting roles.

Developmental lineages and identities

TAMs in GBM originate from two primary lineages.
Microglia derive from yolk sac progenitors dur-
ing embryogenesis, express high levels of P2RY12,
TMEM119, CX3CR1, and SALL1, and dominate early
transformation and periphery in edge zones, whereas
monocyte-derived macrophages arise from bone mar-
row hematopoietic stem cells, express elevated CD45,
CCR2, CD49D, and TGEFBI, and infiltrate in advanced
stages, favoring core zones with the blood-brain barrier
(BBB) disruption [5, 26—28]. Regarding how these dimen-
sions relate, lineage origins partially determine initial
spatial localization (e.g., microglia in edges due to resi-
dent nature), but the TME can reprogram cells regardless
of origin toward shared functional states, as evidenced
by omics data showing convergent immunosuppressive
traits in both lineages under hypoxia [5, 26].

These molecular distinctions extend to their propor-
tional representation in GBM, where dynamic shifts
during tumor evolution reflect underlying pathologi-
cal processes. In IDH-wild-type GBM single-cell stud-
ies, TAMs constitute 50-85% monocyte-derived
macrophages and 15-50% microglia [1, 22-25], with
the composition evolving during progression: microglia
dominate early transformation and infiltration phases,
whereas advanced stages, marked by hypoxia, necrosis,
and BBB breach, favor monocyte-derived macrophage
infiltration [5]. Genetic subtypes are associated with dis-
tribution: IDH-wild-type GBM shows increased mac-
rophage infiltration, IDH-mutant lower-grade gliomas
enrich microglia [1]. These differences likely reflect lin-
eage-specific or spatial patterns. In IDH-wild-type GBM,
macrophage infiltration predominates, leading to greater
immune cell infiltration compared to IDH-mutant glio-
mas [16-18, 22], whereas IDH-mutant lower-grade glio-
mas enrich microglia linked to preserved BBB integrity,
2-HG-associated inhibition of immune responses, and
chemokine hypermethylation (e.g., reduced CXCL1/
CXCL2 expression) [16—18].

Collectively, this lineage diversity not only is associated
with priming TAMs for their functional roles in GBM
but also underscores the association of developmental
origins on TME responses. This foundational diversity
primes TAMs for their functional role in GBM. As we
shift our focus from their origins to their behavior within
the tumor, it becomes evident that their developmental
lineage shapes their response to the TME, setting the
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stage for a deeper insight of their functional states and
spatial dynamics (Fig. 3).

Functional plasticity and heterogeneity

Upon recruitment to the GBM microenvironment, TAMs
exhibit plasticity. They adopt a continuum of functional
states that defy binary classification. The M1/M2 polar-
ization model frames this traditionally: M1-like TAMs
show proinflammatory and anti-tumor traits, they release
reactive oxygen species, nitric oxide, and cytokines such
as IL-1B, IL-6, TNF-a via NF-kB and STAT1 activation
(experimentally validated as drivers of proinflammatory
function in preclinical models, such as inhibitor stud-
ies) [29]. Conversely, M2-like TAMs adopt anti-inflam-
matory, protumoral roles. They express ARG1, CD163,
CD206 while secreting IL-10 and TGE-p through STAT6
and PI3K/Akt pathways (inferred from spatial expression
patterns in scRNA-seq data, with functional validation in
TAM polarization assays) [1, 5, 27, 29]. This dichotomous
model offers a foundational understanding. However,
limitations arise in GBM’s complex TME. Their different
lineage origins seem to influence initial functional predis-
positions (e.g., microglia show more pro-inflammatory
features), but the TME reprograms both origins toward
immunosuppressive states in core zones, overriding ori-
gin-specific traits as shown in single-cell studies [1, 5,
27]; this interplay suggests TME dominance over lineage
in driving functional convergence [30].

In GBM, the TME influences, ranging from hypoxia
to exosomal signaling, consistently skew TAMs toward
immunosuppressive phenotypes. For example, tumor-
secreted MIF sustains M2-like states via CD74 (inferred
from expression data); GBM stem cells release [(2-
microglobulin to recruit TAMs via CCL2 and CXCL10,
engaging PI3K/AKT for M2 marker expression (experi-
mentally validated as drivers of polarization in GBM cell
co-culture models) [27, 31]. Mesenchymal-like tumor
cells reinforce M2 polarization through CSF1-CSFIR,
ANXA1-FPR1/3, CCL3/4-CCR1 axes (inferred from
spatial co-expression in multiomics data, with partial
validation via pathway inhibition) [27, 31]. Hypoxia
exacerbates this via CAIX and cholesterol metabolites,
increasing CD36 and PD-L1 (experimentally validated
in hypoxic culture systems) [5, 27] In single-cell RNA-
seq analyses of GBM, 66% TAMs co-express M1/M2
markers, forming a spectrum: microglia-derived TAMs
retain homeostatic features but upregulate inflammation,
whereas monocyte-derived TAMs branch into inter-
feron-responsive, hypoxic, and immunosuppressive sub-
types [1, 5, 22, 27, 32].

Pseudotime analyses provide dynamic insights into
TAM trajectories, uncovering transitional states that
bridge surveillant origins to immunosuppressive end
points. Pseudotime analyses delineate transitions:



Cheng et al. Journal of Translational Medicine (2026) 24:432

Origin compartments

Page 7 of 24

Tumor Microenvironment

[ Markers: CD11b/CD45low, P2RY 12, TMEM119,
CX3CR1, SALL1, Pu.1, Irf8 (human: TMEM119,
P2RY12, CX3CR1, P2RY13, SELPLG, TREM2)

Function: Surveillance in early stages; Immunosuppression (M2-like

TAMs

Mo-TAMs | bias)in TME, drives invasion )
( Markers: CD11b/CD45high, CCR2, CD49D, CD206, |
‘ CD163, CD9 (human: TGFBI, CLEC12A, IFITM2,
- FPR3, S100A11, KYNU, ITGA4, CD49d, CD354)
Mg-T AMs Function: Pro-tumor (M2-like), promotes vascularization,

\_immunosuppression

rMarkers: CD11b CD14 CD33 HLA-DRlow/negative
CD15 negative (mouse: CD11b Ly6Chigh Ly6G
negative), CD74, iNOS, ARG1, PD-L1, IL-10, TGF-B

Function: Suppresses T/NK cells via NO and cytokines, enhances
\_tumor proliferation

MDSCs

a [ Markers: CD11b CD14 negative CD33 HLA-DRIow/
negative CD15 (mouse: CD11b Ly6Clow Ly6G),
CXCR2, S100A8/9, LOX-1

Function: Suppresses CD8 T cells via ROS and NO, promotes
®"° invasion J
Markers: CD33 HLA-DR negative Lineage negative,
HMOX1, FTL, BNIP3

Function: Supports tumor stemness and invasion via VEGF, TGF-8

Markers: XCR1, CLEC9A, BATF3, MHC-| high, IL-12,
TNF-q, IL-6
Function: Cross-presents antigens to CD8 T cells, enhances
L cytotoxic anti-tumor responses

J

v - 5
34 Markers: CD1c, SIRPA, CLEC10A, IL-1B, IL-12, IL-23,
DCs Vo PD-L1

Function: Activates CD4 T cells but often skewed to

Markers: SIGLEC-H, BST2, TLR7, IFN-a, PD-L1, IL-10

Function: Produces Type | IFN (early immune signaling), but often
immunosuppressive in TME

4 Markers: CD14, CD163, CD11c, IL-10, TGF-3, CD206,
2 @K HMOX1
Function:
L late-stage GBM

ion, promotes niche in

Fig. 3 Developmental origins and functional diversification of myeloid lineages in the glioblastoma microenvironment. The schematic maps the trajec-
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embryonic yolk sac, liver, and bone marrow (hematopoietic stem cells, HSCs) converge upon the tumor microenvironment (TME), traversing the blood—
brain barrier (BBB) to replenish the myeloid landscape. Phenotypic landscape (right): within the TME, these lineages differentiate into three functional
categories defined by unique molecular signatures: (1) TAMs, encompassing resident microglia-derived (Mg-TAMs; e.g., P2RY12*, TMEM119%) and infiltrat-
ing monocyte-derived (Mo-TAMs; e.g.,, CD49d*, CCR2*) subsets that modulate invasion and surveillance; (2) MDSCs, divided into monocytic (M-MDSCs),
polymorphonuclear (PMN-MDSCs), and early-stage (e-MDSCs) subtypes that drive immunosuppression via effectors like ARGT and ROS; and (3) DCs,
including cDc1s/cDc2s and pDcs, which balance antigen cross-presentation with TME-induced tolerance. This framework highlights how lineage plastic-
ity (e.g., monocyte-to-TAM transitions) and niche-specific cues shape functional heterogeneity, identifying vulnerabilities for therapeutic interventions

such as STAT3 blockade

microglia evolve from surveillant to activated/immu-
nosuppressive states, downregulating P2RY12 and
upregulating CD163, APOE, HIF1A; monocyte-derived
TAMs advance from inflammatory monocytes to
PD-L1* immunosuppressive macrophages [1, 27, 33,
34]. Notable subtypes include SIGLEC9* TAMs, which
curb T-cell activation and are linked to PD-1 resis-
tance [35], and lipid-laden macrophages/microglia
(LLMs), which express GPNMB, LPL, ZFYVE27 to sup-
port tumor growth [36]. In lower-grade gliomas, TAMs
favor immune activation, shifting to immunosuppres-
sion in high-grade gliomas with STAT1 downregula-
tion and Sppl/Gpnmb upregulation [37]. These findings
emphasize the profound linkage between TAM lineage
and functional evolution, a theme that acquires addi-
tional depth when viewed through the lens of spatial

distribution within the TME, where niche-specific cues
could be exploited for reprogramming.

These functional states are inferred primarily from gene
expression (e.g., co-expression of M1/M2 markers like
IL-10 and TNF-a from scRNA-seq) supported by spatial
proximity in later analyses, with spatial data enhancing
molecular conclusions by revealing niche-specific adap-
tations, though these represent correlations, and causal
links require functional experiments like pathway inhibi-
tors [1, 5, 27, 32]. However, there are still limitations of
current technologies, which often fail to capture real-
time dynamics or subcellular resolution, potentially over-
looking transient states or rare interactions in the GBM
TME [1, 5, 27].

The interplay between TAM origins and their func-
tional evolution is essential. As we explore their spatial
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distribution, this heterogeneity represents a new dimen-
sion, revealing how the TME architecture orchestrates
TAM behavior in GBM.

Spatial distribution and dynamics

The spatial organization of TAMs provides a critical per-
spective for understanding their contribution to tumor
biology. This reflects their origins, functional states, and
interactions with the TME. Advances in spatial transcrip-
tomics and imaging have implied these patterns.

