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            Abstract
Vascular contributions to dementia and Alzheimer’s disease are increasingly recognized1,2,3,4,5,6. Recent studies have suggested that breakdown of the blood–brain barrier (BBB) is an early biomarker of human cognitive dysfunction7, including the early clinical stages of Alzheimer’s disease5,8,9,10. The E4 variant of apolipoprotein E (APOE4), the main susceptibility gene for Alzheimer’s disease11,12,13,14, leads to accelerated breakdown of the BBB and degeneration of brain capillary pericytes15,16,17,18,19, which maintain BBB integrity20,21,22. It is unclear, however, whether the cerebrovascular effects of APOE4 contribute to cognitive impairment. Here we show that individuals bearing APOE4 (with the ε3/ε4 or ε4/ε4 alleles) are distinguished from those without APOE4 (ε3/ε3) by breakdown of the BBB in the hippocampus and medial temporal lobe. This finding is apparent in cognitively unimpaired APOE4 carriers and more severe in those with cognitive impairment, but is not related to amyloid-β or tau pathology measured in cerebrospinal fluid or by positron emission tomography23. High baseline levels of the BBB pericyte injury biomarker soluble PDGFRβ7,8 in the cerebrospinal fluid predicted future cognitive decline in APOE4 carriers but not in non-carriers, even after controlling for amyloid-β and tau status, and were correlated with increased activity of the BBB-degrading cyclophilin A-matrix metalloproteinase-9 pathway19 in cerebrospinal fluid. Our findings suggest that breakdown of the BBB contributes to APOE4-associated cognitive decline independently of Alzheimer’s disease pathology, and might be a therapeutic target in APOE4 carriers.
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                    Fig. 1: BBB breakdown in the HC and PHG in APOE4 carriers increases with cognitive impairment, independently of CSF Aβ and tau status.


Fig. 2: Blood-brain barrier breakdown in APOE4 carriers is independent of amyloid and tau accumulation in the brain.


Fig. 3: Elevated baseline CSF levels of sPDGFRβ predict cognitive decline in APOE4 carriers.


Fig. 4: Elevated CSF sPDGFRβ, cyclophilin A and matrix metalloproteinase-9 in APOE4 carriers.
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              All data generated and/or analysed during this study are either included in this article (and its Supplementary Information) or are available from the corresponding author on reasonable request. Source Data for Figs. 1–4 are provided with the article.
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Extended data figures and tables

Extended Data Fig. 1 Regional BBB Ktrans constant in eight additional brain regions in APOE4 carriers and non-carriers (APOE3) with CDR status 0 and 0.5.
BBB Ktrans constant in the ITG (a), superior frontal gyrus (SFG, b), caudate nucleus (CN, c), thalamus (Thal, d), striatum (Str, e), subcortical watershed normal-appearing white matter (Subcort. WS NAWM, f), corpus callosum (CC, g), and internal capsule (IC, h) in individuals with CDR 0 bearing APOE3 (black, n = 128) and APOE4 (red, n = 68), and with CDR 0.5 bearing APOE3 (black, n = 14) and APOE4 (red, n = 25). Continuous lines, median; dotted lines, IQR. Significance by ANCOVAs for main effects and post hoc comparisons controlling for age, sex, and education.


Extended Data Fig. 2 BBB breakdown in the HC and PHG in APOE4 carriers increases with cognitive domain impairment.
a, b, Ktrans constant in the HC (a) and PHG (b) in individuals with no cognitive domains impaired bearing APOE3 (black, n = 70) or APOE4 (red, n = 40); one cognitive domain impaired bearing APOE3 (n = 18) or APOE4 (n = 21); and two or more cognitive domains impaired bearing APOE3 (n = 7) or APOE4 (n = 12). Continuous lines, median; dotted lines, IQR. c, d, Ktrans (estimated marginal mean ± s.e.m.from ANCOVA models corrected for age, sex, education, CSF Aβ1–42 and pTau status, and HC and PHG volumes) in the HC (c) and PHG (d) in individuals with no cognitive domains impaired bearing APOE3 (n = 70) or APOE4 (n = 40); one cognitive domain impaired bearing APOE3 (n = 18) or APOE4 (n = 21); and two or more cognitive domains impaired bearing APOE3 (n = 7) or APOE4 (n = 12). Significance by ANCOVA for main effects and post hoc comparisons controlling for age, sex, and education. All ANCOVA omnibus tests remained significant at FDR threshold of 0.05.


