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Abstract

Progressive accumulation of Amyloid-f3 (A) deposits in the brain is a characteristic neuropathological hallmark of
Alzheimer’s disease (AD). During disease progression, extracellular AR plaques undergo specific changes in their
composition by the sequential deposition of different modified AR species. Microglia are implicated in the restriction
of amyloid deposits and play a major role in internalization and degradation of AP. Recent studies showed that rare
variants of the Triggering Receptor Expressed on Myeloid cells 2 (TREM2) are associated with an increased risk for

AD. Post-translational modifications of A3 could modulate the interaction with TREM2, and the uptake by microglia.
Here, we demonstrate that genetic deletion of TREM2 or expression of a disease associated TREM2 variant in mice
lead to differential accumulation of modified and non-modified AR species in extracellular plaques and intraneuronal
deposits. Human brains with rare TREM2 AD risk variants also showed altered deposition of modified AR species in the
different brain lesions as compared to cases with the common variant of TREM2. These findings indicate that TREM2
plays a critical role in the development and the composition of AR deposits, not only in extracellular plaques, but also
intraneuronally, that both could contribute to the pathogenesis of AD.
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Background

Alzheimer’s disease (AD) is characterized neuro-
pathologically by the combined occurrence of extra-
cellular amyloid-beta (AP) plaques and intracellular
neurofibrillary tangles (NFTs) with abnormally phospho-
rylated tau (1) protein in the brain [24, 65]. AP deposits in
the human brain contain different AP species, including
N-terminal truncated, pyroglutamated, phosphorylated

*Correspondence: jochen.walter@ukbonn.de

! Department of Neurology, University of Bonn, Venusberg-Campus 1,
(Formerly Sigmund-Freud-Str. 25), 53127 Bonn, Germany

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

B BMC

and nitrated variants that show significant differences
in aggregation, stability, and toxicity [1, 42]. In particu-
lar, AP peptides with pyroglutamate-modification at
glutamate residue 3 (N3pE-AP) or phosphorylated ser-
ine residue 8 (pSer8-AP) have increased propensity to
form aggregates with increased neurotoxicity [38, 40—42,
53]. Previous investigations revealed a specific sequen-
tial deposition starting with non-modified Ap (nmAp)
peptides, followed by N3pE-AB and pSer8-Af species
in extracellular plaques during the progression from
pre-clinical to clinical phases of AD [1, 54]. A similar
sequence for the deposition of these AP species was also
found in cerebral amyloid angiopathy (CAA) [11].
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Genome-wide association studies (GWAS) and exome
sequencing have revealed genetic loci related to inflam-
matory pathways to be associated with an increased risk
for AD [5, 18, 71]. Among these subsets of genes, rare
variants of the microglial transmembrane receptor, Trig-
gering Receptor Expressed on Myeloid cells (TREM?2),
confer a high risk for the development of AD, compa-
rable to the risk exerted by the Apolipoprotein E4 allele
(ApoE4) [18, 30]. TREM2 is preferentially expressed
in microglia and functions as a receptor for different
ligands, including anionic lipids, ApoE, and AP [12, 47,
74, 82]. Activation of TREM2 regulates microglial func-
tions, including phagocytosis, cytokine production,
proliferation and migration [16, 69, 75]. TREM2 is prote-
olytically processed by ADAM proteases to generate sol-
uble variants of TREM2 (STREM2) [25, 34, 78], that can
be detected in extracellular fluids. sSTREM2 could act as a
decoy receptor to negatively modulate TREM2 signaling
and inflammatory responses of microglia, and also shows
trophic activity to promote microglial survival [35, 83].

TREM2 positive microglia cluster around extracel-
lular plaques in brains of human AD cases and amyloid
precursor protein (APP) transgenic mice, and the dele-
tion of TREM2 in APP mouse models results in altered
morphology and seeding of plaques, as well as decrease
in number of plaque associated microglia [28, 51, 67],
indicating an involvement of TREM2 in the restriction of
AP deposits [11, 75]. Here, we sought to characterize the
role of TREM2 in accumulation and distribution of mod-
ified and non-modified A species in the brain. Deletion
of TREM2 or the expression of the disease associated
TREM2M variant in different APP transgenic mouse
models led to altered composition not only of extracellu-
lar plaques, but also of intraneuronal deposits containing
modified and non-modified AP variants. Human cases
with rare AD associated TREM2 variants also showed
altered composition and morphology of the different A
pathological lesions as compared to AD cases with the
common TREM2 variant. Together, the data indicate an
important role of TREM2 in altering the composition of
AP related brain lesions during the pathogenesis of AD.

Methods

Transgenic mice

APP695KM670/671INL; PS1L166P TREM2'/* and
APP695KM670/671NL; PS1L166P TREM2~/~ transgenic
mice, and 5xFAD TREM2"* and 5xFAD TREM2™'~
transgenic mice were described previously [31, 51, 66,
75].

12 M old female APPKM670/671NL; PS1AE9 trans-
genic mice endogenously expressing TREM2 WT or the
homozygous TREM2"%M knock-in (KI) mutation were
obtained from Taconic Biosciences GmbH, Cologne,
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Germany [31]. The different mouse models are described
in Table 1.

Immunofluorescence (IF) analysis of mouse brains

Mouse brains were processed as described previously
[31, 36, 51]. In brief, 20-25 um sections were sequen-
tially collected in Phosphate-buffered saline (PBS), placed
on charged slides, and stained. For IF staining, Reveal
Decloaker (Biocare Medical, #RV1000) was used for
antigen retrieval [31] at 95 °C for 30 min. After this, the
sections were washed with PBS and subjected to per-
meabilization with 0.25% Triton X-100 for 20 min before
blocking for 2 h in 5% NHS and 3% BSA prepared in
1xPBST (Triton X100-0.2%). Mouse on Mouse Blocking
Reagent (Vector laboratories, #MKB-2213) was used for
primary antibodies generated in mouse or rat at a dilu-
tion of 1 drop/1000 pl. Primary antibodies were diluted
in 3%NHS and 1.5% BSA prepared in 1xPBST (Tween
20-0.1%), added on sections and incubated at 4 °C over-
night. For TREM2 staining, sections were incubated
in the primary antibody at 4 °C for 48 h [31, 51]. After
washing steps, appropriate secondary antibodies diluted
in 3% NHS and 1.5% BSA prepared in 1xPBST (Tween
20-0.1%) were added on the sections and incubated for
1 h at RT. The sections were then washed and mounted
with VECTASHIELD® Hardset” antifade mounting
medium (Vector laboratories, #H-1400) or VECTASH-
IELD® antifade mounting medium with DAPI (Vector
laboratories, #H-1200). Primary and secondary antibod-
ies are summarized in Additional file 1: Table S1.

