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Abstract

Triggering receptor expressed on myeloid cells 2 (TREM2) is a key immunomodulatory
receptor broadly expressed on myeloid cells such as macrophages and microglia. It plays
versatile roles in neurodegenerative diseases, tissue repair, and tumor immunity by orches-
trating glucose metabolism and inflammatory responses. This review systematically summarizes
the structural characteristics of TREM2, its ligand-binding mechanisms, and downstream
signaling pathways—including the phosphoinositide 3-kinase/protein kinase B(PI3K/Akt),
mitogen-activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB), and signal transducer and activator of transcription 3 (STAT3)
cascades—with a particular focus on its central role in macrophage metabolic reprogramming.
In neurodegenerative diseases such as Alzheimer disease, TREM2 contributes to the
attenuation of neuroinflammation and slows disease progression by promoting B-amyloid (Af)
clearance, inhibiting tau hyperphosphorylation, and modulating microglial polarization. Loss-of-
function sequence variants, such as R47H, disrupt lipid metabolism, impair phagocytic activity, and
destabilize immune homeostasis, thereby significantly increasing disease susceptibility. Further-
more, by enhancing glycolysis and suppressing fatty acid oxidation, TREM2 facilitates macrophage
polarization toward a reparative M2 phenotype, promoting neuroregeneration and remyelination in
conditions such as spinal cord injury and multiple sclerosis.

Within the tumor microenvironment, TREM2 influences tumor progression and therapeutic
resistance by modulating the metabolic reprogramming of tumor-associated macrophages
(TAMs)—notably through activation of pyruvate kinase muscle isozyme M2 (PKM2)-de-
pendent glycolysis—and promoting an immunosuppressive phenotype. In metabolic disorders
such as diabetes and obesity, TREM2 exerts protective effects by inhibiting NLRP3 inflam-
masome activation and maintaining lipid homeostasis, highlighting its therapeutic potential.
This review also outlines the translational prospects of TREM2 as a therapeutic target, in-
cluding the development of agonists, gene regulatory strategies, and its potential use as a bio-
marker. Future studies should aim to elucidate the ligand-specific biased signaling and dynamic
regulatory networks of TREM2 within tissue microenvironments to advance precision inter-
ventions in neuroimmunometabolic diseases.

Introduction
Overview of TREM2

Structure and Function of TREM2

Triggering receptor expressed on myeloid cells 2 (TREM2) is a cell surface receptor that
belongs to the immunoglobulin (Ig) superfamily. It is predominantly expressed on cells of the
myeloid lineage, including macrophages, dendritic cells, and, most notably, microglia—the
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Glossary

AD = Alzheimer disease; ADAM10/17 = a disintegrin and metalloproteinase 10/17; A = amyloid-beta; AKT = protein
kinase B; ALI = acute lung injury; AMD = age-related macular degeneration; ApoE = apolipoprotein E; Arg = arginase 1;
CD86 = cluster of differentiation 86; CDR = complementarity-determining region; Cryo-EM = cryogenic electron
microscopy; CXCL3 = C-X-C motif chemokine ligand 3; DAMPs = damage-associated molecular patterns; DAP12 =
DNAX-activation protein 12; EAE = experimental autoimmune encephalomyelitis; EMT = epithelial-mesenchymal
transition; ER = endoplasmic reticulum; ERK = extracellular signal-regulated kinase; FAO = fatty acid oxidation; GBM =
glioblastoma; GWAS = genome-wide association study; HIF-1a = hypoxia-inducible factor 1-alpha; ICH = intracerebral
hemorrhage; Ig = immunoglobulin; IgV = Ig-like variable; IRG1 = immune-responsive gene 1; IL-1p = interleukin-1 beta;
ITAM = immunoreceptor tyrosine-based activation motif; JAK = Janus kinase; LAMs = lipid-associated macrophages;
LCN2 = lipocalin-2; LOF = loss-of-function; LPS = lipopolysaccharide; MAPK = mitogen-activated protein kinase;
MASLD = metabolic dysfunction-associated steatotic liver disease; mTOR = mammalian target of rapamycin; MS =
multiple sclerosis; NF-xB = nuclear factor kappa-light-chain-enhancer of activated B cells; NHD = Nasu-Hakola disease;
NLRP3 = nucleotide-binding oligomerization domain, leucine-rich repeat, and pyrin domain-containing protein 3;
NMOSD = neuromyelitis optica spectrum disorder; NETs = neutrophil extracellular traps; OXPHOS = oxidative
phosphorylation; PD = Parkinson disease; PI3K = phosphoinositide 3-kinase; PKM2 = pyruvate kinase muscle
isozyme M2; RIP = regulated intramembrane proteolysis; ROS = reactive oxygen species; SAH = subarachnoid
hemorrhage; SCs = schwann cells; SCAMs = synthetic constitutively active mutants; SCI = spinal cord injury; SDH =
succinate dehydrogenase; SHP1-BTK = Src homology region 2 domain-containing phosphatase-1-Bruton tyrosine kinase;
SPR = surface plasmon resonance; STAT3 = signal transducer and activator of transcription 3; sSTREM2 = soluble
TREM?2; SYK = spleen tyrosine kinase; TAMs = tumor-associated macrophages; TBI = traumatic brain injury; TCA =
tricarboxylic acid; TREM2 = triggering receptor expressed on myeloid cells 2; TYROBP = TYRO protein tyrosine kinase

binding protein; Ym1 = chitinase 3-like protein 3.

resident immune cells of the CNS.! TREM2 has emerged as
a critical regulator in a range of biological processes, such as
innate immune surveillance, inflammatory modulation,
phagocytosis, tissue remodeling, and the metabolic reprog-
ramming of immune cells in response to environmental cues.

The biological function of TREM2 is tightly linked to its mo-
lecular architecture, which comprises 4 key domains (eFig-
ure 1): (1) an extracellular N-terminal Ig-like variable (IgV)
domain responsible for ligand recognition, (2) a stalk region
enriched with O-linked glycosylation sites, (3) a single-pass
transmembrane helix, and (4) a cytoplasmic tail that lacks in-
trinsic signaling motifs. Structural analyses have shown that the
IgV domain adopts a p-sandwich fold stabilized by 2 conserved
disulfide bonds (Cys34-Cys113 and Cys48-Cys63). This
configuration creates a ligand-binding pocket with electropos-
itive surface patches critical for interacting with anionic ligands

such as phospholipids and sulfatides.”

