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Abstract

Selective neurodegeneration is a critical causal factor in Alzheimer’s disease (AD); however, the 

mechanisms that lead some neurons to perish while others remain resilient are unknown. We 

sought potential drivers of this selective vulnerability using single-nucleus RNA sequencing and 

discovered that apoE expression level is a substantial driver of neuronal variability. Strikingly, 

neuronal expression of apoE—which has a robust genetic linkage to AD—correlated strongly, on 

a cell-by-cell basis, with immune response pathways in neurons in the brains of wildtype mice, 

human apoE knock-in mice, and humans with or without AD. Elimination or over-expression 

of neuronal apoE revealed a causal relationship between apoE expression, neuronal MHC-I 

expression, Tau pathology, and neurodegeneration. Functional reduction of MHC-I ameliorated 

Tau pathology in apoE4-expressing primary neurons and in mouse hippocampi expressing 
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pathological Tau. These findings suggest a mechanism linking neuronal apoE expression to MHC-

I expression and, subsequently, to Tau pathology and selective neurodegeneration.

Across the diversity of neurodegenerative diseases, particular brain regions and cell types 

are especially vulnerable1. In Alzheimer’s disease (AD), for example, there is a regional 

susceptibility in the hippocampus and entorhinal cortex, with a particular vulnerability in 

CA1 neurons and hilar interneurons relative to other neuronal types1–4. Even within these 

susceptible neuronal populations, however, some cells are lost early while others prove 

more resilient. With recent technical improvements in single-cell analysis, we are able to 

examine the within-cell-type variability that may contribute to cell-by-cell differences in 

susceptibility to disease.

AD is the most common form of dementia3. The major genetic risk factor for AD is 

apolipoprotein (apo) E4, which both increases disease risk and decreases age of disease 

onset in carriers3–5. Although apoE4 carriers account for only 20–25% of the general 

population, they represent 60–75% of AD cases, highlighting the importance of apoE4 

in AD pathogenesis3–6. Within the central nervous system, the apoE protein is primarily 

produced in astrocytes7 but has been shown to be produced in neurons under conditions 

of stress, injury, and aging8–10. Neuronal apoE4 expression has been shown to diminish 

synaptic plasticity, impair synaptogenesis, decrease synaptic density, induce Tau pathology, 

cause interneuron deficit, and impair learning and memory in vitro and/or in vivo2–4,8,11–13. 

Additionally, in a mouse model of tauopathy, human apoE expression—especially the apoE4 

isoform—led to increased Tau pathology, neuroinflammation, and neuronal loss, while 

apoE deficiency protected against these insults, suggesting a dose effect of apoE protein 

in addition to isoform-specific effects14. We sought to test whether and how neuronal apoE 

expression levels may contribute to selective neuronal vulnerability in AD by single cell 

analysis in both human apoE knock-in (apoE-KI) mouse and human brains.

An unbiased single-nucleus RNA sequencing (snRNA-seq) analysis revealed strong 

correlations between neuronal apoE expression and expression of a number of cellular 

stress pathways that have previously been implicated in neurodegeneration, including 

pathways related to metabolic stress, apoptosis, DNA damage and repair, unfolded protein 

response, and immune response. A number of these cellular sequelae, including metabolic 

disruption15, neurodegeneration3,4, and cellular senescence and apoptosis16, had been 

previously linked to neuronal apoE expression, but the link between neuronal expression 

of apoE and neuronal expression of immune response pathways was, to our knowledge, not 

reported previously.

Further analysis of these immune response pathways suggested that some of the MHC 

class I (MHC-I) family of genes (more than 50 genes in total) could be driving this 

association. Like apoE, MHC-I genes are expressed at a relatively low level in neurons 

under physiological conditions, and their expression is increased following excitatory stress, 

seizure, injury, and aging17–21. Additionally, both increased apoE and increased MHC-I 

expression can diminish neuronal capacity for synaptic plasticity, neurite outgrowth, and 

neuronal regeneration3,4,8,10,17–23. In experiments manipulating neuronal apoE expression, 

we found a causal link between neuronal expression of apoE and neuronal expression of 
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MHC-I (referring to MHC-I genes in general) at both RNA and protein levels. We further 

showed, using both shRNA knockdown and genetic knock-out approaches, that reducing 

functional expression of MHC-I ameliorated AD-related Tau pathologies in neurons from 

both wildtype and human apoE-expressing mice. Our discovery of cell-by-cell correlations, 

as well as a causal link between neuronal apoE, neuronal MHC-I, and AD-related 

pathologies, provides insight into a potential mechanism by which these proteins may work 

in the same or interrelated pathways to contribute to selective neurodegeneration in AD.

Results

snRNA-seq analysis of the hippocampus in human apoE-KI mice

We first generated snRNA-seq data on isolated hippocampi from female human apoE3-KI 

and apoE4-KI mice at 5, 10, 15, and 20 months of age (N = 4 per genotype and age) 

(Fig. 1a). Female mice were used due to their susceptibility to apoE4-induced neuronal and 

behavioral deficits during aging24. After normalization and filtering, the dataset contained 

21,204 genes across 123,489 nuclei (Fig. 1b). Clustering by shared nearest neighbor (SNN) 

and visualization by t-stochastic neighbor embedding (tSNE) revealed 27 distinct cell-type 

clusters. We matched these clusters to known cell types by examining expression of 

canonical cell-type specific genes25, expression of genes identified in publicly available 

mouse hippocampal single-cell RNA sequencing datasets26,27, and the expression of each 

cluster’s marker genes in a publicly available resource of brain-wide in-situ hybridization 

images28 (Extended Data Fig. 1 and Supplementary Table 1). These analyses together 

identified 16 distinct neuronal clusters, encompassing 105,644 cells, and 11 non-neuronal 

clusters, encompassing 17,845 cells (Fig. 1b).

Expression of apoE as a major contributing factor to cell-by-cell variance for hippocampal 
neuronal cell types in apoE-KI mice

To examine the within-cell-type variability of each of the neuronal clusters, we processed 

our data using a Markov affinity-based graph method29 and visualized each cell population 

using principal component analysis (PCA). This revealed a strong correlation between 

the first two PCs and neuronal apoE expression. In dentate gyrus (DG) granule cells 

(Fig. 1c), for example, the first PC, explaining 73% of within-cell-type variability, was 

directly correlated to levels of neuronal apoE expression (r = 0.81, p = 0). We observed 

significant correlation between apoE expression and the first two PCs across multiple other 

hippocampal neuron types, including CA1 and CA2/CA3 neurons and SST/PV interneurons 

(Fig. 1d–f). We noted that these patterns are not driven by measures of read depth or 

quality, such as number of genes, number of unique molecular identifiers (nUMI), or percent 

mitochondrial genes (Extended Data Fig. 2a–d). Likewise, they were not explained by age 

or apoE genotype (Extended Data Fig. 2e–h), nor was there evidence of doublets formed 

between neurons and astrocytes (Extended Data Fig. 2i–l).

ApoE expression correlates with multiple cellular stress and immune response pathways 
in most hippocampal neuronal, but not astrocytic, cell types in apoE-KI mice

We noted that apoE was expressed at variable levels across neuronal types. To further 

examine the implications of neuronal apoE expression, we assigned each cell an expression 
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score for the genes in each Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway30, 

then examined which pathways were most correlated with apoE expression on a cell-by-cell 

basis. We performed hierarchical clustering of these apoE-by-pathway correlations and 

visualized the results as a heatmap (Fig. 2a and Supplementary Table 2). The relationship 

between apoE gene expression and the pathway scores was highly consistent, with minimal 

contribution from apoE genotype or age (Extended Data Fig. 3), so we opted to combine 

all samples for this analysis. Although this analysis could have generated a list of up to 

160 pathways (10 unique pathways for each of the 16 neuronal types), the complete list 

was comprised of just 41 pathways, indicating a high degree of overlap across neuronal cell 

types.

These pathways represented a number of known downstream effects of neuronal apoE 

expression, such as metabolic disruption15, neurodegeneration3,4, and cellular senescence 

and apoptosis16. Interestingly, this analysis also uncovered many pathways that are already 

of interest to the AD research community, but that had not previously been linked to 

neuronal apoE, including pathways related to DNA damage and repair31, the unfolded 

protein response32, and immune response33. Finally, we noted an overall pattern of apoE-

by-pathway correlations, where these relationships were strongest in excitatory neurons, 

intermediate in inhibitory interneurons and oligodendrocytes, and weakest and even anti-

correlated in astrocytes, OPCs, endothelial, and choroid plexus cells (Fig. 2a), suggesting 

cell-type-dependent effects of apoE expression on cell signaling pathways.

In examining the relationships among the top neuronal apoE-correlated pathways, we found 

that some pathways were tightly interconnected into modules (Fig. 2b). In these modules, 

some pathways were expected to relate to neuronal apoE expression. For example, one 

module contained densely-interconnected pathways related to neurodegenerative disease, 

including the AD, Huntington disease, and Parkinson disease pathways (Fig. 2b, blue). 

Additionally, we found a module related to cellular metabolism (Fig. 2b, green), and one 

related to DNA replication and repair (Fig. 2b, pink). Strikingly, however, the largest module 

of neuronal apoE-correlated pathways contained those that relate to immune response 

(Fig. 2b, orange). Among these immune-response pathways were pathways related to 

autoimmunity and those related to response to infections.

We found similar relationships between neuronal apoE expression level and cellular stress 

and immune response pathways in a snRNA-seq dataset of mouse cortical neurons, which 

would express normal mouse apoE34 (Extended Data Fig. 4). Again, the largest module of 

mouse neuronal apoE-correlated pathways contained those that relate to immune response, 

including both autoimmune-related and infection-response pathways. These data indicate 

that the relationship of neuronal apoE expression to the expression of cellular stress and 

immune response pathways is generally applicable to both human and mouse apoE, occurs 

during normal physiology, and is potentially exacerbated in disease.

Neuronal apoE expression correlates with cellular stress and immune response pathways 
in brains of persons with mild cognitive impairment (MCI) or Alzheimer’s dementia

We next wanted to examine whether the observed effects of neuronal apoE expression on 

cellular stress and immune response pathways are relevant to human brains with cognitive 
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impairment (MCI or Alzheimer’s dementia). To address this question, a snRNA-seq dataset 

from the prefrontal cortex of 48 individuals from the ROSMAP cohort35 was assessed (Fig. 

3a and Supplementary Table 1). We observed that up to 28% of neurons express apoE at 

a high level, depending on disease status and neuronal subtype (Fig. 3b). ApoE expression 

was variable across neuron types, with SST+ interneurons (cluster 12 Inh) having 22% 

higher median apoE expression than the major clusters of excitatory neurons (clusters 1 Ex 

and 3 Ex), although they both had much lower apoE expression than astrocytes (cluster 5 

Astro). We processed this dataset in a parallel manner to the mouse snRNA-seq, assigning 

a pathway expression score for every KEGG pathway to every cell. As in the mouse data, 

we again found that first PCs were highly correlated with apoE expression across multiple 

neuronal subtypes (Extended Data Fig. 5), suggesting that neuronal apoE expression is 

potentially an important driver of within-cell-type variability in both mouse and human 

brains.