Microglia-derived TAMs, marked by P2RY12,
TMEM119, SALLI, predominate at the invasive edges
and white matter tracts, where they promote invasion
via matrix remodeling through pathways like WNT5A-
FZD and retain more pro-inflammatory traits [5, 38].
Monocyte-derived TAMs, identified by CD49D, TGFBI,
CLECI12A, cluster in the tumor core, particularly around
blood vessels and necrotic zones, enabling them to drive
angiogenesis through VEGF-VEGFR pathways and
immunosuppression via PD-L1 expression, contribut-
ing to T-cell exhaustion [5, 10, 26, 39, 40]. These distinc-
tions are supported by genetic lineage tracing, showing
differential interactions with TME components; their
lineage partially determines localization (e.g., resident
microglia in edges), but TME reprograms cells across
origins, enabling similar immunosuppressive functions
in core zones regardless of lineage [5, 9, 10]. Spatial
transcriptomics further refines this: immunosuppres-
sive macrophages are concentrated in hypoxic regions
and perivascular niches, correlating with formation of
immune-suppressive hubs associated with poor prog-
nosis through mechanisms like IL-10 secretion, though
experimental validation is needed to confirm causality [9,
41]. SIGLEC9* monocyte-derived TAMs are enriched in
the tumor core and interact with exhausted T cells to bol-
ster immunosuppression [35]. LLMs, tied to lipid metab-
olism, localize to myelin-rich areas, supporting MES-like
GBM cells [36]. A VSIG4" S100A10" TAM subtype
resides near T cells in both core and invasive edges and
expresses PD-L1 to inhibit T-cell function [42]. This dis-
tribution is dynamic: in immunocompetent hosts, TAMs
shift from perivascular clustering early in tumor growth
to hypoxic pseudopalisading patterns later, highlighting
interactions with adaptive immunity [10]. These spatial
distributions demonstrate consistency across GBM cases,
with microglia-derived TAMs reliably enriched at inva-
sive edges and monocyte-derived TAMs in core regions
in multiple cohorts, though interpatient heterogeneity,
such as in IDH-wild-type versus mutant tumors, can
modulate these patterns [5, 9, 16—18, 26] (Table 1).

The signaling pathways underlying these distributions
are spatially segregated. In the hypoxic core, TAMs acti-
vate purinergic metabolism, converting ATP to adenos-
ine to suppress T cells, tied to EGFR amplification and
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hypoxia (inferred from spatial expression patterns in
transcriptomics and experimentally validated as driv-
ers of immunosuppression via CD39/CD73 inhibition
in mouse models) [39]. This process involves sequen-
tial enzymatic steps where CD39 hydrolyzes ATP to
AMP, followed by CD73 converting AMP to adenosine,
ultimately leading to A2A receptor-mediated suppres-
sion of T-cell activation and effector functions (experi-
mentally validated in receptor blockade studies) [39].
The STAT3-BLIMP1 pathway drives IL-10 production
in immunosuppressive TAMs, reinforcing suppres-
sion (experimentally validated as a functional driver
in CRISPR-based studies) [43]. In myelin-rich regions,
the liver X receptor pathway upregulates lipid efflux
in LLMs, transferring cholesterol esters to tumor cells
(inferred from spatial multiomics data, with validation in
lipid transfer assays) [36]. Perivascular monocyte-derived
TAMs activate CSF1R, PI3K-Akt, TGF- pathways, pro-
moting angiogenesis (inferred from perivascular expres-
sion patterns and experimentally validated in CSFIR
inhibitor models) [5]. Multiomics analyses revealed four
core programs—systemic inflammation, scavenging,
complement suppression, glucocorticoid response—dif-
ferentially activated across niches, reflecting TME-driven
reprogramming (inferred from spatial transcriptomics)
[44]. Hypoxic TAMs in pseudopalisading zones express
adrenomedullin, BNIP3, CSTB, increasing vascular per-
meability (experimentally validated in hypoxic culture
and mouse models) [45]. The “pathway—space—pheno-
type” model underscores how local signals tailor TAM
functions.

Spatial interactions further amplify TAM impact. At
the tumor periphery, P2RY12" microglia-derived TAMs
colocalize with CD8+ T cells and DCs, potentially aid-
ing antigen presentation [5]. In the core, SIGLEC9*
monocyte-derived TAMs neighbor exhausted T cells
and secrete IL-10 and TGF-p [35]. LLMs transfer lipids
to MES-like GBM cells via CD36, upregulating PD-L1
and downregulating MHC-II [36]. Perivascular TAMs
secrete VEGFA and angiopoietin-2, driving angiogenesis,
whereas CD73" tumor cells and CD39" TAMs collabo-
rate to increase adenosine levels [39]. In hypoxic zones,
CCL8 from GBM cells recruits TAMs, reprogramming
them to express CD206 and ARG1 and trapping cyto-
toxic T lymphocytes in an exhausted state [12].

These spatial patterns, elucidated from spatial tran-
scriptomics datasets encompassing 10-20 human GBM
samples and corroborated by lineage-tracing in mouse
models, indicate representative niche preferences, with
microglia-derived TAMs enriched at edges and mono-
cyte-derived TAMs in cores across diverse patient pro-
files [5, 9, 26, 41]. Immunosuppressive and protumoral
functions here are inferred from both gene expres-
sion (e.g., upregulated PD-L1 and VEGF) and spatial
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Table 1 Comparative overview of microglia-derived and monocyte-derived tumor-associated macrophages (TAMs) in glioblastoma

Category Microglia-Derived TAMs (Mg-TAMs) Monocyte-Derived TAMs (Mo-TAMs) Key Ref-
erences
Developmental  Derived from yolk sac progenitors during embryogenesis;  Arise from bone marrow hematopoietic stem cells; dif- [1,5,
Origins self-renew via local proliferation in the CNS; dominate early ferentiate into circulating monocytes that infiltrate the 16-18,
tumor transformation and infiltration phases, especially in - CNS in advanced GBM via BBB disruption, driven by CCL2—  22-25,
IDH-mutant lower-grade gliomas due to preserved BBB CCR2 signaling; predominate in IDH-wild-type GBM with 28]
integrity and chemokine hypermethylation (e.g., reduced  hypoxia, necrosis, and increased immune infiltration.
CXCL1/CXCL2).
Proportional ~15-50% of TAMs in IDH-wild-type GBM; higher in IDH- ~50-85% of TAMs in IDH-wild-type GBM; lower in [IDH-mu-  [1, 5,
Representation  mutant gliomas (~30-50% overall TAMs); decreases in tant gliomas due to 2-HG-mediated immune inhibition; 16-18,
in GBM advanced stages as monocyte infiltration increases. increases with tumor progression and BBB breach. 22-25]
Molecular High: P2RY12, TMEM119, CX3CR1, SALL1, PUO.1, IRFS; High: CD45, CCR2, CD49D, CD206, CD163, CD91, TGFBI, [5,26,27]
Markers retain core microglial signatures (e.g, TMEM119, P2RY12in  CLEC12A, IFITM2; branch into subtypes with upregulated
humans); downregulate surveillant markers (e.g., P2RY12) ~ CD163, APOE, HIF1A, PD-L1 in immunosuppressive states.
during transition to activated states.
Dominant Spa-  Predominate at invasive leading edge (LE), white matter Cluster in tumor core (CT), perivascular niches (MVP), [1,5,9,
tial Niches tracts, and infiltrative periphery; surveillant phenotype hypoxic pseudopalisades (PAN), and necrotic zones; form 10, 26,
in early phases; colocalize with CD8* T cells and DCs for immunosuppressive hubs in hypoxic and vascular areas. 41, 42]
potential antigen presentation.
Functional States Retain homeostatic features but upregulate inflamma- Exhibit greater plasticity with interferon-responsive, [1,5,
and Plasticity tion (e.g., via pseudotime transitions from surveillant to hypoxic, and immunosuppressive subtypes; skewed to 27,29,
activated/immunosuppressive); promote invasion at M2-like (ARG1, CD163, CD206, IL-10, TGF-B via STAT6/PI3K/  31-34,
edges via matrix remodeling, WNT5A-FZD/CD146, and Akt); promote angiogenesis (VEGF-VEGFR), immunosup- 36, 39,
purinergic metabolism (ATP to adenosine via CD39/CD73,  pression (PD-L1, IL-10 via STAT3-BLIMP1), and lipid transfer 43, 44]
suppressing T/NK cells); less skewed to M2-like compared  (LLMs via CD36); coexpress M1/M2 markers (>50% in
to Mo-TAMs. SCRNA-seq).
Key Signaling TGF-B for transition to tumor-associated states; purinergic ~ Hypoxia-driven (HIF1A, CAIX, adrenomedullin, BNIP3, CSTB  [5, 9,
Pathways (CD39/CD73-A2A); WNT5A-FZD for angiogenesis/migra- for vascular permeability); CSF1-CSF1R, ANXA1-FPR1/3, 10,12,
tion; less hypoxia-driven; systemic inflammation and CCL3/4-CCR1 for M2 polarization; PI3K/AKT for M2 mark- 29, 31,
complement suppression programs. ers; glucocorticoid response and scavenging programs. 36, 39,
43-45)
Cellular Interac-  Colocalize with astrocyte-like tumor cells and CD8* T cells/  Neighbor exhausted T cells in core (SIGLECO* secrete [5,9,10,
tions and Contri- DCs at edges; promote EMT/invasion via GPNMB-EGFR; IL-10/TGF-B); transfer lipids to MES-like GBM cells (LLMs via 12, 35,
butions to GBM  early immunosuppression via adenosine; interact with CD36, upregulating PD-L1); collaborate with CD73* tumor 36, 39,
Resilience adaptive immunity in immunocompetent hosts. cells for adenosine hubs; drive angiogenesis (VEGFA, 42,44]
angiopoietin-2) and T-cell exhaustion in hypoxic zones.
Therapeutic Target edge-specific recruitment (e.g., CCL2-CCR2 block-  Disrupt core/hypoxic programs (e.g., STAT3/HDAC inhibi-  [5, 43,
Implications ade) or reprogram via metabolic inhibitors (e.g., cyclocre-  tors for IL-10/ARG1; anti-CSF 1R for depletion); combine 46-54]

atine disrupting ATP/CKB); enhance antigen presentation
for immunotherapy.

with anti-PD-1 to counter PD-L1; nanoparticle delivery for
vascular niches.

*Notes: This table synthesizes developmental, spatial, and functional distinctions from single-cell and spatial transcriptomics data, emphasizing niche-dependent
adaptations. Proportions vary by GBM subtype (e.g., IDH status) and progression stage. Abbreviations: BBB, blood-brain barrier; CNS, central nervous system; CT,
cellular tumor; LE, leading edge; LLM, lipid-laden macrophage; MES, mesenchymal; MVP, microvascular proliferation; PAN, pseudopalisades; scRNA-seq, single-cell

RNA sequencing

proximity (e.g., colocalization with exhausted T cells in
hypoxic regions), where spatial transcriptomics supports
cellular conclusions by correlating expression with ana-
tomical context, but these are associations, with causal-
ity suggested by functional studies such as genetic lineage
tracing or pathway perturbations [5, 9, 10, 35, 55].

This spatial perspective not only deepens our under-
standing of TAM heterogeneity but also highlights its
therapeutic potential. These spatial insights into TAM
roles pave the way for integrating observational data with
therapeutic strategies, as detailed later.

