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Glioblastoma (GB) and brain metastases (BM) from peripheral tumors account for most cases of tumors
in the central nervous system (CNS) while also being the deadliest. From a structural point of view,
malignant brain tumors are classically characterized by hypercellularity of glioma and vascular endo-
thelial cells. Given these atypical histologic features, GB and BM have long been considered as “foreign”
entities with few to no connections to the brain parenchyma. The identification of intricate connections
established between GB cells and the brain parenchyma paired with the ability of peripheral metastatic
cells to form functional synapses with neurons challenged the concept of brain tumors disconnected
from the CNS. Tumor cell integration to the CNS alters brain functionality in patients and accelerates
cancer progression. Next-generation precision medicine should therefore attempt to disconnect brain
cancer cells from the brain. This review encompasses recent discoveries on the mechanisms underlying
these relationships and discusses the impact of these connections on tumor progression. It also
summarizes the therapeutic opportunities of interrupting the dialogue between healthy and neoplastic

brains. (Am J Pathol 2025, B: 1—16; https://doi.org/10.1016/].ajpath.2025.04.013)

Cancers of the central nervous system (CNS) strike blindly
and are frequently associated with a very dismal prognosis.
Primary brain tumors (malignant and nonmalignant) affect
women more than men (26.31 vs 21.09 per 100,000).
However, malignant tumors are more common in men (56%
of the cases). Primary brain tumors are also the leading
cause of childhood cancer—related deaths.' Glioblastoma
(GB) is the most aggressive primary brain cancer, ac-
counting for 14.5% of all primary brain tumors alone. Brain
metastases (BM) are even more frequent, however, as they
occur in about 40% of patients with metastatic cancer and
represent up to 80% of all cases of intracranial tumors.”
Current therapeutic protocol is decided based on the
histopathologic diagnosis and is adjusted according to the
tumor size, location in the brain, and patient’s age and
health.” For GB, the conventional approach recommends
surgical resection followed by antimitotic treatments via
large-field or locoregional radiotherapy supplemented by
cycles of the DNA-damaging drug temozolomide.” BM
occur at an advanced stage of primary cancer progression,

Copyright © 2025 American Society for Investigative Pathology. Published by Elsevier Inc.

and surgical craniotomy increases the burden of weaker
patients. Clinicians can opt for noninvasive, stereotactic
gamma-knife intervention, consisting of narrow-beam radi-
ation of the patient’s head targeted to the identified meta-
static sites.” However, progression of BM is hard to impede
and, in the absence of effective treatments, shortly leads to
death.

Nomenclature indicates that GB primarily originates from
a glial lineage. However, histologic features of GB do not
consistently recapitulate those observed for healthy glial cell
networks. GBs often feature hypercellularity and a highly
active metabolism leading to hypoxic/necrotic areas. This
chronic oxygen deficit triggers uncontrolled angiogenic
growth.5 The resulting enlarged, leaky, fibrotic, and
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hemorrhagic tumor blood vessels do not share the proper
structure of functional brain blood vessels. In addition to
engineering de novo tumor blood vessels, GB cells use
preexisting brain endothelial capillaries as a scaffold for
invasion.” This enables a rapid tumor invasion to distant
brain areas, faster than with other cellular scaffolds such as
white matter tracts.’

At the premises of cancer neuroscience, it was suspected
that neoplastic cells used molecular and physical features
from distinct cerebral areas (eg, the corpus callosum) to
invade and grow. Tumor cell interactions were mainly based
on the composition of the microenvironment but not
necessarily local brain cell populations.” More recent dis-
coveries changed this preconception of a passive tumor
growth devoid of active connection to the brain paren-
chyma. For instance, GB?® and BM’ cells can form their own
electrically active glutamatergic synapses with neurons
(Table 1%720:2174041761y " Thege  provocative findings,
showing that cancer cells from very different lineages can
“speak” the same language as native neurons, also revealed
how these neoplastic synapses accelerated progression and
resistance to therapies.”’ These first discoveries on the
interplay between brain tumors and CNS were made less
than a decade ago. In 2025, two ongoing clinical trials are
attempting to pharmacologically sever brain tumors from
neuronal and astrocyte networks. Using neuroscientific
tools, these efforts are potentially paving the way for next-
generation precision medicine targeting GB and BM.

This review discusses the recent advances in the studies
of the brain tumor—CNS interactome, including a guide for
paracrine signaling with soluble factors and physical con-
nections between the neoplastic cells and the brain paren-
chyma. This article focuses on the involvement of astrocytes
and neurons in the context of GB and BM. Several excellent
reviews focusing on other stromal cells such as brain
microvascular endothelial cells” or microglial cells®* are
available elsewhere.

Preface on Experimental Studies and Clinical
Translatability

Experimental tools such as patient avatars (human cells
implanted in immunocompromised laboratory animals) are
classically used for preclinical brain tumor research. By
numbers, these studies are the bulk of the literature gathered
in this review. However, when dissecting the interactions
between malignant and CNS cells, responsible models
replacing mammalian organisms have emerged as a robust
alternative. The fruit fly Drosophila melanogaster has been
a central contributor to developmental biology, neurosci-
ence, and brain cancer biology. Gene editing by either
fusion (FGFR3-TACC) or constitutively active mutation
(EGFR-PI3K) in D. melanogaster™ induced “fly gliomas”
sharing histologic features with either lower (FGFR3-
TACC) or higher (EGFR-PI3K) grade human tumors. For

explorative biology, RNA interference screens in flies”*
pinpointed genes responsible for fly egg cell polarization
and migration. In patient transcriptomics databases, ho-
mologous genes exhibited matching roles during fly devel-
opment and GB progression.

When considering cancer neuroscience studies, the D.
melanogaster model facilitates in situ and in vivo glioma
studies at the cellular resolution. For instance, the influence
of GB cells on neuronal synapses density®” or GB neoplastic
synapses formation®® has been studied in the fly. Fascinating
chronotherapy studies in flies unveiled how glioma pro-
gression and associated degeneration of pacemaker neurons
modify the circadian behavior of Drosophila.®® Forced re-
synchronization of the light/dark phases significantly
improved the outcome of tumor-bearing flies, providing new
concepts to be explored for human therapy. Lastly, even
smaller organisms such as the nematode worm Caeno-
rhabditis elegans have been used for glioma therapy drug
screens, further illustrating the value of alternative live
models for brain tumor preclinical studies.®’

Tumor-Astrocyte Dialogue

Clinical observations of “bizarre astrocytes” within and sur-
rounding neuropathologic lesions such as GB, amyotrophic
lateral sclerosis, or gliosarcomas were first reported in the
1970s.°%%” The astrocytopathy was especially correlated with
aggressive chemotherapeutic and radiotherapeutic regimens
in patients.” In the early 2000s, postmortem studies sug-
gested that reactive astrocytes would provide a physical and
chemical shield to brain tumors against immune system cell
infiltration.”' The exact mechanism behind this shielding was
first identified in 2019, when Heiland et al’?> dissected the
secretome of tumor-associated astrocytes. They identified
several anti-inflammatory cytokines produced by the inter-
action between reactive astrocytes and microglia, including
transforming  growth factor-B, granulocyte colony-
stimulating factor, and IL-10. Since then, accumulating evi-
dence has shown how astrocytes can initially hamper the
growth of brain neoplasms. Then, through reprogramming
initiated by the tumor microenvironment, astrocytes ulti-

mately exacerbate the tumor progression (Figure 1). Recent 1l

attempts at summarizing reactive astrocyte diversity have
shed light on the complex relationships between astrocyte
identity and anatomical location, age, sex,”” and pathologic
microenvironments.’*

Soluble Factors

Epithelial-to-mesenchymal transition—like processes are
observed both in GB and astrocytes, particularly at the
tumor edge, induced by crosstalk between reactive astro-
cytes and GB cells'”"'® (Figure 1A, Table 1). This tran-
sition, in addition to specific paracrine signaling,
contributes to the aggressive progression of GB.
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Table 1

Interactome Used in the Crosstalk between Malignant Brain Tumor Cells (Primary and Brain Metastases), Astrocytes, and Neurons

Paracrine or physical

Pro- or antitumoral

Element of language Source connexion Receiver biological activity Organism  Model Therapeutic application ~ Reference
AMPA GB Microtubes Neurons Migration, proliferation ~ Hu PDX, patient Isoflurane, perampanel 8
GluN2B/NMDAR BrBM Synapses Brain colonization Hu PDX, patient NA 9 Q23
CXCL5 Astrocytes Ligand GB MES transition, Ms, Hu Co-culture, NA 10
migration, allograft
proliferation
POSTN, SRGN Reactivity LGG/GB Proliferation, increased  Hu In silico, co- NA 11,12
“astrocyte signature culture, PDX,
score” patient
CHI3L1/IL-13RA2 Ligand GB Migration, proliferation  Hu Co-culture, patient NA 13
MMP14/2 Tumor ECM Hu Co-culture NA 14
IL-6 Ligand
MGMT mRNA, EVs Resistance to TMZ, Hu In vitro, PDX NA Reviewed
miR-19a invasiveness in 15
miR-1238 GB Astrocytes Invasiveness
IL-1B Astrocytes Ligand GB MES transition, therapy ~ Hu Patient Potentiate 16
TNF-a Ligand resistance immunotherapies
STAT3 Tumor ECM
NF-xB Ligand
EMT Reactivity MES transition, tumor Ms, Hu In silico, PDX, NA Reviewed
GB EVs Astrocytes progression patient in 17,18
Ion channels and Astrocytes K*, CI7, Ca2*, Na*  GB Invasiveness, Hu In silico, in vitro,  Ion channels blockers 19,20
transporters proliferation PDX (psalmotoxin-1,
benzamil, ouabin,
digoxin, cholotoxin)
Genetic material GB EVs Astrocytes Tumor growth and Ms, Hu PDX, patient NA 21,22
transfer Cell fusion Neurons maintenance
Hyperexcitability Astrocytes Synaptogenesis GB Increased GB Ms, Hu In vitro, PDX, NA 23
invasiveness and patient
connectivity, seizures
Cx43 Gap Junction Resistance to TMZ and Ms, Hu PDX Bentamapimod 24—27
VCR (AS602801, p-INK
inhibitor)
Hypoxia GB Tumor ECM Astrocytes Reactive astrogliosis, Hu PDX Clinical imaging 28
tumor progression (Cu-ATSM probes)
WT1 Reactive astrogliosis Hu Patient NA 29
Experimental genetic Neurons GB Neoplastic Ms In vitro, PDX NA 30
manipulation Astrocytes dedifferentiation
Brain injury Reactivity Tumorigenesis? Hu Patient NA 31-34
Brain irradiation TG2 Tumorigenesis, MES In vitro, PDX, 31,35—37
transistion, tumor patient
progression
GAP43 Mitochondria GB proliferation Rt, Ms, Hu Co-culture, PDX NA 38
transfer
Glutamate GB Tumor microtubes  Neurons Invasiveness Ms, Hu Co-culture, PDX, Isoflurane, perampanel 39
patient
NGLN3 Neurons  Synapses GB Progression Ms, Hu Co-culture, PDX, ADAM10 inhibitor 40,41
patient
Membrane Synapses, gap OPC-like Tumor cell proliferation, Co-culture, PDX, Meclofanamate, 42
depolarization junctions glioma patient brain patients perampanel
hyperexcitability
TSP-1 GB Ligand Neurons GB proliferation Ms, Hu Co-culture, PDX, Gabapentin 43
patient
TTYH1 Neurites, synapses Axon outgrowth, tumor  Hu PDX, patient NA 44
invasion
CA11/CA10 Neurons Ligand GB Decreased tumor growth ~ Hu PDX, patient Prognosis marker 45
SO0X10 White matter Pre-oligodendrocyte Ms, Hu Co-culture, PDX NA 46
differenciation
Electrical activity Synapses Epileptiform neuronal Rt Microelectrode NA 47
hyperexcitability arrays, ex vivo
ACh/CHRM3 GB connectivity and Ms, Hu Co-culture, PDX, shRNAs, perampanel 48
invasion patient
GABA receptors Neurotransmitter LGG Decreased tumor Hu Patient Bumetanide, 49
proliferation epileptic sulfasalazine, valproic
discharge acid
DMG/DIPG Tumor progression Ms, Hu In vitro, PDX NA 50
SEMA4F Glioma Tumor ECM Neurons Tumor progression and Ms PDX NA 51

infiltration
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Table 1 (continued)

