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Abstract

Mutations in TREM2, which has been proposed to regulate the inflammatory responses and the
clearance of apoptotic neurons and/or amyloid-3 (AB), are genetically linked to increased risk for
late-onset Alzheimer’s disease (AD). Interestingly, a missense variant in TREM-like transcript 2
(TREMLZ2), a structurally similar protein encoded by the same gene cluster with TREM2 on
chromosome 6, has been shown to protect against AD. However, the molecular mechanisms by
which TREM2 and TREML2 regulate the pathogenesis of AD, and their functional relationship, if
any, remain unclear. Here, we show that lipopolysaccharide (LPS) stimulation significantly
suppressed TREM2 but increased TREML2 expression in mouse brain. Consistent with this /in
vivoresult, LPS or oligomeric Ap treatment down-regulated TREM2 but up-regulated TREML2
expression in primary microglia. Importantly, modulation of TREM2 or TREMLZ2 levels had
opposing effects on inflammatory responses with enhancement or suppression of LPS induced
pro-inflammatory cytokine gene expression observed upon TREM2 or TREML2 down-regulation,
respectively. In addition, the proliferation of primary microglia was significantly decreased when
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TREM2 was down-regulated, whereas it was increased upon TREML2 knockdown. Together, our
results suggest that several microglial functions are strictly regulated by TREM2 and TREMLZ2,
whose dysfunctions likely contribute to AD pathogenesis by impairing brain innate immunity. Our
findings provide novel mechanistic insights into the functions of TREM2 and TREMLZ2 in
microglia and have implications on designing new therapeutic strategies to treat AD.
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INTRODUCTION

Recently, genome-wide genetic studies performed on different populations identified a rare
variant (R47H) in triggering receptor expressed on myeloid cells 2 (TREMZ2) as a strong
genetic risk factor for late-onset Alzheimer’s disease (AD) (Benitez and Cruchaga, 2013,
Guerreiro and Hardy, 2013, Guerreiro, et al., 2013, Jonsson, et al., 2013). As an important
innate immune receptor in the brain, TREM2 is mainly expressed in microglia, coupling
with DNAX-activating protein of 12 kDa (DAP12) for its signaling (Jiang, et al., 2013,
Neumann and Takahashi, 2007). Emerging evidence has established the ability of TREMZ2 in
promoting an anti-inflammatory response in microglia (Hamerman, et al., 2006, Painter, et
al., 2015, Takahashi, et al., 2005, Turnbull, et al., 2006) and in animal disease models such
as multiple sclerosis mouse model (Takahashi, et al., 2007) and senescence-accelerated
mouse prone 8 (SAMP8) mice (Jiang, et al., 2014). TREM2 also binds to a wide variety of
anionic and zwitterionic lipids known to associate with fibrillar Ap and the surface of
damaged cells, serving as a phagocytosis signaling receptor for bacteria, Ap aggregates, and
apoptotic neurons (Hsieh, et al., 2009, N’Diaye, et al., 2009, Stefano, et al., 2009, Takahashi,
et al., 2005, Wang, et al., 2015). Moreover, studies showed that lack of TREMZ2 impairs the
proliferation of osteoclast precursors in response to macrophage colony-stimulating factor
(M-CSF) (Otero, et al., 2012, Takahashi, et al., 2005), suggesting that TREM2 may also be
involved in the regulation of cell proliferation.

The TREM and TREM-like receptors belong to a structurally related transmembrane protein
family encoded by genes clustered on chromosome 6p21.11 (Ford and McVicar, 2009).
These receptors are expressed by a variety of innate cells of myeloid lineage including
neutrophils, monocytes, osteoclasts, macrophages, dendritic cells, and microglia, and are
emerging as important components in innate and adaptive immunity. Intriguingly, a recent
study indicates that a missense variant of TREM like transcript-2 (TREMLZ2, also named
TLT2), p.S144G (rs3747742), plays a protective role in AD (Benitez, et al., 2014). TREML2
is a single-pass type | membrane protein which contains an 1g-like V-type (immunoglobulin-
like) domain (Klesney-Tait, et al., 2006). In contrast to TREM2, TREML2 does not
associate with DAP12, which contains a canonical immunoreceptor tyrosine-based
activation motif (ITAM) in its cytoplasmic domain. Thus, TREML2 does not exhibit features
for classical tyrosine-based signaling (Klesney-Tait, et al., 2006). Previous studies have
shown that TREML2 is up-regulated in response to inflammation in macrophages,
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suggesting a potential role in pro-inflammatory responses (King, et al., 2006). However, the
function of TREML2 in microglia has not been carefully demonstrated.