Brain protein extraction

Snap-frozen brain hemispheres were extracted as pre-
viously described [22, 70]. Briefly, hemispheres were
homogenized in PBS, 1 mM EDTA, 1 mM EGTA, 3 pl/
ml protease inhibitor mix (Sigma). Homogenates were
extracted in RIPA buffer (25 mM Tris—HCl, pH 7.5,
150 mM NaCl, 1% NP40, 0.5% NaDOC, 0.1% SDS), cen-
trifuged at 100,000 g for 30 min and the pellet containing
insoluble AB was solubilized in 2% SDS, 25 mM Tris—
HCI, pH 7.5. The final protein concentration was deter-
mined using PierceTM BCA Protein Assay kit (Thermo
Fisher) according to the user’s manual.

Immunoblotting

The brain extracts were separated on 4—12% NuPAGE
gels and transferred to 0.45 pm nitrocellulose (NC)
membranes as described previously [36]. For immuno-
detection of proteins, membranes were blocked for 1 h
in 5% nonfat dry milk in TBST (Tween 20-0.1%), then
incubated with the primary antibodies in TBST (Tween
20-0.1%) overnight at 4 °C, followed by three wash-
ing steps for 10 min with TBST (Tween 20-0.1%), and
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addition of appropriate secondary antibodies in TBST
(Tween 20-0.1%). After an incubation period of 60 min
at RT, membranes were washed three times for 10 min
with TBST (Tween 20-0.1%), and once for 5 min with
TBS. For signal detection, the enhanced chemilumi-
nescence ECL imager (Bio-Rad laboratories, Inc.) or
Odyssey CLx " (LI-COR, Biosciences) were used. The
quantification was done by using Image Studio-Lite (Ver.
5.2). Primary and secondary antibodies are summarized
in Additional file 1: Table S1.

Patient material

Tissue samples of patient autopsy cases were provided by
the Neurobiobank Munich, Ludwig-Maximilians-Uni-
versity (LMU) Munich. Detailed clinical characteristics
were ascertained from an integrated autopsy database.
Written informed consent for autopsy and analysis of tis-
sue sample data was obtained for all patients, either from
the patients themselves or their kin and the samples were
collected according to the guidelines of the local ethics
committee following all ethical regulations. Information
regarding cases, clinical diagnosis, age at death, post-
mortem delay, fixation time, AD Braak & Braak stage,
Thal phase, TREM2 coding variant is given in Table 2.
The genotyping and identification of TREM2 variant car-
riers were done as described before [51]. Sample sizes
were based on availability of patient material. For all
analyses, temporal neocortex was used which included
cortex of medial temporal gyrus at the level of anterior
hippocampus.

Immunohistochemistry (IHC) on human post-mortem
brain tissue

IHC was done as described before [51]. In brief, 5 um
temporal neocortex sections were mounted on slides,
deparaffinized and rehydrated in a series of xylene and
graded ethanol. The sections were subjected to citric
acid antigen retrieval (1 M sodium citrate in PBS, pH
6.0) and boiled in a microwave for 20 min. After cooling,
endogenous peroxidase activity was quenched using 30%
hydrogen peroxide for 20 min. Sections were blocked
and incubated with primary antibodies (Additional file 1:
Table S1) overnight at 4 °C. Primary antibodies were
detected with biotinylated anti-mouse and anti-rat IgG
secondary antibodies and visualized with avidin—biotin-
complex (ABC-Kit, Vector laboratories) followed by
development with diaminobenzidine-HCl (DAB, Vec-
tor laboratories) for 5 min. Lastly, sections were coun-
terstained with haematoxylin. Stainings were performed
in serially cut sections to compare the same region of
interest through all immunostainings. Brightfield images
were taken with Axio Scan.Z1 (Carl Zeiss Microlmaging
GmbH, Germany).
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Confocal imaging

All IF images were acquired using VisiScope CSU-W1
spinning disk confocal microscope and VisiView Soft-
ware (Visitron Systems GmbH, Germany). Laser and
detector settings were maintained constant for the
acquisition of each immunostaining. All stainings were
repeated at least three times to ensure reproducibility
in the staining protocol. Images were acquired at 10x,
20x, 40xW or 63xW (W-water immersion) objective
at 2048 x 2048 pixels, with z-step size of 1 um (for 10x,
20%, 40x W, 63x W images) or 4-5 um (for 10x montage
image).

Data analysis of A deposits in mouse and human brain

Initial optimization of dilutions and incubation times
for the different antibodies was carried out for detec-
tion of the different AP species as reported previously
[31, 40, 41]. Sections or areas with folds or poor stain-
ing quality were excluded from quantifications. To rep-
resent and quantify plaque densities (number and size
distribution) from three sections/mouse brains regions,
the somatosensory cortex (SSC), the retrosplenial cor-
tex (RSC), and the dentate gyrus (DG) (Additional file 1:
Figure Sla), acquired images were imported into Fiji soft-
ware and data channels were separated (image/color/
split channels). All layers from a single image stack were
projected on a single slice (stack/Z-projection) to test
the feasibility of quantifying the area and number of
plaques (Additional file 1: Figure S1b). The plaques were
then segmented and quantified in Fiji using automatic
thresholding methods. Due to the thickness of brain sec-
tions and the limited penetration of antibody to plaques
underneath the sectioned face, lightly embedded stained
plaques may or may not be detected depending on image
adjustment values (Additional file 1: Figure S1c). There-
fore, the plaques and their quantified combined area in
this study constitute the “lower boundary” of the plaque
number volume density. Furthermore, as demonstrated
with digitalized plaques (SSC region stained with nmAp
as an example (Additional file 1: Figure S2a-b), the num-
ber of plaques assessed using an image analysis method
in a given brain region varied depending upon the cut-off
value of pixel size and the thresholding of plaques. Ini-
tial analysis of optical images revealed that plaque-like
images that were digitalized often displayed plaque-like
artifacts. Therefore, plaques>10um? were considered as
reliable “digital plaques” Adjustment of thresholding of
certain digitalized plaques appeared to vary in number
valuables due to irregularity in plaque shapes or depend-
ing upon value of image distribution. It was found that
the staining intensity cut-off had a significant impact on
the number of plaques. Interestingly, TREM2 knockout
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mouse brain, showed large size plaques as well as an
increased total number of plaques > 10 um? even at lower
thresholding, confirming the validity of the analysis.

