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Deficient Chaperone-Mediated Autophagy
Promotes Inflammation and Atherosclerosis

Lei Qiao;" Jing Ma; Zihao Zhang, Wenhai Sui, Chungang Zhai, Dan Xu, Zunzhe Wang, Huixia Lu, Meng Zhang,
Cheng Zhang®, Wengiang Chen®, Yun Zhang

RATIONALE: The NLRP3 (NLR [NOD-like receptor] family, pyrin domain containing 3) inflammasome is an important driver of
atherosclerosis. Our previous study shows that chaperone-mediated autophagy (CMA), one of the main lysosomal degradative
process, has a regulatory role in lipid metabolism of macrophages. However, whether the NLRP3 inflammasome is regulated
by CMA, and the role of CMA in atherosclerosis remains unclear.

0BJECTIVE: To determine the role of CMA in the regulation of NLRP3 inflammasome and atherosclerosis.

METHODS AND RESULTS: The expression of CMA marker, LAMP-2A (lysosome-associated membrane protein type 2A), was
first analyzed in ApoE™~ mouse aortas and human coronary atherosclerotic plaques, and a significant downregulation of
LAMP-2A in advanced atherosclerosis in both mice and humans was observed. To selectively block CMA, we generated
macrophage-specific conditional LAMP-2A knockout mouse strains in C57BL/6 mice and ApoE™~ mice. Deletion of
macrophage LAMP-2A accelerated atherosclerotic lesion formation in the aortic root and the whole aorta in ApoE™~ mice.
Mechanistically, LAMP-2A deficiency promoted NLRP3 inflammasome activation and subsequent release of mature IL
(interleukin)-1p in macrophages and atherosclerotic plaques. Furthermore, gain-of-function studies verified that restoration
of LAMP-2A levels in LAMP-2A—deficient macrophages greatly attenuated NLRP3 inflammasome activation. Importantly,
we identified the NLRP3 protein as a CMA substrate and demonstrated that LAMP-2A deficiency did not affect the NLRP3
mRNA levels but hindered degradation of the NLRP3 protein through CMA pathway.

CONCLUSIONS: CMA function becomes impaired during the progression of atherosclerosis, which increases NLRP3
inflammasome activation and secretion of IL-10, promoting vascular inflammation and atherosclerosis progression. Our study
unveils a new mechanism by which NLRP3 inflammasome is regulated in macrophages and atherosclerosis, thus providing a
new insight into the role of autophagy-lysosomal pathway in atherosclerosis. Pharmacological activation of CMA may provide
a novel therapeutic strategy for atherosclerosis and other NLRP3 inflammasome/IL-1B—driven diseases.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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tory disease."” The NLRP3 (NLR [NOD-like recep-
tor] family, pyrin domain containing 3) inflammasome
and its products IL (interleukin)-1p and IL-18 greatly con-
tribute to the vascular inflammatory response that drives

Atherosclerosis is recognized as a chronic inflamma-

atherosclerosis initiation and progression®* The NLRP3
inflammasome is a multiprotein platform consisting of
NLRP3, ASC (apoptosis-associated speck-like protein con-
taining a CARD [C-terminal caspase-recruitment domain]),
and the cysteine protease caspase-1.5° Assembly of the
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Novelty and Significance

What Is Known?

« The NLRP3 (NLR [NOD-like receptor] family, pyrin
domain containing 3) inflammasome contributes to
vascular inflammation that drives atherosclerosis initia-
tion and progression.

+ Chaperone-mediated autophagy (CMA), one of the
main lysosomal degradative processes, plays an essen-
tial role in the maintenance of cellular homeostasis.

+ CMA defects have been implicated in several human
pathologies, including neurodegenerative diseases,
metabolic disorders, and age-related diseases.

What New Information Does This Article
Contribute?

* CMAis gradually impaired with atherosclerosis progres-
sion and its dysfunction accelerates atherosclerosis.

+ CMA deficiency increases NLRP3 inflammasome activa-
tion in macrophages and atherosclerotic plaques, promot-
ing vascular inflammation and atherosclerosis progression.

* CMA regulates NLRP3 inflammasome activation by
mediating NLRP3 protein degradation through the
CMA-lysosomal pathway.

* Pharmacological activation of CMA may provide a
novel therapeutic strategy for atherosclerosis and
other NLRP3 inflammasome/IL (interleukin)-1p—
driven diseases.

The NLRP3 inflammasome and its products IL-1f3 and
IL-18 contribute to vascular inflammation that drives
atherosclerosis initiation and progression. Understand-
ing the regulatory mechanisms of NLRP3 inflamma-
somes has important clinical significance for multiple
infammatory diseases, including atherosclerosis. In
this study, we found that CMA became impaired dur-
ing the progression of atherosclerosis and CMA dys-
function increased NLRP3 inflammasome activation
and secretion of IL-1p and IL-18, promoting vascu-
lar inflammation and atherosclerosis progression. Our
study unveils a new mechanism by which NLRP3
infarmmasome is regulated in macrophages and ath-
erosclerotic lesions and provides new insights into the
role of autophagy-lysosomal pathway in atherosclero-
sis. Pharmacological activation of CMA may provide
a novel therapeutic strategy for atherosclerosis and
other NLRP3 inflammasome/IL-13—driven diseases.

Nonstandard Abbreviations and Acronyms

ASC apoptosis-associated speck-like protein
containing a CARD (C-terminal cas-
pase-recruitment domain)

CMA chaperone-mediated autophagy

HFD high-fat diet

HSC70 heat shock cognate 71 kDa protein

IL interleukin

LAMP lysosome-associated membrane protein

NLRP3 NOD-like receptor (NLR) family, pyrin
domain containing 3

SMCs smooth muscle cells

NLRP3 inflammasome activates caspase-1, which cleaves
pro—IL-13 and pro—IL-18 into mature IL-13 and IL-18,
respectively.”® [L-1f is an important proatherogenic factor
and targeting IL-1f using an IL-1B—neutralizing antibody
has proven beneficial for cardiovascular diseases in the
CANTOS trial (Canakinumab Anti-Inflammatory Thrombo-
sis Outcomes Study).*® Because the NLRP3 inflamma-
some serves as a central producer of IL-1,* understanding
the regulation of NLRP3 inflammasome activation has
important therapeutic significance. Although the upstream
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machinery of NLRP3 inflammasome activation has been
described,*® the exact downstream mechanism by which
NLRP3 is regulated is rather complex and not yet com-
pletely understood.

