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Humanized TREM2 mice reveal microglia-intrinsic
and -extrinsic effects of R47H polymorphism
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Alzheimer's disease (AD) is a neurodegenerative disease that causes late-onset dementia. The R47H variant of the microglial
receptor TREM2 triples AD risk in genome-wide association studies. In mouse AD models, TREM2-deficient microglia fail to
proliferate and cluster around the amyloid-p plaques characteristic of AD. In vitro, the common variant (CV) of TREM2
binds anionic lipids, whereas R47H mutation impairs binding. However, in vivo, the identity of TREM2 ligands and effect of
the R47H variant remain unknown. We generated transgenic mice expressing human CV or R47H TREM2 and lacking en-
dogenous TREM2 in the 5XFAD AD model. Only the CV transgene restored amyloid-p-induced microgliosis and microglial
activation, indicating that R47H impairs TREM2 function in vivo. Remarkably, soluble TREM2 was found on neurons and
plaques in CV- but not R47H-expressing 5XFAD brains, although in vitro CV and R47H were shed similarly via Adam17
proteolytic activity. These results demonstrate that TREM2 interacts with neurons and plaques duing amyloid-p accumula-
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tion and R47H impairs this interaction.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
late-onset dementia and currently lacks approved therapies
to halt or reverse disease progression. Although the patho-
genesis of sporadic AD is still uncertain, it is thought to in-
volve production and extracellular aggregation of amyloid
B (AP) peptides and accumulation of intracellular cytotoxic
tau aggregates, which result in neuron and synapse loss and
ultimately cognitive impairment (Querfurth and LaFerla,
2010). For decades, it has been known that astrocytes and
microglia proliferate, associate with plaques, and assume an
activated morphology during disease (Itagaki et al., 1989).
Imaging studies using tracers for the inflammatory marker
TSPO have also identified AD-associated increases in signal
(Kreisl et al., 2013; Fan et al., 2017).Very recently, a popula-
tion of AD-associated microglia with a distinct transcriptional
profile was identified by single-cell RNA seq (Keren-Shaul
et al., 2017). A more direct link between microglia and AD
was identified by a series of GWAS studies in the past de-
cade linking several microglial genes to AD risk, including
CD33 (Griciuc et al., 2013), TREM?2 (Guerreiro et al., 2013;
Jonsson et al., 2013), ABCA7 (Steinberg et al., 2015), and
PLCG2 (Sims et al., 2017), supporting that microglia and/
or other brain myeloid cells play a role in disease progres-
sion. However, it remains controversial whether this role is
protective or harmful overall (Meyer-Luehmann and Prinz,
2015). Microglia can act as a double-edged sword by clear-
ing AP peptides and aggregates via phagocytosis or enzyme
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secretion while simultaneously releasing inflammatory me-
diators that can exacerbate disease (Querfurth and LaFerla,
2010; Heneka et al., 2015).

Of the various microglia-expressed risk variants, the
R47H mutation in TREM2 (Guerreiro et al., 2013; Jons-
son et al., 2013) stands out as having an effect size similar
to the well-characterized ApoE €4 allele (Corder et al.,
1993; Rebeck et al., 1993). TREM2 is an immunorecep-
tor expressed exclusively in the myeloid lineage, especially
microglia (Bouchon et al., 2001). In vitro, TREM2 binds
anionic lipids (Wang et al., 2015), lipidated ApoE and Apo]J
(Atagi et al., 2015; Bailey et al., 2015), high-density and
low-density lipoproteins (Yeh et al., 2016; Song et al.,
2017), and apoptotic cells (Hsieh et al., 2009), but in vivo
ligands are not known. Engagement of TREM2 by ligands
activates downstream protein tyrosine phosphorylation
through its adaptor DAP12 (Xing et al., 2015), stimulating
mTOR signaling, energetic and anabolic metabolism (Ul-
land et al., 2017), proliferation, and survival (Otero et al.,
2009) while suppressing TLR -induced inflammatory cy-
tokine production (Hamerman et al., 2006; Turnbull et al.,
2006). TREM2 is also shed from the cell surface by metal-
loproteinases such as Adam10 and Adam17 and released
as a soluble protein (Wunderlich et al., 2013; Kleinberger
et al., 2014; Feuerbach et al., 2017), which has been pro-
posed to mediate cell survival and inflammation (Wu et al.,
2015; Zhong et al., 2017).
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In AP-driven AD mouse models, TREM2 deficiency
impairs microglial activation and association with Ap plaques
with variable effects on total AP levels (Ulrich et al., 2014,
2017; Jay et al., 2015, 2017; Painter et al., 2015; Wang et
al., 2015; Yeh et al., 2017). Given the strong, consistent as-
sociation of R47H with increased AD risk, it is of utmost
importance to understand how this variant affects TREM?2
function in vivo to effectively target TREM2 for AD ther-
apy. Loss of function would indicate a protective role and
favor TREM2-enhancing therapies, whereas gain of function
would indicate a harmful role and favor TREM2 inhibition.
In vitro studies seem to suggest loss of function. We and oth-
ers have shown decreased ligand binding of the R47H vari-
ant. Another rare variant weakly associated with AD, R62H,
also showed reduced ligand binding (Yeh et al., 2016; Song
et al., 2017). Accordingly, R47 and R62 map to a basic sur-
face that likely participates in binding anionic ligands (Kober
et al., 2016). Furthermore, postmortem specimens from AD
patients bearing R47H have decreased microglial response to
plaques (Korvatska et al., 2015;Yuan et al., 2016). However,
the in vivo effect of the R47H polymorphism has not been
studied in a controlled experimental setting. Moreover, the
human and mouse genes share only ~77% sequence identity,
meaning that nonconserved regions could potentially modu-
late the repertoire of ligands, overall binding affinity, and the
effects of variants. To address these issues, we generated two
transgenic mouse lines by introducing either common vari-
ant (CV) or R47H human TREM2 (hTREM?2) into mouse
TREM2 (mTREM2)—deficient mice and crossed them with
the 5XFAD mouse model of AD (Oakley et al., 2006). We
found that CV but not R47H can augment plaque-associated
microgliosis and enhance microglial activation. These findings
demonstrate that R47H is a partial loss-of-function variant
that affects microglia activation and proliferation in response
to AP plaques. Importantly, we found a widespread presence
of soluble TREM2 shed from microglia in situ on neuron cell
bodies, on AP plaques, and throughout brain tissue in mice
that express CV but not in those expressing R47H. In vitro,
various activators of myeloid cells, such as LPS, TNFa, and
IFNY, induced Adam17-mediated cleavage of both CV and
R47H TREM2 from the cell surface, suggesting that R47H
does not directly impact shedding of soluble TREM?2. These
results show for the first time that TREM?2 broadly interacts
with neurons and plaques in vivo, whereas the R47H variant
impairs this interaction.