Therapeutic translation roadmap

Targets by niche: Hypoxic core—MIF-CXCR2/adenos-
ine axis [39, 56, 57]; perivascular—VEGF/ANGPT-TIE2
[45, 46]; edge—CCR2 blockade + cDC1 support [27, 58,
59].

Modalities: Small-molecule STAT3/TGEF-p inhibi-
tors [30, 43, 60, 61], CSFIR/CCR2/CXCR2 antagonists
[27, 62, 63], oncolytic or in situ DC priming [64, 65], and
combination with checkpoint inhibitors [47, 66].

Trial design hints: Spatial biomarkers/endpoints (e.g.,
imaging mass cytometry scores [9, 20]; spatial transcrip-
tomic signatures [9, 10, 67]).

Key Takeaways: TAMs in GBM exhibit lineage-depen-
dent origins, with microglia enriching invasive edges and
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monocyte-derived macrophages dominating hypoxic
cores, driving functional plasticity toward immunosup-
pression via TME cues like hypoxia and MIF signaling.
Spatial multiomics reveals niche-specific adaptations and
interactions that amplify tumor progression, underscor-
ing therapeutic opportunities through targeted modali-
ties such as STAT3 inhibitors or niche-directed blockade
to reprogram the immunosuppressive landscape and
overcome resistance.

Myeloid-derived suppressor cells: origins,
subtypes, and spatial interactions

MDSCs are pivotal orchestrators of the immunosuppres-
sive TME of GBM. MDSCs, originating from myeloid
progenitors and modulated by tumor-derived signals,
not only suppress immune responses but also contrib-
ute to chemotherapy resistance and tumor progression
[3]. This section explores the origins and recruitment
of MDSCs in GBM, their diverse subtypes and transfor-
mations, and their spatial distribution within the tumor,
providing a comprehensive view of their role in this
lethal disease. By integrating these dimensions, we aim
to highlight how MDSCs drive immune evasion and how
their spatial interactions might unlock novel therapeutic
opportunities.

Origins and recruitment mechanisms

MDSCs originate from the bone marrow as heteroge-
neous immature myeloid progenitors that normally dif-
ferentiate into DCs, macrophages, or granulocytes. In
GBM, dysregulated myelopoiesis, driven by chronic
inflammation or tumor-derived signals, promotes their
expansion and accumulation [3]. Additionally, normal
monocytes can be induced into immunosuppressive
MDSCs within the GBM TME via factors such as TGE-f.
This dual origin underscores the adaptability of MDSCs
to tumor demands.

Tumor-derived chemoattractants, including CD200,
MIF, IDO1, CCL20, draw MDSCs from the bone marrow
to the tumor site [3, 56, 68, 69]. Hypoxia enhances this via
CCL26 upregulation, targeting CX3CR1" MDSCs, along-
side VEGF and HIFla induction, elevating ENTPD2 and
5-AMP [69]. Glioma stem cells secrete glutamate to pro-
mote MDSC maturation and infiltration through NMDA
receptors, with glutamine-derived a-ketoglutarate ampli-
fying expansion [3, 70].

Post recruitment, MDSC activation occurs via tumor-
derived factors (IFN-y, STAT3, IL-6, IL-4Ra, PGE2,
TGEF-B, S100A8/A9) that upregulate immunosuppres-
sive effectors ARG1, iNOS, PD-L1, NO, ROS. In GBM,
IL-6 and PGE2 activate JAK/STAT3 to elevate ARGI1
and PD-L1 (experimentally validated as drivers of MDSC
activation in cytokine stimulation assays); TGF-P pro-
motes ROS and IDO1 (inferred from expression data
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and validated in TGF-P inhibitor studies); SI00A8/A9
reinforce expansion via RAGE/NF-«kB (inferred from
expression data and validated in TGF-f inhibitor studies)
[3, 71-73]. Glioma stem cells (GSCs) secrete MIF, bind-
ing CD74/CXCR2/4 on MDSCs, triggering PI3K/AKT
to upregulate ARG1 and suppress T cells (inferred from
spatial co-expression and experimentally validated in co-
culture and PI3K inhibitor experiments) [11].

This foundational diversity primes MDSCs for their
functional roles in GBM. As we shift our focus from their
origins to their behavior within the tumor, it becomes
evident that their developmental lineage shapes their
response to the TME, setting the stage for a deeper
insight of their functional states and spatial dynamics

Subtypes and functional transformations

MDSCs encompass monocytic (M-MDSCs), polymor-
phonuclear (PMN-MDSCs), and early-stage (e-MDSCs)
subtypes, each with distinct markers and functions in
GBM. M-MDSCs (CD11b* CD14* CD33* HLA-DRlow/-
CD15™ in humans; CD11b* Ly6ChighLy6G™ in mice) sup-
press T and NK cells via iNOS, ARG1, PD-L1, NO, IL-10,
TGE-B, and metabolic reprogramming [3]. PMN-MDSCs
(CD11b" CD14~ CD33" HLA-DRlow/-CD15* or CD66b*
in humans; CD11b* Ly6ClowLy6G" in mice) inhibit
CD8* T cells through ROS and NO, induce tolerogenic T
cells, and differentiate into tumor-associated neutrophils
[3, 74]. e-MDSCs (CD33* HLA-DR™ Lineage~) are imma-
ture precursors expressing HMOX1, FTL, BNIP3, sup-
porting stemness via VEGF and TGF-p [11, 75].

In GBM, subtypes adapt: M-MDSCs accumulate via
CCL2/CCL7-CCR2, upregulated by radiotherapy-
induced type I IFN via cGAS-STING (experimentally
validated as recruitment drivers in CCR2 knockout
and STING agonist models) [62, 69, 70]. PMN-MDSCs
express S100A8/9 and LOX-1, correlating with poor
prognosis (inferred from spatial expression and validated
in prognostic cohort studies) [74, 76, 77]. e-MDSCs are
recruited by CXCL1/CXCL2-CXCR?2, with MIF-CXCR2
activating ARG1 (experimentally validated in CXCR2
inhibitor experiments); itaconic acid blocks T-cell metab-
olism, weakened by 2-HG in IDH-mutant GBM (inferred
from metabolic profiling and validated in IDH-mutant
cell lines) [78-80]. Their suppressive functions (e.g.,
T-cell inhibition via ARG1 and ROS) are inferred primar-
ily from gene expression (e.g., upregulated effectors like
PD-L1) in scRNA-seq, enhanced by spatial data in sub-
sequent sections that add proximity context, with these
observations indicating correlations; causal relationships
demand functional validation, such as through inhibitor
studies [3, 74, 78—80]. These correlative insights under-
score technological constraints, including the loss of
spatial context in scRNA-seq and the need for higher-
resolution spatial methods to disentangle mixed cellular
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signals in heterogeneous GBM tissues [3, 74, 78]. These
transformations underscore MDSC contributions to
resistance, transitioning to spatial dynamics.

Spatial distribution and tumor interactions

MDSCs exhibit niche-specific localization in GBM,
amplifying immunosuppression through proximity to
tumor elements. M-MDSCs concentrate in core, peri-
vascular, and hypoxic niches, predominant in male GBM
models, where they are associated with local immuno-
suppression by proliferating via STAT3/NF-xB and sup-
pressing T cells through ARG1 and PD-L1, while also
promoting angiogenesis in perivascular areas via VEGF
secretion [22, 81]. They colocalize with GSCs, secreting
cytokines that suppress T cells and promote stemness
[11].

PMN-MDSCs are abundant at invasive edges and infil-
tration zones, colocalizing with EGFR+ tumor cells, cor-
relating with formation of a positive feedback loop that
appears to enhance tumor expansion and immune eva-
sion via EGFR signaling and chemokines like CXCL2/
CXCL3; while observational data support this asso-
ciation, genetic and functional studies (e.g., Mendelian
randomization on myeloid phenotypes) suggest underly-
ing causal links [55, 82]. In pseudopalisading regions of
IDH-wild-type GBM, e-MDSCs are near metabolically
adapted tumor cells, protecting glioma stem cells by bol-
stering stemness through VEGF and TGEF-f secretion,
thereby contributing to therapeutic resistance [79]. This
interaction is diminished in IDH-mutant gliomas due to
hypermethylation of chemokine genes and 2-hydroxyglu-
tarate accumulation, highlighting genetic basis for spatial
differences [79].

MDSCs and GSCs cluster in specific TME niches.
GSCs secrete MIF, attracting and activating MDSCs via
CXCR?2, prompting ARG1 and immunosuppressive fac-
tors that shield GSCs from T-cell attack [11, 80]. This
MIF-mediated network forms functional synergy rein-
forcing local immunosuppression, with spatial proximity
enhancing signal efficiency [11].

In male GBM models, M-MDSCs predominate within
tumor tissue, whereas in females, PMN-MDSCs are
enriched in peripheral blood [81]. These patterns shift
with progression: e-MDSCs decline in GBM as they dif-
ferentiate into mature MDSCs within the tumor; late-
stage PMN-MDSCs increase, aligning with EGFR+
cells at margins to promote invasion [82, 83]. Further-
more, emerging evidence underscores sex-specific dis-
parities in MDSC composition and spatial distribution,
which may influence GBM progression and therapeutic
responses. In preclinical models and human cohorts,
males exhibit elevated intratumoral monocytic MDSCs
(mMDSCs), which cluster preferentially in the tumor
core and MVP zones, correlating with enhanced local
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immunosuppression, accelerated tumor growth, and
poorer survival. In contrast, females display higher cir-
culating polymorphonuclear MDSCs (PMN-MDSCs),
potentially limiting their infiltration into central niches
and conferring a relative survival advantage. These dif-
ferences are mechanistically linked to sex hormones and
cytokine profiles, such as IL-1p-driven mMDSC expan-
sion in males and FLT3-mediated PMN-MDSC predomi-
nance in females, highlighting the need for sex-stratified
analyses in spatial omics studies to refine niche-targeted
therapies [18, 81, 84, 85].

These localization patterns, derived from single-cell and
spatial analyses of multiple GBM patient cohorts (e.g.,
8-15 samples) and supported by sex-stratified preclinical
models, reflect representative sex- and stage-dependent
distributions, although further large-scale validation is
required to account for interindividual heterogeneity [11,
79, 81, 82]. Overall, MDSC spatial patterns show consis-
tency across GBM cases, with M-MDSCs predominat-
ing in core niches and PMN-MDSCs at edges in diverse
patient samples, albeit with variations linked to sex, IDH
status, and disease stage [11, 79, 81, 82].

Molecular underpinnings include S100A8/9 in PMN-
MDSCs for chemotactic capabilities (inferred from
expression patterns and validated in migration assays),
LOX-1 in progression (experimentally validated as a
prognostic marker in clinical samples) [86, 87], and
Ki-67/Cyclin D in M-MDSCs via STAT3/NF-kB (experi-
mentally validated in STAT3 inhibitor studies) [81]. The
CCL2-CCR2 axis recruits M-MDSCs, augmented by
CCL20 and osteoprotegerin (inferred from chemokine
profiling); radiotherapy-induced type I interferon via
¢GAS-STING drives CCR2" MDSC infiltration (experi-
mentally validated in radiation models and STING
knockouts) [69, 88]. These spatially defined interactions
contribute to chemotherapy resistance by ROS/NO from
PMN-MDSCs and cytokine suppression by M-MDSCs
[3, 74] (Table 2).

