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Summary 

 

Genome-wide association studies (GWAS) of Alzheimer’s disease (AD) have identified a 

plethora of risk loci. However, the disease variants/genes and the underlying mechanisms 

remain largely unknown.  For a strong AD-associated locus near Clusterin (CLU), we tied an 

AD protective allele to a role of neuronal CLU in promoting neuron excitability through lipid-

mediated neuron-glia communication. We identified a putative causal SNP of CLU that 

impacts neuron-specific chromatin accessibility to transcription-factor(s), with the AD 

protective allele upregulating neuronal CLU and promoting neuron excitability. 

Transcriptomic analysis and functional studies in induced pluripotent stem cell (iPSC)-

derived neurons co-cultured with mouse astrocytes show that neuronal CLU facilitates 

neuron-to-glia lipid transfer and astrocytic lipid droplet formation coupled with reactive 

oxygen species (ROS) accumulation. These changes cause astrocytes to uptake less 

glutamate thereby altering neuron excitability. Our study provides insights into how CLU 

confers resilience to AD through neuron-glia interactions. 

 

Keywords: Alzheimer’s disease, Clusterin, protective allele, lipid droplets, neuron excitability, 

allele-specific open chromatin, genome-wide association study, iPSC, neuron-glia lipid 

transfer   
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Introduction 

 

Alzheimer’s disease (AD) is the most common cause of dementia and represents an 

enormous social and economic burden 1. Despite years of research on the accumulation of 

amyloid beta (Aβ) and Tau lesions, an effective treatment for AD remains out of reach. 

Recent genome-wide association studies (GWAS) have identified more than 75 reproducible 

AD risk loci 2-7, providing unprecedented opportunities to elucidate novel disease biology that 

may facilitate the development of more targeted therapeutics. Among the common GWAS-

implicated genetic risk factors, the apolipoprotein E (APOE) locus is by far the strongest 

genetic risk factor. The protein coding variant APOE ε4 (R112/R158; APOE4) allele 

increases AD risk while the APOE ε2 (C112/C158; APOE2) allele decreases AD risk when 

compared to the most common allele APOE ε3 (C112/R158; APOE3) 8,9. Accumulation of Aβ 

and Tau lesions have been central to the postulated pathogenic mechanism underlying the 

APOE risk locus 8,9. More recently, APOE has been implicated in novel molecular and 

cellular mechanisms related to neuron-glia lipid transfer and astrocytic lipid droplet (LD) 

accumulation 10,11-14. However, for most other AD GWAS loci, the causal disease 

variant/gene, cell type vulnerability, and the underlying molecular/cellular mechanism remain 

largely unknown.  

 

A top-ranking AD GWAS risk locus falls near the gene Clusterin (CLU) 2-7.  Like APOE, CLU 

(also known as APOJ) is an abundant apolipoprotein in the brain 15,16. As with APOE, CLU 

has been associated with Aβ deposition and clearance 17-19 and Tau pathology 20,21. Unlike 

APOE that is predominantly expressed in glia, CLU is expressed in both glia and neurons 

22,23. In the brain, CLU-containing lipoproteins are detected in the cerebrospinal fluid, 

possibly originating from astrocytes, and they may play a role in cholesterol recycling 

processes 16,24-26. Although the total lipid content of CLU lipoprotein particles is much lower 

than the lipid content found in ApoE lipoprotein particles, CLU lipoprotein particles in 

astrocytes show a remarkable phospholipid enrichment over APOE particles 27. Plasma CLU 

has also been shown to confer a protective effect by binding to brain endothelial cells and 

reducing neuroinflammation in a mouse AD model 28. Moreover, a recent study suggests that 
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astrocytic CLU protectively promotes excitatory neurotransmission 29. However, the 

physiological role of neuronal CLU in lipid transfer and metabolism, as well as its relevance 

to AD, remain largely unexplored.   

 

Whether CLU itself is protective or detrimental to AD pathogenesis is controversial. From a 

genetic perspective, AD GWAS support the presence of an AD protective allele at the CLU 

locus.  The frequently reported AD GWAS risk single nucleotide polymorphisms (SNPs) of 

CLU, rs11136000 and rs11787077, both have an allele frequency of 0.38 in Caucasians and 

they are less frequently observed in AD individuals than in controls with an AD risk odds ratio 

(OR) of 0.9. Hence, they are protective alleles for AD 30-34,2-7. Indeed, GWAS frequently 

identify derived alleles that confer protection against diseases like AD, cognitive decline, and 

age-related macular degeneration (AMD) 35-37. For example, APOE ε2 is well known to be a 

protective allele for AD 38,39. At a genome-wide level, polygenic resilience scores that 

aggregate the contributions of common variants that promote resilience to AD can be 

captured 40. To better understand the disease mechanism of the AD risk locus near CLU, it is 

imperative to identify the AD causative variant and investigate the functional consequences 

of the AD protective allele in disease-relevant cell types. 

 

Similar to most other GWAS loci, the AD-associated locus near CLU has multiple equally 

AD-associated noncoding SNPs, posing a challenge to delineate the causal variant. We 

have recently developed an allele-specific open chromatin (ASoC) mapping approach that 

enables a comparison of differential chromatin accessibility of the two alleles of a 

heterozygous disease risk variant in a single sample. This allows the identification of the 

most likely functional disease risk variants that affect chromatin accessibility and gene 

expression 41,42. By using the ASoC approach, we systematically identified functional AD-

associated variants in various human induced pluripotent stem cell (iPSC)-derived subtypes 

of neurons and glial cells 43 and found that among multiple AD risk variants at the CLU locus, 

only rs1532278 (T/C) was located in an open chromatin region (OCR) in human iPSC-

derived neurons. We found that the T allele of the ASoC SNP rs1532278 is a derived allele 

that is protective from AD. We employed CRISPR-cas9 editing to generate isogenic pairs of 
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iPSCs carrying different alleles of rs1532278, followed by integrative functional genomics, 

molecular/cellular, and metabolic analyses. We found that the AD protective allele T of 

rs1532278 specifically elevates neuronal CLU expression, which promotes neuron 

excitability, neuron-to-glia lipid transfer, and LD accumulation in astrocytes.  We also show 

that the elevated astrocytic LDs and reactive oxygen species (ROS) accumulation may 

contribute to maintenance of neuron excitability by fine-tuning astrocytic glutamate uptake.  

 

Results 

 

AD protective allele of rs1532278 elevates CLU expression through enhanced ISL2 

binding 

 

To study the mechanism underlying the strong AD risk variants near CLU, we employed an 

approach that we recently developed to identify a putatively functional disease causal variant 

showing ASoC 41,42.  We screened multiple nearby genome-wide significant (GWS) SNPs 

that are in strong linkage disequilibrium (r2>0.9) with the GWS AD index risk SNP 

rs11787077 44,45 (Fig. 1A and B, Table S1). Using ATAC-seq (assay for transposase-

accessible chromatin with sequencing) in iPSC-derived glutamatergic (iGlut), dopaminergic 

(iDA), GABAergic (iGABA) neurons, astrocytes (iAst), and microglia (iMG) from 39 donors as 

well as ASoC, we compared the chromatin accessibilities (quantified as ATAC-seq reads) of 

the two alleles of each heterozygous SNP 46. We found that the variant rs11787077 and 9 

other GWS SNPs are in strong linkage disequilibrium (r2>0.9), but only rs1532278 (T/C) 

mapped to a strong ATAC-seq peak (i.e., OCR) and also showed a significant ASoC score in 

iGlut (false discovery rate, FDR<0.033) and iDA (FDR<0.048) neurons but not in iGABA or 

iAst (Fig. 1B and C, Table S1). Note that rs1532278 also showed ASoC in iMG (FDR<0.031) 

but the SNP-flanking OCR in iMG is minimal compared to neuronal OCRs (Fig. 1B). The 

minor allele T of rs1532278 is a human-specific allele that is less prevalent in AD cases than 

in controls in GWAS (OR=0.905, P=3.2 × 10-33) (Fig. S1A) 44. Hence, this suggests that this 

allele may be functional and protective against AD and warrants further investigation. 
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We have previously shown that ASoC often reflects differential allelic chromatin accessibility 

to transcription factor (TF) binding, thereby affecting gene expression 41,42. The ASoC SNP 

rs1532278 is in intron 3 of CLU (Fig. 1D). By using JASPAR (a database of transcription 

factor binding profiles) to predict TF binding, we found that the AD protective allele T of 

rs1532278 is within the TF binding motifs for ISL2 and DRGX (Fig. 1C) that are known to be 

expressed in postmitotic neurons 47,48 and in our iGlut (Fig. S1B). Interestingly, the more 

common and ancestral allele C of rs1532278 is predicted to disrupt the binding of these TFs. 

Moreover, rs1532278 is also in strong linkage disequilibrium with a brain cortex expression 

quantitative trait loci (eQTL) SNP rs11787077 (r2>0.98) whose T allele is associated with 

increased CLU expression 45 (Table S2). Hence, we postulated that the neuron-specific 

ASoC SNP rs1532278 is a functional AD risk variant that affects TF binding with the high-

affinity allele T likely increasing CLU expression in neurons. 

 

To test this hypothesis, we used CRISPR/Cas9 to edit rs1532278 in two iPSC donor lines 

(denoted as CD05 and CD07, both homozygous for APOE3) from C/T to T/T or C/C, 

respectively (Fig. 1D, Fig. S2A and B). We then differentiated these iPSC lines into iGlut, a 

neural subtype that showed more significant ASoC score than iDA (Fig. 1B and C, Table 

S1), and cultured the cells with or without mouse primary astrocytes (mAst) for functional 

characterizations (Fig. 1A and D). We used mAst instead of human astrocytes to distinguish 

the source of CLU since it is expressed by both cell types. We first tested whether the SNPs 

had differential allelic binding to ISL2 and DRGX as predicted (Fig. 1C), using chromatin 

immunoprecipitation qPCR (ChIP-qPCR) (Fig. 1E). We compared the TF binding differences 

within the 120bp SNP-flanking region between the two isogenic pairs in iGlut pure cultures. 

We found that the two alleles of rs1532278 showed significantly differential chromatin 

accessibility to ISL2 (Fig. 1F), but not to DRGX (Fig. S1C), with allele C only retaining 20-30% 

of ISL2 binding capacity of allele T (Fig. 1F). To further validate whether ISL2-binding 

regulates CLU expression, we knocked down (KD) ISL2 in iGlut neurons carrying the AD risk 

allele (Fig. 1G). We found that ~50% KD of ISL2 yielded ~20% downregulation of CLU (Fig. 

1H). These data indicate that the AD protective allele of rs1532278 has stronger chromatin 

accessibility to ISL2 binding, thereby likely increasing CLU expression. 
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We next examined whether rs1532278 could indeed alter CLU expression. Culturing iGlut 

neurons with or without mAst for 30 days, we found that CLU mRNA expression was about 

40-50% lower in the C/C neurons versus the T/T neurons (Fig. 1I and S1D), and the 

neuronal CLU changes did not affect mouse astrocytic CLU expression in the co-culture 

system (Fig. S1F). Using three sets of qPCR primers near the SNP site that cover all major 

transcript isoforms of CLU, we further confirmed that rs1532278 similarly affected these 

major CLU isoforms (Fig. S1G and H). Since CLU is predominantly secreted (>90%) 49, we 

further measured the levels of the human neuron-secreted CLU protein (sCLU) in the 

iGlut/mAst co-cultures using an ELISA. Consistent with the allelic effect of rs1532278 on 

CLU mRNA levels, we found that the allele T was associated with higher levels of sCLU in 

the media (Fig. 1J and S1E). Although sCLU is the predominant form, we also detected 

intracellular CLU in iGlut by immunostaining, with the T allele being associated with higher 

expression (Fig. 1K and L), although to a lesser extent than the mRNA level or sCLU levels 

(Fig. 1I and J). Finally, since rs1532278 is ~25 kb upstream of Scavenger Receptor Class A 

Member 3 (SCARA3) (Fig. S1G), a gene with a plausible role in AD 50, we also investigated 

whether rs1532278 can cis-regulate SCARA3 expression in iGlut. However, we found no 

significant difference in mRNA expression between the two groups of isogenic neurons with 

the alleles T and C, suggesting that the functional effect of rs1532278 is restricted to CLU 

(Fig. S1I). Altogether, these data show that rs1532278 exerts a cis-regulatory effect on CLU 

expression, and the protective T allele is associated with elevated CLU expression. 

 

To further support the observed effect of the AD protective allele on neuronal CLU 

expression, we examined CLU expression in post-mortem brains of controls (non-AD) and 

AD patients. We found significantly higher levels of CLU in non-AD controls (Fig. 1M). To 

further delineate the CLU levels in different brain cell types in AD patients vs. controls, we 

mined the single-cell RNA sequencing (scRNA-seq) datasets from postmortem prefrontal 

cortices 51,52. We found that excitatory (i.e., glutamatergic) neurons of non-AD controls 

showed the most significant elevation of CLU (FDR=0), and to a lesser extent in astrocytes 

(FDR<3.11 × 10-294), inhibitory neurons (FDR<5.06 × 10-210) and oligodendrocytes 
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(FDR<2.28 × 10-25) of non-AD controls (Fig. S3A). The data corroborate our observations of 

increased expression of CLU in iGlut carrying the AD protective allele. However, the AD-

associated differential expression of CLU in astrocytes and oligodendrocytes in the scRNA-

seq dataset seems to be inconsistent with our ATAC-seq data that did not show obvious 

OCRs or ASoC at the rs1532278 site (Fig. 1B and Table S1). We thus tested CLU’s 

expression in our iAst. We differentiated the CRISPR-engineered isogenic pair of iPSCs 

carrying T/T or C/C alleles (Fig.1D) into iAst 53 to compare the allelic effect of rs1532278 on 

CLU expression (Fig. S3B). Consistent with our ASoC data, we found no difference in CLU 

expression between these isogenic pairs, confirming that rs1532278 is not a functional SNP 

in astrocytes (Fig. S3C). Hence, elevated CLU expression in astrocytes of post-mortem 

brains of non-AD controls may not be due to the direct effect of the AD risk variant 

rs1532278 at the CLU locus. Alternatively, there may be other AD risk SNPs that may affect 

CLU expression in astrocytes or other cell types. Altogether, these findings show that the AD 

risk SNP rs1532278 is a neuron-specific functional ASoC SNP at the CLU locus, and the 

protective T allele is associated with higher CLU expression in excitatory neurons. 

 

iGlut carrying the AD protective allele of rs1532278 are more mature and active 

 

A recent study showed that astrocytic CLU can promote excitatory synaptic transmission 29. 

Given our observed neuron-specific effect of the AD protective allele rs1532278 on CLU 

expression in iGlut, we investigated whether the AD protective allele of CLU and its 

associated higher CLU expression have functional effects on neuronal properties. We first 

immunostained neurons from our iGlut/mAst co-cultures (day-30) using antibodies against 

MAP2 (microtubular associated protein 2, a neuron-specific cytoskeletal protein), SYP 

(synaptophysin, a presynaptic marker), and PSD-95 (also known as DLG4, a postsynaptic 

maker) to analyze the impacts of T/T (protective) versus C/C (risk) alleles on dendritic 

branching and synapse morphology (Fig. 2A-E and S4A). We found that iGlut with the T/T 

alleles had more dendritic branches (Fig. 2A and B). We also found significantly higher SYP 

puncta density (Fig. 2C and D) in T/T iGlut compared with C/C iGlut, but no differences for 

PSD-95.  The immunofluorescence staining results for SYP and PSD-95 were further 
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confirmed by Western blot (WB) analysis (Fig. 2E and F). The iGlut monocultures without 

mAst gave similar results (Fig. S4B and C).  The neuronal morphometric differences 

between T/T and C/C iGlut suggest T/T iGlut may exhibit an augmented presynaptic function.  

 

Next, we performed calcium imaging and multi-electrode array (MEA) analyses for 

iGlut/mAst co-cultures to examine the effect of the AD-protective CLU allele on neuronal 

electrophysiological properties. We observed a higher neuron calcium transmission (or firing 

frequency) for the T/T versus the C/C iGlut (Fig. 2G). Concordantly, we found that neurons 

with T/T alleles showed an elevated weighted mean calcium spike rate and more frequent 

network bursts in MEA (Fig. 2I and S4D). We also observed stronger neuronal network 

synchronicity in MEA for T/T alleles (Fig. S4E). These findings suggest that the AD 

protective allele of CLU is associated with more neuronal excitation. Given that neuronal 

hypoactivation is a notable characteristic of late-stage AD 54, our findings suggest that the 

AD protective allele of CLU may confer resilience to AD by promoting synaptic maturity and 

neuronal activity.  

  

Neuronal CLU mediates the effect of the AD protective allele of rs1532278 on neuronal 

excitability 

 

To validate whether the enhanced neural excitability in iGlut carrying the AD protective allele 

of rs1532278 was due to the increased expression of CLU, we used CRISPR/Cas9 to 

introduce a ~200 bp homologous deletion in the OCR that flanks rs1532278 without 

disrupting the flanking exons in both iPSC lines (Fig. 3A and S5A). We then differentiated 

these OCR-deleted (OCR-del) iPSCs into iGlut and cultured them with or without mAst. We 

found that the homozygous OCR deletion significantly reduced both CLU mRNA and sCLU 

protein levels compared to the non-edited T/C lines, regardless of the presence of mAst in 

the culture (Fig. 3B, S5B and C). Consistent with reduced CLU expression being 

detrimental to neuron physiology, SYP levels were reduced in the OCR-del iGlut (Fig. 3C, 

3D, S5E and F). Neuronal excitability was also impaired in iGlut carrying the OCR-del, as 

evidenced by decreased neuron calcium spike (firing) frequency in the calcium imaging 
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experiment (Fig. 3E) and reduced weighted mean firing rate (Fig. 3F), number of bursts, and 

synchronicity in the MEA experiment (Fig. S5G and H). These results support that the OCR 

flanking the ASoC SNP rs1532278 contains an enhancer sequence (Fig. 1B) that modulates 

CLU expression, thereby altering neuronal excitability.  

