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            Abstract
APOE4 is the strongest genetic risk factor for Alzheimer’s disease1,2,3. However, the effects of APOE4 on the human brain are not fully understood, limiting opportunities to develop targeted therapeutics for individuals carrying APOE4 and other risk factors for Alzheimer’s disease4,5,6,7,8. Here, to gain more comprehensive insights into the impact of APOE4 on the human brain, we performed single-cell transcriptomics profiling of post-mortem human brains from APOE4 carriers compared with non-carriers. This revealed that APOE4 is associated with widespread gene expression changes across all cell types of the human brain. Consistent with the biological function of APOE2,3,4,5,6, APOE4 significantly altered signalling pathways associated with cholesterol homeostasis and transport. Confirming these findings with histological and lipidomic analysis of the post-mortem human brain, induced pluripotent stem-cell-derived cells and targeted-replacement mice, we show that cholesterol is aberrantly deposited in oligodendrocytes—myelinating cells that are responsible for insulating and promoting the electrical activity of neurons. We show that altered cholesterol localization in the APOE4 brain coincides with reduced myelination. Pharmacologically facilitating cholesterol transport increases axonal myelination and improves learning and memory in APOE4 mice. We provide a single-cell atlas describing the transcriptional effects of APOE4 on the aging human brain and establish a functional link between APOE4, cholesterol, myelination and memory, offering therapeutic opportunities for Alzheimer’s disease.
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                    Fig. 1: Cell-type-specific APOE4-associated pathway alterations.[image: ]


Fig. 2: APOE4 alters cholesterol homeostasis and localization in human post-mortem oligodendrocytes.[image: ]


Fig. 3: APOE4 alters cholesterol homeostasis and localization in iPS-cell-derived oligodendrocytes.[image: ]


Fig. 4: APOE4 leads to impaired myelination in mice and humans.[image: ]


Fig. 5: iPS-cell-derived APOE4 oligodendroglia exhibit myelination deficits in neuronal co-cultures.[image: ]


Fig. 6: Cyclodextrin improves myelination and learning and memory in old APOE4 mice.[image: ]
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                Data availability

              
              The snRNA-seq data are available at the Synapse AD Knowledge Portal (syn38120890), including corresponding ROSMAP metadata. The data are available under the controlled use conditions set by human privacy regulations. To access the data, a data use agreement is needed. This registration is in place solely to ensure anonymity of the ROSMAP study participants. A data use agreement can be agreed with either RUSH university Medical centre (RUMC) or with SAGE, which maintains Synapse, and can be downloaded from their websites. See our code repository for a detailed list of data availability and download links.

            

Code availability

              
              Codes, along with detailed instructions on how to reproduce the analyses presented herein, are available on GitHub (https://github.com/djunamay/apoe4myelin).
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Extended data figures and tables

Extended Data Fig. 1 Subject-level metadata and single-cell annotation quality control.
a, Study cohort description by APOE genotype groups: APOE3/3-carriers (grey), APOE3/4-carriers (pink), APOE4/4-carriers (red); balanced according to positive (glow) or negative pathological diagnosis (no glow) Cartoons generated with BioRender. APOE4/4 group comprised 3 male and 5 female subjects, all with an AD diagnosis. AD status is defined based on pathological (high amyloid and tau pathology) and cognitive diagnosis of Alzheimer’s dementia (final consensus cognitive diagnosis, cogdx=4). b, Distribution of pathology variables, PMI, and age at death in cohort. Unadjusted wilcoxon test p-values shown, two-sided (N = 6 per group, except for APOE4/4, where N = 8). Boxplots indicate median, 25th and 75th percentiles. c, Experimental and computational workflow of the single-cell analysis involves single nuclei isolation and sequencing, followed by computational analysis for sub-clustering and cell type annotation. Cartoons generated with BioRender d, Two-dimensional representation of all high-quality cells included in downstream analysis labelled by major cell types. e, Cell-type-specific marker gene expression projected onto two-dimensional representation of cell space. Coloured bars indicate the cell type for which a given gene was considered a marker. See panel i for legend. f, Expanded view of immune and vascular cell types within cell space. g, Enrichment of markers from two independent datasets (columns) within genes with preferential gene expression across annotated cell groups (rows). h, Distribution of inter-subject correlation values by cell type. Boxplots indicate median, 25th and 75th percentiles. i, Pairwise correlations of cell-type-specific individual-level transcriptomic profiles (average expression values across cells of a given type, N = 32 profiles per cell type). j, Median number of cells per subject by cell type. k, Fraction of subjects lacking cells of a given type. l, Individual distributions across cell types. m, Individual cell-type fractions organized by pathological diagnosis and APOE genotype.


