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Abstract

Neuroinflammation may be a key factor in brain atrophy in aging and age-related
neurodegenerative disease. The objective of this study was to test the association between
microglial expression of soluble Triggering Receptor Expressed on Myeloid Cells 2
(sTREM2), as a measure of neuroinflammation, and brain atrophy in cognitively unimpaired
older adults. Brain MRIs and CSF sTREM?2, total tau (t-tau), phosphorylatedis; tau (p-tau)
and AP42 were analyzed in 115 cognitively unimpaired older adults, classified according to
the A/T/(N)-framework. MRIs were repeated after two (n=95) and four (n= 62) years. High
baseline STREM?2 was associated with accelerated cortical thinning in the temporal cortex of
the left hemisphere, as well as bilateral hippocampal atrophy, independently of age, AB42 and
tau. sSTREM2-related atrophy only marginally increased with biomarker positivity across the
AD continuum (A-T- 2 A+T- - A+T+) but was significantly stronger in participants with a
high level of p-tau (T+). sSTREM2-related cortical thinning correlated significantly with areas
of high microglial-specific gene expression in the Allen Human Brain Atlas. In conclusion,
increased CSF sTREM?2 was associated with accelerated cortical and hippocampal atrophy in
cognitively unimpaired older participants, particularly in individuals with tau pathology. This
suggests a link between neuroinflammation, neurodegeneration and amyloid-independent

tauopathy.
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INTRODUCTION

Neuroinflammation is assumed to be an important factor in neurodegeneration in age-related
conditions such as Alzheimer’s Disease (AD) (McManus and Heneka 2017; Regen et al.
2017). However, structural brain changes are seen also in cognitively unimpaired older adults,
and frontotemporal cortices and hippocampi are commonly affected by atrophy in ageing
(Fjell et al. 2013). These changes do not appear to be totally benign but are rather related to
reduced cognitive functions (Nyberg et al. 2012; Pudas et al. 2013; Fjell et al. 2014; Gorbach
et al. 2017). The pathophysiological mechanisms of age-related neurodegeneration remain
poorly understood. Microglial responses may exacerbate and contribute to brain atrophy in
aging and the development of neurodegenerative disease (NDD) (Heneka et al. 2015;
Ransohoff 2016; Wyss-Coray 2016; Jay et al. 2017; Hickman et al. 2018). Microglial activity
may be measured in vivo by levels of soluble Triggering Receptor Expressed on Myeloid
Cells 2 (sTREM2) in the CSF. TREM2 is a transmembrane receptor protein expressed
predominantly by microglia in the CNS, and sSTREM2 is a soluble fragment of TREM2 which
is cleaved from the membrane-bound protein and enters the CSF (Kleinberger et al. 2014;
Heslegrave et al. 2016; Jay et al. 2017). Loss-of-function mutations in TREM?2 enhance the
risk of NDDs, including AD (Guerreiro et al. 2013; Jay et al. 2017; Carmona et al. 2018).
Effects of TREM2 expression on NDD are complex, probably depending on microglial
activation state and pathology at different disease stages (Jay et al. 2017; Carmona et al.

2018).

If neuroinflammation is a factor of importance in age-related brain atrophy, we would expect
sSTREM2 levels to be associated with brain degeneration over time. Few studies have
examined the association between sTREM2 and longitudinal structural cortical changes in

cognitively unimpaired older adults classified along the AD continuum. A large-cross



Halaas 5

sectional study of participants across the AD spectrum found that sSTREM2 was associated
with tau-related neurodegeneration but not with amyloid-f pathology (Suarez-Calvet et al.
2019). In a study directly testing the relationship between sTREM2 and brain volumes,
elevated CSF sTREM?2 was related to increased gray matter volume and reduced diffusivity in
the temporoparietal cortices and precuneus in mild cognitive impairment, suggesting brain
swelling in relation to neuroinflammation (Gispert et al. 2016). However, a longitudinal study
found no association between high versus low baseline CSF sTREM2 and hippocampal

atrophy across the AD continuum (Rauchmann et al. 2018).

The aim of the present study was to test whether sSTREM2 levels were related to brain atrophy
across the cerebral cortex and the hippocampus in cognitively unimpaired older adults.
Atrophy was measured with repeated MRI over up to four years, and unbiased statistical
analyses were performed point-wise across the entire cortical mantle. We hypothesized that
participants with high levels of sSTREM2 would show more atrophy over time. The resulting
statistical maps, representing STREM?2-related atrophy, were tested against gene expression
maps from the Allen Human Brain Atlas (Allen Institute for Brain Science; http://www.brain-
map.org (Hawrylycz et al. 2012)). We hypothesized that there would be a spatial correlation
between sTREM2-related cortical thinning and microglial-specific gene expression. We also
characterized participants according to the research classification of AD published by the
National Institute on Ageing and Alzheimer’ Association (NIA-AA), the A/T/(N)-framework,
focusing on biomarkers of amyloid/tau aggregation and neurodegeneration (Jack et al. 2018).
This allowed us directly to test whether a relationship between sSTREM2 and brain atrophy

would interact with established AD biomarker profiles.

