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Abstract

INTRODUCTION—TREM2 is a lipid-sensing activating receptor on microglia known to be 

important for Alzheimer's disease (AD), but whether it plays a beneficial or detrimental role in 

disease pathogenesis is controversial.

METHODS—We analyzed AD risk of TREM2 variants in the NIMH AD Genetics Initiative 

Study and AD Sequencing Project. We compared each variant's risk and functional impact by a 

reporter assay. Finally, we analyzed expression of TREM2 on human monocytes.

RESULTS—We provide more evidence for increased AD risk associated with several TREM2 

variants, and show that these variants decreased or markedly increased binding to TREM2 ligands. 

We identify HDL and LDL as novel TREM2 ligands. We also show that TREM2 expression in 

human monocytes is minimal compared to monocyte-derived dendritic cells.

DISCUSSION—Our results suggest that TREM2 signaling helps protect against AD but can 

cause harm in excess, supporting the idea that proper TREM2 function is important to counteract 

disease progression.
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Introduction

1.1

The role of microglia in the pathogenesis of Alzheimer's disease (AD) has been a subject of 

intense study for many years. In response to β-amyloid (Aβ) accumulation, microglia 

aggregate and participate in Aβ and tau clearance but also in neuroinflammation that 

damages neurons (1). As such, it is thought that microglia may have a dual role in AD, 

becoming dysfunctional over the course of the disease and switching from protective to 

harmful. Recently, genetic studies have identified several AD-associated polymorphisms in 

microglia-expressed genes such as TREM2 (2, 3), CD33 (4), and CR1 (5). Among these 

loci, the greatest risk is associated with the rs75932628T polymorphism in TREM2 

encoding the R47H missense mutation. Studies of TREM2 deficiency in various models of 

neurological disease, such as cuprizone-induced demyelination (6), converge on impaired 

microgliosis in response to insult, suggesting that TREM2 may be crucial for microglial 

activation. Indeed, genetic targeting of TREM2 in murine AD models has shown a defective 

capacity of TREM2-deficient microglia to cluster around Aβ plaques. However, mixed 

results were reported with regard to plaque burden (7, 8), and therefore, as with microglia in 

general, it is not settled whether TREM2 plays a beneficial or detrimental role in the context 

of AD.

To shed light on this question, we sought to establish whether TREM2 polymorphisms that 

increase AD risk are typically loss-of-function, neutral, or gain-of-function. Although R47H 

has been shown to have ligand-binding defects (7), other AD-associated TREM2 variants 

have not been evaluated. To address whether ligand-binding deficiency is a consistent 

feature of risk alleles, we sought to characterize a large panel of mutants. We selected risk 

alleles based on whole genome/exome sequencing data and tested their function by ligand 

binding assays. We find that most AD-associated variants demonstrate decreased signaling 

in response to a variety of ligands, but surprisingly, some markedly increase signaling. Thus, 

our results suggest that TREM2 signaling helps protect against AD but can cause harm in 

excess. Finally, to clarify previous findings regarding the role of TREM2 conducted in 

peripheral blood mononuclear cells (PBMCs) (9, 10), we perform a thorough 

characterization of TREM2 expression in these cells and find that CD14+ human monocytes 

do not express TREM2 on the mRNA or protein level, in contrast to monocyte-derived 

dendritic cells (moDCs), which highly express TREM2 and are therefore suitable for 

functional studies. Our results support the idea that proper TREM2 function is important to 

counteract disease progression.

Results

2.1 Risk analysis of TREM2 variants in NIMH and ADSP genetic data

We set out to select TREM2 variants for which we could make inferences about Alzheimer's 

risk. We analyzed variants present by whole-genome sequencing in the NIMH AD Genetics 

Initiative Study, and used data on these variants in the AD Sequencing Project whole exome 

sequencing (ADSP) for replication (Table 1). Family-based association analysis (FBAT) in 

the NIMH AD families yielded a p-value of 0.004 for R47H, consistent with our previous 
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report in the same NIMH families (11) and confirmed in ADSP (p<3.45e-12; OR=4.5). 