RESULTS AND DISCUSSION

CV and R47H hTREM2 show a similar pattern and level of
expression in myeloid cells of transgenic mice

To understand the in vivo properties of hTREM?2 and the
R47H polymorphism, we generated several BAC transgenic
mouse lines expressing either the hTREM?2 CV or the R47H
polymorphism (Fig. 1 A).We first assessed cell surface expres-
sion of hTREM2 in each of these lines to ensure that both
CV and R47H transgenic mice generated using this strategy
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express hTREM?2 on the cell surface in a pattern paralleling
that of endogenous TREM2, i.e., on myeloid cell populations
previously shown to express TREM2.We selected two lines—
one carrying CV and one carrying R47H—that expressed
similar levels of hTREM?2 on the cell surface. Thioglycol-
late-elicited peritoneal macrophages were collected on day 3
after injection and stained for " TREMZ2, revealing expression
of both transgenes at similar levels in these lines (Fig. ST A).
Bone marrow—derived macrophages (BMDMs) were stained
for "\TREM2 after 2 d of culture, showing hTREM2 specif-
ically on F4/80"-differentiated cells, again at similar levels in
both transgenic lines (Fig. S1 B). We next bred these trans-
genic lines to mTrem2™’~ (KO) mice to obtain CV-KO and
R47H-KO transgenic mice lacking endogenous TREM2.
Previously, we demonstrated that TR EM2-deficient microglia
are sensitized to growth factor withdrawal because of a defect
in mTOR signaling (Ulland et al., 2017). CV-KO BMDMs
were more viable than KO BMDMs after 48 h of CSF1 with-
drawal, as measured by propidium iodide staining (Fig. S1 C).
This rescue of cell viability was heightened by addition of
human HDL, a previously identified ligand for TREM?2 (Yeh
et al., 2016; Song et al., 2017). R47H-KO BMDMs demon-
strated an intermediate phenotype with and without HDL
(Fig. S1 C). These data indicate not only that the CV and
R47H transgenes are expressed in the appropriate cell types
but also that they function properly in mouse cells.

To study the differences between CV and R47H in the
brain during AD, we then crossed these mice to 5XFAD mice,
in which amyloid pathology is driven by overexpression of
mutant human amyloid precursor protein and presenilin-1
(Oakley et al., 2006), and compared these CV* mTremZ2/~
5XFAD (CV-KO-5XFAD) and R47H" mTrem2 "
5XFAD (R47H-KO-5XFAD) mice to mTrem2’~ 5XFAD
(KO-5XFAD) and non-5XFAD mice at 8.5 mo of age
(Fig. 1 A).To verify comparable hTREM?2 expression in the
brain, we measured hTREM2 DNA, mRNA, and protein
levels in brain homogenates. Despite notable differences in
CV and R47H transgene copy numbers (Fig. S1 D), only
a 20% difference was observed between CV and R47H
mRNAs in transgenic lines (Fig. 1 B). Moreover, quantifica-
tion of hTREM?2 protein expression in hippocampal tissue
homogenates of CV and R47H transgenes by immunoblot-
ting showed specific bands for hTREM?2 that were similar
in intensity by densitometric analysis (Fig. 1 C).To confirm
microglia-specific expression, we performed immunofluores-
cence microscopy of brain sections using an antibody against
the C terminus of hTREM2. hrTREM?2 colocalized exclu-
sively with microglia marker Iba-1 in both non-5XFAD and
5XFAD groups (Fig. 1 D), and quantification of staining in-
tensity yielded similar levels on a per-voxel basis in CV-KO
and R47H-KO, which were increased in CV-KO-5XFAD
and R47H-KO-5XFAD to similar extents (Fig. 1 E).

Alternatively spliced isoforms of hTREM?2 putatively
encoding soluble TREM?2 could also be detected, and their
expression tracked with the main hTREM?2 isoform in
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Figure 1. hTREM2 is expressed at comparable levels in microglia of CV and R47H transgenic mice. (A) Diagram showing generation of 5XFAD
and non-5XFAD humanized TREM2 mice. (B) hTREM2 mRNA expression in KO, CV-KO, and R47H-KQ whole cortical tissue. (C) Immunoblot of hTREM2 and
actin in the PBS-insoluble fraction of hippocampal tissue homogenates shows similar relative hTREM2 protein abundance between CV-KO and R47H-KO by
densitometric analysis normalized to actin. (D) Confocal microscopy of cortex of CV-KO, R47H-KO, or KO 5XFAD or non-5XFAD mice shows colocalization
of hTREM2 C terminus (green) and microglial marker lba-1 (red); methoxy-X04 staining for plaques is shown in blue. Bars, 50 um for first three columns, 10
um for last column. (E) Quantification of staining intensity of hTREM2 in the cortex and hippocampus. Staining intensity is similar between CV and R47H
and increased in 5XFAD compared with non-5XFAD. *, P < 0.05; ***, P < 0.001 by one-way ANOVA with Holm-Sidak multiple comparisons testing. Data are
presented as mean + SEM.
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non-5XFAD (Fig. S1 E) and 5XFAD (Fig. S1 F) brains. The
hTREM?2 locus also contains hTREML1 and hTREML2
genes, which were present in the integrated BAC (Fig. S1
D). hTREML1 was not expressed in the brain (Fig. S1 G);
hTREML2 showed a low level of expression that was similar
between transgenes and between 5XFAD and non-5XFAD
brains (Fig. S1 H). Therefore, TREML2 expression is unlikely
to confound differences in brain innate immune responses
between genotypes. Because of a lack of standardized reagents
for comparing mMTREM?2 and hTREM2 levels, we were un-
able to determine whether CV and R47H are expressed at
similar levels as endogenous mTREM?2. It is theoretically
possible that hTREM?2 variants are both overexpressed in our
model and that this leads to unnoticed nonphysiological ef-
fects. However, the overall similar pattern and level of expres-
sion of both transgenes in microglia and other myeloid cells,
on both the mRNA and protein levels, suggest that CV and
R47H can be compared functionally in vivo.

