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Abstract

The APOE4 allele is the strongest genetic risk factor for late-onset Alzheimer’s disease (AD). 

The contribution of microglial APOE4 to AD pathogenesis is unknown, although APOE has 

the most enriched gene expression in neurodegenerative microglia (MGnD). Here, we show in 

mice and humans a negative role of microglial APOE4 in the induction of MGnD response 

to neurodegeneration. Deletion of microglial APOE4 restores the MGnD phenotype associated 

with neuroprotection in P301S tau transgenic mice and decreases pathology in APP/PS1 mice. 

MGnD-astrocyte cross-talk associated with β-amyloid (Aβ) plaque encapsulation and clearance 

are mediated via LGALS3 signaling following microglial APOE4 deletion. In the brain of AD 

donors carrying the APOE4 allele, we found a sex-dependent reciprocal induction of AD risk 

factors associated with suppression of MGnD genes in females, including LGALS3, compared 

to individuals homozygous for the APOE3 allele. Mechanistically, APOE4-mediated induction 

of ITGB8-transforming growth factor-β (TGFβ) signaling impairs the MGnD response via 

upregulation of microglial homeostatic checkpoints, including Inpp5d, in mice. Deletion of Inpp5d 
in microglia restores MGnD-astrocyte cross-talk and facilitates plaque clearance in APP/PS1 mice. 

We identify the microglial APOE4-ITGB8-TGFβ pathway as a negative regulator of microglial 

response to AD pathology, and restoring the MGnD phenotype via blocking ITGB8-TGFβ 
signaling provides a promising therapeutic intervention for AD.
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Genome-wide association meta-analysis studies (GWASs)1, 2 and interactome investigation3 

identified microglia gene expression patterns to be strongly correlated with late onset 

Alzheimer’s disease (AD). We identified that neurodegenerative microglia (MGnD)4, also 

referred to as disease associated microglia5, are regulated by the reciprocal suppression of 

transforming growth factor β (TGFβ) and induction of apolipoprotein E (APOE) signaling in 

different neurodegenerative models including AD4. The APOE4 allele is a major genetic risk 

factor for late-onset AD and was previously shown to accelerate AD progression in humans 

and in mouse models6, 7, 8, 9, 10, 11. In the central nervous system, APOE is upregulated 

in MGnD4, 5. A recent report showed that deletion of APOE4 in astrocytes markedly 

reduced neurodegeneration in a mouse model of tauopathy12. Several studies investigated 

the molecular signature of microglia in mice globally expressing APOE410, 11; however, the 

cell-autonomous role of APOE4 expressed by microglia in the regulation of AD pathology 

has not been addressed.

Results

APOE4 impairs microglial response to neurodegeneration

To study the role of APOE variants in regulating the microglial signature, we sorted 

microglia from APOE3-knock-in (APOE3-KI) and APOE4-KI naïve mice at 4 months of 

age. Bulk RNA-sequencing (RNA-seq) analysis of isolated microglia identified significant 

upregulation of homeostatic genes in APOE4-expressing microglia compared to in APOE3-

expressing microglia at 4 months of age, including Tgfbr2, Inpp5d, Spi1 and Smad3 (Fig. 

1a,b and Supplementary Table 1). Epigenetic analysis of genomic DNA bound to lysine 9 

acetylated histone 3 (H3K9ac) by anti-H3K9ac chromatin immunoprecipitation sequencing 

(ChIP-seq) analysis of isolated microglia revealed that APOE4-expressing microglia 

displayed reduced chromatin acetylation compared to APOE3-expressing microglia 

(Extended Data Fig. 1a and Supplementary Table 1). Furthermore, genomic regions 

associated with a homeostatic microglia signature, such as Inpp5d, Havcr2 and Smad3, 

showed enrichment for H3K9ac in APOE4-expressing microglia compared to in APOE3-

expressing microglia (Extended Data Fig. 1b and Supplementary Table 1). To study the 

effect of APOE variants on the microglial response to acute neurodegeneration, we injected 

apoptotic neurons into the brains of APOE3-KI and APOE4-KI mice and sorted phagocytic 

and non-phagocytic microglia from the injection sites (Fig. 1c). Fluorescence-activated 

cell sorting (FACS) analysis of the injection site using the microglia specific marker 

FCRLS4, 13, 14 demonstrated impaired phagocytosis of dead neurons by FCRLS+CD11b+ 

APOE4-expressing microglia compared with APOE3-expressing microglia (Fig. 1d,e). 

APOE3-expressing phagocytic microglia showed induction of an MGnD profile compared 

to non-phagocytic microglia isolated from the same mice (Fig. 1f,g and Supplementary 

Table 1). APOE4-expressing phagocytic microglia, however, failed to induce an MGnD 

response of key genes, including Clec7a, Itgax, Lilr4b, Lpl, Lgals3, and Spp1 (Fig. 1g, 

Extended Data Fig. 1c–e, and Supplementary Table 1). Moreover, APOE4-expressing 

microglia failed to upregulate the expression of genes associated with phagocytosis, antigen 

presentation, interferon-γ (IFNγ) signaling and autophagosome maturation in response to 

phagocytosis of apoptotic neurons (Fig. 1h and Supplementary Table 1). Ingenuity pathway 

analysis (IPA) comparing phagocytic to non-phagocytic APOE3- and APOE4-expressing 
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microglia revealed a dysfunctional response of APOE4-expressing microglia to phagocytosis 

of dead neurons and antigen presentation (Extended Data Fig. 1f and Supplementary Table 

1). Immunostaining of microglia in the injection site showed accumulation of LAMP1+ 

lysosomes in IBA1+ APOE4-expressing microglia compared to in APOE3-expressing 

microglia (Fig. 1i,j). Furthermore, APOE4-expressing microglia demonstrated an impaired 

response to acute neurodegeneration and exhibited reduced phagocytic IBA1+ cell numbers 

in the injection site compared to APOE3-expressing microglia (Fig. 1i and Extended 

Data Fig. 1g,h). The reduction in LGALS3 immunoreactivity, a key MGnD marker4, 14, 

was also observed in APOE4 mice compared to APOE3 mice in response to apoptotic 

neurons (Fig. 1k,l). To address the cell-autonomous role of microglial APOE variants, we 

crossed Cx3cr1CreERT2 mice15 with APOE3-KIfl/fl (APOE3-conditonal knockout (cKO)) 

and APOE4-KIfl/fl (APOE4-cKO) mice, which were recently described and used to study 

the role of APOE variants in astrocytes in tauopathy12. APOE3-KIfl/fl and APOE4-KIfl/fl 

mice expressing Cx3cr1CreERT2/WT and Cx3cr1WT/WT genes were treated with tamoxifen 

at the age of 1.5 months to conditionally delete APOE variants in microglia. Of note, 

using Cx3cr1CreERT2 mice to delete microglia genes may also affect border associated 

macrophages (BAMs)16, albeit to a lesser extent as BAMs were shown to be continuously 

replenished from skull bone marrow unlike microglia17. FACS analysis of cells isolated 

from the injection site showed increased recruitment of FCRLS+CD11b+ microglia in 

APOE4-cKO mice compared to APOE4-KI mice (Fig. 1m,n). Deletion of microglial APOE4 
restored the expression of key MGnD genes and downregulation of homeostatic genes 

in response to phagocytosis of apoptotic neurons (Fig. 1o, Extended Data Fig. 1i, and 

Supplementary Table 1). Furthermore, LGALS3 immunoreactivity was increased in the 

injection site of APOE4-cKO mice compared to APOE4-KI mice (Fig. 1p,q). NicheNetR 

analysis of differentially regulated ligands in phagocytic microglia and their autocrine 

interactions with microglial receptors identified LGALS3 as one of the top ligands that 

is highly affected by APOE4 deletion (Extended Data Fig. 1i and Supplementary Table 1).

APOE4 impairs microglial response via PU.1

Spi1, also known as PU.1, binds SMAD3 to establish a homeostatic gene-regulatory-

landscape in microglia18. Importantly, low expression of PU.1 was suggested by a recent 

GWAS to be protective against AD19. To address whether high expression of Spi1 in 

APOE4-expressing microglia (Fig. 1a) maintains a homeostatic signature, we conditionally 

deleted microglial Spi1 in 2-month-old mice using an MGnD paradigm4 (Fig. 2a). Deletion 

of Spi1 in microglia enhanced expression of MGnD genes including Clec7a and Lgals3, 

whereas homeostatic genes were downregulated, including Tgfb1, Cd33 and Inpp5d (Fig. 2b 

and Supplementary Table 2). Moreover, by comparing Spi1 deletion and APOE4 deletion 

in phagocytic microglia (Fig. 1o), we identified common MGnD and homeostatic genes 

induced and downregulated, respectively, in both conditions (Fig. 2c). To validate the 

enhanced MGnD response to amyloid pathology, we crossed APP/PS1:Tmem119CreERT2 

to Spi1fl/WT mice to evaluate plaque pathology at 4 months of age after tamoxifen 

administration at 1.5 months of age (Fig. 2d,e). Microglial Spi1 deletion in APP/PS1 

mice resulted in reduction in plaque load and enhanced CLEC7A+ MGnD around plaques 

(Fig. 2d–g). RNA-seq analysis of microglia isolated from APP/PS1:APOE4-KI mice treated 

with PU.1 pharmacological inhibitors showed an induction of the MGnD signature and 
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suppression of homeostatic genes (Fig. 2h). Immunohistochemistry showed enhanced 

CLEC7A+ MGnD response and increased astrocytic activation, as determined by Serpina3n 

expression around Aβ-plaques (Fig. 2i–m and Supplementary Table 2). These findings 

indicate that APOE4 predisposes microglia towards a homeostatic signature that interferes 

with microglial responses to acute neurodegeneration, and targeting microglial APOE4 or 

PU.1 can restore MGnD induction.

Deletion of microglial APOE4 restores protective MGnD

Neurodegeneration is a pathological hallmark of AD pathology20, which is exacerbated in 

a mouse model of tauopathy expressing APOE412, 21. To dissect the impact of microglial 

APOE variants on tau-induced neurodegeneration, Cx3cr1CreERT2/WT:APOE3-KIfl/fl and 

Cx3cr1CreERT2/WT:APOE4-KIfl/fl mice were crossed to P301S mice, which develop tau 

pathology and neurodegeneration between 6 to 9.5 months of age22. These mice were 

treated with tamoxifen at the age of 1.5 months and evaluated at the age of 9 months (Fig. 

3a). Quantitative reverse transcription PCR (qPCR) analysis confirmed the deletion of the 

human APOE gene in microglia expressing Cx3cr1CreERT2 (Fig. 3b), with no significant 

difference in APOE immunoreactivity comparing P301S:APOE3-KI and P301S:APOE4-KI 

(Extended Data Fig. 2a,b). Microglia sorted from the brains of P301S:APOE3-KI mice at 

9 months of age demonstrated upregulation of key MGnD genes, including Clec7a, Lgals3 
and Itgax, and downregulation of TGFβ-signaling molecules, including Smad3 and Tgfb1, 
compared to microglia isolated from WT:APOE3-KI mice (Fig. 3c and Supplementary 

Table 3). By contrast, microglia from P301S:APOE4-KI mice showed reduced MGnD 

and an increased TGFβ-signaling signature compared to microglia from age-matched 

P301S:APOE3-KI mice (Fig. 3c and Supplementary Table 3). Immunohistochemistry 

confirmed decreased CLEC7A immunoreactivity in cortical microglia of P301S:APOE4-

KI mice, which exhibited increased tau hyperphosphorylation compared to age-matched 

P301S:APOE3-KI mice (Fig. 3d,e). In previous studies, brain regions of P301S:APOE4-

KI mice demonstrate marked neurodegeneration compared to P301S:APOE3-KI mice 

at 9.5 months of age, although the MGnD phenotype was similar between the two 

groups12, 21. We found that microglial APOE4 deletion was sufficient to restore CLEC7A 

immunoreactivity and the MGnD signature in P301S mice, which was associated with 

reduced tau hyperphosphorylation (Fig. 3d–f and Supplementary Table 3). To determine 

the effect of microglial deletion of APOE variants on neurodegeneration, we quantified 

neurons stained with Cresyl Violet in cortical layer 5, as previously described in tau mice23. 

P301S:APOE4-KI mice showed increased neuronal loss in cortical layer 5 compared to 

P301S:APOE3-KI mice, whereas neuronal loss was significantly reduced in P301S mice 

with a deletion in microglial APOE4 compared to age-matched P301S:APOE4-KI mice 

(Fig. 3g,h). These results suggest that microglial expression of APOE4 is important for 

the MGnD response to tau-mediated neurodegeneration in the cortex and its deletion in 

microglia delays neuronal loss.

Deletion of microglial APOE4 mitigates AD pathology in mice

To investigate the cell-intrinsic regulation of APOE4 in microglia, we used APP/PS1 

mice, which develop plaque pathology as early as 2 months of age24 crossed to 

Cx3cr1CreERT2/WT:APOE3-KIfl/fl and Cx3cr1CreERT2/WT:APOE4-KIfl/fl mice, referred as 
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APP/PS1:APOE3-cKO and APP/PS1:APOE4-cKO, respectively. These mice were treated 

with tamoxifen at the age of 1.5 months and evaluated at the age of 4 months to 

validate the deletion of human APOE in microglia (Fig. 4a,b). RNA-seq analysis of 

sorted microglia showed restoration of the MGnD signature in APP/PS1:APOE4-cKO 

mice compared to APP/PS1:APOE4-KI mice (Fig. 4c and Supplementary Table 4). To 

characterize microglial response in APP/PS1 mice, we performed single-cell RNA-seq 

(scRNA-seq) of brain cells isolated from APP/PS1:APOE4-KI and APP/PS1:APOE4-cKO 

mice. Unsupervised clustering identified six clusters showing microglia-like expression 

profiles (Extended Data Fig. 3a–c and Supplementary Table 4). To distinguish peripheral 

recruited myeloid cells and BAMs from microglia, we reclustered all microglia-like cells 

and identified Ms4a7+ and Mrc1+ macrophages25, 26 and Lyve1+ BAMs27, 28 (Extended 

Data Fig. 3d–f and Supplementary Table 4) and identified three major subtypes, which 

we labeled as (1) M0 (homeostatic microglia), which express Tmem119, P2ry12 and 

Gpr34, (2) MGnD, which express Clec7a, Lgals3 and Spp1, and (3) IFN microglia, 

which are enriched for Stat1, Irf7, and Ilfit1 (Extended Data Fig. 3f and Supplementary 

Table 4). An increased proportion of Clec7ahi/Lgals3hi MGnD was detected following 

microglial deletion of APOE4 in APP/PS1 mice (Fig. 4d,e, Extended Data Fig. 3g,h, and 

Supplementary Table 4). Importantly, Clec7ahiLgals3hi microglia exhibited an enhanced 

MGnD signature compared to Clec7ahiLgals3lo microglia in APP/PS1:APOE4-cKO mice 

(Fig. 4f and Supplementary Table 4). The proportion of CLEC7A+ and LGALS3+ microglia 

associated with Aβ plaques was significantly reduced in APP/PS1:APOE4-KI mice, 

despite the increased plaque pathology in APP/PS1 mice expressing APOE4 compared 

to APOE3 (Fig. 4g–j). Deletion of microglial APOE4 in APP/PS1 mice resulted in 

increased recruitment of CLEC7A+ and LGALS3+ MGnD to Aβ plaques (Fig. 4g–j). 

