
 1 

Title: AD-linked R47H-TREM2 mutation induces disease-enhancing microglial states via 1 

AKT hyperactivation 2 

Authors: Faten A. Sayed1,2†, Lay Kodama1,2,3,4†, Li Fan3, Gillian K. Carling3, Joe C. Udeochu3, 3 

David Le2, Qingyun Li5, Lu Zhou5, Man Ying Wong3, Rose Horowitz3, Pearly Ye3, Hansruedi 4 

Mathys6, Minghui Wang7, Xiang Niu8, Linas Mazutis9, Xueqiao Jiang6, Xueting Wang3, Fuying 5 

Gao10, Matthew Brendel11, Maria Telpoukhovskaia2, Tara E. Tracy2, Georgia Frost12, Yungui 6 

Zhou2, Yaqiao Li2, Yue Qiu13, Zuolin Cheng14, Guoqiang Yu14, John Hardy15, Giovanni Coppola10, 7 

Fei Wang16, Michael A. DeTure17, Bin Zhang7, Lei Xie12, John Q. Trajnowski18, Virginia M.Y. 8 

Lee18, Shiaoching Gong3, Subhash C. Sinha3, Dennis W. Dickson17, Wenjie Luo3, and Li Gan2,3* 9 

Affiliations: 10 

1Neuroscience Graduate Program, University of California, San Francisco, San Francisco, CA 11 

94158, USA 12 

2Gladstone Institute of Neurological Disease, San Francisco, CA 94107, USA 13 

3Helen and Robert Appel Alzheimer’s Disease Research Institute, Brain and Mind Research 14 

Institute, Weill Cornell Medicine, New York, NY 10021, USA 15 

4Medical Scientist Training Program and Neuroscience Graduate Program, University of 16 

California, San Francisco, San Francisco, CA 94143, USA  17 

5Department of Neuroscience and Department of Genetics, Washington University School of 18 

Medicine, St. Louis, MO 63110, USA  19 

6The Picower Institute for Learning and Memory, Department of Brain and Cognitive Sciences, 20 

Massachusetts Institute of Technology, Cambridge, MA 02139, USA 21 

Commented [MM1]: The manuscript is way too 
long…our limit is 10.000 words. The paper is currently more 
than 22.000 words. Moreover, there are too many references.  
 
Please consider moving most of the M&M in the suppl 
material, shortening and removing references. 
 
Please note that “study design” and “statistical analysis” 
sections of the M&M must go in the main text; the rest of the 
M&M can go in the suppl material file. 
 
Thanks 

Commented [MM2]: Please check that all authors' names 
are spelled correctly 

Commented [MM3]: Please add postal codes for all 
affiliations 

Formatted: Not Superscript/ Subscript

Deleted: Department of Neurobiology, Stanford University 22 
School of Medicine, Stanford, CA, USA23 



 2 

7Icahn School of Medicine at Mount Sinai, Department of Genetics and Genomic Sciences, NY 24 

10029, USA 25 

8Tri-Institutional Computational Biology & Medicine Program, Weill Cornell Medical College, 26 

NY, USA 27 

9Computational and Systems Biology Program, Memorial Sloan Kettering Cancer Center, New 28 

York, NY 10065, USA 29 

10Departments of Psychiatry and Neurology, Semel Institute for Neuroscience and Human 30 

Behavior, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, 31 

CA 90095, USA 32 

11Institute for Computational Biomedicine, Dept. of Physiology and Biophysics, Weill Cornell 33 

Medicine, New York, NY 10021, USA 34 

12Chemical Biology Program, Weill Graduate School of Medical Sciences of Cornell University, 35 

New York, NY 10065, USA 36 

13Department of Computer Science, Hunter College, & The Graduate Center, The City University 37 

of New York, New York, NY 10065, USA 38 

14Bradley Department of Electrical and Computer Engineering, Virginia Polytechnic Institute and 39 

State University, Arlington, VA 24061, USA 40 

15Department of Neurodegenerative Disease, UCL Queen Square Institute of Neurology, Queen 41 

Square, London WC1E 6BT, UK 42 

16Department of Population Health Sciences, Weill Cornell Medical College, New York, NY 43 

10065, USA 44 

17Mayo Clinic, Jacksonville, Florida 32224, USA 45 



 3 

18Center for Neurodegenerative Disease Research, University of Pennsylvania School of 46 

Medicine, Philadelphia, PA 19104, USA 47 

 48 

†These authors contributed equally.  49 

*Lead contact and to whom correspondence should be addressed. 50 

Li Gan, Ph.D. 51 

Helen and Robert Appel Alzheimer Disease Research Institute 52 

Brain and Mind Research Institute 53 

Weill Cornell Medicine 54 

New York, NY 10021 55 

Email: lig2033@med.cornell.edu 56 

 57 

58 



 4 

Abstract:  59 

The hemizygous R47H variant of Triggering receptor expressed on myeloid cells 2 (TREM2), a 60 

microglia-specific gene in the brain, increases risk for late-onset Alzheimer’s disease (AD). Using 61 

transcriptomic analysis of single-nuclei from brain tissues of patients with AD carrying the R47H 62 

mutation or the common variant (CV)-TREM2, we found that R47H-associated microglial 63 

subpopulations had enhanced inflammatory signatures reminiscent of previously identified 64 

disease-associated microglia (DAM) and hyperactivation of AKT, one of the signaling pathways 65 

downstream of TREM2. We established a tauopathy mouse model with heterozygous knock-in of 66 

the human TREM2 with the R47H mutation or CV, and found that R47H induced and exacerbated 67 

TAU-mediated spatial memory deficits in female mice. Single-cell transcriptomic analysis of 68 

microglia from these mice also revealed transcriptomic changes induced by R47H that had 69 

substantial overlaps with R47H microglia in human AD brains, including robust increases in 70 

proinflammatory cytokines, activation of AKT signaling, and elevation of a subset of disease-71 

associated microglial signatures. Pharmacological AKT inhibition with MK-2206 largely reversed 72 

the enhanced inflammatory signatures in primary R47H microglia treated with TAU fibrils. In 73 

R47H heterozygous tauopathy mice, MK-2206 treatment abolished a tauopathy-dependent 74 

microglial subcluster, and rescued tauopathy-induced synapse loss. By uncovering disease-75 

enhancing mechanisms of the R47H mutation conserved in human and mouse, our study supports 76 

inhibitors of AKT signaling as a microglial modulating strategy to treat AD. 77 

 78 

One-sentence Summary: R47H-TREM2 mutation enhances AKT signaling in human AD 79 

microglia and mediates proinflammatory and synaptic toxicity in a tauopathy mouse model. 80 

 81 
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Introduction 98 

Alzheimer’s disease (AD) is the most common form of late-onset dementia. Genome-wide 99 

association studies have identified many risk alleles for late-onset sporadic AD that are highly 100 

expressed in microglia (1, 2), providing compelling genetic evidence for important roles of 101 

microglia in AD pathogenesis. Among these risk genes, Triggering receptor expressed on myeloid 102 

cells 2 (TREM2) is the strongest immune-specific risk factor identified to date, with the 103 

heterozygous R47H point mutation substantially increasing the odds ratio of developing late-onset 104 

AD (1, 2). 105 

TREM2 is a single transmembrane receptor expressed exclusively in cells of the myeloid 106 

lineage, especially microglia (3, 4). Upon ligand engagement, TREM2, together with its adaptor 107 

DNAX activating protein of 12 kDa (DAP12), recruits Spleen associated tyrosine kinase (SYK) 108 

and triggers several signaling cascades such as Phosphoinositide 3-kinase (PI3K)-AKT and 109 

Mitogen-activated protein kinase (MAPK) pathways (5, 6). These TREM2-dependent pathways 110 

in turn regulate many microglial functions, including inflammatory cytokine secretion, 111 

proliferation, phagocytosis, and cell survival (7-12).  112 

In the context of neurodegenerative mouse models, TREM2 is required for the conversion of 113 

microglia into disease-associated microglia (DAM) or a microglial neurodegenerative phenotype 114 

(MGnD) (13, 14). This MGnD microglia-state can be activated by apoptotic cells and is partially 115 

mediated through TREM2’s interaction with Apolipoprotein E (APOE) (13). These microglia are 116 

characterized by downregulation of homeostatic genes, such as Purinergic receptor P2Y12 117 

(P2ry12), Transmembrane protein 119 (Tmem119) and Spalt like transcription factor 1 (Sall1), 118 

and upregulation of pro-inflammatory signatures such as Apoe, Axl receptor tyrosine kinase (Axl), 119 

