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Abstract

BACKGROUND: Excess cholesterol accumulation in lesional macrophages elicits complex
responses in atherosclerosis. Epsins, a family of endocytic adaptors, fuel the progression

of atherosclerosis; however, the underlying mechanism and therapeutic potential of targeting
Epsins remains unknown. In this study, we determined the role of Epsins in macrophage-
mediated metabolic regulation. We then developed an innovative method to therapeutically target
macrophage Epsins with specially-designed S2P-conjugated lipid nanoparticles (NPs), which
encapsulate small interfering RNAS to suppress Epsins.
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METHODS: We used single cell RNA sequencing (SCRNA-seq) with our newly developed
algorithm MEBOCOST to study cell-cell communications mediated by metabolites from sender
cells and sensor proteins on receiver cells. Biomedical, cellular and molecular approaches were

utilized to investigate the role of macrophage Epsins in regulating lipid metabolism and transport.

We performed this study using myeloid-specific Epsin double knockout (LysM-DKO) mice and
mice with a genetic reduction of ABCG1 (LysM-DKO-ABCG1/*). The NPs targeting lesional
macrophages were developed to encapsulate interfering RNAs to treat atherosclerosis.

RESULTS: We revealed that Epsins regulate lipid metabolism and transport in atherosclerotic
macrophages. Inhibiting Epsins by nanotherapy halts inflammation and accelerates atheroma
resolution. Harnessing lesional macrophage-specific NP delivery of Epsin siRNAs, we showed
that silencing of macrophage Epsins diminished atherosclerotic plaque size and promoted plaque
regression. Mechanistically, we demonstrated that Epsins bound to CD36 to facilitate lipid
uptake by enhancing CD36 endocytosis and recycling. Conversely, Epsins promoted ABCG1
degradation via lysosomes and hampered ABCG1-mediated cholesterol efflux and reverse
cholesterol transport. In a LysM-DKO-ABCG1/* mouse model, enhanced cholesterol efflux and
reverse transport due to Epsin deficiency was suppressed by the reduction of ABCGL.

CONCLUSIONS: Our findings suggest that targeting Epsins in lesional macrophages may offer
therapeutic benefits for advanced atherosclerosis by reducing CD36-mediated lipid uptake and
increasing ABCG1-mediated cholesterol efflux.
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INTRODUCTION

Atherosclerosis is a complex and chronic condition that results in a buildup of arterial

fatty deposits, called plaques that are the root cause of coronary heart disease, ischemic
stroke, and peripheral artery disease 12. Despite effective lipid-lowering therapies including
new antibody and siRNA drugs targeting PCSK9, atherosclerosis is still the leading cause
of mortality worldwide. Atherosclerotic lesion formation involves interactions between
oxidized low-density lipoprotein (oxLDL) and constituents of the arterial wall including
monocyte-derived macrophages, immune cells and vascular smooth muscle cells 34,
Mounting evidence indicates that factors with the potential to promote macrophage egress
from plaques (e.g., regulatory T cells) play a critical role in regulating macrophage pro-
resolving functions during atherosclerosis regression °. Furthermore, the pro-inflammatory
effects of oxLDL leads to endothelial activation and macrophage recruitment 8. Invading
macrophages in the sub-endothelium ingest modified LDL and are transformed into lipid-
laden foam cells 1:3. This escalates arterial inflammation—a prime contributor to the
transition from a stable to vulnerable atheroma "~10, Accordingly, patients that receive

a therapeutic cocktail aimed at alleviating dyslipidemia and hypertension still develop
deleterious cardiovascular diseases 211, This accentuates the urgent need for next-generation
therapies geared toward eradicating inflammation in the arterial wall.

Epsins are a family of highly-conserved endocytic adaptor proteins that associate with the
plasma membrane through interactions between their N-terminal homology (ENTH) domain
and membrane phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2) 12-14 where it recognizes
and recruits ubiquitinated cell surface receptors to clathrin-coated pits for internalization
via its ubiquitin-interacting motif (UIM) and clathrin/AP-2 binding sites, respectively

15-18 Epsins 1 and 2 are ubiquitously expressed, redundant in function, and essential

for embryonic survival 19. The embryonic lethality of Epsin 1 and 2 double knockout

mice (DKO) prompted us to generate conditional Epsin1/fl; Epsin2~/~ mice. Combining
DKO strains with specific Cre deleter mouse strains creates tissue and cell type-specific
DKO mice 1920, Despite their multifaceted functions, our previous work demonstrated

that Epsins possess a vast degree of specificity and selectivity in choosing their binding
partners. Therefore, the actions of Epsins are cell context-dependent 19-26, Notably, we
demonstrate that myeloid-specific Epsin loss downregulates inflammation and impedes
atheroma formation in an atherogenic mouse model by stabilizing macrophage LRP-1 25,
However, this model failed to address the role of epsins in hindering atheroma regression
and promoting plaque rapture and the resulting debilitating cardiovascular events.

Lesional macrophages internalize lipids primarily through scavenger receptor-mediated
endocytosis 27, which is also responsible for foam cell formation 28-32. Mice lacking both
Scavenger Receptor-A (SR-A) and CD36 revealed that CD36 is the major oxLDL receptor
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required for foam cell formation 2%-32, Our previous studies revealed that Epsins 1 and 2

are upregulated in lesional macrophages 26. Epsin-deficient (DKO) macrophages exhibited a
striking reduction in foam cell formation 28. As robust lipid uptake by macrophages is one
of major responsible factors that drive foam cell formation, we posit a central role for Epsins
in regulating lipid uptake in macrophages; however, how Epsins facilitate lipid uptake and
whether this occurs through scavenger receptor-mediated uptake of modified LDL during
foam cell formation remains unknown.

Reverse cholesterol transport (RCT) is responsible for removing excess cholesterol from
peripheral tissues to the liver, where it is reused or removed from the body 33. A critical part
of RCT is cholesterol efflux, where accumulated cholesterol removed from macrophages

in the subintima is mediated by ATP-binding membrane cassette transporters (ABCA1

and ABCG1) and other molecules 3438, Among the regulators of RCT, ABCG1 plays a
prominent role in macrophage cholesterol and phospholipid transport to maintain cellular
lipid homeostasis by using high density lipoprotein (HDL) as a cholesterol acceptor 37.
HDL is thought to facilitate macrophage re-programming to be less inflammatory through
an ATF-3-dependent pathway 38. Several clinical trials and more recent studies suggest that
increased HDL-cholesterol concentrations fail to improve cardiovascular disease outcomes
39-41: yet, new data indicate that rather than the steady-state HDL-cholesterol (HDL-C)
levels 42, the ability of HDL particles to transport cholesterol from atherosclerotic plagues to
the liver is perhaps more important for combating atherosclerosis 4344,

Consequently, a shift in focus from increasing HDL-cholesterol concentrations to raising
RCT function by increasing cholesterol efflux capacity (CEC), the HDL-ABCG1-mediated
cholesterol efflux from macrophages, has become a prospective therapy for coronary artery
disease (CAD), especially in severe acute myocardial infarction (AMI) patients 4548, As
lack of effective cholesterol efflux in macrophages hinders the reversal of foam cells to
healthy macrophages, we envisioned a major role for macrophage Epsins in regulating
cholesterol efflux. Given the importance of cholesterol efflux and RCT in atheroma
resolution and the aforementioned risk reduction in AMI patients 34-36 it is crucial to
determine whether Epsins inhibit cholesterol efflux and RCT to promote atherosclerotic
plaque progression and impede lesion regression.