Niche-specific functions like local immunosuppres-
sion are inferred from both gene expression (e.g., STAT3/
NF-«B activation in M-MDSCs) and spatial proximity
(e.g., colocalization with GSCs in core niches), with spa-
tial data supporting molecular conclusions by revealing
interaction patterns, though these are primarily correla-
tions, and causality is suggested by genetic studies like
Mendelian randomization [11, 79, 81, 82].

This spatial orchestration underscores MDSC com-
plexity in GBM. These observational patterns in MDSC
distribution inform potential therapeutic disruptions,
explored in subsequent sections. Building on this, DCs
emerge as potential immune activators often subverted,
holding promise for reprogramming.
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Table 2 Subtypes of myeloid-derived suppressor cells (MDSCs) in glioblastoma: recruitment axes, Dominant niches, and immune-
evasion mechanisms

Subtype Molecular Markers Recruitment Axes and Activation Factors Dominant Spa- Immune-Evasion Key
(Human/Mouse) tial Niches Mechanisms and Refer-
Functions ences
Monocytic MDSCs  Human: CD11b* CD14*  CCL2/CCL7-CCR2 (augmented by RT-induced Tumor core Suppress T/NK cellsvia  [3, 11,
(M-MDSCs) CD33* HLA-DRlow/- type | IFN via cGAS-STING); CCL20, osteoprote- (CT), perivascu-  iINOS, ARGT1, PD-L1,NO, 69,
CD157; Mouse: CD11b* gerin; Activation: IL.-6/PGE2-JAK/STAT3, TGF-(3- lar (MVP), and IL-10, TGF-B, meta- 71—
Ly6ChighLy6G™; Upregu-  ROS/IDO1, ST00A8/A9-RAGE/NF-kB, MIF-CD74/  hypoxic niches bolic reprogramming 73,
late ARGT1, PD-L1,Ki-67/  CXCR2/4-PI3K/AKT. (PAN); Predomi-  (e.g, ARG1 depletes 79—
Cyclin D. nant in male L-arginine); Promote 81,
GBM models; stemness (VEGF, TGF- 88]
Radiate from ne-  B); Confer chemo-
crosis; Colocalize  therapy resistance
with GSCs. via cytokines; Positive
feedback with GBM
cells (e.g., MIF-CXCR2
loop).
Polymorpho- Human: CD11b* CD14~  TGFA/HBEGF-EGFR, CXCL2/CXCL3; STO0A8/A9 for  Invasive edges Inhibit CD8* T cells via  [3, 74,
nuclear MDSCs CD33* HLA-DRlow/- chemotaxis; Hypoxia via CCL26-CX3CR1,VEGF/  (LE) and infiltra- ~ ROS, NO, ARG1; Induce 76,77,
(PMN-MDSCs) CD15" or CD66b™; HIF1a-ENTPD2/5-AMP. tion zones; tolerogenic T cells; Dif- 82, 86,
Mouse: CD11b* Ly6Clow- Colocalize with  ferentiate into tumor- 87, 89,
Ly6G™; Express STO0A8/9, EGFR* tumor associated neutrophils;  90]
LOX-1. cells; Enriched in  Enhance tumor
peripheral blood  expansion/invasion
in female GBM via positive feedback
models; Increase  loops; Correlate with
in late-stage poor prognosis.
progression.
Early-Stage Human: CD33" HLA- CXCL1/CXCL2-CXCR2, MIF-CXCR2; Glutamate- Pseudopalisad- Support stemness via  [11,
MDSCs (e-MDSCs) DR Lineage™; Express NMDA receptors (from GSCs); Itaconic acid ing regions (PAN)  VEGF, TGF-3; Suppress 75,
HMOX1, FTL, BNIP3. blocks T-cell metabolism; Diminished in IDH- near metabolical- T cells via ARGT, IDO1; 78—
mutant GBM by 2-HG/hypermethylation. ly adapted tumor Amplify expansion via 80, 83,
cells; Declinein  glutamine-derived 91-93]

advanced GBM
as they differenti-
ate; Colocalize
with GSCs in
hypoxic rims.

o-ketoglutarate;
Weaken T-cell me-
tabolism; Reciprocate
with tumor cells (e.g,,
CXCL1/2-CXCR2 loop).

*Notes: MDSC subtypes exhibit sex-specific disparities (e.g., M-MDSCs intratumoral in males, PMN-MDSCs circulating in females) and shift with progression/IDH
status. Recruitment and evasion mechanisms are niche-dependent, with hypoxia amplifying suppression. Therapeutic targets include CXCR2/MIF inhibitors to
disrupt axes. Abbreviations: ARG1, arginase 1; CT, cellular tumor; GSC, glioma stem cell; IDO1, indoleamine 2,3-dioxygenase 1; LE, leading edge; MVP, microvascular
proliferation; NF-kB, nuclear factor kappa B; NO, nitric oxide; PAN, pseudopalisades; PGE2, prostaglandin E2; ROS, reactive oxygen species; RT, radiotherapy

Therapeutic translation roadmap

Targets by niche: Hypoxic core—MIF-CXCR2/adenos-
ine axis [9, 10, 56, 57]; perivascular—VEGF/ANGPT-
TIE2 [45, 46]; edge—CCR?2 blockade + cDC1 support [58,
59, 74, 81].

Modalities: Small-molecule STAT3/TGEF-B inhibi-
tors [30, 43, 60, 61], CSFIR/CCR2/CXCR2 antagonists
[62, 74, 94], oncolytic or in situ DC priming [64, 65], and
combination with checkpoint inhibitors [48, 66, 94].

Trial design hints: Spatial biomarkers/endpoints (e.g.,
imaging mass cytometry scores [9, 20, 95]; spatial tran-
scriptomic signatures [9, 10, 67]).

Key Takeaways: MDSCs in GBM arise from bone mar-
row progenitors and adapt via tumor signals like MIF and
CCL2, differentiating into M-, PMN-, and e-MDSC sub-
types that mediate immunosuppression through ARG1,
ROS, and PD-L1, with niche-specific functions driving

resistance. Spatial analyses reveal subtype localization—
core/hypoxic for M-MDSCs, edges for PMN-MDSCs—
and sex/genetic influences, highlighting targeted
disruptions of axes such as CXCR2 or STAT3 to repro-
gram the TME and enhance therapeutic efficacy.

Dendritic cells: subtypes, spatial patterns, and
functional implications

DCs occupy a pivotal position at the interface of innate
and adaptive immunity, orchestrating responses that can
counteract or facilitate GBM progression. Within this
landscape, DCs exhibit remarkable heterogeneity, shaped
by subtype diversity, molecular signaling, cellular interac-
tions, and spatial positioning. This section explores DCs
in GBM, integrating subtypes, differentiation pathways,
functional transformations, and spatial distribution.
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Subtypes and functional evolution

Diverse DC subtypes in GBM include conventional
DCs (cDCs), plasmacytoid DCs (pDCs), and monocyte-
derived DCs (moDCs). ¢DCs subdivide into ¢cDCl1s and
¢DC2s. ¢DCls cross-present tumor antigens to CD8*
T cells via MHC-I, eliciting cytotoxic responses, and
secrete proinflammatory cytokines to promote T-cell dif-
ferentiation and NK-cell activation [4, 9, 37, 96]. cDC2s
activate CD4" T cells through cytokines but often shift to
immunosuppression in GBM TME [5, 82].

pDCs produce type I IFN-a via TLR7/9-IRF7 to
enhance innate immunity [64, 97]. GBM factors such as
TGE-P subvert them, upregulating PD-L1 and IL-10 to
suppress T cells [98]. MoDCs emerge in late-stage GBM,
secreting IL-10 and TGEF-p to reinforce immunosuppres-
sion [99, 100]. Additional subsets include CCR7" migra-
tory DCs and IL-1B/TNF-rich systemic inflammatory
cDCs, indicating TME adaptations [5, 44].

DC differentiation originates from bone marrow
myeloid progenitors, guided by cytokines: GM-CSF
increases generation, IL-4 favors immature DCs, TNF-a
promotes maturation. GBM disrupts this via IL-6, IL-10,
TGE-B, reducing costimulatory molecules and MHC-II,
impairing antigen presentation [65, 101]. These different
functions (e.g., activation vs. suppression) are inferred
primarily from gene expression (e.g., MHC-I and PD-L1
levels) in scRNA-seq, with spatial data later enhancing
these by adding proximity-based insights, represent-
ing associations that require causal confirmation via
mechanistic assays [4, 5, 37, 96]. The interplay between
DC origins and their functional evolution is crucial. As
we explore their spatial distribution, this heterogeneity
acquires additional depth when viewed through the lens
of TME architecture.

Spatial distribution and microenvironmental influences
Spatial distribution of DCs in GBM profoundly influ-
ences function, revealed by spatial transcriptomics,
imaging mass cytometry, and single-cell spatial transcrip-
tomics. Each subtype occupies distinct niches, reflecting
tumor’s manipulation of immune responses. cDCls pre-
dominate at invasive edges and T-cell-rich zones, form-
ing activation hubs that promote anti-tumor immunity
by cross-presenting antigens to CD8" T cells via MHC-I
and recruiting effectors through CXCL9/10 chemokines,
countering invasion [37, 38, 102]. Their colocalization
likely reinforces antigen cross-presentation [9, 103].
c¢DC2s concentrate in tumor core and perivascular
regions, where hypoxia drives their shift to immunosup-
pression, fostering tolerance near regulatory T cells and
TAMs via PD-L1 and IL-10 expression, which supports
tumor proliferation and angiogenesis [82, 104]. Hypoxic
core activates HIF-1a, polarizing cDC2s toward suppres-
sive phenotype, associated with vascular structures [105].
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pDCs scatter near periphery and blood vessels, linked to
CCL21-CCR?7 signaling [98]. They exhibit dual potential:
IEN-a secretion suggests early signaling, yet immuno-
suppressive markers limit efficacy [97]. MoDCs enrich
in necrotic and hypoxic regions, expressing CD206,
HMOX1, S100A8/A9, IL-10, TGE-fB, revealing tolero-
genic population sculpted by TME [100, 105]. SI-cDCs
cluster in hypoxic/inflammatory niches, secreting IL-1
and TNE, tracing to peripheral monocytes [44].

This spatial segregation—cDCls at frontlines, cDC2s/
moDCs in suppressive core, pDCs as sentinels—under-
scores how GBM exploits topography to thwart immu-
nity. Chemokine gradients and metabolic cues, such as
R-2-hydroxyglutarate in IDH-mutant GBM, dictate pat-
terns and inhibit DC maturation [105]. These spatial dis-
tributions, mapped from multimodal datasets of 5-12
human GBM samples integrated with mouse models,
provide representative insights into DC compartmen-
talization, revealing activation gradients that are con-
served across studies but influenced by tumor genetics
such as IDH status. These patterns are consistent across
GBM cases, as evidenced by multimodal analyses of
patient cohorts revealing conserved activation gradients,
although tumor genetics like IDH mutations introduce
variability [5, 9, 44, 82, 105] (Table 3).