As TREM2 and TREMLZ2 appear to differentially affect the risks of AD, in the present study
we aim to explore the functional relationship between TREMZ2 and TREMLZ2 in regulating
microglial activation in AD pathogenesis. We found that lipopolysaccharide (LPS)
stimulation significantly suppressed TREM2 but increased TREMLZ2 levels in mouse brain
and in primary microglia. Modulation of TREM2 or TREMLZ? levels affects inflammatory
responses in the opposite directions. Our studies generated novel insights into the
mechanisms of TREM2 and TREMLZ2 in AD pathogenesis and should help to design
targeted therapy for AD.

EXPERIMENTAL PROCEDURES

Reagents

Animals

LPS and TREMLZ2 siRNA were purchased from Sigma Aldrich. AB42 peptide was
purchased from AnaSpec. Oligomeric Ap42 was prepared as previously described (Huang,
et al., 2015) from the Proteomics Core at the Mayo Clinic. Briefly, aliquots of 100 uM AB
monomer purified by size exclusion chromatography were incubated overnight at room
temperature in 50 MM NaCl and 4 mM SDS. To remove the SDS and reduce the salt
concentration, the sample was dialyzed against 20 mM sodium phosphate buffer at pH 7.0
(NaP) for 4872 hours and then against 10 mM NaP. Sample quality was monitored and
confirmed at each step of the preparation by circular dichroism (CD) and thioflavin T
fluorescence. Residual or unconverted monomer was removed by filtering the dialyzed
oligomer with an Amicon Ultra 4 centrifugal concentration/filtration device with a MW
cutoff of 50 kDa.

All animal procedures were approved by the Mayo Clinic Institutional Animal Care and Use
Committee (IACUC) and were in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Wild-type (C57BL/6J) mice were purchased
from Jackson Laboratory. TREM2 knockout mice ( 7rem2~/~; C57BL/6N) and the
corresponding control C57BL/6N mice were obtained from the UC Davis Knockout Mouse
Project (KOMP) repository. These 7rem2~~ mice were originally generated by Velocigene
as a “definitive null” and have a LacZ reporter cassette that replaces the entire coding region
of the 7remZ2locus. This line is identical to the line recently reported (Jay, et al., 2015).

LPS administration and tissue processing

C57BL/6N mice were intraperitoneally injected with LPS (2 pg/g body weight) at 9 weeks
of age. Animals were deeply anesthetized with pentobarbital prior to cardiac perfusion with
phosphate-buffered saline to expunge vascular components from the tissue at 4 and 24 hours
post injection. Saline injection at 0 hour time-point was also conducted as a control. Hemi
brain tissues were quickly isolated, frozen on dry ice and stored at —80°C until further
processing. Tissues were briefly sonicated in Tris-buffered saline with EDTA (TBSE) (50
mM Tris, pH7.5, 150mM NaCl, 1mM EDTA) with 1x protease and phosphatase inhibitors
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(Thermo Scientific, Waltham, MA). An aliquot of sonicated tissue suspension was
immediately placed into Trizol for RNA isolation using the Direct-zol RNA kit according to
the manufacturer’s instructions (Zymo Research, Irvine, CA).

Primary microglia culture

Primary microglial cells were prepared as described previously (Liu, et al., 1994, Zhu, et al.,
2010) with minor modifications. Briefly, mixed glial cells from newborn (postnatal 1 to 3
day old) C57BL/6J pups were cultured in DMEM supplemented with 10% FBS and 100
U/ml penicillin/streptomycin in a poly-D-lysine (Sigma Aldrich)-coated cell culture flasks
(Corning, Fisher). The medium was changed the next day with fresh DMEM medium plus
10% FBS and 25 ng/ml GM-CSF (R&D System). Microglia cells were harvested by shaking
after 10-12 days in culture as described (Zhu, et al., 2010). The isolated microglia were
subjected to TREM2 or TREML2 knockdown by electroporation, or plated for LPS or
oligomeric AP treatments.

