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Abstract 35 

 36 

Age-related decline in brain endothelial cell (BEC) function critically contributes 37 

to neurological disease. Comprehensive atlases of the BEC transcriptome have 38 

become available but results from proteomic profiling are lacking. To gain insights 39 

into endothelial pathways affected by aging, we developed a magnetic-activated 40 

cell sorting (MACS)-based mouse BEC enrichment protocol compatible with 41 

proteomics and resolved the profiles of protein abundance changes during aging.  42 

Unsupervised cluster analysis revealed a segregation of age-related protein 43 

dynamics with biological functions including a downregulation of vesicle-44 

mediated transport. We found a dysregulation of key regulators of endocytosis 45 

and receptor recycling (most prominently Arf6), macropinocytosis, and lysosomal 46 

degradation. In gene deletion and overexpression experiments, Arf6 affected 47 

endocytosis pathways in endothelial cells. Our approach uncovered changes not 48 

picked up by transcriptomic studies such as accumulation of vesicle cargo and 49 

receptor ligands including Apoe. Proteomic analysis of BECs from Apoe deficient 50 

mice revealed a signature of accelerated aging. Our findings provide a resource 51 

for analysing BEC function during aging. 52 

 53 

  54 



Introduction  55 

 56 

The central nervous system requires a tightly controlled metabolic environment 57 

for proper neuronal functioning and information processing. This specific 58 

environment is maintained by the blood-brain barrier (BBB), which is centrally 59 

positioned within the neurovascular unit and endowed with unique properties1. 60 

Brain endothelial cells (BECs), key constituents of the BBB, display exquisitely 61 

low rates of transcellular vesicular transport (transcytosis) and specialized tight 62 

junctions (TJs) that restrict paracellular diffusion thus safeguarding BBB 63 

integrity2. BECs further play critical roles in neurovascular coupling3,4, brain 64 

metabolism5, and immune activation6 through interaction with other cells. 65 

Age-related dysregulation of BECs causes vascular dysfunction thus critically 66 

contributing to cerebrovascular and neurodegenerative diseases7-12. Previous 67 

studies have shown a decline of various BEC-dependent functions during aging 68 

including BBB integrity13,14, neurovascular coupling15, and cerebral blood flow16. 69 

However, the molecular alterations driving this decline are insufficiently 70 

understood. Candidate factors that have emerged from prior work include an 71 

increase in oxidative and nitrosative stress17,18, changes in telomere length 72 

resulting in cellular senescence19 and specific molecules such as integrins20,21, 73 

ApoE22,23 and Medin, an amyloidogenic peptide that accumulates in the 74 

vasculature with aging24-26. 75 

Molecular profiling studies have greatly contributed to understanding the effects 76 

of aging on specific tissues or cell types27-29. Specifically, single-cell RNA 77 

sequencing (scRNAseq) of mouse BECs, along with proteomics of whole brain 78 

microvasculature have shown an aged-dependent shift in BBB transcytosis from 79 

ligand-specific receptor-mediated transport to non-specific caveolar 80 

endocytosis30. scRNAseq studies further revealed zonation-dependent 81 

transcriptomic changes in aged BECs31,32 and an upregulation of innate immunity 82 

and oxidative stress response pathways in capillary BECs from old compared to 83 

young mice31.  84 

While developments in transcriptomic analyses have enabled cellular mapping at 85 

single cell resolution33, analyses of the proteome are needed for better 86 

understanding of the molecular pathways implicated in cellular function and 87 

aging. First, correlations between mRNA levels and their corresponding protein 88 



levels are often poor (Pearson´s r2 0.3-0.4)34-38, because posttranscriptional 89 

processes that control protein synthesis and degradation have a major influence 90 

on protein abundances. Second, transcriptomic analyses typically do not capture 91 

molecules that are bound to the cell surface or internalized such as receptor 92 

ligands or cargo from phagocytotic vesicles, respectively. Third, proteins are 93 

closer to the biosynthetic output and cellular functions than mRNA, however, to 94 

the best of our knowledge, results of BEC proteomic profiling are lacking. 95 

Here, we developed a BEC enrichment protocol compatible with liquid 96 

chromatography coupled tandem mass spectrometry (LC-MS/MS) to resolve the 97 

mouse BEC proteome and gain insights into protein abundance changes during 98 

healthy aging. Using a recently developed method for unsupervised clustering39-99 

42 we identified distinct patterns of age-related protein dynamics that segregated 100 

with biological functions and the subcellular localization of proteins. We provide 101 

insights into endothelial vesicular transport pathways and identify Arf6, a key 102 

regulator of endocytosis and receptor recycling, as a candidate factor mediating 103 

vesicular transport changes during aging. We further present evidence for an 104 

accelerating effect of Apoe deficiency on BEC aging as well as cell autonomous 105 

effects of APOE in human endothelial cells.   106 



Results 107 

 108 

Proteomic analysis of mouse BECs during aging  109 

To assess changes of the mouse BEC proteome during aging we first developed 110 

a protocol for BEC enrichment compatible with LC-MS/MS (Fig. 1a). Cd31-111 

labeling and MACS resulted in the enrichment of BECs expressing adherens 112 

(Pecam1, Cdh5) and tight junction markers (Cldn5) (Fig. 1b). Isolated BECs from 113 

3 and 18-months-old animals displayed ultrastructural hallmarks of endothelial 114 

cells including nuclei with heterochromatin and endothelial protrusions43 (Fig. 115 

1b). LC-MS/MS on isolated BECs and full brain tissue (FT) preparations from 3-116 

months-old mice followed by label-free quantification (LFQ) showed a massive 117 

enrichment of endothelial markers including Nos3 (FC: 1684.5), Cdh5 (29.9), and 118 

Pecam1 (30.7) in BECs compared to FT (Fig. 1c, Suppl. Table 1). Notably, their 119 

protein levels in BECs were stable between 3 and 18 months. Among other cell 120 

markers we found a prominent reduction of neuronal (Map2 – FC: 0.01) and glial 121 

markers (Gfap – FC: 0.28), a moderate reduction of glial end-feet markers (Aqp4 122 

– FC: 0.77), and some enrichment of pericyte (Anpep – FC: 4.82) marker 123 

proteins. This is consistent with the results of CD31-based enrichment protocols 124 

for single-cell sequencing44, showing that a small population of other vascular cell 125 

types remains with these protocols. 126 

Proteomic analysis of isolated BECs from 3, 6, 12, and 18-months-old mice 127 

captured a total of 4137 proteins. Among them, 3754 proteins were identified with 128 

≥ 2 unique peptides of which 2516 proteins were quantified in ≥ 3 samples in all 129 

age groups. 850 proteins showed significant changes in abundance during aging 130 

(ANOVA, p-value < 0.05) (Fig. 1d, Suppl. Table 2). A comparison with published 131 

mouse bulk BEC RNA-seq data45 revealed 193 proteins and corresponding RNAs 132 

that were significantly altered in both datasets (Fig. 1e). Notably, there was a 133 

weak but significant correlation (r2=0.154; p<0.0001) between the log2 fold 134 

change values of the significantly altered BEC proteins and corresponding RNAs 135 

when comparing aged (18 and 19 months, respectively) to young (3-months-old) 136 

mice (Fig. 1e). Using 3-months-old animals as a reference, there was a steady 137 

increase in the number of significantly altered proteins from 3 (6 months) to 57 138 

(12 months) to 339 proteins (18 months) (FDR p-value < 0.05) (Fig. 1f, Suppl. 139 

Table 2) consistent with previous bulk RNA-seq studies on whole organs and 140 



BECs that found a large number of differentially regulated genes in old compared 141 

to young mice 45,46. Unexpectedly several neurofilament (Nefm, Nefl, Ina) and 142 

myelin sheet (Mog, Mbp, Plp1) proteins while being strongly depleted in BECs 143 

compared to FT (Fig. 1f, right panel) were upregulated in the BEC proteome 144 

during aging (Fig. 1f, volcano plots). Immunolabeling and electron microscopy 145 

analysis of isolated BECs and brain capillaries confirmed the endothelial 146 

localization of Mbp and the engulfment of multilamellar membranous structures 147 

by aged endothelium, respectively (Fig. 1g). These results are in line with recent 148 

findings showing that microvascular endothelial cells act as ‘amateur’ phagocytes 149 

to engulf myelin debris47 and contribute to the degradation of neurofilaments 150 

during aging48,49. 151 

 152 

Age-related protein expression dynamics 153 

Genes with similar expression dynamics have been shown to share biological 154 

functions50. To characterize the temporal profile of age-related BEC protein levels 155 

in greater detail, we first clustered all identified proteins based on their abundance 156 

patterns across time points (3, 6, 12 and 18 months of age). Unsupervised 157 

clustering using Bayesian nonparametric time-series modeling revealed 16 158 

clusters that varied in size between 44 and 312 identified and 6 to 119 159 

significantly altered proteins (Fig. 2a). Notably, several of the most abundant 160 

clusters showed opposing trends in their abundance dynamics during aging (Fig. 161 

2b, Extended Data. Fig. 1). To identify possible links between BEC protein 162 

dynamics and function, we categorized significantly altered proteins in each 163 

cluster according to their subcellular localization (SL) and biological processes 164 

(BP) using Gene Ontology (GO) terms. As illustrated by Clusters 1 to 4 there was 165 

a segregation of clusters with individual GO terms and an alignment between SLs 166 

and corresponding BPs (Fig. 2a).  167 

Focusing on significantly enriched biological processes we found a more than 5-168 

fold enrichment of proteins related to translation (e.g. Rpl and Rps) in cluster 9, 169 

which was characterized by temporary downregulation at 12 months of age (Fig. 170 

2a-c). RNA-splicing related proteins (e.g. Srsf) were enriched in cluster 3 showing 171 

a continuous downregulation until 18 months of age. In contrast, proteins related 172 

to oxidation-reduction (e.g. Prdx5) and lipid metabolism (e.g. Fasn) were 173 

enriched in cluster 4, which exhibited significant upregulation at 18 months of 174 



age. Proteins related to cytoskeleton organization (e.g. Vcl and Pxn), and cell 175 

adhesion (e.g. Ctnnd1 and Tjp1/2) were enriched in cluster 2 showing temporary 176 

downregulation at 6 months of age. Vesicle-mediated transport proteins (e.g. Arf6 177 

and Tmed2) were enriched in cluster 3 and showed a continuous downregulation 178 

during aging (Fig. 2a-c) while the vesicle / exosome subcellular localization was 179 

represented in multiple clusters with vastly different profiles (Fig. 2a). 180 

Collectively, these findings demonstrate close links between age-related protein 181 

abundance dynamics and individual biological processes including vesicle-182 

mediated transport pathways. 183 

 184 

BEC proteins implicated in endothelial vesicular transport  185 

Given the central role of BECs in maintaining BBB integrity and recent data 186 

showing an age-related shift from ligand-specific receptor-mediated to non-187 

specific caveolar transcytosis30, we next turned to vesicle-mediated transport 188 

proteins and transmembrane receptors (Fig. 3a, Suppl. Table 2).  189 

Focusing on vesicle-related proteins, we found major regulators of 190 

macropinocytosis (Rhog), dynamin-mediated endocytosis (Dnm1), exocytosis 191 

(Rab3a), multivesicular body formation (Ptpn23) and lysosomal degradation 192 

(Scarb2 and Ctsd) to be upregulated with aging, whereas the main vesicle-193 

coating proteins (Arf6, Clta/c, and Cav1) were downregulated (Fig. 3a). Out of 194 

the 20 exocytosis-related proteins 16 proteins were positive regulators of 195 

exocytosis and showed increased protein abundance, suggesting an increased 196 

level of exocytosis during endothelial aging (Suppl. Table 2). Endothelial nitric 197 

oxide synthase (Nos3) a regulator of caveolin-mediated endocytosis51 was 198 

transiently downregulated. ER-Golgi vesicle-mediated transport encompassed 199 

proteins that were upregulated (Mia, Uso1, and Vti1b) and downregulated 200 

(Tmed2, Tmed7) with aging, as were regulators of clathrin-mediated endocytosis 201 

(upregulated: Pacsin1, Hip1r, Aak1, and Ap2a1; downregulated: Dab2, Ap2a, 202 

and Arf6).  203 

Focusing on endothelial receptors, we found that multiple subunits (Itga3/7/v and 204 