Toll-like receptor 2 (Tlr2), Cluster of differentiation 74 (Cd74), and Integrin subunit alpha X 120 
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(Itgax). Currently, it is unclear whether this DAM state is neuroprotective or neurotoxic for disease 150 

progression. Deletion of mouse Trem2 (mTrem2) prevents microglial conversion to this disease-151 

state and protects against tauopathy-induced atrophy (15, 16). mTrem2 deficiency in amyloid 152 

models, however, leads to increased amyloid toxicity, likely due to the role of TREM2 in plaque 153 

compaction (17-20). Furthermore, human AD-microglia seem to be enriched in some of these 154 

DAM genes, such as APOE and CD74 and show overlap in molecular pathways related to lipid 155 

and lysosomal biology. However, there is likely to be human-specific AD-microglia 156 

subpopulations since many gene signatures do not overlap between the mouse and human AD-157 

associated microglia (21, 22). These observations suggest the role of TREM2 and DAMs in 158 

neurodegenerative diseases is context- and disease state-specific.  159 

Little is known about how the R47H mutation of TREM2 contributes to AD. Previous studies 160 

reported that patients with AD carrying the heterozygous R47H variant show higher neuritic 161 

plaque densities, reduced microglial coverage of amyloid plaques and more severe plaque-162 

associated neuritic dystrophy, as well as increased accumulation of autophagosomes in microglia 163 

(7, 20, 23). One bulk-tissue transcriptomic study showed that, several immune-related genes are 164 

decreased in R47H carriers such as Interferon regulatory factor 8 (IRF8) and Allograft 165 

inflammatory factor 1 (AIF1), suggesting either a decrease in the number of microglia or decreased 166 

expression of these genes on a per-cell basis (24). Transcriptomic studies at either the single-cell 167 

level or with a large sample size of patient brain tissues have not been done. In mouse models, 168 

homozygous knock-in of R47H human TREM2 (R47H-hTREM2) leads to deficits in microglial 169 

amyloid plaque compaction, similar to mTrem2-deficient mice, and increases TAU staining and 170 

dystrophic neurites bypassing plaques (20, 25). In a recent study, male P301S tauopathy mice 171 

expressing homozygous R47H-hTREM2 exhibited reduced TAU phosphorylation, brain atrophy, 172 
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and synapse loss compared to mice expressing CV-hTREM2 (26), similar to the phenotype of 198 

mTrem2-deficient tauopathy mice. However, it remains a puzzling conundrum how the R47H 199 

mutation appears to protect against tauopathy in mice yet elevates AD risk in humans.  200 

In the current study, we uncovered an R47H-enriched microglia subpopulation by performing 201 

single-nuclei RNA sequencing (snRNA-seq) analysis of brain tissue from 46 patients with AD 202 

carrying the common variant (CV) or the R47H mutation of TREM2. To investigate the functional 203 

changes induced by R47H in AD, we used a CRISPR-based genetic tool to replace one allele of 204 

mTrem2 with the common variant (CV)- or R47H-hTREM2, generating a heterozygous R47H-205 

hTREM2 mouse model that was then crossed to the P301S tauopathy model. Our female 206 

heterozygous R47H-hTREM2 tauopathy mice had enhanced spatial memory deficits. In addition, 207 

R47H-associated microglia upregulated a subset of DAM signatures, increased expression of pro-208 

inflammatory cytokines, and enhanced AKT signaling pathways in response to tau pathology. 209 

Pharmacological inhibition of AKT reversed the transcriptomic and pro-inflammatory cytokine 210 

profiles in TAU fibril-treated primary microglia, as well as decreased the R47H-associated 211 

microglial subpopulation and protected against synaptic toxicity in tauopathy mice. Together, our 212 

study uncovered disease-enhancing mechanisms of the R47H mutation and a potential therapeutic 213 

strategy for modulating brain immune responses to treat AD. 214 

 215 

Results  216 

R47H Induces Cell Type and Sex-Specific Transcriptional Changes in Human AD  217 

To dissect the pathogenic mechanisms associated with TREM2R47H in patients with AD, we 218 

performed snRNA-seq of mid-frontal cortical tissues from 46 patients with AD harboring the 219 

TREM2 common-variant (CV) or a single allele of the R47H mutation (n=22 CV, 24 R47H 220 
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samples, Fig. 1A, fig. S1, A and B, table S1). The samples were matched in age and TAU burdens 244 

(fig. S1, C and D), as well as clinical dementia rating, if known (table S1). Following an established 245 

human snRNA-seq protocol (27, 28), we sequenced 323,140 nuclei and used 263,672 nuclei for 246 

downstream analysis after removal of potential multiplets using DoubletFinder (29) and filtering 247 

for low-quality nuclei determined by thresholding gene counts, UMI counts, and percent 248 

mitochondrial genes per nuclei (fig. S1, E-I, table S2). Using reference gene sets for cluster 249 

annotations (30, 31), we identified the major cell types of the brain and observed that cell types 250 

were similarly represented in all samples sequenced, with the exception of some samples having 251 

very few excitatory neurons (Fig. 1, B and C, fig. S1, J and K).  252 

We first performed differential expression analysis to compare the effects of the R47H 253 

mutation in each cell type and sex. The mutation was associated with many transcriptional changes 254 

in all cell types in both sexes (Fig. 1D, table S3). TREM2R47H carriers exhibited sex-specific 255 

transcriptomic changes, with a higher number of differentially expressed genes (DEGs) in male 256 

versus female glia, including microglia, astrocytes, and oligodendrocytes, but far fewer sex-257 

specific alterations in excitatory neurons. We found little overlap of the DEGs among different 258 

cell types (rows, Fig. 1E). Specifically, in microglia, the R47H mutation induced sex-specific 259 

DEGs, with some of these genes reminiscent of those altered in DAM compared to control 260 

microglia, including upregulation of TLR2 and downregulation of C-X3-C motif chemokine 261 

receptor 1 (CX3CR1) in females and upregulation of Secreted phosphoprotein 1 (SPP1) and 262 

downregulation of Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) in males 263 

(Fig. 1, F and G). Indeed, the molecular pathways enriched in these DEGs were also sex-specific, 264 

with R47H microglia from female samples upregulating immune activation pathways whereas 265 

male samples showing upregulation of metabolic and ATP pathways (Fig. 1, H and I).   266 
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 274 

Human R47H AD-Microglia Exhibit Hyperactivation of Inflammatory and AKT Signaling 275 

To further dissect the transcriptomic changes in microglia induced by TREM2R47H, we 276 

subclustered the 20,461 microglia cells from all samples and identified 12 different transcriptional 277 

states (Fig. 2A, table S4) that had contributions from all samples (fig. S2). Based on subcluster 278 

marker genes, we identified 7 clusters that had high expression of microglial genes such as 279 

P2RY12, CD14, and TREM2, and low expression of other CNS cell type markers, such as Mannose 280 

receptor C-type 1 (MRC1) and Protein tyrosine phosphatase receptor type C (PTPRC) indicative 281 

of macrophages (MAC1 and MAC2), Synaptotagmin 1 (SYT1) and Neurexin 1 (NRXN1) for 282 

neurons (N1 and N2) and Myelin oligodendrocyte glycoprotein (MOG) and Proteolipid protein 1 283 

(PLP1) for oligodendrocytes (OG1) (Fig. 2B, table S4). We focused our analyses on these 7 pure-284 

microglia subclusters (MG1-MG7). When split by TREM2 genotype, we found subtle differential 285 

distributions of microglial subclusters between TREM2R47H and TREM2CV samples (Fig. 2C), with 286 

some variation between the sexes (fig. S2). We focused on MG4, which was the only cluster 287 

significantly more enriched in TREM2R47H samples (p=0.048; Fig. 2C), though no differences were 288 

noted when the sexes were analyzed separately (fig. S2).  289 

Gene set enrichment analysis showed some of our microglial subclusters overlapped with 290 

previously-published microglial datasets (Fig. 2D) (14, 21, 24, 32-34). MG4, enriched in 291 

TREM2R47H samples, was most reminiscent of the previously identified mouse DAM microglia 292 

(14), with genes such as Lipoprotein lipase (LPL), Cluster of differentiation 83 (CD83), and SPP1 293 

being upregulated in these cells (Fig. 2, D and E, fig. S3). The R47H-enriched MG4 signatures 294 

were further analyzed using pathway enrichment analysis (Fig. 2F). The top pathway involved was 295 

