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Abstract  24 

Background: Cholesterol-loading of mouse aortic vascular smooth muscle cells (mVSMCs) 25 

downregulates miR-143/145, a master regulator of the contractile state downstream of TGFβ 26 

signaling. In vitro, this results in transitioning from a contractile mVSMC to a macrophage-like 27 

state. This process likely occurs in vivo based on studies in mouse and human atherosclerotic 28 

plaques. 29 

Objectives: To test whether cholesterol-loading reduces VSMC TGFβ signaling and if cholesterol 30 

efflux will restore signaling and the contractile state in vitro and in vivo. 31 

Methods: Human coronary artery (h)VSMCs were cholesterol-loaded, then treated with HDL (to 32 

promote cholesterol efflux). For in vivo studies, partial conditional deletion of Tgfβr2 in lineage-33 

traced VSMC mice was induced. Mice wild-type for VSMC Tgfβr2 or partially deficient 34 

(Tgfβr2+/-) were made hypercholesterolemic to establish atherosclerosis. Mice were then treated 35 

with apoA1 (which forms HDL). 36 

Results: Cholesterol-loading of hVSMCs downregulated TGFβ signaling and contractile gene 37 

expression; macrophage markers were induced. TGFβ signaling positively regulated miR-143/145 38 

expression, increasing Acta2 expression and suppressing KLF4. Cholesterol-loading localized 39 

TGFβ receptors into lipid rafts, with consequent TGFβ signaling downregulation. Notably, in 40 

cholesterol-loaded hVSMCs HDL particles displaced receptors from lipid rafts and increased 41 

TGFβ signaling, resulting in enhanced miR-145 expression and decreased KLF4-dependent 42 

macrophage features. ApoA1 infusion into Tgfβr2+/- mice restored Acta2 expression and 43 

decreased macrophage-marker expression in plaque VSMCs, with evidence of increased TGFβ 44 

signaling. 45 
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Conclusions: Cholesterol suppresses TGFβ signaling and the contractile state in hVSMC through 46 

partitioning of TGFβ receptors into lipid rafts. These changes can be reversed by promotion of 47 

cholesterol efflux, consistent with evidence in vivo.   48 

 49 

Condensed abstract   50 

Many cells identified as macrophage-like in human and mouse atherosclerotic plaques are thought 51 

to be of VSMC origin. We identified cholesterol-mediated downregulation of TGFβ signaling in 52 

vitro in human (h)VSMCs by localization of TGFβ receptors in membrane lipid rafts, which was 53 

reversed by HDL-mediated cholesterol efflux. This restored VSMC contractile marker (Acta2) and 54 

suppressed macrophage marker (CD68) expression by promoting TGFβ enhancement of miR-145 55 

expression. In vivo, administration of apoA1 (which forms HDL) to atherosclerotic mice also 56 

promoted VSMC Acta2 expression and reduced CD68 expression. Because macrophage-like 57 

VSMC are thought to have adverse properties, our studies not only show mechanistically how 58 

cholesterol causes their transition, but also suggest that efflux-competent HDL particles may have 59 

a therapeutic role by restoring a more favorable phenotypic state of VSMC in atherosclerotic 60 

plaques.   61 

Running title:   62 

 HDL and TGFß signaling in cholesterol-loaded VSMCs. 63 

 64 

Abbreviations and Acronyms 65 

VSMC(s) Vascular smooth muscle cell(s) 66 

hVSMC(s) Human vascular smooth muscle cell(s) 67 

mVSMC(s) Mouse vascular smooth muscle cells 68 
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HDL High density lipoprotein 69 

TGFβ Transforming growth factor ß 70 

TGFβR1 Transforming growth factor β Receptor 1 71 

TGFβR2 Transforming growth factor β Receptor 2 72 

PSCK9 Proprotein convertase subtilisin/kexin type 9 73 

 74 

INTRODUCTION   75 

Atherosclerosis is a chronic inflammatory disease characterized by accumulation of lipid-laden 76 

foam cells in arteries1, 2. Despite advances in therapies in treating cardiovascular disease (CVD), 77 

residual risk remains with rupture of advanced atherosclerotic plaques, which leads to myocardial 78 

infarctions and strokes. Pre-clinical atherosclerosis research has predominantly focused on 79 

preventing plaque progression through reducing the number or inflammatory state of intraplaque 80 

monocyte-derived macrophages3-5. There has been increasing attention to vascular smooth muscle 81 

cells (VSMCs), as recent studies have extended understanding of their robust plasticity to the 82 

molecular level. Classically, it has been believed that VSMC, in addition to their contractile 83 

function in the arterial media, are also atheroprotective in the plaque intima by forming a fibrous 84 

cap to prevent rupture, in contrast to intimal macrophages, which during plaque progression, have 85 

a number of adverse effects, including foam cell formation, promotion of inflammation, and 86 

expansion of the necrotic core6.   87 

The distinction between ‘protective’ and ‘detrimental’ plaque cell types, however, has 88 

blurred with the development of lineage tracing and single cell RNA sequencing techniques. As 89 

noted above, VSMC can assume multiple phenotypes 7-9. Current understanding is that intimal 90 

VSMCs derive from a subset of cells that clonally expand from the medial wall to assume a sub-91 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2023. ; https://doi.org/10.1101/2023.10.19.562786doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.19.562786
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

endothelial position10, 11.  As the plaque progresses, these protective fibrous cap cells lose their 92 

expression of typical VSMC contractile genes (such as Acta2, Tagln, Myh11), migrate into the 93 

intima and adopt phenotypes of various other cell types, including macrophages12. It is not known 94 

yet whether this plastic nature of VSMC-derived cells can be influenced to stabilize the 95 

atherosclerotic plaque and prevent rupture, or what the signals are that dynamically regulate 96 

VSMC phenotype transitions during atherogenesis.  97 

With regard to the potential signals, the transforming growth factor beta (TGFβ) signaling pathway 98 

is of particular interest because of its well-known role in VSMC differentiation13. TGFβ receptor 99 

signaling is activated by the binding of TGFβ ligands to a heteromeric receptor complex composed 100 

of TGFβR1 and TGFβR213.  Activation of TGFβR1 leads to the phosphorylation of SMAD2 and 101 

SMAD3, which form a complex with SMAD4, which then migrates to the nucleus to influence the 102 

expression of contractile VSMC target genes, such as Acta214,15. We were struck by the report that 103 

the conditional deletion of TGFβ signaling in VSMCs promoted phenotypic switching in an aortic 104 

aneurysm mouse model, with the appearance of cells of VSMC origin expressing macrophage 105 

markers16. Taken with the finding in lung epithelial cells that cholesterol treatment increased 106 

accumulation of TGFβR1 and TGFβR2 in plasma membrane domains enriched in cholesterol (i.e., 107 

lipid rafts) and decreased TGFβ signaling17, this suggested a potential mechanism for our previous 108 

observations that cholesterol-loading of mouse VSMC promoted the down regulation of contractile 109 

genes18, 19. 110 

That cholesterol-loading may lower TGFβ signaling also in VSMC is reinforced by the findings 111 

that in loaded cells19 and in the aortae of hypercholesterolemic mice20, miR-143/145 are 112 

downregulated. These microRNAs are positively regulated by TGFβ21 and are known to promote 113 

the expression of mRNAs associated with the contractile state22. Interestingly, miR143/145 114 
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suppresses KLF4, a monocyte differentiation factor22,23. When KLF4 was knocked out in 115 

hypercholesterolemic mice, the percentage of cells of VSMC origin that expressed macrophage 116 

markers was reduced by 50%24. Thus, it is possible that loss of TGFβ signaling upon cholesterol 117 

loading can account for both the loss of the contractile state and the acquisition of macrophage 118 

characteristics. 119 

If the mechanism for the suppressive effects of cholesterol loading on TGFβ signaling in 120 

