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Proteomics of mouse brain endothelium 
uncovers dysregulation of vesicular 
transport pathways during aging

Katalin Todorov-Völgyi    1,11  , Judit González-Gallego1,2,11, 
Stephan A. Müller    3,4, Nathalie Beaufort1, Rainer Malik1, Martina Schifferer3,5, 
Mihail Ivilinov Todorov1,6, Dennis Crusius1, Sophie Robinson1,2,3, 
Andree Schmidt3,4, Jakob Körbelin    7, Florence Bareyre5,8,9, Ali Ertürk    1,5,6, 
Christian Haass3,5,10, Mikael Simons3,5, Dominik Paquet    1,5, 
Stefan F. Lichtenthaler    3,4,5 & Martin Dichgans    1,3,5 

Age-related decline in brain endothelial cell (BEC) function contributes 
critically to neurological disease. Comprehensive atlases of the BEC 
transcriptome have become available, but results from proteomic profiling 
are lacking. To gain insights into endothelial pathways affected by aging, we 
developed a magnetic-activated cell sorting-based mouse BEC enrichment 
protocol compatible with proteomics and resolved the profiles of protein 
abundance changes during aging. Unsupervised cluster analysis revealed 
a segregation of age-related protein dynamics with biological functions, 
including a downregulation of vesicle-mediated transport. We found a 
dysregulation of key regulators of endocytosis and receptor recycling 
(most prominently Arf6), macropinocytosis and lysosomal degradation. In 
gene deletion and overexpression experiments, Arf6 affected endocytosis 
pathways in endothelial cells. Our approach uncovered changes not 
picked up by transcriptomic studies, such as accumulation of vesicle cargo 
and receptor ligands, including Apoe. Proteomic analysis of BECs from 
Apoe-deficient mice revealed a signature of accelerated aging. Our findings 
provide a resource for analysing BEC function during aging.

The central nervous system requires a tightly controlled metabolic 
environment for proper neuronal functioning and information process-
ing. This specific environment is maintained by the blood–brain barrier 
(BBB), which is centrally positioned within the neurovascular unit and 

endowed with unique properties1. Brain endothelial cells (BECs), key 
constituents of the BBB, display exquisitely low rates of transcellular 
vesicular transport (transcytosis) and specialized tight junctions that 
restrict paracellular diffusion, thus safeguarding BBB integrity2. BECs 
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between 3 months and 18 months. Among other cell markers, we found 
a prominent reduction of neuronal (Map2 – FC: 0.01) and glial (Gfap 
– FC: 0.28) markers, a moderate reduction of glial end-feet markers  
(Aqp4 – FC: 0.77) and some enrichment of pericyte (Anpep – FC: 4.82) 
marker proteins. This is consistent with the results of CD31-based 
enrichment protocols for single-cell sequencing44, showing that a small 
population of other vascular cell types remains with these protocols.

Proteomic analysis of isolated BECs from 3-month-old, 6-month-old, 
12-month-old and 18-month-old mice captured a total of 4,137 proteins. 
Among them, 3,754 proteins were identified with two or more unique pep-
tides, of which 2,516 proteins were quantified in three or more samples  
in all age groups. In total, 850 proteins showed significant changes in 
abundance during aging (ANOVA, P < 0.05) (Fig. 1d and Supplementary 
Table 2). A comparison with published mouse bulk BEC RNA-seq data45 
revealed 193 proteins and corresponding RNAs that were significantly 
altered in both datasets (Fig. 1e). Notably, there was a weak but significant 
correlation (r2 = 0.154; P < 0.0001) between the log2 fold change values 
of the significantly altered BEC proteins and corresponding RNAs when 
comparing aged (18-month-old and 19-month-old, respectively) to young 
(3-month-old) mice (Fig. 1e). Using 3-month-old animals as a reference, 
there was a steady increase in the number of significantly altered proteins 
from three (6 months) to 57 (12 months) to 339 proteins (18 months) 
(false discovery rate (FDR) P < 0.05) (Fig. 1f and Supplementary Table 2), 
consistent with previous bulk RNA-seq studies on whole organs and  
BECs that found a large number of differentially regulated genes in old 
compared to young mice45,46. Unexpectedly, several neurofilament 
(Nefm, Nefl and Ina) and myelin sheet (Mog, Mbp and Plp1) proteins, 
although being strongly depleted in BECs compared to FT (Fig. 1f,  
right panel), were upregulated in the BEC proteome during aging  
(Fig. 1f, volcano plots). Immunolabeling and electron microscopy  
analysis of isolated BECs and brain capillaries confirmed the endo
thelial localization of Mbp and the engulfment of multi-lamellar  
membranous structures by aged endothelium, respectively (Fig. 1g). 
These results are in line with recent findings showing that microvascular 
endothelial cells act as ‘amateur’ phagocytes to engulf myelin debris47 
and contribute to the degradation of neurofilaments during aging48,49.

Age-related protein expression dynamics
Genes with similar expression dynamics have been shown to share bio-
logical functions50. To characterize the temporal profile of age-related 
BEC protein levels in greater detail, we first clustered all identified pro-
teins based on their abundance patterns across timepoints (3 months, 
6 months, 12 months and 18 months of age). Unsupervised cluster-
ing using Bayesian non-parametric time series modeling revealed  
16 clusters that varied in size between 44 and 312 identified proteins 
and between six and 119 significantly altered proteins (Fig. 2a). Notably,  
several of the most abundant clusters showed opposing trends in  
their abundance dynamics during aging (Fig. 2b and Extended Data 
Fig. 1). To identify possible links between BEC protein dynamics  
and function, we categorized significantly altered proteins in each  
cluster according to their SL and biological processes (BPs) using  
Gene Ontology (GO) terms. As illustrated by clusters 1–4, there was 
a segregation of clusters with individual GO terms and an alignment 
between SLs and corresponding BPs (Fig. 2a).

Focusing on significantly enriched BPs, we found a more than 
five-fold enrichment of proteins related to ‘translation’ (for example,  
Rpl and Rps) in cluster 9, which was characterized by temporary 
downregulation at 12 months of age (Fig. 2a–c). ‘RNA splicing’-related 
proteins (for example, Srsf) were enriched in cluster 3, showing a 
continuous downregulation until 18 months of age. In contrast, pro-
teins related to ‘oxidation reduction’ (for example, Prdx5) and ‘lipid 
metabolism’ (for example, Fasn) were enriched in cluster 4, which 
exhibited significant upregulation at 18 months of age. Proteins 
related to ‘cytoskeleton organization’ (for example, Vcl and Pxn) 
and ‘cell adhesion’ (for example, Ctnnd1 and Tjp1/2) were enriched 

further play critical roles in neurovascular coupling3,4, brain metabo-
lism5 and immune activation6 through interaction with other cells.

Age-related dysregulation of BECs causes vascular dysfunction, 
thus critically contributing to cerebrovascular and neurodegenera-
tive diseases7–12. Previous studies have shown a decline of various 
BEC-dependent functions during aging, including BBB integrity13,14, 
neurovascular coupling15 and cerebral blood flow16. However, the 
molecular alterations driving this decline are insufficiently understood. 
Candidate factors that have emerged from previous work include an 
increase in oxidative and nitrosative stress17,18, changes in telomere 
length resulting in cellular senescence19 and specific molecules, such 
as integrins20,21, ApoE22,23 and Medin, an amyloidogenic peptide that 
accumulates in the vasculature with aging24–26.

Molecular profiling studies have greatly contributed to under-
standing the effects of aging on specific tissues or cell types27–29. 
Specifically, single-cell RNA sequencing (scRNA-seq) of mouse BECs, 
along with proteomics of whole brain microvasculature, has shown 
an age-dependent shift in BBB transcytosis from ligand-specific 
receptor-mediated transport to non-specific caveolar endocytosis30. 
scRNA-seq studies further revealed zonation-dependent transcrip-
tomic changes in aged BECs31,32 and an upregulation of innate immunity 
and oxidative stress response pathways in capillary BECs from old 
compared to young mice31.

Although developments in transcriptomic analyses have enabled 
cellular mapping at single-cell resolution33, analyses of the proteome 
are needed for better understanding of the molecular pathways impli-
cated in cellular function and aging. First, correlations between mRNA 
levels and their corresponding protein levels are often poor (Pearsonʼs 
r2 0.3–0.4)34–38, because post-transcriptional processes that control 
protein synthesis and degradation have a major influence on protein 
abundances. Second, transcriptomic analyses typically do not capture 
molecules that are bound to the cell surface or internalized, such as 
receptor ligands or cargo from phagocytotic vesicles, respectively. 
Third, proteins are closer to the biosynthetic output and cellular func-
tions than mRNA; however, to our knowledge, results of BEC proteomic 
profiling are lacking.

In the present study, we developed a BEC enrichment protocol 
compatible with liquid chromatography coupled with tandem mass 
spectrometry (LC–MS/MS) to resolve the mouse BEC proteome and 
gain insights into protein abundance changes during healthy aging. 
Using a recently developed method for unsupervised clustering39–42, we 
identified distinct patterns of age-related protein dynamics that segre-
gated with biological functions and the subcellular localization (SL) of 
proteins. Here we provide insights into endothelial vesicular transport 
pathways and identify Arf6, a key regulator of endocytosis and receptor 
recycling, as a candidate factor mediating vesicular transport changes 
during aging. We further present evidence for an accelerating effect 
of Apoe deficiency on BEC aging as well as cell-autonomous effects  
of APOE in human endothelial cells.

