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Abstract

TREM2 (triggering receptor expressed on myeloid cells 2) is a membrane-bound receptor
primarily expressed on microglia in the central nervous system (CNS). TREM2 plays a
crucial role in regulating immune responses, phagocytosis, lipid metabolism, and inflam-
mation. Mutations in the TREM2 gene have been linked to various neurodegenerative
diseases, including Alzheimer’s disease (AD), frontotemporal dementia (FTD), Parkinson’s
disease (PD), and Nasu–Hakola disease (NHD). These mutations are suggested to impair
microglial activation and reduce the ability to clear amyloid aggregates, leading to exac-
erbated neuroinflammatory responses and accelerating disease progression. This review
provides an overview of TREM2 structure, functions, and known pathogenic variants—
including Arg47His, Arg62His, His157Tyr, Tyr38Cys, and Thr66Met. Furthermore, the
molecular and cellular consequences of TREM2 mutations are introduced, such as impaired
ligand binding, altered protein folding and trafficking, enhanced TREM2 shedding, and
dysregulated inflammatory signaling. We also highlight recent advances in therapeutic
strategies aimed at modulating TREM2 signaling. These include monoclonal antibodies
(e.g., AL002, CGX101), small molecule agonists, and gene/cell-based therapies that seek
to restore microglial homeostasis, enhance phagocytosis, and reduce neuroinflammation.
While these approaches show promise in in vivo/in vitro studies, their clinical translation
may be challenged by disease heterogeneity and mutation-specific responses. Additionally,
determining the appropriate timing and precise dosing will be essential.

Keywords: TREM2; mutation; Alzheimer’s disease; frontotemporal dementia; Nasu-Hakola
disease; therapy

1. Introduction
Triggering receptor expressed on myeloid cells 2 (TREM2) is a membrane glycoprotein

that plays an important role in the survival, activation, and regulation of microglia phagocy-
tosis. Furthermore, TREM2 is involved in the inflammatory response to brain homeostasis,
damage, or neurodegeneration [1–3]. TREM2-encoded receptors are associated with innate
immune responses and chronic inflammation, and they are essential for microglia to detect
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and respond to neurodegenerative signals [4,5]. TREM2 can bind to DNAX-activating
protein 12 (DAP12) and form a signal complex, leading to the activation of intracellular
signaling pathways. TREM2 has been verified as a risk factor for Alzheimer’s disease (AD),
especially late-onset AD (LOAD) [2,6].

TREM2 mutations should be noted as important research subjects, given the strong cor-
relations observed between TREM2 mutations and AD. Additionally, associations have been
found between TREM2 mutations and other neurodegenerative diseases, such as frontotem-
poral dementia (FTD), Parkinson’s disease (PD), and Nasu–Hakola disease (NHD) [1–5].

Mutations in Amyloid Precursor Protein (APP), Presenilin-1 (PSEN1), and Presenilin-2
(PSEN2) are the main causative factors for early-onset AD (EOAD) due to their roles in
amyloid beta (Aβ) production and aggregation. However, mutations in APP, PSEN1,
and PSEN2 have been relatively rarely observed in EOAD patients. Recent studies have
revealed that additional genetic factors involved in LOAD can also play a role in EOAD.
TREM2 has been suggested as a candidate genetic factor for EOAD [7]. Studies have shown
that TREM2 function is closely related to APP processing pathways and downstream path-
ways in neurodegenerative diseases [7,8]. Unlike APP and PSEN mutations, which directly
affect Aβ production, TREM2 mutations are suggested to influence AD onset through the
clearance of amyloid deposits and neuroinflammatory responses to Aβ aggregates [7,8].
Understanding the interactions between AD-associated genes and TREM2 is critical for elu-
cidating disease mechanisms and identifying potential therapeutic targets. Although these
mutations are rarely reported, they provide important insights into disease mechanisms
and highlight their significant roles in the development of AD models.

2. TREM2 Gene and TREM2 Protein Structure and Function
TREM2 is a transmembrane protein that functions as a cell surface receptor The TREM2

gene is located within the TREM gene cluster on chromosome 6p21.1 in humans and on
chromosome 17 in mice [9–12]. Five major TREM genes have been identified in humans:
TREM1, TREM2, TREM3, TREML1, and TREML2. In mice, TREM4 and TREM5 were
identified too. These proteins are known to play an important role in controlling immune
response and inflammation. Five coding exons have been identified in the TREM2 gene,
which can encode a full-length protein consisting of 230 amino acids. Recent studies have
identified several heterozygous or homozygous variants in the TREM2 gene, fwhich may
be involved in disease-related mechanisms. The TREM2 protein has been found to be
independently expressed in myeloid cells [13–15]. TREM2 has also been reported to be
expressed in tissue-resident macrophages, dendritic cells, and bone marrow cells, including
microglia, which are identified as major innate immune cells in the brain [15,16].

This protein has several domains. A signal peptide sequence is located in the N-
terminal region (residues 1–18), followed by the immunoglobulin domain (IgV set domain)
between residues 19 and 130. A shorter stalk region is located between residues 131 and
174. Additionally, TREM2 has a transmembrane domain (TM) between residues 175 and
195, followed by a C-terminal cytoplasmic tail between residues 196 and 230. The TREM2
protein has a cleavage site for alpha-secretase at Histidine 157 and Serine 158 residues
in the stalk domain. Two disulfide bridges have been identified in TREM2, between
cysteine 36 and 110 and cysteine 51 and 60 (Figure 1) [1–10,17] (https://www.alzforum.
org/mutations/trem2, accessed on 1 June 2025).

TREM2 protein is highly expressed in the brain and plays an active role in the ac-
tivation of microglia in the central nervous system (CNS) homeostasis, suggesting that
TREM2 dysfunctions can be significantly involved in AD and other neurodegenerative
diseases [7–9]. Furthermore, TREM2 has been suggested to regulate the mitochondrial func-
tion of microglia, promoting energy production to meet the brain’s energy demands [10–12].

https://www.alzforum.org/mutations/trem2
https://www.alzforum.org/mutations/trem2
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Figure 1. Three-dimensional structure of normal TREM2 protein. This figure was generated by
AlphaFold Colab online tool (https://colab.research.google.com/github/sokrypton/ColabFold/
blob/main/AlphaFold2.ipynb, accessed on 1 May 2025).

TREM2 protein can bind to various ligands on cell surface receptors, activating intra-
cellular signaling pathways. TREM2 contains an essential extracellular immunoglobulin
(Ig) domain for binding to different ligands. In particular, the Ig-like domain plays a key
role in the ligand binding and immune pathways of TREM2 [18,19]. The Ig-like domain
has been verified to bind to associated ligands of cell damage and apoptosis, extracellular
plaques, anionic lipids, and Aβ [14]. In addition, the Ig-like domain of TREM2 can be
released as soluble TREM2 (sTREM2) through proteolytic cleavage by the metalloproteases
ADAM10 or ADAM17 at histidine 157, located in the stalk region. Interestingly, sTREM2
has been suggested to impact immunomodulatory function [19].

