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Abstract

The protein Triggering receptor expressed on myeloid cells-2 (TREM2) is an immunomodulatory 

receptor with a central role in myeloid cell activation and survival. In recent years, the importance 

of TREM2 has been highlighted by the identification of coding variants that increase risk for 

Alzheimer’s disease and other neurodegenerative diseases. Animal studies have further shown the 

importance of TREM2 in neurodegenerative and other inflammatory disease models including 

chronic obstructive pulmonary disease, multiple sclerosis, and stroke. A mechanistic 

understanding of TREM2 function remains elusive, however, due in part to the absence of 

conclusive information regarding the identity of endogenous TREM2 ligands. While many 

TREM2 ligands have been proposed, their physiological role and mechanism of engagement 

remain to be determined. In this review, we highlight the suggested roles of TREM2 in these 

diseases, recent advances in our understanding of TREM2, and discuss putative TREM2-ligand 

interactions and their potential roles in signaling during health and disease. We develop a model 

based on the TREM2 structure to explain how different TREM2 ligands might interact with the 

receptor and how disease-risk variants may alter ligand interactions. Finally, we propose future 

experimental directions to establish the role and importance of these different interactions on 

TREM2 function.
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Introduction

Triggering receptor expression on myeloid cells-2 (TREM2) is an extracellular innate 

immune receptor expressed on myeloid lineage cells such as dendritic cells (DC) and 

resident tissue macrophages (including osteoclasts and microglia). The receptor consists of 

an extracellular V-type immunoglobulin (Ig) domain followed by a short stalk (ectodomain = 

19–172 a.a.) leading to a single transmembrane helix which interacts with DNAX-activation 

protein 12 (DAP12, also known as TYROBP) to mediate downstream signaling (Fig 1 A, B). 

TREM2 terminates with a short cytosolic tail (195–230 a.a.) lacking known signaling or 

trafficking motifs [1]. In addition to the membrane-bound form, soluble TREM2 

ectodomains (sTREM2) can be generated by proteolytic processing that occurs within the 

protein stalk [2] or by alternative splicing [3] (Fig 1B). The importance of TREM2 is 

highlighted by genetic studies linking TREM2 variants to various neurodegenerative 

diseases, including Alzheimer’s disease (AD) [4, 5]. TREM2 has been implicated in a wide 

array of functions including cell maturation, survival, proliferation, activation, phagocytosis, 

and the regulation of inflammation [1]. Accompanying this diverse set of functions is an 

even longer list of potential TREM2 ligands. Indeed, since its discovery, the identification of 

bona fide endogenous TREM2 ligands has proven elusive, although there is an emerging 

pattern of ligands that are anionic and/or lipidic in nature. It is unclear if the TREM2 ligand 

is among the suggested ligands or whether TREM2 is simply a highly promiscuous receptor 
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that can engage a wide array of ligands. The goals of this review are to: 1) highlight 

functions for TREM2 evident from animal studies of homeostasis and disease; 2) identify 

facets of TREM2 signaling that may be influenced by different ligands; 3) discuss the 

evidence for the various TREM2 ligands; and 4) suggest where and how different ligands 

may be involved in TREM2 function. We develop the model that distinct ligands may 

mediate different components of TREM2 signaling and that a complex of ligands interacting 

with various portions of TREM2 may be required to assemble a productive signaling 

complex.

1. TREM2 in disease

TREM2 variants are risk factors for neurodegenerative diseases

The importance of TREM2 in neuronal health was first demonstrated by genetic studies that 

identified TREM2 variants in families with Nasu-Hakola disease (NHD, also known as 

Polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy, or PLOSL) 

a fatal disease characterized by presenile dementia and bone cysts [6–8]. NHD patients are 

homozygous for loss-of-function DAP12 or TREM2 variants. In some cases, TREM2 
mutant carriers present a fronto-temporal lobar form of dementia lacking the bone 

phenotype. The TREM2 variants include splice site [7, 9] early stop sites [7, 10–12], and 

coding ectodomain mutations [7, 8, 13–15]. These mutations are all believed to produce 

nonfunctional proteins. More recently, separate coding variants in the Ig domain of TREM2 

were linked to an increase risk for late onset AD (LOAD) [4, 5]. The link between TREM2 
variants and LOAD, particularly the R47H and R62H variants, is now well-established [3, 

16–18]. TREM2 AD risk variants are rare, but carry roughly the same risk as a copy of the 

apolipoprotein E4 (APOE4) allele and clearly link the innate immune system to 

neurodegenerative disease [19]. Beyond AD, TREM2 variants have been linked to other 

neurodegenerative diseases, including Parkinson’s disease [20, 21] and sporadic 

amyotrophic lateral sclerosis (ALS) [22], and fronto-temporal dementia [23, 24], though 

these non-AD associations have not been as widely reproduced [16]. The association of 

distinct variants with different diseases is born out on the protein level. Structural, 

biophysical, and cellular studies have shown the NHD coding mutants are misfolded with 

immature glycosylation patterns while the AD variants are properly folded and have mature 

glycosylation patterns but likely impact ligand binding [25, 26] (Fig 1C and Table 2). 

Slightly altered glycosylation patterns have been observed for the R47H variant [27, 28], but 

it is unclear if these have functional ramifications. Finally, a study examined the levels of 

sTREM2 in human variant carriers and found reduced levels of protein with NHD variants 

but normal or perhaps even elevated detection of AD variants, showing a functional 

divergence in protein stability with the different variants [29].

Animal models and human studies of CNS disease indicate a crucial role for TREM2 in 
microglia function

Most studies of TREM2 in neurodegenerative diseases have used mouse models of AD. We 

will highlight key findings from those models and draw connections between the AD 

phenotypes and those observed in other neurodegenerative models such as stroke and MS to 

identify functions TREM2 may be contributing to during disease (Table 1).
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Animal model studies by several groups have consistently found Trem2 expression in the 

CNS restricted to microglia and increasing with age and disease progression [4, 30–33]. 

Within the normal human brain, TREM2 is expressed most highly in white matter, with 

transcripts detected in all major areas [34]. Pathway analysis identified the TREM2 co-

receptor DAP12 as a key regulator of expression changes in LOAD [35]. Although there 

have been reports of TREM2 detection on non-myeloid/microglial cells in the CNS [4, 36], 

these cases have largely used immunostaining methods to identify neuronal expression of 

TREM2, which may identify sTREM2 produced by microglia that is released and bound to 

neurons which express a TREM2 ligand [26, 37–39]. RNA expression analyses have 

confirmed Trem2 is expressed selectively on microglia in the brain [40, 41], and parabiosis 

experiments show these microglia are most likely resident microglia and not infiltrating 

monocytes [42], although this is still controversial [43]. Within human AD brain, laser 

microdissection showed Trem2 is highly expressed on plaque-associated microglia [44], and 

high resolution microscopy techniques showed that TREM2 protein is concentrated on 

microglia processes that are in contact with amyloid beta (Aβ) plaques [45]. Thus, TREM2 
is expressed in the brain and its expression increases both with aging and in response to 

disease. Moreover, during AD, TREM2 is present on microglia at sites of Aβ deposition. 

Consistent with its expression on microglia, studies using Trem2-deficient mouse models of 

AD have shown a role for TREM2 in microglial survival and activation (Table 1).

Impacts of TREM2 function on Amyloid beta pathology

The amyloid cascade hypothesis posits that Aβ is the cause of AD, whether directly by 

mediating neurotoxicity or indirectly by triggering other neurotoxic events, such as tau 

aggregation [46]. It is based on the observation that autosomal dominant mutations causative 

for AD are found in proteins responsible for the production and maturation of the Aβ 
peptide. Common animal models of AD are genetically engineered to carry these mutant 

proteins and/or overexpress Aβ. To date, all AD studies involving Trem2 knockout mice 

have utilized such models. However, the Aβ phenotypes have been inconsistent in these 

studies. Some studies using Trem2−/− mice found no change in the overall plaque load [42, 

47], while further studies found increased [30, 43] or even decreased burden [31, 43]. Some 

of these differences are perhaps explained by the timing of data collection [43], although 

they could suggest Aβ clearance is not the only role for TREM2.

While there have been mixed results on the accumulation of Aβ, all Trem2−/− studies have 

shown decreased clustering of myeloid or microglial cells around plaques, suggesting a 

defect in microgliosis, or microglia activation [30, 31, 42, 43, 45, 47]. These studies have 

also found that Trem2−/− mice have fewer microglia and increased microglia apoptosis. 

