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Triggering receptor expressed on myeloid cells 2 (TREM2) is a cell surface transmembrane receptor from the TREM receptor family,
predominantly expressed on the microglia in the central nervous system (CNS). TREM2-initiated signaling plays a crucial role in
regulating neuroinflammation and neurodegeneration, particularly in the context of neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson'’s disease (PD), through the activation of downstream signaling pathways and
transcriptional regulation of relevant genes. In this review, we aim to provide a concise review of the role and mechanistic
implications of TREM2 in neurodegeneration and neuroinflammation, with a specific focus on AD and PD. We will discuss the most
recent preclinical studies to highlight current advancements in the field. This review is intended to support both basic researchers
and clinicians by enhancing their understanding of microglial function in the pathophysiology of AD and PD, as well as its role in
neuroinflammation and neurodegeneration. Ultimately, we hope this contribution will pave the way for new discoveries and the

development of potential therapeutic interventions.
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INTRODUCTION: AN OVERVIEW OF NEURODEGERNATION AND
DISEASES
Neurodegeneration is characterized by progressive loss of neurons
and neuronal cell death, including both apoptotic and necrotic
pathways, in key brain regions associated with motor and
cognitive dysfunctions [1-5]. The underlying causes of neurode-
generation are multifactorial, encompassing genetic factors,
endogenous processes, and environmental stimuli. These factors
often interact with the aging process through complex and poorly
understood mechanisms [6-8]. Additionally, various medical
conditions such as stroke, traumatic brain injuries, and brain
tumors (e.g., malignant gliomas), as well as alcoholism, contribute
to neurodegeneration. Neurotoxicity induced by exposure to toxic
chemicals, environmental pollutants or viral infections also plays a
significant role [9-13]. Globally, neurodegenerative diseases [14,
15] are on the rise, manifesting in various forms, with AD and PD
being the most prevalent and clinically significant subsets [16-19].
AD is a progressive neurodegeneration characterized by
formation of interneuronal amyloid-f (AB) plagues and intraneur-
onal neurofibrillary tau tangles, leading to synaptic dysfunction,
neuronal cell death, ultimately, cognitive impairment and
dementia [20-22]. Physiologically, AR peptides elicit multiple
functions such as governance of synaptic function, neuronal

growth and survival, as well as protection against oxidative
damage, neurotoxic compounds, and pathogens [23-26]. These
peptides are ultimately destined for removal and clearance via
multiple mechanisms such as enzyme-based degradation [27].
Failure in these mechanisms as well as increased or abnormal
production of amyloid precursor protein (APP) all could amplify AR
level, causing its accumulation and oligomerization in neurons
and subsequent spread to the interneuronal space, ultimately,
forming AR plaques that in the vicinity of synapses may cause
synaptic dysfunction via diverse mechanisms such as altering
glutamate receptors, forming pore-like channels, modulating
signaling cascades, and inducing mitochondrial dysfunction in
neurons [27-29].

As the second most prevalent subset of neurodegenerative
diseases, PD affects almost 1-2% of elderlies aged 60 years or over
[30-33]. Phenotypically, PD is accompanied by both motor
symptoms and movement disorders such as muscular rigidity,
bradykinesia, and resting tremors, as well as non-motor such as
neuropsychiatric symptoms (e.g., anxiety, depression) and gastro-
intestinal symptoms (e.g., constipation, dysphagia) [19, 34-37]. PD
pathogenesis involves aberrant accumulation of misfolded soluble
alpha-synuclein (a-Syn) monomers in brain parenchyma [38],
which subsequently transform into oligomers to be aggregated
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into mature insoluble fibrils, and ultimately forming intraneuronal
inclusions such as Lewy bodies (LBs) and Lewy neurites (LNs)
[39-41]. Physiologically, a-Syn serves as a negative regulator of
dopamine release in presynaptic neurons; therefore, contributing
to neural plasticity and synaptic function [42, 43]. a-Syn is mainly
expressed in the substantia nigra, the hippocampus, and the
cortex with a-helical conformation before oligomerization into
neurotoxic plaques [39, 44]. Although the main cause of a-Syn
misfolding in PD remains elusive, multiple factors including post-
translational modifications (e.g., phosphorylation of serine resi-
dues), oxidative stress, genetic mutations, mitochondrial dysfunc-
tion, impaired protein clearance mechanisms, and environmental
stimuli may contribute to abnormal folding and aggregation of a-
Syn [45-49].

NEUROINFLAMMATION AND ITS LINK WITH
NEURODEGENERATION

In the CNS, neuroinflammation manifests as a chronic, unresolved
inflammatory response that can lead to various brain anomalies
and conditions [50-55]. A wide range of CNS immune cell types
including resident glial cells (e.g., astrocytes, oligodendrocytes,
microglia), brain-associated macrophages (BAMs), and peripheral
immune cells, as well as non-immune cells such as endothelial
cells participate in the initiation and regulation of neuroinflamma-
tion [56, 57]. Upon activation, these cells release diverse immune
mediators, including chemokines, cytokines, proteases, and
growth factors, which modulate different levels of neuroinflam-
mation within the CNS [50, 58, 59]. Nonetheless, microglia are the
CNS-resident macrophages and primary players in regulation of
neuroinflammation [60-65]. Although neuroinflammation could
bring various pathological consequences in CNS, one of the key
events is the link between neuroinflammation and neurodegen-
eration [66] and development/pathophysiology of AD and PD
[1, 67-69]. In return, both AD and PD are accompanied by
proinflammatory responses that exacerbate neuroinflammation in
a vicious cycle [67, 70, 71]. Both exogenous and endogenous
stimuli such as infections, autoimmunity, metabolic stress,
neoplasm, trauma, ischemia, and degeneration could drive
neuroinflammation by provoking the release of proinflammatory
chemokines and cytokines from the CNS immune and non-
immune cells [50, 54, 59, 72, 73].

Generally, protein aggregates in neurodegenerative diseases
trigger neuroinflammation, to exacerbate protein aggregation and
neurodegeneration [1]. Although the intricate link between
neuroinflammation and neurodegeneration could be multifaceted
and complicated [1], in one example, AP plaques induce activation
of microglia, which release cytokines, leading to activation of A1
astrocytes [74, 75]. Subsequently, A1 astrocytes secrete a
substantial volume of pro-inflammatory factors escalating neu-
roinflammation and a neurotoxin inducing neuronal and oligo-
dendrocyte death thus exacerbating neurodegernation [75, 76].
Some prominent reviews have comprehensively elucidated the
link between neuroinflammation and neurodegeneration
[1, 70, 71].

TREM2: BIOLOGY AND FUNCTION

TREM2 is a 230 amino acid-containing transmembrane glycopro-
tein receptor with a V-immunoglobulin extracellular domain and a
cytosolic domain [77]. Additionally, two adaptor proteins including
DAP10 (DNAX-activating protein 10) and DAP12 (DNAX activating
protein of 12 kDa) mediate TREM2 intracellular signaling (Fig. 1)
[78-81]. TREM2 is exclusively expressed in the microglia,
particularly in the white matter, spinal cord, and the hippocampus
[78, 81-83]. Functionally, the expression of TREM2 is upregulated
under brain’s pathological states such as AD and PD, stroke,
hemorrhage, and trauma thus serving as a neuroprotective
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mechanism [82, 84-91]. Thus, unsurprisingly, TREM2 gene variants
including R47H and R62H are linked with increased AD risk [92].
Abundant evidence supports anti-inflammatory role of TREM2
in microglia; thus its activation leads to suppression of neuroin-
flammation in the CNS [93, 94]. In compliance, anti-inflammatory
cytokines including interleukin-13 (IL-13) and interleukin-4 (IL-4)
induce upregulation of TREM2 expression, whereas pro-
inflammatory factors such as tumor necrosis factor alpha (TNF-a)
and interleukin-1 beta (IL-1B) induce its downregulation
[93, 95-100]. Alternatively, activation of TREM2 promotes phago-
cytic ability of microglia, which enhances the removal of AB
plagues and apoptotic neurons, thereby contributing to neuro-
protection [92, 101, 102]. Another neuroprotective mechanism of
TREM?2 involves its interaction with microglial heparan sulfate on
the plasma membrane, forming a complex that facilitates the
uptake of ApoE3 (apolipoprotein E3) — a neuroprotective module
[103-108]. Notably, ApoE variants (e.g., Apoe4 vs Apoe3) may
interact differentially with TREM2, potentially leading to divergent
functional outcomes [109, 110]. However, these variant-specific
interactions remain insufficiently explored in the current literature.
Given the well-established link between neuroinflammation and
neurodegeneration, elucidating the role of TREM2 in regulating
neuroinflammatory responses may also provide critical insights
into its broader contribution to neurodegenerative processes.