In addition, TREM2 can bind to various ligands, including Apolipoprotein E ε4 allele
(APOE4) and Aβ, thereby regulating microglial functions such as Aβ phagocytosis, tran-
scriptional changes, and their conversion to disease-associated phenotypes [18,19]. TREM2
also plays a significant role in maintaining lipid homeostasis in the brain by controlling
lipid metabolism. This reflects that TREM2 can function as a sensor for lipids derived from
myelin and initiates intracellular signaling pathways that control lipid metabolism and
degradation in microglia [18]. Myelin is a lipoprotein layer that surrounds the axons in
the CNS and peripheral nervous system (PNS) and plays an important role in rapid and
efficient nerve signal transmission. In NHDs, TREM2 dysfunctions have been found to
cause the decline of microglial myelin functions, inducing myelin loss and abnormal axon
structures in the brain. This process impairs nerve signaling, leading to neurodegeneration.
In addition, TREM2 can interact with lipid metabolism-associated proteins, such as APOE,
to regulate brain lipid transport and metabolism. The TREM2 and APOE interaction has
been found to regulate the lipid environment around Aβ plaques and enhances microglial
Aβ clearance ability [16]. The Aβ-binding ability of TREM2 may vary depending on its
interactions with other factors, including APOE, which can also disturb Aβ degradation
and impact Aβ-induced microglial depolarization, inflammatory molecule expression,
migration, proliferation, apoptosis, or morphological changes [18–20].

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
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TREM2 has been reported to inhibit excessive inflammation by regulating inflamma-
tory response. Furthermore, it may contribute to maintaining the normal function of nerve
cells by recognizing damage, disease, and various ligands. TREM2 assists microglia in iden-
tifying and clearing damaged cells, myelin fragments, and other brain wastes. Additionally,
TREM2 controls inflammatory signals involved in the regulation of excessive inflammatory
responses and in neural protection [21,22]. TREM2 activation regulates inflammatory re-
sponse and homeostasis by stimulating the expression of anti-inflammatory cytokines and
suppressing pro-inflammatory cytokine production [7,20]. Moreover, Toll-like receptors
(TLRs) can detect pathogen-related molecular patterns to trigger inflammatory responses,
whereas TREM2 contributes to neuroprotection by regulating these inflammatory pro-
cesses [19–25]. Also, axonal loss can disturb synaptic and neuronal connectivity, resulting
in neuronal loss, cognitive decline, and the development of dementia [19–21].

TREM2 plays a crucial role in slowing the progression of neurodegeneration by control-
ling microglial activity and functions. Understanding the function and disease involvement
of TREM2 is essential. Gaining deeper insight into TREM2 functions is critical and may
offer promising avenues for research on neurodegenerative diseases.

3. Neurodegenerative Disease and TREM2
TREM2 mutations were suggested to impact multiple neurodegenerative diseases,

including AD, FTD, NHD, and PD (Figure 2). Furthermore, abnormal TREM2 expression
could impact multiple sclerosis (MS); however, no specific variants could be linked directly
to MS onset. TREM2 gene and protein expression were found to be elevated in MS
patients. TREM2 may impact MS by modulating inflammatory responses and facilitating
the clearance of myelin debris, which should be for remyelination [25].

Figure 2. Impact of TREM2 on AD, FTD, PD, and NHD. TREM2 mutations were associated with im-
mune dysfunctions, leading to abnormal microglial aggregation and reduced clearance of misfolded
proteins, including amyloid peptides, alpha synuclein, or TDP43.

3.1. AD and TREM2

Alzheimer’s disease (AD) is the most common form of chronic neurodegenerative dis-
ease worldwide that is characterized by the aggregation of Aβ peptide deposits into plaques
in the brain. The main phenotypes of AD include memory loss, impaired executive function,
personality changes, and the gradual inability to perform daily activities [26]. Multiple
pathways can contribute to AD onset, including genetic modification and polymorphism,
abnormal immune or inflammatory responses, and environmental factors [27,28].
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Elevated TREM2 expression in the early stages of AD may indicate increased mi-
croglial activity against Aβ. Microglia can respond to Aβ plaques by surrounding and
clearing them, during which TREM2 expression and immune response are increased [11].
Alterations in TREM2 expression have been reported in the brains of AD patients, indicat-
ing that TREM2 may play a crucial role in AD progression [29–32]. The reduced microglial
phagocytic ability due to decreased TREM2 expression could accelerate AD progression.
Upon inhibition of Aβ plaque clearance from ineffective TREM2 activity, subsequent amy-
loid accumulations in the brain would lead to sustained neuroinflammatory responses
and neuronal death, thereby contributing to memory and cognitive decline, leading to
AD onset [11].

APOE4 has been verified as the strongest genetic risk factor for AD [33]. In particular,
the interactions between TREM2 and APOE4 are suggested to play a significant role in
regulating phagocytosis and neuroinflammatory pathways that induce the AD pathomech-
anism [30,31]. The APOE gene influences both cerebrospinal fluid (CSF) sTREM2 levels and
the AD risk associated with the APOE4 variant. Soluble TREM2 (sTREM2) has been verified
to be associated with AD progression, and its levels can increase during the early AD pro-
cess [34–36]. In individuals carrying the APOE E4 allele, higher cerebrospinal fluid (CSF)
sTREM2 levels were prospectively correlated with reduced risks of AD, cognitive decline,
and neurodegenerative diseases associated with APOE4 [31,35]. In particular, sTREM2
levels in CSF may play a role in reducing the risk of APOE4-related AD [29,32]. The APOE
E4 allele along with TREM2 mutations (including TREM2 Arg47His) were associated with
a higher degree of cognitive dysfunction, as they could impair microglial phagocytosis,
leading to reduced amyloid clearance and a stronger degree of inflammation [31–38].

Mutations in TREM2 have been associated with reduced CSF sTREM2 levels, leading
to impaired Aβ clearance ability by the microglia [32,39]. Additionally, higher levels
of CSF sTREM2 in AD patients may indicate the microglial response to AD pathological
changes [39]. Conversely, reduced TREM2 levels were associated with neurofibrillary tangle
degeneration, cognitive impairment, and activation of inflammatory responses [36–45]. On
the other hand, higher sTREM2 levels are suggested to reflect a higher degree of microglia
activation, leading to reduced inflammatory responses and neurodegenerative processes in
the brain [40–45], which explains the consequences of genetic variation in TREM2 affecting
patients with AD by regulating immune responses. Figure 3 summarizes the probable
pathogenic mechanisms of TREM2 in AD. TREM2 mutations may be associated with
reduced microglial phagocytosis and elevated degree of neuroinflammation, leading to
reduced amyloid clearance and increased Tau pathology. In the presence of APOE E4 allele,
effects of TREM2 mutations and may result in more severe disease phenotype.

Figure 3. TREM2 mutations and their possible pathogenic mechanisms in AD.
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3.2. TREM2 and NHD

The homozygous loss-of-function mutations of TREM2 have been verified to play a
role in an autosomal recessive disease called Nasu–Hakola disease (NHD), which affects
the brain and bones [45–47]. NHD patients usually present with disease symptoms at
a relatively young age. In most cases, the disease can begin with a bone cyst, leading
to pain, swelling, and fractures in the wrist and ankle in their 30 s, followed by early-
onset dementia in their 40 s [48]. Main symptoms of NHD include personality changes,
behavioral impairment, or language dysfunctions. Memory decline may also be possible,
but it tends to be less pronounced compared to that in Alzheimer’s disease (AD) patients. At
least 11 TREM2 mutations have been associated with NHD, including Tyr38Cys, Trp50Cys,
Thr66Met, and Va126Gly [45–50].

Mutations in the TREM2 and DAP12 genes are associated with NHD [40,44,45].
TREM2 and DAP12 can interact, regulating the proliferation and survival of osteoclast pre-
cursors, which are involved in bone resorption and in promoting bone resorption activity
in osteoclasts [51–58]. Since TREM2 and DAP12 are specifically expressed in myeloid cells,
NHD can be attributed to impaired functions of microglia and osteoclasts.

