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TREM2 was suggested to be an important regulator of microglia during neurodegeneration, but previous
studies report conflicting results in relation to soluble TREM2 (sTREM2) in cerebrospinal fluid (CSF) when
using clinical criteria to classify Alzheimer’s disease (AD). The present study explores STREM2 CSF levels
and their associations with other biomarkers and cognitive measures in a prospective AD cohort. Based on
the available CSF biomarker information, 497 subjects were classified according to the 2018 National
Institute on Aging—Alzheimer’s Association research framework guidelines, which group biomarkers into

ﬁi’ t‘:l; ?rrg;,s disease those of amyloid-f deposition, tau pathology, and neurodegeneration. CSF sTREM2 concentrations were
Dementia associated with markers of neurodegeneration and fibrillar tau pathology, but not amyloidosis; STREM2
Mild cognitive impairment concentrations were increased in total tau—positive versus —negative individuals; STREM2 was not related
Biomarker to cognitive and other biomarker changes over time; and STREM2 concentrations increased over time in
Neuroinflammation total tau—positive versus —negative individuals with AD pathophysiology. The present study provides
Neurodegeneration evidence in support of STREM2 in CSF as a marker of neuroinflammation across the spectrum of early
Lmafing clinical AD. sTREM?2 is linked to neuronal injury and may therefore offer complementary information
rediction

relevant for diagnostic purposes and novel treatment approaches targeting the immune system in AD.
© 2018 Elsevier Inc. All rights reserved.

1. Introduction nucleotide polymorphisms in the Triggering receptor expressed

on myeloid cells 2 (TREM2) gene have been associated with Alz-

Microglia activation and other innate immune responses seem
to be associated with most neurodegenerative conditions, but the
underlying mechanisms are still poorly understood. Single-
nucleotide polymorphisms related to microglia function were
shown to be linked to neurodegeneration. For example, single-
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heimer’s disease (AD) and other neurodegenerative disorders,
including Parkinson’s disease, dementia with Lewy bodies, amyo-
trophic lateral sclerosis, and frontotemporal dementia (Borroni
et al.,, 2014; Cady et al., 2014; Cuyvers et al., 2013, 2014; Guerreiro
et al., 2013a,b; Jonsson et al., 2013; Rayaprolu et al., 2013; Walton
et al., 2016).

TREM2 was suggested to be an important regulator of microglia
during neurodegeneration (Kleinberger et al., 2017; Ulland et al.,
2017). Functional imaging studies on mice using positron emis-
sion tomography (PET) showed that TREM2 plays a role in microglia
activation during normal aging and is needed to maintain physio-
logical cerebral energy metabolism (Kleinberger et al., 2017). The
soluble form of TREM2 (STREM2) is accessible as a biomarker in
cerebrospinal fluid (CSF) because its ectodomain is shed by
ADAM10 in a process similar to the intramembrane proteolysis of


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:robert.perneczky@med.lmu.de
http://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2018.10.022&domain=pdf
www.sciencedirect.com/science/journal/01974580
http://www.elsevier.com/locate/neuaging
https://doi.org/10.1016/j.neurobiolaging.2018.10.022
https://doi.org/10.1016/j.neurobiolaging.2018.10.022
https://doi.org/10.1016/j.neurobiolaging.2018.10.022

B.-S. Rauchmann et al. / Neurobiology of Aging 74 (2019) 182—190 183

APP (Kleinberger et al., 2014). However, several previous studies
report conflicting results with CSF sSTREM2 concentrations shown
to be increased (Heslegrave et al., 2016; Piccio et al., 2016; Suarez-
Calvet et al., 2016b), decreased (Kleinberger et al., 2014), or normal
in AD (Gispert et al., 2017), suggesting that sSTREM2 levels vary with
disease progression. Findings in autosomal dominant AD suggest
that CSF sTREM2 increases several years before the expected
symptom onset in mutation carriers, but after amyloid B (AB)
deposition and neuronal injury have already occurred (Suarez-
Calvet et al., 2016a). Moreover, previous work indicates that
SsTREM?2 is associated with biomarkers of tau fibrillar pathology,
neurodegeneration, and glial proteins in AD, but not with AR
pathophysiology (Gispert et al., 2016; Heslegrave et al., 2016; Piccio
et al,, 2016; Suarez-Calvet et al., 2016b). It was also reported in
former National Football League players that cumulative exposure
to repetitive head impact and microglial activation estimated by
CSF sTREM2 were linked to higher CSF total tau (tTau) levels, but
not to CSF AP or phosphorylated tau (pTau) (Alosco et al., 2018); it
was suggested that chronic microglial activation may subsequently
lead to tau hyperphosphorylation associated with chronic trau-
matic encephalopathy (Cherry et al., 2016).

