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Chaperone-mediated autophagy (CMA) contributes to regulation of energy homeostasis
by timely degradation of enzymes involved in glucose and lipid metabolism. Here, we
report reduced CMA activity in vascular smooth muscle cells and macrophages in
murine and human arteries in response to atherosclerotic challenges. We show that
in vivo genetic blockage of CMA worsens atherosclerotic pathology through both sys-
temic and cell-autonomous changes in vascular smooth muscle cells and macrophages,
the two main cell types involved in atherogenesis. CMA deficiency promotes dedifferen-
tiation of vascular smooth muscle cells and a proinflammatory state in macrophages.
Conversely, a genetic mouse model with up-regulated CMA shows lower vulnerability
to proatherosclerotic challenges. We propose that CMA could be an attractive therapeu-
tic target against cardiovascular diseases.

atherosclerotic plaques j lipid challenge j lysosomes j proteolysis j vascular disease

Cardiovascular disease (CVD) is the leading underlying cause of death worldwide,
accounting for more than 31.5% of total deaths (1). The main risk factors for the devel-
opment of atherosclerosis—the most common cause of CV clinical events—such as obe-
sity, hypertension, diabetes, and aging are rising in epidemic proportions due to changes
in lifestyle and the growing elderly population (2). In atherosclerosis, hypercholesterolemia
leads to vascular endothelial dysfunction and extravasation of atherogenic lipoproteins,
resulting in increased adhesion and extravasation of monocytes from the circulation to the
intima (3, 4). Once there, monocytes engulf modified low-density lipoproteins (LDLS),
differentiate into macrophages and foam cells, and proliferate, forming a neointima with a
lipid-laden macrophage core (5). High cytokine secretion and production of nitric oxide
(NO) and reactive oxygen species at the lipid-, necrotic-, and macrophage-rich regions
create a proinflammatory and oxidative environment that drives dedifferentiation of vas-
cular smooth muscle cells (VSMCs) from a contractile to an activated secretory and
migratory phenotype (1, 6-8). Activated VSMCs migrate from the media into the intima,
further increasing inflammation, oxidative stress, and collagen and elastin deposition at
the fibrous cap (9). The proinflammatory, oxidative, and hypoxic environment in the pla-
que exacerbates cellular toxicity and cell death and promotes vascular calcification and
matrix degradation (10, 11), which together make the plaque prone to rupture and often
result in the subsequent clinical event (12).

Autophagy mediates the degradation of cellular components in lysosomes, thus
ensuring intracellular quality control and cellular energetics through recycling of essen-
tial catabolites (13). Macroautophagy, the most extensively studied type of autophagy,
has proven important in endothelial cells (14), VSMCs (15), and macrophages (16) for
maintenance of vasculature homeostasis and in response to lipid challenges and protec-
tion against atherosclerosis (17). In contrast, the role of other autophagy types in vascu-
lar cells is less known. Chaperone-mediated autophagy (CMA) is a selective type of
autophagy for proteins bearing a pentapeptide motif (KFERQ-like motif) (18, 19).
The heat shock cognate protein (HSC70) recognizes this motif and delivers substrate
proteins to lysosome-associated membrane protein type 2A (LAMP-2A), that serves as
a receptor and translocation complex upon multimerization (20, 21). Substrate proteins
reach the lysosomal lumen through this complex assisted by the lysosomal-resident
HSC70 (22-24). Besides removal of oxidized and damaged proteins by CMA, selective
and timely degradation of fully functional proteins by this type of autophagy termi-
nates their function. This regulated remodeling of the proteome by CMA is behind its
participation in the regulation of multiple intracellular processes, such as glucose and
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lipid metabolism, cell cycle, transcriptional programs, or T cell
activation, among others (25-27). In fact, in vivo blockage of
CMA in liver results in exacerbated glycolysis and lipogenesis
(25) and blocks lipolysis (26). Although basal levels of CMA
are detectable in most mammalian cells, CMA is up-regulated
in response to proteotoxicity (28), lipotoxicity (29), oxidative
stress (30), and hypoxia (31), all conditions that contribute to
the etiology of atherosclerosis (9). Reduced CMA activity—due
to lower stability and altered LAMP-2A lysosomal dynamic-
s—has been described upon sustained dietary lipid challenges
(high-fat or -cholesterol diets), diabetes, and in aging, all major
risk factors for CVD (29, 32-34).

