
Academic Editor: Donat Kögel

Received: 18 March 2025

Revised: 19 April 2025

Accepted: 23 April 2025

Published: 26 April 2025

Citation: Fuse, H.; Zheng, Y.; Alzoubi,

I.; Graeber, M.B. TAMing Gliomas:

Unraveling the Roles of Iba1 and

CD163 in Glioblastoma. Cancers 2025,

17, 1457. https://doi.org/10.3390/

cancers17091457

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

TAMing Gliomas: Unraveling the Roles of Iba1 and CD163
in Glioblastoma
Haneya Fuse 1, Yuqi Zheng 2 , Islam Alzoubi 3 and Manuel B. Graeber 2,4,*

1 School of Medicine, Sydney Campus, University of Notre Dame, 160 Oxford Street,
Sydney, NSW 2010, Australia; haneya.fuse@my.nd.edu.au

2 Ken Parker Brain Tumor Research Laboratories, Brain and Mind Centre, Faculty of Medicine and Health,
University of Sydney, Sydney, NSW 2050, Australia; yzhe8012@gmail.com

3 School of Computer Science, The University of Sydney, J12/1 Cleveland St, Sydney, NSW 2008, Australia;
ialz9547@uni.sydney.edu.au

4 University of Sydney Association of Professors (USAP), University of Sydney, Sydney, NSW 2006, Australia
* Correspondence: manuel.graeber@professoriate.org

Simple Summary: Most gliomas are aggressive brain tumors that diffusely infiltrate
surrounding brain tissue, making them difficult to treat. Our research focuses on tumor-
associated macrophages (TAMs), which play a significant role in glioma growth. We are
particularly interested in microglia, the resident brain macrophage precursors that normally
express Iba1 but not CD163. In the early stages of glioma development, microglia are the
primary source of TAMs. However, macrophages from external sources, such as blood
and perivascular spaces, which typically produce CD163, contribute to the TAM cell pool,
especially in necrobiotic tumor tissue. By studying the regulation of Iba1 and CD163, we
aim to better understand the role of TAMs in gliomas.

Abstract: Gliomas, the most common type of primary brain tumor, are a significant cause
of morbidity and mortality worldwide. Glioblastoma, a highly malignant subtype, is
particularly common, aggressive, and resistant to treatment. The tumor microenvironment
(TME) of gliomas, especially glioblastomas, is characterized by a distinct presence of tumor-
associated macrophages (TAMs), which densely infiltrate glioblastomas, a hallmark of
these tumors. This macrophage population comprises both tissue-resident microglia as
well as macrophages derived from the walls of blood vessels and the blood stream. Ionized
calcium-binding adapter molecule 1 (Iba1) and CD163 are established cellular markers
that enable the identification and functional characterization of these cells within the TME.
This review provides an in-depth examination of the roles of Iba1 and CD163 in malignant
gliomas, with a focus on TAM activation, migration, and immunomodulatory functions.
Additionally, we will discuss how recent advances in AI-enhanced cell identification
and visualization techniques have begun to transform the analysis of TAMs, promising
unprecedented precision in their characterization and providing new insights into their
roles within the TME. Iba1 and CD163 appear to have both unique and shared roles in
glioma pathobiology, and both have the potential to be targeted through different molecular
and cellular mechanisms. We discuss the therapeutic potential of Iba1 and CD163 based on
available preclinical (experimental) and clinical (human tissue-based) evidence.

Keywords: CD163; glioblastoma; Iba1; immunosuppression; macrophage infiltration;
microglial activation; TAMs-glioma interaction; tumor-associated macrophages (TAMs);
tumor microenvironment (TME)
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1. Introduction
In 2024, Siegel et al. [1] estimated that 18,760 deaths from brain and other ner-

vous system cancers would occur in the United States alone in that year. Glioblastoma
(GBM) accounts for nearly half of all malignant brain tumors, with a median survival
of just 14.6 months [2]. Furthermore, the mortality rate for GBM has remained largely
unchanged since 1975 [1], highlighting the persistent lack of significant therapeutic ad-
vances despite decades of medical research. In recent years, the emergence of targeted
therapies—including immune checkpoint inhibitors and chimeric antigen receptor T-cell
(CAR-T) therapy—has markedly improved outcomes in several cancer types [3]. However,
such innovative approaches have shown limited efficacy in GBM so far, and the current
gold standard for treatment still relies on maximal safe surgical resection followed by
concurrent radiotherapy and temozolomide chemotherapy [4].

Molecular profiling studies are providing new insights into potential therapies. For
instance, a study published by Liu and Tang [5] reported the discovery of 127 mitogen-
activated protein kinase (MAPK) genes upregulated in glioma, allowing for a potential
C1/C2 classification of glioma subtypes with distinct prognostic implications. Similarly,
voltage-gated sodium channel β3 subunit (SCN3B) has been identified as a prognostic
biomarker for gliomas, specifically oligodendroglioma [6], where higher levels of SCN3B
correlate with longer survival. CDK2, a key cell cycle regulator, is associated with GBM
prognosis. Furthermore, lower CDK2 levels indicate a higher response to immunother-
apy [7], suggesting its potential role as a biomarker and a therapeutic target. These findings
suggest new avenues for personalized and targeted therapies in GBM.

GBM is a highly malignant brain tumor with a complex tumor microenvironment
(TME) that harbors various cell types, including a large number of tumor-associated
macrophages (TAMs) [8–10]. The importance of these cells in gliomagenesis is increasingly
appreciated. TAMs can make up half of the tumor mass [11]. These macrophages have
become a focus of attention in recent years because they play a significant role in GBM
progression and their increased presence is correlated with a poor prognosis [12]. TAMs
can be derived from resident microglia, perivascular macrophages (PVMs), and infiltrating
blood-derived myeloid cells [11,13,14]. They appear not only to promote tumor cell pro-
liferation but also angiogenesis, and to suppress the normal functions of other immune
cells [14], thereby contributing to glioma growth and resistance to treatment, which makes
them an attractive target for new therapeutic approaches.

2. The Tumor Microenvironment in Glioblastoma
To better understand the roles of ionized calcium-binding adapter molecule 1 (Iba1)+

cells and CD163+ cells in their interplay with glioma progression, it is essential to appre-
ciate the role of the TME. The TME of glioma comprises both non-immune and immune
cells, including glioma stem cells (GSCs) [15], and is populated by a variety of immune
cells, such as microglia and macrophages, T cells, B cells, natural killer cells, dendritic
cells (DCs), and myeloid-derived suppressor cells (MDSCs) [16]. These immune cells
form part of the immunosuppressive milieu of the TME, which is characterized by the
production of immunosuppressive cytokines, activation of regulatory T cells, inhibition
of CD4+ and CD8+ T cells, and reduction of major histocompatibility complex (MHC) II
expression [11,17]. The non-immune cell component of the TMEs includes endothelial cells,
neuroglia, neurons, and extracellular matrix in addition to tumor cells [16]. The blood brain
barrier (BBB), which normally resides at the level of the tight junctions of central nervous
system (CNS) endothelial cells, becomes leaky in malignant glioma and is transformed
into the brain-tumor-barrier (BTB) [18,19]. Formation of the BTB, which is characterized
by the loss of normal tight junctions and the development of structurally abnormal blood
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vessels, is stimulated by the upregulation of vascular endothelial growth factor (VEGF) and
dependent angiogenesis. The altered permeability of the BBB is proportional to the degree
of advancement of the malignancy [19,20]. Neurons, which are “overrun” by the glioma,
can be found in diffusely infiltrated tissue. They are susceptible to the effects of cancer
cells and actively contribute to cancer progression [21]. Glioma cells infiltrate the normal
neuronal circuitry, secreting growth factors and neurotransmitters and even forming new
ion channels and gap junctions [21]. Glioma cells also form synaptic connections with
neurons, termed neuron-glioma synapses (NGS) [22]. These synapses are mediated by
AMPA-type glutamate receptors, which foster glioma cell progression through the influx of
calcium ions and downstream pathways.

The CNS is considered immunologically privileged and is home to a unique popu-
lation of tissue-resident, specialized macrophages, the microglia. Bone marrow-derived
macrophages (BMDMs) are absent from normal brain parenchyma but occur in small num-
bers around blood vessels that penetrate the tissue [23–25]. They physiologically undergo
turnover with the periphery. Microglia originate from yolk sac-derived erythro-myeloid
progenitors during brain development. They play a pivotal role in brain homeostasis
and normal CNS functions. It has become clear in recent years that they have a distinct
role in synaptic plasticity [26,27]. Thus, they are involved in learning and memory forma-
tion but also the phagocytosis of cellular waste byproducts and debris. Their phagocytic
activity increases under certain disease conditions, and the morphology of activated mi-
croglia changes from highly ramified to cells that are more rounded and possess fewer
processes [28–31].

BMDMs can infiltrate the CNS under pathological conditions, but only a relatively
small number reside there under normal circumstances. These resident macrophages can
be broadly categorized into three main groups: the already mentioned PVMs, meningeal
macrophages, and choroid plexus macrophages. They are all located external to the blood
brain barrier proper, which resides at the level of endothelial cell tight junctions. Their
functions include preservation of the integrity of the CNS tissue barriers, surveillance
of the tissue environment, e.g., when there is an infection, and assistance in recovery
after injuries [32–34]. The activation of microglia and BMDMs is associated with the
pathophysiologies of a variety of neurological conditions [14,35–38].

Taken together, the tissue microenvironment of glioblastoma is characterized by a
complex ensemble of immune and non-immune cells, including microglia, macrophages,
and neurons, which contribute to immunosuppression and cancer progression. Elucidating
the roles of these cells and their interactions is essential for developing better therapies.

3. Overview of Iba1’s Structure, Function, and Its Expression in Normal
and Pathologically Altered Brain Tissue

Iba1 was discovered by Imai et al. in 1996 [39] and found to be expressed by microglia.
Iba1 is now commonly used as a marker for brain-resident microglia, although recent
studies have shown that it can also be expressed by infiltrating macrophages [40–43]. This
highlights the need for careful consideration of immune cell heterogeneity in the brain
under pathological conditions. Iba1 is a 17kDa protein which belongs to the EF hand
protein superfamily. It binds calcium ions and plays a crucial role in intracellular signaling
involving Ras-Related C3 Botulinum Toxin Substrate (Rac) GTPase, phospholipase C-
gamma (PLC-γ), and calcium signaling pathways [39,44]. The downstream effects of these
pathways impact on cytoskeletal reorganization and phagocytosis [45,46]. In healthy brain
tissue, microglia, in their normal state, monitor the local microenvironment, extending and
retracting their processes while keeping their cell bodies stationary and away from other
microglia [47].
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Recent work shows that Iba1 is also involved in regulating synaptic development and
function. Specifically, Iba1 plays a crucial role in the formation of excitatory synapses in the
juvenile brain [48]. Studies using Iba1-deficient mice have demonstrated that Iba1 promotes
synapse formation rather than limiting synaptic pruning. In Iba1-knockout mice [48], a
reduced number of excitatory synapses results in changes in behavior, including impair-
ments in object recognition memory and social interaction. Interestingly, Iba1 knockout
models exhibit diminished microglial synaptic engulfment capacity, which may be a com-
pensatory response to the early deficit in synapse formation. Synapse formation requires
the extension or retraction of processes, which is accomplished by Iba1-mediated microglial
protrusions that communicate with the surrounding environment. This process is thought
to involve cytoskeletal reorganization within microglia, mainly via the dynamics of actin
filaments [49]. The importance of Iba1 is illustrated in the formation and remodeling of par-
allel actin bundles, a crucial scaffold structure for motility protrusions such as lamellipodia
and filopodia [49,50]. The mechanism behind microglial synapse engulfment, or synaptic
pruning, involves Iba1 contributing to the formation of membrane ruffles, followed by
the formation of a phagocytic cup through actin bundling [46]. This allows microglia to
phagocytose and clean up unwanted synapses.

Iba1, also known as Allograft Inflammatory Factor 1 (AIF1), has emerged as a use-
ful biomarker of immune activation [51]. Its role in cardiac allograft rejection was first
highlighted by Ustans et al. [52], who observed that AIF1 was consistently expressed in
chronically rejected cardiac allografts but absent in syngeneic grafts, underscoring its po-
tential as a marker that promotes transplant rejection. This observation was later extended
to kidney transplant models [53–55], where AIF1 was similarly associated with allograft
rejection. However, one study [54] reported no such correlation, suggesting that its role
may vary depending on the context or model used. Beyond transplantation, AIF1 has
been implicated in a wide range of inflammatory and immune-related diseases, including
rheumatoid arthritis, atherosclerosis, certain CNS disorders, and metabolic syndromes,
as reviewed by Sikora et al. [51]. The expression of AIF1 is induced by inflammatory cy-
tokines, including interferon-gamma (IFN-γ), and contributes to the modulation of immune
responses, particularly by influencing the function of T helper 1 (Th1) cells, as evidenced
by studies in colitis mouse models [56,57].

In the context of CNS disorders, AIF1 has also been recognized as a marker of mi-
croglial and monocyte activation, particularly in meningoencephalitis models [58,59], em-
phasizing its significance in immune modulation within the brain. Notably, in RAW 264.7,
a macrophage cell line, when transfected with AIF1 cDNA, AIF1 is overexpressed, fol-
lowed by a significant increase in the levels of IL-6, IL-10, and IL-12p40 upon bacterial
lipopolysaccharide (LPS) stimulation [60]. These results suggest that AIF1 is not only
a marker for macrophages and microglia but also supports the role of macrophages in
immune responses.

Iba1 is a marker normally expressed in brain-resident microglia in both white and
gray matter [61,62]. Notably, Iba1 can label both resting and activated microglia. However,
our results align with other studies [63–65] that demonstrate a significant increase in Iba1
expression in microglia responding to glioma. This upregulation is accompanied by a
deramification of microglia, leading to a more rounded, macrophage-like morphology,
which typically exhibits a gradual transition forming a tissue gradient, as illustrated in
Figure 1. Iba1 expression also increases in response to other tissue challenges, including
reversible soft pathologies such as stress, and this increase is generally associated with
increased microglial activation. Moreover, Iba1 plays a significant role in proinflammatory
processes in the CNS [66–68]. Upon exposure to inflammatory stimuli, such as IFN-γ, Iba1
is upregulated, leading to microglial activation [56,57]. This upregulation promotes the
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secretion of proinflammatory cytokines and chemokines, including IL-6, thereby enhancing
inflammatory responses [60]. At the molecular level, Iba1 interacts with the actin cytoskele-
ton and activates Rac GTPase signaling in microglia, which is crucial for cell motility and
phagocytosis, highlighting its role in inflammation [44,45]. Furthermore, Iba1 expression
is upregulated in response to ischemic injury, suggesting its participation in the sterile
inflammatory response that follows ischemia, and potentially contributing to the ensuing
pathophysiological consequences of ischemia [69].
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Figure 1. Immunohistochemical staining for Iba1 in a high-grade glioma (glioblastoma) case, demon-
strating the gradient of microglial activation in areas of diffuse tumor infiltration [63,70]. (A) Highly
ramified microglia with moderate Iba1 labeling intensity. (B) Microglia with stouter cell processes
and increased Iba1 labeling intensity. (C) Densely tumor-infiltrated brain area with an increased
number of microglia exhibiting intense Iba1 labeling. Note that while some macrophages, such as
those in perivascular locations, may also express Iba1 in a normal state, the gradient of activation
observed among parenchymal cells, which are more evenly spaced, allows for the identification of
Iba1-immunoreactive macrophages in this location as being derived from activated microglia. Scale
bar in (A–C): 20 µm. Scale bar in the overview photograph on the right: 500 µm.

Taken together, Iba1 (AIF1) plays an important role in regulating microglial function,
synaptic development, and immune responses in the central nervous system.