TREM2 or TREML2 knockdown by siRNA

Knockdown of TREM2 or TREML2 with TREM2 or TREML2 specific sSiRNAs in
microglia was carried out by electroporation using an Amaxa Nucleofector, and a glial
specific Nucleofector kit (Lonza) according to the manufacturer’s instructions. Each
electroporation reaction contained 4 x 10° cells and 200 nM siRNA. Transfected cells were
plated and used for LPS treatments or proliferation assays. The siRNA sequences for
TREM2 were as follows: 7remZ2siRNAL: 5-CCAGUCCUUGAGGGUGUCAUGUACU-3;
TremZ2siRNA2: 5-ACCCUUGCUGG AACCGUCACCAUCA-3'.

Reverse transcription and quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from tissues or cells using Direct-zol RNA kit or NucleoSpin RNA
Il (Clontech) according to the manufacturer’s instructions. Total RNA was dissolved in
nuclease-free water and stored at —80°C. Reverse transcription was performed using a
SuperScript I First-Strand Synthesis System (Invitrogen), and the resulting cDNA was used
for quantitative real-time PCR. The set of actin primers was used as an internal control for
each specific gene amplification. The relative levels of expression were quantified and
analyzed by using Bio-Rad iCycler iQ software (Bio-Rad). The real-time value for each
sample was averaged and compared using the CT method, where the amount of target RNA
(2-AACT) was first normalized to the endogenous actin reference (ACT) and then
normalized against control levels. The primer sequences for TREM2, TREML2,
interleukin-1p (IL-1p), tumor necrosis factor-a (TNF-a) and B-actin were as follows: 7rem2-
Forward: 5-TCATAGGGGCAAGACACCT-3’; Trem2-Reverse: 5'-
GCTGCTCATCTTACTCT TTGTC-3’; Trem12-Forward: 5'-
TGGTGGTGGTGTTGACATTTCTTCC-3; Trem12-Reverse: 5'-
ATCCAGGGTTTAGCATAGTTGCTGC-3'; //-1-Forward: 5’-
CCTGCAGCTGGAGAGTGTGGAT -3; //-1-Reverse: 5'-
TGTGCTCTGCTTGTGAGGTGCT-3; TNF-a-Forward: 5-AGCCCACGTCGTAG
CAAACCAC-3; TNF-a-Reverse: 5-AGGTACAACCCATCGGCTGGCA-3'; B-actin-
Forward: 5-AGTGTGACGTTGACATCCGTA-3’; B-actin-Reverse: 5’-
GCCAGAGCAGTAA TCTCCTTC-3.
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BrdU incorporation assay

BrdU incorporation assays were performed using a BrdU cell proliferation ELISA kit
(Abcam) according to the manufacturer’s protocol. Briefly, microglia were seeded at a
density of 1 x 10 cells/well, and BrdU was added to the cells for 18 hours for incorporation.
Then the cells were fixed, permeabilized and denatured to enable the detection of
incorporated BrdU with anti-BrdU antibody. Following incubation with horseradish
peroxidase-conjugated secondary antibody, the colored reaction product was quantified
using a spectrophotometer.

ELISA for Cytokines

The protein levels of murine IL-1p and TNF-a in the medium were detected by enzyme-
linked immunosorbent assay (ELISA) using commercial ELISA kits (R&D). Experiments
were performed according to the manufacturer’s guidelines and quantified by the microplate
reader at 450 nm (Multimode Reader, Thermo scientific).

Fluorescence imaging of Ap42

MTT Assays

The intracellular accumulation of AB was visualized using confocal microscopy following
treatment with fluorescent (FAM)-labeled AB42 (Anaspec, USA). Microglial cells (5 x 105)
were seeded on poly-D-lysine coated glass cover slips and incubated with 500 nM of FAM-
labeled AB42 in serum-free medium for 2 hr. The cells were then washed with PBS and
fixed with 4% formaldehyde. The cells were washed three times with PBS and mounted on
glass cover slips. The images were captured with ZEISS LSM 510 confocal microscope
(Carl Zeiss, Jena, Germany).