TREM?2 lacks intrinsic cytoplasmic motifs and relies on the
adaptor DAP12 TYRO protein tyrosine kinase binding protein
(TYROBP) for signal transduction. Ligand engagement indu-
ces conformational changes in the TREM2-DAP12 complex,
exposing DAP12’s ITAM motif, which recruits spleen tyrosine
kinase (SYK) to trigger downstream pathways that regulate
microglial survival, proliferation, phagocytosis, and in-
flammation. Signaling is ligand-specific: phosphatidylserine
preferentially activates AKT-driven phagocytosis, whereas
apolipoprotein E (ApoE) promotes STAT3-mediated anti-
inflammatory responses. The IgV domain is critical for
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function, with the R47H variant disrupting a conserved salt
bridge, reducing ligand binding, and impairing microglial
clustering around AP plaques and clearance of apoptotic neu-
rons, thereby increasing Alzheimer disease (AD)
susceptibility.”

Beyond lipid and protein ligands, the stalk region contributes
to glycan recognition, with Thr79 and Ser81 identified as
critical residues. TREM2 is also regulated by intramembrane
proteolysis mediated by ADAMI10/17, releasing soluble
TREM2 (sTREM2), which modulates inflammatory tone.
Structural studies further show that transmembrane residues
stabilize TREM2-DAP12 assembly, whereas mutations such
as T66M disrupt this process, leading to defective surface
expression as seen in Nasu-Hakola disease.

Functionally, TREM2 acts as a broad-spectrum pattern
recognition receptor, binding ligands such as phospholipids,
apoptotic debris, bacterial components, and Ap aggregates.
Dysregulation or genetic variants impair these interactions,
reducing microglial phagocytosis and immune regulation,
thereby exacerbating AD progression. In addition, TREM2
signaling reprograms microglial metabolism toward glycol-
ysis and mitochondrial activation, ensuring sufficient energy
to sustain phagocytosis, cytokine release, and tissue repair.

Collectively, these findings highlight TREM?2 as an integra-
tive regulator of immune surveillance, inflammation, and
metabolic adaptation. Its structural variants underscore the
tight link between architecture and function, positioning
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TREM2 as both a molecular hub of microglial responses and
a promising therapeutic target in neurodegenerative disease.’

Methods

We performed a structured literature search in PubMed, Web
of Science, and Scopus up to August 2025 using the terms
“TREM2,” “macrophage,” “microglia,” “glycolysis,” “immuno-
metabolism,” and “neuroinflammation.” Reference lists of in-
cluded articles were also screened to capture additional studies.

Eligible publications were original research (cell, animal, or
clinical studies), systematic reviews, and meta-analyses published
in English that investigated TREM2-related signaling, metabolic
regulation, or neuroinflammatory mechanisms. Studies were
excluded if they lacked full text, were conference abstracts or
editorials, or did not directly address TREM2 function.

Two authors independently assessed titles, abstracts, and full
texts. Extracted data included experimental models, signaling
pathways, metabolic outcomes (e.g, glycolytic activity and
mitochondrial function), and neuroinflammatory pheno-
types. Disagreements were resolved by consensus. Data were
synthesized narratively and organized according to signaling
cascades and their impact on macrophage/microglial metab-
olism and neuroinflammation.

Data Availability
All data supporting this review are available in the cited
references.

Context-Dependent Roles of TREM2 in Myeloid
Immunity and Lipid Metabolic Regulation

TREM?2 plays a critical regulatory role in myeloid-lineage
immune cells, most notably in macrophages and microglia.
While these 2 cell types share common innate immune
functions, their tissue context and disease-specific responses
reveal distinct, yet complementary, roles for TREM2 signaling
(Table 1, eTable 1).

In peripheral macrophages, TREM2 supports survival, pro-
liferation, and phagocytosis. A key function is the clearance of
myelin debris, essential for regeneration after tissue injury. In

demyelinating diseases such as multiple sclerosis (MS), TREM2-
expressing macrophages facilitate debris removal, promote re-
pair, and limit chronic inflammation.® Beyond its role in neu-
roinflammation, TREM2 also influences tumor immunology: in
glioblastoma (GBM), higher TREM2 expression correlates with
improved outcomes, and experimental overexpression repro-
grams tumor-associated macrophages toward antitumor phe-
notypes.el These findings suggest that TREM2 may serve as
a context-sensitive immune modulator, with relevance extending
beyond classical neurodegenerative frameworks.

In microglia, the resident immune cells of the CNS, TREM2
expression is highly dynamic and context-specific. During
acute CNS disorders such as spinal cord injury and MS,
TREM?2 can drive either protective or detrimental pheno-
types depending on the inflammatory milieu, reflecting its

signaling plasticity.11

TREM?2 also regulates lipid metabolism and cholesterol han-
dling in microglia. Loss-of-function mutations impair lipid pro-
cessing, leading to metabolic stress and compromised myelin
repair. In Alzheimer disease, TREM2 deficiency reduces lipid
droplet formation and increases ER stress, while genetic variants
affecting lipid binding impair clearance of amyloid-p and myelin
debris, accelerating disease progression.7’e2 In age-related mac-
ular degeneration (AMD), TREM2 defines a neuroprotective
microglial subset marked by galectin-3 expression, further
underscoring its role in tissue-specific immune defense.'>

In summary, TREM2 acts as a versatile molecular hub in myeloid
cells. A central theme is its mechanistic duality—promoting re-
pair in some contexts while contributing to pathology in others.
Understanding this divergence across peripheral and central
environments will be critical for developing targeted therapies,
positioning TREM?2 as a promising therapeutic target in neu-
rodegenerative, inflammatory, and neoplastic disorders.

Basic Mechanism of TREM2 Signaling Pathway
Ligand Recognition and Functional Activation
Lipid-Based Ligands

The function of TREM2 is mediated by its extracellular
immunoglobulin-like domain, which allows it to recognize

Table 1 Glycolysis and Immune Cell Function

Cell function Axis or target Related diseases References
Metabolic reprogramming in immune Glycolysis, TCA cycle, lipid Inflammatory diseases, metabolic disorders (e.g., diabetes and 4
cells metabolism atherosclerosis)
Glycolytic regulation of macrophage HIF-1a, succinate Chronic inflammation, neurodegeneration 5
polarization

6-10

TREM2 as a modulator of macrophage
immunometabolism

TREM2, SHP1-BTK

Neurodegenerative diseases (e.g., Alzheimer disease and multiple
sclerosis), sepsis, atherosclerosis