Osteoclasts are formed when human blood monocytes differentiate in response to spe-
cific proteins, including Macrophage Colony-Stimulating Factor (M-CSF), Microphthalmia-
associated Transcription Factor (MITF), Receptor Activator of Nuclear Factor κB Ligands
(RANKL), or NF-κB. However, such differentiations in cells of NHD patients with impaired
DAP12 or TREM2 functions are not properly performed and may result in cytoskeletal
dysfunctions. These pathways can lead to reduced bone resorption capacity, which con-
tributes to bone lesion formation in NHD patients [56,57]. Figure 4 summarizes the bone
impairment-related mechanisms of TREM2 mutations in NHD.

Figure 4. Involvement of TREM2 in bone repair mechanisms.

Additionally, signals from the TREM2-DAP12 complex play a key role in driving
microglia transition from a homeostatic state to one associated with neurodegenerative
diseases [57]. The expression levels of the TREM2 and DAP12 genes may be variable
in microglia in NHD patients. The loss-of-function mutations in TREM2 affect the cen-
tral nervous system (CNS) in patients with Nasu–Hakola disease (NHD). These findings
demonstrate the importance of understanding the underlying mechanisms of dementia and
protein impairment in NHD [43,57,58]. TREM2 and DAP12 deficiency can cause excessive
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inflammatory microglia activation, leading to brain damage with Aβ plaques and affecting
damaged neurons [11,58]. It also exacerbates the pro-inflammatory activation of microglia
against a variety of stimuli.

3.3. TREM2 and FTD

Frontotemporal dementia (FTD) is a neurodegenerative disease that primarily affects
the atrophic frontal and temporal lobes, unlike other neurodegenerative diseases such
as Alzheimer’s disease (AD), Parkinson’s disease (PD), and dementia with Lewy bodies
(DLB). The main clinical phenotypes of FTD can include personality changes, behavioral
changes, and language impairment, though memory decline cannot be entirely ruled
out. Both genetic and environmental factors have been verified to impact the disease’s
onset. Heterozygous expressions of the TREM2 mutation have been associated with
FTD [59–62], which is consistent with an increased risk in AD and PD [62]. The specific
mutation, His157Tyr in TREM2, in particular, has been verified in connection with the
clinical phenotype of FTD, as carrier patients presented with symptoms of behavioral
changes and cognitive decline. Additionally, TREM2 has been verified to play a role in
regulating the innate immune system and microglial functions within the brain, with
multiple pathways potentially contributing to the development of FTD [59–64].

Although both TREM2 and TAR DNA-binding protein 43 (TDP-43) have been sug-
gested to be significant factors in FTD, TREM2 has been verified as a genetic variation in
FTD, as TREM2 mutations can disturb microglial function, leading to disease progression.
Furthermore, TREM2 could be a therapeutic target for FTD [65–68].

TREM2 has been verified to act as a microglial mediator that interacts with TDP-43 to
confer neuroprotection and is involved in regulating TDP-43 accumulation [65–68]. TDP-43
is an RNA-binding protein that has been verified as a genetic risk factor and pathologic hall-
mark of FTD [69]. Impaired TDP-43 function can induce exon skipping, thereby impairing
cellular function. In TDP-43 proteinopathy, TREM2 has been suggested to be significantly
involved in the regulation of phosphorylated and ubiquitinated TDP-43 aggregation and is
associated with cleaved TDP-43 fragments, which can exacerbate neurotoxicity [70]. Upon
TREM2 binding to TDP-43, microglial phagocytosis is promoted, which may facilitate
TDP-43 elimination and attenuate neuronal damage [65]. Without proper TREM2 function,
microglial activity can be reduced, thereby resulting in a diminished capacity to effec-
tively clear the neurotoxic TDP-43 aggregates. This process exacerbates neuronal damage
and may contribute to motor impairment. Furthermore, loss of TREM2 function may
result in the accumulation of neurotoxic TDP-43, which precipitates neurodegeneration,
and TDP-43 proteins exhibit an increased tendency to become hyperphosphorylated and
aggregate [65,71].

3.4. TREM2 and PD

Parkinson’s disease (PD) is a neurodegenerative disease characterized by the degen-
eration of dopaminergic neurons. As a potential candidate gene for PD, TREM2 may
influence both the risk and progression of the disease while offering neuroprotective effects
through its regulation of microglial activity [72,73]. TREM2 can interact with Transmem-
brane Protein 59 (TMEM59), a membrane-bound protein, to enhance autophagy, which
may protect dopaminergic neurons against inflammation-associated damage in Parkinson’s
disease [74,75]. TREM2 can also protect dopamine neurons by targeting Nod-like recep-
tor pyrin domain-containing protein 3 (NLRP3), a protein within the pro-inflammatory
cytokine complex, by inhibiting microglial activation [73,76]. TREM2 gene mutations,
including Arg47His, have been observed to increase PD risk. Impaired TREM2 functions
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have been shown to induce neurodegeneration and neuroinflammatory processes in PD
models [52,77,78].

Interaction between TREM2 and Unc-51-like autophagy-activating kinase 1 (ULK1)
promotes autophagy within microglia, which confers a neuroprotective effect in the in-
flammatory environment of PD. Alpha-melanocyte-stimulating hormone (α-MSH) is a
peptide hormone derived from a pro-opiomelanocortin (POMC) gene and performs various
physiological functions, including energy homeostasis. Although increased α-MSH in the
cerebrospinal fluid (CSF) of PD patients has been suggested to impair cell autophagy and
induce the accumulation of α-synuclein, TREM2 is thought to contribute to improving this
autophagy dysfunction [76,79].

In addition, TREM2 participates in controlling α-synuclein-induced neurodegener-
ation and neuroinflammation [80,81]. Deficiency of TREM2 has been found to enhance
α-synuclein-induced inflammatory responses and further accelerate the loss of dopaminer-
gic neurons in PD models. An exacerbation of dopaminergic neuronal loss was observed
in TREM2-deficient mouse models, indicating that TREM2 may play a significant role
in neuroprotection in PD [82–85]. The loss of TREM2 results in reduced phagocytosis
by microglia, leading to the accumulation of α-synuclein. Furthermore, reduced TREM2
levels result in elevated levels of TLR4 immune protein, leading to an increased degree
of inflammation and inhibition of α-synuclein fiber phagocytosis. Abnormal TREM2 sig-
naling has been shown to worsen the inflammatory response of microglia to α-synuclein
and increase α-synuclein-related neurodegeneration [83]. Therefore, maintaining proper
TREM2 functions is essential in inhibiting PD progression and protecting dopaminergic
neurons [82–84].

4. TREM2 Pathological Mechanism
TREM2 can form a complex with DAP12 for signal transmission [86]. Ligand binding

to TREM2 can result in the activation of the TREM2-DAP12 complex, leading to Immunore-
ceptor Tyrosine-based Activation Motif (ITAM) phosphorylation in the intracellular domain
of DAP12. This, in turn, leads to SYK kinase activation and the regulation of signaling path-
ways, including extracellular nuclear factor kappa-light-chain-enhancer of activated B cells
(NFκB), phosphatidylinositol 3-kinase (PI3K), Mitogen-Activated Protein Kinase (MAPK),
and phospholipase-c (PLCγ) signaling. These pathways impact cell proliferation, survival,
or inflammation. DAP12 can stabilize the C-terminal fragment of TREM2 (TREM2-CTF)
and regulate the inflammatory response and TREM2-Aβ interaction, leading to cytokine
expression and release (Figure 5) [22,87].

