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Abstract 31 

Hypercholesterolemia has long been implicated in endothelial cell (EC) dysfunction, but the 32 

mechanisms by which excess cholesterol causes vascular pathology are incompletely understood. 33 

Here we used a cholesterol-mimetic probe to map cholesterol-protein interactions in primary 34 

human ECs and discovered that cholesterol binds to and stabilizes the adhesion molecule 35 

VCAM-1. We show that accessible plasma membrane (PM) cholesterol in ECs is acutely 36 

responsive to inflammatory stimuli and that the nonvesicular cholesterol transporter Aster-A 37 

regulates VCAM-1 stability in activated ECs by controlling the size of this pool. Deletion of 38 

Aster-A in ECs increases VCAM-1 protein, promotes immune cell recruitment to vessels, and 39 

impairs pulmonary immune homeostasis. Conversely, depleting cholesterol from the 40 

endothelium in vivo dampens VCAM-1 induction in response to inflammatory stimuli. These 41 

findings identify cholesterol binding to VCAM-1 as a key step during EC activation and provide 42 

a biochemical explanation for the ability of excess membrane cholesterol to promote immune 43 

cell recruitment to the endothelium.   44 

45 
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  Introduction 46 

Cytokines, pathogens, and other pro-inflammatory agents ‘activate’ endothelial cells 47 

(ECs), conferring on them enhanced ability to attract and bind leukocytes1. Leukocyte 48 

recruitment to ECs is a critical step in the propagation and resolution of inflammation, wound 49 

healing, and thrombosis2. Failure to properly control EC-leukocyte interactions is linked to the 50 

etiology of diseases including atherosclerosis, reperfusion injury, inflammatory bowel disease, 51 

and acute lung injury2. Leukocyte binding to ECs is facilitated by plasma membrane (PM)-52 

embedded adhesion molecules, including vascular cell-adhesion molecule 1 (VCAM-1)3,4. The 53 

mechanisms by which PM lipid composition influence EC adhesiveness are poorly understood. 54 

Most unesterified cellular cholesterol is concentrated in the PM5. Cholesterol in the PM 55 

exists in at least two forms: a pool that is sequestered by phospholipids (primarily 56 

sphingomyelin; SM) and a more mobile ‘accessible’ cholesterol pool6. PM cholesterol becomes 57 

‘accessible’ for interactions with transporters or other proteins when it is present in amounts that 58 

exceed the capacity of local membrane phospholipids to sequester it6. Accessible cholesterol has 59 

more chemical potential than cholesterol complexed with phospholipids due to its greater ability 60 

to enter different metabolic pathways or modulate protein function7. For example, the PM 61 

accessible cholesterol pool influences the rate of cellular cholesterol biosynthesis and uptake 62 

because its transfer to ER membranes inhibits SREBP-2 processing8. Accessible cholesterol 63 

transport to the ER also enables the production of cholesteryl esters, oxysterols, bile acids, and 64 

steroid hormones.  65 

The nonvesicular cholesterol transport proteins Aster-A, -B, -C (encoded by Gramd1a, 66 

Gramd1b and Gramd1c, respectively) mediate accessible cholesterol movement from the PM to 67 

the ER in mammalian cells9,10. Asters are anchored to the ER by a single-pass transmembrane 68 

domain (TMD), and they form contacts with cholesterol-enriched PMs via an N-terminal GRAM 69 

domain9. Asters are important for PM-ER cholesterol transport in tissues that store or secrete 70 

large amounts of cholesteryl esters, including the adrenal, liver, intestine, and ovary9,11-13. 71 

However, whether the ability of lipid trafficking pathways to enrich or deplete organelle 72 

membranes of specific lipids can modulate membrane protein function in other physiological 73 

settings remains to be explored. 74 
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Hypercholesterolemia promotes leukocyte binding to the endothelium14-16, and is 75 

associated with the development of inflammatory disorders including atherosclerosis, psoriasis, 76 

and psoriatic arthritis17,18. Cytokines released from cholesterol-laden foam cells within the artery 77 

wall are known to promote the transcription of adhesion molecules in the setting of 78 

hypercholesterolemia19,20. However, several lines of evidence suggest that excess cholesterol also 79 

acts directly on the endothelium to increase its susceptibility to activation and dysfunction. For 80 

example, the removal of low-density lipoprotein (LDL) cholesterol from the blood of people 81 

with hypercholesterolemia by apheresis acutely improves endothelium-dependent vasodilation21 82 

and lowers markers of EC activation22. Despite these links, mechanistic insight into how 83 

cholesterol accumulation increases EC adhesiveness is lacking. Our understanding of the 84 

repertoire of PM proteins whose abundance or activity is modulated by interaction with 85 

cholesterol is also incomplete.  86 

In the current study we utilized cholesterol-mimetic photoaffinity probes in combination 87 

with mass spectrometry-based proteomics to map cholesterol-protein interactions in primary 88 

human ECs. We find that cholesterol binds directly to VCAM-1, thereby preventing its 89 

ubiquitination and proteasomal degradation. During EC activation and in the setting of 90 

hypercholesterolemia, VCAM-1 is bound and stabilized by PM accessible cholesterol. 91 

Expanding the accessible cholesterol pool in the PM of ECs in vivo by genetic deletion of Aster-92 

A increases VCAM-1 on the endothelium, promotes immune cell adhesion to vessels, and causes 93 

pulmonary inflammation. Conversely, Aster-A overexpression or cholesterol extraction from the 94 

EC membrane blunts VCAM-1 induction in response to inflammatory stimuli. These findings 95 

identify accessible membrane cholesterol as a physiological and pathophysiological modifier of 96 

vascular inflammation. 97 

Results 98 

Cholesterol directly binds to VCAM-1 99 

 100 

To identify cholesterol-interacting proteins in human ECs, we synthesized a cholesterol-101 

mimetic photoaffinity probe named NBII-165 (Fig. 1a). The probe consists of an intact 102 

cholesterol backbone with a photoreactive diazirine group on the alkyl tail for ultraviolet (UV) 103 

light–induced cross-linking to interacting proteins and a terminal alkyne group for enrichment by 104 

copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) or “click chemistry” (Fig. 1a). NBII-105 
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165 suppressed SREBP-2 pathway targets in human umbilical vein ECs (HUVECs) to a similar 106 

extent as cholesterol or the previously characterized cholesterol mimetic probe KK-17423 (Fig. 107 

1b and Extended Data Fig. 1a), confirming that NBII-165 mimics cholesterol in a well-108 

validated biological assay.   109 

For probe interaction experiments, we delivered NBII-165 to HUVECs for 1 h before UV 110 

crosslinking to interacting proteins. The UV-dependence of NBII-165 labeling was confirmed by 111 

click-conjugation of a rhodamine-azide tag to probe-bound proteins before in-gel imaging of the 112 

fluorescent rhodamine signal (Fig. 1c). Competition assays showed that protein labeling events 113 

in cells treated with either NBII-165 or KK-174 could be dose-dependently reduced by co-114 

incubation with excess cholesterol (Extended Data Fig. 1b), with no change to total protein 115 

loading (Extended Data Fig. 1c). To facilitate identification of cholesterol-interacting proteins 116 

in activated ECs, we treated cells with lipopolysaccharide (LPS) 6 h prior to NBII-165 delivery. 117 

A negative control dataset was generated by administering the probe to LPS-activated ECs that 118 

did not receive subsequent UV light exposure. After cell collection and lysis, NBII-165-labeled 119 

proteins were conjugated to an azide-biotin tag by click chemistry24 before streptavidin affinity 120 

enrichment and on-bead trypsin digestion.  121 

Mass spectrometry identified 289 proteins that were enriched (log2 fold change > 1 and P 122 

value < 0.05) in the UV-exposed samples compared to control samples (Fig. 1d). The list 123 

included multiple known sterol-binding proteins, including those involved in cholesterol uptake 124 

