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Abstract Chronic inflammation is critical in the onset and progression of atherosclerosis (AS). The

lipopolysaccharide (LPS) level in the circulation system is elevated in AS patients and animal models,

which is correlated with the severity of AS. Inspired by the underlying mechanism that LPS could drive

the polarization of macrophages toward the M1 phenotype, aggravate inflammation, and ultimately

contribute to the exacerbation of AS, LPS in the circulation system was supposed to be the therapeutic

target for AS treatment. In the present study, polymyxin (PMB) covalently conjugated to PEGylated li-

posomes (PLPs) were formulated to adsorb LPS through specific interactions between PMB and LPS.

In vitro, the experiments demonstrated that PLPs could adsorb LPS, reduce the polarization of macro-

phages to M1 phenotype and inhibit the formation of foam cells. In vivo, the study revealed that PLPs

treatment reduced the serum levels of LPS and pro-inflammatory cytokines, decreased the proportion
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of M1-type macrophages in AS plaque, stabilized AS plaque, and downsized the plaque burdens in ar-

teries, which eventually attenuated the progression of AS. Our study highlighted LPS in the circulation

system as the therapeutic target for AS and provided an alternative strategy for AS treatment.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As one of the fundamental pathologic alterations in the majority of
cardiovascular diseases, atherosclerosis (AS) is a complex, pro-
gressive, and multifaceted illness possessing properties of lipid
deposition, inflammatory cell aggregation, and ultimate athero-
matous plaques occurring in artery walls, which poses significant
challenges to human health and generates an enormous economic
burden1,2. Despite its unclear etiology, there is a growing
consensus that systemic and chronic inflammation is closely
linked to the onset and development of AS, which has been further
supported by interventional studies showing that anti-
inflammatory therapies, such as interleukin-1b antibody canaki-
numab, could attenuate the hazard of cardiovascular diseases3. In
addition, except for traditional risk factors, including smoking,
type 2 diabetes, obesity, and hypertension, emerging evidence has
been accumulated to show that bacterial infection might play an
essential role in the pathogenesis of AS4e6, which might be the
fountainhead of inflammation occurring in AS. It is believed that a
profound definition of the inflammation mechanism underlying
AS development could help identify novel therapeutic targets for
preventing AS progression.

Lipopolysaccharide (LPS), a component of Gram-negative
bacterial cell walls, can elicit a solid systematic inflammatory
reaction once released into the blood7. A large amount of evidence
from cross-sectional studies and prospective analyses has been
accumulated to demonstrate that elevated circulating LPS level is
closely associated with AS development and the clinical sequelae
of AS progression, such as coronary heart disease, ischemic
stroke, myocardial infarction, and cardiovascular death6,8e13.
Moreover, results of human samples showed that the presence of
LPS was only found in atherosclerotic arteries and not in normal
ones. Furthermore, the level of LPS in the atherosclerotic plaque is
positively aligned with that in the circulation system, and LPS
passing through vascular endothelium can also induce vascular
inflammation14. Regarding the mechanism, LPS stimulates
vascular endothelial cells to produce adhesion molecules and re-
cruits circulating blood monocytes to adhere to endothelial
cells2,15. In addition, LPS and LPS binding protein (LPSeLBP)
complexes can stimulate recruited monocytes through binding
with CD14 and further activating toll-like receptor-4 (TLR4),
which leads to skewing the balance toward M1-type differentia-
tion, inducing the release of pro-inflammatory cytokines and
exacerbating inflammation of blood vessels eventually16. Besides,
macrophages with inflammatory polarization exhibit an attenuated
ability for cholesterol transport and tend to become lipid-laden
foam cells by engulfing oxidized low-density lipoprotein (ox-
LDL)17. Furthermore, LPS-stimulated macrophages are inclined
to migrate into the subintima and secrete matrix metal-
loproteinases, thus degrading the substrate, rupturing the athero-
sclerotic plaque, and leading to thrombogenesis threatening
human life18. In summary, LPS and macrophages collectively
contribute to AS development. It was believed that eradicating
LPS and inhibiting macrophage polarization toward the M1
phenotype might be a promising strategy to alleviate AS
effectively1.

Different strategies have been developed for LPS clearance
under different pathologic conditions. Antibodies specific to LPS,
such as the HA-1A antibody, have been investigated in pediatric
meningococcal septic shock. However, the results of clinical trials
were far from satisfactory. Besides, antibodies were always of high
price and relatively low stability19,20. In addition, macrophage-
mimetic hybrid liposomes, which inherited the LPS binding sites
from macrophage membranes, displayed a favorable LPS adsorbing
ability and exhibited an excellent therapeutic effect for managing
sepsis21. However, the method and the quality control for large-
scale industrial production of macrophage membranes have yet to
be well developed, which might limit the clinical transformation of
macrophage-mimetic hybrid liposomes22. Small molecular com-
pounds, such as polymyxin B (PMB), have been proposed as decent
candidates for LPS adsorption. PMB was positively charged and
could electrostatically adsorb anionic LPS23. In addition, the
functional binding of PMB and LPS is stereospecific, and the high
affinity of PMB with LPS is partly due to hydrophobic interaction
as the driving force24,25. However, PMB is a small molecule drug,
and the pharmacokinetics is always unfavorable. PMB could be
easily bound to tissues, especially the muscle tissue, and the serum
level of PMB decreased rapidly, which partially explained why the
efficacy of PMB on removing circulating LPS in clinics was far
from satisfactory26. Besides, PMB’s severe nephrotoxicity and
nerve block side effects also greatly restrict its utility in clinics27.
Evidence has been accumulated in recent decades to demonstrate
that the pharmacokinetics and in vivo tissue distribution of free
drugs can permanently be altered to be more favorable when
encapsulated into or modified on the surface of the liposome,
resulting in reduced side effects and increased therapeutic bene-
fits28. In addition, the modification of PEG to the liposome surface
substantially weakens the liposome’s rapid clearance by the
mononuclear phagocyte system, thus harboring a long circulation
half-life29. Therefore, PMB might function more efficiently and
safely as a tool to adsorb LPS when formulated into PEGylated
liposomes.

