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Abstract

Brain tumors, including primary intracranial tumors and brain metastases (BrMs), represent a major threat to human 
health and are associated with extremely poor prognoses. The brain tumor microenvironment (BTME) is a complex 
ecosystem composed of various elements, including tumor cells, immune cells, neurons, the vascular system, the 
extracellular matrix, and cytokines. These elements not only coexist spatially but are also functionally connected, 
interacting through intricate networks that collectively influence tumor initiation, progression, and therapeutic efficacy. 
In recent years, the application of novel technologies such as single-cell and spatial transcriptomics has uncovered 
complex cellular heterogeneity and spatial organization within the BTME. This review comprehensively summarizes 
the key components and functions of the BTME in tumor development and therapy, the mechanisms underlying 
intercellular interactions, with an emphasis on their clinical potential and challenges.
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these primary tumors [9,10]. Brain tumors pose significant 
global public health challenges due to their high incidence 
and poor survival outcomes [11,12]. Although conventional 
treatments such as surgery, radiotherapy, and chemotherapy 
have improved survival to some extent, their overall efficacy 
remains limited.

The understanding of the brain’s immune microenvironment 
and lymphatic drainage system has undergone a transformative 
evolution. Early studies by Shirai [13] and Medawar [14] in 
the early to mid-20th century established the concept of “brain 
immune privilege”, which proposed that the blood-brain 
barrier (BBB) isolates the central nervous system (CNS) from 
the peripheral immune system [15,16]. Since the 1980s, this 
view has been progressively revised, with the identification of 
microglia as the resident immune cells that monitor the brain 
microenvironment and play critical roles in neurodegenerative 
diseases [17]. In 2012, Iliff et al. [18] introduced the concept 
of the glymphatic system, a brain clearance pathway analogous 
to the lymphatic system. Subsequent work by Rasmussen et al. 
[19] revealed that astrocytes mediate cerebrospinal fluid-
interstitial fluid exchange via aquaporin-4 (AQP4) water 
channels, providing a mechanistic basis for metabolic waste 
clearance in the brain. In 2015, a landmark study by Louveau 

Background
Brain tumors, including brain metastases (BrMs) and primary 
intracranial tumors, pose serious threats to human health and 
are associated with poor prognoses [1-3]. Epidemiological 
data indicate that the annual incidence of primary intracranial 
tumors is 6–10 cases per 100,000 people [4,5], whereas the 
annual incidence of BrMs is even higher, at 8–10 cases per 
100,000 people [6]. Gliomas are the most prevalent type of 
primary intracranial tumors, accounting for 20%–30% of all 
brain tumor cases. In particular, malignant gliomas, such as 
glioblastoma multiforme (GBM), have exceptionally poor 
prognoses, with a 5-year survival rate of less than 10% [7,8]. 
BrMs most commonly originate from solid tumors such as 
lung cancer, breast cancer, and melanoma. The incidence of 
BrMs continues to increase alongside the rising prevalence of 
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et al. [20] provided evidence of functional lymphatic vessels 
in the meninges, establishing a direct anatomical connection 
between the brain and the peripheral immune system and 
overturning the long-held belief that the brain lacks lymphatic 
drainage. In recent years, the advances of in vivo imaging, 
single-cell sequencing, and other advanced technologies have 
elucidated the roles of meningeal lymphatic vessels and the 
glymphatic system in various neurological diseases, such as 
Alzheimer’s disease, multiple sclerosis, stroke, and brain tumor 
[21-24]. These discoveries have reshaped our understanding 
of neuroimmune interactions and laid a theoretical foundation 
for developing novel therapies [25].

Traditional cancer research has focused primarily on tumor 
cells themselves. However, accumulating evidence indicates 
that the tumor microenvironment (TME) plays a critical role 
in tumor initiation, progression, and therapeutic resistance 
[26-28]. In GBM, tumor evolution is driven mainly by 
microenvironmental reprogramming rather than by intrinsic 
molecular evolution of tumor cells [29]. The brain TME 
(BTME) is a highly heterogeneous and dynamically evolving 
ecosystem composed of tumor cells, immune cells, neurons, 
the vascular system, the extracellular matrix (ECM), and 
cytokines [30]. These components interact through complex 
signaling networks that collectively shape tumor biology [31]. 
For example, tumor-associated macrophages (TAMs) promote 
tumor cell proliferation by secreting growth factors while 
concurrently suppressing anti-tumor immune responses [32-34]. 
Abnormal tumor vasculature not only supplies nutrients for 
tumor growth but also impedes effective drug delivery and 
immune cell infiltration [35,36]. Moreover, ECM remodeling 
influences the migratory and invasive properties of tumor 
cells [37]. Therefore, a comprehensive exploration of the 
BTME is essential for elucidating the molecular mechanisms 
of tumor development and identifying new therapeutic targets 
[38]. Moreover, therapies targeting the BTME, including 
immunotherapy and targeted therapy, have shown promising 
results in clinical trials and are emerging as innovative 
treatment strategies [39,40]. 

In recent years, multi-omics technologies have further 
revealed the dynamic evolution and spatial specificity of 
cellular states within the BTME [9,41,42]. For instance, in 
GBM, tumor cells and myeloid cells have been shown to 
form stable interaction networks mediated by specific ligand-
receptor pairs, such as secreted phosphoprotein 1 (SPP1)-
CD44, which promote invasive tumor phenotypes and 
contribute to the establishment of an immunosuppressive 
microenvironment [43,44]. Furthermore, exhaustion of 
regulatory T (Treg) cells has been reported to enhance 

myeloid cell activation and improve the responsiveness of 
GBM to programmed cell death protein 1 (PD-1) blockade 
and tumor-targeting antibodies [45]. Metabolic alterations 
within the BTME, including the accumulation of lactate and 
kynurenine, can also directly modulate the functions of T cells 
and macrophages, constituting a novel form of “metabolic 
checkpoint” [46]. These findings highlight the therapeutic 
potential of targeting cellular interactions and metabolic 
pathways within the BTME. 

This review summarizes recent advances in BTME 
research, explores its potential implications for cancer 
therapy, and discusses future directions. We systematically 
delineate the core cellular and molecular constituents of the 
BTME, including tumor cells, immune populations, neurons, 
the vascular system, the ECM, and cytokine networks. 
Subsequently, we integrate dynamic and reciprocal interactions 
that govern tumor evolution, with particular emphasis on 
the context-dependent and bidirectional functions of these 
components in orchestrating tumor progression, immune 
evasion, and therapeutic resistance. We further highlight 
emerging paradigms, such as the gut-brain axis and tertiary 
lymphoid structures (TLSs), alongside recent advances 
in multimodal and spatially resolved technologies that are 
reshaping our understanding of BTME complexity. In parallel, 
we synthesize current BTME-targeted therapeutic strategies, 
including targeted therapy, immunotherapy, and combination 
approaches. Finally, we discuss key challenges and future 
directions for translating BTME-focused insights into clinical 
practice (Fig. 1).

Composition and dynamics of the BTME
The BTME is composed of various cells, the vascular system, 
and ECM components. Under physiological conditions, these 
components maintain brain homeostasis. However, during 
tumorigenesis, they interact with tumor cells to influence 
tumor progression and therapeutic resistance. Here, we discuss 
the roles and dynamic changes in BTME, including tumor 
cells, cancer stem cells (CSCs), neurons, glial cells, immune 
cells, cancer-associated fibroblasts (CAFs), the vascular system, 
ECM, and cytokines in brain tumor [47]. The roles of TLSs 
and the gut-brain axis are also described.

Tumor cells
Tumor heterogeneity exists both among individuals and 
within a single tumor, posing major challenges for diagnosis 
and treatment. Intratumoral heterogeneity is a defining feature 
of brain tumors and is particularly prominent in GBM [48]. 
Single-cell sequencing has revealed multiple subpopulations of 
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Fig. 1　Crosstalk among various components of BTME.
The manuscript primarily focuses on various cellular and non-cellular components of BTME, with particular emphasis on the modules 
“research progress of multi-omics”, “tumor development”, “treatment resistance” and “potential therapeutic strategies”. “Research 
progress in multi-omics” refers to advancements in transcriptomics, including bulk RNA-seq, single-cell RNA-seq, spatial RNA-seq, 
and novel imaging techniques. “Tumor development” primarily investigates the roles and mechanisms of the interplay between the 
tumor and BTME during tumorigenesis and progression. “Treatment resistance” mainly refers to how the tumor microenvironment 
interaction leads to chemotherapy resistance, immunotherapy resistance, and other forms of resistance. “Potential therapeutic 
strategies” explore whether targeting BTME can inhibit tumor progression and reverse treatment resistance. BTME. Brain tumor 
microenvironment; BBB. Blood-brain barrier

tumor cells, characterized by distinct transcriptional profiles 
and functional properties [49]. Highly heterogeneous GBM 
tumor cells can also be classified into mesenchymal-like, 
astrocyte-like (AC-like), oligodendrocyte precursor cell-
like (OPC-like), and neural progenitor cell-like (NPC-like) 
subtypes [43,49]. Several key genes, including arginase 2 
(ARG2), SEC61 translocon subunit gamma (SEC61G), 
and integrin subunit beta 2 (ITGB2), have been identified 
as critical regulators of tumor progression. Upregulation 

of ARG2 is associated with the functional suppression of 
T cells [50]. SEC61G promotes glycolysis and modulates 
oxidative phosphorylation by stabilizing key glycolytic enzyme 
phosphoglycerate mutase 1 (PGAM1) through ubiquitin 
protein ligase E3C (UBE3C) inhibition [51]. Moreover, 
SEC61G contributes to BTME immunosuppression by 
promoting M2 polarization of microglia, increasing interleukin 
(IL)-6 and IL-10 secretion, and inhibiting TLSs maturation 
[51]. ITGB2 regulates glioma cell proliferation and migration 
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by modulating macrophage recruitment and polarization, 
further highlighting the bidirectional interactions between 
tumor cells and the BTME [52,53] (Fig. 2a).

Epigenetics also plays a critical role in brain tumor develop-
ment. Westphal et al. [54] identified 38 epigenetic regulators 
as unique epigenetic markers of intracranial melanoma. In 

Fig. 2　Multilayered regulation of brain tumor progression: gene expression, stemness maintenance, and epigenetic 
remodelling.
a Gene regulation in tumor cells. ITGB2 regulates glioma cell proliferation and migration. Elevated ARG2 expression is associated with 
reduced CD8+ T cell cytotoxicity and decreased T cell infiltration in breast cancer BrM. SEC61G promotes BrM by antagonizing UBE3C, 
preventing the proteasomal degradation of PGAM1. Stabilized PGAM1 promotes glycolysis and modulates oxidative phosphorylation, 
driving metabolic reprogramming that facilitates brain colonization. SEC61G also reshapes TIME by promoting M2 polarization. 
b Maintenance of tumor stemness and microenvironmental interactions. VASN mediates TNF-α-induced GSC self-renewal by 
promoting glycolysis. SIRT1 induces K436 lactylation of PTBP1, reducing its ubiquitination and stabilizing PFKFB4 mRNA, further 
increasing glycolytic activity and supporting GSC maintenance. PCr promotes GSC growth by inhibiting BRD2 polyubiquitination. 
Plasma cell-derived IgG stimulates GSC proliferation via FcγRIIA-protein kinase B (Akt)-mTOR signalling axis. CHI3L1 activates 
CD44-Akt-β-catenin signalling, induces MAZ-dependent CD44 expression and forms a pro-mesenchymal positive feedback loop. 
USF1 promotes GSC stemness through CD90 upregulation, facilitating TAMs adhesion and immunosuppressive polarization. GSCs 
secrete VEGF to promote angiogenesis and suppress T cell function via PD-L1 expression. c Epigenetic regulation in tumor cells 
and cancer stem cells. Loss of H3K27me3 enhances MMP3 expression and drives breast cancer BrM. Epigenetic regulation plays 
a critical role in GSC heterogeneity. G9a suppresses Fbxw7 through H3K9me2 to modulate Notch signalling. SUMOylation alters 
HNRNPK transcriptional activity. LSD1-mediated histone demethylation activates metastasis-associated genes. SMYD2-induced 
methylation of PGC1α contributes to GSC maintenance. ARG2. Arginase 2; BrM. Brain metastases; SEC61G. SEC61 translocon subunit 
gamma; UBE3C. Ubiquitin protein ligase E3C; PGAM1. Phosphoglycerate mutase 1; TIME. Tumor immune microenvironment; 
VASN. Vasorin; TNF. Tumor necrosis factor; GSC. Glioma stem cell; SIRT1. Sirtuin 1; PTBP1. Polypyrimidine tract-binding protein 1; 
PFKFB4. 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4; PCr. Phosphocreatine; BRD2. Bromodomain-containing protein 2; 
IgG. Immunoglobulin G; FcγRIIA. Fc gamma receptor IIA; mTOR. Mammalian target of rapamycin; CHI3L1. Chitinase 3-like 1; 
MAZ. MYC-associated zinc finger protein; USF1. Upstream transcription factor 1; TAMs. Tumor-associated macrophages; VEGF. 
Vascular endothelial growth factor; PD-L1. Programmed death-ligand 1; H3K27me3. Histone H3 lysine 27 trimethylation; MMP3. 
Matrix metalloproteinase 3; Fbxw7. F-box and WD repeat domain-containing 7; H3K9me2. H3 lysine 9 dimethylation; HNRNPK. 
Heterogeneous nuclear ribonucleoprotein K; LSD1. Lysine-specific demethylase 1; SMYD2. SET and MYND domain-containing protein 2; 
PGC1α. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ITGB2. Integrin subunit β2
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BrMs from breast cancer, aberrant protein glycosylation has 
been implicated, with a significant increase in highly diallylated 
N-glycans such as HexNAc5Hex6DeoxyHex1NeuAc3 sialylated 
[55]. Mechanistically, loss of the histone methyltransferases 
l y s i n e  m e t hy l t r a n s f e r a s e  2 C  ( K MT 2 C )  a n d  l y s i n e 
methyltransferase 2D (KMT2D) promotes KDM6A-mediated 
demethylation of H3K27me3, leading to the upregulation of 
matrix metalloproteinase-3 (MMP3) and facilitating brain-
specific metastasis of breast cancer [53]. In summary, these 
findings reveal a regulatory network underlying the epigenetic 
and molecular heterogeneity of brain tumors, offering new 
insights into their pathogenesis (Fig. 2c).

Cancer stem cells
Cancer stem cells (CSCs) represent a critical subpopulation 
of tumor cells with stem cell-like properties, including self-
renewal and multipotent differentiation capacity, enabling 
them to drive tumorigenesis, recurrence, and therapeutic 
resistance [56-58]. Glioma stem cells (GSCs) are considered 
critical contributors to tumor progression [56]. GSCs are 
commonly categorized into four subtypes, including proneural, 
neural, classical, and mesenchymal GSCs [59,60]. Specific 
GSC targets include mesenchyme homeobox 2 (MEOX2) in 
classical GSCs and serglycin (SRGN) in mesenchymal GSCs. 
The MEOX2-NOTCH and SRGN-nuclear factor κB (NF-κB) 
pathways are essential for maintaining the stemness of 
classical and mesenchymal GSCs, respectively [61]. CSC 
subtype switching is a complex process influenced by both 
intrinsic tumor programs and extrinsic microenvironmental 
cues. Glycoprotein NMB (GPNMB), highly expressed in 
macrophages, promotes proneural-mesenchymal transition 
(PMT) and impedes T cel l  activation in GBM [62]. 
Macrophage-derived oncostatin M (OSM) interacts with 
glycoprotein 130 (GP130) on GBM cells, which activates 
signal transducer and activator of transcription 3 (STAT3) 
signaling and induces a transition of GBM cel ls into 
mesenchymal-like states [63]. Mesenchymal GSCs exhibit 
enhanced malignancy and radioresistance, which are closely 
associated with the immunosuppressive BTME [59] (Fig. 2b).

The maintenance of GSC stemness is governed by a 
multilayered regulatory network involving hypoxic micro-
environment [64], epigenetic modifications such as SET and 
MYND domain-containing protein 2 (SMYD2)-mediated 
the peroxisome proliferator-activated receptor gamma 1α 
(PGC1α) methylation [65], metabolic reprogramming 
including vasorin (VA SN)-enhanced glycolysis [66], 
and BTME modulation via nonclassical NF-κB (RELB/
p50) activation [67]. In GSC, phosphocreatine (PCr) 

inhibits the bromodomain-containing protein 2 (BRD2) 
polyubiquitination through interaction with the E3 ubiquitin 
ligase speckle type BTB/POZ protein (SPOP), ultimately 
promoting tumor growth [68]. Sirtuin 1 (SIRT1)-induced 
lactylation of the polypyrimidine tract-binding protein 1 
(PTBP1) stabilizes 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 4 (PFKFB4) mRNA, enhancing glycolytic 
flux and highlighting the interplay between metabolic and 
epigenetic regulation in maintaining GSC stemness [69].

The interaction between GSCs and the BTME forms 
a complex regulatory network to sustain tumor stemness 
and progression. GSCs maintain autonomous stemness by 
secreting factors such as IgG and chitinase 3-like 1 (CHI3L1) 
and activating signaling pathways including Fc gamma 
receptor ⅡA (FcγRⅡA)-protein kinase B (Akt)-mammalian 
target of rapamycin (mTOR) [70] and Akt/β-catenin [71]. 
Concurrently, BTME components, including pericytes and 
TAMs, support GSCs via cytokine secretion and intercellular 
interactions [71,72]. Notably, the upstream stimulating 
factor 1 (USF1)/CD90 signaling axis directly regulates 
GSC stemness and mediates crosstalk with TAMs, forming a 
positive feedback loop that promotes tumor proliferation [72]. 
In addition, GSCs secrete vascular endothelial growth factor 
(VEGF) to promote angiogenesis and simultaneously express 
programmed death-ligand 1 (PD-L1) to suppress T cell 
activity [73]. In BrMs, CD44+ CSCs activate Wnt7-β-catenin 
signaling pathway via the G protein-coupled receptor 124 
(GPR124) receptor, promoting transendothelial migration and 
lung cancer BrM [74].

Epigenetic regulation is a key determinant of GSC 
heterogeneity. Histone methyltransferase 2 (G9a) suppresses 
F-box and WD repeat domain containing 7 (Fbxw7) 
transcription by H3K9me2 modification, which subsequently 
influences the Notch signaling pathway and decreases 
stemness in GSCs [75]. The self-renewal of GSCs is sustained 
by DARS1-AS1/YBX1-controlled posttranscriptional circuits 
[76]. SUMOylation of the K422 residue of HNRNPK 
interferes with its DNA binding ability, reducing transcription 
and promoting transition between GSCs [77]. Lysine-specific 
demethylase 1 (LSD1) drives H3K9me2 demethylation, 
promotes RNF135 transcription, and enhances tumor 
stemness [78]. These findings provide new perspectives for 
understanding the molecular characteristics of GSCs (Fig. 2c).

Key biomarkers of tumors and CSCs, as well as phenotypic 
transformation between GSCs, may provide therapeutic 
strategies [61,79,80]. Furthermore, innovative dual stem 
cell therapy approaches that integrate oncolytic viruses and 
gene editing technologies have shown promise. For example, 
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a strategy combining a stem cell line carrying an oncolytic 
herpes simplex virus (oHSV) with a CRISPR-Cas9-engineered 
stem cell line lacking the nectin-1 receptor has demonstrated 
enhanced anti-tumor eff icacy through improved viral 
sensitivity and secretion of immunoregulatory factors such 
as granulocyte-macrophage colony-stimulating factor (GM-
CSF) [81]. Overall, recent in-depth research into tumor cells 
or CSCs themselves or their interactions with TME has led to 
the discovery of different targets, encouraging researchers to 
translate these findings into clinical applications [82-84].

Neurons
Neurons serve as the fundamental structural and functional 
units of the nervous system, responsible for information 
reception, integration, and transmission. The neuron-tumor 
crosstalk plays an important role in tumor progression [85-
87]. Neurons participate in the cancer-associated stress 
responses and tumor progression [88,89], in part through 
corticotropin-releasing hormone secretion, prompting 
intensive investigation of neuron-tumor interactions [90,91]. 
Isocitrate dehydrogenase (IDH) wild-type glioma exhibits 
increased aggressiveness upon recurrence, accompanied by 
increased expression of neuronal signaling factors, indicating 
neuronal interactions facilitate tumor progression [92]. The 
single-cell transcriptomic analysis revealed a high abundance 
of malignant stem cell-like populations of neuronal lineage 
in GBM, including neural progenitor-like, astrocyte-like, 
oligodendrocyte progenitor-like, oligodendrocytes, or 
excitatory neurons [93] (Fig. 3).

Neuronal activity profoundly influences tumor behaviour 
through synaptic transmission and electrical signaling. Ion 
channels such as EAG2 and Kvβ2 localize to neuron-glioma 
contact sites and promote tumor invasion [94]. Neuregulin-1 
(NgR1) modulates glioma migration on myelin via ubiquitin-
specific peptidase 1 (USP1)-mediated stabilization of inhibitor 
of DNA binding 1 (ID1) [95]. Glioma cells also exhibit 
neuron-like migratory characteristics and accelerate invasion 
in response to neuronal activity-induced calcium signaling 
[96]. Oncogenic variants such as phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) 
induce brain hyperexcitability and synaptic remodeling [97], 
while semaphorin 4F (SEMA4F) and chromodomain helicase 
DNA binding protein 2 (CHD2)-FOS-like antigen 1 (FOSL1) 
signaling promotes tumor progression by remodeling synaptic 
communication in GBM and diffuse midline glioma (DMG) 
[85,98]. Additionally, neuronal activity facilitates tumor 
progression and treatment resistance by inducing PMT in 
GSCs. Neuronal activation increases the level of miR-184-3p 

in exosomes, which are subsequently absorbed by GSCs. This 
process inhibits RNA-binding motif protein 15 (RBM15) and 
decreases the m6A levels of discs large homolog 3 (DLG3), 
thereby inducing the PMT of GSCs through STAT3 pathway 
activation [99]. Furthermore, the TME can reprogram neural 
stem cells into CSCs, resulting in therapeutic resistance [100].

Glioma cells can form functional synapses with neurons, 
including glutamatergic synapses mediated by α-amino-3- 
hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPARs) and GABAergic synapses mediated by gamma- 
aminobutyric acid (GABA) receptors [101]. These cells 
express glutamate receptors and postsynaptic genes, enabling 
synaptic integration and activity-dependent proliferation 
[102-104]. Venkatesh et al. [105] found that AMPARs-
mediated synaptic structures confer postsynaptic functionality 
to gliomas. Such structures, termed neurogliomal synapses 
(NGSs), allow direct neuronal control of tumor growth [106]. 

Beyond physical synapses, neurons also communicate with 
tumor cells through diverse neurotransmitters and receptors, 
regulating tumor growth, invasion, and microenvironmental 
adaptation. Neuron-derived glutamate is transmitted via 
NGSs, inducing membrane depolarization and Ca2+ influx, 
which further activate phosphoinositide 3-kinase (PI3K)/Akt 
and mTOR pathways to promote tumor progression, neuronal 
excitotoxicity, and epileptiform activity [107-111]. Beyond 
physical synapses, diverse neurotransmitter systems provide 
additional stimulatory cues. Local glutamatergic signaling and 
long-range cholinergic projections provide primary stimulatory 
cues. Specifically, acetylcholine promotes tumor progression 
via the cholinergic receptor muscarinic 3 (CHRM3) receptor, 
synergizing with the glutamate-driven calcium signaling [112]. 
This pro-tumorigenic effect extends to the catecholaminergic 
system, where neurons in the ventrolateral medulla have been 
shown to drive tumor growth [113]. In contrast, the inhibitory 
GABAergic signaling exhibits complex bidirectional effects. 
GABAA receptor activation typically induces Cl– influx and 
membrane hyperpolarization, inhibiting tumor proliferation. 
However, GABAergic input has a depolarizing effect on DMG 
cells due to Na+-K+-2Cl– cotransporter 1 (NKCC1) chloride 
transporter function and consequently elevated intracellular 
chloride concentration, which promotes DMG growth [114]. 
Furthermore, the GABAB receptor signaling also demonstrates 
dual roles. Its autocrine pathway can inhibit glycogen synthase 
kinase-3 beta (GSK3β) and activate β-catenin, promoting 
immune escape and tumor growth, while simultaneously 
regulating neuronal firing frequency via G protein-coupled 
K+ channels to alleviate hyperexcitability [115-118]. In BrMs, 
neuron-derived glutamate activates N-methyl-D-aspartate 
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Fig. 3　Neuron-tumor interactions and their regulatory role in the BTME.
In a brain tumor, tumor cells establish extensive functional interactions with neurons that promote invasion, growth, and immune 
suppression. a Ion channels such as EAG2 and Kvβ2 are enriched at neuron-tumor contact sites in GBM, where they enhance 
calcium signalling. Glioma cells form functional synaptic connections with neurons, including glutamatergic, GABAergic, and 
catecholaminergic synapses, and migrate through the brain using neuron-like Lévy-type movement patterns. Neuronal activity 
induces membrane depolarization and Ca2+ influx in tumor cells, accelerating tumor growth and invasion. b In breast cancer 
BrM, tumor-derived extracellular vesicles are enriched in miR-199b-5p target SLC38A2, SLC16A7 in neurons, and SLC1A2/EAAT2 
astrocytes, disrupting neuron-astrocyte metabolic coupling and favouring tumor growth. c Neuron-tumor signalling also contributes 
to immune suppression. Activation of the CaMKK2 pathway promotes CD8+ T cell exhaustion, limits CD4+ T cell expansion, and 
maintains immunosuppressive microglia-like myeloid states, facilitating resistance to immune checkpoint blockade. Tumor cells 
release neurotransmitters, and neurotrophic factors such as glutamate and BDNF promote M2 macrophage polarization and 
activate neuronal TrkB receptors, stimulating PI3K/Akt and MAPK signalling to support tumor proliferation. Myelin-derived lipids 
phagocytosed by tumor-associated macrophages generate lipid-laden macrophages that transfer lipids to tumor cells via the LXR/
Abca1 pathway, supporting tumor growth. In NF1-mutant neurons, microglia-derived CCL5 ultimately promotes GSCs’ survival. 
BTME. Brain tumor microenvironment; EAG2. Ether-a-go-go 2; Kvβ2. Potassium voltage-gated channel subfamily beta member 2; 
GBM. Glioblastoma; GABA. Gamma-aminobutyric acid; NKCC1. Sodium-potassium-chloride cotransporter 1; CaMKK2. Calcium/
calmodulin-dependent protein kinase kinase 2; BrM. Brain metastases; SLC. Solute carrier; EAAT2. Excitatory amino acid transporter 2; 
BDNF. Brain-derived neurotrophic factor; TrkB. Tropomyosin receptor kinase B; PI3K. Phosphoinositide 3-kinase; Akt. Protein kinase B; 
MAPK. Mitogen-activated protein kinase; LXR. Liver X receptor; Abca1. ATP-binding cassette transporter A1; NF1. Neurofibromatosis 1; 
CCL. C-C motif chemokine ligand; GSCs. Glioma stem cells; AMPARs. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptors; USP1. Ubiquitin specific peptidase 1

receptors (NMDARs) and forms pseudo-tripartite synapses 
[119]. 

Conversely, glioma cells reciprocally remodel neural 
circuits and impair cognitive function and its prognosis 
[91,101,120]. Tumor cells further regulate neuronal function 
by releasing extracellular vesicles (EVs), neurotransmitters, 
and neurotrophic factors. Specifically, GBM-derived glutamate 
can overactivate neurons, leading to excitotoxic neuronal death 
and consequently creating space for tumor expansion [121]. 
Moreover, tumors secrete brain-derived neurotrophic factor 

(BDNF) to activate the TrkB receptor on neurons, triggering 
the PI3K/Akt and mitogen-activated protein kinases (MAPKs) 
signaling pathways that further reinforce the tumor-supportive 
signaling [122]. In metastatic settings, breast cancer-derived 
EVs carrying miR-199b-5p disrupt neuron-astrocyte metabolic 
coupling and promote tumor growth [123].

Neuron-tumor interactions also shape the immuno-
suppressive BTME. Gliomas inhibit natural killer (NK) cell 
and CD8+ T cell functions via the N-acetyltransferase 8-like 
(NAT8L)/N-acetylaspartate (NAA) axis and disrupt immune 
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synapses through laminin acetylation [124,125]. TAMs 
phagocytose myelin lipids and form immunosuppressive 
lipid-laden macrophages that transfer lipids to tumor cells 
through the liver X receptor (LXR)/ATP-binding cassette 
transporter A1 (Abca1) pathway [126]. Neurofibromatosis 1 
(NF1)-mutant neurons induce microglia to produce C-C 
motif chemokine ligand 5 (CCL5), which supports GSC 
survival and tumor growth [127]. Moreover, NF1 mutations 
induce neuronal hyperexcitability and intermediate factor 
expression, which activate immune axes to support the growth 
of NF1-associated optic gliomas [128]. Additionally, calcium/
calmodulin-dependent protein kinase kinase 2 (CaMKK2) 
maintains immunosuppressive microglial phenotypes and 
limits T cell infiltration in GBM [129] (Fig. 3).

Collectively, these findings define a malignant “neuron-
tumor” cycle that sustains tumor growth, invasion, immune 
suppression, and treatment resistance [108,109,130]. 
Preclinically employed therapeutic strategies involve targeting 
the GABA/NKCC1 signaling pathway [114], inhibiting the 
NAT8L/NAA metabolic axis [124,125], and employing 
rabies virus-based drugs for tumor-specific neuronal ablation 
[131]. Notably, interventions targeting the USP1/NgR1 
pathway [95] and the miR-184-3p/RBM15/DLG3 axis [99] 
could overcome treatment resistance. Elucidating the neuron-
tumor interaction patterns across tumor will be essential for 
developing precision therapies and neuroprotective strategies, 
offering substantial translational medical value.

Astrocytes
Astrocytes are the predominant glial cells in the CNS and 
play critical roles in brain homeostasis, neuronal function, and 
neurological disorders. The concept of the astrocyte-neuron 
lactate shuttle (ANLS) originated from the 1994 proposal that 
astrocytes exhibit elevated glycolytic activity, producing and 
secreting lactate, which is subsequently taken up by neurons 
and oxidized in mitochondria to support neuronal energy 
requirements [132,133].

In 2012, Barres classified reactive astrocytes into two 
functional states, A1 (neurotoxic) and A2 (neuroprotective) 
[134-136]. A1 astrocytes secrete inflammatory factors and 
neurotoxins, whereas A2 astrocytes upregulate neurotrophic 
factors. The A1/A2 astrocyte classification is commonly widely 
applied to neurodegenerative diseases such as Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, amyotrophic 
lateral sclerosis, and multiple sclerosis, and has been refined 
into additional subpopulations [136]. In contrast, astrocytes in 
brain tumors are generally considered in an activated state and 
are classified based on surface markers or signaling markers, 

such as pSTAT3+, JAG1+, Annexin A1 (ANXA1)+, and TNF-
related apoptosis-inducing ligand (TRAIL)+ [137-139]. 

Astrocytes are attracted to and activated by tumor cells, 
thereby promoting tumor formation within the BTME, 
characterized by altered cytokine secretion, metabolic 
adaptation, and dynamic interactions with tumor cells [140-
142]. Activated astrocytes secrete cytokines such as IL-6 
and transforming growth factor-β (TGF-β), which activate 
the Janus kinase ( JAK) signal transducer and activator of 
transcription ( JAK-STAT) and Smad pathways to promote 
tumor progression [140,141]. Notably, tumor-associated 
astrocytes (TuAstrocytes) in the medulloblastoma originate 
from granule neuron precursors and drive tumor growth 
through the IL-4/insulin-like growth factor 1 (IGF1) axis 
[140,141]. In BrMs from small cell lung cancer, tumor-
derived Reelin recruits astrocytes, which subsequently 
facilitate metastatic growth by producing neuronal survival 
factors such as serpin family E member 1 (SERPINE1) [143]. 
Additionally, 2’3’-cyclic GMP-AMP (cGAMP) has been shown 
to recapitulate early metabolic alterations in astrocytes induced 
by BrMs [144]. The integrin-linked kinase (ILK)/STAT3 
signaling pathway also regulates GSCs’ plasticity, enabling their 
transdifferentiation into astrocyte-like cells [145].

Astrocytes contribute to tumor immune escape through 
multiple mechanisms. Cyclin-dependent kinase 5 (CDK5) 
suppresses major histocompatibility complex class Ⅰ (MHC-Ⅰ) 
expression via the Ifn regulatory factor 2-binding protein 1 
(IRF2BP1)-signal transducer and activator of transcription 1 
(STAT1)-importin α-NLR family CARD domain containing 5 
(NLRC5) pathway [146], while astrocyte-derived IL-11 
upregulates PD-L1 to promote immune escape [147]. Priego 
et al. [142] demonstrated that pSTAT3+ astrocytes suppress 
CD8+ T cell function via tissue inhibitor of metalloproteinases 1 
(TIMP1) secretion. Furthermore, lipocalin-2 (LCN2)-
mediated astrocyte recruits myeloid cells, exacerbates neuro-
inflammation, and promotes BrMs [143]. 

Over the past decade, increasing attention has been devoted 
to the role of astrocytes in tumors. As key components of 
the BBB, astrocytes can initially restrain tumor growth and 
help maintain brain homeostasis during early tumorigenesis. 
However, as tumors progress, astrocytes are hijacked by 
tumor cells, contributing to BBB remodeling within the 
BTME and acquiring pro-tumorigenic functions [148,149]. 
Despite extensive mechanistic insights, clinical translation 
has remained limited. Notably, STAT3 inhibitors, including 
silibinin and WP1066, represent a promising therapeutic 
strategy in brain tumor and are currently under investigation in 
clinical trials (NCT01904123, NCT05689619).
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Diversity of immune cell populations
The BTME comprises diverse immune cells, including 
microglia, macrophages, T cells, B cells, and NK cells, which 
exert complex and contradictory roles in immune surveillance 
and escape. Extensive remodeling of the BTME creates a 
highly immunosuppressive and fibrotic niche [150,151]. 
Gonzalez et al. [152] identified two functional BrM prototypes 
driven by tumor-immune interactions. In the BTME, 
antigen presentation is impaired and B- and T-cell activity is 
reduced, while infiltration of neutrophils and M2-polarized 
macrophages is increased [150-152]. Notably, in breast cancer 
BrM, only 3.8% of tumors are classified as “hot” tumors 
characterized by high immune infiltration, whereas 73.1% 
are classified as “cold” tumors [50]. Melanoma BrMs display 
a profoundly immunosuppressive state characterized by 
decreased interferon-γ (IFN-γ), tumor necrosis factor (TNF), 
and IL-12B expression and T cell inflammatory scores [153].

Technological advancements have led to the identification of 
more refined pathological subtypes of cells or ligand-receptors 
in BTME, which promote tumors development. Forkhead box 
protein P3 (FOXP3)+ Tregs, lysosome-associated membrane 
protein 3 (LAMP3)+ tolerogenic dendritic cells (DCs), CCL18+ 
M2-like macrophages, regulator of G protein signaling 5 
(RGS5)+ CAFs, and galectin 1 (LGALS1)+ microglia are 
notably enriched in the BrM microenvironment [154]. These 
cells collectively establish immune tolerance by secreting 
immunosuppressive mediators and modulating immune 
checkpoint molecule expression. Importantly, the canonical 
PD-1/PD-L1 axis is largely absent in BrMs, whereas alternative 
immune checkpoint pathways, including lymphocyte activating 
3 (LAG3)-LGALS3 and T cell immunoreceptor with Ig and 
ITIM domains (TIGIT)-nectin cell adhesion molecule 2 
(NECTIN2), play dominant roles in regulating interactions 
between CD8+ T cells and tumor or stromal cells [154].

Dendritic cells
As the most potent antigen-presenting cells (APCs), Dendritic 
cells (DCs) are present in both primary and recurrent high-
grade gliomas (Fig. 4a). Conventional type 1 DC (cDC1) cells 
are essential for initiating extracranial CD8+ T cell-mediated 
anti-tumor responses. However, cDC1s are exceedingly rare in 
the steady-state brain parenchyma and are primarily detected 
in tumor lesions, the dura mater, and cervical lymph nodes 
[155]. Despite their low abundance, cDC1s contribute to 
therapeutic benefits when combined with checkpoint blockade 
[155]. 

The critical challenge to effective immunotherapy in GBM 
or glioma is not solely the intrinsic immune-suppressive BTME 

but also defective antigen presentation. Dysfunctional DCs 
severely limit the antigen-specific T cell response. For example, 
IDH mutations in gliomas reprogram infiltrating monocytes 
via paracrine signaling, which leads to functionally impaired 
DCs with specific antigen presentation defects [156]. In the 
lymph nodes, DCs fail to effectively activate CD4+/CD8+ T 
cells and instead promote immune suppression by stimulating 
PD-L1+ lymph node-associated macrophages (LAMs) [157]. 
For example, GBM-derived exosomes induce ferroptosis in 
DCs through the nuclear factor erythroid 2-related factor 2 
(NRF2)/GPX4 pathway, which weakens their antigen 
presentation function [158] (Fig. 4a). Collectively, these 
alterations lead to defective DC-mediated immune priming 
and contribute to immune escape.

Therapeutic strategies targeting DCs have demonstrated 
promising clinical potential [159,160]. In a phase Ⅱ clinical 
trial, DC vaccine AV-GBM-1 targeting tumor-initiating cells 
significantly prolonged median progression-free survival (PFS) 
[160]. A phase Ⅲ trial showed that a DC vaccine loaded 
with autologous tumor lysate extended the median overall 
survival (OS) of newly diagnosed GBM (ndGBM) patients to 
19.3 months [161]. Various engineering strategies have been 
developed to enhance the DCs’ anti-tumor efficacy [162], 
including the activation of Toll-like receptor (TLR) agonists 
[163], reprogramming of myeloid-derived suppressor cells 
(MDSCs) into APCs via interferon regulatory factor 8 (IRF8) 
overexpression [164], and nanotechnology-based strategies 
to promote DC maturation [165]. Additionally, machine 
learning-guided reprogramming of glioma cells into DC-
like APCs (iDC-APCs) has generated cells with functional 
properties comparable to those of natural DCs [166]. 

DC-targeted therapies exhibit enhanced efficacy when 
combined with other immunotherapeutic approaches [160]. 
Tumor-associated macrophages nano-reprogrammers (MG5-
S-IMDQ) improves anti-tumor immunity by increasing 
cDC1 infiltration in GBM [167]. Chemotherapy-derived 
lipid nanoparticles combined with Fms-like tyrosine kinase 
3 ligand (Flt3L)/CD40 ligand (CD40L) mRNAs promote 
DC activation and BTME reprogramming [168]. Synergistic 
effects have also been observed with PD-L1 blockade and 
DC vaccines by depleting PD-L1+ macrophages [157], as well 
as with DC-cytokine-induced killer (DC-CIK) cell therapy 
[169]. These findings lay the foundation for developing 
personalized DC-based combination therapies, including IDH 
mutation-specific strategies [156], integration with immune 
checkpoint inhibitors [157], and novel nanoparticle delivery 
systems [170]. Overcoming the BBB and optimizing the 
antigen presentation efficiency of DCs remain key challenges, 
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Fig. 4　(See legend on next page.)

with innovative technologies offering promising solutions 
[166].

Myeloid cells
Myeloid cells display considerable heterogeneity and 
functional diversity [171,172]. Classically activated M1 
macrophages and mature DCs display anti-tumor activity, 
whereas TAMs and MDSCs promote immune suppression, 
angiogenesis, metastasis, and treatment resistance. However, 
in low-grade gliomas, myeloid cells exhibit a more immune-
activated phenotype, accompanied by increased infiltration 
of CD4+/CD8+ T cells and NK cells [173]. Myeloid cells 
exhibit four immune regulatory programs, including microglial 
inflammation and phagocytic immune suppression, which are 
specific to brain tumors, as well as systemic inflammation and 
complement immune suppression, which are also observed 
in extracranial tumors. These programs are predominantly 
influenced by microenvironmental signals, including hypoxia, 
IL-1β, TGF-β, and dexamethasone treatment [172].

Myeloid cells promote tumor progression by reshaping the 
BTME through crosstalk with tumor cells and modulation of 
anti-tumor immune responses [174,175]. For example, GSCs 

recruit early progenitor MDSCs (E-MDSCs) by chemokine 
secretion, which subsequently release growth factors to 
support tumor growth [171]. In platelet-derived growth factor 
subunit B (PDGFB)-driven GBM, a highly active IL-1β/
IL-1R1 paracrine loop further illustrates this bidirectional 
interaction: monocyte-derived macrophages (MDMs) secrete 
IL-1β, activating the NF-κB signaling in tumor cells, and 
inducing the expression of monocyte chemoattractant proteins 
(MCPs) [176]. MHC-Ⅱ deficiency in blood-borne myeloid 
cells drives CD8+ T cell exhaustion by increasing chromatin 
accessibility and Tox expression, a process involving chronic 
activation of myeloid cell-derived osteopontin and nuclear 
factor of activated T cells 2 (NFATC2) in CD8+ T cells [177]. 
In BrMs, CNS-resident myeloid cells downregulate C-X3-C 
motif chemokine receptor 1 (CX3CR1), which leads to 
enhanced interferon responses and C-X-C motif chemokine 
ligand 10 (CXCL10) upregulation, thereby potentially 
influencing immune cell recruitment within the metastatic 
niche [178] (Fig. 4b).

Therapeutic targeting of myeloid cells has demonstrated 
substantial potential [179,180]. Triggering receptor expressed 
on myeloid cells 2 (TREM2) is upregulated in brain tumors 
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(See figure on previous page.)
Fig. 4　Multifaceted roles of DCs and myeloid subsets in regulating brain tumor immunity.
a DCs in brain tumors. cDC1s are rare in the brain parenchyma and are mainly localized to the meninges and draining lymph nodes. 
In lymph nodes, DCs predominantly stimulate immunosuppressive PD-L1+ LAMs. IRF8 is a critical regulator of cDC1 development, 
and its delivery can reprogram intratumoral MDSCs into antigen-presenting cells. Glioma-driven immunosuppression impairs DC 
function via multiple mechanisms, including IDH mutations reprogram monocytes, GBM-derived exosome-induced ferroptosis 
via the NRF2/GPX4 pathway, and aberrant PD-L1 upregulation in monocyte-derived DCs through TSHα/β2-JNK-c-Jun signalling. 
b Functional heterogeneity of myeloid cells. In low-grade gliomas, myeloid cells exhibit an immune-activated phenotype accompanied 
by increased T cell and NK-cell infiltration, whereas in GBM, they acquire immunosuppressive states characterized by TREM2 
downregulation, T cell exhaustion, and reduced immunotherapy efficacy. Loss of TREM2 enhances IFN-γ-induced immune activation 
and sensitizes tumors to PD-1 blockade. GSCs recruit E-MDSCs via chemokine secretion, which in turn releases growth factors that 
support tumor progression. A genotype-dependent IL-1β-IL-1R1 paracrine loop between tumor cells and myeloid cells drives PDGFB-
driven GBM progression through NF-κB activation and MCP upregulation. In BBM cells, loss of MHC-Ⅱ induces dysfunctional tumor-
reactive CD8+ T cells by increasing TOX expression. Conversely, MHC-Ⅱ-dependent CD4+ T cell activation restrains OPN production 
by myeloid cells, preventing chronic NFAT2 activation in CD8+ T cells. In BrM, CMPs restrain brain colonization, while CNS-resident 
myeloid cells promote metastatic outgrowth through interferon signalling and recruitment of VISTAhigh PD-L1+ myeloid populations. 
c Recruitment and expansion of MDSC. VEGFA or GBM-derived exosomal miR-1246 promotes MDSC differentiation and stimulates 
TGF-β1 secretion, reinforcing tumor-promoting phenotypes. Following oHSV therapy, NOTCH signalling drives MDSC recruitment 
via the upregulation of the NOTCH ligand Jag1. NOTCH-activated macrophages further secrete CCL2, amplifying the accumulation of 
MDSCs. The loss of ACAT1 facilitates MDSC expansion and contributes to GBM progression. Tumor-intrinsic IDO enhances immune 
suppression independently of tryptophan metabolism by upregulating CPH and FHL-1, leading to increased intratumoral regulatory T 
cells (Tregs) and MDSC abundance. DCs. Dendritic cells; cDC1s. Conventional dendritic cell type 1; PD-L1. Programmed death-ligand 1; 
LAMs. Lymph node-associated macrophages; IRF8. Interferon regulatory factor 8; MDSCs. Myeloid-derived suppressor cells; IDH. 
Isocitrate dehydrogenase; GBM. Glioblastoma; NRF2. Nuclear factor erythroid 2-related factor 2; GPX4. Glutathione peroxidase 4; TSH. 
Thyroid-stimulating hormone; JNK. c-Jun N-terminal kinase; NK. Natural killer; TREM2. Triggering receptor expressed on myeloid 
cells 2; IFN-γ. Interferon-γ; GSCs. Glioma stem cells; IL. Interleukin; PDGFB. Platelet-derived growth factor subunit B; NF-κB. Nuclear 
factor κB; MCP. Monocyte chemoattractant protein; MHC-Ⅱ. Major histocompatibility complex class Ⅱ; TOX. Thymocyte selection-
associated high mobility group box protein; NFAT2. Nuclear factor of activated T cells 2; BrM. Brain metastases; CNS. Central nervous 
system; VISTA. V-domain immunoglobulin suppressor of T cell activation; VEGFA. Vascular endothelial growth factor A; TGF-β1. 
Transforming growth factor-β1; oHSV. Oncolytic herpes simplex virus; NOTCH. Neurogenic locus notch homolog; CCL2. C-C motif 
chemokine ligand 2; ACAT1. Acetyl-CoA acetyltransferase 1; IDO. Indoleamine 2,3-dioxygenase; CPH. Carboxypeptidase H; FHL-1. 
Four and a half LIM domains 1; Tregs. Regulatory T cells; BBM. Blood-borne myeloid; OPN. Osteopontin; CMP. Circulating myeloid 
progenitors; E-MDSC. Early progenitor MDSCs; APC. Antigen-presenting cells; CXCL1. C-X-C motif chemokine ligand 1; DUSP3. Dual 
specificity phosphatase 3; ERK. Extracellular regulated protein kinases; CX3CR1. C-X3-C motif chemokine receptor 1; EMT. Epithelial-
mesenchymal transition; MDM. Monocyte-derived macrophages

and TREM2 deficiency enhances IFN-γ-induced immune 
activation and improves efficacy of anti-PD-1 therapy [175]. In 
addition, binding of CNS-enriched sphingolipids to TREM2 
on myeloid cells induces anti-tumor responses in GBM 
[174]. Conversely, Zheng et al. [181] reported that TREM2 
is downregulated in GBM-infiltrating myeloid cells, where 
TREM2 promotes tumor cells’ phagocytosis and enhances 
immune responses by facilitating MHC-Ⅱ-associated CD4+ 
T cell responses. Preclinically, engineered bone-marrow-
derived myeloid cells that release IL-2 (GEMys-IL2) show 
therapeutic efficacy in low-grade gliomas by promoting T 
and NK cell recruitment [182]. These findings support the 
development of precision immunotherapy strategies that target 
various myeloid cell subpopulations [172]. Preclinical studies 
indicate that many strategies enhance therapeutic responses by 
modulating myeloid cells [182]. However, effective myeloid 
cell-targeted therapeutic strategies remain largely undeveloped. 
Dynamic monitoring of myeloid cell composition, such as the 
predominance of microglia-derived TAMs in primary tumors 

and monocyte-derived TAMs in recurrent hypoxic lesions, 
provides insights for optimizing treatment timing and strategy 
selection [180]. 

Myeloid-derived suppressor cells
My e l o i d - d e r i v e d  s u p p r e s s o r  c e l l s  ( M D S C s)  a r e  a 
heterogeneous population of immature myeloid cells that 
expand under pathological conditions such as cancer, 
infections, and inflammation [183] (Fig. 4c). MDSCs potently 
suppress the anti-tumor functions of T cells and NK cells 
through the production of immunosuppressive mediators like 
ARG1, inducible nitric oxide synthase (iNOS), reactive oxygen 
species (ROS), and cytokines like IL-10 and TGF-β, while 
also promoting angiogenesis and tumor metastasis [184]. IDH 
mutation status significantly influences MDSC abundance, 
with reduced inhibitory myeloid cells in IDH-mutant gliomas 
[185]. The single-cell sequencing has identified two major 
MDSC subsets in IDH wild-type GBM, metabolically active 
E-MDSCs and monocytic MDSCs (M-MDSCs). Notably, 
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E-MDSCs localize near metabolic stem-like tumor cells within 
pseudopalisading regions [171,186,187]. High expression of 
integrin β1 and dipeptidyl peptidase-4 (DPP-4) enhances 
the adhesion and tumor-homing capacity of M-MDSCs 
[188]. Tumor cells actively recruit MDSCs through various 
mechanisms, including VEGF-containing exosomes that 
promote MDSC differentiation and TGF-β1 secretion [189], 
macrophage-derived CCL2 [190], and hypoxia-induced miR-
1246-mediated dual specificity phosphatase 3 (DUSP3)/ 
extracellular signal regulated kinases (ERK) pathway [191].

Myeloid cell-associated metabolic and accumulation of 
immunoregulatory alterations further contribute to brain 
tumor progression [186,187]. Acetyl-CoA acetyltransferase 1 
(ACAT1) deficiency in myeloid cells promotes fatty acid 
oxidation, which accumulates MDSC and promotes GBM 
progression [192]. In addition, indoleamine 2,3-dioxygenase 1 
(IDO) upregulates factor H-like protein 1 (FHL-1), which 
is associated with increased infiltration of Tregs and MDSCs, 
leading to reduced overall survival (OS) in GBM-bearing 
mice [193]. Moreover, leukocyte immunoglobulin like 
receptor B2 (LILRB2) in GBM cells inhibits the function of 
CD8+ T cells and the expansion of MDSCs, which constructs 
an immunosuppressive BTME and promotes GBM [194] 
(Fig. 4c).

Myeloid-directed strategies are being explored to improve 
immunotherapy. Preclinical studies have shown that IL-2 
can enhance brain tumor treatment outcomes by inhibiting 
myeloid cells [195,196], but myeloid cell-based therapeutic 
strategies remain underdeveloped in clinical practice. Current 
MDSC-targeted approaches generally focus on inhibiting 
the generation or expansion of MDSCs, depleting existing 
MDSCs, preventing their recruitment, and modulating their 
immunosuppressive functions [30].

Microglia
Microglia, the resident immune cells of the CNS, are 
predominant in the BTME. In the BTME, microglia are 
often polarized into a protumor M2 phenotype, driven by 
several molecular mechanisms [34]. In GBM, a microglia-
glioblastoma specific phenotype suppresses immune responses 
and promotes tumor cell proliferation [197]. The inhibitor 
of DNA binding 2 (ID2)-ETS proto-oncogene 2 (ETS2) 
signaling axis of microglia regulates the protumoral phenotype 
in GBM [198]. Additionally, sortilin-related receptor (SorLA) 
on tumor cells reprograms glioma-associated microglia/
macrophages by restricting tumor necrosis factor-α (TNF-α) 
release, which inhibits anti-tumor capabilities [199]. 
Finally, oxidative stress induces nuclear receptor subfamily 4 

group A member 2 (NR4A2)-dependent transcriptional 
reprogramming in microglia, which inhibits CD8+ T cell 
activity [200] (Fig. 5a, b).

Under certain conditions, microglia exhibit anti-tumor 
effects. For example, GBM organoid models have shown that 
tumor-associated microglia display distinct phagocytic and 
DC-like characteristics [201]. In breast cancer BrMs, microglia 
suppress metastatic growth by upregulating proinflammatory 
programs, including interferon responses, antigen presentation, 
and cytokine secretion, thereby enhancing CD4+ T cell, 
CD8+ T cell, and NK-cell responses within the CNS [202]. 
IFN-induced transmembrane protein 1 (IFITM1) mediates 
metastasis and treatment resistance in various tumors [203]. 
However, IFITM1 in BrM activates microglia and releases 
complement component 3, leading to CD8+ T cell activation 
and inhibiting tumor progression [204]. Consistently, 
targeting NR4A2 or CX3CR1+ myeloid cell-specific knockout 
enhances the antigen-presenting capacity of microglia, thereby 
promoting anti-GBM immunity [200] (Fig. 5a, b). 

While some studies have reported inhibitory effects of 
microglia on brain tumors, the predominant therapeutic 
strategy remains suppressing microglia-mediated protumor 
functions [205,206]. Targeting the heat shock protein 47 
(HSP47)-collagen axis, such as with the HSP47 inhibitor 
COL003, can reverse M2 polarization of microglial cells, 
restore anti-tumor immune activity, and inhibit BrM growth 
[207]. Targeting CD72 significantly reduce the number of 
Tregs and microglia can suppress brain tumor [208]. The 
CD73 inhibitor AB680 blocks the conversion of adenosine 
monophosphate (AMP) to immunosuppressive adenosine, 
thereby promoting an anti-tumor M1-like phenotype 
in purinergic receptor P2Y12 (P2RY12)+ microglia and 
enhancing tumor immune responses [209]. In addition, dietary 
modulation of butyrate levels to enhance the anti-tumor 
activity of microglia represents a potential complementary 
approach [210]. 

Tumor-associated macrophages
Tumor-associated macrophages (TAMs) are a major immune 
cell population in brain tumor. In IDH-mutant gliomas, there 
is a high density of TAMs and a relatively low abundance of 
T cells. This supports the classification of gliomas as immune 
“cold” tumors [211]. 

Notably,  monoc y te- der ived TA Ms represent  the 
predominant population and are preferentially polarized 
toward the M2 phenotype within the BTME [211]. This 
phenotype is further reinforced by tumor-derived signals. For 
example, β2-microglobulin (B2M), a component of MHC-Ⅰ, 
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Fig. 5　Functional plasticity of microglia and TAMs in brain tumors.
a The ID2-ETS2 axis promotes the polarization of microglia towards a tumor-supportive phenotype. SorLA, a neuronal trafficking 
receptor, is repurposed in the GBM microenvironment to reprogram GAMs by suppressing TNF-α release, thereby suppressing anti-
tumor immunity. Under oxidative stress, NR4A2-dependent transcriptional reprogramming drives alternative activation of microglia 
and inhibits CD8+ T cell responses. Furthermore, GBM-derived exosomes carrying RAC1 promote M2-like microglial polarization 
through the protein Akt/NRF2 signalling pathway. b Despite immunosuppressive roles, microglia can also facilitate anti-tumor 
immunity. In breast cancer BrM, microglia enhance interferon signalling, increase cytotoxic CD4+ and CD8+ T cell infiltration, and 
reduce Tregs accumulation. Early brain metastatic cancer cells with high IFITM1 expression stimulate microglial C3 production, 
which increases MHC-I expression and membrane localization, promoting CD8+ T cell-mediated cytotoxicity. c Regulatory role of 
TAMs in the BTME. B2M interacts with PIP5K1A in GSCs, inducing TGF-β1 secretion and activating the PI3K/Akt signalling pathway, 
which promotes M2-like macrophage polarization. The CEBPB transcriptional network defines a tumorigenic GBM subcluster by 
coordinating macrophage recruitment via MCP1 and M2 polarization through the SPP1-integrin αvβ1-Akt pathway. TAFs arise 
through lipid uptake from GBM-derived extracellular vesicles, which promote tumor growth. PTPN7 actively mediates inflammation 
resolution and the polarization of macrophages and microglia, protecting gliomas from immune attacks. TAMs, rather than 
tumor cells, serve as the primary source of antigen exposure, controlling the transition of Texprog cells to Texterm cells. TMZ-induced 
HMGB1 via the RAGE-NF-κB-NLRP3 pathway promotes M1-like polarization, enhancing chemotherapy sensitivity. APP, through its 
interaction with CD74, promotes the phosphorylation of SHP-1, inhibiting the phagocytic activity of TAMs. CD169+ macrophages 
produce proinflammatory chemokines, facilitating the accumulation of T cells and NK cells. TAMs. Tumor-associated macrophages; 
ID2. Inhibitor of DNA binding 2; ETS2. ETS proto-oncogene 2; SorLA. Sortilin-related receptor; GBM. Glioblastoma; GAMs. Glioma-
associated microglia and macrophages; TNF-α. Tumor necrosis factor-α; NR4A2. Nuclear receptor subfamily 4 group A member 2; 
RAC1. Ras-related C3 botulinum toxin substrate 1; Akt. Protein kinase B; NRF2. Nuclear factor erythroid 2-related factor 2; BrM. 
Brain metastases; Tregs. Regulatory T cells; IFITM1. Interferon-induced transmembrane protein 1; C3. Component 3; MHC-Ⅰ. Major 
histocompatibility complex class I; BTME. Brain tumor microenvironment; B2M. β2-microglobulin; PIP5K1A. Phosphatidylinositol-4-
phosphate 5-kinase type 1 alpha; GSCs. Glioma stem cells; TGF-β1. Transforming growth factor-β1; PI3K. Phosphoinositide 3-kinase; 
CEBPB. CCAAT enhancer binding protein beta; MCP1. Monocyte chemoattractant protein 1; SPP1. Secreted phosphoprotein 1; 
TAFs. Tumor-associated foam cells; PTPN7. Protein tyrosine phosphatase non-receptor type 7; Texprog. Progenitor-exhausted T; 
Texterm. Terminally exhausted T; TMZ. Temozolomide; HMGB1. High mobility group box 1; RAGE. Receptor for advanced glycation 
end products; NF-κB. Nuclear factor κB; NLRP3. NLR family pyrin domain containing 3; APP. Amyloid precursor protein; SHP-1. Src 
homology region 2 domain-containing phosphatase 1; NK. Natural killer
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promotes tumor stemness and reprograms the tumor immune 
microenvironment (TIME) to an anti-inflammatory state 
[212]. Mechanistically, B2M-induced TGF-β1 secretion 
activates paracrine SMA and MAD related family (SMAD) 
and PI3K/Akt signaling in TAMs, driving the M2 macrophage 
phenotype [212]. In addition, the CCAAT/enhancer-
binding protein beta (CEBPB) transcriptional network 
regulates monocyte chemoattractant protein-1 (MCP1)-
mediated macrophage recruitment and activates the SPP1-
integrin αvβ1-Akt pathway in GBM, thereby supporting 
tumor-promoting macrophage programs [213]. Notably, the 
traditional M1/M2 dichotomy does not fully capture TAM 
diversity [214], as subpopulations such as CD169+ TAMs have 
proinflammatory characteristics [215], while tumor-associated 
foam cells (TAFs) present distinct protumor features [216] 
(Fig. 5c).

