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targeted therapeutics for GBM patients.

Introduction

Glioblastoma (GBM) is the most common and aggressive type
of primary adult malignant tumor in the central nervous system
(CNS) and accounts for about 33% of all CNS tumors (1). Owing
to marked tumor heterogeneity, GBM is a challenging cancer to
treat (2). Genomic profiling has identified several key signaling
pathways in GBM, which motivated clinical trials to test target-
ed therapies. Unfortunately, these efforts were unsuccessful
because of glioma cell heterogeneity, which ensures the surviv-
al of cell subpopulations irrespective of treatments (3-5). Based
on tumor-intrinsic gene expression profiles, GBM tumors are
classified into three transcriptional subtypes (proneural, mes-
enchymal, and classical), with each subtype harboring different
levels of tumor microenvironment (TME) heterogeneity (6, 7). In
addition to cell-autonomous mechanisms, the signaling of can-
cer cells extends to the TME (8-10). Reciprocally, the TME can
promote GBM progression and induce resistance to chemother-
apy (11) and immunotherapy (12-14). Despite potent antitumor
effects that have been observed in multiple cancer types (15, 16),
immunotherapies such as immune checkpoint inhibitors only

Authorship note: FK and LP contributed equally to this work.

Conflict of interest: ABH serves on the advisory board of Caris Life Sciences and the
WCG Oncology Advisory Board; receives royalty and milestone payments from DNA-
trix for the licensing of “Biomarkers and combination therapies using oncolytic virus
and immunomodulation” (patent 11,065,285); and is supported by research grants
from Celularity, Codiak BioSciences, and AbbVie. She additionally has active granted
patents for “miRNA for treating cancer and for use with adoptive immunotherapies”
(patent 9,675,633) and “Concurrent chemotherapy and immunotherapy” (patent
9,399,662), with a patent pending for “Low intensity ultrasound combination cancer
therapies” (international application PCT/US2022/019435 and US 63/158,642).
Copyright: © 2023, Khan et al. This is an open access article published under the
terms of the Creative Commons Attribution 4.0 International License.

Reference information: J Clin Invest. 2023;133(1):e163446.
https://doi.org/10.1172/)Cl163446.

Glioblastoma (GBM) is the most aggressive tumor in the central nervous system and contains a highly immunosuppressive
tumor microenvironment (TME). Tumor-associated macrophages and microglia (TAMs) are a dominant population of
immune cells in the GBM TME that contribute to most GBM hallmarks, including immunosuppression. The understanding
of TAMs in GBM has been limited by the lack of powerful tools to characterize them. However, recent progress on single-
cell technologies offers an opportunity to precisely characterize TAMs at the single-cell level and identify new TAM
subpopulations with specific tumor-modulatory functions in GBM. In this Review, we discuss TAM heterogeneity and
plasticity in the TME and summarize current TAM-targeted therapeutic potential in GBM. We anticipate that the use

of single-cell technologies followed by functional studies will accelerate the development of novel and effective TAM-

produce minor clinical benefits in GBM, partially because of the
immunosuppressive TME (12, 17). Increasing evidence shows that
immunosuppression in GBM is triggered by a symbiotic interac-
tion between glioma cells and the TME (12, 14, 18). Therefore,
targeting this symbiosis is a promising strategy to improve the
antitumor efficiency of immunotherapies in GBM (12). Together,
these findings highlight the role of tumor heterogeneity (includ-
ing inter- and intratumor heterogeneity) in GBM progression and
therapy resistance.

Among the TME components, tumor-associated macro-
phages and microglia (TAMs) are the most abundant population
of immune cells, accounting for up to 50% of total live cells in
the whole GBM tumor mass (19). Emerging evidence demon-
strates that TAMs are critical for promoting tumor progression
and inducing immunosuppression in GBM (20). However, thera-
peutic strategies for depleting TAMs have not been well translated
into the clinic (21), suggesting that our understanding of this cell
population is still limited. The recent development of single-cell
technologies such as single-cell RNA sequencing (scRNA-Seq)
and cytometry by time of flight (CyTOF) has facilitated the under-
standing of TAM heterogeneity in GBM (22, 23). These develop-
ments have revealed context-dependent therapeutic potential for
targeting specific TAM subpopulations and/or functional states.
In this Review, we discuss the origin, heterogeneity, phenotypes,
and functional plasticity of TAMs in GBM. Moreover, we pinpoint
the aspects of emerging single-cell technologies to identify new
TAM subpopulations, which might play a critical role in GBM pro-
gression and immunosuppression. Finally, we discuss the current
TAM-targeted therapeutic potential in GBM.