Other rare variants in TREM2 were not present in more than ten statistically informative 

families, thereby preventing the computation of reliable p-values. However, several variants 

were frequent enough to be suggestive between both datasets. R62H had an odds ratio (OR) 

of 1.7 in NIMH families, confirmed in ADSP (p=0.006; OR=1.4). The related R62C was 

found in two affected individuals from one NIMH family and had an OR of 0.58 in ADSP, 

but numbers were too small to draw conclusions. T96K and L211P, which were almost 

completely linked in both datasets, had OR around 10 in NIMH families, but this was not 

supported by the replication sample (p=0.85; OR=1.04; p=0.59; OR=1.13, respectively). On 

the other hand, D87N had an OR of 0.89 in NIMH families but was significantly associated 

with risk in ADSP (p=0.017; OR=2.3). The stop gain Q33X was biased toward affected 

individuals in NIMH families and statistically significant for increased risk in ADSP 

(p=0.025). Finally, H157Y was found in 5/8 affected individuals, but no unaffected 

individuals were available for comparison; however, it significantly increased risk in ADSP 

(p=0.01; OR=4.7). Thus, these data suggest increased AD risk for variants other than the 

previously implicated R47H, R62H, and L211P.

2.2 Functional characterization of selected TREM2 variants

Next, we attempted to correlate risk to functional alterations. TREM2 binds polyanionic 

ligands such as phospholipids and via the associated intracellular protein DAP12 leads to 

downstream protein tyrosine kinase and calcium signaling, among other intracellular events 

(7). We reasoned that the multitude of different signals generated by TREM2 in response to 

receptor ligation are all related to the activation state of the receptor, for which downstream 

calcium signaling would provide a reliable readout. Thus, we looked for altered TREM2 

activation using a calcium-driven reporter system. Using retroviral transduction, we stably 

inserted each TREM2 variant, together with DAP12, into a reporter cell line where calcium 

signals lead to NFAT nuclear translocation and EGFP synthesis. Each reporter line was 

sorted directly for the TREM2+ population by fluorescence-activated cell sorting (FACS), 

and these sorted lines were used for all subsequent experiments. We characterized R47H, 

R62H, R62C, T96K, L211P, H157Y, and D87N mutations from the NIMH families and the 

previously identified R52H, E151K, R136W, and T66M mutations (12). The common 

variant of TREM2 (TREM2-CV) and non-transduced reporter cells served as positive and 

negative controls, respectively. mRNA expression of TREM2 and DAP12 by quantitative 

RT-PCR was similar between constructs and highly correlated (Supplementary Figure 1A), 

indicating successful viral transduction. By flow cytometry, surface expression ranged from 

about 50% to 120% of TREM2-CV (Supplementary Figure 1B). The T66M variant had no 

detectable surface expression, as previously shown (13), and did not show any activation in 

our assay (data not shown). It also demonstrated lower RNA expression, likely because the 

non-transduced population could not be sorted out by FACS. On the other hand, the R52H, 

R62C, and T96K mutations demonstrated somewhat lower surface expression despite their 

higher RNA expression, which may reflect a true defect in protein trafficking or simply 

technical variation. All variants besides T66M demonstrated activation when stimulated with 

plate-bound anti-TREM2 antibody (Supplementary Figure 1C), suggesting that these 

variants do not affect the overall folding and conformation of TREM2. Activation in 
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response to direct antibody-mediated cross-linkage correlated roughly with surface 

expression, as expected.

Using these reporter lines, we analyzed TREM2 activation in response to a variety of known 

lipid ligands. Each ligand was coated on a 96-well plate at different concentrations, and 

reporter cells containing each TREM2 variant were subsequently plated in duplicate. After 

12 hours, the percentage of GFP+ cells at each concentration was determined by flow 

cytometry. Then, the baseline activation with no ligand was subtracted from each respective 

activation curve (Supplementary Figure 1D) and area under the curve (AUC) relative to 

TREM2-CV was used to compare overall activation. An example of a full activation curve is 

shown in Supplementary Figure 1E. Because of the correlation between surface expression 

and activation seen with antibody stimulation, we used the activation/expression ratio to 

determine functional impact. Figure 1A-C show activation vs. surface expression plots for 

the purified lipid ligands phosphatidylserine (PS), sulfatide (Sulf), and phosphatidylcholine 

(PC). As previously shown (7), the R47H polymorphism has a profound negative impact on 

signaling in response to all tested ligands except PC, which in turn elicited a normal 

response from all variants. The R62C polymorphism showed a similarly dramatic reduction 

in activation. The H157Y and R62H variants demonstrated a lesser defect. To the contrary, 

T96K and D87N had consistently higher activation. R52H, R136W, L211P, and E151K were 

neutral overall. The percentage deviations of each variant from TREM2-CV across ligands is 

summarized in Figure 1F. As Q33X leads to truncation of nearly the entire protein, it 

presumably leads to complete loss of function and thus was not assayed.