Extended Data Fig. 2 APOE-associated and lipid pathway changes in APOE4 and AD.
a, Curation process for APOE-associated pathway database. Brain cell type expression was defined as nonzero detection of a gene in >10% of cells of that cell type. b, Transcriptional activity scores of APOE-associated pathways that show cell-type-specific patterns. c, Individual-level average expression of cholesterol biosynthesis genes from Fig. 2a in oligodendrocytes. d, Overrepresentation of lipid-related pathways (database from Fig. 1c) within genes differentially expressed in APOE4 relative to APOE3 in human post-mortem oligodendrocytes as estimated by a negative binomial mixed model (NBMM). e, Altered lipid-associated pathways (see methods) in APOE3/3 vs APOE3/4-carriers, in no AD background (control) (nominal p-value < 0.05, linear model, unadjusted, N = 6 per group). Pathways of special interest are highlighted in bold. (-) indicates negative regulation. f–k, Pathway activity scores for ‘Cholesterol biosynthesis III (via desmosterol) stratified by APOE genotype and/or AD pathology (p-values, linear model, unadjusted, n = 6 per group). Boxplots indicate median, 25th and 75th percentiles.


Extended Data Fig. 3 Large-scale lipidomic analysis of human prefrontal cortex.
a, Overview of ROSMAP cohorts on which lipidomic analysis was performed. Cartoons generated with BioRender b, Cohort clinicopathological characteristics. NFT = neurofibrillary tangles (p values calculated with Wilcoxon rank-sum test, two-sided). c, A single cholesterol ester (ChE) species passed quality control (see Methods) and showed significant (p<0.05, Wilcoxon rank-sum test, two-sided) differential concentration when comparing APOE3/3 vs APOE3/4 and APOE4/4-carriers stratified by pathology. ChE(18:1) indicates a ChE with carboxylate position 18 and one unsaturated fatty acid bond. d, Distribution of the concentration of ChE species from c) (p-value = 0.046, Wilcoxon rank-sum test, two-sided). Boxplots indicate median, 25th and 75th percentiles.


Extended Data Fig. 4 Lipid droplets in human and mouse brain.
a, Co-localization of immunohistochemistry against lipid-droplet associated protein perilipin-1 (PLIN1) with Bodipy-cholesterol staining in the human prefrontal cortex from APOE3/3 and APOE3/4 individuals (n = 3 imaged per genotype). Cell nuclei stained with Hoechst dye. b, Transmission electron microscopy (TEM) on corpus callosum from six-month-old APOE3-TR and APOE4-TR mice (males, n = 3 per genotype). The number of lipid droplets was quantified in four 1 μm2 areas per image from three images per mouse. Right panel, dots represent mean value per mouse and bar represents mean value for group, p value was calculated using unpaired, two-tailed student’s t-test. c, Representative images of Bodipy-cholesterol staining, with markers for microglia (IBA1), astrocytes (GFAP) and oligodendrocytes (OLIG2) in the prefrontal cortex of APOE4-carriers (n = four individuals). Dotted outline in the OLIG2 panel depicts the 2 μm radius around the nucleus that was quantified for the presence of Bodipy-cholesterol. Scale bar 10 μm. Bodipy-cholesterol staining was quantified for cell type based on localization with cell-type-specific markers. Bars depict means from different biological replicates. P values calculated using unpaired, two-tailed student’s t-test. The dotted outline in the OLIG2 panel depicts the 2 μm radius around the nucleus that was quantified for the presence of Bodipy-cholesterol. d, Co-localization of perilipin-1 (PLIN1) immunoreactivity around OLIG2-positive nuclei in prefrontal cortex from an APOE3/4 individual. e, Quantification of the number of perilipin-1 punctae around representative OLIG2-positive nuclei in APOE3/3 and APOE3/4 individuals (n=4 per genotype). The number of Perilipin-1 punctae was determined using Imaris software. P-value was calculated using unpaired, two-tailed student’s t-test.


