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Glioblastoma (GBM) displays an infiltrative growth characteristic that recruits
neighboring normal cells to facilitate tumor growth, maintenance, and invasion
into the brain. While the blood-brain barrier serves as a critical natural defense
mechanism for the central nervous system, GBM disrupts this barrier, resulting in
the infiltration of macrophages from the peripheral bone marrow and the
activation of resident microglia. Recent advancements in single-cell
transcriptomics and spatial transcriptomics have refined the categorization of
cells within the tumor microenvironment for precise identification. The intricate
interactions and influences on cell growth within the tumor microenvironment
under multi-omics conditions are succinctly outlined. The factors and
mechanisms involving microglia, macrophages, endothelial cells, and T cells
that impact the growth of GBM are individually examined. The collaborative
mechanisms of tumor cell-immune cell interactions within the tumor
microenvironment synergistically promote the growth, infiltration, and
metastasis of gliomas, while also influencing the immune status and
therapeutic response of the tumor microenvironment. As immunotherapy
continues to progress, targeting the cells within the inter-tumor
microenvironment emerges as a promising novel therapeutic approach for
GBM. By comprehensively understanding and intervening in the intricate
cellular interactions within the tumor microenvironment, novel therapeutic
modalities may be developed to enhance treatment outcomes for patients
with GBM.
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1 Introduction

Gliomas represent the most prevalent primary central nervous
system cancers in adults. The current standard treatment approach
involves a combination of maximal safe surgical resection along with
adjuvant radiotherapy and chemotherapy (Zhao et al., 2021). The
median survival is less than 15 months as the tumors always recur in
a very short time (Stupp et al., 2005; Zhao et al., 2021). In recent
years, advancements in technologies such as whole exome
sequencing, Cytometry by time-of-flight (CyTOF), and single-cell
and spatial transcriptomics have shed light on the intricate
interactions between tumor cells and the tumor
microenvironment (TME). These studies have revealed that the
complex interplay between tumor cells and the TME significantly
contributes to the heterogeneity and poor prognosis of tumors
(Klemm et al., 2020; Batchu et al., 2023; Nettnin et al., 2023).
Glioblastomas (GBM), known for their characteristic diffuse
infiltrative growth, have been found to recruit normal cells from
their surrounding environment to support tumor growth,
maintenance, and invasion into the brain (Broekman et al.,
2018). Furthermore, a crucial factor in driving the malignant
growth of glioblastoma is the communication and manipulation
of information between tumor cells and other cells in the brain
microenvironment. This intricate interaction plays a significant role
in promoting the growth of tumor cells and their acquisition of
resistance to treatment (Broekman et al., 2018). Given the
unsatisfactory outcomes of current treatments for gliomas,
numerous researchers have focused on comprehensively
investigating the development of GBM within its TME. These
research endeavors are anticipated to uncover novel targets and
therapeutic strategies for the effective treatment of tumors.

Immune checkpoint blockade (ICB), adoptive cell therapy, and
vaccines are among the primary immunotherapies used for tumors.
Immunotherapy has emerged as a beacon of hope in cancer
treatment, revolutionizing the prognosis for numerous patients
with advanced solid tumors like melanoma, non-small cell lung
cancer, and renal cell carcinoma (Braun et al., 2021; Guo et al., 2021;
Ji et al., 2022). Bevacizumab is one of the targeted drugs approved for
the treatment of recurrent glioblastoma in China. However, current
studies have shown that bevacizumab fails to achieve the desired
efficacy in newly diagnosed glioblastoma patients (Wefel et al.,
2021). A phase III study comparing a PD-1 inhibitor
(Nivolumab) with bevacizumab in the treatment of recurrent
glioblastoma showed that Nivolumab did not improve overall
survival, progression-free survival, or overall response rate in
patients with recurrent glioblastoma (Reardon et al., 2020).
Immunosuppressive signals from gliomas in vitro and in vivo can
directly regulate the function of immune cells, including
Mesenchymal stem cells and tumor-related macrophages, to
promote immunosuppression (Mi et al., 2020; Qi et al., 2022).
Immune tolerance plays a crucial role in dampening the
initiation of an immune response in GBM. Despite ongoing
efforts, current immunotherapies have demonstrated limited
effectiveness in treating adult GBM. Reversal of T-cell depletion
by cell-specific modulation, combined with alterations in
immunosuppressive TME, may have a profound impact on the
efficacy of immunotherapy in patients with malignant glioma
(Watowich et al., 2023). Therefore, it is imperative to delve

deeper into the cellular interactions within the tumor
microenvironment associated with GBM to uncover novel
therapeutic avenues.

Recent advancements in multi-group sequencing have
facilitated numerous discoveries and studies on the intricate
interactions among cells within the tumor microenvironment of
GBM. Consequently, this review aims to comprehensively analyze
the impact of diverse cell subsets in brain GBM on tumor growth
and treatment by synthesizing findings from previous literature.

1.1 Unveiling the complexity of glioma tumor
microenvironment through single-cell
sequencing

The utilization of single-cell sequencing (scRNA-seq) has
represented a significant advancement in the study of gliomas.
Glioma, a prevalent and highly heterogeneous brain tumor, often
poses challenges to conventional cancer research methodologies.
Traditional approaches typically involve analyzing the average
characteristics of a large population of tumor cells, overlooking
both intercellular and intracellular variabilities. In contrast,
scRNA-seq technology enables a comprehensive exploration of
cellular heterogeneity by scrutinizing the gene expression of
individual cells. Furthermore, by examining the gene expression
regulatory network among different cell types, scRNA-seq can
unveil the mechanisms underlying interactions between tumor
cells and immune cells, endothelial cells, and other cellular
components within the tumor microenvironment. The single-cell
assay for transposase-accessible chromatin (scATAC-seq) can help
us to understand the transcriptional and regulatory processes of cells
at the genomic level, reveal the sites of different regulatory factors,
and analyze the gene information from the perspective of epigenetics.
scATAC-seq has great potential for applications in open chromatin
mapping, cell differentiation, and development, disease pathogenesis,
tumor microenvironment, biomarkers, etc. (Buenrostro et al., 2015).
Single-cell sequencing requires the dissociation of cells, which results
in the loss of information about the original location of the cells in the
tissue, so it is difficult to map detailed cellular maps and relationships
between cells at the level of tissue architecture. This is where the
spatial transcriptome can be used to help understand the cellular and
organizational functions of multicellular organisms, mapping cells
from their physiological, morphological, and anatomical contexts, as
well as their spatial architecture (Jung et al., 2022). This enhanced
understanding of the cellular composition and interactions in
gliomas holds promise for advancing precision medicine
approaches and developing targeted therapies for this complex
and challenging cancer.

