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G R A P H I C A L A B S T R A C T
� The cellular composition of glioma en-
compasses a range of glioma cells
alongside noncancerous cells.

� Common in vitro co-culture systems
comprise two-dimensional (2D) and
three-dimensional (3D) models.

� Within the glioma microenvironment,
numerous intercellular interactions
occur, giving rise to intricate networks.
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A B S T R A C T

Glioma is the most prevalent primary malignant tumor in the central nervous system (CNS). It represents a diverse
group of brain malignancies characterized by the presence of various cancer cell types as well as an array of
noncancerous cells, which together form the intricate glioma tumor microenvironment (TME). Understanding the
interactions between glioma cells/glioma stem cells (GSCs) and these noncancerous cells is crucial for exploring
the pathogenesis and development of glioma. To invesigate these interactions requires in vitro co-culture models
that closely mirror the actual TME in vivo. In this review, we summarize the two- and three-dimensional in vitro co-
culture model systems for glioma-TME interactions currently available. Furthermore, we explore common glioma-
TME cell interactions based on these models, including interactions of glioma cells/GSCs with endothelial cells/
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Figure 1. Schematic model of the glioma tumor mi
stem cells (GSCs), endothelial cells, pericytes, micr
r.com/). GSC: Glioma stem cell; TME: Tumor micro
pericytes, microglia/macrophages, T cells, astrocytes, neurons, or other multi-cellular interactions. Together, this
review provides an update on the glioma-TME interactions, offering insights into glioma pathogenesis.
Introduction

Glioma is the most common type of primary malignant tumor of the
central nervous system (CNS). Among its various forms, glioblastoma
(GBM) is the most prevalent, representing more than half of all gliomas.
Gliomas/GBM is characterized by rapid proliferation, aggressive inva-
siveness, and a high recurrence rate.1,2 The prognosis deteriorates with
increasing World Health Organization (WHO) glioma grade, with WHO
grade 4 gliomas, such as GBM and diffuse midline glioma (DMG),
exhibiting the poorest survival rates.2

Genomic and transcriptomic studies of bulk tumor tissues have
revealed that GBMs can be categorized into three distinct subtypes:
classical, proneural, and mesenchymal. Remarkably, these subtypes are
associated with the accumulation of specific genetic mutations.3–5

Single-cell transcriptomics has further deepened our understanding by
unveiling that each tumor comprises a mixture of cells originating from
various subtypes3 and that the state of each cell corresponds to a distinct
genetic alteration and epigenetic state, which significantly contributes to
the diversification of tumor composition and characteristics.6–10 Collec-
tively, these findings indicate that glioma is a heterogeneous brain ma-
lignancy. It is characterized by a complex spectrum of genetic mutations,
substantial inter- and intratumor variability, and a wide range of
phenotypes.3,11–13

Glioma tissue has an intricate cellular makeup that comprises not only
diverse cancer cell types but also a vast array of noncancerous cells.
Together with the extracellular matrix (ECM), these cells form the
distinctive glioma tumor microenvironment (TME) [Figure 1].12–15

Besides glioma cells and glioma stem cells (GSCs), the glioma
croenvironment (TME). The cellu
oglia, macrophages, T cells, neur
environment.
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microenvironment encompasses endothelial cells (ECs), pericytes (PCs),
microglia, macrophages, T cells, neurons, astrocytes, and other
cells.12,13,16,17 The intricate cellular interactions form a unique glioma
tumor ecosystem. Most malignant tumors, including glioma, possess the
ability to manipulate and restructure their microenvironment. Such
modifications promote various tumorigenic traits, including the prolif-
eration, invasion, migration, and treatment responsiveness of tumor
cells. Concurrently, the TME undergoes dynamic shifts throughout gli-
oma development and progression.3,15,18,19 However, the current un-
derstanding of the microenvironmental factors influencing glioma is
rudimentary, and the underlying mechanisms are not fully elucidated.

To fully elucidate the pathogenic mechanisms of glioma, multicel-
lular/tissue culture systems are required. Although traditional in vitro
culture systems using individual cell types, such as cancer cell lines or
cancer stem cells (CSCs), can model the pathogenesis and progression of
tumors to some degree, they cannot recapitulate the nuanced roles of
TME cells in their natural, multifaceted environment in vivo and the
complex interplay between glioma cells and other cells within the TME.
Multicellular co-culture systems offer a more holistic approach and allow
for a deeper exploration of the interactions between tumor cells and
various non-tumor cells, shedding light on the pathological mechanisms
of various cancers, including glioma.20–23

This review aims to provide a comprehensive summary of co-culture
models, with a focus on two-dimensional (2D) and three-dimensional
(3D) systems, and the diverse range of cellular interactions they facili-
tate. Further, we discuss common cell–cell interactions in the glioma
TME, including those between glioma and immune cells, ECs, neurons,
astrocytes, and stromal cells.
lar components of the glioma microenvironment include glioma cells and glioma
ons, and astrocytes. The figure was created using BioRender (https://biorende
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Co-culture systems for glioma

In vitro cell co-culture models can replicate the in vivo environment,
facilitating accurate observation of cell–cell interactions and cell-
microenvironment relations. They can provide in-depth insights into
various cellular mechanisms, including cell proliferation, migration,
differentiation, functionality, and vitality, as well as TME development
and immunometabolic mechanisms.21–23 In vitro glioma co-culture
models can be largely categorized into 2D and 3D models based on
model dimensionality and type [Figures 2 and 3].

