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expressed high levels of CD45 and Ly6C, canonical markers
of macrophages derived from peripheral monocytes. The
potential role of peripherally derived macrophages in AD
has been controversial (Prinz and Priller, 2014), but it is
well accepted that CD45MLy6C*CCR2* monocytes enter
the central nervous system (CNS) and modulate pathology
in other disease contexts (Mildner et al., 2011). Although
our experiments identify a marker signature on TREM2*
cells consistent with this peripherally derived population,
further investigation will be required to conclusively dem-
onstrate the functional relevance of peripherally derived cells
in AD and the ontogeny of the TREM2* cell population in
the AD brain.
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Figure 4. Plaque-associated myeloid cells are reduced
in TREM2-deficient mice. (a-c) Confocal microscopy was
used to examine Iba1 and 6E10 expression in 4-mo-old
APPPS1;:Trem2~/= mice (b) and APPPS1;Trem2++ controls
(a; quantified in ¢). (d and e) IHC and Congo red costaining
(arrows) was performed for Ly6C in APPPST;Trem2+/+ mice
(d) and APPPS1:Trem2~/~ animals (e). (a, b, d, and e) Insets
show higher-magnification images. (f-h) CD45 and Congo
red staining (arrows) was performed in human AD tissue
(f: n = 2), APPPS1;Trem2+/+ mice (g), and APPPS1;Trem2~/~
mice (h). (i-k) P2RY12 and Congo red staining (arrows) was
performed in human AD tissue (i; n = 2), APPPS1;Trem2+/+
mice (j), and APPPS1;Trem2~/~ animals (k). (I) TREM2 colo-
calized with CD45 but not P2RY12. (m-o0) qRT-PCR was
performed on whole brain lysates to examine transcript
levels of myeloid cell markers (m), proinflammatory cyto-
kines (n), and antiinflammatory markers (o). All experiments
used n = 7-8 mice per group unless otherwise noted, and
at least two independent experiments were performed for
all analyses. Error bars indicate SEM. *, P < 0.05; **, P <
0.01; ** P < 0.001. Bars: (a and b) 50 um; (d-1) 20 pm.

If TREM2* cells are derived from the periphery, as their
marker expression would suggest, then TREM2 deficiency
could result in the striking reduction in macrophage accumu-
lation observed in this study through several mechanisms:
impaired transmigration of TREM2-negative cells across the
blood—brain barrier or alterations directly to the brain vascu-
lature that alter cell trafficking, reduced chemotaxis of TREM2-
deficient cells to parenchymal AP deposits, or shortened
survival of these cells within the CNS. An alternative inter-
pretation of the data in this study is that TREM?2 is necessary
for large-scale changes in microglial phenotype, including the
up-regulation of CD45 and Ly6C and coincident down-
regulation of P2RY12. In this case, TREM?2 deficiency could
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Figure 5. TREM2 deficiency reduces

AB accumulation. (a) IHC with 6E10 was
performed on brain slices from 4-mo-old
APPPS1:Trem2+/+ and APPPS1:Trem2~/~ mice
(quantified in ¢c; n = 7-8). (b) Analysis of ThioS
plaque number revealed similar results (quan-
tified in d; n = 7-8). (a and b) Insets show a
higher magnification of the hippocampus.
Bar, 1 mm. (e) APP and A levels were as-
sessed by Western blot using 6E10. (f and g)
Quantified relative to GAPDH, there was no
significant change in APP protein levels

(f) but a significant reduction in AB (g) in
APPPS1:Trem2=/~ mice (n = 3-4). (h and )
ELISAs on brain lysates also showed a signifi-
cant reduction in insoluble AB42 and a trend
toward a reduction in soluble AB42 (h) and a
trend toward a reduction in soluble and
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reduce macrophage accumulation by eliminating microglial
recognition of AP as a relevant stimulus, impairing migration
of microglia to plaques, or preventing these phenotypic
changes. Additional studies will be required to determine
which mechanisms are responsible for the changes in TREM2-
deficient AD mice in the current study.