The restoration of an MGnD phenotype in APP/PS1:APOE4-cKO was accompanied by 

a significant reduction in HJ3.4B+ Aβ plaque pathology (Fig. 4k,l) and LAMP1+ dystrophic 

neurites (Fig. 4m,n). Notably, the immunoreactivity of LAMP1+ dystrophic neurites was 

enhanced in microglia with an APOE3 deletion (Fig. 4n). To study whether APOE4-

KI microglia display an altered metabolic profile, we performed lipidome analysis of 

sorted microglia from mice harboring APOE variants on APP/PS1 and wild-type (WT) 

backgrounds (Extended Data Fig. 4a). We detected increased levels of certain lipid species 

in APOE4-KI microglia compared to that observed in APOE3-KI microglia, which were 

more pronounced on the APP/PS1 background (Extended Data Fig. 4a and Supplementary 

Table 4). Immunohistochemistry confirmed the increased accumulation of Plin2+ lipid 

droplets in microglia in APP/PS1:APOE4-KI mice, which was reduced following the 

conditional deletion of APOE4 in microglia (Extended Data Fig. 4b,c). These results suggest 

a beneficial role of MGnD in limiting AD pathology, which is disrupted by APOE4 and the 

deletion of APOE4 in microglia is sufficient to restore MGnD response to phagocytic stress 

and neurodegeneration.

MGnD activates astrocytic plaque encapsulation via LGALS3

The impact of microglial APOE4 on astrocyte phenotype and function is unknown. scRNA-

seq analysis of brain cells isolated from APP/PS1:APOE4-KI vs. APP/PS1:APOE4-cKO 

mice identified two astrocyte clusters (3 and 5). Cluster 3 was enriched for reactive astrocyte 

genes, including Gfap, Vim, Cd9 and Serpina3n, compared to Cluster 529 (Fig. 5a, Extended 
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Data Fig. 5a,b, and Supplementary Table 5). Microglial APOE4 deletion further induced 

expression of Apoe, Ttr, Cd9, Vim, Gfap, and Serpina3n in Cluster 3 (Fig. 5b). Furthermore, 

microglial APOE4 deletion increased the ratio of GfaphiApoehi, GfaphiSerpina3nhi, 

GfaphiVimhi, and GfaphiCd9hi astrocytes (Fig. 5c and Extended Data Fig. 5c). IPA of 

astrocytes from APP/PS1:APOE4-cKO mice showed upregulation of metabolic pathways, 

including cholesterol biosynthesis, response to oxidative stress, HIF1α and IGF-1 signaling 

(Fig. 5d). Immunohistochemistry showed decreased GFAP immunoreactivity around Aβ 
plaques in APP/PS1:APOE4-KI mice compared to that observed in APP/PS1:APOE3-KI 

mice, whereas APP/PS1:APOE4-cKO mice restored GFAP immunoreactivity (Fig. 5e,f). 

Immunostaining for human APOE protein and GFAP validated the deletion of APOE 
in IBA1+ microglia of APP/PS1:APOE3-cKO and APP/PS1:APOE4-cKO mice, despite 

the detection of APOE immunoreactivity in plaques and astrocytes (Fig. 5e). Moreover, 

APOE immunoreactivity in GFAP+ astrocytes was also restored in APP/PS1:APOE4-cKO 

mice (Fig. 5e,g), confirming results from the scRNA-seq analysis (Fig. 5b). Furthermore, 

expression of Serpina3n in GFAP+ astrocytes was reduced in APP/PS1:APOE3-cKO and 

APP/PS1:APOE4-KI mice compared to in APP/PS1:APOE3-KI mice (Fig. 5h,i), whereas 

deletion of APOE4 in microglia increased Serpina3n expression in GFAP+ astrocytes 

encapsulating Aβ plaques (Fig. 5h). To address direct microglia-astrocyte cross-talk affected 

by APOE3 versus APOE4 alleles expressed in microglia, we transplanted phagocytic MGnD 

from APOE3-KI, APOE4-KI and APOE4-cKO donor mice injected with apoptotic neurons 

to WT naive mice (Fig. 5j and Supplementary Table 5). Astrocytes were isolated from 

the injection sites 16 h later and were analyzed by bulk RNA-seq. We found reduced 

expression of Serpina3n and Gfap in mice injected with APOE4-MGnD compared to 

APOE3-MGnD (Fig. 5k). Importantly, microglial APOE4 deletion restored their cross-talk 

with astrocytes (Fig. 5l and Supplementary Table 5). IPA identified IGF-1 as the most 

activated upstream regulator, whereas TGFβ1 was the top suppressed upstream regulator 

in astrocytes in response to APOE4-cKO MGnD (Fig. 5m). To determine whether microglia-

astrocyte cross-talk is affected by microglial APOE4 in the presence of amyloid pathology, 

we analyzed ligand-receptor interactions in APP/PS1:APOE4-cKO and APP/PS1:APOE4-

KI mice. Cross-talk analysis identified LGALS3 as the top microglial ligand interacting 

with astrocyte receptors after deletion of APOE4 in microglia (Fig. 6a and Supplementary 

Table 5). Of note, Lgals3 expression was absent in astrocytes (Supplementary Table 4). 

To determine whether LGALS3 can induce astrocyte activation, we treated APP/PS1 mice 

with 2 different doses of recombinant LGALS3 protein (rLGALS3) or with PBS, injected 

to the hippocampus and cortex in APP/PS1 mice at the age of 4 months. RNA-seq analysis 

of astrocytes 3 d after rLGALS3 injection showed upregulation of Serpina3n and Vim29 

in a dose-depended manner (Fig. 6b,c). rLGALS3 suppressed the astrocytic expression 

of Itgb8 and Itgav (subunits of integrin αvβ8)30 (Fig. 6b,c and Supplementary Table 5), 

which plays a critical role in TGFβ activation and microglia homeostatic maturation31. 

Immunohistochemistry of APP/PS1 mice 14 d after treatment with 100ng of rLGALS3 

demonstrated increased astrocyte association with Aβ plaques and reduced plaque load 

compared to APP/PS1 mice treated with PBS (Fig. 6d,e). To address the role of microglial 

APOE4 in the regulation of astrocytes in response acute and chronic neurodegeneration4, 

we analyzed astrocytes sorted from mice described in Fig. 1m–o using bulk RNA-seq and 

from P301S:APOE4-cKO mice described in Fig. 3, respectively. These astrocytes showed 
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marked overlap with Cluster 3 astrocytes from APP/PS1:APOE4-cKO mice, including 

reciprocal upregulation of Gfap, Serpina3n, Ttr, and Vim (Fig. 6f) and downregulation of 

Itgav and Tgfb1 (Fig. 6g, and Supplementary Table 5). NichNetR receptor-ligand analysis of 

microglia-astrocyte cross-talk in response to apoptotic neurons (Fig. 1m) identified LGALS3 

as the top ligand (Fig. 6h). Importantly, LGALS3-mediated interactions with astrocytes were 

reduced in APOE4-expressing microglia phagocytosing apoptotic neurons, compared to 

APOE3 microglia, whereas microglial APOE4 deletion restored these interactions (Fig. 6h–j 

and Supplementary Table 5). Importantly, the injection of rLGALS3 into APP/PS1:APOE4-

KI mice restored CLEC7A and GFAP induction and reduced plaque load (Fig. 6k,l). These 

findings support the critical role of MGnD expressing LGALS3 in promoting astrocytes 

activation and their recruitment to plaques.

Impaired MGnD and astrocyte activation in individuals carrying the APOE4 allele

To study the sex differences related to APOE4 in individuals with AD6, we used RNA-

seq analysis of whole human brains. We found a significant reduction in the expression 

levels of MGnD genes including CLEC7A, AXL, LYZ, CD300LG, HLA-DQB2 and an 

induction in expression of the upstream regulator of TGFβ signaling ITGB8 in the brains 

of male individuals with AD heterozygous for the APOE3 and APOE4 alleles (Fig. 7a and 

Supplementary Tables 6 and 7). Moreover, in line with a reduction of astrocyte activation 

in APP/PS1:APOE4-KI mice (Fig. 5), we found reduced expression of S100A, GFAP, VIM 
and LGALS3 in the brains of female individuals with AD heterozygous for the APOE3 
and APOE4 alleles (Fig. 7b,c and Supplementary Tables 6 and 7). Importantly, among 

the top genes upregulated in the brains of females with AD heterozygous for the APOE3 
and APOE4 alleles were several AD risk factors including ABCA7, IFNAR1, APP, BIN1, 
CD33 and HAVCR2 (Fig. 7b,d and Supplementary Table 6), the latter of which encodes 

the checkpoint molecule TIM3, one of the most promising new therapeutic approaches 

in cancer32, that was recently described in a GWAS as an AD risk gene2. In addition, 

the expression of SMAD3, a downstream adaptor of TGFβ signaling33, was upregulated 

in the brains of females with AD heterozygous for the APOE3 and APOE4 alleles (Fig. 

7b,d and Supplementary Tables 6 and 7). KEGG analysis showed enrichment of pathways 

associated with neurodegenerative diseases, reactive oxygen species, phagosome formation 

and proteolysis in females with AD that are homozygous for the APOE3 allele (Fig. 7e). 

Immunohistochemistry of cortical tissue from females with AD that are heterozygous for 

the APOE3 and APOE4 alleles confirmed the reduction in LGALS3 immunoreactivity 

and its colocalization with IBA1+ microglia associated with Aβ plaques (Fig. 7f,g and 

Supplementary Table 7). Analysis of publicly available human brain scRNA-seq data34 

showed increased expression of TGFβ-signaling genes and downstream AD risk factors, 

including INPP5D, in females that are heterozygous for the APOE3 and APOE4 alleles. 

Notably, the expression of MGnD genes, such as APOE, SPP1, HLA-DQB1 and LGALS3, 

were reduced in females that are heterozygous for the APOE3 and APOE4 alleles (Extended 

Data Fig. 6a). Importantly, we found a similar observation in an independent cohort 

described by Zhou et al.35 showing increased expression of SPI1, TGFB1 and GRN in 

microglia from the brains of individuals with AD that are heterozygous for the APOE3 
and APOE4 alleles (Fig. 7h and Extended Data Fig. 6b,c). Moreover, RNAscope analysis 

confirmed the increased expression of the homeostatic checkpoint gene INPP5D in IBA1+ 
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microglia in individuals with AD that are heterozygous for the APOE3 and APOE4 alleles 

compared to those that are homozygous for the APOE3 allele (Extended Data Fig. 6d,e). 

These findings in humans are in line with our previous results demonstrating enriched Spi1 
expression in APOE4-KI mice (Fig. 1a,b) and restoration of the MGnD signature following 

genetic deletion of Spi1 (Fig. 2a,b and Supplementary Table 2). Immunohistochemistry 

confirmed SMAD3 activation and phosphorylated SMAD3 (pSMAD3) immunoreactivity 

in IBA1+ microglia in females with AD that are heterozygous for the APOE3 and 

APOE4 alleles (Fig. 7i,j and Supplementary Table 7). We also confirmed that GFAP 

immunoreactivity associated with Aβ plaques was reduced in females that are heterozygous 

for the APOE3 and APOE4 alleles compared those that are homozygous for the APOE3 
allele (Fig. 7k,l and Supplementary Table 7). Analysis of public single-nucleus RNA-seq 

data35 of astrocytes from the brains of individuals with AD that are homozygous for 

the APOE3 allele and those that are heterozygous for the APOE3 and APOE4 alleles 

confirmed that the percentage of GFAPhi and SERPINA3+ astrocytes is increased in donors 

that are homozygous for the APOE3 allele compared to in those that are heterozygous for 

the APOE3 and APOE4 alleles (Fig. 7m and Extended Data Fig. 6f). Furthermore, the 

expression of astrocyte activation genes, including CST3, HSP90AB1 and ALDOC, was 

reduced, while TGFβ1-signaling-related genes, including TGFBR3, TGFB2 and ITGB8, 

were significantly increased in expression in individuals that are heterozygous for the 

APOE3 and APOE4 alleles (Fig. 7n). RNAscope analysis confirmed the induction of ITGB8 

in GFAP+ astrocytes in males with AD that are heterozygous for the APOE3 and APOE4 
alleles compared to those that are homozygous for the APOE3 allele (Extended Data Fig. 

6g–i). Furthermore, RNAscope showed reduced Itgb8 expression in astrocytes from APP/

PS1:APOE4-cKO mice compared to in those from APP/PS1:APOE4-KI mice (Extended 

Data Fig. 6j,k). Together, these findings show increased TGFβ signaling in APOE4 carriers, 

which may predispose the development of AD via the inhibition of MGnD and astrocytes 

response to neurodegeneration.

Targeting ITGB8 enhances MGnD response

To gain molecular insights into the role of APOE4-mediated induction of TGFβ signaling 

in AD brains, we genetically and pharmacologically inhibited ITGB8, which is critical for 

the activation of latent TGFβ136, in WT and APP/PS1 mice. ITGB8–TdTomato (Itgb8-tdT) 

reporter mice showed ITGB8 expression in cortical astrocytes37, mature oligodendrocytes, 

and oligodendrocyte precursors cells, but not in microglia, neurons, or endothelial cells 

(Extended Data Fig. 7), as previously reported38. Genetic deletion of Itgb8 specifically in the 

cortex in Emx1Cre:Itgb8fl/fl (Itgb8-cKO) mice showed a complete absence of homeostatic 

TMEM119+ microglia, while LGALS3 and CLEC7A were highly expressed in cortical 

microglia (Fig. 8a and Extended Data Fig. 8a–c). This mouse model allows for the 

investigation of the effect of Itgb8 deletion in the cortex and hippocampus, while the 

rest of the brain is not affected. We also observed increased GFAP immunoreactivity 

colocalized with CLEC7A+ MGnD in the cortex of Itgb8-cKO mice (Fig. 8b–d). RNA-

seq analysis of cortical microglia revealed an induction of MGnD-related genes (Apoe, 

Cd300ld, Cd74 and Axl), while the expression of homeostatic genes (Tmem119, Siglech, 

Mertk and Havcr2) were suppressed (Fig. 8e and Supplementary Table 8). Of note, 

cortical microglia in Itgb8-cKO mice did not express peripheral monocyte lineage gene 
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Ms4a339 (Supplementary Table 8). Functional characterization showed induced phagosome 

formation, antigen presentation, chemokine signaling, and IFNγ signaling in cortical 

microglia of Itgb8-cKO mice (Extended Data Fig. 8d). Additional characterization of 

microglia using the acute response to neurodegeneration via cranial injection of apoptotic 

neurons4 showed upregulation of antigen presentation- and IFNγ signaling-related genes in 

Itgb8-cKO mice compared to in control mice (Extended Data Fig. 8e–g and Supplementary 

Table 8). Furthermore, deletion of Itgb8 promoted microglial Aβ phagocytosis in response 

to acute cranial injection of Aβ (Extended Data Fig. 8h,i). Moreover, we found reduced 

SMAD3 phosphorylation and increased APOE immunoreactivity in Itgb8-cKO mice (Fig. 