Two-dimensional co-culture systems

In 2D culture models, various cell types can be cultured on a surface
and often form a monolayer. To examine the impact of one cell type on
another, two cell types can be grown together or separately (e.g., adhe-
sion culture in culture dishes/flasks) in direct or indirect co-culture,
respectively.23 2D co-culture systems can be further classified into
direct and indirect contact co-culture models according to the contact
ways of cell–cell interactions.

In the direct contact model, two or more cell types (e.g., GSCs or
glioma cells) are mixed with another cell type (e.g., primary neurons or
astrocytes) at a specified ratio or sequentially inoculated onto the same
surface, while ensuring that the cells largely maintain their original form
and function under the given co-culture conditions. This model has
provided remarkable insights into neuronal-glioma cell interactions.23

Cell–cell interactions can also be indirectly mediated by secreted fac-
tors and extracellular vesicles (EVs) released into the microenvironment.
To investigate such effects, a co-culture model that prevents direct contact
between the different cell types is required. In indirect contact co-culture
systems, physical contact between the cell types is avoided and cells
interact via chemical cues in the culture medium. This type of system
encompasses the use of conditioned medium (CM), concentrated EVs, or
feeder cells on a coverslip, and Transwell culture systems [Figure 2].

Conditioned media contain secreted soluble cytokines and vesicles
that occur in the glioma TME and exert autocrine and paracrine
Figure 2. 2D co-culture systems for glioma. The 2D co-culture systems are categorize
The figure was created using BioRender (https://biorender.com/). 2D: Two-dimensi
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effects.24–27 Cell culture supernatants can be used to elucidate the effects
of secreted growth factors or exosomes on cell phenotypes. For example,
CM collected from active neurons contained the soluble synaptic protein
neuroligin-3 (NLGN3), which is an activity-regulated mitogen, and pro-
moted the proliferation of high-grade glioma (HGG) by inducing the
phosphatidylinositol 3-kinase (PI3K)-mammalian target of rapamycin
(mTOR) pathway and feedforward NLGN3 expression in glioma cells.28

Cells that secrete certain factors can also be plated on a coverslip to avoid
direct contact with cells plated in a Petri dish.29,30 This culture model is
suitable for investigating the paracrine effects of cells under a specific
culture condition. The two-layer Transwell co-culture culture system is
widely used in experimental research on indirect intercellular in-
teractions owing to its simplicity, standardization, and repeatability.31–33

In the Transwell co-culture model, two types of cells are co-cultured on
the bottom and top surfaces of the Transwell microporous membrane,
respectively. For instance, co-culture of HPT cells (refers to mutant
hNSCs with PDGFRA D842V, H3K27M overexpression, and TP53 muta-
tion) and neuronal stem cells (NSCs) in the Transwell system revealed
that growth factors secreted by NSCs affect the cell behavior of HPT
cells.31

Co-culture of different types of cells requires an appropriate culture
medium that preserves the morphology and functionality of the cells.
GSCs can alter their morphology when cultured under varying condi-
tions. To maintain stemness in co-culture conditions, GSCs are typically
cultured in serum-free neurobasal medium supplemented with stem cell
growth factors, whereas primary ECs, astrocytes, and microglia are
cultured in culture medium supplemented with fetal bovine serum
(FBS).23 The morphology of primary brain cells can also change in the
GSC growth medium. Recently, Liu et al. investigated the optimal
co-culture conditions for glioma cells and primary brain cells (neurons,
astrocytes, microglia, and endothelial cells) in vitro.23

Three-dimensional co-culture systems

3D co-culture systems provide more reliable tools for studying
complex cell interactions and pathological processes as they better
d into direct contact co-culture (A) and indirect contact (B–D) co-culture models.
onal; EV: Extracellular vesicle.
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Figure 3. 3D co-culture systems for glioma. The 3D co-culture systems are classified into the following subtypes: cell-based (A); tissue slice-based (B); organoid-based
(C); microfluidic platform-based (D); and 3D bioprinting-based (E). The figure was created using BioRender (https://biorender.com/). 3D: Three-dimensional; ECM:
Extracellular matrix.
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emulate in vivo environments than 2D systems. 3D co-culture models
are used to explore cell activities, intercellular reactions, and cell
functions, including cell proliferation, differentiation, invasiveness,
and molecular characteristics.23,34 Here, we classify the 3D co-culture
model systems into the following subtypes: cell-based, tissue
slice-based, organoid-based systems, microfluidic platform-based, and
3D bioprinting-based [Figure 3].

