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Abstract

Background: The Apolipoprotein E ε4 allele (i.e. ApoE4) is the strongest genetic risk factor for sporadic Alzheimer’s

disease (AD). TREM2 (i.e. Triggering receptor expressed on myeloid cells 2) is a microglial transmembrane protein

brain that plays a central role in microglia activation in response to AD brain pathologies. Whether higher TREM2-

related microglia activity modulates the risk to develop clinical AD is an open question. Thus, the aim of the current

study was to assess whether higher sTREM2 attenuates the effects of ApoE4-effects on future cognitive decline and

neurodegeneration.

Methods: We included 708 subjects ranging from cognitively normal (CN, n = 221) to mild cognitive impairment

(MCI, n = 414) and AD dementia (n = 73) from the Alzheimer’s disease Neuroimaging Initiative. We used linear

regression to test the interaction between ApoE4-carriage by CSF-assessed sTREM2 levels as a predictor of

longitudinally assessed cognitive decline and MRI-assessed changes in hippocampal volume changes (mean follow-

up of 4 years, range of 1.7-7 years).

Results: Across the entire sample, we found that higher CSF sTREM2 at baseline was associated with attenuated

effects of ApoE4-carriage (i.e. sTREM2 x ApoE4 interaction) on longitudinal global cognitive (p = 0.001, Cohen’s f2 =

0.137) and memory decline (p = 0.006, Cohen’s f2 = 0.104) as well as longitudinally assessed hippocampal atrophy

(p = 0.046, Cohen’s f2 = 0.089), independent of CSF markers of primary AD pathology (i.e. Aβ1–42, p-tau181). While

overall effects of sTREM2 were small, exploratory subanalyses stratified by diagnostic groups showed that beneficial

effects of sTREM2 were pronounced in the MCI group.

Conclusion: Our results suggest that a higher CSF sTREM2 levels are associated with attenuated ApoE4-related risk

for future cognitive decline and AD-typical neurodegeneration. These findings provide further evidence that TREM2

may be protective against the development of AD.

Keywords: Alzheimer’s disease, ApoE4, Microglial activation, sTREM2, Cognitive decline, Neurodegeneration

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: Nicolai.franzmeier@med.uni-muenchen.de;

Michael.ewers@med.uni-muenchen.de
1Institute for Stroke and Dementia Research (ISD), University Hospital, Ludwig

Maximilian University (LMU), Munich, Germany

Full list of author information is available at the end of the article

Franzmeier et al. Molecular Neurodegeneration           (2020) 15:57 

https://doi.org/10.1186/s13024-020-00407-2



Background
The APOE ε4 allele (i.e. ApoE4) is the strongest genetic

risk factor for sporadic Alzheimer’s disease (AD) [1].

ApoE4-homozygotes have a 31–40% lifetime risk for de-

veloping AD dementia [2] and show ~ 10-year earlier

AD symptom onset than ApoE4 non-carriers [3].