VSMCs is similar to that discovered in epithelial and endothelial cells, namely the partitioning of 121 

its receptors to lipid rafts17, this may also provide insight into the dynamic regulation of VSMC 122 

phenotypic transitions to macrophage-like cells. Previous work has shown that high density 123 

lipoprotein (HDL)-promoted cholesterol efflux reverses the effects of cholesterol loading on 124 

mouse VSMC in vitro19. Notably, HDL reduces lipid rafts in monocytes and macrophages by 125 

depleting them of cholesterol25, 26. Taken together, this suggests that the reversal of the cholesterol 126 

loaded VSMC phenotype by HDL may be through its restoration of TGFβ signaling through 127 

displacement of its receptors from lipid rafts. That this may contribute to atheroprotection would 128 

be consistent with the clinical data that functional (i.e., efflux competent) HDL particles are 129 

associated with decreased CVD event rates (e.g., 27, 28) and the pre-clinical data that raising HDL 130 

particle levels promotes plaque regression and increases fibrous cap formation29,30, 31.  131 

In the present study, therefore, we aimed at defining the relationships between HDL, 132 

cholesterol-loading, TGFβ signaling, miR-143/145 expression, and VSMC phenotypes. We have 133 

extended our previous studies in mouse VSMC to human coronary artery (hVSMCs).  We have 134 

also studied genetically altered atherosclerotic mice with reduced expression of Tgfβr2. As will be 135 

presented, cholesterol loading of hVSMCs indeed partitions the receptors into lipid rafts and 136 

impairs TGFβ signaling and miR-143/145 expression. Furthermore, phenotypic switching of 137 
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cholesterol-loaded hVSMCs to a non-contractile, macrophage-like state was reversed by 138 

increasing the levels of functional HDL particles, which displaced TGFβ receptors from lipid rafts 139 

and restored signaling. The mouse data we will present also indicate that the loss of the VSMC 140 

contractile phenotype in vivo may be restored when the level of functional HDL particles is raised. 141 

Taken together, our findings present TGFβ signaling as a key regulatory pathway of VSMC 142 

plasticity in hypercholesterolemic settings, with the potential to provide atheroprotection by the 143 

restoration of the signaling in intimal cells of VSMC origin.   144 

 145 

MATERIALS AND METHODS        146 

Cell Culture 147 

Human coronary artery smooth muscle cells (HCASMC) (referred to as hVSMC) were purchased 148 

from Cell Applications and maintained in complete medium (Cat. #311-500) as provided by the 149 

vendor. hVSMCs were used within 8 passages for all experiments. Cells were cultured until 90% 150 

confluence in 37°C in a 5% CO2 incubator. For cholesterol or TGFβ1 treatment, cells were serum 151 

starved for 24h in 0.2% BSA (in basal media without serum, Cat. #310-500), and treatments 152 

including methyl-β-cyclodextrin-cholesterol mixture (5µg/ml, Sigma; hereafter referred to as 153 

cholesterol treatment), TGFβR1 inhibitor (SB431542, Sigma), and recombinant human TGFβ-1 154 

(R&D Systems) were performed. 155 

Human high-density lipoprotein (HDL) isolation and apoA1 purification 156 

Human plasma was obtained from NYU Langone Medical Center blood bank. HDL was isolated 157 

from plasma by a sequential flotation ultracentrifugation method. Briefly, 30ml plasma was 158 

overlayed with 20 ml of 1.019 g/ml potassium bromide (KBr) density solution in 70 ml 159 

polycarbonate centrifuge tubes and ultracentrifuged at 40,000 rpm for 24 h at 40C to separate 160 
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chylomicrons, IDL, and VLDL as upper fractions. The lower fraction containing LDL and HDL 161 

was collected, adjusted to 1.080 g/ml density with KBr and overlaid with 1.063 g/ml KBr density 162 

solution and ultracentrifuged at 40,000 rpm for 24 h at 40C. The upper fraction (containing LDL) 163 

was removed, and the lower fraction (containing HDL and plasma proteins) was collected. 164 

Samples were adjusted to 1.225g/ml density with KBr and overlaid with 1.21 g/ml KBr solution 165 

and ultracentrifuged at 40,000 rpm for 24 h at 40C. The upper fraction containing HDL was 166 

collected and stored in -80°C until apoA1 purification, as described in32.   167 

Mice  168 

All experimental procedures were done in accordance with the New York University Grossman 169 

School of Medicine’s Institutional Animal Care and Use Committee (approved protocol # IA16-170 

00519). ROSA26 mT/mG. Myh11-CreERT2 /J mice and ROSA26 mT/mG. Myh11-CreERT2; 171 

Tgfβr2fl/fl/J mice containing Myh11- CreERT2 inserted on the Y chromosome33 were obtained 172 

from Dr. George Tellides (Yale School of Medicine). For animal studies, all analyses were blinded 173 

whenever possible through numerical coding of samples.  174 

Male mice of 8 weeks of age were intraperitoneally injected once with the mPCSK9D377Y 175 

gain-of-function transgene at 1.1x1012 viral particles/mouse (Penn Vector Core, University of 176 

Pennsylvania, PA). Two weeks post-PCSK9 injection, Cre-lox recombination was induced by 177 

injecting tamoxifen (Sigma) intraperitoneally at 1 mg/dose for 5 days. Mice were then placed on 178 

western diet (WD, containing 21% fat, 0.3% cholesterol, Dyets Inc.) for 20 weeks, ad libitum to 179 

develop advanced atherosclerotic plaques. Mice were monitored regularly and mice with a total 180 

cholesterol level less than 400 mg/dl were excluded from the study.  181 

 182 

 183 
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apoA1/HDL-mediated atherosclerosis regression 184 

Mice were randomly assigned to either progression (saline injection) or regression (apoA1 185 

injection) groups. To promote plaque regression, mice were continued on western diet and apoA1 186 

(500µg/mice) was administered subcutaneously twice a week for 2 weeks. Previous studies have 187 

shown that injected apoA1 rapidly associates with HDL particles34. Saline injections served as 188 

vehicle control.  189 

Plaque morphometrics and immunohistochemistry  190 

In vivo samples: Aortic root sections were fixed with 4% paraformaldehyde for 15 minutes, 191 

permeabilized with 0.1% Triton X-100 for 30 minutes, followed by blocking with 3% BSA in 192 

PBS. Sections were stained with CD68 (Bio-Rad) overnight at 4°C overnight. Sections were then 193 

incubated with Alexa-Fluor 647 goat anti-rat IgG secondary antibody (Life Technologies) and 194 

stained with DAPI to detect nuclei. Images were acquired on Leica TCS SP5 confocal microscope. 195 

For some samples, sections were stained with Phospho-SMAD2 (Ser465, Ser467) Polyclonal 196 

Antibody (ThermoFisher Scientific) followed by staining with FITC Anti-GFP antibody (Abcam), 197 

and DAPI staining to detect nuclei. Image processing and quantification of the stained area were 198 

performed using Image-Pro Plus software (Media Cybernetics). 199 

In vitro samples: hVSMCs were grown on sterile glass coverslips. After serum starvation (0.2% 200 

BSA in complete media) for 24h, cells were treated for 24h. Cells were washed with PBS twice 201 

and then fixed in 4% paraformaldehyde for 10 min. After being rinsed with PBS twice, cells were 202 

permeabilized with 0.1% TritonX-100 for 5min, followed by blocking in 4% normal goat serum 203 

in PBS. Anti-SMAD2/3 (Cell Signaling) were incubated at 1:200 dilution at 40C overnight. Alexa-204 

Flour 488-conjugated goat anti-rabbit IgG (Life Technologies) was used to detect SMAD2/3 205 

localization. Then, Alexa-Flour 568- Phalloidin (Life Technologies) was incubated at 1:50 dilution 206 
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for 30min. Coverslips were put on slides and mounted with medium containing DAPI. Images 207 

were acquired using Leica TCS SP5 confocal microscopy. 208 

Aortic digestion and flow cytometry 209 

Mouse aortic arches were incubated in digestion buffer containing liberase (Cat. # 273582, Roche), 210 

hyaluronidase (Cat. #3506, Sigma), DNase I (Cat. # DN25, Sigma), and 1 mol/L CaCl2 at 37°C 211 

for 15 minutes using the GentleMacs dissociator (Miltenyi Biotech, Bergisch Gladbach, 212 

Germany). The digested tissue was passed through a 70µm cell strainer, washed with 1× cold PBS 213 

and centrifuged at 350 g for 10 minutes at 4°C. Cells were incubated with viability dye eFluor 780 214 