In this study, PMB was modified on the surface of PEGylated
liposomes via covalent conjugation to form PLPs to remove
circulating LPS for AS treatment (Fig. 1). The ability of PLPs to
sponge LPS and its subsequent efficacy, such as prevention of
macrophage activation, amelioration of inflammation response,
restraint of foam cell formation, stabilization and reduction of AS
plaque, and the potential therapeutic mechanism, were investi-
gated both in vitro and in vivo. Our study highlighted that LPS
removal was critical in AS therapy, providing an alternative
strategy for AS treatment.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic depiction of the preparation process of PLPs (A) and the mechanism underlying the therapeutic effect of PLPs on

atherosclerosis (B). PLPs sponged LPS in the circulation system, decreased the amount of LPS passing through vascular endothelium into the

intima, inhibited monocyte recruitment, macrophage polarization into M1-type, foam cell formation, and the secretion of pro-inflammatory

cytokines, which is beneficial to the reduction of atherosclerotic plaque burden.
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2. Materials and methods

2.1. Materials and animals

Anti-TLR4 antibody (FNab09837), Cy3-conjugated goat anti-
mouse IgG (FNSA-0077), and PE-conjugated anti-mouse F4/80
antibody (FNab02922) was purchased from Wuhan Fine Biotech
Co., Ltd. (Wuhan, China). The IL-1b-, IL-6-, and IL-10-ELISA
kits were obtained from MultiSciences Biotechnology Co., Ltd.
(Hangzhou, China). The IFN-g- and TNF-a- ELISA kits were
bought from Absin Biological Technology Co., Ltd. (Shanghai,
China). The CCK8 kit was obtained from keyGEN Biotech
Co., Ltd. (Jiangsu, China). Egg yolk lecithin (EPC) and
1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-succinimidyl
(polyethylene glycol)-2000 (DSPE-PEG2000-NHS) were acquired
from AVT Pharmaceutical Tech Co., Ltd. (Shanghai, China).
Cholesterol was obtained from Aladdin Company (Shanghai,
China). Antibodies, including anti-CD80-PE (104707) and anti-F4/
80-APC (157306), were obtained from Biolegend (San Diego, CA,
USA). Dulbecco’s modified Eagle medium (DMEM), fetal bovine
serum (FBS), and penicillinestreptomycin were bought from
Gibco (Carlsbad, CA, USA). Recombinant murine macrophage
colony-stimulating factor (M-CSF) was from PeproTech (Cran-
bury, NJ, USA). FITC-conjugated Lipopolysaccharide (FITC-LPS)
was from SigmaeAldrich (St Louis, MO, USA). Oxidized low-
density lipoprotein (ox-LDL) was from Yiyuan Biotechnology
(Guangzhou, China). The oil red O staining kit was purchased from
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).
polymyxin B was obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). The lipopolysaccharide testing kit was
purchased from Shanghai Jianglai Biotechnology Co., Ltd.
(Shanghai, China). The Lyso-Tracker Red and 4,6-diamino-2-
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phenyl indole (DAPI) was purchased from Beyotime Biotech-
nology Co., Ltd. (Jiangsu, China). Anti Escherichia coli lipo-
polysaccharide (LPS) antibody (ab35654) was bought from Abcam
(Cambridge, UK).

Six-week-old male mice lacking apolipoprotein E (ApoE�/�)
and C57/BL6J mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) and
Lingchang Biotech (Shanghai, China), respectively. All mice were
housed in a specific pathogen-free experimental animal center at
the School of Pharmacy, Fudan University. The Animal Ethics
Committee, Fudan University provided ethics approval for the
protocols involving animal experiments that were conducted
conforming to national guidelines.

2.2. Cell culture

The murine RAW264.7 cell and HUVEC cell lines were from the
Chinese Academy of Sciences Cell Bank (Shanghai, China). Both
cells were grown in DMEM medium supplemented with 10% FBS
and 1% penicillinestreptomycin and maintained in a humidified
environment at 37 �C and 5% CO2.

2.3. Fabrication and characterization of PLPs

PLPs were formulated utilizing a thin-film hydration process as
previously described30. Firstly, 9 mg of phosphatidylcholine and
3 mg of cholesterol were dissolved in 10 mL of dichloromethane
in a 50 mL round-bottom flask, which was subjected to vacuum
evaporation to form a thin lipid film. Secondly, DSPE-PEG2000-
PMB was synthesized as follows: 2.9 mg of DSPE-PEG2000-NHS
in 100 mL of DMSO was mixed with 1.3 mg of PMB in 500 mL of
double distilled water, followed by stirring at 400 rpm for 1 h at
room temperature. Thirdly, 200 mL of DSPE-PEG2000-PMB from
the second step and 1 mL of water were added to the flask in the
first step to hydrate the thin layer at 37 �C. Finally, the mixture
was sonicated for approximately 10 min at 4 �C with a sonicator
and extruded through a 100 nm polycarbonate porous membrane
using an extruder apparatus (Avestin, LF-1, Canada) for 20 times
to obtain PLPs. The control liposomes (LPs) were formulated
utilizing the same procedures as PLPs without PMB.

The structures and morphology of PLPs were observed using
cryo-electron microscopy (Cryo-EM) (Tecnai G2 F20; FEI,
Eindhoven, Netherlands) with liquid nitrogen. The size distribu-
tion and zeta potential of PLPs were measured by dynamic light
scattering (ZEN3600 Zetasizer, Malvern, UK). In addition, the
diameter and zeta potential of PLPs in deionized water were used
as the indicators of stability, and both were monitored every day
over seven days.

2.4. LPS adsorption studies

PLPs (0.4 mg) were mixed with various amounts of FITC-LPS
(40, 80, 160, and 320 ng) in 0.4 mL of pathogen-free water or
PBS. As a parallel experiment, the FITC-LPS amount was fixed at
320 ng in 0.4 mL of pathogen-free water or PBS, and different
amounts of PLPs (0.5, 1, 2, and 3 mg/mL) were added. In both
experiments, the liposomes were precipitated by ultracentrifuga-
tion at 100,000�g for 45 min (Hitachi, CP100NX, Tokyo, Japan)
after incubation at 37 �C for 30 min. The unbound FITC-LPS in
the supernatant was measured by a microplate reader at Ex/Em of
488/562 nm (BioTek, Synergy H1, Vermont, USA). The fluores-
cence intensities of FITC-LPS with different concentrations were
plotted as a standard curve. Equal amounts of LPs and PMB were
used as control groups.

2.5. Isolation and culture of BMDMs (bone marrow-derived
macrophages)

BMDM isolation procedures were described as previously re-
ported31. In brief, C57/BL6J mice were euthanized, and their fe-
murs and tibias were excised. The marrow cavities were flushed
with 1 mL of sterile PBS, and the fluid was filtered through a
45 mm nylon mesh to obtain bone marrow cells. Following
erythrocyte lysis, the remaining cells were pelleted and cultured in
DMEM complete medium containing 20 ng/mL of recombinant
murine M-CSF at a cell density of 4 � 106/mL for seven days in
total. On the last day, the medium was replaced with a complete
medium without M-CSF for further use.