As lipoproteins contain a variety of phospholipids, we tested whether abundant serum 

lipoproteins such as high-density lipoprotein (HDL) and low-density lipoprotein (LDL) 

could activate TREM2 in our reporter system. Indeed, both HDL and LDL activated TREM2 

variants in a similar pattern as seen for purified phospholipids (Figure 1D, E). These results 

extend the range of TREM2 ligands and are consistent with the recent observation that 

lipoprotein particles containing the apolipoprotein E (ApoE) also bind TREM2 (15, 16), 

which is notable given the association of ApoE polymorphisms with AD (17).

2.3 Determination of TREM2 expression on human peripheral blood monocytes and 

monocyte-derived dendritic cells

The last part of our study was to determine the utility of PBMCs for TREM2 studies. Early 

work in healthy donors detected TREM2 only in tissue macrophages and in vitro cultured 

dendritic cells and macrophages, but not in appreciable quantities in blood monocytes (18, 

19). However, recent studies reported increased TREM2 expression on blood monocytes 

from some AD patients (9) and carriers of a CD33 risk allele for AD (10). We sought to 

clarify the distribution of TREM2 in blood-derived cell populations at the RNA and protein 

level. Freshly isolated human PBMCs from normal donors were sorted by magnetic-

activated cell sorting into the CD14+ monocyte fraction and CD14− fraction. Flow cytometry 

was performed using three different monoclonal antibodies against TREM2 as well as CD14 

and CD33 to verify the sort purity. While virtually all sorted cells were CD14+CD33+, none 

of the TREM2 antibodies stained cells to an appreciable degree. The CD14− fraction, as 

expected, did not contain a TREM2+ population. However, culturing CD14+ cells with IL-4 
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and GM-CSF for 5 days to produce moDCs led to de novo expression of TREM2 as detected 

by all three monoclonal antibodies (Figure 2A). To confirm this finding, we performed 

quantitative RT-PCR on day 0 CD14+ PBMCs and day 5 moDCs (Figure 2B). Consistent 

with our flow cytometry data, TREM2 transcripts of either isoform 1 or 2 are not present in 

day 0 human CD14+ monocytes, while they are abundant in moDCs.

For further support, we analyzed microarray data from the ImmVar project, including data 

on peripheral blood monocytes from 401 healthy subjects, unstimulated moDCs from 30 

healthy subjects, and CD4+CD62L+ T lymphocytes from 407 healthy subjects (20, 21) 

(Figure 2C). We found that the log2 quantile-normalized value for TREM2 transcript in 

monocytes was consistently low (median 6.33), on par with transcripts specific to natural 

killer cells (NCR1, median 6.86) and B lymphocytes (CD20, median 5.05), and similar to 

the level of TREM2 detected in T lymphocytes (median 5.29). In contrast, TREM2 was 

expressed highly in moDCs (median 10.87). We also checked levels of HLA-DRA and beta-

actin as controls. HLA-DRA was expressed highly in monocytes and moDCs but not in T 

lymphocytes (median 13.07, 13.95, 6.24, respectively) and beta-actin was expressed highly 

in all three cell types (median 13.60, 13.85, 13.47, respectively), as expected. Together, these 

results indicate that TREM2, on the mRNA or protein level, is not appreciably expressed in 

human monocytes but at a high level in moDCs.

Discussion

In our study, we report a novel genetic and functional analysis of several TREM2 variants. 

Of these variants, some have been previously described to be statistically significant for risk 

in various populations, others have been reported without adequate sample sizes for accurate 

assessment of risk, and some have not previously been reported. The functional impact of 

most of these variants, other than Nasu-Hakola variants and R47H, have not been previously 

determined. We observed that five variants (R47H, R62H, R62C, H157Y, R52H) had 

functional features indicating impaired TREM2 function. R47H and R62C showed the 

greatest defect in activation/expression ratio, while R62H and H157Y showed a more 

modest defect. R62C and R52H showed diminished surface expression despite higher 

mRNA expression. This latter observation may reflect a true defect in protein trafficking or 

alternatively, either technical variation or a deficiency unique to our reporter line rather than 

human microglia. The R62C and R52H variants have not been identified in large enough 

numbers thus far to draw conclusions about AD risk, but the other three showed statistically 

significant risk in our analysis as well as prior reports. The R47H variant significantly 

increased AD risk in both the NIMH families and ADSP data, and its association with AD 

has been replicated in a variety of populations. The R62H variant is more common than 

R47H in the Caucasian population and has previously been shown to confer a statistically 

significant risk for AD with a smaller effect size than R47H, a conclusion supported by both 

the NIMH and ADSP datasets. The H157Y variant was previously reported in affected 

individuals, and it confers a statistically significant increased AD risk in the ADSP dataset. 