For the quantification of plaque ratio in the IF experi-
ments, we considered 300 plaques/region/group (each
for SSC and RSC) and 150 plaques/region/group (for
DG) (so, SSC=60 plaques/mouse, RSC=60 plaques/
mouse, DG =30 plaques/mouse) so making total of 750
plaques/group containing 5 animals or 450 plaques/
group containing 3 animals (from at least 3 sections/ani-
mal). For this analysis, randomly selected plaques that
were positive with all three antibodies detecting A spe-
cies/staining in 1000 x 1000 pm ROI were analyzed by
manually drawing boundary around each plaque by using
freehand draw tool in Fiji and determining the IntDen [8]
of total AB-immunoreactive area for each plaque stained
with various antibodies specific to AP species within each
section for all channels (Additional file 1: Figure S3).

For quantification of microglia surrounding plaques,
microglia surrounding 30 cortical plaques of similar
plaque area were manually counted and represented as
a mean of 30 plaque associated microglia/animal. The
total number of neurons was manually counted in a
1000 x 1000 pm area of SSC, in 2 independently stained
sections and represented as a ratio of pSer8-Af positive
neurons/total neurons.

For representation and quantification of plaque densi-
ties of 4G8 and pSer8-Ap stained plaques in the human
brain’s sections, 10 cortical 2 x 2 mm regions of inter-
est (ROIs) were randomly selected per case and manu-
ally quantified. ROIs were selected to allow analysis of
the same region for all four consecutive brain sections
stained with different antibodies without interference
by cuts, folds, or other irregularities (Additional file 2:
Source data 1). The total number of plaques along with
area measurements were considered for the analysis. The
border around plaques was manually drawn by using
“spline contour” tool in the ZEN 3.2 software, for the area
stained with different antibodies. With 4G8 antibody-
stained sections, an area cutoff of 10 me was deter-
mined, while with pSer8-Ap antibody-stained sections,
an area cutoff of 30 um? was determined, below which
were considered as either artifacts or intracellular depos-
its (quantified separately). Case#3, with highest fixation
time, was omitted for the plaque count and size quantifi-
cation as it was difficult to define boundaries of extracel-
lular plaques stained with 1E4E11 (pSer8-Ap) antibody.
AP plaque load was calculated by summing the areas of
all counted plaques divided by the total area of all ROIs.
The intracellular deposits of nmAf and phosphorylated
AP were manually counted from 10 cortical consecutive
2 x 2 mm randomly selected ROIs per case.
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Statistical analysis

Statistical analyses were performed using GraphPad
prism software. The plaque area distribution showed
positively skewed distribution [58] and varied from the
normal distribution confirmed by D’Agostino & Pear-
son and the Shapiro—Wilk normality test. Hence, for this
analysis, we considered non-parametric, Mann Whitney
test (compares the distributions of ranks in two groups)
and Kolmogorov—Smirnov test (compares the cumulative
distributions) for the frequency distribution of all val-
ues. Besides this, since the data were not formally tested,
we assumed it followed Gaussian distribution and that
the variance between groups was comparable [51]; thus,
unless otherwise stated, two-sided, unpaired t-test with
Welch’s correction was used to determine the statisti-
cal difference between groups in analyses requiring only
single comparisons. The degree of significance between
groups is represented as *p <0.05, **p<0.01, **p<0.001,
*#4p <0.0001, and "p > 0.05.

Randomization and blinding

The immunohistochemical analysis of mouse and human
brains was initially performed blinded with coded slides.
However, complete randomization was not possible in
the staining with a microglial marker or when stained
with anti-TREM2 antibody [31, 51], depicting microglial
clustering. No randomization procedure was performed
for selecting patient material as case inclusion was largely
based on availability. Following the completion of the
analysis, the groups were unblinded to perform statistics.

Data collection

Confocal images were acquired by using VisiScope CSU-
W1 spinning disk confocal microscope and VisiView
Software (Visitron Systems GmbH, Germany). Human
brain immunostaining data were acquired by Axio Scan.
Z1 at Plan-Apochromat 20x/0.8M27 objective imaged
by Hitachi HV-F202SCL with ZEN 3.2 software (Carl
Zeiss Microlmaging GmbH, Germany). FIJI (Image]) or
ZEN 3.2 software was used for all immunohistochemi-
cal analyses. Microsoft Excel was used to organize and
to calculate the averages of each repeated experiment.
GraphPad (Prism v7.0) software was used to build graphs
and perform statistical analyses presented throughout
the manuscript.

Validation

Phosphorylation-state specific antibodies were generated
and validated as described previously [38, 41]. Antibody
1E4E11 is specific for pSer8-Ap and does not cross-react
with other post-translationally modified variants of Ap,
including N-terminally truncated (AP 3-42), nitrated
(3NTyrl0-Ap), pyroglutamated (N3pE-AP), or AP
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phosphorylated at Ser 26 [41]. Rabbit polyclonal antibody
2964 was raised against aggregated A [73]. TREM2 anti-
body was verified for immunostainings [28, 51]. 7H3D6
antibody specifically detects AP species with a non-
modified N-terminus and does not recognize phospho-
rylated Ser8-Af, but also does not recognize other Af
variants with N-terminal modifications, including pyro-
glutamated, nitrated, and N-terminally truncated A
species [41]. It is important to note that both antibodies
1E4E11, detecting pSer8-Afp and 7H3D6 used for detec-
tion of N-terminally non-modified AP, do not cross-react
with full-length APP or APP C-terminal fragments [40,
41]. All the other antibodies used in the study were veri-
fied for immunostaining and immunoblotting in mouse
and human samples according to the company websites
(Additional file 1: Table S1).

