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Abstract

Background Macrophage-derived extracellular vesicle (macrophage-EV) is highly studied for its regulatory role
in atherosclerosis (AS). Our current study tried to elucidate the possible role of macrophage-EV loaded with small
interfering RNA against high-mobility group box 1 (siHMGB1) affecting atherosclerotic plaque formation.

Methods In silico analysis was performed to find critical factors in mouse atherosclerotic plaque formation. EVs
secreted by RAW 264.7 cells were collected by ultracentrifugation and characterized, followed by the preparation

of macrophage-EV-loaded siHMGB1 (macrophage-EV/siHMGB1). ApoE ™~ mice were used to construct an AS mouse
model by a high-fat diet, followed by injection of macrophage-EV/siHMGB1 to assess the in vivo effect of mac-
rophage-EV/siHMGB1 on AS mice. RAW264.7 cells were subjected to ox-LDL, LPS or macrophage-EV/siHMGB1 for ana-
lyzing the in vitro effect of macrophage-EV/siHMGB1 on macrophage pyrophosis and inflammation.

Results In silico analysis found that HMGB1 was closely related to the development of AS. Macrophage-EV/siHMGB
could inhibit the release of HMGB1 from macrophages to outside cells, and the reduced HMGB1 release could inhibit
foam cell formation. Besides, macrophage-EV/siHMGB also inhibited the LPS-induced Caspase-11 activation, thus
inhibiting macrophage pyroptosis and preventing atherosclerotic plaque formation.

Conclusion Our results proved that macrophage-£V/siHMGB could inhibit foam cell formation and suppress mac-
rophage pyroptosis, finally preventing atherosclerotic plaque formation in AS mice.
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Introduction

Atherosclerosis (AS) is a chronic vascular disease that
causes cardiovascular disorders and is the leading cause
of mortality and loss of productive life years globally
(Herrington et al. 2016). Specifically, disease progres-
sion results in the formation of atherosclerotic plaques
that lead to the narrowing of the arterial lumen and
the formed atherosclerotic plaques often remain stable
for years but can rapidly become unstable, rupture and
induce thrombus formation (Emini Veseli et al. 2017;
Lu et al. 2022). Accumulating evidence has documented
the high plasma levels of low-density lipoprotein (LDL)
as one of the most vital risk factors of AS, and LDL may
accumulate in the sub-endothelial space of the arte-
rial wall and subsequently forms oxidized LDL (oxLDL),
which may trigger an inflammatory response (Tabas et al.
2015). Notably, atherosclerotic plaque formation is one
of the typical pathological changes in AS and endothe-
lial damage is confirmed as the critical pathophysiologi-
cal mechanism (Gao et al. 2022). Vascular inflammation
is partly caused by an influx of plasma LDL within the
intima, where it is easy to be affected by oxidative modi-
fication, thus resulting in the recruitment of monocytes,
which may differentiate into macrophages (Boucharey-
chas et al. 2020). The existing published literature has
proposed that macrophages have an essential role in
forming plaques, local inflammation, and thrombosis
in AS (Back et al. 2019), so it’s crucial to understand the
molecular pathways in macrophages to prevent and treat
AS.

Macrophages are the primary innate immune cells that
have a wide range of activities in response to various
infections or stimuli, and they play an essential role in the
pathophysiology of many illnesses (Barrett 2020). Mac-
rophage-derived small vesicles secreted by living cells
are known as macrophage-derived extracellular vesicles
(macrophage-EVs), which work as important messen-
gers that can transfer different bioactive chemicals from
macrophages to recipient cells. Thus macrophage-EVs
are deemed mediators in the pathophysiology of various
illnesses, including inflammatory disorders and fibrosis
(Wang et al. 2020). Moreover, the critical role of mac-
rophage-released exosomes in modulating AS has been
characterized (Bouchareychas et al. 2020). Through bio-
informatics analysis, we identified HMGBI1 as the study
subject.

