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Higher CSF sTREM2 and microglia activation
are associated with slower rates of
beta-amyloid accumulation
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Abstract
Microglia activation is the brain’s major immune response to
amyloid plaques in Alzheimer’s disease (AD). Both cerebrospinal
fluid (CSF) levels of soluble TREM2 (sTREM2), a biomarker of
microglia activation, and microglia PET are increased in AD;
however, whether an increase in these biomarkers is associated
with reduced amyloid-beta (Ab) accumulation remains unclear.
To address this question, we pursued a two-pronged translational approach. Firstly, in non-demented and demented individuals, we tested CSF sTREM2 at baseline to predict (i) amyloid
PET changes over  2 years and (ii) tau PET cross-sectionally
assessed in a subset of patients. We found higher CSF sTREM2
associated with attenuated amyloid PET increase and lower tau
PET. Secondly, in the AppNL-G-F mouse model of amyloidosis, we
studied baseline 18F-GE180 microglia PET and longitudinal
amyloid PET to test the microglia vs. Ab association, without any
confounding co-pathologies often present in AD patients. Higher
microglia PET at age 5 months was associated with a slower
amyloid PET increase between ages 5-to-10 months. In conclusion, higher microglia activation as determined by CSF sTREM2

or microglia PET shows protective effects on subsequent amyloid
accumulation.
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Introduction
The deposition of amyloid-b (Ab) peptide is a key primary alteration that defines Alzheimer’s disease (AD), involving a cascade
of pathological brain changes resulting in the occurrence of
dementia symptoms (Hardy & Higgins, 1992; Selkoe & Hardy,
2016). Recent evidence from genome-wide association studies
suggests that alterations in the innate immune system are associated with enhanced risk of AD and thus modulate the development of AD (Lambert et al, 2009; Guerreiro et al, 2013; Jonsson
et al, 2013; Reitz et al, 2013; Efthymiou & Goate, 2017; Sims
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et al, 2017; Jansen et al, 2019). Microglia activation is the
brain’s major innate immune response to pathogens, and reactive microglia surrounding the amyloid plaques are a hallmark
of AD (Itagaki et al, 1989). Microglia activation involves the
phagocytosis of amyloid plaques as well as a reduction in Abneurotoxicity and thus plays a key role to restore brain homeostasis (Sarlus & Heneka, 2017; Butovsky & Weiner, 2018).
However, microglia activation can also be detrimental by inducing neurotoxic inflammation (Meda et al, 1995; Hong et al,
2016). Hence, understanding the role of microglia activation in
response to core AD pathology (including Ab) is pivotal for both
tracking disease progression and identifying potential therapeutic
interventions.
The overall aim of our study was to assess whether microglial
function is associated with lower rates of Ab accumulation throughout the Alzheimer’s continuum. We addressed this question using
two different approaches. First, in humans, we tested whether cerebrospinal fluid levels of triggering receptor expressed on myeloid
cell type 2 (TREM2) as a marker of TREM2-mediated microglia
response predict a change in accumulation of Ab pathology. Second,
we tested in a mouse model of amyloidosis whether changes in GE
180 (i.e., a PET tracer of microglial activation) predict longitudinal
changes in Ab deposition.
Our study on TREM2 was motivated by previous findings in both
humans and animal models of Ab, suggesting that TREM2-related
microglia activation may have a protective role in AD (for review,
see Butovsky & Weiner, 2018). TREM2 is a transmembrane protein
of the immunoglobulin family that is expressed by immune cells
throughout the body, but in the brain almost exclusively by microglia (Hickman et al, 2013). TREM2 forms a signaling complex with
the DNAX activation protein 12 (DAP12) that triggers microglial
activation, associated with increased microglial proliferation,
chemotaxis, and phagocytosis of Ab fibrils, as well as reduction of
excessive pro-inflammatory responses (Takahashi et al, 2005; Wang
et al, 2015; Zhong et al, 2015; Keren-Shaul et al, 2017; Mazaheri
et al, 2017; Zhao et al, 2018). Genetic studies in humans showed
that rare variants in the TREM2 gene are associated with an exceptionally increased risk of AD, comparable to increase in risk by the
APOE e4 genotype (Guerreiro & Hardy, 2013; Jonsson et al, 2013),
suggesting that TREM2-related microglia activation may reduce the
risk of AD dementia.
The soluble TREM2 (sTREM2) fraction is detectable in the cerebrospinal fluid (CSF) (Piccio et al, 2008), possibly through a
mechanism of proteolytic cleavage of TREM2 and release into
interstitial fluid (Kleinberger et al, 2014; Schlepckow et al, 2017).
CSF sTREM2 is increased in humans with a biomarker profile of
AD years before the onset of dementia symptoms (Heslegrave
et al, 2016; Piccio et al, 2016; Suarez-Calvet et al, 2016a,b, 2019),
where higher CSF sTREM2 at a given biomarker level of Ab and
pathologic tau was associated with larger gray matter volume
(Gispert et al, 2016b) and slower subsequent cognitive and clinical decline in symptomatic elderly participants (Ewers et al,
2019). Together, these findings support a protective role of
elevated sTREM2 in AD in the symptomatic phase of AD.
However, whether increased CSF sTREM2 is associated with
reduced rates of longitudinal increase of fibrillar Ab is unclear.
Therefore, in the first part of our study we set out to determine
whether in elderly participants throughout the AD continuum,
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CSF sTREM2 levels at baseline are associated with longitudinal
changes in amyloid PET. In patients with AD, the rate of amyloid
PET accumulation does not increase in a linear fashion, but shows
a peak at about intermediate levels of global amyloid deposition
before leveling off again, thus resembling a quadratic curve across
the range of Ab brain levels (Villemagne et al, 2013). Here, we
hypothesized that higher CSF sTREM2 levels modulate this
dynamic change in the rate of amyloid PET increase, i.e., higher
CSF sTREM2 is associated with slower amyloid PET increase
during the peak phase of amyloid deposition. A secondary goal in
the current human PET study was to assess whether higher CSF
sTREM2 levels are associated with lower tau PET independent of
Ab levels. Recent studies on mouse models of tau pathology
suggest that that TREM2 deficiency is associated with higher tau
pathology (Jiang et al, 2015, 2016), although inconsistent findings
have been reported as well (Leyns et al, 2017). However, no study
in humans has yet tested whether higher CSF sTREM2 is associated with lower tau PET in elderly subjects with biomarker
evidence of Ab.
In the last part of our study, we assessed microglia PET as a
predictor of amyloid PET accumulation in a mouse model of
genetically caused Ab pathology. The use of mouse models of Ab
has the major advantage to assess any association between higher
microglia activation and lower Ab accumulation in a more
controlled setting, i.e., in the absence of potentially confounding
co-pathologies such as vascular changes that may drive microglia
activation in patients with AD, where mixed pathologies are
frequent (Kapasi et al, 2017). Furthermore, although CSF sTREM2
levels may reflect the amount of signaling-competent TREM2 on
the surface of microglia (Kleinberger et al, 2014; Schlepckow
et al, 2017) and thus provide a marker of microglia activation,
the link between CSF sTREM2 and microglia activation is not
firmly established. Therefore, we tested in mice the translocator
protein-18 kDa (TSPO) PET as a marker of microglia activation in
our second part of the study, reasoning that neuroimaging
approaches including TSPO-PET allow for a more direct in vivo
assessment of activated microglia activation in a longitudinal
fashion (Edison et al, 2018). In longitudinal dual tracer studies,
we previously showed that both microglia PET and amyloid PET
are increased in an age-dependent manner in mouse models of
amyloidosis (Brendel et al, 2017; Blume et al, 2018). Levels of
sTREM2 in brain homogenate were associated with higher microglia PET in mouse models for amyloid pathology, which was positively correlated with higher immunohistochemically determined
microglia numbers (Sacher et al, 2019), suggesting that higher
microglia PET in mice with amyloidosis reflects higher microglia
activation that is strongly correlated with TREM2 levels. We used
this dual tracer paradigm in transgenic mice to test whether
sporadically occurring interindividual variation in microglia activation at baseline is predictive of the rate of subsequent Ab deposition. Specifically, we obtained both 18F GE-180 TSPO microglia
PET and 18F-florbetaben amyloid PET in the AppNL-G-F mice,
which show global Ab deposition at 4 months of age (Saito et al,
2014), reaching a plateau by 9 months of age (Mehla et al, 2019).
We hypothesized that higher baseline microglia PET levels
assessed at 5 months of age are associated with slower rates of
amyloid PET increase during the subsequent follow-up period
until 10 months of age.
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Results
Patient characteristics
The baseline characteristics of all study participants are displayed in
Table 1. The overall sample included 300 participants (136 female)
with a mean (SD) age of 72.54 (6.4). The total sample included 94
CN Ab vs. 206 participants covering the Alzheimer’s continuum
(i.e., 55 CN Ab+, 136 MCI Ab+, 15 AD dementia). The sample size
of subject in the AD continuum was sufficient to detect an effect size
of R2 = 0.038 for our hypothesized effect of the interaction CSF
sTREM2 × AV45 PET on the rate of AV45 PET change at a power of
0.8 and alpha = 0.05. Compared to the CN Ab group, the Alzheimer’s continuum group showed abnormal AD biomarker levels (i.e.,
AV45 global SUVR, CSF total tau, CSF p-tau181) and cognition
(ADNI-MEM, MMSE), and these abnormalities increased in symptomatic stages (i.e., MCI Ab+, AD dementia). All group differences
were assessed at the pre-defined alpha level of 0.05 (two-tailed).
Inverse U-shaped association between baseline amyloid PET
levels and annual amyloid accumulation
Previous studies in autosomal dominant and sporadic AD have
shown that the rate of amyloid accumulation across the Alzheimer’s
continuum shows an inverse u-shape, where amyloid PET accelerates until a plateau is reached, after which amyloid PET accumulation decelerates (Villemagne et al, 2013; Gordon et al, 2018; Leal
et al, 2018). To confirm this inversely u-shaped amyloid PET accumulation in the current sample, we assessed association between
baseline AV45 PET levels and annual AV45 PET changes across the
pooled sample (i.e., CN Ab & Alzheimer’s continuum). Using a
linear mixed effects model, we confirmed in our sample the hypothesized inversely u-shaped (i.e., quadratic) effect of baseline AV45
PET on annual AV45 PET change (t(396) = 4.605, b/SE = 0.195/
0.042, 95% CI = [ 0.277; 0.113], P < 0.001, Cohen’s d = 0.463,
Fig 1A). Specifically, very low and very high baseline AV45 PET
levels were associated with little annual AV45 PET changes,
whereas intermediate AV45 PET levels were associated with relatively strong annual AV45 PET increases (controlling for baseline
age, gender, education, diagnosis, CSF p-tau181, APOE e4, time
between AV45 PET visits, and random intercept). The quadratic
model of baseline AV45 PET on annual AV45 PET showed a better
fit than the lineal model (v2(1) = 21.23, P < 0.001). Testing the
above described model in the Alzheimer’s continuum group only (t
(271) = 3.354, b/SE = 0.253/0.076, 95% CI = [ 0.399; 0.011],
P < 0.001, Cohen’s d = 0.407) and in symptomatic AD only (i.e.,
MCI and AD dementia, t(226) = 2.240, b/SE = 0.185/0.083, 95%
CI = [ 0.344; 0.026], P = 0.026, Cohen’s d = 0.298) yielded
consistent results. This finding confirms previous evidence that
annual AV45 PET increase (reflecting amyloid accumulation) accelerates initially but saturates at high AV45 PET levels. Results are
summarized in Table 2, and all reported P-values are two-tailed.
Higher CSF sTREM2 is associated with reduced amyloid
PET accumulation
We next tested our major hypothesis that elevated CSF sTREM2
levels are associated with slower amyloid accumulation (i.e., an
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attenuated u-shaped association between baseline amyloid and
amyloid accumulation). To this end, we tested whether CSF
sTREM2 (i) had a main effect on annual AV45 PET changes or (ii)
moderated the quadratic association between baseline AV45 PET
levels and annual AV45 PET changes. We tested this using linear
mixed effects models, controlling for baseline age, gender, education, diagnosis, CSF p-tau181, APOE e4, time between AV45 PET
visits, and random intercept.
We found a significant main effect of CSF sTREM2 on annual
AV45 PET change, such that individuals with higher CSF sTREM2
showed slower amyloid accumulation (t(395) = 2.584, b/
SE = 0.002/0.009, 95% CI = [ 0.0041;
0.0005]. P = 0.010,
Cohen’s d = 0.260). We further found a significant quadratic
interaction CSF sTREM2 × baseline AV45 on annual AV45 changes,
such that participants with higher CSF sTREM2 showed slower
acceleration of AV45 PET increase than participants with low
CSF sTREM2 levels (t(342) = 2.460, b/SE = 0.211/0.086, 95%
CI = [0.045; 0.376], P = 0.014, Cohen’s d = 0.266, Fig 1B). Comparing the first model including the CSF sTREM2 main effect vs. the
second model including the AV45 PET × CSF sTREM2 interaction
revealed better model fit for the interaction model (v2(2) = 8.426,
P = 0.015). When testing this interaction model in the Alzheimer’s
continuum group only (with abnormally high AV45 PET baseline
values), the interaction baseline AV45 PET × CSF sTREM2 on
annual AV45 PET changes was pronounced (t(268) = 3.861, b/
SE = 0.636/0.165, 95% CI = [0.320; 0.952], P < 0.001, Cohen’s
d = 0.472). Consistent effects were found when further restricting
the sample to symptomatic AD only, i.e., MCI Ab+ & AD dementia
(t(225) = 3.225, b/SE = 0.601/0.186, 95% CI = [0.245; 0.957],
P = 0.001, Cohen’s d = 0.432). Results are summarized in Table 2,
and reported P-values are two-tailed. In order to determine stages
of amyloidosis in which beneficial sTREM2 effects on subsequent
amyloid accumulation are largest, we performed sliding window
analyses (n = 100 per window shifted in steps of 10) across low to
high baseline AV45 levels. In each window, we assessed standardized group differences (i.e., Cohen’s d) in subsequent AV45 change
between subjects with high and low sTREM2 levels (i.e., defined
via median split within each window). When plotting the resulting
sTREM2-related differences in AV45 change, we found that beneficial effects of sTREM2 on future amyloid accumulation (i.e., positive Cohen’s d values) were highest (Cohen’s d ~ 0.2–0.4) in
windows around baseline AV45 SUVRs between 0.9–1.0, where
annual AV45 change peaks (i.e., at baseline AV45 PET = 0.95, see
Fig EV1). Together, these findings suggest that participants with
higher CSF sTREM2 show slower amyloid accumulation than participants with lower CSF sTREM2.
Higher GE-180 PET is associated with slower amyloid PET
increase in an AD mouse model
We next tested whether the association between higher microglial
activation and slower amyloid accumulation could be confirmed in a
mouse model of amyloidosis. To this end, we assessed longitudinal
Florbetaben PET (as a marker of Ab accumulation) and GE-180 PET
(as a marker of microglia activation) in transgenic AppNL-G-F mice.
First, we verified that the AppNL-G-F exhibited the expected increase
in Florbetaben PET and GE-180 PET at baseline and over time when
compared to that in the wild-type mice. Regression analyses showed
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Table 1. Baseline sample characteristics.
Controls