ApoE4-carriage is associated with AD-typical alterations

in cerebrospinal-fluid (CSF) Aβ1–42 [4] and with earlier

and stronger PET-assessed amyloid-beta (Aβ) [5, 6] and

tau accumulation [7]. Additionally, elderly ApoE4-

carriers show faster cognitive decline than ApoE4-non

carriers [8–11] as well as AD-typical temporo-parietal

neurodegeneration [12]. Together, ApoE4-carriers are at

increased risk of developing primary AD pathology, cog-

nitive decline and AD dementia [2, 5, 6]. Recent GWAS

suggest that the brain’s immune response may modulate

AD risk [13–15]. This is supported by a 2–4-fold ele-

vated odds ratio for AD in carriers of loss-of-function

risk variants in the TREM2 gene (triggering receptor

expressed on myeloid cells 2, i.e. in the brain preferen-

tially expressed on microglia) [16]. The TREM2/DAP12

signaling complex regulates microglial responses to

pathogens, enhancing microglia motility, chemotaxis and

phagocytosis [17–22]. In APP or Tau transgenic mice,

TREM2-mediated microglia activation has been shown

to promote Aβ phagocytosis [20], to limit Aβ seeding

[22], tau hyperphosphorylation [23] and tau seeding

around neuritic plaques [24]. TREM2-deficiency has

been associated with memory impairment in tau trans-

genic mice, while higher TREM2 expression was neuro-

protective and beneficial for memory [25]. Similarly,

enhancing TREM2 signaling via agonistic antibodies can

promote microglial survival and Aβ phagocytosis in Aβ

mice [26]. Further supporting protective TREM2 effects

in AD, TREM2-deficiency is associated with reduced

microglia clustering and increased tau seeding around

neuritic plaques [24]. Hence, TREM2-related microglial

activation may attenuate downstream consequences of

primary AD pathology and modulate ApoE4-related risk

for AD symptoms and neurodegeneration.

Soluble TREM2 (sTREM2) originates from ADAM10/

17-mediated TREM2-ectodomain shedding and can be

detected in the CSF [19, 27–29], hence sTREM2 levels

are interpreted as proxies of microglial TREM2 signaling

[27–29]. Supporting this, brain sTREM2 levels are highly

correlated with TSPO-PET-assessed microglial activation

in mice [30] and are decreased in mice carrying the

TREM2 p.T66M variant that typically locks microglia in

a homeostatic state [31]. We previously found in spor-

adic and familial AD that CSF sTREM2 levels rise before

symptom onset and mostly correlate with increasing

CSF tau levels, suggesting an adaptive immune response

[32, 33]. Importantly, higher CSF sTREM2 levels at a

given level of primary AD pathology (measured as the

CSF Aβ1–42 and p-tau181), were associated with attenu-

ated future cognitive decline, neurodegeneration and de-

layed conversion to AD dementia in amyloid-positive

individuals [34]. These findings suggested that TREM2-

related microglial activation is associated with attenuated

cognitive decline and neurodegeneration in AD, espe-

cially when TREM2 levels are high at a given level of tau

pathology.

Here, we asked whether CSF sTREM2 attenuates gen-

etic risk for i) cognitive decline and ii) AD-typical neuro-

degeneration as conferred by the most important genetic

AD risk factor ApoE4. This question is clinically import-

ant, since TREM2-signalling is modifiable [26] and may

constitute a target for AD prevention. In a large sample

of 708 subjects ranging from cognitively normal to de-

mentia, we thus determined whether higher CSF

sTREM2 levels attenuate the association between

ApoE4-carriage and future cognitive decline or MRI-

assessed neurodegeneration.

Methods
Sample

We included 708 subjects from the ADNI database with

available ApoE4 genotyping, baseline CSF values of Aβ1–

42, p-tau181 and sTREM2 as well as at least 1.5 years of

clinical follow-up assessment (i.e. baseline plus two

follow-up visits). ApoE4 genotyping methods can be

found online (http://adni.loni.usc.edu/methods/). Sub-

jects were characterized as ApoE4 carriers, when carry-

ing at least one ApoE4 allele. Selection bias was tested

against the ADNI baseline cohort of 1784 subjects. Here,

we found no differences in gender or education between

our selected sample and the baseline ADNI cohort, but

selected subjects were significantly older (p < 0.05) than

the entire ADNI cohort. Subjects were clinically classi-

fied 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 Mem-

ory Scale II, preserved activities of daily living) [35] or

AD dementia following-pre-established criteria [35].

Based on pre-established CSF Aβ1–42 cut-offs at 976.6

pg/ml, subjects were classified as Aβ + (i.e. below 976.6

pg/ml) or Aβ- (i.e. above 976.6 pg/ml) [36]. ADNI was

ethically approved by the institutional review board of

all participating sites, subjects provided written informed

consent.