2.6. Inhibition of LPS-induced BMDM activation by PLPs
in vitro

LPS (100 ng/mL) was mixed with equivalent amounts of PMB,
LPs, or PLPs (0.5 mg/mL) in PBS and incubated at 37 �C for
30 min. The supernatant was collected after the mixture was
ultracentrifuged at 100,000�g for 45 min. The BMDMs were
isolated and cultured as methods in section 2.5 described. After
seven days of culture, BMDMs were randomly divided into five
groups, including PBS, LPS, PMB, LPs, and PLPs groups.
BMDMs were incubated with PBS, LPS (100 ng/mL), or the su-
pernatant mentioned above for 24 h, respectively. Then the
induced macrophages were scraped off the Petri dish and washed
twice with PBS. The proportion of M1-type macrophages
remarked by F4/80 and CD80 double-positive was analyzed by
flow cytometry (Beckman Coulter Inc., Brea, CA, USA). Besides,
the cell supernatant in each group was collected after centrifu-
gation at 1200 rpm for 5 min (Thermo Fisher, Tx-400, Waltham,
MA, USA) and then subjected to an ELISA test to quantify the
concentrations of different types of inflammatory cytokines such
as TNF-a, IL-1b, IL-6, IFN-g, and IL-10 following the manu-
facturer’s instructions.

2.7. Foam cell formation assay and RNA sequencing

The BMDMs at a density of 5 � 105 cells per well in six-well
plates were cultured in DMEM complete medium, which was
added with ox-LDL (50 mg/mL) plus PBS, LPS (100 ng/mL) or
the three types of supernatants obtained as described in method
section 2.6. After incubation for 24 h at 37 �C, cells were
immobilized with 10% formalin, rinsed in 60% isopropanol,
stained with modified oil red O (ORO) stain solution, and coun-
terstained with Mayer’s hematoxylin solution. Images were
captured utilizing an inverted microscope (Olympus, CKX53,
Tokyo, Japan). Cells possessing one or more ORO-positive lipid
droplets were defined as foam cells32, and the proportion of foam
cells in each group was calculated by ImageJ software.

Except for oil red O staining, BMDMs subjected to the same
treatment were also used for RNA sequencing. Following two
washes with PBS, 500 mL of TRIzol was added to each well of a
6-well plate to extract RNA, and high-quality RNA samples were
chosen by an RNA 6000 Nano LabChip Kit (Agilent 5067e1511,
Santa Clara, CA, USA) to construct a sequencing library.
Following purification using Dynabeads Oligo (dT) (Thermo
Fisher, Waltham, MA, USA), mRNA was fragmented into short
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fragments and reverse-transcribed to creat cDNA by Super-
Script™ II Reverse Transcriptase (Invitrogen, cat. 1896649,
USA), which were then used to synthesize U-labeled second-
stranded DNAs. After ligation with dual-index adapters, the
products were amplified with PCR. Finally, 2 � 150 bp paired-end
sequencing (PE150) of each sample was pooled and sequenced on
an Illumina Novaseq™ 6000 (LC-Bio Technology Co., Ltd.,
Hangzhou, China). The differentially expressed genes (DEGs),
identified with the parameter of false discovery rate (FDR) below
0.05 and absolute fold change �2, were then subjected to
enrichment analysis of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. The histogram, KEGG enrichment
scatter plots, and Advanced Heatmap Plots were generated using
the OmicStudio tools at https://www.omicstudio.cn.
2.8. Cell uptake assay

DiD-labeled LPs and PLPs were fabricated by the same method
described in method 2.3, except that 24 mg of DiD (0.2%, w/w)
was added into dichloromethane solution containing 9 mg of
phosphatidylcholine and 3 mg of cholesterol in advance. BMDMs
were seeded into confocal petri dishes at a density of 4 � 105 cells
per dish and cultured for 12 h. After that, 1 mL of DMEM con-
taining 200 ng of FITC-LPS plus 800 mg of DiD-PLPs or not was
added and incubated for 10 min, 2, and 4 h, respectively. Subse-
quently, the medium was removed, and cells were rinsed with
PBS, fixed in 10% formalin, blocked with 1% BSA in PBS, and
stained with anti-TLR4 antibody (1/200, v/v), Cy3-labeled sec-
ondary antibody, and DAPI successively. Fluorescence images
were captured using a laser scanning confocal microscope
(CLSM, Carl Zeiss, LSM710, Oberkohen, Germany).
2.9. Pharmacodynamic study of PLPs in vivo

ApoE�/� mice aged six weeks were fed ad libitum with a Western
Diet (D12109C, Research Diet, New Brunswick, USA) for sixteen
weeks to establish AS mouse models. Then mice were randomly
assigned to different treatment groups, including PBS, LPs, and
PLPs groups, in which mice received 100 mL of intravenous in-
jections of PBS, LPs, or PLPs at a liposome dose of 0.5 mg every
three days over sixteen weeks. At the termination of the study, the
mice were weighed, euthanized, and subjected to heart perfusion
with 20 mL of PBS. The aortas were removed from the proximal
ascending segment to the branches of the iliac artery free of
periadventitial fat. The lipid accumulation of the artery tree was
determined by en-face oil red O (ORO) staining, and the per-
centage of lipid lesion area to the total aortic area was calculated
by ImageJ software.

The aortic roots were embedded in OCT, frozen quickly, and
cross-sectioned serially (8 mm thickness) starting from where the
two aortic valves first appeared for histological analyses. The
sections were subjected to ORO staining for lipid lesion obser-
vation, H&E staining for evaluation of necrotic cores in plaques,
Masson’s trichrome staining for collagen content assessment, a-
SMA immunohistochemical staining for fibroblast content
assessment33, CD80 immunofluorescence staining for M1-type
macrophage observation, and LPS immunofluorescence staining
for evaluation of the amount of LPS. Four randomly selected
slices per indicator were evaluated in each group. Then, the
section images were acquired using a slice scanner (VS200,
Olympus, Tokyo, Japan) and analyzed by ImageJ software.

To measure the serum level of LPS and inflammatory cyto-
kines, including IFN-g, TNF-a, IL-1b, IL-6, and IL-10, 50 mL of
serum from ApoE�/� mice were collected in the 1st week, 8th
week, and 16th week during the western diet feeding period. The
serum concentration of LPS was measured using commercial
ELISA kits according to the manufacturer’s procedures. The
serum level of five different inflammatory cytokines in mice was
analyzed utilizing a Mouse Magnetic Luminex Assay
(LXSAMSM-05, R&D Systems, Minneapolis, MN, USA).

2.10. Biocompatibility study of PLPs

HUVECs were seeded into 96-well plates at a density of
3 � 103 cells per well. A culture medium containing different
amounts of PLPs was added to cells (100 mL per well), and
equivalent amounts of free PMB and blank liposomes were used
as controls. After being incubated for 24 h, cells were subjected to
10 mL of CCK8 solution for another 1.5 h. The absorbance at
450 nm was measured with a microplate reader (BioTek). The cell
viability was normalized to the PBS treatment group. In addition,
at the termination of the pharmacodynamics study, the AS mouse
models were subjected to retro-orbital puncture to collect blood
for routine blood tests and biochemical analysis. Major organs,
including the heart, liver, spleen, lung, and kidney, were also
collected, weighed, and sectioned for H&E staining.