Microglial activation in cases of TREM2 mutations results in an increased release
of pro-inflammatory cytokines, leading to an inflammatory environment within the
brain [17–19]. Pro-inflammatory cytokines have been verified to promote Tau protein
phosphorylation, leading to neurofibrillary tangle (NFT) formation and exacerbating nerve
cell damage [86–92]. Chronic neuroinflammation can impair nerve cell functions and ac-
celerate AD progression. Suppression of TREM2 expression can increase the production
of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, and promote neuroin-
flammation [93]. Furthermore, suppression of the NF-κB signaling pathway can inhibit the
release of inflammatory factors [94]. Chronic brain inflammation can directly harm nerve
cells by triggering microglia to continuously produce pro-inflammatory cytokines and
reactive oxygen species (ROS). These inflammatory mediators can lead to synaptic dysfunc-
tions, excitotoxicity, and oxidative stress-related damage, resulting in decreased neuronal
function and loss of nerve cells [90,91]. By increasing the activity of amyloid-producing en-
zymes and suppressing Aβ clearance, the inflammatory environment promotes Aβ plaque
formation [92,95,96]. This process can inhibit homeostasis maintenance and suppress
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nerve cell regeneration, accelerating the progression of neurodegeneration [97,98]. Particu-
larly, since amyloid-induced neurotoxicity can depend on CD36/TLR4/TLR6-mediated
inflammatory pathways, chronic inflammation induced by TREM2 mutations can directly
increase neurotoxicity, which may accelerate AD-related neurodegeneration. Thus, TREM2
is suggested as a crucial factor in the pathological mechanisms of AD [14,97,98].

Figure 5. TREM2 signaling pathway.

The microglia cells were verified as a resident immune cell in the CNS, and they
could exhibit diverse phenotypes and functions. Microglia could play a crucial role in
maintaining brain homeostasis and protecting against the pathology. They were veri-
fied to have morphological plasticity, which could allow for them to adapt easily the
microenvironment and change their phenotypes quickly in case of disturbances. Due to
the traditional classification, microglia has two subtypes: M1 (pro-inflammatory) and M2
(anti-inflammatory) phenotypes. However, this classification seemed to be oversimplified.
In reality, the microglia could exhibit a continuous spectrum of activation phenotypes, and
mixed phenotypes, which could express both M1 and M2 markers, especially in case of ag-
ing and pathological conditions [99,100]. Disease-associated microglia (DAM) was verified
as a distinct subtype of microglia that appeared in different stages of neurodegenerative
diseases. DAM activation is a two-stage process: the first stage is a TREM2-independent
step, where homeostatic microglia could form to Stage 1 DAM. The second stage, where the
transformation from Stage 1 DAM to Stage 2 DAM occurs, was verified to be dependent on
the TREM2 signaling. In this stage, genes related to lipid metabolism and phagocytosis
were upregulated [101,102]. In the DAM1 stage, several genes are activated, including
Tyrobp, Apoe, and B2m. Furthermore, several microglial checkpoint genes could be down-
regulated, such as Cx3cr1 and P2ry12/P2ry13. In the TREM2-dependent DAM2 stage,
phagocytic and lipid metabolism-related genes, including Cst7, Lpl, and CD9, could be
upregulated [103,104].
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DAM has been found to accumulate around amyloid plaques. Furthermore, DAM
has been suggested to play a role in amyloid-beta buildup and in Tau phosphorylation.
Their activation follows a two-step process involving an initial TREM2-independent phase
followed by a TREM2-dependent activation phase [105–107]. In the early AD stages, DAM
can be involved in preventing Aβ plaque-induced neuronal damage by inhibiting the
spread of Aβ plaques through forming microglial barriers, a process that can be regulated
by TREM2 [108–111]. Following DAM activation, which can occur independently of TREM2
and involve the activation of APOE4 and DAP12 genes as observed in TREM2-deficient
mouse models, a TREM2-dependent program is triggered that can promote phagocytic
pathways and lipid metabolism [111,112].

During the transition from homeostatic microglia to DAM, genes involved in lipid
metabolism and phagocytosis are reported to be upregulated; however, without TREM2,
the transition to Stage 2 DAM can be impaired. These findings reveal that TREM2 is
essential for DAM development, and impairment in TREM2 signaling can result in signif-
icant disturbances in the degree and function of DAM activation. In neurodegenerative
diseases, protein aggregation and neuronal damage trigger the activation of DAM through
damage-associated molecular patterns (DAMPs), which can induce persistent inflamma-
tory pathways and ROS production. Within microglia, ROS can be primarily generated
by NADPH oxidase 2 (NOX2). Furthermore, NOX2 activation in DAM can be linked to
DAMP signaling, inflammation, and the accumulation of amyloid-beta plaques [106].

5. TREM2 Mutations
Due to the latest update of the Alzforum database (https://www.alzforum.org/

mutations/trem2, accessed on 1 June 2025), 46 genetic mutations were identified in TREM2
in patients diagnosed with various neurodegenerative diseases (Figure 6; Table 1). TREM2
mutations involved in neurodegenerative diseases can be diverse, including single-amino-
acid substitutions, frameshift mutations, nonsense mutations, and splice site-affecting
variants [12]. While the majority of pathogenic TREM2 mutations have been reported
within the coding region, disease risk mutations (c.−5030G > C or c.−2986T > C) were also
observed in the 3′UTR and in the upstream region of the transcription start site [61,107].

Figure 6. Examples of mutations in TREM2 protein across the different domains.

The first identified TREM2 variants linked to neurodegenerative diseases were W78X
and W44X, which cause premature protein truncation, leading to FTD or NHD pathogenic-
ity. Furthermore, splice site variants were also identified, such as c.482 + 2T > C, which can
abolish the donor site of TREM2, leading to exon skipping. Additionally, cell studies on

https://www.alzforum.org/mutations/trem2
https://www.alzforum.org/mutations/trem2
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TREM2 Lys186Asn revealed that it could prevent the binding of TREM2 to DAP12, leading
to abnormal inflammatory signaling. Representative genetic mutations reported in the
TREM2 gene include Arg47His, Arg62His, Thr66Met, and Gln33Ter, which are located in
exon 2 of TREM2 [18,113–118].

Table 1. Examples of mutations in TREM2 gene and their clinical phenotypes.

Mutation Gene Variant Disease Age of Onset Imaging Data Functional Data Reference

Glu14Ter 40 G > T NHD NA NA Reduced sTREM2
in blood [55]

Val27Met 79 G > A AD NA NA

Not effect on
TREM2 maturation,
putative effects on
ligand binding

[118]

Gln33Ter 97 C > T AD, NHD,
FTD 30 s–40 s

Bone cysts, cerebral
atrophy: AD patient:
typical AD
pathology

Loss of TREM2
expression [47,119]

Tyr38Cys 113 G > A FTD 40 s
Cortical atrophy,
white matter
abnormalities

Disturbs ligand
binding and TREN2
phagocytosis

[47]

Asp39Glu 140 G > A AD, FTD NA NA NA [117]

Arg47His 117 C > G AD, NHD,
FTD, ALS 50 s

Severe gray-matter
loss, lower
microglial coverage
of plaques

Elevated CSF-Tau,
reduced ligand
binding and
microglial activation

[11,12]

Arg62His 185 C > T AD NA Lower microglial
coverage of plaques

Reduced ligand
binding and
microglial activation

[117,118]

