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Abstract. Alzheimer’s disease (AD) is a complex neurodegenerative disorder involving heterogenous pathophysiological
characteristics, which has become a challenge to therapeutics. The major pathophysiology of AD comprises amyloid-� (A�),
tau, oxidative stress, and apoptosis. Recent studies indicate the significance of Triggering receptor expressed on myeloid cells
2 (TREM2) and its mutant variants in AD. TREM2 are the transmembrane receptors of microglial cells that performs a broad
range of physiological cell processes. Phagocytosis of A� is one of the physiological roles of TREM2, which plays a pivotal
role in AD progression. R47H, a mutant variant of TREM2, increases the risk of AD by impairing TREM2–A� binding.
Inconclusive evidence regarding the TREM2 signaling cascade mechanism of A� phagocytosis motivates the current review
to propose a new hypothesis. The review systematically assesses the cross talk between TREM2 and other AD pathological
domains and the influence of TREM2 on amyloid and tau seeding. Disease associated microglia (DAM), a novel state of
microglia with unique transcriptional and functional signatures reported in neurodegenerative conditions, also depend on
the TREM2 pathway for its differentiation. DAM is suggested to have a neuroprotective role. We hypothesize that TREM2,
along with its signaling adaptors and endogenous proteins, play a key role in ameliorating A� clearance. We indicate that
TREM2 has the potential to ameliorate the A� burden, though with differential clearance ability and may act as a potential
therapeutic target.
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INTRODUCTION

Alzheimer’s disease (AD), an insidious neurode-
generative disease, severely impairs the cognitive
abilities of the affected individual [1]. The com-
plex pathophysiology of AD includes amyloid-�
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(A�), tau, oxidative stress, and apoptosis, which
pose a challenge to therapeutics [2]. Currently, 50
million people across the globe are affected with
dementia, and by 2050, the number may acceler-
ate 3 times to 152 million with one new dementia
case every 3 seconds [3]. The majority of AD cases
are sporadic, and the critical interaction among its
heterogenous pathological domains is still obscure
and its mechanisms are not known [4]. Recent stud-
ies indicate the significance of triggering receptor
expressed on myeloid cells 2 (TREM2) and its
mutant variants in AD and is emerging as the novel
dimension with potential therapeutic scope [5, 6].
TREM2 is a trans-membrane receptor belonging to
the super family of immunoglobulin and is exclu-
sively expressed by microglial cells in the central
nervous system (CNS) [7]. Studies have identified
that, for A�, TREM2 is considered as a receptor, and a
mutant variant of TREM2, R47H, impairs the binding
of A� [8]. Microglia deficient in TREM2 exhib-
ited anomalies in glycolysis, anabolic metabolism,
levels of ATP, and activation of mammalian tar-
get of rapamycin (mTOR) pathway, and the role
of TREM2–DNAX activation protein 12 (DAP12)
interaction in microglial function is still not clear
[9–12]. The above studies reported conflicting results
with respect to the role of TREM2 in microglial
activation. Additionally, there is an increase in A�
plaques in the 5XFAD mice model, with deficiency
of TREM2 [13], and the contradictory results are
reported in different studies [14, 15]. All these studies
are inconclusive and contradictory, raising the need to
focus on and conduct TREM2 and microglial-based
research. Despite certain contradictory findings, so
far, all the tested A� models of AD suggest that
TREM2 is imperative for activation and clustering
of disease associated microglia (DAM) and also fur-
ther enhancing signaling of the mTOR pathway [16].
Our review is focused on the structure of TREM2 to
understand its ligand binding domains and various
mutations of the TREM2 structural domains leading
to deleterious pathological features. The mechanism
of TREM2 downstream signaling and phagocytosis
of A� has been emphasized in the review. Further,
the understanding of the complex pathological inter-
actions among TREM2 and other AD pathological
domains has been extended on the cross talk of
TREM2 with A�, tau, Apolipoprotein E (APOE), and
phospholipase C�2 (PLC�2). The role of TREM2 in
transforming homeostatic microglia to a DAM state
also has been discussed in the review. In the backdrop
of inconclusive evidence regarding the TREM2 sig-

naling cascade, a new hypothesis has been proposed
by us to understand the novel complex pathophysiol-
ogy of AD.

STRUCTURE OF TREM2

The solution NMR structure of the TREM2
wild type was recently elucidated by Steiner [17].
13C� and 13C� chemical shifts were employed for
measurement of the secondary structure of U2–H,
13C, 15N-labelled TREM2–TM WT (amino acids
161–206). The �-helix was observed in amino acids
ranging from S174 to W198. The study also assessed
the magnitude of chemical shifts; 13C� and 13C�
and demonstrated that the C-terminal portion of
TREM2–TM exhibited reduced �-helical propensity.
Further, nuclear Overhauser effect (NOE) studies of
NMR suggested that there is no secondary structure
between the amino acids A189 and L193. Therefore,
this unstructured kink region results in a differen-
tial orientation of the short stretch of the C-terminal
helix with regard to the N-terminal �-helix. In order
to eliminate structural effects caused by tiny spherical
detergent micelle, researchers performed insertion of
TREM2 into lipid bilayer nano discs. The results sug-
gest a similar secondary �-helical content devoid of
NOE contact between the amino acid ranges A189-
L193. Due to the unfavorable location of lysine—186
in hydrophobic lipid environment, it assumes an
important role in determination of TREM2–TM WT
structural dynamics. Accordingly, NMR studies of
the TREM2–TM in complex with DAP12 structure
indicates that the �-helical structure exhibited contin-
uously from S174–W198 without the amorphic kink
region.