2.11. Pharmacokinetics and distribution of PLPs arresting LPS
in vivo

For the LPSePLPs group, 100 ng of FITC-LPS was pre-incubated
with 600 mg of DiD-labeled PLPs at 37 �C for 30 min and then
intravenously injected into C57/BL6J mice. For the LPS þ PLPs
group, an equal amount of FITC-LPS and DiD-labeled PLPs were
mixed and intravenously injected into C57/BL6J mice immedi-
ately. Mice receiving DiD-labeled PLPs alone served as a control
group. 30 mL of blood was collected by a postorbital puncture at
different time points (1 or 15 min, 1, 2, 4, 8, 12, and 24 h post-
injection) and mixed with 70 mL of PBS for fluorescence mea-
surement in a 96-well plate at Ex/Em of 640/670 nm. The phar-
macokinetics curve was plotted, and the circulation half-time was
calculated by DAS 2.0 software.

To examine the distribution of PLPs arresting LPS in vivo, 12 h
after injection, mice were euthanized, then spleens and livers were
isolated, frozen, and sectioned. After being stained with DAPI and
PE-anti-F4/80 antibodies, the slices were observed under a CLSM
(Carl Zeiss) to evaluate the colocalization of LPS and PLPs or
LPSePLPs complexes and macrophages. For the distribution
study, 24 h post-injection, mice were euthanized and perfused with
30 mL of PBS. Then, major organs were collected, weighed, and
homogenized with PBS (1:3, w/w) in an ice bath by a tissue ho-
mogenizer (YPH-Bio, Bioprep-24, Beijing, China). The fluores-
cence intensity at Ex/Em of 640/670 nm was measured.

2.12. Statistical analysis

The results were analyzed using GraphPad Prism 8. An unpaired
Student’s t-test or one-way ANOVA was used to evaluate signif-
icant differences between two groups or among multiple groups.

https://www.omicstudio.cn/


3822 Huiwen Liu et al.
The results are presented as the mean � standard error of the mean
(SEM). A P value of <0.05 was considered a statistically sig-
nificant difference.

3. Results and discussion

3.1. Characterization of PLPs

LPs and PLPs were hollow spheres with smooth surfaces and
dispersed as single particles under Cryo-TEM (Fig. 2A). The di-
ameters of LPs and PLPs were 151.50 � 2.11 and
164.30 � 3.60 nm, respectively (Fig. 2B), and their zeta potentials
were �19.87 � 0.26 and 1.94 � 0.08 mV, respectively (Fig. 2C).
The slight increase in diameter and inverse change in zeta po-
tential was probably due to the surface modification of cationic
PMB on liposomes through an amide condensation reaction.
When suspended in the sterile water at 4 �C, PLPs remained stable
with a mean size of 150 nm and an average Zeta potential of
2.0 mV during one-week storage (Fig. 2D and E), which indicated
favourable stability of PLPs. These physio-chemical character-
izations of PLPs conformed well to the requirements for in vivo
Figure 2 Characterization of PLPs. (A) Representative Cryo-TEM ima

surface zeta potential of LPs and PLPs analyzed by dynamic light scatterin

(D) and zeta potential (E) when stored in deionized water at 4 �C for one

amount of PLPs (1 mg/mL) were incubated with LPS of various amounts i

amount of LPS (800 ng/mL) were incubated with PLPs of various amounts

repeated three times, and the data were presented as the mean � SEM (n
study as previously reported34,35. It was estimated that the
encapsulation efficacy of PMB in liposomes was 17.30 � 0.45%,
and the drug loading capacity was 1.49 � 0.04%.

3.2. LPS adsorption by PLPs in vitro

Two sets of parallel experiments were carried out to investigate
the ability of PLPs to sponge LPS. Firstly, a fixed concentration of
PLPs (1 mg/mL) was incubated with different amounts of LPS
(40, 80, 160, and 320 ng). After incubation and ultracentrifuga-
tion, the concentration of remaining LPS in the supernatant was
quantified (Fig. 2F and G, Supporting Information Fig. S1 A and
S1B). Besides, the LPS adsorption capacity of PLPs was also
quantified by incubating fixed LPS (800 ng/mL) with various
amounts of PLPs (0.2, 0.4, 0.8 and 1.2 mg) (Fig. 2H and I, Sup-
porting Information Fig. S1 C and S1D). As the results showed,
the proportion of LPS sponged was inversely correlated with the
amounts of LPS added and proportional to the amounts of PLPs
added in water, which was in line with the trend in PBS. It was
estimated that approximately 1 mg of PLPs could sponge 175 ng
of LPS, while 1 mg of LPs could only sponge 50 ng of LPS. The
ges of LPs and PLPs. Scale bar Z 100 nm. (B) Particle size and (C)

g. (D, E) The stability of LPs and PLPs was indicated by particle size

week. (F) The remaining LPS and (G) the adsorbed LPS after a fixed

n water. (H) The remaining LPS and (I) the adsorbed LPS after a fixed

in water. LPs and PMB served as control groups. All experiments were

Z 3).
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results above confirmed that PLPs exhibited superb LPS adsorp-
tion ability compared with LPs in water and a simulated in vivo
environment, probably through electrostatic and hydrophobic in-
teractions between PMB modified on the surface of PLPs and
LPS.

The influence of the protein corona on the binding of PLPs and
LPS was also investigated. The PLPs of different amounts were
pre-incubated with serum at 37 �C for 1 h before incubation with
LPS. The results (Supporting Information Fig. S2) demonstrated
that the protein corona did not strongly affect the adsorption
ability of PLPs on LPS, and increasing the dose of PLPs could
elevate the adsorption effect of PLPs on LPS to achieve the
desired adsorption effect.

The binding capacity of PLPs with LPS was also evaluated.
First, the PLPs were incubated with FITC-LPS in water or mice
serum for a series of time points, after which they were ultra-
centrifuged. Second, the pellet at the time point of 0.5 h was
resuspended in 0.4 mL of mouse serum, and the solution was
Figure 3 Inhibitive effect of PLPs on LPS-induced biologic behavior

corresponding quantification analysis of M1-phenotype macrophages treate

treated group was included as a control. (CeG) Expression levels of infla

(F), and IL-10 (G) in the supernatant of cell culture medium after differen

treatments was analyzed qualitatively by an optical microscope (H) and qua

treatments in the presence of ox-LDL (50 mg/mL) were subjected to ORO

Scale barZ 20 mm. The experiments were conducted three times independ

**P < 0.01, and ***P < 0.001. ns, not significant.
stirred and ultracentrifuged again. Results illustrated that LPS was
adsorbed in more significant quantities as the incubation period
prolonged and reached a peak proportion at 60 h. The adsorption
rate of LPS was 83.12 � 0.12% in water (Supporting Information
Fig. S3 A) and 73.32 � 1.54% in mouse serum (Supporting In-
formation Fig. S3 B), respectively, and maintained the plateau till
at least 72 h. The release rates of adsorbed LPS from the
LPSePLPs complex increased slowly as the stirring time pro-
longed, from 0.17 � 0.03% at 0.5 h to a peak of 23.35 � 2.59% at
48 h (Supporting Information Fig. S3 C). These results demon-
strated that the departure of LPS from LPSePLPs complexes was
limited, and the release rate was significantly less than the binding
efficiency of LPS with PLPs, suggesting that LPS could bind
strongly to PLPs.