CSF biomarker assessment

CSF sTREM2 levels were measured using a previously

described ELISA approach [19, 27]. Detailed methods of

the CSF sTREM2 assessments can be found online in

the ADNI LONI Image & Data Archive (https://ida.loni.

usc.edu). CSF Aβ1–42 and p-tau181 levels were measured
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by the ADNI biomarker core at the University of

Pennsylvania, using the electrochemiluminiscence im-

munoassays Elecsys on a fully automated Elecsys cobas e

601 instrument and a single lot of reagents for each

biomarker.

Hippocampal volume and cortical thickness assessment

Hippocampal volume was assessed longitudinally in 558

of the 708 subjects who had ≥3 available 3 T MRI-

assessments provided by the ADNI imaging core at

UCSF [37]. Hippocampal volumes were assessed on 3 T

structural MRI (MPRAGE) using established FreeSurfer

pipelines (Version 5.1). Protocols of the ADNI

FreeSurfer-based pipelines are available online (http://

adni.loni.usc.edu/) and in previous publications [38]. All

analyses using hippocampal volumes as a dependent

variable were controlled for Freesurfer-assessed intracra-

nial volume.

Cognitive assessment

Memory performance was determined using ADNI-

MEM, a composite memory score that summarizes mul-

tiple tests including the Rey Auditory Verbal Learning

Test, AD Assessment Scale – Cognitive Subscale, Word

Recall of the MMSE and the Wechsler Logical Memory

Scale II [39]. For global cognition, we used the ADAS13

[40, 41], which is frequently used as a primary endpoint

in clinical trials. Please note that ADNI-MEM and

ADAS13 scores have an inverse relationship, i.e. lower

ADNI-MEM and higher ADAS13 scores indicate worse

cognitive performance.

Statistical analysis

Baseline characteristics were compared between diag-

nostic groups using ANOVAs for continuous and χ2-

tests for categorical measures. To validate ApoE4 as a

major AD risk factor in the current sample, we tested

whether ApoE4-carriage is associated with more abnor-

mal CSF AD biomarkers (i.e. CSF Aβ1–42 & p-tau181),

using ANCOVAs, controlling for age, gender, education

and diagnosis. We used equivalent ANCOVA models to

assess whether ApoE4-carriage was associated with ele-

vated CSF sTREM2 levels.

Next, we tested whether ApoE4-carriage was associ-

ated with faster rates of longitudinally assessed cognitive

decline and neurodegeneration and whether higher

sTREM2 levels moderated this association. As measures

of cognition, we used ADNI-MEM and ADAS13. As a

measure of neurodegeneration, we used Freesurfer-

derived hippocampal volumes. To determine annual

change rates in cognition and hippocampal volume,

we employed a pre-established approach [42] in which

we fitted linear mixed models with ADNI-MEM,

ADAS13, hippocampal volumes or cortical thickness

values as the dependent variable and time (i.e. years

from baseline) as the independent variable, controlling

for random slope and intercept. From the linear mixed

models, we then derived a slope estimate for change in

ADAS13, ADNI-MEM or hippocampal volume across

time (i.e. change per year) for each subject. For each

measure, longitudinal analyses were restricted to sub-

jects with at least 3 available timepoints (i.e. n = 708 for

ADNI-MEM and ADAS13; n = 558 for hippocampal vol-

ume). Using ANCOVAs, we tested whether ApoE4-

carriage was associated with faster annual change rates

in ADNI-MEM, ADAS13, hippocampal volume. These

analyses were controlled for age, gender, education, diag-

nosis, follow-up time, baseline values of the dependent

variable and intracranial volume when using hippocam-

pal volume as a dependent variable.

For our main hypothesis, we assessed whether higher

sTREM2 attenuates the association between ApoE4-

carriage and cognitive decline as well as hippocampal

volume changes. First, we applied three ANCOVA

models, testing the interaction sTREM2 x ApoE4-

carriage on annual rates of change in ADNI-MEM,

ADAS13 or hippocampal volume. When using ADNI-

MEM or ADAS13 change rates as dependent variables,

models were controlled for main effects of sTREM2,

ApoE4, p-tau181, Aβ1–42, age, gender, education, diagno-

sis, follow-up time and baseline cognition (i.e. ADNI-

MEM or ADAS13). When using hippocampal volume

change rates as the dependent variable, the model was

controlled for main effects of sTREM2, ApoE4, Aβ1–42,

p-tau181, age, gender, education, diagnosis, follow-up

time, as well as baseline hippocampal volume and intra-

cranial volume. These covariates were selected to ensure

that ApoE4 x sTREM2 interactions were not driven by

baseline differences in primary AD pathology (i.e. Aβ1–

42, p-tau181), sTREM2 or any of the demographic vari-

ables. To account for multiple testing in our primary

analysis using two different cognitive endpoints (i.e.