The protective role of CMA against mechanisms related to
the etiology of CVD motivated us to investigate the possible
contribution of CMA failure to the development of atheroscle-
rosis (35). Here, we show that blockage of CMA in mice
increases their vulnerability to proatherosclerotic challenges,
through both systemic and cell-autonomous changes in VSMCs
and macrophages, the two main cell types involved in athero-
genesis. Loss of CMA in VSMCs promotes their dedifferentia-
tion and higher susceptibility to lipid challenges, while defective
CMA in macrophages leads to a more proinflammatory pheno-
type. We propose that CMA is a defense mechanism activated
in the vasculature in response to proatherosclerotic challenges
and that reduced CMA activity leaves the vasculature vulnera-
ble to these challenges. Using mice with genetically enhanced
CMA, we demonstrate that, when exposed to proatherosclerotic
challenges, they display reduced disease severity and slower pro-
gression. Our findings support that CMA could be a therapeu-
tic target for atherosclerosis.

Results

CMA Blockage Exacerbates Atherosclerosis in a Murine
Experimental Model. We used the recently developed trans-
genic mouse model expressing a fluorescent reporter for CMA
(KFERQ-PS-Dendra2 mice) that allows measuring CMA activ-
ity in vivo (36) to determine the status of CMA in the vascula-
ture and its possible changes during atherosclerotic plaque
development. When the KFERQ-PS-Dendra CMA substrate is
delivered to lysosomes, CMA activity is detected as fluorescent
puncta against the diffuse fluorescent cytosolic pattern (36).
Using aortas from healthy mice and two-photon microscopy in
fixed tissue or intravital two-photon microscopy, we found
fluorescent puncta in cells in the media (VSMCs) and to less
extent in the intima (endothelial cells) (Fig. 1 A and B and SI
Appendix, Fig. S1A). Injection of fluorescent dextran that high-
lights the lysosomal compartment upon internalization from
the bloodstream by endocytosis demonstrated colocalization
with the Dendra signal in a fraction of lysosomes, in support of
active CMA in the vasculature under basal conditions (Fig.
1C). When we promoted atherosclerosis development in
KFERQ-PS-Dendra2 mice through hypercholesterolemia
(using injection of adeno-associated virus 8-mediated over-
expression of proprotein convertase subtilisin/kexin type 9
[AAVB-PCSK9] and a high cholesterol-containing diet [West-
ern-type diet; WD] for 12 wk), aortas from these mice revealed
a marked reduction in the number of fluorescent puncta that
was almost absent in the plaque (Fig. 1 D and E and SI
Appendix, Fig. S1B show maximal projections throughout the
plaque area, with collagen highlighted in red). Costaining of
these atherosclerotic aortas with the VSMC marker -smooth
muscle actin ( SMA) and the macrophage marker cluster of
differentiation 68 (CD68) revealed almost no CMA activity in
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either cell type (SI Appendix, Fig. S1C). Immunohistochemistry
of the plaque demonstrated that levels of LAMP-2A, the limit-
ing component for CMA, can be detected both in VSMCs and
macrophages by 6 wk of plaque formation, but LAMP-2A lev-
els significantly decreased in more advanced stages (12 wk) of
murine atherosclerotic disease in both VSMCs and macro-
phages, in agreement with the observed reduction in CMA
activity (Fig. 1F and SI Appendix, Fig. S1D).

To determine if the initial up-regulation of LAMP-2A in
response to the dietary challenge was protective and whether
reduced CMA contributes to disease progression, we used a
mouse model with systemic blockage of CMA [constitutive
knockout for LAMP-2A; L2AKO (37)] (SI Appendix, Fig.
S1E). At 3 mo of age, L2ZAKO mice on chow diet display
slightly lower body weight and circulating total cholesterol lev-
els than wild-type (WT) littermates (SI Appendix, Fig. S1 F and
G). When L2AKO mice were fed WD for 12 wk, we observed
a marked increase in total circulating cholesterol and triglycer-
ide (TG) levels (Fig. 1 G and H), mainly in the very-low-
density lipoprotein (VLDL) and LDL fractions (Fig. 1 | and J).
Atherosclerotic plagues in the aortic root of L2ZAKO mice were
larger than in WT mice ( 39%) (Fig. 1 K and L), with a
noticeable trend towards bigger necrotic cores, lower cellularity,
and significantly more advanced plaques (Fig. 1 M and N and
SI Appendix, Fig. S1H). Plaques in the CMA-incompetent mice
also had more collagen content and a thicker fibrous cap yet a
higher abundance of calcifications (Fig. 1 O-R and SI Appendix,
Fig. S1I). In addition, the relative contents of both SMA for
contractile VSMCs and CD68+ for macrophages in the plaque
were significantly lower in L2ZAKO mice (Fig. 1 S and T).