Such location-dependent functions like tolerance in the
core are inferred from both gene expression (e.g., upreg-
ulated IL-10 under hypoxia) and spatial proximity (e.g.,
colocalization with Tregs and TAMs), where spatial tran-
scriptomics and imaging support cellular conclusions by
mapping microenvironmental influences, but these infer-
ences are correlative, necessitating functional validation
for causality [5, 9, 44, 82]. However, these mappings are
limited by current technologies’ resolution, which may
average signals across cells, and their inability to cap-
ture live-cell dynamics, thus requiring integration with
emerging tools for more precise GBM analyses [5, 9, 44].

This spatial narrative reveals a gradient of immune
competence, with activation at edges yielding suppres-
sion inward. Understanding these offers therapeutic pos-
sibilities, altering DC positioning or countering cues to
shift toward antitumor immunity.

Signaling pathways and cellular interactions

Functional fate of DCs is governed by signaling and dia-
logs deftly by TME. ¢DCls rely on STAT1-IRF8 axis,
active at periphery, for antigen presentation and IL-12
secretion (experimentally validated as drivers of DC
maturation in IRF8 knockout models) [4, 37, 106]. cDC2s
influenced by STAT6-IRF4, under hypoxia promote
PD-L1 (inferred from hypoxic expression patterns and
validated in STAT6 inhibitor studies) [82]. TLR7/9-IRF7
in pDCs fuels IFN-a, yet TGF-f shifts to IL-10 (experi-
mentally validated in TLR agonist and TGF-p blockade
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Table 3 Subsets of Dendritic cells (DCs) in glioblastoma: spatial localization and net effect on antitumor immunity

Subset Molecular Markers and Differen-  Spatial Localization and Microenvi-  Net Effect on Antitumor Immunity and Key Ref-

tiation Pathways ronmental Influences Functional Implications erences
Conven-  Cross-presentation markers: MHC-I,  Predominate at invasive edges (LE) and ~ Generally antitumor: Cross-present antigens  [4,9, 37,
tional DCs  IL-12; Driven by STAT1-IRF8 axis; T-cell-rich zones; Form activation hubs;  to CD8" T cells; Recruit CTLs via CXCL9/10; 38,44,
Type 1 Proinflammatory cytokines (e.g., Colocalize with CD8" T cells; Influenced  Promote T-cell differentiation and NK activa- 96, 102,
(cDC1s) CXCL9/10); From bone marrow by peripheral chemokine gradients; tion; Potential for immunotherapy enhance- 103, 106]

progenitors via GM-CSF/IL-4/TNF-a.  Less affected by core hypoxia. ment (e.g., via NDV priming); Subverted in

advanced GBM by TME cues.

Conven- CD4" T-cell activation markers: Concentrate in tumor core (CT) and Dual, often immunosuppressive: Activate [5,9,44,
tional DCs  MHC-II, cytokines; Driven by STAT6—  perivascular regions (MVP); Near Tregs ~ CD4* T cells initially but foster tolerance via 82,104,
Type 2 IRF4; Often shift to PD-L1/IL-10 in and TAMs; Characterized by hypoxia PD-L1/IL-10; Interact with Tregs/TAMs through  105]
(cDC2s) TME; Differentiation disrupted by (HIF-1a polarization to suppressive PD-L1-PD-1/IL-1(3; Contribute to resistance;

IL-6/IL-10/TGF-f (reduced costimu-  states); Associated with vascular Net suppressive in hypoxic core.

latory molecules). structures.
Plasmacy- Type | IFN-a producers: TLR7/9-IRF7; Scatter near periphery (LE) and blood ~ Dual: Enhance innate immunity via IFN-a [4,64,97,
toid DCs Upregulate PD-L1/IL-10 under TGF-  vessels (MVP); Linked to CCL21-CCR7;  (early activation of NK/T cells); But subverted 98, 105]
(pDCs) {3; Dual potential; From progenitors, Influenced by peripheral blood recruit-  to tolerance (PD-L1/IL-10 suppress T cells); Net

subverted by GBM factors (e.g., ment; Exhibit sentinel-like distribution.  immunosuppressive in GBM TME; Therapeutic

CCL21-CCR7 signaling). restoration via TGF-{3 inhibition.
Monocyte- Immunosuppressive markers: Enrich in necrotic/hypoxic regions Predominantly immunosuppressive: Secrete  [4,44, 99,
Derived CD206, HMOX1, STO0A8/A9, IL-10, (PAN); Trace to peripheral monocytes IL-10/TGF-( to reinforce tolerance; Block 100, 104,
DCs TGF-B, IDO1/PD-L1; Driven by (SI-cDCs); Influenced by metabolic costimulatory expression; Impair antigen 105]
(moDCs) NF-kB/MAPK in hypoxia; Emerge cues (R-2-HG in IDH-mutant, hypoxia);  presentation; Net contribution to T-cell

late-stage from monocytes. Colocalize with TAMs/Tregs. exhaustion and resistance.
Migra- CCR7* markers for migration; Ex- Predominantly at tumor periphery (LE)  Potentially antitumor: Facilitate antigen [5,44, 98]
tory DCs press costimulatory molecules (e.g,, and perivascular zones (MVP); Influ- presentation to T cells in lymphoid tissues;
(MigDCs) ~ CD80/86); Driven by CCL21-CCR7  enced by chemokine gradients (e.g., Promote T-cell priming and migration back

signaling; From cDC precursors, CCL21 from GBM cells); Colocalize with  to tumor; However, GBM-induced dysfunc-

adapted for antigen transport to T cells; Facilitate migration to draining  tion (e.g., via IDH mutations or immunosup-

lymph nodes. lymph nodes, but often impaired in pressive signals) limits efficacy; Enhance DC

GBMTME. vaccines by boosting migration.

Systemic  IL-13/TNF-rich inflammatory Cluster in hypoxic/inflammatory niches  Dual with inflammatory bias: Secrete IL-13/ [5,44]
Inflamma-  markers; Express proinflammatory  (PAN/CT); Influenced by TME cytokines  TNF to amplify inflammation and potentially
tory cDCs  cytokines (e.g., IL-1B3, TNF-a); Trace and monocyte infiltration; Colocalize activate T/NK cells; But in GBM, often contrib-
(SI-cDCs)  to peripheral monocytes; Driven by — with TAMs and Tregs; Reflect broader ute to chronic inflammation that supports

systemic inflammation signals (e.g.,
TLR agonists).

systemic immune activation but local-
ized to tumor.

tumor progression; Net effect immunosup-
pressive due to TME subversion; Targetable for
reprogramming in immunotherapy.

*Notes: DC subsets show a spatial gradient of immune competence (activation at edges, suppression in core/hypoxic zones), modulated by TME cues like R-2-HG/
hypoxia/IL-6/VEGF/CD47. Net effects are context-dependent, with opportunities for reprogramming (e.g., STAT3/TGF-p blockers). MigDCs (CCR7* migratory DCs) and
SI-cDCs (IL-1B/TNF-rich systemic inflammatory cDCs) have been added as additional subsets, based on multiomics data indicating TME adaptations and their roles
in migration/inflammation. Abbreviations: CTL, cytotoxic T lymphocyte; CT, cellular tumor; IDO1, indoleamine 2,3-dioxygenase 1; IRF, interferon regulatory factor;
LE, leading edge; MHC, major histocompatibility complex; MVP, microvascular proliferation; NDV, Newcastle disease virus; NK, natural killer; PAN, pseudopalisades;
SI-cDC, systemic inflammatory cDC; STAT, signal transducer and activator of transcription; TAM, tumor-associated macrophage; TME, tumor microenvironment; Treg,
regulatory T cell

experiments) [97, 98]. MoDCs, driven by NF-kB/MAPK
in hypoxic zones, upregulate IDO1/PD-L1 (inferred from
spatial transcriptomics and validated in MAPK inhibitor
assays) [99, 104].

These intersect cellular interactions. ¢cDCls engage
CD8+ T cells via MHC-I/CD80/86, increasing cyto-
toxicity (experimentally validated in co-culture mod-
els). cDC2s/moDCs interact with Tregs/TAMs through
PD-L1-PD-1/IL-1P, reinforcing suppression (inferred
from spatial proximity data) [44, 82]. pDCs enhance NK
via IFN-a but diminished under tumor influence [64].
Tumor cells deploy CD47 to evade phagocytosis (vali-
dated in CD47 blockade studies), secrete IL-6/VEGF to
impair maturation (experimentally validated in cytokine

neutralization assays) [101, 105]. These intersect TAM/
MDSC suppression, highlighting DCs as key nodes.

TME amplifies via metabolic cues. R-2-HG/hypoxia
stimulate DC development, IL-10/TGF-p block costimu-
latory expression [99, 105]. Therapeutic prospects: inhib-
iting TGEF-B restores pDC function, STAT3 blockers
counter IL-6, targeting CCL21-CCR?7 reduces infiltra-
tion [97-99].

Integrating subtypes, spatial patterns, signaling, inter-
actions positions DCs as victims and potential victors.
Their transformation reflects tumor ingenuity but high-
lights intervention avenues. These spatial and functional
insights from DCs, alongside TAMs and MDSCs, form
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the basis for cross-compartmental synthesis and thera-
peutic translation in the following sections.

Therapeutic translation roadmap

Targets by niche: Hypoxic core—MIF-CXCR2/adenos-
ine axis [9, 10, 56]; perivascular—VEGF/ANGPT-TIE2
[45, 46]; edge—CCR2 blockade + cDC1 support [58, 59,
64, 96, 107].

Modalities: Small-molecule STAT3/TGF-f inhibitors
[30, 43, 60, 61], CSFIR/CCR2/CXCR2 antagonists [62],
oncolytic or in situ DC priming [64, 65, 96, 108], and
combination with checkpoint inhibitors [47, 66].

Trial design hints: Spatial biomarkers/endpoints (e.g.,
imaging mass cytometry scores [9, 20]; spatial transcrip-
tomic signatures [9, 10, 67]).

Key Takeaways: DCs in GBM display subtype-specific
plasticity, with edge-localized ¢DCls enabling antigen
presentation and core/hypoxic ¢DC2s/moDCs foster-
ing immunosuppression through TME cues like HIF-1a
and TGF-p. Integrated spatial analyses uncover signal-
ing pathways and interactions that orchestrate immune
evasion, positioning DCs as reprogrammable targets via
modalities such as STAT3/TGEF-f inhibitors or in situ
priming to shift the balance toward antitumor immunity
and overcome resistance.