Abbreviations: HIF-1a = hypoxia-inducible factor 1-a; SHP1-BTK = Src homology region 2 domain-containing phosphatase-1-Bruton tyrosine kinase; TCA =

tricarboxylic acid; TREM2 = triggering receptor expressed on myeloid cells 2.
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a broad spectrum of ligands, Af, and pathogen-associated
molecular patterns (PAMPs). Among these, lipid ligands
are critical for modulating microglial phagocytosis and
immune metabolism (Figure 1). Charge-dependent inter-
actions between TREM2 and anionic lipids regulate
microglial activity, while mutations such as R47H impair
this process, leading to dysfunction associated with
neurodegenerative disease.”">

Phosphatidylserine (PS) and cardiolipin (CLP) are among the
most studied lipid ligands of TREM2. PS is typically exposed
on the surface of apoptotic cells, and binding to TREM2
promotes phosphorylation of SYK, initiating downstream
signaling cascades.”’®> The R47H mutation substantially
reduces TREM2’s affinity for PS."**> Molecular dynamics
simulations show that TREM2 forms highly stable complexes
with cardiolipin (CLP), exhibiting the strongest binding among
all lipid ligands with an affinity of ~80.87 kcal/mol."®

In addition, TREM2 shows preferential binding to nega-
tively charged lipid head groups, such as phosphatidylserine
analogs (PSF) and damage-associated lipids released from
degenerating neurons.'>*> This lipid-sensing capability is

central to the immune function of microglia in disease
conditions such as Alzheimer.

B-Amyloid Binding and Neuroimmune Activation

In AD, AP oligomers serve as direct ligands of TREM2, ac-
tivating the immune response in microglia and macro-
phages.'*** Structural studies reveal that TREM2 binds AR
oligomers with nanomolar affinity through its immunoglobu-
lin domain, establishing a crucial receptor-ligand interaction that
is significantly compromised by disease-associated mutations
such as R47H."*** This binding event modulates downstream
signaling—including SYK and GSK3p phosphorylation—thus
shaping the microglial response. TREM2 deficiency reduces
microglial phagocytosis of AP and worsens plaque accumulation
and neurotoxicity,es while TREM2 overexpression enhances Ap
clearance and attenuates AD pathology.15 In addition, sSTREM2
can bind AB42 and inhibit its fibril formation, exerting potential
neuroprotective effects.'>*

These findings support the development of TREM2-targeted
therapies, including agonist antibodies and gene therapies, to
enhance AP clearance and mitigate disease progression.

Figure 1 Cooperation and Crosstalk of TREM2-Associated Signaling Networks: NF-kB JAK-STAT and PI3K/Akt Pathways
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PI3K/Akt = phosphoinositide 3-kinase/protein kinase B; TREM2 = triggering receptor expressed on myeloid cells 2.
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Core Signaling Mechanisms

TREM2-DAP12 Complex and SYK Activation

TREM2 lacks intrinsic kinase activity and thus requires in-
teraction with the adaptor protein DAP12 to initiate signal
transduction. DAP12 contains an immunoreceptor tyrosine-
based activation motif (ITAM) and is predominantly
expressed in myeloid and Iymphoid cells."®

On ligand binding, TREM2 associates with DAP12, triggering
recruitment and phosphorylation, which activates downstream
pathways including PI3K/Akt, NF-«B, and nuclear factor of
activated T cells (NFAT)."”*”*® This signaling axis controls cell
survival, inflammation, and phagocytosis (Figure 1). Notably, the
TREM2-CTF (C-terminal fragment)-DAP12 complex inhibits
NF«B activation while STREM?2 activates Akt and NFAT]1 sig-
naling to promote cytokine production.'”* A negative feedback
mechanism also exists: inhibitory receptors such as LILRB2
downregulate TREM2 signaling via immunoreceptor tyrosine-
based inhibitory motifs (ITIMs), maintaining immune balance.'®

Role of Src Family Kinases

TREM2 signaling is further amplified through interactions
with Src family kinases (SFKs), such as Lyn, Fyn, and c-Src.
These kinases are involved in early phosphorylation events of
immune receptors and can modulate downstream cascades
such as NLRP3 inflammasome activation."

In the tumor microenvironment, TREM2 exerts complex and
multifaceted effects. On one hand, it may collaborate with Src
family kinases (SFKs) to facilitate immune evasion by tumor-
associated macrophages (TAMs), thereby contributing to tumor
progression and therapeutic resistance.””*'® SFKs influence
macrophage migration, integrin signaling, and expression of
immune checkpoint molecules such as PD-L1.>"*"'

At the molecular level, SFK domains (SH2, SH3, kinase)
phosphorylate TREM2-interacting molecules and modulate
pathways such as ERK1/2, contributing to immune modula-
tion and tumor progression.zz’e12

Integration of Downstream Signaling Pathways

PI3K/Akt Pathway

The PI3K/Akt pathway serves as a central node downstream of
TREM?2 across diverse cellular contexts. To elucidate its mul-
tifaceted contribution to neuroinflammation, it is instructive to
examine its regulation in other disease models, which reveal
conserved mechanistic principles directly applicable to CNS
pathology. In neurodegenerative conditions such as AD,
TREM?2 activation of PI3K/Akt signaling inhibits glycogen
synthase kinase-3f (GSK-3f), thereby reducing tau hyper-
phosphorylation and ameliorating cognitive deficits.”> By
contrast, in autism models, TREM2 knockout upregulates the
PI3K/Akt/mTOR axis, enhancing autophagy and behavior.®
A particularly significant finding involves intracerebral
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hemorrhage (ICH), where ApoE has been identified as a novel
high-affinity TREM2 ligand. Mechanistically, ApoE-mediated
TREM?2 activation increases endogenous TREM2 expression
in ICH models, which in turn modulates the PI3K/Akt path-
way to exert neuroprotection by attenuating both neuro-
inflammation and neuronal apoptosis** (Figure 1, Table 2).