In this study, we harnessed innovative single-cell bioinformatics technology and therapeutic
nanotechnology to better understand atherosclerosis. This allowed us to determine the
detrimental role of epsins in prohibiting atheroma regression and promoting plaque rupture
using a preclinical atherosclerosis regression model. Mechanistically, we utilized sScCRNA-
seq analysis of macrophages and newly-developed bioinformatic techniques to identify
novel targets involved in lipid metabolism during atherosclerosis. Based on these targets,
we generated a myeloid-specific-deficient ABCG1 murine model to uncover how epsins
regulate lipid metabolism to propel atherosclerosis. Specifically, we showed that Epsins
facilitate CD36-mediated lipid uptake and inhibit ABCG1-mediated cholesterol efflux. We
also employed a novel macrophage-specific nanoparticle delivery system to investigate the
therapeutic treatment of atherosclerosis. Lastly, using an early-stage progression model, an
advanced-stage progression model, and a regression model of atherosclerosis, we established
the therapeutic benefit of treating this disease with a nanoparticle delivery system. This
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comprehensive mechanistic study on lipid metabolism and clinically-relevant nanoparticle-
mediated RNAI therapies represents a potential breakthrough for treating this devastating
disease.

METHODS

The detailed methods and materials are available in the Supplemental Materials. Antibodies,
primers, and reagents are listed in Major Resources Table.

Data availability:

The authors declare that all supporting data are available within the article and its
supplementary files. Additional methods or data related to this study are available from
the corresponding authors upon reasonable request. The RNA-seq and sScCRNA-Seq data
generated in this study were deposited into the GEO database with the accession number
GSE214414.

RESULTS

Single-cell RNA-seq revealed that macrophage Epsins regulate cholesterol metabolism
and efflux pathways

For an unbiased analysis of all pathways regulated by Epsins in macrophages, we performed
single-cell RNA sequencing (scRNA-seq) analysis of aortic tissue isolated from wild type
(WT) and macrophage-specific LysM-DKO (DKO) mice on a normal diet (Figure S1A-
S1B). We identified a diverse range of cell types, including vascular smooth muscle cells
(VSMCs), fibroblasts, endothelial cells, macrophages, and other cells (Figure 1A). Known
cell markers facilitated annotation of cell types, such as Tagln and Acta2 for VSMCs,
Pecam1 and Cdh5 for endothelial cells, Cd14 and Cd68 for macrophages*®-51 (Figure
S2A). Macrophage populations were further subclustered to investigate their heterogeneity
among subpopulations (Figure 1B). Multiple well-known macrophage subpopulations were
recaptured, including M1 and M2 macrophages. Markers reported in the literature were used
to annotate the subtypes (e.g., Mrcl [Cd206] and Cd163 for M2 macrophages)®? (Figure
S2B-S2D). The composition of these aortic cell populations showed differences between
WT and DKO mice (Figure S3).

The molecular mechanisms underlying Epsin-mediated regulation of foam cell formation
and the promotion of lipid uptake by macrophages are poorly understood. We therefore
employed the algorithm MEBOCOST, which is the first algorithm developed to detect
cell communications mediated by metabolites and their sensor proteins such as receptors
and transporters (metabolite-sensor cell communications) °3. MEBOCOST predicted each
metabolite-mediated cell-cell communication for which the metabolite is secreted by one
cell and travels to interact with the sensor protein of another cell. The cell type that
expresses the enzyme that generates the metabolite is defined as the “sender”, while

the cell type that expressed the sensor protein is defined as the “receiver”. The results
showed that macrophage subpopulations and VSMCs were the top cell types ranked by
the number of metabolite-sensor cell communications from the largest to the smallest
(Figure 1C). Furthermore, the numbers of metabolite-sensor cell communications in these

Circ Res. Author manuscript; available in PMC 2024 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 6

cell populations increased in DKO compared to WT samples (Figure 1C). Macrophage
subpopulations were found to not only send metabolites to other cell types, but also receive
metabolites from other cell types. They could send and receive metabolites in an autocrine
manner as well (Figure 1D). The communications between a pair of cell populations can be
mediated by multiple metabolite-sensor pairs. The overall changes in communication were
estimated by the median differences of communication scores between any two cell groups.
We observed widespread changes of cell-cell communications in DKO when compared to
WT, with both strengthened and weakened communications (Figure 1D). To gain a deeper
insight into the changed metabolite-sensor cell communications related to macrophages,
we inspected individual sender cell types of metabolites and receiver cell types of sensor
proteins. First, we observed a decrease of cholesterol-Cd36 cell communications from
macrophages, especially in macrophage cluster 2 (c2), compared with other cell types

in DKO and WT samples (Figure S4A); second, cholesterol-Cd36 cell communications
from macrophage c2 to macrophage c1 were reduced by Epsin DKO (Figure S4B and
S5A-E). As for the specificity of metabolite and sensor abundance in different cell

types, we observed that cholesterol and its derivative, 25-hydroxycholesterol, were highly-
enriched in macrophage populations. Cd36, the receptor of cholesterol, was also highly
expressed in macrophage populations (Figure 1E and S6A-B). The cell communications
through cholesterol and Cd36 in macrophages was supported by their abundance in these
cells. Finally, the most variable communications in macrophages mediated by cholesterol
appeared to be mostly decreased rather than increased (Figure S4C).

We sequenced and analyzed the macrophage subpopulations in aortas from WT/ApoE ™/~
and LysM-DKO/ApoE~'~ mice on a Western Diet for 16 weeks. We identified

multiple macrophage subpopulations such as Foamy Trem2 macrophages, Resident-Like
macrophages, Inflammatory macrophages, VSMS-derived macrophages, and Fibroblast-
derived macrophages (Figure 1F). The composition of these subpopulations showed
differences between WT/ApoE ™~ and LysM-DKO/ApoE ™~ mice on Western diet for 16
weeks (Figure 1F). Known markers®#:5% were used to annotate the macrophage subtypes,
such as Foamy Trem2 macrophages (Trem2, Abcgl, Sppl and Cd9) (Figure 1G and 1H).

We subsequently performed bulk RNA-seq analysis of peritoneal macrophages isolated
from WT and LysM-DKO mice on normal diet and revealed that loss of Epsins 1

and 2 significantly altered the expression of 2208 genes (Figure S7A). These include
1138 downregulated and 1070 upregulated genes (Figure S7A). Notably, the differentially
regulated genes were associated with cholesterol efflux and metabolism, suggesting that
Epsins play a role in regulating lipid cholesterol metabolism and efflux pathways (Figure
S7B). Consistently, Gene Set Enrichment Analysis (GSEA) showed that genes related to
fatty acid metabolism tended to be downregulated in DKO macrophages (Figure S7C). In
contrast, genes associated with cholesterol transport and efflux (Figure S7D), and negative
regulation of macrophage foam cell formation (Figure S7E), tended to be upregulated by
Epsin deficiency.