Itgb3/4/8) and ligands (Mfge8, Lamc1, and Fga/Fgg) of the integrin receptor 205 

complex were upregulated with aging, while transferrin receptor (Tfrc), the Itga1 206 

receptor subunit and Lama5 ligand exhibited an aged-related transient 207 

downregulation (Fig. 3a). To further check, whether the reduction in Tfrc levels is 208 



due to an age-related increase in receptor shedding, we performed single tryptic 209 

peptide analysis at 18 versus 3 months of age. In total, we found 2 and 13 210 

peptides from the intra- and extracellular regions, respectively, to be significantly 211 

downregulated to a comparable extend in aged BECs, arguing against altered 212 

Tfrc shedding (Extended Data. Fig. 2). The tight junction scaffolding proteins 213 

Tjp1 and 2 and the adherent junction protein Ctnnd were likewise downregulated 214 

during aging. 215 

We next explored the specificity of age-related protein changes of vesicle-216 

mediated transport in BECs compared to the whole brain vasculature (BV) and 217 

found no correlation between the two preparations (Fig. 3b, Suppl. Table 3). 218 

Specifically, Arf6, Tfrc, Tmed2, Cav1, Rhog, and Scarb2, which were among the 219 

most significantly dysregulated proteins in BECs were not significantly altered in 220 

BV during aging. In contrast, Mfge8 (Milk fat globule-EGF factor-8 or Lactadherin) 221 

and Apoe were significantly upregulated in both BEC and brain vessel 222 

preparations (Fig. 3c-d), consistent with their role as ligands of the integrin 223 

receptor complex. 224 

The most significantly downregulated protein in BECs was Arf6 (ANOVA, FDR q-225 

value = 0,002), a key regulator of clathrin-dependent, caveolin-dependent, and 226 

clathrin and caveolae-independent endocytosis, as well as vesicle-mediated 227 

recycling of transmembrane receptors and junction proteins52,53 (Fig. 3a).  228 

To validate the age-related reduction of Arf6 levels, we performed 229 

immunocytochemistry on isolated BECs prepared from aged (18-months-old) and 230 

young (3-months-old) mice. Co-staining for Arf6 and Tfrc along with Pecam1 231 

confirmed their BEC-specific reduction during aging with some evidence for a 232 

shift in the cellular distribution of Tfrc in isolated aged BECs (Fig. 3e). In contrast, 233 

immunocytochemical analysis of isolated brain parenchymal vessels for Arf6 and 234 

Tfrc along with ColIV showed no significant age-related alteration (Fig. 3e), which 235 

however agrees with the vessel proteomics data (Fig. 3d). 236 

These findings emphasize the importance of cell type-specific proteomics for 237 

studying vesicular transport mechanisms during aging. They further highlight the 238 

candidacy of Arf6 in mediating age-related protein changes of endothelial vesicle-239 

mediated transport and the recycling of transmembrane receptors.  240 

 241 

Endothelial Arf6 and vesicle-mediated transport pathways 242 



To better understand the role of Arf6 in BECs we conducted gene deletion and 243 

overexpression experiments. We first performed proteomic analyses in mice with 244 

EC-specific Arf6 deficiency and in human iECs derived from ARF6-KO iPSCs 245 

(Fig. 4a and e top, Extended Data Fig. 3 and 4). We found a 30% reduction of 246 

Arf6 levels in EC-Arf6-KO BECs, whereas Arf6 was not detected in Arf6-KO 247 

iPSCs (Fig. 4b and f). 312 and 1724 proteins were significantly altered in BECs 248 

and iECs, respectively (Suppl. Table 4 and 6). Enrichment analyses of 249 

significantly downregulated proteins showed mRNA processing and splicing to 250 

be among the most affected biological processes in both models (Fig. 4c and g) 251 

consistent with our findings on the aged BEC proteome (Fig. 2). Moreover, 252 

chromatin remodeling and nucleosome assembly related proteins were likewise 253 

downregulated in mouse and human, respectively, in line with the previously 254 

published role of Arf6 in cell division54. 255 

Focusing on vesicle-mediated transport proteins we found a similar proportion of 256 

proteins being up- and downregulated upon Arf6 deletion in mice (Fig. 4b and d) 257 

whereas in ARF6 deficient iECs there was an overrepresentation of upregulated 258 

proteins (120 out of the 184 vesicle-mediated transport proteins (Fig. 4f and h). 259 

We therefore performed functional experiments in ARF6-KO iECs and found an 260 

increased level of endocytosis (FM1-43FX in newly formed vesicles). This 261 

upregulation of endocytosis despite Arf6 deletion potentially reflecting a 262 

compensatory response (Fig. 4j). 263 

To further investigate consequences of Arf6 modulation we performed 264 

overexpression experiments by infecting mice with BEC specific55 Arf6-GFP-AAV 265 

or GFP-AAV (used as control) followed by BEC proteomics (Fig. 4a, bottom, 266 

Suppl. Table 5). To validate the specificity of the virus and the efficiency of virus 267 

transduction, we performed immunohistochemistry on the olfactory bulb region of 268 

GFP-AAV-treated mice and found that 45% of the CD31-labeled vasculature 269 

were GFP positive (Fig. 4i). Proteomic analysis confirmed a 1.7-fold increase of 270 

Arf6 levels in BECs (Fig. 4k). Enrichment analysis of significantly upregulated 271 

proteins revealed vesicle-mediated transport, activation of GTPase activity, and 272 

ER to Golgi vesicle-mediated transport to be among the most significantly 273 

affected biological processes (Fig. 4k and m). Aside from the small GTPase Arf6, 274 

both the small GTPase binding-protein Gga2, and the small GTPase activating 275 



protein Tbc1d20 were upregulated. The most significantly downregulated protein 276 

was Glb1, a marker of cellular senescence and ageing (Fig. 4k).  277 

ARF6-overexpression in iECs was done with Arf6-GFP-AAV vs GFP-AAV 278 

treatment and resulted in a 1.9-fold increase of ARF6 levels (Fig. 4e, bottom, Fig. 279 

4n and p, Suppl. Table 6). As in Arf6-GFP-AAV treated mice, enrichment 280 

analysis of significantly upregulated proteins revealed vesicle-mediated transport 281 

related GO terms to be among the most prominently affected biological 282 

processes (Fig. 4n and o). Specifically, ARF6 and its binding-protein GGA2, 283 

DNM1L and the Conserved oligomeric Golgi complex (COG) subunit COG5 were 284 

upregulated in both mouse and human (Fig. m and p). In fact, several subunits 285 

of COG were among the most prominently upregulated proteins in iECs (Fig. 4p). 286 

 287 

Apoe-deficiency results in a signature of accelerated BEC aging 288 

To explore potential relationships between age-related BEC proteome changes 289 

and human brain disorders, we next applied over-representation analysis (ORA) 290 

on disease-related databases. Focusing on BEC proteins that were altered during 291 

aging (ANOVA p-value < 0,05) we found an overrepresentation (FDR, p-value < 292 

0,05) of disease terms related to neurodegenerative disease (8 of the top 25 293 

disorders, highlighted in grey in Fig. 5a). Among these terms were Alzheimer’s 294 

disease (AD), Parkinson’s disease (PD), and Vascular dementia (VaD), which 295 

have previously been related to vascular or endothelial processes56-58. Hence, 296 

we focused on these conditions. Overall, we found 30 AD (23 up, 7 down), 34 PD 297 

(18 up, 16 down) and 9 VaD (5 up, 4 down) -associated proteins to be significantly 298 

dysregulated during aging (Fig. 5b). While the disease-related association does 299 

not imply that these proteins are directly causative of neurodegenerative 300 

diseases, many of them are known risk genes for AD, PD or VaD (eg. App, Snca 301 

or Apoe). Apoe and Tomm40, which were up- and downregulated in BECs during 302 

aging, respectively, were associated with all three conditions (Fig. 5b). Given the 303 

widely recognized role of Apoe in brain cellular aging59-62, and of Apoe deficiency 304 

in causing endothelial dysfunction63-65, we next compared the BEC proteomes of 305 

young (3-months-old) Apoe-KO and WT mice (Suppl. Table 7). Using 306 

proteomics, 111 and 103 proteins were significantly (p-value < 0,05) up- and 307 

downregulated, respectively, in Apoe-KO mice (Fig. 5c). Comparing the BEC 308 

proteomic signature of young Apoe-KO mice with the signature of aged (18-309 



months-old) WT mice we found a positive correlation (r=0.769; r2=0.501, 310 

p<0.0001) suggesting an accelerating effect of Apoe deficiency on BEC aging. 311 

Notably, Arf6 was significantly downregulated in young Apoe-KO mice (fold-312 

change: 0.58) (Fig. 5d). Directionally consistent changes in young Apoe-KO and 313 

aged WT mice were further seen for several other proteins implicated in 314 

endothelial vesicle-mediated transport (Fig. 5d-e).  315 

Focusing on the Arf6-Apoe interaction network in aged mice we found 19 and 24 316 

significantly altered proteins at 18 compared to 3 months of age to exhibit direct 317 

experimentally determined connections with Arf6 and Apoe, respectively (Fig. 5f, 318 

for details see methods). The vesicular transport protein Tgoln1 (Trans-Golgi 319 

network integral membrane protein 1) showed a direct relationship with both Arf6 320 

and Apoe. Notably, Mfge8 and Apoe showed multiple shared connections as did 321 

Arf6 and Tfrc. Also, the integrin (Itgav/b3) receptor ligands Mfge8, Lamc1, and 322 

Fga/Fgg all had a direct connection with Apoe and Tgoln1. 323 

Among the AD-related proteins, we found App (Amyloid beta precursor protein) 324 

to be upregulated during BEC aging at 12 versus 3 months of age. In addition, 325 

the App processing proteins Itm2b (Integral membrane protein 2B) and Htra2 326 

(Serine protease HTRA2, mitochondrial) were likewise upregulated with BEC 327 

aging (Fig. 5b).  328 

Some of the documented effects of Apoe deficiency on endothelial cells are 329 

mediated through systemic effects in Apoe-KO mice including hyperlipidemia63,64. 330 

To identify cell-autonomous effects of APOE in endothelial cells, we next applied 331 

genome editing in human iPSCs to obtain a human APOE-KO line and 332 

differentiated these cells into iECs (Fig. 5g-h, Extended Data Fig. 5-6). 333 

Proteomic analysis revealed 326 significantly altered proteins between APOE-334 

KO and WT iECs (Fig. 5i, Suppl. Table 8). Enrichment analysis of significantly 335 

downregulated proteins showed vesicle-mediated transport and vesicle fusion to 336 

be among the most significantly affected biological processes (Fig. 5j). 337 

Specifically, among the 28 significantly altered vesicle-mediated transport 338 

proteins 23 were downregulated (Fig. 5k). Accordingly, we found reduced levels 339 

of endocytosis of FM1-43FX in newly formed vesicles in APOE-KO iECs (Fig. 5l). 340 

Collectively, our in vivo findings highlight the relevance of age-related BEC 341 

proteome changes for human disease and a signature of accelerated BEC aging 342 

in 3 months old Apoe-KO mice. They further suggest cell-autonomous effects of 343 



APOE in human endothelial cells. However, a more comprehensive 344 

understanding of EC-autonomous regulation by Apoe would require further 345 

experiments.  346 



Discussion  347 

 348 

Using a mass spectrometry compatible protocol for BEC enrichment, we provide 349 

an unbiased characterization of the mouse BEC proteome during aging.  350 

Unsupervised clustering revealed distinct patterns of age-related protein 351 

expression dynamics that segregated with biological functions and subcellular 352 

localizations. We provide insights into endothelial pathways of vesicular transport 353 

highlighting key regulators (e.g. Arf6), ligands, and cargos. We also present 354 

evidence for an accelerating effect of Apoe deficiency on BEC aging and a cell 355 

autonomous role of APOE in human ECs. We further offer a publicly available 356 

resource and searchable database of age-related protein dynamics of mouse 357 

BECs (available at http://becaging.de) for wider use. 358 

Among the most prominent changes was a decline in the abundancy of proteins 359 

implicated in vesicle-mediated transport. Several observations point to a possible 360 

role of Arf6, the most significantly downregulated protein in our dataset, in 361 

mediating these changes. First, Arf6, a small GTPase, is a key regulator of 362 

membrane trafficking, endocytosis, and vesicle-mediated recycling of 363 

transmembrane receptors and junction proteins52,66,67. Second, Arf6 was 364 

coregulated with proteins implicated in clathrin-mediated endocytosis (Cltc and 365 

Dab2)68, vesicular transport from ER to Golgi (Arf4, Tmed2, and Tmed7) and 366 

receptor recycling (Rab5c and Vps26b), all of which were continuously 367 

downregulated with aging. Third, downregulation was further seen for Cav1 lipid 368 

raft protein, which together with Arf6 is implicated in caveolin-mediated 369 

endocytosis66, and further regulates the expression of Tjp169. Experiments in 370 