Results

Selective accumulation of Ser8-phosphorylated A species
upon loss of TREM2 function in brains of transgenic mice
Phosphorylated AP variants were previously detected in
brains of transgenic mouse models and human AD cases,
and shown to exert increased toxicity in Drosophila mod-
els and human neurons derived from embryonic stem or
induced pluripotent stem cells [11, 13, 38, 40, 41, 54]. To
assess the role of TREM2 in the deposition of modified
ApB species in-vivo, 5xFAD transgenic mice were crossed
with TREM2%/* or TREM2~/~ mice as described previ-
ously [31, 51] (Table 1), and the deposition of different
AP species was analyzed using several antibodies selec-
tively detecting modified and non-modified variants of
AB. Monoclonal antibody 1E4E11 specifically detects
pSer8-Ap species, while monoclonal antibody 7H3D6
selectively recognizes AP with Ser8 in non-phospho-
rylated state. Antibody 7H3D6 also does not recognize
other Ap variants with N-terminal modifications, includ-
ing pyroglutaminated, nitrated, and N-terminally trun-
cated AP species [41].

Triple staining with mouse monoclonal 1E4E11, rat
monoclonal 7H3D6, and rabbit polyclonal 2964 antibod-
ies revealed that TREM2~/~ mice at 15 months (15 M) of
age had significantly more plaques detected by all three
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antibodies. Elevated plaque deposition, as measured
by the plaque number (Fig. 1la—b, Additional file 1: Fig-
ure S4) and plaque load (Table 1), was detected in the
three different brain regions analyzed, the somatosen-
sory cortex (SSC), the retrosplenial cortex (RSC), and the
dentate gyrus (DG). Consistent with a preferential depo-
sition in the core of plaques, pSer8-Ap positive deposits
are of smaller size than those containing nmAp that is
also deposited in the corona of plaques (Fig. 1c, Addi-
tional file 2: Source data 2a-c). These findings are consist-
ent with the function of TREM2 to restrict plaque size or
growth [75, 81], and also demonstrate the importance of
TREM2 to limit accumulation of pSer8-Ap in the core of
plaques. A selective increase in pSer8-Ap was detected
by analyzing the mean fluorescence signal intensities
within AP deposits (Fig. 1d—e). Furthermore, increased
number and size of pSer8-Af and nmAp positive plaques
in 5XFAD TREM2~/~ compared to TREM2™* mouse
brains was already observed in 5 M old mice (Fig. 2a-b,
Additional file 2: Source data 2d-f). Analysis of plaque
size distribution at both ages revealed overall increased
numbers of deposits of various sizes in all three ana-
lyzed brain regions of TREM2~/~ mice (Additional
file 2: Source data 2). In particular, the number of depos-
its>1200 um? that are also positive for pSer8-Ap were
strongly increased in TREM2~/~ mice already at 5 M of
age, suggesting that TREM2 decreases the formation and
growth of plaques already at early stages of deposition.
However, the ratio of the mean fluorescence intensity
for pSer8-AB and nmApB was similar in TREM2~/~ and
TREM2"/* at this young age (Fig. 2c—d), indicating that
TREM2 deficiency promotes co-deposition of different
AP species. Very similar findings were obtained with an
independent double-transgenic APP/PS1L166P mouse
model (Table 1, Additional file 1: Figure S5, Additional
file 2: Source data 3).

Pyroglutamate-modified Ap (N3pE-Ap) also accumu-
lates during the pathogenesis of AD in the cortex and
hippocampus [52, 55]. Immunohistochemical analy-
ses showed that TREM2~'~ mice had significantly more
N3pE-Ap positive plaques at 15 M of age in the SSC, RSC,
and the DG as compared to TREM2"/* mice. Consistent

(See figure on next page.)

Fig. 1 TREM2 deletion leads to increased deposition of pSer8-AR in 15 M old 5xFAD transgenic mouse brains. a Representative pSer8-Ap stained
male 15 M old-5xFAD-TREM2+/* and TREM2~/~ mouse brain sections (color scale bar =35 mm, represents min/max pixel intensities, 10x). b

Dot plots representing number of plaques/mm?, ¢ Box and whiskers plots showing plaque size (um?) stained with pSer8-AB, nmAR and AR

(2964) antibodies in the SSC, RSC, and DG of male 15 M-5xFAD-TREM2 ™~ and TREM2*/* mice. d Representative images showing deposition

of pSer8-AB, nmAR, and AB (2964) in SSC of male 15 M-5xFAD-TREM2~/~ and TREM2**+ mice (scale bar=50 um, 40xW). e Ratios of pSer8/nmAR
in SSC (t(7.41) =7.856,****p <0.0001), RSC (t(7.696) =7.611,****p <0.0001), and DG (t(7.945) = 6.345,***p =0.0002) of male 15 M-5xFAD-TREM2~/~
compared with TREM2++ mice. Each dot represents average value of the number of plaques or the ratio of pSer8-AR/nmAR per animal. The box
and whiskers plots represent min/max values of distribution of plaque size with the median (shown by the line dividing the box) and the dot plots
represent mean & SEM (n=5 animals, color- blue (5xFAD-TREM2+/*) and green (5XxFAD-TREM27/7), unpaired t-test with Welch's correction for
analysis of the number and ratio while Mann-Whitney test for plaque size, "*p >0.05, *p < 0.05, **p <0.01, ***p <0.001 or ****p <0.0001)
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Fig. 2 TREM2 deletion leads to increased deposition of pSer8-AB in 5 M old 5xFAD transgenic mouse brains. a Dot plots representing number

of plagues/mm?, b Box and whiskers plots showing plaque size (um?) stained with pSer8-AB, nmAR and AB (2964) antibodies in the SSC, RSC,

and DG of male 5 M old-5xFAD-TREM2~~ and TREM2*/* mice. ¢ Representative images showing deposition of pSer8-AB, nmAB, and AB