The available evidence suggests that STREM2 levels increase in
association with neuronal damage rather than with the appear-
ance of AB plaques per se and that sTREM2 may be linked to
neurodegeneration in the absence of fibrillar tau pathology. It
remains, however, to be clarified how sSTREM2 is related to the
core pathological changes along the AD continuum. Therefore, in
the present study we used the biomarker-based classification
system proposed in the recently published National Institute of
Aging-Alzheimer’ Association (NIA-AA) research framework (Jack
et al., 2018). This approach allowed us to contrast groups of in-
dividuals with different biomarker profiles. We tested the main
hypotheses that sSTREM2 concentrations differ between the NIA-
AA groups; and that cross-sectional and longitudinal associa-
tions between sSTREM2 and other relevant AD markers are also
related to the NIA-AA groups.

2. Methods

Data used in the preparation of this article were obtained from
the AD Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu)
on 16th March 2018. The ADNI was launched in 2003 as a public-
private partnership, led by principal investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test whether
serial magnetic resonance imaging (MRI), PET, and additional bio-
logical markers and clinical and neuropsychological assessments
can be combined to measure the progression of mild cognitive
impairment (MCI) and early clinical AD. Participants were aged
between 55 and 90 years (inclusive), considered cognitively normal
(CN), MCI, or AD dementia—diagnosed individuals, and underwent
serial evaluations of functional, biomedical, neuropsychological,
and clinical status at various intervals.

2.1. Study population

AD could only be diagnosed in the dementia stage until recently
different sets of criteria were presented with a stronger focus on
biomarkers, including neuroimaging and CSF proteins. The guide-
lines proposed by the NIA-AA conceptualized AD as a progressive
disorder including all possible stages from asymptomatic to
severely impaired (Jack et al., 2011; McKhann, 2011), allowing AD to
be diagnosed in the MCI stage if the presence of AD pathophysi-
ology is supported by the typical biomarker findings (Giaccone
et al., 2011). In the recently updated guidelines (i.e., the NIA-AA
research framework (Jack et al., 2018)), AD is defined by its

pathological processes, which can be measured in vivo using bio-
markers, and not by its clinical consequences. The relevant
biomarker measures are grouped into those of AB deposition (A),
tau pathology (T), and neurodegeneration (N), which in the present
study were assessed by decreased AB42, increased pTaul81, and
increased tTau in the CSF, respectively. CSF biomarker values were
binarized into normal versus abnormal for the purposes of amyloid/
tau/neurodegeneration (ATN) classification. References for the
cutoff values used to define CSF biomarker abnormality are pro-
vided in the Section 2.2.

The present study used data collected at the baseline and over
48 months in 12-month increments from individuals participating
in ADNI 1, ADNI 2, and ADNI GO, for whom complete CSF biomarker
information was available (AR42, pTaul81, and tTau). The study
cohort included subjects with a baseline clinical classification of CN
(n = 138), MCI (n = 302), or AD dementia (n = 57). CN was defined
as Mini-Mental-State Examination score between 25 and 30, in-
clusive; CDR score of 0; no evidence of depression; and no memory
complaints. MCI was defined as Mini-Mental-State Examination
score between 24 and 30, inclusive; CDR score of 0.5; report of
memory complaints; and no significant functional impairment. All
individuals with MCI also met Petersen criteria (Petersen, 2004).
Finally, subjects with AD dementia met NIA-AA criteria and the
diagnostic guidelines of the National Institute of Neurological and
Communicative Disorders and Stroke—AD and Related Disorders
Association (McKhann et al., 2011) for AD dementia and probable
AD (McKhann et al., 1984), respectively.

