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Abstract 1 

Cerebrovascular breakdown occurs early in Alzheimer’s Disease (AD), but its cell-type-specific molec-2 

ular basis remains uncharacterized. Here, we characterize single-cell transcriptomic differences in hu-3 

man cerebrovasculature across 220 AD and 208 control individuals and across 6 brain regions. We 4 

annotate 22,514 cerebrovascular cells in 11 subtypes of endothelial, pericyte, smooth muscle, peri-5 

vascular fibroblast, and ependymal cells, and how they differ in abundance and gene expression be-6 

tween brain regions. We identify 2,676 AD-differential genes, including lower expression of PDGFRB 7 

in pericytes, and ABCB1 and ATP10A in endothelial cells. These AD-differential genes reveal common 8 

upstream regulators, including MECOM, EP300, and KLF4, whose targeting may help restore vascula-9 

ture function. We find coordinated vasculature-glial-neuronal co-expressed gene modules supported 10 

by ligand-receptor pairs, involved in axon growth/degeneration and neurogenesis, suggesting mecha-11 

nistic mediators of neurovascular unit dysregulation in AD. Integration with AD genetics reveals 125 12 

AD-differential genes directly linked to AD-associated genetic variants (through vasculature-specific 13 

eQTLs, Hi-C, and correlation-based evidence), 559 targeted by AD-associated regulators, and 661 tar-14 

geted by AD-associated ligand-receptor signaling. Lastly, we show that APOE4-genotype associated 15 

differences are significantly enriched among AD-associated genes in capillary and venule endothelial 16 

cells, and subsets of pericytes and fibroblasts, which underlie the vascular dysregulation in APOE4-17 

associated cognitive decline. Overall, our multi-region molecular atlas of differential human cerebro-18 

vasculature genes and pathways in AD can help guide early-stage AD therapeutics. 19 

Introduction 20 

The blood-brain-barrier (BBB) separates brain parenchyma from peripheral blood1. Multiple cell types, 21 

including endothelial cells, pericytes, and astrocytes, form the tight structure of BBB. This barrier pre-22 

vents the entrance of pathogens and toxic substrates into the brain, but also presents a major chal-23 

lenge in drug delivery to the brain2. Vascular cells also supply neuronal and glial cells with nutrients 24 

and remove waste products, dynamically responding to the changing activity-dependent local energy 25 
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demands stemming from the brain’s large energetic needs and the lack of local energy storage, 26 

through tight cellular interactions and communication between neuronal, astrocyte, and vascular cells 27 

forming the neurovascular unit that senses neuronal activity, controls blood flow, and maintains BBB 28 

integrity.  29 

BBB breakdown may be an early feature of Alzheimer’s disease (AD), preceding dementia and neuro-30 

degeneration, suggesting a critical role of neurovascular unit dysfunction in the progression of AD3,4. 31 

This leads to the entrance of toxic molecules, pathogens, and cells from peripheral blood to the central 32 

nervous system (CNS), triggering inflammatory and immune responses5,6. Impaired BBB function is 33 

associated with multiple neurodegenerative diseases in addition to AD, including multiple sclerosis 34 

(MS) and Parkinson’s disease (PD) in human and mouse model studies6–8. In fact, the vascular hy-35 

pothesis of AD proposes brain vascular damage as the initial event catalyzing BBB dysfunction, pre-36 

cipitating brain dysfunction and cognitive decline9,10. However, whether AD risk genes regulate vascu-37 

lar function remains poorly understood systematically.  38 

Brain vascular cells have evaded unbiased characterization due to technical challenges in their isola-39 

tion, and the cellular complexity of the vascular arbor. The combination of single nucleus RNA se-40 

quencing (snRNA-seq) technologies and vessel enrichment protocols has provided an atlas of brain 41 

vasculature cell types in human and mouse11–13. However, cell sorting and enrichment protocols can 42 

introduce technical biases in cell type composition, and result in inaccurate spurious cell compositional 43 

inferences, especially if the marker genes used for sorting and enrichment change expression in the 44 

context of disease, leading to differences in capture efficiency. Thus, molecular characterization of hu-45 

man cerebrovascular cell types using sorting-free and enrichment-free methods is still needed to un-46 

derstand the cellular basis of the neurovascular unit. Moreover, different brain regions have been 47 

shown to possess cellular, morphological and functional differences in vasculature14. Understanding 48 

this molecular heterogeneity can provide insights into the unique vulnerabilities of different brain re-49 

gions to disease.  50 

Here, we address these challenges and report a single-cell characterization of the human cerebrovas-51 

culature in post-mortem samples from 6 brain regions across 220 AD and 208 age-matched control 52 

individuals. We use in-silico sorting to capture 22,514 cerebrovascular cells in 11 subtypes, including 53 

endothelial, pericytes, smooth muscle cells, perivascular fibroblasts, and ependymal cells. Comparing 54 

between brain regions, we find substantial differences in cell type proportion and in gene expression 55 

patterns between brain regions, highlighting the regional heterogeneity of the BBB for each cell type. 56 

Comparing between AD and non-AD individuals, we find 2,676 cell-type-specific differentially-ex-57 

pressed genes, and we predict their upstream regulators, whose targeting may help restore vascula-58 

ture function. We also find ligand-receptor-supported coordinated co-expressed gene modules be-59 

tween vasculature, glial, and neuronal cells with diverse roles, including axon growth/degeneration and 60 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 10, 2022. ; https://doi.org/10.1101/2022.02.09.479797doi: bioRxiv preprint 

https://paperpile.com/c/jBv5S7/8YsR+2tC3
https://paperpile.com/c/jBv5S7/ykCC+aslJ
https://paperpile.com/c/jBv5S7/aslJ+XUZq+s0V3
https://paperpile.com/c/jBv5S7/K1mT+TScG
https://paperpile.com/c/jBv5S7/Nzpx+Bndx+pql5
https://paperpile.com/c/jBv5S7/B7dH
https://doi.org/10.1101/2022.02.09.479797


3 
 

neurogenesis, suggesting mechanistic mediators of neurovascular unit dysregulation in AD. Integra-61 

tion with AD genetics reveals 125 AD-differential genes directly linked to AD-associated genetic vari-62 

ants (through vasculature-specific eQTLs, Hi-C, and correlation-based evidence), 559 targeted by AD-63 

associated regulators, and 661 targeted by AD-associated ligand-receptor signaling. Lastly, we show 64 

that APOE4-genotype associated differences are significantly enriched among AD-associated genes 65 

in capillary and venule endothelial cells, and subsets of pericytes and fibroblasts, which underlie the 66 

vascular dysregulation in APOE4-associated cognitive decline.  67 

Results 68 

Brain vasculature characterization across six brain regions 69 

To characterize human cerebrovascular cells and their transcriptomic differences in AD at single-cell 70 

resolution, we profiled and analyzed the transcriptome of 22,514 single nuclei from 725 post mortem 71 

brain samples of 220 AD and 208 control individuals (contributing 10,272 and 12,242 nuclei respec-72 

tively, Supplementary Table 1)  across 6 brain regions, selected using in silico sorting using both 73 

known marker genes and de novo clustering (Methods)12. We profiled the prefrontal cortex for 409 in-74 

dividuals, and five other regions for a subset of 48 individuals, including mid-temporal cortex, angular 75 

gyrus, entorhinal cortex, thalamus and hippocampus, as well as hippocampus for an additional 19 indi-76 

viduals (Supplementary Table 1).  77 

We annotated 11 vascular cell types, including three types of endothelial cells (marked by FLT1, 78 

CLDN5), two types of pericytes (marked by RGS5, PDGFRB), two types of smooth muscle cells 79 

(SMCs) (marked by ACTA2), three types of fibroblasts (marked by COL3A1), and ependymal cells 80 

(marked by TTR) (Fig. 1a-b), using expression of canonical markers11,12 (Fig. 1c,d). Consistent with 81 

two recent studies12,13, we found distinct transcriptomic signatures of arterial, capillary, and venule en-82 

dothelial cells, as well as both arterial and venule SMCs, suggesting functional specialization for differ-83 

ent types of vessels. The inclusion of ependymal cells by our marker-based in silico cell sorting high-84 

lights the transcriptional commonalities of cerebrospinal fluid (CSF) and BBB barriers, as ependymal 85 

cells are not part of cerebrovasculature, but instead form a thin membrane that lines the ventricles of 86 

the brain and the central column of the spinal cord where CSF is produced.  87 

We used transcriptional differences between cell types to highlight key biological functions for each 88 

vascular cell type in the brain through pathway-level enrichments of the most highly expressed genes 89 

of each cell type (Extended Data Fig. 1a-b, Supplementary Table 2-3, Methods). For endothelial 90 

cells, the highly expressed genes were most enriched in vascular endothelial growth factor receptor 91 

signaling pathway, regulation of cell migration, cytokine response, and cell junction assembly. For peri-92 

cytes, the highly expressed genes were significantly enriched in pathways including the regulation of 93 

angiogenesis, extracellular matrix organization, endothelial cell migration, and cellular sodium ion ho-94 
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meostasis. For SMCs, the highly expressed genes were enriched in smooth muscle contraction, extra-95 

cellular matrix organization, and regulation of cell junctions. For fibroblasts, the highly expressed 96 

genes were enriched in extracellular matrix organization, collagen organization, and regulation of cell 97 

migration. In ependymal cells, the highly expressed genes were enriched in cilium assembly, intracili-98 

ary transport and ciliary basal body-plasma membrane docking. These results highlight differential 99 

functional contributions of brain vascular cells to the maintenance of BBB, regulation of cerebral blood 100 

flow, and response to injury.  101 

To gain insights into the gene regulatory programs responsible for establishing cerebrovascular-cell 102 

diversity, we next predicted upstream regulators whose activities are associated with the statues of 103 

molecular function and cell identity. We performed regulator enrichment analysis for marker genes of 104 

each cell type and found that the major cell types tended to share upstream regulators, but still show 105 

subtype specificity (Fig. 1e). Among the top regulators of cell identity, we found that some regulators 106 

show high enrichment in endothelial cells, including CTNNB1, which is associated with maintenance of 107 