4. Role of Iba1 in Glioblastoma Progression
The involvement of Iba1/AIF1 molecules in glioma progression, particularly in

glioblastoma, is supported by accumulating evidence. For instance, Iba1+ microglia have
been found to associate more closely with GSCs than CD163+ macrophages [63]. Further-
more, high levels of Iba1 expression are correlated with reduced patient survival, suggesting
its potential as a prognostic marker [71]. Notably, in our view this association is not contra-
dicted by the study of Woolf et al. [72], which had a limited sample size. Microglia marked
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by Iba1 contribute to the creation of an immunosuppressive environment that supports
tumor growth. Microglia and other macrophages can exert pro-tumorigenic effects through
the production of anti-inflammatory cytokines, such as transforming growth factor-β (TGF-
β), which suppresses the normal function of Th1 cells [73]. A retrospective data analysis of
1270 glioma patients also demonstrated a potential correlation between Iba1 expression
and GBM tumorigenesis [74]. TGF-β has been shown to promote GBM cell proliferation,
invasion, angiogenesis, and immunosuppression [75]. The association between Iba1 and
TGF-β is complex, with some evidence suggesting an inhibitory relationship [76]. Silencing
Iba1 in an in vivo model demonstrated a significant increase in IL-10 levels in T cells under
an inflammatory tissue condition [77]. Moreover, M2-polarized microglia have been shown
to upregulate angiogenesis in the GBM microenvironment via supporting the transport of
circKIF18A to human brain microvessel endothelial cells (hBMECs) [78]. In fact, microglia
appear to be more important than peripheral macrophages in promoting angiogenesis [79].
Reducing the number of microglial cells had a significant negative impact on the formation
of tumoral blood vessels [79]. Figure 2 shows Iba1 related pathways that are potentially
involved in GBM progression.
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Figure 2. Pathways proposed to be involved in Iba1’s effects on GBM progression. Both Iba1
and Na+/H+ exchanger isoform 1 (NHE1) are associated with microglial activation in the con-
text of glioma progression [80,81]. However, there is no direct evidence linking Iba1 to NHE1-
initated pathways. Transforming Growth Factor-β (TGF-β) is significantly upregulated in Iba1+
microglia [80,82,83]. TGF-β stimulates the expression of Matrix Metalloproteinases (MMP2 and
MMP9) expression [11,84,85], which may support GBM invasion via the breakdown of the BBB. TGF-
β may also activate downstream SMAD-dependent signaling [83,86,87], promoting GBM invasion
and treatment resistance via an increase in Thrombospondin 1 (TSP1) expression [88,89]; M2-polarized
microglia may activate the translocation of Forkhead Box Protein 2 (FOXC2) to Human Brain Mi-
crovessel Endothelial cells (hBMECs) both directly (via the translocation of circKIF18A) [78,90] and
indirectly (by TGF-β) [91], which may promote angiogenesis, the epithelial-mesenchymal transition
(EMT) and overall tumor progression.
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The translocation of FOXC2 in human brain microvessel endothelial cells (hBMECs)
has been shown to upregulate angiogenesis through both direct and indirect mechanisms.
Furthermore, TGF-β has been found to be directly linked to FOXC2 via the EMT, suggest-
ing an interplay between these factors in promoting angiogenic processes [91]. Having
a strong correlation with TAM activation, GBM-associated polymorphonuclear leuko-
cytes/granulocytes (GBM-hPMNL) in which the levels of pro-angiogenic cytokines and
factors such as CXC motif chemokine ligand 2 (CXCL2), TEK, CD163, and hypoxia in-
ducible factor-1α (HIF-1α) are increased have been identified [92]. These pro-angiogenic
granulocytes were shown to facilitate the remodeling and regeneration of tumoral blood
vessels in GBM [92]. A significant increase of CXCL2, a member of the CXC family, was
demonstrated by Brandenburg et al. within GBM-bearing mouse brains, and its angiogenic
effect was found to be even stronger than that of VEGF [79].

Glioma-derived macrophage colony-stimulating factor (M-CSF) plays a crucial role in
modulating the behavior of microglia and macrophages within the tumor microenviron-
ment. Not only does M-CSF regulate Iba1 translocation and microglial motility, it also acts
as a potent inducer of angiogenesis through the upregulation of insulin-like growth factor-
binding protein 1 (IGFBP1) [93]. The importance of IGFBP1 in this process is underscored
by the finding that silencing IGFBP1 results in a significant decrease in tubular formation in
endothelial cells [93]. Furthermore, IGFBP1 has been shown to promote GBM growth and
survival by acting as an insulin-like growth factor, binding to prosurvival BAK and attenu-
ating the growth-inhibitory effects of p53 [94]. Additionally, IGFBP1 is a potent activator of
nitric oxide production through the phosphoinositide 3-kinase (PI3K) signaling pathway,
which potentiates angiogenesis [94,95]. The mechanism by which M-CSF exerts its effects
on microglia and macrophages involves the translocation of Iba1 to membrane ruffles [46],
where it co-localizes with actin filaments and promotes motility and migration [45]. In
the absence of M-CSF, Iba1 remains in the cytoplasm, and its function is impaired. The
presence of M-CSF, on the other hand, triggers the PI3K-NFκB pathway [93], leading to an
increase in M-CSF secretion by GBM cells. This increase in M-CSF levels has a dual effect
on the tumor microenvironment. Firstly, it upregulates angiogenesis through an increase
in VEGF [96] and IGFBP1 [93]. Secondly, M-CSF facilitates the co-localization of Iba1 with
actin filaments, promoting the migration of microglia and macrophages within the tumor
microenvironment and aiding tumor progression [46,97].

Our recent work suggests that there is a potential crosstalk between GSCs and Iba1+
TAMs [63]. IL-33 has been shown to act as a bidirectional messenger between these
cells: GSCs release IL-33, which binds to ST2 receptors on TAMs [98], increasing down-
stream STAT3 protein phosphorylation and upregulating IL-6 and LIF [99]. This actively
recruits TAMs, including Iba1+ TAMs [100], to the TME, and switches TAMs from an
anti-tumorigenic state to a pro-tumorigenic, anti-inflammatory phenotype that promotes
gliomagenesis. Interestingly, Iba1+ TAMs can also produce IL-33, which in turn is ex-
pected to feed back to GSCs, allowing them to maintain self-renewal and sustain stemness,
supporting GBM progression [63,100].

Taken together, the involvement of Iba1/Aif1 molecules in glioma progression high-
lights their role in creating an environment that supports tumor growth and suggests their
potential as a therapeutic target.
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5. Iba1 as a Potential Future Therapeutic Target in Glioblastoma
Therapies that specifically target tumor-associated Iba1+ve microglia may represent

a promising new strategy for treating GBM. Silencing Iba1 in the BV2 cell line using
Iba1-small interfering RNA (Iba1-siRNA) has shown significant efficacy in reducing the
migratory capacity, proliferation, and cell adhesion of BV2 microglia [101]. Interestingly,
the ability of BV2 microglia to phagocytose was upregulated by silencing Iba1. This is
due to the increase in the expression of P2X7 [101], a scavenger protein responsible for
phagocytosis [102]. Silencing Iba1 could potentially also be exploited to reduce glioma cell
migration [103].

Interestingly, Iba1-siRNA [101] has been shown to upregulate P2X7, significantly
increasing the radiosensitivity of experimental GBM and resulting in significant tumor
volume reduction after radiotherapy [104]. However, the method for delivering siRNA into
CNS parenchyma poses a substantial challenge, and the efficacy is low even when siRNA
is delivered directly into the cerebrospinal fluid (CSF) [105]. This technical difficulty could
potentially be overcome by conjugating the desired siRNA to a lipophilic or hydrophobic
agent, which facilitates dispersion of siRNA to the entire CNS parenchyma [106]. However,
siRNA used with conjugates could be associated with neurotoxicity [107]. Thus, while
Iba1-siRNA may potentially slow GBM progression, more studies are needed to make this
new technology useful in practice.

The significance of Iba1 in GBM research is outlined in Table 1, which also identifies
key areas where further investigation is needed to address existing knowledge gaps.
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Table 1. Iba1 in glioblastoma.

Topics Key Findings Knowledge Gaps

Iba1 as a Biomarker High Iba1 levels in tumor samples has been suggested to correlate
with shorter survival in GBM patients [71,74]. More studies are required to validate Iba1 as a prognostic marker.

Molecular Mechanisms
Secretion of IL-10 contributes to metabolic reprogramming of TAMs
[108,109], upregulating HIF-1α dependent angiogenesis and tumor
progression [110–112].

How intercellular interactions within the TME influence metabolic
pathways, treatment resistance, and tumor heterogeneity,
specifically: cell-cell communication, paracrine signaling, glycolysis
and glucose metabolism, lipid and amino acid metabolism,
mitochondrial function, metabolic reprogramming, immune
suppression, clonal evolution, and epigenetic reprogramming.

Tumor Microenvironment

Iba1 is associated with the TGF-β signaling pathway [82],
contributing to immunosuppression in TME;
TGF-β activation facilitates the Ras/Raf/MEK/ERK signaling
pathway [113] and PI3K/AKT/mTOR pathway [114,115].

The mechanisms by which GBM induces immunosuppression in
Iba1+ cells are not well understood; the exact mechanisms and
underlying effects of the Iba1-associated signaling pathway
are unclear.

GBM microenvironment promotes immunosuppressive activation
states of Iba1+ cells [9,73,75,77,84,86,88,110,116]

There is limited understanding of the response to hypoxia of both
microglia and BMDMs.

Angiogenesis Iba1 upregulates angiogenesis in GBM microenvironment via
translocation of FOXC2 [78,90] and could be linked to TGF-β [91].

Differentiation between pro-angiogenic cytokines secreted by
microglia and BMDMs.

TAMs accumulate in areas of tumor lacking oxygen, whereas
M1-like TAMs localize in normoxic tissue areas [117]. Interaction with other cell types promoting new vessel formation.

Microglia Phenotype and Heterogeneity

Microglial shift from “M1” to “M2” phenotype in GBM
microenvironment [9,116,118–120], though dichotomic
categorization oversimplifies the heterogeneity of microglia /
macrophage phenotypes [27,121,122].

Distinct transitory states of microglia are yet to be clarified.

Iba1+ TAMs exhibit intra-tumoral heterogeneity [41].
A more comprehensive understanding of microglial states through
integration of transcriptomic data with epigenomic, proteomic, and
metabolomic data is required.

Spatial Distribution and GBM Progression Iba1 expression differs in different GBM phenotypes [41,70,123] and
between different tissue areas of the same tumor.

Insufficient understanding of how spatial distribution of TAMs or
Iba1+ cells can influence GBM progression.
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6. CD163, a Macrophage Scavenger Protein Showing Differential
Expression in Glioblastoma

CD163, a scavenger receptor and member of the scavenger receptor cysteine-rich
(SRCR) superfamily, is exclusively expressed in macrophage/monocyte lineages [124].
The extracellular component of CD163 consists of nine SRCR domains that are available
for the binding of ligands, including Hb-Hp complexes [124–126]. Specifically, SRCR
domains 2 and 3 mediate the binding affinity of CD163 to the Hb-Hp complex, which
regulates crucial cellular self-defenses such as the prevention of oxidative damage and
anti-inflammation [127–129]. Hp-bound Hb is recognized by CD163+ macrophages, which
triggers Hb-Hp complex internalization and the subsequent degradation and recycling of
iron [125]. The anti-inflammatory effects of CD163 are also triggered by the endocytosis of
the Hb-Hp complex, which is preceded by the release of the anti-inflammatory cytokine,
IL-10 [130]. In addition to IL-10, IL-6 has also been shown to induce the expression of
CD163, while Interleukin-4 (IL-4), tumor necrosis factor-α (TNF-α), IFN-γ, and bacterial
LPS attenuate CD163 expression [131].

PVMs are a special population of macrophages that reside within the perivascular
spaces, where they are separated from both the actual BBB and the brain parenchyma by
basement membranes [132,133]. These cells are crucial in maintaining the homeostasis of the
CNS environment, aiding in immune surveillance, antigen presentation, and maintaining
the BBB’s integrity [132,134]. Interestingly, CD163 is expressed in the PVMs of the CNS
in normal physiological conditions but not in microglia [135,136]. It was demonstrated
in a simian immunodeficiency virus enchephalitis (SIVE) animal model that normal and
acutely infected animals express CD163 in PVMs only [137]. However, in the same study,
chronically infected animals showed CD163 expression in activated microglia as well [137].
These findings are supported by Pey et al.’s work [138]. CD163 expression has been
described in several diseases [138,139], Table 2.

Table 2. Disease conditions with known expression of CD163 by microglial cells.

Disease Conditions Reference(s)

Alzheimer’s Disease [138,139]
Glioblastoma [140,141]

HIV encephalitis (HIVE) [139]
Simian Immunodeficiency Virus Encephalitis (SIVE) [135,137]

Traumatic Brain Injury [142,143]
Variant Creutzfeldt-Jakob Disease [139]

7. Regulation of CD163 Expression and Its Implications for the
Immune Response

CD163 expression is regulated in a complex fashion in response to proinflammatory
and anti-inflammatory stimuli. Bacterial LPS is a Toll-like receptor 4 (TLR4) agonist that
exerts important immune mediating functions via the TLR4-nuclear factor -κB (NFκB)
pathway by releasing proinflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α [144].
The release of these cytokines downregulates the expression of CD163 both directly [145]
and via activation of metalloprotease enzyme 17 (ADAM17) [144]. An in vitro study on
human adipose tissue suggests that LPS does not alter the level of CD163. Instead, LPS
significantly increases sCD163 (soluble CD163] [146]. The activation of the downstream NF-
κB pathway can also be achieved by the upregulation of a tumor necrosis factor (TNF)-like
weak inducer of apoptosis (TWEAK) [147,148]. TWEAK seems to be a promising target to
prevent CD163+ macrophages from expressing proinflammatory cytokines.
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CD163 is regarded as a marker of M2 macrophages [149]. CD163+ TAMs secrete
pleiotrophin (PTN), which binds to its receptor on GSCs, protein tyrosine phosphatase
receptor type Z1 (PTPRZ1), promoting self-renewal and sustainability that support tumor
progression [150]. Like Iba1, CD163 expression can also be enhanced by increased IL-33
levels and its downstream IL-6/STAT3 signaling pathway, contributing to TAM recruitment
and an anti-inflammatory shift [100]. The secretion of IL-6, facilitated by hypoxic glioma-
derived exosomes, has an additive effect on increasing CD163 and IL-10 expression via the
same STAT3 pathway, thereby enhancing tumor progression [151]. CD163+ TAMs have also
been implicated in the release of C-C motif chemokine ligand 2 (CCL2), another essential
cytokine for the recruitment of MDSCs and regulatory T cells [152].

8. Role of CD163 in Antigen Presentation and Cytokine Production
CD163 also functions as a receptor for TWEAK [153]. Although not fully understood at

present, the internalization of TWEAK by CD163 can have both beneficial and detrimental
effects in the event of cellular stress or injury. An in vivo study suggested that an increase
of TWEAK expression can be induced by CD163 gene deletion [154]. Another in vivo study
pointed out that CD163 deficiency is associated with atherosclerotic plaque formation [155].
The effects of TWEAK upregulation in the context of metabolic disease have also been
discussed, emphasizing the importance of CD163 as a chief regulator of the immune
response and its downstream signaling pathways [156]. CD163+ macrophages, especially
PVMs, are believed to have important immunomodulatory functions. A recent single-cell
RNA sequencing study revealed that anti-inflammatory gene expression was upregulated
as GBM progresses [157]. Specifically, the transcripts of CCL2, a key cytokine responsible
for macrophage recruitment [158], are decreased in GBM, resulting in the decrease of C-C
motif chemokine receptor 2 (CCR2) activation and reducing the infiltration of monocytes,
transitioning from proinflammatory to immunosuppressive signaling. Pericytes are the
mesenchymal cells that specialize in angiogenesis and vessel stabilization in CNS [159].
PVMs have been shown to promote the expansion of a pro-angiogenic niche, primarily
composed of pericyte-like mesenchymal cells, through the expression of platelet-derived
growth factor-C (PDGF-C) [160]. This expansion of pro-angiogenic factors provides grounds
for GBM progression. MHC I is ubiquitously expressed in all nucleated cells, which
is important for promoting a CD8+ T-cell response when brain tissue is threatened by
infectious agents [161]. One CX3CR1 mouse model, where the H2-Db component of
MHC I receptors was deleted in PVMs, showed a decline in the number of infiltrating
CD8+ T cells in mouse brains under infectious conditions [162]. Although CD163 has
not been shown to be directly involved in antigen presentation to CD4+ T helper cells,
CD163 and MHC II, as well as co-stimulatory molecules (e.g., CD80, CD86 and CD40) have
been found to be co-expressed in PVMs [163]. ADAM17, a member of a metalloprotease
family also known as tumor necrosis factor α-converting enzyme (TACE), is responsible for
cleaving various surface proteins, including CD163 [164]. ADAM17 cleaves the ectodomain
fragment of CD163, which releases sCD163 that can enter the bloodstream [165]. An initial
increase in sCD163 that is directly influenced by the level of inflammatory stimuli has
been described [165]. Heightened levels of ADAM17 and sCD163 have been observed in
stroke patients [166]. Lymphocyte proliferation can be halted by sCD163 [166]. Another
study [164] demonstrated downregulation of CD163 expression induced by an upregulation
of ADAM17 during a viral infection.
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9. Expression of CD163 by Macrophages and Microglia in Glioma
CD163 is predominantly found in BMDMs and is generally absent from normal

resident microglia [43,137,167]. Chen et al. have reported that an increased expression of
CD163 is inversely correlated with survival in gliomas, and inhibition of CD163 led to a
significant reduction in GSC stemness [168]. CD163 has been suggested to be a promising
biomarker and therapeutic target for GBM [169].

