RESEARCH ARTICLE

Brain Pathology ISSN 1015-6305

TREM2 Protein Expression Changes Correlate with
Alzheimer’s Disease Neurodegenerative Pathologies in

Post-Mortem Temporal Cortices
Lih-Fen Lue'; Christopher T. Schmitz'; Geidy Serrano?; Lucia I. Sue?, Thomas G. Beach?;

Douglas G. Walker®

" Laboratory of Neuroregeneration, 2W. H. Civin Laboratory for Neuropathology, ® Laboratory of Neuroinflammation, Banner Sun Health Research

Institute, Sun City, AZ.

Keywords
amyloid, brain, human, microglia, tau, TREM2.

Corresponding author:

Lih-Fen Lue, PhD, Laboratory of
Neuroregeneration, Banner Sun Health
Research Institute, 10515 West Santa Fe
Drive, Sun City, AZ 85351 (E-mail:
lihfen.lue@bannerhealth.com)

Received 26 April 2014

Accepted 11 August 2014
Published Online Article Accepted 4
September 2014

doi:10.1111/bpa.12190

Abstract

Triggering receptor expressed by myeloid cells 2 (TREM2), a member of the immuno-
globulin superfamily, has anti-inflammatory phagocytic function in myeloid cells. Several
studies have shown that TREM?2 gene variant rs75932628-T increased the risks for Alz-
heimer’s disease (AD), Parkinson’s disease, frontotemporal dementia and amyotrophic
lateral sclerosis. It has been suggested that the risks could be resulted from the loss of
TREM2 function caused by the mutation. Indeed, new evidence showed that several
mutations in the immunoglobulin-like V-region led to low cell surface expression of
TREM2 and reduced phagocytic function. Because of the emerging importance in
understanding TREM2 expression and functions in human neurodegenerative diseases,
we conducted biochemical and morphological studies of TREM2 expression in human
post-mortem temporal cortical samples from AD and normal cases. Increased expression
of TREM2 protein was found to significantly correlate with increases of phosphorylated-
tau and active caspase 3, a marker of apoptosis, and also loss of the presynaptic protein
SNAP25. Strong intensities of TREM2 immunoreactivity were observed in the microglia
associated with amyloid plaques and in neuritic pathology-enriched areas. Based on the
findings that TREM2 expression correlated with neurodegenerative markers, further
investigation on whether there is abnormality of TREM2 functions in AD brains with

nonmutated TREM2 is needed.

INTRODUCTION

Several mutations of the TREM? (triggering receptor expressed by
myeloid cells 2) gene have been linked to the development of
dementia. This was first established in a pre-senile dementia in
patients with polycystic lipomembranous osteodysplasia with
sclerosing leukoencephalopathy (PLOSL), also known as Nasu
Hakola disease (34, 35). In this disease, homozygous mutations or
deletion of the TREM?2 gene or its functional partner protein, the
gene encoding TYRO protein tyrosine kinase binding protein
(TYROBP; formerly DAP12), caused a loss of function, leading to
prominent pathological features of demyelination, axonal sphe-
roids, axonal loss and white matter gliosis along with multiple
cysts in bones (2, 21, 22, 24, 34, 49). Recently, whole genome
sequencing identified TREM2 gene variant rs75932628-T to sig-
nificantly increase the risk of early and late-onset sporadic Alzhei-
mer’s disease (AD), while the mutation carriers without AD
between ages of 80—100 had lower cognitive function than the
age-matched noncarrier controls (15, 20). This 7TREM?2 mutation
was later reported to also increase the risk of frontotemporal
dementia (FTD), Parkinson’s disease and amyotrophic lateral scle-
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rosis (3, 7, 11, 14, 40). All of these findings support the hypothesis
that defects in TREM?2 gene could lead to neurodegeneration.
TREM?2 gene was initially cloned by Bouchon and colleagues
while investigating leukocyte activating receptors that could asso-
ciate with the DNAX-activation protein 12 (DAP12) (5). At the
same time as they identified a novel inflammation activating recep-
tor TREM1 that was specifically expressed in neutrophils and
granulocytes, they also found TREM2 that was expressed in
macrophages and dendritic cells. As expected, TREM2 is
expressed by brain microglia, consistent with their myeloid lineage
and their roles in brain innate immune functions (12, 18, 22, 33,
39, 41, 42, 44, 47). Although TREM2 expressions in neurons,
astrocytes and oligodendrocytes have also been observed, the find-
ings in these cell types are less conclusive (8, 17, 22, 41, 42, 49).
TREM2 is a phagocytic receptor for apoptotic neuronal ele-
ments, neuritic debris and bacteria (18, 32, 43—45). Emerging
evidence also showed the capability of TREM2 in phagocytosing
amyloid B (AP). In the microglial cell line BV2, TREM2 expres-
sion levels have been shown to highly correlate with AB1-40
uptake (29). Further confirmation that TREM2 is an A phagocytic
receptor came from a recent study in primary microglia isolated
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from TREM2 knockout mice. In this study, TREM?2 gene knockout
resulted in significant reduction in phagocytosis of fluorescent
dye-labeled AB1-42 (23).

There have been a few studies of TREM2 expression in animal
models of AD, and in AD brain tissues. Studies in APP23 trans-
genic (Tg) mice showed that TREM2 protein-expressing microglia
were localized at the outer zone of amyloid plaques and the
increases of TREM2 expression coincided with the progression
of amyloid pathology (12, 29). In Tg CRNDS8 mice, TREM2
immunoreactivities were observed in microglia as well as in
neuronal cytoplasm (15). Interestingly, a new study of hemizygous
TREM2 APP/PS1 mice and wild-type TREM2 APP/PS1 mice
showed that reducing TREM?2 gene expression by 50% did not
alter amyloid load in 3- and 7-month-old mice. Instead, it reduced
the number and area of microglia associated with amyloid plaques
(48). These findings suggest that TREM2 is important for
chemotactic response in microglia and it is possible that TREM2
phagocytosis might not properly function at sites of amyloid
accumulation.

