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Abstract

Microglia adopt numerous fates with homeostatic microglia (HM)
and a microglial neurodegenerative phenotype (MGnD) represent-
ing two opposite ends. A number of variants in genes selectively
expressed in microglia are associated with an increased risk for
neurodegenerative diseases such as Alzheimer’s disease (AD) and
frontotemporal lobar degeneration (FTLD). Among these genes are
progranulin (GRN) and the triggering receptor expressed on
myeloid cells 2 (TREM2). Both cause neurodegeneration by mecha-
nisms involving loss of function. We have now isolated microglia
from Grn~/~ mice and compared their transcriptomes to those of
Trem2~'~ mice. Surprisingly, while loss of Trem2 enhances the
expression of genes associated with a homeostatic state, microglia
derived from Grn~/~ mice showed a reciprocal activation of the
MGnD molecular signature and suppression of gene characteristic
for HM. The opposite mRNA expression profiles are associated with
divergent functional phenotypes. Although loss of TREM2 and
progranulin resulted in opposite activation states and functional
phenotypes of microglia, FDG (fluoro-2-deoxy-p-glucose)-pPET of
brain revealed reduced glucose metabolism in both conditions,
suggesting that opposite microglial phenotypes result in similar
wide spread brain dysfunction.
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Introduction

While for a long time researchers distinguished only two distinct
stages of microglia, the M1 and the M2 phenotype, recent evidence
strongly indicates that a multitude of functionally diverse microglial
populations exists in a dynamic equilibrium (Ransohoff, 2016;
Keren-Shaul et al, 2017; Krasemann et al, 2017). This becomes very
apparent when one compares mRNA signatures of microglia isolated
from various mouse models for neurodegeneration and compares
them to controls (Abduljaleel et al, 2014; Butovsky et al, 2015;
Holtman et al, 2015; Keren-Shaul et al, 2017; Krasemann et al,
2017). In mouse models for neurodegenerative diseases, mRNA
signatures were identified which are characteristic for a disease-
associated microglia (DAM)/a microglial neurodegenerative pheno-
type (MGnD) whereas in controls a homeostatic microglial (HM)
signature was observed (Butovsky et al, 2014, 2015; Holtman et al,
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2015; Keren-Shaul et al, 2017; Krasemann et al, 2017). MGnD
upregulates a characteristic set of genes, which may initially allow
microglia to respond to neuronal injury in a defensive manner. This
includes the induction of pathways triggering phagocytosis, chemo-
taxis/migration, and cytokine release. The upregulation of genes
involved in those pathways goes along with a suppression of home-
ostatic genes (Butovsky et al, 2015; Krasemann et al, 2017). Key
genes involved in the switch of HM to MGnD are regulated by the
TREM2 (triggering receptor expressed on myeloid cells 2) ApoE
(apolipoprotein E) pathway (Krasemann et al, 2017).

A pivotal role of microglia in neurodegeneration is strongly
supported by the identification of sequence variants found in a
number of genes robustly or even selectively expressed within
microglia in the brain, among them GRN (encoding the progranulin
(PGRN) protein; Baker et al, 2006; Cruts & Van Broeckhoven, 2008;
Zhang et al, 2014; Gotzl et al, 2016; Lui et al, 2016) and TREM2
(Guerreiro et al, 2013; Jonsson & Stefansson, 2013; Jonsson et al,
2013; Rayaprolu et al, 2013; Borroni et al, 2014; Cuyvers et al,
2014; Ulrich et al, 2017). Mutations in the GRN gene (Baker et al,
2006; Cruts et al, 2006) cause frontotemporal lobar degeneration
(FTLD) with TDP-43 (TAR-DNA binding protein 43)-positive inclu-
sions due to haploinsufficiency. PGRN is a growth factor-like protein
with neurotrophic properties in the brain (Van Damme et al, 2008).
PGRN is also transported to lysosomes (Hu et al, 2010; Zhou et al,
2015) where it appears to regulate expression and activity of lysoso-
mal proteins (Ahmed et al, 2010; Hu et al, 2010; Wils et al, 2012;
Tanaka et al, 2013a,b; Gotzl et al, 2014, 2016, 2018; Beel et al,
2017; Chang et al, 2017; Ward et al, 2017; Zhou et al, 2017). PGRN
is proteolytically processed into granulin peptides, which can be
found in biological fluids (Bateman et al, 1990; Shoyab et al, 1990;
Belcourt et al, 1993; Cenik et al, 2012). TREM2 is produced as a
membrane-bound type-1 protein (Kleinberger et al, 2014), which
traffics to the cell surface where it mediates signaling via binding to
its co-receptor, the DNAX activation protein of 12 kDa (DAP12;
Ulrich & Holtzman, 2016; Yeh et al, 2017). Signaling is terminated
by proteolytic shedding of the TREM2 ectodomain (Kleinberger
et al, 2014; Schlepckow et al, 2017). Several sequence variants
associated with TREM2 cause neurodegeneration via a loss of func-
tion (Kleinberger et al, 2014, 2017; Schlepckow et al, 2017; Ulland
et al, 2017; Song et al, 2018). Sequence variants of TREM2 affect a
multitude of functions including chemotaxis, migration, survival,
binding of phospholipids and ApoE, proliferation, survival, and
others (Kleinberger et al, 2014, 2017; Atagi et al, 2015; Bailey et al,
2015; Wang et al, 2015; Yeh et al, 2016; Mazaheri et al, 2017;
Ulland et al, 2017). Strikingly, a loss of TREM2 function locks microglia
in a homeostatic state (Krasemann et al, 2017; Mazaheri et al, 2017).
Instead of suppressing their homeostatic mRNA signature like mouse
models of neurodegenerative disorders, in the absence of TREM2
microglia even enhance expression of homeostatic genes and fail to
express the disease-associated signature (Krasemann et al, 2017; Maza-
heri et al, 2017). As a result, TREM2 deficiency decreases chemotaxis,
phagocytosis, and barrier function (Kleinberger et al, 2017; Mazaheri
et al, 2017; Ulland et al, 2017). TREM2 therefore appears to play a key
role as a central hub gene in the regulation of microglial homeostasis.
We now investigated microglial gene expression and function in the
absence of PGRN and made the surprising observation that loss of
TREM2 or PGRN leads to opposite microglial activity phenotypes,
which, however, both cause wide spread brain dysfunction.
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Results

Opposite molecular signatures of microglia in Grn~/~ and
Trem2~'~ mice

Loss-of-function mutations in TREMZ2 are associated with various
types of neurodegeneration, including a FTLD-like syndrome (Ulrich
& Holtzman, 2016). Similarly, haploinsufficiency of GRN is associated
with TDP-43-positive FTLD (Baker et al, 2006; Cruts et al, 2006; Cruts
& Van Broeckhoven, 2008). At least some of the GRN-dependent
FTLD-associated phenotypes can be mimicked in a mouse model
entirely lacking PGRN (Ahmed et al, 2010; Yin et al, 2010; Wils et al,
2012; Gotzl et al, 2014). Furthermore, both, a Trem2 knockout and
the knockin of the p.T66M mutation, mimic features of a FTD-like
syndrome (Kleinberger et al, 2017; Mazaheri et al, 2017). Since both
proteins are preferentially expressed in microglia, we compared loss-
of-PGRN-associated microglial phenotypes with those known for
TREM2 deficiency (Krasemann et al, 2017; Mazaheri et al, 2017). To
do so, we first purified microglia from brains of adult Grn~/~ mice by
fluorescence-associated cell sorting (FACS) using microglia-specific
anti-FCRLS and anti-CD11b antibodies. We then investigated the
expression pattern of gene characteristic for MGnD and HM using
NanoString gene expression profiling (MG534; Butovsky et al, 2014;
Krasemann et al, 2017; Mazaheri et al, 2017; Dataset EV1). Gene
expression levels in each sample were normalized against the geomet-
ric mean of five housekeeping genes including Clitc, Gapdh, Gusb,
Hprtl, and Tubb5. Out of 529 genes analyzed, 58 genes were signifi-
cantly upregulated and 58 genes were downregulated. Strikingly,
genes most strongly upregulated in Grn™/~ microglia are those previ-
ously described for MGnD (Fig 1A; Butovsky et al, 2015; Holtman
et al, 2015; Keren-Shaul et al, 2017; Krasemann et al, 2017). These
include ApoE, as the most upregulated gene, Ly9, Clec7a, Dnajb4,
Cccl4, and many others suggesting that PGRN-deficient microglia
adopt the MGnD state. We then compared the Grn™/~ microglial
signature to the previously analyzed molecular signature of Trem2~/~
microglia (Fig 1B and C; Mazaheri et al, 2017). Both NanoString gene
expression panels overlapped in 418 genes. Out these, 359 mRNAs
could be detected in both screens (Dataset EV1). In the Grn™/~ micro-
glia, 40 mRNAs were upregulated and 55 mRNAs were downregu-
lated, whereas in the Trem2~/~ microglia, 87 mRNAs were increased
and 27 mRNAs were decreased (Fig 1C; left two panels). Interestingly,
while only six mRNAs were equally up/downregulated in both pheno-
types, 32 mRNAs showed an opposite regulation (Fig 1C; right panel).
Strikingly, while in Grn/~ mice the neurodegenerative disease-asso-
ciated signature is massively upregulated, this set of genes is
suppressed in the Trem2~/~ microglia (Fig 1B and D; Mazaheri et al,
2017). Similarly, the homeostatic mRNA signature is slightly but
significantly upregulated in Trem2/~ microglia (Mazaheri et al,
2017) but severely suppressed in Grn/~ microglia (Fig 1B and D).