BBB integrity through endothelial β-Catenin signaling15; LMO2, associated with endothelial cell migra-108 

tion in developmental and postnatal angiogenesis16; and ETS1, associated with endothelial cell sur-109 

vival in angiogenesis17. For pericytes, we found enrichment of BACH1, consistent with its transcrip-110 

tional regulation of pro-angiogenic activity via modulating the expression of angiopoietin-118. We also 111 

found that the AD associated gene YAP1 is a common regulator in vSMC, fibroblast and ependymal 112 

cells,consistent with its roles in vSMC phenotypic switch19, fibroblast differentiation20, and ependymal 113 

integrity21.  114 

We next evaluated whether vascular cells show differences in abundance across brain regions and 115 

phenotypic variables. Fibroblasts were enriched in entorhinal cortex, hippocampus and thalamus (Fig. 116 

1f-g), consistent with increased vascular fibrosis and calcification of hippocampus and entorhinal cor-117 

tex associated with aging22–25, and basement membrane and extracellular matrix regional differ-118 

ences26, likely stemming from fibroblast-secreted collagen and other proteins (Fig. 1h). Ependymal 119 

cells were largely captured from the hippocampus and thalamus (Fig. 1f-g), consistent with these 120 

brain regions’ proximity to CSF ventricles27. Hippocampus, thalamus, and entorhinal cortex also 121 

showed fewer pericytes and capillary endothelial cells, consistent with their paucity of small vessels, 122 

as those are locations where large vessels enter the brain28. By contrast, vascular cell fractions did not 123 

differ by sex, AD pathology, age, or post-mortem interval (PMI) (Wilcoxon Rank Sum test, p-value < 124 

0.05, Extended Data Fig. 1c-j).  125 

We found that vasculature cells showed extensive gene expression differences between brain regions, 126 

with many region-specific pathway enrichments, highlighting the regional heterogeneity of the BBB, 127 

and importance of single-cell multi-region characterization of the cerebrovasculature (Fig. 1h). We 128 

found 1,636 differentially-expressed genes between brain regions (brDEGs) (Supplementary Tables 129 
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4), including: 230 endothelial brDEGs, enriched in molecule transport, regulation of cell migration and 130 

junction assembly; 491 pericyte brDEGs, enriched in calcium ion response in prefrontal cortex, and 131 

arterial blood pressure, cell junction assembly and response to low-density lipoprotein stimulus in hip-132 

pocampus; 529 fibroblast brDEGs showing region-specific functional enrichments including extracellu-133 

lar matrix organization, exocytosis, immune response, ion homeostasis, and cell migration regulation; 134 

and 491 SMC brDEGs enriched in cell communication in prefrontal cortex, myelination in thalamus, 135 

muscle relaxation in hippocampus, and Notch signaling regulation in mid-temporal cortex. Several 136 

pathways were commonly enriched across multiple brain regions, including apoptosis regulation, cyto-137 

kine response, and myeloid cell differentiation (Extended Data Fig. 1k, Supplementary Tables 5).  138 

Cell-type-specific brain vasculature differences in AD 139 

To investigate the vascular gene expression association with AD pathology, we identified and ana-140 

lyzed 2,676 differentially expressed genes (adDEGs) between AD and control individuals across all 141 

cell types (306 on average for each cell type), which is significantly more than expected using permu-142 

tation analysis (t-test p-value=0.007, Extended Data Fig. 2a, Methods). Of these, 2,142 were unique 143 

to only one cell type, 185 (23 genes on average in 8 comparisons) were shared between subtypes of 144 

the same cell type (for example, 88 between cEndo and vEndo, and 50 between Per1 and Per2), and 145 

349 (3.8 genes on average in 92 comparisons) were between cell types, highlighting the cell-type-146 

specificity of adDEGs (Fig. 2a-b, Supplementary Table 6). This suggests that specialized functions of 147 

distinct cell types play unique roles to maintain brain homeostasis and may be dysregulated in AD, 148 

while the shared effect across cell types may represent a convergent response to AD. Notably, we 149 

found that capillary endothelial cells harbored the highest number of adDEGs, which we recapitulated 150 

through a downsampling analysis (Extended Data Fig. 2b), suggesting the importance of transcrip-151 

tional differences in capillary endothelial functions associated with AD pathology (Fig. 2a).  152 

Among the top adDEGs, we observed cell junction and adhesion associated genes including APOD, 153 

PECAM1, and COLEC12; transporters including SLC38A2, SLC2A1 and SLC6A1; and sterol-import 154 

associated genes including RORA, PRKAA2, and PPARG (Fig. 2c), indicating that these fundamental 155 

functions of vascular cell types may be dysregulated in AD. As expected, we detected lower expres-156 

sion of PDGFRB in pericytes of AD samples (Fig. 2c), alluding to pericyte injury and dysfunction of 157 

BBB integrity in AD4,29. We also found that ABCB1, encoding P-glycoprotein, was significantly lower in 158 

capillary endothelial cells (Fig. 2c), consistent with observations that individuals with early AD develop 159 

widespread reductions in P-glycoprotein BBB function in multiple brain regions30,31.  160 

Gene Ontology enrichment analysis of adDEGs showed that multiple broad functional pathways (e.g. 161 

immune response, insulin signaling, and vasculogenesis) were shared across cell types, and multiple 162 

specific pathways were more cell type specific (Fig. 2d-g, Extended Data Fig. 2c, Supplementary 163 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 10, 2022. ; https://doi.org/10.1101/2022.02.09.479797doi: bioRxiv preprint 

https://paperpile.com/c/jBv5S7/xqVa+2tC3
https://paperpile.com/c/jBv5S7/YWmb+Hcwu
https://doi.org/10.1101/2022.02.09.479797


6 
 

Table 7, Methods). Broad terms included: immune response (cytokine, IL-17 signaling, and inflamma-164 

tory response) enriched in fibroblast, endothelial cell, and pericyte adDEGs; insulin response enriched 165 

in cEndo, pericyte, fibroblast, SMC and ependymal adDEGs, suggesting a potential functional link be-166 

tween altered glucose homeostasis, insulin signaling, and AD pathology across multiple vascular 167 

cells32,33; vasculogenesis, endothelial cell migration and proliferation, cell-matrix adhesion, and ion 168 

transport enriched in cEndo and pericyte adDEGs (Fig. 2d-f). Specific terms included: in pericyte 169 

adDEGs with lower expression in AD, synaptic transmission (Fig. 2g), consistent with pericyte loss of 170 

neuronal signal sensing in AD34, and cytoskeleton remodeling and contraction (e.g., ATP1A2, ANK2, 171 

DMD), consistent with impaired blood flow control and perturbed neurovascular coupling in pericytes in 172 

AD35; in cEndo, Notch signaling regulation and endothelium development, consistent with the potential 173 

role of endothelial Notch signaling and dysfunction of angiogenesis in AD36,37; in aSMC with lower ex-174 

pression in AD, cellular response to amyloid-β, consistent with findings showing that amyloid-β depos-175 

its contribute to vascular alteration in AD38. 176 

Notably, our analysis specifically revealed that insulin signaling genes were AD-differential across mul-177 

tiple cell types (cEndo, pericyte, fibroblast, SMC and ependymal, Extended Data Fig. 2c) and in multi-178 

ple brain regions. Insulin’s cognate receptor INSR is widely expressed throughout the mammalian 179 

brain, including the hippocampus39, cortex40, olfactory bulb41 and hypothalamus42, and research has 180 

found aberrant insulin signaling in AD and related dementias43–45. To validate our snRNA-based obser-181 

vation that the insulin receptor INSR was highly expressed in endothelial cells from persons with AD, 182 

we performed in situ hybridization (Methods), and found CD31+ vascular segments harbored a higher 183 

density of INSR1 transcripts in those with AD. We also quantified the distribution of INSR+ punctae per 184 

CD31+ segment, and found a subset of CD31+ endothelial cells from AD brains possessing higher 185 

