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Abstract
The immune microenvironment of brain tumors is characterized by remarkable diversity, where immune cells 
are not randomly distributed but are systematically organized into specific spatial microdomains. This spatial 
order is primarily orchestrated by glial cells, including astrocytes, microglia, and oligodendrocyte-lineage cells, 
which actively shape the local immune landscape by determining the position and activation states of infiltrating 
immune populations. To reflect the latest conceptual advances, this review first details the complex interaction 
networks through which glial cells directly modulate T-cell function and shape myeloid cell properties via cytokine 
signaling and metabolic regulation. We then examine how these active cellular communications synergize with 
the temporal process of tumor immunoediting and physical microenvironmental stressors (such as hypoxia) to 
drive the formation and physical anchoring of these immune niches. Consequently, these structurally established 
domains mature into functionally distinct, heavily immunosuppressive hubs that foster local T-cell exhaustion 
and coordinated immune escape. Because these niches are dynamically evolving ecosystems rather than static 
entities, they present profound architectural barriers, directly contributing to the heterogeneous and often limited 
responses to current immunotherapies. By integrating these spatial and temporal dynamics into a comprehensive 
conceptual framework, this review highlights the urgent clinical need to shift toward multidimensional, niche-
disrupting therapeutic strategies, ultimately aiming to improve immunotherapy efficacy and clinical outcomes for 
patients with brain tumors.
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​​Introduction
Immune niches in brain tumors are spatially organized 
microenvironments in which interactions between glial 
cells and infiltrating immune cells shape local immune 
activity and influence disease progression. This spatial 
organization is particularly pronounced in glioblas-
toma (GBM) [1–3]. Numerous studies have identified 
myeloid-dominated immune niches within glial cell-rich 
regions, including macrophage-enriched and immuno-
suppressive microregions associated with tumor infil-
tration, immune escape, and therapy resistance [1, 4, 5]. 
Similar spatially organized immune-glia structures have 
also been described across different glioma subtypes and 
grades, and the localization patterns of immune cells rel-
ative to glial cell compartments correlate with functional 
immune status and clinical outcomes [2, 6]. These results 
indicate that the emergence of structured immune terri-
tories in brain tumors is a conserved process driven by 
coordinated glial–immune interactions. Although this 
review focuses primarily on gliomas, particularly GBM, 
which is the best-characterized model, the conceptual 
principles discussed here are likely applicable to other 
primary brain tumors.

Despite success in other malignancies, immune check-
point blockade and other immunotherapies have largely 
failed in brain tumors [7]. This is primarily due to niche-
level barriers, including severe immune exclusion, 
the dominance of suppressive immune niches, dense 
hypoxia, and abnormal vasculature [3, 8]. Furthermore, 
these tumor niches are not static; they continuously 
evolve during disease progression and under treatment 
pressure [9]. As the disease advances, chronic antigen 
exposure and metabolic stress continuously drive the 
microenvironment toward a progressively more immu-
nosuppressive state [10]. Under the selective pressure of 
treatments, such as immune checkpoint blockade, these 
niches adaptively remodel their architecture by recruiting 
additional tolerogenic myeloid populations, upregulating 
alternative immune checkpoints, and reinforcing physi-
cal extracellular matrix (ECM) barriers [11, 12]. This 
directed spatial evolution shifts the niches into highly 
entrenched, therapy-resistant fortresses, which dynami-
cally neutralizes immune attacks and directly underpins 
the acquired resistance and failure of current immuno-
therapies. Historically, traditional bulk tissue analyses 
have homogenized these complex tumors, completely 
obscuring the critical spatial relationships and local-
ized cell states responsible for such therapy resistance. 
To accurately decipher these spatially restricted evasion 
mechanisms, it is essential to analyze the tumor microen-
vironment in its native architectural context. Fortunately, 
recent technological advances in spatial transcriptomics 
(ST) and single-cell RNA sequencing (scRNA-seq) have 
successfully bridged this gap. These innovative platforms 

have enabled high-resolution mapping of the cellular 
ecosystem across glioma tissue, revealing precisely how 
niche-specific regulatory programs and microenviron-
ment dependencies dictate local immune responses [1, 
4, 13, 14]. These approaches have resolved distinct cel-
lular states in different anatomical regions, including 
oligodendrocyte progenitor–like cells within hypoxic 
tumor cores that confer specific metabolic niche vulner-
abilities, and radial glia–like stem cells at invasive tumor 
fronts that contribute to distinct cellular heterogeneities 
[4]. Such findings demonstrate that complex cellular 
ecosystems are spatially organized into functionally spe-
cialized microregions [4]. These spatial programs (often 
reflecting broader transcriptional ‘metaprograms’) not 
only describe tissue topology, but also highlight specific 
microenvironmental states and immunological prop-
erties, including immunosuppressive signaling within 
perinecrotic zones and pro-inflammatory pathways in 
perivascular regions [15]. For instance, recent research by 
Greenwald et al. demonstrated that the organization of 
GBM cellular states is highly structured, strongly dichot-
omized into hypoxia-rich versus non-hypoxic regions 
[16].

Within these ecosystems, astrocytes, microglia and 
cells of the oligodendrocyte lineage play central regula-
tory roles [3, 6, 17]. Microglia and macrophages repre-
sent major immune-relevant cell populations in gliomas 
and are key regulators of tumor-associated inflammation 
and immunosuppression [5, 13, 18]. Reactive astrocytes 
further shape extracellular signaling networks and affect 
niche organization, while oligodendrocyte-like malignant 
cells drive specific metabolic adaptations and promote 
severe T-cell depletion within hypoxic tumor cores [19]. 
Spatial and single-cell studies also show that myeloid cells 
preferentially settle in glial cell-rich regions and develop 
niche-specific phenotypes associated with immunosup-
pression, tumor invasion and therapeutic resistance [1, 
2, 4]. These findings underscore that the formation of 
immune niche in brain tumors is the result of coordi-
nated glial-immune interactions that vary along spatial 
gradients.

However, a comprehensive conceptual framework 
linking glial cell-mediated immune organization, spatial 
microstructure, and functional immune states remains 
lacking. This review therefore aims to systematically syn-
thesize current knowledge on the spatial organization of 
immune niches in brain tumors. In this review, we define 
immune niches as spatially restricted microenviron-
ments characterized by specific cellular compositions 
and regulatory interactions. To provide a logical pro-
gression, we first outline the spatial composition of these 
niches, followed by a detailed examination of the under-
lying glial-immune cross-talk mechanisms. We then 
explore how these interaction networks synergize with 
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microenvironmental pressures to physically anchor and 
mature into immunosuppressive hubs. Finally, we discuss 
the profound clinical implications of this dynamic spatial 
architecture and highlight future directions for niche-
disrupting immunotherapies. Understanding how these 
niches emerge, interact, and evolve is essential for inter-
preting immune heterogeneity and therapeutic responses 
in brain tumors.

Cellular composition and spatial organization of 
the brain tumor immune microenvironment
Immune cell populations and their spatial distribution 
patterns
Brain tumors have a unique immune microenvironment 
that is not haphazard, but rather well-organized and 
structured. In the case of gliomas, immune cells such as 
tumor-associated macrophages (TAMs), microglia resid-
ing in the brain, T lymphocytes, natural killer (NK) cells, 
and dendritic cells (DCs) play a dominant role. As illus-
trated in Fig. 1, these populations occupy specific spa-
tial niches: the invasive margin is primarily surveyed by 
T cells, the perivascular niche serves as a diverse inter-
action hub recruiting macrophages, NK cells, and DCs, 
while the hypoxic and necrotic core is heavily dominated 
by immunosuppressive myeloid cells [2, 3]. These spa-
tial patterns not only suggest a targeted recruitment of 
immune cells but also imply specialized functions within 
different compartments of the tumor.

Recent spatial transcriptomic and imaging studies have 
further refined this view by demonstrating that immune 
cells form distinct spatial neighborhoods rather than 
diffuse infiltrates. For example [1], identified spatially 
segregated immune microdomains in gliomas, charac-
terized by region-specific transcriptional programs of 
myeloid cells and lymphocytes. Similarly [2], reported 
that immune cell states and functions vary systematically 
across anatomical regions, supporting the concept of 
organized immune territories within brain tumors.

This spatial order is particularly evident in the differ-
ential distribution of myeloid and lymphoid populations. 
Myeloid cells constitute the most abundant immune 
populations in gliomas, yet they exhibit distinct spa-
tial preferences based on their origin and activation 
state. While homeostatic microglia tend to be broadly 
dispersed across the tumor tissue, disease-associated 
microglia (DAMs) and monocyte-derived TAMs prefer-
entially accumulate within specific functional microdo-
mains, such as perivascular niches, necrotic cores, and 
hypoxic regions [1, 2]. In contrast, T cells are relatively 
sparse and tend to localize at tumor margins and invasive 
fronts, where immune surveillance and tumor–immune 
interactions are more dynamic [10, 20]. Crucially, regu-
latory T cells (Tregs) are spatially enriched in the tumor 
core through CCL22-mediated recruitment by TAMs, 
where they are essential for coordinated immune escape 
[10, 13]. NK cells and DCs, although less abundant, have 

Fig. 1  Spatial Architecture of Immune Niches in Glioblastoma.The brain tumor immune microenvironment is highly compartmentalized. A The invasive 
margin acts as a dynamic interface for active immune surveillance by sparse CD8+ and CD4+ T cells. B The perivascular niche serves as an immune-glial 
interaction hub where reactive astrocytes and endothelial structures recruit abundant macrophages, DCs, and NK cells. C The perinecrotic zone is a highly 
active immunosuppressive boundary characterized by HIF-1α + stressed tumor cells, disease-associated microglia (DAMs), and pronounced TAM-Treg 
co-localization. D The necrotic core represents a metabolically collapsed dead zone dominated by cellular debris and a severe exclusion of functional im-
mune cells. Together, these gradients highlight that immune distribution is structurally organized by resident glial cells and microenvironmental stressors. 
Abbreviations: DAMs, disease-associated microglia; DCs, dendritic cells; HIF-1α, hypoxia-inducible factor 1-alpha; NK, natural killer; TAMs, tumor-associated 
macrophages; Tregs, regulatory T cells
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Spatial heterogeneity and structural foundations in brain 
tumors
The spatial organization described above is further 
shaped by the intrinsic structural heterogeneity of brain 
tumors. Gliomas exhibit distinct anatomical compart-
ments, including perivascular regions, necrotic cores, 
hypoxic zones, and invasive margins, each characterized 
by unique cellular compositions, microenvironmental 
conditions, and distinct spatial gene signatures [4, 6]. 
These compartments serve as organizing scaffolds for 
both immune and glial cell localization.