ADNI-MEM & ADAS13), we applied a Bonferroni-

corrected alpha-threshold of 0.025 (i.e. accounting for 2

tests). For all significant ApoE4 x sTREM2 interaction

effects, we further computed effect size estimates (i.e.

Cohen’s f2) which are interpreted as follows: 0.1 = small

effect, 0.25 =medium effect, 0.4 = large effect. Note, that

interaction effects were plotted using scores of the

dependent variables that were residualized for CSF Aβ1–

42 and p-tau181, in order to illustrate sTREM2 effects on

the association between ApoE4 vs. cognitive and hippo-

campal volume changes independent of primary AD

markers. As additional exploratory analyses, we re-ran

the above described linear models this time testing

whether a higher sTREM2/p-tau181 ratio consistently

moderated the effect of ApoE4 on cognitive decline and

neurodegeneration. Theses exploratory analyses were

Franzmeier et al. Molecular Neurodegeneration           (2020) 15:57 Page 3 of 10



motivated by our previous work, showing that a higher

sTREM2/p-tau181 ratio is associated with delayed con-

version to AD dementia in amyloid-positive individuals

[34]. All statistical analyses were conducted in R (Ver-

sion 3.6.1).

Results
Sample demographics, biomarker and cognitive data are

shown in Table 1.

ApoE4-carriage is associated with more abnormal AD

biomarkers and faster cognitive decline but not with

changed CSF sTREM2 levels

First, we assessed the association between ApoE4-

carriage, baseline CSF biomarkers, rates of cognitive de-

cline and hippocampal atrophy. We found an association

between ApoE4-carriage and both decreased baseline

CSF-Aβ1–42 (F = 182.12, p < 0.001, Cohens D = 0.96,

Fig. 1a, Supplementary Figure 1A for a stratification by

diagnosis) and higher baseline p-tau181 levels (F = 110.53,

p < 0.001, Cohens D = 0.76, Fig. 1b, Supplementary Fig-

ure 1B stratified by diagnosis), using ANCOVAs con-

trolled for age, gender, education and diagnosis. ApoE4-

carriage was, however, not associated with baseline CSF

sTREM2 levels (F = 1.47, p = 0.225, Cohens D = 0.03, Fig.

1c, ANCOVA controlled for age, gender, education and

diagnosis, Supplementary Figure 1C stratified by diagno-

sis), consistent with previous reports [43]. For cognition,

we found an association between ApoE4-carriage and

faster decline in both ADNI-MEM (F (1,693) = 64.61,

p < 0.001, Cohens D = 0.51, Fig. 2a) and ADAS13 (F (1,

690) = 91.10, p < 0.001, Cohens D = 0.58, Fig. 2b) con-

trolling for age, gender, education, diagnosis, follow-up

duration and baseline cognition (i.e. ADNI-MEM or

ADAS13 respectively). In a similar vein, ApoE4-carriage

was associated with faster hippocampal atrophy, control-

ling for age, gender, education, diagnosis baseline hippo-

campal and intracranial volume (F = 12.39, p < 0.001,

Cohens D = 0.30). Together, these results indicate that

ApoE4-carriage is - independently of clinical diagnostic

status - associated with AD-typical CSF amyloid and tau

levels, as well as cognitive decline and neurodegenera-

tion in the current ADNI sample. However, ApoE4-

carriage is not associated with elevated CSF sTREM2

levels.