Previous papers reported that LPS-enhanced areas (LPS
patches) across bacterial cell surface is where LPS is inserted into
bacterial outer membranes36,37. Moreover, studies on the recon-
struction of the outer membrane of E. coli have demonstrated that
s of BMDMs. (A) Representative flow cytometry plots and (B) the

d with LPS alone or pre-incubated with PMB, LPs, or PLPs. The PBS-

mmatory cytokines, including TNF-a (C), IL-1b (D), IL-6 (E), IFN-g

t treatments. (H, I) The formation of foam cells induced by different

ntitatively by ImageJ software (I), respectively. BMDMs with different

staining, and those positive staining cells were indicated as foam cells.

ently. All data were presented as the mean � SEM (nZ 4). *P < 0.05,



Figure 4 The mechanism underlying the inhibitive effect of PLPs on LPS-induced macrophage activation. (A) Fluorescence images of

macrophages treated with LPS alone or mixed with PLPs over time. The cells were stained with anti-TLR4 antibodies on the surface and

counterstained with DAPI for the nucleus. Scale barZ 10 mm. Green: FITC-labeled LPS. Red: DiD-labeled PLPs. Purple: Cy3-labeled anti-TLR4

antibodies. Blue: DAPI-stained nucleus. (B) The number of differentially expressed genes (DEGs) in macrophages between different treatment

groups. (C) KEGG enrichment analysis illustrating significantly enriched signaling pathways in LPS versus PBS groups based on DEGs.
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LPS could be incorporated into liposomes through
extrusioneexternal mechanical force in vitro38. In this study, the
binding between PMB modified on the liposome surface and LPS
is stereospecific, with electrostatic and hydrophobic interactions
as driving forces. Therefore, we speculate that LPS binding to the
PMB increases the likelihood of interactions between LPS and
liposomes, guiding and facilitating the insertion of LPS into the
liposome membrane. The results (Fig. 2FeI and Supporting In-
formation Fig. S1) showed that the adsorption efficiency of PLPs
on LPS was significantly higher than that of LPs, which supported
the hypothesis above to some extent.

3.3. Inhibitive effect of PLPs on LPS-induced macrophage
activation

The effect of LPS sponged by PLPs in vitro was investigated using
BMDMs as the macrophage model. As the results showed (Fig. 3
A and B), the proportion of M1-type macrophages was
63.85 � 4.02% and 62.60 � 4.25% in the LPS group and PMB
group, respectively, whereas the ratio in the PLPs group was
sharply reduced to 26.70 � 2.74%, which was close to the base-
line in the PBS group (21.53 � 0.89%), indicating PLPs could
effectively block LPS-mediated macrophage activation by
sponging LPS. In addition, it was revealed that LPS treatment
could induce macrophages to secrete more pro-inflammatory cy-
tokines (TNF-a, IL-1b, IL-6, and IFN-g) compared with the PBS
group, which was consistent with previous reports39,40. On the
contrary, the level of pro-inflammatory cytokines was remarkably
reduced, and IL-10 secretion was significantly elevated in the
PLPs group, indicating the pro-inflammatory effect of LPS could
be successfully reversed by PLPs treatment (Fig. 3CeG).
Furthermore, utilizing oil red O staining for neutral lipids, it was
found that PLPs decreased the proportion of foam cells substan-
tially down to 11.85 � 0.92%, in contrast to 52.24 � 0.96% in the
LPS group (Fig. 3H and I). This was probably attributed to LPS
stimulation promoting Myd88-IRF1 interaction and IRF1 nuclear
translocation in macrophages. Thus, macrophages enhanced ox-
LDL uptake via scavenger receptors and eventually contributed
to cholesteryl ester accumulation in the cytoplasm and the for-
mation of foam cells41, which could be successfully blocked by
PLPs treatment via LPS sponging. Altogether, these results further
confirmed that PLPs possessed a superb capacity for LPS
adsorption, which was conducive to mitigating macrophage acti-
vation, diminishing pro-inflammatory cytokines release, and
inhibiting foam cell formation. These results implied that PLPs
probably had great potential for AS treatment in vivo.

3.4. The inhibitory mechanism of PLPs on LPS-induced
macrophage activation

It was previously reported that LPS released from bacteria was
firstly bound to LPS-binding protein (LBP) in the serum. Then the
formed complex (LPSeLBP) dimerized TLR4 via CD14, initiated
signaling transduction, and ultimately mediated the expression of
excessive potent inflammatory mediators by macrophages42.
Hence, dynamic observation of the interaction process of LPS,
TLR4, and PLPs is favorable for exploring the mechanism
(D) Based on DEGs, KEGG enrichment analysis illustrates significantly enr

of hierarchical cluster analysis displaying normalized gene expression rel

signaling by different treatments.
underlying the inhibitive effect of PLPs on macrophage activation
induced by LPS. As shown in Fig. 4A, free LPS substantially
bound to TLR4 on the surface of macrophages at 10 min after
incubation, and it was noted that LPS and PLPs could be highly
and rapidly colocalized upon PLPs addition, which demonstrated
the strong ability of PLPs to seize LPS securely and the high-
affinity PLPseLPS complex formation. It was also revealed that
macrophages internalized the LPSePLPs complex as a whole in a
time-dependent manner (Fig. 4A). According to the results above
and a previous study30, it was speculated that LPS adsorbed by
PLPs was no longer available to TLR4 on the surface of macro-
phages, and the downstream pro-inflammatory signaling pathway
of TLR4 could not be activated.

