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Abstract

The hemizygous R47H variant of Triggering receptor expressed on myeloid cells 2 (TREM2),

a microglia-specific gene in the brain, increases risk for late-onset Alzheimer’s disease (AD).
Using transcriptomic analysis of single-nuclei from brain tissues of patients with AD carrying
the R47H mutation or the common variant (CV)- TREMZ, we found that R47H-associated
microglial subpopulations had enhanced inflammatory signatures reminiscent of previously
identified disease-associated microglia (DAM) and hyperactivation of AKT, one of the signaling
pathways downstream of TREM2. We established a tauopathy mouse model with heterozygous
knock-in of the human TREMZ2 with the R47H mutation or CV, and found that R47H induced
and exacerbated TAU-mediated spatial memory deficits in female mice. Single-cell transcriptomic
analysis of microglia from these mice also revealed transcriptomic changes induced by R47H
that had substantial overlaps with R47H microglia in human AD brains, including robust
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increases in proinflammatory cytokines, activation of AKT signaling, and elevation of a subset
of disease-associated microglial signatures. Pharmacological AKT inhibition with MK-2206
largely reversed the enhanced inflammatory signatures in primary R47H microglia treated with
TAU fibrils. In R47H heterozygous tauopathy mice, MK-2206 treatment abolished a tauopathy-
dependent microglial subcluster, and rescued tauopathy-induced synapse loss. By uncovering
disease-enhancing mechanisms of the R47H mutation conserved in human and mouse, our study
supports inhibitors of AKT signaling as a microglial modulating strategy to treat AD.

One-sentence Summary:

R47H- TREMZ2 mutation enhances AKT signaling in human AD microglia and mediates
proinflammatory and synaptic toxicity in a tauopathy mouse model.

Introduction

Alzheimer’s disease (AD) is the most common form of late-onset dementia. Genome-

wide association studies have identified many risk alleles for late-onset sporadic AD

that are highly expressed in microglia (1, 2), providing compelling genetic evidence for
important roles of microglia in AD pathogenesis. Among these risk genes, Triggering
receptor expressed on myeloid cells 2 (7TREM?) is the strongest immune-specific risk factor
identified to date, with the heterozygous R47H point mutation substantially increasing the
odds ratio of developing late-onset AD (1, 2).

TREM?2 is a single transmembrane receptor expressed exclusively in cells of the myeloid
lineage, especially microglia (3, 4). Upon ligand engagement, TREMZ2, together with

its adaptor DNAX activating protein of 12 kDa (DAP12), recruits Spleen associated
tyrosine kinase (SYK) and triggers several signaling cascades such as Phosphoinositide
3-kinase (PI3K)-AKT and Mitogen-activated protein kinase (MAPK) pathways (5, 6).
These TREM2-dependent pathways in turn regulate many microglial functions, including
inflammatory cytokine secretion, proliferation, phagocytosis, and cell survival (7-12).

In the context of neurodegenerative mouse models, TREM2 is required for the conversion

of microglia into disease-associated microglia (DAM) or a microglial neurodegenerative
phenotype (MGnD) (13, 14). This MGnD microglia-state can be activated by apoptotic

cells and is partially mediated through TREM2’s interaction with Apolipoprotein E (APOE)
(13). These microglia are characterized by downregulation of homeostatic genes, such as
Purinergic receptor P2Y12 (P2ry12), Transmembrane protein 119 ( 7mem119) and Spalt like
transcription factor 1 (Sa//Z), and upregulation of pro-inflammatory signatures such as Apoe,
AXI receptor tyrosine kinase (Ax/, Toll-like receptor 2 ( 7/r2), Cluster of differentiation

74 (Cd74), and Integrin subunit alpha X (/fgax). Currently, it is unclear whether this

DAM state is neuroprotective or neurotoxic for disease progression. Deletion of mouse
TremZ2 (mTremZ) prevents microglial conversion to this disease-state and protects against
tauopathy-induced atrophy (15, 16). m7remZ deficiency in amyloid models, however, leads
to increased amyloid toxicity, likely due to the role of TREM2 in plaque compaction
(17-20). Furthermore, human AD-microglia seem to be enriched in some of these DAM
genes, such as APOE and CD74 and show overlap in molecular pathways related to
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lipid and lysosomal biology. However, there is likely to be human-specific AD-microglia
subpopulations since many gene signatures do not overlap between the mouse and human
AD-associated microglia (21, 22). These observations suggest the role of TREM2 and
DAM s in neurodegenerative diseases is context- and disease state-specific.

Little is known about how the R47H mutation of TREMZ contributes to AD. Previous
studies reported that patients with AD carrying the heterozygous R47H variant show higher
neuritic plaque densities, reduced microglial coverage of amyloid plaques and more severe
plaque-associated neuritic dystrophy, as well as increased accumulation of autophagosomes
in microglia (7, 20, 23). One bulk-tissue transcriptomic study showed that, several immune-
related genes are decreased in R47H carriers such as Interferon regulatory factor 8 (/RF8)
and Allograft inflammatory factor 1 (A/FI), suggesting either a decrease in the number of
microglia or decreased expression of these genes on a per-cell basis (24). Transcriptomic
studies at either the single-cell level or with a large sample size of patient brain tissues have
not been done. In mouse models, homozygous knock-in of R47H human 7TREMZ2 (R47H-
hTREMZ2) leads to deficits in microglial amyloid plague compaction, similar to m7remZ2-
deficient mice, and increases TAU staining and dystrophic neurites bypassing plaques (20,
25). In a recent study, male P301S tauopathy mice expressing homozygous R47H-hTREMZ
exhibited reduced TAU phosphorylation, brain atrophy, and synapse loss compared to mice
expressing CV-ATREMZ (26), similar to the phenotype of mTrem2-deficient tauopathy
mice. However, it remains a puzzling conundrum how the R47H mutation appears to protect
against tauopathy in mice yet elevates AD risk in humans.

In the current study, we uncovered an R47H-enriched microglia subpopulation by
performing single-nuclei RNA sequencing (ShRNA-seq) analysis of brain tissue from 46
patients with AD carrying the common variant (CV) or the R47H mutation of TREMZ.

To investigate the functional changes induced by R47H in AD, we used a CRISPR-based
genetic tool to replace one allele of m7remZ2with the common variant (CV)- or R47H-
hTREM_Z, generating a heterozygous R47H-ATREMZ mouse model that was then crossed
to the P301S tauopathy model. Our female heterozygous R47H-hTREMZ2tauopathy mice
had enhanced spatial memory deficits. In addition, R47H-associated microglia upregulated
a subset of DAM signatures, increased expression of pro-inflammatory cytokines, and
enhanced AKT signaling pathways in response to tau pathology. Pharmacological inhibition
of AKT reversed the transcriptomic and pro-inflammatory cytokine profiles in TAU
fibril-treated primary microglia, as well as decreased the R47H-associated microglial
subpopulation and protected against synaptic toxicity in tauopathy mice. Together, our study
uncovered disease-enhancing mechanisms of the R47H mutation and a potential therapeutic
strategy for modulating brain immune responses to treat AD.