TAMs promote BTME immunosuppression through 
multiple mechanisms. For example,  protein tyrosine 
phosphatase non-receptor type 7 (PTPN7) in glioma mediates 
macrophage polarization and protects gliomas from immune 
attack [217,218]. In addition, the MET/STAT4/PD-L1 
pathway further enhances the immunosuppressive function of 
TAMs [219], whereas the amyloid protein precursor (APP)-
CD74 axis protects GBM cells from TAM phagocytosis 
by promoting Src homology region 2 domain-containing 
phosphatase-1 (SHP-1) phosphorylation, which finally leads 
to a poorer prognosis [220]. Compared with terminally 
exhausted T (Texterm) cells, stem-like progenitor-exhausted T 
(Texprog) cells have better immunotherapeutic responsivity. 
However, TAMs usually shape dysfunctional T cell responses 
by serving as a major source of antigen exposure that drives the 
transition of Texprog cells to Texterm cells, which promote GBM 
[221]. Furthermore, TAMs contribute to treatment resistance. 
Even after anti-PD-1 treatment, macrophages and monocytes 
remain predominant among infiltrating immune cells, while 
sustained high expression of T cell inhibitory checkpoints 
prevents effective activation of tumor-infiltrating lymphocytes 
(TILs) [222]. TMZ-induced high mobility group box 1 
(HMGB1) promotes M1-like macrophage polarization 
via the RAGE-NF-κB-NLRP3 pathway, which enhances 
chemotherapy sensitivity in GBM [223] (Fig. 5c).

Therapeutic strategies targeting TAM plasticity have 
shown significant promise. Colony-stimulating factor 1 
receptor (CSF1R) inhibitors, such as PLX3397 and GW2580, 
reprogram M2-like GBM-associated macrophages and 
impair tumor proliferation [224]. Anti-miR-25/cGAMP 
nanocomplexes activate the cyclic GMP-AMP synthase-
stimulator of interferon gene (cGAS-STING) pathway to 

promote M1 polarization of macrophages, which enhances 
immune responses in GBM [225]. Targeting membrane 
spanning 4-domains A4A (MS4A4A) and combining immune 
checkpoint blockade (ICB) therapy drives the macrophage 
conversion of M2 to M1, leading to complete tumor 
eradication [226]. Current treatment strategies are often 
based on the classic phenotypic transition between M1 and 
M2 [220]. Future research will investigate specific subsets, 
functional states, spatial distributions, and how TAMs connect 
with tumor cells and other immune cells in the BTME, and 
promote brain tumor progression and immunosuppression 
[34].

T cells
Under physiological conditions, T cells patrol the CNS to 
control latent infections, highlighting their critical role in 
maintaining CNS homeostasis. Activated T cells enter the 
CNS through three main pathways [227], migration to the 
choroid plexus and traversal of the blood-cerebrospinal fluid 
barrier; extravasation across meningeal venules into the 
subarachnoid space; and direct crossing of the BBB at post-
capillary venules to access the parenchyma. In BrMs, specific 
venous vessels have been identified as key structures for T cell 
recruitment [228]. To reach the parenchyma or tumor sites, T 
cells enter the perivascular space and then penetrate the glial 
limitans formed by astrocytic endfeet. Whether T cells can 
directly cross the ventricular ependymal layer adjacent to brain 
tumors remains unclear.

In brain tumors,  T cel ls ,  par t icularly c y totox ic T 
lymphocytes (CTLs), are the principal effector cells of 
anti-tumor immunity. Their infiltration varies markedly. 
In gliomas, T cells account for about 1%–10% of immune 
infiltrates in GBM but only 0.1%–1% in astrocytomas and 
oligodendrogliomas [229,230]. Compared to gliomas, BrMs 
show relatively higher T cell infiltration.

Beyond overall abundance, T cell infiltration in brain 
tumors exhibits pronounced spatial specificity [231]. A 
population of lymphocyte-like cells residing in the calvarium 
has been shown to coexist with GBM. Compared to distal 
bone marrow, the tumor-adjacent calvarial microenvironment 
contains a higher proportion of tumor-reactive CD8 + 
effector cells characterized by sphingosine 1-phosphate 
receptor 1 (S1PR1) expression [232]. A significant clonal 
overlap exists between proliferative and exhausted CD8+ T 
cells, while clonally distinct CD8+ T cell populations with 
divergent phenotypes occupy different niches within the BrM 
microenvironment [231] (Fig. 6a). Notably, even in BrMs that 
respond more favourably to immune checkpoint inhibitors 
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(ICIs), such as those from melanoma and non-small cell lung 
cancer (NSCLC), immune infiltration often remains spatially 
constrained, predominantly localized to perivascular regions or 
tumor margins. This intracranial response to ICIs is associated 
with the expansion of peripheral effector CD8+ T cells with 
homing capacity [233].

The functional states of CD4+ T cells differ significantly 
between brain tumors. In GBM, CD4+ T cells preferentially 
differentiate into the T helper cell 17 (Th17) subset [234]. 
Although CD4+ T cells are present in gliomas, they often skew 
towards a regulatory phenotype rather than proinflammatory 
helper subsets. FOXP3+ Treg cells are enriched in the BrM 
microenvironment but are less prevalent in gliomas [211,235], 
potentially due to tumor-associated macrophage-mediated T 
cell reprogramming through mechanisms such as tryptophan 
metabolism [235]. Treg cells suppress effective anti-tumor 
immunity by secreting immunosuppressive cytokines like 
IL -10 and TGF-β and by inhibiting the activation and 
proliferation of other T cell subsets [236]. In addition, 
vaccine-induced antigen-specific follicular helper T cell-like 
CXCL13+CD4+ T cells have been detected in inflammatory 
glioma lesions following vaccination [230].

Similarly, CD8+ T cells’ functional states vary markedly 
between brain tumors [237]. Within the “non-supportive” 
microenvironment of gliomas, CD8+ T cells are frequently 
immature or insufficiently activated, exhibiting tissue-repair 
signatures, unexpanded T cell receptor (TCR) repertoires 
associated with anti-inflammator y signaling , elevated 
recognition of self-epitopes, and anti-proliferative stress or 
pro-death programs [238]. In GBM, CD8+ T cells are typically 
functionally exhausted [234]. Although the infiltrating CD8+ 
T cell population is dominated by clonally expanded granzyme 
K (GZMK)+ effector subsets [239], these cells display high 
PD-1 expression with relatively low levels of LAG-3 and T 
cell immunoglobulin and mucin domain-containing protein 3 
(TIM-3) [240,241]. This PD-1+ population corresponds to 
terminally exhausted T cells with an eomesodermin (EOMES)high, 
T-box expressed in T cells (T-BET)low phenotype, which 
correlates negatively with proliferation [240]. In “supportive” 
microenvironments, such as melanoma and lung cancer, 
CD8+ T cells more often display a tumor-reactive exhausted 
phenotype, characterized by expanded TCR repertoires and 
immunopeptidomes enriched for conserved cancer antigens 
or neoantigens [238]. Consistently, in BrMs, the PD-1/PD-L1 
pathway is widely activated, most CD8+ TILs express PD-1, 
and T cell clonotypes show spatial heterogeneity [231]. 
These features help explain the limited efficacy of immune 
checkpoint blockade in brain tumors, despite it not typically 

being classified as an immunologically “cold” tumor. 
In recent years, advances in transcriptomics have confirmed 

the association between the proportion of memory T cells in 
brain tumors and clinical outcomes. Most CD8+ T cells are 
memory T cells, with comparable proportions in BrMs and 
gliomas [242]. In GBM, a higher frequency of central memory 
CD4+ and CD8+ T cells is positively correlated with OS [242], 
suggesting that memory T cell populations may contribute to 
more favourable clinical outcomes. These memory T cells are 
typically localized within hypoxic and vascular niches [243] 
(Fig. 6a). 

Despite their presence, T cel l  function is severely 
constrained by immunosuppressive factors within the BTME 
[244]. Canonical immune checkpoint pathways, including 
PD -1/PD -L1,  CTL A-4,  TIM-3,  L AG -3,  and TIGIT, 
cooperatively impair the effector functions of both CD8+ and 
CD4+ T cells by inhibiting TCR signaling, reducing cytotoxic 
mediator secretion, and stabilizing exhausted states [245,246]. 
Targeting these pathways has also demonstrated anti-tumor 
efficacy in clinical studies of brain tumors [247-253]. Beyond 
classical checkpoints, B7 family members further suppress 
T cell activity in GBM. B7-H4 induces early functional 
dysfunction in CD8+ TILs by inhibiting the phosphorylation 
of Akt and endothelial nitric oxide synthase (eNOS) [254], 
whereas B7-H6 mediates secondary lysis of activated T 
cells by NK cells via NKp30-dependent recognition [255]. 
Immunosuppressive intracranial milieu may also limit the 
efficacy of immunotherapy, as high-dose radiotherapy 
combined with anti-PD-1 therapy shows extracranial but 
not intracranial activity in breast cancer BrMs, largely due 
to suppression by intracranial neutrophils and Trem2+ 
macrophages. Furthermore, systemic immunosuppression 
further contributes to bone marrow T cell retention via the 
chemokine receptor 8 (CCR8)/chemokine (C-C motif ) 
ligand (CCL)1/CCL8 axis [256].

Therapeutic strategies targeting T cell regulation have 
advanced substantially. These include the CNS-targeting 
chimeric antigen receptor (CAR)-T cell therapy with EphA3 
demonstrating robust anti-tumor activity and immune 
memory formation [257]; an “open-source threshold” strategy 
combining CXCL10 and IL-2 to enhance recruitment and 
relieve exhaustion [258]; and low-frequency ultrasound-
guided delivery techniques to enhance T cell infiltration 
[258]. CD8+ T cells usually function via MHC-Ⅰ recognition. 
However, Lerner et al .  [259] confirmed CD8+ T cells 
persistently eliminate MHC-Ⅰ-negative tumor cells through the 
NK group 2 member D (NKG2D)-NKG2D ligand (NKG2DL) 
axis.
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In summary, T cell phenotypes in brain tumors exhibit 
significant heterogeneity (Fig. 6a). The central challenge lies 
in overcoming the brain tumor-specific immunosuppressive 
BTME and establishing comprehensive immunotherapeutic 
strategies that coordinately activate both T cells and myeloid 
compartments. Promoting T cell recruitment and activation 
by modulating chemokine and cytokine pathways (e.g., 
CXCL9/10-IL-2) [258], combined with metabolic remodeling 
and exhaustion reversal, may improve durability and efficacy. 
CAR-T cells targeting EphA2, B7-H3, and GD2 have shown 
potent anti-tumor activity and immune memory formation 
in preclinical models [257,260-262]. Further optimization of 
delivery strategies and local immune modulation, combined 
with spatial multi-omics-guided analysis of cellular interaction 
networks, will be essential for achieving durable and precise 
immune responses to brain tumors.

B cells
B cells are key components of the adaptive immune system, 
responsible for antibody production, antigen presentation, and 
immune regulation. In the BTME, B cells exhibit functional 
heterogeneity. They can exert anti-tumor effects by forming 
immune synapses and activating stem-like CD8+ T cells, but 
specific B-cell subpopulations may also promote immune 
suppression. The functional plasticity highlights B cells as a 
potential therapeutic target in brain tumor immunotherapy 
[263,264].

Biermann et al. [265] sequenced 22 treatment-naive 
melanoma BrMs samples and reported that lymphoid 
aggregates in melanoma BrM were enriched with differentiated 
tumor-infiltrating B cells. These lesions also contained a high 
proportion of MDMs and dysfunctional thymocyte selection 
associated high mobility group box (TOX)+CD8+ T cells. In 
GBM, B cells and T cells form clusters with a radius of 15 μm, 
indicating the formation of immune synapses. Activation of 
B cells with a CD40 agonist together with IFN-γ and B-cell 
activating factor (BAFF) generates a highly effective antigen-
presenting B-cell population termed BVax. BVax promotes the 
expansion of T-cell factor 1 (TCF-1)+ PD-1– stem-like CD8+ 
T cells in GBM. Compared with DC-activated CD8+ T cells, 
BVax-activated CD8+ T cells showed enhanced functional 
reinvigoration, characterized by increased TCF-1 and increased 
granzyme B expression [266].

Natural killer cells
Natural killer (NK) cells are central components of the 
lymphoid lineage and play a critical role in antitumor 
immunity. Unlike T cells, NK cells can be rapidly activated 

without antigen-specific priming and exert cytotoxic effects 
through the release of proinflammatory cytokines like TNF 
and IFN-γ and cytotoxic molecules such as perforin and 
granzymes [267]. Through these mechanisms, NK cells 
cooperate with CTLs and APCs to promote anti-tumor 
immune responses [268,269]. NK cell activation is tightly 
regulated by the balance between activating and inhibitory 
surface receptors [270]. When target cells express activating 
ligands such as MHC-Ⅰ-related molecules or lack inhibitory 
signals, NK cells can rapidly initiate cytolytic responses 
[269,271,272] (Fig. 6b).

Within the immune landscape of brain tumors, NK cells 
constitute approximately 2.5% of leukocytes and display 
marked phenotypic heterogeneity [44,273]. IDH1-wild-type 
gliomas are enriched with immature, immunosuppressive 
CD16– NK cells, whereas IDH1-mutant gliomas and BrMs 
contain more cytotoxic CD16+ NK cells [44]. Although 
less frequent than T cells, NK cells profoundly influence the 
abundance of CD8+ TILs through the coordination of response 
molecule expression and T cell migration mediators [274,275]. 
Notably, activated T cells expressing B7-H6 can become targets 
of NK cell cytotoxicity via NKp30 engagement, suggesting an 
NK cell-dependent checkpoint mechanism that may limit T 
cell activity and affect immunotherapy efficacy [255].

In the BTME, NK cell function is strongly constrained by 
multiple immunosuppressive mechanisms. Hypoxia inhibits 
NK cell cytotoxicity through hypoxia-inducible factor 1α 
(HIF-1α) signaling [276], and immune checkpoint molecules 
such as cytokine inducible SH2 containing protein (CISH) 
and TIM-3 negatively regulate NK cell activity [277,278]. 
Engagement of TIM-3 leads to direct functional impairment 
of NK cells [279]. TGF-β serves as a central suppressive factor 
by inhibiting NK cell-GSC interactions through integrin αv-
mediated contact and by impairing NK cell metabolism via 
suppression of mTOR signaling and induction of galectin 
production. TGF-β is abundantly secreted by astrocytes and 
myeloid cells within the BTME, further reinforcing NK cell 
dysfunction [280]. 

In response to NK cell  pressure, brain tumor cel ls 
develop multiple immune evasion strategies. These include 
the downregulation or shedding of activating ligands such 
as NKG2DL, often driven by TGF-β signaling [281,282]. 
Circular enhancer of zeste homolog 2 (CircEZH2) also 
contributes to immune escape by suppressing NKG2D ligands 
[283]. GBM cells further evade NK cell recognition by 
overexpressing inhibitory MHC-Ⅰ molecules such as human 
leukocyte antigen (HLA)-E and HLA-G [284]. Importantly, 
the susceptibility of different subtypes of GSCs to NK cell-
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mediated killing varies, with mesenchymal GSCs being 
preferentially sensitive to NK cell cytotoxicity [285].

Advances in genetic engineering have significantly improved 
the therapeutic efficacy of NK cells [286]. Key developments 
include CRISPR-Cas9-mediated deletion of inhibitory 
regulators such as CISH, TIM-3, and HIF-1α [276-278], 
as well as the generation of CAR-NK cells targeting human 
epidermal growth factor receptor 2 (HER2) and CD19, which 
have demonstrated favourable safety profiles [287,288]; GD2-
CAR NK-92 cells show specific activity against CSCs [289]; 
and the HEFDS-NK system enabled NK cell traversal across 
the BBB [290]. Additionally, NK group 2C (NKG2C)+ NK 
cells [291] and killer cell lectin like receptor B1 (KLRB1)+ T 
cell subsets [292] have shown distinct therapeutic value, and 
IL-21 enhances NK cell function through CEBPD-driven 
epigenetic reprogramming [293,294].

Combination strategies further expand the therapeutic 
scope of NK cell-based therapies [289]. The progesterone/
abiraterone therapy promotes NK cell infiltration into tumors 
[295], while aurora kinase A (AURKA) inhibitors enhance NK 
cell cytotoxicity by modulating PD-L1 and MHC-Ⅰ expression 
[296]. PD-1 blockade shows increased efficacy in tumors 
with high NKG2C expression [297]. Notably, combining 
CAR-T cells targeting the poliovirus receptor with NK-92 
cells produces a synergistic suppression of tumor recurrence 
[298]. Clinically, phase Ⅰ trials have confirmed the safety and 
feasibility of HER2-CAR-NK cells [288]. The remaining 
challenges include optimizing in vivo persistence, overcoming 
metabolic constraints, and developing off-the-shelf NK cell 
products, indicating NK cell-based therapy as a promising and 
evolving modality in brain tumor treatment.

Neutrophils
Lad et al. [299] discovered “hybrid” polarized neutrophils 
with dendritic features in both GBM patients and murine 
models. These immature neutrophils, which do not originate 
from circulating populations, are instead derived from local 
cranial bone marrow. The cranial marrow microenvironment 
plays a crucial role in the development of APCs, including 
tumor-associated neutrophils (TANs), which can induce T cell 
cytotoxicity and promote immune memory formation [299].

Tertiary lymphoid structures
Tertiary lymphoid structures (TLSs) are highly organized 
lymphoid tissues that form in response to chronic inflammation 
or within the BTME (Fig. 6c). They resemble secondary lymph 
nodes with distinct compartments, such as B and T cell zones 
[300-302]. TLSs promote anti-tumor immunity by recruiting 

immune cells, such as CTLs and memory B cells [302]. Their 
presence is consistently associated with improved prognosis 
and better responses to immunotherapy, positioning them as 
potential biomarkers or novel therapeutic targets in cancer 
treatment [302].

A recent spatial transcriptomic study has categorized 
TLSs in gliomas into three distinct subtypes with distinct 
immune compositions and maturation statuses: 1) T-low-
TLS, characterized by low T cell abundance and enrichment 
of neuronal-like and stem cell-like tumor cell genealogies, 
suggesting an early developmental stage of TLS; 2) B:T-TLS, 
defined by B-cell and T-cell interactions, high expression of 
antigen presentation-related genes [CD74, HLA-B, and major 
histocompatibility complex, class Ⅱ, DR alpha (HLA-DRA)], 
and co-localization of LAMP3+ DCs and CD8+ cytotoxic T 
cells, indicating features of mature TLSs; 3) PC-TLS, enriched 
with plasma cells expressing immunoglobulin genes and 
plasma cell markers, suggesting local antibody production 
capability [303]. In B:T-TLS and PC-TLS, B cells and T 
cells are more clearly spatially separated, whereas they are 
intermingled in T-low-TLS. This compartmentalization reflects 
TLS’s functional maturity and is closely associated with local 
antigen presentation and humoral immune activation [299]. 
The co-localization of LAMP3+ DCs with CD8+ cytotoxic T 
cells in B:T-TLS further supports the functional characteristics 
of mature TLSs [303] (Fig. 6c). 

A further analysis in glioma models revealed that TLSs 
are composed of dense clusters of CD45+ immune cells, with 
central enrichment of CD19+ B cells and inclusion of CD4+ 
and CD8+ T cells, as well as CD11b+ myeloid cells [304]. 
Active immune responses are indicated by the presence of 
PD-1+ follicular helper T cells, CD19+CD38+ memory B cells, 
CD31+ mouse endothelial cell antigen 79 (MECA-79)+ high 
endothelial venules (HEVs), and Ki-67+ proliferating B cells. 
Although typical CD21/35+ follicular DCs are absent, the 
overall architecture suggests the presence of mature TLSs 
[304].

The formation of TLSs is regulated by multiple molecular 
mechanisms. The adeno-associated viral vector to express 
LIGHT in the glioma vasculature (AAV-LIGHT) induces 
tumor-associated HEVs and T cel l-r ich TLSs [305]. 
Additionally, radiotherapy-derived exosomes promote TLS 
formation via the cGAS-STING signaling pathway [306]. The 
maturation of TLSs in gliomas is strongly influenced by the 
local microenvironment. SEC61G expression is negatively 
correlated with TLSs maturation [51]. T-low-TLS typically 
forms in regions with low immune activity, severe hypoxia, 
or necrosis, where VEGF signaling, glycolysis, and HIF-1α-
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mediated metabolic reprogramming are suppressed. This 
suppression hinders B-cell differentiation and plasma cell 
formation [303]. In contrast, in regions with heightened 
immune activation and increased DC, B-cell and T-cell activity, 
TLSs undergo progressive maturation along the B:T-TLS to 
PC-TLS differentiation trajectory [303] (Fig. 6c).

In breast cancer patients with BrMs, high TLS density 
is closely associated with significantly prolonged OS and 
PFS [307,308]. Similarly, in lung cancer BrMs, high TLS 
density, but not high TIL density, correlates with improved 
postoperative survival [309]. Notably, TLSs distribution varies 
by organ, with higher frequencies in lung and liver metastases 
compared to BrMs [310]. However, TLS’s relationship with 
immunotherapy remains poorly understood [304,309,310].

In brain tumors, multiple therapeutic strategies have 
demonstrated the capacity to induce TLS. TLR agonists 
promote TLS formation and enhance anti-tumor immunity 
by activating CD4+ and CD8+ T lymphocytes in glioma [304]. 

Human cytomegalovirus (HCMV) vaccine treatment increases 
both the number of TLSs and T lymphocyte infiltration [311]. 
However, the anti-CD40 antibody (αCD40) therapy, inducing 
TLSs formation, also recruits immunosuppressive CD11b+ 
B cells, which can diminish the effectiveness of checkpoint 
blockade [312]. These findings reveal diverse regulatory 
mechanisms of TLSs and suggest potential strategies for 
targeting TLSs in the BTME (Fig. 6c).

Extracranial tumor studies have highlighted TLS’s role in 
immune activation and anti-tumor response. For example, 
IL -33 has been implicated in TLS-associated immune 
regulation in pancreatic cancer CXCL13+CD160+CD8+ T 
cells have been linked to TLS’s function in gastric cancer, and 
local antibody production has been observed in renal cancer 
[313-315]. These insights suggest that enhancing TLSs could 
improve brain tumor therapy. Future research should focus 
on elucidating the dynamic regulatory mechanisms of TLSs 
formation in the BTME, developing standardized evaluation 

Fig. 6　(See legend on next page.)
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(See figure on previous page.)
Fig. 6　Immune landscape and therapeutic reprogramming in brain tumors: from T and NK cell dynamics to TLS-driven 
immunity.
a CD8+ T cell states and regulatory interactions in brain tumors. Unlike classical checkpoint molecules, B7-H6 mediates NKp30-
dependent recognition and subsequent cytolysis of activated T cells by NK cells. In humanized mouse models, B7-H6-mediated 
NK cell surveillance limits the persistence and anti-tumor activity of CAR-T cells. B7-H4 induces early dysfunction of CD8+ TILs by 
downregulating Akt and eNOS phosphorylation, reducing T cell infiltration and cytotoxicity in gliomas. Neutrophils and TREM2-
expressing macrophages are key sources of local T cell suppression within the brain, contributing to immune escape in the CNS. 
Early brain metastatic cancer cells with high expression of IFITM1 activate microglia through the secretion of complement C3 and 
enhance CD8+ T cell cytotoxicity by increasing MHC-I. b Strategies to enhance NK cell cytotoxicity against brain tumors. Knockout 
of CIS enhances the production of IFN and TNF, thereby promoting NK cell-mediated cytotoxicity in GBM cells. In a hypoxic 
microenvironment, knockout of HIF-1α increases cytotoxicity through increased perforin and TNF expression, further augmenting 
anti-tumor activity. TIM3 knockout enhances NK cell cytotoxicity against glioma cells. MES-GSCs accumulate NK cell ligands 
and are sensitive to NK-mediated cytotoxicity in vitro . EZH2-encoded EZH2-92aa suppresses surface NKG2D ligands, facilitating 
immune escape. Additionally, NKG2C+ NK cells show therapeutic potential. c TLSs and their contribution to anti-tumor immunity. 
The composition, location, and classification of tertiary lymphoid structures are quite complex. The degree of TLS infiltration 
often indicates better PFS and OS. In glioma, vascular expression of LIGHT can induce the formation of HEVs and TLSs. Radiation-
derived engineered stem cell-derived exosomes activate the cGAS-STING pathway, promoting the formation of TLSs, increasing 
type Ⅰ interferon release and enhancing TLS formation. TLS formation is associated with increased lymphocyte infiltration in the 
BTME, and Toll-like receptor agonists promote the formation of TLSs. Systemic delivery of immunostimulatory agonistic αCD40 in 
preclinical glioma models induces TLS formation near the meninges. The systemic delivery of αCD40 induces impaired T cells, and 
the mechanism involves the systemic induction of suppressive CD11b+ B-cell infiltration. HCMV IE1/IE1mut vaccination preclinically 
results in significantly more and larger TLSs. TLS is also related to immunotherapy responses in extracranial research. NK. Natural 
killer; B7-H6. Natural killer cell cytotoxicity receptor 3 ligand 1; NKp30. Natural killer cell protein 30; CAR-T. Chimeric antigen receptor T; 
B7-H4. V-set domain containing T cell activation inhibitor 1; TILs. Tumor-infiltrating lymphocytes; Akt. Protein kinase B; eNOS. 
Endothelial nitric oxide synthase; TREM2. Triggering receptor expressed on myeloid cells 2; CNS. Central nervous system; IFITM1. 
Interferon-induced transmembrane protein 1; C3. Complement component 3; MHC-Ⅰ. Major histocompatibility complex class I; GBM. 
Glioblastoma; CIS. Cytokine-inducible SH2-containing protein; IFN. Interferon; TNF. Tumor necrosis factor; HIF. Hypoxia-inducible 
factor; TIM3. T cell immunoglobulin and mucin domain-containing protein 3; GSCs. Glioma stem cells; circular EZH2. Circular RNA 
enhancer of zeste homolog 2; NKG2D. NK group 2D; NKG2C. NK group 2C; TLSs. Tertiary lymphoid structures; HEVs. High endothelial 
venules; cGMP. Cyclic GMP; cGAS. cGMP-AMP synthase; STING. Stimulator of interferon genes; TME. Tumor microenvironment; BTME. 
Brain tumor microenvironment; HCMV. Human cytomegalovirus

methods, and exploring strategies to enhance or specifically 
target TLSs [316] (Fig. 6c).

Vascular system
In brain tumors, the vascular system shows abnormalities, such 
as increased density, enhanced permeability, and disrupted 
blood flow [317,318]. Abnormal blood vessel formation 
involves endothelial cell-dependent angiogenesis and tumor 
cell-dependent vascular mimicry (VM) [319]. An endothelial 
transcriptome analysis revealed the dysregulation of genes 
related to cell proliferation, angiogenesis, ECM deposition, and 
BBB dysfunction in the vascular systems of GBM and BrMs 
[320]. BBB disruption in BrMs is spatially heterogeneous, with 
increased permeability in the tumor core, whereas the tumor 
edge often remains relatively intact [321].

Abnormal vasculature induces a hypoxic microenvironment 
and hinders drug penetration. Translocator protein (TSPO) 
deficiency in GBM induces mitochondrial dysfunction, 
shifting metabolism towards glycolysis, which promotes 
hypoxia, angiogenesis, and tumor growth [322]. Monocyte-
derived TAMs (Mo-TAMs) in the necrotic perivascular 

niche acquire hypoxic response characteristics and disrupt 
endothelial adhesion junctions through adrenalin-paracrine 
signaling, creating a highly permeable blood vessel system that 
hinders drug delivery to GBM xenografts [323] (Fig. 7a).

A b n o r m a l  t u m o r  v a s c u l a t u r e  i m p a c t s  i m m u n e 
responses through various mechanisms. Vascular damage 
reduces immune cell infiltration. A distinct population of 
mesenchymal-like endothelial cells creates an immuno-
suppressive microenvironment in GBM. Mechanistically, twist-
related protein 1 (Twist1)/special AT-rich sequence-binding 
protein 1 (SATB1)-mediated transcriptional activation causes 
tumor endothelial cells to produce osteopontin, promoting an 
immunosuppressive macrophage phenotype [324]. A process 
mimicking an infarct-like microenvironment promotes BrMs, 
which depend on Ang-2 and VEGF [325] (Fig. 7b).

Normalization of blood vessels may promote the infiltration 
of immune cells and enhance the efficacy of immunotherapy. 
Cyclic adenosine monophosphate (cAMP) activators impair 
glioma-derived endothelial cells (GdEC) differentiation, 
normalize tumor blood vessels, and alter tumor immune 
features [69,280]. Circulating T cells preferentially extravasate 
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into perivascular venules (PVVs), where the endothelial 
adhesion molecule intercellular adhesion molecule 1 (ICAM-1) 
is highly expressed. In BrMs, the abundance of ICAM-1+ 
PVV-like vessels correlates with TILs [326]. Moreover, 
epidermal growth factor, latrophilin, and seven transmembrane 
domain-containing protein 1 (ELTD1) deletion alleviates 
vascular abnormalities and enhances T cell recruitment after 
PD-1 blockade [327] (Fig. 7b). 

Tumor cells reside in the perivascular niche, a micro-
environment closely linked to the brain’s microvascular 
system [328,329]. Perivascular stromal cells in vascular niche 
models can direct the invasion, proliferation, and treatment 
response of GBM [328]. Tumor cells also directly interact with 
endothelial cells, inducing the expression of adhesion molecules 
such as ICAM-1 and vascular cell adhesion molecule 1 
(VCAM-1), which facilitates tumor cell infiltration and 
distant metastasis [330]. VCAM-1 enhances the adhesion of 
circulating tumor cells to activated brain vascular endothelial 
cells, promoting metastatic lesion formation in the brain [330]. 
GSCs promote abnormal blood vessel formation, creating a 
“tumor-friendly” microenvironment. GSCs activate JAK2/

STAT3 signaling via IFITM3, leading to basic fibroblast 
growth factor (bFGF) secretion [331], and the circadian 
locomotor output cycles kaput (CLOCK)-olfactomedin-like 3 
(OLFML3)-HIF-1α-periostin (POSTN)-TANK-binding 
kinase 1 (TBK1) signaling axis drives angiogenesis [332]. 
Additionally, SRY-box transcription factor 2 (SOX2)-positive 
progenitor-derived tumor-associated cells with a myeloid-
like expression profile (TAMEP) contributes to angiogenesis 
[333], while histamine secreted by GSCs activates endothelial 
cells via the H1R-Ca2+-NF-κB axis [334], further enhancing 
angiogenesis. DMTA2 knockdown in glioma spheroids affects 
the stability of GSC-dependent tube formation in vitro [335] 
(Fig. 7b).

VEGF-C-mediated lymphatic drainage improves anti-
tumor efficacy. When confined to the CNS, CD8+ T cell-
mediated immunity is limited, causing tumor growth. Impaired 
meningeal lymphatics disrupt the trafficking of tumor 
antigen-bearing DCs and reduce CD8+ T cell activation after 
radiotherapy. By contrast, VEGF-C overexpression promotes 
meningeal lymphatic expansion, which enhances CCL21-
dependent DC trafficking and subsequently improves CD8+ 

Fig. 7　(See legend on next page.)
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(See figure on previous page.)
Fig. 7　Vascular remodelling and vascular mimicry in brain tumors: mechanisms of angiogenesis, immune modulation, and 
therapeutic implications.
a, b Angiogenic remodelling in brain tumors and its impact on immune escape and therapy. a Mo-TAMs are located in the 
perinecrotic, hypoxic niche and acquire hypoxic response characteristics. Through adrenergic paracrine signalling, Mo-TAMs disrupt 
endothelial adhesion junctions, thereby stimulating a hyperpermeable neovascular system and hindering drug delivery in GBM 
xenografts. VCAM-1 on activated cerebral endothelial cells enhances the adhesion of circulating tumor cells, facilitating metastatic 
seeding in the brain. ICAM-1 positivity in PVV-like vessels is associated with T cell infiltration in tumors. b (Left side) A distinct 
population of mesenchymal-like endothelial cells establishes an immunosuppressive vascular niche in GBM. Through Twist1/SATB1-
mediated sequential transcriptional activation, tumor endothelial cells secrete osteopontin, which promotes immunosuppressive 
macrophage phenotypes. TAMEP derived from SOX2-positive progenitor cells resident in the CNS promote GBM growth by 
controlling tumor-associated angiogenesis. GSC-derived IFITM3 activates JAK2/STAT3 signalling and induces secretion of bFGF, 
ultimately enhancing angiogenesis. CLOCK-guided expression of OLFML3 upregulates POSTN via HIF-1α, and secreted POSTN 
promotes tumor angiogenesis by activating TBK1 signalling in endothelial cells. Histamine secreted by GSCs activates endothelial 
cells via the histamine H1R-Ca2+-NF-κB axis, thereby promoting angiogenesis and GBM progression. (Right side) EGFR-mutant glioma 
cells can adopt pericyte functions in a BMX/SOX9-dependent manner, stabilizing vascular structures and recruiting immune cells. 
cAMP activators induce the differentiation of GdECs by inducing oxidative stress, normalizing the tumor vasculature, and increasing 
CD8+ effector T cells. ELTD1 deficiency reduces vascular abnormalities and improves T cell recruitment after PD-1 blockade in glioma. 
Anti-angiogenic immunoregulatory therapy induces the differentiation of postcapillary venules into HEVs through LT/LTβR signaling. 
Tumor-associated HEVs lymphocyte entry and provide a niche supporting PD-1– and PD-1+TCF1+CD8+ T progenitor cells and exert 
anti-tumor effects. c Mechanisms and therapeutic targeting of VM in brain tumors. p-ATM promotes VM by remodelling the ECM 
and activating VE-cadherin/pVEGFR-2. FOSL1 interacts with NFATC3, enhancing its DNA-binding capacity and driving VM-associated 
transcriptional programs. SUMOylation of RALY increases its stability and elevates FOXD1 expression, which in turn activates the 
DKK1 promoter and promotes glioma cell migration, invasion, and VM formation. Juglone inhibits VM in glioma by suppressing HuR-
mediated VEGF-A expression. RGWE induced the death of GBM patient-derived CSCs and impaired VM. Mo-TAMs. Monocyte-derived 
tumor-associated macrophages; GBM. Glioblastoma; VCAM-1. Vascular cell adhesion protein 1; ICAM-1. Intercellular adhesion 
molecule 1; PVV. Perivenular venules; Twist1. Twist family bHLH transcription factor 1; SATB1. Special AT-rich sequence binding 
protein 1; TAMEP. Tumor-associated cells with a myeloid-like expression profile; SOX. SRY-box transcription factor; CNS. Central 
nervous system; GSCs. Glioma stem cells; IFITM3. Interferon-induced transmembrane protein 3; JAK2. Janus kinase 2; STAT3. Signal 
transducer and activator of transcription 3; bFGF. Basic fibroblast growth factor; CLOCK. Circadian locomotor output cycles kaput; 
OLFML3. Olfactomedin-like 3; POSTN. Periostin; HIF. Hypoxia-inducible factor; TBK1. TANK-binding kinase 1; H1R. H1 receptor; NF-κB. 
Nuclear factor κB; EGFR. Epidermal growth factor receptor; BMX. Bone marrow tyrosine kinase on chromosome X; cAMP. Cyclic 
adenosine monophosphate; GdECs. Glioma-derived endothelial cells; ELTD1. EGF, latrophilin and seven transmembrane domain-
containing protein 1; PD-1. Programmed cell death protein 1; HEVs. High endothelial venules; LT. Lymphotoxin; LTβR. Lymphotoxin 
β receptor; TCF1. T cell factor 1; VM. Vascular mimicry; pATM. Phosphorylated ATM; ECM. Extracellular matrix; VE-cadherin. Vascular 
endothelial cadherin; pVEGFR-2. Phosphorylated vascular endothelial growth factor receptor 2; FOSL1. FOS-like antigen 1; NFATC3. 
Nuclear factor of activated T cells cytoplasmic 3; FOXD1. Forkhead box D1; DKK1. Dickkopf-1; HuR. Human antigen R; VEGFA. Vascular 
endothelial growth factor A; RGWE. Ruta graveolens water extract; CSCs. Cancer stem cells

T cell priming, thereby increasing sensitivity to radiotherapy. 
Consistently, exogenous VEGF-C promotes CD8+ T cell 
activation in deep cervical lymph nodes, leading to T cell 
migration to the tumor, GBM cells clearance, and durable anti-
tumor memory response [25,336]. These findings suggest that 
therapeutic modulation of the meningeal lymphatic system may 
enhance anti-tumor immunity in brain tumors [337] (Fig. 7b).

Changes in endothelial cells within the BTME not only 
affect angiogenesis but also disrupt the BBB, a critical structure 
that protects the CNS. Impaired BBB function is a hallmark 
of a brain tumor. The IL-6-STAT3 signaling downregulates 
tight junction proteins and ATP-binding cassette (ABC) 
transporters in the BBB [338], while STAT overactivation 
causes abnormal permeability [339,340]. Mo-TAMs disrupt 
endothelial junctions through adrenaline signaling [323], 
and breast cancer cells induce morphological and functional 

changes in brain endothelial cells through EVs [341]. 
Metastatic tumor cells actively remodel the BBB to facilitate 

brain colonization through both direct interactions with brain 
endothelial cells and systemic tumor-derived factors. For 
example, the interaction between breast cancer cells and brain 
microvascular endothelial cells compromises BBB integrity by 
inducing both paracellular and transcellular hyperpermeability, 
while also enhancing the invasive and migratory properties 
of tumor cells [342]. In addition, systemic secretion of 
ectonucleotide pyrophosphatase/phosphodiesterase 1 
(ENPP1) from primary breast tumors induces endothelial 
dysfunction by impairing insulin signaling and the Akt/
GSK3β/β-catenin pathway [343]. EVs derived from breast 
cancer cells induce morphological, motility, and proteomic 
changes in brain endothelial cells via transcytosis, enabling 
tumor cells to breach the BBB and spread to the brain [341]. 
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Consistently, although brain-seeking cell subline and parental 
breast cancer cells behave similarly in terms of adhesion, 
the brain-seeking subline has a stronger impact on the brain 
endothelium integrity and increased migratory ability [344].

Tumor cells undergo VM, where they form tubular 
structures that function as substitutes for blood vessels 
[345]. Key molecules involved in VM include pATM, which 
activates VE-cadherin/pVEGFR2 [346], the FOSL1-nuclear 
factor of activated T cells cytoplasmic 3 (NFATC3) complex 
[347], and the SUMOylation of RALY heterogeneous nuclear 
ribonucleoprotein (RALY-SUMOylation)-forkhead box D1 
(FOXD1)-dickkopf 1 (DKK1) signaling axis [348]. VM 
functions as a channel resembling a blood vessel, supplying 
essential nutrients for tumor growth and significantly 
contributing to resistance in GBM [349]. Juglone inhibits 
VM by suppressing the HuR-VEGF-A pathway [350], while 
RGWE components can disrupt VM at sublethal doses [351] 
(Fig. 7c).

Targeting the BBB and tumor vasculature represents a 
promising therapeutic strategy for brain tumors. Targeting 
the vascular GP130 signaling pathway enhances cancer 
cell sensitivity to TMZ by attenuating blood-tumor barrier 
formation and improving drug penetration [352]; cAMP 
interferes with glioma-derived endothelial cell differentiation, 
normalizes tumor vasculature, and alters tumor immune 
features [69,353]. Ectopic expression of VEGF-C, which 
promotes CCL21-dependent DC trafficking and CD8+ T 
cell activation, leads to rapid clearance of the glioblastoma 
[25,336]. Additionally, peripheral targeting of the meningeal 
lymphatic system [337] and physical BBB opening techniques 
also show potential effects [321,354,355]. Future challenges 
include the precise regulation of vascular heterogeneity, the 
synergistic blockade of VM and classic angiogenesis, the 
dynamic balance between BBB disruption and reconstruction, 
and the timing of vascular targeting with immunotherapy 
combinations. These strategies need to be optimized based on 
patient-specific vascular characteristics.

Extracellular matrix
Extracellular matrix (ECM) remodeling is a key feature of the 
BTME, influencing tumor progression and therapy resistance 
through altering its structural and biochemical properties 
[356]. Key ECM components, such as collagen, fibronectin, 
and hyaluronic acid, undergo significant crosslinking and 
stiffening in tumors [357,358]. ECM degradation, regulated 
mainly by the MMP family, is crucial for tumor invasion. 
The overexpression of MMP-2 and MMP-9 promotes 
ECM degradation, releasing growth factors and enabling 

tumor cell migration [359]. Notably, the stiffness difference 
between the vascular and parenchymal interfaces directs the 
infiltration of tumor cells [360], indicating that ECM physical 
properties influence tumor distribution. Streitberger et al. 
[361] demonstrated that ECM fluidity plays a critical role 
in tumor invasiveness. These mechanical changes activate 
mechanosensitive channels like Piezo1/Piezo2 and the yes-
associated protein 1 (YAP1)/transcriptional coactivator with 
PDZ-binding motif (TAZ) signaling pathway, aiding tumor 
migration and invasion [362,363].

ECM properties contribute to therapeutic resistance in 
tumors (Fig. 8a). Increased ECM stiffness and viscosity reduce 
chemotherapy sensitivity [364]. In medulloblastoma, SOX2+ 
tumor cells rely on mechanosensitive ion channel Piezo2 
to sense substrate stiffness, which maintains calcium levels, 
myosin tension and adhesion. This promotes β-catenin and 
leads to chemotherapy resistance [363]. In breast cancer BrMs, 
cancer-stromal interactions promote mucin and glycoprotein 
production, which reduces sensitivity to neratinib [365]. These 
findings indicate that ECM physical properties contribute to 
therapy resistance.

ECM remodeling also regulates the BTME, forming a 
complex network. HSP47-mediated collagen deposition 
promotes microglial polarization towards the M2 phenotype 
via the α2β1 integrin/NF-κB signaling axis, suppressing CD8+ 
T cells and promoting BrM [207]. Specific ECM components, 
such as SERPINB1, can influence organ-specific metastasis 
[366]. These findings highlight ECM’s role in shaping the 
immunosuppressive microenvironment. 

Therapeutic interventions targeting ECM have shown 
potential treatment promise [359]. Future research should 
focus on the ECM heterogeneity and combination therapies 
targeting both the physical properties and biochemical 
composition [367,368]. A deeper understanding of the 
interactions between ECM remodeling and the immune 
microenvironment will provide new theoretical foundations 
and therapeutic targets to overcome the current challenge of 
treatment resistance [369,370] (Fig. 8a).

Cancer-associated fibroblasts
Cancer-associated fibroblasts (CAFs) are key regulators in the 
BTME and display functional diversity across tumor types 
[371-373] (Fig. 8b). For example, single-cell sequencing 
revealed site-specific CAF heterogeneity; inflammatory CAFs 
(iCAFs) predominate in NSCLC BrMs and promote metastasis 
by activating MET and other invasion-related molecules 
[374]. In breast cancer, five CAF subpopulations have been 
identified: smooth muscle cells (SMCs), pericytes, antigen-
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presenting CAFs (apCAFs), proliferative CAFs (pCAFs), 
and matrix CAFs (mCAFs), with pCAFs predominating in 
cases with lymph node, bone, and BrMs [375]. Consistently, 
BrM-associated CAFs show high mRNA expression of type Ⅰ 
collagen [376], and in breast cancer BrMs, elevated expression 
of PDGFR-β, α-SMA, and type Ⅰ collagen correlates with 
tumor size and recurrence [375,377,378]. CAFs in BrMs may 
originate from perivascular pericytes, endothelial progenitor 
cells, or transformed astrocytes [377]. Furthermore, GBM, 
once considered devoid of fibroblasts, also contains CAF-like 
cell populations [379].

CAFs promote tumor progression and shape the immune 
microenvironment through multiple mechanisms [374] 
(Fig. 8b). CAF-associated insulin-like growth factor-binding 
protein 2 (IGFBP2) drives glioma progression by inducing M2 
macrophage polarization [380]. GSCs recruit CAFs through 
PDGF and TGF-β signaling, and in turn, CAFs enhance tumor 
stemness by secreting osteopontin and HGF [379]. CAF-
derived extra domain A (EDA) fibronectin also contributes to 
immune suppression by inducing M2 macrophage polarization 
and promoting GBM [379]. In BrMs, hypoxic conditions 
further enhance the pro-tumor functions of CAF. For example, 
BrM-associated fibroblasts secrete HIF-1α-mediated polio 
virus receptor (PVR) fucosylation to promote breast cancer 

invasion [381], whereas in lung cancer BrMs, CAFs exert HIF-
2α-mediated proangiogenic effects [371]. CAFs also suppress 
anti-tumor immunity by upregulating PD-L1, promoting 
Treg infiltration, and secreting collagen that engages the 
leukocyte associated immunoglobulin like receptor 1 (LAIR1) 
receptor to enhance immune suppression [372,382,383]. 
In lung cancer BrMs, CAFs promote angiogenesis and 
metabolic reprogramming through the VEGF pathway, 
thereby accelerating tumor growth [371,372]. These findings 
underscore the central role of CAFs in tumor progression 
and immune suppression. Future research needs to further 
delineate the function of specific CAF subpopulations and 
develop precision strategies to overcome CAF-mediated 
resistance.

Cytokines
The cytokine network in the BTME constitutes a highly 
complex regulatory system that governs tumor progression 
and treatment response [384,385]. TGF-β  is a central 
regulator with a well-recognized biphasic role. During early 
tumor development, TGF-β acts as a tumor suppressor 
[386], whereas at later stages, it promotes tumor invasion and 
metastasis by facilitating microtubule formation [387] and 
inducing immune suppression [388-390]. This temporally 

Fig. 8　(See legend on next page.)
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(See figure on previous page.)
Fig. 8　ECM, CAFs, and cytokine-mediated immune modulation.
a Effects of ECM physical properties on tumor growth and immune escape. During tumor progression, alterations in ECM stiffness, 
viscosity, and compressive forces profoundly influence tumor behaviour and therapy response. Compression promotes glioma 
progression by stimulating Piezo1 and increasing GDF15 and CTLA4. Increased substrate viscosity weakens the inhibitory effects 
of TMZ on GBM. In medulloblastoma, SOX2+ tumor cells sense matrix stiffness through Piezo2, stabilize β-catenin and drive 
chemoresistance. SERPINB1 upregulated in BrMs may be involved in metastatic tropism. HSP47-mediated collagen deposition 
promotes microglial polarization to the M2 phenotype via the α2β1 integrin/NF-κB pathway, leading to suppression of CD8⁺ T cell 
anti-tumor activity and facilitation of BrM progression. b CAF heterogeneity and protumoral mechanisms. In breast cancer, there are 
five subpopulations of CAFs: SMCs, pericytes, apCAFs, pCAFs, and mCAFs. pCAFs are the predominant CAF subtype in breast cancer 
and are associated with lymph node, bone, and BrM. PDGF and TGF-β have been identified as mediators of GSC influence on CAFs. 
Osteopontin and HGF have been identified as mediators of CAF-induced GSC enrichment. Moreover, CAFs induce M2 macrophage 
polarization by regulating TLR4 and IGFBP2. Under hypoxic conditions, HIF1α fucosylates PVR and triggers its secretion from BrM-
associated CAFs, which promotes tumor progression. In lung cancer BrMs, HIF-2α activation in CAFs enhances angiogenesis via VEGF 
signalling, promotes metabolic reprogramming, and accelerates tumor growth. The oncogenic lncRNA DLEU1 confers ferroptosis 
resistance in GBM cells by binding ZFP36 and epigenetically repressing ATF3. c Cytokine-mediated immune modulation in the BTME. 
IL-33 induces regulatory chemokines that collectively recruit M2 macrophages and establish a protumor environment. IL-19 acts as 
a predictive immunosuppressive cytokine in the tumor periphery that significantly reduces DCs and monocyte/macrophage cells. 
IL-10, released by HMOX1+ myeloid cells, located in the mesenchymal-like tumor region, drove T cell exhaustion. IL-12 enhances 
CAR-T cell cytotoxicity and remodels BTME by increasing proinflammatory CD4+ T cells, reducing Tregs, and activating myeloid cells. 
IL-15-modified CAR-T cells inhibit MDSCs and reduce immunosuppressive factors (IL-10 and TGF-β), making it a dual-target agent 
for GBM cells and MDSCs. Chemokine signalling further regulates immune cell trafficking. The CXCR7 agonist VUF11207 enhanced 
tumor cytotoxicity and reversed microglia-mediated immune suppression. CCR2b co-expression in B7-H3 CAR-T cells improve 
BBB penetration and anti-tumor efficacy. The co-inhibition of the chemokine receptors CCR2 and CCR5 synergizes with anti-PD-1 
therapy, selectively reducing monocyte-derived MDSCs while increasing CD8+ T cell infiltration and cytokine production. H19-IRP, 
which promotes immune suppression by activating CCL2 and galectin-9 transcription, recruiting MDSCs and TAMs and driving 
T cell exhaustion in GBM. ECM. Extracellular matrix; CAFs. Cancer-associated fibroblasts; GDF15. Growth differentiation factor 15; 
CTLA4. Cytotoxic T-lymphocyte-associated protein 4; TMZ. Temozolomide; GBM. Glioblastoma; SOX2. SRY-box transcription factor 2; 
SERPINB1. Serpin family B member 1; BrMs. Brain metastases; HSP47. Heat shock protein 47; NF-κB. Nuclear factor κB; SMCs. Smooth 
muscle cells; apCAFs. Antigen-presenting CAFs; pCAFs. Proliferative CAFs; mCAFs. Matrix CAFs; PDGF. Platelet-derived growth 
factor; TGF-β. Transforming growth factor-β; GSC. Glioma stem cell; HGF. Hepatocyte growth factor; TLR4. Toll-like receptor 4; 
IGFBP2. Insulin-like growth factor-binding protein 2; HIF. Hypoxia-inducible factor; PVR. Polio virus receptor; VEGF. Vascular 
endothelial growth factor; DLEU1. Deleted in lymphocytic leukemia 1; ZFP36. Zinc finger protein 36; ATF3. Activating transcription 
factor 3; BTME. Brain tumor microenvironment; IL. Interleukin; DCs. Dendritic cells; HMOX1. Heme oxygenase 1; CAR-T. Chimeric 
antigen receptor T; Tregs. Regulatory T cells; MDSCs. Myeloid-derived suppressor cells; CXCR7. C-X-C chemokine receptor type 7; 
CCR. C-C chemokine receptor; B7-H3. B7 homolog 3; BBB. Blood-brain barrier; anti-PD-1. Anti-programmed cell death protein 1; 
CCL2. C-C motif chemokine ligand 2; TAMs. Tumor-associated macrophages

functional switch suggests the need for precise timing when 
therapeutically targeting the TGF-β pathway (Fig. 8c).

ILs mediate immune cell communication and exert context-
dependent effects in brain tumors [391]. Proinflammatory 
ILs, such as IL-12, enhance anti-tumor immunity. However, 
anti-inflammatory ILs, including IL -10 and IL -6, drive 
tumor progression by promoting proliferation, angiogenesis, 
and immune suppression through recruiting Tregs and 
MDSCs [195,293,392]. Mechanistically, IL -6 promotes 
tumor proliferation, Th17 differentiation, and metabolic 
reprogramming through JAK/STAT3 signaling, whereas 
IL-33 regulates chemokine expression through both nuclear 
and secretory mechanisms to recruit innate immune cells 
and establish a pro-tumorigenic environment [393]. In 
addition, IL-19 has been identified as an immune-suppressive 
biomarker at the tumor periphery in GBM [394], and a 
subset of IL-10-stimulated heme oxygenase 1 (HMOX1)+ 

myeloid cells localized to mesenchymal tumor regions drives 
T cell exhaustion and contributes to the immunosuppressive 
BTME [395]. Several ILs have been exploited to enhance 
immunotherapy efficacy. For example, IL-12 improves CAR-T 
cell cytotoxicity and remodels the BTME by increasing 
proinflammatory CD4+ T cells infiltration, reducing Treg 
abundance, and activating myeloid cells [195]. Similarly, 
IL-15 modification enables CAR-T cells to simultaneously 
target tumor cells and MDSCs in GBM [396] (Fig. 8c).

Chemokines act as key spatial regulators of immune cell 
trafficking within tumors. The CXCL12-C-X-C chemokine 
receptor type 7 (CXCR7) axis upregulates PD-L1 expression 
through an NF-κB signaling [397], whereas the CCL2-CCR2b 
pathway enhances CAR-T cells penetration to cross the BBB 
[398]. Notably, CCR2 and CCR5 co-inhibition reduces 
myeloid cell infiltration and synergizes with PD-1 blockade 
[399], highlighting the therapeutic potential of multitarget 
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strategies. In addition, the long noncoding RNA H19 
contributes to the establishment of an immunosuppressive 
microenvironment by promoting the transcription of CCL2 
and galectin-9 [400] (Fig. 8c).

Cytokine-mediated immune regulation is closely linked 
to therapeutic resistance [147,401]. Proinflammator y 
cytokines combine with CAR macrophages/NK cells, which 
significantly increase glioma treatment efficacy [402,403]. 
Future studies should focus on defining the dynamic evolution 
of the cytokine network, developing spatiotemporally precise 
targeting strategies, and assessing how microenvironmental 
heterogeneity shapes cytokine function and therapeutic 
response [384,404,405].

Metabolic reprogramming
Metabolic reprogramming is a hallmark of brain tumors 
and plays a central role in tumor growth, immune evasion, 
and therapeutic resistance [406-408]. The most prominent 
alteration is the Warburg effect, characterized by enhanced 
glycolysis despite sufficient oxygen availability (Fig. 9a). 
GBM cells exhibit high glycolytic flux and produce large 
amounts of lactate through lactate dehydrogenase A (LDHA), 
while LDHB catalyzes lactate-to-pyruvate conversion to 
fuel mitochondrial metabolism [409,410]. These findings 
suggest that GBM may exploit metabolic circuits for survival, 
consistent with the ANLS model [132]. 

Glucose metabolism is further refined by post-translational 
and transcriptional regulation. Zinc finger DHHC-type 
containing 9 (ZDHHC9)-mediated S-palmitoylation 
promotes glucose transporter 1 (GLUT1) localization 
and sustains glycolytic flux [411], while the homeobox A3 
(HOXA3)-lysine demethylase 6A (KDM6A) regulatory axis 
maintains aerobic glycolysis through H3K27 demethylation, 
accelerating GBM progression [412]. Metabolic traits may 
also be associated with metastasis: breast cancer BrMs 
display reduced glucose metabolism and immune gene 
expression [413], whereas lung cancer preferentially colonizes 
metabolically active brain regions [414].