The induction of TREM2 functions requires binding of ligand at
the cell surface to activate the co-receptor DAP12-mediated
signaling (36). At present, heat shock protein 60 (HSP60) is the
only ligand identified for activating TREM2-mediated phagocy-
tosis of apoptotic cells (43). TREM2 phagocytic function is not
associated with inflammation. Instead, it suppresses inflammation
and promotes tissue repair. This has been supported by the evi-
dence from animal models of multiple sclerosis (37, 45). In these
studies, blockade of TREM2 binding with ligand by a monoclonal
antibody worsened disease, whereas overexpressing TREM2 in
microglia improved it. It has also been shown that transduced
TREM2 expression in microglia prevented induction of the pro-
inflammatory cytokine tumor necrosis factor-ot and nitric oxide
synthase 2 transcripts (44).

To move toward understanding of the roles of TREM2 in AD,
we conducted both biochemical and morphological characte-
rization of TREM2 expression in brain tissues of neuropath-
ologically defined AD, possible AD (PossAD) and normal control
(NC) subjects. Our results demonstrated that TREM2 expression
was predominant in the microglia; the levels of expression were
significantly elevated in temporal cortical tissues of AD, and this
negatively correlated with the levels of the presynaptic protein
SNAP25 and positively correlated with the amount of abnormal
tau, suggesting an active involvement of TREM2-expressing
microglia in neurodegenerative processes.
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MATERIALS AND METHODS

Brain tissue from human subjects

Human post-mortem brain tissues for this study were from sub-
jects who had enrolled in the Brain and Body Donation Program
(BBDP) of Banner Sun Health Research Institute (BSHRI). The
operations of the BBDP have been approved by the Banner Health
Institutional Review Board. Most subjects had received annual
standardized batteries of neurological and neuropsychological
assessments prior to death. For those subjects lacking standardized
ante-mortem evaluations, information was obtained from a post-
mortem telephone interview with a contact, including an adapta-
tion of the Clinical Dementia Rating (CDR) Scale. An overview of
the program has been published (1). Neuropathological diagnosis
was made from brain tissue fixed with 4% neutral-buffered
formaldehyde and cut from both paraffin embedded and
cryoprotected blocks of various brain regions. Tissue sections
were processed following our standard histological procedures.
Histopathological grading of AD followed Braak’s neurofibrillary
tangle staging and Consortium to Establish a Registry for Alzhei-
mer’s Disease (CERAD) templates (6, 30). Cases were classified
as AD if they had the intermediate or high amyloid plaques and
neurofibrillary tangles according to the recommendation of NIA-
Reagan criteria (53). The PossAD cases were noncognitive
impaired subjects with moderate presence of amyloid plaques and
neurofibrillary tangles, whereas NCs were subjects who were clini-
cally nondemented and had sparse AD pathology. A collection of
autopsy cases meeting these criteria was used for the biochemical
and morphological studies. The demographic and AD pathological
features of the subjects in this study are summarized in Table 1.

TREM2 rs75932628-T polymorphism
genotyping

To determine that the autopsy cases used in this study did not carry
the TREM?2 gene variant rs75932628-T, we used a polymerase
chain reaction (PCR) method developed in-house for screening a
large series of DNA samples derived from human post-mortem
cases. Approximately 0.5 g of DNA derived from cerebellum was
amplified using the following primers (5P) GAAGGACAGCAG
CCACAAG and (3P) GAGCCCACAACACCACAG to produce a
fragment of 172 base pairs (bp). PCR was carried out using
Promega Hot Start DNA polymerase in a reaction mixture of 1x

Table 1. Pathological features of the autopsy cases used in the biochemical study.

Disease category (number of the cases)

Normal controls (n = 11)

Possible Alzheimer's (n = 11) Alzheimer's disease (n = 11)

Age, years (mean + SE) 85.4+2.1
Gender (male : female) 7:4
Apolipoprotein Ee4 (carriers : noncarriers) 1:10
Braak’'s stages (mean + SE) 28+0.2
Temporal tangle scores (mean * SE) 0.4+0.1
Temporal plaque scores (mean + SE) 1.2+0.2'?
Total tangle scores (mean + SE) 4.2 +0.6'
Total plaque scores (mean + SE) 3.7+0.6'?

86.5+1.7 82.4+26

3:8 6:5

2:9 5:6
29+0.2 52+0.2
0.4+0.2% 2.8+0.2'?
24+02'° 3.0+0'?
4.1 +0.7? 14.2+0.4"2
10.3+0.9%° 13.8+0.4'3

Same superscript numbers denote significant differences between two values (P < 0.05).
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Figure 1. Identification of TREM2 (triggering receptor expressed by
myeloid cells 2) rs75932628-T. DNA samples from cerebellum were
amplified by polymerase chain reaction (PCR) followed by restriction
enzyme digestion using primer pairs that allow the identification of
rs75932628 genotypes. The gel image of amplified PCR products is
shown here. Lane 1 is the DNA ladder. In lane 2, the band at 172 bp
indicated the presence of rs756932628-T in this case caused by the loss
of a Hhal restriction enzyme site. The other lanes were from DNA
samples without this polymorphism. For the purpose of this study, we
only used autopsy cases that did not have rs75932628-T genotype.