Thr66Met 197 C > T FTD 30 s
Frontal lobe atrophy,
ventricular
enlargement

Reduced cell surface
expression of
TREM2, impaired
microglial activation

[47]

Glu151Lys 451 G > A AD NA NA Reduced normal
TREM2 expression [12,119]

His157Tyr 469 C > T AD, FTD NA NA

Increased soluble
TREM2 shedding,
reduced
phagocytosis

[115,116]

Ala192Thr 574 G > A AD, FTD 50 s
hypometabolism in
bilateral anterior
temporal areas

Reduced cell surface
expression
of TREM2

[114,115]

Ala196Thr 586 G > A AD NA NA
Probable reduced
TREM2 cell surface
expression

[111]

Leu211Pro 632 T > C AD, FTD NA NA Lower TREM2
CSF levels [117]

Thr223Ile 668 C > T AD, FTD NA NA Slight changes in
TREM2 maturation [114]

5.1. TREM2 Arg47His

The TREM2 Arg47His (rs759322628) mutation was verified as a strong genetic risk fac-
tor associated with AD, which could affect the function of TREM2 protein and could impact
neurodegenerative diseases [11,12]. A recent study announced that the TREM2 Arg47His
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mutation increased the risk for late-onset AD onset [119]. The TREM2 Arg47His mutation
was first reported by Jiang et al. (2013) in patients [119], diagnosed with frontotemporal
dementia (FTD) and late-onset AD (LOAD). This study suggested that Arg47His could in-
crease the risk for AD onset by two- to four-fold [119]. These findings revealed that TREM2
Arg47His could be the second highest AD genetic risk factor following ApoE4 [11,12].
These findings also showed that additional rare mutations of TREM2 could also play an
important role in AD pathology. Cell studies revealed that TREM2 Arg47His mutation
reduced the TREM2 signaling after stimulation by ligands [103,120]. The mutation was
found to decrease the TREM2 binding to phosphatidylserine (PS). TREM2-PS binding was
verified to play a crucial role in activating the TREM2 signaling [121–123]. Furthermore,
the Arg47His variant is extracellular region of TREM2 protein, leading to alterations in
the glycosylation status, and increased the risk for developing AD [124]. Glycosylation
status changes were verified to alter the ligand binding, functions of receptor, and TREM2
proteolysis, leading to neurodegeneration [124].

While the TREM2 Arg47His mutation was found to be largely associated with an
increased risk for AD, its role in tauopathies could present a more complex picture, since
some studies suggested that the mutation may have a neuroprotective effect [122]. The PS19
mice expressing human TREM2 Arg47His (PS19-T2R47H) showed significant attenuation
in brain atrophy and lower degree of synapse loss compared to PS19 mice expressing
the common variant of human TREM2 (PS19-T2CV). These mouse models with TREM2
Arg47His exhibited reduced microgliosis in different brain areas, such as hippocampus
and piriform cortex compared to those without Arg47His. These neuroprotective effects
may be related to the reduced degree of microglial phagocytosis by synapses through the
reduced accumulation of C1q [122]. Also, in the later stages of AD, with advanced levels
of Tau pathologies, or in case of pure Tau disease, the TREM2 Arg47His mutation was
suggested to slow down damage of neurons through reduced synaptic phagocytosis by
the microglia [35]. Attenuation of TREM2 signaling reduced the effectiveness of microglial
response to Tau pathology. Although partial or normal TREM2 activity was suggested to
contribute to Tau disease or Tau-mediated damage, the full loss of TREM2 function could
alleviate the Tau-mediated neuronal damage [125–127]. The TREM2 Arg47His mutation
reduced Tau-induced inflammation and the expression of pro-inflammatory factors and
prevented microglial synaptic phagocytosis [122]. Attenuation of TREM2 signaling reduced
the effectiveness of microglial response to Tau pathology. Although partial or normal
TREM2 activity was suggested to contribute to Tau disease or Tau-mediated damage, the
full loss of TREM2 function could alleviate the Tau-mediated neuronal damage [125–127].
The dual role of TREM2 Arg47His highlights that the impact of microglial function in
neurodegeneration could be highly context-dependent. In the stages of AD, where amyloid
pathology dominates, the TREM2 Arg47His should compromise the microglial ability
to clear Aβ and prevent Aβ-induced Tau spreading. However, in later AD stages or in
tauopathies, the partial loss of TREM2 function may be protective by reducing excessive
microglial activation and aberrant synaptic phagocytosis. This complex interplay could
reflect the importance of understanding the disease stage and the specific pathological
drivers when considering TREM2 as a therapeutic target for AD [119–127].

The other issue with TREM2 Arg47His is the difference between mouse and human
models [128]. Unlike TREM2 gene in humans, the Arg47His mutation in the mouse gene
resulted in abnormal TREM2 splicing, since the mRNA contained the codon for premature
termination [38]. The mouse models with TREM2 Arg47His showed abnormal mRNAs,
which were rapidly cleared by the mRNA surveillance system, leading to reduced TREM2
mRNA and protein levels. In humans, TREM2 Arg47His resulted in direct impairment of
microglia-related pathways [129]. These findings represented that it should be crucial to
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discover the differences between mouse models and human cell models in AD research
and in case of applying data from mouse models to human diseases [130].

Structure predictions by AlphaFold Colab (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb, accessed on 1 June 2025) revealed
that mutation may result in local changes in TREM2 IgG domain. TREM2 Arg47 forms
a hydrogen bond with Ser65. However, this hydrogen bond may be lost in the case of
His47 (Figure 7a). Loss of this hydrogen bond can result in increased local flexibility or
destabilization in that loop or β-sheet region. Arginine has a positively charged side chain,
while histidine had a side chain with an imidazole ring. The mutation could potentially
alter the intermolecular interactions too.

(a) 

(b) 

 
(c) 

Figure 7. Cont.

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
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Figure 7. (a) Structure prediction on TREM2 Arg47 vs. His47. (b) Structure prediction on TREM2 R62
vs. H62. (c) Structure prediction on TREM2 T66 vs. M66. (d) Structure prediction on TREM2 Y38 vs.
C38. (e) Structure prediction on TREM2 H157 vs. Y157.

5.2. TREM2 Arg62His

The TREM2 Arg62His (rs143332484) variant was first reported in a European Amer-
ican cohort and was revealed to be a strong Alzheimer’s disease (AD) risk factor. The
variant was verified to impact AD risk in heterozygous form [114]. Even though the
Arg62His variant was found to increase AD risk by 40–70%, the structural effect on the
TREM2 protein was found to be weaker in Arg62His compared to the Arg47His muta-
tion [108,113,114]. Both Arg47His and Arg62His affected TREM2 protein stability and its
ligand binding [19,131]. Also, Arg62His altered the charge and size of the TREM2 surface,
but caused less impairment in intramolecular interactions, including hydrogen bonds,
compared to Arg47His [131]. Even though Arg62His may not result in as significant a
change in protein structure or cell surface expression as Arg47His, it may impact TREM2
protein stability [132,133].