Paracrine or physical

Pro- or antitumoral

Element of language Source connexion Receiver biological activity Organism  Model Therapeutic application ~ Reference
SCF/c-Kit Neurons Ligand GB Tumor angiogenesis Ms, Hu Co-culture, PDX, Imatinib 52
patient
NLGN3 Ligand 0PG Tumor formation Ms NF1-mutant mice  Light deprivation, 53
ADAM10 inhibitor
BDNF/NTRK2 Synapses DIPG Glioma synaptic Ms, Hu Co-culture, PDX Entrectinib 54
integration and
plasticity
tGLI1 BrBM ? Astrocytes Increased metastatic Ms, Hu Co-culture, PDX NA 55
potential
proNGF PrBM Axonogenesis Neuronal cell ~ Metastatic dissemination Hu Co-culture proNGF 56
lines immunoneutralization
MIF, IL-8, PAI-1 LuBM Ligand Astrocytes Astrogliosis Ms, Hu Co-culture, PDX NA 57
IL-6, TNF-a, IL-1B Astrocytes Ligand LuBM Proliferation Ms, Hu Co-culture, PDX NA 57
MMP2/9 Tumor ECM Lu/BrBM MMPs mediated invasion Rt, Ms, Hu Co-culture, PDX ON0-4817, marimastat, 58
batimastat, MMP2,
MMP3, and MMP9
immunoneutralization
Ach Neurons  Synapses LuBM Metastatic progression Hu, Ms Co-culture, PDX Carbachol, tetrodotoxin 59
IL-23 Astrocytes Ligand MelBM Metastatic dissemination  Hu Co-culture, patient NA 60
CXCL10 Ligand Migration, metastasis Hu Co-culture, PDX CXCL10 Ab 61

Astrocytes (continuous lines in the Source column), neurons (dotted lines), and neoplastic cells (double line) interact through paracrine signals or physical
contacts (bold). For each element of language between two cell types, pro-tumoral (underlined) or antitumoral (italics) functions have been characterized in

the associated studies.

Ab, antibody; Ach, acetylcholine; ADAM10, a disintegrin and metalloproteinase domain-containing protein 10; AMPA, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; BDNF, brain-derived neurotrophic factor; BrBM, breast cancer brain metastases; c-KIT, tyrosine-protein kinase KIT; CA10/11, car-
bonic anhydrase-related protein 10/11; CHI3L1, chitinase-3-like protein 1; CHRM3, M3 muscarinic acetylcholine receptor; Cu-ATSM, diacetylbis(N(4)-meth-
ylthiosemicarbazonato) copper(II); Cx43, connexin 43/gap junction alpha-1 protein; DIPG, diffuse intrapontine glioma; DMG, diffuse midline glioma; ECM,
extracellular matrix; EMT, epithelial-to-mesenchymal transition; EVs, extracellular vesicles; GAP43, growth-associated protein 43; GB, glioblastoma; GluN2B/
NMDAR, GluN2B N-methyl-p-aspartate receptor; Hu, human; LuBM, lung cancer brain metastases; MelBM, melanoma brain metastases; MES, mesenchymal;
MGMT, 0-methylguanine-DNA methyltransferase; MIF, macrophage migration inhibitory factor; MMP2/9/14, matrix metalloproteinase-2/-9/-14; Ms, mouse;
NLGN3, neuroligin-3; NF1, gene encoding the neurofibromin protein; NTRK2, neurotrophic receptor tyrosine kinase 2; OPC, oligodendrocyte precursor cell; OPG,
optic pathway glioma; PAI-1, plasminogen activator inhibitor-1; PDX, patient-derived xenograft; p-JNK, phosphorylated Janus kinase; POSTN, periostin; PrBM,
prostate cancer brain metastases; proNGF, nerve growth factor precursor; Rt, rat; SCF, stem cell factor; SEMA4F, semaphorin-4F; SOX10, transcription factor
SO0X10; SRGN, serglycin; TG2, transglutaminase 2; tGLI1, truncated glioma-associated oncogene homolog 1; TMZ, temozolomide; TNF-c, tumor necrosis factor
alpha; TSP-1, thrombospondin 1; TTYH1, tweety family member 1; VCR, vincristine; WT1, Wilms tumor protein.

Experiments of co-culturing astrocytes and GB cells
revealed a transition to a mesenchymal state of the tumor
cells, associated with accelerated progression and poor
survival outcomes in preclinical models.'’ Interestingly,
evidence of GB—astrocyte paracrine signaling can be
detected in meta-analyses of clinical samples with high
astrocyte signature score from The Cancer Genome
Atlas.!" In this study, authors identified GB overexpression
of periostin (POSTN) and serglycin (SRGN), two secreted
factors mediating astrocytic recruitment and activation
(Figure 1A). In addition, periostin has been characterized
as a good biomarker for poor outcome in patients.'”
Secreted by tumor-associated astrocytes, chitinase 3-like
1 (CHI3L1) binds to IL-13 receptor alpha 2 (IL-13Ra?2)
on the tumor cell surface. Activation of this
CHI3L1—-IL13Ra2 axis initiates the downstream mitogen-
activated protein kinase and protein kinase B signaling
pathways, consequently promoting GB cell proliferation.'”
More globally, tumor-associated astrocytes secrete a range
of factors known to accelerate tumor growth and stimulate
GB cell invasion and extracellular matrix remodeling
(Figure 1). For instance, human astrocytes secrete IL-0,
which in turn up-regulate the expression of matrix

metalloproteinase-14 (MMP14) in glioma cells. The IL-
6—MMP14 axis plays a critical role in promoting glioma
migration and invasion'* (Figure 1B).

In vitro studies underscore a significant increase in the
migratory and invasive capabilities of glioma cells when co-
cultured with normal human astrocytes. Elevated expression
of IL-6 and MMP14 are strongly associated with reduced
survival rates, particularly in high-grade gliomas.'> The
mesenchymal state in GB reciprocally induces a reactive
state in astrocytes and vice versa. This transition fosters
therapy resistance, with IL-1P released by reactive astro-
cytes emerging as a key regulator in orchestrating a gradual
mesenchymal transition. In addition, glioma-initiating cells
undergo a transition to a reactive state exhibiting
mesenchymal-like features and gene expression profiles
akin to reactive astrocytes.'® To potentiate the release of
these astrocyte-soluble factors in a paracrine loop manner,
GB cells secrete transforming growth factor-f3, fibroblast
growth factor, epidermal growth factor, MMPs, and IL-6
(Figure 1). These secreted molecules from GB cells fuel
astrogliosis, albeit with potential variations compared with
the epithelial-to-mesenchymal transition as described for
epithelial tumors'®'® (Figure 1A).
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Brain tumor—astrocyte crosstalk modulating cancer progression. A: Astrocyte (blue) communication with glioblastoma (GB) cells in the tumor Q20

core (orange) includes paracrine signaling through chemokines, growth factors, or extracellular vesicles (EVs; purple), and physical interactions via gap
junctions. Tumor-associated astrocytosis ignites GB progression via the release of interleukins and growth factors promoting tumor cell proliferation in the
tumor core. For instance, astrocytic chemokines such as the monocyte chemoattractant protein-4 (MCP4), CXCL5, or the glial-derived neurotrophic factor
(GDNF) have been shown to coordinate pro-invasive programs in GB cells at the leading edge. In turn, GB cells sustain astrocytosis by releasing, for example,
tumor EVs containing reprogramming material such as long noncoding RNA (IncRNA) and miRNAs. In addition, GB microenvironment composition contributes
to astrocyte reactivity through factors such as the Wilms tumor protein (WT1). Physical connections between GB cells and astrocytes through gap junctions
enable direct exchange of biological material, including miRNA. Through these connexin 43 (Cx43)-mediated connections, reprogrammed tumor astrocytes
provide shielding from therapies such as vincristine and temozolomide (bottom left insert). Naive/nonreactive astrocytes naturally release interleukins and
polyunsaturated fatty acids (PUFAs), which have been shown to attract and support the extravasation of metastatic melanoma cells (dark brown) to the brain
parenchyma. Similarly to GB cells, breast cancer brain metastatic cells (dark brown) are releasing EVs containing miRNAs (miR-1290), enabling remote
reprogramming of astrocytes into tumor-supporting cells. B: The tumor core microenvironment fortifies epithelial to mesenchymal transition (EMT) in both
astrocytic and tumor cell populations. Tumor core crosstalk between astrocytes and GB cells promoting astrocytic EMT include tumor sourced factors (orange)
such the transforming growth factor beta (TGF-B), fibroblast growth factors (FGFs), epidermal growth factor (EGF), matrix metalloproteinases (MMPs) and IL-6.
Similarly, astrocyte-originating molecules (blue) strengthen mesenchymal (MES)-Llike phenotypes in GB cells. Those include the connective tissue growth factor
(CTGF), insulin-like growth factors (IGFs), stromal-derived growth factor-1 (SDF-1/CxCL12), MMPs, TGF-3, vascular endothelial growth factor B (VEGF), FGF, and
IL-6. Astrocyte-tumor paracrine signaling functions as a loop, overcharging cancer aggressiveness. BM, brain metastases; HMGB1, high mobility group box 1;

JNK, Janus kinase; POSTN, periostin; SRGN, serglycin.

Interestingly, in addition to classical soluble factors and
proteins, ion channels and ion transporters play a pivotal
role in mediating communication between reactive astro-
cytes and GB cells. This interplay enhances tumor pro-
gression, metastasis, and tumorigenesis, while interference
in this mode of communication might hold therapeutic po-
tential. For instance, inhibition of ion channel— and ion
transporter—mediated crosstalk has shown efficacy in
impairing GB invasion and proliferation. Experimental
combined therapy involving ion channel/ion transporter
inhibitors with the therapy of reference, temozolomide,
exhibited enhanced apoptosis of GB cells in both in vivo and
in vitro settingslg’20 (Figure 1B).

Structural Communication

Recent studies have shed light on the critical involvement of
extracellular vesicles (EVs) and gap junctions in mediating
the bidirectional communication between astrocytes and
GB. EVs are used by tumor cells as carriers for RNA, DNA,
receptors, and proteins, including MMP2, MMP9Y, high
mobility group box 1 (HMGB1), and CD147 (Figure 1B).

The American Journal of Pathology m ajp.amjpathol.org

When EVs undergo endocytosis by peritumoral stromal
cells, they gradually induce neoplastic transformation of the
microenvironment.

During the early stages of the tumor growth, astrocytes
shelter the brain parenchyma from the tumor, notably
through the re-uptake of glutamate to maintain homeostasis,
delaying GB growth and migration.”’ As the disease pro-
gresses, brain tumor EVs reprogram astrocytes into tumor-
supporting cells, carrying resistance to temozolomide
treatment. Those EVs have been shown to contain miRNAs,
epidermal growth factor, fibroblast growth factor, IL-19,
and colony-stimulating factor (Figure 1B). Remarkably,
chemoresistance traits such as methylation status are carried
by EVs under the form of O-methylguanine-DNA
methyltransferase (MGMT)mRNA'*'%1%22 (Taple 1).

