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The FTD-like syndrome causing TREM2 T66M
mutation impairs microglia function, brain
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Abstract

Genetic variants in the triggering receptor expressed on myeloid
cells 2 (TREM2) increase the risk for several neurodegenerative
diseases including Alzheimer’s disease and frontotemporal demen-
tia (FTD). Homozygous TREM2 missense mutations, such as
p.T66M, lead to the FTD-like syndrome, but how they cause pathol-
ogy is unknown. Using CRISPR/Cas9 genome editing, we generated
a knock-in mouse model for the disease-associated Trem2 p.T66M
mutation. Consistent with a loss-of-function mutation, we observe
an intracellular accumulation of immature mutant Trem2 and
reduced generation of soluble Trem2 similar to patients with the
homozygous p.T66M mutation. Trem2 p.T66M knock-in mice show
delayed resolution of inflammation upon in vivo lipopolysaccharide
stimulation and cultured macrophages display significantly
reduced phagocytic activity. Immunohistochemistry together with
in vivo TSPO small animal positron emission tomography (lPET)
demonstrates an age-dependent reduction in microglial activity.
Surprisingly, perfusion magnetic resonance imaging and FDG-lPET
imaging reveal a significant reduction in cerebral blood flow and
brain glucose metabolism. Thus, we demonstrate that a TREM2
loss-of-function mutation causes brain-wide metabolic alterations
pointing toward a possible function of microglia in regulating
brain glucose metabolism.
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Introduction

Genetic variations in the triggering receptor expressed on myeloid

cells 2 (TREM2) have been shown to increase the risk of several

neurodegenerative diseases including Alzheimer’s disease (AD),

frontotemporal dementia (FTD), and Parkinson’s disease (PD)

(Guerreiro et al, 2013a; Jonsson et al, 2013; Rayaprolu et al, 2013;

Borroni et al, 2014; Cuyvers et al, 2014). Furthermore, homozygous

null mutations have been linked to a rare recessive early-onset

dementia syndrome called Nasu–Hakola disease (NHD; also known

as polycystic lipomembraneous osteodysplasia with sclerosing

leukoencephalopathy) directly connecting TREM2 function with

maintenance of central nervous system homeostasis (Klunemann

et al, 2005). In an attempt to identify novel risk factors for FTD,

homozygous TREM2 missense mutations such as the TREM2

p.T66M mutation have been identified to also cause FTD-like

syndrome (Guerreiro et al, 2013b), which has a similar clinical

picture like NHD but without bone involvement. TREM2 is a type I

transmembrane innate immune receptor that has been shown to be

a substrate for regulated intramembrane proteolysis (Wunderlich

et al, 2013; Kleinberger et al, 2014). Shedding of the TREM2 ecto-

domain by proteases of the ADAM (a disintegrin and metallo-

proteinase) family releases a soluble fragment (sTREM2) into the
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extracellular space that can be readily detected in biological fluids

including the cerebrospinal fluid (CSF), plasma, and serum (Piccio

et al, 2008, 2016; Kleinberger et al, 2014; Henjum et al, 2016;

Heslegrave et al, 2016; Suarez-Calvet et al, 2016a,b). The remaining

membrane-retained C-terminal fragment is degraded via intramem-

brane proteolysis by c-secretase (Wunderlich et al, 2013; Glebov

et al, 2016). TREM2 is expressed in all cells of the myeloid linage,

but in the brain TREM2 expression is predominantly restricted to

microglia (Hickman et al, 2013). Previously, we and others showed

that the TREM2 mutations p.T66M and p.Y38C which are associated

with early-onset dementia (Guerreiro et al, 2013b) result in

impaired cell surface trafficking of TREM2, accumulation of imma-

ture TREM2 in the endoplasmatic reticulum (Kleinberger et al,

2014; Park et al, 2015), and reduced shedding of sTREM2. In line

with that patients with homozygous TREM2 p.T66M have virtually

no sTREM2 in the CSF or plasma (Kleinberger et al, 2014; Henjum

et al, 2016).

TREM2 has been recently reported to bind anionic lipids (Daws

et al, 2003), lipoproteins (Wang et al, 2015), and apolipoproteins

including ApoE and ApoJ (Atagi et al, 2015; Bailey et al, 2015; Yeh

et al, 2016). TREM2 plays an important role in phagocytosis

(Takahashi et al, 2005; N’Diaye et al, 2009; Kleinberger et al,

2014; Xiang et al, 2016) and facilitates microglia-mediated clear-

ance of fibrillar amyloid-b peptides (Kleinberger et al, 2014; Xiang

et al, 2016). Overexpressed mutant TREM2 does not stimulate

phagocytosis like wild-type TREM2 due to impaired TREM2 cell

surface transport (Kleinberger et al, 2014). Besides its involvement

in regulating phagocytic activity, TREM2 has also been shown to

negatively regulate inflammatory responses (Ito & Hamerman,

2012). In vitro studies using Trem2 knockdown or knockout

approaches in bone marrow-derived macrophages (BMDM)

revealed an exaggerated release of pro-inflammatory cytokines

upon stimulation with Toll-like receptor ligands (Hamerman et al,

2006; Turnbull et al, 2006). Furthermore, loss of Trem2 or its

signaling adaptor DNAX activation protein of 12 kDa (DAP12) has

been shown to affect proliferation and survival of macrophages

(Otero et al, 2012; Wu et al, 2015) and microglia (Wang et al,

2015) in a CSF1 and sTrem2 concentration-dependent manner.

Finally, we recently demonstrated that loss of Trem2 results in

impaired chemotaxis and reduced responses of microglia to

neuronal injury. Moreover, transcriptomic analyses revealed that

microglia may be locked in a homeostatic stage in the absence of

Trem2 (Mazaheri et al, 2017).

So far, all functional studies on mutant TREM2 have been

performed using ectopic expression of TREM2 and animal models

for the FTD-like syndrome are currently missing. In order to estab-

lish a model that mimics the effects of the TREM2 p.T66M mutation

at physiological expression conditions and also allows investigating

the in vivo consequences of mutant TREM2, we generated a Trem2

knock-in mouse using CRISPR/Cas9 genome editing (Chu et al,

2015). Using this novel mouse model, we show that immature

mutant Trem2 accumulates resulting in significantly reduced levels

of sTrem2 in the brain and biological fluids. Furthermore, Trem2

p.T66M knock-in mice displayed significantly reduced activity of

microglia as shown by Iba1 immunohistochemistry and longitudinal

in vivo small animal positron emission tomography (lPET) for the

18-kD translocator protein ligand (TSPO) a noninvasive method to

determine microglial activity (Liu et al, 2015; Brendel et al, 2016).

Reduced microglial activity correlated with reduced fluoro-2-deoxy-

D-glucose (FDG) lPET signal as a surrogate marker for impaired

brain glucose metabolism and function.

Results

Generation of a mouse model for a FTD-like disease-associated
TREM2 mutation

TREM2 is an evolutionary highly conserved protein. This also

accounts for the threonine at position 66, which is fully conserved

between various mammalian species (Fig 1A). In order to investi-

gate the functional consequences of the disease-associated TREM2

p.T66M mutation under physiological conditions in vivo, we gener-

ated a knock-in mouse model using CRISPR/Cas9-mediated genome

editing by introducing a CA>TG substitution directly into the murine

Trem2 gene (Fig 1B; highlighted in red). We also introduced two

silent mutations (Fig 1B, highlighted in gray) allowing genotyping

by restriction enzyme digestion (Fig EV1A; see also Materials and

Methods). Trem2 p.T66M mice were fertile, reproduced with a

normal Mendelian pattern of inheritance (Fig EV1B) and no sudden

death occurred within two aging cohorts (nwt(13m) = 8; nhom(13m) =

12; nwt(19m) = 4; nhom(19m) = 8). Expression of both Trem2 mRNA

transcripts (NM_031254 and NM_001272078; Fig EV1C) was not

affected in brains from heterozygous (het) and homozygous (hom)

Trem2 p.T66M knock-in mice (Fig EV1D and E). Furthermore,

Tyrobp (NM_011662), the signaling adaptor of Trem2, and

Tmem119 (NM_0146162), a microglia-specific gene, were also not

changed in the brains of 6-month-old Trem2 knock-in mice

(Fig EV1F and G).