We then queried the pathways whose expression most correlates with apoE expression 

within each neuron type (Fig. 3c and Supplementary Table 2). Of the 42 pathways identified, 

18 were shared with the mouse data (43%, Monte Carlo test, p < 0.001). Additionally, 

categories of pathways similar to those from the mouse data were also represented, including 

pathways related to neurodegeneration, cellular metabolism, DNA damage and repair, 

unfolded protein response, and immune response. Importantly, this similarity suggests the 

potential for translation of these findings and their mechanisms between mouse models and 

human patients. These fundamental patterns were further replicated in both an additional 

dataset of human temporal cortex snRNA-seq data (Extended Data Fig. 6a–d), as well as 

in a dataset of human single-cell RNA sequencing36 (Extended Data Fig. 6e–g), both with 

no known neuropathology. These additional analyses suggest that the relationship between 

neuronal apoE expression and the expression of cellular stress and immune response 

pathways holds, not just during disease, but also under normal physiological conditions, 

both in mice and in humans.

We also found that, as in the mouse data, these pathways clustered into four main modules 

(Fig. 3d): cellular metabolism (green), neurodegeneration (blue), DNA damage and repair 

(pink), and immune response (orange). Again, the largest module was related to immune 

response, and included both autoimmune-related and infection-response pathways (Fig. 3d).

ApoE4-KI mice exhibit increased proportions of apoE-expression-high neuronal cells at an 
earlier age than do apoE3-KI mice

In examining the level and distribution of apoE mRNA across cell types, we noticed 

differences in both the median gene expression and the distribution of apoE expression 

across hippocampal cell types in apoE-KI mice. For example, in DG granule cells and CA1 

neurons, the median apoE expression was approximately 40% lower than that in SST/PV 

interneurons, and the median expression in SST/PV cells was less than half of that observed 

in astrocytes (Fig. 4a–d). We classified cells as apoE-expression-high if they express apoE 

mRNA at >2 SD above the median expression for that cell type (red dashed lines in Fig. 

4a–c). The proportion of apoE-expression-high cells varied in an interesting way by age 

and apoE genotype across neuronal clusters. In both DG granule cells and CA1 neurons, 
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at 5 months, the proportion of apoE-expression-high cells is similar between apoE3-KI and 

apoE4-KI mice. Strikingly, in apoE4-KI mice, the proportion of apoE-expression-high cells 

rises rapidly, peaking (~15–18%) around 10 months, before significantly declining as the 

mice continue to age (Fig. 4e,f). In apoE3-KI mice, there was a delay in this timeline, 

with apoE-expression-high cell frequency peaking around 15 months, with a subsequent 

significant decline (Fig. 4e,f). Importantly, these timelines correlate with the age of onset 

of neuronal and behavioral deficits in the apoE4-KI mice at 15–16 months of age and 

apoE3-KI mice at 20–21 months of age2,24. In SST/PV interneurons, in both apoE3-KI 

and apoE4-KI mice, we saw the highest levels (~15%) of apoE-expression-high cells at 5 

months with subsequent decline. This decline was faster and larger in apoE4-KI than in 

apoE3-KI mice (Fig. 4g). Again this finding aligns with previously observed timelines of 

GABAergic interneuron degeneration, as SST interneurons in the DG begin to be lost as 

early as 6 months in this model, with a greater extent and faster decline in apoE4-KI than 

in apoE3-KI mice during aging2,24. These data suggest a potential causal role for neuronal 

apoE, especially apoE4, in AD-related selective neuronal degeneration and loss. Strikingly, 

the apoE expression pattern in astrocytes had no such age and genotype related changes 

(Fig. 4h), although they had much higher baseline apoE expression levels (Fig. 4d).

The proportion of apoE-expression-high neuronal cells tracks disease progression in 
patients with MCI or AD

A complementary pattern was observed in neurons from human brains of the ROSMAP 

cohort35. In seven out of 13 neuronal types, the proportion of apoE-expression-high neurons 

(defined as cells with apoE expression >2 SD above the median for that neuron type) 

was relatively low in individuals with no cognitive impairment (No CI), was highest (~10–

28%) in individuals with MCI, and relatively low in individuals with AD (Fig. 5a; repeated-

measures one-way ANOVA, n = 13, p = 0.0082). When considering the many potential 

patterns of apoE-expression-high cell enrichment, observing this pattern in the majority of 

neuronal cell types is unlikely by chance (Chi-square test; p = 4.9 × 10−5). This pattern 

suggests that neuronal apoE expression is up-regulated early in the clinical progression of 

AD at the stage of MCI and declines thereafter as neurodegeneration advances leading to the 

dementia stage. To further explore a potential connection between neuronal apoE expression 

and subsequent cellular loss, we examined whether neuronal cell types that exhibit a large 

proportion of apoE-expression-high cells at one stage of the disease are lower in number at 

later stages of disease. Indeed, we found that neuron types with a relatively small proportion 

of apoE-expression-high cells were not lower with more advanced disease, while those with 

larger proportions tended to be lower at later disease stages (Fig. 5b).

Neuron-specific knockout of the apoE gene protects from neuronal, synaptic, and 
hippocampal volume loss in aged apoE-KI mice

To directly test the effects of neuron-specific apoE expression on neuronal health and 

survival, we conducted an immunohistochemical analysis of the hippocampus from aged 

apoE-KI mice (15 month) as compared to age-matched, LoxP-floxed apoE-KI mice with the 

apoE gene specifically knocked out of neurons (apoE-KI/Syn-Cre mice). We found that aged 

apoE4-KI mice have a significantly lower density of NeuN/DAPI double-positive cells in 

CA1, as compared to apoE3-KI or apoE4-KI/Syn-Cre mice (Fig. 4i,j). Importantly, knocking 
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the apoE gene out of neurons in apoE4-KI/Syn-Cre mice rescued their CA1 neuron density 

back to apoE3-KI levels (Fig. 4i,j), implying that neuronal apoE4 is sufficient to cause 

neuronal degeneration and/or loss by age of 15 months. Hippocampal volume, calculated 

as previously reported14, was also significantly lower in apoE4-KI mice as compared to 

apoE3-KI mice (Fig. 4k). Interestingly, in both apoE3-KI and apoE4-KI mice, hippocampal 

volume was significantly larger with neuron-specific knockout of the apoE gene (Fig. 4k), 

highlighting the critical role of neuronal apoE in neurodegeneration in general.

We also noted a number of synaptic phenotypes that were mediated by neuronal apoE. For 

example, PSD-95 protein, as measured by immunostaining, was lower in aged apoE4-KI 

mice compared to apoE3-KI mice, both in the stratum pyramidale and stratum radiatum of 

CA1 (Fig. 4l–n). Both phenotypes were rescued by neuron-specific apoE knockout (Fig. 

4l–n), suggesting that neuronal apoE also mediates synapse loss in aged apoE4-KI mice.

Neuron-specific knockout of the apoE gene reduces MHC-I expression both in vivo and in 
vitro

Next, we sought to validate the potential role of some of the apoE-correlated pathways 

in mediating neuronal and synaptic loss in apoE-KI mouse hippocampus. Given the clear 

import of immune signaling in AD pathogenesis, we chose to focus on the immune response 

pathways. Analysis of the genes that appear most frequently across the top apoE-correlated 

immune response pathways revealed that MHC genes appeared enriched across these 

pathways, and additionally demonstrated strong correlations with apoE expression on a 

cell-by-cell basis (Fig. 6a).

To examine whether there is, in fact, a causal relationship between neuronal expression 

of apoE and neuronal expression of MHC genes, we performed snRNA-seq on four 

aged (15 month) apoE-KI mice with the apoE gene specifically floxed out of neurons 

(apoE-KI/Syn-Cre mice). These mice express human apoE in all cells except neurons. We 

combined the data from age-matched apoE-KI and apoE-KI/Syn-Cre mice using canonical 

correlation analysis (Fig. 6b,c). We saw representation in both datasets of all major cell 

types (Fig. 6c and Extended Data Fig. 7a). As expected, a marked reduction of apoE 

expression was observed specifically in neurons in apoE-KI/Syn-Cre mice (Fig. 6d,e). 

These data additionally indicate that even neurons expressing a low level of apoE are 

truly apoE-expressing, as the levels detected in apoE-KI neurons are markedly above noise 

levels detected in the apoE-KI/Syn-Cre neurons (Extended Data Fig. 7b). We noted that, 

in the apoE-KI neurons, but not other cell types, the expression of apoE closely tracks the 

expression of MHC genes on a cell-by-cell basis (Fig. 6d,f). As predicted, in neurons of the 

apoE-KI/Syn-Cre mice, where the expression of apoE was specifically knocked out, MHC 

gene expression score was also strongly reduced (compare Fig. 6g to 6f). In examining 

expression of the individual genes most frequently represented across these immune 

response pathways, we found significant reduction of multiple MHC-I genes previously 

reported to be expressed in mouse brains37, including H2-D1, H2-T22, H2-T23, and H2-

T24, across neuron types in apoE-KI/Syn-Cre mice (Fig. 6h and Supplementary Table 2). 

These data strongly suggest that neuronal apoE expression drives neuronal expression of 

MHC-I genes at the mRNA level.
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To further examine the relationship between apoE expression and MHC-I expression, we 

conducted western blot analysis of apoE and MHC-I levels in primary neuron lysate 

from either wildtype (WT) or apoE knockout (apoE-KO) mice. This analysis revealed a 

significant reduction in apoE and, simultaneously, MHC-I levels in apoE-KO neurons as 

compared to WT neurons (Fig. 6i), demonstrating a causal relationship between neuronal 

expression of wildtype mouse apoE and MHC-I at the protein level. We additionally 

conducted western blot analysis of apoE and MHC-I levels in primary neurons derived 

from mice expressing human apoE4 under the neuron-specific enolase (NSE) promoter 

(NSE-E4) on a mouse apoE-KO background38. Here, primary neurons from homozygous 

NSE-E4+/+ mice had significantly higher level of apoE than did neurons from heterozygous 

NSE-E4+/− mice (Fig. 6j). Importantly, western blot analysis also revealed a significantly 

higher level of MHC-I in NSE-E4+/+ than in NSE-E4+/− primary neurons (Fig. 6j). Together 

these data confirm a causal relationship between neuronal apoE expression and neuronal 

MHC-I expression, both for mouse and human apoE.

We also examined these NSE-E4+/− and NSE-E4+/+ primary neuron cultures using 

immunocytochemistry. Both apoE (Fig. 6k) and MHC-I (Fig. 6l) protein levels were 

significantly lower in NSE-E4+/− than in NSE-E4+/+ neurons. Importantly, on a neuron-by-

neuron basis, there was also a strong and significant correlation between apoE and MHC-I 

in both NSE-E4+/− and NSE-E4+/+ primary neurons (Fig. 6m–o), again confirming the 

relationship between apoE and MHC-I protein level in neurons on a cell-by-cell basis. 