The cell-based 3D co-culture system is realized by encapsulating gli-
oma cells, along with other cells, into biomaterial scaffolds such as
hydrogels, which convert into a 3D structure post-gelation. The hydrogel
guides cell behavior and facilitates material-cell interplay. Common
hydrogel scaffolds encompass Matrigel, alginate, and decellularized tis-
sue matrix (DTM).23,35 Matrigel and alginate are natural hydrogels;
Matrigel promotes cell growth and the onset of stem cell differ-
entiation,36–39 whereas alginate, which shares structural similarity with
hyaluronic acid, a primary constituent of the brain ECM, is widely
employed for 3D cell culture system construction.40,41

In 1991, Stoppini et al.42 introduced brain slice culture as a new
model for neuroscience research, which was further developed into
current tissue slice-based 3D co-culture systems. This model is widely
employed to examine various facets of neural development and tumor
progression, including cell proliferation, migration, invasion, and
apoptosis.43,44 The model helps maintain morphological structure, tissue
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activity, and organ function akin to in vivo systems, providing a simulated
in vivo microenvironment.45,46

3D cellular self-aggregates or organoids, which are typically derived
from human pluripotent stem cells (hPSCs) or CSCs, are capable of
maintaining multiple cellular lineages and preserving sophisticated
cell–cell interactions.47–49 The revolutionary organoid-based 3D models
of the brain and brain tumor unleashed in 2013 and 2016, respec-
tively,50,51 are extensively employed in the study of a plethora of dis-
eases, including glioma. 3D organoid models of GBM have been
developed using various methods and are powerful models for
studying glioma/GBM stem cell behavior and the effects of cell–cell
and cell-microenvironment interactions on tumor growth and
invasion.47,48,52–54 Primary glioma cells, glioma cell lines, and GSCs can
be co-cultured with different brain organoids, such as normal brain
organoids and hPSC-induced TME cell organoids. Recently, Azzarelli
et al. established a 3D GBM model by co-culturing GSCs with cerebral
organoids that provided insights into cell fate identity as the tumor cells
infiltrated the organoids.55 Organoid-based co-culture model systems can
be further developed to scrutinize cell–cell interactions and pathological
processes prevalent in the TME.

Organ-on-a-chip- and microfluidic platform-based culture systems
surmount the limitations of traditional in vitro and preclinical
models.56,57 Organ-on-a-chip platforms can more accurately predict the

https://biorender.com/
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efficacy of and reactions to drugs and therapies than in vivo/in vitro
models.57–61 These systems can be used to study cancer mechanisms,
including tumor growth, migration, invasion, angiogenesis, intravasation
and extravasation, and metastasis, as well as blood–brain barrier (BBB)
permeability and drug responses.56,62,63

The innovative 3D bioprinting-based model system developed
recently successfully emulates the complexity of human tumors and is
revolutionizing preclinical cancer research.64–70 This system, with un-
matched control, precision, and reproducibility, can recreate intricate
tumor-specific architectures according to TME characteristics through
the use of live cells encapsulated in various biomaterials.64,70 The system
mirrors the actual pathological TME and emulates key in vivo cell func-
tions, such as proliferation, invasiveness, and metastasis. The 3D bio-
printed co-culture model has been successfully employed to study
tumorigenesis mechanisms and drug responses in various diseases
including, GBM.67,69,70

Although numerous studies have attempted to replicate the in vivo TME
using 2D in vitro culture conditions, current conventional 2D models have
limited usefulness and provide insufficient information because of their
inherent limitations that affect cell phenotypes, metabolism, signaling, and
treatment responses. Additionally, cells grown in 2D culture conditions
exhibit distinct growth patterns, morphologies, and functions compared to
those observed in vivo. 3D environments comprising cells organized in a
specific spatial structure more closely resemble the actual TME in vivo than
2D systems and therefore enable a deeper understanding of the molecular
biology of GBM and its treatment. The development of innovative in vitro
3D tumor models holds great potential for addressing current knowledge
gaps and enhancing our understanding of GBM pathophysiology. In
addition, these models can serve as screening tools to identify new
candidate anti-GBM drugs. Table 1 summarizes the 2D and 3D in vitro co-
culture systems used for studying the glioma TME.

Common glioma-tumor microenvironment cell interactions

Intercellular communication is essential for physiological homeosta-
sis as well as in pathogenesis. In both in vivo and in vitro environments,
cells communicate through both direct contact and via indirect mecha-
nisms, including secretory factors and EVs. These mechanisms underline
Table 1
Summary of 2D and 3D in vitro co-culture systems for glioma.

Co-culture systems Advantages

2D Direct contact co-culture model Homogeneity of cell populations
Commercially available

Conditioned medium Easily acquired
Simple operation

Transwell culture systems Different cells can be distinguished
Commercially available
Simple operation
Used in migration and invasivenes

3D Cell-based 3D co-culture system Homogeneity of cell populations
Commercially available
Suitable for high-throughput drug

Tissue slice-based 3D co-culture system Native tissue architecture
Minimal experimental manipulatio
physiological relevance

Organoid-based 3D co-culture system Mirrors the cell heterogeneity of th
Suitable for studying the niche mic
Suitable for studying cancer cell in
Cell populations can be genetically

Microfluidic platform-based co-culture system Suitable for drug delivery and sele
BBB modeling

3D bioprinting-based co-culture system Possibility to build 3D microstructu
cells
Spatial organization and customiza

2D: Two-dimensional; 3D: Three-dimensional; BBB: Blood–brain barrier; TME: Tumo
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the complex biological and pathological networks, and cell interactions
in the TME are emerging as a research focus.23,27,71 However, in vitro
models simulating these dynamics remain limited. An increasing number
of studies investigate the interactions between tumor and non-tumor cells
within the brain microenvironment and aim to simulate the glioma TME
using co-culture systems.23,72 In what follows, we summarize and discuss
the common interactions between glioma and TME cells, including ECs,
immune cells, astrocytes, and neurons, via direct and indirect pathways
based on the diverse co-culture model systems [Table 2].