Therefore, we integrated several publicly available scRNA-seq
GBM datasets for data processing and normalization. Data from
Synapse database (https://synapse.org/singlecellglioma) (Johnson
et al., 2021). We used a total of 11 glioma patients with a total
cell count of 55,089. The total number of Astrocytes, Microglial cells,
macrophages, T cells, Endothelial cells, and Oligodendrocytes after
our clustering and annotation (Figure 1). We found that Microglial
cells, Macrophages, and Oligodendrocytes occupied the majority
(Figure 1). The number of immune T-cells was very low, probably
due to confinement to the bone marrow (Chongsathidkiet et al.,
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2018). Gliomas are commonly referred to as “cold tumors” due to
their immunosuppressive microenvironment, which impedes the
infiltration and function of immune cells that could potentially
target and eradicate tumor cells. The glioblastoma
microenvironment is a complex milieu comprising various
elements that interact dynamically to influence tumor
development and progression. This microenvironment
encompasses tumor cells, the extracellular matrix (ECM), blood
vessels, and a diverse array of immune cells, including monocytes,
macrophages, mast cells, microglia, neutrophils, and T cells
(Broekman et al., 2018). As in Figure 2, the Blood-brain barrier
and tumor microenvironment are closely related. Immune cells play
an important role in tumor immune escape and anti-tumor immune
response. Macrophages from the hematopoietic system are located
in the tumor tissue due to the attraction of chemical factors secreted
by tumor cells. They play an important role in inflammation and

TME, which can not only promote tumor growth and spread but
also exert an anti-tumor effect (Mei et al., 2023).

In essence, the tumor microenvironment (TME) of gliomas
comprises an intricate network of various cellular and non-
cellular elements that interact and collectively govern tumor
growth and advancement. A comprehensive comprehension of
the evolving dynamics within the tumor microenvironment and
the diverse immune milieu within a genetic framework is crucial for
the advancement of novel therapeutic approaches for tumors.

1.2 Interactions between tumor cells and
cells of the tumor microenvironment

Hierarchical clustering analysis of inferCNV and CopyKAT
results have identified the majority of vascular endothelial and

FIGURE 1
Cellular clustering after single-cell sequencing of tumor tissue from 11 glioma patients. There were 11 glioma samples divided into macrophages,
microglia, oligodendrocytes, astrocytes, and T cells.
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mural cells as diploid non-tumor cells. This suggests that in
glioblastoma (GBM), tumor cells derived from neural stem/
precursor cells tend to maintain their neural lineage restriction
and are less likely to differentiate into non-neural lineage cells.
The analysis indicates that different malignant cells within GBM
converge into four distinct cell states: neural progenitor cell-like
(NPC-like), oligodendrocyte progenitor cell-like (OPC-like),
astrocyte-like (AC-like), and mesenchymal stromal cell-like
(MES-like) states. These cell states exhibit potential for plasticity,
allowing for transitions between different states within the tumor
microenvironment (Hara et al., 2021). These types of tumor cells
play a crucial role in driving clonal evolution, tumor progression,
and treatment resistance (Greenwald et al., 2024). Studies have
shown that AC-like tumor cells are associated with poor
prognosis in patients (Zheng et al., 2023). He dispersion and
connection of AC-like cells with other transcriptional subtypes
are associated with a reduced risk (Greenwald et al., 2024). At
the same time, NPC-like cells couple with neurons in the infiltrating
regions, mimicking the migration of normal NPCs to developing
neurons (Greenwald et al., 2024). Pseudotime analysis revealed the
dynamic transition of tumor cells from pro-neural to mesenchymal
subtypes (Xiong et al., 2022). Urthermore, patients with higher
MES-like scores always correlate with worse prognosis compared to
those with lower MES-like scores (Xiong et al., 2022).

Glioblastoma stem cells (GSCs) and the immunosuppressive
tumor microenvironment are two important factors contributing to

glioblastoma genesis, treatment resistance, and recurrence (Pang
et al., 2022). It has been found and characterized that GSCs-derived
TFPI2 can regulate the maintenance of tumor stem cell stemness
and the migration and immunosuppression of microglia in the
tumor microenvironment through different mechanisms,
respectively (Pang et al., 2023). The tumor mesenchymal-like
state is associated with increased abundance and cytotoxicity of
tumor-infiltrating T cells (Hara et al., 2021). A large number of MES
subtypes correlate with macrophage abundance (Wang et al., 2017).
In glioblastoma, the MES status of macrophages and cancer cells
may also represent a therapeutic opportunity, as they are associated
with high levels of MHC-I and MHC-II as well as a high number of
T-cells, favoring a cytotoxic state, which may affect the response to
immunotherapy (Hara et al., 2021). Infiltration of glioma-associated
macrophages and microglia (GAMs) is usually triggered by
chemokines secreted by GBM cells. Simultaneous environment-
dependent tumor-immune symbiotic interactions promote tumor
progression and treatment resistance in GBMs (Pang et al., 2022).
Immunosuppressive GAM releases different cytokines and growth
factors, such as IL-6, IL-11, IL-1β, IL-10, and TGF-β1, to promote
GBM progression by activating pre-tumor signaling in GBM cells
(Ye et al., 2012; Bloch et al., 2013; Zhang et al., 2018; Li et al., 2021;
Liu et al., 2021; Ochocka et al., 2021).

In conclusion, the interactions between tumor cells and immune
cells within the tumor microenvironment play a crucial role in
driving the growth, infiltration, and metastasis of gliomas. These

FIGURE 2
Glioma tumor microenvironment and the blood-brain barrier. Intracranial glioma cells comprise a variety of cells and tissues that make up the
blood-brain barrier, which consists of neurons, astrocytes, tumor cells, erythrocytes, pericytes, endothelial cells, T cells, smooth muscle cells, vascular
basal lamina, and microglia.
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interactions also impact the immune status of the tumor
microenvironment and influence the response to therapeutic
interventions. By gaining a deeper understanding of these
complex interaction mechanisms, researchers can identify novel
therapeutic targets and develop more effective treatment strategies
for gliomas. This knowledge can ultimately lead to improved
outcomes for patients with glioma and other types of cancer.

1.3 Microglia and macrophages in the
microenvironment with glioblastoma

1.3.1 Origin and function of microglia and
macrophages

The blood-brain barrier is crucial as a natural barrier to the
central system. In tumors, up to 30% of these cells, most of the
activated GAMs serve to promote tumor formation and produce
immunosuppression (Hambardzumyan et al., 2016). The Tumor-
associated macrophages (TAMs) are mainly derived from peripheral
blood monocytes and tissue-resident macrophages (Christofides
et al., 2022). In adulthood, the other major source of
macrophages in tissues is peripheral blood monocytes, in
addition to long-surviving and self-renewing tissue-resident
macrophages. Tissue-resident macrophages are also present in
the central nervous system, including microglia in the
parenchyma and macrophages in the perivascular spaces at the
borders of the brain parenchyma, the dura mater, and the choroid
plexus. Microglia are directly derived from red myeloid precursor

cells of the yolk sac during embryonic development (Gomez
Perdiguero et al., 2015). In addition to its functions of regulating
neuronal survival and apoptosis, assisting in axonal growth, and
neuronal migration, it also acts primarily as a resident immune cell
in the brain. Maintain the integrity of the blood-brain barrier by
constantly lengthening and contracting their cell protuberances to
scan the central nervous system, mediate immune responses, and
cooperate with astrocytes (Qiang et al., 2020). Another key reason
why current targeted antineoplastic therapy cannot provide a lasting
response in GBM is the adaptability of TME. Most of the non-tumor
cells in GBM’s TME are innate immune cells called macrophages in
both human and mouse GBMmodels. Microglia exercising immune
functions in the CNS play an important role in the itinerary of the
glioma immune microenvironment.

