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Simple Summary: This review highlights the role of tumor-associated macrophages (TAMs)
in shaping the immunosuppressive tumor microenvironment (TME) of glioblastoma (GBM),
an aggressive brain tumor with limited treatment options. TAMs, which constitute a sub-
stantial portion of the TME, exhibit high phenotypic plasticity and dynamically shift
between pro-inflammatory and immunosuppressive states. GBM exploits this plasticity to
drive tumor growth by inducing TAM polarization toward the immunosuppressive phe-
notype through mechanisms involving cytokine secretion, immune checkpoint pathways,
and metabolic interactions. This polarization contributes to immune evasion, tumor pro-
liferation, angiogenesis, and treatment resistance. Therapeutic strategies targeting TAMs
include depletion, reprogramming toward the pro-inflammatory phenotype, and inhibiting
pro-tumor signals. Several approaches are under investigation, such as blocking CSF-1R,
disrupting CCL2/CCR2 and PI3K pathways, targeting PD-L1 expression, and utilizing
nanoparticle-based delivery systems for selective TAM modulation. Further research target-
ing TAM plasticity and polarization is essential for developing treatments that overcome
GBM’s robust immunosuppressive TME and improve patient survival.

Abstract: Background: Glioblastoma (GBM) remains the most aggressive primary brain
tumor with limited treatment options. The immunosuppressive tumor microenvironment
(TME), largely shaped by tumor-associated macrophages (TAMs), represents a significant
barrier to effective immunotherapy. Objective: This review aims to explore the role of
TAMs within the TME, highlighting the phenotypic plasticity, interactions with tumor
cells, and potential therapeutic targets to enhance anti-tumor immunity. Findings: TAMs
constitute a substantial portion of the TME, displaying functional plasticity between im-
munosuppressive and pro-inflammatory phenotypes. Strategies targeting TAMs include
depletion, reprogramming, and inhibition of pro-tumor signaling pathways. Preclinical
studies show that modifying TAM behavior can shift the TME towards a pro-inflammatory
state, enhancing antitumor immune responses. Clinical trials investigating inhibitors of
TAM recruitment, polarization, and downstream signaling pathways reveal promising
yet limited results, necessitating further research to optimize approaches. Conclusions:
Therapeutic strategics targeting TAM plasticity through selective depletion, phenotypic
reprogramming, or modulation of downstream immunosuppressive signals represent
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promising avenues to overcome GBM-associated immunosuppression. Early clinical trials
underscore their safety and feasibility, yet achieving meaningful clinical efficacy requires
deeper mechanistic understanding and combinatorial approaches integrating macrophage-
direct therapies with existing immunotherapeutic modalities.

Keywords: glioblastoma; immunotherapy; tumor microenvironment; tumor-associated
macrophages; macrophage polarization

1. Introduction

Glioblastoma (GBM) is the most common primary malignant brain tumor with an
annual incidence in the U.S. of three cases per 100,000 persons [1]. Despite conventional
treatment consisting of surgery and chemoradiotherapy, GBM remains a grim diagnosis
with a median survival time of 15 months [2,3]. The current gold standard only modestly
extends survival and thus, there is an urgent need for novel treatment strategies. Although
immunotherapy has demonstrated efficacy for both solid and blood cancers [4-6], it has
thus far failed to improve survival in GBM [7-9]. There are several potential contributing
obstacles to immunotherapy targeting the adaptive immune response (i.e., checkpoint
inhibition, oncolytic viral therapy, and vaccine-based therapy) which can be simplified to a
paucity of T cells and persistent T cell exhaustion [10]. Given that GBM is characterized by
a “cold” tumor microenvironment, a promising strategy is to counteract tumor-derived im-
munosuppressive factors that exhaust and deplete T lymphocytes while impairing antigen
presentation [11-13]. This necessitates the advancement of immunotherapeutic strategies
targeting non-T cell immune cell populations to counteract drivers of the immunosuppres-
sive GBM tumor microenvironment (TME).

Tumor-associated macrophages (TAMs) represent a substantial component of the TME,
composing roughly 30% at initial diagnosis and up to 60% at tumor recurrence [11,14] These
macrophages exhibit diverse classifications based on their origin, surface markers, and
functions [15,16]. Initial investigations using immunohistochemistry and flow cytometry
techniques once categorized TAMs into a near binary state—labeling immunosuppressive
(protumor) cells as “M2-like” and pro-inflammatory (antitumor) cells as “M1-like” [15].
However, with the advent and implementation of more sophisticated scientific method-
ology, such as transcriptomics, we now realize the TAM compartment displays a high
degree of cellular plasticity and is capable of a shifting continuum of phenotypes based on
external and internal factors [15]. This malleable and populous immune cell compartment
therefore represents a potential target for therapeutic opportunities by shifting the overall
functioning towards antitumor behavior.

2. Nomenclature

The original M1/M2 classification subclassifies macrophages based on their funda-
mental role in immune response but has since expanded due to advancements in single
cell analyses and understanding of glioma cell heterogeneity [15]. In recent years, M1/M2
binary classification has been challenged as macrophage polarization has been revealed to
be a dynamic and shifting continuum from pro-inflammatory to immunosuppressive phe-
notypes, respectively [15]. In GBM, TAMs exhibit functional plasticity, primarily polarizing
into one of the two phenotypes [15]. The pro-inflammatory phenotype (classically activated
macrophages, “M1”) acts to suppress GBM progression, while the immunosuppressive
phenotype (alternatively activated, “M2”) supports tumor growth [15]. The activation
of pro-inflammatory TAMs occurs through multiple signals, including interferon gamma
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(IFN-g), granulocyte-macrophage colony stimulating factor (GM-CSF), lipopolysaccharide
(LPS), and tumor necrosis factor-alpha (TNF-a). Once activated, they subsequently also
secrete pro-inflammatory cytokines such as TNF-«, IL-13, IL-6, IL-8, IL-12, and IL-23,
which work together to suppress tumor growth [15,17-19]. However, as tumors progress,
GBM can induce the repolarization of TAMs into the immunosuppressive phenotype. This
repolarization is typically mediated through different pathways and interleukins, primar-
ily involving peroxisome proliferator-activated receptor-y (PPAR v), STAT6, IL-4, IL-13,
TGEF-$3, and colony-stimulating factor (CSF)-1 [15,17-19]. Repolarized TAMs contribute
to an immunosuppressive extracellular milieu maintained by secreted factors including
arginase 1, IL-13, IL-10, IL-4, vascular endothelial growth factor (VEGF), TGF-$3, CCL22,
and CCL17 [15,17-19]. Secretion of these factors promotes tumor progression in multiple
ways, including stimulating angiogenesis, facilitating immune cell infiltration, assisting in
tissue remodeling, and contributing to drug resistance. Additionally, immunosuppressive
TAMs enhance the Th2 immune response to further promote tumor growth and prevent
anti-tumor activity within the TME [17,18].

Studies using single-cell RNA sequencing (scRNA-seq) and advanced proteomic tech-
niques have shown that TAMs frequently co-express markers associated with both pro-
inflammatory and immunosuppressive phenotypes, such as IL-10 and TNF-«, or CD86 and
CD206, suggesting remarkable plasticity [15]. This complexity is influenced by factors includ-
ing tumor mutational status, molecular subtype, and treatment conditions, with macrophages
in IDH wild-type gliomas showing a tendency toward immunosuppressive phenotypes driven
by cytokines like midkine, ANXA1, and GPNMB [15]. Moreover, mesenchymal GBM sub-
types, which express elevated levels of both immunosuppressive and pro-inflammatory genes,
appear particularly reliant on TAMs to reinforce their aggressive phenotype [15]. Targeting
TAMs and their respective pathways has emerged as a novel treatment modality to shift the
continuum in favor of the pro-inflammatory phenotype (Figure 1).
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Figure 1. Polarization Continuum. MO0, naive macrophages are induced by various activating
factors to polarize into pro-inflammatory or immunosuppressive phenotypes. Pro-inflammatory
macrophages (left) are induced by IFN-y, GM-CSF, LPS, and TNF-« and release pro-inflammatory
cytokines such as TNF-«, IL-1f3, IL-6, IL-8, IL-12, and IL-23. Immunosuppressive macrophages
(right) are activated by PPARy, STAT6, IL-4, IL-13, TGF-f3, and CSF-1 and release anti-inflammatory
mediators including arginase 1, IL-4, IL-10, IL-13, TGF-3, VEGF, CCL17, and CCL22. Created in
BioRender.
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3. Barriers to Immunotherapy

The tumor microenvironment (TME) consists of an intricate network of blood and
lymphatic vessels, extracellular matrix (ECM), immune and tumor cell populations, and an
extracellular, immunosuppressive signaling milieu that contributes to tumor growth [12,17].
The TME is rich in immunomodulatory cytokines, including transforming growth factor-
beta (TGF-f3), interleukin-10 (IL-10), and prostaglandin E2 (PGE2). These promote an im-
munosuppressive state by shifting brain-resident microglia, and infiltrating TAMs, toward
the pro-tumor phenotypes that support tumor growth and downregulate anti-tumor im-
mune responses [20]. Additionally, GBM cells frequently express checkpoint molecules like
PD-L1 and CTLA-4 which contribute to T-cell exhaustion and immune evasion [20]. Addi-
tional immunosuppressive factors within the TME, including indoleamine 2,3-dioxygenase
(IDO) and interleukin-6 (IL-6), recruit myeloid cells and promote lymphocyte differentia-
tion into regulatory T cells (Tregs), leading to dampened anti-tumor T-cell responses [21].
Furthermore, IDO modulates immune responses by catabolizing tryptophan into kynure-
nine, leading to further expansion of Tregs and suppression of effector T cell function.
IDO also facilitates the recruitment and activation of circulating Tregs within the tumor
microenvironment. IL-10 acts as a potent anti-inflammatory cytokine by sustaining FoxP3
expression on Tregs and enhancing PD-L1 expression on TAMs and peripheral monocytes,
contributing to decreased activation of cytotoxic T lymphocytes [21]. The combined actions
of IL-10 and IDO synergistically downregulate anti-tumor immunity in GBM, enabling
immune evasion and promoting tumor progression [21].

In addition to its cellular and molecular barriers, GBM is further protected by the
structural and functional complexity of the blood-brain barrier (BBB). Comprised of non-
fenestrated endothelial cells with adherens and tight junction proteins, the BBB restricts the
entry of hydrophilic drugs, biologics, and lipophilic agents via active efflux mechanisms,
thus limiting brain drug accumulation [22]. While the BBB is partially disrupted in GBM, it
often remains intact in peritumoral regions, contributing to heterogenous drug delivery
and protecting infiltrative tumor cells from chemo- and immunotherapies [23]. Although
the CNS was historically viewed as immunoprivileged, recent evidence of functional
lymphatics and T-cell trafficking indicates immunotherapeutic strategies are viable [23].