Tumor necrosis factor (TNF)-a signaling via Nuclear factor kappa B (NF-kB), as well as other 296 
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immune pathways such as Interleukin 2 (IL2)- Signal transducer and activator of transcription 5 304 

(STAT5) signaling and inflammatory response, suggesting an elevated proinflammatory state (Fig. 305 

2F). Upstream and downstream mediators of TREM2 signaling, including NF-kB, Colony-306 

stimulating factors 1 and 2 (CSF1/2), and AKT, were predicted to be activated in human R47H-307 

enriched microglia (Fig. 2, G and H). Together, in patients with AD, the R47H mutation expanded 308 

a unique microglial subpopulation reminiscent of DAMs and characterized by hyperactivation of 309 

TREM2-associated signaling molecules, including increases in pro-inflammatory and AKT 310 

pathways. 311 

R47H-hTREM2 Exacerbates Inflammation in Female Tauopathy Mice 312 

To further dissect the molecular pathways induced by the R47H mutation, we generated knock-313 

in mouse lines expressing one copy of CV- (hTREM2CV/+) or R47H-hTREM2 (hTREM2R47H/+) 314 

cDNA at the mTrem2 locus using CRISPR (Fig. 3A). PCR and Sanger sequencing confirmed the 315 

correct recombination and insertion of human TREM2-CV and TREM2-R47H cDNA at the 316 

mTrem2 locus (fig. S4, A and C-F). We did not detect any non-specific integration in the 317 

hTREM2R47H/+ mouse line. However, a non-specific integration event occurred in hTREM2CV/+ 318 

mice at an unknown mouse genomic region (fig. S4, B, G, and H). Nevertheless, hTREM2CV/+ and 319 

hTREM2R47H/+ mice had equivalent amounts of hTREM2 protein (Fig. 3, B and C). TAU pathology 320 

strongly correlates with cognitive deficits in AD (35, 36). P301S mice, which express a human 321 

MAPT gene with the P301S mutation, develop hallmarks of tauopathy, including gliosis, TAU 322 

inclusions, and cognitive deficits, including hippocampal-dependent memory and spatial learning 323 

deficits seen in patients with AD (37). hTREM2R47H/+ mice were crossed with P301S mice to 324 

generate P301S hTREM2R47H/+ and their littermate P301S mTrem2+/+ controls; hTREM2CV/+ mice 325 

were crossed with P301S mice to generate their respective littermate controls (fig. S4I). The R47H 326 

Deleted: Interestingly, u327 

Deleted: these 328 

Deleted: human 329 
Deleted:  patients330 

Formatted: Font: Italic
Formatted: Font: Italic

Deleted: expression l331 
Deleted: evels 332 

Commented [MM22]: Please only use this word for 
hierarchy (DNA level, protein level, etc.), not to indicate 
amounts or concentrations. 

Formatted: Font: Not Italic
Deleted: Tau 333 
Formatted: Font: Italic
Deleted: tau334 
Deleted: tau335 
Deleted:  patients336 



 11 

mutation did not affect the quantity of hTREM2 and mTrem2 mRNA (Fig. 3, D and E), allowing 337 

us to assess the effects of the heterozygous R47H variant in vivo.  338 

We first compared the hippocampal transcriptomes of 7- to 9-month-old male and female 339 

P301S hTREM2R47H/+ or P301S hTREM2CV/+ mice with their respective littermate P301S 340 

mTrem2+/+ controls. No transcriptomic changes were induced in female P301S hTREM2CV/+ mice 341 

compared with P301S mTrem2+/+ controls (Fig. 3F), indicating that CV-hTREM2 phenocopies 342 

mTrem2. In contrast, R47H induced upregulation of 94 genes, including several DAM genes 343 

(Ccl6, Clec7a, Siglec5, Cd9, Cd63) (14) and other inflammatory genes (Cxcl5, Ccl9), and 28 344 

downregulated genes, including neuron-associated genes (Adora2a, Syt6, Serpina9, Penk) (Fig. 345 

3G, table S5). These R47H-specific alterations in female tauopathy mice were not observed in 346 

male P301S R47H-hTREM2 mice, which exhibited only three downregulated genes compared 347 

with their male littermate P301S controls (Fig. 3H).   348 

We further assessed the pathways induced by the R47H mutation in female tauopathy mice 349 

using weighted gene-correlation network analysis (WGCNA), and identified modules with 350 

statistically significant correlation to P301S hTREM2R47H/+ mice, including modules 5 and 2 351 

(p=0.005 for module 2 and p=0.02 for module 5, Fig. 3I). Pathway analysis showed that module 352 

2, which exhibited the most positive correlation with the P301S hTREM2R47H/+ genotype, was 353 

enriched with transcripts encoding cytokines/chemokines and cytokine receptors (Ccr5, Ccl5, 354 

Ccl3, Cxcl5) (Fig. 3J, table S6). The module 2, which negatively correlated with the P301S 355 

hTREM2R47H/+ genotype, was enriched in transcripts encoding axon guidance molecules (Sema6b, 356 

Sema3f, Epha8, Ephb6) (Fig. 3J, table S6). Together, these data suggest an upregulation of pro-357 

inflammatory transcripts and a concomitant decrease in neuronal signaling genes in female P301S 358 

hTREM2R47H/+ mice compared to control animals. 359 
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R47H-hTREM2 Exacerbates Spatial Memory Deficits in Female Tauopathy Mice 383 

We next used the Morris Water Maze test to assess how a single allele of R47H-hTREM2 and 384 

CV-hTREM2 may affect TAU-induced deficits in spatial learning and memory. Consistent with 385 

the downregulation of neuronal gene expression, female P301S R47H-hTREM2 exhibited 386 

significantly impaired spatial learning compared to their littermate P301S mTrem2+/+ controls 387 

(p=0.003; Fig. 3K). P301S hTREM2R47H/+ female mice also made significantly more search errors 388 

during the 72-hour probe trial than other groups (p=0.0164; Fig. 3L), suggesting that the R47H 389 

mutation enhances tauopathy-induced spatial learning and memory deficits. In contrast, male 390 

P301S hTREM2R47H/+ mice did not exhibit exacerbation in spatial learning and memory deficits 391 

compared to their littermate P301S mTrem2+/+ controls (Fig. 3, M and N), consistent with their 392 

similar transcriptomes (Fig. 3H). hTREM2CV/+ and mTrem2+/+ littermate mice behaved similarly 393 

to each other in both the absence and presence of tauopathy, regardless of sex, confirming that 394 

hTREM2CV/+ phenocopies mTrem2+/+ (fig. S5, A-D). No differences were observed between 395 

genotypes in locomotion in the open field (fig. S5, E-H) nor in the percentage of time spent in the 396 

open arms of the elevated plus maze (fig. S5, I-L), ruling out genotype differences in hyperactivity 397 

and anxiety, which could confound the spatial memory test results. 398 

The R47H mutation did not impact the accumulation of insoluble TAU aggregates detected 399 

using a conformation-specific antibody, MC1 (38), suggesting that the disease-enhancing effects 400 

of R47H-hTREM2 in female P301S mice were not mediated by elevation in toxic TAU load (fig. 401 

S6). Indeed, even in the absence of TAU pathology, the R47H mutation led to modest spatial 402 

learning deficits in females (Fig. 3K). Taken together, our transcriptome and functional findings 403 

show that the R47H mutation worsens the inflammatory responses and the toxic effects induced 404 

by TAU irrespective of TAU pathology load, in a sex-dependent manner. 405 
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R47H-hTREM2 Enhances Disease-associated Microglial Signatures and AKT Signaling in 420 

Female Tauopathy Mice 421 

Our snRNA-seq of human AD microglia revealed a modest expansion of the DAM-related 422 

microglial subpopulation in R47H carriers. We next specifically probed the effects of the R47H 423 

mutation on the microglial transcriptome in response to TAU pathology by performing single-cell 424 

RNA-seq (scRNA-seq) using the Smart-Seq2 platform (39). Microglia were isolated from the 425 

hippocampal tissue of 8-month-old female mTrem2+/+, hTREM2R47H/+, P301S mTrem2+/+, and 426 

P301S hTREM2R47H/+ mice, gating on CD45intCD11b+ cells (fig. S7, A and B). Out of the 1,480 427 

cells that were sorted, 1,424 passed quality control thresholds (fig. S7, C-G). mTrem2 expression 428 

was decreased in hTREM2R47H/+ microglia compared to mTrem2+/+ microglia, confirming the 429 

replacement of one allele of mTrem2 (fig. S7H). Two distinct clusters were identified by 430 

unsupervised clustering of these 1,424 cells (Fig. 4A). Whereas cluster 1 microglia were found in 431 

all 4 genotypes, cluster 2 microglia were mainly associated with the expression of P301S TAU 432 