TAM origin, identity, and heterogeneity

TAMs in GBM are composed of bone marrow-derived macro-
phages (BMDMs; hereafter referred to as macrophages) and
brain-resident microglia (hereafter referred to as microglia) that
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Figure 1. TAM origin, identity, and heterogeneity in GBM. TAMs in GBM include brain-resident microglia and macrophages that arise from the yolk sac and
bone marrow and can be characterized as CD11b*CD45" and CD11b*CD45" cells, respectively. In addition to specific markers, microglia can be distinguished
from macrophages using advanced approaches (e.g., single-cell technologies, genetically engineered mouse models, lineage tracing, and intravital two-photon
microscopy). TAM heterogeneity is regulated in a context-dependent manner (e.g., distinct tumor origins, genetic and epigenetic alterations, treatments, and
sex of the host). TAMs are typically characterized as immunostimulatory (antitumor) and immunosuppressive (protumor) phenotypes. However, single-cell

technology development expands our understanding of this plasticity in GBM.

originate from progenitor cells in the bone marrow and embryon-
ic yolk sac, respectively (9, 19). In general, macrophages can be
distinguished from microglia using specific cell surface markers
and advanced tools (Figure 1). Subtle differences in CD45 pro-
tein expression have previously been used to distinguish between
CD11b*CD45" macrophages and CD11b*CD45"° microglia in
GBM tumors from mouse models (24, 25). However, this clas-
sification has limitations, because the expression of CD45 in
microglia can be upregulated under certain pathological condi-
tions, including in the GBM TME (26-28). With the development
of single-cell technologies, more markers have been identified to
distinguish these two populations. For example, CyTOF, scRNA-
Seq, and cellular indexing of transcriptomes and epitopes by
sequencing (CITE-seq) analyses have demonstrated that CCR2,
CD45RA, CD141, ICAM, CDIC, CD1B, TGFBI, FXYD5, FCGR2B,
CLECI2A, CLECIOA, CD207,CD49D, and CD209 are more like-
ly enriched in macrophages, whereas CX3CRI1, SALLI, HEXB,
P2RY12, and TMEM119 are highly expressed in microglia (23,
24, 29-34). Since TAMs are highly plastic, integration of multi-
ple markers is required to distinguish macrophages from microg-
lia in the GBM TME. Moreover, recent studies using advanced
approaches (e.g., genetically engineered mouse models, genet-
ic lineage tracing, and intravital two-photon microscopy) have
made further progress in determining macrophage and microglia
identity. For example, the ontogeny of these two populations has
been suggested in GBM tumors established in Cx3crI®k R26¥"
mice (24) and Cx3cr1®/WT Cer2RF7%T knockin mice (35). Genetic
lineage tracing studies have nominated CD49D as a macrophage
marker in GBM tumors (36). Moreover, studies using intravital
two-photon microscopy revealed that macrophages and microg-
lia in GBM tumors have morphological and behavioral differences
(37). Microglia are highly branched stationary cells with larger cell
sizes, whereas macrophages have a better migratory ability with
fewer branches and smaller sizes (37). Given these differences, we
hypothesize that monocytes may take advantage of their morpho-

logical features to cross the blood-brain barrier and then differen-
tiate into macrophages in the TME, whereas infiltrating microglia
can quickly change their states (e.g., exhibiting downregulation of
homeostatic genes and upregulation of IFN and phagocytic/lip-
id signatures) during tumor development (24). However, further
studies are needed to decipher how these morphological differ-
ences between macrophages and microglia affect their functions
and dynamics in the GBM TME.