Results
Proteomic analysis of mouse BECs during aging
To assess changes of the mouse BEC proteome during aging, we first 
developed a protocol for BEC enrichment compatible with LC–MS/MS  
(Fig. 1a). Cd31 labeling and magnetic-activated cell sorting (MACS) 
resulted in the enrichment of BECs expressing adherens (Pecam1 and 
Cdh5) and tight junction markers (Cldn5) (Fig. 1b). Isolated BECs from 
3-month-old and 18-month-old animals displayed ultrastructural hall-
marks of endothelial cells, including nuclei with heterochromatin and 
endothelial protrusions43 (Fig. 1b). LC–MS/MS on isolated BECs and 
full brain tissue (FT) preparations from 3-month-old mice followed 
by label-free quantification (LFQ) showed a massive enrichment of 
endothelial markers, including Nos3 (fold change (FC): 1,684.5), Cdh5 
(29.9) and Pecam1 (30.7) in BECs compared to FT (Fig. 1c and Supple-
mentary Table 1). Notably, their protein levels in BECs were stable 
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in cluster 2, showing temporary downregulation at 6 months of 
age. ‘Vesicle-mediated transport’ proteins (for example, Arf6 and 
Tmed2) were enriched in cluster 3 and showed a continuous down-
regulation during aging (Fig. 2a–c), whereas the ‘vesicle/exosome’ 
SL was represented in multiple clusters with vastly different profiles 
(Fig. 2a). Collectively, these findings demonstrate close links between 

age-related protein abundance dynamics and individual BPs, including 
vesicle-mediated transport pathways.

BEC proteins implicated in endothelial vesicular transport
Given the central role of BECs in maintaining BBB integrity and 
recent data showing an age-related shift from ligand-specific 
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Fig. 3 | Age-related changes of BEC proteins implicated in vesicular transport. 
a, Endothelial vesicle-mediated transport pathways and associated proteins that 
were significantly upregulated (red) or downregulated (blue) in BECs during 
aging (ANOVA, P < 0.05, n = 5 mice per group). b, Age-related proteomic analysis 
and the lack of correlation between vesicle-mediated transport proteins of BECs 
compared to whole BV. Red line marks simple linear regression. c, Comparison 
of age-related proteome changes of endothelial vesicle-mediated transport 
in BECs versus BV. BECs: comparison by ANOVA followed by Tukey’s multiple 
comparisons test (P < 0.05). Vessels: comparison by two-tailed unpaired t-test 

(P < 0.05). d, Detailed results of selected proteins (n = 4–5 mice per group).  
e, Immunocytochemistry and quantification of Arf6 and Tfrc in isolated BECs 
(scale bar, 2 μm) and isolated brain vessels (scale bar, 20 μm) of young and 
aged mice (n = 5–6 mice per group). White arrows and arrowheads indicate the 
cytoplasmic and membrane localization of Tfrc, respectively. d,e, Comparison  
by two-tailed unpaired t-test (P < 0.05). Graphs represent mean values ± s.d.;  
data points are from individual animals (*P < 0.05, **P < 0.01; ***P < 0.001;  
NS, not significant). The exact P values are presented in the Source Data file for 
Fig. 3. CollV, Collagen V; MVB, multi-vesicular body.
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receptor-mediated to non-specific caveolar transcytosis30, we next 
turned to vesicle-mediated transport proteins and transmembrane 
receptors (Fig. 3a and Supplementary Table 2).

Focusing on vesicle-related proteins, we found major regulators 
of macropinocytosis (Rhog), dynamin-mediated endocytosis (Dnm1), 
exocytosis (Rab3a), multi-vesicular body formation (Ptpn23) and 
lysosomal degradation (Scarb2 and Ctsd) to be upregulated with aging, 
whereas the main vesicle-coating proteins (Arf6, Clta/c and Cav1) were 
downregulated (Fig. 3a). Of the 20 exocytosis-related proteins, 16 
proteins were positive regulators of exocytosis and showed increased 
protein abundance, suggesting an increased level of exocytosis during  
endothelial aging (Supplementary Table 2). Endothelial nitric oxide 
synthase (Nos3), a regulator of caveolin-mediated endocytosis51, 
was transiently downregulated. Endoplasmic reticulum (ER)–Golgi 
vesicle-mediated transport encompassed proteins that were upregu-
lated (Mia, Uso1 and Vti1b) and downregulated (Tmed2 and Tmed7)  
with aging, as were regulators of clathrin-mediated endocytosis 
(upregulated: Pacsin1, Hip1r, Aak1 and Ap2a1; downregulated: Dab2, 
Ap2a and Arf6).

Focusing on endothelial receptors, we found that multiple sub
units (Itga3/7/v and Itgb3/4/8) and ligands (Mfge8, Lamc1 and Fga/Fgg)  
of the integrin receptor complex were upregulated with aging, whereas 
transferrin receptor (Tfrc), the Itga1 receptor subunit and Lama5 ligand 
exhibited an aged-related transient downregulation (Fig. 3a). To fur-
ther check whether the reduction in Tfrc levels is due to an age-related 
increase in receptor shedding, we performed single tryptic peptide 
analysis at 18 months versus 3 months of age. In total, we found two 
and 13 peptides from the intracellular and extracellular regions, respec-
tively, to be significantly downregulated to a similar extent in aged 
BECs, arguing against altered Tfrc shedding (Extended Data Fig. 2). 
The tight junction scaffolding proteins Tjp1 and 2 and the adherent 
junction protein Ctnnd were likewise downregulated during aging.

We next explored the specificity of age-related protein changes  
of vesicle-mediated transport in BECs compared to the whole brain  
vasculature (BV) and found no correlation between the two prepara-
tions (Fig. 3b and Supplementary Table 3). Specifically, Arf6, Tfrc, 
Tmed2, Cav1, Rhog and Scarb2, which were among the most signifi-
cantly dysregulated proteins in BECs, were not significantly altered 
in BV during aging. In contrast, Mfge8 (milk fat globule-EGF factor-8, 
also known as lactadherin) and Apoe were significantly upregulated 
in both BEC and brain vessel preparations (Fig. 3c,d), consistent with 
their role as ligands of the integrin receptor complex.

The most significantly downregulated protein in BECs was Arf6 
(ANOVA, FDR q = 0.002), a key regulator of clathrin-dependent, 
caveolin-dependent and clathrin-independent, caveolae-independent 
endocytosis, as well as vesicle-mediated recycling of transmembrane 
receptors and junction proteins52,53 (Fig. 3a).

To validate the age-related reduction of Arf6 levels, we per-
formed immunocytochemistry on isolated BECs prepared from aged 
(18-month-old) and young (3-month-old) mice. Co-staining for Arf6 
and Tfrc along with Pecam1 confirmed their BEC-specific reduction 
during aging, with some evidence for a shift in the cellular distribution 
of Tfrc in isolated aged BECs (Fig. 3e). In contrast, immunocytochemical 
analysis of isolated brain parenchymal vessels for Arf6 and Tfrc along 
with ColIagen V showed no significant age-related alteration (Fig. 3e), 
which, however, agrees with the vessel proteomics data (Fig. 3d).

These findings emphasize the importance of cell-type-specific 
proteomics for studying vesicular transport mechanisms during aging. 
They further highlight the candidacy of Arf6 in mediating age-related 
protein changes of endothelial vesicle-mediated transport and the 
recycling of transmembrane receptors.

Endothelial Arf6 and vesicle-mediated transport pathways
To better understand the role of Arf6 in BECs, we conducted gene dele-
tion and overexpression experiments. We first performed proteomic 
analyses in mice with endothelial cell (EC)–specific Arf6 deficiency 
and in human induced endothelial cells (iECs) derived from ARF6-KO 
induced pluripotent stem cells (iPSCs) (Fig. 4a,e, top, and Extended Data 
Figs. 3 and 4). We found a 30% reduction of Arf6 levels in EC-Arf6-KO 
BECs, whereas Arf6 was not detected in Arf6-KO iPSCs (Fig. 4b,f). In 
total, 312 and 1,724 proteins were significantly altered in BECs and iECs, 
respectively (Supplementary Tables 4 and 6). Enrichment analyses of 
significantly downregulated proteins showed mRNA processing and 
splicing to be among the most affected BPs in both models (Fig. 4c,g), 
consistent with our findings on the aged BEC proteome (Fig. 2). More
over, chromatin remodeling and nucleosome assembly related proteins 
were likewise downregulated in mouse and human, respectively, in line 
with the previously published role of Arf6 in cell division54.

Focusing on vesicle-mediated transport proteins, we found a 
similar proportion of proteins being upregulated and downregulated 
upon Arf6 deletion in mice (Fig. 4b,d) whereas, in ARF6-deficient iECs, 
there was an overrepresentation of upregulated proteins (120 of the 
184 vesicle-mediated transport proteins) (Fig. 4f,h). We, therefore, 
performed functional experiments in ARF6-KO iECs and found an 
increased level of endocytosis (FM1-43FX in newly formed vesicles). 
This upregulation of endocytosis despite Arf6 deletion potentially 
reflected a compensatory response (Fig. 4j).

To further investigate consequences of Arf6 modulation, we 
performed overexpression experiments by infecting mice with 
BEC-specific55 Arf6-GFP-AAV or GFP-AAV (used as control), followed 
by BEC proteomics (Fig. 4a, bottom, and Supplementary Table 5). To 
validate the specificity of the virus and the efficiency of virus trans-
duction, we performed immunohistochemistry on the olfactory bulb 
region of GFP-AAV-treated mice and found that 45% of the CD31-labeled 