(Fig. 4B). hTREM2R47H/+ expression significantly increased the proportion of cluster 2 microglia 433 

in P301S mice (p<0.0001; Fig. 4, B and C). Compared to cells of cluster 1, cluster 2 cells 434 

upregulated several DAM transcripts, such as C-Type lectin domain containing 7A (Clec7a), 435 

Cathepsin B (Ctsb), Axl, Cystatin F (Cst7), Apoe, and Cd63 (Fig. 4, D and E, table S7), consistent 436 

with the increased transcripts observed in the bulk-tissue RNA-seq data (Fig. 3G). Cluster 2 cells 437 

also had expression of transcripts not seen in DAMs, including those involved in the interferon 438 

response pathway, such as Interferon regulatory factor 7 (Irf7), Interferon induced with helicase C 439 

domain 1 (Ifih1), Interferon induced transmembrane protein 3 (Ifitm3), MX Dynamin like GTPase 440 

1 (Mx1), Interferon induced protein 44 (Ifi44), and Interferon induced protein with 441 

tetratricopeptide repeats 3 (Ifit3) (table S7). Whereas classical microglial genes, such as 442 
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Hexosaminidase subunit Beta (Hexb), were present in both clusters, the homeostatic microglial 458 

gene P2ry12 was downregulated in cluster 2 cells (Fig. 4E). A direct comparison of cluster 2 459 

marker genes versus DAM signature genes showed a significant positive correlation (R=0.7908; 460 

Fig. 4F). Thus, in the presence of TAU pathology, hTREM2R47H/+ enhances the DAM-like 461 

subpopulation and increases expression of Trem2-dependent microglial transcripts associated with 462 

neurodegeneration (MGnD), such as Apoe, Itgax, Lpl, Axl, and Cst7 (13, 14) (red, Fig. 4F). Given 463 

that activation of MGnD microglia-state is partially mediated through TREM2’s interaction with 464 

APOE (13), we further examined the microglial Apoe expression in brain sections of P301S 465 

hTREM2R47H/+ mice compared to P301S hTREM2+/+ mice by RNAscope. Indeed, the proportion 466 

of microglia expressing Apoe was significantly increased in P301S hTREM2R47H/+ mice (~90%) 467 

compared to P301S mTrem2+/+ (~60%) in the dentate gyrus of the hippocampus (p= 0.0254; Fig. 468 

4, G-I). 469 

Upstream regulator analysis predicted activation of TREM2 pathway regulators such as TNF, 470 

Csf1 and Csf2, as well as downstream signaling molecules, such as NF-kB, and AKT signaling 471 

(5) (Fig. 4, J and K). Western blot against phospho-AKT normalized to AKT expression also 472 

demonstrated increased phosphorylation of AKT in P301S hTREM2R47H/+ compared to P301S 473 

mTrem2+/+ brains (Fig. 4, L and M). In sum, hTREM2R47H/+ expression in female tauopathy mice 474 

induced similar features observed in AD TREM2R47H human microglia (Fig. 2), including an 475 

expanded DAM-like subpopulation previously found to be Trem2-dependent, and enhanced 476 

inflammatory and AKT signaling. 477 

Aside from modulating the microglial inflammatory response, TREM2 is also involved in other 478 

key microglial functions. Therefore, we assessed the microglial response to injury and 479 

phagocytosis (9, 16, 40, 41). The R47H mutation, however, did not alter the microglial response 480 
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to laser-induced injury compared to hTREM2CV/+ or mTrem2+/+ controls (fig. S8, A-C, movie S1). 493 

The effects of R47H on phagocytosis were assessed by acquiring time-course images of primary 494 

microglia incubated with pHrodo-conjugated E. coli substrates. Consistent with a previous study 495 

in HEK293 cells (42), we did not detect differences in the dynamics of fluorescence intensity over 496 

time between hTREM2R47H/+ and mTrem2+/+ control cells (fig. S8, D and E), suggesting that 497 

heterozygotic R47H does not alter phagocytic activity of E. coli. 498 

AKT Activation Underlies TAU-mediated Proinflammatory Signatures in R47H-hTREM2 499 

Microglia  500 

Our results so far showed that the R47H mutation enhances proinflammatory microglial 501 

responses in human AD and in female mouse tauopathy brains. We next investigated how the 502 

R47H mutation affects the microglial response to TAU by treating hTREM2R47H/+ and mTrem2+/+ 503 

primary microglia with TAU fibrils. Compared to mTrem2+/+ microglia, TAU fibril stimulation 504 

upregulated genes enriched in several signaling pathways in hTREM2R47H/+ microglia (Fig. 5, A 505 

and B). The cytokine–cytokine receptor interaction pathway was one of the top pathways altered 506 

by hTREM2R47H/+ (Fig. 5B), in agreement with our observation in female P301S hTREM2R47H/+ 507 

mice (Fig. 3J). Homozygotic hTREM2R47H/R47H microglia also exhibited similar exacerbation of 508 

cytokine response to TAU fibrils compared with mTrem2+/+ microglia (fig. S9, A and B).  509 

Moreover, TREM2-associated pathways, including TNF, NF-kB and AKT signaling, were again 510 

predicted to be activated in both hTREM2R47H/R47H (fig. S9C) and hTREM2R47H/+microglia (fig. S9, 511 

D and E), similar to our observations in our tauopathy mouse model and human AD tissues (Fig. 512 

5C). 513 

Next, we directly tested the extent to which AKT signaling contributes to exaggerated 514 

inflammatory responses in TAU-treated hTREM2R47H/+ microglia. We acutely inhibited AKT in 515 
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hTREM2R47H/+ microglia cultures with MK-2206, an allosteric AKT-specific inhibitor (43) before 530 

incubation with TAU fibrils. Transcriptomic analysis showed that MK-2206 specifically inhibited 531 

the AKT pathway (fig. S9F). Transcriptomic analysis demonstrated that, out of 1,578 DEGs 532 

between hTREM2R47H/+ and mTrem2+/+ microglia treated with TAU fibrils, 318 of them were 533 

reversed towards mTrem2+/+ control amounts upon AKT-inhibition (green columns, Fig. 5D, tables 534 

S8 and S9). These genes were enriched in pathways related to cytokine–cytokine receptor 535 

interaction (Fig. 5, E and F). Indeed, MK-2206 resulted in a predicted decrease in TNF signaling 536 

(fig. S9G). These transcriptional changes were further confirmed by measuring secreted cytokines 537 

in response to TAU fibrils with a multiplex immunoassay. Out of the 19 cytokines altered by the 538 

R47H mutation, 7 of them were rescued by MK-2206 (Fig. 5G). These results suggest that at both 539 

the RNA and protein levels, hyperactivation of AKT signaling mediates a portion of the R47H-540 

induced pro-inflammatory signatures in response to TAU pathology.  541 

 542 

Inhibition of AKT Signaling Rescues Synaptic Toxicity and Abolished the Proinflammatory 543 

Microglial Subpopulation in R47H Tauopathy Mice 544 

To test the effects of AKT-inhibition on tauopathy-induced toxicity in vivo, we treated mice 545 

with MK-2206. Pharmacokinetic studies of MK-2206 in mice showed that the drug can readily 546 

enter the brain and maintain a stable concentration 18 hours after injection (Fig. 6A). For sustained 547 

treatment, MK-2206 was administered three times per week via oral gavage for 4-weeks. Brain 548 

target engagement was confirmed by western blot showing reduction of phospho-AKT normalized 549 

to AKT expression with MK-2206 treatment compared to vehicle control (Fig. 6B). We then 550 

treated 6–7-month-old female hTREM2R47H/+ tauopathy mice with MK-2206 and quantified 551 

protein expression of hippocampal synaptophysin, a presynaptic marker previously found to be 552 
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reduced in P301S  tauopathy mice compared to non-tauopathy controls (37). We found that chronic 571 

