crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 43, pp. 26043–26050, October 23, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

Apolipoprotein E Is a Ligand for Triggering Receptor
Expressed on Myeloid Cells 2 (TREM2)*
Received for publication, July 14, 2015, and in revised form, September 1, 2015 Published, JBC Papers in Press, September 15, 2015, DOI 10.1074/jbc.M115.679043

Yuka Atagi‡, Chia-Chen Liu‡§, Meghan M. Painter‡, Xiao-Fen Chen§, Christophe Verbeeck‡, Honghua Zheng§,
Xia Li‡, Rosa Rademakers‡, Silvia S. Kang‡, Huaxi Xu§, Steven Younkin‡, Pritam Das‡, John D. Fryer‡¶,
and Guojun Bu‡§¶1
From the ‡Department of Neuroscience and the ¶Neurobiology of Disease Graduate Program, Mayo Clinic, Jacksonville, Florida
32224 and the §Fujian Provincial Key Laboratory of Neurodegenerative Disease and Aging Research, Institute of Neuroscience,
College of Medicine, Xiamen University, Xiamen, Fujian 361005, China
Background: TREM2 is associated with several neurodegenerative diseases.
Results: ApoE bound to TREM2 and increased phagocytosis of apoptotic neurons by microglia. Alzheimer disease (AD)
risk-associated TREM2-R47H mutant had a reduced binding to apoE.
Conclusion: ApoE is a novel ligand for TREM2. Interaction between apoE and TREM2 likely regulates phagocytosis of apoEbound apoptotic neurons.
Significance: Interaction between two AD risk-associated proteins modulates microglial function.
Several heterozygous missense mutations in the triggering
receptor expressed on myeloid cells 2 (TREM2) have recently
been linked to risk for a number of neurological disorders
including Alzheimer disease (AD), Parkinson disease, and frontotemporal dementia. These discoveries have re-ignited interest
in the role of neuroinflammation in the pathogenesis of neurodegenerative diseases. TREM2 is highly expressed in microglia,
the resident immune cells of the central nervous system. Along
with its adaptor protein, DAP12, TREM2 regulates inflammatory cytokine release and phagocytosis of apoptotic neurons.
Here, we report apolipoprotein E (apoE) as a novel ligand for
TREM2. Using a biochemical assay, we demonstrated high-affinity binding of apoE to human TREM2. The functional significance of this binding was highlighted by increased phagocytosis
of apoE-bound apoptotic N2a cells by primary microglia in a
manner that depends on TREM2 expression. Moreover, when
the AD-associated TREM2-R47H mutant was used in biochemical assays, apoE binding was vastly reduced. Our data demonstrate that apoE-TREM2 interaction in microglia plays critical
roles in modulating phagocytosis of apoE-bound apoptotic neurons and establish a critical link between two proteins whose
genes are strongly linked to the risk for AD.