Regardless of mechanism, our results demonstrate that
TREM?2 deficiency is protective against disease pathogenesis in
AD mouse models. These results are surprising given similar
findings in AD mice in which TREM2 was overexpressed
(Jiang et al., 2014), although in this study TREM?2 expression
was not restricted to the cell types in which TREM?2 is ex-
pressed physiologically. Our findings are also counterintuitive
based on the human genetic data that demonstrate that pre-
sumed loss-of-function variants in TREM2 promote AD
pathogenesis. TREM?2 variants such as the missense mutation
Q33X (R. Guerreiro et al., 2013) and the FTD-related vari-
ants T66M and Y38C which impair protein maturation
(Kleinberger et al., 2014), almost certainly impair TREM2
function. However, the primary AD risk allele, R47H, harbors
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a change within the putative ligand-binding domain of TREM2,

and alterations of its surface trafficking and function were less

dramatic than the FTD variants (Kleinberger et al., 2014).

Thus, it 1s possible that this variant could confer both loss- and
gain-of-function phenotypes, which would be consistent with
our findings. Going forward, it will be important to generate
mice with knock-in TREM? risk alleles to asses this possibility.

Although TREM?2 has perhaps received the most attention
for the high risk it confers for developing AD, TREM?2 vari-
ants also confer risk for developing other neurodegenerative
diseases, including FTD, amyotrophic lateral sclerosis, and
Parkinson’s disease (R.J. Guerreiro et al., 2013; Rayaprolu et al.,
2013; Borroni et al., 2014; Cady et al., 2014). Thus, it is plau-
sible that TREM2 plays a common role in modifying risk for
developing these diverse CNS pathologies. It will be important
to determine whether TREM2 is expressed on a common
macrophage subset and promotes similar changes in neuroin-
flammation in these other models. The results from the present
study will help inform the future research agenda related to
TREM?2 biology in these other disease contexts.

TREM2 expression and function in AD | Jay et al.
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Figure 6. TREM2 deficiency reduces astrocytosis and MAPT
phosphorylation. (a and b) Astrocytosis was assessed in 4-mo-old
APPPS1:Trem2+/* (a) and APPPS1;Trem2~/~ mice (b) using IHC for GFAP
and 6E10 (n = 7-8). (c and f) The number of GFAP* cells surrounding
plaques was quantified (c; n = 3-4), and results were confirmed by gRT-
PCR (f; n = 7-8). (d, e, g, and h) Hyperphosphorylated MAPT was detected
in APPPS1:Trem2~/~ (e and h) and APPPS1;Trem2+/* mice (d and g) with
AT8 (d and e) and AT180 antibodies (g and h; n = 7-8). Arrows indicate
Congo red-positive plaques. (i) Quantification of the area of AT180
immunoreactivity revealed significant decreases in APPPS1;Trem2~/~
mice (n = 3-4). At least two independent experiments were performed for
all analyses. Error bars indicate SEM. *, P < 0.05; *, P < 0.01. Bar, 50 pm.

MATERIALS AND METHODS

Mice. Two amyloid mouse models of AD were analyzed. APPPS1-21
(termed APPPS1) mice (provided by M. Jucker, German Center for Neuro-
degenerative Diseases [DZNE], Tubingen, Germany) express human APP
with the Swedish (K670M/N671L) and PSEN1 L166P mutations under
control of the Thyl promoter (Radde et al., 2006). This mouse was main-
tained on the B6 background. 5XFAD mice (The Jackson Laboratory
B6SJL-Tg(APPSwFILon,PSEN1*M146*1286V)) express mutant human
APP(695) with Swedish (K670N/M671L), Florida (I716V), and London
(V7171) mutations and human PSENT1 with M146L and L286V mutations
under control of the Thyl promoter (Oakley et al., 2006). This mouse was
maintained on a mixed B6/SJL background.