CD163 is more highly expressed in glioblastoma tissue than in normal brains or low-
grade gliomas (LGGs) [43]. This expression is directly related to the grade of malignancy
as well as poorer survival for both male and female glioblastoma patients [140,169]. Single-
cell transcriptomic studies have identified distinct markers for microglia (P2RY12 and
TMEM119) and TAMs (CD14 and CD163), although there is some overlap in marker expres-
sion [72]. In glioblastoma, Iba1-positive cells (including both microglia and macrophages)
are often found demarcating necrotic areas. In contrast, CD163 can show extensive ex-
tracellular deposition within necrotic tumor areas [170]. The differential localization of
these markers in relation to necrosis suggests different roles for myeloid TAMs and mi-
croglia [70]. A recent single-cell RNA sequencing (scRNA-Seq) analysis study revealed
a new CD163+HMOX1+ cell population, which is responsible for the inhibition of T-cell
responses via IL-10 secretion [121]. Treatment with an anti-programmed death-ligand 1
(PD-L1) antibody has demonstrated a significant reduction of CD163+ macrophage infiltra-
tion in glioma, implying a potential relationship between CD163 expression and immune
checkpoint mechanisms [171]. In addition, CD163+ cells may play a role in regulating an-
giogenesis and inflammation within the tumor microenvironment. Overall, the expression
of CD163 on microglia/macrophages appears more common in high-grade glioma tissue.
Observations in other diseases (Table 2) and especially experimental work on the CD163
rat homologue, ED2, support the view that microglia are principally capable of expressing
the CD163 molecule, but microglia in healthy brain tissue and most disease conditions do
not [172].

The following considerations assist in evaluating the complex tissue expression of Iba1
and CD163 in glioblastoma (Figures 3 and 4). This evaluation can be supported by AI-based
identification of macrophages and microglial cells, which we are currently developing
(Figures 5 and 6). Resident microglia typically exhibit a ramified morphology characterized
by branching cell processes that not infrequently extend perpendicularly. If CD163-positive
cells in the brain display this morphology, even if only partially preserved with shorter,
stouter processes, it suggests that these cells are resident microglia that have acquired
CD163 expression. Similarly, one would expect microglia-derived macrophages to retain
at least some of their processes within the tissue, as visible in Figure 4A,B. Additionally,
microglia do not form gap junctions with each other, unlike neuroglial cells, but maintain
a distance from one another. If CD163-positive cells are spaced throughout the tissue,
rather than being predominantly localized around blood vessels, it indicates that they are
likely not recently infiltrated peripheral macrophages. In brain tissue heavily infiltrated by
glioma, these criteria become less reliable. However, blood-derived macrophages typically
lack the cell process stubs characteristic of microglia-derived macrophages (Figure 4C–E)
and are more often found in the vicinity of blood vessels.
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Figure 3. Comparative immunohistochemical analysis of Iba1 and CD163 expression in adjacent 
tissue sections from a glioblastoma biopsy. (A) In areas with low-density glioma infiltration, micro-
glia-derived cells with rounded morphology and strong Iba1 expression (arrow in A) lack corre-
sponding CD163 staining, whereas mainly perivascular cells (macrophages) exhibit CD163 labeling 
(B). (C) Haematoxylin and eosin (H&E) staining confirms low density tumor cell infiltration in this 
region. In contrast, areas with high-density glioma infiltration (D–F) show a reversed expression 
pattern, with more CD163+ cells (E) than Iba1+ cells (D). The presence of palisading necrosis in this 
tissue region (F), characterized by myeloid macrophages dominance [70], is consistent with the ob-
served difference in marker expression. Scale bars: 20 µm (A–C), 2 mm (center row overview im-
ages), and 250 µm (D–F). For more information on the IHC labeling used please refer to [70]. 

Figure 3. Comparative immunohistochemical analysis of Iba1 and CD163 expression in adjacent
tissue sections from a glioblastoma biopsy. (A) In areas with low-density glioma infiltration, microglia-
derived cells with rounded morphology and strong Iba1 expression (arrow in A) lack correspond-
ing CD163 staining, whereas mainly perivascular cells (macrophages) exhibit CD163 labeling (B).
(C) Haematoxylin and eosin (H&E) staining confirms low density tumor cell infiltration in this region.
In contrast, areas with high-density glioma infiltration (D–F) show a reversed expression pattern,
with more CD163+ cells (E) than Iba1+ cells (D). The presence of palisading necrosis in this tissue
region (F), characterized by myeloid macrophages dominance [70], is consistent with the observed
difference in marker expression. Scale bars: 20 µm (A–C), 2 mm (center row overview images), and
250 µm (D–F). For more information on the IHC labeling used please refer to [70].
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Figure 4. The main macrophage phenotypes encountered in Iba1 and CD163 immunostaining of 
glioblastoma tissue. All samples represent higher magnifications of the regions of interest selected 
for Figure 3A,E, respectively. (A,B) show Iba1 immunoreactive microglia-derived macrophages 
with retained short processes, shown at lower (A) and higher (B) magnification. (C,D) Higher-mag-
nification views of the regions marked by the arrows in Figure 3E, illustrating CD163+ myeloid 
macrophages that typically possess far fewer cell processes than microglia-derived phagocytes. (D) 
shows foam cells. Scale bars: 50 µm (A,E) and 20 µm (B–D). For more information on the labeling 
used please refer to [70]. 

 

Figure 5. The diagram illustrates how the Bifocal Convolutional Neural Network (BCNN) is uti-
lized to recognize specific cell types, with a focus on round microglia and macrophages in our 
example. Two whole-slide images (WSIs) of adjacent tissue sections immunohistochemically 
stained using two different antibodies are processed using the BCNN model, where two distinct 
heatmaps are produced via a 2-class prediction method. The heatmaps of the two immunohisto-
chemistry (IHC) images are then fused, creating a fusion heatmap. The fusion heatmap indicates 
the correlation between the two markers (red), areas of non-correlation (white), and the area of no 
expression of either marker (turquoise). It is essential to note that all representations refer only to 
the selectively detected cell populations of interest and not to all immunohistochemical staining 
results. This critical focus is made possible by AI assistance and would not be achievable using 
conventional microscopic methods (for further explanations see [63]).

Figure 4. The main macrophage phenotypes encountered in Iba1 and CD163 immunostaining of
glioblastoma tissue. All samples represent higher magnifications of the regions of interest selected
for Figure 3A,E, respectively. (A,B) show Iba1 immunoreactive microglia-derived macrophages
with retained short processes, shown at lower (A) and higher (B) magnification. (C,D) Higher-
magnification views of the regions marked by the arrows in Figure 3E, illustrating CD163+ myeloid
macrophages that typically possess far fewer cell processes than microglia-derived phagocytes.
(D) shows foam cells. Scale bars: 50 µm (A,E) and 20 µm (B–D). For more information on the labeling
used please refer to [70].
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Figure 5. The diagram illustrates how the Bifocal Convolutional Neural Network (BCNN) is utilized
to recognize specific cell types, with a focus on round microglia and macrophages in our example.
Two whole-slide images (WSIs) of adjacent tissue sections immunohistochemically stained using
two different antibodies are processed using the BCNN model, where two distinct heatmaps are
produced via a 2-class prediction method. The heatmaps of the two immunohistochemistry (IHC)
images are then fused, creating a fusion heatmap. The fusion heatmap indicates the correlation
between the two markers (red), areas of non-correlation (white), and the area of no expression of
either marker (turquoise). It is essential to note that all representations refer only to the selectively
detected cell populations of interest and not to all immunohistochemical staining results. This critical
focus is made possible by AI assistance and would not be achievable using conventional microscopic
methods (for further explanations see [63]).
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Figure 6. Selective detection of macrophage/microglia phenotype using PathoFusion. In this Figure, (A,B,E,F,I) represent Iba1 immunostaining, and (C,D,G,H) 
represent CD163 immunostaining. Only “deramified” microglia are shown in (A,B); the rest of the microglia are ignored for this analysis. Scale bars: 800 µm (E,G), 
50 µm (F,I), and 20 µm (H). 

Figure 6. Selective detection of macrophage/microglia phenotype using PathoFusion. In this Figure, (A,B,E,F,I) represent Iba1 immunostaining, and (C,D,G,H)
represent CD163 immunostaining. Only “deramified” microglia are shown in (A,B); the rest of the microglia are ignored for this analysis. Scale bars: 800 µm (E,G),
50 µm (F,I), and 20 µm (H). The asterisks in (A,C,F) indicate WSI views of the same case.
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10. Studying the Glioblastoma TME at a New Level: Using Iba1 and
CD163 for Artificial Intelligence-Assisted Detection of
Microglia/Macrophages

Recent evidence indicates that microglia and blood-borne macrophages exhibit distinct
associations with different components of the TME. Specifically, Iba1-immunoreactive
microglia are more commonly found in viable tumor areas, whereas CD163-expressing
macrophages, likely of recent bone marrow origin, predominate in necrobiotic and necrotic
tissue areas of glioblastoma [70].

Microglia have been called a sensor of pathology of the CNS and there is a strong
correlation between their morphological phenotype and state of activation. Thus, being
able to analyze entire tissue samples in detail by identifying all morphological microglia
and macrophage subtypes may allow us to uncover hidden patterns in these populations.
We have started to establish the methodology to tackle this problem and would like to
illustrate the basic methodology, as it is very pertinent to the topic of this in-depth review.
The approach is currently confined to macrophage-like (fewer process bearing) iba1+
microglia and CD163+ cells, but the plan is to extend the method to include a large variety
of microglial morphological phenotypes.

PathoFusion, our recently developed artificial intelligence (AI) framework, enables
us to undertake this work (Figures 5 and 6). PathoFusion is an open-source AI platform
designed to annotate, train, and automatically identify key morphological features in whole-
slide images of tissue samples [173]. At the core of PathoFusion lies a bifocal convolutional
neural network (BCNN) that combines the parallel use of small and large image tiles. This
combination allows PathoFusion to classify morphological and immunohistochemical char-
acteristics across stained sections with high accuracy, providing a much deeper analysis of
tissue samples than it is possible to obtain through conventional microscopy work. Patho-
Fusion automatically detects and profiles individual cells, i.e., it is capable of identifying
specific cell types, helping the user analyze their spatial relationships and suggest potential
interactions. Furthermore, immunohistochemical markers can be linked to histological,
cellular, and even subcellular anomalies. Uncovering the relationship between molecular
markers and tissue structures can provide insights into disease mechanisms. In addition,
comprehensive cross-modality analyses can be performed integrating data from multiple
sources, potentially including electron microscopy and specialized diagnostic imaging
methods to gain a deeper understanding of tissue biology and pathology. PathoFusion’s
BCNN is designed to learn quickly and efficiently, requiring minimal training samples
to produce high-quality results [173,174]. This means that morphology experts, such as
pathology consultants, can define features of interest and transfer their knowledge to the AI
system, reducing the time demands for annotation and enabling routine AI-driven feature
recognition tasks. By making use of the power of machine learning and AI, PathoFusion has
already become a very useful tool, and the platform offers new opportunities for discovery
and exploration in both basic and clinical research.

11. TAMs Undergo Metabolic Reprogramming
Metabolic reprogramming and the response to hypoxia are considered main mech-

anisms for cancer invasion and immunosuppression. Rapid tumor progression requires
high amounts of energy and nutritional supply. To meet this energy demand, glioma cells
undergo “metabolic rewiring”, in which the metabolism of nutrients is altered. For example,
glioma cells shift toward aerobic glycolysis (Warburg effect), in which glucose is converted
to lactate even in the presence of oxygen [175]. As a result, energy metabolites accumulate
and provide the nutritional basis for rapid cell division and biomass production. Lactate
is the main product of the altered glycolysis, which has also been shown to be utilized by
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TAMs [175]. TAMs also undergo metabolic reprogramming in response to hypoxia and
cytokines (e.g., IL-10) in the TME [110]. Hypoxia triggers the transcription of the HIF-
1alpha gene, which forces a switch of energy production to glycolysis. If enough oxygen is
available, HIF-1alpha is hydroxylated in the presence of oxygen and prolyl-4-hydroxylase 2
(PHD2), which is subsequently degraded in proteasomes and recycled [176,177]. However,
if oxygen saturation is low, PHD2 is inhibited, causing the accumulation of HIF-1alpha.
When HIF-1alpha is elevated, binding to HIF-1beta occurs, stimulating the transcription of
pro-angiogenic genes such as VEGF and epidermal growth factor receptor (EGFR). This
leads to the formation of new blood vessels [178]. Under normal conditions, HIF-1alpha
upregulation protects against hypoxia. However, HIF-1alpha is also promoted in the TME,
where it supports cancer cell survival, invasion, and migration [179]. The accumulation
of lactic acid and hydrogen ions lowers the cellular pH, which can also promote tumor
invasion and local tissue destruction by the upregulation of metalloproteinases [180]. This
is often accompanied by glutamate excitotoxicity-induced neuronal death due to the de-
crease in pH [181]. The combined effect of lactate production and a low pH level further
cause immunosuppression in the TME resulting from the dysfunction of T cells and nat-
ural killer cells, which supports the survival of tumor cells and skews TAMs toward a
tumor-supportive immunosuppressive state [110,182].

12. TAMs Weaken the BBB, Supporting GBM Invasion and Growth
The BBB serves as a crucial boundary, safeguarding the brain against extraparenchymal

insults while maintaining the homeostasis of its microenvironment. The extracellular
matrix (ECM) is a vital scaffold for BBB cells. It is susceptible to damage, which can
compromise vital interactions between endothelial cells and pericytes [183]. Such damage
is associated with tissue factors that are released from TAMs such as C-C motif chemokine
ligand 5 (CCL5) and matrix metalloproteinases (MMPs). CCL5 released by microglia
upregulates MMP2 in GBM via the calcium dependent pathway, which degrades the ECM
of the BBB and promotes the invasion of GBM into the brain parenchyma [184]. The
expression of MMP2 can also be induced by microglia directly via the activation of TGF-β
and downregulation of tissue inhibitors of metalloproteinases (TIMP) [11,185]. Other MMPs
such as MMP9 and MMP14 have also been implicated in the breakdown of the ECM [186].
VEGF, a pro-angiogenic factor released by TAMs upon GBM invasion, stimulates the
formation of new blood vessels following binding to VEGF receptors [187]. This is achieved
by the production of MMPs that break down the ECM, which facilitates cell migration to
the site and promotes endothelial proliferation. Therefore, the release of VEGF makes the
BBB more porous, which enables tumor cells to invade and escape. However, Sarkaria
et al. disagreed with the popular belief that GBM brains have a uniformly disrupted BBB.
Instead, they found that all GBM patients have tumor regions with an intact BBB [188].
This finding underscores the fact that many anticancer medications, which have a limited
ability to cross the BBB, remain ineffective against GBM [188].

13. Role of Microglia and Macrophages in Glioblastoma Progression
Microglia/macrophages, which express Iba1 and CD163 markers, likely play a signifi-

cant role in shaping the tumor microenvironment and contributing to glioma development.
In GBMs, microglia/macrophages are present in large numbers and can account for up
to around half of the tumor mass [12,189]. These cells are not just passive bystanders.
They actively contribute to immunosuppression, tumor growth, and progression. TAMs
are capable of influencing glioma growth by altering the recruitment of immune cells,
downregulating microglia/macrophage defense mechanisms, and secreting factors that
support tumor progression [9]. The upregulation of secreted phosphoprotein 1 (Spp1), a
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glycophosphoprotein expressed in immune cells like BMDMs and T cells that is responsible
for chemotaxis and migration, has been reported in glioblastoma cells [190]. P-Selectin
(SELP) is an adhesion molecule that is responsible for immune cell recruitment [191]. Evi-
dence exists that SELP, which is produced by glioma cells, together with its ligand P-Selectin
Glycoprotein Ligand-1 (PSGL-1), is able to reduce the phagocytic activity of TAMs and
increase the release of the immunosuppressive cytokines TGF-β and IL-10 [9]. The secretion
of IL-10 can contribute to the metabolic reprogramming of TAMs, stimulating downstream
HIF-1α angiogenesis and tumor progression [110]. The elevated expression of Na+/H+
exchanger isoform 1 (NHE1), which is involved with microglial activation, is positively
correlated with glioma proliferation and migration [80]. On the other hand, the inhibition of
NHE1 has been shown to improve anti-tumor immunity in TME by rejuvenating oxidative
phosphorylation and downregulating pro-tumorigenic factors released by microglial cells
through decreased intracellular pH [192,193].