Despite GBM’s localized growth, patients frequently exhibit systemic immunosup-
pression, marked by decreased T cell counts and reduced lymphoid organ sizes, akin
to immunodeficiency conditions [24]. This contributes to the systemic sequestration of
naive T cells in the bone marrow, linked to the loss of sphingosine-1-phosphate receptor 1
(S1PR1) on T cells which impairs their egress from lymphoid organs [24]. This systemic
immunosuppression occurs in treated and untreated patients alike, indicating that it is
intrinsic to the disease rather than a consequence of chemotherapy or corticosteroids [24].
This immunosuppression is often exacerbated by GBM standard-of-care chemotherapy.

The multiple mechanisms of immune cell dysfunction in the TME drive a reduced T cell
population consisting of exhausted and anergic effector lymphocytes [10]. The role of TAMs
in this “T cell desert” has been of recent interest. Chronic antigen exposure via TAMs leads
to the exhaustion of both progenitor and terminally differentiated T cell populations [25,26].
This process, in part, is mediated by MHC class I antigen presentation on the cell surface
of TAMs [25]. While therapeutic TAM depletion may increase cytotoxic T lymphocyte
number and anti-tumor activity, here, we will argue that macrophage reprogramming is
a superior strategy given the unique role of TAMs in shaping immune function within
the TME [25,27].
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4. GBM-TAM Interactions

The interaction between GBM cells and TAMs involves multiple signaling factors
which serve two primary functions: recruiting TAMs to the TME and promoting their
polarization toward the pro-tumor M2 phenotype. Through this mechanism, GBM cells
effectively reprogram TAMSs to support tumor persistence [28]. GBM-secreted cytokines
remodel the TME and also act as potent chemo attractants. These include C-X3-C motif
chemokine ligand 1 (CX3CL1), C-C motif chemokine ligand 2 (CCL2), macrophage in-
hibitory cytokine-1 (MIC-1), and colony-stimulating factor 1 (CSF1) [28]. The recruitment
of TAMs to the glioblastoma tumor microenvironment is primarily mediated by CX3CL1,
which binds to CX3C receptor 1 (CX3CR1) expressed on peripheral macrophages to pro-
mote their residency within the TME. Additionally, glioblastoma cells secrete C-X-C motif
chemokine ligand 16 (CXCL16), which influences both TAMs and tumor cells through its
receptor C-X-C motif chemokine receptor 6 (CXCR6). In TAMs, CXCL16/CXCR®6 signal-
ing drives polarization toward the immunosuppressive phenotype. This signaling axis
also directly enhances GBM cell proliferation, migration, and invasion, as demonstrated
both in in vitro and in mouse glioma models [28]. Current therapeutic strategies targeting
TAMs focus on depletion, reprogramming, or mitigating downstream protumor effects to
rebalance the TME towards a more antitumor phenotype [29,30].

5. Depleting the TAM Population
5.1. Prevent Trafficking into the TME

Multiple strategies have been employed to prevent TAM trafficking into the TME
or selective depletion of TAMs within the TME (Figure 2). The signaling axis of colony-
stimulating factor 1 (CSF-1) and its receptor, CSF-1R, serves as a fundamental regulator
in the development and maintenance of both microglia and macrophages. This pathway
plays an essential role in governing the survival, proliferation, and differentiation of these
myeloid cell populations, thereby maintaining their homeostatic functions within the tissue
microenvironment [30,31]. Resistance to CSF-1R inhibitors is likely mediated through the
interaction of insulin-like growth factor-1 (IGF-1) and tumor cell IGF-1 receptor (IGF-1R),
causing an upregulation of the phosphoinositide 3-kinase (PI3K) pathway [32]. The binding
of IGF-1 to IGF-1R triggers PI3K pathway upregulation in tumor cells. Notably, concurrent
inhibition of IGF-1/PI3K and CSF-1R using Linsitinib (OSI906) and Sotuletinib (BLZ945)
has shown promising results, significantly extending median survival in preclinical models
until tumor recurrence [32]. The efficacy of CSF-1R inhibition appears to be influenced by
tumor molecular subtypes. Single-cell RNA sequencing has demonstrated that PDGFB-
driven pro-neural tumors, characterized by microglial dominance, respond favorably to
PLX3397 treatment through downregulation of pro-tumor gene expression [33]. In contrast,
RAS-driven mesenchymal-like tumors demonstrate resistance to PLX3397 monotherapy
or combination therapy with anti-PI3K pathway agents, attributed to pro-inflammatory
and pro-angiogenic signaling in their TAM populations [34]. Co-targeting of TAMs and
VEGF with the combination PLX3397 and cediranib (AZD2171), a VEGF-inhibitor, revealed
decreased angiogenesis and vessel density as well as reduced tumor cell proliferation in
RAS-driven mesenchymal GBM [33].

Adenosine production, regulated by CD73, is another mechanism by which GBM
suppresses pro-inflammatory cytokine reduction, decreases effector T cell response, and
induces immunosuppressive macrophage polarization. Using a cationic nanoemulsion
siRNA CD73 formulation, researchers assessed tumor cell apoptosis, immune modulation,
and cytokine profiles in GBM-bearing rats [34]. The treatment induced significant apoptosis,
reduced tumor volume by 60-70%, and selectively decreased CD73 expression in GBM
cells and TAMs. Immunophenotyping revealed reduced populations of Tregs, microglia
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and TAMs in the TME, with decreased immunosuppressive polarization markers. Pro-
inflammatory markers IL-6, CCL17, and CCL22 increased post-treatment; thus, this study
suggests that limiting adenosine-mediated immunosuppression can modulate the TME by
reducing the population of immunosuppressive TAMs while simultaneously promoting a
shift to a pro-inflammatory environment [34].

Prevent trafficking into the TME
Selective depletion within the TME

y, § p— TG100-115
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Figure 2. Various therapeutic strategies to prevent TAM trafficking into the TME or selectively deplete
from within include CSF-1R inhibition via PLX3397 or BLZ945, CCL2/CCR2 axis disruption via
CCX872 or CCR2 knockout, and PI3K pathway inhibition via TG100-115 or CDX LIPO.

The complement receptor 2 and C-C motif chemokine ligand 2 (CCR2/CCL2) axis
represents another potential target as it plays a role in recruitment of Tregs and Myeloid-
Derived Suppressor Cells (MDSCs) that promote immunosuppression in the TME [35].
An antagonist of CCR2, CCX872, increased survival outcomes in preclinical models as a
monotherapy and in combination with immune checkpoint inhibition of PD-1 [36]. CCX872
led to a reduction in MDSCs and an increase in effector T lymphocytes at the TME, as
well as decreased markers of T cell exhaustion with combination therapy [36], establishing
a potential avenue to pursue in early human trials. The nonsteroidal anti-inflammatory
drug, celecoxib, has shown ability to induce apoptosis of tumor cells by decreasing the
expression of CCL2 and CXC motif chemokine ligand 10 (CXCL10), further demonstrating
the potential this pathway must influence downstream immunosuppression and tumor
cell persistence [37].

The mesenchymal subtype of GBM is associated with increased chemoresistance
and poorer survival outcomes, partly due to heightened immune cell infiltration. Recent
findings identify chemerin as a key secretory protein driving an autocrine and paracrine
network that promotes the mesenchymal phenotype of GBM cells [38]. Chemerin enhances
these features by stabilizing its receptor, CMKLR1—predominantly expressed on TAMs—
by preventing its ubiquitin-proteasomal degradation and upregulating the NF-kB pathway.
Additionally, chemerin facilitates TAM recruitment and promotes immunosuppressive
phenotype polarization via the CMKLR1/NF-kB axis, further reinforcing mesenchymal
phenotype. Disruption of this chemerin/CMKLR1 signaling pathway via 2-(a-naphthoy]l)
ethyltrimethylammonium iodide effectively dismantled the mesenchymal network and
reduced the infiltration of TAMs, leading to suppressed tumor growth in vivo [38].

Delivery of R848, a potent dual TLR7/8 agonist, via cyclodextrin nanoparticles (CDNP)
has gained recent attention as a novel therapeutic strategy to deplete TAM infiltration [39].
In one study, CDNP-R848 treatment significantly reshaped the TME by enhancing the pro-
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inflammatory activity of myeloid cells and promoted tumor cell death independent of T and
NK cells. The treatment also significantly reduced the recruitment of immunosuppressive
macrophages to the tumor site and improved survival in the syngeneic mouse model [39].
Cytokine profiling revealed elevated IL-12 and other pro-inflammatory cytokines that
indicate successful activation of the Toll-Like Receptor 7/8 (TLR7/8) pathway. Importantly,
CDNP-R848 reduced immunosuppressive Tregs and decreased Lymphocyte-Activation
Gene 3 (LAG-3) expression, further favoring a pro-inflammatory TME. Imaging techniques
confirmed reduced macrophage recruitment, highlighting the potential of CDNP-R848
as an effective strategy to reduce recruitment and improve the pro-inflammatory, anti-
tumor response [39].

5.2. Selective Depletion Within the TME

The p38/MAPK pathway promotes the recruitment of macrophages and microglia
while also increasing PD-L1 expression in tumor cells and TAMs. Inhibiting this pathway,
combined with anti-PD-L1 antibody therapy, reduces macrophage infiltration and lowers
PD-L1 expression in microglia, enhancing survival in TMZ-resistant GBM models. This
combination also decreases circulating monocyte-derived TAMs and PD-L1 in resident
microglia, suggesting a potential therapeutic approach for recurrent or chronic TMZ-
resistant GBM [40].

Additional molecular targets under investigation include the Phosphoinositide
3-kinase-y (PI3Ky) pathway which plays a crucial role in promoting microglia chemo-
taxis and IL-11 secretion [27]. Thus, inhibition of this pathway disrupts the signaling and
recruitment of immunosuppressive myeloid-derived cells and downstream activation of
the Signal Transducer and Activator of Transcription 3 (STAT3) pathway leads to tumor
cell proliferation. In addition, PI3Ky inhibition synergistically enhanced the effects of
temozolomide (TMZ) in preclinical studies [27]. A tangent of the PI3Ky pathway is the
mammalian target of rapamycin (mTOR) signaling pathway that has demonstrated ef-
fects of modulating the TME. mTOR belongs to the PI3K-related family and plays a role
in growth and proliferation of GBM cells [41]. Using a blood-brain barrier-penetrating
liposomal system for CDX-modified liposomes (termed CDX-LIPO, and the non-modified
liposomes termed LIPO), negative regulation of the mTOR pathway led to remarkable
tumor cell death and simultaneous stimulation and activity of pro-tumor macrophages and
T cells [41].

