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Microglial apolipoprotein E particles contribute
to neuronal senescence and synaptotoxicity

Na Wang,1,5 Lujian Cai,1,5 Xinyu Pei,1 Zhihao Lin,1 Lihong Huang,1,2 Chensi Liang,1 Min Wei,1 Lin Shao,1

Tiantian Guo,1 Fang Huang,3,4 Hong Luo,1 Honghua Zheng,1 Xiao-fen Chen,1 Lige Leng,1 Yun-wu Zhang,1

Xin Wang,1,2 Jie Zhang,1 Kai Guo,3,4 Zhanxiang Wang,1,* Hongsheng Zhang,3,4,* Yingjun Zhao,1,7,*

and Huaxi Xu1,3,6
SUMMARY

Apolipoprotein E (apoE) plays a crucial role in the pathogenesis of Alzheimer’s disease (AD). Micro-
glia exhibit a substantial upregulation of apoE in AD-associated circumstances, despite astrocytes
being the primary source of apoE expression and secretion in the brain. Although the role of astro-
cytic apoE in the brain has been extensively investigated, it remains unclear that whether and how
apoE particles generated from astrocytes and microglia differ in biological characteristic and func-
tion. Here, we demonstrate the differences in size between apoE particles generated from micro-
glia and astrocytes. Microglial apoE particles impair neurite growth and synapses, and promote
neuronal senescence, whereas depletion of GPNMB (glycoprotein non-metastatic melanoma protein
B) in microglial apoE particles mitigated these deleterious effects. In addition, human APOE4-ex-
pressing microglia are more neurotoxic than APOE3-bearing microglia. For the first time, these re-
sults offer concrete evidence that apoE particles produced by microglia are involved in neuronal
senescence and toxicity.
INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia, accounting for around 60–80% of all cases.1 In addition to extracellular am-

yloid plaques and intracellular neurofibrillary tangles in the brain,2–4 emerging evidence demonstrates critical roles of microglia in the path-

ogenesis of AD.5–12 Microglia, as the resident brain macrophage, are the primary immune cells within the central nervous system (CNS).13–15

Physiologically, microglia play an essential role in maintaining normal neuronal functions in the CNS bymodulating synaptic activity and elim-

inating toxic waste.16–21 Activated microglia display a variety of phenotypes and interact with tau and amyloid-b pathology, contributing in

different ways to either promote or inhibit the development of AD.22–27 Therefore, comprehending the role of microglia and the underlying

brain mechanisms may provide new insights into AD treatment approaches.

The apolipoprotein E (apoE) gene (APOE) exists as three polymorphic alleles (ε2, ε3, and ε4) in human,28–30 among which APOE ε4 is the

strongest genetic risk factor for late-onset AD.2,30–33 Under physiological condition, apoE is produced and secreted primarily by astrocytes in

the brain.34 Secreted apoE is associated with other proteins and lipids in the form of particles.35,36 Ab may be sequestered by astrocyte-

derived apoEparticles, which also display isoform and cell-state-specific lipidation; and this could facilitate cellular uptake and the breakdown

of apoE-Ab complexes.30,37 Cumulative evidence demonstrates that apoE expression is dramatically increased in microglia under AD-asso-

ciated pathological conditions.38 Microglial apoE may regulate AD pathogenesis through the regulation of associated inflammation, lipid

transport or the clearance of pathology.21,25,39–41 However, it has not been fully elucidated whether and how apoE particles derived frommi-

croglia and astrocytes differ in biological features and functions.

In this study, we characterized the biological properties of apoE particles from primary microglia and astrocytes. Additionally, we exam-

ined the impact of astrocytic and microglial apoE particles on neurons and elucidated the underlying mechanisms.
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Figure 1. Characterization of apoE particles

(A) Schematic illustration of apoE particle purification by apoE antibody column.

(B) Schematic illustration of apoE particle analysis by size exclusion chromatography (SEC).

(C) ApoE particle ratios in different elution fractions were determined by ELISA.

(D) ApoE particle sizes were analyzed by dynamic light scattering (DLS).

(E) Representative images of astrocytic apoE particles (A-ApoE) andmicroglial apoE particles (M-ApoE) visualized with a transmission electron microscopy. Scale

bar, 50 nm.

(F) Quantification of size of apoE particles/group. At least 50 apoE particles were used for the analysis. Data are presented asmeanG SEM. Statistical significance

was determined with unpaired Student’s t test. ***, p < 0.001.
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RESULTS

Microglial apoE particles exhibited larger size than astrocytic apoE particles

To characterize the biological properties of apoE particles, we purified apoE particles from conditioned medium of primary microglia or as-

trocytes by immunoprecipitation (IP). Size-exclusion chromatography (SEC) analysis showed that microglial apoE particles were eluted from

the column earlier than astrocytic apoE particles (Figures 1A–1C), suggesting that microglial apoE particles are on average larger than astro-

cytic apoE particles. Further, dynamic light scattering (DLS) (Figure 1D) and transmission electronmicroscopy (TEM) analyses showed that the

average diameter of microglial apoE particles is around 30 nm, while that of astrocytic apoE particles is around 20 nm (Figures 1E and 1F). In

addition, we also conducted the native gel electrophoresis with astrocytic and microglial apoE particles (Figure S1A). The results demon-

strated that microglial apoE particles contain more large particles in comparison with astrocytic apoE particles (Figures S1A and S1B).

Thus, the collective evidence from various analyses consistently indicates that microglial apoE particles are larger than astrocytic apoE

particles.

