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Abstract. The poor prognosis of high‑grade gliomas, such 
as glioblastoma, is largely driven by a notably immunosup‑
pressive tumor microenvironment (TME), wherein microglia 
and tumor‑associated macrophages play important roles. The 
present review summarizes the current evidence supporting 
triggering receptor expressed on myeloid cells 2 (TREM2) 
as a key immunoregulator in the glioma TME. The present 
review explores the context‑dependent dual role of TREM2, 
which can either be hijacked to promote immunosuppression 
and tumor progression or inhibit tumor progression through 
its notable functions in phagocytosis and antigen presentation. 
The present review also examines the clinical association 
of TREM2 expression with glioma grade and patient prog‑
nosis, evaluating its potential as a diagnostic and prognostic 
biomarker. Furthermore, the present review discusses the 
current landscape of TREM2‑targeted therapeutic strate‑
gies, from direct TREM2 inhibition and myeloid‑targeted 
immunocytokines to nano‑engineered drug delivery systems, 
and addresses the core translational challenges of these 
strategies. Looking forward, the importance of leveraging 
spatial multi‑omics and artificial intelligence to decipher the 
functional heterogeneity of TREM2 and to guide precision 

immunotherapy is highlighted. In conclusion, the present 
review provides a comprehensive framework for understanding 
the role of TREM2 in glioma; this receptor serves not only as a 
biomarker for glioma, but as an important signaling hub in the 
glioma TME. Therefore, the present review aims to support 
the development of novel therapeutic strategies targeting the 
immune microenvironment in glioma.
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1. Introduction

Glioma currently represents the most common and aggressive 
primary brain tumor in adults and has been associated with a 
poor prognosis (1). Despite the progress achieved by research 
on glioma treatments, the median survival time of patients with 
glioma remains <15 months (2,3). One of the primary drivers 
of therapeutic resistance in glioma is the markedly complex 
and immunosuppressive tumor microenvironment (TME), 
which has been shown to not only support tumor growth but 
also to actively subvert antitumor immunity (4‑6).

Tumor‑associated microglia and tumor‑associated macro‑
phages (collectively termed TAMs) constitute dominant 
components of the TME of glioma (4,7,8). Notably, TAMs can 
be manipulated by glioma cells to adopt an immunosuppres‑
sive phenotype that facilitates tumor progression, angiogenesis 
and treatment resistance (8‑13). However, the simplistic binary 
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classification of TAMs into pro‑inflammatory or anti‑inflam‑
matory phenotypes that was employed previously is no longer 
adequate; these cells have now been recognized to exhibit 
multifaceted and context‑dependent roles in the TME (8‑13).

Triggering receptor expressed on myeloid cells (TREM)2 
is an important immunoregulatory receptor that governs key 
microglial functions, such as phagocytosis, lipid metabolism, 
viability and inflammatory responses (14,15). Although the 
protective effects of TREM2 in Alzheimer's disease (AD) 
remain well‑documented (16,17), the dual function of TREM2 
in glioma has been a notable source of research and debate. 
On one hand, notable evidence has positioned TREM2 as a 
promoter of glioma; the pro‑tumor activity of TREM2 is 
primarily mediated by its ability to foster an immunosuppres‑
sive microenvironment and enhance angiogenesis, which in 
turn promotes glioma progression (18‑20). However, emerging 
evidence has also suggested that, under specific conditions, 
TREM2 can play an immunoprotective role in glioma. Recently, 
a key study revealed that TREM2 deficiency in glioma models 
accelerates tumor progression, and this effect was linked to 
impaired myeloid‑mediated phagocytosis of tumor cells and 
reduced major histocompatibility complex class II (MHCII) 
expression, which subsequently resulted in a loss of CD4+ T 
cells (21). In addition, another recent study identified TREM2 
as an immunoprotective factor in glioblastoma (GBM), and its 
deficiency has been shown to accelerate tumor progression, 
directly contrasting with its established immunosuppressive 
role in peripheral cancers (22‑25). These findings illustrate the 
complex mechanistic role of TREM2 in glioma, reflecting the 
intricacy of the TME in the central nervous system (CNS) and 
highlighting the importance of further research into the role of 
this receptor in glioma.