MATERIALS AND METHODS
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Sample

The study was conducted in accordance with the Declaration of Helsinki and approved by the
Regional Committee for Ethics in Medical Research in Norway (REK, 2011/2052). All
participants provided written informed consent. 172 patients undergoing elective
gynecological (genital prolapse), urological (benign prostate hyperplasia, prostate cancer, or
bladder tumor/cancer) and orthopedic (knee or hip replacement) surgery in spinal anesthesia,
aged 65 years or older the year of inclusion, were recruited to the COGNORM-study from
2012-2013 at Oslo University Hospital and Diakonhjemmet Hospital, Oslo, as previously
described (Idland et al. 2016). Dementia, previous stroke with sequelae, Parkinson’s disease
and other acknowledged or suspected brain disease likely to influence cognition were
exclusion criteria at baseline. Participants were evaluated with a comprehensive battery of
cognitive tests prior to surgery, comprising the Mini Mental Status Examination (MMSE)
(Folstein et al. 1975), Clock Drawing Test (Aprahamian et al. 2009), Word List Memory Task
(Morris et al. 1989), Trail Making Test A and B (Reitan 1955), Kendrick Object Learning
Test (Kendrick et al. 1979) and verbal fluency (The Controlled Word Association Test, with
the letters F, A and S, and Animal Naming) (Spreen 1991), yielding 11 test scores. Cognitive
testing was repeated yearly, with a comparable test battery. To select cognitively unimpaired
participants at baseline, we excluded patients with 1) an MMSE score <28 and more than one
other test with a score more than 1.5 SD below the mean normal value for age, sex, and
educational level (n=3) and 2) suspected undiagnosed dementia with referral to a memory

clinic (based on test scores and clinical data, n=6).

CSF at baseline was collected in 155 participants at the onset of anesthesia prior to
administration of the anesthetic agent. 14 participants underwent a second lumbar puncture

with CSF sampling after a mean of 4.5 years. MRI was performed at baseline after surgery in
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128 participants, with a mean time between CSF collection and MRI acquisition of 60 days.
MRI was repeated twice with a mean follow up time of 2.1 (1.7-2.8, SD = 0.22) and 4.3 (3.9-
4.7, SD = 0.23) years. The final sample consisted of 115 cognitively unimpaired participants
with sSTREM2 and MRIs at baseline, of whom 95 had two MRIs and 62 had three MRIs. The
20 participants with MRI only at baseline could still be included in the statistical analyses due
to the use of a mixed model approach (see below). Of these, two participants lacked tau and

AB42 CSF measures.

APOE genotyping

Blood samples were genotyped for APOE (gene map locus 19q13.2) using TagMan Allelic
Discrimination technology (Applied Biosystems, Carlsbad, CA, USA). Genotypes were
obtained for the two SNPs that are used to unambiguously define the €2, €3, and &4 alleles

(rs7412 and rs429358).

CSF Sampling and biochemical analyses

CSF was collected in polypropylene tubes, centrifuged, aliquoted and stored at — 80° C, as
described elsewhere (Idland et al. 2016). Samples for sSTREM2 and AD biomarker analysis
were sent on dry ice to the laboratories without information about clinical data (masked data).
CSF AD biomarkers, CSF AB42, phosphorylated;s; tau (p-tau) and total tau (t-tau), were
determined using INNOTEST enzyme-linked immunosorbent assays (ELISA; Fujirebio,
Ghent, Belgium) at Sahlgrenska University Hospital (MdIndal, Sweden) by board-certified
laboratory technicians, as previously described (Idland et al. 2016). CSF sTREM2 was
assayed by an in-house sandwich ELISA at Oslo University Hospital, as described in a

previous study (Henjum et al. 2016). To avoid any inter-assay variation afflicting the results
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of samples with longitudinal measures, CSF sTREM2 levels were determined simultaneously

within the same assay.

Biomarker profiling: The AT-framework

Participants were classified according to the A/T/(N)-framework (Jack, Bennett, et al. 2016)
by applying CSF measures with the following cut-off values: A+ <AB42 530 pg/ml <A- and
T+ > p-tau 60 pg/ml> T- as established for the laboratory (Hansson et al. 2006). 30
participants were A+ and 83 A-, 48 T+ and 65 T-. Along the proposed AD spectrum, 50 had
the A-T- biomarker profile (“normal AD biomarkers™), 15 had A+T- (“AD pathological
change”) and 15 had A+T+ (“AD”). In addition, 33 corresponded to the A-T+ profile (“Non-

AD pathological change”).

MRI acquisition and processing

T1-weighted MPRAGE 3D images were acquired with a 1.5 T Siemens Avanto scanner using
a 12-channel head coil (TR=2400 ms, TE=3.79ms, Field of View=240mm, slice
thickness=1.20mm, pixel size=1.25x1.25mm). Images were processed with the longitudinal

stream in FreeSurfer 6.0 (FS) (https://surfer.nmr.mgh.harvard.edu), described elsewhere (Dale

et al. 1999; Fischl et al. 2002; Reuter et al. 2012; Jovicich et al. 2013), generating maps of
cortical thickness and hippocampal volume. Since FS is an almost fully automated processing
tool, manual editing was not performed to avoid introducing errors, except checking for gross
registration and segmentation-errors. Maps were smoothed using a circularly symmetric
Gaussian kernel with a full width at half maximum of 15 mm (Fischl et al. 1999) before being

entered into statistical analyses.