1.3.2 The role of GAMs in GBM
Macrophages are the main non-tumor infiltrating substances in

the microenvironment of glioblastoma. Macrophages induce the
transformation of glioblastoma cells into mesenchymal-like cells,
which is related to the increase of mesenchymal procedures of
macrophages and the enhancement of cytotoxicity of T cells
(Hara et al., 2021). Macrophage aggregation correlates with
malignancy in human gliomas, which supports a therapeutic
target for GAMs (Hussain et al., 2006; Komohara et al., 2008). In
the early stages of gliomas, tumor-associated macrophages (TAMs)
exhibit a pro-inflammatory M1 phenotype, which inhibits tumor
proliferation. However, in advanced gliomas, TAMs predominantly
display an M2 phenotype, known for inducing an

FIGURE 3
Cytokines that induce polarized M1 and M2 macrophages, markers for their identification, key transcriptional pathways (nucleus), metabolism
(cytoplasm), and secreted immune effectors. Schematic showing cytokines used to induce polarized M1 and M2 macrophages.
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immunosuppressive response and enabling immune escape from the
tumor (Qi et al., 2020). GBM-inducedM2-like macrophages showed
increased secretion of anti-inflammatory cytokines TGF- β one and
IL-10, which promoted capillaries, proliferation, and angiogenesis
sprouting of vascular endothelial cells, while classic activated M1-
like macrophages inhibited angiogenic activity (Cui et al., 2018).
Radiation therapy itself causes changes in the tumor
microenvironment that may make the tumor more aggressive.
Radiation therapy induces a rapid inflammatory response that
leads to the recruitment of GAMs. Moreover, the M1 phenotype
is more sensitive to radiation than the M2 phenotype, so
M2 macrophages are more resistant than M1 macrophages after
radiation therapy (Leblond et al., 2017). In the presence of activated
glioma-derived factors (i.e., conditions mimicking the late stage of
pathology), microglia showed a mixture of polarized phenotypes
(M1 and M2a/b), with inducible nitric oxide synthase, arginase, and
IL-1042. M1 and M2 types of macrophages are stimulated by
different substances and produce different effects, respectively
(Wei et al., 2020) (Figure 3). Moreover, a large number of CD68-
positive cells were detected in the surgically resected human glioma
tissues of GBM patients, which was a sign of phagocytic activity of
macrophages/microglia (Lisi et al., 2014). The number of
macrophages expressing CD68 increases with the grade of
glioma, which is often associated with a negative impact on
survival prognosis (Komohara et al., 2008). Macrophage typing is
usually divided into M1 and M2 types, but macrophage typing is
different in single-cell analysis. A clear division between M1 and
M2 macrophage subtypes does not exist. Macrophage typing in
single cells is usually based on the signaling pathways they act on or
on highly expressed markers.

GAMs are the most abundant immune cells in the glioma
microenvironment (Yang et al., 2023). He cooperation between
CD4+ T cells and microglia is essential for generating an effective
response to immune checkpoint blockade therapy in GBM (Chen et al.,
2023). Studies have demonstrated that targeting TAMs can inhibit

PDGFB-driven glioma growth (Rao et al., 2022). Research has shown
that single-cell sequencing of glioblastoma multiforme (GBM) reveals
that microglia are in a state of severe oxidative stress, inducing NR4A2-
dependent transcriptional activity in these cells. The transcriptional
mechanisms regulated by NR4A2 alter cholesterol metabolism, leading
to an alternatively activated phenotype in CD8+ T cells and impaired
antigen presentation capability within GBM (Ye et al., 2023).
Additionally, oxidative stress induces an alternatively activated state
in microglia and disrupts their antigen-presenting function to CD8+

T cells. Longitudinal analysis of GBM progression in mouse models
indicates that early-stage GBM is primarily composed of microglia,
whereas late-stage GBM shows increased infiltration of macrophages
(Yeo et al., 2022).

In summary, glioma-associated microglia/macrophages (GAMs)
are cell populations closely linked to GBM and play a significant role in
the development of GBM by facilitating tumor growth and invasion
into the normal brain tissue. Recent research has highlightedGAMs as a
promising target for targeted therapy in GBM treatment. However, the
challenge remains in translating these experimental findings into
clinical applications. As our understanding of the role of GAMs in
GBM continues to evolve, it is expected to offer new insights and
potential avenues for clinical treatment strategies in the future. Efforts to
harness the therapeutic potential of targeting GAMs hold promise for
improving outcomes in GBM patients.

1.4 T-cell immunity and the glioblastoma
microenvironment

T-cell immunity plays an important role in the glioma TME
(Figure 4). However, the anti-tumor function of T cells is often
limited due to the immune escape mechanisms and
immunosuppressive environment of gliomas (Ravi et al., 2022). The
limitations of GBM immunotherapy are intricately linked to the
deficiency of T-cells within the brain tumor microenvironment. A

FIGURE 4
Cellular interactions of T cells with the glioma tumormicroenvironment. Schematic demonstrating the interaction between T cells onmacrophages,
microglia, and MDSC cells.
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comprehensive analysis combining single-cell transcriptome and spatial
transcriptome sequencing has shed light on the role of interleukin-10
(IL-10) secreted by myeloid cells in driving T-cell dysfunction within
the GBM microenvironment. This IL-10-mediated T-cell dysfunction
ultimately promotes tumor cell growth and suppresses the immune
response against the tumor. Understanding the mechanisms by which
IL-10 and myeloid cells contribute to T-cell deficiency in GBM can
provide valuable insights for developing targeted immunotherapies that
aim to overcome these barriers and enhance the efficacy of immune-
based treatments for GBM (Ravi et al., 2022). It was demonstrated that
after α-PD-1 treatment, regulatory T cells (Tregs) with upregulated
CD103 + lipid metabolism accumulated in the tumor
microenvironment and suppressed the immune checkpoint blockade
response by inhibiting CD8 +T cell activation (vanHooren et al., 2023).
Treg cell targeting triggers the formation of tertiary lymphoid
structures, enhances CD4+ and CD8+ T cell frequency and function,
and unleashes radio immunotherapeutic efficacy (van Hooren et al.,
2023). The spatial distribution of tumor-associatedmyeloid cells (TAM)
coincided with hypoxic regions in GBM while targeting hypoxic sites
disrupted the spatial distribution of TAM (Sattiraju et al., 2023). One
study identified a population of CD4+ T cells that highly express IL-8
(Liu et al., 2023). Blocking IL-8 was able to reverse the
immunosuppressive microenvironment of the tumor and enhance
the therapeutic effect of immune checkpoint blockade (Liu et al.,
2023) (Figure 5).