We also used a novel Trem2~/~ mouse model (Trem2tm1(KOMP)Vlcg),
which has a LacZ reporter cassette knocked into the endogenous Trem2 locus in
place of exons 2 and 3 and most of exon 4, resulting in a loss of TREM2 func-
tion as well as expression of the LacZ reporter under the control of the TREM2
promoter (Fig. 1 a). This mouse was generated by the trans-NIH Knock-Out
Mouse Project (KOMP). These mice were maintained on a B6 background.
These mice were crossed with APPPS1 mice to yield APPPS1; Trem2*/1a%
and APPPS1; Trem2-«#/LaZ genotypes (also termed throughout the paper
APPPS1; Trem2*/~ and APPPS1; Trem2™/~, respectively).

Mice were housed in the Cleveland Clinic Biological Resources Unit,
Case Western Reserve University Animal Resource Center and The Jackson
Laboratory, facilities fully accredited by the Association and Accreditation of
Laboratory Animal Care. All experimental procedures were approved by the
Institutional Animal Care and Use Committee at each respective institution.

Human tissue. Human AD tissue was obtained from two neuropathologi-

cally confirmed AD patients. Tissue labeled “AD Case 17 is hippocampal
tissue from an 88-yr-old female with a clinical diagnosis of Braak stage VI-C
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AD. Postmortem interval was 6 h, and tissue was immediately frozen. Tissue
labeled “AD Case 2” is from the hippocampus of a 78-yr-old male with an
8-yr-history of cognitive decline. The patient’s son and power-of-attorney
provided written permission for release for research purposes of any autopsy
tissue not needed for diagnosis. Patient identifying information is housed in
an Institutional Review Board—approved database. Postmortem interval was
36 h. The tissue was stored at 4°C in 4% paraformaldehyde for 2 d, followed
by cryoprotection solution (20% glycerol in 0.08 M phosphate buffer,
pH 7.6) until use. Human experiments were approved by The Cleveland
Clinic and University of Washington Institutional Review Boards.

In situ hybridization. Mice were perfused with 4% PFA, and 25-um-thick
frozen brain sections were prepared. A digoxigenin (DIG)-labeled riboprobe
for TREM2 was transcribed from a cDNA clone (MMM1013-202767203;
Thermo Fisher Scientific). The plasmid was digested with Sall, and in vitro
transcription was performed with T7 polymerase. A TREM2 sense probe
was digested with a Notl restriction enzyme and transcribed by SP6 RNA
polymerase. Colorimetric detection of hybridized mRNA was performed
using an anti-DIG conjugated to alkaline phosphatase and was developed
using NBT-BCIP substrate (Roche).

Quantitative RT-PCR (qQRT-PCR). Mice were perfused with PBS, and
their brains were removed, snap frozen, and kept at —80°C until use. Tissue
was homogenized in 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and
1:100 protease inhibitor cocktail in PBS. RNA was isolated using chloro-
form extraction and was purified using Purelink RNA Mini kit (Life Tech-
nologies) and treated with DNase Purelink (Life Technologies). cDNA was
prepared from 1.5 pg RNA using a QuantiTect Reverse Transcription kit
(QIAGEN), and real-time PCR was performed for 40 cycles with the
StepOne Plus Real Time PCR system (Life Technologies). All primers and
TagMan probes were purchased from the Life Technologies database. Rela-
tive gene expression was determined using the AAC} method. A two-way
ANOVA was performed, and significance between ACr values was deter-
mined using a Bonferroni post-hoc test for the TREM2 qPCR and a
Student’s ¢ test used for qPCR assays comparing APPPS1; Trem2*/* and
APPPS1;Trem2~/~ animals.