In lipopolysaccharide (LPS)-induced models of acute lung
injury, upregulation of TREM2 expression was shown to
enhance activation of the PI3K/Akt signaling pathway. This
activation facilitates macrophage polarization from the
proinflammatory M1 phenotype to the anti-inflammatory M2
phenotype, thereby suppressing inflammatory responses.
Consequently, this regulatory cascade attenuates pathologic
features such as pulmonary interstitial edema, hemorrhage,
and inflammatory cell infiltration, while preserving the in-
tegrity of the alveolar-capillary barrier.”®

In cancer, TREM2 expression correlates with PI3K inhibitor
resistance, suggesting its involvement in tumor metabolism.>
In renal carcinoma and metabolic disease, TREM2 activation
leads to M2 polarization and macrophage pyroptosis.*'>*'®

These divergent effects are influenced by cell type, disease
context, and experimental manipulation, highlighting the
plasticity of TREM2 signaling.zz‘zg”EI6 TREM2 has been shown
to inhibit tumor progression both in vivo and in vitro by
modulating the Wnt1/p-catenin and ERK signaling pathways,
suggesting its potential as a therapeutic target in colorectal
cancer.®'” By contrast, in hepatocellular carcinoma, TREM2
contributes to tumorigenesis through activation of the PI3K/
AKT/p-catenin signaling axis.*'® In glioma cell lines, silencing
TREM2 markedly suppresses cell proliferation, invasion, and
migration, while significantly enhancing apoptosis. Moreover,
in gastric cancer models, the TREM2/DAP12/Syk signaling
complex activates the PI3K/AKT pathway, which subsequently
promotes epithelial-mesenchymal transition (EMT), as sup-
ported by multiple experimental studies.*®

MAPK Pathway

The mitogen-activated protein kinase (MAPK) pathway—
comprising ERK, c-Jun N-terminal kinase (JNK), and
p38 subfamilies—serves as a critical downstream effector of
TREM?2 signaling, mediating its diverse roles in inflammation
resolution, immune modulation, and tissue repair across various
pathologic contexts.

In cutaneous wound healing, TREM2 inhibits the MAPK/AP-
1 signaling cascade through IL-4-mediated binding, thereby
reducing local inflammation and accelerating tissue regener-
ation.®"” In models of acute lung injury (ALI), overexpression
of TREM2 downregulates MAPK-related proteins, leading to
attenuation of pulmonary inflammation.”’”

In a myocardial ischemia-reperfusion injury model, TREM2
expression promotes the acquisition of lipid-associated
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Table 2 Integration of Downstream Signaling Pathways

Pathway Disease(s) Axis or target References
PI3K/Akt AD TREM2 — PI3K/Akt — GSK-3B inhibition 23
pathway
Autism TREM2 knockout — PI3K/Akt/mTOR activation =
ICH ApoE — TREM2 — PI3K/Akt activation 24
ALl TREM2 — PI3K/Akt activation — M2 macrophage polarization 2
Cancer TREM2 correlates with PI3K inhibitor resistance 3
Renal carcinoma TREM2 activation — M2 polarization
Metabolic disease TREM2 activation — macrophage pyroptosis
Colorectal cancer TREM2 inhibits tumor progression via Wnt1/B3-catenin and Erk
Hepatocellular carcinoma TREM2 — PI3K/Akt/B-catenin pathway
Glioma TREM2 silencing inhibits PI3K/Akt pathway 26
Gastric cancer TREM2/DAP12/Syk — PI3K/Akt — EMT 26
MAPK pathway  Skin wound healing TREM2 — [L-4 binding — MAPK/AP-1 suppression
ALl TREM?2 overexpression — MAPK downregulation 2
Myocardial ischemia-reperfusion TREM2 drives LAM features — MAPK inhibition 28
injury
AD TREM2 — MAPK modulation — tau phosphorylation reduction 29
Autism TREM?2 knockout — p38 MAPK activation 30
Tumors TREM2 supports TAM polarization via MAPK 23-30

General repair

TREM2 deficiency enhances SYK-MAPK synergy

NF-kB pathway

AD
Osteoarthritis

TREM2 — NF-kB/CXCL3 axis — M2 polarization

31

Spinal cord injury

TREM2 — APOE/NF-kB pathway — M2 polarization

32

Glioma

TREM2 knockout — NF-kB p50 inhibition — NO and pro-inflammatory cytokines

up

33

General inflammation

TREM2 knockdown — NF-kB activation — NLRP3 inflammasome

34

STAT3 pathway

Sepsis-induced ALI

TREM2 deficiency — STAT3 hyperactivation — ferroptosis

EAE

TREM2-ZAP70-STAT3 signaling — Th17 differentiation

General macrophage inflammation

TREM2 knockdown — STAT3-mediated IL-6/TNF-a production

27

Basal cell carcinoma

TREM2" SCAMs — TNF-M/JAK-STAT3 pathway activation

35

NHD

TREM2/DAP12 deficiency — STAT3 pathway activation

36

Abbreviations: AD = Alzheimer disease; AKT = protein kinase B; ALl = acute lung injury; ApoE = apolipoprotein E; CXCL3 = C-X-C motif chemokine ligand 3;
DAP12 = DNAX-activation protein 12; EAE = experimental autoimmune encephalomyelitis; EMT = epithelial-mesenchymal transition; ICH = intracerebral
hemorrhage; JAK = Janus kinase; LAM = lipid-associated macrophage; MAPK = mitogen-activated protein kinase; mTOR = mammalian target of rapamycin; NF-
kB = nuclear factor kappa-light-chain-enhancer of activated B cells; NHD = Nasu-Hakola disease; NLRP3 = nucleotide-binding oligomerization domain, leucine-
rich repeat, and pyrin domain-containing protein 3;NO = nitric oxide; PI3K = phosphoinositide 3-kinase; SCAMs = synthetic constitutively active mutants;
STAT3 = signal transducer and activator of transcription 3; SYK = spleen tyrosine kinase; TREM2 = triggering receptor expressed on myeloid cells 2.

macrophage (LAM) characteristics by cardiac macrophages
and microglia, which is associated with suppression of MAPK
signaling. Notably, the p38 MAPK axis is critically implicated
in adverse cardiac remodeling; inhibition of this pathway
mitigates both inflammation and structural damage in post-
infarction myocardium.*'”**® These findings suggest that
SPP1" LAMs may modulate cardiac remodeling via TREM2-
dependent regulation of MAPK signaling.*®

Neurology: Neuroimmunology & Neuroinflammation | Volume 13, Number 2 | March 2026

In the CNS, TREM2 indirectly modulates MAPK signaling in
AD, reducing tau phosphorylation and alleviating neuro-
inflammation. Specifically, TREM2 upregulation suppresses
the TLR4/MAPK pathway, which contributes to the attenu-
ation of inflammatory cascades.” In autism spectrum disorder
(ASD) models, TREM2 deficiency leads to hyperactivation of
the p38 MAPK pathway, indicating that upregulation of
TREM?2 may confer neuroprotective effects in ASD.>
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In the tumor microenvironment, TREM2 supports tumor-
associated macrophage (TAM) polarization toward an im-
munosuppressive M2-like phenotype and contributes to
immune evasion.”>**' Mechanistically, TREM2 deficiency
enhances spleen tyrosine kinase-mitogen-activated protein
kinase (SYK-MAPK) signaling synergy and promotes
inflammasome activation, whereas intact TREM2 signaling
facilitates M2 polarization and tissue repair.*'>***