1.5 Endothelial cell and glioblastoma
microenvironment interactions

1.5.1 Endothelial cells and the treatment of GBM
Persistent angiogenesis, characterized by the continuous formation

of new blood vessels, is a key feature of cancer, including GBM. GBM is
highly vascularized, with abnormal blood vessel structure and function,
making it an attractive target for therapies that exploit this property.
Antivascular therapies that focus on targeting vascular endothelial
growth factor (VEGF) and its receptors have been developed and
used in GBM treatment. VEGF affects endothelial cell proliferation,
migration, and mitosis of vascular endothelial cells in gliomas, thereby
promoting angiogenesis. Blood vessels are abnormally abundant in
gliomas. Tumor cells and vascular endothelial cells in glioblastoma are
often accompanied by high expression of VEGF-A and its receptor
VEGFR2, which regulate vascular proliferation in an autocrine and
paracrine manner (Michaelsen et al., 2018). However, the therapeutic
effects of these approaches in GBM patients have been limited and
short-lived. This could be attributed to the challenges of effectively
eradicating tumor endothelial cells or inhibiting their functions in a
sustained manner. Further research and innovative strategies are
needed to overcome these limitations and improve the efficacy of
antivascular therapies in treating GBM (Fan, 2019). Therefore, the
effective eradication of tumor endothelial cells is very important for
tumor therapy (Huang et al., 2020). Endothelial transformation is a

FIGURE 5
Blocking IL-8 reverses the immunosuppressive microenvironment of tumors. Schematic showing changes in T cell phenotype in suppressed and
activated tumor microenvironments.
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cellular mechanism to control tumor chemoresistance. Targeting
WNT-mediated endothelial transformation and stemness activation
could be a next-generation antivascular therapy strategy for cancer
(Huang et al., 2016; Fan, 2019). Targeting Wnt/β-catenin-mediated EC
transformation and stemness activation may overcome therapeutic
resistance in GBM (Huang et al., 2020). There is
intercommunication between EC and tumor cells. Vascular leakage
in glioblastoma is driven by two mechanisms: increased paracellular
transport by altering tight junctions between endothelial cells or
enhanced transcellular transport (Zeng et al., 2023). The
specialization of endothelial cells is a critical feature of the blood-
brain barrier (BBB). It is defined by the establishment of tight junctions
between neighboring endothelial cells and the expression of
transporters associated with the BBB. Recent single-cell sequencing
studies have unveiled diverse expression patterns of junctional and
transporter proteins across distinct endothelial cell clusters within the
BBB (Xie et al., 2021).

1.5.2 Transformation of endothelial cells with
glioma stem cells

ECs are closely related to GSC (Calabrese et al., 2007; Lathia et al.,
2011). Glioblastoma stem cells can differentiate into endothelial cells
and form vascular structures, thus promoting tumor vascularization
(Ricci-Vitiani et al., 2010). ECs produce a variety of growth factors that
stimulate GSC self-renewal and tumorigenesis (Galan-Moya et al., 2011;
Zhu et al., 2011; Infanger et al., 2013). GSCs can differentiate into ECs or
pericytes to create their vascular endothelium (Wang et al., 2010;
Guichet et al., 2015). GSC also produces various cytokines and
chemokines, some of which are known to activate ECs (Thirant
et al., 2012). At the same time, tumor-associated vascular cells and
tumor-derived vascular endothelial fine were found to differ in
molecular characteristics, with extensive heterogeneity between the
two (Carlson et al., 2021). Moreover, tumor tissue produces rare
endothelial cells (Carlson et al., 2021). The recurrence of GBM, as
well as the powerful invasion, division, and angiogenesis of GBM itself,
is strongly associated with GSCs. The process of radiotherapy, in turn,
makes the tumor-derived endothelial cells more competent,
contributing to the maintenance of GSCs, which can be said to
mediate tumor recurrence (Deshors et al., 2019).

2 Challenges and prospects

While various sequencing methods and experimental approaches
have been employed to investigate the immune microenvironment of
glioblastoma (GBM), the significant heterogeneity among patients
poses challenges for targeted treatments. Encouragingly, recent
advancements in the study of pan-cancer immune cell profiles
across different tumor types are shedding light on potential
therapeutic strategies. For instance, T cells play a pivotal role as
anti-tumor immune cells, with cytotoxic T cells being the primary
effector cells responsible for eliminating cancer cells. Within the tumor
microenvironment, tumor-infiltrating T cells include those that
recognize and respond to tumor antigens. However, during
tumorigenesis and progression, these T cells often undergo
differentiation into a dysfunctional state, leading to T cell exhaustion
(Chen and Flies, 2013). A related study established a single-cell RNA
sequence pan-cancer map of T cells from 316 donors in 21 cancer types

and identified different patterns of T cell composition (Zheng et al.,
2021). It reveals the interrelationship between T-cell subpopulations
and tumors. Moreover, this single-cell level pan-cancer T cell study has
deepened the understanding of tumor-infiltrating T cells in many
aspects, and will further promote the development of new cancer
immunotherapies. Meanwhile, NK Cell Tumor Atlas performed a
comprehensive single-cell RNA sequencing analysis of NK cells from
716 cancer patients (covering 24 cancer types) (Tang et al., 2023).
Myeloid cell subsets, particularly LAMP3+ dendritic cells, appear to
mediate the regulation of anti-tumor immunity in NK cells (Tang et al.,
2023). Therefore, the next stepwould be to integrate the large number of
single-cell sequencing results for GBM to construct a cellularmap of the
GBM immune microenvironment. This may help to explain the
heterogeneity of the tumor and the potential clinical utility of
finding new cell subpopulations as therapeutic targets.

The diffuse infiltrative nature of glioblastoma (GBM) renders
complete surgical resection for a potential cure unattainable.
Therefore, a multidisciplinary treatment approach combining
various modalities is urgently required. Additionally, interactions
within the tumor microenvironment can influence the efficacy of
pharmacological interventions in GBM. For instance, the M1/
M2 polarization of macrophages is a dynamic and reversible
process that may impact drug resistance and immunosuppression
in GBM. Further research is warranted to elucidate its role in GBM.
Comparative multi-omics sequencing of GBM patients pre- and
post-treatment represents a promising avenue for exploration.

3 Conclusion

The glioma microenvironment encompasses the surrounding tissue
and cellular milieu that interacts with tumor cells during glioma growth
and progression. This environment includes blood vessels, immune cells,
neurons, and glial cells. Changes in the microenvironment can impact
glioma development, spread, and response to treatment. Therefore,
investigating the interactions of various biological processes within
the microenvironment is essential for understanding glioma
pathogenesis and developing novel therapeutic approaches. Current
research indicates a close relationship between the glioma
microenvironment and multi-omics studies, with each reinforcing the
other. Changes in the microenvironment can influence gene expression
and metabolic pathways in tumors, while multi-omics analyses can
elucidate the molecular mechanisms underlying these alterations.
Therefore, integrating microenvironmental and multi-omics
investigations can yield a more holistic understanding of the
pathophysiological features of gliomas, laying the groundwork for
personalized treatment and precision medicine.

Author contributions

JL: Writing–original draft, Writing–review and editing. YZ: Data
curation, Writing–review and editing. CL: Methodology, Project
administration, Writing–review and editing. XY: Formal Analysis,
Methodology, Project administration, Writing–review and editing.
XH: Methodology, Supervision, Validation, Writing–review and
editing. QL: Funding acquisition, Methodology, Project
administration, Supervision, Validation, Writing–review and editing.