We next compared DKO peritoneal macrophage RNA-seq data from WT and LysM-
DKO mice on a normal diet with RNA-seq data from wild type and CD36 knockout
(CD36K0) macrophages from an open-source database 6. We observed a significant
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overlap of differentially expressed genes induced by Epsin and CD36 deletion from mouse
macrophages. There were 169 genes significantly upregulated by both Epsin-DKO and
CD36KO (4-fold enrichment compared to the 41 genes expected by random chance, Fisher’s
exact test P value 9.73 x 1072%) (Figure S7F left panels); 29 genes (6-fold enrichment,
Fisher’s exact test P value 6.15 x 107%) were downregulated by both Epsin-DKO and
CD36KO (Figure S7F right panels). GO analysis revealed multiple pathways regulated

by both Epsin and CD36 deficiency. These include the downregulation of inflammation
pathways, lipid biosynthetic processes, triglyceride metabolic processes, and upregulation
of the small GTPase-mediated signal transduction pathway (Figure S7G). These results
indicated that Epsins and CD36 may have superimposing roles in regulating molecular
pathways involved in lipid metabolism and inflammation.

Epsin promotes CD36-mediated lipid uptake by promoting CD36 endocytosis and recycling

Based on the bioinformatic results, we hypothesized that Epsins regulate CD36
internalization and, thus, lipid uptake. We performed gRT-PCR, western blot (WB) and flow
cytometry to check the RNA, total protein, and surface protein levels of CD36. Interestingly,
RNA (Figure 2A) and total protein (Figure 2B) expression of CD36 showed no significant
differences between WT and DKO macrophages; however, the surface protein level of CD36
significantly decreased with the treatment of oxLDL in clathrin-dependent manner in WT,
but not in DKO macrophages (Figure 2C and S8A-C). Immunofluorescence staining (IF)
revealed oxLDL-induced CD36 trafficking to early endosomes. We observed colocalization
of CD36 with EEAL (early endosome antigen 1, Figure 2D) and Rab11 (recycling endosome
marker, Figure 2E) in WT macrophages treated with oxLDL, which was not observed in
DKO macrophages.

To further study the role of Epsins in regulating macrophage lipid uptake, we stained
oxLDL-treated WT and DKO macrophages with BODIPY and Oil Red O (ORO).
Deficiency of Epsins impaired oxLDL uptake and foam cell formation (Figure 2F and S9A—
B) and reduced cholesterol and triglyceride levels (Figure 2G) in DKO macrophages. Flow
cytometry confirmed that macrophage lipid uptake was reduced in DKO macrophages using
Dil-oxLDL treatment (Figure 2H and S8B). Together, these results indicate that Epsins are
crucial for CD36-mediated lipid uptake and cholesterol metabolism.

Epsin ENTH domain is required for CD36-mediated lipid uptake and foam cell formation

Next, we investigated how Epsins and CD36 interact to cause the disparity in CD36 surface
and total protein levels using immunoprecipitation (IP) and WB. We determined that CD36
binds Epsinl in WT, but not in DKO macrophages (Figure 3A). This indicated that Epsinl
and CD36 interact endogenously. To determine the Epsin domains responsible for this
interaction, we created Flag-tagged mammalian Epsinl wild type full length and ENTH

or UIM deletion constructs (FLAG-Epsin1WT, FLAG-Epsin12ENTH or FLAG-Epsin12UIM)
(Figure 3B). We transfected these constructs to HEK 293T cells and performed co-IP with
CD36. The interaction between Epsinl and CD36 was dependent on the ENTH domain

as the binding between Epsin12ENTH and CD36 was reduced in FLAG-Epsin1AENTH.
expressing cells (Figure 3B). As expected, we did not detect ubiquitinated CD36 in response
to oxLDL treatment in the presence of the proteasome inhibitor MG132 (Figure 3C). In
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addition, we transfected the Epsin full length and deletion Epsin constructs into WT and
DKO macrophages treated with oxLDL. The transfection of full-length Epsin restored
lipid uptake in DKO macrophages, which was not observed in cells expressing FLAG-
Epsin12ENTH (Figure 3D, 3E and S10).

RNA-seq analyses of WT, Epsin-DKO and ABCG1-KO macrophages reveal that Epsins and
ABCG1 reciprocally regulate inflammation and lipid metabolism pathways

Emerging evidence supports raising RCT function by increasing HDL-cholesterol efflux
capacity (CEC) to treat recurrent heart attacks. To study this, we generated myeloid-specific
ABCG1-knock out (ABCG1-KO) mice. Given the intimate relationship of HDL with
ABCGL1 in regulating cholesterol efflux, and the involvement of Epsins in cholesterol
efflux regulation, we performed RNA-seq analysis of WT, ABCG1-KO and Epsin-DKO
macrophages. The loss of ABCG1 in macrophages significantly altered the expression

of 1733 genes, including 986 downregulated and 747 upregulated genes (Figure S11A—
S11C). GSEA indicated that genes associated with the inflammatory response (Figure

4A) and TNFa signaling via NF-xB (Figure 4B) are upregulated by ABCG1-KO in
macrophages. In contrast, genes associated with cholesterol homeostasis are downregulated
by ABCG1-KO (Figure 4C). We then performed GO enrichment analysis for genes up-

and down-regulated in ABCG1-KO relative to WT macrophages. Positive regulation of
cytokine production, tumor necrosis factor production and acute inflammatory responses
were upregulated by ABCG1-KO in macrophages (Figure 4D). Negative regulation of

lipid storage and cholesterol biosynthetic processes were downregulated in ABCG1-KO
compared to WT macrophages (Figure 4D). Interestingly, GSEA analyses showed that genes
associated with cell activation involved in immune response (Figure S11D), regulation

of leukocyte migration (Figure S11E) and leukocyte proliferation (Figure S11F) are
markedly upregulated by ABCGL1 deficiency in macrophages. In contrast, these genes are
downregulated in DKO macrophages (Figure S11D-S11F).

These results suggest that Epsins and ABCG1 reciprocally regulate inflammation pathways.
Examination of individual expressed genes confirmed common target genes were oppositely
regulated by Epsins and ABCGL. For instance, Itgh3, which prevents differentiation of
macrophages and monocytes into foam cells 57, was inversely regulated by DKO and
ABCGL1-KO, respectively (Figure 4E). In addition, GO enrichment analysis revealed
pathways were opposingly regulated by ABCG1-KO and DKO in macrophages (Figure 4F).
Therefore, our RNA-seq analyses from ABCG1-KO and Epsin-DKO mouse lines further
supports our findings showing that Epsins and ABCGL1 play opposing roles in regulating
cholesterol efflux, inflammatory responses, and foam cell formation.

Epsin loss augments macrophage cholesterol efflux in vitro and RCT in vivo

RNA-seq analysis of WT, DKO and ABCG1-KO macrophages indicated that the loss of
Epsins affects cholesterol efflux. At the same time, we wanted to determine if Epsins inhibit
cholesterol efflux and RCT to promote atherosclerosis. WT and DKO macrophages were
pretreated with a liver X receptor (LXR) agonist (T0901317, 3umol/L) which can increase
ABCG1-mediated cholesterol efflux to HDL®8, then incubated with [3H]-cholesterol and
ac-LDL. We found that /n vitro cholesterol efflux to HDL, but not ApoA-1, was markedly

Circ Res. Author manuscript; available in PMC 2024 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 9

enhanced in DKO versus WT macrophages (Figure 5A and 5B). Consistently, in vivoRCT
(Figure 5C) was elevated in mice injected with [3H]-cholesterol-loaded DKO macrophages
when compared to WT macrophages. Our results showed that [3H]-radioactivity in liver,
plasma, feces, and intestinal contents all showed significant increases in mice injected with
DKO macrophages, but not those injected with WT macrophages (Figure 5D-51 and S12).
These findings suggest that Epsin-deficient macrophages have higher cholesterol efflux and
RCT.