AD spectrum

CN Ab
N = 94

CN Ab+
N = 55

MCI Ab+
N = 136

AD dementia
N = 15

P-value

Age

72.9 (5.88)

72.9 (6.00)

Gender (f/m)

41/53

34/21c

Education

16.9 (2.37)

16.2 (2.67)

16.2 (2.61)

15.5 (2.70)

ApoE4 (pos/neg)

81/13b,c,d

30/25a,d

51/85a

2/13a,b

ADNI-MEM

1.18 (0.56)c,d

1.17 (0.68)c,d

0.18 (0.61)a,b,d

MMSE

29.2 (1.07)

29.1 (0.88)

27.8 (1.81)

22.5 (1.81)a,b,c

< 0.001
< 0.001

d

c,d

d

c,d

71.6 (6.54)

77.9 (7.22)

0.003

56/80b

5/10

0.047

d

a,b,d

a,b,c

0.83 (0.33)a,b,c

0.099
< 0.001
< 0.001

AV45 global SUVR

0.74 (0.03)

0.91 (0.10)

0.97 (0.11)

1.05 (0.07)

Time between AV45 visits

2.16 (0.59)b,c,d

2.33 (0.85)a,c,d

2.12 (0.50)a,b,d

2.00 (0.03)a,b,c

CSF sTREM2

4,163 (2,086)

3,701 (2,007)

4,317 (2,212)

4,640 (2,599)

CSF total tau

220 (78.3)c,d

268 (107)c,d

333 (132)a,b

381 (118)a,b

< 0.001

19.3 (7.11)b,c,d

25.8 (11.4)a,c,d

32.9 (14.4)a,b

39.1 (12.9)a,b

< 0.001

14

14

26

0

CSF p-tau181
e

Number of participants with tau PET

0.098
0.270

Sig. (P < 0.05) different from CN AB .
b
Sig. (P < 0.05) different from CN AB+.
c
Sig. (P < 0.05) different from MCI AB+.
d
Sig. (P < 0.05) different from AD dementia.
e
Tau PET had to be obtained maximum 3 years after the last joint AV45 PET/CSF sTREM2 assessment.
a

that at baseline (5 months), GE-180 PET (t(56) = 8.369, P < 0.001,
Fig 2A) and Florbetaben PET (t(56) = 2.652, P = 0.010) were higher
in AppNL-G-F compared to age- and gender-matched C57BL/6 control
mice, suggesting both amyloidosis and microglial activation in the AD
mouse model. When assessing the rate of increase in Florbetaben PET
at from 5 to 10 months of age, AppNL-G-F mice also showed faster
increase in Florbetaben PET compared to C57BL/6 control mice (t
(56) = 5.551, P < 0.001, Fig 2B).
Next, we tested our main hypothesis, i.e., whether higher baseline GE-180 PET (assessed at 5 months) predicts slower rate of Florbetaben PET up to 10 months of age. Using linear regression, we
found that higher baseline GE-180 PET levels (continuous measure)
predicted slower longitudinal increase in Florbetaben PET in the
AppNL-G-F mice, controlling for baseline Florbetaben PET (t
(12) = 2.354, b/SE = 0.367/0.198, P = 0.036, Fig 2C). Figure 3
illustrates the GE-180 and Florbetaben uptake in the C57BL/6
control mice (Fig 3A) and the AppNL-G-F split into subgroups of low
(Fig 3B) and high (Fig 3C) baseline GE-180 PET. Note that continuous rather than binarized GE 180 PET levels were included as a
predictors in the regression analysis described above to avoid any
potential bias. Visual inspection of the figure shows that AppNL-G-F
mice with high baseline microglia activity showed a reduced
increase in amyloid PET uptake during the ensuing 5 months of
follow-up compared to those AppNL-G-F mice who showed low GE180 PET at baseline, confirming that higher GE 180 PET at baseline
is associated with reduced subsequent increase in Florbetaben PET.
Higher sTREM2 is associated with lower tau PET independent
of amyloid
In a last step, we tested whether higher sTREM2 levels are associated with lower tau PET uptake. Since tau PET was only introduced
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recently in ADNI3, all CSF sTREM2 measures were obtained prior to
tau PET assessments. For the current analyses, we selected only 54
subjects for which tau PET was acquired maximum 3 years after a
joint CSF sTREM2 & AV45 assessment (i.e., 14 CN Ab , 14 CN Ab+,
26 MCI Ab+). The mean time difference between CSF sTREM2/
AV45 and tau PET assessment was 1.6  1.12 years. Using
ANCOVAs, we found that subjects with higher sTREM2 levels
showed lower tau PET SUVR in Braak-stage 1 ROIs (i.e., entorhinal
cortex; F7,46 = 9.527, P = 0.005) & Braak-stage 3&4 ROIs
(F7,46 = 5.253, P = 0.032), controlling for age, gender, education,
diagnosis, ApoE4 status, and AV45. No significant effects of CSF
sTREM2 were found, however, on tau PET SUVR in Braak-stage 5&6
ROIs (F7,46 = 2.810, P = 0.108). Results are summarized in Fig 4.
When applying a Bonferroni-corrected alpha threshold of 0.0167,
the effect of CSF sTREM2 on tau PET SUVR in Braak-stage 1 (i.e.,
entorhinal cortex) remained significant.