 

To further confirm that neuronal excitability is modulated by CLU, we infected neurons with 

AAV-CLU (human) virus to rescue CLU expression in iGlut derived from iPSC line (CD07) 

homozygous for the rs1532278-flanking OCR-del. We examined SYP levels using WB and 

assayed neuronal excitability using calcium imaging and MEA experiments in AAV-infected 

neurons co-cultured with mAst (Fig. 3G-J and S5I-K). We found that restoration of CLU 

expression rescued SYP levels (Fig. 3H) and neuronal excitability in iGlut infected with AAV-

CLU, as evidenced by the increased firing frequency in calcium imaging, higher weighted 

mean firing rate, more frequent network bursts, and better synchronicity compared to the 

control (AAV-eGFP) group (Fig. 3I-J and S5K). Hence, our data indicate that neuronal CLU 

mediates the effect of the AD protective allele of rs1532278 on neuronal excitability.  

 

Transcriptomic analysis supports an enhanced neuronal excitation and altered 

neuron-astrocytic lipid metabolism by the AD protective allele of rs1532278 

 

To gain insights into the underlying molecular mechanisms that functionally link the AD 

protective T allele of rs1532278 with neuronal excitability, we conducted RNA-seq of 

iGlut/mAst co-cultures of the isogenic CRISPR-edited iPSC lines carrying the AD protective 

alleles T/T vs. risk alleles C/C. We bioinformatically separated the RNA-seq reads of iGlut 

(human origin) and mAst (mouse origin) using Salmon program (Fig. 4A) 55. To confirm the 

validity of the human iGlut RNA-seq reads, we evaluated the transcriptomic similarity of the 

iGlut to that from our previous scRNA-seq data of iGlut from the same iPSC lines 42 and the 

scRNA-seq data of different cell types of postmortem brain 23. We found a moderate to 

strong positive correlation between the expression of our co-cultured iGlut and of previous 

scRNA-seq datasets (r=0.49-0.64), supporting the validity of our bioinformatically separated 

RNA-seq reads of iGlut and mAst (Fig. S6A and Table S3). Furthermore, principal 
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component analysis (PCA) of all the iGlut (n=40,162 transcripts) and mAst (n=32,476 

transcripts) samples with different alleles of rs1532278 showed that RNA-seq samples were 

clearly grouped by rs1532278 genotypes (Fig. S6B), suggesting a pronounced 

transcriptional difference in iGlut with the AD protective allele T /T vs. C/C of rs1532278. 

Interestingly, mAst also exhibited transcriptomic differences based on their exposure to T/T 

iGlut or C/C iGlut, suggesting allele-specific neuron-glia interactions.  

 

We next analyzed for differential expression (DE) of genes in iGlut and mAst between the 

isogenic pairs of co-cultures (T/T vs C/C) (Fig. 4B, Tables S4 and 5). For iGlut carrying the 

AD protective alleles T/T, we identified 1,456 upregulated and 741 downregulated genes 

(FDR<0.05) (Fig. 4B). Wiki pathway analysis 56 of the top-ranking DE genes (P<0.001) 

further showed that 49 gene pathways were significantly enriched in the upregulated gene 

sets (Fig. 4C, Table S4), and 14 in the downregulated gene sets (adjusted P value<0.05) 

(Table S5). 

The synaptic vesicle pathway was among those upregulated, including the presynaptic gene 

SYP whose expression in T/T iGlut was relatively higher than that of C/C as evidenced by 

immunofluorescence staining and WB analysis (Fig. 2C-F). In addition, we also found 

synapse, axon and neuron projection, and development related pathways enriched in both 

up- and downregulated genes (Fig. 4E and S6D, Tables S10 and S11). Unexpectedly, we 

found that the upregulated genes were enriched for AD related pathways including APP 

secretase genes PSEN1 and BACE1 (Table S6), which prompted us to measure the 

secreted Aβ levels, including Aβ (1-40) and Aβ (1-42), in our iGlut/mAst co-cultures by ELISA. 

We found increased levels of both Aβ peptides in the culture media of T/T iGlut/mAst 

compared C/C iGlut/mAst co-cultures (Fig. S6C), which may be a result of an enhanced 

neuronal activity as previously reported 57,58. These results provide mechanistic insight into 

how the AD protective allele T of CLU increases neuronal excitation (Fig. 2G-I).  

 

Interestingly, we found that the most enriched gene pathways are related to fatty acid (FA) 

and cholesterol biosynthesis (Fig. 4C and D, Table S6). The notable upregulated genes in 

T/T neurons included HMGCR (3-Hydroxy-3-Methylglutaryl-CoA Reductase; 3rd most 
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upregulated; log2FC=0.89, FDR= 1.20 × 10-10) that encodes a rate-limiting enzyme for 

cholesterol synthesis, and SCD (24th most upregulated; log2FC=0.70, FDR= 8.13 × 10-8) that 

encodes Stearoyl-CoA Desaturase that is involved in FA biosynthesis. Moreover, energy 

metabolism pathways such as metabolic reprogramming, glycolysis, gluconeogenesis, and 

oxidative phosphorylation were among the top-ranked enriched Wiki pathways (Table S6). 

Gene Oncology (GO) analysis showed consistent results with Wiki pathway analysis: the top 

25 enriched GO terms (biological processes) are strongly enriched for genes involved in 

lipid/cholesterol synthesis (Fig. 4E and Table S10).  

 

Although enhanced neuronal excitability tends to require more energy consumption 59, 

neurons cannot sufficiently catabolize FAs as an energy source. Hence, neurons typically 

transfer FAs to surrounding astrocytes for catabolism, providing energy to neurons 60-62. We 

thus examined whether the elevated neuronal CLU in T/T iGlut might have transcriptional 

effects on lipid metabolism in the co-cultured mAst. Our DE analysis identified a total of 

1,167 upregulated and 596 downregulated genes in mAst (FDR<0.05) (Fig. 4B). Wiki 

pathway analysis of the top-ranking DE genes (p<0.001) further identified 31 significant 

pathways enriched in the upregulated gene sets (Fig. 4F, Table S8), and 29 in the 

downregulated gene sets in mAst (adjusted p value<0.05) (Table S9). Interestingly, the most 

enriched Wiki gene pathways, which were also supported by GO enrichment analysis, were 

those related to energy metabolism (Fig. 4F and G, Tables S8 and S12), e.g., FAs β-

oxidation/degradation, oxidative stress, peroxisome proliferator-activated receptor (PPAR) 

signaling pathways, and glycolysis (Fig. 4F, Tables S8 and S12). FAs β-oxidation is 

recognized as a primary source of ROS and is commonly linked to oxidative stress 63, and a 

homeostatic balance of cellular ROS level has been considered essential for maintaining 

normal cellular physiological function 64. It is noteworthy that PPAR signaling pathways play 

a crucial role in systemic cell metabolism and energy homeostasis 65, and one of the proteins 

in this pathway, ACSBG1 (Acyl-CoA Synthetase Bubblegum Family Member 1), enables 

long-chain FA-CoA ligase activity and very long-chain FA (VLCFA)-CoA ligase activity 

(MGI:2385656) and ACSBG1 was the second-most upregulated (log2FC=0.46, FDR=3.39 × 

10-8) gene in mAst co-cultured with T/T iGlut (Fig. 4B). Peroxisomes are indeed a source of 
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ROS in glia and provide energy to neurons through β-oxidation of VLCFA 66,67. Independent 

from, but positively coupled with FAs β-oxidation in astrocytes, glycolysis also provides 

energy to neurons 68-70. It is thus conceivable that these processes in mAst are protective by 

providing more energy reserve for neuronal function. Taken together, our transcriptomic 

analyses of the iGlut/mAst co-cultures provide not only mechanistic support for the effects of 

the AD protective allele of rs1532278 at the CLU locus on enhanced neuron excitability, but 

also unravel potential roles of neuron-glia lipid transfer and metabolism in mediating the 

effects of this allele.   

 

Neuronal CLU augments neuron-glia lipid transfer and reduces neural LD 

accumulation  

 

Following the interesting lead of the transcriptional effects of the AD protective allele on gene 

pathways related to lipid synthesis and metabolism in iGlut/mAst co-cultures, we 

hypothesized that the T/T iGlut and its associated increases in neuronal CLU production 

may promote LD formation in neurons and/or mAst to serve as energy storage 71,72. We first 

stained T/T or C/C iGlut for LDs using the neutral lipid dye LipidTox in the absence of mAst. 

Despite the upregulated lipids and cholesterol synthesis genes in T/T iGlut (Fig. 4C-E), we 

surprisingly observed that iGlut with this AD protective allele and higher CLU expression had 

fewer LDs compared with AD risk alleles C/C (Fig. 5A and B, and S7A). To further validate 

this observation, we overexpressed CLU using AAV in iGlut (T/C at rs1532278). We found 

that similar to T/T iGlut which have high expression of CLU compared to C/C iGlut, the AAV-

CLU group also showed reduced LDs (Fig. 5C and D, and S7B).  

 

CLU encodes an apolipoprotein, APOJ, which may have a similar lipid transferring functions 

as APOE 62,73. Previous studies have shown APOE function to directly impact the transfer of 

lipids from neurons to astrocytes where the lipids are incorporated into glial LDs 10,61,62. 

Hence, we reasoned that more CLU expression from T/T iGlut may promote this process of 

lipid transfer from neurons to glia. We conducted a lipid transfer assay 10,74 by first pre-

labeling iGlut with a fluorescently labeled FA probe (Red C12) and then co-culturing these 
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Red C12-loaded iGlut with mAst in the same well without direct physical neural-glia contact 

(Fig. 5E). This system allows the neuronally sourced Red C12 to be transferred to mAst 

upon the induction of stress where they are incorporated into LDs 10,62,75. We observed a 2-

fold increase of the Red C12 positive LDs in mAst co-cultured with T/T iGlut compared to 

mAst co-cultured with C/C iGlut (Fig. 5F and G). Culturing with T/T iGlut did not affect Apoe 

expression in mAst (Fig. 4B), suggesting that the increase of the Red C12 in mAst is 

attributed to the elevated neuronal CLU expression mediated by the AD protective allele. 

These data may explain the lack of neuronal LD in the T/T iGlut (Fig. 5A-B) as more lipids 

may have been expelled from these iGlut due to high CLU expression, leading to very few 

neuronal LDs but many astrocytic LDs. Notably, neurons have a limited ability to catabolize 

FAs, and the LD accumulation in neurons is usually considered detrimental to neuronal 

function 60,62. These data indicate a CLU-mediated neural protective mechanism of the T/T 

allele of the AD associated SNP rs1532278. 

 

To corroborate that neuronal CLU can associate with lipid particles and carry lipids from 

neurons to astrocytes, we first infected iGlut with AAV to overexpress Flag-tagged CLU and 

co-cultured these AAV-infected iGlut with mAst. We then stained for LDs with the neutral lipid 

dye BODIPY (BD493/503) in mAst (GFAP+) to examine the co-localization of LDs with 

neuronally sourced CLU. We found that the Flag-tagged neuronal CLU was able to enter 

mAst and co-localize with BD493/503 positive LD (Fig. 5H). These results support a 

previously unappreciated role of neural CLU in neuron-to-glia lipid transfer. Further, these 

data are consistent with the idea that reducing neural LD accumulation is neuroprotective 

and that higher CLU expression associated the protective rs1532278 allele is promoting 

neuron-glia interactions in the context of LD accumulation.  

.  

Neuronal CLU promotes LD formation, energy preservation, and ROS production in 

mAst 

We next examined whether total LD amount was altered in mAst as a result of the increased 

neuronal CLU when co-cultured with iGlut carrying the AD protective T/T allele (Fig. 6A and 

S7C). We first quantified the relative LD distributions in iGlut versus mAst in the co-cultures. 
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We initially stained the co-cultured cells with LipidTox and identified iGlut versus mAst using 

the neuron-specific marker MAP2 (Fig. 6A and S7C). We found that while iGlut occupied 

~40% of the immunostaining region (MAP2 volume / [MAP2+GFAP volumes]), neural LDs 

only accounted for ~5% of the total LDs (Fig. 6A). The vast majority of LDs were found in 

mAst (~95%) (Fig. 6A), consistent with neural-to-glia lipid transfer being augmented by 

neuronal CLU (Fig. 5E-G) and with previous reports in which LDs in vivo, or in the presence 

of glial cells, are predominantly present in glia 76-78. Next, we compared the allelic effect of 

the AD risk SNP rs1532278 on LDs in iGlut/mAst co-cultures. We found that T/T iGlut 

caused a significant increase in total LDs, predominantly within the mAst, compared to C/C 

iGlut (Fig. 6B and C, and S7D). CLU overexpression by AAV in iGlut, followed by co-culture 

with mAst, also showed an elevation of LDs within mAst (Fig. S7E and F), demonstrating 

that the increase in total astrocytic LDs was due to a higher expression of CLU. 

 

As a lipid storage depot, LDs can protect the cell from lipotoxicity and provide energy 

support 79,80. In the brain, FAs are initially synthesized in neurons and then transported to 

astrocytes where FAs are stored as LDs and later metabolized to replenish the brain's 

energy supply playing a physiological role 62,69-72. As we observed increased LD formation in 

mAst co-cultured with iGlut carrying the protective T/T allele or overexpressing CLU (Fig. 6B 

and C, and S7E and F) and our transcriptomic analyses identified enriched gene pathways 

related to FAs β-oxidation in the T/T iGlut (Fig. 4F and G), we next examined whether the 

elevated LD level in mAst co-cultured with T/T iGlut was accompanied with increased FAs β-

oxidation. FAs β-oxidation is known to produce ketone bodies (KB) as a neuronal energy 

source while generating ROS 81 (Fig. 6D). We next employed a commonly used transwell 

system 10,69,70 to examine KB specifically released from mAst, where we co-cultured iGlut 

carrying T/T or C/C alleles with mAst for 14 days. Subsequently, we took out the mAst to 

detect KB levels (β-hydroxybutyrate) after 6 and 24 hours in fresh medium (Fig. 6E). We 

found mAst co-cultured with T/T iGlut exhibited higher KB levels at both time points, 

suggesting more FAs were catabolized to ketone to likely support higher energy demands of 

T/T iGlut (Fig. 6F). Moreover, because lactate is a well-established neuronal energy 

substrate derived from glycolysis that is coupled with FA β-oxidation in astrocytes 67,69,70 and 
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because it was transcriptionally enriched in mAst co-cultured with T/T iGlut (Fig. 4F and G), 

we also assayed the lactate release from the mAst in the same transwell system (Fig. 6D) 

and observed an increase in lactate levels in mAst co-cultured with T/T iGlut (Fig. 6I). Finally, 

as FA β-oxidation also generates ROS (Fig. 6D), we employed CellROX staining to directly 

visualize ROS levels within iGlut/mAst co-cultures and used neuron-specific MAP2 staining 

to distinguish neuronal from astrocytic CellROX signals. We observed that almost all 

CellROX signals were detected in mAst but not in iGlut (Fig. 6G and H, and S7G), indicating 

a much lower neuronal ROS level when co-cultured with mAst. Secondly, we found that 

mAst co-cultured with T/T iGlut gave rise to significantly higher CellROX signals than when 

cultured with isogenic C/C iGlut (Fig. 6G and H, and S7G). Taken together, these results 

suggest the increased expression of neural CLU caused by the T allele along with the higher 

neuronal activity of T/T iGlut leads to elevated levels of astrocytic LDs, likely serving as 

energy storage and protecting against neuronal oxidative damage 61,75.  

 

LD-accumulated astrocytes show reduced glutamate uptake  

 

Although the AD protective allele of rs1532278 at the CLU locus may promote neuronal 

excitability independently from facilitating the astrocytic LD formation, it is also plausible that 

these two processes are intrinsically coupled. In fact, astrocytes are also known to play an 

important role in maintaining glutamate homeostasis and coordinating neuronal excitation in 

the brain 82, while ROS have been shown to reduce glutamate uptake in AD fibroblasts 83.  

We thus hypothesized that the neuronal CLU-induced LD accumulation and ROS production 

in the co-cultured mAst may reduce glutamate uptake by astrocytes and thus promote 

neuron excitability. To test this hypothesis, we employed a commonly used transwell system 

10, where we co-cultured iGlut carrying T/T or C/C alleles with mAst for 14 days. 

Subsequently, we removed the inserts with mAst to conduct a glutamate uptake assay (Fig. 

7A). We found that T/T iGlut/mAst co-cultures had a ~20% higher amount of residual 

glutamate in the culture media compared to C/C iGlut/mAst co-cultures (Fig. 7A). To 

determine whether the reduction of glutamate uptake of mAst was attributed to higher ROS 

level in the mAst co-cultured with T/T iGlut, we applied an antioxidant, NACA (N-
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acetylcysteine amide), to reduce ROS in the iGlut/mAst transwell co-cultures and assayed 

the glutamate uptake. We found that ROS inhibition significantly enhanced glutamate uptake 

of mAst co-cultured with T/T iGlut and to a lesser extent for mAst co-cultured with C/C iGlut 

(Fig. 7B). These results suggest that the glutamate uptake function of mAst is reduced 

through LD-enhanced ROS production when co-cultured with iGlut carrying the AD 

protective allele, possibly to sustain neuron excitability.  