NF-xB Pathway

TREM?2 interacts with the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-xB) pathway primarily through
its adaptor protein DAP12. On ligand binding, the TREM2-
DAP12 complex facilitates the recruitment and activation of
downstream signaling molecules that lead to NF-kB activation,
thereby initiating the transcription of inflammation-related
genes. TREM2-DAPI12 signaling influences NF-xB transcrip-
tional activity, thereby regulating inflammation. Knockdown of
TREM2 enhances NF-kB-mediated NLRP3 activation and
pyroptosis, increasing IL-1B and IL-18 production.*****

In diseases such as AD and osteoarthritis, TREM2 promotes M2
macrophage polarization via the NF-xB/CXCL3 axis, improving
inflammatory resolution.>”*** Studies have shown that
curcumin-treated olfactory ensheathing cells (OECs), referred to
as aOECs, can significantly upregulate the expression of APOE.
As a high-affinity ligand of TREM2, APOE binds to TREM2 on
the surface of microglia, activating the TREM?2 signaling path-
way. This activation inhibits NF-«B activity, thereby promoting
the polarization of microglia from the proinflammatory M1
phenotype to the anti-inflammatory M2 phenotype. Specifically,
the expression of M1 markers such as iNOS and CD86 is re-
duced, while the expression of M2 markers such as Arg-1 and
CD206 is increased, thereby alleviating inflammation after SCL>*
In tumor-associated microglia, the NF-kB pS0 subunit promotes
anti-inflammatory gene expression and drives polarization to-
ward an immunosuppressive phenotype. TREM2 deficiency
disrupts this pathway, suppressing the anti-inflammatory profile
and potentially enhancing antitumor immunity. By modulating
TREM2-NF-kB pS50 signaling, it is possible to reduce glioma
progression and tumor-associated angiogenesis, highlighting this
axis as a promising therapeutic target.

STAT3 Pathway

TREM?2 also regulates immune homeostasis through the
STAT3 (signal transducer and activator of transcription 3)
signaling axis.

In sepsis-induced acute lung injury (ALI) models, TREM2
deficiency leads to STAT3 hyperactivation, oxidative stress,
and ferroptosis, while SHP1 agonist reverses this process.**

In EAE models, TREM2-ZAP70-STATS3 signaling promotes
Th17 differentiation and autoimmune pathology.®® In mac-
rophages, TREM2 knockdown exacerbates LPS-induced IL-6

Neurology.org/NN
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and TNF-a production via STAT3, indicating its role in
restraining excessive inﬂammatory responses.27’e27

In a murine model of basal cell carcinoma (BCC), researchers
identified a subset of TREM2" skin cancer—associated macro-
phages (SCAMs) that promote the expansion of distinct
tumor epithelial cell populations. This proliferative support is
mediated through TNF-M/JAK-STAT3 (janus kinase—signal
transducer and activator of transcription) signaling and occurs
independently of immune suppression mechanisms.*® Notably,
basal cell carcinomas appear to establish a protumorigenic,
spatially organized, and self-sustaining TREM2" myeloid niche.
By contrast, in Nasu-Hakola disease (NHD), a rare neurode-
generative disorder caused by TREM2-DAP12 deficiency, ab-
errant activation of the STAT3 signaling pathway has been
observed. Patients with NHD may benefit from therapeutic
interventions targeting the JAK-STAT pathway, which help restore
microglial signaling balance and attenuate disease progression.*

These findings underscore TREM2’s central role as a molec-
ular link between immune signaling and metabolic adaptation,
offering novel therapeutic targets for immune-mediated and
neurodegenerative diseases (eFigure 2).

Glycolysis and Immune Cell Function
in Neuroinflammation

Metabolic Reprogramming as a Determinant of
Immune Cell Function

Immune cells dynamically reprogram metabolic
pathways—glycolysis, the tricarboxylic acid (TCA) cycle, and
lipid metabolism—to orchestrate their functional and in-
flammatory responses. Among these, glycolysis is particularly
indispensable for immune cell activation and effector function,
especially during the rapid expansion and activity of T cells.* In
response to pathogens, injury, or inflammatory stimuli, im-
mune cells—including macrophages and T cells—undergo
extensive metabolic reprogramming to meet increased energy
and biosynthetic demands. Unlike resting cells that depend
mainly on oxidative phosphorylation (OXPHOS), activated
immune cells preferentially use aerobic glycolysis—the so-

called “Warburg effect”” (Figure 2).

core

On stimulation with Toll-like receptor 4 (TLR4) agonists
such as LPS, they show increased glucose uptake, enhanced
glycolytic flux, and activation of the pentose phosphate
pathway (PPP), while TCA cycle activity decreases. This
metabolic reprogramming meets the heightened energetic
and anabolic demands of immune activation, supporting
protein, lipid, and nucleic acid synthesis®>**** (Figure 2).

Glycolytic Control of Macrophage Polarization and
Immune Signaling

Glycolytic Pathways as Drivers of Macrophage Functional
Differentiation

Glycolysis, as a core metabolic pathway, not only supplies
adenosine triphosphate (ATP) but also regulates signaling
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cascades and cellular phenotypes within the immune system,
particularly in macrophages. Its importance is amplified under
inflammatory conditions, where oxygen availability is limited.
Recent studies underscore the dual role of glycolytic inter-
mediates as metabolic substrates and signaling molecules,
directly shaping macrophage function.

Macrophages demonstrate extraordinary metabolic plasticity, dy-
namically polarizing between M1 and M2 phenotypes in response
to microenvironmental cues. M1 macrophages rely on glycolysis
and accumulate metabolites, which enhance proinflammatory
gene expression by stabilizing hypoxia-inducible factor 1-alpha
(HIF-1a) and supporting cytokine production. By contrast,
M2 macrophages preferentially use oxidative phosphorylation
(OXPHOS) and fatty acid oxidation (FAO), driving anti-

inflammatory functions and facilitating tissue 1regeneration.5‘38

This interplay between metabolism and immune signaling
provides a mechanistic framework for macrophage in-
volvement in diverse pathologies, from chronic inflammation
to neurodegeneration.