Perivascular niches represent key hubs of immune–
glial interaction. These regions are enriched with endo-
thelial cells, astrocytic endfeet, and infiltrating immune 
cells, particularly macrophages and T cells, creating 
permissive environments for immune cell recruitment 
and signaling [3, 22]. In contrast, the perinecrotic zone 
(hypoxic border) and the necrotic core must be defined 
as separate compartments, as they are spatially and func-
tionally distinct. The perinecrotic zone contains stressed 
tumor cells activating HIF-1α programs that interact 
with TAMs and microglia responding to hypoxia and 
tumor-derived cytokines. Meanwhile, the necrotic core 
is dominated by severe metabolic collapse and cellular 
death [2, 4].

The invasive tumor front constitutes another structur-
ally distinct region, characterized by migrating tumor 
cells, reactive astrocytes, and spatially restricted immune 
surveillance. Specifically, active immune surveillance 
is spatially restricted to these outer margins, creating a 
stark difference in functional immune states between 
the highly suppressive tumor core and the somewhat 
more permissive invasive edge. Studies have shown 
that immune cell composition and activation states dif-
fer markedly between invasive edges and tumor cores, 
underscoring the spatial compartmentalization of 
immune responses [6, 10]. These compartment-specific 
immune–glial architectures collectively generate a het-
erogeneous landscape of immune microenvironments 
within a single tumor.

From a conceptual standpoint, these findings suggest 
that structural heterogeneity is not merely a passive con-
sequence of tumor growth but actively shapes immune 
and glial cell positioning, thereby enabling the emergence 
of spatially distinct immune niches. Crucially, recent spa-
tial transcriptomic research has shown that these tumor 
zones are not strictly discrete compartments [11, 15, 16]. 
Instead, immune cell composition, oxygen stress, glial 
activation states, and tumor cell transcriptional programs 
transition as a continuous spectrum across these spatial 
gradients. For instance, along the spatial trajectory from 
the invasive margin to the hypoxic core, malignant cells 
gradually shift from neural or oligodendrocyte progen-
itor-like states toward mesenchymal-like phenotypes 

also been detected in spatially restricted niches, particu-
larly near vascular structures and immune cell aggregates 
[1, 2]. Additionally, tumor-infiltrating neutrophils and 
mast cells, both of which exert potent immunosuppres-
sive functions, are prominently present in the perivascu-
lar and perinecrotic zones [3].

These findings indicate that immune cells in brain 
tumors exhibit highly structured spatial distributions, 
with distinct populations occupying specific tumor 
regions. This spatial organization forms a critical founda-
tion for understanding how immune functions are locally 
regulated within the tumor microenvironment.

Glial cell subtypes and their spatial distribution
The spatial organization of immune cells in brain tumors 
is closely intertwined with the distribution and functional 
states of glial cells. Specifically, astrocytes, microglia, 
and oligodendrocyte-lineage cells not only constitute 
the structural framework of the central nervous system 
but also actively regulate immune responses within the 
tumor microenvironment [3, 17].

Astrocytes concentrate differentially and exhibit vari-
able functional effects across specific anatomical zones. 
Spatial analyses demonstrate that they colocalize with 
immune-suppressive myeloid populations in regions 
such as the peritumoral border, the perivascular inter-
face, and reactive gliosis zones surrounding the necrotic 
core [2, 21].

While often discussed interchangeably, microglia and 
monocyte-derived macrophages (MDMs) are distinct 
immune populations with different spatial distributions 
and transcriptional programs. As noted earlier, while 
homeostatic microglia broadly survey the tumor tissue, 
activation drives the accumulation of disease-associated 
microglia (DAMs) and MDMs near perivascular and 
perinecrotic zones [1, 2]. Notably, the distinct spatial pat-
terning of these myeloid populations is strongly associ-
ated with differential immune profiles depending on their 
specific anatomical location.

Spatial transcriptomic studies have identified tumor 
cells with an oligodendrocyte precursor–like phenotype 
in hypoxic tumor cores and demonstrated their associa-
tion with distinct immune landscapes [4, 6]. These find-
ings confirm that oligodendrocyte-related cellular states 
are also spatially restricted and participate in shaping 
local environments.

Overall, the spatially patterned distributions of astro-
cytes, microglia, and oligodendrocyte-lineage cells form 
the cellular basis of immune organization. Their struc-
tural positioning creates a glial–immune framework. The 
specific molecular interaction networks that allow these 
cells to regulate immune recruitment and suppression 
will detail in the next section.
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driven by increasing metabolic stress [6, 15]. Concur-
rently, the associated glial compartment smoothly tran-
sitions from border-associated reactive astrogliosis to a 
profoundly immunosuppressive, TAM-dominated net-
work at the core [11, 16]. Exploring this gradient spatial 
architecture accurately captures the conceptual nuances 
of the tumor ecosystem and perfectly sets the stage for 
understanding the spatially graded functional immune 
states.

Glial cell–immune cell interaction networks 
shaping immune niches
Interactions between glial cells and T cells
As depicted in the interaction networks of Fig. 2, glial 
cells constitute central regulators of T cell function 
within GBM immune niches, profoundly shaping T-cell 
fate by deploying immune checkpoint ligands for inhibi-
tory signaling, altering local metabolic resources, and 
exhibiting defective or tolerogenic antigen presentation 
to actively drive T-cell exhaustion. Within this micro-
environment, reactive astrocytes and microglia, and 
increasingly, oligodendrocyte-lineage cells, act as the 

primary cellular orchestrators of this local immune regu-
lation [2, 10, 13, 23].

Specifically, reactive astrocytes significantly influence 
T-cell activation through regulation of immune check-
point expression and cytokine production. In gliomas, 
reactive astrocytes upregulate PD-L1 (CD274), CD155 
(TIGIT ligand), and galectin-9 in response to JAK/
STAT pathway activation and interferon signaling. These 
changes affect the local immune environment and help 
form immunosuppressive regions in the tumor [24, 25]. 
Notably, astrocytic PD-L1 interacts with PD-1 expressed 
on microglia and T cells, attenuating inflammatory 
responses and promoting an immunosuppressive micro-
environment [25]. Spatial analyses demonstrate that 
astrocyte-rich regions often co-localize with immune-
suppressive myeloid populations, suggesting coordinated 
regulation of immune exclusion and tolerance [2].

Microglia, the resident immune cells of the brain, 
play a dual role as both innate immune effectors and 
modulators of T-cell responses within the tumor micro-
environment. Single-cell studies have revealed that 
tumor-associated microglia exhibit transcriptional 

Fig. 2  Glial-Driven Molecular Networks Orchestrating Local Immunosuppression. Reactive astrocytes function as central organizers of the tumor mi-
croenvironment, engaging in bidirectional crosstalk with both innate and adaptive immune cells. (Left) Innate & Myeloid Axis: Astrocytes secrete CCL2, 
CSF1, and SPP1 to recruit and polarize TAMs. Notably, the SPP1-CD44 axis promotes TAM maintenance, leading to TGF-β, IL-10, and VEGF release. (Right) 
Adaptive & Suppressive Axis: Astrocytes deploy multiple checkpoint ligands (PD-L1, CD155, galectin-9) and cytokines to drive CD8+ T cell exhaustion and 
promote Treg expansion, which is further reinforced by astrocytic PD-1 interactions with microglia. (Bottom) Additionally, astrocyte-derived IL-6 and hy-
poxia act on endothelial cells to regulate vascular activation, solidifying this suppressive niche. Abbreviations: CCL2, C-C motif chemokine ligand 2; CSF1, 
colony-stimulating factor 1; IL, interleukin; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; SPP1, secreted phosphoprotein 1; 
TAMs, tumor-associated macrophages; TGF-β, transforming growth factor beta; Tregs, regulatory T cells; VEGF, vascular endothelial growth factor
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programs distinct from peripheral macrophages and 
display region-specific phenotypes that directly dictate 
T-cell infiltration and exhaustion across tumor compart-
ments [1, 2]. These spatially patterned microglial states 
are associated with defective antigen presentation capac-
ity, actively failing to prime cytotoxic T cells effectively. 
Building on this defect, microglia-derived signals cooper-
ate with astrocytes to establish a self-reinforcing immu-
nosuppressive circuit that creates a hostile signaling 
environment, ultimately reducing T-cell activation and 
effector functions [24].

Oligodendrocyte-lineage cells, including both non-
malignant progenitor cells and malignant tumor cells 
exhibiting Neftel OPC-like states, are increasingly rec-
ognized as contributors to T-cell modulation in gliomas. 
Spatial transcriptomic studies in hypoxic tumor cores 
and demonstrated their association with distinct immune 
landscapes, often characterized by severe T-cell deple-
tion [4, 6]. These findings suggest that oligodendrocyte-
related cellular states participate in shaping local immune 
environments, either directly or indirectly restricting 
T-cell access and survival through cross-talk with other 
immune and stromal cells. While their dominance rela-
tive to astrocytes is still being evaluated, their roles in 
T-cell modulation are primarily estimated through spa-
tial transcriptomic co-localization analysis.