R47H Induces Cell Type and Sex-Specific Transcriptional Changes in Human AD

To dissect the pathogenic mechanisms associated with TREM2?47H in patients with AD, we
performed snRNA-seq of mid-frontal cortical tissues from 46 patients with AD harboring
the TREMZ common-variant (CV) or a single allele of the R47H mutation (n=22 CV, 24
R47H samples, Fig. 1A, fig. S1, A and B, table S1). The samples were matched in age
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and TAU burdens (fig. S1, C and D), as well as clinical dementia rating, if known (table

S1). Following an established human snRNA-seq protocol (27, 28), we sequenced 323,140
nuclei and used 263,672 nuclei for downstream analysis after removal of potential multiplets
using DoubletFinder (29) and filtering for low-quality nuclei determined by thresholding
gene counts, UMI counts, and percent mitochondrial genes per nuclei (fig. S1, E-I, table
S2). Using reference gene sets for cluster annotations (30, 31), we identified the major cell
types of the brain and observed that cell types were similarly represented in all samples
sequenced, with the exception of some samples having very few excitatory neurons (Fig. 1,
B and C, fig. S1, J and K).

We first performed differential expression analysis to compare the effects of the R47H
mutation in each cell type and sex. The mutation was associated with many transcriptional
changes in all cell types in both sexes (Fig. 1D, table S3). TREM2747H carriers exhibited
sex-specific transcriptomic changes, with a higher number of differentially expressed genes
(DEGS) in male versus female glia, including microglia, astrocytes, and oligodendrocytes,
but far fewer sex-specific alterations in excitatory neurons. We found little overlap of the
DEGs among different cell types (rows, Fig. 1E). Specifically, in microglia, the R47H
mutation induced sex-specific DEGs, with some of these genes reminiscent of those altered
in DAM compared to control microglia, including upregulation of 7.~R2and downregulation
of C-X3-C motif chemokine receptor 1 (CX3CRI) in females and upregulation of Secreted
phosphoprotein 1 (SPPI) and downregulation of Metastasis associated lung adenocarcinoma
transcript 1 (MALATI) in males (Fig. 1, F and G). Indeed, the molecular pathways

enriched in these DEGs were also sex-specific, with R47H microglia from female samples
upregulating immune activation pathways whereas male samples showing upregulation of
metabolic and ATP pathways (Fig. 1, H and I).

Human R47H AD-Microglia Exhibit Hyperactivation of Inflammatory and AKT Signaling

To further dissect the transcriptomic changes in microglia induced by 7TREM2R?47H we
subclustered the 20,461 microglia cells from all samples and identified 12 different
transcriptional states (Fig. 2A, table S4) that had contributions from all samples (fig.

S2). Based on subcluster marker genes, we identified 7 clusters that had high expression
of microglial genes such as PZRY12, CD14, and TREMZ, and low expression of other
CNS cell type markers, such as Mannose receptor C-type 1 (MRCJI) and Protein tyrosine
phosphatase receptor type C (PTPRC) indicative of macrophages (MAC1 and MAC2),
Synaptotagmin 1 (SY72) and Neurexin 1 (MRXNI) for neurons (N1 and N2) and Myelin
oligodendrocyte glycoprotein (MOG) and Proteolipid protein 1 (PLPI) for oligodendrocytes
(OG1) (Fig. 2B, table S4). We focused our analyses on these 7 pure-microglia subclusters
(MG1-MG7). When split by 7TREMZ genotype, we found subtle differential distributions
of microglial subclusters between 7TREM2R47H and TREMZ2CY samples (Fig. 2C), with
some variation between the sexes (fig. S2). We focused on MG4, which was the only
cluster significantly more enriched in TREM2747H samples (p=0.048; Fig. 2C), though no
differences were noted when the sexes were analyzed separately (fig. S2).

Gene set enrichment analysis showed some of our microglial subclusters overlapped with
previously-published microglial datasets (Fig. 2D) (14, 21, 24, 32-34). MG4, enriched
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in TREM2R47H samples, was most reminiscent of the previously identified mouse DAM
microglia (14), with genes such as Lipoprotein lipase (LPL), Cluster of differentiation 83
(CD&3), and SPP1 being upregulated in these cells (Fig. 2, D and E, fig. S3). The R47H-
enriched MG4 signatures were further analyzed using pathway enrichment analysis (Fig.
2F). The top pathway involved was Tumor necrosis factor (TNF)-a signaling via Nuclear
factor kappa B (NF-xB), as well as other immune pathways such as Interleukin 2 (1L2)-
Signal transducer and activator of transcription 5 (STAT5) signaling and inflammatory
response, suggesting an elevated proinflammatory state (Fig. 2F). Upstream and downstream
mediators of TREMZ2 signaling, including NF-xB, Colony-stimulating factors 1 and 2
(CSF1/2), and AKT, were predicted to be activated in human R47H-enriched microglia
(Fig. 2, G and H). Together, in patients with AD, the R47H mutation expanded a unique
microglial subpopulation reminiscent of DAMs and characterized by hyperactivation of
TREM2-associated signaling molecules, including increases in pro-inflammatory and AKT
pathways.

R47H-hTREM2 Exacerbates Inflammation in Female Tauopathy Mice

To further dissect the molecular pathways induced by the R47H mutation, we generated
knock-in mouse lines expressing one copy of CV- (h/TREMZ2CV/#) or RATH-hTREMZ2
(WTREMZ2R47H/#) cDNA at the mTrem?2 locus using CRISPR (Fig. 3A). PCR and Sanger
sequencing confirmed the correct recombination and insertion of human 7REMZ2-CV and
TREM?Z2-R47H cDNA at the mTremZ2locus (fig. S4, A and C-F). We did not detect any non-
specific integration in the h/TREM2R47H/* mouse line. However, a non-specific integration
event occurred in ATREMZ2CY/* mice at an unknown mouse genomic region (fig. $4, B,

G, and H). Nevertheless, /TREM2CV/* and hTREM2R47H/* mice had equivalent amounts
of hTREMZ2 protein (Fig. 3, B and C). TAU pathology strongly correlates with cognitive
deficits in AD (35, 36). P301S mice, which express a human MAPT gene with the P301S
mutation, develop hallmarks of tauopathy, including gliosis, TAU inclusions, and cognitive
deficits, including hippocampal-dependent memory and spatial learning deficits seen in
patients with AD (37). A”TREM2?47H/* mice were crossed with P301S mice to generate
P301S hTREM2R47H/* and their littermate P301S mTrem2t'* controls; hTREM2CV/* mice
were crossed with P301S mice to generate their respective littermate controls (fig. S4l). The
R47H mutation did not affect the quantity of h”TREMZ2and mTrem2 mRNA (Fig. 3, D and
E), allowing us to assess the effects of the heterozygous R47H variant in vivo.