Epsin-UIM domain binds ABCG1 to promote degradation via the lysosome

To investigate the molecular mechanisms underlying Epsin-mediated ABCGL1 regulation,
we tested whether Epsins interact with ABCG1 and governed its turnover in macrophages.
We first assessed protein levels of surface receptors such as ABCG1, ABCAL, SR-Al, and
LDLR in macrophages involved in the progression of atherosclerosis. WB results showed
that ABCG1, but not ABCAL, SR-Al and LDLR, were upregulated in primary macrophages
from DKO mice when compared to WT mice (Figure 6A). The mRNA levels of ABCG1

in both WT and DKO macrophages were not significantly different (Figure S13). Because
ABCG1 is known to mediate cholesterol efflux to HDL 48, we hypothesized that Epsins
bind ABCGL1 under atherosclerotic conditions and promote ABCG1 ubiquitin-dependent
degradation to inhibit cholesterol efflux in macrophages and facilitate the development of
atherosclerosis. When the isolated peritoneal macrophages from DKO and WT mice were
pretreated with a LXR activator followed by a cell surface biotinylation assay, we observed
significantly elevated levels of biotinylated ABCG1 in DKO macrophages (Figure 6B). We
also performed flow cytometry and observed that only WT macrophages showed a decreased
surface level of ABCG1 with oxLDL treatment in a clathrin-dependent way (Figure 6C

and S14A-C). Therefore, decreased total and surface levels of ABCG1 in WT macrophages
implied that Epsins promote ABCG1 degradation.

We next determined how Epsins cause increases in total and surface protein levels of
ABCG1 in macrophages from DKO mice. When peritoneal- or bone marrow-derived
macrophages from WT and DKO mice were lysed and processed for IP with anti-Epsinl
antibodies, we observed ABCG1 in WT macrophages, but not in DKO macrophages
(Figure 6D). This suggested that Epsins bind to ABCG1. Accordingly, we showed that
Epsin interacted with ABCG1 through the Epsin UIM domain, which was confirmed by
transfection of Flag-tagged mammalian Epsin wild type full length, ENTH or UIM deletion
constructs as well as ABCGL1 plasmid to HEK 293T cells (Figure 6E). We showed that
ABCGL is ubiquitinated in response to oxXLDL, allowing Epsins to interact with ABCG1
through their UIM, which promotes ABCG1 lysosomal degradation (Figure 6F). In addition,
we observed oxLDL-induced ABCG1 trafficking to early endosomes (Figure 6G) and
lysosomes (Figure 6H) in WT macrophages, but this was not evident in DKO cells.

To confirm that elevated cholesterol efflux and RCT were a result of increased total and
surface ABCG1 levels in ApoE~/~/LysM-DKO macrophages, we created ApoE~~/LysM-
DKO-ABCG1* mice by crossing the ApoE~'~/LysM-DKO mouse strain with ABCG1
(flox/+) heterozygous mice to generate a novel mouse model (ApoE~~/LysM-DKO/
ABCG1Myeloid-hety \with genetically-reduced ABCG1 levels in Epsin-deficient macrophages
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(Figure 5J). We observed reduced gene (Figure 5K) and protein (Figure 5L) expression

of ABCG1 in ApoE~~/LysM-DKO-ABCG1/* macrophages. The LysM-DKO-ABCG1/*
macrophages showed less cholesterol efflux to HDL and RCT compared to ApoE~~/LysM-
DKO macrophages (Figure 5A, 5B and 5D-5I). These studies demonstrated that Epsin
deficiency in macrophages specifically enhanced ABCG1-mediated cholesterol efflux to
HDL and RCT, which is inversely related to the risk for atherosclerotic cardiovascular
disease®*. Immunostaining of human patient aortic arch (Figure S15A) and mouse aortic
root (Figure S15B) sections revealed that ABCGL1 expression is inversely associated with
atherosclerotic plaque severity (/.e., there is less ABCG1 expression in patients with more
severe atheromas).

S2PNP-siEpsinl/2 hinders progression of early and advanced stages of atherosclerosis

Because we found that Epsins facilitate CD36-mediated lipid uptake and promote ABCG1
degradation to inhibit ABCG1-mediated cholesterol efflux, we determined whether targeting
Epsins could prevent the progression of atherosclerosis. We used a targeted NP platform 9
modified with a lesional macrophage-specific targeting peptide (S2P) for systemic delivery
of Epsin 1 and 2 siRNAs (S2PNP-siEpsin1/2) (Figure S16A).

Isolated macrophages from WT mice were treated with S2PNP-siControl (S2PNP-siCtrl)
or S2PNP-siEpsin1/2. RNA and protein were then isolated to check the /in vitro silencing
efficacy of the NPs (Figure S16B and S16C). To assess the effect of NPs on in vitro
peritoneal macrophage lipid loading, cells isolated from ApoE~'~ mice were treated with
S2PNP-siCtrl or S2PNP-siEpsin1/2 for 24h followed by treatment with oxLDL or plasma
isolated from ApoE~~ mice fed a WD for 8 weeks. The treatment of oxLDL or plasma
demonstrated decreased lipid uptake by S2PNP-siEpsinl/2-treated macrophages compared
to S2PNP-siCtrl treated cells (Figure S17A and S17B).

ApoE~"~ mice fed a WD for 8 weeks (early stage, Figure S18) or 17 weeks (advanced stage,
Figure 7) were divided into three groups including baseline (before NP injection), S2PNP-
siCtrl, and S2PNP-siEpsinl/2. The baseline group was sacrificed before the injection of
NPs. S2PNP-siCtrl or S2PNP-siEpsin1/2 NPs were intravenously injected twice a week for
3 weeks (Figure S18A and 7A). Digested lesions from S2PNP-siCtrl or S2PNP-siEpsin1/2
treated mice were used for WB to check /n vivo silencing of Epsins 1 and 2 (Figure

S18B). Additionally, the administration of S2PNP-siEpsin1/2 NPs resulted in a decrease in
lesional macrophage accumulation and Epsins 1 and 2 expressions within the atherosclerotic
plaques as shown by diminished CD68 and Epsin staining in aortic root sections (Figure
S18C and S18D). £n face ORO staining of aortas, aortic roots, and brachiocephalic artery
(BCA) sections (Figure S18E, 7B and 7C) showed reduced lesion size, lesion number and
retarded progression of both early (11 weeks on WD) and advanced (20 weeks on WD)
stages of atherosclerosis in ApoE~'~ mice treated with S2PNP-siEpsin1/2 NPs opposed to
the S2PNP-siCtrl treated group.