Importantly, samples from human R47H carriers recapitulate the microglia- Aβ plaque 

phenotype observed in Trem2 haploinsufficient mice, with fewer microglia clustering around 

the plaques, and the plaques displaying a diffuse morphology, which is more toxic to 

neurons [45]. Therefore, although TREM2 may not have a dramatic effect on the overall Aβ 
content of the diseased brain, it strongly affects the ability of microglia to respond to and 

contain the plaques. In support of a role for TREM2 in microgliosis, a recent study found 

that production of sTREM2 is increased prior to the onset of symptoms but after initial 

markers of Aβ accumulation and neuronal injury [48]. This sTREM2 continues to increase 
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until after the onset of symptoms and highlights the role for TREM2 in microgliosis at a 

critical point for the response to accumulating damage from disease.

TREM2 in models of Tau pathology

Besides Aβ, intracellular tangles of hyperphosphorylated tau proteins are the other major 

pathological component of AD [49]. While no studies using Trem2−/− mice have been 

published in tau models, Jiang and colleagues have conducted studies altering TREM2 

expression in vivo by lentiviral overexpression (under a Cd11b promoter) or shRNA 

knockdown [50, 51] in the P301S tau transgenic model. These studies found that TREM2 

reduces inflammation, decreases tau kinase activity, and improves cognitive function. Future 

studies should utilize Trem2 knockout and mutant Trem2 knock-in models on this 

background to confirm the role of TREM2 in tau-mediated neuropathies (if any).

A role for soluble TREM2 during AD?

While potential functions for sTREM2 are discussed below, it is notable that several studies 

have reported a correlation between CSF tau/p-tau levels and sTREM2 [29, 48, 52–54]. 

Interestingly, in these studies, sTREM2 is more strongly correlated with CSF tau than Aβ. 

Given the conflicting reports of TREM2 on Aβ burden, it is tempting to speculate that 

TREM2 is perhaps involved with the taupathy stage of AD progression. However, a recent 

paper showed that CSF sTREM2 levels follow both changes to Aβ and tau, and peak during 

early stages of clinical impairment [48]. This finding suggests that sTREM2 is accumulating 

during microglial activation in response to these events, and does not produce them.

In the future, it will be important to understand both sTREM2 function and how its 

production is regulated. While it is well-established that metalloproteases can cleave the 

TREM2 stalk to liberate the Ig domain [2, 25, 55], whether this function belongs to a 

specific protease in the human brain is unclear. Moreover, it is also unclear whether protease 

activity or alternative isoform expression account for the majority of sTREM2. 

Understanding the regulation of sTREM2 production will be important to understand its role 

in microglial activation and disease progression.

The role of inflammation in AD

The mechanisms by which TREM2 regulates inflammation are discussed in more detail 

below, but since both TREM2 and sTREM2 have been implicated in inflammation or its 

regulation, we will briefly comment on its role in AD here. (A full discussion is beyond the 

scope of this review, and readers are referred to these excellent reviews on the topic [56–

59]). In healthy conditions, certain inflammatory processes are important to induce 

microglia to respond to and clear debris, and factors such as complement are involved in 

nonpathogenic functions including synapse pruning during neurodevelopment [56, 60]. 

However, many neurodegenerative diseases, including AD, are increasingly recognized as 

having an inflammatory component. Therefore, preventing or containing disease will require 

a more sophisticated understanding of the protective and pathogenic features of the 

inflammatory process [57]. In human patients, microglia activation can be assessed 

indirectly through positron emission tomography (PET) studies using radioligands for 

TSPO, a receptor upregulated on activated microglia. These studies suggest that microglia 
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activation occurs early, before clinical symptoms, then perhaps levels off temporarily before 

increasing again later in disease [58]. Locally, the Aβ plaques are foci for immune 

interactions. Complement system protein are deposited on plaques and recruit microglia 

which attempt to phagocytose and clear the plaques. However, nearby neurons may be 

damaged as an off-target consequence of the complement cascade [61]. Whether by contact 

with plaques or other insults, microglia become primed for excessive inflammatory 

responses [62]. Indeed, TLRs and many other inflammatory receptors are stimulated directly 

by Aβ, causing the production of inflammatory cytokines which create a cytotoxic, 

inflammatory environment [63]. This creates a vicious cycle where microglia are exposed to 

stimuli, and although they may first respond with phagocytic and less inflammatory results 

[58], they will fail to resolve the plaques and create an inflammatory milieu that is primed to 

additional inflammation with subsequent insults until the microglia eventually become 

exhausted and dystrophic, as observed in Trem2-deficient animals [56].

TREM2 in other neurodegenerative diseases

Similar to what has been observed in AD models, Trem2-deficient mouse models of aging, 

prion pathogenesis and the cuprizone model of multiple sclerosis (MS) demonstrated fewer 

activated microglia in the course of the disease [64–66]. In MS models, there was less 

myelin clearance by microglia [64, 65] although there was no obvious deficiency in myelin 

uptake in vitro. Instead, Trem2 deficiency was associated with decreased expression of lipid 

metabolism enzymes and a failure to degrade myelin debris [64, 65]. These findings suggest 

a more general defect in activation [64–66]. Other studies examining the role of TREM2 in 

stroke have found increased expression following ischemic attack [39, 67, 68]. As in the 

other cases, these studies found that Trem2 deficiency decreased inflammation, impaired 

microglial activation, and resulted in a failure of microglia to cluster at scar tissue [39, 67].

Summary TREM2 in neurodegenerative diseases

The consensus from the neurodegenerative disease studies is that TREM2 is important for 

enabling the response of myeloid cells (primarily microglia in the CNS) to disease. Mice 

lacking TREM2 have fewer microglia, and these microglia fail to activate and respond to 

damage during disease. These observations suggest a general deficit in microgliosis. 

Additionally, sTREM2 in CSF seems to be a general feature of inflammatory 

neurodegenerative disease. Soluble TREM2 was first identified in the CSF of MS patients 

and neuroinflammatory patients [69], and has since been identified in a number of AD 

cohorts [52–54, 70].

Non-CNS diseases – the role of TREM2 in COPD, gut injury, and infection

Because of the genetic link between TREM2 and neurodegenerative diseases, the majority of 

TREM2 research in recent years has focused on its role in the CNS. However, TREM2 has 

important roles outside the CNS, particularly in models where the activation and phenotype 

of myeloid/macrophage cells is pivotal to disease development. In a model of virus-induced 

chronic obstructive pulmonary disease (COPD), TREM2 is required for survival and 

proliferation of alternatively activated (M2) macrophages [71]. Unlike the healthy microglial 

response in AD, these macrophages promote a COPD-like disease. However, the role of 

TREM2 in preventing macrophage apoptosis and permitting macrophage proliferation bears 
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a striking similarity to the TREM2 phenotype in CNS diseases (where TREM2 contributes 

to microglia survival and proliferation). Additionally, this study was the first to identify a 

potential role for sTREM2 as a signaling molecule, as application of recombinant sTREM2 

prevented macrophage apoptosis following M-CSF withdrawal.

In a gut injury model, TREM2 also promoted an M2 macrophage phenotype, which was 

important for promoting wound healing [72]. TREM2-expressing macrophages infiltrated 

the wound area, inhibited the expression of inflammatory cytokines, and promoted the 

expression of Th2 cytokines IL-4 and IL-13. However, in a chemical injury model of 

inflammatory bowel disorder (IBD), TREM2 promoted an inflammatory phenotype that was 

detrimental to healing [73]. The differences in these studies may be due to the environment. 

In the biopsy injury model, the first step in healing was for epithelial cells to form a layer 

over the wound, which the authors hypothesized would reduce exposure to bacteria and 

therefore reduce strong TLR signals that are known to down-regulate TREM2 [72]. The 

healing response may be different in the chemical model, and the interaction between 

TREM2 and TLR pathways may result in the increased inflammation observed in that model 

[73].

While the initial characterizations of NHD patients with DAP12 and TREM2 mutants did 

not report immune deficiencies [7, 74], the role of TREM2 in infections has been studied in 

various models of bacterial infection. In general, these models are more acute than those 

discussed above, and therefore may highlight different roles for TREM2 in the innate 

response to bacteria. These studies have mostly found TREM2 to be phagocytic and anti-

inflammatory, although there are some exceptions (Table 1). Cellular studies have shown 

that TREM2 regulates the response to bacteria, in two examples by promoting killing of 

bacteria through production of reactive oxygen species (ROS) [75, 76] – even against 

bacteria that were not directly detected by TREM2 [75]. The role of TREM2 may vary with 

different pathogens, as it did not promote killing of B. abortus, [77] a pathogen that 

specializes in invading and surviving in macrophages.