Microglial apoE particle treatment altered neuron morphology and impaired synaptic functions

As a major lipid transporter, apoE has been reported to modulate maintenance of the neuronal functions in CNS.36 Therefore, we compared

the effect of microglial and astrocytic apoE particles on primary neurons. We observed that microglial apoE particles (6 mg/mL)42 inhibited

neurite growth, as indicated by alterations in neurite length and branch number (Figures 2A–2C). In addition, the total neuron number

was reduced in microglial apoE particle treated group (Figures S2A and S2B), indicating the toxic effect of microglial apoE particles. Consis-

tently, injection of microglial apoE particles into the hippocampus of wild-type (WT) mice led to a reduced neuronal density particularly in the

local site of injection, when compared to the injection of astrocytic apoE particles (Figures S2C–S2E). Interestingly, we found that hippocam-

pal injection of microglial apoE particles triggered marked gliosis (Figures S2C and S2F–S2I). Next we investigated the effect of glial apoE

particles on synaptic function in primary neurons. Electrophysiological recordings showed that treatment of microglial apoE particles

decreased frequencies of miniature excitatory postsynaptic current (mEPSC) in the treated neurons when compared with the treatment of

astrocytic apoE particles (Figures 2D and 2E); while the amplitudes of mEPSC were similar between different treatments (Figure 2F). In addi-

tion, immunofluorescence staining showed that the expression of postsynaptic density protein 95 (PSD95) and synaptophysin (SYP) was lower

in neurons treated with microglial apoE particles compared to that of neurons treated with astrocytic apoE particles (Figures 2G–2I).
2 iScience 27, 110006, June 21, 2024



Figure 2. Microglial apoE particles are neurotoxic

(A) Sketched images of cultured neuron treated with astrocytic apoE particles and microglial apoE particles. Scale bar, 50 mm.

(B andC) Quantification of branch lengths and neurite numbers of cultured neurons (n= 5). The relative branch length and neurite number of neurons treated with

microglial apoE particles were normalized to that of neurons treated with astrocytic apoE particles.

(D) Example of miniature EPSC traces recorded on cultured neurons treated with astrocytic apoE particles and microglial apoE particles. Scale bar, 1 s, 2 pA.

(E and F) Quantification of mEPSC frequency and amplitude. At least 10 neurons were recorded for the analysis.
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Figure 2. Continued

(G) Representative confocal images of PSD-95 (green) and synaptophysin (red) of cultured neurons treated with astrocytic apoE particles and microglial apoE

particles. Enlarged synapses are shown on the right. Scale bar, 10 mm.

(H–K) Quantification of PSD-95 and synaptophysin fluorescence intensity and puncta number per neuron (n = 5). Relative fluorescence intensity and puncta

number from the microglial apoE particle treated group were normalized to that of the astrocytic apoE particles treated group.

(L) Performance of 5xFAD mice injected with astrocytic apoE particles (5xFAD-A-apoE) or microglial apoE particles (5xFAD-M-apoE) in the training phase of the

MWM, n = 8 mice/group.

(M) Time that treated 5xFAD mice spent in target quadrant in the Probe test of MWM. Data are presented as mean G SEM. Statistical significance was

determined with unpaired Student’s t test. For cellular experiments, n represents the number of independent experiments. **, p < 0.01, ***, p < 0.001.
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Moreover, both of PSD95 and SYP puncta numbers were reduced upon microglial apoE particles treatment (Figures 2J and 2K). To evaluate

the impact of apoE particles on neuronal function in vivo, we injected apoE particles (1 mg/mL) into the hippocampus of 5xFADmice, a widely

used transgenic AD mouse model.43 In the Morris water maze (MWM) test, although 5xFAD mice injected with microglial apoE particles ex-

hibited similar performance as the mice injected with astrocytic apoE particles in the training stage, these mice spent less time in the target

quadrant during the probe test (Figures 2L and 2M), indicating that microglial apoE particles impaired spatial memory of 5xFAD mice.

Together, these findings suggest that microglial apoE particles are more neurotoxic than astrocytic apoE particles.

Microglial apoE particles altered the transcriptomic profile of neurons and promoted neuronal senescence

To determine how microglial apoE particles affect neuronal function, we performed RNA sequencing (RNA-seq) analysis on primary neurons

treated with vehicle or the two types of apoE particles. First, we carried out the principal component analysis (PCA) with three groups of sam-

ples and found that they were well separated, suggesting different treatments generated different effects (Figure S3A). Compared with the

vehicle group, the expression of 585 genes was upregulated and the expression of 72 genes was downregulated upon treatment with astro-

cytic apoE particles, while 685 genes were upregulated and 156 genes were downregulated upon microglial apoE particles treatment

(Figures S3B and S3C). Importantly, treatment with microglial apoE particles (M-apoE) upregulated 150 genes and downregulated 147 genes

in neurons compared to the astrocytic apoE particle (A-apoE) treatment (Figure 3A). Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analysis showed that these differentially expressed genes (DEGs) are enriched in pathways such as Epstein-Barr virus infection,

cell cycle and cellular senescence (Figures 3B and S3D). Specifically, genes associated with aging and senescence such as H2-K1, H2-D1/

Q6/Q4/Q7, H2-T22/23, GADD45a, and Igftbp3,44 were upregulated in neurons treated withmicroglial apoE particles (Figure 3C). Meanwhile,

genes associated with cellular mitosis and cell cycle44,45 were downregulated after microglial apoE particles treatment, including Ccnb1,

Ccna2, Ccnb2, Ccne2, Cdk1, and foxm145,46 (Figure 3C). Results from real-time (RT) PCR consistently validated differences in mRNA levels

of these genes in neurons with different glial apoE particle treatments (Figures 3D and 3E). We next performed immunostaining to examine

the expression of gH2AX andH3K27me3, twowell-establishedmarkers for cellular senescence, in neurons treatedwith apoE particles derived

frommicroglia or astrocytes (Figures 3F and 3H). As expected, both of gH2AX andH3K27me3 signals increased in neuronal nuclei after micro-

glial apoE particle treatment, when compared to the astrocytic apoE particle treatment (Figures 3G–3I). These data suggest that microglial

apoE particles promote neuronal senescence.