(SCARB1), cholesterol transport (NPC1, APOE, APOB, STARD3NL, SCARB2), and 125 

cholesterol synthesis (LSS, EBP, NSDHL, CYP51A1, LBR). The screen also identified 126 

Caveolin-1 (CAV1), which has long been recognized to bind cholesterol in ECs25. Unexpectedly, 127 

the leukocyte adhesion molecule VCAM-1 emerged as a top candidate cholesterol-binding 128 

protein (Fig. 1d). Streptavidin pull-down experiments after NBII-165- or KK-174-labeled 129 

proteins were conjugated to an azide-biotin tag by click chemistry confirmed that VCAM-1, as 130 

measured by western blot, was enriched from ECs after UV irradiation in a probe-dependent 131 

manner (Fig. 1e and Extended Data Fig. 1d). Interaction between NBII-165 or KK-174 and 132 

VCAM-1 was reduced in the presence of excess cholesterol (Fig. 1e and Extended Data Fig. 133 

1d). While incubating cells with excess cholesterol reduced the amount of VCAM-1 that was 134 

pulled-down with the probes as expected due to competition, we noted that the total amount of 135 
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VCAM-1 in the whole-cell input was increased by cholesterol delivery (Fig. 1e and Extended 136 

Data Fig. 1d). This observation suggested that cholesterol binding might stabilize VCAM-1. 137 

VCAM-1 consists of a large extracellular domain that binds to leukocytes, a single-pass 138 

TMD that spans the PM, and a short carboxy-terminus cytoplasmic tail. Interestingly, the amino 139 

acid sequence of human and mouse VCAM-1 TMD contains a predicted CARC motif (K/R–X1–140 

5–Y/F–X1–5–L/V; Extended Data Fig. 1e). Such sequences are present in other cholesterol-141 

binding proteins26. Full-length human VCAM-1 was efficiently pulled-down with KK-174 after 142 

UV crosslinking and biotin-azide conjugation by click chemistry (Fig. 1f). However, a mutant 143 

VCAM-1 with a tyrosine for alanine substitution in the middle of the CARC motif (Y694A) was 144 

retrieved less efficiently than the wild-type (WT) protein (Fig. 1f). A mutant VCAM-1 protein 145 

lacking all thirteen amino acids comprising the CARC motif, although poorly expressed, showed 146 

minimal interaction with KK-174 (Fig. 1f). These data suggest that cholesterol interacts with the 147 

CARC motif in the TMD of VCAM-1. 148 

 149 

Cholesterol binding stabilizes VCAM-1 150 

To further examine the relationship between cholesterol and VCAM-1 protein levels on 151 

ECs, we manipulated cholesterol availability in cultured cells. ECs grown in cholesterol-depleted 152 

media (lipoprotein-deficient serum (LPDS) and simvastatin) showed lower cell surface binding 153 

of the accessible PM cholesterol probe ALOD427 compared to ECs cultured in cholesterol-154 

enriched media (10% FBS) (Fig. 2a). Furthermore, ECs cultured in cholesterol-depleted media 155 

showed blunted induction of VCAM-1 after LPS exposure (Fig. 2a). Similarly, limiting 156 

exogenous cholesterol supply by culturing HUVECs in 1% FBS for 24 h prior to and during a 157 

time course of LPS stimulation impaired VCAM-1 induction compared to culture in 10% FBS 158 

(both conditions included simvastatin to limit contributions of endogenous cholesterol synthesis) 159 

(Extended Data Fig. 2a). These data suggest that EC cholesterol availability influences the 160 

magnitude of VCAM-1 induction in response to inflammatory stimuli. 161 

To specifically examine post-transcriptional effects of cholesterol on VCAM-1, we stably 162 

overexpressed the protein in ECs using a viral vector. HUVECs cultured in cholesterol-enriched 163 

media containing 10% FBS had higher VCAM-1 levels compared to ECs cultured in cholesterol-164 

depleted media for 16 h (Fig. 2b and Extended Data Fig. 2b). Loading cholesterol-depleted 165 

cells with increasing concentrations of MβCD-cholesterol dose dependently increased levels of 166 
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the WT VCAM-1 protein (Fig. 2b), but not a mutant version of VCAM-1 lacking its TMD (Fig. 167 

2c). These data suggest that VCAM-1 must be anchored in a membrane to be regulated by 168 

cholesterol. Accordingly, the abundance of WT VCAM-1 was reduced when cells were switched 169 

to cholesterol-depleted media and was increased by re-introduction of cholesterol (Fig. 2d). 170 

However, the Y694A mutant had impaired regulation by cholesterol (Fig. 2e). Therefore, the 171 

CARC motif in the TMD of VCAM-1 is important for its regulation by cholesterol. 172 

We next exposed ECs to tumor necrosis factor  (TNF), a cytokine that activates ECs, 173 

for 12 h to induce endogenous VCAM-1. We then withdrew the TNF and switched the cells to 174 

media containing varying amounts of cholesterol. Since many transmembrane proteins are 175 

detergent insoluble, we examined VCAM-1 in cellular fractions that were either soluble or 176 

resistant to the detergent NP-40. Culturing ECs in media containing 1% LPDS accelerated the 177 

degradation of endogenous VCAM-1 in the NP-40-resistant fractions compared to culture in 3% 178 

or 10% FBS (Fig. 2f). VCAM-1 levels were also higher in the detergent-soluble fraction in cells 179 

cultured in 10% FBS compared to 1% LPDS or 3% FBS (Fig. 2f). Given the apparent 180 

cholesterol-responsiveness of VCAM-1 in the NP-40-resistant portion of cells, we carried out 181 

further experiments on VCAM-1 in detergent-resistant domains. FLAG-VCAM-1 was depleted 182 

from detergent-resistant domains when ECs were cultured in media containing 1% LPDS and 183 

simvastatin compared to media containing 10% FBS and was robustly increased again after 184 

addition of MβCD-cholesterol or LDL (Extended Data Fig. 2c). The effects of cholesterol on 185 

VCAM-1 appeared to be more robust in the detergent-resistant compared to the detergent-soluble 186 

cell fraction. These observations imply that association with cholesterol makes VCAM-1 more 187 

resistant to solubilization by detergents.  188 

The ability of cholesterol to regulate VCAM-1 abundance in ECs was ablated by the 189 

proteasome inhibitor MG132 (Fig. 2g). MG132, but not chloroquine, also slowed the 190 

degradation of endogenous VCAM-1 in LPDS after induction with TNF or LPS (Fig. 2h and 191 

2i). Immunoprecipitation experiments further showed that re-introduction of cholesterol in 192 

sterol-depleted HUVECs reduced the ubiquitination status of VCAM-1 in the presence of 193 

MG132 (Fig. 2j). Publicly available mass spec datasets suggested that lysine 736 (K736) in 194 

VCAM-1 may be ubiquitinated in human cells28. WT VCAM-1 protein was depleted after 195 

switching cells to LPDS for 12 h, but this effect was ablated by mutating K736 to alanine 196 

(K736A) (Fig. 2k and 2l). Together these data suggest that cholesterol binding to the TMD of 197 
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VCAM-1 inhibits its degradation by limiting access of proteasomal machinery to lysine residues 198 

in the carboxy terminus tail.  199 

To determine whether acute cholesterol delivery to the endothelium affects VCAM-1 200 

abundance in vivo, we infused WT mice with freshly isolated LDL particles. Plasma total 201 

cholesterol levels were increased 6 h after intravenous (i.v.) infusions of LDL compared to 202 

control infusions of saline (Extended Data Fig. 2d). Furthermore, LDL infusions increased 203 