Autophagy is a catabolic process in which cellular com-
ponents are targeted and delivered to lysosomes for deg-
radation.”®"" Three forms of autophagy, macroautophagy
(commonly known as autophagy), microautophagy, and
chaperone-mediated autophagy (CMA) coexist in mam-
malian cells.”? Defective degradation of the NLRP3 inflam-
masome is an important downstream mechanism of its
aberrant activation in many inflammatory diseases. Under
the condition of ubiquitination promoted by drug stimula-
tion or gene manipulation, the NLRP3 inflammasome has
been reported to be degraded by the macroautophagy
pathway'3'* and ubiquitin-proteasome (UPS) pathway."®
However, whether CMA, another specialized autophagic
pathway for protein degradation, is also involved in regula-
tion of the NLRP3 inflammasome remains unknown.

As a special form of autophagy, CMA is quite different
from macroautophagy in terms of its cargo selectivity and
delivery.’® The function of CMA is more specific because
CMA degrades only specific client proteins bearing spe-
cific CMA motifs (pentapeptide motifs collectively called
the KFERQ motif),'6"'® whereas the substrates of macro-
autophagy are relatively extensive and nonspecific.’®'" In
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CMA, the cargo is not delivered in a double-membraned
vesicle as in macroautophagy. Instead, CMA substrates
are recognized and targeted by a cytosolic chaperone
protein—HSC70 (heat shock cognate 71 kDa protein)—
forming the HSC70-substrate complex, which binds
lysosomal LAMP-2A (lysosome-associated membrane
protein type 2A) for subsequent lysosomal uptake and
degradation.'®'™® L AMP-2A is the rate-limiting compo-
nent of CMA, and its level directly determines positively
the extent of CMA activity.'2°2" Compared with the well-
studied process macroautophagy, which has been proven
to play a protective role against atherosclerosis by inhib-
iting inflammasome-dependent inflammation®? and pro-
moting cholesterol efflux from macrophage foam cells,?®
the role of CMA in atherosclerosis has not been reported.
Considering the function of CMA in protein degrada-
tion, we hypothesized that CMA is involved in regulation of
NLRP3 inflammasome activation by affecting its degrada-
tion, which in turn influences the progression of atherosclero-
sis. In our present study, we assessed the presence of CMA
and changes in the level of CMA in atherosclerotic plaques,
the cells that contribute to this process, whether CMA
affects the development of atherosclerosis, and whether the
NLRP3 inflammasome is implicated in this process.

METHODS

See Supplemental Material for Details.

Data Availability

This article adheres to the Transparency and Openness
Promotion Guidelines. The data that support the findings of this
study are available from the corresponding authors upon rea-
sonable request. Please see the Major Resources Table in the
Supplemental Material.

RESULTS

CMA Was Most Related to Macrophages Among
the Cell Types in Atherosclerotic Plaques

As atherosclerosis is a pathological process involving multi-
ple cell types, among which macrophages, vascular smooth
muscle cells (VSMCs), and endothelial cells are the major
cell populations within atherosclerotic plaques* we first
determined which cell types are most related to CMA with
the marker LAMP-2A. Immunoblot analysis of mouse pri-
mary peritoneal macrophages, primary aortic VSMCs, and
primary aortic endothelial cells for LAMP-2A showed that
the protein level of LAMP-2A was high in macrophages and
very low in endothelial cells and SMCs (Figure 1A). Immu-
nohistochemical staining of consecutive sections from the
aortic roots of ApoE~~ mice for LAMP-2A, a-SMA (specific
for monocyte and macrophage), and MOMA-2 (specific
for monocyte macrophages) also showed that LAMP-2A
mainly colocalized with macrophages, the most abundant
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cell type within atherosclerotic lesions (Figure 1B). VSMCs
constitute a very small portion of early atherosclerotic
lesions and did not appear to colocalize with LAMP-2A (Fig-
ure 1B). The colocalization of LAMP-2A and macrophages
was further verified by double immunofluorescence analy-
sis for LAMP-2A and MOMA-2 or F4/80 (another macro-
phage marker, Figure S1A and S1B in the Supplemental
Material) in both mouse atherosclerotic lesions (Figure 1C)
and coronary atherosclerotic plaques obtained from human
autopsy specimens (Figure 1D). Besides, in the colon tis-
sues in a mouse model of colitis, we also observed colocal-
ization of LAMP-2A and macrophages, but not LAMP-2A
and SMCs (Figure S1C in the Supplemental Material). As
recent studies suggest that cholesterol-loaded VSMCs may
be transdifferentiated to macrophage-like cells and express
macrophage foam cell markers, such as MOMA-2, F4/80,
or CD68,%* we further examined whether macrophage-like
VSMCs express higher levels of LAMP-2A than choles-
terol-unloaded VSMCs. We treated mouse primary perito-
neal macrophages and primary aortic VSMCs with ox-LDL
(oxidized low-density lipoprotein) and found that although
both VSMCs macrophage took up ox-LDL (Figure 1E and
1F), cholesterol-loaded VSMCs expressed only a very small
amount of LAMP-2A (Figure 1E and 1G), probably due to
the fact that there were far fewer lysosomes in VSMCs than
in macrophages (Figure 1E and 1H). Collectively, these
data suggested that macrophages were the predominant
cell type in atherosclerotic plaques that expresses a CMA
marker.

CMA Was Impaired During Progression of
Atherosclerosis

To explore the involvement of CMA in atherosclerosis, we
built a model of progressive atherosclerosis in ApoE™~
mice by high-fat diet (HFD) feeding for different durations.
As LAMP-2A was predominantly expressed in macro-
phages (Figure 1), we analyzed LAMP-2A protein levels
by immunohistochemical staining of consecutive sections
of aortic roots taken at each stage of atherogenesis for
MOMA-2 and LAMP-2A. HFD resulted in massive mac-
rophage infiltration in atherosclerotic lesions at all stages,
whereas LAMP-2A levels gradually decreased in mice fed
an HFD for 18 weeks and longer or was even undetectable
in mice fed a HFD for 32 weeks (Figure 2A), which was
further verified by immunoblotting of whole-aorta lysates
for LAMP-2A (Figure 2B and 2C). Immunofluorescence
analysis also confirmed the marked decline in LAMP-2A
in advanced lesions in both mice (Figure 2D) and humans
(Figure 2E). This result is consistent with previous stud-
ies showing that dietary lipids?® and aging®” compromise
CMA. In addition, the decrease in LAMP-2A was not the
consequence of a reduction in the number of lysosomes
(Figure S2 in the Supplemental Material). Taken together,
our findings demonstrated that progressive atherosclero-
sis was characterized by dysfunctional CMA.
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Figure 1. Detection of chaperone-mediated autophagy marker LAMP-2A (lysosome-associated membrane protein type 2A) in
vivo and in vitro.