TREM2 IN ALZHEIMER’S ASSOCIATED NEUROINFLAMMATION
AND NEURODEGENERATION

Current evidence suggests that microglia TREM2 binds to and
interacts with oligomeric AB forms such as AP, oligomers,
thereby activating TREM2 signaling and subsequent response of
microglia to AD and A pathology [82, 111-113]. Alternatively, A
oligomers could be internalized into microglia through interaction
with TREM2 and elicit downstream signalings [82, 111-113].
However, the identity and biological/pathological impact of these
signalings have not been fully elucidated, hence, the interaction
between microglia TREM2 and A plaques could be the subject of
future research for further discoveries (Fig. 2).

Recently, it was shown that activation of microglia TREM2
induced upregulation of several complement system genes, as
well as antigen presentation, phagosomal, and lysosomal genes,
all contributing to improved clearance of AB plaques in mice with
early and middle stage AD [114]. Additionally, TREM2 interacted
with AB subtypes thus forming compact plaque cores whose
biological/pathological implication still remains unknown but
supposedly may serve as a mechanism to promote Af clearance
[114]. To this end, TREM2 ablation was associated with increased
AB pathology and formation of dystrophic neurites (another
hallmark of AD, defined as neuronal processes characterized by
accumulated cytoskeleton proteins and intraneuronal organelles
[114, 115]. As such, in an independent study using 5xFAD mice,
knockout of CD33 molecule/gene (Cd33), a transmembrane
receptor protein, alleviated A pathology and cognitive decline.
However, these benefits were reversed by concurrent Trem2
deletion [116]. Specifically, Trem2 knockout exacerbated AP
deposition and pathology, increased neurodegeneration and
inflammation, and downregulated microglial phagocytosis-
related genes in 5xFAD mice [116]. These findings highlight a
functional interplay between CD33 and TREM2 in modulating
microglial responses, AP clearance, and neuroprotection. Given
the driving role of AP plaques in neurodegeneration, it can be
argued that TREM2-mediated clearance of AR plaques indeed
serves as a mechanism to avert AD-associated neurodegeneration.
Moreover, these findings denote that TREM2 activation favors
participation of microglia in the complement system (a part of
innate immunity) and improves microglia lysosomal/phagosomal
activity, all contributing to AP clearance. We hypothesize that
other elusive mechanisms may exist, underpinning TREM2-
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Fig. 1 Microglia TREM2 and associated downstream signaling. DAP10 (DNAX activating protein of 10 kDa) and DAP12 (DNAX activating
protein of 12 kDa) are two adaptor proteins that transduce TREM2 signaling. Mechanistically, DAP12 recruits SYK (spleen associated tyrosine
kinase) through ITAM (immunoreceptor tyrosine-based activation motif) motifs, in turn, SYK binds to and activates PI3K. DAP10 also
contributes to further recruitment of PI3K, which phosphorylates and activates AKT1. Activated AKT1 can regulate FoxO3a transcription factor,
leading to inactivation/repression of proinflammatory genes. IRAK3 (interleukin 1 receptor associated kinase 3) and AKT1 can also interfere
with TLR4 signaling by blocking IRAK4/I (interleukin 1 receptor associated kinase 4/1) and MyD88 (myeloid differentiation primary response
88), respectively, resulting in inhibition of MAPK and NF-kB signalings and resolution of neuroinflammation. lkBa inhibitor of nuclear factor
kappa B, IKK IkB kinase complex, TAK1 mitogen-activated protein kinase kinase kinase 7.
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Fig.2 Microglia-mediated neuroprotection through TREM2. A f§ plaques bind to and interact with microglia TREM2, leading to activation of
microglia response, increased phagocytosis, and inhibition of neuroinflammation. Moreover, TREM2 promotes ApoE3 uptake thus exerting
additional neuroprotective effects. Nonetheless, TREM2 variants are closely linked with increased AD susceptibility.

mediated removal of AR plaques, however, their discoveries are
pending on additional basic studies. For instance, in AD mice and
in vitro models, mechanistically, it was shown that hippocampal
upregulation of TREM2 induced M2 (anti-inflammatory) polariza-
tion of microglia through activation of the phosphoinositide
3-kinase — AKT serine/threonine kinase 1 - factor forkhead box O3
protein (PI3K-AKT1-FoxO3a) signaling, thereby leading to inhibi-
tion of neuroinflammation (Fig. 1) [117]. However, its ablation was
accompanied by inflammatory polarization of microglia and the
release of proinflammatory cytokines, which worsened neuroin-
flammation and cognitive function [117].

Taken together, these findings revealed one of the underpinning
mechanisms of TREM2-mediated suppression of neuroinflammation
and improved cognitive function in AD mice. In detail, non-microglia
studies have revealed that activated AKT1 directly phosphorylates
FoxO3a, causing its inhibition. As a result, FoxO3a transcription factor
is no longer able to transcriptionally upregulate proinflammatory
cytokines such as TNF/TNF-q, interleukin-6 (IL6/IL-6), and IL1B/IL-1p,
leading to inhibition of neuroinflammation [118-121].

In an independent study on AD mice, exercise induced TREM2
upregulation in the hippocampus, which was shown to inhibit
microglia-mediated neuroinflammation. However, TREM2/TREM2
downregulation promoted microglia-mediated neuroinflamma-
tion [122, 123]. Though these findings are informative, they fail to
elaborate on functional mechanisms underpinning TREM2-
mediated suppression of neuroinflammation in the hippocampus.
Moreover, exercise was introduced as a non-invasive approach to
upregulate TREM2 expression and therefore therapeutically
maneuver hippocampal neuroinflammation.

SPRINGER NATURE

As aforementioned, TREM2 gene mutations have been shown to
be linked with AD [92]. In an early study, exome, genome, and
Sanger sequencing techniques were utilized to explore TREM2
gene variability in a cohort of 1092 patients with AD and 1107
individuals as the control group [124]. The rs75932628 variant
(causing R47H amino acid substitution) was also genotyped in
other series of 1887 AD patients with 4061 controls [124].
Moreover, the expression of TREM2 gene and its variants were
explored in different brain regions in AD mice [124]. Exon 2 of the
TREM2 gene exhibited highest number of variants including 22
variant alleles and the rs75932628 variant was the most common
variant and significantly associated with AD prevalence [124]. In
AD mice, TREM2 expression levels differed from that of controls
[124]. Altogether, these findings denote that genetic mutations in
TREM2 gene including the heterozygous rs75932628 variant are
closely associated with AD risk. Mechanistically, impaired contain-
ment of neuroinflammatory process is the main cause of increased
AD risk under TREM2 variants [125].

The current evidence largely supports that TREM2 loss-of-
function mutations favor Ap pathology and AD development risk
[125, 126], however, regarding tau pathology, controversial
reports exist. In one study, it was reported that TREM2 deficiency
alleviated neuroinflammation and brain atrophy and protected
against tau pathology and neurodegeneration in PS19 transgenic
mice [127]. Therefore, in contrast to AB pathology, TREM2 and
microglia activation might play pathological roles in tau pathology
in AD, however, further studies are required to reveal which
molecular mechanisms underscore such implications. In another
study on Tau PS2APP mice, which recapitulates an AD state
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comprising of both AR plague and tau pathology, TREM2
deficiency was shown to favor accumulation, spread, and
pathology of tau, ultimately, leading to increased brain atrophy
[128]. To explain these findings, it is proposed that TREMZ2
deficiency in the presence of AB plaques, promotes Af pathology,
which contributes to accelerated phosphorylation and propaga-
tion of tau [128, 129]. Hence, the anti-inflammatory and
neuroprotective effects of TREM2 appear to be largely contingent
on the presence of AP pathology. In contrast, when tau pathology
occurs in isolation, TREM2 activation may promote neuroinflam-
mation and neurodegeneration, thereby contributing to AD
progression. Supporting this, an independent study in 5xFAD
mice demonstrated that TREM2 activation via the agonistic
antibody AL002a exacerbated tauopathy and induced neurotoxi-
city without altering AP deposition [130]. Given that the under-
lying molecular mechanisms driving these divergent effects
remain poorly understood, further mechanistic investigations are
essential to clarify the context-dependent roles of TREM2 in AD
pathogenesis.