Ponatinib, a multi-targeted receptor tyrosine kinase inhibitor, has previously demon-
strated efficacy in binding to PD-L1 and inhibiting melanoma growth, so one study as-
sessed its ability to induce antitumor immunity in a murine GBM model [42]. Results
indicated that Ponatinib was able to reduce PD-L1 expression, increase CD8" T cell in-
filtration, and modulate the ratio of immunosuppressive to pro-inflammatory TAMs by
depleting immunosuppressive macrophages. In addition, forkhead box P3 (FOXP3) ex-
pression was significantly reduced leading to a decrease in Tregs. All of this equated
to a shift away from an immunosuppressive TME with increased T cell activation and
pro-inflammatory response [42].

6. Reprogramming Macrophages

Macrophages exhibit considerable functional plasticity, allowing dynamic shifts be-
tween immunosuppressive and pro-inflammatory phenotypes within the tumor microen-
vironment (TME) [43]. Redirecting immunosuppressive tumor-associated macrophages
(TAMs) towards pro-inflammatory, anti-tumor phenotypes presents an attractive therapeu-
tic strategy for enhancing tumor suppression (Figure 3) [43].
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Figure 3. Therapeutic targets to reprogram macrophages to a pro-inflammatory phenotype include
PD-1/PD-L1 blockade, MALT1 inhibition, Gal-9/Tim-3 blockade, IL-10 suppression, miR-25 extracel-
lular vesicles, ITGB3/STAT3 pathway inhibition, sphingomyelin reduction, PTP4A2 reduction, and
TRRAP inhibition. Nanoparticles (mRNA-NPs, CpG-Au-NPs) are also employed to module the TAM
immune response.

6.1. Immune Checkpoints

Tumor cells commonly evade immune detection by upregulating immune checkpoint
molecules such as programmed death-1 (PD-1) and its ligand PD-L1. PD-1 is notably
expressed not just by tumor cells but also by immunosuppressive TAMs and has become
a target for repolarization. Elevated PD-1 expression in TAMs correlates with reduced
phagocytic activity and weakened anti-tumor responses. In colorectal cancer, increased
PD-1 levels in macrophages correlate with larger tumors and more advanced stages, es-
pecially within immunosuppressive subsets [44]. Blocking PD-1/PD-L1 pathways can
restore macrophage function, enhancing phagocytosis and limiting tumor growth [45]. In
glioblastoma (GBM), using dual-sgRNA CRISPR/Cas9 technology to remove both surface
and intracellular PD-L1 from human U87 GBM cells resulted in a 64% PD-L1 reduction,
significantly decreased cell migration, and promoted pro-inflammatory macrophage polar-
ization. These TAMs showed elevated TNF-a and reduced IL-4 secretion, contributing to
stronger anti-tumor immunity [46].

6.2. Intracellular Signaling Pathways

GBM frequently has phosphatase and tensin homolog (PTEN) deficiencies, increasing
the secretion of lysyl oxidase (LOX) and galectin-9 (Gal-9). LOX attracts macrophages, while
Gal-9 suppresses immune activity by interacting with T-cell immunoglobulin and mucin
domain 3 (Tim-3) [47]. Inhibiting Gal-9/Tim-3 signaling, either with anti-Tim-3 antibodies
or genetic knockdown methods, effectively reduces immunosuppressive TAM polarization
and slows tumor proliferation in PTEN-null GBM [48]. Furthermore, Galectin-3 (Gal-3)
depletion increases inducible nitric oxide synthase (iNOS) expression and lowers arginase-1
(Arg-1), favoring pro-inflammatory polarization. Temozolomide (TMZ) enhances this pro-
inflammatory shift in Gal-3-deficient mice, as confirmed by increased pro-inflammatory
gene expression [49].

Milk fat globule EGF factor-8 (MFG-E8) contributes to immunosuppression in GBM by
activating the integrin 33 (ITGB3)/STAT3 pathway. This signaling promotes IL-4 secretion,
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driving microglia toward immunosuppressive states with markers such as arginase-1 (ARG-
1), macrophage galactose-type C-type lectin-2 (MGL-2), and the macrophage mannose
receptor (CD206) [46,50]. Recombinant MFG-E8 amplifies IL-4-driven immunosuppressive
polarization while suppressing pro-inflammatory responses induced by lipopolysaccha-
ride (LPS). Blocking MFG-ES or integrin 33 promotes microglia pro-inflammatory polar-
ization, reduces ARG-1 expression, and limits tumor growth. MFG-E8 knockdown in
glioma cells also boosts chemotherapy efficacy (BCNU), reduces tumor size, prolongs
survival, and decreases immunosuppressive macrophage infiltration [50]. Thus, MFG-
E8 inhibition offers a valuable approach to reprogramming macrophages and combating
GBM-induced immunosuppression.

Recent research identifies MALT1 protease as a key regulator of TAM immunosuppres-
sive polarization in GBM. Elevated MALT1 expression is found in aggressive mesenchymal
GBM macrophages. Using the MALT1 inhibitor MLT-748 reverses immunosuppressive po-
larization, boosts macrophage-mediated tumor destruction, and extends survival in GBM
animal models. MALT1 knockout mice exhibit increased pro-inflammatory macrophage
populations compared to wild-type mice [51].

The small-molecule compound Toosendanin (TSN) has demonstrated potential in re-
inforcing macrophage-mediated anti-tumor responses in GBM. TSN inhibits IL-10, substan-
tially reducing immunosuppressive macrophage markers and promoting pro-inflammatory
cytokines like IL-1f and IL-8 [52]. In animal models, TSN reduced tumor size, increased
CD8* T-cell infiltration, reduced regulatory T cells (Tregs), and decreased T-cell exhaustion.
Combining TSN with checkpoint inhibitors or EGFRVIII CAR-T therapy provided even
better tumor control, longer survival, and enhanced T-cell activation [52].

6.3. Nanotechnology and Delivery Systems

Targeted therapeutic delivery to TAMs, exploiting macrophage phagocytic behavior,
has become an innovative method to modify macrophage polarization. Nanoparticles car-
rying mRNA encoding interferon regulatory factor 5 (IRF5) and activating kinase IKKf suc-
cessfully shifted TAM polarization to anti-tumor states [53]. While these nanoparticles alone
modestly improved survival, combining them with radiotherapy substantially reduced
tumor growth and significantly extended survival in preclinical studies [53]. Similarly, gold
nanoparticles loaded with cytosine—phosphate—guanosine (CpG), a toll-like receptor 9 (TLR-
9) agonist, effectively increased pro-inflammatory cytokine production by macrophages and
activated CD8* T cells, potentially altering GBM’s immunosuppressive environment [54].

GBM promotes immunosuppressive TAM polarization via extracellular vesicles con-
taining microRNA-25 (miR-25), which suppresses the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) pathway. Combining antimiR-25 with cyclic
GMP-AMP (cGAMP) nanoparticles activates cGAS-STING, shifting macrophages toward
pro-inflammatory phenotypes and enhancing M1-associated genes, including Cxcl10
and Ifna2 [55].

6.4. Emerging Targets

Phosphatase of regenerating liver 2 (PRL2), encoded by PTP4A2, and ubiquitin-specific
protease 9X (USP9X) also modulate TAM polarization. Increased PRL2 is associated
with aggressive GBM and poorer outcomes. The PRL inhibitor JMS-053 reduces GBM
cell viability, induces apoptosis, and modulates macrophages toward pro-inflammatory
states [56]. Conversely, USP9X stabilizes TRRAP protein, enhancing GBM cell prolifera-
tion and migration. USP9X knockdown reduces tumor growth, lowers TRRAP expres-
sion, and shifts macrophages toward pro-inflammatory states by decreasing IL-10 and
TGF-p1 secretion [57].
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Triggering receptors expressed on myeloid cells 2 (TREM2) significantly influences
TAM polarization and immune suppression in GBM. Increased TREM2 levels predict
poorer outcomes [58]. Genetic deletion of TREM2 in human and mouse myeloid cells
enhances interferon-gamma-induced activation, promotes pro-inflammatory polarization,
and increases anti-tumor activity. TREM2 inhibition reduces tumor growth and extends
survival by increasing infiltration of PD-1-positive cytotoxic T lymphocytes and reducing
immunosuppressive macrophage numbers [58]. TREM2 blockade also boosts anti-PD-1
checkpoint inhibitor efficacy.

Recent studies have highlighted the pivotal role of lipid metabolism in modulating
TAM function. Alterations in lipid pathways—including fatty acid oxidation, cholesterol
homeostasis, and sphingolipid metabolism—have been shown to influence macrophage
polarization [59,60]. Therapeutic strategies targeting key enzymes such as fatty acid syn-
thase (FASN) and acetyl-CoA carboxylase (ACC) reduce lipid accumulation in TAMs,
leading to decreased production of immunosuppressive cytokines and enhanced antigen
presentation [61,62]. Moreover, modulation of cholesterol metabolism has been associ-
ated with improved phagocytic activity and a shift toward a pro-inflammatory phenotype
in TAMs [60,63]. These findings underscore the potential of lipid manipulation as an
innovative approach to reprogram immunosuppressive macrophages in GBM.

Lastly, complement factors (Clq, C3a/C3aR, C5a/C5aR) and enzymes regulating
sphingomyelin metabolism (SMS2, SMPD1) significantly influence macrophage polariza-
tion. Targeting these molecules can modulate immune responses, encourage anti-tumor
macrophage polarization, and restrict GBM progression, presenting additional promising
avenues for GBM immune modulation therapies [64-68].

7. Targeting Downstream Pro-Tumor Signals

Macrophage-driven arginine metabolism and downstream signaling cascades play a
crucial role in orchestrating immunosuppression, making these pathways critical targets
for intervention (Figure 4).

Angiogenesis

GBM
pseudopodia
formation

cilengitide +
LY-364947 J T6F-B {

&
(o) @. ()
\ B o

: . SCH772984
BX471/maraviroc
\ AhR-inhibitor

OAT-1746 * anti-PD-1
ADI-PEG20

gl

Figure 4. Therapeutic downstream TAM targets to reverse immunosuppression and shift towards
a pro-inflammatory TME. Angiogenesis via integrin a«v3-TGF-f signaling, GBM pseudopodia
formation from CCL8 and ERK1/2 phosphorylation, arginine metabolism, and kynurenine-AhR
interaction are potential pathways.
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Arginine metabolism significantly influences immune responses in the tumor microen-
vironment (TME), primarily through its modulation by macrophages, thus impacting tumor
progression [69]. Pro-inflammatory macrophages metabolize arginine through inducible
nitric oxide synthase (iNOS) to produce nitric oxide (NO), a molecule that can efficiently
eliminate tumor cells. In contrast, immunosuppressive macrophages utilize arginase en-
zymes (ARG1 and ARG2) to convert arginine into ornithine and urea, leading to local
immune suppression [70]. Both human and mouse glioblastomas (GBMs) demonstrate
elevated expression of ARG1 and ARG2 in tumor cells and infiltrating macrophages and
microglia, causing a depletion of L-arginine, which is essential for activating T cells and nat-
ural killer (NK) cells [71]. Targeting this pathway, the selective arginase inhibitor OAT-1746
effectively reduced glioma cell invasion mediated by microglia, restored arginine levels
in the brain, and decreased tumor growth. Additionally, combining OAT-1746 with PD-1
blockade further enhanced therapeutic effects, increasing the infiltration of CD8" T cells.
These findings illustrate that the inhibition of ARG1/2 could augment immune checkpoint
blockade efficacy, restore immune functionality, and boost anti-tumor responses [71].