Cell viability was determined by the 3- (4,5)-dimethylthiahiazo (-z-y1)-3,5-di-
phenytetrazoliumromide (MTT, Roche, Mannheim, Germany) assay. Briefly, cells were
seeded in 96-well plates at a density of 3 x 104 cells per well. Following exposing to
indicated concentrations of Ap oligomers for 24 hr, 20 pl of 5 mg/ml MTT solution
dissolved in PBS was added to each well and incubated at 37°C for 4 hr. The generated
formazan was dissolved in dimethyl sulfoxide (DMSO) and the absorbance of the solution
was measured at 490 nm to determine the cell viability.

Statistical analysis

RESULTS

All data are shown as mean = SEM. Statistical significance was determined with an
Unpaired t test, a one-way ANOVA test, or a two-way ANOVA test as specified in each
experiment (GraphPad Prism 5), and p< 0.05 was considered significant.

Opposing effects on the expression of TREM2 and TREMLZ2 in microglia and mouse brain
in response to LPS

Neuro-inflammation is a prominent feature of AD (Heneka, et al., 2015). To explore the role
of TREM2 and TREMLZ2 in the regulation of neuro-inflammation, we first analyzed their
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expression levels by real-time PCR in primary microglia in response to LPS, an immuno-
stimulator. Intriguingly, treatment of primary microglia with LPS significantly suppressed
the expression of TREM2 but increased the expression of TREML?2 in a dose-dependent
manner (Fig. 1A). We further examined whether a lower dosage of LPS can induce such
effects. We found that 100 pg/ml of LPS was sufficient to decrease TREM2 and increase
TREML2 mRNA levels in microglia (Fig. 1B). Moreover, when microglia were treated with
LPS (10 ng/ml) for different periods of time, TREM2 mRNA levels were decreased whereas
TREML2 mRNA levels were increased in a time-dependent manner (Fig. 1C).

To further examine the effect of LPS on TREM2 and TREML2 levels /n vivo, C57BL/6J
mice were intraperitoneally injected with LPS (2 pg/g body weight) and the PBS perfused
brains were harvested for RNA extraction. Consistent with our 7 vitroresults, LPS
stimulation significantly suppressed TREM2 mRNA levels but promoted TREML2 mRNA
levels in the brain when compared with saline-treated control groups (Fig. 1D). The
opposing expression patterns of TREM2 and TREML2 in response to LPS suggest that they
may play different roles in microglial functions.

TREM2 down-regulation in primary microglia enhances the levels of TREML2 and pro-
inflammatory cytokines in response to LPS

TREM2 has previously been shown to inhibit the production of inflammatory cytokines in
macrophages (Takahashi, et al., 2005, Turnbull, et al., 2006). Thus, we examined the effects
of TREM2 on the production of inflammatory cytokines in microglia. Using two
independent siRNAs targeting distinct regions of TREM2, TREM2 expression levels were
successfully reduced in microglia (Fig. 2A). Interestingly, knockdown of TREM2
significantly increased the expression of TREMLZ2 in response to LPS compared to controls,
suggesting that TREM2 might regulate microglial functions by modulating the expression of
TREML2 (Fig. 2B). We found that the mMRNA levels of two pro-inflammatory cytokines,
IL-18 and TNF-a, were significantly increased in TREM2-knockdown (TREM2-KD)
microglia treated with 10 ng/ml LPS, although no obvious change was observed in the
absence of LPS (Fig. 2C and 2D). Moreover, the protein levels of IL-1p and TNF-a in the
media were obviously increased in TREM2-KD microglia compared to those of the control
group (Fig. 2E and 2F). To further confirm the observed effects of TREM2-KD microglia in
response to LPS, primary microglia from wild-type (WT) control or 7rem2~~ mice were
treated with or without LPS (10 ng/ml) for 8 hours. The absence of TREM2 expression in
the microglia from the 77em2~~ mice as well as the LPS-induced reduction of TREM2
mMRNA in WT cells were verified by gRT-PCR (Fig. 3A). However, we did not observe a
significant change in TREML2 mRNA level in 7rem2~~ microglia compared to WT
microglia either in the presence or absence of LPS treatment (Fig. 3B). Whether long-term
deficiency of TREM2 compromises the responsiveness of TREML2 in 7remZ2~~ mice
requires further investigation. Consistent with the results in TREM2-KD microglia, 1L-1p
and TNF-a were dramatically increased in 7rem2~~ microglia treated with 10 ng/ml LPS
(Fig. 3C and 3D). These results indicate that suppression of TREM2 in microglia amplifies
the production of pro-inflammatory cytokines in response to LPS. In addition, TREM2
might modulate the function of microglia through regulating the expression of TREML2 in
the presence of LPS stimulation.
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TREML2 knockdown leads to decreased cytokine levels in response to LPS