Through these mechanisms, reactive astrocytes, 
microglia, and oligodendrocyte-lineage cells actively 
regulate immune cell recruitment, activation, and sup-
pression in brain tumors. Their spatially patterned dis-
tributions and functional states establish a glial–immune 
regulatory axis that underlies the organization of tumor 
immune microenvironments. Beyond their direct effects 
on T-cell activation, astrocyte-derived cytokines and 
chemokines also shape the recruitment and functional 
polarization of myeloid populations, thereby coordinat-
ing broader immunosuppressive networks within glioma 
niches.

Interactions between glial cells and myeloid cells
Although adaptive immune disorders manifest at the 
level of T cells, their persistence depends on coordinated 
reprogramming within myeloid populations orchestrated 
by the glial compartment. In GBM, microglia, which are 
the resident macrophages of the central nervous system, 
exhibits extensive transcriptional and functional plas-
ticity that shapes the phenotypic spectrum of TAMs [1, 
2, 13]. Within these defined microdomains, microglia 
and reactive astrocytes serve as central organizers that 
recruit, retain, and functionally polarize myeloid popula-
tions within specific spatial microdomains [24].

Astrocytes and microglia generate chemokine gradi-
ents that govern myeloid cell positioning and functional 
states. GBM-associated reactive astrocytes produce 

CCL2 and CSF1, which serve as precise navigational cues 
that recruit macrophages and induce their differentia-
tion into tumor-promoting phenotypes [24]. In response, 
polarized macrophages secrete TGF-β, IL-10, and VEGF, 
supporting tumor growth and vascular remodeling. 
These cytokines actively help tumors survive by weaken-
ing the local immune defense, especially by inactivating 
cytotoxic T cells that would otherwise attack the tumor 
[14, 18]. Spatial mapping confirms that TAM-enriched 
domains closely correlate with reactive astrocyte signa-
tures in hypoxic and perivascular regions [11, 24, 26], 
indicating bidirectional communication: glial-derived 
cues shape macrophage states, and macrophages recipro-
cally reinforce local immune suppression.

Astrocytes further integrate local stress signals to 
strengthen this suppressive myeloid circuitry. Reactive 
astrocytes release IL-6 and CCL2, molecules that not 
only recruit monocytes but also govern their initial entry 
and intra-tumoral positioning [3, 14]. Through these 
coordinated mechanisms, the glial compartment, mainly 
consisting of reactive astrocytes and microglia, modu-
lates the intensity and spatial confinement of immune 
interactions.

Crucially, the biological impact of this glial–myeloid 
architecture extends beyond innate immunity to directly 
shape the local lymphoid landscape. Although regula-
tory T cells (Tregs) belong to the lymphoid lineage, their 
intra-tumoral accumulation and suppressive functions 
are profoundly dictated by the upstream glial–myeloid 
networks described above. Downstream of these inter-
actions, Tregs constitute an additional layer of immuno-
suppressive regulation. High-dimensional analyses reveal 
significant expansion of FOXP3⁺ Tregs within macro-
phage-rich regions, associated with elevated expression 
of CTLA-4, TIGIT, and ICOS [10, 13]. Astrocyte- and 
microglia-derived IL-10 and TGF-β promote Treg stabil-
ity, while PD-L1 expression on glial cells further enhances 
their suppressive function [8, 24, 27]. Notably, single-cell 
TCR sequencing demonstrates clonal expansion of Tregs 
within tumors, indicating sustained, antigen-driven accu-
mulation rather than transient infiltration [28, 29].

In turn, these accumulated Tregs are not merely pas-
sive recipients of these signals; they actively secrete high 
levels of their own TGF-β and IL-10 to lock local glial 
and myeloid cells into a continuously tolerogenic state [8, 
27]. This reciprocal feedback establishes a self-amplifying 
loop, where glial cells recruit macrophages, macrophages 
stabilize Tregs, and Tregs reciprocally sustain glial-
myeloid suppression, progressively elevating local immu-
nosuppression and stabilizing regulatory dominance over 
effector immunity.
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Other immune subpopulations within glial niches
While T cells and myeloid populations dominate the 
glial-regulated immune ecosystem, other immune sub-
sets, including B cells, NK cells, and DCs, also populate 
the tumor microenvironment, though in smaller propor-
tions and with less defined functional roles. Spatial tran-
scriptomic analysis indicate that these populations are 
not diffusely scattered but are contextually localized. NK 
cells and DCs have been detected in spatially restricted 
niches, particularly near vascular structures and immune 
cell aggregates [2, 30]. Similarly, B cells occasionally form 
discrete clusters in perivascular regions, sometimes 
resembling tertiary lymphoid structures [1, 2]. These 
TLS-like aggregates are primarily found contextualized 
within less hypoxic, immune-permissive perivascular 
interfaces.

However, the precise functional role of these B-cell 
aggregates remains a subject of intense debate in current 
neuro-oncology. One perspective posits that these clus-
ters represent early, functional tertiary lymphoid struc-
tures capable of locally orchestrating robust anti-tumor 
immunity. Conversely, an opposing view argues that 
within the hostile, glial-regulated GBM ecosystem, high 
concentrations of immunosuppressive cytokines such as 
TGF-β and IL-10, which are mainly derived from reac-
tive astrocytes and microglia, can forcibly drive B cells to 
differentiate into immunosuppressive regulatory B cells, 
thus promoting immune escape [2, 13, 24].

Rather than acting as independent controllers of 
immune activity, these rarer immune subpopulations 
likely operate as secondary components within the 
broader glial-regulated ecosystem. Integrated spatial 
and functional analyses are urgently needed to explain 
whether these cells primarily enhance local immune acti-
vation or simply succumb to immunosuppression within 
these glial-defined niches.

Key signaling pathways and ligand–receptor axes
The cellular interactions described above converge on 
recurring ligand–receptor circuits through which glial 
cells coordinate immune regulation across spatial micro-
domains. The CSF1-CSF1R axis serves as the central 
engine for microglial and macrophage survival in GBM, 
with transcriptomic studies confirming heightened activ-
ity in myeloid-dominated microenvironments [1, 2, 13]. 
Critically, reactive astrocytes represent a major source 
of CSF1 in the glioma microenvironment, driving mac-
rophage recruitment and pro-tumorigenic polarization 
[24].

Chemokine signaling pathways, particularly CXCL-
CXCR and CCL2-CCR2, function as navigational control 
systems determining immune cell migration and posi-
tioning. These chemotactic gradients originate princi-
pally from reactive astrocytes and microglia, penetrating 

vascular structures and reinforcing spatial compartmen-
talization [1, 2, 13, 24]. Additionally, the SPP1-CD44/
integrin axis is a major tumor-immune interaction path-
way. It powerfully promotes the formation and main-
tenance of tumor-immune niches, particularly aiding 
TAM recruitment in hypoxic, perivascular, and invasive 
regions [11].

Immunomodulatory cytokines, notably TGF-β and 
IL-10, derive principally from reactive astrocytes and 
microglial populations in the GBM microenvironment [1, 
2, 13, 24]. These molecules suppress T-cell cytotoxicity 
while promoting myeloid differentiation toward suppres-
sor phenotypes. Immune checkpoint signaling, especially 
the PD-L1/PD-1 axis, also integrates glial and immune 
signals, with reactive astrocyte PD-L1 capable of modu-
lating microglial activity [25]. The limited clinical success 
of checkpoint blockade in GBM likely reflects compensa-
tory suppressive networks established by astrocytes and 
microglia [10, 23].

Rather than operating as independent modules, these 
signaling pathways form tightly interconnected networks. 
CSF1 signaling from reactive astrocytes can modulate 
PD-L1 expression in microglia, while TGF-β simultane-
ously inhibits T-cell activation and promotes macrophage 
reprogramming [24, 25]. This crosstalk stabilizes immu-
nosuppression at the system level and positions reactive 
astrocytes and microglia as central architects of immune 
niche stability and plasticity in GBM.

Far from being static entities that emerge instantly, 
these interconnected signaling networks are progres-
sively forged through continuous tumor-immune coevo-
lution. To understand how these immunosuppressive 
hubs are physically anchored, we must shift our focus 
from this spatial blueprint to the temporal dynamics of 
their formation. The primary cellular sources, targets, 
and spatial contexts of these critical signaling axes are 
summarized in Table 1.

Formation of immune niches in brain tumors
Tumor initiation and the process of cancer immunoediting
Rather than emerging immediately, the establishment 
of these glial-immune interaction networks reflects the 
coevolution of tumor and immune cells during tumor 
initiation and progression. Increasing evidence sug-
gests that this evolutionary process is not only tempo-
ral but also spatially organized, progressively shaping 
distinct immune microregions within the tumor micro-
environment. As outlined in Fig. 3, this process unfolds 
through cancer immunoediting, classically defined by 
three phases: elimination, equilibrium, and escape [31]. 
Recent genomic and spatial studies have further refined 
this paradigm in brain tumors, revealing how each phase 
imprints distinct spatial organization upon the develop-
ing microenvironment.
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During the elimination phase, transformed cells carry-
ing immunogenic neoantigens undergo immune-medi-
ated negative selection. Pan-cancer analyses have shown 
that immune-dependent clonal reduction occurs in 
tumors with intact antigen presentation machinery [32, 
33]. In gliomas specifically, transcriptomic analysis based 
on The Cancer Genome Atlas has identified subpopula-
tions enriched with interferon-γ signaling and cytotoxic 
lymphocytes, suggesting heterogeneity in the immune 
response [34, 35]. Recent scRNA-seq further reveals 

that tumor cell states coexist with activated interferon 
response programs and infiltrating T cells, indicating 
that immune pressure acts at the level of cell states rather 
than uniformly across the tumor mass [6, 9].