R47H polymorphism impairs microgliosis

To understand the effect of the R47H variant on microglia
in situ, we first examined microglial numbers and microg-
lia—plaque interaction, which have previously been shown to
be altered by TREM2 deficiency. As quantified by Iba-1 im-
munoreactivity, Ap-driven microgliosis throughout the cor-
tex and hippocampus was enhanced by both CV and R47H
transgenes compared with KO (Fig. 2 A), with CV having a
larger effect. RT quantitative PCR (qPCR) for the constitu-
tively expressed microglia marker Tyrobp (Dap12 protein) in
whole cortical tissue confirmed these differences in microglial
mass (Fig. 2 B). To examine microgliosis specifically around
plaques, we examined Iba-1" microglia and methoxy-X04"
plaques using a semiautomated workflow in Imaris and
Matlab. We identified the positions of microglial nuclei and
plaques within confocal images (Fig. 2 C) and determined
the density of microglial nuclei within 0—15 pm and 0-30 um
spherical shells surrounding plaques in the cortex (Fig. 2 D)
and hippocampus (Fig. 2 E). As expected, density was greater
in the more plaque-restricted 0—15 um shell than the wider
0-30 pm shell, indicating that microglia are indeed concen-
trated near plaques. Significantly higher plaque-associated
microglial density was evident in CV-KO-5XFAD mice than
in KO-5XFAD mice, whereas similar density was observed in
R47H-KO-5XFAD mice and KO-5XFAD mice.

In addition to the number of microglia around plaques,
we measured the extent of direct contact of Iba-1* processes
with AP plaques, which has been postulated as a mecha-
nism of limiting plaque toxicity (Wang et al., 2016; Yuan et
al.,, 2016). We measured the fractional microglial coverage
of plaque “inner,” “rim,” and “outer” pixels (Fig. 2 F). Both
CV-KO-5XFAD and R47H-KO-5XFAD mice had more
microglial coverage of plaques than KO-5XFAD mice, but
did not differ significantly from each other. Because micro-
glia clustering around plaques has been proposed to promote
AP clearance, we also measured AP levels in the cortex and
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hippocampus of 5XFAD mice. Flash-frozen tissue was ho-
mogenized sequentially in PBS and guanidine solutions
to obtain PBS-soluble and -insoluble fractions. Af;_4 and
APis levels were measured in both fractions by ELISA.
In CV-KO-5XFAD mice, compared with other groups,
we observed a modest reduction of PBS-soluble but not
PBS-insoluble A;_4 and AP_4, in the hippocampus (Fig. S2
A). AP levels were similar between genotypes in the cortex
(Fig. S2 B). As a complementary measure of insoluble Af,
total fibrillar plaque area in the cortex, subiculum, and hip-
pocampus (excluding subiculum) was determined by fluor-
escence microscopy of methoxy-X04 staining, showing no
differences between genotypes (Fig. S2 C).This contrasts with
our previous study of TREM2 deficiency in the 5XFAD
model that showed a difference in all these AP species (Wang
et al., 2015). However, this is not totally unexpected, given
seeming dependency on time point and gene dose in other
studies of TREM?2 in AD mouse models (Ulrich et al., 2014;
Jay et al., 2015, 2017). Detection of an impact of R47H vari-
ant on microglial clearance of AP in our mouse model of AD
may require more time, consistent with the slower course of
human AD. All in all, these data provide strong evidence for a
partial loss-of-function eftect of R47H in terms of microglia
number, which is more consistent and prompt than its effect
on AP or on microglia—plaque contact.

R47H polymorphism reduces microglial activation

To more clearly understand the effect of the R47H variant
on microglia, we performed RT-qPCR analysis of whole
cortex for microglia activation—related transcripts (Fig. 3 A).
The genes Sppl, Gpnmb, and Cst7, encoding osteopontin,
osteoactivin, and cystatin E respectively, are among the most
up-regulated in AD models (Orre et al., 2014; Wang et al.,
2015) and are indicative of a unique microglial transcrip-
tional profile associated with accumulation of Af plaques,
part of which is TREM2-dependent (Keren-Shaul et al.,
2017).We noticed that Cst7 was up-regulated in all 5XFAD
mice (Fig. 3 A) and showed larger differences between
genotypes than the constitutive marker Tyrobp (Fig. 2 B),
whereas activation markers Sppl and Gpnmb were much
more up-regulated in CV-KO-5XFAD than in other gen-
otypes (Fig. 3 A). Thus, although expression of Cst7 is in-
dicative of microglial activation, expression of Sppl and
Gpnmb more directly reflects TREM2 signaling and is
highly sensitive to the R47H variant. Next, we determined
RNA levels of the proinflammatory cytokines Tnf, 116, and
II1b. On a whole-tissue level, I11b expression was higher in
CV-KO-5XFAD mice, but neither Tnf nor II6 transcripts
differed among genotypes (Fig. 3 A).

To acquire a global snapshot of transcriptional differ-
ences between microglia in different conditions, we per-
formed microarray analysis of sorted microglia from brains
of 8.5-mo-old 5XFAD animals. A gene list of microglial
activation markers was compiled from our previous data
using the same platform (Wang et al., 2015) by select-
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Figure 2. CV-KO-5XFAD mice have increased numbers of plaque-associated microglia compared with R47H-KO-5XFAD or KO-5XFAD mice. (A)
Representative fluorescence images and quantification of lba-1 area coverage from the cortex and hippocampus of 8.5-mo-old KO-5XFAD, CV-KO-5XFAD,
or R47H-KO-5XFAD mice, and littermate non-5XFAD mice, showing higher overall microglia staining in CV-KO-5XFAD. Bar, 300 um. (B) mRNA expression
of constitutively expressed microglia marker Tyrobp in whole cortical tissue shows increase in microglia mass in KO-5XFAD and R47H-KO-5XFAD compared
with non-5XFAD, with a further increase in CV-KO-5XFAD. (C) Representative confocal images of 5XFAD cortices, showing plaques (blue, methoxy-X04)
and plaque-associated microglia (red, lba-1). Bar, 100 um. (D and E) Density of microglia within a 15-um or 30-um shell around plaque surfaces within the
cortex (D) or hippocampus (E), showing higher microglia density in CV-KO-5XFAD compared with R47H-KO-5XFAD and KO-5XFAD. (F) Coverage of plaques
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ing genes up-regulated at least twofold between 5XFAD
and non-5XFAD microglia and ordering them based on
their up-regulation in TREM2-deficient microglia. Genes
that were more highly up-regulated in TREM2-sufficient
compared with TREM2-deficient microglia were deemed
TREM2-dependent, and genes with similar up-regulation
were deemed TREM2-independent (Table S1). Unsuper-
vised clustering of samples based on this microglia activation
signature grouped KO-5XFAD and R47H-KO-5XFAD
together, distinct from CV-KO-5XFAD, and revealed
a stepwise increase in activation from KO-5XFAD to
R47H-KO-5XFAD to CV-KO-5XFAD (Fig. 3 B). Further-
more, differences between the groups were more pronounced
among TREM2-dependent than TREM2-independent
genes. We verified that Sppl was up-regulated on the pro-
tein level in a TREM2-dependent manner by confocal mi-
croscopy (Fig. 3 C). A large proportion of CV-KO-5XFAD
microglia in cortex and hippocampus was positive for Sppl
staining, whereas few positive microglia were observed in
R47H-KO-5XFAD and virtually none in KO-5XFAD
(Fig. 3 D). We conclude that CV mediates activation of mi-
croglia, which is partially affected by R47H, and Spp1 is a
sensitive marker of TREM2-dependent activation on the
mRNA and protein levels. The effects of R47H on microglia
activation are seemingly more dramatic than its effect on mi-
croglia numbers, perhaps suggesting that microglia activation
plays a key role in AD progression.