Promega Green Buffer (Madison, WI, USA), primers (0.5 uM),
deoxynucleotides (0.2 uM), MgCl, (1.5 mM), DNA polymerase
(0.125 units/reaction) and 5% dimethyl sulfoxide (DMSO). PCR
amplification involved 35 cycles of 94°C for 30 s, 58°C for 30 s
and 72°C for 1 minute after a 2-minute step at 94°C to activate the
enzyme. The DNA product was digested with the restriction
enzyme Hhal (New England Biolabs, Ipswich, MA, USA). The
change from C to T in this polymorphism resulted in loss of the
Hhal restriction enzyme site. Digested DNA fragments were sepa-
rated through 8% polyacrylamide gel and imaged after staining
using Gel Red stain (Biotium, Hayward, CA, USA). A representa-
tive gel showing the patterns of the different genotypes of
1s75932628-T is shown in Figure 1.

Immunohistochemistry of free-floating
brain tissues

Twenty-micron (um)-thick, 4% formaldehyde-fixed post-mortem
brain tissue sections of various regions were stained for antigen
localization following our published free-floating immunohisto-
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chemical procedures (26). The primary and secondary antibodies
used in the morphological and biochemical studies are summa-
rized in Table 2.

Double immunohistochemistry was carried out to determine the
relationship of TREM2 expression with various cell types and AD
pathology. The markers of cell types used were major histocom-
patibility complex II (MHCII) for activated microglia, glial
fibrillary acidic protein (GFAP) for astrocytes, oligodendrocyte-
specific protein for oligodendrocytes, whereas for pathology, the
markers were AP for amyloid plaques and phosphorylated tau
(p-tau) for neurofibrillary tangles. The duration of primary anti-
body incubation was 24 h at room temperature except the goat
anti-TREM2 antibody, which was incubated with tissues for 72 h
at 4°C. Tissues were then mounted, dehydrated and coverslipped
with Permount (Thermo Fisher Scientific, Waltham, MA, USA).
Some of the immunoreacted tissue sections were counterstained
before dehydration with a 1% neutral red solution to show the
presence of nucleus of the cells. In order to obtain an overall
assessment of the immunolabeling in line with our purpose, we
first surveyed the entire sections to assess the relationship of
TREM?2 with cell types and AD pathologies using 4x and 10x
objectives. Once TREM2 immunoreactive profiles were identified,
we carried out detailed observation in the morphology of the
immunoreactive cells and their relationship with AD pathology
profiles. The digital images of the staining patterns were captured
with 40x and 100x objectives. The results reported here were
obtained from multiple tissue sections from each autopsy case and
five autopsy cases from each disease category.

Semiquantitative analysis of TREM2
expression pattern

To evaluate the staining pattern of TREM2 protein in microglia, a
semiquantitative ranking system was used. To identify TREM2-
positive microglia, mounted sections were viewed with a 20X
objective with a 1-mm? grid in the lens of one eyepiece. The
intensity of TREM2 immunoreactivity was ranked in three
categories—Ilow, medium or high—in four 1-mm-wide cortical
columns in different gyrus on each brain section. The cell number
assessed in each column was recorded along with the intensity

Table 2. Information of the primary antibodies

used in this study. Antibody Supplier (Catalog No.) Host Dilution Applications
Abbreviations: GFAP = glial fibrillary acidic TREM2 R&D Systems (AF1828) Goat 1:500 1:750 WB, IHC
protein; IHC = immunohistochemistry; TREM2 Fitzgerald (10R-1115) Mouse  1:1000 WB
WB = Western blot. TREM2 Novus Biologicals (NBP1-06095) Goat 1:1000 IHC
p-tau (AT8) Thermo Scientific (MN1020) Mouse 1:1000 WB, IHC
MHCII (LN3) MP Biomedicals (0869303) Mouse 1:750 IHC
6E10 Covance (SIG-39320) Mouse 1:2500 WB, IHC
Ibal Wako (016-20001) Rabbit 1:1000 WB
DAP12 Abcam (ab124834) Rabbit 1:500 WB, IHC
SNAP25 Abcam (ab108990) Rabbit 1:2000 WB
PSD95 Abcam (ab76115) Rabbit 1:2000 WB
Active caspase-3 Abcam (ab32042) Rabbit 1:1000 WB
B-Actin Sigma Mouse 1:5000 WB
GFAP Dako (Z0334) Rabbit 1:2000 IHC
Oligodendrocyte Abcam (ab7474) Rabbit 1:500 IHC
Brain Pathology 25 (2015) 469-480 471
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rank of TREM2 immunoreactivity. The percentages of the cells in
each intensity category were calculated from each case according
to the formula: 100% X (cell number for each intensity category/
total number of the immunoreactive cells assessed). Finally, the
mean values of the percentages for each intensity category in each
disease group were obtained.

Lectin-binding histochemistry for assessing
microglia cell density

Temporal brain sections were blocked with 1% hydrogen peroxide
and protein-free blocking buffer (Catalog No. 37572, Pierce,
Thermo Fisher Scientific, Waltham, MA, USA), respectively, for
30 minutes and washed three times with PBST (phosphate buff-
ered saline with 0.3% triton X-100) prior to incubation with
biotinylated tomato lectin (Catalog No. B-1175, Vector Laborato-
ries, Burlingame, CA, USA) at 2 pug/mL for 1 hour. The rest of the
procedure followed our standard immunohistochemistry described
earlier. Lectin-positive microglia were counted in four 1-mm-wide
gray matter columns starting from the surface of the temporal
cortex to the border with white matter, guided by a 1-mm? grid on
the lens of eyepiece. The counting was performed in mid-temporal
cortical tissues available from seven autopsy cases per disease
group. The counting procedure was described in our previous
publication (31). The total cell number obtained from each cortical
column was divided by the area of the column (cell number/mm?).
Results were statistically analyzed according to disease groups.