Relationship between sTREM?2-thinning and cell-specific gene-expression profiles
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We used a “virtual histology” approach, as described below, to test how anatomical
differences in sSTREM2-related cortical thinning related to inter-regional gene expression
profiles associated with specific cell types, estimated ex-vivo. The analysis provides
information on the specific types of cells possibly involved in sSTREM?2-related thinning and
thus facilitates a neurobiological interpretation.

As reported in detail elsewhere (French and Paus 2015; Shin et al. 2018), gene-expression
data were obtained in ex-vivo brains from the Allen Human Brain Atlas (Allen Institute for

Brain Science; http://www.brain-map.org(Hawrylycz et al. 2012)), and summarized into the

34 cortical regions of the Desikan/Killiany Atlas (Desikan et al. 2006) by use of MNI152
coordinates. Subsequently, a two-step procedure was applied to remove genes with
inconsistent regional expression profiles. Firstly, for each gene, the consistency of the inter-
regional expression profile was evaluated with the mean Spearman correlation between each
of the donor’s profiles and the median profile of that gene (French and Paus 2015). Secondly,
the mean profiles of gene expression between the Allen and the BrainSpan atlases

(www.brainspan.org) were compared across the 11 homologous cortical regions(Shin et al.

2018). From the 20737 genes profiled in the Allen Human Brain Atlas, 2511 genes were
retained as showing consistent gene-expression regional profiles. A list of genes expressed in

specific cell types was obtained from Zeisel et al *3

. The list of cell-specific genes was
intersected with the panel of genes with consistent profiles (n=2511) after which the
following number of genes per cell-type remained: S1 pyramidal neurons (n=73), CA1

pyramidal neurons (n=103), interneurons (n=100), astrocytes (n=54), microglia (n=48),

oligodendrocytes (n=60), ependymal (n=84), endothelial (n=57), and mural (n=25).

Statistical analyses
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Spatiotemporal linear mixed effects models were run to test the relationship between cortical
thickness change and baseline levels of sSTREM2 by a matlab add-on to FreeSurfer (Bernal-
Rusiel, Greve, et al. 2013; Bernal-Rusiel, Reuter, et al. 2013). Thickness at each vertex and
time point was used as dependent variable, with random intercept, and time from baseline,
sTREM2 and the time x STREM2 interaction as predictors of interest, with age and sex as
nuisance covariates in all analyses. Significance of the time x STREM2 interaction term was
taken as evidence for an effect of STREM?2 on cortical thickness over time, i.e. cortical
thinning or atrophy. For volumetric analyses (hippocampus), intracranial volume was used as
an additional covariate. All continuous predictor variables were z-transformed before being
entered into the models. Separate models were run with AB42, AB42 x sSTREM2, total-tau,
total-tau x STREM2, and AB42 and total-tau, as additional covariates. Surface results were
tested against an empirical null distribution of maximum cluster size across 10 000 iterations
using Z Monte Carlo simulations, synthesized with a cluster-forming threshold of p < 0.01
(two-sided), yielding results corrected for multiple comparisons across space. Thickness
values for each participant and time point from the clusters surviving statistical correction

were extracted and used for post-hoc analyses.

Post hoc analyses included generalized additive mixed models (GAMM) with the same
variables as above, to visualize change trajectories and test interactions, run in R
(https://www.r-project.org) using Rstudio IDE with the package “mgcv”’ (www.rstudio.com)
(Wood 2006). GAMMSs were also run to test relationship between STREM2 and hippocampal
volume and memory performance over time. Separate GAMMs were run including p-tau, p-
tauxtime and sSTREM2xp-tauxtime to explore the relationship between sSTREM2 and tau in
predicting atrophy. We also tested whether presence of the APOE e-allele affected the

sTREM2-atrophy relationships by adding APOE status as an additional covariate in the main
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analyses. To test whether the participants’ biomarker profile affected sSTREM2-related
atrophy, GAMMSs with sSTREM2xtime by biomarker-profile as an additional 3-way tensor
interaction were run, including also all main effects and lower order interactions in the same

models.

To test the association between sSTREM?2-related thinning and the cell-type expression
profiles, the vertex-wise parameter estimates (Beta-coefficients) of the left cortical surface
from the sSTREM?2 - cortical thinning analysis were summarized into the 34 regions of interest
and multiplied by -1 so that positive values corresponded to more cortical thinning with
higher sSTREM2. A Pearson’s correlation was performed between the Beta-coefficients and
the profile of gene expression for each marker gene across the regions. We used the average
expression-thinning correlation for each panel of genes (each cell-type) (Shin et al. 2018). For
each cell-type panel, we obtained the empirical null distribution of the test statistic by
iteratively (n=10.000) selecting a random number corresponding to the number of genes
included in the cell-type panel, calculating their expression-thinning correlation coefficients
and mean average value. Based on the empirical null distribution, we obtained two-sided p-
values for each cell-type panel, which was further False Discovery Rate adjusted for multiple

testing (n=9 cell-type panels).