(eBioscience, CA) for 30 minutes on ice, blocked with TruStain fcX (BioLegend, CA), and then 215 

stained with PE/Cy7 anti-mouse CD11b antibody (Cat. #101216; BioLegend) and BV605 anti-216 

mouse F4/80 (Cat. #123133; BioLegend) for 30 minutes on ice. Following this, SMC lineage 217 

positive (GFP+) cells that were double positive for CD11b and F4/80 macrophage markers were 218 

sorted on a fluorescence-activated cell sorter (FACS) Aria II cytometer (BD Biosciences, NJ) 219 

equipped with a 100 μm nozzle, and were stored in TRIzol reagent (Invitrogen) for RNA isolation. 220 

Real-Time qPCR 221 

Total RNA was isolated from cultured hVSMC using TRIzol reagent (Invitrogen). cDNA was 222 

synthesized from total RNA using Verso cDNA Synthesis Kit (ThermoFisher Scientific) or 223 

Taqman MicroRNA Reverse Transcription Kit (Applied Biosystems) according to the 224 

manufacturer’s instructions. For real-time qPCR, specific mRNA or miR-143/145 was amplified 225 

using Power SYBR Green PCR Master Mix (Applied Biosystems) or Taqman Universal PCR 226 

Master Mix, No AmpErase UNG (Applied Biosystems), respectively. Expression was normalized 227 

to GAPDH for mRNAs or U6 for miRNAs.  228 

 229 
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hVSMCs Extracellular Vesicles (EVs)  230 

2 x 10 6  hVSMCs  were seeded in to tissue culture flasks and incubated with 15 mL of serum free 231 

complete medium (Cat. #311-500) for 24 hours under control or cholesterol treated (methyl-β-232 

cyclodextrin-cholesterol mixture (5µg/ml, Sigma)) conditions using an established protocol35, 36 . 233 

EVs were isolated from conditioned cell culture media using differential ultracentrifugation. Cell 234 

culture superntats were harvested and cleared of cellular debris by centrifugation at 1000 g for 10 235 

minutes at 4oC. Cleared supernatants were transferred to new 15 mL tubes and stored at -80oC 236 

until processed. Samples were thawed on ice and centrifuged at 1000 g for 10 minutes at 4oC. 237 

Supernatants were transferred to 13.2 mL QuickSeal tubes (Beckman Coulter, California, United 238 

States) and were centrifuged at 120,000 g for 120 minutes at 4°C with a MLA55 fixed-angle rotor 239 

using an Optima MAX-XP ultracentrifuge (Beckman Coulter, California, United States). The 240 

pelleted hVSMCs EVs were resuspended in 100 μL PBS and washed in 13.2 mL PBS by 241 

ultracentrifugation at 120,000 g for 60 minutes at 4°C. Subsequently, pelleted hVSMCs EV were 242 

resuspended in 100μL of PBS (ThermoFisher Scientific, Massachusetts, United States) for 243 

subsequent analysis.  244 

 245 

Nanoparticle Tracking Analysis (NTA) 246 

hVSMCs EV particle size distribution and concentration profiles were determined by NTA using 247 

a Zetaview device (Particle Metrix, Inning am Ammersee, Germany) as previously described 248 

(Akbar et al., 2022). The Zetaview measured the sample chamber from 11 different positions in 249 

two continuous cycles. The settings were set at sensitivity 80, frame 30 and shutter speed 100. 250 

Silica 100 nm microspheres (Polysciences Inc., Philadelphia, United States) were used to quality 251 
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check the instrument performance daily. Prior to injection into the sample chamber, samples were 252 

diluted in PBS 1:1000.  253 

 254 

Western Blotting 255 

Cells were washed with PBS twice, and protein was extracted in RIPA buffer containing protease 256 

inhibitor mixture (Sigma) and phosphatase inhibitor cocktail (Roche). Protein concentration was 257 

determined by Bradford method (Bio-Rad). Equal amounts of protein were fractionated by SDS-258 

PAGE, transferred to nitrocellulose membranes (Whatman). The membrane was blocked with 5% 259 

non-fat milk or 5% BSA for 1 h, and then incubated with the indicated primary antibody overnight 260 

at 4°C. After a 1h-incubation with the appropriate secondary antibody, specific signals were 261 

detected by ECL chemiluminescent detection reagent (GE Healthcare). The signals were 262 

quantified by densitometry analysis (Image J). The primary antibodies used were as follows: 263 

ACTA2 (Sigma, Cat. #A2547); CNN1 (DAKO, Cat. #M3556); SRF (Cell signaling, Cat. #5147); 264 

p38MAPK (Santa Cruz Biotechnology, Cat.#sc-535); SMAD2/3 (Cell Signaling, Cat. #8685); 265 

TUBA (Sigma, Cat. #T-5168); and SMAD2 (Cell Signaling, Cat. #3103), phospho-SMAD2 (Cell 266 

Signaling, Cat. #3101S), phospho-p38MAPK (Cell Signaling, Cat. #9211S), SMAD4 (Cell 267 

Signaling, Cat. #9515); CD68 (AbD Serotec, Cat. #MCA1815); KLF4 (Cell Signaling, Cat. 268 

#12173); PU.1(Santa Cruz Biotechnology, Cat. #sc-352); TGFβR1 (Cell Signaling, Cat. #3712); 269 

TGFβR2 (Santa Cruz Biotechnology, Cat. #sc-400); Caveolin (BD Transduction Laboratories, 270 

Cat. #610059); CD71 (Cell Signaling, Cat. #13113); GAPDH (Ambion, Cat. #AM4300). 271 

 272 

 273 

 274 
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Imaging and analysis 275 

Images were acquired Leica TCS SP5 confocal microscope. Image processing, analysis and cell 276 

counting, were performed using Image J software.  277 

 278 

siRNA and miRNA Mimic/Inhibitor Transfections 279 

miR-143/145 mimics (60nM)/inhibitors(60nM) and siRNA (60nM) against human KLF4 (On-280 

Target plus SMART pool siRNA) were purchased from Dharmacon. hVSMCs were transfected 281 

with 60nM of siRNA or miRNA mimic/inhibitor using RNAiMAX transfection reagent 282 

(Invitrogen) according to the manufacturer’s instructions. 24h post transfection, treatments were 283 

performed as indicated elsewhere. 284 

 285 

Cellular Cholesterol Measurement 286 

Cellular lipids were extracted by using a hexane/isopropyl alcohol (3:2) mixture, followed by 287 

cellular protein extraction with 0.2 N NaOH as described37.Total cholesterol was determined by 288 

using kits from Wako. Total cellular protein content was determined using Bradford assay (Bio-289 

Rad). 290 

 291 

TGFβ Assay  292 

The TGFβ concentration was measured using mink lung epithelial cells stably transfected with an 293 

expression construct containing a truncated PAI-1 promoter fused to the firefly luciferase reporter 294 

gene as described38. The cells were kindly provided by Drs. D. Rifkin and J. Munger (New York 295 

University Grossman School of Medicine). 296 

 297 
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Lipid raft isolation 298 

Lipid rafts were fractionated as described39, followed by western blotting. All steps were 299 

performed on ice. Briefly, cells were washed and then scraped in base buffer (20 mM Tris-HCl, 300 

pH 7.8, 250 mM sucrose, supplemented with 1 mM CaCl2 and 1 mM MgCl2). Cells were subjected 301 

to centrifugation for 2 min at 250 g and the resulting pellet was resuspended in 1 ml of base buffer 302 

containing protease inhibitors. Cells were lysed by passage through a 22g × 3″ needle 20 times, 303 

and the lysates were centrifuged at 1,000 g for 10 min. The resulting post nuclear supernatant was 304 

collected and transferred to a separate tube. 1 ml of base buffer (+Protease inhibitor) was added to 305 

the cell pellet and passed through the needle and syringe for 20 times for lysis. The resulting lysate 306 

was centrifuged at 1,000g for 10 min, and the second post nuclear supernatant was combined with 307 

the first. An equal volume (2 ml) of 50% OptiPrep (diluted in base buffer) was added to the 308 

combined post nuclear supernatants and placed in the bottom of a 12 ml centrifuge tube. 8 ml 309 

gradient of 0% to 20% OptiPrep in base buffer was layered on top of the lysate, which was now 310 

25% OptiPrep. Gradients were centrifuged for 90 min at 52,000 g using an SW-41 rotor in a 311 