TAMs in brain cancers are a population of heterogeneous
immune cells. Single-cell analyses of brain tumors demonstrate
that TAM compositions in primary brain tumors differ from those
in metastatic brain tumors (tumors originate from other locations
in the body, such as breast and lung) (18, 23). Specifically, primary
brain tumor (e.g., GBM) is more likely to be infiltrated with reactive
microglia (CD49d Mertk*CX3CR1*CD11c*CD64" cells). These
microglia are diffusely scattered throughout GBM tumor regions
but are absent from the core of metastatic brain tumors (23). In con-
trast, macrophages localize near CD31* vascular structures in GBM
and brain metastatic tumors (19, 23). In addition, single-cell analy-
ses have provided further evidence supporting TAM heterogeneity
in GBM patient tumors (24, 38). For example, multiple TAM subsets
with distinct gene signatures, such as macrophage in the transitory
state (with high LYZ, EREG, and SI00A6 expression and low C1Q
expression), microglia-like macrophage (with high BIN1, CX3CRI,
TMEM119, and OLFML3 expression), hypoxic macrophage (with
high BNIP3, ADAMS8, FAM162A, and MIF expression), and phago-
cytic/lipid macrophage (with high FABP5, GPNMB, LGALS3, and
CD63 expression), have been identified in GBM patient and mouse
tumors (24). Growing evidence further supports that the hetero-
geneity of TAMs in GBM is context dependent (19). First, tumor
origin (e.g., newly diagnosed tumor versus recurrent tumor) is a
prominent factor contributing to this heterogeneity (Figure 1). It
has been shown that microglia are the predominant cell population
in newly diagnosed GBM tumors, whereas macrophages outnum-
ber microglia in recurrent GBM tumors (24, 38).
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The genetic alterations in GBM also affect TAM heterogene-
ity (Figure 1). Genetic profiling of GBM tumors has identified key
mutational genes (e.g., TP53, EGFR, NF1, and PTEN) (39). Since
distinct immune cell compositions are observed in different GBM
subtypes, one hypothesis is that these genetic alterations contrib-
ute to immunological changes in the TME. Indeed, TAM infiltra-
tion is significantly triggered by the mutation/deletion of NFI and
PTEN in mesenchymal GBM (7, 40). Another frequently mutated
gene in gliomas (generally low grade) is isocitrate dehydrogenase
1 (IDHI1), a key enzyme that regulates tryptophan metabolism
(30). Gliomas mutant for IDH have a better prognosis than IDH-
wild type (WT) tumors (typically grade IV GBM) (41). Compared
with IDH-mutant tumors, IDH-WT GBM tumors harbor micro-
glia with increased expression of reactive phenotype genes (e.g.,
CD14 and CD64) and more macrophages with increased expres-
sion of HLA-DR and MHC I/1I genes (18). Mechanistically, IDH
mutation reduces the differentiation of monocytes toward macro-
phages, which is supported by the CyTOF data showing that IDH-
WT and IDH-mutant tumors are enriched with CD163*CX3CR1*
CADMI1* macrophages and CD33*CCR2*CD14* undifferentiated
monocytes, respectively (23). Additionally, the heterogeneity of
TAMs relates to the tumor stage in gliomas under specific genet-
ic backgrounds. A recent study using scRNA-Seq and CyTOF
technologies in a mouse model demonstrated that IDH-mutant
tumors harbor more microglia but fewer macrophages than IDH-
WT tumors at the early stage (30). However, macrophage infiltra-
tion was increased in the IDH-mutant mouse model rather than
in the IDH-WT counterpart during the tumor progression (30).
Despite distinct transcriptional profiles and dynamics, macro-
phages and microglia in IDH-WT GBM display a similar expres-
sion pattern of genes (e.g., THBSI, TGFBI, FN1, and VCAN) that
regulate extracellular matrix proteins (18), suggesting that dif-
ferent TAM subpopulations may cooperatively shape the TME in
response to a certain genetic mutation. As a result of their infiltra-
tion, macrophages maintain GBM cells and/or glioma stem cells
(GSCs) in a mesenchymal subtype by secreting innate immunity-
associated cytokines such as TNF-o, (42), whereas microglia dis-
play such an effect via remodeling of metabolic transcriptomes
(e.g., SREBP1/2) and the nitric oxide synthesis pathway (42).
From these findings, we conclude that the heterogeneity of TAMs
relates to genetic alterations (e.g., NF1, PTEN, and IDHI deletion
and/or mutation) of glioma cells.

Furthermore, epigenetic regulation of glioma cells contributes
to TAM heterogeneity (Figure 1). A recent study demonstrates that
the infiltration of PD-L1* macrophages in GBM tumors is triggered
by epigenetic changes of GSCs following an immune attack but is
independent of genetic selection (43). Moreover, recent studies
focusing on epigenetic regulator screen have identified circadi-
an locomotor output cycles protein kaput (CLOCK) as a top hit in
GSCs that promotes the infiltration of microglia, but not macro-
phages, in GBM (25, 44). Finally, the TAM heterogeneity is also
manifested in GBM upon treatments (e.g., the standard of care)
and regulated in a sex-specific manner. For example, ionizing
radiation shifts the TAM composition toward macrophages rath-
er than microglia in recurrent GBM, suggesting macrophages
as a key target for GBM recurrence after radiation therapy (29).
Microglia from male GBM mouse models and patients express
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more MHC II components (e.g., H2-Aa, H2-Abl, H2-Eb) and Cd74
than microglia from female GBM (33). Taken together, these find-
ings indicate that TAMs are a highly heterogeneous population of
cells, and that this heterogeneity is context dependent (e.g., tumor
under specific origin, genetic and epigenetic backgrounds, treat-
ment, and sex of the host) in GBM.

TAM phenotype and function

Macrophage phenotypic and functional plasticity has been a
robust topic of debate in the neuroimmunology field (45). The
M1/M2 dichotomy was proposed to classify “classically activat-
ed” and “alternatively activated” macrophages, respectively (46).
M1 macrophages are induced by exposure to proinflammatory
cytokines (e.g., IFN-y and TNF-a), which, in turn, eliminate tumor
cells by producing inflammatory factors, such as reactive oxygen
species (ROS), TNF-q, IL-1B, IL-6, IL-12, and IL-23 (19, 47). On
the other hand, M2 polarization is triggered upon stimulation
with antiinflammatory cytokines (e.g., [L-4, IL-10, or IL-13), and
such polarized macrophages show less cytotoxicity on tumor cells
via production of antiinflammatory cytokines, e.g., IL-10, TGF-p,
CCL22, and CCL17 (48-50). While it has been initially useful for
macrophage categorization, increasing evidence demonstrates
that the M1/M2 dichotomy faces several challenges. First, the
dichotomy is proposed primarily based on the results from in
vitro studies (51), and this phenomenon is not well manifested in
vivo as demonstrated by either extensive immune phenotyping
or scRNA-Seq studies in GBM patient tumors (38, 52). As such,
there is no identifiable correlation between in vitro-defined
macrophage phenotype markers and macrophage cluster signa-
ture genes identified in GBM patient tumors (38, 52). However,
it should be noted that a specific subpopulation of TAMs in GBM
patient tumors harbor a glucocorticoid-induced signature (24),
consistent with the in vitro studies in macrophages (53). Second,
it is overly simplistic to define TAM phenotypes solely based on
a selection of markers (54). Although some markers (e.g., CD163
and CD206) have been identified in an attempt to distinguish the
M1/M2 phenotype in TAMs (54, 55), specific markers for M1 or
M2 macrophages are still missing (46, 56). Third, TAMs do not
display bona fide M1 or M2 phenotype, but, rather, likely existin a
continuum or a less differentiated state. For instance, single-cell
profiling on human glioma tumors has demonstrated that TAMs
coexpress M1 and M2 genes in individual cells (52). Finally, TAM
phenotypes are dynamic and fluid, and respond to distinct TME
and/or therapeutic intervention (19). Together, these findings
suggest a complexity of TAMs in GBM that cannot be fully under-
stood based solely on the M1/M2 dichotomy.