 

To further determine the role of CLU in mediating glutamate uptake, we carried out a CLU-

immunodepletion assay. We collected supernatant from day-30 iGlut and immunodepleted 

CLU protein/lipoparticles from the supernatant of T/T or C/C iGlut (Fig. 7C). Subsequently, 

we reconstituted conditioned medium (CM) by adding fresh DMEM full medium, which is 

needed for maintaining mAst, into the immunodepleted supernatant. We then measured 

glutamate levels in mAst cultured with this CLU-depleted CM for seven days versus mAst 

grown in non-CLU depleted CM (Fig. 7C). We observed that in normal CM, mAst treated 

with CM of T/T iGlut exhibited higher residual glutamate compared to those treated with C/C 

iGlut CM (i.e., T/T showed less glutamate uptake). However, with CLU depletion (anti-Clu), 

the glutamate uptake function of mAst co-cultured with T/T iGlut was at a similar level 

compared to the mAst co-cultured with C/C iGlut (Fig. 7C). These results indicate that sCLU 

produced from iGlut, which facilitates neuron-to-glia lipid transfer, is a key player in 

mediating the protective allelic effect of CLU on the glutamate uptake function by mAst. 

 

We further explored possible mechanisms that may underlie the reduced glutamate uptake 

function of mAst co-cultured with iGlut carrying the AD protective allele. We examined the 

transcriptomic changes for DE genes related to glutamate metabolism (Table S5) and found 

the upregulated genes in mAst co-cultured with T/T iGlut were highly enriched for the 

glutathione (GSH) metabolism pathway (Fig. S8A and Table S8). GSH serves as an 

intracellular antioxidant, neutralizing ROS and acting as a protective factor to reduce 

oxidative stress 84. GSH can also be shuttled from astrocytes to neurons, protecting them 

from oxidative damage 70. Hence, the upregulation of GSH metabolism may represent a 

compensatory mechanism in mAst to balance excess ROS production and maintain cell 
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health. Interestingly, SLC7A11, a gene that encodes a cystine/glutamate antiporter that acts 

upstream of the GSH metabolism pathway 85, was the most transcriptionally upregulated 

gene among all glutamate transporters (Fig. 7D). We also independently confirmed its 

upregulation in mAst co-cultured with the AD protective allele (Fig. 7E and F). Taken 

together, these results suggest that elevated level of LDs coupled with ROS production in 

astrocytes co-cultured with T/T iGlut may promote neuronal excitability by fine tuning 

astrocytic glutamate uptake and/or export (Fig. 7G). 

 

Discussion 

 

Both APOE and CLU encode apolipoproteins and are associated with AD risk. However, 

compared to APOE, the functional connection of CLU with AD pathogenesis has been 

heretofore obscure. The challenge is determining the disease causal variants among 

multiple AD risk SNPs at the CLU locus that are in the noncoding portion of the genome as 

opposed to the APOE4 risk allele which is a protein-coding SNP. Here, leveraging a 

systematic mapping for functional noncoding AD risk variants that alter chromatin 

accessibility (i.e., showing ASoC) in iPSC-derived neurons and glial cells 46 (Table S1), we 

identified rs1582273 (T/C) as a neuron-specific functional AD-associated variant. Further 

CRISPR/Cas9 editing of rs1582273 in iPSC-derived neurons showed that the AD protective 

allele T of rs1582273 specifically increased CLU expression in excitatory neurons (iGlut). We 

also found that elevated neuronal CLU helps promote neuronal excitability, neuron-to-glia 

lipid transfer, and lipid storage in the form of LDs within astrocytes. The accumulation of 

astrocytic LDs was associated with increased astrocytic ROS that reduced glutamate uptake, 

likely contributing to maintaining neuronal excitability. Our iPSC-based cellular modeling 

provides a mechanistic link between AD risk variants of CLU with CLU-mediated protective 

effects on neuron-glia communication to maintain homeostasis of lipid metabolism, energy 

consumption, and neuronal excitability. 

 

Previous studies have primarily focused on astrocytic CLU due to its higher expression in 

astrocytes than in neurons 29,86,87. We found that the AD-associated rs1582273 of CLU is a 
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neuron-specific functional SNP (ASoC), with its AD protective allele T cis-upregulating CLU 

expression specifically in iGlut (Fig. 1). This is consistent with another reported AD 

protective allele T of rs11136000 which also increases CLU expression. However, the 

association index for SNP rs11136000 suggests that it is not the functional SNP due to its 

strong linkage disequilibrium with other AD risk SNPs including rs1582273 (r2=0.98) that we 

identified as having functional consequences 31-34 (Table. S1). A recent study suggested that 

rs1582273 may function in astrocytes 88, whereas we show that rs1582273 specifically 

functions in neurons (iGlut) using SNP editing by CRISPR-Cas9 and ASoC mapping by 

ATAC-seq (Fig. 1 and S3B). While we do not exclude the possibility of rs1582273 having 

functional consequences in other cell types vulnerable to AD risk in vivo, our study strongly 

suggests that rs1582273 impacts neurons by altering expression at the CLU locus. 

 

Plasma CLU has been shown to be protective by reducing neuroinflammation in an AD 

mouse model 28. Here, we report that the elevated neuronal CLU expression by the T allele 

of the AD-associated variant rs1582273 is also neuroprotective. The T allele is a derived 

allele and is a less frequent allele (~38%) in the general population compared to the C allele. 

AD GWAS show that the T allele is less frequent in AD patients (odds ratio = 0.91), and, 

hence, we conclude that it is a protective allele. Although one could also interpret the C allele 

as detrimental given that its odds ratio in AD patients is 1.1, the C allele is less likely to 

confer significant AD risk in the general population, given its high population frequency. It is 

also interesting that the T allele of rs1582273 is only present in humans but not in other 

mammals (Fig. S1A), suggesting a potential evolutionary benefit of the T allele. Our 

observation of higher CLU expression in the cortex of controls vs. AD cases (Fig. 1H) and 

the results of our functional investigations also support a protective role of neuronal CLU. 

The main protective effects of neuronal CLU observed in our study include promoting neural 

excitability (Fig. 2G-I) and promoting lipid storage in the form of astrocytic LDs (Fig. 6A-C 

and S7D).  

  

How does the elevated neuronal CLU promote neuronal excitation that is beneficial? CLU 

secreted from astrocytes has been reported to promote excitatory synaptic transmission in 
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mice 29. CLU levels are positively correlated to synaptophysin expression 89 and neurite 

growth 90 in different models. In iGlut, we also observed that elevated CLU levels led to more 

elaborate dendrites and increased presynaptic sites (Fig. 2A and B). Such enhancement of 

neural structural maturity by CLU may promote neuron firing and synchronization. Although 

shorter neurites may exhibit lower cell capacitance and faster kinetics for neurons firing in 

certain AD models 91,92, longer neurites with enhanced synaptic density can feasibly amplify 

synaptic input signals and facilitate neuron firing.  Importantly, we found that the enhanced 

neuronal activity by CLU correlated with enhanced neural CLU-mediated lipid transfer and 

LD metabolism when the neurons were co-cultured with astrocytes (Fig. 5 and 6). 

Furthermore, LD accumulation in mAst is accompanied by increased ROS accumulation that 

inhibits glutamate uptake (see below). As for the protective role of such CLU-mediated 

neuron excitability, we note that despite it being seemingly inconsistent with the commonly 

perceived clinical feature of neuron hyperexcitability in patients at early stages of AD, neuron 

hypoexcitability at a later stage is a common characteristic of neurodegeneration 93,94. In this 

regard, maintaining an appropriate level of neuronal excitability is pivotal for brain health, 

and hence potentially beneficial at a later stages of AD.  

 

Here, we show that neuronal CLU promotes neuron-to-astrocyte lipid transfer and storage of 

neuronal lipids in the form of glial LDs. With an elevated CLU by the AD protective allele, 

neuronal FAs are transferred to surrounding mAst, resulting in LD storage in mAst (Fig. 6A-

C, and S7D). The elevated LDs in mAst co-cultured with T/T iGlut could stem from either 

increased FA biosynthesis in iGlut coupled with the augmented neuronal CLU-mediated 

neuron-to-glia lipid transfer (Fig. 4C-E and 5E-G) and/or from reduced LD degradation in 

mAst. To this end, we noted that our transcriptomic data revealed that the lysosome was the 

top-ranking downregulated GO term (Cellular Component) in mAst (Fig. S8B and Table 

S14), suggesting that reduced lysosomal function may help maintain the level of LDs in a 

beneficial range. Interestingly, in contrast to the downregulation of lysosomal genes in mAst, 

genes related to lysosome and autophagy function in iGlut carrying the AD protective allele 

were upregulated (Fig. S8B, Table S12 and S13). Since the lysosome and autophagy 

pathways are crucial for regulating lipophagy, which breaks down LDs and maintains LD 
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balance 60, an enhanced LD catabolism may also contribute to FA production in iGlut 

carrying the AD protective allele, which may synergistically contribute to LD formation in 

mAst.  

 

Astrocytes catabolize FAs from LDs through β-oxidation to release energy, a process 

coupled with production of ROS 60,61. In support of the beneficial effect of the AD protective 

allele T on preserving LDs as an energy source, we found that more FAs were catabolized to 

ketones and there was an elevated lactate release in mAst co-cultured with T/T iGlut (Fig. 

6E-F, 6I). Obviously, excess ROS, either generated from mitochondria or from peroxisomal 

β-oxidation of VLCFAs, can be detrimental and cause cellular stress 64. Notably, neurons that 

are more active have been documented to generate more peroxidated FAs to mitigate ROS 

62,71,72, which is supported by our transcriptomic data (Fig. 4C-E, Tables S6 and S10). 

However, low levels of ROS can also be beneficial, for example, by promoting longevity 95-97. 

In fact, our observed increase of lactate release as an energy source in mAst co-cultured 

with T/T iGlut (Fig. 6I) may also be partially attributed to astrocytic ROS 69,70. Moreover, 

maintaining a proper level of ROS in astrocytes may be important to excite neurons by 

reducing astrocytic glutamate uptake. In support of this protective role for ROS, we observed 

reduced glutamate uptake of mAst co-cultured with T/T iGlut through elevated neuronal CLU 

(Fig. 7C), which was reversed by ROS inhibition in mAst (Fig. 7A and B). Interestingly, the 

role of ROS appears to be conserved in fibroblasts, where it also has been demonstrated to 

reduce glutamate uptake 83. Finally, our transcriptomic data also show a remarkable 

upregulation of the GSH metabolism (Fig. S8A) that can neutralize ROS 84, suggesting a 

possible ROS-feedback mechanism in LD accumulated mAst to maintain ROS homeostasis. 

Therefore, the AD protective allele of CLU and the elevated neuronal CLU may manifest 

beneficial effects in multiple ways involving lipid-mediated neuron-glia communication (Fig. 

7G). 

 

Our study using the iPSC-derived neurons co-cultured with mAst as a cellular model 

provides in vitro evidence of the protective effects of rs1582273 at the CLU locus, though 

these findings warrant confirmation using in vivo models. Our iPSC-derived neurons co-
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cultured with mAst, in combination with CRISPR/Cas9-SNP editing, provide a unique 

tractable model that enables us to reliably tie the AD protective allele to its neuron-specific 

function in mediating neuron-glia communication. Furthermore, the observed effects of the 

AD protective allele on neuronal CLU expression are also supported by higher expression of 

CLU in the brains of non-AD individuals (Fig. 1M), and the observed protective effect of CLU 

on neuronal excitation is consistent with a previous study using a mouse model 29. We 

provide strong supportive evidence from our assays based on neuronal network activity, 

astrocytic LD accumulation, and ROS production regarding the beneficial neuronal excitation 

promoted by the AD protective allele. In sum, our results provide a mechanistic link between 

the AD protective allele and a previously unappreciated role of neuronal CLU in mediating 

astrocytic LD accumulation and ROS production. This study underscores the importance of 

CLU-mediated complex interplay between this genetic risk factor, lipid metabolism, and 

neuron-glia communication in AD pathology. A better understanding of these mechanisms 

may offer insights into targeted therapeutic approaches for AD and other neurodegenerative 

conditions.  
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Figure legends 

 

Figure 1. AD risk SNP rs1532278 shows allele-specific open chromatin (ASoC) and 

cis-regulates CLU expression in iGlut.  

(A) Schematic research design. ATAC-seq was performed to identify OCRs and GWAS risk 

SNPs that showed ASoC in iPSC Glutaminergic (iGlut), GABAergic (iGABA), and 

dopaminergic (iDA) neurons, microglia (iMG) and astrocytes (iAst), which is followed by 

transcription factor (TF) binding prediction to confirm putative functional AD risk SNP, 

CRIPSR-cas9 SNP editing, and functional assays in cells. (B) ASoC mapping identifies 

intronic rs1532278 as a putatively functional SNP among several other GWAS risk SNPs 

equally associated with AD at the CLU locus. Note that rs1532278 is the only SNP within the 

neuronal OCR with a stronger OCR peak in iGlut. (C) T and C alleles of rs1532278 show 

differential allelic ATAC-seq reads (i.e., ASoC) in iGlut. The bottom panel shows the two most 

conserved TF binding motifs at the SNP site. (D) Schematic CLU gene structure near 

rs1532278 (upper panel) and a diagram showing CRISPR-Cas9 editing of rs1532278 in two 

iPSC lines (CD05 and CD07; T/C) to covert T/C lines to isogenic T/T and C/C lines (middle 

panel). Representative images of iGlut of all three genotypes are also shown (bottom panel); 

MAP2 and HuNu (human nuclear antigen) staining shows the morphology of iGlut and 

neuron purity in iGlut-mAst co-cultures. (E-F) ISL2 ChIP-qPCR on day 30 iGlut-mAst co-
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cultures. n=3 replicates from one clone per line. (G-H) ISL2 siRNA knockdown in day-30 

pure iGlut cultures. Samples of 72 hours post-siRNA transfection were used for qPCR. n=3 

replicates from one clone per line. (I) Neuronal CLU mRNA level in isogenic iGlut-mAst co-

cultures of different genotype of rs1532278 (human-specific CLU qPCR assay was used). 

n=6 per group (2-3 clones per line and 2-3 replicates for each clone). (J) Secreted CLU 

(sCLU) detected by ELISA from the supernatant of iGlut-mAst co-cultures. n=4 per group (2 

clones per line, 2 replicates per clone). (K-L) Immunofluorescence staining of CLU in day 23-

25 pure iGlut cultures. n=12 coverslips per group of two independent experiments (In total: 2 

clones per line and 6 coverslips for each clone; and 5-6 cells per coverslip). (M) CLU mRNA 

level in the gray matter of postmortem brains of patients with AD and controls. Violin plots 

show data median and interquartile range, all other graphs show data mean±SEM. * p<0.05, 

** p< 0.01, *** p< 0.001, and **** p< 0.0001. Scale bars are indicated in each image. 

 

Figure 2: iGlut carrying the AD protective allele of rs1532278 at the CLU locus are 

more morphologically complex and functionally active. 

(A) MAP2 staining for analyzing iGlut dendritic branches in day-30 iGlut-mAst co-cultures. (B) 

Quantification of total branch length per cell (by Cellprofiler). n=10-12 coverslips per group 

from two independent experiments (5-6 coverslips per clone, 2 clones per line; 3-4 field of 

views, FOVs, averaged per coverslip). (C) MAP2, SYP, and PSD-95 staining for assaying 

synaptic puncta. (D) Quantification of SYP and PSD-95 puncta density per 10 µm. n=15-17 

neurons per group (1-2 neuron per coverslips, 5-6 coverslips per clone, and 2 clones per 

line). (E-F) Western blotting for measuring PSD-95 and SYP levels in day-30 iGlut-mAst co-

cultures. n=4 samples per group (2 clones per line and 2 biological replicates per clone). (G) 

Calcium imaging shows high firing frequency with T/T iGlut in co-cultures. Left panel, 

heatmaps of neuron firing peaks in calcium imaging assay during 120 seconds of recording 

(representative image from 1000 cells of CD05); Right panels, quantification of neuron firing 

frequency. The number of neurons assayed is shown in the violin plot (from 2-3 clones per 

line with 6 replicate wells per clone). (H) Representative roster blot of MEA from the CD07 

line (a segment of 200 seconds is shown). (I) Weighted mean firing rate in MEA. n=9-12 

wells per group (2-3 clones per line and 3-4 wells per clone). Violin plots are shown with box 
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and whisker, all other statistical graphs depict mean±SEM. Scale bars are indicated in the 

corresponding images. * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001.  

 

Figure 3. Neuronal CLU mediates the AD protective allele effect of rs1532278 on 

neuron excitability. 

(A) Schematic diagram of the rs1532278-flanking OCR deletion by CRISPR-Cas9. (B) CLU 

mRNA level (n=6 per group, 2 clones per line, and 3 replicates for each clone) and sCLU 

level (n=4 per group, 2 clones per line, and 2 replicates for each clone) in day-30 iGlut-mAst 

co-culture. (C-D) Western blotting detected SYP levels in day-30 iGlut-mAst co-cultures. n=4 

per group. (E) Fire frequency analysis of calcium imaging assay. The indicated number of 

neurons is from 2 clones of each line and 3 replicated wells per clone. (F) Weighted mean 

firing rate analysis in MEA. n=5-10 wells per group (2-5 wells per clone and 2 clones per 

line). (G) The schematic diagram illustrates CLU overexpression in iGlut. AAV-hCLU, hCLU-

Flag cDNA was inserted into the vector to replace the eGFP sequence in AAV-eGFP. AAV 

Virus infected neurons on day 9, followed by replating neurons with mAst on day 12. For the 

calcium imaging assay, the jRCaMP1b virus was introduced on day 10. (H) Western blotting 

for SYP in day-30 iGlut-mAst co-cultures. n=3 samples per group (3 biological replicates 

from one clone of the CD07 line). (I) Calcium transmission frequency. The number of 

neurons from 5 replicated wells in each group from one clone of line CD07. (J) Weighted 

mean firing rate in MEA. n=3 wells per group from one clone of line CD07. Violin plots are 

shown with box and whisker; all other graphs depict mean±SEM. Scale bars are indicated in 

the corresponding images. * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001.   