GPNMB mediated neuronal toxicity and senescence induced by microglial apoE particles

To investigate the underlyingmechanisms of neurotoxicity caused by microglial apoE particles, we employed themass spectrometry analysis

to examine the protein composition of apoE particles derived from different cell types. Specifically, we identified a total of 315 proteins in

microglial apoE particles and 677 proteins in astrocytic apoE particles (Figure S4A). Interestingly, 253 of these proteins were found in both

types of glial apoE particles, while 62 proteins were exclusively detected in microglial apoE particles (Figure S4A). Notably, we observed

that GPNMB identified in microglial apoE particles was the only protein overlapping with the proteinmodule (Figure S4B) that has been asso-

ciated with both AD pathogenesis and APOE genotype.47 Further, we examined the level of GPNMB in glial apoE particles and found that

microglial apoE particles had significantly higher levels of GPNMB compared to astrocytic apoE particles (Figure S4C). We next performed

the delipidation experiment and detected GPNMB in the lipidated fractions ‘‘input’’ and ‘‘LRA pellet,’’ but not in the lipid free fraction ‘‘PRA

supernatant’’ (Figure S4D), suggesting that GPNMB is a component of lipidated apoE particles. We also analyzed AD related database

(GSE44772) and found that the transcriptional level ofGPNMB, a disease-associatedmicroglia (DAM)marker gene, was significantly increased

in the brain of AD patients (Figure S4E). Furthermore, the mRNA level of GPNMB was positively associated with Braak staging and brain at-

rophy in AD patients (Figures S4F and S4G).

To examine the role of GPNMB in microglial apoE particles, we purified microglial apoE particles from Gpnmb-KO mice (referred to as

M-apoE-GPNMB). We treated neurons with differentially sourced apoE particles and observed that the absence of GPNMB mitigated the

detrimental effects of microglial apoE particles on neuronal growth (M-apoE-GPNMB vs. M-apoE vs. vehicle) (Figures 4A–4C). Conversely,

the addition of recombinant GPNMB protein (3 mg/mL) enabled astrocytic apoE particles (referred to as A-apoE + rGPNMB) to inhibit

neuronal growth when compared with the vehicle or A-apoE treated groups (Figures 4A–4C). In addition, the levels of PSD95 and SYP in

the neurons treated withM-apoE-GPNMBwere comparable to that of the vehicle group, whereas neurons with A-apoE + rGPNMB treatment

showed reduced PSD95 and SYP expression (Figures 4D–4F). We observed similar effects of M-apoE-GPNMB and A-apoE + rGPNMB on the

frequencies of mEPSC (Figures 4G–4I); while the amplitudes of mESPC were not affected by these treatments. Further, the expression of

gH2AX and H3K27me3 was increased in neurons treated with A-apoE + rGPNMB compared with vehicle or A-apoE groups, but both
4 iScience 27, 110006, June 21, 2024



Figure 3. Microglial apoE particles promote neuronal senescence

(A) Volcano plot showing differentially expressed genes (DEGs) in cultured neurons treated with astrocytic apoE particles and microglial apoE particles, as

measured by RNA-seq. The X axis specifies the log2 fold change (FC), and the Y axis represents the negative log10 of the p.adj values. Red and blue

dots represent genes of which the expression levels are significantly increased or decreased in M-apoE versus A-apoE (filtering criteria: log2 FC > 0.5 and

p value <0.05).

(B) Bubble chart showing the top 20 enriched KEGG pathway in M-apoE versus A-apoE. Dot sizes correspond to gene count number. Dots colored by p value.

Rich factors indicate the percentage of significantly increased genes in whole pathway.
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Figure 3. Continued

(C) Heatmap showing changes in gene expression of cellular senescence pathway. Z-scores normalization is used for the analysis. Red and blue squares represent

genes whose expression level is significantly increased or decreased in M-apoE versus A-apoE (filtering criteria: log2 FC > 1 and p value <0.05).

(D and E) Real-time quantitative PCR (real-time qPCR) analysis of gene expression of cellular senescence pathways, normalized to a housekeeping gene (GAPDH).

Data represent fold change relative to A-apoE and means G SEM of three independent experiments.

(F and H) Representative confocal images of gH2AX (F) and H3K27me3 (H) staining of cultured neuron treated with astrocytic or microglial apoE particles. Scale

bar, 10 mm.

(G and I) Quantification of gH2AX (G) and H3K27me3 (I) fluorescence intensity per cell (n = 5 independent experiments). Relative fluorescence intensity was

normalized to neuron treated with astrocytic apoE particles. Data are presented as mean G SEM. Statistical significance was determined with unpaired

Student’s t test. **, p < 0.01, ***, p < 0.001.
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were reduced in neurons treatedwithM-apoE-GPNMBwhen comparedwith theM-apoE treatment (Figures 4J–4M). However, treatment with

recombinant GPNMB (referred to as rGPNMB) in primary neuronal cultures had little effect on neuron numbers, branch lengths, and neurite

numbers (Figures S5A–S5D). Together, these data indicate that GPNMB inmicroglial apoE particles plays a pivotal role in mediating neuronal

toxicity and senescence induced by microglial apoE particles.

Microglial APOE4 led to more severe neurotoxicity

Next, we investigated whether apoE isoforms could impact the biochemical features and neurotoxicity of microglial apoE particles. We first

evaluated the sizes of APOE3- andAPOE4- particles secreted frommicroglia with target-replacement of humanAPOE3 orAPOE4 (referred to

as APOE3-TR or APOE4-TR) using non-denaturing gel electrophoresis followed by western blotting as described.48 The apoE/lipoprotein

particles were classified into three categories based on size: large particles (>690 kDa), medium particles (232–690 kDa), and small particles

(<232 kDa). Compared to APOE3-TR primary microglia, APOE4-TR microglia secreted more large particles (12% more, ratio to total apoE/

lipoprotein) and less small particles (�10% less, ratio to total apoE/lipoprotein) (Figures 5A and 5B). We then compared the effects of micro-

glia-derived APOE3 and APOE4 particles on neuronal outgrowth using a co-culture system consisting of primary microglia and neurons (Fig-

ure 5C). Although APOE3-TR and APOE4-TR microglia similarly reduced neurite numbers compared to the control group in the co-culture

system (Figures 5D and 5E), the APOE4-TR microglia-neuron co-culture exhibited a greater reduction in the neuronal lengths compared

to the APOE3-TR microglia-neuron co-culture system (Figures 5D and 5F). These findings suggest that microglial apoE4 mediates a more

severe neurotoxic effect, potentially amplifying the progression of AD.