Conclusions from disease models of TREM2

Recent years have seen substantial progress in identifying an important role for TREM2 in 

animal models of disease. Studies using Trem2-deficient mice highlight its role in sustaining 

the microglial response to disease. However, important questions remain about what precise 

function TREM2 is performing, how different ligands may stimulate these functions, and 

how disease variants or mutations affect function. Mechanistically, there are several 

possibilities for TREM2 functions, and the answers to these questions depend upon 

understanding the interaction between TREM2, its signaling mechanisms, and its ligands.

2. TREM2 Signaling

DAP12 mediates intracellular signaling of TREM2 and other receptors

DAP12 is the co-receptor for TREM2 and a number of other single-pass transmembrane 

receptors. DAP12 contains an Immuno-Tyrosine Activation Motif (ITAM, consensus 

sequence: YxxI/Lx(6–12)YxxI/L). Broadly, TREM2 signaling through DAP12 results in 
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ITAM phosphorylation which leads to Ca2+ mobilization, ERK (MAPK) phosphorylation, 

and actin remodeling. However, TREM2 also negatively regulates TLR signaling and has 

roles in signaling pathways for other receptors [78]. Here we review the TREM2 signaling 

pathway and highlight areas where TREM2 signaling may have influence outside of the 

canonical “activation” pathway.

DAP12 associates with receptors through transmembrane interactions

DAP12 forms a disulfide-bonded homodimer with two intermolecular disulfide bonds 

contained within in a short ectodomain (14 residues in human aa 28–41 [79], 16 in mouse aa 

28–43 [80]). Within the transmembrane domain, an electronegative Asp from each DAP12 

monomer forms a 2:1 interaction with a Lys from the receptor. A Thr four residues below 

the Asp is also involved in the electrostatic network [81–83]. The interaction with the 

receptor is important to shield the polar residues from the lipophilic membrane environment 

and to allow trafficking to the cell surface (reviewed in [84]). While it is established that 

DAP12 requires complexing with a receptor for trafficking to the cell surface, there have 

been multiple reports of TREM2 surface expression in Dap12 and Dap12/Dap10-deficient 

cells [71, 85, 86]. Other DAP12-coupled receptors require DAP12 for surface expression 

[86], so it is possible that DAP12 could traffic to the surface with another receptor and 

engage TREM2 there.

The canonical TREM2-DAP12 signaling pathway

The standard DAP12-receptor signaling pathway was delineated using Ly49D as a model 

DAP12-coupled receptor on NK cells [87]. Ly49D ligation results in ITAM phosphorylation 

by Src kinases. The two phosphorylated Tyr residues in the ITAM create a binding site for 

the SH2 domain of the kinase Syk. Activation of Syk leads to the phosphorylation of 

ERK1/2, PLCγ1, and Cbl. These same features were observed with TREM2. Stimulation 

with an anti-TREM2 antibody produced calcium flux and ERK phosphorylation while 

monovalent stimulation by anti-TREM2 Fab did not result in calcium flux [88]. 

Functionally, TREM2 stimulation prolonged DC survival following withdrawal of GM-CSF 

and IL-4. TREM2 has also been implicated in actin mobilization [10, 89]. Monocytes from 

TREM2-null NHD patients had defective actin rearrangement following RANKL/MCSF 

stimulation. These initial studies linked TREM2 to the hallmark ITAM signaling events: 

Ca2+ mobilization, ERK phosphorylation, and actin remodeling (Fig. 2A). Further studies 

extended the TREM2 signaling pathway, and began to identify nuances that are key to fully 

understanding TREM2 function.

Although DAP12 is the primary adaptor for TREM2, DAP10 can also interact with DAP12-

TREM2 complex, possibly through the formation of DAP12-DAP10 heterodimers [90]. 

DAP10 contains a “YINM” motif that can recruit PI3K. Accordingly, DAP10 was required 

for effective activation of PI3K, Grb2, and therefore Akt and ERK signaling. However, 

calcium mobilization was surprisingly unchanged in DAP10−/− bone marrow-derived 

macrophages (BMDMs) [90]. Beyond DAP12, signaling cascades in hematopoietic cells that 

begin with ITAM phosphorylation use scaffolding proteins to recruit downstream effector 

proteins such as Grb2, Cbl, PI3K, and Vav. Two such proteins are the Linkers for the 

Activation of T and B cells (LAT and LAB; LAB is also known as LAT2 and NTAL) [91]. 
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While they share most functions, a key difference is that LAT stimulates calcium 

mobilization more efficiently than LAB. DAP12 can signal using either LAT or LAB, 

however TREM2 signaling through DAP12 utilizes LAB in osteoclasts and BMDMs [92].

TREM2-DAP12 signaling is inhibited by phosphatases and ubiquitin ligases

Once activated, how is TREM2 signaling terminated? Following TREM2 stimulation by 

anti-TREM2 antibodies, the phosphatidylinositol phosphatase SHIP-1 binds the 

phosphorylated membrane-proximal tyrosine, pY65, within the ITAM motif of DAP12 to 

inhibit DAP12 signaling and TREM2-dependent osteoclast multinucleation [90]. This 

tyrosine is part of a “closet ITIM” sequence which was previously hypothesized to mediate 

inhibitory signals (SPYQEL, canonical ITIM is S/I/V/LxYxxI/V/L) [93]. Furthermore, as 

noted above, the E3 ubiquitin ligase Cbl is recruited to LAB and forms a complex with LAB 

and PI3K [92] to target Src and Syk for ubiquitination and degradation [94]. This activity 

requires LAB, as LAB−/− cells have increased Syk activation but decreased ERK activation 

[92]. Therefore, DAP12 signaling directly leads to its own inhibition by the recruitment of 

these two molecules. Finally, TREM-like transcript 1, (TREML1, also TLT-1), an ITIM-

containing member of the TREM family is expressed in bone tissue [95] and associates with 

the tyrosine phosphatase SHP-1 upon phosphorylation. A short alternatively-spliced 

transcript lacking much of the ectodomain (TREML1s) is also expressed in osteoclast 

precursors and macrophages. TREML1s co-IPs with TREM2, SHP-1, and SHIP-1 and 

decreases ERK, Akt, and calcium signals following RANKL stimulation [96]. Therefore, 

TREML1 (or TREML1s) may inhibit TREM2 signaling (Fig. 2B).

TREM2 regulates inflammation through tonic signaling

In contrast with TREM1, which signals through DAP12 to amplify TLR responses [97], 

TREM2 inhibits inflammatory cytokine production following TLR stimulation in cultured 

BMDMs and DCs [98–100]. TREM2-dependent modulation of cytokine production did not 

require exogenous stimulation of TREM2, suggesting TREM2 could be recognizing 

endogenous ligands to produce an inhibitory signal. There is precedence for inhibitory 

ITAM signaling in a similar system [101]. In this example, IgA binds its receptor FcαRI, 

which signals through the ITAM-containing co-receptor FcRγ to produce either inhibitory 

(SHP-1 recruiting) or activating ITAM signals based on whether IgA is monomeric or 

aggregated by antigens. The transient monomeric interaction produces inefficient ITAM 

phosphorylation, leading the recruitment of the inhibitory tyrosine phosphatase SHP-1. This 

IgA-FcαRI-FcRγ system is analogous to ligand-TREM2-DAP12 and previous 

commentaries have suggested monovalent or low-affinity TREM2 ligands induce tonic 

signals that are less activating and anti-inflammatory through such a mechanism [102–104] 

(Fig. 2C). However, the endogenous, inhibitory TREM2 ligand has not been identified. 

Along these lines, it was recently observed that expression of DAP12 with a C-terminal 

fragment of TREM2, which lacks the ectodomain but contains the DAP12-interacting 

transmembrane domain, is sufficient to inhibit cytokine production following LPS 

stimulation [105]. The C-terminal fragment may occupy DAP12 similarly to TREM2 with a 

monovalent ligand.
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Soluble TREM2 (sTREM2) as a signaling molecule

The TREM2 receptor signals through DAP12. However, release of the soluble TREM2 

ectodomain (sTREM2) via proteolysis is well-documented [2, 25]. The production of 

soluble TREM ectodomains appears to be a general feature of the family as soluble forms of 

TREM1 [106] and TREML1 [107] have also been reported. While sTREM1 is thought to be 

a decoy receptor [108], current evidence suggests sTREM2 is a signaling molecule. In the 

first study of sTREM2 function, application of sTREM2 (residues 19–136) to cultured 

BMDMs resulted in ERK and MAPK14 activation that persisted several hours and prevented 

apoptosis following M-CSF withdrawal [71]. A similar phenotype was recently observed 

using microglia [109], although the signaling mechanism differed (Fig. 2D). In the 

macrophage study, sTREM2 did not detectably increase pAKT, while in microglia, the anti-

apoptotic effect was blocked with PI3K inhibitors and was mediated by AKT inhibition of 

GSK3-β to increaseβ-catenin. Soluble TREM2 also increased transcription of inflammatory 

cytokines in microglia through NF-κB activation [109], a pathway that was not previously 

reported to be activated by cellular TREM2 signaling [88]. The sTREM2 receptors have not 

been identified, so it is unknown whether the differences between microglia and 

macrophages are due to different receptors or downstream cofactors. Additionally, it is 

unknown whether Akt and NF-κB activation are mediated through the same receptor 

pathway. However, both studies observed sTREM2 phenotypes using WT and Trem2−/− 

cells, showing that sTREM2 is acting independently of transmembrane TREM2 (i.e. 

sTREM2 is not the TREM2 ligand). It is interesting that only some functions associated with 

receptor TREM2, such as survival but not proliferation have been recapitulated with 

sTREM2, which suggests discrete roles for TREM2 both as a cellular receptor and soluble 

signaling molecule.