Brains of CV but not R47H mice show plaque- and
neuron-coincident soluble TREM2

Given recent studies on TREM2 polarization during Af ac-
cumulation (Yuan et al., 2016), we sought to shed light on
localization of CV and R47H hTREM?2. As shown in Fig. 1,
hTREM2 is exclusively detected in Iba-1* microglia by con-
focal microscopy using an antibody directed against its in-
tracellular C terminus. However, brain sections stained with
an antibody against hTREM?2 extracellular domain (ECD)
showed diffuse distribution of hTREM?2 outside Iba-1" vox-
els (Fig. 4 A) and hTREM?2 C terminus’ voxels (Fig. 4 B)
in CV-KO-5XFAD mice, suggesting the presence of solu-
ble TREM2. The intensity of hTREM2 ECD staining was
quantified both within Iba-17 voxels and within Iba-1~ voxels
in the cortex (Fig. 4 C) and hippocampus (Fig. 4 D). Al-
though hTREM?2 ECD intensity within microglia remained
relatively constant between non-5XFAD and 5XFAD im-
ages, hTREM2 intensity outside microglia dramatically in-
creased in CV-KO-5XFAD images and slightly increased
in R47H-KO-5XFAD images. This nonmicroglial staining
was absent in KO-5XFAD.

A particularly intense " TREM2 ECD staining was ob-
served on a fraction of nonmicroglial cells and AP plaques.
Costaining for NeuN and hTREM?2 ECD demonstrated that
the h TREM2 ECD" cellsare neurons (Fig. 4 E). Quantification
of " TREM?2 intensity specifically in NeuN" neuronal soma
showed that CV-KO-5XFAD mice had a higher frequency of
hTREM?2" neurons (Fig. 4 F) and higher hTREM?2 intensity
in neuronal soma (Fig. 4 G) than R47H-KO-5XFAD mice
in both cortex and hippocampus. Similarly, A TREM?2 inten-
sity in AP plaques was higher in CV-KO-5XFAD mice than
R47H-KO-5XFAD mice in both cortex and hippocampus
(Fig. 4 H). Although TREM2 has been reported to bind
damage-associated phospholipids such as phosphatidylserine
(Wang et al., 2015), hTREM2 ECD did not colocalize to
APP" dystrophic neurites (Fig. 4 I), and nuclei of A TREM2"
neurons did not show morphological abnormalities such as
pyknosis or fragmentation (Fig. 4 J).To verity that the unique
distribution of hTREM2 ECD reflected soluble TREM?2, we
performed immunoblots on the detergent-free PBS-soluble
fraction of hippocampal tissue homogenates for TREM?2
(Fig. 4 K). A low-molecular-weight hTREM2 smear was de-
tected, with the lower range of the smear corresponding to
the predicted soluble hrTREM2 size of 20 kD. Densitometry
confirmed higher soluble TREM2 levels in CV-KO-5XFAD
compared with R47H-KO-5XFAD.

We were able to take advantage of reagents targeting
both the extracellular and the intracellular domains of human
TREM2 to show for the first time that soluble TREM?2
production markedly increases during AP accumulation in
a mouse model and coincides with neurons and plaques in
vivo, suggesting binding. Because soluble and full-length
TREM?2 share nearly the entire ECD, this staining pattern
provides insight into the distribution of hTREM?2 ligands in
the brain in situ. This unexpected distribution of hTREM2 in
tissues of CV-KO-5XFAD mice also has several implications
for the role of TREM2 in AD. Although the 5XFAD model
does feature neuronal apoptotic cell death (Eimer and Vassar,
2013) and TREM2 has been reported to recognize apop-
totic neurons (Takahashi et al., 2005; Hsieh et al., 2009), the
sheer number and normal nuclear morphology of A TREM2"
neurons suggest that soluble TREM?2 staining of neurons re-
flects cellular events distinct from apoptosis. Whether soluble
TREM?2 can affect signaling in neurons remains to be deter-
mined, but a handful of studies have indicated a prosurvival
and/or proinflammatory effect of soluble TREM2 on my-
eloid cells (Wu et al., 2015; Zhong et al., 2017). Moreover, the
presence of soluble TREM2 on plaques may indicate binding
to plaque-associated phospholipids or directly to AP peptides
and may affect plaque structure or provide signals to nearby

by microglia processes inside the plaque (inner), at the plague rim (rim), or in a ribbon outside the rim (outer) in the cortex (top) or subiculum (bottom). Both
CV-KO-5XFAD and R47H-KO-5XFAD have increased coverage of plagues compared with KO-5XFAD. *, P < 0.05; ™, P < 0.01; ** P < 0.001; **, P < 0.0001, by
one-way ANOVA (A-E) or two-way ANOVA (F) with Holm-Sidak multiple comparisons testing. Statistical significance in F is referenced to respective “inner,"

"rim," or "outer" values in KO-5XFAD. Data are presented as mean + SEM.
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Tnf, 116, and 111b, showing dramatically higher microglial activation markers but not inflammatory cytokine transcripts in CV-KO-5XFAD compared with
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cells. Importantly, this process also appears to be strongly af-
fected by the R47H variant in vivo, which raises the possibil-
ity that shedding of soluble TREM2 may be causally linked
to disease progression.