DISCUSSION

ApoE plays multiple roles in brain health and impact the development of AD.33,49 For instance, apoE assists in reducing cholesterol levels and

to enhancing lipoprotein clearance.49 Numerous studies have demonstrated that ApoE regulates various process associated with AD path-

ogenesis, including modulation of Ab clearance, tau pathogenesis, lipid transport, and synaptic function.30,32,50,51 While it is well established

that apoE is primarily produced by astrocytes under physiological conditions, recent studies have revealed amarked increase in apoE expres-

sion in microglia during stress or disease conditions.52 Nevertheless, the biological properties of microglia-derived apoE particles and the

associated effects on neurons remain poorly understood. The data obtained from the current study demonstrate that apoE particles derived

from primary microglia exhibit distinct sizes compared to those from primary astrocytes. Furthermore, microglia-derived apoE particles have

detrimental effect on neurite growth and neuronal functions, ultimately contributing to neuronal senescence. Although numerous studies

have highlighted a potential involvement of elevated microglial apoE level in the progression of neurodegenerative diseases such as AD,

our study provide the first direct evidence supporting the contribution of microglia-derived apoE particles to neuronal senescence and

toxicity.

In addition to amyloid and tau pathologies, a growing body of research suggests that neuroinflammation is a significant factor in the devel-

opment of AD.53–55 This notion is supported by genome-wide association studies (GWASs) analysis, which has identified associations be-

tweenAD risk and genes related to inflammation, such as complement receptor-1 (CR1),CD33, and triggering receptor expressed onmyeloid

cells-2 (TREM2).56–58 Targeting microglia and their associated pathways has emerged as a highly promising approach to mitigate the phe-

notypes associated with AD,32,53,59,60 given that microglia are the primary cell type implicated in brain inflammation.61 For instance, inhibition

of IL-1 signaling has been shown to rescue cognitive impairment, attenuate tau pathology, and restore neuronal b-catenin pathway function-

ality in a mouse model of AD.62 Previous investigations have demonstrated that heterozygous rare variants R47H, R62H and H157Y of TREM2

are associated with an increased risk of developing AD in African American, European and Asian populations.56,63–66 Activation of TREM2 in

ADmice improvedmicroglial function and reduced amyloid deposition in the brain.67–69 As a ligand for TREM2, ApoEmay regulatemicroglial

behaviors by modulating TREM2 pathway.21,70,71 Additionally, it has been observed that inflammation influence the expression and secretion

of apoE isoforms in vitro.41 It is of great significance to investigate the potential differential regulation of microglial function by apoE particles

derived from astrocytes and microglia, as well as the modulation of this process by apoE isoform. Furthermore, our study offers insights into

the mechanism underlying microglia-neuron interaction and identifies a potential target within microglia for intervening neurotoxicity.

Mechanistically, we found that GPNMB mediates most of the detrimental effects induced by microglial apoE particles. Previous studies

have identified GPNMB as a DAM gene that is upregulated in models of amyloidosis, tauopathy and aging.72,73 Additionally, GPNMB has

been linked to lipid homeostasis,74 autophagy,75 and immune response in AD.53 As a single-pass transmembrane protein, it can be cleaved

by a disintegrin and metalloproteinase 10 (ADAM10) or other extracellular proteases.76 Elevated levels of soluble GPNMB in the
6 iScience 27, 110006, June 21, 2024



Figure 4. GPNMB plays a critical role in mediating neurotoxicity caused by microglial apoE particles

(A) Sketched images of cultured neurons (MAP2) treated with astrocytic apoE particles, microglial apoE particles, astrocytic apoE particles with recombinant

GPNMB (rGPNMB) and GPNMB KO microglial apoE particles. Scale bar, 50 mm.

(B and C) Quantification of total length and branch number of cultured neuron (n = 3).

(D) Representative confocal images of PSD-95 (green) and synaptophysin (red) of cultured neuron treated as mentioned above. Scale bar, 10 mm.
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Figure 4. Continued

(E and F) Quantification of PSD-95 and synaptophysin fluorescence intensity per neuron (n = 3). Relative fluorescence intensities from microglial apoE particle

treated neurons were normalized to that of neurons treated with astrocytic apoE particles.

(G) Examples of miniature EPSC traces recorded on cultured neurons treated as mentioned above. Scale bar, 1 s, 2 pA.

(H and I) Quantification of mEPSC frequency and amplitude. At least 10 cultured neurons per group were used for the analysis.

(J and L) Representative confocal images of gH2AX (J) and H3K27me3 (L) of cultured neuron treated as mentioned above. Scale bar, 10 mm.

(K and M) Quantification of gH2AX (K) and H3K27me3 (M) fluorescence intensity per cell (n = 3). Relative fluorescence intensities were normalized to that of

neurons treated with Vehicle. Data are presented as mean G SEM. Statistical significance was determined with unpaired Student’s t test. n represents the

number of independent experiments. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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cerebrospinal fluid (CSF) of AD patients have been reported,77,78 and soluble GPNMB can interact with CD44 to affect astrocyte-mediated

neuroinflammation.79 Our analysis showed that GPNMB levels were elevated in AD patient brain samples and associated with disease

severity. Furthermore, our findings suggest a potential role for GPNMB in regulating neuronal functions. Because lipoproteins can transport

mRNAs in the circulation,80 we do not exclude the potential contribution of the RNA content in apoE particles to the observed phenotypes.