Beckman ultracentrifuge. A distinct band was observed at the interface between the 20% end of 312 

the gradient and the 25% OptiPrep bottom layer. Gradients were collected into 0.67 ml fractions, 313 

and the distribution of various proteins was assessed by Western blotting. 314 

 315 

Statistics 316 

All statistical analyses were performed using Prism 9 (GraphPad). P values were calculated using 317 

an unpaired t-test for pairwise data comparisons or one-way analysis of variance (ANOVA) for 318 

data comparisons of two or more independent groups. A p-value of ≤0.05 was considered 319 

significant. 320 
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RESULTS       321 

Cholesterol loading of human VSMCs leads to downregulation of contractile gene 322 

expression.  323 

Previously we demonstrated that cholesterol loading in mouse VSMC (mVSMC) downregulated 324 

contractile gene expression18, 19. To extend the observations to human VSMCs, we used human 325 

coronary artery vascular smooth muscle cells (hVSMC) as a model system. Cholesterol-326 

cyclodextrin complex was used to deliver cholesterol to hVSMC as previously18, 19, 40. Increases in 327 

the cellular contents of total cholesterol (Figure S1.A) and neutral lipid (presumably cholesteryl 328 

ester; CE) (Figure S1.B) confirmed the effectiveness of the loading protocol. MTT assays were 329 

performed to assess cell viability, which showed no adverse effects of cholesterol loading for at 330 

least 60h (Figure S1.C).  331 

Consistent with our studies in mVSMC, there was a time-dependent decrease in the 332 

expression of the contractile gene smooth muscle cell marker Acta2, by ~50% after 24h and ~75% 333 

after 48h of cholesterol loading (Figure 1A). We also determined the expression for other VSMC 334 

contractile-state markers, namely Transgelin (Tagln) and Calponin (Cnn1), and these were also 335 

downregulated (Figure 1B). We have reported that in mVSMC, cholesterol loading downregulated 336 

the expression of two key transcription factors, myocardin (Myocd) and serum response factor 337 

(Srf), which govern the contractile VSMC phenotype19. Indeed, Myocd and Srf mRNAs were also 338 

downregulated in cholesterol-loaded hVSMCs (Figure 1B). We also confirmed the 339 

downregulation of α-SMA and CNN1 at the protein level (Figure 1C-E).  340 

Taken together, our data indicate that cholesterol-loading downregulates the expression of 341 

contractile-state associated genes in hVSMCs in vitro.  342 

 343 
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TGFβ signaling is downregulated in cholesterol-loaded hVSMCs.  344 

Having established an attenuated hVSMC contractile phenotype with cholesterol loading, we next 345 

wanted to understand the mechanism for this. We focused on the TGFβ pathway because of its 346 

prominence in promoting the contractile state of VSMC across species13 and a pilot study that 347 

suggested cholesterol loading reduces TGFβ signaling in mVSMC19.  348 

Additionally, we were interested in the connections between TGFβ signaling, miR143/145, 349 

and cholesterol-loading based on multiple lines of reasoning: 1) TGFβ signaling positively 350 

regulates hVSMC contractile phenotype in part by promoting the expression of miR143/14522; 2) 351 

Cholesterol loading in mVSMC downregulates miR-143/145, resulting in the loss of the contractile 352 

phenotype, and miR-143/145 mimics protects against this loss19; 3) Consistent with this, miR-353 

143/145 expression is downregulated in aortic VSMCs in hypercholesterolemic apoE-/- mice41,20; 354 

and, in epithelial and endothelial cells cholesterol loading attenuates TGFβ signaling17, 42. The 355 

following series of experiments were performed, then, to test the model that cholesterol-loading 356 

reduces TGFβ signaling, which in turn decreases miR143/145 expression, resulting in the 357 

diminution of the contractile phenotype of hVSMCs. 358 

  As shown in Figure 2A and B, hVSMCs treated with TGFβ1 exhibited upregulation of the 359 

transcripts of the precursors of miR143 and 145, namely pri-miR143 and 145; strikingly, in the 360 

cholesterol-loaded cells, the responses to TGFβ1 treatment were attenuated. Furthermore, the 361 

expressions of contractile genes Acta2 and Tagln were induced by TGFβ1 in control hVSMC, but 362 

this was also attenuated in cholesterol-loaded cells (Figure 2C & D).  363 

Next, we over-expressed miR143 or miR145 mimics in control or in cholesterol-loaded 364 

hVSMCs. Of the 2 mimics, only miR145 upregulated the level of Acta2 mRNA in cholesterol-365 

loaded hVSMC to a comparable level to that in unloaded cells (Figure 2E). In addition, the miR-366 
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145 mimic prevented the suppression of Srf, a master regulator of the VSMC contractile phenotype 367 

in cholesterol-loaded cells (Figure 2F).  Henceforth, we focused on miR145 for further studies. As 368 

shown in Figure 2G, the level of Acta2 mRNA in TGFβ1-treated cholesterol-loaded cells was 369 

attenuated compared to that in TGFβ1-treated non-loaded cells. Notably, in the presence of a 370 

miR145 inhibitor, in cholesterol-loaded VSMCs TGFβ1 treatment failed to increase Acta2 mRNA 371 

over that in the control cells. These results suggest that the efficacy of TGFβ1 to oppose the effects 372 

of cholesterol-loading on contractile gene expression depends on its ability to induce miR-145 373 

(Figure 2G).  374 

To extend these findings, we next directly determined whether cholesterol-loading 375 

decreased TGFβ1 signaling. Despite no changes in the expression levels of key downstream factors 376 

total SMAD2/3 by either cholesterol loading (Figure S2A) or TGFβ1-signaling inhibition using 377 

SB43154243 (Figure S2B) , both of these treatments decreased contractile gene expression (Acta2) 378 

in hVSMCs (Figure S2C and Figure 1, respectively), and by confocal microscopy cholesterol 379 

decreased the level of active (nuclear) SMAD phosphorylated species even in the presence of 380 

TGFβ (Figure 2H). In an independent analysis (Figure 2I), the cholesterol loading-associated 381 

decrease in TGFβ1 stimulation of SMAD2/3 phosphorylation was dose-dependent, and also 382 

resulted in reduced expression of α-SMA at the protein level.  383 

In the above experiments, exogenous TGFβ1 was added. VSMCs are known to secrete 384 

TGFβ1. To see if there is the potential for an autocrine/paracrine pathway based on endogenous 385 

production in the in vitro model, we measured the concentrations of both the active and latent 386 

forms of TGFβ1 in the conditioned medium of hVSMCs.  As shown in Figure S3, the level of the 387 

active form (~30 pg/mL; Figure S3A) was sufficient to activate signaling in a reporter cell assay 388 
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(Figure S3B), and was in the range of the concentration of recombinant TGFβ1 that promotes 389 

SMAD2/3 phosphorylation and α-SMA induction (Figure S3C).  390 

Overall, the results in this section support the model proposed above, namely that 391 

cholesterol-loading reduces TGFβ signaling, which in turn decreases miR143/145 expression, 392 

resulting in the attenuation of the contractile phenotype in hVSMCs. Furthermore, the pool of 393 

TGFβ1 whose signaling is being regulated by cholesterol-loading may be a component of an 394 

autocrine/paracrine process.  395 

Cholesterol loading partitions TGFβR1/R2 to lipid rafts and is associated with loss of TGFβ 396 

signaling.   397 

Lipid rafts are small free cholesterol (FC)-enriched portions on plasma membranes. The signaling 398 

activity of receptors can vary depending on their presence or absence in lipid rafts44. It has been 399 

reported that FC-loading increases lipid raft domains in multiple cell types, including VSMC45. 400 

Previous studies alluded to above in (mink lung) epithelial cells and (bovine aortic) endothelial 401 

cells (BAECs) have shown that when the receptor complex for TGFβ1, TGFβR1/R2 heterodimers, 402 

is in lipid rafts, TGFβ signaling is suppressed17, 46-49. Given the results in the previous section, 403 

implicating cholesterol enrichment of hVSMC with loss of TGFβ signaling, we hypothesized that 404 

this was because of consequent enrichment in lipid raft partitioning of TGFβ receptors.  405 