8g–i). Using Cx3cr1Cre:Smad2/Smad3fl/fl mice, we confirmed that microglial Smad2/Smad3 
deletion results in the suppression of Tmem119 and enhanced expression of MGnD 

molecules, including Cd68 and Apoe, associated with astrocyte activation (Extended Data 

Fig. 9a–d). Gene expression profiles of cortical microglia from Emx1Cre:Itgb8fl/fl mice 

were correlated with Tgfbr2-cKO microglia (Fig. 8j) and previously published microglia 

transcriptomes from Nrros-KO40 and Smad2/Smad3-cKO mice (Extended Data Fig. 9e–h). 

Importantly, AD risk factor genes, including Bin1, Inpp5d and Havcr2, were reduced in 

expression in all datasets (Fig. 8j, Extended Data Fig. 9i–l, and Supplementary Table 8). 

The reproducibility in microglial gene expression profiles indicates that regional deletion of 

Itgb8 suppresses TGFβ signaling, leading to an induction of the MGnD phenotype.

Microglial Inpp5d deletion ameliorates pathology in AD mice

The induction of MGnD genes in microglia deleted from Itgb8, Tgfbr2, Nrros or Smad2/
Smad3 (Extended Data Fig. 9e–h) is associated with the suppression of AD risk factor 

genes, including Bin1, Havcr2 and Inpp5d1, 2 (Fig. 8j, Extended Data Fig. 9i–l, and 

Supplementary Table 8). In addition, APOE4-expressing microglia showed increased Inpp5d 
expression levels (Fig. 1a, Extended Data Fig. 6d,e) and enriched Inpp5d locus histone 

acetylation (Extended Data Fig. 1b). To address the impact of microglial-specific Inpp5d 
expression on AD pathology and MGnD response, we crossed Cx3cr1CreERT2/WT:Inpp5dfl/fl 

mice with APP/PS1 mice. Microglial deletion of Inpp5d induced the MGnD response in 

APP/PS1 mice (Extended Data Fig. 10a,b and Supplementary Table 8) associated with 

reduced Aβ plaque load, as determined by Thioflavin-S and HJ3.4B staining (Extended 

Data Fig. 10c,d,h,j). Moreover, deletion of Inpp5d in microglia showed increased CLEC7A 

and LGALS3 immunoreactivity in association with Aβ-plaques (Extended Data Fig. 10e–i). 

Importantly, Inpp5d deletion in microglia was sufficient to reduce LAMP1+ dystrophic 

neurites in APP/PS1 mice (Extended Data Fig. 10k–l). Furthermore, the increased 

MGnD response in association with Aβ plaques was accompanied by increased GFAP+ 

immunoreactivity following the deletion of microglial Inpp5d (Extended Data Fig. 10m,n). 

Similarly, recent studies showed that microglial deletion of Inpp5d protects against plaque-

induced neuronal dystrophy in transgenic AD mice41, 42. These results support the role of 

INPP5D as a microglial homeostatic checkpoint, and its deletion is beneficial in mitigating 

AD pathology via the induction of MGnD response.

Blocking ITGB8 signaling mitigates AD pathology in AD mice

To test whether enhanced microglia activation and phagocytosis can reduce pathological 

hallmarks of AD in adult APP/PS1 mice, we used a monoclonal neutralizing 
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antibody to ITGB8 (ADWA-11)43. Three days after injection in 4-month-old APP/PS1 

mice, microglia increased antigen-presentation and IFNγ signaling (Fig. 8k,l). 

Immunohistochemistry confirmed increased major histocompatibility complex class II+ 

(MHC II+) immunoreactivity around the injection site (Extended Data Fig. 8j,k). Moreover, 

14 d after injection, we found a significant decrease in Aβ plaque size (Fig. 8m,n) in 

mice treated with anti-ITGB8 compared to control-treated mice. In APP/PS1:APOE4-KI 

mice, treatment with monoclonal neutralizing antibody to ITGB8 restored the expression 

of CLEC7A and GFAP associated with reduced plaque pathology (Fig. 8o,p). Overall, 

these results strongly support a critical role of ITGB8-TGFβ signaling in the regulation 

of an MGnD response in AD pathology. Thus, pharmacological targeting of ITGB8-TGFβ 
signaling in AD can promote MGnD response and astrocyte activation and provide a novel 

approach for therapeutic modulation of innate immunity in AD and dementia.

Discussion

Several mechanisms have been proposed by which APOE4 increases the risk of developing 

AD, and most proposed mechanisms involve models harboring global APOE4 expression 

or astrocyte specific deletion10, 11, 12, 44. Here we show a cell-autonomous negative 

regulation of microglial APOE4 in the acquisition of MGnD phenotype in response to 

neurodegeneration. Induction of an MGnD response was restored in mice with tau and 

amyloid pathology in which microglial APOE4 was deleted, resulting in improved neuronal 

survival, reduction in plaque pathology and increased microglial and astrocytic association 

with Aβ plaques. Deletion of microglial APOE3 reduced CLEC7A expression to levels 

comparable to APOE4-KI in P301S mice. We recently showed impaired MGnD responses 

in APOE4-KI glaucoma mice, similarly to Apoe−/− mice14. Thus, microglial expression of 

APOE3 is critical for the induction of MGnD response to neurodegeneration, and its deletion 

accelerates neuronal loss, whereas deletion of microglial APOE4 favors neuroprotection 

in tau mice. In addition to the classical role of APOE in cholesterol transport, APOE4 

acquires a novel function in the nucleus, where it translocates and directly binds DNA 

to affect the transcription of genes associated with AD45, 46. Furthermore, microglial 

APOE4 shows increased nuclear localization in AD brains45. These results suggest that 

nuclear localization of APOE4 may directly repress the transcription of MGnD genes, a 

function absent in APOE3-expressing microglia, which is alleviated following the deletion 

of APOE4. Thus, APOE may have a dual role in controlling MGnD responses based on its 

subcellular localization, which may be altered in APOE4-expressing microglia, accounting 

for the different impact on neurodegeneration detected in tau mice following the deletion 

of microglial APOE3 compared to APOE4. Consistent with these findings, we found that 

the expression of the transcription factor PU.1 was upregulated in APOE4-KI microglia, 

and its deletion in microglia resulted in a robust induction of MGnD genes, including 

Lgals3. In the brains of individuals with AD that carry the APOE4 allele, we found a 

sex-dependent impairment of MGnD signature, with a pronounced reduction in astrocyte 

activation observed in females. Several AD risk factor genes, including CD33, BIN1, 
ABCA7, CR1, INPP5D and HAVCR22, 47, were enriched in the brains of females with AD 

that carry the APOE4 allele, associated with downregulation of key MGnD genes4, 13, 14. 

These results support previous reports demonstrating that higher PU.1 expression in humans 
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is likely to result in earlier AD onset19, 48. In brains from females with AD that carry the 

APOE4 allele, PU.1 expression was associated with increased SMAD3 expression levels, 

which would reinforce the microglial homeostatic signature as a downstream molecule 

of TGFβ signaling13, 18, 49. Moreover, microglial of pSMAD3 immunoreactivity as a 

marker of TGFβ signaling was increased in the brains of females with AD that carry the 

APOE4 allele, indicative of a homeostatic microglial signature. A TGFβ-enriched milieu 

in the brains of individuals with AD that carry the APOE4 allele suppressed astrocyte 

activation, consistent with previous reports showing astrocyte suppression in response to 

TGFβ ligand50, and deletion of Tgfbr231 or Smad2/Smad3 activates astrocytes. We also 

found that deletion of microglial APOE4 in APP/PS1 mice promotes astrocyte activation 

and encapsulation of Aβ plaques. Moreover, reactive astrocytes play a beneficial role in 

limiting AD pathology, and their depletion in AD mice results in increased plaque load, 

synaptic dysfunction, and memory loss51. These findings in mice and in humans suggest 

that APOE4 predisposes to AD pathology in part via the induction of TGFβ-dependent 

microglia homeostatic regulators13 that impair microglia-astrocyte cross-talk in response 

to neurodegeneration. In line with these findings, Liu et al. demonstrated that APOE4 

reduces activated microglia signature in response to AD pathology in human brains and 

in human induced pluripotent stem cell-derived microglia with the APOE4 allele. We 

identified LGALS3 as a critical MGnD molecule that is restored in microglia following 

the deletion of APOE4 and is associated with increased astrocytic activation and reduced 

plaque pathology. Although LGALS3 was reported to promote Aβ oligomerization and 

toxicity, these studies were performed either using global Lgals3-KO mice or Aβ monomers 

precultured with LGALS3 prior to the injection to the brain52, 53. Thus, these data should 

be interpreted with caution, especially regarding the role of microglial-derived LGALS3 in 

AD pathology. Importantly, we found LGALS3 reduction among the top 100 differentially 

regulated genes in the brain of female AD donors with the APOE4 allele. Interestingly, 

APOE4 was shown to be associated with a decreased risk of glaucoma54, 55, 56. We recently 

demonstrated that APOE4 impairs the response of neurodegenerative retinal microglia via 

LGALS3 signaling associated with neuroprotection in glaucoma14. Thus, APOE4 converges 

to impair MGnD response to neurodegeneration, which plays a protective role in glaucoma14 

and is detrimental in AD. Although TGFβ signaling was suggested to play both beneficial 

and detrimental roles in AD57, its overproduction in astrocytes promoted cerebrovascular 

fibrosis and amyloidosis58. Moreover, TGFβ1 was implicated in vascular dementia to 

promote abnormal vascular remodeling and was proposed as a therapeutic target for AD59. 

We detected upregulation of ITGB8, which plays a critical role in the activation of latent 

TGFβ136 in males with AD that carry the APOE4 allele. In the brains of females with AD 

that carry the APOE4 allele, we identified the induction of SMAD3 and INPP5D signaling 

associated with downregulation of MGnD genes. Mechanistically, the genetic deletion of 

Itgb8 or Inpp5d was sufficient to restore MGnD response and astrocyte activation and 

reduce plaque load in AD mice. Furthermore, pharmacological blockade of ITGB8-TGFβ 
signaling enhanced the response of MGnD associated with increased plaque clearance in 

mice with AD. Importantly, ITGB8 blockade resulted in an increased IFNγ response, which 

we recently showed to play a critical role in the acquisition of beneficial pre-MGnD in AD 

mice60. These data support the beneficial role of MGnD in restricting AD pathology and 

identify ITGB8-TGFβ axis as a therapeutic intervention for AD.
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Methods

Human brain tissue and neuropathology

Frozen brain tissue blocks from the superior parietal gyrus for RNA-seq were obtained from 

the Netherlands Brain Bank (NBB). Donors gave informed consent to donate their brains to 

NBB. Post-mortem interval was limited to 10 h to ensure tissue quality. Paraffin-embedded 

brain tissue sections were obtained from NBB and Massachusetts Alzheimer’s Disease 

Research Center (MADRC). The study was approved by the Ethics Committees of the 

Brigham Women’s Hospital and compliant with the World Medical Association Declaration 

of Helsinki on Ethical principles for medical research involving human subjects. For tissue 

selection, neuropathological staging of the brains was performed by NBB and Massachusetts 

Alzheimer’s Disease Research Center. Details about the brain samples were reported in 

Supplementary Table 7.

Mice

B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ mice (Cx3cr1CreERT2, stock #021160)15, 

C57BL/6-Tmem119em1(cre/ERT2)Gfng/J (Tmem119-CREERT2, stock #031820)62, B6.129S6-

Inpp5dtm1Wgk/J mice (Inpp5dflox, stock #028255)63, Smad2tm1.1Epb/J mice (Smad2flox, 

stock #022074)64 and Smad3tm1Zuk mice (Smad3flox, MGI: 3822465)65 were purchased 

from the Jackson Laboratory. Cx3cr1CreERT2 mice were crossed with human APOE 

knock-in mice, APOE3fl/fl and APOE4fl/fl mice, respectively66. These transgenic mice 

were then triple crossed with APP/PS124 or P301S22 mice. B6.Cg-Tg(Thy1-APPSw,Thy1-

PSEN1*L166P)21Jckr (APP/PS1)24 mice were kindly provided by Dr. Mathias Jucker 

(University of Tubingen). B6;C3-Tg(Prnp-MAPT*P301S)PS19Vle/J (P301S, Jax stock 

#008169)22 mice have been backcrossed to C57BL/6 mice for more than ten 

generations. B6.129P2-Apoetm2(APOE*3)Mae N8 (APOE3-KI, MGI #4838571)67 and 

B6.129P2-Apoetm3(APOE*4)Mae N8 (APOE4-KI, MGI # 4838572)68 were obtained from 

Taconic. The Spi1fl/fl mice69 were generously provided by Daniel Tenen and Junyan Zhang 

from Beth Israel Deaconess Medical Center. Emx1Cremice (B6.129S2-Emx1tm1(cre)Krj/J, 

JAX stock 005628) and Itgb8fl/fl mice70 were kindly provided by Dr. Thomas Arnold 

from University of California, San Francisco. The Itgb8-tdT mice were provided by Dr. 

Helen Paidassi37 (Université Claude Bernard Lyon 1). Cx3cr1CreERT2 mice were crossed 

with Inpp5dfl/fl mice both on WT and APP/PS1 background. Cx3cr1Cre (stock Tg(Cx3cr1-

cre)MW126Gsat/Mmucd, MMRRC_036395-UCD) mice71 were obtained from the Mouse 

Resource and Research Center (MMRRC) at University of California Davis, and were 

crossed with Smad2flox and Smad3flox mice. All the experimental procedures using animals 

were approved by the Institutional Animal Care and Use Committee at Brigham and 

Women’s Hospital, Harvard Medical School and University of California, San Francisco.

Tamoxifen treatment

At six weeks of age, mice were intraperitoneally (ip) injected with 75 mg/kg of tamoxifen 

(Sigma Aldrich, T5648–5G) dissolved in corn oil per day for five consecutive days.
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Microglia isolation

Mice were euthanized in a CO2 chamber and transcardially perfused with ice-cold 

Hanks’ Balanced Salt Solution (HBSS, Thermo Fisher, 14175103). The whole brain was 

removed from the skull and separated into sections with a sagittal brain matrix for further 

processing. The left hemisphere was used for sorting and the right hemisphere was used 

for immunohistochemistry. The left hemisphere was homogenized to form a single cell 

suspension, then resuspended and centrifuged in a 37%/70% Percoll Plus (GE Healthcare, 

17–5445-02) gradient in HBSS at 800 g, 23°C, for 25 min with an acceleration of 3 

and a deceleration of 1. Mononuclear cells were taken from the interface layer. The cells 

were stained with rat allophycocyanin (APC)-conjugated anti-mouse FCRLS (1:1000, clone 

4G11, Butovsky Lab)13, PE-Cy7-conjugated anti-mouse CD11b (1:300, eBioscience, 50–

154-54), and PerCP/Cy5.5-conjugated anti-mouse Ly-6C (1:300, Biolegend, 128012). After 

staining, Ly-6C−CD11b+FCRLS+ cells were washed and sorted using BD FACSAria™ II 

(BD Bioscience). FACS data were collected by BD FACS Diva Software. The analysis 

was done using FlowJo™ 10. For mice with stereotaxic injections of apoptotic neuron, 

a 3 × 6mm2 coronal slice around the injection site was taken. Microglia were enriched 

using the same method mentioned above. The apoptotic neurons were labeled with Alexa 

Fluor™ 405 dye. During sorting, phagocytic microglia (apoptotic neuron-Alexa Fluor 

405+Ly-6C−CD11b+FCRLS+) and non-phagocytic microglia (apoptotic neuron-Alexa Fluor 

405−Ly-6C−CD11b+FCRLS+) were collected as previously described4.