Inspired by the opposite expression patterns of TREM2 and TREML2 in microglia in
response to LPS stimulation, we next examined the effects of TREML2 down-regulation on
inflammatory responses. TREML2 expression was successfully knocked down in microglia
using two independent siRNAs targeting distinct regions of TREML2 (Fig. 4A). TREML?2
knockdown did not alter the mRNA levels of TREMZ2 in the presence or absence of LPS
treatment (Fig. 4B). In addition, knockdown of TREML2 in microglia significantly
suppressed the mRNA levels of IL-1p and TNF-a in the presence of LPS compared to the
control group, whereas there was no significant effect in the absence of LPS treatment (Fig.
4C and 4D). The protein levels of IL-1f3 and TNF-a released from TREML2-KD microglia
were dramatically decreased compared to the control group (Fig. 4E and 4F). Together, our
results demonstrated that TREM2 and TREMLZ2 have differential functions in modulating
immune responses in microglia.

Opposite effects of decreased TREM2 or TREML2 expression on the proliferation of

microglia

In addition to the immuno-regulatory effects in the central nervous system (CNS), microglia
can quickly proliferate to defend against insults (Kettenmann, et al., 2011). To investigate
whether TREM2 and TREML2 differentially regulate microglial proliferation, we knocked
down TREM2 or TREML2 in primary microglia with specific siRNAs (Fig. 5A and 5B) and
examined their effects on the proliferation of microglia (Fig. 5C and 5D) with a BrdU
incorporation assay. We found that TREM2 knockdown significantly suppressed microglia
proliferation (Fig. 5B), whereas TREML2 knockdown increased microglia proliferation
(Fig. 5D). We further confirmed this effect on the growth of microglia by directly counting
the cell numbers upon TREM2 or TREML2 down-regulation (Supplementary Fig. 1). These
results demonstrate that TREM2 and TREML2 play opposing roles in microglia
proliferation.

Opposite changes in the expression of TREM2 and TREML2 upon treatment of microglia
with oligomeric AB42

It has been shown that microglia numbers surrounding the amyloid plaques are increased in
AD and in the APPV717F AD mouse model (Mitrasinovic and Murphy, 2002). Ap is one of
the crucial pathological molecules that trigger microglial activation in AD. We thus
examined whether Ap treatment affects TREMZ2 and TREML2 expression in microglia. The
phagocytosis of A by microglia was visualized using fluorescent (FAM)-labeled AB42
(Supplementary Fig. 2). As controls, we did not observe significant differences in the cell
viability between the control and the Ap-treated groups (Supplementary Fig. 3). We treated
primary microglia with AB42 peptide (which contains primarily monomers) or oligomeric
ABA42 for 8 hours and examined the levels of TREM2 and TREML2 by real-time PCR.
Interestingly, we found that the oligomeric AB42, the species that was shown to be more
toxic to synapses (Nimmrich and Ebert, 2009, Tu, et al., 2014), significantly decreased
TREM2 mRNA levels but increased TREML2 mRNA levels in a dose-dependent manner,
whereas AB42 peptide had no significant effects on their levels (Fig. 6A and 6B). These
results demonstrate that oligomeric A differentially affects TREM2 and TREMLZ2 levels,
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suggesting that oligomeric Ap induced alterations in microglial TREM2 and TREML2
expression may contribute to AD pathogenesis.

DISCUSSION

Microglia, which account for approximately 20% of the glial cell population and around 5%
of the total cell population in the cerebral cortex of mice, are the primary innate immune
effector cells in the CNS (Aguzzi, et al., 2013, Block, et al., 2007, Lawson, et al., 1990,
Polazzi and Monti, 2010). Microglia are constantly surveying their immediate environment
for pathogens, foreign materials, and apoptotic cells (Streit, 2004). Upon injury, microglia
rapidly proliferate, migrate to the lesion sites, recognize the pathogen, ramify, and mount an
immune response (Ransohoff and Perry, 2009). In the brains of both AD patients and
amyloid model mice, microglia are found to be closely associated with the amyloid plaques
and exhibit an “activated’ pro-inflammatory phenotype (Frautschy, et al., 1998, Landel, et
al., 2014, Lee and Landreth, 2010, Perimutter, et al., 1990). As such, investigating the
biological mechanisms that regulate microglial functions is essential for understanding the
potential etiology and for developing future therapeutic strategies for AD.