CV and R47H are equally shed

through activation of Adam17

‘We sought to shed light on the differences in soluble TREM?2
observed between genotypes. To that end, we generated
RAW264.7 macrophage-like cell lines that lack endogenous
TREM?2 and overexpress either CV or R47H. Previous work
had indicated that diverse immunostimulatory molecules
such as LPS, TNFa, and IFNYy could lead to down-regulation
of cell-surface TREM2 (Bouchon et al., 2001; Turnbull et
al., 2006). We found that in our system, surface expression of
both CV and R47H, as measured by flow cytometry, could
indeed be down-regulated by these molecules within 2 h of
stimulation (Fig. 5,A and B). Although LPS and TNFa led to
a rapid down-regulation of surface hrTREM?2 at 30 min and
partial recovery by 2 h, IFNy had no detectable eftect at 30
min but decreased surface hTREM2 by 2 h. To determine
whether these changes were a result of cleavage, we lenti-
virally transduced cells with Cas9 and a guide RINA against
Adam17, which was previously shown to cleave TREM2
(Kleinberger et al., 2014; Feuerbach et al., 2017). Unlike
nontransduced cells, a fraction of transduced cells retained
TREM?2 surface expression upon LPS treatment (Fig. 5 C);
this seemingly cleavage-resistant fraction (+) was purified
from the remainder of cleavage-sensitive transduced cells (=)
by FACS, and both populations were analyzed by immuno-
blot for Adam17 protein levels (Fig. 5 D). The (=) population
showed only a slight decrease in Adam17 protein relative to
nontransduced cells, possibly reflecting the presence of het-
erozygous Adam17 knockout, whereas the (+) population
showed virtually no residual Adam17 expression and was
considered Adam17 KO. LPS, TNFa, and IFNY treatment all
failed to decrease TREM2 surface expression in CV-Adam17
KO and R47H-Adam17 KO (Fig. 5 E). As soluble TREM?2
is shed constitutively by RAW?264.7 cells, we were unable to
consistently detect an increase in the concentration of solu-
ble TREM2 in the culture supernatant (not depicted). Thus,
the change in cell surface TREM?2 more sensitively reflected
Adam17-induced TREM2 cleavage upon cytokine stimula-
tion. Other studies have suggested that Adam10 is the main
sheddase of TREM2 (Schlepckow et al., 2017; Thornton
et al., 2017). At least in our system, Adam10 in the absence
of Adam17 is not sufficient for cytokine-induced cleavage.

These results suggest that various myeloid cell signaling path-
ways that may be activated in neuropathology can induce Ad-
am17-dependent release of soluble TREM?2 and that R47H
polymorphism does not directly impact this process.

Taking these in vitro results into consideration, the
blunted increase in soluble TREM2 in R47H-KO mice
during AD progression may be a result of several nonexclusive
mechanisms: (a) R47H hTREM?2 itself may not be bound
and retained by ligands in the brain as well as CV hTREM2,
which is consistent with in vitro data showing decreased li-
gand binding of R47H; (b) shedding of soluble TREM2 may
be reduced because of impaired activation of microglia and
Adam17, although in vitro R47H polymorphism does not
impact the Adam17-mediated proteolysis event directly; (c)
reduced microglial activation may also impact the induction
of alternatively spliced forms of TREM?2 proposed to encode
soluble TREM2; and (d) the total amount of TREM2 avail-
able for generating soluble TREM2 may be decreased be-
cause of global reduction of microglial mass.

Conclusions

All in all, our results provide conclusive evidence for an in
vivo reduction of function effect of R47H, and thus a protec-
tive role of TREM2 in human disease. Our data also suggest
that microglial activation in AD leads to widespread shedding
of soluble TREM2, which then interacts with plaques and
neurons, and that this phenomenon is also affected by R47H
polymorphism. Further studies are required to elucidate the
functional impact of soluble TREM2 in AD, as well as ad-
ditional differences between CV and R47H, e.g., whether
R47H affects the biochemical composition of AP and/or
the degree of AP oligomerization and amyloid maturation.
Studies examining other significant TREM2 polymorphisms
may provide additional insights into microglia function
during AD. However, given that R47H polymorphism leads
to clear defects in microglia number and activation state and
defects in soluble TREM?2 activity, it is likely that proper
TREM2 function, and perhaps downstream microgliosis,
microglial activation, and soluble TREM?2 production, plays
a protective role in AD.

MATERIALS AND METHODS

Mice

Trem2™~ 5XFAD mice were generated as previously de-
scribed (Wang et al., 2015). The CTD-2210D2 bacterial arti-
ficial chromosome (BAC) clone was purchased from Thermo
Fisher Scientific, and the R47H polymorphism was intro-

other groups. (B) Microarray analysis of activation markers in sorted microglia shows that KO-5XFAD and R47H-KO-5XFAD cluster together and separately
from CV-KO-5XFAD. Gene names and values are given in Table S1. Some variability within CV-KO-5XFAD, R47H-KO-5XFAD, and KO-5XFAD groups was also
observed, with females in all groups having higher activation markers. Color scale represents log, deviation from the row mean. (C) Spp1 protein is detected
by confocal microscopy in CV-KO-5XFAD brains and largely absent from R47H-KO-5XFAD and KO-5XFAD brains. Bar, 50 um. (D) The percent of lba-1*
(microglia) pixels that were also Spp1* was quantified in cortex and hippocampus for all 5XFAD and non-5XFAD groups. ***, P < 0.001; *** P < 0.0001 by
one-way ANOVA with Holm-Sidak multiple comparisons testing. Data are presented as mean + SEM.
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duced by recombination using the Quick and Easy BAC
Modification kit (Gene Bridges). The entire BAC was in-
jected into the nucleus of fertilized eggs from C57BL/6 X
CBA mice, and CV and R47H founders were obtained. The
two lines selected for further work were subsequently back-
crossed onto the C57BL/6 background for at least four gener-
ations (some done in the process of crossing to Trem2~'~ and
5XFAD mice, both of which are on a C57BL/6 background).
All mice were bred and housed in specific pathogen-free con-
ditions. The Institutional Animal Care and Use Committee
at Washington University in St. Louis approved all protocols
used in this study. Sample size for animals was chosen based
on previous studies. No animals were excluded from analysis.
Animals were sacrificed between the ages of 245 and 260
d (8.5 mo), with each experimental group containing both
transgenic and nontransgenic mice. Investigators were not
blinded to experimental groups, but all samples and data were
processed in a high-throughput or automated fashion.

Cell culture and biochemical assays

To obtain thioglycollate-elicited peritoneal macrophages,
mice were injected intraperitoneally with 1 ml of 3% thio-
glycollate medium (prepared in water and autoclaved; Sigma-
Aldrich), and cells were harvested by peritoneal lavage after 3
d. Cells were subsequently stained for low cytometry.

To prepare BMDMs, femurs and tibias were removed
and flushed with PBS. Cells were counted and plated at 2 X
10° cells/100 mm Petri dish in RPMI supplemented with
GlutaMAX, penicillin/streptomycin, nonessential amino
acids, pyruvate, and 10% heat-inactivated FBS and 10% L-cell
conditioned medium as a source of CSF1. Cells were cultured
for 46 d before use. Human HDL (Millipore) was supple-
mented at a concentration of 50 pg/ml.