CHO cells transfected with a dominant negative Arf6 mutant have shown a 371 

redistribution of Tfrc from the cell surface to vesicles and reduced receptor 372 

recycling68. In accordance with this, we found a similar redistribution of Tfrc in 373 

isolated BECs from aged mice (Fig. 3E). However, additional experiments would 374 

be needed to consolidate this observation. Of note, while Arf6 was prominently 375 

reduced in aged BECs, it was not changed in isolated brain vessels during aging. 376 

As Arf6 is expressed by multiple cell types in the brain and since brain vessel 377 

preparations contain pericytes, glial- and synaptic endings in addition to 378 

endothelial cells, the lack of a decrease in Arf6 levels in the aged vessel 379 

preparation might relate to the overall pattern of Arf6 expression in non-380 



endothelial vascular cell-types. Further experiments would be needed, to explore 381 

the cell specific expression pattern of Arf6 during aging. 382 

To explore the regulatory function of Arf6 on mouse and human endothelial cells 383 

we next performed Arf6 deficiency and overexpression experiments. In unbiased 384 

bioinformatic analyses we found mRNA-processing among the most prominently 385 

downregulated biological processes upon endothelial Arf6 deficiency in both 386 

mouse and human, consistent with our aged BEC proteomics data. Proteins 387 

related to vesicle-mediated transport were mostly upregulated in ARF6-KO iECs 388 

in accord with an increased level of endocytosis detected by FM1-42FX 389 

experiments (Fig. 3 and Fig. 4). As a limitation of our Arf6-deficient mouse model, 390 

the reduction of Arf6 levels in our BEC preparations was only 30%. This moderate 391 

reduction might be due to (i) incomplete recombination efficiency after tamoxifen 392 

induction, (ii) some contamination by non-endothelial Arf6-expressing cell types 393 

during MACS-based enrichment44, or (iii) endothelial endocytic uptake of Arf6-394 

containing extracellular vesicles produced by other cell types other cell types70,71. 395 

Overexpression of Arf6 resulted in vesicle-mediated transport being among the 396 

most affected upregulated processes in both mouse and human endothelial cells.  397 

In particular, we found proteins involved in GTPase activity to be upregulated in 398 

mouse BECs, suggesting an increased activity of Arf6 small GTPase in Arf6-399 

AAV-treated animals. Subunits of the COG complex were upregulated in human 400 

iECs, suggesting a positive regulation in the maintenance of intra‐Golgi 401 

trafficking72. Glb1, a marker of cellular senescence73,74 was among the most 402 

prominently downregulated proteins in Arf6-AAV treated mice with an opposite 403 

pattern in mice with endothelial Arf6 deficiency. These data align well with the 404 

prominent downregulation of Arf6 in aged BECs, further highlighting the 405 

importance of Arf6 during aging (Fig. 3 and Fig. 4).  406 

In contrast to Arf6-related vesicular pathways, some of the major regulators of 407 

micropinocytosis (Rhog), multivesicular body formation (Ptpn23), and lysosomal 408 

degradation (Scarb2) were upregulated (Fig. 3a) consistent with an activation of 409 

protein degradation during aging75. We further found constituents of both myelin 410 

(e.g. Mbp, Mog, Plp1) and axons (e.g. Nefl, Nefm, Ina) to accumulate in aged 411 

BECs consistent with the previously reported role of BECs in clearing myelin 412 

debris after spinal cord injury and experimental autoimmune encephalitis47,76. 413 

Interestingly, Scarb2, a regulator of lysosomal/endosomal transport, and Ppt1, a 414 



glycoprotein involved in lysosomal degradation were likewise upregulated during 415 

aging. However, whether this relates to the degradation of myelin debris remains 416 

unknown. 417 

Our results complement and extend RNAseq studies on BECs during aging. 418 

Specifically, and in accordance with recent scRNAseq data30,45, we found an age-419 

dependent downregulation of the receptor-mediated endocytosis components 420 

Tfrc, Cltc, Clta, and Dab2 although Cav1, which is implicated in receptor-421 

independent transcytosis, was likewise downregulated during BEC aging. Tfrc is 422 

the most widely studied and validated target protein for receptor-mediated 423 

transcytosis-based delivery approaches77,78. Indeed, some approaches have 424 

shown promising results in clinical trials79. Tfrc-based strategies receive growing 425 

interest for delivering therapeutics in age-related neurodegenerative diseases 426 

including AD80. The observed downregulation of Tfrc in aged mice suggest that 427 

these strategies might be less effective in aged organisms.  428 

Our proteomics approach further captured processes that were not detected at 429 

RNA level. Specifically, we found changes in the abundance of ligands and cargo 430 

(e.g. of myelin proteins) originating from other cellular sources. In principle, the 431 

increased levels of ligand and cargo proteins can be due to an increase in cargo 432 

availability, an increase in endothelial phagocytosis (as suggested by 433 

upregulated Mfge8 or Apoe opsonin proteins), or a decrease in cargo digestion. 434 

Several receptor-ligand pairs including the Mfge8, Lamc1, and Fgg/Fga ligands 435 

and the integrin receptor subunits Itga3/7/v and Itgb3/4/8 were upregulated with 436 

aging (Fig. 2a). Integrins are heterodimeric transmembrane proteins composed 437 

of alpha and beta subunits occurring in multiple combinations81. We found most 438 

of the subunits to be upregulated with aging whereas Itga1 and its ligand Lama5 439 

were both downregulated. Fibrinogen (represented with Fgg and Fga), a blood-440 

born protein that is synthesized by the liver, accumulated with aging possibly 441 

through interaction with its receptor Itgavb382, which was likewise upregulated. In 442 

principle, this might reflect altered fibrinogen-binding, intracellular uptake, or 443 

extravasation. 444 

Among the proteins that were continuously upregulated with aging was Mfge8, 445 

which is best known for its role in phagocytosis of apoptotic cells but also 446 

implicated in neovascularization83 and vascular amyloidosis25,84. In the 447 

vasculature, Mfge8 is primarily expressed by mural cells and astrocytes85. Mfge8-448 



mediated clearance of apoptotic cells is mediated via integrin receptors on 449 

phagocytosing cells (specifically Itgavb3 or Itgavb5)83,86 and we found Mfge8 and 450 

Itgavb3 to be coregulated in BECs during aging (cluster 1). However, whether 451 

this relates to the clearance function of BECs remains to be investigated.  452 

Our over-representation analysis on disease-related databases revealed a 453 

significant enrichment of proteins associated with neurodegenerative diseases, 454 

while also highlighting Apoe, which is known to be involved in lipid metabolism, 455 

mitochondrial function, and immunoregulation87. In the brain vasculature Apoe is 456 

primarily expressed by microglia and astrocytes85 and to a lesser extent by other 457 

cells including BECs85,88. Hence, the elevated endothelial level of Apoe protein 458 

during aging might reflect its endothelial accumulation as a ligand rather than 459 

changes in production or secretion by endothelial cells. There is a broad literature 460 

on individual Apoe genotypes and cerebrovascular dysfunction highlighting a role 461 

of pericytes23 and also BECs89 in mediating the effects of APOE4 on BBB function 462 

primarily through non-cell-autonomous mechanisms. Our proteomic results in 3-463 

months-old Apoe-KO mice revealed a profile of accelerated BEC aging with 464 

several proteins involved in vesicular transport. Protein network analysis further 465 

revealed direct connections of Apoe with the Tgoln1 trans-Golgi network protein, 466 

and multiple integrin receptor ligands, including Mfge8, Lamc1 and Fgg/a. These 467 

changes might in part relate to non-cell-autonomous mechanisms including 468 

effects related to hyperlipidemia63,64. However, proteomic and functional 469 

measurements of APOE-KO human iECs revealed a downregulation of vesicle-470 

mediated transport and vesicle fusion related proteins with decreased level of 471 

endocytosis, suggesting a cell autonomous effect of APOE on endothelial 472 

vesicular transport.  473 

Additional changes with BEC aging in terms of biological processes were an 474 

overall decline of RNA-splicing (cluster 3) and translation (cluster 9). We further 475 

found an increase in oxidation-reduction (cluster 4) consistent with previous 476 

literature showing enhanced oxidative stress during cerebrovascular aging 90-92. 477 

Unsupervised clustering revealed a co-regulation of proteins implicated in cell 478 

adhesion and cytoskeleton organization with a prominent reduction at 6 months 479 

of age (cluster 2). Among them were multiple components of the adherent 480 

junction forming complex (Cdh5, Ctnna1, Ctnnb1, Ctnnd1/p120) and its 481 

connecting actin-filament binding proteins (Vcl and Pxn)93. Ctnnd1/p120 482 



regulates the degradation of Cdh5 via clathrin-mediated endocytosis94, which 483 

was likewise downregulated during aging. The interaction between Ctnnd1/p120 484 

and Cdh5 is required for maintenance of endothelial barrier function95. Whether 485 

BBB integrity is compromised during normal aging is still controversial14. 486 

However, we found the expression levels of the tight junction proteins Tjp1 and 487 

Tjp2, major regulators of vascular permeability96,97 to be likewise downregulated. 488 

As a limitation, we could not combine fluorescence-activated cell sorting (FACS)-489 

based isolation of BECs with LC-MS/MS-based proteomics as this would have 490 

required pooling brain samples from multiple animals thus loosing information 491 

from individual mice (e.g. protein changes which are detectable only in individual 492 

samples) and reducing statistical power98. Second, in contrast to single cell RNA 493 

sequencing (scRNAseq) approaches our technique does not allow differentiating 494 

between BEC subtypes and addressing vascular zonation-specific aspects. 495 

Third, differentiation protocols of iPSCs into endothelial cells do not fully 496 

recapitulate endothelial functions and have not been well established to 497 

differentiate organ-specific endothelial cell subtypes. Furthermore, iPSC-derived 498 

endothelial cells may not completely resemble primary endothelial cell 499 

functionality in vivo99. Fourth, our protocol did not enable parallel investigation of 500 

the mouse BEC transcriptome from the same BEC preparations as the BEC 501 

sample purification protocol is different for transcriptomics and proteomics. Still, 502 

we integrated data from previous scRNAseq studies on BEC aging offering 503 

further insights, and also compared the age-related proteome changes of BECs 504 

with BVs to explore the cell specificity of the detected vesicular transport protein 505 

changes. Fifth, the mouse BEC and human iEC proteomes (concentration 506 

detection range 3-4 and 4-6 orders of magnitude, respectively) represent an 507 

incomplete snapshot of proteins. Future improvements in LC-MS/MS technology 508 

may enable quantification of very low abundant proteins, such as transcription 509 

factors or specific signaling molecules. As a final limitation, age-related changes 510 

in murine BECs may differ from those in humans, which, however, are difficult to 511 

assess as the isolation protocol requires freshly dissected brain tissue. 512 

In summary, we resolved the mouse BEC proteome during aging and identified 513 

distinct patterns of age-related expression dynamics that segregated with 514 

biological functions and the subcellular localization of proteins. We provide 515 

insights into endothelial vesicular pathways highlighting key regulators, ligands, 516 



and cargo, and present evidence for an accelerating effect of Apoe deficiency on 517 

BEC aging. Our findings further imply a cell autonomous role of APOE in human 518 

endothelial cells. Altogether, this study provides a framework for understanding 519 

key endothelial pathways during aging and serves as a resource for analyses of 520 

BEC function.  521 



Materials and methods 522 

 523 

Animals 524 

Animal experiments were performed in accordance with the German Animal 525 

Welfare Law (§4 TschG) and approved by the Government of Upper Bavaria 526 

(Vet_02-21-139). For all of our animal experiments we used mixed gender groups 527 

in the same ratio of male and female mice in the range of 20-30g body weight up 528 

to 18 months of age. Animals were kept under standard conditions in a specific 529 

pathogen-free facility at 20-24°C and 45-65% humidity on a 12-h light/dark cycle 530 

and had access to food and water ad libitum. 531 

Brain specimens were obtained from C57BL/6J mice at 3, 6, 12, and 18 month of 532 

age (Charles River Laboratories, Germany), 3-months-old C57BL/6J Apoe-/- 533 

mice, and 3-months-old Arf6fl/fl;Cdh5(CreERT2) mice. 534 

To enable comparisons of age-related proteomic changes with published 535 

transcriptomic datasets, age groups were selected based on the publicly 536 

available mouse maturation rate (The Jackson Laboratory, 537 

https://www.jax.org/news-and-insights/jax-blog/2017/november/when-are-mice-538 

considered-old) and BEC transcriptomics datasets93-96 (see Fig. 1E) as follows: 539 