VCAM-1 protein levels in the lungs (Fig. 2m and 2n) without altering Vcam1 mRNA levels 204 

(Fig. 2o). These data suggest that LDL acutely increases VCAM-1 in the lung by affecting its 205 

stability rather than its transcription.  206 

 207 

Inflammatory signals expand the accessible cholesterol pool to stabilize VCAM-1. 208 

We next examined PM cholesterol dynamics in ECs at baseline and after activation. 209 

Exposure to LPS or TNF for 1 h increased ALOD4 binding to the surface of ECs, indicating 210 

increased cholesterol accessibility (Fig. 3a). It has been reported previously that TNF and other 211 

proinflammatory agents activate PM-localized neutral sphingomyelinase (nSMase)29-37. We 212 

therefore hypothesized that SM hydrolysis induced by cytokines or LPS might liberate 213 

sequestered cholesterol for interactions with VCAM-1. Indeed, exposure to LPS or TNF for 40 214 

mins reduced 3H-SM levels in ECs relative to vehicle-treated control cells (Fig. 3b). 215 

Furthermore, incubating ECs with GW4869, a nSMase inhibitor, blunted the increase in ALOD4 216 

binding induced by LPS or TNF (Fig. 3c). Culturing ECs in the presence of methyl-β-217 

cyclodextrin-cholesterol or exogenous nSMase served as controls for ALOD4 binding. (Fig. 3c).  218 

Promoting SM hydrolysis with exogenous nSMase for 1 h increased the abundance of 219 

stably overexpressed VCAM-1 in ECs (Extended Data Fig. 3a). Conversely, blocking SM 220 

hydrolysis in response to LPS with GW4869 blunted the induction of endogenous VCAM-1 221 

(Fig. 3d). Additionally, extracting the accessible PM cholesterol that appeared after LPS or 222 

TNF exposure with HPCD lowered VCAM-1 protein levels over time (Fig. 3e). These data 223 

indicate that the newly accessible cholesterol pool released after EC activation is important for 224 

VCAM-1 induction.  225 

To visualize accessible cholesterol dynamics in the vasculature, we perfused mice with 226 

fluorophore-conjugated ALOD4 (647 nm emission) through the left ventricle 3 h after 227 

intraperitoneal (i.p.) injection of saline or LPS. A separate set of mice was perfused with a 228 
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cholesterol-binding mutant version of ALOD4 (G501A, T502A, T503A, L504A, Y505A, and 229 

P506A) to control for non-specific probe binding27. ALOD4-positive puncta were observed on 230 

the surface of the endothelium of mice that received control saline injections (Fig. 3f). Minimal 231 

signal was observed on the endothelium of mice that received infusions of the cholesterol-232 

binding mutant version of ALOD4 (Extended Data Fig. 3b). LPS exposure increased ALOD4 233 

binding to the endothelium, indicating a rise in cholesterol accessibility (Fig. 3f). Interestingly, 234 

the pattern of ALOD4 staining shifted from puncta at the periphery of ECs to a striated pattern 235 

across the surface of the cells (Fig. 3f). An increase in VCAM-1 protein levels accompanied the 236 

increase in ALOD4 binding to the endothelium after LPS injection (Fig. 3f). These data suggest 237 

that pro-inflammatory signals acutely increase cholesterol accessibility in the PM of ECs in vivo. 238 

Previous work showed that VCAM-1 expression is higher in the lesser curvature of the 239 

aortic arch compared to the descending thoracic aorta38.  We observed more ALOD4 binding to 240 

the lesser curvature of mouse aortas, where VCAM-1 was more highly expressed, compared to 241 

the descending aorta, where VCAM-1 expression was relatively low (Fig. 3g). This observation 242 

suggests that cholesterol availability correlates with VCAM-1 abundance on the endothelium in 243 

vivo. 244 

We next developed a protocol to assess ALOD4 binding to fixed mouse aortas ex vivo. 245 

Using this protocol, we observed that accessible cholesterol levels in the aortic endothelium of 246 

atherosclerotic LDLR knockout mice were higher than those in the aortas of 247 

normocholesterolemic mice fed a regular chow diet (Extended Data Fig. 3c). These data 248 

suggest that circulating cholesterol concentrations influence the size of the accessible cholesterol 249 

pool on the endothelium.  250 

 251 

The cholesterol transporter Aster-A is engaged during EC activation 252 

Our experiments thus far suggested that the PM accessible cholesterol pool acutely 253 

increases during EC activation to allow cholesterol interactions with VCAM-1. Since Aster 254 

proteins regulate the size of the PM accessible cholesterol pool in various cell types9,10,39, we 255 

investigated their role during EC activation. Primary ECs isolated from the livers of WT mice 256 

expressed high levels of Aster-A, with comparatively low levels of Aster-B and -C (Fig. 4a). 257 

Cultured primary human aortic endothelial cells (HAECs) also predominantly expressed Aster-A 258 

(Extended Data Fig. 4a). Analysis of published single-cell sequencing datasets confirmed high 259 
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Aster-A expression and low Aster-B and -C expression in mouse ECs from different tissue 260 

beds40.  261 

HA-tagged Aster-A was distributed throughout the ER in HAECs cultured in media 262 

containing LPDS with simvastatin, but was recruited to the PM in response to 1 h cholesterol 263 

loading (Fig. 4b). Aster-A depletion with a small interfering (si)RNA increased ALOD4 binding 264 

to the surface of HAECs (Fig. 4c), consistent with a major role for Aster-A in regulating PM 265 

accessible cholesterol levels in ECs. GRAMD1A mRNA levels were not changed in response to 266 

TNF exposure of HAECs (Extended Data Fig. 4b). Notably, however, the endogenous Aster-267 

A protein increased with time after TNF (Extended Data Fig. 4c). Aster-A protein levels also 268 

increased in primary HUVECs after exposure to TNF or LPS (Fig. 4d). Furthermore, HA-269 

tagged Aster-A expressed from a viral vector increased with time after EC activation (Extended 270 

Data Fig. 4d). Together these data suggest that the cholesterol transporter Aster-A undergoes 271 

post-transcriptional stabilization in response to pro-inflammatory signals in ECs. Regulation of 272 

Aster-A by cytokines and LPS is consistent with a role for nonvesicular cholesterol transport 273 

during EC activation.  274 

 275 

Asters remove accessible cholesterol from EC PMs after activation 276 

The acute rise in accessible cholesterol in response to inflammatory signals in ECs would 277 

be predicted to recruit Aster to the PM to move cholesterol to the ER. Indeed, total internal 278 

reflection (TIRF) microscopy showed that EGFP-Aster-A was recruited to the TIRF plane 279 

(indicating proximity to the PM) in response to LPS exposure (Fig. 4e and 4f). GFP-Aster-A 280 

was enriched in the TIRF plane 40-70 mins after LPS exposure compared to baseline media 281 

conditions (Fig. 4f). These data indicate the EC activation results in Aster recruitment to the PM. 282 

To determine whether Aster-A plays a role in accessible cholesterol transport 283 

downstream of EC activation, cells were incubated with ALOD4 at various times after LPS 284 

exposure before being fractionated into detergent-resistant and detergent-soluble domains. PM-285 

bound ALOD4 specifically partitioned into detergent-resistant membrane domains, defined by 286 

the presence of CAV1 (Fig. 4g). Control ECs had low accessible cholesterol levels at baseline 287 