Primary neuron culture

Primary Neurons were obtained from mouse embryos at embryonic day 18 (E18). Cerebral 

hemispheres were isolated. The meninges were then removed from the hemispheres under 

a dissection microscope. The cerebral hemispheres were digested in a 10 U/mL papain 

solution for 15 min at 37°C, and then triturated in a trituration solution of 19 mL Neurobasal 

media (Gibco, 21103–049), 133 μL BSA (Sigma, A-9576), 0.5 mL Pen/Strep/Glucose/

Pyruvate, and 200 μl DNase (Sigma, D-5025) with fire-polished glass pipettes until a single 

cell suspension was created. The suspension was filtered through a 40-μm cell strainer, spun 

down at 400 g for 5 min, and resuspended in 1mL HBSS. The cell number was counted 

using a trypan blue stain (Gibco™, 15–250-061) and a cellometer (Nexcelom). Cells were 

plated on a 6 well, poly-D-lysine coated plate with approximately 1 million cells per well 

in a minimum volume of 2 mL growth media made of Neurobasal, 1:50 B-27 supplement 

(Gibco 17504–044), 1:200 Pen/Strep (Gibco, 15140–122), 1:400 Glutamax (Gibco, 35050–

061), and 1:50 fetal bovine serum (FBS, Gibco, 10–438-026). After 24 h of incubation 

at 37°C, cell viability and contamination were checked under the microscope. Half of 

the growth media was replaced with fresh growth media containing 5 μM Ara-C (Sigma-

Aldrich, C1768–100MG) without FBS. After five days, half of the media was removed and 

replaced with new growth media without FBS.

Induction of apoptotic neurons

Primary neurons (d7-d10) were typically cultured one week after the initiation of culture. 

Neurons were removed from the surface of the plate by multiple washing with PBS. The 

neurons were then incubated under UV light (302 nm) at an intensity of 6315 W for 20 min 
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to induce apoptosis. After this step, the neurons were kept on ice. The cells were collected, 

spun down via centrifugation, and resuspended in 1 mL PBS. Next, they were stained with 

the labeling dye (Alexa Fluor™ 405 NHS Ester, Invitrogen, A3000) for 15 min at 37°C, 

protected from light. Neurons were then washed, spun, and resuspended. The number of 

apoptotic cells was determined using a trypan blue stain and a cellometer. Neurons were 

resuspended at a density of 25,000 dead cells per μL PBS.

RT-qPCR

Total RNA from mouse tissue was extracted using RNeasy Plus Micro Kit (Qiagen, 

74034) according to the manufacturer’s protocol. Total RNA from human tissue was 

extracted using mirVana miRNA isolation kit (Invitrogen, AM1560) according to the 

manufacturer’s protocol. For quantitative reverse transcription polymerase chain reaction 

(RT-qPCR), RNA was used after the reverse transcription reaction (high-capacity cDNA 

Reverse Transcription Kit; Applied Biosystems, 436884). Total mRNA amplifications were 

performed with commercially available FAM-labeled Taqman probe for human APOE 

(Thermo Fisher Scientific, Hs00171168_m1) and mouse Gapdh (Thermo Fisher Scientific, 

Mm9999915_g1). A real-time PCR reaction was performed using QuantStudio™ 7 (Applied 

Biosystems). All RT-qPCRs were performed in duplicate, and the level of mRNAs were 

presented as relative expression normalized to Gapdh as mean ± s.e.m.

Stereotaxic injection

Mice were anesthetized via intraperitoneal injection of ketamine (100 mg per kg (body 

weight)) and xylazine (10 mg per kg (body weight)). To induce MGnD paradigm, 2 μl of 

the apoptotic neuron mixture was injected into the hippocampus (medial/lateral (ML): ±1.5 

mm, anterior/posterior (AP): –2 mm, dorsal/ventral (DV): –2 mm) and cortex (ML: ±1.5 

mm, AP: –2 mm, DV: –1 mm) bilaterally using a stereotactic injection apparatus. Animals 

were processed 16 hours after injection. To delete Spi1 from microglia, 6 to 8-week-old 

Spi1fl/fl mice were stereotaxically injected with TAT-Cre (MilliporeSigma, SCR508) into 

ventricles (ML: ±1 mm, AP: –1 mm, DV: –2.5 mm; 2 μl per injection site, 10 μg μl–1, 40 

μg per brain). To induce MGnD paradigm, 5 days after the i.c.v. injection of TAT-Cre, Alexa 

Flour™ 405 dye labeled apoptotic neurons, premixed with TAT-Cre, were injected into the 

cortex and hippocampus as described above. Phagocytic and non-phagocytic microglia were 

sorted from the brain regions narrow down to the injection sites, followed by SmartSeq2 

analysis. To study the role of PU.1, we used PU.1 inhibitor (DB1876, MCE, HY-135797A) 

to inhibit PU.1. PU.1 inhibitor was dissolved in 10% DMSO (Invitrogen, D12345) to get the 

concentration as 2.08 mg ml–1 (4 mM) according to the manufacture’s instruction. DMSO 

(10%) was used as control. The PU.1 inhibitor or control was injected into the cortex 

and hippocampus as described above. After 7 days, microglia and astrocytes were isolated 

from the brain regions restricted to the injection sites, followed by IHC and Smart-seq2 

analysis. To study the role of MGnD carrying different APOE alleles in the regulation of 

astrocytes response, the apoptotic neurons were injected into the cortex and hippocampus 

of APOE3-KI, APOE4-KI, and APOE4-cKO mice to induce MGnD paradigm as described 

above. After 16 hours, phagocytic microglia were sorted out of the brains, then injected 

into the cortex and hippocampus of WT mice (ML: ±1.5 mm, AP: –2 mm, DV: –1 and –2 

mm; 2 μl per injection site; 3000 microglia per injection site). After 16 hours, astrocytes 
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were isolated from the brain regions restricted to the injection sites, followed by Smart-seq2 

analysis. To explore the effect of LGALS3 on AD pathology, recombinant mouse LGALS3 

protein (R&D systems, 9039-GAB-050) were diluted in sterile PBS to 10 ng μl–1 or 50 

ng μl–1. The rLGALS3 or PBS were injected into the cortex and hippocampus (ML: ±1.5 

mm, AP: –2 mm, DV: –1 and –2 mm; 2 μl per injection site). After 3 days and 14 days, 

astrocytes were isolated from the brain regions restricted to the injection sites, followed 

by immunohistochemistry (IHC) and Smart-seq2 analysis. To study the role of Itgb8, anti-

ITGB8 antibody (ADWA11, kindly provided by Dr. Dean Sheppard from University of 

California, San Francisco) was used to block mouse Itgb8. Mouse IgG1 was used as isotype 

control (BioXCell, Catalog# BP0083). Both ADWA11 and IgG1 were diluted to 0.5 μg μl–1 

in sterile PBS. Anti-ITGB8 antibody or isotype control was injected into the cortex and 

hippocampus (ML: ±1.5 mm, AP: –2 mm, DV: –1 and –2 mm; 2 μl per injection site). 

After 14 days, microglia were isolated from the brain regions restricted to the injection sites, 

followed by IHC and Smart-seq2 analysis. Fluorescence-labeled amyloid-β peptide (1–42, 

Anaspec, AS-60480–01) were reconstituted by NH4OH, then diluted in sterile PBS to 1 μg 

μL–1. The Aβ was injected into the cortex and hippocampus (ML: ±1.5 mm, AP: –2 mm, 

DV: –1 and –2 mm; 2 μl per injection site). After 6 hours, phagocytic and non-phagocytic 

microglia were isolated from the brain regions restricted to the injection sites, followed by 

FACS analysis.

scRNA-seq

Brain tissue isolated from mice following perfusion was performed as previously 

described72. Briefly, tissue was finely minced and incubated in 10 mL of enzyme digestion 

solution consisting of 75 μL Papain suspension (Worthington, LS003126) diluted in enzyme 

stock solution (ESS) and equilibrated to 37°C. 200 mL ESS medium consisted of 20 mL 10× 

EBSS (Sigma-Aldrich, E7510), 2.4 mL 30% D(+)-glucose (Sigma-Aldrich, G8769), 5.2 mL 

1M NaHCO3 (VWR, AAJ62495-AP), 200 μL 500 mM EDTA (Thermo Fisher Scientific, 

15575020), and 168.2 mL ddH2O, filter-sterilized through a 0.22-μm filter. Samples were 

shaken at 80 rpm for 40 min at 37°C. Enzymatic digestion was stopped with 1 mL of 

10× hi ovomucoid inhibitor solution and 20 μL 0.4% DNase (Worthington, LS002007) 

diluted in 10 mL inhibitor stock solution (ISS). 10 mL 10× hi ovomucoid inhibitor stock 

solution contained 300 mg BSA (Sigma-Aldrich, A8806), 300 mg ovomucoid trypsin 

inhibitor (Worthington, LS003086) diluted in 10 mL 1× PBS and filter sterilized using 

at 0.22-μm filter. ISS medium contained 50 mL 10× EBSS (Sigma-Aldrich, E7510), 6 

mL 30% D(+)-glucose (Sigma-Aldrich, G8769), 13 mL 1M NaHCO3 (VWR, AAJ62495-

AP) diluted in 170.4 mL ddH2O and filter-sterilized through a 0.22-μm filter. Tissue was 

mechanically dissociated using a 5 mL serological pipette and filtered through at a 70-μm 

cell strainer (Thermo Fisher Scientific, 22363548) into a fresh 50 mL conical tube. Tissue 

was centrifuged at 500 g for 5 min and resuspended in 10 mL of 30% Percoll solution 

(2.7 mL Percoll Plus (GE Healthcare Biosciences, 17–5445-01), 1 mL 10× PBS, 6.3 mL 

ddH2O). The samples were centrifuged at 800 g, 23°C, for 25 min with an acceleration 

of 4 and a deceleration of 3. Samples were loaded onto a 10X Genomics Chromium 

platform for GEM and cDNA generation carrying cell- and transcript-specific barcodes 

and sequencing libraries constructed using the Chromium Single Cell 3′ Library & Gel 

Bead Kit v3. Libraries were sequenced on the Illumina. NovaSeq S1 was used targeting 
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a depth of 100,000 reads per cell. Gene counts were obtained by aligning reads to the 

mm10 genome (refdata-gex-GCRm38–2020-A) using CellRanger software (v.4.0.0) (10x 

Genomics). Single-cell clustering and differential expression analyses were carried out 

using Seurat (v.4.0.6) (https://satijalab.org/Seurat/index.html)73. Cells with more than 200 

sequencing reads and less than 20 percent mitochondrial transcripts were selected, and 

genes with more than two reads across all samples entered downstream analyses. Expression 

counts were normalized by the “LogNormalize” method and scaled for mitochondrial read 

count using linear regression as implemented in Seurat’s “Regress Out” function. Variable 

genes were identified using the “vst” selection method. The data was then centered and 

scaled, analyzed by principal component analysis (PCA), and dimensionally reduced to the 

top 30 principal components. The cells were clustered on PCA space using gene expression 

data as implemented in FindNeighbors and FindClusters commands in Seurat-v4. The 

method returned 28 cell clusters which were then visualized on a UMAP created by the 

top 30 principal components. The differentially expressed genes in each cluster were output 

by FindAllMarkers. The clusters were identified based on cell-type-specific key signature 

genes. 26 clusters were confidently assigned with one cluster showing no confident cell-type 

signature. For identified astrocytic cells (clusters 3 & 5), the differentially expressed genes 

in cluster 3 and cluster 5 comparison were identified by using the FindMarkers Function. 

Donut plots for astrocytes were created using a cutoff of > 2 for Gfap and Apoe > 3, 

Vim > 1, Serpina3n > 0.9, Cd9 > 0.9. For identified microglial cells (clusters 1, 4, 9, 15, 

19 & 26), re-clustering of the cells was performed to extract any lost variations from the 

original clustering of all cells. The data were centered and scaled, analyzed by principal 

component analysis (PCA), and dimensionally reduced to the top 26 principal components. 

The method returned 11 cell clusters which were then visualized on a UMAP created by 

the top 26 principal components. The differentially expressed genes in homeostatic and 

MGnD sample comparisons were identified by cell-type-specific key signature genes using 

the FindMarkers Function. Clec7a+/Lgals3+ cells were identified using high cutoffs using 

the Ridgeplot function for each gene. Gene expression was visualized using FeaturePlot, 

DittoHeatmap, and VlnPlot functions from Seurat-v4. Processed data from Zhou et al.35 and 

Olah et al.34 was downloaded from the AD Knowledge Portal and processed using workflow 

described above with some adjustments. For Zhou et al.35, cells with 5% mitochondrial 

content or more were removed. Cell types were annotated using the scType74. For Olah et 
al. only cells with less than 10 percent mitochondrial transcripts were selected. (For detailed 

steps, see ‘Code availability’).

Bulk RNA-seq

Smart-Seq2 libraries were prepared by the Broad Technology Labs and sequenced by the 

Broad Genomics Platform. cDNA libraries were generated from sorted cells using the 

Smart-seq2 protocol75. RNA sequencing was performed using Illumina NextSeq500 using a 

High Output v2 kit to generate 2 × 25 bp reads. Count files (fastq) were downloaded and 

aligned using Salmon (v1.7) to mm10 genome (GCA_000001635.2) for mouse data and 

GRCh38 (GCA_000001405.15) for human data and checked for sequencing quality using 

Code availability: Customized code is available at: https://github.com/The-Butovsky-Lab/APOE4-impairs-the-microglial-response-
in-Alzheimer-disease-by-inducing-TGFB-mediated-checkpoint
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Multiqc (v1.11). Potential technical outliers were removed for further analysis. All analysis 

was carried out using DESeq2 (v.1.34.00)76. Biological outliers were determined using PCA 

plotting and heatmap visualization and removed for final analysis. Low abundance genes 

below a mean count of 5 reads per sample were filtered out. Comparisons were run using 

LRT, and the cutoff for significant genes was either P < 0.01 or P < 0.05. Heat maps were 

visualized using the pheatmap package (v.1.0.12), volcano plots were generated using the 

EnhancedVolcano package (v1.12.0), and violin plots were generated using the function 

geom_violin from the ggplot2 package (v3.3.5) (For detailed steps see ‘Code availability’).

Astrocytes sorting

Astrocytes were isolated following perfusion using enzymatic digestion as described in 

the isolation of mouse brain cells for scRNA-seq. Cells were stained for 30 minutes in 

the dark on ice. The following antibodies were used for negative selection: PE anti-CD45R/

B220 (BD, 553089, 1:100), PE anti-Ter119 (Biolegend, 116207, 1:100), PE anti-Olig4 

(R&D Systems, FAB1326P, 1:100), PE anti-CD105 (eBioscience, 12–1051-82, 1:100), PE 

anti-CD140a (eBioscience, 12–1401-81, 1:100), PE anti-Ly6G (Biolegend, 127608, 1:100), 

PE-Cy7 anti-CD11b (eBioscience, 50–154-54, 1:300), BV421™ anti-CD45 (Biolegend, 

103133, 1:100) and Alexa Fluor® 700 anti-O1 (R&D Systems, FAB1327N, 1:100). APC 

anti-ACSA2 (Miltenyi Biotec, 130–117-535, 1:100) was used for positive selection of sorted 

astrocytes.