Given the notable role of TAMs in the glioma microen‑
vironment, these cells have become a central research focus 
within glioma oncology, with numerous studies aiming to 
understand their interactions with key pathological processes, 
such as tumor progression, recurrence and immunotherapy 
responses. Within the context of glioma, TREM2 has emerged 
as an important molecular regulator of tumor progression, 
exhibiting the dual capacity to both protect against and 
contribute to glioma pathology (22‑25). This duality under‑
scores the notable complexity of TREM2 activity in glioma, 
as well as the requirement for further in‑depth investigations 
into the multifaceted roles of TREM2 in glioma pathogenesis 
within the CNS.

2. TREM2: A conserved regulator of CNS myeloid function

TREM2 is an important immunoregulatory receptor that is 
predominantly expressed on microglial cells, which are resident 
macrophages of the CNS (26,27). Notably, TREM2 has been 
shown to form a signaling complex with the adaptor protein 
TYRO protein tyrosine kinase‑binding protein (DAP12), which 
is important for transducing signals that govern key myeloid 
functions, such as phagocytosis, cell survival, lipid metabolism 
and the modulation of inflammatory responses (28). As such, 
TREM2 is a central regulator of immune homeostasis in the CNS 
and has been shown to play an important, albeit context‑depen‑
dent, role across a spectrum of pathological conditions, ranging 
from neurodegenerative diseases to cancer (16,29).

TREM2 activity is initiated by its interaction with a diverse 
array of ligands, such as lipids, apolipoproteins and amyloid‑β 
(Aβ). These interactions trigger downstream signaling that 
is important for maintaining CNS integrity (30‑32). Notably, 
TREM2 activity is important for a number of fundamental 
neural processes. For example, during development, TREM2 
is required for synaptic pruning, and TREM2 deficiency has 
been shown to lead to impaired synapse elimination and 
altered neural connectivity (33). Another core function exhib‑
ited by TREM2 is the regulation of phagocytic clearance, 
enabling microglia to remove apoptotic neurons, myelin debris 
and protein aggregates, thereby supporting CNS tissue homeo‑
stasis and neuronal health (32,34‑37). In AD, TREM2 has 
been shown to bind to Aβ oligomers, facilitating their clear‑
ance and modulating microglial responses to amyloid plaques. 
This interaction is important as it mitigates the progression of 
AD by influencing microglial activation and viability (38,39). 
However, TREM2 exhibits a dual role in inflammation in the 
CNS; although it can promote the resolution of inflamma‑
tion, TREM2 signaling has also been shown to exacerbate 
neuropathic pain by driving the release of pro‑inflammatory 
cytokines from microglia  (40). Conversely, in models of 
ischemic stroke, TREM2 activity has been shown to partially 
attenuate neuroinflammation and CNS injury, highlighting its 
therapeutic potential in mitigating neural inflammation (41,42).

In summary, TREM2 is a conserved master regulator of 
myeloid‑cell function (26,27) with notable implications for 
glioma therapy. The ability of TREM2 to modulate immune 
responses, promote the clearance of cellular debris and influ‑
ence cell survival in the CNS positions this receptor at the 
crossroads of CNS homeostasis, neurodegeneration, cancer 
and systemic inflammation.

3. Context‑dependent dual role of TREM2 signaling in the 
glioma microenvironment

In the TME of glioma, the TREM2 signaling pathway is 
activated in myeloid cells by numerous ligands. However, 
the functional outcome of this activation is notably 
context‑dependent, embodying a dual role that can either 
promote tumor progression or support antitumor immunity. 
Although TREM2 signaling is frequently activated by glioma 
cells to foster an immunosuppressive niche and support tumor 
growth (18,19), the TREM2‑regulated capacity of microglia 
for phagocytosis and antigen presentation is important for 
T‑cell activation (21,22). This inherent duality makes TREM2 
a central but complex signaling hub in glioma pathology. 
Hijacked TREM2 signaling has been shown to regulate the 
TME in glioma through the mechanisms discussed in this 
section (Fig. 1).