Fig. 4 | Effects of endothelial Arf6 on vesicular transport and mRNA processing. 
a, Gene deletion and overexpression experiments on Arf6 in mice. b, Volcano 
plot showing differences in mouse BEC protein abundance between endothelial 
Arf6-deficient and WT mice (n = 8 mice per group). c, Summary of the LC–MS/MS 
results and enrichment analysis of significant downregulated proteins. d, Heat 
map of the top 27 most significantly altered vesicle-mediated transport proteins 
in Arf6-KO mouse BECs. e, Gene deletion and overexpression experiments on  
Arf6 in human iECs. f, Volcano plot showing differences in protein abundance 
between ARF6-deficient and WT cells (n = 6 samples per group). g, Summary of 
the LC–MS/MS results and enrichment analysis of significant downregulated 
proteins. h, Heat map of the top 27 most significantly altered vesicle-mediated 
transport proteins in ARF6-KO human iECs. i, Confocal validation of endothelial 
recombinant protein expression in AAV-treated mouse brain (scale bar, 
20 μm). Arrows indicate GFP-positive endothelial cells. j, Confocal imaging and 
quantification of FM1-43X endocytosis in iECs (scale bar, 20 μm; comparison 
by two-tailed unpaired t-test, ***P < 0.001). Arrows indicate FM1-43FX-positive 
vesicles. i,j, Graphs represent mean values ± s.d.; data points are from individual 
images. k, Volcano plot showing differences in mouse BEC protein abundance 

between Arf6-treated and Gfp-AAV treated mice (n = 4 samples per group). 
l, Summary of the LC–MS/MS and LFQ results and enrichment analysis of 
significantly upregulated proteins. m, Heat map of significantly altered vesicle-
mediated transport proteins. n, Volcano plot showing differences in protein 
abundance between ARF6-treated and GFP-AAV treated human iECs (n = 6 
samples per group). o, Summary of the LC–MS/MS results and enrichment 
analysis of significantly upregulated proteins. p, Heat map of the top 27 most 
significantly altered vesicle-mediated transport proteins. b,f,k,n, The −log10-
transformed P value is plotted against the log2-transformed protein LFQ ratio for 
each protein. Vesicle-mediated transport proteins are highlighted in darker color. 
b,d,f,h,k,m,n,p, Comparison by two-tailed unpaired t-test (P < 0.05). Red and 
blue color indicate significant enrichment and depletion, respectively. The exact 
P values are presented in the Source Data file for Fig. 4. ass., assembly; cont. chr., 
containing chromatin; diff., differentiation; end., endosome; FE, fold enrichment; 
loc., localization; neg.reg., negative regulation; pos.reg., positive regulation; prot.
cat., protein catabolism; prot. Ser/Thr kinase, protein serine/threonine kinase; 
repl.-ind., replication induced; transp., transport; Ub.-dep., ubiquitin-dependent; 
ves.-med.tr., vesicle-mediated transport.
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vasculature was GFP positive (Fig. 4i). Proteomic analysis confirmed 
a 1.7-fold increase of Arf6 levels in BECs (Fig. 4k). Enrichment analysis 
of significantly upregulated proteins revealed vesicle-mediated trans-
port, activation of GTPase activity and ER-to-Golgi vesicle-mediated 
transport to be among the most significantly affected BPs (Fig. 4k,m). 
Aside from the small GTPase Arf6, both the small GTPase-binding 

protein Gga2 and the small GTPase-activating protein Tbc1d20 were 
upregulated. The most significantly downregulated protein was Glb1, 
a marker of cellular senescence and aging (Fig. 4k).

ARF6 overexpression in iECs was done with Arf6-GFP-AAV versus  
GFP-AAV treatment and resulted in a 1.9-fold increase of ARF6  
levels (Fig. 4e, bottom, Fig. 4n,p and Supplementary Table 6). As in 
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Arf6-GFP-AAV-treated mice, enrichment analysis of significantly 
upregulated proteins revealed vesicle-mediated transport-related GO 
terms to be among the most prominently affected BPs (Fig. 4n,o). Speci
fically, ARF6 and its binding protein GGA2, DNM1L and the conserved 
oligomeric Golgi (COG) complex subunit COG5 were upregulated in 
both mouse and human (Fig. 4m,p). In fact, several subunits of COG were 
among the most prominently upregulated proteins in iECs (Fig. 4p).

Apoe deficiency results in a signature of accelerated BEC aging
To explore potential relationships between age-related BEC pro-
teome changes and human brain disorders, we next applied over
representation analysis (ORA) on disease-related databases. Focusing on  
BEC proteins that were altered during aging (ANOVA, P < 0.05), we 
found an overrepresentation (FDR P < 0.05) of disease terms related to 
neurodegenerative disease (eight of the top 25 disorders, highlighted 
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in gray in Fig. 5a). Among these terms were Alzheimer’s disease (AD), 
Parkinson’s disease (PD) and vascular dementia (VaD), which have previ-
ously been related to vascular or endothelial processes56–58. Hence, we 
focused on these conditions. Overall, we found 30 AD-associated (23 up, 
seven down), 34 PD-associated (18 up, 16 down) and nine VaD-associated 
(five up, four down) proteins to be significantly dysregulated during 
aging (Fig. 5b). Although the disease-related association does not 
imply that these proteins are directly causative of neurodegenera-
tive diseases, many of them are known risk genes for AD, PD or VaD 
(for example, App, Snca or Apoe). Apoe and Tomm40, which were 
upregulated and downregulated in BECs during aging, respectively, 
were associated with all three conditions (Fig. 5b). Given the widely rec-
ognized role of Apoe in brain cellular aging59–62, and of Apoe deficiency 
in causing endothelial dysfunction63–65, we next compared the BEC 
proteomes of young (3-month-old) Apoe-KO and wild-type (WT) mice 
(Supplementary Table 7). Using proteomics, 111 and 103 proteins were 
significantly (P < 0.05) upregulated and downregulated, respectively, 
in Apoe-KO mice (Fig. 5c). Comparing the BEC proteomic signature of 
young Apoe-KO mice with the signature of aged (18-month-old) WT 
mice, we found a positive correlation (r = 0.769; r2 = 0.501, P < 0.0001), 
suggesting an accelerating effect of Apoe deficiency on BEC aging. 
Notably, Arf6 was significantly downregulated in young Apoe-KO mice 
(fold change: 0.58) (Fig. 5d). Directionally consistent changes in young 
Apoe-KO and aged WT mice were further seen for several other proteins 
implicated in endothelial vesicle-mediated transport (Fig. 5d,e).

Focusing on the Arf6–Apoe interaction network in aged mice, 
we found 19 and 24 significantly altered proteins at 18 months com-
pared to 3 months of age to exhibit direct experimentally determined 
connections with Arf6 and Apoe, respectively (Fig. 5f; for details, see 
Methods). The vesicular transport protein Tgoln1 (trans-Golgi network 
integral membrane protein 1) showed a direct relationship with both 
Arf6 and Apoe. Notably, Mfge8 and Apoe showed multiple shared 
connections, as did Arf6 and Tfrc. In addition, the integrin (Itgav/b3) 
receptor ligands Mfge8, Lamc1 and Fga/Fgg all had a direct connection 
with Apoe and Tgoln1.

Among the AD-related proteins, we found App (amyloid-β precur-
sor protein) to be upregulated during BEC aging at 12 months versus  
3 months of age. In addition, the App processing proteins Itm2b  
(integral membrane protein 2B) and Htra2 (serine protease HTRA2, 
mitochondrial) were likewise upregulated with BEC aging (Fig. 5b).

Some of the documented effects of Apoe deficiency on endothelial 
cells are mediated through systemic effects in Apoe-KO mice, includ-
ing hyperlipidemia63,64. To identify cell-autonomous effects of APOE 
in endothelial cells, we next applied genome editing in human iPSCs 
to obtain a human APOE-KO line and differentiated these cells into 
iECs (Fig. 5g,h and Extended Data Figs. 5 and 6). Proteomic analysis 
revealed 326 significantly altered proteins between APOE-KO and 
WT iECs (Fig. 5i and Supplementary Table 8). Enrichment analysis 
of significantly downregulated proteins showed vesicle-mediated 

transport and vesicle fusion to be among the most significantly 
affected BPs (Fig. 5j). Specifically, among the 28 significantly altered 
vesicle-mediated transport proteins, 23 were downregulated (Fig. 5k). 
Accordingly, we found reduced levels of endocytosis of FM1-43FX 
in newly formed vesicles in APOE-KO iECs (Fig. 5l). Collectively, our 
in vivo findings highlight the relevance of age-related BEC proteome 
changes for human disease and a signature of accelerated BEC aging 
in 3-month-old Apoe-KO mice. They further suggest cell-autonomous 
effects of APOE in human endothelial cells. However, a more compre-
hensive understanding of EC-autonomous regulation by Apoe would 
require further experiments.

Discussion
Using a mass spectrometry–compatible protocol for BEC enrichment, 
we provide an unbiased characterization of the mouse BEC proteome 
during aging.

Unsupervised clustering revealed distinct patterns of age-related 
protein expression dynamics that segregated with biological functions 
and SLs. We provide insights into endothelial pathways of vesicular 
transport, highlighting key regulators (for example, Arf6), ligands and 
cargos. We also present evidence for an accelerating effect of Apoe 
deficiency on BEC aging and a cell-autonomous role of APOE in human 
endothelial cells. We further offer a publicly available resource and 
searchable database of age-related protein dynamics of mouse BECs 
(available at http://becaging.de) for wider use.

Among the most prominent changes was a decline in the abun-
dancy of proteins implicated in vesicle-mediated transport. Several 
observations point to a possible role of Arf6, the most significantly 
downregulated protein in our dataset, in mediating these changes. 
First, Arf6, a small GTPase, is a key regulator of membrane traffick-
ing, endocytosis and vesicle-mediated recycling of transmembrane 
receptors and junction proteins52,66,67. Second, Arf6 was co-regulated 
with proteins implicated in clathrin-mediated endocytosis (Cltc and 
Dab2)68, vesicular transport from ER to Golgi (Arf4, Tmed2 and Tmed7) 
and receptor recycling (Rab5c and Vps26b), all of which were continu-
ously downregulated with aging. Third, downregulation was further 
seen for Cav1 lipid raft protein, which, together with Arf6, is impli-
cated in caveolin-mediated endocytosis66 and further regulates the 
expression of Tjp1 (ref. 69). Experiments in Chinese hamster ovary cells 
transfected with a dominant negative Arf6 mutant have shown a redis-
tribution of Tfrc from the cell surface to vesicles and reduced receptor 
recycling68. In accordance with this, we found a similar redistribution 
of Tfrc in isolated BECs from aged mice (Fig. 3e). However, additional 
experiments would be needed to consolidate this observation. Of 
note, although Arf6 was prominently reduced in aged BECs, it was not 
changed in isolated brain vessels during aging. As Arf6 is expressed by 
multiple cell types in the brain, and because brain vessel preparations 
contain pericytes, glial and synaptic endings in addition to endothelial 
cells, the lack of a decrease in Arf6 levels in the aged vessel preparation 