Interestingly, HMGB1 has been reported to be a cargo
of EVs (Willis et al. 2022), in line with our bioinformat-
ics prediction. Further consultation of the literature dis-
played that HMGB1, a DNA-binding cytokine expressed
mainly by macrophages, is a nuclear protein involved in
the progression of AS and even some cardiovascular dis-
eases (de Souza et al. 2012, Moreno et al. 2013, Zhang
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and Fernandez-Hernando 2021). Pyroptosis is a type of
programmed cell death that occurs when the cysteinyl
aspartate specific proteinase 1 (Caspase-1) and Cas-
pase-4/5/11 enzymes are activated, and pyroptosis in
macrophages is thought to be linked to atherosclerotic
plaque formation (Yang et al. 2022). Additionally, the
TNF-o/HMGBI1 inflammation signaling pathway bears
excellent responsibility in pyroptosis during acute kidney
injury and acute liver failure (Wang et al. 2020). However,
the detailed mechanism underlying HMGBI1 in pyropto-
sis in AS remains to be further studied. Thus, we studied
the effect of silenced HMGB1 loaded in macrophage-EVs
on macrophage pyroptosis and atherosclerotic plaque
formation.

Materials and methods
Bioinformatics analysis
The dataset used in this study was obtained from the
GEO  database  (https://www.ncbinlm.nih.gov/geo/).
The mRNA expression profiles related to atherosclero-
sis in mice (GSE28783) were selected. Four untreated
AS mice (GSM712678, GSM712679, GSM712680, and
GSM712681) were assigned to the treatment group
(referred to as "treat"), while four AS mice that showed
symptom relief after miR-33 treatment (GSM712670,
GSM712671, GSM712672, and GSM712673) were
assigned to the control group (referred to as "control”).
Macrophages from the atherosclerotic plaques in the
mice’s aortas were used for gene expression profiling.
Gene ID conversion was performed using the annotation
file GPL1261 on the sequencing platform. The Limma
package (version: 3.40.2, http://www.bioconductor.org/
packages/release/bioc/html/limma.html) in R software
was used to analyze the differential expression of mRNA.
The threshold for distinguishing differentially express.
The interaction network of target genes was obtained
from the STRING database (https://string-db.org) and
subsequently imported into Cytoscape software (version:
3.8.2, https://cytoscape.org/). The regulatory relationship
network was constructed, and Cytoscape was used to
analyze the results and apply conditional filtering to the
network diagram. The degree and combined score values
were represented by colors and shapes in the network
diagram.

Isolation and characterization of macrophage-EVs

Macrophage-EVs were isolated from the supernatant
of RAW?264.7 cell medium by differential centrifuga-
tion. Briefly, after RAW264.7 cells were cultured in
EV-free medium containing fetal bovine serum (FBS)
for 48 h, the cell supernatant was collected and succes-
sively centrifuged at 800g for 5 min to remove dead cells,
1500g for 15 min to remove cell debris, and 15,000g for
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30 min to remove large EVs. The obtained supernatant
was then ultra-centrifuged at 150,000g for 2 h. The iso-
lated macrophage-EVs were identified and used for the
experiments.

Identification of macrophage-EVs was carried out
by transmission electronic microscope (TEM, H-7650,
HITACH]I, Japan). Nanoparticle Tracking Analysis (NTA)
was performed to determine macrophage-EVs’ size. This
analysis automatically tracks and determines particle size
based on Brownian motion and diffusion coefficient. The
macrophage-EV was resuspended in 1 mL PBS, and the
filtered PBS served as a control. The diluted macrophage-
EV was then injected into the NanoSight LM10 instru-
ment to measure the particle size at 23.75+0.5 C with
the measurement duration as 60 s.

Identification of surface protein markers of EVs was
performed through Western blot. The EVs were extracted
using Triton X-100 lysis buffer containing a proteinase
inhibitor cocktail (Merck, 539134). The lysis buffer con-
sisted of 20 mM Tris—HCI (pH 7.4), 137 mM NaCl, 1%
Triton X-100, 2 mM EDTA, and 10% glycerol (Xu et al.
2017). Quantitative analysis was done using the BCA
Protein Assay Kit (P0028, Biyuntian, Shanghai). The fol-
lowing antibodies were used for EV protein immunoblot-
ting: CD9 (ab92726, 1:2000, Rabbit, Abcam, UK), CD63
(ab217345, 1:1000, Rabbit, Abcam, UK), and Calnexin
(ab133615, 1:2000, Rabbit, Abcam, UK). The experiments
were repeated three times.