Shaping an immunosuppressive niche. In glioma, TREM2 
knockdown in microglia has been shown to promote a 
pro‑inf lammatory microglial phenotype and suppress 
tumor progression by increasing the activity of the Janus 
kinase/STAT signaling pathway and suppressing the NF‑κB 
pathway. Consequently, the transcriptional program that 
sustains an immunosuppressive niche in the glioma TME is 
suppressed  (43‑47). These findings indicate that TREM2 
contributes to the development of an immunosuppressive 
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microenvironment, which is a characteristic feature of glioma 
pathology (7,48,49). TREM2 expression has also been strongly 
associated with the M2 polarization of microglia and macro‑
phages, which has been linked to a higher glioma grade and 
a poorer prognosis for patients (18,19,50). Notably, inhibition 
of TREM2 signaling reprograms myeloid cells toward a 
pro‑inflammatory phenotype, promoting CD8+ T‑cell infiltra‑
tion and activity in the TME. Furthermore, TREM2 inhibition 
has been shown to synergize with anti‑programmed cell death 
protein 1 immunotherapy to improve patient survival in preclin‑
ical glioma models (20). Collectively, these findings underscore 
the concept that the TREM2‑dependent immunosuppres‑
sive niche contributed to by TAMs is markedly involved in 
promoting tumor advancement and treatment failure in glioma.

Regulating phagocytosis and an immunoprotective niche. 
Studies have demonstrated that TREM2 signaling enhances 
the uptake of glioma cells by myeloid cells; this increase in 
phagocytic function has been associated with changes in the 
levels of canonical phagocytosis markers, for example, lyso‑
zyme and CD163. TREM2 has also been shown to trigger the 
phosphorylation of DAP12 and activate downstream spleen 
tyrosine kinase (Syk), which is an important event for the 
efficient phagocytosis of tumor cells, acting through cyto‑
skeletal remodeling, calcium mobilization, and activation of 
PI3K‑AKT and MAPK signaling pathways (51‑54).

Notably, this TREM2‑mediated regulation of phagocytosis 
extends beyond the clearance of tumor cells to influence the 
direct interactions of microglial cells with adaptive immu‑
nity. This functional link is important for regulating efficient 
antigen presentation. Notably, TREM2 deficiency impairs 
MHCII expression on TAMs, leading to a reduction in CD4+ 
T‑cell tumor infiltration and diminished antitumor immune 
responses (21). By applying integrated single‑cell and spatial 
transcriptomics, a recent study redefined the role of TREM2 in 
GBM. In contrast to its established role as a key immunosup‑
pressive target in peripheral tumors, the aforementioned study 
reported that TREM2 appears to exert an immunoprotective 
function in GBM; its deficiency was shown to accelerate tumor 
progression and to associate with immunosuppressive signa‑
tures (22). Collectively, these findings underscore that TREM2 
plays a central yet complex role in phagocytosis and immune 
reprogramming, challenging simplistic strategies for thera‑
peutic inhibition of TREM2 and demanding context‑specific 
strategies.

Microenvironmental and molecular determinants of 
TREM2 functional duality in glioma. A central dilemma 
to be elucidated concerns the mechanisms that prime 
TREM2‑expressing myeloid cells toward a pro‑tumor vs. an 
antitumor state. The determination of these phenotypes likely 
involves spatial, metabolic and temporal factors within the 

Figure 1. Functional heterogeneity and context‑dependent roles of TREM2+ microglia and macrophages in the glioma microenvironment. Microenvironmental 
stimuli induce diverse signaling pathways, including: i) Immunosuppressive pathways, such as the JAK/STAT3 and NF‑κB pathways; and ii) immunoprotec‑
tive processes, for example those mediated by LYZ or CD163. These pathways shape CD4+ and CD8+ T‑cell responses and influence tumor progression. 
Generated by Figdraw (https://www.figdraw.com/#/; copyright code: YTOUT656f1). LYZ, lysozyme; TREM2, triggering receptor expressed on myeloid cells 
2; JAK, Janus kinase; M2, alternatively activated macrophages.
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glioma microenvironment. Regarding molecular triggers, 
TREM2‑ligand identity represents an important determinant 
of myeloid phenotype. TREM2 has been shown to bind to a 
diverse range of molecules, including oxidized lipids, myelin 
debris and apolipoproteins  (30‑32), although the ligand 
repertoire for TREM2 likely varies across tumor models. 
Notably, redundant pathways, such as those mediated by T‑cell 
immunoglobulin and mucin‑domain containing‑3 or AXL, 
may compensate for TREM2 loss. Competitive ligand binding 
further complicates TREM2 signaling (55,56).