Single-cell technologies are increasingly used to characterize
the phenotypic and functional plasticity of TAMs in GBM (Figure
1). The results of these studies not only support that TAM activa-
tion within the GBM TME may not follow the M1/M2 dichotomy
(38, 52), but also illustrate novel TAM phenotypic and functional
states. For example, scRNA-Seq analysis of normal mouse brains
and tumors from the GL261 mouse model demonstrates that the
macrophage subpopulation expressing Ccl22, Cd274 (encoding
PD-L1), and Ccl5 supports an immunosuppressive functional state
(33). Similarly, single-cell profiling of human GBM tumors has
identified a novel macrophage versus microglia functional state,
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Figure 2. Identification of new TAM subpopulations in GBM. The understanding of TAM heterogeneity and functional plasticity in the GBM TME is
expanding with the development of single-cell technologies (e.g., scRNA-Seq and CyTOF). Unbiased pathway analyses followed by functional validations
would help characterize context-dependent TAM functions. Notably, quite a few TAM subpopulations and their potential biological functions have been
identified and deciphered (as indicated). CD73, cluster of differentiation 73; CyTOF, cytometry by time of flight; GBM, glioblastoma; HGG-AM, high-grade
glioma-associated microglia; HMOX1, heme oxygenase 1; MARCO, macrophage receptor with collagenous structure; sScRNA-Seq, single-cell RNA sequenc-

ing; TAM, tumor-associated macrophage; TME, tumor microenvironment.

where macrophages show upregulated immunosuppressive cyto-
kines and activated tricarboxylic acid cycle (52). In an additional
scRNA-Seq study, lineage markers of individual cells in each clus-
ter were used to classify the molecular subtypes of myeloid cells
in GBM (38). Among the nine identified molecular subtypes, two
clusters are macrophages with distinct functional states displayed.
One cluster of macrophages are immunosuppressive cells, and the
other cluster of cells are proliferating macrophages enriched with
classical inflammatory hallmarks (38). To conclude, single-cell
analysis in GBM tumors is increasingly changing our understand-
ing of TAM phenotypes and functional plasticity, which represents
an exciting opportunity to develop personalized therapeutic strat-
egies by targeting specific TAM states in GBM patients.

Newly identified TAM subpopulations

Compared with other methods, single-cell technologies have
a unique advantage in identifying rare or previously unknown
TAM subpopulations, which might be critical for GBM progres-
sion and immunosuppression (Figure 2). For instance, a recent
scRNA-Seq study of a de novo GBM mouse model with human
EGFR overexpression and loss of Cdkn2a and Pten identified
four clusters of macrophages, including one cluster of perivas-
cular immunosuppressive macrophages with high expression of
Cd163 and Mrcl and three clusters of microglia (57). Among the
three microglial clusters, one new population of Ki67* prolifera-
tive microglia expressed high levels of genes related to the G,/M
and S phases of the cell cycle. Bulk RNA-Seq analysis on prolifer-
ating microglia demonstrates that the population of proliferative
microglia commit less to the polarization program (57). An addi-
tional scRNA-Seq analysis on GL261 tumors showed that GBM
tumors harbor two other microglia populations compared with
the naive brains of mice (33). One such population of microglia

expressed genes encoding MHC I (e.g., H2-D1, H2-K1, and B2m)
and MHC II (e.g., H2-Oa and H2-DMa), and the other microgli-
al population expressed genes related to cell proliferation (e.g.,
Cdkl, Stmnl, Tubalb, Tubb5, and Top2a) (33). Transcriptional
network analysis further demonstrated that MHC II-high active
microglia express more chemokine-encoding genes (e.g., Cci3,
Ccl4, and Ccl12) (33), suggesting that this subset of microglia may
help to recruit other immune cells. Conversely, macrophages
have higher Cd274 expression than microglia, thus display-
ing a more robust immunosuppressive function (33). Similarly,
scRNA-Seq analysis in GBM patient tumors resulted in identi-
fication of a new population of proinflammatory and prolifera-
tive microglia (58) and a new population of immunosuppressive
CD163*HMOX1* microglia, which induce T cell exhaustion via
release of IL-10 (59). Further scRNA-Seq analyses in mouse and
human GBM tumors demonstrate that certain mouse models
might not be able to fully recapitulate the functional heteroge-
neity of TAMs observed in GBM patients (24, 60). For example,
Cst, Hexb, and Sparc are highly differentially expressed between
microglia and macrophages in mouse tumors but not in human
tumors. In contrast, APOC2, TMIGD3, and SCIN are microg-
lia-specific markers restricted to human tumors (24).