Further investigations are required to fully elucidate how microglial apoE complexes regulate AD pathogenesis.

It has been shown that mixed glial cells (�95% astrocytes) expressing the human APOE4 display a gain-of-toxic function and hinder

neuronal growth.81 Furthermore, astrocytic apoE alters neuronal cholesterol metabolism and memory through histone-acetylation,

with APOE4 displaying reduced ability to regulate metabolic and epigenetic process in neurons compared to APOE3.42 However, the impact

of different APOE isoforms expressed by microglia on neurite outgrowth remains unclear. In the current study, we observed neurotoxicity

associated with APOE4-TR microglia compared to APOE3-TR microglia, which aligns with a recent publication that demonstrates the
Figure 5. Microglial APOE4 particles exhibit distinct biochemical features and severer neurotoxicity compared with microglial APOE3 particles

(A and B) ApoE particles from conditioned medium of primary APOE3-TR orAPOE4-TR microglia were analyzed by native gel electrophoresis. Particle sizes were

defined as large (>690 kDa), medium (232 kDa–720 kDa), and small (<232 kDa). The percentages of apoE particles in different size categories were quantified.

(C) Schematic diagram of microglia-neuron co-culture system.

(D) Neurons co-cultured with APOE3-TR or APOE4-TR microglia were stained for MAP2. Neuronal culture without microglia in the top insert was used as the

control group. Scale bar, 20 mm.

(E and F) Neurite lengths (from initiation site) and numbers were quantified and normalized to that of the control. Data are presented as meanG SEM (n = 3–5). n

represents the number of independent experiments. Statistical significance was determined with t test or one-way ANOVA. *, p < 0.05; ***, p < 0.001.
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exacerbation of neuronal senescence in APOE4-TR mice.82 This phenotype may be attributed, at least in part, to the larger size of microglial

APOE4 particles, because previous studies have linked larger-sized apoE particles with neurotoxicity.36,83 Additionally, we observed lower

GPNMB/APOE ratio in APOE4 particles, compared to that in APOE3 particles, suggesting that GPNMB might not be the primary culprit

for the neurotoxic effects of microglial APOE4 (data not shown). Previous studies have identified numerous factors contribute to the toxic

effect of APOE4, including elevated pro-inflammatory responses, dysregulated lipid metabolism, self-aggregation, and reduced affinity

for binding to receptors.84,85 Moreover, other differing components between microglial APOE4 and APOE3 particles may also influence

the varying degrees of neurotoxicity exhibited by these particles, emphasizing the necessity for further investigations in future studies.

In summary, our results demonstrate critical roles of apoE particles and APOE isoforms in regulating neuronal morphology and function.

These findings should be further verified in additional animalmodels. A deeper comprehension of themolecularmechanisms and intracellular

pathways involved in apoE-mediated microglial functions may provide insight into how APOE isoforms contribute to AD pathogenesis.

Limitations of the study

Firstly, our studies aremainly performed in vitro. Therefore, the physiological relevance of our findings and the potential toxicity related to the

large-sized particles derived from microglia need to be further explored in vivo. Secondly, aggregation and lipidation may contribute to the

increased size of microglial apoE particles. Hence, further research is warranted to investigate the specific components of these particles and

their functional significance. Thirdly, there are discrepancies in particle size between our data and previous reports; we speculate that these

differences may be attributed to variation in materials, resources and experimental procedures. Lastly, because microglia typically express

lower level of apoE under physiology conditions, the high concentration of apoE particles used in our study might enhance the approach.
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Antibodies

Anti-mouse apoE Cell Signaling Technology Cat#68587; RRID: AB_3094528

Anti-mouse PSD95 Millipore Cat#MAB1596;

RRID:AB_2092365

Anti-mouse Synaptophysin Abcam Cat#ab16659;

RRID:AB_443419

Anti-mouse MAP2 Abcam Cat#ab5392;

RRID:AB_2138153

Anti-mouse Histone H3 (tri methyl K27) Abcam Cat#ab6002;

RRID:AB_305237

Anti-mouse Phospho-Histone H2A.X

(Ser139) (20E3)

Cell Signaling Technology Cat#9718;

RRID: AB_2118009

Anti-mouse GPNMB Cell Signaling Technology Cat#90205

Anti-mouse apoE Santa Cruz Cat# sc-6384; RRID:AB_634036

Anti-mouse apoE Creative Biolabs Cat#TAB-0974CLV

Anti-human ApoE Meridian Life Science Cat# K74180B; RRID:AB_150544
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Anti-mouse Iba1 Novus Biologicals Cat# NB 100–1028; RRID:AB_521594

Anti-mouse GFAP Cell Signaling Technology Cat# 3670; RRID:AB_561049

Anti-mouse Neun Abcam Cat# ab177487; RRID:AB_2532109

6 nm Colloidal Gold-AffiniPure Goat

Anti-Rabbit IgG(H + L)

Jackson Cat#111-195-144

Chemicals, peptides, and recombinant proteins

Osteoactivin/GPNMB SinoBiological Cat#50475-M088H

Murine GM-CSF peprotech Cat#315-03

Critical commercial assays

Mouse Apolipoprotein E ELISA Kit Abcam Cat#ab215086

Lipid removal agent (LRA) Millipore Sigma Cat#13358-U

Deposited data

RNA-seq This paper Database: GSE246888

AD related database This paper Database: GSE44772

Experimental models: Organisms/strains

Mouse: C57BL/6J Xiamen University and Chongqing

Medical University

N/A

Mouse: 5 xFAD transgenic mice The Jackson Laboratory RRID:MMRRC_034840-JAX

Mouse: GPNMB KO Cyagen KOCMP-93695

Mouse: APOE3-TR mouse, 1548 Taconic Bioscience N/A

Mouse: APOE4-TR mouse, 1549 Taconic Bioscience N/A

Oligonucleotides

Primers for Q-RT PCR, see Table S1 This paper N/A
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Software and algorithms