Native TREM2 embodies three domains: 1) Extra-
cellular domain comprising of 1–172 amino acids,
2) transmembrane domain comprising of 173–195
amino acids, 3) intracellular domain comprising of
196–230 amino acids [14] (Fig. 1). Mature TREM2
protein comprising of 212 amino acids (aa 19–230)
after trimming aa 1–18, which serve as a membrane
targeting peptide, where in, extracellular component
of TREM2 assumes V-like immunoglobulin fold and
a transmembrane domain adopts helical configura-
tion [18]. Two disulfide bonds, C36 ↔ C110 and C51
↔ C60, were located in the extracellular domain, and
asparagine at amino acid positions 20 and 79 were
subjected to N-glycosylation post [19].

The extracellular domain of TREM2 also com-
prises a short stalk region, whereas the intracellular
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Fig. 1. Structure of TREM2–DAP adaptor complex: The figure explains the composition of TREM2 in Plasma membrane and its complex
formation with DAP 10 and 12 complex. TREM2, Triggering receptor expressed on myeloid cells 2; DAP 12 and 10, DNAX activation
proteins 12 and 10; ITAM, Immunoreceptor tyrosine based activation motif; YINM, tyrosine-isoleucine-asparagine-methionine; SYK,
Spleen tyrosine kinase; PI3K, Phosphatidyl inositol 3-kinase; sTREM2, Soluble TREM2; ADAM 10 and 17, �-secretase-disintegrin and
metalloproteinase domain containing proteins 10 and 17.

domain is devoid of any signaling motifs. The trans-
membrane domain of TREM2 is associated with two
adaptor proteins: DAP12, also called TYRO protein
tyrosine kinase-binding protein, and DNAX activa-
tion protein 10 (DAP10), also called hematopoietic
cell signal transducer [16]. DAP12 is functionally
required for TREM2 cell surface expression, and for
intracellular transmission signals via spleen tyrosine
kinase (SYK) [20]. DAP10 facilitates the phos-
phatidyl inositol 3 kinase (PI3K) recruitment [21].
Triggering receptor expressed on myeloid cells 1
(TREM1) also belongs to the super family of immune
globulin and stimulates neutrophils and monocytes
by DAP12 signaling. Additionally, TREM1 facili-
tates the secretion of pro-inflammatory cytokines and
chemokines in response to fungal and bacterial inva-
sions [22].

TREM2 FACILITATES A� PLAQUE
PHAGOCYTOSIS

TREM2 facilitates phagocytosis of A� through its
signaling cascade. Initially, A� fibrils associate with
the ecto domain of TREM2, which contains V-type
Ig like region with which different ligands interact
[23]. The study reported that amino acid residues
31–91 located in the ecto domain of TREM2 inter-

acts with A�, and the group has identified the ligand
binding sequence by constructing a set of short-
ened C-terminal recombinant TREM2 proteins and
by conducting A�1-42 binding assays [24]. In vitro
studies suggests that different A� filaments exhib-
ited varied affinities with ecto domain of TREM2,
where in, A� oligomers exhibited highest affinity for
TREM2 ectodomain than the A�40 monomers, A�42
monomers, and A�42 fibrils [25]. Further, it results in
the formation of a TREM2-A� complex, and activa-
tion of microglia takes place to facilitate programmed
phagocytosis of cell, so as to clear the protein
aggregates [15]. Simultaneously, both TREM2 and
sTREM2 accumulate around A� plaques there by
prohibiting the dispersal of plaques towards the prox-
imal healthy tissues [8].

TREM2/DAP12 facilitates microglial survival,
proliferation, phagocytosis, and motility through sig-
naling cascade molecules. Initially, TREM2/DAP12
triggers a cascade of events, in the way of activation
of various downstream molecules which comprises
PI3K, extracellular signal regulated protein kinase
(ERK), PLC�2, and VAV, which in turn activates Akt
(Serine/threonine kinase Akt (protein kinase B)), dia-
cylglycerol (DAG), and inositol 1,4,5-trisphosphate
(IP3) resulting to mTOR pathway activation. Sim-
ilarly, TREM2 facilitates microglial survival and
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inflammation through activation of downstream sig-
naling molecules, PI3K, NFκB, and ERK, which
activate the Akt pathway [26]. With regard to
neuronal inflammation, the majority of the experi-
mental results confirmed the anti-inflammatory role
of TREM2 by suppressing Toll-like receptor (TLR)-
induced release of pro inflammatory cytokines:
Interleukin (IL)-6 and Tumor necrosis factor (TNF)-
� [27, 28]. Based on the current studies, it can be
concluded that TREM2 has an imperative role in A�
phagocytosis and has a potential role in modifying
the progression of AD.