Fig. 5 | Apoe deficiency causes a proteomic signature of accelerated BEC 
aging. a, ORA of human brain diseases (count, number of significantly altered 
proteins; ER, enrichment ratio; neurodegenerative disorders highlighted in 
gray). b, Individual protein changes related to AD, PD and VaD during BEC aging 
(normalized to 3 months of age; comparison by ANOVA followed by Tukey’s 
multiple comparisons test, P < 0.05). c, Volcano plot showing differences in 
mouse BEC proteome of 3-month-old Apoe-deficient and WT mice (n = 8 mice 
per group). Dotted lines mark an FDR threshold (P < 0.05, n = 5 mice per group). 
d, Correlation of log2-transformed protein LFQ ratios that were significantly 
dysregulated in BECs from Apoe-KO and 18-month-old WT animals compared to 
3-month-old WT animals. Red line marks a simple linear regression (P < 0.0001). 
e, Detailed results of selected proteins in 3-month-old Apoe-KO mice compared 
to WT mice. f, Interaction network of Arf6 and Apoe proteins with associated 
proteins that were significantly dysregulated in BECs at 18 months versus 
3 months of age. Colored edges indicate the interaction of hub proteins.  

g, CRISPR–Cas9 genome editing and differentiation of human iPSCs to iECs. 
h, Western blot validation of APOE-KO iPSCs (experiment was repeated four 
times). i, Volcano plot shows protein abundance changes between APOE-KO 
and WT iECs (n = 5–6 samples per group). Vesicle-mediated transport proteins 
are highlighted with darker color. j, Summary of the LC–MS/MS results and 
enrichment analysis of significantly downregulated proteins. k, Heat map of the 
top 27 most significantly altered vesicle-mediated transport proteins. l, Confocal 
imaging and quantification of FM1-43X endocytosis (scale bar, 20 μm). c,e,f,i,k,l, 
Comparison by two-tailed unpaired t-test (P < 0.05). b,c,f,i,k,l, Red and blue: 
significantly upregulated and downregulated proteins, respectively. e,l, Graphs 
represent mean values ± s.d.; data points are from individual mice (e) or images 
(l) (*P < 0.05, **P < 0.01; ***P < 0.001). The exact P values are presented in the 
Source Data file for Fig. 5. activ., activation; cell. resp., cellular response; huECs, 
human endothelial cells ; reg. regulation.
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might relate to the overall pattern of Arf6 expression in non-endothelial  
vascular cell types. Further experiments would be needed to explore 
the cell-specific expression pattern of Arf6 during aging.

To explore the regulatory function of Arf6 on mouse and human 
endothelial cells, we next performed Arf6 deficiency and overexpres-
sion experiments. In unbiased bioinformatic analyses, we found mRNA 
processing among the most prominently downregulated BPs upon 
endothelial Arf6 deficiency in both mouse and human, consistent with 
our aged BEC proteomics data. Proteins related to vesicle-mediated 
transport were mostly upregulated in ARF6-KO iECs in accordance with 
an increased level of endocytosis detected by FM1-42FX experiments 
(Figs. 3 and 4). As a limitation of our Arf6-deficient mouse model, 
the reduction of Arf6 levels in our BEC preparations was only 30%. 
This moderate reduction might be due to (1) incomplete recombina-
tion efficiency after tamoxifen induction, (2) some contamination  
by non-endothelial Arf6-expressing cell types during MACS-based 
enrichment44 or (3) endothelial endocytic uptake of Arf6-containing 
extracellular vesicles produced by other cell types70,71. Overexpres-
sion of Arf6 resulted in vesicle-mediated transport being among the  
most affected upregulated processes in both mouse and human 
endothelial cells.

In particular, we found proteins involved in GTPase activity to 
be upregulated in mouse BECs, suggesting an increased activity of 
Arf6 small GTPase in Arf6-AAV-treated animals. Subunits of the COG 
complex were upregulated in human iECs, suggesting a positive regula-
tion in the maintenance of intra‐Golgi trafficking72. Glb1, a marker of 
cellular senescence73,74, was among the most prominently downregu-
lated proteins in Arf6-AAV-treated mice, with an opposite pattern in 
mice with endothelial Arf6 deficiency. These data align well with the 
prominent downregulation of Arf6 in aged BECs, further highlighting 
the importance of Arf6 during aging (Figs. 3 and 4).

In contrast to Arf6-related vesicular pathways, some of the major 
regulators of micropinocytosis (Rhog), multi-vesicular body forma-
tion (Ptpn23) and lysosomal degradation (Scarb2) were upregulated 
(Fig. 3a), consistent with an activation of protein degradation during 
aging75. We further found constituents of both myelin (for example, 
Mbp, Mog and Plp1) and axons (for example, Nefl, Nefm and Ina) to 
accumulate in aged BECs, consistent with the previously reported role 
of BECs in clearing myelin debris after spinal cord injury and experi-
mental autoimmune encephalitis47,76. Interestingly, Scarb2, a regulator 
of lysosomal/endosomal transport, and Ppt1, a glycoprotein involved 
in lysosomal degradation, were likewise upregulated during aging. 
However, whether this relates to the degradation of myelin debris 
remains unknown.

Our results complement and extend RNA-seq studies on BECs 
during aging. Specifically, and in accordance with recent scRNA-seq 
data30,45, we found an age-dependent downregulation of the 
receptor-mediated endocytosis components Tfrc, Cltc, Clta and Dab2, 
although Cav1, which is implicated in receptor-independent transcy-
tosis, was likewise downregulated during BEC aging. Tfrc is the most 
widely studied and validated target protein for receptor-mediated 
transcytosis-based delivery approaches77,78. Indeed, some approaches 
have shown promising results in clinical trials79. Tfrc-based strategies 
receive growing interest for delivering therapeutics in age-related 
neurodegenerative diseases, including AD80. The observed downregu-
lation of Tfrc in aged mice suggests that these strategies might be less 
effective in aged organisms.

Our proteomics approach further captured processes that were 
not detected at the RNA level. Specifically, we found changes in the 
abundance of ligands and cargo (for example, of myelin proteins) 
originating from other cellular sources. In principle, the increased 
levels of ligand and cargo proteins can be due to an increase in cargo 
availability, an increase in endothelial phagocytosis (as suggested by 
upregulated Mfge8 or Apoe opsonin proteins) or a decrease in cargo 
digestion. Several receptor–ligand pairs, including the Mfge8, Lamc1 

and Fgg/Fga ligands and the integrin receptor subunits Itga3/7/v and 
Itgb3/4/8, were upregulated with aging (Fig. 2a). Integrins are hetero
dimeric transmembrane proteins composed of alpha and beta subunits 
occurring in multiple combinations81. We found most of the subunits 
to be upregulated with aging, whereas Itga1 and its ligand Lama5 were 
both downregulated. Fibrinogen (represented with Fgg and Fga), a 
blood-born protein that is synthesized by the liver, accumulated with 
aging possibly through interaction with its receptor Itgavb3 (ref. 82), 
which was likewise upregulated. In principle, this might reflect altered 
fibrinogen binding, intracellular uptake or extravasation.

Among the proteins that were continuously upregulated with aging 
was Mfge8, which is best known for its role in phagocytosis of apop-
totic cells but is also implicated in neovascularization83 and vascular  
amyloidosis25,84. In the vasculature, Mfge8 is primarily expressed by 
mural cells and astrocytes85. Mfge8-mediated clearance of apoptotic 
cells is mediated via integrin receptors on phagocytosing cells (spe-
cifically Itgavb3 or Itgavb5)83,86, and we found Mfge8 and Itgavb3 to be 
co-regulated in BECs during aging (cluster 1). However, whether this 
relates to the clearance function of BECs remains to be investigated.

Our ORA on disease-related databases revealed a significant 
enrichment of proteins associated with neurodegenerative diseases 
while also highlighting Apoe, which is known to be involved in lipid 
metabolism, mitochondrial function and immunoregulation87. In the 
BV, Apoe is primarily expressed by microglia and astrocytes85 and, 
to a lesser extent, by other cells, including BECs85,88. Hence, the ele-
vated endothelial level of Apoe protein during aging might reflect its 
endothelial accumulation as a ligand rather than changes in production 
or secretion by endothelial cells. There is a broad literature on indi-
vidual Apoe genotypes and cerebrovascular dysfunction, highlighting 
a role of pericytes23 and also BECs89 in mediating the effects of APOE4 
on BBB function primarily through non-cell-autonomous mecha-
nisms. Our proteomic results in 3-month-old Apoe-KO mice revealed 
a profile of accelerated BEC aging with several proteins involved in 
vesicular transport. Protein network analysis further revealed direct 
connections of Apoe with the Tgoln1 trans-Golgi network protein 
and multiple integrin receptor ligands, including Mfge8, Lamc1 and 
Fgg/a. These changes might, in part, relate to non-cell-autonomous 
mechanisms, including effects related to hyperlipidemia63,64. However, 
proteomic and functional measurements of APOE-KO human iECs 
revealed a downregulation of vesicle-mediated transport and vesicle 
fusion-related proteins with decreased level of endocytosis, suggesting 
a cell-autonomous effect of APOE on endothelial vesicular transport.

Additional changes with BEC aging in terms of BPs were an overall 
decline of RNA splicing (cluster 3) and translation (cluster 9). We further 
found an increase in oxidation reduction (cluster 4), consistent with 
previous literature showing enhanced oxidative stress during cerebro-
vascular aging90–92. Unsupervised clustering revealed a co-regulation 
of proteins implicated in cell adhesion and cytoskeleton organization, 
with a prominent reduction at 6 months of age (cluster 2). Among 
them were multiple components of the adherens junction-forming 
complex (Cdh5, Ctnna1, Ctnnb1 and Ctnnd1/p120) and its connecting 
actin filament-binding proteins (Vcl and Pxn)93. Ctnnd1/p120 regulates 
the degradation of Cdh5 via clathrin-mediated endocytosis94, which 
was likewise downregulated during aging. The interaction between 
Ctnnd1/p120 and Cdh5 is required for maintenance of endothelial bar-
rier function95. Whether BBB integrity is compromised during normal 
aging is still controversial14. However, we found the expression levels of 
the tight junction proteins Tjp1 and Tjp2, major regulators of vascular 
permeability96,97, to be likewise downregulated.