(2964) in SSC of male 5 M-5x-FAD-TREM2~/~ and TREM2*/* mice (scale bar =50 pm, 40xW). d Ratio of pSer8/nmA in SSC, RSC and DG in male

5 M-5xFAD-TREM2~/~ compared to TREM2*/* mice. Each dot represents average value of the number of plaques or the ratio of pSer8-ABR/nmA per
animal. The box and whiskers plots represent min/max values of distribution of plaque size with the median (shown by the line dividing the box)
and the dot plots represent mean =+ SEM (n=>5 animals, color- blue (5xFAD-TREM2%/*) and green (5xFAD-TREM2~/7), unpaired t-test with Welch's
correction for analysis of the number and ratio while Mann-Whitney test for plaque size, "p >0.05, *p < 0.05, *p <0.01 or ****<0.0001)

with data shown in Fig. 1, TREM2 ™/~ mice showed higher
number of plaques, (Fig. 3a-b), increased size of plaques
(Fig. 3c, Additional file 2: Source data 2a-c) and ele-
vated plaque load (Table 1) in all three regions as revealed
by co-staining with antibodies detecting N-terminally
non-modified AP and total AP species at 15 M of age.
In contrast to pSer8-AP, N3pE-AB was not selectively
increased in plaques as compared to nmAp at 15 M of
age, as evidenced by similar ratios of N3pE-AB/nmAp in
all analyzed brain regions (Fig. 3d). At 5 M of age, the total
number of N3pE-A deposits were only slightly, but not
significantly increased in 5xFAD TREM2 ™/~ mice as com-
pared to TREM2™* 5xFAD mice (Fig. 3e—f). However,
as observed with 15 M old mice, there was a significant
increase in the size of N3pE-Ap positive plaques especially
for larger deposits>1500 pm? already at 5 M in 5xFAD
TREM2~/~ mice (Fig. 3g, Additional file 2: Source data

2d-f). Analysis of plaque size distribution revealed that
there was an increase in the number of N3pE-AP depos-
its at both age groups, again particularly pronounced
for deposits>1500 pum? An increase of pSer8-Ap and
N3pE-Ap deposits <600 um? in the three analyzed brain
regions of TREM2~/~ mice as compared to TREM2"/*
mice was only observed at 15 M of age (Additional file 2:
Source data 2). The N3pE-AB/nmAf intensity ratio in
the analyzed brain regions was not different between
TREM2~/~ and TREM2*/* mice at both ages (Fig. 3d, h).
Very similar findings were obtained with the independent
double-transgenic APP/PS1L166P mouse model (Addi-
tional file 1: Figure S6, Additional file 2: Source data 3).
These findings indicate that N3pE-Ap species showed
increased deposition upon deletion of TREM2. However,
N3pE-Ap, in contrast to pSer8-Ap, did not selectively
accumulate upon deletion of TREM2 in relation to nmAf.
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Fig. 3 TREM2 deletion leads to increased N3pE-AR deposits in 5xFAD transgenic mouse brains. a Representative images showing deposition

of N3pE-AB, nmA, and AR (4G8) in SSC of male 15 M old-5xFAD-TREM2~/~ and TREM2H* mice (scale bar =200 um, 20x). b Dot plots
representing number of plaques/mm?, ¢ Box and whiskers plots showing plaque size (um?) stained with N3pE-ApB and AR(4G8) antibodies

in the SSC, RSC, and DG of the male 15 M-5xFAD-TREM2 ™/~ and TREM2*+* mice. d Ratio of N3pE-AB/nmAR in the SSC, RSC, and DG of male

15 M-5xFAD-TREM2 ™/~ compared with TREM2*+ mice. e Representative images showing deposition of N3pE-AB, nmAR, and AB (4G8) in SSC of
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TREM2T%®M mutation leads to increased deposition

of pSer8-Ap in transgenic mouse brain

To assess potential effects of a disease associated TREM2
mutant, we used knock-in (KI) mice that carry the
TREM27%M yariant (Table 1). The TREM2 %M variant is
associated with Nasu—Hakola disease (NHD) and frontal
lobe degeneration [17, 19, 49]. Importantly, the genetic
modification at this site in the mouse genome does not
result in aberrant splicing and lower mRNA levels as
observed previously for knock-in mice expressing the
Alzheimer-associated R47H variant [79]. TREM2T%M K1
mice were crossed with APP/PSIAE9 double transgenic
mice. Mice homozygous for endogenous TREM2 or the
TREM27T%M KI mutation were analyzed at 12 M of age.
Homozygous TREM2T%M KI mice showed an increase
in the number and size of plaques (Fig. 4a—c, Additional
file 2: Source data 4) as well as increased plaque load
(Table 1). TREM2™*M KI mice also showed a selective
accumulation of pSer8-Afp in plaques as compared to
nmAp (Fig. 4d—e). Moreover, there was an increase in
the number of larger sized (> 1500 pm?) as well as smaller
sized (<600 pum?) deposits of N3pE-AB along with
pSer8-Af, nmAP and total AP species in the analyzed-
brain regions of TREM2 M mice (Fig. 4f-h, Additional
file 2: Source data 4). Again, no selective accumulation of
N3pE-Ap as compared to that of nmAf was observed in
brains of TREM2T%M expressing mice (Fig. 4i—j). These
findings further support a selective increase of pSer8-Ap
in parenchymal plaques in mice with impaired TREM2
function.