Frontiers in Cell and Developmental Biology frontiersin.org08

Li et al. 10.3389/fcell.2024.1396836

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1396836


Funding

The author(s) declare that financial support was received
for the research, authorship, and/or publication of this
article. This study was supported by Liuzhou City’s Top Ten
Hundred Talents Project, Liuzhou Science and Technology
Project, Grant Nos 2021CBC0128, 2021CBC0126, and
2021CBC0123.

Acknowledgments

The figures from Biorender (https://www.biorender.com/) have
been published with the appropriate permissions.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Batchu, S., Hanafy, K. A., Redjal, N., Godil, S. S., and Thomas, A. J. (2023). Single-cell
analysis reveals diversity of tumor-associatedmacrophages and their interactions with T
lymphocytes in glioblastoma. Sci. Rep. 13, 20874. doi:10.1038/s41598-023-48116-2

Bloch, O., Crane, C. A., Kaur, R., Safaee, M., Rutkowski, M. J., and Parsa, A. T. (2013).
Gliomas promote immunosuppression through induction of B7-H1 expression in
tumor-associated macrophages. Clin. Cancer Res. 19, 3165–3175. doi:10.1158/1078-
0432.CCR-12-3314

Braun, D. A., Street, K., Burke, K. P., Cookmeyer, D. L., Denize, T., Pedersen, C. B.,
et al. (2021). Progressive immune dysfunction with advancing disease stage in renal cell
carcinoma. Cancer Cell. 39, 632–648.e8. doi:10.1016/j.ccell.2021.02.013

Broekman, M. L., Maas, S. L. N., Abels, E. R., Mempel, T. R., Krichevsky, A. M., and
Breakefield, X. O. (2018). Multidimensional communication in the microenvirons of
glioblastoma. Nat. Rev. Neurol. 14, 482–495. doi:10.1038/s41582-018-0025-8

Buenrostro, J. D., Wu, B., Litzenburger, U. M., Ruff, D., Gonzales, M. L., Snyder, M. P.,
et al. (2015). Single-cell chromatin accessibility reveals principles of regulatory
variation. Nature 523, 486–490. doi:10.1038/nature14590

Calabrese, C., Poppleton, H., Kocak, M., Hogg, T. L., Fuller, C., Hamner, B., et al.
(2007). A perivascular niche for brain tumor stem cells. Cancer Cell. 11, 69–82. doi:10.
1016/j.ccr.2006.11.020

Carlson, J. C., Cantu Gutierrez, M., Lozzi, B., Huang-Hobbs, E., Turner, W. D., Tepe,
B., et al. (2021). Identification of diverse tumor endothelial cell populations in malignant
glioma. Neuro Oncol. 23, 932–944. doi:10.1093/neuonc/noaa297

Chen, D., Varanasi, S. K., Hara, T., Traina, K., Sun, M., McDonald, B., et al. (2023).
CTLA-4 blockade induces a microglia-Th1 cell partnership that stimulates microglia
phagocytosis and anti-tumor function in glioblastoma. Immunity 56, 2086–2104.e8.
doi:10.1016/j.immuni.2023.07.015

Chen, L., and Flies, D. B. (2013). Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat. Rev. Immunol. 13, 227–242. doi:10.1038/nri3405

Chongsathidkiet, P., Jackson, C., Koyama, S., Loebel, F., Cui, X., Farber, S. H., et al.
(2018). Sequestration of T cells in bone marrow in the setting of glioblastoma and other
intracranial tumors. Nat. Med. 24, 1459–1468. doi:10.1038/s41591-018-0135-2

Christofides, A., Strauss, L., Yeo, A., Cao, C., Charest, A., and Boussiotis, V. A. (2022).
The complex role of tumor-infiltrating macrophages. Nat. Immunol. 23, 1148–1156.
doi:10.1038/s41590-022-01267-2

Cui, X., Morales, R. T., Qian, W., Wang, H., Gagner, J. P., Dolgalev, I., et al. (2018).
Hacking macrophage-associated immunosuppression for regulating glioblastoma
angiogenesis. Biomaterials 161, 164–178. doi:10.1016/j.biomaterials.2018.01.053

Deshors, P., Toulas, C., Arnauduc, F., Malric, L., Siegfried, A., Nicaise, Y., et al. (2019).
Ionizing radiation induces endothelial transdifferentiation of glioblastoma stem-like
cells through the Tie2 signaling pathway. Cell. Death Dis. 10, 816. doi:10.1038/s41419-
019-2055-6

Fan, Y. (2019). Vascular detransformation for cancer therapy. Trends Cancer 5,
460–463. doi:10.1016/j.trecan.2019.05.007

Galan-Moya, E. M., Le Guelte, A., Lima Fernandes, E., Thirant, C., Dwyer, J., Bidere,
N., et al. (2011). Secreted factors from brain endothelial cells maintain glioblastoma
stem-like cell expansion through the mTOR pathway. EMBO Rep. 12, 470–476. doi:10.
1038/embor.2011.39

Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, L., et al.
(2015). Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid
progenitors. Nature 518, 547–551. doi:10.1038/nature13989

Greenwald, A. C., Darnell, N. G., Hoefflin, R., Simkin, D., Mount, C. W., Gonzalez
Castro, L. N., et al. (2024). Integrative spatial analysis reveals a multi-layered
organization of glioblastoma. Cell. 187, 2485–2501.e26. doi:10.1016/j.cell.2024.03.029

Guichet, P. O., Guelfi, S., Teigell, M., Hoppe, L., Bakalara, N., Bauchet, L., et al. (2015).
Notch1 stimulation induces a vascularization switch with pericyte-like cell
differentiation of glioblastoma stem cells. Stem Cells 33, 21–34. doi:10.1002/stem.1767

Guo, W., Wang, H., and Li, C. (2021). Signal pathways of melanoma and targeted
therapy. Signal Transduct. Target Ther. 6, 424. doi:10.1038/s41392-021-00827-6

Hambardzumyan, D., Gutmann, D. H., and Kettenmann, H. (2016). The role of
microglia and macrophages in glioma maintenance and progression. Nat. Neurosci. 19,
20–27. doi:10.1038/nn.4185

Hara, T., Chanoch-Myers, R., Mathewson, N. D., Myskiw, C., Atta, L., Bussema, L.,
et al. (2021). Interactions between cancer cells and immune cells drive transitions to
mesenchymal-like states in glioblastoma. Cancer Cell. 39, 779–792.e11. doi:10.1016/j.
ccell.2021.05.002

Huang, M., Liu, T., Ma, P., Mitteer, R. A., Zhang, Z., Kim, H. J., et al. (2016). c-Met-
mediated endothelial plasticity drives aberrant vascularization and chemoresistance in
glioblastoma. J. Clin. Invest 126, 1801–1814. doi:10.1172/JCI84876