14. Potential Future Directions for Unravelling the Functions of TAMs
in GBM

Recent studies have provided promising evidence for the usefulness of liquid biopsy
in retrieving circulating tumor DNA (ctDNA), a type of DNA that is tumor-specific [194].
The detection of ctDNA has been shown to greatly assist in the diagnosis of solid tumors,
such as colorectal, breast, and lung cancers [195]. However, the BBB poses a significant
challenge in the case of GBM, with only approximately 1% of GBM ctDNA detectable
in plasma [196]. An alternative approach to overcome this limitation involves collecting
samples from CSF, which may offer improved detection rates [195,197]. Despite its potential
as a diagnostic tool, liquid biopsy has limitations in providing insights into the dynamic
nature of the TME in GBM, particularly with regards to real-time visualization of immune
cell infiltration [198].

Molecular barcoding (MB) is an emerging next-generation sequencing technology
that enhances accuracy and sensitivity in detecting rare DNA variants, offering significant
improvements over traditional methods [199]. Through the use of amplification techniques,
MB enables the high-throughput identification of mutations from ctDNA, even when
present at very low concentrations in plasma [199]. However, despite these advancements,
MB analysis of ctDNA has inherent limitations, notably its inability to comprehensively re-
veal the complex immune compositions of the TME. Fortunately, liquid biopsy approaches
utilizing exosomal circular RNAs (circRNAs) have shown promise in addressing this chal-
lenge. circRNAs are particularly valuable as they reflect, in real time, how glioma cells and
immune cells respond to environmental changes, thereby providing a dynamic snapshot of
the TME [200].

Furthermore, the methylation signature has emerged as an innovative tool for assisting
in the early detection of malignancy [201]. The term “methylation signature” refers to the
specific pattern of DNA methylation, characterized by the addition of a methyl group to
cytosine residues, which yields a unique epigenetic fingerprint for a particular disease or
cell type [202]. Recent research has identified distinct methylation signatures associated
with long-term survivors of GBM, defined as patients who exhibit extended survival beyond
typical expectations after diagnosis [203]. These findings suggest that methylation signature
analysis may offer valuable insights into the biological characteristics distinguishing this
subgroup of patients. Moreover, this technology holds promise for investigating the origins
of TAMs, characterizing their diverse states, and detecting epigenetic changes in TAMs
induced by glioma cells [204].

Patient-derived xenografts offer unique insights into cancer pathobiology and thera-
peutic target discovery. Recently, a mouse model [205] was used to study how different
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types of anesthetics (volatile vs intravenous) affect breast cancer metastasis. This model
successfully replicated the effects of anesthetic agents, shedding light on their underlying
mechanisms. Similarly, other xenograft models, such as those established with colorectal
cancer [206] and non-small cell lung cancer cells [207], have yielded valuable informa-
tion on human cancer biology in vivo. In the context of GBM, several xenograft models
have been developed, including heterotopic (implanted outside of the CNS) and orthotopic
(implanted within the CNS) implantation approaches, as reviewed by Gómez-Oliva and col-
leagues [208]. While heterotopic models facilitate direct observation of GBM development
and provide a platform for preclinical drug testing, they fail to accurately recapitulate the
microenvironment of the CNS [208]. Consequently, orthotopic xenografts have gained pop-
ularity, as they more closely mimic actual GBM conditions and interactions with immune
cells within the CNS, despite presenting technical challenges [209].

15. Novel Therapeutic Agents Targeting TAMs
Therapeutic agents aimed at targeting TAMs in the TME to combat GBM progression

have recently gained significant attention. M-CSF, a cytokine essential for TAM differentia-
tion and GBM progression [210], has emerged as a promising target candidate for reducing
GBM growth. Inhibiting M-CSF or its receptor, colony-stimulating factor-1 receptor (CSF-
1R), has shown promise in preclinical GBM models [211]. A small oral agent, PLX3397,
was developed to directly target CSF-1R, demonstrating efficacy in GBM preclinical stud-
ies [212]. However, human clinical trials (NCT01349036, NCT01790503) have reported
limited efficacy [213,214]. Another CSF-1R inhibitor, BLZ945, has been shown to improve
survival rates [211] and enhance radiotherapy efficacy in glioma mouse models [215]. In
humans, BLZ945 can augment the efficacy of anti-PD-1 therapy against GBM by attenuating
the immunosuppressive polarization of CD163+ macrophages [216]. However, prolonged
treatment with BLZ945 has yielded no additional benefits [217].

CD47, a “don’t eat me” signal on tumor cells [218], has also been investigated as
a potential target. An in vivo study found increased GBM phagocytosis following anti-
CD47 treatment [219], whereas another model demonstrated minimal effects on glioma
growth with anti-CD47 monotherapy [220]. Moreover, anti-CD47 treatment can induce
hematological toxicity [221]. To date, human studies on anti-CD47 therapy are limited,
and further research is needed to fully understand its potential. The TGF-βR1 inhibitor
SB431542 has been shown to impair tumor growth by 75% in a mouse model [222], but the
translatability of these findings to human studies remains uncertain [223,224].

16. Conclusions
The role of microglia and macrophages in the tumor microenvironment of glioblastoma

is complex, contributing to immunosuppression, tumor growth, and progression. These
TAMs modulate immune cell recruitment, suppress defense mechanisms, and secrete
factors promoting tumor expansion. The targeting of microglia and macrophages is a
promising novel therapeutic strategy, with potential approaches including inhibition of
NHE1, modulating the M1/M2 balance, and developing BBB-penetrating therapeutics.
To overcome the challenges of glioblastoma treatment, AI-assisted analyses can provide
valuable insights into the complex interactions between microglia, macrophages, and the
tumor microenvironment. By applying methods such as single-cell analysis, spatial analysis,
network analysis, and predictive modeling, additional targets for GBM treatment should
become available, enabling the development of more effective therapies. These will likely
be combination therapies that focus on multiple aspects of the tumor microenvironment.
A comprehensive understanding of microglia and macrophage behavior in GBM appears
essential for improving treatment outcomes.
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MAPK Mitogen-activated protein kinase
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MEK Mitogen-activated protein kinase kinase
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MMP14 Matrix metalloproteinase 14
MMP2 Matrix metalloproteinase 2
MMP9 Matrix metalloproteinase 9
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mTOR Mechanistic target of rapamycin
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NHE1 Sodium-hydrogen exchanger 1
PDGF-C Platelet-derived growth factor-C
PD-L1 Programmed death-ligand 1
PHD2 Prolyl-4-hydroxylase 2
PI3K Phosphoinositide 3-kinase
PLC-γ Phospholipase C-gamma
PSGL-1 P-selectin glycoprotein ligand-1
PTN Pleiotrophin
PTPRZ1 Protein tyrosine phosphatase receptor type Z1
PVMs Perivascular macrophages
Rac Ras-related C3 botulinum toxin substrate
sCD163 Surface CD163
SCN3B Sodium channel β3 subunit
scRNA-Seq Single-cell RNA sequencing
SELP P-selectin
SIVE Simian immunodeficiency virus encephalitis
SMAD Mothers against decapentaplegic homologue
Spp1 Secreted phosphoprotein 1
SRCR Scavenger receptor cysteine-rich domain
TACE TNF-alpha converting enzyme
TAM Tumor-associated macrophages
TGF-β Transforming growth factor-beta
Th1 T helper type 1
TIMP Tissue inhibitor of metalloproteinases
TLR4 Toll-like receptor 4
TME Tumor microenvironment
TNF-α Tumor necrosis factor-alpha
TSP1 Thrombospondin 1
TWEAK TNF-like weak inducer of apoptosis
VEGF Vascular endothelial growth factor
WSI Whole-slide images
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54. Romanowski, M.; Kłoda, K.; Milczarek, S.; Pawlik, A.; Domański, L.; Safranow, K.; Ciechanowski, K. Influence of AIF1 Gene
Polymorphisms on Long-Term Kidney Allograft Function. Ann. Transplant. 2015, 20, 506–511. [CrossRef] [PubMed]

55. Vu, D.; Tellez-Corrales, E.; Shah, T.; Hutchinson, I.; Min, D.I. Influence of Cyclooxygenase-2 (COX-2) gene promoter-1195 and
allograft inflammatory factor-1 (AIF-1) polymorphisms on allograft outcome in Hispanic kidney transplant recipients. Hum.
Immunol. 2013, 74, 1386–1391. [CrossRef]

56. Morohashi, T.; Iwabuchi, K.; Watano, K.; Dashtsoodol, N.; Mishima, T.; Nakai, Y.; Shimada, S.; Nishida, R.; Fujii, S.; Onoé,
K. Allograft inflammatory factor-1 regulates trinitrobenzene sulphonic acid-induced colitis. Immunology 2003, 110, 112–119.
[CrossRef] [PubMed]

57. Kelemen, S.E.; Autieri, M.V. Expression of Allograft Inflammatory Factor-1 in T Lymphocytes. Am. J. Pathol. 2005, 167, 619–626.
[CrossRef]

https://doi.org/10.1167/iovs.09-3515
https://www.ncbi.nlm.nih.gov/pubmed/19608545
https://doi.org/10.1186/s12974-022-02492-0
https://doi.org/10.1016/j.neuron.2019.08.028
https://doi.org/10.1155/2017/5150678
https://doi.org/10.1016/j.immuni.2022.07.004
https://doi.org/10.1006/bbrc.1996.1112
https://doi.org/10.3390/ijms19020436
https://doi.org/10.1080/2162402X.2019.1655360
https://doi.org/10.3390/cancers12102964
https://www.ncbi.nlm.nih.gov/pubmed/33066251
https://doi.org/10.3892/ol.2017.7386
https://doi.org/10.1074/jbc.M109218200
https://www.ncbi.nlm.nih.gov/pubmed/11916959
https://doi.org/10.1242/jcs.113.17.3073
https://www.ncbi.nlm.nih.gov/pubmed/10934045
https://doi.org/10.3390/biology12050694
https://doi.org/10.1126/science.1110647
https://doi.org/10.1073/pnas.2115539118
https://doi.org/10.3390/cells8060639
https://doi.org/10.1152/physrev.00018.2013
https://doi.org/10.1016/j.imlet.2019.12.002
https://www.ncbi.nlm.nih.gov/pubmed/31830499
https://doi.org/10.1172/JCI118003
https://doi.org/10.1016/j.transproceed.2012.08.027
https://doi.org/10.12659/AOT.893885
https://www.ncbi.nlm.nih.gov/pubmed/26324213
https://doi.org/10.1016/j.humimm.2013.06.017
https://doi.org/10.1046/j.1365-2567.2003.01714.x
https://www.ncbi.nlm.nih.gov/pubmed/12941148
https://doi.org/10.1016/S0002-9440(10)63003-9


Cancers 2025, 17, 1457 24 of 31

58. Herden, C.; Schluesener, H.J.; Richt, J.A. Expression of allograft inflammatory factor-1 and haeme oxygenase-1 in brains of rats
infected with the neurotropic Borna disease virus. Neuropathol. Appl. Neurobiol. 2005, 31, 512–521. [CrossRef]

59. Deininger, M.H.; Weinschenk, T.; Meyermann, R.; Schluesener, H.J. The allograft inflammatory factor-1 in Creutzfeldt-Jakob
disease brains. Neuropathol. Appl. Neurobiol. 2003, 29, 389–399. [CrossRef]

60. Watano, K.; Iwabuchi, K.; Fujii, S.; Ishimori, N.; Mitsuhashi, S.; Ato, M.; Kitabatake, A.; Onoé, K. Allograft inflammatory factor-1
augments production of interleukin-6, -10 and -12 by a mouse macrophage line. Immunology 2001, 104, 307–316. [CrossRef]

61. van Wageningen, T.A.; Vlaar, E.; Kooij, G.; Jongenelen, C.A.M.; Geurts, J.J.G.; van Dam, A.-M. Regulation of microglial TMEM119
and P2RY12 immunoreactivity in multiple sclerosis white and grey matter lesions is dependent on their inflammatory environment.
Acta Neuropathol. Commun. 2019, 7, 206. [CrossRef] [PubMed]

62. Walker, D.G.; Lue, L.-F. Immune phenotypes of microglia in human neurodegenerative disease: Challenges to detecting microglial
polarization in human brains. Alzheimers Res. Ther. 2015, 7, 56. [CrossRef] [PubMed]

63. Zheng, Y.; Fuse, H.; Alzoubi, I.; Graeber, M.B. Microglia-Derived Brain Macrophages Associate with Glioblastoma Stem Cells: A
Potential Mechanism for Tumor Progression Revealed by AI-Assisted Analysis. Cells 2025, 14, 413. [CrossRef]

64. Kvisten, M.; Mikkelsen, V.E.; Stensjøen, A.L.; Solheim, O.; Van Der Want, J.; Torp, S.H. Microglia and macrophages in human
glioblastomas: A morphological and immunohistochemical study. Mol. Clin. Oncol. 2019, 11, 31–36. [CrossRef]

65. Lier, J.; Streit, W.J.; Bechmann, I. Beyond Activation: Characterizing Microglial Functional Phenotypes. Cells 2021, 10, 2236.
[CrossRef]

66. Chinnasamy, P.; Lutz, S.E.; Riascos-Bernal, D.F.; Jeganathan, V.; Casimiro, I.; Brosnan, C.F.; Sibinga, N.E.S. Loss of Allograft
Inflammatory Factor-1 Ameliorates Experimental Autoimmune Encephalomyelitis by Limiting Encephalitogenic CD4 T-Cell
Expansion. Mol. Med. Camb. Mass 2015, 21, 233–241. [CrossRef]

67. da Silva Oliveira, B.; Toscano, E.C.d.B.; Abreu, L.K.S.; Fernandes, H.d.B.; Amorim, R.F.; Ferreira, R.N.; Machado, C.A.; Carvalho,
B.C.; da Silva, M.C.M.; de Oliveira, A.C.P.; et al. Nigrostriatal Inflammation Is Associated with Nonmotor Symptoms in an
Experimental Model of Prodromal Parkinson’s Disease. Neuroscience 2024, 549, 65–75. [CrossRef]

68. Hopperton, K.E.; Mohammad, D.; Trépanier, M.O.; Giuliano, V.; Bazinet, R.P. Markers of microglia in post-mortem brain samples
from patients with Alzheimer’s disease: A systematic review. Mol. Psychiatry 2018, 23, 177–198. [CrossRef] [PubMed]

69. Luheshi, N.M.; Kovács, K.J.; Lopez-Castejon, G.; Brough, D.; Denes, A. Interleukin-1α expression precedes IL-1β after ischemic
brain injury and is localised to areas of focal neuronal loss and penumbral tissues. J. Neuroinflamm. 2011, 8, 186. [CrossRef]

70. Loh, C.; Zheng, Y.; Alzoubi, I.; Alexander, K.L.; Lee, M.; Cai, W.-D.; Song, Y.; Mcdonald, K.; Nowak, A.K.; Banati, R.B.; et al.
Microglia and brain macrophages are differentially associated with tumor necrosis in glioblastoma: A link to tumor progression.
Oncol. Res. 2024, 33, 937. [CrossRef]

71. Liu, X.; Zhang, D.; Hu, J.; Xu, S.; Xu, C.; Shen, Y. Allograft inflammatory factor 1 is a potential diagnostic, immunological, and
prognostic biomarker in pan-cancer. Aging 2023, 15, 2582. [CrossRef] [PubMed]

72. Woolf, Z.; Swanson, M.E.V.; Smyth, L.C.; Mee, E.W.; Schweder, P.; Heppner, P.; Kim, B.J.H.; Turner, C.; Oldfield, R.L.; Curtis,
M.A.; et al. Single-cell image analysis reveals a protective role for microglia in glioblastoma. Neuro-Oncol. Adv. 2021, 3, vdab031.
[CrossRef] [PubMed]

73. Bouhlel, M.A.; Derudas, B.; Rigamonti, E.; Dièvart, R.; Brozek, J.; Haulon, S.; Zawadzki, C.; Jude, B.; Torpier, G.; Marx, N.; et al.
PPARgamma activation primes human monocytes into alternative M2 macrophages with anti-inflammatory properties. Cell
Metab. 2007, 6, 137–143. [CrossRef] [PubMed]