Recent studies identified rare variants of TREM2 that increased the risk for AD, whereas a
missense variant in TREML2 protected against AD (Benitez, et al., 2014, Guerreiro, et al.,
2013, Jonsson, et al., 2013). Both TREM2 and TREMLZ2 are expressed on the cells of
myeloid lineages including microglia. They belong to the TREM receptor family, which
modulates the innate immune response by either amplifying or dampening Toll-like receptor
(TLR)-induced signals and thereby playing a critical role in the regulation of inflammatory
responses (Ford and McVicar, 2009, King, et al., 2006, Klesney-Tait, et al., 2006). As an
important innate immune receptor in the brain, TREM2 couples with DAP12 to initiate
signaling (Jiang, et al., 2013, Neumann and Takahashi, 2007). Distinct from TREM2,
TREMLZ2 is capable of recruiting SH3 domain-containing effector proteins with its
cytoplasmic tail to mediate signal transduction (Klesney-Tait, et al., 2006). However, the
specific roles of TREM2 and TREML2 in microglia and their functional relationship to the
pathogenesis of AD remain unclear. In the current study, we demonstrated that AB and LPS
substantially decreased TREM2 mRNA levels but increased TREML2 mRNA levels in
microglia. This effect is consistent with a previous study in which microglia were treated
with IL-1a (Benitez, et al., 2014). The opposing mRNA expression patterns of TREM2 and
TREML2 in response to stimuli suggest their critical but different functions in microglia.

Studies concerning the function of the TREM gene cluster that encodes a group of trans-
membrane proteins have revealed that they are important components in the innate and
adaptive immunity (Colonna, 2003). Only four of the trans-membrane receptors, TREM1,
TREM2, TREML1, and TREMLZ2, have direct homologs in mice and humans. TREM2 was
down-regulated after LPS treatment in mouse macrophages (Gao, et al., 2013, Turnbull, et
al., 2006). TREMZ2 deletion in murine alveolar macrophages resulted in enhanced expression
of TLR-4, TNF-a and IL-10 in response to LPS (Gao, et al., 2013). In contrast, TREM2
over-expression in microglia leads to a reduced production of TNF-a and inducible nitric
oxide synthase (iNOS) (Takahashi, et al., 2005, Turnbull, et al., 2006). Interestingly,
TREML2 up-regulation has been shown in both neutrophils and macrophages in response to
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inflammatory stimuli (King, et al., 2006). As TREML2 and TREM2 respond differently to
the stimuli, it is critical to understand the function of TREML2 in microglia. Here, we
demonstrated opposing roles of TREM2 and TREML2 in the regulation of microglial
functions. Knockdown of TREM2 in microglia led to an increase of pro-inflammatory
cytokines such as IL-1p and TNF-a in the presence of LPS, indicating the ability of TREM2
to promote an anti-inflammatory phenotype in microglia. In contrast, TREML2 down-
regulation resulted in a reduction of pro-inflammatory responses in microglia. Intriguingly,
knockdown of TREM2 enhanced TREMLZ2 levels in the presence of LPS, suggesting that
TREM2 may modulate the inflammatory response at least partially by altering the
expression of TREML2. A previous study showed that TREM and TREM-like receptors
modulate the innate immune response by either amplifying or dampening TLR-induced
signals (Ford and McVicar, 2009). In addition, TREM2-deficient dendritic cells showed
increased inflammation in response to TLR agonists such as LPS, CpG, DNA, and Zymosan
(Ito and Hamerman, 2012). Whether TREM2 and TREMLZ2 affect the activation of TLR-
mediated signaling in microglia in an opposite manner requires further investigation.