Based on the NIA-AA research framework guidelines (Jack et al.,
2018), each ADNI participant was assigned to a group defined by
their respective biomarker profile according to the ATN classifica-
tion system, irrespective of clinical status as suggested before
(Baldacci et al., 2017). Only CN individuals with an A—-T—N- profile
were considered as healthy controls to exclude preclinical/prodro-
mal AD cases from this group; in addition, patients with MCI with
an A-T—N- profile who had reverted to CDR O at their last available
ADNI follow-up visit were also considered healthy controls for the
purposes of the present study, resulting in a final set of 79 controls.
To study the effects of fibrillar tau pathology and neuronal injury
separately in individuals along the AD continuum, the following
groups were defined (irrespective of clinical status): A+T—-N— (N =
54), A+T+N— (N = 64), A+T+N+ (N = 129). Furthermore, in-
dividuals with suspected non-AD pathology (SNAP) were defined as
A-T+N- (N = 32) and A-T+N+ (N = 20). All other biomarker
profiles were not considered for the present study to exclude in-
dividuals with non-AD (co)pathologies. The final groups are pre-
sented in Table 1.

Included subjects had available structural MRI scans; PET scans
to measure glucose metabolisms (F18-fluorodeoxyglucose [FDG])
and fibrillar A load (F18-florbetapir or C11-PiB; note, PiB PET and
florbetapir PET yield comparable Af binding patterns, using
different AP imaging tracer compounds (Jagust et al., 2009; Landau
et al.,, 2013); CSF proteins (AB1-42, tTau, and pTaul81); and apoli-
poprotein E (APOE) 4 allele carrier status (dichotomized into car-
riers vs. noncarriers). In addition included were validated summary
metrics for the memory (ADNI-mem; derived from: Rey Auditory
Verbal Learning test, AD Assessment Scale—cognitive subscale,
Mini-Mental-State Examination, and Wechsler Memory Test-
logical memory I) (Crane et al., 2012) and executive cognitive do-
mains (ADNI-ef; derived from the Wechsler Adult Intelligence
Scale—Revised Digit Symbol Substitution and Digit Span backwards,
Trail Making Test parts A and B, animal and vegetable Category
Fluency and Clock Drawing Test) (Gibbons et al., 2012). Summary
cognitive scores were chosen over individual cognitive tests to use
more comprehensive and robust measures of domain-specific
cognitive performance. ADNI was reviewed and approved by all
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Table 1

Study groups based on the ATN classification system
ATN profile (diagnosis) Study group N
A-T-N- (CN)* Healthy controls 79
A+T-N- (CN, MCI, AD) AD continuum 54
A+T+N- (CN, MCI, AD) 64
A+T+N+ (CN, MCI, AD) 129
A-T+N- (CN, MCI, AD) SNAP 32
A-T+N+ (CN, MCI, AD) 20
A-T-N+ (AD) Non-AD change 1
A+T- N+ (AD) Concomitant non-AD change 1
A-T-N- (MCI, AD) Normal AD biomarkers 98

Bolded fields indicate ADNI participants classified as either healthy controls, patients
along the Alzheimer’s continuum or patients with SNAP, who were included in the
study; uncolored fields indicate ADNI participants who were excluded from the
study because of non-Alzheimer’s changes or normal biomarker results despite a
diagnosis of MCI or dementia.
Key: CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s
disease (dementia); SNAP, suspected non-AD pathology; ATN, amyloid/tau/
neurodegeneration.

2 Includes MCI individuals classified as CDR = 0 at their last available ADNI visit
(N=11).

host study site review boards, and participants completed informed
consent after receiving a comprehensive description of ADNL

2.2. Established biomarkers

A detailed description of biomarker acquisition and perfor-
mance measures in ADNI can be obtained by registered users at
http://adni.loni.usc.edu/, with image and CSF collection protocols
available elsewhere (Jack et al., 2008; Jagust et al., 2009; Landau
et al., 2010, 2012). In brief, TagMan quantitative polymerase
chain reaction assays were used for genotyping APOE nucleotides
334 TC and 472 CT with an ABI 7900 real-time thermocycler
(Applied Biosystems, Foster City, CA) using DNA freshly prepared
from whole blood samples (Bonner-Jackson et al., 2012). Mean
FDG count was obtained per subject based on a composite region
of interest in an AD typical hypometabolic pattern (Jagust et al.,
2009; Landau et al., 2010). For AB PET analysis, standardized up-
date value ratios (SUVRs) were calculated with a standardized
cortical anatomical automatic labeling volume-of-interest tem-
plate placed on spatially normalized image volumes using a
whole-cerebellum reference region, as previously described
(Barthel et al., 2011). Composite SUVRs were calculated as the
unweighted mean of the left and right lateral temporal, frontal,
posterior cingulate/precuneus, and parietal cortices. The Free-
Surfer software (http://surfer.nmr.mgh.harvard.edu) was used to
extract MRI (1.5 T)—measured hippocampal volume where an
atlas-based approach was implemented and has been validated
for use in subjects with a great deal of morphologic variability.
Uncorrected hippocampal volume for head size was used as a
previous study showed that the association between hippocampal
volumes and cognition was not altered by intracranial volume
normalization (Voevodskaya et al., 2014). Routine peptide CSF
measures were generated from aliquot samples collected at the
same time (Kim et al., 2011) using commercially available enzyme-
linked immunosorbent assays (ELISAs). Validated cutoffs were
applied to a differential between normal and pathological findings
for CSF pTau181 and tTau (Jagust et al., 2009; Shaw et al., 2009;
Steenland et al., 2014), CSF AP (Landau et al., 2010, 2013; Shaw
et al., 2009; Steenland et al., 2014), FDG PET (Jagust et al., 2009;
Landau et al., 2010, 2012), MRI hippocampal volume (Jagust
et al,, 2009; Landau et al., 2010, 2012, 2013; Shaw et al., 2009;
Steenland et al., 2014), and AP PET (Jagust et al., 2009; Landau
et al, 2010, 2012, 2013; Shaw et al., 2009; Steenland et al.,