INSR transcripts (Fig. 2h-i, Extended Data Fig. 2d-e). These results validate our observation that 186 

INSR is highly expressed in endothelial cells in AD, and suggest that subsets of endothelial cells may 187 

express differential levels of the insulin receptor, potentially rendering cells more or less sensitive to 188 

insulin signaling. The degree of heterogeneity of insulin receptor expression in vascular cells, and po-189 

tential consequences to the neurovascular unit, remain an open question. As sensitivity to insulin sig-190 

naling is an evolutionarily-conserved mediator of longevity46, our results provide further evidence that 191 

disruption to insulin is a pathological feature of AD.  192 

We also observed that APOD, encoding secreted glycoprotein Apolipoprotein D, a component of high-193 

density lipoprotein (HDL), is higher in AD samples in mural cells (particularly pericytes, P < 3.9e-12, 194 

Fig. 2c), in accordance with the previously-reported upregulation of APOD in AD47. To validate its 195 

higher expression in AD pericytes, we quantified APOD transcript abundance in GRM8-labeled cells (a 196 

previously-validated marker for pericytes12) using in situ hybridization and observed that APOD ex-197 

pression was indeed higher in GRM8+ pericytes in AD individuals (Fig. 2j-k, Extended Data Fig. 2f) – 198 

we did not use PDGFRB as the pericyte marker as it is lowly expressed in AD. Given the function of 199 
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APOD in response to stress and injury in CNS48, the higher expression of APOD in AD pericytes sug-200 

gests that mural cells are actively responding to microenvironmental changes during AD. The func-201 

tional consequences of APOD’s pericyte higher expression, and potential impacts on lipid transport 202 

within the neurovascular unit, will form the basis of future studies. 203 

Our results show no significant change in vascular cell type proportion between non-AD and AD indi-204 

viduals (Extended Data Fig. 2g), and in fact a modest but non-significant high in the median number 205 

of capillary endothelial cells and pericytes in AD individuals. These results are consistent with an ob-206 

served higher proportion of endothelial cells in AD in two recent studies49,50 that also did not rely on 207 

any cell-type- or vessel-enrichment protocols. However, we found that several our adDEGs that 208 

showed lower expression in AD were cell type marker genes, including PDGFRB (pericytes), ABCB1, 209 

ATP10A, PTPRB and TEK (capillary endothelial cells), suggesting potential loss of vascular cell type 210 

integrity in AD. Such loss of vascular integrity, and lower expression of cell-type-specific markers, 211 

could result in a seeming decrease in vascular cell proportions in studies that rely on enrichment pro-212 

tocols.  213 

Upstream regulators of adDEGs 214 

To gain insights into the transcriptional regulatory mechanisms, we inferred the upstream regulators of 215 

adDEGs, including transcription factors, co-factors, and epigenetic enzymes (Methods, Supplemen-216 

tary Table 8). We identified 118 upstream regulators of highly expressed adDEGs (60 cell-type-spe-217 

cific, 58 shared by at least two cell types) (Fig. 3a) and 81 regulators of lowly expressed adDEGs (41 218 

cell-type-specific, 40 cell-type-shared) (Fig. 3b), of which 66 targeted both highly and lowly expressed 219 

adDEGs across cell types in AD. Of these 133 regulators, 17 were themselves significant adDEGs cor-220 

responding to the differential direction of their targets.  221 

We next grouped these regulators into co-regulatory modules for each cell type (Fig. 3c, Extended 222 

Data Fig. 3), when regulators showed significant sharing of target genes. Focusing on capillary endo-223 

thelial cells (cEndo), which showed the largest number of adDEG and upstream regulators, we identi-224 

fied seven regulatory modules (Fig. 3d) encompassing 38 regulators, and 11 regulators outside mod-225 

ules. Although our modules were discovered solely based on their shared target genes, most were ad-226 

ditionally supported by independent experimental evidence of interactions51 (Fig. 3e); for example, 227 

Module M1 regulators showed a nearly-complete clique of pairwise interactions, each supported by 228 

multiple lines of evidence. Moreover, regulators in the same modules were frequently found to have 229 

related functions; for examples, Module M1 regulators were shown to have roles in vascular endothe-230 

lial cell function, growth, and adhesion52–60.  231 

Within each module, regulators varied in their number of target genes, their differential expression in 232 

AD, and the differential expression of their targets (Fig. 3d, left). For example: in Module M1, EP300 233 

previously linked to the potential roles in AD-related processes61, was differentially-expressed in AD 234 
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(1.18-fold higher, P=0.008), and 119 of its targets were adDEGs, of which 74% were AD-higher vs. 235 

AD-lower; in Module 4, MECOM previously linked to high-expression in vascular endothelial cells61–63 236 

and AD-association61,62, showed 1.37-fold AD higher (P=8.8e-6), 53 adDEG targets, with 100% higher 237 

expression in AD; in Module 6, KLF4 previously linked to anti-inflammatory properties in endothelial 238 

cells64 showed 1.21-fold lower expression in AD (P=8.2e-4), 47 (100% AD-higher) adDEG targets, 239 

suggesting the activation of inflammatory response in AD. Not all regulators in each module were 240 

themselves DEGs, suggesting that some regulators may act through their collaboration with differen-241 

tially-expressed regulators; for example, STAT3 and EP300 are significant adDEGs in module M1, but 242 

JUN, JUND, and GATA2 are not.  243 

We used these regulator modules to partition their target adDEGs into sub-groups, mediated by dis-244 

tinct combinations of regulator modules (Methods). For cEndo AD-higher adDEGs, we found groups 245 

targeted by a single module (e.g. G4, G5, G6), and other groups targeted by multiple modules (e.g. 246 

G1, G2) (Fig. 3f), with distinct functional enrichments in common functional categories (Fig. 3g). For 247 

example, Module 2 (RAD21, CTCF, SMC3) targeted 58% of AD-higher adDEGs (groups G1-G4), con-248 

sistent with the known role of these regulators on chromatin structure maintenance65. Conversely, 249 

adDEG genes in Group1 were targeted by regulators from most modules (M1-M4, M6) and were sig-250 

nificantly enriched in cytokine response, cell adhesion and transcription regulation. Genes in Group 5, 251 

targeted by Module 1 regulators, were enriched in lipid storage, interferon-β response and blood-brain 252 

barrier maintenance. Genes in several groups (G3, G7, G8) were enriched in VEGFR signaling nega-253 

tive regulation, repression of endothelial cell proliferation, and apoptotic signaling pathways, suggest-254 

ing endothelial injury response in AD, consistent with BBB breakdown.  255 

Dynamics of cell-cell communications in AD 256 

We next sought to understand the mechanistic basis of AD-associated differences in vascular cell 257 

communication with glia and neurons in the neurovascular unit, that senses changing neuronal energy 258 

demands and adjusts local blood flow, and how this communication is altered in AD. We predicted bi-259 

directional cell-cell communication between vascular and neuronal or glial cells using AD-associated 260 

covariation analysis of biologically-enriched gene modules across 409 individuals (Extended Data 261 

Fig. 4a, Methods). We identified 301 higher interactions in AD, where one or both interacting modules 262 

showed higher expression in AD, and conversely 276 lower interactions in AD, where one or both in-263 

teracting modules showed lower  expression in AD, between vascular cell types (capillary and venule 264 

endothelial cells, pericytes, and fibroblast subtype1) and other brain cell types (inhibitory/excitatory 265 

neurons, microglia, oligodendrocytes, astrocytes and oligodendrocyte precursor cells) (Fig. 4a-b, Sup-266 

plementary Table 9). We found that the communications from Per1 and cEndo to neurons, microglia 267 

and astrocytes dominate the higher cell-cell interactions in AD, while interactions from astrocytes and 268 

neurons to cEndo and Fib1 are mainly lower in AD. 269 
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To characterize ligand-receptor signaling pathways potentially responsible for differential cell-cell com-270 

munications in AD, we aggregated individual interactions mediated by the same ligand-receptor pair 271 

between vascular cell types and other main cell types, and classified the ligand-receptor pairs into 62 272 

signaling pathways based on KEGG, ligand family, and receptor family annotations (Methods). We 273 

observed that the signaling pathways mediated by TGF-β, SPP1, BMP, ANGPTL and IL6 are signifi-274 

cantly overrepresented for AD-higher interactions, while collagen and laminin, the major ECM proteins 275 

to form basement membrane of BBB66, are overrepresented for AD-lower interactions (Fig. 4c-d), sug-276 

gesting the potential disruption of BBB structure in AD.  277 

Moreover, we quantified AD-differential interactions in both “forward” and “reverse” communication di-278 

rections for each pair of cell types and found that interactions between cEndo/Per1 and excitatory neu-279 

rons/astrocytes show the most interactions (Extended Data Fig. 4b), suggesting the important roles of 280 

the neurovascular unit in AD pathology. We then built ligand-receptor networks for top three cell-cell 281 

pairs (cEndo-Ex, cEndo-Astro, and Per1-Ex) to highlight specific signaling pathways and ligand-recep-282 

tor pairs (Fig. 4e-g). For example, EFNA1, a member of the ephrin family which inhibits axonal growth 283 

via EPH signaling67, increasingly expressed by cEndo in AD interacts with multiple receptors ex-284 

pressed in excitatory neurons (Fig. 4e), suggesting that endothelial cells may mediate axonal growth 285 

disruption in AD. TGFB1, which has been shown to exacerbate BBB permeability and regulate peri-286 

cyte inflammatory response68,69, is highly expressed in capillary cell types in AD (cEndo and Per1), and 287 

mediates communications with excitatory neurons (Fig. 4e,g), suggesting the important roles of TGF-β 288 

in reactive oxygen species generation, amyloid-β accumulation and neuronal dysfunction during AD 289 

pathogenesis70. BMP6 mediates the AD-higher interactions between pericyte1 and excitatory neurons, 290 

suggesting its function in pericytes governing impaired neurogenesis in AD71. The AD-lower interac-291 

tions between astrocyte and capillary endothelial cells mediated by EGF signaling pathways suggests 292 

inhibition of capillary endothelial proliferation in AD72 (Fig. 4f). 293 

AD GWAS loci linked to brain vascular adDEGs 294 

We next sought to gain insight into how AD risk loci may lead to vasculature breakdown at the molecu-295 

lar level, by integration of our adDEGs with AD-associated loci from genome-wide association studies 296 