Metabolic reprogramming of the glioma microenvironment 
also shapes TREM2‑mediated immune responses. TREM2 
expression is closely linked to enhanced lipid metabolism 
in TAMs, and the hypoxia‑driven shift in lipid metabolism 
observed within the tumor core may enhance TREM2 signaling 
to foster an immunosuppressive TAM phenotype (57,58). At 
the invasive margin of glioma, damage‑associated molecules, 
for example phosphatidylserine and gangliosides, are 
released from disrupted neuronal architecture and activate 
TREM2 signaling; this creates a functional gradient from 
pro‑inflammatory signaling at the tumor‑neuron interface to 
an increasingly immunosuppressive microenvironment toward 
the glioma core (59). Within this hypoxic core, TREM2+ cells 
exhibit reduced antigen presentation (59). Temporally, TREM2 
does not exert protective effects in the early stages of TAM 
differentiation; instead, its expression peaks at the terminal 
phase of monocyte‑to‑TAM differentiation, in parallel with 
immunosuppressive hallmarks such as arginase 1, CD274 and 
glycoprotein NMB (10).

Another overlooked layer of complexity regarding the 
function of TREM2 is the heterogeneity observed between 
preclinical glioma models themselves. The commonly used 
orthotopic glioma cell lines, namely the GL261, CT2A, NPA 
C54B and SB28 cell lines, harbor distinct genetic backgrounds 
and origins (60,61). Consequently, their responses to immune 
checkpoint blockade are notably different; for example, GL261 
cells are immune checkpoint blockade‑responsive, whereas 
SB28 cells demonstrate resistance to this treatment (60). These 
divergent responses may consequently influence the specific 
mechanisms underlying TREM2‑mediated responses in these 
models. In the GL261 glioma model, TREM2 expression has 
been associated with a shift from a pro‑inflammatory to an 
immunosuppressive immune microenvironment  (10). The 
aforementioned factors, including glioma model immunoge‑
nicity, ligand availability, receptor redundancy, spatial niche and 
temporal stage of differentiation, converge in a context‑depen‑
dent manner to influence the outcomes of TREM2 activity in 
glioma. Future studies using spatial transcriptomics, lineage 
tracing, metabolic profiling and glioma‑model comparisons 
are required to identify therapeutically targetable switches.

The dual nature of TREM2 notably reflects the hetero‑
geneity of high‑grade glioma and the complex interplay 
of TREM2 with the TME  (61). This interaction‑based 
heterogeneity results in the marked context‑dependency of 
the immune functions of TREM2; its intrinsic phagocytic 
and antigen‑presenting capacity can, under specific condi‑
tions, support antitumor immunity (21), whereas hijacking 
TREM2 activity to induce its immunosuppressive function 
has been shown to promote immune evasion and tumor 
progression in glioma. Consequently, within this complex 

microenvironment, TREM2 emerges as a central, yet multilay‑
ered, immune‑signaling hub. Therapeutic targeting of TREM2 
therefore requires precise modulation to effectively block the 
activity of its pro‑tumor pathways whilst preserving its residual 
or inducible protective functions, making it a compelling but 
challenging axis for TME reprogramming (15).