2014). Neurofilament light chain (NF-L) was measured in CSF
and plasma, using the same antibodies in a commercially available
sandwich ELISA and transferred to a SIMOA assay, respectively
(Mattsson et al., 2017).

2.3. STREMZ2 measurements

CSF sTREM2 concentrations were measured in ADNI using two
different validated approaches in parallel at two different labo-
ratories: (1) at German Center for Neurodegenerative Disorders
Munich an ELISA using the Mesoscale Discovery (MSD) electro-
chemiluminescence platform was used (Kleinberger et al., 2014;
Suarez-Calvet et al., 2016a,b); the assay consists of a biotinylated
polyclonal goat IgG anti-human TREM2 antibody as capture anti-
body, which is raised against amino acids 19—174 of human
TREM2; a monoclonal mouse IgG anti-human TREM2 antibody as
a detection antibody, which is raised against amino acids 1-160 of
human TREM2; and a SULFO-TAG—labeled goat polyclonal IgG
anti-mouse secondary antibody. Recombinant human TREM2
protein, corresponding to the extracellular domain of human
TREM2 (amino acids 1—174) is used as a standard. The electro-
chemical signal is measured using the SECTOR Imager 2400
(MSD). All measurements are performed in duplicate and the
average is subsequently used for the statistical analyses. (2) At
Washington University, Department of Neurology, STREM2 levels
were measured using ELISA method (Piccio et al., 2008, 2016),
which uses an anti-human TREM2 monoclonal antibody (clone
20G2) as capture antibody, a biotinylated mouse anti-human
TREM-2 mAD (clone 29E3) as detection antibody and recombi-
nant human sTREM2 (Sino Biological Inc) to generate the standard
curve. Again, all measurements are performed in duplicate and the
average is subsequently used for the statistical analyses. More
information about the two different STREM2 assays, including
quality assurance measures, is available on the ADNI website
(http://adni.loni.usc.edu/).

2.4. Statistical analysis

Statistical analysis was performed in R (Version 3.5.1, The R
Foundation for Statistical Computing) and IBM SPSS Statistics
(Version 20, IBM, New York, USA). Statistical significance level for
all tests was o = 0.05. Analysis of group differences in relation to
demographic data, fluid biomarkers, neuroimaging, and cognitive
test results was performed with Kruskal-Wallis test or 2 test, as
appropriate, with post hoc pairwise comparisons wherever rele-
vant. Differences in sTREM2 concentration between the ATN
groups were tested with one-way analysis of variance (ANOVA).
STREM2 was not normally distributed, therefore a cube root
transformation was performed before subsequent analysis. Asso-
ciations between CSF sTREM2 and other fluid biomarkers, imag-
ing, and cognitive test data at the baseline were analyzed using
linear regression models corrected for age, sex, educational level,
and APOE genotype. Longitudinal associations between sTREM2
concentrations at the baseline, fluid biomarkers, imaging, and
cognitive test data were assessed using linear mixed-effects model
(LME), in which sTREM2 baseline CSF concentration was dichot-
omized into high versus low by median split method. The LME was
calculated with autoregressive covariance matrices, random
intercept, and slopes for time and sTREM2 concentration as fixed
factor. The interaction between sTREM2 concentration and time
(baseline, month 12, month 24, month 36, and month 48) and the
fixed effects of time and group (sTREM2 baseline high vs. low)
were tested for each ATN group and the entire study cohort. T-
tests using Satterthwaite’s method were performed to reveal
significance for the fixed effects. Changes in SsTREM2
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concentration over the course of the disease (i.e., between base-
line and month 24) where assessed using a repeated ANOVA.