Moreover, combining radiotherapy with the arginine-depleting agent ADI-PEG20
has proven highly effective in an orthotopic GBM model, achieving substantial tumor
regression and extending disease-free survival beyond 140 days. ADI-PEG20 treatment not
only increased radiosensitivity of tumor cells but also reshaped the macrophage and mi-
croglia populations, driving their polarization towards a phagocytic and pro-inflammatory
state [72]. This immune shift was indicated by increased intracellular lipid accumulation
and elevated nitric oxide levels. Transcriptomic analysis further confirmed a decrease
in the immunosuppressive marker Arg-1 and an increase in the pro-inflammatory cy-
tokine TNF-a. Thus, combining arginine depletion and radiotherapy effectively enhances
anti-tumor immunity [72].

Chemokine (C-C motif) ligand 8 (CCL8), abundantly produced by tumor-associated
macrophages (TAMs), significantly promotes the invasiveness of GBM cells by stimulating
pseudopodia formation [73]. Three-dimensional culture experiments demonstrated that
exposure to CCL8 notably increased cell migration and invasive potential in GBM cell
lines. Further analysis using immunoblotting revealed the enhanced phosphorylation of
extracellular signal-regulated kinase (ERK1/2) upon CCLS8 stimulation. Treatment with
BX471 and maraviroc, inhibitors of CCL8 signaling, diminished ERK1/2 activation [73].
Furthermore, the ERK1/2-specific inhibitor SCH772984 markedly reduced CCL8-induced
invasive characteristics and pseudopodia formation. Neutralizing CCL8 using an anti-CCL8
antibody significantly decreased GBM cell migration and ERK1/2 activation triggered by
TAM-secreted factors. These findings suggest that the CCL8-ERK1/2 signaling pathway
represents a valuable target for limiting GBM invasiveness [73].

Immunosuppressive macrophages further contribute to tumor progression by promot-
ing angiogenesis through direct interactions between transforming growth factor-beta 1
(TGF-B1) and integrin ocv33, highly expressed on angiogenic endothelial cells [74]. Pro-
tumor macrophages engage integrin orv33, stimulating new blood vessel growth. Com-
bined therapy using cilengitide, an av[33 integrin antagonist, and LY-364947, a TGF-f31
receptor inhibitor, demonstrated superior efficacy in reducing angiogenesis compared to
the VEGF inhibitor cediranib alone. This suggests that dual inhibition of this pathway
could significantly suppress GBM angiogenesis [74].

Gliomas harboring isocitrate dehydrogenase 1/2 (IDH1/2) mutations exhibit the
CpG island methylator phenotype (CIMP) and are typically associated with improved
survival compared to their wild-type counterparts [75]. Nevertheless, IDH-mutant gliomas
accumulate significant amounts of 2-hydroxyglutarate (2-HG), contributing to profound
immune suppression with notably decreased infiltration of macrophages, dendritic cells,
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and lymphocytes [75]. The accumulation of 2-HG suppresses immunity by downregu-
lating critical chemokines such as CXCL10, hindering T-cell maturation, and promoting
immunosuppressive polarization of macrophages via the activation of tryptophan-2,3-
dioxygenase (TDO) [76]. Activation of TDO increases kynurenine production, stimulat-
ing the aryl hydrocarbon receptor (AhR), which further reinforces immunosuppressive
polarization in macrophages [76]. Importantly, the inhibition of AhR successfully re-
stores a pro-inflammatory, anti-tumor macrophage phenotype in IDH-mutant gliomas,
and combining AhR inhibitors with anti-PD-L1 immunotherapy synergistically enhances
therapeutic outcomes [76].

Insights into macrophage plasticity within the GBM microenvironment provide a
foundation for translating preclinical strategies into clinical application. Approaches such
as macrophage depletion, reprogramming toward pro-inflammatory phenotypes, and
targeting immunosuppressive signaling pathways offer promising directions (Table 1).

These strategies’ feasibility and therapeutic potential are being explored in human trials.

Table 1. Immunotherapeutic strategies targeting TAMs and associated pathways in GBM.

Strategy Treatment Mechanism TAM Effect
AL Suppresses microglia/ TAM
TG100-115 [27] PI3K inhibition accumulation and secretion of IL-11
s Prevent immunosuppressive
BLZ945 + OSI906 [32] CSF-1R + IGF-1R inhibition TAM trafficking
. CSF-1R + VEGFR2 Prevent immunosuppressive TAM
PLX3397 + cediranib [33] inhibition trafficking and reduce angiogenesis
NE-siRNA-CD73 [34] CD73 inhibition Reduce Tregs, microglia, and
macrophages
. CCL2/CCR2 Reduce tumor-associated MDSCs
OGP 5] axis disruption and T lymphocyte exhaustion
CCR2 knockout [36] CC.LZ./CCR.Z Decrease TAM infiltration
axis disruption
. . CCL2 and . .
Depletion Celecoxib [37] CXCL10 inhibition Reduce microglia and macrophages
2-(a-naphthoyl) .
ethyltrimethylammonium C;(;r‘rllv(;rmd/i ?:fli}il Reduce TAM infiltration
iodide [38] pathway cisripho
Increase pro-inflammatory
R848 via CDNP [49] TLR7/8 agonism cytokines and reduce
immunosuppressive
TAM infiltration
LY2228820 [40] p38 MAPK inhibitor Inhibit macrophage aggregation
Promote pro-inflammatory
CDX-LIPO [41] Target PI3K/mTOR phenotype and deplete
immunosuppressive TAMs
Ponatinib [42] Inhibit PD-L1 Deplete immunosuppressive TAMs
Nivolumab/ - e
Bevacizumab [44] Inhibit PD-L1 pathway Regulate TAM polarization
o . Upregulate pro-inflammatory
Inhibit PD-L1 pathway via
PD-L1 knockout [45] dual-sgRNA CRISPR/Cas9 Phenotype, down}regulate
immunosuppressive phenotype
Reprogramming Inhibit immunosuppressive

a-lactose [47]

Gal-9/Tim-3 blockade

polarization and VEGF release

Anti-Tim-3 antibody [48]

Gal-9/Tim-3 blockade

Inhibit immunosuppressive
phenotype

LGALS9-targeted
shRNAs [48]

Gal-9/Tim-3 blockade

Inhibit immunosuppressive

phenotype
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Table 1. Cont.

Strategy Treatment Mechanism TAM Effect
ITGB3 Increase M1-like microglia
siRNA /anti-MFG-E8 MFG-E8 pathway q MOk i 05
. ecrease ike microglia
antibody [50]
MLT-748 [51] MALT1 inhibition Reverses immunosuppressive
polarization
Reduce immunosuppressive TAM
Toosendanin (TSN) [52] IL-10 inhibition markers and promote
pro-inflammatory cytokines
Upregulate pro-inflammatory
mRNA-NPs [53] IRF5/IKKb expression phenotype, downregulate
immunosuppressive phenotype
Enhance Upregulate pro-inflammatory
Reprogramming CpG-Au-NPs [54] immunosuppressive phenotype, downregulate
macrophage repolarization immunosuppressive phenotype
microRNA-25 antibody STING pathway Promotes pro-inflammatory
(antimiR-25) [55] suppression phenotype polarization
JMS-053 [56] PRL inhibition Induces apoptosis and promotes
pro-inflammatory polarization
- Lowers TRRAP expression and
USP9X knockout [57] De-st.ablhzes TRRAP shifts TAMs towargs
protein g
pro-inflammatory phenotype
TREM2 knockout [58] Def:rea'sed TREM2 Prom'otes. pro-inflammatory
activation polarization
Inhibition of Suppress immunosuppressive
SMS2 knockout [67] sphingomyelin production TAIID\EI) polarization o
OAT-1746 [71] Inhibiting ARG1/2 Polarize TAM to
pro-pro-inflammatory phenotype
Promote pro-inflammatory
ADI-PEG20 [72] Arginine depletion polarization and increase
radiosensitivity of GBM cells
. CCL8-antibody and Decrease macrophage-derived
Targeting BX471 and maraviroc [73]  ppyq /5 inhibition CCL8
downstream Reduce macrophage-derived CCL8
signals SCH772984 [73] ERK1/2 inhibition and decrease

pseudopodia formation

Cilengitide + LY-364947 [74]

Inhibition of integrin av (33
and TGEF-p3, respectively

Inhibit endothelial
cells-macrophage interaction and
reduce angiogenesis

AhR-inhibitor [76]

Inhibit AhR-kynurenine
interaction

Reverse immunosuppression

8. In Human Trials

Recent clinical trials have begun translating preclinical discoveries into early-phase
studies evaluating the safety, feasibility, and immunomodulatory impact of TAM-directed
therapies (Table 2). Translating preclinical insights into clinical application, a phase I/1I
study examined the safety and efficacy of Macrophage Exclusion after Radiation Ther-
apy (MERT) using plerixafor, a CXCR4 inhibitor, in newly diagnosed GBM (ndGBM)
patients [77]. The rationale for this trial stemmed from evidence indicating that radiore-
sistant hypoxic cells and hypoxia-inducible factor-1 (HIF-1) upregulation elevate stroma
cell-derived factor-1 (SDF-1), which recruits bone marrow-derived monocytes through
CXCR4 receptors, promoting angiogenesis and tumor recurrence. Preclinical animal mod-
els demonstrated that disrupting the SDF-1/CXCR4 axis limited macrophage infiltration,
improved radiotherapy outcomes, and increased survival. Patients received plerixafor via
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continuous IV infusion for four weeks post-standard radiochemotherapy [77]. The treat-
ment showed favorable safety, with no grade 3 toxicities, and clinical outcomes included
a median overall survival (mOS) of 21.3 months and progression-free survival (PFS) of
14.5 months. Biomarker analyses indicated a successful CXCR4 blockade, increased SDF-1
levels, and a reduction in cerebral blood volume within irradiated regions, suggesting
reduced microvascular proliferation. Thus, CXCR4 inhibition, in conjunction with standard
therapy, demonstrated promising potential for improved tumor control [77].

Table 2. Clinical trials targeting TAM-associated pathways and functions in patients with glioblas-
toma, accessed on 7 March 2025.