Discussion
The primary finding of the current study was that higher CSF
sTREM2 levels at baseline were associated with slower rates of Ab
accumulation as assessed by amyloid PET over 2 years in elderly
participants, supporting a protective role of higher CSF sTREM2 in
the development of amyloid pathology. Secondary analysis of the
CSF sTREM2 effects on AV1451 tau PET showed that higher CSF
sTREM2 was associated with lower tau PET uptake in early Braakstage regions, supporting a protective role of TREM2 in the development of key AD pathology. The second major finding was that in a
transgenic mouse model of Ab pathology, higher microglia PET
signal at baseline was associated with slower rate of amyloid PET
increase. These results are supportive of our findings in humans.
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Annual AV45 change (z−score)

A
2

0

−2

−4

Quadratic main effect
AV45 SUVR
b/se = -0.195/0.042
95% CI = [-0.277;-0.113]
p = 0.0000078

0.8

1.0

1.2

AV45 SUVR

B

CSF sTREM2

Annual AV45 change (z−score)

<median
>median
2

0

−2

−4

Quadratic interaction
sTREM2 x AV45 SUVR
b/se = 0.211/0.086
95% CI = [0.045/0.376]
p = 0.014

0.8

1.0

1.2

AV45 SUVR

Figure 1. Association between baseline amyloid and amyloid PET
change.
A, B Regression plot showing the association between baseline AV45 PET
(x-axis) and annual AV45 PET change (y-axis) across the entire sample
(N = 300). The vertical dashed line represents the Ab-positivity threshold
of AV45 PET SUVR > 0.079 (A). Regression plot for the association
between baseline AV45 PET and annual AV45 PET change stratified by
baseline CSF sTREM2 levels (B).
Source data are available online for this figure.

Although the current observational study does not purvey a causative effect of sTREM2 or microglia activation on Ab accumulation,
our results support the view that microglia activation during intermediate levels of Ab is associated with less strong Ab accumulation.
Consistent with previous studies (Villemagne et al, 2013; Gordon
et al, 2018; Leal et al, 2018), we found that the rate of Ab accumulation follows a quadratic function across baseline Ab levels, i.e., the
increase accelerates until an intermediate level of Ab deposition
before gradually slowing down again. Importantly, we found that
higher levels of CSF sTREM2 alter this dynamic change in Ab,
reducing the rate of increase in amyloid PET during the phase of the
strongest increase in Ab. Thus, we demonstrate here that CSF
sTREM2 modulates the accumulation of a key AD pathology,
extending previous reports of higher CSF sTREM2 (Gispert et al,
2016b; Ewers et al, 2019) and higher microglia PET (Hamelin et al,
2016) to be associated with lower brain atrophy and slower cognitive decline in patients with AD. Furthermore, a common genetic
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variant in the 4-domain subfamily gene MS4A4A that is associated
with decreased risk of AD was found to be associated with higher
CSF sTREM2 levels (Deming et al, 2019), suggesting that higher
sTREM2 levels may contribute to a decreased risk of AD. The
current findings are also broadly consistent with a previous brain
autopsy study reporting that individuals carrying TREM2 mutations
exhibit lower amyloid plaque-associated microglia activation, less
microglial clustering (Parhizkar et al, 2019), and higher neuritic
plaque score (Prokop et al, 2019). Neuritic plaques are the most
important source for amyloid PET binding (Clark et al, 2012; Ikonomovic et al, 2016), and thus, the current findings of higher CSF
sTREM2 to be associated with lower amyloid PET binding are
consistent with the post-mortem findings of TREM2 risk variants
and increased neuritic plaque score.
Our observation of higher CSF sTREM2 and lower amyloid PET
is further supported by results from transgenic mouse models,
where a number of studies suggest a protective effect of TREM2related microglia activation on Ab (Yuan et al, 2016; Parhizkar et al,
2019; for review, see Butovsky & Weiner, 2018). In 5×FAD mice
which show Ab deposition in the hippocampus and cortex by
6 months of age (Oakley et al, 2006), knockdown of the TREM2
gene decreased microglia activation but increased amyloid plaque
load at ages 8 months in the hippocampus (Wang et al, 2015) and
cortex (Griciuc et al, 2019). In contrast, overexpression of the
TREM2 gene induced lower amyloid plaque load at 7 months (Lee
et al, 2018). In APP-PS1 mice, which show widespread amyloid
plaques in the brain by 3–4 months of age (Radde et al, 2006),
TREM2 knockdown was associated with higher amyloid plaque
burden at 8 months (Jay et al, 2017) and 12 months (Sheng et al,
2019), i.e., when amyloid plaque deposition is already quite
expanded but still increasing. TREM2 knockout in the APPPS1 mice
was associated with increased Ab seeding induced amyloid plaque
burden at 6 months of age (Parhizkar et al, 2019). Together, these
results suggest a protective effect of TREM2 on the accumulation of
Ab during a phase of intermediate levels of Ab, i.e., when Ab accumulation is still increasing over time. This observation in the transgenic mice is consistent with our results of CSF sTREM2 to
modulate the increase in Ab accumulation particularly during intermediate levels of Ab (as shown by the interaction between sTREM2
and the quadratic term of AV45 PET). This stance is consistent with
the proposal that any TREM2-dependent beneficial effects on
amyloid are stage-dependent and occur preferentially at later stages
of Ab (Jay et al, 2017), which may explain why some studies did
not find a beneficial effect of TREM2 on Ab (Jay et al, 2015; Krasemann et al, 2017).
In addition to an association between higher CSF sTREM2 and
lower rates of amyloid deposition, we found in a secondary analysis
that higher CSF sTREM2 was associated with lower cross-sectionally
assessed levels of AV1451 tau PET, especially in early Braak-stage
ROIs. The time delay between CSF sTREM2 and the single AV1451
PET did not permit to test whether the effect of CSF sTREM2 on
AV1451 PET was mediated by lower rates of amyloid PET. Interestingly, a recent study in a transgenic mouse model of Ab reported
that genetically induced TREM2 deficiency was associated with
higher pathologic tau seeding in neurotic plaques (Leyns et al,
2019). These results correspond well to post-mortem histochemical
findings of higher tau burden in the microevironment of amyloid
plaques in AD patients with the TREM2 mutations (Prokop et al,
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Table 2. Linear mixed models testing the effects of baseline AV45 and CSF sTREM2 on annual AV45 PET change.
Dependent variable: annual AV45 change

b/SE

95% CI

Partial R2

t-value

P-value

Cohen’s d

4.605

< 0.001

0.463

0.050

2.584

0.010

0.260

0.016

2.460

0.014

0.266

0.015

3.354

< 0.001

0.407

0.039

2.400

0.017

0.292

0.020

3.861

< 0.001

0.472

0.051

2.240

0.026

0.298

0.021

2.563

0.011

0.342

0.027

3.225

0.001

0.432

0.042

Whole group
Model 1a: Main effect—Baseline AV45 SUVR2

0.195/0.042

0.277;

0.113

Model 2 : Main effect—Baseline CSF sTREM2

0.023/0.009

0.0041;

Model 3b: Interaction—Baseline AV45 SUVR2 × CSF sTREM2

0.211/0.086

0.045; 0.376

b

0.0006

AD continuum
Model 1a: Main effect—Baseline AV45 SUVR2

0.253/0.076

0.399;

0.011

Model 2 : Main effect—Baseline CSF sTREM2

0.003/0.001

0.0053;

Model 3b: Interaction—Baseline AV45 SUVR2 × CSF sTREM2

0.636/0.165

0.320; 0.952

b

AD clinical (MCI Ab+ & AD Dementia)

0.0006

a

Model 1a: Main effect—Baseline AV45 SUVR2

0.185/0.083

Model 2 : Main effect—Baseline CSF sTREM2

0.004/0.001

Model 3b: Interaction—Baseline AV45 SUVR2 × CSF sTREM2

0.601/0.186

b

0.344;

0.026

0.0062; 0.0009
0.245; 0.957

AD preclinical (CN Ab+)
Model 1c: Main effect—Baseline AV45 SUVR2

0.718/0.176

1.043;

4.092

< 0.001

1.047

0.197

Model 2d: Main effect—Baseline CSF sTREM2

0.002/0.002

0.006; 0.002

0.802

0.426

0.207

0.009

Model 3d: Interaction—Baseline AV45 SUVR2 × CSF sTREM2

0.214/0.364

0.872; 0.443

0.589

0.558

0.155

0.005

0.392

a

Model controlled for age, gender, education, diagnosis, CSF p-tau181, ApoE4 status, time between AV45 visits, and random intercept.
b
Model controlled for AV45 SUVR2, age, gender, education, diagnosis, CSF p-tau181, ApoE4 status, time between AV45 visits, and random intercept.
c
Model controlled for age, gender, education, CSF p-tau181, ApoE4 status, time between AV45 visits, and random intercept.
d
Model controlled for AV45 SUVR2, age, gender, education, CSF p-tau181, ApoE4 status, time between AV45 visits, and random intercept.
All P-values are based on two-tailed alpha thresholds.