A, Representative Western blot analysis of LAMP-2A in mouse primary peritoneal macrophages (M@), primary aortic smooth muscle cells (SMCs),
and primary aortic endothelial cells (ECs). B, Representative immunohistochemical images for detecting LAMP-2A, MOMA-2 (specific for
monocytes and macrophages), and a-SMA (smooth muscle actin; specific for SMCs) in three consecutive frozen sections from the aortic root of
ApoE~~ mice (male) fed a high-fat diet (HFD) for 8 wk. n=5 per group. The positive reactions of tissue sections were displayed as red color. Scale
bar=100 pm. C, Representative immunofluorescence analysis for detecting LAMP-2A (green particles), MOMA-2 (red particles), and a-SMA (red
particles) in frozen sections from the aortic root of ApoE~~ mice (male) fed a HFD for 8 wk. n=5 per group. Scale bar=100 um. D, Representative
immunofluorescence analysis for detecting the colocalization (yellow particles) of LAMP-2A (green particles) and CD68 (specific for monocyte
macrophages, red particles) in frozen sections from human coronary atherosclerotic plaques. Scale bar=100 pm. E, Representative Western blot
images and (F-H) quantitative analysis of protein expression of PLIN-2 (perilipin-2), LAMP-2A, and LAMP-1 of mouse peritoneal macrophages
from wild-type (WT) and L2A-m@KO mice (male) treated with or without ox-LDL (oxidized low-density lipoprotein; 40 and 80 pg/mL) for 24 h. Five
independent experiments were performed. Data were presented as medians and quartiles. ox-LDL 80 pg/mL group and ox-LDL 40 pug/mL group
were compared with PBS group respectively. Statistical analysis was conducted using Kruskal-Wallis 1-way ANOVA with Nemenyi post hoc test.
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Figure 2. Alterations in chaperone-mediated autophagy marker LAMP-2A (lysosome-associated membrane protein type 2A) in
atherosclerotic lesions of mice and humans.

A, Representative immunohistochemical images for detecting MOMA-2 (upper, specific for monocytes and macrophages) and LAMP-2A (lower)
in 2 consecutive (upper and lower) frozen sections from the aortic root of ApoE~~ mice (male) fed a high-fat diet (HFD) for 8, 12, 18, 24, and 38
wk, respectively (n=5 in each group). The positive reactions of tissue sections were displayed as red color. Scale bar=100 um. B, Representative
Western blot analysis of LAMP-2A in whole-aorta lysates (including the aortic root) from ApoE~~ mice (male) (Continued)

Circulation Research. 2021;129:1141-1157.DOI: 10.1161/CIRCRESAHA.121.318908 December 3,2021 1145

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




-
(=]
(-
=T
Ll
(2]
[y
(-
—
=T
=
=
(==
(—]

Qiao et al

Deficient CMA of Macrophages Promoted
Development of Atherosclerosis In Vivo

To investigate the consequences of defective CMA in
atherosclerosis, we generated a macrophage-specific
conditional LAMP-2A knockout mouse. The Cre-loxP
system was used to conditionally disrupt the 50 bp
region in exon 8 of the LAMP-2 gene that encodes the
LAMP-2A protein (referred to as L2A).2% L2A"" mice
were crossbred with LysM-Cre mice to generate L2AY
fi/LysM-Cre mice (referred to as macrophage [M@]-spe-
cific LAMP-2A [lysosomeassociated membrane protein
type 2A; L2A]-knockout mice) or further crossed with
ApoE~~ mice (C57BL/6 background) to generate L2AY
fi/LysM-Cre/ApoE~~ mice (referred to as L2A-m@KO/
ApoE~~ mice). The LAMP-2A protein was undetect-
able in both primary peritoneal macrophages from L2A-
m@KO mice (Figure 3A and 3B) and aortic root plaques
from L2A-m@KO/ApoE~~ mice (Figure 3C and 3D),
whereas the levels of other LAMPs (LAMP-1, LAMP-
2B, and LAMP-2C) were comparable in the L2A-m@KO
mice and wild-type (WT) mice (Figure 3A and 3B). These
results confirmed a selective depletion of LAMP-2A in
macrophages.

As previous studies suggested a possible crosstalk
between macroautophagy and CMA,'® we further ana-
lyzed the effect of CMA defect on macroautophagy.
Western blot analysis showed that LAMP-2A deficiency
had no effect on the expression levels of most proteins
involved in macroautophagy, but resulted in a consider-
able decline of SQSTM1/p62 levels (Figure S3A and S3G
in the Supplemental Material), suggestive of increased
macroautophagy. To further investigate macroautophagy
activity in WT and LAMP-2A—deficient macrophages, we
analyzed macroautophagy flux by addition of bafilomy-
cin A1 (Figure S3H and S3l in the Supplemental Mate-
rial) or using mRFP-GFP-LC3 adenovirus transfection
(Figure S3J through S3L in the Supplemental Material).
The result showed that basal macroautophagy activity
was slightly higher in CMA-deficient macrophages than
in WT macrophages, and macroautophagy activity was
further increased upon starvation (Figure S3H through
S3L in the Supplemental Material), probably due to a
compensatory effect of these two forms of autophagy
for each other?® The functioning macroautophagy also
indicated the existence of a normal functional lysosomal
compartment. Furthermore, the content of lysosomal
structural proteins (LAMP-1, Figure S3A and S4C in the
Supplemental Material), mature hydrolases (cathepsin B
and cathepsin D, Figure S4A, S4D, S4E, and S4H in the

Deficient CMA Promotes Atherosclerosis

Supplemental Material), lysosome acidification (Figure
S4F in the Supplemental Material), and enzymatic activi-
ties (total macrophage -hexosaminidase activities, Fig-
ure S4G in the Supplemental Material) were comparable
between LAMP-2A-deficient macrophages and WT
macrophages, suggesting lysosome function was not
impaired in LAMP-2A—deficient macrophages. All these
findings enabled us to investigate the direct effects of
CMA dysfunction on atherosclerosis in this animal model.

There was no statistically significant difference in
body weight or blood glucose, serum triglyceride, or cho-
lesterol levels between L2A-m@KO/ApoE~~ mice and
WT mice (ApoE~~ mice; Table S2 in the Supplemental
Material). However, L2A-m@KO/ApoE~~ mice exhibited
markedly more whole-aorta atherosclerosis than WT
mice (Figure 3H through 3J). Hematoxylin and eosin
and oil-red-O staining of the aortic root also showed a
significant increase (52%) in the lesion area in L2A-
m@KO/ApoE~~ mice compared to WT mice (Figure 3K
through 3N). Taken together, these data demonstrated
that LAMP-2A deficiency in macrophages accelerated
atherosclerotic plaque formation.