TREM2 regulates TLR signaling using inhibitory adaptors

TREM2 also uses adaptor proteins to influence the inflammatory environment. LAB−/− 

macrophages display increased ERK phosphorylation following TLR stimulation [92]. It 

could be that TREM2 signaling through LAB restricts ERK or other signaling molecules 

needed for TLR signaling, or that LAB-dependent Cbl-mediated ubiquitination reduces the 

level of kinases needed to activate TLR pathways [91]. Another pathway for inhibiting TLR 

signals is the recruitment of the anti-inflammatory adaptor protein DOK3 to DAP12 

following TLR stimulation with LPS. Following LPS stimulation, DOK3 becomes 

phosphorylated, associates with DAP12, and interacts with Grb2 and Sos1 to inhibit the 

TLR response. In this system, SHIP-1 was not required to inhibit TLR signals, 

demonstrating that the inhibition of ITAM signaling by SHIP-1 is separate from the 

inhibition of TLR signaling by DAP12 [110] (Fig. 3A).

The role of TREM2 and DAP12 in co-stimulatory signaling

Plexin-A1 is expressed in a number of tissues including DCs and osteoclasts and is a 

receptor for two separate Semaphorin proteins. When expressed on osteoclast precursors, 

Plexin-A1 constitutively interacts with Neuropilin-1 (Nrp1) to mediate Semaphorin-3A 

(Sema3A) signaling, which prevents osteoclast maturation [111]. However, when osteoclast 

precursors are stimulated with RANKL, Nrp1 is downregulated and Plexin-A1 can be bound 
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by Sema6D to drive osteoclast maturation [112]. Unexpectedly, this Sema6D signaling 

required TREM2 and DAP12 [113]. When Plexin-A1−/− mice were first characterized, they 

were discovered to have an osteopetrotic phenotype with decreased osteoclast counts as well 

as deficits in activation of T cells by DCs, similar to what had been reported for DAP12−/− 

mice [114, 115]. Takegahara et al. found that stimulation of BMDCs with a soluble form of 

Sema6D resulted in DAP12 phosphorylation and also found an interaction between TREM2 

and Plexin-A1 using co-IP and intracellular FRET. DAP12 and Plexin-A1 did not co-IP 

without TREM2, suggesting TREM2 connects DAP12 to Plexin-A1 signaling [113]. This 

Plexin-A1/TREM2 interaction is specific for Sema6D signaling, because the Nrp1-Plexin-

A1 interaction displaces TREM2 in co-IP experiments [111, 116] (Fig. 3B).

TREM2 is also involved in M-CSF-mediated survival and proliferation in macrophages and 

osteoclast precursors. M-CSF signals through its receptor CSF-1R to activate β-catenin 

through phosphorylation of β-catenin by calmodulin-dependent kinases downstream of 

DAP12 in a TREM2-dependent mechanism [117, 118]. In Trem2−/− mice, the β-catenin 

deficit in osteoclast precursors reduces proliferation and prematurely accelerates osteoclast 

maturation. The increase in osteoclasts produces an osteopenic phenotype in the Trem2−/− 

mice, similar to NHD patients [117]. How are TREM2 and DAP12 activated by M-CSF 

signaling? A separate study showed M-CSF stimulation resulted in DAP12 phosphorylation 

by Src kinases activated by CSF-1R [119]. This mechanism suggests these receptor pairs are 

in close physical proximity; however, a direct interaction between TREM2 and CSF-1R has 

not been reported (Fig. 3C). Very recently, a study using mouse microglia confirmed a role 

for TREM2 in Wnt/β-catenin signaling in these cells. Trem2−/− microglia had suppressed β-

catenin signaling and suffered G1/S cell cycle arrest [120], as predicted from the studies in 

osteoclast precursors. This results in fewer microglia and impaired microgliosis.

3. TREM2 Ligands

Many potential TREM2 ligands have been proposed. These are listed in Table 2 and the 

major findings are discussed in this section.

TREM2 binds anionic bacterial ligands

Bacteria and poly-anionic molecules were the first potential ligands identified for TREM2 

[121]. TREM2 interacted with Gram-positive and Gram-negative bacteria in direct binding 

and signaling studies. In another study, CHO cells transfected with a chimeric TREM2-

DAP12 construct became competant to phagocytose bacteria [122]. Phagocytosis was 

dependent on Syk activation and the activity of the Rho GTPases Rac and Cdc42. Additional 

studies confirmed TREM2 can bind E. coli, but not Salmonella [75]. TREM2 also interacts 

with an unknown ligand in C. jejuni, a gram-negative bacteria which is a causative agent for 

food poisening [123].

The study by Daws et al. also found that anionic bacterial carbohydrates, particularly 

dextran sulfate, LPS, and LTA, but not chondroitin sulfate (CS), could block TREM2 

binding to bacteria. Dextran sulfate could also activate TREM2 reporter cell lines similarly 

to E. coli [121]. Another study found that TREM2 can directly bind lipooligosaccharides 

(LOS) from N. gonococcus. Enzymatic removal of the acyl chains reduced binding, 
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suggesting the lipidic acyl chains mediate binding to TREM2. SPR experiments were used 

to quantify the interaction (Kd ≈ 350 nM) [124].

TREM2 binds myeloid and non-myeloid mammalian cells

Because myeloid cells have TREM2-dependent phenotypes when cultured without other cell 

types, it was hypothesized they would express a TREM2 ligand. Indeed, TREM2 can bind 

primary macrophages [98] and DCs [100]. With DCs, stimulation with LPS, CpG DNA, or 

Zymosan did not alter staining levels. However, TREM2 staining of THP-1 monocytes was 

shown to be ablated when cells were pre-treated with PMA+ionomycin [26], the first time a 

cellular TREM2 ligand was shown to be regulated in viable cells. These findings suggest a 

ligand that interacts with TREM2 in cis, perhaps to provide tonic signals or to function as a 

co-receptor with TREM2 to recognize ligands in trans from extracellular stimuli. 

Importantly, the AD-risk mutations R47H and R62H had decreased binding to this cell-

surface ligand, while a T96K variant had enhanced binding [26]. This last variant has 

unclear disease risk, but may be protective. If these mutations affect binding to a cis ligand 

required for signaling, it will be important to experimentally distinguish deficits in ligand 

binding from signaling.

Given the role of TREM2 in CNS homeostasis, several studies have also investigated the 

potential for a direct interaction between TREM2 on microglia and the other cells of the 

CNS, namely astrocytes and neurons. The first report of TREM2 ligands used Fc-TREM2 

proteins to bind a variety of astrocyte lines [121]. Binding could be blocked by competition 

with LPS or LTA, showing a role for anionic recognition in the cell-surface TREM2 ligand. 

Other groups have also shown TREM2 binds primary cultured rat astrocytes [125], and 

astrocytes can activate TREM2 reporter cells [126]. In addition to astrocytes, cytochemistry 

and reporter cell activation demonstrated the presence of a TREM2 ligand on cultured 

neurons [37], and flow cytometry experiments confirmed Neuro2A cells express a TREM2-

specific ligand, as other TREM family proteins (TREML2 and TREML4) had minimal 

binding [26].

In addition to binding viable neurons, Fc-TREM2 staining of Neuro2A and other cell lines 

increased when the cells were apoptotic [37] and TREM2 staining of neurons was increased 

following iscemic attack [39]. Apoptotic neurons [37] and thymocytes [30] have also been 

shown to stimulate TREM2 signaling, suggesting a common ligand on apoptotic cells. It is 

unclear whether this increased binding to apoptotic cells is from increased exposure of one 

ligand or nascent exposure of an additional ligand. Functionally, downregulating Trem2 by 

shRNA in BV2 microglial cells reduced phagocytosis of apoptotic neurons, and transfecting 

CHO cells with TREM2 made the cells competant to phagocytose apoptotic cells [37]. 