(GWAS)73–75 (Fig. 5a), to predict their candidate target genes and directionality of effect (higher or 297 

lower expression in AD) (Fig. 5b), their cell types of action (Fig. 5c,d), and the direct (Fig. 5a-g) or in-298 

direct (Fig. 5h-j) mechanisms through which they can lead to vascular gene expression changes.  299 

First, we focused on direct regulation of vascular adDEGs by nearby genetic variants, and found 197 300 

AD-associated variants in 113 loci76,77 (P<10-5) (Fig. 5a) proximal to 125 vascular adDEGs (Fig. 5b, 301 

Supplementary Table 10) that show cell-type-specific expression alterations (Fig. 5c,d). Most 302 

adDEGs harbored AD-associated variants within their introns (54.3%), or immediately upstream/down-303 

stream with no intervening gene (7.13%) (Fig. 5e), or were linked by: physical chromatin conformation 304 
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capture (Hi-C) looping78–81, correlation-based enhancer-gene links82; brain/heart/muscle-specific 305 

eQTLs at tissue-level resolution83; and vasculature cell-type specific single-cell eQTLs (sc-eQTLs) 306 

(Park et al, in preparation) (Fig. 5f). These AD-associated adDEGs were enriched in similar processes 307 

as we reported for cell-type-specific adDEG enrichments, including cholesterol transport, sterol home-308 

ostasis, regulation of endothelial cell and vascular associated smooth muscle cell migration, regulation 309 

of amyloid precursor protein catabolic process and IL6 mediated signaling (Fig. 5g, Supplementary 310 

Table 10), and we highlight some examples next.  311 

Twenty-one GWAS loci were associated with lipid and cholesterol metabolism adDEG genes, con-312 

sistent with broad dysregulation of brain cholesterol homeostasis in AD84, including several notable ex-313 

amples. First, RORA (Extended Data Fig. 5b), a lipid-sensing nuclear receptor, was broadly lowly-314 

expressed (in cEndo, vEndo, pericytes, fibroblasts), was linked (by endothelial Hi-C chromatin loops, 315 

muscle eQTLs, SMC sc-eQTLs, pericyte sc-eQTLs) to its own AD-associated intronic variant 316 

(rs3784609), and was previously-shown85 to regulate pathological retinal angiogenesis by repressing 317 

inflammation repressor SOCS3, which is indeed also highly expressed in capillary and venule endo-318 

thelial cells in AD in our data. Second, ABCA1 (Extended Data Fig. 5c), a cholesterol transporter, was 319 

linked (by correlation-based enhancer-gene links, muscle and fibroblast eQTLs, sc-eQTLs in endothe-320 

lial, fibroblast, SMCs) to four AD-associated intronic variants, and was highly expressed in pericytes, 321 

which increases pericyte cholesterol efflux to ApoE86, and lowly expressed in fibroblasts, which re-322 

duces amyloid-β deposition and clearance through ApoE87,88. Third, SCARB1 (Extended Data Fig. 323 

5d), a cholesterol exchange regulator, was linked (by endothelial Hi-C, endothelial sc-eQTLs, muscle 324 

eQTLs) to its own AD-associated intronic variant (rs78194510), was highly expressed in capillary en-325 

dothelial cells and pericytes in AD, and was shown to mediate HDL signaling in endothelial cells and 326 

regulate astrocyte-Aβ and SMC-Aβ interactions89,90.  327 

Nine AD GWAS loci were associated with immune response, insulin secretion and neurodegenerative 328 

pathogenesis, including several notable examples. First, IL6 and its receptor IL6R were highly ex-329 

pressed in capillary endothelial cells of AD individuals, suggesting immune response of endothelial 330 

cells may be a prominent feature of AD blood vessels91,92. Second, MYRIP, an insulin secretion regula-331 

tor, was associated with 100kb upstream variant rs9832461 through Hi-C loop in endothelial cells and 332 

enhancer-gene correlation in endothelial cells and brain, and was lowly expressed in capillary endo-333 

thelial cells of AD (Extended Data Fig. 5f), consistent with the expression change in AD93,94, and sug-334 

gesting potential dysregulation of insulin signaling95. Third, PFDN1, encoding one subunit of prefoldin 335 

complex associated with AD pathogenesis 96,97 and showing lower expression in venule SMCs of AD 336 

patients, was linked to AD variant rs11168036 through enhancer-gene correlation in brain, heart, and 337 

muscle, Hi-C loop in endothelial cells and eQTLs in muscle and endothelial cells (Extended Data Fig. 338 

5g), suggesting the dysregulation of protein folding machinery in cerebrovascular cells in AD.  339 
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Second, we searched for indirect genetic evidence for adDEGs whose upstream regulators were di-340 

rectly linked to AD-associated variants (Fig. 5h). Five of our previously-predicted (Fig. 3a-b) upstream 341 

transcription factors (YAP1, TCF7L2, NFIC, ETS1, DACH1) were directly linked to AD-associated vari-342 

ants, a 2.9-fold enrichment, given only 33 TFs lie in AD-associated loci (Fisher’s exact test, p-343 

value=0.04). The first four TFs were also predicted to be upstream regulators of cell-type-specific 344 

marker genes in our earlier analysis (Fig. 1e). These were linked to AD-associated SNPs through di-345 

verse lines of evidence: YAP1 through sc-eQTLs in endothelial cells and pericytes; ETS1 through HiC 346 

loop in endothelial cells; TCF7L2 through EpiMap promoter-enhancer correlation in endothelial cells 347 

and heart, HiC loop in endothelial cells, and eQTL from GTEx in heart; and NFIC and DACH1 through 348 

HiC loop in endothelial cells. These AD-associated adDEG regulators targeted 559 vascular adDEGs 349 

across five cell types (Fig. 5h, Supplementary Table 11), which showed biologically-meaningful en-350 

richments, including: for YAP1, cell migration regulation, angiogenesis and extracellular matrix organi-351 

zation across multiple cell types; for ETS1 cytokine and growth factor stimulus response in capillary 352 

endothelial cells, consistent with prior work17,19–21; for TCF7L2, a known master regulator in vasculari-353 

zation, SMCs plasticity, glucose homeostasis and insulin production and processing98–100 in cEndo, 354 

pericytes and fibroblasts.  355 

Third, we searched for indirect genetic evidence for vascular adDEGs downstream of ligand-receptor 356 

pairs, whose ligands are directly linked to AD-associated variants, and differentially expressed in AD 357 

(adDEGs) in nonvascular cells (neurons, astrocytes, oligos, OPCs, microglia), thus potentially leading 358 

to vascular cell dysregulation through ligand-receptor signaling pathways. We used our previously-an-359 

notated correlated module pairs (Fig. 4, Extended Data Fig. 4) that showed coordinated expression 360 

differences in AD between vascular and neuronal or glial cell types, and searched for AD-linked 361 

adDEG ligands indicative of potential genetic effects. Among our 577 previously-defined module pairs, 362 

we found 54 pairs (24 AD-higher and 30 AD-lower) with ligands proximal to AD-associated genetic loci 363 