Double immunofluorescence

We also conducted double immunofluorescence to determine the
relationship between TREM2 and DAP12 expression in the brain
tissues. A sequential labeling procedure was applied. We first pro-
cessed the immunolabeling of TREM2 with primary antibody as
described earlier, followed by biotinylated anti-goat immuno-
globulin G (IgG) and streptavidin-conjugated Alexa 488 (Molecu-
lar Probe, Life Technologies, Carlsbad, CA, USA). After
completion of the first round of immunolabeling, we applied the
primary antibody of DAP12 overnight, followed by 2-hour incu-
bation with anti-rabbit IgG (H + L) conjugated with Alexa 568.
Both fluorescence-dye-conjugated antibodies were used at 1:2000
from the stock provided by the manufacturer. To reduce nonspe-
cific autofluorescence background from human brain tissues,
mounted tissue sections were immersed in 1% Sudan Black solu-
tion (Sigma-Aldrich, St. Louis, MO, USA) in 70% alcohol for
S minutes. The excessive Sudan Black was removed by brief
immersion of the slides in 70% alcohol and distilled water before
coverslipping (26). Slides were coverslipped with Vectashield
(Vector Laboratories, Burlingame, CA, USA). The images were
captured with a charge-coupled device (CCD) camera attached to
the Olympus IX51 inverted fluorescence microscope (Olympus,
Center Valley, PA, USA). Image overlay was composed by the
Olympus software DP Controller version 3.2.1.276.

Western blotting

Gray matter tissues derived from middle temporal cortices (MTG)
of cases described in Table 1 were extracted in RIPA (radioimmu-
noprecipitation assay) buffer (Thermo Scientific, Thermo Fisher
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Scientific) following the procedure described in our previous work
(27). RIPA-buffer brain extracts were mixed with 4x lithium
dodecyl sulfate (LDS) sample buffer (Life Technologies), water
and the reducing reagent dithiothreitol to make Western blot
samples that contained 1 pug/uL of the total protein. Samples were
heated at 70°C immediately before loading on NuPage 4%—12%
Bis-Tris Mini gels (Invitrogen, Life Technologies). Ten micro-
grams of protein from each individual sample was loaded in each
gel lane. The order of the samples was arranged to ensure that
different diseases were included on one gel along with the molecu-
lar weight markers (Spectrum, Thermo Fisher Scientific). We also
included the same samples as internal controls on different gels to
assess the extent of discrepancy in processing and detection of the
samples between the gels.

Western blot samples were electrophoresed on NuPage Bis-Tris
gels at 200 V for 36 minutes using 2-(N-morpholino) ethane-
sulfonic acid (MES) buffer (Invitrogen, Life Technologies) and
then transferred to nitrocellulose membranes at 30V for
60 minutes. Blots were air-dried before blocking with 25 mM
Tris—HCI (pH7.4) buffered saline containing 0.05% Tween 20
(TBST) and 5% nonfat dry milk. Primary antibodies (TREM2,
DAPI12, IBA1, p-tau, 6E10, SNAP25, PSD95, active caspase 3 and
[-actin) at predetermined dilutions in TBST containing 2% nonfat
milk with 0.002% sodium azide were incubated with membranes
for 18 hours at room temperature. Western Extended Dura
Chemiluminescence substrate for horseradish peroxidase was used
for detection (Pierce, Thermo Scientific). Images of immunoreac-
tive bands were captured using a FluorChem Q (Protein Simple,
San Jose, CA, USA) Chemi-Imager. The intensities of the immu-
noreactive bands were obtained from each lane at the expected
molecular weight using multiplex band analysis function of the
FluorChem Q SA software version 3.2.2. The levels of B-actin in
each sample were used for normalization purposes.

Characterization of TREM2 and
DAP12 antibodies

To determine which of the TREM2 antibodies were specific and
suitable for use in the study, we transfected human embryonic
kidney (HEK) 293 cells with TREM2 or DAP12 plasmids.
Expression-validated and sequence-verified c¢cDNA clones of
human TREM2 and DAP12 in pCMV6 vectors (RC521132 and
RC522502, OriGene Technologies, Rockville, MD, USA) were
used. One microgram of TREM?2 plasmid or/and DAP12 plasmid
was used for transient transfection of HEK cells for 72 hours using
the Neon transfection system (MPKS5000, Life Technologies).
Antibody characterization results with these materials are shown
in Figure 2.

Statistical analysis

Statistical analysis was performed with MedCalc software version
9.8 (Oostende, Belgium). The significance level for all compari-
sons was set at P < 0.05. One-way analysis of variance (ANOVA)
was used to determine the statistical differences in the expression
levels of the TREM2 and DAP12 proteins between the groups
classified by diseases, and by the Braak’s stages in MTG followed
by Student-Newman—Keuls pairwise comparisons. Microglia cell
density detected with lectin-binding histochemistry was also
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Figure 2. Antibody characterization in the HEK cells and human brain
homogenates. A. Lysate samples of HEK cells transfected with human
TREM2 (triggering receptor expressed by myeloid cells 2) and DAP12
(DNAX-activation protein 12) plasmids were used to characterize
TREM2 antibodies by immunoblotting. TREM2 protein bands were
detected in the range of molecular weights of 35-40 kDa with three
antibodies, only in the samples with TREM2 transfection. Among these
antibodies, the goat polyclonal antibody from R&D System performed
more robustly in TREM2-transfected cells. DAP12 protein bands were
detected in HEK cells transfected with human DAP12 plasmids at
12 kDa, but not in the TREM2-transfected samples.

analyzed according to disease groups. The Spearman’s rank
correlation was used to correlate between the results from bio-
chemical analysis of TREM2 with other parameters including
DAP12, microglial markers IBA 1, apoptotic marker active caspase
3 and synaptic proteins SNAP25 and PSD95, phosphorylated-tau
protein (p-tau), as well as with neuropathological parameters
(regional plaque and neurofibrillary tangle scores).