To test this hypothesis, we determined the effects of cholesterol-loading on the distribution 406 

of TGFβR1/R2 in plasma membranes of hVSMCs. As shown in Figure 3, cholesterol loading 407 

resulted in enrichment of the receptor complex in the lipid raft region (gradient fractions 3-5), 408 

whereas in the control cells, the receptors were more abundant in the non-raft region (fractions 8-409 

10) (Figure 3A&B). Caveolin-1 (CAV1) and the transferrin receptor (CD71) served as markers for 410 

lipid rafts, and non-raft fractions, respectively (Figure 3A)39.  411 
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Because extracellular vesicle (EV) shedding can be greater from lipid rafts than from other 412 

plasma membrane domains50, 51, another contributor to decreased TGFβ signaling could be the loss 413 

of the receptors themselves.  Thus, we first determined the total EVs produced by cholesterol-414 

loaded and unloaded hVSMCs. Indeed, cholesterol-loading increased the total number and 415 

concentration of EV-like particles released into the cell supernatants (Figure S4.A&B). Next, we 416 

isolated the EVs and performed ELISA to determine the contents of TGFβR1/R2. There was no 417 

difference in the recovery of either TGFβR1 or R2 in EVs from control or cholesterol-loaded 418 

hVSMC (Figure S4.C&D). Consistent with this were the levels of TGFβR1 or R2 in whole cell 419 

lysates, which showed no differences in their expression between control and cholesterol-loaded 420 

hVSMC (Figure 3C-E).  421 

Overall, these results imply that it is the plasma membrane lipid raft distribution of the 422 

receptors, but not the receptor expression levels, that plays a key role in cholesterol-mediated 423 

dysregulation of TGFβ signaling.  424 

HDL restores the signaling of TGFβ receptors and redistributes them out of lipid rafts.  425 

We previously reported that HDL and apoA1 (the HDL-forming apolipoprotein) reversed the 426 

reduction in mVSMC contractile gene expression19. Therefore, we wondered if HDL restored 427 

contractile gene expression in cholesterol-loaded hVSMCs, and if so, whether it was by re-428 

establishing TGFβ signaling by redistribution from lipid rafts. This would be consistent with the 429 

known ability of HDL to reorganize lipid rafts and modulate other signaling pathways26, 52.  430 

To begin to address this, we loaded hVSMCs with cholesterol for 24h and then treated for 431 

24 h with HDL particles (isolated from human plasma; Materials and Methods) to promote 432 

cholesterol efflux and lipid raft re-organization. As shown in Figure 4A, in hVSMC that had been 433 

cholesterol-loaded, HDL restored SMAD2 phosphorylation in response to TGFβ1 to the level 434 
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observed in non-loaded cells. Furthermore, the expressions of Myocd, miR143/145 (Figure 4B), 435 

Acta2 (Figure 4C), and Cnn1 (Figure 4D) were also restored by HDL treatment in cholesterol-436 

loaded cells. That this was related to HDL-mediated cholesterol efflux was supported by the 437 

increase in the expression of the SREBP-regulated gene HMG-CoA reductase (Hmgcr), which was 438 

suppressed by cholesterol-loading (Figure 4E). To confirm that HDL mediated restoration of the 439 

contractile pattern of gene expression via TGFβ signaling, as suggested by the SMAD2 440 

phosphorylation results, we employed SB431542, a TGFβR1 kinase inhibitor (TGFβR1i) that 441 

decreases SMAD phosphorylation and TGFβ signaling43. As shown in Figure 4F, SB431542 442 

(labeled as TGFβR1i) diminished the HDL-mediated effect on hVSMC Acta2 gene expression.   443 

We next determined whether the restorations of TGFβ receptor signaling and contractile 444 

gene expression were related to HDL-induced lipid raft re-organization. As shown in Figure 5A, 445 

that HDL treatment was successful in re-organizing lipid rafts was indicated by CAV1 now being 446 

found in the dense gradient fractions, consistent with studies showing that cellular cholesterol 447 

depletion re-localizes this protein from lipid rafts to Golgi/ER membranes53, which are found in 448 

the bottom fractions of the sucrose gradient. Concomitant with this re-distribution of CAV1, both 449 

TGFβ receptors, which were previously enriched in lipid rafts after cholesterol loading (Figure 3), 450 

were now predominantly in the non-lipid rich fractions (Figure 5A; quantified from multiple 451 

gradients in Figure 5 B&C), where they are more active in signaling17, 46-49.  Along with the re-452 

distribution of the lipid rafts, there was an increase in pSMAD2 levels (reflective of increased 453 

receptor signaling) in cholesterol-loaded hVSMCs incubated with HDL (Figure 5D).  454 

 455 

 456 
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Cholesterol-loading of hVSMC promotes a macrophage-like state, which is reversed by 457 

HDL. 458 

We have previously reported in mVSMC that cholesterol-loading resulted not only in the loss of 459 

the contractile phenotype, but the assumption of a macrophage-like state18, 19. This was consistent 460 

with studies in mice and humans showing atherosclerotic plaques containing many macrophage-461 

like cells (as detected by marker expression) of VSMC origin (e.g.12, 24, 54-56). Therefore, we sought 462 

to determine whether this could be explained by cholesterol-loading of hVSMC and, if so, what 463 

the mechanism would be.  464 

As shown in Figure 6A, at 48h, cholesterol-loading of hVSMC again decreased the mRNA 465 

levels of Acta2, whereas that of Cd68, a commonly accepted macrophage marker, was upregulated. 466 

Note that the time courses of these changes were different, with significant decreases in the mRNA 467 

levels for Acta2 occurring at 24h and for Cd68 at 48h. This temporal pattern suggested that the 468 

loss of TGFβ signaling (reflected by the decrease in Acta2 mRNA expression) likely precedes the 469 

gain in the mRNA expression of the macrophage marker Cd68. We hypothesized that this 470 

represented a functional link between the loss of TGFβ signaling and the gain of macrophage-like 471 

features. A prime candidate to be central in this link is KLF4, given that it is a known monocyte 472 

differentiation factor57 whose expression is repressed by miR143/14522 (which, as noted above, 473 

are induced by TGFβ signaling)21, and whose deficiency in mVSMC reduced the macrophage-like 474 

cells in mouse atherosclerotic plaques by ~36%24.  475 

In an initial experiment, hVSMC were cholesterol-loaded for 48h, which resulted in 476 

upregulation of Klf4 mRNA and protein (Figure 6B&C). Notably, the cholesterol-induced increase 477 

in CD68 was blocked by siRNA to Klf4 (Figure 6D). We hypothesized that the effects of 478 

cholesterol loading on Klf4 expression were a result of the reduction in miR143/145 as a 479 
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consequence of reduced TGFβ signaling. This relationship was supported by the ability of a mimic 480 

of miR145 to prevent the reduction in KLF4 and CD68 in cholesterol-loaded hVSMC, while also 481 

increasing α-SMA (Figure 6E).  482 

We next studied the effects of HDL on the phenotype of hVSMCs loaded with cholesterol. 483 

As shown in Figure 6F, KLF4 (Figure 6F) and CD68 expression (Figure 6G) were reduced by 484 

HDL. In addition, when an inhibitor of TGFβ signaling was used, the restorative effects of HDL 485 

were lost (Figure 6H).  486 

Taken together, these results show that, as in mVSMC, cholesterol-loading promotes 487 

macrophage-like features in hVSMC, and that HDL can reverse this and restore the contractile 488 

state. Furthermore, the likely mechanism involves the restoration by HDL of TGFβ signaling, 489 

which results in upregulation of miR143/145 and repression of KLF4.   490 

 491 

HDL-mediated regression reduces the percentage of VSMC-derived macrophage-like cells 492 

in the advanced atherosclerotic plaque.  493 

Our results show that HDL mediates the transition of cholesterol-loaded hVSMC-derived 494 

macrophage-like cells back to a contractile VSMC phenotype by regulating TGFβ signaling in 495 

vitro.  The current thinking is that macrophages and macrophage-like cells take up lipoproteins to 496 

form foam cells that contribute to plaque progression and inflammation3. There are currently no 497 

pharmacological agents that are known to drive VSMC-derived macrophage-like foam cells 498 

towards their original phenotypic state, which are assumed atheroprotective. That this issue is 499 

relevant to both pre-clinical and clinical atherosclerosis is emphasized by the reports that at least 500 

half of the foam cells with macrophage features in human plaques are VSMC-derived54, with 501 

similar findings in mice55.  Thus, based on our results in vitro, in which cholesterol-loading of 502 
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hVSMC promoted a macrophage-like phenotype and HDL reversed it, we hypothesized that a 503 

similar phenomenon could occur in vivo.  504 

To test this hypothesis, we studied mVSMC lineage tracing mice (reported in33) with the 505 

partial conditional deletion of Tgfβr2 (Myh11-CreERT2:ROSA26mTmG/+: TgfbrIIfl/+; hereafter 506 

referred to as Tgfβr2+/- mice), and induced atherosclerosis via recombinant adeno-associated virus 507 