(Fig. 5i), implicating 611 vascular adDEGs, which are linked to 12 AD-associated ligands and 13 re-364 

ceptors (in 18 different ligand-receptor pairs). The 12 AD-associated ligands represent a significant en-365 

richment over expectation (odds ratio=2.52, p-value=0.0016, Fisher’s exact test). Of these 12 ligands 366 

with proximally linked AD-associated variants, 7 showed sc-eQTL linking evidence, 3 showed tissue-367 

level brain-eQTLs evidence from GTEx, 7 showed Hi-C loop linking evidence, including 6 with multiple 368 

lines of evidence (Fig. 5i, col. 2). Their downstream genes were enriched in at least 17 different bio-369 

logical functions (Fig. 5j, Supplementary Table 12). For example, AD-associated rs442495 (P-370 

value=3e-11) in Chr15p13 was linked (through HiC loop and tissue-eQTLs) to ADAM10, a key modula-371 

tor of dendritic spine formation and AD pathology101, an adDEG differentially expressed in multiple cell 372 

types (oligodendrocyte, astrocyte, excitatory and inhibitory neurons, and OPCs), that binds three 373 

adDEG receptors (IL6R102, NOTCH1103, TSPAN14104), all differentially expressed in capillary endothe-374 

lial cells, and targeting 66, 60, and 109 receptor-downstream target genes, respectively. The 66 genes 375 
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downstream of ADAM10-IL6R signaling activates high expressed endothelial genes enriched in lipid 376 

storage and response, immune response, and cell proliferation. Interacting with NOTCH1 induces 377 

genes involved in cell migration and proliferation. We also observed APOE, the strongest AD genetic 378 

associated gene and showing higher expression in microglia and lower expression in astrocyte, inter-379 

acts with LRP6105 to regulate the expression of genes in pericytes significantly enriched for cell junc-380 

tion and cell migration, which is lower in AD.  381 

Taken together, we found 1,010 of 2,676 vascular adDEGs in AD can be associated with AD genetics 382 

using cis, trans-, or signaling regulatory mechanisms (Extended Data Fig. 5a, h, Supplementary Ta-383 

ble 13). The expression and transcriptional differences in vascular cell types in the context of AD point 384 

out that the effects of genetic risk factors on cerebrovasculature may also contribute to the pathogene-385 

sis of AD through the intracellular dysfunction and underlying intercellular communications with neural, 386 

glial and microglial cells in the brain parenchyma and immune cells in the peripheral blood system.  387 

APOE4-associated transcriptional differences and cognitive decline 388 

The apolipoproteinE (APOE) genetic locus is the largest genetic risk factor of late-onset AD with an 389 

increased risk for APOE ε4 allele carrier (E4) relative to the common ε3 allele106 (E3), capturing more 390 

AD heritability than all other known markers combined107. APOE ε4 has been previously reported to 391 

exacerbate BBB breakdown and pericyte dysregulation108, which are thought to contribute to cognitive 392 

impairment109–111. To elucidate the molecular mechanisms and vascular cell types potentially mediating 393 

the effects of APOE ε4 on BBB dysfunction and cognitive decline, we searched for APOE-genotype-394 

associated differentially expressed genes (apoeDEGs) between cells of APOE ε3|ε3 homozygous indi-395 

viduals (E3, N=251) vs. carriers of one or two APOE ε4 alleles (E4, N=101 heterozygous ε3|ε4 and 396 

N=7 homozygous ε4|ε4), controlling for other pathological and demographic variables, including AD, 397 

age, sex, PMI, Parkinson’s, Lewy Body, VCID, and cognitive decline (see Methods). As the vast ma-398 

jority of ε4 carriers are heterozygous in the population (and in our cohort), we do not focus on homozy-399 

gous carriers here.  400 

We found 2,482 apoeDEGs (Fig. 6a, Supplementary Table 14, Methods), which were mostly evenly 401 

distributed across cell types (120 APOE4-higher and 120 APOE4-lower on average) and similar in 402 

count to the number of adDEGs. While only a median of 4% of APOE-differential genes were shared 403 

with AD-differential genes, reflecting the additional contributors to AD beyond the APOE genotype, the 404 

overlap between apoeDEGs and adDEGs was highly significant for a subset of cell types. For capillary 405 

endothelial cells (cEndo), 36% of APOE4-higher apoeDEGs were also adDEGs (12-fold enrichment, 406 

P=10-32, Fisher’s exact test) and 21% of APOE4-lower apoeDEGs were also adDEGs (12-fold, P=10-407 
20). Strong apoeDEG-adDEG agreement was also found for Fib1 and Per1 for both APOE4-higher and 408 

APOE4-lower genes (10-fold to 14-fold enrichment), and for weaker ones for Per2 and vEndo APOE4-409 

higher genes (6-fold to 8-fold), but no significant overlap was found in other cell types.  410 
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To gain more insights on the specific biological functions affected by the APOE ε4 genotype, and thus 411 

potential therapeutic hypotheses against AD-associated BBB breakdown, we searched for enriched 412 

biological pathways in E4-higher and E4-lower genes in each of these cell types (Fig. 6b, Supple-413 

mentary Table 15). In capillary endothelial cells, E4-lower genes were significantly enriched in 414 

transport across blood-brain barrier (e.g. ABCB1, ABCG2, SLCO2B1, SLC48A5), cell junction organi-415 

zation (APBB2, CAPZA1, SDK1, PPFIBP1) and regulation of sprouting angiogenesis (JMJD8, KLF4, 416 

KLF2). and in pericytes E4-lower genes were enriched in cell migration regulation, transport across 417 

BBB (ATP1A2, SLC6A13, SLC19A1, SLC6A1), and cell-cell junction maintenance (CSF1R, TJP1) 418 

(Fig. 6b), in agreement with reports of ApoE ε4 individuals showing reduced cerebral blood flow112, 419 

and cerebrovascular abnormalities113. APOE4-higher genes were significantly enriched for cytokine 420 

response in both capillary endothelial cells and pericytes, negative regulation of cell migration in capil-421 

lary endothelial cells, and apoptotic process and positive regulation of endocytosis in pericytes (Fig. 422 

6b), consistent with increased risk for neurodegeneration and pathology in APOE ε4 individuals.  423 

We next evaluated the correlation of all apoeDEGs with cognitive decline in all cell types, and found 424 

that higher expression of E4-higher genes was primarily associated with cognitive decline across all 425 

cell types, while conversely higher expression of E4-lower genes was primarily associated with cogni-426 

tive resilience (Fig. 6c, Extended Data Fig. 6a). This effect was strongest for cEndo (p<10-22), vEndo 427 

(p<10-11), Fib1 (p<10-11), and Per1 (p<10-8), with substantial and highly-significant differences in cogni-428 

tive loss correlation between E4-higher vs. E4-lower genes. Our results are consistent with previous 429 

findings suggesting capillary pericytes might mediate the effect of APOE4 on cognitive decline111, and 430 

indicates that capillary endothelial cells and fibroblasts subtype 1 might play equally or even more im-431 

portant roles, based on both the overlap of apoeDEGs and adDEGs, and the highly significant correla-432 

tion with cognitive decline in both cell types.  433 

We further identified cognitive-decline-correlated differentially-expressed genes (cogDEGs) for each 434 

vascular cell type, for both APOE3 and APOE4 individuals (Fig. 6d, Supplementary Table 16, Meth-435 

ods), distinguishing “decline-lower” cogDEGs that are negatively-correlated with cognitive decline vs. 436 

“decline-higher” genes that are positively-correlated with cognitive decline. APOE4 individuals showed 437 

more cogDEGs than APOE3 individuals (>1.5-fold enrichment) for cEndo, Per1, Fib1, and vEndo (Fig. 438 

6d), especially for decline-higher genes (2.1-fold), suggesting specific cerebrovascular cell types that 439 

might mediate the contribution of the APOE ε4 allele on cognitive decline. Comparing APOE3-specific 440 

cogDEGs vs. APOE4-specific cogDEGs, we found that the two sets were largely distinct, with only 441 

~5% of cogDEGs in common between APOE4 and APOE3 (Fig. 6e), suggesting distinct transcrip-442 

tional changes and potential specific mechanisms of cognitive decline between ε3-only vs. ε4 carriers; 443 

however this small number of shared cogDEGs was significant in Fib1, Per1, and cEndo.  444 
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To further investigate the functions of APOE3 vs. APOE4 cogDEGs, we performed Gene Ontology en-445 

richment analysis for E3-specific, E4-specific, and E3-E4-shared cogDEGs, both decline-higher and 446 

decline-lower, in both capillary cell types (cEndo and Per1) (Fig. 6f, Supplementary Table 17). For 447 

cEndo decline-higher cogDEGs, APOE4-specific enrichments included lipid and cytokine response, 448 

apoptotic process and negative regulation of growth, and APOE3 enrichments included vascular 449 

transport, negative regulation of cell migration, differentiation and cell matrix adhesion. For cEndo de-450 

cline-lower cogDEGs, APOE4-specific enrichments included blood vessel development, positive regu-451 

lation of BMP signaling and neurotransmitter transport regulation, and APOE3 enrichments included 452 

positive regulation of endothelial cell migration and extracellular structure organization. For Per1 de-453 

cline-higher cogDEGs, APOE4-specific enrichments included cytokine response, DNA damage re-454 

sponse and apoptosis, and APOE3 enrichments included negative regulation of SMC migration and 455 

Notch signaling, and autophagy. For Per1 decline-lower cogDEGs, APOE3 enrichments included lipid 456 

and chemical homeostasis and cell junction assembly, whereas APOE4-specific decline-lower cog-457 