RESULTS

Characteristics of the autopsy cases used in
this study

Demographic and neuropathological features, including age at
death, post-mortem interval, apolipoprotein Ee4 (ApoEe4) geno-
type, amyloid plaque density and Braak stage, of the cases used in
this study are summarized in Table 1. These are classified into
three disease groups: nondemented controls (ND), possible AD
(PossAD) and AD. As expected, the AD cases have significantly
higher mean values of temporal cortex plaque and tangle scores,
and Braak stage. The PossAD group was characterized by having
intermediate mean value of plaque scores and similar Braak’s
stage and temporal tangle scores compared with the ND cases. AD
temporal tissues also contained significantly higher density of
microglia (P =0.02) compared with ND and PossAD. The mean
and standard errors of microglia density (cell number/mm?)
were 4.011 £0.356 for ND, 4.279+0.333 for PossAD and
5.304 £ 0.371 for AD. Microglia density was not significantly dif-
ferent between ND and PossAD, or between PossAD and AD.

TREM2 rs75932628 polymorphism genotype

In screening for TREM2 1575932628-T polymorphism in 206
samples of DNA, we identified only one heterozygous positive

Brain Pathology 25 (2015) 469-480
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case (Figure 1). We excluded this case from our study. All of the
cases included in this study carried the normal rs75932628
TREM2 genotype.

TREM2 antibody characterization

Three commercially available TREM2 antibodies were compared in
our antibody characterization study: a goat polyclonal antibody
from R&D Systems (AF1828, Minneapolis, MN, USA), raised
against recombinant TREM2 molecule spanning amino acids
19-174; a goat polyclonal antibody from Novus Biologicals
(NBP1-06095, Littleton, CO, USA), raised against the amino acids
199-212; and a mouse monoclonal antibody from Fitzgerald (10R-
1115, Acton, MA, USA) raised against amino acids 19—-161. The
transmembrane domain of human TREM2 protein is amino acid
positions 168-200. All of these three TREM2 antibodies detected
two major bands with molecular weights of 35 and 40 kilodalton
(kDa) (Figure 2). The AF1828 TREM2 antibody also detected a
diffuse immunoreactivity pattern between the two major bands,
indicative of post-translational glycosylation of the expressed
protein. The specificity of each TREM2 antibody was confirmed by
the lack of reactivity with HEK cells that had been transfected with
the plasmid for DAP12.

Levels of TREM2 protein and AD degenerative
markers in studied samples

The primary goal of this study was to determine using biochemical
measurements if TREM2 protein expression was linked to
neuropathological features of AD. In addition to measuring the
protein levels of TREM2, its co-receptor DAP12 and a microglia
marker IBA1, we also measured the expression levels of the
presynaptic protein (SNAP25), the post-synaptic proteins
(PSD95), p-tau, an apoptotic marker detected by cleaved caspase 3
(the p17 subunit) and 4-kDa A.

Our results showed that in MTG from AD cases, there was higher
level of TREM2 protein than in the PossAD and ND (P < 0.05)
cases, whereas there was no difference between the PossAD and ND
disease cases (Figure 3A). Likewise, DAP12 was significantly
increased in the AD cases compared with the PossAD and ND cases
(Figure 3B). The expression levels of the microglia-specific protein
IBA1 were only significantly elevated in AD cases (Figure 3C). Of
the degenerative markers, we detected a significant increase in the
levels of active caspase 3, and decreased levels of the synaptic
proteins SNAP25 and PSD95 in the AD cases (Figure 3D-F) com-
pared with the PossAD and ND groups. The representative immu-
noblot images of these proteins are shown in Figure 3G.

Relationship between TREM2 levels and AD
pathological parameters

As both TREM2 and DAP12 protein levels were elevated in the
AD group, we performed correlation analysis to determine their
relationship, and with IBA1 to determine if their expression levels
correlate with this marker of microglia. We found that there was a
significant positive association between TREM2 and IBALl
(p=0.490, P =0.0038), but no such relationship between DAP12
and IBA1 (p =0.102, P =0.574). There was also a lack of asso-
ciation between TREM?2 and its co-receptor DAP12 (p = 0.098,
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P =0.586). When a linear regression analysis was performed
based on disease groups, we detected a linear relationship between
the expression levels of TREM2 and IBAl in AD subjects
(R*=0.4742, F ratio=8.115, P=0.0191). Although the linear
relationship was not present within the PossAD or ND group, the
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Figure 3. The expression levels of TREM2
(triggering receptor expressed by myeloid
cells 2), DAP12 (DNAX-activation protein 12),
IBA1, cleaved caspase 3, SNAP25 and
PSD95 by disease groups. The expression
levels of microglial proteins TREM2, DAP12
and IBA1, apoptotic marker active caspase 3,
and synaptic proteins SANP25 and PSD95
were analyzed in the brain samples using
protein-specific antibodies by our standard
immunoblotting procedure. The intensities of
the specific band in each sample were
normalized by B-actin followed by statistical
analysis by disease groups: nondemented
controls (ND); possible AD (PossAD); and
Alzheimer's disease (AD). Significant
changes (P < 0.05) were detected between
AD and ND groups in TREM2 (A), DAP12 (B),
IBA1 (C), and active caspase 3 (D), SNAP25
(E) and PSD 95 (F). However, the significant
differences between AD and PossAD groups
were only detected in TREM2, DAP12 and
IBA1. Expression levels of the apoptotic
marker active caspase 3, presynaptic protein
SNAP25 and post-synaptic protein PSD95
were not significantly different between
PossAD and ND groups. There were no
significant differences between ND and
PossAD in all of the markers. The horizontal
lines in the dot plots represent the values of
mean and standard errors. Representative
immunoblot images for the proteins TREM2,
DAP12, IBA1, PSD95, SNAP25 and cleaved
caspase 3 were compiled in G. The disease
groups for the samples in each lane were
shown above gel images: AD for Alzheimer’s
disease; PA for possible Alzheimer’s disease,
ND for nondemented normal controls. The
blank lane was the lane that molecular
weight ladders were loaded. The molecular
weights corresponding to each protein were
indicated at the right side of the gel images.
The brain TREM2 has molecular weights of
35-40 kDa.