Glioma-endothelial cell/pericyte interactions

Gliomas, particularly GBMs, are highly vascularized neoplasms
characterized by endothelial hyperplasia and microvascular prolifera-
tion. The endothelium/vascular tissues provide not only oxygen and
nutrients but also a protective microenvironment to promote tumor
growth.27,72–74 Brain tumor vasculature is a composite of various cell
types, including ECs, which are derived from endothelial progenitor cells
and located in a perivascular or hypoxic niche, PCs, which originate from
PC progenitor cells and surround the vasculature, and vascular smooth
muscle cells.12,27,75–77 Neovascularization within brain tumors leads to
disorganized, convoluted, and leaky vascular networks that are modu-
lated by various pro-angiogenic factors secreted by tumor cells,
tumor-derived stromal cells (such as ECs and PCs), and inflammatory
cells. Such angiogenic activity is often localized to the perivascular niche,
where GSCs and ECs maintain proximal interactions within the glioma
TME.78

ECs secrete vascular endothelial growth factor (VEGF) and other
bioactive molecules that facilitate GSC infiltration and may induce the
transdifferentiation of GSCs into ECs. Tumor-derived ECs maintain their
endothelial identity while gaining mesenchymal characteristics, result-
ing in the promotion of angiogenesis, tumor proliferation and migration,
and vascular permeability.79–81 Additionally, ECs can promote tumor
vasculature sprouting, relieve intra-tumoral hypoxia, and activate
antitumor T cell immunity via phosphoglycerate dehydrogenase
(PHGDH)-mediated endothelial metabolism.82 EC-derived EVs drive
proneural-to-mesenchymal reprogramming of GSCs, which involves the
activation of matrix metalloproteinases (MMPs) and nuclear factor kappa
Disadvantages References

Genotypic and phenotypic variations
Different cell culture conditions considered
Different cells not distinguished

23

Different cells may be not adapted in a conditioned
medium

24–27

s

The culture area and volume are small 31

screening

Genotypic and phenotypic variations
Very different growth conditions reported in the
literature

23,35–39

n Enhanced
Limited tissue slice viability and lifespan
Tissue slice variability may impact reproducibility

42–46

e TME in vivo
roenvironment
vasion
manipulated

Organoid composition may vary among
experiments
Results not easily reproducible

47,48,52–54

ctivity testing. Technically challenging
Accommodates a limited number of cell types

56,62,63

res of various

bility

Technically challenging
Lacks standardized protocols and validation criteria
Costly

67,69,70

r microenvironment.



Table 2
Common interactions between glioma and TME cells.

Cell interactions Direction of interaction Representative ways of interaction References

Glioma-endothelial cell/pericyte
interactions

Gliomas affect endothelial
cells/pericytes

AnxA2-mediated binding of glioma-derived EVs to ECs fosters angiogenesis and
promotes tumor progression

82,83

Endothelial cells/pericytes
affect gliomas

ECs can secrete VEGF and other bioactive molecules that facilitate GSC infiltration
PC-derived CCL5 activates CCR5 on GBM cells, facilitating DNA damage repair after
TMZ exposure

76,79–81

Glioma-microglia interactions Gliomas affect microglia Glioma cells harboring genetic alterations can interact with GAMs through the
secretion of soluble mediators and EVs

95,100,105,106

Microglia affect glioma GAMs can regulate GSC self-renewal and stemness by secreting factors, including
heparin-binding EGF-like growth factor, or via EVs

109–113

Glioma-macrophage interactions Gliomas affect macrophages Phagocytosis of glioma cells can transform BMDMs into M2-like macrophages and
drive immunosuppression by expressing immune-checkpoint proteins (such as B7–H3
and PD-L1)

104

Macrophages affect gliomas TAMs can promote glioma cell proliferation and invasion through secreting factors or
via EVs

109–114

Glioma-T cell interactions Gliomas affect T cells Phagocytosis of glioma cells by BMDMs can suppress the proliferation of activated T
cells
GBM-infiltrated myeloid cells express high levels of PD-L1 and inhibit T-cell function

104,123,133

T cells affect gliomas The exhaustion and dysfunction of T cells culminate into an immunosuppressive TME
in glioma

122,131,132

Glioma-astrocyte interactions Gliomas affect astrocytes Glioma cells can deliver miRNAs to astrocytes via gap junctions for intracellular
communication and increase glioma invasiveness

143

Astrocytes affect gliomas Tumor-associated astrocytes secrete IL-6, which activates the IL-6/p-STAT3 and Akt/
p38/MAPK/ERK (1/2) pathways to create a suitable TME that promotes tumor
progression

137,140–142

Glioma-neuron interactions Gliomas affect neurons Gliomas affect neuronal activity via various mechanisms, such as induced secretion of
soluble factors, neurotransmitter release, TM formation, synaptogenesis promotion,
and neuronal remodeling