MK-2206 treatment rescued the loss of synaptophysin in the hippocampus of P301S hTREM2R47H/+ 572 

mice compared to vehicle-treated controls, confirmed by both western blot and IHC of the 573 

hippocampal CA3 region (Fig. 6, C-F). These findings provide direct evidence that hyperactivation 574 

of AKT signaling downstream of TREM2 signaling could underlie synaptic toxicity in tauopathy 575 

mice. 576 

To further dissect the effects of MK-2206 on microglia, we performed snRNA-seq of 577 

hippocampi from this cohort. 218,320 total nuclei were sequenced, with 198,741 nuclei analyzed 578 

after pre-processing (fig. S10). 9,854 nuclei expressed microglial markers (fig. S10, A and B), 579 

from which we identified 4 subclusters (Fig. 6G, table S10). Microglial subcluster 1 (MG1), the 580 

homeostatic cluster, was most enriched in non-transgenic mTrem2+/+ mice and reduced in vehicle-581 

treated P301S hTREM2R47H/+ mice (Fig. 6, H and I). Meanwhile, the MG4 subcluster was observed 582 

almost exclusively in vehicle-treated P301S hTREM2R47H/+ mice (Fig. 6, H and I). Nine weeks of 583 

MK-2206 treatment eliminated the MG4 subcluster in P301S hTREM2R47H/+ mice, suggesting that 584 

AKT activation is required for inducing the tauopathy-dependent MG4 subcluster (Fig. 6, H and 585 

I). Microglia in this subcluster expressed markers reminiscent of DAMs (Fig. 6J), with enrichment 586 

of genes involved in inflammatory response pathways, including TNFa signaling and interferon 587 

pathways (Fig. 6K), consistent with our scRNA-seq and bulk-tissue RNA-seq analyses in P301S 588 

hTREM2R47H/+ mice (Fig. 3G, Fig. 4D). Taken together, our findings establish that AKT-dependent 589 

microglial responses underlie the disease-enhancing proinflammatory properties of the R47H 590 

mutation in tauopathy. 591 
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Compelling human genetic studies strongly suggest that maladaptive innate immune responses are 603 

associated with elevated risk of developing late-onset AD. Recent single-cell transcriptomic 604 

findings suggest that a subpopulation of microglia is enriched in response to AD-related 605 

pathologies (DAM or MGnD) (13, 14). Nevertheless, among the DAM signature genes, the 606 

identity of those that are disease-enhancing microglial genes (DEMs), disease-mitigating 607 

microglial genes (DMMs), or mere bystanders remains elusive. As the strongest immune-specific 608 

risk gene, the R47H-TREM2 variant provides a unique model to help define drivers for DEMs in 609 

AD. Through single-nuclei transcriptomic analysis of mid-frontal cortical tissues from 46 patients 610 

with AD carrying the R47H or CV variant of TREM2, we uncovered a microglial subpopulation 611 

enriched in AD R47H-TREM2 carriers. This subpopulation had transcriptomic signatures 612 

reminiscent of DAMs and had predicted enhancement of TREM2 signaling, including AKT 613 

hyperactivation. To identify the mechanistic drivers for the disease-enhancing property of R47H 614 

microglia, we established the R47H-hTREM2 knock-in tauopathy mouse model. We showed that 615 

the R47H microglia in mouse tauopathy similarly exhibited a heightened inflammatory state and 616 

TREM2 signaling as those in human AD brains. Importantly, inhibition of AKT diminished TAU-617 

induced inflammatory responses in R47H microglia and protected against synaptic loss in R47H 618 

tauopathy mice, establishing an essential role of microglial AKT hyperactivation in driving the 619 

toxic effects of DEMs in tauopathy. 620 

In previous studies in amyloid mouse models, the homozygotic R47H mutation was found to 621 

dampen the microglial response to amyloid pathology, and correlated with increased neurotoxicity 622 

(20, 25). Paradoxically, in a tauopathy mouse model, the homozygotic R47H mutation was shown 623 

to be neuroprotective against neurodegeneration (26). Our current study provides evidence that the 624 

heterozygotic R47H mutation is disease-enhancing in the presence of TAU pathology. Whereas 625 
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the R47H mutation did not impact general microglial functions such as phagocytosis and response 634 

to acute injury, the mutation exacerbated tauopathy-induced spatial learning and memory deficits 635 

in female tauopathy mice without affecting other cognitive domains, such as locomotion or 636 

anxiety. Importantly, this enhanced toxicity in our tauopathy model was not due to differences in 637 

TAU-pathology load. Instead, transcriptomic profiling revealed that the toxic effects of R47H-638 

hTREM2 on TAU-mediated cognitive deficits in female mice were associated with substantial 639 

transcriptional changes, particularly involving increased expression of pro-inflammatory genes. 640 

Meanwhile, the lack of toxic cognitive effects of R47H in male tauopathy mice was associated 641 

with few transcriptional changes. These findings support the notion that R47H-induced cognitive-642 

deficits are driven by disease-enhancing microglial responses to stimuli including pathogenic 643 

TAU, but not by directly influencing TAU load itself. 644 

Previous bulk-tissue RNA-seq analyses of AD R47H-TREM2 brains yielded inconsistent 645 

findings. Although reduced microglial activation signatures (AIF1 and IRF8) were observed in one 646 

bulk-tissue RNA-seq study (24), a more recent study showed that pro-inflammatory immune 647 

networks and pathways are activated in TREM2 R47H AD brains compared with non-R47H AD 648 

(44). By using snRNA-seq, we were able to dissect the changes in the microglial-specific 649 

transcriptome at a higher-resolution. In addition, given the complexity of microglial states, the 650 

small number of alternations identified by bulk RNA-seq may not be able to capture the complexity 651 

of these diverse microglial activation states in human AD brains (45). A recent study showed that 652 

snRNA-seq is insufficient to capture microglial heterogeneity in human brain tissues, especially 653 

in detecting disease-associated activation genes (34). Our human snRNA-seq analysis was able to 654 

capture these heterogenous microglial states, as we included almost five times the number of 655 
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microglia with a much greater number of genes sequenced per nuclei compared to the previously 684 

published results (56).  685 

We showed that R47H-TREM2 in human AD and in tauopathy mice exhibited heightened 686 

proinflammatory states, a diminished homeostatic signature, and an enrichment of DAM signature 687 

genes. These findings contrasted with data in Trem2-deficient microglia in amyloid and TAU 688 

mouse models, which exhibit microglia in homeostatic states with blocked induction of 689 

DAM/MGnD signatures (13, 14). Thus, heterozygotic R47H mutation does not phenocopy 690 

complete TREM2 deficiency, which results in Nasu-Hakola disease in humans. Although our 691 

findings are distinct from studies using homozygous R47H-hTREM2 in 5XFAD mice (25) and in 692 

P301S mice (26), the heterozygotic R47H-microglia from our tauopathy mice shared similar 693 

features to the R47H-associated human microglia, including similar enhancement of the TREM2-694 

AKT-cytokine signaling and pro-inflammatory signatures. This distinction between the 695 

homozygous and heterozygous mutation is important, given that the vast majority of R47H carriers 696 

in AD are heterozygotes, and we previously demonstrated that Trem2 haploinsufficiency can have 697 

opposing effects on TAU pathology and microglial activation compared with mTrem2–/– (16).  698 

AD has been shown to have sex-dependent differences, including in incidence, prevalence, 699 

pathological findings, and disease progression rates (46-49). The sex-specific effects of R47H-700 

hTREM2 uncovered in our behavioral tests and transcriptomic studies in both mouse and human 701 

may be mediated by the differences between male and female microglial transcriptomes (50-52). 702 

Indeed, the R47H mutation led to disease-enhancing effects only in female mice. The lack of 703 

detrimental effects of R47H on male tauopathy mice is consistent with a recent study in which 704 

only male mice were used (26). Although we observed sex-specific alterations induced by R47H 705 

in both human AD brains and mouse tauopathy mice, there are important distinctions between the 706 
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two conditions. Because our human samples came from patients with matched Cognitive Dementia 720 