It is known that microglia proliferate and actively migrate to lesions by following
chemotactic gradients in response to injury signals (Kettenmann, et al., 2011). In the AD
brain and amyloid mouse models, microglia have been shown to proliferate and accumulate
around amyloid plaques likely for the purpose of limiting plaque expansion (Mosher and
Wyss-Coray, 2014). Our results demonstrated that TREM2 and TREML2 modulated the
proliferation of microglia in an opposite manner in which knockdown of TREM2 suppressed
but knockdown of TREML2 promoted microglial proliferation. Dysregulation of TREM2
and TREML2 may result in aberrant microglial proliferation and compromise the ability of
microglia to response to immune stimuli.

Microglia secretes cytokines, such as TNF-a and IL-1p, which have both been shown to
promote neuronal damage when present in excessive amounts (Monif, et al., 2010, Rossi, et
al., 2014). Our results showed that LPS suppressed TREM2 but increased TREML2 mRNA
levels, thus promoting microglia to pro-inflammatory status. Furthermore, down-regulation
of TREM2 sensitized microglia, enhancing the production of pro-inflammatory cytokines in
response to LPS. Thus, aberrant expression and functions of TREM2 and/or TREML2 may
contribute to abnormal neuro-inflammatory responses in AD. It is possible that the
inflammatory cytokines in AD brains further down-regulate TREM2 expression, thus
initiating a vicious cycle in which abnormal neuro-inflammation and impaired microglial
functions synergistically promote AD pathogenesis.

TREM2 regulates cell proliferation, differentiation, survival and inflammation by signaling
through its adaptor protein DAP12 to activate various signaling pathways (Otero, et al.,
2012, Peng, et al., 2010, Sun, et al., 2013). Our study demonstrated that TREML2, which
does not require DAP12 for its signaling, promotes the activation of microglia. TREMLZ2 has
been suggested to interact with SH3 or WW domain-containing effector proteins either
constitutively or in response to ligand binding (Ford and McVicar, 2009, Klesney-Tait, et al.,
2006). Distinct from TREM2, we found that TREML2 suppresses cell proliferation and
promotes the inflammation of microglia. Thus, it will be interesting to further understand the
molecular pathways by which TREML2 modulates the functions of microglia.
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Taken together, our findings demonstrate the opposing roles of TREM2 and TREML2 in the
critical functions of microglia. TREM2 and TREMLZ2 are likely fine-tuning the
inflammatory responses in response to stimuli and regulating the proliferation of microglia.
Our studies provide novel insights into the pathological mechanisms of TREM2 and
TREMLZ2 in microglia-related functions and might inspire novel approaches for ameliorating
the chronic inflammation induced by microglia activation in neurodegenerative diseases
such as AD.
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Highlights
1. LPS suppressed TREM2 but stimulated TREML2 in microglia.

2. TREM2 and TREML2 regulate microglial proliferation and neuro-inflammation
in opposite directions.

3. TREM2 and TREML2 play opposing roles in regulating microglial functions.
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FIGURE 1. Opposing effects of LPS on TREM2 and TREML2 in microglia and mouse brains
A and B, Primary mouse microglia were treated with or without LPS (at the indicated

concentrations) for 8 hours. A, LPS dramatically suppressed TREMZ2, but enhanced
TREML2 mRNA levels in a dose-dependent manner as measured by gRT-PCR. B, Low-dose
of LPS significantly decreased TREM2 and increased TREML2 mRNA levels. C, LPS (10
ng/ml) decreased TREMZ2 and increased TREML2 mRNA levels in a time-dependent
manner in mouse primary microglia. D, TREM2 mRNA levels were decreased whereas
TREML2 mRNA levels were increased in the brains of mouse treated with LPS (2 pg/g
body weight) for 4 or 24 hours. Data are plotted as mean £ SEM (n = 3). Compared to LPS
untreated group *, p < 0.05; **, p < 0.01; ***, p < 0.001 (t-tests).
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FIGURE 2. Knockdown of TREMZ2 in primary mouse microglia increases TREML2 expression
and sensitizes microglia in response to LPS