DOWNSTREAM SIGNALING
MECHANISMS OF TREM2

TREM2-based signal transduction based on the
adaptor proteins DAP12 and DAP10 are a) TREM2-
DAP12-ITAM-SYK and b) TREM2-DAP10-YINM-
PI3K. In TREM2-DAP12 signaling cascade, DAP12
is the adaptor for TREM2 and several other single
transmembrane receptors. The consensus sequence
of immunoreceptor tyrosine-based activation motif
(ITAM) of DAP12 is YxxI/Lx (6–12) YxxI/L. Upon
activation of TREM2 by ligands, DAP12 mediates
TREM2 signaling which leads to phosphorylation
of ITAM which culminates to Ca2+ mobilization,
phosphorylation of ERK, and remodeling of actin
[29]. The Ly-49 receptors expressed on natural killer
cells and some subsets of T cells. These receptors
are homo-dimers and are lectin like type II trans-
membrane receptors [30]. LY49D model based in
natural killer cells explain the canonical signaling
pathway of TREM2-DAP12 [31]. Initially, binding
of LY49D leads to the phosphorylation of tyro-
sine residues in ITAM of DAP12 by SRC kinases,
which act as binding sites for SH2 domain of SYK.
SYK activation results in the phosphorylation of
endogenous signaling proteins—ERK 1/2, Cb1, and
PLC�1. This signaling cascade initiates the hall-
mark TREM2 signaling through ERK, activating
RSK. Both translocate to the nucleus and activates
multiple transcription factors to synthesize effector
proteins (Fig. 2). The signaling cascade mecha-
nisms are implicated in cell survival, differentiation,
and proliferation [29]. In haemopoietic cells, ITAM
phosphorylation explores scaffold proteins such as
Linkers for activation of T and B cells (LAT and
LAB) to recruit Grb2, cb1, vav, and PI3K [32]. In
osteoclasts and bone marrow derived macrophages,
TREM2-DAP12 use LAB to stimulate calcium mobi-

lization [33]. The signaling cascade mechanism of
TREM2 serves as a core platform in clearing the A�
burden. Keeping in view of the obscure information
on the kind and number of ligands in the TREM2 cas-
cade, further research has to be conducted to reveal
and to understanding the specific ligands involved
which will serve as potential therapeutic targets.

TREM2 VARIANTS AND ITS
PATHOLOGICAL ROLE IN AD

Different TREM2 variants lead to deleterious
pathological consequences. For instance, impairment
of TREM2 and A� binding and disruption of signal-
ing mechanism. Loss of TREM2 functional activity
attributes to biallelic mutations which is rare and
causing Nasu-Hakola disease (NHD) [34] and in
certain cases causes frontotemporal dementia (FTD)
[35]. The mutations in TREM2 that result in NHD and
FTD originate from the ecto domain (Y38C, T66M)
[36] and transmembrane domain (D134G, K186N).
Even mutations in early stop codons [37] or splice
sites [38] may result in NHD and FTD. With regard to
AD, R47H, a mutant variant of TREM2, increases the
risk for AD as suggested by two independent groups
analyzing European and North American cohorts [5]
and Icelandic cohorts [6]. Further, researchers sug-
gested a considerable association of R47H and R62H
TREM2 variants with late onset AD (LOAD) in
cohorts of African Americans, but these mutations
contributing to AD risk were extremely rare in Cau-
casian cohorts.

Kober and Brett [29], during mapping of TREM2
electrostatic surface, recognized a large basic patch
which was found to have a unique functional role
in TREM2. Interestingly, this unique domain was
not located in other family members of TREM. Fur-
ther, TREM2 mutants R47H and R62H reduce the
basic patch size, which lowers the binding ability
of TREM2, thereby impairing its function. Another
variant T96K increases the basic patch size resulting
to functional gain in TREM2.

R47H, the crux TREM2 variant

R47H TREM2 variant is the most commonly
responsible for LOAD [39]. The genome wide asso-
ciation studies (GWAS) indicated that the R47H
mutational variant triples the AD risk with 23 %
faster dementia rate compared with non-variant carri-
ers [40]. With regard to the functional disruption role
of the R47H TREM2 variant, it disrupts the TREM2
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Fig. 2. Canonical signaling pathway of TREM2–DAP12 cascade and its functional role. Phosphorylation of tyrosine residues of ITAM in
DAP 12 leads to the activation of SYK which results to phosphorylation of endogenous signaling proteins: ERK 1/2, Cb1, and PLC�1.
These proteins translocate to nucleus and initiates the expression of multiple transcription factors which had implications in cell survival,
differentiation, and proliferation.