Inhibiting the transition of atheromas from stable lesions to vulnerable plaques is paramount
for preventing heart attacks and strokes. We observed elevated smooth muscle cell area and
reduced macrophage accumulation (Figure 7D), increased elastic fibers and collagen content
(Figure S19), and reduced necraotic core area (Figure 7E) within the atherosclerotic lesions
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in S2PNP-siEpsinl/2 treated mice compared to the S2PNP-siCtrl NP group. In addition,
we observed no changes in plasma total cholesterol, triglycerides, or HDL and non-HDL
cholesterol levels between S2PNP-siCtrl and S2PNP-siEpsin1/2 treated mice (Figure S20).
These features suggest that the administration of lesion macrophage-specific targeting NPs
containing Epsinl/2 siRNA can stabilize atherosclerotic plaques without affecting plasma
cholesterol levels.

S2PNP-siEpsinl/2 promotes atheroma resolution by diminishing inflammation and
enhancing lesion stability

Given the role of macrophage cholesterol efflux and RCT in atheroma resolution, we also
wanted to assess the therapeutic effects of S2PNP-siEpsin1/2 NPs on atheroma resolution.
We established another mouse model by injecting an adeno-associated virus-8 carrying

a mutant PCSK9 gene (AAV8-PCSK9D377Y) into C57BL/6 mice. This generated an
atherosclerotic mouse model harboring a PCSK9 gain-of-function 60, which mimics LDLR
null mice 28 and requires no additional genetic modification 0. Another advantage of this
mouse line is that a single AAV injection is sufficient to generate atherosclerotic mice by
WD feeding compared to long-term crossbreeding with ApoE~'~ or LDLR™/~ mice.

To test if S2PNP-siEpsin1/2 treatment can promote atheroma resolution, PCSK9-AAV8
mice fed a WD for 16 weeks followed by 4 weeks of normal diet feeding combined

with S2PNP-siCtrl or S2PNP-siEpsinl/2 treatment (Figure 8A). The latter group showed a
reduction of lesion size and lesional regression as evidenced in the IF and ORO staining

of the whole aorta, aortic root and BCA sections (Figure 8B, 8C, 8D and S21A). Van
Gieson’s trichrome staining of BCA sections showed increased collagen content and elastic
fibers in the S2PNP-siEpsin1/2 treated group compared to the S2PNP-siCtrl treated or
baseline groups (Figure S21B). In addition, the IF co-staining of CD68 and a-SMA showed
reduced macrophage accumulation in the fibrous cap, reduced size of atheromatous cores,
and increased smooth muscle cell area within the fibrous caps of atheromas in the S2PNP-
siEpsinl/2 group (Figure 8C).

Adhesion molecules play a crucial role in attaching monocytes to activated endothelial
cells (EC) and recruiting monocytes to the subendothelial layer. Co-staining of CD31

with vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1), P-selectin or E-selectin (Figure 8E-8I) was performed using aortic root
sections. Administration of S2PNP-siEpsin1/2 NPs significantly suppressed these adhesion
molecules when compared to the S2PNP-siCtrl treated group. In addition, the expression
of the macrophage egressing gene CCR7 was significant increased, while the retention
genes Sema3a and Netrinl were decreased, in DKO macrophages (Figure S21C). This

was consistent with our RNA-seq analysis that showed the deficiency of macrophage
Epsins facilitates immune cell migration. Furthermore, macrophages treated with S2PNP-
siEpsin1/2 NPs showed decreased expression of pro-inflammatory genes (iNOS, 1L-6,
IL-1B, and TNF-a) and increased expression of anti-inflammatory markers (IL-10 and
Argl) when compared to the S2P-siCtrl treated group (Figure 8J). These decreased pro-
inflammatory cytokines lead to reduced ICAM-1, VCAM-1, P- and E-selectin expression in
ECs (Figure 8E-8H), hindering recruitment of additional macrophages to the lesion.
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To confirm our /n vivo findings in both early/advanced progression and regression
atherosclerosis models, we separately analyzed female and male mice. The results from
these studies did not show differences between females and males (Figure 7B, 8B,
S18E and S22A-C). Taken together, these results indicate that silencing of Epsins in
lesional macrophages may offer therapeutic benefits in preventing or treating advanced
atherosclerosis.

In addition, to confirm our /in vitro studies in mouse macrophages, we performed

Epsin1/2 siRNA-mediated knockdown in human monocyte-derived macrophages (THP1
macrophages). We observed similar molecular mechanisms and phenotypes in Epsin1/2-
deficient THP1 macrophages and LysM-DKO macrophages with respect to lipid uptake,
neutral lipid accumulation, and cholesterol efflux. In addition, Epsin-deficiency in these
macrophages similarly regulated of the expression of CD36, ABCG1, and LRP126 (Figure
S23A-D and S24A-G).

DISCUSSION

We discovered that Epsins 1 and 2 govern cholesterol transport (Figure S25) in
atherosclerotic macrophages by regulating CD36-mediated lipid uptake (Figure 1-3 and
S2-5S10) and ABCG1-dependent cholesterol efflux (Figure 4-6 and S11-S14). Importantly,
we demonstrated that targeting lesional macrophage Epsins using a nanotechnology-based
siRNA-mediated therapy halted inflammation, impeded early and late atherogenesis (Figure
7 and S16-S20), and accelerated atheroma resolution (Figure 8 and S21). By silencing
lesional macrophage Epsins, we observed a reduction in necrotic core area in atherosclerotic
lesions and attenuation of inflammation (Figure 7 and Figure 8). In addition, our scRNA-seq
data provided a high-resolution view of the macrophage landscape within the lesion and
highlighted that CD36-mediated lipid uptake was diminished at the same time ABCG1
expression was upregulated in Trem2+ macrophages, a sub-cluster of macrophages that play
a role in atheroma resolution. Our scRNA-seq data further showed that lesional macrophage
clusters are reduced by macrophage epsin-deficiency. Together, our studies point toward a
promising new strategy for the treatment of atherosclerosis.

The advent of therapies targeting PCSKO to treat atherosclerosis, including monoclonal
anti-PCSK9 antibodies and PCSK9 siRNAs, has been considered to be a game-changing
development 61-63; however, these and other therapies largely ignore the rampant
inflammation that occurs in atherosclerotic arteries. Arterial inflammation is a prime
contributor to the transition from a stable to vulnerable atheroma "~19. While anti-
inflammatory medicines such as anti-Interleukin-1p antibodies diminish the risk of recurrent
myocardial infarction, these treatments have side effects 6465, In addition, the inability

to reduce lipid ingestion while concomitantly reinforcing cholesterol efflux in lesional
macrophages has impeded the battle against atherosclerosis.

Epsins may interact with different receptors in macrophages at different stages of atheroma
progression or regression. We previously reported that without Epsins, the surface levels
of LRP-1 are abundant in macrophages, causing enhanced efferocytosis and an anti-
inflammatory macrophage phenotype that resulted in reduced foam cell formation. Given
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that macrophage LRP1 has opposing effects on plaque biogenesis, depending on whether
the plaque is growing or shrinking, and as LRP1 plays an accessory role in lipid uptake
and metabolism, the phenotype of blunted oxLDL uptake in Epsin-deficient macrophages
prompted us to investigate the mechanisms beyond LRP1-mediated regulation.