RAW264.7 cells were cultured on nontissue culture—
treated 12-well plates in RPMI supplemented with Glu-
taMAX, penicillin/streptomycin, pyruvate, and 5% FBS.
RAW?264.7 cells were transduced with Cas9 overexpression
lentivirus and transfected with plasmid-expressing guide

RNA against mouse TREM2. TREM2-negative cells were
sorted by FACS. lentiCas9-Blast and lentiGuide-Puro were
gifts from E Zhang (Broad Institute, Cambridge, MA; plas-
mids 52962 and 52963, respectively, from Addgene). These
TREM2-deficient RAW?264.7 cells were retrovirally trans-
duced with either CV or R47H driven under the CMV
promoter, and cells were sorted for h\TREM?2 expression by
FACS. Cells were stimulated for 30 min or 2 h with 10 ng/
ml LPS (K12; InvivoGen), 20 ng/ml recombinant TNFa (Pe-
proTech), or 20 ng/ml recombinant IFNy (PeproTech). For
sorting Adam17-KO populations, cell were stimulated for 30
min with 10 ng/ml LPS and then stained for h\TREM2.

Preparation of brain samples

Mice were anesthetized with ketamine/xylazine and perfused
with ice-cold PBS containing 1 U/ml of heparin. Right
brain hemispheres were fixed in 4% PFA overnight at 4°C,
rinsed in PBS, and incubated overnight at 4°C in 30% su-
crose before freezing in a 2:1 mixture of 30% sucrose and
optimal cutting temperature compound. Serial 40 pm coro-
nal sections were cut on a cryo-sliding microtome. Cortices
and hippocampi of the left-brain hemispheres were carefully
dissected out and flash frozen for biochemical analysis. A por-
tion of cortex was preserved in RNAlater (Ambion) until all
samples were collected.

Confocal microscopy

Floating sections were blocked with 3% BSA and 0.25% Tri-
ton X-100 in PBS, and then stained with anti—Iba-1 (rab-
bit polyclonal, 1:5,000; Wako; or goat polyclonal, 1:1,000;
Abcam), anti-human TREM2 ECD (goat polyclonal, 1:500;
R&D Systems), anti-human TREM2 C terminus (D814C
rabbit mAb, 1:500; Cell Signaling), anti-Spp1 (goat poly-
clonal, 1:500; R&D Systems), anti-APP (22C11 mouse mAb,
1:1,000; Millipore) and/or anti-NeuN (D3S3I rabbit mAb,
1:500; Cell Signaling) overnight at 4°C followed by staining
with anti—rabbit IgG DyLight 549 (1:2,000;Vector), anti—goat
IgG Alexa Fluor 488 (1:2,000; Abcam), anti—rabbit IgG Alexa

Figure 4. CV-KO-5XFAD mice show unique localization of soluble hTREM2 to neurons, plaques, and other nonmicroglial spaces. (A) Represen-
tative confocal images showing plagues (methoxy-X04, blue), microglia (Iba-1, red), and hTREM2 ECD (green) in the cortex. Bar, 30 um. (B) Representative
confocal images showing plaques (blue), hTREM2 C terminus (red), and hTREM2 ECD (green). In CV-KO-5XFAD brains, hTREM2 ECD is present in voxels that
lack either Iba-1 or NTREM2 C terminus staining, whereas in R47H-KO-5XFAD, hTREM2 ECD largely colocalizes with lba-1 and hTREM2 C terminus. Bar, 30
um. (C and D) Mean intensity of hTREM2 ECD staining was quantified in lba-1-positive (microglial) voxels and lba-1-negative (nonmicroglial) voxels in
(C) cortex and (D) hippocampus, showing similar expression levels in microglia but a significant increase outside of microglia in CV-KO-5XFAD brains only.
(E) Representative confocal images showing plaques (methoxy-X04, blue), neuronal soma (NeuN, orange), and hTREM2 (green). Bar, 30 um. (F) Frequency
of hTREM2* neurons and (G) mean hTREM2 intensity in neuronal soma was quantified in cortex and hippocampus. (H) Mean intensity of hTREM2 stain-
ing was quantified in methoxy-X04* plaques in cortex and hippocampus. hTREM2 ECD staining on plaques and neuronal soma was significantly higher
in CV-KO-5XFAD compared with R47H-KO-5XFAD. (I) Representative confocal image of plaques (blue), APP* dystrophic neurites (red), and hTREM2 ECD
(green), showing a relative lack of soluble TREM2 on dystrophic neurites. Bar, 30 um. (J) Representative confocal slice showing nuclei (ToPro-3, red) and
hTREM2 ECD (green) within NeuN+ neuronal soma. hTREM2* neurons do not show nuclear abnormalities characteristic of apoptosis. Bar, 10 um. (K)
Immunoblot of the PBS-soluble fraction of hippocampal homogenates for hTREM2, showing a hTREM2 smear at lower molecular weight than full-length
hTREM2, indicating soluble TREM2. Densitometric analysis normalized to actin was performed, showing that CV-KO-5XFAD mice had more soluble TREM2
than CV-KO and R47H-KO-5XFAD mice. *, P < 0.05;**, P < 0.01; ***, P < 0.001; ***, P < 0.0001 by one-way ANOVA with Holm-Sidak multiple comparisons
testing. Data are presented as mean + SEM.
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Figure 5. Various immunostimulatory signals induce similar CV and R47H hTREM2 cleavage from the cell surface. (A) Representative flow cy-
tometry plots demonstrating that both CV and R47H hTREM2 are lost from the cell surface of transduced RAW264.7 cells upon treatment with LPS, TNFa,
or IFNy. (B) Quantification of gMFI of LPS, TNFa, and IFNy treated cells relative to untreated cells. Shown is mean + SEM for three independent experiments.
(C) Adam17 was knocked out in CV- and R47H-expressing RAW264.7 cells using lentivirally delivered Cas9 and guide RNA. LPS-stimulated cells were
stained for hTREM2. Nontransduced cells (ctrl; gray shaded) uniformly lost hTREM2 surface expression. Transduced cells (solid red line) had two popula-
tions, one that retained hTREM2 surface expression (+) and one that lost hTREM2 surface expression (=), and these two populations were sorted by FACS.
(D) Immunoblot for Adam17 demonstrates that the CV and R47H (+) populations have highly efficient knockout of Adam17 protein expression relative to
either ctrl or () populations. (E) Experiments conducted as in A and B using Adam17 KO cells show that the effects of LPS, TNFa, and IFNy on hTREM2
surface expression are ablated in Adam17-deficient cells. Shown is mean + SEM for three independent experiments. **, P < 0.01; *** P < 0.0001 by one-way
ANOVA with Holm-Sidak multiple comparisons testing.