Primary microglia were transfected with two independent TREM2 siRNAs (siTREM2-1 and
SITREM2-2) and treated with or without LPS (10 ng/ml) for 8 hours. A, The reduction of
TREM2 mRNA levels upon siRNA knockdown was verified by gRT-PCR. B, TREML?2
MRNA levels were increased in TREM2 knockdown microglia treated with LPS. C, IL-15
mRNA levels were significantly enhanced in TREM2 knockdown microglia in response to
LPS treatments. D, TNF-a mRNA levels were significantly enhanced in TREM2
knockdown microglia in response to LPS treatments. E, The IL-1f protein levels were
significantly increased in the medium of TREM2 knockdown microglia in response to LPS
treatments. F, The TNF-a protein levels were significantly enhanced in the medium of
TREM2 knockdown microglia in response to LPS treatments. Data are plotted as mean +
SEM (n = 3). Compared to the corresponding control (ctrl) group *, p < 0.05; **, p < 0.01;
*** p <0.001 (Two-Way ANOVA with post-hoc Tukey’s t-test).
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FIGURE 3. Primary microglia from TREM2-knockout mice are hypersensitive to LPS
stimulation

Primary microglia from WT control or 7rem2~~ mice were treated with or without LPS (10
ng/ml) for 8 hours. A, The absence of TREM2 expression in the microglia from the
Trem2™~ mice as well as the LPS-induced reduction of TREM2 mRNA in WT cells were
verified by gRT-PCR. B, TREML2 mRNA levels were not changed in 7rem2~~ microglia
compared to WT cells with or without LPS treatment. C, IL-1p mRNA levels were
significantly increased in 7rem2~~ microglia compared to WT cells in response to LPS
treatment. D, TNF-a mRNA levels were significantly enhanced in 7remZ2~~ microglia
compared to WT cells in response to LPS treatment. Data are plotted as mean + SEM (n =
3). Compared to WT microglia treated with LPS *, p < 0.05; ***, p < 0.001; ns, not
significant (Two-Way ANOVA with post-hoc Tukey’s t-test).
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FIGURE 4. Knockdown of TREML2 in primary mouse microglia does not affect TREM2
expression but decreases the microglial sensitivity to LPS

Primary mouse microglia were transfected with two independent TREML2 siRNAs
(SITREML2-1 and siTREML2-2) and treated with or without LPS (10 ng/ml) for 8 hours. A,
Reduction of TREML2 mRNA upon siRNA-mediated knockdown was verified by qRT-
PCR. B, TREM2 mRNA levels were not changed in TREML2-knockdown microglia treated
with LPS. C, IL-18 mRNA levels were significantly decreased in TREML2 knocked down
microglia in response to LPS treatments. D, TNF-a mRNA levels were significantly
decreased in TREML2-knockdown microglia in response to LPS treatments. E, The IL-13
protein levels were significantly down-regulated in the medium of TREML2-knockdown
microglia in response to LPS treatments. F, The TNF-a protein levels were significantly
decreased in the medium of TREML2-knockdown microglia in response to LPS treatments.
Data are plotted as mean + SEM (n = 3). Compared to the corresponding control (ctrl) group
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*, p <0.05; ** p<0.01; ***, p <0.001; ns, not significant (Two-Way ANOVA with post-
hoc Tukey’s t-test).
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FIGURE 5. TREM2 and TREML2 regulate the proliferation of microglia in the opposite

direction

A, TREM2 knockdown with two independent siRNASs in mouse primary microglia was
confirmed by gRT-PCR. B, TREML2 knockdown with two independent siRNAs in mouse
primary microglia was confirmed by gRT-PCR. C, TREM2 knockdown suppressed
proliferation of microglia examined by the BrdU incorporation assay. D, TREML2
knockdown resulted in increased proliferation of microglia examined by the BrdU
incorporation assay. Data are plotted as mean + SEM (n = 3). Compared to control (ctrl)
group **, p < 0.01; ***, p < 0.001; ns, not significant (One-Way ANOVA with post-hoc

Tukey’s t-test).
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FIGURE 6. Oligomeric AB, but not monomeric AB, alters the mRNA levels of TREM2 and

TREML2

A, Monomeric AP did not affect the mRNA levels of TREM2 or TREML2 analyzed by qRT-
PCR. B, Oligomeric AP significantly decreased TREM2 but increased TREML2 mRNA

levels in a dose-dependent manner. Data are plotted as mean

+ SEM (n = 3). Compared to

the untreated group **, p < 0.01. ***, p < 0.001 (One-Way ANOVA with post-hoc Tukey’s

t-test).
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