(1) Beginning of mature adult phase (3 months of age), (2) end of mature adult 540 

phase (6 months of age), 3) middle-aged phase (12 months of age), (4) beginning 541 

of old phase (18 months of age).  542 

Arf6fl/fl;Cdh5(CreERT2) mice were obtained by crossing B6.Cg-Arf6tm1.1Gdp/J 543 

mice (Jackson 028669100) with Tg(Cdh5-cre/ERT2)1Rha mice (a kind gift from 544 

Ralf H Adams, London Research Institute101). Arf6 deletion was induced by 3 545 

intraperitoneal tamoxifen injections (each 0,25 mg/g KGW, dissolved in Miglyol 546 

812) in 2-month-old Arf6fl/fl, Cre+/- mice. Arf6fl/fl, Cre-/- mice treated with tamoxifen 547 

served as negative control. Animals were terminated at 3 months of age. 548 

Mice were aged in the animal facility of the Institute for Stroke and Dementia 549 

Research and housed in isolated ventilated HEPA filtered cages (12 h light/dark 550 

cycle with ad libitum access to food and water). Tissues were harvested in 551 

parallel and during the same daytime.  552 

Proteomic and immunocytochemical experiments were done on n=4-8 mice per 553 

group, except proteomic analysis of BECs from AAV-treated mice which was 554 



performed on 4 independent BEC isolates derived from n=2 C57BL6J mice per 555 

group. 556 

 557 

Tissue harvesting 558 

For BEC isolation, mice were deeply anesthetized using ketamine (100 mg/kg, 559 

i.p) -xylazine (10 mg/kg i.p), and transcardially perfused with ice-cold 20 ml 1X 560 

Hank's Balanced Salt Solution (HBSS) and dissected. Following perfusion, the 561 

brain was surgically removed and kept in HBSS at 4 ºC for further analysis.  562 

For immunohistochemical analysis, anesthetized animals were perfused with 1X 563 

HBSS and transcardially fixed with 4 % paraformaldehyde (PFA). The dissected 564 

brain samples were incubated overnight in 4 % PFA for vibratome sectioning.  565 

For vessel isolation, anesthetized animals were perfused with 1 X PBS and the 566 

dissected brains immediately frozen on dry ice and stored at -80 ºC until use.  567 

 568 

Brain endothelial cell isolation (BECs) 569 

The entire brain without the olfactory bulb was used for BEC isolation. First, the 570 

brain was transferred to a Petri Dish placed on ice and minced with a scalpel. 571 

BECs were isolated using a modified version of the Adult Brain Dissociation kit 572 

(Miltenyi Biotec, Cat# 130-107-677), which allows for mechanical and enzymatic 573 

tissue dissociation. After tissue homogenization and filtration through 70 µm cell 574 

strainers (Corning, Cat# 431751), myelin was removed using a 30 % Percoll 575 

gradient (GE Healthcare Cat# 17-5445-02) followed by removal of erythrocytes 576 

using the Red Blood Cell Removal Solution (Miltenyi Biotec, Cat# 130-094-183). 577 

BECs were enriched from the single cell suspension using CD31 MicroBeads 578 

(Miltenyi Biotec, Cat# 130-097-418) and magnetic activated cell sorting (MACS) 579 

using a modified MACS buffer with low bovine serum albumin (BSA) content (L-580 

MACS buffer; containing 0.25 % BSA (BSA Fraction V, Sigma-Aldrich, 581 

Cat#10735096001) and 2 mM EDTA (ThermoFisher, Cat# 15575020) in PBS 582 

with calcium and magnesium (Corning, Cat#21-030-CV)). Following CD31 583 

enrichment, the cell suspension was washed twice with PBS to remove residual 584 

L-MACS buffer and subsequently pelleted cells were used for further protein 585 

extraction.  586 

 587 

Brain vessel isolation (BV) 588 



Brain vessels were isolated from whole cerebrum as described previously102,103. 589 

Brain tissue was placed on ice, minced with a scalpel, and homogenized in 15 590 

mL of cold minimum essential medium (ThermoFisher, Cat# 11095080) using a 591 

glass tissue grinder (Wheaton). After dissociation, myelin was removed using a 592 

15 % Ficoll gradient followed by pellet resuspension in PBS with 1 % BSA (BSA 593 

Fraction V, Sigma-Aldrich, Cat# 10735096001). Vessels were transferred onto a 594 

40µm cell strainer (Corning, Cat# 431750) and extensively washed with cold PBS 595 

(with 250 ml). Isolated vessels were collected by washing the inverted cell strainer 596 

with PBS and centrifugation at 3000 g for 5 min. 597 

 598 

Protein extraction 599 

Isolated BECs and human iECs 600 

Protein was extracted from isolated BECs and iECs with RIPA buffer containing 601 

150 mM NaCl (Roth, Cat# 3957.1), 1 M Tris-HCl pH 7.5 (Roth, Cat# 9090.3), 1 602 

% NP40 (Sigma Alrich Cat# 74385), 0.5 % Deoxycholate (Roth, Cat# 3484.3), 603 

and 0.1 % SDS (Serva, Cat# 20765.03) and protein inhibitors cocktail (Roche, 604 

Cat# 4693159001). Samples were incubated in RIPA buffer for 30min on ice 605 

followed by centrifugation at 18,000 g for another 30 min at 4 °C. Supernatants 606 

were collected and kept at -80 °C for further analysis. 607 

 608 

Isolated vessels 609 

Isolated vessels were lysed in a buffer containing 100 mM Tris-Hcl pH 7.6 (Roth, 610 

Cat# 9090.3), 4 % SDS (Serva, Cat# 20765.03) and 100 mM DTT (Sigma, Cat# 611 

3483-12-3) by homogenization with a dounce tissue grinder (Wheaton) and 612 

heating for 3min at 95ºC. After lysis, samples were sonicated (30 sec, amplitude 613 

100 %, duty cycle 50 %) 5 times with intermediate cooling using VialTweeter 614 

sonicator (Hielscher). Remaining undissolved material and cell debris were 615 

removed by centrifugation at 16,000 g for 15 min at 4 ºC. Supernatants were 616 

collected and kept at -80 ºC for further analysis.  617 

 618 

Full brain tissue homogenization 619 

Full tissue was homogenized in RIPA buffer containing 150 mM NaCl (Roth, 620 

Cat#3957.1), 1 M Tris-HCl pH 7.5 (Roth, Cat# 9090.3), 1 % NP40 (Sigma Alrich 621 

Cat#74385), 0.5 % Deoxycholate (Roth, Cat# 3484.3), 0.1 % SDS (Serva, 622 



Cat#20765.03) and protein inhibitors cocktail (Roche, Cat# 4693159001) with a 623 

TissueLyzer and 5 mm steel beads (Qiagen). Samples were homogenized at 50 624 

Hz for 3 min followed by 30 min incubation of ice. After RIPA incubation samples 625 

were centrifuged at 16,000 g for 30 min and supernatants were collected and 626 

kept at -80 ºC for further analysis.  627 

 628 

Mass spectrometry and data analysis  629 

 630 

Sample preparation 631 

The whole sample of acutely isolated BECs (~5 µg) and 20 µg of full brain tissue 632 

lysates according to a BCA assay were subjected to proteolytical digestion using 633 

the single-pot solid-phase enhanced sample preparation (SP3)104. After 1:2 634 

dilution with water, a benzonase digestion with 12.5 units was performed to 635 

remove remaining DNA/RNA. Proteins were reduced by addition of dithiothreitol 636 

(Biozol, Germany) in 50 mM ammonium bicarbonate to a final concentration of 637 

10 mM and incubation for 30 min at 37°C. Cysteine residues were alkylated by 638 

addition of iodoacetamide (Sigma Aldrich, US) to a final concentration of 40 mM 639 

and incubation for 30 min at room temperature in the dark. Afterwards, the 640 

reaction was quenched by adding dithiothreitol.  641 

Proteins were bound to 40 µg of a 1:1 mixture of hydrophilic and hydrophobic 642 

magnetic Sera-Mag SpeedBeads (GE Healthcare, US) using a final 643 

concentration of 70 % (v/v) acetonitrile for 30 min at room temperature. Beads 644 

were washed four times with 200 µL 80 % (v/v) ethanol. For proteolytic digestion, 645 

LysC (Promega, Germany) was added in 20 µL 50 mM ammonium bicarbonate 646 

with a protease to protein ratio of 1:80. Samples were incubated on a 647 

Thermomixer (Eppendorf, Germany) for 30 min at 1000 rpm and 37°C. 648 

Afterwards, trypsin (Promega, Germany) was added in 20 µL 50 mM ammonium 649 

bicarbonate with a protease to protein ratio of 1:80 followed by an incubation for 650 

16 h at room temperature. Beads were retained with a magnetic rack and the 651 

supernatants were collected. Next, 20 µL 0.1% formic acid were added to the 652 

magnetic beads followed by sonication for 30 s in a sonication bath (Hielscher 653 

Ultrasonics GmbH, Germany). The supernatants of each sample were combined, 654 

filtered with 0.22 µm spin filters (Costar Spin-x, Corning, USA) to remove 655 

remaining beads, and dried by vacuum centrifugation. Dried peptides were 656 



dissolved in 20 µL 0.1% formic. The peptide concentration after proteolytic 657 

digestion was estimated using the Qubit protein assay (Thermo Fisher Scientific, 658 

US).  659 

Isolated brain vessels were processed in the same fashion with following 660 

alterations. Subsequent to the benzonase digest, samples were immediately 661 

bound to 20µg of the Sera-Beads mixture, alkylated and the reaction was 662 

quenched as described. After an additional bead binding step, using a final 663 

concentration of 70% (v/v) acetonitrile, samples were further processed 664 

according to the standard SP3 protocol. 665 

 666 

Mass spectrometry  667 

The isolated BEC, isolated vessel, and full tissue samples were analyzed on a 668 

nanoLC system (EASY-nLC 1200, Thermo Scientific, US) which was coupled 669 

online via a nanospray flex ion source (Proxeon – part of Thermo Scientific, US) 670 

equipped with a PRSO-V2 column oven (Sonation, Germany) to a Q-Exactive HF 671 

mass spectrometer (Thermo Scientific, US). 672 

A peptide amount of 1 µg per sample was separated on a nanoLC system (EASY-673 

nLC 1200, Thermo Scientific, US) using an in-house packed C18 column (30 cm 674 

x 75 µm ID, ReproSil-Pur 120 C18-AQ, 1.9 µm, Dr. Maisch GmbH, Germany) 675 

with a binary gradient of water (A) and acetonitrile (B) containing 0.1% formic acid 676 

at 50°C column temperature and a flow rate of 250 nl/min (gradient: 0 min, 2 % 677 

B; 3:30 min, 5 % B; 137:30 min, 25 % B; 168:30 min, 35 % B; 182:30 min, 60 % 678 

B). Full MS spectra were acquired at a resolution of 120,000. The top 15 peptide 679 

ions were chosen for Higher-energy C-trap Dissociation (HCD) with a normalized 680 

collision energy of 26 %. Fragment ion spectra were acquired at a resolution of 681 

15,000. A dynamic exclusion of 120 s was used for peptide fragmentation. 682 

The comparison of acutely isolated endothelial cells and brain homogenates, 683 

Arf6-Ko mouse BECs, as well as iPSC derived human endothelial cells were 684 

analyzed on a nanoElute nanoHPLC which was coupled to a TimsTOF pro mass 685 

spectrometer with a CaptiveSpray ion source (Bruker, Germany). 686 

An amount of 350 ng of peptides were separated on a on an in-house packed 687 

C18 analytical column (15 cm × 75 µm ID, ReproSil-Pur 120 C18-AQ, 1.9 µm, Dr. 688 

Maisch GmbH) using a binary gradient of water and acetonitrile (B) containing 689 

0.1% formic acid at flow rate of 250 nL/min (0 min, 2 % B; 2 min, 5% B; 70 min, 690 



24 % B; 85 min, 35 % B; 90 min, 60 % B) and a column temperature of 50°C. For 691 

the comparison of BEC vs full tissue, a standard Data Dependent Acquisition 692 

Parallel Accumulation–Serial Fragmentation (DDA-PASEF) method with a cycle 693 

time of 1.1 s was used for spectrum acquisition. Briefly, ion accumulation and 694 

separation using Trapped Ion Mobility Spectrometry (TIMS) was set to a ramp 695 

time of 100 ms. One scan cycle included one TIMS full MS scan and 10 PASEF 696 

peptide fragmentation scans. The m/z scan range was set to 100-1700 for both, 697 