Loss of TREM2 function increases intraneuronal

and vascular deposition of AB species

Clustering of Ibal positive microglia around plaques was
apparent in the different APP transgenic mouse models
expressing endogenous TREM?2 at advanced and ear-
lier stages of AP deposition, but was strongly reduced
in brains of the respective TREM2~/~ (Additional file 1:
Figure S7a-b) and TREM2T%M KI mice (Fig. 5a-b). Con-
sistent with previous reports [8, 28, 51], TREM2 '~ mice
showed much less compact AP deposits as compared to
TREM2*'* mice. Similar observations were made with
the APP/PS1AE9-TREM2T%M KI mice as compared to
APP/PS1IAE9-TREM2 mice, indicating that impaired
barrier function of microglia caused by dysfunctional
TREM?2 promotes the deposition of smaller plaques con-
taining pSer8-Af. In addition, brains of APP transgenic
TREM2~'~ and TREM2T%M KI mice showed strongly
elevated deposition of pSer8-Ap within neurons as com-
pared to brains from APP transgenic mice expressing
endogenous functional TREM2 (Fig. 5¢c—d, Additional
file 1: Figure S7c-d).
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We also performed western immunoblotting analy-
ses with different fractions of brain extracts from APP/
PS1AE9-TREM2 and APP/PS1AE9-TREM2"%M KI mice.
Levels of pSer8-AfB, nmAp, and total AP (immunostained
with 4G8 or 2964 antibody) were significantly increased
in the RIPA extracts with low detergent concentration
that could contain extracellular and membrane-associ-
ated monomeric and oligomeric AP species (Fig. 6a—h).
Consistent with the higher aggregation propensity of
pSer8-Ap, pSer8-Ap reactivity was also observed in the
upper region of the blot that likely represent SDS-stable
oligomers. These species were also detected by antibod-
ies 4G8 or 2964 that detect AP independently of the
modification state. In contrast, non-modified AP was
almost exclusively detected as monomers. However, lev-
els of monomeric non-modified AB were also increased
in RIPA extracts of APP/PSIAE9-TREM2"*M KI as
compared to that of APP/PSIAE9-TREM2 WT mouse
brains. In the SDS fractions that were obtained subse-
quently after extraction with RIPA buffer, and could also
contain intracellular Ap, levels of pSer8-Ap migrating in
the monomeric band were similar between TREM2 WT
and TREM2T®M brains. Notably, levels of oligomeric
pSer8-Ap were elevated in TREM2T%M brains, indicating
higher levels of pSer8-A containing oligomers upon loss
of TREM2 function. As observed for the RIPA extracts,
nmAp was also not detected as oligomers in the SDS
fraction. Levels of monomeric nmAp were decreased in
the SDS fraction of TREM2T%M mice as compared to
that of TREM2 WT mice (Fig. 6i-1). Increased levels of
oligomeric AB in brains of TREM2 M mice were con-
firmed with antibodies 4G8 and 2964 in both, RIPA and
SDS extracts (Fig. 6m-p). Together these data indicate
that TREM2 could limit the accumulation of oligomeric
Ap assemblies which contain Ser8-Ap. These oligomers
might further aggregate to form A deposits consistent
with the increased plaque deposition observed in brains
of mice with TREM2 deletion or expression of the dys-
functional TREM2T%M variant. Notably, increased dep-
osition of pSer8-AP and nmAf was not only observed
in form of extracellular plaques, but also in brain ves-
sels of APP/PS1L166P-TREM2”" mice as compared to
APP/PS1L166P-TREM2*/* mice (Additional file 1: Fig-
ure S7e). This vascular deposition of AP resembles cer-
ebral amyloid angiopathy (CAA) observed in different
APP transgenic mouse models, and very commonly in
human AD brains [11, 37, 65].

TREM?2 variants are associated with quantitative

and qualitative differences in the deposition of distinct A
species in human brains

To assess the effect of rare disease associated TREM?2
variants in human brain tissue, AD cases with
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female 12 M old-APP/PS1AES-TREM2 and APP/PSTAES-TREM2"M mouse brain sections (color scale bar=35 mm, represents min/max pixel
intensities, 10x). b Dot plots representing number of plaques/mm?, ¢ Box and whiskers plots showing sizes of plaques (um?) stained with N3pE-AB,
nmAB, and AB (2964) antibodies in the SSC, RSC, and DG of female 12 M APP/PSTAE9-TREM2™M and APP/PS1AE9-TREM2 mice. d Representative
images showing deposition of pSer8-AB, nmAR, and AB (2964) in SSC of female 12 M-APP/PSTAE9-TREM2™™ and APP/PS1AE9-TREM2

mice (scale bar=50 um, 40xW). e Ratio of pSer8/nmA in SSC (t(3.953) = 2.863, *p = 0.0464), RSC (t(2.915) =3.94,*p=0.0307), and DG
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female 12 M-APP/PS1AE9-TREM2 and APP/PS1AES-TREM2'M mouse brain sections (color scale bar=35 mm, represents min/max pixel intensities,
10x). g Dot plots representing number of plaques/mm?, h Box and whiskers plots representing size of plaques (um?) stained with N3pE-AB and

AB (4G8) antibodies in the SSC, RSC, and DG of the female 12 M-APP/PSTAES-TREM2%M and APP/PS1AE9-TREM2 mice. i Representative images
showing deposition of N3pE-AB, nmAR, and AR (4G8) in SSC of female 12 M-APP/PSTAE9-TREM2™M and APP/PS1AE9-TREM2 mice (scale

bar=>50 um, 40xW). j Ratio of N3pE-AB/nmAB in SSC, RSC, and DG of female 12 M-APP/PS1AES-TREM2"M compared with APP/PS1AE9-TREM2
mice. Each dot represents average value of number of plagues or ratio/animal. The box and whiskers plots represent min/max values of distribution
of plague size with the median (shown by the line dividing the box) and the dot plots represent mean £ SEM (n =3 animals, color- blue (APP/
PSTAE9-TREM2) and orange (APP/PS1 AE9-TREM2T0M), unpaired t-test with Welch’s correction for analysis of the number and ratio while Mann-
Whitney test for plaque size, "p >0.05, *p < 0.05, **p < 0.01, ***p <0.001 or ****p <0.0001)
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PSTAE9-TREM2) and orange (APP/PS1AE9-TREM2'M), unpaired t-test with Welch's correction)

TREM2RO?H/RE2C yariants and the clinical diagnosis for
dementia were compared to cases with the TREM2 com-
mon variant (CV) also diagnosed with dementia. All
cases fulfilled the criteria for neuropathological diagnosis
of AD (Table 2). Sequential temporal neocortical sections
were stained separately with the phosphorylation-state
specific antibodies 7H3D6 (nmAp), 1E4E11 (pSer8-Ap),
and with 4G8 that detects AP independently of the phos-
phorylation state. In addition to extracellular plaques, all

cases showed AP depositions in the wall of cerebral blood
vessels, and inside of neurons (Fig. 7a, Additional file 1:
Figure S8a).