Alzheimer disease (AD)2 is the most common form of
dementia in the elderly with the overwhelming majority of
cases being classified as late onset (LOAD; ⬎65 years). A path-
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ological hallmark of AD is the accumulation of toxic amyloid-␤
(A␤) in the central nervous system (CNS). Although AD
patients do not normally develop clinical symptoms until later
in life, key disease-initiating events likely begin decades before
deficits in cognitive functions are observed (1). During homeostasis, amyloid precursor protein is cleaved by secretases yielding A␤ peptides that are continuously removed from the brain
parenchyma (2). However, mounting evidence indicates that
under pathogenic conditions, an imbalance between A␤ production and clearance leads to A␤ accumulation and subsequent formation of toxic A␤ aggregates including oligomers
and amyloid plaques (3).
Recently, heterozygous rare mutations in the triggering
receptor expressed on myeloid cells 2 (TREM2) have been
linked to increased risk of AD, Parkinson disease, frontotemporal dementia, amyotrophic lateral sclerosis, and essential
tremor (4 –19). Importantly, in regard to AD, two research
groups independently discovered that a TREM2 SNP,
rs75932628-T encoding the R47H variant, conferred a significantly increased risk of LOAD with odds ratios of 5.05 (14) and
2.92 (15), which are comparable with that of a well established
AD risk gene APOE4 (20). Following this seminal finding, a
number of other studies have confirmed the association of
TREM2-R47H with LOAD (7, 11, 16 –19).
TREM2 is a type I transmembrane protein and a member of
the immunoglobulin (Ig) receptor superfamily. It contains an
ectodomain, a transmembrane domain, and a short cytoplasmic tail. Signal transduction is mediated through its adaptor
protein, DNAX-activating protein of 12 kDa (DAP12) (21),
which associates with TREM2 via electrostatic interaction
within the transmembrane domains. The cytoplasmic domain
of DAP12 contains a single immunoreceptor tyrosine-based
activation motif. TREM2-mediated signaling occurs through
phosphorylation of tyrosine residues within the immunoreceptor tyrosine-based activation motif of DAP12 by Src kinases
(22). This, in turn, recruits Syk via Src homology domain 2 and
subsequent activation of downstream targets. Although the
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exact signaling mechanisms are unknown, studies utilizing
TREM2-deficint mice and cells have shown that TREM2 is able
to modulate key aspects of cellular homeostasis by suppressing
inflammatory cytokine production (23–27) and facilitating
phagocytosis of apoptotic cells (24, 28, 29). Within the periphery, TREM2 is found on the surface of osteoclasts, immature
dendritic cells, and macrophages. In the CNS, TREM2 is primarily expressed in microglia, the resident immune cells of the
CNS (30, 31).
The apolipoprotein E (APOE) gene is the strongest genetic
risk factor for LOAD (32, 33). Apolipoproteins are a class of
proteins that bind to and transport cholesterol and other lipids.
Notably, apoE is a major apolipoprotein in the CNS expressed
primarily by astrocytes, vascular cells, and to a lesser extent in
microglia and in stressed neurons (34). Three isoforms, apoE2,
apoE3, and apoE4, are encoded by APOE ⑀2, ⑀3, and ⑀4 alleles,
respectively. APOE4/4 individuals are 10 –30 times more likely
to develop AD than APOE3/3 individuals. Conversely, the
APOE2 allele is protective against LOAD (35). Several pathways
have been proposed to explain the risk associated with APOE4
(33, 36). Importantly, apoE has been shown to modulate A␤
clearance and aggregation in cellular and mouse models (33,
37– 40).
It has previously been reported that TREM2 is capable of
binding microbial and damage-associated molecular signatures
found on bacteria (41, 42), lipids exposed during axonal injury
(23, 43), and nucleic acid released from dying cells (29). Here,
we report apoE as a novel TREM2 ligand. Using a biochemical
approach, we verified high-affinity binding of apoE to human
TREM2, with a dissociation constant (Kd) in the low nanomolar
range. The biological importance of this association was
demonstrated using a microglial phagocytosis assay where
increased uptake of apoE-coated apoptotic neurons was
observed in a TREM2-mediated manner. Importantly, apoE
exhibited significantly reduced binding affinity to the AD-associated TREM2-R47H variant. Our data suggest a novel pathway
in which two AD risk genes are able to interact and modulate
microglial function that may contribute to the initiation and
propagation of the inflammatory process in AD.