Hypoxia is another significant characteristic of the 
BTME (Fig. 9b). Single-cell analyses identify hypoxia as an 
adaptive strategy in IDH-wild-type GBM, where it enhances 
stemness via triggering receptor expressed on myeloid cells 1 
(TREM1) induction and TGFβ2-TGFβR/SMAD2/3 
signaling [415,416]. Hypoxia also sustains tumor growth by 
activating autophagy, and acetylation-dependent activation of 
p21-activated kinase 1 (PAK1) promotes autophagy-related 5 
(ATG5) phosphorylation and autophagic flux [417]. Beyond 
GBM, hypoxia also drives brain colonization by systemic 

malignancies, as HIF-1 activation increases the release of EVs 
enriched in integrin β3, thereby facilitating colonization of the 
brain microenvironment [418]. In parallel, hypoxia further 
reinforces immune evasion within the BTME. Hypoxia-
induced lactate accumulation drives histone lactylation 
and upregulates tumor necrosis factor ligand superfamily 
member 9 (TNFSF9) [419], while recruitment of bone 
marrow-derived macrophages through the FOSL2-ANXA1-
formyl peptide receptor (FPR)1/3 axis enhances tumor 
invasion and weakens T cell cytotoxicity [415,420]. However, 
another study demonstrated hypoxia selectively impairs 
γδ T cells by inhibiting NKG2D signaling through protein 
kinase A activation [421]. In CAR-T cells, hypoxia impairs 
mitochondrial ATP production, thereby weakening cytotoxic 
capacity [422]. The hypoxic niche attracts and isolates 
TAMs and cytotoxic T cells, reprogramming them into an 
immunosuppressive state via CCL8 and IL-1β [423]. Tumor-
associated myeloid cells surround the hypoxic necrotic regions 
of GBM and express the enzyme glycine amidinotransferase 
(GATM). Consequently, tumor cells absorb creatine secreted 
by tumor-associated myeloid cells, which protects them from 
hypoxic stress [424].

In addition to glucose metabolism, brain tumor also 
exhibits profound lipid metabolic reprogramming (Fig. 9c). 
GBM cells increase fatty acid synthesis and uptake, and 
lipid heterogeneity correlates with poor prognosis [425]. 
Lipid metabolic reprogramming also has multidimensional 
regulatory characteristics. In glioma, cholesterol homeostasis 
is maintained through the sterol-regulatory element binding 
protein (SREBP)-1-mediated autophagy-lysosome pathway 
[426], while IDH mutations regulate cholesterol efflux via the 
protein kinase R-like endoplasmic reticulum kinase (PERK)-
miR-19a-low-density lipoprotein receptor (LDLR) axis [427]. 
Moreover, lipid metabolism displays spatial heterogeneity, 
with distinct fatty acid metabolic patterns in tumor core 
versus invasive margins [428,429]. Beyond supporting 
tumor growth, altered lipid metabolism also contributes to 
immune escape through complex cellular interactions and 
redox regulation. Macrophages support GBM malignancy 
by phagocytosing myelin from the surrounding brain tissue 
and transferring lipids to tumor [126,430]. In addition, lipid 
metabolites can directly regulate immune checkpoints. For 
example, arachidonate 5-lipoxygenase (ALOX5)-derived 
5-hydroxyeicosatetraenoic acid (5-HETE) activates NRF2 
and promotes PD-L1+ M2 macrophages accumulation [431]. 
Conversely, lipid peroxidation can also enhance anti-tumor 
immunity, as TNF receptor-associated factor 3 (TRAF3)-
mediated peroxidative signaling activates immune responses in 



26

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

GBM [432].
Altered amino acid metabolism supports growth and 

immune escape of brain tumor [433] (Fig. 9d). In GBM, 
tumor cells show strong dependence on glutamine, reflected 
by elevated expression of glutaminase (GLS), and its 
pharmacological inhibition suppresses tumor growth [434]. 
This dependency is further reinforced by metabolic crosstalk 
with the microenvironment. For example, astrocyte-secreted 
glutathione supplies a source of cysteine that can be utilized 
by tumor cells [435]. The branched-chain amino acid 
transaminase 1 (BCAT1) is highly expressed in IDH-wild-
type GBM, promoting proliferation through branched-chain 
amino acids transamination [436]. Amino acid metabolism 
also intersects with immune regulation. In GBM, YKL-40 
potently activates the kynurenine pathway, establishing a 
robustly immunosuppressive microenvironment [437]. Similar 
metabolic adaptations occur in BrMs. In NSCLC, BCAT1 
promotes EMT and BrM via AlkB homolog 5 (ALKBH5) 
regulation [438]. Moreover, tumor-derived microRNAs can 
reshape the neural metabolic niche. For example, miR-199b-5p 
secreted by brain-metastatic breast cancer cells disrupts GABA 
synthesis, favouring tumor survival [123]. Therapeutically, 
targeting amino acid metabolism can enhance immunotherapy 
efficacy. For example, engineering CAR-T cells with modified 
branched-chain amino acid metabolism improves their anti-

tumor efficacy [439].
Metabolic reprogramming profoundly shapes the immuno-

suppressive BTME by directly regulating immune cell function 
[440,441]. Lactate is a central immunomodulatory metabolite. 
Export of lactate through monocarboxylate transporters, 
particularly monocarboxylate transporter (MCT)1 and 
MCT4, contributes to acidification of the TME [442,443]. 
In addition, lactate can promote macrophage reprogramming 
through histone lactylation, which has been associated with 
increased IL-10 expression and M2 polarization [444,445]. 
Lactate-driven macrophage reprogramming enhances tumor 
invasion through CCL17 secretion [445]. Interventions, such 
as GLUT1 inhibition [446] or hexosaminidase B (HEXB) 
regulation [447], can disrupt this malignant cycle and provide 
a basis for metabolic-targeted therapies. 

Collectively, metabolic reprogramming forms a highly 
integrated interaction network in which tumor and immune 
cells establish metabolic symbiosis. Lactate-driven macrophage 
polarization [419], UDP-P2Y6-mediated TAM regulation 
[448], and spermidine-induced inhibition of CD8+ T cells 
[448] exemplify this crosstalk. Future research needs to 
integrate single-cell metabolomics with spatial transcriptomics 
to resolve metabolic dynamics in situ and develop rational 
combination therapies, particularly strategies combining 
metabolic interventions with ICIs and hypoxia-targeting 

Fig. 9　(See legend on next page.)
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Fig. 9　Metabolic reprogramming in brain tumors: glucose, hypoxia, lipid and amino acid metabolism in immune modulation 
and tumor progression.
a Glucose metabolism. Tumor-derived signals activate the PERK-ATF4 axis in monocyte-derived macrophages, inducing GLUT1 
expression and enhancing glycolysis, lactate production, and IL-10 secretion in MDMs, thereby creating an immunosuppressive 
microenvironment. Lactate-induced M2 polarization of TAMs promotes the invasion of pituitary adenoma cells through the secretion 
of CCL17. HEXB is a key regulator of glycolysis in GBM by both reprogramming TAM metabolism and intrinsically enhancing tumor 
glycolysis. Mechanistically, elevated HEXB stabilizes HIF-1α by activating the ITGB1/ILK/YAP1 axis. b Hypoxia-mediated metabolic 
and immune reprogramming. Hypoxia promotes tumor stemness by upregulating TREM1 and activating TGF-β2-TGFβR-SMAD2/3 
signaling. Hypoxia also recruits and polarizes myeloid-derived suppressor cells (MDSCs) via the activation of the FOS-like 2, AP-1 
transcription FOSL2-ANXA1-FPR1/3 axis, which facilitates tumor invasion and weakens T cell cytotoxicity. Hypoxia selectively impairs 
γδ T cells by inhibiting NKG2D signaling through protein kinase A activation. Accumulated glycolytic by-products, particularly lactate, 
are taken up by macrophages and induce M2 polarization. Mechanistically, hypoxia-driven lactate uptake increases H3K18 lactylation 
and TNFSF9 expression in macrophages. The hypoxic niche attracts and isolates TAMs and cytotoxic T cells, reprogramming them 
into an immunosuppressive state through the chemokine CCL8 and the cytokine IL-1β. CAR-T cells display impaired mitochondrial 
ATP production and exhibit a clear hypoxic state, reducing their cytotoxic ability. c Lipid metabolism. GBM cells accumulate CEs within 
lipid droplets. SREBP-1 upregulates key autophagy genes, including ATG9B, ATG4A, microtubule-associated protein 1 (LC3B), and the 
lysosomal cholesterol transporter (NPC2), promoting lipid droplet turnover and lysosomal cholesterol release to maintain membrane 
cholesterol homeostasis. IDH mutation-induced PERK activation enhances cholesterol efflux in glioma through the miR-19a/LDLR 
axis and upregulation of ABCA1/APOE, ultimately influencing the M1-like polarization of glioma-associated macrophages. ALOX5 
and its metabolite 5-HETE accumulate PD-L1+ M2-GAMs and contribute to the immunosuppressive BTME. d Amino acid metabolism. 
Astrocyte-derived glutathione is exploited by tumor cells to sustain cysteine pools; BCAT1 is highly expressed in IDH-wild-type GBM 
and NSCLC BrMs, where it promotes tumor progression by generating glutamate and regulating ALKBH5-dependent EMT programs. 
PRODH2-dependent proline metabolism or secretes miR-199b-5p to disrupt astrocytic GABA synthesis, reshaping the local metabolic 
niche. Furthermore, GBM-secreted YKL-40 activates the kynurenine pathway, reinforcing an immunosuppressive microenvironment. 
In addition, BCKDK engineering in CAR-T cells modifies branched-chain amino acid metabolism to enhance anti-tumor efficacy. 
PERK. Protein kinase R-like endoplasmic reticulum kinase; ATF4. Activating transcription factor 4; GLUT1. Glucose transporter 1; IL. 
Interleukin; MDMs. Monocyte-derived macrophages; TAMs. Tumor-associated macrophages; CCL. C-C motif chemokine ligand; HEXB. 
Hexosaminidase B; GBM. Glioblastoma; HIF-1α. Hypoxia-inducible factor-1α; ITGB1. Integrin beta 1; ILK. Integrin-linked kinase; YAP1. 
Yes-associated protein 1; TREM1. Triggering receptor expressed on myeloid cells 1; TGF. Transforming growth factor; SMAD2/3. 
SMAD family member 2/3; MDSCs. Myeloid-derived suppressor cells; FOSL2. FOS like 2; AP-1. Transcription factor subunit; ANXA1. 
Annexin A1; FPR. Formyl peptide receptor; NKG2D. Natural killer group 2 member D; H3K18. Histone H3 lysine 18; TNFSF9. Tumor 
necrosis factor ligand superfamily member 9; CAR-T. Chimeric antigen receptor T; ATP. Fulladenosine triphosphate; CEs. Cholesterol 
esters; SREBP. Sterol-regulatory element binding protein; ATG. Autophagy-related; LC3B. Light chain 3 beta; NPC2. NPC intracellular 
cholesterol transporter 2; IDH. Isocitrate dehydrogenase; LDLR. Low-density lipoprotein receptor; ABCA1. ATP-binding cassette 
transporter A1; APOE. Apolipoprotein E; ALOX5. Arachidonate 5-lipoxygenase; 5-HETE. 5-hydroxyeicosatetraenoic acid; M2-GAMs. 
M2-type glioma-associated macrophages; BTME. Brain tumor microenvironment; BCAT1. Branched-chain amino acid transaminase 1; 
NSCLC. Non-small cell lung cancer; BrMs. Brain metastases; ALKBH5. AlkB homolog 5; EMT. Epithelial-mesenchymal transition; 
PRODH2. Proline dehydrogenase 2; GABA. Gamma-aminobutyric acid; YKL-40. Chitinase-3-like protein 1; BCKDK. Branched-chain 
ketoacid dehydrogenase kinase

approaches.

The gut microbiota and the gut-brain axis
The BTME harbours a distinct tumor-associated microbiota, 
including bacteria and fungi,  which inf luence tumor 
progression and treatment response by modulating immune 
responses, metabolic reprogramming, and inflammatory 
signaling [449,450] (Fig. 10). Although research in this area 
remains limited, emerging evidence suggests a non-random 
microbial signature in brain tumors. In glioma, Li et al. [451] 
identified 6 bacterial genera significantly enriched, including 
Fusobacterium, Longibaculum, Intestinimonas, Pasteurella, 
Limosilactobacillus, and Arthrobacter. Notably, Fusobacterium 
and other oncogenic bacteria promote glioma proliferation 
by upregulating chemokines such as CCL2 and CXCL1 

[451]. Gut microbiome profiling in glioma patients reveals 
enrichment of Klebsiella, Enterococcus, and Lactobacillus, while 
fungal communities display high interindividual variability, 
with Alternaria, Malassezia, and Schizophyllum among the 
most prevalent genera [452]. In contrast, specific taxa such 
as Peptostreptococcaceae and Oscillospira may exert protective 
effects and diminish the risk of glioma [453]. In BrMs, gut 
microbiome dysbiosis is associated with both compositional 
and metabolic alterations. For example, in NSCLC patients 
with BrM, the gut microbiome is characterized by increased 
abundance of harmful bacteria such as Fusobacterium and 
Proteus and reduced short-chain fatty acids (SCFAs)-producing 
bacteria, including Firmicutes and Actinobacteria [454]. 
Consistently, patients with BrMs show increased microbiota 
diversity, with enrichment of specif ic genera such as 
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Fig. 10　Common microbial signatures and the gut-brain axis in brain tumors and metastases.
In gliomas, six genera, namely, Fusobacterium, Longibaculum, Intestinimonas, Pasteurella, Limosilactobacillus, and Arthrobacter, are 
significantly enriched. The gut microbiome of glioma patients includes Klebsiella, Enterococcus, Blautia, and Lactobacillus species, 
along with fungal genera including Alternaria, Malassezia, Schizophyllum , and Tomentella. In BrMs, distinct microbial signatures 
are observed, with enrichment of Paenibacillus, Fournierella , and Adlercreutzia . NSCLC patients exhibit significant changes in 
their gut microbiota composition, with increases in the abundance of Fusobacteria and Proteobacteria, whereas the abundance 
of SCFA-producing bacteria, such as Firmicutes and Actinobacteria , is decreased, particularly during the metastasis stage. Loss of 
SCFA-producing bacteria represents a shared feature of glioma-associated dysbiosis. SCFAs reverse GBM progression induced by 
dysbiosis in the BTME by promoting M1 macrophage polarization. ABX gut dysbiosis significantly increased the BrM load while 
altering the proportions and states of CD3+ T cells and TNFhigh microglia. BrMs. Brain metastases; SCFA. Short-chain fatty acids; GBM. 
Glioblastoma; BTME. Brain tumor microenvironment; ABX. Antibiotic-induced; TNF. Tumor necrosis factor; NSCLC. Non-small cell lung 
cancer

Paenibacillus, Fournierella, and Adlercreutzia. The metabolomic 
analyses further revealed changes in SCFAs and vasoactive 
metabolites, including angiotensin [1-7], which may regulate 
immune responses and vascular permeability [455]. Moreover, 
microbial metabolites such as hippuric acid can also regulate 
BrM by affecting cancer cell-brain vascular interactions [456]. 
Together, these findings suggest that microbiome-associated 
metabolic changes may contribute to the development and 
progression of BrMs.

Dysbiosis of the gut microbiome is closely linked to brain 
tumors progression. In patients with meningiomas and 
gliomas, proinflammatory bacteria such as Fusobacterium and 
Acinetobacter species are enriched while beneficial SCFA-

producing taxa are reduced [457]. SCFAs, particularly 
butyrate, alleviate immunosuppression by promoting M1 
macrophage polarization [458]. Conversely, antibiotic-induced 
dysbiosis increases the BrM burden and alters T cells and 
microglia function [459]. Clinical evidence further supports 
the therapeutic relevance of the microbiome. In a prospective 
phase Ⅰ/Ⅱ trial of ndGBM, improved OS within the anti-
PD-L1 therapy correlated with distinct immune, mutation, 
and gut microbiome characteristics [460]. These findings 
suggest that microbiome modulation could serve as a potential 
diagnostic and therapeutic target [454].

The microbiome-gut-brain axis constitutes a bidirectional 
regulatory network involving neural, immune, and metabolic 



29

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

pathways [461,462]. The gut microbiome regulates BBB 
permeability, microglial activation, and neuroinflammatory 
responses through metabolic products such as SCFAs, 
neurotransmitters (such as 5-HT, GABA), and immune 
regulatory molecules. Specific compositional changes, such 
as increased Proteus and decreased Firmicutes, are significantly 
associated with GBM occurrence [463]. Certain bacterial 
genera, including Alistipes and Fusobacterium, have been 
implicated in BrM initiation and immune suppression by 
activating MDSCs and impairing immune surveillance 
[456,464]. Moreover, the gut microbiome shapes innate 
immune responses by regulating microglial function, 
facilitating immune escape and tumor progression [465]. 

Microbiome-therapy interactions of fer  promising 
opportunities for combination treatment strategies. In 
pituitary adenomas, fecal microbiota transplantation enhances 
PD-L1 expression and CD8+ T cell infiltration, which 
inhibits tumor growth [466]. In GBM, local bacterial therapy, 
such as injectable bacterial-hydrogel constructs, induces 
tumor necroptosis and activates both innate and adaptive 
immune responses [467]. Standard treatments also reshape 
the microbiome. Temozolomide reduces the Firmicutes/
Bacteroidetes ratio [468], whereas sodium butyrate combined 
with PD-L1 blockade restores beneficial taxa and enhances 
anti-tumor immunity [469].

Collectively, these findings highlight the microbiome-
tumor-immune triad as a critical regulator of brain tumor 
progression and therapeutic response. Future studies should 
focus on defining causal microbial species, elucidating 
microbiome-driven regulation of TAMs and T cells, and 
integrating metabolic and immunological interventions. 
Furthermore, the development of personalized microbiome 
modulation strategies tailored to individual microbiome 
profiles, including the use of probiotics, fecal microbiota 
transplantation, or antibiotics in combination treatments, 
warrants further exploration [469,470].

Exosomes
Exosomes are a subtype of EVs with a diameter of 30–150 nm 
that mediate intercellular communication within the BTME. 
Derived from endosomal compartments and enclosed by 
lipid membranes, exosomes carry diverse cargoes, including 
proteins, nucleic acids, and lipids, that can reprogram 
recipient cells and modulate tumor-stroma interactions [471]. 
They mediate extensive crosstalk between tumor cells and 
surrounding neurons, glial cells, endothelial cells, and immune 
cells, thereby promoting tumor progression [472]. Notably, 
their small size and lipid composition allow them to cross the 

BBB, making them critical mediators of signal propagation 
and attractive vehicles for therapeutic delivery in brain tumors 
(Fig. 11).

Exosomes contribute to BTME remodeling through 
coordinated effects on angiogenesis and BBB integrity. In 
angiogenesis, GBM-derived exosomes deliver pro-angiogenic 
molecules, including tissue factor/Ⅶa [473], PDGF [474] 
and miRNAs [475], activating both VEGF-dependent and 
VEGF-independent pathways in endothelial cells. Breast 
cancer-derived exosomes can also induce angiogenesis via 
annexin A2-endothelial tissue plasminogen activator (tPA) 
interaction [476]. Exosomes also disrupt BBB integrity by 
increasing endothelial membrane fluidity and permeability, 
partly through upregulation of LCN2 [477]. Exosomes 
derived from breast cancer brain metastatic cells downregulate 
the tight junction protein zonula occludens-1 (ZO-1) via miR-
105 [478] and alter actin localization through miR-181c [479], 
further compromising the BBB integrity and facilitating tumor 
cell infiltration into the brain.

Exosomes and their contents are important signal trans-
duction mediators and key substances that help shape the 
immunosuppressive BTME. GBM-derived exosomes induce 
M2-like microglial polarization [480]. Exosomal miR-21 
and Ras-related C3 botulinum toxin substrate 1 (RAC1) 
further inhibit anti-tumor immunity by targeting cellular 
myelocytomatosis oncogene (c-Myc) and activating the 
Akt/NRF2 pathway, respectively [481,482]. Furthermore, 
exosomes promote the recruitment and immunosuppressive 
differentiation of MDSCs through multiple cargos, including 
VEGFA , miR-1246, and LILRB2 [194]. R adiotherapy 
reshapes exosomal composition. For example, irradiated GBM 
cells secrete B7-H4-enriched exosomes that promote FOXP3+ 
T cell differentiation and radioresistance via STAT3 activation 
[483]. In contrast, radiotherapy-derived stem cell exosomes 
enhance TLSs formation and type I interferon signaling 
through the cGAS-STING pathway, improving anti-tumor 
immunity [483].

Exosomes also mediate bidirectional communication 
between tumors and neural cells. Neuronal activation increases 
exosomal miR-184-3p, which suppresses RBM15 in GSCs, 
reduces m6A modification of DLG3 mRNA, and drives PMT 
via STAT3 activation [99]. Furthermore, astrocyte-derived 
exosomes similarly promote BrM by transferring miR-19a to 
breast cancer cells, downregulating phosphatase and tensin 
homolog (PTEN) and promoting tumor proliferation [484].

In addition, exosomes regulate ECM remodeling and 
vascular adaptation. GBM-derived exosomes induce MMP-14 
in microglia, enhancing ECM degradation [485]. In BrM, 



30

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

Fig. 11　Exosome-mediated intercellular communication and functional roles in brain tumors.
By transferring proteins, nucleic acids, and lipids, exosomes coordinate tumor-stroma interactions and shape multiple tumor-
promoting processes. Exosomes contribute to extracellular matrix remodeling and metastasis by regulating CEMIP, MMP-14, PTGS2, 
and inflammatory chemokines. They also mediate neuron-tumor interactions, in which neuron- or glia-derived exosomal miRNAs 
(miR-184-3p and miR-19a) modulate RBM15/DLG3/STAT3 and PTEN signalling, driving PMT and tumor growth. In angiogenesis, 
tumor-derived exosomes promote vascular activation and permeability through tissue factor/VIIa, PDGF, and miRNA-dependent 
pathways, enhance BBB penetration via LCN2, and regulate cytoskeletal dynamics and endothelial junction integrity. Exosomes further 
exert broad immunoregulatory functions by inducing M2-like microglial polarization, enhancing MDSC expansion and suppressive 
activity via RAC1, miR-1246, LILRB2, VEGFA, and TGF-β1, and modulating adaptive immune responses through cGAS-STING-type 
Ⅰ interferon and STAT3-dependent pathways. Beyond their biological roles, exosomes represent emerging tools for diagnosis and 
therapy. CEMIP. Cell migration inducing hyaluronidase 1; MMP-14. Matrix metallopeptidase 14; PTGS2. Prostaglandin-endoperoxide 
synthase 2; RBM15. RNA binding motif protein 15; DLG3. Discs large MAGUK scaffold protein 3; STAT3. Signal transducer and 
activator of transcription 3; PDGF. Platelet-derived growth factor; BBB. Blood-brain barrier; LCN2. Lipocalin 2; RAC1. Ras-related 
C3 botulinum toxin substrate 1; LILRB2. Leukocyte immunoglobulin-like receptor B2; VEGFA. Vascular endothelial growth factor A; 
TGF-β1. Transforming growth factor-β1; cGAS. Cyclic GMP-AMP synthase; STING. Stimulator of interferon genes
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exosomal cell migration-inducing and hyaluronan-binding 
protein (CEMIP) upregulates proinflammatory cytokines 
and chemokines, promoting cerebrovascular remodeling and 
metastatic colonization [486]. 

Beyond their biological roles, exosomes hold substantial 
diagnostic and therapeutic potential. Exosomes can serve as 
biomarkers for liquid biopsy, enabling early detection and 
disease monitoring [487]. Therapeutically, they have been 
explored as delivery vehicles for mRNA and miRNA [488,489]. 
Engineered exosomes can remodel the immunosuppressive 
microenvironment [490]. In addition, both GBM-derived 
exosome vaccines [491] and CAR-NK cell-derived exosomes 
[492] have demonstrated promising anti-tumor potential.

Despite rapid progress, several challenges limit clinical 
translation, including exosomal heterogeneity, lack of 
standardized isolation methods, and unresolved dosing and 
safety concerns. Furthermore, a key challenge for future 
precision interventions lies in suppressing tumor-promoting 
exosome functions while preserving physiological EV-
mediated communication in the CNS. Overall, exosomes 
represent a critical frontier in understanding BTME regulation 

Research techniques and models for BTME
New imaging technologies
Recent advances in imaging technologies have provided 
powerful tools for investigating BTME. High-resolution 
microscopy techniques, such as super-resolution stimulated 
emission depletion microscopy and advanced ultrasound 
imaging , enable nanoscale v isualization of molecular 
distributions and interactions in BTME [493-496] (Fig. 12a). 
Carbon dot (CD)-based probes, particularly long-wavelength 
red-emitting CDs (R-CDs), exhibit excellent tumor-targeting 
ability, biocompatibility, and deep-tissue imaging potential for 
GBM [497]. Moreover, multifunctional probes, nanoparticles, 
and micelles integrate imaging with therapeutic delivery [498-
500]. TMZ-loaded nanobubbles combined with persistent 
luminescence nanoparticles allow image-guided GBM therapy 
with improved tissue penetration and signal-to-noise ratio 
[501].

Liquid biopsy
Liquid biopsy provides a minimally invasive approach for real-
time monitoring of tumor dynamics by analysing circulating 
tumor DNA (ctDNA), circulating tumor cells, and exosomes 
in blood or cerebrospinal fluid [502-505] (Fig. 12b). Microbial 
exosome profiling based on 16S rDNA sequencing has enabled 
the construction of diagnostic models for brain tumors with 
high accuracy (area under the curve 0.93) [506]. In parallel, 

nanotechnology has enhanced liquid biopsy sensitivity; 
superlattice-based sensors can detect GBM CSCs with high 
sensitivity and specificity using minimal blood volume [507]. 
Integrative approaches combining ctDNA and the T cell 
repertoire were used to predict radiotherapy response in the 
NSCLC BrM patients [508]. Moreover, focused ultrasound-
enabled liquid biopsy disrupts the BBB, releasing tumor-
derived DNA into the circulation and improving detection 
efficiency [509].

Single-cell transcriptomics
Single-cell sequencing technologies have revolutionized the 
study of BTME heterogeneity [139,154,510] (Fig. 12c). 
Single-cell studies further show that macrophages dominate 
the GBM microenvironment, followed by T cells and 
neutrophils, whereas NK and natural killer T (NKT) cells 
are relatively scarce [47]. Cellular communication and 
interactions represent fundamental aspects of the BTME 
[511]. Single-cell technologies, including single-cell assays 
for transposase accessible chromatin (ATAC) sequencing, 
enable high-resolution profiling of transcriptional and 
epigenetic states across diverse cell populations [512]. These 
approaches have revealed previously unrecognized cell 
subtypes and dynamic cell states within the BTME [415]. 
For example, the integration of single-cell datasets and large-
scale population data has identified the specific accumulation 
of CXCL13+CD39+ tumor-reactive T (pTRT) cells in BrM 
patients [235]. 

Spatial transcriptomics
Spatial transcriptomics is a major methodological advance 
by preserving spatial context while profiling gene expression 
[42,171] (Fig. 12d). Unlike dissociative single-cell approaches, 
spatial transcriptomics enables the analysis of cell-cell 
interactions, vascular niches, and immune-tumor spatial 
organization within the intact BTME. In GBM, spatial 
transcriptomics has identified spatially distinct transcriptional 
programs, demonstrating how stress-free regions facilitate 
subtype transitions, with key features of hypoxia and 
immune suppression phenotypes [420]. Complementary 
technologies, such as multiplex immunofluorescence and mass 
spectrometry imaging, further enable high-resolution mapping 
of protein expression and metabolic states, advancing spatial 
metabolomics and signaling analysis [513,514]. Moreover, 
spatial RNA sequencing has been used on primary and 
metastatic NSCLC samples, providing a comprehensive spatial 
transcriptomic map [151].
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Fig. 12　Research techniques and models for brain tumor microenvironment.
a New imaging technology. b Liquid biopsy. c Single-cell transcriptomics. d Spatial transcriptomics. e Spatiotemporal dynamic 
analysis. f In vitro model system. g Animal models. h 3D bioprinting. 2D. Two-dimensional; 3D. Three-dimensional; PDX. Patient-
derived xenograft

Spatiotemporal dynamic analysis
The spatiotemporal analysis is essential for capturing the 
dynamic evolution of the BTME during tumor initiation, 
progression, and treatment response [515-517]. Long-term 
in vivo imaging allows real-time observation of cellular behaviour 
and signaling dynamics [518] (Fig. 12e). Comparative 
proteomic analyses between ndGBM and rGBM reveal 
increased immune cell infiltration and ECM remodeling in 
rGBM [519]. Spatiotemporal approaches have provided 
important insights into the dynamic cellular organization and 

interactions within brain tumors. Through a dynamic analysis 
of spatiotemporal transcription, Comba et al. [520] identified 
oncostreams, which are dynamic multicellular bundles of 
spindle-shaped and neatly arranged cells with mesenchymal 
properties that are regulated by collagen type I alpha 1 chain 
(COL1A1). Consistently, time-resolved single-cell RNA 
sequencing revealed tumor-macrophage crosstalk promotes 
mesenchymal transition in GBM through the EZH2-FOSL2-
CCL2 axis [521]. In parallel, two-photon imaging technology 
provides high-resolution spatiotemporal imaging of immune-
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tumor interactions [522,523], demonstrating correlations 
between TAM/microglia composition and BrM stages 
[523,524], and enabling longitudinal imaging of microglia-
neuron interactions [525].

Mu l t i m o da l  i nteg rat i o n  i s  ke y  to  u n d er stan d i ng 
the complex ity of  the BTME. Combining genomics, 
transcriptomics, proteomics, and metabolomics enables a 
comprehensive understanding of BTME composition and 
function [76,420,526-528]. Systems biology approaches, 
such as network analysis and dynamic modelling, have 
improved our understanding of the interactions and regulatory 
mechanisms among various components in the BTME.

In vitro model system
In vitro model systems provide controllable platforms to 
reconstruct key features of the BTME and to dissect TME 
interactions. Organoids reconstruct certain features of the 
BTME [529,530]. Coculturing tumor cells with stromal 
cells allows simulation of cell-cell interactions in the BTME 
(Fig. 12f ). Brain organoids containing microglia (MiCBOs) 
recapitulate essential immune-neural interactions, containing 
mature, motile microglia, and various subtypes of neurons 
[531]. Eichmüller et al. [532] constructed a human brain 
organoid model of the tuberous sclerosis complex, identified 
late-stage intermediate neural progenitor (CLIP) cells that 
drive tumor development and cortical malformations. Recent 
advances include myelinated human brain organoids with 
integrated microglia, which demonstrate microglia-dependent 
remyelination and enable evaluation of pro-myelinating 
compounds [533].

Microfluidic platforms offer complementary advantages 
by enabling precise control over fluid dynamics, spatial 
organization, and cellular composition [534-536]. This 
system is particularly suitable for investigating angiogenesis 
and drug delivery processes under physiologically relevant 
flow conditions. Perivascular niche-on-chip supports three-
dimensional (3D) growth of patient-derived GSCs and fetal 
neural stem cells [537]. The emergence of microfluidic bionic 
chips can simulate multiorgan metastatic processes of tumors 
simultaneously [538]. 

Organoty pic slice culture preser ves the native 3D 
architecture, ECM, and intercellular connections of brain 
tissue, maintaining region-specific spatial conformation and 
cellular heterogeneity, thereby recapitulating the complexity 
of BTME [539]. As this model also retains neuronal electrical 
activity and synaptic function, it provides a physiologically 
relevant platform for directly investigating interactions between 
brain tumors and neural circuits. The in vitro organotypic brain 

slice cultures retain diverse cellular components within the 
TME, including astrocytes, microglia, and infiltrating immune 
cells, faithfully simulating TME crosstalk. In the context of 
personalized medicine, patient-derived tissue slices serve as 
a valuable tool for drug sensitivity testing and therapeutic 
strategy development [540]. Within tissue slices, computational 
tools such as the spatial transcriptomic algorithm GASTON 
enhance the resolution of microenvironmental heterogeneity 
[541]. These platforms have yielded important mechanistic 
insights into tumor invasion and recurrence. For example, brain 
slice-tumor co-culture systems have revealed that pSTAT3+ 
reactive astrocytes promote invasive growth through CHI3L1 
secretion in BrM models [542]. Human brain slice cultures 
confirmed that F-box protein 2 (FBXO2) knockout suppresses 
tumor cell infiltration [543].

BrM modeling remains particularly challenging [9]. 
Conventional approaches using primary lung cancer or breast 
cancer cell lines fail to capture the selective pressures of brain 
colonization [544]. The brain metastatic microenvironment 
differs substantially from the primary tumor, and metastatic 
cells undergo extensive selection and adaptation during 
dissemination [545]. To better mimic this process, brain-
tropic tumor cell models are commonly generated through 
serial in vivo selection, involving repeated systemic injection 
and recovery of metastatic lesions to enrich for brain-adapted 
clones [546]. However, these models are typically established 
in immunodeficient mice and therefore lack immune system 
contributions. Furthermore, treatment-resistant tumor cells 
offer a valuable platform for studying therapeutic resistance 
and tumor evolution within the BTME [547].

Animal models
Animal models remain indispensable for studying brain 
tumor initiation, progression, and therapeutic response 
[548]. Different animal models provide complementary 
advantages for addressing distinct biological questions. 
Genetically engineered mouse models recapitulate brain 
tumors development in an immunocompetent setting , 
enabling mechanistic studies that closely reflect human disease 
[549]. Furthermore, humanized mouse models, generated 
by engrafting human immune systems into immunodeficient 
hosts [550], enable studying immunotherapy and tumor-
immune interactions of human brain tumors in a human-
relevant context (Fig. 12g).

Xenograft models, including patient-derived xenografts 
(PDXs), preserve tumor heterogeneity and are suitable for 
studying personalized treatment strategies [548]. In recent 
years, PDX models have been widely used in drug screening 
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[551-553]. Combining repeated biopsies with ultrafast 
cycling technology further enables longitudinal monitoring of 
immunological changes during tumor evolution [554].

3D bioprinting
3D bioprinting enables precise spatial organization of cells 
and ECM components, facilitating the construction of tumor 
models that more closely recapitulate in vivo conditions 
[555-558] (Fig. 12h). For example, 3D microfluidic GBM 
models have been employed to investigate tumor invasion and 
metastatic dissemination [559]. Additionally, 3D bioprinting 
has successfully recapitulated the phenotypic heterogeneity 
and drug resistance in GBM [560].

Advancing therapeutic strategies through BTME 
targeting
The deeper understanding of the BTME has opened new 
avenues for therapeutic development. Current BTME-
targeted strategies include inhibiting tumor proliferation and 
angiogenesis and modulating immune responses [561-563]. 
Anti-angiogenic therapies, particularly VEGF inhibitors, 
have shown clinical benefit. However, the presence of the 
BBB and the unique immunosuppressive microenvironment 
significantly limit the efficacy of ICIs in brain tumors. In 
recent years, emerging approaches such as CAR-T cell therapy 
targeting brain tumor-specific antigens and oncolytic virus 
therapy combining direct tumor lysis with immune activation, 
offer a new option for brain tumors treatment [564, 565].

Patients with BrMs have historically been analyzed 
as a subpopulation within studies of primar y tumors. 
Nevertheless, advances in targeted therapies for lung cancer 
have translated into significant progress in BrMs treatment 
[566,567]. Based on targeted strategies, the integration of 
radiotherapy, chemotherapy, and antiangiogenic agents 
is increasingly explored [568-570]. For patients without 
actionable driver mutations or those who develop resistance 
to targeted therapies, chemotherapy remains a cornerstone of 
management. In such cases, the addition of immunotherapy 
or antiangiogenic therapies is under investigation to further 
enhance treatment efficacy [561,562,571]. Dual ICIs have 
attracted particular interest and represent a current focus of 
translational research [563,572,573]. Radiotherapy remains 
a fundamental method for local disease control, with novel 
approaches such as prophylactic cranial irradiation and 
hippocampal avoidance whole-brain radiotherapy (HA-
WBRT) gaining considerable attention [574-576]. Despite 
these advances, the development of phase Ⅲ clinical trial 
development for melanoma and breast cancer BrMs remains 

slower than that for lung cancer (Table 1) [161,249,561-
563,566-603].

In contrast, treatment strategies for gliomas remain largely 
focused on radiotherapy and chemotherapy [595,596]. 
Immunotherapy has shown limited efficacy in multiple 
clinical trials, prompting renewed focus on the immunological 
landscape of gliomas and BrMs, particularly BTME-mediated 
resistance mechanisms. Notably,  the combination of 
immunotherapy and radiotherapy has demonstrated potential 
survival benefits [600]. Furthermore, recent phase Ⅲ trials 
indicate that the personalized DC vaccine DCVax-L can 
significantly prolong median OS in both ndGBM and rGBM 
patients (Table 1) [161,249,561-563,566-603].

New progress in therapy
Natural products and drug repurposing
Various naturally derived compounds represent a valuable 
and expanding source of anti-tumor agents. In particular, 
several plant- or microorganism-derived products have 
shown inhibitor y effects on glioma or GSCs through 
distinct mechanisms. For example, the plant extracts such 
as 7α-acetoxy-6β-hydroxyroyleanone exhibit glioma-
inhibitory activity [604], while extracts from the marine 
fungus Penicillium also display anti-tumor potential [595]. In 
addition, beyond natural products, some antipsychotic drugs 
have also been reported to exert certain anti-tumor properties 
[605]. Mechanistically, the flavonoid compound luteolin 
can effectively inhibit the malignant behaviour of GSCs by 
blocking the IL-6/STAT3 pathway [606]. 

Immune agonists
Progress  has also been made in the development of 
immunomodulatory strategies, particularly STING agonists. 
For example, HA-MSA2 conjugates promote immunogenic 
tumor cell death and immune cell infiltration [607], and 
ADU-S100 enhances innate immune activation [608]. 
Consistently, STING activation can reprogram microglial 
phenotypes [609] and promote antigen presentation following 
tumor phagocytosis [610]. Furthermore, advances in BBB 
penetration technologies, including low-intensity pulsed 
ultrasound [611] and rabies virus glycoprotein (RVG)-
modified gold nanospheres [612], significantly improve the 
targeting efficiency of drugs towards brain tumors.

However, despite these encouraging findings, recent studies 
suggest that the therapeutic effects of immune agonists remain 
context-dependent and require further optimization. For 
example, the STING signaling can also induce high PD-L1 
expression in tumor-associated monocytes via the IRF3-IFN-Ⅰ 
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axis, which may limit therapeutic efficacy; notably, TLR2 
agonist pretreatment can remodel this pathway and enhance 
antitumor immunity [613]. Similarly, combinational delivery 
strategies are being explored to overcome these limitations. 
Exosome-based delivery systems combining TLR1/2 agonists 
with cyclic dinucleotides activate APCs and, when combined 
with ICIs, produce synergistic antitumor effects [614]. In 
the same vein, Kang et al. [615] developed a sono-responsive 
nanoplatform integrating STING activation with CXCR4 
blockade, thereby further enhancing immunotherapeutic 
efficacy in GBM models.

Oncolytic virus therapy
The oncolytic virus therapy exerts anti-tumor effects through 
selective tumor cell lysis and immune activation [616]. 
Currently, several genetically modified oncolytic viruses have 
demonstrated safety and preliminary efficacy in clinical trials. 
For example, a phase Ⅰ trial of Delta24-RGD demonstrated 
excellent tolerability [617], while IL-12-expressing oHSV 
induced immune memory by upregulating tumor MHC-Ⅱ 
[618]. Notably, oncolytic immune activation by CAN-3110 
has shown enhanced anti-tumor effects in rGBM, even in an 
immunosuppressive microenvironment (Table 2) [617,619-
626].

To improve the therapeutic efficacy of oncolytic viruses in 
GBM, current strategies mainly focus on genetic engineering 
and rational combination approaches that enhance antitumor 
immunity and remodel the TME. Genetically modified 
oncolytic viruses can strengthen local immune activation. 
For example, G47Δ-mIL12 virus reshapes the TME by local 
IL-12 delivery [627], whereas oAd-CXCL11 virus recruits 
CD8+ T cells and NK cells while reducing immunosuppressive 
populations such as MDSCs and Tregs [402]. In parallel, 
combination approaches are being explored to further enhance 
these effects and overcome resistance-related mechanisms. 
D2C7-immunotoxin combined with αCD40 antibodies 
alleviates T cell exhaustion and expands stem-like T cells 
(NCT04547777) [628]. In addition, IGF2 depletion has 
been reported to enhance virus-mediated tumor killing [629], 
further supporting the potential value of mechanism-based 
combination strategies in improving oncolytic virotherapy.

Antibody-drug conjugates
Antibody-drug conjugates (ADCs), which deliver potent 
cytotoxic agents to tumor cells via specific surface antigen 
targeting, are being actively explored in both primary and 
metastatic brain tumors. In GBM, targeting the EGFR has 
been a major focus. The ADC depatuxizumab mafodotin 

(ABT-414) demonstrated anti-tumor activity in clinical trials 
for both ndGBM and rGBM [630,631], supported by tumor-
specific localisation of parental antibody ABT-806 [632]. 
Beyond EGFR, a phase 0 trial demonstrated that the Trop-
2-directed ADC sacituzumab govitecan can accumulate in 
rGBM, providing a rationale for its further investigation [633]. 

ADCs have also shown greater promise in BrMs [634]. In 
patients with HER2-positive breast cancer and leptomeningeal 
metastasis, a phase Ⅰ/Ⅱ clinical trial reported that intrathecal 
trastuzumab achieved a disease control rate of 69.2% [635]. In 
HER2-negative breast cancer with BrMs, the Trop-2-targeting 
ADC ESG401 demonstrated an intracranial objective response 
rate of 41% in a phase Ⅰ clinical trial [636]. Similarly, HER3-
directed ADC HER3-DXd is also under evaluation in lung and 
breast cancer BrMs [637,638]. Additional agents, including 
ANG1005, a brain-penetrating peptide-drug conjugate with 
reported activity in leptomeningeal disease, and sacituzumab 
govitecan, are being assessed in clinical trials for BrMs 
(NCT06401824). Collectively, the evolving landscape for 
ADCs in brain tumors underscores the critical importance of 
target selection, payload properties, and innovative delivery 
strategies to improve outcomes for patients with brain tumor.

Bispecific antibodies
Bispecific antibodies simultaneously target tumor antigens and 
immune cells, redirecting immune cytotoxicity and enhancing 
anti-tumor immune responses [639]. Their molecular 
design also confers favorable BBB penetration, offering 
distinct advantages for brain tumor immunotherapy [640]. 
The cluster of differentiation 3 (CD3)/delta-like ligand 3 
(DLL3)-directed T cell engager tarlatamab induces rapid 
regression of intracranial lesions in treatment-naïve patients 
with SCLC BrMs, with 90% of patients achieving clinical 
response or disease stabilization [641]. In addition to their 
direct immunotherapeutic effects, bispecific antibodies have 
also been explored as drug delivery tools. A pH-responsive 
bispecific antibody targeting polyethylene glycol (PEG) and 
transferrin receptor (Tf R) (pH-PEG engagerTf R) was designed 
to promote Tf R-mediated transcytosis and release PEGylated 
nanodrugs within acidic endosomes, thereby increasing brain 
accumulation and improving therapeutic efficacy in GBM 
[642]. Similarly, glofitamab, a bispecific antibody targeting 
CD20 and CD3, has been shown to cross the BBB, activate 
immune cell infiltration in CNS lymphoma, and induce clinical 
responses [640].

Tumor vaccines
Tumor vaccines have also progressed substantially as an 
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immunotherapeutic strategy for brain tumors. For example, 
personalized neoantigen vaccines have demonstrated 
favourable safety and durable T cel l  responses,  w ith 
signif icantly prolonged sur vival in patients mounting 
multiantigen responses (53 months vs. 27 months) [643]. 
Consistently, mRNA vaccines demonstrated efficacy in 
preclinical brain tumor models [644], while a phase Ⅱ trial 
combining DC vaccines with TLR agonists further confirmed 
the clinical benefit of vaccine-based immunotherapy [162]. 
These advancements suggest that vaccine strategies, which 
integrate precise antigen selection with long-term immune 
memor y induction (Table 3) [160,162,230,645,646]. 
Meanwhile, significant breakthroughs have been achieved 
in immune activation strategies targeting the postoperative 
re c u r re n t  m i c ro e nv i ro n m e n t .  A  c h a rge - rev e r s i b l e , 
mitochondrial stress-inducing nanoparticle combined with 
tumor-treating fields disrupts oxidative phosphorylation, 
remodels the immunosuppressive microenvironment and 
significantly suppresses postoperative GBM recurrence in 
mouse models [647]. Additionally, a survivin peptide-CpG 
oligonucleotide nanovaccine (SPOD-NV) markedly enhances 
DC activation and antigen presentation. When combined with 
an anti-CTLA-4 antibody treatment, the combination achieved 
a 43% complete response rate in the GL261 orthotopic model, 
offering a novel strategy for brain tumor vaccines [648].

Future directions should prioritize optimizing the 
intracranial delivery efficiency of oncolytic viruses, defining 
optimal sequencing of combination therapies, and improving 
the accuracy of neoantigen prediction algorithms for 
vaccines development. Moreover, biomarker-based patient 
stratification will be essential for personalized treatment. With 
a deeper understanding of tumor-immune interactions and 
technological advances, oncolytic virus and immune therapy 
strategies are expected to become viable treatment options for 
patients with brain tumor.

CAR-T cell therapy
The CAR-T cell therapy has shown promise in malignant 
brain tumors,  but  i ts  ef f icac y i s  constrained by the 
immunosuppressive BTME. Activation of the PD-L1/PD-1 
pathway inhibits CAR-T cell function, but combining CAR-T 
cells with anti-PD-1 therapy failed to produce synergistic effects 
in the lung cancer BrM model [649]. In contrast, B7-H3-
targeted CAR-T and CAR-NK cells demonstrated significant 
anti-tumor activity in GBM xenograft models [650,651], and 
a phase Ⅰ clinical trial of B7-H3 CAR-T cells (BrainChild-03) 
confirmed their preliminary safety and immune activation 
potential [652]. Dual-targeting strategies have also shown 

promise. EGFR-IL-13Rα2 CAR-T cells exhibited biological 
activity in organoid models [653]. In addition, GD2 CAR-T 
cells induced tumor regression and neurological improvement 
in patients with diffuse intrinsic pontine glioma [654].

To overcome BTME-mediated resistance, current efforts 
focus on both CAR engineering and local immunomodulatory 
strategies [655]. Notch-regulated EGFRvⅢ CAR-T cells 
reduce T cell exhaustion by continuous antigen stimulation 
[656]. Another important approach involves modulation 
of the local immune microenvironment. For example, an 
implantable and biodegradable system enabling sustained 
release of small-molecule immunomodulators reprograms 
myeloid cells, induces IL-12 expression, and enhances CD4+ 
and CD8+ T cells infiltration, resulting in durable tumor 
control in mouse models and validation in human glioma 
specimens [657]. Similarly, tumor-associated tyrosine 
kinase with immunoglobulin-like and EGF-like domains 2 
(TIE2)+ macrophages have been engineered to deliver 
IFN-α and orthogonal IL -2 (oIL -2), improving B7-H3-
targeting CAR-T cell function, limiting early exhaustion, 
and activating endogenous T cell responses, even in tumors 
with heterogeneous antigen expression [658]. Additional 
engineering strategies further improve CAR efficacy through 
distinct mechanisms. The fibrin-based mechanical signaling 
can decouple T cell proliferation and differentiation, generating 
stem-like CAR-T cells with improved efficacy in brain tumor 
[659]. In parallel, multiantigen targeting approaches, such as 
CD44/CD133 dual-targeted IL7Rα-overexpressing CAR-T 
cells [660] and PTPRZ1-targeted CAR-T cells [661], have 
increased cytotoxicity through multiantigen coverage and 
bystander effects. Notably, EphA3 CAR-T cells eliminate 
orthotopic GBM and induce long-term immune memory 
that prevents tumor recurrence [257,662]. Additionally, the 
introduction of cell type-specific signaling domains, such as 
the neutrophil γ domain [663], and CAR-NK cell-derived 
exosome nanobombs [492] demonstrates the innovative 
potential of cross-cellular engineering strategies (Table 4) 
[654,664-668].

Monotherapy with CAR-T cells is not always sufficient 
to overcome the heterogeneity and therapeutic resistance 
in brain tumors, making combination strategies necessary. 
FLASH radiotherapy reprograms lipid metabolism and 
triggers macrophage polarization [669], while TGF-β dual-
targeted CAR-T cells synergistically reduce infiltration of 
immunosuppressive myeloid cells [401]. These findings 
highlight that future optimization should integrate local 
delivery, metabolic microenvironment remodeling, and precise 
targeting of immunosuppressive cell subsets [287,422].
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Despite promising outcomes from early-phase clinical trials, 
such as GD2 CAR-T cell therapy for high-risk medulloblastoma 
[670], major challenges remain. These include antigen 
heterogeneity and immune escape, infiltration barriers in solid 
tumors, and CNS-specific toxicity [671]. Potential solutions 
may include dynamic biomarker monitoring [652], logic-gated 
CAR designs, and integration with BBB modulation techniques 
[672]. The development of spatial multiomics and organoid 
models may render individualized CAR-T cell therapy feasible, 
necessitating a meticulous equilibrium between efficacy and 
safety.

Combination therapy strategies
Combination therapies have emerged as a pivotal approach 
to overcome BTME-driven therapeutic resistance [673,674]. 
Anti-angiogenic agents promote vascular normalization 
and enhance T cell infiltration, thereby showing strong 
synergy with ICIs [675]. Deletion of FcγRⅡB may serve as a 
combinational immunomodulatory strategy, as it enhances the 
stem-like properties of CD8+ T cells and prolongs antitumor 
activity in GBM [676]. Local delivery of CAR-NK cells 
combined with systemic PD-1 blockade significantly increases 
T and NKT cells infiltration [677], while CXCL11-armed 
oncolytic adenoviruses increase the infiltration and function 
of CAR-T cells in the immunosuppressive microenvironment 
[402]. In addition, CDK4/6 inhibitors enhance the selective 
replication and DNA damage effects of the oncolytic virus 
VSVΔ51 by promoting the autophagic degradation of 
mitochondrial antiviral signaling protein (MAVS) [678], 
offering new immune-targeted combination strategies.

Moreover, the combination of radiotherapy and immuno-
therapy has demonstrated distinct benefits. Radiotherapy-
induced release of tumor-derived microvesicles activates 
chemokine signaling pathways, such as CCL5 and CXCL2, 
promoting T cell recruitment and improving responses to 
subsequent PD-1 blockade [679]. Combined radiotherapy 
with chemotherapy can also induce immunogenic cell death, 
releasing tumor antigens and damage-associated molecular 
patterns (DAMPs), which disrupts immune tolerance [674]. 
Chemotherapeutic agents such as TMZ may enhance the 
efficacy of immunotherapy, thereby providing a rationale for 
multimodal combination strategies [680].

Metabolic regulation has become a new direction for 
combination therapies. Targeting lactate metabolism sensitizes 
GBM cells to radiotherapy [410], while radiation-induced 
ferroptosis can be enhanced by inhibiting lactate-dependent 
antioxidant defences [681,682]. Chemical dynamics therapy 
(CDT) induces tumor cell death through the Fenton reaction, 

while α-cyano-4-hydroxycinnamic acid (CHC) nanoparticles 
enhance CDT efficacy by inhibiting MCT4 and modulating 
microenvironment pH [683]. Upregulating the key glutamine 
transporter ASCT2 activates SREBP-1 via ammonia release, 
whereas combined targeting of glutamine and lysosome-
dependent lipid metabolism effectively inhibits GBM [684].

Overall, multitarget combination strategies offer promising 
avenues to overcome brain tumors. Future efforts should focus 
on optimizing treatment sequencing, developing dynamic 
BTME monitoring technologies and establishing personalized 
decision systems. Integration of multiomics data with artificial 
intelligence (AI)-based predictive models may facilitate a shift 
from empirical combinations to precise designs [685].

Nanotechnology and drug delivery systems
Recent advances in BBB-penetrating technologies have 
improved intracranial delivery efficiency through diverse 
targeting strategies. Tf R-mediated nanoparticles exploit high 
endothelial Tf R expression for targeted transport in the brain 
[686]. A glutathione-responsive TMZ nanocapsule (ApoE-
MT/siPKM2 NC) enables co-delivery of chemotherapy 
drugs and gene therapy agents for glioma [687]. The cRGD/
PSDOX-Cur@NP system enhances BBB penetration 
and reduces doxorubicin cardiotoxicity [688]. In glioma, 
biomimetic nanoplatforms have further expanded therapeutic 
applications. For example, L-D-I/NPs targeting LRP1 receptor 
to induce ferroptosis [689], while tumor cell membrane-
wrapped gold nanorods (GBM-PDTCM/AuNRs) have been 
developed for surgical navigation [690]. Nanotechnology-
based immunotherapy strategies have also rapidly evolved. 
A wireless charging mitochondria-targeted nanoantenna 
(WINA) disrupts mitochondrial membrane potential, releases 
DAMPs, and enhances DC activation and T cell infiltration 
[691]. Similarly, an implantable catalytic therapy and antigen 
capture scaffold (CAS) based on iron-containing metal-organic 
frameworks (MOFs) continuously generates reactive oxygen 
species and enhances postoperative immunotherapy [692]. 

Responsive nanocarriers enable microenvironment-
triggered drug release. The temperature and pH-responsive 
in situ hydrogels of gelatin [686] and GSH-responsive 
crosslinker systems achieve condition-dependent activation 
of BTME [687]. Surface modifications, including poly-
L-glutamic acid/hyaluronic acid [446] and layer-by-layer 
polymer functionalization [693], significantly enhance tumor 
targeting. Manganese-based nanocomposites [694] and imine 
bond hydrolysis systems [695] achieve precise drug release 
and immune activation. Among responsive nanosystems, a 
near-infrared-Ⅱ (NIR-Ⅱ) responsive cell-membrane-disruptive 
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CuS nanosheet supports deep-tissue photothermal therapy 
while serving as an antigen reservoir to sustain DC activation 
[695]. Additionally, RVG-modified gold yarn spheres (RVG@
GY) promote drug penetration and T cell infiltration under 
magnetoelectric irradiation, suppressing tumor recurrence [612].

Nanotechnology also enables multifunctional therapeutic 
design in brain tumors. For example, camouflaged nano-
transducers can induce the M1 polarization of microglia 
through electrical signals [696], while CuS nanosheets have 
simultaneous photothermal and immune-activating effects 
[695]. In addition, albumin-stabilized manganese-based 
nanocomposites [694] and azelaic acid sustained-release 
systems [697] improve controlled drug release, further 
broadening the utility of nanoplatforms. Notably, Bradykinin-
based near-infrared-responsive nanoparticles (BK@AIE 
NPs) activate immune effectors such as NK cells and CD8+ T 
cells in deep tumors [698]. Dual-layer microneedle patches 
[699] and the lipid nanoparticle-mRNA formulations and 
dendritic cell therapy combination strategy [700] represent 
innovative combinations of local delivery and systemic 
immune modulation. Dual catalytic oxide nanosponges 
and pH-responsive catalytic nanoplatforms further enhance 
immune reprogramming and synergize with PD-1 blockade in 
metastatic models [701,702]. 

Despite extensive preclinical development, the clinical 
translation of nanotherapeutic platforms remains limited 
overall. Nevertheless, early clinical studies have provided 
preliminary support for their translational potential. For 
example, the phase Ⅰ NANO-RAD clinical trial confirmed the 
clinical benefit of AGuIX nanoparticles combined with WBRT, 
with improvement observed in most treated patients [703]. 
Nanoparticles targeting CD47/PD-L1 and dendritic polymer-
manganese delivery systems further enhance radiotherapy and 
chemotherapy efficacy [704,705]. Recent efforts increasingly 
emphasize an integrated “diagnosis-treatment-monitoring” 
approach. Future research should focus on dynamic and 
reversible BBB opening, multiparameter responsive delivery 
systems, and real-time monitoring of BTME. With advances 
in materials science, bioengineering, and AI, nanotherapy 
platforms are expected to transition from the laboratory to 
clinical applications.

Early-stage clinical trial
Although the overall clinical translation of many approaches 
remains limited, early-phase clinical trials continue to 
expand, particularly in lung cancer BrMs. To illustrate this, 
we summarize the current landscape of phase Ⅰ–Ⅱ clinical 
trials involving brain tumors. In addition to the development 

of novel agents and strategies to overcome resistance to 
targeted therapies, combination strategies integrating targeted 
therapy with radiotherapy have shown encouraging efficacy 
[706-710]. Advances in radiotherapy techniques have also 
contributed to this evolving landscape, including prophylactic 
cranial irradiation (PCI), hippocampal avoidance HA-WBRT, 
preoperative stereotactic radiosurgery (SRS), and proton 
craniospinal irradiation [711-714]. In patients without an 
oncogenic driver, the combination of chemotherapy and 
immunotherapy remains the standard treatment approach 
[715,716]. In this setting, combining immunotherapy with 
radiotherapy has also shown clinical benefit [250].

In breast cancer BrMs, recent progress has focused 
predominantly on HER2-positive subtypes. For example, 
the ADC trastuzumab deruxtecan has shown activity in 
leptomeningeal metastases from breast cancer [635], while 
tyrosine kinase inhibitors such as lapatinib and pyrotinib 
have shown preliminary efficacy when combined with 
chemotherapy or radiotherapy [717-719]. In melanoma BrMs, 
both targeted therapies and dual ICIs achieved encouraging 
intracranial response rates of 70.8% and 51%, respectively 
(Table 5) [250,635,636,703,706-737].