We first compared the hippocampal transcriptomes of 7- to 9-month-old male and female
P301S hTREM2R47H* or P301S hTREM2CV/* mice with their respective littermate
P301S mTrem2*!* controls. No transcriptomic changes were induced in female P301S
hTREMZCV"* mice compared with P301S m7rem2*'* controls (Fig. 3F), indicating

that CV-hTREM2 phenocopies mTrem2. In contrast, R47H induced upregulation of

94 genes, including several DAM genes (Ccl6, Clec7a, Siglec5, Cd9, Cd63) (14) and

other inflammatory genes (Cxc/5, Cc/9), and 28 downregulated genes, including neuron-
associated genes (AdoraZa, Syt6, Serpina9, Penk) (Fig. 3G, table S5). These R47H-specific
alterations in female tauopathy mice were not observed in male P301S R47H-ATREM?2
mice, which exhibited only three downregulated genes compared with their male littermate
P301S controls (Fig. 3H).
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We further assessed the pathways induced by the R47H mutation in female tauopathy
mice using weighted gene-correlation network analysis (WGCNA), and identified modules
with statistically significant correlation to P301S ATREM2?47H/* mice, including modules
5 and 2 (p=0.005 for module 2 and p=0.02 for module 5, Fig. 3I). Pathway analysis
showed that module 2, which exhibited the most positive correlation with the P301S
hTREMZ2R47H/* genotype, was enriched with transcripts encoding cytokines/chemokines
and cytokine receptors (Ccr5, Ccl5, Ccl3, Cxcl5) (Fig. 3], table S6). The module 2,

which negatively correlated with the P301S ATREM2R47H/* genotype, was enriched in
transcripts encoding axon guidance molecules (Sema6b, Sema3f, Epha8, Ephb6) (Fig. 3J,
table S6). Together, these data suggest an upregulation of pro-inflammatory transcripts and
a concomitant decrease in neuronal signaling genes in female P301S ATREM2R47H/* mice
compared to control animals.

R47H-hTREM2 Exacerbates Spatial Memory Deficits in Female Tauopathy Mice

We next used the Morris Water Maze test to assess how a single allele of R47TH-ATREM?Z2
and CV-hTREMZ may affect TAU-induced deficits in spatial learning and memory.
Consistent with the downregulation of neuronal gene expression, female P301S R47H-
hTREM_Z exhibited significantly impaired spatial learning compared to their littermate
P301S mTrem2*!* controls (p=0.003; Fig. 3K). P301S ATREM2R47/* female mice also
made significantly more search errors during the 72-hour probe trial than other groups
(p=0.0164; Fig. 3L), suggesting that the R47H mutation enhances tauopathy-induced spatial
learning and memory deficits. In contrast, male P301S A TREM2747H/* mice did not exhibit
exacerbation in spatial learning and memory deficits compared to their littermate P301S
mTremZ2!* controls (Fig. 3, M and N), consistent with their similar transcriptomes (Fig.
3H). A”TREM2CV"* and mTremZ2*!* littermate mice behaved similarly to each other in both
the absence and presence of tauopathy, regardless of sex, confirming that #7TREM2CV/*
phenocopies mTrem2!* (fig. S5, A-D). No differences were observed between genotypes
in locomotion in the open field (fig. S5, E-H) nor in the percentage of time spent in the
open arms of the elevated plus maze (fig. S5, I-L), ruling out genotype differences in
hyperactivity and anxiety, which could confound the spatial memory test results.

The R47H mutation did not impact the accumulation of insoluble TAU aggregates detected
using a conformation-specific antibody, MC1 (38), suggesting that the disease-enhancing
effects of R47TH-ATREMZ in female P301S mice were not mediated by elevation in toxic
TAU load (fig. S6). Indeed, even in the absence of TAU pathology, the R47H mutation led

to modest spatial learning deficits in females (Fig. 3K). Taken together, our transcriptome
and functional findings show that the R47H mutation worsens the inflammatory responses
and the toxic effects induced by TAU irrespective of TAU pathology load, in a sex-dependent
manner.

R47H-hTREM2 Enhances Disease-associated Microglial Signatures and AKT Signaling in
Female Tauopathy Mice

Our snRNA-seq of human AD microglia revealed a modest expansion of the DAM-
related microglial subpopulation in R47H carriers. We next specifically probed the
effects of the R47H mutation on the microglial transcriptome in response to TAU
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pathology by performing single-cell RNA-seq (ScRNA-seq) using the Smart-Seq2 platform
(39). Microglia were isolated from the hippocampal tissue of 8-month-old female
mTrem2t*, hTREM2R47H* P301S mTrem2!*, and P301S hTREM2R47H/* mice, gating
on CD45MCD11b™ cells (fig. S7, A and B). Out of the 1,480 cells that were sorted, 1,424
passed quality control thresholds (fig. S7, C-G). mTremZ2 expression was decreased in
hTREM2R47H/* microglia compared to m7rem2*'* microglia, confirming the replacement
of one allele of m7rem2 (fig. S7H). Two distinct clusters were identified by unsupervised
clustering of these 1,424 cells (Fig. 4A). Whereas cluster 1 microglia were found in all 4
genotypes, cluster 2 microglia were mainly associated with the expression of P301S TAU
(Fig. 4B). "TREM2R47H* expression significantly increased the proportion of cluster 2
microglia in P301S mice (p<0.0001; Fig. 4, B and C). Compared to cells of cluster 1, cluster
2 cells upregulated several DAM transcripts, such as C-Type lectin domain containing 7A
(Clec7a), Cathepsin B (Ctsb), Axl, Cystatin F (Cst7), Apoe, and Cd63 (Fig. 4, D and E, table
S7), consistent with the increased transcripts observed in the bulk-tissue RNA-seq data (Fig.
3G). Cluster 2 cells also had expression of transcripts not seen in DAMs, including those
involved in the interferon response pathway, such as Interferon regulatory factor 7 (/r77),
Interferon induced with helicase C domain 1 (/fih), Interferon induced transmembrane
protein 3 (/fitm3), MX Dynamin like GTPase 1 (MxI), Interferon induced protein 44 (/fi44),
and Interferon induced protein with tetratricopeptide repeats 3 (/fit3) (table S7). Whereas
classical microglial genes, such as Hexosaminidase subunit Beta (Hexb), were present in
both clusters, the homeostatic microglial gene P2ry12was downregulated in cluster 2 cells
(Fig. 4E). A direct comparison of cluster 2 marker genes versus DAM signature genes
showed a significant positive correlation (R=0.7908; Fig. 4F). Thus, in the presence of TAU
pathology, #TREM2R47H* enhances the DAM:-like subpopulation and increases expression
of TremZ-dependent microglial transcripts associated with neurodegeneration (MGnD), such
as Apoe, Itgax, Lpl, Axl, and Cst7 (13, 14) (red, Fig. 4F). Given that activation of MGnD
microglia-state is partially mediated through TREMZ2’s interaction with APOE (13), we
further examined the microglial Apoe expression in brain sections of P301S hTREM2R47H/*
mice compared to P301S ATREMZ* mice by RNAscope. Indeed, the proportion of
microglia expressing Apoe was significantly increased in P301S hTREM2R47H/* mice
(~90%) compared to P301S mTrem2** (~60%) in the dentate gyrus of the hippocampus
(p=0.0254; Fig. 4, G-I).