Finally, we examined whether subject-by-subject differences in neuronal apoE expression 

level predict MHC-I or beta-2 microglobulin (B2M, a regulator of functional MHC-I 

expression) gene expression in neurons of human patients with MCI or AD. We found 

that neuronal apoE expression indeed predicted the expression of multiple MHC-I genes as 

well as B2M gene in neurons, after controlling for age, sex, apoE genotype, and AD clinical 

status (Extended Data Fig. 8a). Taken together, these in vitro and in vivo findings support 

the conclusion that increased neuronal apoE expression indeed increases neuronal MHC-I 

expression both in mouse models and in human patients.

Functionally reducing neuronal MHC-I ameliorates neuronal apoE-induced Tau pathologies

In examining the relationship between neuronal apoE and AD-related pathologies, we 

immuno-stained the NSE-E4+/− and NSE-E4+/+ primary neurons with a phosphorylated Tau 

(p-Tau)-specific antibody (PHF1) that recognizes earliest pathological Tau in AD brains39. 

Strikingly, NSE-E4+/+ neurons very frequently displayed PHF1-positive p-Tau mislocalized 

to the neuronal soma, a hallmark pattern of pathological Tau in AD brains40,41, whereas 

NSE-E4+/− neurons, which had lower levels of apoE4, typically did not show such a 

phenotype (Fig. 7a,b). Given the relationship between neuronal apoE and neuronal MHC-I, 

we sought to test whether MHC-I in some way mediates the relationship between increased 

neuronal apoE4 and p-Tau mislocalization. We treated NSE-E4+/+ primary neurons with 

lentivirus either containing shRNA against B2M, a protein required for functional expression 

of all MHC-I genes42,43, or scrambled shRNA control (Fig 7c–g). Although apoE expression 

level was not altered by expression of B2M-shRNA (Fig. 7c), both B2M (Extended 

Data Fig. 9a,b) and MHC-I (Fig. 7d) expression were significantly reduced in the B2M-

shRNA-treated neurons. Importantly, B2M-knockdown also significantly reduced p-Tau 
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mislocalization both in the soma (Fig 7e,g) and in the dendrites (Fig 7f,g) of NSE-E4+/+ 

primary neurons. This finding suggests that these AD-related Tau pathologies, which are 

a downstream result of neuronal apoE4 expression (Fig 7a,b), are in fact mediated by 

functional MHC-I expression in neurons.

As further evidence of this relationship, we also compared p-Tau mislocalization in B2M-

KO primary neurons as compared to WT or apoE-KO neurons (Fig. 7h–k). As anticipated, 

apoE expression level was significantly higher in B2M-KO and WT neurons as compared 

to apoE-KO neurons (Fig. 7h). Also as expected, B2M-KO primary neurons lacked B2M 

expression as compared to WT primary neurons (Extended Data Fig. 9c). Importantly, 

p-Tau mislocalization both to neuronal soma (Fig. 7i,k) and to dendrites (Fig. 7j,k) was 

significantly reduced in B2M-KO and apoE-KO primary neurons as compared to WT 

primary neurons. In fact, B2M-KO rescued p-Tau mislocalization to a similar level as 

apoE-KO by both metrics, suggesting that neuronal apoE and MHC-I signaling act in the 

same or interrelated pathways to cause AD-related Tau pathologies.

To further evaluate the effect of functionally reducing MHC-I on Tau pathology in vivo, 

we injected an adeno-associated virus-2 (AAV2) expressing human pathological Tau (Tau-

P301S) into the hippocampi of WT and B2M-KO mice. We then compared the relative 

p-Tau pathology 6 weeks after the injection by immunostaining for human Tau (HT7) and 

p-Tau (PHF1). Functional reduction of MHC-I ameliorated the induced Tau pathology, 

as determined with the ratio of p-Tau to total human Tau, in both CA1 and DG of 

the hippocampus (Fig. 8). Finally, we examined whether subject-by-subject differences 

in MHC-I expression predict Tau pathologies in human patients with MCI or AD. We 

found a significant effect of multiple MHC-I genes in predicting Tau tangle pathology, but 

not β-amyloid pathology, after controlling for age, sex, apoE genotype, apoE level, and 

AD clinical status (Extended Data Fig. 8b, c). Taken together, these in vitro and in vivo 
findings support the conclusion that functional reduction of MHC-I ameliorates neuronal 

apoE-induced Tau pathologies.

DISCUSSION

In this study, we exploit the power of snRNA-seq to examine neuron-by-neuron differences 

in susceptibility to AD-related neurodegeneration. We find that neuronal apoE expression 

correlates strongly with the primary axes of within-cell-type variability across multiple 

hippocampal neuron types both in human apoE-KI and in WT mice. We additionally 

replicate this relationship in humans with MCI or AD, as well as in persons without 

known neurodegeneration. These findings together suggest that neuronal apoE expression 

may be an important factor driving within-neuron-type variability under both normal 

physiological and pathophysiological conditions. By examining which cellular pathways 

are most closely correlated to neuronal apoE expression, we identify novel associations 

between neuronal apoE expression and immune-response pathways. These associations 

are also consistent across human apoE-KI mice, WT mice, humans with MCI or AD, 

and persons without known neurodegenerative diseases, further suggesting that the role 

for neuronal apoE expression in within-neuron-type variability may lie in regulating 
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expression of these important immune response pathways under both normal physiological 

and pathophysiological conditions.

Our findings suggest that neuronal apoE regulates cellular stress and immune response 

pathways both in health and in disease, and we find that the level of neuronal apoE 

expression tracks disease progression, both in human apoE-KI mice and in patients with 

MCI and AD. This finding suggests that pathological upregulation of neuronal apoE, 

especially apoE4, may play a causal role in selective neurodegeneration—a hypothesis 

supported by experiments demonstrating that neuron-specific apoE4 knockout rescues 

synaptic, neuronal, and hippocampal volume loss.

Our study also uncovers a specific link between neuronal apoE and neuronal MHC-I on 

a cell-by-cell basis. Critically, we demonstrate an upstream regulatory role for neuronal 

apoE on neuronal MHC-I expression at both the mRNA and protein levels in multiple 

models, including human apoE-KI, neuron-specific apoE-KO, WT, and neuron-specific 

apoE4-overexpression mice. Our study further suggests that this apoE-MHC-I link is the 

beginning of a causal chain driving Tau pathology as well as selective neuronal and 

synaptic degeneration or loss. It will be of great import for future work to further dissect 

the intracellular mechanisms leading from increased apoE expression to increased MHC-I 

expression, as breaking this link provides a novel therapeutic avenue in drug development 

for preventing or treating AD.

Finally, we find that lowering functional MHC-I by knocking down or knocking out 

B2M, a protein required for functional expression of all MHC-I genes42,43, is sufficient 

to significantly reduce Tau pathologies in vitro in cultured primary neurons or in vivo in a 

pathological Tau-P301S overexpression mouse model. It should be noted that B2M knock 

down or knockout only functionally reduces MHC-I but does not completely eliminate 

MHC-I42,43. Nonetheless, these findings demonstrate an upstream role for functional MHC-I 

in AD-related Tau pathologies in both human apoE overexpression and wildtype mouse 

neurons. This conclusion is further supported by the observation that multiple MHC-I 

genes predict Tau tangle pathology in patients with MCI or AD. Prior work in a mouse 

model of tauopathy demonstrated that human apoE expression, especially of the apoE4 

isoform, leads to increased Tau pathology, neuroinflammation, and neuronal loss, while 

apoE knockout protects against these insults14, suggesting a dose effect of apoE protein 

on tauopathy. Critically, that study did not address whether neuronal or glial apoE leads to 

these effects. We and others have previously shown that neuronal, but not astrocytic, apoE4 

increases Tau phosphorylation and neurofibrillary tangle (NFT)-like structure formation in 

neurons8,38,44,45, highlighting the cell-source-specific effects of apoE. This study reveals, 

for the first time, that neuronal apoE can act through neuronal MHC-I to elicit AD-related 

Tau pathologies. It will be crucial for future work to dissect the intraneuronal mechanisms 

underlying the apoE-MHC-I-Tau axis of pathology in AD and to explore the potential effect 

of microglia on this pathological process.

Together our data support a model that, in response to various cellular stressors during 

aging, increased neuronal apoE expression acts as a molecular switch, triggers aberrant 

upregulation of neuronal MHC-I, and drives Tau pathology and the selective destruction 
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of individual synapses and neurons (Extended Data Fig. 10). This destruction could be a 

symptom of dysregulation of synaptic homeostasis46, or it could be mediated by immune 

cell partners, as hypothesized in Extended Data Fig. 10, such as reactive microglia33 

and/or, MHC-I’s classical partner, CD8+ T-cells, which have recently been shown to 

patrol the cerebrospinal fluid of AD patients47. This model is in line with the hypothesis 

that microglia’s developmental role in synaptic pruning is aberrantly re-activated in the 

process of aging-related neurodegeneration, leading to synaptic and neuronal loss as seen 

in AD17,22,23,48,49. However, it is highly unlikely that immune cells would attack specific 

synapses or neurons without a direct signal from the neurons themselves50. Instead, it is 

conceivable that neurons produce signals that attract, arrest, or activate immune cells in 

their niche. Our study provides evidence that neuronal apoE-induced MHC-I overexpression 

might serve as this “eat me” signal from stressed or injured neurons, potentially to microglia 

and/or CD8+ T-cells (Extended Data Fig. 10).

This study raises many new questions in the context of apoE’s roles in AD pathogenesis: 

How is neuronal apoE expression regulated under physiological and disease conditions? 

What are the molecular and cellular mechanisms underlying apoE regulation of neuronal 

MHC-I expression? Does neuronal apoE-MHC-I-axis present stressed or injured neurons 

to microglia, T-cells, or both for executing the “eat me” process? How does the neuronal 

apoE-MHC-I-axis elicit AD-related Tau pathologies? Are there sex-dependent differences 

in the regulation of apoE-MHC-I-axis and its roles in AD pathogenesis (as the current 

study focuses on female mice only)? Answering these fundamental questions would shed 

light on the mechanisms of AD pathogenesis and may also be informative for better 

understanding the selective vulnerability of neurons in neurodegenerative diseases in 

general. This study also provides potential new targets for developing drugs to prevent 

or treat selective neurodegeneration in AD, such as lowering/blocking neuronal expression 

of apoE, disconnecting apoE-MHC-I-axis in neurons, inhibiting the machinery of MHC-I 

induction of Tau pathologies, or blocking MHC-I presentation of neurons to immune 

effector cells. It is conceivable that a combination of some of these approaches would be 

more effective than any individual intervention in AD prevention and treatment.

Methods

Mice.

All protocols and procedures followed the guidelines of the Laboratory Animal Resource 

Center at the University of California, San Francisco (UCSF). Experimental and control 

mice had identical housing conditions from birth through sacrifice (12 h light/dark cycle, 

at 19–23 °C and 30–70% humidity, housed 5 animals/cage, PicoLab Rodent Diet 20). 