TREM2 Arg62His may prevent the interaction between TREM2 and APOE, and it
could affect the signaling pathway associated with microglial response regulation. By
inhibiting TREM2-APOE interaction, TREM2 Arg62His was associated with reduced in-
tracellular absorption of the TREM2 protein [7]. In cell models with the TREM2 Arg62His
variant, the microglia failed to be localized properly around the amyloid plaques, lead-
ing to increased expression of TMEM119. Furthermore, the Arg62His mutation impaired
the TREM2-mediated signaling of APOE, leading to the inhibition of microglial phago-
cytosis and reduced inflammatory response. Consequently, Arg62His may decrease the
amyloid clearance by microglia and neuronal repair mechanisms, thereby contributing to
neurodegeneration and AD progression [134].
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TREM2 Arg62His was suggested to have a relatively mild effect on the regulation of
microglial ligand binding, including lipid ligands [117]. The reason could be that Arg62His
may affect a specific TREM2 site, which could be responsible for the TREM2 interaction with
APOE [135,136]. Since Arg62His may not strongly affect lipid ligand binding in general, the
microglia may partially maintain the basic lipid metabolism and inflammatory response
functions [103]. TREM2 was believed to have distinct binding sites: a specific extracellular
domain for ligands, including APOE, and a general site that could recognize various lipids.
The Arg62His mutation was suggested to alter the APOE binding site, leading to impaired
TREM2 interaction with APOE, while leaving the other lipid-binding site intact. These
selective binding differences may help to explain how Arg62His could affect microglial
activity and offer valuable insights into AD pathogenesis [17,107,137]. Structure predictions
revealed that Arg62His did not show significant changes in the intramolecular interactions
and protein structure. No intramolecular interactions were predicted in case of R62 or H62.
However, the arginine is highly positively charged, while in the case of histidine, there is
more neural residue, which may result in stress inside the beta sheet dynamics (Figure 7b).

5.3. TREM2 Thr66Met and Tyr38Cys

Both Thr66Met and Tyr38Cys of TREM2 were found to be associated with neurode-
generative diseases of NHD and FTD. The T66M mutation was verified by X-ray crys-
tallography to result in misfolding of TREM2 protein within the Ig-like domain, leading
to protein aggregation [17,138–141]. It was predicted that Thr66Met may destabilize the
normal TREM2 protein structure, leading to stronger hydrophobic interactions, leading to
higher tendency of protein aggregation. Indeed, unlike wild-type TREM2, TREM2 with
Thr66Met mainly existed in the aggregated form. This shows that this mutation reduced
TREM2 structure stability and induced aggregation [139–141]. Thr66Met could disrupt the
proper folding of the TREM2 protein, which could result in TREM2 protein accumulation in
the endoplasmic reticulum (ER), and in preventing the secretion of sTREM2 by impairing
its transport to the cell surface [17,142,143]. This accumulation could induce ER stress,
which could contribute to microglial dysfunction, reduced cerebral perfusion, and impaired
glucose metabolism. Because TREM2 was suggested to play a crucial role in maintaining
brain homeostasis, these Thr66Met-induced disturbances hinder its function, potentially
compromising microglial viability and activity [144,145]. Consequently, ER stress may
cause by Thr66Met negatively, which could impact microglial survival and function [146].

Similar to Thr66Met, TREM2 Tyr38Cys was associated with NHD and FTD, and it
could also contribute to decreased TREM2 protein expression. TREM2 Tyr38Cys also
affected the structural stability of Ig-like domain in TREM2 protein, leading to abnormal
folding process. Molecular modeling studies revealed that TREM2 Tyr38Cys mutation
may result in higher flexibility of TREM2 protein. The structural changes could impair
the folding of Ig-like domain core region and reduce the stability of the entire TREM2
protein [146–148]. Furthermore, like Thr66Met, the Tyr38Cys mutation prevented the
normal folding of TREM2 in the ER [147]. It was verified that migration of TREM2 protein
with Tyr38Cys the ER was impaired, and it contributed to significantly lower cell surface
expression of TREM2 [148]. Additionally, TREM2 Tyr38Cys was found to cause bone mass
loss, which could lead to NHD phenotypes that cause cognitive impairment and skeletal
deterioration [146]. Structure predication on Thr66Met (Figure 7c) revealed significant
changes in intramolecular interactions. TREM2 with T66 formed three conventional H-
bonds with K48 (length 2.92 A, 3.40 A, and 3 A). In the case of M66, only one H-bond
remained with K48 (2.98 A). In the case of M66, an unfavorable bump was formed with
S73 (1.91 A). M66 also formed a conventional hydrogen bond with S65 (3.27 A), and a
carbon hydrogen bond with Arg47 (3.33 A). In the case of TREM2 Tyr38Cys (Figure 7d),
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a conventional hydrogen bond (length 2.66 A) and an amide stacked interaction (length:
3.59 A) was formed with Gly91. Y38 also formed a conventional H-bond with Asp86
(length 2.54 A) and with Asp387 (length 3.39 A), and a carbon hydrogen bond with Thr88
(length 3.32 A). In the case of Cys38, two conventional hydrogen bonds could be seen, Ser40
(length 3.79 A) and Gly91 (2.77 A). Cys38 forms pi-Alkyl bonds with His43 (distance: 5 A),
and an alkyl bond with Leu121 (Distance 4.36 A).

5.4. His157Tyr

The TREM2 His157Tyr mutation presents a complex and contradictory profile in neu-
rodegenerative disease research, evidenced by its association with accelerated TREM2
protein shedding and AD risk, yet simultaneously exhibiting potential beneficial effects on
synaptic plasticity and reduced amyloid pathology, with varying impacts across different
patient populations [149–154]. The TREM2 His157Tyr mutation presents a complex and
contradictory profile in neurodegenerative disease research, evidenced by its association
with accelerated TREM2 protein shedding and AD risk, yet simultaneously exhibits poten-
tial beneficial effects on synaptic plasticity and reduced amyloid pathology, with varying
impacts across different patient populations [149–152]. The TREM2 His157Tyr variant is
associated with an increased risk of Alzheimer’s disease, particularly in the Han Chinese
population [115]. A meta-analysis from 2019 found significant association between TREM2
His157Tyr and AD risk [136]. However, some studies, including a replication study in a
Japanese population, failed to find a significant association between the TREM2 His157Tyr
variant and AD [151]. This variability suggested that genetic and environmental factors
may interact with the His157Tyr mutation to influence disease development [151–155].
Furthermore, heterozygous TREM2 His157Tyr was also reported in FTD patients, where
carriers presented early onset behavioral changes and cognitive impairment. Atrophy in
their brain was also higher in different areas such as frontal, temporal, parietal, precuneus,
and basal ganglia [64].

His157Tyr has been reported in the TREM2 extracellular domain and could affect
the cleavage site of the TREM2 protein. Studies on His157Tyr have demonstrated that
TREM2 with this mutation could be cleaved more easily, resulting in a higher degree of
soluble sTREM2 production and increased sTREM2 levels in cerebrospinal fluid (CSF) and
blood [152]. These findings suggest that the TREM2 His157Tyr variant increases the activity
of metalloproteases (such as ADAM19) for cleavage, which results in a higher degree of
sTREM2 production and increased levels of TREM2 C-terminal fragment (CTF) forma-
tion [152,153]. It may also be possible that the mutation could cause enhanced degradation
of the TREM2 CTF [149]. These results reveal that His157Tyr acts as a stimulator for TREM2
shedding. However, TREM2 His157Tyr may not impact microglial density and functions.
The mutation seems to selectively impact specific functions such as synaptic plasticity.
However, the mutation has been suggested to reduce amyloid pathology [152]. A previous
study suggested that the mutation could impact AD onset through amyloid-independent
mechanisms, including Tau-related mechanisms [149–153].

Additional studies have reported that His157Tyr may result in more serious neuropsy-
chological damage in FTD patients, while failing to find an association between His157Tyr
and AD in certain population groups, such as Japanese or Chinese populations. These
findings indicate that TREM2 His157Tyr may interact with a variety of other genetic or
environmental factors to influence disease development [149–154].