74. Rao, M.; Yang, Z.; Huang, K.; Liu, W.; Chai, Y. Correlation of AIF-1 Expression with Immune and Clinical Features in 1270 Glioma
Samples. J. Mol. Neurosci. MN 2022, 72, 420–432. [CrossRef]

75. Wesolowska, A.; Kwiatkowska, A.; Slomnicki, L.; Dembinski, M.; Master, A.; Sliwa, M.; Franciszkiewicz, K.; Chouaib, S.;
Kaminska, B. Microglia-derived TGF-beta as an important regulator of glioblastoma invasion—An inhibition of TGF-beta-
dependent effects by shRNA against human TGF-beta type II receptor. Oncogene 2008, 27, 918–930. [CrossRef]

76. Cano-Martínez, D.; Monserrat, J.; Hernández-Breijo, B.; Sanmartín Salinas, P.; Álvarez-Mon, M.; Val Toledo-Lobo, M.; Guijarro,
L.G. Extracellular allograft inflammatory factor-1 (AIF-1) potentiates Th1 cell differentiation and inhibits Treg response in human
peripheral blood mononuclear cells from normal subjects. Hum. Immunol. 2020, 81, 91–100. [CrossRef]

77. Elizondo, D.M.; Andargie, T.E.; Yang, D.; Kacsinta, A.D.; Lipscomb, M.W. Inhibition of Allograft Inflammatory Factor-1 in
Dendritic Cells Restrains CD4+ T Cell Effector Responses and Induces CD25+Foxp3+ T Regulatory Subsets. Front. Immunol. 2017,
8, 1502. [CrossRef]

78. Jiang, Y.; Zhao, J.; Xu, J.; Zhang, H.; Zhou, J.; Li, H.; Zhang, G.; Xu, K.; Jing, Z. Glioblastoma-associated microglia-derived
exosomal circKIF18A promotes angiogenesis by targeting FOXC2. Oncogene 2022, 41, 3461–3473. [CrossRef]

79. Brandenburg, S.; Müller, A.; Turkowski, K.; Radev, Y.T.; Rot, S.; Schmidt, C.; Bungert, A.D.; Acker, G.; Schorr, A.; Hippe, A.; et al.
Resident microglia rather than peripheral macrophages promote vascularization in brain tumors and are source of alternative
pro-angiogenic factors. Acta Neuropathol. 2016, 131, 365–378. [CrossRef]

https://doi.org/10.1111/j.1365-2990.2005.00668.x
https://doi.org/10.1046/j.1365-2990.2003.00476.x
https://doi.org/10.1046/j.1365-2567.2001.01301.x
https://doi.org/10.1186/s40478-019-0850-z
https://www.ncbi.nlm.nih.gov/pubmed/31829283
https://doi.org/10.1186/s13195-015-0139-9
https://www.ncbi.nlm.nih.gov/pubmed/26286145
https://doi.org/10.3390/cells14060413
https://doi.org/10.3892/mco.2019.1856
https://doi.org/10.3390/cells10092236
https://doi.org/10.2119/molmed.2014.00264
https://doi.org/10.1016/j.neuroscience.2024.05.011
https://doi.org/10.1038/mp.2017.246
https://www.ncbi.nlm.nih.gov/pubmed/29230021
https://doi.org/10.1186/1742-2094-8-186
https://doi.org/10.32604/or.2024.056436
https://doi.org/10.18632/aging.204631
https://www.ncbi.nlm.nih.gov/pubmed/37014322
https://doi.org/10.1093/noajnl/vdab031
https://www.ncbi.nlm.nih.gov/pubmed/34286275
https://doi.org/10.1016/j.cmet.2007.06.010
https://www.ncbi.nlm.nih.gov/pubmed/17681149
https://doi.org/10.1007/s12031-021-01948-x
https://doi.org/10.1038/sj.onc.1210683
https://doi.org/10.1016/j.humimm.2020.01.011
https://doi.org/10.3389/fimmu.2017.01502
https://doi.org/10.1038/s41388-022-02360-4
https://doi.org/10.1007/s00401-015-1529-6


Cancers 2025, 17, 1457 25 of 31

80. Zhu, W.; Carney, K.E.; Pigott, V.M.; Falgoust, L.M.; Clark, P.A.; Kuo, J.S.; Sun, D. Glioma-mediated microglial activation promotes
glioma proliferation and migration: Roles of Na+/H+ exchanger isoform 1. Carcinogenesis 2016, 37, 839–851. [CrossRef]

81. Cong, D.; Zhu, W.; Shi, Y.; Pointer, K.B.; Clark, P.A.; Shen, H.; Kuo, J.S.; Hu, S.; Sun, D. Upregulation of NHE1 protein expression
enables glioblastoma cells to escape TMZ-mediated toxicity via increased H+ extrusion, cell migration and survival. Carcinogenesis
2014, 35, 2014. [CrossRef] [PubMed]

82. Bedolla, A.; Wegman, E.; Weed, M.; Stevens, M.K.; Ware, K.; Paranjpe, A.; Alkhimovitch, A.; Ifergan, I.; Taranov, A.; Peter, J.D.;
et al. Adult microglial TGFβ1 is required for microglia homeostasis via an autocrine mechanism to maintain cognitive function in
mice. Nat. Commun. 2024, 15, 5306. [CrossRef]

83. Hata, A.; Chen, Y.-G. TGF-β Signaling from Receptors to Smads. Cold Spring Harb. Perspect. Biol. 2016, 8, a022061. [CrossRef]
[PubMed]

84. Ye, X.; Xu, S.; Xin, Y.; Yu, S.; Ping, Y.; Chen, L.; Xiao, H.; Wang, B.; Yi, L.; Wang, Q.; et al. Tumor-associated microglia/macrophages
enhance the invasion of glioma stem-like cells via TGF-β1 signaling pathway. J. Immunol. Baltim. 2012, 189, 444–453. [CrossRef]

85. Markovic, D.S.; Glass, R.; Synowitz, M.; van Rooijen, N.; Kettenmann, H. Microglia stimulate the invasiveness of glioma cells by
increasing the activity of metalloprotease-2. J. Neuropathol. Exp. Neurol. 2005, 64, 754–762. [CrossRef]

86. Golán-Cancela, I.; Caja, L. The TGF-β Family in Glioblastoma. Int. J. Mol. Sci. 2024, 25, 1067. [CrossRef] [PubMed]
87. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-β family signalling. Nature 2003, 425,

577–584. [CrossRef]
88. Joseph, J.V.; Magaut, C.R.; Storevik, S.; Geraldo, L.H.; Mathivet, T.; Latif, M.A.; Rudewicz, J.; Guyon, J.; Gambaretti, M.; Haukas,

F.; et al. TGF-β promotes microtube formation in glioblastoma through thrombospondin 1. Neuro-Oncology 2022, 24, 541–553.
[CrossRef]

89. Bikfalvi, A.; Guyon, J.; Daubon, T. New insights into the role of thrombospondin-1 in glioblastoma development. Semin. Cell Dev.
Biol. 2024, 155, 52–57. [CrossRef]

90. Sano, H.; Leboeuf, J.P.; Novitskiy, S.V.; Seo, S.; Zaja-Milatovic, S.; Dikov, M.M.; Kume, T. The Foxc2 transcription factor regulates
tumor angiogenesis. Biochem. Biophys. Res. Commun. 2010, 392, 201–206. [CrossRef]

91. Kume, T. The Role of FoxC2 Transcription Factor in Tumor Angiogenesis. J. Oncol. 2012, 2012, 204593. [CrossRef]
92. Blank, A.; Kremenetskaia, I.; Urbantat, R.M.; Acker, G.; Turkowski, K.; Radke, J.; Schneider, U.C.; Vajkoczy, P.; Brandenburg, S.

Microglia/macrophages express alternative proangiogenic factors depending on granulocyte content in human glioblastoma. J.
Pathol. 2021, 253, 160–173. [CrossRef]

93. Nijaguna, M.B.; Patil, V.; Urbach, S.; Shwetha, S.D.; Sravani, K.; Hegde, A.S.; Chandramouli, B.A.; Arivazhagan, A.; Marin, P.;
Santosh, V.; et al. Glioblastoma-derived Macrophage Colony-stimulating Factor (MCSF) Induces Microglial Release of Insulin-like
Growth Factor-binding Protein 1 (IGFBP1) to Promote Angiogenesis. J. Biol. Chem. 2015, 290, 23401–23415. [CrossRef] [PubMed]

94. Leu, J.I.-J.; George, D.L. Hepatic IGFBP1 is a prosurvival factor that binds to BAK, protects the liver from apoptosis, and
antagonizes the proapoptotic actions of p53 at mitochondria. Genes Dev. 2007, 21, 3095–3109. [CrossRef] [PubMed]

95. Rajwani, A.; Ezzat, V.; Smith, J.; Yuldasheva, N.Y.; Duncan, E.R.; Gage, M.; Cubbon, R.M.; Kahn, M.B.; Imrie, H.; Abbas, A.; et al.
Increasing circulating IGFBP1 levels improves insulin sensitivity, promotes nitric oxide production, lowers blood pressure, and
protects against atherosclerosis. Diabetes 2012, 61, 915–924. [CrossRef] [PubMed]

96. Eubank, T.D.; Galloway, M.; Montague, C.M.; Waldman, W.J.; Marsh, C.B. M-CSF Induces Vascular Endothelial Growth Factor
Production and Angiogenic Activity From Human Monocytes. J. Immunol. Baltim. 2003, 171, 2637–2643. [CrossRef]

97. Cai, H.; Zhu, X.-D.; Ao, J.-Y.; Ye, B.-G.; Zhang, Y.-Y.; Chai, Z.-T.; Wang, C.-H.; Shi, W.-K.; Cao, M.-Q.; Li, X.-L.; et al. Colony-
stimulating factor-1-induced AIF1 expression in tumor-associated macrophages enhances the progression of hepatocellular
carcinoma. Oncoimmunology 2017, 6, e1333213. [CrossRef]

98. Zhou, Y.; Xu, Z.; Liu, Z. Role of IL-33-ST2 pathway in regulating inflammation: Current evidence and future perspectives. J.
Transl. Med. 2023, 21, 902. [CrossRef]

99. Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev. Clin. Oncol. 2018, 15,
234–248. [CrossRef]

100. De Boeck, A.; Ahn, B.Y.; D’Mello, C.; Lun, X.; Menon, S.V.; Alshehri, M.M.; Szulzewsky, F.; Shen, Y.; Khan, L.; Dang, N.H.; et al.
Glioma-derived IL-33 orchestrates an inflammatory brain tumor microenvironment that accelerates glioma progression. Nat.
Commun. 2020, 11, 4997. [CrossRef]

101. Gheorghe, R.-O.; Deftu, A.; Filippi, A.; Grosu, A.; Bica-Popi, M.; Chiritoiu, M.; Chiritoiu, G.; Munteanu, C.; Silvestro, L.; Ristoiu, V.
Silencing the Cytoskeleton Protein Iba1 (Ionized Calcium Binding Adapter Protein 1) Interferes with BV2 Microglia Functioning.
Cell. Mol. Neurobiol. 2020, 40, 1011–1027. [CrossRef] [PubMed]

102. Gu, B.J.; Saunders, B.M.; Petrou, S.; Wiley, J.S. P2X7 Is a Scavenger Receptor for Apoptotic Cells in the Absence of Its Ligand,
Extracellular ATP. J. Immunol. 2011, 187, 2365–2375. [CrossRef]

103. Wallmann, T.; Zhang, X.-M.; Wallerius, M.; Bolin, S.; Joly, A.-L.; Sobocki, C.; Leiss, L.; Jiang, Y.; Bergh, J.; Holland, E.C.; et al.
Microglia Induce PDGFRB Expression in Glioma Cells to Enhance Their Migratory Capacity. iScience 2018, 9, 71. [CrossRef]

https://doi.org/10.1093/carcin/bgw068
https://doi.org/10.1093/carcin/bgu089
https://www.ncbi.nlm.nih.gov/pubmed/24717311
https://doi.org/10.1038/s41467-024-49596-0
https://doi.org/10.1101/cshperspect.a022061
https://www.ncbi.nlm.nih.gov/pubmed/27449815
https://doi.org/10.4049/jimmunol.1103248
https://doi.org/10.1097/01.jnen.0000178445.33972.a9
https://doi.org/10.3390/ijms25021067
https://www.ncbi.nlm.nih.gov/pubmed/38256140
https://doi.org/10.1038/nature02006
https://doi.org/10.1093/neuonc/noab212
https://doi.org/10.1016/j.semcdb.2023.09.001
https://doi.org/10.1016/j.bbrc.2010.01.015
https://doi.org/10.1155/2012/204593
https://doi.org/10.1002/path.5569
https://doi.org/10.1074/jbc.M115.664037
https://www.ncbi.nlm.nih.gov/pubmed/26245897
https://doi.org/10.1101/gad.1567107
https://www.ncbi.nlm.nih.gov/pubmed/18056423
https://doi.org/10.2337/db11-0963
https://www.ncbi.nlm.nih.gov/pubmed/22357965
https://doi.org/10.4049/jimmunol.171.5.2637
https://doi.org/10.1080/2162402X.2017.1333213
https://doi.org/10.1186/s12967-023-04782-4
https://doi.org/10.1038/nrclinonc.2018.8
https://doi.org/10.1038/s41467-020-18569-4
https://doi.org/10.1007/s10571-020-00790-w
https://www.ncbi.nlm.nih.gov/pubmed/31950314
https://doi.org/10.4049/jimmunol.1101178
https://doi.org/10.1016/j.isci.2018.10.011


Cancers 2025, 17, 1457 26 of 31

104. Gehring, M.P.; Kipper, F.; Nicoletti, N.F.; Sperotto, N.D.; Zanin, R.; Tamajusuku, A.S.K.; Flores, D.G.; Meurer, L.; Roesler, R.; Filho,
A.B.; et al. P2X7 receptor as predictor gene for glioma radiosensitivity and median survival. Int. J. Biochem. Cell Biol. 2015, 68,
92–100. [CrossRef] [PubMed]

105. Brown, K.M.; Nair, J.K.; Janas, M.M.; Anglero-Rodriguez, Y.I.; Dang, L.T.H.; Peng, H.; Theile, C.S.; Castellanos-Rizaldos, E.;
Brown, C.; Foster, D.; et al. Expanding RNAi therapeutics to extrahepatic tissues with lipophilic conjugates. Nat. Biotechnol. 2022,
40, 1500–1508. [CrossRef] [PubMed]

106. Sorets, A.G.; Schwensen, K.R.; Francini, N.; Kjar, A.; Abdulrahman, A.M.; Shostak, A.; Katdare, K.A.; Schoch, K.M.; Cowell, R.P.;
Park, J.C.; et al. Lipid-siRNA conjugate accesses perivascular transport and achieves durable knockdown throughout the central
nervous system. bioRxiv 2024, bioRxiv:2024.06.09.598079. [CrossRef]

107. Sarli, S.L.; Fakih, H.H.; Kelly, K.; Devi, G.; Rembetsy-Brown, J.M.; McEachern, H.R.; Ferguson, C.M.; Echeverria, D.; Lee, J.; Sousa,
J.; et al. Quantifying the activity profile of ASO and siRNA conjugates in glioblastoma xenograft tumors in vivo. Nucleic Acids
Res. 2024, 52, 4799–4817. [CrossRef]

108. Ip, W.K.E.; Hoshi, N.; Shouval, D.S.; Snapper, S.; Medzhitov, R. Anti-inflammatory effect of IL-10 mediated by metabolic
reprogramming of macrophages. Science 2017, 356, 513–519. [CrossRef]

109. Palmieri, E.M.; Menga, A.; Martín-Pérez, R.; Quinto, A.; Riera-Domingo, C.; De Tullio, G.; Hooper, D.C.; Lamers, W.H.; Ghesquière,
B.; McVicar, D.W.; et al. Pharmacologic or Genetic Targeting of Glutamine Synthetase Skews Macrophages toward an M1-like
Phenotype and Inhibits Tumor Metastasis. Cell Rep. 2017, 20, 1654–1666. [CrossRef]

110. Puthenveetil, A.; Dubey, S. Metabolic reprograming of tumor-associated macrophages. Ann. Transl. Med. 2020, 8, 1030. [CrossRef]
111. Dietl, K.; Renner, K.; Dettmer, K.; Timischl, B.; Eberhart, K.; Dorn, C.; Hellerbrand, C.; Kastenberger, M.; Kunz-Schughart, L.A.;

Oefner, P.J.; et al. Lactic acid and acidification inhibit TNF secretion and glycolysis of human monocytes. J. Immunol. Baltim. 2010,
184, 1200–1209. [CrossRef]

112. Wang, T.; Liu, H.; Lian, G.; Zhang, S.-Y.; Wang, X.; Jiang, C. HIF1α-Induced Glycolysis Metabolism Is Essential to the Activation
of Inflammatory Macrophages. Mediators Inflamm. 2017, 2017, 9029327. [CrossRef] [PubMed]

113. Zhang, Y.E. Non-Smad pathways in TGF-β signaling. Cell Res. 2009, 19, 128–139. [CrossRef] [PubMed]
114. Pearson, J.R.D.; Regad, T. Targeting cellular pathways in glioblastoma multiforme. Signal Transduct. Target. Ther. 2017, 2, 17040.