Fiji NIH https://imagej.net/Fiji

GraphPad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

Imaris OXFORD INSTRUMENTS Microscopy Image Analysis Software - Imaris -

Oxford Instruments (oxinst.com)

The Database for Annotation, Visualization and

Integrated Discovery (DAVID) v6.8

https://david.ncifcrf.gov/ DAVID Functional Annotation Bioinformatics

Microarray Analysis (ncifcrf.gov)
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yingjun Zhao

(yjzhao@xmu.edu.cn).
Materials availability

This study did not generate new unique materials.
Data and code availability

� Bulk RNA-seq data have been deposited at GEO and are available as of the date of publication. Accession number is GSE246888 (as

listed in the key resources table). This paper analyzes existing, publicly available data. The accession numbers for these datasets are

listed in the key resources table.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J WT mice were obtained from the Laboratory Animal Center at Xiamen University and Chongqing Medical University. APOE3 and

APOE4 targeted replacement mice, which express human apoE isoforms driven by the endogenous murineApoe promoter, were purchased

from Taconic. 5xFAD transgenicmice (B6SJL-Tg (APPSwFlLon, PSEN1*M146L*L286V) 6799Vas/Mmja) were purchased from The Jackson Lab-

oratory (MMRRC stock #34 840-JAX),43 which express human APP and PSEN1 transgenes with five AD linked mutations (the Swedish [K670N/

M671L], Florida [I716V], and London [V717I] mutation in APP, and theM146L and L286V mutation in PSEN1) under the mouse Thy1 promoter.

5xFAD mice were maintained as hemizygotes on a C57BL/6 background. Gpnmb-KO mice were purchased from Cyagen (KOCMP-93695-

Gpnmb-B6J-VA). The mice were maintained at a constant temperature with an alternating 12 h light/dark cycle. Food and water were avail-

able ad libitum.
Primary cell culture

Brain tissues from C57BL6 mice were dissected for primary glial cell culture. With modification, primary microglial cells were prepared

as described.86 Briefly, mixed glial cells from newborn (postnatal 1 to 3-day-old, mixed sex of male and female) pups were cultured in

DMEM (GIBCO) supplemented with 10% FBS and 100 U/mL penicillin/streptomycin in a poly-D-lysine (25 mg/mL) (Sigma)-coated cell culture

flasks (Corning, Fisher, USA). The mediumwas changed within the next day with fresh DMEMmedium plus 10% FBS and 12.5 ng/mLGM-CSF

(Peprotech). Microglial cells were harvested by shaking at a speed of 220 rpm for 15 min after 9–10 days of culture. The harvested cells were

seeded for further experiments.

Primary astrocytes were prepared as described by a previous protocol87 with modification. Simply, mixed glial cells from newborn (post-

natal 1 to 3-day-old) pups were cultured in astrocyte culturemedia (DMEM, high glucose +10% heat-inactivated fetal bovine serum+1%peni-

cillin/streptomycin). The mediumwas changed 2 days after the plating of the mixed cortical cells and every 3 days thereafter. On day 9 or day

10, when astrocytes were confluent,mixed cells were shaken at 220 rpm for 30min to remove the uppermicroglial cells. Trypsin (Sigma, T2601)

was used to split attached astrocytes for further culture or use.

Primary cortical neurons were obtained from 11 to 17 days old embryos of WT C57BL/6 mice and cultured in neurobasal medium (GIBCO)

supplemented with 0.5 mM GlutaMAX (GIBCO), 2% B27 (GIBCO), and 1% penicillin-streptomycin (Invitrogen) on cover glasses pre-coated

with poly-D-lysine solution (50 mg/mL). At day 5 of the in vitro study (DIV5), the neurons were treated with 10 M cytosine arabinofuranoside
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(Sigma Aldrich) for 2 days to remove glial cells. At DIV7 the culture medium was then replaced with fresh neurobasal medium containing B27

and penicillin-streptomycin. For neuron-microglia co-cultures, microglia were re-suspended in neuronal culturemedium and were seeded on

top of primary neurons at DIV8 to a final ratio of 1:2 (microglia: neuron).

Study approval

All animal experiments were approved by the Animal Ethics Committee of Xiamen University and Chongqing Medical University and were

conducted in compliance with all relevant ethical regulations for animal testing and research.

METHOD DETAILS

ApoE/lipoprotein particles purification

Both astrocyte and microglia culture medium were replaced with serum-free media (DMEM, high glucose+1% penicillin/streptomycin) 72 h

before collection. Media was collected and centrifuged at 1000 g for 5 min to remove cell debris. The supernatant was filtered through a

0.2 mm PVDF filter and then concentrated by Amicon Ultra 10K (Millipore). ApoE/lipoprotein particles were then purified from concentrated

culture media by immunoaffinity column.37,88,89 The immunoaffinity column was prepared by coupling CNBr-activated Sepharose beads

(Cytiva) with an anti-mouse apoE antibody (Cat# TAB-0974CLV, Creative Biolabs). Concentrated media was applied to the column and

run overnight at 4�C. The immunoaffinity columnwas washed with 3MNaSCN to elute apoE particles. ApoE particles were dialyzed overnight

in PBS with 3 changes at 4�C and concentrated by Amicon Ultra 10K, followed by a concentration of 6 mg/mL were used to treat neurons.

ApoE ELISA

ApoE protein concentration of apoE particles was determined by mouse apoE ELISA Kit (Abcam, Ab215086), following the manufacturer’s

instructions.

Fast protein liquid chromatography

Conditioned media were generated by culturing cells in serum-free media for 24 h in T75 flasks and then collected. Astrocyte and microglia

conditioned media were then concentrated 20-fold using a 10-kDa cut-off filter (Millipore) and centrifuged to remove cellular debris before

storage at 4�Cprior to fractionation. Sampleswere run through anAKTAFast protein liquid chromatography (FPLC) system through aHeparin

column (heparin affinity chromatography) or a Superose 6 column (SEC; GE Healthcare). The fractions were blotted onto a nitrocellulose

membrane, stained with anti-apoE antibody (Santa Cruz M-20, Cat # sc-6384, Host: Goat) and corresponding secondary antibody for further

analysis.