In this study, we showed that Epsins bind to CD36 to facilitate lipid uptake by enhancing
CD36 endocytosis and recycling. Conversely, Epsins promote ABCG1 degradation via
lysosomes and hamper ABCG1-mediated cholesterol efflux and reverse cholesterol
transport. Thus, these two pathways greatly reduced foam cell formation and, ultimately,
reduce atherosclerosis. By harnessing the latest developments in nanomedicine and
designing S2P-NPs carrying Epsin1/2 siRNAs (S2PNP-siEpsin1/2), we showed a reduction
in plaque formation in both early and advanced atherosclerosis (Figure S18 and 7).
Furthermore, in a pre-clinical atheroma resolution model, this approach reduced lesional
macrophage accumulation, decreased pro-inflammatory cytokine and adhesion molecule
expression, and accelerated plaque regression (Figure 8). Taken together, our study
uncovered a novel and critical role for Epsin in regulating lipid metabolism and cholesterol
efflux as well as offering a potential new nanotherapy for treating atherosclerosis by
targeting macrophage Epsins.

As we showed that silencing of lesional macrophage Epsins reduces necrotic core size, we
reasoned that inhibiting Epsins may reinforce efferocytosis in macrophages, analogous to
our observations in DKO macrophages 26 because efferocytosis can regulate necrotic core
formation 66-68, Despite the fact that S2P-NPs have been shown to only negligibly target
the endothelium 59, whether S2PNP-siEpsin1/2 inhibits endothelial Epsins to synergistically
curb atherosclerosis will require further investigation as deletion of endothelial Epsins also
reduces inflammation and atherogenesis 2425, Interestingly, we did not observe significant
changes in the lipid profiles of plasma obtained from S2PNP-siCtrl and S2PNP-siEpsinl/2
treated ApoE~/~ mice, suggesting either minor liver targeting by S2PNP-siEpsin1/2 or that
S2PNP-siEpsin1/2-mediated silencing of Epsins in liver was inconsequential. Either way,
determining if S2PNP-siEpsinl/2 targets liver Epsins warrants further investigation.

While autophagy can eliminate excess lipid droplet-associated cholesterol esters taken up
by macrophages %972, this process is attenuated during atheroma progression, leading to
defective lipolysis, impaired efferocytosis, and escalated inflammation, which increases the
likelihood of vulnerable lesion rupture 8975, A recent report suggests that macrophage
SR-B1 modulates autophagy through the VPS34 complex and PPARa transcription of Tfeb
in atherosclerosis 76. SR-B1 is a multifunctional membrane receptor, which is not only
responsible for selective uptake of HDL- derived cholesteryl esters into cells, but also for
transferring HDL-cholesterol efflux from peripheral tissues to back to liver /7. Given that
Epsins are implicated in autophagy function in Drosophila '8, the question of whether these
proteins suppress autophagic activity by binding to SR-B1 and inhibiting SR-B1-regulated
function in macrophages remains unanswered.

Our studies also revealed that LXR-activated macrophage surface expression of ABCG1
was significantly reduced with oxLDL treatment of WT, but not DKO macrophages, owing
to their internalization and degradation mediated by the Epsins (Figure 6). It is thought
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that basal macrophage ABCG1 is largely located at an intracellular location 79 and then
redistributed to the cell surface following LXR activation 3. Our immunostaining and
biotinylation studies (Figure 6) are consistent with this supposition. More importantly,
staining of ABCGL1 in both human patient aortic arch and mouse aortic root sections,
showed a reduction in ABCGL1 expression in severe atherosclerotic lesions (Figure S15),
suggesting the loss of Epsins would maintain the abundance of ABCGL1 to limit plaque
accumulation. Recent clinical trials suggest that enhanced cholesterol efflux capacity (CEC)
considerably reduces the risk of repeated acute myocardial infarctions (Mls) 3941, In
addition, cholesterol efflux capacity has few demonstrable links to health risks, in contrast
to that observed upon alteration of HDL levels 4%, Our results show that targeting Epsins
augments cholesterol efflux (Figure 5 and S23) and, consequently, may potentially enhance
cholesterol efflux capacity, suggesting that inhibition of Epsins represents a promising new
strategy for treating patients prone to recurrent Mls and severe CAD.

In conclusion, our results provide a powerful proof-of-concept for the therapeutic potential
of Epsin siRNA-containing NPs to precisely target lesional macrophages to abolish
inflammation and resolve atheroma. By illustrating that targeting Epsin expression in
macrophages restricts lipid ingestion in foam cells and concurrently enhances cholesterol
efflux, we believe this study provides a foundation for the development of therapies that
precisely resolve lesional inflammation in advanced atherosclerosis.
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AAVS adeno-associated virus-8

ABCGl1 ATP binding cassette subfamily G member 1
ACAT acyl-CoA cholesterol acyltransferase

AMI acute myocardial infarction

BCA brachiocephalic artery

CAD coronary artery disease
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CEC
DKO
ENTH
GEM
GO
GSEA
HDL

ICAM-1

LXR
M-CSF
NP
ORO
oxLDL

PCSK9

RCT
scRNA-seq
SiIRNA

SR-A
S2PNP-siEpsinl/2
S2PNP-siCtrl
TG

UM
VCAM-1
VSMCs

WB

WD

cholesterol efflux capacity
double knockout

Epsin N-terminal homology

gel beads-in-emulsion

gene ontology

gene set enrichment analysis
high density lipoprotein
intercellular adhesion molecule-1
immunofluorescence staining
immunoprecipitation

liver X receptor

macrophage colony stimulating factor
nanoparticle

oilred O

oxidized low-density lipoprotein

proprotein convertase subtilisin/kexin type 9 serine
protease

reverse cholesterol transport
single-cell RNA sequencing

small interfering RNA

scavenger receptor-A
S2P-conjugated Epsins 1 and 2 siRNA nanoparticle
S2P-conjugated Control nanoparticle
thioglycolate

ubiquitin-interacting motif

vascular cell adhesion molecule-1
vascular smooth muscle cells
western blot

western diet
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What Is Known?

What New Information Does This Article Contribute?

Atherosclerotic plaque regression is a crucial process in the treatment of many
cardiovascular diseases. Despite the development of new cholesterol-lowering therapies,
including the recently approved PCSK9 small interfering RNA (siRNA) antagonists,
patients still face a risk of developing major acute cardiovascular events resulting from
chronic inflammation in the plaque. We employed a novel nanomedicine platform
containing a stabilin-2 targeting peptide (S2P) to deliver Epsin-specific SiRNAs to
lesional macrophages. We discovered that inhibition of these adaptor proteins in lesional
macrophages significantly diminished plaque size and necrotic core area, increased
fibrous cap thickness, and promoted plaque regression.

Novelty and Significance

Epsin endocytic adaptor proteins are upregulated in human and mouse
atherosclerotic lesions

Lesional macrophages internalize lipids primarily through scavenger receptor-
mediated endocytosis such as CD36 and SR-A

Macrophage cholesterol efflux and reverse cholesterol transport is crucial to
atheroma resolution

ScRNA-seq combined with the newly-developed algorithm MEBOCOST
reveals that Epsins are involved in macrophage-mediated lipid metabolic
regulation

Macrophage epsins promote lipid uptake by targeting CD36 endocytosis and
membrane recycling via the Epsin ENTH domain

Epsins bind ubiquitinated ABCG1—resulting in the endocytosis and
lysosomal degradation of this cholesterol transporter, which reduces
cholesterol efflux

Macrophage-specific, nanoparticle-mediated RNAI delivery exhibits a
therapeutic benefit for the treatment of atherosclerosis

Atherosclerotic plaque regression using this nanoparticle delivery platform
represents a clinically-relevant approach for the treatment of advanced
atherosclerosis
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Figure 1. scRNA-seq data revealed down-regulation of cholesterol-related cell-cell
communications mediated by metabolites and their sensor proteins in macrophage
subpopulations in LysM-DKO aorta compared to WT.