Huang, M., Zhang, D., Wu, J. Y., Xing, K., Yeo, E., Li, C., et al. (2020). Wnt-mediated
endothelial transformation into mesenchymal stem cell-like cells induces
chemoresistance in glioblastoma. Sci. Transl. Med. 12, eaay7522. doi:10.1126/
scitranslmed.aay7522

Hussain, S. F., Yang, D., Suki, D., Aldape, K., Grimm, E., and Heimberger, A. B.
(2006). The role of human glioma-infiltrating microglia/macrophages in mediating
antitumor immune responses. Neuro Oncol. 8, 261–279. doi:10.1215/15228517-
2006-008

Infanger, D. W., Cho, Y., Lopez, B. S., Mohanan, S., Liu, S. C., Gursel, D., et al. (2013).
Glioblastoma stem cells are regulated by interleukin-8 signaling in a tumoral
perivascular niche. Cancer Res. 73, 7079–7089. doi:10.1158/0008-5472.CAN-13-1355

Ji, J., Zhang, C., Peng, L., and Jiao, W. (2022). Research progress, benefit groups,
treatment cycle and efficacy prediction of neoadjuvant immunotherapy for non-small
cell lung cancer. Zhongguo Fei Ai Za Zhi 25, 92–101. doi:10.3779/j.issn.1009-3419.2022.
101.01

Johnson, K. C., Anderson, K. J., Courtois, E. T., Gujar, A. D., Barthel, F. P., Varn, F. S.,
et al. (2021). Single-cell multimodal glioma analyses identify epigenetic regulators of
cellular plasticity and environmental stress response. Nat. Genet. 53, 1456–1468. doi:10.
1038/s41588-021-00926-8

Jung, S. H., Hwang, B. H., Shin, S., Park, E. H., Park, S. H., Kim, C. W., et al. (2022).
Spatiotemporal dynamics of macrophage heterogeneity and a potential function of
Trem2(hi) macrophages in infarcted hearts. Nat. Commun. 13, 4580. doi:10.1038/
s41467-022-32284-2

Klemm, F., Maas, R. R., Bowman, R. L., Kornete, M., Soukup, K., Nassiri, S., et al.
(2020). Interrogation of the microenvironmental landscape in brain tumors reveals
disease-specific alterations of immune cells. Cell. 181, 1643–1660. doi:10.1016/j.cell.
2020.05.007

Komohara, Y., Ohnishi, K., Kuratsu, J., and Takeya, M. (2008). Possible involvement
of the M2 anti-inflammatory macrophage phenotype in growth of human gliomas.
J. Pathol. 216, 15–24. doi:10.1002/path.2370

Lathia, J. D., Gallagher, J., Myers, J. T., Li, M., Vasanji, A., McLendon, R. E., et al.
(2011). Direct in vivo evidence for tumor propagation by glioblastoma cancer stem cells.
PLoS One 6, e24807. doi:10.1371/journal.pone.0024807

Frontiers in Cell and Developmental Biology frontiersin.org09

Li et al. 10.3389/fcell.2024.1396836

https://www.biorender.com/
https://doi.org/10.1038/s41598-023-48116-2
https://doi.org/10.1158/1078-0432.CCR-12-3314
https://doi.org/10.1158/1078-0432.CCR-12-3314
https://doi.org/10.1016/j.ccell.2021.02.013
https://doi.org/10.1038/s41582-018-0025-8
https://doi.org/10.1038/nature14590
https://doi.org/10.1016/j.ccr.2006.11.020
https://doi.org/10.1016/j.ccr.2006.11.020
https://doi.org/10.1093/neuonc/noaa297
https://doi.org/10.1016/j.immuni.2023.07.015
https://doi.org/10.1038/nri3405
https://doi.org/10.1038/s41591-018-0135-2
https://doi.org/10.1038/s41590-022-01267-2
https://doi.org/10.1016/j.biomaterials.2018.01.053
https://doi.org/10.1038/s41419-019-2055-6
https://doi.org/10.1038/s41419-019-2055-6
https://doi.org/10.1016/j.trecan.2019.05.007
https://doi.org/10.1038/embor.2011.39
https://doi.org/10.1038/embor.2011.39
https://doi.org/10.1038/nature13989
https://doi.org/10.1016/j.cell.2024.03.029
https://doi.org/10.1002/stem.1767
https://doi.org/10.1038/s41392-021-00827-6
https://doi.org/10.1038/nn.4185
https://doi.org/10.1016/j.ccell.2021.05.002
https://doi.org/10.1016/j.ccell.2021.05.002
https://doi.org/10.1172/JCI84876
https://doi.org/10.1126/scitranslmed.aay7522
https://doi.org/10.1126/scitranslmed.aay7522
https://doi.org/10.1215/15228517-2006-008
https://doi.org/10.1215/15228517-2006-008
https://doi.org/10.1158/0008-5472.CAN-13-1355
https://doi.org/10.3779/j.issn.1009-3419.2022.101.01
https://doi.org/10.3779/j.issn.1009-3419.2022.101.01
https://doi.org/10.1038/s41588-021-00926-8
https://doi.org/10.1038/s41588-021-00926-8
https://doi.org/10.1038/s41467-022-32284-2
https://doi.org/10.1038/s41467-022-32284-2
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1002/path.2370
https://doi.org/10.1371/journal.pone.0024807
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1396836


Leblond, M. M., Pérès, E. A., Helaine, C., Gérault, A. N., Moulin, D., Anfray, C., et al.
(2017). M2 macrophages are more resistant than M1 macrophages following radiation
therapy in the context of glioblastoma. Oncotarget 8, 72597–72612. doi:10.18632/
oncotarget.19994

Li, J., Kaneda, M. M., Ma, J., Chicherova, N., Cianfanelli, F. R., Campbell, R. A. A.,
et al. (2021). Tissue compartmentalization enables Salmonella persistence during
chemotherapy. Proc. Natl. Acad. Sci. U. S. A. 118, e2113951118. doi:10.1073/pnas.
2113951118

Lisi, L., Stigliano, E., Lauriola, L., Navarra, P., and Dello, R. C. (2014).
Proinflammatory-activated glioma cells induce a switch in microglial polarization
and activation status, from a predominant M2b phenotype to a mixture of M1 and
M2a/B polarized cells. ASN Neuro 6, 171–183. doi:10.1042/AN20130045

Liu, H., Sun, Y., Zhang, Q., Jin, W., Gordon, R. E., Zhang, Y., et al. (2021). Pro-
inflammatory and proliferative microglia drive progression of glioblastoma. Cell. Rep.
36, 109718. doi:10.1016/j.celrep.2021.109718

Liu, H., Zhao, Q., Tan, L., Wu, X., Huang, R., Zuo, Y., et al. (2023). Neutralizing IL-8
potentiates immune checkpoint blockade efficacy for glioma. Cancer Cell. 41,
693–710.e8. doi:10.1016/j.ccell.2023.03.004

Mei, Y., Wang, X., Zhang, J., Liu, D., He, J., Huang, C., et al. (2023). Siglec-9 acts as an
immune-checkpoint molecule on macrophages in glioblastoma, restricting T-cell
priming and immunotherapy response. Nat. Cancer 4, 1273–1291. doi:10.1038/
s43018-023-00598-9