 

Figure 4. Transcriptomic analysis of iGlut-mAst co-cultures highlights the 

involvement of lipid metabolism. 

(A) Schematic diagram for RNA-seq data processing pipeline to separate sequencing reads 

of human and mouse origins. (B) Volcano plots show DE genes in iGlut (left) and the co-

cultured mAst (right) with highlighted genes. Log2FC was based on a comparison of T/T vs. 

C/C cultures. (C) Wiki pathway analysis of upregulated gene sets in iGlut. (D) The Cnet plot 

depicts the enriched fatty-acid biosynthesis pathways and the upregulated genes. (E) GO-
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term (biological process) enrichment in significantly upregulated gene sets in iGlut. Red star, 

lipid biosynthesis pathways; black star, energy metabolism pathways; blue star, neuron-

morphology related pathway. (F) Wiki pathway analysis of the significantly upregulated gene 

sets in mAst. (G) GO-term (biological process) enrichment in significantly upregulated gene 

sets in mAst. Red star, fatty acids metabolism-related pathways; black star, metabolism-

related pathways.     

 

Figure 5. Neuronal CLU facilitates neuron-to-astrocyte lipid transfer. 

(A-B) Lipid droplet (LD) staining by LipidTox in day 25 iGlut pure cultures (T/T vs. C/C). n=12 

coverslips per group from three independent experiments (2 clones per line, 6 coverslips for 

each clone with 3-5 cells averaged from each coverslip). (C-D) LipidTox staining of Day 25 

iGlut pure cultures after AAV-CLU overexpression. n=6 coverslips per group (one clone of 

unedited CD07 with genotype T/C, 3-4 cells averaged from each coverslip). (E) The 

schematic diagram for the Red C12 lipid transfer assay. (F-G) Red C12 and LDs 

(BD493/503) signals in mAst. n=5-6 coverslips per group (mAst co-cultured with 2 clones per 

line, 2-3 coverslips for each clone with 3-5 FOV averaged from each coverslip). (H) The 

schematic diagram for overexpression of CLU tagged with Flag. (I) Co-localization of neuron 

secreted and AAV-derived CLU (Flag+) and LDs (BD493/503+) in mAst from day-30 iGlut-

mAst cocultures after AAV-hCLU infection (same experimental approach as Fig. 3G). Data, 

mean±SEM. * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001.    

 

Figure 6. The AD protective allele of rs1532278 at the CLU locus in iGlut induces LD 

accumulation and produces more ROS in co-cultured mAst. 

(A) LD staining in iGlut-mAst co-cultures by LipidTox (Example images of C/C CD07 co-

cultures). LDs were categorized by neuronal (MAP2+) or astrocytic (i.e., not neuronal) and 

quantification was shown in the right panels. Neuronal LDs, LDs in iGlut relative to total LD 

volume. The proportion of the image area occupied by iGlut was calculated as MAP2 volume 

divided by the total of GFAP and MAP2 volume. n=48 coverslips from all genotypes of both 

CD05 and CD07 lines (two independent experiments). (B-C) LD staining and quantification 

by iGlut genotype in different cell types in day-30 iGlut-mAst co-cultures. n=12 coverslips per 
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group from two independent experiments (2 clones per line, 6 coverslips for each clone with 

2-4 FOV averaged from each coverslip, shown are example images of CD07). (D) The 

schematic diagram depicts the FA β oxidation process of astrocytes, where they produce KB 

(ketone body) and ROS; the glycolysis is further facilitated by ROS and generates Lac 

(lactate); both KB and Lac are further transferred to surrounding neurons as the energy 

source. (E) the schematic diagram depicts the transwell co-culture system to measure KB 

and Lac release from mAst. (F) The amount of ketone body (β-hydroxybutyrate) released 

from mAst at different time points in the transwell co-culture system. n=3 wells per group. (G-

H) CellROX staining in iGlut-mAst co-cultures. n=5-6 coverslips per group from two 

independent experiments (2 clones per line, 2-3 coverslips for each clone with 2-4 FOV 

averaged from each coverslip, shown are example images of CD07). (I) The amount of 

lactate released from mAst at different time points in the transwell co-culture system. n=3 

wells per group. Data, mean±SEM. * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001.   

 

Figure 7. Astrocytes co-cultured with iGlut carrying the AD protective allele show 

reduced glutamate uptake. 

(A) Neural allelic effect on mAst glutamate uptake diagram showing the transwell coculture 

system for glutamate uptake assay in mAst (upper panel) and the quantification (down 

panel). n=6 wells per group (2 clones per line, 3 wells for each clone). (B) The schematic 

diagram (upper panel) shows the test for whether ROS inhibition can affect glutamate uptake 

in mAst in the transwell co-culture system; quantification of glutamate uptake assay after 

ROS inhibition in mAst. n=3 wells per group. (C) CLU immunodepletion assay confirms the 

role of CLU in glutamate uptake by mAst. Up panel, the diagram of the CLU 

immunodepletion assay; bottom-left panel, the culturing and assay timeline; bottom-right 

panel, the quantification of residual glutamate in glutamate uptake assay. n=4 wells per 

group. Note the similar levels of residual glutamate of the C/C group with CLU-depletion 

(C/C; IgG) and the T/T group upon CLU-depletion (T/T; Anti-CLU). (D) All DE genes related 

to glutamate transfer in mAst. The arrow indicates the direction of glutamate transfer. (E-F) 

SLC7A11 staining of iGlut-mAst co-cultures (images of CD07 line). n=5 coverslips per group 

(2 clones per line, 2-3 coverslips for each clone with 3-5 FOV averaged from each coverslip). 
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(G) A graphic model of how the AD protective allele promotes neural CLU expression, 

subsequently facilitating neuron-glia lipid transfer and fine-tuning mAst glutamate uptake, 

thereby maintaining neuronal excitability. Data, mean±SEM. * p<0.05, ** p< 0.01, *** p< 

0.001, and **** p< 0.0001.   

 

Supplemental information titles and legends: Figures S1-S8 and Tables S1-S15. 

 

Figure S1: Bioinformatic and experimental validation of the regulatory effect of 

rs1532278 on TF-binding and CLU expression, related to Figure 1. 

(A) Multiz alignment and phyloP conservation (470 mammals) around rs1532278 (from 

UCSC hg38 genome browser). (B) JASPAR predicted TF binding sites at rs1532278 and TF 

expression levels in iGlut (10/23 predicted TFs can be detected by RNA seq). CPM, counts 

per million reads. (C) DRGX ChIP-qPCR for iGlut-mAst co-cultures of CD07 line on day 30. 

n=3 per group (one clone with 3 replicates from the CD07 line). (D) CLU mRNA levels in 

iGlut pure cultures. n=6 per group (2-3 clones per line and 2-3 replicates for each clone). (E) 

sCLU levels detected by ELISA from the supernatant of iGlut pure cultures. n=4 per group (2 

clones per line and 2 replicates for each clone). (F) CLU mRNA levels of mAst in iGlut-mAst 

co-cultures. n=4 per group (2 clones per line and 2 replicates for each clone). (G) Three 

qPCR primer sets that can capture the majority of CLU transcript isoforms (14/17) are used 

in (H) to detect CLU mRNA levels. Only iGlut-mAst co-cultures of the CD07 line was used. 

n=6 per group (3 replicates per clone for 2 clones). (I) rs1532278 did not alter the expression 

of SCARA3, a CLU-adjacent gene, in iGlut (or when co-cultured with mAst) of the isogenic 

pairs of both CD05 and CD07 lines. n=10 per group (2 replicates per clone and 2-3 clones 

per line). Data = mean±SEM. * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001.  

 

Figure S2. Quality control of the CRISPR/Cas9-edited iPSC lines, related to Figure 1. 

(A) Sanger sequencing of top off-target sites (Benching prediction) with 2 and 3 mismatched 

sites with gRNA in one clone of the edited alleles in both CD05 and CD07 lines. Note no off-

target editing was found. (B) eSNP-karyotyping using RNA-seq data of iGlut of the two 

isogenic pairs of CRISPR-edited lines (CD05 and CD07; only the iPSC clones used for 
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cellular functional assays were analyzed). Left panel, moving average of the SNP allelic ratio 

(RNA-seq reads of each allele) along the genome; right panel, stretches of SNP 

heterozygosity of all common SNPs for each chromosome. Note that no chromosomal 

abnormalities were found. 

 

Figure S3. CLU expression in different cell types of postmortem brains of AD patients 

and controls, related to Figure 1 

(A) Differential CLU expression between AD patients and controls in different cell types from 

data analysis of scRNA-seq data sets of the prefrontal cortex 51,52. Ex_neuron: excitatory 

neurons; In_neuron: inhibitory neurons. (B-C) CLU mRNA Levels in iAst differentiated from 

the isogenic pairs of CRSIPR/Cas9-edited iPSC lines (for donor lines CD05 and CD07). 

Immunofluorescence staining of S100β and vimentin shows the identity and purity of 

astrocytes. n=10 per group (2-3 clones per line and 2 replicates per clone). * p<0.05, ** p< 

0.01, *** p< 0.001, and **** p< 0.0001.  

 

Figure S4. Synaptic and electrophysiological properties of iGlut carrying TT or C/C 

alleles of rs1532278 at the CLU locus, related to Figure 2 

(A) Quantification of SYP and PSD-95 puncta density. n=15-17 neurons per group (1-2 

neurons per coverslips, 5-6 coverslips per clone, and 2 clones per line). (B-C) Western 

blotting shows PSD-95 and SYP levels in day-30 iGlut pure cultures. n=4 samples per group 

(2 clones per line and 2 biological replicates per clone). (D-E) Number of bursts and 

synchronicity analysis in MEA. AUNCC: Area Under Normalization Cross-Correlation. n=9-

12 wells per group (2-3 clones per line and 3-4 wells per clone). Data, mean±SEM. * p<0.05, 

** p< 0.01, *** p< 0.001, and **** p< 0.0001.  

 

Figure S5. Characterization of neurons carrying the rs1532278-flanking OCR deletion 

or with exogenous CLU overexpression, related to Figure 3 

(A) Sanger sequencing traces the CRISPR/Cas9-engineered homozygous OCR deletion 

(representative result of the CD07 line). (B) CLU mRNA levels (n=6 per group, 2 clones per 

line, and 3 replicates for each clone) and sCLU levels (n=4 per group, 2 clones per line, and 
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2 replicates for each clone) in iGlut pure co-cultures. (C) Immunofluorescence staining of 

neuronal CLU in iGlut pure cultures on days 23-25. (D) Quantification of CLU staining shown 

in panel (C). n=5-7 coverslips per group from two independent experiments (2 clones per 

line, 2-3 coverslips for each clone, and 4-5 cells averaged on each coverslip). (E-F) 

Western-blot for SYP in day-30 iGlut-mAst co-cultures. n=4 per group. (G-H) Number of 

neuron network bursts and synchronicity analysis in MEA. AUNCC: Area Under 

Normalization Cross-Correlation. n=5-10 wells per group (2 clones per line and 2-5 wells per 

clone). (I) Immunofluorescence staining of MAP2 and CLU (Flag tag) to determine AAV-

hCLU transduction efficiency (~100%). (J) qPCR to confirm CLU overexpression. (H) 

Number of network bursts and synchronicity analysis in MEA. AUNCC: Area Under 

Normalization Cross-Correlation. n=3 wells per group (3 replicated wells, all from one clone 

of line CD07). Violin plots showed data with median and interquartile range, and all other 

statistical graphs showed data with mean±SEM. Scale bars are indicated in corresponding 

images. * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001.   

 

Figure S6. Transcriptomic analysis of iGlut-mAst co-cultures and validation, related to 

Figure 4. 

(A) Correlation analysis Salmon sorted iGlut data set to our previous published single-cell 

data sets iGlut (CD05 and CD07) and others published single cell data sets in postmortem 

brain with various cell types including ex-neuron, ih-neuron, microglia, astrocyte, 

oligodendrocytes, and OPC. Ast: astrocyte, ex: excitatory neuron, ih: inhibitory neuron, mic, 

microglia, Oli: oligodendrocyte, and OPC: oligodendrocyte progenitor cell. (B) MDS 

(Multidimensional scaling) analysis of all transcripts in iGlut and mAst, which are expressed 

in ≥75% of samples. (C) ELISA quantification of Aβ in the supernatants of iGlut-mAst co-

cultures and iGlut pure cultures. n=4 per group (2 clones per line and 2 replicates for each 

clone). (D) GO Biological process enrichment in significantly downregulated gene sets in 

iGlut. Blue stars indicate neuron morphology-related pathways. (E) Confirmation of SYP, 

PSD-95, and CLU expression levels in iGlut in RNA seq analysis. * p<0.05, ** p< 0.01, *** p< 

0.001, and **** p< 0.0001.   
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Figure S7. Neuronal CLU facilitates lipid transfer to astrocytes and LD accumulation 

accompanied by ROS production, related to Figures 5 and 6 

(A) Morphology of day 23-25 iGlut pure cultures. (B) Confirmation of successful AAV-hCLU 

infection on day 9 in iGlut pure cultures (day 24-25) stained with Flag (CLU-Flag) and MAP2. 

(C) The process of cell segmentation in iGlut-mAst co-cultures, related to Fig. 5A. (D) 

Images from CD05 co-cultures for LDs staining, related to Fig. 6B-C. (E-F) LDs of mAst in 

day-30 iGlut-mAst co-culture after CLU overexpression. LDs, LipidTox+; neurons, MAP2+; 

astrocytes, GFAP+. n=6 coverslips per group (3 FOV averaged from each coverslip). (G) 

Digitonin permeabilization (1:20) does not affect CellROX staining (representative images 

from CD05 co-cultures).  

  

Figure S8. Transcriptomic data provide mechanistic support to lipid accumulation and 

ROS homeostasis in mAst, related to Figures 6 and 7. 

(A) A Sankey plot depicts glutathione metabolism and oxidative stress related pathways in 

mAst from Wiki pathway analysis (B) Lysosome and autophagy related GO items are 

enriched in DE gene lists of iGlut and mAst.  

 

Table S1. ASoC SNPs that are in linkage disequilibrium with AD GWAS index risk SNP 

rs11787077 at CLU locus, related to Figure 1. 

Table S2. Brain eQTL SNPs for CLU, related to Figures 1 and S3. 

Table S3. Transcriptomic correlation between different cell types, related to Figure S6A. 

Table S4. Differentially expressed genes in iGlut (T/T vs. C/C lines), related to Figure 4B. 

Table S5. Differentially expressed genes in mAst (co-cultured with T/T vs. C/C iGlut), related 

to Figure 4B. 

Table S6. Upregulated WikiPathways in iGlut (T/T vs. C/C lines), related to Figures 4C and 

4D. 

Table S7. Downregulated WikiPathways in iGlut (T/T vs. C/C lines), related to Figure 4. 

Table S8. Upregulated WikiPathways in mAst (co-cultured with T/T vs. C/C iGlut), related to 

Figure 4F. 
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Table S9. Downregulated WikiPathways in mAst (co-cultured with T/T vs. C/C iGlut), related 

to Figure 4. 

Table S10. Upregulated GO terms (biological process) in iGlut (T/T vs. C/C lines), related to 

Figure 4E. 

Table S11. Downregulated GO terms (biological process) in iGlut (T/T vs. C/C lines), related 

to Figure S6D. 

Table S12. Upregulated GO terms (biological process) in mAst (co-cultured with T/T vs. C/C 

iGlut), related to Figure 4G. 

Table S13. Upregulated GO terms (cellular component) in iGlut (T/T vs. C/C lines), related to 

Figure S8A. 

Table S14. Downregulated GO terms (cellular component) in mAst (co-cultured with T/T vs. 

C/C iGlut), related to Figure S8A. 

Table S15. gRNA sequences, qPCR primers and AAV plasmid construct information, related 

to STAR Method. 

 

STAR Method 

 

RESOURCE AVAILABILITY 

 

Lead contact 

Further information and requests for resources and reagents should be directed to the lead 

contact, Dr. Jubao Duan (jduan@uchicago.edu). 

Materials availability  

This study did not generate new unique reagents. The iPSC lines used in this study, 

including the ones derived from CRISPR/Cas9 editing, are available upon request. 

Data and code availability 

iGlut-mAst co-culture RNA-seq data are available in Gene Expression Omnibus under 

accession code GSE269153. Two sets of ATAC-seq data for iMG, iAst, iGlut, iGABA and iDA 
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neurons are accessible at Gene Expression Omnibus under accession code GSE263804 

and GSE188941. All codes used in the analyses are accessible at 

https://zenodo.org/records/11568090. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

iPSC generation and maintenance 

Two human iPSC lines, CD05 and CD07 (full IDs: CD0000005 and CD0000007), were used 

for CRISPR/Cas editing. These two iPSC lines were initially derived from cryopreserved 

lymphocytes (CPLs) using the genome-integration-free Sendai virus method (Cytotune 

Sendai Virus 2.0; Invitrogen) at the Rutgers University Cell and DNA Repository (RUCDR) 

(also known as NIMH Stem Cell Center and Infinity Biologix, currently Sampled). The two 

iPSC lines have been used in our previous ASoC mapping studies 41-43. The two donors are 

all healthy control males of European ancestry aged 65 and 59 for lines CD05 and CD07, 

respectively. The donors were also analysed for copy number variants (CNVs), and none 

have large CNVs (>100 kb) 98. They were heterozygous (T/C) at SNP site rs1532278, and 

the two iPSC lines were CRISPR/Cas9-edited to homozygous T/T and C/C. Two to three 

clones per genotype were obtained. Quality control measures for the unedited and edited 

iPSC lines included IF staining for pluripotency, mycoplasma contamination test, RNA-seq-

based pluripotency test (Pluritest), and eSNP-karyotyping as previously described 41,42. The 

NorthShore University HealthSystem institutional review board (IRB) approved this study. 