26,153,154,158–160

Neurons affect gliomas Exosomes derived from cortical neurons bind selectively to gliomas and not glial cells,
indicating indirect neuron-glioma communication

166–168

AnxA2: Annexin A2; BMDMs: Bone marrow-derived macrophages; B7–H3: B7 homolog 3 protein (also known as CD276); CCL5: C–C motif chemokine ligand 5; CCR5:
C–C motif chemokine receptor 5; DNA: Deoxyribonucleic acid; ECs: Endothelial cells; EGF: Epidermal growth factor; ERK: Extracellular signal-regulated kinase; EVs:
Extracellular vesicles; GAMs: Glioma-associated macrophages/microglia; GBM: Glioblastoma; GSCs: Glioma stem cells; IL-6: Interleukin-6; MAPK: Mitogen-activated
protein kinase; PC: Pericyte; PD-L1: Programmed cell death protein ligand 1; PKB: protein kinase B (also known as Akt); p-STAT3: Phosphorylated signal transducer
and activator of transcription 3; TAMs, Tumor-associated microglia; TM: Tumor microtube; TME: Tumor microenvironment; TMZ: Temozolomide; VEGF: Vascular
endothelial growth factor.
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B (NFκB) and the inactivation of NOTCH, concurrently altering chemo-
therapeutic sensitivity and promoting infiltrative growth.27 Furthermore,
glioma cells and GSCs release periostin (POSTN), which mediates
angiogenesis via the activation of TANK-binding kinase 1 (TBK1)
signaling in ECs, whereas Annexin A2 (AnxA2)-mediated binding of
glioma-derived EVs to ECs fosters angiogenesis, thus promoting tumor
progression.82,83

PCs are peri-endothelial vascular mural cells located on the abluminal
wall, juxtaposed between the vascular feet of astrocytes and the endo-
thelial basal membrane of microvessels. They delineate the perivascular
layers that support the vasculature and play an integral role in structural
and functional BBB integrity.76,77,84–86 Emerging evidence posits PCs as a
novel cell-mediated immunological defense in the brain. PCs express
receptors for several types of inflammatory signals and secrete several
chemokines and inflammatory mediators that regulate leukocyte
recruitment and the inflammatory phenotype.85,87 Zhang et al.76

revealed that PC-derived C–C motif chemokine ligand 5 (CCL5) activates
its receptor C–C motif chemokine receptor 5 (CCR5) on GBM cells,
facilitating deoxyribonucleic acid (DNA) damage repair (DDR) after
temozolomide exposure. Studies have suggested that injured or inflamed
PCs can be transformed into activated mesenchymal stem cells (MSCs),
which secrete molecules pivotal in immune modulation.86,88 Dias et al.75

unveiled that the genesis of fibrotic scarring by PCs is a conserved feature
of various CNS lesions, including gliomas. Lucio et al.89 revealed that
anomalies in PC and EC proliferation, in conjunction with intussusceptive
angiogenesis, contribute to the anomalous vessel architecture observed
in GBM. Furthermore, GSCs are summoned toward ECs via the
SDF-1/CXCR4 signaling axis and are then prompted to transdifferentiate
into PCs by transforming growth factor-β (TGF-β), resulting in peri-
vascular niche remodeling and tumor growth.90
224
Glioma-microglia interactions

Originating from peripheral myeloid cells, microglia are a critical
component of innate immunity within the CNS. They are located in the
brain parenchyma and function as tissue-resident macrophages.91 They
are a long-living cell population that maintains self-renewal capability
and are ontogenically distinct from peripheral macrophages.92–95

Microglia are indispensable for developmental and homeostatic brain
functions and effective responses to infection, tissue damage, and
neoplastic conditions.96,97 Within the TME, glioma-associated macro-
phages/microglia are collectively termed glioma-associated micro-
glia.95,98 These microglia promote GBM growth and progression in direct
and indirect manners.95

Upon infiltration into the glioma TME, macrophages and microglia
undergo education and reprogramming by glioma/GBM cells. Specific
mutations in tumor suppressor genes (TSGs), such as PTEN, NF1, and
TP53,99–101 regulate factors derived from GBM cells and the activation
and amplification of oncogenes, including EGFR and the circadian loco-
motor output cycles kaput (CLOCK) gene.99,102,103 Glioma cells
harboring these unique genetic alterations can interact with microglia
through the secretion of soluble factors and EVs. This interaction in-
fluences the characteristics (i.e., infiltration and polarization) of micro-
glia, potentially facilitating GBM progression.24,100,104