Experimental Procedures
Materials—Recombinant hIgG-Fc and TREM1-Fc chimeric
proteins and mouse anti-Fc antibody were purchased from
R&D Systems. Recombinant apoE and apoA1 proteins were
from Fitzgerald Industries. Goat anti-apoE biotin antibody was
purchased from Meridian Life Science. Mouse anti-␤-actin
antibody was from Sigma.
Dot Blot—Recombinant or purified proteins diluted in PBS
were spotted onto a nitrocellulose membrane using a dot blot
manifold apparatus (GE Healthcare). Membrane strips were
blocked with 1% Block Ace (Bio-Rad) in PBS, and incubated
with the indicated proteins overnight at 4 °C. Bound proteins
were detected with biotin-conjugated primary and IRDye威conjugated streptavidin. Blots were imaged and quantified
using Odyssey Infrared Imaging System (LI-COR Biosciences).
For determination of binding affinity, the integrated infrared
signal (K Count) of each dot was analyzed using Prism
(GraphPad).
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Solid Phase Binding Assay—A 96-well plate was coated with
40 nM recombinant apoE in PBS overnight at 4 °C. After washing and blocking with 4% BSA in PBS for 1 h at 37 °C, 12.5 or 25
nM recombinant TREM2-Fc or TREM2-R47H-Fc diluted in
PBS containing 0.5% BSA were added and incubated for 20 min
at 37 °C. After washing, the bound Fc proteins were detected
with biotinylated anti-Fc antibody for 1 h at 37 °C. Plates were
washed and then incubated with avidin-HRP for 30 min at
37 °C, washed again, and developed with TMB substrate solution (Sigma), and read at 650 nm.
Generation of Trem2 Knock-out (Trem2⫺/⫺) Mice—All animal procedures were approved by the Mayo Clinic Institutional
Animal Care and Use Committee (IACUC) and were in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. TREM2 knock-out mice
(Trem2-KO on C57BL/6N background) and their control
C57BL/6N mice were obtained from the University of California Davis Knock-out Mouse Project (KOMP) repository. These
Trem2-KO mice were originally generated by Velocigene as a
“definitive null” and have a LacZ reporter cassette that replaces
the entire coding region of the Trem2 locus and is identical to
the line recently reported (44).
Mouse Primary Microglial Culture—Mice at postnatal days 1
to ⬃3 were used to prepare mixed glial cultures according to a
previously published protocol (45). Briefly, mixed glial cells
were plated onto polylysine-coated culture flasks in DMEM
containing 10% fetal bovine serum (FBS), and medium was
changed the next day to a medium containing 25 ng/ml of GMCSF and 10% FBS. Primary microglia cells were harvested by
shaking after 10 –12 days in culture and once a week thereafter
(up to three times total).
Purification of ApoE from Culture Medium—HEK293 cells
were stably transfected with human apoE3 cDNA using
FuGENE 6 transfection reagent (Roche) and Zeocin (300
g/ml) as a selection reagent. Immortalized mouse astrocytes
derived from apoE-targeted replacement mice expressing
human apoE2, E3, and E4 were cultured as described previously
(46). Culture medium was conditioned with serum-free
medium for 36 – 48 h. Conditioned medium was concentrated
using a Amicon centrifugal filter unit (Millipore), and run
through a HiTrap heparin column on an AKTA FPLC system
(GE Healthcare). Heparin-bound apoE was eluted with NaCl
gradient from 0 to 1 M in Tris buffer. Peak fractions containing
pure apoE were concentrated, and quantified by measuring
band intensity of silver-stained SDS-PAGE gel against BSA standards or by apoE ELISA (47).
Phagocytosis of Apoptotic N2a—Phagocytosis of apoptotic
N2a by primary microglia was carried out as described by Hsieh
et al. (28). Briefly, apoptosis of CM-DiI (Life Technologies)
labeled mouse neuroblastoma N2a cells was induced with 0.5
M staurosporine for 16 h. Apoptotic N2a cells were washed
with PBS twice, and fed to primary microglia at a ratio of 1:3
microglia to N2a with or without 10 nM HEK-produced apoE.
After incubating the cells for 2 h at 37 °C, cells were harvested,
and microglia were labeled with anti-CD11b-APC antibody
(eBioscience). For flow cytometry analysis, a total of 50,000 cells
were counted with a FACS Accuri (BD Biosciences), and analyzed using CFlow software.
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ApoE Binding to Apoptotic N2a—Control or apoptotic N2a
were incubated with 10 nM HEK-produced apoE in serum-free
medium for 1 h at 4 °C. After washing with Dulbecco’s PBS
twice, cells were lysed in TBS containing 1% Triton X-100 and
1⫻ protease inhibitor mixture (Roche). Cell lysates were then
analyzed by Western blotting.
Purification of TREM2-Fc and TREM2-R47H-Fc—The extracellular region (amino acids 1–174) of TREM2 and TREM2R47H mutant were cloned into pFUSE-hIgG-Fc (Invivogen)
with EcoRI and XhoI. HEK293 cells were transfected with
TREM2-Fc and TREM2-R47H Fc along with a vector control
using Lipofectamine威 2000 (Life Technologies). Medium was
changed to serum-free DMEM 24 h after transfection and conditioned for 36 h. Fc chimeric proteins were purified with protein A-agarose beads (Pierce), eluted with acidic glycine buffer,
and neutralized with Tris-HCl. Purified proteins were quantified with a BCA protein assay kit (Pierce) and the purity was
determined on silver-stained SDS-PAGE gels.