Structure prediction (Figure 7e) revealed that TREM2 His157Tyr may not result in
significance changes in the STALK region. However, the histidine is less hydrophobic,
compared to the tyrosine, which may disturb this area.
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5.5. TREM2 Gln33Ter

TREM2 Gln33Ter is a mutation that results in a premature stop codon, leading to
haploinsufficiency. This mutation was reported in both AD and NHD patients [155,156].
Gln33Ter was suggested increase the risk of LOAD in heterozygous patients and could be
causative factor of EOAD in homozygous form [11,13]. The homozygous TREM2 Gln33Ter
was reported in two Italian sisters with NHD [156,157]. The Gln33Ter variant was also
reported in patients, diagnosed with autosomal recessive behavioral variant frontotemporal
dementia (bvFTD). However, these patients did not have any bone involvement, which
was confirmed through radiology. This study suggested that Gln33Ter may be involved
in autosomal recessive bvFTD-like syndrome without any bone pathology, which is the
typical hallmark of NHD [49].

The Gln33Ter was verified to cause the loss of TREM2 function [139]. The Gln33Ter
mutation may result in microglial dysfunction, since cell studies revealed reduced that
mutation carrier HeLa cells failed to express TREM2. However, sTREM2 was present in
the plasma from homozygous carriers, which was lower, compared to those with normal
TREM2, suggesting that there may be some kind of translation, even though the TREM2
was truncated [142,157].

6. TREM2 Variations and Therapeutic Targeting
TREM2 has been verified to bind to several types of ligands, such as phospholipids,

lipoproteins, or apoptotic cells [6]. Pharmacologically, directly targeting the TREM2 re-
ceptor is considered likely to reduce both systemic effectiveness and specificity. Instead,
activating the downstream signaling pathways of TREM2 is believed to offer improved
systemic effects with greater specificity [98,100,127]. After TREM2 and its ligand interact,
the tyrosine protein kinase SYK and phosphatidylinositol 3-kinase (PI3K) pathways are
activated through the intracellular DAP12 and DAP10 adapter proteins. This results in the
activation of different immune mechanisms, including microglial proliferation, phagocy-
tosis, and the control of inflammatory response through intracellular signaling. TREM2
activation can trigger DAP12, which can induce microglial functions through PI3K or
ERK downstream signaling pathways [98,100]. These pathways are crucial in promoting
survival, proliferation, migration, and microglial phagocytosis, as well as in inhibiting the
inflammatory response (Figure 4) [98,100]. Treatment strategies that induce the TREM2
downstream signaling pathway may have fewer side effects compared to strategies that
target the TREM2 receptor directly. This is because the TREM2 signaling pathway may
impact different cellular functions, selectively modulating specific molecules and resulting
in minimized unnecessary side effects on the immune system [98,148].

Currently, research is focused on creating antibodies that can activate TREM2’s down-
stream signaling pathways. These antibodies have the benefit of targeting a specific site
on TREM2 without entering the cells, thereby minimizing the risk of unpredictable side
effects [98]. The most advanced TREM2-related strategy involves using a monoclonal
antibody (mAb) that can bind to TREM2 selectively, leading to its activation without en-
tering the cell. By targeting a specific region of TREM2, these antibodies may reduce
the likelihood of unpredictable side effects compared to small molecule treatments, mini-
mizing non-specific interactions with other receptors or cells. Furthermore, these mAbs
(including AL002, Ab-T1, or CGX101) can enhance microglial phagocytosis, helping to
clear waste products such as brain amyloid plaques [11,158–164]. Techniques aimed at
targeting the extracellular domain of TREM2 are used to discover antibodies that can
activate TREM2 signaling. These antibodies likely promote TREM2 signal transmission
by inducing cross-linking [162,163]. Some studies, however, indicate that overactivation
of TREM2 by activating antibodies may worsen existing amyloid pathology and amplify
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neuroinflammatory pathways. As a result, treatment approaches must be customized
according to the disease stage and individual patient characteristics. Continued research
is crucial to fully understand the specific functions and mechanisms of TREM2 [161–168].
Besides the antibodies, small molecule inhibitors of TREM2 were suggested to play a role
in the anti-inflammatory effects and in the prevention of amyloid aggregation in the case of
TREM2 dysfunctions [11,158–164].

Since the majority of TREM2 variants linked to Alzheimer’s disease (AD) are suggested
to result in disease mechanisms through loss-of-function mechanisms, enhancing TREM2
expression—even in patients without any TREM2 mutations—has been proposed as an
alternative therapeutic approach. This increase could be accomplished by using activating
antibodies directed at TREM2 or by introducing TREM2 into myeloid cells externally and
then administering them in vivo. Experiments are ongoing on gene therapy or cell therapy,
which were suggested to restore the proper TREM2 and microglial functions [169–171].
Even though targeting TREM2 may be promising in the case of neurodegeneration, con-
flicting results were found in terms of whether TREM2 expression could be beneficial or
harmful. Further studies are needed on the neurodegenerative and inflammatory mecha-
nisms, which could be associated with TREM2 and sTREM2. Timing of treatment should
be also a crucial, since the currently available therapeutic candidates may be more effective
in the earlier disease stages. For example, in the early disease stages, TREM2 may be more
effective in amyloid clearance. Genetic heterogeneity may also be a great challenge in
TREM2 targeting therapies. Besides Arg47His or Arg62His, the role of other rare TREM2
variants should also not be overlooked, since rare TREM2 variants may also be involved in
neurodegeneration. Finding and developing precise biomarkers for microglial activation
and for monitoring the real-time TREM2 singling may also be essential for therapeutic anal-
ysis and dose adjustment. Gene therapies for TREM2 may be useful, but off-target effects
should be avoided. Another challenge could be that stimulation of TREM2 may result in
overactivation of microglia, leading to neurodegeneration. These challenges suggest that
further research on TREM2 mutations, TREM2-related biomarkers, and optimizing the
timing and dosing are essential [169–172].

Ongoing research is investigating the therapeutic potential of targeting TREM2
(Table 2). VG-3927 is a selective, brain-penetrant, oral small molecule TREM2 agonist
currently under development for Alzheimer’s disease (AD). It was designed to enhance
protective microglial responses to aggregated amyloid and tau without increasing inflam-
mation. VG-3927 could maximize receptor activation and microglial function because it
does not bind to sTREM2. It could act as a molecular glue that potentiates the TREM2 sig-
naling response to natural damage ligands. Preclinical data show that it enhances microglial
amyloid and Tau uptake. VG-3927 has successfully completed Phase 1 clinical trials, since
it was associated with reduced sTREM2 CSF levels, and it will be advanced into a Phase 2
trial, which Vigil Neuroscience plans to initiate in the third quarter of 2025. The primary
limitation VG-3927 could be the complex and sometimes contradictory understanding of
TREM2 function throughout AD progression. There is a concern that microglia expressing
the most TREM2 might become desensitized to TREM2 stimulation, which could reduce
the effectiveness of VG-3927 in some individuals. Additionally, further studies should
be needed how changes in sTREM2 influence microglial activation, amyloid-beta plaque
clearance, and clinical AD progression [163,164].
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Table 2. Potential therapeutic candidates, targeting TREM2.