Myeloid cells in glioblastoma compartments: a
spatially resolved view

Recent advances in single-cell transcriptomics, spatial
transcriptomics, and multimodal imaging have delin-
eated spatial distribution, subtypes, signaling pathways,
and interactions of myeloid cells in GBM. Laser micro-
dissection and RNA sequencing define four key com-
partments: LE, CT, PAN, MVP zones, each with unique
profiles and roles [5, 9]. This section reviews myeloid
contributions across these, informing therapeutic targets.
This framework highlights adaptive versatility, beginning
with LE where invasion initiates.

Leading edge: invasion and early immunosuppression
LE is GBM’s infiltrative frontier. It supports matrix deg-
radation, EMT, chemotaxis to drive invasion [9]. Myeloid
cells promote dissemination. Specifically, microglia-
derived TAMs at this frontier drive invasion by remod-
eling matrix and inducing early immunosuppression via
adenosine production (CD39/CD73 pathway), dampen-
ing T-cell responses and facilitating tumor spread [9, 39]
Homeostatic microglia transition to tumor-associated
microglia via TGF-p signaling (inferred from spatial
expression and validated in TGF-B blockade models)
[9]. MES-like cells intermingle with M2-like TAMs [5].
GPNMBhigh macrophages cluster, promoting MES
states via EGFR and suppressing T cells. TAM-Mgs
engage astrocyte-like tumor cells via WNT5A-FZD/
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CD146, fostering angiogenesis/migration (inferred from
co-expression data) [38]. Microglia convert ATP to ade-
nosine via CD39/CD73, suppressing T/NK (experimen-
tally validated as immunosuppressive drivers in enzyme
inhibition assays) [39]. Early MDSCs support stem-
ness through CCL5-CCR1, CXCL8-CXCR1 and MIF-
CXCR4 (experimentally validated in chemokine receptor
knockouts) [11, 79, 109, 110]. PMN-MDSCs localize with
EGFR+ tumor cells. They are recruited by TGFA/HBEGF
and CXCL2/CXCL3. This suppresses CD8+ T-cells via
ROS/IFN-y/STAT1/NO (inferred from spatial patterns
and validated in ROS scavengers and STAT1 models)
[56, 79, 89, 90, 111]. P2RY12+ Mg-TAMs colocalize with
CD8+ T-cells/DCs for antigen presentation [5]. cDCls
form activation hubs and cross-present via MHC-1/
CXCL9/10 (experimentally validated in T-cell priming
assays) [9]. This network primes invasion, suggesting tar-
geting chemokine gradients (Fig. 4A).

This transitions to CT zone, where proliferative
demands reshape myeloid contributions.

Cellular tumor zone: proliferation and vascular support
CT zone forms proliferative core, densely packed with
dividing cells, moderate vascularity, minimal necrosis,
supporting stem-like regeneration under normoxia [9].
Myeloid cells enhance proliferative signaling, establish
perivascular immunosuppressive niches, promoting M2
polarization, inhibiting antigen presentation.

Monocyte-derived TAMs constitute ~85%, diversify-
ing into SEPP1high, APOEhigh, RPL13high, CD83high/
HLA-DRAhigh subtypes, recruited via CCL2-CCR?2,
clustering perivascularly [5, 9, 38, 45]. CEBPB+ sub-
groups secrete SPP1/CCL2 with M2 TAMs in niches,
MES-like cells interact with MDMs via LGALS3-ITGBI,
inducing M2 polarization. Lipid-rich LLMs express PD-
L1high/CD3%high in MES areas [36], hybrid neutrophils
activate T cells via IFN, countered by mo-TAM signals.

Subtypes engage signaling for proliferation/vascularity:
proangiogenic mo-TAMs via VEGF-VEGFR/ANGPT-
TIE2, amplified by HIF1A (experimentally validated in
angiogenesis assays and HIF inhibitors) [12, 112], SPP1-
CD44 stabilizing tumors/suppressing immunity (inferred
from ligand-receptor analysis and validated in CD44
knockouts) [36]. DCs vary: cDC2s foster tolerance near
Tregs/TAMs; cDCl1s engage CD8+ via MHC-1/CD80/86
(validated in co-culture); moDCs/Tregs via PD-L1-PD-1/
IL-1p (inferred from spatial data) [44]. pDCs enhance
NK via IFN-« but diminish (validated in IFN blockade)
[64], tumor evade phagocytosis via CD47 (validated in
anti-CD47 therapy models), impair DC via IL-6/VEGF
(experimentally validated in neutralization studies) [101]
(Fig. 4B).

Mo-TAMs as suppressors via IL-10/TGF-B/PD-L1,
intersecting TAM/MDSC networks [5]. This includes
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Fig. 4 Spatially resolved signaling networks and metabolic adaptations of myeloid cells across glioblastoma compartments. This schematic delineates
the distinct intercellular crosstalk and functional reprogramming of myeloid subsets within four defining niches. (A) Leading edge (LE): in the invasive pe-
riphery, stressed tumor cells release ATP/adenosine, activating microglia-derived TAMs (Mg-TAMs) via purinergic (CD73) and chemokine (CXCR4/CXCR8)
axes. Despite the presence of cDcls, effective immunity is subverted by PMN-MDSCs and GPNMB-high macrophages through NO/ROS secretion and
the CD47-SIRPa “don't eat me” signal. (B) Cellular tumor (CT): the dense proliferative core is characterized by immune evasion, where tumor cells escape
Mo-TAM phagocytosis via CD47/SIRPa. Lipid-laden Mo-TAM variants engage mesenchymal (MES)-like cells through OSMR/CCL2/SPP1 signaling, while
perivascular neutrophils are modulated by VEGF/EGFR gradients to support tumor survival. (C) Pseudopalisading necrosis (PAN): hypoxic rims drive
profound metabolic reprogramming, inducing lipid-laden (LLM) and perivascular (PVM) phenotypes in macrophages. A collaborative network involving
Mo-TAMs, MDSCs, and Tregs orchestrates immune exclusion via ARG1/TGF-3/IL-10, protecting MES-like stemness under hypoxic stress. (D) Microvascular
proliferation (MVP): aberrant vascular buds recruit Mo-TAM clusters via NRP1/VEGFR/FLT1 signaling to drive angiogenesis. Crosstalk with OPC-like cells and
fibroblasts establishes a physical and immunologic barrier (TGF-3/PD-L1) that impedes T-cell infiltration and reinforces the vascular niche. Collectively,
these zone-specific adaptations highlight therapeutic vulnerabilities, supporting the use of CD47 inhibitors, STAT3 blockers, or hypoxia modulators to
dismantle compartment-specific resilience

neovascularization, establish immunosuppressive hubs,
modulating endothelial interactions/matrix remodeling.
Proangiogenic TAMs cluster vessels [12]; mo-TAMs
express FTL for adaptation, remodel ECM via NRP1/
CD93. LLMs support metabolism/suppress via PD-
L1high [36]. In recurrent GBM, PVMs/lytic cells aggre-
gate with decorin-rich fibroblasts, pDCs scatter near
vessels via CCL21-CCR?7, secreting IFN-a but upregulat-

adenosine hubs formed by CD73* tumor cells and CD39*
TAMs, contributing to A2A-mediated T-cell suppression
(as detailed in TAM spatial dynamics).

These proliferative and vascular interactions set the
stage for the angiogenic dynamics in MVP zones, where
myeloid-driven neovascularization further supports
tumor growth.

Microvascular proliferation zones: angiogenesis and
perivascular niches

Microvascular zones feature aberrant vessels with endo-
thelial hyperplasia, sustaining nutrients, correlating
recurrence. Vascular chaos recruits myeloid to amplify

ing suppressors [105].

Subtypes drive angiogenesis signaling: VEGF-VEGFR/
ANGPT-TIE2 amplified HIF1A (experimentally validated
in endothelial co-culture and HIF knockdown) [12],
CSF1R/PI3K-Akt/TGF-f (inferred from perivascular
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patterns and validated in PI3K inhibitors) [5]. CD73+
tumor/CD39+ TAMs increase adenosine (validated in
purinergic blockade) [39]; SIGLEC9+ inhibit T, overlap-
ping hypoxic TAMs with VEGFA-FLT1/TNFRSF1B-
GRN (inferred from multiomics) [10, 12, 35]. TAMs
interact OPC-like via OSM-OSMR for stemness (experi-
mentally validated in OSM neutralization) [10, 12, 35].
This symbiosis shields anti-angiogenics, suggesting com-
bined vascular-myeloid targeting (Fig. 4C).

These vascular-driven dynamics contrast with the
hypoxic adaptations observed in pseudopalisading zones.

Pseudopalisades: hypoxic adaptation and stemness
protection

PAN encircle necrotic foci with migrating cells under
hypoxia. Markers include HIF-1la, glycolytic enzymes
and vascular permeability genes. Cells acquire stem-like
phenotypes in IDH-wildtype GBM [79]. Hypoxic gradi-
ents prompt myeloid accumulation. This enhances tumor
survival via immunosuppressive factors and supports
stemness. It exacerbates vascular disruption and T-cell
exhaustion.

Hypoxia-TAMs/mo-TAMs dominate rims [10, 45].
VSIG4+ S100A10+ TAMs inhibit T cells near necrotic
areas (see TAM spatial details) [42]. HMOX1+ TAMs
exhaust T cells via IL-10/JAK/STAT3 [43]. E-MDSCs
colocalize with stem-like cells and respond to VEGEF/
TGF-B, while recruitment occurs by CXCL1/CXCL2-
CXCR2 [79, 91-93]; MDSCs cluster GSCs via MIF [11,
113]. M-MDSCs radiate from necrosis via CCL5—-CCR1/
CXCL8-CXCR1/VCAN-CD44 [66, 79]. MoDCs enrich
necrotic/hypoxic; SI-cDCs trace monocytes [44].

Distributions activate pathways that perpetuate
hypoxia/suppression: TAMs use purinergic metabo-
lism tied to EGFR/hypoxia [39], involving CD39/CD73
enzymatic steps and A2A-mediated T-cell suppres-
sion. They express ADM/BNIP3/CSTB for permeabil-
ity (inferred from hypoxic expression and validated in
gene knockdown) [45]. SIGLEC9+ mo-TAMs secrete
IL-10/TGF-B near exhausted T (validated in cytokine
assays) [35]. LLMs transfer lipids via CD36 to upregu-
late PD-L1 and downregulate MHC-II (experimentally
validated in lipid uptake studies). CCL8 recruits TAMs
to express CD206/ARG1 and trap CTLs (inferred from
chemokine data). GSCs secrete MIF to activate MDSCs
(ARG1+) via CXCR?2 and shield from T attack (validated
in CXCR2 antagonists) [11]. Hypoxic gradients weaken
in IDH-mutant due hypermethylation/2-HG (validated in
IDH-mutant xenografts) [79]. HIF inhibitors may disrupt
these. This attenuation in IDH-mutant GBM reduces
myeloid infiltration and immunosuppressive networks
compared to IDH-wild-type, where enhanced chemokine
signaling (e.g., CCL2-CCR?2) drives greater MDSC and
TAM accumulation in core/hypoxic zones, potentially
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explaining differences in disease aggressiveness and ther-
apeutic responses [16—18]. (Fig. 4D).