Extended Data Fig. 5 Comparison of post-mortem oligodendrocytes and iPSC-derived oligodendroglia.
a, Comparison of the relative expression of myelination genes (MYRF, MOG, PLP1, PLLP, MAG, OPALIN) in iPSC-derived brain cell types and aggregated cell type gene expression profiles from post-mortem human brain single-nucleus data. b, Staining of MBP, MYRF, and MOG in iPSC-derived oligodendroglia. Scale bar 10 μm. c, Representative images of cultures of iPSC-derived oligodendroglia stained for PLP1 and MBP. Dots represent the percentage of nuclei positive for each marker across independent wells subjected to the same conditions (n = 5 biological replicates). Bars represent mean across all wells, error bars represent standard deviation. d, Principal component analysis of relative gene expression for post-mortem human brain cells and iPSC-derived counterparts. e, Transcriptional similarity between post-mortem human cell types and iPSC-derived oligodendroglia, p values calculated with Wilcoxon test, two-sided. Distributions represent distances between each post-mortem cell type (x-axis) and iPSC oligodendroglia in scaled gene space (N = 32 per post-mortem cell type, N = 6-8 for iPSC cell types). f–g, Gene set activity scores by GSVA on scaled expression values using genes shown in a or h, p value calculated by Wilcoxon test, two-sided. Boxplots indicate median, 25th and 75th percentiles. h, Relative expression of cholesterol-associated genes across iPSC-derived oligodendroglia, post-mortem human brain oligodendrocytes, and additional brain cell types. i, Gene expression distribution in iPSC-derived oligodendroglia. j, APOE immunoreactivity in APOE3/3 (n = 4 biological replicates) and APOE4/4 (n = 5 biological replicates) iPSC-derived oligodendroglia. Dots in right panel plots represent mean from independent images, p values were calculated with an unpaired, two-tailed student’s t-test. k, Distribution of gene nonzero detection rates in human post-mortem oligodendrocytes (snRNAseq). The nonzero APOE detection-rate is circa 4%, corresponding to circa 53rd percentile of genes. l, Distribution of expression levels for APOE-non-expressing (n = 53,095) and APOE-expressing (n = 1,882) post-mortem oligodendrocytes (snRNAseq). Groups were identified by K-means clustering on the non-zero detection rate.


Extended Data Fig. 6 Lipidomics on iPSC-derived oligodendroglia.
a, Volcano plots depicting differentially (adjusted p value < 0.05) detected lipid species in APOE4/4 oligodendroglia, compared to isogenic APOE3/3 controls. Each detected lipid species is organized according to lipid class, with cholesteryl esters having the highest number (15) of differentially expressed species.