Emerging evidence demonstrates that various TAM subpopu-
lations may infiltrate into specific subtypes of GBM tumors, which
result in a context-dependent symbiotic interaction between dis-
tinct TAM subpopulations and glioma cells in the TME. Here, we
summarize three strategies to identify new and context-depen-
dent TAM subpopulations in GBM. The first strategy is to perform
single-cell analyses in GBM tumors comparing different molec-
ular subtypes. For example, in human GBM ex vivo organotypic
tissue culture model and primary GBM specimens, MARCO"
macrophages and CD163*HMOX1* microglia have been identi-
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fied solely in mesenchymal GBM tumors (59, 61). MARCO" mac-
rophages have been shown to promote mesenchymal transition in
vitro and in vivo. Coimplantation of GSCs and MARCO" macro-
phages significantly decreases the survival of tumor-bearing mice
(61). Functionally, HMOX1* microglia distribute in the interface
between GBM cells and T cells to drive T cell exhaustion (59).
Although scRNA-Seq data unmask the transcriptional and spatial
correlations between HMOX1* microglia and mesenchymal-like
GBM (59), further functional validation is needed to validate
whether HMOX1* microglia can shift GBM cells toward a mesen-
chymal-like state. The second strategy is to identify novel TAM
subpopulations under specific GBM genetic backgrounds. For
example, scRNA-Seq analyses on GBM patient tumors resulted in
identification of a subset of high-grade glioma-associated microg-
lia (HGG-AM) in IDHI-WT/SETD2-mutant GBM (58). HGG-AM
are proinflammatory and proliferative cells that can promote
GBM progression by inducing apolipoprotein E-mediated NLRP1
inflammasome formation (58). The third strategy is to com-
pare the immune profile of GBM tumors that have differentially
responded to treatment. This strategy can help to identify TAM
subpopulations responsible for resistance development follow-
ing therapies such as immune checkpoint inhibitors (ICIs). Deep
immune profiling of ICI-responsive and ICI-refractory mouse
models using CyTOF demonstrated that ICI-refractory GBM
is associated with the accumulation of PD-L1* TAMs and lack
of MHC II* antigen-presenting cells (20). It is worth noting that
multiple TAM subpopulations likely drive the immune evasion of
GBM. In addition to PD-L1* TAMs, scRNA-Seq and CyTOF analy-
ses reveal that CD73" macrophages are immunosuppressive cells
and have a signature distinct from microglia that persist after anti-
PD-1 treatment (62). Mechanistically, CD73" macrophages do not
directly impact T cell effector responses. Rather, knocking out
CD73 decreases immunosuppressive CD206*Argl*'VISTA*PD-1*
CD115* myeloid cells and increases iNOS* myeloid cells, which,
in turn, enhances the antitumor efficiency of ICI (e.g., anti-PD-1
and anti-CTLA4) therapies in murine glioma (62). Together, these
findings suggest that single-cell technologies are decisive for iden-
tifying novel TAM subpopulations in GBM under specific contexts,
which may pave the way for the development of context-depen-
dent therapeutic strategies via targeting of distinct TAM subpopu-
lations alone or in combination with immunotherapies.

Therapeutic potential to target TAMs

TAMs are a prominent population of immune cells in the GBM
TME that play a critical role in supporting tumor progression and
inducing immunosuppression (19). Emerging evidence reveals
that GBM does not respond to immunotherapy, likely owing, at
least in part, to the infiltration of immunosuppressive TAMs (62-
64). These findings highlight TAM as a promising therapeutic tar-
get for GBM. The following section summarizes current TAM-tar-
geted therapeutic strategies in GBM (Figure 3).