Results
ApoE Specifically Binds to TREM2 with High Affinity—To
examine if apoE binds to TREM2, a recombinant chimeric protein of human TREM2 extracellular domain fused with the Fc
region of human IgG (TREM2-Fc) was used in dot blot binding
assays. Recombinant human IgG Fc (hIgG-Fc) and another
human TREM family member, TREM1 extracellular domain
fused with Fc (TREM1-Fc), were used as controls. Nitrocellulose membrane strips were spotted with 200 ng each of the
chimeric proteins and incubated with recombinant or immortalized astrocyte-secreted apoE2, E3, or E4 (10 nM) at 4 °C overnight. Membrane-bound apoE was then detected with biotinylated anti-apoE antibody. Significantly, we found that all three
isoforms of apoE bound to TREM2-Fc, but not to the Fc region
alone or TREM1-Fc (Fig. 1A). The amount of apoE bound to
TREM2 was then quantified by normalizing the signal intensities of the TREM2-apoE blot and the signal intensities of the
loading control blot in which apoE was spotted onto a membrane and detected by an anti-apoE antibody. We found that
the binding of different isoforms of apoE to TREM2-Fc was
comparable among each other, and that the lipidation status of
apoE did not affect its binding to TREM2-Fc (Fig. 1B). Furthermore, because the ⑀3 allele represents ⬃78% of the worldwide
APOE genetic frequency (48), we quantitatively measured the
affinity of the apoE3-TREM2 interaction. Membrane strips
spotted with hIgG-Fc, TREM1-Fc, and TREM2-Fc were incubated with increasing concentrations (0 to 80 nM) of recombinant apoE3. Using these data, we constructed a saturation binding curve and extrapolated an apoE3-TREM2-Fc Kd of 6.7 nM
(Fig. 1C).
ApoA1 and ApoB Also Bind to TREM2—To evaluate if other
apolipoproteins, in addition to apoE, are able to bind to
TREM2, we tested apolipoprotein family members apoA1 and
apoB in a dot blot assay. Membrane strips were incubated with
hIgG-Fc, TREM1-Fc, or TREM2-Fc (80 nM), and the Fc-chimeric proteins bound to mIgG, apoA1, or apoB were detected with
biotinylated anti-Fc antibody. Our dot blot results demonstrated that both apoA1 and apoB bound to TREM2-Fc, but not
to hIgG-Fc or TREM1-Fc (Fig. 2A). Classically, endogenous
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FIGURE 1. ApoE specifically binds to TREM2 with high affinity. A, representative dot blot of apoE binding to TREM2. A nitrocellulose membrane was
spotted with 200 ng each of recombinant human IgG Fc region (hIgG-Fc),
recombinant human TREM1, or TREM2 extracellular region conjugated to Fc
(TREM1-Fc and TREM2-Fc). Membrane strips were then incubated with 10 nM
recombinant or immortalized astrocyte-derived apoE2, -E3, or -E4. Bound
apoE was detected using biotinylated anti-apoE antibody. B, quantification of
three independent dot blots. Data are plotted as mean ⫾ S.E. (n ⫽ 3, one-way
analysis of variance with Tukey post hoc analysis, *, p ⬍ 0.05). C, saturation
binding curve and dissociation constant (Kd) of apoE3 binding to TREM2-Fc.
Membrane strips spotted with hIgG-Fc, TREM1-Fc, or TREM2-Fc were incubated with increasing concentrations of recombinant apoE3, and bound
apoE was detected using appropriate antibodies. The curve fit and Kd were
derived using GraphPad Prism nonlinear fit for one site total binding. Data are
plotted as mean ⫾ S.E. (n ⫽ 3).