ligand binding domain, thereby severely impairing
ligand-receptor interactions [41]. Comparative stud-
ies on the structures of R47H and wild type TREM2
based on high resolution unearths that Arg47 was a
key amino acid residue in 2 loops of complementarity
determining region which determines the functional
specificity in binding to ligands like lipids and others
[42]. Impaired TREM2 and A� fibrils binding leads
to the accumulation of A� plaques, besides weaken-
ing of immunity. In addition, immunofluorescence
studies in the brain of R47H carriers suggest that
fewer microglia have been activated, which results
to the distortion of barrier function of microglia [43].
Considering all these findings, it can be inferred that
R47H increases the risk of AD. Different variants of
TREM2 and its effects on TREM2 ligand binding
affinity has been tabulated in Table 1. Results sug-
gested that TREM2 variants, R47H, R62H, G145T,
T66M, Y38C, and Q33X, lower the TREM2-ligand
binding affinity. But T96K increases the ligand bind-
ing affinity, whereas W191X, E151K, and L211P did
not exhibit any noticeable effect [23].

GENESIS AND FUNCTIONAL ROLE OF
SOLUBLE TREM2

In vitro and in vivo studies suggest that through
the catabolic activities of the sheddases, the

Table 1
TREM2 Variants. Different TREM2 variants and its effects on the

TREM2-Ligand affinity

S. No TREM2 Variants Effect on TREM2 – Ligand affinity

1 R47H Lowers the binding affinity
2 R62H Lowers the binding affinity
3 W191X NA
4 E151K NA
5 L211P NA
6 G145T Lowers the binding affinity
7 T96K Increase the binding affinity
8 T66M Lowers the binding affinity
9 Y38C Lowers the binding affinity
10 Q33X Lowers the binding affinity

extracellular domain of TREM2 can be broken
down to generate an independent soluble TREM2
(sTREM2) which regulates the interaction between
surrounding microenvironment and neurons [44].
The �-secretase-disintegrin and metalloproteinase
domain containing proteins 10 and 17 (ADAM 10
and ADAM 17) [16] are the kind of sheddases which
belonged to the metalloproteinase family, which have
been exhibited to cleave stalk region of TREM2
resulting to the liberation of immunoglobulin (Ig)
domain thereby generating sTREM2 [45]. Mass spec-
trometry studies of human cultured macrophages
suggests that His 157–Ser 158 are the cleavage por-
tions of TREM which are catabolized by ADAM
10 and ADAM 17 respectively [46]. Significantly,
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a TREM2 gene mutation, H157Y, favors the shed-
ding of TREM2 to generate sTREM2 by ADAM
enzymes and can be correlated with an increase in
AD risk [47]. After the ADAMs enzymatic activities,
the remaining transmembrane domain of TREM2 is
further subjected to �-secretase proteolytic activity
[44]. In addition to ADAM-based sTREM2 genera-
tion, sTREM2 also generated from alternate splicing
of TREM2 transcript, which produces two isoforms,
which have been identified in CNS of humans [48].

Generally, after sTREM2 is generated, it is secreted
into extracellular/luminal space. Further, it can also
settle in varied extracellular spaces, for instance,
sTREM2 is generated from microglial TREM2
released into brain parenchyma [49], whereas
sTREM2 of monocytes released into the blood.

Pathological role of sTREM2 in AD

The shedding of the ectodomain portion of TREM2
is promoted by various ligands [29]. As indicated
earlier, ADAMs-based enzymatic cleavage releases
sTREM2, whereas the remnant transmembrane pep-
tide subjected to �-secretase cleavage which triggers
intracellular signal transduction wherein both these
processes facilitate microglial activation in the
CNS [50]. Upon activation, microglial cells secrets
number of cytokines which are both pro- and anti-
inflammatory and in turn impact the innate immune
system [51]. They exhibited a correlation between
sTREM2 and CSF tau/p-tau levels [52, 53]. Intrigu-
ingly, these studies suggest a strong correlation
between sTREM2 and CSF tau, but not A�, therefore,
it can be inferred that TREM2 correlates with tauopa-
thy in AD progression. Nevertheless, a research study
suggests that levels of CSF sTREM2 correlate with
both tau and A�, reaching peak levels during the
initial stages of clinical impairment. Based on these
prevailing studies, it can be suggested that accumu-
lation of sTREM2 during activation of microglia as
a response to the pathological events, but not a cause
of these events. The current studies significantly indi-
cate that sTREM2 is a potential biomarker with strong
therapeutic potential for future exploration.

CROSS TALK OF TREM2 WITH AD
PATHOLOGICAL DOMAINS

TREM2 interacts with other pathological domains
of AD: A�, tau, APOE, and PLC�2. This section
of the paper intrinsically assesses the interplay of
TREM2 with other domains. The study suggests that

the absence of functional TREM2 raises the amy-
loid plaques in experimental mouse models, where
TREM2 deficiency leads to tau seeding and spread-
ing. Both TREM2 and APOE are needed for the
differentiation of classical homogenate microglial
state to DAM state. Pro522Arg, a rare variant of
PLC�2, lowers the AD risk [54–57]. Pathological
implications in cross talk between TREM2 and other
AD domains have been analyzed in detail (Fig. 3).