In order to verify the hypothesis above, RNA sequencing was
also applied to explain the underlying molecular mechanism of the
impact of PLPs on LPS-induced macrophage activation. After
being treated with PBS, LPS, LPS plus LPs, or LPS plus PLPs for
24 h, BMDMs were collected for RNA-Seq analysis. The number
of differentially expressed genes (DEGs) in different groups is
shown in Fig. 4B. A total of 3209 genes were differentially
expressed between the LPS and PBS groups, of which 1195 genes
were upregulated, and 2014 genes were downregulated in LPS-
stimulated macrophages versus PBS-treated macrophages. The
number of DEGs from LPS vs. PBS, LPs vs. PBS, and PLPs vs.
PBS groups were 3209, 2213, and 716, respectively, which could
be explained by the gradually decreased LPS concentration and
alleviated macrophage activation status. The KEGG enrichment
scatter plot showed that a large number of signaling pathways
known to promote inflammatory responses were significantly
enriched in the LPS group in comparison with the PBS group,
such as Toll-like receptor signaling pathway, NF-kB signaling
pathway, JAK-STAT signaling pathway, and PI3K-Akt signaling
pathway (Fig. 4C). Similar results were also observed in the LPS
group compared with the PLPs group but not the LPs group (Fig.
4D). These results altogether validated that the addition of PLPs
ablated the effect of LPS on the activation of macrophage in-
flammatory signaling pathways. Specifically, it was noticed that
the PPAR signaling pathway, which is strongly related to
cholesterol efflux during foam cell formation, was differentially
expressed not only in the LPS vs. PBS but also in the LPS vs. PLPs
groups but not in LPS vs. LPs group43. This finding aligned with
the result that macrophages in the PBS and PLPs groups harbored
less lipid accumulation than those in the LPS group (Fig. 3H),
implying that the effect of LPS on the lipid metabolism of mac-
rophages could be successfully reversed by PLPs treatment. The
expression level of genes associated with the activation signaling
pathway within the macrophage transcriptome was further
assessed. As shown in Fig. 4E, the genes related to the Toll-like
receptor pathway in the LPS group and LPs group were primar-
ily clustered in the positive direction. However, the PLPs and PBS
groups were concentrated mainly in the adverse order. Previous
studies also demonstrated that NF-kB signaling and the JAK-
STAT pathway exerted essential influences on macrophage po-
larization as canonical signaling pathways44e46. The results
consistently showed a significant upregulation of related gene
expression implicated in macrophage activation in the LPS and
LPs groups, such as Myd88, Cd14, Stat1, and Jak2. However, an
iched signaling pathways in LPS versus PLPs groups. (EeG) Heatmap

ated to Toll-like receptor signaling, NF-kB signaling, and JAK-STAT



3826 Huiwen Liu et al.
opposite trend was found in the PLPs and PBS groups (Fig. 4F and
G). Altogether, these results demonstrated that PLPs, in compar-
ison with LPs, could arrest LPS and inhibit macrophage polari-
zation toward the M1 phenotype by downregulating pro-
inflammatory signaling pathways and reducing the expression of
inflammatory genes.

3.5. Pharmacodynamics experiment of PLPs on AS in vivo

The therapeutic efficacy of PLPs on AS in vivo was evaluated on
apolipoprotein E-deficient (ApoE�/�) mice47. As shown in Fig. 5A
and B, the red region stained with oil red O could reflect the
plaque area of lipid deposition. The proportion of atherosclerotic
lesions in the en face aorta of the PLPs group (39.9 � 1.5%) was
significantly less than that of the PBS group (73.6 � 5.4%) and the
LPs group (51.9 � 2.0%). Consistent with the results in en-face
aortas, the PLPs group harbored a significantly lower lipid accu-
mulation ratio (31.2 � 1.7%) in the plaque area, in contrast to that
of the PBS group (52.3 � 1.2%) and the LPs group (49.4 � 0.8%)
(Fig. 5C and G). These results demonstrated that PLPs reduced the
atheroma burdens of AS model mice compared to the LPs and
PBS groups. As shown by Supporting Information Fig. S4, the
lowest proportion of necrotic cores in plaque areas characterized
by acellular cores and cholesterol clefts was 17.32 � 0.42% in the
PLPs group, as compared with 38.46 � 0.39% or 29.80 � 1.14%
in the PBS or LPs group, which demonstrated PLPs could effec-
tively inhibit the progression of AS48. It was well documented that
the collagen concentration around the AS plaque could reflect the
fibrous cap thickness and a-SMA content in aortic plaques was
positively correlated with the accumulation of vascular smooth
muscle cells (VSMCs), which was involved in hindering athero-
sclerosis progression49,50. Therefore, both collagen and a-SMA
were beneficial to stabilizing aortic plaques and could help prevent
atherosclerotic plaque from rupturing to cause acute coronary
syndrome and stroke51,52. Hence, in order to further evaluate the
stability of plaques, collagen staining, and a-SMA staining were
performed within cross-sectional lesions. As compared to PBS
treatment (37.0 � 1.2%), LPs and PLPs treatments elevated the
collagen content ratio in plaque areas up to 45.7 � 0.9% and
58.9 � 3.0%, respectively (Fig. 5D and G). As shown in Fig. 5E
and G, an increase of 11.84% and 4.18% of a-SMA content could
be discerned in the PLPs group compared with the PBS and LPs
groups, respectively. Therefore, PLPs treatment is beneficial in
enhancing the stability of AS plaques in contrast to LPs and PBS
treatments. Moreover, there is a positive correlation between the
blood LPS concentration and the amount of LPS in atheromatous
plaques14. The latter can trigger vascular inflammation, so we
tested whether PLPs could also reduce the amount of LPS in
plaques. As shown by Supporting Information Fig. S5, the lowest
proportion of LPS area in tissues was found to be 2.43 � 0.18% in
the PLPs group, compared with 19.78 � 1.98% and
12.01 � 0.89% in the PBS and LPs groups, respectively. Plaque
macrophages, the critical cells accounting for most immune cells
in atherosclerotic plaques, represented the inflammatory status in
AS plaques15,53. The pro-inflammatory M1 phenotype macro-
phages were highly involved in the progression of AS. Therefore,
to estimate the quantity of M1 phenotype macrophages, we per-
formed CD80 immunofluorescent staining on sections. The hemi-
quantitative analysis revealed that the proportion of CD80
positive-M1 phenotype macrophages in total cells was decreased
by 12.6% and 27.6% after LPs and PLPs treatments compared
with PBS treatment (69.27 � 2.88%) (Fig. 5F and G), demon-
strating PLPs could effectively reduce the ratio of M1 macro-
phages and inhibit the inflammation status in AS plaques. Except
for macrophages, endothelial and neutrophils were also reported
to be involved in LPS-induced AS progression54,55. The inhibitive
effect of PLPs on AS might also work through endothelial and
neutrophils etc., which deserves further study to comprehensively
understand the therapeutic effect of PLPs on AS.

Systematic chronic inflammation has been documented to
exacerbate AS development, perhaps mediated by inflammatory
macrophages through secreting pro-inflammatory cytokines into
the circulation in response to tissue-derived signals, toxic mole-
cules, and so on1,17. Thereby, the effect of PLPs on systematic
inflammation in AS model mice was further explored. On the 1st,
8th, and 16th week, the serum from AS model mice was collected
and subjected to ELISA kits for LPS quantification. As shown in
Fig. 6A, compared to the cumulative LPS level in the PBS group,
the LPS concentrations were always maintained at significantly
low levels in the PLPs group, demonstrating that PLPs could
effectively clear LPS in vivo. It was believed that the elevated LPS
concentration in the circulation system contributed to polarizing
macrophages to the M1 phenotype, which could produce more
pro-inflammatory cytokines56. Taking TNF-a, a dominant cyto-
kine in the AS development, as an example, the PBS group and
LPs group displayed a continuous escalation of serum TNF-a
level from 4.50 � 0.25 to 6.31 � 0.36 pg/mL and from
3.60 � 0.18 to 4.90 � 0.52 pg/mL, respectively. However, PLPs
treatment resulted in a gradual decrease of TNF-a from
2.47 � 0.32 to 1.71 � 0.11 pg/mL, which was opposite to the
trend observed in the PBS and LPs groups (Fig. 6B). Other in-
flammatory cytokines such as IL-1b, IL-6, and IFN-g, also dis-
played a gradually upregulated expression in the PBS and LPs
groups. In contrast, these increases were blocked by PLPs treat-
ment to various degrees (Fig. 6CeE). Opposed to the kinetics of
pro-inflammatory cytokines, IL-10, the anti-inflammatory cyto-
kine, exhibited a slight declining trend in the PBS and LPs groups
but a continuous increase in the PLPs group (Fig. 6F). The
reduction of LPS in the blood conferred by PLPs corresponded to
the decrease of pro-inflammatory cytokines in the circulation. This
further demonstrated that PLPs could eradicate LPS effectively
and inhibit the activation of macrophages and the inflammation
responses in AS.