apoE binds to the low-density lipoprotein receptor-related protein 1 (LRP1), a major neuronal receptor for apoE (49). Therefore, we used other LRP1 ligands, tissue-type plasminogen
activator (tPA), and receptor-associated protein (RAP), to
investigate whether TREM2 was able to interact with other
LRP1 ligands. Membrane strips were spotted with apoE3, tPA,
or RAP and incubated with hIgG-Fc, TREM1-Fc, or TREM2Fc, and detected with biotinylated anti-Fc antibody. Dot blot
analysis revealed that TREM2 binds to apoE, but not to tPA or
RAP (Fig. 2B). Because apoE and apoA1 are two of the apolipoprotein subtypes found in the CNS, and both constitute the
JOURNAL OF BIOLOGICAL CHEMISTRY

26045

ApoE Binds to TREM2

FIGURE 2. ApoA1 and apoB also bind to TREM2. A, a representative dot blot of TREM2 binding to apoA1 and apoB. Membrane strips spotted with 200 ng each
of normal mouse IgG (mIgG), apoA1, or apoB were incubated with 80 nM hIgG-Fc, TREM1-Fc, or TREM2-Fc. Bound Fc protein was detected with biotinylated
anti-Fc antibody. B, a representative dot blot showing binding specificity of TREM2 to apoE and not to two other LRP1 ligands, tPA or RAP. Membrane strips
spotted with 200 ng each of mIgG, apoE3, tPA, or RAP were incubated with 80 nM hIgG-Fc, TREM1-Fc, or TREM2-Fc, and bound Fc protein was detected with
biotinylated anti-Fc antibody. C, apoA1 competes with apoE for binding to TREM2. Membrane strips spotted with hIgG-Fc, TREM1-Fc, or TREM2-Fc were
incubated with 10 nM apoE3 along with increasing concentrations of apoA1, and bound apoE was detected and quantified using biotinylated anti-apoE
antibody. Data are plotted as mean ⫾ S.E. (n ⫽ 3).