4. Potential of TREM2 as a biomarker in glioma diagnosis

Studies have indicated that TREM2 holds notable potential 
for the diagnosis and prognosis of glioma; its expression is 
markedly higher in tumor tissues from patients with GBM 
compared with that in normal tissues or low‑grade glioma 
cases (19). Furthermore, this elevated expression has been 
shown to associate markedly with molecular features linked 
to the aggressive behavior of the tumor, including the mesen‑
chymal subtype, isocitrate dehydrogenase (IDH) wild‑type 
status and lack of 1p/19q codeletion  (19). Supporting its 
functional role, TREM2 deficiency in mouse glioma models 
has been shown to result in a reduction in the proportion of 
M2‑polarized microglia within tumors, underscoring the 
key role of TREM2 in remodeling the immunosuppressive 
TME (43). Notably, emerging single‑cell resolution data have 
revealed that a TREM2‑high lipid‑metabolic macrophage 
subset is linked to poorer survival outcomes for patients with 
glioma (50). However, high TREM2 expression, specifically 
within tumor‑infiltrating myeloid cells, has paradoxically been 
associated with improved survival outcomes and an antitumor 
immune signature in a study by Zhong et al (22). The expres‑
sion profile of TREM receptors in the peripheral circulation 
also carries prognostic importance. Research has shown that 
a higher TREM1/TREM2 ratio on circulating CD14+ mono‑
cytes is an independent predictor of reduced overall survival, 
whereas a higher percentage of TREM2+ monocytes has been 
associated with improved patient outcomes specifically in 
the GBM subgroup (62). Furthermore, this relationship may 
be modulated by a number of factors, such as vitamin D 
levels, which are positively associated with the proportion of 
TREM2+ monocytes in low‑grade glioma (63). These results 
indicate that composite indicators incorporating TREM2 and 
other biological markers possess superior potential for guiding 
clinical prognosis assessment relative to single markers.

A study has demonstrated that soluble TREM2 (sTREM2) 
levels are markedly elevated in the cerebrospinal fluid (CSF) 
of patients with multiple sclerosis but return to normal 
following treatment. By extension, TREM2 shows promise as 
a diagnostic biomarker in the CSF of patients with glioma (64). 
Similarly, elevated sTREM2 levels observed in the CSF of 
patients with neuromyelitis optica spectrum disorder, which is 
also a type of neuroinflammatory condition, have been geneti‑
cally and clinically associated with disease risk and severity. 
Notably, elevated sTREM2 levels have been shown to result in 
microglial dysfunction and NF‑κB pathway activation. This 
pathological state is characterized by excessive activation, 
enhanced phagocytosis and metabolic reprogramming (65). 
In another study of 205 patients with GBM, AD‑associated 
neuropathological changes were present in the tumor‑adjacent 
cortex of 52% of patients, and the degree of this pathology 
was positively associated with microglial activation  (66). 
However, the cross‑disease robustness of sTREM2 levels as 
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a biomarker for CNS pathology presents a notable challenge 
for glioma‑specific diagnosis. Therefore, sTREM2 alone is 
unlikely to reliably differentiate high‑grade glioma from 
other neuroinflammatory or neurodegenerative conditions in 
a clinical setting.

To enhance its specificity as a biomarker, sTREM2 should 
be: i) Incorporated into a multi‑analyte panel that includes 
multiple tumor‑derived markers, such as glial fibrillary acidic 
protein, matrix metalloproteinases, IDH mutation status 
or O‑6‑methylguanine‑DNA methyltransferase promoter 
methylation; or ii) combined with advanced imaging features. 
Furthermore, establishing disease‑specific sTREM2 cut‑off 
values and dynamically monitoring sTREM2 changes over 
time may improve its clinical utility as a biomarker of glioma. 
Future studies should directly compare CSF‑derived sTREM2 
levels between patients with glioma and well‑matched control 
groups with other neurological diseases to define its specificity 
and diagnostic accuracy. Together, these findings suggest the 
potential of sTREM2 as a diagnostic and prognostic biomarker 
for brain tumors (67,68).

5. TREM2‑targeted microglial therapy for glioma

Targeting the TREM2 signaling pathway represents a prom‑
ising therapeutic strategy for reprogramming microglia within 
the glioma TME. Preclinical studies, primarily those using 
the murine GBM cell line GL261, have demonstrated that 
TREM2 deficiency or knockdown markedly inhibits tumor 
growth and angiogenesis  (18,43). This antitumor effect is 
linked to the inhibition of key pro‑survival and inflamma‑
tory pathways in the microglia, such as the Wnt/β‑catenin 
and NF‑κB pathways, which can in turn enhance antitumor 
immune responses (43,69). In AD research, targeting TREM2 
on microglia has achieved notable therapeutic progress toward 
mitigating AD‑associated pathological changes. For example, 
a phase I clinical trial using the TREM2‑targeting antibody 
AL002 demonstrated target engagement and pharmacody‑
namic effects in the CNS of patients with AD (70). Although, 
to the best of our knowledge, clinical trials targeting TREM2 
have not yet been launched in glioma, the progress made in the 
phase 2 trial of AL002 in AD (70) offers important prelimi‑
nary evidence for pharmacologically modulating TREM2 in 
the human brain for glioma therapy.