Does TREM2 influence amyloid seeding?

Proliferation and dispersion of misfolded amy-
loidogenic proteins through varied regions of the
brain is the chief feature of many neurodegenerative
disorders, and a redolent of prion-like disorders [58].
Under experimental conditions, amyloid seeding and
spreading can be triggered by intracerebral injec-
tion of homogenates originating from mouse models
for varied neurodegenerative disorders or human
brain with respective disorders [59]. The functional
role of TREM2 is diverse ranging from chemotaxis,
dead cells engulfment [60], phagocytosis of A� fib-
rils, and energy metabolism maintenance [61]. The
studies based on different mouse models suggests
that by suppressing homeostatic mRNA, homeostatic
microglial cells transform into DAM by enhancing
its transcriptional profile [56]. To ascertain the func-
tional and pathological association between TREM2
and amyloid seeding, recently Parhizkar et al. [54]
conducted research studies in different themes. To
exemplify the TREM2 role during the early gene-
sis of amyloid cascade, the researchers have used
APP/PS1 transgenic mice and conducted the intrahip-
pocampal injection of brain extracts comprising of
A�. The studies have generated important findings
and progressive outcomes. It was reported that lack
of functional TREM2 raises the amyloid plaques in
experimental mouse models. APP mice, which were
non seeded and uninjected, do not exhibited the devel-
opment of amyloid plaque seeding, but in young
age, plaque formation is quite unpredictable. Intense
seeding of amyloid plaques was exhibited in the hip-
pocampi of APP/PS1/Trem2+/+ mice, which has
been injected with A� brain homogenate. Similarly,
lack of TREM2 functioning not only led to increase of
amyloid plaque seeding but also exhibited more dif-
fuse type A� fibrils. TREM2 function also influences
the microglial clustering which enriches the amyloid
plaque seeding. Contradicting the same, in the case of
APP/PS1/Trem2–/– or APP/PS1/Trem2pT66M, clus-
tering of microglia was severely reduced. These
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Fig. 3. Pathological implications in cross talk between TREM2 and other AD domains. a) Cross talk between TREM2 and A�. b) Cross
talk between TREM2 and tau. c) Cross talk between TREM2 and APOE. d) Cross talk between TREM2 and PLC�2. All these cross talk
features play a crucial role in novel pathophysiology leading to neuronal cell dysfunction.

findings clearly indicate that microglial clustering
around amyloid plaque seeding was inevitably depen-
dent on TREM2 functioning; otherwise, it may lead to

deleterious pathophysiological conditions like poor
immune defense against the amyloid plaques as the
disease associated microglia cannot be transformed
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in the absence of TREM2 functioning. Parhizkar and
colleagues [54] also reported the functional connec-
tion between TREM2 and amyloid plaque associated
ApoE. Co-deposition of ApoE in amyloid plaques
comes under the influence of microglial cells in the
way that after the homeostatic microglial conversion
to DAM, the same will begin the microglial ApoE
expression wherein TREM2 functioning is essential
for DAM progression [56]. Corroborating the same,
devoid of TREM2, despite the existence of high amy-
loid plaque load in hippocampal plaques exhibited
considerable reduction of amyloid plaque associated
ApoE. Based on these findings, it can be analyzed that
in mice with loss of TREM2 function, leads to the
reduction of microglial cluster around the amyloid
seeding, as the former influences the latter’s DAM
state, which is the pathophysiological defense in var-
ied neurodegenerative disorders, therefore, reducing
the clearing of amyloid plaques by phagocytosis.
It also lowers the levels of A� associated ApoE.
Finally, the significant outcome of this research is
loss of TREM2 function promotes amyloid seeding
at the early phase of the disease and amyloid plaque
fibrillation is highly influenced by the activation of
microglial cells, i.e., DAM stage.

Does TREM2 influence tau seeding?

The characteristic pathophysiology of AD is for-
mation of neuritic plaques (NPs), its chief features
encompass swollen dystrophic neuronal processes
consisting of phosphorylated-tau (p-tau) aggregation,
which encircles A� deposits [55]. Neurofibrillary
tangles (NFTs), which are also one of the patho-
logical features of AD, also encompasses p-tau and
are mostly formed in the cerebrum’s medial tem-
poral lobe in persons with healthy cognitive levels.
He et al. [62] exhibited that A� plaques facilitated
seedings of local tau in dystrophic neurites, which
in turn favors the genesis of p-tau in NFTs and NPs.
This consolidated the idea that A� plaques favor the
formation of p-tau in NFTs and NPs, and there by
progressing of AD. At this juncture, earlier research
work concretizes the idea that microgliosis impedes
the peri-plaque neuritic dystrophy [63]. Leyns et al.
[55] tested that TREM2 loss or reduced microglio-
sis would accentuate NP tau formation, furthering
its aggregation and spreading. They also examined
the effects of deficiency of TREM2 and its AD vari-
ant TREM2R47H on neuritic plaque tau pathology.
The researchers have used a novel mouse model
(APP/PS1–21) in different modes with endoge-