Deficient CMA Promoted Secretion of IL-18 and
IL-18 In Vitro and In Vivo

We next investigated the mechanism by which CMA
affects atherosclerosis. As atherosclerosis is widely
accepted to be a chronic inflammatory disease,’® we
first determined the effect of LAMP-2A deficiency on
systemic inflammatory factors in vivo. Interestingly, we
found that serum IL-1p and IL-18 levels, but not TNF
(tumor necrosis factor)-a levels, were increased in L2A-
m@KO/ApoE~~ mice fed an HFD for 16 weeks com-
pared with similarly treated ApoE~~ mice (Figure 4A).
After lipopolysaccharide injection, both groups of mice
exhibited a remarkable increase in serum levels of IL-14,
[L-18, and TNF-a relative to their baseline levels, but the
increase in serum levels of IL-18 and IL-18 was signifi-
cantly higher in L2A-m@KO/ApoE~~ than ApoE~~ mice
(Figure 4B). Because both IL-1 and IL-18 are NLRP3
inflammasome-dependent cytokines,*® whereas TNF-a
is not, these results indicated that macrophage LAMP-
2A deficiency might activate the NLRP3 inflammasome,
an inflammatory process that has been proven to trigger
vascular wall inflammatory responses and atherosclero-
sis progression.®*

To confirm this hypothesis, primary peritoneal mac-
rophages were isolated from both L2A-m@KO and WT
mice and then treated with lipopolysaccharide alone or

Figure 2 Continued. fed an HFD for 8, 12, 18, 24, and 38 wk, respectively (n=5 in each group). C, Quantitative analysis of western blot analysis
in 5 groups of mice. Five independent experiments were performed. Data were presented as medians and quartiles. Mice fed with HFD for 12,

18, 24, and 38 wk were compared with those fed with HFD for 8 wk, respectively. Statistical analysis was conducted using Kruskal-Wallis 1-way
ANOVA with Nemenyi post hoc test. D, Double immunofluorescence analysis for detecting LAMP-2A (green particles) and MOMA-2 (red particles)
in early lesions in mice (male) fed an HFD for 8 wk and in advanced lesions in mice (male) fed an HFD for 24 wk. n=5 in each group. Scale
bar=100 pm. E Double immunofluorescence analysis for detecting LAMP-2A (green particles) and CD68 (red particles) in mild lesions (area
stenosis <30%) and severe lesions (area stenosis > 90%) in human coronary atherosclerotic plaques. n=5 in each group. Scale bar=100 pm.
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Figure 3. Quantification of aortic atherosclerotic lesions in control and L2A-m@KO mice (macrophage (M©)-specific LAMP-2A
(lysosome associated membrane protein type 2A; L2A)-knockout mice).

A, Representative western blot analysis to determine the efficiency of LAMP-2A knockout in primary peritoneal M@s from wild-type (WT, C57
background, male) and M@-specific L2A-knockout (L2A-m@KO, C57 background, male) mice. n=5 in each group. B-F, Quantification of protein
expression of LAMP-2A, LAMP-2B, LAMP-2C LAMP-2, and LAMP-1 in control WT mice (male) and L2A-m@KO mice (male). (Continued)
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in combination with the NLRP3 inflammasome activator
ATP. IL-1f and IL-18 secretion was significantly increased
in LAMP-2A-deficient macrophages in response to
NLRP3 inflammasome stimulation (Figure 4C). In con-
trast, TNF-a secretion was not influenced by LAMP-2A
deletion (Figure 4C). Furthermore, the selective hyperse-
cretion of IL-1p and IL-18 in LAMP-2A—deficient mac-
rophages was not due to transcriptional effects because
the mRNA levels of IL-16, IL-18, and TNF-a in LAMP-
2A-deficient and control macrophages responded simi-
larly to lipopolysaccharide (or in the presence of ATP;
Figure SBA through S5C in the Supplemental Material).
This was further validated by exploring the influence of
LAMP-2A on alterations in the mitogen-activated pro-
tein kinase (MAPK) and IkBa (nuclear factor kB inhibitor
alpha)/NF-kB (nuclear factor kB) pathways. LAMP-2A
depletion had no effect on the lipopolysaccharide-induced
phosphorylation of JNK (C-Jun N-terminal kinase), ERK
(extracellular signal-regulated kinase), and p38 (Figure
SBE through SBH in the Supplemental Material), nor
did it affect NF-xB p65 nuclear translocation within 40
min (Figure S6L in the Supplemental Material). Together,
this specific proinflammatory phenotype suggested that
deficient CMA activated NLRP3 inflammasome-depen-
dent processing of pro—IL-18 and pro—IL-18 rather than
directly influencing their production.

Deficient CMA Promoted NLRP3 Inflammasome
Activation

To validate the role of CMA in NLRP3 inflammasome
activation, we further analyzed the protein levels of the
NLRP3 inflammasome components of NLRP3, ASC,
and caspase-1 in LAMP-2A—deficient macrophages and
WT macrophages treated with lipopolysaccharide with or
without ATP. Immunoblot analysis showed that the level
of NLRP3, the core component of the NLRP3 inflamma-
some, was considerably increased in LAMP-2A—deficient
macrophages compared with WT macrophages (Figure 5A
and 5B). Notably, NLRP3 mRNA levels in LAMP-2A—defi-
cient macrophages and WT macrophages were compara-
ble (Figure S5D in the Supplemental Material). In addition,
there were no statistically significant differences in the
intracellular levels of procaspase-1, ASC, or pro—IL-18
(Figure BA, 5C, and 5D). However, the secretion of cleaved
caspase-1 (p10) and mature IL-1B (p17) in the cellular

Deficient CMA Promotes Atherosclerosis

supernatant was significantly elevated in LAMP-2A—defi-
cient macrophages following lipopolysaccharide and ATP
treatment (Figure 5A, BF, and 5G), suggestive of enhanced
caspase-1 activation and subsequent cleavage of pro—
IL-18 into mature IL-1p. Consequently, decreased NLRP3
protein level and less cleaved caspase-1 were detected
in LAMP-2A overexpressed macrophages (Figure S6A
through S6G in the Supplemental Material). Furthermore,
gain-of-function studies verified that restoration of LAMP-
2A levels in LAMP-2A—deficient macrophages substan-
tially attenuated expression levels of NLRP3 protein and
secretion of activated caspase-1 (p10) and mature IL-1p
(p17) in the cellular supernatant (Figure S6A through S6G
in the Supplemental Material). The increased secretion of
IL-18 and IL-18 were also reversed by LAMP-2A rescue
(Figure S6H and S6l in the Supplemental Material). These
data further supported the negative regulatory role of CMA
in NLRP3 inflammation activation.