2019). These results suggest the possibility that TREM2 plays an
important role in Ab-related tau pathology, which could potentially
underlie the CSF-TREM2-associated decrease in neurofibrillary
tangle deposition observed in the current study. However, whether
a direct mechanistic link between TREM2 function and neurofibrillary tangles exists remains to be investigated.
For the association between higher CSF sTREM2 and lower
amyloid PET accumulation, several potential mechanisms may
account for the observed results. Causal gene expression network
analysis showed the TREM2/DAP12 complex as a key regulator hub
for microglia gene expression in AD (Zhang et al, 2013; Wang et al,
2015; Keren-Shaul et al, 2017; Parhizkar et al, 2019). TREM2 activation increases the ApoE-dependent phenotypic switch from a homeostatic to a disease-associated microglial signature in response to Ab
(Krasemann et al, 2017; Parhizkar et al, 2019). Furthermore,
TREM2 deficiency causes reduced proliferation (Kleinberger et al,
2017; Zhao et al, 2018) and chemotaxis of microglia (Mazaheri
et al, 2017), resulting in reduced number of microglia around
amyloid plaques and phagocytosis of Ab (Zhao et al, 2018;
Parhizkar et al, 2019). Thus, TREM2 may be key to microglia activation with beneficial effects on Ab pathology.
Our findings in the transgenic mouse model of Ab pathology
demonstrating higher microglia PET at baseline to be associated
with slower amyloid PET accrual are also consistent with the idea of
a protective role of microglia activation. Our results are in general
agreement with previous reports of experimentally increased
TREM2 to be associated with lower Ab deposition (Lee et al, 2018),
and genetically induced TREM2 deficiency to be associated with
higher Ab deposition at a time window of advanced but still accumulating Ab in transgenic mouse models of Ab (Jay et al, 2017;
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Sheng et al, 2019). Importantly, our results suggest that lower
amyloid rates were associated with higher sporadically occurring
microglia activity, rather than as a consequence of microglia activation manipulated by genetic mutations, which in humans only
rarely occurs in carriers of TREM2 risk variants. Our findings
provide thus an important advance because microglia alterations,
such as those induced by loss-of-function TREM2 risk variants,
may not necessarily be translatable to the effects of increased
microglia activation in disease. Our findings on beneficial associations of microglia PET with subsequent Ab during a phase of
advanced yet still increasing Ab in the mouse model of Ab show
parallels to our findings on higher CSF sTREM2 to be associated
with lower subsequent amyloid PET increase in elderly individuals, in particular during a phase of intermediate Ab deposition at
baseline. The results are also consistent with previous findings on
[18F] DPA-714 TSPO-PET, a marker of microglia activation, in
patients with prodromal AD and AD dementia, where higher levels
of baseline microglia PET showed protective effects on the clinical
progression (Hamelin et al, 2016, 2018). Overall, these results
support that higher microglia activation modulates the accumulation of Ab in both mice and humans, and can obtain a protective
role.
The mechanisms underlying differences in microglia activation at
the same level of pathology are unclear. One possible source is that
microglia activation may differ as a function of different amyloid
plaque morphologies (Griffin et al, 1995). Microglia activation is
most strongly linked to neuritic rather than diffuse plaques (Sheng
et al, 1997). Thus, it is possible that mice with higher GE 180 PET at
baseline had more mature neuritic plaques and thus advanced levels
of amyloid deposition, entailing a ceiling effect. However, it is
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Figure 2. Rate of change in Florbetaben PET vs. baseline GE180 PET.
A, B Boxplots (central band = median, boxes = quartiles, whiskers = 1.5 *
interquartile range), illustrating the differences in GE180 PET (A) and the
rate of change in Florbetaben PET (B) compared between wild-type
C57BL/6 mice (n = 43) and APPNL-G-G (n = 15).
C
The regression plot shows lower rate of change in Florbetaben PET to be
associated with lower GE180 PET at baseline, i.e., at 5 months of age (C).
The shaded area corresponds to the 95% CI of the regression line.

Figure 3. Brain rendering of GE180 and Florbetaben PET by group and
time point.
A–C Coronal (top row) and axial (bottom row) slices of average 18-F GE-180
TSPO (microglia) tracer and 18F-florbetaben amyloid PET split up by
group (A–C): C57BL/6 (A), APPNL-G-F mice subgroup with a low (< median)
GE-180 PET (B), and the APPNL-G-F mice subgroup with a high (> median)
GE-180 PET (C). APPNL-G-F mice with low baseline GE180 PET levels
showed faster increase in Florbetaben PET between 5 and 10 months (B)
compared to those at high baseline level of GE-180 PET (C).

Source data are available online for this figure.

unlikely that ceiling effects of amyloid deposition explain the
current results, because in agreement with previous studies (Mehla
et al, 2019), the AppNL-G-F mice in the current study showed
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substantial increase in Florbetaben PET between 5 and 10 months
of age. Another possibility is that other less controllable interindividual differences in behavior such as physical activity and exploratory behavior may have modulated microglia activity in the
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p = 0.032

p = 0.108

AV1451 SUVR
(log−transformed z−score)

4

sTREM2

2

a

<median

a

>median

0

−2
Braak 1

Braak 3&4

Braak 5&6

Figure 4. TREM2 vs. tau PET.
Effects of sTREM2 on AV1451-PET-assessed tau pathology stratified by Braak
stages shown as boxplots (central band = median, boxes = quartiles,
whiskers = 1.5 * interquartile range).
Source data are available online for this figure.

transgenic mice. A number of previous studies that systematically
stimulated physical activity and exploratory behavior by enriched
environment showed a reduction in the accumulation of soluble Ab
and amyloid plaque burden in transgenic mouse models of Ab
(Moore et al, 2016; Zhang et al, 2018), possibly mediated by
enhanced microglial phagocytotic activity and thus Ab deposition
(Ziegler-Waldkirch et al, 2018). However, we did not investigate
systematically physical or exploratory activities in the mice, and
thus, the sources of sporadic differences in microglia activation at
the same level of Ab remain to be clarified in future studies.
Some caveats need to be taken into account for the interpretation
of the current findings.
In humans, we assessed CSF levels of sTREM2 rather than the
actual TREM2 or microglia activation in the brain. However,
several lines of evidence support the notion that sTREM2 probably
reflects the amount of signaling-competent TREM2 on the surface
of activated microglia and can be thus used as a surrogate marker
of TREM2-mediated microglia response: First, the levels of
sTREM2 in the brain of an Ab mouse model correlate with TSPOPET signal (Brendel et al, 2017). Second, mouse models bearing
the TREM2 p.T66M mutation show decreased microglial activity
(Kleinberger et al, 2017). Lastly, individuals with TREM2 risk
variants have reduced post-mortem levels of microglia surrounding amyloid plaques (Prokop et al, 2019), and CSF sTREM2 levels
are altered in TREM2 risk variants in vivo (Suarez-Calvet et al,
2019).
Another caveat is that measuring CSF sTREM2 does not allow
us to differentiate between the effect of TREM2 or a potential
unique role of its soluble form. Injection of sTREM2 into the
brains of transgenic mice with Ab deposition reduced amyloid
plaque load in a microglia-mediated way (Zhong et al, 2019),
suggesting that sTREM2 may exert a functional role in reducing
Ab rather than being an inert cleavage product. Still, several
observations suggest that the current findings are unlikely to be
reduced to direct effects of sTREM2 on Ab. As mentioned above,
sTREM2 in brain homogenate was associated with higher
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microglia PET suggesting that sTREM2 varies as a function of
microglia activity and TREM2 loss-of-function homozygous mutations are associated with dramatically decreased levels of
sTREM2. Together, these results suggest that higher sTREM2
levels are associated with higher microglia activation. Still, we
acknowledge that the association between CSF sTREM2 levels and
microglia activation remains to be established in humans. Another
caveat is that the current study is correlational in nature and does
not test microglia activation as a causal event. However, our stepwise effect size analysis showed that the size of the association
between high CSF sTREM2 and rate of amyloid PET change was
highest around the peak rate of AV45 PET accumulation, speaking
against the alternative hypothesis that high levels of CSF sTREM2
simply coincide with low amyloid accumulation during the course
of AD. Still, it is important to note that the current study does not
necessarily imply that microglia activation causes lower amyloid
accumulation, rather we demonstrate that CSF sTREM2 levels and
microglia PET are predictive of lower future amyloid PET accumulation. Furthermore, microglia activation and neuroinflammation in
AD are complex and heterogenous involving multiple pathways
(e.g., IL6, IL-1b, and YKL-40) and several studies suggest that
microglia activation can have adverse effects in AD (Llorens et al,
2017; Kinney et al, 2018; Gotzl et al, 2019; for review, see
Butovsky & Weiner, 2018). For example, CSF levels of YKL-40
have been previously reported to be increased in Alzheimer’s
disease, peaking at the prodromal stage (Gispert et al, 2016a), similarly to what has been described for CSF sTREM2 (Suarez-Calvet
et al, 2016b). It remains to be investigated whether YKL-40 regulates the rate of amyloid pathology, which we could not address in
the current study. The current study is limited with regard to range
of AD disease severity, but effects of microglia activation may vary
by disease stage as suggested by results from transgenic mice (Jay
et al, 2017; Parhizkar et al, 2019; Meilandt et al, 2020) and clinical
trials in humans (Leoutsakos et al, 2012). Furthermore, we focus
mainly on Ab whereas the evidence for sTREM2 effects on pathologic tau remains preliminary and may be differentially affected by
microglia activation (Bemiller et al, 2017; Leyns et al, 2017; Jiang
et al, 2018). For findings in the AppNL-G-F and C57BL/6 control
mice, a substantial variability of TSPO expression and rate of
change in Florbetaben PET was observed. However, previous studies demonstrated for both PET tracers a high correlation between
PET uptake and the measurements obtained by the corresponding
immunohistochemical gold standard methods of amyloid deposition
or microglia activity (Rominger et al, 2013; Brendel et al, 2015,
2016; Parhizkar et al, 2019; Sacher et al, 2019). That variability
likely represents a mixture between methodological variability and
interanimal heterogeneity, potentially stemming from interindividual differences in the level of experienced stress (Calcia et al,
2016), physical activity (Kohman et al, 2013), or different stages of
the menstrual cycle (Thakkar et al, 2018). However, these parameters were not assessed in the current study and thus such potential
explanations remain to be confirmed.
Overall, our findings suggest that microglia activation may play a
protective role in the reduction of Ab in AD. These results have
direct therapeutic relevance. Stimulation of microglia activation
such as through TREM2 antibodies is currently being tested in phase
1 trials in AD (https://clinicaltrials.gov/ct2/show/NCT03635047).
The tracking of microglia activity via CSF sTREM2 levels, microglia
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PET, and amyloid PET will play a pivotal role in the evaluation of
the effectiveness of such interventions in AD.