Beyond direct receptor inhibition, a recent study has 
explored TREM2 as a target for precision drug delivery using 
an innovative strategy. This study designed TREM2‑specific 
peptide‑conjugated nanoliposomes to deliver doxorubicin 
specifically to glioma cells; this approach demonstrated 
enhanced drug accumulation in brain tumors and improved 
antitumor efficacy compared with untargeted PLD (non‑modi‑
fied PEGylated nanoliposomal doxorubicin) in preclinical 
models, validating the effectiveness of TREM2‑targeting 
strategies in glioma therapy (71).

The findings of the aforementioned studies have offered 
valuable insights for future therapeutic directions in glioma 
research, including direct TREM2 inhibition or precision 
drug delivery leveraging the TREM2 signaling pathway. 
Examples of potential therapeutic strategies targeting TREM2 
in neuro‑oncology include the use of precision‑targeted 
nanotechnology, antibody engineering and the development of 

novel inhibitor designs; these strategies may be combined with 
existing therapies to modulate the immunosuppressive glioma 
TME and improve immunotherapeutic outcomes. However, 
the role of TREM2 in glioma is marked by notable functional 
heterogeneity; this functional duality highlights the require‑
ment for further research in order to elucidate the complex 
mechanisms of TREM2 in glioma, thereby providing a solid 
foundation for the development of future clinical therapeutic 
strategies.

6. Challenges and future directions for TREM2‑targeted 
therapy

Preclinical studies have demonstrated that strategies targeting 
TREM2 show notable promise for glioma therapy, yet there 
remain numerous challenges to realizing the clinical potential 
of these strategies. A primary challenge lies in the complexity 
of the ligand‑receptor interactions of TREM2. As a multiligand 
receptor, TREM2 binds to a diverse array of molecules (55), 
which in turn trigger multiple downstream effects, compli‑
cating its therapeutic targeting  (22). This characteristic of 
TREM2 may be a contributing factor to the clinical failure of 
some ligand‑dependent TREM2 inhibitors (56). Such clinical 
failure highlights the translational gap between promising 
preclinical data and clinical outcomes. The dynamic nature 
of ligand binding, along with the existence of multiple known 
and unknown ligands competing for the receptor in human 
biology, makes it difficult to achieve effective and specific 
TREM2 blockade with conventional approaches  (56). To 
overcome this challenge, a shift in therapeutic development 
toward innovative ligand‑independent inhibition strategies 
would enable the blockade of downstream signaling from a 
novel perspective, permitting TREM2 blockade irrespective 
of which ligand is bound. Such an approach could diminish the 
impact of competitive ligands and reduce the off‑target effects 
of inhibitors, consequently allowing inhibitors to function 
more effectively (56,72,73).

Future research should focus on developing precision medi‑
cine and multidimensional strategies to effectively advance 
targeted drug development and immunotherapy (Fig. 2). The 
dual functionality of TREM2 is highly context‑dependent 
within the glioma microenvironment. The integration of 
single‑cell and spatial multi‑omics technologies will enable 
future research to move beyond bulk analyses and to precisely 
assess the functional heterogeneity of TREM2‑expressing 
microglia and macrophages across different tumor regions 
and disease stages (10,22,59). For example, single‑cell RNA 
sequencing has revealed that myeloid cell states in glioma are 
driven more by microenvironmental signals than by cellular 
origin, identifying distinct immunosuppressive and inflam‑
matory programs (8,48,74). Notably, spatial transcriptomic 
technologies are now enabling researchers to map these 
cellular states within the intact tissue architecture (75,76). As 
such, spatial transcriptomics has proven effective in resolving 
cellular heterogeneity and spatial organization within tumors. 
For example, a study in GBM employed spatial transcrip‑
tomic technologies to highlight the heterogeneous infiltration 
patterns of immune cells from the tumor core to the invasive 
margin (75). The application of single‑cell and spatial tran‑
scriptomic technologies in future studies will help to elucidate 
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the spatial localization, temporal dynamics and specific inter‑
actions of TREM2+ TAMs in glioma (10,21,22,59), including 
interactions with glioma cells, various immune cells and TME 
components, such as vascular endothelial cells.