In gliomas, targeted therapies against IDH mutations, BET 
proteins, Sp1, 2-hydroxyoleic acid (2-OHOA), exportin-1 
(XPO1), BRAF, and poly ADP-ribose polymerase (PARP) 
have shown variable efficacy in early-phase studies [738-744]. 
Recent research has been increasingly focusing on combination 
strategies that integrate these targeted agents with standard 
chemoradiotherapy or antiangiogenic therapies [745-747]. 
In parallel, radiotherapy research continues to refine dose 
fractionation, explore alternative radiation modalities, and 
assess the role of reirradiation in recurrent disease [748-751].

Although immunotherapy has reshaped treatment 
paradigms for lung cancer BrMs, its clinical impacts in 
gliomas remain constrained. Neoadjuvant pembrolizumab 
administered before surgery has demonstrated survival 
benefits [752]. In addition, the combination of ICIs, such 
as ipilimumab combined with nivolumab, is being actively 
explored to enhance therapeutic efficacy [753,754]. Current 
studies aim to evaluate the synergy between immunotherapy 
and radiotherapy,  as  wel l  as  their  combination w ith 
standard-of-care treatments (Table 6) [633,738-786]. These 
combinatorial approaches represent a major direction in 
glioma immunotherapy.

Future directions
Multidisciplinary intersection and cooperation
Research on the BTME requires interdisciplinary collaboration 
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[787-789]. Close cooperation among biologists, clinicians, 
engineers, and data scientists is essential to accelerate 
advancements. Advances in transcriptomics, metabolomics, 
microbiomics, and related technologies enable multi-
dimensional interrogation [29,512,790,791]. Improved 
mechanistic understanding of the BTME supports the 
development of potential treatment strategies and enables 
clinicians to better evaluate treatment efficacy [792].

AI and big data analysis
Big data, cloud computing, and AI have broad applications in 
the study of the BTME [793,794]. Integration of multiomics 
data and clinical information enables the construction of large-
scale TME databases [124,420], providing crucial resources 
for identifying new biomarkers and therapeutic targets. These 
advances also provide a foundation for data-driven models that 
support mechanistic investigation and translational research in 
the BTME.

Building on this foundation, AI-based approaches are 
increasingly being applied to the diagnosis, monitoring, and 
therapeutic evaluation of brain tumors. Machine learning 
approaches can predict patients’ response to treatments, 
supporting personalized treatment strategies [795-797]. An 
AI-driven image analysis facilitates the identification of key 
TME features [798]. Longitudinal imaging studies of large 
BrM cohorts revealed distinct growth dynamics between 
untreated and recurrent lesions [799], while deep and 
handcrafted feature extraction enables tumor classification 
and prognostic assessment [800]. Moreover, deep learning 
algorithms can be used to analyze cell distribution and 
morphology in pathological slides and identify features 
associated with prognosis [801-805]. Automated segmentation 
and classification from reconstructed microwave brain images 
[806], together with non-invasive modeling of brain iron 
homeostasis [801,802], further highlight the expanding role of 
AI in diagnosis, monitoring, and treatment evaluation.

Clinical trials and translational studies
Clinical trials remain essential for validating the safety and 
efficacy of new therapeutic strategies [561,571]. The design 
and implementation of clinical trials should fully account 
for the dynamic complexity of the BTME. Integration of 
multiomics analyses within clinical trials can help assess 
treatment-induced TME changes and optimize therapeutic 
strategies [790,791]. Translational research serves as a critical 
bridge between basic discoveries and clinical application, 
enabling preclinical validation of novel therapies and informing 
trial design [230,620,664]. Systems-level approaches, 

including gene regulatory network construction and dynamic 
modelling, facilitate the identification of key regulators and the 
prediction of treatment responses and resistance mechanisms. 
For example, TLS density has prognostic value in breast cancer 
BrM [308]. Despite extensive mechanistic research, clinical 
translation in brain tumors remains relatively limited. To 
clarify the current translational landscape, recent clinical trials 
in brain tumors are summarized in Tables 1–6.

Conclusions
The BTME is a highly interconnected and plastic ecosystem 
that orchestrates tumor initiation, progression, therapeutic 
resistance,  and cl inical  outcome [807].  Advances in 
multiomics, spatial technologies, and systems-level analyses 
have refined our understanding of its cellular heterogeneity 
and spatiotemporal structure [44,150,808]. Spatial multiomics 
enables mapping of cell-type distribution and spatial 
interaction networks [809]. Previous studies have collectively 
revealed the central roles of tumor-immune-neuronal 
communication [131,810-812], immunosuppressive myeloid 
networks [30,34], stromal and vascular remodeling [312,813-
817], and metabolic adaptation sustain tumor growth, immune 
escape, and microenvironmental remodeling [807,818, 
819]. Beyond tumor cells themselves [820,821], neuronal 
signaling [811,812], dysfunctional immunity [156,665,822], 
neutrophils [823], TLSs, microbiome-associated components 
[312,813-816], vasculature, and ECM dynamics [817] 
collectively contribute to BTME complexity. 

Future therapeutic progress will depend on strategies that 
target the BTME as an integrated system rather than targeting 
isolated components. Reprogramming immunosuppressive 
myeloid populations (particularly TAMs and MDSCs) 
[34,824], combining vascular normalization with immune 
activation through VEGF/VEGFR-directed approaches [817], 
and advancing T cell-based immunotherapies (such as CAR-T 
cells and tumor vaccines) may be promising for brain tumors 
[256-259,825]. Medium- to long-term opportunities lie in 
targeting signaling hubs shared across BTME compartments, 
such as STAT3, TGF-β,  and CXCL12-CXCR4 axis, to 
achieve broader microenvironmental reprogramming. The 
clinical maturation of VEGF and PD-1/PD-L1 co-targeting 
in lung cancer [561-563], together with early-stage CNS-
directed STAT3 inhibition (NCT01904123; NCT05689619), 
illustrates both the feasibility and the developmental gaps 
across BTME pathways. 

Future progress in BTME-directed therapy will likely rely on 
the convergence of molecular profiling, dynamic monitoring, 
and targeted delivery strategies. Such integration may enable 
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more precise patient stratification, more rational therapeutic 
combinations, and more effective clinical implementation in 
brain tumors. Accordingly, future BTME-targeted therapies 
will require aligning cell type-defined vulnerabilities, pathway-
centric interventions, and rational combination strategies. 
Over the next decade, the most impactful advances are likely 
to arise from reprogramming immunosuppressive myeloid-
stromal networks, combining vascular normalization with 
immune activation, and synergizing advanced T cell therapies 
with BTME modulation. As multiomics, AI-assisted modelling 
and innovative delivery platforms continue to mature, BTME-
informed precision immunotherapy holds strong potential to 
transform brain tumor treatment and offer renewed hope for 
patients.

Abbreviations

3D: Three-dimensional 
ACAT1: Acetyl-CoA acetyltransferase 1
αCD40: Anti-CD40 antibody 
ADCs: Antibody-drug conjugates
Akt: Protein kinase B
AI: Artificial intelligence 
AMPARs: Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

receptors
APCs: Antigen-presenting cells 
B2M: β2-microglobulin
BBB: Blood-brain barrier 
BDNF: Brain-derived neurotrophic factor 
BrMs: Brain metastases
BTME: Brain tumor microenvironment
C3: Component 3 
CAFs: Cancer-associated fibroblasts 
CD: Cluster of differentiation
cDC1: Conventional dendritic cell type 1 
cGAS-STING: Cyclic GMP-AMP synthase-stimulator of interferon genes
CNS: Central nervous system
CSCs: Cancer stem cells
ctDNA: Circulating tumor DNA 
CTLs: Cytotoxic T lymphocytes
DCs: Dendritic cells
DLG3: Discs large homolog 3
ECM: Extracellular matrix
E-MDSCs: Early progenitor MDSCs 
EVs: Extracellular vesicles
FOXP3: Forkhead box P3
GABA: Gama-aminobutyric acid
GBM: Glioblastoma
GPNMB: Glycoprotein nonmetastatic melanoma protein B
GPX4: Glutathione peroxidase 4
GSC: Glioma stem cells  
HEVs: High endothelial venules 
HEXB: Hexosaminidase B 
HIF-1α: Hypoxia-inducible factor-1α
HSP47: Heat shock protein 47
ICAM-1: Intercellular cell adhesion molecule-1
ICIs: Immune checkpoint inhibitors

IFITM1: Interferon-induced transmembrane protein 1 
IFN-γ: Interferon-γ
IGF: Insulin like growth factor
IL: Interleukin
IRF8: Interferon regulatory factor-8 
JAK/STAT: Janus kinase/signal transducer and activator of transcription
KDM6A: Lysine demethylase 6A
LAG3: Lymphocyte activation gene 3
LGALS3: Immunosuppressive galactose-specific lectin 3
LILRB2: Leukocyte immunoglobulin like receptor B2
LLMs: Lipid-laden macrophages
MDMs: Monocyte-derived macrophages 
MDSCs: Myeloid-derived suppressor cells 
MHC: Major histocompatibility complex
MMP: Matrix metalloproteinase 
mTOR: Mammalian target of rapamycin
ndGBM: Newly diagnosed GBM
NgR1: Nogo-66 receptor 1
NK: Natural killer
NKCC1: Sodium potassium chloride cotransporter 1
NRF2: Nuclear factor erythroid 2-related factor 2 
NSCs: Neural stem cells
NSCLC: Non-small cell lung cancer
oHSV: Oncolytic herpes simplex virus
OS: Overall survival
OSM: Oncostatin M
PD-1: Programmed death 1
PD-L1: Programmed death ligand-1
PFS: Progression-free survival 
RBM15: RNA binding motif protein 15
rGBM: Recurrent glioblastoma multiforme
SCFAs: Short-chain fatty acids 
SCLC: Small cell lung cancer
SOX2: SRY-box transcription factor 2
STAT3: Signal transducer and activator of transcription 3
TCR: T cell receptor
TGF-β: Transforming growth factor-β
TAMs: Tumor-associated macrophages 
TfR: Transferrin receptor
TILs: Tumor-infiltrating lymphocytes 
TIM-3: T cell immunoglobulin and mucin domain-containing protein3
TLR: Toll-like receptor
TLSs: Tertiary lymphoid structures
TME: Tumor microenvironment
TMZ: Temozolomide
TNF: Tumor necrosis factor
Tregs: Regulatory T cells
TREM2: Triggering receptor expressed on myeloid cells 2
VEGF: Vascular endothelial growth factor
VM: Vascular mimicry 

Acknowledgements

We sincerely thank all members of the Brain Metastasis MDT team 
at Xiangya Hospital, Central South University, Changsha 410008, 
Hunan, China. And we are grateful to Biorender for providing access 
to the illustration platform that facilitated figure preparation, and to 
American Journal Experts (AJE) for their language polishing services.

Authors’ contributions

GLT, LC, and JYN developed conceptualization, literature research, data 



61

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

collection and wrote the original draft. HW and KQZ conducted formal 
analysis. GX and SW designed the figures and tables. CW, KQZ, JY, and 
MYJ were responsible for discussing the manuscript and making critical 
revisions to the logic and grammar. HBD, TMM, PRL, and RRZ conceived 
and supervised the study and acquired funding. All authors participated 
in manuscript review and editing and approved the final version.

Funding

This work was supported by the Advanced Lung Cancer Targeted 
Therapy Research Foundation of China (CTONG-YC20210303), 
the Chen Xiao-Ping Foundation for the Development of Science 
and Technology of Hubei Province (CXPJJH121005-01), the Health 
Research Project of Hunan Provincial Health Commission (W20242005), 
the National Clinical Research Center for Geriatric Disorders, 
Xiangya Hospital, Central South University (2022LNJJ10), the Hunan 
SJA Laboratory Animal Co., Ltd (20241205CY), and the National 
Multidisciplinary Cooperative Diagnosis and Treatment Capacity (lung 
cancer z027002).

Availability of data and material

Not applicable.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1Department of Oncology, Xiangya Hospital, Central South University, 
Changsha 410000, China. 2Department of Radiation Oncology, Hunan 
Cancer Hospital/Affiliated Hospital of Xiangya School of Medicine, 
Central South University, Changsha 410000, China. 3Key Laboratory of 
Translational Radiation Oncology, Department of Radiation Oncology, 
Hunan Cancer Hospital, Changsha 410000, China. 4Department of 
Radiology, China-Japan Friendship Hospital, Beijing 100029, China. 
5Department of Nuclear Medicine, the Third Xiangya Hospital, 
Central South University, Changsha 410000, China. 6Department of 
Dermatology, Xiangya Hospital, Central South University, Changsha 
410000, China. 7Department of Neurosurgery, Xiangya Hospital, 
Central South University, Changsha 410000, China. 8National Clinical 
Research Center for Geriatric Disorders, Xiangya Hospital, Central 
South University, Changsha 410000, China. 9Department of General 
Thoracic Surgery, Inselspital, Bern University Hospital, University 
of Bern, Bern 3008, Switzerland. 10Department for BioMedical 
Research, University of Bern, Bern 3008, Switzerland. 11Department of 
Pharmaceutical Sciences, West Virginia University School of Pharmacy, 
Morgantown, WV 26505, USA. 12Department of Neuroscience, West 
Virginia University School of Medicine, Rockefeller Neuroscience 
Institute, Morgantown, WV 26505, USA. 13Xiangya Lung Cancer Center, 
Xiangya Hospital, Central South University, Changsha 410000, China.

References

1. van den Bent MJ, Geurts M, French PJ, Smits M, Capper D, 

Bromberg JEC, et al. Primary brain tumours in adults. Lancet. 
2023;402(10412):1564-79. https://doi.org/10.1016/S0140-
6736(23)01054-1.

2. Tomaszewski W, Sanchez-Perez L, Gajewski TF, Sampson JH. 
Brain tumor microenvironment and host state: Implications for 
immunotherapy. Clin Cancer Res. 2019;25(14):4202-10. https://
doi.org/10.1158/1078-0432.CCR-18-1627.

3. Xiao G, Tanzhu G, Gao X, Li L, Liu Z, Xia X, et al. An immune 
scoring system predicts prognosis and immune characteristics in 
lung adenocarcinoma brain metastases by RNA sequencing. Acta 
Neuropathol Commun. 2024;12(1):181. https://doi.org/10.1186/
s40478-024-01895-9.

4. Xiao D, Yan C, Li D, Xi T, Liu X, Zhu D, et al. National Brain Tumour 
Registry of China (NBTRC) statistical report of primary brain 
tumours diagnosed in China in years 2019-2020. Lancet Reg 
Health West Pac. 2023;34:100715. https://doi.org/10.1016/
j.lanwpc.2023.100715.

5. Schaff LR, Mellinghoff IK. Glioblastoma and other primary brain 
malignancies in adults: a review. JAMA. 2023;329(7):574-87. 
https://doi.org/10.1001/jama.2023.0023.

6. Cagney DN, Martin AM, Catalano PJ, Redig AJ, Lin NU, Lee EQ, et al. 
Incidence and prognosis of patients with brain metastases at 
diagnosis of systemic malignancy: a population-based study. 
Neuro Oncol. 2017;19(11):1511-21. https://doi.org/10.1093/
neuonc/nox077.

7. Feng SW, Wu ZS, Chiu YL, Huang SM. Exploring the functional 
roles of  telomere maintenance 2 in the tumorigenesis 
of glioblastoma multiforme and drug responsiveness to 
temozolomide. Int J Mol Sci. 2023;24(11):9256. https://doi.
org/10.3390/ijms24119256.

8. Tanzhu G, Li N, Li Z, Zhou R, Shen L. Molecular subtypes and 
prognostic signature of pyroptosis-related lncRNAs in glioma 
patients. Front Oncol. 2022;12:779168. https://doi.org/10.3389/
fonc.2022.779168.

9. Tanzhu G, Chen L, Ning J, Xue W, Wang C, Xiao G, et al. Metastatic 
brain tumors: from development to cutting-edge treatment. 
MedComm (2020). 2025;6(1):e70020. https://doi.org/10.1002/
mco2.70020.

10. Weller M, Wen PY, Chang SM, Dirven L, Lim M, Monje M, et al. 
Glioma. Nat Rev Dis Primers. 2024;10(1):33. https://doi.
org/10.1038/s41572-024-00516-y.

11. Boire A, Brastianos PK, Garzia L, Valiente M. Brain metastasis. Nat 
Rev Cancer. 2020;20(1):4-11. https://doi.org/10.1038/s41568-019-
0220-y.

12. Cao W, Qin K, Liu B, Chen W. Cancer statistics in China: 
epidemiology, risk factors, and prevention. Chin J Cancer 
Res. 2025;37(6):912-28. https://doi.org/10.21147/j.issn.1000- 
9604.2025.06.04.

13. Proulx ST, Engelhardt B. Central nervous system zoning: How 
brain barriers establish subdivisions for CNS immune privilege 
and immune surveillance. J Intern Med. 2022;292(1):47-67. 
https://doi.org/10.1111/joim.13469.

14. Medawar PB. Immunity to homologous grafted skin; the fate 
of skin homografts transplanted to the brain, to subcutaneous 
tissue, and to the anterior chamber of the eye. Br J Exp Pathol. 
1948;29(1):58-69. https://pmc.ncbi.nlm.nih.gov/articles/
PMC2073079/pdf/brjexppathol00073-0068.pdf

15. Smyth LCD, Kipnis J. Redefining CNS immune privilege. Nat Rev 
Immunol. 2025;25(10):766-75. https://doi.org/10.1038/s41577-
025-01175-0.



62

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

16. Castel lani  G,  Croese T,  Peralta Ramos JM, Schwar tz M. 
Transforming the understanding of brain immunity. Science. 
2023;380(6640):eabo7649. https://doi.org/10.1126/science.
abo7649.

17. Prinz M, Jung S, Priller J. Microglia biology: one century of 
evolving concepts. Cell. 2019;179(2):292-311. https://doi.
org/10.1016/j.cell.2019.08.053.

18. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. 
A paravascular pathway facilitates CSF flow through the brain 
parenchyma and the clearance of interstitial solutes, including 
amyloid β. Sci Transl Med. 2012;4(147):147ra111. https://doi.
org/10.1126/scitranslmed.3003748.

19. Rasmussen MK, Mestre H, Nedergaard M. The glymphatic pathway 
in neurological disorders. Lancet Neurol. 2018;17(11):1016-24. 
https://doi.org/10.1016/S1474-4422(18)30318-1.

20. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. 
Structural and functional features of central nervous system 
lymphatic vessels. Nature. 2015;523(7560):337-41. https://doi.
org/10.1038/nature14432.

21. Zhao D, Wang J, Zhang F, Wang Q, Zang M, Niu H, et al . 
Cerebral glymphatic system: structure, regulation, ageing, and 
mechanisms of encephalopathy. Ageing Res Rev. 2026;114: 
102986. https://doi.org/10.1016/j.arr.2025.102986.

22. Mukherjee U, Chowdhury S, Nagada KK, Hasan MM, Ghosh B, 
Joshi A, et al. Glymphatic system and intracerebral hemorrhage: 
I d e nt i f y i n g  m o l e c u l a r  t a rg e t s  fo r  f u t u re  t h e ra p e u t i c 
advancements. Ageing Res Rev. 2025;112:102900. https://doi.
org/10.1016/j.arr.2025.102900.

23. Pan J, Fu Y, Yang P, Li W, Luo Z, Zhang A, et al. The cerebral 
lymphatic system: function, controversies, and therapeutic 
approaches for central nervous system diseases. Cell Mol 
Neurobiol. 2025;45(1):80. https://doi.org/10.1007/s10571-025-
01598-2.

24. Wen N, Xiao X, Lu H, Chen Q, He G, Qian Z, et al. Immuno-
oncological interactions between meningeal lymphatics and 
glioblastoma: from mechanisms to therapies. Theranostics. 
2025;15(14):6983-7000. https://doi.org/10.7150/thno.111972.

25. Zhou C, Ma L, Xu H, Huo Y, Luo J. Meningeal lymphatics regulate 
radiotherapy efficacy through modulating anti-tumor immunity. 
Cell Res. 2022;32(6):543-54. https://doi.org/10.1038/s41422-022-
00639-5.

26. Khosravi GR, Mostafavi S, Bastan S, Ebrahimi N, Gharibvand RS, 
Eskandari N. Immunologic tumor microenvironment modulators 
for turning cold tumors hot. Cancer Commun (Lond). 2024;44(5): 
521-53. https://doi.org/10.1002/cac2.12539.

27. Xiao Y, Yu D. Tumor microenvironment as a therapeutic target 
in cancer. Pharmacol Ther. 2021;221:107753. https://doi.
org/10.1016/j.pharmthera.2020.107753.

28. Zou J, Wang S, Zhang Y, Tian W, Mai G, Xu Y, et al. Tumor-educated 
cells in tumor microenvironment: key drivers of immunotherapy 
resistance. Chin J Cancer Res. 2025;37(3):446-65. https://doi.
org/10.21147/j.issn.1000-9604.2025.03.12.

29. Hoogstrate Y, Draaisma K, Ghisai SA, van Hijfte L, Barin N, de Heer I, 
et al. Transcriptome analysis reveals tumor microenvironment 
changes in glioblastoma. Cancer Cell. 2023;41(4):678-92.e7. 
https://doi.org/10.1016/j.ccell.2023.02.019.

30. Lin H, Liu C, Hu A, Zhang D, Yang H, Mao Y. Understanding the 
immunosuppressive microenvironment of glioma: mechanistic 
insights and clinical perspectives. J Hematol Oncol. 2024;17(1):31. 
https://doi.org/10.1186/s13045-024-01544-7.

31. Jayaram MA, Phillips JJ. Role of the microenvironment in glioma 
pathogenesis. Annu Rev Pathol. 2024;19:181-201. https://doi.
org/10.1146/annurev-pathmechdis-051122-110348.

32. Li J, Wang K, Yang C, Zhu K, Jiang C, Wang M, et al. Tumor-
associated macrophage-derived exosomal LINC01232 induces 
the immune escape in glioma by decreasing surface MHC-I 
expression. Adv Sci (Weinh). 2023;10(17):e2207067. https://doi.
org/10.1002/advs.202207067.

33. Wu M, Wu L, Wu W, Zhu M, Li J, Wang Z, et al. Phagocytosis of 
glioma cells enhances the immunosuppressive phenotype of 
bone marrow-derived macrophages. Cancer Res. 2023;83(5):771-
85. https://doi.org/10.1158/0008-5472.CAN-22-1570.

34. Khan F, Pang L, Dunterman M, Lesniak MS, Heimberger AB, Chen P. 
Macrophages and microglia in glioblastoma: heterogeneity, 
plasticity, and therapy. J Clin Invest. 2023;133(1):e163446. https://
doi.org/10.1172/JCI163446.

35. Bejarano L, Kauzlaric A, Lamprou E, Lourenco J, Fournier N, 
Ballabio M, et al. Interrogation of endothelial and mural cells in 
brain metastasis reveals key immune-regulatory mechanisms. 
Cancer Cell. 2024;42(3):378-95.e10. https://doi.org/10.1016/
j.ccell.2023.12.018.

36. Wälchli T, Bisschop J, Carmeliet P, Zadeh G, Monnier PP, De Bock K, 
et al. Shaping the brain vasculature in development and disease 
in the single-cell era. Nat Rev Neurosci. 2023;24(5):271-98. https://
doi.org/10.1038/s41583-023-00684-y.

37. Mao XG, Xue XY, Lv R, Ji A, Shi TY, Chen XY, et al. CEBPD is a 
master transcriptional factor for hypoxia regulated proteins in 
glioblastoma and augments hypoxia induced invasion through 
extracellular matrix-integrin mediated EGFR/PI3K pathway. Cell 
Death Dis. 2023;14(4):269. https://doi.org/10.1038/s41419-023-
05788-y.

38. Jin Y, Kang Y, Wang M, Wu B, Su B, Yin H, et al. Targeting polarized 
phenotype of microglia via IL6/JAK2/STAT3 signaling to 
reduce NSCLC brain metastasis. Signal Transduct Target Ther. 
2022;7(1):52. https://doi.org/10.1038/s41392-022-00872-9.

39. Yuzhalin AE, Yu D. Critical functions of extracellular matrix in brain 
metastasis seeding. Cell Mol Life Sci. 2023;80(10):297. https://doi.
org/10.1007/s00018-023-04944-z.

40. Chen M, Li H, Xu X, Bao X, Xue L, Ai X, et al. Identification of RAC1 
in promoting brain metastasis of lung adenocarcinoma using 
single-cell transcriptome sequencing. Cell Death Dis. 2023; 
14(5):330. https://doi.org/10.1038/s41419-023-05823-y.

41. Karimi E, Yu MW, Maritan SM, Perus LJM, Rezanejad M, Sorin M, 
et al. Single-cell spatial immune landscapes of primary and 
metastatic brain tumours. Nature. 2023;614(7948):555-63. https://
doi.org/10.1038/s41586-022-05680-3.

42. Tagore S, Caprio L, Amin AD, Bestak K, Luthria K, D'Souza E, et al. 
Single-cell and spatial genomic landscape of non-small cell lung 
cancer brain metastases. Nat Med. 2025;31(4):1351-63. https://
doi.org/10.1038/s41591-025-03530-z.

43. Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al. 
An integrative model of cellular states, plasticity, and genetics 
for glioblastoma. Cell. 2019;178(4):835-49.e21. https://doi.
org/10.1016/j.cell.2019.06.024.

44. Friebel E, Kapolou K, Unger S, Nunez NG, Utz S, Rushing EJ, et al. 
Single-cell mapping of human brain cancer reveals tumor-specific 
instruction of tissue-invading leukocytes. Cell. 2020;181(7):1626-
42.e20. https://doi.org/10.1016/j.cell.2020.04.055.

45. Galvez-Cancino F, Navarrete M, Beattie G, Puccio S, Conde-
Gallastegi E, Foster K, et al. Regulatory T cell depletion promotes 



63

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

myeloid cell activation and glioblastoma response to anti-PD1 
and tumor-targeting antibodies. Immunity. 2025;58(5):1236-53.
e8. https://doi.org/10.1016/j.immuni.2025.03.021.

46. Platten M, Nollen EAA, Röhrig UF, Fallarino F, Opitz CA. 
Tryptophan metabolism as a common therapeutic target in 
cancer, neurodegeneration and beyond. Nat Rev Drug Discov. 
2019;18(5):379-401. https://doi.org/10.1038/s41573-019-0016-5.

47. Wang L, He Z, Fan S, Mo L, Li Y, Yuan X, et al. Quantitative 
analysis of immune cells within the tumor microenvironment 
of  gl ioblastoma and their  relevance for prognosis.  Int 
Immunopharmacol.  2024;142(Pt A):113109. https://doi.
org/10.1016/j.intimp.2024.113109.

48. Mathur R, Wang Q, Schupp PG, Nikolic A, Hilz S, Hong C, et al. 
Glioblastoma evolution and heterogeneity from a 3D whole-
tumor perspective. Cell. 2024;187(2):446-63.e16. https://doi.
org/10.1016/j.cell.2023.12.013.

49. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, 
et al. Single-cell RNA-seq highlights intratumoral heterogeneity in 
primary glioblastoma. Science. 2014;344(6190):1396-401. https://
doi.org/10.1126/science.1254257.

50. Giannoudis  A,  Varesl i ja  D,  Sharma V,  Zak ar ia  R ,  Platt-
Higgins A, Rudland PS, et al. Characterisation of the immune 
microenvironment of primary breast cancer and brain metastasis 
reveals depleted T-cell response associated to ARG2 expression. 
ESMO Open. 2022;7(6):100636. https://doi.org/10.1016/
j.esmoop.2022.100636.

51. Zhou C, Yang Y, Cui H, Li S, Wang Z, Chen L, et al. SEC61G facilitates 
brain metastases via antagonizing PGAM1 ubiquitination and 
immune microenvironment remodeling in non-small cell lung 
cancer. Int J Biol Sci. 2025;21(4):1436-58. https://doi.org/10.7150/
ijbs.109187.

52. Zhuang J, Miao C, Liu C, Zeng B, Hu L, Peng J, et al. Exploring the 
impact of ITGB2 on glioma progression and treatment: Insights 
from non-apoptotic cell death and immunotherapy. Environ 
Toxicol. 2024;39(10):4496-511. https://doi.org/10.1002/tox.24231.

53. Seehawer M, Li Z, Nishida J, Foidart P, Reiter AH, Rojas-Jimenez E, 
et al. Loss of Kmt2c or Kmt2d drives brain metastasis via KDM6A-
dependent upregulation of MMP3. Nat Cell Biol. 2024;26(7):1165-
75. https://doi.org/10.1038/s41556-024-01446-3.

54. Westphal D, Meinhardt M, Grutzmann K, Schone L, Steininger J, 
Neuhaus LT, et al. Identification of epigenetically regulated 
genes distinguishing intracranial from extracranial melanoma 
metastases. J Invest Dermatol. 2023;143(7):1233-45.e17. https://
doi.org/10.1016/j.jid.2023.01.011.

55. Peng W, Mirzaei P, Zhu R, Zhou S, Mechref Y. Comparative 
membrane N-glycomics of different breast cancer cell lines 
to understand breast cancer brain metastasis. J Proteome 
R e s .  2 0 2 0 ; 1 9 ( 2 ) : 8 5 4 - 6 3 .  h t t p s : / / d o i . o rg / 1 0 . 1 0 2 1 / a c s .
jproteome.9b00664.

56. Xie XP, Ganbold M, Li J, Lien M, Chipman ME, Wang T, et al. 
Glioblastoma functional heterogeneity and enrichment of cancer 
stem cells with tumor recurrence. Neuron. 2024;112(24):4017-32.
e6. https://doi.org/10.1016/j.neuron.2024.10.012.

57. Chu X, Tian W, Ning J, Xiao G, Zhou Y, Wang Z, et al. Cancer 
stem cells: advances in knowledge and implications for cancer 
therapy. Signal Transduct Target Ther. 2024;9(1):170. https://doi.
org/10.1038/s41392-024-01851-y.

58. Saw PE, Liu Q, Wong PP, Song E. Cancer stem cell mimicry for 
immune evasion and therapeutic resistance. Cell Stem Cell. 
2024;31(8):1101-12. https://doi.org/10.1016/j.stem.2024.06.003.

59. Fan Y, Gao Z, Xu J, Wang H, Guo Q, Li B, et al. SPI1-mediated 
MIR222HG transcription promotes proneural-to-mesenchymal 
transition of glioma stem cells and immunosuppressive 
polarization of macrophages. Theranostics. 2023;13(10):3310-29. 
https://doi.org/10.7150/thno.82590.

60. Wang Z, Sun D, Chen YJ, Xie X, Shi Y, Tabar V, et al. Cell lineage-
based stratification for glioblastoma. Cancer Cell. 2020;38(3):366-
79.e8. https://doi.org/10.1016/j.ccell.2020.06.003.

61. Chen Z, Wang S, Li HL, Luo H, Wu X, Lu J, et al. FOSL1 promotes 
proneural-to-mesenchymal transition of glioblastoma stem cells 
via UBC9/CYLD/NF-κB axis. Mol Ther. 2022;30(7):2568-83. https://
doi.org/10.1016/j.ymthe.2021.10.028.

62. Xiong A, Zhang J, Chen Y, Zhang Y, Yang F. Integrated single-cell 
transcriptomic analyses reveal that GPNMB-high macrophages 
promote PN-MES transition and impede T cell activation in 
GBM. EBioMedicine. 2022;83:104239. https://doi.org/10.1016/
j.ebiom.2022.104239.

63. Hara T, Chanoch-Myers R, Mathewson ND, Myskiw C, Atta L, 
Bussema L, et al. Interactions between cancer cells and immune 
cells drive transitions to mesenchymal-like states in glioblastoma. 
Cancer Cell. 2021;39(6):779-92.e11. https://doi.org/10.1016/
j.ccell.2021.05.002.

64. Nicholson JG, Cirigliano S, Singhania R, Haywood C, Shahidi 
Dadras M, Yoshimura M, et al .  Chronic hypoxia remodels 
the tumor microenvironment to support glioma stem cell 
growth. Acta Neuropathol Commun. 2024;12(1):46. https://doi.
org/10.1186/s40478-024-01755-6.

65. Li M, Zhang Z, He L, Wang X, Yin J, Wang X, et al. SMYD2 induced 
PGC1α  methylation promotes stemness maintenance of 
glioblastoma stem cells. Neuro Oncol. 2024;26(9):1587-601. 
https://doi.org/10.1093/neuonc/noae090.

66. Zhang Y, Kang T, Wang Y, Song C, Li H, Mi H, et al. A low level of 
tumor necrosis factor α in tumor microenvironment maintains 
the self-renewal of glioma stem cells by Vasorin-mediated 
glycolysis. Neuro Oncol. 2024;26(12):2256-71. https://doi.
org/10.1093/neuonc/noae147.

67. Li D, Wang X, Chen K, Shan D, Cui G, Yuan W, et al. Ifi35 regulates 
non-canonical NF-κB signaling to maintain glioblastoma stem 
cells and recruit tumor-associated macrophages. Cell Death 
Differ. 2024;31(6):738-52. https://doi.org/10.1038/s41418-024-
01292-8.

68. Chen L, Qi Q, Jiang X, Wu J, Li Y, Liu Z, et al. Phosphocreatine 
promotes epigenetic reprogramming to facilitate glioblastoma 
growth through stabilizing BRD2. Cancer Discov. 2024;14(8):1547-
65. https://doi.org/10.1158/2159-8290.CD-23-1348.

69. Zhou Z, Yin X, Sun H, Lu J, Li Y, Fan Y, et al. PTBP1 lactylation 
promotes glioma stem cell maintenance through PFKFB4-
driven glycolysis. Cancer Res. 2025;85(4):739-57. https://doi.
org/10.1158/0008-5472.CAN-24-1412.

70. Gao J, Gu D, Yang K, Zhang J, Lin Q, Yuan W, et al. Infiltrating 
plasma cells maintain glioblastoma stem cells through IgG-
tumor binding. Cancer Cell. 2025;43(1):122-43.e8. https://doi.
org/10.1016/j.ccell.2024.12.006.

71. Guetta-Terrier C, Karambizi D, Akosman B, Zepecki JP, Chen JS, 
Kamle S, et al. CHI3L1 is a modulator of glioma stem cell states 
and a therapeutic target in glioblastoma. Cancer Res. 2023; 
83(12):1984-99. https://doi.org/10.1158/0008-5472.CAN-21-3629.

72. Zhou Y, Meng X, He W, Li X, Zhao R, Dong C, et al. USF1/
CD90 signaling in maintaining glioblastoma stem cells and 
tumor-associated macrophages adhesion. Neuro Oncol. 



64

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

2022;24(9):1482-93. https://doi.org/10.1093/neuonc/noac063.
73. Gangoso E, Southgate B, Bradley L, Rus S, Galvez-Cancino F, 

McGivern N, et al. Glioblastomas acquire myeloid-affiliated 
transcriptional programs via epigenetic immunoediting to elicit 
immune evasion. Cell. 2021;184(9):2454-70.e26. https://doi.
org/10.1016/j.cell.2021.03.023.

74. Huang Q, Liu L, Xiao D, Huang Z, Wang W, Zhai K, et al. CD44+ 
lung cancer stem cell-derived pericyte-like cells cause brain 
metastases through GPR124-enhanced trans-endothelial 
migration. Cancer Cell. 2023;41(9):1621-36.e8. https://doi.
org/10.1016/j.ccell.2023.07.012.

75. Cao Y, Liu B, Cai L, Li Y, Huang Y, Zhou Y, et al. G9a promotes 
immune suppression by targeting the Fbxw7/Notch pathway in 
glioma stem cells. CNS Neurosci Ther. 2023;29(9):2508-21. https://
doi.org/10.1111/cns.14191.

76. Zheng C, Wei Y, Zhang Q, Sun M, Wang Y, Hou J, et al. Multiomics 
analyses reveal DARS1-AS1/YBX1-controlled posttranscriptional 
circuits promoting glioblastoma tumorigenesis/radioresistance. 
Sci Adv. 2023;9(31):eadf3984. https://doi.org/10.1126/sciadv.
adf3984.

77. Zhao W, Wang J, Zhao F, Li Y, Li Z, Li X, et al. SUMOylation 
modification of HNRNPK at the K422 site promotes invasion in 
glioblastoma. Int J Biol Sci. 2024;20(14):5715-30. https://doi.
org/10.7150/ijbs.102051.

78. Qu X, Ding T, Zhao H, Wang L. Epigenetic regulation of RNF135 
by LSD1 promotes stemness maintenance and brain metastasis 
in lung adenocarcinoma. Environ Toxicol. 2024;39(12):5321-33. 
https://doi.org/10.1002/tox.24407.

79. Yin J, Ge X, Ding F, He L, Song K, Shi Z, et al. Reactivating PTEN 
to impair glioma stem cells by inhibiting cytosolic iron-sulfur 
assembly. Sci Transl Med. 2024;16(739):eadg5553. https://doi.
org/10.1126/scitranslmed.adg5553.

80. Yuan W, Zhang Q, Gu D, Lu C, Dixit D, Gimple RC, et al. Dual role 
of CXCL8 in maintaining the mesenchymal state of glioblastoma 
stem cells and M2-like tumor-associated macrophages. Clin 
Cancer Res. 2023;29(18):3779-92. https://doi.org/10.1158/1078-
0432.CCR-22-3273.

81. Kanaya N, Kitamura Y, Lopez Vazquez M, Franco A, Chen KS, van 
Schaik TA, et al. Gene-edited and -engineered stem cell platform 
drives immunotherapy for brain metastatic melanomas. Sci 
Transl Med. 2023;15(698):eade8732. https://doi.org/10.1126/
scitranslmed.ade8732.

82. Dufrusine B, Capone E, Ponziani S, Lattanzio R, Lanuti P, Giansanti F, 
et al. Extracellular IGALS3BP: a potential disease marker and 
actionable target for antibody-drug conjugate therapy in 
glioblastoma. Mol Oncol. 2023;17(8):1460-73. https://doi.
org/10.1002/1878-0261.13453.

83. Yang S, Gao S, Dong Z. CircVCAN promotes glioma progression 
through the miR-488-3p/MEF2C-JAGGED1 axis. Environ Toxicol. 
2024;39(9):4417-30. https://doi.org/10.1002/tox.24328.

84. Bhaduri A, Di Lullo E, Jung D, Muller S, Crouch EE, Espinosa 
CS, et al. Outer radial Glia-like cancer stem cells contribute to 
heterogeneity of glioblastoma. Cell Stem Cell. 2020;26(1):48-63.
e6. https://doi.org/10.1016/j.stem.2019.11.015.

85. Zhang X, Duan S, Apostolou PE, Wu X, Watanabe J, Gallitto M, et al. 
Chd2 regulates neuron-glioma interactions in pediatric glioma. 
Cancer Discov. 2024;14(9):1732-54. https://doi.org/10.1158/2159-
8290.CD-23-0012.

86. Xiong SY, Wen HZ, Dai LM, Lou YX, Wang ZQ, Yi YL, et al. A brain-
tumor neural circuit controls breast cancer progression in mice. 

J Clin Invest. 2023;133(24):e167725. https://doi.org/10.1172/
JCI167725.

87. Lin X,  Huang Z,  Wang Y.  Neuronal mechanisms govern 
glioblastoma cell invasion. Neurosci Bull. 2023;39(6):1027-30. 
https://doi.org/10.1007/s12264-023-01028-7.

88. Le Bras A. A new brain-tumor neural circuit. Lab Anim (NY). 2024; 
53(2):26. https://doi.org/10.1038/s41684-024-01325-2.

89. Curry RN, Aiba I, Meyer J, Lozzi B, Ko Y, McDonald MF, et al. Glioma 
epileptiform activity and progression are driven by IGSF3-
mediated potassium dysregulation. Neuron. 2023;111(5):682-95.
e9. https://doi.org/10.1016/j.neuron.2023.01.013.

90. Goldberg AR, Dovas A, Torres D, Pereira B, Viswanathan A, Das 
Sharma S, et al. Glioma-induced alterations in excitatory neurons 
are reversed by mTOR inhibition. Neuron. 2025;113(6):858-75. 
e10. https://doi.org/10.1016/j.neuron.2024.12.026.

91. Krishna S, Choudhury A, Keough MB, Seo K, Ni L, Kakaizada S, 
et al. Glioblastoma remodelling of human neural circuits 
decreases survival. Nature. 2023;617(7961):599-607. https://doi.
org/10.1038/s41586-023-06036-1.

92. Varn FS, Johnson KC, Martinek J, Huse JT, Nasrallah MP, Wesseling P, 
et al. Glioma progression is shaped by genetic evolution and 
microenvironment interactions. Cell. 2022;185(12):2184-99.e16. 
https://doi.org/10.1016/j.cell.2022.04.038.

93. Drexler R, Khatri R, Sauvigny T, Mohme M, Maire CL, Ryba A, et al. 
A prognostic neural epigenetic signature in high-grade glioma. 
Nat Med. 2024;30(6):1622-35. https://doi.org/10.1038/s41591-
024-02969-w.

94. Dong W, Fekete A, Chen X, Liu H, Beilhartz GL, Chen X, et al. A 
designer peptide against the EAG2-Kvβ2 potassium channel 
targets the interaction of cancer cells and neurons to treat 
glioblastoma. Nat Cancer. 2023;4(10):1418-36. https://doi.
org/10.1038/s43018-023-00626-8.

95. Hong JH, Kang S, Sa JK, Park G, Oh YT, Kim TH, et al. Modulation 
of Nogo receptor 1 expression orchestrates myelin-associated 
infiltration of glioblastoma. Brain. 2021;144(2):636-54. https://doi.
org/10.1093/brain/awaa408.

96. Venkataramani V, Yang Y, Schubert MC, Reyhan E, Tetzlaff SK, 
Wissmann N, et al. Glioblastoma hijacks neuronal mechanisms 
for brain invasion. Cell. 2022;185(16):2899-917.e31. https://doi.
org/10.1016/j.cell.2022.06.054.

97. Yu K, Lin CJ, Hatcher A, Lozzi B, Kong K, Huang-Hobbs E, et al. 
PIK3CA variants selectively initiate brain hyperactivity during 
gliomagenesis. Nature. 2020;578(7793):166-71. https://doi.
org/10.1038/s41586-020-1952-2.

98. Huang-Hobbs E, Cheng YT, Ko Y, Luna-Figueroa E, Lozzi B, Taylor 
KR, et al. Remote neuronal activity drives glioma progression 
through SEMA4F. Nature. 2023;619(7971):844-50. https://doi.
org/10.1038/s41586-023-06267-2.

99. Guo X, Qiu W, Wang C, Qi Y, Li B, Wang S, et al. Neuronal activity 
promotes glioma progression by inducing proneural-to-
mesenchymal transition in glioma stem cells. Cancer Res. 2024; 
84(3):372-87. https://doi.org/10.1158/0008-5472.CAN-23-0609.

100. Vaidya M, Sreerama S, Gonzalez-Vega M, Smith J, Field M, Sugaya K. 
Coculture with neural stem cells may shift the transcription 
profile of glioblastoma multiforme towards cancer-specific 
stemness. Int J Mol Sci. 2023;24(4):3242. https://doi.org/10.3390/
ijms24043242.

101. Hsieh AL, Ganesh S, Kula T, Irshad M, Ferenczi EA, Wang W, 
et al. Widespread neuroanatomical integration and distinct 
electrophysiological properties of glioma-innervating neurons. 



65

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

Proc Natl Acad Sci U S A. 2024;121(50):e2417420121. https://doi.
org/10.1073/pnas.2417420121.

102. Bergles DE, Roberts JDB, Somogyi P, Jahr CE. Glutamatergic 
synapses on oligodendrocyte precursor cells in the hippocampus. 
Nature. 2000;405(6783):187-91. https://doi.org/10.1038/35012083.

103. Káradóttir R, Cavelier P, Bergersen LH, Attwell D. NMDA receptors 
are expressed in oligodendrocytes and activated in ischaemia. 
Nature. 2005;438(7071):1162-6. https://doi.org/10.1038/
nature04302.

104. Kougioumtzidou E, Shimizu T, Hamilton NB, Tohyama K, Sprengel R, 
Monyer H, et al .  Signalling through AMPA receptors on 
oligodendrocyte precursors promotes myelination by enhancing 
oligodendrocyte survival. Elife. 2017;6. https://doi.org/10.7554/
eLife.28080.

105. Venkatesh HS, Morishita W, Geraghty AC, Silverbush D, Gillespie 
SM, Arzt M, et al. Electrical and synaptic integration of glioma 
into neural circuits. Nature. 2019;573(7775):539-45. https://doi.
org/10.1038/s41586-019-1563-y.

106. Venkataramani V, Tanev DI, Strahle C, Studier-Fischer A, 
Fankhauser L, Kessler T, et al. Glutamatergic synaptic input to 
glioma cells drives brain tumour progression. Nature. 2019; 
573(7775):532-8. https://doi.org/10.1038/s41586-019-1564-x.

107. Mondal J, Huse JT. Neurotransmitter power plays: the synaptic 
communication nexus shaping brain cancer. Acta Neuropathol 
Commun. 2025;13(1):85. https://doi.org/10.1186/s40478-025-
02009-9.

108. Sanchez Trivino CA, Spelat R, Spada F, D'Angelo C, Manini I, Rolle 
IG, et al. Exosomal TNF-α mediates voltage-gated Na+ channel 1.6 
overexpression and contributes to brain tumor-induced neuronal 
hyperexcitability. J Clin Invest. 2024;134(18):e166271. https://doi.
org/10.1172/JCI166271.

109. Zhang Y, Duan W, Chen L, Chen J, Xu W, Fan Q, et al. Potassium 
ion channel modulation at cancer-neural interface enhances 
neuronal excitability in epileptogenic glioblastoma multiforme. 
Neuron. 2025;113(2):225-43.e10. https://doi.org/10.1016/
j.neuron.2024.10.016.

110. Salvalaggio A, Pini L, Bertoldo A, Corbetta M. Glioblastoma and 
brain connectivity: the need for a paradigm shift. Lancet Neurol. 
2024;23(7):740-8. https://doi.org/10.1016/s1474-4422(24)00160-1.

111. Buckingham SC, Campbell SL, Haas BR, Montana V, Robel S, 
Ogunrinu T, et al. Glutamate release by primary brain tumors 
induces epileptic activity. Nat Med. 2011;17(10):1269-74. https://
doi.org/10.1038/nm.2453.

112. Yang Y, Yang C, Chen X, Jiang Y, Lei X, Ma K, et al. Long-range 
cholinergic input promotes glioblastoma progression. Cancer 
Cell.  2025;43(11):2089-105.e10. https://doi.org/10.1016/
j.ccell.2025.07.024.

113. Zhang Z, Li Y, Lv X, Zhao L, Wang X. VLM catecholaminergic 
neurons control tumor growth by regulating CD8+ T cells. Proc 
Natl Acad Sci U S A. 2021;118(28):e2103505118. https://doi.
org/10.1073/pnas.2103505118.

114. Barron T, Yalçın B, Su M, Byun YG, Gavish A, Shamardani K, et al. 
GABAergic neuron-to-glioma synapses in diffuse midline gliomas. 
Nature. 2025;639(8056):1060-8. https://doi.org/10.1038/s41586-
024-08579-3.

115. Blanchart A, Fernando R, Häring M, Assaife-Lopes N, Romanov 
RA, Andäng M, et al. Endogenous GABAA receptor activity 
suppresses glioma growth. Oncogene. 2017;36(6):777-86. https://
doi.org/10.1038/onc.2016.245.

116. Fan X, Gong M, Yu H, Yang H, Wang S, Wang R. Propofol enhances 

stem-like properties of glioma via GABAAR-dependent Src 
modulation of ZDHHC5-EZH2 palmitoylation mechanism. Stem 
Cell Res Ther. 2022;13(1):398. https://doi.org/10.1186/s13287-
022-03087-5.

117. Barron T, Yalçın B, Su M, Byun YG, Gavish A, Shamardani K, et al. 
GABAergic neuron-to-glioma synapses in diffuse midline gliomas. 
Nature. 2025;639(8056):1060-8. https://doi.org/10.1038/s41586-
024-08579-3.

118. Belotti  Y,  Tolomeo S,  Yu R,  Lim W T, Lim C T.  Prognostic 
neurotransmitter receptors genes are associated with immune 
response,  inf lammation and cancer hal lmarks in brain 
tumors. Cancers. 2022;14(10):2544. https://doi.org/10.3390/
cancers14102544.

119. Zeng Q, Michael IP, Zhang P, Saghafinia S, Knott G, Jiao W, et al. 
Synaptic proximity enables NMDAR signalling to promote 
brain metastasis. Nature. 2019;573(7775):526-31. https://doi.
org/10.1038/s41586-019-1576-6.

120. Aabedi AA, Lipkin B, Kaur J, Kakaizada S, Valdivia C, Reihl S, 
et al. Functional alterations in cortical processing of speech in 
glioma-infiltrated cortex. Proc Natl Acad Sci U S A. 2021;118(46): 
e2108959118. https://doi.org/10.1073/pnas.2108959118.

121. Yu Q, Wang Y, Yi G, Yang W, Chen K, Tan X, et al. BDNF is a 
prognostic biomarker involved in immune infiltration of lung 
adenocarcinoma and is associated with brain metastasis. 
Immunology. 2023;168(2):320-30. https://doi.org/10.1111/
imm.13581.

122. Taylor KR, Barron T, Hui A, Spitzer A, Yalcin B, Ivec AE, et al. Glioma 
synapses recruit mechanisms of adaptive plasticity. Nature. 
2023;623(7986):366-74. https://doi.org/10.1038/s41586-023-
06678-1.

123. Ruan X, Yan W, Cao M, Daza RAM, Fong MY, Yang K, et al. Breast 
cancer cell-secreted miR-199b-5p hijacks neurometabolic 
coupling to promote brain metastasis. Nat Commun. 2024;15(1): 
4549. https://doi.org/10.1038/s41467-024-48740-0.

124. Li Y, Huang M, Wang M, Wang Y, Deng P, Li C, et al. Tumor cells 
impair immunological synapse formation via central nervous 
system-enriched metabolite. Cancer Cell. 2024;42(6):985-1002.
e18. https://doi.org/10.1016/j.ccell.2024.05.006.

125. Deshpande K, Martirosian V, Nakamura BN, Iyer M, Julian A, 
Eisenbarth R, et al. Neuronal exposure induces neurotransmitter 
signaling and synaptic mediators in tumors early in brain 
metastasis. Neuro Oncol. 2022;24(6):914-24. https://doi.
org/10.1093/neuonc/noab290.

126. Kloosterman DJ, Erbani J, Boon M, Farber M, Handgraaf SM, 
Ando-Kuri M, et al. Macrophage-mediated myelin recycling fuels 
brain cancer malignancy. Cell. 2024;187(19):5336-56.e30. https://
doi.org/10.1016/j.cell.2024.07.030.

127. Guo X, Pan Y, Xiong M, Sanapala S, Anastasaki C, Cobb O, et al. 
Midkine activation of CD8+ T cells establishes a neuron-immune-
cancer axis responsible for low-grade glioma growth. Nat 
Commun. 2020;11(1):2177. https://doi.org/10.1038/s41467-020-
15770-3.

128. Anastasaki C, Chatterjee J, Koleske JP, Gao Y, Bozeman SL, Kernan 
CM, et al. NF1 mutation-driven neuronal hyperexcitability sets a 
threshold for tumorigenesis and therapeutic targeting of murine 
optic glioma. Neuro Oncol. 2024;26(8):1496-508. https://doi.
org/10.1093/neuonc/noae054.

129. Tomaszewski WH, Waibl-Polania J, Chakraborty M, Perera J, 
Ratiu J, Miggelbrink A, et al. Neuronal CaMKK2 promotes 
immunosuppression and checkpoint blockade resistance 



66

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

in glioblastoma. Nat Commun. 2022;13(1):6483. https://doi.
org/10.1038/s41467-022-34175-y.

130. Zhou M, Lin Y, Chen H, Zhao M, Zeng Y, Hu X, et al. Brain-
tumor-seeking and serpin-inhibiting outer membrane vesicles 
restore plasmin-mediated attacks against brain metastases. 
J Control Release. 2024;375:116-26. https://doi.org/10.1016/
j.jconrel.2024.09.003.

131. Tetzlaff SK, Reyhan E, Layer N, Bengtson CP, Heuer A, Schroers J, 
et al. Characterizing and targeting glioblastoma neuron-tumor 
networks with retrograde tracing. Cell. 2025;188(2):390-411.e36. 
https://doi.org/10.1016/j.cell.2024.11.002.

132. Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes 
stimulates aerobic glycolysis: a mechanism coupling neuronal 
activity to glucose utilization. Proc Natl Acad Sci U S A. 
1994;91(22):10625-9. https://doi.org/10.1073/pnas.91.22.10625.

133. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. J Cereb Blood 
Flow Metab. 2012;32(7):1152-66. https://doi.org/10.1038/
jcbfm.2011.149.

134. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, 
Schirmer L, et al. Neurotoxic reactive astrocytes are induced by 
activated microglia. Nature. 2017;541(7638):481-7. https://doi.
org/10.1038/nature21029.

135. Molofsky AV, Krencik R, Ullian EM, Tsai HH, Deneen B, Richardson 
WD, et al. Astrocytes and disease: a neurodevelopmental 
perspective. Genes Dev. 2012;26(9):891-907. https://doi.
org/10.1101/gad.188326.112.

136. Cameron EG, Nahmou M, Toth AB, Heo L, Tanasa B, Dalal R, et al. A 
molecular switch for neuroprotective astrocyte reactivity. Nature. 
2024;626(7999):574-82. https://doi.org/10.1038/s41586-023-
06935-3.

137. Zhou T, Yan Y, Lin M, Zeng C, Mao X, Zhu Y, et al. Astrocyte 
involvement in brain metastasis: from biological mechanisms 
to therapeutic strategies. Cancer Metastasis Rev. 2025;44(3):60. 
https://doi.org/10.1007/s10555-025-10276-0.

138. Andersen BM, Faust Akl C, Wheeler MA, Li Z, Diebold M, Kilian M, 
et al. Barcoded viral tracing identifies immunosuppressive 
astrocyte-glioma interactions. Nature. 2025;644(8078):1097-106. 
https://doi.org/10.1038/s41586-025-09191-9.

139. Faust Akl C, Andersen BM, Li Z, Giovannoni F, Diebold M, 
Sanmarco LM, et al. Glioblastoma-instructed astrocytes suppress 
tumour-specific T cell immunity. Nature. 2025;643(8070):219-29. 
https://doi.org/10.1038/s41586-025-08997-x.

140. de Pablos-Aragoneses A, Valiente M. An inbred ecosystem that 
supports medulloblastoma. Immunity. 2020;52(3):431-3. https://
doi.org/10.1016/j.immuni.2020.02.010.

141. Yao M, Ventura PB, Jiang Y, Rodriguez FJ, Wang L, Perry JSA, et al. 
Astrocytic trans-differentiation completes a multicellular 
paracrine feedback loop required for medulloblastoma tumor 
growth. Cell. 2020;180(3):502-20.e19. https://doi.org/10.1016/
j.cell.2019.12.024.

142. Priego N, de Pablos-Aragoneses A, Perea-Garcia M, Pieri V, 
Hernandez-Oliver C, Alvaro-Espinosa L, et al. Timp1 mediates 
astrocyte-dependent local immunosuppression in brain 
metastasis acting on infiltrating CD8+ T cells. Cancer Discov. 
2025;15(1):179-201. https://doi.org/10.1158/2159-8290.CD-24-
0134.

143. Qu F, Brough SC, Michno W, Madubata CJ, Hartmann GG, Puno A, 
et al. Crosstalk between small-cell lung cancer cells and astrocytes 
mimics brain development to promote brain metastasis. Nat Cell 
Biol. 2023;25(10):1506-19. https://doi.org/10.1038/s41556-023-

01241-6.
144. Okawa T, Hara K, Goto M, Kikuchi M, Kogane M, Hatakeyama H, 

et al. Effects on metabolism in astrocytes caused by cGAMP, 
which imitates the initial stage of brain metastasis. Int J Mol Sci. 
2021;22(16):9028. https://doi.org/10.3390/ijms22169028.

145. Loftus AEP, Romano MS, Phuong AN, McKinnel BJ, Muir MT, 
Furqan M, et al. An ILK/STAT3 pathway controls glioblastoma 
stem cell plasticity. Dev Cell. 2024;59(24):3197-212.e7. https://doi.
org/10.1016/j.devcel.2024.09.003.

146. Yuzhalin AE, Lowery FJ, Saito Y, Yuan X, Yao J, Duan Y, et al. 
Astrocyte-induced Cdk5 expedites breast cancer brain metastasis 
by suppressing MHC-I expression to evade immune recognition. 
Nat Cell Biol. 2024;26(10):1773-89. https://doi.org/10.1038/
s41556-024-01509-5.

147. Tang M, Xu M, Wang J, Liu Y, Liang K, Jin Y, et al. Brain metastasis 
from EGFR-mutated non-small cell lung cancer: secretion of 
IL-11 from astrocytes up-regulates PD-L1 and promotes immune 
escape. Adv Sci (Weinh). 2024;11(26):e2306348. https://doi.
org/10.1002/advs.202306348.