However, in the central nervous system, complete elim-
ination of tumor cells is rarely achieved. Instead, gliomas 
often enter an equilibrium phase characterized by par-
tial immune containment. Deconvolution and single-
cell studies consistently demonstrate an early expansion 
of macrophage and microglia populations that inversely 

Table 1  Key glial-immune crosstalk pathways and ligand-receptor axes in GBM niches
Signaling Axis 
/ Molecule

Interacting Cells (Source → Target) Functional Consequence Spatial Context & References

CSF1 / CSF1R Reactive astrocytes → Microglia & 
Macrophages

Central engine for macrophage survival, recruit-
ment, and pro-tumorigenic polarization

Heightened activity in hypoxic cores and 
myeloid-dominated niches [1, 13, 24]

CCL2 & CXCL Astrocytes & Microglia → Monocytes & 
Macrophages

Act as precise navigational cues for immune cell 
migration and intra-tumoral positioning

Penetrate vascular structures, reinforcing 
spatial compartmentalization [1, 14]

TGF-β & IL-10 Astrocytes, Microglia & TAMs → T cells, 
Tregs, B cells

Suppress T-cell cytotoxicity; promote Treg/
Breg stability and suppressive myeloid 
reprogramming

Highly enriched within established im-
munosuppressive hubs [8, 18]

PD-L1 / PD-1 Reactive astrocytes & Oligo-lineage 
cells → T cells, Microglia

Attenuate inflammatory responses, establishing 
a self-reinforcing suppressive circuit

Astrocyte-rich regions overlapping with 
suppressive myeloid populations [24, 25]

IL-6 Reactive astrocytes → Monocytes, 
Endothelial cells

Modulates blood–brain barrier permeability to 
govern immune cell entry

Perivascular niches and blood–brain 
barrier interfaces [3, 14]

Fig. 3  Spatiotemporal Evolution and Physical Anchoring of Immunosuppressive Niches. The formation of immune niches follows the immunoedit-
ing trajectory—elimination, equilibrium, and escape—coupled with microenvironmental remodeling. (Left) In the elimination phase, cytotoxic CD8 + T 
cells destroy immunogenic tumor cells via IFN-γ signaling. (Center) The equilibrium phase is characterized by regional segregation: active immunity is 
restricted to inflammatory pockets, while microglia and macrophage expansion establishes early suppressive zones. (Right) During the escape phase, 
the niche matures into a firmly anchored, hypoxic immunosuppressive hub. Profound metabolic stress (HIF activation) and a dense ECM barrier (collagen 
and hyaluronan) synergistically restrict T-cell motility, promote suppressive TAM retention, and upregulate checkpoint ligands, locking the immunosup-
pressive architecture in place. Abbreviations: ECM, extracellular matrix; HIF, hypoxia-inducible factor; IFN-γ, interferon-gamma; IL-10, interleukin-10; PD-L1, 
programmed death-ligand 1; TAMs, tumor-associated macrophages; TGF-β, transforming growth factor beta
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correlates with cytotoxic T-cell infiltration [1, 36]. This 
inverse correlation is likely influenced by additional fac-
tors beyond simple immune evasion, including physical 
anatomical barriers, reduced access via functional peri-
vascular regions, and correspondingly higher hypoxia-
rich zones that spatially exclude T cells. High-resolution 
ST further reveals that inflammatory and suppressive 
programs are regionally segregated rather than diffusely 
distributed [2, 11]. This spatial structuring of immune 
balance, where cytotoxic and regulatory signals occupy 
distinct microregions, marks the early formation of local 
suppressive niches.

Tumors progress to the escape phase, where TAMs 
predominate and exhibit transcriptional programs 
enriched in IL-10, TGF-β, and checkpoint ligands [2, 18]. 
Thus, immunoediting in gliomas is a temporally and spa-
tially dynamic process: elimination phases shape clonal 
architecture, equilibrium phases enable regional expan-
sion of regulatory myeloid programs, and escape phases 
consolidate suppressive regions into persistent niches. 
Consequently, as these immune-evasive tumor clones are 
selected and proliferate uncontrollably during the escape 
phase, they quickly exceed the local vascular supply, inev-
itably causing severe local hypoxia and metabolic stress.

Immune selection alone cannot fully explain the spatial 
stabilization of immune niches. Microenvironmental fac-
tors, which emerge directly from the rapid outgrowth of 
these tolerant clones, further reinforce these structures 
and shape immune cell behavior within specific tumor 
regions.

Regulation by metabolism, hypoxia, and the extracellular 
matrix
Driven by the uncontrolled proliferation discussed above, 
the physical stabilization of immune niches depends on 
metabolic competition, hypoxic stress, and extracellu-
lar matrix (ECM) remodeling. These factors collectively 
restrict immune cell infiltration and enhance local sup-
pression, thereby consolidating the spatial patterns estab-
lished during tumor-immune coevolution.

Metabolic diversity in gliomas is closely linked to 
hypoxic stress. Hypoxia stabilizes hypoxia-inducible 
factors, thus altering tumor metabolism, angiogenesis, 
and cytokine production. Single cell analyses show that 
hypoxia-associated tumor cell states are enriched in 
perinecrotic and perivascular regions, where they coex-
ist with immunosuppressive myeloid cell populations [1, 
6]. Functionally, hypoxia promotes PD-L1 expression on 
tumor cells and myeloid cells, impairs the function of 
cytotoxic T cells [10], and enhances the recruitment of 
macrophages via chemokines such as CCL2 and CSF1 
[2, 14]. Spatial proteogenomics studies, such as the mul-
tiplexed imaging analyses by Coy et al. and Ravi et al., 
indicate that these macrophages directly co-localize with 

immunosuppressive T cells specifically within hypoxic 
and perivascular niches, where checkpoint ligands 
are highly enriched and functional T cells are severely 
reduced [11, 26]. Hypoxia thus acts as a spatial organizer 
that enhances the suppressive program initiated during 
immunoediting.

Significantly, this hypoxia-driven metabolic shift and 
the resulting vascular abnormalities directly exacer-
bate ECM remodeling, smoothly combining biochemi-
cal stress with physical barriers. Abnormal deposition 
of collagen, tenascin C and hyaluronan is observed in 
GBM, which alters tissue stiffness and interstitial pres-
sure [3, 37]. Spatial analyses show that ECM-rich regions 
tend to exclude cytotoxic lymphocytes and promote the 
proliferation of macrophages with a tissue-remodeling 
phenotype [11, 13]. Mechanistically, increased stiffness 
activates integrin signaling, promotes the production of 
immunosuppressive cytokines and restricts T-cell motil-
ity [38]. Additionally, hyaluronan-rich perivascular niche 
additionally hinders lymphocyte infiltration while simul-
taneously supporting macrophage retention [2]. The met-
abolic gradients establish biochemical barriers, hypoxia 
enhances checkpoint-mediated suppression and myeloid 
recruitment, and ECM architecture restricts immune 
cell access. The synergy of these interactions stabilizes 
immune niches within specific anatomical regions.

Glial-stromal networks anchor immune populations within 
spatial niches
While environmental gradients such as hypoxia and 
ECM architecture constrain immune cell infiltration, the 
precise spatial organization of immune niches ultimately 
depends on active cellular networks discussed in Sect.  3. 
Within these permissive environments, TAMs, reactive 
astrocytes, and endothelial cells function as central struc-
tural anchors.

Rather than randomly diffusing throughout the tumor, 
myeloid populations and Tregs are precisely positioned 
into hypoxic and perivascular domains through the 
glial-derived chemokine gradients and ligand-receptor 
axes (e.g., CSF1 and CCL2) detailed previously [1, 2, 14]. 
Importantly, endothelial cells and reactive astrocytes 
integrate these immune signals with local stromal stress. 
By responding to hypoxia and altering blood–brain bar-
rier permeability, these stromal elements physically 
restrict immune cell entry and promote the retention of 
suppressive phenotypes [3, 10, 26].

Consequently, the biochemical barriers of metabolism, 
the physical constraints of the ECM, and the active spa-
tial tethering by glial-immune cross-talk synergize. These 
reciprocal interactions create a self-amplifying loop that 
locks regulatory cells into place, effectively stabilizing the 
immunosuppressive niches and embedding therapeutic 
resistance within the tumor microenvironment [24, 27].
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Spatial functional immune states in brain tumors
Immune activation within the tumor microenvironment
Through the spatial organization and maturation pro-
cesses described above, the embedding of suppressive 
circuits gives rise to region-specific functional immune 
states. Distinct combinations of immune cell populations, 
metabolic conditions, and stromal signals within these 
niches collectively determine whether local immune 
responses become activated, suppressed, or excluded. 
The glioma immune microenvironment is not uniformly 
suppressive but encompasses functionally distinct ter-
ritories ranging from inflammatory to immunosuppres-
sive states. Spatial transcriptomic and imaging studies 
have identified inflammatory microdomains character-
ized by activated interferon signaling, antigen presenta-
tion machinery, and cytotoxic lymphocyte infiltration [1, 
2, 13]. These regions typically localize near perivascular 
interfaces, where endothelial activation and chemokine 
expression facilitate immune cell migration [2, 23].

Myeloid cell populations within these inflammatory 
areas do not remain in static pro- or anti-inflammatory 
states but exhibit context-dependent plasticity. Under 
specific environmental influences, these cells retain the 
capacity to support antigen presentation and T-cell acti-
vation [1, 13]. This suggests that inflammatory micro-
domains represent poised immune environments with 
latent antitumor capacity, rather than merely transient or 
ineffective immune responses.