Mi, Y., Guo, N., Luan, J., Cheng, J., Hu, Z., Jiang, P., et al. (2020). The emerging role of
myeloid-derived suppressor cells in the glioma immune suppressive microenvironment.
Front. Immunol. 11, 737. doi:10.3389/fimmu.2020.00737

Michaelsen, S. R., Staberg, M., Pedersen, H., Jensen, K. E., Majewski, W., Broholm, H.,
et al. (2018). VEGF-C sustains VEGFR2 activation under bevacizumab therapy and
promotes glioblastoma maintenance. Neuro-oncology 20, 1462–1474. doi:10.1093/
neuonc/noy103

Nettnin, E. A., Nguyen, T., Arana, S., Barros Guinle, M. I., Garcia, C. A., Gibson, E. M.,
et al. (2023). Review: therapeutic approaches for circadian modulation of the glioma
microenvironment. Front. Oncol. 13, 1295030. doi:10.3389/fonc.2023.1295030

Ochocka, N., Segit, P., Walentynowicz, K. A., Wojnicki, K., Cyranowski, S., Swatler, J.,
et al. (2021). Single-cell RNA sequencing reveals functional heterogeneity of glioma-
associated brain macrophages. Nat. Commun. 12, 1151. doi:10.1038/s41467-021-
21407-w

Pang, L., Dunterman, M., Guo, S., Khan, F., Liu, Y., Taefi, E., et al. (2023). Kunitz-type
protease inhibitor TFPI2 remodels stemness and immunosuppressive tumor
microenvironment in glioblastoma. Nat. Immunol. 24, 1654–1670. doi:10.1038/
s41590-023-01605-y

Pang, L., Khan, F., Dunterman, M., and Chen, P. (2022). Pharmacological targeting of
the tumor-immune symbiosis in glioblastoma. Trends Pharmacol. Sci. 43, 686–700.
doi:10.1016/j.tips.2022.04.002

Qi, Y., Jin, C., Qiu, W., Zhao, R., Wang, S., Li, B., et al. (2022). The dual role of glioma
exosomal microRNAs: glioma eliminates tumor suppressor miR-1298-5p via exosomes
to promote immunosuppressive effects of MDSCs. Cell. Death Dis. 13, 426. doi:10.1038/
s41419-022-04872-z

Qi, Y., Liu, B., Sun, Q., Xiong, X., and Chen, Q. (2020). Immune checkpoint targeted
therapy in glioma: status and hopes. Front. Immunol. 11, 578877. doi:10.3389/fimmu.
2020.578877

Qiang, L., Chun-Hong, W., and Hong-Ming, J. (2020). Research advances in the role
of microglia/macrophages in glioblastoma multiforme. Journal of International
Neurology and Neurosurgery 47 (5), 540–544.

Rao, R., Han, R., Ogurek, S., Xue, C., Wu, L. M., Zhang, L., et al. (2022). Glioblastoma
genetic drivers dictate the function of tumor-associated macrophages/microglia and
responses to CSF1R inhibition. Neuro-oncology 24, 584–597. doi:10.1093/neuonc/
noab228

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

Reardon, D. A., Brandes, A. A., Omuro, A., Mulholland, P., Lim, M., Wick, A., et al.
(2020). Effect of Nivolumab vs bevacizumab in patients with recurrent glioblastoma: the
CheckMate 143 phase 3 randomized clinical trial. JAMA Oncol. 6, 1003–1010. doi:10.
1001/jamaoncol.2020.1024

Ricci-Vitiani, L., Pallini, R., Biffoni, M., Todaro, M., Invernici, G., Cenci, T., et al.
(2010). Tumour vascularization via endothelial differentiation of glioblastoma stem-like
cells. Nature 468, 824–828. doi:10.1038/nature09557

Sattiraju, A., Kang, S., Giotti, B., Chen, Z., Marallano, V. J., Brusco, C., et al. (2023).
Hypoxic niches attract and sequester tumor-associated macrophages and cytotoxic
T cells and reprogram them for immunosuppression. Immunity 56, 1825–1843.e6.
doi:10.1016/j.immuni.2023.06.017

Stupp, R., Mason,W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J. B.,
et al. (2005). Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma. N. Engl. J. Med. 352, 987–996. doi:10.1056/NEJMoa043330

Tang, F., Li, J., Qi, L., Liu, D., Bo, Y., Qin, S., et al. (2023). A pan-cancer single-cell
panorama of human natural killer cells. Cell. 186, 4235–4251.e20. doi:10.1016/j.cell.
2023.07.034

Thirant, C., Galan-Moya, E. M., Dubois, L. G., Pinte, S., Chafey, P., Broussard, C., et al.
(2012). Differential proteomic analysis of human glioblastoma and neural stem cells
reveals HDGF as a novel angiogenic secreted factor. Stem Cells 30, 845–853. doi:10.
1002/stem.1062

van Hooren, L., Handgraaf, S. M., Kloosterman, D. J., Karimi, E., van Mil, L. W. H. G.,
Gassama, A. A., et al. (2023). CD103(+) regulatory T cells underlie resistance to radio-
immunotherapy and impair CD8(+) T cell activation in glioblastoma. Nat. Cancer 4,
665–681. doi:10.1038/s43018-023-00547-6

Wang, Q., Hu, B., Hu, X., Kim, H., Squatrito, M., Scarpace, L., et al. (2017). Tumor
evolution of glioma-intrinsic gene expression subtypes associates with immunological
changes in the microenvironment. Cancer Cell. 32, 42–56. doi:10.1016/j.ccell.2017.
06.003

Wang, R., Chadalavada, K., Wilshire, J., Kowalik, U., Hovinga, K. E., Geber, A., et al.
(2010). Glioblastoma stem-like cells give rise to tumour endothelium. Nature 468,
829–833. doi:10.1038/nature09624

Watowich, M. B., Gilbert, M. R., and Larion, M. (2023). T cell exhaustion in malignant
gliomas. Trends cancer 9, 270–292. doi:10.1016/j.trecan.2022.12.008

Wefel, J. S., Armstrong, T. S., Pugh, S. L., Gilbert, M. R., Wendland, M. M., Brachman,
D. G., et al. (2021). Neurocognitive, symptom, and health-related quality of life
outcomes of a randomized trial of bevacizumab for newly diagnosed glioblastoma
(NRG/RTOG 0825). Neuro-oncology 23, 1125–1138. doi:10.1093/neuonc/noab011

Wei, J., Chen, P., Gupta, P., Ott, M., Zamler, D., Kassab, C., et al. (2020). Immune
biology of glioma-associated macrophages and microglia: functional and therapeutic
implications. Neuro-oncology 22, 180–194. doi:10.1093/neuonc/noz212

Xie, Y., He, L., Lugano, R., Zhang, Y., Cao, H., He, Q., et al. (2021). Key molecular
alterations in endothelial cells in human glioblastoma uncovered through single-cell
RNA sequencing. JCI insight 6, e150861. doi:10.1172/jci.insight.150861