The inflammatory macrophages arising from exposure to LPS
and other stimuli are characterized by a lipid metabolism disorder
and therefore are more likely to form lipid-laden macrophages57.
The latter, also denoted as foam cells, harbor lipid drops con-
sisting of triacylglycerols (TGs) and cholesterol esters (CEs). TG
synthesis is vital for pro-inflammatory macrophage function, in-
hibition of which decreases pro-inflammatory IL-1b and IL-6 as
well as phagocytic capacity58. Meanwhile, inflammatory macro-
phages are inclined to change the expression of some scavenger
receptors and decrease cholesterol efflux transporters, reducing
their ability to lipid handling in the plaque, which accelerates AS
progression59. Analysis of serum lipid profiles showed that PLPs
treatment caused a significant decrease in total cholesterol (TC).
At the same time, almost no effect was found on the levels of other
lipid metabolism indicators, such as triglycerides (TG), HDL, and
LDL (Fig. 6GeJ)). It was proposed that LPS reduced cholesterol
efflux transporter SR-B1 expression on macrophages, exerting a
detrimental impact on cholesterol homeostasis17,60,61. Interest-
ingly, PLPs partially improved cholesterol homeostasis, which



Figure 5 PLPs inhibited atherosclerosis progression in vivo. (A) Representative images of oil red O (ORO)-stained atherosclerotic lesions of

the aorta en-face and (B) the corresponding quantitative analysis of plaque areas in the total intima area of the aorta. (CeF) Semiquantitative

analysis and (G) representative images of aorta root sections stained by ORO (C), Masson’s trichrome (D), anti-a-SMA antibodies (E), and anti-

CD80 antibodies (F), respectively (n Z 5 or 6). The atherosclerosis (AS) mouse models were developed by means of feeding ApoE�/� mice with

Western Diets ad libitum. The AS mice were i.v. administered with PBS, LPs, and PLPs at a dose of 0.5 mg of liposomes every 3 days for 16

weeks. Scale bar Z 200 mm. All data were presented as the mean � SEM. **P < 0.01, and ***P < 0.001. ns, no significant difference.
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might be because PLPs could sponge LPS and reverse the
expression of the SR-B1 by macrophages. However, the exact
mechanisms need to be further elucidated.
Compelling evidence was accumulated to show that risk
factors such as diabetes, aging, and obesity would exacerbate
gastrointestinal mucosa leakage. Therefore, LPS could be



Figure 6 PLPs ameliorated the systematic inflammation response in atherosclerosis (AS) mouse models. (AeF) The serum levels of LPS (A),

the inflammatory cytokines including TNF-a (B), IL-1b (C), IL-6 (D), and IFN-g (E) and IL-10 (F) on the 1st, 8th, and 16th weeks from AS

mouse models after different treatments (n Z 4). (GeJ) The serum levels of TG (G), TC (H), HDL (I), and LDL (J) from AS models treated with

PBS, LPs, and PLPs at the study endpoint (nZ 5). All data were presented as the mean � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no

significant difference.
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released into the circulation, causing systematic chronic
inflammation and promoting the development of atheroscle-
rosis17. The released LPS mainly derived from gut microbiota,
and the proliferation of pathogenic flora and their intimate at-
tachments to gastrointestinal epithelium would be conducive to
releasing LPS into circulation62. The relationship between gut
microbiota and AS development is attracting extensive attention
nowadays. It was reported that gavage with live Bacteroides
vulgatus and B. dorei could inhibit bacterial growth and reduce
fecal and serum LPS concentration, effectively preventing AS
from occurring63. This led us to think of the oral formulation of
PLPs, which could reduce the level of LPS from the fountain-
head and be more convenient for patients. It might be a prom-
ising research direction for future study. In addition, IL-23-IL-22
signaling, which could restrain proatherogenic factors such as
LPS biosynthesis and destruction of the intestinal barrier, might
also function well as the metabolic therapeutic target for AS
treatment64. Furthermore, apart from AS, LPS was reported to be
increased in patients with chronic inflammation states such as
obesity and type 2 diabetes65, and also in acute inflammatory
conditions such as sepsis and acute lung injury66,67. The PLPs
developed in the present study might also be utilized to treat
those diseases.
Conventional drugs for AS mainly include anti-hypertension or
cholesterol-lowering drugs, such as statins68. However, the
mechanisms of action of these drugs and PLPs are totally
different. While statin drugs primarily focus on inhibiting intra-
cellular cholesterol synthesis from a metabolic blocking
perspective, the PLPs in our study aim to remove LPS from the
circulation from an inflammation suppression perspective.
Therefore, our study did not include conventional drugs as a
control group. There is also some cutting-edge research focused
on immunotherapies for AS, such as cytokine-orientated therapy
or drug delivery systems targeting immune cells to suppress the
immune responses caused by inflammation69. However, in our
study, it might be an alternative strategy to address etiological
factors leading to inflammation, such as LPS, that may funda-
mentally inhibit AS initiation and development.

3.6. Mechanisms of LPS removal by PLPs in vivo

To understand the mechanism underlying the fact that PLPs
absorbing LPS exerted an inhibitory influence on AS progression,
healthy C57/BL6J mice were i.v. administered three kinds of
prepared nanomedicines to explore the pharmacokinetic profiles
and biodistribution pattern of PLPs. LPS mixed with DiD-labeled



Figure 7 Mechanisms of LPS removal by PLPs in vivo. (A) Systemic circulation lifetime of DiD-labeled PLPs in vivo by measuring fluo-

rescence signals of DiD in blood samples at various time points. (B) The half-life of DiD-labeled PLPs in circulation. (C, D) Biodistribution of

DiD-labeled PLPs at 24 h after i.v. injection. Displayed is the percentage of injected DiD dose (%ID) for each organ (C) and the %ID per gram of

tissue (%ID/g) for each organ (D). (E) In vivo distribution and colocalization of DiD-labeled liposomes and FITC-LPS in the mouse spleen

observed under microscopy and the corresponding Pearson’s R value in the LPs and PLPs groups. Scale bar Z 20 mm. (F) Representative

fluorescence images of the colocalization of LPS, PLPs, and macrophages in spleen sections. Green, FITC-labeled LPS. Red, DiD-labeled LPs or