Fluor 647 (goat polyclonal, 1:1,000; Invitrogen), anti—goat
IgG-biotin (donkey polyclonal, 1:2,000; Invitrogen), strepta-
vidin Alexa Fluor 647 (1:2,000; Invitrogen), methoxy-X04 (3
pg/ml; Tocris), and/or TO-PRO-3 iodide (300 nM; Thermo
Fisher Scientific) for 1 h at room temperature. All antibodies
were used in blocking buffer, and between all incubations,
sections were washed for 10 min in PBS three times. Images
were collected using a Nikon A1Rsi+ confocal microscope.
Three-dimensional image segmentation of microglia, plaques,
and neurons, and extraction of parameters were performed in
Imaris 8.1 (Bitplane), and further processing was performed
using automated scripts in Matlab (Mathworks). For detailed
image analysis procedures, see Supplemental Methods.

JEM Vol. 215, No. 3

Flow cytometry

Staining for human TREM2 was performed using in-house—
generated unconjugated 21E10 antibody (15 pg/ml) followed
by PE-conjugated goat (Fab’)2 anti-mouse IgG1l (1:100;
SouthernBiotech). Staining for myeloid cells was performed
using BV421-anti-CD45 (30-F11,1:200; BioLegend), FITC—
anti-CD11b (M1/70,1:200;eBioscience),and APC—anti-F4/80
(BMS, 1:100; eBioscience). Samples were incubated with pri-
mary antibodies in blocking buffer (anti-mouse CD16/32) for
30 min on ice, washed two times with FACS bufter (2% BCS,
0.01% NaNj; in PBS), and incubated with secondary antibody
in FACS buffer for 30 min on ice. Samples were read using a
FACSCalibur (BD), and data were analyzed in Flow]Jo.
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Immunoblot

Samples were prepared from PBS-soluble or PBS-insolu-
ble guanidine-soluble fractions of brain homogenates (as
described in AP ELISA), or from cell lysates, by adding 1X
NuPAGE LDS sample buffer (Invitrogen) and 10% p-mer-
captoethanol and boiling for 5 min. Samples were run on
NuPAGE 4-12% Bis-Tris precast gels (Invitrogen), trans-
ferred to nitrocellulose membranes, and blocked with 5%
milk in PBS + 0.05% Tween-20 (PBS-T) for 1 h at room
temperature. Membranes were incubated with in-house—
generated 29E3 anti-human TREM2 antibody (mouse IgG1,
4 pg/ml), anti-TACE/ADAM17 (rabbit polyclonal, 1:1,000;
Novus), or anti—pan-actin (rabbit polyclonal, 1:4,000; Cell
Signaling,) in 0.5% milk/PBS-T overnight at 4°C, and in-
cubated in HRP-conjugated anti—rabbit Ig (goat polyclonal,
1:1,000; SouthernBiotech) or HRP-conjugated anti-mouse
IgG1 (goat polyclonal, 1:1,000; SouthernBiotech) at room
temperature for 1 h, with three washes of PBS-T between
steps. Blots were detected by SuperSignal West Pico Che-
miluminescent Substrate or SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Thermo Fisher Scientific) with
autoradiographic film. Developed films were scanned using
an Epson Perfection V370 photo scanner and analyzed using
Image Studio Lite (LI-COR).

Copy number determination, RT-qPCR,

and microarray analysis

For copy number analysis, genomic DNA was isolated from
the cerebellum of 5-mo-old mice using the QlAamp DNA
Mini kit and amplified by real-time qPCR using primer pairs
against two genomic reference loci (Lin et al., 2010) as well
as three loci within the BAC (Table 1). Relative copy num-

Table 1. qPCR primers

bers were determined by AACt, normalizing to the mean
of both reference loci.

Total RNA was isolated by tissue homogenization in
TRIzol reagent (Invitrogen), and single-strand cDNA was
synthesized with qScript ¢cDNA Supermix (Quantabio).
Real-time qPCR was performed using iTaq SYBR Green
Supermix (Bio-Rad) and the LightCycler 96 detection sys-
tem (Roche) or StepOnePlus (Applied Biosystems). Primers
were chosen from PrimerBank or custom-designed (Wang et
al., 2012). Human TREM2 isoform three-primer sequences
were from a previous publication (Jin et al., 2014). The list
of primers is in Table 1.

For microarray analysis of sorted microglia, perfused
brains were homogenized using the Neural Dissociation
kit (T) (Miltenyi) per the manufacturer’s instructions. The
homogenized tissue was run through a 70-um cell strainer
and resuspended and centrifuged in 30% Percoll (GE). The
resulting pellet was stained for CD11b and CD45, and
CD11b"CD45" cells were sorted using a FACSAriall (BD).
RNA was extracted from sorted cells using the RNeasy
Micro Plus kit (Qiagen) per the manufacturer’s instructions
and submitted for microarray analysis at the Genome Tech-
nology Access Center at Washington University in St. Louis.
Samples were amplified using the Nugen Ovation Pico SL
and run on the Affymetrix Gene 1.0 ST platform.

Image analysis

For measurement of Iba-1 area coverage, coronal sections
from —1.5 mm to —3 mm from bregma were stained for
Iba-1 as described in Confocal microscopy and imaged by
epifluorescence microscopy at low magnification. A region
encompassing portions of cortex, hippocampus, and midbrain

Name Forward primer (5’ to 3’)

Reverse primer (5’ to 3’)