DEGs were enriched for BBB-related functions (BBB maintenance, Notch signaling, contraction regu-458 

lation), suggesting that APOE ε4-dependent cognitive decline may be primarily mediated by Per1 peri-459 

cytes (Fig. 6f).  460 

Discussion 461 

In this study, we profiled and analyzed the transcriptome of 22,514 single nuclei, identified the molecu-462 

lar signatures and upstream regulators of eleven brain vascular cell types, and characterized region-463 

specific expressed genes and pathways in 428 AD and control individuals. We identified 2,676 AD-as-464 

sociated differentially expressed genes (adDEGs) with strong cell-type specificity, including low ex-465 

pression of some canonical cell-type markers and key genes for BBB integrity in AD (e.g. pericyte 466 

marker PDGFRB4,29), highlighting the specialized functions of vascular cell types in the maintenance of 467 

the brain-blood barrier and its dysregulation in disease. These adDEGs were enriched in multiple bio-468 

logical pathways broadly across cell types, including immune response, insulin response, and vasculo-469 

genesis, specifically in single cell types, including synaptic transmission in pericytes and Notch signal-470 

ing in endothelial cells. These results suggest dysregulation of both common functions and cell type-471 

specific pathways, providing potential clues for both global and targeted therapeutic directions aiming 472 

at the AD cerebrovasculature.  473 

We also predicted upstream regulators of adDEGs, and grouped them into collaborative regulator 474 

modules, potentially driven by primary regulators. Using these modules, we clustered targeted 475 

adDEGs into groups specified by higher-order combinations of these modules, each of which was as-476 

sociated with distinct biological functions. Our analysis provides a general framework for understand-477 

ing how regulators collaboratively control dysfunctional gene programs in disease and may aid in prior-478 

itizing for therapeutic targets to restore the function of AD-differential genes, developing iPSC-derived 479 

vasculature, and planning perturbation experiments. 480 
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We next investigated differential cell-cell communications of neurovascular units in AD. Methodologi-481 

cally, we introduced a new computational framework by combining covariation analysis of gene co-ex-482 

pression modules between cell types across 428 individuals with ligand-receptor pairs and their corre-483 

sponding signaling pathways. We identified 577 AD-differential cell-cell communications (301 AD-484 

higher and 276 AD-lower) and investigated the responsible signaling pathways. Notably, we found that 485 

collagen and laminin, the basic components of the basement membrane of BBB structure, were signifi-486 

cantly mediating AD-lower interactions, suggesting the BBB breakdown in AD. Signaling pathways in-487 

cluding TGF-β, SPP1, BMP and IL6 were overrepresented in AD-higher interactions, suggesting the 488 

potential neuronal dysfunction, Aβ accumulation and immune response of NVU in AD. The dynamics 489 

of multi-cellular interactions in AD calls attention to the development of multicellular in vitro systems 490 

and provides a specific point of view to therapy in the future.  491 

Moreover, our study yielded insights on interpreting AD genetic variants from genome-wide human ge-492 

netics studies in cerebrovascular cell types. We innovatively proposed and studied three types of 493 

mechanisms to understand how AD variants are associated with vascular differential genes in AD: (1) 494 

direct regulation in a “cis” way (125 adDEGs), (2) indirect regulation in a “trans” way (559 adDEGs 495 

through five AD-GWAS-proximal regulators) and (3) indirect regulation through intercellular signaling 496 

pathways (611 adDEGs through 12 differentially expressed AD-GWAS-proximal ligands). Altogether, 497 

we observed that 1,010 of 2, 676 (37.7%) adDEGs could be associated with AD genetics, suggesting 498 

the importance of understanding the BBB dysregulation in AD from the genetic perspective and pro-499 

vides a paradigm to be widely applied in multiple scenarios including other cell types in AD and other 500 

diseases.  501 

Finally, our study shed light on the molecular and cellular basis to understand the association of cere-502 

brovasculature with APOE4-associated cognitive decline. We found APOE4 highly expressed genes in 503 

cEndo, vEndo, Per1 and Fib1 were significantly and positively correlated with cognitive decline, sug-504 

gesting that these could be the major cell types associated with APOE4-dependent cognitive impair-505 

ment. We further observed that cognitive-decline-associated transcriptional differences were APOE 506 

genotype specific. For example, the significant enrichment of BBB functions in cognitive-decline-lower 507 

genes was specific to APOE4 pericytes, demonstrating that APOE ε4 allele leads to cognitive decline 508 

through BBB dysfunction at both cellular and molecular levels. This offers the potential therapeutic tar-509 

gets regarding BBB functions in specific APOE genotypes on cognition impairment. Given the limited 510 

number of vascular cells, especially for rare cell types in APOE2 and APOE4, further targeted studies 511 

are needed to comprehensively understand the association and causality among APOE genotype, 512 

BBB function, cognitive decline and AD.      513 

Overall, our multi-region molecular atlas of differential human cerebrovasculature genes and pathways 514 
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in AD provides an important foundation for guiding AD therapeutics, especially for early-stage inter-515 

ventions where the BBB is increasingly recognized to play a central role.  516 
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Figure 1. Brain vasculature characterization across six brain regions. a-b. UMAP of 22,514 in sil-517 

ico sorted brain vascular nuclei from postmortem tissues labeled by cell type (a) and cell subtype (b), 518 

the percentage of cells in each cell is shown. c-d. Top markers for vascular cell types (c) and cell sub-519 

types (d). e. Heatmap to show the enrichment of upstream regulators for cell subtype markers. f. 520 

UMAP of vascular nuclei for each brain region. g. Distribution of cell fraction across six brain regions. * 521 

represents the significant enriched cell types in specific regions by the Wilcoxon rank test p-value 522 

<0.01. h. Representative enriched Gene Ontology biological processes of brDEGs for each cell type.   523 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 10, 2022. ; https://doi.org/10.1101/2022.02.09.479797doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.09.479797


a

h

d

ZNF552
UPRT
MT1M
MPPED2
ZNF385B
MT2A
ST6GALNAC3
ANGPT2
GALNT18
ADAMTS9
BACE2
HSPD1
HSPA1A
HSPH1
SDHAF4
APOD
SLC38A2
RIPOR3
DNAH11
MRPS6
BNC2
CPM
ATP1A2
FAM13A
SLC2A1
SNCAIP
ARSB
ZFAND4
UBASH3B
KIAA1755
ZNF616
ADA
FAM160A1
ZNF518B
TBC1D2
GALNT15
NLGN1
PLCG2
FKBP5
PIAS1
DACT2
BCL6
HSPA1B
NTRK3
PPARG
SLC26A3
IMPDH1
UNC5B
KIF17
KLHL13
PCDH7
SLC6A20
INTS4

aE
nd

o
cE

nd
o

vE
nd

o
Pe

r1
Pe

r2
aS

M
C

vS
M

C
Fi

b1
Fi

b2
Fi

b3
E

pe
nd

KCNMB3
FBXL13
SPIN3
MRPL27
ANKDD1A
THSD4
SLC39A10
ID1
XAF1
RORA
ABCB1
COL21A1
FAM155A
SMAD6
ADAMTS6
PDLIM5
SLC6A1
EPB41L4A
PLCB4
ASIP
PRKAA2
PDGFRB
RGS6
RFX8
GALE
SUGCT
DDX5
DNAJA4
TPD52L1
NUP93
PRDM5
GSK3B
CDC7
FSIP1
COL9A1
NOA1
C7
COLEC12
KCNIP1
ITIH5
PECAM1
FNBP1
ITGA8
IMMP2L
C1orf35
PKD1L3
PLEKHF1
FREM2
MICAL2
ADAM12
AFF2
FAHD2A
CRELD1
TRMT9B
AHCYL2
MSI2
CIRBP

aE
nd

o
cE

nd
o

vE
nd

o
P

er
1

P
er

2
aS

M
C

vS
M

C
Fi

b1
Fi

b2
Fi

b3
E

pe
ndcoefficient

−1 0 1

e

Figure 2 Cell-type-specific brain vasculature changes in AD 
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Figure 2. Cell-type-specific brain vasculature differences in AD. a. Overview of adDEGs in each 524 

cell type. From left to right panels, it shows the numbers of cells and expressed genes, the number of 525 

lower/higher adDEGs in AD, and the heatmap with each gene in column and each cell type in row. b. 526 

The number and significance of adDEGs overlap between cell types in both directions (upper triangle: 527 

AD-higher adDEGs; lower triangle: AD-lower adDEGs). c. Top5 highly/lowly expressed DEGs in AD in 528 

each cell type. The highest effect size for each gene is colored by the cell type. d-g. Enriched Gene 529 

Ontology biological processes in AD-higher (d) and AD-lower (e) adDEGs in capillary endothelial cells, 530 

AD-higher (f) and AD-lower (g) adDEGs in Per1. h-i. Representative images (h) and quantification (i) 531 

of INSR gene expression in CD31+ endothelial cells from control and AD prefrontal cortex tissue. j-k. 532 

Representative images (j) and quantification (k) of APOD gene expression in GRM8+ pericytes from 533 

control and AD prefrontal cortex tissue.  534 
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Figure 3. Upstream regulators of adDEGs. a-b. Regulator-cell type networks in AD-higher (a) and 535 