Aortas from WT and LysM-DKO mice (n=3 mice/each group) were isolated, digested

and mixed for scRNA sequencing. (A) UMAP plot of cell clusters in aortas from WT

and LysM-DKO mice on normal diet. Macrophage populations are indicated in the red
circle. (B) UMAP of subclusters of major macrophage populations in (A). Trajectory
inferred by Monocle3 was displayed. (C) A bar plot showing the number of communication
events in cell groups in WT and LysM-DKO. (D) A circle plot showing the differential
communications between cell groups in LysM-DKO compared to WT. The arrows indicate
directions of communication from sender cells to receiver cells. The size of nodes positively
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correlates with the number of connected nodes. Line colors indicate the difference in
communication scores of LysM-DKO compared to WT. (E) Violin plots of the abundance of
representative metabolites and sensors across cell types in WT and LysM-DKO. Metabolite
abundance (upper), sensor abundance (below). (F) SCRNA-seq identified the different
macrophage subpopulations in aortas from WT/ApoE~~ and LysM-DKO/ApoE ™~ mice

on Western diet for 16 weeks. UMAP plot of each macrophage subpopulation in WT/
ApoE~~ and LysM-DKO/ApoE~~. (G-H) Feature plots (G) and Violin plots (H) showing
the global expression level of marker genes in the macrophage sub types (e.g., Foamy Trem2
macrophage).
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Figure 2. Epsin facilitates CD36-mediated lipid uptake by promoting CD36 endocytosis and

recycling.

(A-C) Thioglycolate (TG) induced peritoneal macrophages from WT/ApoE~~ (n=5) and
LysM-DKO/ApoE ™~ (n=5) mice on normal diet (ND) were incubated in lipid-deficient
medium for 24h and treated with or without 100ug/mL oxLDL for 1h at 37°C. gRT-PCR
analysis of CD36 expression (A), western blot (WB) analysis for total protein level of CD36
(B) and flow cytometry for surface level of CD36 (C). (D-E) Elicited TG-induced peritoneal
macrophages from WT/ApoE ™~ and LysM-DKO/ApoE ™~ mice on ND were incubated in
lipid-deficient medium for 24h and treated with or without 100ug/mL oxLDL for 15min

(D) or 30min (E) at 379C. Macrophages were co-stained with CD36 (green), the early
endosome marker EEA1 (red) or the recycling endosome marker Rab11 (Red) and DAPI
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(bule), and imaged using confocal microscope. White arrows indicate the endocytic vesicles,
scale bar=5um, n=8/group. (F) BODIPY staining of peritoneal macrophages from WT and
LysM-DKO mice on normal diet were pre-incubated with 25ug/mL oxLDL for 24h in
lipid-deficient medium, n=6/group, scale bar=10um. (G) Cholesterol and triglycerides levels
in WT and LysM-DKO macrophages treated with 25ug/mL oxLDL for 24h in lipid-deficient
medium (n=6). (H) Peritoneal macrophages isolated from WT and LysM-DKO mice on
normal diet were incubated in lipid-deficient medium for 24h followed by the treatment with
Dil-oxLDL for 2h at 37°C to assess the lipoprotein uptake by flow cytometry, n=6/group.
Data from A-H are presented as mean = SD. Mann-Whitney Utest was utilized in A-C.
Two-way ANOVA followed by Sidak post hoc multiple comparisons test was conducted in
D-E and G. Unpaired t test was conducted in F and H.
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Figure 3. Epsin interacts with CD36 via Epsin-ENTH domain which is critical for CD36-

mediated lipid uptake and foam cell formation.

(A) Bone marrow derived macrophages (BMDM) isolated from WT and LysM-DKO

mice on normal diet were incubated in lipid-deficient medium for 24h followed by the
treatment with 100ug/mL oxLDL for 1h, IP and WB analysis of Epsinl and CD36

(n=4). (B) CD36 plasmids and full length (FLAG-Epsin1WT) or domain-deletion constructs
(FLAG-Epsin12ENTH or FLAG-Epsin12UM) in the pcDNA3 vector were transfected into
HEK 293T cells for 48 h and then treated with 100ug/mL oxLDL for 1h, followed by
immunoprecipitation (IP) and WB analysis using antibodies against FLAG tags and CD36
(n=4). (C) Peritoneal macrophages isolated from WT/ApoE~~ mice on normal diet were
incubated in lipid-deficient medium for 24h followed by treatment with 5 pyM MG132 for
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3h. Cells were subsequently treated with 100 ug/mL oxLDL for 1h followed by IP and WB
for ubiquitin and CD36. (D) FLAG-Epsin1IWT, FLAG-Epsin12ENTH and FLAG-Epsin12VIM
constructs were transfected into LysM-DKO/ApoE '~ macrophages for 48 h and treated with
100pg/mL oxLDL for 1 h, followed by staining with F4/80 (red), BODIPY (green) and
DAPI (blue). Scale bar= 200um. (E) Statistics for (D and Figure S10), n=6. Data from

A-D are presented as mean £ SD. Mann-Whitney Utest was utilized in A. Kruskal-Wallis
test followed by Dunn’s post hoc multiple comparisons test was conducted in B. One-way
ANOVA followed by Tukey post hoc multiple comparisons test was conducted in E.
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Figure 4. RNA-seq analyses of WT, DKO and ABCG1 knockout (ABCG1KO) peritoneal
macrophages indicate inverse regulation of lipid metabolism and inflammatory response.

(A-C) The Gene Set Enrichment Analysis (GSEA) (top panels) indicates the tendency of
individual pathways to be up or down regulated in ABCG1KO macrophages compared

to wild type. Genes associated with inflammatory response (HALLMAKR) (A), TNFa
signaling via NFxB (HALLMARK) (B), and cholesterol homeostasis (HALLMARK) (C)
are analyzed. The bar plots (bottom panels) showing log2 fold changes of expression of
altered genes. (D) GO enrichment analysis for up- and down- regulated genes in ABCG1KO
relative to WT. (E) Genome browser tracks to show expression of Itgh3 in individual
samples. (F) The GO enrichment analysis revealed pathways reversely regulated in ABCG1
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knock out and Epsin deficient peritoneal macrophages, compared to wild type. n=3/each
group, * Adjusted P<0.05, ** adjusted P<1x107°.
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Figure 5. Epsins deficiency in macrophages shows increased cholesterol efflux in vitro and
reverse cholesterol transport (RCT) in vivo.