3. Results

Characteristics of the study population are presented in Table 2.
APOE genotype, ADNI_mem and ADNI_ef, CSF sSTREM2, AB1-42, tTau
and pTaul81, and CSF/plasma NF-L differed between the ATN
groups at the baseline. CSF sTREM2 concentrations measured using
the two different technologies were highly correlated (p = 0.83, p <
0.001); therefore, only the MSD measurements were used for all
subsequent statistical analyses because of the higher sensitivity of
the electrochemiluminescence platform compared with standard
ELISA technology.

3.1. Cross-sectional associations between CSF STREM2, other
biomarkers, and cognition

A multiple linear regression analysis at the baseline revealed
positive associations between CSF concentrations of STREM2 and
tTau (f = 0.06, p < 0.001), pTau181 (B = 0.24, p < 0.001), and NF-L
(B = 0.21, p = 0.03). No significant associations were found for CSF
AB42 (B = 0.03, p = 0.61) and plasma NF-L (B = —-0.12, p = 0.21).
FDG-PET (f = —0.06, p = 0.31) and MRI total hippocampal volume
(B = —0.06, p = 0.42) showed no significant associations with
sTREM concentration. There was an association on trend level be-
tween baseline CSF sTREM2 and ADNI_mem (f = —0.1, p = 0.08)

and no association with ADNI_ef scores (B = —0.02, p = 0.71).
Correlations are shown in Fig. 1.

3.2. CSF sTREM?2 concentration differences between ATN groups

Mean sTREM2 concentrations per group are shown in Table 2 and
Fig. 2. tTau-positive (A+T+N+) participants showed significantly
higher concentrations of STREM2 compared with healthy controls (A-
T-N-, p < 0.01) as well as other tTau-negative stages of AD (A+T-N-,p <
0.001; A+T-N-, p < 0.01). This strong dependency of STREM2 on tTau
was also present in the SNAP group (suspected non-AD pathology;, i.e.,
elevated pTau/tTau but normal AP); A-T+N- showed significantly
lower sTREM2 concentrations compared with A-T+N+ (p = 0.02).

3.3. Longitudinal associations between CSF sTREM2, cognitive
performance, and neuroimaging markers

Longitudinal changes in cognitive performance (ADNI_mem and
ADNI_ef) and imaging outcomes (FDG-PET composite SUVR, MRI
hippocampal volume) were analyzed in relation to the baseline
STREM2 concentrations. The LME analysis showed no time by
sTREM2 group interaction (low vs. high) for the entire study cohort
as well as for the ATN subgroups individually. With advancing
disease stage, a more pronounced decline in all tested variables was
observed. There was no significant difference in ADNI_mem,
ADNI_ef, FDG SUVR, or MRI hippocampal volume between the
sTREM2 groups. Estimates of the fixed effects and significances for

Table 2
Characteristics of the study population
Variable A-T-(N-) (CN)“ A+T-N- A+T+N- A+T+N+ A-T+N- A-T+N+ p Value
(N=79) (CN, MCI, AD) (CN, MCI, AD) (CN, MCI, AD) (CN, MCI, AD) (CN, MCI, AD)
(N =54) (N = 64) (N=129) (N=32) (N=20)

Age, years, 724 (6.3) 74.2 (6.6) 74.9 (5.8) 73.8 (7.8) 723 (7.4) 76.1(7.5) 0.105°
mean (SD)

Female, N (%) 43 (49.8) 33 (47.6) 33 (47.3) 48 (50.2) 31 (47.1) 55 (51.0) 0.120°

Education, 16.0 (2.9) 15.1 (2.9) 16.3 (2.9) 15.8 (2.7) 15.8 (2.8) 159 (3.2) 0.313°
mean (SD)
years

APOE &4 carriers, 16 (37) 56 (50.2) 67 (47.3) 71 (45.4) 16 (36.9) 25 (44.4) <0.001°
N (%)

ADNI_ef, 0.78 (0.66) 0.11 (0.83) —0.67 (0.95) —0.15 (0.90) 0.58 (0.83) 0.34 (0.66) <0.001*
mean (SD)