Cross-Dataset comparison

Bulk RNA-seq data from Lund et al.61 were cross-compared with our Itgb8-cKO data in 

WT mice. Differentially expressed genes (P < 0.05, Log2 Fold Change (FC) > (0.25)) were 

selected from both studies and differentially expressed genes were plotted on a scatter plot. 

MGnD-related genes were determined by Krasemann et al. 20174. Linear regression was 

calculated using geom_smooth() for MGnD genes and M0 genes (For detailed steps, see 

‘Code availability’).

Ingenuity pathway analysis

Pathway analysis was performed using gene ontology (GO) enrichment analysis 

(http://geneontology.org). Differentially expressed genes were used to detect the 

pathways associated with biological processes. Differentially expressed genes 

with corresponding fold changes and adjusted p values were applied to gene 

set enrichment analysis (GSEA, https://www.gsea-msigdb.org/gsea/index.jsp)77,78 and 

Ingenuity pathway analysis (IPA, https://digitalinsights.qiagen.com/products-overview/

discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/). In IPA, canonical 

pathways and biological functions were tested for generating biological networks as 

described previously13.

Cell-Cell Crosstalk

Microglia/Astrocyte cross-talk in Fig. 6 was determined using the Receptor-Ligand database 

CellTalkDB (Supplementary Table 5). Receptors in astrocytes were selected from DESeq2 

normalized counts, and only receptors with expression > 10 were chosen. Ligands in 
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Microglia were selected based on differential expression between conditions (P < 0.05). 

The regulatory potential for each ligand was calculated by multiplying the number of 

receptor interactions and its Log2FC. The Log2FC of ligands from Fig. 6i,j was calculated 

from Supplementary Table 1 (Fig. 1o). Log2FC of ligands from Fig. 6h was calculated 

from Supplementary Table 1 (Fig. 1g). The expression of astrocyte receptors from Fig. 

6h–j was determined from Supplementary Table 5 (Fig. 6f) with normalized counts >10. 

Crosstalk in Fig. 6a was determined using the NichenetR bulk RNA-seq workflow with 

adjustments. (https://github.com/saeyslab/nichenetr)79. Prioritized ligands were selected 

from differentially expressed genes calculated from Supplementary Table 4 (Fig. 4c, 

P < 0.05). The expression of astrocyte receptors was determined from Supplementary 

Table 5 (Fig. 5b) with normalized counts > 10. The geneset of interest (geneset_oi) 

was selected from differentially expressed genes in astrocytes of cluster 3 (For detailed 

steps, see ‘Code availability’). The lr_network_top_df_large was exported as excel. To 

determine the regulatory potential, the Log2(fold change) of ligands was multiplied by 

the number of interactions, subsequently divided by 10 (for visualization purposes), and 

then the NichenetR-defined receptor-ligand weight was added (See Supplementary Table 

5 for details). All circos plots were visualized using circlize package (v.0.4.14) (https://

jokergoo.github.io/circlize_book/book/)80.

Anti-H3K9ac ChIP-seq

The anti-H3K9ac ChIP was performed using iDeal ChIP-seq kit for Histones (Diagenode, 

C01010059) following the manufacturer’s instruction with mild modifications. Briefly, 

sorted microglia were crosslinked with 1% formaldehyde at 20°C for 8 min then quenched 

with 0.125 M Glycine. The nuclei were isolated and then sonicated using a Bioruptor® Plus 

(Diagenode, B01020001) for 20 cycles (30 seconds “ON”, 30 seconds “OFF”, high power). 

Chromatin were then pooled from 3 individuals with same genotype for ChIP. Two μl of 

anti-H3K9ac antibody (Millipore, 07–352) was added per IP reaction. The DNA libraries 

were prepared using NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (NEB, 

E7103S), following the manufacturer’s instructions. The DNA libraries were analyzed using 

Qubit 4 Fluorometer (Invitrogen, Q33238) and 2100 Bioanalyzer DNA system (Agilent 

G2939BA). The pooled libraries were then sent to Azenta Life Sciences for paired-end 

sequencing (2×150 bp) on Illumina HiSeq platform.

ChIP-seq data analysis

Raw fastq files were first checked for quality using Multiqc sequence analysis. Cutadapt 

(v.4.0) was used to cut adaptors (-a AGATCGGAAGAGCACACGTCTGAACTCCAGTC 

-A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT), and reads were aligned to the 

mouse genome (mm10) using bowtie2 (2.3.4.3)81. Subsequently, SAM files were sorted 

and filtered using Sambamba (v.0.8.2)82. We discarded unmapped and duplicate fragments. 

Sorted BAM files were indexed using samtools (v.1.15.1)83. BAM files were then converted 

to BigWig files for visualization using deeptools (v.3.5.0)84. Normalization for all BigWig 

files were carried out against effective genome size (2652783500 for mice H3K9ac ChIP-

seq). Peak analysis was carried out with Macs2 (v.2.2.7)85 using stringent parameters (-f 

BAMPE --mfold 5 50 -p 0.001). A master-peak file was created for extracting counts from 

BAM files. The threshold of peak pile was set to >10 and the cutoff for fold change was 
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set at > 2 or < 0.5 to determine significantly different peaks (Supplementary Table 1) (For 

more details, see ‘Code availability’). Peaks were visualized using IGV (v.2.11.4), exported 

as .png, and edited in Adobe Illustrator.

Lipidomics

Analyses of polar and non-polar lipids were conducted using a liquid chromatography/mass 

spectrometry (LC-MS) system comprised of a Shimadzu Nexera X2 U-HPLC (Shimadzu 

Corp.) coupled to an Exactive™ Plus orbitrap mass spectrometer (Thermo Fisher Scientific). 

30K sorted microglia were prepared in 50 μl isopropanol. After centrifugation, 10 μL 

supernatant was injected directly onto a 100 × 2.1 mm, 1.7 μm ACQUITY BEH C8 

column (Waters). The column was eluted isocratically with 80% mobile phase A (95:5:0.1 

vol/vol/vol 10mM ammonium acetate/methanol/formic acid) for 1 minute followed by a 

linear gradient to 80% mobile-phase B (99.9:0.1 vol/vol methanol/formic acid) over 2 

minutes, a linear gradient to 100% mobile phase B over 7 minutes, then 3 minutes at 100% 

mobile-phase B. Mass spectrometry (MS) analyses were carried out using electrospray 

ionization in the positive ion mode using full scan analysis over 200–1100 m/z at 70,000 

resolution and 3 Hz data acquisition rate. Other MS settings were: sheath gas 50, in 

source CID 5 eV, sweep gas 5, spray voltage 3 kV, capillary temperature 300°C, S-lens 

RF 60, heater temperature 300°C, microscans 1, automatic gain control target 1e6, and 

maximum ion time 100 ms. Raw data were processed using TraceFinder software (Thermo 

Fisher Scientific) for targeted peak integration and manual review of a subset of identified 

lipids and using Progenesis QI (Nonlinear Dynamics) for peak detection and integration 

of both lipids of known identity and unknowns. Lipid identities were determined based 

on a comparison to reference extracts and are denoted by the total number of carbons in 

the lipid acyl chain(s) and total number of double bonds in the lipid acyl chain(s). All 

analysis was carried out using R (v.4.1.1). A total of 199 metabolites were reduced to 170 

by removing any metabolites with missing data in one or more of the samples. Data were 

normalized using the z-score method. The heatmap of the 170 metabolites was plotted using 

the pheatmap package (v.1.0.12).

Immunohistochemistry

Mice were transcardially perfused with cold HBSS before tissue excision and fixation. 

Tissues that were not adequately perfused were not further analyzed to eliminate 

autofluorescence associated with blood contamination. Two different tissue preparation 

protocols (paraffin-embedded for human brain tissue or microtome free-floating sections) 

were applied, as previously described23. Briefly, sections were blocked in PBS with 20% 

horse serum (Thermo Fisher Scientific, NC9909742) and 0.3% Triton X-100 (Sigma) for 

1 hour at room temperature. Primary antibodies were incubated overnight at 4oC in PBS 

containing 2% horse serum and 0.3% Triton X-100. The following primary antibodies 

were mouse anti-Aβ (1:300, BioLegend, 803001); chicken anti-GFAP (1:400, Abcam, 

4674); mouse anti-Phospho-Tau (1:50, Thermo Fisher Scientific, AT-100, MN1060); goat 

anti-IBA1 (1:100, Abcam 5076); rabbit anti-IBA1 (1:200, Wako, 019–19741); mouse anti-

HJ3.4B86 (1:600, Holtzman Lab); rat anti-LAMP1 (1:100, DSHB, 1D4B); rat anti-LGALS3 

(1:200, Cedarlane Labs, CL8942AP); goat anti-LGALS3 (1:100, R&D, 9039-GAB-050); 

rat anti-CLEC7A (1:100, Invivogen, Clone: R1–8g7); rabbit anti-APOE (1:400, Cell 
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Signaling Technology, 13366S); rabbit anti-pSMAD3 (1:100, Abcam, ab52903); guinea 

pig anti-Plin2 (1:200, Fitzgerald industries international, 20R-AP002); goat anti-Serpina3n 

(1:200, R&D systems, AF4709) and anti-MHC II (1:200, BioLegend, I-A/I-E, 107601). 

Secondary antibodies included: Cy2/Cy3/Cy5-conjugated donkey anti-mouse/goat/rabbit/rat/

chicken/guinea pig antibodies (1:200; all from Jackson Immunoresearch). Sections were 

imaged on a Zeiss LSM710 confocal using 20x or 40x objective. Two negative controls 

were routinely used in immunostaining procedures, staining with isotype control antibody 

followed by the secondary antibody, or staining with the secondary antibody alone. The 

tissues were applied to slides, mounted with ProLong™ Gold Antifade Mountant with DAPI 

(Thermo Scientific, P36931) or with VECTASHIELD® Antifade Mounting Medium (Vector 

Laboratories, H-1000), and sealed with coverslips. The mouse brains of Itgb8-tdT and 

Smad2/3-cKO line were harvested following transcardial perfusion with 20 mL cold PBS 

and 20 mL cold 4% formaldehyde. Tissue was fixed in 4% formaldehyde overnight at 4°C, 

followed by overnight incubation in 30% sucrose. Samples were embedded (Tissue-Plus™ 

O.C.T. Compound, Fisher Scientific, 23–730-571) and cryosectioned at 20 μm. Sections 

were mounted onto glass, blocked with PBS containing 1–2% BSA, 5% donkey serum 

and 0.5% TritonX-100. Primary and secondary antibodies were diluted in PBS containing 

1% BSA and 0.25%–0.5% TritonX-100. The primary antibodies were goat anti-Sox9 

(1:300, R&D systems, AF3075); rabbit anti-Olig2 (1:300, Millipore, AF2418); mouse 

anti-NeuN (1:300, Millipore, MAB377); rabbit anti-GFAP (1:300, DAKO, Z0334); rat 

anti-GFAP (1:300, Invitrogen 13–0300); goat anti-Pdgfra (1:300, R&D Systems, AF1062); 

Goat anti-IBA1 (1:300, Novus, NB100–1028); Rat anti-Cd68 (1:300, Bio-Rad, MCA1957); 

Rabbit anti-Apoe (1:300, Abcam, ab183596). Secondary antibodies included: Cy2/Cy3/Cy5-

conjugated donkey anti-mouse/goat/rabbit antibodies (1:200; Jackson Immunoresearch).

Thioflavin-S staining and quantification

Free-floating brain sections with a section thickness of 30 μm were incubated in filtered 1% 

aqueous Thioflavin-S (Sigma T1892) for 8 minutes at room temperature. The sections were 

then sequentially washed in 80%, 95% ethanol and distilled water. Entire cortical images 

were taken with Leica Microsystems DMi8 Microscope using Tile scan. The positive area 

of Thioflavin-S was quantified using the automatic thresholding method in Fiji with “Otsu”. 

Seven animals were analyzed per group.

Cresyl Violet staining and neuron counting

Free-floating brain sections with a section thickness of 30 μm were stained with Cresyl 

Violet (Sigma) to estimate neuronal survival. Staining was performed to visualize neurons. 

Sample slices were incubated in 100% ethanol for 6 min and defatted in xylene for 15 

min, followed by another 10 min in 100% ethanol. After rinsing in distilled water, the 

slides were stained with 0.5% Cresyl Violet acetate for 15 min and again rinsed in distilled 

water. The sections were then placed in differentiation buffer (0.2% acetic acid in 95% 

ethanol) for 2 min, dehydrated with ethanol and xylene, and mounted with Depex medium. 

Pyramidal neurons were counted in each brain from serial sections located 30 μm apart and 

analyzed using One-way ANOVA with Fisher’s LSD post hoc test. The % neuronal survival 

is quantified relative to the number of the pyramidal neurons in the age-matched APOE3-KI 

mice.

Yin et al. Page 21

Nat Immunol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNAscope

RNAscope® ISH technology was applied on human formalin-fixed, paraffin-embedded 

(FFPE) sections and mouse 4% PFA-fixed (fixed-frozen) sections using RNAscope® 

Multiplex Fluorescent Reagent kit (v2, ACD, 323100), ITGB8 human probe (Hs-ITGB8-

XMfa, ACD, 515881), Itgb8 mouse probe (Mm-Itgb8, ACD, 407931), INPP5D human 

probe (Hs-INPP5D, ACD, 465051), negative control probe DapB (ACD, 321831), and 

positive control probe (Hs-PPIB, ACD, 313901) according to the manufacturer instructions. 

The sections were further blocked with 5% BSA, 5% Normal Donkey serum, 0.3% Triton in 

PBS for 1 hour, followed by primary antibody overnight at 4°C (anti-GFAP, 1:400, Abcam, 

4674; anti-IBA1, 1:200, Wako, 019–19741; anti-HJ3.4B86, 1:600, Holtzman Lab). The 

secondary antibodies (AlexaFluor 488 Donkey anti-mouse, 1:300, AlexaFluor 546 Donkey 

anti-goat, 1:300, AlexaFluor 546 Donkey anti-rabbit, 1:300, AlexaFluor 647 Donkey anti-

mouse, 1:300) were applied for 2 hours. After PBS wash, the sections were mounted with 

Fluoromount-G™ mounting medium (Thermo Fisher, 00–4958-02) with DAPI and sealed 

with coverslips.

Image visualization

Images were cropped, merged, and optimized using Fiji, Photoshop CS6 13.0 (Adobe) and 

were arranged using Adobe Illustrator CS5 15.1.