Upstream regulator analysis predicted activation of TREM2 pathway regulators such as
TNF, Csfl and Csf2, as well as downstream signaling molecules, such as NF-xB, and AKT
signaling (5) (Fig. 4, J and K). Western blot against phospho-AKT normalized to AKT
expression also demonstrated increased phosphorylation of AKT in P301S hTREMR47H*
compared to P301S m7rem2*'* brains (Fig. 4, L and M). In sum, hTREM2R47H* expression
in female tauopathy mice induced similar features observed in AD TREM2?47H human
microglia (Fig. 2), including an expanded DAM-like subpopulation previously found to be
TremZ2-dependent, and enhanced inflammatory and AKT signaling.

Aside from modulating the microglial inflammatory response, TREM2 is also involved in
other key microglial functions. Therefore, we assessed the microglial response to injury
and phagocytosis (9, 16, 40, 41). The R47H mutation, however, did not alter the microglial
response to laser-induced injury compared to #TREM2CV/* or mTrem2*'* controls (fig.
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S8, A—C, movie S1). The effects of R47H on phagocytosis were assessed by acquiring time-
course images of primary microglia incubated with pHrodo-conjugated £. coli substrates.
Consistent with a previous study in HEK293 cells (42), we did not detect differences in

the dynamics of fluorescence intensity over time between hTREM2R47H* and m Trem2*!*
control cells (fig. S8, D and E), suggesting that heterozygotic R47H does not alter
phagocytic activity of £. coli.

AKT Activation Underlies TAU-mediated Proinflammatory Signhatures in R47H-hTREM2

Microglia

Our results so far showed that the R47H mutation enhances proinflammatory microglial
responses in human AD and in female mouse tauopathy brains. We next investigated how
the R47H mutation affects the microglial response to TAU by treating /#TREM2R47H/+
and m7rem2*'* primary microglia with TAU fibrils. Compared to mTrem2* microglia,
TAU fibril stimulation upregulated genes enriched in several signaling pathways in
hTREM2R47H/* microglia (Fig. 5, A and B). The cytokine—cytokine receptor interaction
pathway was one of the top pathways altered by ATREM2R47/* (Fig. 5B), in agreement
with our observation in female P301S ATREM247H/* mice (Fig. 3J). Homozygotic
hTREM2R47H/R47H microglia also exhibited similar exacerbation of cytokine response to
TAU fibrils compared with m7rem2** microglia (fig. S9, A and B). Moreover, TREM2-
associated pathways, including TNF, NF-xB and AKT signaling, were again predicted to
be activated in both A/TREM2R47H/R47H (fig. S9C) and hTREM2R47H/*microglia (fig. S9, D
and E), similar to our observations in our tauopathy mouse model and human AD tissues
(Fig. 5C).

Next, we directly tested the extent to which AKT signaling contributes to exaggerated
inflammatory responses in TAU-treated #TREM2R47H/* microglia. We acutely inhibited
AKT in h"TREM2R47H/* microglia cultures with MK-2206, an allosteric AKT-specific
inhibitor (43) before incubation with TAU fibrils. Transcriptomic analysis showed that
MK-2206 specifically inhibited the AKT pathway (fig. S9F). Transcriptomic analysis
demonstrated that, out of 1,578 DEGs between A TREM2R47H/* and mTrem2** microglia
treated with TAU fibrils, 318 of them were reversed towards /m7rem2*!* control amounts
upon AKT-inhibition (green columns, Fig. 5D, tables S8 and S9). These genes were
enriched in pathways related to cytokine—cytokine receptor interaction (Fig. 5, E and F).
Indeed, MK-2206 resulted in a predicted decrease in TNF signaling (fig. S9G). These
transcriptional changes were further confirmed by measuring secreted cytokines in response
to TAU fibrils with a multiplex immunoassay. Out of the 19 cytokines altered by the R47H
mutation, 7 of them were rescued by MK-2206 (Fig. 5G). These results suggest that at both
the RNA and protein levels, hyperactivation of AKT signaling mediates a portion of the
R47H-induced pro-inflammatory signatures in response to TAU pathology.

Inhibition of AKT Signaling Rescues Synaptic Toxicity and Abolished the Proinflammatory
Microglial Subpopulation in R47H Tauopathy Mice

To test the effects of AKT-inhibition on tauopathy-induced toxicity in vivo, we treated mice
with MK-2206. Pharmacokinetic studies of MK-2206 in mice showed that the drug can
readily enter the brain and maintain a stable concentration 18 hours after injection (Fig. 6A).
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For sustained treatment, MK-2206 was administered three times per week via oral gavage
for 4-weeks. Brain target engagement was confirmed by western blot showing reduction

of phospho-AKT normalized to AKT expression with MK-2206 treatment compared to
vehicle control (Fig. 6B). We then treated 6-7-month-old female A/TREM2R47H/* tauopathy
mice with MK-2206 and quantified protein expression of hippocampal synaptophysin, a
presynaptic marker previously found to be reduced in P301S tauopathy mice compared to
non-tauopathy controls (37). We found that chronic MK-2206 treatment rescued the loss

of synaptophysin in the hippocampus of P301S ATREM2747H/* mice compared to vehicle-
treated controls, confirmed by both western blot and IHC of the hippocampal CA3 region
(Fig. 6, C—F). These findings provide direct evidence that hyperactivation of AKT signaling
downstream of TREMZ2 signaling could underlie synaptic toxicity in tauopathy mice.

To further dissect the effects of MK-2206 on microglia, we performed snRNA-seq

of hippocampi from this cohort. 218,320 total nuclei were sequenced, with 198,741

nuclei analyzed after pre-processing (fig. S10). 9,854 nuclei expressed microglial markers
(fig. S10, A and B), from which we identified 4 subclusters (Fig. 6G, table S10).

Microglial subcluster 1 (MG1), the homeostatic cluster, was most enriched in non-transgenic
mTrem2** mice and reduced in vehicle-treated P301S ATREM2R47H/* mice (Fig. 6,

H and I). Meanwhile, the MG4 subcluster was observed almost exclusively in vehicle-
treated P301S ATREM2R47H/* mice (Fig. 6, H and ). Nine weeks of MK-2206 treatment
eliminated the MG4 subcluster in P301S #TREM2R47H#/* mice, suggesting that AKT
activation is required for inducing the tauopathy-dependent MG4 subcluster (Fig. 6, H

and I). Microglia in this subcluster expressed markers reminiscent of DAMs (Fig. 6J),

with enrichment of genes involved in inflammatory response pathways, including TNFa
signaling and interferon pathways (Fig. 6K), consistent with our scRNA-seq and bulk-tissue
RNA-seq analyses in P301S hTREM2R47H* mice (Fig. 3G, Fig. 4D). Taken together, our
findings establish that AKT-dependent microglial responses underlie the disease-enhancing
proinflammatory properties of the R47H mutation in tauopathy.