ID  Author Phase Mechanism TAM Effect gggleﬁl;tion Outcomes Is{tzctﬁ;itment
Inhibition of Prevent TAM mOS 21.3
NCT01977677 [77] Thomas et al. I/11 SDF-1/CXC4 axis recruitment ndGBM months, PFS Completed
14.5 months
Inhibition of 6-month PFS rate .
NCT03746080 [78] ~ Recht et al. it SDF-1/CXC4 axis +  Lrevent TAM 1 4pyy 91.7%, mOS Active, not
WBRT + SOC 15.1 months &
Deplete
NCT01349036 [79] ~ Butowskietal.  II ﬁh’fgﬁ?;f)cSFlR immunosup-  rGBM gmonth PESate  ferminated
pressive TAMs e
Deplete
NCT01790503 [80]  Sankyo et al. I/11 PLX3397 + SOC immunosup- ndGBM mPFS 6.7 months ~ Completed
pressive TAMs
Deplete
NCT02829723 [81] ~ Novartis 1/11 E\Lhzigﬁ?o(nC)SFl‘R immunosup-  rGBM Gemonth PESrate  orminated
pressive TAMs e
~ Reprogramming
NCT03392545 [82]  Jiang et al. I IG/I\C/I CSF dfr lt’."ly TAM rGBM No results posted ~ Unknown
+ radiation polarization
. Reprogramming
NCT04547777 [83]  Desjardins et al. I 8287(_:11%40 * TAM rGBM No results posted ~ Recruiting
polarization
Prevent MDSC
differentiation ndGBM and mOS 21.0 Active. not
NCT03782415 [84]  Youssef et al. I/ Inhibition of MIF into immuno-  TEE a (ndGBM) and reiruiet/in 0
suppressive 8.6 (tGBM) &

Building on this, a subsequent phase I study evaluated the combination of plerixafor
with bevacizumab in recurrent GBM (rGBM) patients to determine safety and prelimi-
nary efficacy [85]. Conducted in two cohorts—a dose-escalation phase with 23 patients
and a surgical phase with 3 patients—the study reported good tolerability and no dose-
limiting toxicities. Pharmacokinetic data confirmed effective plerixafor penetration into
cerebrospinal fluid and tumor tissue, achieving therapeutic CXCR4-inhibiting concentra-
tions. Biomarker assessments showed elevated plasma SDF-1 and reduced free VEGF
levels, aligning with effective inhibition of both CXCR4 and VEGF pathways. Despite these
promising pharmacodynamic results, clinical outcomes were modest, yielding a mOS of
7.1 months and median PFS (mPFS) of 2.87 months [85].

Extending macrophage-targeted strategies, a phase I trial combined immunoadjuvants
with radiotherapy in rGBM patients, exploring the immunological effects and clinical
outcomes of polyinosinic/polycytidylic acid (poly I/C) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [82]. Poly I/C activates toll-like receptor-3 (TLR3) to
induce pro-inflammatory cytokines, while GM-CSF facilitates macrophage differentiation
and activation. Among 30 patients treated, 20% exhibited objective responses, with an
mPFS of 88 days and mOS of 362 days. Notably, responders showed increased infiltration
of CD8* T lymphocytes and NK cells, whereas non-responders displayed elevated CD68+
macrophages, suggesting persistent immunosuppressive macrophage presence correlated
with poorer outcomes [82].
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Focusing on macrophage modulation via colony-stimulating factor 1 receptor (CSF1-R)
inhibition, PLX3397—an oral, brain-penetrant small-molecule inhibitor—was evaluated in
a phase 1II clinical trial for patients with recurrent GBM [79]. Recognizing the significant
expression of CSF1-R ligands in GBM, the trial enrolled 37 patients divided into surgical
(n = 13) and non-surgical (n = 24) cohorts. Although PLX3397 was well tolerated and
reached therapeutic concentrations in tumor tissues, the primary endpoint—6-month
PFS—was modest at 8.8%. Genomic analysis failed to identify biomarkers predictive
of extended responses, highlighting the complexity of targeting CSF1-R pathways in
GBM treatment [79].

Another innovative approach involved D2C7 immunotoxin (D2C7-IT), a recombinant
protein targeting wild-type and mutant EGFR (EGFRVIII), conjugated with Pseudomonas
exotoxin for direct tumor cell killing and immune activation [83]. D2C7-IT induces T
cell activation and upregulates inflammatory markers such as CD40, creating synergy
when combined with anti-CD40 agonist antibodies like 2141-V11. A first-in-human trial
currently evaluates the safety and maximum tolerated dose of intratumorally administered
D2C7-IT combined with escalating doses of 2141-V11 in rGBM patients. Preliminary results
from eight patients indicated favorable tolerability, with minimal adverse events including
headaches and transient neurological symptoms [83].

Finally, exploring strategies targeting macrophage inhibitory factor (MIF), a phase
1b/2a dose-escalation study investigated ibudilast—a selective MIF inhibitor—in combina-
tion with temozolomide (TMZ) for both newly diagnosed and recurrent GBM patients [84].
By disrupting the MIF-CD74 interaction, ibudilast reduces immunosuppressive properties
of myeloid-derived suppressor cells (MDSCs), which, under tumor-induced conditions,
preferentially differentiate into immunosuppressive macrophages and Tregs. In this clinical
trial, 36 newly diagnosed and 26 recurrent GBM patients were enrolled, receiving monthly
TMZ with daily ibudilast doses escalating from 30 mg to 50 mg twice daily. Outcomes
included a 6-month PFS rate of 44% for newly diagnosed GBM and 31% for recurrent GBM,
with a mOS of 21.0 months and 8.6 months, respectively, supporting the feasibility of MIF
inhibition to modulate the immunosuppressive microenvironment [84].

9. Discussion

Despite the minimal success of T cell-based therapies for glioblastoma (GBM), the role
of tumor-associated macrophages (TAMs) and TAM-associated pathways remains underex-
plored. GBM remains a significant therapeutic challenge, characterized by an immunosup-
pressive tumor microenvironment (TME) that severely limits the efficacy of conventional
treatments and adaptive immune-targeting therapies. TAMs have emerged as central
regulators of this immunosuppression due to their considerable presence, plasticity, and
their ability to dynamically shift along a polarization continuum from pro-inflammatory
(anti-tumor) to immunosuppressive (pro-tumor) phenotypes.

Recent advancements utilizing transcriptomic and proteomic technologies have re-
vealed TAM complexity and plasticity, highlighting opportunities to therapeutically tar-
get macrophage phenotypic reprogramming. Preclinical studies targeting macrophages
through depletion, polarization modulation, and downstream signaling disruption
have demonstrated promising potential to enhance antitumor responses and reduce
tumor growth. Strategies such as CSF-1R inhibition, the blockade of chemokine
axes (CCL2/CCR2), interference with immunosuppressive signaling pathways (adeno-
sine/CD73, PI3Ky, mTOR, and MAPK pathways), and nanoparticle-mediated delivery of
macrophage-modulating agents have produced encouraging preclinical outcomes.

Clinical translation of these macrophage-focused strategies has started, with early-
phase human trials investigating TAM depletion or reprogramming using agents such
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as plerixafor, CSF-1R inhibitors (PLX3397), immunotoxins (D2C7-IT), and MIF inhibition
(ibudilast). Although early results underscore the safety and feasibility of these approaches,
clinical efficacy remains modest, reinforcing the complexity of GBM-associated immuno-
suppression and highlighting the need for integrated, multimodal strategies.

This review uniquely consolidates the emerging evidence on TAM-targeted strategies
and promotes its use in targeting the immunosuppressive TME in GBM. In contrast to
the previous literature that often presents TAMs within a binary M1/M2 paradigm, this
work emphasizes their dynamic polarization along a continuum and highlights their
functional diversity. The next phase of immunotherapy research in GBM should focus
on the design of multimodal, macrophage-centric immunotherapies aimed at overcoming
the tumor’s immunosuppression. In particular, therapies targeting TAM polarization can
greatly influence the TME by transforming it into a pro-inflammatory phenotype with
enhanced T-cell infiltration and activation and reduced immunosuppressive signaling.

10. Conclusions

Moving forward, effective therapeutic approaches must leverage a nuanced under-
standing of TAM biology, including molecular subtypes, macrophage functional plasticity,
and interplay with other immune and stromal cells within the TME. The integration
of macrophage-targeted therapies with established and emerging treatment modalities—
such as checkpoint inhibitors, radiotherapy, and advanced immunotherapeutics—holds
promise for overcoming current barriers and significantly improving clinical outcomes in
GBM patients.

Author Contributions: Conceptualization, T.E. and B.A.S.; methodology, T.E. and B.A.S.; investi-
gation, T.E.; writing—original draft preparation, T.E., CW., M.B. and B.A.S.; writing—review and
editing, T.E., CW., M.B., C.S. and B.A.S,; visualization, T.E.; supervision, CR., A.Z,,S.L., PF, N.C.R.
and B.A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liu, Y,; Zhou, F; Ali, H,; Lathia, ].D.; Chen, P. Immunotherapy for glioblastoma: Current state, challenges, and future perspectives.
Cell. Mol. Immunol. 2024, 21, 1354-1375. [CrossRef] [PubMed]

2. Stupp, R.; Mason, W.P,; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352,
987-996. [CrossRef]

3. Yalamarty, S.5.K,; Filipczak, N.; Li, X.; Subhan, M.A_; Parveen, F; Ataide, ].A.; Rajmalani, B.A.; Torchilin, V.P. Mechanisms of
Resistance and Current Treatment Options for Glioblastoma Multiforme (GBM). Cancers 2023, 15, 2116. [CrossRef] [PubMed]

4.  Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, ].J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; Rutkowski,
P; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Previously Untreated Melanoma. N. Engl. . Med. 2015, 373,
23-34. [CrossRef]

5. Qu, J; Kalyani, ES.; Shen, Q.; Yang, G.; Cheng, T.; Liu, L.; Zhou, J.; Zhou, J. Efficacy and Safety of PD-L1 Inhibitors plus
Chemotherapy versus Chemotherapy Alone in First-Line Treatment of Extensive-Stage Small-Cell Lung Cancer: A Retrospective
Real-World Study. J. Oncol. 2022, 2022, 3645489. [CrossRef] [PubMed]

6. Grosser, R.; Cherkassky, L.; Chintala, N.; Adusumilli, P.S. Combination Immunotherapy with CAR T Cells and Checkpoint
Blockade for the Treatment of Solid Tumors. Cancer Cell 2019, 36, 471-482. [CrossRef]

7. Reardon, D.A; Brandes, A.A.; Omuro, A.; Mulholland, P.; Lim, M.; Wick, A.; Baehring, J.; Ahluwalia, M.S.; Roth, P; Bahr, O.; et al.