(Lane 1), a rise in accessible cholesterol after 1 h LPS exposure (Lane 5), and a return to baseline 288 

by 6 h (Lane 9; Fig. 4g). Aster-A deficient ECs had higher ALOD4 binding at baseline (Lane 3) 289 

and 1 h after LPS exposure (Lane 7) relative to control cells. Furthermore, in contrast to control 290 
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cells, Aster-A deficient cells failed to remove the PM accessible cholesterol by 6 h after LPS 291 

exposure (Lane 11; Fig. 4g). Endogenous Aster-A protein partitioned predominantly into the 292 

detergent soluble domains at baseline in control cells (Lane 2), was recruited to the ALOD4-293 

positive detergent-resistant domains in response to 1 h LPS exposure (Lane 5), and largely 294 

returned to the detergent-soluble fraction after 6 h (Lane 10) when PM accessible cholesterol had 295 

been depleted. Consistent with the accessible cholesterol pool playing a role in VCAM-1 296 

stability, the ALOD4-positive detergent-resistant domains of Aster-deficient ECs contained 297 

higher levels of VCAM-1 6 h after LPS exposure compared to control cells (Lane 11; Fig. 4g). 298 

Therefore, EC activation promotes Aster translocation to accessible cholesterol-enriched regions 299 

of the PM to move cholesterol to the ER.  300 

 301 

Aster-A regulates VCAM-1 stability in ECs 302 

Loss of Aster-A increased VCAM-1 in HAECs after activation with LPS (Extended 303 

Data Fig. 5a), and VCAM-1 protein was strikingly higher in detergent-resistant fractions of 304 

Aster-deficient ECs 6 h after LPS exposure (Fig. 5a). Interestingly, Aster-A deficiency also 305 

modestly increased the abundance of VCAM1 transcripts 4 h after LPS compared to control cells 306 

(Fig. 5b). We therefore hypothesized that PM cholesterol plays a dual role during EC activation: 307 

first by modulating the PM-derived signals that determine the magnitude of VCAM1 308 

transcriptional induction, and then directly binding to the translated products at the PM. This 309 

hypothesis was based in part on previous observations that excess PM cholesterol enhances the 310 

recruitment of the pro-inflammatory signaling adapters TRAF6 and MYD88 to detergent 311 

resistant membrane domains after TLR4 agonism in macrophages, which amplifies downstream 312 

signaling41. We found that loss of Aster-A increased ALOD4 binding to detergent-resistant 313 

domains of HUVECs and caused more MYD88 and TRAF6 to localize to ALOD4-positive 314 

domains 15 mins after LPS exposure compared to control cells (Fig. 5c; lane 2 compared to lane 315 

6). Loss of Aster-A also increased the phosphorylation of p44 and p42 MAPK after LPS 316 

exposure (Fig. 5d), consistent with amplified signaling downstream of TRAF6. Loading ECs 317 

with cholesterol was sufficient to promote TRAF6 and MYD88 recruitment to CAV1/FLOT1-318 

positive detergent-resistant domains (Extended Data Fig. 5b; lane 2 compared to lane 6), 319 

suggesting that the effects of Aster deficiency on TRAF6/MYD88 were mediated by cholesterol. 320 

Loading cells with cholesterol also promoted Aster-A translocation from detergent-soluble 321 
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domains to detergent-resistant domains (Extended Data Fig. 5b; lane 2 compared to lane 6). 322 

Additionally, loading cholesterol-depleted ECs with FBS-cholesterol for 4 h increased mRNA 323 

levels of VCAM1 and a panel of other NF-KB targets while suppressing SREBP-2 targets 324 

(Extended Data Fig. 5c). Following exposure to LPS, the magnitude of VCAM1 induction was 325 

higher when ECs were cultured in cholesterol-enriched (10% FBS) compared to cholesterol-326 

depleted (1% LPDS with simvastatin) conditions (Extended Data Fig. 5d). Thus, accessible 327 

cholesterol accumulation on EC PMs promotes the transcription of VCAM1 by amplifying 328 

TRAF6/MYD88 signaling. 329 

To directly examine the effects of cellular cholesterol transport on VCAM-1 stability, we 330 

manipulated Aster function in cells that stably overexpressed VCAM-1. Loss of Aster-A 331 

increased the stability of FLAG-VCAM-1 during a cycloheximide chase (Fig. 5e). Additionally, 332 

Aster inhibition with the small molecule AI-3d42 slowed the rate of degradation of endogenous 333 

VCAM-1 in ECs after induction with LPS (Fig. 5f).  334 

We next overexpressed Aster-A in HAECs to promote accessible cholesterol movement 335 

from the PM to the ER. In HAECs expressing GFP treated with LPS, VCAM-1 abundance was 336 

lower when cells were cultured in cholesterol-depleted (LPDS with simvastatin) compared to 337 

cholesterol-enriched media (10% FBS; Fig. 5g). HAECs over-expressing Aster-A cultured under 338 

similar conditions showed further reduced VCAM-1 protein levels. Additionally, the magnitude 339 

of VCAM1 transcriptional induction by LPS was lower in cells overexpressing Aster-A compared 340 

to control cells overexpressing GFP (Fig. 5h). These data further implicate PM cholesterol 341 

availability and the flux of cholesterol from the PM to intracellular membranes as regulators of 342 

VCAM-1 abundance in ECs.  343 

 344 

Impairing cholesterol transport from the PM increases VCAM-1 in ECs in vivo 345 

To study PM accessible cholesterol on the endothelium in vivo, we crossed Aster-A-346 

floxed mice (F/F) with mice expressing a Cdh5-Cre inducible with tamoxifen43. Gramd1a 347 

mRNA (Extended Data Fig. 5e) and Aster-A protein levels (Extended Data Fig. 5f) were 348 

undetectable in primary ECs isolated from Aster-AF/F/Cdh5-Cre-/+ (ECKO) mice compared to 349 

F/F control mice. Liver tissue from ECKO mice had comparable Gramd1a mRNA levels to F/F 350 

controls (Extended Data Fig. 5g), consistent with the EC specificity of the Cdh5-Cre system. 351 

Importantly, ECKO mice had higher ALOD4 binding to the aortic endothelium compared to F/F 352 
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control mice 3 h after i.p. saline injection (Fig. 5i). Injection of LPS for 3 h increased ALOD4 353 

binding to the endothelium of F/F control mice relative to saline injection and increased it further 354 

in ECKO mice (Fig. 5i). VCAM-1 protein was low in the hearts of F/F and ECKO mice after 355 

control saline injections (Fig. 5j), reflecting the low basal expression in endocardial ECs. 356 

However, VCAM-1 protein levels were over 2-fold higher in the hearts of ECKO mice compared 357 

to F/F controls 3 h after i.p. LPS (Fig. 5j and 5k). These data indicate that Aster-A nonvesicular 358 

cholesterol transport regulates accessible PM cholesterol and the magnitude of VCAM-1 359 

induction in vivo. 360 

 361 

Cholesterol transport from the PM to intracellular membranes of ECs maintains lung immune 362 

homeostasis 363 

To determine whether Aster-A participates in lipoprotein-cholesterol movement across 364 

the endothelium into tissues, we conducted tracer studies with freshly isolated HDL particles 365 

labeled with [14C]-cholesterol. The uptake of i.v. administered [14C]-cholesterol-HDL into the 366 

lungs of ECKO was dramatically lower compared to F/F mice, while uptake into most other 367 

tissues was similar between groups (Fig. 6a). This observation suggested that the pulmonary 368 

endothelium might be particularly affected by loss of Aster-A. Western blots showed higher 369 