ADNI_mem, 0.92 (0.55) 0.26 (0.65) 0.06 (0.78) -0.19 (0.72) 0.72 (0.64) 0.64 (0.69) <0.001*
mean (SD)

NF-L plasma“ 27.38 (10.65) 46.75 (39.19) 46.94 (27.34) 39.46 (12.96) 23.43 (6.96) 33.92 (17.44) 0.01¢
mean (SD),
pg/mL

NF-L CSF* 995.56 (258.74) 1261.22 (635.52) 1247.16 (483.92) 1629.62 (513.34) 1347.34 (394.49) 1320.60 (204.12) <0.001*
mean (SD),
pg/mL

CSF STREM2 2572.10 (1596.09) 3110.76 (1425.49) 3617.73 (1651.78) 4577.71 (2151.30) 3716.45 (2031.35) 5317.08 (2619.21) <0.001*
mean (SD),
pg/mL

CSF A 42, 261.10 (39.79) 144.83 (29.08) 139.57 (32.64) 140.26 (27.02) 287.21 (55.43) 255.04 (45.87) <0.001
mean (SD),
ng/L

CSF tTau, 53.43 (15.90) 59.62 (14.71) 74.71 (14.49) 158.87 (60.27) 68.65 (16.00) 122.79 (33.20) <0.001*
mean, (SD),
ng/L

CSF pTaul181, 16.00 (3.44) 18.09 (3.28) 34.51 (10.36) 42.48 (16.69) 28.46 (4.20) 31.77 (9.33) <0.001*
mean, (SD),
ng/L

Key: CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease (dementia); SNAP, suspected non-AD pathology; APOE, apolipoprotein E, ADNI, Alz-
heimer’s Disease Neuroimaging Initiative; ADNI_ef, executive domain summary score; ADNI_mem, memory domain summary score; CSF, cerebrospinal fluid; NF-L, neuro-
filament light chain; sTREM2, soluble Triggering receptor expressed on myeloid cells 2; A, amyloid; tTau, total tau; pTau, phosphorylated tau; ATN, amyloid/tau/

neurodegeneration.
@ Kruskal Wallis test.
b o2 test.
€ Only ADNI 1 data available.
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Fig. 1. Associations between CSF sTREM2, other biomarkers, and cognitive performance in the entire study cohort. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging
Initiative; ADNI_ef, executive domain summary score; ADNI_mem, memory domain summary score; CSF, cerebrospinal fluid; NF-L, neurofilament light chain; sTREM2, soluble
Triggering receptor expressed on myeloid cells 2; A, amyloid; tTau, total tau; pTau, phosphorylated tau; ATN, amyloid/tau/neurodegeneration.

the factors time and group as well as the time by group interactions
are shown in Table 3.

3.4. Changes in STREM2 concentration over the course of the
disease

Changes of sSTREM2 concentrations measured with the MSD
assay over time were analyzed using a repeated measure ANOVA,
comparing baseline versus 24-month measurements. No significant
time by ATN group interaction was found (p = 0.44), but a

significant increase in STREM2 concentration after 48 months was
demonstrated in the entire cohort (p < 0.001) (Fig. 3). Pairwise
comparisons revealed significant differences between A+T+N+
and A-T-N- (p < 0.01), A+T-N- (p < 0.01), and A+T+N- (p < 0.01).

4. Discussion

An improved mechanistic understanding of biomarker changes
related to different types of pathology is a key prerequisite of
improving the diagnosis, prevention, and clinical management of

wha
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Fig. 2. CSF sTREM2 concentration differences between the ATN subgroups. * p = 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Abbreviations: A/T/N, amyloid/tau/neuro-
degeneration; CSF, cerebrospinal fluid; sSTREM2, soluble Triggering receptor expressed on myeloid cells 2.
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Table 3
Results of the linear mixed effects model analysis for ADNI_mem, ADNI_ef, FDG PET SUVR and hippocampal volume
Variables All participants A-T-N— A+T-N- A+T+N— A+T+N+ A—T+N- A-T+N+
B. (p) B, (p) B. (p) B, (p) B, (p) B. (p) B, (p)

ADNI_mem
Time —-0.111 (<0.001) 0.026 (0.17) —0.066 (0.02) 0.030 (<0.001) 0.024 (<0.001)  —0.029 (0.42) —0.099 (0.06)
Group (STREM2) —0.151 (0.08) —0.174 (0.08) 0.353 (0.07) 0.099 (0.68) —0.088 (0.52) 0.275 (0.28) —0.017 (0.96)
Interaction 0.013 (0.54) 0.028 (0.29) 0.078 (0.16) —0.004 (0.94) 0.030 (0.40) 0.040 (0.54) 0.095 (0.17)
(time x group)