(A-B) Peritoneal macrophages were isolated from WT, LysM-DKO and LysM-DKO/
ABCG1* mice on normal diet. /n vitro [3H]-cholesterol labeled WT, LysM-DKO or
LysM-DKO/ABCG1"* macrophages were incubated in the presence or absence of HDL
(25ug/mL) and ApoA-1 (10ug/mL) in the presence of 3umol/L LXR agonist (T0901317)
(n=9). (C) Schematic of [3H]-cholesterol loaded macrophage-RCT pathway. WT, LysM-
DKO or LysM-DKO/ABCG1/* peritoneal macrophages were treated with 4uCi/mL [3H]-
cholesterol and 50pug/mL ac-LDL for 48h followed by the injection of radiolabeled foam
cells to C57BL/6/WT mice. After 48h, blood, liver and feces were collected and measured
using a scintillation counter. (D-1) Distribution of [3H]-radioactivity counts in serum, HDL,
liver feces and intestinal contents were determined by scintillation counter (n=6). (J) LysM-
DKO mice were crossed with ABCG1/* mice to generate LysM-DKO-ABCG1/* mice.
(K-L) Bone marrow derived macrophages isolated from WT, LysM-DKO and LysM-DKO/
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ABCG1%* mice on normal diet (n=6) were analyzed by qRT-PCR (K) and WB (L) (n=3).
Data from A-L are presented as mean + SD. One-way ANOVA followed by Tukey post hoc
multiple comparisons test was conducted in A, B, and D-I; Kruskal-Wallis test followed by
Dunn’s post hoc multiple comparisons test was conducted in K and L.
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Figure 6. Epsins bind to ABCGL1 and facilitate the internalization and degradation of ABCGL1 via
lysosomes.

(A) Peritoneal macrophages from WT/ApoE ™~ and LysM-DKO/ApoE ™~ mice on normal
diet (ND) were lysed for WB analysis (n=4). (B) Peritoneal macrophages from WT/
ApoE~~ and LysM-DKO/ApoE ™~ mice on ND were pretreated with a liver X receptor
(LXR) activator and followed by a cell surface biotinylation assay to evaluate the cell
surface ABCGL1 levels (n=4). (C) LXR agonist activated WT and LysM-DKO peritoneal
macrophages were incubated in lipid-deficient medium for 24h and treated with or without
100pg/mL oxLDL for 5, 15 and 45 min followed by staining with anti-ABCG1 and analyzed
by flow cytometry. (D) LXR agonist pretreated peritoneal macrophages isolated from WT
and LysM-DKO mice on ND were treated with 100ug/mL oxLDL for 1h followed by IP and
WB for Epsinl and ABCG1 or ABCA1 (n=4). (E) ABCGL1 plasmids and full length (FLAG-

Circ Res. Author manuscript; available in PMC 2024 January 06.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 34

Epsin1WT) or domain-deletion constructs (FLAG-Epsin12ENTH or FLAG-Epsin12UIM) jn
the pcDNA3 vector were transfected into HEK 293T cells for 24 h in the presence of LXR
agonist. Cells were then treated with 100ug/mL oxLDL for 1h, followed by IP and WB
analysis using antibodies against FLAG tags and ABCG1 (n=4). (F) Peritoneal macrophages
isolated from WT mice on ND were cultured in serum-free medium for 24h followed by
treatment with 5 uM MG132 for 3h. Cells were then treated with 100ug/mL oxLDL for 1h
followed by IP and WB for ubiquitin and ABCG1. (G-H) WT and LysM-DKO peritoneal
macrophages were incubated in lipid-deficient medium for 24h followed by incubation with
or without 100ug/mL oxLDL for 15min (G) or 45min (H) at 379C. Macrophages were
stained with ABCGL1 (green), early endosome marker EEA1 (red) or lysosome marker
Lamp1 (red) and DAPI (blue), then assessed by confocal microscopy. White arrows indicate
the endocytic vesicles, scale bar=5um, n=8/group. Data from A-H are presented as mean

+ SD. Unpaired non-parametric Mann-Whitney U'test was conducted in A, B and D;
Kruskal-Wallis test followed by Dunn’s post hoc multiple comparisons test was conducted
in C, E and F. Two-way ANOVA followed by Sidak post hoc multiple comparisons test was
conducted in G and H.
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Figure 7. S2PNP-siEpsin1/2 delivery inhibits atheroma progression, decreases necrotic core
content, and increases smooth muscle cell content in advanced stage of atherosclerosis.

(A) Male ApoE~~ mice fed a Western Diet (WD) for 17 weeks followed by treatment

of S2PNP-siCtrl or S2PNP-siEpsinl1/2 for 3 weeks (2 doses per week). (B) £n face ORO
staining of aortas from baseline, control siRNA NP-treated ApoE ™~ or Epsin1/2 siRNA NP
treated male ApoE ™'~ mice fed a WD, lesion areas were analyzed with NIH ImageJ, scale
bar=5mm. (C) ORO staining of brachiocephalic artery (BCA) and aortic root sections of
above three groups. Lesional area (black dash line outlined) were analyzed by NIH ImageJ.
(D) Aortic roots from S2PNP-siCtrl-treated ApoE ™~ or S2PNP-siEpsin1/2 treated male
ApoE~"~ mice were stained with the macrophage marker CD68 (dashed white line outlined)
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and aSMA (white arrow). (E) H&E staining of BCA and aortic root sections of the above
three groups. Necrotic areas (black dash line outlined) were analyzed by NIH ImageJ. Data
from B-E (n=6) are presented as mean + SD. Scale bar: B=5mm; C, D, E=500um. One-way
ANOVA followed by Tukey’s post hoc multiple comparisons test was conducted in B-E.
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Figure 8. S2PNP-siEpsinl/2 promotes the resolution of atheroma, reduces inflammation, and
stabilizes atherosclerotic plaques.

(A) Male C57BL/6 WT mice were injected twice with PCSK9-AAV8 (D377Y) virus

and fed a WD for 16 weeks and followed by normal diet feeding with the treatment of
S2PNP-siCtrl or S2PNP-siEpsin1/2 for 4 weeks (2 doses per week). (B) £n face ORO
staining of aortas from above mice. Lesion area was analyzed using NIH ImageJ, scale
bar=5mm. (C) Immunostaining of CD68 (green) and aSMA (red) in the above groups.
White arrows indicate the luminal aSMA. For (B) and (C), n=6/group, scale bar: B
(aorta)=5mm, B (aortic root) =500um, C=500um. (D) Statistics for ORO staining (B) and IF
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staining (C). (E-H) Co-staining of CD31 (endothelial cell marker, green) with vascular cell
adhesion molecule-1 (VCAM-1, red, E), intercellular adhesion molecule-1 (ICAM-1, red,
F), P-selectin (red, G) or E-selectin (red, H) and DAPI on the luminal surface of aortic

root sections. White arrows indicate CD31/ICAM-1, CD31/VCAM-1, CD31/E-selectin

or CD31/P-selectin colocalization. Scale bars=20um. (I) Statistical analysis of E-H, n=6/
group. (J) Isolated macrophages from PCSK9-mice were treated with S2PNP-siCtrl or
S2PNP-siEpsinl/2 for 24h, RNA was isolated, and qRT-PCR was performed (n=4). B-J are
presented as mean + SD. and were analyzed using one-way ANOVA (B and C) and the
unpaired Student’s t-test (E-J). One-way ANOVA followed by Tukey’s post hoc multiple
comparisons test was conducted in D; Unpaired t test was conducted in I; Mann-Whitney U
test was conducted in J.
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