In mouse models, Trem2 ablation facilitated tau spreading and
hippocampal pathology originating from the medial entorhinal
cortex, which was accompanied by synaptic dysfunction and
memory impairment [131]. In vitro, microglia-specific Trem2
ablation similarly promoted interneuronal tau transfer and
enhanced its release via microglial exosomes, thereby contributing
to tau seeding and propagation [131]. Collectively, these findings
indicate that TREM2 plays a protective role against tau pathology by
limiting both its progression and exosomal dissemination, whereas
Trem2 loss exacerbates these processes, accelerating AD progres-
sion. Consistently, additional studies have shown that Trem2
knockout or expression of its R47H variant in mice enhanced tau
spreading and seeding, and promoted tau aggregate formation,
underscoring the pivotal role of microglial TREM2 in protecting
against tau pathology and propagation [132, 133].

Longitudinal assessment of cerebrospinal fluid (CSF) soluble
TREM2 (sTRM2) levels can provide insights into microglial
activation and AD pathology, including AP and tau deposition
[134]. Analyses using bioinformatic tools and the Alzheimer's
Disease Neuroimaging Initiative (ADNI) database revealed sig-
nificant difference in CSF sSTREM2 levels among AD subgroups and
controls, and the rate of sTREM2 change was associated with
cognitive performance in AD cohorts [134]. Notably, elevated CSF
STREM?2 levels were linked to reduced tau tangles and AP plaque
burden [134]. These findings suggest that CSF sTREM2 could serve
as a potential biomarker for AD, with increased levels potentially
exerting neuroprotective effects and slowing disease progression.
Supporting this, the Chinese Alzheimer’s Biomarker and LifestylE
(CABLE) study reported that higher CSF sTREM2 levels may
mitigate ApoE e4-associated Af3 pathology in cognitively healthy
adults [135]. Nevertheless, the supporting mechanisms driving
these associations remain to be fully elucidated and warrant
further investigation.

In an independent study using transgenic mouse models
overexpressing either human TREM2 wild-type or the R47H
variant, TREM2 overexpression was found to reduce AB deposition
and dystrophic neurite formation during early-stage AD, whereas
overexpression of the R47H variant aggravated AP pathology
during middle-stage AD [136]. RNA sequencing further revealed
that TREM2 overexpression attenuated the transcriptional signa-
ture and prevalence of disease-associated microglia (DAM) in early
AD, while the R47H variant enhanced antigen-presenting path-
ways in mid-stage AD [136]. Collectively, these findings implicate
TREM2 activation/expression in early AD pathogenesis, primarily
through suppression of DAM activity. However, additional
mechanistic studies are required to elucidate the molecular basis
of TREM2-mediated modulation of DAM.

TREM2’s involvement in neuroinflammation and AD pathogen-
esis is thought to be partly mediated through the regulation of
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lipid metabolism [137, 138]. In a recent study using AD mouse
models, TREM2 overexpression suppressed NF-kB-mediated neu-
roinflammation and slowed AD progression [138], potentially
through modulation of lipid metabolism [138]. This anti-
inflammatory effect was presumed to involve modulation of lipid
metabolism. Although that study did not directly investigate
TREM2's functional role in lipid metabolic pathways, other
evidence indicates that TREM2-deficient microglia exhibit
impaired lipid metabolism, marked by the accumulation of
intracellular lipid droplets [139]. These findings indicate that
TREM2 may regulate key lipid-handling pathways in microglia,
which in turn affect inflammatory responses. Therefore, in-depth
mechanistic studies are required to elucidate the regulatory
effects of TREM2 signaling on lipid metabolisms and related genes
[140], particularly in the context of AD and neuroinflammatory
processes.

TREM2 IN PARKINSON'’S ASSOCIATED NEUROINFLAMMATION
AND NEURODEGENERATION

As briefly discussed above, PD pathology involves intraneuronal
accretion of a-Syn neurotoxic oligomers known as protofibrils in
brain’s substantia nigra, thereby impairing neuronal homeostasis
and inducing neuronal death and neurodegeneration of dopami-
nergic neurons [141-144].

Like AD, PD is bidirectionally linked with neuroinflammation
[145-147]. In PD mice and in vitro models (recapitulating
microglial exposure to a-Syn), TREM2 ablation induced a-Syn-
mediated inflammatory cascade in microglia in vitro, while its
knockout was associated with a-Syn-mediated loss of dopaminer-
gic neurons [148]. Collectively, these findings suggest that TREM2
deficiency favors PD-associated neuroinflammation and neurode-
generation [148]. In contrast, TREM2 overexpression was asso-
ciated with suppression of neuroinflammation and prevention of
neurodegeneration in dopaminergic neurons in PD mice (induced
by methyl-phenyl-tetrahydropyridine [MPTP]) [88]. From the
mechanistic viewpoint, TREM2 activation on microglia induces
inhibition of the toll-like receptor 4 - TNF receptor-associated
factor 6 — mitogen-activated protein kinase — nuclear factor kappa
B (TLR4-TRAF6-MAPK-NF-kB) signaling axis, thereby inhibiting
inflammatory response and neuroinflammation. In detail, the
neuroinflammatory role of NF-kB involves its mediated transcrip-
tional activation of proinflammatory genes such as cytokines and
chemokines that are released from microglia, thus contributing to
escalation of chronic inflammation, ultimately, neuroinflammation
[149, 150]. Also, activation of the MAPK signaling is triggered by
the TLR4-TRAF6 signaling, which induces phosphorylation of the
MAPK kinase 3 (MKK3), 4, 6, and 7, leading to activation of the
MAPK8/JNK1 (c-Jun N-terminal kinase) signaling and c-Jun
activation (Fig. 1) [151-153]. ¢-Jun is a transcription factor that
can combine with c-Fos factor to produce another transcription
factor, known as activator protein 1 (AP-1) that translocates to the
nucleus and upregulates proinflammatory gene transcriptions,
thus inducing inflammation [154]. In sum, activation of the TLR4-
TRAF6 axis could be linked with neuroinflammation via the NF-kB
and MAPK pathways, and anti-neuroinflammatory role of TREM2 is
largely attributed to modulation of these pathways. In an
independent study, in PD mice and in vitro models, TREM2
deficiency drived activation of the NF-kB signaling, leading to
priming and activation of the NLR family, pyrin domain containing
3 (NLRP3) inflammasome, subsequently activation of proinflam-
matory cytokines, neuroinflammation, neurodegeneration of
dopaminergic neurons, and pyroptosis (inflammatory cell death)
[155]. The NLRP3 inflammasome can activate pro-caspase-1, thus
producing caspase 1 that activates pro-IL-18 (interleukin 18) and
pro-IL-1B (interleukin 1 beta) cytokines. After activation, these
cytokines are released and induce inflammation, which could
develop into neuroinflammation [156]. In support of this, multiple
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lines of evidence indicate that NLRP3 inflammasome can drive
sterile neuroinflammation in the context of AD and PD as well as
hemorrhagic stroke [157-160].

Altogether, these findings denote that TREM2 deficiency is
linked with microglia-mediated neurodegeneration and neuroin-
flammation in PD due to the TLR4-TRAF6-MAPK/NF-kB signaling
activation. Nonetheless, further studies are required to disclose
other pertinent mechanisms of TREM2-induced suppression of
neuroinflammation in PD and related diseases.