PTEN is a TSG that antagonizes PI3K signaling in GBM and is mutated
and/or deleted in 30–40 % of GBM cases.99 PTEN deficiency in GBM cells
may induce macrophage migration and infiltration. Mechanistically,
PTEN deficiency in GBM cells activates PI3K/AKT signaling, which is
essential for the production of soluble factors (e.g., LOX and WISP1) in
GBM cells, and leads to the recruitment and maintenance of GAMs via the
activation of macrophage β1 integrin signaling, resulting in GBM
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progression.95,100,105,106 Moreover, oncogenic EGFR amplification and
activation, a notable characteristic of GBM, is observed in approximately
60 % of GBM cases.102 Activated EGFR modulates the expression and
function of various factors in GBM cells. For instance, EGFR can signifi-
cantly increase hypoxia-enhanced carbonic anhydrase IX (CAIX) tran-
scriptional activity and amplify tumor necrosis factor α (TNFα)-induced
vascular cell adhesion molecule-1 (VCAM-1) expression in GBM
cells/GSCs, potentiating macrophage adhesion, infiltration, and polari-
zation.102,107,108 Recent research indicates that microglia experience
intense oxidative stress in the GBM tumor immune microenvironment
(TIME), which induces nuclear receptor subfamily 4 group A member 2
(NR4A2)-dependent transcriptional activity in microglia and promotes
tumor growth.18

Tumor-associated microglia can promote glioma cell proliferation
and invasion, forming a positive feedback loop. In mouse and human
GBM models, microglia promoted GSC self-renewal and stemness,
resulting in tumor growth and therapy resistance, by secreting EVs or
certain factors, including heparin-binding epidermal growth factor
(EGF)-like growth factor, interleukin (IL)-12, IL-1β, CCL8, CCL5, VEGF,
and IL-6.109–113

Glioma-macrophage interactions

During glioma pathogenesis, brain-infiltrating bone marrow-derived
macrophages (BMDMs) originating from hematopoietic stem cells can
infiltrate the brain parenchyma because the BBB is destroyed.25,114,115

BMDMs are mainly located in perivascular and necrotic and ischemic
tumor regions.116 Although glioma-associated microglia and BMDMs
differ in their origins and spatial distribution, they share
immune-regulatory functions and express common markers, such as
CD68, CD11b, and CX3C chemokine receptor 1 (CX3CR1).25,117,118 In the
glioma TME, these glioma-associated microglia and BMDMs are often
collectively referred to as glioma-associated microglia/macrophages
(GAMs), which constitute 30–50 % of the total cellular components.95,98

Comprising both BMDMs and brain-resident microglia, GAMs exhibit
heterogeneity in their subpopulations and phenotypes, ranging from
pro-inflammatory to alternatively activated.25,95,98 Increasing evidence
suggests a complex interplay between GBM cells and GAMs, which in-
fluence each other in specific genetic backgrounds and the TME. These
complex relationships encompass alterations in oncogene activation or
TSG inactivation in GBM cells, which can modulate various facets of
GAM biology, including migration, adhesion, and polarization. GAMs
exert both direct and indirect effects to promote GBM growth and
progression.95

In the glioma TME, glioma cells can alter BMDM phenotypes to pro-
mote tumor progression. A recent study revealed that phagocytosis of
glioma cells by BMDMs generated double-positive TAMs, which were
transformed into M2-like macrophages and drove immunosuppression by
expressing immune-checkpoint proteins (such as CD276, programmed cell
death protein ligand 1 [PD-L1], and programmed cell death protein ligand
2 [PD-L2]) and suppressing the proliferation of activated T cells.104

However, another study demonstrated that soluble LRIG3 (sLRIG3)
derived from glioma tumor cells can block M2 polarization of TAMs via
interacting with NETO2, thus suppressing GBM progression.24 In addition,
TAMs can promote glioma cell proliferation and invasion by secreting
certain factors or EVs.109–114 CCL18 derived from GAMs promotes glioma
cell growth and invasion through CCR8 and downstream acid phosphatase
5 (ACP5) signaling.114 The effects of TAMs on glioma may involve various
mechanisms, including the secretion of soluble factors, the release of
exosomes, and direct cell–cell contact.24,104,113,114,119–121

Glioma-T cell interactions

T lymphocytes orchestrate cell-mediated antitumor immune re-
sponses by directly killing cancer cells and enhancing the antitumor ca-
pabilities of other immune cells.122,123 T cells are classified into subtypes
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depending on their surface molecules and functions. These subtypes
mainly include helper CD4þ, regulatory CD4þ, cytotoxic CD8þ, natural
killer T cells (NKT), and memory T cells.123,124 In GBM patients,
increased infiltration of T cells is associated with prolonged survival.125

CD4þ T cells coordinate antigen-specific immunity through their high
plasticity and cytokine-producing ability. Regulatory T cells (Tregs) are
immunosuppressive T cells that can be recruited by CCL2/CCL22, and the
cytokines IL-10 and TGF-β can inhibit the antitumor effect of T cells and
promote GBM progression.123,126 NKTs are a special subset of T cells that
have T cell and NK cell receptors on their surface. They secrete large
amounts of cytokines and chemokines, which play an important role in
cancer immune regulation.127,128 The antitumor immune actions of T
cells include both effector functionality and the ability to infiltrate the
TME.122

Within the glioma TME, T cells are often exhausted, posing a barrier
to effective immunotherapy.122 T cell exhaustion manifests as a pro-
gressive, sustained reduction in effector function, including alterations in
cytokine production and proliferative capability, and may be driven by
persistent antigen exposure and chronic T cell activation in cancers.122