Preparation of macrophage-EV carrying small interfering
RNA against HMGB1 (siHMGB1)

siHMGB1 was loaded in macrophage-EV using Gene
Pulser X Cell Electroporation System by electroporation
technique. The macrophage-EV with a total protein con-
centration of 20 pug was mixed with 20 pg of siHMGB1
in 400 pL PBS (pH=7.3), which was immediately moved
into the ice after 400 V electroporation. Unloaded siH-
MGBI1 was removed by ultra-centrifugation at 100,000g
for 1 h, followed by removing the supernatant. The pre-
cipitated macrophage-EV was resuspended, and the final
prepared macrophage-EV loaded with siHMGB1 was
called macrophage-EV/siHMGB1, with the sequence
of the plasmid as siNC (5'-CAAAGACGACCAGGC
GTATCGATCT-3’), siHMGBI1 (5-CAAGAAGAAGCA
CCCGGATGCTTCT-3’). The plasmids required for the
experiment were purchased from GenePharma (Shang-
hai, China).

Uptake of macrophage-EV/siHMGB1

PKH67 dye was added to macrophage-EV/siHMGB1
according to the kit instructions (PKH67GL, Sigma
Aldrich, St. Louis, MO, USA), which was incubated at
room temperature for 15 min, and then centrifuged at
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1000g for 5 min, followed by removal of the superna-
tant. The mixture was suspended in a macrophage-EV
medium and centrifuged at 1000 for 5 min. Precipitate
was obtained after repeating twice, which was PKH67-
labeled macrophage-EV. Then, RAW264.7 cells were
incubated in the dish pre-coated with the specific cell
slides. When cell confluence reached 50%, PKH67-
labeled macrophage-EV/siHMGB1 was added for incu-
bation at 37 ‘C for 24 h. The cell slides were removed,
washed three times in PBS, soaked with 4% paraformal-
dehyde for 30 min at room temperature, permeabilized
with 2% Triton X-100 for 15 min, and then stained by
4/,6-diamidino-2-phenylindole (DAPL 2 pg/mL, C1005,
Beyotime) for 10 min. Fluorescence expression was
observed by confocal microscopy.

With the similar method mentioned above, Cy3-
HMGBI was loaded to the macrophage-EV. Macrophage-
EV/Cy3-siHMGB1 was then co-cultured with RAW?264.7
cells for 1 h and fixed in 4% paraformaldehyde. The nuclei
were stained with DAPI. Internalization of macrophage-
EV by RAW264.7 cells was observed under confocal
microscopy.

Uptake of Dli-ox-LDL by macrophages

Cell-specific slides were placed in cell culture dishes, in
which RAW264.7 cells were seeded and incubated over-
night with or without macrophage-EV/siHMGB1. Sub-
sequently, 10 pg/mL of Dli-ox-LDL was incubated with
cells at 37 C for 24 h. After that, the cells were slowly
washed 3 times, soaked in 4% paraformaldehyde for
30 min at room temperature, permeabilized using 2%
Triton X-100 for 15 min, and stained with DAPI (2 pg/
mL, C1005, Beyotime) for 10 min. The expression of the
fluorescence was observed under confocal microscopy.

Establishment of AS mouse models

Eighteen ApoE™~ male mice (Laboratory Animal
Resources, Chinese Academy of Sciences, Beijing,
China) aged 8-10 weeks were maintained under spe-
cific pathogen-free conditions at 26-28 C and 50-65%
humidity. All animal experiments were approved by
the Animal Ethics Committee of Panyu Central Hospi-
tal (GT-IACUC202208181), Cardiovascular Institute of
Panyu District.