ApoE4-effects on cognitive decline are attenuated at

higher sTREM2 levels

We next tested our main hypothesis that higher

sTREM2 levels are associated with attenuated effects of

ApoE4-carriage on future cognitive decline. For our

main analysis, we found a significant interaction between

sTREM2 and ApoE4-carriage on the change rates in

ADAS13 (F = 12.89, p < 0.001, Cohens f2 = 0.137, Fig. 2a)

and ADNI-MEM (F = 7.459, p = 0.006, Cohens f2 = 0.104,

Fig. 2b) controlling for main effects of CSF p-tau181,

Aβ42, sTREM2, ApoE4 plus age, gender, education, diag-

nosis, follow-up duration, and baseline cognition (i.e.

ADNI-MEM or ADAS13). Note that changes in

ADAS13 and ADNI-MEM as shown in Fig. 2 have been

split at the median and residualized for CSF Aβ and p-

tau181 for illustrational purposes only, while statistics

were derived using continuous and raw ADAS13 or

ADNI-MEM scores. As shown in Fig. 2a&b, higher

sTREM2 levels at baseline were associated with an atten-

uated effect of ApoE4-carriage on future cognitive

Table 1: Sample characteristics

ADNI Sample
(N = 708)

CN
(n = 221)

MCI
(n = 414)

AD
(n = 73)

p-value

Age (M/SD) 74.25 (6.08)b 71.82 (7.45)a,c 74.17 (8.37)b < 0.001

Gender (male/female)) 115/106 244/170 38/35 0.190

Education (M/SD) 16.36 (2.73)c 16.14 (2.74)c 15.18 (3.06)a,b 0.007

Follow-up in years (M/SD) 4.89 (2.5)b,c 4.24 (1.81)a,c 2.15 (0.44)a,b < 0.001

ApoE4-status (pos./neg.) 55/166 203/211 60/13 < 0.001

ApoE-alleles (22/23/33/24/34/44) 0/30/136/1/50/4 0/28/183/6/148/49 0/0/13/2/36/22 < 0.001

Amyloid-status (pos./neg.) 72/148 245/169 73/0 < 0.001

CSF-Aβ1–42 (M/SD) 1243.25 (421.93)b,c 976.67 (444.52)a,c 545.03 (159.15)= < 0.001

CSF-p-tau181 (M/SD) 21.97 (9.24)b,c 27.55 (14.27)a,c 36.77 (14.33)a,b < 0.001

CSF sTREM2 (M/SD) 4258.60 (2183.71) 4094.56 (2104.86) 4370.51 (2194.07) 0.465

ADNI-MEM (M/SD) 1.07 (0.58)b,c 0.23 (0.67)a,c −0.84 (0.50)a,b < 0.001

ADAS13 (M/SD) 9.08 (4.33)b,c 15.80 (6.61)a,c 28.82 (6.88)a,b < 0.001

MMSE (M/SD) 29.11 (1.14)b,c 27.80 (1.78)a,c 23.12 (1.89)a,b < 0.001

CN Cognitively Normal, MCI Mild Cognitive Impairment, MMSE Mini-Mental State Exam, ADNI-MEM Alzheimer’s disease Neuroimaging Initiative - memory

composite, a = sig. Different from CN, b = sig. Different from MCI, c = sig. Different from Dementia
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decline (for equivalent plots using non-residualized cog-

nitive change scores see supplementary Figure 2). Re-

sults remained significant after applying a Bonferroni-

corrected alpha-threshold of 0.025, accounting for two

independent cognitive endpoints. Congruent interaction

effects were found when testing the sTREM2/p-tau181 x

ApoE4 interaction, controlling for main effects of

sTREM2, ApoE4, p-tau181, age, gender, education, diag-

nosis, follow-up duration, as well as baseline cognition

(ADAS13: F = 9.39, p = 0.002, Cohens f2 = 0.117; ADNI-

MEM: F = 14.54, p < 0.001, Cohens f2 = 0.145).