Genomic locus

RPP38 (ref) TCATTGGCTTAAAATGTGT TTTATTTTAAGGGGTTGTAATG

RC3H2 (ref) ACTAAGTCAAGGCTACTGTG TTCTGGTGTCAGTATGGAAG

hTREM2 ATCCCTGCCCAGTCCACCCTTGATGGCT CCATCCTTCTCCTCCTGGCCTGCATCTTT
hTREML1 GCGTACGTTTCTCACAGACC CCCACTCCTCAAGAACCCAT

hTREML2 TTCACCCCAGGACTCATCAC GGCATGGAGGGTAGTCTGTT

Gene

Actb GGAGGGGGTTGAGGTGTT TGTGCACTTTTATTGGTCTCAAG

Tyrobp GAGTGACACTTTCCCAAGATGC CCTTGACCTCGGGAGACCA

hTREM2 iso1 GCATCTCCAGGAGCCTCTTG TGAGAAAGATGCAGGCCAGG

hTREM2 is02 CGGGATGCTGGAGATCTCTG TCTCAGCCCTGGAGATGCT

hTREM2 iso3 CATCTCCAGGCCATCTCAAG AGGAGGAGAAGGATGGAAGT

hTREML1 CTGGCGAGTATGGCTGCAT TGCCAATCTTATGGGTCTCTTCT
hTREML2 CCTATAAGGGCTACAAAAACCGC CCCATCAAGGGGTACAGGA

Spp1 CACTCCAATCGTCCCTACAGT CTGGAAACTCCTAGACTTTGACC

Gpnmb CATTCCCATCTCGAAGGTGAAA AAATGGCAGAGTCGTTGAGGA

Cst7 GGAGCTGTACTTGCCGAGC CATGGGTGTCAGAAGTTAGGC

Tnf GCCTCTTCTCATTCCTGCTTGT TGATCTGAGTGTGAGGGTCTGG

1116 GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

6 GCCAGAGTCCTTCAGAGAGATACA CTTGGTCCTTAGCCACTCCTTC
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was drawn in Image] (National Institutes of Health), omit-
ting edges of the section and/or image to limit artifacts, and
percent area coverage was determined by batch processing in
Image], setting as a threshold a fixed intensity greater than the
mean for the selected region, i.e., 30 arbitrary units greater
than mean. A similar procedure was performed for quantifi-
cation of fibrillar plaque coverage, except that the threshold
was set to twice the mean of the selected region.

For measurement of microglial density around plaques,
plaque volume and center of mass were determined using
the Surfaces function of Imaris on methoxy-X04 image data.
Microglial nuclei were identified using the Spots function of
Imaris for colocalized Iba-1 and ToPro-3 nuclear staining. To
calculate the number of microglial nuclei within a given dis-
tance from plaque surfaces, each plaque was modeled as an
idealized sphere with the same volume and center of mass.
Pairwise Euclidean distances were calculated between each
microglial nucleus and each plaque, taking into account the
idealized plaque radius; e.g., for a microglia-plaque pair sep-
arated by 40 um center-to-center with an equivalent plaque
radius of 10 pm, the distance would be calculated as 30
pm from the plaque surface. For each plaque, the number
of microglia within the specified distance was enumerated.
Microglia were allowed to be counted for multiple plaques.
Next, the occupiable volume for microglia was calculated
by finding the volume of the sphere (or spherical segment)
that falls within the specified distance. As an example, for a
plaque of radius 10 pm and a cutoff of 30 pum, the volume of
a 40-um sphere is determined. If either the top or bottom of
this sphere (or both) extends beyond the top or bottom of
the z-stack, respectively, the volume is calculated using the
formula for spherical segments instead of the formula for a
sphere. Finally, the number of microglia is divided by the oc-
cupiable volume to obtain the density, and these values are
averaged for all the plaques for a given animal.

For measurement of plaque coverage by microglia, three
sequential slices were z-projected by maximum intensity
separately for methoxy-X04 and Iba-1 images. Plaques were
traced by setting two intensity thresholds, a floor for non-
plaque and a ceiling for definite plaque pixels. For pixels in
between thresholds, a Laplacian of Gaussian edge detection
algorithm was implemented in Matlab, followed by dilation
of edges, filling in of small holes, and fine erosion of the final
shape to achieve a smooth border. Only contiguous shapes
above a certain size were retained. To label “inner,” “rim,” and
“outer” pixels, a combination of image erosion and image
dilation was performed on plaque traces. After slightly erod-
ing plaque traces, pixels within this smaller area were deemed
“inner.”” Next, plaque traces were slightly dilated, and addi-
tional pixels included in this larger area were deemed “rim.”
Finally, plaque traces were further dilated, and these additional
pixels were deemed “outer.” A similar tracing process was used
for microglia. Finally, the percent coverage of plaque pixels, of
“inner,”“rim,” or “outer” pixels, was calculated as the percent
of those pixels that were also labeled as microglia pixels. The
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remainder of the z-stack was divided into three-slice projec-
tions and processed the same way.

For measurement of Sppl+ pixels within Iba-1+ pix-
els, z-stacks were projected by maximum intensity projection,
and thresholds for both Spp1 and Iba-1 were determined by
visual inspection and used for all images. For each z-projected
image, the percentages of Iba-1+ pixels and Spp1+ Iba-1+
pixels were calculated, and the ratio was calculated.

For measurement of percent of positive neurons and
the mean intensity of plaques and neurons with regard to
hTREM2 staining, first the Surfaces function in Imaris was
used on methoxy-X04 and NeuN images, respectively, to
label plaques and neuron cell bodies. From Imaris, the mean
intensity of the hTREM?2 channel within each object was
exported to Microsoft Excel. A threshold of mean hTREM?2
intensity was set to determine the percent positively staining
neurons, and the means across all relevant objects was simply
averaged to obtain the final mean intensity.

To display hTREM?2 and nuclear staining only in neu-
ronal cell bodies, the Surfaces function in Imaris was used to
mask any NeuN-negative voxels in both channels.

Ap ELISA
Cortical tissue was homogenized first in PBS containing pro-
tease inhibitor (Roche) at 0.5X concentration. Remaining
insoluble material was pelleted. Supernatant was collected as
the PBS-soluble fraction, and the pellet was resuspended in
5.5 M guanidine and 50 mM Tris, pH 8.0, bufter and further
homogenized and incubated on a rotator for 3 h at room
temperature. The samples were centrifuged again to pellet
insoluble material, and the supernatant was collected as the
PBS-insoluble guanidine fraction.

2G3 mADb (APi_y) or 21F12 mADb (APi_y) was coated
onto immunosorbent ELISA plates (Thermo Fisher Scien-
tific) overnight at 4°C. Samples were diluted and incubated
on plates overnight at 4°C. Sample protein content was also
measured by DC protein assay (BioRad). Plates were sub-
sequently incubated with biotinylated 3D6 mAb (both
APy and APi_p), followed by HRP-conjugated strepta-
vidin (SouthernBiotech) for 1 h each. Between incubation
steps, plates were washed three times with PBS-T. Plates
were developed with O-phenylenediamine dihydrochloride
substrate (Sigma-Aldrich).

Statistics

Data in figures are presented as mean = SEM. Unless otherwise
stated, statistical analysis was performed using Prism (Graph-
Pad). Statistical analysis to compare the mean values for multiple
groups was performed using a one-way or two-way ANOVA,
as appropriate, with Holm-Sidak multiple comparisons testing.

Data availability

All relevant data and computer code are available from the
authors. Microarray data are accessible through GEO Series
accession number GSE108595.
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Online supplemental material
Fig. S1 provides additional characterization of the transgenic
mice. Fig. S2 contains measurements of amyloid accumula-
tion. Table S1 contains the list of activation genes and expres-
sion values shown in Fig. 3 B.
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