Discussion

Compelling human genetic studies strongly suggest that maladaptive innate immune
responses are associated with elevated risk of developing late-onset AD. Recent single-cell
transcriptomic findings suggest that a subpopulation of microglia is enriched in response

to AD-related pathologies (DAM or MGnD) (13, 14). Nevertheless, among the DAM
signature genes, the identity of those that are disease-enhancing microglial genes (DEMs),
disease-mitigating microglial genes (DMMs), or mere bystanders remains elusive. As the
strongest immune-specific risk gene, the R47H- TREM?Z2 variant provides a unique model

to help define drivers for DEMs in AD. Through single-nuclei transcriptomic analysis of
mid-frontal cortical tissues from 46 patients with AD carrying the R47H or CV variant

of TREMZ, we uncovered a microglial subpopulation enriched in AD R47H- TREM?2
carriers. This subpopulation had transcriptomic signatures reminiscent of DAMs and had
predicted enhancement of TREM2 signaling, including AKT hyperactivation. To identify the
mechanistic drivers for the disease-enhancing property of R47H microglia, we established
the R47H-ATREMZ knock-in tauopathy mouse model. We showed that the R47H microglia
in mouse tauopathy similarly exhibited a heightened inflammatory state and TREM2
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signaling as those in human AD brains. Importantly, inhibition of AKT diminished TAU-
induced inflammatory responses in R47H microglia and protected against synaptic loss in
R47H tauopathy mice, establishing an essential role of microglial AKT hyperactivation in
driving the toxic effects of DEMs in tauopathy.

In previous studies in amyloid mouse models, the homozygotic R47H mutation was found
to dampen the microglial response to amyloid pathology, and correlated with increased
neurotoxicity (20, 25). Paradoxically, in a tauopathy mouse model, the homozygotic R47H
mutation was shown to be neuroprotective against neurodegeneration (26). Our current
study provides evidence that the heterozygotic R47H mutation is disease-enhancing in the
presence of TAU pathology. Whereas the R47H mutation did not impact general microglial
functions such as phagocytosis and response to acute injury, the mutation exacerbated
tauopathy-induced spatial learning and memory deficits in female tauopathy mice without
affecting other cognitive domains, such as locomotion or anxiety. Importantly, this enhanced
toxicity in our tauopathy model was not due to differences in TAU-pathology load.

Instead, transcriptomic profiling revealed that the toxic effects of R47TH-ATREMZ2 on TAU-
mediated cognitive deficits in female mice were associated with substantial transcriptional
changes, particularly involving increased expression of pro-inflammatory genes. Meanwhile,
the lack of toxic cognitive effects of R47H in male tauopathy mice was associated

with few transcriptional changes. These findings support the notion that R47H-induced
cognitive-deficits are driven by disease-enhancing microglial responses to stimuli including
pathogenic TAU, but not by directly influencing TAU load itself.

Previous bulk-tissue RNA-seq analyses of AD R47H- TREM?Z brains yielded inconsistent
findings. Although reduced microglial activation signatures (A/FZ and /RF8) were observed
in one bulk-tissue RNA-seq study (24), a more recent study showed that pro-inflammatory
immune networks and pathways are activated in TREM2 R47H AD brains compared with
non-R47H AD (44). By using snRNA-seq, we were able to dissect the changes in the
microglial-specific transcriptome at a higher-resolution. In addition, given the complexity
of microglial states, the small number of alternations identified by bulk RNA-seq may not
be able to capture the complexity of these diverse microglial activation states in human

AD brains (45). A recent study showed that snRNA-seq is insufficient to capture microglial
heterogeneity in human brain tissues, especially in detecting disease-associated activation
genes (34). Our human snRNA-seq analysis was able to capture these heterogenous
microglial states, as we included almost five times the number of microglia with a much
greater number of genes sequenced per nuclei compared to the previously published results
(56).

We showed that R47H- TREMZin human AD and in tauopathy mice exhibited heightened
proinflammatory states, a diminished homeostatic signature, and an enrichment of DAM
signature genes. These findings contrasted with data in 7remZ2-deficient microglia in
amyloid and TAU mouse models, which exhibit microglia in homeostatic states with blocked
induction of DAM/MGnND signatures (13, 14). Thus, heterozygotic R47H mutation does not
phenocopy complete 7REMZ deficiency, which results in Nasu-Hakola disease in humans.
Although our findings are distinct from studies using homozygous R47H-ATREMZin
5XFAD mice (25) and in P301S mice (26), the heterozygotic R47H-microglia from our
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tauopathy mice shared similar features to the R47H-associated human microglia, including
similar enhancement of the TREM2-AKT-cytokine signaling and pro-inflammatory
signatures. This distinction between the homozygous and heterozygous mutation is
important, given that the vast majority of R47H carriers in AD are heterozygotes, and we
previously demonstrated that 7remZ2 haploinsufficiency can have opposing effects on TAU
pathology and microglial activation compared with /7 7rem2~ (16).

AD has been shown to have sex-dependent differences, including in incidence, prevalence,
pathological findings, and disease progression rates (46—49). The sex-specific effects of
R47H-ATREMZ2 uncovered in our behavioral tests and transcriptomic studies in both mouse
and human may be mediated by the differences between male and female microglial
transcriptomes (50-52). Indeed, the R47H mutation led to disease-enhancing effects only

in female mice. The lack of detrimental effects of R47H on male tauopathy mice is
consistent with a recent study in which only male mice were used (26). Although we
observed sex-specific alterations induced by R47H in both human AD brains and mouse
tauopathy mice, there are important distinctions between the two conditions. Because our
human samples came from patients with matched Cognitive Dementia Ratings, the distinct
pathways induced by R47H microglia in male versus female samples reflect sex-specific
responses to similar disease states. In contrast, age-matched male and female tauopathy mice
exhibited different degrees of cognitive impairment, which could have contributed to the
sex-specific effects of R47H in mouse tauopathy. Further longitudinal studies in both male
and female tauopathy mice with matched disease and cognitive states are needed to correlate
with the observations seen in our human samples.

In a previous study, induction of the MGnD-state by TREMZ, including upregulation of
Apoe, has been shown to be sex-specific (13). APOE4 increases risk for late-onset sporadic
AD to a greater extent in females (53, 54), and female APOE4 knock-in mice have spatial
memory deficits not seen in males (55). Microglia-derived APOE is a major source of
plague-associated APOE and is thought to be the driver of neurodegeneration in tauopathy
mouse models (56, 57), suggesting that sex-specific differences in microglia may impact
the sex-dependent effect of APOE4 in AD pathogenesis (58). However, how R47H- TREMZ2
and different APOE genotypes might interact to affect microglial function is unknown. Our
analysis did not stratify by APOE genotype due to the limited number of human brain
samples. Another limitation of the current study is that our mouse model expressed mouse
Apoe, which differs substantially from human APOE. Further studies are needed to confirm
and extend our observations related to the sex-differences induced by the R47H mutation
and to investigate the effects of different APOE isoforms.