Ratings, the distinct pathways induced by R47H microglia in male versus female samples reflect 721 

sex-specific responses to similar disease states. In contrast, age-matched male and female 722 

tauopathy mice exhibited different degrees of cognitive impairment, which could have contributed 723 

to the sex-specific effects of R47H in mouse tauopathy. Further longitudinal studies in both male 724 

and female tauopathy mice with matched disease and cognitive states are needed to correlate with 725 

the observations seen in our human samples. 726 

In a previous study, induction of the MGnD-state by TREM2, including upregulation of Apoe, 727 

has been shown to be sex-specific (13). APOE4 increases risk for late-onset sporadic AD to a 728 

greater extent in females (53, 54), and female APOE4 knock-in mice have spatial memory deficits 729 

not seen in males (55). Microglia-derived APOE is a major source of plaque-associated APOE and 730 

is thought to be the driver of neurodegeneration in tauopathy mouse models (56, 57), suggesting 731 

that sex-specific differences in microglia may impact the sex-dependent effect of APOE4 in AD 732 

pathogenesis (58). However, how R47H-TREM2 and different APOE genotypes might interact to 733 

affect microglial function is unknown. Our analysis did not stratify by APOE genotype due to the 734 

limited number of human brain samples. Another limitation of the current study is that our mouse 735 

model expressed mouse Apoe, which differs substantially from human APOE. Further studies are 736 

needed to confirm and extend our observations related to the sex-differences induced by the R47H 737 

mutation and to investigate the effects of different APOE isoforms. 738 

Using a small molecule inhibitor of AKT, MK-2206, we uncovered that AKT hyperactivation 739 

underlies the proinflammatory response and synaptic toxicity of R47H microglia in tauopathy. In 740 

cultured R47H microglia stimulated by TAU fibrils, we showed that MK-2206 corrected a 741 

substantial portion of the genes altered by R47H, including genes involved in the TNFa signaling 742 
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pathway. Furthermore, chronic MK-2206 treatment abolished the tauopathy-induced DAM 754 

subpopulation while rescuing synaptic toxicity in vivo, suggesting the therapeutic potential of 755 

AKT inhibitors to reprogram disease-enhancing microglial states to reverse tauopathy-induced 756 

toxicity. MK-2206 potently inhibits AKT1 and AKT2, and to a lesser extent, AKT3. A limitation 757 

of the current study is that we did not establish isoform-specific roles of AKT nor did we address 758 

whether microglia-specific AKT is sufficient to reverse the tauopathy-induced toxicities. By 759 

exploring the disease mechanisms underlying the R47H-TREM2 variant in human and mouse, we 760 

discovered an essential driver of the disease-enhancing properties of microglia, which opens new 761 

avenues for developing microglia-targeted therapies in AD.  762 
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Materials and Methods 792 

Study Design  793 

The purpose of this study was to uncover the disease-enhancing pathways induced by the R47H-794 

TREM2 mutation in AD. We used sequencing analysis of human patient brain samples as well as 795 

characterized a newly-developed tauopathy mouse model expressing the R47H-TREM2 mutation. 796 

Because the mutation is specifically expressed in microglia and increases the risk of late-onset 797 

AD, we hypothesized that the mutation would exacerbate spatial memory deficits in our tauopathy 798 

mouse model. We also hypothesized that this functional change would be correlated with unique 799 

transcriptomic changes in microglia, including alterations in downstream TREM2 signaling. 800 

Sample sizes for experiments were based on extensive prior experience with variability within the 801 

mouse lines and for each experimental assay (16). For human tissue, sample size was based on 802 

availability of tissue given the rarity of the mutation. For all experiments aside from behavioral 803 

assays and sequencing, we used GraphPad Prism's outlier analysis to determine whether any 804 

samples were outliers and if so, they were excluded from that analysis. For behavioral assays, mice 805 

that were unable to perform the assay were excluded from that behavioral assay. For bulk-tissue 806 

RNA-Seq, three samples were excluded from further analysis based on hierarchical clustering 807 

algorithms. For snRNA-seq of human tissues, we focused our analysis on tissue from patients with 808 

AD and removed the 8 non-AD samples as well as one AD CV-TREM2 sample where we were 809 

only able to capture 24 microglial cells (0.056%). We also removed genes expressed in no more 810 

than 3 cells, cells with unique gene counts over 9,000 or less than 300, cells with unique molecular 811 

identifiers (UMI) count over than 50,000, and cells with high fraction of mitochondrial reads (> 812 

5%). Potential doublet cells were predicted using DoubletFinder for each sample separately with 813 

high confidence doublets removed. For scRNA-seq of mouse microglia, we used the following 814 
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criteria to filter out cells with low sequencing quality: The distribution of total reads (in logarithmic 817 

scale) was fitted by a truncated Cauchy distribution, and data points in two tails of the estimated 818 

distribution were considered as outliers and eliminated. Fitting and elimination were then applied 819 

to the remaining data. This process was run iteratively until the estimated distribution became 820 

stable. The threshold was set to the value where the cumulative distribution function of the 821 

estimated distribution reaches 0.05. Cells with small numbers of detected genes and poor 822 

correlation coefficients for ERCC (low sequencing accuracy) were dropped. 1,424 cells were 823 

retained for downstream analysis after filtering from 1,480 cells. Based on convention and due to 824 

high costs, RNA-seq experiments were performed once. Behavioral experiments were performed 825 

on two independent cohorts. All other experiments had at least three biological replicates. Mice 826 

were randomly assigned to groups for all behavioral assays and sequencing studies. Researchers 827 

were blinded during all experimental procedures and analyses. 828 

Statistical Analysis 830 

Data were analyzed with GraphPad Prism v.7 (GraphPad Software, San Diego, California USA, 831 

www.graphpad.com), STATA12 (StataCorp. 2011. Stata Statistical Software: Release 12. College 832 

Station, TX: StataCorp LP), or R (59). A multilevel mixed-effects linear regression model fitted 833 

with STATA12 was used to analyze latency in the Morris water maze. R was used to calculate the 834 

area under the curve for cumulative search errors in the Morris water maze. Outliers were removed 835 

with Prism’s outlier analysis algorithm. All statistical details can be found in the figure and figure 836 

legends. P < 0.05 and FDR < 0.05 was considered statistically significant, unless otherwise noted. 837 

All values are expressed as mean ± SEM, unless otherwise noted. A subset of mice from the 838 

behavior cohort was randomly selected for snRNA-seq and bulk RNA-seq studies. Data and 839 

visualizations were done using ggplot2 (60). 840 

841 
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CRISPR/Cas9-mediated knock-in of the common variant 923 
(CV) or R47H human TREM2 cDNA in place of mTrem2 was 924 
done by injecting embryos with Cas9, short-guide RNA 925 
(sgRNA), and donor vectors (generated by PNA Bio). The 926 
human TREM2 cDNA sequence was flanked on each side by 927 
1-kb homology arms for the mTrem2. The sequences are as 928 
follows: Trem2 targeted region 929 
5´CCTGCTGCTGATCACAGGTGGGA and sgRNA 930 
sequence (antisense) 931 
5´TCCCACCTGTGATCAGCAGCAGG. Potential off-target 932 
genes were identified with CRISPR off-target prediction 933 
software (http://www.crispor.tefor.net). There were no 934 
predicted off-targets for 1- or 2-basepair mismatches. CV 935 
hTREM2 and R47H hTREM2 lines were maintained 936 
independently and backcrossed to nontransgenic C57BL/6 937 
mice for two to three generations, then crossed to 938 
Cx3cr1GFP/GFP or P301S mice. Cx3cr1GFP/GFP 939 
(https://www.jax.org/strain/005582) were crossed with CV or 940 
R47H hTREM2 knock-in lines to obtain 941 
Cx3cr1GFP/+hTREMR47H/+, Cx3cr1GFP/+hTREM2CV/+, and 942 
Cx3cr1GFP/+mTrem2+/+ littermates for both lines. P301S 943 
transgenic mice (https://www.jax.org/strain/008169) were 944 
crossed with CV or R47H hTREM2 knock-in mice to 945 
generate P301S hTREM2R47H/+ and littermate P301S 946 
mTrem2+/+ mice, as well as P301S hTREM2CV/+ and 947 
littermate P301S mTrem2+/+ mice. Mice of both sexes were 948 
used, and analyses based on sex are included in the main and 949 
supplementary figures. Mice underwent behavioral testing at 950 
7 to 9 months of age and had not been used for any other 951 
experiments. At 8 to 9 months of age, the same mice were 952 
used for pathology and RNA-seq studies after completion of 953 
behavioral tests. Cx3cr1GFP/+ mice for in vivo imaging were 954 
studied at 12 to 17 months of age. For MK-2206 in vivo 955 
treatment, mTremR47H//+ and P301S mTremR47H//+ female mice 956 
at 7-8 months were used. All mouse protocols were approved 957 
by the Institutional Animal Care and Use Committee, 958 
University of California, San Francisco and Weill Cornell 959 
Medicine.  ¶960 
Human Postmortem Samples¶961 
Tissues from the mid-frontal cortices from brains of AD 962 
donorspatients with AD carrying the R47H mutation (n=24, 963 
13 females and 11 males) and or the common variant (CV) (n 964 
= 22; 11 females and 11 males) were used for single-nucleisn 965 
RNA-sequencing, for a total of 46 samples. Samples were 966 
matched in age, TAUtau and amyloid pathology burden, and 967 
Clinical Dementia Ratings. Samples were obtained from the 968 
University of Pennsylvania brain bank and the Mayo Clinic 969 
brain bank and derived from several different studies: State of 970 
Florida Alzheimer’s Disease Initiative (ADI), Alzheimer’s 971 
cases derived from the Mayo Clinic (ADC), and cases 972 
obtained from outside sources, usually because of atypical 973 
clinical syndromes (such as corticobasal syndrome, frontal 974 
lobe dementia or progressive aphasia), but AD as the 975 
underlying pathology (Consult). Mayo Clinic brain bank 976 
operates under procedures approved by the Mayo Clinic 977 ... [1]
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Figure Legends: 1606 