AD-lower (b) adDEGs. The large nodes represent cell types. Triangle nodes represent cell type spe-536 

cific regulators. Grey nodes represent regulators with expression. Red nodes represent differentially 537 

expressed regulators in at least one relevant cell type. Red edges represent the corresponding differ-538 

entially expressed regulators in relevant cell types. c. Regulator modules of all adDEGs sets. The size 539 

of heatmaps reflects the number of regulators. d. Regulator modules of AD-higher adDEGs in capillary 540 

endothelial cells. Seven modules were labeled by a green rectangle. The first column on the left shows 541 

if the regulator is significantly differentially expressed. The second column shows the level of differen-542 

tial significance represented by -log10(p-value). The green columns show the percentage of changed 543 

targets for each regulator and the percentage of AD-higher adDGEs in changed targets. e. Protein-544 

protein interaction networks from STRING for each regulator module. f. Eight groups of adDEGs that 545 

are targeted by regulators shown in (d). The gray shaded block highlights the regulation of specific 546 

regulator modules on the gene group, which is also shown on the left column of (g). The first column 547 

on the left shows the effect size of adDEGs. The second column shows the level of differential signifi-548 

cance represented by -log10(p-value). The third column shows the number of regulators for each tar-549 

get. g. Enriched Gene Ontology biological processes of each group of genes in (f).   550 
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Figure 4 Dynamics of cell-cell communications between vascular cell types and 
neuron/glial cells in AD 
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Figure 4. Dynamics of cell-cell communications between vascular cell types and neuron/glial 551 

cells in AD. a-b. Higher (a) and lower (b) interactions mediated by ligand-receptor signaling between 552 

vascular cell types and neuron/glial/microglial cell types in AD. c-d. Ligand-receptor pairs (row) in each 553 

pair of cell types (column) for higher (c) and lower (d) interactions in AD. The signaling pathway is also 554 

shown on the right. The star in the signaling pathway column indicates that the signaling pathway is 555 

significantly enriched. e-g. Top 3 pairs of interacting cell types: cEndo-Ex, cEndo-Astro, and Per1-Ex. 556 

Ligand-receptor interactions with direction are shown in the network. The color of nodes represents 557 

the cell type. Red edges represent AD-higher interactions, while blue edges are for AD-lower interac-558 

tions.   559 
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Figure 5 AD GWAS loci linked to brain vascular adDEGs
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Figure 5. AD GWAS loci linked to brain vascular adDEG. a-g. Direct (cis) regulated adDEGs by 560 
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(e middle), the rank of adDEG among all associated genes of the specific variant (e right), a heatmap 565 
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Figure 6 APOE4-associated DEGs and cognitive decline
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Figure 6. APOE4-associated transcriptional differences and cognitive decline. a. The compari-573 

son of apoeDEGs and adDEGs for each cell type. The heatmaps show the number of apoeDEGs, 574 

adDEGs and overlapping DEGs. The fold enrichment and FDR are shown in the barplot along with 575 

heatmap. The significant ones are colored by blue or red. b. Enriched Gene Ontology biological pro-576 

cesses in E4 lower/higher genes in cEndo and Per1. The color for heatmap of term-gene pairs repre-577 

sents the effect size. The last three columns show enrichment/significance of each term and average 578 

effect size of the genes. c. The average correlation of apoeDEGs with cognitive decline shown in the 579 

heatmap. The bar plot shows the significance of lower correlation of E4 highly expressed genes with 580 

cognitive decline.The boxplot (right) highlighted the most significant ones. d. The number of decline-581 

higher genes (left) and decline-lower genes (right) in APOE4 and APOE3 individuals. The bar plot 582 

shows the cell types with more cogDEGs in APOE4 individuals (>1.5 fold). e. The number and signifi-583 

cance of overlapping decline-higher/-lower genes between APOE4 and APOE3 individuals. f. Enriched 584 

biological functions of APOE genotype specific/shared decline-higher/-lower genes in capillary endo-585 

thelial cells (top) and pericytes (bottom).  586 
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Methods 587 

Human brain samples from ROSMAP 588 

Human brain tissues in this study were obtained from the Religious Orders Study and Rush Memory 589 

and Aging Project (ROSMAP, each approved by an Institutional Review Board (IRB) of Rush Univer-590 

sity Medical Center) with informed consent, an Anatomic Gift Act for organ donation, and a repository 591 

consent to allow the data to be shared114. Quantitative clinical and pathologic phenotypes of AD 592 

were used to assess disease severity. These included global cognition proximate to death, and a 593 

measure of global AD pathology as well as the molecularly specific beta-amyloid and PHFtau tan-594 

gles. Controls were defined as individuals with little to no AD pathology, whereas cases included a 595 

spectrum of AD pathology. Thus, case status was based solely based on AD pathology and other 596 

variables were allowed to freely associate, as previously reported115–119.  597 

Nuclei isolation from frozen postmortem brain tissue and single nuclear RNA sequencing  598 

We isolated nuclei from frozen postmortem brain tissue as previously described120. Briefly, to avoid 599 

transcriptome changes due to protease processing, we homogenize the tissue in a Dounce grinder in 600 

the presence of low-concentration detergent to lyse the cell membrane and release intact nuclei. Ly-601 

sates are filtered through 40 um cell strainers, and we purify nuclei using density-gradient centrifuga-602 

tion to eliminate cell debris. To prevent RNA degradation, we carry out all steps at 4°C and in the pres-603 

ence of RNase inhibitor (Takara). We use the isolated nuclei for the droplet-based 10x scRNA-seq as-604 

say, targeting 10k nuclei for each region of each individual and prepare libraries using Chromium Sin-605 

gle-Cell 3′ Reagent Kits v3 (10x Genomics, Pleasanton CA) according to the manufacturer’s protocol. 606 

We sequenced pooled libraries using the NovaSeq 6000 S2 sequencing kits (100 cycles, Illumina).  607 

snRNA-seq data preprocessing  608 

We aligned the raw reads to human reference genome version GRCh38 (pre-mRNA) and quantified 609 

gene counts using CellRanger software v3.0.1 (10x Genomics, Pleasanton CA)121. The generated cell-610 

gene count matrix was processed using the Seurat R package v.4.0.3122. We used a threshold of 500 611 

unique molecular identifiers (UMIs) to select cells, and a cut-off value of 50 cells to select genes for 612 

further analysis. We filtered out the cells with more than 10% mitochondrial genes. The gene count 613 

was normalized by the total counts for each cell, multiplied by 10000, and then log-transformed. We 614 

identified the top 2000 highly variable genes for dimension reduction using Seurat default parameters. 615 

We used Harmony for batch correction123, and DoubletFinder to estimate doublet score with the pa-616 

rameter of 7.5% doublet formation rate124. The cells with high doublet scores (0.2 as cutoff) were dis-617 

carded for further analysis. After generating clusters, the cluster that shows high expression of mark-618 

ers of two or more cell types was also treated as doublets and removed for further analysis. 619 

In Silico Sorting to enrich vascular cells and cell type annotation 620 

For the full datasets with all cell types, we first annotated the cell type for each cluster based on the 621 
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canonical markers of major cell types in the brain (including excitatory and inhibitory neuron, astrocyte, 622 

oligodendrocyte, OPC, microglia and vascular cell)120 and the enrichment of a large set of markers125 623 

in highly expressed genes of each cluster. We next calculated the cell type score for each cell, which 624 

was represented by the average expression of a group of markers of each cell type125. The cells were 625 

selected as vascular cells for further integrative analysis only if (1) the clusters that the cells belong to 626 

were annotated as vascular cell types; (2) the cells show the specific high score of vascular cell types 627 

(highest score is 2-fold higher than the second score). We had previously reported data from control 628 

individuals12, and here report data from AD individuals.  629 

Identification of differentially expressed genes 630 

We used the Wilcoxon rank-sum test in Seurat with default parameters to identify highly expressed 631 

genes for each cell type compared with the left cells, and differentially expressed genes between brain 632 

regions for each cell type (expressed in at least 25% of endothelial cells and logarithm of fold change 633 

is higher than 0.25). For the comparison between AD and control, APOE3 and APOE4, cognitive de-634 

cline, we applied MAST to measure the statistical significance for each gene based on a linear 635 

model126. The covariates including number of cells, number of expressed genes, age, sex, PMI, race, 636 

other dementia related pathology (Lewy body dementia, parkinson's disease and vascular contribu-637 

tions to cognitive impairment and dementia) were controlled in the model. The genes with FDR <0.05 638 

and coefficient > 0.02 were selected for further analysis. To confirm that these differences are biologi-639 

cal and not statistical artifacts, we permuted the annotation of AD pathology for each individual and 640 

identified the adDEGs using the same computational pipeline, and found that the number of adDEGs 641 

is significantly higher than expected by chance. 642 

RNA in situ hybridization  643 

For human postmortem samples, fresh frozen human PFC samples (BA region 9) were embedded in 644 