ADNI_ef
Time —0.109 (<0.001) 0.003 (0.90) —0.115 (0.01) —0.168 (<0.001) —0.212 (<0.001) 0.016 (0.70) —0.038 (0.54)
Group (STREM2) —0.049 (0.63) 0.080 (0.66) —0.051 (0.85) 0.163 (0.55) —0.142 (0.41) 0.362 (0.30) —0.067 (0.85)
Interaction —-0.012 (0.65) —0.045 (0.24) 0.057 (0.50) 0.006 (0.93) 0.014 (0.77) 0.063 (0.40) 0.037 (0.66)
(time x group)

FDG PET comp. SUVR
Time —0.020 (<0.001) —0.005 (0.28) —0.014 (0.01) —0.027 (<0.001) —0.040 (<0.001) NA —0.014 (<0.001)
Group (STREM2) 0.002 (0.91) —0.036 (0.26) 0.003 (0.96) 0.056 (0.16) 0.015 (0.56) NA —0.015 (0.91)
Interaction —0.001 (0.88) 0.001 (0.83) 0.007 (0.46) —0.007 (0.58) 0.008 (0.32) NA —0.0002 (0.88)
(time x group)

Hippocampal volume
Time —393.33 (<0.001) —465.04 (<0.001) —310.04 (<0.001) —281.79(<0.001) —474.31(<0.001) —332.51(0.001) —393.33(<0.001)
Group (STREM2) —61.99 (0.80) —551.85 (0.36) —13.95(0.98) 773.10 (0.12) —597.71 (0.11) 1931.71 (0.08) —61.99 (0.80)
Interaction 16.42 (0.72) 209.47 (0.07) —99.42 (0.48) 128.66 (0.27) 105.67 (0.12) —362.72 (0.07) 16.42 (0.72)

(time x group)

Key: ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI_ef, executive domain summary score; ADNI_mem, memory domain summary score; ATN, amyloid/tau/neu-
rodegeneration; FDG, F18-fluorodeoxyglucose; PET, positron-emission-tomography; sTREM2, soluble Triggering receptor expressed on myeloid cells 2; SUVR, standardized

uptake value ratio.

Estimates of the fixed effects (13 values) are shown for the fixed factors time and group and time by group interaction for the whole study population and the ATN subgroups (p

values obtained from t-tests using Satterthwaite’s method).

AD. Neuroinflammation has become a key target for biomarker
research, and TREM2 has recently been identified as an interesting
new biomarker candidate, reflecting microglia activation and
innate immune response in different neurodegenerative diseases
including AD. Previous studies indicate that STREM2 concentrations
in CSF are increased in the early symptomatic stages of AD (Suarez-
Calvet et al., 2016b), but the association of CSF STREM2 with other
more established fluid and imaging biomarkers is not well under-
stood, in particular, when it comes to biomarker changes and as-
sociations over time.

In a bid to determine how CSF sTREM2 concentrations are
related to the core pathological changes along the AD continuum,
we used a subset of the ADNI cohort with available CSF and other
relevant biomarker results. We decided to apply a biomarker-based
staging system based on the recently published NIA-AA research

15000 -

framework, which is a strength of our approach that allowed us to
explore associations in relation to the underlying presence or
absence of key aspects of AD pathophysiology (i.e., AB, pTau, and
Tau) rather than the clinical phenotype.

The main findings of our study are that (1) different established
immunologic methods result in comparable CSF sTREM2 mea-
surements; (2) CSF sTREM2 concentrations are correlated with CSF
markers of fibrillar tau (pTau181) and neuronal injury (tTau and NF-
L) but not amyloidosis (CSF AB42); (3) tTau-positive individuals
have higher CSF concentrations of STREM2 compared with both
healthy controls and tTau-negative patients along the AD contin-
uum; (4) CSF sTREM2 is not associated with cognitive and other
biomarker changes over time; and (5) CSF STREM2 concentrations
increase over time in tTau-positive patients with AD compared with
tTau-negative patients with AD pathophysiology.
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Time

Fig. 3. Changes in CSF sTREM2 concentration in the whole study cohort of the AD spectrum. **** p < 0.0001. Abbreviations: CSF, cerebrospinal fluid; sTREM2, soluble Triggering

receptor expressed on myeloid cells 2.