As a limitation, we could not combine fluorescence-activated cell 
sorting-based isolation of BECs with LC–MS/MS-based proteomics, as 
this would have required pooling brain samples from multiple animals, 
thus losing information from individual mice (for example, protein 
changes that are detectable only in individual samples) and reducing 
statistical power98. Second, in contrast to scRNA-seq approaches, 
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our technique does not allow differentiating between BEC subtypes 
and addressing vascular zonation-specific aspects. Third, differen-
tiation protocols of iPSCs into endothelial cells do not fully recapi
tulate endothelial functions and have not been well established to 
differentiate organ-specific endothelial cell subtypes. Furthermore, 
iPSC-derived endothelial cells may not completely resemble primary 
endothelial cell functionality in vivo99. Fourth, our protocol did not 
enable parallel investigation of the mouse BEC transcriptome from 
the same BEC preparations, as the BEC sample purification protocol 
is different for transcriptomics and proteomics. Still, we integrated 
data from previous scRNA-seq studies on BEC aging, offering further 
insights, and also compared the age-related proteome changes of BECs 
with BVs to explore the cell specificity of the detected vesicular trans-
port protein changes. Fifth, the mouse BEC and human iEC proteomes 
(concentration detection range, 3–4 and 4–6 orders of magnitude, 
respectively) represent an incomplete snapshot of proteins. Future 
improvements in LC–MS/MS technology may enable quantification of 
very low abundant proteins, such as transcription factors or specific 
signaling molecules. As a final limitation, age-related changes in murine 
BECs may differ from those in humans, which, however, are difficult to 
assess, as the isolation protocol requires freshly dissected brain tissue.

In summary, we resolved the mouse BEC proteome during aging 
and identified distinct patterns of age-related expression dynamics 
that segregated with biological functions and the SL of proteins. We 
provide insights into endothelial vesicular pathways, highlighting key 
regulators, ligands and cargo, and present evidence for an accelerating 
effect of Apoe deficiency on BEC aging. Our findings further imply a 
cell-autonomous role of APOE in human endothelial cells. Altogether, 
this study provides a framework for understanding key endothelial 
pathways during aging and serves as a resource for analyses of BEC 
function.

Methods
Animals
Animal experiments were performed in accordance with the German 
Animal Welfare Law (§4 TschG) and approved by the Government of 
Upper Bavaria (Vet_02-21-139). For all of our animal experiments, we 
used mixed gender groups in the same ratio of male and female mice 
in the range of 20–30 g of body weight up to 18 months of age. Animals  
were kept under standard conditions in a specific pathogen-free  
facility at 20–24 °C and 45–65% humidity on a 12-h light/dark cycle and 
had access to food and water ad libitum.

Brain specimens were obtained from C57BL/6J mice at 3 months, 
6 months, 12 months and 18 months of age (Charles River Laboratories), 
from 3-month-old C57BL/6J Apoe−/− mice and from 3-month-old Arf6fl/
fl;Cdh5(CreERT2) mice.

To enable comparisons of age-related proteomic changes with 
published transcriptomic datasets, age groups were selected based 
on the publicly available mouse maturation rate (The Jackson Labo
ratory, https://www.jax.org/news-and-insights/jax-blog/2017/
november/when-are-mice-considered-old) and BEC transcriptomics 
datasets 93–96 (Fig. 1e) as follows: (1) beginning of mature adult phase  
(3 months of age), (2) end of mature adult phase (6 months of age),  
(3) middle-aged phase (12 months of age) and (4) beginning of old 
phase (18 months of age).

Arf6fl/fl;Cdh5(CreERT2) mice were obtained by crossing B6.Cg- 
Arf6tm1.1Gdp/J mice (The Jackson Laboratory, 028669 (ref. 100)) with 
Tg(Cdh5-cre/ERT2)1Rha mice (a kind gift from Ralf H. Adams, London 
Research Institute101). Arf6 deletion was induced by three intraperito-
neal (i.p.) tamoxifen injections (each 0.25 mg g−1 body weight, dissolved 
in Miglyol 812) in 2-month-old Arf6fl/fl, Cre+/− mice. Arf6fl/fl, Cre−/−  
mice treated with tamoxifen served as negative control. Animals were 
euthanized at 3 months of age.

Mice were aged in the animal facility of the Institute for Stroke and 
Dementia Research and housed in isolated ventilated HEPA filtered 

cages (12-h light/dark cycle with ad libitum access to food and water). 
Tissues were harvested in parallel and during the same time of day.

Proteomic and immunocytochemical experiments were done 
on n = 4–8 mice per group, except proteomic analysis of BECs from 
AAV-treated mice, which was performed on four independent BEC 
isolates derived from n = 2 C57BL6J mice per group.

Tissue harvesting
For BEC isolation, mice were deeply anesthetized using ketamine 
(100 mg kg−1, i.p) and xylazine (10 mg kg−1, i.p) and transcardially per-
fused with 20 ml of ice-cold 1× HBSS and dissected. After perfusion, 
the brain was surgically removed and kept in HBSS at 4 °C for further 
analysis.

For immunohistochemical analysis, anesthetized animals were 
perfused with 1× HBSS and transcardially fixed with 4% paraformal-
dehyde (PFA). The dissected brain samples were incubated overnight 
in 4% PFA for vibratome sectioning.

For vessel isolation, anesthetized animals were perfused with  
1× PBS, and the dissected brains were immediately frozen on dry ice 
and stored at −80 °C until use.

BEC isolation
The entire brain without the olfactory bulb was used for BEC isola-
tion. First, the brain was transferred to a petri dish placed on ice and 
minced with a scalpel. BECs were isolated using a modified version of 
the Adult Brain Dissociation Kit (Miltenyi Biotec, 130-107-677), which 
allows for mechanical and enzymatic tissue dissociation. After tissue 
homogenization and filtration through 70-µm cell strainers (Corning,  
431751), myelin was removed using a 30% Percoll gradient (GE Health-
care, 17-5445-02), followed by removal of erythrocytes using Red 
Blood Cell Removal Solution (Miltenyi Biotec, 130-094-183). BECs 
were enriched from the single-cell suspension using CD31 MicroBeads  
(Miltenyi Biotec, 130-097-418) and MACS using a modified MACS buffer 
with low BSA content (L-MACS buffer, containing 0.25% BSA (BSA  
Fraction V, Sigma-Aldrich, 10735096001) and 2 mM EDTA (Thermo 
Fisher Scientific, 15575020) in PBS with calcium and magnesium 
(Corning, 21-030-CV)). After CD31 enrichment, the cell suspension 
was washed twice with PBS to remove residual L-MACS buffer, and, 
subsequently, pelleted cells were used for further protein extraction.

BV isolation
Brain vessels were isolated from whole cerebrum as described previ-
ously102,103. Brain tissue was placed on ice, minced with a scalpel and 
homogenized in 15 ml of cold Minimum Essential Medium (Thermo 
Fisher Scientific, 11095080) using a glass tissue grinder (Wheaton). 
After dissociation, myelin was removed using a 15% Ficoll gradient, 
followed by pellet resuspension in PBS with 1% BSA (BSA Fraction V, 
Sigma-Aldrich, 10735096001). Vessels were transferred onto a 40-µm 
cell strainer (Corning, 431750) and extensively washed with cold PBS 
(with 250 ml). Isolated vessels were collected by washing the inverted 
cell strainer with PBS and centrifugation at 3,000g for 5 min.

Protein extraction
Isolated BECs and human iECs. Protein was extracted from isolated 
BECs and iECs with RIPA buffer containing 150 mM NaCl (Roth, 3957.1), 
1 M Tris-HCl pH 7.5 (Roth, 9090.3), 1% NP40 (Sigma-Aldrich, 74385), 
0.5% deoxycholate (Roth, 3484.3) and 0.1% SDS (Serva, 20765.03) and 
protein inhibitor cocktail (Roche, 4693159001). Samples were incu-
bated in RIPA buffer for 30 min on ice, followed by centrifugation at 
18,000g for another 30 min at 4 °C. Supernatants were collected and 
kept at −80 °C for further analysis.

Isolated vessels. Isolated vessels were lysed in a buffer containing 
100 mM Tris-HCL pH 7.6 (Roth, 9090.3), 4% SDS (Serva, 20765.03) 
and 100 mM DTT (Sigma-Aldrich, 3483-12-3) by homogenization with 
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a dounce tissue grinder (Wheaton) and heating for 3 min at 95 °C. 
After lysis, samples were sonicated (30 s, amplitude 100%, duty cycle 
50%) five times with intermediate cooling using a VialTweeter sonica-
tor (Hielscher Ultrasonics). Remaining undissolved material and cell 
debris were removed by centrifugation at 16,000g for 15 min at 4 °C. 
Supernatants were collected and kept at −80 °C for further analysis.

Full brain tissue homogenization. Full tissue was homogenized  
in RIPA buffer containing 150 mM NaCl (Roth, 3957.1), 1 M Tris-HCl pH 
7.5 (Roth, 9090.3), 1% NP40 (Sigma-Aldrich, 74385), 0.5% deoxycho-
late (Roth, 3484.3), 0.1% SDS (Serva, 20765.03) and protein inhibitor 
cocktail (Roche, 4693159001) with a TissueLyzer and 5-mm steel beads 
(Qiagen). Samples were homogenized at 50 Hz for 3 min, followed  
by 30-min incubation on ice. After RIPA incubation, samples were 
centrifuged at 16,000g for 30 min, and supernatants were collected 
and kept at −80 °C for further analysis.

Mass spectrometry and data analysis
Sample preparation. The whole sample of acutely isolated BECs (~5 µg) 
and 20 µg of FT lysates according to a BCA assay were subjected to 
proteolytical digestion using the single-pot solid-phase enhanced 
sample preparation (SP3)104. After 1:2 dilution with water, a benzonase 
digestion with 12.5 units was performed to remove remaining DNA/
RNA. Proteins were reduced by addition of dithiothreitol (BIOZOL) 
in 50 mM ammonium bicarbonate to a final concentration of 10 mM 
and incubation for 30 min at 37 °C. Cysteine residues were alkylated 
by addition of iodoacetamide (Sigma-Aldrich) to a final concentra-
tion of 40 mM and incubation for 30 min at room temperature in the 
dark. Afterwards, the reaction was quenched by adding dithiothreitol.