VCAM-1 protein levels in the lungs of ECKO mice compared to F/F controls after both acute (3 370 

weeks) (Extended Data Fig. 6a) and chronic (1 year) (Fig. 6b and 6c) Cre induction. Immuno-371 

fluorescence microscopy also indicated that ECKO mice had higher VCAM-1 throughout the 372 

lungs compared to F/F controls (Fig. 6d). Co-staining with ERG, an EC-specific nuclear marker, 373 

revealed that most VCAM-1 in the lungs was associated with ERG-positive cells (Fig. 6d). 374 

H&E-stained lung sections showed immune cells around vessels in the lungs of ECKO mice 375 

(Fig. 6e), suggesting that higher basal VCAM-1 abundance in the lung was associated with 376 

immune cell recruitment to the pulmonary endothelium. We also found more CD45-positive 377 

immune cells around Lyve1-positive vessels in the lungs of ECKO mice (Fig. 6f). Therefore, 378 

nonvesicular cholesterol transport in ECs influences adhesion molecule abundance, lung immune 379 

homeostasis, and immune cell recruitment to the endothelium in vivo.   380 

 381 

Acute HPCD infusions reduce VCAM-1 induction in response to LPS 382 
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Our data thus far suggested that direct interaction between VCAM-1 and accessible 383 

cholesterol stabilizes the protein on the EC surface. HPCD extracts cholesterol from membranes 384 

and has U.S. Food and Drug Administration (FDA) approval for use in humans, primarily for its 385 

ability to solubilize hydrophobic compounds44. We hypothesized that extraction of cholesterol 386 

from the surface of ECs with i.v. infusions of HPCD during an infection might destabilize 387 

VCAM-1. To test this hypothesis, F/F and ECKO mice were injected with LPS for 20 min before 388 

receiving i.v. infusions of HPCD. Two hours and 40 min later, tissues were collected for 389 

assessment of VCAM-1. HPCD infusions lowered total plasma cholesterol concentrations in 390 

both F/F and ECKO mice (Extended Data Fig. 6b), likely due to cholesterol solubilization and 391 

removal by the kidneys45. HPCD infusions also resulted in a dramatic decrease in cardiac and 392 

pulmonary VCAM-1 protein levels in both F/F and ECKO mice compared to saline infusions 393 

(Fig. 6g and 6h). Heart and lung qPCR analysis showed no difference in Vcam1 transcripts in 394 

the presence or absence of HPCD, suggesting that HPCD altered VCAM1 stability rather than 395 

production in these tissues (Fig. 6i and Extended Data Fig. 6c). HPCD infusions did not lower 396 

protein levels of Ve-cadherin, another cell surface-localized adhesion molecule (Fig. 6g and 6h). 397 

SREBP-2 target genes (Sqle, Hmgcs, Insig1) were increased in response to HPCD administration 398 

in the lungs of F/F and ECKO mice, consistent with cholesterol extraction from cell membranes 399 

(Fig. 6i). Modest induction of SREBP-2 targets after HPCD was also observed in the heart 400 

(Extended Data Fig. 6c). Collectively, these data show that direct cholesterol stabilization of 401 

VCAM-1 protein is an important modulator of EC function in physiology and pathophysiology.  402 

  403 
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Discussion 404 

Activated ECs display VCAM-1 on their PM to promote leukocyte recruitment to injured 405 

vessels3,4. Monocyte adherence to vascular ECs is one of the earliest changes observed after 406 

initiation of a high-cholesterol atherogenic diet14-16. High-cholesterol diet feeding rapidly 407 

increases VCAM-1 protein levels on the vasculature, before the appearance of monocytes in the 408 

intima46. Additionally, VCAM-1 has been localized to atherosclerosis-prone regions of arteries 409 

and is abundant in ECs overlying early foam cell-enriched lesions38,47-49. Mice deficient in 410 

VCAM-1 are protected against atherosclerosis when crossed onto a hypercholesterolemic 411 

background50. Our data shows that hypercholesterolemia increases the pool of accessible 412 

cholesterol on the surface of the endothelium in isolated ECs and in vivo, and that this pool of 413 

cholesterol acts to stabilize VCAM-1 by direct interactions. Pro-inflammatory stimuli including 414 

LPS also acutely increase the accessible cholesterol content of EC PMs. These observations 415 

suggest that ECs increase cell surface cholesterol availability during EC activation as a 416 

mechanism to accommodate more VCAM-1 in the PM, and that this mechanism could be subject 417 

to maladaptation during chronic hypercholesterolemia. Therefore, strategies that disturb 418 

cholesterol-VCAM-1 interactions might reduce vascular adhesiveness to immune cells in the 419 

setting of hypercholesterolemia or other pro-inflammatory events.  420 

Identifying biologically important interactions between lipids and membrane proteins has 421 

been challenging, because both lipids and TMDs are poorly soluble and hydrophobic51. 422 

Advances in click chemistry and chemoproteomics have enabled the enrichment and 423 

identification of lipid-interacting proteins in living cells with proteome-wide coverage. We 424 

synthesized a new cholesterol mimetic probe, NBII-165, and used it to probe protein-sterol 425 

interactions in ECs. Prior studies in HeLa cells used sterol-mimetic probes with a diazirine group 426 

on the B-ring of the steroid core 52,53. It is likely that VCAM-1 was not identified as a cholesterol 427 

binding protein in these previous studies because VCAM-1 expression is largely restricted to 428 

activated ECs. While we focused on characterizing cholesterol interactions with VCAM-1 in this 429 

manuscript, there are other proteins on the list of interactors not previously known to bind 430 

cholesterol. Further studies of these proteins will likely provide insight into cholesterol-regulated 431 

processes in ECs.  432 

The ability of ECs to rapidly alter their proteome upon activation is a key feature of their 433 

biology. Quiescent ECs express low levels of VCAM-1, but its transcription is robustly induced 434 
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in response to various activating stimuli1. Our experiments showed that changes in the lipid 435 

composition of the PM play a role in facilitating the rapid increase in VCAM-1 protein levels 436 

upon EC activation. Cholesterol binding at the PM stabilizes VCAM-1, preventing its 437 

degradation by the proteosome. Mutating Y694 in the CARC motif of VCAM-1 diminished the 438 

ability of cholesterol to stabilize the molecule, indicating that cholesterol acts directly on the 439 

protein, rather than indirectly by altering membrane properties like thickness or fluidity. 440 

Proteasome inhibition also ablated the ability of cholesterol to regulate VCAM-1, consistent with 441 

a model in which cholesterol binding to the TMD of VCAM-1 results in a conformational 442 

change to the carboxy-terminus tail of the molecule to limit access to ubiquitin ligases. Further 443 

structural studies are required to confirm this idea. Nevertheless, acutely depleting cholesterol 444 

from the endothelium decreases VCAM-1, suggesting that cholesterol-VCAM-1 interactions are 445 

functionally important in physiology.  446 

Aster proteins are known to participate in cholesterol transfer from the PM to the ER in 447 

cells specialized for steroid metabolism9,11-13,54. However, the ability of nonvesicular cholesterol 448 

transport to modulate the function of other cell types through changing PM lipid composition has 449 

not been explored. Unexpectedly, we found that Aster-A was recruited to the PM upon EC 450 

activation and was stabilized in response to pro-inflammatory signals. These observations 451 

implied a previously unrecognized role for intracellular sterol transport in vascular homeostasis. 452 