Altogether, these studies have identified TREM2 interactions with mammalian cells that do 

and do not express TREM2.

TREM2 binds anionic ligands on mammalian cells

TREM2 has been shown to bind a number of anionic molecules from mammalian cells. 

Cannon et al. performed the first demonstration of TREM2 proteins binding to 

phospholipids. Solid-state lipid ELISAs using a variety of plated phospholipids showed 
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TREM2 binding was strongest with phosphatidylethanolamine (PE), phosphatidylserine 

(PS), and cardiolipin (CL), while phosphatidylcholine (PC) or sphingomyelin (SM) 

displayed greatly diminished binding [127]. Two other groups have obtained similar results 

showing strong binding to anionic lipids such as phosphatidic acid (PA) and PS using dot 

blots [128] or ELISA and liposome sedimentation [26]. Unlike assays with CD300 or [127, 

129] or TIM [130, 131] family proteins, additon of calcium or magnesium did not enhance 

TREM2 binding, suggesting a different mode of recognition [26, 127]. The TREM2 crystal 

structure also showed that TREM2 does not contain structural features associated with 

selective phospholipid binding by other Ig domains [26].

Studies using TREM2 reporter cells also support the concept of phospholipids as TREM2 

ligands. Plated sulfatide, PC, and SM all strongly stimulated mTREM2 [65] and similar 

results were obtained with hTREM2 [30]. However, the recognition profile is different than 

what has been observed in direct binding assays, where PC has minimal binding and anionic 

moieties have higher binding [26, 127, 128]. The R47H variant had minimal signaling to 

lipids other than PC and SM [30]. In a followup study with other TREM2 variants, R62H 

behaved similarly to R47H, while D87N and T96K increased signaling in response to PS 

and Sulfatide, but not PC [132]. These findings further support the hypothesis that TREM2 

variants alter ligand binding and, hence, signaling.

While TREM2 certainly binds phospholipids in the context of solid-state ELISA and 

liposome assays, and phospholipids can stimulate signaling in reporter cells, they are 

unlikely to represent the complete TREM2 ligand. In one study, apoptotic Jurkat cells 

(which expose PS on the cell surface) did not bind Fc-TREM2 [128]. This suggests that 

phospholipids are not sufficient for TREM2-cell binding and may need co-presentation with 

other molecules. Second, while results in our lab showed TREM2 binding to phospholipids 

by ELISA and liposome sedimentation, the disease variants R47H, R62H, and T96K did not 

grossly alter phospholipid binding [26]. Therefore, it will be important to understand how 

multiple interactions may influence TREM2 to recognize ligands and facilitate signaling.

In addition to phospholipids, nucleic acids released by damaged cells are a possible TREM2 

ligand. TREM2 can IP nucleotides from the supernatant of ischemic brains and purified 

DNA activated TREM2 reporter cells [39]. Given the common anionic theme for TREM2 

ligands, it would not be surprising that nucleotides released from damaged cells in the brain 

could stimulate TREM2.

Finally, by using enzymes that selectively cleave either heparan sulfates (HS) or CS, it was 

shown that TREM2 binds cell-surface proteoglycans and these are a major component of the 

cell-surface ligand [26]. Staining to THP-1 and Neuro2A cells was largely ablated by pre-

treating the cells with heparan sulfatases, but not chondroitinase. This selectivity for HS over 

CS is consistent with the earlier studies showing heparin (but not CS) could block TREM2 

binding to bacteria [121]. In addition, proteoglycan binding would explain why TREM2 can 

bind such a wide range of cells. The AD disease risk variants lose binding to these cells 

while the T96K variant gained binding, suggesting proteoglycans are an important TREM2 

ligand. Future work will be needed to address whether HS is a tonic or activating ligand, 
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whether it is required for presenting another ligand, or whether it is necessary to orient 

TREM2 to signal upon ligation of an activating ligand such as phospholipids.

TREM2 binds cellular mammalian proteins

Beyond the anionic biomolecules, TREM2 has been linked to other mammalian proteins. 

Pulldown experiments of surface-biotinylated neurons identified the cytosolic chaperone 

protein HSP60 [125]. ELISA assays demonstrated a direct interaction between these 

proteins with a low micromolar affinity. While it is counter-intuitive for an intracellular 

chaperone to mediate extracellular signals, there is a body of research characterizing the role 

of various heat-shock chaperones as alarmins for the innate immune system [133].

Additionally, as discussed above, the receptor Plexin-A1 interacts with TREM2 as part of a 

signaling complex. These proteins were co-immunoprecipitated and the interaction was 

ablated by deleting certain domains in Plexin-A1 [113]. In addition to Plexin-A1, TREML1s 

co-IPs with TREM2. The structural basis for these interactions are not known, and they may 

be indirect through association with signaling complexes [96].

TREM2 binds lipoproteins

In 2015, two groups independently identified a direct interaction between TREM2 and 

apolipoproteins, including ApoE. APOE and APOA were identified in protein bands 

precipitated from CSF by TREM2 [128] and interaction was verified by co-IP, ELISA, and 

dot blots [128, 134]. Both groups found that TREM2 binds all ApoE isoforms, lipidated and 

non-lipidated, and that the R47H variant reduced binding to ApoE. A separate study used a 

protein microarray to identify ligands for TREM2 from a library of extracellular and 

secreted proteins and investigated potential hits with bio-layer interferometry (BLI) [135]. 

TREM2 bound apolipoproteins, including APOA, APOB, APOE, CLU, and LDL. In 

contrast to the other reports, non-lipidated proteins had reduced binding as assessed by the 

response amplitude. The kinetics of these responses were not quantified, so it is unclear if 

the differences are reduced affinity or because the lower molecular weight non-lipidated 

proteins produce a smaller signal by BLI. The R47H, R62H, and D87N variants had reduced 

signal compared to WT. Functionally, ectopic expression of TREM2 in 293T cells enabled 

phagocytosis of APOE and Aβ that was bound to APOE [135]. Finally, in a study with 

reporter cells, TREM2 signaled in response to LDL and HDL [132]. However, in contrast 

with the BLI data, the D87N had about three-fold increase in signaling.

The link between APOE and TREM2 connects these two key AD-risk proteins. The risk 

associated with TREM2 variants is comparable with the APOE4 allele. Other evidence 

suggested TREM2 and APOE could have overlapping areas of function. TREM2 has been 

linked to lipid metabolism: Trem2 transgenic mice gain more weight on a high fat diet [136], 

and expression analysis connected Trem2 to lipid metabolic pathways [29, 65]. Furthermore, 

APOE interacts with Aβ, lipids, and heparan sulfates [137], and is important for microglial 

functions including phagocytosis, inflammation, and cell health [138, 139]. Lipoproteins are 

highly abundant in serum, and the presence and role of lipoproteins will need to be 

considered in cellular experiments with TREM2.
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4. TREM2 function and model for ligand engagement

To conclude, we summarize the reported TREM2 functions and try to arrange them through 

the context of various ligands. The reported ligands for TREM2 are broad and include 

ligands that could be thought to represent steady-state tonic stimuli or disease-specific 

stimuli. Therefore, the functions of TREM2 signaling could include specific responses such 

as phagocytosis, cell activation, or collaboration with other signaling pathways to maintain 

cell survival and proliferation (Fig. 4). These possibilities are not mutually exclusive; on the 

contrary, it may be useful to conceptualize the different ligands as either tonic, homeostatic 

signals or damage-associated signals which produce different kinds or strengths of stimuli in 

order to accomplish the wide variety of functions reported for TREM2.

TREM2 functions from endogenous signals maintain myeloid cell homeostasis, regulate 
inflammation, and enable phagocytosis

During development and homeostatic conditions, TREM2 is important for myeloid cell 

survival, proliferation, and maturation. TREM2 signals ensure myeloid cells remain ready 

and competent to respond to damage and disease.

1. TREM2 responds to tonic stimuli as a receptor and/or co-receptor for 
myeloid survival and maturation—This is an attractive, but still undefined mechanism 

where TREM2 signaling sustains myeloid cell survival and proliferation in order that the 

myeloid cells can respond to other stimuli in a condition-specific manner. One possible 

mechanism is a role for TREM2 in β-catenin activation [120], which probably involves 

interactions with M-CSF signals [117]. Another possibility is TREM2 is not engaging an 

activating ligand, but is preferentially associating with DAP12 to localize it at the cell 

surface where it can be phosphorylated by Src or other kinases activated by CSF-1 or other 

survival pathways (Fig. 4A).