nous tau-inducing AD-like features. The research
has generated valuable outcomes and insights. The
work reported widespread seeding of NP tau aggre-
gates in both ipsilateral and contralateral cortex of
APP/PS1–21 mice wherein, the levels of NP tau were
higher in T2KO and T2R47H mice comparing to the
T2CV and T2WT mice. Significantly, aggregation of
neuritic plaques were not reported in the absence of
A� plaques. The point of inference is A� plaques cre-
ates conditions favoring neuritic plaques. The studies
also examined connection between TREM2 function
and NP tau seeding, based on the investigations, they
have suggested that A� plaques triggers neuronal
toxicity there by facilitating the manifestation of a
favorable environment which prompts the formation
of pathological tau seeding. Researchers also exam-
ined the possibility of human AD cases in carriers
of AD associated variants of TREM2. In prefrontal
cortex tissue, variants of TREM2, R47H and R62H,
are risky carriers of LOAD. These findings reported
considerably higher p-tau levels which encircles the
amyloid plaques in AD risk TREM2 variants. In
this work, a novel mouse model has been devel-
oped to investigate the pathological effects of TREM2
on both the A� and tau aggregation, which was
a significant development. The key findings of the
work suggests that higher vulnerability to tau seeding
and spreading in dystrophic neurons encircling A�
plaques in cases of TREM2 deficiency and AD risk
TREM2 variant, R47H. Finally, the significant out-
come of this research suggests that TREM2 facilitates
microgliosis around A� plaques, thereby limiting the
damage inflicting on adjoining neuronal processes,
most probably by restricting toxic A�42 levels.

TREM2 and APOE

As per the GWAS and whole exome sequencing,
over 30 genetic loci were identified as risk factors for
AD, wherein APOE and TREM2 were considered as
the important genetic attributers of AD [64]. Express-
ing in glial cells, TREM2 and APOE constituted as
part of the major chunk of genes which are associated
with LOAD [65]. The functional connection between
TREM2 and APOE is reported by Atagi and col-
leagues [66]. The research group demonstrated that
APOE enhances the phagocytosis of apoptotic neu-
rons by dint of TREM2 pathway, whereas the TREM2
R47H variant, which is an AD risk variant was exhib-
ited to lower the affinity of TREM2 binding to APOE.
Significantly, lipidation of APOE increases its bind-
ing ability to TREM2 and formation of complexes
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between A� and APOE, low density lipoprotein
(LDL) or clusterin which enhances the efficiency of
microglia in A� uptake. Corroboratingly, the same
study reported that microglia deficient in TREM2
have a low ability to uptake of A�-APOE or A�-LDL
complexes [67]. Jendresen and colleagues [68] exhib-
ited that amino acid residues between 130–149 of
human APOE constituted as the TREM2 binding site
and also suggested that specificity in APOE isoforms
determines binding with TREM2. TREM2 deficient
microglial cells in the way of haplo deficient, gene
knockout or TREM2 R47H reported dose dependent
declining of microglial activation encircling the A�
plaques leading to the formation of highly diffuse and
less compact A� plaques [8].

Consistent to these findings, TREM2 overex-
pression leads to considerable reduction in A�
plaques and amelioration of cognitive impairment in
5xFAD mice [69]. Transformation from homeostatic
microglia to DAM requires unique transcriptional
signatures, wherein APOE and TREM2 were part of
this domain. This finding is supported by APP mice
deficient in APOE/TREM2 failing to transform into
DAM [56]. Therefore, failure in converting to DAM
results in impairment of essential immune defenses
such as phagocytosis, proliferation, survival, and
chemotaxis.

TREM2 and PLCγ2

PLC�2 is a crucial signaling molecule for different
cell surface receptors comprising of immunorecep-
tor tyrosine-based activation motif (ITAM) as an
intracellular domain [70]. GWAS has revealed that
rare variant of PLC�2 gene–Pro522Arg (P522R)
found to be associated with lowering AD risk [57].
P522R not only exhibited protective action against
AD but also other neurological disorders like Lewy
body dementia and FTD. It is very much interesting
that people carrying the P522R variant may have a
longer longevity at least 90 years of age and with
healthy cognitive levels. Surprisingly, the variant of
PCL�2 had no significant neuroprotective effect in
certain neurological disorders, for instance, amy-
otrophic lateral sclerosis, progressive supranuclear
palsy, Parkinson’s disease, or multiple sclerosis [71].