Determining whether TREM2 inhibition or activation 
associates with an immunosuppressive or immunoprotective 
microenvironment in patients with specific genetic back‑
grounds is important for glioma therapy. Furthermore, 
understanding whether variations in these spatiotemporal 
interactions (TREM2+ TAM interactions with glioma cells, 
various immune cells and TME components) enhance or 
undermine immunotherapeutic efficacy, or whether these 
interactions associate with therapeutic resistance, is important 
for designing optimal clinical interventions and achieving 
precision medicine goals; the elucidation of mechanisms 

responsible for these clinical features is also necessary for 
improving therapeutic outcomes. Notably, exploring the 
differential metabolic regulation of TREM2+ TAMs at specific 
spatiotemporal nodes, including lipid metabolism pathways 
analogous to those in AD models, presents another prom‑
ising option for deciphering the function of these cells and 
identifying novel therapeutic targets (69).

Nanotechnology has been shown to provide robust 
technical support for effective TREM2‑targeted therapy, 
enabling the precise delivery of targeted drugs and supporting 
their regulation of the TME through highly specific and 
controlled drug release (77‑79). One notable study investi‑
gated the therapeutic efficacy of a novel strategy integrating 
synthetic immunology and protein‑engineering designed 
myeloid‑targeted immunocytokines (MiTEs), which can bind 

Figure 2. Strategic roadmap for advancing TREM2‑targeted therapy in glioma. The diagram highlights three key directions: i) Decoding spatial and functional 
heterogeneity of TREM2 functions via single‑cell and spatial transcriptomics; ii) developing novel preclinical and therapeutic strategies, including organoid 
models and nanotechnology; and iii) fostering cross‑disciplinary integration of clinical data through AI‑driven multi‑omics and clinical translation. Generated 
by Figdraw (https://www.figdraw.com/#/; copyright code: SIYIT86e04). AI, artificial intelligence; TREM2, triggering receptor expressed on myeloid cells 2.
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to TREM2 on immunosuppressive TAMs. After being cleaved 
by a specific protease present in TAMs, MiTEs released an 
IL‑2 signal that activated cytotoxic T cells and natural killer 
cells, thereby initiating an antitumor immune response. This 
strategy achieved notable efficacy in preclinical models by 
orchestrating a multi‑axis antitumor immune response while 
minimizing systemic toxicity, indicating the promising 
potential of TREM2‑targeted immunotherapy (80).

Concurrently, a recent study developed PEGylated nano‑
liposomes conjugated with TREM2‑targeting peptides for 
use in glioma therapy. Although this construct delivered a 
conventional chemotherapeutic agent, doxorubicin, rather than 
directly modulating immunity, this therapeutic strategy vali‑
dated the effectiveness of TREM2‑targeting nanocarriers. By 
leveraging localized TREM2 expression, these nanoparticles 
achieved specific targeting to glioma tissues and enhanced 
the accumulation of antitumor drugs in targeted brain tumors, 
promoting their notable tumor‑killing effects. These findings 
demonstrate the potential of TREM2‑targeted nanodrug 
delivery for future integration with immunotherapy or chemo‑
therapy strategies in the treatment of glioma (71).

Notably, advanced and reliable preclinical models are 
important for discovering and validating the therapeutic effects 
of nanodrugs or advanced biologics, such as MiTEs. This high‑
lights the advantages of optimized conditional‑knockout mice 
and patient‑derived organoid co‑culture models (81‑83); these 
models are valuable for studying the functions and mechanisms 
of TREM2‑associated TAMs, conducting high‑throughput 
drug screenings and investigating the dynamic interactions 
between TREM2+ TAMs and other cells (81,84,85).