Studies have demonstrated that external stimuli—particularly
toll-like receptor (TLR) signals—reshape cellular metabolism to

Figure 2 Macrophage Inflammatory Response and Immu-
nometabolic Landscape Under Metabolic
Regulation
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enable specific immune functions.™° It has been demonstrated
that TLR-induced histone acetylation is mediated by ATP-citrate
lyase, linking metabolic reprogramming to epigenetic regulation.
Other studies have*>' emphasized the interplay between glycolysis
and fatty acid metabolism in macrophage polarization. Further
investigations have®>” revealed how mitochondrial adaptation and
nuclear receptor tune inflammatory responses. Collectively, these
studies outline a metabolically driven paradigm for macrophage

activation.

Tricarboxylic Acid Cycle as a Hub for Immunometabolic Regulation

The tricarboxylic acid (TCA) cycle also exerts immunoregu-
latory effects. Succinate, an intermediate, stabilizes HIF-1a and
amplifies proinflammatory gene expression.”*” Bailey et al.***
demonstrated that nitric oxide regulates succinate levels,
thereby influencing inflammation. In addition, itaconate—a
recently discovered immunometabolite—inhibits succinate
dehydrogenase (SDH), reducing reactive oxygen species
(ROS) and proinflammatory cytokines.*”*** These findings
establish as both an energy provider and immune modulator.

Itaconic Acid as a Central Metabolite in Inflammation and Resolution

Itaconic acid, generated by immune response gene 1 (IRG1),
is a pivotal regulator in macrophage metabolism. Michelucci
et al.®* found that itaconate suppresses SDH, decreases
succinate, and inhibits inflammation.>® As a promising target
for anti-inflammatory therapy, it represents a novel bridge
between immune signaling and metabolism.

Crosstalk Between the Kynurenine Pathway and TREM2 in
Neuroimmune Regulation

In addition to glucose and lipid metabolism, amino acid catab-
olism also exerts a profound influence on immune regulation.
The kynurenine pathway, as the principal route of tryptophan
degradation, generates metabolites such as kynurenine, quino-
linic acid, and kynurenic acid, which act not only as metabolic
intermediates but also as signaling molecules shaping microglial
and macrophage phenotypes.40 Through indoleamine 2,3-diox-
ygenase (IDO1)-mediated tryptophan depletion and down-
stream aryl hydrocarbon receptor (AhR) activation,”® this
pathway establishes an immunoregulatory axis that often coun-
terbalances glycolysis-driven inflammation. Emerging evidence
indicates that TREM2 signaling may directly modulate key
enzymes of the kynurenine pathway, thereby influencing the
production of neuroactive metabolites and shaping the immune
microenvironment. Conversely, kynurenine-derived ligands act-
ing via AhR may also feedback to fine-tune TREM2-dependent
microglial responses. This bidirectional crosstalk plays a pivotal
role in maintaining microglial homeostasis and limiting excessive
neuroinflammation. Recent findings further suggest that such
convergence is particularly relevant in neurodegenerative dis-
eases, including Alzheimer disease and Parkinson disease, where
the coordinated regulation of TREM2 and kynurenine pathway
activity determines the balance between neuroprotection and
chronic neuroinflammation.**”
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TREM2 as a Master Regulator of
Immunometabolic Adaptation

Molecular Signaling Mechanisms Linking TREM2 to
Glycolytic Flux

The regulation of glycolysis by TREM2 represents a conserved
mechanism that shapes macrophage function. Although the
following examples span various diseases, from wound healing
to sepsis, they are included specifically to illuminate funda-
mental immunometabolic processes that directly inform
microglial behavior and CNS neuroinflammation. On stimu-
lation, TREM2 enhances glycolytic activity, stabilizes HIF-1a,
and promotes lactylation, thereby supporting M1 polarization
and proinflammatory responses in contexts such as wound
healing and sepsis.*"***

Conversely, TREM2 can promote M2 differentiation by sup-
pressing the NF-xB/CXCL3 axis, enhancing markers such as
Argl and Ym1, and maintaining immune balance in conditions
such as osteoarthritis and schistosomiasis.>”** TREM2 de-
ficiency exacerbates inflammation, as observed in liver
ischemia-reperfusion injury and CCly-induced hepatic dam-
age®*”** (Table 3).

Across diverse disease contexts, including myocardial in-
farction, hepatocellular carcinoma, and tuberculosis, TREM2
orchestrates glycolysis and macrophage polarization to regu-
late tissue repair, immune evasion, and host defense %

Mechanistically, TREM2 regulates glycolysis through HIF-1a
stabilization and lactylation*"*** and supports M2 phenotypes
via NF-kB/CXCL3 suppression.”" It also cooperates with p53 to
regulate lipid metabolism and phagocytosis. Of interest, some
studies report that TREM2 deficiency may simultaneously
enhance M1 and M2 responses, indicating context-dependent

roles (Table 3).

TREM2-Dependent Regulation of Macrophage
Glycolysis and Polarization States

In recent years, TREM2 has emerged as a critical regulator of
immunometabolism, particularly in microglia and peripheral
macrophages. TREM2 modulates glycolytic flux and lipid
metabolism through multiple downstream signaling cas-
cades, helping maintain metabolic homeostasis under stress
conditions. Notably, during chronic myelin phagocytosis,
TREM2 deficiency leads to cholesterol accumulation and ER
stress, which aggravates inflammation.”** In sepsis, TREM2
has been shown to inhibit FAO via the Src homology region
2 domain-containing phosphatase-1-Bruton tyrosine kinase
(SHP1-BTK) signaling axis, thereby reshaping macro-
phage metabolic responses and enhancing host defense.®
These findings position TREM2 not only as an immune
receptor but also as a key modulator of macrophage energy
metabolism.

Beyond metabolism, TREM2 promotes efferocytosis and
tissue repair, limiting necrotic core formation and fibrosis in
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atherosclerosis, hepatic injury, and demyelinating diseases
. . 6,7,044-c46
such as multiple sclerosis.””**"®

In neuroinflammation, TREM2 supports AP phagocytosis,
modulates inflammatory gene expression, and coordinates
metabolic adaptation to facilitate neur01repair.9’E47 It also
activates MAPK and PI3K/Akt pathways, which are closely
linked to glycolytic regulation and immune cell survival.'%¢®

Collectively, these findings underscore TREM2’s central role
in bridging metabolic cues with immune function, highlight-
ing its potential as a therapeutic target in both metabolic and
neuroinflammatory diseases.