Proteins were bound to 40 µg of a 1:1 mixture of hydrophilic and 
hydrophobic magnetic Sera-Mag SpeedBeads (GE Healthcare) using 
a final concentration of 70 % (v/v) acetonitrile for 30 min at room  
temperature. Beads were washed four times with 200 µl of 80% (v/v) 
ethanol. For proteolytic digestion, LysC (Promega) was added in 20 µl of 
50 mM ammonium bicarbonate with a protease to protein ratio of 1:80. 
Samples were incubated on a ThermoMixer (Eppendorf) for 30 min 
at 1,000 r.p.m. and 37 °C. Afterwards, trypsin (Promega) was added 
in 20 µl of 50 mM ammonium bicarbonate with a protease-to-protein 
ratio of 1:80, followed by an incubation for 16 h at room temperature. 
Beads were retained with a magnetic rack, and the supernatants were 
collected. Next, 20 µl of 0.1% formic acid was added to the magnetic 
beads, followed by sonication for 30 s in a sonication bath (Hielscher  
Ultrasonics). The supernatants of each sample were combined,  
filtered with 0.22-µm spin filters (Costar Spin-X, Corning) to remove 
remaining beads and dried by vacuum centrifugation. Dried peptides 
were dissolved in 20 µl of 0.1% formic acid. The peptide concentration 
after proteolytic digestion was estimated using a Qubit protein assay 
(Thermo Fisher Scientific).

Isolated brain vessels were processed in the same fashion with the 
following alterations. Subsequent to the benzonase digest, samples  
were immediately bound to 20 µg of the Sera-Beads mixture and 
alkylated, and the reaction was quenched as described. After an  
additional bead binding step, using a final concentration of 70% (v/v) 
acetonitrile, samples were further processed according to the standard 
SP3 protocol.

Mass spectrometry. The isolated BEC, isolated vessel and FT samples  
were analyzed on a nanoLC system (EASY-nLC 1200, Thermo Fisher 
Scientific), which was coupled online via a nanospray flex ion source 
(Proxeon, part of Thermo Fisher Scientific) equipped with a PRSO-V2 
column oven (Sonation) to a Q-Exactive HF mass spectrometer (Thermo 
Fisher Scientific).

A peptide amount of 1 µg per sample was separated on the nanoLC 
system using an in-house packed C18 column (30 cm × 75 µm ID, 
ReproSil-Pur 120 C18-AQ, 1.9 µm, Dr. Maisch) with a binary gradient 

of water (A) and acetonitrile (B) containing 0.1% formic acid at 50 °C 
column temperature and a flow rate of 250 nl min−1 (gradient: 0 min, 
2% B; 3:30 min, 5% B; 137:30 min, 25% B; 168:30 min, 35% B; 182:30 min, 
60% B). Full mass spectrometry spectra were acquired at a resolution  
of 120,000. The top 15 peptide ions were chosen for higher-energy 
C-trap dissociation with a normalized collision energy of 26%. Frag-
ment ion spectra were acquired at a resolution of 15,000. A dynamic 
exclusion of 120 s was used for peptide fragmentation.

The comparison of acutely isolated endothelial cells and brain 
homogenates, Arf6-Ko mouse BECs and iPSC-derived human endo
thelial cells was analyzed on a nanoElute nanoHPLC, which was coupled 
to a TimsTOF Pro mass spectrometer with a CaptiveSpray ion source 
(Bruker).

An amount of 350 ng of peptides was separated on an in-house 
packed C18 analytical column (15 cm × 75 µm ID, ReproSil-Pur 120 
C18-AQ, 1.9 µm, Dr. Maisch) using a binary gradient of water (A) and 
acetonitrile (B) containing 0.1% formic acid at flow rate of 250 nl min−1 
(0 min, 2% B; 2 min, 5% B; 70 min, 24% B; 85 min, 35% B; 90 min, 60% B)  
and a column temperature of 50 °C. For the comparison of BEC versus 
FT, a standard Data-Dependent Acquisition Parallel Accumulation– 
Serial Fragmentation (DDA-PASEF) method with a cycle time of 1.1 s 
was used for spectrum acquisition. In brief, ion accumulation and 
separation using trapped ion mobility spectrometry (TIMS) was set 
to a ramp time of 100 ms. One scan cycle included one TIMS full MS 
scan and 10 PASEF peptide fragmentation scans. The m/z scan range 
was set to 100–1,700 for both MS and MS/MS scans. The ion mobility 
scan range was set to 1/k0 0.75–1.40.

For Arf6-KO mouse BECs and human iECs, a DIA-PASEF method 
was used for spectrum acquisition. Ion accumulation and separation 
using TIMS was set to a ramp time of 100 ms. One scan cycle included 
one TIMS full MS scan and with 26 windows with a width of 27 m/z 
covering an m/z range of 350–1,002 m/z. Two windows were recorded 
per PASEF scan. This resulted in a cycle time of 1.4 s.

Data analysis. The DDA raw data were analyzed by MaxQuant software 
(https://www.maxquant.org/, Max Planck Institute Munich) version 
1.6.3.4 or version 2.0.1.0 (refs. 105,106). The mass spectrometry data 
were searched against a one-protein-per-gene canonical FASTA data-
base of Mus musculus (downloads: 9 September 2020, 21,997 entries, or 
10 February 2021, 21,998 entries) from UniProt. Trypsin was defined as 
protease. Two missed cleavages were allowed for the database search. 
The option first search was used to recalibrate the peptide masses 
within a window of 20 ppm. For the main search, peptide mass toler-
ances were set to 4.5 ppm and 10 ppm for the Orbitrap and TOF mass 
spectrometer, respectively. Peptide fragment mass tolerances were set 
to 20 ppm and 40 ppm for the Orbitrap and TOF mass spectrometer, 
respectively. Carbamidomethylation of cysteine was defined as static 
modification. Acetylation of the protein N-term as well as oxidation 
of methionine were set as variable modifications. The FDR for both 
peptides and proteins was adjusted to less than 1%. LFQ of proteins 
required at least two ratio counts of unique peptides. The option ‘match 
between runs’ was enabled with a matching time of 1 min and an ion 
mobility window of 0.05 1/k0.

The DIA-PASEF raw data were analyzed with DIA-NN version 1.8 
software (https://github.com/vdemichev/DiaNN)107 using a library- 
free search against a one-protein-per-gene database from either  
Mus musculus or Homo sapiens according to the sample type (murine 
database: download date 17 January 2023, 21,976 entries; human data-
base: download date 1 March 2023, 20,603 entries). Trypsin was defined 
as protease, and two missed cleavages were allowed. Oxidation of 
methionines and acetylation of protein N-termini were defined as 
variable modifications, whereas carbamidomethylation of cysteines 
was defined as fixed modification. The precursor and fragment ion 
m/z ranges were limited from 350 to 1,001 and 200 to 1,700, respec-
tively. Precursor charge states of 2–4 were considered. The optimal 
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mass accuracy for peptides and peptide fragments as well as the ion 
mobility tolerances were automatically determined by DIA-NN. An FDR 
threshold of 1% was applied for peptide and protein identifications.

The protein LFQ intensities were log2 transformed, and two- 
sided Student’s t-tests were applied between the groups for statistical  
evaluation of differential protein abundance. If more than two  
groups were compared with each other, a one-way ANOVA test was  
additionally applied. To account for multiple hypotheses, a permutation- 
based FDR correction was applied separately for each comparison108. 
Only proteins with at least three valid values per group were considered 
for relative quantification.

Cluster analysis of protein expression changes
Time series clustering was performed using an unsupervised, 
non-parametric model-based method, the Dirichlet process Gaussian 
process (DPGP) mixture model (https://github.com/PrincetonUniver-
sity/DP_GP_cluster)39, on the zero-transformed mean log2 LFQ values of 
all 2,516 quantified proteins. In brief, two important considerations in 
this problem are as follows: (1) selecting the ‘correct’ or ‘optimal’ number  
of clusters and (2) modeling the trajectory and time dependency of 
protein expression. A Dirichlet process can determine the number of 
clusters in a non-parametric manner, whereas a Gaussian process can 
model the trajectory and time dependency of protein expression in a 
non-parametric manner. Optimal clustering was selected using the 
‘maximum a posteriori’ (MAP) criterion.

Enrichment analysis
GO enrichment analyses of SL (GOTERM_CC-DIRECT) and BPs 
(GOTERM_BP_DIRECT) in BEC protein expression clusters was per-
formed with Database for Annotation, Visualization and Integrated 
Discovery (DAVID) version 6.8 software using all identified BEC pro-
teins as a background dataset109. We analyzed each expression cluster 
(1–16) separately, focusing on significantly altered proteins during 
aging (ANOVA, P < 0.05). Among the annotation results, we selected 
the significantly enriched GO terms (Fisherʼs exact test, FDR P < 0.05).

Enrichment analysis of human disorders in the aged BEC  
proteome (18 months versus 3 months of age) was performed with  
WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) software110 using 
the over-representation analysis (ORA) module with the Disease 
GLAD4U functional database and protein-coding genome reference 
dataset111. Among the annotation results, we selected the top 25 disease 
terms showing association (Fisherʼs exact test, FDR P < 0.05) with our 
input dataset.

Protein network analysis and visualization
Protein–protein interaction networks were constructed and visualized 
with STRING (version 11.0) and Cytoscape (version 3.8.2) software, 
respectively. We selected experimentally determined protein inter
actions having minimum medium confidence (interaction score > 0.4) 
in the Mus musculus database. The color gradients and size of nodes 
were set based on the fold change and P value of protein changes at 
18 months compared to 3 months of age. Proteins were filtered based 
on the significance level of protein changes at 18 months compared to 
3 months of age (t-test, P < 0.05). Additional filter settings were applied 
in Cytoscape (version 3.8.2) based on the gene of interest (Results).

iPSC culture
iPSC experiments were performed in accordance with all relevant 
local guidelines and regulations. Work was done with the female iPSC 
line, A18944, that is commercially available (Thermo Fisher Scientific, 
A18945). iPSCs were maintained on vitronectin-coated (Thermo Fisher 
Scientific, A14700) culture plates and grown until reaching 80% conflu-
ency in Essential 8 Flex Medium (Thermo Fisher Scientific, A2858501) 
at 37 °C with 5% CO2. Cells were routinely passaged using PBS-500 nM 
EDTA (Thermo Fisher Scientific, 15575020).