Reduced maturation and impaired shedding of Trem2
affects phagocytosis

Immunoprecipitation of Trem2 from total mouse brain followed by

immunoblotting revealed a gene dose-dependent accumulation of

immature Trem2 (Fig 1C and D). In line with the accumulation of

immature Trem2, analysis of sTrem2 by an ELISA that detects both

wild-type and mutant Trem2 protein (Appendix Fig S1) revealed a

statistically significant gene dose-dependent reduction of sTrem2 in

TBS-soluble brain extracts (Figs 1E and EV2A), serum (Figs 1F and

EV2B), and CSF (Fig 1G), thereby recapitulating the findings in

patients with heterozygous (Piccio et al, 2016) or homozygous

TREM2 p.T66M mutation (Kleinberger et al, 2014; Henjum et al,

2016). Reduced mutant sTrem2 was observed in all age groups

analyzed (Fig EV2A and B) although wild-type (wt) sTrem2 levels

in the brain significantly increased during aging. The age-dependent

increase of sTrem2 is consistent with previous studies measuring

sTREM2 in human CSF (Henjum et al, 2016; Piccio et al, 2016;

Suarez-Calvet et al, 2016a,b). Together, these data confirm the

strong biochemical phenotype of the Trem2 p.T66M mutation on an

endogenous level and clearly rule out that the accumulation of

immature Trem2 occurs only after overexpression (Kleinberger

et al, 2014; Park et al, 2015).

Bone marrow-derived macrophages (BMDMs) express high levels

of Trem2 (Turnbull et al, 2006) and Trem2 knockout BMDMs show

an exaggerated inflammatory response upon exposure to Toll-like
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receptor agonists (Turnbull et al, 2006), decreased proliferation,

and survival upon CSF1 deprivation (Otero et al, 2012; Wu et al,

2015) as well as reduced phagocytic activity (Xiang et al, 2016). We

therefore generated BMDMs from Trem2 p.T66M knock-in mice by

differentiating bone marrow cells with murine macrophage colony-

stimulating factor (M-CSF). We consistently observed a significant

reduction in the number of both heterozygous and homozygous

Trem2 p.T66M BMDMs after 7 days of differentiation similar to

Trem2 knockout (�/�) BMDMs (Fig 2A). BMDMs derived from

Trem2 p.T66M knock-in mice exhibit significantly increased caspase

3/7 activation (Fig 2B) as well as reduced proliferation as shown by

reduced BrdU incorporation (Fig 2C) and decreased mRNA levels of

cyclin D1 (Fig 2D). Thus, proliferation and survival of BMDMs are

both affected by the Trem2 p.T66M mutation and together account

for the observed reduced cell count.

In line with data from mutant mouse brains (Fig 1C), BMDMs

derived from Trem2 knock-in mice showed a dramatic accumulation

of immature Trem2 (Fig 3A, B and D) and a concomitant reduced

release of sTrem2 into the supernatants as shown by immunoblot-

ting (Fig 3A) and ELISA quantification (Fig 3C). Upon shedding of

Trem2, a C-terminal membrane-associated fragment is retained and

further degraded by c-secretase (Wunderlich et al, 2013). Previ-

ously, we and others could show that the TREM2 C-terminal frag-

ment (CTF) is dramatically reduced in cells overexpressing TREM2

p.T66M (Kleinberger et al, 2014; Park et al, 2015). c-Secretase-
mediated degradation of the Trem2 CTF seems to be highly efficient

A C

B

D E F G

Figure 1. Trem2 p.T66M knock-in mice recapitulate biochemical alterations observed in FTD-like patients.

A Alignment of five mammalian TREM2 protein sequences demonstrates complete sequence conservation at the positions harboring the disease-associated p.T66M
mutation.

B Strategy to target the murine Trem2 locus indicating the protospacer region (orange), protospacer adjacent region (PAM, blue), and the introduced nucleotide
changes (gray or red). Restriction sites for PfIMI and SphI are underlined.

C Immunoblotting with anti-Trem2 Nt (clone 5F4) of immunoprecipitated Trem2 from wild-type (wt), heterozygous (het), and homozygous (hom) Trem2 p.T66M
knock-in mouse brain reveals a gene dose-dependent accumulation of Trem2 (bands 1, 2, 3, and 6) accompanied by a reduction of higher molecular weight Trem2
species (bands 4 and 5). A shorter exposure is included to highlight the gene dose-dependent accumulation of immature Trem2 (bands 1 and 2) in Trem2 p.T66M
knock-in mice. Note that bands can potentially arise from both Trem2 isoforms as well as from sTrem2 in the total lysate. Corresponding brain homogenates from
Trem2 knockout (�/�) mice (Turnbull et al, 2006) were used to demonstrate specificity of immunoblotting signal.

D Quantification of total Trem2 immunoreactivity (bands 1–6 in C). Data from two experiments are shown as mean � SEM; nwt = 7, nhet = 8, nhom = 8. One-way
ANOVA, Tukey’s post hoc test *P < 0.05; ***P < 0.001.

E–G Quantifications of sTrem2 from TBS-soluble brain extracts (E), serum (F), and cerebrospinal fluid (CSF) (G) show a gene dose-dependent reduction of sTrem2 in
Trem2 p.T66M knock-in mice. Importantly, the Trem2 ELISA was capable of detecting both wild-type and mutant Trem2 proteins in membrane fractions of
transiently transfected HEK293 cells (Appendix Fig S1). In (E) and (F), mice of different age groups (3–13 months; brain: nwt = 12, nhet = 8, nhom = 12; serum:
nwt = 36, nhet = 22, nhom = 35) were pooled for sTrem2 analysis and samples from homozygous Trem2 knockout mice (�/�; n = 2; (Turnbull et al, 2006)) were used
to demonstrate specificity of ELISA signal. (G) nwt = 5, nhet = 5, nhom = 8. Data are shown as mean � SEM. One-way ANOVA, Tukey’s post hoc test (E and F);
Kruskal–Wallis, Dunn’s post hoc test (G); n.s., P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n.s., nonsignificant.

Source data are available online for this figure.
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in BMDMs, as seen by very low constitutive levels of CTF (Fig 3A).

We therefore treated cells with the c-secretase inhibitor DAPT

(Fig 3A). This allowed the detection of reduced CTF generation in

an allele-dependent manner (Fig 3A and E).

Trem2 facilitates phagocytosis of E. coli (N’Diaye et al, 2009),

apoptotic neurons (Takahashi et al, 2005; Hsieh et al, 2009), as well

as fibrillar amyloid-b peptides (Xiang et al, 2016). Similar to BMDMs

derived from Trem2 knockout mice (Xiang et al, 2016), homozygous

Trem2 p.T66M knock-in BMDMs showed a significantly reduced

capacity of engulfing pHrodo-labeled E. coli particles (Fig 3F) as well

as fluorescently labeled fibrillar Ab1–42 (Fig 3G) supporting the loss-

of-function character of the Trem2 p.T66M mutation.

Exaggerated immune response to in vivo
lipopolysaccharide stimulation

Stimulation of macrophages with lipopolysaccharide (LPS) or inter-

feron-c (IFN-c) causes a robust downregulation of Trem2 expression

(Turnbull et al, 2006) and studies using Trem2-deficient macro-

phages or microglial cell lines suggested Trem2 to be involved in

inhibiting cytokine production upon stimulation with LPS or IFN-c
(Turnbull et al, 2006; Zhong et al, 2015). We therefore asked

whether the Trem2 p.T66M mutation leads to an exaggerated pro-

inflammatory response in vivo during the resolution phase of the

inflammatory reaction 18 h post-intraperitoneal LPS stimulation

(Fig 4A). First, we confirmed that LPS injection led to a marked

reduction of Trem2 mRNA in the brain of both wild-type and

homozygous Trem2 p.T66M knock-in mice (Fig 4B). We then

compared the plasma protein (Fig 4C–E) and brain mRNA (Fig 4F–

H) levels of interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a),
and chemokine (C-C motif) ligand 2 (CCL2) in wild-type and

homozygous Trem2 p.T66M knock-in mice. While only a small

increase of IL-6, TNF-a, and CCL2 plasma and brain expression was

seen 18 h after LPS injection in wild-type mice, homozygous Trem2

p.T66M knock-in mice showed significantly higher levels of these

cytokines consistent with an exaggerated and/or prolonged

inflammatory response. These data confirm the involvement of

Trem2 in regulating the release of pro-inflammatory cytokines after

LPS stimulation and further support a loss of function of the Trem2

p.T66M mutation.