coefficients of determination (R*) were increased in the PossAD
group, 0.341 (F ratio =4.662, P =0.0592) in contrast to 0.0168
(F ratio = 0.154, P = 0.704) in the ND group. No such relationship
was detected between DAP12 and TREM2, or between DAP12 and

IBAL.
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Table 3. Spearman’s correlation coefficients

Rho and significant levels P between Rho (significant levels, P) TREM2 DAP12 IBA1

microglial markers and neurodegenerative Temporal cortical plaque scores ~ 0.203 (P =0.258)  0.436 (P = 0.011) 0.190 (P = 0.289)

markers in middle temporal cortices. Temporal cortical tangle scores 0.359 (P =0.040)  0.364 (P =0.037) 0.529 (P = 0.002)
4-kDa AB 0.087 (P=0.836) 0.371 (P =0.03) 0.118 (P =0.513)
p-tau 0.483 (P = 0.004) 0.302 (P = 0.088) 0.239 (P = 0.180)
Active caspase 3 0.385 (P = 0.027) 0.668 (P < 0.0001) 0.278 (P =0.117)
SNAP25 —-0.367 (P =0.036)  0.098 (P = 0.5864) -0.151 (P = 0.401)
PSD95 -0.513 (P =0.832) -0.533 (P =0.002) -0.112 (P = 0.542)

We further determined if there were relationships between
microglial proteins TREM2, DAP12 and IBA1, and neuropath-
ological markers. Spearman’s correlation coefficients for these
measures are summarized in Table 3. The expression levels of
TREM2 in MTG had significant correlations with tangle scores,
PHF-tau and active caspase 3, and significant negative association
with the levels of SNAP2S5 protein, but not with the post-synaptic
protein PSD95 and plaque scores. The protein levels of DAP12
had significant positive correlations with plaque scores, tangle
scores, 4-kDa AP and active caspase 3, significant negative corre-
lation with PSD95, but not with presynaptic protein SNAP2S.
IBA1 protein levels significantly correlated with tangle scores, but
not with synaptic proteins, A, p-tau or caspase 3.

Immunohistochemical detection of
TREM2-expressing cells

Although the main purpose of this study was to determine
the biochemical levels of TREM2 in human temporal cortical
tissues, to identify the source of increase in TREM2 expression
we investigated the cell type and localization of TREM2
protein in post-mortem brain tissues. We carried out double
immunohistochemistry using one of the TREM2 antibodies (R&D
Systems) that we had characterized, along with antibodies detect-
ing AP, p-tau, MHCII, GFAP and oligodendrocyte-specific
protein. In ND cases, TREM2 immunoreactivity was observed in a
subset of microglia, whereas in AD cases, the intensity of TREM2
in microglia was increased in the areas enriched with AD pathol-
ogy. Representative images of the micrographs are presented in
Figure 4A-N. TREM2-immunoreactive microglia not associated
with AD pathology were also observed (Figure 4A-D). As MHCII
has been frequently used as a marker for microglia with increased
inflammatory properties, we determined whether TREM2-
expressing microglia were also MHCII-positive. In the brain
sections that we studied, TREM2-expressing microglia were
either negative or positive for MHCII immunoreactivity. Exam-
ples of undetectable (Figure 4A), strong (Figure 4B) and weak
(Figure 4C,D) co-localization of MHCII with TREM2, and
TREM2-expressing microglia positioned closely to a neuronal cell
body (Figure 4E) and neuronal processes (Figure 4F) are shown.
TREM2-expressing microglia were frequently observed in close
vicinity to neurons in brain regions enriched for p-tau-
immunoreactive neurites (Figure 4G-1). We also observed
TREM2-expressing microglia at the outer edge (Figure 4J,K) as
well as inside the amyloid plaques (Figure 4L—N).

To assess the expression pattern of TREM2 immunoreactivity in
microglia, a semiquantitative system combining the ranking of
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staining intensity and frequency was adopted. In this system, the
intensity of the TREM2 immunoreactivity was ranked as low,
medium or high, and the number of microglia counted for each
rank was recorded. The percentages of the cell number in each
intensity category were calculated according to the formula
described earlier and the results were shown in Table 4. Interest-
ingly, we found that 87.5% of TREM2-immunoreactive microglia
in ND cases exhibited low staining intensity, whereas 12.5% of
the TREM2-positive cells exhibited medium intensity. In contrast
to the ND and PossAD cases that had no microglia expressing
high intensity of TREM2 immunoreactivity, 37.5% of TREM2-
expressing microglia in AD exhibited high immunoreactive
intensity.

TREM2 immunoreactivities were not detected in the cells
marked by the astrocyte marker GFAP or oligodendrocyte-specific
protein (Figure 5), as indicated by black arrows (TREM2-
immunoreactive cells) and white arrows (astrocytes in
Figure 5A,B; oligodendrocytes in Figure 5C,D). By two-color
immunofluorescence, DAP12 immunoreactivity was determined
in relation to TREM2-expressing cells (Figure 6). TREM2-
expressing cells are labeled with green (Alexa 488) (Figure 6A,D),
whereas DAP12 protein immunoreactivities are labeled with red
(Alexa 568) (Figure 6B,E), and the co-localization of TREM2 and
DAPI12 immunoreactivities is shown in the image overlays
(Figure 6C,F). In these figures, there are also DAP12 immunore-
active cells that do not co-localize with TREM2 immunoreactivity
white arrows to be put between parenthesis.