NLRP3/ASC speck formation induced by ATP in lipo-
polysaccharide-primed cells is another sign of NLRP3
inflammasome activation.*® We subsequently observed
an increase in the number of cells with NLRP3/ASC
specks as well as the number of specks per cell in
LAMP-2A—-deficient macrophages compared with WT
macrophages (Figure 5H-J). Moreover, upon ATP treat-
ment, the specks in LAMP-2A—deficient macrophages
were larger than those in WT macrophages (Figure 5H).

To determine whether the NLRP3 inflammasome was
also activated in CMA-deficient mice in vivo, we assessed
NLRP3 and IL-1p protein levels in L2A-m@KO/ApoE~"~
and ApoE™~ mice. Consistent with the in vitro results,
LAMP-2A deficiency led to an obvious increase in NLRP3
and IL-1f3 expression in whole aortic lysates (Figure 5K-L)
and in aortic root sections (Figure 5M). Altogether, these
data suggested that LAMP-2A deficiency specifically pro-
moted NLRP3 inflammasome activation in vitro and in vivo.

NLRP3 Interacts With HSC70 and LAMP-2A

Next, we investigated the molecular mechanism by which
CMA regulates NLRP3 inflammasome activation. Given
that CMA serves as a catabolic pathway for the selective
degradation of cytosolic proteins in lysosomes, combined
with the finding that LAMP-2A deficiency had no effect
on NLRP3 mRNA expression (Figure S5B in the Sup-
plemental Material), we speculated that CMA deficiency

Figure 3 Continued. Five independent experiments were performed. Data were presented as medians and quartiles. Statistical analysis of
B-F was conducted using Mann-Whitney test. G, Representative immunofluorescence analysis to detect LAMP-2A (green particles) in frozen
aortic root sections from control ApoE~~ mice and L2A-m@KO/ApoE~~ mice (male). Bar=100 um. H, Representative photographic images

of atherosclerotic plaques (yellow arrows) in the aortic arch and their branches from ApoE~~ mice and L2A-m@KO/ApoE~~ mice (male). 1-J,
Representative Oil-red-O staining and en face analysis of atherosclerotic lesions in the whole aorta (n=5 in each group). Data were presented as
medians and quartiles. Statistical analysis was performed using Mann-Whitney test. K and L, Hematoxylin and eosin (HE) staining and cross-
sectional analysis of atherosclerotic lesions in the aortic root (n=5 per group). Data were presented as medians and quartiles. Statistical analysis
was conducted using Mann-Whitney test. Scale bar=100 pm. M and N, Oil-red-O staining and cross-sectional analysis of atherosclerotic lesions
in the aortic root (n=5 per group). Data were presented as medians and quartiles. Statistical analysis was performed using Mann-Whitney test.

Scale bar=100 pm.
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Figure 4. Comparison of proinflammatory factors in wild-type (WT) and L2A-m@KO mice (macrophage (M©@)-specific LAMP-2A
(lysosome associated membrane protein type 2A; L2A)-knockout mice) determined by ELISA.

A, Serum levels of IL (interleukin)-1p, IL-18, and TNF (tumor necrosis factor)-o. in ApoE™~ mice and L2A-m@KO/ApoE~~ mice (male) fed a high-
fat diet for 16 wk. n=5 per group. Data were presented as medians and quartiles. Statistical analysis was conducted using Mann-Whitney test. B,
WT mice (n=b) and L2A-m@KO mice (n=b, male) were intraperitoneally injected with PBS or lipopolysaccharide (LPS; 1.0 mg/kg), and 2 h later,
the serum levels of IL-1p3, IL-18, and TNF-a were measured by ELISA. Data were presented as medians and quartiles. Comparison was made
only between WT and L2A-meKO groups. Statistical analysis was carried out using Mann-Whitney test. C, ELISA was used to detect IL-1§, IL-18,
and TNF-a levels in the supernatants of mouse peritoneal macrophages from WT and L2A-m@KO mice (male). Macrophages were primed with
PBS or LPS (100 ng/mL) for 8 h, followed by stimulation with ATP (56 mmol/L) for 30 min in the latter group. Five independent experiments were
performed. Data were presented as medians and quartiles. Comparison was made only between WT and L2A-mgKO groups. Statistical analysis
was carried out using Mann-Whitney test.
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Figure 5. LAMP-2A (lysosome-associated membrane protein type 2A) deficiency promoted NLRP3 (NLR [NOD-like receptor]
family, pyrin domain containing 3) inflammasome activation.

A Representative western blot images and (B—G) quantitative analysis of protein expression of supernatants lysates (SLs) and cell lysates (CLs) of mouse
peritoneal macrophages (M@s) from wild-type (WT) and L2A-m@KO mice (macrophage (M@)-specific LAMP-2A (lysosome associated membrane protein
type 2A; L2A)-knockout mice) (male) treated with PBS or lipopolysaccharide (LPS; 100 ng/mL) for 8 h with subsequent stimulation with ATP (5 mmol/L)
for 30 min in the latter group. Five independent experiments were performed. Data were presented as medians and quartiles. Comparison was made only
between WT and L2A-meKO groups. Statistical analysis was conducted using Mann-Whitney test. H, Representative immunofluorescence and (I and

J) quantitative analysis of NLRP3/ASC (apoptosis-associated speck-like protein containing a CARD [C-terminal caspase-recruitment domain]) speck
(yellow particles) formation induced by ATP (5 mmol/L) in 500 ng/mL LPS-primed peritoneal M@s from control WT and L2A-m@KO mice. Cells were
stained with NLRP3 (green particles) and ASC (red particles) antibodies. Five independent experiments were performed. Data were presented as medians
and quartiles. Statistical analysis was performed using Mann-Whitney test. Scale bar=10 pm. K Representative western blot images and (L) quantitative
analysis of NLRP3 and IL (interleukin)-1f3 expression in whole aortic lysates from ApoE~~ mice (n=5, male) and L2A-m@KO/ApoE~"~ mice (=5, male).
Data were presented as medians and quartiles. Statistical analysis was done using Mann-Whitney test. Scale bar=100 pm. M, Representative double
immunofluorescence analysis to detect NLRP3 (red par’[icles) and IL-1B (green particles) in frozen aortic root sections from ApoE~~ mice (n=5, male) and
L2A-m@KO/ApoE~~ mice (n=b, male). Scale bar=100 pm. DAPI indicates 4,6-diamidino-2-phenyiindolel and FC, fold change.
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promotes NLRP3 inflammasome activation by inhibiting
the degradation of inflammasome protein components.
CMA substrates are characterized by the presence of
KFERQ-like motifs in their amino acid sequences.®
We first analyzed the amino acid sequences of NLRPS3,
Caspase-1, and ASC to determine which component
may be a CMA substrate candidate. Four KFERQ-like
motifs were found in the amino acid sequence of human
NLRP3, but none was found in caspase-1 or ASC (Fig-
ure 6A, and Figure S7A and S7B in the Supplemental
Material). Mouse NLRP3 contains 5 KFERQ-like motifs,
caspase-1 contains 2, and ASC contains none (Fig-
ure 6B and Figure S7A and S7B in the Supplemental
Material). Thus, among these proteins, NLRP3 is most
likely a CMA substrate. This is consistent with our finding
that LAMP-2A deficiency increased the protein level of
intracellular NLRP3 but had no effect on that of procas-
pase-1 or ASC (Figure BA).