Using a small molecule inhibitor of AKT, MK-2206, we uncovered that AKT
hyperactivation underlies the proinflammatory response and synaptic toxicity of R47H
microglia in tauopathy. In cultured R47H microglia stimulated by TAU fibrils, we showed
that MK-2206 corrected a substantial portion of the genes altered by R47H, including

genes involved in the TNFa signaling pathway. Furthermore, chronic MK-2206 treatment
abolished the tauopathy-induced DAM subpopulation while rescuing synaptic toxicity in
Vivo, suggesting the therapeutic potential of AKT inhibitors to reprogram disease-enhancing
microglial states to reverse tauopathy-induced toxicity. MK-2206 potently inhibits AKT1
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and AKT2, and to a lesser extent, AKT3. A limitation of the current study is that we did
not establish isoform-specific roles of AKT nor did we address whether microglia-specific
AKT is sufficient to reverse the tauopathy-induced toxicities. By exploring the disease
mechanisms underlying the R47H- TREMZ variant in human and mouse, we discovered an
essential driver of the disease-enhancing properties of microglia, which opens new avenues
for developing microglia-targeted therapies in AD.

Materials and Methods

Study Design

The purpose of this study was to uncover the disease-enhancing pathways induced by

the R47H-TREM2 mutation in AD. We used sequencing analysis of human patient brain
samples as well as characterized a newly-developed tauopathy mouse model expressing the
R47H-TREM2 mutation. Because the mutation is specifically expressed in microglia and
increases the risk of late-onset AD, we hypothesized that the mutation would exacerbate
spatial memory deficits in our tauopathy mouse model. We also hypothesized that this
functional change would be correlated with unique transcriptomic changes in microglia,
including alterations in downstream TREMZ2 signaling. Sample sizes for experiments were
based on extensive prior experience with variability within the mouse lines and for each
experimental assay (16). For human tissue, sample size was based on availability of tissue
given the rarity of the mutation. For all experiments aside from behavioral assays and
sequencing, we used GraphPad Prism’s outlier analysis to determine whether any samples
were outliers and if so, they were excluded from that analysis. For behavioral assays, mice
that were unable to perform the assay were excluded from that behavioral assay. For bulk-
tissue RNA-Seq, three samples were excluded from further analysis based on hierarchical
clustering algorithms. For snRNA-seq of human tissues, we focused our analysis on tissue
from patients with AD and removed the 8 non-AD samples as well as one AD CV-TREM2
sample where we were only able to capture 24 microglial cells (0.056%). We also removed
genes expressed in no more than 3 cells, cells with unique gene counts over 9,000 or less
than 300, cells with unique molecular identifiers (UMI) count over than 50,000, and cells
with high fraction of mitochondrial reads (> 5%). Potential doublet cells were predicted
using DoubletFinder for each sample separately with high confidence doublets removed.
For scRNA-seq of mouse microglia, we used the following criteria to filter out cells with
low sequencing quality: The distribution of total reads (in logarithmic scale) was fitted by
a truncated Cauchy distribution, and data points in two tails of the estimated distribution
were considered as outliers and eliminated. Fitting and elimination were then applied to
the remaining data. This process was run iteratively until the estimated distribution became
stable. The threshold was set to the value where the cumulative distribution function of the
estimated distribution reaches 0.05. Cells with small numbers of detected genes and poor
correlation coefficients for ERCC (low sequencing accuracy) were dropped. 1,424 cells were
retained for downstream analysis after filtering from 1,480 cells. Based on convention and
due to high costs, RNA-seq experiments were performed once. Behavioral experiments were
performed on two independent cohorts. All other experiments had at least three biological
replicates. Mice were randomly assigned to groups for all behavioral assays and sequencing
studies. Researchers were blinded during all experimental procedures and analyses.
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Statistical Analysis

Data were analyzed with GraphPad Prism v.7 (GraphPad Software, San Diego, California
USA, www.graphpad.com), STATA12 (StataCorp. 2011. Stata Statistical Software: Release
12. College Station, TX: StataCorp LP), or R (59). A multilevel mixed-effects linear
regression model fitted with STATA12 was used to analyze latency in the Morris water
maze. R was used to calculate the area under the curve for cumulative search errors in

the Morris water maze. Outliers were removed with Prism’s outlier analysis algorithm. All
statistical details can be found in the figure and figure legends. P < 0.05 and FDR < 0.05 was
considered statistically significant, unless otherwise noted. All values are expressed as mean
+ SEM, unless otherwise noted. A subset of mice from the behavior cohort was randomly
selected for snRNA-seq and bulk RNA-seq studies. Data and visualizations were done using
ggplot2 (60).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. R47H Mutation Induces Cell Type- and Sex-Specific Transcriptional Changesin Brains of
Patientswith AD.
(A) Schematic showing the sex and genotypes of age-matched human donors used for

SnRNA-seq. n = 263,672 nuclei were isolated from the mid-frontal cortex of patients
with AD carrying the CV-TREMZ2 variant (n=22) and patients with AD carrying the
R47H-TREMZ2 variant (n=24). Purple and turquoise cartoons denote females and males,
respectively. See also table S1.
(B) UMAP plots of all single nuclei and their annotated cell types. Peri/EC = pericyte/
endothelial cells, OPC = Oligodendrocyte precursor cells.
(C) Proportion of cell types for each of the 4 genotypes.
(D) Number of DEGs between R47H vs. CV samples for each cell type and each sex.
FDR<0.05. See also table S3.
(E) Binary plot indicating whether a gene (column) is a DEG or not in a given cell type
(rows) or in each sex (pink: female; blue: male; purple: overlapping in both sexes) (n=2,219

DEGs).

(F and G) Volcano plots of significant DEGs (FDR < 0.05) between R47H-TREM2 and
CV-TREM2 samples in females (F) and males (G). Genes overlapping with DAM signatures
highlighted (14). See also table S3.
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(H and I) Bar plots of Gene Ontology pathways enriched in DEGs identified in F and

G for female (H) and male (1) samples. Dashed line indicates the threshold of significant
enrichment for the pathway analysis (-Log10(FDR) = 1.3).

See also fig. S1 and tables S1-S3.
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Figure 2. R47H Mutation Increases TREM 2-Signaling in a Unique Microglia Cluster in Brains
of Patientswith AD.

(A) UMAP of microglia subclusters for all nuclei. MG = microglia, MAC = macrophage, N
= neuron, OG = oligodendrocyte.

(B) Dot plot of selected marker genes expressed by each subcluster identified in (A).

(C) Boxplot of proportion of microglia subcluster per genotype. *p=0.048, negative
binomial generalized linear model adjusted for brain bank location, sex, age, and APOE
genotype.
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(D) Heatmap of gene set enrichment analysis results (GSEA) for subcluster gene signatures.
Colors denote positive enrichment (+1, red) or negative enrichment (-1, blue) multiplied

by the —log10(p-value). Comparison datasets used are the following: Olah (32), Zhou (24),
DAM (14), Thrupp (34), HAM (33), Mathys (21). *p<0.05, ****p<0.0001.