Decreased age-dependent microglial activity

Next, we searched for a potentially age-related microglial pheno-

type in Trem2 p.T66M knock-in mice. To do so, we conducted a

longitudinal study (3, 5, 8, and 12 months) using the PET tracer

[18]F-GE180 (18-kD translocator protein ligand [TSPO]) for imag-

ing activated microglia in vivo by lPET. In line with previous

results (Liu et al, 2015; Brendel et al, 2016), we found an age-

dependent increase in TSPO lPET signal in wild-type mice

(Fig 5A and B). Visual interpretation of TSPO lPET scans indi-

cated similar patterns of tracer uptake at 3 and 5 months.

However, a globally lower retention in Trem2 p.T66M knock-in

mice at 8 months was observed which was even more

pronounced at 12 months of age (Fig 5A). Quantitative cerebral

TSPO lPET signals increased in parallel in 3- and 5-month-old

wild-type and Trem2 p.T66M knock-in mice (Fig 5B). While wild-

type mice continued their increase at a flattened slope until

12 months of age, the TSPO signal in Trem2 p.T66M knock-in

mice started to decline after 8 months (D8%, P = 0.16), resulting

in a significantly reduced TSPO lPET signal at 12 months of age

(D23%, P < 0.01) (Fig 5B).

In order to relate the observed functional deficit of microglia

in vivo to histological changes, we analyzed Iba1 reactivity during

aging in the Trem2 p.T66M knock-in mice. Clusters of activated

microglia have been recently termed “microglial nodules” (Singh

et al, 2013) and are thought to be associated with removing

myelin/axonal debris (Singh et al, 2013). Strikingly, we observed

an age-dependent increase in Iba1 immunoreactivity in wild-type

but not homozygous Trem2 p.T66M knock-in mice especially in

the white matter of the cerebellum (Fig 5C) which is consistent

A B

C D

Figure 2. Decreased proliferation and increased apoptosis in Trem2
p.T66M bone marrow-derived macrophages.

A After 7 days of differentiation with M-CSF both heterozygous (het) and
homozygous (hom), BMDMs show a significantly reduced cell number
similar to the reduction seen for Trem2 knockout (�/�) BMDMs (Turnbull
et al, 2006). Data are shown as mean � SEM from at least three
independent experiments (n–/– = 9, nwt = 12, nhet = 14, nhom = 12). One-
way ANOVA, Tukey’s post hoc test; n.s., P > 0.05; ****, P < 0.001; n.s.,
nonsignificant; ####, P < 0.0001; # denotes significant differences between
�/� and wt.

B Caspase 3/7 activity measured using 5 × 104 cells at day 7 of differentiation
by a luminescence assay. Data are shown as mean � SEM from two
independent experiments (nwt = 7, nhet = 8, nhom = 8). Kruskal–Wallis,
Dunn’s post hoc test; n.s., P > 0.05; ***, P < 0.001.

C Bone marrow-derived macrophages were differentiated in 12-well plates
for 6 days prior adding BrdU for the last 24 h of differentiation and BrdU
incorporation was quantified by flow cytometry. Data are shown as
mean � SEM from two independent experiments (n = 5). One-way ANOVA,
Tukey’s post hoc test; n.s., P > 0.05; *, P < 0.05.

D qRT–PCR analysis of cyclin D1 (Ccnd1; NM_007631) in BMDMs shows
significantly reduced cyclin D1 levels in homozygous Trem2 p.T66M
BMDMs. Data are shown as mean � SEM from two independent
experiments (n = 5). One-way ANOVA, Tukey’s post hoc test; n.s., P > 0.05;
**, P < 0.01.

Source data are available online for this figure.
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A B C

D E

F G

Figure 3. Accumulation and reduced processing of mutant Trem2 in BMDMs.

A Immunoblotting with anti-Trem2 Nt (clone 5F4) and anti-Trem2 Ct (clone 14D1) shows accumulation of mutant full-length Trem2 in membrane fractions of
heterozygous (het) and homozygous (hom) BMDMs compared to wild-type (wt) BMDMs. BMDMs treated with DMSO show accumulation of mutant full-length
Trem2 in membrane fractions of heterozygous (het) and homozygous (hom) BMDMs compared to wild-type (wt) BMDMs using anti-Trem2 Ct (clone 14D1). Trem2
C-terminal fragment (CTF) is generated in BMDMs derived from wt, heterozygous, and homozygous Trem2 p.T66M knock-in mice, however to very moderate levels
compared to DAPT-treated BMDMs. Upon inhibition of c-secretase by DAPT treatment, wt BMDMs strongly accumulate a Trem2 CTF which is significantly reduced
in an allele-specific manner in Trem2 p.T66M knock-in BMDMs. Analysis of conditioned media shows an allele-specific reduction of sTrem2 in Trem2 p.T66M
knock-in BMDMs. Homozygous Trem2 knockout (�/�) BMDMs from a Trem2 knockout line (Turnbull et al, 2006) were used to confirm specificity of the Trem2
antibodies. Calnexin (membrane fractions) and sAPP (medium fractions) were used to confirm equal loading. FL, full-length. # labels an unspecific band.

B Quantification of total Trem2 levels from immunoblots using the anti-Trem2 Nt (clone 5F4) antibody. Data shown relative to wt as mean � SEM. (n–/– = 3, nwt = 8,
nhet = 8, nhom = 8). One-way ANOVA, Tukey’s post hoc test; **, P < 0.01; ***, P < 0.001.

C Quantification of sTrem2 by ELISA in supernatants from mutant BMDMs confirms an allele-specific reduction of sTrem2 in BMDMs derived from Trem2 p.T66M
knock-in mice. Levels of sTrem2 are depicted normalized to cell number as determined by quantification of DAPI signal. Data are represented as mean � SEM
(nwt = 12, nhet = 16, nhom = 16). One-way ANOVA, Tukey’s post hoc test; ****, P < 0.0001.

D, E Quantification of Trem2 full-length (D) and Trem2 CTF (E) levels upon treatment with DAPT using the anti-Trem2 Ct (clone 14D1) antibody to detect Trem2. Trem2
levels were normalized to the signal of calnexin and data shown relative to wt as mean � SEM from three independent experiments (nwt = 9, nhet = 9, nhom = 7).
One-way ANOVA, Tukey’s post hoc test; *P < 0.05; ***P < 0.001; ****P < 0.0001.

F Reduced phagocytosis of E. coli particles of BMDMs derived from homozygous Trem2 p.T66M knock-in mice (hom) compared to wild-type (wt). Data are
represented relative to wt as mean � SEM from three independent experiments (nCytoD = 4, nwt = 10, nhom = 9). One-way ANOVA, Tukey’s post hoc test;
**P < 0.01.

G Phagocytosis of fAb42 by BMDMs from wild-type (wt) and homozygous Trem2 p.T66M knock-in mice (hom). Data are represented as relative to wt as mean � SEM
from three independent experiments (nCytoD = 3, nwt = 7, nhom = 8). One-way ANOVA, Tukey’s post hoc test; **P < 0.01.

Source data are available online for this figure.