We further revealed that Asters gate the interaction between accessible PM cholesterol and the 453 

integral PM protein VCAM-1 during EC activation. Loss of Aster-A increases VCAM-1 454 

abundance in response to EC activation, while Aster-A overexpression potently suppresses 455 

VCAM-1 induction. Therefore, PM lipid remodeling by the cholesterol transporter Aster-A 456 

calibrates the magnitude of VCAM-1 induction and facilitates the transition of resting ECs to an 457 

activated state.  458 

The PM is a critical site for lipid second messenger production across all kingdoms of 459 

life. PM phospholipids and sphingolipids undergo enzymatic hydrolysis in response to acute 460 

stress to produce the signaling molecules ceramide, diacylglycerol, and inositol triphosphate55. 461 

On the endothelium, neutral sphingomyelinase activity is stimulated by various pro-462 

inflammatory agents, including TNFα, IL1β, and oxidized LDL, producing ceramide and 463 

phosphorylcholine from SM29,30,33,35,37. Ceramide produced after SM hydrolysis acts as a second 464 

messenger to amplify pro-inflammatory signaling55. Our data suggest that accessible cholesterol 465 
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released following disturbances to SM/cholesterol complexes could also have second messenger-466 

like properties. We found that increased PM accessible cholesterol amplifies signaling 467 

downstream of the pro-inflammatory adapters MYD88 and TRAF6. Following its transcriptional 468 

induction, PM cholesterol directly binds to the VCAM-1 protein to promote its stability. 469 

Therefore, PM accessible cholesterol appears to act as an overarching signal that calibrates the 470 

magnitude of VCAM-1 induction in ECs. The observation that accessible cholesterol levels 471 

remain inappropriately elevated after EC activation in the absence of Aster-A suggests a 472 

physiological role for nonvesicular sterol transport in resetting PM lipid composition and 473 

dampening inflammatory signaling following EC activation. 474 

In conclusion, these results demonstrate that dynamic changes in PM accessible 475 

cholesterol content modify EC adhesiveness. As a critical vascular adhesion molecule, VCAM-1 476 

is involved in the development of many immune-mediated disorders including atherosclerosis, 477 

sepsis, and cancer1. The discovery that direct cholesterol-VCAM-1 interactions are required to 478 

stabilize the protein in vivo suggest that these interactions could be targeted to reduce VCAM-1 479 

expression in pathological settings.  480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 
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Figures 670 

Fig.1 671 

 672 

Fig. 1. Cholesterol-mimetic probes identify VCAM-1 as a cholesterol binding protein in 673 

primary human ECs. (a) Structure of NBII-165 probe. (b) HUVECs were depleted of 674 

cholesterol overnight in LPDS containing simvastatin. Cells were then loaded with 35 µM NBII-675 

165, KK-174 or cholesterol complexed to methyl-beta cyclodextrin for 4 h before collection and 676 

assessment of SREBP-2 targets by qPCR. (c) Rhodamine-azide signal in HUVEC lysates. 677 

HUVECs were incubated with 10 μM NBII-165 probe for 1 h, with and without 365 nm UV 678 
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irradiation before attachment of a rhodamine-azide fluorophore by click chemistry and 679 

separation of proteins by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 680 

(PAGE). The in-gel rhodamine signal was visualized with a fluorescent imager. (d) Volcano plot 681 

showing proteins that were detected by mass spec after immunoprecipitation of NBII-165-bound 682 

proteins. Dark blue dots indicate significantly enriched proteins. Yellow dots indicate proteins 683 

that were significantly lower in the UV exposed samples. Green dots indicate known sterol 684 

binding proteins. Burgundy dot indicates VCAM-1. (e) Competition assay showing that 685 

cholesterol competes with NBII-165 for binding to VCAM-1 in HUVECs stably overexpressing 686 

human VCAM-1. Input shows VCAM-1 detected in whole cell lysates prior to 687 

immunoprecipitation and pellet shows VCAM-1 detected after streptavidin immunoprecipitation 688 

of probe bound proteins. (f) Immunoprecipitation of WT VCAM-1 or mutant versions of 689 

VCAM-1 either lacking the CARC motif or with a tyrosine for alanine mutation at amino acid 690 

694 after incubating HUVECs with KK-174 followed by UV crosslinking. Data are represented 691 

as mean ± SEM.  692 
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Fig. 2. 710 
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Fig. 2. Cholesterol binding stabilizes VCAM-1. (a) Western blots for VCAM-1 and His-711 

ALOD4 in HUVECs cultured in media containing either 10% FBS or 1% LPDS with simvastatin 712 

for 16 h before stimulation with LPS (100 ng/ml) for 0-24 h. (b and c) VCAM-1 western blots in 713 

cells stably overexpressing either human VCAM-1 or VCAM-1(∆TMD) and cultured in media 714 

containing 10% FBS, 1% LPDS with simvastatin and mevalonate overnight, or LPDS with 715 

simvastatin and mevalonate overnight before addition of increasing concentrations of MβCD-716 

cholesterol for 2 h. (d and e) VCAM-1 western blots in HUVECs stably expressing either FLAG-717 

VCAM-1 or FLAG-VCAM-1(Y694A) cultured in media containing 10% FBS (-), 1% LPDS 718 

with simvastatin for 8 h, or 1% LPDS with simvastatin plus 100 µM MβCD-cholesterol for 2 h. 719 

(f) Western blots for VCAM-1 in HUVECs cultured in media containing 10% FBS and 720 

stimulated with TNF for 12 h before being placed in media containing simvastatin and either 721 

1% LPDS, 3% FBS or 10% FBS for a further 12 h. The top rows show the NP-40 resistant 722 

portion of cells while the bottom rows show the NP-40 soluble portion of cells. (g) VCAM-1 723 

western blots showing the effects of proteasome inhibition with MG-132 in HUVECs stably 724 

overexpressing FLAG-VCAM-1 and cultured in 10% FBS, 1% LPDS with simvastatin overnight 725 

or LPDS with simvastatin plus 100 µM MβCD-cholesterol for 1 h. (h and i) HUVECs were 726 

treated with either LPS or TNF for 36 h before being incubated with chloroquine (10 µM) or 727 

MG132 (10 µM) for a further 12 hours. VCAM-1 and MCL-1 (positive control for MG-132) 728 

were assessed by western blot. (j) HUVECs expressing FLAG-VCAM-1 were cultured in 1% 729 

LPDS with simvastatin overnight before being switched to media containing MG132 (10 µM) in 730 

1% LPDS with simvastatin or 1% LPDS with simvastatin plus 20% FBS for 4 h. FLAG was 731 

immunoprecipitated before VCAM-1 and ubiquitin were assessed by western blot. (k and l) 732 

HUVECs expressing FLAG-VCAM-1 or FLAG-VCAM-1(K736A) were switched from media 733 

containing 10% FBS to media containing 1% LPDS with simvastatin for 12 h to assess their rate 734 

of degradation in cholesterol deplete conditions by western blotting. (m) Western blot for 735 

VCAM-1 in the lungs of male WT mice that received i.v. infusions of either saline or LDL for 6 736 

h (n = 7 per group). (n) Quantification of VCAM-1 relative to Ve-cadherin measured by western 737 

blot in the lungs of WT mice after i.v. infusions of LDL or saline for 6 h. (o) mRNA levels of 738 

Vcam1 relative to 36b4 in the lungs of male WT mice that received i.v. infusions of either saline 739 

or LDL for 6 h (n=7 saline and 8 LDL). Data are represented as mean ± SEM with individual 740 

mice represented by dots. 741 
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Fig. 3. 742 
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Fig. 3. PM cholesterol accessibility increases during EC activation and influences the 744 

magnitude of VCAM-1 induction. (a) Western blot to assess His-ALOD4 binding to the 745 

surface of HUVECs exposed to either LPS (100 ng/ml) or TNF (10 ng/ml) for 1 h. (b) [3H]-746 

choline-labeled SM in HAECs after incubation with LPS (100 ng/ml) or TNF (7.5 ng/ml) for 747 