188 B.-S. Rauchmann et al. / Neurobiology of Aging 74 (2019) 182—190

The findings of the present study are in line with previous re-
sults indicating that higher sTREM2 concentrations in CSF are
linked to neuronal injury (i.e., CSF tTau and NF-L), even in the
absence of AP pathology as indicated by differences between
healthy controls and SNAP individuals (Suarez-Calvet et al., 2016b).
Our study extends previous evidence by showing that fibrillar tau
pathology in the absence of neurodegeneration is not associated
with increased sTREM2 CSF levels. The findings also suggest that
tau and AP may have opposite associations with STREM2 in CSF,
with AB being associated with lower sSTREM2 concentrations in the
absence of tau pathology (nonsignificant finding, but conclusion
supported by Fig. 1). These findings may explain why some previous
studies report conflicting results in relation to STREM2 changes
when individuals are classified according to their clinical status
rather than their AD biomarker profile, which results in biologically
heterogenous cohorts (Heslegrave et al., 2016; Piccio et al., 2016;
Suarez-Calvet et al., 2016b).

The association between TREM2 and tTau seems to follow a
consistent pattern, both for genetic associations with the TREM2
gene and for the soluble form in CSF. For example, carriers of the
TREM?2 rs75932628 risk allele showed increased levels of CSF tTau
but not AB42. These consistent findings suggest that STREM2 in-
creases if neuronal injury occurs, even if Ap pathology is absent.
Increased sTREM2 seems to be a consequence rather than a cause
of neurodegeneration, in line with reports that the TREM2 re-
ceptor mediates the phagocytosis of apoptotic neurons by
microglia (Wang et al.,, 2015). At the same time, sTREM2 as a
biomarker of AD is likely to offer complementary, rather than
redundant, information to tTau and pTau, which are passively
released to CSF from decaying neurons, whereas the production
and shedding of TREM2 by microglia is a physiological process,
making sTREM2 a biomarker candidate of microglia activation in
the context of AD. The association between microglial activation
and increased sTREM2 concentrations is in line with elevated
TREM2 expression (Matarin et al., 2015) and higher translocator
protein tracer uptake in PET studies (Brendel et al., 2017). There
are conflicting hypotheses if microglial activation during early AD
stages is neuroprotective, detrimental, or merely reactive to
advancing AP pathology. The increase of STREM2 during physio-
logical aging and the association between misfolded mutant
TREM2 and impaired microglial phagocytosis may point to a
protective effect, at least as neurodegeneration starts to develop
(Kleinberger et al., 2014; Piccio et al., 2016). However, distinct
disease-associated TREM2 mutations may have opposite mecha-
nisms on the cellular level because, for example, R47H mutations
associated with AD do not show decreased TREM2 shedding
(Kleinberger et al., 2014).

A few limitations of the study must be acknowledged. First,
standardization of biomarker cutoffs is currently limited and results
often vary among laboratories; however, current cutoffs have been
used in numerous ADNI studies, and appear to show reasonable
validity for the purposes of this article (Alexopoulos et al., 2014;
Jagust et al., 2009; Landau et al., 2010, 2012, 2013; Shaw et al,,
2009). Second, the ADNI cohort is mainly white, middle class,
educated, and without any major comorbidity; thus, it would be
important to repeat such a study with a larger and more widely
represented demographic which also considers relevant comorbid
conditions such as cerebrovascular disease. Third, our analyses only
consider biomarker and clinical changes over the period of
48 months, and longer follow-up periods may reveal additional
informative changes and associations. Fourth, there was no histo-
pathological verification of the clinical diagnoses, but the ADNI
cohort is on purpose enriched with probable predementia AD cases,
evidenced by the first autopsy studies (Toledo et al., 2013). Finally,
there are some missing data, especially in later visit time points as

study participants drop off, which is a typical pattern observed in
prospective clinical research.

To conclude, our work provides intriguing evidence in support of
SsTREM2 in CSF as a marker of neuroinflammation across the spec-
trum of early clinical AD; sTREM2 is linked statistically and bio-
logically to neuronal injury and may therefore offer complementary
information relevant for diagnostic purposes and novel treatment
approaches targeting the immune system. Moving forward, future
studies should use biomarker information to further categorize
clinical AD stages (e.g., MCI) and to explore the biological mecha-
nisms underlying the dynamic STREM2 changes.
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