Extended Data Fig. 7 Cell stress in APOE4 oligodendrocytes.
a, mRNA expression levels of SOAT1 (ACAT1) and CYP46A1 from bulk sequencing of isogenic iPSC-derived APOE3/3 and APOE4/4 oligodendroglia (n = 3 biological replicates per genotype, adjusted p values shown, computed by linear model). b, Perilipin-1 (PLIN1) immunoreactivity in APOE4/4 iPSC-derived oligodendroglia, and PLIN1 co-localization with Bodipy-cholesterol staining in APOE4/4 iPSC-derived oligodendroglia. c, Representative Bodipy staining for lipid droplets (n = 6 biological replicates). Scale bar represents 10 μm. Lipid droplets were quantified in two different isogenic sets of APOE3/3 and APOE4/4 oligodendroglia, that were generated from different individuals. Data points represent biological replicates and bars show means. p values were calculated using an unpaired, two-tailed student’s t-test. d, Percent of Bodipy-cholesterol staining in lysosome. Quantification was performed using ImageJ software with the same threshold setting for all images and conditions. Data points represent the mean of four images from one biological replicate. Bars represent means from four biological replicates. p value was calculated using unpaired, two-tailed student’s t-test. e, (left) Box plot of ATF-6 mediated unfolded protein response gene set activity (computed by GSVA) in human post-mortem oligodendrocytes. unadjusted p-value = 0.016, linear model. Boxplots indicate median, 25th and 75th percentiles. (right) Pathway gene members that are differentially expressed (FDR < 0.05, negative binomial mixed model) f, Representative images of immunohistochemistry against ATF-6 protein in APOE3/3 and APOE4/4 iPSC-derived oligodendrocytes, and quantification of number of cells with nuclear ATF-6 immunoreactivity (n = 5 biological replicates). Dots represent technical replicates, and bars represent mean per genotype. p value was calculated using an unpaired, two-tailed student’s t-test. g, Fold change for unfolded protein response genes in APOE4/4 vs APOE3/3 oligodendroglia (N = 3 per genotype) from panel e (adjusted p-value < 0.05, negative binomial distribution).


Extended Data Fig. 8 Myelin expression in humans and mice.
a, Myelin-associated gene expression changes in APOE3/3 vs APOE3/4 post-mortem oligodendrocytes for individuals with and without AD pathology (logFC<0 indicates down in APOE3/4; Wilcoxon test by wilcoxauc(), adjusted p value < 0.05). b, Immunohistochemistry for Myelin Basic Protein (MBP) in APOE3/3 and APOE3/4 individuals with AD diagnosis (n = 3 per genotype), and quantification. Mean fluorescence intensity quantified using FIJI ImageJ software. Dots represent mean value calculated from four images from one individual, and bars represent mean value from three separate individuals for each genotype. p value was calculated using an unpaired, two-tailed student’s t-test. c, Immunohistochemistry for myelin basic protein (MBP) in hippocampal slices of APOE3/3-TR (n = 7 mice) and APOE4/4-TR (n = 7 mice) at nine months of age, quantified according to mean fluorescence intensity. Quantification was performed using ImageJ. Bars represent mean intensity from all mice for each genotype, and error bars represent standard deviation. p values were calculated using unpaired, two-tailed student’s t-test. Scale bar represent 200 μm. d, Western Blot for Myelin Basic Protein (MBP) in APOE3/3-TR (n = 4) and APOE4/4-TR (n = 4) mouse cortex at six months of age. Each lane is a brain lysate prepared from a different mouse. Total area and intensity of bands normalized to GAPDH was quantified via ImageJ using mean intensity for each band. Bars represent means. p value was calculated using an unpaired, two-tailed student’s t-test. e, TEM on corpus callosum from APOE3/3-TR (n = 3) and APOE4/4-TR (n = 3) knock-in mice at 2 months of age. G-ratio was quantified using ImageJ software as stated in Main Fig. 4d). Scale bar represents 500 μm. Data points representing g-ratios for axons from each genotype, p value was calculated using an unpaired Wilcoxon test.