As many participants were diagnosed with conditions commonly treated with
antiinflammatory drugs, we assessed whether use of antiinflammatory drugs at baseline was
related to participants’ levels of sSTREM?2 in the CSF in post hoc analyses. We defined
antiinflammatory drugs as those classified as MO1A (antiinflammatory and antirheumatic

products, non-steroids), MO1B (antiinflammatory and antirheumatic products) or H02
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(corticosteroids for systemic use) according to the Anatomical Therapeutic Chemical (ATC)

Classification System (https:// www.whocc.no/atc_ddd _index/).

RESULTS

Population demographics

Age correlated positively with increased sSTREM2 levels both in cross-sectional and
longitudinal analysis (mean annual increase of STREM?2 of approximately 10 %). Population

demographics are described in Table 1.

Relationship between sTREM?2 and brain atrophy

Higher levels of sSTREM2 were related to accelerated cortical thinning in three clusters
located in the lateral and inferior left hemisphere temporal cortex, covering 1578, 830 and 753
mm? (Cluster-wise p-value cluster 1=0.0001, cluster 2=0.020 and cluster 3=0.011, Figure
1A). Effects survived statistical corrections in the left hemisphere only. To assess whether the
association between sTREM?2 and cortical thinning was unilateral or whether the observed
asymmetry was an effect of the statistical threshold, we inspected the uncorrected statistical
maps thresholded at p < 0.05 (see Supplemental Information). These revealed that although
effects were clearly more extended in the left hemisphere, higher levels of STREM?2 were also
related to more thinning in the right hemisphere, although these effects did not survive
statistical corrections. Thus, the results should not be interpreted as supporting a unilateral
effect of STREM2 on cortical thinning.

Post hoc GAMMs were run for each cluster and the time x STREM2 interactions visualized
by contour plots (Figure 2A). These revealed that the time x STREM2 interaction on cortical
thinning was driven by participants with high sSTREM2 levels. Thus, for illustrative purposes

we dichotomized the sample by Z > 1 (32 observations) vs. Z < 1 (240 observations), and
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estimated change-slopes in each group (see Figure 2B-C). As can be seen, high sSTREM2
participants showed highly significant close to linear thinning in all 3 clusters (F for cluster 1
=18.5,2=25.8 and 3= 16.9; all p’s < 0.0005). In contrast, despite higher power, participants
with normal STREM2 level showed marginally significant thinning in cluster 1 only (F=4.12,
p=0.04).

Additional GAMMs were run testing the effect of sSTREM?2 on hippocampal atrophy. For both
left (F =3.97, p <0.05) and right (F = 3.14, p < 0.02) hippocampus, higher baseline levels of
sTREM2 were related to higher atrophy rates (Figure 3). We performed post hoc tests
dividing participants in groups of "high" vs. "normal" sTREM2, based on either a mean split
or above/ below 1SD over the mean. The group analyses revealed no significant effect of
sTREM2 on hippocampus volume change (all p's > 0.34), demonstrating that dichotomizing
sTREM2 yields reduced sensitivity, and that STREM2 is best treated as a continuous variable
in predicting hippocampal atrophy.

To test whether presence of the APOE e4-allele affected the relationships, all GAMMS were
re-run with APOE as an additional covariate. This did not affect the sSTREM2-atrophy
relationships, and APOE was not significant in predicting atrophy for any of the tested

regions.

Effects of tau and Af42 on sTREM?2-related atrophy

To assess whether the sSTREM2-related cortical thinning was dependent on the biomarkers
AB42, t-tau or p-tau, the spatiotemporal linear mixed effects models were re-run including
APB42 and/ or tau as additional covariates. STREM?2 correlated positively with p-tau (p=0.51,
p<0.001) and t-tau (p=0.52, p<0.001), but not with Ap42 (p=0.11, p=0.25). T-tau and p-tau
were almost completely collinear (p= 0.97, p<0.001), and could therefore be considered

equivalent in subsequent statistical analyses. Since t-tau showed a numerically slightly higher
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correlation with sSTREM2 than did p-tau, t-tau was included as covariate in this model to
ensure the most conservative test of the relationship between sSTREM2 and cortical thinning.
The effects of STREM2 on cortical thinning were not reduced by regressing out ApB42 levels
(see Figure 1B). The total spatial extension of sSTREM?2 effects with AB42 regressed out was
3405 mm?, compared to 3161 mm? in the original model where ABP42 was not included. The
AB42 x sSTREM2 interaction term was not significantly related to cortical thinning. The
analyses were repeated with both AB42 and t-tau as covariates (Figure 1C). This influenced
the spatial extension of the effects, reducing the significant effect area with 41.3% compared

to the initial model.