148. Zhou D, Gong Z, Wu D, Ma C, Hou L, Niu X, et al. Harnessing 
immunotherapy for brain metastases: insights into tumor-
brain microenvironment interactions and emerging treatment 
modalities. J Hematol Oncol. 2023;16(1):121. https://doi.
org/10.1186/s13045-023-01518-1.

149. Arvanitis CD, Ferraro GB, Jain RK. The blood-brain barrier and 
blood-tumour barrier in brain tumours and metastases. Nat Rev 
Cancer. 2020;20(1):26-41. https://doi.org/10.1038/s41568-019-
0205-x.

150. Sun HF, Li LD, Lao IW, Li X, Xu BJ, Cao YQ, et al. Single-cell RNA 
sequencing reveals cellular and molecular reprograming 
landscape of gliomas and lung cancer brain metastases. 
Clin Transl Med. 2022;12(11):e1101. https://doi.org/10.1002/
ctm2.1101.

151. Zhang Q, Abdo R, Iosef C, Kaneko T, Cecchini M, Han VK, et al. The 
spatial transcriptomic landscape of non-small cell lung cancer 
brain metastasis. Nat Commun. 2022;13(1):5983. https://doi.
org/10.1038/s41467-022-33365-y.

152. Gonzalez H, Mei W, Robles I, Hagerling C, Allen BM, Hauge 
Okholm TL, et al. Cellular architecture of human brain metastases. 
Cel l .  2022;185(4) :729-45.e20.  https://doi .org/10.1016/
j.cell.2021.12.043.

153. In GK, Ribeiro JR, Yin J, Xiu J, Bustos MA, Ito F, et al. Multi-
omic profiling reveals discrepant immunogenic properties 
and a unique tumor microenvironment among melanoma 
brain metastases. NPJ Precis Oncol. 2023;7(1):120. https://doi.
org/10.1038/s41698-023-00471-z.

154. Zou Y, Ye F, Kong Y, Hu X, Deng X, Xie J, et al. The single-
cel l  landscape of  intratumoral  heterogeneity  and the 
immunosuppressive microenvironment in liver and brain 
metastases of breast cancer. Adv Sci ( Weinh). 2023;10(5): 
e2203699. https://doi.org/10.1002/advs.202203699.

155. Bowman-Kirigin JA, Desai R, Saunders BT, Wang AZ, Schaettler 
MO, Liu CJ, et al. The conventional dendritic cell 1 subset primes 
CD8+ T cells and traffics tumor antigen to drive antitumor 
immunity in the brain. Cancer Immunol Res. 2023;11(1):20-37. 
https://doi.org/10.1158/2326-6066.CIR-22-0098.

156. Friedrich M, Hahn M, Michel J, Sankowski R, Kilian M, Kehl N, 
et al. Dysfunctional dendritic cells limit antigen-specific T cell 
response in glioma. Neuro Oncol. 2023;25(2):263-76. https://doi.
org/10.1093/neuonc/noac138.



67

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

157. Sprooten J, Vanmeerbeek I, Datsi A, Govaerts J, Naulaerts S, 
Laureano RS, et al. Lymph node and tumor-associated PD-L1+ 
macrophages antagonize dendritic cell vaccines by suppressing 
CD8+ T cells. Cell Rep Med. 2024;5(1):101377. https://doi.
org/10.1016/j.xcrm.2023.101377.

158. Yang J,  Zhang M, Zhang X, Zhou Y, Ma T,  Liang J,  et al . 
Glioblastoma-derived exosomes promote lipid accumulation and 
induce ferroptosis in dendritic cells via the NRF2/GPX4 pathway. 
Front Immunol. 2024;15:1439191. https://doi.org/10.3389/
fimmu.2024.1439191.

159. Simonds EF, Lu ED, Badillo O, Karimi S, Liu EV, Tamaki W, et al. 
Deep immune profiling reveals targetable mechanisms of 
immune evasion in immune checkpoint inhibitor-refractory 
glioblastoma. J Immunother Cancer. 2021;9(6):e002181. https://
doi.org/10.1136/jitc-2020-002181.

160. Bota DA, Taylor TH, Piccioni DE, Duma CM, LaRocca RV, Kesari S, 
et al. Phase 2 study of AV-GBM-1 (a tumor-initiating cell targeted 
dendritic cell vaccine) in newly diagnosed glioblastoma patients: 
Safety and efficacy assessment. J Exp Clin Cancer Res. 2022;41(1): 
344. https://doi.org/10.1186/s13046-022-02552-6.

161. Liau LM, Ashkan K, Brem S, Campian JL, Trusheim JE, Iwamoto FM, 
et al. Association of autologous tumor lysate-loaded dendritic cell 
vaccination with extension of survival among patients with newly 
diagnosed and recurrent glioblastoma: a phase 3 prospective 
externally controlled cohort trial. JAMA Oncol. 2023;9(1):112-21. 
https://doi.org/10.1001/jamaoncol.2022.5370.

162. Everson RG, Hugo W, Sun L, Antonios J, Lee A, Ding L, et al. TLR 
agonists polarize interferon responses in conjunction with 
dendritic cell vaccination in malignant glioma: a randomized 
phase Ⅱ trial. Nat Commun. 2024;15(1):3882. https://doi.
org/10.1038/s41467-024-48073-y.

163. Lee D, Huntoon K, Wang Y, Kang M, Lu Y, Jeong SD, et al. Synthetic 
cationic helical polypeptides for the stimulation of antitumour 
innate immune pathways in antigen-presenting cells. Nat Biomed 
Eng. 2024;8(5):593-610. https://doi.org/10.1038/s41551-024-
01194-7.

164. Montoya M, Collins SA, Chuntova P, Patel TS, Nejo T, Yamamichi A, 
et al. Interferon regulatory factor 8-driven reprogramming of 
the immune microenvironment enhances antitumor adaptive 
immunity and reduces immunosuppression in murine 
glioblastoma. Neuro Oncol. 2024;26(12):2272-87. https://doi.
org/10.1093/neuonc/noae149.

165. Ma X, Kuang L, Yin Y, Tang L, Zhang Y, Fan Q, et al. Tumor-
antigen activated dendritic cell membrane-coated biomimetic 
nanoparticles with orchestrating immune responses promote 
therapeutic efficacy against glioma. ACS Nano. 2023;17(3):2341-
55. https://doi.org/10.1021/acsnano.2c09033.

166. Liu T, Jin D, Le SB, Chen D, Sebastian M, Riva A, et al. Machine 
learning-directed conversion of glioblastoma cells to dendritic 
cell-like antigen-presenting cells as cancer immunotherapy. 
Cancer Immunol Res.  2024;12(10):1340-60.  https://doi.
org/10.1158/2326-6066.CIR-23-0721.

167. Wang Y, Li G, Su J, Liu Y, Zhang X, Zhang G, et al. Tumor-
associated macrophages nano-reprogrammers induce “gear 
effect” to empower glioblastoma immunotherapy. Small. 2025; 
21(6):e2406839. https://doi.org/10.1002/smll.202406839.

168. Hou X, Wang C, Zhong Y, Wang L, Kang DD, Lubitz G, et al. 
Enhancing antitumor immunity through chemotherapeutic-
derived lipid nanoparticle-induced immunogenic cell death 
and CD40L/Flt3L mRNA-mediated dendritic cell activation. J 

Control Release. 2025;382:113684. https://doi.org/10.1016/
j.jconrel.2025.113684.

169. Lück AS, Pu JJ, Melhem A, Schneider M, Sharma A, Schmidt-
Wolf IGH, et al .  Preclinical evaluation of DC-CIK cells as 
potentially effective immunotherapy model for the treatment of 
glioblastoma. Sci Rep. 2025;15(1):734. https://doi.org/10.1038/
s41598-024-84284-5.

170. Kim J, Kang S, Kim J, Yong SB, Lahiji SF, Kim YH. Dual adjuvant-
loaded peptide antigen self-assembly potentiates dendritic 
cell-mediated tumor immunotherapy. Adv Sci (Weinh). 2024; 
11(36):e2403663. https://doi.org/10.1002/advs.202403663.

171. Jackson C, Cherry C, Bom S, Dykema AG, Wang R, Thompson E, 
et al. Distinct myeloid-derived suppressor cell populations in 
human glioblastoma. Science. 2025;387(6731):eabm5214. https://
doi.org/10.1126/science.abm5214

172. Miller TE, El Farran CA, Couturier CP, Chen Z, D'Antonio JP, Verga J, 
et al. Programs, origins and immunomodulatory functions of 
myeloid cells in glioma. Nature. 2025;640(8060):1072-82. https://
doi.org/10.1038/s41586-025-08633-8.

173. Rajendran S, Hu Y, Canella A, Peterson C, Gross A, Cam M, et al. 
Single-cell RNA sequencing reveals immunosuppressive myeloid 
cell diversity during malignant progression in a murine model 
of glioma. Cell Rep. 2023;42(3):112197. https://doi.org/10.1016/
j.celrep.2023.112197.

174. Zhong J, Xing X, Gao Y, Pei L, Lu C, Sun H, et al. Distinct roles of 
TREM2 in central nervous system cancers and peripheral cancers. 
Cancer Cell. 2024;42(6):968-84.e9. https://doi.org/10.1016/
j.ccell.2024.05.001.

175. Sun R, Han R, McCornack C, Khan S, Tabor GT, Chen Y, et al. 
Trem2 inhibition triggers antitumor cell activity of myeloid 
cells in glioblastoma. Sci Adv. 2023;9(19):eade3559. https://doi.
org/10.1126/sciadv.ade3559.

176. Chen Z, Giotti B, Kaluzova M, Vallcorba MP, Rawat K, Price G, et al. 
A paracrine circuit of IL-1β/IL-1R1 between myeloid and tumor 
cells drives genotype-dependent glioblastoma progression. J Clin 
Invest. 2023;133(22):e163802. https://doi.org/10.1172/JCI163802.

177. Kilian M, Sheinin R, Tan CL, Friedrich M, Kramer C, Kaminitz A, et al. 
MHC class Ⅱ-restricted antigen presentation is required to 
prevent dysfunction of cytotoxic T cells by blood-borne myeloids 
in brain tumors. Cancer Cell. 2023;41(2):235-51.e9. https://doi.
org/10.1016/j.ccell.2022.12.007.

178. Guldner IH, Wang Q, Yang L, Golomb SM, Zhao Z, Lopez JA, et al. 
CNS-native myeloid cells drive immune suppression in the brain 
metastatic niche through Cxcl10. Cell. 2020;183(5):1234-48 e25. 
https://doi.org/10.1016/j.cell.2020.09.064.

179. Oshi M, Wu R, Khoury T, Gandhi S, Yan L, Yamada A, et al. 
Infiltration of common myeloid progenitor (CMP) cells is 
associated with less aggressive tumor biology, lower risk of 
brain metastasis, better response to immunotherapy, and higher 
patient survival in breast cancer. Ann Surg. 2024;280(4):557-69. 
https://doi.org/10.1097/SLA.0000000000006428.

180. Pombo Antunes AR, Scheyltjens I, Lodi F, Messiaen J, Antoranz A, 
Duerinck J, et al .  Single-cell profiling of myeloid cells in 
gl ioblastoma across species and disease stage reveals 
macrophage competition and specialization. Nat Neurosci. 2021; 
24(4):595-610. https://doi.org/10.1038/s41593-020-00789-y.

181. Zheng J, Wang L, Zhao S, Zhang W, Chang Y, Bosco DB, et al. 
TREM2 mediates MHCII-associated CD4+ T-cell response 
against gliomas. Neuro Oncol. 2024;26(5):811-25. https://doi.
org/10.1093/neuonc/noad214.



68

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

182. Canella A, Nazzaro M, Rajendran S, Schmitt C, Haffey A, Nigita G, 
et al. Genetically modified IL2 bone-marrow-derived myeloid 
cells  reprogram the glioma immunosuppressive tumor 
microenvironment. Cell Rep. 2023;42(8):112891. https://doi.
org/10.1016/j.celrep.2023.112891.

183. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as 
regulators of the immune system. Nat Rev Immunol. 2009;9(3): 
162-74. https://doi.org/10.1038/nri2506.

184. Cheng JN, Yuan YX, Zhu B, Jia Q. Myeloid-derived suppressor cells: 
a multifaceted accomplice in tumor progression. Front Cell Dev 
Biol. 2021;9:740827. https://doi.org/10.3389/fcell.2021.740827.

185. Grewal EP, Richardson LGK, Sun J, Ramapriyan R, Martinez-
Lage M, Miller JJ, et al. Mutant IDH modulates suppressive 
myeloid populations in malignant glioma. Clin Cancer Res. 
2024;30(18):4068-76. https://doi.org/10.1158/1078-0432.CCR-24-
1056.

186. Yin B, Cai Y, Chen L, Li Z, Li X. Immunosuppressive MDSC and 
Treg signatures predict prognosis and therapeutic response in 
glioma. Int Immunopharmacol. 2024;141:112922. https://doi.
org/10.1016/j.intimp.2024.112922.

187. Nguyen TT, Shin DH, Sohoni S, Singh SK, Rivera-Molina Y, 
Jiang H, et al. Reshaping the tumor microenvironment with 
oncolytic viruses, positive regulation of the immune synapse, 
and blockade of the immunosuppressive oncometabolic 
circuitry. J Immunother Cancer. 2022;10(7):e004935. https://doi.
org/10.1136/jitc-2022-004935.

188. Bayik D, Bartels CF, Lovrenert K, Watson DC, Zhang D, Kay K, et al. 
Distinct cell adhesion signature defines glioblastoma myeloid-
derived suppressor cell subsets. Cancer Res. 2022;82(22):4274-87. 
https://doi.org/10.1158/0008-5472.CAN-21-3840.

189. Tian Y, Gao X, Yang X, Chen S, Ren Y. VEGFA contributes to tumor 
property of glioblastoma cells by promoting differentiation of 
myeloid-derived suppressor cells. BMC Cancer. 2024;24(1):1040. 
https://doi.org/10.1186/s12885-024-12803-8.

190. Otani Y, Yoo JY, Lewis CT, Chao S, Swanner J, Shimizu T, et al. 
Notch-induced MDSC recruitment after oHSV virotherapy in CNS 
cancer models modulates antitumor immunotherapy. Clin Cancer 
Res. 2022;28(7):1460-73. https://doi.org/10.1158/1078-0432.CCR-
21-2347.

191. Qiu W, Guo X, Li B, Wang J, Qi Y, Chen Z, et al .  Exosomal 
miR-1246 f rom gl ioma pat ient  body f lu ids  dr ives  the 
differentiation and activation of myeloid-derived suppressor 
cells. Mol Ther. 2021;29(12):3449-64. https://doi.org/10.1016/
j.ymthe.2021.06.023.

192. Wang M, Wang W, You S, Hou Z, Ji M, Xue N, et al. ACAT1 
deficiency in myeloid cells promotes glioblastoma progression by 
enhancing the accumulation of myeloid-derived suppressor cells. 
Acta Pharm Sin B. 2023;13(12):4733-47. https://doi.org/10.1016/
j.apsb.2023.09.005.

193. Zhai L, Bell A, Ladomersky E, Lauing KL, Bollu L, Nguyen B, 
et al .  Tumor cell IDO enhances immune suppression and 
decreases survival independent of tryptophan metabolism in 
glioblastoma. Clin Cancer Res. 2021;27(23):6514-28. https://doi.
org/10.1158/1078-0432.CCR-21-1392.

194. Wu P, Guo Y, Xiao L, Yuan J, Tang C, Dong J, et al. LILRB2-containing 
small extracellular vesicles from glioblastoma promote tumor 
progression by promoting the formation and expansion of 
myeloid-derived suppressor cells. Cancer Immunol Immunother. 
2023;72(7):2179-93. https://doi.org/10.1007/s00262-023-03395-6.

195. Agliardi G, Liuzzi AR, Hotblack A, De Feo D, Nunez N, Stowe 

CL, et al. Intratumoral IL-12 delivery empowers CAR-T cell 
immunotherapy in a pre-clinical model of glioblastoma. Nat 
Commun. 2021;12(1):444. https://doi.org/10.1038/s41467-020-
20599-x.

196. Zhao Y, Du J, Shen X. Targeting myeloid-derived suppressor 
cells in tumor immunotherapy: current, future and beyond. 
Front Immunol. 2023;14:1157537. https://doi.org/10.3389/
fimmu.2023.1157537.

197. Maas SLN, Abels ER, Van De Haar LL, Zhang X, Morsett L, Sil S, et al. 
Glioblastoma hijacks microglial gene expression to support 
tumor growth. J Neuroinflammation. 2020;17(1):120. https://doi.
org/10.1186/s12974-020-01797-2.

198. Vázquez-Cabrera G, Škandík M, Roncier N, Real Oualit F, Cruz De 
Los Santos M, Baleviciute A, et al. ID2-ETS2 axis regulates the 
transcriptional acquisition of pro-tumoral microglia phenotype 
in glioma. Cell Death Dis. 2024;15(7):512. https://doi.org/10.1038/
s41419-024-06903-3.

199. Kaminska P, Ovesen PL, Jakiel M, Obrebski T, Schmidt V, Draminski M, 
et al. SorLA restricts TNF-α release from microglia to shape a 
glioma-supportive brain microenvironment. EMBO Rep. 2024; 
25(5):2278-305. https://doi.org/10.1038/s44319-024-00117-6.

200. Ye Z, Ai X, Yang K, Yang Z, Fei F, Liao X, et al. Targeting microglial 
metabolic rewiring synergizes with immune-checkpoint blockade 
therapy for glioblastoma. Cancer Discov. 2023;13(4):974-1001. 
https://doi.org/10.1158/2159-8290.CD-22-0455.

201. Yabo YA, Moreno-Sanchez PM, Pires-Afonso Y, Kaoma T, Nosirov B, 
Scafidi A, et al. Glioblastoma-instructed microglia transition 
to heterogeneous phenotypic states with phagocytic and 
dendritic cell-like features in patient tumors and patient-derived 
orthotopic xenografts. Genome Med. 2024;16(1):51. https://doi.
org/10.1186/s13073-024-01321-8.

202. Evans KT, Blake K, Longworth A, Coburn MA, Insua-Rodriguez J, 
McMullen TP, et al. Microglia promote anti-tumour immunity 
and suppress breast cancer brain metastasis. Nat Cell Biol. 2023; 
25(12):1848-59. https://doi.org/10.1038/s41556-023-01273-y.

203. Liang R, Li X, Zhu X. Deciphering the roles of IFITM1 in tumors. 
Mol Diagn Ther. 2020;24(4):433-41. https://doi.org/10.1007/
s40291-020-00469-4.

204. She X, Shen S, Chen G, Gao Y, Ma J, Gao Y, et al. Immune 
surveillance of brain metastatic cancer cells is mediated by 
IFITM1. EMBO J. 2023;42(7):e111112. https://doi.org/10.15252/
embj.2022111112.

205. Kang S, Ughetta ME, Zhang JY, Marallano VJ, Sattiraju A, Hannah T, 
et al. Glioblastoma shift from bulk to infiltrative growth is guided 
by plexin-B2-mediated microglia alignment in invasive niches. 
Nat Cancer. 2025;6(9):1505-23. https://doi.org/10.1038/s43018-
025-00985-4.

206. Rodriguez-Baena FJ, Marquez-Galera A, Ballesteros-Martinez P, 
Ca s t i l l o  A ,  D i a z  E ,  M o re n o - B u e n o  G ,  e t  a l .  M i c ro g l i a l 
reprogramming enhances antitumor immunity and immuno-
therapy response in melanoma brain metastases. Cancer Cell. 
2025;43(3):413-27.e9. https://doi.org/10.1016/j.ccell.2025.01.008.

207. Wang L, Li C, Zhan H, Li S, Zeng K, Xu C, et al. Targeting the HSP47-
collagen axis inhibits brain metastasis by reversing M2 microglial 
polarization and restoring anti-tumor immunity. Cell Rep Med. 
2024;5(5):101533. https://doi.org/10.1016/j.xcrm.2024.101533.

208. Azambuja JH, Schuh RS, Michels LR, Iser IC, Beckenkamp LR, 
Roliano GG, et al. Blockade of CD73 delays glioblastoma growth 
by modulating the immune environment. Cancer Immunol 
Immunother. 2020;69(9):1801-12. https://doi.org/10.1007/



69

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

s00262-020-02569-w.
209. Gao PP, Jiang HF, Du YW, Shu Y, Wan YW, Yin EZ, et al. CD73 

inhibitor AB680 suppresses glioblastoma in mice by inhibiting 
pur ine metabol ism and promoting P2RY12 + microgl ia 
transformation. Acta Pharmacol Sin. 2025;46(11):3053-70. https://
doi.org/10.1038/s41401-025-01585-9.

210. Chen ML, He Y, Dong XH, Liu HF, Yan ZX, Lu XL, et al. Ketogenic 
diet inhibits glioma progression by promoting gut microbiota-
derived butyrate production. Cancer Cell. 2025;43(11):2119-35.
e10. https://doi.org/10.1016/j.ccell.2025.09.002.

211. Klemm F, Maas RR, Bowman RL, Kornete M, Soukup K, Nassiri S, 
et al. Interrogation of the microenvironmental landscape in 
brain tumors reveals disease-specific alterations of immune 
cells. Cell. 2020;181(7):1643-60.e17. https://doi.org/10.1016/
j.cell.2020.05.007.

212. Li D, Zhang Q, Li L, Chen K, Yang J, Dixit D, et al. β2-microglobulin 
maintains glioblastoma stem cells and induces M2-like 
polarization of tumor-associated macrophages. Cancer Res. 
2022;82(18):3321-34. https://doi.org/10.1158/0008-5472.CAN-22-
0507.

213. Yang Y, Jin X, Xie Y, Ning C, Ai Y, Wei H, et al. The CEBPB+ 
glioblastoma subcluster specifically drives the formation of M2 
tumor-associated macrophages to promote malignancy growth. 
Theranostics. 2024;14(10):4107-26. https://doi.org/10.7150/
thno.93473.

214. Batchu S, Hanafy KA, Redjal N, Godil SS, Thomas AJ. Single-cell 
analysis reveals diversity of tumor-associated macrophages and 
their interactions with T lymphocytes in glioblastoma. Sci Rep. 
2023;13(1):20874. https://doi.org/10.1038/s41598-023-48116-2.

215. Kim HJ, Park JH, Kim HC, Kim CW, Kang I, Lee HK. Blood 
monocyte-derived CD169+ macrophages contribute to antitumor 
immunity against glioblastoma. Nat Commun. 2022;13(1):6211. 
https://doi.org/10.1038/s41467-022-34001-5.

216. Governa V, de Oliveira KG, Bång-Rudenstam A, Offer S, 
Cerezo-Magana M, Li J, et al. Protumoral lipid droplet-loaded 
macrophages are enriched in human glioblastoma and can be 
therapeutically targeted. Sci Transl Med. 2024;16(771):eadk1168. 
https://doi.org/10.1126/scitranslmed.adk1168.

217. Ji X, Cheng J, Su J, Wen R, Zhang Q, Liu G, et al. PTPN7 mediates 
macrophage-polarization and determines immunotherapy 
in gliomas: a single-cell sequencing analysis. Environ Toxicol. 
2024;39(10):4562-80. https://doi.org/10.1002/tox.24259.

218. Zhang J,  Li  Z,  Yin J,  Fan W, Liao H, Dong J,  et al .  SPP1+ 
macrophages polarized by lactate confer the progression of 
hypoxic adaptive tumor cells in brain. Neuro Oncol. 2026;28(1):70-
85. https://doi.org/10.1093/neuonc/noaf208.

219. Wang QW, Sun LH, Zhang Y, Wang Z, Zhao Z, Wang ZL, et al. MET 
overexpression contributes to STAT4-PD-L1 signaling activation 
associated with tumor-associated, macrophages-mediated 
immunosuppression in primary glioblastomas. J Immunother 
Cancer. 2021;9(10):e002451. https://doi.org/10.1136/jitc-2021-
002451.

220. Ma C, Chen J, Ji J, Zheng Y, Liu Y, Wang J, et al. Therapeutic 
modulation of APP-CD74 axis can activate phagocytosis of TAMs 
in GBM. Biochim Biophys Acta Mol Basis Dis. 2024;1870(8):167449. 
https://doi.org/10.1016/j.bbadis.2024.167449.

221. Waibl Polania J,  Hoyt-Miggelbrink A,  Tomaszewski WH, 
Wachsmuth LP,  Lorrey SJ,  Wilk inson DS,  et  al .  Antigen 
presentation by tumor-associated macrophages drives T cells 
from a progenitor exhaustion state to terminal exhaustion. 

Immunity. 2025;58(1):232-46.e6. https://doi.org/10.1016/
j.immuni.2024.11.026.

222. Lee AH, Sun L, Mochizuki AY, Reynoso JG, Orpilla J, Chow F, et al. 
Neoadjuvant PD-1 blockade induces T cell and cDC1 activation 
but fails to overcome the immunosuppressive tumor associated 
macrophages in recurrent glioblastoma. Nat Commun. 2021; 
12(1):6938. https://doi.org/10.1038/s41467-021-26940-2.

223. Li Z, Fu WJ, Chen XQ, Wang S, Deng RS, Tang XP, et al. Autophagy-
based unconventional secretion of HMGB1 in glioblastoma 
promotes chemosensit iv ity  to temozolomide through 
macrophage M1-like polarization. J Exp Clin Cancer Res. 2022; 
41(1):74. https://doi.org/10.1186/s13046-022-02291-8.

224. Fermi V, Warta R, Wöllner A, Lotsch C, Jassowicz L, Rapp C, et al. 
Effective reprogramming of patient-derived M2-polarized 
glioblastoma-associated microglia/macrophages by treatment 
with GW2580. Clin Cancer Res. 2023;29(22):4685-97. https://doi.
org/10.1158/1078-0432.CCR-23-0576.

225. Petrovic M, Majchrzak OB, Marecar R, Laingoniaina AC, Walker 
PR, Borchard G, et al. Combining anti-miR-25 and cGAMP Nano 
complexes enhances immune responses via M2 macrophage 
reprogramming. Int J  Mol Sci .  2024;25(23).  https://doi.
org/10.3390/ijms252312787.

226. Shao G, Cui X, Wang Y, Luo S, Li C, Jiang Y, et al. Targeting MS4A4A: 
a novel pathway to improve immunotherapy responses in 
glioblastoma. CNS Neurosci Ther. 2024;30(7):e14791. https://doi.
org/10.1111/cns.14791.

227. Goverman J. Autoimmune T cell responses in the central nervous 
system. Nat Rev Immunol. 2009;9(6):393-407. https://doi.
org/10.1038/nri2550.

228. Messmer JM, Thommek C, Piechutta M, Venkataramani V, 
Wehner R, Westphal D, et al. T lymphocyte recruitment to 
melanoma brain tumors depends on distinct venous vessels. 
Immunity. 2024;57(11):2688-703.e11. https://doi.org/10.1016/
j.immuni.2024.09.003.

229. Kim AR, Choi KS, Kim MS, Kim KM, Kang H, Kim S, et al. Absolute 
quantification of tumor-infiltrating immune cells in high-grade 
glioma identifies prognostic and radiomics values. Cancer 
Immunol Immunother. 2021;70(7):1995-2008. https://doi.
org/10.1007/s00262-020-02836-w.

230. Platten M, Bunse L, Wick A, Bunse T, Le Cornet L, Harting I, et al. 
A vaccine targeting mutant IDH1 in newly diagnosed glioma. 
Nature. 2021;592(7854):463-8. https://doi.org/10.1038/s41586-
021-03363-z.

231. Sudmeier LJ, Hoang KB, Nduom EK, Wieland A, Neill SG, 
Schniederjan MJ, et al. Distinct phenotypic states and spatial 
distribution of CD8+ T cell clonotypes in human brain metastases. 
Cell Rep Med. 2022;3(5):100620. https://doi.org/10.1016/
j.xcrm.2022.100620.

232. Dobersalske C, Rauschenbach L, Hua Y, Berliner C, Steinbach A, 
Gruneboom A, et al. Cranioencephalic functional lymphoid 
units in glioblastoma. Nat Med. 2024;30(10):2947-56. https://doi.
org/10.1038/s41591-024-03152-x.

233. Taggart D, Andreou T, Scott KJ, Williams J, Rippaus N, Brownlie 
RJ,  e t  a l .  Anti-PD -1/anti- C TLA-4 eff icac y in melanoma 
brain metastases depends on extracranial  disease and 
augmentation of CD8+ T cell trafficking. Proc Natl Acad Sci U S A. 
2018;115(7):E1540-E9. https://doi.org/10.1073/pnas.1714089115.

234. Mitsdoerffer M, Aly L, Barz M, Engleitner T, Sie C, Delbridge C, 
et al. The glioblastoma multiforme tumor site promotes the 
commitment of tumor-infiltrating lymphocytes to the Th17 



70

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

lineage in humans. Proc Natl Acad Sci U S A. 2022;119(34): 
e2206208119. https://doi.org/10.1073/pnas.2206208119.

235. Wischnewski V, Maas RR, Aruffo PG, Soukup K, Galletti G, Kornete M, 
et al. Phenotypic diversity of T cells in human primary and 
metastatic brain tumors revealed by multiomic interrogation. Nat 
Cancer. 2023;4(6):908-24. https://doi.org/10.1038/s43018-023-
00566-3.

236. El Andaloussi A, Lesniak MS. An increase in CD4+CD25+FOXP3+ 
regulatory T cells in tumor-infiltrating lymphocytes of human 
glioblastoma multiforme1. Neuro Oncol. 2006;8(3):234-43. 
https://doi.org/10.1215/15228517-2006-006.

237. Jansen CS, Prabhu RS, Pagadala MS, Chappa P, Goyal S, Zhou C, et al. 
Immune niches in brain metastases contain TCF1+ stem-like T 
cells, are associated with disease control and are modulated by 
preoperative SRS. Res Sq [Preprint]. 2023;rs.3.rs-2722744.  https://
doi.org/10.21203/rs.3.rs-2722744/v1.

238. Naulaerts S, Datsi A, Borras DM, Antoranz Martinez A, Messiaen J, 
Vanmeerbeek I ,  et  al .  Multiomics and spatial  mapping 
characterizes human CD8+ T cell states in cancer. Sci Transl Med. 
2023;15(691):eadd1016. https://doi.org/10.1126/scitranslmed.
add1016.

239. Wang AZ, Mashimo BL, Schaettler MO, Sherpa ND, Leavitt LA, 
Livingstone AJ, et al. Glioblastoma-infiltrating CD8+ T cells are 
predominantly a clonally expanded GZMK+ effector population. 
Cancer Discov. 2024;14(6):1106-31. https://doi.org/10.1158/2159-
8290.CD-23-0913.

240. Woroniecka K, Chongsathidkiet P, Rhodin K, Kemeny H, Dechant C, 
Farber SH, et al. T-cell exhaustion signatures vary with tumor type 
and are severe in glioblastoma. Clin Cancer Res. 2018;24(17):4175-
86. https://doi.org/10.1158/1078-0432.Ccr-17-1846.

241. Bunse L, Pusch S, Bunse T, Sahm F, Sanghvi K, Friedrich M, et al. 
Suppression of antitumor T cell immunity by the oncometabolite 
(R)-2-hydroxyglutarate. Nat Med. 2018;24(8):1192-203. https://
doi.org/10.1038/s41591-018-0095-6.

242. Friebel E, Kapolou K, Unger S, Núñez NG, Utz S, Rushing EJ, et al. 
Single-cell mapping of human brain cancer reveals tumor-specific 
instruction of tissue-invading leukocytes. Cell. 2020;181(7):1626-
42.e20. https://doi.org/10.1016/j.cell.2020.04.055

243. Nomura M, Spitzer A, Johnson KC, Garofano L, Nehar-Belaid D, 
Galili Darnell N, et al. The multilayered transcriptional architecture 
of glioblastoma ecosystems. Nat Genet. 2025;57(5):1155-67. 
https://doi.org/10.1038/s41588-025-02167-5.

244. Xiao G, Li L, Tanzhu G, Liu Z, Gao X, Wan X, et al. Heterogeneity 
of tumor immune microenvironment of EGFR/ALK-positive 
tumors versus EGFR/ALK-negative tumors in resected brain 
metastases from lung adenocarcinoma. J Immunother Cancer. 
2023;11(3):e006243. https://doi.org/10.1136/jitc-2022-006243.

245. Liu Y, Zhou F, Ali H, Lathia JD, Chen P. Immunotherapy for 
glioblastoma: current state, challenges, and future perspectives. 
Cell Mol Immunol. 2024;21(12):1354-75. https://doi.org/10.1038/
s41423-024-01226-x.

246. Mahdi J, Trivedi V, Monje M. The promise of immunotherapy 
for central nervous system tumours.  Nat Rev Immunol. 
2026;26(3):213. https://doi.org/10.1038/s41577-025-01227-5.

247. Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A, 
et al. Effect of nivolumab vs bevacizumab in patients with 
recurrent glioblastoma: the CheckMate 143 phase 3 randomized 
clinical trial. JAMA Oncol. 2020;6(7):1003-10. https://doi.
org/10.1001/jamaoncol.2020.1024.

248. Omuro A, Vlahovic G, Lim M, Sahebjam S, Baehring J, Cloughesy T, 

et al. Nivolumab with or without ipilimumab in patients with 
recurrent glioblastoma: results from exploratory phase Ⅰ cohorts 
of checkmate 143. Neuro Oncol. 2018;20(5):674-86. https://doi.
org/10.1093/neuonc/nox208.

249. Lim M, Weller M, Idbaih A, Steinbach J, Finocchiaro G, Raval RR, et al. 
Phase III trial of chemoradiotherapy with temozolomide plus 
nivolumab or placebo for newly diagnosed glioblastoma with 
methylated MGMT promoter. Neuro Oncol. 2022;24(11):1935-49. 
https://doi.org/10.1093/neuonc/noac116.

250. Xu Y, Chen K, Xu Y, Li H, Huang Z, Lu H, et al. Brain radiotherapy 
co m b i n e d  w i t h  c a m re l i z u m a b  a n d  p l at i n u m - d o u b l e t 
chemotherapy for previously untreated advanced non-small-cell 
lung cancer with brain metastases (C-Brain): a multicentre, single-
arm, phase 2 trial. Lancet Oncol. 2025;26(1):74-84. https://doi.
org/10.1016/s1470-2045(24)00643-0.

251. Kim JE, Patel MA, Mangraviti A, Kim ES, Theodros D, Velarde E, 
et al. Combination therapy with anti-PD-1, anti-TIM-3, and focal 
radiation results in regression of murine gliomas. Clin Cancer Res. 
2017;23(1):124-36. https://doi.org/10.1158/1078-0432.Ccr-15-
1535.

252. Hung AL, Maxwell R, Theodros D, Belcaid Z, Mathios D, Luksik 
AS, et al. TIGIT and PD-1 dual checkpoint blockade enhances 
antitumor immunity and survival in GBM. Oncoimmunology. 
2 0 1 8 ; 7 ( 8 ) : e 1 4 6 6 7 6 9 .  ht t p s : / / d o i . o rg / 1 0 . 1 0 8 0 / 2 1 6 2 4 0
2x.2018.1466769.

253. Harris-Bookman S, Mathios D, Martin AM, Xia Y, Kim E, Xu H, et al. 
Expression of LAG-3 and efficacy of combination treatment with 
anti-LAG-3 and anti-PD-1 monoclonal antibodies in glioblastoma. 
Int J Cancer. 2018;143(12):3201-8. https://doi.org/10.1002/
ijc.31661.

254. Qi Y, Hu L, Ji C, Yang X, Yao J, Chen D, et al. B7-H4 reduces 
the infiltration of CD8+ T cells and induces their anti-tumor 
dysfunction in gliomas. Neoplasia. 2024;54:101007. https://doi.
org/10.1016/j.neo.2024.101007.

255. Kilian M, Friedrich MJ, Lu KH, Vonhören D, Jansky S, Michel J, 
et al. The immunoglobulin superfamily ligand B7H6 subjects 
T cell responses to NK cell surveillance. Sci Immunol. 2024; 
9(95):eadj7970. https://doi.org/10.1126/sciimmunol.adj7970.

256. Zhang J, Shi Y, Xue X, Bu W, Li Y, Yang T, et al. Targeting the 
glucocorticoid receptor-CCR8 axis mediated bone marrow T 
cell sequestration enhances infiltration of anti-tumor T cells in 
intracranial cancers. Cell Mol Immunol. 2024;21(10):1145-57. 
https://doi.org/10.1038/s41423-024-01202-5.

257. Lertsumitkul L, Iliopoulos M, Wang SS, McArthur SJ, Ebert LM, 
Davenport AJ, et al. EphA3-targeted chimeric antigen receptor T 
cells are effective in glioma and generate curative memory T cell 
responses. J Immunother Cancer. 2024;12(8):e009486. https://doi.
org/10.1136/jitc-2024-009486.

258. Dong L, Zhu Y, Zhang H, Gao L, Zhang Z, Xu X, et al. Open-
source throttling of CD8+ T cells in brain with low-intensity 
focused ultrasound-guided sequential delivery of CXCL10, IL-2, 
and aPD-L1 for glioblastoma immunotherapy. Adv Mater. 2024; 
36(44):e2407235. https://doi.org/10.1002/adma.202407235.

259. Lerner EC, Woroniecka KI, D'Anniballe VM, Wilkinson DS, Mohan 
AA, Lorrey SJ, et al. CD8+ T cells maintain killing of MHC-I-negative 
tumor cells through the NKG2DL-NKG2DL axis. Nat Cancer. 
2023;4(9):1258-72. https://doi.org/10.1038/s43018-023-00600-4.

260. Chow KK, Naik S, Kakarla S, Brawley VS, Shaffer DR, Yi Z, et al. T 
cells redirected to EphA2 for the immunotherapy of glioblastoma. 
Mol Ther. 2013;21(3):629-37. https://doi.org/10.1038/mt.2012.210.



71

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

261. Majzner RG, Theruvath JL, Nellan A, Heitzeneder S, Cui Y, Mount 
CW, et al. CAR T cells targeting B7-H3, a pan-cancer antigen, 
demonstrate potent preclinical activity against pediatric solid 
tumors and brain tumors. Clin Cancer Res. 2019;25(8):2560-74. 
https://doi.org/10.1158/1078-0432.Ccr-18-0432.

262. Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M, 
Haile S, et al. Potent antitumor efficacy of anti-GD2 CAR T cells in 
H3-K27M+ diffuse midline gliomas. Nat Med. 2018;24(5):572-9. 
https://doi.org/10.1038/s41591-018-0006-x.

263. Bryushkova EA, Mushenkova NV, Turchaninova MA, Lukyanov 
DK, Chudakov DM, Serebrovskaya EO. B cell clonality in cancer. 
Semin Immunol. 2024;72:101874. https://doi.org/10.1016/
j.smim.2024.101874.

264. Tellier J, Nutt SL. B cell trajectories influence cancer outcomes. 
Science. 2024;384(6695):510-1. https://doi.org/10.1126/science.
adp1865.

265. Biermann J, Melms JC, Amin AD, Wang Y, Caprio LA, Karz A, et al. 
Dissecting the treatment-naive ecosystem of human melanoma 
brain metastasis. Cell. 2022;185(14):2591-608.e30. https://doi.
org/10.1016/j.cell.2022.06.007.

266. Hou D, Wan H, Katz JL, Wang S, Castro BA, Vazquez-Cervantes GI, 
et al. Antigen-presenting B cells promote TCF-1+ PD1– stem-
like CD8+ T-cell proliferation in glioblastoma. Front Immunol. 
2024;14:1295218. https://doi.org/10.3389/fimmu.2023.1295218.

267. Mace EM. Human natural killer cells: form, function, and 
development. J Allergy Clin Immunol. 2023;151(2):371-85. https://
doi.org/10.1016/j.jaci.2022.09.022.

268. Ishikawa E, Tsuboi K, Saijo K, Harada H, Takano S, Nose T, et al. 
Autologous natural killer cell therapy for human recurrent 
malignant glioma. Anticancer Res. 2004;24(3b):1861-71. https://
ar.iiarjournals.org/content/anticanres/24/3B/1861.full.pdf

269. Fares J, Davis ZB, Rechberger JS, Toll SA, Schwartz JD, Daniels DJ, 
et al. Advances in NK cell therapy for brain tumors. NPJ Precis 
Oncol. 2023;7(1):17. https://doi.org/10.1038/s41698-023-00356-1.

270. Vivier E, Nunès JA, Vély F. Natural killer cell signaling pathways. 
Science. 2004;306(5701):1517-9. https://doi.org/10.1126/
science.1103478.

271. Morvan MG, Lanier LL. NK cells and cancer: you can teach innate 
cells new tricks. Nat Rev Cancer. 2016;16(1):7-19. https://doi.
org/10.1038/nrc.2015.5.

272. Kmiecik J, Poli A, Brons NHC, Waha A, Eide GE, Enger P, et al. 
Elevated CD3+ and CD8+ tumor-infiltrating immune cells 
correlate with prolonged survival in glioblastoma patients 
despite integrated immunosuppressive mechanisms in 
the tumor microenvironment and at the systemic level. J 
Neuroimmunol. 2013;264(1-2):71-83. https://doi.org/10.1016/
j.jneuroim.2013.08.013.

273. Du Y, Pollok KE, Shen J. Unlocking glioblastoma secrets: 
natural killer cell therapy against cancer stem cells. Cancers. 
2023;15(24):5836. https://doi.org/10.3390/cancers15245836.

274. Fife C, Williams J, James F, Gregory S, Andreou T, Sunderland A, 
et al. Natural killer cells are required for the recruitment of CD8+ 
T cells and the efficacy of immune checkpoint blockade in 
melanoma brain metastases. J Immunother Cancer. 2024;12(11). 
https://doi.org/10.1136/jitc-2024-009522.

275. Kohanbash G, Frederico SC, Raphael I. NK cells link immune-
checkpoint blockade immunotherapy and response in melanoma 
brain metastases. J Immunother Cancer. 2025;13(3):e011581. 
https://doi.org/10.1136/jitc-2025-011581.

276. Nakazawa T, Morimoto T, Maeoka R, Yamada K, Matsuda R, 

Nakamura M, et al. Characterization of HIF-1α knockout primary 
human natural killer cells including populations in allogeneic 
glioblastoma. Int J Mol Sci. 2024;25(11). https://doi.org/10.3390/
ijms25115896.

277. Nakazawa T, Morimoto T, Maeoka R, Matsuda R, Nakamura M, 
Nishimura F, et al. CIS deletion by CRISPR/Cas9 enhances 
human primary natural killer cell functions against allogeneic 
glioblastoma. J Exp Clin Cancer Res. 2023;42(1):205. https://doi.
org/10.1186/s13046-023-02770-6.

278. Morimoto T, Nakazawa T, Matsuda R, Nishimura F, Nakamura M, 
Yamada S, et al. CRISPR-Cas9-mediated TIM3 knockout in 
human natural killer cells enhances growth inhibitory effects on 
human glioma cells. Int J Mol Sci. 2021;22(7):3489. https://doi.
org/10.3390/ijms22073489.

279. Ndhlovu LC, Lopez-Vergès S, Barbour JD, Jones RB, Jha AR, Long 
BR, et al. Tim-3 marks human natural killer cell maturation and 
suppresses cell-mediated cytotoxicity. Blood. 2012;119(16):3734-
43. https://doi.org/10.1182/blood-2011-11-392951.

280. Shaim H, Shanley M, Basar R, Daher M, Gumin J, Zamler DB, et al. 
Targeting the αv integrin/TGF-β axis improves natural killer cell 
function against glioblastoma stem cells. J Clin Invest. 2021; 
131(14):e142116. https://doi.org/10.1172/JCI142116.

281. Eisele G, Wischhusen J, Mittelbronn M, Meyermann R, Waldhauer I, 
Steinle A, et al. TGF-β and metalloproteinases differentially 
suppress NKG2D ligand surface expression on malignant glioma 
cells. Brain. 2006;129(Pt 9):2416-25. https://doi.org/10.1093/
brain/awl205.

282. Zhang X, Rao A, Sette P, Deibert C, Pomerantz A, Kim WJ, et al. IDH 
mutant gliomas escape natural killer cell immune surveillance 
by downregulation of NKG2D ligand expression. Neuro Oncol. 
2016;18(10):1402-12. https://doi.org/10.1093/neuonc/now061.

283. Zhong J, Yang X, Chen J, He K, Gao X, Wu X, et al. Circular EZH2-
encoded EZH2-92aa mediates immune evasion in glioblastoma 
via inhibition of surface NKG2D ligands. Nat Commun. 2022;13(1): 
4795. https://doi.org/10.1038/s41467-022-32311-2.

284. Jhunjhunwala S, Hammer C, Delamarre L. Antigen presentation 
in cancer: insights into tumour immunogenicity and immune 
evasion. Nat Rev Cancer. 2021;21(5):298-312. https://doi.
org/10.1038/s41568-021-00339-z.

285. Meehan B, Adnani L, Zhu X, Tawil N, Garnier D, Nakano I, et al. 
Curative timed NK cell-based immunochemotherapy aborts 
brain tumour recurrence driven by mesenchymal glioma stem 
cells. Acta Neuropathol Commun. 2025;13(1):64. https://doi.
org/10.1186/s40478-025-01984-3.

286. Shida Y, Nakazawa T, Matsuda R, Morimoto T, Nishimura F, 
Nakamura M, et al. Ex vivo expanded and activated natural killer 
cells prolong the overall survival of mice with glioblastoma-like 
cell-derived tumors. Int J Mol Sci. 2021;22(18):9975. https://doi.
org/10.3390/ijms22189975.

287. Kong D, Kwon D, Moon B, Kim DH, Kim MJ, Choi J, et al. CD19 
CAT-expressing iPSC-derived NK cells effectively enhance 
migration and cytotoxicity into glioblastoma by targeting to the 
pericytes in tumor microenvironment. Biomed Pharmacother. 
2024;174:116436. https://doi.org/10.1016/j.biopha.2024.116436.

288. Burger MC, Forster MT, Romanski A, Strassheimer F, Macas J, 
Zeiner PS, et al. Intracranial injection of natural killer cells 
engineered with a HER2-targeted chimeric antigen receptor 
in patients with recurrent gl ioblastoma. Neuro Oncol. 
2023;25(11):2058-71. https://doi.org/10.1093/neuonc/noad087.

289. Zuo P, Li Y, He C, Wang T, Zheng X, Liu H, et al. Anti-tumor efficacy 



72

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

of anti-GD2 CAR NK-92 cells in diffuse intrinsic pontine gliomas. 
Front Immunol. 2023;14:1145706. https://doi.org/10.3389/
fimmu.2023.1145706.

290. Rao ZY, Kuang J, Pan T, Qin YT, Huang QX, Sun YL, et al. Cationic 
magnetic nanoparticles activate natural killer cells for the 
treatment of glioblastoma. ACS Nano. 2025;19(1):649-61. https://
doi.org/10.1021/acsnano.4c11250.

291. Murad S, Michen S, Becker A, Fussel M, Schackert G, Tonn T, et al. 
NKG2C+ NK cells for immunotherapy of glioblastoma multiforme. 
Int J Mol Sci. 2022;23(10). https://doi.org/10.3390/ijms23105857.

292. Mathewson ND, Ashenberg O, Tirosh I, Gritsch S, Perez EM, Marx S, 
et al. Inhibitory CD161 receptor identified in glioma-infiltrating T 
cells by single-cell analysis. Cell. 2021;184(5):1281-98.e26. https://
doi.org/10.1016/j.cell.2021.01.022.

293. Huntington ND. When playing the NK cell therapy card in 
glioblastoma, you can’t beat interleukin-21. Cancer Cell. 2024; 
42(8):1333-5. https://doi.org/10.1016/j.ccell.2024.07.003.

294. Shanley M, Daher M, Dou J,  Li  S,  Basar R, Rafei H, et al . 
Interleukin-21 engineering enhances NK cell activity against 
glioblastoma via cebpd. Cancer Cell. 2024;42(8):1450-66.e11. 
https://doi.org/10.1016/j.ccell.2024.07.007.

295. Chen HC, Lin HY, Chiang YH, Yang WB, Wang CH, Yang PY, et al. 
Progesterone boosts abiraterone-driven target and NK cell 
therapies against glioblastoma. J Exp Clin Cancer Res. 2024;43(1): 
218. https://doi.org/10.1186/s13046-024-03144-2.

296. Nguyen TTT, Gao Q, Mun JY, Zhu Z, Shu C, Naim A, et al . 
Suppressing PD-L1 expression via AURKA kinase inhibition 
enhances natural killer cell-mediated cytotoxicity against 
glioblastoma. Cells. 2024;13(13). https://doi.org/10.3390/
cells13131155.

297. de Dios O, Ramírez-González MA, Gómez-Soria I, Segura-Collar B, 
Manosalva J, Megias D, et al. NKG2C/KLRC2 tumor cell expression 
enhances immunotherapeutic efficacy against glioblastoma. 
J  Immunother Cancer.  2024;12(8):e009210. https://doi.
org/10.1136/jitc-2024-009210.

298. Pan C, Zhai Y, Wang C, Liao Z, Wang D, Yu M, et al. Poliovirus 
receptor-based chimeric antigen receptor T cells combined with 
NK-92 cells exert potent activity against glioblastoma. J Natl 
Cancer Inst. 2024;116(3):389-400. https://doi.org/10.1093/jnci/
djad226.

299. Lad M, Beniwal AS, Jain S, Shukla P, Kalistratova V, Jung J, et al. 
Glioblastoma induces the recruitment and differentiation of 
dendritic-like “hybrid” neutrophils from skull bone marrow. 
Cancer Cell. 2024;42(9):1549-69.e16. https://doi.org/10.1016/
j.ccell.2024.08.008.

300. Hua Y, Vella G, Rambow F, Allen E, Antoranz Martinez A, Duhamel M, 
et al. Cancer immunotherapies transition endothelial cells into 
HEVs that generate TCF1+ T lymphocyte niches through a feed-
forward loop. Cancer Cell. 2022;40(12):1600-18.e10. https://doi.
org/10.1016/j.ccell.2022.11.002.

301. Lee JW, Park BC, Jang NY, Lee S, Cho YK, Sharma P, et al. Inducing 
ectopic T cell clusters using stromal vascular fraction spheroid-
based immunotherapy to enhance anti-tumor immunity. Adv 
Sci (Weinh). 2022;9(28):e2203842. https://doi.org/10.1002/
advs.202203842.

302. Chen Z, Wang X, Jin Z, Li B, Jiang D, Wang Y, et al. Deep learning 
on tertiary lymphoid structures in hematoxylin-eosin predicts 
cancer prognosis and immunotherapy response. NPJ Precis Oncol. 
2024;8(1):73. https://doi.org/10.1038/s41698-024-00579-w.

303. Cakmak P, Lun JH, Singh A, Macas J, Schupp J, Schuck J, 

et al. Spatial immune profiling defines a subset of human 
gl iomas with func tional  ter t iar y  lymphoid struc tures. 
Immunity. 2025;58(11):2847-63.e8. https://doi.org/10.1016/
j.immuni.2025.09.018.

304. Shen S, Cui Y, Li M, Yu K, Zhu Q, Zhang X, et al. Toll-like receptor 
agonists promote the formation of tertiary lymphoid structure 
and improve anti-glioma immunity. Neuro Oncol. 2025;27(1):140-
54. https://doi.org/10.1093/neuonc/noae167.

305. Ramachandran M, Vaccaro A, van de Walle T, Georganaki M, 
Lugano R, Vemuri K, et al. Tailoring vascular phenotype through 
AAV therapy promotes anti-tumor immunity in glioma. 
Cancer Cell. 2023;41(6):1134-51.e10. https://doi.org/10.1016/
j.ccell.2023.04.010.

306. Li M, Lu L, Bao Q, Zhou M, Nie B, Liu Y, et al. Radiotherapy-
derived engineered stem cell exosomes improve anti-glioma 
immunotherapy by promoting the formation of tertiary 
lymphoid structure and improve the release of type I interferon. 
J Nanobiotechnology. 2025;23(1):239. https://doi.org/10.1186/
s12951-025-03301-5.

307. Mughal SS, Reiss Y, Felsberg J, Meyer L, Macas J, Schlue S, et al. 
Identification and characterization of tertiary lymphoid structures 
in brain metastases. Acta Neuropathol Commun. 2025;13(1):91. 
https://doi.org/10.1186/s40478-025-02007-x.

308. Zhao YY, Fan Z, Tao BR, Du ZG, Shi ZF. Density of tertiary lymphoid 
structures predicts clinical outcome in breast cancer brain 
metastasis. J Immunother Cancer. 2024;12(7):e009232. https://
doi.org/10.1136/jitc-2024-009232.

309. Nohira S, Kuramitsu S, Ohno M, Fujita M, Yamashita K, Nagasaka T, 
et al. Tertiary lymphoid structures in brain metastases of lung 
cancer: prognostic significance and correlation with clinical 
outcomes. Anticancer Res. 2024;44(8):3615-21. https://doi.
org/10.21873/anticanres.17184.

310. Lee M, Heo SH, Song IH, Rajayi H, Park HS, Park IA, et al. Presence 
of tertiary lymphoid structures determines the level of tumor-
infiltrating lymphocytes in primary breast cancer and metastasis. 
Mod Pathol. 2019;32(1):70-80. https://doi.org/10.1038/s41379-
018-0113-8.

311. Yang X, Jiang S, Liu F, Li Z, Liu W, Zhang X, et al. HCMV IE1/IE1mut 
therapeutic vaccine induces tumor regression via intratumoral 
tertiary lymphoid structure formation and peripheral immunity 
activation in glioblastoma multiforme. Mol Neurobiol. 2024;61(8): 
5935-49. https://doi.org/10.1007/s12035-024-03937-8

312. van Hooren L, Vaccaro A, Ramachandran M, Vazaios K, Libard S, 
van de Walle T, et al. Agonistic CD40 therapy induces tertiary 
lymphoid structures but impairs responses to checkpoint 
blockade in glioma. Nat Commun. 2021;12(1):4127. https://doi.
org/10.1038/s41467-021-24347-7.

313. Ahmed A, Springfeld C, Halama N. De novo induction of 
tertiary lymphoid structures: an immunotherapeutic strategy in 
pancreatic cancer. Signal Transduct Target Ther. 2025;10(1):173. 
https://doi.org/10.1038/s41392-025-02260-5.

314. Wang J, Liang Y, Xue A, Xiao J, Zhao X, Cao S, et al. Intratumoral 
CXCL13+CD160+CD8+ T cells promote the formation of tertiary 
lymphoid structures to enhance the efficacy of immunotherapy 
in advanced gastric cancer. J Immunother Cancer. 2024;12(9): 
e009603. https://doi.org/10.1136/jitc-2024-009603.

315. Meylan M, Petitprez F, Becht E, Bougoüin A, Pupier G, Calvez A, 
et al. Tertiary lymphoid structures generate and propagate anti-
tumor antibody-producing plasma cells in renal cell cancer. 
Immunity. 2022;55(3):527-41.e5. https://doi.org/10.1016/



73

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

j.immuni.2022.02.001.
316. Jiao M, Guo Y, Zhang H, Wen H, Chen P, Wang Z, et al. ACAT1 

regulates tertiary lymphoid structures and correlates with 
immunotherapy response in non-small cell lung cancer. J Clin 
Invest. 2025;135(7):e181517. https://doi.org/10.1172/jci181517.

317. Wang M, Xia D, Xu D, Yin Y, Xu F, Zhang B, et al. Neovascularization 
directed by CAVIN1/CCBE1/VEGFC confers TMZ-resistance 
in glioblastoma. Cancer Lett. 2024;582:216593. https://doi.
org/10.1016/j.canlet.2023.216593.

318. Kim AE, Lou KW, Giobbie-Hurder A, Chang K, Gidwani M, Hoebel K, 
et al. Abnormal vascular structure and function within brain 
metastases is linked to pembrolizumab resistance. Neuro Oncol. 
2024;26(5):965-74. https://doi.org/10.1093/neuonc/noad236.

319. Liu Y, Xu X, Zhang Y, Mo Y, Sun X, Shu L, et al. Paradoxical role 
of β8 integrin on angiogenesis and vasculogenic mimicry 
in glioblastoma. Cell Death Dis. 2022;13(6):536. https://doi.
org/10.1038/s41419-022-04959-7.

320. Schaffenrath J, Wyss T, He L, Rushing EJ, Delorenzi M, Vasella F, 
et al. Blood-brain barrier alterations in human brain tumors 
revealed by genome-wide transcriptomic profiling. Neuro Oncol. 
2021;23(12):2095-106. https://doi.org/10.1093/neuonc/noab022.

321. Wei HJ, Upadhyayula PS, Pouliopoulos AN, Englander ZK, Zhang X, 
Jan CI, et al. Focused ultrasound-mediated blood-brain barrier 
opening increases delivery and efficacy of etoposide for 
glioblastoma treatment. Int J Radiat Oncol Biol Phys. 2021;110(2): 
539-50. https://doi.org/10.1016/j.ijrobp.2020.12.019.

322. Fu Y, Wang D, Wang H, Cai M, Li C, Zhang X, et al. Tspo deficiency 
induces mitochondrial dysfunction, leading to hypoxia, 
angiogenesis, and a growth-promoting metabolic shift toward 
glycolysis in glioblastoma. Neuro Oncol. 2020;22(2):240-52. 
https://doi.org/10.1093/neuonc/noz183.