The first approach is to block TAM infiltration by targeting
the axes between chemoattractants and their receptors (Figure
3). One of the best-known examples is the CCL2/CCR2 axis. Can-
cer cell-secreted CCL2 recruits CCR2* myeloid cells (e.g., TAMs
and myeloid-derived suppressor cells) into the GBM TME (65,
66). Preclinical data demonstrate that blockade of CCR2 using an
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antagonist suppresses TAM recruitment and enhances ICI effica-
cy in GBM mouse models (65, 67). Although further studies are
needed to evaluate the antitumor efficiency of CCL2/CCR2 axis
blockade in GBM patients, it is worth noting that CCL2 neutral-
izing antibody (e.g., carlumab) shows a modest effect in patients
with prostate cancer (68). If this minimal clinical outcome was
observed in GBM, one possible reason is that distinct immune
subpopulations may respond differently to CCL2/CCR2 axis inhi-
bition. For example, scRNA-Seq data analysis demonstrates that
GBM tumors from Ccr2-knockout mice harbor a reduced TAM
subpopulation with macrophage signatures (e.g., TGFBI, CLE-
CI2A,and FXYD5), but an increased subpopulation with microglia
signatures (e.g., SALLI, TMEMI19, and P2RY12) (24), suggesting
that the antitumor effect of CCR2 inhibition can be attenuated by
increased microglia. Instead of directly inhibiting CCR2, alterna-
tive strategies have been developed to suppress the signaling that
can potentially induce CCL2/CCR2 axis activation. For example,
GBM cell-derived kynurenine would activate the aryl hydrocarbon
receptor (AHR) in TAMs, which, in turn, upregulates CCR2, thus
promoting TAM infiltration and tumor growth (66). Inhibition of
AHR with the antagonist CH-223191 suppresses CCL2-induced
TAM infiltration and tumor growth (66). In addition to the CCL2/
CCR2 axis, other studies have demonstrated additional targetable
chemokine-receptor pairs, such as osteopontin (OPN)/o. f integ-
rin (69), lysyl oxidase (LOX)/ B, integrin (40), and slit guidance
ligand 2 (SLIT2)/ROBO1/2 (70), in GBM. Therapeutically, inhib-
iting these chemokine-receptor pairs using either 4-1BB-OPN
bispecific aptamers (69), the LOX inhibitor B-aminopropioni-
trile or neutralizing antibody (40), or the SLIT2-trapping protein
RobolFc (70) significantly inhibits macrophage infiltration and
tumor growth in GBM mouse models. Moreover, these treatments
may improve the antitumor efficiency of ICIs and conventional
therapies. For example, the antitumor effect of RobolFc was fur-
ther improved by its combination with anti-PD-1 and anti-4-1BB
therapies (70). Mechanistic studies have shown that the chemo-
tactic activity of SLIT2 is regulated by ROBO1/2-mediated PI3Ky
activation in macrophages (70). Consequently, inhibition of PI3Ky
prevents accumulation of TAMs in the GBM TME and elevates
the antitumor effect of temozolomide in GBM (71). Moreover,
recent studies have shown that overexpression of the circadian
regulator CLOCK in GSCs triggers the infiltration of microglia
into the GBM TME via transcriptional upregulation of olfacto-
medin-like 3 (OLFML3) and legumain (LGMN). Inhibition of the
axis between CLOCK and its transcriptional targets OLFML3 and
LGMN impairs GBM tumor growth and microglial infiltration (25,
44). However, further studies are needed to identify OLFML3 and
LGMN receptors on microglia in the GBM TME.

The second strategy is to target TAM immunosuppressive
reprogramming (Figure 3). Targeting CSF-1R with its inhibitors
(e.g., PLX3397 and BLZ945) can either deplete TAMs or inhibit
TAM immunosuppressive polarization in solid tumors, includ-
ing GBM (24, 72-74). Interestingly, BLZ945 treatment in GBM
mouse models fails to deplete TAMs but impairs their functional
polarization (75). While CSF-1R inhibition effectively suppresses
tumor progression, GBM cells acquire resistance to BLZ945 after
long-term treatment (76). Mechanistically, prolonged CSF-1R
inhibitor treatment leads to insulin-like growth factor 1 (IGF-1)
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Figure 3. Current TAM-targeted therapeutic approaches in GBM. Depending on the working mechanisms, strategies for targeting TAMs include

(a) targeting TAM recruitment; (b) targeting TAM immunosuppressive reprogramming; (c) targeting new TAM subpopulations; and (d) targeting
TAM-mediated phagocytosis. The key targets and associated drug candidates are indicated. 4-1BB, TNF receptor superfamily member 9; AHR, aryl
hydrocarbon receptor; BACET, B-site amyloid precursor protein-cleaving enzyme 1; BAPN, B-aminopropionitrile; CCR2, C-C motif chemokine receptor
2; CHI3L1, chitinase-3-like 1; CLOCK, circadian locomotor output cycles protein kaput; CSF-1, colony-stimulating factor 1; CSF-1R, CSF-1 receptor;
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glandin E,; PSGL-1, P-selectin glycoprotein ligand-1; ROBO1/2, roundabout receptor 1/2; SELP, P-selectin; SIRPa, signal-regulatory protein-a; SLIT2,

slit guidance ligand 2; TBRI, TGF- receptor type I.

secretion into the TME via activation of the STAT6/NFAT sig-
naling pathway in TAMs. As a result, the secreted IGF-1 promotes
tumor growth by activating the IGF-1R/PI3K pathway in GBM
cells. Targeting of the IGF-1R/PI3K signaling in GBM cells using
the IGF-1R inhibitor OSI906 and the PI3K inhibitor BKM120, and
blocking of the STAT6/NFAT signaling in TAMs using the STAT6
inhibitor AS1517499 and the NFAT-calcineurin inhibitor FK506,
resensitize GBM to BLZ945 treatment (76). Moreover, BLZ945
treatment enhances the initial response of GBM to radiotherapy
(29) and improves the antitumor efficiency of anti-PD-1 (nivolum-
ab) therapy by blocking CD163* macrophage immunosuppressive
polarization (77). Given these encouraging findings in preclinical