MS and MS/MS scans. The ion mobility scan range was set to 1/k0 0.75-1.40. 698 

For Arf6-Ko mouse BECs and human iECs, a Data Independent Acquisition 699 

Parallel Accumulation–Serial Fragmentation (DIA-PASEF) method was used for 700 

spectrum acquisition. Ion accumulation and separation using Trapped Ion 701 

Mobility Spectrometry (TIMS) was set to a ramp time of 100 ms. One scan cycle 702 

included one TIMS full MS scan and with 26 windows with a width of 27 m/z 703 

covering a m/z range of 350-1002 m/z. Two windows were recorded per PASEF 704 

scan. This resulted in a cycle time of 1.4 s. 705 

 706 

Data Analysis 707 

The DDA raw data was analyzed by the software Maxquant (maxquant.org, Max-708 

Planck Institute Munich) version 1.6.3.4, or 2.0.1.0105,106. The MS data was 709 

searched against a one protein per gene canonical fasta databases of Mus 710 

musculus (downloads: September 09th 2020, 21997 entries or February the 10th 711 

2021, 21998 entries) from UniProt. Trypsin was defined as protease. Two missed 712 

cleavages were allowed for the database search. The option first search was 713 

used to recalibrate the peptide masses within a window of 20 ppm. For the main 714 

search peptide mass tolerances were set to 4.5 and 10 ppm for the Orbitrap and 715 

TOF mass spectrometer, respectively. Peptide fragment mass tolerances were 716 

set to 20 and 40 ppm for the Orbitrap and TOF mass spectrometer, respectively. 717 

Carbamidomethylation of cysteine was defined as static modification. Acetylation 718 

of the protein N-term as well as oxidation of methionine were set as variable 719 

modifications. The false discovery rate for both peptides and proteins were 720 

adjusted to less than 1 %. Label free quantification (LFQ) of proteins required at 721 

least two ratio counts of unique peptides. The option “match between runs” was 722 

enabled with a matching time of 1 min and an ion mobility window of 0.05 1/k0. 723 



The DIA-PASEF raw data was analyzed with the software DIA-NN version 1.8 724 

(https://github.com/vdemichev/DiaNN)107 using a library-free search against a 725 

one protein per gene database from either Mus musculus or Homo sapiens 726 

according to the sample type (murine DB: download date: 2023-01-17, 21976 727 

entries; human DB: 2023-03-01, 20603 entries). Trypsin was defined as protease 728 

and 2 missed cleavages were allowed. Oxidation of methionines and acetylation 729 

of protein N-termini were defined as variable modifications, whereas 730 

carbamidomethylation of cysteines was defined as fixed modification. The 731 

precursor and fragment ion m/z ranges were limited from 350 to 1001 and 200 to 732 

1700, respectively. Precursor charge states of 2-4 were considered. The optimal 733 

mass accuracy for peptides and peptide fragments as well as the ion mobility 734 

tolerances were automatically determined by DIA-NN. An FDR threshold of 1% 735 

was applied for peptide and protein identifications. 736 

The protein LFQ intensities were log2 transformed and two-sided Student’s t-test 737 

was applied between the groups for statistical evaluation of differential protein 738 

abundance. If more than two groups were compared with each other, a one-way 739 

Anova test was additionally applied. To account for multiple hypotheses, a 740 

permutation-based FDR correction was applied separately for each 741 

comparison108. Only proteins with at least three valid values per group were 742 

considered for relative quantification. 743 

 744 

Cluster analysis of protein expression changes 745 

Time-series clustering was performed using an unsupervised, nonparametric 746 

model-based method, the Dirichlet process Gaussian process mixture model 747 

(DPGP, https://github.com/PrincetonUniversity/DP_GP_cluster)39 on the zero 748 

transformed mean log2 LFQ values of all 2516 quantified proteins. In brief, two 749 

important considerations in this problem are (1) selecting the "correct" or 750 

"optimal" number of clusters and (2) modeling the trajectory and time-751 

dependency of protein expression. A Dirichlet process can determine the number 752 

of clusters in a nonparametric manner, while a Gaussian process can model the 753 

trajectory and time-dependency of protein expression in a nonparametric 754 

manner. Optimal clustering was selected using the ‘maximum a posteriori’ (MAP) 755 

criterion. 756 

 757 



Enrichment analysis 758 

Gene Ontology enrichment analyses of subcellular localization (GOTERM_CC-759 

DIRECT) and biological processes (GOTERM_BP_DIRECT) in BEC protein 760 

expression clusters were performed with DAVID (Database for Annotation, 761 

Visualization and Integrated Discovery, version 6.8) software using all identified 762 

BEC proteins as a background dataset109. We analyzed each expression clusters 763 

(1-16) separately focusing on significantly altered proteins during aging (Anova, 764 

p-value < 0,05). Among the annotation results we selected the significantly 765 

enriched GO terms (Fisher Exact test, FDR p-value < 0.05). 766 

Enrichment analysis of human disorders in the aged BEC proteome (18 versus 3 767 

month of age) was performed with WebGestalt (WEB-based GEne SeT AnaLysis 768 

Toolkit) software110 using the Over-Representation Analysis (ORA) module with 769 

the Disease GLAD4U functional database and protein-coding genome reference 770 

dataset111. Among the annotation results we selected the top 25 disease terms 771 

showing association (Fisher Exact test, FDR p-value < 0,05) with our input 772 

dataset. 773 

 774 

Protein network analysis and visualization 775 

Protein-protein interaction networks were constructed and visualized with 776 

STRING (version 11.0) and Cytoscape (version 3.8.2) software, respectively. We 777 

selected experimentally determined protein interactions having minimum medium 778 

confidence (interaction score >0.4) in the Mus musculus database. The color 779 

gradients and size of nodes were set based on the fold change and p-value of 780 

protein changes at 18 compared to 3 months of age. Proteins were filtered based 781 

on the significance level of protein changes at 18 compared to 3 months of age 782 

(t-test, p < 0.05). Additional filter settings were applied in Cytoscape (version 783 

3.8.2) based on the gene of interest (see Results). 784 

 785 

iPSC Cell culture 786 

iPSC experiments were performed in accordance with all relevant local guidelines 787 

and regulations. Work was done with the female iPSC line A18944 that is 788 

commercially available (ThermoFisher, Cat# A18945). iPSCs were maintained 789 

on vitronectin-coated (ThermoFisher Cat# A14700) culture plates and grown until 790 

reaching 80 % confluency in Essential 8 Flex Medium (ThermoFisher Cat# 791 



A2858501) at 37 ºC with 5 % CO2. Cells were routinely passaged using PBS-792 

500nM EDTA (ThermoFisher, Cat# 15575020). 793 

 794 

CRISPR/Cas9 Genome 795 

A previously described single guide RNA (sgRNA) for targeting APOE exon2112 796 

was used for the genome editing. The sgRNA sequence 797 

(GGTTCTGTGGGCTGCGTTGC) was cloned into the MLM3636 plasmid (a gift 798 

from K. Joung, Adgene Cat# 43860) using the BsmBI restriction site. Genome 799 

editing was conducted as previously described113 using Cas9 plasmid 800 

pSpCas9(BB)-2A-Puro (PX459) V2.0 (a gift from F. Zhang, Addgene Cat# 801 

62988). For electroporation, cells were dissociated using Accutase 802 

(ThermoFisher, Cat# A1110501), transferred to Geltrex-coated (ThermoFisher 803 

Cat# A1413302) culture plates and grown in StemFlex (ThermoFisher Cat# 804 

A3349401) containing 10mM ROCK inhibitor (Selleckchem Cat# S1049) for two 805 

days at a density of 150k cells/cm2. iPSCs were transfected by electroporation 806 

as previously described114 with some modifications. Briefly, two million cells were 807 

resuspended in 100µL electroporation solution (VWR, Cat# MIR50117) 808 

containing 20 µg Cas9 and 5µg sgRNA plasmid. Cells were electroporated with 809 

2 pulses at 65mV for 20ms in a 1mm cuvette (Fisher Scientific, Cat# 15437270) 810 

and plated onto Geltrex-coated 10-cm plates with StemFlex medium containing 811 

10mM ROCK inhibitor. One day after electroporation, cells expressing Cas9 were 812 

selected with 350ng/mL Puromycin dihydrochloride (VWR, Cat# J593) for three 813 

consecutive days as shown previously115. Single-cell clone colonies were picked 814 

and analyzed by restriction fragment length polymorphism (RFLP) using NEB 815 

enzyme BbvI and Sanger sequencing as previously described114.  816 

To accommodate for improvements in the genome editing field, the previous 817 

protocol was modified for RNP-based DNA cleavage116 of the ARF6 locus. A 818 

sgRNA targeting ARF6 exon2 (GGAAATGCGGATCCTCATGT) was ordered 819 

from Synthego. Similarly, for electroporation, iPSCs were seeded onto Geltrex-820 

coated plates at a density of 150k cells/cm2 for two days in StemFlex and ROCK 821 

inhibitor. To prepare the RNP complex, 60pmol of sgRNA was mixed with 30pmol 822 

of high-fidelity Cas9 mutant (IDT, Cat##1081060) and incubated for 15min at RT. 823 

For the electroporation, 200k cells were ressuspended in 20µL of P3 Primary Cell 824 

Nucleofector Solution (Lonza, Cat# V4XP-3032) and mixed gently with the RNP 825 



complex. Cells were transferred onto one well of a nucleocuvette strip (Lonza, 826 

Cat# V4XP-3032) and electroporated in a 4DNucleofactor X Unit (Lonza, Cat# 827 

AAF-1002X) using the program CA137. After electroporation, cells were plated 828 

in one 12w Geltrex-coated culture plated with StemFlex and 1X RevitaCell 829 

(ThermoFisher, Cat# A2644501) for 2-4 days. Cells were then seeded at low 830 

density and single-cell clones colonies were picked and analyzed by RFLP using 831 

NEB enzyme Fat I followed by Sanger sequencing as described previously114.  832 

 833 

The knockouts were confirmed on protein level either using Western blot analysis 834 

of RIPA lysates or proteomics, respectively. For quality control, we checked for 835 

off-target effects by PCR amplification and Sanger sequencing of the top five 836 

most likely loci based on MIT and CFD scores from CRISPOR 837 

(http://crispor.tefor.net/,117).  We also excluded on-target effects such as loss-of-838 

heterozygosity using nearby SNP sequencing118. Lastly, pluripotency was 839 

confirmed through immunofluorescence staining of OCT4, NANOG, SSEA4, and 840 

TRA160, and chromosomal integrity was validated by molecular karyotyping 841 

(LIFE & BRAIN GmbH). 842 

 843 

iPSC differentiation into human endothelial cells (iECs) 844 

iPSCs were seeded onto Geltrex-coated (ThermoFisher Cat# A1413302) cell 845 

culture plates at a density of 200k cell/cm2 in StemFlex medium (ThermoFisher 846 

Cat# A3349401) containing 10mM of ROCK inhibitor (Selleckchem Cat# S1049). 847 

Differentiation was started 24h after seeding by switching medium to Mesoderm 848 

Induction Media (StemCell, Cat# 05220). Medium was replenished every 24h for 849 

2 days. On day 3, medium was switched to APEL2 medium (StemCell, Cat# 850 

05270) supplemented with 200 ng/mL VEGF (Peprotech, Cat# 100-20) and 2µM 851 

Forskolin (Peprotech, Cat# 6652995). Medium was also replenished every 24h 852 

for 2 days. On day 5, endothelial cells were selected for CDH5 via magnetic 853 

sorting: cells were dissociated using accutase (ThermoFisher, Cat# A1110501) 854 

and incubated with CDH5 MicroBeads (Milteny Biotec, Cat# 130-097-867) 855 

following manufacturer’s instructions. CD144+ fraction was plated onto Collagen 856 