323. Wang W, Li T, Cheng Y, Li F, Qi S, Mao M, et al. Identification of 
hypoxic macrophages in glioblastoma with therapeutic potential 
for vasculature normalization. Cancer Cell. 2024;42(5):815-32.e12. 
https://doi.org/10.1016/j.ccell.2024.03.013.

324. Yang F, Akhtar MN, Zhang D, El-Mayta R, Shin J, Dorsey JF, et al. 
An immunosuppressive vascular niche drives macrophage 
polarization and immunotherapy resistance in glioblastoma. Sci 
Adv. 2024;10(9):eadj4678. https://doi.org/10.1126/sciadv.adj4678.

325. Roesler J, Spitzer D, Jia X, Aasen SN, Sommer K, Roller B, et al. 
Disturbance in cerebral blood microcirculation and hypoxic-
ischemic microenvironment are associated with the development 
of brain metastasis. Neuro Oncol. 2024;26(11):2084-99. https://
doi.org/10.1093/neuonc/noae094.

326. Messmer JM, Thommek C, Piechutta M, Venkataramani V, 
Wehner R, Westphal D, et al. T lymphocyte recruitment to 
melanoma brain tumors depends on distinct venous vessels. 
Immunity. 2024;57(11):2688-703.e11. https://doi.org/10.1016/
j.immuni.2024.09.003.

327. Huang H, Georganaki M, Conze LL, Lavina B, van Hooren L, 
Vemuri K, et al. ELTD1 deletion reduces vascular abnormality and 
improves T-cell recruitment after PD-1 blockade in glioma. Neuro 
Oncol. 2022;24(3):398-411. https://doi.org/10.1093/neuonc/
noab181.

328. Ngo MT, Sarkaria JN, Harley BAC. Perivascular stromal cells 
instruct glioblastoma invasion, proliferation, and therapeutic 
response within an engineered brain perivascular niche model. 
Adv Sci (Weinh). 2022;9(31):e2201888. https://doi.org/10.1002/
advs.202201888.

329. Ferreira C, Sarmento B, Martins C. In vitro models of the interplay 

between glioblastoma and blood-brain barrier for stratifying 
drug efficacy. Adv Drug Deliv Rev. 2025;227:115702. https://doi.
org/10.1016/j.addr.2025.115702.

330. Sikpa D, Whittingstall L, Fouquet JP, Radulska A, Tremblay L, Lebel R, 
et al. Cerebrovascular inflammation promotes the formation of 
brain metastases. Int J Cancer. 2020;147(1):244-55. https://doi.
org/10.1002/ijc.32902.

331. Xiong Z, Xu X, Zhang Y, Ma C, Hou C, You Z, et al. IFTM3 promotes 
glioblastoma stem cell-mediated angiogenesis via regulating 
JAK/STAT3/bFGF signaling pathway. Cell Death Dis. 2024;15(1):45. 
https://doi.org/10.1038/s41419-023-06416-5.

332. Pang L, Dunterman M, Xuan W, Gonzalez A, Lin Y, Hsu WH, et al. 
Circadian regulator CLOCK promotes tumor angiogenesis 
in glioblastoma. Cell Rep. 2023;42(2):112127. https://doi.
org/10.1016/j.celrep.2023.112127.

333. Kälin RE, Cai L, Li Y, Zhao D, Zhang H, Cheng J, et al. TAMEP 
are brain tumor parenchymal cells controlling neoplastic 
angiogenesis and progression. Cell Syst. 2021;12(3):248-62.e7. 
https://doi.org/10.1016/j.cels.2021.01.002.

334. Chen J, Liu G, Wang X, Hong H, Li T, Li L, et al. Glioblastoma stem 
cell-specific histamine secretion drives pro-angiogenic tumor 
microenvironment remodeling. Cell Stem Cell. 2022;29(11):1531-
46.e7. https://doi.org/10.1016/j.stem.2022.09.009.

335. Maleszewska M, Wojnicki K, Mieczkowski J, Krol SK, Jacek K, 
S m i e c h  M ,  e t  a l .  D M R TA 2  s u p p o r t s  g l i o m a  s t e m - c e l l 
mediated neovascularization in glioblastoma. Cell Death Dis. 
2024;15(3):228. https://doi.org/10.1038/s41419-024-06603-y.

336. Song E, Mao T, Dong H, Boisserand LSB, Antila S, Bosenberg M, 
et al. VEGF-C-driven lymphatic drainage enables immuno-
surveillance of brain tumours. Nature. 2020;577(7792):689-94. 
https://doi.org/10.1038/s41586-019-1912-x.

337. Dai Y, Yu X, Zhao Y, Wei J, Lin D, Wang J, et al. Targeted modulation 
of the meningeal lymphatic reverse pathway for immunotherapy 
of breast cancer brain metastases. ACS Nano. 2025;19(4):4830-44. 
https://doi.org/10.1021/acsnano.4c15860.

338. Digiovanni S, Lorenzati M, Bianciotto OT, Godel M, Fontana S, 
Akman M, et al. Blood-brain barrier permeability increases with 
the differentiation of glioblastoma cells in vitro. Fluids Barriers 
CNS. 2024;21(1):89. https://doi.org/10.1186/s12987-024-00590-0.

339. Benmimoun B, Spéder P. Breaking down barriers: Tumors make a 
leaky brain. Dev Cell. 2021;56(19):2683-5. https://doi.org/10.1016/
j.devcel.2021.09.018.

340. Kim J, Chuang HC, Wolf NK, Nicolai CJ, Raulet DH, Saijo K, et al. 
Tumor-induced disruption of the blood-brain barrier promotes 
host death. Dev Cell. 2021;56(19):2712-21.e4. https://doi.
org/10.1016/j.devcel.2021.08.010.

341. Busatto S, Song TH, Kim HJ, Hallinan C, Lombardo MN, Stemmer-
Rachamimov AO, et al. Breast cancer-derived extracellular 
vesicles modulate the cytoplasmic and cytoskeletal dynamics 
of blood-brain barrier endothelial cells. J Extracell Vesicles. 
2025;14(1):e70038. https://doi.org/10.1002/jev2.70038.

342. Godinho-Pereira J, Garcia AR, Figueira I, Malho R, Brito MA. 
Behind brain metastases formation: cellular and molecular 
alterations and blood-brain barrier disruption. Int J Mol Sci. 2021; 
22(13):7057. https://doi.org/10.3390/ijms22137057.

343. Santos L, Tomatis F, Ferreira HRS, Almeida SFF, Ciputra E, Sereno J, 
et al. ENPP1 induces blood-brain barrier dysfunction and 
promotes brain metastasis formation in human epidermal 
growth factor receptor 2-positive breast cancer. Neuro Oncol. 
2025;27(1):167-83. https://doi.org/10.1093/neuonc/noae169.



74

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

344. Hamester F, Stürken C, Saygi C, Qi M, Legler K, Gorzelanny C, 
et al. Insights into the steps of breast cancer-brain metastases 
development: tumor cell interactions with the blood-brain 
barrier. Int J Mol Sci. 2022;23(3):1900. https://doi.org/10.3390/
ijms23031900.

345. Provance OK, Oria VO, Tran TT, Caulfield JI, Zito CR, Aguirre-
Ducler A, et al. Vascular mimicry as a facilitator of melanoma 
brain metastasis. Cell Mol Life Sci. 2024;81(1):188. https://doi.
org/10.1007/s00018-024-05217-z.

346. Xie J, Tang JX, Li Y, Kong X, Wang W, Wu H. ATM activation is key 
in vasculogenic mimicry formation by glioma stem-like cells. 
Biomed Environ Sci. 2024;37(8):834-49. https://doi.org/10.3967/
bes2024.127.

347. Wang H, Shi Y, Zhou X, Zhang L, Yang A, Zhou D, et al. HNRNPA2B1 
stabilizes NFATC3 levels to potentiate its combined actions with 
FOSL1 to mediate vasculogenic mimicry in GBM cells. Cell Biol 
Toxicol. 2024;40(1):44. https://doi.org/10.1007/s10565-024-
09890-5.

348. Cao S, Wang D, Wang P, Liu Y, Dong W, Ruan X, et al. SUMOylation 
of RALY promotes vasculogenic mimicry in glioma cells via the 
FOXD1/DKK1 pathway. Cell Biol Toxicol. 2023;39(6):3323-40. 
https://doi.org/10.1007/s10565-023-09836-3.

349. Angara K, Borin TF, Rashid MH, Lebedyeva I, Ara R, Lin PC, et al. 
CXCR2-expressing tumor cells drive vascular mimicry in 
antiangiogenic therapy-resistant glioblastoma. Neoplasia. 
2018;20(10):1070-82. https://doi.org/10.1016/j.neo.2018.08.011.

350. Luo C, Chen G, Li R, Peng S, Zhang P, Wang F, et al. Juglone 
suppresses vasculogenic mimicry in glioma through inhibition 
of HuR-mediated VEGF-A expression. Biochem Pharmacol. 
2024;227:116458. https://doi.org/10.1016/j.bcp.2024.116458.

351. Camerino I, Franco P, Bajetto A, Thellung S, Florio T, Stoppelli 
MP, et al. Ruta graveolens, but not rutin, inhibits survival, 
migration, invasion, and vasculogenic mimicry of glioblastoma 
cells. Int J Mol Sci. 2024;25(21):11789. https://doi.org/10.3390/
ijms252111789.

352. Cheng J, Li M, Motta E, Barci D, Song W, Zhou D, et al. Myeloid 
cells coordinately induce glioma cell-intrinsic and cell-extrinsic 
pathways for chemoresistance via GP130 signaling. Cell Rep Med. 
2024;5(8):101658. https://doi.org/10.1016/j.xcrm.2024.101658.

353. Qin Z, Huang Y, Li Z, Pan G, Zheng L, Xiao X, et al. Glioblastoma 
vascular plasticity limits effector T-cell infiltration and is blocked 
by CAMP activation. Cancer Immunol Res. 2023;11(10):1351-66. 
https://doi.org/10.1158/2326-6066.CIR-22-0872.

354. Jimenez-Macias JL, Vaughn-Beaucaire P, Bharati A, Xu Z, Forrest M, 
Hong J, et al. Modulation of blood-tumor barrier transcriptional 
programs improves intratumoral drug delivery and potentiates 
chemotherapy in GBM. Sci Adv. 2025;11(9):eadr1481. https://doi.
org/10.1126/sciadv.adr1481.

355. Potez M, Rome C, Lemasson B, Heemeryck P, Laissue JA, Stupar V, 
et al. Microbeam radiation therapy opens a several days’ vessel 
permeability window for small molecules in brain tumor vessels. 
Int J Radiat Oncol Biol Phys. 2024;119(5):1506-16. https://doi.
org/10.1016/j.ijrobp.2024.02.007.

356. Winkler J, Abisoye-Ogunniyan A, Metcalf KJ, Werb Z. Concepts 
of extracellular matrix remodelling in tumour progression 
and metastasis. Nat Commun. 2020;11(1):5120. https://doi.
org/10.1038/s41467-020-18794-x.

357. Sleeboom JJF, van Tienderen GS, Schenke-Layland K, van der 
Laan LJW, Khalil AA, Verstegen MMA. The extracellular matrix 
as hallmark of cancer and metastasis: From biomechanics to 

therapeutic targets. Sci Transl Med. 2024;16(728):eadg3840. 
https://doi.org/10.1126/scitranslmed.adg3840.

358. Jiang Y, Zhang H, Wang J, Liu Y, Luo T, Hua H. Targeting 
extracellular matrix stiffness and mechanotransducers to improve 
cancer therapy. J Hematol Oncol. 2022;15(1):34. https://doi.
org/10.1186/s13045-022-01252-0.

359. Kiyokawa J, Kawamura Y, Ghouse SM, Acar S, Barcin E, Martinez-
Quintanilla J, et al. Modification of extracellular matrix enhances 
oncolytic adenovirus immunotherapy in glioblastoma. Clin 
Cancer Res. 2021;27(3):889-902. https://doi.org/10.1158/1078-
0432.CCR-20-2400.

360. Uroz M, Stoddard AE, Sutherland BP, Courbot O, Oria R, Li L, et al. 
Differential stiffness between brain vasculature and parenchyma 
promotes metastatic infiltration through vessel co-option. Nat 
Cell Biol. 2024;26(12):2144-53. https://doi.org/10.1038/s41556-
024-01532-6.

361. Streitberger KJ, Lilaj L, Schrank F, Braun J, Hoffmann KT, Reiss-
Zimmermann M, et al. How tissue fluidity influences brain tumor 
progression. Proc Natl Acad Sci U S A. 2020;117(1):128-34. https://
doi.org/10.1073/pnas.1913511116.

362. Kim OH, Tulip IJ, Kang H, Chang ES, Lee HJ. Compression 
force promotes gl ioblastoma progression through the 
Piezo1-GDF15-CTLA4 axis. Oncol Rep. 2025;53(1):2. https://doi.
org/10.3892/or.2024.8835.

363. Chen X, Momin A, Wanggou S, Wang X, Min HK, Dou W, et al. 
Mechanosensitive brain tumor cells construct blood-tumor 
barrier to mask chemosensitivity. Neuron. 2023;111(1):30-48.e14. 
https://doi.org/10.1016/j.neuron.2022.10.007.

364. Cieśluk M, Piktel E, Wnorowska U, Sklodowski K, Kochanowicz J, 
Kulakowska A, et al. Substrate viscosity impairs temozolomide-
mediated inhibition of glioblastoma cells' growth. Biochim 
Biophys Acta Mol Basis Dis. 2022;1868(11):166513. https://doi.
org/10.1016/j.bbadis.2022.166513.

365. Goyette MA, Stevens LE, DePinho CR, Seehawer M, Nishida J, 
Li Z, et al. Cancer-stromal cell interactions in breast cancer brain 
metastases induce glycocalyx-mediated resistance to HER2-
targeting therapies. Proc Natl Acad Sci U S A. 2024;121(20): 
e2322688121. https://doi.org/10.1073/pnas.2322688121.

366. Hebert JD, Myers SA, Naba A, Abbruzzese G, Lamar JM, Carr SA, 
et al. Proteomic profiling of the ECM of xenograft breast cancer 
metastases in different organs reveals distinct metastatic niches. 
Cancer Res. 2020;80(7):1475-85. https://doi.org/10.1158/0008-
5472.CAN-19-2961.

367. Wei Y, Chen D, Zhang Q, You F, Fu Y, Zheng L, et al. ECM-
based molecular subtypes define prognostic, EMT status, and 
therapeutic diversity in IDH-mutant gliomas. NPJ Precis Oncol. 
2025;9(1):301. https://doi.org/10.1038/s41698-025-01100-7.

368. Vymola P, Garcia-Borja E, Cervenka J, Balaziova E, Vymolova 
B, Veprkova J, et al. Fibrillar extracellular matrix produced by 
pericyte-like cells facilitates glioma cell dissemination. Brain 
Pathol. 2024;34(6):e13265. https://doi.org/10.1111/bpa.13265.

369. Crestani M, Gerber I, Mieville A, Frauenknecht K, Maragkou T, 
Hortobagyi T,  et al .  Loss of f ibronectin fiber tension in 
glioblastoma is associated with microvascular proliferations and 
immune cell infiltration. Adv Sci (Weinh). 2025;12(45):e16526. 
https://doi.org/10.1002/advs.202416526.

370. Umlauf BJ, Clark PA, Lajoie JM, Georgieva JV, Bremner S, Herrin 
BR, et al. Identification of variable lymphocyte receptors that can 
target therapeutics to pathologically exposed brain extracellular 
matrix. Sci Adv. 2019;5(5):eaau4245. https://doi.org/10.1126/



75

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

sciadv.aau4245.
371. You M, Fu M, Shen Z, Feng Y, Zhang L, Zhu X, et al. HIF2A mediates 

lineage transition to aggressive phenotype of cancer-associated 
fibroblasts in lung cancer brain metastasis. OncoImmunology. 
2 0 2 4 ; 1 3 ( 1 ) : 2 3 5 6 9 4 2 .  ht t p s : / / d o i . o rg / 1 0 . 1 0 8 0 / 2 1 6 2 4 0
2X.2024.2356942.

372. Zubaľ M, Výmolová B, Matrasová I, Výmola P, Vepřková J, Syrůček M, 
et al. Fibroblast activation protein as a potential theranostic 
target in brain metastases of diverse solid tumours. Pathology. 
2023;55(6):806-17. https://doi.org/10.1016/j.pathol.2023.05.003.

373. Mao X, Xu J, Wang W, Liang C, Hua J, Liu J, et al. Crosstalk between 
cancer-associated fibroblasts and immune cells in the tumor 
microenvironment: new findings and future perspectives. Mol 
Cancer. 2021;20(1):131. https://doi.org/10.1186/s12943-021-
01428-1.

374. Xu K, Wang H, Zou YX, Zhang HH, Wang YN, Ren XR, et al. 
Distinct fibroblast subpopulations associated with bone, 
brain or intrapulmonary metastasis in advanced non-small-
cell lung cancer. Clin Transl Med. 2024;14(3):e1605. https://doi.
org/10.1002/ctm2.1605.

375. Zhu L, Liu M, Shang Y, Cheng J, Zhao H, Zhang J, et al. Single-
cell profiling transcriptomic reveals cellular heterogeneity 
and cellular crosstalk in breast cancer lymphatic node, bone, 
and brain metastases. Sci Rep. 2025;15(1):2217. https://doi.
org/10.1038/s41598-025-85531-z.

376. Song Q, Ruiz J, Xing F, Lo HW, Craddock L, Pullikuth AK, et al. 
Single-cell sequencing reveals the landscape of the human brain 
metastatic microenvironment. Commun Biol. 2023;6(1):760. 
https://doi.org/10.1038/s42003-023-05124-2.

377. Akanda MR, Ahn EJ, Kim YJ, Salam SMA, Noh MG, Kim SS, et 
al. Different expression and clinical implications of cancer-
associated fibroblast (CAF) markers in brain metastases. J Cancer. 
2023;14(3):464-79. https://doi.org/10.7150/jca.80115.

378. Akanda MR, Ahn EJ, Kim YJ, Salam SMA, Noh MG, Lee TK, et al. 
Analysis of stromal PDGFR-β and α-SMA expression and their 
clinical relevance in brain metastases of breast cancer patients. 
BMC Cancer. 2023;23(1):468. https://doi.org/10.1186/s12885-023-
10957-5.

379. Jain S, Rick JW, Joshi RS, Beniwal A, Spatz J, Gill S, et al. Single-
cell RNA sequencing and spatial transcriptomics reveal cancer-
associated fibroblasts in glioblastoma with protumoral effects. 
J Clin Invest. 2023;133(5):e147087. https://doi.org/10.1172/
JCI147087.

380. Zhang X, Sun X, Guo C, Li J, Liang G. Cancer-associated fibroblast-
associated gene IGFBP2 promotes glioma progression through 
induction of M2 macrophage polarization. Am J Physiol 
Cell Physiol. 2024;326(1):C252-68. https://doi.org/10.1152/
ajpcell.00234.2023.

381. Adhikari E, Liu Q, Johnson J, Stewart P, Marusyk V, Fang B, 
et al. Brain metastasis-associated fibroblasts secrete fucosylated 
PVR/CD155 that induces breast cancer invasion. Cell Rep. 2023; 
42(12):113463. https://doi.org/10.1016/j.celrep.2023.113463.

382. Zhang Q, Wang J, Zhang J, Wang Y, Wang Y, Liu F. Cancer-
associated fibroblasts-induced remodeling of tumor immune 
microenvironment via Jagged1 in glioma. Cell Signal. 2024;115: 
111016. https://doi.org/10.1016/j.cellsig.2023.111016.

383. Tripathi S, Najem H, Dussold C, Pacheco S, Miska J, McCortney K, 
et al. Cancer-associated fibroblast-secreted collagen is associated 
with immune inhibitor receptor LAIR1 in gliomas. J Clin Invest. 
2024;134(4):e176613. https://doi.org/10.1172/JCI176613.

384. Yi M, Li T, Niu M, Zhang H, Wu Y, Wu K, et al. Targeting cytokine 
and chemokine signaling pathways for cancer therapy. Signal 
Transduct Target Ther. 2024;9(1):176. https://doi.org/10.1038/
s41392-024-01868-3.

385. Propper DJ, Balkwill FR. Harnessing cytokines and chemokines 
for cancer therapy. Nat Rev Clin Oncol. 2022;19(4):237-53. https://
doi.org/10.1038/s41571-021-00588-9.

386. Nixon BG, Gao S, Wang X, Li MO. TGFβ control of immune 
responses in cancer: a holistic immuno-oncology perspective. 
Nat Rev Immunol. 2023;23(6):346-62. https://doi.org/10.1038/
s41577-022-00796-z.

387. Joseph JV, Magaut CR, Storevik S, Geraldo LH, Mathivet T, Latif 
MA, et al. TGF-β promotes microtube formation in glioblastoma 
through thrombospondin 1. Neuro Oncol. 2022;24(4):541-53. 
https://doi.org/10.1093/neuonc/noab212.

388. Hong B, Sahu U, Mullarkey MP, Hong E, Pei G, Yan Y, et al. 
PKR induces TGF-β and limits oncolytic immune therapy. 
J  Immunother Cancer.  2023;11(2):e006164. https://doi.
org/10.1136/jitc-2022-006164.

389. Jeon HM, Shin YJ, Lee J, Chang N, Woo DH, Lee WJ, et al. The 
semaphorin 3A/neuropilin-1 pathway promotes clonogenic 
growth of glioblastoma via activation of TGF-β signaling. 
JCI Insight. 2023;8(21):e167049. https://doi.org/10.1172/jci.
insight.167049.

390. Peng P, Zhu H, Liu D, Chen Z, Zhang X, Guo Z, et al. TGFBI secreted 
by tumor-associated macrophages promotes glioblastoma stem 
cell-driven tumor growth via integrin αvβ5-Src-Stat3 signaling. 
Theranostics. 2022;12(9):4221-36. https://doi.org/10.7150/
thno.69605.

391. Briukhovetska D, Dörr J, Endres S, Libby P, Dinarello CA, Kobold S. 
Interleukins in cancer: from biology to therapy. Nat Rev Cancer. 
2021;21(8):481-99. https://doi.org/10.1038/s41568-021-00363-z.

392. Itakura E, Huang RR, Wen DR, Paul E, Wunsch PH, Cochran 
AJ. IL-10 expression by primary tumor cells correlates with 
melanoma progression from radial to vertical growth phase 
and development of metastatic competence. Mod Pathol. 2011; 
24(6):801-9. https://doi.org/10.1038/modpathol.2011.5.

393. De Boeck A, Ahn BY, D'Mello C, Lun X, Menon SV, Alshehri MM, 
et al. Glioma-derived IL-33 orchestrates an inflammatory brain 
tumor microenvironment that accelerates glioma progression. 
Nat Commun. 2020;11(1):4997. https://doi.org/10.1038/s41467-
020-18569-4.

394. Lee GA, Hsu JB, Chang YW, Hsieh LC, Li YT, Wu YC, et al. IL-19 as 
a promising theranostic target to reprogram the glioblastoma 
immunosuppressive microenvironment. J Biomed Sci. 2025;32(1): 
34. https://doi.org/10.1186/s12929-025-01126-w.

395. Ravi VM, Neidert N, Will P, Joseph K, Maier JP, Kuckelhaus J, et al. 
T-cell dysfunction in the glioblastoma microenvironment is 
mediated by myeloid cells releasing interleukin-10. Nat Commun. 
2022;13(1):925. https://doi.org/10.1038/s41467-022-28523-1.

396. Zannikou M, Duffy JT, Levine RN, Seblani M, Liu Q, Presser A, et al. 
IL15 modification enables CAR T cells to act as a dual targeting 
agent against tumor cells and myeloid-derived suppressor cells 
in GBM. J Immunother Cancer. 2023;11(2):e006239. https://doi.
org/10.1136/jitc-2022-006239.

397. Liu CC, Yang WB, Chien CH, Wu CL, Chuang JY, Chen PY, et al. 
CXCR7 activation evokes the anti-PD-L1 antibody against 
glioblastoma by remodeling CXCL12-mediated immunity. Cell 
Death Dis. 2024;15(6):434. https://doi.org/10.1038/s41419-024-
06784-6.



76

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

398. Li H, Harrison EB, Li H, Hirabayashi K, Chen J, Li QX, et al. Targeting 
brain lesions of non-small cell lung cancer by enhancing CCL2-
mediated CAR-T cell migration. Nat Commun. 2022;13(1):2154. 
https://doi.org/10.1038/s41467-022-29647-0.

399. Pant A, Hwa-Lin Bergsneider B, Srivastava S, Kim T, Jain A, Bom S, 
et al. CCR2 and CCR5 co-inhibition modulates immunosuppressive 
myeloid milieu in glioma and synergizes with anti-PD-1 therapy. 
Oncoimmunology. 2024;13(1):2338965. https://doi.org/10.1080/2
162402X.2024.2338965.

400. Chen J, Gao Y, Zhong J, Wu X, Leng Z, Liu M, et al. Lnc-H19-derived 
protein shapes the immunosuppressive microenvironment of 
glioblastoma. Cell Rep Med. 2024;5(11):101806. https://doi.
org/10.1016/j.xcrm.2024.101806.

401. Hou AJ, Shih RM, Uy BR, Shafer A, Chang ZL, Comin-Anduix B, et al. 
IL-13Rα2/TGF-β bispecific CAR-T cells counter TGF-β-mediated 
immune suppression and potentiate anti-tumor responses in 
glioblastoma. Neuro Oncol. 2024;26(10):1850-66. https://doi.
org/10.1093/neuonc/noae126.

402. Wang G, Zhang Z, Zhong K, Wang Z, Yang N, Tang X, et al. 
CXCL11-armed oncolytic adenoviruses enhance CAR-T cell 
therapeutic efficacy and reprogram tumor microenvironment 
in glioblastoma. Mol Ther. 2023;31(1):134-53. https://doi.
org/10.1016/j.ymthe.2022.08.021.

403. Look T, Sankowski R, Bouzereau M, Fazio S, Sun M, Buck A, et al. 
CAR T cells, CAR NK cells, and CAR macrophages exhibit distinct 
traits in glioma models but are similarly enhanced when 
combined with cytokines. Cell Rep Med. 2025;6(2):101931. 
https://doi.org/10.1016/j.xcrm.2025.101931.

404. Zhu Y, Zhang J, He D, Cai H, He Y, Yuan L, et al. Lipocalin-2 
drives brain metastatic progression through reciprocal tumor-
microenvironment interactions in lung cancer. Signal Transduct 
Target Ther. 2025;10(1):417. https://doi.org/10.1038/s41392-025-
02514-2.

405. Xu S, Wang Q, Ma W. Cytokines and soluble mediators as 
architects of tumor microenvironment reprogramming in cancer 
therapy. Cytokine Growth Factor Rev. 2024;76:12-21. https://doi.
org/10.1016/j.cytogfr.2024.02.003.

406. Ning J, Chen L, Zeng Y, Xiao G, Tian W, Wu Q, et al. The scheme, 
and regulative mechanism of pyroptosis, ferroptosis, and 
necroptosis in radiation injury. Int J Biol Sci. 2024;20(5):1871-83. 
https://doi.org/10.7150/ijbs.91112.

407. Ning J, Chen L, Xiao G, Zeng Y, Shi W, Tanzhu G, et al. The 
protein arginine methyltransferase family (PRMTs) regulates 
metastases in various tumors: from experimental study to clinical 
application. Biomed Pharmacother. 2023;167:115456. https://doi.
org/10.1016/j.biopha.2023.115456.

408. Zhang P, Liang X, Ye B, Wang X, Wang Y, Gong Z, et al. Metabolic 
reprogramming signature predicts immunotherapy efficacy in 
lung adenocarcinoma: targeting SLC25A1 to overcome immune 
resistance. Chin J Cancer Res. 2025;37(6):1000-19. https://doi.
org/10.21147/j.issn.1000-9604.2025.06.11.

409. Deng H, Gao Y, Trappetti V, Hertig D, Karatkevich D, Losmanova T, 
e t  a l .  Ta rg e t i n g  l a c t ate  d e hyd ro g e n a s e  B - d e p e n d e nt 
mitochondrial metabolism affects tumor initiating cells and 
inhibits tumorigenesis of non-small cell lung cancer by inducing 
mtdna damage. Cell Mol Life Sci. 2022;79(8):445. https://doi.
org/10.1007/s00018-022-04453-5.

410. Guyon J, Fernandez-Moncada I, Larrieu CM, Bouchez CL, Pagano 
Zottola AC, Galvis J, et al. Lactate dehydrogenases promote 
glioblastoma growth and invasion via a metabolic symbiosis. 

EMBO Mol Med. 2022;14(12):e15343. https://doi.org/10.15252/
emmm.202115343.

411. Zhang Z, Li X, Yang F, Chen C, Liu P, Ren Y, et al. DHHC9-mediated 
GLUT1 S-palmitoylation promotes glioblastoma glycolysis and 
tumorigenesis. Nat Commun. 2021;12(1):5872. https://doi.
org/10.1038/s41467-021-26180-4.

412. Yang R, Zhang G, Dong Z, Wang S, Li Y, Lian F, et al. Homeobox 
A3 and KDM6A cooperate in transcriptional control of aerobic 
glycolysis and glioblastoma progression. Neuro Oncol. 
2023;25(4):635-47. https://doi.org/10.1093/neuonc/noac231.

413. Scott AJ, Mittal A, Meghdadi B, O'Brien A, Bailleul J, Sravya P, et al. 
Rewiring of cortical glucose metabolism fuels human brain 
cancer growth. Nature. 2025;646(8084):413-22. https://doi.
org/10.1038/s41586-025-09460-7.

414. Bao H, Ren P, Liang X, Lai J, Bai Y, Liu Y, et al. The spatial distribution 
of brain metastasis is determined by the heterogeneity of the 
brain microenvironment. Hum Brain Mapp. 2024;45(18):e70103. 
https://doi.org/10.1002/hbm.70103.

415. Wu L, Wu W, Zhang J, Zhao Z, Li L, Zhu M, et al .  Natural 
c o e v o l u t i o n  o f  t u m o r  a n d  i m m u n o e n v i r o n m e n t  i n 
glioblastoma. Cancer Discov. 2022;12(12):2820-37. https://doi.
org/10.1158/2159-8290.CD-22-0196.

416. Dong M, Zhang X, Peng P, Chen Z, Zhang Y, Wan L, et al . 
Hypoxia-induced TREM1 promotes mesenchymal-like states of 
glioma stem cells via alternatively activating tumor-associated 
macrophages. Cancer Lett. 2024;590:216801. https://doi.
org/10.1016/j.canlet.2024.216801.

417. Feng X, Zhang H, Meng L, Song H, Zhou Q, Qu C, et al. Hypoxia-
induced acetylation of PAK1 enhances autophagy and promotes 
brain tumorigenesis via phosphorylating ATG5. Autophagy. 
2021;17(3):723-42. https://doi.org/10.1080/15548627.2020.17312
66.

418. Yang Y, Chen C, Lyu Y, Gololobova O, Guo X, Huang TY, et al. HIF-1 
promotes murine breast cancer brain metastasis by increasing 
production of integrin β3-containing extracellular vesicles. J Clin 
Invest. 2025;135(14):e190470. https://doi.org/10.1172/jci190470.

419. Li M, Sun P, Tu B, Deng G, Li D, He W. Hypoxia conduces the 
glioma progression by inducing M2 macrophage polarization 
via elevating TNFSF9 level in a histone-lactylation-dependent 
manner. Am J Physiol Cell Physiol. 2024;327(2):C487-504. https://
doi.org/10.1152/ajpcell.00124.2024.

420. Ravi VM, Will P, Kueckelhaus J, Sun N, Joseph K, Salie H, et al. 
Spatially resolved multi-omics deciphers bidirectional tumor-host 
interdependence in glioblastoma. Cancer Cell. 2022;40(6):639-55.
e13. https://doi.org/10.1016/j.ccell.2022.05.009.

421. Park JH, Kim HJ, Kim CW, Kim HC, Jung Y, Lee HS, et al. Tumor 
hypoxia represses γδ T cell-mediated antitumor immunity 
against brain tumors. Nat Immunol. 2021;22(3):336-46. https://
doi.org/10.1038/s41590-020-00860-7.

422. Hatae R, Kyewalabye K, Yamamichi A, Chen T, Phyu S, Chuntova P, 
et al. Enhancing CAR-T cell metabolism to overcome hypoxic 
conditions in the brain tumor microenvironment. JCI Insight. 
2024;9(7):e177141. https://doi.org/10.1172/jci.insight.177141.

423. Sattiraju A, Kang S, Giotti B, Chen Z, Marallano VJ, Brusco C, 
et al. Hypoxic niches attract and sequester tumor-associated 
macrophages and cytotoxic T cells and reprogram them for 
immunosuppression. Immunity. 2023;56(8):1825-43.e6. https://
doi.org/10.1016/j.immuni.2023.06.017.

424. Rashidi A, Billingham LK, Zolp A, Chia TY, Silvers C, Katz JL, et al. 
Myeloid cell-derived creatine in the hypoxic niche promotes 



77

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

glioblastoma growth. Cell Metab. 2024;36(1):62-77.e8. https://doi.
org/10.1016/j.cmet.2023.11.013.

425. Muller Bark J, Karpe AV, Doecke JD, Leo P, Jeffree RL, Chua B, et al. 
A pilot study: metabolic profiling of plasma and saliva samples 
from newly diagnosed glioblastoma patients. Cancer Med. 
2023;12(10):11427-37. https://doi.org/10.1002/cam4.5857.

426. Geng F, Zhong Y, Su H, Lefai E, Magaki S, Cloughesy TF, et al. 
SREBP-1 upregulates lipophagy to maintain cholesterol 
homeostasis in brain tumor cells. Cell Rep. 2023;42(7):112790. 
https://doi.org/10.1016/j.celrep.2023.112790.

427. Wang T, Zhou Y, Fan Y, Duan H, Guo X, Chang J, et al. PERK-
mediated cholesterol excretion from IDH  mutant glioma 
determines anti-tumoral polarization of microglia. Adv Sci 
( Weinh). 2023;10(20):e2205949. https://doi.org/10.1002/
advs.202205949.

428. Randall EC, Lopez BGC, Peng S, Regan MS, Abdelmoula WM, Basu 
SS, et al. Localized metabolomic gradients in patient-derived 
xenograft models of glioblastoma. Cancer Res. 2020;80(6):1258-
67. https://doi.org/10.1158/0008-5472.CAN-19-0638.

429. Tan AW, Weljie AM. Metabolite imaging at the margin: visualizing 
metabolic tumor gradients using mass spectrometry. Cancer Res. 
2020;80(6):1231-3. https://doi.org/10.1158/0008-5472.CAN-20-
0137.

430. Kloosterman DJ, Erbani J, Boon M, Farber M, Handgraaf SM, 
Ando-Kuri M, et al. Macrophage-mediated myelin recycling fuels 
brain cancer malignancy. Cell. 2024;187(19):5336-56.e30. https://
doi.org/10.1016/j.cell.2024.07.030.

431. Chen T, Liu J, Wang C, Wang Z, Zhou J, Lin J, et al. ALOX5 
contributes to glioma progression by promoting 5-hete-mediated 
immunosuppressive M2 polarization and PD-L1 expression of 
glioma-associated microglia/macrophages. J Immunother Cancer. 
2024;12(8):e009492. https://doi.org/10.1136/jitc-2024-009492.

432. Chia TY, Sadagopan NS, Miska J. Lipid peroxidation and immune 
activation: TRAF3’s double-edged strategy against glioblastoma. 
J Clin Invest. 2025;135(7):e190471. https://doi.org/10.1172/
jci190471.

433. Sivanand S, Vander Heiden MG. Emerging roles for branched-
chain  amino ac id  metabol ism in  cancer.  Cancer  Cel l . 
2020;37(2):147-56. https://doi.org/10.1016/j.ccell.2019.12.011.

434. Guo Y, Jiang T, Liang S, Wang A, Li J, Jia Y, et al. Immunostimulatory 
hydrogel with synergistic blockage of glutamine metabolism 
and chemodynamic therapy for postoperative management of 
glioblastoma. Adv Sci (Weinh). 2025;12(15):e2412507. https://doi.
org/10.1002/advs.202412507.

435. Restall IJ, Cseh O, Richards LM, Pugh TJ, Luchman HA, Weiss S. 
Brain tumor stem cell dependence on glutaminase reveals a 
metabolic vulnerability through the amino acid deprivation 
response pathway. Cancer Res. 2020;80(24):5478-90. https://doi.
org/10.1158/0008-5472.Can-19-3923.

436. Zhang B, Peng H, Zhou M, Bao L, Wang C, Cai F, et al. Targeting 
BCAT1 combined with α-ketoglutarate triggers metabolic 
synthetic lethality in glioblastoma. Cancer Res. 2022;82(13):2388-
402. https://doi.org/10.1158/0008-5472.Can-21-3868.

437. Chen H, Zhang X, Wang Z, Luo J, Liu Y, Shao R. Activated 
kynurenine pathway metabolism by YKL-40 establishes an 
inhibitory immune microenvironment and drives glioblastoma 
development. Cell Mol Life Sci. 2024;82(1):11. https://doi.
org/10.1007/s00018-024-05497-5.

438. Mao L, Wang L, Lyu Y, Zhuang Q, Li Z, Zhang J, et al. Branch chain 
amino acid metabolism promotes brain metastasis of NSCLC 

through emt occurrence by regulating ALKBH5 activity. Int J Biol 
Sci. 2024;20(9):3285-301. https://doi.org/10.7150/ijbs.85672.

439. Yang Q, Zhu X, Huang P, Li C, Han L, Han Y, et al .  BCKDK 
modification enhances the anticancer efficacy of CAR-T cells 
by reprogramming branched chain amino acid metabolism. 
Mol Ther.  2024;32(9):3128-44.  https://doi.org/10.1016/
j.ymthe.2024.05.017.

440. Xiao Y, Yu TJ, Xu Y, Ding R, Wang YP, Jiang YZ, et al. Emerging 
therapies in cancer metabolism. Cell Metab. 2023;35(8):1283-303. 
https://doi.org/10.1016/j.cmet.2023.07.006.

441. Pavlova NN, Zhu J, Thompson CB. The hallmarks of cancer 
metabolism: still emerging. Cell Metab. 2022;34(3):355-77. 
https://doi.org/10.1016/j.cmet.2022.01.007.

442. Payen VL, Mina E, Van Hée VF, Porporato PE, Sonveaux P. 
Monocarboxylate transporters in cancer. Mol Metab. 2020;33:48-
66. https://doi.org/10.1016/j.molmet.2019.07.006.

443. De Leo A, Ugolini A, Yu X, Scirocchi F, Scocozza D, Peixoto B, 
et  al .  Glucose -driven histone lactylation promotes the 
immunosuppressive activity of monocyte-derived macrophages 
in glioblastoma. Immunity. 2024;57(5):1105-23.e8. https://doi.
org/10.1016/j.immuni.2024.04.006.

444. Noe JT, Rendon BE, Geller AE, Conroy LR, Morrissey SM, Young 
LEA, et al. Lactate supports a metabolic-epigenetic link in 
macrophage polarization. Sci Adv. 2021;7(46):eabi8602. https://
doi.org/10.1126/sciadv.abi8602.

445. Zhang A, Xu Y, Xu H, Ren J, Meng T, Ni Y, et al. Lactate-induced 
M2 polarization of tumor-associated macrophages promotes the 
invasion of pituitary adenoma by secreting CCL17. Theranostics. 
2021;11(8):3839-52. https://doi.org/10.7150/thno.53749.

446. Li T, Xu D, Ruan Z, Zhou J, Sun W, Rao B, et al. Metabolism/
immunity dual-regulation thermogels potentiating immuno-
therapy of glioblastoma through lactate-excretion inhibition and 
PD-1/PD-L1 blockade. Adv Sci (Weinh). 2024;11(18):e2310163. 
https://doi.org/10.1002/advs.202310163.

447. Zhu C, Chen X, Liu TQ, Cheng L, Cheng W, Cheng P, et al. 
Hexosaminidase B- dr iven cancer  cel l -macrophage co -
dependency promotes glycolysis addiction and tumorigenesis 
in glioblastoma. Nat Commun. 2024;15(1):8506. https://doi.
org/10.1038/s41467-024-52888-0.

448. Kay KE, Lee J, Hong ES, Beilis J, Dayal S, Wesley ER, et al. Tumor 
cell-derived spermidine promotes a protumorigenic immune 
microenvironment in glioblastoma via CD8+ T cell inhibition. 
J Clin Invest. 2024;135(2):e177824. https://doi.org/10.1172/
JCI177824.

449. Cullin N, Azevedo Antunes C, Straussman R, Stein-Thoeringer CK, 
Elinav E. Microbiome and cancer. Cancer Cell. 2021;39(10):1317-
41. https://doi.org/10.1016/j.ccell.2021.08.006.

450. Wong-Rolle A, Wei HK, Zhao C, Jin C. Unexpected guests in the 
tumor microenvironment: microbiome in cancer. Protein Cell. 
2021;12(5):426-35. https://doi.org/10.1007/s13238-020-00813-8.

451. Li T, Zhao Z, Peng M, Zhang L, Wang C, Luo F, et al. Multi-omics 
analysis reveals the interplay between intratumoral bacteria and 
glioma. mSystems. 2025;10(1):e0045724. https://doi.org/10.1128/
msystems.00457-24.

452. Sipos L, Banczerowski P, Juhász J, Fedorcsak I, Berenyi G, Makra N, 
et al. Brain tumors and beyond: multi-compartment microbiome 
and mycobiome analysis. Int J Mol Sci. 2025;26(3):991. https://doi.
org/10.3390/ijms26030991.

453. Cui C, Yang T, Wang S, Jia Z, Zhao L, Han X, et al. Discussion on 
the relationship between gut microbiota and glioma through 



78

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

Mendelian randomization test based on the brain gut axis. PLoS 
One. 2024;19(5):e0304403. https://doi.org/10.1371/journal.
pone.0304403.

454. Jiang H, Zeng W, Zhang X, Li Y, Wang Y, Peng A, et al. Gut 
microbiota and its metabolites in non-small cell lung cancer and 
brain metastasis: from alteration to potential microbial markers 
and drug targets. Front Cell Infect Microbiol. 2023;13:1211855. 
https://doi.org/10.3389/fcimb.2023.1211855.

455. Liu CG, Lin MX, Xin Y, Sun M, Cui J, Liu D, et al. Metagenomics and 
non-targeted metabolomics reveal the role of gut microbiota and 
its metabolites in brain metastasis of non-small cell lung cancer. 
Thorac Cancer. 2025;16(8):e70068. https://doi.org/10.1111/1759-
7714.70068.

456. Massara M, Ballabio M, Dolfi B, Morad G, Wischnewski V, Lamprou E, 
et al. The bacterial microbiome modulates the initiation of brain 
metastasis by impacting the gut-to-brain axis. iScience. 2025; 
28(2):111874. https://doi.org/10.1016/j.isci.2025.111874.

457. Jiang H, Zeng W, Zhang X, Pei Y, Zhang H, Li Y. The role of gut 
microbiota in patients with benign and malignant brain tumors: 
a pilot study. Bioengineered. 2022;13(3):7847-59. https://doi.org/
10.1080/21655979.2022.2049959.

458. Zhou M, Wu J, Shao Y, Zhang J, Zheng R, Shi Q, et al. Short-
chain fatty acids reverses gut microbiota dysbiosis-promoted 
progression of glioblastoma by up-regulating M1 polarization 
in the tumor microenvironment. Int Immunopharmacol. 
2024;141:112881. https://doi.org/10.1016/j.intimp.2024.112881.

459. Golomb SM, Guldner IH, Aleksandrovic E, Fross SR, Liu X, Diao L, 
et al. Temporal dynamics of immune cell transcriptomics in 
brain metastasis progression influenced by gut microbiome 
dysbiosis. Cell Rep. 2025;44(3):115356. https://doi.org/10.1016/
j.celrep.2025.115356.

460. Weathers SP, Li X, Zhu H, Damania AV, Knafl M, McKinley B, et al. 
Improved overall survival in an anti-PD-L1 treated cohort of 
newly diagnosed glioblastoma patients is associated with distinct 
immune, mutation, and gut microbiome features: a single arm 
prospective phase Ⅰ/Ⅱ trial. Nat Commun. 2025;16(1):3950. 
https://doi.org/10.1038/s41467-025-56930-7.

461. Zeng C, Zhang C, He C, Song H. Investigating the causal impact 
of gut microbiota on glioblastoma: a bidirectional Mendelian 
randomization study. BMC Genomics. 2023;24(1):784. https://doi.
org/10.1186/s12864-023-09885-2.

462. Herbreteau A, Aubert P, Croyal M, Naveilhan P, Billon-Crossouard S, 
Neunlist M, et al. Late-stage glioma is associated with deleterious 
alteration of gut bacterial metabolites in mice. Metabolites. 2022; 
12(4):290. https://doi.org/10.3390/metabo12040290.

463. Ishaq HM, Yasin R, Mohammad IS, Fan Y, Li H, Shahzad M, et al. 
The gut-brain-axis: a positive relationship between gut microbial 
dysbiosis and glioblastoma brain tumour. Heliyon. 2024; 
10(9):e30494. https://doi.org/10.1016/j.heliyon.2024.e30494.

464. Yang J, Lu J, Dong Y, Wei Y, Christian M, Huang J, et al. Revealing 
the link between gut microbiota and brain tumor risk: a 
new perspective from mendelian randomization. Front Cell 
Infect Microbiol. 2024;14:1404745. https://doi.org/10.3389/
fcimb.2024.1404745.

465. D'Alessandro G, Antonangeli F, Marrocco F, Porzia A, Lauro C, 
Santoni A, et al. Gut microbiota alterations affect glioma growth 
and innate immune cells involved in tumor immunosurveillance 
in mice. Eur J Immunol.  2020;50(5):705-11. https://doi.
org/10.1002/eji.201948354.

466. Nie D, Fang Q, Cheng J, Li B, Li M, Wang H, et al. The intestinal flora 

of patients with GHPA affects the growth and the expression of 
PD-L1 of tumor. Cancer Immunol Immunother. 2022;71(5):1233-
45. https://doi.org/10.1007/s00262-021-03080-6.

467. Zhang Y, Xi K, Fu Z, Zhang Y, Cheng B, Feng F, et al. Stimulation of 
tumoricidal immunity via bacteriotherapy inhibits glioblastoma 
relapse. Nat Commun. 2024;15(1):4241. https://doi.org/10.1038/
s41467-024-48606-5.

468. Patrizz A, Dono A, Zorofchian S, Hines G, Takayasu T, Husein N, 
et al. Glioma and temozolomide induced alterations in gut 
microbiome. Sci Rep. 2020;10(1):21002. https://doi.org/10.1038/
s41598-020-77919-w.

469. Li S, Wang L, Han M, Fan H, Tang H, Gao H, et al. Combination 
of sodium butyrate and immunotherapy in glioma: regulation 
of immunologically hot and cold tumors via gut microbiota 
and metabolites. Front Immunol. 2025;16:1532528. https://doi.
org/10.3389/fimmu.2025.1532528.

470. Kim J, Kim Y, La J, Park WH, Kim HJ, Park SH, et al. Supplementation 
with a high-glucose drink stimulates anti-tumor immune 
responses to glioblastoma via gut microbiota modulation. 
Cell  Rep. 2023;42(10):113220. https://doi.org/10.1016/
j.celrep.2023.113220.

471. Kalluri R, LeBleu VS. The biology, function, and biomedical 
applications of exosomes. Science. 2020;367(6478):eaau6977. 
https://doi.org/10.1126/science.aau6977.

472. Tkach M, Théry C. Communication by extracellular vesicles: where 
we are and where we need to go. Cell. 2016;164(6):1226-32. 
https://doi.org/10.1016/j.cell.2016.01.043.

473. Svensson KJ, Kucharzewska P, Christianson HC, Sköld S, Löfstedt T, 
Johansson MC, et al. Hypoxia triggers a proangiogenic pathway 
involving cancer cell microvesicles and PAR-2-mediated heparin-
binding EGF signaling in endothelial cells. Proc Natl Acad 
Sci U S A. 2011;108(32):13147-52. https://doi.org/10.1073/
pnas.1104261108.

474. Kucharzewska P, Christianson HC, Welch JE, Svensson KJ, 
Fredlund E, Ringnér M, et al. Exosomes reflect the hypoxic status 
of glioma cells and mediate hypoxia-dependent activation of 
vascular cells during tumor development. Proc Natl Acad Sci U S A. 
2013;110(18):7312-7. https://doi.org/10.1073/pnas.1220998110.

475. Tsai HC, Liu PY, Tong ZJ, Wu CY, Lin YR, Wei KC, et al. Acrolein 
induces the exosomal miR-30a-5p/NCAM1 axis promoting glioma 
progression. Mol Cancer Ther. 2025;24(11):1749-62. https://doi.
org/10.1158/1535-7163.MCT-25-0117.

476. Maji S, Chaudhary P, Akopova I, Nguyen PM, Hare RJ, Gryczynski I, 
et al. Exosomal annexin Ⅱ promotes angiogenesis and breast 
cancer metastasis. Mol Cancer Res. 2017;15(1):93-105. https://doi.
org/10.1158/1541-7786.Mcr-16-0163.

477. Yang C, Wu Y, Wang L, Li S, Zhou J, Tan Y, et al. Glioma-derived 
exosomes hijack the blood-brain barrier to facilitate nanocapsule 
delivery via LCN2. J Control Release. 2022;345:537-48. https://doi.
org/10.1016/j.jconrel.2022.03.038.

478. Zhou W, Fong MY, Min Y, Somlo G, Liu L, Palomares MR, et al. 
Cancer-secreted miR-105 destroys vascular endothelial barriers to 
promote metastasis. Cancer Cell. 2014;25(4):501-15. https://doi.
org/10.1016/j.ccr.2014.03.007.

479. Tominaga N, Kosaka N, Ono M, Katsuda T, Yoshioka Y, Tamura K, 
et al. Brain metastatic cancer cells release microRNA-181c-
containing extracellular vesicles capable of destructing blood-
brain barrier. Nat Commun. 2015;6:6716. https://doi.org/10.1038/
ncomms7716.

480. van der Vos KE, Abels ER, Zhang X, Lai C, Carrizosa E, Oakley D, et al. 



79

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

Directly visualized glioblastoma-derived extracellular vesicles 
transfer RNA to microglia/macrophages in the brain. Neuro 
Oncol. 2016;18(1):58-69. https://doi.org/10.1093/neuonc/nov244.

481. Hellwinkel JE, Redzic JS, Harland TA, Gunaydin D, Anchordoquy 
TJ, Graner MW. Glioma-derived extracellular vesicles selectively 
suppress immune responses. Neuro Oncol. 2016;18(4):497-506. 
https://doi.org/10.1093/neuonc/nov170.

482. Wu Q, Chen S, Xie X, Yan H, Feng X, Su G, et al. Glioblastoma- 
derived exosomes (GBM-Exo) regulate microglial M2 polarization 
via the RAC1/AKT/NRF2 pathway. J Neurooncol. 2025;172(2):447-
60. https://doi.org/10.1007/s11060-024-04934-6.

483. Tian Y, Liu C, Li Z, Ai M, Wang B, Du K, et al. Exosomal B7-H4 
from irradiated glioblastoma cells contributes to increase FoxP3 
expression of differentiating Th1 cells and promotes tumor 
growth. Redox biology. 2022;56:102454. https://doi.org/10.1016/
j.redox.2022.102454.

484. Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang WC, et al. 
Microenvironment-induced PTEN loss by exosomal microrna 
primes brain metastasis outgrowth. Nature. 2015;527(7576):100-
4. https://doi.org/10.1038/nature15376.

485. de Vrij J, Maas SL, Kwappenberg KM, Schnoor R, Kleijn A, Dekker L, 
et al. Glioblastoma-derived extracellular vesicles modify the 
phenotype of monocytic cells. Int J Cancer. 2015;137(7):1630-42. 
https://doi.org/10.1002/ijc.29521.

486. Rodrigues G, Hoshino A, Kenific CM, Matei IR, Steiner L, Freitas D, 
et al. Tumour exosomal CEMIP protein promotes cancer cell 
colonization in brain metastasis. Nat Cell Biol. 2019;21(11):1403-
12. https://doi.org/10.1038/s41556-019-0404-4.

487. Peng H, Tanzhu G, Shi W, Xiao G, Zeng Q, Chen L, et al. Lactate-
activated astrocytes promote NSCLC brain metastasis through 
extracellular vesicle-mediated miR-8085/TRIM67/ELK1 signaling 
axis. Cell Mol Biol Lett. 2026. https://doi.org/10.1186/s11658-026-
00957-1.

488. Erkan EP, Senfter D, Madlener S, Jungwirth G, Ströbel T, Saydam N, 
et al. Extracellular vesicle-mediated suicide mRNA/protein 
delivery inhibits glioblastoma tumor growth in vivo. Cancer gene 
therapy. 2017;24(1):38-44. https://doi.org/10.1038/cgt.2016.78.

489. Munoz JL, Bliss SA, Greco SJ, Ramkissoon SH, Ligon KL, 
Rameshwar P. Delivery of functional anti-miR-9 by mesenchymal 
stem cell-derived exosomes to glioblastoma multiforme 
cells conferred chemosensitivity. Mol Ther Nucleic Acids. 
2013;2(10):e126. https://doi.org/10.1038/mtna.2013.60.

490. Yang J, Li Y, Jiang S, Tian Y, Zhang M, Guo S, et al. Engineered 
brain-targeting exosome for reprogramming immunosuppressive 
microenvironment of glioblastoma. Exploration (Beijing). 2024; 
5(2):20240039. https://doi.org/10.1002/exp.20240039.

491. Zou Y, Li S, Li Y, Zhang D, Zheng M, Shi B. Glioblastoma cell derived 
exosomes as a potent vaccine platform targeting primary brain 
cancers and brain metastases. ACS Nano. 2025;19(18):17309-22. 
https://doi.org/10.1021/acsnano.4c14573.

492. Tao B, Du R, Zhang X, Jia B, Gao Y, Zhao Y, et al. Engineering car-NK 
cell derived exosome disguised nano-bombs for enhanced HER2 
positive breast cancer brain metastasis therapy. J Control Release. 
2023;363:692-706. https://doi.org/10.1016/j.jconrel.2023.10.007.

493. McCall JR, DeRuiter R, Ross M, Santibanez F, Hingtgen SD, 
Pinton GF, et al. Longitudinal 3D visualization of microvascular 
disruption and perfusion changes in mice during the evolution 
of glioblastoma using super-resolution ultrasound. IEEE Trans 
Ultrason Ferroelectr Freq Control. 2023;70(11):1401-16. https://
doi.org/10.1109/TUFFC.2023.3320034.

494. Hu X, Zhang G, Zhang X, Wang Y, Xie R, Liu X, et al. An early 
progression biomarker in glioblastoma: microcirculatory 
heterogeneity on ultrasound local izat ion microscopy. 
Ultrasound Med Biol. 2025;51(5):921-30. https://doi.org/10.1016/
j.ultrasmedbio.2025.02.007.

495. Gao L, Gao B, Ge W, Li S, Wang F. Stimulated emission depletion 
imaging reveals mitochondrial phenotypic heterogeneity 
under apoptosis stimuli across living glioma models. Nano 
Lett. 2024;24(49):15904-11. https://doi.org/10.1021/acs.
nanolett.4c04986.

496. Xu X, Wang Y, Choi WS, Sun X, Godbout R. Super resolution 
microscopy reveals DHA-dependent alterations in glioblastoma 
membrane remodelling and cell migration. Nanoscale. 2021; 
13(21):9706-22. https://doi.org/10.1039/d1nr02128a.

497. Zhao Y, Xie Y, Liu Y, Tang X, Cui S. Comprehensive exploration of 
long-wave emission carbon dots for brain tumor visualization. 
J Mater Chem B. 2022;10(18):3512-23. https://doi.org/10.1039/
d2tb00322h.

498. Chauhan M, Singh RP, Sonali, Yadav B, Shekhar S, Kumar L, et al. 
Dual-targeted transferrin and AS1411 aptamer conjugated 
micelles for improved therapeutic efficacy and imaging of brain 
cancer. Colloids Surf B Biointerfaces. 2023;231:113544. https://
doi.org/10.1016/j.colsurfb.2023.113544.

499. Duan W, Wang C, Jiang Y, Sui A, Li Z, Wang L, et al. A ratiometric 
SERS probe for imaging the macrophage phenotypes in 
live mice with epilepsy and brain tumor. Adv Healthc Mater. 
2023;12(27):e2301000. https://doi.org/10.1002/adhm.202301000.

500. Zhang L,  L iu Y,  Huang H,  Xie H,  Zhang B,  Xia  W,  e t  a l . 
Multifunctional nanotheranostics for near infrared optical 
imaging-guided treatment of brain tumors. Adv Drug Deliv Rev. 
2022;190:114536. https://doi.org/10.1016/j.addr.2022.114536.