(E) Volcano plot of significant DEGs (FDR < 0.05) between MG4 and all other clusters.
Genes overlapping with DAM signatures highlighted (14). See also table S4.

(F) Bar plot of GSEA Hallmark pathways based on the unique, non-overlapping markers for
MG4 identified in (E). Dashed line indicates the threshold of significant enrichment for the
pathway analysis (-Log10(FDR) = 1.3).

(G) IPA of genes involved in TREMZ signaling based on MG4 gene signatures identified in
(E).

(H) Diagram of the NF-xB and AKT activation network predicted by IPA upstream
regulator analysis in (G).

See also fig. S2, fig. S3, and table S4.
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Figure 3. R47TH-hTREM2 Increases I nflammatory Signatures and Exacer bates Spatial L earning
and Memory Deficitsin Female Tauopathy Mice

(A) The human TREM_Z donor vector was designed with two 1-kilobase long arms
homologous to m7TremZ2flanking CV or R47H hTREMZ cDNA sequence. When inserted
into the genome, ATREMZ2 cDNA is driven by the endogenous m7remZ2 promoter.

(B) Representative western blot of RIPA-soluble cortical lysates from 8-9-month-old mice
immunoblotted for hTREM2 and B-actin. Lane 1=mTremZ2™!~, Lanes 2-3=mTrem2*!*,
(C) Quantification of hnTREM2 normalized by p-actin of the entire cohort by western blot.
Student’s two-tailed t-test.
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(D) Quantitative real-time PCR analysis of cortical tissue from 3—-4-month-old mice for
hTREMZ2mRNA. Samples were run in triplicate, and averages of the three wells were used
for quantification. 2799CT calculation method used, normalized to Gapah and relative to
hTREMZ2CV"*, Each dot represents the average of three wells from one mouse. Two-tailed
Mann-Whitney U-test comparing CV/+ and R47H/+.

(E) Bar plot of normalized mT7rem2 RNA expression of bulk hippocampal tissue from
8-9-month-old P301S ATREM2R47H/* and P301S hTREMZ2CV/* mice. Student’s two-tailed
t-test.

(F) Volcano plot of bulk RNA-seq data of hippocampal tissue from female P301S
hTREMZ2CV"* and line-specific female P301S control. Vertical dashed lines indicate log2FC
+ 1. Horizontal dashed line indicates —10g10(0.05). Wald test used. (n = 3 mice for P301S; n
= 6 mice for P301S hTREMZ2CV/H.

(G) Wolcano plot of bulk RNA-seq data of hippocampal tissue from 8-9-month-old

female P301S ATREM2R47H/* mice and line-specific female P301S littermate controls.
Blue dots are genes with significantly higher normalized counts in P301S controls than

in P301S ATREM2R47H/* samples (28 mMRNAS). Red dots are genes with significantly
higher normalized counts in P301S ATREM2R47H/* samples than P301S controls (94
mRNAS). Highlighted upregulated genes are disease-associated microglial (DAM) genes
and genes involved in inflammation whereas highlighted downregulated genes are the most
significantly downregulated genes. Vertical dashed lines indicate log2FC + 1. Horizontal
dashed line indicates —log10(0.05). Wald test used. (n = 3 mice for P301S; n = 5 mice for
P301S hTREM2R47H/%) See also table S5.

(H) Wolcano plot of bulk RNA-seq data of hippocampal tissue from male P301S
hTREM2R47H/* and line-specific male P301S littermate controls. Blue dots are genes

with significantly higher normalized counts in P301S controls than P301S ATREM2R47H/+
samples (3 mRNAS). Vertical dashed lines indicate log2FC + 1. Horizontal dashed line
indicates —1og10(0.05). Wald test used. (n = 2 mice for P301S; n = 5 mice for P301S
hTREM2RATHA),

(1) Heatmap of results from WGCNA of bulk RNA-seq data from (F and G), with only the
significant module associations shown (top number: Pearson correlation, bottom number;
adjusted p-value). Brown and cyan modules were the most significant. **p = 0.005, *p =
0.02.

(J) Top 5 enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways of genes
in brown and cyan modules from the WGCNA in (I). Colors of the bars represent the
WGCNA module. See also table S6.

(K and M) Latency to reach the platform during hidden trials (d1-d7) for female (K)

and male (M) ATREM2R47H/* and P301S hTREM2R47H/* and their mTrem2*!* and

P301S mTrem2*'* littermate control mice. **p=0.003, ****p=0.0001, STATA mixed-effects
modeling.

(L and N) Cumulative search error for female (L) and male (N) A TREM2R47H/* and P301S
hTREMZ2R47H/* and their mTrem2*!* and P301S littermate control mice. *U=9, p=0.0164,
two-tailed Mann-Whitney U-test of area under the curve.

Behavioral data represent the combination of two behavioral cohorts that were run
independently. Values are mean =+ SEM. See also fig. S4-S6.
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Figure 4. R47H-hTREM 2 Enhances the Disease-Associated Microglia Population and Elevates

AKT Signaling

(A) t-SNE plot of all 1,424 microglial cells analyzed and clustered. (n = 3 m7rem2*'*, 2
hTREM2R47H/* 1 P301S, 2 P301S hTREM2R47H/* 8-month-old female mice).

(B) t-SNE plots based on clustering from (A) split by genotype.

(C) Ratio of cells in each cluster by genotype. ****p < 0.0001, two-sided Fisher’s exact test.
(D) Volcano plot of DEGs defining cluster 2 compared to cluster 1. See also table S7.

(E) Feature plots of transcript expression overlaid onto t-SNE of all microglial cells. Colored
scale bar denotes normalized expression level.
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(F) Correlation scatterplot of DEGs in the microglial cluster 2 vs cluster 1 comparison (x-
axis) compared to disease-associated microglia (DAM/MGnND) versus homeostatic microglia
(y-axis) previously published (14). Red genes are TREM2-dependent. r = 0.7908, ****p <
2.2e-16, Pearson’s correlation.

(G and H) Representative images of RNAscope using probes against C1ga (red) and Apoe
(green) of P301S (G) and P301S hTREM2R47H/* (H) dentate gyrus sections. White triangles
highlight C1ga*; Apoe* microglial cells. Dashed regions are zoomed in on the right side of
the image. Scale bar = 20 pum, 10 pum for zoomed images.

(1) Quantification of RNAscope images for percent of cells that are C1ga*; Apoe* over

total C1ga® cells. n=9 sections, 3 mice for P301S; 12 sections, 4 mice for P301S
hTREM2R47H/* Student’s t-test, *p= 0.0254, t = 2.426, df = 19.

(J) IPA upstream regulator prediction for TREM2-signaling molecules based on cluster 2
markers from (D). Bar color denotes —log10(pvalue).

(K) IPA AKT activated network determined in (J) and its downstream predicted targets.