Functional and Pathologic Consequences of
TREM2-Mediated Metabolic Control

TREM2-mediated glycolytic control affects macrophage ac-
tivation, metabolic homeostasis, and inflammation. In tissue
repair, TREM2 boosts facilitate wound healing and angio-
genesis. Its deficiency impairs HIF-1a lactylation and vascular
remodeling.41 In MASLD, TREM?2 aggravates macrophage
pyroptosis via the PI3K/AKT pathway.**

In tumors, TREM2" macrophages upregulate IL-1p and
glycolysis-related genes (e.g, PKM2), while suppressing
CD8" T cells, promoting immune evasion.”*” In pancreatic
cancer, TREM?2 deficiency amplifies the NLRP3/NF-xB/IL-
1P axis, exacerbating inflammation.**

In neurodegeneration, TREM2 supports glucose and lipid
metabolism. Its absence disrupts sphingolipid metabolism
and genes such as lipoprotein lipase ( LPL ), accelerating
neurodegeneration.*” It also modulates tau pathology via the
PI3K/Akt/GSK-3p pathway.>

TREM?2 further mediates glycolytic reprogramming via the
mTOR/HIF-1q axis** and inhibits BTK-dependent fatty acid
oxidation.® In obesity, TREM2 loss disrupts lipid handling
and augments macrophage inflammation, suggesting tissue-
specific metabolic effects.*>”*>!

Glycolysis as a Metabolic Driver of
Neural Repair

Metabolic Reprogramming of Immune Cells in Axonal
Regeneration

Neural repair constitutes a highly orchestrated biological
process that integrates diverse cellular interactions and dy-
namic metabolic adaptations. Within this regenerative cas-
cade, macrophages emerge as central players (Table 4,
eTable 2), performing dual roles in immune regulation and
metabolic support that are indispensable for axonal regrowth
and functional recovery.*

After nerve injury, macrophages are recruited to the injury
site, where their phenotypic transition from proinflammatory
Ml to anti-inflammatory M2 states is essential for axon
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Table 3 TREM2 Signaling and Glycolysis: Regulatory Mechanisms

Axis/target/pathway

M1 and M2 polarization

TREM2 HIF-1a lactylation

Promotes M2 (angiogenesis support)

Suppression of SETD2 — HIF-1a upregulation

Drives M1 polarization

NF-kB/CXCL3 axis suppression

Promotes M2 differentiation

Arg1, Ym1 upregulation; CD86 inhibition

Enhances M2, inhibits M1

Mitochondrial DAMP amplification (in TREM2 deficiency)

Exacerbates M1 inflammation

Glycolysis and phagocytosis regulation

Supports M2 repair; deficiency worsens repair

IL-1B secretion — tumor glycolysis (PKM2 activation)

Tumor-associated macrophages shift to immunosuppressive M2

Regulation of M1/M2 balance

Modulates M1 and M2 responses

Abbreviations: Arg = arginase 1; CD86 = cluster of differentiation 86; CXCL3 = C-X-C motif chemokine ligand 3; DAMP = damage-associated molecular pattern;
IL-1B = interleukin-1 beta; NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells; PKM2 = pyruvate kinase muscle isozyme M2; TREM2 =
triggering receptor expressed on myeloid cells 2; Ym1 = chitinase 3-like protein 3.

regeneration.*’” In addition, macrophages facilitate neural re-
pair by activating the mTOR pathway and exerting paracrine
regulatory effects.”>> These cells also enhance tissue remod-
eling by secreting neurotrophic factors and attenuating
inflammation-driven apoptosis, extracellular matrix degrada-
tion, and impaired axon growth.e53

The metabolic state of macrophages is intimately linked to their
functional phenotype. After nerve injury, their metabolic profile
undergoes significant shifts that correlate with their activation
status.*® For instance, accumulation of succinyl-CoA has been
shown to inhibit mTORCI activity in macrophages, thereby
affecting regenerative outcomes.*>* Furthermore, macrophage
polarization is tightly regulated by metabolic programming: M1
macrophages depend on glycolysis to support inflammatory
responses, whereas M2 macrophages rely on OXPHOS and
FAO to promote tissue repa.ir.ess

TREM2-Orchestrated Immunometabolic Modulation in
CNS Repair and Remyelination

Emerging evidence highlights the role of TREM2 in pro-
moting neural regeneration by modulating both immune
responses and cellular metabolism. In an experimental auto-
immune encephalomyelitis (EAE) model, IV delivery of bone
marrow—derived, TREM2-overexpressing myeloid progeni-
tors significantly reduced tissue damage and enhanced CNS
repair.*’ These cells mediated their effects through enhanced

clearance of cellular debris and the induction of an anti-
inflammatory cytokine milieu.

Microglia—the resident phagocytes of the CNS—express
TREM?2 and have been shown to play a central role in neu-
rorepair after injury or inflammation. Consequently, TREM2
has emerged as a promising therapeutic target for facilitating
neural regeneration and resolving inflammation in diseases
such as multiple sclerosis (MS).*

Other studies®>® underscore the significance of white matter
repair in poststroke recovery. TREM2 upregulation after is-
chemic injury contributes to neuroprotection and supports
remyelination, which is crucial for functional recovery.

Mechanistically, TREM2 regulates the immunometabolic state
of macrophages and microglia by modulating glycolytic activity,
promoting their transition to prorepair, anti-inflammatory
phenotypes. TREM2-expressing macrophages display en-
hanced debris clearance, reduced inflammatory burden, and
increased support for axonal regeneration after CNS injury.

Role of TREM2 in Neuroinflammation

Neuroinflammation: Cellular and Molecular
Characteristics

Neuroinflammation is an immune response of the CNS to
injury or disease, characterized by glial activation, cytokine

Table 4 Glycolysis and Cellular Mechanisms in Neural Repair

Axis or target

Related diseases References

Metabolic reprogramming during nerve regeneration

mTOR pathway, glycolysis, OXPHOS, FAO Nerve injury and regeneration

46-48

TREM2-mediated immunometabolic modulation in
neurorepair

Regulation of glycolytic activity

EAE, MS, poststroke repair 49

Abbreviations: EAE = experimental autoimmune encephalomyelitis; FAO = fatty acid oxidation; MS = multiple sclerosis; mTOR = mammalian target of

rapamycin; OXPHOS = oxidative phosphorylation.
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Table 5 Role of TREM2 in Neuroinflammation

Axis or target

Related diseases References

Neuroinflammation: cellular and molecular
characteristics

NF-kB, NLRP3

Neurodegenerative diseases (general), chronic 50,5253

neuroinflammation

Role of TREM2 in macrophages and microglial cells in

neuroinflammation PI3K/Akt

TREM2/NF-kB, TREM2/

AD; TBI; SAH; NMOSD 24,5354

Abbreviations: AD = Alzheimer disease; NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3 = nucleotide-binding oligomerization
domain, leucine-rich repeat, and pyrin domain-containing protein 3; NMOSD = neuromyelitis optica spectrum disorder; PI3K/Akt = phosphoinositide 3-
kinase/protein kinase B; SAH = subarachnoid hemorrhage; TBI = traumatic brain injury; TREM2 = triggering receptor expressed on myeloid cells 2.

release, oxidative stress, and blood-brain barrier dis-
ruption.”>*>” This response is protective in acute phases but
contributes to pathology if sustained,”"**® while astrocytes
regulate blood-brain barrier permeability and metabolic
adaptation.e”_e61 However, prolonged cytokine release (e.g,
TNF-a and IL-1f) promotes neurodegeneration.>” Pathways
such as NF-kB and NLRP3 mediate proinflammatory gene
expression and inflammasome activation, linking chronic in-
flammation to neuronal injury**>*®* (Table 5).