ª 2017 The Authors The EMBO Journal

Gernot Kleinberger et al TREM2 T66M causes loss of microglia function The EMBO Journal

5

Published online: May 30, 2017 



with a strong TSPO lPET signal in the cerebellum of wild-type but

not homozygous Trem2 p.T66M knock-in mice (Fig 5A). Further-

more, we frequently observed strongly Iba1 immunoreactive

microglia nodule-like structures in wild-type but not homozygous

Trem2 p.T66M knock-in brains (Fig 5C, arrowheads). Iba1 reactiv-

ity increased with age in wild-type but not in Trem2 p.T66M

knock-in mice with significant differences detected as early as

6 months of age as shown by semiquantitative image analysis

(Fig 5D). An age-dependent accumulation of nodule-like structures

of Iba1 immunoreactive microglia was also observed throughout

the whole brain of wild-type but not Trem2 p.T66M knock-in mice

(Fig 5E and F), suggesting a general reduction in microglia activity

A

C D E

F G H

B

Figure 4. Exaggerated immune response to lipopolysaccharide infection in Trem2 p.T66M mice.

A Schematic representation of the experimental outline. i.p., intraperitoneal.
B Intraperitoneal injection of lipopolysaccharide (LPS) reduces Trem2 mRNA expression in the brain 18 h post-injection in both wild-type and homozygous Trem2

p.T66M knock-in mice.
C–E Cytometric Bead Array-based analysis of cytokine levels in the serum 18 h post-injection with PBS or LPS shows significant increased levels of IL-6 (C), TNF-a (D),

and CCL2 (E) in the serum of LPS-injected Trem2 p.T66M knock-in mice.
F–H qRT–PCR-based analysis of cytokine levels in the brain 18 h post-injection with PBS or LPS shows significant increased levels of IL-6 (F), TNF-a (G), and CCL2 (H) in

the brain of LPS-injected Trem2 p.T66M knock-in mice.

Data information: Data are represented as mean � SD; nPBS = 4 mice/genotype; nLPS = 5 mice/genotype. Two-way ANOVA, Tukey’s post hoc test; *P < 0.05; #P < 0.05.
* denotes significant differences between PBS and LPS treatment within one genotype. # denotes significant differences between genotypes within one treatment group.
Source data are available online for this figure.
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caused by loss of Trem2 function. Taken together, both Iba1

immunohistochemical and in vivo longitudinal TSPO lPET analy-

ses indicated a significantly reduced microglia activity, which

became more prominent with aging, thus indicating a probable

correlate of dysfunctional microglia due to the Trem2 p.T66M

mutation.

A

C D

E F

B

Figure 5. Decreased age-dependent microglial activity in Trem2 p.T66M mice.

A Axial slices of TSPO lPET imaging (scaled by %ID and body weight) are projected on a T1 MRI mouse template (left: cerebellum; right: frontal pole). Averaged images
(n = 7–8 mice/genotype) show a clear visual decrease of TSPO activity in Trem2 p.T66M knock-in mice aged 8 and 12 months when compared to wt.

B Quantitative TSPO activity in wt (black) and hom (green) mice. Data are represented as mean � SEM. n = 7–8 mice/genotype. Student’s t-test; **P < 0.01.
C Iba-1 immunohistochemistry in brains of 19-month-old wild-type (wt) or homozygous Trem2 p.T66M knock-in mice (hom) shows a strong signal with frequent

occurrence of microglia nodule-like structures (black arrowheads) in the cerebellar white matter of wt compared to mutant mice. Scale bar, 100 lm.
D Semiquantitative analysis of Iba-1 reactivity shows an age-dependent increase in wt but not hom mice. Data are represented as mean � SEM. n6 m = 4–6 mice/

genotype; n13m = 3 mice/genotype; n19m = 4 mice/genotype; Student’s t-test; *P < 0.05; **P < 0.01.
E Iba1-positive (Iba1+) nodules are also frequently observed throughout the brain in wt but not in hom mice. Scale bar, 50 lm.
F Semiquantitative analysis of Iba1+ nodules shows an age-dependent increase in wt but not hom mice. Data are represented as mean � SEM. n6m = 4–6 mice/

genotype; n13m = 3 mice/genotype; n19m = 4 mice/genotype; Student’s t-test; **P < 0.01; ****P < 0.0001.

Source data are available online for this figure.
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Reduced cerebral blood flow in Trem2 p.T66M knock-in mice

In humans, homozygous TREM2 mutations lead to marked thinning

of the corpus callosum, cortical atrophy, and periventricular white

matter abnormalities (Guerreiro et al, 2013b). Furthermore, single

positron emission computer tomography (SPECT) in a family carry-

ing a TREM2 loss-of-function mutation revealed hypoperfusion of

the brain in mutation carriers (Montalbetti et al, 2005). We there-

fore used magnetic resonance imaging (MRI) to analyze homozy-

gous Trem2 p.T66M knock-in mice for volumetric brain changes

and performed continuous arterial spin-labeled (CASL) MRI to

detect possible abnormalities in absolute brain perfusion. Volumet-

ric brain imaging did not reveal any global differences between

homozygous Trem2 p.T66M knock-in mice compared to wild-type

littermate controls at both 4 (P = 0.60) and 6 (P = 0.64) months of

age. However, using CASL-MRI we observed a significant difference

between genotypes at 6 months of age (P = 0.029; Fig 6A and B).

As cerebral blood flow has been reported to be tightly coupled to

brain metabolism (Raichle, 1998), reduced brain perfusion in Trem2

p.T66M knock-in mice at 6 months of age might indicate the first

decline in brain function due to Trem2 loss of function.

Reduced cerebral glucose metabolism in Trem2 p.T66M
knock-in mice

Patients with homozygous TREM2 mutations develop NHD or

FTD-like syndrome manifesting with cognitive impairments that

have been associated with frontal lobe hypometabolism as shown

by reduced signals by FDG-PET (Ueki et al, 2000). FDG-PET has

long been used to measure resting-state cerebral metabolic rates

of glucose, a proxy for neuronal activity (Sokoloff, 1977; Sokoloff

et al, 1977). We therefore asked whether reduced microglial activ-

ity could have a functional effect on the brain using FDG-lPET
imaging of Trem2 p.T66M knock-in mice at 12 months of age, a

time point where a significant reduction in microglial activity by

immunohistochemistry and TSPO-lPET was manifested. Impor-

tantly, blood glucose levels were not significantly different

between wild-type and Trem2 p.T66M knock-in mice (Fig 7A).

First, we excluded relevant perfusion effects in lPET by initial

dynamic imaging of FDG-lPET (Fig EV3), which justified the use

of common short emission recordings (see Materials and Meth-

ods). Visual interpretation of FDG-lPET scans indicate a reduced

signal throughout different areas of the brain (Fig 7B; axial and

coronal slices) and quantitative analyses confirmed a significant

reduction in the global cerebral FDG-lPET signal in Trem2

p.T66M knock-in mice compared to age- and sex-matched wild-

type controls (Fig 7C; D23%; P < 0.01). We then performed

additional TSPO-lPET scans to study the correlation between

FDG-lPET and TSPO-lPET signals on the level of individual mice.

Correlation of dual quantitative lPET readouts showed a statisti-

cally significant positive correlation (Fig 7D; r2 = 0.5269;

P = 0.041) in Trem2 p.T66M knock-in mice, suggesting a relation-

ship between reduced microglial activity due to the Trem2 muta-

tion and reduced brain function.

A B

Figure 6. Reduced cerebral blood flow in Trem2 p.T66M knock-in mice.

A Upper panels: mouse brain atlas superimposed on T2-weighted anatomical images with outlined regions of interest and indicated distance to bregma. Middle panels:
color-coded MRI images indicating mean absolute brain perfusion (according to the color bar on the right) of wild-type (wt) and homozygous Trem2 p.T66M knock-in
(hom) mice depicted in three independent coronal slices at either 4 months (nwt = 12, nhom = 15) or 6 months (nwt = 8, nhom = 8) of age. Lower panels: color-coded
MRI images indicating the differences in brain perfusion between wt and hom mice (according to the color bar on the right).