IV-coated (Sigma Aldrich, Cat# C5533-5MG) culture plates at a density of 857 

200k/cm2 and grown in endothelial cell medium (PromoCell, Cat# C-22011). 858 

Endothelial cells were grown until reaching 80-95% confluency and passaged 859 

http://crispor.tefor.net/


with Trypsin-EDTA (ThermoFisher, Cat# 25200056) to a ratio of 1:2-1:6. Cells 860 

were cultured up to 5 passages.  861 

 862 

FM1-43FX treatment in vitro 863 

iECs were seeded onto ColIV-coated plates and grown until reach confluence. 864 

Cells were incubated for 15min at 37ºC with 5g/mL of FM1-43FX 865 

(ThermoFisher, Cat#F35355) diluted in ddH20. After PBS washing, cells were  866 

fixed with 4% PFA for further analysis.  867 

 868 

AAV-based overexpression of Arf6 869 

pArf6-EGFP (#49649)119 was obtained from Addgene. pAAV-CAG-GFP was a 870 

gift from Edward Boyden (Addgene plasmid #37825). pArf6-EGFP served as 871 

template to clone pArf6-2a-EGFP vectors via standard cloning techniques. 872 

 873 

Arf6 overexpression in mouse BECs 874 

For in vivo work, adeno-associated viral particles (AAV) were produced according 875 

to a previously described protocol120. Shortly, HEK293T (ATCC, #CRL-3216) 876 

cells were grown in DMEM (high glucose, GlutaMAX) supplemented with 10% 877 

fetal bovine serum (FBS) and 5% Pen Strep. Cells were transfected using 878 

polyethylenimine (PEI) solution with a 1:4:2 molar ratio of helper (pXX6)121, 879 

capsid (pXX2-187-NRGTEWD)55 and desired construct plasmids (pArf6-2a-880 

EGFP or pAAV-CAG-GFP) in DPBS medium without glutamine and serum. 24 881 

hours after transfection, media was changed back to serum supplemented 882 

DMEM and the cells were kept for 3 days before harvesting. Supernatant was 883 

harvested at 72h and 120h after transfection and kept at 4°C. 120 hours after 884 

cells were scraped, they were mixed with SAN + SAN digestion buffer and 885 

incubated at 37 °C in a water bath for 1 hour. The supernatant was then combined 886 

with PEG solution overnight and subsequently centrifuged at the speed of 4000 887 

g for 30 minutes at 4 °C. The resulting PEG pellet and cell lysate were mixed 888 

together and loaded on top of an iodoxanol gradient and centrifuged at 350,000 889 

g for 2 hours and 25 minutes at 18 °C with slow acceleration. Once the virus was 890 

collected from the iodoxanol gradient, it was passed through an Amicon filter and 891 

washed multiple times to remove iodoxanol. After the final wash, the virus was 892 

resuspended and collected from the filter. Titers were determined using qPCR. 893 



Viral aliquots were stored at -80°C until used. AAVs (GFP or ARF6-GFP) were 894 

administered intravenously in 2 months old C57BL6J mice at a dose of 2 × 1010 895 

viral particles/mouse. BEC were isolated 4 weeks post infection. 896 

 897 

Arf6 overexpression in human iECs 898 

For in vitro work, AAV particles were produced in HEK293T cells. Cells were 899 

grown in DMEM supplemented with 10% FBS and Penicillin- Streptomycin until 900 

reaching 80% confluency. Upon confluency, cells were triple transfected with 901 

pHelper, pAAV-DJ (CellBioLabs, Cat# VPK-400-DJ) and pAAV-GFP or pAAV-902 

ARF6-GFP using polyethylenimine (PEI), pH 7.0.  903 

Cells were detached using 0.5M EDTA in PBS, pH 7.4 two to three days after 904 

transfection. AAV particles were extracted using AAVpro Purification kit (All 905 

serotypes) (Takara, Cat# 6666) and titration was performed by qPCR using 906 

AAVpro Titration Kit (for Real Time PCR) Ver.2 (Takara, Cat# 6233) in both cases 907 

following manufacturer’s instructions.  908 

Cells were seeded onto ColIV-coated plates one day before the AAV treatment 909 

into a 50% confluency approximately. 24h after seeding cells were treated with 3 910 

x 107 viral particles/well (GFP or ARF6-GFP) in ECM and incubated for another 911 

48h, when media was exchanged to ECM. Cells were collected for MS analysis 912 

4 days after viral infection.  913 

 914 

Immunohistochemistry 915 

Supplementary Table 9 specifies the primary and secondary antibodies used in 916 

the present study including working dilutions. 917 

 918 

Brain slices 919 

Brain samples were embedded in 3 % agarose for 100 µm coronal vibratome 920 

sectioning. Coronal free-floating sections were permeabilized and blocked using 921 

3 % BSA / TritonX100 for 1h at room temperature (RT). Primary antibodies were 922 

diluted in 3 % BSA in PBS and incubated overnight at 4 ºC. Secondary antibodies 923 

were diluted in PBS and incubated at RT for 2h. After washing, DNA was stained 924 

using DAPI (Invitrogen Cat# D1306, 1:2000) for 5 min at RT. Brain slices were 925 

mounted using Fluoromount medium (Sigma-Aldrich, Cat# F4680-25ML). 926 

 927 



Isolated BECs 928 

Isolated BECs were fixed in suspension using 4 % PFA for 20 min at RT. After 929 

PFA washing via centrifugation at 2000 g for 10 min, cells were resuspended in 930 

dH2O water, transferred onto a microscope slide (ThermoFisher Cat# 931 

J1800AMNZ) and dried at RT. Cells were blocked using 3 % BSA in PBS for 1h 932 

at RT. Primary antibodies were diluted in the same blocking buffer and incubated 933 

overnight at 4 ºC while secondary antibodies were diluted in PBS and incubated 934 

for 1 h at RT. After washing, DNA was stained using DAPI (Invitrogen Cat# 935 

D1306, 1:2000) for 5 min at RT. BECs were mounted using Fluoromount medium 936 

(Sigma-Aldrich, Cat# F4680-25ML). 937 

 938 

Isolated vessels 939 

Isolated vessels were transferred onto a microscope slide (ThermoFisher Cat# 940 

J1800AMNZ) and dried at RT. Fixation and permeabilization was performed 941 

using ice-cold 100 % acetone for 10 min at -20 ºC followed by blocking with 3% 942 

BSA in PBS for 1 h at RT. Primary antibodies were diluted in the same blocking 943 

buffer and incubated overnight at 4ºC while secondary antibodies were diluted in 944 

PBS and incubated 1 h at RT. After washing, DNA was stained using DAPI 945 

(Invitrogen Cat# D1306, 1:2000) for 5 min at RT. Isolated vessels were mounted 946 

mounted using Fluoromount medium (Sigma-Aldrich, Cat# F4680-25ML). 947 

 948 

Differentiated human endothelial cells (iECs) 949 

Differentiated endothelial cells were seeded into Collagen-IV (Sigma Aldrich, 950 

Cat# C5533-5MG) coated coverslips and fixed with 4 % PFA for 15 min at RT 951 

when reached a confluent monolayer. After washing, cells were blocked using 952 

3% BSA buffer in PBS for 1h at RT. Primary antibodies were diluted in the same 953 

blocking buffer and incubated overnight at 4ºC. Secondary antibodies were 954 

diluted in PBS and incubated 1 h at RT. After washing, DNA was stained using 955 

DAPI Invitrogen Cat# D1306, 1:2000) for 5 min at RT. Coverslips with endothelial 956 

cells were mounted using Fluoromount medium (Sigma-Aldrich, Cat# F4680-957 

25ML). 958 

 959 

Confocal microscopy and image analysis 960 



Fluorescent images were acquired with Zeiss Confocal microscope (LSM800, 961 

Zeiss, 40x objective with Airy-scan detector). Integrated density values of mo/hu 962 

Arf6 and Tfrc were determined using ImageJ software (version 1.52p)  (10 images 963 

/ sample), and normalized to Pecam1, Col4, or Cdh5 endothelial markers 964 

according to the experiments. Statistical significance was assessed by two-tailed 965 

Student’s t test.  966 

 967 

Transmission electron microscopy 968 

Brain tissue 969 

Mice were perfused in fixative (4 % PFA and 2.5 % glutaraldehyde in 0.1 M 970 

sodium cacodylate buffer, pH 7.4; Science Services) and brains immersion fixed 971 

for 24h, vibratome sectioned coronally and incubated for another 24h in the same 972 

fixative and stored in PBS. The sections were stored in PBS at 4°C until the start 973 

of the post-embedding. We applied a standard rOTO en bloc staining protocol 974 

(Kislinger et al., 2020) including post-fixation in 2% osmium tetroxide (EMS), 975 

1.5% potassium ferricyanide (Sigma) in 0.1 M sodium cacodylate (Science 976 

Services) buffer (pH 7.4). Staining was enhanced by reaction with 1% 977 

thiocarbohydrazide (Sigma) for 45 min at 40 °C. The tissue was washed in water 978 

and incubated in 2% aqueous osmium tetroxide, washed and further contrasted 979 

by overnight incubation in 1 % aqueous uranyl acetate at 4 °C and 2 h at 50 °C. 980 

Samples were dehydrated in an ascending ethanol series and infiltrated with 981 

LX112 (LADD). 982 

 983 

Isolated BECs 984 

The isolated BEC pellet was conserved throughout all fixation, contrasting and 985 

infiltration steps. Cells were fixed for 15 min in 2.5 % glutaraldehyde (EM-grade, 986 

Science Services) in 0.1 M sodium cacodylate buffer (pH 7.4) (Sigma Aldrich), 987 

washed three times in 0.1 M sodium cacodylate buffer before postfixation in 988 

reduced osmium (1% osmium tetroxide (Science Services), 0.8 % potassium 989 

ferrocyanide (Sigma Aldrich) in 0.1 M sodium cacodylate buffer). After contrasting 990 

in 0.5 % uranylacetate in water (Science Services), the pellet was dehydrated in 991 

an ascending ethanol series, infiltrated in epon (Serva) and cured for 48 h at 60 992 

°C.  993 

 994 



Electron microscopy and image analysis 995 

Ultrathin sections of brain tissues and BEC pellets were generated on a Leica 996 

UC7 and deposited onto formvar-coated copper grids (Science Services) without 997 

postcontrasting. Transmission Electron Microscopy images were acquired on a 998 

JEM 1400plus (JEOL) using the EMplified software (TVIPS, version 0.6.10). 999 

 1000 

Western blot and quantification 1001 

Protein lysates were analyzed by sodium dodecyl sulfate–polyacrylamide gel 1002 

electrophoresis (SDS-PAGE) and transferred to 0.2 µm nitrocellulose 1003 

membranes using the Mini-Protean and Trans-Blot system. After transfer, 1004 

membranes were incubated in I-Block (Invitrogen, Cat# T2015) for 1 h at RT. 1005 

Primary antibodies were incubated in the same buffer at 4 ºC overnight and 1006 

horseradish peroxidase-conjugated secondary antibodies for 1h at RT. Detection 1007 

was performed by chemiluminescence development (Immobilon ECL detection 1008 

reagent, Merck Millipore) using Fusion FX7 (Vilber Lourmat). Protein levels were 1009 

quantified using ImageJ Gel analyzer (version 1.52p). Statistical significance was 1010 

analyzed by the two-tailed Student’s t-test.The dilution of primary and secondary 1011 

antibodies for Western blotting is specified in Supplementary Table 9. 1012 

 1013 

Statistics and reproducibility 1014 

Data collection and analysis were not randomized. Blinding was applied to 1015 

immunohistochemical image analysis. For all other experiments, blinding was not 1016 

possible in order to preserve the homogeneity of the measurements (tissue 1017 

processing and sample analysis were conducted alternately from the samples of 1018 

the different experimental groups, avoiding batch effect and reducing technical 1019 

variance). All data values of the descriptive statistics are given as mean ± s.d. 1020 

unless stated otherwise. Data were analyzed using two-tailed unpaired t-test or 1021 

ANOVA followed by Tukey’s multiple comparisons test (indicated in each 1022 

experiment, n=4-8 samples / group). For qualitative analysis experiments were 1023 

repeated a minimum 4 times (Fig. 1b, g, Fig. 5h, Extended data. Fig. 3b, 1024 

Extended data. Fig. 5b). No statistical methods were used to pre-determine 1025 

sample sizes, but our sample sizes are similar to those reported in previous 1026 

publications102,103. Data distribution was assumed to be normal but this was not 1027 

formally tested. Beside the previously introduced software Excel (2016) and 1028 



GraphPad (8.3.1) were used for additional data analysis, statistics and figure 1029 

representation. In case of APOE-KO vs WT human iEC proteomics experiment 1030 

n=1 KO sample was excluded due to incomplete APOE deficiency. 1031 

 1032 

Data Availability 1033 

 1034 

The datasets generated through this work are available in a publicly accessible 1035 

repository. The mass spectrometry proteomics data have been deposited to the 1036 