2. TREM2 signals are important for myeloid cell maturation—Studies using 

human monocytes from NHD patients with mutations in TREM2 observed decreased 

capacity to mature into osteoclasts and DCs [10, 89]. Similar to collaboration with M-CSF, 

TREM2 connects Plexin-A1 to DAP12 for osteoclastogenesis [113]. Therefore, TREM2 

plays a role in the ability of myeloid cells to mature following stimulation by cytokines (Fig. 

4B).

3. TREM2 responds to tonic stimuli to regulate inflammation—TREM2 and 

DAP12 reduce inflammatory TLR signals [98, 99] in cultured BMDMs. This role did not 

require stimulation with an exogenous ligand, suggesting it is mediated by a ligand on the 

BMDMs or perhaps from the culture media. This function likely also involves co-regulation 

of adaptor proteins that dampen TLR signaling (Fig. 4C).

Which ligands could be important for these functions? Many of these in vitro results did not 

require antibody stimulation of TREM2, suggesting a ligand present on the myeloid cells or 

readily available in culture. Phospholipids, proteoglycans, or lipoproteins make attractive 

candidates as these ligands would be ubiquitous. For example, APOE is highly abundant in 
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serum and CSF, with concentrations in the μg/mL range [140]. However, because these 

ligands are so ubiquitous, understanding how signaling could be regulated is a challenge.

TREM2 functions during disease

In addition to its role as a tonic receptor, TREM2 recognizes a variety of ligands associated 

with damage, disease, and infection. These ligands may mimic tonic stimuli or instead may 

produce an activating signal above the tonic threshold.

1. TREM2 responds to damage stimuli to drive survival and activation of 
myeloid cells—During disease, TREM2 responds to DAMPs such as ligands exposed on 

apoptotic membranes, myelin lipids, DNA exposed by necrotic cells, ligands presented by 

Aβ plaques, or perhaps lipoparticles enriched in apoptotic phospholipids. TREM2 

stimulation by these ligands could be important for TREM2 function under the additional 

stress from damage. In this scenario, TREM2 signaling licenses the response to pathogens 

and other damage. This cellular activation program can take a number of forms, including 

sustaining cell survival, regulating cytokine production, and/or permitting phagocytosis by 

other receptor pathways. For example, TREM2 was required for full phagocytic capacity of 

antibody-Aβ complexes (which are recognized by FcR for phagocytosis), showing TREM2 

enables the phagocytic functions of other receptors [141]. TREM2 inhibits inflammatory 

cytokine production in cultured microglia following exposure to apoptotic neurons [142], 

and Trem2-deficient and haploinsufficient microglia have impaired microgliosis and don’t 

properly respond to plaques [30, 42, 45, 47, 143] (Fig. 4D).

2. TREM2 directly binds DAMPs/PAMPs for phagocytosis—While the primary role 

of TREM2 may not be phagocytosis, there have been reports of TREM2-mediated 

phagocytosis of a direct ligand, including phagocytosis of apoptotic neurons that express a 

TREM2 ligand [37, 125, 142], and bacteria [122] likely through recognition of anionic 

bacterial components [121]. These examples did not require TREM2 stimulation by 

antibodies or separate ligands. Instead, cross-linking by bacterial carbohydrates or apoptotic 

membrane-exposed ligands activate TREM2 signaling, resulting in microtubule mobilization 

and phagocytosis (Fig. 4E).

Phagocytosis is a good example for how different types of TREM2 signaling and ligands 

may induce different functions. Studies generally ascribe a pro-phagocytic role for TREM2. 

For example, some studies have shown ectopic expression of TREM2 is sufficient to 

promote phagocytosis in non-myeloid cells [25, 122]. However a most interesting study 

from Knapp and colleagues demonstrated Trem2 deficiency had opposite effects on 

phagocytosis by bone marrow and alveolar macrophages [144]. In the context of 

neurodegenerative disease, it has often been assumed that TREM2 has a major role in 

phagocytosis of debris. However, given that studies have observed increased [30], 

unchanged [145], and decreased [31] levels of Aβ plaque levels in Trem2-deficient mice, 

phagocytosis may not be the principal role of TREM2 in AD. Indeed, despite the defect in 

microgliosis and an apparent role for the plaques in stimulating TREM2 [45], Trem2-

haploinsufficient mice did not have a phagocytic deficit. Trem2 deficient microglia display 

impaired phagocytosis, but this may be an indirect result of even more severe deficits in 
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microglia activation [42, 45]. Another study noted that phagocytosis of Aβ is increased in 

Trem2-transduced microglia isolated from 7-month-old, but not 18-month-old APPswe/

PS1dE9 mice [146], suggesting that TREM2 itself is not sufficient for phagocytosis if other 

factors lost with age are not present.

The TREM2 crystal structure provides insights into ligand engagement

The human TREM2 Ig domain crystal structure provides some clues as to how TREM2 may 

interact with various ligands. TREM2 has a pronounced basic patch on its surface that is 

involved in the recognition of cell-surface proteoglycans and is most likely important in the 

recognition of additional anionic ligands [26]. The major AD-risk variants (R47H, R62H) 

are contained in this surface and additional mutations that increase the basic surface (T96K) 

increase binding to ligands while other R to D mutations in the basic surface decrease 

cellular binding. Therefore, this surface is involved in recognition of cell-surface 

proteoglycans. Furthermore, this surface is not observed on TREM1 or the other TREM 

family crystal structures. Also noteworthy is that circular dichroism spectroscopy studies 

revealed a subtle conformation change for the R47H variant, but not the R62H or T96K 

variant. The portion of the CD spectra altered is associated with tryptophan residues within 

Ig folds. Therefore, it is possible that the R47H variant specifically disrupts another part of 

the protein structure whereas the other residues likely only impact the basic patch. There is 

also a hydrophobic surface on the protein that may be involved with recognizing lipidous 

ligands (Fig 5A). In particular, cell-surface proteoglycans on myeloid cells may act in cis as 

a tonic ligand for TREM2 while simultaneously orienting or clustering the protein to receive 

activating signals from other ligands. These signals may be induced through interactions 

with other surfaces on TREM2 or may result by “hand-off” from GAGs to a higher-affinity 

ligand that recognizes the basic surface (Fig. 5B). In this model, the basic patch mutations 

could impact binding to proteoglycans, stimulating ligands, or both to result in impaired 

signaling (Fig 5C). There are several precedents for receptor-GAG interactions mediating 

immune signaling, such as CD14-TLR4 [147], CXCL12 chemokine [148], and acetylcholine 

receptors [149]. To answer these questions, experiments must be performed with the 

different TREM2 ligands to dissect their effect on the different modules of TREM2 

signaling and interplay with other pathways. Epitope-mapping experiments will be needed to 

confirm binding sites between TREM2 and ligands to understand overlap in TREM2 ligands 

and also to understand how different ligands interact with TREM2 to result in inhibitory or 

activating signals. Given that different TREM2 variants produce different results on protein 

structure and function [25, 26, 28], it will be also important to conduct studies using knock-

in models of the mutant proteins. Finally, it is important to consider the role of sTREM2 in 

disease and to identify its signaling receptors.

Future perspectives: Outstanding questions regarding TREM2

1. Is there a role for TREM2 in regulating C1q and complement expression in 

microglia? TREM2 was reported to inhibit expression of C1q in alveolar 

macrophages [150] and C1q is expressed by microglia during development and 

improperly during AD to prune neuronal synapses [151].
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2. Is surplus TREM2 signaling harmful? The T96K variant has been shown in two 

studies to have increased ligand binding or signaling [26, 132], but this variant 

has not been robustly linked to disease. If gain-of-function TREM2 variants are 

indeed disease-risk, it would mean therapies that stimulate TREM2 must be 

carefully assessed.

3. When is TREM2 function most critical during disease and when could TREM2 

agonists or antagonists have the most benefit? TREM2 deficiency is reported to 

have opposing effects on Aβ levels and disease pathology during early and late 

disease [43].