Name of Candidate Type Preclinical Development
Results Results in Clinical Trials References

VG-3927 Small Molecule Agonist

iPSC: increased
anti-inflammatory
activation
hTREM2-5xFAD mice:
reduced amyloid aggregates

Phase 1: reduced sTREM2
levels (50%)
May be safe, further
research needed, since there
may be potential side effects

[163,164]

AL002-humanized
IgG antibody Monoclonal antibody

Increases microglial
activation, proliferation
and survival

Phase 2: failed to slow
down AD despite
microglial activation

[165,166]

CGX101: IgG4 antibody Monoclonal antibody

In vitro and 5xFAD mice:
reduced amyloid burden
and cognitive decline
Reduced p-Tau in mice

Currently in preclinical
development phase [161,168]

Ab-T1 monoclonal antibody

Increased TREM2
expression, amyloid and
apoptotic neuron uptake,
reduced cognitive decline

Currently in preclinical
development phase, but
reduced sTREM2 levels in
CSF from patients

[161]

4D9 Monoclonal antibody

Mouse models: protecting
the microglia, enhanced
TREM2 signaling, improved
brain metabolism

Currently in preclinical
development phase [169]

Ab18 Monoclonal antibody

Rodent models: increased
amyloid clearance,
improved synaptic marker
intensity, reduced Tau
phosphorylation

Currently in preclinical
development phase [170]

PR009 Gene therapy
Stimulated TREM2
expression, maintain
microglial balance

Currently in preclinical
development phase [172]

Transplantation of
Trem2+/+
circulation-derived
myeloid cells

Cell/Gene therapy

5xFAD mice: restored
microglial functions, DAM
expression, reduced
plaque load

Currently in preclinical
development phase [173]

AL002 is a humanized monoclonal IgG1 antibody that activates the TREM2 signaling
pathway to increase the ability of microglia to clear pathology and protect neurons. It
binds to the stalk region of TREM2, which activates signaling but also promotes partial
internalization of the receptor, and it could inhibit the shedding of soluble TREM2. AL002
completed a Phase 1 study (INVOKE) in healthy volunteers, which showed it was generally
well tolerated and demonstrated proof of target engagement and mechanism. Based on
these results, AL002 progressed to the INVOKE-2 Phase 2 study in patients with early AD.
The INVOKE-2 trial failed to meet its primary endpoint of slowing decline and also did
not show promising improvements in CSF biomarkers, or amyloid-PET. The long-term
extension study of AL002 has been halted, and its future status remains unknown. Further
studies are needed on optimizing AL002 dosage, treatment timing, and the possibility of
combining it with other therapies [165,166].

Several drug candidates are available, currently in the preclinical phase. CGX101 is an
IgG4 monoclonal antibody that targets the extracellular domain of TREM2. This antibody
was designed to target both membrane-bound and soluble forms of TREM2. It could target
sTREM2; CGX101 could neutralize its pro-inflammatory effects and protect against the
long-term chronic neuroinflammation. Studies on 5xFAD mice revealed that CGX101 could
reduce the amyloid deposition and phospho-Tau burden. Furthermore, it may improve
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the cognitive functions in AD mice [161,167,168]. The Ab-T1 antibody is also a monoclonal
antibody, which could target both membrane-bond and sTREM2 with high affinity. It
could bind to the extracellular domain of TREM2, and activate the microglia though Syk
and Akt pathways, leading to the uptake of oligomeric amyloid peptides and apoptotic
neurons. Experiments on 5xFAD mice also revealed that Ab-T1 could also downregulate the
pro-inflammatory cytokines and improve the cognitive functions. Furthermore, Ab-T1 was
tested in CSF from human AD patients, and it reduced the sTREM2 levels in them [161]. 4D9
is a monoclonal antibody that targets TREM2 and it functions by stabilizing the full-length
TREM2 protein on the cell surface, reducing its proteolytic shedding by α-secretase. It also
activates phospho-SYK signaling pathways. This antibody binds to the stalk region epitope
of TREM2, which is close to the cleavage site. It could activate the microglia and increase the
amyloid clearance. In addition, 4D9 antibody could induce the mitochondrial functions and
enhance the brain metabolism. Mouse models showed that 4D9 could enhance the TREM2
signaling. One of its limitations could be that it targets not only membrane bond TREM2,
but also sTREM2 [169]. Ab18 is a tetravalent agonistic monoclonal antibody that aims to
increase TREM2 activation, leading to increased amyloid clearance. Mouse experiments
suggested that Ab18 may result in reduced amyloid and Tau levels. Furthermore, the
synaptic markers were also increased, and the cognitive functions were also improved in
the mice. One of the limitations of Ab18 could be that overstimulated TREM2 could result
in microglial overactivation, which could result in neurodegeneration [170].

Besides antibodies, gene therapies and cell therapies may also show promise in the
development of TREM2-related therapies [171–173]. PR-009 is an AAV-based gene therapy
designed to increase TREM2 levels in patients and microglial functions through inducing
TREM2-DAP12 interaction. One of the limitations could be the that TREM2 may act as a
double-edged sword controlling the pro-inflammatory pathways [172]. Transplantation
of Trem2+/+ circulation-derived myeloid cells can restore microglial function and replace
mutant microglia. In AD mouse models, this cell therapy was associated with restored
microglial functions and amyloid clearance. However, the issue with cell therapy could be
that these myeloid cells may be associated with high mortality [173].

7. Conclusions
TREM2 was verified as a risk factor for several neurodegenerative diseases, such as

AD, FTD, NHD, and PD, suggesting a broader role in immune responses and maintain-
ing nervous system homeostasis. However, the impact of TREM2 mutation may not be
straightforward, exhibiting complex and sometimes contradictory effects that necessitate
a critical examination of current research [15,16]. Notably, mutations in TREM2 could
have diverse effects, such as impaired microglial function, reducing their ability to clear
amyloid-beta and control inflammation, which can accelerate disease progression. Further-
more, they could enhance the neuroinflammatory process. However, besides increasing
the degree of amyloid deposition, TREM2 Arg47His was also found to be beneficial in
the case of Tau pathology. Also, His157Tyr mutation was suggested to protect against
amyloid pathology, but GWAS studies suggested that it could be a possible risk variant
for AD. This duality reflected that TREM2 could maintain the immune response balance
in the brain, where its effects could be both protective and pathological depending on
the specific disease context or stage [118–159]. Investigating TREM2 mutations is vital for
understanding the pathological mechanisms underlying neurodegeneration and offers a
foundation for developing novel therapeutic strategies [111–173]. Therapeutic approaches
targeting TREM2—including antibodies or gene therapy [111–173]—should be promis-
ing approaches in AD, but they may require careful optimization based on disease stage,
mutation type, and microglial state. After the unsuccessful clinical trial of INVOKE-2,
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there could be the question of whether TREM2 could be still a worthy target. A recent
study suggested that it could be, but also it may not be. Targeting TREM2 may be still a
promising area of drug development. However, further research may be needed on TREM2
therapies to find out the optimal dosage and timing of therapy. These results highlight
that the microglial signaling may be very complex and a more refined and personalized
approach should be essential in case of therapy. TREM2 function could be modulated by
multiple factors, including mutations of disease stage, or biomarkers. Mutations in TREM2
may alter the gene and protein expression and sTREM2 levels, suggesting that identifying
the genetic disease risk factors should be essential for drug development. Furthermore,
using fluid and imaging biomarkers should also be important for monitoring the treatment
outcome. TREM2 pathway engagement and monitoring therapeutic outcomes. sTREM2, a
marker of microglial activation, has emerged as a potential dynamic indicator of treatment
response [165,166]. Ultimately, a comprehensive understanding of the TREM2–microglia
axis will be crucial for designing safe and effective interventions that can truly modify
disease progression and improve outcomes for individuals affected by these devastating
conditions [16,158–174].
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