ApoE3-KI and apoE4-KI homozygous mouse lines (Taconic)51 were born and aged under 

normal conditions at the Gladstone Institute/UCSF animal facility. ApoE4-KI/Syn-Cre and 

apoE3-KI/Syn-Cre mice were generated by cross-breeding apoE-floxed-KI mice, which was 

generated in our lab52, with Syn-Cre mice11.

Zalocusky et al. Page 11

Nat Neurosci. Author manuscript; available in PMC 2022 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Human subjects.

Human data came from subjects in the Religious Orders Study or Rush Memory and 

Aging Project (ROSMAP)53,54. Both studies enroll persons free of dementia who agree 

to annual clinical evaluation and organ donation at death. Both were approved by an 

Institutional Review Board of Rush University Medical Center, Chicago, IL. All subjects 

signed informed consent and an Anatomical Gift Act, and a repository consent to allow 

their data to be shared. Demographic information on donors from the human MCI/AD 

single-nucleus RNA sequencing cohort can be found in Supplementary Table 3, in35, and 

with the deposited data at (https://www.synapse.org/#!Synapse:syn18485175). Demographic 

information on donors from the healthy normal cohort can be found in Supplementary 

Table 4, and with the deposited data at http://help.brain-map.org/download/attachments/

8323525/CellTypes_Case_Qualification_and_Donors.pdf. More information about accessing 

ROSMAP data and biosamples can be found at www.radc.rush.edu.

Single-nuclei preparation for 10x loading.

To isolate single nuclei from adult mouse brains, we combined and adapted the 10x 

Genomics demonstrated protocol for nuclei isolation from adult mouse brain55 and the Allen 

Brain Institute protocol for FACS sorting of single nuclei56 as follows. Hippocampi were 

acutely dissected on ice. Dissected hippocampi were placed in 2mL Hibernate A®/B27®/

GlutaMAX™ (HEB) medium in a 5mL tube. The HEB medium was removed to a 15mL 

conical and kept on ice. 2mL of chilled lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 3 

mM MgCl2, and 0.1% Nonidet™ P40 Substitute in Nuclease-Free Water) were added to the 

tissue, and the hippocampi were homogenized by suctioning 10 times through a 21G needle. 

After homogenization, the tissue was lysed on ice for 15min, swirling 2–3 times during this 

incubation period. The reserved chilled HEB media was then returned to the lysed tissue 

solution, and the tissue was further triturated with 5–7 passes through a 1mL pipette. A 

30μm cell strainer (MACS SmartStrainer; Miltenyi Biotech 130-110-915) was washed with 

1mL of PBS, and the lysed tissue solution was filtered through the strainer to remove debris 

and clumps. Filtered nuclei were centrifuged at 500 rcf for 5min at 4°C. The supernatant 

was removed, and nuclei were washed in 1mL of Nuclei Wash and Resuspension Buffer (1X 

PBS with 1.0% BSA and 0.2U/μl RNase Inhibitor). Nuclei were again centrifuged at 500 rcf 

for 5min at 4°C and resuspended in 400μL of Nuclei Wash and Resuspension Buffer. DAPI 

was added to a final concentration of 0.1ug/mL, and the nuclei were filtered through a 35μm 

cell strainer. DAPI-positive nuclei were sorted by gating on DAPI-positive events, excluding 

debris and doublets, using the BD FACSAria-II at the Gladstone Institutes’ Flow Cytometry 

Core.

cDNA library preparation and sequencing.

cDNA libraries were prepared using the Chromium Single Cell 3′ Library and Gel Bead 

kit v2 (10x Genomics: 120267) according to the manufacturer’s instructions. Libraries were 

sequenced on an Illumina NovaSeq 6000 sequencer at the UCSF CAT Core.
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Pre-processing and clustering of mouse single-nucleus RNA sequencing samples.

Demultiplexed fastq files were aligned to a custom reference genome built from mm10–

1.2.0 that includes introns, using the Cellranger v2.0.1 counts function with default 

parameters, as described in the Cellranger documentation. UMI counts were also determined 

using the Cellranger counts function, and count matrices from different samples were 

aggregated into a single count matrix using Cellranger’s aggr function with default 

parameters. This function filters barcodes (potential cells) according to a UMI count 

threshold. Filtered UMI count matrices were further processed using Seurat v.2.3.4. Data 

were filtered to include only protein coding genes. Cells were filtered to include only cells 

with 200–2,400 genes detected, 500–4,500 UMI, and <0.25% mitochondrial reads. This 

quality assurance process resulted in a final matrix of 21,204 genes by 123,489 nuclei. The 

gene expression matrices were then log-normalized with a scale factor of 10,000, using the 

Seurat NormalizeData function57,58.

Clustering was determined as implemented in Seurat v2.3.4. This algorithm embeds cells 

in a K-nearest neighbor graph, based on Euclidean distance in PCA space. The edge 

weights between any two cells are further refined using Jaccard similarity. Clustering is 

implemented using the Louvain algorithm. Highly dispersed genes were selected using the 

Seurat FindVariableGenes function57,58, filtering for an average expression range of 0.25 to 

4 and a minimum dispersion of 0.55, resulting in a list of 2,197 genes. Nearest neighbor 

distances were computed using up to the first 15 principal components and a resolution of 

0.6, resulting in a set of 27 distinct clusters.

Cell-Type Assignment.

Data visualization by tSNE revealed clusters where mouse ages and genotypes were 

intermingled, with no discernable evidence of batch effects by genotype or age (Extended 

Data Fig. 2). Marker genes for each cluster were calculated using the FindAllMarkers 

function in Seurat57,58. This algorithm iteratively compares gene expression in each putative 

cluster against the expression in all other clusters, using the Wilcoxon rank sum test. Marker 

genes were limited to be positively expressed (more highly expressed in the cluster of 

interest than in other clusters), to be detected in at least 10% of cells in the cluster, and to be 

0.25 log2 fold higher expressed in the cluster of interest than in other clusters.

Broad cell classes, such as excitatory and inhibitory neurons, astrocytes, oligodendrocytes, 

and OPCs were identified by querying marker genes against cell-type-specific markers 

derived from previous RNA sequencing data on sorted cell types25 (Extended Data Fig. 1). 

For further subdivision of hippocampal cell types, particularly for identification of subsets 

of principal cells, marker genes for each cluster were queried against hippocampal cell-type 

specific marker genes as published in hipposeq26. For rarer non-neuronal cell types, we 

compared gene expression in our cells to those genes enriched in each hippocampal cell 

type relative to all other cells in the hippocampus, according to the data in the DropViz 

resource27. To further validate cluster identity, we additionally queried top marker genes for 

each cluster against the Allen Brain’s genome-wide atlas of gene expression in the adult 

mouse brain28 (Extended Data Fig. 1).
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Human MCI and AD Single-Nucleus RNA Sequencing Data from ROSMAP.

The gene-count-by-cell matrix and metadata were downloaded with permission from 

(https://www.synapse.org/#!Synapse:syn18485175). Detailed documentation on sample 

preparation and data preprocessing can be found in35.

Human single-Nucleus RNA Sequencing Data from the Allen Institute for Brain Science.

The medial temporal gyrus gene-counts-by-cell matrix and metadata were downloaded 

directly from the Allen Brain Institute’s webpage (https://celltypes.brain-map.org/rnaseq). 

Thorough documentation on sample preparation can be found at (http://help.brain-map.org/

display/celltypes/Documentation).

Immunohistochemistry.

30μm coronal hemi-brain sections were washed 2×10min in phosphate-buffered saline 

(PBS) then exposed to UV light overnight to reduce autofluorescence. The next day, slices 

were washed 3×10min in PBS, then washed 2×15min in PBS + 0.1% Tween-20 (PBS-T). 

Slices were blocked in PBS + 10% Normal Donkey Serum + 0.2% Gelatin (Sigma) + 0.5% 

Triton-X for 1hr at room temperature (RT), then washed for 10min in PBS. Because some 

antibodies were raised in mouse, slices were additionally blocked in 1 drop Mouse IgG 

Blocking Reagent (Vector Labs, MKB-2213-1) per 5mL PBS for 1 hour at RT. Primary 

antibodies were diluted to optimized concentrations (anti-NeuN 1:1000, anti-MHC-I (OX18 

that recognizes multiple MHC-I proteins) 1:50, anti-PSD-95 1:200) in 1:12.5 mouse-on-

mouse Protein Concentrate (Vector Labs, MKB-2213-1) in PBS, and slices were incubated 

overnight at 4°C. The next day, slices were washed 3x (15 min, 10 min, 5 min) in PBS-T. 

Secondary antibodies (Lifetech, Jackson ImmunoResearch; 1:1000) were diluted in the same 

dilution buffer as primary antibodies and incubated 1hr at RT. Slices were then washed 3x 

(15 min, 10 min, 5 min) with PBS, mounted with Vectashield + DAPI, and coverslipped.

DAB Staining.

Slices were washed 3 × 10min in PBS, then permeabilized in PBST for 30min (0.25% Triton 

X-100+PBS). Antigen retrieval was accomplished with citrate buffer (23.75ml 0.1M Citric 

Acid, 103.75ml 0.1M Sodium Citrate, 125ml water; microwaved until starting to boil, then 

adjusted to pH 6), applied to brain sections in 1.5mL conical tubes at 95°C for 5 minutes. 

Slices were then washed 2x for 15min in PBST. Slices were incubated in endogenous 

peroxidase block (0.3% H2O2, 10% methanol, PBS) for 15min, followed by two additional 

15min washes in PBS. Slices were then blocked for nonspecific binding in a solution of 

10% normal donkey serum (NDS), 1% blotting grade blocker non-fat dry milk, 0.2% of 

10% gelatin, in PBST for 60min. Slices were additionally blocked for avidin/biotin (Vector 

SP-2001) as directed, rinsed 10min in PBS, 3 × 10min in PBST, and incubated in primary 

antibody at 4°C overnight in a solution that includes 10% NDS and 0.2% of 10% gelatin 

in PBS. The next day, slices were washed 3 × 10min in PBST, and incubated in secondary 

antibody (1:200 in 10% NDS and 0.2% of 10% gelatin in PBS) at room temperature for 

1hr. Slices were incubated in Avidin Biotin Complex (Vector, PK-6100) as directed, then 

incubated 500uL/well of DAB mixture (Vector SK-4100) until the desired intensity of 

development is achieved. Development is halted by 3 × 5min washes in 0.1M Tris buffer, 
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followed by 2 × 10min washes in PBS. Slices were mounted and allowed to dry overnight. 

The next day, slices were submerged in xylene 2 × 5min then coverslipped in DPX mounting 

medium (Sigma-Aldrich #06522) and allowed to dry in the fume hood for an additional day.

Immunocytochemistry.