Effect of Nivolumab vs Bevacizumab in Patients with Recurrent Glioblastoma: The CheckMate 143 Phase 3 Randomized Clinical
Trial. JAMA Oncol. 2020, 6, 1003-1010. [CrossRef]


https://doi.org/10.1038/s41423-024-01226-x
https://www.ncbi.nlm.nih.gov/pubmed/39406966
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.3390/cancers15072116
https://www.ncbi.nlm.nih.gov/pubmed/37046777
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1155/2022/3645489
https://www.ncbi.nlm.nih.gov/pubmed/36199793
https://doi.org/10.1016/j.ccell.2019.09.006
https://doi.org/10.1001/jamaoncol.2020.1024

Cancers 2025, 17,1631 17 of 20

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Omuro, A.; Brandes, A.A.; Carpentier, A.F; Idbaih, A.; Reardon, D.A.; Cloughesy, T.; Sumrall, A.; Baehring, J.; van de Bent, M.].;
Bahr, O.; et al. Radiotherapy combined with nivolumab or temozolomide for newly diagnosed glioblastoma with unmethylated
MGMT promoter: An international randomized phase III trial. Neuro-Oncol. 2023, 25, 123-134. [CrossRef]

Goff, S.L.; Morgan, R.A,; Yang, ].C.; Sherry, R.M.; Robbins, P.E; Restifo, N.P; Feldman, S.A.; Lu, Y.C.; Lu, L.; Zheng, Z.; et al. Pilot
trial of adoptive transfer of chimeric antigen receptor transduced T cells targeting EGFRVIII in patients with glioblastoma. .
Immunother. 2019, 42, 126-135. [CrossRef]

Woroniecka, K.; Fecci, P.E. T-cell exhaustion in glioblastoma. Oncotarget 2018, 9, 35287-35288. [CrossRef]

Brown, N.E; Carter, T.].; Ottaviani, D.; Mulholland, P. Harnessing the immune system in glioblastoma. Br. . Cancer 2018, 119,
1171-1181. [CrossRef]

Butler, M,; Prasad, S.; Srivastava, S.K. Targeting Glioblastoma Tumor Microenvironment. In Tumor Microenvironments in Organs;
Advances in Experimental Medicine and Biology; Springer: Berlin, Germany, 2021; pp. 1-9. [CrossRef]

Sharma, P.; Aaroe, A.; Liang, J.; Puduvalli, V.K. Tumor microenvironment in glioblastoma: Current and emerging concepts.
Neuro-Oncol. Adv. 2023, 5, vdad009. [CrossRef]

Pombo Antunes, A.R.; Scheyltjens, I.; Lodi, F.; Messiaen, J.; Antoranz, A.; Duerinck, ].; Kancheva, D.; Martens, L.; De Vlaminck,
K.; Van Hove, H,; et al. Single-cell profiling of myeloid cells in glioblastoma across species and disease stage reveals macrophage
competition and specialization. Nat. Neurosci. 2021, 24, 595-610. [CrossRef] [PubMed]

Larkin, C.J.; Arrieta, V.A.; Najem, H.; Li, G.; Zhang, P; Miska, J.; Chen, P; James, C.D.; Sonabend, A.M.; Heimberger, A.B. Myeloid
Cell Classification and Therapeutic Opportunities Within the Glioblastoma Tumor Microenvironment in the Single Cell-Omics
Era. Front. Immunol. 2022, 13, 907605. [CrossRef]

Gabrusiewicz, K.; Rodriguez, B.; Wei, J.; Hashimoto, Y.; Healy, L.M.; Maiti, S.N.; Thomas, G.; Zhou, S.; Wang, Q.; Elakkad, A.;
et al. Glioblastoma-infiltrated innate immune cells resemble MO macrophage phenotype. JCI Insight 2016, 1, e85841. [CrossRef]
[PubMed]

Ren, J.; Xu, B,; Ren, J; Liu, Z; Cai, L.; Zhang, X.; Wang, W.; Li, S.; Jin, L.; Ding, L. The Importance of M1-and M2-Polarized
Macrophages in Glioma and as Potential Treatment Targets. Brain Sci. 2023, 13, 1269. [CrossRef]

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, €163446. [CrossRef]

Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. 2004, 25, 677—-686. [CrossRef] [PubMed]

Himes, B.T.; Geiger, P.A.; Ayasoufi, K.; Bhargav, A.G.; Brown, D.A_; Parney, L.LF. Inmunosuppression in Glioblastoma: Current
Understanding and Therapeutic Implications. Front. Oncol. 2021, 11, 770561. [CrossRef]

Adhikaree, J.; Moreno-Vicente, J.; Kaur, A.P,; Jackson, A.M.; Patel, PM. Resistance Mechanisms and Barriers to Successful
Immunotherapy for Treating Glioblastoma. Cells 2020, 9, 263. [CrossRef]

Luo, H.; Shusta, E.V. Blood-brain barrier modulation to improve glioma drug delivery. Pharmaceutics 2020, 12, 1085. [CrossRef]
[PubMed]

Bausart, M.; Préat, V.; Malfanti, A. Inmunotherapy for glioblastoma: The promise of combination strategies. J. Exp. Clin. Cancer
Res. 2022, 41, 35. [CrossRef]

Chongsathidkiet, P.; Jackson, C.; Koyama, S.; Loebel, E; Cui, X.; Farber, S.H.; Woroniecka, K.; Elsamadicy, A.A.; Dechant, C.A,;
Kemeny, H.R,; et al. Sequestration of T cells in bone marrow in the setting of glioblastoma and other intracranial tumors. Nat.
Med. 2018, 24, 1459-1468. [CrossRef] [PubMed]

Waibl Polania, J.; Hoyt-Miggelbrink, A.; Tomaszewski, W.H.; Wachsmuth, L.P; Lorrey, S.J.; Wilkinson, D.S.; Lerner, E.; Woroniecka,
K.; Finlay, J.B.; Ayasoufi, K.; et al. Antigen presentation by tumor-associated macrophages drives T cells from a progenitor
exhaustion state to terminal exhaustion. Immunity 2025, 58, 232-246.e6. [CrossRef]

Kersten, K.; Hu, K.H.; Combes, A.J.; Samad, B.; Harwin, T.; Ray, A.; Rao, A.A.; Cai, E.; Marchuk, K.; Artichoker, J.; et al.
Spatiotemporal co-dependency between macrophages and exhausted CD8+ T cells in cancer. Cancer Cell 2022, 40, 624-638.€9.
[CrossRef] [PubMed]

Li, J.; Kaneda, M.M.; Ma, J.; Li, M,; Shepard, R.M.; Patel, K.; Koga, T.; Sarver, A.; Furnari, E; Xu, B.; et al. PI3Ky inhibition
suppresses microglia/TAM accumulation in glioblastoma microenvironment to promote exceptional temozolomide response.
Proc. Natl. Acad. Sci. USA 2021, 118, €2009290118. [CrossRef]

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

Wei, ].; Chen, P,; Gupta, P.; Ott, M.; Zamler, D.; Kassab, C.; Bhat, K.P.; Curran, M.A.; de Groot, ].F.; Heimberger, A.M. Immune
biology of glioma-associated macrophages and microglia: Functional and therapeutic implications. Neuro-Oncol. 2020, 22, 180-194.
[CrossRef]


https://doi.org/10.1093/neuonc/noac099
https://doi.org/10.1097/CJI.0000000000000260
https://doi.org/10.18632/oncotarget.26228
https://doi.org/10.1038/s41416-018-0258-8
https://doi.org/10.1007/978-3-030-59038-3_1
https://doi.org/10.1093/noajnl/vdad009
https://doi.org/10.1038/s41593-020-00789-y
https://www.ncbi.nlm.nih.gov/pubmed/33782623
https://doi.org/10.3389/fimmu.2022.907605
https://doi.org/10.1172/jci.insight.85841
https://www.ncbi.nlm.nih.gov/pubmed/26973881
https://doi.org/10.3390/brainsci13091269
https://doi.org/10.1172/JCI163446
https://doi.org/10.1016/j.it.2004.09.015
https://www.ncbi.nlm.nih.gov/pubmed/15530839
https://doi.org/10.3389/fonc.2021.770561
https://doi.org/10.3390/cells9020263
https://doi.org/10.3390/pharmaceutics12111085
https://www.ncbi.nlm.nih.gov/pubmed/33198244
https://doi.org/10.1186/s13046-022-02251-2
https://doi.org/10.1038/s41591-018-0135-2
https://www.ncbi.nlm.nih.gov/pubmed/30104766
https://doi.org/10.1016/j.immuni.2024.11.026
https://doi.org/10.1016/j.ccell.2022.05.004
https://www.ncbi.nlm.nih.gov/pubmed/35623342
https://doi.org/10.1073/pnas.2009290118
https://doi.org/10.3390/cancers13174255
https://doi.org/10.1093/neuonc/noz212

Cancers 2025, 17, 1631 18 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

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

Chitu, V.; Gokhan, $.; Nandi, S.; Mehler, M.E; Stanley, E.R. Emerging Roles for CSF-1 Receptor and its Ligands in the Nervous
System. Trends Neurosci. 2016, 39, 378-393. [CrossRef]

Quail, D.F; Bowman, R.L.; Akkari, L.; Quick, M.L.; Schuhmacher, A.].; Huse, ].T.; Holland, E.C.; Sutton, J.C.; Joyce, ].A. The tumor
microenvironment underlies acquired resistance to CSFIR inhibition in gliomas. Science 2016, 352, aad3018. [CrossRef] [PubMed]
Rao, R.; Han, R.; Ogurek, S.; Xue, C.; Wu, L.M.; Zhang, L.; Zhang, L.; Hu, J.; Phoenix, T.N.; Waggoner, S.N.; et al. Glioblastoma
genetic drivers dictate the function of tumor-associated macrophages/microglia and responses to CSFIR inhibition. Neuro-Oncol.
2022, 24, 584-597. [CrossRef]

Azambuja, ].H.; Schuh, R.S.; Michels, L.R; Iser, I.C.; Beckenkamp, L.R.; Roliano, G.G.; Lenz, G.S.; Scholl, ].N.; Sévigny, J.; Wink,
M.R;; et al. Blockade of CD73 delays glioblastoma growth by modulating the immune environment. Cancer Immunol. Immunother.
2020, 69, 1801-1812. [CrossRef]

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]

Flores-Toro, J.A.; Luo, D.; Gopinath, A.; Sarkisian, M.R.; Campbell, ].J.; Charo, LE; Singh, R.; Schall, T.].; Datta, M.; Jain, R.K,; et al.
CCR2 inhibition reduces tumor myeloid cells and unmasks a checkpoint inhibitor effect to slow progression of resistant murine
gliomas. Proc. Natl. Acad. Sci. USA 2020, 117, 1129-1138. [CrossRef]

Shono, K.; Yamaguchi, I.; Mizobuchi, Y.; Kagusa, H.; Sumi, A.; Fujihara, T.; Nakajima, K.; Kitazato, K.T.; Matsuzaki, K.; Saya,
H.; et al. Downregulation of the CCL2/CCR2 and CXCL10/CXCR3 axes contributes to antitumor effects in a mouse model of
malignant glioma. Sci. Rep. 2020, 10, 15286. [CrossRef] [PubMed]