Fig. 1. R47H Mutation Induces Cell Type- and Sex-Specific Transcriptional Changes in 1607 

Brains of Patients with AD. 1608 

(A) Schematic showing the sex and genotypes of age-matched human donors used for snRNA-1609 

seq. n = 263,672 nuclei were isolated from the mid-frontal cortex of patients with AD carrying the 1610 

CV-TREM2 variant (n=22) and patients with AD carrying the R47H-TREM2 variant (n=24). Purple 1611 

and turquoise cartoons denote females and males, respectively. See also table S1. 1612 

(B) UMAP plots of all single nuclei and their annotated cell types. Peri/EC = pericyte/endothelial 1613 

cells, OPC = Oligodendrocyte precursor cells. 1614 

(C) Proportion of cell types for each of the 4 genotypes.  1615 

(D) Number of DEGs between R47H vs. CV samples for each cell type and each sex. FDR<0.05. 1616 

See also table S3. 1617 

(E) Binary plot indicating whether a gene (column) is a DEG or not in a given cell type (rows) or 1618 

in each sex (pink: female; blue: male; purple: overlapping in both sexes) (n=2,219 DEGs). 1619 

(F and G) Volcano plots of significant DEGs (FDR < 0.05) between R47H-TREM2 and CV-1620 

TREM2 samples in females (F) and males (G). Genes overlapping with DAM signatures 1621 

highlighted (14). See also table S3. 1622 

(H and I) Bar plots of Gene Ontology pathways enriched in DEGs identified in F and G for 1623 

female (H) and male (I) samples. Dashed line indicates the threshold of significant enrichment 1624 

for the pathway analysis (-Log10(FDR) ≥ 1.3). 1625 

See also fig. S1 and tables S1-S3.   1626 

 1627 

Figure 2. R47H Mutation Increases TREM2-Signaling in a Unique Microglia Cluster in 1628 

Brains of Patients with AD. 1629 
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 (A) UMAP of microglia subclusters for all nuclei. MG = microglia, MAC = macrophage, N = 1636 

neuron, OG = oligodendrocyte.  1637 

(B) Dot plot of selected marker genes expressed by each subcluster identified in (A). 1638 

(C) Boxplot of proportion of microglia subcluster per genotype. *p=0.048, negative binomial 1639 

generalized linear model adjusted for brain bank location, sex, age, and APOE genotype.  1640 

(D) Heatmap of gene set enrichment analysis results (GSEA) for subcluster gene signatures. Colors 1641 

denote positive enrichment (+1, red) or negative enrichment (-1, blue) multiplied by the -log10(p-1642 

value). Comparison datasets used are the following: Olah (32), Zhou (24), DAM (14), Thrupp (34), 1643 

HAM (33), Mathys (21). *p<0.05, ****p<0.0001. 1644 

(E) Volcano plot of significant DEGs (FDR < 0.05) between MG4 and all other clusters. Genes 1645 

overlapping with DAM signatures highlighted (14). See also table S4. 1646 

(F) Bar plot of GSEA Hallmark pathways based on the unique, non-overlapping markers for 1647 

MG4 identified in (E). Dashed line indicates the threshold of significant enrichment for the 1648 

pathway analysis (-Log10(FDR) ≥ 1.3). 1649 

(G) IPA of genes involved in TREM2 signaling based on MG4 gene signatures identified in (E).  1650 

(H) Diagram of the NF-kB and AKT activation network predicted by IPA upstream regulator 1651 

analysis in (G).  1652 

See also fig. S2, fig. S3, and table S4. 1653 

 1654 

Figure 3. R47H-hTREM2 Increases Inflammatory Signatures and Exacerbates Spatial 1655 

Learning and Memory Deficits in Female Tauopathy Mice  1656 
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 (A) The human TREM2 donor vector was designed with two 1-kilobase long arms homologous to 1657 

mTrem2 flanking CV or R47H hTREM2 cDNA sequence. When inserted into the genome, 1658 

hTREM2 cDNA is driven by the endogenous mTrem2 promoter. 1659 

(B) Representative western blot of RIPA-soluble cortical lysates from 8-9-month-old mice 1660 

immunoblotted for hTREM2 and b-actin. Lane 1=mTrem2-/-, Lanes 2-3=mTrem2+/+. 1661 

(C) Quantification of hTREM2 normalized by b-actin of the entire cohort by western blot. 1662 

Student’s two-tailed t-test.  1663 

(D) Quantitative real-time PCR analysis of cortical tissue from 3-4-month-old mice for hTREM2 1664 

mRNA. Samples were run in triplicate, and averages of the three wells were used for 1665 

quantification. 2-ddCT calculation method used, normalized to Gapdh and relative to hTREM2CV/+. 1666 

Each dot represents the average of three wells from one mouse. Two-tailed Mann-Whitney U-test 1667 

comparing CV/+ and R47H/+. 1668 

(E) Bar plot of normalized mTrem2 RNA expression of bulk hippocampal tissue from 8–9-1669 

month-old P301S hTREM2R47H/+ and P301S hTREM2CV/+ mice. Student’s two-tailed t-test.  1670 

(F) Volcano plot of bulk RNA-seq data of hippocampal tissue from female P301S hTREM2CV/+ 1671 

and line-specific female P301S control. Vertical dashed lines indicate log2FC ± 1. Horizontal 1672 

dashed line indicates -log10(0.05). Wald test used. (n = 3 mice for P301S; n = 6 mice for P301S 1673 

hTREM2CV/+). 1674 

(G) Volcano plot of bulk RNA-seq data of hippocampal tissue from 8–9-month-old female P301S 1675 

hTREM2R47H/+ mice and line-specific female P301S littermate controls. Blue dots are genes with 1676 

significantly higher normalized counts in P301S controls than in P301S hTREM2R47H/+ samples 1677 

(28 mRNAs). Red dots are genes with significantly higher normalized counts in P301S 1678 

hTREM2R47H/+ samples than P301S controls (94 mRNAs). Highlighted upregulated genes are 1679 
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disease-associated microglial (DAM) genes and genes involved in inflammation whereas 1687 

highlighted downregulated genes are the most significantly downregulated genes. Vertical dashed 1688 

lines indicate log2FC ± 1. Horizontal dashed line indicates -log10(0.05). Wald test used. (n = 3 1689 

mice for P301S; n = 5 mice for P301S hTREM2R47H/+). See also table S5. 1690 

(H) Volcano plot of bulk RNA-seq data of hippocampal tissue from male P301S hTREM2R47H/+ 1691 

and line-specific male P301S littermate controls. Blue dots are genes with significantly higher 1692 

normalized counts in P301S controls than P301S hTREM2R47H/+ samples (3 mRNAs). Vertical 1693 

dashed lines indicate log2FC ± 1. Horizontal dashed line indicates -log10(0.05). Wald test used. 1694 

(n = 2 mice for P301S; n = 5 mice for P301S hTREM2R47H/+).  1695 

(I) Heatmap of results from WGCNA of bulk RNA-seq data from (F and G), with only the 1696 

significant module associations shown (top number: Pearson correlation, bottom number: adjusted 1697 

p-value). Brown and cyan modules were the most significant. **p = 0.005, *p = 0.02. 1698 

(J) Top 5 enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways of genes in 1699 

brown and cyan modules from the WGCNA in (I). Colors of the bars represent the WGCNA 1700 

module. See also table S6. 1701 

(K and M) Latency to reach the platform during hidden trials (d1-d7) for female (K) and male (M) 1702 

hTREM2R47H/+ and P301S hTREM2R47H/+ and their mTrem2+/+ and P301S mTrem2+/+ littermate 1703 

control mice. **p=0.003, ****p=0.0001, STATA mixed-effects modeling. 1704 

(L and N) Cumulative search error for female (L) and male (N) hTREM2R47H/+ and P301S 1705 

hTREM2R47H/+ and their mTrem2+/+ and P301S littermate control mice. *U=9, p=0.0164, two-1706 

tailed Mann-Whitney U-test of area under the curve.  1707 

Behavioral data represent the combination of two behavioral cohorts that were run independently.  1708 