Since tau accounted for a substantial part of the sSTREM2-related cortical atrophy, we ran
additional analyses to disentangle the effects of both biomarkers. For the three cortical regions
and the hippocampus, including p-tau as an additional covariate still yielded highly significant
effects of STREM2 on cortical thinning (cluster 1: F =25.44, p = 8.37¢”; cluster 2: F = 19.32,
p =1.59¢7; cluster 3: F = 16.99, p = 5.02¢7). Thus, we ran additional GAMMs directly
testing the relative contributions of sSTREM?2 and p-tau on atrophy, and also exploring
interactions between sSTREM2 and p-tau. For none of the clusters was p-tau related to atrophy
when included in the same model as sSTREM?2 (all p’s > .1), while sSTREM?2 still was (all p’s
<.05). Interestingly, for clusters 2, there was a significant interaction between sSTREM2 and
p-tau (F 2.31, p <.05). Follow-up analyses showed that p-tau was related to more atrophy in
the high-sTREM?2 group (F = 3.89, P =.022) but not in the low sTREM2-group (F = 0.05, p

= 83).

The same analyses were run for hippocampal atrophy. Adding p-tau as a covariate, STREM?2

was still significantly related to hippocampal atrophy (left hippocampus: F =3.97, p <05:
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right hippocampus: F = 3.32, p <.02). P-tau was not significantly related to rate of change
(left hippocampus: F = 0.02, p = .89; right hippocampus: F = 0.13, p =.72). For both
hemispheres, we found a significant interaction between sSTREM2 and p-tau in prediction of
atrophy (left: F = 3.83, p <.02; right: F = 7.32, p = 8.47¢7). This interaction was caused by p-
tau being more predictive of atrophy in the high sSTREM2 group (right: F =4.79, p =.039;
left: F = 3.32, p =.052) than the low sSTREM2 group (right: F = 1.26, p =.26; left: F=0.61, p

= 44).

Longitudinal sTREM?2 analyses

Longitudinal sTREM?2 data were available for a smaller subset of participants (n = 14, mean
interval 4.27 years, SD = 0.24). Due to the very low sample size, these results must be treated
with great caution, but are included since there is very little existing knowledge about how
sTREM2 changes over time. STREM?2 increased significantly (Baseline: 7.54, SD = 3.87;
Follow-up 10.64, SD =5.98, t =4.04, p = 0.001) and correlated strongly between time points
(r=0.92, p=0.00E ). Notably all samples displayed an increase. Change in sSTREM2 also

correlated with both baseline (r = 0.56, p=0.035) and follow-up (r = 0.85, p=0.0001) values.

Acknowledging the small sample, tentative GAMMS were run, testing the relationship
between sSTREM2 changes (Follow-up — Baseline values) and hippocampal atrophy. For both
left and right hippocampus, a significant sSTREM2 change x time interaction was found (Left:
F =21.61, p =4.64e™; Right: F = 11.72, p=0.002), showing more atrophy in participants with
more increase in STREM2. This fits with the baseline results, but must still be regarded as
tentative due to the small sample size. Similar analyses were run for the three cortical clusters
identified in Figure 1. We did not see any significant relationships between thinning and

sTREM2 increases (all p’s >0.10), likely due to low statistical power.
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Biomarker profiling

GAMMs were run to test whether the sSTREM2-associated cortical thinning and hippocampal
atrophy differed as a function of AT biomarker profile, comparing A-/T- vs. A+/T- vs.
A+/T+. The only significant difference was found for left hippocampus, where STREM2 was
more strongly related to atrophy in the A+/T+ group than the A-/T- group (F=6.83,p =
0.01). Further, we compared A-/T+ (suspected non-Alzheimer pathology; SNAP) to A+/T-
(Alzheimer’s continuum). For all regions, sSTREM2 was more strongly related to atrophy in
the A-/T+ group, with the differences being significant for Cluster 2 (F = 7.90, p = 0.006) and

right hippocampus (F = 8.67, p = 0.002).

Relationship between sTREM?2 and memory change

GAMMs were run with memory score as dependent variable, with 515 observations spread
over 5 time-points, age as predictor, controlling for sex, with time point as an additional
covariate to control for retest effects (Figure 4). Age had a linear negative effect on memory
(t=-4.7, p=3.46¢-06). Adding baseline sSTREM2 as an additional predictor, there was no
significant main effect of STREM2 levels on memory score (F =1.91, p=10.17), nor a

significant effect of STREM2 on memory change (F = 1.59, p =0.21).

Relationship between sTREM?2-related thinning and cell-specific gene-expression profiles
The sTREM2-related cortical thinning profile was correlated with the expression profiles of
cell-specific genes. The results are shown in Figure 5 and Table 2. The average correlation for
the CA1-pyramidal neurons (p< 0.001) and microglia (p=0.03) cell-types significantly
differed from the empirical null distributions (False Discovery rate-corrected <0.05). Both

distributions were shifted towards positive coefficients, i.e. the cortical regions associated
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with steeper sSTREM2-related cortical thinning showed higher expression of CA1-pyramidal
and microglia-specific genes.

Antiinflammatory drugs and sTREM? levels

No difference in CSF sTREM?2 levels was found between participants not medicated with
(n=80, median (IQR) 8.4 (6.2-10.6)) and medicated with antiinflammatory drugs (n=35,
median (IQR) 9.5 (6.4-10.8)), Mann Whitney, p=0.32 (U=1582). No difference in sSTREM2
levels was found between participants medicated only with non-steroid antiinflammatory and
antirheumatic drugs (MO1A, n=25, median 9.5), only systemic steroids (H02, n=7, median=
7.3) or both (MO1 and H02, n=3, median=12.3), p=0.056, in post hoc analysis. No participants

were medicated with drugs of the MO1B-class.