Confirmation of molecular microglial signatures on protein level

Expression of proteins associated with MGnDs such as ApoE,
CLEC7A, TREM2, and CD68 was also increased in acutely isolated
microglia (Fig 2A and B). sTREM2 was also found to be increased in
brains and serum of Grn/~ mice (Fig 2C and D), although no
increase in Trem2 mRNA levels was observed in the NanoString
analysis  (Fig 1B), suggesting posttranscriptional regulation.

© 2019 The Authors
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Figure 1. Opposite mRNA signatures of Grn—/~/Trem2*"* and Trem2~/~/Grn*/* microglia.

A Volcano blot representation of the differently expressed genes in FCRLS- and CD11b-positive Grn~'~ microglia in comparison with wt microglia isolated from
5.5-month-old mice (male, n = 5). 116 genes out of 529 genes analyzed are significantly changed, and from these, 58 genes are upregulated and 58 genes are
downregulated. Eight up- and down regulated genes with the highest fold change are indicated.

B Heatmap of significantly affected genes (P < 0.05) in FCRLS- and CD11b-positive Grn
microglia, mRNA expression data of the Trem2~/~ microglia in comparison with the

mice (n = 5 per genotype). For the significantly affected genes of the Grn™/~

~/~ microglia in comparison with Grn*"* microglia isolated from 5.5-month-old

corresponding wt microglia were taken from previously published data (Mazaheri et al, 2017). The RNA counts for each gene and sample were normalized to the
mean value of wt followed by a log2 transformation (n > 5 per genotype). *labeled genes were not analyzed or below detection limit in Trem2~/~ microglial mRNA

expression dataset (Mazaheri et al, 2017).

C Changes in gene expression of 359 detected genes in Grn~/~ microglia and Trem2~/~ microglia. Note that from the 38 genes significantly altered in both genotypes, 32

genes are regulated in opposite direction.

D Expression levels of significantly altered homeostatic and MGnD genes of Grn™'~ and Trem2~/~ microglia from the data set in (B). Gene expression is normalized to

the mean of the wt cohort in comparisons with the published normalized dataset of Trem2™

/= microglia (Mazaheri et al, 2017). Data represent the mean +/— SD.

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed between Grn 4 microglia in comparison with Grn** microglia or Trem2 4
microglia in comparison with Trem2*/* microglia: not significant P > 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001.

Furthermore, protein expression of the homeostatic P2ry12 gene is
downregulated in cortical Grn~/~ microglia (Fig 2E and F), while
cortical microglia from Trem2™/~ mice show strongly elevated
P2RY12 levels (Fig 2E and F), consistent with the finding that micro-
glia from both mouse models are in opposite activation states. These
findings were further confirmed in genetically modified BV2 micro-
glia-like cells lacking PGRN expression, where ApoE, CLEC7A, and
TREM2 were upregulated, whereas P2RY12 was downregulated
(Fig 2G-I). In line with the protein expression, in PGRN-deficient
BV2 cells, transcripts encoding Apoe, Clec7a, and Trem2 were also
significantly upregulated, whereas P2ryl2 was downregulated
(Fig 2J) further confirming that loss of PGRN results in a microglial
hyperactivation.

Increased phagocytic capacity, chemotaxis, and clustering
around amyloid plaques upon loss of PGRN

Next, we investigated a series of functional phenotypes in Grn loss-
of-function mutants, which may be differentially affected by dysreg-
ulated Trem2 or Grn gene expression. First, we investigated the
phagocytic capacity of PGRN-deficient BV2 cells, which recapitulate
expression profile changes found in isolated Grn™/~ microglia such
as enhanced expression of ApoE, CLEC7A, and TREM2 (Fig 2). We
observed a significantly increased uptake of pHrodo-labeled Escheri-
chia coli (E. coli) in PGRN-deficient BV2 cells compared to wt

(Fig 3A). Enhanced uptake of pHrodo-labeled bacteria is in strong
contrast to the reduced uptake detected in TremZ2 loss-of-function
mutations (Fig EV1A; Kleinberger et al, 2014, 2017; Schlepckow
et al, 2017), thus demonstrating that differentially regulated mRNA
signatures translate into opposite phagocytic phenotypes. In acutely
isolated microglia, uptake of bacteria was also reduced upon loss of
TREM2 (Fig EV1B). Grn™/~ microglia displayed only a slight but
significant increase in phagocytosis (Fig EV1B). The rather minor
effect of the Grn knockout on increased microglial phagocytosis
is most likely due to isolation-induced activation of microglia
(Gosselin et al, 2017), which as a consequence already show a
rather high uptake capacity.

Previously, we demonstrated that microglia of Trem2~/~ mice
are locked in a homeostatic state and fail to migrate (Mazaheri et al,
2017). Since microglia of Grn™/~ mice express a RNA profile typical
for MGnD, we investigated if that results in increased migration. To
assess migration ex vivo, we cultured organotypic brain slices from
young (P6-7) mice as recently described (Daria et al, 2017; Maza-
heri et al, 2017). In line with our previous findings, we found only
baseline migration of wt microglia reflected by few migrating CD68-
positive cells detected mainly in the vicinity of the brain tissue
(Fig 3B-D). On the contrary, the number of migrating CD68-positive
cells and their distance migrated were both significantly increased
in brain slices derived from the Grn ™/~ mice (Fig 3B-D). Again, this
finding is in clear contrast to our previous observation in cultured

Figure 2. Expression of microglial marker protein characteristic for the homeostatic or disease-associated state.

A Immunoblot analysis of ApoE, CLEC7A, TREM2, and CD68 in lysates of acutely isolated microglia from Grn~'~ and Grn*"* mice (9 months of age, n = 3 per genotype,
female). IBA1 was used as loading control. The asterisk indicates an unspecific band.

ELISA-mediated quantification of STREM2 in brain homogenates of Grn~/~
ELISA-mediated quantification of STREM2 in serum of Grn~'~ and Grn*"*

Microglial expression of P2RY12 in cortical sections of wt, Grn~'=

O Mmoo O W

+/+

Quantification of protein expression normalized to levels of @i microglia (n = 3). Data represent the mean =+ SD.
and Grn
mice. Data are shown as mean + SEM (n = 4-13).

and Trem2~/~ mice. (9 months of age, female). Scale bar indicates 10 pm.

Quantification of P2RY12-positive microglia. Data are shown as mean + SD (n = 3 per genotype, female, except one male for Trem2~/7).

Immunoblot analysis of secreted PGRN and ApoE (ApoEeg) in conditioned media and PGRN, ApoE, CLEC7A, P2RY12, and TREMZ2 in lysates of BV2 wild-type (Grny,:)

mice. Data are shown as mean + SEM (n = 3-6).

and PGRN-deficient (Grny,t) cells. Soluble amyloid precursor protein (APPs) and calnexin were used as a loading control. The asterisk indicates an unspecific band.
H Quantification of immunoblots normalized to BV2 Grn,, levels (n = 3-5). Data represent the mean =+ SD.
| ELISA-mediated quantification of STREM2 in conditioned media of BV2 Grn,y, and Grng,. cells. Data represent the mean + SD (n = 4).
] Quantification of relative mRNA levels of Apoe, Clec7a, P2ry12, and Trem2 in BV2 Grn,,, and Grng. cells. Data represent the mean + SD (n = 3).

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed between Grng,,. or Grn~'"in comparison with Grn, or Grn**: s, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. For (F), the one-way ANOVA with Tukey post hoc test was used.

Source data are available online for this figure.
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Figure 3. Enhanced phagocytosis, migration, and clustering around amyloid plaques upon PGRN deficiency.

A Flow cytometric analysis of phagocytic capacity in BV2,,. and BV2,, cells using pHrodo green E. coli as target particles. Phagocytosis was terminated after 30 and
60 min (min) of incubation. Data are presented as mean percentage of cells positive for pHrodo uptake + SD (n = 3).

B Enhanced migration of CD68-positive, PGRN-deficient cells in an ex vivo model. Immunofluorescence analysis of cultured Grn*’* and Grn~'~ organotypic brain at 7
DIV immunostained using microglial marker CD68. Nuclei were counterstained using DAPI. Images of boxed regions in left panels are shown at higher magnifications
in right panels. Scale bars: 500 pum (left panels), 250 um (right panels).

C Quantitative analysis reveals that Grn~'- microglia migrate larger distances than Grn*'*. Data are shown as mean =+ SD (n = 3 independent experiments).

D Quantification displays an increased number of migrating Grn' cells compared to Grn*'* cells. Data are shown as mean + SD (n = 3 independent experiments).