ProteomeXchange Consortium via the PRIDE122 partner repository with the 1037 

dataset identifiers PXD045026, PXD045006, PXD045004, PXD044996, and 1038 

PXD044993. All data supporting the findings described in this manuscript are 1039 

available in the article and in the supplementary materials and from the 1040 

corresponding author upon request. Source data are provided with this paper. 1041 
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Figure legends 1077 

 1078 

Figure 1. Proteomic analysis of mouse BECs during aging 1079 

a. Protocol for isolation of brain endothelial cells (BEC) for proteomics. b. Top: 1080 

isolated capillaries (scale bar: 10 μm) and BECs (scale bar: 5 μm) stained for 1081 

CD31, Cdh5, and Cldn5. Bottom: ultrastructure of isolated BECs from 3- and 18-1082 

months-old mice (scale bar: 1 μm) (1 – nucleus, 2 – cytoplasm, 3 – cytoplasmic 1083 

protrusions, 4 – mitochondria, 5 – vacuoles, 6 - lysosomes, 7 – membrane 1084 

inclusion). c. Left: Volcano plot shows enrichment of endothelial marker proteins 1085 

(labelled with their gene name) in BEC preparations compared to full brain tissue 1086 

(FT) (n=4 mice per group). Right: relative abundance of Nos3, Cdh5, and Pecam1 1087 

proteins in BECs (normalized to FT), and across different time points (normalized 1088 

to 3 months). d. Summary of the LC–MS/MS and LFQ results. e. Correlation 1089 

between age-related changes of the BEC proteome (current study) and 1090 

transcriptome45 focusing on overlapping significantly altered genes in both 1091 

datasets. Red line marks simple linear regression (p < 0.0001). f. Left: Volcano 1092 

plots show protein abundance changes during BEC aging (compared to 3-months 1093 

of age, n=4-5 mice per group). Proteins showing the highest or most significant 1094 

changes in abundance are marked with their gene names. Right: Relative 1095 

abundance of neurofilament and myelin marker proteins in BECs (normalized to 1096 

FT). g. Ultrastructural images of Mbp localization and multilamellar membranous 1097 

structure engulfment (white arrowheads) by aged mouse brain endothelium in 1098 

brain capillary (scale bar: 1 μm) and isolated BEC (scale bar: 1 μm (confocal) and 1099 

200 nm (EM)). b and g: experiments were repeated 6 times. c and f: -log10 1100 

transformed p-value plotted against the log2 transformed protein LFQ ratio for 1101 

each protein. Comparison by two-tailed unpaired t-test. Dotted lines mark FDR 1102 

threshold (p < 0.05). Red and blue color indicate significant (p < 0.05) enrichment 1103 

and depletion, respectively. Bar graphs represent mean values +/- SEM, data 1104 

points are from individual animals (***p < 0.001). The exact p-values are 1105 

presented in source data file for Figure 1.  1106 

 1107 

Figure 2. Unsupervised clustering of age-related protein dynamics of BECs  1108 

a. Enrichment analysis of subcellular localization and biological processes of 1109 

significantly altered proteins by clusters based on Gene Ontology (GO) terms 1110 



(FDR p < 0.05). Clusters were determined by the Dirichlet process Gaussian 1111 

process mixture model on the zero transformed mean log2 LFQ values. b. 1112 

Exemplary clusters illustrating variations in the pattern of age-related protein 1113 

abundance changes. (Blue line: cluster mean, light blue band: confidence 1114 

interval, yellow line: all quantified, red line: significant protein abundance in each 1115 

cluster). c. Heatmap of significantly altered proteins according to biological 1116 

processes and selected clusters ordered by directionality of change (normalized 1117 

on 3 months) (comparison by ANOVA followed by Tukey’s multiple comparisons 1118 

test, p < 0.05). 1119 

 1120 

Figure 3. Age-related changes of BEC proteins implicated in vesicular 1121 

transport 1122 

a. Endothelial vesicle-mediated transport pathways and associated proteins that 1123 

were significantly up- (red) or downregulated (blue) in BECs during aging 1124 

(ANOVA, p-value < 0.05, n=5 mice per group). b. Age-related proteomic analysis 1125 

and the lack of correlation between vesicle-mediated transport proteins of BECs 1126 

compared to whole brain vasculature. Red line marks simple linear regression. c. 1127 

Comparison of age-related proteome changes of endothelial vesicle-mediated 1128 

transport in BECs versus whole brain vasculature (BV). BECs: Comparison by 1129 

ANOVA followed by Tukey’s multiple comparisons test (p < 0.05). Vessels: 1130 

Comparison by two-tailed unpaired t-test (p < 0.05). d. Detailed results of 1131 

selected proteins (n=4-5 mice per group). e. Immunocytochemistry and 1132 

quantification of Arf6 and Tfrc in isolated BECs (scale bar: 2 μm) and isolated 1133 

brain vessels (scale bar: 20 μm) of young and aged mice (n=5-6 mice per group). 1134 

White arrows and arrowheads indicate the cytoplasmic and membrane 1135 

localization of Tfrc, respectively. d, e: Comparison by two-tailed unpaired t-test 1136 

(p < 0.05). Graphs represent mean values +/- SEM, data points are from 1137 

individual animals (*p < 0.05, **p < 0.01; ***p < 0.001; ns, not significant). The 1138 

exact p-values are presented in source data file for Figure 3. 1139 

 1140 

Figure 4. Effects of endothelial Arf6 on vesicular transport and mRNA 1141 

processing 1142 

a. Gene deletion and overexpression experiments on Arf6 in mice. b. Volcano 1143 

plot showing differences in mouse BEC protein abundance between endothelial 1144 



Arf6-deficient and WT mice (n=8 mice per group). c. Summary of the LC–MS/MS 1145 

results and enrichment analysis of significant downregulated proteins. d. 1146 

Heatmap of top 27 most significantly altered vesicle-mediated transport proteins 1147 

in Arf6-KO mouse BECs. e. Gene deletion and overexpression experiments on 1148 

Arf6 in human iECs. f. Volcano plot showing differences in protein abundance 1149 

between ARF6-deficient and WT cells human iECs (n=6 samples per group). g. 1150 

Summary of the LC–MS/MS results and enrichment analysis of significant 1151 

downregulated proteins. h. Heatmap of the top 27 most significantly altered 1152 

vesicle-mediated transport proteins in ARF6-KO human iECs. i. Confocal 1153 

validation of endothelial recombinant protein expression in AAV-treated mouse 1154 

brain (scale bar: 20 μm). j. Confocal imaging and quantification of FM1-43X 1155 

endocytosis in iECs (scale bar: 20 μm, comparison by two-tailed unpaired t-test 1156 

***p < 0.001). i-j: Graphs represent mean values +/- SEM, data points are from 1157 

individual images. k. Volcano plot showing differences in mouse BEC protein 1158 

abundance between Arf6- and Gfp-AAV treated mice (n=4 samples per group). 1159 

l. Summary of the LC–MS/MS and LFQ results and enrichment analysis of 1160 

significantly upregulated proteins. m. Heatmap of significantly altered vesicle-1161 

mediated transport proteins. n. Volcano plot showing differences in protein 1162 

abundance between ARF6- and GFP-AAV treated human iECs (n=6 samples per 1163 

group). o. Summary of the LC–MS/MS results and enrichment analysis of 1164 

significantly upregulated proteins. p. Heatmap of the top 27 most significantly 1165 

altered vesicle-mediated transport proteins. b, f, k, n. The -log10 transformed p-1166 

value is plotted against the log2 transformed protein LFQ ratio for each protein. 1167 

Vesicle-mediated transport proteins highlighted in darker color. b, d, f, h, k, m, 1168 

n, p. Comparison by two-tailed unpaired t-test (p < 0.05). Red and blue color 1169 

indicate significant enrichment and depletion, respectively. The exact p-values 1170 

are presented in source data file for Figure 4. 1171 

 1172 

Figure 5. Apoe-deficiency causes a proteomic signature of accelerated BEC 1173 

aging 1174 

a. Overrepresentation analysis of human brain diseases (count: number of 1175 

significantly altered proteins, ER: enrichment ratio, neurodegenerative disorders 1176 

highlighted in grey). b. Individual protein changes related to Alzheimer’s disease 1177 

(AD), Parkinson’s disease (PD) and vascular dementia (VaD) during BEC aging 1178 



(normalized to 3 months of age, comparison by ANOVA followed by Tukey’s 1179 

multiple comparisons test, p < 0.05). c. Volcano plot showing differences in 1180 

mouse BEC proteome of 3-months-old Apoe-deficient and WT mice (n=8 mice 1181 

per group). Dotted lines mark an FDR threshold (p < 0.05, n=5 mice per group). 1182 

d. Correlation of log2 transformed protein LFQ ratios that were significantly 1183 

dysregulated in BECs from Apoe-KO and 18-months-old WT compared to 3-1184 

months-old WT animals. Red line marks a simple linear regression (p < 0.0001). 1185 

e. Detailed results of selected proteins in 3-months-old Apoe-KO compared to 1186 

WT mice. f. Interaction network of Arf6 and Apoe proteins with associated 1187 

proteins that were significantly dysregulated in BECs at 18- versus 3 months of 1188 

age. Colored edges indicate the interaction of hub-proteins. g. CRISPR/Cas9- 1189 

genome editing and differentiation of human iPSCs to iECs. h. Western blot 1190 

validation of APOE-KO iPSCs (experiment was repeated 4 times). i. Volcano plot 1191 

shows protein abundance changes between APOE-KO and WT iECs (n=5-6 1192 

samples per group). Vesicle-mediated transport proteins are highlighted with 1193 

darker color. j. Summary of the LC–MS/MS results and enrichment analysis of 1194 

significantly downregulated proteins. k. Heatmap of top 27 most significantly 1195 

altered vesicle-mediated transport proteins. l. Confocal imaging and 1196 

quantification of FM1-43X endocytosis (scale bar: 20 μm). c, e, f, i, k, l: 1197 

Comparison by two-tailed unpaired t-test (p < 0.05). b, c, f, i, k, I: Red and blue: 1198 

significantly up- and downregulated proteins, respectively. e, l: Graphs represent 1199 

mean values +/- SEM, data points are from individual mice (e) or images (l) (*p < 1200 

0.05, **p < 0.01; ***p < 0.001; ns, not significant). The exact p-values are 1201 

presented in source data file for Figure 5. 1202 

 1203 
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k l
ARF6-AAV BECs 9167 identified proteins

(with ≥ 2 unique peptides)

8340 quantified proteins
(detected in ≥ 3 samples per group)

m

196 significantly altered proteins
(110 UP, 86 DOWN, t-test < 0.05)

n o
ARF6-AAV iECs

p

8921 identified proteins
(with ≥ 2 unique peptides)

8569 quantified proteins
(detected in ≥ 3 samples per group)

2324 significantly altered proteins
(1218 UP, 1106 DOWN, t-test < 0.05)

f g
ARF6-KO iECs 8928 identified proteins

(with ≥ 2 unique peptides)

8599 quantified proteins
(detected in ≥ 3 samples per group)

1724 significantly altered proteins
(741 UP, 983 DOWN, t-test < 0.05)

b c

Arf6-KO BECs 9442 identified proteins
(with ≥ 2 unique peptides)

9187 quantified proteins
(detected in ≥ 3 samples per group)

312 significantly altered proteins
(140 UP, 172 DOWN, t-test < 0.05)

a e

C57BL/6J

Arf6fl/fl;Cdh5-Cre vs Arf6fl/fl tamoxifen

Arf6-AAV vs GFP-AAV

BEC
proteomics

ARF6 locus

CRISPR/Cas9
genome editing

Differentiation
into iECs

ARF6-AAV vs GFP-AAV
treated WT iEC

iEC
proteomics

0.6
(fold change)

2.0

GFP-AAV treated
ARF6-KO vs WT iECs

Term (upregulated) ER P-Value
translational initiation 9.5 4.40E-23
intracellular protein transport 3.3 4.70E-18
translation 3.7 6.10E-16
cytoplasmic translation 5.4 4.20E-14
endocytic recycling 6.5 9.60E-14
Golgi to PM transport 9.9 5.40E-13
retrograde transp., end. to Golgi 5.3 1.80E-12
regulation of translational 8.9 4.40E-12
Ub-dep. protein catabolism 3.0 7.70E-12
ER to Golgi ves.-med. transport 4.1 9.80E-12