DISCUSSION

We used both biochemical and immunohistochemical approaches
to characterize AD-associated changes of TREM2 protein expres-
sion in post-mortem temporal cortical tissues. The major findings
of our study are that TREM2 protein levels were significantly
elevated in AD compared with ND and PossAD cases. This
increase correlated with the abundance of neurofibrillary pathol-
ogy, the biochemical levels of p-tau and an apoptotic marker, the
loss of presynaptic protein SNAP25, and the increases in
microglial activation marker IBA1. This is the first time that
TREM?2 protein expression has been demonstrated in significant
association with neuritic pathological changes and microglial acti-
vation in AD. These findings suggest the importance of assessing
microglial TREM2 function in the context of interaction with
neurons. This will include microglial responses to signals sent
by neurons undergoing synaptic loss, oxidative stress, apoptosis
and progressive modification of the microtubule associated
protein tau.
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Figure 4. Immunohistochemical characterization of TREM2 (triggering
receptor expressed by myeloid cells 2) expressions in postmortem
human brain tissues. Representative images of double immunohisto-
chemistry of TREM2 (dark blue) and MHCII (major histocompatibility
complex Il) (brown) are shown in A-D; TREMZ2 immunoreactive microglia
in association with neurons in E-F; TREM2 (dark blue) and p-tau (brown)
in G-I; and TREM2 and AB in J-N. A-D. TREM2-immunoreactive
microglia are present in MHCII-negative (arrows) cells and also in MHCII-
positive cells (arrow heads). E-I. TREM2 immunoreactive microglia are in
close contact with neuronal cell bodies (neutral red stained; E, F) in the

By double immunohistochemistry with TREM2 antibody and
antibodies for cell-type-specific antigens, we demonstrated that
TREM2 was only present in microglia, not in other glial cells in
the MTG samples analyzed. Although there are several contradic-
tory reports about the cell types that express TREM2 in the brain,
the absence of TREM2 RNA and protein expression in astrocytes,
oligodendrocytes and neurons has been reported previously in
purified primary cell cultures (44). Our findings confirmed that
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tissues with minimal Alzheimer’s disease (AD) pathology. Increased
TREM2 immunoreactivity (dark blue, arrows) could be seen in the areas
enriched with p-tau immunoreactive neurites (brown; G-I). J-N. TREM2
immunoreactive microglia (dark blue, arrows; J-N) are observed in the
vicinity of amyloid plaques (J-K) and inside amyloid plaques with different
compactness of the amyloid aggregates (L-N). All of the micrograph
images were taken with 40x objective. The 10-um magnification calibra-
tion bars were shown in the first picture in each row (A, E, G, J). The brain
tissues for the morphological study were ND cases in A, B, E; PossAD
casesin C, D, F, J, K; AD cases in G-I and L-N.

Table 4. Semiquantitative assessment of microglial TREM2 expression
pattern.

Intensity ranking Nondemented Possible Alzheimer's
of TREM2 controls (%) Alzheimer's disease (%)
immunoreactivity disease (%)

Low 87.5 75 375
Medium 12.5 25 25

High 0 0 375
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Figure 5. Double immunohistochemistry of & SV
TREMZ2 (triggering receptor expressed by .
myeloid cells 2) with astrocyte and

oligodendrocyte markers. Double

>

immunohistochemistry of TREM2 with K @

a1
]
>
T~
astrocyte marker [glial acidic filament protein e L b S

(GFAP)] or oligodendrocyte-specific protein -
shown in this figure were performed in the ¢
brain tissues of nondemented controls (ND)
(A, C), possible AD (PossAD) (D) and
Alzheimer's disease (AD) (B) cases. TREM2 \
was demonstrated with nickel enhanced

DAB (DNAX-activation protein) substrate

(dark blue, indicated by black arrows),

whereas GFAP and oligodendrocyte-specific

protein were demonstrated with DAB

without enhancement (light brown, indicated

by white arrows). TREM2 immunoreactivities

were not observed in the same cells marked

by GFAP or oligodendrocytes-specific

protein. Images were taken at 40x objective

in A, B, and at 100x with oil immersion lens

in C, D. The calibration bars represent 10-um G
length.

TREM?2 is expressed by microglia, but is undetectable in other
glial cells in human elderly brains.

In this study, biochemically-measured TREM2 levels did not
show a correlation with amyloid plaque counts or amounts of the
monomeric 4-kDa AP in the RIPA-extracted brain samples. Inter-
estingly, in transgenic mice modeling AD amyloid accumulation,
such as APP23 and TgCRNDS8 mice, TREM2 expression and
amyloid load increased in parallel in the plaque-laden brain
regions (12, 15, 29). In these studies, TREM2 expression were
detected by immunoblotting and/or in situ hybridization, and their
relationship with AP was assessed by amyloid plaque staining. The
reasons for the absence of correlation between biochemical
expression levels of TREM2 with plaque counts in our study is
unclear. We speculate that this could be caused by the transgenic
models of AD, such as APP23 and TgCRNDS8, do not mimic the
complete magnitude and all aspects of AD pathology in humans.
As one of the constitutive functions of TREM2 is to maintain the
healthy environment for neurons by phagocytosis of cellular debris
and apoptotic cells, it is possible that TREM?2 expression levels are
also regulated by these factors.

Moreover, in human AD brain tissues, we observed that the
localization of TREM2-expressing microglia was not limited to
certain regions in amyloid plaques (shown in Figure 4J-N). In
contrast, TREM2-expressing microglia were limited to the outer
zone of amyloid plaques in APP23 and TgCRNDS mice (15, 28).
TREM2 mediates chemotactic responses to amyloid plaques. This
is supported by the evidence from a study of the hemizygous
APP/PS1-21 mice generated by crossing APP/PS1-21 mice with
TREM2 knockout mice (48). Amyloid load was not altered at
3 and 7 months because of reduced TREM2 expression but the
number of microglia accumulated at the amyloid plaques was
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markedly reduced at 3 months of age. This study led the authors to
suggest that TREM?2 mediates chemotactic responses of microglia
toward amyloid plaques.