B Quantitative absolute brain perfusion showed no differences in 4-month-old Trem2 p.T66M knock-in mice (nwt = 12, nhom = 15) while at 6 months of age absolute
brain perfusion was significantly reduced in homozygous Trem2 p.T66M knock-in mice compared to wild-type controls (nwt = 8, nhom = 8). Data are represented as
mean � SEM. Two-way mixed ANOVA; *P < 0.05.
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Discussion

Microglia are the resident macrophages of the central nervous

system accounting for 5–20% of all cells in the brain (Lawson et al,

1992) and represent the first line of defense against invading patho-

gens and pathological insults. Besides their function in immune

surveillance, microglia also play an important role in neuronal plas-

ticity through pruning of synapses and axon terminals (Tremblay &

Majewska, 2011; Salter & Beggs, 2014). It is well known that micro-

glia change their morphology, number, and activity during aging

and pathological insults (Lourbopoulos et al, 2015). The identifi-

cation of a number of microglia-related risk variants in AD (Cuyvers

& Sleegers, 2016; Villegas-Llerena et al, 2016) and several other

neurodegenerative diseases highlight an important role of microglia

and neuroinflammation in the pathogenesis of neurodegenerative

diseases. Genetic variants in TREM2 increase the risk of developing

AD up to threefold (Guerreiro et al, 2013a; Jonsson et al, 2013) and

complete loss of TREM2 leads to an early-onset dementia known as

NHD (Klunemann et al, 2005). Moreover, patients with homozy-

gous missense mutations in TREM2 present clinically with FTD-like

syndrome (Guerreiro et al, 2013b) most likely due to loss of TREM2

function caused by misfolding (Kober et al, 2016) and reduced cell

surface trafficking (Kleinberger et al, 2014). So far the effects of

TREM2 variants on its biological functions have been studied

mainly in tissue culture using overexpressing paradigms. In order to

rule out artifacts caused by strong overexpression of TREM2, in vivo

models with endogenous expression of mutant Trem2 protein are

urgently needed. With the discovery and establishment of the

CRISPR/Cas9 system for genome editing, it is possible to rapidly

generate animal models with patient-specific mutations (Yang et al,

2016). Using this new tool, we generated a knock-in mouse model

expressing the FTD-like syndrome-associated TREM2 p.T66M muta-

tion at an endogenous level. We could demonstrate a reduced gener-

ation of sTrem2 in the brain, serum, and CSF (Fig 1E–G) due to a

dramatic accumulation of mutant immature Trem2 (Figs 1C and 3A,

B and D) and reduced processing (Fig 3A, C and E) confirming our

A B

C D

Figure 7. Reduced cerebral glucose metabolism in Trem2 p.T66M knock-in mice.

A Analysis of blood glucose levels at the time point of FDG-lPET analysis shows no significant differences between wild-type (wt) and homozygous Trem2 p.T66M
knock-in mice (hom) (nwt = 6; nhom = 9 mice). Data are represented as mean � SEM. Student’s t-test; n.s., P > 0.05.

B Axial (A1) and coronal (C1–3) slices of FDG lPET imaging (scaled by %ID and body weight) and normalized to blood glucose level are projected on a T1 MRI mouse
template (left: cerebellum; right frontal pole). Averaged images (nwt = 6; nhom = 9 mice) show a clear visual decrease of FDG signal in several brain areas in Trem2
p.T66M knock-in mice at 12 months of age when compared to age- and sex-matched wt controls.

C Quantitative FDG lPET signal in wt and hom mice. Data are represented as mean � SEM. Student’s t-test; **P < 0.01 (nwt = 6; nhom = 9 mice).
D Dual quantitative lPET shows a significant positive correlation of global cerebral FDG and TSPO signals in homozygous Trem2 p.T66M knock-in mice (hom). Pearson

product–moment correlation.

Source data are available online for this figure.
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previous results obtained in tissue culture (Kleinberger et al, 2014).

Moreover, primary macrophages derived from bone marrow of

Trem2 p.T66M knock-in mice showed a reduced phagocytic capac-

ity (Fig 3F and G). Furthermore, Trem2 p.T66M knock-in mice

displayed an exaggerated inflammatory response upon in vivo stim-

ulation with LPS (Fig 4) similar to results obtained with cells

derived from Trem2 knockout mice (Turnbull et al, 2006; Zhong

et al, 2015). Together, this further strengthens the involvement of

Trem2 in phagocytosis and regulation of inflammation and underli-

nes the loss-of-function character of the Trem2 p.T66M missense

mutation. However, both reduced full-length Trem2, and conse-

quently lowered TREM2-dependent signaling as well as reduced

sTrem2 levels may account for the observed effects on survival,

phagocytosis, and regulation of an appropriate inflammatory

response. While we have shown that sTrem2 is not effective in

rescuing phagocytic defects (Xiang et al, 2016), a recent study

linked sTrem2 to microglial survival and induction of inflammatory

responses (Zhong et al, 2017).

Patients with homozygous loss of function of TREM2 develop

NHD or FTD-like syndrome, and present with a cerebral white

matter disease characterized by demyelination and occurrence of

axonal spheroids (Paloneva et al, 2001). It is known that myelin-

associated lipids can trigger TREM2 signaling in vitro (Poliani et al,

2015; Wang et al, 2015) and Trem2 knockout mice are not capable

of responding properly to myelin damage upon cuprizone-induction

demyelination (Cantoni et al, 2015; Poliani et al, 2015). Interest-

ingly, in early stages of multiple sclerosis, microglia have been

described to form microglia nodules even in the absence of demyeli-

nation (Singh et al, 2013) and sTREM2 levels in the CSF of patients

with multiple sclerosis have been described to be increased (Piccio

et al, 2008). Our findings support the idea that microglial nodule-

like structures are also formed during physiological aging and may

represent a clearance mechanism of minor white matter insults.

Furthermore, using Iba-1 immunohistochemistry we have observed

an age-dependent increase in Iba-1 immunoreactive microglia

nodule-like structures especially in the white matter of wild-type

mice that was absent in homozygous Trem2 p.T66M knock-in mice

(Fig 5C–F). This is in line with a reduced sensing of myelin-

associated lipids (Poliani et al, 2015; Wang et al, 2015) as well as a

general defect of chemotaxis of Trem2-deficient microglia (Mazaheri

et al, 2017). During physiological aging, microglia become increas-

ingly activated which is consistent with a positive correlation of

sTREM2 levels in the CSF of healthy subjects with age (Henjum

et al, 2016; Piccio et al, 2016; Suarez-Calvet et al, 2016a,b).

Recently, protocols have been established to image microglial

activation by in vivo PET imaging using a tracer against TSPO (Liu

et al, 2014) that also has been demonstrated to be useful to monitor

the microglia activation status in rodents during aging and amyloi-

dosis (Liu et al, 2015; Brendel et al, 2016). TSPO lPET signal signif-

icantly correlates with the levels of sTrem2 in the brain of an

amyloidosis mouse model (Brendel et al, 2017), suggesting that

sTREM2 indirectly reflects the amount of signaling competent

TREM2 on the cell surface of activated microglia. Using in vivo

TSPO-lPET imaging, we could show that the Trem2 p.T66M muta-

tion leads to a decreased microglial activity at 12 months of age

(Fig 5A and B), further supporting the loss-of-function hypothesis of

FTD-like syndrome-associated TREM2 mutations. Importantly,

Trem2 p.T66M knock-in mice showed a strong reduction of

TSPO-lPET signal in the cerebellar regions supporting the results

obtained by Iba-1 immunohistochemistry.

FTD-like syndrome and NHD clinically presents as a frontal lobe

syndrome (Paloneva et al, 2001), and functional imaging of these

NHD patients revealed hypoperfusion as well as alterations in

glucose metabolism in bilateral frontal lobes and thalamus (Ueki

et al, 2000; Klunemann et al, 2005; Takeshita et al, 2005). Func-

tional imaging of cerebral blood flow (CBF) using either single

photon emission computed tomography (SPECT) or arterial spin-

labeled MRI (ASL-MRI) as well as measurement of cerebral meta-

bolic rate of glucose by FDG-PET provides images that closely reflect

neuronal activity (Herholz, 2011). In line with that, we find a signifi-

cantly reduced CBF in Trem2 p.T66M knock-in mice compared to

wild-type mice at 6 months of age (Fig 6). The decline in brain func-

tion and metabolism in Trem2 p.T66M knock-in mice was further

verified with FDG-lPET imaging at 12 months of age. Reduced

FDG-lPET was not a result of increased blood glucose levels

(Fig 7A), a factor which is known to interfere with FDG-lPET
signals (Varrone et al, 2009). Neuronal activity and glucose metabo-

lism are strongly correlated (Sokoloff, 1999), and hence, FDG-PET

imaging has been established as a routine method to measure

regional brain activation. However, it is still controversially

discussed, whether neurons or astrocytes are the main consumers of

glucose in the brain (Mergenthaler et al, 2013). Moreover, it is not

known how much microglia, a highly mobile cell population

(Nimmerjahn et al, 2005), contribute to the energy consumption of

the whole brain. In previous studies, it has been shown that during

neurodegeneration, the pattern of CBF and metabolic deficits occur

in parallel in AD and FTD patients (Verfaillie et al, 2015), and ASL-

MRI has similar diagnostic utility as FDG-PET in both AD and FTD

(Tosun et al, 2016). Therefore, our ASL-MRI and FDG-lPET data

complementary prove an age-dependent decline in brain perfusion

and metabolism in Trem2 p.T66M knock-in mice.