As noted above, CSF’'s STREM2 levels may offer valuable insights
on AD pathogenesis and emerging evidence suggests a similar
relevance in PD pathogenesis [161]. In a recent study involving
219 PD patients and 100 controls, longitudinal and cross-sectional
analyses using multivariable-adjusted models examined associa-
tion between CSF sTREM2 levels and cognitive function [161].
Elevated CSF sTREM2 levels were linked to greater overall
cognitive decline across PD clinical subgroups [161]. These
findings support the potential of CSF sTREM2 measurement as a
predictive tool for cognitive decline in PD, as well as an indicator
of neuronal injury or damage [161]. Nevertheless, further research
is required to clarify the pathological significance of increased CSF
STREM2 levels and their possible modulatory effects in PD.

CONCLUSIONS AND FINAL REMARKS

Several key mechanisms have been proposed to demonstrate the
protective and anti-neuroinflammatory role of TREM2 activation in
microglia within the CNS. Overall, these mechanisms tend to be
anti-neurodegenerative, promoting the retardation of neurode-
generation as observed in the context of both AD and PD. Despite
some controversies, TREM2 is primarily recognized as an anti-
neuroinflammatory and anti-neurodegenerative molecule. One
such mechanism involves TREM2 enhancing the antigen-
presenting capacity of microglia and promoting the generation
of complement system components, as well as the lysosomal and
phagosomal functions of microglia. These actions contribute to
the increased clearance of AR plaques and the retardation of AD-
associated neurodegeneration. As new research directions, the
same trend of investigations should be applied for PD to expand
our knowledge of the pathogenesis and associated neuroinflam-
mation in greater details. Additionally, TREM2 activation triggers
the PI3K-AKT1-FoxO3a signaling pathway, which inhibits neuroin-
flammation. In PD, TREM2 activation or overexpression in
microglia also mitigates neuroinflammation and prevents neuro-
degeneration. These effects are largely attributed to the inhibition
of the TLR4-TRAF6-MAPK/NF-kB signaling. Interestingly, but not
unexpectedly, physical exercise has been shown to act as a non-
invasive approach to activate TREM2, therefore promoting its
protective effects in the context of both AD and PD. Importantly,
TREM2's role in AD tau pathology differs from its involvement in
AB pathology, as some evidence suggests that TREM2 may
exacerbate neurodegeneration and neuroinflammation in the
context of tau-related pathology. Overall, our understanding of
the molecular mechanisms and implications of microglial TREM2
in neurodegeneration and associated diseases is expanding.
Further basic research is essential to elaborate on these findings,
paving the way for future clinical studies and the development of
effective translational approaches. Indeed, further studies are
required to disclose other pertinent mechanisms and pathways
underpinning TREM2-mediated inhibition of neuroinflammation in
the context of PD, AD, and related diseases. Besides, contradictory
roles of TREM2 in AD-associated neuroinflammation, particularly,
in the presence of AP or tau pathologies or both require extensive
exploration and basic/clinical studies. Also, elaborating on
molecular mechanisms that underlie TREM2-mediated suppres-
sion of neuroinflammation in the hippocampus seems to be a
requisite as this area has not been sufficiently covered by the
current literature. Translational aspects of these findings also
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should be discussed thoroughly as they remain a matter of
concern. Unfortunately, as we attempted throughout the manu-
script to highlight the pros and cons of these findings as well as
elucidating potential remaining points for further investigation by
prospective studies, translational merits have largely remained
untouched and unexplored. However, as we illustrated in the
above sections, potential molecular targets have been exposed by
current findings, which can be translated into practical interven-
tion at both preclinical and clinical levels, pending adequate
number of basic studies with prompt focus on molecular
mechanisms as well as large-scale clinical studies. In other words,
there is still a long path to go before establishing reliable
molecular targeting techniques and drugs for intervention of
these mechanisms for therapeutic purposes.

REFERENCES

1. Zhang W, Xiao D, Mao Q, Xia H. Role of neuroinflammation in neurodegen-
eration development. Signal Transduct Target Ther. 2023;8:267.

2. Levi S, Ripamonti M, Moro AS, Cozzi A. Iron imbalance in neurodegeneration.
Mol Psychiatry. 2024;29:1139-52.

3. Goedert M, Crowther RA, Scheres SH, Spillantini MG. Tau and neurodegenera-
tion. Cytoskeleton. 2024;81:95-102.

4. Ruitenberg MF. Cognition and movement in neurodegenerative disorders: a
dynamic duo. Neural Regen Res. 2024;19:2101-2.

5. Chi H, Chang H-Y, Sang T-K. Neuronal cell death mechanisms in major neuro-
degenerative diseases. Int J Mol Sci. 2018;19:3082.

6. Jellinger KA. Basic mechanisms of neurodegeneration: a critical update. J Cell
Mol Med. 2010;14:457-87.

7. Jellinger KA. Recent advances in our understanding of neurodegeneration. J
Neural Transm. 2009;116:1111-62.

8. Skovronsky DM, Lee VM-Y, Trojanowski JQ. Neurodegenerative diseases: new
concepts of pathogenesis and their therapeutic implications. Annu Rev Pathol
Mech Dis. 2006;1:151-70.

9. Brunelli S, Giannella E, Bizzaglia M, De Angelis D, Sancesario GM. Secondary
neurodegeneration following Stroke: what can blood biomarkers tell us? Front
Neurol. 2023;14:1198216.

10. Crews FT, Nixon K. Mechanisms of neurodegeneration and regeneration in
alcoholism. Alcohol Alcohol. 2009;44:115-27.

11. Savaskan NE, Fan Z, Broggini T, Buchfelder M, Eyupoglu IY. Neurodegeneration
in the brain tumor microenvironment: Glutamate in the limelight. Curr Neuro-
pharmacol. 2015;13:258-65.

12. Danysz W. Neurotoxicity as a mechanism for neurodegenerative disorders: basic
and clinical aspects. Expert Opin Investig Drugs. 2001;10:985-9.

13. Limongi D, Baldelli S. Redox imbalance and viral infections in neurodegenera-
tive diseases. Oxid Med Cell Longev. 2016;2016:6547248.

14. Wilson DM, Cookson MR, Van Den Bosch L, Zetterberg H, Holtzman DM,
Dewachter |. Hallmarks of neurodegenerative diseases. Cell. 2023;186:693-714.

15. Kelser BM, Teichner EM, Subtirelu RC, Hoss KN. A review of proposed
mechanisms for neurodegenerative disease. Front Aging Neurosci.
2024;16:1370580.

16. Angeloni C, Malaguti M, Prata C, Freschi M, Barbalace MC, Hrelia S. Mechanisms
underlying neurodegenerative disorders and potential neuroprotective activity
of agrifood by-products. Antioxidants. 2022;12:94.

17. Xie A, Gao J, Xu L, Meng D. Shared mechanisms of neurodegeneration in Alz-
heimer’s disease and Parkinson'’s disease. Biomed Res Int. 2014;2014:648740.

18. Perl DP, Warren CO, Calne D. Alzheimer's disease and Parkinson’s disease: dis-
tinct entities or extremes of a spectrum of neurodegeneration? Ann Neurol.
1998;44:519-S31.

19. Khan J, Rudrapal M, Bhat EA, Ali A, Alaidarous M, Alshehri B, et al. Perspective
insights to bio-nanomaterials for the treatment of neurological disorders. Front
Bioeng Biotechnol. 2021;9:724158.

20. Rajmohan R, Reddy PH. Amyloid-beta and phosphorylated tau accumulations
cause abnormalities at synapses of Alzheimer’s disease neurons. J Alzheimer’s
Dis. 2017;57:975-99.

21. Chen X-Q, Mobley WC. Alzheimer disease pathogenesis: insights from molecular
and cellular biology studies of oligomeric AR and tau species. Front Neurosci.
2019;13:659.

22. Gulisano W, Maugeri D, Baltrons MA, Fa M, Amato A, Palmeri A, et al. Role of
amyloid-f and tau proteins in Alzheimer’s disease: confuting the amyloid cas-
cade. J Alzheimer’s Dis. 2018;64:5611-5S31.