Primary neurons on coverslips were washed 10min in dPBS, then permeabilized in dPBS + 

0.1% Triton-X for 5min at RT. The neurons were then blocked in 10% normal donkey serum 

+ 0.5% Triton in PBS for 1hr, and further blocked with mouse-on-mouse (MOM) blocking 

buffer (Vector Labs, MKB-2213-1) at 1 drop Mouse IgG block buffer per 4ml PBS. Primary 

antibodies were diluted in MOM Antibody dilution buffer (80ul protein concentrate to 1ml 

PBS), and cells were incubated in primary antibody solution overnight at 4°C (anti-ApoE 

1:5000, Millipore 178479; anti-MHC-I (OX18) 1:50, Santa Cruz Biotechnologies sc-53074; 

anti-MAP2 1:500, Millipore ab5622; anti-p-Tau (PHF1) 1:300, from Peter Davis). The next 

day, cells were washed 3x (15min, 10min, 5min) in PBS with 0.1% Triton-X. Secondary 

antibodies were diluted in MOM Antibody Dilution Buffer (1:1500), and incubated with the 

cells for 1hr at RT. Cells were again washed 3x (15min, 10min, 5min) in PBS with 0.1% 

Triton-X. Coverslips were then mounted to microscope slides (Vectashield, Prolong Gold).

Primary neuron culture and lentivirus treatment.

Primary neuron culture was prepared from embryonic day 18–20 or postnatal day 0 (P0) 

pups of various genotypes. The cortex plus hippocampus were isolated, and the dissociated 

cells were plated at 80,000 cells/ml in Neurobasal medium supplemented with B27, 100 

U/ml penicillin G, 100 μg/ml streptomycin, and 1% Glumax. In some experiments, primary 

neurons were transduced with lentivirus (8×105 IFU for one well of 24-well plate) at day 7 

in vitro. The virus contained medium will be removed after 48 hr. 7 days after being exposed 

to lentivirus treatment (14 DIV), the cultures were harvested or fixed for various assays.

Surgeries.

Surgeries were performed on 3–5-month-old mice. Mice were anaesthetized with ketamine/

xylazine and 1.5% isoflurane, and mice were placed in a stereotactic head apparatus. 

Thereafter, mice were maintained on 0.8% isoflurane for the duration of the surgery. 

Scalps were cleaned with Nair and sterilized with alcohol. A midline incision was made, 

and the skull was cleaned with hydrogen peroxide. A craniotomy was drilled bilaterally 

above each injection site. Adeno-associated virus-2 (AAV2) expressing pathological human 

Tau-P301S (AAV2-Y444F-smCBA-human_T301S_Tau-WPRE from Virovek, Lot #13–290) 

was diluted to 2.1 × 1013 VG/mL in sterile saline and injected via a 5 μL glass syringe at 

0.5 μL/min. The injection volume and flow rate were controlled by an injection pump. Each 

dentate gyrus received 2 μL of virus (anteroposterior (AP) = 2.10, dorsoventral (DV) = 2.10, 

mediolateral (ML) = +/− 1.50). Following the four-minute injection, the needle was left in 

place for 10 minutes and then slowly withdrawn. All mice were injected bilaterally. Local 

anesthetic was applied prior to suturing. Opioid analgesic was administered before and 3 

hours after the surgery ended, and anti-inflammatory ketofen was administered following the 

surgery and the next day.
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Western blot.

Primary neurons in culture were washed with PBS and collected in the presence of a 

high-detergent buffer consisting of 50 mM Tris, 150 mM sodium chloride, 2% Nonidet 

P-40, 1% sodium deoxycholate and 4% sodium dodecyl sulfate, and supplemented with 

complete protease inhibitor cocktail (Roche), phosphatase inhibitor cocktail 3 (P0044, 

Sigma), and phosphatase inhibitor cocktail 2 (P5726, Sigma). The total protein in cell 

lysates was quantified with the BCA protein assay kit (cat. no. 23227, Pierce). The samples 

were separated by SDS–PAGE on 12% Bis-Tris polyacrylamide gels (Life Technologies) 

and transferred to nitrocellulose membranes (Bio-Rad). The membranes were then blocked 

in Odyssey Blocking Buffer (PBS) (LI-COR) and probed with primary antibodies to 

the following proteins: ApoE (178479, Calbiochem, 1:5,000), MHC-I (OX18, sc-53074, 

Santa Cruz Biotech, 1:200), p-Tau (PHF1, gift from Peter Davies, 1:600), t-Tau (T6402, 

Sigma, 1:350), B2M (ab75853, Abcam, 1:5000), and Beta-III-Tubulin (PRB435P, Covance, 

1:20,000). The secondary antibodies were IgG labeled with IRDye 800 or IRDye 680 (LI-

COR), including donkey anti-rabbit 680 (cat. no. 926–68023, 1:15,000); donkey anti-goat 

680 (cat. no. 926–68024, 1:20,000); donkey anti-mouse IgG 800 (cat. no. 926–32212, 

1:10,000); and goat anti-rabbit 800 (cat. no. 926–32211, 1:15,000). The blotted membranes 

were scanned with an Odyssey CLx Imaging System (LI-COR). Signals were analyzed with 

Image Studio Lite 4.0 (LI-COR).

Image analysis.

Images for fluorescent immunohistochemical analysis were acquired using a Zeiss LSM880 

Confocal microscope using a 63x oil immersion objective. Images for fluorescent 

immunocytochemical analysis were collected using a Zeiss Cell Observer SD Spinning 

Disk Confocal microscope using a Plan Apo 63x/1.4NA oil immersion objective. Images 

for DAB intensity analysis were acquired using a Keyence BZ-X810 microscope with 

a 20x CFI Plan Apo Lambda/0.75NA objective. Image analysis was performed using 

custom macros written in the open source Fiji (ImageJ) software. Analysts drawing regions 

of interest for fluorescent intensity analysis of MHC-I, PSD-95, ApoE, and p-Tau were 

blind to sample, and ROIs were drawn on the basis of cell-type marker stains (NeuN 

for immunohistochemistry and MAP2 for immunocytochemistry) rather than the stain of 

interest. These ROIs were then transferred to the channels of interest to quantify intensity. 

Analyses of hippocampal volume and of NeuN/DAPI+ cellular density were conducted 

manually14, but blind to sample, again to exclude the possibility of bias.

Computational and Statistical Methods

Sample size, randomization, and blinding.

For mouse studies, literature search was used to determine a standard in the field of n 

>= 3 mice per condition. 4 mice per condition were used to ensure an n of >= 3 mice 

per condition. In all cases, all sample preparation was successful and 4 mice were used. 

For human single-nucleus RNA sequencing analysis, sample sizes were determined by the 

sample sizes of the publicly available datasets. For immunocytochemical analyses, at least 

20 fields of view containing at least 1 neuron were captured for each genotype and/or 
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treatment category, and the resulting N depended on the number of cells captured in those 20 

fields of view. There were no animals or data points excluded from analyses.

Most mouse and primary neuron comparisons were based on age or genotype, so age and 

genotype determined the experimental groups. Within each group, mice were randomly 

selected from available pools of mice. Human samples were allocated into groups based 

on their provided metadata. Wells of primary neurons were allocated to treatment with 

B2M-shRNA versus control shRNA based on matched plate locations and matched cellular 

density across wells.

For mouse immunohistochemical, primary neuron immunocytochemical, and Western bolt 

analyses, investigators were blinded to sample identity, and analyses were conducted via 

automated macro to the extent this was possible. Investigators were not blinded during 

analysis of the single-nucleus RNA sequencing datasets, as sample metadata was needed to 

conduct any comparisons.

Quantification and statistical analyses.

Where applicable, all statistical details of the experiments including tests used, value of 

n, definition of center, and dispersion measures can be found in the corresponding figure 

legend. Additional description of statistical methods used is detailed on a per-experiment 

basis below. Principal components analysis (PCA) was used to examine the mutually-

orthogonal dimensions of each cell-type cluster that explain the highest proportion of 

variance in gene expression across cells of a given type. Pearson’s correlation coefficient 

was used to quantify the correlation between those cells’ imputed apoE expression levels 

and each of the first two PCs. Pearson’s correlation coefficient was also used to examine the 

cell-by-cell correlation in imputed apoE gene expression and their KEGG pathway scores 

(described below), both in apoE-KI mouse (Fig. 2) and human (Fig. 3) brains. Chi-square 

tests were used to determine whether the proportion of apoE-expression-high cells differed 

from the expected in each mouse genotype and at each age (5, 10, 15, and 20 months). Two-

way ANOVA with Tukey’s Honestly Significant Difference (Tukey’s HSD) post-hoc tests 

were used to examine the immunohistochemical differences observed between apoE3-KI, 

apoE4-KI, apoE3-KI/Syn-Cre, and apoE4-KI/Syn-Cre mice. Direct comparisons between 

apoE-KI and apoE-KI/Syn-Cre gene expression were determined with a non-parametric 

Benjamini-Hochberg corrected Wilcoxon rank-sum test. Western blot comparisons involving 

only two groups were analyzed using two-sample t-tests. Correlations between apoE 

expression level and MHC-I expression in immunohistochemical analysis were quantified 

with Pearson’s correlation coefficient. Comparisons between NSE-E4+/+ and NSE-E4+/− 

APOE intensity and MHC-I intensity, as measured by immunohistochemistry were 

conducted with non-parametric Mann-Whitney tests, as were comparisons between B2M-

shRNA and control-shRNA treated primary neurons. Immunohistochemical analyses with 

three groups were conducted using the non-parametric Kruskal-Wallis test with Dunn’s 

multiple comparisons correction.
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MAGIC imputation for gene-gene interaction.

The raw counts data were filtered to include only genes with >100 reads across all nuclei, 

library size and square-root normalized as described in29. Data were then imputed with the 

magic function from the Rmagic package29, allowing the function itself to set the optimal 

parameters. Briefly, this algorithm recovers an imputed count matrix representing the likely 

gene expression for each individual cell based on data diffusion across similar cells. It 

proceeds by determining the Euclidean distance between cells in PCA space. This distance 

is then converted to affinities using an adaptive Gaussian kernel, which functions to equalize 

the effective number of neighbors for each cell. Convolution with the adaptive Gaussian 

kernel causes similarity estimates between cells to decrease exponentially with distance. 

From this affinity matrix, the algorithm computes a Markov transition matrix (M), which 

represents the probability of transitioning from one cell to another in a single time step (t). 

Raising M to the power t results in a matrix where each entry represents the probability 

that a random walk of length t starting at cell i will reach cell j. This step has the effect of 

increasing the weights (reflecting similarities) amongst cells that share many neighbors, and 

weakening weights amongst (likely spurious) connections of cells that share few neighbors. 

Finally, this transition matrix is multiplied by the original data matrix, sharing data within 

the local neighborhood of cells and reducing the impact of technical dropout noise in the 

data.

KEGG pathway scores.