[CrossRef] [PubMed]
115. Lamouille, S.; Derynck, R. Cell size and invasion in TGF-beta-induced epithelial to mesenchymal transition is regulated by

activation of the mTOR pathway. J. Cell Biol. 2007, 178, 437–451. [CrossRef]
116. Li, W.; Graeber, M.B. The molecular profile of microglia under the influence of glioma. Neuro-Oncol. 2012, 14, 958–978. [CrossRef]
117. Tripathi, C.; Tewari, B.N.; Kanchan, R.K.; Baghel, K.S.; Nautiyal, N.; Shrivastava, R. Macrophages are recruited to hypoxic tumor

areas and acquire a Pro-Angiogenic M2-Polarized phenotype via hypoxic cancer cell derived cytokines Oncostatin M and Eotaxin.
Oncotarget 2014, 5, 5350. [CrossRef]

118. Montemurro, N.; Pahwa, B.; Tayal, A.; Shukla, A.; Encarnacion, M.D.J.; Ramirez, I.; Nurmukhametov, R.; Chavda, V.; Carlo, A.D.
Macrophages in Recurrent Glioblastoma as a Prognostic Factor in the Synergistic System of the Tumor Microenvironment. Neurol.
Int. 2023, 15, 595–608. [CrossRef]

119. Toedebusch, R.; Grodzki, A.C.; Dickinson, P.J.; Woolard, K.; Vinson, N.; Sturges, B.; Snyder, J.; Li, C.-F.; Nagasaka, O.; Consales, B.;
et al. Glioma-associated microglia/macrophages augment tumorigenicity in canine astrocytoma, a naturally occurring model of
human glioma. Neuro-Oncol. Adv. 2021, 3, vdab062. [CrossRef]

120. Wang, Y.; Liu, Y.; Zhang, C.; Zhang, C.; Guan, X.; Jia, W. Differences of macrophages in the tumor microenvironment as an
underlying key factor in glioma patients. Front. Immunol. 2022, 13, 1028937. [CrossRef]

121. Khan, F.; Pang, L.; Dunterman, M.; Lesniak, M.S.; Heimberger, A.B.; Chen, P. Macrophages and microglia in glioblastoma:
Heterogeneity, plasticity, and therapy. J. Clin. Investig. 2023, 133, e163446. [CrossRef] [PubMed]

122. Vidal-Itriago, A.; Radford, R.A.W.; Aramideh, J.A.; Maurel, C.; Scherer, N.M.; Don, E.K.; Lee, A.; Chung, R.S.; Graeber, M.B.;
Morsch, M. Microglia morphophysiological diversity and its implications for the CNS. Front. Immunol. 2022, 13, 997786. [CrossRef]
[PubMed]

123. Mistry, A.M.; Daneshmand, J.; Seo, S.J.; Lehman, N.L.; Miller, D.M.; Goodin, D.A.; Frieboes, H.B.; Chen, J.; Masters, A.; Williams,
B.J.; et al. Spatially Resolved Microglia/Macrophages in Recurrent Glioblastomas Overexpress Fatty Acid Metabolism and
Phagocytic Genes. Curr. Oncol. 2024, 31, 1183–1194. [CrossRef] [PubMed]

124. Law, S.K.; Micklem, K.J.; Shaw, J.M.; Zhang, X.P.; Dong, Y.; Willis, A.C.; Mason, D.Y. A new macrophage differentiation antigen
which is a member of the scavenger receptor superfamily. Eur. J. Immunol. 1993, 23, 2320–2325. [CrossRef]

125. Kristiansen, M.; Graversen, J.H.; Jacobsen, C.; Sonne, O.; Hoffman, H.J.; Law, S.K. Identification of the haemoglobin scavenger
receptor. Nature 2001, 409, 198–201. [CrossRef]

126. Fabriek, B.O.; Bruggen, R.; Deng, D.M.; Ligtenberg, A.J.M.; Nazmi, K.; Schornagel, K. The macrophage scavenger receptor CD163
functions as an innate immune sensor for bacteria. Blood 2009, 113, 887–892. [CrossRef]

https://doi.org/10.1016/j.biocel.2015.09.001
https://www.ncbi.nlm.nih.gov/pubmed/26358881
https://doi.org/10.1038/s41587-022-01334-x
https://www.ncbi.nlm.nih.gov/pubmed/35654979
https://doi.org/10.1101/2024.06.09.598079
https://doi.org/10.1093/nar/gkae260
https://doi.org/10.1126/science.aal3535
https://doi.org/10.1016/j.celrep.2017.07.054
https://doi.org/10.21037/atm-20-2037
https://doi.org/10.4049/jimmunol.0902584
https://doi.org/10.1155/2017/9029327
https://www.ncbi.nlm.nih.gov/pubmed/29386753
https://doi.org/10.1038/cr.2008.328
https://www.ncbi.nlm.nih.gov/pubmed/19114990
https://doi.org/10.1038/sigtrans.2017.40
https://www.ncbi.nlm.nih.gov/pubmed/29263927
https://doi.org/10.1083/jcb.200611146
https://doi.org/10.1093/neuonc/nos116
https://doi.org/10.18632/oncotarget.2110
https://doi.org/10.3390/neurolint15020037
https://doi.org/10.1093/noajnl/vdab062
https://doi.org/10.3389/fimmu.2022.1028937
https://doi.org/10.1172/JCI163446
https://www.ncbi.nlm.nih.gov/pubmed/36594466
https://doi.org/10.3389/fimmu.2022.997786
https://www.ncbi.nlm.nih.gov/pubmed/36341385
https://doi.org/10.3390/curroncol31030088
https://www.ncbi.nlm.nih.gov/pubmed/38534921
https://doi.org/10.1002/eji.1830230940
https://doi.org/10.1038/35051594
https://doi.org/10.1182/blood-2008-07-167064


Cancers 2025, 17, 1457 27 of 31

127. Nielsen, M.J.; Andersen, C.B.F.; Moestrup, S.K. CD163 Binding to Haptoglobin-Hemoglobin Complexes Involves a Dual-point
Electrostatic Receptor-Ligand Pairing. J. Biol. Chem. 2013, 288, 18834–18841. [CrossRef]

128. Lim, S.K.; Kim, H.; Lim, S.K.; Ali, A.; Lim, Y.K.; Wang, Y. Increased susceptibility in Hp knockout mice during acute hemolysis.
Blood 1998, 92, 1870–1877. [CrossRef]

129. Herzig, C.T.; Waters, R.W.; Baldwin, C.L.; Telfer, J.C. Evolution of the CD163 family and its relationship to the bovine gamma
delta T cell co-receptor WC1. BMC Evol. Biol. 2010, 10, 181. [CrossRef]

130. Philippidis, P.; Mason, J.C.; Evans, B.J.; Nadra, I.; Taylor, K.M.; Haskard, D.O.; Landis, R.C. Hemoglobin scavenger receptor
CD163 mediates interleukin-10 release and heme oxygenase-1 synthesis: Antiinflammatory monocyte-macrophage responses
in vitro, in resolving skin blisters in vivo, and after cardiopulmonary bypass surgery. Circ. Res. 2004, 94, 119–126. [CrossRef]

131. Etzerodt, A.; Moestrup, S.K. CD163 and Inflammation: Biological, Diagnostic, and Therapeutic Aspects. Antioxid. Redox Signal.
2013, 18, 2352–2363. [CrossRef] [PubMed]

132. Zheng, L.; Guo, Y.; Zhai, X.; Zhang, Y.; Chen, W.; Zhu, Z.; Xuan, W.; Li, P. Perivascular macrophages in the CNS: From health to
neurovascular diseases. CNS Neurosci. Ther. 2022, 28, 1908–1920. [CrossRef] [PubMed]

133. Wen, W.; Cheng, J.; Tang, Y. Brain perivascular macrophages: Current understanding and future prospects. Brain J. Neurol. 2024,
147, 39–55. [CrossRef]

134. Yang, T.; Guo, R.; Zhang, F. Brain perivascular macrophages: Recent advances and implications in health and diseases. CNS
Neurosci. Ther. 2019, 25, 1318–1328. [CrossRef]

135. Kim, W.-K.; Alvarez, X.; Fisher, J.; Bronfin, B.; Westmoreland, S.; McLaurin, J.; Williams, K. CD163 Identifies Perivascular
Macrophages in Normal and Viral Encephalitic Brains and Potential Precursors to Perivascular Macrophages in Blood. Am. J.
Pathol. 2006, 168, 822–834. [CrossRef] [PubMed]

136. Muñoz-Castro, C.; Mejias-Ortega, M.; Sanchez-Mejias, E.; Navarro, V.; Trujillo-Estrada, L.; Jimenez, S.; Garcia-Leon, J.A.;
Fernandez-Valenzuela, J.J.; Sanchez-Mico, M.V.; Romero-Molina, C.; et al. Monocyte-derived cells invade brain parenchyma and
amyloid plaques in human Alzheimer’s disease hippocampus. Acta Neuropathol. Commun. 2023, 11, 31. [CrossRef]

137. Borda, J.T.; Alvarez, X.; Mohan, M.; Hasegawa, A.; Bernardino, A.; Jean, S.; Aye, P.; Lackner, A.A. CD163, a Marker of Perivascular
Macrophages, Is Up-Regulated by Microglia in Simian Immunodeficiency Virus Encephalitis after Haptoglobin-Hemoglobin
Complex Stimulation and Is Suggestive of Breakdown of the Blood-Brain Barrier. Am. J. Pathol. 2008, 172, 725–737. [CrossRef]

138. Pey, P.; Pearce, R.K.; Kalaitzakis, M.E.; Griffin, W.S.T.; Gentleman, S.M. Phenotypic profile of alternative activation marker CD163
is different in Alzheimer’s and Parkinson’s disease. Acta Neuropathol. Commun. 2014, 2, 21. [CrossRef]

139. Roberts, E.S.; Masliah, E.; Fox, H.S. CD163 Identifies a Unique Population of Ramified Microglia in HIV Encephalitis (HIVE). J.
Neuropathol. Exp. Neurol. 2004, 63, 1255–1264. [CrossRef]

140. Lisi, L.; Ciotti, G.M.P.; Braun, D.; Kalinin, S.; Currò, D.; Dello Russo, C.; Coli, A.; Mangiola, A.; Anile, C.; Feinstein, D.L.; et al.
Expression of iNOS, CD163 and ARG-1 taken as M1 and M2 markers of microglial polarization in human glioblastoma and the
surrounding normal parenchyma. Neurosci. Lett. 2017, 645, 106–112. [CrossRef]

141. Sankowski, R.; Böttcher, C.; Masuda, T.; Geirsdottir, L.; Sagar; Sindram, E.; Seredenina, T.; Muhs, A.; Scheiwe, C.; Shah, M.J.; et al.
Mapping microglia states in the human brain through the integration of high-dimensional techniques. Nat. Neurosci. 2019, 22,
2098–2110. [CrossRef] [PubMed]

142. Zhang, Z.; Zhang, Z.-Y.; Wu, Y.; Schluesener, H.J. Lesional Accumulation of CD163+ Macrophages/microglia in Rat Traumatic
Brain Injury. Brain Res. 2012, 1461, 102–110. [CrossRef]

143. Gottlieb, A.; Toledano-Furman, N.; Prabhakara, K.S.; Kumar, A.; Caplan, H.W.; Bedi, S.; Cox, C.S.; Olson, S.D. Time dependent
analysis of rat microglial surface markers in traumatic brain injury reveals dynamics of distinct cell subpopulations. Sci. Rep.
2022, 12, 6289. [CrossRef] [PubMed]

144. Zhu, Z.; Zhang, H.; Zhang, X.; He, S.; Dong, W.; Wang, X.; Chen, Y.; Liu, X.; Guo, C. Lipopolysaccharide Downregulates CD163
Expression to Inhibit PRRSV Infection via TLR4-NF-κB Pathway. Front. Microbiol. 2020, 11, 501. [CrossRef]

145. Buechler, C.; Ritter, M.; Orsó, E.; Langmann, T.; Klucken, J.; Schmitz, G. Regulation of scavenger receptor CD163 expression in
human monocytes and macrophages by pro- and antiinflammatory stimuli. J. Leukoc. Biol. 2000, 67, 97–103. [CrossRef]

146. Fjeldborg, K.; Møller, H.J.; Richelsen, B.; Pedersen, S.B. Regulation of CD163 mRNA and soluble CD163 protein in human adipose
tissue in vitro. J. Mol. Endocrinol. 2014, 53, 227–235. [CrossRef] [PubMed]

147. McDaniel, D.K.; Eden, K.; Ringel, V.M.; Allen, I.C. Emerging Roles for Non-canonical NF-κB Signaling in the Modulation of
Inflammatory Bowel Disease Pathobiology. Inflamm. Bowel Dis. 2016, 22, 2265–2279. [CrossRef]

148. Chen, L.; Mei, W.; Song, J.; Chen, K.; Ni, W.; Wang, L. CD163 protein inhibits lipopolysaccharide-induced macrophage transfor-
mation from M2 to M1 involved in disruption of the TWEAK–Fn14 interaction. Heliyon 2023, 10, e23223. [CrossRef]

149. Barros, M.H.M.; Hauck, F.; Dreyer, J.H.; Kempkes, B.; Niedobitek, G. Macrophage Polarisation: An Immunohistochemical
Approach for Identifying M1 and M2 Macrophages. PLoS ONE 2013, 8, e80908. [CrossRef]

https://doi.org/10.1074/jbc.M113.471060
https://doi.org/10.1182/blood.V92.6.1870
https://doi.org/10.1186/1471-2148-10-181
https://doi.org/10.1161/01.RES.0000109414.78907.F9
https://doi.org/10.1089/ars.2012.4834
https://www.ncbi.nlm.nih.gov/pubmed/22900885
https://doi.org/10.1111/cns.13954
https://www.ncbi.nlm.nih.gov/pubmed/36128654
https://doi.org/10.1093/brain/awad304
https://doi.org/10.1111/cns.13263
https://doi.org/10.2353/ajpath.2006.050215
https://www.ncbi.nlm.nih.gov/pubmed/16507898
https://doi.org/10.1186/s40478-023-01530-z
https://doi.org/10.2353/ajpath.2008.070848
https://doi.org/10.1186/2051-5960-2-21
https://doi.org/10.1093/jnen/63.12.1255
https://doi.org/10.1016/j.neulet.2017.02.076
https://doi.org/10.1038/s41593-019-0532-y
https://www.ncbi.nlm.nih.gov/pubmed/31740814
https://doi.org/10.1016/j.brainres.2012.04.038
https://doi.org/10.1038/s41598-022-10419-1
https://www.ncbi.nlm.nih.gov/pubmed/35428862
https://doi.org/10.3389/fmicb.2020.00501
https://doi.org/10.1002/jlb.67.1.97
https://doi.org/10.1530/JME-14-0089
https://www.ncbi.nlm.nih.gov/pubmed/25074267
https://doi.org/10.1097/MIB.0000000000000858
https://doi.org/10.1016/j.heliyon.2023.e23223
https://doi.org/10.1371/journal.pone.0080908


Cancers 2025, 17, 1457 28 of 31

150. Shi, Y.; Ping, Y.-F.; Zhou, W.; He, Z.-C.; Chen, C.; Bian, B.-S.-J.; Zhang, L.; Chen, L.; Lan, X.; Zhang, X.-C.; et al. Tumour-associated
macrophages secrete pleiotrophin to promote PTPRZ1 signalling in glioblastoma stem cells for tumour growth. Nat. Commun.
2017, 8, 15080. [CrossRef]