PLC�2 catabolizes the membrane phospholipid
phosphatidylinositol 4,5-bisphosphate releasing IP3
and DAG [72]. Andreone and colleagues reported
that PLC�2 acts as a significant node for func-
tioning of TREM2 and inflammatory response in
human microglial cells. Signaling of PLC�2 down-

stream of TREM2 facilitates induced pluripotent
stem cell-derived microglial like (iMG) cells. The
study demonstrated that based on the quantifica-
tion of phosphorylated SYK levels at amino acid
residues Y525 and Y526 in cells of WT, TREM2, and
PLC�2 KO iMG. The researchers also suggested that
PLC�2 is needed for TREM2 dependent metabolism
of cholesterol regulation. Other important findings
included that TREM2 and PLC�2 were needed for
neuronal debris processing and, most importantly,
that PLC�2 facilitates inflammatory response by dint
of TREM2 independent signaling. These research
findings open new horizons in AD pathophysiology
through TREM2 and PLC�2. Catabolic activity of
PLC�2 depends on its phosphorylation; ITAM per-
forms this task by recruiting kinases such as Bruton’s
tyrosine kinase, SYK, and B cell linker. The resultant
DAG and IP3 mediate secondary signaling process
for both membrane bound immunological receptor,
and growth factor receptor [69] also embodies PKC
activation and release of intracellular calcium [73].
The secondary messages of PLC�2 are needed for
varied membrane functions, for instance, endocyto-
sis, cellular proliferation, and calcium flux [70].

Increased expression of PLC�2 was reported based
on comparative gene expression profiling with regard
to established genetic risks in AD [74]. Similarly,
sequencing of single microglia pertaining to two dif-
ferent AD disease models of mice exhibited either
A� or tau pathology also suggested the AD risk
gene expression which also comprises of PLC�2 gene
[75]. Of late, recombinant human induced pluripo-
tent stem cell-derived microglial like cells exhibited
that activity of PLC�2 in microglial cells regulates
a wide array of processes downstream of TREM2
comprising of myelin phagocytosis, survival, lipid
metabolism, and processing of inflammation down-
stream of TLRs [76]. Summation of all these findings
suggests that PLC�2 may play a significant role in
pathophysiology of AD.

BIOLOGY OF MICROGLIA

Microglial cells are the resident phagocytic cells
of the CNS exhibit neuronal inflammation [77].
Microglial cells attain two morphological forms:
inactive form, which is meant for surveillance; and
active form, which in turn, exists in two states,
M1 and M2 [78]. Pro-inflammatory cytokines, for
instance, Interleukin-1� (IL-1�), Interleukin-1 (IL-
1), and TNF are secreted by M1 form, whereas M2
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active stage can functions as anti-inflammatory com-
ponent, repairing of tissues and ingestion of cellular
debris [79]. Disproportionation between pro- and
anti-inflammatory states of microglial cells results to
chronic inflammation, which is a severe pathological
state and different from that of acute inflamma-
tion, which is normal defense response of the brain
against pathological abnormalities and injuries [80].
Adding to the AD pathophysiological heterogene-
ity, microglia and TREM2 receptor emerged as novel
pathway in AD pathogenesis.

The percentage of microglia is less in total pop-
ulation of glial cells within the brain and in healthy
CNS microglial cells prevails in resting state [81].
The activated microglial cells during pathological
conditions undergo morphological alterations and
secrets chemokines and cytokines, there by affect-
ing adjoining cells. The microglial activities in
AD comprises clearing of A� deposits, stimulating
phagocytosis and secretion of cytotoxic mediators.
Activation of microglia by A� under in vitro con-
ditions triggers the expression of pro-inflammatory
cytokines comprising of interleukins: IL-6, IL-8, IL-
1�, TNF-�, reactive nitrogen and oxygen species, and
chemokines, all contributes to neuronal damage [82].

Microglia expresses different kinds of receptors
such as receptor for advanced glycosylation end prod-
ucts, CD36, TREM2, TLRs, Scavenger receptors (SR
- A I/II), Fc receptors and complement receptors,
all these receptors function in a cooperative manner
and are involved in the recognition process, internal-
ization and clearance of A�, and activation of cells
[83].

DISEASE ASSOCIATED MICROGLIA AND
TREM2

A novel and unique subset of microglial cells of
CNS was reported by Keren-Shaul et al. [56] as
DAM, and their findings were based on compre-
hensive single cell RNA analysis of immune cells
in CNS in neurodegenerative pathological condi-
tions. DAM exhibited distinct transcriptional and
functional signatures. Under neurodegenerative con-
ditions, microglial cells transform into DAM [43]
and may play a neuroprotective role [56]. Many
of the genes which were expressing in the DAM
were identified in human GWAS to be linked to
AD and other kinds of neurodegenerative conditions,
which also comprise TREM2 membrane receptor,
needed for activation of DAM [84]. Neurodegener-

ative studies conducted in mouse models deficient
in TREM2 receptor exhibited that TREM2 signaling
is imperative for microglial cells to recognize and
respond to neurodegenerative conditioning. Based
on the microglial analysis from TREM2 deficient
mouse model (5xFAD and APP/PS1), differentiation
of DAM is a dual sequential process. In stage 1, which
is a TREM2 independent process, transition of home-
ostatic microglia into stage 1 DAM is facilitated by
unknow signals, whereas stage 1 DAM differenti-
ates into stage 2 DAM through TREM2 signal [85].
TREM2 dependent signaling step embodies upregu-
lation of phagocytic, lysosomal, and lipid metabolic
pathways, for instance, Lpl, Itgax, Axl, and Cst7.
TREM2 signaling pathway which facilitates the dif-
ferentiation from stage 1 DAM to stage 2 DAM is
still obscure. Different hypotheses were proposed to
describe how signaling process of TREM2 transform
stage 1 DAM to stage 2 DAM. Research studies which
exhibited that TREM2 tend to be pro survival and
pro proliferative through the secretion of �-catenin,
PI3K, and mTOR pathways [9, 12, 21]. The finding
supported the hypothesis that TREM2 may sustain
microglial activation triggered by other receptors in
stage 1 DAM. Molecular characteristics of DAM
includes expression of Iba1, Hexb, and Cst3, which
are typical microglial markers [22].