models and the fact that no clinical benefits were achieved with
PLX3397 treatment in GBM patients (21), the results of clinical
trials testing novel therapeutic strategies with CSF-1R inhibition
combined with IGF-1R/PI3K pathway inhibition, radiotherapy, or
immunotherapy are highly anticipated. Alternative therapeutic
strategies for manipulating TAM immunosuppressive polariza-
tion include anti-IL-6, the SLIT2 ligand trap protein RobolFc,
the P-selectin inhibitor KF38789, the monoacylglycerol lipase
inhibitor JZL184, 4-1BB-OPN aptamer, the p-site amyloid precur-
sor protein-cleaving enzyme 1 (BACE1) inhibitor MK-8931, and
galectin-3-binding protein mimetic peptide (12, 69, 70, 78-82).
Moreover, a drug consisting of immunostimulatory macrophage
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extracellular vesicles loaded with the chemical excitation source
CPPO (C), the photosensitizer Ce6 (C), and the hydrophilic
hypoxia-activated prodrug AQ4N (A) (altogether referred to as
CCA) has been developed. CCA exhibits a potent effect to repro-
gram TAMs and inhibit tumor progression in GBM mouse models
(83). Since TAMs are immunosuppressive cells, reprogramming
TAMs may enable enhancement of ICI efficiency. Indeed, tar-
geting of TAM reprogramming via IL-6 inhibition with CD40
stimulation (84), SLIT2 inhibition (70), and MAGL inhibition (81)
exhibits robust synergy with ICIs (e.g., anti-PD-1, anti-CTLA4,
and anti-4-1BB) in preclinical GBM models. Together, these find-
ings highlight that targeting of TAM immunosuppressive repro-
gramming is a promising strategy that not only inhibits tumor
growth but may also improve the antitumor efficiency of ICIs and
conventional therapies in GBM.

The third strategy is to target TAM-mediated phagocyto-
sis (Figure 3). Apart from regulating antitumor immunity, TAMs
have the ability to directly capture and eliminate cancer cells
through phagocytosis (85, 86). However, cancer cells often over-
express CD47, a “don’t eat me” signal that helps cancer cells evade
TAM-mediated phagocytosis by interacting with its receptor SIRPa
on TAMs (9). Depleting CD47 in GBM cells significantly increases
macrophage phagocytosis and inhibits GBM tumor growth (87),
indicating the therapeutic potential of targeting the CD47/SIRPu
axis in GBM patients. The anti-CD47 strategy is under investiga-
tion in clinical trials for solid tumors and hematological malignan-
cies (e.g., ClinicalTrials.gov NCT02953782 and NCT02890368)
(88, 89). Notably, monotherapeutic anti-CD47 antibodies show a
minor effect on glioma growth in murine models (90) but induce
hematological toxicity (91). In contrast, preclinical studies with
humanized anti-CD47 antibodies have shown promising antitu-
mor effects in pediatric glioma patient-derived xenograft models
(85). These findings highlight that additional approaches will be
needed to improve the efficacy and safety of anti-CD47 therapy in
GBM. Emerging evidence demonstrates that the antitumor effect
of anti-CD47 therapy can be enhanced when it is combined with
temozolomide and anti-PD-1 treatments (90), carnitine palmito-
yltransferase 1 inhibitor (etomoxir) (92), or autophagy depletion
(93) in GBM mouse models. In line with enhancing the antitumor
effect of anti-CD47 therapy, an oncolytic herpes virus has been
generated to avoid infusion toxicities and increase the blood-brain
barrier-penetrating efficiency of anti-CD47, which exhibits supe-
rior tumor cytotoxicity in GBM (94). In line with anti-CD47, target-
ing SIRPa is a potential therapeutic strategy since recent evidence
demonstrates that anti-SIRPo nanobodies can penetrate into
GBM tumors in mice (95). Besides targeting the CD47/SIRPa axis,
pharmacological inhibition of BACE1 with the inhibitor MK-8931
promotes TAM-mediated phagocytosis of GSCs and impairs GBM
progression in vivo (79). Together, these findings demonstrate
that targeting of TAM-mediated phagocytosis exhibits promising
therapeutic potential for GBM.