Wu, J.; Shen, S; Liu, T.; Ren, X.; Zhu, C; Liang, Q.; Cui, X.; Chen, L.; Cheng, P.; Cheng, W.; et al. Chemerin enhances mesenchymal
features of glioblastoma by establishing autocrine and paracrine networks in a CMKLR1-dependent manner. Oncogene 2022, 41,
3024-3036. [CrossRef]

Turco, V.; Pfleiderer, K.; Hunger, J.; Horvat, N.K.; Karimian-Jazi, K.; Schregel, K.; Fischer, M.; Brugnara, G.; Jahne, K.; Sturm, V,;
et al. T cell-independent eradication of experimental glioma by intravenous TLR7/8-agonist-loaded nanoparticles. Nat. Commun.
2023, 14, 771. [CrossRef]

Dang, W.; Xiao, J.; Ma, Q.; Miao, ].; Cao, M.; Chen, L.; Shi, Y.; Yao, X; Yu, S.; Liu, X,; et al. Combination of p38 MAPK inhibitor
with PD-L1 antibody effectively prolongs survivals of temozolomide-resistant glioma-bearing mice via reduction of infiltrating
glioma-associated macrophages and PD-L1 expression on resident glioma-associated microglia. Brain Tumor Pathol. 2021, 38,
189-200. [CrossRef]

Zheng, Z.; Zhang, ].; Jiang, J.; He, Y.; Zhang, W.; Mo, X.; Kang, X.; Xu, Q.; Wang, B.; Huang, Y.; et al. Remodeling tumor immune
microenvironment (TIME) for glioma therapy using multi-targeting liposomal codelivery. J. Immunother. Cancer 2020, 8, e000207.
[CrossRef]

Barnwal, A.; Tamang, R.; Sanjeev, D.; Bhattacharyya, J. Ponatinib delays the growth of solid tumours by remodelling immuno-
suppressive tumour microenvironment through the inhibition of induced PD-L1 expression. Br. J. Cancer 2023, 129, 1007-1021.
[CrossRef]

Tang, F.; Wang, Y.; Zeng, Y.; Xiao, A.; Tong, A.; Xu, J. Tumor-associated macrophage-related strategies for glioma immunotherapy.
npj Precis. Oncol. 2023, 7, 78. [CrossRef]

Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, ].M.; Sinha, R.; Corey, D.;
et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature 2017, 545, 495-499.
[CrossRef]

Zhu, Z.; Zhang, H.; Chen, B.; Liu, X.; Zhang, S.; Zong, Z.; Gao, M. PD-L1-Mediated Immunosuppression in Glioblastoma Is
Associated with the Infiltration and M2-Polarization of Tumor-Associated Macrophages. Front. Immunol. 2020, 11, 588552.
[CrossRef]

Dual-sgRNA CRISPR/Cas9 Knockout of PD-L1 in Human U87 Glioblastoma Tumor Cells Inhibits Proliferation, Invasion, and
Tumor-Associated Macrophage Polarization. Scientific Reports. Available online: https:/ /www.nature.com/articles/s41598-022
-06430-1 (accessed on 25 February 2025).

Chen, P; Zhao, D.; Li, J; Liang, X.; Li, J.; Chang, A.; Henry, VK,; Lan, Z.; Spring, D.J.; Rao, G.; et al. Symbiotic Macrophage-Glioma
Cell Interactions Reveal Synthetic Lethality in PTEN-Null Glioma. Cancer Cell 2019, 35, 868-884.€6. [CrossRef]

Ni, X.; Wu, W,; Sun, X.; Ma, J.; Yu, Z.; He, X,; Cheng, J.; Xu, P; Liu, H.; Shang, T.; et al. Interrogating glioma-M2 macrophage
interactions identifies Gal-9/Tim-3 as a viable target against PTEN-null glioblastoma. Sci. Adv. 2022, 8, eabl5165. [CrossRef]


https://doi.org/10.1038/nm.3337
https://doi.org/10.1016/j.tins.2016.03.005
https://doi.org/10.1126/science.aad3018
https://www.ncbi.nlm.nih.gov/pubmed/27199435
https://doi.org/10.1093/neuonc/noab228
https://doi.org/10.1007/s00262-020-02569-w
https://doi.org/10.1158/0008-5472.CAN-16-0144
https://www.ncbi.nlm.nih.gov/pubmed/27530322
https://doi.org/10.1073/pnas.1910856117
https://doi.org/10.1038/s41598-020-71857-3
https://www.ncbi.nlm.nih.gov/pubmed/32943658
https://doi.org/10.1038/s41388-022-02295-w
https://doi.org/10.1038/s41467-023-36321-6
https://doi.org/10.1007/s10014-021-00404-3
https://doi.org/10.1136/jitc-2019-000207
https://doi.org/10.1038/s41416-023-02316-9
https://doi.org/10.1038/s41698-023-00431-7
https://doi.org/10.1038/nature22396
https://doi.org/10.3389/fimmu.2020.588552
https://www.nature.com/articles/s41598-022-06430-1
https://www.nature.com/articles/s41598-022-06430-1
https://doi.org/10.1016/j.ccell.2019.05.003
https://doi.org/10.1126/sciadv.abl5165

Cancers 2025, 17, 1631 19 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Rivera-Ramos, A.; Cruz-Herndndez, L.; Talaverén, R.; Sdnchez-Montero, M.T.; Garcia-Revilla, J.; Mulero-Acevedo, M.; Deierborg,
T.; Venero, ].L.; Soto, M.S. Galectin-3 depletion tames pro-tumoural microglia and restrains cancer cells growth. Cancer Lett. 2024,
591, 216879. [CrossRef]

Wu, J.; Yang, H.; Cheng, J.; Zhang, L.; Ke, Y.; Zhu, Y.; Wang, C.; Zhang, X.; Zhen, X.; Zheng, L.T. Knockdown of milk-fat globule
EGF factor-8 suppresses glioma progression in GL261 glioma cells by repressing microglial M2 polarization. J. Cell. Physiol. 2020,
235, 8679-8690. [CrossRef]

Azambuja, ].H.; Yerneni, S.S.; Maurer, L.M.; Crentsil, H.E.; Debom, G.N.; Klei, L.; Smyers, M.; Sneiderman, C.T.; Schwab, K.E.;
Acharya, R.; et al. MALT1 protease inhibition restrains glioblastoma progression by reversing tumor-associated macrophage-
dependent immunosuppression. bioRxiv 2024. [CrossRef]

Yang, E; Zhang, D.; Jiang, H.; Ye, ].; Zhang, L.; Bagley, S.J.; Winkler, J.; Gong, Y.; Fan, Y. Small-molecule toosendanin reverses
macrophage-mediated immunosuppression to overcome glioblastoma resistance to immunotherapy. Sci. Transl. Med. 2023, 15,
eabq3558. [CrossRef]

Zhang, E; Parayath, N.N.; Ene, C.I; Stephan, S.B.; Koehne, A.L.; Coon, M.E.; Holland, E.C.; Stephan, M.T. Genetic programming
of macrophages to perform anti-tumor functions using targeted mRNA nanocarriers. Nat. Commun. 2019, 10, 3974. [CrossRef]
Sylvestre, M.; Crane, C.A.; Pun, S.H. Progress on Modulating Tumor-Associated Macrophages with Biomaterials. Adv. Mater.
2020, 32, €1902007. [CrossRef]

Petrovic, M.; Majchrzak, O.B.; Marecar, R.A.M.H.; Laingoniaina, A.C.; Walker, PR.; Borchard, G.; Jordan, O.; Tankov, S. Combining
antimiR-25 and cGAMP Nanocomplexes Enhances Immune Responses via M2 Macrophage Reprogramming. Int. J. Mol. Sci.
2024, 25, 12787. [CrossRef]

Chouleur, T.; Emanuelli, A.; Souleyreau, W.; Derieppe, M.A; Leboucq, T.; Hardy, S.; Mathivet, T.; Tremblay, M.L.; Bikfalvi, A.
PTP4A2 Promotes Glioblastoma Progression and Macrophage Polarization under Microenvironmental Pressure. Cancer Res.
Commun. 2024, 4, 1702-1714. [CrossRef]

Mu, B;; Jing, J.; Li, R.; Li, C. USP9X deubiquitinates TRRAP to promote glioblastoma cell proliferation and migration and M2
macrophage polarization. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2025, 398, 855-865. [CrossRef]

Sun, R.; Han, R.; McCornack, C.; Khan, S.; Tabor, G.T.; Chen, Y.; Hou, ]J.; Jiang, H.; Schoch, KM.; Mao, D.D.; et al. TREM2
inhibition triggers antitumor cell activity of myeloid cells in glioblastoma. Sci. Adv. 2023, 9, eade3559. [CrossRef]

Xiang, Y.; Miao, H. Lipid Metabolism in Tumor-Associated Macrophages. In Lipid Metabolism in Tumor Immunity; Springer: Berlin,
Germany, 2025. Available online: https://link.springer.com/chapter/10.1007 /978-981-33-6785-2_6 (accessed on 24 March 2025).
Qiao, X.; Hu, Z; Xiong, F,; Yang, Y.; Peng, C.; Wang, D.; Li, X. Lipid metabolism reprogramming in tumor-associated macrophages
and implications for therapy. Lipids Health Dis. 2023, 22, 45. [CrossRef]

Wu, H.; Han, Y.; Rodriguez Sillke, Y.; Deng, H.; Siddiqui, S.; Treese, C.; Schmidt, E.; Friedrich, M.; Keye, J.; Wan, ].; et al. Lipid
droplet-dependent fatty acid metabolism controls the immune suppressive phenotype of tumor-associated macrophages. EMBO
Mol. Med. 2019, 11, €10698. [CrossRef]

Huang, J.; Tsang, W.Y.; Fang, X.-N.; Zhang, Y.; Luo, J.; Gong, L.-Q.; Zhang, B.-F; Wong, C.N,; Li, Z.-H.; Liu, B.-L.; et al. FASN
Inhibition Decreases MHC-I Degradation and Synergizes with PD-L1 Checkpoint Blockade in Hepatocellular Carcinoma. Cancer
Res. 2024, 84, 855-871. [CrossRef]

Duong, L.K,; Corbali, H.I; Riad, T.S.; Ganjoo, S.; Nanez, S.; Voss, T.; Barsoumian, H.B.; Welsh, J.; Cortez, M. A. Lipid metabolism
in tumor immunology and immunotherapy. Front. Oncol. 2023, 13, 1187279. [CrossRef]

Zhu, H.; Yu, X.; Zhang, S.; Shu, K. Targeting the Complement Pathway in Malignant Glioma Microenvironments. Front. Cell Dev.
Biol. 2021, 9, 657472. [CrossRef]