Consistent with this plastic immune landscape, single-
cell transcriptomic and epigenetic analyses reveal that a 
subset of CD8⁺ T cells within gliomas retain activation 
markers and cytotoxic molecules, indicating preserved 
effector functions despite partial exhaustion signatures 
[6, 10]. Moreover, neoadjuvant immune checkpoint 
blockade in both preclinical models and human patients 
can restore T-cell function, particularly when combined 
with strategies that enhance antigen presentation or 
reduce myeloid suppression [23, 39]. These findings col-
lectively demonstrate that inflammatory niches in glio-
mas are reversibly suppressed rather than irreversibly 
dysfunctional, providing a spatial substrate for therapeu-
tic reactivation.

Despite this residual immune activity, inflammatory 
microdomains are inherently unstable and progressively 
transition toward immunosuppressive states through 
continuous antigen exposure and metabolic stress. Sin-
gle-cell trajectory analyses reveal that chronic stimula-
tion drives T cells along a differentiation path toward 
terminal exhaustion, with gene signatures of dysfunc-
tion increasing over time and spatially overlapping with 
macrophage-dense regions [2, 10, 26, 40]. This spatial 
gradient of exhaustion, extending from inflammatory 
peripheries to suppressive cores, suggests that T-cell dys-
function propagates locally through cytokine diffusion 

and metabolic constraints rather than occurring uni-
formly across the tumor.

These observations indicate that inflammatory niches 
represent dynamic immune territories that can either 
sustain antitumor activity or gradually evolve into sup-
pressive microenvironments depending on local regula-
tory signals.

Immunosuppressive microenvironments and coordinated 
immune escape
As inflammatory niches progressively transition toward 
suppressive states, T-cell exhaustion emerges as a central 
axis of adaptive immune failure. Recent scRNA-seq and 
multiplex imaging consistently demonstrate that T cells 
infiltrating GBM persistently express inhibitory recep-
tors including PD-1, TIM-3, and LAG-3, while simulta-
neously exhibiting reduced effector cytokine production 
and proliferative capacity [10, 13, 41]. Importantly, these 
exhausted states are spatially enriched in regions charac-
terized by high antigen burden and suppressive cytokine 
signaling, indicating that exhaustion is locally induced 
rather than systemic [2].

Parallel to adaptive immune dysfunction, innate 
immune reprogramming occurs results in a continu-
ous spectrum of macrophages and microglia activation 
states [1, 2, 6]. Hypoxic cores and necrotic regions pref-
erentially harbor myeloid populations expressing robust 
immunoregulatory and tissue-remodeling programs, 
whereas perivascular areas may retain partially inflam-
matory subpopulations [2, 13]. This spatial stratification 
demonstrates that myeloid phenotypes are dynamically 
shaped into highly specific local configurations. Such 
macrophage-enriched suppressive niches frequently 
overlap with mesenchymal-like tumor regions [1, 6].

These resulting adaptive and innate immune dysfunc-
tions are not independent processes but form integrated 
networks that consolidate immune escape. Driven by 
the complex glial-immune cross-talk established earlier, 
exhausted T cells amplify suppressive myeloid pheno-
types, while tolerogenic macrophages reciprocally rein-
force T-cell dysfunction. These interactions generate 
spatially confined immunosuppressive hubs and create 
a self-sustaining feedback loop resistant to spontaneous 
immune reactivation [1, 2]. The establishment of such 
compartmentalized immune dysfunction dictates that 
systemic immune activation may fail to penetrate sup-
pressive hubs, necessitating strategies that simultane-
ously disrupt these localized cellular networks and 
metabolic barriers. To provide a holistic conceptual 
framework, the entire orchestration of clonal evolution, 
localized fate transitions, and the multi-barrier lockdown 
that stabilizes these immunosuppressive architectures is 
comprehensively integrated and summarized in Fig. 4.
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Spatial architecture as a determinant of immunotherapy 
responsiveness
Traditional interpretations of immunotherapy resistance 
in GBM have emphasized systemic immunodeficiency; 
however, growing recognition of intra-tumoral immune 
heterogeneity necessitates a spatially informed per-
spective [13, 23]. Specifically, perivascular regions with 
functional vasculature permit immune cell access and 
may respond to checkpoint inhibition, whereas hypoxic, 
necrotic, or metabolically restricted areas remain domi-
nated by suppressive myeloid cells and lymphocyte 
depletion [1, 2].

Spatial transcriptomic analyses further reveal that 
expression of immune checkpoint ligands, cytokine 
gradients, and metabolic stress signatures vary widely 
across tumor regions, creating local treatment barriers 
even within single lesions [1, 2]. Consequently, systemic 
immune activation does not guarantee spatially uniform 
or effective intratumoral responses. This spatial heteroge-
neity explains the inconsistent and locally limited radio-
graphic and molecular responses to immune checkpoint 
blockade observed in clinical trials.

These observations indicate that therapeutic respon-
siveness is influenced not only by the overall immune 
composition of the tumor but also by the spatial 

organization of immune niches within the tumor micro-
environment. Longitudinal spatial profiling reveals that 
immune niches dynamically evolve under treatment 
pressure, leading to shifting regional immune states over 
time [15, 42, 43]. Understanding the cellular interac-
tion networks that establish and maintain these spatial 
immune architectures is therefore essential for interpret-
ing treatment resistance and guiding the development of 
more effective immunomodulatory strategies.

Clinical implications of immune ecological niches 
and therapeutic targeting strategies
Immune niches as biomarkers: prognostic and therapeutic 
implications
The spatial organization of immune niches in GBM 
reflects the cumulative effects of the cellular interac-
tions and immunoregulatory mechanisms described 
above, and therefore constitutes a biologically meaning-
ful unit with significant clinical relevance. Traditional 
immune typing methods based on bulk transcriptomics 
or single-marker staining have given unreliable results for 
predicting prognosis. This is mainly because they do not 
consider spatial heterogeneity [1, 34]. In contrast, spatial 
analyses using proteomic profiling (such as multiplexed 
IHC) and spatial transcriptomics datasets (like Visium) 

Fig. 4  Spatiotemporal Evolution and the Glial-Immune Feedback Hub in Glioblastoma. A Clonal Evolution: Immunoediting drives the progression from 
active immune surveillance to the selection of evading clones, culminating in tumor expansion and metabolic stress pathway activation (e.g., HIF-1α) dur-
ing the escape phase. B Local Fate Transition: Unstable inflammatory microdomains progressively transition into mature suppressive states on a temporal 
scale. Chronic stress drives severe T-cell exhaustion (PD-1, TIM-3, LAG-3) and establishes a tolerogenic feedback loop dominated by TAMs. C Glial-Immune 
Feedback Hub: The immunosuppressive phenotype is stabilized by the synergy between glial-immune crosstalk (via SPP1, CSF1, IL-10, TGF-β) and a 
multi-barrier system. This includes an ECM barrier restricting immune access, a metabolic barrier, and hypoxia-induced checkpoint suppression (PD-L1), 
collectively locking the niche into an immune-evasive state
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show that the immune system has a clear compartmen-
talized structure. Usually, the core area is dominated by 
macrophages, while the outer area is more permissive to 
immune cells [2, 11].

Spatial transcriptomic analyses provide strong biologi-
cal evidence for this compartmentalization. They show 
that mesenchymal regions rich in macrophages, which 
represent the suppressive myeloid patterns mentioned 
earlier, are linked to worse outcomes than neural pro-
genitor–like regions, establishing spatial organization as 
an independent prognostic factor [2, 6, 44]. Critically, 
hypoxia- and TGF-β–associated programs do not work 
alone as molecular markers. Instead, they work together 
in specific spatial areas that are related to poor prog-
nosis [11, 42]. Thus, the architecture of immune niches 
itself provides prognostic information beyond individual 
molecular signatures. Furthermore, single-cell and spa-
tial profiling have identified specific biomarkers, such as 
S100A4, as a spatially defined immunosuppressive TAM 
marker in human GBM, presenting a promising targeted 
immunotherapy candidate [5].

Beyond myeloid populations, this spatial arrangement 
directly affects how T cells work, consistent with the 
spatial immune states described in Sect. 5. T cells that 
only exist around blood vessels have weak cytotoxic abil-
ity and are related to worse survival [10, 23]. However, 
when organized immune aggregates appear, even rarely, 
they are associated with stronger immune activation and 
improve outcomes [1].

These biological observations demonstrate that patient 
prognosis depends less on absolute immune cell num-
bers and more on the structural organization of immune 
niches. This indicates that spatial context, rather than 
mere immune cell presence, must guide therapeutic 
strategies.

Based on this spatial biological findings, clinical evalu-
ations further confirm the important role of niche archi-
tecture. While, immune checkpoint blockade has not 
worked very well in most GBM patients [7], neoadju-
vant PD-1 inhibition can successfully change the local 
immune remodeling in a specific subset of responders 
[45]. Spatial profiling shows that patients who respond 
well usually harbor pre-existing immune-permissive 
microdomains, typically located near functional peri-
vascular interfaces. Rather than reversing the profound 
immunosuppression within hypoxic tumor cores, check-
point blockade effectively capitalizes on the baseline 
inflammatory signatures and active antigen presentation 
already present within these specific permissive niches to 
drive localized T-cell clonal expansion [11, 23, 45]. Con-
sequently, the initial structure of the immune niche may 
predict the response of immunotherapy better than just 
PD-L1 expression alone. Emerging computational meth-
ods further translate spatial architecture into quantitative 

biomarkers: spatial entropy metrics and immune exclu-
sion indices are being evaluated for treatment response 
prediction [46, 47]. Although these approaches require 
prospective validation, they represent a conceptual shift 
from descriptive immune typing to spatially informed 
predictive stratification.