For iPSC maintenance, cells were cultured using mTeSR Plus media (StemCell 

Technologies, #100-0276), with medium changes performed every other day, and passaged 

as clumps every 4-6 days using ReLeSR (StemCell Technologies, #100-0483). 

 

CRISPR-cas9 editing and Sanger sequencing confirmation  

Online tool Benchling (https://www.benchling.com/) was used to design CRISPR guide RNA 
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(gRNA), and the gRNAs with highest off-target score (specificity) were selected (Table S15). 

The gRNAs were cloned into CROPseq-Guide-Puro vector (#86708, Addgene) 99. The gRNA 

plasmid DNAs, together with the plasmid DNAs of pSpCas9(BB)-2A-Puro (#62988, Addgene) 

100 and pSUPERIOR.puro-shp53 (#38035, Addgene) (included to transiently inhibit p53 and 

increase editing efficiency 101) were transiently transfected into iPSCs. For transfection, 

iPSCs were dissociated into single cells using accutase (07920, StemCell) in a 15ml 

centrifuge tube at a density of 4-6 × 105/1.8ml in the presence of 10 μM ROCK inhibitor 

(ROCKi, 1254/1, R&D Systems). Lipofectamine stem reagent (STEM00001, Thermo Fisher 

Scientific) was used for transfections. DNA including pSpCas9(BB)-2A-Puro (0.5 μl from 1 

μl/ug stock), CROPseq-Guide-Puro vector (1 μl from 1μl/ug stock), pSUPERIOR.puro-shp53 

vector (1 μl from 1μl/ug stock) and ssODNs carrying the desired SNP allele (6 μl from 100uM 

stock) were mixed into 100 μl Opti-MEM media (31985062, Thermo Fisher Scientific) in a 

1.5ml tube. Another 1.5 ml tube was filled with 8 μl Lipofectamine stem reagent and 100 μl 

Opti-MEM media. The reagents in the two 1.5 ml tubes were combined and added into iPSC 

single cell suspension, followed by gently mixing and replating into one well of a 6-well plate.  

Sixteen hours post-transfection, the medium was replaced with fresh medium containing 

0.25 μg/ml puromycin (A1113802, Thermo Fisher Scientific) and 10 μM ROCKi. Forty-eight 

hours post transfection, the medium was refreshed with the same reagents. Sevety-two 

hours post transfection, the puromycin-containing medium were removed, and the cells were 

cultured in fresh medium with 5 μM ROCKi. Half-medium (without ROCKi) change was 

made every 2-3 days until iPSC colonies were formed. 10-14 days post transfection, iPSC 

colonies were individually picked into 96-well plates. DNA from a small fraction of cells in 

each colony was then extracted (QE09050, Epicentre) and used for Sanger sequencing 

confirmation of accurate editing. Subcloning with at a low density (2-5000 cells on 6-cm dish) 

was carried out to ensure an iPSC clone is pure. Following successful editing, three 

predicted top-ranking off-target editing sites were subjected to Sanger sequencing to confirm 

the absence of off-target editing (Table S15 and Fig. S2A). 

For OCR deletion, up- or downstream gRNAs were cloned into the vector pSpCas9(BB)-2A-

Puro to co-express gRNAs and Cas9. Transfection was conducted as described above. The 
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presence of on-target OCR deletion and the absence of the predicted off-target editing in the 

selected iPSC clones were confirmed by Sanger sequencing. 

Preparation of primary mouse astrocytes 

Primary mouse astrocytes were extracted as previously described 102. Briefly, the brains 

were harvested from Day 0-2 pups of C57BL/6J. Their meninges were removed, minced and 

centrifugated in cold Hanks' balanced salt solution (HBSS buffer, 88284, Thermo Fisher 

Scientific). Then, tissue pellets were resuspended, dissociated and filtered through a cell 

strainer to generate a single cell suspension. All cells were seeded into T-75 flasks, 

maintained in DMEM (10569016, Thermo Fisher Scientific) with 10% FBS (A5209501, 

Thermo Fisher Scientific). The obtained astrocytes were used within a month (≤4 cell 

passages).  

Glutaminergic neuronal (iGlut) differentiation 

iGlut neurons were differentiated from iPSC according to the previous protocols 42,103 with 

some modifications. Briefly, on day -1, iPSCs were dissociated with accutase and placed in 

6-well plates at a density of 5 × 105/well in the presence of 5 μM ROCKi.  On day 0, NGN2 

and rtTA lentivirus were added into mTeSR Plus medium with 5 μM ROCKi to infect iPSCs. 

On day 1, Neurobasal media (21103049, Thermo Fisher Scientific) containing 1× B27 

supplement (17504044, Thermo Fisher Scientific), 1x GlutaMax (35050061, Thermo Fisher 

Scientific), 5 μg/ml Doxycycline (Dox, D9891, Sigma) and 5 μM ROCKi were used to initiate 

the differentiation. 1μg/ml puromycin selection was performed from Day 2 to Day 4. On day 5, 

the cells were dissociated with accutase, replated into matrigel-coated plates, and 

maintained in Neurobasal media supplemented with 1× Glutamax, 1x B27, 5 µg/ml 

doxycycline, 10 ng/ml BDNF/GDNF/NT-3 (450-02/450-10/450-3, Pepro Tech), and 5% FBS. 

On day 6, the culture medium was refreshed with the same one used on Day 5 without FBS, 

and 1 µM Ara-C (C6645, Millipore-Sigma) was applied to the medium and kept for two days 

to ensure the purity of postmitotic neurons. On day 8, Ara-C was withdrawn and the neurons 

were maintained with one half-medium change every 3 days until they were mature enough 

for the assays.  
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For CLU and LDs staining in pure iGlut culture, day-5 neurons were directly replated onto 12 

mm glass coverslips (GG-12-15-Pre, Neuvitro) at 50,000 cells/coverslip. Neurons were 

maintained on the coverslip until day 25 by refreshing half the medium every three days. For 

neuron morphology and LD staining in the iGlut-mAst co-culture system, 100,000 astrocytes 

were first placed onto glass coverslips 24 hours before dissociating neurons in 24-well plates 

with DMEM medium with 10% FBS. Then, day-8 iGlut neurons were dissociated with 

accutase, suspended in Neurobasal medium, and seeded on top of the layer of astrocytes at 

300,000 cells/well after removing the DMEM medium. On day 9, one-half of the medium was 

replaced without FBS, and on day 10, all medium were refreshed to remove FBS completely. 

Thereafter, all medium was refreshed every 3 days until day 30.  For ChIP-qPCR and RNA 

seq purposes, day-8 iGlut and mAst were dissociated and placed together at appropriate 

dishes/plates, and the cultures were maintained the same way as iGlu-mAst co-culture 

described above. 

iPSC differentiation into astrocytes (iAst) 

iAst were differentiated from iPSC based on the NgN2 method 53 with minor modifications. 

Briefly, on day -1 and day 0, the same iGlut differentiation procedures were followed. On day 

2, a cocktail of SB431542 (10 µM) (1614, Tocris Bioscience), XAV939 (2 µM) (3748, Tocris 

Bioscience), LDN193189 (100 nM) (6053, Tocris Bioscience), Dox (5 µg/ml) and ROCKi (5 

µM) were added into N2 medium that was constituted with DMEM/F12 (11320-033, Gibco), 

1x Glutamax, 0.3% Sucrose (S0389, Millipore-Sigma), and 1x N2 supplement B (07156, 

StemCell Technologies). On day 3, SB431542 (5 µM), XAV939 (1 µM), LDN193189 (50 nM), 

Dox (5 µg/ml) and Puromycin (5 µg/ml) were added into N2 medium to start cell selection. 

On day 4, the culture medium was refreshed with N2 medium supplemented with Dox (5 

µg/ml) and Puromycin (5 µg/ml). On day 5, all cells were dissociated with Accutase, 

suspended with Astrocyte medium (1801, SiceneCell) containing 5 µM ROCKi, and replated 

onto Matrigel-coated 10-cm dishes. Cells were passaged at 1:2 ratio in Astrocyte medium 

every 3-4 days. On day 25, the cells were fixed with 4% PFA, permeabilizated with 0.1% 

Triton X-100 (SLCD3244, Sigma) and stained with S100β (S2532, Millipore-Sigma, Mouse, 

1:500) and Vimentin (D21H3, Cell Signaling, Rabbit, 1:200) to determine iAst purity (~100%).  
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iGlut morphology and CLU staining 

Day-30 iGlut-mAst co-culture on coverslips were fixed with 4% PFA for 15 min and 

permeabilized with 0.1% Triton X-100 for 20 min. The fixed cells were incubated with 

antibodies again PSD-95 (clone K28/43, NeuroMab, Mouse, 1:1,000), SYP (ab32127, 

Abcam, Rabbit, 1:500), and MAP2 (188004, Synaptic System, Guinea pig, 1: 1000) 

overnight at 4°C. After three times of washing with PBS, the corresponding secondary 

antibodies including Donkey anti-Mouse Alexa 488 (A21202, Thermo Fisher Scientific, 

1:200), Donkey anti-Rabbit Alexa 594 (A21207, Thermo Fisher Scientific, 1:200), and Goat 

anti-Guinea Pig Alexa 647 (A21450, Thermo Fisher Scientific, 1:200) were added and further 

incubated for two hours at room temperature. Nuclei were stained with DAPI (0.5 mg/ml) for 

two minutes at room temperature before the coverslips were mounted (Fluorescent Mounting 

Medium, F4680, Millipore-Sigma). For IF staining of neuron identity, the cultures were 

stained with HuNu (MAB1281, Millipore-Sigma, Mouse, 1:200) and MAP2 antibodies. All 

antibodies were dissolved in PBS with 1% BSA (15260037, Thermo Fisher Scientific) and 

0.1% Triton X-100. 

For CLU staining in pure culture iGlut, cells were fixed on day 25, permeabilized, and 

incubated with CLU (ab69644, Abcam, Rabbit, 1:300) and NeuN (MAB377, Millipore-Sigma, 

Mouse, 1:100) antibodies. NeuN immunostaining was used to visualize perikaryon where 

most CLU signals were located (in the Image quantification section below). All procedures 

were the same as above. In addition, immunostaining of vGlut1 (ab227805, Abcam, Rabbit, 

1:500) and MAP2 were used to determine the purity of iGlut cultures.  

RNA isolation from cell cultures for qPCR and RNA-seq 

Total RNA was extracted using the RNeasy Plus Kit (74134, Qiagen). Briefly, all cells were 

directly lysed in RLT plus buffer, further separated and eluted in RNase-free water. For RNA-

seq, all RNA samples were sequenced on the Illumina NovaSeq 2000 platform with paired-

end reads (2 × 150 bp) (Novogene). For qPCR, RNAs were first reversed transcribed to 

cDNAs using a high-capacity cDNA reverse transcription kit (4368814, Applied Biosystems) 

and further amplified with TaqMan Universal PCR Master Mix (4364338, Applied Biosystems) 
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on a Roche 480 II instrument.  All qPCR primers were listed in Table S15.  

Chromatin immunoprecipitation (ChIP) qPCR 

ChIP-qPCR assay was performed following the protocol of Magna ChIP A/G Chromatin 

Immunoprecipitation Kit (17-10085, Millipore-Sigma). Briefly, 1% formaldehyde (28908, 

Thermo Fisher Scientific) was directly added into the medium of day-30 iGlut-mAst co-

cultures to cross-linking proteins to DNA. Then, glycine was added to terminate the cross-

linking. Cells were harvested in ice-cold PBS, pelleted, sonicated, and immunoprecipitated 

with 10 µg ISL2 (AF4244, R and D Systems, Sheep) or DRGX antibodies (bs-11827R, Bioss, 

Rabbit) and Protein A/G magnetic beads for overnight at 4°C. Protein A/G magnetic beads 

with TF-binding DNAs were separated on a magnetic stand. TF-DNA complexes were eluted 

in an elution buffer with proteinase K at 62°C with 2 hours of shaking, followed by a 95°C 

incubation for 10 minutes to denature proteinase K. Lastly, the released DNAs were purified 

for qPCR. About 2% of sample input after sonication without immunoprecipitation was used 

to normalize the loading input. Normal sheep IgG (5-001-A, R&D Systems) or rabbit IgG 

(2729, Cell Signaling Technology) were used as negative control to exclude non-specific 

binding of antibodies. The ChIP-qPCR primers are listed in Table S15. 

ISL2 siRNA knockdown 

iGlut were directly replated onto a 24-well plate at 500,000 cells/well on Day 5. On day 30, 

the neurons were transfected either by 50 nM human ISL2 siRNA (L-016725-00-0005, 

Horizon Discovery Biosciences) or 50 nM non-targeting control siRNA (D-001810-10-05, 

Horizon Discovery Biosciences) following the protocol of Lipofectamine RNAiMAX 

Transfection Reagent (13778030, Thermo Fisher Scientific). 72 hours post transfection, 

RNAs were extracted to quantify ISL2 and CLU mRNA levels by qPCR. The qPCR primers 

are listed in Table S15. 

RNA isolation from postmortem brain samples and qPCR 

Frozen human brain samples (frontal pole BA10 region) were received through the NIH 

biobank from Harvard Brain Tissue Resource Center and the University of Miami Brain 
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Endowment Bank (Reference 46 extended Table 10) and stored at -80°C. The grey matter 

was dissected from brain blocks on dry ice. RNA was isolated using a Direct-zol RNA 

MiniPrep Kit (R2050, Zymo), per the manufacturer’s instructions. RNAs were reverse-

transcribed into cDNA using a high-capacity cDNA reverse transcription Kit, per the 

manufacturer’s instructions. Reactions were set up using PowerUp SYBR Green Master Mix 

for qPCR (4368814, Applied Biosystems) and run on a QuantStudio3 Real-Time PCR 

System (Applied Biosystems). The data were analyzed using 2-∆∆Ct method and normalized 

to COTL1. The primer sequences are listed in Table S15. 

Enzyme-linked immunosorbent assay (ELISA) assay 

For both iGlut pure culture and iGlut-mAst co-culture, the culture medium was completely 

refreshed on day 27 and further collected on day 30. The conditioned media were 

centrifuged for 10 min with 3000 rpm at 4°C to remove the cell debris. Cells were harvested 

for BCA protein quantification to normalize the ELISA detection from the supernatant. ELISA 

quantifications of human CLU (DCLU00, R&D system, specific for human CLU), human Aβ 

1-40 (DAB140B, R&D system), and human Aβ 1-42 (DAB142, R&D system) were performed 

according to the vendors’ protocol. 

 

Western Blotting 

Western blotting was performed as previously described 102. Briefly, cells were lysed in NP-

40 lysis buffer (J60766-AK, Thermo Fisher Scientific) with proteinase inhibitors 

(04693159001, Roche) and phosphatase inhibitors (04906845001, Roche). The cell lysates 

were sonicated and denatured in Laemmli Sample Buffer (1610747, Bio-Rad). BCA kit 

(23225, Thermo Fisher Scientific) was used for total protein quantification. The cellular 

protein extracts were fractioned through 10% homemade SDS-PAGE gels, transferred to a 

PVDF membranes (1620177, Bio-Rad) and subsequently immunoblotted.  The primary 

antibodies included PSD-95 (ab18258, Abcam, Rabbit, 1:1,000), SYP (ab32127, Abcam, 

Rabbit, 1:2,000), and β-actin (3700, Cell Signaling Technology, 1:5,000). The secondary 

antibodies included anti-rabbit-HRP (7074, Cell Signaling Technology, 1:5,000) and anti-
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mouse-HRP (7076, Cell Signaling Technology, 1:5,000). All Western blotting images were 

quantified using FIJI 104, and specific protein signals were normalized to corresponding β-

actin signals in each sample.  

Calcium imaging 

iGlut were infected with AAV-GCaMP6m (pAAV.Syn. GCaMP6m.WPRE.SV40, 100841-AAV9, 

Addgene) or AAV-jRCaMP1b (pAAV.Syn.NES-jRCaMP1b.WPRE.SV40, 100851-AAV9, 

Addgene) at 105 MOI on day 8.  The infected neurons were replated together with mAst into 

a 96-well plate (ANFS-0096, Curi Bio) on day 9 at a density of 15,000 iGlut and 5,000 mAst 

per well. On day 35, the time-lapse images were acquired at ~5 Hz for 2 min on a Nikon A1R 

microscope with sCMOS camera. For quantification, peak detection was performed using 

the R baseline package, and HDBSCAN was used to screen out the correct clusters.  

MEA 

MEA assay was performed according to a previous protocol 42 with slight modification. Briefly, 

day-20 iGlut were disassociated with accutase and replated with mAst into 0.1% PEI-coated 

24-well MEA plate (M384-tMEA-24W, Axion BioSystems) at a density of 150,000 iGlut and 

50,000 mAst. Neurobasal medium with 1× Glutamax, 1x B27, 5 µg/ml doxycycline, 10 ng/ml 

BDNF/GDNF/NT-3, and 5% FBS were used on the first day after replating. In the next two 

days, half of the medium (300 µL) was replaced every day with fresh culture medium without 

FBS. Thereafter, 2/3 culture medium (no FBS) was regularly refreshed every 3 days. The 

culture medium was completely refreshed a day before the MEA recording. Spontaneous 

firing was recorded for 15 minutes, and the last 10 minutes of recording were used for data 

analysis. All data files were batch-processed using the Neural Metrics Tool (Axion 

Biosystems). For data analysis, the burst parameters were set at Poisson Surprise with a 

minimum surprise of 10 and Adaptive mode, Minimum number of spikes to 40, and Minimum 

of electrodes to 15%; Active Electrode Criterion was set at 6 spikes/min; Synchrony 

parameters were set at 20 ms for Synchrony Window and “none” for Synchrony Metrics.  