Western blotting. Tissue was extracted and processed as described above
for qRT-PCR. After sonication and centrifugation, protein concentration
was determined using a BCA kit (Thermo Fisher Scientific). Proteins were
denatured for 15 min at 95°C in 35% denaturing buffer containing LDS
sample buffer (Life Technologies) and reducing agent (Life Technologies).
30-50 pg of protein per sample was loaded along with 5 ul Magic Mark XP
protein ladder (Life Technologies) onto Novex 4-12% Bis-Tris gels (Life
Technologies), run at 160 V for 30—45 min, and transferred onto PVDF
membranes (EMD Millipore) in 1X TAE buffer at 100 mA overnight at
room temperature. After transfer, membranes were blocked using Odyssey
Blocking Buffer in PBS (LI-COR Biosciences) for 1 h at room temperature
and incubated in the appropriate primary antibodies in blocking buffer with
0.1% Tween 20 overnight at 4°C, 6E10 (1:5,000; Signet), TREM2 (1:500;
R&D Systems), CT15 (1:10,000; a gift from E.H. Koo, University of Cali-
fornia, San Diego, La Jolla, CA), and GAPDH (1:10,000; Thermo Fisher
Scientific). Membranes were washed in PBST (0.1% Tween 20), incubated
in the appropriate IR dye—conjugated secondary antibody (Thermo Fisher
Scientific) in blocking buffer/0.1% Tween 20, and imaged using an Odyssey
IR Scanner (LI-COR Biosciences) system. Image] software (National Insti-
tutes of Health) was used for densitometric analysis, and each experimental
sample was normalized to GAPDH.

ELISA. A extraction was performed on microdissected brain tissue en-
riched for cortex and hippocampus. Lysates were mixed with an equal vol-
ume of 0.4% diethylamine in NaCl and centrifuged for 13,500 g for 1 h at
4°C. The supernatant was collected and neutralized with 0.5 M Tris, pH 6.8,
and analyzed as the soluble AR fraction. The pellet was sonicated with 70%
formic acid and centrifuged at 105,000 ¢ for 45 min at 4°C. The supernatant
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was neutralized and analyzed as the insoluble A fraction. Samples were ana-
lyzed by sandwich ELISA using 6E10 as the capture antibody and AB1-42 as
detection antibody (Covance) as previously described (Cramer et al., 2012).

IHC. Mice were deeply anesthetized with avertin and perfused with PBS.
Brains were drop-fixed in 4% paraformaldehyde in PBS and cryoprotected
in 30% sucrose. Brains were embedded in OCT, and free-floating 30-pm
sagittal sections were collected and stored at 4°C in PBS. For 3,3'-
diaminobenzidine (DAB) staining, endogenous peroxidases were quenched by
incubating sections in 1% H,O, in PBS for 30 min. Sections were blocked in
5% NGS/0.3% Triton X-100 in 1X PBS for 1 h. The following primary
antibodies were added overnight at 4°C: Ibal (1:1,000; Wako Pure Chemical
Industries), AT8 (1:500; Thermo Fisher Scientific), AT180 (1:500; Thermo
Fisher Scientific), CD11b (1:500; EMD Millipore), CD45 (1:500; AbD
Serotec), CD68 (1:500; AbD Serotec), TREM?2 (1:100; R&D Systems), and
P2RY12 (1:2,000; a gift from H. Weiner, Brigham and Women’s Hospital,
Boston, MA). To block nonspecific staining with antibodies generated in
mouse and rat, Mouse on Mouse Blocking Reagent (Vector Laboratories)
was used at 1 pl/ml of block. Slices were incubated with appropriate bio-
tinylated secondary antibodies (1:200; Vector Laboratories) and VECTA-
STAIN Elite ABC kit (Vector Laboratories) and developed with DAB with
nickel chloride. Indicated slices were counterstained with Congo red to vi-
sualize dense core AP plaques. Slices were mounted with Permount (Thermo
Fisher Scientific).