4. What is the role of sTREM2 in AD, and can it be exploited therapeutically? A 

decoy function would make stimulation of transmembrane TREM2 more 

difficult. However, if sTREM2 has a beneficial function as a signaling molecule, 

recombinant sTREM2 could be considered as a therapeutic. Given that sTREM2 

is reported to increase both survival and inflammation in cultured microglia 

[109], it may be necessary to pair sTREM2 with an anti-inflammatory drug to 

isolate the pro-survival effect. While these possibilities are explored, CSF 

sTREM2 certainly has potential as a biomarker for microgliosis during AD onset 

[48]

5. How do culturing conditions influence the interpretation of cellular assays? 

TREM2 is likely to be highly influenced by cell density, health of neighboring 

cells, and perhaps most importantly, the concentration and activity of 

lipoparticles.
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Abbreviations used

Aβ amyloid beta

AD Alzheimer’s disease

Akt Protein kinase B

ALS amyotrophic lateral sclerosis

AM alveolar macrophage

APOE Apolipoprotein E

BLI BioLayer Interferometry

BMDM Bone marrow-derived macrophage

C1q component of the C1 complement protein complex
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CL cardiolipin

COPD chronic obstructive pulmonary disease

CS Chondroitin sulfate

CSF-1R Colony stimulating factor 1 receptor

DAG diacylglycerol

DAMPs Damage-associated molecular patters

DAP12 DNAX-activation protein 12

DC Dendritic cell

ELISA Enzyme-linked immunosorbent assay

ERK extracellular signal-related kinase

FRET Förster resonance energy transfer

GAG glycosaminoglycan

GM-CSF Granulocyte macrophage colony-stimulating factor

Grb2 Growth factor receptor-bound protein 2

GSK3-β Glycogen synthase kinase 3

HDL high-density lipoprotein

HS Heparan sulfate

hTREM2 human Triggering receptor expressed on myeloid cells-2

IBD inflammatory bowel disorder

Ig immunoglobulin

IL-4 interleukin 4

IP immunoprecipitate

ITAM Immuno-Tyrosine Activation Motif

ITIM Immuno-Tyrosine Inhibitor Motif

LAB Linker for the activation of B cells

LAT Linker for the activation of T cells

LDL low-density lipoprotein

LMIR5 Leukocyte mono-immunoglobulin (Ig)–like receptor-5 (Also CD300b)

LOAD late-onset Alzheimer’s disease
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LOS Lipooligosaccharides

LPS Lipopolysaccharide

LTA Lipoteichoic acid

M-CSF macrophage colony-stimulating factor

MAPK Mitogen-activated protein kinase

MS multiple sclerosis

mTREM2 mouse Triggering receptor expressed on myeloid cells-2

NF-kB Nuclear factor kappa B

NHD Nasu-Hakola Disease

NK Natural killer cell

NO nitric oxide

Nrp1 Neuropilin-1

PA phosphatidic acid

pAkt phosphorylated-Protein kinase B

PAMPs Pathogen-associated molecular patterns

PBMC peripheral blood mononuclear cell

PC phosphatidylcholine

PE phosphatidylethanolamine

PET positron emission tomography

PI3K phosphoinositide 3-kinase

PIP3 phosphatidylinositol-3,4,5-trisphosphate

PLCγ1 phospholipase C γ

PMA phorbol 12-myristate 13-acetate

PS phosphatidylserine

RANKL Receptor activator of nuclear factor kappa-B ligand

ROS reactive oxygen species

Sema3A Semaphorin-3A

Sema6D Semaphorin-6D

SHIP-1 phosphatidylinositol phosphatase
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SHP-1 Protein tyrosine phosphatase

SM sphingomyelin

SOS son of sevenless

SPR surface plasmon resonance

sTREM2 soluble TREM2

TIM T cell Ig mucin

TLR Toll-like receptor

TREM2 Triggering receptor expressed on myeloid cells-2

TREML Triggering receptor expressed on myeloid cells like
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Highlights

• TREM2 is an innate immune receptor with neurodegenerative disease variants

• TREM2 contributes to myeloid cell survival and activation

• TREM2 is a receptor, but may also act as a soluble signaling molecule

• The endogenous ligand is unknown, although many have been suggested

• This review suggests how different ligands may contribute to TREM2 

signaling
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Figure 1. Schematic for TREM2 domain bounderies and structure
A) Schematic of TREM2 domain boundaries. SP = signaling peptide, Ig = immunoglobulin, 

Tm = transmembrane, and Cyto = cytosolic tail. N20 and N79 indicate position of N-linked 

glycosylation sites. Numbers indicate domain boundaries. B) Schematic representing 

TREM2 structure and interactions with DAP12. TREM2 is a single-pass transmembrane 

domain that interacts with DAP12 through polar interactions between transmembrane 

domains. TREM2 contains an Ig domain to interact with ligands. DAP12 exists as a 

disulfide-linked homodimer and each monomer contains an ITAM motif. C) Molecular 

impact of disease variants. Coding variants in the Ig domain of TREM2 have been found to 

either impact protein folding and stability (Y38C, T66M, V126G) or ligand binding (R47H, 

R62H). The major AD risk variants R47H and R62H impact binding to multiple ligands 

(Table 2) and are contained within a basic patch on the protein surface that likely mediates 

ligand binding.
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Figure 2. TREM2 signaling mechanisms
A) Canonical ITAM-mediated TREM2 signaling occurs following cross-linking of TREM2. 

Src phosphorylates the DAP12 ITAM. This recruits and activates Syk. Syk activity leads the 

phosphorylation and activation of downstream effectors including PI3K, PLCγ, LAB or 

LAT, Cbl, Grb2, and Vav. DAP10 also recruits PI3K. The end result of these pathways is Akt 

activation, calcium flux, ERK/MAPK activity, and actin mobilization. B) TREM2 signaling 

is inhibited through multiple mechanisms. TREML1 associates with TREM2 signaling 

complexes and recruits SHP-1 through its ITIM. The scaffolding protein LAB recruits the 

E3 ubiquitin ligase Cbl, which downregulates Src and Syk. Incomplete DAP12 

phosphorylation results in a “hidden ITIM” which can recruit SHIP-1. C) The most 

prevalent model for multifaceted TREM2 signaling is activating vs tonic receptor 

engagement by multivalent, high-affinity ligands vs low affinity, monovalent ligands. D) 
Soluble TREM2 is produced by proteolytic cleavage and may have signaling functions 

separate from transmembrane TREM2.
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Figure 3. Role for TREM2 in regulating other signal pathways
A) TREM2 inhibits TLR responses through the recruitment of DOK3 to the DAP12 ITAM at 

the plasma membrane and potentially by sequestering signaling intermediates such as ERK 

or creating a less activating environment with scaffolding proteins such as LAB. (Structures 

PDBs: TREM2 5ELI [26] and 3FXI [158] - signaling complex of TLR4 (dark and light red), 

MD2 (cyans) complexed with LPS). B) TREM2 is required for the Plexin-A1 response to 

Sema6D. Two molecules of Plexin-A1 dimerize upon binding to a dimer of Sema6D. The 

Ig-like domains of Plexin-A1 colored in magenta were required for the interaction with 
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TREM2. Structure PDBs: TREM2 5ELI, Plexin-A4 dimer 5L5K [159] - (Blue and cyan 

with magenta highlights) superimposed on Sema6D (greens, 3OKY, [160]). C) TREM2 

signaling is required for β-catenin activation during M-CSF/CSF-1R signaling. (Structure 

PDB: 4WRM [161] - CSF-1R orange and M-CSF cyan with signaling dimer shown in 

lighter shading).
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Figure 4. Possible roles for TREM2 resulting from different ligands
A–C) During normal conditions, TREM2 signaling from endogenous ligands permits a 

number of functions. A) TREM2 is a co-receptor or co-stimulatory molecule for signaling 

pathways such as CSF-1R involved in myeloid proliferation and survival. B) TREM2 signals 

(perhaps in collaboration with Plexin-A1) are important for maturation. C) TREM2 

regulates inflammatory responses by influencing TLR and other activating networks to 

maintain homeostasis. D–E) TREM2 recognizes additional ligands associated with disease. 

D) These signals may increase activation and survival so that myeloid cells can respond in a 

context-dependent manner. E) TREM2 can induce phagocytosis of certain ligands, such as 

bacteria.
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Figure 5. Model for TREM2 signal by WT and variant proteins
A) TREM2 has a pronounced basic patch, and the disease variants R47 and R62 are part of 

this surface. TREM2 also has separate surfaces that are potentially involved in ligand 

binding, such as a hydrophobic surface above the basic patch. B) Role of GAGs in TREM2 

signaling. Heparan sulfate proteoglycans interact with TREM2, likely in cis on TREM2-

expressing cells. These may function to orient or cluster TREM2 to receive activating 

signals such as phospholipids or APOE. C) The R47H and R62H variant have reduced 

binding to cell-surface proteoglycans and have reduced signaling to phospholipids and 

lipoparticles. The decreased affinity for GAG may impair the ability of these variants to 

recognize and/or signal in response to these ligands.
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Table 1

Summary of TREM2 links to human disease and animal models of disease

Disease Observation or model Phenotype Possible role of TREM2 Reference:

Neurodegenerative disease

 Nasu-Hakola Disease NHD patient TREM2 mutations co-
segregate with NHD

TREM2 mutations cause NHD [7]

Osteoclast maturation 
from PBMCs

Monocytes from NHD 
TREM2 carriers have 
impaired osteoclast 
differentiation.