The first step in CMA is the interaction between sub-
strate and HSC70, forming HSC70-substrate complex,
which then binds the 12-amino acid cytosolic tail of lyso-
somal LAMP-2A." We found that NLRP3 colocalized
with both HSC70 (Figure S8A in the Supplemental Mate-
rial) and LAMP-2A (Figure 6C) in macrophages treated
with lipopolysaccharide and ATP. This colocalization was
also observed in human coronary atherosclerotic plaques
(Figure 6D), suggestive of an association between
NLRP3 protein and CMA components. Co-immunopre-
cipitation further confirmed the direct interaction between
endogenous NLRP3 and HSC70 (Figure S8B in the
Supplemental Material) or LAMP-2A (Figure 6E and
6F). However, neither Caspase-1 nor ASC immunopre-
cipitated with LAMP-2A (Figure 6F). This result was also
found in HEK293T cells transfected with plasmids for the
expression of Flag-LAMP-2A and Myc (Myc epitope tag)-
NLRP3, Myc-Caspase-1 or Myc-ASC (Figure 6G). These
data demonstrated that NLRP3, but not Caspase-1 or
ASC, interacted with CMA components.

To further confirm that NLRP3 is a substrate of CMA,
we generated a mutant version of all putative motifs that
might be recognized and targeted by HSC70. All of the 4
CMA motifs in human NLRP3 (%% LEKLQ 359, 03 QIRLE
607 198 QKLVE 8%, and %' EVLKQ %) were mutated by
replacing Q and the residue next to it with AA, a method
usually used to disrupt the interaction of a substrate
with CMA components.?'3! Flag-LAMP-2A was cotrans-
fected with WT Myc-NLRP3 or mutated Myc-NLRP3
into HEK293T cells. The NLRP3 mutant lost the ability
to interact with LAMP-2A (Figure 6H). These data dem-
onstrated that NLRP3 was a CMA substrate.

Deficient CMA Inhibited NLRP3 Inflammasome
Degradation

To further determine whether the increased protein level
of NLRP3 in CMA-deficient macrophages was due to
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impaired NLRP3 degradation by CMA, we analyzed the
contribution of the CMA-lysosome pathway to NLRP3
degradation. We first detected the lysosomal content
of NLRP3 inflammasome components in macrophages
from normal chow-fed and starved WT mice. Starvation
was found to activate macroautophagy and CMA, both
of which led to an increased lysosomal degradation of
the corresponding substrates.''#? All 3 components of
the NLRP3 inflammasome were enriched in lysosomes
from starved mice (Figure 7A through 7G), suggest-
ing that active lysosomes were able to take up more
NLRP3 inflammasomes. Macroautophagy-dependent
degradation of substrates requires the assistance of the
ubiquitination system, which identifies and labels target
proteins with specific ubiquitin chains, mainly lysine 63
(K63) and lysine 48 (K48) polyubiquitin chains.®® Simi-
larly, strategies aimed at promoting NLRP3 inflamma-
some degradation through macroautophagy were also
achieved by facilitating the ubiquitination of inflamma-
some constituent proteins.®'* However, we found that
NLRP3 ubiquitination was markedly decreased in both
K48 and K63 chains in the presence of NLRP3 inflam-
masome activator ATP (Figure S9 in the Supplemental
Material). This was consistent with previous studies that
the NLRP3 protein is polyubiquitinated under physio-
logical conditions but undergoes deubiquitination during
NLRP3 inflammasome activation.3*%® Therefore, without
drug stimulation or gene manipulation, the contribution
of macroautophagy to the degradation of NLRP3 inflam-
masomes may be minimal.

An important finding of the present study was that
lysosomes from starved mice contained more HSC70
and LAMP-2A (termed CMA-active lysosomes, in which
Aldo A (aldolase), a CMA substrate, has been deemed
as a positive control). As active lysosomes took up more
NLRP3 inflammasomes, our results indicated an asso-
ciation between CMA and NLRP3 inflammasome. By
comparative analysis of the protein content in the pool
of CMA-active lysosomes isolated from starved WT and
L2A-KO mice that remained untreated or were injected
with leupeptin (to block lysosomal proteolysis; Fig-
ure 7H)2'% we subsequently determined the pathways
responsible for degradation of the three NLRP3 inflam-
masome components in vivo. Immunoblot analysis of these
lysosomal fractions showed that only the NLRP3 protein
in lysosomes had been degraded in a CMA-dependent
manner (Figure 71 through 7N). In addition, immunoblot
analysis of extracts from WT or L2A-KO mouse perito-
neal macrophages treated with cycloheximide (to inhibit
protein synthesis) for various durations further confirmed
that LAMP-2A deficiency inhibited NLRP3 protein deg-
radation but not the degradation of caspase-1 or ASC
(Figure 70 through 7R). These findings suggested that
activation of the NLRP3 inflammasome in CMA-deficient
macrophages was due to compromised degradation of
the NLRP3 protein by CMA.
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Figure 6. Identification of the NLRP3 (NLR [NOD-like receptor] family, pyrin domain containing 3) protein as a chaperone-
mediated autophagy (CMA) substrate.