In an exploratory step, we further assessed whether

sTREM2 x ApoE4 interactions on cognitive decline were

driven by the presence of abnormal amyloid levels. To

address this, we additionally restricted the models to

Aβ + subjects, where we found congruent results with

our main analyses (ADAS13: F = 8.08, p = 0.005, Cohens

f2 = 0.147, Fig. 2d; ADNI-MEM: F = 5.90, p = 0.016,

Cohens f2 = 0.125, Fig. 2e). To further determine

whether our findings were driven by clinical diagnosis,

we repeated the analyses stratified by diagnostic group

and found sTREM2 x ApoE4 interaction effects to be in

line with our main analyses in MCI (ADNI-MEM: F =

5.00, p = 0.026, Cohens f2 = 0.112; ADAS13: F = 10.41,

p = 0.001, Cohens f2 = 0.162). In CN and AD, we found

trend level sTREM2 x ApoE4 interactions for rates of

change in ADAS13 (CN: F = 3.78, p = 0.053, Cohens f2 =

0.135; AD: F = 3.23, p = 0.07, Cohens f2 = 0.230), but no

effects on rates of change in ADNI-MEM (CN: p = 0.95,

AD: p = 0.22). Collectively, these analyses suggest that

higher sTREM2 levels are associated with attenuated ef-

fects of ApoE4-carriage on future cognitive decline.

High sTREM2 levels attenuate ApoE4-effects on

neurodegeneration

Lastly, we determined whether higher sTREM2 levels at-

tenuate the effect of ApoE4-carriage on neurodegenera-

tion (i.e. annual hippocampal volume change rates).

Here, we found a significant sTREM2 x ApoE4 inter-

action on annual hippocampal volume changes (F = 4.00,

p = 0.046, Cohens f2 = 0.089, Fig. 2c, model controlled

for main effects of ApoE4 and sTREM2, baseline levels

of p-tau181, Aβ1–42, age, gender, education, diagnosis,

follow-up duration, baseline hippocampal and intracra-

nial volume). Figure 2c illustrates that ApoE4-carriers

with higher sTREM2 levels at baseline showed slower

future hippocampal atrophy. The sTREM2 x ApoE4

interaction remained significant when tested in MCI

(F = 7.72, p = 0.006 Cohens f2 = 0.147), but was non-

significant when tested in CN (p = 0.35), AD (p = 0.20)

or Aβ + only (F = 2.43, p = 0.120, Fig. 2f). A congruent ef-

fect on hippocampal change rates was found when

Fig. 1 ApoE4 is associated with abnormal CSF Aβ1–42 and p-tau181 but not with sTREM2. Associations between ApoE4-status, baseline AD

biomarkers ((a) Aβ1–42, (b) p-tau181) and (c) baseline sTREM2. F- and p-values were determined using ANCOVAs controlling for age, gender,

education and diagnosis
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testing the sTREM2/p-tau181 x ApoE4 interaction (F =

9.78, p = 0.002, Cohens f2 = 0.134, i.e. using the same

covariates as the previous model) in the entire Aβ+/Aβ-

sample. Faster hippocampal atrophy rates were

associated with faster decline in ADNI-MEM (β = 0.34,

T = 8.37, p < 0.001) and ADAS13 (β = − 0.21, T = -5.32,

p < 0.001), as shown by linear regression controlling for

age, gender, education and diagnosis. Together, these

findings indicate that higher sTREM2 levels are associ-

ated with slower hippocampal atrophy in ApoE4-

carriers, thereby potentially attenuating cognitive

changes.

Discussion
Here we show that higher sTREM2 levels are associated

with attenuated ApoE4-effects on future global cognitive

and memory decline as well as AD-typical hippocampal

neurodegeneration in a large sample of cognitively nor-

mal to AD dementia subjects. These effects were statisti-

cally independent of baseline Aβ-levels or diagnostic

status. Importantly, CSF sTREM2 levels were – in con-

trast to CSF markers of Aβ and tau pathology – not as-

sociated with ApoE4-carriage, confirming previous

evidence that CSF sTREM2 concentrations [43] or PET-

assessed microglial activation [44] are per se unrelated

to ApoE4-associated genetic AD risk. Given that CSF

sTREM2 levels most likely reflect the expression levels

of signaling competent TREM2 on activated microglia

[27, 30], our findings indicate that a higher TREM2-

related neuroimmune response may be protective

against the clinical and neurodegenerative consequences

of ApoE4-carriage, the strongest genetic risk factor for

sporadic AD.