AAV plasmid reconstruction, packaging and infection 
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To express human CLU, pAAV-hSyn-hCLU-Flag was reconstructed from pAAV-hSyn-eGFP 

(58867, Addgene). First, pAAV-hSyn-eGFP was digested with BamHI and EcoRI to remove 

the eGFP insert. Then, the backbone DNAs (30 fmol), CLU cDNA fragment (1400 bp; 60 

fmol, synthesized from IDT, Table S15), ssDNA (single strand)-up-linker 60 bp (200 fmol, 

synthesized from IDT, Table S15), and ssDNA -down-linker 60 bp (200 fmol, synthesized 

from IDT, Table S15) were assembled using NEBuilder® HiFi DNA Assembly Master Mix 

(E2621S, New England Biolabs). The assembly reaction was then transformed into NEB 

stable competent E coli (C3040H, New England Biolabs). The transformed bacterial clone 

with the correct insert was determined by Sanger sequencing of plasmid DNAs, and a 

correct clone was expanded to prepare the plasmid DNAs for AAV packaging.  

Recombinant AAVs were packaged in HEK 293T cells (CRL-3216, ATCC) following a 

previous protocol 105 with minor modifications. HEK 293T cells were transfected with pAAV-

hSyn-hCLU-Flag/pAAV-hSyn-eGFP, pUCmini-iCAP-PHP.eB (103005, Addgene) and 

pAdDeltaF6 (112867, Addgene) by PEI (23966, Polysciences) at 90% confluence. Seventy-

two hours post-transfection, all cells were harvested and pelleted. AAVs were further 

extracted from cell pellets by AAV extraction kit (6675, Takara) and titrated using qPCR 

approaches (primers are listed in Table S15).  

iGlut were infected with AAV-eGFP or AAV-hCLU at 105 MOI on day 8. For calcium imaging, 

iGlut were co-infected with AAV-jRCaMP1b at 105 MOI on the same day. On the next day, 

iGlut were co-cultured with mAst or alone, following the above-described iGlut differentiation 

procedures. Immunostaining with Anti-Flag (20543-1-AP, Proteintech, Rabbit,1:200) and 

MAP2 antibody was used to determine the infection efficiency of AAV-hCLU on day 30 for 

iGlut-mAst co-culture and on day 25 for iGlut pure culture. 

Lipid droplet (LD) staining 

For iGlut pure culture, day-25 cells were fixed with 4% PFA, washed with PBS, and stained 

with LipidTox (H34476, Thermo Fisher Scientific, 1:300) for 30 minutes at room temperature. 

LipidTox was dissolved in PBS with 1mg/ml DAPI. After staining, a one-time quick wash (~2 

seconds) with PBS was applied before mounting the slides. The images were taken 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 42

immediately after mounting on a Nikon ECLIPSE TE2000-U microscope. 

For iGlut-mAst co-culture, day-30 cells were fixed with 4% PFA, washed by PBS, and 

digitonin permeabilized (#16359, Cell Signaling Technology, 1:20) for 20 min at room 

temperature. Cells were then stained using antibodies against MAP2 (188004, Synaptic 

System, Guinea pig,1: 1000), GFAP (Z0334, DAKO, Rabbit, 1:500) and/or Anti-Flag (20543-

1-AP, Proteintech, Rabbit,1:200) that were dissolved in PBS with 1% BSA. The 

corresponding secondary antibodies were dissolved in the same buffer to stain the cell for 2 

hours at room temperature. After three times of washing by PBS, LipidTox (1:300) or 

BODIPY 493/503 (D3922, Thermo Fisher Scientific, 2 µg/ml) were used to stain LDs at room 

temperature. The staining time was 30 minutes for LipidTox and 10 minutes for Bodipy 

493/503. Both dyes were dissolved in PBS with DAPI (1mg/ml). Bodipy 493/503 stocks were 

prepared in DMSO at 1 mg/ml. Cells were quickly washed (~ 2 seconds) once with PBS for 

LipidTox staining before mounting. Three quick washes (~2 seconds) with PBS were applied 

for BODIPY 493/503 staining 74.   

Lipid transfer assay 

The lipid transfer assay was performed as previously described 10,62 with minor modifications. 

Briefly, following the iGlut differentiation protocol, day-5 iGlut were replated into 24-well 

plates at 500,000/well and maintained until day 30. The mAst were replated into 24-well 

plates with Matrigel-precoated coverslips at 15,000/well and maintained for 3 days. Day-30 

iGlut were prelabeled by 2.5 μM Red C12 (BODIPY 558/568, D3835, Thermo Fisher 

Scientific) by adding Red C12 directly into culture medium and incubated for 18 hours. iGlut 

were then washed twice with pre-warmed DPBS and rested for one hour in culture medium 

in a 37 °C incubator. mAst cells on coverslips and iGlut neurons in culture wells were 

washed twice with pre-warmed DPBS. Pre-warmed HBSS (14175095, Thermo Fisher 

Scientific) containing 2 mM CaCl2 and 10 mM HEPES was added to the wells with neurons. 

A parafilm separator, cut to suitable size and with the center removed to form a ring, was 

placed above the neurons. Coverslips carrying mAst were placed face-down onto the 

neurons, creating a sandwich structure. The assembled cultures were then incubated at 
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37°C for 4 hours. After incubation, coverslips with mAst were removed, fixed and stained 

with Bodipy 493/503. 

Ketone body and Lactate assay 

Day-5 iGlut were directly seeded into 12-transwell (3460, Corning, 0.4 μm pore) at 1 × 106  

cells/well and cultured until day 15. mAst were seeded into the insert of 24-transwell at 

200,000 cells/insert on day 13, placed into the unused wells and rested for two days in 

DMEM medium with 10% FBS. Then, the culture medium in the mAst insert was replaced 

with the iGlut culture medium (Neurobasal medium with B27, Glutamax, BDNF, GNDF, and 

NT3).  The mAst insert was then transferred into the wells with day-15 iGlut for 14 days of 

co-culture with medium change every 3 days. Then, the insert with mAst were taken out and 

washed three times with PBS. Then, the mAst insert was incubated in 5 times diluted DMEM 

medium (10569016, Thermo Fisher Scientific, supplemented with Glutmax) to reach 5mM 

glucose condition, without FBS and sodium pyruvate for 24 hours. The supernatants were 

then collected at 6 and 24 hours to measure the concentration of β-hydroxybutyrate (a 

ketone body, JE9500, Promega) and Lactate (J5021, Promega). iGlut and mAst were also 

collected with NP-40 lysis buffer to determine the protein concentration using the BCA 

method for normalization. Data were normalized to protein concentrations of iGlut and mAst.  

CellRox and SLC7A11 staining 

Day-8 iGlut and mAst were replated into 24-well plates with Matrigel-precoated coverslips at 

a density of 30,000/well for neurons and 10,000 /well for astrocytes. iGlut/mAst were 

maintained in the culture medium until day 30, following the iGlut-mAst coculture protocol 

described above. For CellRox staining, CellRox Deep Red (C10422, Thermo Fisher 

Scientific) was added to the culture medium (5 μM final concentration) and incubated for 30 

min at 37°C. After incubation, cells were fixed with 4% PFA, and processed with and without 

digitonin permeabilization (Fig. S7G) to determine whether CellRox Deep Red signals can 

survive with this gentle permeabilization, and further stained with MAP2. For SLC7A11 

staining, cells were fixed with digitonin permeabilization and further stained with SLC7A11 

(PA116893, Thermo Fisher Scientific, Rabbit, 1:300) and MAP2. 
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Glutamate uptake assay 

Day-5 iGlut were directly seeded into 24-transwell (3413, Corning, 0.4 μm pore) at 500,000 

cells/well and cultured until day 15. mAst were seeded on the insert of 24-transwell at 40,000 

cells/insert on day 13, placed into the unused wells and rested for two days in DMEM 

medium with 10% FBS. Then, the culture medium in the mAst insert was replaced with iGlut 

culture medium (Neurobasal medium with B27, Glutamax, BDNF, GNDF, and NT3).  The 

mAst insert was then transferred into the wells with day-15 iGlut for 14 days of co-culture 

with medium change every 3 days. Then, the insert with mAst were taken out, washed once 

with HBSS buffer (14175095, Thermo Fisher Scientific) without calcium and magnesium, 

and incubated in the same buffer at 37°C for 30 min. mAst insert was incubated in HBSS 

buffer (14025092, Thermo Fisher Scientific) with 100 μM glutamate, calcium and magnesium 

for 3 hours. The supernatants were then collected to measure glutamate concentration using 

the glutamate assay kit (Ab83389, Abcam). iGlut and mAst were also collected with NP-40 

lysis buffer to determine the protein concentration using the BCA method for normalization 

purpose. Data were normalized to protein concentrations of iGlut and mAst. 

For antioxidant AD4 treatment, iGlu were cocultured with mAst on trans-well dishes. On day 

14, all medium in cultured wells and inserts was replaced with fresh medium containing AD4 

(1.5 mM final concentration) for 24 hours. Then, the inserts with mAst were removed for 

glutamate uptake assay as described above.  

CLU immunodepleting assay 

Day-5 iGlut were replated into 12-well at 100,000 cells/well and maintained following the 

protocol described above. On day 27, the medium was refreshed with iGlut culture media. 

On day 30, the supernatants were collected and centrifuged at 3000 rpm for 10 minutes at 

4˚C to remove cell debris, and then frozen and stored at -80 ˚C until use. CLU antibody (sc-

166907, Santa Cruz) was conjugated to magnetic beads (14311D, Thermo Fisher Scientific) 

at 8 μg of antibody per mg of beads following the manufacturer’s protocol. 2 mg of antibody 

coupled with beads were added into 1 ml day-30 supernatant (16 μg antibody per ml of 

medium) and incubated at 4°C for 24 hours. The beads were then captured on a magnetic 
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stand, and the supernatants were filtered through 0.2 μm syringe filters (13100106, Basix) 

(CLU immunodepleted medium). The conditioned medium (CM) was prepared by combining 

fresh DMEM medium with 10% FBS and CLU immunodepleted medium at a 1:3 ratio. For 

assaying the function of mAst, mAsts were seeded into 96-well plates at 40,000 cells/well 2 

days before adding the CM. On day 1, the mAst culture medium was completely refreshed 

with CM (200 μl) and maintained until day 7 with one media change on day 4. On day 7, all 

CM were removed and washed with HBSS buffer (14175095, Thermo Fisher Scientific) to 

start the glutamate uptake assay as described above. The assay data were normalized to 

the protein concentration of mAst from the corresponding wells. 

Image quantification 

Neuron morphology (MAP2 staining): All confocal z stacks (20x objective lens) were first 

processed using FIJI 104 to generate maximum intensity projections. Then, neuron branches 

and soma were segmented by ilastik 106. The branch length and the number of neurons 

(soma number) were analyzed by Cellprofiler 107 as previously described 102,108. SYP and 

PSD-95 puncta: All confocal z stacks (63x oil immersion objective lens) were first projected 

with maximum intensities. ROIs of MAP2 positive dendrites were chosen uniformly from the 

secondary branches with ~50-100 μm length by FIJI 104. The identifical fluorescence intensity 

thresholds were applied to different images to identify SYP and PSD95 positive puncta. SYP 

- and PSD95- positive objects within the MAP2 mask were analyzed. For density 

measurements, the number of SYP or PSD-95 objects was divided by the length of MAP2 

(per unit was set as 10 μm) in an ROI; for area measurements, the total area of SYP and 

PSD-95 objects were divided by the area of MAP2 in an ROI. Cellprofiler was used for all 

quantifications. CLU intensity: All confocal z stacks (63x oil immersion objective lens) were 

cropped into single cells, and z projected with maximum intensity in FIJI. NeuN staining was 

used to generate a mask of soma after setting a proper intensity threshold to encircle the 

majority of CLU positive signals. The mean intensity of CLU signals within the NeuN mask 

was quantified by Cellprofiler. LipidTox staining in iGlut pure culture: All confocal z stacks 

(63x oil immersion objective lens) were cropped into single cell and z projected with 

maximum intensity by FIJI. Then, the uniform and proper threshold was set for LipidTox 
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signals across different groups, and the area of LipidTox signals were calculated in 

Cellprofiler. Red C12 staining in mAst: All confocal z stacks (20x objective lens) were z 

projected with maximum intensity in FIJI. A uniform and proper threshold was set for Red 

C12 signals across different groups, and the area of Red C12 signals was calculated in 

Cellprofiler. LipidTox staining in iGlut-mAst co-culture: All channels in confocal z stacks 

(20x objective lens) were split by FIJI without any projection. Then, proper thresholds were 

set for both LipidTox and MAP2 signals. MAP2 staining was used to generate a 3D mask in 

Cellprofiler. LipidTox staining within MAP2 3D mask was identified as neuronal LDs, and 

non-overlapping staining was considered as astrocytic LDs. All the assayed LDs volumes 

were normalized by the corresponding number of cells. The MAP2 and GFAP volumes were 

also calculated after proper thresholding in a 3D model of Cellprofiler to measure the 

neuron-occupied areas. CellRox staining: Since all CellRox signals were located in mAst, 

their signal volumes were calculated without any separation in a 3D model of Cellprofiler 

after proper thresholding (20x objective lens). The number of mAst was also quantified to 

normalize CellRox signals. SLC7A11 staining: The analysis method was the same as for 

LipidTox staining. Briefly, SLC7A11 signals (20x objective lens) were separated from MAP2 

staining. Neuronal and astrocytic SLC7A11 was identified based on MAP2 3D mask in Cell 

Profiler. mAst cell number was obtained by subtracting MAP2+ neuron count from total cell 

counts. SLC7A11 volume per mAst was calculated as the total astrocytic SLC7A11 volume 

divided by mAst cell number.  

RNA-seq data analysis 

Raw FASTQ sequencing reads were trimmed by trim_galore and mapped to a concatenated 

reference genome of human (GRCh38) and mouse (GRCm39) by using Salmon (v0.11.3). 

All mapped transcripts (310,359, human and mouse) were further filtered based on the 

criterion that ≥75% of samples must express a transcript. Filtered human (40,162) and 

mouse (32,476) transcripts were analyzed for differential expression (DE) between 

genotypes (TT vs. CC) by using EdgeR (v4.0.16) with quasi-likelihood negative binomial 

generalized log-linear model. The ratio of human and mouse read counts generated from 

HISAT2 (v2.1.0) alignment for each sample was used as a correction factor to balance the 
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cellular composition variance of human and mouse cells in iGlut-mAst co-culture. Counts per 

million (CPM) values of all the filtered transcripts were used for PCA analysis. Transcripts 

showing significant DE were identified with FDR<0.05, and the top-ranked transcripts were 

used to represent genes 109. Enrichr 110 was used to perform GO (Gene Ontology) and Wiki 

pathway enrichment analyses with a statistical significance cut-off of adjusted p value<0.05.  

Statistical analyses  

Two-tailed unpaired Student’s t-test or Mann-Whitney test (if the data are not normally 

distributed) were used to test the differences between two groups (TT vs.CC or vehicle vs. 

treatment). For the test of three groups (AAV-CLU overexpression assay), one-way ANOVA 

followed by a post hoc Tukey’s test was used to determine significance between groups. The 

data were analyzed by R 4.1.1 or GraphPad Prism 9. The statistical significance cut-off was 

0.05.  

 

References 

 

1. Scheltens, P., Blennow, K., Breteler, M.M., de Strooper, B., Frisoni, G.B., Salloway, S., 
and Van der Flier, W.M. (2016). Alzheimer's disease. Lancet 388, 505-517. 
10.1016/S0140-6736(15)01124-1. 

2. Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J.C., Carrasquillo, M.M., 
Abraham, R., Hamshere, M.L., Pahwa, J.S., Moskvina, V., et al. (2011). Common 
variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated 
with Alzheimer's disease. Nat Genet 43, 429-435. 10.1038/ng.803. 

3. Naj, A.C., Jun, G., Beecham, G.W., Wang, L.S., Vardarajan, B.N., Buros, J., Gallins, 
P.J., Buxbaum, J.D., Jarvik, G.P., Crane, P.K., et al. (2011). Common variants at 
MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are associated with late-onset 
Alzheimer's disease. Nat Genet 43, 436-441. 10.1038/ng.801. 

4. Karch, C.M., and Goate, A.M. (2015). Alzheimer's disease risk genes and 
mechanisms of disease pathogenesis. Biol Psychiatry 77, 43-51. 
10.1016/j.biopsych.2014.05.006. 

5. Lambert, J.C., Ibrahim-Verbaas, C.A., Harold, D., Naj, A.C., Sims, R., Bellenguez, C., 
DeStafano, A.L., Bis, J.C., Beecham, G.W., Grenier-Boley, B., et al. (2013). Meta-
analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer's 
disease. Nat Genet 45, 1452-1458. 10.1038/ng.2802. 

6. Jansen, I.E., Savage, J.E., Watanabe, K., Bryois, J., Williams, D.M., Steinberg, S., 
Sealock, J., Karlsson, I.K., Hägg, S., Athanasiu, L., et al. (2019). Genome-wide meta-

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 48

analysis identifies new loci and functional pathways influencing Alzheimer's disease 
risk. Nat Genet 51, 404-413. 10.1038/s41588-018-0311-9. 

7. Bellenguez, C., Küçükali, F., Jansen, I.E., Kleineidam, L., Moreno-Grau, S., Amin, N., 
Naj, A.C., Campos-Martin, R., Grenier-Boley, B., Andrade, V., et al. (2022). New 
insights into the genetic etiology of Alzheimer’s disease and related dementias. 
Nature Genetics 54, 412-436. 10.1038/s41588-022-01024-z. 

8. Holtzman, D.M., Herz, J., and Bu, G. (2012). Apolipoprotein E and apolipoprotein E 
receptors: normal biology and roles in Alzheimer disease. Cold Spring Harb Perspect 
Med 2, a006312. 10.1101/cshperspect.a006312. 