A limitation of our study is the use of separate cohorts of mice

for the ASL-MRI (Fig 6) and FDG-lPET (Fig 7) analysis. Ideally, all

parameters would have been measured in one and the same mouse

at exactly the same time points resulting in a study setup that is

technically highly challenging. Furthermore, analysis of cerebral

blood flow at a later time point, where also reduced microglial acti-

vation and glucose metabolism was observed, would be required to

strengthen the link between reduced blood flow and reduced micro-

glial activation and glucose metabolism. As TSPO-lPET and FDG-

lPET results showed a significant correlation at 12 months of age

(Fig 7D), the findings presented in this study raise the possibility for

a function of microglia in regulating brain glucose metabolism. To

address this question, it will be important to study whether the

observed brain-wide hypometabolic effects are mediated by a cell

autonomous mechanism (TREM2 receptor on the cell surface of

microglia) or by a cell nonautonomous mechanism (e.g., via

sTREM2). Our novel mouse model will provide an essential tool to

investigate this important question.

In summary, we have shown the first in vivo evidence that the

FTD-like syndrome-associated TREM2 p.T66M mutation causes a

dysfunction in microglia and macrophages which is not only associ-

ated with their reduced activity, but also correlates with reduced

CBF and brain energy metabolism. Moreover, homozygous Trem2

p.T66M knock-in mice recapitulate the dramatic biochemical pheno-

type observed in cultured cells (Kleinberger et al, 2014; Park et al,
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2015) and biological fluids of humans (Kleinberger et al, 2014;

Henjum et al, 2016). This mouse model might therefore be valuable

for investigating TREM2 modulating therapeutic strategies with the

aim of improving microglia activity in neurodegenerative disorders.

Materials and Methods

Generation of Trem2 p.T66M knock-in mice

Trem2 p.T66M mice were generated by nuclease-mediated homol-

ogy-directed repair in zygotes as described previously (Wefers et al,

2013; Brandl et al, 2015). Cas9 mRNA was prepared by in vitro tran-

scription from pCAG-Cas9v2-162A (linearized with XbaI) using the

mMessage mMachine T7 Ultra kit (Ambion, #AM1345) and purified

using the MEGAClear kit (Ambion, #AM1908). For the preparation

of Trem2 exon 2-specific sgRNAs, two annealed oligonucleotides

(sgTremA 50-CACCTAATACGACTCACTATAGGGAGGGCCCATGCC
AGCGTG-30, sgTremB 50-AAACCACGCTGGCATGGGCCCTCCCTATA
GTGAGTCGTATTA-30) were cloned into pBS-U6-sgRNA, and

in vitro transcribed and purified using the MEGAshortscript T7 kit

(Ambion, #AM1354) and the MEGAclear kit. The single-stranded

target molecule ssODN-Trem2T66M (50-ACTGGGGGAGACGCAA
GGCCTGGTGTCGGCAGCTGGGTGAGGAGGGCCCATGCCAGCGCGT

CGTGAGCATGCACGGTGTGTGGCTGCTGGCCTTCCTGAAGAAGCG

GAATGGGAGCACAGTCATCGCAGATGACACCCTT-30), comprising

the CA>TG substitution and two additional silent mutations for

genotyping purposes, was chemically synthetized (Metabion; see

also Fig 1B). For microinjection, one-cell embryos were obtained by

mating D2B6F1 males with superovulated FVB/N females (Charles

River). Cas9 mRNA (5 ng/ll), sgRNA (2.5 ng/ll), and ssODN-

Trem2T66M (10 ng/ll) were injected into the male pronucleus, and

injected zygotes were immediately transferred into pseudopregnant

CD-1 foster mice resulting in the strain of mice designated

Trem2em1Bwef (hereafter referred to as Trem2 p.T66M knock-in).

Amplification and sequencing of eight loci with potential off-target

sites did not show any additional sequence variations (Appendix Fig

S2). Mice used in all experiments were on a mixed genetic back-

ground (N1 backcross to C57BL/6J).

CSF and serum collection and tissue harvesting

Serum was harvested by collecting blood by cardiac puncture under

deep anesthesia with a combination of midazolam, medetomidine,

and fentanyl. Collected blood was incubated for at least 15 min at

room temperature and centrifuged at 2,000 g for 10 min, and sepa-

rated serum was collected and used for sTrem2 measurements. Cere-

brospinal fluid (CSF) was collected from the cisterna magna according

to previously published methods (Schelle et al, 2016). All mice were

handled according to institutional guidelines approved by the animal

welfare and use committee of the Government of Upper Bavaria and

housed in standard cages in a specific pathogen-free facility on a

12-hr light/dark cycle with ad libitum access to food and water.

Genotyping

Genomic DNA was purified from tail biopsies or ear punches by

isopropanol precipitation, and the Trem2 locus harboring the

knock-in mutation was amplified by polymerase chain reaction

(PCR) using forward primer 50-AACACCACGGTGCTGCAGGG-30 and
reverse primer 50-CCAGCAAGGGTGTCATCTGCG-30. Resulting PCR

products of 215 base pairs (bp) were further processed using either

the restriction enzyme SphI-HF digesting only the mutant allele into

74- and 141-bp fragments or the restriction enzyme PfIMI (both

New England Biolabs) digesting only wild-type allele into 86- and

129-bp fragments and subsequently analyzed by 2% Tris–borate–

EDTA agarose gel electrophoresis (see also Fig EV1A).

Magnetic resonance imaging (MRI) acquisition and analysis

Animal preparation and anesthesia

For MRI perfusion measurements, primed continuous intravenous

etomidate anesthesia was carried out with initial isoflurane support.

Respiratory rate, rectal body temperature, and oxygen and CO2

levels in the inspired and exhaled air were continuously monitored.

Body temperature was maintained at 37.3°C with a feedback-regu-

lated electric heating blanket. Perfusion MRI was carried out on a

Bruker Biospec 94/20 MR systems (Bruker Biospin). A volume reso-

nator was used for signal excitation, and an actively decoupled

quadrature surface coil was positioned over the head of the animal

for signal reception. Following localization of the most rostral exten-

sion of the corpus callosum as a landmark on scout images, 14 coro-

nal image planes were selected between �7.70 and +4.00 mm from

bregma with a 0.9-mm interval between planes (Paxinos & Franklin,

2001). All subsequent images were acquired in these planes, with a

field of view of 20 × 20mm2 and a slice thickness of 0.6 mm. The

first volume was a set of T2-weighted anatomical RARE images

(TR/TEeff = 3,150/34ms, RARE factor 8, matrix 256 × 256). Next, a

T1 image series required to quantitate perfusion was obtained using

an inversion recovery snapshot FLASH sequence with eight inver-

sion times (TR/TE = 4,000/1.6ms, TI = 96, 263, 429, 595, 761, 927,

1,094, and 1,260ms, matrix 64 × 64) (Haase et al, 1986). Finally,

cerebral perfusion was assessed by continuous arterial spin labeling

(CASL) (Williams et al, 1992) with single-slice centered-RARE read-

out (TR/TE = 3,750ms/5.4ms, RARE factor = 32, matrix 128 × 64,

labeling pulse 3 s, post-labeling delay 0.4 s). The total acquisition

time for one volume of CASL images was 4 min, and contiguous

time series of three volumes were acquired for each animal. Both

acquisition and analysis of images were performed in a highly auto-

mated way as further detailed below, thus excluding user bias.