23. Bishop GM, Robinson SR. Physiological roles of amyloid-B and implications for
its removal in Alzheimer’s disease. Drugs Aging. 2004;21:621-30.

Molecular Psychiatry



24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Chen G-f, Xu T-h, Yan Y, Zhou Y-r, Jiang Y, Melcher K, et al. Amyloid beta:
structure, biology and structure-based therapeutic development. Acta Phar-
macol Sin. 2017;38:1205-35.

Kumar DKV, Choi SH, Washicosky KJ, Eimer WA, Tucker S, Ghofrani J, et al.
Amyloid-B peptide protects against microbial infection in mouse and worm
models of Alzheimer’s disease. Sci Transl Med. 2016;8:340ra372-340ra372.
Olisah MC, Meludu SC, Dioka C Effect of formaldehyde exposure on oxidative
stress markers, liver and kidneys of medical students during dissection in gross
anatomy laboratory. Scicom J Med Appl Med Sci 2021; 1.

Yoon S-S, Jo SA. Mechanisms of amyloid-B peptide clearance: potential ther-
apeutic targets for Alzheimer’s disease. Biomol Ther. 2012;20:245.

Wang S, Mims PN, Roman RJ, Fan F. Is beta-amyloid accumulation a cause or
consequence of Alzheimer's disease? J Alzheimer's Parkinsonism Dementia.
2016;1:007.

Pluta R, Utamek M, Jabtoriski M. Alzheimer’s mechanisms in ischemic brain
degeneration. Anat Rec: Advances in Integrative Anatomy and Evolutionary
Biology: Advances in Integrative Anatomy and Evolutionary Biology.
2009;292:1863-81.

Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. a-Synuclein in
filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia
with Lewy bodies. Proc Natl Acad Sci. 1998;95:6469-73.

Bloem BR, Okun MS, Klein C. Parkinson'’s disease. Lancet. 2021;397:2284-303.
Lang AE, Siderowf AD, Macklin EA, Poewe W, Brooks DJ, Fernandez HH, et al.
Trial of cinpanemab in early Parkinson’s disease. N Engl J Med. 2022;387:408-20.
Vézquez-Vélez GE, Zoghbi HY. Parkinson’s disease genetics and pathophysiol-
ogy. Annu Rev Neurosci. 2021;44:87-108.

Weintraub D, Aarsland D, Chaudhuri KR, Dobkin RD, Leentjens AF, Rodriguez-
Violante M, et al. The neuropsychiatry of Parkinson’s disease: advances and
challenges. Lancet Neurol. 2022;21:89-102.

Protter D, Lang C, Cooper AA. aSynuclein and mitochondrial dysfunction: A
pathogenic  partnership in  Parkinson’s  disease?  Parkinson’s  Dis.
2012;2012:829207.

Ziemssen T, Reichmann H. Non-motor dysfunction in Parkinson’s disease. Par-
kinsonism Relat Disord. 2007;13:323-32.

Han MN, Finkelstein DI, McQuade RM, Diwakarla S. Gastrointestinal dysfunction
in Parkinson’s disease: current and potential therapeutics. J Pers Med.
2022;12:144.

Zhao N, Zhang Q, Yu F, Yao X, Liu H. The a-Synuclein monomer may have
different misfolding mechanisms in the induction of a-Synuclein Fibrils with
different polymorphs. Biomolecules. 2023;13:682.

Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of a-synuclein: from
structure and toxicity to therapeutic target. Nat Rev Neurosci. 2013;14:38-48.
Manzanza NdO, Sedlackova L, Kalaria RN. Alpha-synuclein post-translational
modifications: implications for pathogenesis of lewy body disorders. Front
Aging Neurosci. 2021;13:690293.

Nikoletopoulou V, Tavernarakis N. The PMR1 pump in alpha-synuclein toxicity
and neurodegeneration. Neurosci Lett. 2018;663:66-71.

Abeliovich A, Schmitz Y, Farifas |, Choi-Lundberg D, Ho WH, Castillo PE, et al.
Mice lacking alpha-synuclein display functional deficits in the nigrostriatal
dopamine system. Neuron. 2000;25:239-52.

Asl MM, Vahabie A-H, Valizadeh A. Dopaminergic modulation of synaptic plas-
ticity, its role in neuropsychiatric disorders, and its computational modeling.
Basic Clin Neurosci. 2019;10:1.

Recasens A, Dehay B, Bové J, Carballo-Carbajal I, Dovero S, Pérez-Villalba A, et al.
Lewy body extracts from Parkinson disease brains trigger a-synuclein pathology
and neurodegeneration in mice and monkeys. Ann Neurol. 2014;75:351-62.
Negi S, Khurana N, Duggal N. The misfolding mystery: a-syn and the patho-
genesis of Parkinson’s disease. Neurochem Int. 2024;177:105760.

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg MS,
et al. a-Synuclein is phosphorylated in synucleinopathy lesions. Nat Cell Biol.
2002;4:160-4.

Hasegawa M, Fujiwara H, Nonaka T, Wakabayashi K, Takahashi H, Lee VM-Y, et al.
Phosphorylated a-synuclein is ubiquitinated in a-synucleinopathy lesions. J Biol
Chem. 2002;277:49071-6.

Price DL, Khan A, Angers R, Cardenas A, Prato MK, Bani M, et al. In vivo effects of
the alpha-synuclein misfolding inhibitor minzasolmin supports clinical devel-
opment in Parkinson’s disease. npj Parkinson'’s Dis. 2023;9:114.

Calabresi P, Mechelli A, Natale G, Volpicelli-Daley L, Di Lazzaro G, Ghiglieri V.
Alpha-synuclein in Parkinson’s disease and other synucleinopathies: From overt
neurodegeneration back to early synaptic dysfunction. Cell Death Dis.
2023;14:176.

DiSabato DJ, Quan N, Godbout JP. Neuroinflammation: the devil is in the details.
J Neurochem. 2016;139:136-53.

Shabab T, Khanabdali R, Moghadamtousi SZ, Kadir HA, Mohan G. Neuroin-
flammation pathways: A general review. Int J Neurosci. 2017;127:624-33.

Molecular Psychiatry

AA.

Abdulkhaliq et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

Becher B, Spath S, Goverman J. Cytokine networks in neuroinflammation. Nat
Rev Immunol. 2017;17:49-59.

Rudrapal M, de Oliveira AM, de Abreu HA, Rakshit G, Tripathi MK, Khan J. Anti-
Inflammatory and Antioxidant Potential of Plant-Derived Phenolic Acids as Tri-
ple COX, LOX, and NOX Inhibitors: A Computational Approach. Chem Biodivers.
2025;22:€03505.

Kumar D, Jahan S, Khan A, Siddiqui AJ, Redhu NS, Wahajuddin, et al. Neurolo-
gical manifestation of SARS-CoV-2 induced inflammation and possible ther-
apeutic strategies against COVID-19. Mol Neurobiol. 2021;58:3417-34.

Iwu RC, Amie DC, Eduwa OA, Sanusi-Borokini MA, Augustine FA, Zakari AO.
Prevalence of pelvic inflammatory disease among women of reproductive age
attending Gynaecology Clinic at Lagos State University Teaching Hospital, Ikeja,
Lagos. Scicom J Med Appl Med Sci. 2024;3:45-50.

Ransohoff RM, Schafer D, Vincent A, Blachére NE, Bar-Or A. Neuroinflammation:
ways in which the immune system affects the brain. Neurotherapeutics.
2015;12:896-909.

Ni Chasaide C, Lynch MA. The role of the immune system in driving neuroin-
flammation. Brain Neurosci Adv. 2020;4:2398212819901082.

Peferoen L, Kipp M, van der Valk P, van Noort JM, Amor S. Oligodendrocyte-
microglia cross-talk in the central nervous system. Immunology.
2014;141:302-13.

Kolliker-Frers R, Udovin L, Otero-Losada M, Kobiec T, Herrera M|, Palacios J, et al.
Neuroinflammation: An integrating overview of reactive-Neuroimmune cell
interactions in health and disease. Mediators Inflamm. 2021;2021:9999146.
Soulet D, Rivest S. Microglia. Curr Biol. 2008;18:R506-R508.