TREM2RO?H/RS2C yariant cases had increased number
and size of 4G8 positive plaques resulting in a higher
plaque load (% area) as compared to cases with the
TREM2 common variant. Further, we also observed a
higher number of smaller extracellular deposits stained
with 4G8 antibody in TREM2 CV cases (Fig. 7a—d,
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Fig. 6 Increased pSer8-Ap in brain extracts of APP/PS1 AE9-TREM2'®M transgenic mouse brains. a~h Immunoblots and quantification showing
levels of monomeric and oligomeric AB variants in RIPA extracts of brains of female 12 M old-APP/PS1AE9-TREM2™M as compared to APP/
PSTAE9-TREM2 mice; pSer8-AfB immunostained with antibody 1E4E11, (monomer: t(7.993) =2.391, *p = 0.0438; oligomer: t(7.074) = 3.925,
**p=0.0056), nmA detected with antibody 7H3D6 (monomer: t(7.608) = 3.849, **p =0.0054), A immunostained with antibody 4G8 (monomer:
t(7.847) = 2.454, *p =0.0402; oligomer: t(5.134) = 6.604, **p =0.0011) or antibody 2964 (monomer: t(7.607) = 2.46, *p = 0.0408; oligomer:
t(5.181) = 2.63, *p =0.045) antibodies. i-p Immunoblots and quantification showing levels of monomeric and oligomeric AR variants in SDS extracts
of brains of female 12 M-APP/PS1AE9-TREM2'M as compared to APP/PS1AE9-TREM2 mice; pSer8-AR immunostained with antibody 1E4E11,
(monomer: t(7.81)=0.708, "p =0.4995; oligomer: t(5.14) = 2.62, *p = 0.0458), nmAf detected with antibody 7H3D6 (monomer: t(7.886) = 2.449,
*p=0.0404), AR immunostained with antibody 4G8 (monomer: t(5.396) = 3.255, *p =0.0202; oligomer: t(7.999) = 4.642, **p=0.0017) or antibody
2964 (monomer: t(7.153) =0.939, "p =0.3784; oligomer: t(6.775) = 2.434, *p = 0.0463) antibodies. Each dot represents ratio of AB signal to 3-actin per
animal. All data represent mean = SEM (n =5 animals, monomer: orange arrowheads and oligomer: blue arrowheads, color- blue (APP/PS1AES-TREM2)
and orange (APP/PS1 AE9-TREM2T0M), unpaired t-test with Welch’s correction). Original uncropped immunoblots are provided in the Additional

file 2: Source data 5
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Additional file 1: Figure S8b-c). Interestingly, only two of
the six TREM2R62H/REC cages showed very few extracel-
lular nmAp positive deposits, while five out of six cases
with the TREM2 CV showed abundant deposition of
nmAp (detected by antibody 7H3D6) in extracellular
plaques, indicating that deposition of N-terminally non-
modified AP species is reduced in cases with disease
associated TREM2 variants. In contrast, pSer8-Af was
present in extracellular plaques in TREM2R62H/R62C gnq
TREM2 CV cases, and prominently detected in the core
of plaques. The number of pSer8-Ap positive extracellu-
lar plaques and plaque load (% area) was not significantly
different between TREM2RO?H/R62C and TREM2 CV
cases (Fig. 7e-f). pSer8-Af deposits stained with 1E4E11
were overall smaller as deposits stained with antibody
4G8 that detects total AP with positively skewed plaque
size distribution with both antibodies and in all cases
(Fig. 7g, Additional file 1: Figure S8d-e). However, anal-
ysis of plaque size distribution revealed that the num-
ber and size of pSer8-Ap positive extracellular deposits
were decreased in TREM2RO?H/RO2C cqges as compared to
TREM2 CV cases (Additional file 1: Figure S8d-e).

pSer8-Ap and nmAf was also detected in vessels in
TREM2ROZH/RE2C and TREM2 CV cases. However, fur-
ther analyses on the regional and quantitative deposition
of phosphorylated A species in different disease stages
would be required to assess a potential effect of TREM2
genotypes on CAA in mouse and human brains (Addi-
tional file 1: Figures S7e, S8a; Fig. 7a).

We also observed intraneuronal deposition of nmAf
and pSer8-Ap species. Interestingly, the number of neu-
rons with nmAp and pSer8-AB positive intracellular
deposits was significantly higher in TREM2R62H/62C
ers as compared to TREM2 CV cases (Fig. 7h—i).

carri-
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Discussion

Here, we show that deletion of TREM2 or TREM2 dis-
ease associated variants lead to specific quantitative
and qualitative changes of AP deposits in brains of APP
transgenic mice and human cases with the diagnosis of
dementia, and that TREM2 not only modulates the com-
position of extracellular plaques, but also of intraneu-
ronal deposits.

TREM2 plays a fundamental role in the regulation of
microglial activity and the deposition of A in extracellu-
lar plaques [28, 29, 31, 68]. AP exists in multiple variants
with different lengths and post-translational modifica-
tions which differ in their aggregation behavior, biostabil-
ity, deposition and neurotoxic properties [1, 42]. It was
shown recently that phosphorylation of A modulates
the direct interaction with TREM2 and the internali-
zation by microglia [31]. Phosphorylation at Ser8 also
decreases the degradation of A by the insulin degrading
enzyme that can be secreted by microglia [39, 61].