Studies have shown an enrichment of genes promoting
the formation of new neuronal synapses, a process called
synaptogenesis, at the leading edge of gliomas. Synapto-
genesis was associated with a distinct astrocyte population
up-regulating genes controlling synapse formation and was
previously characterized in other neuropathologies such as
epilepsy. As reported by the authors, this synaptogenic
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effect is not ubiquitous to all astrocyte populations, further
illustrating the great diversity of normal and tumor-
supporting astrocytes.23

Gap junctions and physical contact between astrocytes
and GB cells have been shown to contribute to chemo-
resistance. This can be directly quantified from increased
temozolomide-induced apoptosis in tumor cells expanded in
monocultures compared with astrocyte tumor cell co-cul-
tures.”’ This chemoresistance is mediated by GB—astrocyte
cell—cell contacts and the gap junction protein connexin 43
(Cx43)** %" (Figure 1B and Table 1). Gap junctions be-
tween GB and astrocytes promote tumor progression and
chemoresistance, as well as increased Cx43 levels in pa-
tients, correlating with poorer prognosis. Experimental
knockdown of astrocytic Cx43 reduced GB cell invasion
in vitro and ex vivo, highlighting the contribution of astro-
cytes to the disease progression.””°

Gap junction communication between GB and astrocytes
can be pharmacologically inhibited by bentamapimod
(AS602801, an experimental phosphorylated Janus kinase
inhibitor), sensitizing GB to temozolomide and vincristine
treatments””° (Table 1). Bentamapimod down-regulates
expression of Cx43, potentially offering a strategy to
overcome Cx43-mediated treatment resistance in GB>
(Figure 1B). Interestingly, bentamapimod also interrupted
gap junction communication between lung cancer cells and
astrocytes’’ and was previously clinically assessed in
humans against endometriosis progression (under the US
Clinical Trial identifier NCT01630252), suggesting its po-
tential for treatment of brain tumors.

Unfortunately, there is currently no reliable method to
segregate “healthy” reactive astrocytes from neoplastic as-
trocytes, although several studies highlighted the potential
of distinct astrogliosis markers. In an earlier study, hypoxia,
a prevalent feature in highly aggressive GB necessitating the
development of diagnostic probes for clinical applications,
was investigated. Imaging probes such as radiolabeled
diacethyl-bis(N4-methylthiosemicarbazone) typically accu-
mulate in hypoxic regions of rat gliomas.”® Interestingly, an
additional specific homing of this probe in the reactive
astrogliosis delineating the tumor was identified. Locore-
gional uptake was associated with an up-regulation of
copper transporters by the reactive glia, supporting the use
of such tracers for in situ tumor profiling. Wilms tumor
protein 1 (WT33) encoded by the WTI gene is another
promising diagnostic candidate to improve astrocyte-based
diagnosis of GB. WT! has been identified as aberrantly
up-regulated in astrocytic tumor cells but not in the healthy
brain or in nontumor-associated astrogliosis; this offers a
unique opportunity to distinguish normal glia from
neoplastic glia in patient samples.””

Gliomas can be experimentally generated from mature
neurons and astrocyte cells through targeted genetic modi-
fication.”” Modifications of the microenvironment and/or
introduction of exogenous factors during surgical resection
of bulk tumors will exert a genetic stress on stromal cells,

potentially promoting their transformation and contribution
to relapses. Surgical intervention disrupts the tumor micro-
environment, including astrocytic injuries leading to tran-
scriptome and secretome modifications, promoting tumor
proliferation and migration'” (Figure 1B). Reactive astro-
cytosis, which occurs in response to brain parenchymal
injury, results in altered astrocyte functions, affecting ho-
meostasis, neurogenesis, synaptogenesis, axon growth, the
blood—brain barrier, and blood flow.

GB can be considered a form of brain damage that in-
duces reactive astrocytosis, enhancing tumor growth and
malignancy.”' Two separate reports show that traumatic
brain injury increases the risk of brain tumor formation. A
first report followed up 5000 patients with traumatic brain
injury in Taiwan and compared them with 25,000 randomly
selected enrollees.’” The result after 3 years of follow-up
was a fivefold higher risk for malignancy after traumatic
brain injury (6.28 vs 1.25 per 10,000). A follow-up study
examined Afghanistan and Iraq war veterans with severe,
penetrating, or moderate brain injury.”” These injuries were
associated with increased risk of brain tumor.” >

However, additional studies challenge the notion that
significant brain injury increases the risk for developing
malignant neoplasms. Analyses of individuals diagnosed
with traumatic brain injury, cerebral ischemic infarction, and
intracerebral hemorrhage revealed no increased risk of
astrocytic neoplasms (eg, anaplastic astrocytomas, GB') 5
years’ postinjury. Interestingly, a reduced long-term risk of
developing malignant neoplasms in the brain injury group,
compared with the normal population, was observed 20
years after injury.”* Extent of physical trauma might be the
main factor driving tumorigenesis, as mild brain injury was
not associated with increased tumor risk,”** explaining the
discrepancies between studies focusing on brain injuries.

Accidental (or therapeutic) irradiation of the brain has been
shown to significantly increase stemness and radioresistance
of gliomas. At the molecular level, irradiated astrocytes up-
regulate transglutaminase 2 (TGM2), accelerating the
mesenchymal transition and aggressiveness of GB.>°
Moreover, spatial transcriptomics analyses of GB samples
from irradiated patients identified GB cell reprogramming
into an alternative phenotypic cell state. This cell state
exhibited hybrid mesenchymal and astrocytic features with
remarkable vascular co-option ability and radioresistance.’’

Mitochondria transfer is a common mechanism in health
and cancer. During neuron axon regeneration and astrocyte
reactivity, mitochondria transit between cells occurs through
intercellular connections facilitated by the growth-
associated protein 43 (GAP43) (Figure 1). Mitochondria
originating from astrocytes have been shown to transfer to
GB cells. Increased mitochondria numbers fortify GB cell
respiration and up-regulate metabolic pathways linked to
proliferation and tumorigenicity. Mitochondrial transfer
from astrocytes to GB cells led to higher tumor cell
dissemination and increased cancer-associated lethality in
preclinical models®® (Table 1).
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Decreased connections between tumor cells and astro-
cytes in favor of increased connectivity to neuronal net-
works have been shown to increase GB invasiveness in vivo.
Disconnected from astrocytes, invasive GB cells resemble
neural progenitor—like cells and are sensitive to gluta-
matergic activity driving their migration and colonization.*

Tumor—Neuron Dialogue

The complex relationship between neurons and GB cells has
recently been identified as a key driver for tumor progres-
sion. This section explores various facets of neuronal signals
and their involvement in GB growth, with potential new
candidates for precision medicine. Key molecules promot-
ing synaptogenesis and enhancing tumor
growth™*97>%+77%5 and® have been summarized in

Figure 2 and Table 1.

Soluble Factors

Glioma progression in the brain parenchyma takes advan-
tage of neuronal proteins such as neuroligin-3 (NGLN-3).
NGLNs are essential cell adhesion proteins during the for-
mation of neuronal synapses. Synaptic stabilization is ach-
ieved through the interaction between presynaptic neurexins
and postsynaptic NGLNs. NGLN-3 can be shed by dis-
integrin and metalloproteinase domain-containing protein
10 (ADAMI10) proteolytic activity, which classically dis-
connects synapses4()’41 (Figure 2A and Table ). In brain
cancer, soluble NGLN-3 binds to glioma cell surface
(Figure 2A), activating focal adhesion kinase and phos-
phatidylinositol 3-kinase/mammalian target of rapamycin.
Intracellular cascade activation induces up-regulation of
NGLN-3 itself, as well as potassium channels classically
expressed by neurons.’”*' Further studies from the same
group revealed physical integration and bidirectional con-
nectivity of GB cells to neuronal networks."” The extent of
GB integration to the neuronal networks can be detected in
patients and provide readouts of the tumor progression.
Electrocorticography techniques, the contact recording of
electrical potentials at the surface of the exposed cerebral
cortex, have recently been applied to patients with GB." In
this study, a significant increase of the high-gamma band
range power, associated with spikes of neuronal activity,
was detected in patients with brain areas infiltrated with GB
cells (Table 1). When dissecting the nature of these elec-
trochemical changes in preclinical models, -electrically
active GB cells highly integrated in functionally connected
brain areas (eg, with a synchronous increase in electrical
activity) were found. The central molecule involved in this
integration is the synaptogenic factor thrombospondin-1
(TSP-1) (Figure 2C), which is notably known for its
involvement in neural circuit remodeling of the healthy
brain.*’ To disconnect neoplastic synapses in GB, the au-
thors used the TSP-1 inhibitor gabapentin, an anticonvulsant

The American Journal of Pathology m ajp.amjpathol.org

approved by the US Food and Drug Administration for the
treatment of epileptic seizures. Gabapentin treatment
improved survival compared with control groups in pre-
clinical studies. Additional synaptic markers such as Cx43,
Gap43, and Ttyhl have been identified as drivers of
neuronal network formation, axon outgrowth, tumor inva-
sion, and therapy resistance (Figure 2C). Similarly to
GB—astrocyte interactions, Cx43 and Gap43 facilitate
interconnection and network formation among glioma cells,
enhancing malignancy and resistance. Increased tumor cell
connectivity further promotes cell invasion, proliferation,
and axonal outgrowth44 (Figure 2C).

Recent developments in neuro-oncology have identified
four emerging fields: electrochemical neural—cancer in-
teractions, paracrine neural interactions, systemic neural in-
teractions, and cancer therapy effects on the nervous
system.”” However, not all neuronal paracrine signaling
promotes GB progression (Figure 2C). For instance, carbonic
anhydrase-related proteins 11 and 10 (CA10/CAll) are
secreted neuronal synaptic proteins that function as neurexin
ligands. These proteins have shown a negative correlation
with glioma growth. Inhibition of CAI/l gene expression
resulted in more aggressive tumor growth and reduced sur-
vival. CA10/CA11 secretion is regulated by the protein kinase
B signaling pathway,* and, in neuron GB co-cultures, CA10
inhibits glioma growth. Similarly, preclinical assessment for
combination of glycogen synthase kinase 3 (GSK3) inhibitor
(CHIR99021) and cAMP activator (forskolin) reported
significantly reduced tumor growth. More specifically, this
combination modulates neural crosstalk by directly affecting
synaptic-like gene expression in GB cells, with moderate side
effects for healthy neuronal networks, supporting clinical
translatability.”

Specific brain microenvironments have been shown to
reduce GB malignancy. Data from preclinical models and
patient samples reveal that white matter fortifies oligoden-
drocyte precursor—like features in glioma cells. From the
pathologist standpoint, gliomas with oligodendrocyte com-
ponents are typically correlated with better response to ther-
apy and longer survival in patients. From a mechanistic
standpoint, oligodendrocytic transition is mediated by
SOX10 (Figure 2B). This transcription factor is activated by
myelin-associated proteins shed as GB cells co-opt to white
matter tracts. An experimental induction of the oligo-like
shift, which was induced via increased myelin production in
the striatum with the cationic amphiphilic drug pranlukast, led
to significantly prolonged survival in tumor-bearing mice."

Physical and Electrical Connections

When integrating to neuronal networks, glioma cells in
culture or ex vivo disrupt the normal electrical activity of
neurons”’ 2177780 (Table 1). This leads to different elec-
trochemical phenotypes, including epileptiform neuronal
firing, or synchronized atypical short or long-lasting oscil-
lations.”” Among neurotransmitters funneled by GB cells,
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Brain tumor—neuron crosstalk modulating cancer progression. A: Glioblastoma (GB) cells are sensitive to neuronal synapse—specific neuroligin-3
(NLGN-3). Synapse formation and disconnection are coordinated by the active form of NGNL-3, cleaved from the membrane-bound immature form by a @22
disintegrin and metalloproteinase domain-containing 10 (ADAM10; yellow). On GB cells, NLGN-3 will potentiate the formation of neoplastic synapse ersatz,
neuronal-like differentiation, and neuronal network integration. B: GB invasion classically co-opts the preexisting brain structures such as microvascular
endothelium and myelinated neuronal tracts of the white matter. Cell invasion partially degrades the extracellular matrix (ECM), releasing myelin-rich cell
debris. On GB cells, myelin has been shown to induce a differentiation toward an oligodendrocyte precursor cell (OPC)-like cell state associated with up-
regulation of the oligo-specific transcription factor SOX10. Interestingly, therapies increasing myelin production leverages OPC-like hysteresis, as GBs with
oligo components are typically less malignant. C: Typical neuronal signaling pathways including neurotransmitters and electrochemical communication have
been shown to support brain cancer progression in patients. Among the neurotransmitters modulating brain tumor progression, glutamate plays a central role
in tumor cell integration to neuronal networks. Neuron-sourced glutamate binds to two ionotropic receptors expressed by brain tumor cells. Those include fast-
acting (<1 millisecond) a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA; blue) and slower (>10 milliseconds) N-methyl-p-aspartate (NMDA;
red) receptors, both modulating neuronal calcium activity. AMPA receptors are expressed in GB cells located at the tumor core and leading edge. In the core,
higher glutamate concentrations activate AMPA receptor (AMPAR)-supporting tumor cell proliferation. At the invasive front, neuronal glutamate evokes AMPA
signaling, facilitating GB cell integration to neighboring neurons through cellular microtubes. When fully integrated to neuronal networks, GB cells up-regulate
a cholinergic receptor [M3 muscarinic acetylcholine receptor (CHRM3)] hence taking advantage of additional neurotransmission initiated by neuronal
acetylcholine. NMDA receptors (NMDARs) are more specifically used by peripheral cancer cells progressing in the brain. Neuronal glutamate activates NMDARs
expressed on synapses ersatz of brain metastatic cells. Interestingly, neurons can suppress brain tumor progression. Reduced tumorigenicity is mediated by the
central inhibitory neurotransmitter GABA and the carbonic anhydrases 10 and 11 (CA10/11) produced by neurons of the leading edge. Once integrated to
neuronal networks, glioma cells can modulate neuronal activity and network stability using membrane-bound proteins (brown arrows) such as tweety family
member 1 (TTYH1) and growth-associated protein (GAP43). TTYH1 enhances axon outgrowth, and GAP43 promotes neoplastic network formation and GB cell
proliferation and invasion. Similarly, tumor cells secrete glypican-3 promoting synaptogenesis and neural hyperexcitability. Brain metastatic cells integrate
into tripartite-like synapses involving neurons and astrocytes (bottom right insert). Reactive astrocytes produce the urokinase/tissue plasminogen activator
(uPA/tPA) converting plasminogen into plasmin. Plasmin is known to be tumor suppressive, used as neural defense mechanism against brain metastasis.