A total of 12 ApoE™'~ mice were fed a high-fat diet
(protein: 20%; fat: 40%; carbohydrate: 40%; cholesterol:
1.25%) for 12 consecutive weeks for the establishment of
AS model. The remaining 6 ApoE '~ mice were fed regu-
lar food as a control. Six mice subjected to AS modeling
were randomly selected and injected with macrophage-
EV/siHMGB (100 pg/mouse, once every two days) for
12 weeks, and the remaining mice were injected with PBS
as a control.
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Cell culture and grouping

Mouse mononuclear macrophage RAW264.7 (CL-0190,
Procell, Wuhan, China) were cultured in Dulbecco’s
modified eagle medium (PM150210, Procell) with 100 U/
mL penicillin and 100 U/mL streptomycin (PB180120,
Procell) at 37 °C, with 5% CO,. The culture medium was
renewed every 3 days. When cell confluence reached
80%, cell passage was performed with 0.25% trypsin/eth-
ylenediamine tetraacetic acid.

At 24 h post cell seeding in 6-well plates, RAW?264.7
cells were treated with 20 pg/mL macrophage-EV, 20 pg/
mL macrophage-EV/siHMGB, or 50 pg/mL ox-LDL for
48 h, or with 1 pg/mL LPS for 24 h. Cells treated with an
equal volume of PBS were taken as the control.

Enzyme-linked immunoassay (ELISA)

Serum and cell culture supernatants were collected for
determination of the contents of HMGB1, TNF-q, IL-6,
IL-1pB, and IL-18 using the hum-HMGB1 (SP11733, Pro-
cell), mmu-HMGBI1 (SP14752, Procell), TNF-a (SP13726,
Procell), IL-6 (SP13755, Procell), IL-1f (SP13701, Pro-
cell), and IL-18 (SP13710, Procell) kits. The absorbance of
each well was measured within 30 min using a microplate
reader at 450 nm.

Oil red o staining

Mouse aorta was taken from differently-treated mice,
washed with precooled PBS, put into a small box with
liquid-embedded gel, and quickly frozen in liquid nitro-
gen. The frozen tissue blocks were sliced to 5 pm thick-
ness, and sections were stained by Oil red O staining.
For the macrophages, cell slides were washed with pre-
cooled PBS, fixed with 4% paraformaldehyde for 30 min
at room temperature, washed in 50% ethanol after dry-
ing, and treated with the Oil Red O Ethanol Dye Solu-
tion for 8 min. Then, the cell slides were differentiated by
50% ethanol, counterstained by hematoxylin, and washed
with running water to return to blue color. After air-dry-
ing, the cell slides were mounted and observed under a
light microscope to analyze the vascular atherosclerotic
plaque. Plaque area was quantified using Image Pro Plus
(IPP) software.

RNA isolation and quantification

Total RNA was extracted using Trizol (16096020, Thermo
Fisher Technology, New York, NY, USA). The purity and
concentration of the obtained RNA were assessed by
measuring the absorbance at 260 and 280 nm. Reverse
transcription was performed according to the instruc-
tions of the complementary DNA reverse transcription
kit (RR047A, Takara, Japan). Polymerase chain reaction
(PCR) was performed according to the instructions of
LightCycler 480 SYBR Green I Master (04707516001,
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Roche, Germany) with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) used as the internal reference.
The relative mRNA expression was detected with the
272ACt method, and the primer sequences are shown in
Additional file 1: Table S1.

Western blot analysis

Total protein was extracted from tissues, cells, and EVs
using RIPA lysis buffer (P0013B, Beyotime) containing
PMSE, and the protein concentration was determined
using a BCA kit (P0028, Beyotime). Proteins were dena-
tured by boiling at 100 “C for 10 min and then saved at
— 80 °C. According to the size of the target protein band,
8-12% sodium dodecyl-sulfate electrophoresis gels were
prepared, and equal volumes of protein samples were
added to each lane for electrophoresis separation. The
protein from the gel was transferred to a polyvinylidene
fluoride membrane (1620177, BIO-RAD, Hercules, CA,
USA), which was blocked by 5% bovine serum albumin
for 1 h at room temperature. The membrane was incu-
bated with primary antibodies against HMGB1 (ab79823,
1:10,000, Rabbit, Abcam), Caspase-11 (ab180673, 1:1000,
Rabbit, Abcam), LOX-1 (11837-1-AP, 1:1000, Rab-
bit, Proteintech), CD36 (18836-1-AP; 1:1000, Rabbit,
Proteintech), SRA (ab151707, 1:1000, Rabbit, Abcam),
FL-GSDMD (# 39754, 1:1000, Rabbit, CST, Danvers,
MA, USA), and N-GSDMD (#39754, 1:1000, Rabbit,
CST) overnight at 4 ‘C. The next day, the membranes
were incubated with HRP-labeled goat anti-rabbit IgG
(ab6721, 1:5000, Abcam) for | h at room temperature. The
membrane was immersed in an enhanced chemilumi-
nescence reaction solution (1705062, Bio-Rad) at room
temperature for 1 min and then developed on an Image
Quant LAS 4000C gel imager. GAPDH (A01021, 1:5000,
Rabbit, Abbkine, Wuhan, China) was used as an internal
reference to detect the expression level of each protein.