OUR HYPOTHESIS

Microglial TREM2 receptors and its associated
DAP adaptors driven signaling pathways
ameliorates amyloid-β aggregates in Alzheimer’s
disease (Fig. 4)

We propose a hypothesis that ecto domain of
TREM2 binds to both A� oligomers and monomers,
though it may be with differential efficacy. We assume
that the binding ability of A� oligomers with TREM2
ecto domain is high owing to its soluble nature, and
therefore imperative in obstructing the fibrillation A�
which is highly neurotoxic and furthering the A�
plaque formation. Dual signaling cascading mech-
anisms derived from DAP adaptor proteins (DAP12
and DAP10) which are linked to TREM2. The sig-
naling pathways derived from DAP12 and DAP10
encompasses: a) DAP12 −→ ITAM −→ SYK;
b) DAP10 −→ Tyrosine-Isoleucine-Asparagine-
Methionine (YINM) −→ PI3K [16].

We explain that signaling pathways of two adaptor
proteins, i.e., DAP12 and DAP10, either collabo-
ratively or independently recruit other endogenous
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Fig. 4. Hypothetical mechanism of amelioratory role of TREM2 microglial receptors in Amyloid � degradation in Alzheimer’s disease.
TREM2, Triggering receptor expressed on myeloid cells 2; DAP 12 and 10, DNAX activation proteins 12 and 10; ITAM, Immunoreceptor
tyrosine based activation motif; YINM, tyrosine-isoleucine-asparagine-methionine; SYK, Spleen tyrosine kinase; PI3K, Phosphatidyl inositol
3-kinase; PLC�2, Phosphatidyl inositol specific phospholipase C�2

compounds like PLC�2, leading to the chain of
events. During internalization, through endocytosis
process, A� were drawn inside the cell followed by
lysosomal phagocytosis. The catabolic activities of
lysosomal phagocytosis culminates in A� degrada-
tion. Though TREM2 differentially binds to different
forms of A�, we argue that the TREM2-based sig-
naling cascade has the potentiality to ameliorate the
A� burden. As of now, the exact mechanism of A�
phagocytosis by microglial cells is still obscure and
complex, but our proposed hypothesis will give a new
direction in understanding the novel pathophysiolog-
ical features of AD.

CONCLUSION

The review systematically assesses the functional
and pathological role of TREM2 and microglial cells
in AD. This articulates that A� binding of TREM2
receptor activates the microglial cells, thereby phago-
cytizing the A� fibrils, which may otherwise lead to
the accumulation of A� plaques, in turn culminating
in AD. Most importantly, TREM2 is indispensable
for microglial cells to acquire DAM state, which
exhibits neuroprotective role in neurological disor-

ders like AD. R47H, a deleterious mutant variant of
TREM2, severely impairs the TREM2 ligand bind-
ing domain (ecto domain) resulting in accumulation
of A� plaques. Chronic inflammation is also a mat-
ter of serious pathological concern in AD, which is
the resultant of disproportionation between pro- and
anti-inflammatory molecules. Considering the imper-
ative functional and pathological role of TREM2
and microglial cells in AD, the review suggests the
TREM2 and microglial cells centric therapeutic mea-
sures for future direction to face AD.

FUTURE THERAPEUTIC DIRECTIONS

1. Overexpression of TREM2 in microglial cells
enhances A� phagocytosis. The crux point for this
therapeutic measure is overexpression of TREM2
gene resulting in the generation of a greater number of
TREM2 receptors which facilitates the phagocytosis
of accumulating loads of A� plaques.

2. Administration of nanoparticles can act as inter-
mediaries in phagocytotic signaling pathway, thereby
enhancing the A� phagocytosis by microglial cells.
In addition, administration of engineered cytokines
induces the clump formation of microglial cells
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around A� plaques, which secretes anti-plaque sig-
naling, therefore prohibiting proliferation of A�
plaques complexes.

3. Administration of anti-inflammatory cytokines
in AD patients may also serve as a prudent thera-
peutic strategy that prohibits the chronic neuronal
inflammation, which have deleterious pathological
consequences in AD.

Finally, the review suggests that owing to the
complex and heterogenous pathophysiology of AD,
holistic and combinational therapeutic measures cou-
pled with early diagnosis has to be framed and worked
out against AD.
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