E Enhanced microglial clustering around amyloid plaques in the absence of PGRN. Left: IBA1-stained microglial clustering around X-34-positive amyloid plaque cores in
4-month-old APPPS1/Grn*’* mice. Right: Age-matched APPPS1/Grn~'~ mice display microglial hyper-clustering around amyloid plaques compared with APPPS1/Grn*/*.
Dotted white boxes indicate the area that is shown at higher magnification. Scale bars indicate 10 and 3 pum in inset.

F  Immunohistochemical quantification of IBAL-positive microglial cell number per plaque (APPPS1/Grn** n = 4, APPPS1/Grn~'~ n = 4; 4-month-old; two males and
two females per genotype) normalized to APPPS1/Grn** mice. Approximately 20-50 amyloid plaques were counted per mouse in 3 cortical sections to calculate the
number of IBA1-positive microglia per plaque. Data are shown as mean =+ SD.

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed (A, C, D) between PGRN-deficient Grny,: BV2 cells or Grn b microglia and
G, BV2 cells or Grn*™* microglia. For (F) the Mann—Whitney U-test, two-tailed analysis was used. Significance is indicated by *P < 0.05; **P < 0.01; and ***P < 0.001.
Source data are available online for this figure.
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Figure 4. Enhanced microglial activity in Grn~/~ mice and in a patient with Grn haploinsufficiency.

A TSPO-pPET in rodents: Axial slices (A1, A2, A3) of averaged %-TSPO-PET differences between Grn~'~ or Trem2~/~ mice and wt indicate increased microglial activity in
the cerebrum of Grn™/~ mice (hot color scale) and decreased microglial activity in the cerebrum of Trem2 = mice (cold color scale). Scatter plot depicts single TSPO-
WPET values deriving from a neocortical volume of interest. Data represent the mean +/— SD. pPET results are illustrated upon an MRI template; 6-10 female mice per
group (Grn’/’ n = 6 at 8 months, Trem2~'~ n = 8 at 11 months; wt n = 10 at 8-11 months). Statistics were derived from one-way ANOVA with Tukey post hoc test.

B PGRN serum levels of the patients subjected to TSPO-PET confirmed the GRN mutation and non-GRN mutation carrier. PGRN was measured by ELISA in technical
triplicates and normalized to serum levels of a healthy control. Data represent the mean +/— SD.

C TSPO-PET in human FTLD patients: Visual interpretation of axial TSPO-PET SUVR images in upper cranial layers reveals increased microglial activity in frontal and
parietal cortices (white arrows) of a FTLD patient with a GRN loss-of-function mutation in comparison with a FTLD patient without a GRN mutation. PET results are
illustrated upon an MRI template; 60-80 min p.i. emission recording; and global mean scaling. Both patients were low-affinity binder.

organotypic brain slices derived from Trem2 /™ mice, where we found
a severe inhibition of migration as compared to wt (Mazaheri et al,
2017). The increased migratory potential is in line with enhanced clus-
tering of IBAl-positive microglia that we detected around amyloid
plaques in APPPS1/Grn~/~ versus APPPS1/Grn ™/ mice (Figs 3E and
F, and EV1C). Again, this finding is opposite to what was found in the
absence of functional TREM2, namely impaired clustering of microglia
around amyloid plaques (Wang et al, 2016; Parhizkar et al, 2019) and
a general reduction of chemotaxis (Mazaheri et al, 2017).

Increased TSPO-PET signals in Grn~/~ mice and a human patient
with GRN haploinsufficiency

To confirm that our findings have relevance in vivo, we searched for

differences in microglial activity between Trem2™~ and Grn™/~
mice by previously established in vivo TSPO-uPET imaging (Liu

© 2019 The Authors

et al, 2015; Kleinberger et al, 2017). In line with the hypothesis
gained from in vitro experiments, we observed a striking upregula-
tion of microglial activity throughout the cerebrum of Grn™~ mice
when compared to wt (Fig 4A). Differences were pronounced in the
neocortex but also present in subcortical areas. On the contrary, a
reduced microglial activity was apparent in the entire cerebrum of
Trem2™/~ mice, fitting to our recent findings in a TREM2 loss-of-
function model (Kleinberger et al, 2017; Fig 4A).

Furthermore, we translationally investigated a FTLD patient with
a genetically confirmed GRN (NM_002087.2) loss-of-function muta-
tion (c.328C>T, p.(Argll0%*)). Haploinsufficiency of PGRN was
proven by ELISA-mediated quantitative analysis of the patient’s
serum (Fig 4B). TSPO-PET imaging revealed elevated cortical micro-
glial activity in comparison with a FTLD patient screened negative
for variants in the GRN, MAPT, CY9orf72, or the TREMZ gene
(Fig 4C).
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Figure 5. Cerebral hypometabolism upon loss of GRN and TREM2.
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Cerebral hypometabolism upon loss of PGRN and TREM2

Next, we investigated whether alterations of microglial activity have
an impact on synaptic brain function as assessed by in vivo FDG-
WPET. We observed a cerebral hypometabolism not only in
Trem2~/~ mice, which had been anticipated from our previous
study (Kleinberger et al, 2017), but even more severe in Grn/~
mice (Fig 5). As activated microglia itself could lead to increased
energy consumption, the results in Grn™/~ mice appear even more
striking. Thus, a failure of brain function was confirmed as a conse-
quence of both, arresting microglia in a homeostatic and a disease-
associated stage.

Discussion

Taken together, our findings demonstrate that microglia lacking
functional TREM2 or PGRN exhibit opposite mRNA profiles. This is
consistent with the differential TSPO-PET signal observed in both
animal models. While Grn™/~ mice exhibit a hyperactivated pheno-
type, which is consistent with the observation that Grn™/~ mice
exhibit an exaggerated inflammation (Yin et al, 2010; Martens et al,
2012; Tanaka et al, 2013a; Lui et al, 2016) as well as induced
expression of TYROBP network genes including Trem2 (Takahashi
et al, 2017), TREM2 loss of function results in reduced microglial
activity. As a consequence, several functional assays including
phagocytic capacity, migration, and chemotactic clustering around
amyloid plaques revealed opposite phenotypes. Thus, loss of PGRN
or TREM2 arrests microglia at the two extreme ends of a potential
gradient of dynamic microglial populations (Fig 6; upper panel).
Nevertheless, in both animal models we observed a dramatic reduc-
tion of glucose metabolism throughout the brain and loss of either
protein causes severe neurodegeneration in humans. Reduced
energy metabolism in Trem2™/~ mice is in line with previous
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Figure 6. Modulation of microglia activity states within a narrow
therapeutic window.

Schematic presentation of the disease-associated/homeostatic phenotypes
observed in Grn~/~ mice versus Trem2 '~ and the potential consequences for a
therapeutic window of microglial modulation.

observations (Kleinberger et al, 2017; Ulland et al, 2017). Thus, it is
tempting to speculate that microglia on the opposite ends of a large
spectrum of functionally divergent microglial populations cause
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neurological dysfunctions that ultimately may result in neurodegen-
eration. In fact, disease-associated variants of TREM2 are associated
with a loss of a protective function of TREM2 (Kleinberger et al,
2017; Song et al, 2018) and some mutations appear to lock micro-
glia in a homeostatic stage (Krasemann et al, 2017; Mazaheri et al,
2017). On the other hand, during aging wild-type microglia in an
AD mouse model lose their motility and phagocytic activity (Krabbe
et al, 2013) although they express a neurodegenerative disease-asso-
ciated mRNA profile (Krasemann et al, 2017). This may indicate
that “over-activation” for a prolonged period of time may be detri-
mental for microglia and drive them into a loss-of-function pheno-
type. Our findings also indicate that arresting microglia in either a
homeostatic state or a disease-associated state would be equally
detrimental. This has important consequences for therapeutic strate-
gies aiming to modulate microglial activity. Clearly, locking micro-
glia in any of the two extreme states is detrimental (Fig 6, upper
panel). Rather, microglia locked in a homeostatic state should be
activated whereas microglia arrested in a disease-associated state
may be silenced (Fig 6, lower panel). Nevertheless, during long-
term treatment “over-activation” and “over-silencing” of microglia
may both be equally detrimental, since that may drive microglia
to the opposite ends of the gradient. As a consequence, the
therapeutic window for microglial modulation may be rather
limited (Fig 6, lower panel) and care must be taken to balance
microglial activity.

Materials and Methods
Animal experiments

All animal experiments were performed in accordance with local
animal-handling laws. Housing conditions included standard pellet
food and water provided ad libitum, 12-h light-dark cycle at tempera-
ture of 22°C with maximal 5 mice per cage and cage replacement once
per week, and regular health monitoring. Mice were sacrificed by CO,
inhalation. Brain tissue, microglia, and serum were obtained from the
Grn~/~ mouse strain (Kayasuga et al, 2007), brain tissue and microglia
were obtained from the Trem2~/~ mouse strain (Turnbull et al, 2006),
and brain tissue was obtained from a mouse model for amyloid pathol-
ogy (APPPS1; Radde et al, 2006) crossed with the Grn~/~ mouse strain
(APPPS1/Grn™/). Experiments were performed with mice of both
genders at 2-18 months of age. Organotypic brain slices were taken
from postnatal days 6-7 of Grn ™/~ and wt mice.