Increasing evidence suggests that T cells cannot function properly in
GBM because they are inhibited by GBM cells, along with upregulated
immunosuppressive checkpoints, extensive immunosuppressive cell
infiltration, and impaired migration of T cells within the glioma
TME.122,123,129,130 The proliferative ability of exhausted T cells is largely
modulated by inhibitory receptors such as programmed cell death
protein-1 (PD-1), cytotoxic T lymphocyte-associated protein-4 (CTLA-4),
and T cell immunoglobulin and mucin domain-3 (TIM-3).122 Further-
more, TAMs, myeloid-derived suppressor cells (MDSCs), and dendritic
cells infiltrating the glioma TME can directly or indirectly inhibit T cell
function via secreted immunosuppressive factors, including TGF-β and
IL-10.122,131,132 Notably, infiltrating T cells in glioma typically express
one or more immunosuppressive checkpoints, such as PD-1 and CTLA-4.
GBM-infiltrated myeloid cells express high levels of PD-L1, resulting in
the formation of the PD-L1/PD-1 complex, which further inhibits T-cell
function.123,133

In addition, extrinsic factors in the glioma TME, including hypoxia,
nutrient deprivation, T cell metabolic reprogramming and mitochondrial
fitness, and metabolic by-products such as D-2-hydroxyglutarate (D-
2HG), can drive T cell exhaustion.130,134–136 In the glioma TME, cancer
and noncancerous cells often adapt to and overcome these harsh condi-
tions and therefore undergo alterations that result in transcriptomic,
epigenetic, and metabolic impairment. Collectively, these factors drive T
cell exhaustion and dysfunction, culminating in an immunosuppressive
TME in glioma.

Glioma-astrocyte interactions

Astrocytes, which are complex glial cells abundantly present in the
CNS, are highly abundant in the glioma TME and implicated in glioma
pathogenesis.137 In certain CNS pathologies, astrocytes transform into
reactive counterparts characterized by hypertrophy and the upregulation
of intermediate filaments composed of nestin, vimentin, and glial
fibrillary acidic protein (GFAP) followed by the formation of contacts
with other cells (e.g., glioma cells), a phenomenon known as
“astrogliosis.”137–139 Reactive astrocytes propagate neuroinflammatory
responses by secreting various agents, including cytokines, chemokines,
ILs, nitric oxide (NO), and EVs.137,140–142 The interplay between glioma
cells and astrocytes is direct, via cell–cell junctions, or indirect, via
paracrine signaling.137,139,141,143

Astrocytes take on a reactive phenotype with high GFAP expression
when they are in contact with tumor cells. Evidence suggests that the
induction of the reactive phenotype is mediated by the NF-κB signaling
pathway. Upon treatment with recombinant RANKL (rRANKL) or lipo-
polysaccharide (LPS), which are well-known activators of NF-κB
signaling, astrocytes displayed increased NF-κB activity because of the
downregulation of IκBα and upregulation of GFAP, ultimately leading to
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the reactive phenotype.137,144 CCM from GBM cells inhibited the function
of p53, a tumor suppressor that regulates the expression of proteins that
are secreted to stimulate adjacent cells, in healthy p53þ/þ astrocytes.145

The ECM of p53þ/� astrocytes is richer in laminin and fibronectin than
that of p53þ/þ astrocytes, which may aid the survival of GBM cells.145,146

Glioma cells can deliver microribonucleic acids (miRNAs) to astrocytes
via gap junctions to increase glioma invasiveness.143 Reactive astrocytes
upregulate channel protein connexin43 (Cx43), which is involved in gap
junctions for direct cell communication.147 In addition, Cx43 modulates
Bcl-2 and Bax2 levels in glioma cells to inhibit the mitochondrial
apoptotic response and block cytochrome C release from the mitochon-
dria, preventing malignant cells from undergoing apoptosis.148 Further,
the Gln can be taken up by GBM cells, as observed in astrocyte/glioma
co-culture.149 Evidence suggests that tumor-associated astrocytes secrete
IL-6, which activates the IL-6/phosphorylated signal transducer and
activator of transcription 3 (p-STAT3) and Akt/p38/mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)
(1/2) pathways, thus increasing MMP2/MMP-14 expression, and trigger
several oncogenic factors to create a suitable TME for tumor proliferation,
invasion, and angiogenesis.150,151 These findings were also made in an
astrocyte/glioma co-culture system.152 In conclusion, glioma cells and
astrocytes interact to create amicroenvironment that is suitable for glioma
proliferation and invasion and protects them from the cytotoxic effects of
antitumor drugs.

Glioma-neuron interactions

An increasing body of evidence suggests that glioma–neuron in-
teractions are involved in the synaptic and functional integration of glioma
into the brain network to promote tumor progression. In the glioma TME,
there exists a dynamic reciprocity governing both glioma and neuronal
function. This bidirectional interaction between glioma and neurons
may be mediated by various mechanisms, including electrochemical syn-
apses, secreted factors, tumor microtubes (TMs), and EVs.26,28,153–158