CRISPR–Cas9 genome. A previously described single guide RNA 
(sgRNA) for targeting APOE exon 2 (ref. 112) was used for the genome 
editing. The sgRNA sequence (GGTTCTGTGGGCTGCGTTGC) was 
cloned into the MLM3636 plasmid (a gift from K. Joung, Addgene 
43860) using the BsmBI restriction site. Genome editing was conducted 
as previously described113 using Cas9 plasmid pSpCas9(BB)-2A-Puro 
(PX459) V2.0 (a gift from F. Zhang, Addgene 62988). For electropora-
tion, cells were dissociated using Accutase (Thermo Fisher Scientific, 
A1110501), transferred to Geltrex-coated (Thermo Fisher Scientific, 
A1413302) culture plates and grown in StemFlex (Thermo Fisher  
Scientific, A3349401) containing 10 mM ROCK inhibitor (Selleck 
Chemicals, S1049) for 2 d at a density of 150,000 cells per cm2. iPSCs 
were transfected by electroporation as previously described114 with 
some modifications. In brief, 2 million cells were resuspended in 100 µl 
of electroporation solution (VWR, MIR50117) containing 20 µg of 
Cas9 and 5 µg of sgRNA plasmid. Cells were electroporated with two 
pulses at 65 mV for 20 ms in a 1-mm cuvette (Thermo Fisher Scientific, 
15437270) and plated onto Geltrex-coated 10-cm plates with StemFlex 
medium containing 10 mM ROCK inhibitor. One day after electropora-
tion, cells expressing Cas9 were selected with 350 ng ml−1 puromycin 
dihydrochloride (VWR, J593) for three consecutive days, as shown 
previously115. Single-cell clone colonies were picked and analyzed by 
restriction fragment length polymorphism (RFLP) using NEB enzyme 
BbvI and Sanger sequencing, as previously described114.

To accommodate for improvements in the genome editing field, 
the previous protocol was modified for RNP-based DNA cleavage116 of 
the ARF6 locus. An sgRNA targeting ARF6 exon 2 (GGAAATGCGGATC 
CTCATGT) was ordered from Synthego. Similarly, for electroporation, 
iPSCs were seeded onto Geltrex-coated plates at a density of 150,000 
cells per cm2 for 2 d in StemFlex and ROCK inhibitor. To prepare the RNP 
complex, 60 pmol of sgRNA was mixed with 30 pmol of high-fidelity 
Cas9 mutant (IDT, 1081060) and incubated for 15 min at room tem-
perature. For the electroporation, 200,000 cells were ressuspended in 
20 µl of P3 Primary Cell Nucleofector Solution (Lonza, V4XP-3032) and 
mixed gently with the RNP complex. Cells were transferred onto one 
well of a nucleocuvette strip (Lonza, V4XP-3032) and electroporated in 
a 4D-Nucleofactor X Unit (Lonza, AAF-1002X) using the program CA137. 
After electroporation, cells were plated in one 12-well Geltrex-coated 
culture plate with StemFlex and 1× RevitaCell (Thermo Fisher Scientific,  
A2644501) for 2–4 d. Cells were then seeded at low density, and 
single-cell clone colonies were picked and analyzed by RFLP using NEB 
enzyme Fat I followed by Sanger sequencing, as previously described114.

The knockouts were confirmed on protein level using either west-
ern blot analysis of RIPA lysates or proteomics, respectively. For quality 
control, we checked for off-target effects by polymerase chain reac-
tion (PCR) amplification and Sanger sequencing of the top five most 
likely loci based on MIT and CFD scores from CRISPOR (http://crispor.
tefor.net/ (ref. 117)). We also excluded on-target effects, such as loss  
of heterozygosity, using nearby single-nucleotide polymorphism  
(SNP) sequencing118. Lastly, pluripotency was confirmed through 
immunofluorescence staining of OCT4, NANOG, SSEA4 and TRA160, 
and chromosomal integrity was validated by molecular karyotyping 
(LIFE & BRAIN).

iPSC differentiation into human endothelial cells (iECs). iPSCs were 
seeded onto Geltrex-coated (Thermo Fisher Scientific, A1413302) cell 
culture plates at a density of 200,000 cells per cm2 in StemFlex medium 
(Thermo Fisher Scientific, A3349401) containing 10 mM ROCK inhibitor 
(Selleck Chemicals, S1049). Differentiation was started 24 h after seed-
ing by switching medium to Mesoderm Induction Media (STEMCELL 
Technologies, 05220). Medium was replenished every 24 h for 2 d. On 
day 3, medium was switched to APEL2 medium (STEMCELL Technolo-
gies, 05270) supplemented with 200 ng ml−1 VEGF (PeproTech, 100-20) 
and 2 µM forskolin (PeproTech, 6652995). Medium was also replenished 
every 24 h for 2 d. On day 5, endothelial cells were selected for CDH5 via 
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magnetic sorting: cells were dissociated using Accutase (Thermo Fisher 
Scientific, A1110501) and incubated with CDH5 MicroBeads (Miltenyi 
Biotec, 130-097-867) following the manufacturer’s instructions. CD144+ 
fraction was plated onto Collagen IV-coated (Sigma-Aldrich, C5533-
5MG) culture plates at a density of 200,000 cells per cm2 and grown 
in endothelial cell medium (ECM) (PromoCell, C-22011). Endothelial 
cells were grown until reaching 80–95% confluency and passaged with 
Trypsin-EDTA (Thermo Fisher Scientific, 25200056) to a ratio of 1:2–1:6. 
Cells were cultured up to five passages.

FM1-43FX treatment in vitro. iECs were seeded onto ColIagen V-coated 
plates and grown until they reached confluence. Cells were incubated 
for 15 min at 37 °C with 5 μg ml−1 FM1-43FX (Thermo Fisher Scientific, 
F35355) diluted in ddH20. After PBS washing, cells were fixed with 4% 
PFA for further analysis.

AAV-based overexpression of Arf6
pArf6-EGFP (no. 49649)119 was obtained from Addgene. pAAV-CAG-GFP 
was a gift from Edward Boyden (Addgene plasmid no. 37825). 
pArf6-EGFP served as template to clone pArf6-2a-EGFP vectors via 
standard cloning techniques.

Arf6 overexpression in mouse BECs. For in vivo work, AAV particles 
were produced according to a previously described protocol120. In brief, 
HEK293T (American Type Culture Collection, CRL-3216) cells were 
grown in DMEM (high glucose, GlutaMAX) supplemented with 10% 
FBS and 5% penicillin–streptomycin. Cells were transfected using poly-
ethylenimine (PEI) solution with a 1:4:2 molar ratio of helper (pXX6)121, 
capsid (pXX2-187-NRGTEWD)55 and desired construct plasmids (pArf6-
2a-EGFP or pAAV-CAG-GFP) in DPBS medium without glutamine and 
serum. Twenty-four hours after transfection, media was changed back 
to serum-supplemented DMEM, and the cells were kept for 3 d before 
harvesting. Supernatant was harvested at 72 h and 120 h after transfec-
tion and kept at 4 °C. Then, 120 h after cells were scraped, they were 
mixed with SAN + SAN digestion buffer and incubated at 37 °C in a 
water bath for 1 h. The supernatant was then combined with PEG solu-
tion overnight and subsequently centrifuged at 4,000g for 30 min at 
4 °C. The resulting PEG pellet and cell lysate were mixed together and 
loaded on top of an iodoxanol gradient and centrifuged at 350,000g  
for 2 h and 25 min at 18 °C with slow acceleration. Once the virus was col-
lected from the iodoxanol gradient, it was passed through an Amicon 
filter and washed multiple times to remove iodoxanol. After the final 
wash, the virus was resuspended and collected from the filter. Titers 
were determined using qPCR. Viral aliquots were stored at −80 °C 
until used. AAVs (GFP or ARF6-GFP) were administered intravenously 
in 2-month-old C57BL6J mice at a dose of 2 × 1010 viral particles per 
mouse. BECs were isolated 4 weeks after infection.

Arf6 overexpression in human iECs. For in vitro work, AAV particles  
were produced in HEK293T cells. Cells were grown in DMEM  
supplemented with 10% FBS and penicillin–streptomycin until reach-
ing 80% confluency. Upon confluency, cells were triple transfected 
with pHelper, pAAV-DJ (Cell Biolabs, VPK-400-DJ) and pAAV-GFP or 
pAAV-ARF6-GFP using PEI (pH 7.0).

Cells were detached using 0.5 M EDTA in PBS, pH 7.4, 2–3 d after 
transfection. AAV particles were extracted using an AAVpro Purifica-
tion Kit (all serotypes) (Takara, 6666), and titration was performed 
by qPCR using an AAVpro Titration Kit (for real-time PCR) version 2 
(Takara, 6233), in both cases following the manufacturer’s instructions.

Cells were seeded onto ColIagen IV-coated plates at approximately 
50% confluency 1 d before the AAV treatment. Twenty-four hours after 
seeding, cells were treated with 3 × 107 viral particles per well (GFP or 
ARF6-GFP) in ECM and incubated for another 48 h, when media was 
exchanged to ECM. Cells were collected for mass spectrometry analysis 
4 d after viral infection.

Immunohistochemistry
Supplementary Table 9 specifies the primary and secondary antibodies 
used in the present study, including working dilutions.

Brain slices. Brain samples were embedded in 3% agarose for 100-µm 
coronal vibratome sectioning. Coronal free-floating sections were 
permeabilized and blocked using 3% BSA/Triton X-100 for 1 h at room 
temperature. Primary antibodies were diluted in 3% BSA in PBS and 
incubated overnight at 4 °C. Secondary antibodies were diluted in 
PBS and incubated at room temperature for 2 h. After washing, DNA 
was stained using DAPI (Invitrogen, D1306, 1:2,000) for 5 min at room 
temperature. Brain slices were mounted using Fluoromount medium 
(Sigma-Aldrich, F4680-25ML).