DISCUSSION

In this study we evaluated the association between CSF sTREM2 and longitudinal changes on
structural MRI in cognitively normal older adults. We showed that 1) a high baseline level of
sTREM2 was associated with accelerated cortical thinning in the lateral and inferior temporal
cortex in the left hemisphere in areas with high microglial expression, 2) high baseline
sTREM2 and greater longitudinal increases of STREM?2 were both associated with greater
loss of hippocampal volume over time, 3) the association between sSTREM?2 and atrophy was
independent of AP and tau, but p-tau and sSTREM?2 interacted so that the effects of STREM2
on atrophy was significantly stronger in participants with high levels of p-tau and vice versa,
and 4) baseline sSTREM?2 was not related to cognitive decline, suggesting that any clinical
detrimental effect of sSTREM2-associated atrophy was not detectable by our longitudinal

memory testing.

Increased CSF sTREM? predicts cerebral atrophy
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High levels of sSTREM2 were associated with accelerated cortical thinning and greater loss of
hippocampal volume over time. This relationship was independent of levels of t-tau, p-tau, AP
and APOE status, although the spatial extent of the sSTREM2-related cortical atrophy was
substantially reduced when controlling for levels of tau. Contrariwise, a recent study on
participants along the AD-continuum, dichotomizing participants based on high or low
sTREM2 levels, revealed no association between sTREM?2 and longitudinal hippocampal
volume loss over a four-year period (Rauchmann et al. 2018). Our analyses indicate that
sensitivity to detect relationships with atrophy may be lower when sTREM?2 is defined as a

categorical variable, which may explain the divergent findings.

Microglial activation has traditionally been perceived as a secondary process to tissue
damage/loss in healthy brains, firstly as a housekeeping function (Ransohoff 2016; Hickman
et al. 2018). However, the activities of microglia and particularly the TREM2 receptor are
more complex than previously thought (Jay et al. 2017; Carmona et al. 2018). A study in aged
mice showed that phagocytosis of apoptotic neurons could induce subtypes of microglia with
a reduced ability for homeostatic control and increased expression of neurodegeneration-
related genes through APOE-TREM2-dependent pathways (Krasemann et al. 2017). Also, a
recent study on tauopathy in mice reported that TREM2-deficiency led to less microglial
activation and atrophy in the temporal and piriform cortices, without affecting tau
deposition/levels (Leyns et al. 2017). This suggests that an initially beneficial activation of
microglia may become detrimental following a phenotypic shift in aged or NDD-related
microglia, leading to a TREM2-mediated exacerbation of atrophy directly or through
secondary noxious effects. Microglial TREM?2 expression differs between brain regions in
older individuals and the areas where we found most sSTREM2-associated cortical thinning

were found to correspond with known areas of high microglial expression through virtual
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histology (Forabosco et al. 2013). These areas are among the regions known to undergo
accelerated thinning in cognitively normal older adults (Fjell et al. 2013). Elevated CSF
sTREM2 has been linked to findings suggestive of brain edema in mild cognitive impairment
in temporal areas (Gispert et al. 2016), indicating that STREM2 may be involved in
neuroinflammatory regulation in affected areas in early neurodegeneration. Moreover, high
baseline levels of STREM2 were associated with higher increases of sSTREM?2 over time,
hypothetically indicating a phenotypical shift in microglial TREM2-expression. Taken
together these findings strengthen the plausibility of sSTREM2-mediated atrophy. In
likelihood, neurodegeneration and neuroinflammation have reciprocal effects, each having the
capability to bring about the other at different stages of neurodegeneration, potentially

perpetuating a vicious cycle of deterioration.

STREM?2-related atrophy is associated with high levels of p-Tau

Pathological changes in AD are known to arise decades before symptomatic onset of the
disease (Jack et al. 2010), with increased CSF t-tau and p-tau reflecting neurodegeneration
and neuroaxonal tangle formation (Zetterberg 2017). Although the cascade of events leading
to AD-pathological changes is still discussed, one hypothetical sequence of events promotes
that amyloidosis, tangle formation and neurodegeneration occurs prior to microglial activation
(Heneka et al. 2015). A biomarker-based research framework of AD has recently been
proposed, featuring the A/T/N-classification (Jack et al. 2018). Categorizing participants in
A/T-groups, we found that biomarker positivity along the AD-continuum (A-T- > A+T- >
A+T+) increased sSTREM2-related atrophy only in the A+/T+ group, and only for the left
hippocampus. Specifically, there appeared to be an APOE and amyloid-independent
association between microglial STREM2 -expression and cortical thinning. AB-independent

sTREM2 expression has been described in other studies, supporting these findings (Suarez-
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Calvet, Kleinberger, et al. 2016; Rauchmann et al. 2018). While the association between
sTREM2 and cortical thinning remained significant after correction for CSF tau, the spatial
extent of the clusters was reduced by 41 % after correction for tau concentrations, denoting
some shared variance between tau, cortical thinning and sTREM?2. Still, post hoc analyses
revealed significant relationships between sSTREM?2 and cortical and hippocampal atrophy
also when controlling for levels of p-tau. CSF t-tau has been shown to correlate with
hippocampal atrophy and grey matter degeneration on structural MRI (Glodzik et al. 2012). A
positive correlation between CSF t-/p-tau and sTREM2 levels has previously been
demonstrated in cognitively normal older adults and in early stages of AD (Henjum et al.