Image analysis

To assess the amount of MGnD and neuritic dystrophy, randomly selected 40x magnification 

images were taken close to the injection sites of APOE3-KI, APOE4-KI, and APOE4-cKO 

mice. The positive area of LGALS3 and LAMP1 of APOE3-KI and APOE4-KI mice 

were quantified using the automatic thresholding method in Fiji with “Otsu”. The positive 

area of LAMP1 was further normalized to the positive area of each IBA1+ cell. 5–7 

animals were analyzed per experimental group. The integrated density of the LGALS3 of 

APOE4-KI and APOE4-cKO mice was measured using Fiji. Four animals were analyzed per 

group. To quantify the HJ3.4B+ plaque load in Tmem119CreERT2/WT:Spi1fl/WT:APP/PS1 and 

Tmem119WT/WT:Spi1fl/WT:APP/PS1 mice, 10x magnification images were taken from the 

cortex. The positive area of HJ3.4B was quantified using the automatic thresholding method 

“RenyiEntropy” in Fiji. The positive areas of CLEC7A and IBA1 were quantified using the 

automatic thresholding method “Moments” in Fiji. 3–6 mice were analyzed per experimental 

group. To assess the amount of CLEC7A, IBA1 and Serpina3N, 10x and 40x magnification 

images were taken from the cortex of PU.1 inhibitor or control injected APP/PS1:APOE4-

KI mice. The integrated density of the CLEC7A was measured using Fiji. The automatic 

thresholding methods in Fiji were used to quantify the positive areas (“Moments” for IBA1, 

“Triangle/Triangle” for Serpina3N/Gfap). To assess the amount of CLEC7A and phospho-

Tau (AT-100), 40x magnification images were taken from the cortex of P301S:APOE3-KI, 

P301S:APOE3-cKO, P301S:APOE4-KI, and P301S:APOE4-cKO mice. The positive areas 

of CLEC7A and AT-100 were quantified using the automatic thresholding method in Fiji 

with “Triangle”. 7–16 ROIs from 4 animals were analyzed per experimental group. To 

assess the amount of APOE, 40x magnification images were taken from the cortex of 

P301S:APOE4-KI and P301S:APOE4-cKO mice. The positive area of APOE was quantified 
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using the automatic thresholding method in Fiji with “Triangle”. Five mice per group were 

analyzed per experimental group. To measure the area of CLEC7A, LGALS3, GFAP, APOE, 

Serpina3n and Plin2 in the plaque area, 20x or 40x magnification images were taken from 

the cortex of APP/PS1:APOE3-KI, APP/PS1:APOE3-cKO, APP/PS1:APOE4-KI, and APP/

PS1:APOE4-cKO mice. The images were exported to Fiji and individual plaques were 

selected and cropped for analysis. The positive area of CLEC7A, LGALS3, and GFAP per 

plaque were quantified using automatic thresholding methods in Fiji (“RenyiEntropy” for 

CLEC7A, “Otsu” for LGALS3 and GFAP). The positive area of CLEC7A, LGALS3, and 

GFAP was further normalized to plaque size in each image. 55–73 plaques for CLEC7A, 

12–20 plaques for LGALS3, and 39–61 plaques for GFAP were analyzed per experimental 

group. For quantifying the percentage of APOE+ or Serpina3n+ area in GFAP+ cells, 39–

61 plaque regions for APOE and 30–44 plaque regions for Serpina3n per experimental 

group were analyzed. The automatic thresholding methods in Fiji were used to quantify 

the positive areas (“Otsu/Otsu” for APOE/GFAP; “RenyiEntropy/Triangle” for Serpina3n/

GFAP). The overlay regions were calculated using customized macros in Fiji. To calculate 

the percentage of Plin2 in IBA1+ cells, The area of the IBA1+ cells and Plin2+ were 

selected by freehand selection and measured in Fiji. 8–24 cells per group were analyzed. To 

quantify the HJ3.4B+ plaque load and LAMP1 area, 10x magnification images were taken 

from the cortex of APP/PS1:APOE3-KI, APP/PS1:APOE3-cKO, APP/PS1:APOE4-KI, and 

APP/PS1:APOE4-cKO mice. The positive area of HJ3.4B and LAMP1 were quantified 

using automatic thresholding methods in Fiji with “Otsu” and “Triangle” separately. The 

average positive area was calculated for each animal. The number of plaques were quantified 

using customized macros in Fiji. 3–6 images per animal were taken, and 7–14 mice were 

quantified per group. To quantify the LGALS3, GFAP and pSMAD3 in human brain, 40x 

magnification images were taken from the cortical section of human AD subjects carrying 

APOE ε3/3 and APOE ε3/4 alleles. The integrated density of LGALS3 was measured 

using Fiji. 8–9 samples were analyzed per group. For GFAP quantification, individual 

plaques were selected and cropped for analysis in Fiji. The positive area of GFAP per 

plaque was quantified using the automatic thresholding method “Otsu” in Fiji. The positive 

area of LGALS3 was further normalized to plaque size in each image. 43–52 plaques per 

group were analyzed. For pSMAD3 quantification, individual IBA1+ cells were selected and 

cropped for analysis in Fiji. The positive area of pSMAD3 per IBA1+ cell was quantified 

using the automatic thresholding method “Otsu” in Fiji. The positive area of pSMAD3 

was further normalized to the IBA1+ cell area, and 27–33 cells per group were analyzed. 

To quantify the fluorescence of INPP5D in IBA1+ cells and ITGB8 in GFAP+ cells, 2–3 

images per sample were collected in the gray matter. The automatic thresholding methods 

in Fiji were used to quantify the positive areas (“RenyiEntropy/Triangle” for INPP5D/IBA1; 

“Otsu/Triangle” for ITGB8/GFAP). The overlay regions were calculated using customized 

macros in Fiji. 7–8 samples per sex per group were analyzed for INPP5D, and for ITGB8, 

7–8 male samples per group were analyzed. To quantify the fluorescence of Itgb8 in GFAP+ 

cells, 3–4 images per sample were collected in the cortex of APP/PS1:APOE4-KI and 

APP/PS1:APOE4-cKO mice. Itgb8+ positive areas in GFAP+ astrocytes were quantified 

using automatic thresholding methods in Fiji with “RenyiEntropy/Triangle” for Itgb8/GFAP. 

The overlay regions were calculated using customized macros in Fiji. 3–5 mice per group 

were analyzed. To measure the immunoreactivity of CLEC7A and GFAP, 20x magnification 
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images were taken from the cortex of control and Itgb8-cKO mice. The integrated density 

was measured in Fiji. Twelve ROIs per group were analyzed. To quantify the area of 

plaques in the rLGALS3-injected APP/PS1 brains, 20x magnification images were taken 

from the cortical section close to the injection site. The images were exported to Fiji for 

analysis. The positive area of HJ3.4B was quantified using the automatic thresholding 

method “Intermodes” in Fiji. 8–9 ROIs from 5 mice were analyzed per experimental 

group. To quantify the area of plaques, CLEC7A and GFAP in the rLGALS3-injected 

APP/PS1:APOE4-KI brains, 10x and 40x magnification images were taken from the cortical 

section close to the injection site. The positive areas were quantified using the automatic 

thresholding method with “Moments” for GFAP and “RenyiEntropy” for HJ3.4B and 

CLEC7A in Fiji. Eight ROIs from 5 mice were analyzed per experimental group. To 

quantify the plaque load and MHC II area in the anti-ITGB8-antibody-injected APP/PS1 

brain, 20x and 40x magnification images were taken from the cortical section close to the 

injection site. The images were exported to Fiji, and the positive area of HJ3.4B or MHC II 

was quantified using the automatic thresholding method “Otsu” in Fiji. 4–7 mice per group 

were analyzed for MHC II. 8–9 mice per group were analyzed for HJ3.4B (two independent 

experiments combined, normalized to control group). To quantify the area of plaques, 

CLEC7A and GFAP in the anti-ITGB8-antibody-injected APP/PS1:APOE4-KI brain, 20x 

and 40x magnification images were taken from the cortical section close to the injection site. 

The positive areas were quantified using the automatic thresholding method with “Otsu” 

for CLEC7A, “Triangle” for HJ3.4B, and “RenyiEntropy” for GFAP in Fiji. Eleven ROIs 

from 6–7 mice per group were analyzed. To measure the load of CLEC7A, IBA1, LGALS3, 

LAMP1, GFAP in the plaque area, 10x or 20x magnification images were taken from the 

cortex of APP/PS1 and APP/PS1:Inpp5d-cKO mice. The integrated density was measured 

using Fiji. 115–218 plaque regions for CLEC7A and IBA1, 126–138 plaques for LAMP1, 

141–186 plaques for LGALS3, and 127–154 plaques for GFAP per experimental group were 

analyzed. To quantify the HJ3.4B+ plaque load in the cortex, 10x magnification images were 

taken from the cortex of APP/PS1 and APP/PS1:Inpp5d-cKO mice. The positive area of 

HJ3.4B was quantified using the automatic thresholding method “Otsu” in Fiji. Seven mice 

(3 ROIs per mouse) were analyzed per experimental group.

Statistical analysis

Sample sizes for experiments were chosen based on prior publications using APP/PS1, 

P301S mice, and human analysis, which defined the expectations for the effect size and 

variance. Statistical analyses were performed using GraphPad Prism statistical software. 

All comparisons groups were assessed for normal distribution. We used Student’s t-test for 

comparisons with only two groups and one-way ANOVA with Fisher’s LSD post hoc test for 

multiple groups.
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Extended Data

Extended Data Fig. 1 |. APOE4 impairs microglial response to acute neurodegeneration.
a, H3K9ac peak-plot heat map of microglia from 4-month-old APOE3-KI or APOE4-KI 

mice (n = 3 mice/group). b, H3K9ac peaks of key genes. c, Volcano plot of DEGs of 

phagocytic microglia isolated from APOE4-KI vs. APOE3-KI mice. DEGs were identified 

using DESeq2 analysis with an LRT (n = 4–6 mice/group, P < 0.05). d, Fold change 

induction of key MGnD genes expressed in phagocytic microglia relative to non-phagocytic 

microglia, isolated from APOE3-KI and APOE4-KI mice. DEGs were identified using 

DESeq2 analysis with an LRT and key MGnD genes were selected from Krasemann et 

al.4. e, Violin plot of top-300 induced MGnD genes in phagocytic microglia isolated from 

APOE3-KI and APOE4-KI mice (Fig. 1g). f, Top-affected canonical pathways in phagocytic 

microglia compared to non-phagocytic microglia from APOE3-KI and APOE4-KI mice (P 
< 0.05). g, Quantification of phagocytic Iba1+ cell numbers from AN-injected APOE3-KI 

and APOE4-KI mice (n = 6 APOE3-KI mice, n = 7 APOE4-KI mice). h, Quantification 

of Iba1+ cells from AN-injected APOE3-KI and APOE4-KI mice (n = 6 APOE3-KI mice, 

n = 7 APOE4-KI mice). i, Circos plot illustrating ligand- receptor interactions in APOE4-

cKO microglia compared to APOE4-KI microglia. Two-tailed Student’s t-test. Data were 

presented as mean ± s.e.m.
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Extended Data Fig. 2 |. No differences of APOE expression between P301S:APOE3-KI and 
P301S:APOE4-KI mice.
a, Confocal images of GFAP, APOE and Iba1 in P301S:APOE3-KI and P301S:APOE4-KI 

mice. Scale bar: 50 μm. b, Quantification of APOE in the cortex (n = 5 mice/group). 

Two-tailed Student’s t-test. Data presented as mean ± s.e.m.

Extended Data Fig. 3 |. Targeting microglial APOE4 restores neurodegenerative microglia in 
APP/PS1 mice.
a, UMAP plot of unsupervised seurat clusters from scRNAseq analysis of brain cells 

isolated from APP/PS1:APOE4-KI and APP/PS1:APOE4-cKO mice (n = 2). b, UMAP plot 

of labelled cell types.c, Cell-specific genes used to identify cell types from seurat clusters. 

d, UMAP plot of microglia/myeloid cells re-clustered. e, Feature plot showing expression 

of border-associated macrophages genes. f, Heat map of DEGs representing the microglia/

myeloid cluster. DEGs were identified using FindAllMarker Seurat function (P < 0.05). g, 

Feature plot showing co-expression of Lgals3 and Clec7a microglia. h, Ridgeplot of Clec7a 
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and Lgals3 in APOE4-cKO and APOE4-KI in MGnD microglia showing gene expression 

cut-off for Clec7aHi (2.65) and Lgals3Hi (1.68) microglia.

Extended Data Fig. 4 |. Deletion of microglial APOE4 alleviates lipid dysregulation in APP/PS1 
mice.
a, Heat map of lipids significantly altered by genotype in microglia isolated from APOE3-

KI, APOE4-KI, APP/PS1:APOE3-KI, and APP/PS1:APOE4-KI. DEGs were identified 

using DESeq2 analysis with an LRT (n = 2 mice, P < 0.05). b, Confocal images of Plin2, 

Iba1 and HJ3.4B in APP/PS1:APOE3-KI, APP/PS1:APOE3-cKO, APP/PS1:APOE4-KI, 
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and APP/PS1:APOE4-cKO mice. Scale bar: 50 μm. c, Quantification of Plin2+ area in Iba1+ 

cells (n = 15 cells from APP/PS1:APOE3-KI mice, n = 8 cells from APP/PS1:APOE3-cKO 

mice, n = 24 cells from APP/PS1:APOE4-KI mice, n = 16 cells from APP/PS1:APOE4-cKO 

mice). One-way ANOVA. Data presented as mean ± s.e.m.

Extended Data Fig. 5 |. Deletion of microglial APOE4 promotes astrocyte activation in APP/PS1 
mice.
a, Heat map showing DEGs of clusters 3 and 5 (astrocyte clusters). DEGs were 

identified using FindMarkers Seurat function (P < 0.05, n = 2). b, UMAP projection of 

disease-associated astrocyte genes29 in APP/PS1:APOE4-KI and APP/PS1:APOE4-cKO 

mice. c, Donut charts showing percentage of GfapHi:Serpina3nLo, GfapHi:Serpina3nHi, 

GfapHi:VimLo, GfapHi:VimHi, GfapHi:Cd9Lo, and GfapHi:Cd9Hi microglia between APP/

PS1:APOE4-KI and APP/PS1:APOE4-cKO mice.
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Extended Data Fig. 6 |. Impaired induction of MGnD signature and astrocyte activation in 
APOE ε4 AD brains.
a, DEGs of female APOE ε3/3 carriers (n = 4) vs. APOE ε3/4 (n = 3) carriers analyzed from 

Olah et al.34. DEGs were identified using FindMarkers Seurat function (P < 0.01). b, UMAP 

plot of brain scRNAseq showing Seurat clusters of AD:APOE ε3/3 carriers and AD:APOE 

ε3/4 carriers analyzed from dataset by Zhou et al.35. c, UMAP plot indicating cell type 

assignment to clusters analyzed from dataset by Zhou et al.35. d, Confocal images of IBA1 

and HJ3.4B immunoreactivity and detection of INPP5D gene expression using RNAscope in 

AD:APOE ε3/4 carriers compared to AD:APOE ε3/3 carriers. e, Quantification of INPP5D 
fluorescence in IBA1+ microglia in AD:APOE ε3/4 carriers compared to AD:APOE ε3/3 

carriers (n = 14 AD:APOE ε3/3 carriers, n = 16 AD:APOE ε3/4 carriers). f, Ridgeplot of 

GFAPHi vs. GFAPLo astrocytes analyzed from dataset by Zhou et al.35. g, Confocal images 

of GFAP and HJ3.4B immunoreactivity and detection of ITGB8 gene expression using 

RNAscope in AD:APOE ε3/4 males compared to AD:APOE ε3/3 males. h,i, Quantification 

of ITGB8 fluorescence in ROI (h) and in GFAP+ astrocytes (i) in AD:APOE ε3/4 males 

compared to AD:APOE ε3/3 males (n = 7 AD:APOE ε3/3 carriers, n = 8 AD:APOE 

ε3/4 carriers). j, Confocal images of Gfap and HJ3.4B immunoreactivity and detection 

of Itgb8 mRNA expression using RNAscope in APP/PS1:APOE4-cKO mice compared to 

APP/PS1:APOE4-KI mice. k, Quantification of Itgb8 fluorescence in Gfap+ astrocytes (n = 

10 ROIs from 3 APP/PS1:APOE4-KI mice, 18 ROIs from 5 APP/PS1:APOE4-cKO mice). 

Two-tailed unpaired Student’s t-test. Scale bar: 50 μm. Data were shown as mean ± s.e.m.
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Extended Data Fig. 7 |. Expression of Itgb8 in the adult mouse brain.
a, Dot plot showing expression level of Itgb8 in multiple CNS cell types (adopted from 

Zhang et al.38). b, Representative in situ image of Itgb8 in the cortex of adult mouse brain 

(Allen Brain Atlas: https://mouse.brain-map.org). n = 2 (the Allen Brain Atlas tested the 

Itgb8 probe on two brains; one sectioned sagitally and another sectioned coronally). Scale 

bar: 1 mm. c, Schematics of Itgb8−tdT transgenic mouse strain37. d, Representative images 

of Itgb8-TdT, Sox9, Gfap (top); Itgb8-TdT, Pdgfra, Olig2 (middle); and Itgb8-TdT, NeuN, 
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Olig2 (bottom). Arrowheads indicate magnified ROIs (n = 6). Data are representative of 2 

independent experiments. Scale bar: 50 μm.