Gene expression profiling

FCRLS (Butovsky et al, 2014)- and CD11b (BD biosciences; Clone
M1/70)-positive primary microglia were isolated from mouse brains
of 5.5 months of Grn~/~ and wt mice (n = 5 per genotype, male) as
described (Mazaheri et al, 2017). Total RNA was isolated using
mirVanaTM miRNA Isolation Kit (Ambion) according to the manu-
facturer’s protocol. 100 ng RNA per sample was used for gene
expressing profiling using nCounter Analysis, NanoString technol-
ogy as described (Butovsky et al, 2014, 2015). In brief, the MG534
NanoString chip was designed using the quantitative NanoString
nCounter platform. Selection of genes is based on analyses that
identified genes and proteins, which are specifically or highly
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expressed in adult mouse microglia (Butovsky et al, 2014) and
encompasses 400 homeostatic unique and enriched microglial genes
(Butovsky et al, 2014), 129 disease-associated genes, and 5 house-
keeping genes (Krasemann et al, 2017).

Data normalization and analysis

NanoString data were normalized and analyzed using nSolver™ soft-
ware. RNA ncounts were normalized using the geometric mean of
five housekeeping genes including Cltc, Gapdh, Gusb, Hprtl, and
TubbS using nSolver™ Analysis Software, version 3.0 (NanoString
Technologies, Inc.). A cutoff was introduced at the value two-fold of
the highest negative control present on the chip. Fold changes were
calculated using the average of each group. For each experiment, the
fold changes were calculated comparing the experimental group to
their appropriate controls. To compare the normalized gene expres-
sion levels in Grn™/~ and wt mice, unpaired two-tailed Student’s
t-test was performed (*P < 0.05, **P < 0.01, ***P < 0.001). The
volcano blot was generated employing GraphPad Prism 7 software.
The heatmap was generated employing Multi Experiment Viewer v
4.9. The expression value for each gene was normalized to the mean
value of wt mice followed by a log2 transformation.

STREM2 ELISA analysis of mouse plasma and brain samples

Blood collected from Grn ™/~ and wt mice (3, 6, 13, 16-18 months of
age, female and male mice as indicated in the source data file to
Fig 2) was left at room temperature (RT) to allow the blood to clot.
After centrifugation (15 min, 2,000 x g, RT), the supernatant (serum)
was collected, snap-frozen in liquid nitrogen, and stored at —80°C.

Snap-frozen mouse brain hemispheres were homogenized by
crunching the brain in liquid nitrogen to fine powder. Approxi-
mately 10-20 mg of powdered mouse brain from Grn™/~ and wt
mice (3-4, 6, 13, 16-18 months of age, female and male mice as
indicated in the source data file to fig 2) was homogenized in Tris-
buffered saline (TBS) supplemented with protease inhibitor cocktail
(Sigma-Aldrich) and centrifuged for 30 min, 15,000 x g, 4°C.
Protein concentrations of supernatants were determined using the
BCA protein assay (Pierce, Thermo Scientific), and equal amount of
protein was analyzed for TREM2. sTREM2 levels in mouse serum or
mouse brain extracts were quantified using the Mesoscale platform
essentially as described previously (Kleinberger et al, 2017) using
0.25 pg/ml biotinylated polyclonal goat anti-mouse TREM2 (R&D
Systems; BAF1729) as capture antibody and 1 pg/ml rat monoclonal
anti-TREM2 antibody (R&D Systems, MAB17291) as detection anti-
body. Calculation of the concentration of STREM2 was performed
with the MSD Discovery Workbench v4 software (MSD).

Cell culture and CRISPR/Cas9 genome editing in BV2 cells

The murine microglial cell line BV2 (Bocchini et al, 1992) was
maintained in Dulbecco’s modified Eagle’s medium (DMEM) +
GlutaMAX™- 1 (Thermo Fisher Scientific, 61965-026) supplemented
with 10% (v/v) FBS (Sigma-Aldrich, F7524), 100 U/ml penicillin,
and 100 pg/ml streptomycin. For genome editing, BV2 cells were
transfected with pSpCas9(BB)-2A-GFP (PX458; gift from Feng Zhang
(Ran et al, 2013), targeting exons 3 and 4 with the gRNA1 ATAAC
GAGCCATCATCTAGA and gRNA2 GGCTTCCACTGTAGTGCAGA;
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Addgene plasmid #48138) by electroporation with the Cell Line
Nucleofector® Kit T (Lonza VACA-1002) following the manufac-
turer’s instructions. GFP-positive cells were isolated by FACS 24 h
after transfection. Single-cell clones from the GFP-positive fraction
were obtained by serial dilution and screened for genetic modifi-
cations in Grn by PCR amplification of exons 3 and 4. Media and
lysates of edited clones were analyzed by Western blot for PGRN
expression.

Quantitative real-time PCR (qRT-PCR)

Total RNA was prepared from BV2 cells using the QIAshredder
and RNeasy Mini Kit (Qiagen) according to manufacturer’s instruc-
tions. 2 ug of RNA was reverse transcribed into cDNA using M-
MLV reverse transcriptase (Promega) and oligo(dT) primers (Life
Technologies). The following primer sets from Integrated DNA
Technologies were used: mouse Trem2 Mm.PT.58.46092560 (Exon
boundary 2 to 4b), mouse Apoe Mm.PT.58.33516165 (Exon bound-
ary 1 to 3), Clecza Mm.PT.58.42049707 (Exon boundary 1 to 2),
and P2ryl12 Mm.PT.58.43542033 (Exon boundary 3 to 4). cDNA
levels were measured in triplicates using TagMan assays on a
7500 Fast Real-Time-PCR System (Applied Biosystems), normalized
to Gapdh cDNA expression, and relative transcription levels of the
respective sequences were analyzed using the comparative delta
Ct method (7500 Software V2.0.5, Applied Biosystems, Life
Technologies).

Isolation of adult primary microglia for immunoblotting

Primary microglia were isolated from adult mouse brain (9 months
of age, n = 3 per genotype, female) using MACS Technology (Mil-
tenyi Biotec) according to manufacturer’s instructions as described
previously (Gotzl et al, 2018).

Cell lysis and immunoblotting

Snap-frozen cell pellets were lysed in RIPA lysis buffer followed by
centrifugation at 17,000 x g, 4°C for 20 min [RIPA lysis buffer
(150 mM NaCl, 20 mM Tris-HCI pH 7.4, 1% NP-40, 0.05% Triton
X-100, 0.5% sodium deoxycholate, 2.5 mM ETDA)]. Protein concen-
trations were determined using the BCA protein assay (Pierce,
Thermo Fisher Scientific), and equal protein amounts were analyzed
in SDS-PAGE. For the detection of PGRN, TREM2, CLEC7A,
P2RY12, calnexin, CD68, IBA1, and APP gels were transferred on
polyvinylidene difluoride membranes (Amersham Hybond P 0.45
PVDF, GE Healthcare Life Science). For the detection of ApoE, nitro-
cellulose membranes were used (GE Healthcare Life Science).
Membranes were blocked for 1 h in I-Block™ (Thermo Fisher Scien-
tific) and exposed to the following antibodies. In-house antibodies
were as follows: PGRN (Rat 8H10 1/50; Gotzl et al, 2014) and
TREM2 (Rat 5F4 1/50; (Xiang et al, 2016)). Commercial antibodies
were as follows: CLEC7A (R&D Systems, AF1756, 1/2,000), P2RY12
(Abcam, [EPR18611] (ab184411), 1/1,000) and ApoE (Merck,
AB947,1/2,000), and APPs (Merck, MAB348 clone 22C11, 1/5,000).
For immunoblotting in primary microglia: ApoE (HJ6.3, 1/700),
kindly provided by David E. Holtzman (Kim et al, 2012), CD68
(Abcam, ab125212, 1/1,000), and IBA1 (GeneTex, GTX100042,
1/1,000) were used. HRP-conjugated secondary antibodies and ECL
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Plus (Pierce™, Thermo Fisher Scientific) were used for detection.
For the quantitatively analysis, images were taken by a Luminescent
Image Analyzer Vilber/Peqlab Fusion SL and evaluated with the
Multi Gauge V3.0 software (Fujifilm Life Science, Tokyo, Japan).

Phagocytosis assay

Assays to determine the phagocytic capacity were carried out as
described before (Kleinberger et al, 2014, 2017). Briefly, BV2 cells
were seeded at a density of 100,000 cells per well of a 12-well dish
and 1 day after seeding, incubated with pHrodo green E. coli for 30
and 60 min at 37°C after (pHrodo® Green E. coli BioParticles®
Thermo Fisher). To analyze E. coli uptake, cells were resuspended
in FACS buffer (PBS, 2 mM EDTA and 1% FBS) and subjected to
flow cytometry. Data were acquired using the MACSQuant®.
Cytochalasin D was used as an uptake inhibitor at a final concentra-
tion of 10 uM. Phagocytosis assays with primary microglia were
performed similar to BV2 cells with the following modifications:
Cells were isolated from adult mouse brain (2 months of age, n = 3
per genotype, male) as described above. Following isolation,
primary microglia were cultivated in DMEM/F-12 (Thermo Fisher
Scientific, 31330-038) supplemented with 10% (v/v) FBS (Merck,
Sigma-Aldrich), 100 U/ml penicillin, 100 pg/ml streptomycin, M-
CSF (10 ng/ml), and TGF-B (50 ng/ml). Four days after seeding at a
concentration of 100,000 cells per well of a 24-well plate, cells were
incubated with pHrodo for 45 min at 37°C. APC-Cy™7 Rat Anti-
CD11b (BD Pharmingen™, M1/70, 557657, 1/100) was used as a cell
population control.