Pathway scores for individual nuclei were calculated within each cell type by subsetting the 

gene × nuclei matrix to the nuclei within each defined cell type cluster and the genes within 

each Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. For each pathway, 

each gene’s expression across nuclei within a cell type was normalized to the maximum 

expression of that gene in that cell type. In this way, each gene’s normalized expression 

score would lie between 0 and 1, and the pathway score would not be dominated by the 

value of one or a few high-expressing genes. The normalized gene expression values for 

each gene were then averaged across all genes in the pathway to give a pathway expression 

score representing the normalized relative expression of genes in that pathway for each 

nucleus.

Assigning classifications to individual pathways.

Within the KEGG hierarchy of pathways are 328 total pathways divided into seven major 

subsets, each with their own sub-classification of pathways. These include 1. Metabolism, 

2. Genetic Information Processing, 3. Environmental Information Processing, 4. Cellular 

Processes, 5. Organismal Systems, 6. Human Diseases, and 7. Drug Development. Pathways 

were broadly assigned to categories based on their classification in this hierarchy. Any 

pathway categorized as 5.1 Immune system, 6.3 Immune disease, 6.8 Infectious disease: 

bacterial, 6.9 Infectious disease: viral, or 6.10 Infectious disease: parasitic was considered an 

“immune related” pathway.
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ApoE-pathway correlation heatmaps.

For every cell type, we correlated the imputed apoE expression value for each individual cell 

with the pathway scores for every KEGG pathway for each individual cell. This gives a list 

of correlation values for each cell type for each pathway. For each neuronal cell type, we 

selected the top 10 most-correlated pathways. Any duplicated pathways were removed. This 

leaves a cell type × pathway matrix representing only those pathways most correlated with 

apoE expression in each cell type. These were then hierarchically clustered and displayed 

using the heatmap.2 function in the gplots package of R.

Gene expression network analysis.

Proportion of shared genes in KEGG pathways was calculated using custom software in R, 

with KEGG annotations from the limma package59. Network visualizations were conducted 

in Cytoscape60.

Batch correction with CCA.

To directly compare the apoE-KI and apoE-KI/Syn-Cre datasets, it was necessary to 

combine the data objects using a batch correction method. We opted to use the canonical 

correlation analysis (CCA) method built in to the Seurat v2.4 package to combine data from 

the aged Syn-Cre animals (15 months) with the 15-month-old apoE-KI animals. Briefly, 

CCA identifies a new set of basis vectors for the two datasets. Similar to PCA, CCA 

uses a linear combination of genes to define this new basis and embed cells in a lower-

dimensional space. The distinction is that CCA chooses basis vectors that are maximally 

correlated between the two datasets, identifying a common correlational structure. CCA has 

the additional benefit of being robust to linear transformations of the data (for example, 

if different normalization methods were employed). To further align the new bases, the 

Seurat algorithm utilizes a non-linear dynamic time-warping method to correct for local 

changes in embedded cell density by stretching or compressing the basis vectors. This 

nonlinear time-warping is iteratively applied to each pair of basis vectors to create a single 

low-dimensional embedding for both datasets. Further explanation has been previously 

described57. In implementing this algorithm, we aligned based on the top 1000 most 

dispersed genes in each dataset. We filtered out cells where the variance explained by CCA 

was <2-fold compared to PCA, then aligned on the first 20 CCs.

MHC-I AD pathology correlations.

For each subject in the ROSMAP single nucleus RNA sequencing dataset (n = 48), the mean 

expression value for MHC-I of HLA-A, HLA-B, HLA-C, and HLA-E, as well as for B2M 

was calculated across layer 5/6 cells, as determined by referencing each cell type’s marker 

genes against a reference of markers for each cortical layer61. Linear regression, controlling 

for subject age, sex, apoE4 carrier, apoE level, and AD/MCI status (coded as cogdx), was 

used to determine the predictive value of these genes for a measure of tau tangles and for 

β-amyloid pathology.
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Percent apoE-expression-high cells.

For each cell type, apoE-expression-high cells were those where the imputed apoE 

expression value was >= 2 standard deviations above the median apoE expression value 

for that cell type, across all genotypes and ages. The population was then divided based 

on age and genotype to determine what proportion of each cell type, at each age, in 

each genotype was considered “apoE-expression-high”. Significance was determined using 

chi-square test comparing the actual proportions of apoE-expression-high cells by age and 

genotype against the expected if age and genotype each had no effect on the proportion of 

apoE-expression-high cells.

Group-wise statistics on immunohistochemical analysis.

Statistics comparing two populations were conducted as t-tests where parametric 

assumptions were met and Mann-Whitney tests otherwise. Tests comparing 3 populations 

(for example APOE-KO vs B2M-KO vs wildtype neurons) were conducted as a Kruskal-

Wallis test with Dunn’s multiple comparisons correction, as parametric assumptions were 

not met in these cases. Tests comparing apoE-KI to apoE-KI/Syn-Cre and apoE3-KI to 

apoE4-KI animals were conducted as a two-way ANOVA (y ~ apoe genotype * Syn-Cre) 

with Tukey’s Honest Significant Difference family-wise error corrected post-hoc tests.

Group-wise statistics on western blot analysis.

Western blot analyses comparing normalized APOE and MHC-I intensity between APOE-

KO vs WT primary neurons, as well as between NSE-E4+/+ and NSE-E4+/− primary neurons 

were conducted using two-sample t-tests.

Life Sciences Reporting Summary.

Additional information on study design and reagents can be found in the Life Sciences 

Reporting Summary.
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Extended Data

Extended Data Fig. 1. Cell cluster identification and quality control measures in snRNA-seq 
analysis of apoE-KI mice.
a, Feature plots of imputed expression of marker genes for major cell type clusters, as 

well as matched whole-brain and hippocampal expression of that marker gene in the Allen 

Institute for Brain Science Mouse ISH Atlas28. b, Violin plot depicting marker genes for 

larger cell classes (such as Syn1 for neurons) as well as marker genes for individual clusters, 

such as C1ql2 for dentate gyrus granule cells, Pdgfra for OPCs, and Folr1 for choroid 

plexus. c, tSNE plots of all the nuclei broken out by apoE genotype (columns) and mouse 
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age (rows) showing a lack of batch effect by sample and representation of all major cell 

types in both genotypes at all ages. d, Quality control measures: number of UMIs, number 

of genes, and percent mitochondrial reads from each cluster.

Extended Data Fig. 2. ApoE correlation with the first two PCs is not driven by age, genotype, cell 
type markers, or quality control markers.
a–d, PCA plots demonstrating that the correlation between apoE gene expression and the 

first 2 principal components (PC1 and PC2) across neuronal cell types is not driven by 

measures of quality control or read depth, such as number of UMIs, number of genes, or 

percent mitochondrial reads. e–h, Neither is the apoE expression gradient driven by apoE 
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genotype or mouse age. i–l, Additionally, this apoE expression gradient is not explained by 

differences in cell type marker expression, such as Syn1 for neurons or Aqp4 for astrocytes 

(i–l), indicating that the apoE-expression-high cells are not misclassified neuron/astrocyte 

doublets.

Extended Data Fig. 3. ApoE and pathway correlations are highly similar across apoE genotype 
and age.
a,b, Heatmaps showing apoE and pathway correlation across cell types for the top 10 

apoE-correlated pathways for each neuronal subtype, broken out by apoE genotype and 
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mouse age, demonstrating a strong conservation of apoE and pathway relationships across 

apoE genotypes and ages.

Extended Data Fig. 4. Principal components analysis (PCA) of snRNA-seq data reveals the most 
prominent sources of cell-by-cell variation within each neuronal type in wildtype (WT) mouse 
cortex and the top correlates of neuronal apoE expression are enriched for cellular stress and 
immune response pathways in WT mouse cortical neurons.
a, Clustering using the Seurat package revealed 16 distinct cellular populations in WT 

mouse cortex where neurons were purposefully enriched34. Marker gene analysis led to 

the identification of 15 neuronal clusters and one cluster of oligodendrocytes. b, ApoE 

Zalocusky et al. Page 24

Nat Neurosci. Author manuscript; available in PMC 2022 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression across cell types, demonstrating expression of apoE across neuronal types. 

c, Heatmap illustrating the correlation between apoE expression and KEGG pathway 

expression scores for the top 10 apoE expression-correlated pathways from each subset 

of neurons. d, Network visualization of the proportion of shared genes amongst the 

pathways represented in c. There are two main modules of inter-related pathways. The 

blue module is related to neurodegenerative disease and includes the Alzheimer disease, 

Huntington disease, and Parkinson disease pathways. The orange module, consisting of 

ten apoE-correlated pathways, relates to immune response. e, In Cluster Ex. 1 cells, apoE 

expression is strongly correlated with PC1 (Pearson’s correlation coefficient; r = 0.86, p = 

1.7 × 10−284) and PC2 (Pearson’s correlation coefficient; r = 0.47, p = 2.5 × 10−54). f, In 

Cluster Ex.3 cells, apoE expression is strongly correlated with PC1 (Pearson’s correlation 

coefficient; r = −0.84, p = 2.5 × 10−121) and PC2 (Pearson’s correlation coefficient; r = 

0.24, p = 8.8 × 10−8). g, In Cluster Ex.5 cells, apoE expression is strongly correlated with 

PC1 (Pearson’s correlation coefficient; r = −0.98, p = 5.1 × 10−251) and PC2 (Pearson’s 

correlation coefficient; r = 0.13, p = 0.01). h, In Cluster Ex. 6 cells, apoE expression is 

strongly correlated with PC1 (Pearson’s correlation coefficient; r = 0.44, p = 8.0 × 10−17) 

and PC2 (Pearson’s correlation coefficient; r = 0.88, p = 4.6 × 10−108). i, In Cluster Ex. 