(AAV.8) PCSK9 injection to raise cholesterol levels58.  Mice with native TGFβ signaling (Myh11-508 

CreERT2; ROSA26mTmG/+; Tgfβr2+/+), referred to as Tgfβr2+/+ mice, were used as controls.  509 

The use of partial knockdown of Tgfβr2 in VSMCs allowed us to better determine whether HDL 510 

restored a VSMC contractile phenotype in hypercholesterolemic mice, as homozygous knockout 511 

mice manifest macrophage marker-positive cells of VSMC origin in the absence of 512 

hypercholesterolemia16, likely related to the total absence of VSMC TGFβ signaling. 513 

After tamoxifen-induced recombination and AAV.8-PCSK9 injection, Tgfβr2+/- and 514 

Tgfβr2+/+ mice were fed a Western Diet (WD) for 16 weeks.  One group of mice were injected 515 

with saline, which served as progression group, while another group was injected with apoA1 516 

(500μg/dose/mice), which rapidly assembles into cholesterol-efflux promoting HDL particles32, 34. 517 

We found no differences in body weights between the different groups and genotypes (Figure 518 

S5A). In vivo efficacy of PCSK9 injection was confimed by plasma total cholesterol (Figure S5B). 519 

An increase in plasma HDL cholesterol was observed in apoA1 injected mice, confirming the in 520 

vivo assembly of HDL from apoA1 (Figure S5C). Treatment was given every 2 days for 2 521 

additional weeks of WD feeding (Figure 7A).   522 

As expected, in the progression group,  Tgfβr2+/- mice displayed a  20% increase in GFP+ 523 

CD68+ cells within the plaque compared to the  Tgfβr2+/+ mice, indicative of increased mVSMC 524 

assumption of a macrophage-like phenotype (Figure 7B&C).  After the injections of apoA1, the 525 
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Tgfβr2+/+ mice and Tgfβr2+/- mice exhibited 10% and 22% decreases (Figure 7C), respectively, 526 

in GFP+ CD68+ cells, suggesting that the macrophage-like phenotype of the plaque mVSMCs 527 

underwent at least partial reversion to the contractile phenotype. In an independent analysis, we 528 

found that SMCs (GFP+cells) expressed higher percent of macrophage markers 529 

(GFP+CD11b+F4/80+) in Tgfβr2+/- as compared to  Tgfβr2+/+ (Figure 7D). Conversely, in 530 

regressing mice, the % of GFP+CD11b+F4/80+ cells was significantly reduced in Tgfβr2+/+ 531 

compared to its corresponding progression group (Figure 7D). Similar changes in the % of 532 

GFP+CD11b+F4/80+ cells were found in Tgfβr2+/- in regression as compared to their 533 

corresponding progression groups (Figure 7D). Similarly, we found comparable increases in Acta2 534 

expression in both   Tgfβr2+/+ and Tgfβr2+/- in mice injected with apoA1 (regression), compared 535 

to their respective progression groups (Figure 7E). That these changes were associated with 536 

increased TGFβ signaling, we also quantitated the number of cells immunopositive p-SMAD2. As 537 

shown in Fig. S6, apoA1 treatment was indeed associated with trends of increased positivity in 538 

both the mice WT and haploinsufficent for Tgfβr2 in plaques and in the media.  539 

 540 

DISCUSSION  541 

VSMCs in normal arteries have been studied typically for their contractile functions. In 542 

atherosclerotic plaques, these cells migrate from medial layer into the intima and then proliferate10, 543 

59, where they can assume many fates. For example, these cells are major contributors to the 544 

smooth muscle actin+ (SMA+), collagen secreting cell population, thereby governing fibrous cap 545 

thickness and plaque stability60-62. Another fate in both mouse and human plaques is the acquisition 546 

of macrophage and macrophage foam cell-like features, either directly in vitro or after a transition 547 

in vivo to a multipotent SEM (“stem, endothelial, and monocyte”) cell (reviewed in59). Cells of 548 
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VSMC origin are estimated to be a significant proportion (as high as ~60-70%) of the macrophage 549 

marker+ cell population in plaques55. While the functional consequence of this is still a topic of 550 

speculation, the sheer abundance of these cells has called attention to the process whereby they 551 

originate, whether the process is reversible, and whether they contribute to the risk of adverse 552 

clinical events. 553 

The present study provides insights into the mechanisms of hVSMC loss of the contractile 554 

phenotype and the transition to the macrophage-like phenotype in atherosclerotic plaques. First, 555 

we show that cholesterol-loading of hVSMCs dampens contractile and enhances macrophage gene 556 

expression in a time-dependent manner by impairing TGFβ signaling. Furthermore, an important 557 

consequence of this impairment is the decrease in the expression of miR143/145, important 558 

molecular factors for the positive maintenance of the VSMC contractile phenotype and 559 

suppression of the macrophage-like features. The suppression of TGFβ signaling by cholesterol-560 

loading was driven by TGFβR1/2 enrichment in lipid rafts. This result is supported by evidence 561 

that epithelial and endothelial cells that are cholesterol-loaded also undergo TGFβR localization 562 

to rafts and suppression of TGFβ signaling (reviewed in17). It should be noted that another 563 

“negative feedback” regulator of TGFβ signaling in VSMCs has recently been described63, in 564 

which the protein LM07, initially induced by TGFβ after vascular injury, subsequently reduces 565 

TGFβ transcription. Thus, depending on the context, vascular injury or hypercholesterolemia, 566 

these and other mechanisms to reduce TGFβ signaling may be operative64. 567 

We also demonstrate that treatment of cholesterol-loaded hVSMCs with HDL re-partitions 568 

TGFβRs to non-raft membrane domains, resulting in increased TGFβ-induced downstream 569 

signaling and culminating in increased miR143/145 expression. This restored the contractile 570 

phenotype and suppressed KLF4-induced macrophage marker expression. These changes were 571 
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likely related to the known ability of apoA1 and HDL to deplete lipid rafts in monocytes and 572 

macrophages by promotion of cholesterol efflux25, 26, which is consistent with finding that HDL 573 

did not have significant effects on the expression of miR143/145 or Klf4 in ABCA1-deficient 574 

mVSMCs65. To extend our findings to the in vivo setting, we used a murine model of 575 

atherosclerosis with VSMC lineage marking. Consistent with the data in vitro, TGFβR-576 

haploinsuffiency increased the proportion in plaques of macrophage marker+ VSMC cells, and 577 

apoA1 injections, which we have previously shown to rapidly deplete plaques of cholesterol34, 578 

decreased this proportion and increased Acta2 expression. Furthermore, these changes were 579 

associated with evidence that TGFβ signaling was increased in the plaques and the adjacent media.  580 

  VSMC-derived macrophage-like cells have been proposed to promote plaque 581 

inflammation through a variety of mechanisms15 and has led to consideration of strategies to revert 582 

this phenotype. The results of our studies suggest that apoA1 or HDL particles can accomplish 583 

this, given their success to effect favorable changes in cholesterol-loaded mouse19, 65 or hVSMCs 584 

(this study). This would also be consistent with genetic and clinical studies that have found an 585 

atheroprotective relationship not with plasma HDL cholesterol levels, but, rather, with the 586 

cholesterol efflux function of HDL particles (reviewed in66). The results with the treatment of mice 587 

with apoA1 not only extend the in vitro results, but also suggest that the decreased expression of 588 