Therapeutic targeting of immune niches
The robust immunosuppressive infrastructure within 
GBM tumors necessitates therapeutic approaches that 
remodel tumor architecture rather than merely inhibiting 
individual signaling pathways. Spatial multi-omics analy-
ses often find that tumor cores are rich in macrophages, 
with high CSF1R activity, hypoxia-related gene expres-
sion, and lipid metabolism features [2, 11, 13]. These 
compartments act as independent metabolic and gene-
expression hubs. They limit the function of T cells by 
taking away nutrients and causing oxidative stress. Thus, 
immune resistance in GBM comes from these spatially 
organized, self-sustaining suppressive regions.

Early macrophage-targeting approaches illustrate the 
limitations of neglecting spatial structure. Although 
CSF1R inhibition initially changed TAM reprogramming 
and slowed tumor growth in preclinical models [48], 
resistance quickly developed through alternative survival 
signaling and macrophage flexibility [12]. Spatial profiling 
reveals that residual macrophages reaccumulate in tumor 
cores, maintaining local immunosuppression despite 
reduced cell numbers [42]. These results demonstrate 
that reducing macrophage counts without altering tumor 
architecture permits suppressive niche reconstitution.

Checkpoint blockade provides a parallel illustra-
tion. The phase III CheckMate-143 trial showed that 
nivolumab improved survival only slightly in patients 
with recurrent GBM [7], even though studies found that 
neoadjuvant PD-1 inhibition can activate local interferon 
signaling and help T cells expansion [23, 45].Spatial anal-
yses indicate that such immune activation remains con-
fined to pre-existing immune-permissive regions, while 
macrophage-rich cores retain resistance [11]. Therefore, 
activating the immune system throughout the body is not 
enough to break through the strong suppressive hubs.

These findings collectively support a strategic shift 
toward therapies that target and dismantle immune niche 
architecture. Vascular normalization through VEGF sig-
naling can temporarily improve T-cell infiltration [49]. 
Spatial studies further show that genes related to angio-
genesis and myeloid pathways are often enriched together 
in the same regions, suggesting that dual targeting may 
be needed to reduce niche stability [42]. Similarly, modu-
lation of hypoxia and lipid metabolism pathways has par-
tially restored T-cell cytotoxicity in macrophage-dense 
regions in experimental models, highlighting the thera-
peutic potential of metabolic niche remodeling.
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Spatial evolution of immune niches: the driver of 
therapeutic resistance
The targeted therapeutic strategies discussed previ-
ously often face eventual resistance because they treat 
the tumor microenvironment as a static entity. In real-
ity, immune niches in GBM are dynamically changing 
ecological units that develop through tumor plasticity, 
undergo adaptive changes in immune function, and are 
gradually reshaped under therapeutic selection. Sin-
gle-cell lineage tracing demonstrates malignant cells 
dynamically switch between proneural, classical, and 
mesenchymal programs in response to environmental 
stress [6]. Spatial transcriptomic analyses further indicate 
that mesenchymal-like tumor regions are more likely to 
be enriched with macrophages and express higher levels 
of immunomodulatory cytokines [6, 11]. These observa-
tions support that tumor state transitions and macro-
phage recruitment develop together, forming structurally 
stable immunosuppressive regions.

Within these established niches, continuous antigen 
exposure drives progressive gradual T-cell dysfunction. 
Exhaustion-associated gene signatures increase over time 
and spatially overlap with macrophage-dense regions [2, 
10]. Trajectory modeling suggests that chronic stimula-
tion drives T cells toward terminal dysfunction along a 
clear differentiation path [40, 50]. Spatial analyses reveal 
exhaustion gradients extending from immunosuppressive 
cores, supporting the idea that T-cell dysfunction spreads 
locally through cytokine diffusion and metabolic restric-
tions, rather than appearing uniformly across the tumor.

Under therapeutic and temporal pressure, these niches 
become more stable through evolutionary selection. 
Comparative studies of primary and recurrent GBM 
show that recurrent tumors have a higher proportion of 
myeloid cells and lower cytotoxic T-cell signatures [11, 
51]. Recent integrated datasets suggest that recurrence-
associated tumor clones strengthen suppressive cytokine 
networks, leading to a more stable tolerogenic structure 
[11]. Similarly, while neoadjuvant PD-1 blockade causes 
temporary interferon signaling and T-cell clonal expan-
sion [23, 45], compensatory myeloid expansion and alter-
native checkpoint upregulation frequently restore the 
immunosuppressive balance [2, 42].

This inherent capability of immune niches to dynami-
cally evolve explains why purely static, single-timepoint 
therapeutic targeting frequently fails. Viewing these 
niches as adaptive ecosystems dictates that single-snap-
shot evaluations are fundamentally insufficient. This 
dynamic evolution underscores an urgent clinical need to 
shift toward longitudinal and multidimensional monitor-
ing, paving the way for the future methodological break-
throughs discussed in Sect.  7.

Current limitations and future breakthroughs in 
immune niche research
Major limitations of current research
Although spatial multi-omics technologies have signifi-
cantly improved our understanding of the immune sys-
tem in GBM, significant methodological and conceptual 
challenges remain. Early ST platforms only provided 
transcription data at the multicellular level, which lim-
ited accurate cell type identification and interpretation 
of cell-cell interactions [52, 53]. While, computational 
deconvolution methods that integrating scRNA-seq par-
tially mitigate this [54, 55], accuracy highly depends on 
reference data and is compromised by the remarkable 
transcriptional plasticity of TAMs and malignant cells 
[2, 6]. High-resolution platforms such as Slide-Seqv2 
and Merfish improve spatial accuracy, but often sacrifice 
transcriptome coverage and scalability [56, 57]. Conse-
quently, current ST techniques effectively capture struc-
tural patterns but may insufficiently resolve transitional 
cell states crucial for immune niche dynamics. To address 
these limitations, advanced spatial transcriptomic plat-
forms like Xenium, utilizing prime 5 K and custom add-
on panels, have recently emerged to offer subcellular 
localization at a near-whole transcriptome resolution. 
This provides unprecedented transcriptome coverage to 
flawlessly resolve complex cell states within these niches 
[58].

Beyond resolution, fundamental limitations in tempo-
ral inference and causal interpretation remain. Most spa-
tial analyzes rely on single-timepoint surgical specimens, 
providing static snapshots of dynamic ecosystems [1, 11]. 
Although trajectory modeling of scRNA-seq data esti-
mates pseudo timelines for T cell exhaustion and macro-
phage reprogramming [2, 10], it cannot measure actual 
temporal changes.

A more fundamental challenge is that spatial colocal-
ization does not prove causality, leading to a profound 
“chicken-and-egg” dilemma regarding niche formation. 
For instance, mesenchymal tumor regions are rich in 
macrophages and associated with poor prognosis [6, 44], 
yet whether macrophage accumulation drives tumor state 
transitions or represents a secondary response remains 
unresolved. One perspective posits that tumor-intrinsic 
genetic or epigenetic shifts initiate the mesenchymal 
transition, which subsequently recruits macrophages to 
establish a suppressive niche.

An emerging opposing view suggests that macrophage-
driven inflammatory stress actively forces adjacent tumor 
cells into a mesenchymal state. Preclinical perturbation 
experiments, including CSF1R inhibition [12, 48], pro-
vide partial mechanistic insights but cannot fully resolve 
this casual ambiguity human tumors.

These interpretation challenges are further complicated 
by discrepancies between animal models and the human 
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tumor microenvironment. Genetically engineered mouse 
models and human GBM diverge significantly in immune 
ontogeny, antigenicity, and myeloid cell composition [18, 
59]. Comparative single-cell analyses reveal distinct mac-
rophage transcriptional programs across species, and 
preclinical immunotherapy responses often fail to trans-
late clinically [2, 7]. Progress from descriptive mapping 
to mechanistic understanding requires overcoming these 
interrelated limitations.

Key breakthrough directions for future research
Overcoming these limitations requires methodological 
integration and conceptual expansion. Multi-layer spatial 
profiling is an essential starting point. Because protein 
abundance and metabolic states often diverge from RNA 
levels due to post-transcriptional regulation and stress 
response [60], integrating high-dimensional spatial pro-
teomics [61, 62] and emerging spatial metabolomics [63] 
can reveal how metabolic stress, cytokine signaling, and 
cellular topology interact to stabilize inhibitory niches in 
GBM.

To resolve the temporal and causal controversies dis-
cussed above, longitudinal studies represent a critical 
breakthrough. Paired pre-and post-treatment sampling 
has revealed therapy-induced immune remodeling [23, 
45]. Combining scRNA-seq with ST over time enables 
direct tracking of immune state transitions, which 
improves causal inferences by linking structural changes 
to treatment outcomes.

Given the complexity of spatial and longitudinal data-
sets, analytical innovation becomes essential. Artificial 
intelligence and systems biology approaches increasingly 
model cellular interaction networks and quantify spatial 
entropy [62, 64, 65]. Machine learning models that inte-
grate spatial imaging and transcriptome data show prom-
ising results in predicting response to immunotherapies 
in solid tumors [66], paving the way for predictive ecosys-
tem modeling in GBM.

Ultimately, clinical translation relies on precision strat-
egies targeting immune microenvironment remodel-
ing. Combination therapies that simultaneously block 
myeloid signaling, normalize vascular structure, and 
enhance T-cell activation show promising results in pre-
clinical research systems [67]. Spatially informed bio-
markers could soon guide patient selection, as initial 
evidence confirms immune niche topology influences 
treatment efficacy and durability [11, 68]. Integrating 
these spatial profiles into adaptive trial designs will pro-
pel research from structural characterization to rational, 
niche-disrupting clinical application.