Extended Data Fig. 8 |. Blocking Itgb8 signaling enhances MGnD response and reduces AD 
pathology in APP/PS1 mice.
a–c, Confocal images of Tmem119, Apoe, and Clec7a staining (a); P2ry12, Apoe, and 

Clec7a staining (b); Lgals3, Iba1, and Clec7a staining (c) in the cortex of Itgb8-cKO mice 

and littermate controls. Arrows indicate microglia. Data are representative of 2 independent 

experiments. Scale bar: 50 μm. d, Gene ontology network of increased DEGs in microglia 

from Itgb8-cKO mice compared to WT littermates. DEGs were identified using DESeq2 

analysis with an LRT and gene ontology pathways selected with P < 0.05. e, PCA of each 

genotype. f, Heat map of DEGs of phagocytic- and non-phagocytic microglia isolated from 

WT and Itgb8-cKO mice. DEGs were identified using DESeq2 analysis with an LRT (n 
= 5–6 mice/group, P < 0.05). g, Gene ontology network of top pathways in phagocytic- 

and non-phagocytic microglia from Itgb8-cKO mice compared with WT mice. DEGs were 

identified using DESeq2 analysis with an LRT and gene ontology pathways selected with P 
< 0.05. h, FACS plot of Aβ phagocytosis in WT and Itgb8-cKO mice. Percentage calculated 

as Aβ42-Alexa Fluor 555+ out of Fcrls+CD11b+Ly6C− microglia. i, Quantification of 

percentage of Aβ−42 phagocytic microglia in WT and Itgb8-cKO mice (n = 5 WT mice, n 
= 10 Itgb8-cKO mice). j, Confocal images of MHC II, Iba1, and HJ3.4B in APP/PS1 mice 

injected with anti-ITGB8 neutralizing antibody and IgG isotype control. Scale bar: 100 μm. 

Yin et al. Page 31

Nat Immunol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



k, Quantification of MHC II+ immunoreactivity at the injection site (n = 4 mice/group). 

Two-tailed Student’s t-test. Data were presented as mean ± s.e.m.

Extended Data Fig. 9 |. Microglial deletion of Smad2/3 induces MGnD phenotype.
a, Confocal images showing Iba1, Tmem119 and Cd68 staining in control and Smad2/3-

cKO mice. Scale bar: 50 μm. b, Quantification of Cd68+ immunoreactivity (n = 5 

WT mice, n = 4 Smad2/3-cKO mice). c, Confocal images of Iba1, Apoe and Gfap in 

control and Smad2/3-cKO mice. Scale bar: 50 μm. d, Quantification of Apoe+ and Gfap+ 
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immunoreactivity (n = 4 mice/group).e–h, Expression of key homeostatic and MGnD genes 

in microglia from Itgb8-cKO (n = 4–5 mice/group) (e), Smad2/3-cKO (n = 4 mice/group) 

(f), Tgfbr2-cKO (n = 3 mice/group) (g) and Nrros-KO (n = 5 mice/group) (h) relative to 

non-transgenic control mice. i–l, Expression levels of key AD-risk factor genes (Inpp5d, 

Havcr2 and Bin1) in microglia from Itgb8-cKO in microglia from Itgb8-cKO (n = 4–5 

mice/ group) (i), Smad2/3-cKO (n = 4 mice/group) (j), Tgfbr2-cKO (n = 3 mice/group) (k) 

and Nrros-KO (n = 5 mice/group) (l), relative to non-transgenic control mice. Two-tailed 

Student’s t-test. Data were shown as mean ± s.e.m.
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Extended Data Fig. 10 |. Microglial deletion of the homeostatic checkpoint Inpp5d facilitates 
plaque clearance via the induction of MGnD response.
a, Heat map of top-500 DEGs in WT:control vs. WT:Inpp5d-cKO vs. APP/ PS1:control 

vs. APP/PS1:Inpp5d-cKO microglia. DEGs were identified using DESeq2 analysis with 

an LRT (n = 2–5 mice/group, P < 0.05). b, Gene ontology analysis of DEGs for IFNγ 
response, antigen processing and presentation in microglia. DEGs were identified using 

DESeq2 analysis with an LRT and gene ontology pathways selected with P < 0.05. c, 

Representative images of Thioflavin-S staining. Scale bar: 1 mm (left), 50 μm (right). d, 
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Quantification of Thioflavin-S staining in APP/PS1 (n = 7) and APP/PS1:Inpp5d-cKO (n 
= 7) mice. e, Confocal images of Iba1, Clec7a and HJ3.4B staining. Scale bar: 50 μm. 

f,g, Quantification of Clec7a (f) and Iba1 (g) immunoreactivity in association with Aβ 
plaques (n = 218 plaques from APP/PS1 mice, n = 115 plaques from APP/PS1:Inpp5d-cKO 

mice). h, Confocal images of Iba1, Lgals3 and HJ3.4B staining. Scale bar: 50 μm. i,j, 
Quantification of Lgals3 (i) and HJ3.4B (j) immunoreactivity in association with Aβ plaques 

(n = 141 plaques from APP/PS1 mice, n = 186 plaques from APP/PS1:Inpp5d-cKO mice for 

Lgals3, n = 7 mice for HJ3.4B). k, Confocal images of Lamp1 and HJ3.4B staining. Scale 

bar: 50 μm. l, Quantification of Lamp1 immunoreactivity in association with Aβ plaques 

(n = 126 plaques from APP/PS1 mice, n = 138 plaques from APP/PS1:Inpp5d-cKO mice). 

m, Confocal images of Iba1, Gfap and HJ3.4B staining. Scale bar: 50 μm. n, Quantification 

of Gfap immunoreactivity in association with Aβ plaques (n = 154 plaques from APP/PS1 

mice, n = 127 plaques from APP/PS1:Inpp5d-cKO mice). Two-tailed Student’s t-test. Data 

were presented as mean ± s.e.m.
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Fig. 1. APOE4 impairs the microglial response to acute neurodegeneration.
a, Heat map of differentially expressed genes from APOE4-KI vs. APOE3-KI microglia 

at 4 months of age (n = 11–14 mice per group, P < 0.05). b, Spi1 normalized counts 

(n = 11–14 mice per group). c, Top, schematics of apoptotic neurons injection to the 

cortex and hippocampus of 8-months-old APOE3-KI and APOE4-KI mice; Bottom, sorting 

strategy 16 h after injection of phagocytic and non-phagocytic microglia (MG) for labeled 

apoptotic neurons; Figure created with Biorender.com; FSC, forward scatter. d, Gating 

strategy for FCRLS+CD11b+ microglia from the apoptotic neuron injection site in APOE3-

KI and APOE4-KI mice. e, Bar plot showing the percentage of FCRLS+CD11b+ cells 

(n = 7 APOE3-KI mice, n = 9 APOE4-KI mice). f, Principal component analysis (PCA) 

of each group; APOE3:non-phag, APOE4:non-phag; APOE3:phag, APOE4:phag. g, Heat 

map of phagocytic and non-phagocytic microglia from APOE3-KI (E3) and APOE4-KI 

(E4) mice. Differentially expressed genes were identified using DESeq2 analysis with a 

likelihood ratio test (LRT; n = 4–6 mice per group, P < 0.05). h, Gene ontology analysis of 

differentially expressed genes for phagocytosis, autophagosome maturation, IFNγ signaling 

and antigen presentation (P < 0.05). i, Confocal microscopy images of IBA1, LAMP1 and 

apoptotic neurons (AN) at the injection sites. j, Quantification of LAMP1 immunoreactivity 

per IBA1+ cell (n = 6 APOE3-KI mice, n = 7 APOE4-KI mice); AU, arbitrary units. k, 
Confocal microscopy images of IBA1, LGALS3 and apoptotic neurons at the injection 

sites. l, Quantification of LGALS3+ area per region of interest (ROI) at the injection site 

(n = 12 ROIs from the APOE3-KI group, n = 9 ROIs from the APOE4-KI group). m, 
Schematics of tamoxifen (TAM) administration at 1.5 months of age and the injection 

of apoptotic neuron to cortex and hippocampus of 8-months-old APOE3-KI, APOE4-KI, 

APOE3-cKO and APOE4-cKO mice. Figure created with Biorender.com. n, Percentage of 

FCRLS+CD11b+ microglia in the injection site in APOE4-KI and APOE4-cKO mice (n = 
4 mice per group). o, Heat map of non-phagocytic and phagocytic microglia isolated from 

APOE3-KI, APOE3-cKO, APOE4-KI, and APOE4-cKO injected with apoptotic neurons. 

Differentially expressed genes were identified using DESeq2 analysis with an LRT (n = 3–6 

mice per group, P < 0.05). p, Confocal images of P2RY12, LGALS3, and apoptotic neurons 

from APOE4-KI and APOE4-cKO mice. q, Quantification of LGALS3+ area per ROI at 
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injection sites (n = 4 mice per group). Data were analyzed by two-tailed Student’s t-test. 

Scale bars, 50 μm. Data are presented as mean ± s.e.m.

Yin et al. Page 41

Nat Immunol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. APOE4 impairs the microglial response to neurodegeneration via PU.1.
a, Schematics of Tat-Cre or PBS injection to the brains of Spi1fl/fl mice followed 

by injection of apoptotic neurons. Figure created with Biorender.com. b, Volcano plot 

showing differentially expressed genes in phagocytic microglia isolated from Spi1fl/fl 

mice treated with Tat-Cre or PBS. Differentially expressed genes were identified 

using DESeq2 analysis with an LRT (n = 5 mice per group, P < 0.05). c, Scatter 

plot comparing the differentially expressed genes of microglia from Spi1-cKO and 

APOE4-cKO mice. Differentially expressed genes were identified using DESeq2 analysis 

with an LRT (P < 0.05, log2 (fold change) (log2 (FC) of >0.25 or <–0.25). d, 
Representative images of brain sections from Tmem119WT/WT:Spi1fl/WT:APP/PS1 and 

Tmem119CreERT2/WT:Spi1fl/WT:APP/PS1 mice stained for HJ3.4B; scale bar, 1mm. e, 
Quantification of HJ3.4B+ area per ROI (n = 3 Tmem119WT/WT:Spi1fl/WT:APP/PS1 

mice, n = 6 Tmem119CreERT2/WT:Spi1fl/WT:APP/PS1 mice). f, Confocal images 

of CLEC7A, HJ3.4B and IBA1 in Tmem119WT/WT:Spi1fl/WT:APP/PS1 and 

Tmem119CreERT2/WT:Spi1fl/WT:APP/PS1 mice; scale bar, 50 μm. g, Quantification of 

CLEC7A+ and IBA1+ area per plaque (n = 3 Tmem119WT/WT:Spi1fl/WT:APP/PS1 mice, n 
= 6 Tmem119CreERT2/WT:Spi1fl/WT:APP/PS1 mice). h, Heat map of differentially expressed 

genes from microglia isolated from PU.1 inhibitor versus vehicle control-injected APP/

PS1:APOE4-KI mice. Differentially expressed genes were identified using DESeq2 analysis 

with an LRT (n = 4–5 mice per group, P < 0.05). i, Confocal images of IBA1 and CLEC7A 

in PU.1 inhibitor- and control-injected APP/PS1:APOE4-KI mice; scale bar, 200 μm. j, 
Quantification of CLEC7A immunoreactivity and IBA1+ area per ROI (n = 5 mice from 

control group, n = 4 mice from PU.1 inhibitor group). k, Normalized counts of Serpina3n 
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in astrocytes isolated from PU.1 inhibitor- and vehicle control-injected APP/PS1:APOE4-KI 
mice (n = 5 mice from the control group, n = 4 mice from the PU.1 inhibitor group). l, 
Confocal images of GFAP and Serpina3n in PU.1 inhibitor- and vehicle control-injected 

APP/PS1:APOE4-KI mice; scale bar, 50 μm. m, Quantification of Serpina3n+GFAP+ area 

per ROI (n = 5 mice from the control group, n = 4 mice from the PU.1 inhibitor group). Data 

were analyzed by two-tailed Student’s t-test and are presented as mean ± s.e.m.
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Fig. 3. Deletion of microglial APOE4 restores MGnD response to chronic neurodegeneration and 
promotes neuroprotection.
a, Schematics of tamoxifen administration at 1.5 months of age and analysis of P301S mice 

at 9 months of age; Figure created with Biorender.com; i.p., intraperitoneal. b, RT-qPCR 

validation of human APOE expression in sorted microglia (n = 9 P301S:APOE3-KI mice, 

n = 6 P301S:APOE3-cKO mice, n = 10 P301S:APOE4-KI mice, n = 8 P301S:APOE4-cKO 

mice). c, Differentially expressed genes of aggregated samples for WT and tau (P301S) 

mice with APOE variants. Differentially expressed genes were identified using DESeq2 

analysis with an LRT (n = 3–11 mice per group, P < 0.01). d, Confocal images of CLEC7A, 

phospho-tau (AT-100) and IBA1. Arrowheads indicate CLEC7A+ microglia associated with 

phospho-tau in the cortex in P301S:APOE3-KI, P301S:APOE3-cKO, P301S:APOE4-KI, 

and P301S:APOE4-cKO mice; Scale bar, 50 μm. e, Quantification of CLEC7A+ area 

and AT-100+ area in the cortex (n = 16 ROIs from P301S:APOE3-KI mice, n = 7 ROIs 

from P301S:APOE3-cKO mice, n = 14 ROIs from P301S:APOE4-KI mice, n = 16 ROIs 

from P301S:APOE4-cKO mice). f, Volcano plots of differentially expressed genes of 

P301S:APOE4-cKO versus P301S:APOE4-KI mice. Differentially expressed genes were 

identified using DESeq2 analysis with an LRT (n = 3–8 mice per group, P < 0.05). g, 
Representative images of Cresyl Violet staining of P301S mice carrying different APOE 
variants. Dashed squares indicate area of interest; Scale bar, 200 μm. h, Quantification 

of cortical neurons in WT and P301S mice carrying different APOE variants (n = 8 

P301S:APOE3-KI mice, n = 7 P301S:APOE3-cKO mice, n = 7 P301S:APOE4-KI mice, 

n = 10 P301S:APOE4-cKO mice). Data were analyzed by one-way analysis of variance 

(ANOVA) and are presented as mean ± s.e.m.
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Fig. 4. Targeting microglial APOE4 restricts Aβ pathology in APP/PS1 mice.
a, Schematics of tamoxifen administration at 1.5 months of age and analysis of APP/PS1 

mice at 4 months of age; Figure created with Biorender.com. b, RT-qPCR validation of 

human APOE expression in sorted microglia (n = 3 WT mice, n = 3 APP/PS1 mice, n = 11 

APP/PS1:APOE3-KI mice, n = 11 APP/PS1:APOE3-cKO mice, n = 12 APP/PS1:APOE4-

KI mice, n = 8 APP/PS1:APOE4-cKO mice). c, Heat map showing the top 100 differentially 

expressed genes in microglia isolated from APP/PS1:APOE4-KI versus APP/PS1:APOE4-

cKO mice. Differentially expressed genes were identified using DESeq2 analysis with 

an LRT (n = 5–9 mice per group, P < 0.01). d, Uniform manifold approximation and 

projection (UMAP) plot of scRNA-seq analysis of microglia from both APP/PS1:APOE4-

KI and APP/PS1:APOE4-cKO mice indicating subclusters of homeostatic microglia and 

MGnD. Dashed box indicates Clec7a+ MGnD co-expressing Lgals3 (n = 2 mice per 

group). e, Donut charts showing the percentage of Clec7ahiLgals3hi and Clec7ahiLgals3lo 

microglia. f, Volcano plot comparing Clec7ahiLgals3hi and Clec7ahiLgals3lo microglia. 