151. Xu, J.; Zhang, J.; Zhang, Z.; Gao, Z.; Qi, Y.; Qiu, W.; Pan, Z.; Guo, Q.; Li, B.; Zhao, S.; et al. Hypoxic glioma-derived exosomes
promote M2-like macrophage polarization by enhancing autophagy induction. Cell Death Dis. 2021, 12, 373. [CrossRef] [PubMed]

152. Chang, A.L.; Miska, J.; Wainwright, D.A.; Dey, M.; Rivetta, C.V.; Yu, D.; Kanojia, D.; Pituch, K.C.; Qiao, J.; Pytel, P.; et al.
CCL2 Produced by the Glioma Microenvironment Is Essential for the Recruitment of Regulatory T Cells and Myeloid-Derived
Suppressor Cells. Cancer Res. 2016, 76, 5671–5682. [CrossRef] [PubMed]

153. Bover, L.C.; Cardó-Vila, M.; Kuniyasu, A.; Sun, J.; Rangel, R.; Takeya, M.; Aggarwal, B.B.; Arap, W.; Pasqualini, R. A previously
unrecognized protein-protein interaction between TWEAK and CD163: Potential biological implications. J. Immunol. Baltim. 2007,
178, 8183–8194. [CrossRef]

154. Akahori, H.; Karmali, V.; Polavarapu, R.; Lyle, A.N.; Weiss, D.; Shin, E.; Husain, A.; Naqvi, N.; Van Dam, R.; Habib, A.; et al.
CD163 interacts with TWEAK to regulate tissue regeneration after ischaemic injury. Nat. Commun. 2015, 6, 7792. [CrossRef]

155. Gutiérrez-Muñoz, C.; Méndez-Barbero, N.; Svendsen, P.; Sastre, C.; Fernández-Laso, V.; Quesada, P.; Egido, J.; Escolá-Gil,
J.C.; Martín-Ventura, J.L.; Moestrup, S.K.; et al. CD163 deficiency increases foam cell formation and plaque progression in
atherosclerotic mice. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 14960–14976. [CrossRef] [PubMed]

156. Ratajczak, W.; Atkinson, S.D.; Kelly, C. The TWEAK/Fn14/CD163 axis—Implications for metabolic disease. Rev. Endocr. Metab.
Disord. 2022, 23, 449–462. [CrossRef]

157. Yeo, A.T.; Rawal, S.; Delcuze, B.; Christofides, A.; Atayde, A.; Strauss, L.; Balaj, L.; Rogers, V.A.; Uhlmann, E.J.; Varma, H.; et al.
Single-cell RNA sequencing reveals evolution of immune landscape during glioblastoma progression. Nat. Immunol. 2022, 23,
971–984. [CrossRef]

158. Zhang, Q.; Wang, J.; Yao, X.; Wu, S.; Tian, W.; Gan, C.; Wan, X.; You, C.; Hu, F.; Zhang, S.; et al. Programmed Cell Death 10
Mediated CXCL2-CXCR2 Signaling in Regulating Tumor-Associated Microglia/Macrophages Recruitment in Glioblastoma. Front.
Immunol. 2021, 12, 637053. [CrossRef]

159. Armulik, A.; Genové, G.; Betsholtz, C. Pericytes: Developmental, Physiological, and Pathological Perspectives, Problems, and
Promises. Dev. Cell 2011, 21, 193–215. [CrossRef]

160. Bahri, M.; Anstee, J.E.; Opzoomer, J.W.; Arnold, J.N. Perivascular tumor-associated macrophages and their role in cancer
progression. Essays Biochem. 2023, 67, 919–928. [CrossRef]

161. Hewitt, E.W. The MHC class I antigen presentation pathway: Strategies for viral immune evasion. Immunology 2003, 110, 163–169.
[CrossRef] [PubMed]

162. Goddery, E.N.; Fain, C.E.; Lipovsky, C.G.; Ayasoufi, K.; Yokanovich, L.T.; Malo, C.S.; Khadka, R.H.; Tritz, Z.P.; Jin, F.; Hansen,
M.J.; et al. Microglia and Perivascular Macrophages Act as Antigen Presenting Cells to Promote CD8 T Cell Infiltration of the
Brain. Front. Immunol. 2021, 12, 726421. [CrossRef] [PubMed]

163. Fabriek, B.O.; Van Haastert, E.S.; Galea, I.; Polfliet, M.M.J.; Döpp, E.D.; Van Den Heuvel, M.M.; Van Den Berg, T.K.; De Groot,
C.J.A.; Van Der Valk, P.; Dijkstra, C.D. CD163-positive perivascular macrophages in the human CNS express molecules for antigen
recognition and presentation. Glia 2005, 51, 297–305. [CrossRef]

164. Guo, L.; Niu, J.; Yu, H.; Gu, W.; Li, R.; Luo, X.; Huang, M.; Tian, Z.; Feng, L.; Wang, Y. Modulation of CD163 Expression by
Metalloprotease ADAM17 Regulates Porcine Reproductive and Respiratory Syndrome Virus Entry. J. Virol. 2014, 88, 10448–10458.
[CrossRef]

165. Rezaee, M.; Foroutan, F.; Etemad, L.; Razban, V.; Tajbakhsh, A.; Savardashtaki, A. Clinical Utility of Soluble CD163 and its
Diagnostic and Prognostic Value in a Variety of Neurological Disorders. Mini Rev. Med. Chem. 2023, 23, 1592–1607. [CrossRef]

166. O’Connell, G.C.; Tennant, C.S.; Lucke-Wold, N.; Kabbani, Y.; Tarabishy, A.R.; Chantler, P.D.; Barr, T.L. Monocyte-lymphocyte
cross-communication via soluble CD163 directly links innate immune system activation and adaptive immune system suppression
following ischemic stroke. Sci. Rep. 2017, 7, 12940. [CrossRef] [PubMed]

167. Martinez-Lage, M.; Lynch, T.M.; Bi, Y.; Cocito, C.; Way, G.P.; Pal, S.; Haller, J.; Yan, R.E.; Ziober, A.; Nguyen, A.; et al. Immune
landscapes associated with different glioblastoma molecular subtypes. Acta Neuropathol. Commun. 2019, 7, 203. [CrossRef]

168. Chen, T.; Chen, J.; Zhu, Y.; Li, Y.; Wang, Y.; Chen, H.; Wang, J.; Li, X.; Liu, Y.; Li, B.; et al. CD163, a novel therapeutic target,
regulates the proliferation and stemness of glioma cells via casein kinase 2. Oncogene 2019, 38, 1183–1199. [CrossRef]

169. Liu, S.; Zhang, C.; Maimela, N.R.; Yang, L.; Zhang, Z.; Ping, Y.; Huang, L.; Zhang, Y. Molecular and clinical characterization of
CD163 expression via large-scale analysis in glioma. Oncoimmunology 2019, 8, 1601478. [CrossRef]

170. Tamma, R.; Ingravallo, G.; Annese, T.; d’Amati, A.; Lorusso, L.; Ribatti, D. Tumor Microenvironment and Microvascular Density
in Human Glioblastoma. Cells 2023, 12, 11. [CrossRef]

https://doi.org/10.1038/ncomms15080
https://doi.org/10.1038/s41419-021-03664-1
https://www.ncbi.nlm.nih.gov/pubmed/33828078
https://doi.org/10.1158/0008-5472.CAN-16-0144
https://www.ncbi.nlm.nih.gov/pubmed/27530322
https://doi.org/10.4049/jimmunol.178.12.8183
https://doi.org/10.1038/ncomms8792
https://doi.org/10.1096/fj.202000177R
https://www.ncbi.nlm.nih.gov/pubmed/32924185
https://doi.org/10.1007/s11154-021-09688-4
https://doi.org/10.1038/s41590-022-01215-0
https://doi.org/10.3389/fimmu.2021.637053
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1042/EBC20220242
https://doi.org/10.1046/j.1365-2567.2003.01738.x
https://www.ncbi.nlm.nih.gov/pubmed/14511229
https://doi.org/10.3389/fimmu.2021.726421
https://www.ncbi.nlm.nih.gov/pubmed/34526998
https://doi.org/10.1002/glia.20208
https://doi.org/10.1128/JVI.01117-14
https://doi.org/10.2174/1389557523666230106120302
https://doi.org/10.1038/s41598-017-13291-6
https://www.ncbi.nlm.nih.gov/pubmed/29021532
https://doi.org/10.1186/s40478-019-0803-6
https://doi.org/10.1038/s41388-018-0515-6
https://doi.org/10.1080/2162402X.2019.1601478
https://doi.org/10.3390/cells12010011


Cancers 2025, 17, 1457 29 of 31

171. Miyazaki, T.; Ishikawa, E.; Matsuda, M.; Sugii, N.; Kohzuki, H.; Akutsu, H.; Sakamoto, N.; Takano, S.; Matsumura, A. Infiltration
of CD163-positive macrophages in glioma tissues after treatment with anti-PD-L1 antibody and role of PI3Kγ inhibitor as a
combination therapy with anti-PD-L1 antibody in in vivo model using temozolomide-resistant murine glioma-initiating cells.
Brain Tumor Pathol. 2020, 37, 41–49. [CrossRef] [PubMed]

172. Morioka, T.; Baba, T.; Black, K.L.; Streit, W.J. Immunophenotypic analysis of infiltrating leukocytes and microglia in an experi-
mental rat glioma. Acta Neuropathol. 1992, 83, 590–597. [CrossRef]

173. Alzoubi, I.; Bao, G.; Zhang, R.; Loh, C.; Zheng, Y.; Cherepanoff, S.; Gracie, G.; Lee, M.; Kuligowski, M.; Alexander, K.L.; et al.
An Open-Source AI Framework for the Analysis of Single Cells in Whole-Slide Images with a Note on CD276 in Glioblastoma.
Cancers 2022, 14, 3441. [CrossRef]

174. Bao, G.; Wang, X.; Xu, R.; Loh, C.; Adeyinka, O.D.; Pieris, D.A. PathoFusion: An Open-Source AI Framework for Recognition of
Pathomorphological Features and Map-ping of Immunohistochemical Data. Cancers 2021, 13, 617. [CrossRef] [PubMed]

175. Agnihotri, S.; Zadeh, G. Metabolic reprogramming in glioblastoma: The influence of cancer metabolism on epigenetics and
unanswered questions. Neuro-Oncol. 2016, 18, 160–172. [CrossRef]

176. Li, A.; Zhang, Y.; Wang, Z.; Dong, H.; Fu, N.; Han, X. The roles and signaling pathways of prolyl-4-hydroxylase 2 in the tumor
microenvironment. Chem. Biol. Interact. 2019, 303, 40–49. [CrossRef] [PubMed]

177. Singh, L.; Aldosary, S.; Saeedan, A.S.; Ansari, M.N.; Kaithwas, G. Prolyl hydroxylase 2: A promising target to inhibit hypoxia-
induced cellular metabolism in cancer cells. Drug Discov. Today 2018, 23, 1873–1882. [CrossRef]

178. Kozlova, N.; Wottawa, M.; Katschinski, D.M.; Kristiansen, G.; Kietzmann, T. Hypox-ia-inducible factor prolyl hydroxylase 2
(PHD2) is a direct regulator of epidermal growth factor receptor (EGFR) signaling in breast cancer. Oncotarget 2016, 8, 9885–9898.
[CrossRef]

179. Semenza, G.L. Oxygen Sensing, Hypoxia-Inducible Factors, and Disease Pathophysiology. Annu. Rev. Pathol. Mech. Dis. 2014, 9,
47–71. [CrossRef]

180. Akbari, H.; Kazerooni, A.F.; Ware, J.B.; Mamourian, E.; Anderson, H.; Guiry, S.; Sako, C.; Raymond, C.; Yao, J.; Brem, S.; et al.
Quantification of tumor microenvironment acidity in glioblastoma using principal component analysis of dynamic susceptibility
contrast enhanced MR imaging. Sci. Rep. 2021, 11, 15011. [CrossRef]

181. Ye, Z.-C.; Sontheimer, H. Glioma Cells Release Excitotoxic Concentrations of Glutamate1. Cancer Res. 1999, 59, 4383–4391.
[PubMed]

182. de la Cruz-López, K.G.; Castro-Muñoz, L.J.; Reyes-Hernández, D.O.; García-Carrancá, A.; Manzo-Merino, J. Lactate in the
Regulation of Tumor Microenvironment and Therapeutic Approaches. Front. Oncol. 2019, 9, 1143. [CrossRef]

183. Andersen, R.S.; Anand, A.; Harwood, D.S.L.; Kristensen, B.W. Tumor-Associated Mi-croglia and Macrophages in the Glioblastoma
Microenvironment and Their Implications for Therapy. Cancers 2021, 13, 4255. [CrossRef]

184. Yu-Ju Wu, C.; Chen, C.-H.; Lin, C.-Y.; Feng, L.-Y.; Lin, Y.-C.; Wei, K.-C.; Huang, C.-Y.; Fang, J.-Y.; Chen, P.-Y. CCL5 of glioma-
associated microglia/macrophages regulates glioma migration and invasion via calcium-dependent matrix metalloproteinase 2.
Neuro-Oncol. 2020, 22, 253–266. [CrossRef] [PubMed]

185. Wick, W.; Platten, M.; Weller, M. Glioma Cell Invasion: Regulation of Metalloproteinase Activity by TGF-β. J. Neurooncol. 2001, 53,
177–185. [CrossRef]

186. Gjorgjevski, M.; Hannen, R.; Carl, B.; Li, Y.; Landmann, E.; Buchholz, M.; Bartsch, J.W.; Nimsky, C. Molecular profiling of the
tumor microenvironment in glioblastoma patients: Correlation of microglia/macrophage polarization state with metalloprotease
expression profiles and survival. Biosci. Rep. 2019, 39, BSR20182361. [CrossRef] [PubMed]

187. de Vrij, J.; Maas, S.L.N.; Kwappenberg, K.M.C.; Schnoor, R.; Kleijn, A.; Dekker, L.; Luider, T.M.; de Witte, L.D.; Litjens, M.; van
Strien, M.E.; et al. Glioblastoma-derived extracellular vesicles modify the phenotype of monocytic cells. Int. J. Cancer 2015, 137,
1630–1642. [CrossRef]

188. Sarkaria, J.N.; Hu, L.S.; Parney, I.F.; Pafundi, D.H.; Brinkmann, D.H.; Laack, N.N.; Giannini, C.; Burns, T.C.; Kizilbash, S.H.;
Laramy, J.K.; et al. Is the blood–brain barrier really disrupted in all glioblastomas? A critical assessment of existing clinical data.
Neuro-Oncol. 2018, 20, 184–191. [CrossRef]

189. Fu, W.; Wang, W.; Li, H.; Jiao, Y.; Huo, R.; Yan, Z.; Wang, J.; Wang, S.; Wang, J.; Chen, D.; et al. Single-Cell Atlas Reveals
Complexity of the Immunosuppressive Microenvironment of Initial and Recurrent Glioblastoma. Front. Immunol. 2020, 11, 835.
[CrossRef]

190. Wei, J.; Marisetty, A.; Schrand, B.; Gabrusiewicz, K.; Hashimoto, Y.; Ott, M.; Grami, Z.; Kong, L.-Y.; Ling, X.; Caruso, H.; et al.
Osteopontin mediates glioblastoma-associated macrophage infiltration and is a potential therapeutic target. J. Clin. Investig. 2019,
129, 137–149. [CrossRef]

191. McEver, R.P. Selectins: Initiators of leucocyte adhesion and signalling at the vascular wall. Cardiovasc. Res. 2015, 107, 331–339.
[CrossRef] [PubMed]

https://doi.org/10.1007/s10014-020-00357-z
https://www.ncbi.nlm.nih.gov/pubmed/31980975
https://doi.org/10.1007/BF00299407
https://doi.org/10.3390/cancers14143441
https://doi.org/10.3390/cancers13040617
https://www.ncbi.nlm.nih.gov/pubmed/33557152
https://doi.org/10.1093/neuonc/nov125
https://doi.org/10.1016/j.cbi.2019.02.019
https://www.ncbi.nlm.nih.gov/pubmed/30817904
https://doi.org/10.1016/j.drudis.2018.05.016
https://doi.org/10.18632/oncotarget.14241
https://doi.org/10.1146/annurev-pathol-012513-104720
https://doi.org/10.1038/s41598-021-94560-3
https://www.ncbi.nlm.nih.gov/pubmed/10485487
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.3390/cancers13174255
https://doi.org/10.1093/neuonc/noz189
https://www.ncbi.nlm.nih.gov/pubmed/31593589
https://doi.org/10.1023/A:1012209518843
https://doi.org/10.1042/BSR20182361
https://www.ncbi.nlm.nih.gov/pubmed/31142630
https://doi.org/10.1002/ijc.29521
https://doi.org/10.1093/neuonc/nox175
https://doi.org/10.3389/fimmu.2020.00835
https://doi.org/10.1172/JCI121266
https://doi.org/10.1093/cvr/cvv154
https://www.ncbi.nlm.nih.gov/pubmed/25994174