Extended Data Fig. 3 Regional BBB Ktrans constant in eight additional brain regions in APOE4 carriers and APOE3 carriers with different degrees of cognitive domain impairment.
Ktrans constant in the ITG (a), SFG (b), CN (c), thalamus (d), striatum (e), subcortical WS NAWM (f), CC (g), and IC (h) in individuals with no cognitive domains impaired bearing APOE3 (black, n = 70) or APOE4 (red, n = 40): one cognitive domain impaired bearing APOE3 (n = 18) or APOE4 (n = 21); and two or more cognitive domains impaired bearing APOE3 (n = 7) or APOE4 (n = 12). Continuous lines, median; dotted lines, IQR. Significance tests from ANCOVAs for main effects and post hoc comparisons controlling for age, sex, and education.


Extended Data Fig. 4 Regional BBB Ktrans constant in all studied brain regions in APOE4 carriers and APOE3 carriers in relation to vascular risk factors.
Ktrans constant in the HC (a), PHG (b), ITG (c), SFG (d), CN (e), thalamus (f), striatum (g), subcortical WS NAWM (h), CC (i), and IC (j) in APOE3 (green, n = 80) and APOE4 (brown, n = 42) carriers with 0–1 vascular risk factors (VRFs), and APOE3 (n = 58) and APOE4 (n = 51) carriers with 2+ VRFs. Continuous lines, medians; dotted lines, IQR. Significance by ANCOVAs for main effects and post hoc comparisons controlling for age, sex, and education.


Extended Data Fig. 5 Amyloid and tau PET analysis in APOE4 carriers and correction of 18F-AV1451 off-target binding in the choroid plexus.
All studies were performed in individuals with CDR score 0. Amyloid and tau PET studies were conducted using 18F- FBB or 18F- FBP, and 18F- AV1451, respectively. For amyloid PET data analysis, FBP and FBB data sets were combined. a, Uptake of amyloid tracers by the OFC in APOE4 (n = 29) relative to APOE3 (n = 45) carriers (voxel-wise two-sample one-tailed t-tests). b, Representative amyloid PET SUVR maps from an APOE3 homozygote (top) and an APOE4 carrier (APOE4) (bottom). Slices 1 and 2, regions of interest (ROIs) for amyloid PET and BBB DCE-MRI scans (see e). Arrow, amyloid tracer uptake by OFC. The APOE3 and APOE4 representative images used FBP. c, Uptake of tau tracer shows undetectable tau accumulation in APOE3 (n = 60) or APOE4 (n = 37) carriers (voxel-wise two-sample one-tailed t-tests). d, Representative tau PET SUVR maps from APOE3 (top) and APOE4 (bottom) carriers. Slices 1 and 1′, ROIs for tau PET and BBB DCE-MRI scans, respectively (see e). e, Coronal 3D scans of regions studied in Fig. 2: HC (red), PHG (green), medial OFC (yellow), and ITG (blue). f, Correction of 18F-AV1451 off-target binding in the choroid plexus. Step 1, HC masks were generated from the 3D T1-weighted magnetization prepared–rapid gradient echo (MP-RAGE). Step 2, CP masks were generated from the T1-weighted VIBE post-GBCA image (flip angle, 15°). Step 3, HC and CP masks were overlaid (arrowheads, red). Step 4, areas of CP overlap with HC masks (arrowheads, yellow) were subtracted to obtain CP-corrected HC tau PET signal after adding 6-mm voxel size on top of CP mask generated from DCE data. g, Representative images of HC tau PET signal before (top) and after (bottom) applying the CP correction (arrows and white dotted lines show overlap between HC and CP).