CASL images were processed and analyzed using in-house software

written in IDL 6.4 (Interactive Data Language; Exelis) and MATLAB

7.14 (The MathWorks Inc.). The anatomical volume of each individ-

ual animal was co-registered to an in-house mouse brain template

using the open-source software SPM5 (Welcome Trust Centre for

Neuroimaging). Spatial normalization comprised a 12-parameter

affine as well as a nonlinear transform, allowing for global scaling

as well as for local adjustments of anatomical features. This normal-

ization procedure was applied identically to all functional images of

the same subject. The template was in alignment with an in-house

generated digital atlas delineating selected anatomical brain areas

adapted from standard brain atlases (Paxinos & Watson, 1998;

Paxinos & Franklin, 2001). T1 maps per animal were calculated on a

voxel-wise basis by fitting a 3-parameter exponential to the intensi-

ties across the eight inversion times. These T1 maps were then

combined with the pertinent CASL images to obtain quantitative
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absolute perfusion maps, as described elsewhere (Bruns et al,

2009). Mean cerebral perfusion for individual animals was deter-

mined in the entire brain, and values were averaged across the three

successive CASL volumes.

Lipopolysaccharide injections and cytokine analysis

Wild-type and Trem2 p.T66M knock-in mice were treated i.p. with

1 mg/kg lipopolysaccharide (LPS) to investigate the impact of

Trem2 deficiency on inflammatory processes. Control animals were

injected with equivalent volume of vehicle (PBS). Eighteen hours

after LPS injection, mice were anesthetized with pentobarbital

(150 mg/kg) and blood was drawn from the heart into EDTA tubes

and plasma was prepared for cytokine detection. After blood

sampling, mice were transcardially perfused with ice-cold PBS and

brains collected.

For RNA extraction, brain tissue was homogenized and RNA was

isolated with RNeasy Mini Kit (QIAGEN) following the manufac-

turer’s instructions. qRT–PCR was performed using AgPath One-

Step RT–PCR kit. Gapdh was used as housekeeping gene.

Cytokine concentrations of plasma samples were measured by

Cytometric Bead Array (CBA, BD Biosciences) following the manu-

facturer’s instructions using a Guava� easyCyte 8HT flow cytometer

(EMD Millipore).

lPET data acquisition and reconstruction

Eight female homozygous Trem2 p.T66M knock-in mice and eight

age- and sex-matched wild-type controls underwent lPET imaging

with the TSPO ligand [18F]-GE180 (Dickens et al, 2014; Wickstrom

et al, 2014) in a longitudinal design (3, 5, 8 and 12 months). All

mice were anesthetized with isoflurane (1.5%, delivered at 3.5 l/

min) and placed in the aperture of the Siemens Inveon DPET, as

described previously (Brendel et al, 2015). Upon tail vein injection

of 13.2 � 2.1 MBq [18F]-GE180 (in 150 ll saline), mice were kept in

anesthesia for 45 min, followed by a 15-min transmission scan

using a rotating [57Co] point source, and 60- to 90-min post-injection

static emission recording (Brendel et al, 2016).

Nine homozygous Trem2 p.T66M knock-in mice and six age-

and sex-matched wild-type controls at the age of 12 months under-

went dual lPET imaging with [18F]-FDG and [18F]-GE180. Blood

glucose was measured 1 min before administration of

13.8 � 1.5 MBq [18F]-FDG (in 140 ll saline). After 30-min anesthe-

sia, a 30- to 60-min post-injection static emission recording was

acquired followed by a 15-min transmission scan using the same

rotating [57Co] point source. Recordings of [18F]-GE180 lPET were

identical to the longitudinal design described above. Reconstruction

was consistently performed with four OSEM3D and 32 MAP3D

iterations, a zoom factor of 1.0, scatter-, attenuation-, and

decay-corrected, leading to a final voxel dimension of

0.78 × 0.78 × 0.80 mm.

Image co-registration and quantitative lPET data analyses

Static 30- to 60-min (FDG-lPET) and 60- to 90-min (TSPO-lPET)
datasets were co-registered to an MRI mouse atlas (Dorr et al, 2007)

by a manual rigid-body transformation (TXrigid) using the PMOD

fusion tool (V3.5, PMOD Technologies Ltd.). Tracer and age-specific

templates were generated by combining and averaging all

age-specific lPET scans from wild-type and Trem2 p.T66M knock-in

mice. In the second step, a reader-independent fine co-registration

to age-specific templates was performed (Overhoff et al, 2016).

Here, the initial manual lPET-to-MRI atlas fusion images were

normalized by nonlinear brain normalization (TXBN) to the age-

specific templates using the PMOD brain normalization tool (equal

modality; smoothing by 0.6 mm; nonlinear warping; 16 iterations;

frequency cutoff 3; regularization 1.0; no thresholding). The

concatenation of TXrigid and TXBN was then applied to lPET frames

in the native space, so as to obtain optimal resampling with a mini-

mum of interpolation. Normalization of the data was performed by

dividing the data by the injected dose (%ID) and multiplicating it by

the body weight. A whole-brain volume of interest was used for

calculation of the cerebral TSPO activity and glucose metabolism in

individual mice as the quantitative lPET endpoints. FDG-lPET data

were corrected for blood glucose levels at the time of tracer

injection.

Additionally, two homozygous Trem2 p.T66M knock-in mice

and one wild-type mouse received dynamic FDG-lPET imaging over

60 min (reconstructed in 5 min frames) to test for relevant effects in

the perfusion phase of PET (Fig EV3).

Cell culture

Bone marrow-derived macrophages (BMDMs) were prepared essen-

tially as described before (Xiang et al, 2016). For c-secretase inhibi-

tion experiments, 1 × 106 BMDMs were seeded in 6-well plates,

allowed to attach for 6 h, and treated with 5 lM DAPT (Sigma) or

DMSO (vehicle control) for 16–20 h prior to preparing membrane

fractions essentially as described previously (Kleinberger et al,

2014).

For analysis of cell proliferation by bromodeoxyuridine (BrdU)

incorporation or cyclin D1 expression analysis, 2 × 105 BMDMs

were seeded in non-tissue culture-treated 12-well plates (VWR) and

differentiated for 7 days as described before (Xiang et al, 2016).

Biochemical analyses

Frozen mouse brain was crunched in liquid nitrogen and extracted

in Tris-buffered saline (TBS; 50 mM Tris pH 7.4, 150 mM NaCl).

Pulverized brain tissue was homogenized in ice-cold TBS (10 w/v)

using a 26-G needle and cleared by ultracentrifugation (186,000 × g,

1 h, 4°C). For immunoprecipitation from mouse brain, total brain

lysates were prepared in immunoprecipitation lysis buffer (25 mM

Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glyc-

erol) and cleared by centrifugation at 16,200 g for 30 min at 4°C.

Protein concentrations were measured using the bicinchoninic acid

(BCA) method (Pierce).

Immunoprecipitation and immunoblotting

Trem2 was immunoprecipitated from 400 lg total brain protein

using 1 lg biotinylated goat anti-Trem2 antibody (R&D Systems;

BAF1729). After overnight incubation at 4°C, Trem2 was pulled

down using streptavidin sepharose (GE Healthcare) for at least 2 h

at 4°C, washed three times with ice-cold PBS, eluted with 2×

Laemmli buffer supplemented with b-mercaptoethanol, separated
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by standard 12% SDS–PAGE, and transferred onto polyvinylidene

difluoride membranes (Hybond P; Amersham Biosciences). Bound

antibodies were visualized by corresponding HRP-conjugated

secondary antibodies using enhanced chemiluminescence technique

(Pierce). Images for immunoblot quantifications were obtained on a

Fusion SL imager (PeqLab) and analyzed using Multi Gauge V3.0

(PLX Devices).

Antibodies

For immunoprecipitation from total mouse brain lysates, biotiny-

lated goat anti-mouse Trem2 (BAF1729; R&D Systems) was used.