protein component of high-density lipoprotein (HDL), we next
examined whether apoE and apoA1 compete with one another
for TREM2 binding. Membrane strips spotted with hIgG-Fc,
TREM1-Fc, or TREM2-Fc were incubated with a constant
apoE3 concentration (10 nM) and increasing concentrations of
apoA1, and the amount of apoE bound to TREM2-Fc was quantified. Strikingly, the presence of apoA1 dose-dependently
reduced apoE binding to TREM2-Fc, suggesting that these two
apolipoproteins share a similar binding mechanism to TREM2
(Fig. 2C).
ApoE Binds to Apoptotic Neurons and Increases Phagocytosis
by Microglia—Next, we investigated the functional role of the
apoE/TREM2 interaction. ApoE has been shown to co-localize
with amyloid plaques, and neuronal expression of apoE has
been reported following injury (34). For experiments using
mammalian cells, to reduce the possibility of endotoxin effects
in Escherichia coli-derived recombinant apoE, we switched to
using apoE expressed in HEK293 cells stably transfected with
apoE plasmid. ApoE in the conditioned medium was purified by
a heparin column run on FPLC. To evaluate if apoE acts as an
opsonizing agent for apoptotic neurons, we incubated apoE
with apoptotic neuronal N2a cells in which apoptosis was
induced using 0.5 M staurosporine for 16 h. Western blot analysis of the cell lysates revealed that apoE bound strongly to
apoptotic N2a cells, and to a much lesser extent to control
(viable) N2a cells (Fig. 3A). Next, we assessed the effect of exogenous apoE on the phagocytic capacity of primary mouse
microglia. Microglia from WT mice were incubated with CMDiI-labeled apoptotic N2a cells with or without 10 nM HEKderived apoE3. Microglia were harvested after 2 h of incubation
at 37 °C, and then labeled with anti-CD11b APC-conjugated
antibody. The CD11b⫹/CM-DiI⫹ population, which corresponds to microglia that have phagocytosed apoptotic N2a
cells, were analyzed by flow cytometry. Importantly, we found
that co-incubation of apoE3 significantly increased phagocytosis of apoptotic N2a cells (Fig. 3B). To determine whether this
increase was facilitated by TREM2, we also incubated apoptotic
N2a cells with primary microglia from Trem2-KO mice under
the same experimental conditions. Significantly, we found that
Trem2-KO microglia exhibited reduced phagocytic activity
compared with WT controls (Fig. 3C) suggesting the apoE pro-
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FIGURE 3. ApoE binds to apoptotic neurons and increases TREM2-mediated phagocytosis by microglia. A, Western blot analysis of neuronal N2a
cells incubated with apoE3 or apoE4. Control or staurosporin-induced apoptotic N2a cells were incubated with 10 nM apoE for 1 h. After washing with
PBS, cells were lysed and analyzed for cell-bound apoE. Actin was used as a
loading control. B, phagocytic uptake of apoptotic N2a cells by WT mouse
primary microglia. CM-DiI-labeled apoptotic N2a cells were added to mouse
primary microglia with or without 10 nM apoE for 2 h. Microglia were labeled
with CD11b-APC antibody, and analyzed by flow cytometry. Percent of
CM-DiI⫹/CD11b⫹ cells were quantified using CFlow. Data are plotted as
mean ⫾ S.E. (n ⫽ 4, Student’s t test, ***, p ⬍ 0.001). C, phagocytosis assay of
apoptotic N2a cells by WT and Trem2-KO mouse primary microglia. WT or
Trem2-KO microglia were incubated with 10 nM apoE3 and CM-DiI-labeled
apoptotic N2a for 2 h. Percent of CM-DiI⫹/CD11b⫹ cells were quantified using
CFlow. Data are plotted as mean ⫾ S.E. (n ⫽ 3, Student’s t test; *, p ⬍ 0.05).

motes phagocytosis of apoptotic neurons through a TREM2mediated pathway.
AD-associated R47H Mutation in TREM2 Impairs ApoE
Binding—The majority of disease-associated TREM2 mutations are clustered within the extracellular putative ligandVOLUME 290 • NUMBER 43 • OCTOBER 23, 2015
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FIGURE 4. Expression and purification of soluble TREM2-Fc. A, schematic representations of human full-length TREM2, and TREM2-Fc and TREM2-R47H-Fc
chimeric proteins. SP, signal peptide; TM, transmembrane domain. The cDNA encoding the extracellular domain of TREM2 or TREM2-R47H mutant (amino acids
1–174) was transfected into HEK293 cells and TREM2 protein in the conditioned medium was purified by protein A-agarose beads. The purified TREM2-Fc and
TREM2-R47H-Fc fusion proteins were analyzed by silver-stained SDS-PAGE (B) and Western blotting using anti-TREM2 (C) and anti-Fc (D) antibodies.

binding region. Arginine at amino acid 47 substituted with histidine (R47H) is the mutation most strongly associated with AD
(14). To examine if the TREM2-R47H mutation affects apoE
binding, the extracellular domain of TREM2 or TREM2-R47H
mutant was fused with hIgG-Fc and purified from conditioned
medium of HEK cells transfected with the appropriate plasmid
(Fig. 4A). Silver staining of SDS-PAGE gels of the purified proteins showed highly purified TREM2-Fc fusion proteins at the
expected size of ⬃60 kDa (Fig. 4B). Western blot analysis of the
purified proteins showed that both TREM2 and TREM2-R47H
mutant Fc fusion proteins were recognized by anti-TREM2 and
anti-Fc antibodies (Fig. 4, C and D). To evaluate if the TREM2R47H mutation affects apoE binding, purified proteins were
spotted onto nitrocellulose membranes that were subsequently
incubated with all three apoE isoforms. The bound apoE was
detected using anti-apoE antibody (Fig. 5A). A control membrane strip was also incubated with anti-Fc antibody to confirm
equal loading of the recombinant proteins. Significantly, quantification of dot blot assays revealed that the TREM2-R47H
mutant exhibited reduced binding to apoE2 (Fig. 5B), apoE3
(Fig. 5C), and apoE4 (Fig. 5D) compared with native TREM2.
To further confirm our results, we performed a solid phase
binding assay. In agreement with dot blot data, the TREM2R47H mutant protein exhibited significantly reduced binding
to immobilized apoE2 (Fig. 5E), apoE3 (Fig. 5F), and apoE4
(Fig. 5G).