Immunohistochemistry (IHC)

Paraffin-embedded sections of the mouse aorta were
dewaxed to water, dehydrated by gradient alcohol, and
subjected to antigen retrieval. Sections were blocked
with normal goat serum blocking solution (C0265, Bey-
otime) at room temperature for 20 min. Then, the sec-
tions were incubated with primary antibody HMGB1
(ab79823, 1:400, Rabbit, Abcam) at 4 ‘C overnight, fol-
lowed by another incubation with the secondary anti-
body goat anti-rabbit IgG (ab6721, 1:1000, Abcam) at
37 °C for 20 min. Next, the sections were incubated with
HRP-labeled Streptavidin (A0303, Beyotime) at 37 °C for
20 min and developed by DAB (P0203, Beyotime). Sec-
tions were counterstained by hematoxylin (C0107, Beyo-
time) for 1 min, treated with 1% ammonia to return to
blue color, dehydrated, cleared by xylene and mounted.
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Subsequently, the sections were observed and photo-
graphed by a microscope. An experienced pathologist
read the sections, and 5 high-power fields were randomly
selected for analysis in each section. Each field counted
100 cells, and the percentage of positively stained cells
was calculated.

IHC score=AXB (A: 0 indicates cells without posi-
tive staining, 1 indicates 10% positive cells, 2 indicates
11-50% positive cells, 3 indicates 51-80% positive cells
and 4 indicates more than 80% positive cells. B: 0 indi-
cates no staining, 1 indicates shallow staining intensity, 2
indicates medium staining intensity, and 3 indicates deep
staining intensity).

Immunofluorescence (IF)

Paraffin-embedded sections of the mouse aorta were
taken, dewaxed, dehydrated, and subjected to antigen
retrieval. Sections were added with 0.03% Triton for
10 min and sealed with normal goat serum blocking solu-
tion (C-0005, HaoranBio, Shanghai, China) for 60 min
at room temperature. For macrophages, macrophages
were fixed with 4% paraformaldehyde for 30 min, washed
with precooled PBS And sealed as the above. Next, pri-
mary antibodies of HMGB1 (66525-1-Ig, 1:250, Mouse,
Proteintech, VA, USA), F4/80 (ab6640, 1:50, Rabbit,
Abcam), GSDMD (sc-393581, 1:200, Mouse, SANTA,
UC, USA), iNOS (ab210823, 1: 100, Mouse, Abcam), and
CD206 (60143-1-Ig, 1:200, Mouse, Proteintech) were
selected for sample incubation at 4 °C overnight. Then,
the samples were incubated with fluorescent secondary
antibody, Alexa Fluor® 647-Anti-Rabbit IgG (ab150075,
1:500, Donkey, Abcam) or Alexa Fluor® 488-Anti-Mouse
IgG (ab150113, 1:500, Goat, Abcam) at room tempera-
ture for 60 min in the dark. A fluorescence microscope
was utilized for observation, with fluorescence intensity
recorded.

Flow cytometry

Cells were collected after different treatments and then
made into single-cell suspensions. Next, cell suspension
was incubated with F4/80-FITC (11-4801-82, eBiosci-
ence, San Diego, CA, USA), iNOS-PE (61-5920-82, eBi-
oscience), and CD206-APC (17-2061-82, eBioscience).
After incubation, cells were collected and analyzed using
a CytoFlex flow cytometer (Beckman Coulter, Brea, CA,
USA). Data were analyzed using the FlowJo software
(version 7.0; FlowJo LLC, Ashland, OR, USA).