Differentially expressed genes were identified using FindMarkers Seurat function (P < 0.05). 

g, Confocal images of CLEC7A, IBA1 and HJ3.4B (plaques) in APP/PS1:APOE3-KI, APP/

PS1:APOE3-cKO, APP/PS1:APOE4-KI, and APP/PS1:APOE4-cKO mice. Arrowheads 

indicate magnified ROI; scale bar, 50 μm. h, Quantification of CLEC7A immunoreactivity 

per plaque. (n = 55 plaques (APP/PS1:APOE3-KI), n = 73 plaques (APP/PS1:APOE3-

cKO) n = 62 plaques (APP/PS1:APOE4-KI), n = 62 plaques (APP/PS1:APOE4-cKO)). 

i, Confocal images of LGALS3, IBA1 and HJ3.4B; scale bar, 50 μm. j, Quantification 
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of LGALS3 immunoreactivity. (n = 20 plaques (APP/PS1:APOE3-KI), n = 12 plaques 

(APP/PS1:APOE3-cKO), n = 14 plaques (APP/PS1:APOE4-KI), n = 16 plaques (APP/

PS1:APOE4-cKO)). k, Representative images of brain sections from all APOE genotypes 

stained for HJ3.4B; scale bar, 500 μm (left) and 50 μm (right). l, Quantification of cortical 

HJ3.4B+ plaque number per ROI (n = 8 APP/PS1:APOE3-KI mice, n = 7 APP/PS1:APOE3-

cKO mice, n = 14 APP/PS1:APOE4-KI mice, n = 7 APP/PS1:APOE4-cKO mice. m, 
Confocal images of LAMP1 and HJ3.4B; scale bar, 50 μm. n, Quantification of LAMP1+ 

area in cortex (n = 8 APP/PS1:APOE3-KI mice, n = 7 APP/PS1:APOE3-cKO mice, n = 

14 APP/PS1:APOE4-KI mice, n = 7 APP/PS1:APOE4-cKO mice). Data were analyzed by 

one-way ANOVA and are presented as mean ± s.e.m.
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Fig. 5. Targeting microglial APOE4 promotes astrocyte activation and their recruitment towards 
plaque in APP/PS1 mice.
a, UMAP of scRNA-seq analysis of astrocytes showing clusters 3 and 5. Violin plots of key 

activation genes (Gfap, Vim and Cd9 representing clusters 3 and 5) are shown on the right. 

b, Volcano plot of cluster 3. c, Donut charts showing the percentage of GfaphiApoelo and 

GfaphiApoehi astrocyte clusters. d, Top upregulated canonical pathways in astrocytes from 

cluster 3 identified using IPA. e, Confocal images of GFAP, IBA1, and human APOE in the 

cortex of 4-month-old mice. Arrows indicate human APOE immunoreactivity or its loss in 

GFAP+ and IBA1+ cells. f,g, Quantification of GFAP+ area (f) and APOE+ immunoreactivity 

in GFAP+ cells associated with plaques (g; n = 51 plaques from APP/PS1:APOE3-KI mice, 

n = 39 plaques from APP/PS1:APOE3-cKO mice, n = 59 plaques from APP/PS1:APOE4-KI 

mice, n = 61 plaques from APP/PS1:APOE4-cKO mice). h, Confocal images of Serpina3n, 

GFAP, and HJ3.4B. i, Quantification of Sepina3n+ immunoreactivity in GFAP+ cells (n = 42 

plaques from APP/PS1:APOE3-KI mice, n = 44 plaques from APP/PS1:APOE3-cKO mice, 

n = 41 plaques from APP/PS1:APOE4-KI mice, n = 30 plaques from APP/PS1:APOE4-cKO 
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mice). j, Schematics of experimental design of adoptive transfer of phagocytic microglia 

showing the isolation of MGnD from APOE3-KI, APOE4-KI and APOE4-cKO mice and 

injection to 2 months-old WT recipient mice, followed by isolation of astrocytes from 

recipient mice 16h later. Figure created with Biorender.com. k, Volcano plot showing 

differentially expressed genes in astrocytes isolated from WT recipient mice injected with 

MGnD sorted from APOE4-KI or APOE3-KI mice (n = 3 mice per group, P < 0.05). 

l, Volcano plot showing differentially expressed genes of astrocytes isolated from WT 

recipient mice injected with MGnD cells sorted from APOE4-cKO mice or APOE4-KI 

mice (n = 3 mice per group, P < 0.05). m, IPA of top-affected upstream regulators in 

WT astrocytes isolated from recipient mice following the injection of APOE4-cKO MGnD 

versus APOE4-KI MGnD (n = 3 mice per group, P < 0.05). Upstream regulators with a P 
value of < 0.05 were selected. Data were analyzed by one-way ANOVA and are presented as 

mean ± s.e.m.; scale bars, 50 μm.
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Fig. 6. Deletion of microglial APOE4 promotes astrocyte activation and their recruitment to 
plaque via LGALS3 in APP/PS1 and P301S mice.
a, Circos plot illustrating prioritized cross-talk between microglia ligands and astrocyte 

receptors. b, Heat map of the top 200 differentially expressed genes in astrocytes isolated 

from APP/PS1 mice injected with PBS, 20 ng and 100 ng of rLGALS3. Differentially 

expressed genes were identified using DESeq2 analysis with an LRT (n = 3–4 mice per 

group, P < 0.05). c, Normalized counts of key astrocytic genes isolated from APP/PS1 

mice treated with PBS and 100ng rLGALS3 (n = 3 PBS-treated mice, n = 4 rLGALS3-

treated mice). d, Confocal images of IBA1, GFAP, and HJ3.4B in APP/PS1 mice treated 

with PBS and 100ng of rLGALS3; scale bar, 200 μm. e, Quantification of plaque load 

at the injection site (n = 9 ROIs from PBS-treated mice, n = 8 ROIs from rLGALS3-

treated mice). f, Volcano plot showing differentially expressed genes in astrocytes isolated 

from apoptotic neuron-injected 8-month-old APOE4-cKO mice compared to those isolated 

from APOE4-KI mice. Differentially expressed genes were identified using DESeq2 

analysis with an LRT (n = 4 mice per group, P < 0.05). g, Volcano plot showing 

differentially expressed genes in astrocytes isolated from 9-month-old P301S:APOE4-cKO 

mice compared to those isolated from P301S:APOE4-KI mice. Differentially expressed 

genes were identified using DESeq2 analysis with an LRT (n = 4–7 mice per group, 

P < 0.05). h–j, Circos plots illustrating prioritized ligand-receptor interactions between 

microglia and astrocytes, comparing phagocytic APOE3-KI versus non-phagocytic APOE3-
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KI conditions (h), phagocytic APOE4-KI versus APOE3-KI (i) and phagocytic APOE4-cKO 

versus APOE4-KI (j). Regulatory potential demonstrates directionality of comparison. k, 
Confocal images of GFAP, HJ3.4B and CLEC7A in APP/PS1:APOE4-KI mice treated with 

PBS or 100ng of rLGALS3; scale bar, 50 μm. l, Quantification of HJ3.4B, CLEC7A and 

GFAP (n = 8 ROIs from five mice per group). Data were analyzed by two-tailed Student’s 

t-test and are presented as mean ± s.e.m.
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Fig. 7. Impaired induction of the MGnD signature and astrocytes activation in individuals with 
AD that carry the APOE4 allele.
a,b, Volcano plot of bulk RNA-seq analysis of total brain tissue isolated from males (a) 

and females (b) showing selected differentially expressed genes in individuals that are 

heterozygous for the APOE3 and APOE4 alleles compared to those that are homozygous 

for the APOE3 allele (male n = 5–7 donors, female n = 6–7 donors, P < 0.05). c, Top 

100 differentially expressed genes from female AD:heterozygous APOE3/APOE4 carriers 

compared to AD:homozygous APOE3 carriers (P < 0.05, n = 6–7 donors per group). d, 
Normalized counts of key affected genes (n = 7 AD:homozygous APOE3 carriers, n = 
6 AD:heterozygous APOE3/APOE4 carriers). e, Top-affected KEGG pathways in female 

AD:homozygous APOE3 carriers compared to AD:heterozygous APOE3/APOE4 carriers. f, 
Confocal microscopy images of brain sections from females with AD that are homozygous 

for the APOE3 allele or heterozygous for the APOE3 and APOE4 alleles stained for 

LGALS3, HJ3.4B-plaque and IBA1. g, Quantification of LGALS3+ immunoreactivity (n 
= 8 AD:homozygous APOE3 carriers, n = 9 AD:heterozygous APOE3/APOE4 carriers). 

h, Volcano plot of microglial differentially expressed genes in AD:heterozygous APOE3/
APOE4 carriers compared to AD:homozygous APOE3 carriers analyzed from dataset 

by Zhou et al.35 (n = 6 AD:homozygous APOE3 carriers, n = 4 AD:heterozygous 

APOE3/APOE4 carriers, P < 0.05). i, Confocal images of brain sections from female 

individuals with AD homozygous for the APOE3 allele or heterozygous for the APOE3 
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and APOE4 alleles stained for pSMAD3, IBA1, and HJ3.4B. j, Quantification of pSMAD3 

immunoreactivity in IBA1+ cells (n = 27 cells from AD:homozygous APOE3 carriers, 

n = 33 cells from AD:heterozygous APOE3/APOE4 carriers ). k, Confocal microscopy 

images of GFAP in the brains of individuals with AD that are homozygous for the APOE3 
allele or heterozygous for the APOE3 and APOE4 alleles. l, Quantification of GFAP 

immunoreactivity per plaque (n = 52 plaques from AD:homozygous APOE3 carriers, n 
= 43 plaques from AD:heterozygous APOE3/APOE4 carrier). m, Donut plots representing 

analysis from dataset by Zhou et al.35, showing the percentage of GFAPhiSERPINA3+ 

and GFAPhiSERPINA3− astrocyte clusters in AD:heterozygous APOE3/APOE4 carriers 

and AD:homozygous APOE3 carriers. n, Volcano plot of astrocytic differentially expressed 

genes of AD:heterozygous APOE3/APOE4 carriers compared to AD:homozygous APOE3 
carriers analyzed from the dataset by Zhou et al.35 (n = 6 AD:homozygous APOE3 carriers, 

n = 4 AD:heterozygous APOE3/APOE4 carriers, P < 0.05). Arrows indicate ROIs for f and 

i. Data were analyzed by two-tailed Student’s t-test and are presented as mean ± s.e.m.; scale 

bars, 50 μm.
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Fig. 8. Blocking ITGB8-TGFβ signaling enhances MGnD response and reduces AD pathology in 
APP/PS1 mice.
a, Representative images of TMEM119 immunoreactivity in sagittal brains of Itgb8-cKO 

mice and control littermates. Arrows indicate magnified ROIs. b, Images of CLEC7A, 

GFAP, and APOE in Itgb8-cKO and control mice. c,d, Quantification of CLEC7A+(c) 

and GFAP+(d) immunoreactivity in the cortex (n = 12 ROIs per group). e, Heat map of 

differentially expressed genes for microglia isolated from Itgb8-cKO versus control mice (n 
= 4–5 mice per group, P < 0.05). f, Top KEGG pathways in Itgb8-cKO microglia versus 

control microglia. g, Images of pSMAD3, APOE, and IBA1 in Itgb8-cKO and control mice. 

h, Quantification of pSmad3 immunoreactivity in IBA1+ cells (n = 45 cells in the control 

group, n = 47 cells in the Itgb8-cKO group). i, Quantification of Apoe immunoreactivity in 

IBA1+ cells (n = 45 cells in the control group, n = 47 in the Itgb8-cKO group). j, Scatter 
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plot comparing differentially expressed genes in microglia from Itgb8-cKO and Tgfbr2-cKO 

mice, described by Lund et al.61 (for Lund et al., n = 3 mice per group; for Itgb8-cKO, n = 

4–5 mice per group; P < 0.05, Log2(fold change) of >0.25 or <–0.25). k, Schematics of the 

administration of neutralizing antibody to ITGB8 or IgG isotype control into the brains of 

APP/PS1 mice and analysis 3 d later. l, Heat map of microglia isolated from APP/PS1 mice 

treated with neutralizing antibody to ITGB8 or IgG isotype control and top Gene ontology 

pathways affected (n = 5 mice per group, P < 0.05). m, Images of HJ3.4B+ plaques at the 

injection site 14 days after the treatment of APP/PS1 mice with neutralizing antibody to 

ITGB8 or IgG isotype control. n, Quantification of HJ3.4B+ plaques at the injection sites 

(n = 8 IgG-treated mice, n = 9 anti-ITGB8-treated mice). o, Images of GFAP+, CLEC7A+, 

and HJ3.4B+ plaques at the injection site 14 days after the treatment of APP/PS1:APOE4 
KI mice with neutralizing antibody to ITGB8 or IgG isotype control. p, Quantification of 

HJ3.4B+ plaques area and GFAP+ and CLEC7A+ area per ROI at the injection sites (n = 11 

ROIs from 6–7 mice per group). Data were analyzed by two-tailed Student’s t-test and are 

shown as mean ± s.e.m.; scale bars, 2mm for a; 100 μm for b and m; 50 μm for g and o.
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