Ex vivo migration assay

Organotypic brain slices from postnatal days 6-7 of Grn™/~ and wt
mice were prepared, cultured, and immunostained as described
before (Daria et al, 2017; Mazaheri et al, 2017). Microglial migra-
tion was analyzed after 7 days ex vivo as described (Daria et al,
2017; Mazaheri et al, 2017). Quantification was performed in three
independent experiments, each including three biological replicates
(three independent slice culture dishes per animal and genotype).
From each biological replicate, three defined image regions
(775 x 775 pum) of the cortical area in the brain slice were acquired
using a Leica SP5 confocal microscope with a 20x dry objective. Tile
scan images were captured using a 10x dry objective. The number
of migrating CDG68-positive microglia and the maximum distance
migrated were quantified using Fiji. The migration distance
measurements (average of three length measurements per acquired
image) were performed on an area defined by two manually drawn
lines, one limiting the boarder of the tissue and the other surface
covered by at least 90% of migrated microglial cells.

Immunohistochemistry and image analysis

Following deparaffinization and rehydration of paraffin-embedded
brain sections, tissue sections mounted on slides were subjected to
citric acid antigen retrieval (1 M sodium citrate in PBS, pH 6.0) and
boiled in a microwave for 20 min. After cooling, sections were
blocked with 5% donkey serum for 1 h at room temperature. Follow-
ing this, sections were incubated with primary antibodies against
IBA1 (Invitrogen, Thermo Fisher Scientific, 1/300) and B-amyloid
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(Biolegend, 6E10, 1/300) over two nights at 4°C. Subsequently,
sections were washed and incubated with secondary antibodies
(donkey anti-rabbit Alexa Fluor 488, 1/700, donkey anti-mouse
Alexa Fluor 555, 1/1,000, respectively) overnight at 4°C. For the
P2RY12 co-stainings, brains of 9-month-old female mice (except one
male for Trem2~/~, n = 3 per genotype) were immerse-fixed in 4%
PFA for 24 h following perfusion. Brains were subsequently cryopro-
tected in 30% sucrose for 48 h. After freezing, 50-pum-thick micro-
tome sections were sequentially collected in phosphate buffer saline
with 15% glycerol and kept at —80°C until further use. Free-floating
sections were blocked in 5% goat serum for 1 h at room temperature
and then incubated in primary antibodies P2RY12 (Biolegend,
1/100) and IBA1 (Invitrogen, Thermo Fisher Scientific, 1/300) for
two nights at 4°C. Sections were washed and incubated in secondary
antibodies (goat anti-rat Alexa Fluor 555, 1/500, goat anti-rabbit
Alexa Fluor 488, 1/500) for 3 h at room temperature. Lastly, slides
were washed and stained with 4’,6-diamidino-2-phenylindole (DAPI,
5 pg/ml) before mounting coverslips with ProlongTM Gold Antifade
reagent (Thermo Fisher Scientific). Images were acquired using a
LSM 710 confocal microscope (Zeiss) and the ZEN 2011 software
package (black edition, Zeiss). Laser and detector settings were
maintained constant for the acquisition of each immunostaining. For
analyses, three images were taken per slide using 20x objective
(Plan-Apochromat 20x/0.8 M27) at 2,048 x 2,048 pixel resolution,
with Z-step size of 1 um at 16 pm thickness. Approximately 150
plaques per genotype were counted using FLJI software (ImageJ) to
calculate the number of IBA1-positive microglia around plaques in
the cortex. Microglia coverage was quantified by importing acquired
images to FIJI, and data channels were separated (Image\Color\Split
Channels). Gaussian filtering was used to remove noise, and inten-
sity distribution for each image was equalized using rolling ball algo-
rithm, which is implemented as background subtraction plug-in in
FIJI. For the feasibility of the quantification, all layers from a single
image stack were projected on a single slice (Stack\Z projection).
Next, the microglia were segmented using automatic thresholding
methods in Fiji with “Moments” thresholding setting. Subsequently,
the diameter (25 or 50 pm) around each plaque was selected to
calculate the sum number of positive pixels over total number of
pixels within the selected area. Data for 50 pm were subtracted from
25 pum to calculate the microglia coverage in the periphery of the
plaque only. Data were normalized to age-matched APPPS1/Grn™*/*
or Grn™/" controls (4-month-old mice; two males and two females
per genotype).

Rodent pPET

All rodent PPET procedures followed an established standardized
protocol for radiochemistry, acquisition, and post-processing
(Brendel et al, 2016; Overhoff et al, 2016). In brief, ®F-GE180 uPET
with an emission window of 60-90 min p.i. was used to measure
cerebral microglial activity and '®F-fluordesoxyglucose (FDG) PET
with an emission window of 30-60 min p.i. was used for assess-
ment of cerebral glucose metabolism. We studied Grn™/~ mice
(n = 6; female, 8 months), Trem2/~ mice (n=6-8; female,
11 months), and wt mice (n = 7-10; female, 8-11 months) by dual
PET. Normalization of injected activity was performed by the previ-
ously validated myocardium correction method (Deussing et al,
2017) for TSPO-PET and by percentage of the injected dose (%-ID)
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for FDG-PET. Known changes in TSPO and FDG-PET during aging
(Brendel et al, 2017) were accounted to compensate for natural
age differences between individual mice. Groups of Grn™/~ and
Trem2~/~ mice were averaged and compared against wt mice by
calculation of %-differences in each cerebral voxel. Finally, TSPO
and FDG-PET values deriving from a cortical target VOI
(Rominger et al, 2013) were extracted and compared between
groups of different genotype by a one-way ANOVA including
Tukey post hoc correction.

Patient identification, genetic studies, PGRN ELISA, and PET

Written informed consent was obtained from all subjects prior to
PET examination, and the experiments conformed to the principles
set out in the World Medical Association (WMA) Declaration of
Helsinki on ethical principles for medical research and the Depart-
ment of Health and Human Services Belmont Report.

A female patient, 63 years at date of PET, presented with primary
progressive aphasia with semantic and non-fluent features. Genetic
testing was performed because of a positive family history (triplet
brother with early-onset dementia). Exome sequencing from blood
DNA and data analysis was performed as described before (Kremer
et al, 2017). In brief, exonic regions were enriched using the SureS-
elect Human All Exon Kit V6 from Agilent followed by sequencing
as 100 bp paired-end runs on an Illumina HiSeq4000 (Illumina, San
Diego, CA, USA) to an average read depth of 144x. Reads were
aligned to the UCSC human reference assembly (hgl9) with
Burrows-Wheeler algorithm (BWA v.0.5.9). More than 98% of the
target sequences were covered at least 20x in all samples. Single
nucleotide variants (SNVs) as well as small insertions and deletions
were detected with SAM tools v.0.1.19. In-house custom Perl scripts
were used for variant annotation. PGRN serum levels measured by
ELISA confirmed the GRN mutation carrier. PGRN levels were
measured and quantified using the Mesoscale platform essentially
as described previously (Capell et al, 2011) using a biotinylated
polyclonal goat anti-human PGRN antibody at 0.2 pg/ml (R&D
Systems; BAF2420) as capture antibody and a monoclonal mouse
anti-human PGRN antibody at 0.25 pg/ml for detection (R&D
Systems, MAB2420). Calculation of the concentration of PGRN was
performed with the MSD Discovery Workbench v4 software (MSD).
Prior to PET in the patient, the affinity of the TSPO receptor for
binding of PET radioligands was assessed by determining the geno-
type of the SNP 156971 as previously described (Mizrahi et al, 2012;
Owen et al, 2012).

The patient was scanned at the Department of Nuclear Medicine,
University hospital of Munich, by an established TSPO-PET protocol
(Albert et al, 2017). In brief, PET was acquired with a PET/CT scan-
ner (Biograph 64, Siemens) 60-80 min after intravenous injection of
187 MBq of '®F-GE180. A low-dose CT scan preceded the PET acqui-
sition and served for attenuation correction. An SUVR image was
generated by a global mean scaling and compared visually with
TSPO-PET data deriving from a 56-year-old female patient with
bvFTD, indicating no mutation in GRN and the same binding affinity
status. This patient was scanned secondary to informed consent
following the same TSPO-PET scanning procedure. In this patient,
mutations in GRN, TREMZ2, and MAPT were excluded by panel
sequencing as well as the C9orf72 hexanucleotide expansion by
repeat-primed PCR.
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Problem

A number of variants in genes selectively expressed in microglia
within the brain are associated with an increased risk for neurodegen-
erative diseases such as Alzheimer’s disease and frontotemporal lobar
degeneration. Among these genes are progranulin (GRN) and the trig-
gering receptor expressed on myeloid cells 2 (TREM2), which both
cause neurodegeneration by a loss of function. Since many function-
ally different microglial population exist within the brain and since a
loss of TREM2 locks microglia in a homeostatic state, we now investi-
gated the mRNA signature of microglia derived from Grn~'~ mice and
compared the key microglial functions of Grn™/~ and Trem2~/~ mice.