Metastatic tumor cells block plasminogen activation by secreting the uPA/tPA inhibitors neuroserpin and serpin 2B. TSP-1, thrombospondin 1.
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glutamate plays a pivotal role in tumor proliferation and
invasion (Figure 2C). Glioma cells express functional o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, facilitating integration into gluta-
matergic neuronal networks. Remarkably, glutamatergic
integration has been reported in breast cancer BM through
the formation of tripartite synapses resembling astrocytes
and hijacking N-methyl-p-aspartate (NMDA) receptors.
Neural hyperactivity is mediated by potassium-dependent
and AMPA receptor—driven mechanisms, forming electri-
cally coupled networks via gap junctions in glioma cells.
Targeting neural activity and gap junctions could influence
growth modulated by neural activity."”’’ Once integrated,
tumor cells trigger neural glutamatergic hyperexcitability,
which in turn ignites tumor proliferation. Newly integrated
proliferating glioma cells promote synaptogenesis through
glypican-3 secretion, further reinforcing their relationship
with the tumor stroma.

Tumor neuron hyperexcitability resembles the pathologic
description of epilepsy. Tentative repurposing of epilepsy
medication such as perampanel has shown promise for
reducing GB-induced neuronal hyperexcitability””**’®
(Table 1).

GB cell connectivity to neuronal networks further relies
on M3 muscarinic acetylcholine receptors (CHRM3)"®
(Figure 2C and Table 1). Using single-cell electrophysi-
ology recordings and calcium imaging, the authors uncov-
ered distinct connectivity profiles in GB cells, correlated
with an expression “score” of synaptogenic markers in sil-
ico. They further implemented retrograde tracing, a classical
neuroscientific methodology using fluorescent protein
expression systems in engineered viruses, which propagates
within physically connected cell networks.”® This enabled
brain-wide connectivity assessments of live human GB cells
in in vitro, ex vivo, and in vivo xenografts. Among identified
neurotransmitters, dopaminergic, glutamatergic, and
cholinergic elements of language were used by neurons to
communicate with tumor cells (Figure 2C). Increased
neuronal activity leads to acetylcholine release, supporting
GB invasion and expansion in cortical brain areas. CHRM3
genetic (shRNAs) or pharmacologic (perampanel) interfer-
ence effectively disconnected GB cells from neuronal net-
works and improved radiotherapeutic response in preclinical
models.”®

Progression of malignant GB is often associated with
symptomatic epilepsy, once again attributed to neural hy-
peractivity surrounding the tumor stroma. Distinct elements
in the glioma—neuron relationship contribute to symptom-
atic epilepsy, including different glutamate transporters such
as the xCT system. Glutamate serves as a potent growth
enhancer, whereas GABA, the central inhibitory neuro-
transmitter, counteracts this effect (Figure 2C). From a
pharmacologic standpoint, understanding epilepsy in GB
presents opportunities for novel therapeutic approaches,
including approved epilepsy drugs such as sulfasalazine.*®
Repeated anesthesia with isoflurane significantly reduces

The American Journal of Pathology m ajp.amjpathol.org

tumor invasion by affecting GB calcium activity. Isoflurane
is currently used in the treatment of refractory status epi-
lepticus, commonly known as persisting seizures in patients
despite administration of first- and second-line medications.
With validated indication for other neuropathologies,*” this
supports isoflurane’s translatability to GB care when tar-
geting tumor microtube formation.*’

The contribution of GABA and its receptor GABA4 to
glioma tumorigenesis and progression has been investigated
in several studies, reporting different roles to this neuro-
transmitter. GABA 5 is expressed by mouse and human GB
cell lines, which also produce and release GABA. This auto/
paracrine signaling has initially been shown to slow glioma
proliferation mediated by the histone H2AX phosphoryla-
tion”” (Figure 2). In vivo pharmacologic studies show that
GABA, inhibition with bicuculline lifted off tumor cell
proliferation and tumor growth, whereas increasing GABA 5
activity with muscimol prevented tumor initiation. More
recently, studies of diffuse midline gliomas occurring in
pediatric patients have found that GABA and GABA have
an inverse role of promoting tumor growth and fortifying
neoplastic synapses.”’ Pharmacologic activation of GABA o
with lorazepam, an anxiety reliever given to younger pa-
tients with brain tumors undergoing neuroimaging, showed
potentiated GABAergic currents in glioma, which fueled
tumor cell proliferation and reduced survival in preclinical
models.” The authors speculate on the versatile role of
GABA signaling based on the patient’s age (pediatric vs
adult gliomas) and typical intertumoral heterogeneity
observed in /IDH—wild-type high-grade gliomas.

GB cell migration is influenced by electrotaxis, a
response to electric fields increasing directed migration,
albeit away from the tumor core in a symmetrical pattern.
Pioglitazone, a peroxisome proliferator-activated receptor
agonist, disrupts key signaling pathways, including
epidermal growth factor receptor/phosphatidylinositol 3-
kinase/protein kinase B, preventing electrotaxis-guided
migration. Understanding these mechanisms may provide
insights on how to clinically modulate and/or prevent GB
dissemination supported by neuronal electrical activity.*
Contralateral brain activation promotes glioma infiltration
and progression. Recent reports have identified the SEMA4F
gene as being associated with brain network hyperactivity,
correlated with enhanced glioma progression and infiltra-
tion.”" In vivo models show that overexpression of the
SEMAA4F in glioma cells leads to enhanced infiltration and
shorter survival. On the other hand, glioma cell SEMA4F
knockdown resulted in reduced infiltration and longer sur-
vival in preclinical studies.

Connectivity during the Progression of Primary
Brain Tumors and Peripheral BM

This last section highlights the relationships between brain
microenvironment and GB phenotypic cell states. Although
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featured in fewer studies, the brain microenvironment is also
a critical component for the progression of peripheral can-
cers to the CNS. We explore here the dynamic nature of
these relationships and their implications for glioma and
BM diagnoses with therapeutic opportunities.

Complexity of GB Cell Architecture

In the IDH—wild-type GB, recurrent tumors tend to asso-
ciate with neural, mesenchymal, and astrocytic phenotypes,
whereas IDH-mutant GBs primarily consist of a prolifera-
tive phenotype enriched with stem cell—like tumor cells.
The plasticity of IDH status, influenced by factors such as
physical position and microenvironment (eg, leading edge
or tumor necrosis), underscores the complexity of GB pro-
gression. Notably, recurrent GB cells exhibit a tendency to
acquire neuron-like characteristics as RNA sequencing data
suggest that approximately 66% of recurrent IDH-WT GBs
associate with a neuronal phenotype. Neural signaling
emerges as a key player in promoting invasiveness, exem-
plified by the expression of stem cell markers such as
synaptome-associated protein 25 (SNAP25) in recurrent
cells, contributing to stem-like neoplastic cell recurrence at
the invasive front.””

GB exhibits four cellular states: neural progenitor—like,
oligodendrocyte precursor cell—like, astrocyte-like, and
mesenchymal-like.”' Single GB tumors include all four
states in different proportions, which reflects the dynamic
influence of the tumor microenvironment and mirrors early
brain development. Spatial transcriptional studies of human
GB identified neurodevelopmental territories, enriched with
gene expression signatures recapitulating oligodendrocytic
lineages (pre-, early- and late-oligodendrocyte precursor
cells), neural development, reactive immune, radial glia, and
reactive hypoxia.”” All those are shaped by the tumor
microenvironment influence on GB cellular states, illus-
trating the nuanced interplay between genetic and environ-
mental factors. Notably, stress factors such as hypoxia drive
the reactive hypoxia program, which emerges due to
excessive proliferation, genetic alterations, and cellular
migration toward nonhypoxic areas. Transcriptomic states
in patient samples also correlate with pathologic features,
including GB invasiveness and connectivity to neuronal
networks.”® These findings highlight the potential for
personalized GB treatment approaches by mapping out GB
genetic transcriptional heterogeneity and dominant pheno-
typic states guiding the therapeutic decision.®” For instance,
glioma infiltration disrupts brain hemodynamics and neu-
rovascular structure, leading to seizures originating from the
tumor margin and oxygen deficiency in the brain.
Neurovascular-associated alterations due to tumor infiltra-
tion have been observed, shedding light on the intricate
relationship between glioma and neural responses.®”

Neurofibromatosis type 1 (NFI) gene mutations
contribute to low-grade gliomas affecting the optic nerve
(optic pathway gliomas) in early childhood. Light exposure

10

has been shown to stimulate the development of optic
pathway gliomas, with NF/ mutation increasing NLGN3
shedding by ADAMI10, and drives their progression. The
findings emphasize the environmental and genetic factors
contributing to the development of optic pathway glioma.””

Glioma synapses recruit mechanisms of adaptive plas-
ticity. A recent study shows how glioma plasticity recapit-
ulated neuronal plasticity established during memory
formation in the adult brain.”* Binding of the brain-derived
neurotrophic factor (BDNF), the endogenous ligand to the
neurotrophic receptor kinase 2 (NTRK2), promotes the
progression of diffuse intrapontine glioma through neuro-
plasticity mechanisms. This interaction increases the
amplitude of glutamatergic current and neuron-to-glioma
synapse formation. Interestingly, NTRK2 inhibitors such
as entrectinib significantly reduced the proliferation of gli-
oma cells in vitro. BDNF-NTRK?2 signaling axis is a prime
example of how glioma cells reinvent neural plasticity
during tumor progression (Table 1).

Although there is no concrete evidence connecting brain
physical trauma and GB incidence in patients (see Struc-
tural Communication), developmental studies underline the
similarities between gliomagenesis and injury response.”* In
this extensive transcriptomic study at the single-cell reso-
lution of >100,000 mouse brain cells, the genetic evolution
of preneoplastic, lower grade, and advanced brain tumors
were compared to an experimentally induced brain injury.
At early stages of both pathologies, a pre-neoplastic cell
population type resembling neural crest cells is consistently
captured. Those very undifferentiated cells are gradually
replaced by neuronal precursor cell populations as both
pathologies progress. These provocative findings not only
propose that gliomagenesis and neurodevelopment share
extremely similar cellular hierarchies but also that brain
injuries could provide microenvironmental prerequisites for
GB emergence.