Having examined individual myeloid types, we now
integrate these observational data into a unified spatial
view across GBM compartments, setting the stage for
therapeutic implications.

Key Takeaways: Myeloid cells exhibit compartment-
specific adaptations in GBM, driving invasion at LE
through TGF-B/WNT5A signaling and early immuno-
suppression, proliferation in cellular cores via SPP1-
CD44 and VEGF axes, angiogenesis in microvascular
zones with CSF1R/PI3K pathways, and stemness pro-
tection in hypoxic PAN via MIF-CXCR2 and purinergic
metabolism. Multiomics mapping reveals these niche-
dependent interactions and immunosuppressive hubs,
offering translational roadmaps for targeted interven-
tions such as adenosine blockers or chemokine antago-
nists to reprogram the TME and surmount resistance.

Integrative analysis: Cross-zone patterns and
interactions

This synthesizes spatially resolved insights, bridg-
ing compartment-specific observations into cohesive
framework elucidating myeloid dynamics. Integration
highlights patterns of crosstalk/signaling convergence.
Myeloid cells orchestrate immunosuppressive TME
across zones, adapting local cues while sustaining global
resilience. This perspective informs disrupting networks
for immunotherapy/targeted interventions. Synthe-
sis begins with cross-compartmental distribution. This
integrative framework, synthesizing data from multiple
human samples and models, underscores the representa-
tive nature of these spatial patterns while highlighting the
need for causal validation through perturbations such as
CRISPR-based editing in organoids [10, 45].

Cross-compartmental distribution and adaptation

Myeloid cells exhibit zone-specific enrichment cor-
relating with TME gradients, with phenotypic shifts
underscoring adaptability. Importantly, while spatial
transcriptomics data in this review primarily demon-
strate correlations between positioning and functions
(e.g., hypoxia correlating with immunosuppressive TAM
states), emerging evidence from functional perturba-
tions (e.g., HIF1A inhibition) and genetic causal infer-
ence (e.g., Mendelian randomization linking myeloid
immunophenotypes to GBM risk) supports causal roles
for niche cues in driving these adaptations [10, 45, 55].
Nevertheless, these data are constrained by technological
limitations, such as incomplete single-cell resolution in
spatial platforms and challenges in longitudinal sampling,
which may bias interpretations toward static associations
in GBM [10, 45]. Future studies using spatial CRISPR
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or organoid models are needed to definitively establish
causation.

Microglia-derived TAMs predominate LE, transition-
ing homeostatic to activated for invasion; mo-TAMs
dominate core/microvascular, diversifying proangio-
genic/lipid-laden under normoxic/vascular cues [5, 9]. In
PAN, hypoxia drives immunosuppressive convergence,
upregulating HIF1IA/ADM/ARG1 [10, 45]. MDSCs
bias: PMN-MDSCs peripherally for ROS suppression,
M-MDSCs/e-MDSCs centrally shielding stem-like via
CXCL1/CXCL2-CXCR2 [11, 79]. DCs graded: cDCls
activating peripherally (MHC-I+/CXCL9/10+), tolero-
genic core/hypoxic (PD-L1+/IL-10+) [44]; moDCs
necrotic with CD206/HMOX1/S100A8/A9.

Patterns reveal continuum: peripheral surveillance to
central suppression, modulated hypoxia/chemokines/
metabolites [39]. Multiomics identified conserved pro-
grams differentially activated, highlighting plasticity as
GBM progression hallmark [44]. VSIG4+ S100A10+
TAMs accumulate hypoxic cores, correlated poor prog-
nosis/PD-1 nonresponsiveness [42]. This adaptability
transitions to intercellular networks sustaining patterns.

This cross-zone framework reveals consistent spatial
architectures across GBM cohorts, where myeloid adap-
tations follow conserved gradients, though patient-spe-
cific factors such as hypoxia levels and genetic alterations
contribute to variability [10, 44, 45].

Key networks and myeloid—-tumor crosstalk

Myeloid interactions form feedback loops amplify-
ing support. LE, TAMs/E-MDSCs engage tumor via
WNT5A-FZD/MIF-CXCR4 promoting EMT/stemness
[11, 38]; GPNMB-EGEFR enhancing MES/suppressing T.
Infiltrating macrophages recruited CCL2—-CCR2 inter-
act GBM secreting VEGF for angiogenesis [5]. Centrally,
mo-TAMs fuel proliferation OSM-OSMR/PROS1-AXL/
SPP1-CD44; CEBPB+ polarize M2 via SPP1-avp1/AKT;
MES deploy LGALS3-ITGB1/FAK-ERK-JUN evasion.

In PAN, crosstalk intensifies: MDSCs/GSCs via MIF-
CXCR2, MDSCs secreting ARG1/VEGF/TGE-P protect-
ing stem [11]; TAMs exhaust T via IL-10/JAK/STAT3/
purinergic [43]. HMOX1+ TAMs release IL-10 mediat-
ing exhaustion [43]. Extend microvascular, proangiogenic
TAMs interact endothelial VEGF-VEGFR/ANGPT-
TIE2 [12]; recurrent niches PVMs/lytic with fibroblasts
TGF-B. DCs intersect: ¢cDCls recruit CTLs CXCL9/10
peripherally [9]; moDCs suppress centrally PD-L1-PD-1
[44]. Hybrid neutrophils activate T via IFN, overridden
hypoxic.

Networks self-reinforcing, myeloid as hubs: TAMs
bridge invasion/angiogenesis, MDSCs sustain stemness/
resistance, DCs modulate adaptive. Shared motifs che-
mokine axes/metabolic reprogramming, attenuated IDH-
mutant due hypermethylation/2-HG [79]. For example,
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invasive edges MES-like intermingle M2 TAMs bolster-
ing infiltration NF-kB/TNF-a.

This cross-zone integration of observational insights
naturally leads to therapeutic strategies that target these
interconnected networks.

Key Takeaways: Integrative spatial analyses reveal
cross-compartmental myeloid adaptations in GBM, with
peripheral surveillance yielding to central suppression
through gradients of hypoxia, chemokines, and metabo-
lites, underpinned by self-reinforcing networks like MIF-
CXCR2 and SPP1-CD44 that sustain tumor stemness,
angiogenesis, and immune evasion. This cohesive frame-
work highlights causal roles for niche cues—validated by
perturbations—while acknowledging technological limi-
tations, guiding precision therapies such as axis-specific
inhibitors to disrupt myeloid orchestration and enhance
TME reprogramming.

Therapeutic implications of spatially resolved
myeloid heterogeneity in glioblastoma

The spatial heterogeneity of myeloid cells in GBM, as
revealed by single-cell and spatial transcriptomics, offers
a possible blueprint for niche-targeted therapies that
address immunosuppressive networks and overcome
resistance to conventional treatments [1, 10, 114]. This
approach shifts from uniform immunomodulation, which
has shown limited clinical success, to precision strategies
that exploit compartment-specific vulnerabilities within
the TME.

By mapping myeloid distributions, functional states,
and interactions across GBM zones—such as the invasive
LE, proliferative CT, hypoxic PAN, and MVP regions—
these technologies convert descriptive insights into
actionable interventions. For instance, selective inhibi-
tion of hypoxia-driven TAM reprogramming in PAN or
blockade of perivascular MDSC recruitment in microvas-
cular zones can disrupt protumoral networks, enhanc-
ing anti-tumor immunity and therapeutic efficacy [10,
45, 115]. Preclinical models demonstrate the feasibility
of such disruptions using hypoxia-activated prodrugs or
nanoparticle-based delivery systems that leverage niche-
specific cues like pH gradients and vascular permeability,
potentially repolarizing TAMs toward pro-inflammatory
states and diminishing MDSC-mediated stemness sup-
port [2, 3, 49, 50].

Further, single-cell analyses underscore how hypoxic
niches sequester and reprogram myeloid cells immu-
nosuppressively, indicating that targeted alterations in
recruitment and polarization could amplify immune
responses [10].

Niche-specific therapeutic targets
Spatial  transcriptomics reveals distinct
adaptations across GBM compartments,

myeloid
informing
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niche-specific targeting to dismantle immunosuppressive
circuits.

Leading Edge: This infiltrative zone involves microg-
lia-derived TAMs and PMN-MDSCs promoting inva-
sion via WNT4-EMT and CD47-SIRP« evasion. Spatial
insights here translate to therapies by identifying periph-
eral enrichment of surveillant microglia, enabling tar-
geted delivery of CCL2—CCR2/MIF-CXCR4 inhibitors to
block recruitment and enhance ¢cDC1 function, directly
disrupting invasion-supporting networks revealed by
colocalization data. Target CCL2-CCR2/MIF-CXCR4
to block TAM/MDSC recruitment and stemness sup-
port, while enhancing ¢DCI1 antigen presentation to
boost adaptive immunity and curb dissemination [5, 49,
79, 116]. Metabolic inhibitors like cyclocreatine disrupt
astrocyte-derived ATP/CKB fueling, drawing from neu-
rodegenerative parallels to halt peripheral growth [51,
52].

Cellular Tumor: Proliferative core dominated by mo-
TAMs and M-MDSCs sustains tumor via SPP1-CD44
proliferation and VEGF-VEGFR/ANGPT-TIE2 vascular
support. These spatial patterns inform therapies by high-
lighting perivascular clustering, allowing selective inhi-
bition of SPP1-CD44 or VEGF pathways to reprogram
TAMs and overcome resistance, as guided by normoxic
adaptation maps from spatial omics. Inhibit these path-
ways to reprogram TAMSs, mitigate immunosuppression,
and counter resistance; PI3K/AKT/mTOR inhibitors
restore antitumor states in preclinical models, though
pathway redundancy challenges monotherapy [5, 9, 50,
51, 60, 117].

Pseudopalisades: Hypoxic rim features e-MDSCs and
PD-L1" TAMs correlating with trapping of T cells via
IL-10/ARG1/adenosine (purinergic/STAT3). Spatial tran-
scriptomics translates to targeted approaches by delineat-
ing hypoxic gradients and colocalizations, facilitating the
design of MIF-CXCR2/HIF1A inhibitors that specifically
address stemness protection in this niche, transforming
correlative maps into causal disruption strategies. Tar-
geting cells in hypoxic niches is feasible using agents like
adrenomedullin antagonists or hypoxia-inducible fac-
tor inhibitors, which have shown in orthotopic models
to normalize vasculature, reduce TAM accumulation,
and shift myeloid functions toward anti-tumor activity
by decreasing immunosuppressive cytokine secretion
and enhancing phagocytic capacity [118]. Additional
preclinical studies demonstrate that inhibiting creatine
metabolism in myeloid cells within hypoxic niches blunts
tumor growth by disrupting myeloid-to-tumor meta-
bolic support, further supporting feasibility and poten-
tial to reprogram immunosuppressive myeloid functions.
In particular, monocyte-derived TAMs (Mo-TAMs)
in hypoxic niches are attracted and reprogrammed via
adrenomedullin, and disrupting this could normalize
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vasculature while shifting Mo-TAM functions from
immunosuppressive to anti-tumor, reducing cytokine
secretion like IL-10 [119]. M-MDSCs secrete creatine
in hypoxic niches to fuel GBM progression; disrupting
this via Ckb knockout reduces M-MDSC metabolic sup-
port, impairing their protumoral functions and enhanc-
ing anti-tumor immunity [57]. Early MDSCs (E-MDSCs)
adapt to hypoxia by upregulating metabolic pathways;
targeting these disrupts E-MDSC accumulation and
stemness support, while exosome inhibition reduces
MDSC proliferation via miR-1246, reversing T-cell sup-
pression [120]. Disrupting the MIF-CXCR2/HIF1A/
adenosine axes possibly reduces stemness protection and
exhaustion; HDAC inhibitors target bevacizumab resis-
tance through neurodegenerative-enriched pathways
(e.g., Alzheimer’s genes), despite hypoxia-driven drug
efflux [11, 46—48, 53, 54, 79]. Targeting these correlated
pathways (e.g., HIF1A inhibitors) may disrupt inferred
causal mechanisms, though clinical trials should validate
causality, as spatial data primarily show associations.