Materials and Methods
Participants
A total of 300 participants were included from the ADNI database.
Beyond the inclusion criteria defined by ADNI, we applied the
following additional selection criteria for the current study: (i) availability of baseline CSF sTREM2 values, (ii) no rare genetic TREM2
variants, (iii) baseline and at least 1 follow-up 18F-Florbetapir
(AV45) amyloid PET assessment, (iv) meeting criteria as cognitively
normal with a negative amyloid PET (Ab ), or (v) showing a positive amyloid PET (i.e., Ab+), regardless of clinical diagnosis. Clinical
classification was performed by ADNI centers as cognitively normal
(CN, MMSE > 24, CDR = 0, non-depressed), mild cognitively
impaired (MCI; MMSE > 24, CDR = 0.5, objective memory-loss on
the education adjusted Wechsler Memory Scale II, preserved activities of daily living) or AD dementia following standard diagnostic
criteria (Petersen et al, 2010). In a subset of 54 participants, AV1451
tau PET was available. Following the recently proposed NIA-AA
guidelines (Jack et al, 2018), we defined evidence of Alzheimer’s
pathologic change by biological markers (i.e., a positive amyloid
PET scan), not by clinical symptoms. CSF sTREM2 measurements at
baseline were assessed via ELISA by the laboratory of C. Haass at
the DZNE Munich as described previously (Suarez-Calvet et al,
2019). The study was ethically approved by the institutional review
boards of all participating ADNI centers. All ADNI participants (or
their relatives) provided written informed consent. All procedures
have been conducted in accordance with the declaration of Helsinki
and the Department of Health and Human Services Belmont Report.
Patient consent
Data were obtained from the multicenter study Alzheimer’s disease
neuroimaging initiative (AD). According to ADNI policy approved
by the centers’ ethics committees, all participants gave their written
consent.
Mouse model
A total of 15 AppNL-G-F mice and 43 age- and gender-matched C57BL/
6 control mice (all female) were assessed with 18F-florbetaben
amyloid PET and 18F-GE180 TSPO-PET as described previously
(Sacher et al, 2019). Breeding of AppNL-G-F mice was performed at the
Center for Neuropathology and Prion Research at LMU Munich.
C57BL/6 mice were purchased from Charles River (Sulzberg,
Germany). Animals were housed in a temperature- and humiditycontrolled environment with a 12-h light–dark cycle, with free access
to food and water. PET imaging sessions were performed longitudinally at 5 and 10 months of age. In brief, amyloid PET was acquired
from 30 to 60 min post-injection and TSPO-PET was acquired from
60 to 90 min post-injection during 1.5% isoflurane anesthesia using a
Siemens Inveon dedicated PET system. PET images of each animal
were spatially co-registered to tracer specific templates and subsequently intensity-normalized using the pre-established periaqueductal
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gray as a pseudo-reference region (Focke et al, 2019). Resulting standardized uptake value ratios (SUVRs) for both ligands were consecutively extracted from a cortical volume of interest. All experiments
were performed in compliance with the National Guidelines for
Animal Protection, Germany, with the approval of the regional
animal committee (Regierung Oberbayern) and were overseen by a
veterinarian. No randomization was used in the current study.
Amyloid PET assessment and computation of annual amyloid
PET change
AV45-PET in ADNI was acquired in a total of six 5-min time-frames
60–90 min after bolus injection of 370 Mbq radiolabeled F18-AV45
tracer. The six time-frames were subsequently co-registered and
averaged to obtain a mean AV45 image. Global AV45 SUVR was
assessed as the mean across selected cortical regions that was intensity-normalized to a composite reference region (including the
whole cerebellum and cerebral white-matter), following a previously described protocol (Landau et al, 2015). The composite reference region was chosen since it has been previously shown to yield
to most stable estimates of longitudinal AV45 changes (Landau
et al, 2015). For each participant, we then determined the annual
changes between subsequently assessed global AV45 SUVR values
(i.e., absolute SUVR difference divided by the time difference in
years). Thus, for participants with more than two AV45 scans, more
than one AV45 change rate was determined (e.g., from baseline to
follow-up 1 and from follow-up 2 to follow-up 3). All AV45 change
rates were subsequently transformed to z-scores with a mean of 0
and a standard deviation of 1.
AV1451 tau PET assessment
Tau PET was assessed 75 min after bolus injection of F18-radiolabeled AV1451 tracer in 6 × 5 min blocks. Recorded images were coregistered and averaged across blocks and intensity-normalized to
the inferior cerebellar gray (Maass et al, 2017). SUVR scores for
Braak-stage-specific ROIs were derived by the ADNI core and downloaded from the ADNI database. Detailed protocols can be found on
the ADNI homepage and in previous publications (Scholl et al,
2016). Note that we excluded Braak-stage 2 (i.e., hippocampus) due
to known off-target binding of the AV1451 tracer in this region
(Lemoine et al, 2018). The cross-sectionally collected AV1451 tau
PET SUVR data (i.e., intensity-normalized to the inferior cerebellar
gray) were acquired maximum 3 years (mean = 1.6 years) after the
sTREM2 assessments and the first available AV45-PET scan.
Statistical analysis
Sample characteristic was compared between study groups using
chi-squared tests for categorical measures and ANOVAS for continuous measures.
To assess whether the baseline AV45 PET shows an u-shaped
association with the rate of AV45 PET accumulation, we computed
linear mixed models with either global AV45 PET or global AV45
PET2 as a predictor of subsequent AV45 PET change, controlling for
age, gender, education, diagnosis, CSF p-tau181, ApoE4 genotype (e4
carrier vs. non-carrier), time between AV45 PET visits, and random
intercept. Note that linear AV45 effects were also included as a fixed
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effect when testing quadratic (i.e., AV45 PET2) effects. Model fit
between the linear (i.e., AV45 PET) and the quadratic (i.e., AV45
PET2) predictors was compared using likelihood ratio tests. Next,
we tested our main hypothesis that higher sTREM2 levels are associated with slower amyloid accumulation. To this end, we used linear
mixed models to test whether global (i) AV45 PET2 and sTREM2
had independent main effects on subsequent AV45 changes, or (ii)
whether there was a global AV45 PET2 × sTREM2 interaction (i.e.,
quadratic) on subsequent AV45 PET changes, controlling for the
linear interaction term (i.e., AV45 × sTREM2) as well as age,
gender, education, diagnosis, CSF p-tau181, ApoE4, time between
AV45 PET visits, and random intercept. In order to test at which
phase of amyloid accumulation, any potential effect of CSF sTREM2
is highest, we performed sliding window analyses on the association
between sTREM2 and future amyloid accumulation at different
levels of baseline AV45 levels. Specifically, we rank-ordered the
subject-wise global amyloid PET-values from low to high and group
subjects into batches of 100 participants at a step size of n = 10,
yielding 62 batches. Within each window (i.e., batch), we then split
the participants between high and low sTREM2 levels (i.e., via
median split, n = 50) and estimated the effect size Cohen’s d for the
difference in the rate of global amyloid PET change between high
and low CSF sTREM2 groups.
To validate the effect of a neuroimmune response on amyloid
accumulation in a preclinical AD model, we tested whether higher
microglial activation (i.e., GE180 PET) was associated with slower
amyloid accumulation (i.e., Florbetaben PET) in the AppNL-G-F
mouse model of AD. Here, we first assessed whether AppNL-G-F AD
mice and C57BL/6 controls had higher Florbetaben and GE180 PET
uptake at 5 months of age using two-sample t-tests. Second, we
tested in the AppNL-G-F AD mice, whether higher baseline GE180 PET
at 5 months of age was associated with slower rate of Florbetaben
PET increase from 5 to 10 months of age, using linear regression
controlling for baseline Florbetaben PET.
In exploratory analyses, we tested whether higher sTREM2 levels
were also associated with lower tau levels. To this end, we included
AV1451 tau PET that was available for an ADNI subsample (n = 54)
within 3 years of the sTREM2 assessments. Using ANCOVAs, we
tested whether higher sTREM2 levels (i.e., defined via median split)
were associated with lower tau PET SUVR in Braak-stage-specific
ROIs, controlling for age, gender, education, diagnosis, ApoE4 as
well as global AV45 amyloid PET and time between the sTREM2
and tau PET assessments. All analyses were performed in R statistical software (Version 3.6.1).
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The paper explained
Problem
Microglia activation forms the brain’s innate immune response to
cerebral pathologies including fibrillar beta-amyloid (Ab), i.e., a
primary pathology in Alzheimer’s disease. TREM2 is a receptor protein
expressed in the brain by microglia, where signaling through TREM2
triggers the phagocytosis of pathogens such as Ab. Since microglia
activation such as that triggered by TREM2 activation constitutes a
potential drug target, understanding the role of increased TREM2 and
microglia activation in AD progression is pivotal. Here, we tested the
role of microglia activation in a two-pronged approach. First, we
assessed cerebrospinal fluid (CSF) biomarker levels of the soluble fraction of TREM2 (sTREM2) as a predictor of longitudinal increase in Ab
as assessed by amyloid PET imaging over 2 years on average in nondemented and demented participants. Second, in order to confirm a
link between higher microglia activation and changes in Ab accumulation, we tested microglia activation (assessed by microglia PET
imaging) as a predictor of rates of amyloid PET increase in a mouse
model of genetically caused Ab.
Results
We found that higher baseline CSF sTREM2 levels were associated
with a slower rate of amyloid PET accumulation, in particular during
phases of intermediate baseline Ab levels in elderly subjects. In the
transgenic mouse model of Ab, we found that higher microglia PET at
5 months of age, i.e., when Ab accumulation starts to emerge globally
in the brain, to be associated with reduced rates of amyloid PET
during a phase until 10 months of age, i.e., a period when Ab is
strongly increasing.
Impact
We conclude that higher microglia activation and in particular TREM2
during a period of intermediate baseline levels of Ab are associated
with reduced rates of Ab accumulation. These results suggest that
enhancing TREM2-related microglia activation may exert protective
effects on Ab.

collection and sharing for this project was funded by the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) (National Institutes of Health
Grant U01 AG024904) and DOD ADNI (Department of Defense award
number W81XWH-12-2-0012). ADNI is funded by the National Institute on
Aging, the National Institute of Biomedical Imaging and Bioengineering,
and through generous contributions from the following: AbbVie, Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; Araclon
Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company; CereSpir,
Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company;
EuroImmun; F. Hoffmann-La Roche Ltd and its affiliated company Genen-

Data availability

tech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson & Johnson Phar-

The dataset supporting the conclusions of this article is available at
the ADNI homepage (https://ida.loni.usc.edu).

maceutical Research & Development LLC.; Lumosity; Lundbeck; Merck &
Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack
Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal

Expanded View for this article is available online.