To assess the role of TREM2 in the deposition of modi-
fied AP species in-vivo, we analyzed AP pathology in
three different mouse models of AD. Consistent with pre-
vious reports [28, 76], TREM2 deletion was associated
with increased AP deposition at younger (4—5 month)
and older ages (12-15 month), and impaired microglial
clustering around extracellular AP plaques [31]. Impor-
tantly, the phosphorylated AP species, pSer8-Ap, selec-
tively increased as compared to other Af} species in brains
of 5xFAD and APP/PS1L166P transgenic mice upon
deletion of TREM2. Increased accumulation of phospho-
rylated AP species was also observed in brains of knock-
in (KI) mice with the TREM2%M mutation that causes
FTD-like syndrome and NHD in humans. In this regard,

(See figure on next page.)

plot, all data represent mean 4 SEM

Fig. 7 Differential deposition of phosphorylated AR species in human brains with the common and rare variants of TREM2. a Temporal neocortex
of human AD patients with the indicated TREM2 variants (see Table 2) stained to detect total AP (with 4G8), nmAR, and pSer8-AB on consecutive
sections. Immunostaining clearly indicated decreased deposition of N-terminally non-modified AP species in the TREM2 variants. pSer8-A stained
the plaques along with vascular as well as intracellular deposits. (Scale bar= 200 pm, 20x, the magnified dotted 4 red boxes within ROl and the
small square boxes of 120 x 120 um on the right-side (for plaques and vessels) represents deposition characteristics on consecutive sections except
the square box of 45 x 45 um for the neuronal deposits). b—c Quantification of the number of plaques (t(6.997) =2.378, *p =0.0490) and percent
plaque load (t(7.786) = 2.412, *p=0.0432) stained with 4G8 antibody in the analyzed ROIs of TREM2 risk allele carriers (Plaque area cutoff=10 um?,
n=06 cases each for TREM2 variants and CV, unpaired t-test with Welch’s correction). d Box and whiskers plot showing a significant increase in

the plaque size of TREM2 variants compared to CV cases (n=68,631 (CV) and n=288,835 (TREM2 variants), ****p <0.0001, Mann-Whitney test.
Additional data are provided in Additional file 1: Figure S8b-c. e, f Quantification of the numbers of plaques (t(6.96) =0.3754, "*p=0.7185) and the
percent plaque load (t(4.366) =0.5145, "*p=0.6319) stained with pSer8-Af antibody in the analyzed ROIs of TREM2 risk allele carriers (Plaque area
cutoff=30 um? n=5 cases for TREM2 variants and n =6 cases for CV, unpaired t-test with Welch's correction). Case#3, with highest fixation time,
was omitted for the plague count and size quantification as it was difficult to identify extracellular plaques stained with TE4E11 (pSer8-Ap) antibody.
g Box and whiskers plot showing a significant decrease in the plagque size of TREM2 variants compared to CV cases (n= 17,456 (CV) and 13,291
(TREM2 variants), ****p <0.0001, Mann-Whitney test. Additional data are provided in Additional file 1: Figure S8d-e. There was a significant increase
of intracellular deposits of h nmAR (t(9.138) =2.429, *p=10.0377) and i pSer8-AR (t(9.389) =2.251, *p=0.0497) in the analyzed cortical ROIs of
TREM2 variant as compared to CV cases (n=6 cases each for TREM2 variants and CV, unpaired t-test with Welch’s correction). No data or numerical
value was excluded unless otherwise stated. Each colored dot with respective gender symbol represents single case. Except for bot and whiskers
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it is interesting to note that NHD cases could show AD
characteristic neuropathological lesions, including senile
plaques and neurofibrillary tangles [4]. Consistent with
previous findings [31, 36, 40, 41], pSer8-Ap is promi-
nently detected in the core of extracellular plaques and
intraneuronally. The deposition of pSer8-Ap in both
lesions was increased in brains of 12 M old TREM2~/~
as compared with TREM2*/* in 5xFAD as well as APP/
PS1L166P transgenic mice. Very similar alterations in the
deposition of the different AP species were also observed
in TREM2T%M KI mice as compared to mice expressing
functional TREM2, indicating that disease associated loss
of function mutations also modulate the differential dep-
osition of distinct Af variants.

Biochemical analysis of brain extracts revealed that
TREM2 deficiency or the expression of the NHD asso-
ciated T66M in APP transgenic mice increased the
levels of pSer8-Ap in form of oligomeric assemblies.
AP oligomers exert neurotoxicity, and oligomer lev-
els correlate with neuronal dysfunction in AD [3, 21,
50, 56, 57, 62, 80]. AP oligomers also seed fibrilliza-
tion and promote the deposition in form of extracel-
lular plaques [6, 10, 20, 32]. In addition, oligomers can
be internalized by neurons resulting in AP accumula-
tion within neurons [2, 9, 13, 56, 60]. Since TREM2 has
been shown to selectively bind oligomeric assemblies of
AP and promote microglial uptake [31, 44, 72, 82], the
loss of TREM2 function could result in decreased clear-
ance of oligomers and thereby lead to increased uptake
by neurons, and deposition in extracellular plaques and
the vasculature. Indeed, altered plaque development
and CAA related pathology has recently been observed
in mouse brain upon depletion of microglia [23, 59],
showing that functional microglia are important to
shape extracellular plaques and to restrict the deposi-
tion of AP in the brain vasculature. We also detected
pSer8-Ap and nmAp in vessels of transgenic mouse
brains, and it will be interesting the further investigate
the role of TREM2 in the deposition and the potential
pathophysiological implications of modified AP species
in the vasculature.

The analysis of human cases with rare TREM28*" or
TREM2R®% variants showed significantly increased accu-
mulation of phosphorylated A species inside of neurons
and alterations in plaque size, load and number, further
indicating that impairment of TREM2 function medi-
ates the formation and composition of AD characteristic
lesions.

Thus, in addition to the previously described effects
of TREM2 on plaque morphology, our data provide evi-
dence for a critical role of TREM2 in restriction of intra-
neuronal AP deposits that are highly correlated with
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clinical presentation and disease progression [2, 7, 14, 15,
27, 63, 77]. Further, we show here that TREM2 also mod-
ulates the composition of these lesions. This is interest-
ing, because changes in the composition of extracellular
plaques and CAA, in particular the occurrence of phos-
phorylated AP, are associated with clinical manifestation
and progression of AD [11, 46, 54, 64].

Although TREM2 loss of function mutations could
also contribute to neurodegeneration independently of
AP by impairment of brain energy metabolism [33], syn-
apse dynamics [26, 48], and formation of neurofibrillary
tangles [45], a recent study suggests an important role of
AP pathology in the TREM2 dependent formation of tau
pathology and brain atrophy [43]. Thus, the differential
interaction of TREM2 with modified AP species might
not only be important for the deposition and composi-
tion of different AP lesions, but also contribute to the
development of tau pathology that together determine
onset and progression of AD.
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