A and B, Alignment of the amino acid sequences of mouse and human NLRP3 with the KFERQ motif. Within the KFERQ motifs, Q (in red)

and the other 4 amino acids (in purple) were marked. C, Colocalization (yellow particles) of NLRP3 (red particles) with LAMP-2A (lysosome-
associated membrane protein type 2A; green particles) in peritoneal macrophages treated with lipopolysaccharide (LPS; 100 ng/mL) for 8 h,
followed by stimulation with ATP (5 mmol/L) for 30 min. Scale bar=10 pm. D, Colocalization (yellow particles) of NLRP3 (red particles) with
LAMP-2A (green particles) in human coronary atherosclerotic plaques. Five independent experiments were performed. Scale bar=100 um. E,
Co-immunoprecipitation of endogenous LAMP-2A with NLRP3 from LPS and ATP-treated mouse peritoneal macrophages. The same amount
of nonspecific antibody (Rabbit IgG) was used as a control. F, Co-immunoprecipitation of endogenous NLRP3, caspase-1, or ASC (apoptosis-
associated speck-like protein containing a CARD [C-terminal caspase-recruitment domain]) with LAMP-2A from LPS and ATP-treated mouse
peritoneal macrophages. The same amount of nonspecific antibody (Rabbit IgG) was used as a control. G, Co-immunoprecipitation of Flag-LAMP-
2A with Myc (Myc epitope tag)-NLRP3, Myc-Caspase-1, or Myc-ASC in HEK293T cells. The same amount of nonspecific antibody (Rabbit IgG)
was used as a control. H, Co-immunoprecipitation of Flag-LAMP-2A with wild-type (WT) Myc-NLRP3 (Myc-NLRP3 WT) or mutant Myc-NLRP3
(Myc-NLRP3 Mut) from HEK293T cells. All of the four KFERQ motifs in human NLRP3 were mutated to disrupt the interaction of the NLRP3
protein with the CMA receptor LAMP-2A. DAPI indicates 4,6-diamidino-2-phenyiindole; and mut, mutant.
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Figure 7. Deficient chaperone-mediated autophagy (CMA) inhibited degradation of the NLRP3 (NLR [NOD-like receptor] family,
pyrin domain containing 3) inflammasome.

A-G, Representative immunoblot images and quantitative analysis to detect the indicated proteins in lysosomes isolated from the peritoneal
macrophages (M@s) of fed or starved (Stv) C57BL/6 mice (n=5, male). C57BL/6 mice were fed or starved for 24 h and were intraperitoneally
injected with lipopolysaccharide (LPS) 4 h before M@ isolation to activate NLRP3 inflammasome. Five independent experiments were performed.
Data were presented as medians and quartiles. Statistical analysis was conducted using Mann-Whitney test. H, Schematic diagram showing the
method used to determine whether a protein is degraded by CMA: (1) proteins not degraded in lysosomes, (2) proteins degraded in lysosomes
independently of CMA, and (3) proteins degraded in lysosomes through CMA. I-N, Representative immunoblot images and quantitative analysis
of lysosomes isolated from the peritoneal M@s of wild-type (WT) and L2A-m@KO mice (macrophage [MJ-specific] LAMP-2A [lysosome
associated membrane protein type 2A; L2A]-knockout mice) (n=5, male) who were starved for 24 h and then injected with or without leupeptin
(Leu) 2 h before isolation. Aldo A (aldolase), a well-characterized CMA substrate, was used as a positive control. Five independent experiments
were performed. Data were presented as medians and quartiles. Comparison was made only between PBS and Leu groups. Statistical analysis
was performed using Mann-Whitney test. O—R, Representative immunoblot images and quantitative analysis of protein expression in peritoneal
M@ extracts from WT and L2A-m@KO mice (n=5, male). M@s were treated with LPS for 6 h, and after LPS was removed, cells were treated

with cycloheximide (CHX, 5 ug/mL) for various durations. Five independent experiments were performed. Data were presented as medians and
quartiles. Comparison was made only between WT and L2A-meKO groups. Statistical analysis was carried out using Multiple linear mixed-effects
modeling. ASC indicates apoptosis-associated speck-like protein containing a CARD (C-terminal caspase-recruitment domain); HSC70, heat
shock cognate 71 kDa protein; and LAMP-2A (lysosome-associated membrane protein type 2A.

accelerated atherosclerosis in ApoE™~ mice, accom-
panied by increased serum levels of the proinflamma-
tory factors IL-1p and IL-18 as well as elevated protein
levels of NLRP3 and IL-1f in atherosclerotic plaques.
Third, CMA deficiency promoted NLRP3 inflammasome

DISCUSSION

There were several important findings in the present study.
First, atherosclerosis progression was accompanied by
defective CMA. Second, deficient CMA of macrophages
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activation and the subsequent cleavage of pro—IL-18 and
pro—IL-18 into mature IL-18 and IL-18, respectively, in
macrophages in vitro. Finally, these effects were not due
to alterations at the transcriptional level but rather were
the consequence of impaired degradation of the NLRP3
protein through the CMA-lysosome pathway (Figure 8).
Serving as the main cell population in atherosclerotic
plaques, macrophages are responsible for removing lip-
ids and debris in the plaques.?* Macrophage dysfunction
causes lipid accumulation and foam cell formation, cell
apoptosis, and extensive inflammatory responses, which
constitute the major events during atherogenesis. As lyso-
somes mediate the overall degradative capacity of cells,*
competent lysosomes are a prerequisite for macrophages
to efficiently degrade exogenous and endogenous proath-
erogenic cargo. In mammalian cells, this process depends
on three pathways: macroautophagy, microautophagy, and
CMA. All 3 autophagic pathways fulfill special functions,
together contributing to cellular quality control. Progres-
sive dysfunction in the lysosomal apparatus underlies the
hyperinflammatory state and abnormalities in lipid traffick-
ing in atherosclerotic macrophages.®**” Exploiting mac-
rophage autophagy-lysosomal biogenesis as a potential

Deficient CMA Promotes Atherosclerosis

therapy is fascinating. However, current studies in ath-
erosclerosis mainly focus on macroautophagy, the role
of CMA in atherosclerosis remains unclear. Our present
work clearly demonstrated a decline in CMA during the
progression of atherosclerosis and a causal link between
CMA failure and atherogenesis. This is consistent with
previous studies showing that CMA activity declines in
age-related disorders, such as neurodegenerative dis-
eases and metabolic disorders.?”83° The revelation that
CMA is involved in the pathogenesis of atherosclerosis
provides insight into the role of autophagy-lysosomal bio-
genesis in atherosclerosis. Because of the cooperation
between macroautophagy and CMA in atherosclerosis,
attempts to treat atherosclerosis by correcting the degra-
dative capacity of macrophages should focus on not only
macroautophagy but also CMA. The preservation of CMA
activity is critical for normal lysosomal function, particularly
in cases in which CMA serves as an upstream regulator of
macroautophagy.*’

Atherosclerosis is widely recognized as an inflamma-
tory disease.””® NLRP3 inflammasome activation and the
subsequent secretion of IL-13 and IL-18 contribute greatly
to vascular inflammation and atherosclerosis progression.
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Figure 8. Proposed mechanism of chaperone-mediated autophagy (CMA) deficiency promoting NLRP3 (NLR [NOD-like
receptor] family, pyrin domain containing 3) inflammasome activation.