Imaging; Servier; Takeda Pharmaceutical Company; and Transition Therapeutics. The Canadian Institutes of Health Research is providing funds to

Acknowledgements

support ADNI clinical sites in Canada. Private sector contributions are

This work was supported by LMUexcellent (to M.E), and the Deutsche

facilitated by the Foundation for the National Institutes of Health (www.f

Forschungsgemeinschaft (DFG) within the framework of the Munich Clus-

nih.org). The grantee organization is the Northern California Institute for

ter for Systems Neurology (EXC 1010 SyNergy), a DFG funded Koselleck

Research and Education, and the study is coordinated by the Alzheimer’s

Project (HA1737/16-1 to C.H.) and the FTD Biomarker Award. Data

Therapeutic Research Institute at the University of Southern California.

10 of 14

EMBO Molecular Medicine 12: e12308 | 2020

ª 2020 The Authors

Michael Ewers et al

ADNI data are disseminated by the Laboratory for Neuro Imaging at the

EMBO Molecular Medicine

Deming Y, Filipello F, Cignarella F, Cantoni C, Hsu S, Mikesell R, Li Z, Del-

University of Southern California. YD is supported by an NIMH institu-

Aguila JL, Dube U, Farias FG et al (2019) The MS4A gene cluster is a key

tional training grant (T32MH014877).

modulator of soluble TREM2 and Alzheimer’s disease risk. Sci Transl Med
11: eaau2291

Author contributions
MB, MS-C, GB, CS, TB, EM-R, GK, YD, JH, MD, and LP performed the experiments. MS-C, NF, YD, ME, and CH analyzed and interpreted the data. YD, LP,
and CC were involved in extracting the genetic data. LS, and JQT. MB contributed with patient samples and/or data. MS-C, MB, ME, CH, and NF designed

Edison P, Donat CK, Sastre M (2018) In vivo imaging of glial activation in
Alzheimer’s disease. Front Neurol 9: 625
Efthymiou AG, Goate AM (2017) Late onset Alzheimer’s disease genetics
implicates microglial pathways in disease risk. Mol Neurodegener 12: 43
Ewers M, Franzmeier N, Suarez-Calvet M, Morenas-Rodriguez E, Caballero

the study and wrote the manuscript. All authors critically reviewed and

MAA, Kleinberger G, Piccio L, Cruchaga C, Deming Y, Dichgans M et al

approved the final manuscript.

(2019) Increased soluble TREM2 in cerebrospinal fluid is associated with
reduced cognitive and clinical decline in Alzheimer’s disease. Sci Transl

Conflicts of interest
C.H. collaborates with DENALI Therapeutics. G.K. is an employee of ISAR

Med 11: eaav6221
Focke C, Blume T, Zott B, Shi Y, Deussing M, Peters F, Schmidt C, Kleinberger

Bioscience. The remaining authors declare that they have no conflict of inter-

G, Lindner S, Gildehaus FJ et al (2019) Early and longitudinal microglial

est (financial or otherwise).

activation but not amyloid accumulation predicts cognitive outcome in
PS2APP mice. J Nucl Med 60: 548 – 554

For more information
(i)
(ii)
(iii)

Ewers Lab: https://www.isd-research.de/ewers-lab
Haass Lab: https://www.biochemie.abi.med.uni-muenchen.de/haass1/inde
x.html
ADNI: http://adni.loni.usc.edu

Gispert JD, Monte GC, Falcon C, Tucholka A, Rojas S, Sanchez-Valle R, Antonell
A, Llado A, Rami L, Molinuevo JL (2016a) CSF YKL-40 and pTau181 are
related to different cerebral morphometric patterns in early AD. Neurobiol
Aging 38: 47 – 55
Gispert JD, Suarez-Calvet M, Monte GC, Tucholka A, Falcon C, Rojas S, Rami L,
Sanchez-Valle R, Llado A, Kleinberger G et al (2016b) Cerebrospinal fluid

References

sTREM2 levels are associated with gray matter volume increases and reduced
diffusivity in early Alzheimer’s disease. Alzheimers Dement 12: 1259 – 1272

Bemiller SM, McCray TJ, Allan K, Formica SV, Xu G, Wilson G, Kokiko-

Gordon BA, Blazey TM, Su Y, Hari-Raj A, Dincer A, Flores S, Christensen J,

Cochran ON, Crish SD, Lasagna-Reeves CA, Ransohoff RM et al (2017)

McDade E, Wang G, Xiong C et al (2018) Spatial patterns of

TREM2 deficiency exacerbates tau pathology through dysregulated

neuroimaging biomarker change in individuals from families with

kinase signaling in a mouse model of tauopathy. Mol Neurodegener 12:

autosomal dominant Alzheimer’s disease: a longitudinal study. Lancet

74
Blume T, Focke C, Peters F, Deussing M, Albert NL, Lindner S, Gildehaus

Neurol 17: 241 – 250
Gotzl JK, Brendel M, Werner G, Parhizkar S, Sebastian Monasor L, Kleinberger

FJ, von Ungern-Sternberg B, Ozmen L, Baumann K et al (2018)

G, Colombo AV, Deussing M, Wagner M, Winkelmann J et al (2019)

Microglial response to increasing amyloid load saturates with aging: a

Opposite microglial activation stages upon loss of PGRN or TREM2 result

longitudinal dual tracer in vivo muPET-study. J Neuroinflammation 15:
307
Brendel M, Jaworska A, Herms J, Trambauer J, Rotzer C, Gildehaus FJ, Carlsen

in reduced cerebral glucose metabolism. EMBO Mol Med 11: e9711
Griciuc A, Patel S, Federico AN, Choi SH, Innes BJ, Oram MK, Cereghetti G,
McGinty D, Anselmo A, Sadreyev RI et al (2019) TREM2 acts downstream

J, Cumming P, Bylund J, Luebbers T et al (2015) Amyloid-PET predicts

of CD33 in modulating microglial pathology in alzheimer’s disease. Neuron

inhibition of de novo plaque formation upon chronic gamma-secretase

103: 820 – 835 e827

modulator treatment. Mol Psychiatry 20: 1179 – 1187
Brendel M, Probst F, Jaworska A, Overhoff F, Korzhova V, Albert NL, Beck R,
Lindner S, Gildehaus FJ, Baumann K et al (2016) Glial activation and
glucose metabolism in a transgenic amyloid mouse model: a triple-tracer
PET study. J Nucl Med 57: 954 – 960
Brendel M, Kleinberger G, Probst F, Jaworska A, Overhoff F, Blume T, Albert

Griffin WS, Sheng JG, Roberts GW, Mrak RE (1995) Interleukin-1 expression in
different plaque types in Alzheimer’s disease: significance in plaque
evolution. J Neuropathol Exp Neurol 54: 276 – 281
Guerreiro R, Hardy J (2013) TREM2 and neurodegenerative disease. N Engl J
Med 369: 1569 – 1570
Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E,

NL, Carlsen J, Lindner S, Gildehaus FJ et al (2017) Increase of TREM2

Cruchaga C, Sassi C, Kauwe JS, Younkin S et al (2013) TREM2 variants in

during aging of an Alzheimer’s disease mouse model is paralleled by

Alzheimer’s disease. N Engl J Med 368: 117 – 127

microglial activation and amyloidosis. Front Aging Neurosci 9: 8
Butovsky O, Weiner HL (2018) Microglial signatures and their role in health
and disease. Nat Rev Neurosci 19: 622 – 635
Calcia MA, Bonsall DR, Bloomfield PS, Selvaraj S, Barichello T, Howes OD
(2016) Stress and neuroinflammation: a systematic review of the effects of

Hamelin L, Lagarde J, Dorothee G, Leroy C, Labit M, Comley RA, de Souza LC,
Corne H, Dauphinot L, Bertoux M et al (2016) Early and protective
microglial activation in Alzheimer’s disease: a prospective study using
18F-DPA-714 PET imaging. Brain 139: 1252 – 1264
Hamelin L, Lagarde J, Dorothee G, Potier MC, Corlier F, Kuhnast B, Caille F,

stress on microglia and the implications for mental illness.