Extended Data Fig. 9 Myelin expression in iPSC-derived oligodendrocyte cultures.
a, Schematic of iPSC-derived NGN2-induced neuron (iNeuron) and oligodendrocyte encapsulation in Matrigel. Cartoons generated with BioRender b, Representative image of Neurofilament (red), Myelin Basic Protein (green), and Hoechst (blue) immunoreactivity in iPSC-derived neuron and oligodendrocyte co-culture, after two weeks encapsulated. Scale bar represents 50 μm. c, Representative images of (left) Neurofilament (red), MBP (green), and Hoechst (blue), and (right) Neurofilament (red), O4 (green), and Hoechst (blue) immunoreactivity in iPSC-derived neuron and oligodendrocyte co-culture, after six weeks encapsulated. Scale bar represents 50 μm. d, iPSC-derived oligodendroglia were labelled with GFP to visualize cellular localization after six weeks of co-culture with NGN2-induced neurons. Scale bar represents 50 μm. e, Representative image of Neurofilament (red), MBP (green), and Hoechst (blue), and Neurofilament (red), and Hoechst (blue) immunoreactivity in iPSC-derived oligodendroglia and NGN2-induced neuron after six weeks of co-culture. Scale bar represents 50 μm. f, TEM on myelinated axon from iPSC-derived neuron and oligodendrocyte co-culture, suggesting presence of myelin rings. g, Representative images showing Neurofilament (red), MBP (green) immunoreactivity in APOE3/3 parental and APOE4/4 isogenic co-cultures after three weeks encapsulated. Scale bar represents 10 μm. h, Axonal area per co-culture, comparing APOE3/3 (parental), APOE4/4 (isogenic) and APOE-/- (isogenic) co-cultures (n = 3 biological replicates). Axonal area was calculated by measuring the area immunoreactive to neurofilament, and normalized to APOE3/3. Bars represent means, error bars represent standard deviation, and p values were calculated using one-way ANOVA with Bonferroni correction. i, MBP density between APOE3/3 (parental) and APOE4/4 (isogenic) mono-cultures (n = 6 biological replicates) P value represents unpaired, two-tailed student’s t-test. j, Representative images showing Neurofilament (red), and MBP (green) immunoreactivity in APOE3/3 (parental), APOE4/4 (isogenic), APOE4/4 (isogenic) with recombinant human APOE3 protein, and APOE knock-out (isogenic) co-culture conditions (n = 3 biological replicates). The area of neuronal axon (immunoreactive against Neurofilament) positive for MBP was calculated using Imaris, and each experimental condition was compared to the APOE3/3 control condition. P values were calculated using one-way ANOVA with Bonferroni correction.


Extended Data Fig. 10 (2-Hydroxypropyl)-beta-cyclodextrin treatment in APOE4 knock-in mice.
a, Bodipy (neutral lipid) staining in control and (2-Hydroxypropyl)-beta-cyclodextrin (cyclodextrin) treated iPSC-derived APOE4/4 oligodendrocytes (n = 6 biological replicates). The number of lipid droplets was normalized by the total number of cell nuclei for each image. Bars represent the mean number of droplets per cell for each condition, error bars represent standard deviation. P value was calculated using unpaired, two-tailed student’s t-test. b, MBP and Bodipy-cholesterol staining in control (n = 5 mice) and cyclodextrin-treated (n = 4 mice) APOE4/4-TR mouse brain. Scale bar represents 50 μm. Quantification of cholesterol-myelin colocalization, and MBP signal, in cyclodextrin-treated APOE4/4-TR mice. MBP-cholesterol colocalization was quantified using Imaris. MBP staining was quantified using Image J. Bars represent mean, error bars represent standard deviation, and p-value was calculated using an unpaired two-tailed student’s t-test. c, Representative activity traces for open field assay on APOE4/4-TR control- (n = 14 mice) and cyclodextrin-treated (n = 15 mice) used for Novel Object Recognition task. Distance moved (centimeters) and duration in the centre (seconds) were measured and quantified using Noldus EthoVision software, with the same parameters for each animal. Dots represent individual mice, error bars are standard error of the mean, and p values were calculated using an unpaired, two-tailed student’s t-test. d, Representative activity traces for open field assay on APOE4/4-TR control- (n = 10 mice) and cyclodextrin- treated (n = 9 mice) used for the Puzzle Box task. Distance moved (centimeters) and duration in the centre (seconds) were measured and quantified using Noldus EthoVision software, with the same parameters for each animal. Dots represent individual mice, error bars represent standard error of the mean, and p values were calculated using an unpaired, two-tailed student’s t-test.
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