TREM?2 immunofluorescence was performed as described above for
DAB staining except incubation with ABC was followed with incubation
in the TSA Biotin System kit (PerkinElmer) and incubation with SA-488
(1:200; Life Technologies). Slices were then incubated with Ibal (1:500;
Wako Pure Chemical Industries), 6E10 (1:500; Covance), CT15 (1:250; a
gift from E.H. Koo), GFAP (1:500; Sigma-Aldrich), MAP2 (1:500; EMD
Millipore), or MBP (1:200; Abcam), followed by species-specific Alexa sec-
ondary antibodies (1:1,000; Life Technologies) and mounted using Vecta-
shield Hard Set mounting media (Vector Laboratories).

B-Galactosidase activity was assessed in 30 pm free-floating sections
with an X-gal staining solution (1 mg/ml X-gal, 5 mM potassium ferricya-
nate, 5 mM potassium ferrocyante, and 25 uM sodium deoxycholate). Slices
were incubated in the solution overnight at 37°C, washed in PBS, costained,
and mounted with Permount.

Brightfield images were taken on a DMLS microscope (Leica), using
QImaging camera (QImaging) using QCapture Software (QImaging). For
quantification of plaque area, whole brain sections were imaged on the
SCN400F slide scanner (Leica) with SCN Client Software (Leica) and ana-
lyzed using Image Pro Plus Software (Media Cybernetics). Confocal images
were taken on a LSM 510 META microscope (Carl Zeiss). 12-20 slices,
1 pm apart, were imaged and z-stacks were reconstructed in Image].

Flow cytometry. Myeloid cells were isolated from APPPS1 and 5XFAD
mice along with age-matched controls. Mice were perfused with HBSS.
Brains were chopped and digested in papain (Roche) at 37°C with shaking
for 30 min. Homogenates were passed through 18- and 22-gauge needles
and transferred into 20% FBS. Isotonic Percoll was added to create a 30%
solution, and 1 ml of 70% Percoll was underlaid. This was centrifuged at
800 ¢ for 30 min, and 2-3 ml of the 70%/30% interface was collected and
washed. Samples were resuspended in FACS buffer (PBS, 1% BSA, 0.1%
NaNj;, and 5 mM EDTA) and blocked with a CD16/CD32 antibody (1:200;
BD) for 10 min. Pooled portions of samples were used for unstained and
single-stained control, whereas individual samples were stained with a master
mix of CD45/AX700 (1:500; BioLegend), CD11b/BV605 (1:500; BioLegend),
F4/80/PEefluor610 (1:125; eBioscience), and Ly6C/PECy7 (1:50,000;
BioLegend). Each sample was divided in two tubes, a fluorescence minus
one “FMO” control and an “ALL” sample to which TREM2/APC (1:125;
R&D Systems) was added. Events were acquired on a Fortessa SORP (BD)
and analyzed using FlowJo. For analysis, events were gated on single cells
and CD11b-positive events. Samples with >5,000 CD11b-positive events
were used for analysis. This population was divided into CD45" and CDA45"
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subsets. TREM2* events were assessed by overlaying FMO and ALL plots
for each sample and gating on the population that was present only in the
ALL sample. Significant differences between ages and genotypes were deter-
mined using a two-way ANOVA and Bonferroni-corrected Student’s ¢ tests
between all groups.

Statistics. Statistical analyses were performed using Prism (GraphPad
Software). Two-way ANOVAs and significance between individual groups
were determined using a Bonferroni post-hoc test for analyses with multiple
comparisons. Two-sided, unpaired Student’s ¢ tests were used to determine
statistical difference between samples in analyses that required only single
comparisons. Although the data were not formally tested, based on previous
results (Lee et al., 2014), we assumed they conform to a Gaussian distribution
and that variance between groups was comparable. Biological replicates were
used to define each n. Statistical outliers were excluded from all datasets. The
mean of each group is graphed, and the error bars represent the SEM. De-
gree of significance between groups is represented as follows: *, P < 0.05;
P <0.01; *** P < 0.001. No tests were performed a priori to determine
the sample size; however, the sample sizes used here are similar to those used
in a previous study (Lee et al., 2014). 3—12 mice from at least two cohorts
were included in each group.
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