Discussion
In this study, we provide strong evidence that apoE binds
with high affinity to the myeloid cell-surface receptor TREM2.
Furthermore, we show that phagocytosis is increased when apoOCTOBER 23, 2015 • VOLUME 290 • NUMBER 43

ptotic neurons are coated with apoE in a TREM2-mediated
mechanism. In the context of neurodegenerative disease, our
most intriguing finding is that the AD-associated TREM2R47H mutation abolished physical interaction of apoE and
TREM2.
Within the CNS, TREM2 and its signaling adaptor, DAP12,
are preferentially expressed in microglia (30, 31). Genetic
depletion studies of TREM2 or DAP12 in primary mouse
microglia or the microglial BV2 cell line have demonstrated
that pro-inflammatory cytokine levels (including IL-1␤, TNF␣,
and IL-6) are significantly increased following co-incubation
with bacterial lipopolysaccharide (27), apoptotic neurons (24),
or A␤ (50). Overexpression of microglial TREM2, however,
suppressed this excessive cytokine production under the same
stimulatory conditions (27). Furthermore, TREM2 deficiency
has been shown to result in reduced phagocytic activity of apoptotic neurons (24, 28, 29), A␤ (50, 51), and E. coli (51) by
microglia. A recent report elegantly demonstrated a direct role
for TREM2 in facilitating phagocytosis both in vitro and in vivo.
Kawabori et al. (29) showed that TREM2 knockdown in cultured mouse primary microglia attenuated their capacity to
phagocytose oxygen/glucose-deprived neurons. Similarly, in a
murine experimental stroke model, Trem2-KO mice showed
fewer myeloid cells within the CNS that stained positive for
phagocytosed intracellular lipids when compared with WT
controls. In this model, less infarcted brain resorption in
Trem2-KO mice also correlated with increased severity of neurological deficits (29).
Collectively, these findings establish critical roles for TREM2
in regulating the neuroinflammatory environment and in mediJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 5. The AD-associated R47H mutation in TREM2 impairs apoE binding. A, a representative dot blot of apoE binding to TREM2. Membrane strips
spotted with 200 ng each of hIgG-Fc, TREM2-Fc, or TREM2-R47H-Fc were incubated with 10 nM apoE, and bound apoE was detected using biotinylated
anti-apoE antibody. Membrane strips spotted with the same proteins were also incubated with anti-Fc antibody to ensure equal protein loading. B–D,
quantification of dot blot of TREM2 and mutant TREM2-R47H binding to apoE2 (B), apoE3 (C), and apoE4 (D). Data are plotted as mean ⫾ S.E. (n ⫽ 3, Student’s
t test, **, p ⬍ 0.01; ***, p ⬍ 0.001). E-G, solid phase binding analysis of TREM2 and TREM2-R47H mutant to apoE2 (E), apoE3 (F), and apoE4 (G). A 96-well plate
coated with apoE was incubated with 12.5 and 25 nM TREM2 or mutant TREM2-R47H-Fc. The bound TREM2-Fc proteins were detected using biotinylated
anti-Fc antibody. Uncoated wells incubated with TREM2-Fc proteins were used as background controls. Data are plotted as mean ⫾ S.E. (n ⫽ 3, two-way
analysis of variance with Sidak post hoc correction, *, p ⬍ 0.05; **, p ⬍ 0.01; ***, p ⬍ 0.001).