Dynamic light scattering

Purified apoE particles were diluted in filtered PBS and loaded to a cuvette. The measurements were carried out at 25�C with the refractive

index of water on Malvern Zetasizer. For each sample, three analysis duplicates were done with 12 runs and each run lasting 10 s. The size

distribution of apoE particles was displayed by the detected number.

Electron microscopy and immunoelectron microscopy

Carbon-coated grids were hydrophilized by glow discharge at low pressure in the air. Purified apoE particles were diluted in filtered PBS and

loaded onto grids for 5min. Residual particles were absorbed by filter paper. Samples were negative-stainedwith uranyl acetate for 5min. For

ImmunoElectron microscopy, colloidal gold was labeled to apoE particles. Briefly, apoE particles were loaded onto hydrophilic grids for

5 min. Instead of BSA, recombinant Goat IgG protein was diluted in PBS and used to block the grids. ApoE particles absorbed grids were

incubated with Rabbit apoE antibody (Cat# 68587, CST) for 40 min and then incubated with 6 nm Colloidal Gold AffiniPure Goat Anti-

Rabbit IgG (H+ L) (Jackson) for 20min. Finally, the samplewas immobilizedwith 2.5%glutaraldehyde solution for 12min and negative-stained

with uranyl acetate for 5 min. Grids were imaged with an HT7800 transmission electron microscope operating at 80 kV.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde and then permeabilized with 0.25% Triton X-100 in PBS. After blocking with 10% donkey serum in

PBST for 1 h, cells were incubatedwith primary antibody overnight at 4�C. After washingwith PBS, cells were incubatedwith Alexa-conjugated

secondary antibody for 1 h at room temperature. The nuclei were labeledwithDAPI (Abcam, ab104139). Fluorescent signals were detected by

confocal laser scanning fluorescent microscopy (LSM980, Zeiss). Primary antibodies used for immunostaining include: MAP2 (Chicken, 1:500,

Abcam, ab5392); PSD95 (Mouse, 1:100, Neuromab, 75-028); SYP (Rabbit, 1:200; Abcam, ab16659); gH2AX (Rabbit, 1:500, CST, 9718);

H3K27me3 (Rabbit, 1:500, Abcam, ab6002).

Immunohistochemistry staining

Mouse brain sections were washed in PBS for 3 times, 5min each. After washing, sections were permeabilized/blocked in 5% BSA/0.1% TBS-T

(Triton X-100)- for 1 h, followed by 3 times washes in TBS. Then brain sections were incubated with primary antibodies (Neun antibody, Abcam
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ab177487; GFAP antibody, CST 3670; Iba1 antibody, Novus Biologicals B 100–1028) at 4�C for overnight. The next day, after 3 times washes in

TBS, sections were incubated with corresponding fluorescence-labeled secondary antibodies for 1.5 h at room temperature. The sections

were then washed andmounted in AntifadeMountingMedium (Solarbio S2100). Fluorescent signals were detected by spinning disk confocal

super resolution microscope (Olympus SpinSR10).

RNA extraction and quantitative RT-PCR

Total RNA from cell was extracted usingMonarch Total RNAMiniprep Kit (NEB), following themanufacturer’s instructions. Total RNAquantity

was measuring using the Nanodrop2000 (Thermofisher). Total RNA (2 mg) was reverse-transcribed to cDNA using FastKing RT Kit (TIANGEN).

qPCR reactions were performed using SYBR green (Abclonal) on the Light Cycler 480 System (Roche). Relative expression was determined

using the comparative Ct model (DDCt) with glyceraldehyde 3-phosphate dehydrogenase (Gapdh) as a reference. Primers for individual

genes can be found in Table S1.

Western Blot

ApoE particles were mixed with 63Protein Loading Buffer and then incubated at 95�C for 5 min. Astrocytic and microglial apoE particles

including equal amounts of apoE protein were loaded into 10% SDS-PAGE and separated by electrophoresis. Proteins were then transferred

from gel to 0.45 mm PVDFmembrane. Membranes were blocked with 5% non-fat milk and then incubated with primary antibody at 4�C over-

night, followed by secondary antibody incubation. Immuno-reactive bands were visualized by Chemiluminescent HRP Substrate (Millipore),

detected by ChemiScope (CLINX), and quantified by ImageJ software.

Delipidation

To verify GPNMB is one component of microglial apoE particles, particles were delipidated using Lipid removal agent (LRA) (sigma 13358-U).

Briefly, 100 mg of LRA (from 100 mg/mL stock solution in 50 mM ammonium bicarbonate) per 1 mg of microglial apoE particles were mixed

gently in 300 mL PBS and rotated for 1 h at room temperature. Then the LRA was centrifuged by centrifugation (2200 3 g for 2 min) and the

supernatant was collected. The pellet was added 20 mL 50mMammoniumbicarbonate premixedwith 63 SDS-PAGE loading buffer (ABclonal

RM0001) and heat for 5 min at 95�C. The supernatant was also mixed with 63 SDS-PAGE loading buffer and heat for 5 min at 95�C for further

analysis.