A notable and often underappreciated challenge to thera‑
peutic drug delivery is the blood‑brain barrier (BBB), which 
markedly restricts the delivery of systemically administered 
biologics and nanoparticles into the brain parenchyma. 
Although the BBB is locally disrupted at the GBM core, 
it remains largely intact at the infiltrating tumor margin, 
which is a primary site of recurrence  (86,87). Therefore, 
even TREM2‑targeted nanoliposomes  (71) or MiTEs  (80) 
that show robust efficacy in preclinical intracranial models 
are hindered in clinical settings by their large size, which 
limits passive diffusion across the intact or partially intact 
BBB. Strategies to overcome this size‑limitation may include 
receptor‑mediated transcytosis, for example via transferrin or 
low‑density lipoprotein receptor‑related protein 1 targeting, 
focused ultrasound‑induced BBB disruption or alternative 
drug delivery routes, such as intranasal administration (88,89). 
Future TREM2‑directed therapeutic designs should incor‑
porate such BBB‑crossing mechanisms from the outset for 
effective clinical translation.

The ultimate translation of TREM2‑directed strate‑
gies into clinical application will also be guided by notable 
cross‑disciplinary collaboration (Fig. 2). The convergence of 
neurosurgery, neuropathology and molecular diagnostics is 
important for obtaining and analyzing high‑quality, spatially 
annotated tumor specimens (90). The data generated from these 
specimens can span genomics, transcriptomics, proteomics 
and digital pathology, collectively creating a complex and 
integrated big‑data network; as such, artificial intelligence 
(AI) and big‑data analytics may serve important roles in the 
clinical translation of TREM2‑targeted therapies (91‑95).

AI can accelerate the design of novel TREM2‑targeting 
compounds at the drug discovery stage by modeling 
protein‑protein interactions, enabling virtual drug screening 
and facilitating de novo molecular design to optimize drug 
efficacy and safety, thereby reducing the reliance of drug devel‑
opment on costly and resource‑intensive traditional wet‑lab 
experiments. Furthermore, AI can integrate multi‑omics data 
with clinical imaging data to build predictive models that iden‑
tify patients harboring TREM2‑driven immunosuppressive 
tumor niches, thereby informing personalized therapy selec‑
tion (96‑100). In clinical development, AI can optimize trial 
design and patient stratification by analyzing real‑world data, 
improving patient recruitment efficiency and predicting patient 
survival outcomes, which is important for efficiently testing 
the next generation of TREM2‑directed therapies (101‑103). 
Furthermore, machine‑learning techniques such as federated 
learning can enable privacy‑preserving institutional collabo‑
ration by allowing AI models to be trained on clinical data 
distributed across multiple institutions without the raw data 
ever leaving its source. This is important for building robust, 
generalizable models while adhering to strict data‑security 
and patient‑privacy regulations (94,104). Harnessing AI‑driven 
clinical‑data analysis in the future will be an important compo‑
nent for deciphering the context‑specific roles of TREM2 
and translating preclinical research findings into effective 
treatment methods for glioma.

7. Conclusions

TREM2‑associated TAMs represent a notable regulatory 
node within the immune microenvironment of glioma. 
They are notable mediators of the glioma TME and possess 
promising therapeutic potential. Previous research has high‑
lighted the dual role of TREM2 in glioma, encompassing 
both immunosuppressive and immunoprotective functions; 
this duality reflects the complex biology of the brain TME. 
Future research and therapeutic success will require the 
stratification of patients based on the microenvironmental 
features that determine whether the TREM2 signaling axis 
sustains tumor growth or supports antitumor immunity in 
specific spatial and temporal contexts. Subsequently, targeted 
precision medicine can be developed based on the heteroge‑
neity of these features. This will require deeper investigation 
into TREM2 activity in glioma and the integration of these 
research findings with innovative clinical practices. Notably, 
interdisciplinary integration that incorporates AI offers 
a promising possibility for elucidating the complexity of 
TREM2 signaling and improving treatment outcomes for 
high‑grade glioma.
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