Pioneering studies have indicated that gliomas affect neuronal activity via
the secretion of soluble factors, neurotransmitter release, TM formation,
synaptogenesis promotion, and neuronal remodeling within the
TME.26,153,154,158–160 Olfaction has been revealed to stimulate mitral and
tufted (M/T) cells, which reciprocate sensory information from olfactory
receptor neurons (ORNs), following activity-dependent insulin-like growth
factor 1 (IGF-1) secretion. This in turn promotes gliomagenesis originating
in oligodendrocyte precursor cells (OPCs), establishing a nexus between
sensory experience and gliomagenesis via the sensory neuronal circuit,
whereas the neuronal TME catalyzes the establishment of neuron-glioma
synapses (NGSs), which are essential for bidirectional communication in
the glioma infiltration zone.155 Superimposed molecular and functional
single-cell data recently revealed that neuronal mechanisms can govern
GBM cell invasion and progression on multiple levels, implying that GBM
dissemination and cellular heterogeneity are closely interlinked in gli-
oma.16 Neuronal activity implicated in the regulation of precursors, elec-
trochemical signaling pathways, and neuronal secretion exerts a profound
effect on glioma.16,28,158,161,162

Glioma/GSC cells can hijack glutamatergic and gamma-aminobutyric
acid (GABA)ergic signaling in neurons to promote brain tumor inva-
sion.16,163,164 Peritumoral GABAergic interneurons display interictal-like
activity, which is associated with pre-operative seizures in glioma pa-
tients and may result from high NKCC1 expression and low KCC2 expres-
sion. In co-cultured neurons/glioma, downregulated KCC2 expression in
glioma elicited GABA-dependent depolarization in the neurons by
increasing their intracellular Zn2þ concentration.163 Remarkably,
glioma-derived exosomes can alter the electrical properties of neuronal
networks within the glioma TME.154 In addition, gliomas can modulate
surrounding neurons by expressing and releasing trophic factors. For
instance, nerve growth factor (NGF) released by glioma cells has been
shown topromote glutamatergicNGSs and thus promote gliomagrowth.165

Neuronal activity-induced complex calcium signals in GBM cells and the
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activation of glutamatergic NGSs advance GBC invasiveness by stimulating
the de novo formation and dynamics of TMs.16,155 NLGN3 derived from
neurons has proven necessary and sufficient for promoting robust HGG cell
proliferation by inducing PI3K-mTOR pathway activity.28,161

EVs have an indispensable role in cell–cell interactions, including
neuron-glioma interaction, in the brain TME.166–168 Evidence suggests
that exosomes derived from cortical neurons bind selectively to glioma
and not glial cells, indicating indirect neuron-glioma communication via
neuron-derived EVs (NEVs).168 Exosome secretion is activity-dependent
and specifically mediated by glutamatergic activity involving α-ami-
no-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs)
and N-methyl-D-aspartate receptors (NMDARs).166,167 In addition to
NEVs, glioma can modulate neuronal functions via glioma-derived EVs
(GEVs).26 For instance, GEVs have been shown to increase the frequency
of spontaneous synaptic responses in neuronal cells, thus increasing
NLGN3 levels, which may facilitate glioma progression.169

Multi-cell interactions

The TME of various cancers, including glioma, is a labyrinth of
multicellular interactions, forming a convoluted network.170–172 For
instance, CCL2 and colony-stimulating factor (CSF)1 from tumor-
associated astrocytes dictate the recruitment of TAMs and foster a
pro-tumorigenic macrophage phenotype. Furthermore, astrocyte-derived
cholesterol has emerged as crucial for glioma cell survival. These findings
illuminate the mechanistic roles of astrocytes in governing GBM patho-
genicity by altering the immunological properties of the TME and indicate
the non-oncogenic metabolic dependency of GBM on cholesterol.170

Glycoprotein non-metastatic B (GPNMB), which is involved in regulating
transcription factor regulons implicated in proneural-to-mesenchymal
(PN-MES) subtype transition, is predominantly expressed on macro-
phages. Macrophages displaying elevated levels of this protein facilitate
tumor progression via promoting PN-MES subtype transition and atten-
uate T cell activation through non-effective retention.171

Conclusions and perspectives

In vitro co-culture systems are often designed to simulate the inter-
cellular interactions that occur in vivo. In the glioma TME, glioma cells/
GSCs with different phenotypes and numerous different noncancerous
cell types coexist and form a complex network. Investigating glioma-TME
cell interactions using in vitro co-culture systems requires specific and
complex culture conditions that meet the requirements of all cell types
involved.23 2D and 3D cell co-culture systems are widely used, and new
technologies, such as microfluidic devices and 3D bioprinting, which can
more closely mimic the 3Dmicroenvironment in vivo, are gradually being
used for model construction. Notably, organoid-based and 3D models
using novel technologies hold great potential for investigating cell–cell
interactions, modeling various disease conditions, and facilitating drug
screening and are powerful tools for controlling and analyzing cell in-
teractions. This review aims to highlight the co-culture models based on
in vitro 2D and 3D co-culture systems related to glioma cell-TME cell
interactions, which has provided integrated insights into glioma patho-
genesis and TME.

Current research primarily focuses on interactions between two cell
types, which has provided insights into glioma pathogenesis. However,
current in vitro co-culture models are limited in fully recapitulating gli-
oma in vivo, mainly because of the high heterogeneity and intricacy of the
TME. Future research should focus on fusing cell culture models with
multifaceted techniques and devices to create more refined co-culture
systems for cell interaction studies.
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