ABCA1 in intimal VSMCs reported in mouse and human plaques54, 55 does not preclude the 589 

benefits of functional HDL in vivo, either because the level we used overcame this deficiency, or 590 

that efflux was accomplished by one of the other well characterized routes of HDL-mediated 591 

efflux, such as through ABCG1, aqueous diffusion, or SR-B167.  Indeed, studies in vivo have 592 

shown that cholesterol flux after administration of HDL particles is preferentially mediated by SR-593 

B1 and ABCG167. 594 
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Because a key consequence of HDL treatment was its induction of miR143/145 in 595 

cholesterol-loaded hVSMCs, a potential approach to maintaining or restoring the contractile state 596 

of VSMCs in atherosclerotic plaques could focus directly on these microRNAs rather than on 597 

factors upstream of them. Indeed, there are two recent studies in which micelles containing 598 

miR145 were used to treat either hVSMCs isolated from atherosclerotic plaques or mice with 599 

atherosclerosis41, 68. In the former study, the authors found that with increasing disease severity, 600 

patient-derived hVSMCs had decreasing levels of contractile markers and increasing levels of 601 

KLF468. Notably, treatment with miR145 micelles rescued contractile marker expression to 602 

baseline levels. In the mouse study, treatment with miR145 micelles increased mVSMC contractile 603 

marker expression, collagen content and reduced necrotic core in both early atherosclerosis 604 

progression and in well-established disease41. One caveat is that the micelles target CCR2, which, 605 

in addition to macrophage-like mVSMCs, would also be expected to result in uptake by monocytes 606 

and macrophages.   607 

These results taken with the favorable effects of apoA1/HDL on TGFβ signaling in vitro 608 

and on Acta2 and CD68 expression in vivo, strengthen the case for therapeutic approaches to 609 

boosting of TGFβ signaling if the macrophage-like state is established as deleterious. Besides the 610 

present data, such an approach is supported by the growing body of literature implicating impaired 611 

TGFβ signaling in the promotion of vascular disease. For example, deletion of Tgfβr2 in mVSMCs 612 

in Apoe-/--deficient mice worsened plaque burden and increased the frequency of phenotypic 613 

switching to a macrophage-like cell69. In normocholesterolemic mice, the deletion of Tgfβr2 in 614 

VSMCs induced the appearance of macrophage markers in mVSMC in the mouse aortic wall 615 

during aneurysm formation16. Additionally, in atherogenic conditions, Smad3 deficiency in 616 

mVSMCs promoted chondrogenic and ECM-remodeling phenotypes70.  In contrast, mVSMC-617 
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specific knockdown of the transcription factor Zeb2 increased the chromatin accessibility of TGFβ 618 

signaling mediators and beneficially modulated SMC phenotype71.   619 

While the observations from the Simons lab (Chen et al.69), demonstrating an increase in 620 

macrophage-like VSMCs after TGFβ impairment, aligns with the present findings, it should be 621 

noted that in a report from the Quertermous lab (Cheng et al.71) found no evidence of a VSMC-622 

derived macrophage-like transition in mouse atherosclerotic plaques.  This could be a result of the 623 

chosen VSMC model, as we and Chen et al.69 utilized conditional Tgfβr2 deleted mice, whereas 624 

Cheng et al.71 conditionally knocked out the downstream mediator Smad3.  Since Smad3 may be 625 

activated by other pathways (eg., non-canonical TGFβ signaling), this could limit the overlap in 626 

the observed phenotypes. Consistent with this are the differences highlighted during murine 627 

development, wherein Tgfbr2-/- mice are embryonically lethal72, but Smad3-/- mice are not73, 628 

suggesting that signaling through these two molecules have fundamental differences.   629 

In conclusion, cholesterol-loading promotes hVSMC lipid accumulation, which results in 630 

a loss of the contractile and gain of a macrophage-like phenotype by impairing signaling of TGFβ 631 

through the partitioning of its receptors to lipid rafts.  We also show for the first time that 632 

apoA1/HDL can restore TGFβ signaling in VSMCs in high cholesterol environments not only in 633 

vitro, but also in vivo.  These results, taken with the literature, collectively suggest that modulating 634 

TGFβ signaling in VSMCs within the plaque milieu may be an important target for the 635 

development of atheroprotective therapeutics. 636 

 637 

Study limitations: As in all studies, there are limitations. For example, while the data in vitro 638 

provide mechanistic evidence for how cholesterol-loading and HDL treatment regulates hVSMC 639 

phenotypes, the evidence in vivo is associative, and more direct data will be needed to establish 640 
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the findings conclusively. More advanced genetic models would benefit such studies, such as the 641 

dual lineage approach recently developed using Myh11-Dre and Cd11b-CrexER74.  In addition, 642 

VSMCs can convert to a variety of phenotypes besides a macrophage-like state, including 643 

osteoblast-like and fibroblast-like phenotypes within the plaque56, 71, 75-77.  While we explored the 644 

reversion of macrophage-like VSMCs, future studies should include a variety of phenotypes.  645 

Conclusion: Our studies highlight the loss of TGFβ signaling and its consequences in VSMCs in 646 

a high cholesterol environment, as well as the the therapeutic potential of HDL or apoA1 to restore 647 

VSMC TGFβ signaling to beneficial effect. 648 

 649 

Clinical perspectives:  650 

Competency in medical knowledge: VSMCs exhibit remarkable phenotypic plasticity in human 651 

and mouse atherosclerosis, with estimates of over half of macrophage-appearing cells being of 652 

VSMC origin. TGFβ signaling is a major regulator of the VSMC contractile state, and in pre-653 

clinical studies, its loss in VSMCs results in a loss of contractile features and the promotion of a 654 

macrophage-like state. It is thought that these cells have adverse effects in atherosclerotic plaques. 655 

This is the first study to demonstrate in human coronary artery VSMC that cholesterol loading of 656 

the cells, as would occur in atherosclerosis progression, downregulates TGFβ signaling by 657 

localizing its receptors into membrane lipid rafts, where they are relatively inactive. Furthermore, 658 

cholesterol efflux displaces the receptors from rafts and restores TGFβ signaling, the expression 659 

of contractile genes, and the suppression of the macrophage-like state. Similarly, infusion of 660 

apoA1 (which forms cholesterol-efflux competent HDL) into atherosclerotic mice increases the 661 

balance between contractile vs. macrophage features with evidence of increased TGFβ signaling.  662 

  663 
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Translational outcomes: The loss of the contractile state and the acquisition of macrophage-like 664 

features in arterial VSMCs during atherosclerosis progression is thought to have adverse effects. 665 

The present studies not only provide insights into mechanisms how cholesterol levels can regulate 666 

this process, but also highlight a novel potential benefit of functional HDL particles, namely, their 667 

ability to protect against the effects of cholesterol loading on VSMC phenotype, as evidenced in 668 

studies in vitro (human coronary artery VSMCs) and in vivo (mice with atherosclerosis). Given 669 

the continued interest in HDL-based therapies, the present results may stimulate further efforts for 670 

this approach. 671 

 672 

Highlights:  673 

 In human coronary artery vascular smooth muscle cells (hVSMCs) cholesterol-loading 674 

downregulates TGFβ signaling and its downstream target miR-145, resulting in loss of 675 

contractile state and gain in macrophage-like state.  676 

 Cholesterol induced downregulation of TGFβ signaling is due to localization of receptors 677 

TGFβR1 and TGFβR2 into membrane lipid rafts. HDL mediated cholesterol efflux displaced 678 

the receptors from lipid rafts, restored TGFβ signaling and miR-145 expression, which resulted 679 

in restoring the hVSMC contractile state. 680 

 In a mouse model of atherosclerosis in which VSMC are partially deficient in TGFβR2, 681 

infusion of apoA1 (which forms HDL) increased the ratio of contractile to macrophage marker 682 

expression, with evidence of increased TGFβ signaling.   683 

 684 
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FIGURE LEGENDS 943 

Figure 1. Contractile gene expression is downregulated in cholesterol-loaded hVSMC. (A-B) 944 

hVSMCs were treated with cholesterol (Chol) (5µg/ml) or 0.2% BSA (CT) for 24h and 48h and 945 

gene expression of Acta2, Tagln, Cnn1, Myocd, and Srf were determined by qPCR. (C) hVSMC 946 

were treated with cholesterol (Chol) (5µg/ml) or 0.2% BSA (CT)  for 24h and protein expression 947 

of  α-SMA and CNN1 were determined by Western blotting (representative blots shown). 948 