Statistical analysis

Statistical analysis of the study data was performed using
SPSS 21.0 (IBM, Armonk, NY, USA). Measurement data
are expressed as meantstandard deviation. The data
conformed to normal distribution and homogeneity
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of variance. The t-test was applied for comparing data
between groups, while one-way analysis of variance was
for comparing data among multiple groups, followed by
Tukey’s post-hoc test. A p<0.05 indicates a statistically
significant difference.

Results

HMGB1 may influence the occurrence and development

of AS

Using differential analysis of gene expression data from
the GEO database on AS disease in mice, we analyzed
the GSE28783 dataset. The treated group consisted of
AS mice (GSM712678, GSM712679, GSM712680, and
GSM?712681), while the control group comprised AS mice
with alleviated symptoms after treatment (GSM712670,
GSM712671, GSM712672, and GSM712673). We
obtained macrophages from atherosclerotic plaques
in mouse aortas for differential analysis, resulting in
96 differentially expressed genes. The heatmap of gene
expression is displayed in Fig. 1A, and the volcano map
showing differential gene expression is shown in Fig. 1B.
The target genes of differentially expressed candidates
were imported into the String database to obtain the pro-
tein interaction relationship, which was further imported
into Cytoscape software to construct a PPI network.
We predicted the top 10 hub genes as TRP53, HMGBI,
BRCAL, PTEN, MDM2, AGER, TLR2, HMGB2, BCL2L1,
and CD24A through the MCC network of cytoHubba
(Fig. 1C). Previous literature has reported that HMGB1
may promote the occurrence and progression of various
AS-related diseases such as pulmonary hypertension,
coronary heart disease and ischemic stroke by inducing
the infiltration of leukocytes, adhesion aggregation of
platelets and the migration of vascular smooth muscle
cells (Ding et al. 2016). Therefore, HMGB1 was selected
as the target gene in this study.

Increased HMGB1 expression and accumulated
macrophage infiltration were found in the plaque tissue

of AS mice

HMGBI is the most abundant DNA binding protein in
the nucleus, which is mainly expressed in macrophages
and can be released outside of cells under pressure, thus
promoting the development of AS (Ghaffari et al. 2021).
Therefore, we next investigated the molecular mecha-
nisms underlying the effect of HMGBI1 expression in
macrophages on AS progression.

Further analysis of HMGB1 expression in the micro-
array dataset GSE28783 showed that HMGB1 expres-
sion was significantly higher in AS samples (Fig. 2A).
The ApoE~'~ mice were fed a high-fat diet to induce
AS. As displayed by Oil red O staining, atherosclerotic
plaque in AS mice was significantly more prominent
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than in control mice (Fig. 2B), highlighting the success-
ful establishment of AS models. Besides, the protein
level of HMGBI in the serum of AS mice was higher
than that in control mice (Fig. 2C). HMGB1 expres-
sion in the aortic root was validated to be higher in
AS mice, as measured by RT-qPCR and IHC (Fig. 2D,
E). Suppose the expression of F4/80 in atherosclerotic
plaques was detected to determine the macrophage
infiltration in AS. The results showed that more mac-
rophage infiltration was found in AS mice (Fig. 2F).
Also, IF results revealed that in AS plaque tissues, the
green fluorescent-labeled HMGBI1 overlapped with red
fluorescent-labeled F4/80, which showed that HMGB1
was expressed in macrophages (Fig. 2G).

The above results showed that the macrophage infil-
tration increased, and the expression of HMGB1 was
upregulated in the plaque tissues of AS mice. There-
fore, we speculated that altered expression of HMGB1
in macrophages could prevent atherosclerotic plaque
formation.

Macrophage-EV/siHMGB1 inhibits HMGB1 expression

in macrophages

Macrophage-EV is a lipid bilayer heterogeneous particle
of 20 nm to 2 pm size involved in AS-related processes
such as endothelial dysfunction, vascular wall inflamma-
tion, and remodeling (Wu et al. 2020). Therefore, mac-
rophage-EV/siHMGBI1 was applied for the treatment of
AS.