9. Martens, Y.A., Zhao, N., Liu, C.C., Kanekiyo, T., Yang, A.J., Goate, A.M., Holtzman, 
D.M., and Bu, G. (2022). ApoE Cascade Hypothesis in the pathogenesis of 
Alzheimer's disease and related dementias. Neuron 110, 1304-1317. 
10.1016/j.neuron.2022.03.004. 

10. Qi, G., Mi, Y., Shi, X., Gu, H., Brinton, R.D., and Yin, F. (2021). ApoE4 Impairs 
Neuron-Astrocyte Coupling of Fatty Acid Metabolism. Cell reports 34, 108572. 
10.1016/j.celrep.2020.108572. 

11. Tcw, J., Qian, L., Pipalia, N.H., Chao, M.J., Liang, S.A., Shi, Y., Jain, B.R., Bertelsen, 
S.E., Kapoor, M., Marcora, E., et al. (2022). Cholesterol and matrisome pathways 
dysregulated in astrocytes and microglia. Cell 185, 2213-2233 e2225. 
10.1016/j.cell.2022.05.017. 

12. Blanchard, J.W., Akay, L.A., Davila-Velderrain, J., von Maydell, D., Mathys, H., 
Davidson, S.M., Effenberger, A., Chen, C.-Y., Maner-Smith, K., Hajjar, I., et al. (2022). 
APOE4 impairs myelination via cholesterol dysregulation in oligodendrocytes. Nature 
611, 769-779. 10.1038/s41586-022-05439-w. 

13. Victor, M.B., Leary, N., Luna, X., Meharena, H.S., Scannail, A.N., Bozzelli, P.L., 
Samaan, G., Murdock, M.H., von Maydell, D., Effenberger, A.H., et al. (2022). Lipid 
accumulation induced by APOE4 impairs microglial surveillance of neuronal-network 
activity. Cell Stem Cell 29, 1197-1212.e1198. 10.1016/j.stem.2022.07.005. 

14. Haney, M.S., Pálovics, R., Munson, C.N., Long, C., Johansson, P.K., Yip, O., Dong, 
W., Rawat, E., West, E., Schlachetzki, J.C.M., et al. (2024). APOE4/4 is linked to 
damaging lipid droplets in Alzheimer’s disease microglia. Nature. 10.1038/s41586-
024-07185-7. 

15. Han, X., Cheng, H., Fryer, J.D., Fagan, A.M., and Holtzman, D.M. (2003). Novel role 
for apolipoprotein E in the central nervous system. Modulation of sulfatide content. J 
Biol Chem 278, 8043-8051. 10.1074/jbc.M212340200. 

16. Wang, H., and Eckel, R.H. (2014). What are lipoproteins doing in the brain? Trends 
Endocrinol Metab 25, 8-14. 10.1016/j.tem.2013.10.003. 

17. Yeh, F.L., Wang, Y., Tom, I., Gonzalez, L.C., and Sheng, M. (2016). TREM2 Binds to 
Apolipoproteins, Including APOE and CLU/APOJ, and Thereby Facilitates Uptake of 
Amyloid-Beta by Microglia. Neuron 91, 328-340. 10.1016/j.neuron.2016.06.015. 

18. Mulder, S.D., Nielsen, H.M., Blankenstein, M.A., Eikelenboom, P., and Veerhuis, R. 
(2014). Apolipoproteins E and J interfere with amyloid-beta uptake by primary human 
astrocytes and microglia in vitro. Glia 62, 493-503. 10.1002/glia.22619. 

19. Narayan, P., Orte, A., Clarke, R.W., Bolognesi, B., Hook, S., Ganzinger, K.A., 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 49

Meehan, S., Wilson, M.R., Dobson, C.M., and Klenerman, D. (2011). The 
extracellular chaperone clusterin sequesters oligomeric forms of the amyloid-beta(1-
40) peptide. Nat Struct Mol Biol 19, 79-83. 10.1038/nsmb.2191. 

20. Yuste-Checa, P., Trinkaus, V.A., Riera-Tur, I., Imamoglu, R., Schaller, T.F., Wang, H., 
Dudanova, I., Hipp, M.S., Bracher, A., and Hartl, F.U. (2021). The extracellular 
chaperone Clusterin enhances Tau aggregate seeding in a cellular model. Nat 
Commun 12, 4863. 10.1038/s41467-021-25060-1. 

21. Ramsden, M., Kotilinek, L., Forster, C., Paulson, J., McGowan, E., SantaCruz, K., 
Guimaraes, A., Yue, M., Lewis, J., Carlson, G., et al. (2005). Age-dependent 
neurofibrillary tangle formation, neuron loss, and memory impairment in a mouse 
model of human tauopathy (P301L). J Neurosci 25, 10637-10647. 
10.1523/JNEUROSCI.3279-05.2005. 

22. Pasinetti, G.M., Johnson, S.A., Oda, T., Rozovsky, I., and Finch, C.E. (1994). 
Clusterin (SGP-2): a multifunctional glycoprotein with regional expression in 
astrocytes and neurons of the adult rat brain. J Comp Neurol 339, 387-400. 
10.1002/cne.903390307. 

23. Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S., Young, J.Z., 
Menon, M., He, L., Abdurrob, F., Jiang, X., et al. (2019). Single-cell transcriptomic 
analysis of Alzheimer's disease. Nature 570, 332-337. 10.1038/s41586-019-1195-2. 

24. Koch, S., Donarski, N., Goetze, K., Kreckel, M., Stuerenburg, H.J., Buhmann, C., and 
Beisiegel, U. (2001). Characterization of four lipoprotein classes in human 
cerebrospinal fluid. J Lipid Res 42, 1143-1151. 

25. Messmer-Joudrier, S., Sagot, Y., Mattenberger, L., James, R.W., and Kato, A.C. 
(1996). Injury-induced synthesis and release of apolipoprotein E and clusterin from 
rat neural cells. Eur J Neurosci 8, 2652-2661. 10.1111/j.1460-9568.1996.tb01560.x. 

26. Ko, Y.A., Billheimer, J.T., Lyssenko, N.N., Kueider-Paisley, A., Wolk, D.A., Arnold, 
S.E., Leung, Y.Y., Shaw, L.M., Trojanowski, J.Q., Kaddurah-Daouk, R.F., et al. (2022). 
ApoJ/Clusterin concentrations are determinants of cerebrospinal fluid cholesterol 
efflux capacity and reduced levels are associated with Alzheimer's disease. 
Alzheimers Res Ther 14, 194. 10.1186/s13195-022-01119-z. 

27. DeMattos, R.B., Brendza, R.P., Heuser, J.E., Kierson, M., Cirrito, J.R., Fryer, J., 
Sullivan, P.M., Fagan, A.M., Han, X., and Holtzman, D.M. (2001). Purification and 
characterization of astrocyte-secreted apolipoprotein E and J-containing lipoproteins 
from wild-type and human apoE transgenic mice. Neurochem Int 39, 415-425. 
10.1016/s0197-0186(01)00049-3. 

28. De Miguel, Z., Khoury, N., Betley, M.J., Lehallier, B., Willoughby, D., Olsson, N., Yang, 
A.C., Hahn, O., Lu, N., Vest, R.T., et al. (2021). Exercise plasma boosts memory and 
dampens brain inflammation via clusterin. Nature 600, 494-499. 10.1038/s41586-
021-04183-x. 

29. Chen, F., Swartzlander, D.B., Ghosh, A., Fryer, J.D., Wang, B., and Zheng, H. (2021). 
Clusterin secreted from astrocyte promotes excitatory synaptic transmission and 
ameliorates Alzheimer's disease neuropathology. Mol Neurodegener 16, 5. 
10.1186/s13024-021-00426-7. 

30. Lambert, J.C., Heath, S., Even, G., Campion, D., Sleegers, K., Hiltunen, M., 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 50

Combarros, O., Zelenika, D., Bullido, M.J., Tavernier, B., et al. (2009). Genome-wide 
association study identifies variants at CLU and CR1 associated with Alzheimer's 
disease. Nat Genet 41, 1094-1099. 10.1038/ng.439. 

31. Ling, I.F., Bhongsatiern, J., Simpson, J.F., Fardo, D.W., and Estus, S. (2012). 
Genetics of clusterin isoform expression and Alzheimer's disease risk. PLoS One 7, 
e33923. 10.1371/journal.pone.0033923. 

32. Braskie, M.N., Jahanshad, N., Stein, J.L., Barysheva, M., McMahon, K.L., de 
Zubicaray, G.I., Martin, N.G., Wright, M.J., Ringman, J.M., Toga, A.W., and 
Thompson, P.M. (2011). Common Alzheimer's disease risk variant within the CLU 
gene affects white matter microstructure in young adults. J Neurosci 31, 6764-6770. 
10.1523/JNEUROSCI.5794-10.2011. 

33. Allen, M., Zou, F., Chai, H.S., Younkin, C.S., Crook, J., Pankratz, V.S., Carrasquillo, 
M.M., Rowley, C.N., Nair, A.A., Middha, S., et al. (2012). Novel late-onset Alzheimer 
disease loci variants associate with brain gene expression. Neurology 79, 221-228. 
10.1212/WNL.0b013e3182605801. 

34. Tan, L., Wang, H.F., Tan, M.S., Tan, C.C., Zhu, X.C., Miao, D., Yu, W.J., Jiang, T., Tan, 
L., Yu, J.T., and Alzheimer's Disease Neuroimaging, I. (2016). Effect of CLU genetic 
variants on cerebrospinal fluid and neuroimaging markers in healthy, mild cognitive 
impairment and Alzheimer's disease cohorts. Sci Rep 6, 26027. 10.1038/srep26027. 

35. Butler, J.M., Hall, N., Narendran, N., Yang, Y.C., and Paraoan, L. (2017). 
Identification of candidate protective variants for common diseases and evaluation of 
their protective potential. BMC Genomics 18, 575. 10.1186/s12864-017-3964-3. 

36. Saha, S., Khan, N., Comi, T., Verhagen, A., Sasmal, A., Diaz, S., Yu, H., Chen, X., 
Akey, J.M., Frank, M., et al. (2022). Evolution of Human-Specific Alleles Protecting 
Cognitive Function of Grandmothers. Mol Biol Evol 39. 10.1093/molbev/msac151. 

37. Schwarz, F., Springer, S.A., Altheide, T.K., Varki, N.M., Gagneux, P., and Varki, A. 
(2016). Human-specific derived alleles of CD33 and other genes protect against 
postreproductive cognitive decline. Proc Natl Acad Sci U S A 113, 74-79. 
10.1073/pnas.1517951112. 

38. Kiani, L. (2024). Genetic protection against Alzheimer disease. Nat Rev Neurol. 
10.1038/s41582-024-00968-6. 

39. Seto, M., Weiner, R.L., Dumitrescu, L., and Hohman, T.J. (2021). Protective genes 
and pathways in Alzheimer's disease: moving towards precision interventions. Mol 
Neurodegener 16, 29. 10.1186/s13024-021-00452-5. 

40. Hou, J., Hess, J.L., Armstrong, N., Bis, J.C., Grenier-Boley, B., Karlsson, I.K., 
Leonenko, G., Numbers, K., O'Brien, E.K., Shadrin, A., et al. (2022). Polygenic 
resilience scores capture protective genetic effects for Alzheimer's disease. Transl 
Psychiatry 12, 296. 10.1038/s41398-022-02055-0. 

41. Zhang, S., Zhang, H., Zhou, Y., Qiao, M., Zhao, S., Kozlova, A., Shi, J., Sanders, 
A.R., Wang, G., Luo, K., et al. (2020). Allele-specific open chromatin in human iPSC 
neurons elucidates functional disease variants. Science 369, 561-565. 
10.1126/science.aay3983. 

42. Zhang, S., Zhang, H., Forrest, M.P., Zhou, Y., Sun, X., Bagchi, V.A., Kozlova, A., 
Santos, M.D., Piguel, N.H., Dionisio, L.E., et al. (2023). Multiple genes in a single 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 51

GWAS risk locus synergistically mediate aberrant synaptic development and function 
in human neurons. Cell Genom 3, 100399. 10.1016/j.xgen.2023.100399. 

43. Duan, J., Kozlova, A., Zhang, S., Sudwards, A., Zhang, H., Smirnou, S., Sun, X., 
Stephenson, K., Zhao, X., Jamison, B., et al. (2024). Alzheimer's disease risk allele 
of PICALM causes detrimental lipid droplets in microglia. Res Sq. 10.21203/rs.3.rs-
4407146/v1. 

44. Bellenguez, C., Kucukali, F., Jansen, I.E., Kleineidam, L., Moreno-Grau, S., Amin, N., 
Naj, A.C., Campos-Martin, R., Grenier-Boley, B., Andrade, V., et al. (2022). New 
insights into the genetic etiology of Alzheimer's disease and related dementias. Nat 
Genet 54, 412-436. 10.1038/s41588-022-01024-z. 

45. Wightman, D.P., Jansen, I.E., Savage, J.E., Shadrin, A.A., Bahrami, S., Holland, D., 
Rongve, A., Borte, S., Winsvold, B.S., Drange, O.K., et al. (2021). A genome-wide 
association study with 1,126,563 individuals identifies new risk loci for Alzheimer's 
disease. Nat Genet 53, 1276-1282. 10.1038/s41588-021-00921-z. 

46. Jubao Duan, A.K., Siwei Zhang et al. (24 May 2024). Alzheimer's disease risk allele 
of PICALM causes detrimental lipid droplets in microglia. 

47. Thaler, J.P., Koo, S.J., Kania, A., Lettieri, K., Andrews, S., Cox, C., Jessell, T.M., and 
Pfaff, S.L. (2004). A postmitotic role for Isl-class LIM homeodomain proteins in the 
assignment of visceral spinal motor neuron identity. Neuron 41, 337-350. 
10.1016/s0896-6273(04)00011-x. 

48. Ito, T., Sakai, A., Maruyama, M., Miyagawa, Y., Okada, T., Fukayama, H., and Suzuki, 
H. (2020). Dorsal Root Ganglia Homeobox downregulation in primary sensory 
neurons contributes to neuropathic pain in rats. Mol Pain 16, 1744806920904462. 
10.1177/1744806920904462. 

49. Bettens, K., Vermeulen, S., Van Cauwenberghe, C., Heeman, B., Asselbergh, B., 
Robberecht, C., Engelborghs, S., Vandenbulcke, M., Vandenberghe, R., De Deyn, 
P.P., et al. (2015). Reduced secreted clusterin as a mechanism for Alzheimer-
associated CLU mutations. Mol Neurodegener 10, 30. 10.1186/s13024-015-0024-9. 

50. Wilkinson, K., and El Khoury, J. (2012). Microglial scavenger receptors and their 
roles in the pathogenesis of Alzheimer's disease. Int J Alzheimers Dis 2012, 489456. 
10.1155/2012/489456. 

51. Li, X.W., Duan, T.T., Chu, J.Y., Pan, S.Y., Zeng, Y., and Hu, F.F. (2023). SCAD-Brain: 
a public database of single cell RNA-seq data in human and mouse brains with 
Alzheimer's disease. Front Aging Neurosci 15, 1157792. 10.3389/fnagi.2023.1157792. 

52. Lau, S.F., Cao, H., Fu, A.K.Y., and Ip, N.Y. (2020). Single-nucleus transcriptome 
analysis reveals dysregulation of angiogenic endothelial cells and neuroprotective 
glia in Alzheimer's disease. Proc Natl Acad Sci U S A 117, 25800-25809. 
10.1073/pnas.2008762117. 

53. Berryer, M.H., Tegtmeyer, M., Binan, L., Valakh, V., Nathanson, A., Trendafilova, D., 
Crouse, E., Klein, J.A., Meyer, D., Pietilainen, O., et al. (2023). Robust induction of 
functional astrocytes using NGN2 expression in human pluripotent stem cells. 
iScience 26, 106995. 10.1016/j.isci.2023.106995. 

54. Celone, K.A., Calhoun, V.D., Dickerson, B.C., Atri, A., Chua, E.F., Miller, S.L., 
DePeau, K., Rentz, D.M., Selkoe, D.J., Blacker, D., et al. (2006). Alterations in 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 52

memory networks in mild cognitive impairment and Alzheimer's disease: an 
independent component analysis. J Neurosci 26, 10222-10231. 
10.1523/JNEUROSCI.2250-06.2006. 

55. Patro, R., Duggal, G., Love, M.I., Irizarry, R.A., and Kingsford, C. (2017). Salmon 
provides fast and bias-aware quantification of transcript expression. Nat Methods 14, 
417-419. 10.1038/nmeth.4197. 

56. Agrawal, A., Balci, H., Hanspers, K., Coort, S.L., Martens, M., Slenter, D.N., Ehrhart, 
F., Digles, D., Waagmeester, A., Wassink, I., et al. (2024). WikiPathways 2024: next 
generation pathway database. Nucleic Acids Res 52, D679-D689. 
10.1093/nar/gkad960. 

57. Cirrito, J.R., Yamada, K.A., Finn, M.B., Sloviter, R.S., Bales, K.R., May, P.C., 
Schoepp, D.D., Paul, S.M., Mennerick, S., and Holtzman, D.M. (2005). Synaptic 
activity regulates interstitial fluid amyloid-beta levels in vivo. Neuron 48, 913-922. 
10.1016/j.neuron.2005.10.028. 

58. Yamamoto, K., Tanei, Z.I., Hashimoto, T., Wakabayashi, T., Okuno, H., Naka, Y., 
Yizhar, O., Fenno, L.E., Fukayama, M., Bito, H., et al. (2015). Chronic optogenetic 
activation augments abeta pathology in a mouse model of Alzheimer disease. Cell 
Rep 11, 859-865. 10.1016/j.celrep.2015.04.017. 