40 mins. (c) Western blot to assess His-ALOD4 binding to the surface of HAECs treated with 748 

MβCD-cholesterol (100 µM), LPS (100 ng/ml), bacterial nSMase (1 U/ml), or LPS co-incubated 749 

with the neutral sphingomyelinase inhibitor GW4869 (5 µM) for 1 h. (d) Western blot for 750 

VCAM-1 in HUVECs pre-treated with or without GW4869 (10 µM) for 30 mins before 751 

exposure to LPS for the indicated times. (e) VCAM-1 in HUVECs treated with LPS for 30 mins 752 

before being incubated with or without HPCD for 15 mins. After washing away the HPCD, cells 753 

were incubated with media containing 10% FBS for the indicated times. (f) ALOD4-647 binding 754 

to the thoracic aorta of female mice after i.p injections of either saline or LPS (60 µg per mouse) 755 

for 3 h. Samples were co-stained with VCAM-1 (red), Ve-cadherin (green) and DAPI (blue). 756 

Scale bar, 30 µm (g) ALOD4-647 binding to thoracic aorta or the aortic arch (lesser curvature) of 757 

female mice. Samples were co-stained with VCAM-1 (red), Ve-cadherin (green) and DAPI 758 

(blue). Scale bar, 30 µm. Data are represented as mean ± SEM.  759 
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Fig. 4. Aster-A regulates accessible cholesterol in ECs after activation. (a) Gramd1a (Aster-772 

A), Gramd1b (Aster-B) and Gramd1c (Aster-C) expression relative to 36b4 in primary mouse 773 

hepatic ECs. (b) Confocal microscopy of HAECs stably expressing HA-Aster-A and cultured in 774 

LPDS or LPDS with MβCD-cholesterol (100 µM) for 1 h. Scale bar, 23 µm. (c) His-ALOD4 775 

binding to the surface of HAECs treated with (si)Control or (si)Aster-A and cultured in 10% 776 

FBS. (d) Endogenous Aster-A protein levels in HUVECs exposed to TNF (10 ng/ml; top) or 777 

LPS (100 ng/ml; bottom) for the indicated times. (e) TIRF microscopy of HAECs stably 778 

expressing EGFP-Aster-A and cultured in fresh complete medium (10% FBS) or fresh complete 779 

medium plus LPS (100 ng/ml) for 60 mins. Pseudo-colored dots indicate GFP-Aster-A intensity 780 

in the TIRF plane (within 100 nm of the PM). Dashed lines indicate cell boundaries. Scale 10 781 

µm. (f) Quantification of GFP-Aster-A in the TIRF plane +/- LPS. Values represent normalized 782 

integrated intensities at 40 -70 min after changing to fresh media +/- LPS. Control n = 154 783 

frames from 52 cells, LPS n = 140 frames from 53 cells from two independent experiments. (g) 784 

Western blots of HUVECs treated with (si)Control or (si)Aster-A and exposed to LPS for the 785 

indicated times before incubation with ALOD4. Cells were subsequently fractionated into 786 

Trition-X100 detergent soluble or detergent resistant domains. Data are represented as mean ± 787 

SEM.  788 
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Fig. 5. Nonvesicular cholesterol transport regulates VCAM-1 stability in vivo. (a) Western 800 

blot for VCAM-1 in detergent resistant domains of immortalized HAECs treated with (si)Control 801 

or (si)Aster-A and exposed to LPS (100 ng/ml) for the indicated times. Cells were cultured in 802 

media containing 5 % FBS and simvastatin for 16 h before LPS exposure. (b) VCAM1 mRNA 803 

levels relative to 36B4 in HUVECs exposed to LPS for the indicated times. Center line, mean; 804 

box limits, upper and lower values. (c) Western blots in HUVECs treated with (si)Control or 805 

(si)Aster-A and exposed to LPS for 15 mins before fractionation into detergent resistant 806 

(fractions 1 or 2) or detergent soluble domains (fractions 3 or 4). Cells were cultured in media 807 

containing 5% FBS with simvastatin overnight before exposure to LPS. Separate dishes were 808 

used to assess -His-ALOD4 binding (top 2 rows) and TRAF6/MYD88 localization (bottom 6 809 

rows). (d) Western blots for p-ERK or total ERK in HUVECs treated with (si)Control or 810 

(si)Aster-A and exposed to LPS (100 ng/ml) for the indicated times. (e) Cycloheximide chase of 811 

FLAG-VCAM-1 in HUVECs treated with (si)Control or (si)Aster-A. (f) Western blots for 812 

VCAM-1 HUVECs stimulated with LPS for 12 h before being placed in media containing LPDS 813 

and simvastatin with or without AI-3d (2.5 µM) for a further 12 h. (g) VCAM-1 protein levels in 814 

HAECs stably overexpressing Aster-A or GFP and cultured in either 10% FBS or 1% LPDS with 815 

simvastatin before exposure to LPS (100 ng/ml) for 8 h. (h) VCAM1 mRNA levels relative to 816 

36B4 in HAECs stably overexpressing HA-Aster-A or GFP and exposed to LPS for the indicated 817 

times. Center line, mean; box limits, upper and lower values. (i) ALOD4-647 binding to aortas of 818 

male F/F and ECKO mice injected with either saline or LPS (60 µg per mouse) for 3 h. Samples 819 

were co-stained with Ve-cadherin (green). Scale bar, 50 µm. (j) Western blots for VCAM-1 in 820 

the hearts of male F/F and ECKO mice 3 h after i.p. injections of saline or LPS (60 µg/mouse). 821 

(k) Quantification of VCAM-1 relative to Ve-cadherin measured by western blot in the hearts of 822 

male F/F and ECKO after i.p. injections of LPS (60 µg/mouse) for 3 h. n = 15 mice per group. 823 

Data is from 3 independent experiments. Data are represented as mean ± SEM.  824 
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Fig. 6. HPCD infusions lower VCAM-1 in response to LPS in vivo. (a) Tissue [3H]-831 

cholesterol radioactivity normalized to tissue weight in male F/F and ECKO mice 72 h after i.v. 832 

administration of [3H]-cholesterol-HDL. Samples analyzed by two-way ANOVA with genotype 833 

and tissue as independent variables. P tissue < 0.0001; P genotype < 0.0061; P interaction < 834 

0.0001. n = 10 F/F and 7 ECKO. (b) Western blots for VCAM-1 in the lungs of female F/F and 835 

ECKO mice 1 year after Cre induction. n = 5 F/F and 4 ECKO. (c) Quantification of VCAM-1 836 

relative to Ve-cadherin measured by western blot as shown in Fig. 7B. (d) Immunofluorescence 837 

microscopy of VCAM-1 (pink), ERG (green) and DAPI (blue) in the lungs of female F/F and 838 