Electrophysiological recording

Whole-cell voltage-clamp recordings were performed on mice embryonic cortical neurons maintained in culture for DIV 12. The patch pi-

pettes were pulled from borosilicate glass capillary tubes (Sutter, Cat# BF150-86-10) using a Model P-1000 (Sutter). The resistance of pipettes

filled with intracellular solution varied between 5 and 8 MU. Synaptic currents were monitored with a Multiclamp 700B amplifier (Molecular

Devices) and synchronized with Clampex 10.6 data acquisition software (Molecular Devices). A whole-cell pipette solution was used contain-

ing (inmM) 140mMCsCH3SO3, 2mMMgCl2 6H2O, 5mMTEA-Cl, 10mMHEPES, 1mMEGTA, 2.5mMMg-ATP, and 0.3mMNa-GTP (pH 7.3,

300 mOsm). The external bath solution contained (in mM) 2.5 mM KCl, 126 mM NaCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 1.2 mM NaH2PO4,

11 mM glucose, and 18 mM NaHCO3 (pH 7.4, 300 mOsm). mEPSCs recordings was performed while holding the cell at �70 mV mEPSCs

was monitored in the presence of tetrodotoxin (1 mM) (Fisher Cat#507532807) to block action potentials. All recordings were performed at

RT. Cells with a series resistance of >30 MU throughout the recording were excluded from the analysis. Synaptic currents were filtered at

0.5 kHz, sampled at 10 kHz and analyzed offline using Clampfit 9 (Molecular Devices) software.

RNA sequencing analysis

RNA was isolated from primary neurons treated with astrocytic or microglial apoE particles and subjected to RNA-seq analysis. cDNA library

construction and sequencing were performed by the BGI using BGI platform. Sample quality was assessed by FastQC (https://www.

bioinformatics.babraham.ac.uk/projects/fastqc). Samples were aligned to the mouse reference genome GRCm38 using HISAT2.90 Mapped

sequencing reads were assigned to genomic features with the featureCounts function.91 DESeq292 was used to identify DEGs between sam-

ples. Genes were considered differentially expressed if the adjusted p-value was lower than 0.05 and the absolute value of fold change was

greater than 2. KEGG enrichment was performed using the richR package (https://github.com/hurlab/richR) and an adjusted p-value <0.05

was chosen as the cutoff value to select significant KEGG pathways.

ApoE particle injection

Female 5xFAD mice aged 5 months were anesthetized with isoflurane. ApoE particles (1 mL, 1 mg/mL) were stereotaxically injected into the

bilateral hippocampus (bregma, �2.5 mm; lateral, G2.0 mm; depth, �2.0 mm) of the mouse using a syringe (Hamilton; syringe 7635-01

and needle 7762-05). Behavioral tests were conducted 7 days after the injection.

Morris Water Maze

The MWMwas used to measure acquisition and expression of spatial memory as previously described.93 A circular water tank (120 cm diam-

eter and 40 cm height) was filled with water (22�C, 25 cm deep) and in the presence of a constellation of spatial cues visible to the mice.
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Nontoxic white powder paint was added to the water to make the surface opaque and to hide the escape platform (circular platform, 6 cm in

diameter, 1 cm below the surface). The experimental protocol required five days of acquisition with the platform in place (four trials per day)

and removal of the platform on the sixth day for a probe test. During the acquisition phase, the platform stayed in the same location for each

animal. At the beginning of each trial, the mice were placed into one of the four quadrants facing the wall and the starting location varied

pseudo randomly across trials for each mouse. Mice were given 60 s to find the platform, at which point the experimenter would guide

the animal to the platform if necessary. Mice remained on the platform for 30 s, and were then dried with a towel and placed under a

37�C lamp between trials. To measure the rate of acquisition, the latency to reach the platform was averaged over all four trials each day.

For the probe trial, mice were given 60 s to swim and the trajectory and amount of time spent in each quadrant was recorded and analyzed

by CleverSys TopSanLite (Clever Sys, Reston, VA, USA).
Mass spectrometry

Samples were subjected to in-gel trypsin digestion and dried, followed by analysis using an EASY-nLC 1200 (Thermo SCIENTIFIC) coupled to

anOrbitrap Fusion Lumos (Thermo SCIENTIFIC) equipped with an EASY-IC ion source. Peptides were dissolved in 10 mL 0.1% formic acid and

directly auto-sampled onto a homemade C18 column (35 cm 3 75 mm i.d., 2.5 mm 100 Å). Elution was performed over 120 min using linear

gradients of 3–35% acetonitrile in 0.1% formic acid at a flow rate of 300 nL/min. The raw files obtained from the analysis were processed using

ProteomeDiscoverer 2.2 software,matching the identified peptides against Uniprot database.Only proteinswith #Peptides >10 and #Unique

Identifications >10 were included in the UpSet graph.
Analysis of apolipoprotein E gene particle sizes by native PAGE

The medium of primary microglial culture was replaced with serum-free medium 48 h before medium collection. Then the conditioned me-

dium was harvested and concentrated. Avidin-agarose beads (Pierce) were pre-coupled with biotinylated polyclonal anti-APOE antibody

(K74180B, Meridian Life Science) and then incubated overnight with concentrated conditioned media at 4�C. Complexes of bead-anti-

body-apoE were washedwith TBS buffer three times, 0.1 M glycine (pH 2.5) was used to elute immunoprecipitated apoE and then neutralized

with 1M Tris (pH 8.5). Particles containing equal amounts of APOE3 or APOE4 proteins were subjected to native electrophoresis using Native

PAGE Novex 4–20% Tris-Glycine gels (Thermo Fisher) followed by immunoblot with goat anti-apoE antibody (K74180B, Meridian Life

Science).
QUANTIFICATION AND STATISTICAL ANALYSIS

For primary neuronal experiments, 6–10 cells from each group, and data from 3 to 5 independent experiments were analyzed and quantified

following a method reported previously.94 Neurite number (neurite initiation sites) and length were counted and measured using ImageJ.

Data are present as mean G standard error of the mean (SEM). For two independent data comparisons, unpaired Student’s t test was

used to determine statistical significance. For multiple comparisons, one-way or two-way ANOVA test were used to determine statistical sig-

nificance. No statistical analysis was used to determine sample size prior. The sample sizes chosen are based on our previous studies from our

laboratory. The number of samples indicates biological replicates as indicated in each of the figure legends. *, p < 0.05; **, p < 0.01; ***,

p < 0.001. Statistical analyses were performed using Excel 2019 (Microsoft) or GraphPad Prism9.0.
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