59. De La Rossa, A., Laporte, M.H., Astori, S., Marissal, T., Montessuit, S., Sheshadri, P., 
Ramos-Fernandez, E., Mendez, P., Khani, A., Quairiaux, C., et al. (2022). 
Paradoxical neuronal hyperexcitability in a mouse model of mitochondrial pyruvate 
import deficiency. Elife 11. 10.7554/eLife.72595. 

60. Zhao, X., Zhang, S., Sanders, A.R., and Duan, J. (2023). Brain Lipids and Lipid 
Droplet Dysregulation in Alzheimer's Disease and Neuropsychiatric Disorders. 
Complex Psychiatry 9, 154-171. 10.1159/000535131. 

61. Liu, L., MacKenzie, K.R., Putluri, N., Maletic-Savatic, M., and Bellen, H.J. (2017). The 
Glia-Neuron Lactate Shuttle and Elevated ROS Promote Lipid Synthesis in Neurons 
and Lipid Droplet Accumulation in Glia via APOE/D. Cell Metab 26, 719-737 e716. 
10.1016/j.cmet.2017.08.024. 

62. Ioannou, M.S., Jackson, J., Sheu, S.H., Chang, C.L., Weigel, A.V., Liu, H., Pasolli, 
H.A., Xu, C.S., Pang, S., Matthies, D., et al. (2019). Neuron-Astrocyte Metabolic 
Coupling Protects against Activity-Induced Fatty Acid Toxicity. Cell 177, 1522-1535 
e1514. 10.1016/j.cell.2019.04.001. 

63. Schonfeld, P., and Wojtczak, L. (2008). Fatty acids as modulators of the cellular 
production of reactive oxygen species. Free Radic Biol Med 45, 231-241. 
10.1016/j.freeradbiomed.2008.04.029. 

64. Sies, H., and Jones, D.P. (2020). Reactive oxygen species (ROS) as pleiotropic 
physiological signalling agents. Nat Rev Mol Cell Biol 21, 363-383. 10.1038/s41580-
020-0230-3. 

65. Shi, Q., Zeng, Y., Xue, C., Chu, Q., Yuan, X., and Li, L. (2024). Development of a 
promising PPAR signaling pathway-related prognostic prediction model for 
hepatocellular carcinoma. Sci Rep 14, 4926. 10.1038/s41598-024-55086-6. 

66. Chung, H.L., Wangler, M.F., Marcogliese, P.C., Jo, J., Ravenscroft, T.A., Zuo, Z., 
Duraine, L., Sadeghzadeh, S., Li-Kroeger, D., Schmidt, R.E., et al. (2020). Loss- or 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 53

Gain-of-Function Mutations in ACOX1 Cause Axonal Loss via Different Mechanisms. 
Neuron 106, 589-606 e586. 10.1016/j.neuron.2020.02.021. 

67. Chung, H.L., Ye, Q., Park, Y.J., Zuo, Z., Mok, J.W., Kanca, O., Tattikota, S.G., Lu, S., 
Perrimon, N., Lee, H.K., and Bellen, H.J. (2023). Very-long-chain fatty acids induce 
glial-derived sphingosine-1-phosphate synthesis, secretion, and neuroinflammation. 
Cell Metab 35, 855-874 e855. 10.1016/j.cmet.2023.03.022. 

68. Thevenet, J., De Marchi, U., Domingo, J.S., Christinat, N., Bultot, L., Lefebvre, G., 
Sakamoto, K., Descombes, P., Masoodi, M., and Wiederkehr, A. (2016). Medium-
chain fatty acids inhibit mitochondrial metabolism in astrocytes promoting astrocyte-
neuron lactate and ketone body shuttle systems. FASEB J 30, 1913-1926. 
10.1096/fj.201500182. 

69. Morant-Ferrando, B., Jimenez-Blasco, D., Alonso-Batan, P., Agulla, J., Lapresa, R., 
Garcia-Rodriguez, D., Yunta-Sanchez, S., Lopez-Fabuel, I., Fernandez, E., Carmeliet, 
P., et al. (2023). Fatty acid oxidation organizes mitochondrial supercomplexes to 
sustain astrocytic ROS and cognition. Nat Metab 5, 1290-1302. 10.1038/s42255-023-
00835-6. 

70. Vicente-Gutierrez, C., Bonora, N., Bobo-Jimenez, V., Jimenez-Blasco, D., Lopez-
Fabuel, I., Fernandez, E., Josephine, C., Bonvento, G., Enriquez, J.A., Almeida, A., 
and Bolanos, J.P. (2019). Astrocytic mitochondrial ROS modulate brain metabolism 
and mouse behaviour. Nat Metab 1, 201-211. 10.1038/s42255-018-0031-6. 

71. Haynes, P.R., Pyfrom, E.S., Li, Y., Stein, C., Cuddapah, V.A., Jacobs, J.A., Yue, Z., 
and Sehgal, A. (2024). A neuron-glia lipid metabolic cycle couples daily sleep to 
mitochondrial homeostasis. Nat Neurosci 27, 666-678. 10.1038/s41593-023-01568-1. 

72. Goodman, L.D., Moulton, M.J., and Bellen, H.J. (2024). Glial lipid droplets resolve 
ROS during sleep. Nat Neurosci 27, 610-612. 10.1038/s41593-023-01546-7. 

73. Rebeck, G.W. (2017). The role of APOE on lipid homeostasis and inflammation in 
normal brains. J Lipid Res 58, 1493-1499. 10.1194/jlr.R075408. 

74. Ioannou, M.S., Liu, Z., and Lippincott-Schwartz, J. (2019). A Neuron-Glia Co-culture 
System for Studying Intercellular Lipid Transport. Curr Protoc Cell Biol 84, e95. 
10.1002/cpcb.95. 

75. Moulton, M.J., Barish, S., Ralhan, I., Chang, J., Goodman, L.D., Harland, J.G., 
Marcogliese, P.C., Johansson, J.O., Ioannou, M.S., and Bellen, H.J. (2021). Neuronal 
ROS-induced glial lipid droplet formation is altered by loss of Alzheimer's disease-
associated genes. Proc Natl Acad Sci U S A 118. 10.1073/pnas.2112095118. 

76. Liu, L., Zhang, K., Sandoval, H., Yamamoto, S., Jaiswal, M., Sanz, E., Li, Z., Hui, J., 
Graham, B.H., Quintana, A., and Bellen, H.J. (2015). Glial lipid droplets and ROS 
induced by mitochondrial defects promote neurodegeneration. Cell 160, 177-190. 
10.1016/j.cell.2014.12.019. 

77. Marschallinger, J., Iram, T., Zardeneta, M., Lee, S.E., Lehallier, B., Haney, M.S., 
Pluvinage, J.V., Mathur, V., Hahn, O., Morgens, D.W., et al. (2020). Lipid-droplet-
accumulating microglia represent a dysfunctional and proinflammatory state in the 
aging brain. Nat Neurosci 23, 194-208. 10.1038/s41593-019-0566-1. 

78. Bailey, A.P., Koster, G., Guillermier, C., Hirst, E.M., MacRae, J.I., Lechene, C.P., 
Postle, A.D., and Gould, A.P. (2015). Antioxidant Role for Lipid Droplets in a Stem 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 54

Cell Niche of Drosophila. Cell 163, 340-353. 10.1016/j.cell.2015.09.020. 
79. Olzmann, J.A., and Carvalho, P. (2019). Dynamics and functions of lipid droplets. Nat 

Rev Mol Cell Biol 20, 137-155. 10.1038/s41580-018-0085-z. 
80. Jarc, E., and Petan, T. (2019). Lipid Droplets and the Management of Cellular Stress. 

Yale J Biol Med 92, 435-452. 
81. Zhang, Y.M., Qi, Y.B., Gao, Y.N., Chen, W.G., Zhou, T., Zang, Y., and Li, J. (2023). 

Astrocyte metabolism and signaling pathways in the CNS. Front Neurosci 17, 
1217451. 10.3389/fnins.2023.1217451. 

82. Mahmoud, S., Gharagozloo, M., Simard, C., and Gris, D. (2019). Astrocytes Maintain 
Glutamate Homeostasis in the CNS by Controlling the Balance between Glutamate 
Uptake and Release. Cells 8. 10.3390/cells8020184. 

83. Begni, B., Brighina, L., Sirtori, E., Fumagalli, L., Andreoni, S., Beretta, S., Oster, T., 
Malaplate-Armand, C., Isella, V., Appollonio, I., and Ferrarese, C. (2004). Oxidative 
stress impairs glutamate uptake in fibroblasts from patients with Alzheimer's disease. 
Free Radic Biol Med 37, 892-901. 10.1016/j.freeradbiomed.2004.05.028. 

84. Anathy, V., Roberson, E.C., Guala, A.S., Godburn, K.E., Budd, R.C., and Janssen-
Heininger, Y.M. (2012). Redox-based regulation of apoptosis: S-glutathionylation as a 
regulatory mechanism to control cell death. Antioxid Redox Signal 16, 496-505. 
10.1089/ars.2011.4281. 

85. Yan, Y., Teng, H., Hang, Q., Kondiparthi, L., Lei, G., Horbath, A., Liu, X., Mao, C., Wu, 
S., Zhuang, L., et al. (2023). SLC7A11 expression level dictates differential 
responses to oxidative stress in cancer cells. Nat Commun 14, 3673. 
10.1038/s41467-023-39401-9. 

86. Wojtas, A.M., Sens, J.P., Kang, S.S., Baker, K.E., Berry, T.J., Kurti, A., Daughrity, L., 
Jansen-West, K.R., Dickson, D.W., Petrucelli, L., et al. (2020). Astrocyte-derived 
clusterin suppresses amyloid formation in vivo. Mol Neurodegener 15, 71. 
10.1186/s13024-020-00416-1. 

87. Zhou, J., Singh, N., Galske, J., Hudobenko, J., Hu, X., and Yan, R. (2023). BACE1 
regulates expression of Clusterin in astrocytes for enhancing clearance of beta-
amyloid peptides. Mol Neurodegener 18, 31. 10.1186/s13024-023-00611-w. 

88. Liu, Z., Chao, J., Wang, C., Sun, G., Roeth, D., Liu, W., Chen, X., Li, L., Tian, E., 
Feng, L., et al. (2023). Astrocytic response mediated by the CLU risk allele inhibits 
OPC proliferation and myelination in a human iPSC model. Cell Rep 42, 112841. 
10.1016/j.celrep.2023.112841. 

89. Stone, D.J., Rozovsky, I., Morgan, T.E., Anderson, C.P., and Finch, C.E. (1998). 
Increased synaptic sprouting in response to estrogen via an apolipoprotein E-
dependent mechanism: implications for Alzheimer's disease. J Neurosci 18, 3180-
3185. 10.1523/JNEUROSCI.18-09-03180.1998. 

90. Cordero-Llana, O., Scott, S.A., Maslen, S.L., Anderson, J.M., Boyle, J., Chowhdury, 
R.R., Tyers, P., Barker, R.A., Kelly, C.M., Rosser, A.E., et al. (2011). Clusterin 
secreted by astrocytes enhances neuronal differentiation from human neural 
precursor cells. Cell Death Differ 18, 907-913. 10.1038/cdd.2010.169. 

91. Ghatak, S., Dolatabadi, N., Trudler, D., Zhang, X., Wu, Y., Mohata, M., Ambasudhan, 
R., Talantova, M., and Lipton, S.A. (2019). Mechanisms of hyperexcitability in 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 55

Alzheimer's disease hiPSC-derived neurons and cerebral organoids vs isogenic 
controls. Elife 8. 10.7554/eLife.50333. 

92. Siskova, Z., Justus, D., Kaneko, H., Friedrichs, D., Henneberg, N., Beutel, T., Pitsch, 
J., Schoch, S., Becker, A., von der Kammer, H., and Remy, S. (2014). Dendritic 
structural degeneration is functionally linked to cellular hyperexcitability in a mouse 
model of Alzheimer's disease. Neuron 84, 1023-1033. 10.1016/j.neuron.2014.10.024. 

93. Targa Dias Anastacio, H., Matosin, N., and Ooi, L. (2022). Neuronal hyperexcitability 
in Alzheimer's disease: what are the drivers behind this aberrant phenotype? Transl 
Psychiatry 12, 257. 10.1038/s41398-022-02024-7. 

94. Luo, W., Qu, W., and Gan, L. (2023). The AD odyssey 2023: Tales of single cell. Cell 
186, 4257-4259. 10.1016/j.cell.2023.09.001. 

95. Wang, J., Rousseau, J., Kim, E., Ehresmann, S., Cheng, Y.T., Duraine, L., Zuo, Z., 
Park, Y.J., Li-Kroeger, D., Bi, W., et al. (2019). Loss of Oxidation Resistance 1, OXR1, 
Is Associated with an Autosomal-Recessive Neurological Disease with Cerebellar 
Atrophy and Lysosomal Dysfunction. Am J Hum Genet 105, 1237-1253. 
10.1016/j.ajhg.2019.11.002. 

96. Scialò, F., Sriram, A., Fernández-Ayala, D., Gubina, N., Lõhmus, M., Nelson, G., 
Logan, A., Cooper, H.M., Navas, P., Enríquez, J.A., et al. (2016). Mitochondrial ROS 
Produced via Reverse Electron Transport Extend Animal Lifespan. Cell Metab 23, 
725-734. 10.1016/j.cmet.2016.03.009. 

97. Schulz, T.J., Zarse, K., Voigt, A., Urban, N., Birringer, M., and Ristow, M. (2007). 
Glucose restriction extends Caenorhabditis elegans life span by inducing 
mitochondrial respiration and increasing oxidative stress. Cell Metab 6, 280-293. 
10.1016/j.cmet.2007.08.011. 

98. Levinson, D.F., Duan, J., Oh, S., Wang, K., Sanders, A.R., Shi, J., Zhang, N., Mowry, 
B.J., Olincy, A., Amin, F., et al. (2011). Copy number variants in schizophrenia: 
confirmation of five previous findings and new evidence for 3q29 microdeletions and 
VIPR2 duplications. Am J Psychiatry 168, 302-316. appi.ajp.2010.10060876 
[pii]10.1176/appi.ajp.2010.10060876. 

99. Datlinger, P., Rendeiro, A.F., Schmidl, C., Krausgruber, T., Traxler, P., Klughammer, J., 
Schuster, L.C., Kuchler, A., Alpar, D., and Bock, C. (2017). Pooled CRISPR screening 
with single-cell transcriptome readout. Nat Methods 14, 297-301. 
10.1038/nmeth.4177. 

100. Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., and Zhang, F. (2013). 
Genome engineering using the CRISPR-Cas9 system. Nat Protoc 8, 2281-2308. 
10.1038/nprot.2013.143. 

101. Ihry, R.J., Worringer, K.A., Salick, M.R., Frias, E., Ho, D., Theriault, K., Kommineni, 
S., Chen, J., Sondey, M., Ye, C., et al. (2018). p53 inhibits CRISPR-Cas9 engineering 
in human pluripotent stem cells. Nat Med 24, 939-946. 10.1038/s41591-018-0050-6. 

102. Zhao, X., Wilson, K., Uteshev, V., and He, J.J. (2021). Activation of alpha7 nicotinic 
acetylcholine receptor ameliorates HIV-associated neurology and neuropathology. 
Brain 144, 3355-3370. 10.1093/brain/awab251. 

103. Zhang, Y., Pak, C., Han, Y., Ahlenius, H., Zhang, Z., Chanda, S., Marro, S., Patzke, 
C., Acuna, C., Covy, J., et al. (2013). Rapid single-step induction of functional 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 

 56

neurons from human pluripotent stem cells. Neuron 78, 785-798. 
10.1016/j.neuron.2013.05.029. 

104. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source 
platform for biological-image analysis. Nat Methods 9, 676-682. 10.1038/nmeth.2019. 

105. Challis, R.C., Ravindra Kumar, S., Chan, K.Y., Challis, C., Beadle, K., Jang, M.J., 
Kim, H.M., Rajendran, P.S., Tompkins, J.D., Shivkumar, K., et al. (2019). Systemic 
AAV vectors for widespread and targeted gene delivery in rodents. Nat Protoc 14, 
379-414. 10.1038/s41596-018-0097-3. 

106. Berg, S., Kutra, D., Kroeger, T., Straehle, C.N., Kausler, B.X., Haubold, C., Schiegg, 
M., Ales, J., Beier, T., Rudy, M., et al. (2019). ilastik: interactive machine learning for 
(bio)image analysis. Nat Methods 16, 1226-1232. 10.1038/s41592-019-0582-9. 

107. Carpenter, A.E., Jones, T.R., Lamprecht, M.R., Clarke, C., Kang, I.H., Friman, O., 
Guertin, D.A., Chang, J.H., Lindquist, R.A., Moffat, J., et al. (2006). CellProfiler: 
image analysis software for identifying and quantifying cell phenotypes. Genome Biol 
7, R100. 10.1186/gb-2006-7-10-r100. 

108. Zhao, X., Zhang, F., Kandel, S.R., Brau, F., and He, J.J. (2022). HIV Tat and cocaine 
interactively alter genome-wide DNA methylation and gene expression and 
exacerbate learning and memory impairments. Cell Rep 39, 110765. 
10.1016/j.celrep.2022.110765. 

109. Tung, K.F., Pan, C.Y., Chen, C.H., and Lin, W.C. (2020). Top-ranked expressed gene 
transcripts of human protein-coding genes investigated with GTEx dataset. Sci Rep 
10, 16245. 10.1038/s41598-020-73081-5. 

110. Kuleshov, M.V., Jones, M.R., Rouillard, A.D., Fernandez, N.F., Duan, Q., Wang, Z., 
Koplev, S., Jenkins, S.L., Jagodnik, K.M., Lachmann, A., et al. (2016). Enrichr: a 
comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids 
Res 44, W90-97. 10.1093/nar/gkw377. 

 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/


 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 15, 2024. ; https://doi.org/10.1101/2024.08.14.24312009doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.14.24312009
http://creativecommons.org/licenses/by-nd/4.0/