ating phagocytosis of microbial and damage-associated self-derived motifs. Therefore, during experimental conditions that
mimic microbial invasion or neural tissue damage, microglial
TREM2 is able to bind bacterial fragments (41, 42), anionic,
zwitterionic, and myelin-associated lipids (23, 43), and nucleic
acid released from dead cells (29).
Our current study identifies apoE as a high-affinity, AD-associated TREM2 ligand. Using a biochemical approach, we
show that all three isoforms of apoE specifically bind to human
TREM2. Furthermore, we quantitatively measured the affinity
of the apoE/TREM2 interaction and determined that the Kd
was in the low nanomolar range. In the CNS, apoE is secreted
primarily by astrocytes as an apolipoprotein and then matures
to a lipoprotein particle. Here, we demonstrate that different
isoforms of lipidated apoE also show similar binding to TREM2.
Previous studies have reported that TREM2-depleted microglia exhibit a reduced capacity to phagocytose apoptotic neurons; here we expand on those findings. In the current study,
exogenous apoE preferentially bound to apoptotic neuronal
N2a cells, and the presence of apoE promoted phagocytosis of
apoptotic neurons by WT primary mouse microglia. Importantly, we found that increased phagocytosis of apoE-coated
apoptotic neurons is mediated by TREM2. Because apoE has
previously been shown to facilitate receptor-mediated uptake
of other endogenous ligands (e.g. soluble A␤) (33, 37), TREM2
may function under physiological or pathophysiological conditions to facilitate phagocytosis of apoE-coated cells or protein
aggregates, which can include apoE-coated A␤ aggregates in
AD brains. Moreover, apoE expression in the CNS is up-regulated in response to excitotoxic injury (52, 53). Therefore, it is
plausible that stress-induced apoE may promote phagocytosis
of apoptotic cells by TREM2-expressing microglia.
Recently, the missense TREM2-R47H mutation has been
identified and validated as a risk variant for LOAD (6, 7, 11,
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15–19). Although numerous studies have investigated the
genetic link between TREM2 variants and neurodegenerative
diseases, only two other studies have empirically tested the
functional outcome of disease-associated mutations (23, 51). In
our study, we provide evidence that the AD-associated
TREM2-R47H mutation exhibits reduced ability to bind its
endogenous ligand, apoE. Using two different biochemical
methods, we showed that all three isoforms of apoE were able to
bind native TREM2. Conversely, when the TREM2-R47H
mutant was used in our assays, all three apoE isoforms exhibited
significantly attenuated binding.
In a study by Wang et al. (23) the authors concluded that
TREM2 is a sensor that detects lipids that are exposed during
conditions of brain injury or insult. However, the TREM2R47H mutation significantly reduced the ability of TREM2 to
bind damage-associated lipids when compared with non-mutant TREM2 (23). Consistent with results from this study, we
conclude that TREM2-R47H is also unable to bind its AD-associated ligand, apoE.
Although the immunomodulatory function of TREM2 is an
increasingly focused area of investigation, the lack of specified
endogenous ligands has hindered attempts to understand
which molecular mechanisms may be affected by disease-associated TREM2 mutation. Further studies are needed to investigate the extent of functional outcomes that may be impacted
when apoE is no longer able to engage TREM2 due to mutation.
Does TREM2-R47H solely impart loss-of-phagocytic function,
or does TREM2-R47H ectopically engage other epitopes and
assume novel roles via aberrant signaling or by sequestration of
critical ligands?
Most importantly, the implication of our finding that two AD
risk genes are mechanistically linked is exemplified in a recent
publication that evaluated disease risk in families with high
numbers of LOAD cases (19). Significantly, in one family, 11 of
VOLUME 290 • NUMBER 43 • OCTOBER 23, 2015
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16 members with dementia had APOE4 and TREM2-R47H
genotypes. Genetic, behavioral, and histological assessments
led this team to conclude that microglial TREM2 is important
in the clearance of aggregation-prone proteins and that this
function is compromised in R47H carriers (19). Our data suggest a novel pathway in which the two strongest genetic links to
LOAD are able to physically interact to modulate microglial
function in AD and other neurodegenerative diseases.
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