Role of TREM2 in Macrophages and Microglial Cells in
Neuroinflammation

TREM2 modulates neuroinflammation by influencing
microglial polarization, phagocytosis, survival, and metabo-
lism. It promotes M2 polarization via the TREM2/NF-xB
signaling pathway, reducing proinflammatory cytokines in AD
and sepsis models***** (eTable 1).

It enhances phagocytosis of AP and neuronal debris in
traumatic brain injury (TBI) and subarachnoid hemor-
rhage (SAH),*>%7 while its deficiency leads to myelin
accumulation in neuromyelitis optica spectrum disorder
(NMOSD).>*

TREM2 enhances survival via the PI3K/Akt signaling path-
way, maintaining CNS immune homeostasis.” Collectively,
these mechanisms position TREM2 as a molecular check-

point, balancing inflammatory containment with tissue repair
in the injured CNS (Table S).

Therapeutic Potential and Translational Applications
of TREM2 in Neurologic Disorders

TREM2 regulates neuroinflammation in diabetes and CNS
repair. LCN2 (lipocalin-2) deficiency reduces TREM2 ex-
pression and may worsen inflammation.® TREM2 inhibits
NLRP3 activation in hyperglycemia, reducing neuro-
inflammation.** In Schwann cells (SCs), TREM2 maintains
metabolic function and myelin protein expression, supporting
regeneration in peripheral neuropathy.>*

In obesity and diabetes, it modulates lipid metabolism and
promotes wound repair by limiting NETs and inflamma-
tion.*®® Preclinical studies support TREM2 as a therapeutic
target in AD, diabetes, and chronic inflammation, particularly
via inflammasome supplression.eé9
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Its dynamic expression suggests value as a biomarker for
. . . 70
disease severity and therapeutic response.

Conclusions and Future Prospects

TREM2 as a Context-Specific Modulator of
Macrophage Glycolysis

TREM2 plays a central role in regulating macrophage gly-
colysis, representing a fundamental immunometabolic
mechanism rather than a disease-specific effect. It orchestrates
metabolic reprogramming through multiple pathways, in-
cluding HIF-1a, NF-kB/CXCL3, and PI3K/AKT/mTOR,
thereby supporting diverse physiologic and pathologic pro-
cesses. During tissue repair, TREM2 enhances glycolysis to
meet bioenergetic demands while promoting an immuno-
suppressive microenvironment. In neurodegenerative con-
texts, it maintains metabolic homeostasis, regulates lipid
metabolism, and modulates tau phosphorylation, contributing
to neuroprotection. It is important to note that TREM2
functions are highly context-dependent, and its deficiency
often results in metabolic dysregulation and exacerbated in-
flammation. Collectively, TREM2 serves as a master regulator
of macrophage adaptation, integrating immune regulation
with tissue repair.

Future research should focus on delineating the context-
specific determinants of TREM?2 function, including micro-
environmental cues, epigenetic regulation, and metabolic
substrate availability. Dissecting these factors will help clarify
why TREM2 exerts protective roles in neurodegeneration yet
contributes to immunosuppression in tumor settings. In ad-
dition, integrating single-cell multiomics with metabolic flux
analysis will provide deeper insights into how TREM2 gov-
erns macrophage heterogeneity across tissues and disease
states.

TREM2-Mediated Modulation of
Neuroinflammation and Glial Homeostasis
TREM2 modulates neuroinflammation by shaping microglial
polarization, phagocytosis, and survival, maintaining the bal-
ance between neuroprotection and neurotoxicity. It promotes
anti-inflammatory phenotypes via NF-kB regulation, limits
proinflammatory cytokine release, and enhances neuro-
immune tolerance, while facilitating clearance of AP and
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necrotic debris to reduce secondary inflammation. In neuro-
degeneration and brain injury models, TREM2 activation
lowers pathologic burden and supports immune resolution,
whereas its deficiency intensifies inflammasome activity,
amplifies proinflammatory signaling, and impairs repair.
These observations establish TREM2 as a central immuno-
metabolic checkpoint, controlling glial function and neuronal
survival.

Looking ahead, a key direction is the development of
TREM2-targeted interventions that selectively promote re-
parative microglial states while minimizing the risk of exces-
sive immunosuppression. Preclinical strategies, such as
TREM2 agonistic antibodies and small-molecule modulators,
require refinement to optimize tissue specificity and minimize
off-target effects. Furthermore, longitudinal biomarker studies
are needed to evaluate whether fluctuations in sSTREM2 levels
can reliably reflect disease progression, treatment response, or
neuroinflammatory resolution.

Therapeutic Potential of TREM2 in Neural
Regeneration and Metabolic Disorder

TREM2 plays a crucial role in neural repair by regulating
macrophage phenotype and metabolic activity. After neural
injury, its activation promotes clearance of cellular debris,
enhances glycolytic metabolism, and stimulates neurotrophic
factor release, supporting tissue regeneration. In the context
of diabetes-related complications, TREM2 mitigates in-
flammation, modulates glial energy homeostasis, and con-
tributes to functional recovery. Moreover, clinical studies
indicate that TREM?2 expression reflects the severity of met-
abolic and inflammatory disorders, highlighting its potential
as both a biomarker and a therapeutic target in conditions
where immune and metabolic processes intersect.

Future therapeutic exploration should address three interrelated
aspects:

Precision targeting: clarifying cell-type and context-specific
effects of TREM2 in macrophages, microglia, and Schwann
cells to avoid conflicting outcomes across different diseases.

Drug development: advancing TREM?2 agonists, metabolic
modulators, and gene-editing approaches to clinical testing,
with emphasis on CNS penetration and immune selectivity.

Biomarker identification: establishing standardized assays
for sSTREM2 and related metabolic markers to guide
patient stratification, treatment monitoring, and prognosis
prediction.
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