Extended Data Fig. 6 CSF biomarkers of glia and inflammatory response and endothelial and neuronal cell injury in APOE4 and APOE3carriers.
a, CSF astrocytic S100B levels in individuals with CDR 0 bearing APOE3 (black, n = 77) or APOE4 (red, n = 41), and with CDR 0.5 bearing APOE3 (n = 39) or APOE4 (n = 32). b, CSF IL6 levels in individuals with CDR 0 bearing APOE3 (n = 71) or APOE4 (n = 47), and with CDR 0.5 bearing APOE3 (n = 34) or APOE4 (n = 32). c, CSF IFNγ levels in individuals with CDR 0 bearing APOE3 (n = 54) or APOE4 (n = 29), and with CDR 0.5 bearing APOE3 (n = 25) or APOE4 (n = 17). d, CSF IL1β levels in individuals with CDR 0 bearing APOE3 (n = 43) or APOE4 (n = 18), and with CDR 0.5 bearing APOE3 (n = 17) or APOE4 (n = 13). (e) CSF TNFα levels in individuals with CDR 0 bearing APOE3 (n = 70) or APOE4 (n = 46), and with CDR 0.5 bearing APOE3 (n = 34) or APOE4 (n = 32). f, CSF soluble intercellular adhesion molecule 1 (sICAM1) levels in individuals with CDR 0 bearing APOE3 (n = 77) or APOE4 (n = 40), and with CDR 0.5 bearing APOE3 (n = 39) or APOE4 (n = 33). g, CSF NSE levels in individuals with CDR 0 bearing APOE3 (n = 47) or APOE4 (n = 32), and with CDR 0.5 bearing APOE3 (n = 29) or APOE4 (n = 29). Continuous lines, median; dotted lines, IQR. a and b had one outlier each, which were removed before statistical analysis (see Methods). Significance by ANCOVAs for main effects and post hoc comparisons controlling for age, sex, and education.


Extended Data Fig. 7 Decreased CSF Aβ1–42 and increased pTau levels in APOE4 carriers with cognitive impairment.
a, CSF Aβ1–42 levels in individuals with CDR 0 bearing APOE3 (black, n = 141) or APOE4 (red, n = 83) and with CDR 0.5 bearing APOE3 (n = 39) or APOE4 (n = 41). b, CSF Aβ1–42 levels in APOE3 (n = 89) and APOE4 (n = 55) carriers with no cognitive domains impaired, APOE3 (n = 29) and APOE4 (n = 31) carriers with one cognitive domain impaired, and APOE3 (n = 17) and APOE4 (n = 14) carriers with two or more cognitive domains impaired. c, CSF Aβ1-42 levels (estimated marginal means ± s.e.m. from ANCOVA models corrected for age, sex, education, and CSF sPDGFRβ levels) in individuals with CDR 0 bearing APOE3 (n = 141) or APOE4 (n = 83) and with CDR 0.5 bearing APOE3 (n = 39) or APOE4 (n = 41). d, CSF pTau levels in individuals with CDR 0 bearing APOE3 (n = 141) or APOE4 (n = 82) and with CDR 0.5 bearing APOE3 (n = 39) or APOE4 (n = 43). e, CSF pTau levels in APOE3 (n = 89) and APOE4 (n = 56) carriers with no cognitive domains impaired, APOE3 (n = 29) and APOE4 (n = 30) carriers with one cognitive domain impaired, and APOE3 (n = 17) and APOE4 (n = 15) carriers with two or more cognitive domains impaired. f, CSF pTau levels (estimated marginal means ± s.e.m. from ANCOVA models corrected for age, sex, education, and CSF sPDGFRβ levels) in individuals with CDR 0 bearing APOE3 (n = 141) or APOE4 (red, n = 82) and with CDR 0.5 bearing APOE3 (n = 39) or APOE4 (n = 43). Violin plots: continuous lines, median; dotted lines, IQR. CSF Aβ1–42 and pTau values were log10-transformed before statistical analysis because they had a non-normal distribution. Significance tests from ANCOVAs for main effects and post hoc comparisons controlling for age, sex, and education.


Extended Data Fig. 8 Full scans of western blots.
Full scans of western blots for CypA shown in Fig. 4m (top).


Extended Data Table 1 APOE3 and APOE4 carriers studied for regional BBB permeability changes by DCE-MRIFull size table


Extended Data Table 2 APOE3 and APOE4 carriers studied for regional amyloid or tau brain accumulation by PET and BBB permeability changes by DCE-MRIFull size table


Extended Data Table 3 APOE3 and APOE4 carriers studied for CSF sPDGFRβ levelsFull size table
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