2016; Suarez-Calvet et al. 2019).

Considering that the association between sSTREM?2 and atrophy partly depended on
concentrations of CSF tau, and the fact that participants with high sSTREM2-values (> 1 SD
over mean) had significantly higher concentrations of both t-tau and p-tau than participants
with low sSTREM2, one might postulate that prior neuronal injury associated with AD-related
tangle formations in the brain may have initiated increased sSTREM2 expression. However,
the interaction between sTREM2 and p-tau went both ways, and p-tau predicted atrophy in the
tested regions only in participants with high levels of STREM2. Also, it is important to note
that although the relationship between STREM2 and atrophy was spatially less extensive
when tau levels were controlled for, robust significant relationships were still seen
independently of tau. At large, research examining the pathophysiological relationship
between sSTREM2 and tau phosphorylation is scarce and the role of sSTREM2 in tauopathy is
still unsettled. A study evaluating the sequence of pathological changes in dominantly
inherited AD, demonstrated that increases in CSF t-tau and p-tau were closely associated

with, but prior to, increases in CSF sTREM2, supporting that tauopathy may stimulate
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microglial sSTREM?2 expression (Suarez-Calvet, Araque Caballero, et al. 2016). On the other
hand, a study visualizing microglia in relation to neurofibrillary structures in healthy and
neurodegenerative human brain tissue supported that senescent (dystrophic) microglia were
associated with and probably preceded tau pathology (Streit et al. 2009). Studies of tauopathy
in mice are inconclusive, as some studies suggest a detrimental effect of TREM2-deficiency
(Jiang et al. 2015; Bemiller et al. 2017), while others suggest that TREM2-deficiency may be
protective (Jay et al. 2015; Leyns et al. 2017) of neurodegenerative changes and/or tau-
pathology. The inconsistent findings suggest that (s)TREM2 may have a shifting role when
NDDs progress, and tauopathy and microglial activation may have reciprocal effects. Our
data establishes an association between neurodegeneration, tauopathy and sSTREM?2
expression in microglia, but do not permit us to determine causality. Increased knowledge
concerning molecular mechanisms connecting atrophy and sSTREM2 -associated microglial

activity in humans is needed to further interpret causal relations.

Primary age-related tauopathy and Suspected Non-Alzheimer disease Pathophysiology
Primary age-related tauopathy (PART) refers to neurofibrillary tangles that are highly
prevalent in autopsies of older brains in the absence of AB-accumulation and separated from
AD. PART typically affects the medial temporal lobe and habitually progresses no further
than the limbic Braak-stages (III-1V, including hippocampal affection) (Crary et al. 2014).
Due to overlapping anatomical distribution of neurodegenerative changes, especially in the
medial temporal lobe, PART is suspected to be one of the etiologies underlying a positive
biomarker profile for tauopathy with normal AB-levels (A-/N+), also called Suspected Non-
Alzheimer disease Pathophysiology (SNAP). (Jack, Knopman, et al. 2016). In cognitively
normal older individuals, the proportion of SNAP increases with age and is consistently found

to reach 1/4 in the oldest old. In the study population, 29 % of individuals had SNAP-profiles
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(median age 71) (table 1). PART may be associated with cognitive impairment and
individuals with SNAP have an increased risk of progression to cognitive decline compared to
biomarker-negative individuals. Nevertheless, both PART and SNAP appear to have less
impact on cognition than AD (Crary et al. 2014; Jack, Knopman, et al. 2016). In this study the
observed atrophy affected the temporal lobe (albeit not medially) and hippocampi and was
related to tauopathy independently of abnormal amyloid levels. Furthermore, sSTREM?2-related
atrophy was not associated with cognitive decline. However, the limited time of observation
in conjunction with relatively high cognitive function at baseline, may have prevented subtle
changes in cognitive function in relation to sSTREM2 levels to be detected. With even longer
follow up intervals or samples with lower cognitive baseline function, relationships between
sTREM2 and cognitive decline might be observed. In sum, we postulate that the observed
sTREM2-related atrophy may reflect PART as measured by SNAP. However, without
visualization of tau-pathology, the association between SNAP and PART remains uncertain.
Utilizing Tau-PET could test the hypothesis further and help elucidate a possible relationship

between sSTREM2, atrophy and tau-pathology.