7 cells, apoE expression is strongly correlated with PC1 (Pearson’s correlation coefficient; 

r = 0.94, p = 2.1 × 10−143) and PC2 (Pearson’s correlation coefficient; r = −0.32, p = 

1.8 × 10−8). j, In Cluster Ex. 8 cells, apoE expression is strongly correlated with PC1 

(Pearson’s correlation coefficient; r = 0.96, p = 3.5 × 10−160). k, In Cluster Ex. 9 cells, apoE 

expression is strongly correlated with PC1 (Pearson’s correlation coefficient; r = −0.88, p 

= 3.2 × 10−90) and PC2 (Pearson’s correlation coefficient; r = −0.43, p = 5.4 × 10−14). l, 
In SST Interneurons, apoE expression is strongly correlated with PC1 (Pearson’s correlation 

coefficient; r = −0.51, p = 1.5 × 10−18) and PC2 (Pearson’s correlation coefficient; r = −0.81, 

p = 8.7 × 10−62).
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Extended Data Fig. 5. Principal components analysis (PCA) reveals the most prominent sources 
of cell-by-cell variation across neuronal types in the ROSMAP dataset.
Across multiple human neuronal cell types, apoE expression levels correlate with the first 

two PCs. a, In Cluster 4 Excitatory neurons (n = 3574), apoE expression is correlated 

with PC1 (Pearson’s correlation coefficient; r = 0.33, p = 2 × 10−91) and PC2 (Pearson’s 

correlation coefficient; r = 0.52, p = 3 × 10−255). b, In Cluster 8 Excitatory neurons (n = 

2482), apoE expression is correlated with PC1 (Pearson’s correlation coefficient; r = −0.36, 

p = 2 × 10−80) and PC2 (Pearson’s correlation coefficient; r = 0.54, p = 1 × 10−191). 

c, In Cluster 11 Excitatory neurons (n = 1492), apoE expression is correlated with PC1 

(Pearson’s correlation coefficient; r = 0.27, p = 7 × 10−26) and PC2 (Pearson’s correlation 

coefficient; r = −0.48, p = 4 × 10−86). d, In Cluster 7 Inhibitory neurons (n = 2537), 

apoE expression is correlated with PC1 (Pearson’s correlation coefficient; r = −0.45, p = 

2 × 10−127) and PC2 (Pearson’s correlation coefficient; r = −0.12, p = 1 × 10−10). e, In 

Cluster 12 Inhibitory neurons (n = 1425), apoE expression is correlated with PC1 (Pearson’s 

correlation coefficient; r = −0.40, p = 4 × 10−55) and PC2 (Pearson’s correlation coefficient; 

r = 0.67, p = 3 × 10−186). f, In Cluster 15 Inhibitory neurons (n = 897), apoE expression 

is correlated with PC1 (Pearson’s correlation coefficient; r = 0.54, p = 2 × 10−70) and PC2 

(Pearson’s correlation coefficient; r = −0.67, p = 7 × 10−120).
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Extended Data Fig. 6. Relationships of neuronal apoE and cellular stress and immune response 
pathways are replicated in additional human brain snRNA-seq datasets.
a, Clustering of a human brain dataset by cell type (https://portal.brain-map.org/atlases-and-

data/rnaseq). b, ApoE expression across cell types, demonstrating expression of apoE across 

neuronal types. c, Heatmap illustrating the correlation between apoE expression and KEGG 

pathway expression scores for the top 10 apoE expression-correlated pathways from each 

subset of neurons. d, Network plot illustrating the proportion of shared genes amongst apoE 

expression-correlated pathways shared between human and mouse. Edge width represents 

proportion of shared genes. There are two main modules of inter-related pathways. One 
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(blue) module is related to neurodegenerative disease and includes the Alzheimer disease 

and Huntington disease. The other (orange) module, consisting of eight apoE-correlated 

pathways, is related to immune response. e, Clustering of another human dataset by cell 

type36. f, Heatmap illustrating the correlation between apoE expression and KEGG pathway 

expression scores for the top 10 apoE expression-correlated pathways from each subset 

of neurons. g, Network plot illustrating the proportion of shared genes amongst apoE 

expression-correlated pathways. Edge width represents proportion of shared genes. There 

are two main modules of inter-related pathways. The larger (green) module is related to 

cellular metabolism. The other (orange) module, consisting of six apoE-correlated pathways, 

is related to immune response.
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Extended Data Fig. 7. Cell cluster identification and apoE expression in the combined set of 
apoE-KI and apoE-KI/Syn-Cre data.
a, Feature plots of marker genes for major cell types in the combined apoE-KI and apoE-KI/

Syn-Cre cell clustering. b, Histograms of apoE expression levels in the combined apoE-KI 

and apoE-KI/Syn-Cre cohort, showing that even the low levels of apoE expression measured 

in apoE-KI neurons are true expression, fully separated from the noise levels in apoE-KI/

Syn-Cre neurons.
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Extended Data Fig. 8. Neuronal expression of apoE predicts neuronal expression of MHC-I 
genes, and neuronal expression of MHC-I genes predicts Tau tangle, but not β-amyloid, 
pathology across patients with MCI or AD.
a, Linear regression coefficients (± 95% confidence intervals) for age, sex, apoE4 genotype, 

clinical diagnosis (MCI or AD relative to control) and average apoE expression level in 

neurons in predicting the expression of MHC-I genes and B2M gene in neurons of patients 

from the ROSMAP snRNA-seq cohort depicted in Figure 3. b, Linear regression coefficients 

(± 95% confidence intervals) for age, sex, apoE4 genotype, clinical diagnosis (MCI or AD 

relative to control), and MHC-I genes and B2M gene expression in predicting tau tangle 

pathology in patients from the ROSMAP snRNA-seq cohort depicted in Figure 3. c, Linear 

regression coefficients (± 95% confidence intervals) for age, sex, apoE4 genotype, clinical 

diagnosis (MCI or AD relative to control), and MHC-I genes and B2M gene expression 

in predicting β-amyloid pathology in participants from the ROSMAP snRNA-seq cohort 

depicted in Figure 3.
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Extended Data Fig. 9. Quantification of B2M protein in B2M-shRNA-treated NSE-E4+/+ mouse 
primary neurons and B2M-KO mouse primary neurons.
a, Western blot of B2M and TUJ1 protein in NSE-E4+/+ mouse primary neurons treated 

with Lenti-B2M-shRNA or Lenti-scrambled-shRNA control. Data are representative of two 

primary neuron culture experiments. b, Quantification of B2M/TUJ1 ratio from western 

blots. B2M protein is significantly reduced in B2M-shRNA-treated neurons as compared to 

control shRNA-treated neurons (two-sided t-test, p = 0.017, n = 7 per group). c, Western blot 

of B2M and TUJ1 protein in lysates of WT and B2M-KO mouse primary neurons, showing 

elimination of B2M in the B2M-KO neurons. The experiment was performed once.

Extended Data Fig. 10. Model of apoE upregulation of MHC-I driving Tau pathology and 
selective neuronal and synaptic degeneration/loss.
In response to various cellular stressors during aging, increase in neuronal apoE expression, 

as a molecular switch, triggers aberrant upregulation of neuronal MHC-I, driving Tau 

pathology and the selective destruction of individual synapses and neurons, potentially (as a 

hypothesis) by reactive microglia and/or, MHC’s classical partner, CD8+ T-cells. In the AD 

context, apoE4 exacerbates this process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principal components analysis (PCA) reveals the most prominent sources of cell-by-cell 
variation within each cell type in human apoE-KI mouse hippocampus.
a, Experimental design. Hippocampi were extracted from female apoE3-KI and apoE4-KI 

mice at 5, 10, 15, and 20 months of age (N = 4 per genotype and age). The hippocampi 

were dissociated, nuclei were labeled with DAPI and isolated using flow cytometry before 

processing using the 10x Chromium v2 system for snRNA-seq. b, Clustering using the 

Seurat package revealed 27 distinct cellular populations. Marker gene analysis led to the 

identification of 16 neuronal clusters (Clusters 1–16) and 11 non-neuronal clusters (Clusters 

17–27). c, In Cluster 2 DG cells (n = 21550), apoE expression is strongly correlated with 

PC1 (Pearson’s correlation coefficient; r = 0.81, p = 0) and PC2 (Pearson’s correlation 

coefficient; r = 0.37, p = 0). d, In Cluster 4 CA1 Pyramid cells (n = 5684), apoE expression 

is strongly correlated with PC1 (Pearson’s correlation coefficient; r = −0.76, p = 0) and 
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PC2 (Pearson’s correlation coefficient; r = −0.61, p = 0). e, In Cluster 4 CA2/CA3 Pyramid 

cells (n = 3488), apoE expression is strongly correlated with PC1 (Pearson’s correlation 

coefficient; r = 0.82, p = 0) and PC2 (Pearson’s correlation coefficient; r = 0.19, p = 7.1 

× 10−30). f, In Cluster 10 SST/PV interneurons (n = 4801), apoE expression is strongly 

correlated with PC1 (Pearson’s correlation coefficient; r = 0.77, p = 0) and PC2 (Pearson’s 

correlation coefficient; r = 0.11, p = 2.0 × 10−14).
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Figure 2. The top correlates of neuronal apoE expression in human apoE-KI mouse 
hippocampus are enriched for cellular stress and immune response pathways.
a, A direct examination of the 10 pathways most correlated with apoE expression in 

each neuronal cell type reveals pathways related to cellular metabolism, cell death, 

neurodegeneration, unfolded protein response, DNA damage and repair, and immune 

response. Color scale represents Pearson’s correlation coefficient; r between apoE 

expression and expression of each pathway for each cluster of cells. b, Network 

visualization of the proportion of shared genes amongst the pathways represented in a. 

There are four main modules of inter-related pathways. The blue module is related to 

neurodegenerative disease and includes the Alzheimer disease, Huntington disease, and 
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Parkinson disease pathways. The green module relates to cellular metabolism, and the 

pink module relates to DNA replication and repair. The largest module, consisting of nine 

apoE-correlated pathways, relates to immune response (orange).
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Figure 3. Neuronal apoE expression correlates with cellular stress and immune response 
pathways in brains of persons with MCI or AD.
a, tSNE clustering, showing 9 clusters of excitatory neurons, 4 clusters of inhibitory 

neurons, two clusters of oligodendrocytes, and clusters consisting of astrocytes, microglia, 

OPCs, pericytes, and endothelial cells. N = 48 human subjects from ROSMAP. b, Feature 

plot illustrating relative levels of apoE expression across all cells. Up to 28% of neurons, 

depending on neuronal subtype and disease status, express apoE at a high level. c, Heatmap 

illustrating the correlation between apoE expression and KEGG pathway expression scores 

for the top 10 apoE expression-correlated pathways from each subset of neurons. Color scale 

represents Pearson’s correlation coefficient; r. d, Network plot illustrating the proportion 

of shared genes amongst apoE expression-correlated pathways. Edge width represents 

proportion of shared genes. There are four main modules of inter-related pathways. These 

include neurodegenerative disease (blue), cellular metabolism (green), DNA damage and 

repair (pink), and immune response (orange).
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Figure 4. Neuron-specific knockout of the apoE gene protects from apoE4-induced neuronal, 
synaptic, and hippocampal volume loss in aged apoE-KI mice (15 months).
a–d, Differences in both the median gene expression and the distribution of apoE expression 

across hippocampal cell types. Red dashed lines indicate two standard deviations (SD) above 

the median apoE expression for each cell type, the threshold for apoE-expression-high cells. 

e–g, Neurons are defined as apoE-expression-high if they express apoE mRNA at more 

than 2 SD above the median expression (dashed red lines in a–c) for that cell type. The 

proportion of apoE-expression-high cells varies by age and genotype (apoE3 in black, apoE4 

in red). The blue dashed line indicates the expected proportion of apoE-expression-high cells 
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if age and genotype had no effect on this proportion. In e, Chi-square test of independence 

by age and genotype, n = 21550, p = 1.5 × 10−129; comparing the observed number of 

apoE-expression-high cells to the number expected if age and genotype had no effect (df 

= 7; * p < 0.05, *** p < 0.001; Bonferroni-adjusted p-values for individual post-hoc tests 

are displayed in Supplemental Table 2). h, Astrocytes have no cells more than 2 SD above 

the median apoE expression. i, j, Aged apoE4-KI mice have a significantly lower density 

of NeuN/DAPI double-positive cells in CA1, as compared to apoE3-KI mice (two-way 

ANOVA with Tukey’s HSD, p = 0.003). Neuron-specific apoE-KO rescues neuronal density 

in CA1 to apoE3-KI levels (p = 0.001). n = 12 apoE3-KI, 11 apoE3-KI/Syn-Cre, 12 apoE4-