Dubois B, Fillon L, Chupin M et al (2018) Distinct dynamic profiles of

Psychopharmacology 233: 1637 – 1650

microglial activation are associated with progression of Alzheimer’s

Clark CM, Pontecorvo MJ, Beach TG, Bedell BJ, Coleman RE, Doraiswamy PM,
Fleisher AS, Reiman EM, Sabbagh MN, Sadowsky CH et al (2012) Cerebral
PET with florbetapir compared with neuropathology at autopsy for
detection of neuritic amyloid-beta plaques: a prospective cohort study.
Lancet Neurol 11: 669 – 678

ª 2020 The Authors

disease. Brain 141: 1855 – 1870
Hardy JA, Higgins GA (1992) Alzheimer’s disease: the amyloid cascade
hypothesis. Science 256: 184 – 185
Heslegrave A, Heywood W, Paterson R, Magdalinou N, Svensson J, Johansson
P, Ohrfelt A, Blennow K, Hardy J, Schott J et al (2016) Increased

EMBO Molecular Medicine 12: e12308 | 2020

11 of 14

EMBO Molecular Medicine

cerebrospinal fluid soluble TREM2 concentration in Alzheimer’s disease.
Mol Neurodegener 11: 3
Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang LC, Means TK, El
Khoury J (2013) The microglial sensome revealed by direct RNA
sequencing. Nat Neurosci 16: 1896 – 1905

Michael Ewers et al

Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, Cuyvers E,
Struyfs H, Pettkus N, Wenninger-Weinzierl A, Mazaheri F et al (2014)
TREM2 mutations implicated in neurodegeneration impair cell surface
transport and phagocytosis. Sci Transl Med 6: 243ra286
Kleinberger G, Brendel M, Mracsko E, Wefers B, Groeneweg L, Xiang X, Focke

Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, Merry

C, Deussing M, Suarez-Calvet M, Mazaheri F et al (2017) The FTD-like

KM, Shi Q, Rosenthal A, Barres BA et al (2016) Complement and microglia

syndrome causing TREM2 T66M mutation impairs microglia function,

mediate early synapse loss in Alzheimer mouse models. Science 352:
712 – 716

brain perfusion, and glucose metabolism. EMBO J 36: 1837 – 1853
Kohman RA, Bhattacharya TK, Wojcik E, Rhodes JS (2013) Exercise reduces

Ikonomovic MD, Buckley CJ, Heurling K, Sherwin P, Jones PA, Zanette
M, Mathis CA, Klunk WE, Chakrabarty A, Ironside J et al (2016)
Post-mortem histopathology underlying beta-amyloid PET

activation of microglia isolated from hippocampus and brain of aged
mice. J Neuroinflammation 10: 114
Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, Beckers

imaging following flutemetamol F 18 injection. Acta Neuropathol

L, O’Loughlin E, Xu Y, Fanek Z et al (2017) The TREM2-APOE pathway

Commun 4: 130

drives the transcriptional phenotype of dysfunctional microglia in

Itagaki S, McGeer PL, Akiyama H, Zhu S, Selkoe D (1989) Relationship of
microglia and astrocytes to amyloid deposits of Alzheimer disease. J
Neuroimmunol 24: 173 – 182
Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB,
Holtzman DM, Jagust W, Jessen F, Karlawish J et al (2018) NIA-AA
Research Framework: toward a biological definition of Alzheimer’s disease.
Alzheimers Dement 14: 535 – 562
Jansen IE, Savage JE, Watanabe K, Bryois J, Williams DM, Steinberg S, Sealock
J, Karlsson IK, Hagg S, Athanasiu L et al (2019) Genome-wide metaanalysis identifies new loci and functional pathways influencing
Alzheimer’s disease risk. Nat Genet 51: 404 – 413
Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML, Xu G,
Margevicius D, Karlo JC, Sousa GL et al (2015) TREM2 deficiency eliminates

neurodegenerative diseases. Immunity 47: 566 – 581 e569
Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, Combarros
O, Zelenika D, Bullido MJ, Tavernier B et al (2009) Genome-wide
association study identifies variants at CLU and CR1 associated with
Alzheimer’s disease. Nat Genet 41: 1094 – 1099
Landau SM, Fero A, Baker SL, Koeppe R, Mintun M, Chen K, Reiman EM,
Jagust WJ (2015) Measurement of longitudinal beta-amyloid change with
18F-florbetapir PET and standardized uptake value ratios. J Nucl Med 56:
567 – 574
Leal SL, Lockhart SN, Maass A, Bell RK, Jagust WJ (2018)
Subthreshold amyloid predicts tau deposition in aging. J Neurosci 38:
4482 – 4489
Lee CYD, Daggett A, Gu X, Jiang LL, Langfelder P, Li X, Wang N, Zhao Y, Park

TREM2 + inflammatory macrophages and ameliorates pathology in

CS, Cooper Y et al (2018) Elevated TREM2 gene dosage reprograms

Alzheimer’s disease mouse models. J Exp Med 212: 287 – 295

microglia responsivity and ameliorates pathological phenotypes in

Jay TR, Hirsch AM, Broihier ML, Miller CM, Neilson LE, Ransohoff RM, Lamb
BT, Landreth GE (2017) Disease progression-dependent effects of TREM2
deficiency in a mouse model of Alzheimer’s disease. J Neurosci 37:

Alzheimer’s disease models. Neuron 97: 1032 – 1048 e1035
Lemoine L, Leuzy A, Chiotis K, Rodriguez-Vieitez E, Nordberg A (2018) Tau
positron emission tomography imaging in tauopathies: the added hurdle
of off-target binding. Alzheimers Dement (Amst) 10: 232 – 236

637 – 647
Jiang T, Tan L, Zhu XC, Zhou JS, Cao L, Tan MS, Wang HF, Chen Q, Zhang YD,

Leoutsakos JM, Muthen BO, Breitner JC, Lyketsos CG, Team AR (2012) Effects

Yu JT (2015) Silencing of TREM2 exacerbates tau pathology,

of non-steroidal anti-inflammatory drug treatments on cognitive decline

neurodegenerative changes, and spatial learning deficits in P301S tau

vary by phase of pre-clinical Alzheimer disease: findings from the

transgenic mice. Neurobiol Aging 36: 3176 – 3186

randomized controlled Alzheimer’s Disease Anti-inflammatory Prevention

Jiang T, Zhang YD, Chen Q, Gao Q, Zhu XC, Zhou JS, Shi JQ, Lu H, Tan L, Yu JT
(2016) TREM2 modifies microglial phenotype and provides

Trial. Int J Geriatr Psychiatry 27: 364 – 374
Leyns CEG, Ulrich JD, Finn MB, Stewart FR, Koscal LJ, Remolina Serrano J,

neuroprotection in P301S tau transgenic mice. Neuropharmacology 105:

Robinson GO, Anderson E, Colonna M, Holtzman DM (2017) TREM2

196 – 206

deficiency attenuates neuroinflammation and protects against

Jiang T, Zhang YD, Gao Q, Ou Z, Gong PY, Shi JQ, Wu L, Zhou JS (2018)
TREM2 ameliorates neuronal tau pathology through suppression of
microglial inflammatory response. Inflammation 41: 811 – 823
Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J,
Bjornsson S, Huttenlocher J, Levey AI, Lah JJ et al (2013) Variant of TREM2
associated with the risk of Alzheimer’s disease. N Engl J Med 368:
107 – 116

neurodegeneration in a mouse model of tauopathy. Proc Natl Acad Sci USA
114: 11524 – 11529
Leyns CEG, Gratuze M, Narasimhan S, Jain N, Koscal LJ, Jiang H, Manis M,
Colonna M, Lee VMY, Ulrich JD et al (2019) TREM2 function impedes tau
seeding in neuritic plaques. Nat Neurosci 22: 1217 – 1222
Llorens F, Thune K, Tahir W, Kanata E, Diaz-Lucena D, Xanthopoulos K,
Kovatsi E, Pleschka C, Garcia-Esparcia P, Schmitz M et al (2017) YKL-40 in

Kapasi A, DeCarli C, Schneider JA (2017) Impact of multiple pathologies on
the threshold for clinically overt dementia. Acta Neuropathol 134:
171 – 186

the brain and cerebrospinal fluid of neurodegenerative dementias. Mol
Neurodegener 12: 83
Maass A, Landau S, Baker SL, Horng A, Lockhart SN, La Joie R, Rabinovici GD,

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R,
Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B et al (2017) A unique
microglia type associated with restricting development of Alzheimer’s
disease. Cell 169: 1276 – 1290 e1217
Kinney JW, Bemiller SM, Murtishaw AS, Leisgang AM, Salazar AM, Lamb BT

Jagust WJ, Alzheimer’s Disease Neuroimaging I (2017) Comparison of
multiple tau-PET measures as biomarkers in aging and Alzheimer’s
disease. NeuroImage 157: 448 – 463
Mazaheri F, Snaidero N, Kleinberger G, Madore C, Daria A, Werner G,
Krasemann S, Capell A, Trumbach D, Wurst W et al (2017) TREM2

(2018) Inflammation as a central mechanism in Alzheimer’s disease.

deficiency impairs chemotaxis and microglial responses to neuronal injury.

Alzheimers Dement (N Y) 4: 575 – 590

EMBO Rep 18: 1186 – 1198

12 of 14

EMBO Molecular Medicine 12: e12308 | 2020

ª 2020 The Authors

Michael Ewers et al

Meda L, Cassatella MA, Szendrei GI, Otvos L Jr, Baron P, Villalba M, Ferrari D,
Rossi F (1995) Activation of microglial cells by beta-amyloid protein and
interferon-gamma. Nature 374: 647 – 650
Mehla J, Lacoursiere SG, Lapointe V, McNaughton BL, Sutherland RJ,
McDonald RJ, Mohajerani MH (2019) Age-dependent behavioral
and biochemical characterization of single APP knock-in mouse
(APP(NL-G-F/NL-G-F)) model of Alzheimer’s disease. Neurobiol Aging 75:
25 – 37
Meilandt WJ, Ngu H, Gogineni A, Lalehzadeh G, Lee SH, Srinivasan K, Imperio
J, Wu T, Weber M, Kruse AJ et al (2020) Trem2 deletion reduces late-stage
amyloid plaque accumulation, elevates the Abeta42:Abeta40 ratio, and
exacerbates axonal dystrophy and dendritic spine loss in the PS2APP
Alzheimer’s mouse model. J Neurosci 40: 1956 – 1974
Moore KM, Girens RE, Larson SK, Jones MR, Restivo JL, Holtzman DM, Cirrito
JR, Yuede CM, Zimmerman SD, Timson BF (2016) A spectrum of exercise
training reduces soluble Abeta in a dose-dependent manner in a mouse
model of Alzheimer’s disease. Neurobiol Dis 85: 218 – 224
Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, Guillozet-Bongaarts A,
Ohno M, Disterhoft J, Van Eldik L et al (2006) Intraneuronal beta-amyloid