Values are mean ± SEM. See also fig. S4-S6. 1709 
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Figure 4. R47H-hTREM2 Enhances the Disease-Associated Microglia Population and 1714 

Elevates AKT Signaling 1715 

(A) t-SNE plot of all 1,424 microglial cells analyzed and clustered. (n = 3 mTrem2+/+, 2 1716 

hTREM2R47H/+, 1 P301S, 2 P301S hTREM2R47H/+, 8-month-old female mice).  1717 

(B) t-SNE plots based on clustering from (A) split by genotype. 1718 

(C) Ratio of cells in each cluster by genotype. ****p < 0.0001, two-sided Fisher’s exact test. 1719 

(D) Volcano plot of DEGs defining cluster 2 compared to cluster 1. See also table S7. 1720 

(E) Feature plots of transcript expression overlaid onto t-SNE of all microglial cells. Colored scale 1721 

bar denotes normalized expression level.  1722 

(F) Correlation scatterplot of DEGs in the microglial cluster 2 vs cluster 1 comparison (x-axis) 1723 

compared to disease-associated microglia (DAM/MGnD) versus homeostatic microglia (y-axis) 1724 

previously published (14). Red genes are TREM2-dependent. r = 0.7908, ****p < 2.2e-16, 1725 

Pearson’s correlation.  1726 

(G and H) Representative images of RNAscope using probes against C1qa (red) and Apoe (green) 1727 

of P301S (G) and P301S hTREM2R47H/+ (H) dentate gyrus sections. White triangles highlight 1728 

C1qa+;Apoe+ microglial cells. Dashed regions are zoomed in on the right side of the image. Scale 1729 

bar = 20 µm, 10 µm for zoomed images. 1730 

(I) Quantification of RNAscope images for percent of cells that are C1qa+;Apoe+ over total C1qa+ 1731 

cells. n = 9 sections, 3 mice for P301S; 12 sections, 4 mice for P301S hTREM2R47H/+. Student’s t-1732 

test, *p = 0.0254, t = 2.426, df = 19. 1733 

(J) IPA upstream regulator prediction for TREM2-signaling molecules based on cluster 2 markers 1734 

from (D). Bar color denotes -log10(pvalue).  1735 

(K) IPA AKT activated network determined in (J) and its downstream predicted targets. 1736 
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(L) Representative western blot of RIPA-soluble cortical lysates from 7- to 8-month-old mice 1743 

immunoblotted for phospho-AKT, AKT, and b-actin. Lane 1-3= P301S mTrem2+/+, Lanes 4-6= 1744 

P301S hTREM2R47H/+.  1745 

(M) Quantification of phospho-AKT levels normalized by total AKT levels of the entire cohort by 1746 

western blot (n = 8 P301S mice, n = 9 P301S/R47H/+ mice). Student’s two-tailed t-test, * P < 1747 

0.05. 1748 

Values are mean ± SEM. Each sequencing dataset represents one independent sequencing 1749 

experiment. See also fig. S7, fig. S8, and table S7. 1750 
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Figure 5. Pharmacological AKT-inhibition reverses TAU Fibril-induced Pro-inflammatory 1756 

Signature in R47H-hTREM2 Primary Microglia 1757 

(A) Venn diagram of differentially expressed genes between mTrem2+/+ and hTREM2R47H/+ 1758 

primary microglia with or without tau fibril stimulation. Red and blue numbers denote upregulated 1759 

and downregulated genes, respectively. (n = 3 biological replicates for all conditions).  1760 

(B) KEGG pathway enrichment analysis of the genes from (A) that were uniquely changed in 1761 

hTREM2R47H/+ microglia under TAU fibril stimulation conditions. Dashed line indicates the 1762 

threshold of significant enrichment for the pathway analysis (-Log10(FDR) ≥ 1.3). 1763 

(C) Heatmap comparing the IPA predicted activation z score of TREM2 signaling molecules for 1764 

all three models (Fig. 2, Fig. 4).      1765 

(D) Heatmap showing z scores of normalized expressions of 318 genes (adjusted p value < 0.05, 1766 

log2FC > 0.5 or < -0.5) that are changed by hTREM2R47H/+ compared to mTrem2+/+ and are 1767 

reversed towards control expression levels with MK-2206 treatment.  1768 

(E) KEGG pathway enrichment analysis of genes in heatmap from (D). Dashed line indicates the 1769 

threshold of significant enrichment for the pathway analysis (-Log10(FDR) ≥ 1.3). 1770 

(F) STRING network representation of the genes in the “Cytokine-Cytokine receptor interaction” 1771 

pathway from (E).  1772 

(G) Barplots of example cytokines measured by MAGPIX changed by hTREM2R47H/+ but reversed 1773 

back to normal protein expression levels by MK-2206. *p < 0.05, **p < 0.01, ***p < 0.001, ****p 1774 

< 0.0001, One-way ANOVA with Tukey's multiple comparisons correction. 1775 

See also fig. S9, table S8, and table S9.  1776 

Figure 6. Pharmacological AKT-inhibition reverses Tauopathy-induced Pro-inflammatory 1777 

Signature and Synapse Loss in R47H-hTREM2 Mice 1778 
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(A) MK-2206 concentrations in brain and plasma measured at different time points after oral 1783 

gavage administration in mice. n = 3 per mouse per time point. 1784 

(B) Quantification of western blot showing protein levels of phospho-AKT normalized to total 1785 

AKT in hippocampus of female hTREM2R47H/+ mice after 4 weeks of MK-2206 vs vehicle control 1786 

(Veh) treatment. n = 5 mice/condition. *p < 0.05, unpaired student t-test.  1787 

(C) Representative western blot of RIPA-soluble cortical lysates from 7- to 8-month-old 1788 

hTREM2R47H/+ and P301S hTREM2R47H/+ mice after 4-week MK-2206 vs vehicle treatment 1789 

immunoblotted for synaptophysin (top bands) and a-tubulin (bottom bands). Lane 1-3 = 1790 

hTREM2R47H/+ vehicle, Lanes 4-6 = hTREM2R47H/+ MK-2206, Lanes 7-9 = P301S hTREM2R47H/+ 1791 

vehicle, Lanes 10-12 = P301S hTREM2R47H/+ MK-2206. 1792 

(D) Quantification of synaptophysin normalized by a-tubulin levels of the entire cohort by western 1793 

blot. One-way ANOVA with Tukey’s multiple comparisons test. n = 5 mice/genotype/condition. 1794 

***p < 0.001. 1795 

(E) Representative images of synaptophysin immunostaining in CA3 hippocampal brain region of 1796 

hTREM2R47H/+ mice treated with vehicle, P301S hTREM2R47H/+ mice treated with vehicle, and 1797 

P301S hTREM2R47H/+ mice treated with MK-2206 for 9 weeks. Scale bar = 50 µm.  1798 

(F) Quantification of synaptophysin immunofluorescence in hTREM2R47H/+, P301S hTREM2R47H/+ 1799 

treated with vehicle, and P301S hTREM2R47H/+ treated with MK-2206 (n = 5 per genotype). 1800 

Pairwise linear mixed models. *p = 0.015, **p = 0.01. 1801 

(G) UMAP plots of 9,854 microglial single-nuclei analyzed and clustered.  1802 

(H) UMAP split by genotype and condition (Veh = vehicle, MK = MK-2206). (n = 4 mTrem2+/+, 1803 

3 hTREM2R47H/+ Veh, 4 hTREM2R47H/+ MK, 4 P301S hTREM2R47H/+ Veh, 4 P301S hTREM2R47H/+ 1804 

MK, 8-month-old female mice). 1805 
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(I) Ratio of cells in each cluster by genotype and condition. *p < 0.05, **p < 0.01, ****p < 0.0001, 1808 

One-way ANOVA with Tukey’s multiple comparisons correction within each subcluster.  1809 

(J) Volcano plot of DEGs with FDR < 0.05 defining cluster MG4 compared to all other clusters.  1810 

(K) Bar plot of GSEA Hallmark pathways enriched in MG4 markers identified in (J). Dashed line 1811 

indicates -Log10(FDR) ≥ 1.3. 1812 

See also fig. S10 and table S10. 1813 
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