Colonna M, Butovsky O. Microglia function in the central nervous system during
health and neurodegeneration. Annu Rev Immunol. 2017;35:441-68.

Kwon HS, Koh S-H. Neuroinflammation in neurodegenerative disorders: the
roles of microglia and astrocytes. Transl Neurodegener. 2020;9:42.

Graeber MB, Li W, Rodriguez ML. Role of microglia in CNS inflammation. FEBS
Lett. 2011;585:3798-805.

Microglia-mediated neuroinflammation in neurodegenerative diseases. Pro-
ceedings of the Seminars in cell & developmental biology 2019. Elsevier.

Adetuyi BO, Toloyai P-EY, Ojugbeli ET, Oyebanjo OT, Adetuyi OA, Uche CZ, et al.
Neurorestorative roles of microgliosis and astrogliosis in neuroinflammation and
neurodegeneration. Scicom J Med Appl Med Sci. 2021;1:1-5.

Adamu A, Li S, Gao F, Xue G. The role of neuroinflammation in neurodegen-
erative diseases: Current understanding and future therapeutic targets. Front
Aging Neurosci. 2024;16:1347987.

Kempuraj D, Thangavel R, Natteru P, Selvakumar G, Saeed D, Zahoor H, et al.
Neuroinflammation induces neurodegeneration. J Neurol Neurosurg Spine.
2016;1:1003.

Ransohoff RM. How neuroinflammation contributes to neurodegeneration.
Science. 2016;353:777-83.

Bhat EA, Sajjad N, Banawas S, Khan J. Human CALHM5: Insight in large pore lipid
gating ATP channel and associated neurological pathologies. Mol Cell Biochem.
2021;476:3711-8.

Di Filippo M, Chiasserini D, Tozzi A, Picconi B, Calabresi P. Mitochondria and the
link between neuroinflammation and neurodegeneration. J Alzheimer's Dis.
2010;20:5369-5379.

Chen WW, Zhang X, Huang WJ. Role of neuroinflammation in neurodegenera-
tive diseases. Mol Med Rep. 2016;13:3391-6.

Miller RJ, Rostene W, Apartis E, Banisadr G, Biber K, Milligan ED, et al. Chemokine
action in the nervous system. J Neurosci. 2008;28:11792-5.

Khan J, Tatli Il. Stem cells vs exosomes: Promising therapeutic approach and
biomarkers agent against neurodegenerative disorders. Applications of Stem
Cells and derived Exosomes in Neurodegenerative Disorders. Springer; 2023. p.
169-91.

LaRocca TJ, Cavalier AN, Roberts CM, Lemieux MR, Ramesh P, Garcia MA, et al.
Amyloid beta acts synergistically as a pro-inflammatory cytokine. Neurobiol Dis.
2021;159:105493.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al.
Neurotoxic reactive astrocytes are induced by activated microglia. Nature.
2017;541:481-7.

Khodadadei F, Arshad R, Morales DM, Gluski J, Marupudi NI, McAllister JP, et al.
The effect of A1 and A2 reactive astrocyte expression on hydrocephalus shunt
failure. Fluids Barriers CNS. 2022;19:78.

Colonna M. The biology of TREM receptors. Nat Rev Immunol. 2023;23:580-94.
Bouchon A, Dietrich J, Colonna M. Cutting edge: inflammatory responses can be
triggered by TREM-1, a novel receptor expressed on neutrophils and monocytes.
J Immunol. 2000;164:4991-5.

Kober DL, Brett TJ. TREM2-ligand interactions in health and disease. J Mol Biol.
2017;429:1607-29.

Colonna M. TREMs in the immune system and beyond. Nat Rev Immunol.
2003;3:445-53.

SPRINGER NATURE



A.A. Abdulkhaliqg et al.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Gratuze M, Leyns CE, Holtzman DM. New insights into the role of TREM2 in
Alzheimer’s disease. Mol Neurodegener. 2018;13:66.

Li Y, Xu H, Wang H, Yang K, Luan J, Wang S. TREM2: Potential therapeutic
targeting of microglia for Alzheimer's disease. Biomed Pharmacother.
2023;165:115218.

Forabosco P, Ramasamy A, Trabzuni D, Walker R, Smith C, Bras J, et al. Insights
into TREM2 biology by network analysis of human brain gene expression data.
Neurobiol Aging. 2013;34:2699-714.

Lue LF, Schmitz CT, Serrano G, Sue LI, Beach TG, Walker DG. TREM 2 protein
expression changes correlate with A Izheimer's disease neurodegenerative
pathologies in post-mortem temporal cortices. Brain Pathol. 2015;25:469-80.
Liu G, Liu Y, Jiang Q, Jiang Y, Feng R, Zhang L, et al. Convergent genetic and
expression datasets highlight TREM2 in Parkinson’s disease susceptibility. Mol
Neurobiol. 2016;53:4931-8.

Saber M, Kokiko-Cochran O, Puntambekar SS, Lathia JD, Lamb BT. Triggering
receptor expressed on myeloid cells 2 deficiency alters acute macrophage
distribution and improves recovery after traumatic brain injury. J Neurotrauma.
2017;34:423-35.

Celarain N, Sanchez-Ruiz de Gordoa J, Zelaya MV, Roldan M, Larumbe R, Pulido
L, et al. TREM2 upregulation correlates with 5-hydroxymethycytosine enrich-
ment in Alzheimer’s disease hippocampus. Clin Epigenetics. 2016;8:1-10.

Ren M, Guo Y, Wei X, Yan S, Qin Y, Zhang X, et al. TREM2 overexpression
attenuates neuroinflammation and protects dopaminergic neurons in experi-
mental models of Parkinson’s disease. Exp Neurol. 2018;302:205-13.

Condello C, Yuan P, Grutzendler J. Microglia-mediated neuroprotection, TREM2,
and Alzheimer's disease: Evidence from optical imaging. Biol Psychiatry.
2018;83:377-87.

Xu J, Zhang L, Li M, He X, Luo J, Wu R, et al. TREM2 mediates physical exercise-
promoted neural functional recovery in rats with ischemic stroke via microglia-
promoted white matter repair. J Neuroinflammation. 2023;20:50.

Jahan S, Redhu NS, Siddiqui AJ, Igbal D, Khan J, Banawas S, et al. Nobiletin as a
neuroprotectant against NMDA receptors: an in silico approach. Pharmaceutics.
2022;14:1123.

Li R, Wang X, He P. The most prevalent rare coding variants of TREM2 conferring
risk of Alzheimer's disease: A systematic review and meta-analysis. Exp Ther
Med. 2021;21:1-1.

Xue F, Du H. TREM2 mediates microglial anti-inflammatory activations in Alz-
heimer’s disease: lessons learned from transcriptomics. Cells. 2021;10:321.

Li C, Zhao B, Lin C, Gong Z, An X. TREM2 inhibits inflammatory responses in
mouse microglia by suppressing the PI3K/NF-kB signaling. Cell Biol Int.
2019;43:360-72.

Zhai Q, Li F, Chen X, Jia J, Sun S, Zhou D, et al. Triggering receptor expressed on
myeloid cells 2, a novel regulator of immunocyte phenotypes, confers neuro-
protection by relieving neuroinflammation. Anesthesiology. 2017;127:98-110.
Ye P, Xu D, Xu J, Liu G, Huang S, Zhang W, et al. TREM-2 negatively regulates
LPS-mediated inflammatory response in rat bone marrow-derived MSCs. Mol
Med Rep. 2017;16:4777-83.

Lee B, Kim T-H, Jun J-B, Yoo D-H, Woo J-H, Choi SJ, et al. Direct inhibition of
human RANK+ osteoclast precursors identifies a homeostatic function of IL-1f. J
Immunol. 2010;185:5926-34.

Turnbull IR, Gilfillan S, Cella M, Aoshi T, Miller M, Piccio L, et al. Cutting edge:
TREM-2 attenuates macrophage activation. J Immunol. 2006;177:3520-4.
Zheng H, Liu C-C, Atagi Y, Chen X-F, Jia L, Yang L, et al. Opposing roles of the
triggering receptor expressed on myeloid cells 2 and triggering receptor
expressed on myeloid cells-like transcript 2 in microglia activation. Neurobiol
Aging. 2016;42:132-41.