PLPs. Blue, DAPI-stained nucleus. Yellow, green merged with red. Purple, PE-labeled anti-F4/80 antibody. Scale bar Z 50 mm. Data were

presented as the mean � SEM (n Z 4), *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no significant difference.
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PLPs followed by immediate injection into mice or LPS incubated
with DiD-labeled PLPs for 30 min prior to injection were indi-
cated as LPS þ PLPs or LPSePLPs group, respectively.
Compared to the PLPs group, both LPS þ PLPs and LPSePLPs
groups displayed a rapid decline in the PLPs concentration in
the circulation and a shorter elimination half-life (Fig. 7A and B),
demonstrating that LPS could sponge PLPs rapidly in the circu-
lation, which rendered them more amenable to be removed from
the blood. The major organs of mice were extracted 24 h post-
injection to further explore the site where they were eliminated.



Figure 8 Biocompatibility of PLPs. (A) Viability of HUVECs treated with PMB, LPs, and PLPs with a series of concentrations of PMB (0, 6,

15, 18, 30, 36, and 45 mg/mL) (n Z 4). (BeI) Blood routine test with indicators including RBC (B), HgB (C), WBC (D), and PLT (E) and

hepatorenal function test with indicators including ALT (F), AST (G), BUN (H), and CR (I) was used to assess the biosafety of PLPs.

(J) Representative images of major organs (heart, liver, spleen, lung, and kidney) by H&E staining at the study endpoint after different treatments

(scale bar Z 100 mm). Data were presented as the mean � SEM (n Z 3). ***P < 0.001. ns, no significant difference.
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The histograms showed that similar intensity of DiD fluorescence
signals in the spleens was found in both LPS þ PLPs and LPS-
PLPs groups, which was much stronger than that of the PLPs
group (Fig. 7C and D), revealing that rapid and efficient binding to
LPS made it easier for PLPs to accumulate in the spleens. Next,
the distribution of FITC-LPS and DiD-labeled PLPs in the spleen
8 h post-injection was further explored. The acquired images by
CLSM showed that PLPs colocalized much better with LPS
compared to LPs, with a larger Pearson’s R-value (above
threshold) of 0.49 than that of the latter (0.06) (Fig. 7E). The
cross-section analysis of the spleen also showed that the red curve
overlapped more with the green curve in the PLPs group than that
in the LPs group (Supporting Information Fig. S6). These results
demonstrated that PLPs could effectively arrest LPS in vivo.
Furthermore, a much stronger fluorescence intensity of FITC was
found in the spleen of PLPs group than that of the LPs group
(Supporting Information Fig. S7), indicating more LPS was
transported to the spleen in the PLPs group.

The eventual fate of LPSePLPs complexes in vivo was
investigated step by step. First, the in vivo organ-level distribution
(Fig. 7C and D) indicated that the livers and spleens, the primary
organs of the mononuclear phagocyte system (MPS), took up



LPS removal by liposomes for atherosclerosis treatment 3831
more LPSePLPs complexes than other organs. Second, the study
proceeded to investigate the sub-organ biodistribution of
LPSePLPs in the livers (Supporting Information Fig. S8), and
spleens (Fig. 7F). LPSePLPs complexes were highly colocalized
with macrophages marked with F4/80 antibodies in the spleens
and livers, consistent with the mechanism study in vitro (Fig. 4A),
demonstrating that macrophages in the spleens and livers played a
dominant role in PLPs-mediated LPS elimination. As PLPs
inhibited the systematic inflammation response, it was believed
that macrophages in the spleens and livers phagocytosed LPS as
the form of LPSePLPs complexes instead of being activated to-
ward the M1 phenotype through TLR4 activation by LPS. Third,
the subcellular localization of LPSePLPs complexes in macro-
phages was further explored. The results (Supporting Information
Fig. S9) indicated an increasing number of LPSePLPs were
accumulated in BMDMs as time prolonged, and LPSePLPs al-
ways colocalized well with lysosomes (Supporting Information
Fig. S9A). Consistently, the cross-section analysis (Supporting
Information Figs. S9B-S9D) also showed that both FITC-LPS and
DiD-PLPs were highly overlaid with lysosomes, indicating
LPSePLPs complexes were digested in lysosomes after endocy-
tosis by macrophages in livers and spleens. Altogether, compared
with LPs, PLPs could bind to LPS more efficiently in vivo and
render LPS more amenable to be removed from circulation and
resolved by lysosomes in macrophages through endocytosis,
therefore preventing LPS from activating monocytes in the blood
and macrophages in the spleens and livers, diminishing inflam-
matory responses and eventually inhibiting the progression of AS
plaques.

3.7. Biocompatibility of PLPs

The cytotoxicity of PLPs was preliminarily evaluated by incu-
bating HUVECs with a series of concentrations of PLPs for 24 h,
with LPs and free PMB as control groups. As shown in Fig. 8A,
free PMB exhibited high toxicity in a dose-dependent manner, and
the toxicity was significantly reduced in both PLPs and LPs
groups. The results indicated that PMB loaded by liposomes
substantially reduced its toxicity in vitro compared with free PMB.
Furthermore, to verify whether PLPs could cause a side effect
in vivo, at the study endpoint of the pharmacodynamics experi-
ment, blood samples and major organs from different treatment
groups were collected. Hematology analysis showed no statisti-
cally significant differences among the PBS, LPs, and PLPs
groups regarding RBC, HgB, WBC, and PLT counts (Fig. 8BeE).
In addition, the levels of biochemical indicators, including ALT,
AST, BUN, and CR, in the PLPs group were equivalent to those in
the PBS and LPs groups (Fig. 8FeI). There were no noticeable
pathological changes in mice treated with PLPs compared to the
PBS and LPs groups by histologic analysis (Fig. 8J). The weight
of the liver, spleen, and body weight at the study endpoint of the
pharmacodynamics experiment also exhibited no significant dif-
ferences among the three groups (Supporting Information Figs.
S10AeC). All the results above demonstrated that PLPs
harbored a satisfactory safety profile and biocompatibility both
in vitro and in vivo.
4. Conclusions

The fact that LPS could promote AS progression has aroused
extensive attention nowadays. In the present study, liposomes with
PMB covalently conjugated to the surface (PLPs) were con-
structed simply and yielded a powerful ability to sponge LPS in a
dose-dependent manner. PLPs could inhibit LPS-induced macro-
phage activation and pro-inflammatory cytokine release, block
foam cell formation, stabilize atherosclerotic plaque, and prevent
AS progression. The strategy presented by this study also paves
the road for managing other LPS-related diseases, including in-
fectious diseases like acute lung injury, sepsis, and metabolic
diseases like obesity and type 2 diabetes.
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