ECKO mice 3 weeks after Cre induction. Scale bar, 50 µm. (e) H & E staining in the lungs of 839 

female F/F and ECKO mice 3 weeks after Cre induction. Arrows indicate immune cells around 840 

vessels. Scale bar, 100 µm. (f) CD45-positive immune cells (purple) co-stained with the 841 

lymphatic vessel marker LYVE1 (green) and DAPI (blue) in the lungs of female F/F and ECKO 842 

mice 3 weeks after Cre induction. Scale bar, 50 µm. (g and h) VCAM-1 in the hearts and lungs 843 

of male F/F and ECKO mice injected with LPS for 20 mins before receiving i.v infusions of 844 

saline or HPCD. Tissues were collected 3 h after LPS injections. n = 5 F/F + saline, 5 ECKO + 845 

saline, 6 F/F + HPCD and 6 ECKO + saline. (i) qPCR in the lungs of male F/F and ECKO mice 846 

injected with LPS for 20 mins before receiving i.v infusions of saline or HPCD. Tissues were 847 

collected 3 h after LPS injections. n = 5 F/F + saline, 5 ECKO + saline, 6 F/F + HPCD and 6 848 

ECKO + saline. Data are represented as mean ± SEM with individual mice noted as dots.  849 
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Extended Data Figure 1. 858 

859 

Extended Data Fig. 1. Cholesterol directly binds to VCAM-1. (a) Structure of the KK-174 860 

probe. (b and c) The first lane in each condition represents cells with no cholesterol probe added 861 

before UV exposure. The remaining lanes represent cells loaded with 10 µM cholesterol-mimetic 862 

probe alone or with increasing concentrations of MβCD-cholesterol (30 µM or 100 µM) for 1 h 863 

before UV crosslinking. After UV exposure, cells were lysed, a rhodamine-azide tag was 864 

conjugated via click chemistry onto probe-bound samples, and cellular proteins were separated 865 

by SDS-PAGE. (b) Probe bound samples were visualized via the florescent rhodamine signal. (c) 866 

Coomassie staining of total cellular proteins from (b). (d) Competition assay showing that 867 

cholesterol competes with KK-174 for binding to VCAM-1 in HUVECs stably overexpressing 868 

human VCAM-1. Input shows VCAM-1 detected in whole cell lysates prior to 869 

immunoprecipitation and pellet shows VCAM-1 detected after streptavidin immunoprecipitation 870 

of probe bound proteins. (e) Amino acids 688-739 (corresponding to the TMD and CTD) in 871 
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human and mouse VCAM-1 with the CARC motif in the TMD highlighted in pink and the 872 

central tyrosine (Y) residue that was mutated in Fig. 1F highlighted in blue.  873 
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Extended Data Figure 2. 892 

 893 

Extended Data Fig. 2. Cholesterol binding stabilizes VCAM-1. (a) Western blot for VCAM-1 894 

in HUVECs cultured in media containing either 10% FBS with simvastatin or 1% FBS with 895 

simvastatin for 24 h before stimulation with LPS (100 ng/ml) for 0-24 h. (b) VCAM-1 western 896 

blots in cells stably overexpressing human VCAM-1 and cultured in media containing either 897 

10% FBS or 1% LPDS with simvastatin for 16 h. (c) VCAM-1 western blots in the NP-40 898 

resistant fraction of HUVECs stably overexpressing FLAG-VCAM-1 and cultured in media 899 

containing 1% LPDS with simvastatin for the indicated times. In the last two lanes, 100 µM 900 

MβCD-cholesterol or LDL (50 ug/ml) was added for the last 2 or 4 h of the 24 h LPDS chase, 901 

respectively. (d) Total plasma cholesterol in male WT mice 6 h after receiving i.v. infusions of 902 

either saline or LDL (n = 7 saline and 8 LDL). Data are represented as mean ± SEM with 903 

individual mice noted as dots.  904 
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Extended Data Fig. 3. 907 

 908 

Extended Data Fig. 3. PM cholesterol accessibility increases during EC activation and 909 

hypercholesterolemia. (a) HUVECs stably expressing FLAG-VCAM-1 and cultured in media 910 

containing 1% LPDS with simvastatin overnight were treated with or without neutral 911 

sphingomyelinase for 2 h before immunoblotting for VCAM-1. (b) En face imaging of aortas 912 

from female mice that had been perfused with cholesterol-binding mutant versions ALOD4-647. 913 

Samples were co-stained with VCAM-1 (red), Ve-cadherin (green), and DAPI (blue). Scale bar, 914 

30 µm. (c) ALOD4-488 binding to en face aortas of either male WT mice fed a chow diet or 915 

LDLR knockout mice that had been fed a Western diet for 20 weeks to induce atherosclerosis. 916 

Samples were co-stained with DAPI (blue). Scale bar, 30 µm.  917 
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Extended Data Fig. 4 920 

 921 

Extended Data Fig. 4. Aster-A undergoes post-translational stabilization in ECs after 922 

activation. (a) GRAMD1A (Aster-A), GRAMD1B (Aster-B) and GRAMD1C (Aster-C) 923 

expression relative to 36B4 in primary HAECs. (b) qPCR for SELE, VCAM1, ICAM1 and 924 

GRAMD1A (Aster-A) in immortalized HAECs treated with TNF for 0-24 h. (c) Endogenous 925 

Aster-A and ICAM-1 protein levels in HAECs treated with TNF (10 ng/ml) for 0-24 h. (d) 926 

Western blots for His-ALOD4 and HA-Aster-A in HAECs stably overexpressing HA-Aster-A or 927 

GFP after LPS exposure for 0-24 h. Data are represented as mean ± SEM.  928 
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Extended Data Fig. 5. 933 

934 

Extended Data Fig. 5. Nonvesicular cholesterol transport regulates inflammatory signaling 935 

in ECs. (a) Western blots for VCAM-1 in HAECs treated with (si)Control or (si)Aster-A and 936 

cultured in media containing 5% FBS with simvastatin overnight before exposure to LPS for the 937 

indicated times. (b) Western blots in HUVECs incubated with or without 100 µM MBCD-938 

cholesterol for 1 h before fractionation of cells into Triton-X100 resistant or Triton-X100 soluble 939 

domains. (c) qPCR analysis in cells cultured in LPDS with simvastatin overnight before being 940 

loaded with or without the same media containing 20% FBS for 4 h. Target genes were 941 

normalized relative to 36B4. (d) qPCR for VCAM1 relative to 36B4 in HAECs cultured in either 942 

10% FBS or 1% LPDS with simvastatin overnight before being stimulated with LPS (100 ng/ml) 943 

for 0-8 h. (e) Gramd1a mRNA in isolated hepatic ECs from F/F or ECKO mice. (f) Western blot 944 
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for Aster-A in isolated hepatic ECs from F/F and ECKO mice. (g) Gramd1a mRNA in liver 945 

tissue from F/F or ECKO mice. n = 3 F/F and 3 ECKO. Data are represented as mean ± SEM.  946 

Extended Data Fig. 6. 947 

 948 

Extended Data Fig. 6. HPCD infusions lower VCAM-1 in response to LPS in vivo. (a) 949 

Western blots for VCAM-1 in the lungs of male F/F and ECKO mice 3 weeks after Cre 950 

induction. (b) Total plasma cholesterol in male F/F and ECKO mice injected with LPS (60 951 

µg/mouse) for 20 mins before receiving i.v infusions of saline or HPCD (60 mg/mouse). Blood 952 

and tissues were collected 3 h after LPS injections. n = 5 F/F + saline, 5 ECKO + saline, 6 F/F + 953 

HPCD and 6 ECKO + saline. (c) qPCR in the hearts of male F/F and ECKO mice injected with 954 

LPS (60 µg/mouse) for 20 mins before receiving i.v infusions of saline or HPCD (60 mg/mouse). 955 

Tissues were collected 3 h after LPS injections. n = 5 F/F + saline, 5 ECKO + saline, 6 F/F + 956 
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HPCD and 6 ECKO + saline. Data are represented as mean ± SEM with individual mice noted as 957 

dots.  958 
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