Molecular Intelligence of Peripheral Tumor Cells for
Brain Microenvironment Integration

Although originating from very different milieu, malignant
peripheral cancers frequently progress in the brain as BM.
Indeed, BM are more frequent than GB” yet experimental
studies focusing on their integration to the brain are more
limited. This can be explained in part by the lack of reliable
experimental models and relevance to the human disease.
BM are often occurring at a terminal stage of the peripheral
progression when most therapeutic options have failed and
lethality is high.” Unfortunately, tumor sampling of BM is
not systematically performed in clinics. However, recent
clinical and academic collaborations have led to great ad-
vances in the data availability and accessibility of BM
biology. Those recent examples generated and shared
comprehensive data sets on the immune, vascular, and
microenvironment landscapes of BM, such as the Brain-
TIME resource (Joyce Lab, https://joycelab.shinyapps.io/
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braintime, last accessed April 2025). This dedicated section
centralizes the key research studies reporting
interconnectivity between neurons, astrocytes, and BM
cells™ °' (Table 1).

Breast-to-brain metastasis represents a significant chal-
lenge, particularly in triple-negative and basal-type HER1-
positive breast cancers. Breast cancer—derived brain meta-
static cells have been shown to express neuronal NMDA
receptors, enabling brain parenchyma colonization and
reduced survival. Glutamate signaling emerges as a potent
growth stimulator for breast-to-brain metastasis, leading to
the formation of pseudo-tripartite synapses that mimic
normal astrocyte—synapse interactions, rerouting a source
of glutamate for tumor growth.” Fast-progressing breast BM
or tumor cells undergoing irradiation overexpress the trun-
cated glioma-associated oncogene homolog 1 (tGLII).”
This transcription factor modulates the expression of stem
cell genes enabling breast BM adaptation, including
manipulating neighboring astrocytes into tumor-supporting
phenotypes.””

Central mechanisms such as tumor innervation are also
observed in peripheral tumors, including prostate cancer.
Cancer cells exploit nerve endings to modify the tumor
microenvironment into a more supportive niche to promote
growth. In cellular models, preventing this process using
blocking antibodies targeting the precursor of the nerve
growth factor offers potential for delaying cancer
progression. ™

Small-cell lung cancer is characterized by frequent wide-
spread metastasis (up to two-thirds of patients), and survival
postdiagnosis rarely exceeds 1 year. Active crosstalk between
astrocytes and lung metastatic cells has been identified in
preclinical models and in culture.”’ Lung cancer cells release
signals, including macrophage migration inhibitory factor
(MIF), plasminogen activator inhibitor-1 (PAI-1), and IL-8,
inducing astrocyte reactivity. In turn, tumor-activated astro-
cytes release IL-6, tumor necrosis factor alpha, and IL-1f
promoting lung metastases growth.”’” Tumor astrocytes also
reshape the microenvironment of lung and breast cancer BM
by releasing MMP2 and MMP9.”® Extracellular matrix
modification by astrocytes triggers invasive dissemination of
lung and breast BM in cultures and preclinical models, which
can be counteracted by using pan-MMP inhibitors, including
ONO-4817, marimastat, batimastat, or MMP2- and MMP9-
blocking antibodies.”®

Beyond molecular signals, BM from small-cell lung
cancer are electrically active and evoke calcic responses.””
Similarly to GB cells, small-cell lung cancer—BM integra-
tion to neuronal networks is supported by the neurotrans-
mitter acetylcholine. This integration can be prevented by
using ion channel blockers such as the pufferfish poison
tetrodotoxin. In addition, the authors showed that increased
electrical stimulation of BM by neurons fueled tumor pro-
gression, whereas optogenetic and pharmacogenomic
interference compromised small-cell lung cancer tumorige-
nicity in vivo.”’

The American Journal of Pathology m ajp.amjpathol.org

Melanoma BM exhibits distinct features compared with
those of non-CNS metastases. In patients and preclinical
models, cooperation between astrocytes and melanoma BM
through signals such as IL-23°” and CXCL10°' have been
shown to promote tumor cell dissemination in the brain.
Single-cell RNA sequencing and transcriptomic analyses
further identified intricate interactions between melanoma
BM and the treatment-naive brain ecosystem.”” Notable
changes include the activation of microglia and the
promotion of chromosomal instability, neural-like differen-
tiation, and shifts in gene signatures. For instance, neuronal-
like differentiation of melanoma BM unlocked higher
invasive capacity compared with parental cells, whereas
overexpression of glucose metabolism, hypoxic response,
and matrix proteins accelerated tumor growth. Non-brain
metastasis, in contrast, displays a gene signature promot-
ing epithelial-to-mesenchymal transition. These discoveries
of BM-specific neural programs and ecosystem fitness after
therapy provide new insights on BM progression and a new
framework to design precision medicine targeting BM
plasticity.*’

GB and BM Treatments from Preclinical to the
Clinic

As mentioned in the opening of this article, the typical first-
line treatment for newly diagnosed GB consists of maximal
safe surgical resection followed by radiation therapy with
concurrent and adjuvant temozolomide chemotherapy.®
Since 2018, tumor-treating fields can be prescribed to pa-
tients aged <65 years. Tumor-treating fields are low-
intensity, 200 kHz alternating electric fields applied to the
head of the patient, shown to reduce the tumor mitotic index
and prolong survival up to 4.9 months.”” Over the past 2
decades, many attempts were made to repurpose peripheral
cancer precision medicine for malignant brain tumors. These
include drugs targeting DNA repair pathways, immuno-
therapies, vaccine therapies, oncolytic viruses, and modifi-
cations of radio/surgery protocols (reviewed elsewhere®).
However, none of these strategies has significantly
improved brain tumor patient survival.

The implementation of clinical trials focusing on GB is
challenging due to the low incidence and progression speed
of GB. To circumvent this scenario, it has been suggested
that clinical studies could be performed as multicenter trials,
which would increase enrollment numbers and improve
accessibility for patients. In addition to clinical trial orga-
nization hurdles, individual patient heterogeneity makes it
challenging to generalize therapeutic outcomes in brain tu-
mors. For instance, highly innovative chimeric antigen re-
ceptor T-cell therapy usually hit the immunosuppressive
wall built within the grade IV GB microenvironment.
Interestingly, chimeric antigen receptor T-cell therapy
shows promise for grade I to III pediatric gliomas in phase 1
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trials,” illustrating the diversity in chemosensitivity of glial-
derived tumors.

Cancer neuroscience is still at its infancy in academia and
de facto in the clinics. However, two standard-bearer trials
are hopefully paving the way to the next generation of brain
tumor precision medicine. First, the PerSurge (under the
European Trial identifier #2023-503938-52-00) phase 2 trial
takes advantage of o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor inhibition using the anti-
epileptic perampanel, which has been approved by the US
Food and Drug Administration for the treatment of invasive
GB. In preclinical assessments, perampanel disconnected
tumor cells from neurons, impairing GB progression®**
(Table 1). In the ongoing human trial, perampanel is
administered before and after surgical resection.”’ The
second trial is currently investigating the inhibition of
STAT3 in BM (under the US Trial identifier
NCTO05793489). In preclinical models, the investigators of
this clinical trial have shown that reshaping the brain
astroglial and immune brain landscapes using silibinin
together with immunotherapy has dramatically impaired the
metastatic dissemination.”’ This also extended the survival
of mice from 20 to 35 days. In patients with BM, active
phosphorylation of STAT3 in reactive astrocytes correlates
with reduced survival. This ongoing human study therefore
challenges two treatment options: whole-brain radiation
therapy and silibinin versus whole-brain radiation therapy
alone.

In conclusion, relationships between cancer cells and
stroma are one of the hallmarks of malignancy. However,
the degree of complexity of these interactions is unmatched
to that of CNS tumors. Indeed, cancer cells implement both
a molecular and electrochemical language to mimic, interact
with, and reprogram the brain parenchyma. First, coopera-
tion of primary brain tumor cells with astroglial populations
is necessary for proper integration and propagation of the
tumor. Following tumor progression, GBs and BMs repro-
gram astrocytes into cancer-promoting entities through
physical connections and paracrine signaling. Supporting
astrocytes exhibit distinct cell states and phenotypes asso-
ciated with the peri- and intra-tumoral environment, accel-
erating the tumor progression. Astrogliosis at the tumor
leading edge or in the resection cavity after neurosurgery
has been shown to influence GB phenotypic cell states to-
ward more aggressive and chemoresistant subtypes.

In addition to classical paracrine and autocrine routes
leveraging growth factor signals, many brain tumors
implement electrochemical connections that imitate
neuronal synapses. Increasing connectivity by any means
provides brain tumors with higher resistance to therapeutic
interventions, from surgery to radiotherapies and chemo-
therapies. Remarkably, recent discoveries have uncovered
how peripheral metastatic cancer progression to the brain
also develops abilities to mimic neuronal networks and
further infiltrate the parenchyma. This non-exhaustive
compendium of the main elements of language between
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tumor and brain also reflect the recent advances in the field
of cancer neurosciences. Additional research and review
articles focusing on the bidirectional relationship between
astrocyte and GB,””°” BM and neurons,”® "% as well as
the consequence of brain tumor progression on the brain
functionality,'”' ' are compiled in Supplemental Table
S1. This table provides the reader with additional insights
on cancer neuroscience. In the context of clinical practice, a
better understanding of the mechanisms regulating neuro/
plastic features of brain tumors will define future therapeutic
regimens aiming at disconnecting neoplastic networks.
Recent experimental evidence has indeed shown how mo-
lecular excision of neoplastic synapses can isolate and make
fragile tumors within the brain. This further improved the
therapeutic  response, even to traditional cancer
chemotherapies.

Acknowledgments

Figures were created using designs from BioRender.com
(Toronto, ON, Canada; agreement numbers YC283VE-
GAM, ZZ283VESUA, and CJ283VE9ME). We thank Dr.
Takashi Namba (University of Helsinki, Neuroscience
Center, Finland) for critical comments on the manuscript,
and Keyrstin Marie Jacobs for proofreading and editing
work.

Disclosure Statement

None declared.

Supplemental Data

Supplemental material for this article can be found at
http://doi/10.1016/j.ajpath.2025.04.013.

References

1. Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C, Barnholtz-
Sloan JS: CBTRUS statistical report: primary brain and other central
nervous system tumors diagnosed in the United States in 2013-2017.
Neuro Oncol 2020, 22:ivl—iv96

2. Ostrom QT, Wright CH, Barnholtz-Sloan JS: Brain metastases:
epidemiology. Handb Clin Neurol 2018, 149:27—42

3. Rasheed S, Rehman K, Akash MSH: An insight into the risk factors
of brain tumors and their therapeutic interventions. Biomed Phar-
macother 2021, 143:112119

4. Stupp R, Taillibert S, Kanner AA, Kesari S, Steinberg DM, Toms SA,
Taylor LP, Lieberman F, Silvani A, Fink KL, Barnett GH, Zhu J-J,
Henson JW, Engelhard HH, Chen TC, Tran DD, Sroubek J, Tran ND,
Hottinger AF, Landolfi J, Desai R, Caroli M, Kew Y, Honnorat J,
Idbaih A, Kirson ED, Weinberg U, Palti Y, Hegi ME, Ram Z:
Maintenance therapy with tumor-treating fields plus temozolomide vs
temozolomide alone for glioblastoma: a randomized clinical trial.
JAMA 2015, 314:2535—2543

5. Rosinska S, Gavard J: Tumor vessels fuel the fire in glioblastoma. Int
J Mol Sci 2021, 22:6514

ajp.amjpathol.org m The American Journal of Pathology

REV 5.7.0 DTD m AJPA4282_proof m 13 May 2025 m 7:32 pm W EO: AJPA-D-24-00975

1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488


http://doi/10.1016/j.ajpath.2025.04.013
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref1
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref1
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref1
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref1
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref1
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref2
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref2
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref2
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref3
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref3
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref3
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref4
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref5
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref5
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref5
http://ajp.amjpathol.org