Xiong, A., Zhang, J., Chen, Y., Zhang, Y., and Yang, F. (2022). Integrated single-cell
transcriptomic analyses reveal that GPNMB-high macrophages promote PN-MES
transition and impede T cell activation in GBM. EBioMedicine 83, 104239. doi:10.
1016/j.ebiom.2022.104239

Yang, X., Ji, C., Qi, Y., Huang, J., Hu, L., Zhou, Y., et al. (2023). Signal-transducing
adaptor protein 1 (STAP1) in microglia promotes the malignant progression of glioma.
J. neuro-oncology 164, 127–139. doi:10.1007/s11060-023-04390-8

Ye, X. Z., Xu, S. L., Xin, Y. H., Yu, S. c., Ping, Y. f., Chen, L., et al. (2012). Tumor-
associated microglia/macrophages enhance the invasion of glioma stem-like cells via
TGF-β1 signaling pathway. J. Immunol. 189, 444–453. doi:10.4049/jimmunol.1103248

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

Yeo, A. T., Rawal, S., Delcuze, B., Christofides, A., Atayde, A., Strauss, L., et al. (2022).
Single-cell RNA sequencing reveals evolution of immune landscape during glioblastoma
progression. Nat. Immunol. 23, 971–984. doi:10.1038/s41590-022-01215-0

Zeng, Q., Mousa, M., Nadukkandy, A. S., Franssens, L., Alnaqbi, H., Alshamsi, F.
Y., et al. (2023). Understanding tumour endothelial cell heterogeneity and function
from single-cell omics. Nat. Rev. Cancer 23, 544–564. doi:10.1038/s41568-023-
00591-5

Zhang, Y., Yu, G., Chu, H., Wang, X., Xiong, L., Cai, G., et al. (2018). Macrophage-
associated PGK1 phosphorylation promotes aerobic glycolysis and tumorigenesis.Mol.
Cell. 71, 201–215. doi:10.1016/j.molcel.2018.06.023

Zhao, Z., Zhang, K. N., Wang, Q., Zeng, F., Zhang, Y., Zhang, Y., et al. (2021). Chinese
glioma genome Atlas (CGGA): a comprehensive resource with functional genomic data
from Chinese glioma patients. Genomics, proteomics Bioinforma. 19, 1–12. doi:10.1016/
j.gpb.2020.10.005

Zheng, L., Qin, S., Si, W., Wang, A., Xing, B., Gao, R., et al. (2021). Pan-cancer single-
cell landscape of tumor-infiltrating T cells. Science 374, abe6474. doi:10.1126/science.
abe6474

Zheng, Y., Carrillo-Perez, F., Pizurica, M., Heiland, D. H., and Gevaert, O. (2023).
Spatial cellular architecture predicts prognosis in glioblastoma. Nat. Commun. 14, 4122.
doi:10.1038/s41467-023-39933-0

Zhu, T. S., Costello, M. A., Talsma, C. E., Flack, C. G., Crowley, J. G., Hamm, L. L.,
et al. (2011). Endothelial cells create a stem cell niche in glioblastoma by providing
NOTCH ligands that nurture self-renewal of cancer stem-like cells. Cancer Res. 71,
6061–6072. doi:10.1158/0008-5472.CAN-10-4269

Frontiers in Cell and Developmental Biology frontiersin.org10

Li et al. 10.3389/fcell.2024.1396836

https://doi.org/10.18632/oncotarget.19994
https://doi.org/10.18632/oncotarget.19994
https://doi.org/10.1073/pnas.2113951118
https://doi.org/10.1073/pnas.2113951118
https://doi.org/10.1042/AN20130045
https://doi.org/10.1016/j.celrep.2021.109718
https://doi.org/10.1016/j.ccell.2023.03.004
https://doi.org/10.1038/s43018-023-00598-9
https://doi.org/10.1038/s43018-023-00598-9
https://doi.org/10.3389/fimmu.2020.00737
https://doi.org/10.1093/neuonc/noy103
https://doi.org/10.1093/neuonc/noy103
https://doi.org/10.3389/fonc.2023.1295030
https://doi.org/10.1038/s41467-021-21407-w
https://doi.org/10.1038/s41467-021-21407-w
https://doi.org/10.1038/s41590-023-01605-y
https://doi.org/10.1038/s41590-023-01605-y
https://doi.org/10.1016/j.tips.2022.04.002
https://doi.org/10.1038/s41419-022-04872-z
https://doi.org/10.1038/s41419-022-04872-z
https://doi.org/10.3389/fimmu.2020.578877
https://doi.org/10.3389/fimmu.2020.578877
https://doi.org/10.1093/neuonc/noab228
https://doi.org/10.1093/neuonc/noab228
https://doi.org/10.1038/s41467-022-28523-1
https://doi.org/10.1001/jamaoncol.2020.1024
https://doi.org/10.1001/jamaoncol.2020.1024
https://doi.org/10.1038/nature09557
https://doi.org/10.1016/j.immuni.2023.06.017
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/j.cell.2023.07.034
https://doi.org/10.1016/j.cell.2023.07.034
https://doi.org/10.1002/stem.1062
https://doi.org/10.1002/stem.1062
https://doi.org/10.1038/s43018-023-00547-6
https://doi.org/10.1016/j.ccell.2017.06.003
https://doi.org/10.1016/j.ccell.2017.06.003
https://doi.org/10.1038/nature09624
https://doi.org/10.1016/j.trecan.2022.12.008
https://doi.org/10.1093/neuonc/noab011
https://doi.org/10.1093/neuonc/noz212
https://doi.org/10.1172/jci.insight.150861
https://doi.org/10.1016/j.ebiom.2022.104239
https://doi.org/10.1016/j.ebiom.2022.104239
https://doi.org/10.1007/s11060-023-04390-8
https://doi.org/10.4049/jimmunol.1103248
https://doi.org/10.1158/2159-8290.CD-22-0455
https://doi.org/10.1038/s41590-022-01215-0
https://doi.org/10.1038/s41568-023-00591-5
https://doi.org/10.1038/s41568-023-00591-5
https://doi.org/10.1016/j.molcel.2018.06.023
https://doi.org/10.1016/j.gpb.2020.10.005
https://doi.org/10.1016/j.gpb.2020.10.005
https://doi.org/10.1126/science.abe6474
https://doi.org/10.1126/science.abe6474
https://doi.org/10.1038/s41467-023-39933-0
https://doi.org/10.1158/0008-5472.CAN-10-4269
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1396836

	Advancing precision medicine in gliomas through single-cell sequencing: unveiling the complex tumor microenvironment
	1 Introduction
	1.1 Unveiling the complexity of glioma tumor microenvironment through single-cell sequencing
	1.2 Interactions between tumor cells and cells of the tumor microenvironment
	1.3 Microglia and macrophages in the microenvironment with glioblastoma
	1.3.1 Origin and function of microglia and macrophages
	1.3.2 The role of GAMs in GBM

	1.4 T-cell immunity and the glioblastoma microenvironment
	1.5 Endothelial cell and glioblastoma microenvironment interactions
	1.5.1 Endothelial cells and the treatment of GBM
	1.5.2 Transformation of endothelial cells with glioma stem cells


	2 Challenges and prospects
	3 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