Tissue-Tek OCT compound (Sakura, #25608-930), cut at 10 μm using a cryostat (Leica, CM3050S) 645 

and collected on Superfrost Plus slides (Fischer Scientific, #12-550-15). Tissue sections were stored 646 

at -80°C until further processing. RNAscope chromogenic 2.5 HD duplex reagent kit (Advanced Cell 647 

Diagnostic, #322430) was used to perform RNA in situ hybridization according to the manufacturer’s 648 

instructions with the following modifications: tissue was fixed in 4% paraformaldehyde for 30 minutes; 649 

30 minutes were allowed for C2 probe hybridization; overnight at room temperature was used for C1 650 

probe hybridization; and xylene was not used prior to mounting. Probes used in this study include 651 

CD31 (Advanced Cell Diagnostic, #548451-C2, red) and INSR (Advanced Cell Diagnostic, #406411, 652 

green). Images were acquired using the brightfield settings of a Zeiss LSM 900 microscope. 653 

RNA in situ hybridization analysis 654 

Images were imported into QuPath (version 0.2.0-m8). Vessel segments were identified based on 655 

CD31+ punctae, which formed visually distinct vessel-like segments. To quantify INSR expression 656 
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within CD31+ cells, we manually counted the number of INSR+ punctae within each vascular seg-657 

ment. To calculate the density of INSR within each vascular segment, we quantified the ratio of INSR 658 

punctae within each vascular segment based on square micrometer surface area of each segment, 659 

then determined the frequency distribution for each density quantification between AD and control pa-660 

tients.  661 

Prediction of regulators 662 

We predicted the upstream regulators of cell type markers and adDEGs using Enrichr in R based on 663 

three libraries including TRANSFAC and JASPAR, ChEA, and ENCODE TF ChIP-seq data127–129. We 664 

used adjusted p-value <0.05 as a cut-off to select the significant regulators. We kept the regulators 665 

with detected expression in the relevant cell types for further analysis. For the predicted upstream reg-666 

ulators of adDEGs, we tested the significance of shared targets between each pair of them in each 667 

geneset, and grouped these regulators into co-regulatory modules based on the hierarchical clustering 668 

of significance (-log10 of p-value by Fisher’s exact test). We evaluated the regulators within one mod-669 

ule by searching the protein-protein interaction network database STRING 51 and downloaded the gen-670 

erated network as supporting information in this study. We then generated a matrix of zero-one to rep-671 

resent the regulatory relation between regulators and targets, performed hierarchical clustering to sep-672 

arate targets into distinct clusters and calculated the percentage of ones in the block (formed by gene 673 

cluster and regulator module) to determine if the target cluster was regulated by a regulator module 674 

(30% as a cutoff). One target group could be regulated by zero, one or multiple regulator modules, and 675 

vice versa.  676 

Gene Ontology Enrichment Analysis 677 

We used Enrichr in R to perform enrichment analysis for Gene Ontology biological process (adjusted 678 

p-value < 0.05 as a cut-off)130,131. The selected terms were manually combined according to the gen-679 

eral functions including immune response, cell proliferation, cell migration, etc.  680 

Prediction of dynamic cell-cell communications in AD 681 

For each cell type (including vascular and non-vascular cell types in our brain datasets), we first clus-682 

tered adDEGs into co-expression gene modules across all individuals, aggregating single-cell expres-683 

sion for each cell type within each individual. Then, for each pair of cell types, we generated the Pear-684 

son correlation coefficient matrix across all module pairs for that cell type pair, and estimated the sig-685 

nificance using cor.test function in R. We used a value of adjusted p-value 0.05 as cut-off to select the 686 

significant correlated modules between two cell types. For each gene module, we performed Gene 687 

Ontology enrichment analysis to measure the importance of the module at the pathway level and re-688 

moved the gene modules without enriched biological processes and signaling pathways. We com-689 

bined four ligand-receptor databases (CellChatDB132, CellPhoneDB133, CellTalkDB134, and Single-690 

CellSingalR135) to annotate the correlated modules as evidence for interacting cell-cell pairs mediated 691 

by ligand-receptor signaling pathways. We manually curated the selected ligand-receptor pairs in this 692 
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study to remove the mislabeled or intracellular protein-protein interactions through literature searching 693 

and filtering. The final results include the interacting cell types, ligand, ligand-involved functions, recep-694 

tor, receptor-involved functions, potential targets in signal receiver cell type, and direction of cell-cell 695 

communication in AD.  696 

adDEGs association with AD genetics 697 

We firstly downloaded AD-GWAS associated genes based on GWAS catalog annotation77 and sum-698 

mary statistics from Jansen et al73 using a subthreshold of -log10(p-value)>5 to match genes from 699 

GWAS catalog annotation. The adDEGs in AD GWAS catalog were then mapped to AD variants 700 

based on the annotation in catalog. The variant with the lowest p-value for each gene was used to la-701 

bel position in the Manhattan plot. We used four types of linking evidence to evaluate the association 702 

between AD-variant and candidate genes: (a) physical chromatin conformation capture (Hi-C) loop-703 

ing78–81, (b) correlation-based enhancer-gene links82; (c) brain/heart/muscle-specific eQTLs at tissue-704 

level resolution83; and (d) vasculature cell-type specific single-cell eQTLs (sc-eQTLs) (in preparation). 705 

The association with at least two pieces of linking evidence were selected for visualization. The dis-706 

tance between variant and gene TSS and its rank among variant-associated genes were also calcu-707 

lated and visualized. 708 

We also evaluated the association between AD-variant and predicted regulators of adDEGs using the 709 

four types of linking evidence mentioned above. We calculated the number of targets for each AD-as-710 

sociated regulator for each cell type and plotted the heatmap to show if the regulation is cell-type-spe-711 

cific or cell-type-shared. Similarly, we evaluated the association between AD-variant and ligands that 712 

meditates AD-related cell-cell communications using the four types of linking evidence and performed 713 

functional enrichment analysis for each target set to measure the functions of those targets as the 714 

downstream of AD-associated ligand in vascular cell types. 715 
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Extended Data Figures 

 

Extended Data Figure 1. Brain Vasculature Characterization across Six Brain Regions. a-b. Mark-
ers for vascular cell types (a) and cell subtypes (b). c-e. Cerebrovascular cell distribution by sex. UMAP 
of brain vascular nuclei labeled by sex (c), cell fraction across sex for each cell type (d), and cell fraction 
across cell types for male and female individuals (e). f-h. Cerebrovascular cell distribution by AD diagno-
sis. UMAP of brain vascular nuclei labeled by AD diagnosis (f), cell fraction across AD diagnosis for each 
cell type (g), and cell fraction across cell types for AD and control individuals (h). i-j. UMAP of vascular 
nuclei with age (i) and PMI (j). k. Heatmap to show the number of highly expressed brDEGs of each re-
gion for each cell type.  
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Extended Data Figure 3. Upstream regulators of adDEGs. Regulator modules of adDEGs in 11 cell 
types. For each heatmap, the first column on the left shows if the regulator is significantly differentially 
expressed. The second column shows the level of differential significance represented by -log10(p-
value).  
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Extended Data Figure 4. Dynamics of cell-cell communications between vascular cell types and 
neuron/glial cells in AD. a. Computational framework to infer cell-cell communications. For each cell 
type, a set of genes were clustered into a number of co-expressed modules. The pairwise Pearson corre-
lation coefficient was calculated between modules from each pair of cell types. The significant correlated 
modules, functional enrichment and ligand-receptor pairs were integrated into the prediction of cell-cell 
communication. The output includes the interacting cell types, ligand, ligand-involved functions, receptor, 
receptor-involved functions, potential targets in signal receiver cell type, and direction of cell-cell commu-
nication in AD. b. The numbers of AD-lower (lower triangle of each square) and AD-higher (upper triangle 
of each square) in forward interactions from row to column (for example, the first row means the interac-
tion from cEndo to other cell types) (upper triangle of the heatmap) and reverse interactions from column 
to row (for example, the first column means the interaction from other cell types to cEndo) (lower triangle 
of the heatmap). c. The numbers of forward (lower triangle of each square) and reverse (upper triangle of 
each square) in AD-higher interactions (upper triangle of the heatmap) and AD-lower interactions (lower 
triangle of the heatmap).  
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Extended Data Figure 5. Differentially expressed vascular genes association with AD genetics. a. 
Proposed three types of regulatory mechanisms to interpret the association between adDEGs and AD 
genetic variants: (1) Directly (cis) regulate adDEGs; (2) Indirect (trans) regulates adDEGs; (3) Indirect 
(ligand-receptor signaling) regulates adDEGs. b-g. Examples of adDEGs directly regulated by AD-associ-
ated variants through linking (eQTLs, Hi-C, promoter-enhancer correlation) along with the expression 
changes in vascular cell types. h. The number of targets regulated by the three regulatory mechanisms.  
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Extended Data Figure 6. APOE genotype, BBB dysfunction and cognitive decline. a. The compari-
son of apoeDEGs correlation with cognitive decline in each cell type. 
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