Densitometry showing the (D)  α-SMA and (E)  CNN1 band intensities normalized to GAPDH. 949 

Data are presented as the mean ± S.E. of three independent experiments and p values are as 950 

indicated. 951 

 952 

Figure 2. Cholesterol-loading downregulates TGFβ signaling in hVSMC. hVSMC were 953 

treated with cholesterol (Chol) (5µg/ml) or 0.2% BSA (CT; i.e., 0µg/ml cholesterol) for 24h in the 954 

presence or absence of TGFβ1 ligand (10pg/ml). Total RNA was isolated and qPCR was 955 

performed to determine the pri-miR143/145 transcripts (A&B) or smooth muscle cell markers, 956 

Acta2 and Tagln (C&D). hVSMCs were treated as in A&B, but either in the presence or absence 957 

of TGFβ1 10pg/ml) and/or non-scrambled (NS) or miR145 mimic (60nM). qPCR was performed 958 

to determine expression of Acta2 (E) and (F) Srf mRNA. (G) hVSMCs were treated as in A&B, but 959 

either in the presence or in absence of TGFβ1 (10pg/ml) and/or miR145 inhibitor (60nM). qPCR 960 

was performed to determine expression of Acta2. (H) Immunofluorescence images of total 961 

SMAD2/3 (Green) in hVSMC after 24 h of the indicated treatments. Cytoplasm was stained with 962 

phalloidin (Red). Nuclei were determined as phalloidin negative area (scale bar=50µm). (I) 963 

hVSMCs were treated as in A&B, but with varying amounts of cholesterol and in the  presence or  964 

absence of  recombinant TGFβ1 (10pg/ml) for 24h. Proteins were extracted for western blotting to 965 
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detect phosphorylated SMAD2/3 (p-SMAD2/3), and α-SMA. Total SMAD2/3 or GAPDH was 966 

used as loading controls. Blots are representative of at least three independent experiments, and 967 

the replicates were quantified by densitometry. Data are presented as the mean ± S.E. of three 968 

independent experiments and p values are as indicated. 969 

 970 

Figure 3. Cholesterol-loading partitions TGFβ receptors into membrane lipid rafts. 971 

hVSMC were treated with cholesterol (Chol) (5µg/ml) or 0.2% BSA for 24h. (A) Membrane lipid 972 

rafts (LR) and non-raft (NR) fractions were isolated, and Western blotting was performed using 973 

each of these fractions to determine the expressions of TGFβR1 and TGFβR2, as well as caveolin-974 

1 (CAV1) and transferrin receptor (CD71). (B) Densitometry was performed to quantify the levels 975 

of TGFβR1 and TGFβR2 in the LR and NR fractions. (C) Western blotting was performed from 976 

total cell lysates of cholesterol-treated or untreated cells, and the bands of the TGFβ receptors 977 

visualized.  (D-E) Densitometry was performed to quantify the levels of TGFβR1 and TGFβR2. 978 

Blots are representative of three independent experiments. Data are presented as the mean ± S.E. 979 

of at least three independent experiments and p values are as indicated. 980 

 981 

Figure 4. HDL treatment in vitro restores TGFβ signaling in cholesterol-loaded hVSMCs. 982 

(A) hVSMC were treated with cholesterol (Chol) (5µg/ml) or 0.2% BSA for 24h, followed by 983 

HDL (50µg/ml) treatment for 48h. Then, treatment groups were stimulated with recombinant 984 

TGFβ1 (10pg/ml). Western blotting was performed to detect pSMAD2 and total SMAD2, with 985 

densitometry used for quantification. (B-E) qPCR was performed to detect expression of 986 

miR143/145, Myocd, Acta2, Cnn1 and Hmgcr at the conclusion of the experiment in A. (F) 987 

Cholesterol-loaded cells were either treated with HDL alone, HDL + TGFβR1 antagonist 988 
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(TGFβR1i; 50ng/ml), or left untreated. Western blotting was performed to detect  α-SMA. GAPDH 989 

was used as loading control. Blots are representative of at three independent experiments. p values 990 

are as indicated. 991 

 992 

Figure 5. HDL treatment displaces TGFβ receptor from membrane lipid rafts in cholesterol-993 

loaded hVSMCs and restores its signaling.  hVSMC were treated with cholesterol (5µg/ml) or 994 

0.2% BSA (CT) for 24h, after which they were either left untreated or treated with HDL (50µg/ml) 995 

for 24h.  (A) At the end of the 48h protocol, lipid rafts (LR) and non-raft (NR) fractions were 996 

isolated, and Western blotting was performed using each of these fractions to determine the 997 

expressions of TGFβR1 and TGFβR2, as well as caveolin-1 (CAV1). Densitometry was performed 998 

to quantify the level of (B) TGFβR1 and (C) TGFβR2. (D) hVSMCs were loaded with cholesterol 999 

(48h, 5µg/ml), and were then either treated with HDL (50µg/ml) for 24h, or left untreated. Western 1000 

blotting was performed to determine pSMAD2, SMAD2, and GAPDH levels. Data are presented 1001 

as the mean ± S.E. of at least three independent experiments and the p values are as indicated. 1002 

 1003 

Figure 6. Macrophage markers upregulated in cholesterol-loaded hVSMC are suppressed 1004 

by HDL through restoration of TGFβ signaling. (A) hVSMC were treated with cholesterol 1005 

(5µg/ml) or 0.2% BSA (CT) for 48h. qPCR was performed to determine the expression of 1006 

macrophage marker (Cd68) and smooth muscle cell marker (Acta2). (B) hVSMCs were with 1007 

treated as in A for 48h, then qPCR was performed to determine the expression of macrophage 1008 

differentiation factor Klf4.  (C) hVSMCs were treated with cholesterol (5µg/ml) for the indicated 1009 

times, then KFL4 expression was determined by Western blotting. (D) Klf4 (60nM) or negative 1010 

control (CT) siRNA were transfected into hVSMCs for 48h. Then, transfected cells were treated 1011 
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as in B, followed by western blotting for CD68 and KLF4. GAPDH was used as loading control 1012 

(E) Cholesterol-loaded cells (48h, 5µg/ml) were incubated with miR-145 mimic (60nM) or control 1013 

mimic (60nM; CT) for 24h and the expressions of CD68, KLF4, and  α-SMA determined with 1014 

GAPDH as a loading control. (F-I) hVSMCs were loaded with cholesterol (48h, 5µg/ml), and were 1015 

then either treated with HDL (50µg/ml) for 24h, or left untreated. Western blotting was performed 1016 

to determine the expression of (F) KLF4, and (G) CD68. (H) hVSMCs were treated as in F&G, 1017 

but in the presence or absence of TGFβR1 inhibitor (50ng/ml). Western blotting was performed to 1018 

determine KLF4 expression. Data are presented as the mean ± S.E. of at least three independent 1019 

experiments. p  values are as indicated. 1020 

 1021 

Figure 7. HDL increases the expression of Acta2 relative to that of CD68 in atherosclerotic 1022 

mice. (A) Schematic representation of experimental design. Note that apoA1, which forms HDL 1023 

particles in vivo, was injected after atherosclerosis progression (P) to induce regression (R). (B) 1024 

Representative images from progression (P) and regression mice (R), that were sufficient 1025 

(Tgfβr2+/+) or haplosufficient (Tgfβr2+/-)  for TGFR2, showing the lineage-positive VSMCs 1026 

(GFP+) expressing macrophage marker or CD68 (red). Yellow color represents GFP-expressing 1027 

CD68+ cells. (C) Quantification of GFP/CD68 double +. (D) Aortic digestion followed by cell 1028 

sorting of GFP+ cells was performed using flow cytometry to capture lineage-positive cells (GFP) 1029 

expressing macrophage markers (CD11b and F4/80). (E) Total RNA was isolated from sorted cells 1030 

and qPCR was performed to identify Acta2 gene expression. Data are presented as the mean ± S.E. 1031 

(n=5-6 mice per group). p values are as indicated. 1032 

Figure 8. Schematic representation of proposed role of cholesterol mediated regulation of 1033 

TGFβ signaling. 1034 
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