Isolated BECs. Isolated BECs were fixed in suspension using 4% PFA for 
20 min at room temperature. After PFA washing via centrifugation at 
2,000g for 10 min, cells were resuspended in dH2O water, transferred 
onto a microscope slide (Thermo Fisher Scientific, J1800AMNZ) and 
dried at room temperature. Cells were blocked using 3% BSA in PBS for 
1 h at room temperature. Primary antibodies were diluted in the same 
blocking buffer and incubated overnight at 4 °C, whereas secondary 
antibodies were diluted in PBS and incubated for 1 h at room tempera-
ture. After washing, DNA was stained using DAPI (Invitrogen, D1306, 
1:2,000) for 5 min at room temperature. BECs were mounted using 
Fluoromount medium (Sigma-Aldrich, F4680-25ML).

Isolated vessels. Isolated vessels were transferred onto a microscope 
slide (Thermo Fisher Scientific, J1800AMNZ) and dried at room tem-
perature. Fixation and permeabilization were performed using ice-cold 
100% acetone for 10 min at −20 °C, followed by blocking with 3% BSA 
in PBS for 1 h at room temperature. Primary antibodies were diluted 
in the same blocking buffer and incubated overnight at 4 °C, whereas 
secondary antibodies were diluted in PBS and incubated for 1 h at room 
temperature. After washing, DNA was stained using DAPI (Invitrogen, 
D1306, 1:2,000) for 5 min at room temperature. Isolated vessels were 
mounted using Fluoromount medium (Sigma-Aldrich, F4680-25ML).

Differentiated human endothelial cells (iECs). Differentiated 
endothelial cells were seeded into Collagen IV-coated (Sigma-Aldrich, 
C5533-5MG) coverslips and fixed with 4% PFA for 15 min at room  
temperature when they reached a confluent monolayer. After wash-
ing, cells were blocked using 3% BSA buffer in PBS for 1 h at room tem-
perature. Primary antibodies were diluted in the same blocking buffer  
and incubated overnight at 4 °C. Secondary antibodies were diluted 
in PBS and incubated for 1 h at room temperature. After washing, 
DNA was stained using DAPI (Invitrogen, D1306, 1:2,000) for 5 min at  
room temperature. Coverslips with endothelial cells were mounted 
using Fluoromount medium (Sigma-Aldrich, F4680-25ML).

Confocal microscopy and image analysis. Fluorescent images were 
acquired with a Zeiss confocal microscope (LSM800, ×40 objective  
with Airyscan detector). Integrated density values (the product of mean 
gray value and area) of Arf6 and Tfrc were determined using ImageJ soft-
ware (version 1.52p) (10 images per sample) and normalized to Pecam1, 
Col4 or Cdh5 endothelial markers according to the experiments.  
Statistical significance was assessed by two-tailed Student’s t-test.

Transmission electron microscopy
Brain tissue. Mice were perfused in fixative (4% PFA and 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer, pH 7.4; Science Services), 
and brains were immersion fixed for 24 h, vibratome-sectioned coro-
nally and incubated for another 24 h in the same fixative and stored 
in PBS. The sections were stored in PBS at 4 °C until the start of the 
post-embedding. We applied a standard rOTO en bloc staining proto-
col122, including post-fixation in 2% osmium tetroxide (EMS) and 1.5% 
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potassium ferricyanide (Sigma-Aldrich) in 0.1 M sodium cacodylate 
(Science Services) buffer (pH 7.4). Staining was enhanced by reac-
tion with 1% thiocarbohydrazide (Sigma-Aldrich) for 45 min at 40 °C. 
The tissue was washed in water and incubated in 2% aqueous osmium 
tetroxide, washed and further contrasted by overnight incubation in 
1% aqueous uranyl acetate at 4 °C and 2 h at 50 °C. Samples were dehy-
drated in an ascending ethanol series and infiltrated with LX112 (LADD).

Isolated BECs. The isolated BEC pellet was conserved throughout all 
fixation, contrasting and infiltration steps. Cells were fixed for 15 min 
in 2.5% glutaraldehyde (EM-grade, Science Services) in 0.1 M sodium 
cacodylate buffer (pH 7.4) (Sigma-Aldrich) and washed three times 
in 0.1 M sodium cacodylate buffer before post-fixation in reduced 
osmium (1% osmium tetroxide (Science Services) and 0.8% potassium 
ferrocyanide (Sigma-Aldrich) in 0.1 M sodium cacodylate buffer). After 
contrasting in 0.5% uranylacetate in water (Science Services), the pel-
let was dehydrated in an ascending ethanol series, infiltrated in epon 
(Serva) and cured for 48 h at 60 °C.

Electron microscopy and image analysis. Ultra-thin sections of 
brain tissues and BEC pellets were generated on a Leica UC7 and depo
sited onto formvar-coated copper grids (Science Services) without 
post-contrasting. Transmission electron microscopy images were 
acquired on a JEM-1400Plus ( JEOL) using EMplified software (TVIPS, 
version 0.6.10).

Western blot and quantification
Protein lysates were analyzed by SDS-PAGE and transferred to 0.2-µm 
nitrocellulose membranes using a Mini-Protean and Trans-Blot system.  
After transfer, membranes were incubated in I-Block (Invitrogen, 
T2015) for 1 h at room temperature. Primary antibodies were incubated 
in the same buffer at 4 °C overnight and HRP-conjugated secondary 
antibodies for 1 h at room temperature. Detection was performed by 
chemiluminescence development (Immobilon ECL detection reagent, 
Merck Millipore) using Fusion FX7 (Vilber Lourmat). Protein levels 
were quantified using ImageJ Gel Analyzer (version 1.52p). Statistical 
significance was analyzed by two-tailed Student’s t-test. The dilution 
of primary and secondary antibodies for western blotting is specified 
in Supplementary Table 9.

Statistics and reproducibility
Data collection and analysis were not randomized. Blinding was applied 
to immunohistochemical image analysis. For all other experiments, 
blinding was not possible in order to preserve the homogeneity of 
the measurements (tissue processing and sample analysis were con-
ducted alternately from the samples of the different experimental 
groups, avoiding batch effect and reducing technical variance). All 
data values of the descriptive statistics are given as mean ± s.d. unless 
stated otherwise. Data were analyzed using two-tailed unpaired t-test 
or ANOVA followed by Tukey’s multiple comparisons test (indicated in 
each experiment, n = 4–8 samples per group). For qualitative analysis, 
experiments were repeated a minimum of four times (Figs. 1b,g and 
5h and Extended Data Figs. 3b and 5b). No statistical methods were 
used to pre-determine sample sizes, but our sample sizes are similar 
to those reported in previous publications102,103. Data distribution was 
assumed to be normal, but this was not formally tested. In addition to 
the previously introduced software, Microsoft Excel (2016) and Graph-
Pad Prism (8.3.1) were used for additional data analysis, statistics and 
figure representation. In the case of APOE-KO versus WT human iEC 
proteomics experiment, n = 1 KO sample was excluded due to incom-
plete APOE deficiency.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated through this work are available in a publicly 
accessible repository. The mass spectrometry proteomics data have 
been deposited to the ProteomeXchange Consortium via the PRIDE123 
partner repository with the dataset identifiers PXD045026, PXD045006, 
PXD045004, PXD044996 and PXD044993. All data supporting the 
findings described in this article are available in the article itself and in  
the supplementary materials and from the corresponding author  
upon reasonable request. Source data are provided with this article.
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Extended Data Fig. 1 | Unsupervised clustering of age-related protein dynamics of BECs (all clusters). Clusters illustrating variations in the pattern of age-related 
protein abundance changes. (Blue line: cluster mean, light blue band: confidence interval, yellow line: all quantified, red line: significant protein abundance in  
each cluster).
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Extended Data Fig. 2 | Mass spectrometry-based analysis of region-
specific changes in Tfrc levels. Following proteomic analysis of BECs from 
18- vs 3-month-old mice, the signal intensity of Tfrc-related tryptic peptides 
was mapped onto the protein sequence. The mean intensity in samples from 

3-month-old mice was set to 1. Significance was tested by Student´s t-test. The 
intracellular (aa 1–67), transmembrane (aa 68–88) and extracellular (aa 89–763) 
regions of Tfrc are labeled.
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Extended Data Fig. 3 | CRISPR/Cas9-mediated genome editing of human 
iPSCs to ARF6-KO. a. ARF6 knockout strategy: Exon 2 of ARF6 was targeted  
by an sgRNA (target and PAM sequence shown). After editing, one base pair 
insertion in each allele was generated, producing a premature stop codon.  

b. Immunofluorescence analysis of pluripotency markers, SSEA4, NANOG, 
TRA160, and OCT 4 with DAPI in ARF6 KO iPSC line. Scale bar 50 µm. Experiment 
was repeated 4 times. c. List of top five most similar off-target sites ranked by the 
CFD and MIT prediction scores. Sanger sequencing detected no off-target editing.
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Extended Data Fig. 4 | Karyotyping of ARF6-KO edited line. Each chromosome is presented with B allele frequencies (BAF) and Log R rations in the ARF6-KO iPSC 
line. Blue dots indicate all measured SNPs. For all chromosomes, BAF values indicate normal zygosities and Log R rations the absence of detectable insertions or 
deletions.
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Extended Data Fig. 5 | CRISPR/Cas9-mediated genome editing of human 
iPSCs to APOE-KO. a. APOE knockout strategy: Exon 2 of APOE was targeted by an  
sgRNA (target and PAM sequence shown), generating a fourteen base pair deletion  
on one allele and a 13 base pair deletion on the other allele in the APOE KO line. 
The resulting frameshift exposes a nearby stop codon. b. Immunofluorescence 
analysis of pluripotency markers, SSEA4, NANOG, TRA160, and OCT 4 with 

DAPI in APOE KO iPSC line. Scale bar 50 µm. Experiment was repeated 4 times. 
c. Investigating CRISPR-mediated on-target effects using Sanger sequencing of 
SNPs near the edited locus in WT and APOE KO iPSC lines showing maintenance 
of both alleles after editing. d. List of top five most similar off-target sites ranked 
by the CFD and MIT prediction scores, respectively. Sanger sequencing detected 
no off-target editing.
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Extended Data Fig. 6 | Karyotyping of APOE-KO edited line. Analysis of B allele frequencies (BAF) and Log R ratios for all chromosomes in the APOE KO iPSC line. 
Blue dots indicate all measured SNPs. All chromosomes show the absence of detectable insertions or deletions, showed by Log R ratios, while BAF values indicate for all 
chromosomes normal zygosities.
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