For immunoblot detection, the following antibodies were used: rat

monoclonal antibody against the ectodomain of murine Trem2

(clone 5F4; Xiang et al, 2016), rat monoclonal antibody raised

against a C-terminal peptide (C-GRQKPGTPVVRGLDCGQDAG) of

murine Trem2 (clone 14D1), mouse anti-APP (clone 22C11), and

rabbit anti-calnexin (1:3,000; Enzo Life Sciences). Secondary antibod-

ies were HRP-conjugated goat anti-rabbit IgG (1:10,000; Promega),

goat anti-mouse IgG (1:10,000; Santa Cruz Biotechnology), or goat

anti-rat IgG (1:5,000–1:10,000; Santa Cruz Biotechnology).

Quantification of sTrem2

sTrem2 levels in mouse serum, mouse cerebrospinal fluid (CSF),

cell culture supernatants from BMDMs and in TBS fractions from

mouse brain were quantified using the Meso Scale platform with

small modifications to previously described methods (Kleinberger

et al, 2014). For sTrem2, streptavidin-coated 96-well small-spot

plates were blocked overnight at 4°C in blocking buffer [3% bovine

serum albumin (BSA) and 0.05% Tween-20 in PBS, pH 7.4]. For the

detection of mouse sTrem2, plates were incubated for 1 h at RT

with 0.25 lg/ml biotinylated polyclonal goat anti-mouse TREM2

capture antibody (R&D Systems; BAF1729) diluted in sample diluent

[1% bovine serum albumin (BSA) and 0.05% Tween-20 in PBS, pH

7.4]. Plates were washed subsequently for four times with washing

buffer (0.05% Tween-20 in PBS) and incubated for 2 h at RT with

samples diluted in assay buffer (serum: 1:10; CSF: 1:6; BMDMs: 1:2;

brain TBS fraction: 1:2) supplemented with protease inhibitors

(Sigma). A recombinant mouse Trem2 protein (Hölzel Diagnostika)

was diluted in assay buffer in a twofold serial dilution and used for

the standard curve (concentration range: 2,000–31.25 pg/ml). Plates

were washed three times with washing buffer before incubation for

1 h at RT with 1 lg/ml rat monoclonal anti-Trem2 antibody (R&D

Systems, MAB1729) diluted in assay diluent. MAB1729 was con-

firmed to detect mutant Trem2 (Appendix Fig S1). After three addi-

tional washing steps, plates were incubated with 0.5 lg/ml SULFO-

TAG-labeled anti-rat secondary antibody (Meso Scale Discovery)

and incubated for 1 h at RT. Lastly, plates were washed three times

with wash buffer and developed by adding 1× Meso Scale Discovery

Read buffer. The light emission at 620 nm after electrochemical

stimulation was measured using the Meso Scale Discovery Sector

Imager 2400 reader. Calculation of the concentration of sTrem2 was

performed with the MSD Discovery Workbench v4 software (MSD).

To normalize sTrem2 levels obtained from BMDMs to the cell

number, BMDMs were fixed with 4% paraformaldehyde for 20 min

and stained with DAPI and the DAPI signal was quantified using a

Cytation 3 Imaging System (BioTek).

qRT–PCR analysis

Total RNA was isolated from BMDMs or 20 mg pulverized mouse

brain using the RNeasy Plus Mini Kit (Qiagen) and reverse-tran-

scribed into cDNA using the SuperScript III First-Strand Synthesis

System (Thermo Fisher Scientific; BMDMs) or the RT2 First-Strand

Kit (Qiagen; brain) according to the manufacturer’s recommenda-

tions. mRNA expression of cyclin D1 (NM_007631), Trem2 transcript

variant 1 (NM_031254) and transcript variant 2 (NM_001272078)

(see Fig EV1C), Tyrobp (NM_011662), and Tmem119 (NM_0146162)

was determined using TaqMan assays (IDT) and expression normal-

ized to the geometric mean of two (Gusb and Hsp90ab1; BMDMs) or

four housekeeping genes (Gapdh, Gusb, B2M, and Hsp90ab1; brain).

Phagocytosis assays

Phagocytosis of fluorogenic E. coli particles (pHrodoTM Green, Molec-

ular Probes) was analyzed using BMDMs derived from wild-type or

homozygous Trem2 knock-in mice. Briefly, cells were plated in 12-

well plates at a density of 1 × 105 cells and cultured for 24 h.

pHrodo E. coli bioparticles were dissolved in PBS to a concentration

of 1 lg/ll, and a total of 20 lg bioparticles was added per condition

and incubated for 30 min at 37 °C. As a negative control, phagocyto-

sis was inhibited with 10 lM cytochalasin D (Sigma) added 30 min

prior to addition of pHrodo E. coli bioparticles. Cells were harvested

by scraping, washed two times with PBS, and analyzed by flow

cytometry on a MACSQuant� VYB flow cytometer (Miltenyi Biotec).

Data analysis was performed using the MACSQuantify software

(Miltenyi Biotec).

Phagocytosis of aggregated FAM-labeled amyloid beta peptide 1–

42 (Ab1–42; Anaspec) was analyzed as previously described (Xiang

et al, 2016).

Bromodeoxyuridine (BrdU) incorporation assay

BMDMs were differentiated in 12-well plates, and at day 6, BrdU

was added to a final concentration of 100 lg/ml and incubated for

24 h. BMDMs were harvested and BrdU incorporation was quanti-

fied using the FITC BrdU Flow Kit (BD Pharmingen) according to

the manufacturer’s recommendations.

Apoptosis

The levels of active caspase 3/7 were quantified in BMDMs at day 7

of differentiation. BMDMs were harvested and counted and 5 × 104

cells incubated with Caspase-Glo 3/7 luminescence reagent

(Promega) for 1 h at RT before quantifying the luciferase signal

using a MicroLumatPlus LB96V luminometer (Berthold Technolo-

gies).

Immunohistochemistry and semiquantitative image analysis

For immunohistochemistry, mice were transcardially perfused with

phosphate-buffered saline (PBS) and post-fixed in formalin at 4°C.

Immunohistochemistry was performed on 5- to 8-lm-thick sections

from paraffin-embedded tissue. Sections were deparaffinized in

xylene, followed by rehydration in a series of graded ethanol, and

antigen retrieval was performed by boiling in citrate buffer. Iba1
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(Wako) immunohistochemistry was performed with the Ventana

BenchMark XT automated staining system (Ventana) using the

UltraView Universal DAB Detection Kit (Roche). Images were taken

by CellD, Olympus BX50 Soft Imaging System (Olympus, Tokyo,

Japan). For semiquantitative image analysis, 40 serial sections were

prepared and Iba1 immunohistochemistry was performed on 8

sections/sample. Iba1 immunoreactivity was scored on 8 sections/

sample as outlined:

Score Cerebellum Cerebrum

0 Weak Iba1 reactivity No Iba1 IR nodules

1 Moderate Iba1 reactivity < 3 Iba1 IR nodules

2 Strong Iba1 reactivity 3–10 Iba1 IR nodules

3 Moderate Iba1 reactivity
with frequent nodules

> 10 Iba1 IR nodules

4 Strong Iba1 reactivity with
frequent nodules

Statistical analysis

Statistical significance was either calculated by one-way ANOVA

with Tukey’s post hoc test (Figs 1D–F, 2A, C and D, and 3B–G),

Kruskal–Wallis test followed by Dunn’s post hoc test (Figs 1G and

2B), two-way ANOVA with Tukey’s post hoc test (Fig 4B–H), or

Student’s t-test (Figs 5 and 7A and C). Statistical analysis of the

CASL-MRI perfusion values was performed using a two-way mixed

ANOVA with genotype as between-subject factor and age as within-

subject factor. Comparisons of interest were implemented as post

hoc contrasts within the framework of this model (Fig 6B). Correla-

tion between TSPO and FDG lPET signals was calculated using

Pearson product–moment correlation coefficient. Statistical signifi-

cance was set to 5% (a = 0.05). All tests were two-sided, data were

analyzed using GraphPad Prism 7, and figures were build using

CorelDRAW X5.

Expanded View for this article is available online.
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