Microvascular Proliferation: Vascular niches cluster
mo-TAMs for angiogenesis via VEGF/ANGPT-TIE2/
CSFIR. Insights from spatial profiling enable thera-
pies by revealing vascular-specific myeloid hubs, sup-
porting combined blockade of VEGF/CSFIR to inhibit
angiogenesis and infiltration, with nanoparticle delivery
exploiting these architectural features for enhanced spec-
ificity. Block these to inhibit proangiogenic functions and
MDSC infiltration, addressing exosome-mediated resis-
tance; nanoparticle CDK inhibitors enhance delivery, bal-
ancing normalization to avoid hypoxia escalation [5, 12,
45, 61, 62, 67, 117].

Emerging therapeutic modalities

Therapeutic modalities extend these niche-directed
approaches, with small-molecule inhibitors such as
STAT3 or TGF-p blockers facilitating the repolarization
of immunosuppressive TAMs and MDSCs toward anti-
tumor states [43, 98]. Building on spatial insights, these
modalities translate to precision by enabling compart-
ment-selective repolarization, as informed by niche-spe-
cific expression profiles. Such interventions could feasibly
disrupt spatial organization by altering myeloid migra-
tion and polarization, potentially leading to reduced
immunosuppression and enhanced anti-tumor immu-
nity, though challenges like off-target effects on non-
hypoxic regions must be addressed [63]. For instance,
HIF-1a in TAMs drives immunosuppressive polariza-
tion via LGMN; targeting this axis reprograms TAMs
(e.g., microglia-derived and monocyte-derived) to acti-
vate NF-kB/STAT1, reducing IL-10/TGE-p secretion and
enhancing T-cell activation [121]. Receptor antagonists
targeting CSF1R, CCR2, or CXCR2 provide complemen-
tary mechanisms to deplete or reprogram myeloid cells,
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leveraging their spatial dependencies for selective effi-
cacy [5, 79, 81]. More advanced interventions, including
oncolytic viruses for in situ dendritic cell priming, chi-
meric antigen receptor (CAR)-macrophage therapies for
TAM reprogramming, and nanoparticle-based delivery
systems, enable precise niche modulation, overcoming
barriers like the blood-brain interface [46, 47, 58]. Com-
binations with checkpoint inhibitors, such as anti-PD-1,
amplify these effects by synergizing with reprogrammed
myeloid cells to reinvigorate T-cell responses [39, 62,
122]. Ongoing trials underscore the value of rational
combinations, though interpatient heterogeneity neces-
sitates biomarkers for optimal sequencing [47].

Clinical trial design considerations

For trial design, incorporating spatial biomarkers—such
as imaging mass cytometry or transcriptomic signa-
tures—allows real-time monitoring of niche-specific
responses, exemplified by TAM reprogramming in
hypoxic zones, to refine predictive models and outcomes
[9, 42, 49]. These designs directly stem from spatial
insights, translating heterogeneous maps into stratified
protocols that evaluate compartment-targeted efficacy.
Endpoints should encompass compartment-specific
metrics, including myeloid infiltration shifts assessed via
apparent diffusion coefficient imaging or single-cell pro-
filing, to rigorously evaluate targeted therapies [47, 54].
Patient stratification based on IDH status or sex-linked
MDSC patterns further tailors interventions, ensuring
alignment with individual TME architectures [67, 79,
81]. Emerging strategies, such as RNA-based therapies
and exosome modulation, warrant inclusion in adaptive
trials to address therapeutic resistance [59]. Critically,
integrating patient-derived models will bridge preclinical
insights to clinical efficacy, accelerating the path to dura-
ble responses [46].

Key Takeaways: Spatial omics unveils myeloid het-
erogeneity as a blueprint for niche-targeted GBM thera-
pies, with compartment-specific interventions—such as
CCL2-CCR?2 blockade at edges, HIF1A/STAT3 inhibi-
tion in hypoxic rims, and VEGF/CSFIR antagonists in
vascular zones—disrupting immunosuppressive net-
works and resistance mechanisms. Emerging modalities
like oncolytic priming and nanoparticle delivery, com-
bined with spatial biomarkers in adaptive trials, promise
to reprogram the TME, stratify patients by genetics/sex,
and enhance checkpoint synergy for improved clinical
outcomes.

Conclusion

In this review, we synthesize spatial transcriptomics to
elucidate roles of myeloid cells—TAMs, MDSCs, DCs—
within heterogeneous GBM landscape. Review illumi-
nates them as dynamic TME orchestrators, functions
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tied spatial distribution. Invasive front, TAMs promote
expansion; hypoxic core, synergize MDSCs for immuno-
suppressive/stemness niche. DCs display graded compe-
tence, diminishing periphery inward, reframing potential.
Spatially resolved perspective redefines heterogeneity as
navigable map for intervention. Findings inspire avenues:
disrupting TAM-MDSC axis hypoxic zones, amplify-
ing DC immunogenicity periphery, leveraging myeloid
signatures biomarkers tailored treatments. Critically,
these spatial insights translate into targeted therapies
by providing a blueprint for niche-specific modulation,
where compartment-resolved data guides the selection
of inhibitors, delivery systems, and biomarkers to over-
come GBM resilience in a precision manner. By clarifying
that spatial data supports molecular conclusions through
integrated gene expression and proximity analyses, this
review underscores that these are primarily correlations,
with the need for functional validation to transition to
causal therapies. Revelations shift paradigm uniform
targeting to spatially informed strategies, heralding per-
sonalized oncology. Challenges remain: myeloid adapt-
ability, TME complexity necessitating advanced tools
precise intervention, including the current limitations of
spatial and molecular technologies—such as low subcel-
lular resolution, difficulties in data deconvolution, and
inability to capture real-time cellular dynamics—which
underscore the need for next-generation platforms to
fully unravel GBM heterogeneity. We urge embracing
spatial paradigm, integrating disciplines pioneer tech-
nologies like niche-targeted delivery/in situ reprogram-
ming. Longitudinal studies tracking evolution ensure
durability. Through this, deepened GBM immunological
architecture, laid foundation conquest, converting com-
plexity strategic advantage. Journey concludes empow-
ered vision, transforming complexity conquerable terrain
spatial wisdom, emphasizing clinical trials validating
targets.

Abbreviation

ADM Adrenomedullin

APOE Apolipoprotein E

ARG1 Arginase 1

BBB Blood-Brain Barrier

BNIP3 BCL2/Adenovirus E1B 19kDa Interacting Protein 3

CCL C-C Motif Chemokine Ligand (e.g., CCL2, CCL8)

CCR C-C Motif Chemokine Receptor (e.g.,, CCR2)

cDC Conventional Dendritic Cell (e.g, cDC1, cDC2)

CcD Cluster of Differentiation (e.g., CD11b, CD14, CD39, CD73,
CD206)

cT Cellular Tumor

CTL Cytotoxic T Lymphocyte

CXCL C-X-C Motif Chemokine Ligand (e.g., CXCL1, CXCL2, CXCL8)

CXCR C-X-C Motif Chemokine Receptor (e.g., CXCR2, CXCR4)

DC Dendritic Cell

e-MDSC Early-Stage Myeloid-Derived Suppressor Cell
EGFR Epidermal Growth Factor Receptor

EMT Epithelial-Mesenchymal Transition

FTL Ferritin Light Chain

GBM Glioblastoma
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GPNMB Glycoprotein Non-Metastatic Melanoma Protein B
GSC Glioma Stem Cell

HIFTA/HIF-1a Hypoxia-Inducible Factor 1 Alpha

HLA-DR Human Leukocyte Antigen-DR

HMOX1 Heme Oxygenase 1

IDH Isocitrate Dehydrogenase

IDO1 Indoleamine 2,3-Dioxygenase 1

IFN Interferon (e.g., IFN-a, IFN-y)

IHC Immunohistochemistry

IL Interleukin (e.g., IL-1B, IL-6, IL-10)

iNOS Inducible Nitric Oxide Synthase

IRF Interferon Regulatory Factor (e.g., IRF7, IRF8)

JAK Janus Kinase

LE Leading Edge

LLM Lipid-Laden Macrophage/Microglia

LOX-1 Lectin-Like Oxidized Low-Density Lipoprotein Receptor-1

M-MDSC Monocytic Myeloid-Derived Suppressor Cell

MDSC Myeloid-Derived Suppressor Cell

MES Mesenchymal

MHC Major Histocompatibility Complex (e.g., MHC-I, MHC-II)

MIF Macrophage Migration Inhibitory Factor

moDC Monocyte-Derived Dendritic Cell

Mo-TAM Monocyte-Derived Tumor-Associated Macrophage

Mg-TAM Microglia-Derived Tumor-Associated Macrophage

MVP Microvascular Proliferation

NF-«B Nuclear Factor Kappa B

NK Natural Killer (Cell)

NO Nitric Oxide

OPC Oligodendrocyte Precursor Cell

PAN Pseudopalisades

PD-L1 Programmed Death-Ligand 1

pDC Plasmacytoid Dendritic Cell

PGE2 Prostaglandin E2

PI3K Phosphoinositide 3-Kinase

PMN-MDSC Polymorphonuclear Myeloid-Derived Suppressor Cell

PVYM Perivascular Macrophage

ROS Reactive Oxygen Species

S100A8/A9 5100 Calcium-Binding Protein A8/A9

sCRNA-seq Single-Cell RNA Sequencing

SIGLEC9 Sialic Acid-Binding Ig-Like Lectin 9

SPP1 Secreted Phosphoprotein 1 (Osteopontin)

STAT Signal Transducer and Activator of Transcription (e.g., STAT1,
STAT3)

TAM Tumor-Associated Macrophage

TGF-p Transforming Growth Factor Beta

TLR Toll-Like Receptor (e.g., TLR7/9)

TME Tumor Microenvironment

TNF-a Tumor Necrosis Factor Alpha

Treg Regulatory T Cell

VEGF Vascular Endothelial Growth Factor

VSIG4 V-Set and Immunoglobulin Domain-Containing 4
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