Term (upregulated) ER P-Value
vesicle-mediated transport 5.4 7.0E-04
intracellular protein transport 5 1.1E-03
activation of GTPase activity 8.7 2.6E-03
protein transport 3 6.4E-03
phosphorylation 2.7 1.7E-02
Golgi organization 6.8 2.0E-02
protein phosphorylation 2.6 2.1E-02
ER to Golgi ves-med. transport 6.5 2.3E-02
EGFR signaling pathway 12 2.4E-02
macromolecular complex ass. 6.3 2.5E-02

Term (downregulated) ER P-Value
mRNA splicing, via spliceosome 5.2 5.2E-21
mitochondrial translation 7.5 5.6E-21
rRNA processing 5.4 5.9E-16
RNA splicing 4.2 1.3E-14
protein loc. to CENP-A cont. chr. 16 4.9E-14
neg.reg.of megakaryocyte diff. 15 4.1E-13
DNA repl.-ind. nucleosome ass. 12 3.8E-12
mRNA processing 3.7 6.8E-12
DNA-templated transcription 8.6 2.6E-11
telomere organization 10.7 7.7E-11

Term (downregulated) ER P-value
proteasomal protein catabolism 23.9 4.1E-07
proteolysis involved in prot. cat. 12.4 2.0E-05
ubiquitin-dependent prot. cat. 5.2 5.6E-05
protein transport 3.0 4.3E-04
intracellular protein transport 3.9 2.4E-03
pos.reg. of prot. Ser/Thr kinase 11.0 5.6E-03
mRNA processing 3.2 7.4E-03
regulation of DNA repair 9.3 9.1E-03
chromatin remodeling 4.6 1.0E-02
pos.reg. of actin polymerization 9.0 1.0E-02
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0.5
(fold change)

1.6

WT KO
0.0

0.5

1.0

1.5

2.0

FM
1-

43
FX

 (m
ea

n) ***

WT ARF6-KO iECs

FM1-43FX Dapi

• Ves.tr. up: 121
• Ves.tr. down: 59

• Ves.tr. up: 167
• Ves.tr. down: 69

ARF6: not detected in KO

AAV treated mouse (bulbus)

GFP NeuN Cd31 Dapi GFP NeuN GFP Cd31 

• Ves.tr. up: 19
• Ves.tr. down: 8

• Ves.tr. up: 17
• Ves.tr. down: 13
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Dpysl2 Stx1b Mif
Synj1 Atp1a3 + Tjp2

Mthfd1l Scarb2 + Tjp1
Dlst Sncg Cst3

Cryab Synj1
Pitrm1 Mccc1 AD, VaD

Hsd17b10 Hist1h1c Itm2b +
Ide Vdac1 App
Clu Sod1 Ace

Pin1 + Hip1r +
Pld3 Ndufv2

Capn1 + Hspa9 Apoe
Sort1 Dnm1l Tomm40

Picalm Vps35 +
Casp6 Aimp2
Tardbp Ndufa10 +

Ncstn Psmc1 +
Adam10 + Hsp90aa1 +

Blmh Rps16
Rtn3 Msn +

Tardbp
Eif4g1

Snca Hspa4
Uchl1 Rps2
Htra2 + Vps29 +
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r=0.769
R2=0.591
P<0.0001

• Sign. down: 103
-- FDR: 42

• Sign. up: 111
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APOE locus

CRISPR/Cas9
genome editing

Differentiation
into huECs human iEC

proteomics

microscopy

j
APOE-KO iECs 8897 identified proteins

(with ≥ 2 unique peptide)

8446 quantified proteins
(detected in ≥ 3 samples per group)

326 significantly altered proteins
(196 UP, 130 DOWN, t-test < 0.05)
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Synj1

18 months vs 3 months BECs

Apoe
Arf6
Mfge8
Tfrc

up
down

Itgb3

Interactions:Protein
expression:

k

0.6
(fold change)

1.4

Term (downregulated) ER P-value
cytoplasmic translation 14.2 9.5E-06
vesicle-mediated transport 6.9 4.6E-05
reg. of transcription factor activ. 29.2 3.3E-04
translation 5.8 1.3E-03
intracellular signal transduction 3.7 3.1E-03
cell. resp. to interferon-gamma 7.5 1.6E-02
protein phosphorylation 3.0 1.7E-02
axon guidance 4.8 2.0E-02
autophagosome maturation 13.0 2.2E-02
vesicle fusion 13.0 2.2E-02

Disease Count ER FDR
Metabolism, Inborn Errors 60 3.10 9.0E-12
Stress 77 2.57 1.8E-11
Shock 52 3.11 2.0E-10
Genetic Diseases, Inborn 40 3.54 1.5E-09
Neurodegenerative Diseases 60 2.66 1.7E-09
Mitochondrial Diseases 52 2.81 5.8E-09
Brain Diseases 59 2.53 1.6E-08
Central Nervous System Diseases 59 2.50 2.1E-08
Brain Diseases, Metabolic 31 3.81 3.2E-08
Parkinson Disease 34 3.39 5.7E-07
FTLD 17 5.25 3.1E-06
Protein deficiency disease 40 2.65 3.8E-06
Metabolic Diseases 67 2.00 7.5E-06
Parkinsonian Disorders 27 3.26 1.1E-05
Anemia, Diamond-Blackfan 10 8.07 2.7E-05
FTDP-17 15 4.77 6.0E-05
Movement Disorders 33 2.60 7.2E-05
Protein Deficiency 49 2.08 1.3E-04
Cholera 15 4.37 1.5E-04
Wiskott-Aldrich Syndrome 19 3.59 1.5E-04
Dementia 30 2.51 4.0E-04
Dementia, Vascular 9 5.83 5.5E-04
Basal Ganglia Diseases 27 2.54 8.9E-04
Acidosis 20 2.92 1.6E-03
Alzheimer Disease 30 2.40 2.8E-03
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 3  6  12  18
age groups (months)

 3  6  12  18
age groups (months)

 3  6  12  18
age groups (months)

 3  6  12  18
age groups (months)

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Cluster 5 Cluster 6 Cluster 7 Cluster 8

Cluster 9 Cluster 10 Cluster 11 Cluster 12

Cluster 13 Cluster 14 Cluster 15 Cluster 16

All (count): 312
Significant (count): 119

All (count): 297
Significant (count): 83

All (count): 240
Significant (count): 112

All (count): 226
Significant (count): 100

All (count): 214
Significant (count): 81

All (count): 177
Significant (count): 63

All (count): 162
Significant (count): 70

All (count): 149
Significant (count): 55

All (count): 149
Significant (count): 41

All (count): 123
Significant (count): 26

All (count): 102
Significant (count): 17

All (count): 99
Significant (count): 28

All (count): 96
Significant (count): 13

All (count): 75
Significant (count): 17

All (count): 51
Significant (count): 19

All (count): 44
Significant (count): 16

mean     confidence interval         identified       significant
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sgRNA target sequence
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...aacaaggaaatgcggatcctcatgttgggcctggacgcggccggcaagacaacaatcctgtacaagttgaagctgggccagtcggtgacc...
PAM

Exon 2

Asn Lys Glu Met Arg Ile Leu Met Leu Gly Reading frame WT
Reading frame +1bpCys Trp Ala Trp

Leu
Thr Arg

W
T

Asp Ala Ala Gly Lys Thr Thr Ile Leu Tyr Lys Leu Lys Leu Gly Gln Ser Val Thr
Pro Ala Arg Gln Gln Ser Cys Thr Ser * Ser Trp Ala Ser Arg *

Gene ID Sequence M ismatch 
po sit io n

M ismatch 
C o unt

M IT       
sco re

C F D      
sco re Lo cat io n Lo cus descript io n Indels 

detected

ARF6 gRNA GGAAATGCGGATCCTCATGTTGG Target - - - - -

ARF6 CFD OT 1 GGAAAAATGTATCCTCATGTAGG .....***.*.......... 4 0.496624 0.616146 8:134804959:134805481:-1 intergenic:M IR30D-AC083843.2 None

ARF6 CFD OT 2 TGAAATGTAGACCCTCATGTTGG *......**..*........ 4 0.430092 0.532895 13:36733486:36734008:1 intergenic:AL136160.1-RFXAP None

ARF6 CFD OT 3 AGAAATGTGGAACTTCATGTGGG *......*...*.*...... 4 0.110194 0.462 4:78874823:78875345:1 intron:BM P2K None

ARF6 CFD OT 4 GAAAATGCAGATCCTAATTTCGG .*......*......*..*. 4 0.052415 0.362637 20:5032709:5033231:1 intergenic:SLC23A2-RP5-1116H23.6 None

ARF6 CFD OT 5 GGAAATGTTGATCTTAATGTGGG .......**....*.*.... 4 0.021373 0.342222 13:58747536:58748058:-1 intergenic:RNY4P29-AL359262.1 None

ARF6 M IT OT 1 AGTAGTGAGGATCCTCATGTTGG *.*.*..*............ 4 1.345833 0.297318 5:92369914:92370436:-1 intergenic:RP11-348J24.1-RP11-348J24.2 None

ARF6 M IT OT 2 GGGAATCGGAATCCTCATGTGGG ..*...**.*.......... 4 0.846587 0.252083 1:166974117:166974639:1 intron:ILDR2 None

ARF6 M IT OT 3 AGAGATGGGGTTCCTCATGTTGG *..*...*..*......... 4 0.794051 0.111264 2:233186656:233187178:1 intron:INPP5D None

ARF6 M IT OT 4 GAAGATGTGGATCCTCATGGTGG .*.*...*...........* 4 0.697447 0.08166 6:27107660:27108182:1 intergenic:TRI-TAT2-2-RNU2-62P None

ARF6 M IT OT 5 GTAAATGAGAATCCTCATGAGGG .*.....*.*.........* 4 0.642349 0.217159 6:5830623:5831145:-1 intergenic:FARS2-RP3-380B8.4 None

+1 bp insertion
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Gene ID Sequence Mismatch 
Position

Mismatch 
Count

MIT 
Score

CFD 
Score noitpircseD noitacoLnoitacoL Indels 

detected

APOE gRNA GGTTCTGTGGGCTGCGTTGCTGG Target

APOE CFD OT1 AGTTCTGTGGACTCCATTGCAGG *.........*..*.*.... 4 0,023 0,386 4:152072154:152072676:-1 intergenic:RNA5SP169-RP11-18H21.1 None

APOE CFD OT2 GGTTCTGGGGAATGCGTTTCTGG .......*..**......*. 4 0,123 0,3 enoN3ASAR:nortni1-:315940411:199840411:3194

APOE CFD OT3 AGTTCAGTTGGCAGCGTTGCAGG *....*..*...*....... 4 0,215 0,288 14:101784777:101785299:1 intron:PPP2R5C None

APOE MIT OT1 GATTCTGTGGGCTGCGTGGCAGG .*...............*.. 2 3,003 0,282 11:116563492:116564014:1 intergenic:AP001891.1-AP000770.2 None

APOE MIT OT2 GGTTCTTAGAGCTGCGTTGCTGG ......**.*.......... 3 1,459 0,427 12:47887516:47888038:-1 intergenic:RP11-89H19.1/VDR-RP11-89H19.1 None

APOE MIT OT3 CGTTCTGAGGGCTGCCTTGCAGG *......*.......*.... 3 0,542 0 2:46084987:46085509:1 intergenic:AC017006.2-PRKCE None

APOE MIT OT4 GGATCTGAGAGCAGCGTTGCTGG ..*....*.*..*....... 4 0,503 0,3 enoN81XNS:nortni1:22502545:00002545:596

APOE MIT OT5 GGTTCTGTGCTCTGCGGTGCTGG .........**.....*... 3 0,501 0,018 4:148066707:148067229:1 intron:ARHGAP10 None

C

 

rs405509 rs439401
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-1 kb +5 kb

Chr19
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sgRNA target sequence PAM 150bp

Exon 2 Exon 3

Lys Val Leu Trp Ala Ala Leu Leu Val Thr . . . . . .  Ser Glu Gln Val Gln Glu Glu Leu Leu Ser Ser Gln Val Reading frame WT
Reading frame +1bp

-14/-13 bp deletion

Arg Cys Trp Ser . . . . . .  Leu Ser Arg Cys Arg Arg Ser Cys Ser Ala Pro

...aaggttctgtgggctgcgttgctggtcaca..... tctgagcaggtgcaggaggagctgctcagctcccaggtcacccaggaactgagg...

Reading frame +2bpVal Ala Gly His . . . . . .  *** Ala Gly Ala Gly Gly Ala Ala Gln Leu Pro

Thr Gln Glu Leu Arg
Ser Pro Arg Asn ***

His Pro Gly Thr
Arg

Gly

*Reverse complement




	Leere Seite