Bhattacharjee S, Zhao Y, Dua P, Rogaev El, Lukiw WJ. microRNA-34a-mediated
down-regulation of the microglial-enriched triggering receptor and
phagocytosis-sensor TREM2 in age-related macular degeneration. PLoS ONE.
2016;11:20150211.

Bisht K, Sharma KP, Lecours C, Gabriela Sénchez M, El Hajj H, Milior G, et al. Dark
microglia: a new phenotype predominantly associated with pathological states.
Glia. 2016;64:826-39.

Jiang T, Tan L, Zhu X-C, Zhang Q-Q, Cao L, Tan M-S, et al. Upregulation of TREM2
ameliorates neuropathology and rescues spatial cognitive impairment in a
transgenic mouse model of Alzheimer’s disease. Neuropsychopharmacology.
2014;39:2949-62.

Lane RM, Farlow MR. Lipid homeostasis and apolipoprotein E in the develop-
ment and progression of Alzheimer’s disease. J Lipid Res. 2005;46:949-68.
McMillan 10, Liang L, Su G, Song X, Drago K, Yang H, et al. TREM2 on microglia
cell surface binds to and forms functional binary complexes with heparan sul-
fate modified with 6-O-sulfation and iduronic acid. J Biol Chem.
2024;300:107691.

Yen J-HJ, Yu I-Cl. The role of ApoE-mediated microglial lipid metabolism in brain
aging and disease. Immunometabolism. 2023;5:e00018.

SPRINGER NATURE

106.

107.

108.

109.

110.

111,

112.

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Laskowitz DT, Matthew WD, Bennett ER, Schmechel D, Herbstreith MH, Goel S,
et al. Endogenous apolipoprotein E suppresses LPS-stimulated microglial nitric
oxide production. Neuroreport. 1998;9:615-8.

Lynch JR, Tang W, Wang H, Vitek MP, Bennett ER, Sullivan PM, et al. APOE
genotype and an ApoE-mimetic peptide modify the systemic and central ner-
vous system inflammatory response. J Biol Chem. 2003;278:48529-33.

Vitek MP, Brown CM, Colton CA. APOE genotype-specific differences in the
innate immune response. Neurobiol Aging. 2009;30:1350-60.

Mai Z, Wei W, Yu H, Chen Y, Wang Y, Ding Y. Molecular recognition of the
interaction between ApoE and the TREM2 protein. Transl Neurosci.
2022;13:93-103.

Huang Y-WA, Zhou B, Nabet AM, Wernig M, Sudhof TC. Differential signaling
mediated by ApoE2, ApoE3, and ApoE4 in human neurons parallels Alzheimer’s
disease risk. J Neurosci. 2019;39:7408-27.

Lessard CB, Malnik SL, Zhou Y, Ladd TB, Cruz PE, Ran Y, et al. High-affinity
interactions and signal transduction between A oligomers and TREM 2. EMBO
Mol Med. 2018;10:€9027.

Wang S, Sudan R, Peng V, Zhou Y, Du S, Yuede CM, et al. TREM2 drives microglia
response to amyloid-B via SYK-dependent and-independent pathways. Cell.
2022;185:4153-69. e4119.

Peng X, Guo H, Zhang X, Yang Z, Ruganzu JB, Yang Z, et al. TREM2 inhibits tau
hyperphosphorylation and neuronal apoptosis via the PI3K/Akt/GSK-3p signal-
ing pathway in vivo and in vitro. Mol Neurobiol. 2023;60:2470-85.

Lin D, Kaye S, Chen M, Lyanna A, Ye L, Hammond LA, et al. Transcriptome and
proteome profiling reveals TREM2-dependent and-independent glial response
and metabolic perturbation in an Alzheimer's mouse model. J Biol Chem.
2024;300:107874.

Sharoar MG, Hu X, Ma X-M, Zhu X, Yan R. Sequential formation of different layers
of dystrophic neurites in Alzheimer’s brains. Mol Psychiatry. 2019;24:1369-82.
Griciuc A, Patel S, Federico AN, Choi SH, Innes BJ, Oram MK, et al. TREM2 acts
downstream of CD33 in modulating microglial pathology in Alzheimer’s disease.
Neuron. 2019;103:820-35. e827.

Wang Y, Lin Y, Wang L, Zhan H, Luo X, Zeng Y, et al. TREM2 ameliorates neu-
roinflammatory response and cognitive impairment via PI3K/AKT/FoxO3a sig-
naling pathway in Alzheimer’s disease mice. Aging. 2020;12:20862.

Das T, Suman S, Alatassi H, Ankem M, Damodaran C. Inhibition of AKT promotes
FOXO3a-dependent apoptosis in prostate cancer. Cell Death Dis. 2016;7:e2111.
Omorou M, Huang Y, Gao M, Mu C, Xu W, Han Y, et al. The forkhead box O3
(FOXO3): a key player in the regulation of ischemia and reperfusion injury. Cell
Mol Life Sci. 2023;80:102.

Deng Y, Ma G, Gao F, Sun X, Liu L, Mo D, et al. SOX9 knockdown-mediated
FOXO3 downregulation confers neuroprotection against ischemic brain injury.
Front Cell Dev Biol. 2021;8:555175.

Meng L, Feng B, Luan L, Fang Z, Zhao G. MeCP2 inhibits ischemic neuronal
injury by enhancing methylation of the FOXO3a promoter to repress the SPRY2-
ZEB1 axis. Exp Mol Med. 2022;54:1076-85.

Ruganzu JB, Peng X, He Y, Wu X, Zheng Q, Ding B, et al. Downregulation of
TREM2 expression exacerbates neuroinflammatory responses through TLR4-
mediated MAPK signaling pathway in a transgenic mouse model of Alzheimer's
disease. Mol Immunol. 2022;142:22-36.

Zhang L, Liu Y, Wang X, Wang D, Wu H, Chen H, et al. Treadmill exercise improve
recognition memory by TREM2 pathway to inhibit hippocampal microglial
activation and neuroinflammation in Alzheimer’s disease model. Physiol Behav.
2022;251:113820.

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, et al. TREM2
variants in Alzheimer’s disease. N Engl J Med. 2013;368:117-27.

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J, et al.
Variant of TREM2 associated with the risk of Alzheimer’s disease. N Engl J Med.
2013;368:107-16.

Iguchi A, Takatori S, Kimura S, Muneto H, Wang K, Etani H, et al. INPP5D mod-
ulates TREM2 loss-of-function phenotypes in a B-amyloidosis mouse model.
Iscience. 2023;26:106375.

Leyns CE, Ulrich JD, Finn MB, Stewart FR, Koscal LJ, Remolina Serrano J, et al.
TREM2 deficiency attenuates neuroinflammation and protects against neurode-
generation in a mouse model of tauopathy. Proc Natl Acad Sci. 2017;114:11524-9.
Lee S-H, Meilandt WJ, Xie L, Gandham VD, Ngu H, Barck KH, et al. Trem2
restrains the enhancement of tau accumulation and neurodegeneration by (-
amyloid pathology. Neuron. 2021;109:1283-301.e1286.

Zhang H, Wei W, Zhao M, Ma L, Jiang X, Pei H, et al. Interaction between AB and
tau in the pathogenesis of Alzheimer’s disease. Int J Biol Sci. 2021;17:2181.
Jain N, Lewis CA, Ulrich JD, Holtzman DM. Chronic TREM2 activation exacerbates
AB-associated tau seeding and spreading. J Exp Med. 2022;220:€20220654.
Zhu B, Liu Y, Hwang S, Archuleta K, Huang H, Campos A, et al. Trem2 deletion
enhances tau dispersion and pathology through microglia exosomes. Mol
Neurodegener. 2022;17:58.

Molecular Psychiatry



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

Leyns CE, Gratuze M, Narasimhan S, Jain N, Koscal LJ, Jiang H, et al. TREM2
function impedes tau seeding in neuritic plaques. Nat Neurosci.
2019;22:1217-22.