A, In macrophages with normal CMA activity, the NLRP3 protein is degraded through the LAMP-2A (lysosome-associated membrane protein type
2A)-mediated CMA pathway, thus preventing excessive NLRP3 inflammasome activation. B, In macrophages with defective CMA, the NLRP3
protein cannot be effectively degraded and removed, resulting in excessive NLRP3 inflammasome activation and subsequent cleavage of pro—

IL (interleukin)-1p and pro—IL-18 to mature IL-1f and IL-18, promoting vascular inflammation and atherosclerosis progression. ASC indicates
apoptosis-associated speck-like protein containing a CARD (C-terminal caspase-recruitment domain); HSC70, heat shock cognate 71 kDa

protein; and TLR, Toll-like receptor.
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Therefore, therapies targeting the NLRP3 inflammasome
have great potential and are attractive for the management
of atherosclerosis and other inflammation-related dis-
eases. Upstream regulators of the NLRP3 inflammasome
have been well elucidated and include 2 independent sig-
nals: an initial priming signal that induces the transcrip-
tional upregulation of NF-kB and a second stimulus that
induces inflammasome assembly*® However, the exact
downstream mechanism that regulates NLRP3 is not com-
pletely understood. Macroautophagy'®'* and the ubiquitin-
proteasome system'® have been reported to play a role
in NLRP3 degradation, which occurs only when NLRP3
is ubiquitinated. By comparison, CMA is more specialized
and more specific for protein degradation.’® In addition,
CMA has proven to be involved in metabolic abnormalities
by degrading lipid droplet-associated proteins (perilipin 2
and perilipin 3)*° and key enzymes in carbohydrate and
lipid metabolism.?® Here, by focusing on CMA, we report
a new mechanism by which the NLRP3 inflammasome
is regulated in macrophages and atherosclerotic plaques.
We first identified the NLRP3 protein as a CMA substrate
and then demonstrated that deficient CMA in progressive
atherosclerosis caused impaired NLRP3 protein degrada-
tion and excessive NLRP3 inflammasome activation.

As anti-inflammatory therapy via IL-13-neutralizing anti-
bodies has been shown to be effective in treating athero-
sclerosis,? the activation of CMA might represent another
new approach to alleviate the inflammatory response in
atherosclerotic plaques. At present, inspiring results follow-
ing attempts to improve CMA function have been observed
in several mouse models of disease. For example, the res-
toration of CMA in T cells from old mice improved activa-
tion-induced responses through the targeted degradation
of negative regulators of T cell activation.*! Furthermore,
the restoration of CMA in the livers of aging mice improved
cellular maintenance and hepatic function.*? Increasing
CMA in mouse nigral dopaminergic neurons ameliorated
a-synuclein—induced dopaminergic neurodegeneration,
providing a novel therapeutic strategy in Parkinson dis-
ease.*> CMA is more selective and specific for protein deg-
radation because of the unique mechanism that underlies
lysosomal cargo binding and delivery.'® Aberrant activation
of the NLRP3 inflammasome is the basis of inflammation-
related disorders, such as type 2 diabetes, colitis, Alzheimer
disease, and atherosclerosis®® The timely and effective
removal of overactivated inflammasomes is critical to
control inflammation levels. In this work, we report for the
first time the important role of CMA in the degradation of
NLRP3 proteins, which opens new avenues for manipula-
tion of the NLRP3 inflammasome degradation machinery.
The activation of CMA may represent a potential therapy
for the treatment of atherosclerosis as it promotes the deg-
radation of NLRP3 inflammasomes as well as other pro-
atherogenic proteins that may be CMA substrates.

Although our work has unveiled the important role of
CMA in atherosclerosis, many additional questions need

Circulation Research. 2021;129:1141-1157. DOI: 10.1161/CIRCRESAHA.121.318908
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to be addressed. First, the reasons for the decline in CMA
during the progression of atherosclerosis are not unclear,
although previous studies suggested that compromised
CMA might be secondary to aging®” or excessive lipid
feeding®® Understanding the mechanisms by which
CMA becomes dysfunctional in atherosclerosis or the
aging process will increase the possibility of manipulating
CMA activity. Second, it is not clarified whether there are
other pathways by which CMA affects atherosclerosis in
addition to its ability to regulate NLRP3 inflammasome-
dependent inflammation. Our previous study showed that
CMA deficiency promoted lipid accumulation in macro-
phages,** which indicates a possible link between CMA,
lipids, and atherosclerosis. Unfortunately, we did not elu-
cidate the mechanisms underlying lipid metabolism disor-
ders in CMA-deficient macrophages. Third, many factors
are involved in the activation of NLRP3 inflammasomes
in atherosclerotic plaques and it is unknown to what
extent CMA affects this process. Fourth, different pro-
teolytic pathways (macroautophagy, UPS, and CMA) may
coexist inside cells, and both macroautophagy and UPS
have been reported to play a role in NLRP3 degrada-
tion,"®~"® which occurs only when NLRP3 is ubiquitinated.
However, NLRP3 protein undergoes deubiquitination
during NLRP3 inflammasome activation3**® Thus, the
contribution of macroautophagy and UPS to the degra-
dation of NLRP3 inflammasomes may be minimal. In con-
trast, cargo recognition and binding in CMA does not rely
on specific ubiquitin chains to label target proteins but
requires substrates that contain a pentapeptide-targeting
motif (KFERQ motifs)."® As a result, NLRP3 protein is
degraded mainly through CMA pathway which may play
a prominent role in atherosclerosis. Future studies are
warranted to clarify the effect of CMA upregulation on
NLRP3 inflammasomes and atherosclerosis progression.
Finally, as in most murine experiments, we used only male
mice to avoid a protective effect of estrogen on athero-
sclerosis.*® Thus, there might have been a sex difference
in our results had the same experiments been performed
in female mice. Further studies are needed to assess the
reproducibility of our results in female mice.

In conclusion, the present study demonstrates that
CMA plays an important role in the pathogenesis of ath-
erosclerosis by dampening NLRP3 inflammasome acti-
vation through degradation of NLRPS3 proteins. Our study
unveils a new mechanism by which NLRP3 inflamma-
some is regulated in macrophages and atherosclerosis
and provides a new insight into the role of autophagy-
lysosomal pathway in atherosclerosis. Pharmacologi-
cal activation of CMA may provide a novel therapeutic
strategy for atherosclerosis and other NLRP3 inflamma-
some/|L-1pB—driven diseases.
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