Results

While Trem2~/~ microglia enhance the expression of genes associated
with a homeostatic state, microglia derived from Grn~'~ mice showed a
massive increase in the disease-associated signature. The opposite mRNA
expression profile is reflected by completely divergent functional pheno-
types. In contrast to Trem2 ™'~ mice, phagocytic capacity, migration, clus-
tering around amyloid plaques, and TSPO activation were all greatly
stimulated upon loss of PGRN in mice. TSPO activation is also detected in
a GRN-associated FTLD patient. Albeit opposite functional phenotypes, loss
of PGRN and TREM2 both reduce cerebral energy metabolism.

Impact

Opposite microglial phenotypes of PGRN and TREM2 loss-of-function
result in similar wide spread brain dysfunction. Thus, microglia
arrested at either end of a gradient of functionally divergent micro-
glial populations cause severe neurological syndromes. Importantly,
this narrows the therapeutic window in attempts aiming to modulate
microglial activity.

Statistical analysis

All data were analyzed using GraphPad Prism 7. Data are presented as
mean + SD or SEM as indicated. Statistical significance was calculated
by unpaired two-tailed Student’s t-test (Figs 1A-D and 2B, C, D, H, I
and J, and 3A, C, D and EV1A and B), one-way ANOVA with Tukey’s
post hoc test (Figs 2F, 4A and 5) for multiple comparison, and the
nonparametric two-tailed Mann-Whitney U-test (Figs 3F and EV1C).
Statistical evaluations were displayed as follows: n.s. not significant
for P> 0.05; statistical significance was assumed at *P < 0.05;
**P < 0.01; ***P < 0.001; and ****P < 0.0001.

For the pPET experiments, animal numbers were calculated for a
significance of 0.05 and a power of 80%. Animal numbers were not
changed during the experiments, and no outliers were excluded
from datasets. For all experiments, the genotype was unknown to
the investigators.

Data availability

The datasets produced in this study are available in the following
databases:

® Pathogenic variant in GRN: ClinVar SCV000897721.1 (https://
www.ncbi.nlm.nih.gov/clinvar/?term = SCV000897721.1).

® NanoString gene sequence, raw, and processed data: Gene Expres-
sion Omnibus GSE129709 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE129709).
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Expanded View for this article is available online.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (DFG)
within the framework of the Munich Cluster for Systems Neurology (EXC 1010
SyNergy), the Koselleck Project HA1737/16-1, the Cure Alzheimer’s fund and the
NOMIS Foundation (to C.H.), by a dedicated PET imaging grant to M.B. & A. Ro.
(BR4580/1-1 & RO5194/1-1) and the German Federal Ministry of Education and
Research (project: FTLDc 01GI1007A; to J.D.-S.), and a PhD stipend of the Hans
and llse Breuer Foundation to A. Re. We would like to thank Dr. M. Nishihara
(Department of Veterinary Physiology, The University of Tokyo) for providing
the founder of the Grn™/~ mouse strain, Dr. David M. Holtzman (Department of
Neurology, Washington University School of Medicine, St. Louis, MO, USA) for
providing the ApoE antibody, Dr. Feng Zhang (Broad Institute) for providing
PX458 and acknowledge the Core Facility Flow Cytometry at the Biomedical
Center, Ludwig-Maximilians-Universitat, Miinchen, for providing equipment
and services and Christian Behrends (Ludwig-Maximilians-Universitét,
Minchen) for providing assistance with flow cytometry analysis of cultivated
primary microglia. The Trem2~/~ mice were kindly provided by Marco Colonna
(Washington University, School of Medicine), and the APPPS1 colony was estab-
lished from a breeding pair kindly provided by Mathias Jucker (Hertie-Institute
for Clinical Brain Research, University of Tiibingen and DZNE-Tuibingen). GE
made GE-180 cassettes available through an early access model. O.B. is
supported by the US National Institutes of Health (NIH) NIH-NINDS (RO1
NS088137, R21 NS104609, R21 NS101673), NIH-NIA (RO1 AG051812, RO1
AGO054672), NIH-NEY (RO1 EY027921), National Multiple Sclerosis Society
(5092A1), Nancy Davis Foundation Faculty Award, Cure Alzheimer’s Fund
Award, and Amyotrophic Lateral Sclerosis Association and Sanofi.

Author contributions

CH and AC conceived the study and analyzed the results. CH wrote the manuscript
with further input from all co-authors. JKG and OB performed RNA analyses, MB.
ARo, MD, and PB performed PET analyses, and LSM and ST performed ex vivo
migration assays. GW generated and investigated CRISPR/Cas-modified BV2 cells
and performed phagocytosis and Western blot assays on isolated primary micro-
glia, N9 and BV2 cells, KF provided technical support on many experiments. SB
assisted with cell sorting. A-VC and ARe performed microglial isolation and gPCR
assays. )G and A-VC isolated serum from wt/Grn~'~ mice, and GK investigated
TREM?2 expression in serum and brain of G/~ mice. SP provided immunohisto-
chemical data on APPPS/Grn™'~, Grn™/~, and Trem2~/~ mice; MW, JL, JW, and JD-S
identified FTD patients and performed sequencing analyses. OB, STS, and CM
performed the NanoString analysis and helped to interpret the data.

Conflict of interest

C.H. collaborates with DENALI, participated on one advisory board meeting of
Biogen, and received a speaker honorarium from Novartis and Roche. AR.
received speaker honoraria from GE. J.L. is an advisor of Aesku, Axon neuro-
science, Hexal and lonis pharmaceuticals and received speaker fees from Bayer
Vital and the Willi Gross Foundation as well as travel reimbursements from
AbbVie. M.W. received speaking honoraria from Bayer Vital. O.B. collaborates
and consults Sanofi, NanoString, and Cell Signaling Technology. O.B. received
speaker honoraria from Sanofi and Amgen.

References

Abduljaleel z, Al-Allaf FA, Khan W, Athar M, Shahzad N, Taher MM,
Elrobh M, Alanazi MS, El-Huneidi W (2014) Evidence of trem2

© 2019 The Authors


https://www.ncbi.nlm.nih.gov/clinvar/?term=SCV000897721.1
https://www.ncbi.nlm.nih.gov/clinvar/?term=SCV000897721.1
info:x-wiley/geo/ GSE129709
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129709
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129709
https://doi.org/10.15252/emmm.201809711

Julia K Gétzl et al

variant associated with triple risk of Alzheimer’s disease. PLoS ONE 9:
€92648

Ahmed Z, Sheng H, Xu YF, Lin WL, Innes AE, Gass ], Yu X, Wuertzer CA, Hou
H, Chiba S et al (2010) Accelerated lipofuscinosis and ubiquitination in
granulin knockout mice suggest a role for progranulin in successful aging.
Am | Pathol 177: 311324

Albert NL, Unterrainer M, Fleischmann DF, Lindner S, Vettermann F,
Brunegraf A, Vomacka L, Brendel M, Wenter V, Wetzel C et al (2017)
TSPO PET for glioma imaging using the novel ligand (18)F-GE-180: first
results in patients with glioblastoma. Eur J Nucl Med Mol Imaging 44:
22302238

Atagi Y, Liu CC, Painter MM, Chen XF, Verbeeck C, Zheng H, Li X, Rademakers
R, Kang SS, Xu H et al (2015) Apolipoprotein E is a ligand for triggering
receptor expressed on myeloid cells 2 (TREM2). J Biol Chem 290:
26043 —26050

Bailey CC, DeVaux LB, Farzan M (2015) The triggering receptor expressed on
myeloid cells 2 binds apolipoprotein E. J Biol Chem 290: 26033 — 26042

Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R, Lindholm
C, Snowden J, Adamson J, Sadovnick AD, Rollinson S et al (2006) Mutations
in progranulin cause tau-negative frontotemporal dementia linked to
chromosome 17. Nature 442: 916919

Bateman A, Belcourt D, Bennett H, Lazure C, Solomon S (1990) Granulins, a
novel class of peptide from leukocytes. Biochem Biophys Res Commun 173:
1161-1168

Beel S, Moisse M, Damme M, De Muynck L, Robberecht W, Van Den Bosch L,
Saftig P, Van Damme P (2017) Progranulin functions as a cathepsin D
chaperone to stimulate axonal outgrowth in vivo. Hum Mol Genet 26:
28502863

Belcourt DR, Lazure C, Bennett HP (1993) Isolation and primary structure of
the three major forms of granulin-like peptides from hematopoietic
tissues of a teleost fish (Cyprinus carpio). J Biol Chem 268: 9230 —9237

Bocchini V, Mazzolla R, Barluzzi R, Blasi E, Sick P, Kettenmann H (1992) An
immortalized cell line expresses properties of activated microglial cells. J
Neurosci Res 31: 616 -621

Borroni B, Ferrari F, Galimberti D, Nacmias B, Barone C, Bagnoli S, Fenoglio C,
Piaceri I, Archetti S, Bonvicini C et al (2014) Heterozygous TREM2
mutations in frontotemporal dementia. Neurobiol Aging 35: 934 €937-910