Consistent with previous studies showing associations

between ApoE4 and more abnormal AD biomarkers, we

found that ApoE4-carriers had overall stronger abnormal

changes in CSF markers of Aβ1–42 and p-tau181 at base-

line, supporting the role of ApoE4 as a major AD risk

factor [45, 46]. In addition, ApoE4 carriers showed faster

rates of cognitive decline and neurodegeneration, sug-

gesting greater risk for developing AD-related cognitive

impairment in ApoE4 positive individuals of the ADNI

cohort. However, ApoE4-related risk for accelerated cog-

nitive decline and neurodegeneration was attenuated at

higher sTREM2 levels, independent of diagnosis or base-

line levels of AD pathology, suggesting that relatively

high microglial sTREM2 may compensate the ApoE4-

related increase in the risk to develop cognitive decline.

Similarly, we showed previously in biomarker defined

AD patients (i.e. patients with abnormal amyloid and tau

levels), that higher sTREM2-levels were associated with

delayed cognitive decline and clinical progression [34].

Fig. 2 sTREM2 attenuates ApoE4 effects on cognitive decline and neurodegeneration. Panels a-c illustrate the interaction effect of sTREM2 on

longitudinal ApoE4-related changes in global cognition (a), memory (b) and hippocampal volume changes (c) in the pooled Aβ+/Aβ- sample. For

illustrational purposes, the sTREM2 levels are split at the median for ApoE4 negative and ApoE4 positive subjects. Statistics were, however,

computed using continuous sTREM2 measures. In order to illustrate the sTREM2 effects on cognition and hippocampal volume changes

independent of primary AD pathology y-axis are residualized for CSF Aβ1–42 and p-tau181. Panels d-f illustrate the same interaction effects of

sTREM2 on longitudinal ApoE4-related changes restricted to Aβ + subjects
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The current results critically extend these previous find-

ings [34], suggesting that a TREM2-related neuroim-

mune response may attenuate the effects of the

strongest known genetic risk factor for developing spor-

adic AD. These findings are of high clinical relevance

since TREM2 signaling is potentially modifiable, as

shown recently with TREM2-agonistic antibodies [26].

For neurodegeneration, we found that a higher

TREM2-related microglia response attenuates the effect

of ApoE4-carriage on atrophy of the hippocampus.

Again, these results were independent of primary AD

pathology markers (i.e. CSF Aβ1–42, p-tau181). We and

others have previously reported reduced grey matter at-

rophy at higher CSF sTREM2 levels at a given level of

primary AD pathology in AD patients [47]. A study

combining TSPO-PET with structural MRI in AD pa-

tients could show that higher TSPO-PET was associated

with higher grey matter volume, favoring a neuroprotec-

tive effect of microglial activation [44]. The latter study

further reported that higher TSPO-related grey matter

volume was associated with better cognition, suggesting

that higher grey matter volume indeed reflects preserved

neuronal integrity, rather than inflammation-mediated

edema [44]. In the context of the current findings, it is

thus possible that a TREM2-related neuroimmune re-

sponse in ApoE4-carriers attenuates either an amyloid-

induced deposition of tau pathology itself or the down-

stream consequences of tau that ultimately lead to neu-

rodegeneration and cognitive decline [48]. Together,

these previous findings suggest that protective effects of

TREM2 may be observed on different levels, e.g. on pri-

mary AD pathology itself or on its’ consequences. It will

thus be important for future studies to address these

questions on different levels, e.g. by disentangling the

molecular interactions between microglia and primary

AD pathology and by combining PET-imaging of pri-

mary AD pathologies and microglial activation with MRI

and CSF sTREM2 assessments to better understand the

interplay of microglial activation with in vivo markers of

AD.