Limitations

One weakness of our study is the lack of a good measure for participants’ cerebrovascular
disease load, as cerebrovascular disease may have shared variance with the degrees of atrophy
and immunostimulation. Furthermore, although use of anti-inflammatory drugs was not found
to influence the results, a possible inference of anti-inflammatory drugs on TREM2-
expression cannot be ruled out. This needs to be further investigated in future research. We
have a relatively small study population at baseline, but substantial longitudinal data over
several years strengthens our ability to detect change. Finally, longitudinal information on

sTREM2 change was available only for a very small subsample, and these results must
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therefore be regarded as tentative and interpreted with great caution. Evaluation of cognitive

changes was likely influenced by the learning effect

Conclusion

We found that high levels of microglial sSTREM?2 expression predicted accelerated cortical
thinning and hippocampal volume loss. The association was APOE and amyloid-independent
and partly related to tau phosphorylation, suggesting a link between PART or age-associated-

atrophy and neuroinflammation.
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Table 1 Population characteristics at baseline. Participants were classified according to the

A (amyloid deposition) /T (aggregated tau) /(N)-framework by applying CSF measures with

the following cut-off values: A+ <AB42 530 pg/ml <A- and T+ > p-tau 60 pg/ml> T. Except

for sex, values are median (inter-quartile range). Age and education are given in years. CSF

concentrations are given in pg/ml, except CSF-sTREM?2 in ng/ml.

All (n=115) A-T- (n=50) A-T+(n=33) A+T+ (n=15) A+T- (n=15)

Age 71 (68-76) 71 (67-75) 73 (70-76) 74 (69-79) 71 (67-77)
Female, n (%) 57 (53) 22 (47) 18 (60) 9 (64) 6 (43)
Education? 14 (12-17) 16 (13-18) 14 (11-17) 13 (11-16) 12 (11-16)
CSF-sTREM2 8 (6-11) 7 (6-10) 10 (8 -14) 10 (8-11) 6 (5-8)
CSF-t-tauP 324 (268-485) 282 (225-329) 485 (400-553) 507 (488-766) 272 (187-322)
CSF-p-tau® 58 (45-74) 48 (43-54) 74 (65-89) 81 (74-101) 42 (33-57)
CSF- Ap-42° 727 (513-852) 793 (660-859) 851 (710-979) 469 (423-490) 471 (380-502)
Left hippo 3505 (412) 3587 (415) 3459 (367) 3341 (555) 3528 (309)
Right hippo 3541 (406) 3628 (373) 3465 (414) 3419 (528) 3601 (295)

Abbreviation: p-tau: phosphorylated tau; t-tau: total tau.

2 3 missing values; ® 2 missing values. Left/right hippo: Hippocampal volume at baseline.



Table 2 Virtual histology results.

Cell Type nGenes average p FDR-p
Astrocyte 54 0.064 0.079 0.18
CAl.Pyramidal 103 0.161 <0.001 <0.001
Endothelial 57 -0.07 0.05 0.16
Ependymal 84 0.034 0.258 0.33
Interneuron 100 0.035 0.20 0.33
Microglia 48 0.105 0.007 0.03
Mural 25 0.025 0.65 0.73
Oligodendrocyte 60 -0.04 0.26 0.33
S1. Pyramidal 73 0.011 0.73 0.73
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Virtual histology results. nGenes = number of genes in each cell type panel; average = mean average

of the TREM2-related cortical thinning — gene expression inter-regional correlation; p-values and

False discovery rate (FDR)-corrected p-values with respect to the empirical null distribution. Bold p <

0.001, /talics p < 0.05
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CAPTIONS TO FIGURES

Figure 1 Relationship between sSTREM2 and cortical thinning
Panel A: Relationship between baseline levels of STREM?2 on cortical thinning. Panel B:
Same analysis as in A, with levels of AB42 regressed out. Panel C: AB42 and total-tau

regressed out. In all panels, the clusters survived corrections for multiple comparisons.

Figure 2 Interactions between sSTREM2 and time

Panel A: Interactions between sSTREM2 and cortical thickness over time in the three
significant clusters. The contour plots illustrate how cortical thickness varies as a function of
interval since baseline (time) and STREM2 levels. As can be seen, blue colors, denoting
thinner cortex, are seen for participants with high levels of sSTREM2 over time. Panel B and
C: Spaghetti plots illustrating the relationship between thickness change as a function of time
in participants with normal (z < 1, red markers, Panel B) or high (z > 1, blue markers, Panel

C) levels of sSTREM2. The shaded region around the fit lines denotes +/-2 SE.

Figure 3 Relationship between sSTREM2 and hippocampal atrophy
Panel A: Contour and spaghetti plot illustrating how left hippocampal volume varies as a

function of interval since baseline and STREM?2 levels. Panel B: Right hippocampal volume.

Figure 4 Relationships between sSTREM?2 and memory change
Contour (Panel A) and spaghetti plots (Panel B) illustrating the relationship between interval
since baseline and change in memory score as a function of baseline STREM?2 levels. The

shaded region around the fit lines denotes +/-2 SE.

Figure 5 Virtual histology
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Each plot corresponds to one of the 9 different cell type panels and shows the distribution of
the expression-sTREM2-related thinning correlation coefficients for cell-specific genes in
each cell-type group as a density function and as a cloud of dots. The x-axis represents the
Pearson’s correlation between sSTREM?2-related thinning and expression profiles for a given
set of cell-specific marker genes while the y-axis indicates the probability density for the
correlations across the cell-specific genes. The vertical black line indicates the average
expression-thinning correlation coefficient across all genes within a cell-type group while the
shaded gray box indicates the 95% limits of the empirical null distribution, thus indicating 5%

significance level unadjusted between cell-type comparisons.