Piao, C.; Zhang, WM,; Li, T.T.; Zhang, C.C.; Qui, S.; Liu, Y;; Liu, S.; Jin, M,; Jia, L.X.; Song, W.C.; et al. Complement 5a stimulates
macrophage polarization and contributes to tumor metastases of colon cancer. Exp. Cell Res. 2018, 366, 127-138. [CrossRef]
Roumenina, L.T.; Daugan, M.V.; Noé, R.; Petitprez, F.; Vano, Y.A.; Sanchez-Salas, R.; Becht, E.; Meilleroux, J.; Le Clec’h, B.; Giraldo,
N.A; et al. Tumor Cells Hijack Macrophage-Produced Complement C1q to Promote Tumor Growth. Cancer Immunol. Res. 2019, 7,
1091-1105. [CrossRef]

Deng, Y,; Hu, J.C; He, S.H,; Lou, B.; Ding, T.B.; Yang, ].T.; Mo, M.G.; Ye, D.Y.; Zhou, L.; Jiang, X.C.; et al. Sphingomyelin synthase
2 facilitates M2-like macrophage polarization and tumor progression in a mouse model of triple-negative breast cancer. Acta
Pharmacol. Sin. 2021, 42, 149-159. [CrossRef]

Bi, J.; Khan, A,; Tang, J.; Armando, A.M.; Wu, S.; Zhang, W.; Gimple, R.C.; Reed, A.; Jing, H.; Koga, T.; et al. Targeting glioblastoma
signaling and metabolism with a re-purposed brain-penetrant drug. Cell Rep. 2021, 37, 109957. [CrossRef]

Hernédndez, A.; Domeénech, M.; Mufioz-Médrmol, A.M.; Carrato, C.; Balana, C. Glioblastoma: Relationship between Metabolism
and Immunosuppressive Microenvironment. Cells 2021, 10, 3529. [CrossRef]

Rodriguez, P.C.; Ochoa, A.C.; Al-Khami, A.A. Arginine Metabolism in Myeloid Cells Shapes Innate and Adaptive Immunity.
Front. Immunol. 2017, 8, 93. [CrossRef]


https://doi.org/10.1016/j.canlet.2024.216879
https://doi.org/10.1002/jcp.29712
https://doi.org/10.1101/2024.09.26.614808
https://doi.org/10.1126/scitranslmed.abq3558
https://doi.org/10.1038/s41467-019-11911-5
https://doi.org/10.1002/adma.201902007
https://doi.org/10.3390/ijms252312787
https://doi.org/10.1158/2767-9764.CRC-23-0334
https://doi.org/10.1007/s00210-024-03313-2
https://doi.org/10.1126/sciadv.ade3559
https://link.springer.com/chapter/10.1007/978-981-33-6785-2_6
https://doi.org/10.1186/s12944-023-01807-1
https://doi.org/10.15252/emmm.201910698
https://doi.org/10.1158/0008-5472.CAN-23-0966
https://doi.org/10.3389/fonc.2023.1187279
https://doi.org/10.3389/fcell.2021.657472
https://doi.org/10.1016/j.yexcr.2018.03.009
https://doi.org/10.1158/2326-6066.CIR-18-0891
https://doi.org/10.1038/s41401-020-0419-1
https://doi.org/10.1016/j.celrep.2021.109957
https://doi.org/10.3390/cells10123529
https://doi.org/10.3389/fimmu.2017.00093

Cancers 2025, 17, 1631 20 of 20

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Pilanc, P.; Wojnicki, K.; Roura, A J.; Cyranowski, S.; Ellert-Miklaszewska, A.; Ochocka, N.; Gielniewski, B.; Grzybowski, M.M.;
Blaszczyk, R.; Stariczak, P.S.; et al. A Novel Oral Arginase 1/2 Inhibitor Enhances the Antitumor Effect of PD-1 Inhibition in
Murine Experimental Gliomas by Altering the Immunosuppressive Environment. Front. Oncol. 2021, 11, 703465. [CrossRef]
Hajji, N.; Garcia-Revilla, J.; Soto, M.S.; Perryman, R.; Symington, J.; Quarles, C.C.; Healey, D.R.; Guo, Y.; Orta-Vazquez,
M.L.; Mateos-Cordero, S.; et al. Arginine deprivation alters microglial polarity and synergizes with radiation to eradicate
non-arginine-auxotrophic glioblastoma tumors. J. Clin. Investig. 2022, 132, €142137. [CrossRef]

Zhang, X.; Chen, L.; Dang, W.-Q.; Cao, M.-F; Xiao, J.-F,; Lv, 5.-Q.; Jiang, W.-].; Yao, Z.-H.; Lu, H.-M.; Miao, J.-Y.; et al. CCL8
secreted by tumor-associated macrophages promotes invasion and stemness of glioblastoma cells via ERK1/2 signaling. Lab.
Investig. 2020, 100, 619-629. [CrossRef]

Cui, X.; Tan Morales, R.T.; Qian, W.; Wang, H.; Gagner, ].P,; Dolgalev, I.; Placantonakis, D.; Zagzag, D.; Cimmino, L.; Snuderl, M.;
et al. Hacking Macrophage-associated Immunosuppression for Regulating Glioblastoma Angiogenesis. Biomaterials 2018, 161,
164-178. [CrossRef]

Amankulor, N.M.; Kim, Y.; Arora, S.; Kargl, J.; Szulzewsky, F.; Hanke, M.; Margineantu, D.H.; Rao, A.; Bolouri, H.; Delrow, J.; et al.
Mutant IDH1 regulates the tumor-associated immune system in gliomas. Genes Dev. 2017, 31, 774-786. [CrossRef]

Halaby, M.].; McGaha, T.L. 2-HG modulates glioma macrophages via Trp metabolism. Nat. Cancer 2021, 2, 677-679. [CrossRef]
Thomas, R.P.; Nagpal, S.; Iv, M; Soltys, S.G.; Bertrand, S.; Pelpola, J.S.; Ball, R; Yang, J.; Sundaram, V.; Lavezo, ].; et al. Macrophage
Exclusion after Radiation Therapy (MERT): A First in Human Phase I/II Trial using a CXCR4 Inhibitor in Glioblastoma. Clin.
Cancer Res. 2019, 25, 6948—6957. [CrossRef]

Recht, L.D. A Follow-Up Study to Add Whole Brain Radiotherapy (WBRT) to Standard Temozolomide Chemo-Radiotherapy
in Newly Diagnosed Glioblastoma (GBM) Treated With 4 Weeks of Continuous Infusion Plerixafor. 2024. Clinicaltrials.gov.
Available online: https://clinicaltrials.gov/study/NCT03746080 (accessed on 12 March 2025).

Butowski, N.; Colman, H.; De Groot, J.F; Omuro, A.M.; Nayak, L.; Wen, PY.; Cloughesy, T.F.; Marimuthu, A.; Haidar, S.; Perry, A ;
et al. Orally administered colony stimulating factor 1 receptor inhibitor PLX3397 in recurrent glioblastoma: An Ivy Foundation
Early Phase Clinical Trials Consortium phase II study. Neuro-Oncol. 2016, 18, 557-564. [CrossRef]

Daiichi Sankyo. An Open Label Phase 1b&2 Study of Orally Administered PLX3397 in Combination with Radiation Therapy and
Temozolomide in Patients with Newly Diagnosed Glioblastoma. 2020. Clinicaltrials.gov. Available online: https://clinicaltrials.
gov/study/NCT01790503 (accessed on 12 March 2025).

Novartis Pharmaceuticals. A Phase 1&II, Open-Label, Multi-Center Study of the Safety and Efficacy of BLZ945 as Single Agent
and in Combination with PDR001 in Adults Patients with Advanced Solid Tumors. 2023. Clinicaltrials.gov. Available online:
https://clinicaltrials.gov/study /INCT02829723 (accessed on 12 March 2025).

Jiang, H.; Yu, K; Cui, Y.; Ren, X,; Li, M.; Yang, C.; Zhao, X.; Zhu, Q.; Lin, S. Combination of Immunotherapy and Radiotherapy for
Recurrent Malignant Gliomas: Results from a Prospective Study. Front. Immunol. 2021, 12, 632547. [CrossRef]

Desjardins, A.; Chandramohan, V.; Landi, D.B.; Johnson, M.O.; Khasraw, M.; Peters, K.B.; Low, J.; Herndon, J.E.; Threatt, S.;
Bullock, C.A.; et al. A phase 1 trial of D2C7-it in combination with an Fc-engineered anti-CD40 monoclonal antibody (2141-V11)
administered intratumorally via convection-enhanced delivery for adult patients with recurrent malignant glioma (MG). J. Clin.
Oncol. 2022, 40 (Suppl. S16), e14015. [CrossRef]

Youssef, G.; Lathia, J.; Lee, E.Q.; Chukwueke, U.N.; Lauko, A.; Batchelor, T.; Aquilanti, E.; Nayak, L.; Myers, A.; Russ, A.; et al.
Phase 1b/2a study evaluating the combination of MN-166 (ibudilast) and temozolomide in patients with newly diagnosed and
recurrent glioblastoma (GBM). . Clin. Oncol. 2024, 42 (Suppl. 516), 2016. [CrossRef]

Lee, E.Q.; Duda, D.G.; Muzikansky, A.; Gerstner, E.R.; Kuhn, ].G.; Reardon, D.A.; Nayak, L.; Norden, A.D.; Doherty, L.; LaFrankie,
D.; et al. Phase I and Biomarker Study of Plerixafor and Bevacizumab in Recurrent High-Grade Glioma. Clin. Cancer Res. 2018, 24,
4643-4649. [CrossRef]

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/10.3389/fonc.2021.703465
https://doi.org/10.1172/JCI142137
https://doi.org/10.1038/s41374-019-0345-3
https://doi.org/10.1016/j.biomaterials.2018.01.053
https://doi.org/10.1101/gad.294991.116
https://doi.org/10.1038/s43018-021-00231-7
https://doi.org/10.1158/1078-0432.CCR-19-1421
https://clinicaltrials.gov/study/NCT03746080
https://doi.org/10.1093/neuonc/nov245
https://clinicaltrials.gov/study/NCT01790503
https://clinicaltrials.gov/study/NCT01790503
https://clinicaltrials.gov/study/NCT02829723
https://doi.org/10.3389/fimmu.2021.632547
https://doi.org/10.1200/JCO.2022.40.16_suppl.e14015
https://doi.org/10.1200/JCO.2024.42.16_suppl.2016
https://doi.org/10.1158/1078-0432.CCR-18-1025

	Introduction 
	Nomenclature 
	Barriers to Immunotherapy 
	GBM–TAM Interactions 
	Depleting the TAM Population 
	Prevent Trafficking into the TME 
	Selective Depletion Within the TME 

	Reprogramming Macrophages 
	Immune Checkpoints 
	Intracellular Signaling Pathways 
	Nanotechnology and Delivery Systems 
	Emerging Targets 

	Targeting Downstream Pro-Tumor Signals 
	In Human Trials 
	Discussion 
	Conclusions 
	References