Gratuze M, Schlachetzki JC, Albanus RDO, Jain N, Novotny B, Brase L, et al.
TREM2-independent microgliosis promotes tau-mediated neurodegeneration in
the presence of ApoE4. Neuron. 2023;111:202-19.€207.

Nabizadeh F, Seyedmirzaei H, Karami S. Neuroimaging biomarkers and CSF
STREM2 levels in Alzheimer's disease: A longitudinal study. Sci Rep.
2024;14:15318.

Wang YC, Huang LY, Guo HH, Liu M, Zhang YY, Zhang ZQ, et al. Higher CSF
STREM2 attenuates APOE e4-related risk for amyloid pathology in cognitively
intact adults: The CABLE study. J Neurochem. 2025;169:e16273.

Zhao N, Qiao W, Li F, Ren Y, Zheng J, Martens YA, et al. Elevating microglia
TREM2 reduces amyloid seeding and suppresses disease-associated microglia. J
Exp Med. 2022;219:e20212479.

Li R-Y, Qin Q, Yang H-C, Wang Y-Y, Mi Y-X, Yin Y-S, et al. TREM2 in the patho-
genesis of AD: a lipid metabolism regulator and potential metabolic therapeutic
target. Mol Neurodegener. 2022;17:40.

Zhao C, Qi W, Lv X, Gao X, Liu C, Zheng S. Elucidating the Role of Trem2 in Lipid
Metabolism and Neuroinflammation. CNS Neurosci Ther. 2025;31:70338.

Wei W, Zhang L, Xin W, Pan Y, Tatenhorst L, Hao Z, et al. TREM2 regulates
microglial lipid droplet formation and represses post-ischemic brain injury.
Biomed Pharmacother. 2024;170:115962.

Nugent AA, Lin K, Van Lengerich B, Lianoglou S, Przybyla L, Davis SS, et al.
TREM2 regulates microglial cholesterol metabolism upon chronic phagocytic
challenge. Neuron. 2020;105:837-54.e839.

Vargas JY, Grudina C, Zurzolo C. The prion-like spreading of a-synuclein: From
in vitro to in vivo models of Parkinson’s disease. Ageing Res Rev.
2019;50:89-101.

Recchia A, Debetto P, Negro A, Guidolin D, Skaper SD, Giusti P. a-Synuclein and
Parkinson’s disease. FASEB J. 2004;18:617-26.

Maries E, Dass B, Collier TJ, Kordower JH, Steece-Collier K. The role of a-synuclein
in Parkinson’s disease: insights from animal models. Nat Rev Neurosci.
2003;4:727-38.

Stefanis L. a-Synuclein in Parkinson'’s disease. Cold Spring Harb Perspect Med.
2012;2:a009399.

Troncoso-Escudero P, Parra A, Nassif M, Vidal RL. Outside in: Unraveling the Role
of Neuroinflammation in the Progression of Parkinson’s Disease. Front Neurol.
2018;9:860.

Castillo-Rangel C, Marin G, Hernandez-Contreras KA, Vichi-Ramirez MM, Zarate-
Calderon C, Torres-Pineda O, et al. Neuroinflammation in Parkinson’s disease:
From gene to clinic: a systematic review. Int J Mol Sci. 2023;24:5792.

Lauretti E, Pratico D. Circadian clock disruption and neuroinflammation in Par-
kinson’s disease: a new perspective. Genetics, Neurology, Behavior, and Diet in
Parkinson’s Disease. Elsevier; 2020. p. 345-62.

Guo Y, Wei X, Yan H, Qin Y, Yan S, Liu J, et al. TREM2 deficiency aggravates a-
synuclein-induced neurodegeneration and neuroinflammation in Parkinson'’s
disease models. FASEB J. 2019;33:12164.

Babkina I, Sergeeva S, Gorbacheva L. The role of NF-kB in neuroinflammation.
Neurochem J. 2021;15:114-28.

Tak PP, Firestein GS. NF-kB: a key role in inflammatory diseases. J Clin Invest.
2001;107:7-11.

Li Y, Zhang H, Kosturakis AK, Cassidy RM, Zhang H, Kennamer-Chapman RM,
et al. MAPK signaling downstream to TLR4 contributes to paclitaxel-induced
peripheral neuropathy. Brain Behav Immun. 2015;49:255-66.

Minden A, Karin M. Regulation and function of the JNK subgroup of MAP
kinases. Biochimica et Biophysica Acta (BBA)-Reviews on Cancer.
1997;1333:F85-F104.

Davis RJ. MAPKs: new JNK expands the group. Trends Biochem Sci.
1994;19:470-3.

Chiu R, Boyle WJ, Meek J, Smeal T, Hunter T, Karin M. The c-fos protein interacts
with c-JunAP-1 to stimulate transcription of AP-1 responsive genes. Cell.
1988;54:541-52.

Huang P, Zhang Z, Zhang P, Feng J, Xie J, Zheng Y, et al. TREM2 deficiency
aggravates NLRP3 inflammasome activation and pyroptosis in MPTP-induced
Parkinson’s disease mice and LPS-induced BV2 cells. Mol Neurobiol.
2024;61:2590-605.

Wang Z, Zhang S, Xiao Y, Zhang W, Wu S, Qin T, et al. NLRP3 inflammasome and
inflammatory diseases. Oxid Med Cell Longev. 2020;2020:4063562.

Milner MT, Maddugoda M, GOtz J, Burgener SS, Schroder K. The NLRP3
inflammasome triggers sterile neuroinflammation and Alzheimer’s disease. Curr
Opin Immunol. 2021;68:116-24.

Molecular Psychiatry

A.A. Abdulkhaliqg et al.

158. Shen H, Guan Q, Zhang X, Yuan C, Tan Z, Zhai L, et al. New mechanism of
neuroinflammation in Alzheimer’s disease: the activation of NLRP3 inflamma-
some mediated by gut microbiota. Prog Neuro-Psychopharmacol Biol Psy-
chiatry. 2020;100:109884.

159. Han Q-Q, Le W. NLRP3 inflammasome-mediated neuroinflammation and related
mitochondrial impairment in Parkinson’s disease. Neurosci Bull. 2023;39:832-44.

160. Yang S-J, Shao G-F, Chen J-L, Gong J. The NLRP3 inflammasome: an important
driver of neuroinflammation in hemorrhagic stroke. Cell Mol Neurobiol.
2018;38:595-603.

161. Qin Q, Wan H, Wang D, Li J, Qu Y, Zhao J, et al. The association of CSF sTREM2
with cognitive decline and its dynamic change in Parkinson’s disease: analysis of
the PPMI cohort. Front Aging Neurosci. 2022;14:892493.

ACKNOWLEDGEMENTS
DP is the Scott Richards North Star Charitable Foundation Chair in Alzheimer's
Research. Else have nothing to declare.

AUTHOR CONTRIBUTIONS

AA, BK, JK, AA equally contributed to the providing of the first draft and the revised
draft of the manuscript, GA, SY, JR, JT, AB, BA, and DP significantly contributed to the
editing, revising, commenting, and supervision of the work, DP also conceptualized
the work.

FUNDING

The authors extend appreciation to the Deanship of Postgraduate Studies and
Scientific Research at Majmaah University for funding this work (project number R-
2026-R-2026-74).

CONSENT FOR PUBLICATION

All authors have consented to the publication of this manuscript.

COMPETING INTERESTS

None of the authors has any potential conflict of interest to declare.

Al STATEMENT

No Al tool was used either for editing, revising, or preparing of this work.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to
Domenico Pratico.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

SPRINGER NATURE


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TREM2 in neurodegeneration and diseases
	Introduction: an overview of neurodegernation and diseases
	Neuroinflammation and its link with neurodegeneration
	TREM2: biology and function
	TREM2 in Alzheimer’s associated neuroinflammation and neurodegeneration
	TREM2 in Parkinson’s associated neuroinflammation and neurodegeneration
	Conclusions and final remarks
	Acknowledgements
	Author contributions
	Funding
	Consent for publication
	Competing interests
	AI statement
	ADDITIONAL INFORMATION