501. Cheng CL, Chan MH, Feng SJ, Hsiao M, Liu RS. Long-term 
near-infrared signal tracking of the therapeutic changes of 
glioblastoma cells in brain tissue with ultrasound-guided 
persistent luminescent nanocomposites. ACS Appl Mater 
Interfaces. 2021;13(5):6099-108. https://doi.org/10.1021/
acsami.0c22489.

502. Preethi KA, Selvakumar SC, Ross K, Jayaraman S, Tusubira D, 
Sekar D. Liquid biopsy: exosomal microRNAs as novel diagnostic 
and prognostic biomarkers in cancer. Mol Cancer. 2022;21(1):54. 
https://doi.org/10.1186/s12943-022-01525-9.

503. Nayak L, Bettegowda C, Scherer F, Galldiks N, Ahluwalia M, 
Baraniskin A, et al. Liquid biopsy for improving diagnosis and 
monitoring of CNS lymphomas: a RANO review. Neuro Oncol. 
2024;26(6):993-1011. https://doi.org/10.1093/neuonc/noae032.

504. Herrgott GA, Snyder JM, She R, Malta TM, Sabedot TS, Lee IY, 
et al. Detection of diagnostic and prognostic methylation-
based signatures in liquid biopsy specimens from patients 
with meningiomas. Nat Commun. 2023;14(1):5669. https://doi.
org/10.1038/s41467-023-41434-z.

505. Rehman AU, Khan P, Maurya SK, Siddiqui JA, Santamaria-Barria 
JA, Batra SK, et al. Liquid biopsies to occult brain metastasis. Mol 
Cancer. 2022;21(1):113. https://doi.org/10.1186/s12943-022-
01577-x.

506. Yang J, Moon HE, Park HW, McDowell A, Shin TS, Jee YK, et al. Brain 
tumor diagnostic model and dietary effect based on extracellular 
vesicle microbiome data in serum. Exp Mol Med. 2020;52(9):1602-
13. https://doi.org/10.1038/s12276-020-00501-x.

507. P r e m a c h a n d r a n  S ,  H a l d a v n e k a r  R ,  G a n e s h  S ,  D a s  S , 
Venkatakrishnan K, Tan B. Self-functionalized superlattice 



80

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

nanosensor enables glioblastoma diagnosis using liquid biopsy. 
ACS Nano. 2023;17(20):19832-52. https://doi.org/10.1021/
acsnano.3c04118.

508. Peng L, Bin Y, Ding P, Chen L, Zeng H, Xu Z, et al. Integrated 
c i rc u l a t i n g  t u m o r  D N A  a n d  T  ce l l  re p e r to i re  p re d i c t 
radiotherapeutic response and outcome in non-small cell lung 
cancer patients with brain metastasis. Cancer Commun (Lond). 
2023;43(5):625-9. https://doi.org/10.1002/cac2.12410.

509. Pacia CP, Yuan J, Yue Y, Xu L, Nazeri A, Desai R, et al. Sonobiopsy 
for minimally invasive, spatiotemporally-controlled, and 
sensitive detection of glioblastoma-derived circulating tumor 
DNA. Theranostics. 2022;12(1):362-78. https://doi.org/10.7150/
thno.65597.

510. Abdelfattah N, Kumar P, Wang C, Leu JS, Flynn WF, Gao R, et al. 
Single-cell analysis of human glioma and immune cells 
identifies S100A4 as an immunotherapy target. Nat Commun. 
2022;13(1):767. https://doi.org/10.1038/s41467-022-28372-y.

511. Li K, Ling H, Huang W, Luo W, Gu C, Tao B, et al. Single-cell RNA-
sequencing analysis reveals α-syn induced astrocyte-neuron 
crosstalk-mediated neurotoxicity. Int Immunopharmacol. 2024; 
139:112676. https://doi.org/10.1016/j.intimp.2024.112676.

512. Ren Y, Huang Z, Zhou L, Xiao P, Song J, He P, et al. Spatial 
transcriptomics reveals niche -specif ic enrichment and 
vulnerabilities of radial glial stem-like cells in malignant gliomas. 
Nat Commun. 2023;14(1):1028. https://doi.org/10.1038/s41467-
023-36707-6.

513. Semba T, Ishimoto T. Spatial analysis by current multiplexed 
imaging technologies for the molecular characterisation of 
cancer tissues. Br J Cancer. 2024;131(11):1737-47. https://doi.
org/10.1038/s41416-024-02882-6.

514. Zhang H, Lu KH, Ebbini M, Huang P, Lu H, Li L. Mass spectrometry 
imaging for spatially resolved multi-omics molecular mapping. 
Npj Imaging. 2024;2(1):20. https://doi.org/10.1038/s44303-024-
00025-3.

515. Yang Z, Li H, Yang B, Liu Y. Albumin-based microneedles for 
spatiotemporal delivery of temozolomide and niclosamide to 
resistant glioblastoma. ACS Appl Mater Interfaces. 2024;16(34): 
44518-27. https://doi.org/10.1021/acsami.4c09394.

516. Faisal SM, Clewner JE, Stack B, Varela ML, Comba A, Abbud G, et al. 
Spatiotemporal insights into glioma oncostream dynamics: 
unraveling formation, stability, and disassembly pathways. Adv 
Sci (Weinh). 2024;11(18):e2309796. https://doi.org/10.1002/
advs.202309796.

517. Yeo AT, Rawal S, Delcuze B, Christofides A, Atayde A, Strauss L, 
et al. Single-cell RNA sequencing reveals evolution of immune 
landscape during glioblastoma progression. Nat Immunol. 2022; 
23(6):971-84. https://doi.org/10.1038/s41590-022-01215-0.

518. Kim J, Lee IH, Cho HJ, Park CK, Jung YS, Kim Y, et al. Spatiotemporal 
evolution of the primary glioblastoma genome. Cancer Cell. 2015; 
28(3):318-28. https://doi.org/10.1016/j.ccell.2015.07.013.

519. Cosenza-Contreras M, Schäfer A, Sing J, Cook L, Stillger MN, 
Chen CY, et al. Proteometabolomics of initial and recurrent 
glioblastoma highlights an increased immune cell signature 
with altered lipid metabolism. Neuro Oncol. 2024;26(3):488-502. 
https://doi.org/10.1093/neuonc/noad208.

520. Comba A, Faisal SM, Dunn PJ, Argento AE, Hollon TC, Al-Holou WN, 
et al. Spatiotemporal analysis of glioma heterogeneity reveals 
COL1A1 as an actionable target to disrupt tumor progression. Nat 
Commun. 2022;13(1):3606. https://doi.org/10.1038/s41467-022-
31340-1.

521. Chen X, Lin S, You H, Chen J, Wu Q, Yin K, et al. Integrating 
metabolic RNA labeling-based time-resolved single-cell RNA 
sequencing with spatial transcriptomics for spatiotemporal 
transcriptomic analysis. Small Methods. 2025;9(3):e2401297. 
https://doi.org/10.1002/smtd.202401297.

522. Xu T, Karschnia P, Cadilha BL, Dede S, Lorenz M, Seewaldt N, 
et al.  In vivo dynamics and anti-tumor effects of EpCAM-
directed CAR T-cells against brain metastases from lung cancer. 
OncoImmunology. 2023;12(1):2163781. https://doi.org/10.1080/2
162402X.2022.2163781.

523. Zhang W, Karschnia P, von Mucke-Heim IA, Mulazzani M, Zhou X, 
Blobner J, et al. In vivo two-photon characterization of tumor-
associated macrophages and microglia (TAM/M) and CX3CR1 
during different steps of brain metastasis formation from lung 
cancer. Neoplasia. 2021;23(11):1089-100. https://doi.org/10.1016/
j.neo.2021.09.001.

524. Berghoff AS, Liao Y, Karreman MA, Ilhan-Mutlu A, Gunkel K, Sprick 
MR, et al. Identification and characterization of cancer cells that 
initiate metastases to the brain and other organs. Mol Cancer Res. 
2021;19(4):688-701. https://doi.org/10.1158/1541-7786.MCR-20-
0863.

525. Whitelaw BS, Tanny S, Johnston CJ, Majewska AK, O'Banion MK, 
Marples B. In vivo imaging of the microglial landscape after 
whole brain radiation therapy. Int J Radiat Oncol Biol Phys. 2021; 
111(4):1066-71. https://doi.org/10.1016/j.ijrobp.2021.07.038.

526. Kim KH, Migliozzi S, Koo H, Hong JH, Park SM, Kim S, et al. 
Integrated proteogenomic characterization of glioblastoma 
evolution. Cancer Cell. 2024;42(3):358-77.e8. https://doi.
org/10.1016/j.ccell.2023.12.015.

527. Schmid K ,  Sehr ing J,  Németh A,  Har ter  PN,  Weber  K J, 
Vengadeswaran A, et al. DistSNE: distributed computing and 
online visualization of DNA methylation-based central nervous 
system tumor classification. Brain Pathol. 2024;34(3):e13228. 
https://doi.org/10.1111/bpa.13228.

528. Xu Z, Wang Y, Xie T, Luo R, Ni HL, Xiang H, et al. Panoramic 
spatial enhanced resolution proteomics (PSERP) reveals tumor 
architecture and heterogeneity in gliomas. J Hematol Oncol. 
2025;18(1):58. https://doi.org/10.1186/s13045-025-01710-5.

529. Watanabe F, Hollingsworth EW, Bartley JM, Wisehart L, Desai R, 
Hartlaub AM, et al. Patient-derived organoids recapitulate 
glioma-intrinsic immune program and progenitor populations 
of glioblastoma. PNAS Nexus. 2024;3(2):pgae051. https://doi.
org/10.1093/pnasnexus/pgae051.

530. Wen J,  Liu F, Cheng Q, Weygant N, Liang X, Fan F, et al . 
Applications of organoid technology to brain tumors. CNS 
Neurosci Ther. 2023;29(10):2725-43. https://doi.org/10.1111/
cns.14272.

531. Sarnow K, Majercak E, Qurbonov Q, Cruzeiro GAV, Jeong D, 
Haque IA, et al. Neuroimmune-competent human brain organoid 
model of diffuse midline glioma. Neuro Oncol. 2025;27(2):369-82. 
https://doi.org/10.1093/neuonc/noae245.

532. Eichmüller OL, Corsini NS, Vértesy Á, Morassut I, Scholl T, Gruber 
VE, et al. Amplification of human interneuron progenitors 
promotes brain tumors and neurological defects. Science. 2022; 
375(6579):eabf5546. https://doi.org/10.1126/science.abf5546.

533. Lange S, Ebeling M, Loye A, Wanke F, Siebourg-Polster J, 
Sudharshan TJJ, et al. Human myelinated brain organoids 
with integrated microglia as a model for myelin repair and 
remyelinating therapies. Sci Transl Med. 2025;17(815):eadp7047. 
https://doi.org/10.1126/scitranslmed.adp7047.



81

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

534. Ye S, Cao Q, Ni P, Xiong S, Zhong M, Yuan T, et al. A ceramic 
microbridge microfluidic chip to study osteogenic differentiation 
of mesenchymal stem cells in bioactive ceramic immune 
microenvironment. Bioact Mater. 2025;45:520-33. https://doi.
org/10.1016/j.bioactmat.2024.11.005.

535. Hou C, Gu Y, Yuan W, Zhang W, Xiu X, Lin J, et al. Application 
of microfluidic chips in the simulation of the urinary system 
microenvironment. Mater Today Bio. 2023;19:100553. https://doi.
org/10.1016/j.mtbio.2023.100553.

536. Adjei-Sowah EA, O'Connor SA, Veldhuizen J, Lo Cascio C, Plaisier C, 
Mehta S, et al. Investigating the interactions of glioma stem 
cells in the perivascular niche at single-cell resolution using a 
microfluidic tumor microenvironment model. Adv Sci (Weinh). 
2022;9(21):e2201436. https://doi.org/10.1002/advs.202201436.

537. Gerigk M, Bulstrode H, Shi HH, Tonisen F, Cerutti C, Morrison G, et al. 
On-chip perivascular niche supporting stemness of patient-
derived glioma cells in a serum-free, flowable culture. Lab Chip. 
2021;21(12):2343-58. https://doi.org/10.1039/d1lc00271f.

538. Xia S, Duan W, Xu M, Li M, Tang M, Wei S, et al. Mesothelin 
promotes brain metastasis of non-small cell lung cancer by 
activating MET. J Exp Clin Cancer Res. 2024;43(1):103. https://doi.
org/10.1186/s13046-024-03015-w.

539. Minami N, Maeda Y, Shibao S, Arima Y, Ohka F, Kondo Y, et al. 
Organotypic brain explant culture as a drug evaluation system for 
malignant brain tumors. Cancer Med. 2017;6(11):2635-45. https://
doi.org/10.1002/cam4.1174.

540. Steindl A, Valiente M. Potential of ex vivo organotypic slice 
cultures in neuro-oncology. Neuro Oncol. 2025;27(2):338-51. 
https://doi.org/10.1093/neuonc/noae195.

541. Chitra U, Arnold BJ, Sarkar H, Sanno K, Ma C, Lopez-Darwin S, 
et al. Mapping the topography of spatial gene expression with 
interpretable deep learning. Nat Methods. 2025;22(2):298-309. 
https://doi.org/10.1038/s41592-024-02503-3.

542. Dankner M, Maritan SM, Priego N, Kruck G, Nkili-Meyong A, 
Nadaf J, et al. Invasive growth of brain metastases is linked to 
CHI3L1 release from pSTAT3-positive astrocytes. Neuro Oncol. 
2024;26(6):1052-66. https://doi.org/10.1093/neuonc/noae013.

543. Buehler M, Yi X, Ge W, Blattmann P, Rushing E, Reifenberger G, 
et al .  Quantitative proteomic landscapes of primary and 
recurrent glioblastoma reveal a protumorigeneic role for FBXO2-
dependent glioma-microenvironment interactions. Neuro Oncol. 
2023;25(2):290-302. https://doi.org/10.1093/neuonc/noac169.

544. Valiente M, Van Swearingen AED, Anders CK, Bairoch A, Boire A, 
Bos PD, et al. Brain metastasis cell lines panel: a public resource of 
organotropic cell lines. Cancer Res. 2020;80(20):4314-23. https://
doi.org/10.1158/0008-5472.CAN-20-0291.

545. Jin X, Demere Z, Nair K, Ali A, Ferraro GB, Natoli T, et al. A 
metastasis map of human cancer cell lines. Nature. 2020; 
588(7837):331-6. https://doi.org/10.1038/s41586-020-2969-2.

546. Xie M, Qin H, Liu L, Wu J, Zhao Z, Zhao Y, et al. GABA regulates 
metabolic reprogramming to mediate the development of brain 
metastasis in non-small cell lung cancer. J Exp Clin Cancer Res. 
2025;44(1):61. https://doi.org/10.1186/s13046-025-03315-9.

547. Aebisher D, Woźnicki P, Czarnecka-Czapczyńska M, Dynarowicz K, 
Szliszka E, Kawczyk-Krupka A, et al. Molecular determinants for 
photodynamic therapy resistance and improved photosensitizer 
delivery in glioma. Int J Mol Sci. 2024;25(16):8708. https://doi.
org/10.3390/ijms25168708.

548. Shi W, Tanzhu G, Chen L,  Ning J,  Wang H, Xiao G, et al . 
Radiotherapy in preclinical models of brain metastases: a review 

and recommendations for future studies. Int J Biol Sci. 2024;20(2): 
765-83. https://doi.org/10.7150/ijbs.91295.

549. Long X, Zhang Z, Li Y, Deng K, Gao W, Huang M, et al. ScRNA-
seq reveals novel immune-suppressive T cells and investigates 
CMV-TCR-T cells cytotoxicity against GBM. J Immunother Cancer. 
2024;12(4):e008967. https://doi.org/10.1136/jitc-2024-008967.

550. Dees KJ, Koo H, Humphreys JF, Hakim JA, Crossman DK, Crowley 
MR, et al. Human gut microbial communities dictate efficacy of 
anti-PD-1 therapy in a humanized microbiome mouse model 
of glioma. Neurooncol Adv. 2021;3(1):vdab023. https://doi.
org/10.1093/noajnl/vdab023.

551. Huang H, Zhang S, Li Y, Liu Z, Mi L, Cai Y, et al. Suppression of 
mitochondrial ros by prohibitin drives glioblastoma progression 
and therapeutic resistance. Nat Commun. 2021;12(1):3720. 
https://doi.org/10.1038/s41467-021-24108-6.

552. Genovesi LA, Puttick S, Millar A, Kojic M, Ji P, Lagendijk 
AK, et al. Patient-derived orthotopic xenograft models of 
medulloblastoma lack a functional blood-brain barrier. Neuro 
Oncol. 2021;23(5):732-42. https://doi.org/10.1093/neuonc/
noaa266.

553. Golebiewska A, Hau AC, Oudin A, Stieber D, Yabo YA, Baus V, 
et al. Patient-derived organoids and orthotopic xenografts of 
primary and recurrent gliomas represent relevant patient avatars 
for precision oncology. Acta Neuropathol. 2020;140(6):919-49. 
https://doi.org/10.1007/s00401-020-02226-7.

554. van Solinge TS, Oh J, Abels E, Koch P, Breakefield XO, Weissleder R, 
et al. Probing the glioma micro-environment: analysis using 
biopsy in combination with ultra-fast cyclic immunolabeling. 
N e o p l a s i a .  2 0 2 4 ; 5 7 : 1 0 1 0 5 1 .  ht t p s : / / d o i . o rg / 1 0 . 1 0 1 6 /
j.neo.2024.101051.

555. Kim JE, Jeong GJ, Yoo YM, Bhang SH, Kim JH, Shin YM, et al. 
3D bioprinting technology for modeling vascular diseases 
and its application. Biofabrication. 2025;17(2). https://doi.
org/10.1088/1758-5090/adc03a.

556. Ozbek, II, Saybasili H, Ulgen KO. Applications of 3D bioprinting 
technology to brain cells and brain tumor models: special 
emphasis to glioblastoma. ACS Biomater Sci Eng. 2024;10(5):2616-
35. https://doi.org/10.1021/acsbiomaterials.3c01569.

557. Tang M, Rich JN, Chen S. Biomaterials and 3D bioprinting 
strategies to model glioblastoma and the blood-brain barrier. 
Adv Mater. 2021;33(5):e2004776. https://doi.org/10.1002/
adma.202004776.

558. Tung YT, Chen YC, Derr K, Wilson K, Song MJ, Ferrer M. A 3D 
bioprinted human neurovascular unit model of glioblastoma 
tumor growth. Adv Healthc Mater. 2024;13(15):e2302831. https://
doi.org/10.1002/adhm.202302831.

559. Hong S, You JY, Paek K, Park J, Kang SJ, Han EH, et al. Inhibition of 
tumor progression and M2 microglial polarization by extracellular 
vesicle-mediated microRNA-124 in a 3D microfluidic glioblastoma 
microenvironment. Theranostics. 2021;11(19):9687-704. https://
doi.org/10.7150/thno.60851.

560. Pun S, Prakash A, Demaree D, Krummel DP, Sciume G, Sengupta S, 
et al. Rapid biofabrication of an advanced microphysiological 
system mimicking phenotypical heterogeneity and drug 
resistance in glioblastoma. Adv Healthc Mater. 2024;13(30): 
e2401876. https://doi.org/10.1002/adhm.202401876.

561. Investigators HA-AS, Fang W, Zhao Y, Luo Y, Yang R, Huang Y, 
et al. Ivonescimab plus chemotherapy in non-small cell lung 
cancer with EGFR variant: a randomized clinical trial. JAMA. 
2024;332(7):561-70. https://doi.org/10.1001/jama.2024.10613.



82

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

562. Nogami N, Barlesi F, Socinski MA, Reck M, Thomas CA, Cappuzzo F, 
et al. Impower150 final exploratory analyses for atezolizumab 
plus bevacizumab and chemotherapy in key NSCLC patient 
subgroups with EGFR mutations or metastases in the liver or 
brain. J Thorac Oncol. 2022;17(2):309-23. https://doi.org/10.1016/
j.jtho.2021.09.014.

563. Ready NE, Audigier-Valette C, Goldman JW, Felip E, Ciuleanu 
TE, Rosario Garcia Campelo M, et al. First-line nivolumab plus 
ipilimumab for metastatic non-small cell lung cancer, including 
patients with ECOG performance status 2 and other special 
populations: CheckMate 817. J Immunother Cancer. 2023;11(2): 
e006127. https://doi.org/10.1136/jitc-2022-006127.

564. Lim M, Xia Y,  Bettegowda C, Weller M. Current state of 
immunotherapy for glioblastoma. Nat Rev Clin Oncol. 2018;15(7): 
422-42. https://doi.org/10.1038/s41571-018-0003-5.

565. Bagley SJ, Desai AS, Linette GP, June CH, O'Rourke DM. Car T-cell 
therapy for glioblastoma: recent clinical advances and future 
challenges. Neuro Oncol. 2018;20(11):1429-38. https://doi.
org/10.1093/neuonc/noy032.

566. Camidge DR, Kim HR, Ahn MJ, Yang JCH, Han JY, Hochmair MJ, et al. 
Brigatinib versus crizotinib in ALK inhibitor-naive advanced 
ALK-positive NSCLC: final results of phase 3 ALTA-1L trial. J 
Thorac Oncol. 2021;16(12):2091-108. https://doi.org/10.1016/
j.jtho.2021.07.035.

567. Solomon BJ, Bauer TM, Mok TSK, Liu G, Mazieres J, de Marinis F, 
et al. Efficacy and safety of first-line lorlatinib versus crizotinib 
in patients with advanced, ALK-positive non-small-cell lung 
cancer: updated analysis of data from the phase 3, randomised, 
open-label CROWN study. Lancet Respir Med. 2023;11(4):354-66. 
https://doi.org/10.1016/S2213-2600(22)00437-4.

568. Jänne PA, Planchard D, Kobayashi K, Cheng Y, Lee CK, Valdiviezo N, 
et al. CNS efficacy of osimertinib with or without chemotherapy 
in epidermal growth factor receptor-mutated advanced non-
small-cell lung cancer. J Clin Oncol. 2024;42(7):808-20. https://doi.
org/10.1200/JCO.23.02219.

569. Yang Z, Zhang Y, Li R, Yisikandaer A, Ren B, Sun J, et al. Whole-
brain radiotherapy with and without concurrent erlotinib 
in NSCLC with brain metastases: a multicenter, open-label, 
randomized, controlled phase Ⅲ trial. Neuro Oncol. 2021;23(6): 
967-78. https://doi.org/10.1093/neuonc/noaa281.

570. Zhou Q, Xu CR, Cheng Y, Liu YP, Chen GY, Cui JW, et al . 
Bevacizumab plus erlotinib in Chinese patients with untreated, 
EGFR-mutated, advanced NSCLC (ARTEMIS-CTONG1509): a 
multicenter phase 3 study. Cancer Cell. 2021;39(9):1279-91.e3. 
https://doi.org/10.1016/j.ccell.2021.07.005.

571. Lu S, Wu L, Jian H, Chen Y, Wang Q, Fang J, et al. Sintilimab plus 
bevacizumab biosimilar IBI305 and chemotherapy for patients 
with EGFR-mutated non-squamous non-small-cell lung cancer 
who progressed on EGFR tyrosine-kinase inhibitor therapy 
(ORIENT-31): first interim results from a randomised, double-
blind, multicentre, phase 3 trial. Lancet Oncol. 2022;23(9):1167-
79. https://doi.org/10.1016/S1470-2045(22)00382-5.

572. Kilickap S, Özgüroğlu M, Sezer A, Gumus M, Bondarenko I, 
Gogishvili M, et al. Cemiplimab monotherapy as first-line 
treatment of patients with brain metastases from advanced 
non-small cell lung cancer with programmed cell death-ligand 
1 ≥50%. Cancer. 2025;131(10):e35864. https://doi.org/10.1002/
cncr.35864.

573. Reck M, Ciuleanu TE, Lee JS, Schenker M, Zurawski B, Kim SW, et al. 
Systemic and intracranial outcomes with first-line nivolumab 

plus ipilimumab in patients with metastatic NSCLC and baseline 
brain metastases from CheckMate 227 part 1. J Thorac Oncol. 
2023;18(8):1055-69. https://doi.org/10.1016/j.jtho.2023.04.021.

574. Rodríguez de Dios N, Couñago F, Murcia-Mejía M, Rico-Oses M, 
Calvo-Crespo P, Samper P, et al. Randomized phase Ⅲ trial of 
prophylactic cranial irradiation with or without hippocampal 
avoidance for small-cell lung cancer (PREMER): a GICOR-GOECP-
SEOR study. J Clin Oncol. 2021;39(28):3118-27. https://doi.
org/10.1200/JCO.21.00639.

575. Belderbos JSA, De Ruysscher DKM, De Jaeger K, Koppe F, 
Lambrecht MLF, Lievens YN, et al. Phase 3 randomized trial of 
prophylactic cranial irradiation with or without hippocampus 
avoidance in SCLC (NCT01780675). J Thorac Oncol. 2021;16(5): 
840-9. https://doi.org/10.1016/j.jtho.2020.12.024.

576. Scorsetti M, Navarria P, Cozzi L, Clerici E, Bellu L, Franceschini D, et al. 
Radiosurgery of limited brain metastases from primary solid 
tumor: Results of the randomized phase Ⅲ trial (NCT02355613) 
comparing treatments executed with a specialized or a C-arm 
linac-based platform. Radiat Oncol. 2023;18(1):28. https://doi.
org/10.1186/s13014-023-02216-5.

577. Di Giacomo AM, Chiarion-Sileni V, Del Vecchio M, Ferrucci PF, 
Guida M, Quaglino P, et al. Primary analysis and 4-year follow-up 
of the phase Ⅲ NIBIT-M2 trial in melanoma patients with brain 
metastases. Clin Cancer Res. 2021;27(17):4737-45. https://doi.
org/10.1158/1078-0432.CCR-21-1046.

578. Hurvitz SA, Kim SB, Chung WP, Im SA, Park YH, Hegg R, et al. 
Trastuzumab deruxtecan versus trastuzumab emtansine in HER2-
positive metastatic breast cancer patients with brain metastases 
from the randomized DESTINY-Breast03 trial. ESMO Open. 2024; 
9(5):102924. https://doi.org/10.1016/j.esmoop.2024.102924.

579. Palmer JD, Klamer BG, Ballman KV, Brown PD, Cerhan JH, 
Anderson SK, et al. Association of long-term outcomes with 
stereotactic radiosurgery vs whole-brain radiotherapy for 
resected brain metastasis: a secondary analysis of the n107c/cec.3 
(alliance for clinical trials in oncology/canadian cancer trials 
group) randomized clinical trial. JAMA Oncol. 2022;8(12):1809-15. 
https://doi.org/10.1001/jamaoncol.2022.5049.

580. Zhou C, Solomon B, Loong HH, Park K, Perol M, Arriola E, et al. 
First-line selpercatinib or chemotherapy and pembrolizumab in 
ret fusion-positive NSCLC. N Engl J Med. 2023;389(20):1839-50. 
https://doi.org/10.1056/NEJMoa2309457.

581. Solomon BJ, Bauer TM, Ignatius Ou SH, Liu G, Hayashi H, Bearz A, 
et al. Post hoc analysis of lorlatinib intracranial efficacy and safety 
in patients with ALK-positive advanced non-small-cell lung 
cancer from the phase Ⅲ CROWN study. J Clin Oncol. 2022;40(31): 
3593-602. https://doi.org/10.1200/JCO.21.02278.

582. Horn L, Wang Z, Wu G, Poddubskaya E, Mok T, Reck M, et al. 
Ensartinib vs crizotinib for patients with anaplastic lymphoma 
kinase-positive non-small cell lung cancer: a randomized clinical 
trial. JAMA Oncol. 2021;7(11):1617-25. https://doi.org/10.1001/
jamaoncol.2021.3523.

583. Yang Y, Min J, Yang N, Yu Q, Cheng Y, Zhao Y, et al. Envonalkib 
versus crizotinib for treatment-naive ALK-positive non-small 
cell lung cancer: a randomized, multicenter, open-label, phase 
Ⅲ trial. Signal Transduct Target Ther. 2023;8(1):301. https://doi.
org/10.1038/s41392-023-01538-w.

584. Zhou HQ, Zhang YX, Chen G, Yu QT, Zhang H, Wu GW, et al. 
Gefitinib (an EGFR tyrosine kinase inhibitor) plus anlotinib (an 
multikinase inhibitor) for untreated, EGFR-mutated, advanced 
non-small cell lung cancer (FL-ALTER): a multicenter phase Ⅲ 



83

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

trial. Signal Transduct Target Ther. 2024;9(1):215. https://doi.
org/10.1038/s41392-024-01927-9.

585. Zhou Q, Yu Y, Xing L, Cheng Y, Wang Y, Pan Y, et al. First-line 
zorifertinib for EGFR-mutant non-small cell lung cancer with 
central nervous system metastases: the phase 3 everest trial. Med. 
2025;6(1):100513. https://doi.org/10.1016/j.medj.2024.09.002.

586. Lu S, Dong X, Jian H, Chen J, Chen G, Sun Y, et al. Central nervous 
system efficacy of aumolertinib versus gefitinib in patients with 
untreated, EGFR-mutated, advanced non-small cell lung cancer: 
data from a randomized phase Ⅲ trial (AENEAS). Cancer Commun 
(Lond). 2024;44(9):1005-17. https://doi.org/10.1002/cac2.12594.

587. Hou X, Li M, Wu G, Feng W, Su J, Jiang H, et al. Gefitinib plus 
chemotherapy vs gefitinib alone in untreated EGFR-mutant non-
small cell lung cancer in patients with brain metastases: The 
gap brain open-label, randomized, multicenter, phase 3 study. 
JAMA Netw Open. 2023;6(2):e2255050. https://doi.org/10.1001/
jamanetworkopen.2022.55050.

588. Zeng M, Verma V, Chen X, Li S, Sun Y, Liu G, et al. Stereotactic 
radiotherapy vs whole brain radiation therapy in EGFR mutated 
NSCLC: results & reflections from the prematurely closed phase 
Ⅲ hybrid trial. Radiother Oncol. 2024;197:110334. https://doi.
org/10.1016/j.radonc.2024.110334.

589. Di Giacomo AM, Chiarion-Sileni V, Del Vecchio M, Ferrucci 
PF, Guida M, Quaglino P, et al. Nivolumab plus ipilimumab 
in melanoma patients with asymptomatic brain metastases: 
7-year outcomes and quality of life from the multicenter phase 
Ⅲ NIBIT-M2 trial. Eur J Cancer. 2024;199:113531. https://doi.
org/10.1016/j.ejca.2024.113531.

590. Dutriaux C, Robert C, Grob JJ, Mortier L, Dereure O, Lebbe C, et al. 
An open label, non-randomised, phase Ⅲb study of trametinib 
in combination with dabrafenib in patients with unresectable 
(stage Ⅲ) or distant metastatic (stage Ⅳ) BRAF V600-mutant 
melanoma: a subgroup analysis of patients with brain metastases. 
Eur J Cancer. 2022;175:254-62. https://doi.org/10.1016/
j.ejca.2022.07.035.

591. Tripathy D, Tolaney SM, Seidman AD, Anders CK, Ibrahim N, Rugo 
HS, et al. Treatment with etirinotecan pegol for patients with 
metastatic breast cancer and brain metastases: final results from 
the phase 3 attain randomized clinical trial. JAMA Oncol. 2022; 
8(7):1047-52. https://doi.org/10.1001/jamaoncol.2022.0514.

592. Mellinghoff IK, van den Bent MJ, Blumenthal DT, Touat M, Peters 
KB, Clarke J, et al. Vorasidenib in IDH1- or IDH2-mutant low-
grade glioma. N Engl J Med. 2023;389(7):589-601. https://doi.
org/10.1056/NEJMoa2304194.

593. Arrillaga-Romany I, Lassman A, McGovern SL, Mueller S, 
Nabors B, van den Bent M, et al. ACTION: a randomized phase 
3 study of ONC201 (dordaviprone) in patients with newly 
diagnosed H3 K27M-mutant diffuse glioma. Neuro Oncol. 2024; 
26(Supplement_2):S173-S81. https://doi.org/10.1093/neuonc/
noae031.

594. Guo C, Yang Q, Xu P, Deng M, Jiang T, Cai L, et al. Adjuvant 
temozolomide chemotherapy with or without interferon α 
among patients with newly diagnosed high-grade gliomas: a 
randomized clinical trial. JAMA Netw Open. 2023;6(1):e2253285. 
https://doi.org/10.1001/jamanetworkopen.2022.53285.

595. Tesileanu CMS, Sanson M, Wick W, Brandes AA, Clement PM, 
Erridge SC, et al.  Temozolomide and radiotherapy versus 
radiotherapy alone in patients with glioblastoma, IDH-
wildtype: post hoc analysis of the eortc randomized phase Ⅲ 
catnon trial. Clin Cancer Res. 2022;28(12):2527-35. https://doi.

org/10.1158/1078-0432.CCR-21-4283.
596. Jaeckle KA, Ballman KV, van den Bent M, Giannini C, Galanis E, 

Brown PD, et al. Codel: phase Ⅲ study of RT, RT+TMZ, or TMZ for 
newly diagnosed 1p/19q codeleted oligodendroglioma. Analysis 
from the initial study design. Neuro Oncol. 2021;23(3):457-67. 
https://doi.org/10.1093/neuonc/noaa168.

597. Roth P, Gorlia T, Reijneveld JC, de Vos F, Idbaih A, Frenel JS, et al. 
Marizomib for patients with newly diagnosed glioblastoma: 
a randomized phase 3 trial. Neuro Oncol. 2024;26(9):1670-82. 
https://doi.org/10.1093/neuonc/noae053.

598. Lassman AB, Pugh SL, Wang TJC, Aldape K, Gan HK, Preusser M, 
et al. Depatuxizumab mafodotin in EGFR-amplified newly 
diagnosed glioblastoma: a phase Ⅲ randomized clinical trial. 
Neuro Oncol. 2023;25(2):339-50. https://doi.org/10.1093/neuonc/
noac173.

599. Werlenius K, Kinhult S, Solheim TS, Magelssen H, Lofgren D, 
Mudais i  M,  e t  a l .  Ef fec t  of  disulf i ram and copper plus 
chemotherapy vs chemotherapy alone on survival in patients 
with recurrent glioblastoma: a randomized clinical trial. JAMA 
Netw Open. 2023;6(3):e234149. https://doi.org/10.1001/
jamanetworkopen.2023.4149.

600. Omuro A, Brandes AA, Carpentier AF, Idbaih A, Reardon DA, 
Cloughesy T, et al. Radiotherapy combined with nivolumab 
or temozolomide for newly diagnosed glioblastoma with 
unmethylated mgmt promoter: an international randomized 
phase Ⅲ trial. Neuro Oncol. 2023;25(1):123-34. https://doi.
org/10.1093/neuonc/noac099.

601. Michalski JM, Janss AJ, Vezina LG, Smith KS, Billups CA, Burger PC, 
et al. Children's oncology group phase Ⅲ trial of reduced-dose 
and reduced-volume radiotherapy with chemotherapy for newly 
diagnosed average-risk medulloblastoma. J Clin Oncol. 2021; 
39(24):2685-97. https://doi.org/10.1200/JCO.20.02730.

602. Mishima K, Nishikawa R, Narita Y, Mizusawa J, Sumi M, Koga T, et al. 
Randomized phase Ⅲ study of high-dose methotrexate and 
whole-brain radiotherapy with/without temozolomide for newly 
diagnosed primary CNS lymphoma: JCOG1114C. Neuro Oncol. 
2023;25(4):687-98. https://doi.org/10.1093/neuonc/noac246.

603. Emamekhoo H, Olsen MR, Carthon BC, Drakaki A, Percent IJ, 
Molina AM, et al .  Safety and efficacy of nivolumab plus 
ipilimumab in patients with advanced renal cell carcinoma with 
brain metastases: CheckMate 920. Cancer. 2022;128(5):966-74. 
https://doi.org/10.1002/cncr.34016.

604. Magalhães M, Domínguez-Martín EM, Jorge J, Goncalves AC, 
Massenzio F, Spigarelli  R, et al .  Unveiling the antitumor 
mechanism of 7α-acetoxy-6β-hydroxyroyleanone from 
Plectranthus hadiensis in glioblastoma. J Ethnopharmacol. 2024; 
335:118689. https://doi.org/10.1016/j.jep.2024.118689.

605. Wikerholmen T, Taule EM, Rigg E, Berle BF, Saettem M, Sarnow K, 
et al. Repurposing neuroleptics: clozapine as a novel, adjuvant 
therapy for melanoma brain metastases. Clin Exp Metastasis. 
2025;42(2):12. https://doi.org/10.1007/s10585-025-10328-3.

606. Zong S, Li X, Zhang G, Hu J, Li H, Guo Z, et al. Effect of luteolin on 
glioblastoma's immune microenvironment and tumor growth 
suppression. Phytomedicine. 2024;130:155611. https://doi.
org/10.1016/j.phymed.2024.155611.

607. Chellen T, Bausart M, Maus P, Vanvarenberg K, Limaye N, Preat V, 
et al. In situ administration of STING-activating hyaluronic 
acid conjugate primes anti-glioblastoma immune response. 
Mater Today Bio. 2024;26:101057. https://doi.org/10.1016/
j.mtbio.2024.101057.



84

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

608. Berger G, Knelson EH, Jimenez-Macias JL, Nowicki MO, Han S, 
Panagioti E, et al. STING activation promotes robust immune 
response and NK cell-mediated tumor regression in glioblastoma 
models. Proc Natl Acad Sci U S A. 2022;119(28):e2111003119. 
https://doi.org/10.1073/pnas.2111003119.

609. Najem H, Lea ST, Tripathi S, Hurley L, Chen CH, William I, et al. 
Sting agonist 8803 reprograms the immune microenvironment 
and increases survival in preclinical models of glioblastoma. J Clin 
Invest. 2024;134(12):e175033. https://doi.org/10.1172/JCI175033.

610. Lee S, Hong KH, Park H, Ha J, Lee SE, Park DJ, et al. Tumor 
phagocytosis-driven STING activation invigorates antitumor 
immunity and reprograms the tumor micro-environment. 
J Control Release. 2024;373:55-69. https://doi.org/10.1016/
j.jconrel.2024.07.004.

611. Arrieta VA, Gould A, Kim KS, Habashy KJ, Dmello C, Vazquez-
Cervantes GI, et al. Ultrasound-mediated delivery of doxorubicin 
to the brain results in immune modulation and improved 
responses to PD-1 blockade in gliomas. Nat Commun. 2024;15(1): 
4698. https://doi.org/10.1038/s41467-024-48326-w.

612. Cheng W, Su YL, Hsu HH, Lin YH, Chu LA, Huang WC, et al. Rabies 
virus glycoprotein-mediated transportation and T cell infiltration 
to brain tumor by magnetoelectric gold yarnballs. ACS Nano. 
2022;16(3):4014-27. https://doi.org/10.1021/acsnano.1c09601.

613. Song H, Chen L, Pan X, Shen Y, Ye M, Wang G, et al. Targeting 
tumor monocyte-intrinsic PD-L1 by rewiring STING signaling and 
enhancing STING agonist therapy. Cancer Cell. 2025;43(3):503-18.
e10. https://doi.org/10.1016/j.ccell.2025.02.014.

614. Wang TY, Hu HG, Zhao L, Zhuo SH, Su JY, Feng GH, et al . 
EXO(TLR1/2-STING ): a dual-mechanism stimulator of interferon 
genes activator for cancer immunotherapy. ACS Nano. 2025; 
19(4):5017-28. https://doi.org/10.1021/acsnano.4c18056.

615. Kang X, Chen W, Zhang Y, Ma J, Du Z, Chen X, et al. A sono-
responsive nanoplatform integrating STING activation and 
CXCR4 blockade for synergistic immunotherapy of glioblastoma. 
Adv Mater.  2026;38(7):e12104. https://doi.org/10.1002/
adma.202512104.

616. Quinn CH, Julson JR, Markert HR, Nazam N, Butey S, Stewart JE, 
et al. Oncolytic virotherapy augments self-maintaining natural 
killer cell line cytotoxicity against neuroblastoma. Cancer 
Immunol Immunother. 2024;73(11):221. https://doi.org/10.1007/
s00262-024-03818-y.

617. van Putten EHP, Kleijn A, van Beusechem VW, Noske D, Lamers 
CHJ, de Goede AL, et al. Convection enhanced delivery of the 
oncolytic adenovirus δ24-RGD in patients with recurrent GBM: a 
phase Ⅰ clinical trial including correlative studies. Clin Cancer Res. 
2022;28(8):1572-85. https://doi.org/10.1158/1078-0432.CCR-21-
3324.

618. Grimes JM, Ghosh S, Manzoor S, Li LX, Moran MM, Clements JC, 
et al. Oncolytic reprogramming of tumor microenvironment 
shapes CD4 T-cell memory via the il6ra-bcl6 axis for targeted 
control of glioblastoma. Nat Commun. 2025;16(1):1095. https://
doi.org/10.1038/s41467-024-55455-9.

619. Ling AL, Solomon IH, Landivar AM, Nakashima H, Woods JK, 
Santos A, et al. Clinical trial links oncolytic immunoactivation to 
survival in glioblastoma. Nature. 2023;623(7985):157-66. https://
doi.org/10.1038/s41586-023-06623-2.

620. Todo T, Ino Y, Ohtsu H, Shibahara J, Tanaka M. A phase Ⅰ/Ⅱ study 
of triple-mutated oncolytic herpes virus G47∆ in patients with 
progressive glioblastoma. Nat Commun. 2022;13(1):4119. https://
doi.org/10.1038/s41467-022-31262-y.

621. Todo T, Ito H, Ino Y, Ohtsu H, Ota Y, Shibahara J, et al. Intratumoral 
oncolytic herpes virus G47∆ for residual or recurrent glioblastoma: 
a phase 2 trial.  Nat Med. 2022;28(8):1630-9. https://doi.
org/10.1038/s41591-022-01897-x.

622. Fares J, Ahmed AU, Ulasov IV, Sonabend AM, Miska J, Lee-Chang C, 
et al. Neural stem cell delivery of an oncolytic adenovirus in newly 
diagnosed malignant glioma: a first-in-human, phase 1, dose-
escalation trial. Lancet Oncol. 2021;22(8):1103-14. https://doi.
org/10.1016/S1470-2045(21)00245-X.

623. Ning W, Qian X, Dunmall LC, Liu F, Guo Y, Li S, et al. Non-secreting 
IL12 expressing oncolytic adenovirus Ad-TD-nsIL12 in recurrent 
high-grade glioma: A phase Ⅰ trial. Nat Commun. 2024;15(1):9299. 
https://doi.org/10.1038/s41467-024-53041-7.

624. Galanis E, Dooley KE, Keith Anderson S, Kurokawa CB, Carrero XW, 
Uhm JH, et al. Carcinoembryonic antigen-expressing oncolytic 
measles virus derivative in recurrent glioblastoma: A phase 1 trial. 
Nat Commun. 2024;15(1):493. https://doi.org/10.1038/s41467-
023-43076-7.

625. Umemura Y, Orringer D, Junck L, Varela ML, West MEJ, Faisal SM, 
et al. Combined cytotoxic and immune-stimulatory gene therapy 
for primary adult high-grade glioma: a phase 1, first-in-human 
trial. Lancet Oncol. 2023;24(9):1042-52. https://doi.org/10.1016/
S1470-2045(23)00347-9.

626. Nassiri F, Patil V, Yefet LS, Singh O, Liu J, Dang RMA, et al. Oncolytic 
DNX-2401 virotherapy plus pembrolizumab in recurrent 
glioblastoma: A phase 1/2 trial. Nat Med. 2023;29(6):1370-8. 
https://doi.org/10.1038/s41591-023-02347-y.

627. Bommareddy PK, Wakimoto H, Martuza RL, Kaufman HL, 
Rabkin SD, Saha D. Oncolytic herpes simplex virus expressing 
IL-2 controls glioblastoma growth and improves survival. J 
Immunother Cancer. 2024;12(4). https://doi.org/10.1136/jitc-
2024-008880.

628. Parker S, McDowall C, Sanchez-Perez L, Osorio C, Duncker PC, 
Briley A, et al. Immunotoxin-αCD40 therapy activates innate and 
adaptive immunity and generates a durable antitumor response 
in glioblastoma models. Sci Transl Med. 2023;15(682):eabn5649. 
https://doi.org/10.1126/scitranslmed.abn5649.

629. Noh MH, Kang JM, Miller AA, Nguyen G, Huang M, Shim JS, et al. 
Targeting IGF2 to reprogram the tumor microenvironment for 
enhanced viro-immunotherapy. Neuro Oncol. 2024;26(9):1602-
16. https://doi.org/10.1093/neuonc/noae105.

630. Reardon DA, Lassman AB, van den Bent M, Kumthekar P, 
Merrell R, Scott AM, et al. Efficacy and safety results of ABT-
414 in combination with radiation and temozolomide in newly 
diagnosed glioblastoma. Neuro Oncol. 2017;19(7):965-75. https://
doi.org/10.1093/neuonc/now257.

631. Gan HK, Reardon DA, Lassman AB, Merrell R, van den Bent M, 
Butowski N, et al. Safety, pharmacokinetics, and antitumor 
response of depatuxizumab mafodotin as monotherapy or in 
combination with temozolomide in patients with glioblastoma. 
Neuro Oncol. 2018;20(6):838-47. https://doi.org/10.1093/neuonc/
nox202.

632. Gan HK, Burge M, Solomon B, Lee ST, Holen KD, Zhang Y, et al. 
A phase 1 and biodistribution study of abt-806i, an (111)in-
radiolabeled conjugate of the tumor-specific anti-EGFR antibody 
abt-806. Journal of nuclear medicine: official publication, Society 
of Nuclear Medicine. 2021;62(6):787-94. https://doi.org/10.2967/
jnumed.120.253146.

633. Balinda HU, Kelly WJ, Kaklamani VG, Lathrop KI, Canola MM, 
Ghamasaee P, et al. Sacituzumab govitecan in patients with breast 



85

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

cancer brain metastases and recurrent glioblastoma: a phase 
0 window-of-opportunity trial. Nat Commun. 2024;15(1):6707. 
https://doi.org/10.1038/s41467-024-50558-9.

634. Zheng MZ, Yang ZQ, Cai SL, Zheng LT, Xue Y, Chen L, et al. Blood-
brain barrier and blood-brain tumor barrier penetrating peptide-
drug conjugate as targeted therapy for the treatment of lung 
cancer brain metastasis. Lung Cancer. 2024;196:107957. https://
doi.org/10.1016/j.lungcan.2024.107957.

635. Kumthekar PU, Avram MJ, Lassman AB, Lin NU, Lee E, Grimm SA, 
et al. A phase Ⅰ/Ⅱ study of intrathecal trastuzumab in human 
epidermal growth factor receptor 2-positive (HER2-positive) 
cancer with leptomeningeal metastases: safety, efficacy, and 
cerebrospinal fluid pharmacokinetics. Neuro Oncol. 2023;25(3): 
557-65. https://doi.org/10.1093/neuonc/noac195.

636. Wang J, Zhang Y, Bai R, Wu Y, Tong Z, Liu A, et al. Novel trop2 
antibody-drug conjugates for treatment of HER2-negative 
metastatic breast cancer patients with brain metastases: a 
promising option ☆ . ESMO Open. 2025;10(5):105059. https://doi.
org/10.1016/j.esmoop.2025.105059.

637. Fuereder T, Garde-Noguera J, García-Mosquera JJ, Ruiz-Borrego M, 
Valero M, Llombart-Cussac A, et al. Patritumab deruxtecan (HER3-
DXd) in patients with active brain metastases of non-small-cell 
lung cancer (TUXEDO-3): a multicentre, single-arm, phase 2 trial. 
Lancet Oncol. 2025;26(11):1454-66. https://doi.org/10.1016/
s1470-2045(25)00465-6.

638. Bar tsch R,  Marhold M, Garde -Noguera J,  Gion M, Ruiz-
Borrego M, Greil R, et al. Patritumab deruxtecan (HER3-DXd) 
in patients with active brain metastases of breast cancer 
(TUXEDO-3): a multicentre, single-arm, phase 2 trial. Lancet 
Oncol. 2025;26(11):1467-78. https://doi.org/10.1016/s1470-
2045(25)00470-x.

639. Herrera M, Pretelli G, Desai J, Garralda E, Siu LL, Steiner TM, 
et al. Bispecific antibodies: advancing precision oncology. 
Trends Cancer. 2024;10(10):893-919. https://doi.org/10.1016/
j.trecan.2024.07.002.

640. Godfrey JK, Gao L, Shouse G, Song JY, Pak S, Lee B, et al. 
Glofitamab stimulates immune cell infiltration of CNS tumors and 
induces clinical responses in secondary CNS lymphoma. Blood. 
2024;144(4):457-61. https://doi.org/10.1182/blood.2024024168.

641. Zhang B, Shah KB, Parma M, Wang K, Singhi EK, Lewis W, et al. 
Rapid intracranial response with tarlatamab in patients with 
untreated brain metastases from SCLC-a real-world case series: 
case report. J Thorac Oncol. 2025;20(8):1131-8. https://doi.
org/10.1016/j.jtho.2025.02.023.

642. Meng JL, Dong ZX, Chen YR, Lin MH, Liu YC, Roffler SR, et al. pH-
responsive polyethylene glycol engagers for enhanced brain 
delivery of PEGylated nanomedicine to treat glioblastoma. 
ACS Nano. 2025;19(1) :307-21.  https://doi.org/10.1021/
acsnano.4c05906.

643. Latzer P, Zelba H, Battke F, Reinhardt A, Shao B, Bartsch O, et al. A 
real-world observation of patients with glioblastoma treated with 
a personalized peptide vaccine. Nat Commun. 2024;15(1):6870. 
https://doi.org/10.1038/s41467-024-51315-8.

644. Trivedi V, Yang C, Klippel K, Yegorov O, von Roemeling C, Hoang-
Minh L, et al. Mrna-based precision targeting of neoantigens and 
tumor-associated antigens in malignant brain tumors. Genome 
Med. 2024;16(1):17. https://doi.org/10.1186/s13073-024-01281-z.

645. Hu JL, Omofoye OA, Rudnick JD, Kim S, Tighiouart M, Phuphanich S, 
et al. A phase Ⅰ study of autologous dendritic cell vaccine pulsed 
with allogeneic stem-like cell line lysate in patients with newly 

diagnosed or recurrent glioblastoma. Clin Cancer Res. 2022;28(4): 
689-96. https://doi.org/10.1158/1078-0432.CCR-21-2867.

646. Cheung IY, Cheung NV, Modak S, Mauguen A, Feng Y, Basu E, 
et al. Survival impact of anti-GD2 antibody response in a phase 
Ⅱ ganglioside vaccine trial among patients with high-risk 
neuroblastoma with prior disease progression. J Clin Oncol. 
2021;39(3):215-26. https://doi.org/10.1200/JCO.20.01892.

647. Han X, Feng F, Wang Z, Huang S, Xi K, Fang Z, et al. Preventing 
glioblastoma relapse by igniting innate immunity through 
mitochondrial stress in the surgical cavity. Adv Mater. 2026;38(1): 
e11351. https://doi.org/10.1002/adma.202511351.

648. Shi Y, Sun Y, Zhao S, Sun Z, Xia M, Zhong Z, et al. Intranasal and 
intravenous sequential administration of survivin peptide-CpG 
nanovaccines elicits potent immunity toward glioblastoma. 
Adv Mater. 2025;37(33):e2420630. https://doi.org/10.1002/
adma.202420630.

649. Blobner J, Dengler L, Eberle C, Herold JJ, Xu T, Beck A, et al. PD-1 
blockade does not improve efficacy of EpCAM-directed CAR T-cell 
in lung cancer brain metastasis. Cancer Immunol Immunother. 
2024;73(12):255. https://doi.org/10.1007/s00262-024-03837-9.

650. Li X, Sun S, Zhang W, Liang Z, Fang Y, Sun T, et al. Identification of 
genetic modifiers enhancing B7-H3-targeting CAR T cell therapy 
against glioblastoma through large-scale CRISPRi screening. J Exp 
Clin Cancer Res. 2024;43(1):95. https://doi.org/10.1186/s13046-
024-03027-6.

651. Tachi T, Kijima N, Kuroda H, Ikeda S, Murakami K, Nakagawa T, 
et al. Antitumor effects of intracranial injection of B7-H3-targeted 
CAR-T and CAR-NK cells in a patient-derived glioblastoma 
xenograft model. Cancer Immunol Immunother. 2024;73(12):256. 
https://doi.org/10.1007/s00262-024-03808-0.

652. Vitanza NA, Wilson AL, Huang W, Seidel K, Brown C, Gustafson 
JA, et al. Intraventricular B7-H3 CAR T cells for diffuse intrinsic 
pontine glioma: preliminary first-in-human bioactivity and safety. 
Cancer Discov. 2023;13(1):114-31. https://doi.org/10.1158/2159-
8290.CD-22-0750.

653. Logun M, Wang X, Sun Y, Bagley SJ, Li N, Desai A, et al. Patient-
derived glioblastoma organoids as real-time avatars for assessing 
responses to clinical CAR-T cell therapy. Cell Stem Cell. 2025;32(2): 
181-90.e4. https://doi.org/10.1016/j.stem.2024.11.010.

654. Monje M, Mahdi J, Majzner R, Yeom KW, Schultz LM, Richards RM, 
et al. Intravenous and intracranial GD2-CAR T cells for H3K27M+ 
diffuse midline gliomas. Nature. 2025;637(8046):708-15. https://
doi.org/10.1038/s41586-024-08171-9.

655. Huang S, Zhao Y, Shen J. Advances in integrating biomaterials 
with CAR-T cells for enhancing solid tumor therapy. Chin J 
Cancer Res. 2025;37(5):742-58. https://doi.org/10.21147/
j.issn.1000-9604.2025.05.07.

656. Choe JH, Watchmaker PB, Simic MS, Gilbert RD, Li AW, Krasnow 
NA, et al. SynNotch-CAR T cells overcome challenges of specificity, 
heterogeneity, and persistence in treating glioblastoma. Sci 
Transl Med. 2021;13(591):eabe7378. https://doi.org/10.1126/
scitranslmed.abe7378.

657. Kaiser Y, Garris CS, Marinari E, Kim HS, Oh J, Pedard M, et al. 
Targeting immunosuppressive myeloid cells via implant-
mediated s low release of  smal l  molecules  to  prevent 
glioblastoma recurrence. Nat Biomed Eng. 2025. https://doi.
org/10.1038/s41551-025-01533-2.

658. Rossari F, Alvisi G, Cusimano M, Beretta S, Birocchi F, Ambrosecchia 
DI, et al. A cross-talk established by tumor-targeted cytokines 
rescues CAR T cell activity and engages host T cells against 



86

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

glioblastoma in mice. Sci Transl Med. 2025;17(805):eado9511. 
https://doi.org/10.1126/scitranslmed.ado9511.

659. Lv J, Si T, Wang D, Zhang C, Zhou Y, Yu J, et al. Mechanical 
signaling via β2 integrin decouples T cell proliferation and 
differentiation for generating stem cell-like CAR T cells. 
Immunity. 2025;58(9):2289-304.e10. https://doi.org/10.1016/
j.immuni.2025.07.018.

660. Zhai Y, Li G, Pan C, Yu M, Hu H, Wang D, et al. The development 
and potent antitumor efficacy of CD44/CD133 dual-targeting 
il7rα-armored CAR-T cells against glioblastoma. Cancer Lett. 
2025;614:217541. https://doi.org/10.1016/j.canlet.2025.217541.

661. Martinez Bedoya D, Marinari E, Davanture S, Castillo Cantero L, 
Erraiss S, Dockerill M, et al. PTPRZ1-targeting RNA CAR T cells 
exert antigen-specific and bystander antitumor activity in 
glioblastoma. Cancer Immunol Res. 2024;12(12):1718-35. https://
doi.org/10.1158/2326-6066.CIR-23-1094.

662. Martins P, D'Souza RCJ, Skarne N, Lekieffre L, Horsefield S, 
Ranjankumar M, et al. EphA3 CAR T cells are effective against 
glioblastoma in preclinical models. J Immunother Cancer. 2024; 
12(8):e009403. https://doi.org/10.1136/jitc-2024-009403.

663. Chang Y, Cai X, Syahirah R, Yao Y, Xu Y, Jin G, et al. CAR-neutrophil 
mediated delivery of tumor-microenvironment responsive 
nanodrugs for glioblastoma chemo-immunotherapy. Nat 
Commun. 2023;14(1):2266. https://doi.org/10.1038/s41467-023-
37872-4.

664. Bagley SJ, Logun M, Fraietta JA, Wang X, Desai AS, Bagley LJ, et al. 
Intrathecal bivalent CAR T cells targeting EGFR and IL-13Rα2 in 
recurrent glioblastoma: phase 1 trial interim results. Nat Med. 
2024;30(5):1320-9. https://doi.org/10.1038/s41591-024-02893-z.