Conclusion
This review highlights that antitumor immunity in glio-
mas is not diffusely distributed but is spatially organized 
into structured immune microregions. These niches arise 
through dynamic, reciprocal interactions between glial 
cells and infiltrating immune populations. Astrocytes, 
microglia, and other glial cells actively dictate the local-
ization and functional status of immune cells, synergizing 
with metabolic stressors to stabilize formidable immuno-
suppressive hubs within the tumor microenvironment. 
These findings collectively support a critical paradigm 
shift: from linear, pathway-centered models to a holis-
tic ecosystem approach that integrates spatial topology, 
cellular cross-talk, and metabolic constraints. The true 
potential of immunotherapy in GBM will not be realized 
by merely amplifying systemic immune responses, but by 
strategically dismantling the spatial and metabolic for-
tresses erected by these glial-immune interactions. While 
advances in ST and single-cell profiling have illuminated 
the architecture of these ecosystems, moving forward 
requires transitioning from static descriptive mapping to 
dynamic mechanistic interventions. By combining longi-
tudinal multi-omics, spatially informed biomarkers, and 
adaptive clinical trials, future research can translate our 
understanding of immune niche topology into precision, 
patient-specific immunotherapeutic strategies, ultimately 
offering renewed hope for patients with refractory brain 
tumors.

Abbreviations
DCs	� Dendritic cells
ECM	� Extracellular matrix
GBM	� Glioblastoma
NK	� Natural killer (cells)
scRNA-seq	� Single-cell RNA sequencing
ST	� Spatial transcriptomics
TAMs	� Tumor-associated macrophages
Tregs	� Regulatory T cells

Acknowledgements
Figures were created with BioRender.com (Scientific Image and Illustration 
Software | BioRender).

Author contributions
QG: Writing—original draft. SHS: Writing—original draft. ZYZ: Writing—
original draft. MRS: Visualization and preparation of figures. BCP: Writing—
original draft. YC: Writing—original draft, Writing—review & editing. XY: 
Writing—review & editing.All authors read and approved the final manuscript.

Funding
This research received no external funding.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Page 15 of 16Guo et al. Acta Neuropathologica Communications          (2026) 14:170 

Competing interests
The authors declare no competing interests.

Received: 4 April 2026 / Accepted: 5 July 2026

References
1.	 Friebel E, Kapolou K, Unger S, Núñez NG, Utz S, Rushing EJ et al (2020) Single-

cell mapping of human brain cancer reveals tumor-specific instruction of 
tissue-invading leukocytes. Cell 181(7):1626–42.e20

2.	 Pombo Antunes AR, Scheyltjens I, Lodi F, Messiaen J, Antoranz A, Duerinck J 
et al (2021) Single-cell profiling of myeloid cells in glioblastoma across spe-
cies and disease stage reveals macrophage competition and specialization. 
Nat Neurosci 24(4):595–610

3.	 Quail DF, Joyce JA (2017) The microenvironmental landscape of brain tumors. 
Cancer Cell 31(3):326–341

4.	 Ren Y, Huang Z, Zhou L, Xiao P, Song J, He P et al (2023) Spatial transcrip-
tomics reveals niche-specific enrichment and vulnerabilities of radial glial 
stem-like cells in malignant gliomas. Nat Commun 14(1):1028

5.	 Abdelfattah N, Kumar P, Wang C, Leu J-S, Flynn WF, Gao R et al (2022) Single-
cell analysis of human glioma and immune cells identifies S100A4 as an 
immunotherapy target. Nat Commun 13(1):767

6.	 Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ et al (2019) An inte-
grative model of cellular states, plasticity, and genetics for glioblastoma. Cell 
178(4):835–49.e21

7.	 Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A et al (2020) 
Effect of nivolumab vs bevacizumab in patients with recurrent glioblas-
toma: the CheckMate 143 phase 3 randomized clinical trial. JAMA Oncol 
6(7):1003–1010

8.	 Pombo Antunes AR, Scheyltjens I, Duerinck J, Neyns B, Movahedi K, Van Gin-
derachter JA (2020) Understanding the glioblastoma immune microenviron-
ment as basis for the development of new immunotherapeutic strategies. 
Elife 9:e52176

9.	 Yeo AT, Rawal S, Delcuze B, Christofides A, Atayde A, Strauss L et al (2022) 
Single-cell RNA sequencing reveals evolution of immune landscape during 
glioblastoma progression. Nat Immunol 23(6):971–984

10.	 Woroniecka K, Fecci PE. T-cell exhaustion in glioblastoma. Oncotarget. 9. 
United States 2018. pp. 35287–8.

11.	 Ravi VM, Will P, Kueckelhaus J, Sun N, Joseph K, Salié H et al (2022) Spatially 
resolved multi-omics deciphers bidirectional tumor-host interdependence in 
glioblastoma. Cancer Cell 40(6):639–55.e13

12.	 Quail DF, Bowman RL, Akkari L, Quick ML, Schuhmacher AJ, Huse JT et al 
(2016) The tumor microenvironment underlies acquired resistance to CSF-1R 
inhibition in gliomas. Science 352(6288):aad3018

13.	 Klemm F, Maas RR, Bowman RL, Kornete M, Soukup K, Nassiri S et al (2020) 
Interrogation of the microenvironmental landscape in brain tumors reveals 
disease-specific alterations of immune cells. Cell 181(7):1643–60.e17

14.	 Chen Z, Feng X, Herting CJ, Garcia VA, Nie K, Pong WW et al (2017) Cellular 
and molecular identity of tumor-associated macrophages in glioblastoma. 
Cancer Res 77(9):2266–2278

15.	 Liu M, Ji Z, Jain V, Smith VL, Hocke E, Patel AP et al (2024) Spatial transcrip-
tomics reveals segregation of tumor cell states in glioblastoma and marked 
immunosuppression within the perinecrotic niche. Acta Neuropathol Com-
mun 12(1):64

16.	 Greenwald AC, Darnell NG, Hoefflin R, Simkin D, Mount CW, Gonzalez Castro 
LN et al (2024) Integrative spatial analysis reveals a multi-layered organization 
of glioblastoma. Cell 187(10):2485–501.e26

17.	 Sofroniew MV (2020) Astrocyte reactivity: subtypes, states, and functions in 
CNS innate immunity. Trends Immunol 41(9):758–770

18.	 Hambardzumyan D, Gutmann DH, Kettenmann H (2016) The role of microglia 
and macrophages in glioma maintenance and progression. Nat Neurosci 
19(1):20–27

19.	 Cvitković J, Tan W-L, Jiang T, Zhao Z (2025) Glioma tumor microenvironment 
and immunotherapy: past, present, and future. Biomarker Research 13(1):150

20.	 Hussain SF, Yang D, Suki D, Aldape K, Grimm E, Heimberger AB (2006) The role 
of human glioma-infiltrating microglia/macrophages in mediating antitumor 
immune responses. Neuro Oncol 8(3):261–279

21.	 Henrik Heiland D, Ravi VM, Behringer SP, Frenking JH, Wurm J, Joseph K et al 
(2019) Tumor-associated reactive astrocytes aid the evolution of immunosup-
pressive environment in glioblastoma. Nat Commun 10(1):2541

22.	 Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B et al (2007) A 
perivascular niche for brain tumor stem cells. Cancer Cell 11(1):69–82

23.	 Schalper KA, Rodriguez-Ruiz ME, Diez-Valle R, López-Janeiro A, Porciuncula A, 
Idoate MA et al (2019) Neoadjuvant nivolumab modifies the tumor immune 
microenvironment in resectable glioblastoma. Nat Med 25(3):470–476

24.	 Perelroizen R, Philosof B, Budick-Harmelin N, Chernobylsky T, Ron A, Katzir R et 
al (2022) Astrocyte immunometabolic regulation of the tumour microenvi-
ronment drives glioblastoma pathogenicity. Brain 145(9):3288–3307

25.	 Linnerbauer M, Beyer T, Nirschl L, Farrenkopf D, Lößlein L, Vandrey O et al 
(2023) PD-L1 positive astrocytes attenuate inflammatory functions of PD-1 
positive microglia in models of autoimmune neuroinflammation. Nat Com-
mun 14(1):5555

26.	 Coy S, Wang S, Stopka SA, Lin J-R, Yapp C, Ritch CC et al (2022) Single cell 
spatial analysis reveals the topology of immunomodulatory purinergic signal-
ing in glioblastoma. Nat Commun 13(1):4814

27.	 DiDomenico J, Lamano JB, Oyon D, Li Y, Veliceasa D, Kaur G et al (2018) The 
immune checkpoint protein PD-L1 induces and maintains regulatory T cells 
in glioblastoma. Oncoimmunology 7(7):e1448329

28.	 Yost KE, Satpathy AT, Wells DK, Qi Y, Wang C, Kageyama R et al (2019) Clonal 
replacement of tumor-specific T cells following PD-1 blockade. Nat Med 
25(8):1251–1259

29.	 Zheng L, Qin S, Si W, Wang A, Xing B, Gao R et al (2021) Pan-cancer single-cell 
landscape of tumor-infiltrating T cells. Science 374(6574):abe6474

30.	 van Hooren L, Vaccaro A, Ramachandran M, Vazaios K, Libard S, van de Walle 
T et al (2021) Agonistic CD40 therapy induces tertiary lymphoid structures 
but impairs responses to checkpoint blockade in glioma. Nat Commun 
12(1):4127

31.	 Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting: integrat-
ing immunity’s roles in cancer suppression and promotion. Science 
331(6024):1565–1570

32.	 Rosenthal R, Cadieux EL, Salgado R, Bakir MA, Moore DA, Hiley CT et al (2019) 
Neoantigen-directed immune escape in lung cancer evolution. Nature 
567(7749):479–485

33.	 Marty R, Kaabinejadian S, Rossell D, Slifker MJ, van de Haar J, Engin HB et al 
(2017) MHC-I genotype restricts the oncogenic mutational landscape. Cell 
171(6):1272–83.e15

34.	 Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang T-H et al (2018) 
The immune landscape of cancer. Immunity 48(4):812–30.e14