EMBO Molecular Medicine

monitoring of amyloidosis and microglial activation in a second
generation amyloid-beta mouse model. J Nucl Med 60: 1787 – 1793
Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, Iwata N, Saido
TC (2014) Single App knock-in mouse models of Alzheimer’s disease. Nat
Neurosci 17: 661 – 663
Sarlus H, Heneka MT (2017) Microglia in Alzheimer’s disease. J Clin Invest 127:
3240 – 3249
Schlepckow K, Kleinberger G, Fukumori A, Feederle R, Lichtenthaler SF, Steiner
H, Haass C (2017) An Alzheimer-associated TREM2 variant occurs at the
ADAM cleavage site and affects shedding and phagocytic function. EMBO
Mol Med 9: 1356 – 1365
Scholl M, Lockhart SN, Schonhaut DR, O’Neil JP, Janabi M, Ossenkoppele R,
Baker SL, Vogel JW, Faria J, Schwimmer HD et al (2016) PET imaging of
tau deposition in the aging human brain. Neuron 89: 971 – 982
Selkoe DJ, Hardy J (2016) The amyloid hypothesis of Alzheimer’s disease at
25 years. EMBO Mol Med 8: 595 – 608
Sheng JG, Mrak RE, Griffin WS (1997) Neuritic plaque evolution in Alzheimer’s
disease is accompanied by transition of activated microglia from primed
to enlarged to phagocytic forms. Acta Neuropathol 94: 1 – 5

aggregates, neurodegeneration, and neuron loss in transgenic mice with

Sheng L, Chen M, Cai K, Song Y, Yu D, Zhang H, Xu G (2019) Microglial Trem2

five familial Alzheimer’s disease mutations: potential factors in amyloid

induces synaptic impairment at early stage and prevents amyloidosis at

plaque formation. J Neurosci 26: 10129 – 10140
Parhizkar S, Arzberger T, Brendel M, Kleinberger G, Deussing M, Focke C,

late stage in APP/PS1 mice. FASEB J 33: 10425 – 10442
Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobsdottir J,

Nuscher B, Xiong M, Ghasemigharagoz A, Katzmarski N et al (2019) Loss

Kunkle BW, Boland A, Raybould R, Bis JC et al (2017) Rare coding variants

of TREM2 function increases amyloid seeding but reduces plaque-

in PLCG2, ABI3, and TREM2 implicate microglial-mediated innate

associated ApoE. Nat Neurosci 22: 191 – 204
Petersen RC, Aisen PS, Beckett LA, Donohue MC, Gamst AC, Harvey DJ, Jack CR

immunity in Alzheimer’s disease. Nat Genet 49: 1373 – 1384
Suarez-Calvet M, Araque Caballero MA, Kleinberger G, Bateman RJ, Fagan AM,

Jr, Jagust WJ, Shaw LM, Toga AW et al (2010) Alzheimer’s Disease

Morris JC, Levin J, Danek A, Ewers M, Haass C et al (2016a) Early changes

Neuroimaging Initiative (ADNI): clinical characterization. Neurology 74:

in CSF sTREM2 in dominantly inherited Alzheimer’s disease occur after

201 – 209
Piccio L, Buonsanti C, Cella M, Tassi I, Schmidt RE, Fenoglio C, Rinker J II,

amyloid deposition and neuronal injury. Sci Transl Med 8: 369ra178
Suarez-Calvet M, Kleinberger G, Araque Caballero MA, Brendel M, Rominger A,

Naismith RT, Panina-Bordignon P, Passini N et al (2008) Identification of

Alcolea D, Fortea J, Lleo A, Blesa R, Gispert JD et al (2016b) sTREM2

soluble TREM-2 in the cerebrospinal fluid and its association with

cerebrospinal fluid levels are a potential biomarker for microglia activity

multiple sclerosis and CNS inflammation. Brain 131: 3081 – 3091

in early-stage Alzheimer’s disease and associate with neuronal injury

Piccio L, Deming Y, Del-Aguila JL, Ghezzi L, Holtzman DM, Fagan AM,
Fenoglio C, Galimberti D, Borroni B, Cruchaga C (2016) Cerebrospinal fluid
soluble TREM2 is higher in Alzheimer disease and associated with
mutation status. Acta Neuropathol 131: 925 – 933
Prokop S, Miller KR, Labra SR, Pitkin RM, Hoxha K, Narasimhan S, Changolkar
L, Rosenbloom A, Lee VM, Trojanowski JQ (2019) Impact of TREM2 risk
variants on brain region-specific immune activation and plaque
microenvironment in Alzheimer’s disease patient brain samples. Acta
Neuropathol 138: 613 – 630
Radde R, Bolmont T, Kaeser SA, Coomaraswamy J, Lindau D, Stoltze L,

markers. EMBO Mol Med 8: 466 – 476
Suarez-Calvet M, Morenas-Rodriguez E, Kleinberger G, Schlepckow K, Araque
Caballero MA, Franzmeier N, Capell A, Fellerer K, Nuscher B, Eren E et al
(2019) Early increase of CSF sTREM2 in Alzheimer’s disease is associated
with tau related-neurodegeneration but not with amyloid-beta pathology.
Mol Neurodegener 14: 1
Takahashi K, Rochford CD, Neumann H (2005) Clearance of apoptotic
neurons without inflammation by microglial triggering receptor expressed
on myeloid cells-2. J Exp Med 201: 647 – 657
Thakkar R, Wang R, Wang J, Vadlamudi RK, Brann DW (2018) 17beta-estradiol

Calhoun ME, Jaggi F, Wolburg H, Gengler S et al (2006) Abeta42-driven

regulates microglia activation and polarization in the

cerebral amyloidosis in transgenic mice reveals early and robust

hippocampus following global cerebral ischemia. Oxid Med Cell Longev

pathology. EMBO Rep 7: 940 – 946

2018: 4248526

Reitz C, Jun G, Naj A, Rajbhandary R, Vardarajan BN, Wang LS, Valladares O,

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, Szoeke

Lin CF, Larson EB, Graff-Radford NR et al (2013) Variants in the ATP-

C, Macaulay SL, Martins R, Maruff P et al (2013) Amyloid b deposition,

binding cassette transporter (ABCA7), apolipoprotein E 4, and the risk of

neurodegeneration, and cognitive decline in sporadic Alzheimer’s disease:

late-onset Alzheimer disease in African Americans. JAMA 309: 1483 – 1492

a prospective cohort study. Lancet Neurol 12: 357 – 367

Rominger A, Brendel M, Burgold S, Keppler K, Baumann K, Xiong G, Mille E,

Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, Gilfillan S,

Gildehaus F-J, Carlsen J, Schlichtiger J (2013) Longitudinal assessment of

Krishnan GM, Sudhakar S, Zinselmeyer BH et al (2015) TREM2 lipid

cerebral b-amyloid deposition in mice overexpressing Swedish mutant b-

sensing sustains the microglial response in an Alzheimer’s disease model.

amyloid precursor protein using 18F-florbetaben PET. J Nucl Med 54:
1127 – 1134
Sacher C, Blume T, Beyer L, Peters F, Eckenweber F, Sgobio C, Deussing M,
Albert NL, Unterrainer M, Lindner S et al (2019) Longitudinal PET

ª 2020 The Authors

Cell 160: 1061 – 1071
Yuan P, Condello C, Keene CD, Wang Y, Bird TD, Paul SM, Luo W, Colonna M,
Baddeley D, Grutzendler J (2016) TREM2 haplodeficiency in mice and
humans impairs the microglia barrier function leading to

EMBO Molecular Medicine 12: e12308 | 2020

13 of 14

EMBO Molecular Medicine

Michael Ewers et al

decreased amyloid compaction and severe axonal dystrophy. Neuron 90:

protects against LPS-induced pro-inflammatory response. J Biol

724 – 739

Chem 290: 15866 – 15877

Zhang B, Gaiteri C, Bodea LG, Wang Z, McElwee J, Podtelezhnikov AA, Zhang

Zhong L, Xu Y, Zhuo R, Wang T, Wang K, Huang R, Wang D, Gao Y, Zhu Y,

C, Xie T, Tran L, Dobrin R et al (2013) Integrated systems approach

Sheng X et al (2019) Soluble TREM2 ameliorates pathological phenotypes

identifies genetic nodes and networks in late-onset Alzheimer’s disease.

by modulating microglial functions in an Alzheimer’s disease model. Nat

Cell 153: 707 – 720
Zhang J, Guo Y, Wang Y, Song L, Zhang R, Du Y (2018) Long-term

Commun 10: 1365
Ziegler-Waldkirch S, d’Errico P, Sauer JF, Erny D, Savanthrapadian S, Loreth D,

treadmill exercise attenuates Abeta burdens and astrocyte activation

Katzmarski N, Blank T, Bartos M, Prinz M et al (2018) Seed-induced Abeta

in APP/PS1 mouse model of Alzheimer’s disease. Neurosci Lett 666:

deposition is modulated by microglia under environmental enrichment in

70 – 77

a mouse model of Alzheimer’s disease. EMBO J 37: 167 – 182

Zhao Y, Wu X, Li X, Jiang LL, Gui X, Liu Y, Sun Y, Zhu B, Pina-Crespo JC, Zhang
M et al (2018) TREM2 is a receptor for beta-amyloid that mediates

License: This is an open access article under the

microglial function. Neuron 97: 1023 – 1031 e1027

terms of the Creative Commons Attribution 4.0

Zhong L, Chen XF, Zhang ZL, Wang Z, Shi XZ, Xu K, Zhang YW, Xu H,

License, which permits use, distribution and reproduc-

Bu G (2015) DAP12 stabilizes the C-terminal fragment of the

tion in any medium, provided the original work is

triggering receptor expressed on myeloid cells-2 (TREM2) and

properly cited.

14 of 14

EMBO Molecular Medicine 12: e12308 | 2020

ª 2020 The Authors