Elevated TREM2 expression might not result in more activa-
tion of phagocytosis signaling, as this is dependent on coupling
with DAP12 (44). In the study of APP23 mice, the expression
of the TREM2 co-receptor DAP12 increased in a similar trend as
TREM2 (29). We have found that although both DAP12 and
TREM2 expression were elevated in the MTG of the AD cases,
there was a lack of correlation between them. The levels of
DAPI12 correlated positively with amyloid plaque scores and A,
while TREM2 levels did not correlate with these features. We
also showed that TREM2 immunoreactive cells did not consist-
ently contain detectable DAP12 levels. It is unclear whether the
lack of association between TREM2 and DAP12 could be caused
by differences in their regulation. Although DAP12 is the only
signaling receptor identified for TREM2, DAP12 partners with
other receptors, including Fcy receptors, complement receptors,
and one of other members of the TREM family, TREM1 (16, 19,
25, 46, 50, 51). In contrast to TREM2, the interaction of TREM1
with DAPI12 leads to activation of NFkB pathway with pro-
inflammatory consequence (4). Thus, depending on the local
immunological environment and what types of molecular com-
plexes are formed, activation of DAP12 signaling could result
in different outcomes. In addition, it has been shown that
FTD-associated mutations in TREM2 affected further enzymatic
cleavage of the TREM2 C-terminal fragment (CTF) following
ectodomain shedding (23). Whether the accumulation of CTF in
the plasma membrane could affect the expression of DAP12
caused by the lack of pairing with full-length TREM2 is not
known. How disease condition might alter DAP12 expression and
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Figure 6. Double immunofluorescence labeling of TREM2 (triggering
receptor expressed by myeloid cells 2) and DAP12 (DNAX-activation
protein 12) in human brain tissues. To illustrate the relationship of
TREM2 and DAP12 expressions in brain cells, results of double immu-
nofluorescence labeling are shown here: A, D: TREM2 expression in
green; B, E: DAP12 expression in red; C, F: overlay of TREM2 and

its coupling with TREM2 in microglia is an important area for
further research.

Microglia have heterogeneous phenotypes that represent their
activation states (13). Our results showed varied intensity of
TREM2 immunoreactivities in microglia. Higher TREM?2
immunoreactivities were observed in microglia clustered in AD
pathology-enriched areas and semiquantitative analysis showed
that more AD microglia exhibited higher intensity of TREM2
immunoreactivity than ND and PossAD microglia. We also
observed high MHCII immunoreactivities in cells expressing
higher level of TREM2. A study using BV2 microglial cells dem-
onstrated that higher levels of TREM2 corresponded with greater
antigen-presenting function and neuroprotection, as these cells
interacted with activated CD4" T-cells without inducing the pro-
duction of interferon-y (29).

As a member of the immunoglobulin superfamily, TREM2 con-
sists of a single extracellular globular domain anchored by a
transmembrane domain followed by a cytoplasmic tail. Similar to
other members of this family, full-length TREM2 is subject to
ectodomain shedding. Recently, it has been shown that soluble
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DAP12 images. In both overlay images, the co-localization of TREM2
and DAP12 immunoreactivities were shown (arrow heads). However,
some of the DAP12 immunoreactive profiles are not associated with
TREM2 immunoreactivity (indicated by arrows). Magnification: calibra-
tion bars: 10 um.

TREM2 fragments are produced through sequential cleavage in the
lower part of the extracellular domain by an unidentified sheddases,
followed by y-secretase cleavage inside the transmembrane domain
to generate a soluble secreted CTF (52). Soluble TREM2 has been
detected recently in human cerebrospinal fluid (CSF), synovial fluid
and serum (9, 10, 23, 38, 43). Possession of the TREM2 single
nucleotide polymorphism (SNP) (rs6922617) has been associated
with increased tau and phosphorylated tau levels in CSF (10).
Nevertheless, a recent analysis of STREM2 in CSF samples showed
significant decreases in the levels of STREM2 in AD and FTD
compared with the levels from ND cases (23).

A new study that compared the missense mutations T66M,
Y38C and R47H with wild-type TREM2 shed light on the func-
tional and expressional abnormalities that these mutations could
cause (23). The mutations could lead to defective maturation and
transport of TREM2 proteins, resulting in low expression at the
cellular surface, thereby leading to deficiency of phagocytic func-
tion. Although all of the three mutations are located within the
V-domain of immunoglobulin-like structure, the magnitude of the
above-mentioned abnormalities varied. The two mutations (T66M
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and Y38C) associated with risks of FTD and FTD-like diseases
resulted in a higher degree of negative effects than the R47H
mutation linked to the risk of AD. This raises the question whether
additional mechanisms could be involved in increasing the risk for
AD neurodegeneration in cases with the R47H mutation.

Based on our current findings in nonmutated TREM2 protein
expressions in AD brain, we speculate that the consequences of
TREM2 functional deficiency might be different from mutated
TREM2. Non-mutated TREM2 in AD might be the inaccessibility
or defect in the ligand binding domains on TREM2, caused by
interacting with amyloid plaques. The ligand binding domain of
TREM2 might become inaccessible for HSP60, the only ligand
identified important for signaling the clearance of apoptotic cells
(43). Nevertheless, this hypothesis will need to be tested in a future
study.

Taken together, in this study, we have demonstrated in post-
mortem human temporal cortex a significant upregulation of
TREM?2 protein expressions in AD cases. We also demonstrated
that TREM2 protein expression increased with p-tau-containing
neuritic pathology, presynaptic loss, apoptotic activation and
microglial activation. These findings provide the foundation for
further mechanistic investigation. We propose that microglia
TREM2 upregulation in AD could be a response to phagocytic
demand caused by increased burden of neuritic pathology and
apoptotic cells as disease progresses. Whether TREM2 functions
are defective during these processes remains to be determined.
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