(L) Representative western blot of RIPA-soluble cortical lysates from 7- to 8-month-old
mice immunoblotted for phospho-AKT, AKT, and B-actin. Lane 1-3= P301S mTrem2*'*,
Lanes 4-6= P301S hTREM2R47H/*,

(M) Quantification of phospho-AKT levels normalized by total AKT levels of the entire
cohort by western blot (n = 8 P301S mice, n = 9 P301S/R47H/+ mice). Student’s two-tailed
t-test, * P < 0.05.

Values are mean + SEM. Each sequencing dataset represents one independent sequencing
experiment. See also fig. S7, fig. S8, and table S7.

Sci Transl Med. Author manuscript; available in PMC 2022 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sayed et al.

A

[0]

Protein Con (pg/mL)

Page 29
B mm enriched in R47H/+ C
mm enriched in mTrem2 +/+
Microglia Cytokine-cytokine receptor interactions - e I — N
Proteosome -
R47H/+ vs mTrem2 +/+ Chemokine signaling pathway - Human MG4
TLR signaling pgthway - . -. Mouse cluster 2
A!zhglmgr S dlseas_e - B ...-. Tau fibril in vitro
Steroid biosynthesis - En ZIMZOd R OTE ZO o
ABC transporters - imm m5¥4%<;gm§;g@|%
Glutathione metabolism - S oI ~ &3
Focal adhesion - i
E is - A
Baseline  Tau fibrils hogeyisis: - M Activation Score n
e w9 v o 0246
-Log10(FDR)
E F KEGG
R47H/+ vs mTrem2+/+ DEGs Cytokine-Cytokine receptor interaction
= reversed by MK2206 Ccl7
= : o
3 ) : Cxcl13@ ——
o Pathways in cancer A =
3 : P @ cc
§ Chemokine signaling pathway Tnf .
@ Cytokine-cytokine receptor
] interaction 117265 @ ce2
o b
b |
~ MAPK signaling pathway { [ENAZET Ccls . /
§ : y \ Cxcl3
3 o 1 2 3 4 5
e DA = -Log(FDR) o ®
R47H/+ mTrem2+/+ R47H/+ Cxcl10
+ MK2206 Cxcr3
CCL2 CCL3 CXCL9 IL5 GCSF IL6
XxxR """ 30004 -xxxx .mn PR 80 KEKK __KKKK X '; xx
3000. 4 : mTrem2+/
75 o 600 T B /4
2000 2000 b 5 . ) 200 500 “ || hTREM2 R47H/+
. .
165 2 : I R47H/+ & MK2206
1000 . f 254 s 20|t 2001/ 300
' .
0 0 0 0 0

0

Figure 5. Pharmacological AK T-inhibition reverses TAU Fibril-induced Pro-inflammatory

Signaturein R47H-hTREM2 Primary Microglia

(A) Venn diagram of differentially expressed genes between mTrem2** and hTREM2R47H/*
primary microglia with or without tau fibril stimulation. Red and blue numbers denote
upregulated and downregulated genes, respectively. (n = 3 biological replicates for all

conditions).

(B) KEGG pathway enrichment analysis of the genes from (A) that were uniquely changed
in ATREM2R47H/* microglia under TAU fibril stimulation conditions. Dashed line indicates
the threshold of significant enrichment for the pathway analysis (-Log10(FDR) = 1.3).

(C) Heatmap comparing the IPA predicted activation z score of TREM2 signaling molecules

for all three models (Fig. 2, Fig. 4).

(D) Heatmap showing z scores of normalized expressions of 318 genes (adjusted p value <
0.05, log2FC > 0.5 or < —0.5) that are changed by #TREM2R47H* compared to mTrem2*!*
and are reversed towards control expression levels with MK-2206 treatment.

(E) KEGG pathway enrichment analysis of genes in heatmap from (D). Dashed line
indicates the threshold of significant enrichment for the pathway analysis (-Log10(FDR)

>1.3).

(F) STRING network representation of the genes in the “Cytokine-Cytokine receptor

interaction” pathway from (E).
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(G) Barplots of example cytokines measured by MAGPIX changed by ATREM2R47H* put
reversed back to normal protein expression levels by MK-2206. *p < 0.05, **p < 0.01, ***p
<0.001, ****p < 0.0001, One-way ANOVA with Tukey’s multiple comparisons correction.
See also fig. S9, table S8, and table S9.
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Figure 6. Pharmacological AK T-inhibition rever ses Tauopathy-induced Pro-inflammatory
Signature and Synapse Lossin R47H-hTREM2 Mice

(A) MK-2206 concentrations in brain and plasma measured at different time points after oral
gavage administration in mice. n = 3 per mouse per time point.

(B) Quantification of western blot showing protein levels of phospho-AKT normalized to
total AKT in hippocampus of female h7TREM2R47H* mice after 4 weeks of MK-2206 vs
vehicle control (Veh) treatment. n = 5 mice/condition. *p < 0.05, unpaired student t-test.

(C) Representative western blot of RIPA-soluble cortical lysates from 7- to 8-month-

old ATREM2R47H* and P301S hTREM2R47H* mice after 4-week MK-2206 vs vehicle
treatment immunoblotted for synaptophysin (top bands) and a-tubulin (bottom bands). Lane
1-3 = hTREM2R47H* vehicle, Lanes 4-6 = hTREM2R47H* MK-2206, Lanes 7-9 = P301S
hTREM2R47H vehicle, Lanes 10-12 = P301S hTREM2R47H+ MK-2206.
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(D) Quantification of synaptophysin normalized by a-tubulin levels of the entire cohort

by western blot. One-way ANOVA with Tukey’s multiple comparisons test. n = 5 mice/
genotype/condition. ***p < 0.001.

(E) Representative images of synaptophysin immunostaining in CA3 hippocampal brain
region of A"TREM2R47H* mice treated with vehicle, P301S A TREM2R47H* mice treated
with vehicle, and P301S hTREM2R47H* mice treated with MK-2206 for 9 weeks. Scale bar
=50 pm.

(F) Quantification of synaptophysin immunofluorescence in A/TREM2R47H* p301S
hTREM2R47H* treated with vehicle, and P301S ATREM2R47H* treated with MK-2206 (n =
5 per genotype). Pairwise linear mixed models. *p = 0.015, **p = 0.01.

(G) UMAP plots of 9,854 microglial single-nuclei analyzed and clustered.

(H) UMAP split by genotype and condition (\Veh = vehicle, MK = MK-2206). (n =4
mTrem2™*, 3 hTREM2R47H* \feh, 4 hTREM2R47H/* MK, 4 P301S hTREM2R47H/* \feh, 4
P301S hTREM2R47H+* MK, 8-month-old female mice).

() Ratio of cells in each cluster by genotype and condition. *p < 0.05, **p < 0.01, ****p

< 0.0001, One-way ANOVA with Tukey’s multiple comparisons correction within each
subcluster.

(J) Wolcano plot of DEGs with FDR < 0.05 defining cluster MG4 compared to all other
clusters.

(K) Bar plot of GSEA Hallmark pathways enriched in MG4 markers identified in (J).
Dashed line indicates —Log10(FDR) = 1.3.

See also fig. S10 and table S10.
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