35.	 Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N (2015) Molecular and 
genetic properties of tumors associated with local immune cytolytic activity. 
Cell 160(1–2):48–61

36.	 Cui X, Wang Q, Zhou J, Wang Y, Xu C, Tong F et al (2021) Single-cell tran-
scriptomics of glioblastoma reveals a unique tumor microenvironment and 
potential immunotherapeutic target against tumor-associated macrophage. 
Front Oncol 11:710695

37.	 Miroshnikova YA, Mouw JK, Barnes JM, Pickup MW, Lakins Johnathan N, Kim 
Y et al (2016) Tissue mechanics promote IDH1-dependent HIF1α–tenascin C 
feedback to regulate glioblastoma aggression. Nat Cell Biol 18(12):1336–1345

38.	 Nicolas-Boluda A, Vaquero J, Vimeux L, Guilbert T, Barrin S, Kantari-Mimoun C 
et al (2021) Tumor stiffening reversion through collagen crosslinking inhibi-
tion improves T cell migration and anti-PD-1 treatment. Elife 10:e58688

39.	 Chen DS, Mellman I (2017) Elements of cancer immunity and the cancer–
immune set point. Nature 541(7637):321–330

40.	 Singer M, Wang C, Cong L, Marjanovic ND, Kowalczyk MS, Zhang H et al 
(2016) A distinct gene module for dysfunction uncoupled from activation in 
tumor-infiltrating T cells. Cell 166(6):1500–11.e9

41.	 Davidson TB, Lee A, Hsu M, Sedighim S, Orpilla J, Treger J et al (2019) Expres-
sion of PD-1 by T cells in malignant glioma patients reflects exhaustion and 
activation. Clin Cancer Res 25(6):1913–1922

42.	 Wirsching H-G, Felsberg J, Prummer M, Moisoiu V, Lourman R, Hertler C et al 
(2023) Spatial immune profiling of glioblastoma identifies an inflammatory, 
perivascular phenotype associated with longer survival. Acta Neuropathol 
146(4):647–649

43.	 Ajaib S, Winter-Luke J, Digby RJ, Pollock S, Hemmings G, Gusnanto A 
et al (2025) Spatial profiling of longitudinal glioblastoma reveals con-
sistent changes in cellular architecture, post-treatment. Neuro Oncol 
27(12):3145–3160

44.	 Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L et al (2017) Tumor evolu-
tion of glioma-intrinsic gene expression subtypes associates with immuno-
logical changes in the microenvironment. Cancer Cell 32(1):42-56.e6

45.	 Cloughesy TF, Mochizuki AY, Orpilla JR, Hugo W, Lee AH, Davidson TB et al 
(2019) Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit 



Page 16 of 16Guo et al. Acta Neuropathologica Communications          (2026) 14:170 

with intratumoral and systemic immune responses in recurrent glioblastoma. 
Nat Med 25(3):477–486

46.	 Pietrobon V, Marincola FM (2021) Hypoxia and the phenomenon of immune 
exclusion. J Transl Med 19(1):9

47.	 Lopez Janeiro A, Miraval Wong E, Jiménez-Sánchez D, Ortiz de Solorzano C, 
Lozano MD, Teijeira A et al (2024) Spatially resolved tissue imaging to analyze 
the tumor immune microenvironment: beyond cell-type densities. J Immu-
noTherapy Cancer 12(5):e008589

48.	 Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF et 
al (2013) CSF-1R inhibition alters macrophage polarization and blocks glioma 
progression. Nat Med 19(10):1264–1272

49.	 Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK (2018) Enhancing 
cancer immunotherapy using antiangiogenics: opportunities and challenges. 
Nat Rev Clin Oncol 15(5):325–340

50.	 Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, de Boer CG, Jenkins RW et al 
(2018) Defining T cell states associated with response to checkpoint immu-
notherapy in melanoma. Cell 175(4):998-1013.e20

51.	 Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DIS, Zairis S et al (2016) 
Clonal evolution of glioblastoma under therapy. Nat Genet 48(7):768–776

52.	 Ståhl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, Magnusson J et al 
(2016) Visualization and analysis of gene expression in tissue sections by 
spatial transcriptomics. Science 353(6294):78–82

53.	 Asp M, Giacomello S, Larsson L, Wu C, Fürth D, Qian X et al (2019) A spa-
tiotemporal organ-wide gene expression and cell atlas of the developing 
human heart. Cell 179(7):1647–60.e19

54.	 Moncada R, Barkley D, Wagner F, Chiodin M, Devlin JC, Baron M et al (2020) 
Integrating microarray-based spatial transcriptomics and single-cell RNA-
seq reveals tissue architecture in pancreatic ductal adenocarcinomas. Nat 
Biotechnol 38(3):333–342

55.	 Andersson A, Bergenstråhle J, Asp M, Bergenstråhle L, Jurek A, Fernández 
Navarro J et al (2020) Single-cell and spatial transcriptomics enables probabi-
listic inference of cell type topography. Commun Biol 3(1):565

56.	 Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, Vanderburg CR et al 
(2019) Slide-seq: a scalable technology for measuring genome-wide expres-
sion at high spatial resolution. Science 363(6434):1463–1467

57.	 Xia C, Fan J, Emanuel G, Hao J, Zhuang X (2019) Spatial transcriptome profil-
ing by MERFISH reveals subcellular RNA compartmentalization and cell cycle-
dependent gene expression. Proc Natl Acad Sci U S A 116(39):19490–19499

58.	 Janesick A, Shelansky R, Gottscho AD, Wagner F, Williams SR, Rouault M et 
al (2023) High resolution mapping of the tumor microenvironment using 
integrated single-cell, spatial and in situ analysis. Nat Commun 14(1):8353

59.	 Zamler DB, Shingu T, Kahn LM, Huntoon K, Kassab C, Ott M et al (2022) 
Immune landscape of a genetically engineered murine model of glioma 
compared with human glioma. JCI Insight. 7(12):e1489904

60.	 Cheng Z, Teo G, Krueger S, Rock TM, Koh HW, Choi H et al (2016) Differential 
dynamics of the mammalian mRNA and protein expression response to 
misfolding stress. Mol Syst Biol 12(1):855

61.	 Giesen C, Wang HA, Schapiro D, Zivanovic N, Jacobs A, Hattendorf B et al 
(2014) Highly multiplexed imaging of tumor tissues with subcellular resolu-
tion by mass cytometry. Nat Methods 11(4):417–422

62.	 Schürch CM, Bhate SS, Barlow GL, Phillips DJ, Noti L, Zlobec I et al (2020) 
Coordinated cellular neighborhoods orchestrate antitumoral immunity at the 
colorectal cancer invasive front. Cell 182(5):1341–59.e19

63.	 Alexandrov T (2020) Spatial metabolomics and imaging mass spectrometry 
in the age of artificial intelligence. Annu Rev Biomed Data Sci 3:61–87

64.	 McKenzie M, Irac SE, Chen Z, Moradi A, Jenner A, Nguyen Q et al (2026) Inte-
grative spatial omics and artificial intelligence: transforming cancer research 
with omics data and AI. Semin Cancer Biol 119:65–82

65.	 van Santvoort M, Eduati F (2025) An algorithmic perspective on deciphering 
cell–cell interactions with spatial omics data. Brief Bioinform 26(3):bbaf236

66.	 Li Y, Wu X, Fang D, Luo Y (2024) Informing immunotherapy with multi-omics 
driven machine learning. Npj Digit Med 7(1):67

67.	 Qian C, Liu C, Liu W, Zhou R, Zhao L (2023) Targeting vascular normalization: 
a promising strategy to improve immune–vascular crosstalk in cancer immu-
notherapy. Front Immunol 14:1291530

68.	 Luning R, French PJ, Vanbilloen WJF, Dobber L, Van Hijfte L, Hoogendijk R et 
al (2025) T cell immunity in glioma and potential implications for immuno-
therapy: a systematic review. Neuro Oncol. ​h​t​t​​​​p​​s​:​​/​​/​d​​o​​i​.​​o​r​g​/​1​0​.​1​0​9​3​/​n​e​u​o​n​c​/​n​
o​a​f​2​3​6​​​​​​​

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1093/neuonc/noaf236
https://doi.org/10.1093/neuonc/noaf236

	﻿Immune niches in brain tumors: glial–immune cell interactions and spatial microdomains
	﻿Abstract
	﻿Introduction
	﻿Cellular composition and spatial organization of the brain tumor immune microenvironment
	﻿Immune cell populations and their spatial distribution patterns
	﻿Glial cell subtypes and their spatial distribution
	﻿Spatial heterogeneity and structural foundations in brain tumors

	﻿﻿Glial cell–immune cell interaction networks shaping immune niches
	﻿Interactions between glial cells and T cells
	﻿Interactions between glial cells and myeloid cells
	﻿Other immune subpopulations within glial niches
	﻿Key signaling pathways and ligand–receptor axes

	﻿Formation of immune niches in brain tumors
	﻿Tumor initiation and the process of cancer immunoediting
	﻿Regulation by metabolism, hypoxia, and the extracellular matrix
	﻿Glial-stromal networks anchor immune populations within spatial niches

	﻿﻿Spatial functional immune states in brain tumors
	﻿Immune activation within the tumor microenvironment
	﻿Immunosuppressive microenvironments and coordinated immune escape
	﻿Spatial architecture as a determinant of immunotherapy responsiveness

	﻿Clinical implications of immune ecological niches and therapeutic targeting strategies
	﻿Immune niches as biomarkers: prognostic and therapeutic implications
	﻿Therapeutic targeting of immune niches
	﻿Spatial evolution of immune niches: the driver of therapeutic resistance

	﻿﻿Current limitations and future breakthroughs in immune niche research
	﻿Major limitations of current research
	﻿Key breakthrough directions for future research

	﻿Conclusion
	﻿References