1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550

A Guide to Cancer Neuroscience

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Seano G, Jain RK: Vessel co-option in glioblastoma: emerging in-

sights and opportunities. Angiogenesis 2020, 23:9—16

. Chouleur T, Tremblay ML, Bikfalvi A: Mechanisms of invasion in

glioblastoma. Curr Opin Oncol 2020, 32:631—639

. Venkataramani V, Tanev DI, Strahle C, Studier-Fischer A,

Fankhauser L, Kessler T, Korber C, Kardorff M, Ratliff M, Xie R,
Horstmann H, Messer M, Paik SP, Knabbe J, Sahm F, Kurz FT,
Acikgdz AA, Herrmannsdorfer F, Agarwal A, Bergles DE,
Chalmers A, Miletic H, Turcan S, Mawrin C, Hénggi D, Liu H-K,
Wick W, Winkler F, Kuner T: Glutamatergic synaptic input to
glioma cells drives brain tumour progression. Nature 2019, 573:
532—538

. Zeng Q, Michael IP, Zhang P, Saghafinia S, Knott G, Jiao W,

McCabe BD, Galvan JA, Robinson HPC, Zlobec I, Ciriello G,
Hanahan D: Synaptic proximity enables NMDAR signalling to pro-
mote brain metastasis. Nature 2019, 573:526—531

Okolie O, Bago JR, Schmid RS, Irvin DM, Bash RE, Miller CR,
Hingtgen SD: Reactive astrocytes potentiate tumor aggressiveness in
a murine glioma resection and recurrence model. Neuro Oncol 2016,
18:1622—1633

Mega A, Hartmark Nilsen M, Leiss LW, Tobin NP, Miletic H,
Sleire L, Strell C, Nelander S, Krona C, Hégerstrand D, Enger P@,
Nistér M, Ostman A: Astrocytes enhance glioblastoma growth. Glia
2020, 68:316—327

Faried A, Hermanto Y, Tjahjono FP, Valentino A, Arifin MZ:
Identification of periostin as a potential biomarker in gliomas by
database mining. World Neurosurg 2020, 135:e137—e163

. Wurm J, Behringer SP, Ravi VM, Joseph K, Neidert N, Maier JP,

Doria-Medina R, Follo M, Delev D, Pfeifer D, Beck J, Sankowski R,
Schnell O, Heiland DH: Astrogliosis releases pro-oncogenic chitinase
3-like 1 causing MAPK signaling in glioblastoma. Cancers (Basel)
2019, 11:1437

Chen W, Xia T, Wang D, Huang B, Zhao P, Wang J, Qu X, Li X:
Human astrocytes secrete IL-6 to promote glioma migration and in-
vasion through upregulation of cytomembrane MMP14. Oncotarget
2016, 7:62425—62438

Simon T, Jackson E, Giamas G: Breaking through the glioblastoma
micro-environment via extracellular vesicles. Oncogene 2020, 39:
4477-4490

Niklasson M, Bergstrom T, Jarvius M, Sundstrom A, Nyberg F,
Haglund C, Larsson R, Westermark B, Segerman B, Segerman A:
Mesenchymal transition and increased therapy resistance of glio-
blastoma cells is related to astrocyte reactivity. J Pathol 2019, 249:
295-307

Iser IC, Lenz G, Wink MR: EMT-like process in glioblastomas and
reactive astrocytes. Neurochem Int 2019, 122:139—143

Iser IC, Pereira MB, Lenz G, Wink MR: The epithelial-to-
mesenchymal transition-like process in glioblastoma: an updated
systematic review and in silico investigation. Med Res Rev 2017, 37:
271-313

Guan X, Hasan MN, Maniar S, Jia W, Sun D: Reactive astrocytes in
glioblastoma multiforme. Mol Neurobiol 2018, 55:6927—6938
Alptekin M, Eroglu S, Tutar E, Sencan S, Geyik MA, Ulasli M,
Demiryurek AT, Camci C: Gene expressions of TRP channels in
glioblastoma multiforme and relation with survival. Tumour Biol
2015, 36:9209—9213

Nieland L, Morsett LM, Broekman MLD, Breakefield XO, Abels ER:
Extracellular vesicle-mediated bilateral communication between
glioblastoma and astrocytes. Trends Neurosci 2021, 44:215—226
Oushy S, Hellwinkel JE, Wang M, Nguyen GJ, Gunaydin D,
Harland TA, Anchordoquy TJ, Graner MW: Glioblastoma
multiforme-derived extracellular vesicles drive normal astrocytes to-
wards a tumour-enhancing phenotype. Philos Trans R Soc Lond B
Biol Sci 2018, 373:20160477

Lin C-CJ, Yu K, Hatcher A, Huang T-W, Lee HK, Carlson J,
Weston MC, Chen F, Zhang Y, Zhu W, Mohila CA, Ahmed N,
Patel AJ, Arenkiel BR, Noebels JL, Creighton CJ, Deneen B:

The American Journal of Pathology m ajp.amjpathol.org
REV 5.7.0 DTD m AJPA4282_proof W 13 May 2025 m 7:32 pm W EO: AJPA-D-24-00975

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Identification of diverse astrocyte populations and their malignant
analogs. Nat Neurosci 2017, 20:396—405

Lin Q, Liu Z, Ling F, Xu G: Astrocytes protect glioma cells from
chemotherapy and upregulate survival genes via gap junctional
communication. Mol Med Rep 2016, 13:1329—1335

Zhang S, Gong Y, Wang H, Li Z, Huang Y, Fu X, Xiang P, Fan T:
AS602801 sensitizes glioma cells to temozolomide and vincristine by
blocking gap junction communication between glioma cells and as-
trocytes. J Cell Mol Med 2021, 25:4062—4072

McCutcheon S, Spray DC: Glioblastoma-astrocyte connexin 43 gap
junctions promote tumor invasion. Mol Cancer Res 2022, 20:
319-331

Kuramoto K, Yamamoto M, Suzuki S, Sanomachi T, Togashi K,
Seino S, Kitanaka C, Okada M: AS602801, an anti-cancer stem cell
drug candidate, suppresses gap-junction communication between
lung cancer stem cells and astrocytes. Anticancer Res 2018, 38:
5093—5099

Péres EA, Toutain J, Paty L-P, Divoux D, Ibazizene M, Guillouet S,
Barré L, Vidal A, Cherel M, Bourgeois M, Bernaudin M, Valable S:
(64)Cu-ATSM/(64)Cu-CI(2) and their relationship to hypoxia in
glioblastoma: a preclinical study. EINMMI Res 2019, 9:114
Schittenhelm J, Mittelbronn M, Nguyen T-D, Meyermann R,
Beschorner R: WT1 expression distinguishes astrocytic tumor cells
from normal and reactive astrocytes. Brain Pathol 2008, 18:344—353
Friedmann-Morvinski D, Bushong EA, Ke E, Soda Y, Marumoto T,
Singer O, Ellisman MH, Verma IM: Dedifferentiation of neurons and
astrocytes by oncogenes can induce gliomas in mice. Science 2012,
338:1080—1084

Pekny M, Pekna M: Astrocyte reactivity and reactive astrogliosis:
costs and benefits. Physiol Rev 2014, 94:1077—1098

Chen Y-H, Keller JJ, Kang J-H, Lin H-C: Association between
traumatic brain injury and the subsequent risk of brain cancer. J
Neurotrauma 2012, 29:1328—1333

Stewart 1J, Howard JT, Poltavskiy E, Dore M, Amuan ME, Ocier K,
Walker LE, Alcover KC, Pugh MJ: Traumatic brain injury and sub-
sequent risk of brain cancer in US veterans of the Iraq and
Afghanistan wars. JAMA Netw Open 2024, 7:¢2354588

Munch TN, Ggrtz S, Wohlfahrt J, Melbye M: The long-term risk of
malignant astrocytic tumors after structural brain injury—a nation-
wide cohort study. Neuro Oncol 2015, 17:718—724

Berg TJ, Marques C, Pantazopoulou V, Johansson E, von Stedingk K,
Lindgren D, Jeannot P, Pietras EJ, Bergstrom T, Swartling FJ,
Governa V, Bengzon J, Belting M, Axelson H, Squatrito M,
Pietras A: The irradiated brain microenvironment supports glioma
stemness and survival via astrocyte-derived transglutaminase 2.
Cancer Res 2021, 81:2101—-2115

Yin J, Oh YT, Kim J-Y, Kim SS, Choi E, Kim TH, Hong JH,
Chang N, Cho HJ, Sa JK, Kim JC, Kwon HJ, Park S, Lin W,
Nakano I, Gwak H-S, Yoo H, Lee S-H, Lee J, Kim JH, Kim S-Y,
Nam D-H, Park M-J, Park JB: Transglutaminase 2 inhibition reverses
mesenchymal transdifferentiation of glioma stem cells by regulating
C/EBP[beta] signaling. Cancer Res 2017, 77:4973—4984
Pichol-Thievend C, Anezo O, Pettiwala AM, Bourmeau G,
Montagne R, Lyne A-M, Guichet P-O, Deshors P, Ballestin A,
Blanchard B, Reveilles J, Ravi VM, Joseph K, Heiland DH, Julien B,
Leboucher S, Besse L, Legoix P, Dingli F, Liva S, Loew D, Giani E,
Ribecco V, Furumaya C, Marcos-Kovandzic L, Masliantsev K,
Daubon T, Wang L, Diaz AA, Schnell O, Beck J, Servant N, Kar-
ayan-Tapon L, Cavalli FMG, Seano G: VC-resist glioblastoma cell
state: vessel co-option as a key driver of chemoradiation resistance.
Nat Commun 2024, 15:3602

Watson DC, Bayik D, Storevik S, Moreino SS, Sprowls SA, Han J,
et al: GAP43-dependent mitochondria transfer from astrocytes en-
hances glioblastoma tumorigenicity. Nat Cancer 2023, 4:648—664
Venkataramani V, Yang Y, Schubert MC, Reyhan E, Tetzlaff SK,
Wimann N, Botz M, Soyka SJ, Beretta CA, Pramatarov RL,
Fankhauser L, Garofano L, Freudenberg A, Wagner J, Tanev DI,

13

1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612


http://refhub.elsevier.com/S0002-9440(25)00153-1/sref6
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref6
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref6
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref7
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref7
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref7
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref8
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref9
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref9
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref9
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref9
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref9
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref10
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref10
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref10
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref10
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref10
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref11
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref11
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref11
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref11
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref11
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref12
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref12
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref12
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref12
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref13
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref13
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref13
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref13
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref13
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref14
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref14
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref14
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref14
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref14
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref15
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref15
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref15
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref15
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref16
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref16
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref16
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref16
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref16
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref16
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref17
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref17
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref17
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref18
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref18
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref18
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref18
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref18
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref19
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref19
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref19
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref20
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref20
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref20
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref20
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref20
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref21
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref21
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref21
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref21
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref22
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref22
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref22
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref22
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref22
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref23
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref23
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref23
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref23
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref23
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref23
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref24
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref24
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref24
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref24
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref25
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref25
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref25
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref25
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref25
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref26
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref26
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref26
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref26
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref27
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref27
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref27
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref27
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref27
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref27
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref28
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref28
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref28
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref28
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref29
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref29
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref29
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref29
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref30
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref30
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref30
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref30
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref30
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref31
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref31
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref31
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref32
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref32
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref32
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref32
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref33
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref33
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref33
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref33
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref34
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref34
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref34
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref34
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref34
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref35
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref36
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref37
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref38
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref38
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref38
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref38
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://ajp.amjpathol.org

1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674

Westerlund et al

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

14

Ratliff M, Xie R, Kessler T, Hoffmann DC, Hai L, Dorflinger Y,
Hoppe S, Yabo YA, Golebiewska A, Niclou SP, Sahm F,
Lasorella A, Slowik M, Déring L, Iavarone A, Wick W, Kuner T,
Winkler F: Glioblastoma hijacks neuronal mechanisms for brain in-
vasion. Cell 2022, 185:2899—2917.e31

Venkatesh HS, Johung TB, Caretti V, Noll A, Tang Y, Nagaraja S,
Gibson EM, Mount CW, Polepalli J, Mitra SS, Woo PJ, Malenka RC,
Vogel H, Bredel M, Mallick P, Monje M: Neuronal activity promotes
glioma growth through neuroligin-3 secretion. Cell 2015, 161:
803—816