Thus, we have shown that many different AD-associated TREM2 risk alleles impair the 

ability of the receptor to engage ligand and initiate downstream signaling, supporting an 

important role for TREM2 and microglial activation in protecting against AD pathogenesis. 

Finally, the Q33X variant together with other Nasu-Hakola variants that presumably have 
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gross misfolding and loss of function were previously demonstrated to increase AD risk in 

aggregate, and we confirm statistically significant risk for the Q33X variant alone, as well as 

lack of cell surface expression of the T66M variant.

On the other hand, 2 variants we tested (T96K, D87N) showed increased activation across 

all ligands except for phosphatidylcholine. The D87N variant, in particular, showed 

activation/expression ratio in some cases two or three times as high as TREM2-CV. Despite 

some conflicting data between datasets, overall both of these activating mutations seem to 

increase AD risk. While the T96K and highly linked L211P mutations were not associated 

with increased risk in the ADSP data, their OR in the NIMH data was around 10. In 

addition, the L211P variant was previously found to be significant for risk in African 

Americans (14). While in that study, the T96 position was not genotyped, it is likely that the 

observed risk for L211P would extend to T96K due to their linkage disequilibrium. The 

D87N variant was previously found to be statistically significant for AD risk (2), and we 

report a similar finding in the ADSP dataset, although this risk is not observed in the NIMH 

family data. This finding suggests that overactive TREM2 signaling may also promote the 

development of AD.

It remains to be assessed whether differences in ligand binding and signaling we report in 

this study directly correspond to microglial activation or function in vivo. It is unknown 

which TREM2 ligand or ligands are the most important during the course of AD, and it 

could be the case that the physiological ligand does not show the same pattern of deficient 

binding among TREM2 variants. Another possibility is that different levels of TREM2 

activation may differentially trigger downstream signaling events in vivo. For example, gross 

overactivation as seen with T96K and D87N may end up recruiting more phosphatases and 

leading to decreased microglial activation, cause TREM2 downregulation, or interfere with 

other microglial signaling pathways. It should be noted that the L211P variant creates a P-X-

X-P motif which may bind SH3 domains on various proteins; rather than AD risk being 

mediated by the linked T96K polymorphism, it could be that risk is being driven by 

alterations in the signaling apparatus that cannot be detected by our reporter assay. On the 

other hand, the D87N variant, which does not have this complicating feature, also shows 

increased risk. Further studies in vivo are required to adequately address the effect of 

increasing or decreasing TREM2 activation, but our data provide evidence that changes in 

the upstream binding event are significant in the context of AD pathogenesis.

Notably, we observed that phosphatidylcholine led to a relatively preserved activation/

expression ratio for variants that significantly enhanced or inhibited responses to other 

ligands. This discrepancy suggests that there may be multiple binding modes for TREM2 

ligands that could be important in different situations. Additionally, we find that both HDL 

and LDL can activate TREM2 in our reporter system, which extends the range of TREM2 

ligands and is consistent with the recent observation that lipoprotein particles containing 

apolipoprotein E (ApoE) also bind TREM2 (15, 16). Polymorphisms in apolipoprotein E, 

which greatly modulate AD risk (17), have not been shown to alter TREM2 binding, but the 

importance of ApoE-TREM2 interaction in AD pathogenesis is yet to be determined. 

Activation of TREM2 by HDL or LDL may also be important in the periphery, where many 

tissue macrophage lineages, including arterial wall macrophages, express TREM2.
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We demonstrate that peripheral blood monocytes do not express TREM2 at a comparable 

level to cell types, such as moDCs, where TREM2 is known to have functional effects. 

Previous studies that have reported differences in monocyte TREM2 mRNA expression (9) 

or surface expression (10) between different groups of subjects show increases on the order 

of 15% or 40%, respectively. In contrast, our data indicate that the increase in TREM2 

expression upon differentiation of monocytes into moDCs is on the order of a hundred to a 

thousand fold. Thus, absolute levels of TREM2 expression in monocytes are quite low and 

unlikely to be useful for drawing mechanistic conclusions about TREM2. We believe that 

future studies of this sort should focus on moDCs rather than monocytes. It is possible that 

monocyte TREM2 expression may be modulated by some AD-associated systemic signal 

and thus useful as a biomarker, but this remains to be convincingly demonstrated.