Overall, reduced CMA activity associates with many aspects
of more severe atherosclerotic pathology, supporting an antia-
therosclerotic protective function for CMA.

Metabolic Dysfunction in CMA-Deficient Mice. To determine
the basis for the protective effect of CMA against atherosclero-
sis and because of the previously described regulation of hepatic
glucose and lipid metabolism by CMA (25), we evaluated met-
abolic parameters shown to be major risk factors for CVD. We
found that L2AKO mice gained 50% more body weight than
the WT group during the 12 wk of WD (Fig. 2A), mostly due
to a higher fat mass content (Fig. 2B and SI Appendix, Fig.
S2A). Indirect calorimetry revealed that the increased adiposity
of L2AKO mice did not originate from higher food consump-
tion (Fig. 2C and SI Appendix, Fig. S2 B and C), but could be
explained by reduced energy expenditure (Fig. 2D and SI
Appendix, Fig. S2 D and E) and less physical activity (Fig. 2E).
The decrease in respiratory exchange ratio (RER)—indicative
of lipid use as energy—observed in WT mice on WD was sig-
nificantly more pronounced in L2AKO mice (SI Appendix, Fig.
S2F), suggesting impaired carbohydrate utilization in these
mice. Indeed, L2AKO mice showed marked hyperinsulinemia
(Fig. 2F) and increased insulin resistance (Fig. 2 G and H), typ-
ical risk factors for CVD (38). Circulating levels of the pro-
thrombotic and profibrotic cytokine plasminogen activator
inhibitor type 1 (PAI-1) were also significantly higher in
L2AKO mice (Fig. 2I). These findings support that loss of
CMA accentuates the systemic derangements in metabolism
and coagulation imposed by the WD, thus rendering organisms
more prone to atherosclerosis.

CMA Blockage Promotes VSMC Dedifferentiation. \Whereas Cir-
culating cholesterol levels in WT mice show the previously
described correlation with different plaque properties, such
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Fig. 1. CMA deficiency aggravates atherosclerosis in a murine experimental model. (A-E) CMA activity in aorta from KFERQ-Dendra2 mice untreated (Con-
trol; A-C) or subjected to a proatherosclerotic treatment (injected with AAV8-PCSK9 and maintained for 12 wk on WD; D and E). (A-E, Insets) Boxed areas at
higher magnification. Arrows indicate fluorescent puncta. In C, animals were injected with fluorescent dextran (in red) to highlight endolysosomal compart-
ments. Individual and merged channels of the boxed regions at higher magnification are shown. Arrowheads indicate dextran+Dendra+ puncta (yellow) and
dextran+ only puncta (red). Collagen (red) was visualized by second harmonic generation (E). (F) Levels of LAMP-2A at the indicated times of the proathero-
sclerotic intervention. Representative images of aorta sections (Left) and quantification in the neointima (Right); n = 18. (G-J) Circulating lipids in WT and
LAMP-2A-null mice (L2AKO) subjected to the proatherosclerotic challenge for 12 wk. (G-J) Circulating total cholesterol (G), TGs (H), cholesterol profile (I), and
TG profile (J). Individual values (G and H) and average curves (I and J) are shown; (n = 15 WT, n = 14 L2AKO). (K-T) Plague properties in the same mouse
groups. Representative images of aortas stained for hematoxylin and eosin (H&E) (K) or sirius red (O) and quantification of plaque area (L), size of the
necrotic core (M), plaque stage index (N), sirius red-positive area (P), and cap thickness (Q). Calcification analysis in aortas stained for alizarin red (R) as
shown in SI Appendix, Fig. S11 . (S and T) Representative images of aortas immunostained for SMA (VSMCs) (S) and CD68 macrophages (T) and quantification
of the stained area (Right); (n = 13 WT, n = 12 L2AKO). Individual values (symbols) and mean = SEM are shown. Experiments in A-E were repeated three
times with similar results. All data were tested for normal distribution using the D'Agostino and Pearson normality test. Variables that did not pass the
normality test were subsequently analyzed using the Mann-Whitney U rank-sum test. All other variables were tested with the Student's t test. *P < 0.05,
**P < 0.01, ***P < 0.005, and ****P < 0.0001.
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