Whether a TREM2-related microglial response to AD

pathology is adaptive or detrimental for the development

of AD has been intensely debated with conflicting results

from preclinical studies [49]. Supporting a protective

role of TREM2, preclinical studies have reported that

TREM2-related microglial activation supports phagocyt-

osis of Aβ [20], limits amyloid [22] and tau seeding [24]

as well as tau hyperphosphorylation [23]. Supporting

this, experimentally increasing sTREM2 levels in 5xFAD

mice enhances microglial proliferation and phagocytosis

of Aβ and limits Aβ neurotoxicity [50]. In agreement

with this finding, we showed recently in humans and

APP mice that elevated sTREM2 levels are associated

with slower PET-assessed Aβ accumulation [51]. In a

similar vein, microglia modulation via TREM2 agonistic

antibodies has been shown to improve Aβ phagocytosis

in transgenic AD-mouse models [26]. A protective effect

of TREM2 is further suggested by post-mortem assess-

ments, showing that TREM2 function promotes micro-

glial clustering and Aβ plaque encapsulation that is

associated with attenuated accumulation of tau path-

ology [24]. Similarly, studies in pure tauopathy mice (i.e.

P301S) have shown that TREM2 overexpression amelio-

rates tau hyperphosphorylation, neurodegeneration and

cognitive decline, by suppressing neuroinflammation in-

duced tau kinases [23, 25]. In contrast, others have argued

that TREM2 exacerbates both amyloid and tau pathology

in AD mice [52]. Conflicting findings from animal models

may stem from various factors, including the use of differ-

ent disease models or the investigation of TREM2 at differ-

ent disease stages or severity levels of primary AD

pathology [49]. Despite conflicting pre-clinical findings on a

protective vs. detrimental role of TREM2, our current and

previous findings in humans [34, 51] favor a protective role

of TREM2 against the development of AD pathology, AD-

related cognitive decline and neurodegeneration.

Several caveats should be considered when interpreting

the current results. First, while the link between ApoE4

and AD pathology is clearly established [46], there exist

mixed and partly inconsistent reports on whether ApoE4-

carriage is indeed associated with cognition and cognitive

changes, depending on age and selection of the study

population [8, 9, 11, 53–55]. However, results from several

previous studies indicate that ApoE4-associated cognitive

changes are pronounced specifically at older age [9–11].

Thus, we believe that the current sample with a mean age

of ~ 73 years is well-suited to study ApoE4 effects on cog-

nitive changes. Second, previous studies have reported in-

creases of sTREM2 in AD, specifically in Aβ and tau-

positive subjects [32, 34]. Hence, the absence of group-

specific (i.e. CN, MCI, AD dementia) sTREM2 increases

in the current study is potentially driven by our study de-

sign including subjects with mixed levels of both Aβ and

tau pathology across diagnostic groups. Third, CSF

sTREM2 levels are only an indirect measure of TREM2

signaling [30], hence direct conclusions on the level of

microglia activation cannot be drawn unless our findings

are replicated with PET imaging of microglial activation

or by TREM2 antibody mediated microglial modulation

[26]. Fourth, microglial activation in neurodegenerative

diseases is highly complex and requires an interplay of

multiple signaling pathways besides TREM2 [56], which

were not assessed in the current study. Future studies will

thus need to investigate further how the complex molecu-

lar signature of activated microglia may modulate AD pro-

gression. Fifth, the current study is observational in

nature, hence we emphasize that causative conclusions are

not necessarily implied by our findings.
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Conclusions
In conclusion, we show that higher sTREM2 levels at-

tenuate the effect of ApoE4-carriage, i.e. the stron-

gest genetic risk factor for sporadic AD, on future

cognitive decline and neurodegeneration. These findings

have important clinical implications, since TREM2 may

reduce the overall risk to develop AD. Together, our

findings suggest that targeting TREM2 could serve as a

promising strategy for treating and preventing AD.
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