Our work provides a link between AD risk and TREM2 function and provides a useful guide 

for future human TREM2 studies.

Methods

Standard Protocol Approvals, Registrations, and Patient Consents

Diagnosis of AD dementia was established according to NINCDA-ADRDA criteria. 

Informed consent was provided by all participants, and research approval was established by 

the relevant institutional review boards in the study cohort.

Family-based Association Testing

Association analyses of the TREM2 variants in the NIMH-WGS dataset were performed 

using the family-based association test (FBAT as implemented in PBAT v3.6). See 

supplementary methods for more detail.

Logistical Regression in Case-Control Whole-exome dataset

Logistical Regression using the binary affection status was performed using PLINK v1.90. 

See supplementary methods for more detail.

Reporter assay

Phosphatidylcholine (Avanti, #840051P), phosphatidylserine (Avanti, #840032P), and 

sulfatides (Avanti, #131305P) were reconstituted in methanol, methanol, and 

chloroform:methanol:water 2:1:0.1, respectively. For each experiment, two Nunc-Immuno 

MicroWell 96 well solid plates (Sigma) were coated with the purified lipid ligands 

phosphatidylcholine, phosphatidylserine, or sulfatide by diluting to the indicated 

concentration in methanol and adding 50μL of the resulting solution to each well, with each 

condition performed in duplicate. Plates were allowed to dry by evaporation, leaving the 

ligands coated on the well bottom. For human HDL (Millipore) and human LDL (Millipore), 

stock solution was diluted to the proper concentration in carbonate buffer (15mM Na2CO3, 

35mM NaHCO3, pH 9.6) and 50μL of the resulting solution was added to each well, with 

each condition performed in duplicate. The plates were transferred to 4°C overnight. The 

next day, solution was aspirated from each well, and each well was washed once with 150μL 

of PBS. For plate-bound antibody, goat (Fab’)2 anti-mouse IgG (Southern Biotech, cat no. 
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1012-01) was diluted 1:100 in carbonate buffer, and 50μL of the resulting solution was 

added to wells in triplicate. The plate was placed at 4°C for 12 hours. Then, solution was 

aspirated and each well was washed once with 150μL of PBS. 29E3 hybridoma supernatant 

was plated in each well at 4°C. After 12 hours, the supernatant was aspirated and wells were 

washed once with 150μL of PBS.

After preparation of the plate, 50,000 cells in 75μL of complete media were added to each 

well. After 12 hours, the cells were transferred to FACS tube and read on a FACSCalibur. 

Cells were gated based on forward and side scatter and propidium iodide negativity. The 

nontransduced control was used to draw the gate for GFP positivity, and this gate was used 

to determine the %GFP+ for each variant and ligand concentration. The average %GFP+ at 

the lowest two concentrations for each variant were assumed to be baseline activation, and 

this value was subtracted from the curve for each respective variant. The values for all 

concentrations were summed to approximate the area under the curve, which was used for 

analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activation vs. surface expression plots of TREM2 variants stimulated with different 
ligands reveals functional alterations
(A-E). %GFP+ reporter cells were measured over a range of concentrations, summed to 

obtain AUC for each variant and subsequently normalized to TREM2-CV AUC. 

Hypomorphic variants (activation/expression significantly less than TREM2-CV) and 

hypermorphic variants (activation/expression significantly greater than TREM2-CV) are 

colored blue and red, respectively. Separate plots are shown for (A) phosphatidylserine, (B) 

sulfatide, (C) phosphatidylcholine, (D) HDL, and (E) LDL. The mean % difference in 

activation/expression from TREM2-CV is summarized in (F). Plots show pooled data from 3 

independent experiments, with statistical significance p<0.05 calculated by Holm-Sidak's 

multiple comparisons test.
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Figure 2. TREM2 is expressed by human moDCs but not monocytes
(A) Representative histograms are shown for staining with three different monoclonal 

antibodies against TREM2 - 21E10 (right), 29E3 (left), and 10B11 (left) on day 0 CD14+ 

monocytes or day 5 moDCs. Gray histogram represents isotype control. Similar results were 

obtained for three donors. (B) RNA was isolated from these same cell populations for 

quantitative RT-PCR of TREM2 isoforms and GAPDH. Results are averaged from two 

donors. (C) Analysis of large microarray datasets for human monocytes, moDCs, and T 

lymphocytes, showing TREM2, CD20, NCR1, HLA-DRA, and beta-actin. 5%-95% 

intervals are shown, with outliers plotted individually.
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