Brendel M, Probst F, Jaworska A, Overhoff F, Korzhova V, Albert NL, Beck R,
Lindner S, Gildehaus FJ, Baumann K et al (2016) Glial activation and
glucose metabolism in a transgenic amyloid mouse model: a triple-tracer
PET study. J Nucl Med 57: 954 —960

Brendel M, Kleinberger G, Probst F, Jaworska A, Overhoff F, Blume T, Albert
NL, Carlsen J, Lindner S, Gildehaus F) et al (2017) Increase of TREM2
during aging of an Alzheimer’s disease mouse model is paralleled by
microglial activation and amyloidosis. Front Aging Neurosci 9: 8

Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
Koeglsperger T, Dake B, Wu PM, Doykan CE et al (2014) Identification of a
unique TGF-beta-dependent molecular and functional signature in
microglia. Nat Neurosci 17: 131—143

Butovsky O, Jedrychowski MP, Cialic R, Krasemann S, Murugaiyan G, Fanek Z,
Greco DJ, Wu PM, Doykan CE, Kiner O et al (2015) Targeting miR-155
restores abnormal microglia and attenuates disease in SOD1 mice. Ann
Neurol 77: 75-99

Capell A, Liebscher S, Fellerer K, Brouwers N, Willem M, Lammich S,
Gijselinck 1, Bittner T, Carlson AM, Sasse F et al (2011) Rescue of
progranulin deficiency associated with frontotemporal lobar degeneration
by alkalizing reagents and inhibition of vacuolar ATPase. / Neurosci 31:
18851894

© 2019 The Authors

EMBO Molecular Medicine

Cenik B, Sephton CF, Kutluk Cenik B, Herz |, Yu G (2012) Progranulin: a
proteolytically processed protein at the crossroads of inflammation and
neurodegeneration. J Biol Chem 287: 32298 —32306

Chang MC, Srinivasan K, Friedman BA, Suto E, Modrusan Z, Lee WP, Kaminker
JS, Hansen DV, Sheng M (2017) Progranulin deficiency causes impairment
of autophagy and TDP-43 accumulation. J Exp Med 214: 26112628

Cruts M, Gijselinck I, van der Zee |, Engelborghs S, Wils H, Pirici D,
Rademakers R, Vandenberghe R, Dermaut B, Martin J] et al (2006) Null
mutations in progranulin cause ubiquitin-positive frontotemporal
dementia linked to chromosome 17q21. Nature 442: 920924

Cruts M, Van Broeckhoven C (2008) Loss of progranulin function in
frontotemporal lobar degeneration. Trends Genet 24: 186194

Cuyvers E, Bettens K, Philtjens S, Van Langenhove T, Gijselinck I, van der
Zee ], Engelborghs S, Vandenbulcke M, Van Dongen ], Geerts N et al
(2014) Investigating the role of rare heterozygous TREM2 variants in
Alzheimer’s disease and frontotemporal dementia. Neurobiol Aging 35:
726 e711-729

Daria A, Colombo A, Llovera G, Hampel H, Willem M, Liesz A, Haass C,
Tahirovic S (2017) Young microglia restore amyloid plaque clearance of
aged microglia. EMBO J 36: 583603

Deussing M, Blume T, Vomacka L, Mahler C, Focke C, Todica A, Unterrainer M,
Albert NL, Lindner S, von Ungern-Sternberg B et al (2017) Coupling
between physiological TSPO expression in brain and myocardium allows
stabilization of late-phase cerebral [(18)F]GE180 PET quantification.
Neurolmage 165: 83—91

Gosselin D, Skola D, Coufal NG, Holtman IR, Schlachetzki JCM, Sajti E, Jaeger
BN, O’Connor C, Fitzpatrick C, Pasillas MP et al (2017) An environment-
dependent transcriptional network specifies human microglia identity.
Science 356: eaal3222

Gotzl JK, Mori K, Damme M, Fellerer K, Tahirovic S, Kleinberger G, Janssens |,
van der Zee |, Lang CM, Kremmer E et al (2014) Common
pathobiochemical hallmarks of progranulin-associated frontotemporal
lobar degeneration and neuronal ceroid lipofuscinosis. Acta Neuropathol
127: 845-860

Gotzl JK, Lang CM, Haass C, Capell A (2016) Impaired protein degradation in
FTLD and related disorders. Ageing Res Rev 32: 122139

Gotzl JK, Colombo AV, Fellerer K, Reifschneider A, Werner G, Tahirovic S,
Haass C, Capell A (2018) Early lysosomal maturation deficits in microglia
triggers enhanced lysosomal activity in other brain cells of progranulin
knockout mice. Mol Neurodegener 13: 48

Guerreiro RJ, Lohmann E, Bras JM, Gibbs JR, Rohrer |D, Gurunlian N, Dursun
B, Bilgic B, Hanagasi H, Gurvit H et al (2013) Using exome sequencing to
reveal mutations in TREM2 presenting as a frontotemporal dementia-like
syndrome without bone involvement. JAMA Neurol 70: 78 -84

Holtman IR, Raj DD, Miller JA, Schaafsma W, Yin Z, Brouwer N, Wes PD,
Moller T, Orre M, Kamphuis W et al (2015) Induction of a common
microglia gene expression signature by aging and neurodegenerative
conditions: a co-expression meta-analysis. Acta Neuropathol Commun 3: 31

Hu F, Padukkavidana T, Vaegter CB, Brady OA, Zheng Y, Mackenzie IR,
Feldman HH, Nykjaer A, Strittmatter SM (2010) Sortilin-mediated
endocytosis determines levels of the frontotemporal dementia protein,
progranulin. Neuron 68: 654 —667

Jonsson T, Stefansson K (2013) TREM2 and neurodegenerative disease. N Engl
J Med 369: 1568 — 1569

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal |,
Bjornsson S, Huttenlocher J, Levey Al, Lah |J et al (2013) Variant of TREM2
associated with the risk of Alzheimer’s disease. N Engl | Med 368:
107-116

EMBO Molecular Medicine 11:€971112019 13 of 15



EMBO Molecular Medicine

Kayasuga Y, Chiba S, Suzuki M, Kikusui T, Matsuwaki T, Yamanouchi K, Kotaki
H, Horai R, Iwakura Y, Nishihara M (2007) Alteration of behavioural
phenotype in mice by targeted disruption of the progranulin gene. Behav
Brain Res 185: 110-118

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R,
Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B et al (2017) A unique
microglia type associated with restricting development of Alzheimer’s
disease. Cell 169(1276-1290): e1217

Kim J, Eltorai AE, Jiang H, Liao F, Verghese PB, Kim J, Stewart FR, Basak |M,
Holtzman DM (2012) Anti-apoE immunotherapy inhibits amyloid
accumulation in a transgenic mouse model of Abeta amyloidosis. J Exp
Med 209: 21492156

Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, Cuyvers E,
Struyfs H, Pettkus N, Wenninger-Weinzierl A, Mazaheri F et al (2014)
TREM2 mutations implicated in neurodegeneration impair cell surface
transport and phagocytosis. Sci Transl Med 6: 243ra286

Kleinberger G, Brendel M, Mracsko E, Wefers B, Groeneweg L, Xiang X,
Focke C, Deussing M, Suarez-Calvet M, Mazaheri F et al (2017) The
FTD-like syndrome causing TREM2 T66M mutation impairs microglia
function, brain perfusion, and glucose metabolism. EMBO | 36:
1837-1853

Krabbe G, Halle A, Matyash V, Rinnenthal JL, Eom GD, Bernhardt U, Miller KR,
Prokop S, Kettenmann H, Heppner FL (2013) Functional impairment of
microglia coincides with Beta-amyloid deposition in mice with Alzheimer-
like pathology. PLoS ONE 8: e60921

Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, Beckers
L, O’'Loughlin E, Xu Y, Fanek Z et al (2017) The TREM2-APOE pathway
drives the transcriptional phenotype of dysfunctional microglia in
neurodegenerative diseases. Immunity 47: 566 —581 e569

Kremer LS, Bader DM, Mertes C, Kopajtich R, Pichler G, luso A, Haack TB, Graf
E, Schwarzmayr T, Terrile C et al (2017) Genetic diagnosis of mendelian
disorders via RNA sequencing. Nat Commun 8: 15824

Liu B, Le KX, Park MA, Wang S, Belanger AP, Dubey S, Frost JL, Holton P,
Reiser V, Jones PA et al (2015) In vivo detection of age- and disease-
related increases in neuroinflammation by 18F-GE180 TSPO microPET
imaging in wild-type and Alzheimer’s transgenic mice. /] Neurosci 35:
1571615730

Lui H, Zhang J, Makinson SR, Cahill MK, Kelley KW, Huang HY, Shang Y,
Oldham MC, Martens LH, Gao F et al (2016) Progranulin deficiency
promotes circuit-specific synaptic pruning by microglia via complement
activation. Cell 165: 921-935

Martens LH, Zhang J, Barmada SJ, Zhou P, Kamiya S, Sun B, Min SW, Gan L,
Finkbeiner S, Huang E] et al (2012) Progranulin deficiency promotes
neuroinflammation and neuron loss following toxin-induced injury. J Clin
Invest 122: 3955-3959

Mazaheri F, Snaidero N, Kleinberger G, Madore C, Daria A, Werner G,
Krasemann S, Capell A, Trumbach D, Wurst W et al (2017) TREM2

deficiency impairs chemotaxis and microglial responses to neuronal injury.