TREM2 involved in myeloid 
maturation

[10, 89]

Osteopenic mice Reduced proliferation of 
osteoclast precursors, 
accelerated osteoclast 
maturation and apoptosis.

Myeloid proliferation and survival [117]

 Alzheimer’s disease 
Genetic links

Sequencing & GWAS 
studies

First two studies to identify a 
link between TREM2 
variants and AD

R47H is a risk variant. Others 
possible.

[4, 5]

TREM2 R47H correlated 
with CSF tau and p-tau

R47H is an AD risk variant [18]

R47H did not fully explain 
TREM2 disease risk

R62H is an AD risk variant [3]

 Alzheimer’s disease
 Aβ Models

APPPS1 mice Decreased number and size 
of plaque-associated 
microglia in Trem2 
heterozygotes. No change in 
total Aβ.

Microgliosis [47]

5XFAD mice Trem2−/− mice have 
Increased Aβ and impaired 
microglial response at 8mo. 
Decreased microglial 
survival.

Microglia survival, microgliosis. 
Protective in Aβ

[30]

5XFAD, APPPS1 mice 5XFAD Trem2−/− mice have 
fewer microglia (8mo) and 
less plaque clustering 
(4,8mo), producing diffuse 
plaque morphology and 
increased neuronal 
pathology. No change in total 
Aβ.

Microgliosis, microglial 
proliferation. Protective in Aβ

[42]

APPPS1 mice Trem2−/− mice have reduced 
Aβ plaque burden at 4mo. 
Decreased plaque clustering 
of Iba1+ cells.

Plaque response. Possible role in 
proliferation, survival, and/or 
trafficking Detrimental in Aβ

[31]

5XFAD, CRND8, 
APPPS1 mice Human 
R47H carrier samples

TREM2 is required for 
microglial barri er function 
around Aβ plaques. Human 
R47H carriers mirror Trem2 
haploinsufficient mice.

Microgliosis and protective plaque 
response

[45]

APPPS1 mice TREM2 increases amyloid 
burden early, but reduces Aβ 
burden late in disease.

Microglial/myeloid proliferation, 
inflammation, and plaque response

[43]

APPswe/PS1dE9 mice In vivo overexpression 
reduced plaque load and 
inflammation.

Anti-inflammatory, Phagocytosis of 
Aβ

[32]

APPswe/PS1dE9 mice Overexpressing Trem2 in old 
mice (18mo) had no effect 
on AD pathology.

Age-restricted protective role [146]
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Disease Observation or model Phenotype Possible role of TREM2 Reference:

Alzheimer’s disease
Tau models

P301S mice Trem2 overexpression 
ameliorated tau pathology.

Protective, anti-inflammatory [50]

P301S mice Lentiviral knockdown 
increased tau pathology.

Protective, anti-inflammatory [51]

 Multiple Sclerosis Cuprizone TREM2 sustains microglia 
during aging and cuprizone 
challenge. Reduces myelin 
debris.

Microglial survival and proliferation 
during aging myelin response

[65]

Cuprizone Trem2−/− mice have 
increased myelin debris, 
decreased microglial 
proliferation and activation.

Microgliosis and proliferation [64]

EAE Antibody blockade of 
TREM2 signaling 
exacerbates symptoms.

Beneficial in MS [126]

EAE EAE symptoms were 
reduced by Trem2-
transduced macrophages.

Anti-inflammatory, protective [152]

Prion Pathogenesis Prion infection No effect on prion 
pathogenesis, but reduced 
microglial activation.

Microgliosis and proliferation [66]

Cardiovascular disease

 Stroke Experimental Ischemia Trem2−/− mice had increased 
infarction, decreased 
microglia activation, and 
fewer phagocytic microglia.

Microgliosis and phagocytosis 
Protective following stoke

[39]

Experimental Ischemia Trem2−/− mice have fewer 
microglia at glial scars and 
decreased microglial 
activation. No change in scar 
size.

Microgliosis [67]

Chronic pulmonary disease

 Viral-induced COPD SeV-induced chronic 
airway disease

Trem2−/− mice have reduced 
macrophage expansion 
which reduced chronic 
disease. IL-13 stimulation 
produces sTREM2 which 
prevents macrophage 
apoptosis.

Survival and proliferation. sTREM2 
prevents macrophage apoptosis, 
allowing conversion to alternatively 
activated macrophages, which 
promote airway disease

[71]

Wound Healing

 Colon injury Chemical colon injury Trem2−/− mice had reduced 
inflammation and wound 
damage.

Inflammatory, bacterial killing. [73]

Biopsy injury TREM2 required for wound 
healing and promotes M2 
phenotype

Promote anti-inflammatory M2 
phenotype

[72]

Infection

 Animal infection E. coli endotoxemia. TREM2 was protective in 
sepsis infection.

Phagocytic, anti-inflammatory [153]

LPS and E. coli 
endotoxemia.

Trem2−/− mice had increased 
early inflammation and faster 
resolution.

Phagocytic. Anti-inflammatory. [154]

P. aeruginosa TREM2 activated PI3K/Akt 
pathway to control 
inflammation.

Anti-inflammatory [155]
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Disease Observation or model Phenotype Possible role of TREM2 Reference:

S. pneumoniae TREM2 decreased C1q 
expression in alveolar 
macrophages and TREM2 
was detrimental to survival 
in intranasal challenge.

Anti-phagocytic, pro-inflammatory 
in AMs. Opposite results in 
BMDMs

[150]

In vitro cellular infection P. aeruginosa TREM2 increased ROS 
production through Akt/
PI3K pathway. No change in 
phagocytosis.

Bacterial killing [76]

S. Typhimurium TREM2/DAP12 required for 
ROS response following 
Salmonella infection.

Bacterial killing [75]

B. abortus TREM2 inhibited NO 
production and increased 
bacterial load.

Promotes bacterial growth [77]

Key:

5XFAD = transgenic for mutant human APP K670N/M671L + I716V+ V717I and PSEN1 M146L+ L286V

APPPS1 = transgenic for mutant human transgenes APP KM670/671NL and PSEN1 L166P

APPswe/PS1dE9 = transgenic for mutant human APP KM670/671NL and PSEN1 delta exon 9

CRND8 = transgenic for mutant human APP KM670/671NL+V717F

EAE = experimental autoimmune encephalomyelitis

P301S = Tau P301S transgenic mice

SeV = Sendai virus
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Table 2

Reported TREM2 ligands

Ligand Techniques Variants Ref

Bacteria/bacterial components

Whole Bacteria CS, P, FC, RC, CB, E [75, 121, 122]

C. jejuni lysate E, RC [123]

N. gonococcus lipooligosaccharides E, SPR, RC [124]

Anionic Bacterial Carbohydrates CB [121]

Cholera toxin B E, RC [156]

Mammalian Cells

THP-1 monocytes FC [26]

BMDMs FC [98]

BMDCs FC [100]

Astrocytes RC, CS [121, 125, 126]

Neuronal Cells CS, RC, FC [26, 37, 39, 125]

Apoptotic cells FC, RC, P [30, 37]

Anionic molecules

Phospholipids & Sulfolipids E, DB, RC, LB R47H, R62H ↓ D87N, T96K ↑ [26, 30, 65, 127, 128, 132, 157]

DNA IP, RC [39]

Sulfated proteoglycans FC [26]

Mammalian proteins

HSP60 E, CS. [125]

Plexin-A1 FRET, IP [113]

TREML1 (short transcript) IP [96]

Apolipoproteins (A,B,E,J) DB, P, IP, E, BLI, PM R47H ↓[128, 134] R47H, R62H, D87N↓
[135]

[128, 134, 135]

Lipoparticles BLI, RC, PM R47H, R62H ↓ D87N↑↓, T96K ↑ [132, 135]

Negative results

Certain Mammalian Cells CS [121]

Apoptotic Jurkat cells FC [128]

Key: E = ELISA, RC = reporter cell, FC = flow cytometry P = phagocytosis/cellular uptake, IP = Co-immunoprecipitation, CB = competitive 
binding, CS = cell staining, DB = dot blot, LB = liposome binding, BLI = biolayer interferometry, PM = protein microarray, SPR = surface 
plasmon resonance.
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