Cancers 2025, 17, 1457 30 of 31

192. Guan, X.; Hasan, M.N.; Begum, G.; Kohanbash, G.; Carney, K.E.; Pigott, V.M.; Persson, A.I.; Castro, M.G.; Jia, W.; Sun, D. Blockade
of Na/H exchanger stimulates glioma tumor immunogenicity and enhances combinatorial TMZ and anti-PD-1 therapy. Cell
Death Dis. 2018, 9, 1010. [CrossRef]

193. Hasan, M.N.; Luo, L.; Ding, D.; Song, S.; Bhuiyan, M.I.H.; Liu, R.; Foley, L.M.; Guan, X.; Kohanbash, G.; Hitchens, T.K.; et al.
Blocking NHE1 stimulates glioma tumor immunity by restoring OXPHOS function of myeloid cells. Theranostics 2021, 11,
1295–1309. [CrossRef] [PubMed]

194. Jahangiri, L. Updates on liquid biopsies in neuroblastoma for treatment response, relapse and recurrence assessment. Cancer
Genet. 2024, 288–289, 32–39. [CrossRef]

195. Otsuji, R.; Fujioka, Y.; Hata, N.; Kuga, D.; Hatae, R.; Sangatsuda, Y.; Nakamizo, A.; Mizoguchi, M.; Yoshimoto, K. Liquid Biopsy
for Glioma Using Cell-Free DNA in Cerebrospinal Fluid. Cancers 2024, 16, 1009. [CrossRef]

196. Piccioni, D.E.; Achrol, A.S.; Kiedrowski, L.A.; Banks, K.C.; Boucher, N.; Barkhoudarian, G.; Kelly, D.F.; Juarez, T.; Lanman, R.B.;
Raymond, V.M.; et al. Analysis of cell-free circulating tumor DNA in 419 patients with glioblastoma and other primary brain
tumors. CNS Oncol. 2019, 8, CNS34. [CrossRef]

197. Pan, W.; Gu, W.; Nagpal, S.; Gephart, M.H.; Quake, S.R. Brain Tumor Mutations Detected in Cerebral Spinal Fluid. Clin. Chem.
2015, 61, 514–522. [CrossRef] [PubMed]

198. Müller Bark, J.; Kulasinghe, A.; Chua, B.; Day, B.W.; Punyadeera, C. Circulating biomarkers in patients with glioblastoma. Br. J.
Cancer 2020, 122, 295–305. [CrossRef]

199. Ohyama, H.; Hirotsu, Y.; Amemiya, K.; Mikata, R.; Amano, H.; Hirose, S.; Oyama, T.; Iimuro, Y.; Kojima, Y.; Mochizuki, H.; et al.
Development of a molecular barcode detection system for pancreaticobiliary malignancies and comparison with next-generation
sequencing. Cancer Genet. 2024, 280–281, 6–12. [CrossRef]

200. Wu, X.; Shi, M.; Lian, Y.; Zhang, H. Exosomal circRNAs as promising liquid biopsy biomarkers for glioma. Front. Immunol. 2023,
14, 1039084. [CrossRef]

201. Gonzalez, T.; Nie, Q.; Chaudhary, L.N.; Basel, D.; Reddi, H.V. Methylation signatures as biomarkers for non-invasive early
detection of breast cancer: A systematic review of the literature. Cancer Genet. 2024, 282–283, 1–8. [CrossRef] [PubMed]

202. Li, Y.; Fan, Z.; Meng, Y.; Liu, S.; Zhan, H. Blood-based DNA methylation signatures in cancer: A systematic review. Biochim.
Biophys. Acta Mol. Basis Dis. 2023, 1869, 166583. [CrossRef]

203. Decraene, B.; Coppens, G.; Spans, L.; Solie, L.; Sciot, R.; Vanden Bempt, I.; De Smet, F.; De Vleeschouwer, S. A novel methylation
signature predicts extreme long-term survival in glioblastoma. J. Neurooncol. 2024, 169, 341–347. [CrossRef] [PubMed]

204. Torrisi, F.; D’Aprile, S.; Denaro, S.; Pavone, A.M.; Alberghina, C.; Zappalà, A.; Giuffrida, R.; Salvatorelli, L.; Broggi, G.; Magro,
G.G.; et al. Epigenetics and Metabolism Reprogramming Interplay into Glioblastoma: Novel Insights on Immunosuppressive
Mechanisms. Antioxidants 2023, 12, 220. [CrossRef] [PubMed]

205. Li, R.; Huang, Y.; Liu, H.; Dilger, J.P.; Lin, J. Abstract 2162: Comparing volatile and intravenous anesthetics in a mouse model of
breast cancer metastasis. Cancer Res. 2018, 78, 2162. [CrossRef]

206. Kang, Z.-R.; Jiang, S.; Han, J.-X.; Gao, Y.; Xie, Y.; Chen, J.; Liu, Q.; Yu, J.; Zhao, X.; Hong, J.; et al. Deficiency of BCAT2-mediated
branched-chain amino acid catabolism promotes colorectal cancer development. Biochim. Biophys. Acta Mol. Basis Dis. 2024, 1870,
166941. [CrossRef]

207. Lee, S.J.; Jeon, S.H.; Cho, S.; Kim, C.M.; Yoo, J.K.; Oh, S.-H.; Kim, J.H.; Yang, Y.D.; Kim, J.K. hsa-miR-CHA2, a novel microRNA,
exhibits anticancer effects by suppressing cyclin E1 in human non-small cell lung cancer cells. Biochim. Biophys. Acta Mol. Basis
Dis. 2024, 1870, 167250. [CrossRef]

208. Gómez-Oliva, R.; Domínguez-García, S.; Carrascal, L.; Abalos-Martínez, J.; Pardillo-Díaz, R.; Verástegui, C.; Castro, C.; Nunez-
Abades, P.; Geribaldi-Doldán, N. Evolution of Experimental Models in the Study of Glioblastoma: Toward Finding Efficient
Treatments. Front. Oncol. 2021, 10, 614295. [CrossRef]

209. Shu, Q.; Wong, K.K.; Su, J.M.; Adesina, A.M.; Yu, L.T.; Tsang, Y.T.M.; Antalffy, B.C.; Baxter, P.; Perlaky, L.; Yang, J.; et al. Direct
orthotopic transplantation of fresh surgical specimen preserves CD133+ tumor cells in clinically relevant mouse models of
medulloblastoma and glioma. Stem Cells Dayt. Ohio 2008, 26, 1414–1424. [CrossRef]

210. Wu, K.; Lin, K.; Li, X.; Yuan, X.; Xu, P.; Ni, P.; Xu, D. Redefining Tumor-Associated Macrophage Subpopulations and Functions in
the Tumor Microenvironment. Front. Immunol. 2020, 11, 1731. [CrossRef]

211. Pyonteck, S.M.; Akkari, L.; Schuhmacher, A.J.; Bowman, R.L.; Sevenich, L.; Quail, D.F.; Olson, O.C.; Quick, M.L.; Huse, J.T.;
Teijeiro, V.; et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. Nat. Med. 2013, 19, 1264–1272.
[CrossRef] [PubMed]

212. Yan, D.; Kowal, J.; Akkari, L.; Schuhmacher, A.J.; Huse, J.T.; West, B.L.; Joyce, J.A. Inhibition of colony stimulating factor-1 receptor
abrogates microenvironment-mediated therapeutic resistance in gliomas. Oncogene 2017, 36, 6049–6058. [CrossRef] [PubMed]

213. Butowski, N.A.; Colman, H.; De Groot, J.F.; Omuro, A.M.P.; Nayak, L.; Cloughesy, T.F.; Marimuthu, A.; Perry, A.; Phillips, J.J.;
West, B.; et al. A phase 2 study of orally administered PLX3397 in patients with recurrent glioblastoma. J. Clin. Oncol. 2014,
32, 2023. [CrossRef]

https://doi.org/10.1038/s41419-018-1062-3
https://doi.org/10.7150/thno.50150
https://www.ncbi.nlm.nih.gov/pubmed/33391535
https://doi.org/10.1016/j.cancergen.2024.09.001
https://doi.org/10.3390/cancers16051009
https://doi.org/10.2217/cns-2018-0015
https://doi.org/10.1373/clinchem.2014.235457
https://www.ncbi.nlm.nih.gov/pubmed/25605683
https://doi.org/10.1038/s41416-019-0603-6
https://doi.org/10.1016/j.cancergen.2023.12.002
https://doi.org/10.3389/fimmu.2023.1039084
https://doi.org/10.1016/j.cancergen.2023.12.003
https://www.ncbi.nlm.nih.gov/pubmed/38134587
https://doi.org/10.1016/j.bbadis.2022.166583
https://doi.org/10.1007/s11060-024-04741-z
https://www.ncbi.nlm.nih.gov/pubmed/38898218
https://doi.org/10.3390/antiox12020220
https://www.ncbi.nlm.nih.gov/pubmed/36829778
https://doi.org/10.1158/1538-7445.AM2018-2162
https://doi.org/10.1016/j.bbadis.2023.166941
https://doi.org/10.1016/j.bbadis.2024.167250
https://doi.org/10.3389/fonc.2020.614295
https://doi.org/10.1634/stemcells.2007-1009
https://doi.org/10.3389/fimmu.2020.01731
https://doi.org/10.1038/nm.3337
https://www.ncbi.nlm.nih.gov/pubmed/24056773
https://doi.org/10.1038/onc.2017.261
https://www.ncbi.nlm.nih.gov/pubmed/28759044
https://doi.org/10.1200/jco.2014.32.15_suppl.2023


Cancers 2025, 17, 1457 31 of 31

214. Mendez, J.S.; Cohen, A.L.; Eckenstein, M.; Jensen, R.L.; Burt, L.M.; Salzman, K.L.; Chamberlain, M.; Hsu, H.H.; Hutchinson, M.;
Iwamoto, F.; et al. Phase 1b/2 study of orally administered pexidartinib in combination with radiation therapy and temozolomide
in patients with newly diagnosed glioblastoma. Neuro Oncol. Adv. 2024, 6, vdae202. [CrossRef] [PubMed]

215. Almahariq, F.M.; Quinn, J.T.; Kesarwani, P.; Kant, S.; Miller, C.R.; Chinnaiyan, P. Inhibition of Colony-Stimulating Factor-1
Receptor Enhances the Efficacy of Radiotherapy and Reduces Immune Suppression in Glioblastoma. In Vivo 2021, 35, 119–129.
[CrossRef]

216. Cui, X.; Ma, C.; Vasudevaraja, V.; Serrano, J.; Tong, J.; Peng, Y.; Delorenzo, M.; Shen, G.; Frenster, J.; Morales, R.-T.T.; et al.
Dissecting the immunosuppressive tumor microenvironments in Glioblastoma-on-a-Chip for optimized PD-1 immunotherapy.
eLife 2020, 9, e52253. [CrossRef]

217. Quail, D.F.; Bowman, R.L.; Akkari, L.; Quick, M.L.; Schuhmacher, A.J.; Huse, J.T.; Holland, E.C.; Sutton, J.C.; Joyce, J.A. The tumor
microenvironment underlies acquired resistance to CSF1R inhibition in gliomas. Science 2016, 352, aad3018. [CrossRef]

218. Willingham, S.B.; Volkmer, J.-P.; Gentles, A.J.; Sahoo, D.; Dalerba, P.; Mitra, S.S.; Wang, J.; Contreras-Trujillo, H.; Martin, R.; Cohen,
J.D.; et al. The CD47-signal regulatory protein alpha (SIRPa) interaction is a therapeutic target for human solid tumors. Proc. Natl.
Acad. Sci. USA 2012, 109, 6662–6667. [CrossRef]

219. Zhang, M.; Hutter, G.; Kahn, S.A.; Azad, T.D.; Gholamin, S.; Xu, C.Y.; Liu, J.; Achrol, A.S.; Richard, C.; Sommerkamp, P.; et al.
Anti-CD47 Treatment Stimulates Phagocytosis of Glioblastoma by M1 and M2 Polarized Macrophages and Promotes M1 Polarized
Macrophages In Vivo. PLoS ONE 2016, 11, e0153550. [CrossRef]

220. von Roemeling, C.A.; Wang, Y.; Qie, Y.; Yuan, H.; Zhao, H.; Liu, X.; Yang, Z.; Yang, M.; Deng, W.; Bruno, K.A.; et al. Therapeutic
modulation of phagocytosis in glioblastoma can activate both innate and adaptive antitumour immunity. Nat. Commun. 2020,
11, 1508. [CrossRef]

221. Sikic, B.I.; Lakhani, N.; Patnaik, A.; Shah, S.A.; Chandana, S.R.; Rasco, D.; Colevas, A.D.; O’Rourke, T.; Narayanan, S.; Papadopou-
los, K.; et al. First-in-Human, First-in-Class Phase I Trial of the Anti-CD47 Antibody Hu5F9-G4 in Patients With Advanced
Cancers. J. Clin. Oncol. 2019, 37, 946–953. [CrossRef] [PubMed]

222. Liu, H.; Sun, Y.; Zhang, Q.; Jin, W.; Gordon, R.E.; Zhang, Y.; Wang, J.; Sun, C.; Wang, Z.J.; Qi, X.; et al. Pro-inflammatory and
proliferative microglia drive progression of glioblastoma. Cell Rep. 2021, 36, 109718. [CrossRef] [PubMed]

223. Wick, A.; Desjardins, A.; Suarez, C.; Forsyth, P.; Gueorguieva, I.; Burkholder, T.; Cleverly, A.L.; Estrem, S.T.; Wang, S.; Lahn, M.M.;
et al. Phase 1b/2a study of galunisertib, a small molecule inhibitor of transforming growth factor-beta receptor I, in combination
with standard temozolomide-based radiochemotherapy in patients with newly diagnosed malignant glioma. Investig. New Drugs
2020, 38, 1570–1579. [CrossRef]

224. den Hollander, M.W.; Bensch, F.; Glaudemans, A.W.J.M.; Munnink, T.H.O.; Enting, R.H.; den Dunnen, W.F.A.; Heesters, M.A.A.M.;
Kruyt, F.A.E.; Hooge, M.N.L.; de Groot, J.C.; et al. TGF-β Antibody Uptake in Recurrent High-Grade Glioma Imaged with
89Zr-Fresolimumab PET. J. Nucl. Med. 2015, 56, 1310–1314. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/noajnl/vdae202
https://www.ncbi.nlm.nih.gov/pubmed/39734810
https://doi.org/10.21873/invivo.12239
https://doi.org/10.7554/eLife.52253
https://doi.org/10.1126/science.aad3018
https://doi.org/10.1073/pnas.1121623109
https://doi.org/10.1371/journal.pone.0153550
https://doi.org/10.1038/s41467-020-15129-8
https://doi.org/10.1200/JCO.18.02018
https://www.ncbi.nlm.nih.gov/pubmed/30811285
https://doi.org/10.1016/j.celrep.2021.109718
https://www.ncbi.nlm.nih.gov/pubmed/34525361
https://doi.org/10.1007/s10637-020-00910-9
https://doi.org/10.2967/jnumed.115.154401
https://www.ncbi.nlm.nih.gov/pubmed/26135113

	Introduction 
	The Tumor Microenvironment in Glioblastoma 
	Overview of Iba1’s Structure, Function, and Its Expression in Normal and Pathologically Altered Brain Tissue 
	Role of Iba1 in Glioblastoma Progression 
	Iba1 as a Potential Future Therapeutic Target in Glioblastoma 
	CD163, a Macrophage Scavenger Protein Showing Differential Expression in Glioblastoma 
	Regulation of CD163 Expression and Its Implications for the Immune Response 
	Role of CD163 in Antigen Presentation and Cytokine Production 
	Expression of CD163 by Macrophages and Microglia in Glioma 
	Studying the Glioblastoma TME at a New Level: Using Iba1 and CD163 for Artificial Intelligence-Assisted Detection of Microglia/Macrophages 
	TAMs Undergo Metabolic Reprogramming 
	TAMs Weaken the BBB, Supporting GBM Invasion and Growth 
	Role of Microglia and Macrophages in Glioblastoma Progression 
	Potential Future Directions for Unravelling the Functions of TAMs in GBM 
	Novel Therapeutic Agents Targeting TAMs 
	Conclusions 
	References