EMBO Rep 18: 1186—1198

Mizrahi R, Rusjan PM, Kennedy J, Pollock B, Mulsant B, Suridjan |, De Luca V,
Wilson AA, Houle S (2012) Translocator protein (18 kDa) polymorphism
(rs6971) explains in-vivo brain binding affinity of the PET radioligand [(18)
F]-FEPPA. J Cereb Blood Flow Metab 32: 968 —972

Overhoff F, Brendel M, Jaworska A, Korzhova V, Delker A, Probst F, Focke C,
Gildehaus FJ, Carlsen J, Baumann K et al (2016) Automated spatial brain
normalization and hindbrain white matter reference tissue give improved
[(18)F]-florbetaben pet quantitation in Alzheimer’'s model mice. Front
Neurosci 10: 45

14 of 15  EMBO Molecular Medicine 11: €9711 | 2019

Julia K Gétzl et al

Owen DR, Yeo A, Gunn RN, Song K, Wadsworth G, Lewis A, Rhodes C, Pulford
DJ, Bennacef I, Parker CA et al (2012) An 18-kDa translocator protein
(TSPO) polymorphism explains differences in binding affinity of the PET
radioligand PBR28. | Cereb Blood Flow Metab 32: 1-5

Parhizkar S, Arzberger T, Brendel M, Kleinberger G, Deussing M, Focke C,
Nuscher B, Xiong M, Ghasemigharagoz A, Katzmarski N et al (2019) Loss
of TREM2 function increases amyloid seeding but reduces plaque-
associated ApoE. Nat Neurosci 22: 191 -204

Radde R, Bolmont T, Kaeser SA, Coomaraswamy J, Lindau D, Stoltze L,
Calhoun ME, Jaggi F, Wolburg H, Gengler S et al (2006) Abeta42-driven
cerebral amyloidosis in transgenic mice reveals early and robust
pathology. EMBO Rep 7: 940—946

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F (2013) Genome
engineering using the CRISPR-Cas9 system. Nat Protoc 8: 22812308

Ransohoff RM (2016) How neuroinflammation contributes to
neurodegeneration. Science 353: 777 —783

Rayaprolu S, Mullen B, Baker M, Lynch T, Finger E, Seeley WW, Hatanpaa
K], Lomen-Hoerth C, Kertesz A, Bigio EH et al (2013) TREM2 in
neurodegeneration: evidence for association of the p.R47H variant with
frontotemporal dementia and Parkinson’s disease. Mol Neurodegener 8:
19

Rominger A, Brendel M, Burgold S, Keppler K, Baumann K, Xiong G, Mille E,
Gildehaus FJ, Carlsen J, Schlichtiger ] et al (2013) Longitudinal assessment
of cerebral beta-amyloid deposition in mice overexpressing Swedish
mutant beta-amyloid precursor protein using 18F-florbetaben PET. J Nucl
Med 54: 1127 -1134

Schlepckow K, Kleinberger G, Fukumori A, Feederle R, Lichtenthaler SF, Steiner
H, Haass C (2017) An Alzheimer-associated TREM2 variant occurs at the
ADAM cleavage site and affects shedding and phagocytic function. EMBO
Mol Med 9: 1356 —1365

Shoyab M, McDonald VL, Byles C, Todaro GJ, Plowman GD (1990) Epithelins 1
and 2: isolation and characterization of two cysteine-rich growth-
modulating proteins. Proc Natl Acad Sci USA 87: 7912 —7916

Song WM, Joshita S, Zhou Y, Ulland TK, Gilfillan S, Colonna M (2018)
Humanized TREM2 mice reveal microglia-intrinsic and -extrinsic effects of
R47H polymorphism. J Exp Med 215: 745760

Takahashi H, Klein ZA, Bhagat SM, Kaufman AC, Kostylev MA, lkezu T,
Strittmatter SM, Alzheimer’s Disease Neuroimaging | (2017) Opposing
effects of progranulin deficiency on amyloid and tau pathologies via
microglial TYROBP network. Acta Neuropathol 133: 785-807

Tanaka Y, Matsuwaki T, Yamanouchi K, Nishihara M (2013a) Exacerbated
inflammatory responses related to activated microglia after traumatic
brain injury in progranulin-deficient mice. Neuroscience 231: 49—-60

Tanaka Y, Matsuwaki T, Yamanouchi K, Nishihara M (2013b) Increased
lysosomal biogenesis in activated microglia and exacerbated neuronal
damage after traumatic brain injury in progranulin-deficient mice.
Neuroscience 250: 819

Turnbull IR, Gilfillan S, Cella M, Aoshi T, Miller M, Piccio L, Hernandez M,
Colonna M (2006) Cutting edge: TREM-2 attenuates macrophage
activation. / Immunol 177: 35203524

Ulland TK, Song WM, Huang SC, Ulrich |D, Sergushichev A, Beatty WL,
Loboda AA, Zhou Y, Cairns NJ, Kambal A et al (2017) TREM2 maintains
microglial metabolic fitness in Alzheimer’s disease. Cell 170: 649—663
€613

Ulrich JD, Holtzman DM (2016) TREM2 function in Alzheimer’s disease and
neurodegeneration. ACS Chem Neurosci 7: 420427

Ulrich JD, Ulland TK, Colonna M, Holtzman DM (2017) Elucidating the role of
TREM2 in Alzheimer’s disease. Neuron 94: 237 —248

© 2019 The Authors



Julia K Gétzl et al

Van Damme P, Van Hoecke A, Lambrechts D, Vanacker P, Bogaert E, van
Swieten J, Carmeliet P, Van Den Bosch L, Robberecht W (2008) Progranulin
functions as a neurotrophic factor to regulate neurite outgrowth and
enhance neuronal survival. J Cell Biol 181: 3741

Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, Gilfillan S,
Krishnan GM, Sudhakar S, Zinselmeyer BH et al (2015) TREM?2 lipid
sensing sustains the microglial response in an Alzheimer’s disease model.
Cell 160: 1061-1071

Wang Y, Ulland TK, Ulrich |D, Song W, Tzaferis JA, Hole JT, Yuan P, Mahan
TE, Shi Y, Gilfillan S et al (2016) TREM2-mediated early microglial
response limits diffusion and toxicity of amyloid plaques. J Exp Med
213: 667 —-675

Ward ME, Chen R, Huang HY, Ludwig C, Telpoukhovskaia M, Taubes A,
Boudin H, Minami SS, Reichert M, Albrecht P et al (2017) Individuals with
progranulin haploinsufficiency exhibit features of neuronal ceroid
lipofuscinosis. Sci Transl Med 9: eaah5642

Wils H, Kleinberger G, Pereson S, Janssens ], Capell A, Van Dam D, Cuijt |, Joris
G, De Deyn PP, Haass C et al (2012) Cellular ageing, increased mortality
and FTLD-TDP-associated neuropathology in progranulin knockout mice. J
Pathol 228: 6776

Xiang X, Werner G, Bohrmann B, Liesz A, Mazaheri F, Capell A, Feederle R,
Knuesel I, Kleinberger G, Haass C (2016) TREM2 deficiency reduces the
efficacy of immunotherapeutic amyloid clearance. EMBO Mol Med 8:
992-1004

© 2019 The Authors

EMBO Molecular Medicine

Yeh FL, Wang Y, Tom |, Gonzalez LC, Sheng M (2016) TREM2 binds to
apolipoproteins, including APOE and CLU/APOJ, and thereby facilitates
uptake of amyloid-beta by microglia. Neuron 91: 328 -340

Yeh FL, Hansen DV, Sheng M (2017) TREM2, microglia, and neurodegenerative
diseases. Trends Mol Med 23: 512—533

Yin F, Banerjee R, Thomas B, Zhou P, Qian L, Jia T, Ma X, Ma Y, ladecola C, Beal
MF et al (2010) Exaggerated inflammation, impaired host defense, and
neuropathology in progranulin-deficient mice. J Exp Med 207: 117 -128

Zhang N, Yang N, Chen Q, Qiu F, Li X (2014) Upregulated expression level of
the growth factor, progranulin, is associated with the development of
primary Sjogren’s syndrome. Exp Ther Med 8: 1643 —1647

Zhou X, Sun L, Bastos de Oliveira F, Qi X, Brown WJ, Smolka MB, Sun Y, Hu F
(2015) Prosaposin facilitates sortilin-independent lysosomal trafficking of
progranulin. J Cell Biol 210: 9911002

Zhou X, Sun L, Bracko O, Choi JW, Jia Y, Nana AL, Brady OA, Hernandez |CC,
Nishimura N, Seeley WW et al (2017) Impaired prosaposin lysosomal
trafficking in frontotemporal lobar degeneration due to progranulin
mutations. Nat Commun 8: 15277

@ License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

EMBO Molecular Medicine 11:€971112019 15 of 15