The final strategy is to target the newly identified TAM sub-
populations (Figure 3). For example, targeting CD73" macro-
phages via depletion of CD73 in CD737~ mice extends the survival
of GBM-bearing mice, and this effect is further improved when
combined with anti-PD-1 and anti-CTLA4 therapies (62). Can-
cer treatment with anti-CD73 antibodies and CD73 small-mol-
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ecule inhibitors has gained promising results in preclinical and
early clinical trials (96, 97). However, such antitumor effect has
not been compelling in a preclinical murine model of glioma (98).
The newly identified MARCO" macrophage subpopulation can
promote GBM tumor growth in vitro and in vivo. Treatment with
anti-MARCO antibodies inhibits mesenchymal differentiation
and stemness of GSCs (61). HGG-AM is a newly identified microg-
lia population that can be activated by glioma cell-derived TGF-p1
via TGF-p receptor type I (TBRI) on microglia. Reciprocally, these
activated HGG-AM produce IL-1f to promote GSC proliferation
and tumor growth. Inhibition of TPRI using its inhibitor SB431542
diminishes HGG-AM density and impairs tumor growth in a GBM
mouse model (58). CD163* HMOX1" microglia are another newly
identified microglia subpopulation in GBM, and depletion of this
microglia population reduces IL-10 production, which, in turn,
upregulates granzyme B in T cells via the JAK/STAT pathway.
Treatment with the JAK1/2 inhibitor ruxolitinib in a GBM patient
boosted T cell activation by reducing immunosuppressive myeloid
cells, and the patient is still alive about 2 years after ruxolitinib
treatment (59). Together, these findings suggest that these newly
identified TAM subpopulations (CD73" macrophages, MARCO*
TAMs, HGG-AM, and CD163*HMOX1* microglia) are promising
therapeutic targets for GBM patients.

Conclusion

TAMs are highly infiltrated in GBM tumors and substantially con-
tribute to tumor progression, immunosuppression, and treatment
resistance (12, 24, 40). Understanding the heterogeneity and
functional plasticity of TAMs is crucial for developing context-de-
pendent therapeutic strategies for GBM patients. Although clas-
sical methods, such as fluorescence-activated cell sorting and
immunofluorescence, can distinguish functional TAMs based on
well-known phenotypic markers, they are not sufficient to charac-
terize TAM heterogeneity in the GBM TME (12, 33). In contrast,
single-cell technologies have several advantages. For example,
they can offer an excellent opportunity to identify novel TAM
subpopulations and functional states in GBM (24, 99). These new
TAM subpopulations are crucial for GBM progression, although
they may account for only a small proportion of myeloid cells in
the TME (24, 33, 99, 100). Studies integrating scRNA-Seq and
functional validations demonstrate that these TAM subpopula-
tions are functional and druggable targets (38, 62, 101). Specifi-
cally, these TAM subpopulations may preferentially secrete spe-
cific cytokines (e.g., IL-10 from CD163"HMOX1* microglia) to
induce immunosuppression, and targeting these cytokines and
their relevant molecular pathways holds great therapeutic poten-
tial in GBM (20, 59). Moreover, they can provide transcriptional
information for tracing the ontogeny and distribution of TAMs in
GBM (102), which, in turn, produces additional markers and loca-
tion information to distinguish macrophages from microglia (19,
33). Finally, they can enable researchers to generate transcription-
al networks among different cell populations and subpopulations
and to have an integrated view of how TAMs shape an immuno-
suppressive TME in GBM (24, 101). For instance, scRNA-Seq data
analysis reveals that macrophages and microglia compete with
each other, and macrophage depletion leads to increased microg-
lia infiltration in the hypoxic TME (24).
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Despite the advantages of single-cell technologies for char-
acterizing TAM heterogeneity and plasticity, many challenges
remain regarding how to maximize these technologies to under-
stand the nature of TAMs in GBM and translate these findings into
the clinic (103, 104). First, single-cell technologies are not effi-
cient in systemically dissecting TAM function in vivo. Rigorous
functional validations are needed to interrogate how specific sub-
populations and functional states of TAMs connect to GBM cells
and other immune cells in the TME and contribute to GBM pro-
gression and immunosuppression (25, 38, 40, 44, 61, 62). Second,
scRNA-Seq may not be able to define some key molecular states
(e.g., epigenomic and metabolic states) of TAMs under specific
GBM TME (19, 99). An alternative strategy is to integrate SCRNA-
Seq and epigenomic/metabolomic profiling, which will provide
additional information to characterize TAM heterogeneity (43,
105). The third challenge is a technical issue regarding clustering
algorithms (106). As a rapidly growing field, many computation-
al methods have been developed to define TAM populations and
functional states based on scRNA-Seq data (104). However, it is
still unclear which is the best approach to characterize the dynam-
ic and heterogeneous TAMs in GBM (106). Moreover, the strict
sample preparation requirement for large-scale scRNA-Seq anal-
ysis on human GBM tumor tissues is still challenging (107, 108).
Finally, the spatial distribution of TAMs can generate additional
heterogeneity, since specific local niches are able to affect TAM
distribution and functional polarization (109, 110). For example,
IBAI*'TMEM119 CXCL3" macrophages are predominantly locat-
ed at perinecrotic areas and express genes involved in inflam-

The Journal of Clinical Investigation

matory program and glycolysis, whereas IBAI*TMEM119*CCL4*
microglia are enriched at the tumor-brain interface and express
chemoattractant-encoding genes involved in T cell recruitment
(110). Characterization of TAM spatial distribution and identifica-
tion of the context-dependent niche signals that drive TAM acti-
vation and polarization are two remaining challenges. Integrating
single-cell and spatial transcriptomics will provide an opportunity
to characterize this spatial TAM heterogeneity (38, 111-113). It is
expected that continuing research to address these challenges,
followed by rigorous functional studies, will uncover the nature of
TAMs and identify novel TAM-targeted immunotherapy for GBM
patients in the near future.
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