KI, 12 apoE4-KI/Syn-Cre. Scale bars = 30μm. k, Hippocampal volume is significantly lower 

in apoE4-KI mice as compared to apoE3-KI mice (two-way ANOVA with Tukey’s HSD, p 

= 0.004). ApoE4-KI hippocampal volume loss is significantly rescued by the neuron-specific 

knockout of apoE (p = 0.0002). ApoE3-KI hippocampal volume is also enhanced by the 

neuron-specific knockout of apoE (p = 0.006). n = 4 per group. l, PSD-95 intensity in 

CA1 cell bodies is significantly lower in apoE4-KI than in apoE3-KI (two-way ANOVA, 

Tukey’s HSD post-hoc test, p = 0.007) or apoE4-KI/Syn-Cre (p < 0.001) mice. n = 12 per 

group. m, PSD-95 intensity in CA1 dendrites is significantly lower in apoE4-KI than in 

apoE3-KI (two-way ANOVA, Tukey’s HSD post-hoc test, p = 0.039) or apoE4-KI/Syn-Cre 

(p = 0.006) mice. n = 12 per group. In i, k–m, boxplot central line represents the median, 

hinges represent the 25th and 75th percentile of the data. Whiskers extend to the farthest data 

point that does not exceed 1.5x the interquartile range. Data points outside that range are 

plotted individually. * p < 0.05, ** p < 0.01, *** p < 0.001. n, Representative images of 

NeuN and PSD-95 immunostaining of CA1 cell bodies and dendrites in the hippocampus 

of apoE3-KI, apoE4-KI, apoE3-KI/Syn-Cre, and apoE4-KI/Syn-Cre mice. Many similar 

images were collected from 12 mice per group in one experiment. Scale bars = 30μm.
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Figure 5. The proportion of apoE-expression-high neuronal cells tracks disease progression in 
patients with MCI or AD.
a, The percent apoE-expression-high (>2 SD above the median) population in 7 neuron 

clusters from patients with MCI or AD by clinical diagnosis, showing that these 7 of the 

13 neuronal clusters exhibit an increase in apoE-expression-high cells from no cognitive 

impairment (No CI) to MCI and a decrease from MCI to AD. The percent apoE-expression-

high cells is significantly higher in MCI as compared to other stages (Repeated-measures 

one-way ANOVA with Geisser-Greenhouse correction, n = 13, F = 8.211, p = 0.0082). 

b, The percent apoE-expression-high cells at one stage of disease predicts the proportion 

of each cell type relative to its initial frequency at no cognitive impairment (Pearson’s 

correlation coefficient; r = −0.42, p = 0.03). Solid black dots reflect excitatory neuron 

clusters’ percent apoE-expression-high cells at No CI and relative proportion at MCI (where 

a value of 1 is no change). Solid red dots reflect excitatory neuron clusters’ percent apoE-

expression-high cells at MCI and cell type proportions at AD. Open circles reflect the same 

calculations for inhibitory neuron clusters.
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Figure 6. Neuron-specific knockout of the apoE gene reduces MHC pathway gene, especially 
MHC-I gene, expression in hippocampal neurons in apoE-KI mice and in primary neurons of 
WT mice.
a, Bubble plot representing average gene expression, apoE-gene correlation, and pathway 

representation among the genes represented in at least two of the top apoE-correlated 

immune-response pathways. b, Clustering of the combined data from hippocampal snRNA-

seq of 15-month-old apoE-KI/Syn-Cre mice and 15-months-old apoE-KI mice, clustered 

by cell type. c, The datasets were successfully combined using CCA for batch correction. 

d–g, ApoE expression is abolished specifically in neurons in apoE-KI/Syn-Cre mice (e) 

relative to apoE-KI mice (d). MHC expression score is substantially reduced across neuronal 

clusters in apoE-KI/Syn-Cre mice (g) relative to apoE-KI mice (f). h, Genes from the 

immune response pathway that are differentially expressed in apoE-KI/Syn-Cre neurons 

relative to apoE-KI neurons. Color indicates log2 fold change. Significance is BH-corrected 

q < 0.05 by the non-parametric two-sided Wilcoxon rank-sum test. Only genes that are 

significantly differentially expressed in at least one cell type are shown. i, Western blot 
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analysis of apoE and MHC-I expression in primary neurons from WT versus apoE-KO 

mice reveals a significant decrease in both apoE (one-sided t-test, t = 2.39, p = 0.038, 

n = 3 per group) and MHC-I (two-sided t-test, t = 3.53, p = 0.024, n = 3 per group) 

expression in apoE-KO as compared to WT neurons. Bars represent mean ± SD. j, Western 

blot analysis of apoE and MHC-I expression in primary neurons from NSE-E4+/− versus 

NSE-E4+/+ mice reveals a significant decrease in both apoE (two-tailed t-test, t = 5.95, 

p = 0.001, n = 4 per group) and MHC-I (two-tailed t-test, t = 9.40, p < 0.0001, n = 4 

per group) expression in NSE-E4+/− as compared to NSE-E4+/+ neurons. Bars represent 

mean ± SD. k, l, Immunohistochemical analysis of apoE (k) and MHC-I (l) expression 

in primary neurons from NSE-E4+/− versus NSE-E4+/+ mice reveals a significant decrease 

in both apoE (two-sided Mann-Whitney test, U = 1439, p = 0.006, n = 132) and MHC-I 

(two-sided Mann-Whitney test, U = 1084, p < 0.0001, n = 132) expression in NSE-E4+/− as 

compared to NSE-E4+/+ neurons. m, n, Immunohistochemical analysis reveals a significant 

positive cell-by-cell association between apoE and MHC-I expression in both NSE-E4+/− 

(m, Pearson’s correlation coefficient; r = 0.67, p = 2.5 × 10−7, n = 48) and NSE-E4+/+ (n, 

Pearson’s correlation coefficient; r = 0.57, p = 1.5 × 10−8, n = 84) primary neurons. o, 

Representative images showing immunostained MAP2, apoE, and MHC-I in NSE-E4+/− and 

NSE-E4+/+ primary neurons. Many similar images were collected from two primary neuron 

culture experiments. Scale bars = 20μm. In i–l, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 7. Reducing or eliminating functional MHC-I decreases or rescues AD-related Tau 
pathologies in apoE4-overexpressing or WT mouse neurons.
a, Representative immunostaining with MAP2 and p-Tau (PHF1) antibody in primary 

neurons from NSE-E4+/− and NSE-E4+/+ mice. Many similar images were collected from 

two primary neuron culture experiments. Scale bars = 10μm. b, p-Tau intensity in neuronal 

cell bodies is significantly lower in NSE-E4+/− than in NSE-E4+/+ primary neurons (two-

sided t-test, t = 8.11, p = 1.8 × 10−8, n = 27). c, ApoE intensity is unaltered in B2M-shRNA-

treated NSE-E4+/+ primary neurons as compared to control shRNA-treated NSE-E4+/+ 

primary neurons (two-sided Mann-Whitney, U = 1168, p = 0.975, n = 103). d, MHC-I 
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intensity is significantly lower in B2M-shRNA-treated NSE-E4+/+ primary neurons as 

compared to control shRNA-treated NSE-E4+/+ primary neurons (two-sided Mann-Whitney 

test, U = 250, p = 0.03, n = 55). e, p-Tau (PHF1) intensity is significantly lower in the soma 

of B2M-shRNA-treated NSE-E4+/+ primary neurons as compared to control shRNA-treated 

NSE-E4+/+ primary neurons (two-sided Mann-Whitney test, U = 865, p = 0.006, n = 106). f, 
Percent of dendrite length positive for p-Tau (PHF1) signal is significantly lowered by B2M-

shRNA treatment in NSE-E4+/+ primary neurons (two-sided Mann-Whitney test, U = 1835, 

p = 1.2 × 10−8, n = 172). g, Representative images of MAP2 and p-Tau (PHF1) staining in 

control shRNA-treated and B2M-shRNA-treated NSE-E4+/+ primary neurons. Many similar 

images were collected from two primary neuron culture experiments. Scale bars = 30μm. 

h, The intensity of apoE staining is significantly higher in B2M-KO (BH-corrected p = 1.2 

× 10−11) and WT (BH-corrected p = 8.8 × 10−14) mouse primary neurons as compared to 

apoE-KO primary neurons (two-sided Kruskal-Wallis test, KW Statistic = 39.78, Dunn’s 

multiple comparisons correction, n = 80). i, p-Tau intensity is significantly reduced in the 

soma of primary neurons from apoE-KO (BH-corrected p = 6.4 × 10−10) or B2M-KO 

(BH-corrected p = 6.0 × 10−11) mice as compared to those from WT mice (two-sided 

Kruskal-Wallis test, KW Statistic = 48.53, Dunn’s multiple comparisons correction, n = 

80). j, Percent of dendrite length positive for p-Tau (PHF1) signal is significantly reduced 

in apoE-KO (BH-corrected p = 1.8 × 10−9) or B2M-KO (BH-corrected p = 6.2 × 10−6) 

primary neurons as compared to WT neurons. B2M-KO primary neurons also have a small 

but significant increase in dendritic p-Tau as compared to apoE-KO neurons (p = 0.02) (two-

sided Kruskal-Wallis test, KW Statistic = 46.91, Dunn’s multiple comparisons correction, 

n = 149). k, Representative images of MAP2 and p-Tau (PHF1) staining in apoE-KO, 

B2M-KO, and WT primary neurons. Many similar images were collected from one primary 

neuron culture experiment. Scale bars = 30μm. In b–j, * p < 0.05, ** p < 0.01, *** p < 

0.001.
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Figure 8. B2M-KO protects from p-Tau pathology in a Tau-P301S overexpression mouse model.
a, Representative DAB-stained images of human tau (hTau), with HT7 antibody, and p-Tau, 

with PHF1 antibody, from the CA1 and dentate gyrus (DG) of WT and B2M-KO mouse 

hippocampus 6 weeks after injection with AAV2-Tau-P301S. Even with similar expression 

of hTau, p-Tau was dramatically reduced in both the CA1 and DG of B2M-KO mouse 

hippocampus as compared to those of WT mouse hippocampus. Many similar images were 

collected from different groups of mice in one experiment. Scale bars = 500μm. b, p-Tau/

hTau ratio was significantly reduced in CA1 of B2M-KO mouse hippocampus as compared 

to that of WT mouse hippocampus (two-sided Mann-Whitney Test, p = 0.001, n = 20 

WT, 16 B2M-KO. c, p-Tau/hTau ratio was significantly reduced in DG of B2M-KO mouse 

hippocampus as compared to that of WT mouse hippocampus (two-sided Mann-Whitney 

Test, p = 0.008, n = 20 WT, 16 B2M-KO).
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