Venkatesh HS, Tam LT, Woo PJ, Lennon J, Nagaraja S,
Gillespie SM, Ni J, Duveau DY, Morris PJ, Zhao JJ, Thomas CJ,
Monje M: Targeting neuronal activity-regulated neuroligin-3 de-
pendency in high-grade glioma. Nature 2017, 549:533—537
Venkatesh HS, Morishita W, Geraghty AC, Silverbush D,
Gillespie SM, Arzt M, Tam LT, Espenel C, Ponnuswami A, Ni L,
Woo PJ, Taylor KR, Agarwal A, Regev A, Brang D, Vogel H,
Hervey-Jumper S, Bergles DE, Suva ML, Malenka RC, Monje M:
Electrical and synaptic integration of glioma into neural circuits.
Nature 2019, 573:539—545

Krishna S, Choudhury A, Keough MB, Seo K, Ni L, Kakaizada S,
Lee A, Aabedi A, Popova G, Lipkin B, Cao C, Nava Gonzales C,
Sudharshan R, Egladyous A, Almeida N, Zhang Y, Molinaro AM,
Venkatesh HS, Daniel AGS, Shamardani K, Hyer J, Chang EF,
Findlay A, Phillips JJ, Nagarajan S, Raleigh DR, Brang D, Monje M,
Hervey-Jumper SL: Glioblastoma remodelling of human neural cir-
cuits decreases survival. Nature 2023, 617:599—607

Jung E, Osswald M, Blaes J, Wiestler B, Sahm F, Schmenger T,
Solecki G, Deumelandt K, Kurz FT, Xie R, Weil S, Heil O,
Thomé C, Gommel M, Syed M, Hiring P, Huber PE, Heiland S,
Platten M, von Deimling A, Wick W, Winkler F: Tweety-homolog
1 drives brain colonization of gliomas. J Neurosci 2017, 37:
6837—6850

Tao B, Ling Y, Zhang Y, Li S, Zhou P, Wang X, Li B, Jun Z,
Zhang W, Xu C, Shi J, Wang L, Zhang W, Li S: CA10 and CAll
negatively regulate neuronal activity-dependent growth of gliomas.
Mol Oncol 2019, 13:1018—1032

Brooks LJ, Clements MP, Burden JJ, Kocher D, Richards L,
Devesa SC, Zakka L, Woodberry M, Ellis M, Jaunmuktane Z,
Brandner S, Morrison G, Pollard SM, Dirks PB, Marguerat S,
Parrinello S: The white matter is a pro-differentiative niche for
glioblastoma. Nat Commun 2021, 12:2184

Savarraj JPJ, Kelly KC, DeCoster MA: Early glioma is associated
with abnormal electrical events in cortical cultures. Med Biol Eng
Comput 2019, 57:1645—1656

Huberfeld G, Vecht CJ: Seizures and gliomas—towards a single
therapeutic approach. Nat Rev Neurol 2016, 12:204—216

Stetefeld HR, Schaal A, Scheibe F, Nichtweif3 J, Lehmann F,
Miiller M, Gerner ST, Huttner HB, Luger S, Fuhrer H, Bosel J,
Schonenberger S, Dimitriadis K, Neumann B, Fuchs K, Fink GR,
Malter MP; IGNITE Study Group, with support from the German
Neurocritical Care Society (DGNI): Isoflurane in (super-) refractory
status epilepticus: a multicenter evaluation. Neurocrit Care 2021, 35:
631—639

Barron T, Yalgin B, Su M, Byun YG, Gavish A, Shamardani K,
Xu H, Ni L, Soni N, Mehta V, Maleki Jahan S, Kim YS, Taylor KR,
Keough MB, Quezada MA, Geraghty AC, Mancusi R, Vo LT,
Castaiieda EH, Woo PJ, Petritsch CK, Vogel H, Kaila K, Monje M:
GABAergic neuron-to-glioma synapses in diffuse midline gliomas.
Nature 2025, 639:1060—1068

. Huang-Hobbs E, Cheng Y-T, Ko Y, Luna-Figueroa E, Lozzi B,

Taylor KR, McDonald M, He P, Chen H-C, Yang Y, Maleki E,
Lee Z-F, Murali S, Williamson MR, Choi D, Curry R, Bayley J,
Woo J, Jalali A, Monje M, Noebels JL, Harmanci AS, Rao G,
Deneen B: Remote neuronal activity drives glioma progression
through SEMAA4F. Nature 2023, 619:844—850

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

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, 185:2184—2199.e16
Pan Y, Hysinger JD, Barron T, Schindler NF, Cobb O, Guo X,
Yalcin B, Anastasaki C, Mulinyawe SB, Ponnuswami A, Scheaffer S,
Ma Y, Chang K-C, Xia X, Toonen JA, Lennon JJ, Gibson EM,
Huguenard JR, Liau LM, Goldberg JL, Monje M, Gutmann DH: NF1
mutation drives neuronal activity-dependent initiation of optic gli-
oma. Nature 2021, 594:277—282

Taylor KR, Barron T, Hui A, Spitzer A, Yal¢in B, Ivec AE,
Geraghty AC, Hartmann GG, Arzt M, Gillespie SM, Kim YS, Maleki
Jahan S, Zhang H, Shamardani K, Su M, Ni L, Du PP, Woo PJ, Silva-
Torres A, Venkatesh HS, Mancusi R, Ponnuswami A, Mulinyawe S,
Keough MB, Chau I, Aziz-Bose R, Tirosh I, Suva ML, Monje M:
Glioma synapses recruit mechanisms of adaptive plasticity. Nature
2023, 623:366—374

Sirkisoon SR, Carpenter RL, Rimkus T, Doheny D, Zhu D,
Aguayo NR, Xing F, Chan M, Ruiz J, Metheny-Barlow LJ, Strowd R,
Lin J, Regua AT, Arrigo A, Anguelov M, Pasche B, Debinski W,
Watabe K, Lo H-W: TGLII transcription factor mediates breast
cancer brain metastasis via activating metastasis-initiating cancer
stem cells and astrocytes in the tumor microenvironment. Oncogene
2020, 39:64—78

Pundavela J, Demont Y, Jobling P, Lincz LF, Roselli S, Thorne RF,
Bond D, Bradshaw RA, Walker MM, Hondermarck H: ProNGF
correlates with Gleason score and is a potential driver of nerve
infiltration in prostate cancer. Am J Pathol 2014, 184:3156—3162
Seike T, Fujita K, Yamakawa Y, Kido MA, Takiguchi S,
Teramoto N, Iguchi H, Noda M: Interaction between lung cancer cells
and astrocytes via specific inflammatory cytokines in the microen-
vironment of brain metastasis. Clin Exp Metastasis 2011, 28:13—25
Wang L, Cossette SM, Rarick KR, Gershan J, Dwinell MB,
Harder DR, Ramchandran R: Astrocytes directly influence tumor cell
invasion and metastasis in vivo. PLoS One 2013, 8:¢80933

Peinado P, Stazi M, Ballabio C, Margineanu M-B, Li Z, Col6n CI,
Hsieh M-S, Pal Choudhuri S, Stastny V, Hamilton S, Le Marois A,
Collingridge J, Conrad L, Chen Y, Ng SR, Magendantz M, Bhutkar A,
Chen J-S, Sahai E, Drapkin BJ, Jacks T, Vander Heiden MG,
Kopanitsa MV, Robinson HPC, Li L: Intrinsic electrical activity drives
small-cell lung cancer progression. Nature 2025, 639:765—775

Klein A, Schwartz H, Sagi-Assif O, Meshel T, Izraely S, Ben
Menachem S, Bengaiev R, Ben-Shmuel A, Nahmias C, Couraud PO,
Witz IP, Erez N: Astrocytes facilitate melanoma brain metastasis via
secretion of IL-23. J Pathol 2015, 236:116—127

Doron H, Amer M, Ershaid N, Blazquez R, Shani O, Lahav TG,
Cohen N, Adler O, Hakim Z, Pozzi S, Scomparin A, Cohen J,
Yassin M, Monteran L, Grossman R, Tsarfaty G, Luxenburg C,
Satchi-Fainaro R, Pukrop T, Erez N: Inflammatory activation of as-
trocytes facilitates melanoma brain tropism via the CXCL10-CXCR3
signaling axis. Cell Rep 2019, 28:1785—1798.e6

Najem H, Khasraw M, Heimberger AB: Immune microenvironment
landscape in CNS tumors and role in responses to immunotherapy.
Cells 2021, 10:2032

Chen X, Wanggou S, Bodalia A, Zhu M, Dong W, Fan JJ, Yin WC,
Min H-K, Hu M, Draghici D, Dou W, Li F, Coutinho FJ,
Whetstone H, Kushida MM, Dirks PB, Song Y, Hui C-C, Sun Y,
Wang L-Y, Li X, Huang X: A feedforward mechanism mediated by
mechanosensitive ion channel PIEZO1 and tissue mechanics pro-
motes glioma aggression. Neuron 2018, 100:799—815.e7

Kotian N, Troike KM, Curran KN, Lathia JD, McDonald JA: A
Drosophila RNAi screen reveals conserved glioblastoma-related
adhesion genes that regulate collective cell migration. G3
(Bethesda) 2022, 12:jkab356

Portela M, Mitchell T, Casas-Tinté S: Cell-to-cell communication
mediates glioblastoma progression in Drosophila. Biol Open 2020, 9:
bio053405

ajp.amjpathol.org m The American Journal of Pathology
REV 5.7.0 DTD m AJPA4282_proof W 13 May 2025 m 7:32 pm W EO: AJPA-D-24-00975

1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736


http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref39
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref40
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref40
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref40
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref40
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref40
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref40
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref41
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref41
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref41
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref41
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref41
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref42
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref43
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref44
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref45
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref45
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref45
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref45
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref45
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref46
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref46
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref46
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref46
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref46
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref47
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref47
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref47
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref47
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref48
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref48
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref48
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref48
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref49
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref50
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref51
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref52
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref52
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref52
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref52
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref53
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref54
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref55
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref56
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref56
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref56
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref56
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref56
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref57
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref57
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref57
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref57
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref57
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref58
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref58
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref58
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref59
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref60
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref60
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref60
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref60
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref60
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref61
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref62
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref62
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref62
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref63
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref64
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref64
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref64
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref64
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref65
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref65
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref65
http://ajp.amjpathol.org

1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798

A Guide to Cancer Neuroscience

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Jarabo P, Barredo CG, de Pablo C, Casas-Tinto S, Martin FA:
Alignment between glioblastoma internal clock and environmental
cues ameliorates survival in Drosophila. Commun Biol 2022, 5:644
Uram k., Pienkowska N, Misiorek M, Szymaszek Z, Twardowska M,
Siorek M, Wotowiec S: Repurposed drugs celecoxib and Fmoc-L-
leucine alone and in combination as temozolomide-resistant anti-
glioma agents-comparative studies on normal and immortalized cell
lines, and on C. elegans. Int J] Mol Sci 2024, 25:3226

Smith TW, Tyler HR, Schoene WC: Atypical astrocytes and
Rosenthal fibers in a case of amyotrophic lateral sclerosis associated
with a cerebral glioblastoma multiforme. Acta Neuropathol 1975, 31:
2934

Lalitha VS, Rubinstein LJ: Reactive glioma in intracranial sarcoma: a
form of mixed sarcoma and glioma ("sarcoglioma"): report of eight
cases. Cancer 1979, 43:246—257

Schiffer D, Giordana MT, Buoncristiani P, Paoletti P: Human ma-
lignant gliomas treated with chemotherapy: a pathological study.
Neurosurgery 1978, 3:344—347

Nagashima G, Suzuki R, Asai J, Fujimoto T: Immunohistochemical
analysis of reactive astrocytes around glioblastoma: an immunohis-
tochemical study of postmortem glioblastoma cases. Clin Neurol
Neurosurg 2002, 104:125—131