665. Brown CE, Hibbard JC, Alizadeh D, Blanchard MS, Natri HM, Wang D, 
et al. Locoregional delivery of il-13rα2-targeting CAR-T cells in 
recurrent high-grade glioma: a phase 1 trial. Nat Med. 2024;30(4): 
1001-12. https://doi.org/10.1038/s41591-024-02875-1.

666. Vitanza NA, Ronsley R, Choe M, Seidel K, Huang W, Rawlings-Rhea 
SD, et al. Intracerebroventricular B7-H3-targeting CAR T cells for 
diffuse intrinsic pontine glioma: a phase 1 trial. Nat Med. 2025; 
31(3):861-8. https://doi.org/10.1038/s41591-024-03451-3.

667. Brown CE, Rodriguez A, Palmer J, Ostberg JR, Naranjo A, Wagner 
JR, et al. Off-the-shelf, steroid-resistant, IL13Rα2-specific CAR T 
cells for treatment of glioblastoma. Neuro Oncol. 2022;24(8):1318-
30. https://doi.org/10.1093/neuonc/noac024.

668. Bagley SJ, Binder ZA, Lamrani L, Marinari E, Desai AS, Nasrallah 
MP, et al. Repeated peripheral infusions of anti-EGFRvⅢ CAR 
T cells in combination with pembrolizumab show no efficacy 
in glioblastoma: a phase 1 trial. Nat Cancer. 2024;5(3):517-31. 
https://doi.org/10.1038/s43018-023-00709-6.

669. Ni H, Reitman ZJ, Zou W, Akhtar MN, Paul R, Huang M, et al. 
FLASH radiation reprograms lipid metabolism and macrophage 
immunity and sensitizes medulloblastoma to CAR-T cell therapy. 
Nat Cancer. 2025;6(3):460-73. https://doi.org/10.1038/s43018-
025-00905-6.

670. Ciccone R, Quintarelli C, Camera A, Pezzella M, Caruso S, Manni S, 
et al. GD2-targeting CAR T-cell therapy for patients with GD2+ 
medulloblastoma. Clin Cancer Res. 2024;30(11):2545-57. https://
doi.org/10.1158/1078-0432.CCR-23-1880.

671. Vora P, Venugopal C, Salim SK, Tatari N, Bakhshinyan D, 
Singh M, et al. The rational development of CD133-targeting 
immunotherapies for glioblastoma. Cell Stem Cell. 2020;26(6): 
832-44.e6. https://doi.org/10.1016/j.stem.2020.04.008.

672. Tanzhu G, Peng H, Chen L, Xiao G, Ning J, Chen L, et al. Tumor 

treating fields combined with ionizing radiation inhibit the 
malignant phenotype of lung cancer brain metastasis cells by 
suppressing DNA damage repair pathways. Brain Stimul. 2025; 
18(5):1426-40. https://doi.org/10.1016/j.brs.2025.07.014.

673. Tian W, Chu X, Tanzhu G, Zhou R. Optimal timing and sequence 
of combining stereotactic radiosurgery with immune checkpoint 
inhibitors in treating brain metastases: clinical evidence and 
mechanistic basis. J Transl Med. 2023;21(1):244. https://doi.
org/10.1186/s12967-023-04089-4.

674. Tanzhu G, Chen L, Xiao G, Shi W, Peng H, Chen D, et al. The 
schemes, mechanisms and molecular pathway changes of 
tumor treating fields (TTFfields) alone or in combination with 
radiotherapy and chemotherapy. Cell Death Discov. 2022;8(1):416. 
https://doi.org/10.1038/s41420-022-01206-y.

675. Lee WS, Yang H, Chon HJ, Kim C. Combination of anti-angiogenic 
therapy and immune checkpoint blockade normalizes vascular-
immune crosstalk to potentiate cancer immunity. Exp Mol Med. 
2020;52(9):1475-85. https://doi.org/10.1038/s12276-020-00500-y.

676. Ku KB, Kim CW, Kim Y, Kang BH, La J, Kang I, et al. Inhibitory 
fcgamma receptor deletion enhances CD8 T cell stemness 
increas ing ant i -PD -1  therapy responsiveness  against 
glioblastoma. J Immunother Cancer. 2024;12(10):e009449. 
https://doi.org/10.1136/jitc-2024-009449.

677. Strassheimer F, Elleringmann P, Ludmirski G, Roller B, Macas J, 
Alekseeva T, et al. CAR-NK cell therapy combined with checkpoint 
inhibition induces an NKT cell response in glioblastoma. Br J 
Cancer. 2025;132(9):849-60. https://doi.org/10.1038/s41416-025-
02977-8.

678. Xiao J, Liang J, Fan J, Hou P, Li X, Zhang H, et al. CDK4/6 inhibition 
enhances oncolytic virus efficacy by potentiating tumor-selective 
cell killing and T-cell activation in refractory glioblastoma. Cancer 
Res. 2022;82(18):3359-74. https://doi.org/10.1158/0008-5472.
CAN-21-3656.

679. Li J, Bai M, Jia W, Zhai X, Wang M, Yu J, et al. Irradiated tumor 
cell-released microparticles enhance the therapeutic efficacy of 
PD-1 inhibitors by promoting M1-TAMs polarization in NSCLC 
brain metastases. Cancer Lett. 2024;598:217133. https://doi.
org/10.1016/j.canlet.2024.217133.

680. Xia M, Zhao S, Sun Z, Shi Y, Lin W, Zhong Z, et al. Brain-targeted 
polymersomes mediating RNAi of STAT3 sensitize glioblastoma to 
temozolomide and immunotherapy. J Colloid Interface Sci. 2025; 
695:137751. https://doi.org/10.1016/j.jcis.2025.137751.

681. Deng H, Zhao L, Ge H, Gao Y, Fu Y, Lin Y, et al. Ubiquinol-
mediated suppression of mitochondria-associated ferroptosis is 
a targetable function of lactate dehydrogenase B in cancer. Nat 
Commun. 2025;16(1):2597. https://doi.org/10.1038/s41467-025-
57906-3.

682. Zhuo S, He G, Chen T, Li X, Liang Y, Wu W, et al. Emerging role 
of ferroptosis in glioblastoma: therapeutic opportunities 
and challenges. Front Mol Biosci. 2022;9:974156. https://doi.
org/10.3389/fmolb.2022.974156.

683. Chi Y, Song C, Jia Q, Zhang R, Sun F, Li Z, et al .  A metal 
coordination polymer nanoparticle synergistically re-establishes 
acidosis and enhances chemodynamic therapy for glioblastoma. 
Acta Biomater. 2025;192:290-301. https://doi.org/10.1016/
j.actbio.2024.11.042.

684. Zhong Y, Geng F, Mazik L, Yin X, Becker AP, Mohammed S, et al. 
Combinatorial targeting of glutamine metabolism and lysosomal-
based lipid metabolism effectively suppresses glioblastoma. 
Cell Rep Med. 2024;5(9):101706. https://doi.org/10.1016/



87

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

j.xcrm.2024.101706.
685. Yin X, Lu Y, Cui Y, Zhou Z, Wen J, Huang Z, et al. Ct-based 

radiomics-deep learning model predicts occult lymph node 
metastasis in early-stage lung adenocarcinoma patients: a 
multicenter study. Chin J Cancer Res. 2025;37(1):12-27. https://
doi.org/10.21147/j.issn.1000-9604.2025.01.02.

686. Kang JH, Turabee MH, Lee DS, Kwon YJ, Ko YT. Temperature 
and pH-responsive in situ hydrogels of gelatin derivatives to 
prevent the reoccurrence of brain tumor. Biomed Pharmacother. 
2021;143:112144. https://doi.org/10.1016/j.biopha.2021.112144.

687. Zhang Y, Ma H, Li L, Sun C, Yu C, Wang L, et al. Dual-targeted 
novel temozolomide nanocapsules encapsulating siPKM2 inhibit 
aerobic glycolysis to sensitize glioblastoma to chemotherapy. 
Adv Mater. 2024;36(29):e2400502. https://doi.org/10.1002/
adma.202400502.

688. Zhuo W, Wang W, Zhou W, Duan Z, He S, Zhang X, et al. A targeted 
and responsive nanoprodrug delivery system for synergistic 
glioma chemotherapy. Small. 2024;20(30):e2400630. https://doi.
org/10.1002/smll.202400630.

689. Liang J,  Li L,  Tian H, Wang Z, Liu G, Duan X, et al .  Drug 
repurposing-based brain-targeting self-assembly nanoplatform 
using enhanced ferroptosis against glioblastoma. Small. 2023; 
19(46):e2303073. https://doi.org/10.1002/smll.202303073.

690. Zhang H, Guan S, Wei T, Wang T, Zhang J, You Y, et al. Homotypic 
membrane -enhanced blood-brain barrier crossing and 
glioblastoma targeting for precise surgical resection and 
photothermal therapy. J Am Chem Soc. 2023;145(10):5930-40. 
https://doi.org/10.1021/jacs.2c13701.

691. Moorthy T, Chen CK, Liu ZH, Yalamandala BN, Huynh TMH, Iao HM, 
et al. Wireless chargeable gold Yarnball-mediated mitochondrial 
depolarization for dendritic cell detainment in programmed brain 
tumor immunotherapy. Nano Today. 2025;65:102838. https://doi.
org/10.1016/j.nantod.2025.102838.

692. Yalamandala BN, Moorthy T, Liu ZH, Huynh TMH, Iao HM, 
Pan WC, et al. A self-cascading catalytic therapy and antigen 
capture scaffold-mediated T cells augments for postoperative 
brain immunotherapy. Small. 2025;21(5):e2406178. https://doi.
org/10.1002/smll.202406178.

693. Pickering AJ, Lamson NG, Marand MH, Hwang W, Straehla JP, 
Hammond PT. Layer-by-layer polymer functionalization improves 
nanoparticle penetration and glioblastoma targeting in the 
brain. ACS Nano. 2023;17(23):24154-69. https://doi.org/10.1021/
acsnano.3c09273.

694. Xu K, Zhao Z, Zhang J, Xue W, Tong H, Liu H, et al. Albumin-
stabilized manganese-based nanocomposites with sensitive 
tumor microenvironment responsivity and their application for 
efficient siRNA delivery in brain tumors. J Mater Chem B. 2020; 
8(7):1507-15. https://doi.org/10.1039/c9tb02341k.

695. Yalamandala BN, Chen YJ, Lin YH, Huynh TMH, Chiang WH, Chou 
TC, et al. A self-cascade penetrating brain tumor immunotherapy 
mediated by near-infrared Ⅱ  cell  membrane-disrupting 
nanoflakes via detained dendritic cells. ACS Nano. 2024;18(28): 
18712-28. https://doi.org/10.1021/acsnano.4c06183.

696. Montorsi M, Pucci C, De Pasquale D, Marino A, Ceccarelli MC, 
Mazzufer i  M,  e t  a l .  Ultrasound-activated piezoelectr ic 
nanoparticles trigger microglia activity against glioblastoma 
cells. Adv Healthc Mater. 2024;13(18):e2304331. https://doi.
org/10.1002/adhm.202304331.

697. Ramalho MJ, Bravo M, Loureiro JA, Lima J, Pereira MC. Transferrin-
modified nanoparticles for targeted delivery of asiatic acid 

to glioblastoma cells. Life Sci. 2022;296:120435. https://doi.
org/10.1016/j.lfs.2022.120435.

698. Zhang M, Wang W, Mohammadniaei M, Zheng T, Zhang Q, 
Ashley J, et al. Upregulating aggregation-induced-emission 
nanoparticles with blood-tumor-barrier permeability for precise 
photothermal eradication of brain tumors and induction of local 
immune responses. Adv Mater. 2021;33(22):e2008802. https://
doi.org/10.1002/adma.202008802.

699. Jiang X, Lai Y, Xia W, Yang W, Wang J, Pan J, et al. Self-oxygenating 
PROTAC microneedle for spatiotemporally-confined protein 
degradation and enhanced glioblastoma therapy. Adv Mater. 
2025;37(13):e2411869. https://doi.org/10.1002/adma.202411869.

700. Zhang Y, Hou X, Du S, Xue Y, Yan J, Kang DD, et al. Close the 
cancer-immunity cycle by integrating lipid nanoparticle-mRNA 
formulations and dendritic cell therapy. Nat Nanotechnol. 2023; 
18(11):1364-74. https://doi.org/10.1038/s41565-023-01453-9.

701. Chiang MR, Hsu CW, Pan WC, Tran NT, Lee YS, Chiang WH, et al. 
Reprogramming dysfunctional dendritic cells by a versatile 
catalytic dual oxide antigen-captured nanosponge for remotely 
enhancing lung metastasis immunotherapy. ACS Nano. 2025; 
19(2):2117-35. https://doi.org/10.1021/acsnano.4c09525.

702. Huynh TMH, Huang PX, Wang KL, Tran NT, Iao HM, Pan WC, et al. 
Reprogramming immunodeficiency in lung metastases via PD-
L1 siRNA delivery and antigen capture of nanosponge-mediated 
dendritic cell modulation. ACS Nano. 2025;19(27):25134-53. 
https://doi.org/10.1021/acsnano.5c05395.

703. Verry C, Dufort S, Villa J, Gavard M, Iriart C, Grand S, et al. 
Theranostic aguix nanoparticles as radiosensitizer: a phase Ⅰ, 
dose-escalation study in patients with multiple brain metastases 
(NANO-RAD trial). Radiother Oncol. 2021;160:159-65. https://doi.
org/10.1016/j.radonc.2021.04.021.

704. Zhang P, Rashidi A, Zhao J, Silvers C, Wang H, Castro B, et al. STING 
agonist-loaded, CD47/PD-L1-targeting nanoparticles potentiate 
antitumor immunity and radiotherapy for glioblastoma. Nat 
Commun. 2023;14(1):1610. https://doi.org/10.1038/s41467-023-
37328-9.

705. Zhang W, Lu L, Zhu Z, Deng F, Zhang W, Wang F, et al .  A 
manganese-based nanodriver coordinates tumor prevention 
and suppression through STING activation in glioblastoma. Adv 
Healthc Mater. 2024;13(19):e2400421. https://doi.org/10.1002/
adhm.202400421.

706. Hong MH, Choi YJ, Ahn HK, Lim SM, Keam B, Kim DW, et al. 
Lazertinib in EGFR-variant non-small cell lung cancer with CNS 
failure to prior EGFR tyrosine kinase inhibitors: a nonrandomized 
controlled trial. JAMA Oncol. 2024;10(10):1342-51. https://doi.
org/10.1001/jamaoncol.2024.2640.

707. Jung HA, Park S, Lee SH, Ahn JS, Ahn MJ, Sun JM. Dacomitinib in 
EGFR-mutant non-small-cell lung cancer with brain metastasis: a 
single-arm, phase Ⅱ study. ESMO Open. 2023;8(6):102068. https://
doi.org/10.1016/j.esmoop.2023.102068.

708. Park S, Baldry R, Jung HA, Sun JM, Lee SH, Ahn JS, et al. Phase 
Ⅱ efficacy and safety of 80 mg osimertinib in patients with 
leptomeningeal metastases associated with epidermal growth 
factor receptor mutation-positive non-small cell lung cancer 
(BLOSSOM). J Clin Oncol. 2024;42(23):2747-56. https://doi.
org/10.1200/JCO.24.00708.

709. Palmer JD, Prasad RN, Fabian D, Wei L, Yildiz VO, Tan Y, et al. Phase 
Ⅰ study of trametinib in combination with whole brain radiation 
therapy for brain metastases. Radiother Oncol. 2022;170:21-6. 
https://doi.org/10.1016/j.radonc.2022.03.016.



88

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

710. Gu D, Yu H, Ding N, Xu J, Qian P, Zhu J, et al. A phase Ⅱ study of 
anlotinib plus whole brain radiation therapy for patients with 
NSCLC with multiple brain metastases. Ann Med. 2024;56(1): 
2401618. https://doi.org/10.1080/07853890.2024.2401618.

711. Yang WC, Chen YF, Yang CC, Wu PF, Chan HM, Chen JL, et al. 
Hippocampal avoidance whole-brain radiotherapy without 
memantine in preserving neurocognitive function for brain 
metastases: a phase Ⅱ blinded randomized trial. Neuro Oncol. 
2021;23(3):478-86. https://doi.org/10.1093/neuonc/noaa193.

712. Arrieta O, Maldonado F, Turcott JG, Zatarain-Barron ZL, Barron F, 
Blake-Cerda M, et al. Prophylactic cranial irradiation reduces brain 
metastases and improves overall survival in high-risk metastatic 
non-small cell lung cancer patients: a randomized phase 2 study 
(PRoT-BM trial). Int J Radiat Oncol Biol Phys. 2021;110(5):1442-50. 
https://doi.org/10.1016/j.ijrobp.2021.02.044.

713. Mallela AN, Iheagwara UK, Fogg D, Anthony A, Gersey ZC, 
Zhang X, et al. Preoperative stereotactic radiosurgery for 
cerebral metastases: safe, effective, and decreases steroid 
dependency. J Neurosurg. 2024;141(5):1332-42. https://doi.
org/10.3171/2024.2.JNS232426.

714. Yang TJ, Wijetunga NA, Yamada J, Wolden S, Mehallow M, 
Goldman DA, et al. Clinical trial of proton craniospinal irradiation 
for leptomeningeal metastases. Neuro Oncol. 2021;23(1):134-43. 
https://doi.org/10.1093/neuonc/noaa152.

715. Fan C, Jiang Z, Teng C, Song X, Li L, Shen W, et al. Efficacy and 
safety of intrathecal pemetrexed for TKI-failed leptomeningeal 
metastases from EGFR+ NSCLC: an expanded, single-arm, phase 
Ⅱ clinical trial. ESMO Open. 2024;9(4):102384. https://doi.
org/10.1016/j.esmoop.2024.102384.

716. Hou X, Zhou C, Wu G, Lin W, Xie Z, Zhang H, et al. Efficacy, 
safety, and health-related quality of life with camrelizumab 
plus pemetrexed and carboplatin as first-line treatment for 
advanced nonsquamous NSCLC with brain metastases (CAP-
BRAIN): a multicenter, open-label, single-arm, phase 2 study. 
J Thorac Oncol. 2023;18(6):769-79. https://doi.org/10.1016/
j.jtho.2023.01.083.

717. Kim IA, Winter KA, Sperduto PW, De Los Santos JF, Peereboom 
DM, Ogunleye T,  et al .  Concurrent lapatinib with brain 
radiation therapy in patients with HER2+ breast cancer with 
brain metastases: NRG oncology-KROG/RTOG 1119 phase 2 
randomized trial. Int J Radiat Oncol Biol Phys. 2024;118(5):1391-
401. https://doi.org/10.1016/j.ijrobp.2023.07.019.

718. Yang Z, Meng J, Mei X, Mo M, Xiao Q, Han X, et al .  Brain 
radiotherapy with pyrotinib and capecitabine in patients with 
erbb2-positive advanced breast cancer and brain metastases: a 
nonrandomized phase 2 trial. JAMA Oncol. 2024;10(3):335-41. 
https://doi.org/10.1001/jamaoncol.2023.5791.

719. Yan M, Ouyang Q, Sun T, Niu L, Yang J, Li L, et al. Pyrotinib 
plus capecitabine for patients with human epidermal growth 
factor receptor 2-positive breast cancer and brain metastases 
(PERMEATE): a multicentre, single-arm, two-cohort, phase 2 trial. 
Lancet Oncol. 2022;23(3):353-61. https://doi.org/10.1016/S1470-
2045(21)00716-6.

720. Márquez-Rodas I, Álvarez A, Arance A, Valduvieco I, Berciano-
Guerrero MA, Delgado R, et al. Encorafenib and binimetinib 
followed by radiotherapy for patients with BRAFV600-mutant 
melanoma and brain metastases (E-BRAIN/GEM1802 phase 
Ⅱ  study). Neuro Oncol. 2024;26(11):2074-83. https://doi.
org/10.1093/neuonc/noae116.

721. Long GV, Atkinson V, Lo SN, Guminski AD, Sandhu SK, Brown 

MP, et al. Ipilimumab plus nivolumab versus nivolumab alone in 
patients with melanoma brain metastases (ABC): 7-year follow-
up of a multicentre, open-label, randomised, phase 2 study. 
Lancet Oncol. 2025;26(3):320-30. https://doi.org/10.1016/S1470-
2045(24)00735-6.

722. Subbiah V, Gainor JF, Oxnard GR, Tan DSW, Owen DH, Cho BC, et al. 
Intracranial efficacy of selpercatinib in RET fusion-positive non-
small cell lung cancers on the LIBRETTO-001 trial. Clin Cancer Res. 
2021;27(15):4160-7. https://doi.org/10.1158/1078-0432.CCR-21-
0800.

723. Yamaguchi H, Wakuda K, Fukuda M, Kenmotsu H, Mukae H, Ito K, 
et al. A phase Ⅱ study of osimertinib for radiotherapy-naive 
central nervous system metastasis from NSCLC: results for the 
T790M cohort of the OCEAN study (LOGIK1603/WJJOG9116L). 
J Thorac Oncol. 2021;16(12):2121-32. https://doi.org/10.1016/
j.jtho.2021.07.026.

724. Meador CB, Digumarthy SR, Yeap BY, Hung YP, Mino-Kenudson M, 
Farago AF, et al. Phase Ⅰ/Ⅱ investigator-initiated study of olaparib 
and temozolomide in SCLC: final analysis and CNS outcomes. Clin 
Cancer Res. 2025;31(1):25-34. https://doi.org/10.1158/1078-0432.
CCR-24-2350.

725. Frappaz D, Barritault M, Montané L, Laigle-Donadey F, Chinot O, 
Le Rhun E, et al. MEVITEM-a phase Ⅰ/Ⅱ trial of vismodegib+ 
temozolomide vs temozolomide in patients with recurrent/
refractory medulloblastoma with sonic hedgehog pathway 
activation. Neuro Oncol. 2021;23(11):1949-60. https://doi.
org/10.1093/neuonc/noab087.

726. El Shafie RA, Bernhardt D, Welzel T, Schiele A, Schmitt D, Thalmann P, 
et al. Stereotactic radiosurgery for 1–10 brain metastases to 
avoid whole-brain radiotherapy: results of the CYBER-SPACE 
randomized phase 2 trial. Neuro Oncol. 2025;27(2):479-91. 
https://doi.org/10.1093/neuonc/noae201.

727. Murphy ES, Yang K, Suh JH, Yu JS, Stevens G, Angelov L, et al. 
Phase Ⅰ trial of dose escalation for preoperative stereotactic 
radiosurgery for patients with large brain metastases. Neuro 
Oncol. 2024;26(9):1651-9. https://doi.org/10.1093/neuonc/
noae076.

728. Jansen CS, Pagadala MS, Cardenas MA, Prabhu RS, Goyal S, Zhou C, 
et al. Pre-operative stereotactic radiosurgery and peri-operative 
dexamethasone for resectable brain metastases: a two-arm pilot 
study evaluating clinical outcomes and immunological correlates. 
Nat Commun. 2024;15(1):8854. https://doi.org/10.1038/s41467-
024-53034-6.

729. Arrieta O, Hernández-Pedro N, Maldonado F, Ramos-Ramirez M, 
Yamamoto-Ramos M, Lopez-Macias D, et al. Nitroglycerin plus 
whole intracranial radiation therapy for brain metastases in 
patients with non-small cell lung cancer: a randomized, open-
label, phase 2 clinical trial. Int J Radiat Oncol Biol Phys. 2023; 
115(3):592-607. https://doi.org/10.1016/j.ijrobp.2022.02.010.

730. Tanimura K, Uchino J, Kimura H, Hiranuma O, Chihara Y, Tanzawa S, 
et al. Ramucirumab plus docetaxel for patients with non-small 
cell lung cancer with brain metastases: a multicenter, open-label 
single-arm phase Ⅱ trial. Oncologist. 2023;28(6):551-e454. https://
doi.org/10.1093/oncolo/oyad013.

731. Altan M, Wang Y, Song J, Welsh J, Tang C, Guha-Thakurta N, et al. 
Nivolumab and ipilimumab with concurrent stereotactic 
radiosurgery for intracranial metastases from non-small cell lung 
cancer: analysis of the safety cohort for non-randomized, open-
label, phase Ⅰ/Ⅱ trial. J Immunother Cancer. 2023;11(7):e006871. 
https://doi.org/10.1136/jitc-2023-006871.



89

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

732. Nadal E, Rodríguez-Abreu D, Simó M, Massuti B, Juan O, Huidobro G, 
et al. Phase Ⅱ trial of atezolizumab combined with carboplatin 
and pemetrexed for patients with advanced nonsquamous non-
small-cell lung cancer with untreated brain metastases (atezo-
brain, GECP17/05). J Clin Oncol. 2023;41(28):4478-85. https://doi.
org/10.1200/JCO.22.02561.

733. Brastianos PK, Kim AE, Giobbie-Hurder A, Lee EQ, Lin NU, 
Overmoyer B, et al. Pembrolizumab in brain metastases of diverse 
histologies: phase 2 trial results. Nat Med. 2023;29(7):1728-37. 
https://doi.org/10.1038/s41591-023-02392-7.

734. Ahmed KA, Kim Y, Kim S, Wang MH, DeJesus M, Arrington JA, 
et al. Nivolumab and stereotactic radiosurgery for patients 
with breast cancer brain metastases: long-term results and 
biomarker analysis from a non-randomized, open-label, phase 
Ⅰb study. J Immunother Cancer. 2025;13(4):e011432. https://doi.
org/10.1136/jitc-2024-011432.

735. Yang JT, Wijetunga NA, Pentsova E, Wolden S, Young RJ, Correa D, 
et al. Randomized phase Ⅱ trial of proton craniospinal irradiation 
versus photon involved-field radiotherapy for patients with solid 
tumor leptomeningeal metastasis. J Clin Oncol. 2022;40(33):3858-
67. https://doi.org/10.1200/JCO.22.01148.

736. Tawbi HA, Forsyth PA, Hodi FS, Algazi AP, Hamid O, Lao CD, et al. 
Long-term outcomes of patients with active melanoma brain 
metastases treated with combination nivolumab plus ipilimumab 
(CheckMate 204): final results of an open-label, multicentre, 
phase 2 study. Lancet Oncol. 2021;22(12):1692-704. https://doi.
org/10.1016/S1470-2045(21)00545-3.

737. Weiss SA, Djureinovic D, Wei W, Tran T, Austin M, Markowitz J, 
et al. Phase Ⅱ trial of pembrolizumab in combination with 
bevacizumab for untreated melanoma brain metastases. J Clin 
Oncol. 2025;43(14):1685-94. https://doi.org/10.1200/JCO-24-
02219.

738. Natsume A, Arakawa Y, Narita Y, Sugiyama K, Hata N, Muragaki Y, 
et al. The first-in-human phase Ⅰ study of a brain-penetrant 
mutant IDH1 inhibitor DS-1001 in patients with recurrent or 
progressive IDH1-mutant gliomas. Neuro Oncol. 2023;25(2):326-
36. https://doi.org/10.1093/neuonc/noac155.

739. Moreno V, Manuel Sepúlveda J, Reardon DA, Perez-Nunez A, 
Gonzalez Leon P, Hanna B, et al. Trotabresib, an oral potent 
bromodomain and extraterminal inhibitor, in patients with high-
grade gliomas: a phase Ⅰ, “window-of-opportunity” study. Neuro 
Oncol. 2023;25(6):1113-22. https://doi.org/10.1093/neuonc/
noac263.

740. Ahluwalia MS, Ozair A, Rudek M, Ye X, Holdhoff M, Lieberman 
FS, et al. A multicenter, phase 1, adult brain tumor consortium 
trial of oral terameprocol for patients with recurrent high-grade 
glioma (GATOR). Cell Rep Med. 2024;5(7):101630. https://doi.
org/10.1016/j.xcrm.2024.101630.

741. Lopez J, Lai-Kwon J, Molife R, Welsh L, Tunariu N, Roda D, et al. 
A phase 1/2a trial of idroxioleic acid: first-in-class sphingolipid 
regulator and glioma cell autophagy inducer with antitumor 
activity in refractory glioma. Br J Cancer. 2023;129(5):811-8. 
https://doi.org/10.1038/s41416-023-02356-1.

742. Lassman AB, Wen PY, van den Bent MJ, Plotkin SR, Walenkamp 
AME, Green AL, et al. A phase Ⅱ study of the efficacy and safety 
of oral selinexor in recurrent glioblastoma. Clin Cancer Res. 2022; 
28(3):452-60. https://doi.org/10.1158/1078-0432.CCR-21-2225.

743. Wen PY, Stein A, van den Bent M, De Greve J, Wick A, de Vos F, 
et al. Dabrafenib plus trametinib in patients with BRAF(V600E)-
mutant low-grade and high-grade glioma (ROAR): a multicentre, 

open-label, single-arm, phase 2, basket trial. Lancet Oncol. 2022; 
23(1):53-64. https://doi.org/10.1016/S1470-2045(21)00578-7.

744. Derby S, Jackson MR, Williams K, Stobo J, Kelly C, Sweeting L, et al. 
Concurrent olaparib and radiation therapy in older patients with 
newly diagnosed glioblastoma: the phase 1 dose-escalation 
PARADIGM trial. Int J Radiat Oncol Biol Phys. 2024;118(5):1371-8. 
https://doi.org/10.1016/j.ijrobp.2024.01.011.

745. Stefan D, Lesueur P, Lequesne J, Feuvret L, Bronnimann C, Castera M, 
et al. Olaparib, temozolomide, and concomitant radiotherapy for 
partially resected or biopsy-only glioblastoma first-line treatment: 
results from the OLA-TMZ-RTE-01 phase Ⅰ study. Clin Cancer Res. 
2025;31(7):1212-22. https://doi.org/10.1158/1078-0432.CCR-24-
2974.

746. Biau J, Thivat E, Chautard E, Stefan D, Boone M, Chauffert B, et al. 
Phase 1 trial of ralimetinib (LY2228820) with radiotherapy plus 
concomitant temozolomide in the treatment of newly diagnosed 
glioblastoma. Radiother Oncol. 2021;154:227-34. https://doi.
org/10.1016/j.radonc.2020.09.036.

747. Ahluwalia MS, Reardon DA, Abad AP, Curry WT, Wong ET, Figel SA, 
et al. Phase Ⅱa study of SurVaxM plus adjuvant temozolomide for 
newly diagnosed glioblastoma. J Clin Oncol. 2023;41(7):1453-65. 
https://doi.org/10.1200/JCO.22.00996.

748. Chen ATC, Serante AR, Ayres AS, Tonaki JO, Moreno RA, Shih H, 
et al. Prospective randomized phase 2 trial of hypofractionated 
stereotactic radiation therapy of 25 Gy in 5 fractions compared 
with 35 Gy in 5 fractions in the reirradiation of recurrent 
glioblastoma. Int J Radiat Oncol Biol Phys. 2024;119(4):1122-32. 
https://doi.org/10.1016/j.ijrobp.2024.01.013.

749. Navarria P, Pessina F, Clerici E, Bellu L, Franzese C, Franzini A, 
et al. Re-irradiation for recurrent high grade glioma (HGG) 
patients: results of a single arm prospective phase 2 study. 
Radiother Oncol. 2022;167:89-96. https://doi.org/10.1016/
j.radonc.2021.12.019.

750. Brown PD, Chung C, Liu DD, McAvoy S, Grosshans D, Al Feghali K, 
et al .  A prospective phase Ⅱ  randomized trial of proton 
radiotherapy vs intensity-modulated radiotherapy for patients 
with newly diagnosed glioblastoma. Neuro Oncol. 2021;23(8): 
1337-47. https://doi.org/10.1093/neuonc/noab040.

751. Dean JA, Tanguturi SK, Cagney D, Shin KY, Youssef G, Aizer A, et al. 
Phase Ⅰ study of a novel glioblastoma radiation therapy schedule 
exploiting cell-state plasticity. Neuro Oncol. 2023;25(6):1100-12. 
https://doi.org/10.1093/neuonc/noac253.

752. McFaline-Figueroa JR, Sun L, Youssef GC, Huang R, Li G, Kim J, 
et al. Neoadjuvant anti-PD1 immunotherapy for surgically 
accessible recurrent glioblastoma: clinical and molecular 
outcomes of a stage 2 single-arm expansion cohort. Nat 
Commun. 2024;15(1):10757. https://doi.org/10.1038/s41467-024-
54326-7.

753. Duerinck J, Schwarze JK, Awada G, Tijtgat J, Vaeyens F, Bertels C, 
et al. Intracerebral administration of CTLA-4 and PD-1 immune 
checkpoint blocking monoclonal antibodies in patients with 
recurrent glioblastoma: a phase Ⅰ clinical trial. J Immunother 
Cancer. 2021;9(6):e002296. https://doi.org/10.1136/jitc-2020-
002296.

754. Duerinck J, Lescrauwaet L, Dirven I, Del'haye J, Stevens L, 
Geeraerts X, et al. Intracranial administration of anti-PD-1 
and anti-CTLA-4 immune checkpoint-blocking monoclonal 
antibodies in patients with recurrent high-grade glioma. Neuro 
Oncol. 2024;26(12):2208-21. https://doi.org/10.1093/neuonc/
noae177.



90

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

755. Desai PB, Karve AS, Zawit M, Arora P, Dave N, Awosika J, et al. A 
phase 0/Ⅰ pharmacokinetic and pharmacodynamics and safety 
and tolerability study of letrozole in combination with standard 
therapy in recurrent high-grade gliomas. Clin Cancer Res. 2024; 
30(10):2068-77. https://doi.org/10.1158/1078-0432.CCR-23-3341.

756. Bos EM, Binda E, Verploegh ISC, Wembacher E, Hoefnagel D, 
Balvers RK, et al. Local delivery of hrBMP4 as an anticancer 
therapy in patients with recurrent glioblastoma: a first-in-human 
phase 1 dose escalation trial. Mol Cancer. 2023;22(1):129. https://
doi.org/10.1186/s12943-023-01835-6.

757. Mellinghoff IK, Penas-Prado M, Peters KB, Burris HA 3rd, Maher 
EA, Janku F, et al. Vorasidenib, a dual inhibitor of mutant IDH1/2, 
in recurrent or progressive glioma; results of a first-in-human 
phase Ⅰ trial. Clin Cancer Res. 2021;27(16):4491-9. https://doi.
org/10.1158/1078-0432.CCR-21-0611.

758. Mellinghoff IK, Lu M, Wen PY, Taylor JW, Maher EA, Arrillaga-
Romany I, et al. Vorasidenib and ivosidenib in IDH1-mutant low-
grade glioma: a randomized, perioperative phase 1 trial. Nat Med. 
2023;29(3):615-22. https://doi.org/10.1038/s41591-022-02141-2.

759. de la Fuente MI, Colman H, Rosenthal M, Van Tine BA, Levacic D, 
Walbert T, et al. Olutasidenib (ft-2102) in patients with relapsed 
or refractory IDH1-mutant glioma: a multicenter, open-label, 
phase Ⅰb/Ⅱ trial. Neuro Oncol. 2023;25(1):146-56. https://doi.
org/10.1093/neuonc/noac139.

760. Lassman AB, Sepúlveda-Sánchez JM, Cloughesy TF, Gil-Gil MJ, 
Puduvalli VK, Raizer JJ, et al. Infigratinib in patients with recurrent 
gliomas and FGFR alterations: a multicenter phase Ⅱ study. Clin 
Cancer Res. 2022;28(11):2270-7. https://doi.org/10.1158/1078-
0432.CCR-21-2664.

761. Sim HW, McDonald KL, Lwin Z, Barnes EH, Rosenthal M, Foote 
MC, et al. A randomized phase Ⅱ trial of veliparib, radiotherapy, 
and temozolomide in patients with unmethylated MGMT 
glioblastoma: the VERTU study. Neuro Oncol. 2021;23(10):1736-
49. https://doi.org/10.1093/neuonc/noab111.

762. Ahluwalia MS, Ozair A, Drappatz J, Ye X, Peng S, Lee M, et al. 
Evaluating the base excision repair inhibitor TRC102 and 
temozolomide for patients with recurrent glioblastoma in the 
phase 2 adult brain tumor consortium trial BERT. Clin Cancer Res. 
2024;30(15):3167-78. https://doi.org/10.1158/1078-0432.CCR-23-
4098.

763. Sarkaria JN, Ballman KV, Kizilbash SH, Sulman EP, Giannini C, 
Friday BB, et al. Efficacy of adding veliparib to temozolomide for 
patients with MGMT-methylated glioblastoma: a randomized 
clinical trial. JAMA Oncol. 2024;10(12):1637-44. https://doi.
org/10.1001/jamaoncol.2024.4361.

764. Kelly W, Diaz Duque AE, Michalek J, Konkel B, Caflisch L, 
Chen Y, et al. Phase Ⅱ investigation of TVB-2640 (denifanstat) 
with bevacizumab in patients with first relapse high-grade 
astrocytoma. Clin Cancer Res. 2023;29(13):2419-25. https://doi.
org/10.1158/1078-0432.CCR-22-2807.

765. Reardon DA,  K im TM,  Frenel  JS ,  S imonel l i  M,  Lopez J, 
Subramaniam DS, et al. Treatment with pembrolizumab in 
programmed death ligand 1-positive recurrent glioblastoma: 
Results from the multicohort phase 1 KEYNOTE-028 trial. Cancer. 
2021;127(10):1620-9. https://doi.org/10.1002/cncr.33378.

766. Sloan AE, Winter K, Gilbert MR, Aldape K, Choi S, Wen PY, et al. 
NRG-BN002: phase Ⅰ study of ipilimumab, nivolumab, and the 
combination in patients with newly diagnosed glioblastoma. 
Neuro Oncol. 2024;26(9):1628-37. https://doi.org/10.1093/
neuonc/noae058.

767. Pouessel D, Ken S, Gouaze-Andersson V, Piram L, Mervoyer A, 
Larrieu-Ciron D, et al .  Hypofractionated stereotactic re-
irradiation and anti-PDL1 durvalumab combination in recurrent 
glioblastoma: STERIMGLI phase Ⅰ results. Oncologist. 2023;28(9): 
825-e817. https://doi.org/10.1093/oncolo/oyad095.

768. Giordano FA, Layer JP, Leonardelli S, Friker LL, Turiello R, Corvino D, 
et al. L-RNA aptamer-based CXCL12 inhibition combined with 
radiotherapy in newly-diagnosed glioblastoma: Dose escalation 
of the phase Ⅰ/Ⅱ GLORIA trial. Nat Commun. 2024;15(1):4210. 
https://doi.org/10.1038/s41467-024-48416-9.

769. Iwamoto FM, Tanguturi SK, Nayak L, Wang TJ, Desai A, Lustig RA, 
et al. Re-irradiation plus pembrolizumab: a phase Ⅱ study for 
patients with recurrent glioblastoma. Clin Cancer Res. 2025;31(2): 
316-27. https://doi.org/10.1158/1078-0432.CCR-24-1629.

770. Chiocca EA, Gelb AB, Chen CC, Rao G, Reardon DA, Wen PY, et al. 
Combined immunotherapy with controlled interleukin-12 
gene therapy and immune checkpoint blockade in recurrent 
glioblastoma: an open-label, multi-institutional phase Ⅰ trial. 
Neuro Oncol. 2022;24(6):951-63. https://doi.org/10.1093/neuonc/
noab271.

771. Andrews DW, Judy KD, Scott CB, Garcia S, Harshyne LA, Kenyon L, 
et al. Phase Ⅰb clinical trial of IGV-001 for patients with newly 
diagnosed glioblastoma. Clin Cancer Res. 2021;27(7):1912-22. 
https://doi.org/10.1158/1078-0432.CCR-20-3805.

772. Sahebjam S, Forsyth PA, Tran ND, Arrington JA, Macaulay R, 
Etame AB, et al. Hypofractionated stereotactic re-irradiation with 
pembrolizumab and bevacizumab in patients with recurrent 
high-grade gliomas: results from a phase Ⅰ study. Neuro Oncol. 
2021;23(4):677-86. https://doi.org/10.1093/neuonc/noaa260.

773. Nayak L, Molinaro AM, Peters K, Clarke JL, Jordan JT, de Groot J, et al. 
Randomized phase Ⅱ and biomarker study of pembrolizumab 
plus bevacizumab versus pembrolizumab alone for patients with 
recurrent glioblastoma. Clin Cancer Res. 2021;27(4):1048-57. 
https://doi.org/10.1158/1078-0432.CCR-20-2500.

774. Qiu X, Chen Y, Bao Z, Chen L, Jiang T. Chemoradiotherapy with 
temozolomide vs. Radiotherapy alone in patients with IDH wild-
type and TERT promoter mutation WHO grade Ⅱ/Ⅲ gliomas: a 
prospective randomized study. Radiother Oncol. 2022;167:1-6. 
https://doi.org/10.1016/j.radonc.2021.12.009.

775. Vora S, Pafundi D, Voss M, Buras M, Ashman J, Bendok B, et al. 
Shor t- course hypofrac t ionated proton beam therapy, 
incorporating 18F-DOPA PET and contrast-enhanced MRI 
targeting, for patients aged 65 years and older with newly 
diagnosed glioblastoma: a single-arm phase 2 trial. Lancet 
Oncol. 2024;25(12):1625-34. https://doi.org/10.1016/S1470-
2045(24)00585-0.

776. Compter I, Eekers DBP, Hoeben A, Rouschop KMA, Reymen B, 
Ackermans L, et al. Chloroquine combined with concurrent 
radiotherapy and temozolomide for  newly diagnosed 
glioblastoma: a phase ⅠB trial. Autophagy. 2021;17(9):2604-12. 
https://doi.org/10.1080/15548627.2020.1816343.

777. Cao C, Wang L, Jiang F, Jin Q, Jin T, Huang S, et al. Granulocyte-
macrophage colony-stimulating factor for newly diagnosed 
gl ioblastoma.  Neoplasia .  2025;63:101156.  https://doi .
org/10.1016/j.neo.2025.101156.

778. Tsien CI, Pugh SL, Dicker AP, Raizer JJ, Matuszak MM, Lallana EC, 
et al. NRG oncology/RTOG1205: a randomized phase Ⅱ trial of 
concurrent bevacizumab and reirradiation versus bevacizumab 
alone as treatment for recurrent glioblastoma. J Clin Oncol. 2023; 
41(6):1285-95. https://doi.org/10.1200/JCO.22.00164.



91

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

779. Spinazzi EF, Argenziano MG, Upadhyayula PS, Banu MA, Neira 
JA, Higgins DMO, et al. Chronic convection-enhanced delivery 
of topotecan for patients with recurrent glioblastoma: a first-
in-patient, single-centre, single-arm, phase 1b trial. Lancet 
Oncol. 2022;23(11):1409-18. https://doi.org/10.1016/S1470-
2045(22)00599-X.

780. Huang M, Kang Z, Li S, Zhang B, Xiao Y, Li S, et al. Phase Ⅰ clinical 
trial of a novel procaspase-3 activator SM-1 with temozolomide 
in recurrent high-grade gliomas. Neoplasia. 2025;61:101141. 
https://doi.org/10.1016/j.neo.2025.101141.

781. Lai S, Li P, Liu X, Liu G, Xie T, Zhang X, et al. Efficacy and safety 
of anlotinib combined with the stupp regimen in patients 
with newly diagnosed glioblastoma: a multicenter, single-arm, 
phase Ⅱ trial. Cancer Biol Med. 2024;21(5):433-44. https://doi.
org/10.20892/j.issn.2095-3941.2023.0373.

782. Rixe O, Villano JL, Wesolowski R, Noonan AM, Puduvalli VK, Wise-
Draper TM, et al. A first-in-human phase Ⅰ study of BXQ-350, a 
first-in-class sphingolipid metabolism regulator, in patients with 
advanced/recurrent solid tumors or high-grade gliomas. Clin 
Cancer Res. 2024;30(22):5053-60. https://doi.org/10.1158/1078-
0432.CCR-24-1721.

783. Peyrl A, Chocholous M, Sabel M, Lassaletta A, Sterba J, Leblond P, 
et al. Sustained survival benefit in recurrent medulloblastoma 
by a metronomic antiangiogenic regimen: a nonrandomized 
controlled trial. JAMA Oncol. 2023;9(12):1688-95. https://doi.
org/10.1001/jamaoncol.2023.4437.

784. Sonabend AM, Gould A, Amidei C, Ward R, Schmidt KA, Zhang DY, 
et al. Repeated blood-brain barrier opening with an implantable 
ultrasound device for delivery of albumin-bound paclitaxel in 
patients with recurrent glioblastoma: a phase 1 trial. Lancet 
Oncol. 2023;24(5):509-22. https://doi.org/10.1016/S1470-
2045(23)00112-2.

785. Kumthekar P, Ko CH, Paunesku T, Dixit K, Sonabend AM, Bloch O, 
et al. A first-in-human phase 0 clinical study of RNA interference-
based spherical nucleic acids in patients with recurrent 
glioblastoma. Sci Transl Med. 2021;13(584):eabb3945. https://doi.
org/10.1126/scitranslmed.abb3945.

786. Huang J, Campian JL, DeWees TA, Skrott Z, Mistrik M, Johanns TM, 
et al. A phase 1/2 study of disulfiram and copper with concurrent 
radiation therapy and temozolomide for patients with newly 
diagnosed glioblastoma. Int J Radiat Oncol Biol Phys. 2024;120(3): 
738-49. https://doi.org/10.1016/j.ijrobp.2024.05.009.

787. Coleman C, Chen K, Lu A, Seashore E, Stoller S, Davis T, et al. 
Interdiscipl inar y care of  chi ldren with diffuse midl ine 
glioma. Neoplasia. 2023;35:100851. https://doi.org/10.1016/
j.neo.2022.100851.

788. Hasanov E, Yeboa DN, Tucker MD, Swanson TA, Beckham TH, Rini B, 
et al. An interdisciplinary consensus on the management of brain 
metastases in patients with renal cell carcinoma. CA Cancer J Clin. 
2022;72(5):454-89. https://doi.org/10.3322/caac.21729.

789. Schmieder K, Keilholz U, Combs S. The interdisciplinary 
management of brain metastases. Dtsch Arztebl Int. 2016;113(24): 
415-21. https://doi.org/10.3238/arztebl.2016.0415.

790. Ran X, Zheng J, Chen L, Xia Z, Wang Y, Sun C, et al. Single-
cell transcriptomics reveals the heterogeneity of the immune 
landscape of IDH-wild-type high-grade gliomas. Cancer Immunol 
Res. 2024;12(2):232-46. https://doi.org/10.1158/2326-6066.CIR-
23-0211.

791. Wang LB, Karpova A, Gritsenko MA, Kyle JE, Cao S, Li Y, et al. 
Proteogenomic and metabolomic characterization of human 

glioblastoma. Cancer Cell. 2021;39(4):509-28.e20. https://doi.
org/10.1016/j.ccell.2021.01.006.

792. DeSisto J, Donson AM, Griesinger AM, Fu R, Riemondy K, Mulcahy 
Levy J, et al. Tumor and immune cell types interact to produce 
heterogeneous phenotypes of pediatric high-grade glioma. 
Neuro Oncol. 2024;26(3):538-52. https://doi.org/10.1093/neuonc/
noad207.

793. Abels ER, Maas SLN, Tai E, Ting DT, Broekman MLD, Breakefield 
XO, et al. GlioM&M: web-based tool for studying circulating and 
infiltrating monocytes and macrophages in glioma. Sci Rep. 2020; 
10(1):9898. https://doi.org/10.1038/s41598-020-66728-w.

794. Deng F, Xiao G, Tanzhu G, Chu X, Ning J, Lu R, et al. Predicting 
survival rates in brain metastases patients from non-small cell 
lung cancer using radiomic signatures associated with tumor 
immune heterogeneity. Adv Sci (Weinh). 2025;12(10):e2412590. 
https://doi.org/10.1002/advs.202412590.

795. Wu M, Wang T, Ji N, Lu T, Yuan R, Wu L, et al. Multi-omics and 
pharmacological characterization of patient-derived glioma cell 
lines. Nat Commun. 2024;15(1):6740. https://doi.org/10.1038/
s41467-024-51214-y.

796. Cheng S, Han Z, Dai D, Li F, Zhang X, Lu M, et al. Multi-omics of 
the gut microbial ecosystem in patients with microsatellite-
instability-high gastrointestinal cancer resistant to immuno-
therapy. Cell Rep Med. 2024;5(1):101355. https://doi.org/10.1016/
j.xcrm.2023.101355.

797. Cho SJ, Sunwoo L, Baik SH, Bae YJ, Choi BS, Kim JH. Brain 
metastasis detection using machine learning: a systematic review 
and meta-analysis. Neuro Oncol. 2021;23(2):214-25. https://doi.
org/10.1093/neuonc/noaa232.

798. Soomro TA, Zheng L, Afifi AJ, Ali A, Soomro S, Yin M, et al. Image 
segmentation for MR brain tumor detection using machine 
learning: a review. IEEE Rev Biomed Eng. 2023;16:70-90. https://
doi.org/10.1109/RBME.2022.3185292.

799. Ocaña-Tienda B, Pérez-Beteta J, Jiménez-Sánchez J, Molina-
García D, Ortiz de Mendivil A, Asenjo B, et al. Growth exponents 
reflect evolutionary processes and treatment response in 
brain metastases. NPJ Syst Biol Appl. 2023;9(1):35. https://doi.
org/10.1038/s41540-023-00298-1.

800. Kibriya H, Amin R, Kim J, Nawaz M, Gantassi R. A novel approach 
for brain tumor classification using an ensemble of deep and 
hand-crafted features. Sensors (Basel). 2023;23(10):4693. https://
doi.org/10.3390/s23104693.

801. Filo S, Shaharabani R, Bar Hanin D, Adam M, Ben-David E, 
Schoffman H, et al. Non-invasive assessment of normal and 
impaired iron homeostasis in the brain. Nat Commun. 2023; 
14(1):5467. https://doi.org/10.1038/s41467-023-40999-z.

802. Yang Y, Zhan W. Role of tissue hydraulic permeability in 
convection-enhanced delivery of nanoparticle-encapsulated 
chemotherapy drugs to brain tumour. Pharm Res. 2022;39(5):877-
92. https://doi.org/10.1007/s11095-022-03261-7.

803. Wang H, Argenziano MG, Yoon H, Boyett D, Save A, Petridis P, 
et al. Biologically informed deep neural networks provide 
quantitative assessment of intratumoral heterogeneity in post 
treatment glioblastoma. NPJ Digit Med. 2024;7(1):292. https://doi.
org/10.1038/s41746-024-01277-4.

804. Roetzer-Pejrimovsky T, Nenning KH, Kiesel B, Klughammer J, 
Rajchl M, Baumann B, et al. Deep learning links localized digital 
pathology phenotypes with transcriptional subtype and patient 
outcome in glioblastoma. GigaScience. 2024;13:giae057. https://
doi.org/10.1093/gigascience/giae057.



92

Tanzhu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100047

805. Chunduru P, Phillips JJ, Molinaro AM. Prognostic risk stratification 
of gliomas using deep learning in digital pathology images. 
Neurooncol Adv. 2022;4(1):vdac111. https://doi.org/10.1093/
noajnl/vdac111.

806. Hossain A, Islam MT, Rahman T, Chowdhury MEH, Tahir A, 
Kiranyaz S, et al. Brain tumor segmentation and classification 
from sensor-based portable microwave brain imaging system 
using lightweight deep learning models. Biosensors (Basel). 2023; 
13(3):302. https://doi.org/10.3390/bios13030302.

807. Bikfalvi A, da Costa CA, Avril T, Barnier JV, Bauchet L, Brisson L, 
et al. Challenges in glioblastoma research: focus on the tumor 
microenvironment. Trends Cancer. 2023;9(1):9-27. https://doi.
org/10.1016/j.trecan.2022.09.005.

808. Schmassmann P, Roux J, Dettling S, Hogan S, Shekarian T, Martins 
TA, et al. Single-cell characterization of human GBM reveals 
regional differences in tumor-infiltrating leukocyte activation. 
Elife. 2023;12:RP92678. https://doi.org/10.7554/eLife.92678.

809. Ravi VM, Will P, Kueckelhaus J, Sun N, Joseph K, Salié H, et al. 
Spatially resolved multi-omics deciphers bidirectional tumor-host 
interdependence in glioblastoma. Cancer Cell. 2022;40(6):639-55.
e13. https://doi.org/10.1016/j.ccell.2022.05.009.

810. Thiel V, Renders S, Panten J, Dross N, Bauer K, Azorin D, et al. 
Characterization of single neurons reprogrammed by pancreatic 
cancer. Nature. 2025;640(8060):1042-51. https://doi.org/10.1038/
s41586-025-08735-3.

811. Maleszewska M, Roura AJ, Dabrowski MJ, Draminski M, Wojtas B. 
Decoding glioblastoma’s diversity: are neurons part of the 
game?. Cancer Lett. 2025;620:217666. https://doi.org/10.1016/
j.canlet.2025.217666.

812. Winkler F, Venkatesh HS, Amit M, Batchelor T, Demir IE, Deneen B, 
et al .  Cancer neuroscience: state of the field, emerging 
directions. Cell. 2023;186(8):1689-707. https://doi.org/10.1016/
j.cell.2023.02.002.

813. Yang C, Cai YX, Wang ZF, Tian SF, Li ZQ. Tertiary lymphoid 
structures in the central nervous system. Trends Mol Med. 2025; 
31(6):509-21. https://doi.org/10.1016/j.molmed.2024.10.014.

814. Cui M, Zhou M, Zhou L, Zhou G, Liu Y. Tertiary lymphoid 
structures achieve ‘cold’ to ‘hot’ transition by remodeling 
the cold tumor microenvironment. Biochim Biophys Acta 
Rev Cancer. 2025;1880(3):189312. https://doi.org/10.1016/
j.bbcan.2025.189312.

815. Ma Q, Xing C, Long W, Wang HY, Liu Q, Wang RF. Impact of 
microbiota on central nervous system and neurological diseases: 
the gut-brain axis. J Neuroinflammation. 2019;16(1):53. https://
doi.org/10.1186/s12974-019-1434-3.

816. Keane L, Cryan JF, Gleeson JP. Exploiting the gut microbiome 

for brain tumour treatment. Trends Mol Med. 2025;31(3):213-23. 
https://doi.org/10.1016/j.molmed.2024.08.008.

817. Cui X, Huo D, Wang Q, Wang Y, Liu X, Zhao K, et al. RUNX1/NPM1/
H3K4me3 complex contributes to extracellular matrix remodeling 
via enhancing FOSL2 transcriptional activation in glioblastoma. 
Cell Death Dis. 2024;15(1):98. https://doi.org/10.1038/s41419-
024-06481-4.

818. Quail DF, Joyce JA. The microenvironmental landscape of brain 
tumors. Cancer Cell. 2017;31(3):326-41. https://doi.org/10.1016/
j.ccell.2017.02.009.

819. White J, White MPJ, Wickremesekera A, Peng L, Gray C. The 
tumour microenvironment, treatment resistance and recurrence 
in glioblastoma. J Transl Med. 2024;22(1):540. https://doi.
org/10.1186/s12967-024-05301-9.

820. Desette A, Guichet PO, Emambux S, Masliantsev K, Cortes U, 
Ndiaye B, et al. Deciphering brain metastasis stem cell properties 
from colorectal cancer highlights specific stemness signature and 
shared molecular features. Cell Mol Gastroenterol Hepatol. 2023; 
16(5):757-82. https://doi.org/10.1016/j.jcmgh.2023.07.008.

821. Suvà ML, Tirosh I. The glioma stem cell model in the era of 
single-cell genomics. Cancer Cell. 2020;37(5):630-6. https://doi.
org/10.1016/j.ccell.2020.04.001.

822. Gallus M, Young JS, Cook Quackenbush S, Khasraw M, de Groot J, 
Okada H. Chimeric antigen receptor T-cell therapy in patients 
with malignant glioma-from neuroimmunology to clinical trial 
design considerations. Neuro Oncol. 2025;27(2):352-68. https:// 
https://doi.org/10.1093/neuonc/noae203.

823. Liu H, Zhao Q, Tan L, Wu X, Huang R, Zuo Y, et al. Neutralizing IL-8 
potentiates immune checkpoint blockade efficacy for glioma. 
Cancer Cell. 2023;41(4):693-710.e8. https://doi.org/10.1016/
j.ccell.2023.03.004.

824. Li J, Ross JL, Hambardzumyan D, Brat DJ. Immunopathology of 
glioblastoma. Annu Rev Pathol. 2026;21(1):135-62. https://doi.
org/10.1146/annurev-pathmechdis-042524-025950.

825. Simic MS, Watchmaker PB, Gupta S, Wang Y, Sagan SA, Duecker J, 
et al. Programming tissue-sensing T cells that deliver therapies 
to the brain. Science. 2024;386(6726):eadl4237. https://doi.
org/10.1126/science.adl4237.

https://doi.org/10.1016/j.mmr.2026.100047
Cite this article as: Tanzhu GL, Chen L, Ning JY, Xiao G, Wen S, 
Wang C, et al. Crosstalk in the brain tumor microenvironment: 
mechanisms, therapeutic strategies, and clinical advances. Mil 
Med Res. 2026;13(1):100047.