Henrik Heiland D, Ravi VM, Behringer SP, Frenking JH, Wurm J,
Joseph K, Garrelfs NWC, Strihle J, Heynckes S, Grauvogel J,
Franco P, Mader I, Schneider M, Potthoff A-L, Delev D,
Hofmann UG, Fung C, Beck J, Sankowski R, Prinz M, Schnell O:
Tumor-associated reactive astrocytes aid the evolution of immuno-
suppressive environment in glioblastoma. Nat Commun 2019, 10:
2541

Escartin C, Galea E, Lakatos A, O’Callaghan JP, Petzold GC,
Serrano-Pozo A, et al: Reactive astrocyte nomenclature, definitions,
and future directions. Nat Neurosci 2021, 24:312—325

Endo F, Kasai A, Soto JS, Yu X, Qu Z, Hashimoto H, Gradinaru V,
Kawaguchi R, Khakh BS: Molecular basis of astrocyte diversity and
morphology across the CNS in health and disease. Science 2022, 378:
eadc9020

Monje M, Borniger JC, D’Silva NJ, Deneen B, Dirks PB, Fattahi F,
Frenette PS, Garzia L, Gutmann DH, Hanahan D, Hervey-Jumper SL,
Hondermarck H, Hurov JB, Kepecs A, Knox SM, Lloyd AC,
Magnon C, Saloman JL, Segal RA, Sloan EK, Sun X, Taylor MD,
Tracey KJ, Trotman LC, Tuveson DA, Wang TC, White RA,
Winkler F: Roadmap for the emerging field of cancer neuroscience.
Cell 2020, 181:219—222

Oh J, Kim Y, Che L, Kim JB, Chang GE, Cheong E, Kang S-G,
Ha Y: Regulation of cAMP and GSK3 signaling pathways contributes
to the neuronal conversion of glioma. PLoS One 2017, 12:e0178881
Venkatesh HS: Targeting electrochemical communication between
neurons and cancer. Sci Transl Med 2023, 15:eadi5170

Tetzlaff SK, Reyhan E, Layer N, Bengtson CP, Heuer A, Schroers J,
et al: Characterizing and targeting glioblastoma neuron-tumor net-
works with retrograde tracing. Cell 2025, 188:390—411.e36
Blanchart A, Fernando R, Hiring M, Assaife-Lopes N, Romanov RA,
Anding M, Harkany T, Emnfors P: Endogenous GAB,, receptor
activity suppresses glioma growth. Oncogene 2017, 36:777—786
Clancy H, Pruski M, Lang B, Ching J, McCaig CD: Glioblastoma cell
migration is directed by electrical signals. Exp Cell Res 2021, 406:
112736

Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al: An
integrative model of cellular states, plasticity, and genetics for glio-
blastoma. Cell 2019, 178:835—849.e21

Ravi VM, Will P, Kueckelhaus J, Sun N, Joseph K, Sali¢ H,
Vollmer L, Kuliesiute U, von Ehr J, Benotmane JK, Neidert N,
Follo M, Scherer F, Goeldner JM, Behringer SP, Franco P, Khiat M,
Zhang J, Hofmann UG, Fung C, Ricklefs FL, Lamszus K,
Boerries M, Ku M, Beck J, Sankowski R, Schwabenland M, Prinz M,
Schiiller U, Killmer S, Bengsch B, Walch AK, Delev D, Schnell O,
Heiland DH: Spatially resolved multi-omics deciphers bidirectional

The American Journal of Pathology m ajp.amjpathol.org

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

tumor-host interdependence in glioblastoma. Cancer Cell 2022, 40:
639—655.e13

Montgomery MK, Kim SH, Dovas A, Zhao HT, Goldberg AR,
Xu W, Yagielski AJ, Cambareri MK, Patel KB, Mela A, Humala N,
Thibodeaux DN, Shaik MA, Ma Y, Grinband J, Chow DS,
Schevon C, Canoll P, Hillman EMC: Glioma-induced alterations in
neuronal activity and neurovascular coupling during disease pro-
gression. Cell Rep 2020, 31:107500

Hamed AA, Hua K, Trinh QM, Simons BD, Marioni JC, Stein LD,
Dirks PB: Gliomagenesis mimics an injury response orchestrated by
neural crest-like cells. Nature 2025, 638:499—509

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, 185:2591—2608.e30

Wen PY, Weller M, Lee EQ, Alexander BM, Barnholtz-Sloan JS,
Barthel FP, et al: Glioblastoma in adults: a Society for Neuro-
Oncology (SNO) and European Society of Neuro-Oncology
(EANO) consensus review on current management and future di-
rections. Neuro Oncol 2020, 22:1073—1113

Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte B,
Toms S, Idbaih A, Ahluwalia MS, Fink K, Di Meco F, Lieberman F,
Zhu J-J, Stragliotto G, Tran D, Brem S, Hottinger A, Kirson ED,
Lavy-Shahaf G, Weinberg U, Kim C-Y, Paek S-H, Nicholas G,
Bruna J, Hirte H, Weller M, Palti Y, Hegi ME, Ram Z: Effect of
tumor-treating fields plus maintenance temozolomide vs maintenance
temozolomide alone on survival in patients with glioblastoma: a
randomized clinical trial. JAMA 2017, 318:2306—2316

Valerius AR, Webb LM, Sener U: Novel clinical trials and ap-
proaches in the management of glioblastoma. Curr Oncol Rep 2024,
26:439—465

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, 637:708—715
Heuer S, Burghaus I, Gose M, Kessler T, Sahm F, Vollmuth P,
Venkataramani V, Hoffmann D, Schlesner M, Ratliff M, Hopf C,
Herrlinger U, Ricklefs F, Bendszus M, Krieg SM, Wick A, Wick W,
Winkler F: PerSurge (NOA-30) phase II trial of perampanel treatment
around surgery in patients with progressive glioblastoma. BMC
Cancer 2024, 24:135

Priego N, de Pablos-Aragoneses A, Perea-Garcia M, Pieri V, Her-
nandez-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:
179—201

Taheri B, Soleimani M, Aval SF, Memari F, Zarghami N: C6
glioma-derived microvesicles stimulate the proliferative and meta-
static gene expression of normal astrocytes. Neurosci Lett 2018,
685:173—178

Bian E-B, Chen E-F, Xu Y-D, Yang Z-H, Tang F, Ma C-C, Wang H-
L, Zhao B: Exosomal IncRNA-ATB activates astrocytes that promote
glioma cell invasion. Int J Oncol 2019, 54:713—721

Zeng A, Wei Z, Rabinovsky R, Jun HJ, El Fatimy R, Deforzh E,
Arora R, Yao Y, Yao S, Yan W, Uhlmann EJ, Charest A, You Y,
Krichevsky AM: Glioblastoma-derived extracellular vesicles facilitate
transformation of astrocytes via reprogramming oncogenic meta-
bolism. iScience 2020, 23:101420

Colangelo NW, Azzam EI: Extracellular vesicles originating from
glioblastoma cells increase metalloproteinase release by astrocytes:
the role of CD147 (EMMPRIN) and ionizing radiation. Cell Commun
Signal 2020, 18:21

De Vleeschouwer S, Bergers G. Glioblastoma: To Target the Tumor
Cell or the Microenvironment? Glioblastoma. Edited by De
Vleeschouwer S. Brisbane, Australia: Codon Publications, 2017

Jha MK, Kim J-H, Song GJ, Lee W-H, Lee I-K, Lee H-W, An SSA,
Kim S, Suk K: Functional dissection of astrocyte-secreted proteins:
implications in brain health and diseases. Prog Neurobiol 2018, 162:
37—69

15

REV 5.7.0 DTD m AJPA4282_proof m 13 May 2025 m 7:32 pm W EO: AJPA-D-24-00975

1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860


http://refhub.elsevier.com/S0002-9440(25)00153-1/sref66
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref66
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref66
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref67
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref68
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref68
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref68
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref68
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref68
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref69
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref69
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref69
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref69
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref70
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref70
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref70
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref70
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref71
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref71
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref71
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref71
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref71
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref72
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref73
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref73
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref73
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref73
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref74
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref74
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref74
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref74
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref75
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref76
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref76
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref76
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref77
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref77
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref78
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref78
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref78
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref78
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref79
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref79
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref79
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref79
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref79
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref80
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref80
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref80
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref81
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref81
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref81
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref81
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref82
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref83
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref83
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref83
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref83
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref83
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref83
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref84
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref84
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref84
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref84
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref85
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref85
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref85
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref85
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref86
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref86
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref86
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref86
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref86
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref86
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref87
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref88
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref88
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref88
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref88
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref89
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref89
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref89
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref89
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref89
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref90
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref90
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref90
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref90
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref90
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref90
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref91
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref92
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref92
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref92
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref92
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref92
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref93
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref93
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref93
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref93
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref94
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref94
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref94
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref94
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref94
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref95
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref95
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref95
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref95
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref96
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref96
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref96
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref97
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref97
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref97
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref97
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref97
http://ajp.amjpathol.org

1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873

Westerlund et al

98.

99.

100.

101.

16

Valiente M, Ahluwalia MS, Boire A, Brastianos PK, Goldberg SB,
Lee EQ, Le Rhun E, Preusser M, Winkler F, Soffietti R: The
evolving landscape of brain metastasis. Trends Cancer 2018, 4:
176—196

Jung E, Alfonso J, Osswald M, Monyer H, Wick W, Winkler F:
Emerging intersections between neuroscience and glioma biology.
Nat Neurosci 2019, 22:1951—1960

Osswald M, Jung E, Sahm F, Solecki G, Venkataramani V, Blaes J,
et al: Brain tumour cells interconnect to a functional and resistant
network. Nature 2015, 528:93—98

Chang WS, Kim BS, Jung HH, Kim K, Kwon HC, Lee YH,
Chang JW: Decreased inhibitory neuronal activity in patients with

102.

103.

frontal lobe brain tumors with seizure presentation: preliminary study
using magnetoencephalography. Acta Neurochir (Wien) 2013, 155:
1449—1457

Robert SM, Buckingham SC, Campbell SL, Robel S, Holt KT,
Ogunrinu-Babarinde T, Warren PP, White DM, Reid MA,
Eschbacher JM, Berens ME, Lahti AC, Nabors LB, Sontheimer H:
SLC7A11 expression is associated with seizures and predicts poor
survival in patients with malignant glioma. Sci Transl Med 2015, 7:
289ra86

Buckingham SC, Campbell SL, Haas BR, Montana V, Robel S,
Ogunrinu T, Sontheimer H: Glutamate release by primary brain tu-
mors induces epileptic activity. Nat Med 2011, 17:1269—1274

ajp.amjpathol.org m The American Journal of Pathology
REV 5.7.0 DTD m AJPA4282_proof W 13 May 2025 m 7:32 pm W EO: AJPA-D-24-00975

1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886


http://refhub.elsevier.com/S0002-9440(25)00153-1/sref98
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref98
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref98
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref98
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref98
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref99
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref99
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref99
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref99
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref100
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref100
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref100
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref100
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref101
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref101
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref101
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref101
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref101
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref101
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref102
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref102
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref102
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref102
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref102
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref102
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref103
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref103
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref103
http://refhub.elsevier.com/S0002-9440(25)00153-1/sref103
http://ajp.amjpathol.org

	Deciphering the Dialogue between Brain Tumors, Neurons, and Astrocytes
	Preface on Experimental Studies and Clinical Translatability
	Tumor-Astrocyte Dialogue
	Soluble Factors
	Structural Communication

	Tumor–Neuron Dialogue
	Soluble Factors
	Physical and Electrical Connections

	Connectivity during the Progression of Primary Brain Tumors and Peripheral BM
	Complexity of GB Cell Architecture
	Molecular Intelligence of Peripheral Tumor Cells for Brain Microenvironment Integration

	GB and BM Treatments from Preclinical to the Clinic
	Acknowledgments
	Disclosure Statement
	Supplemental Data
	References