RAW?264.7 cell-derived EVs were isolated, and siH-
MGB1 was loaded into the macrophage-EV by elec-
troporation. TEM results showed that the morphology of
macrophage-EV and macrophage-EV/siHMGB1 was uni-
form round or oval membranous vesicle-like (Fig. 3A).
NTA results displayed that the average particle diameter
of macrophage-EV and macrophage-EV/siHMGB1 was
100 nm (Fig. 3B). The EV marker proteins CD63 and CD9
were significantly highly expressed in the macrophage-
EV and macrophage-EV/siHMGBI surface. In contrast,
no endoplasmic reticulum protein Calnexin was detected
(Fig. 3C). The above results confirmed that the isolation
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of macrophage-EV was successful. Macrophage-EV/siH-  to RAW?264.7 cells (Fig. 3E). The expression of HMGB1

MGBI had the same characteristics as macrophage-EV. in RAW?264.7 cells co-cultured with macrophage-EV/siH-
PKH67-labeled macrophage-EV and macrophage- MGB1 was reduced (Fig. 3F). The results indicated that

EV/siHMGB1 were co-cultured with RAW?264.7 cells, macrophage-EV/siHMGBI1 could be effectively taken up

respectively. After 24 h, the Uptake of macrophage-EV by macrophages and inhibit the expression of HMGB1 in

and macrophage-EV/siHMGB1 by RAW264.7 cells was  macrophages.

observed. Laser confocal microscope results showed

that macrophage-EV and macrophage-EV/siHMGB1

could be uptaken by RAW264.7 cells (Fig. 3D). Moreo-

ver, macrophage-EV/siHMGB1 could deliver siHMGB1
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Fig. 3 Preparation and identification of macrophage-EV/siHMGB1. A The morphology of macrophage-EV and macrophage-EV/siHMGB1 observed
by TEM (100 nm). B Diameter size of macrophage-EV and macrophage-EV/siHMGB1 measured by NTA. C CD63, CD9, and Calnexin content on EV
surface detected by Western blot analysis. D Uptake of macrophage-EV and macrophage-EV/siHMGB1 in RAW264.7 cells observed by laser confocal
microscope (400 %, 25 pm). The PKH67-labeled macrophage-EV and macrophage-EV/siHMGB1 showed green fluorescence. E Uptake of siHMGB!1
by RAW264.7 cells analyzed by laser confocal microscope (400 x, 25 um). The cy3-labeled siHMGB1 shows red fluorescence. F HMGB1 expression
detected by RT-gPCR and Western blot after RAW264.7 cells were treated with macrophage-EV and macrophage-EV/siHMGB1. *lindicates p < 0.05.
Data between the two groups are compared using an independent sample t-test. Data among multiple groups are compared using one-way

ANOVA, followed by Tuckey's post hoc test

Macrophage-EV/siHMGB1 prevents plaque formation

in AS mice

AS mice were treated with or without macrophage-EV/
siHMGBI to observe the effect of macrophage-EV/siH-
MGB1 on atherosclerotic plaque formation in mice.
First, both HMGB1 mRNA and protein levels were
decreased after injection of macrophage-EV/siHMGB1

relative to macrophage-EV (Fig. 4A). IHC staining was
performed to detect the expression of HMGBI in ath-
erosclerotic plaque tissue of mouse thoracic aorta. The
results revealed decreased expression of HMGBI1 in
the MEV/siHMGBI1 group (Fig. 4B). Moreover, ELISA
results showed that relative to macrophage-EV, the
protein content of HMGBI in serum of AS mice after
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Fig. 4 Macrophage-EV/siHMGB1 inhibits atherosclerotic plague formation in mice. A HMGB1 expression in atherosclerotic plaque tissue of AS mice
following macrophage-EV/siHMGB1 detected by RT-qPCR. B Expression of HMGB1 in the atherosclerotic plaque tissues of the mouse thoracic aorta
assessed by IHC. C Protein content of HMGB1 in mouse serum measured by ELISA. D Atherosclerotic plague size in the thoracic aorta determined
by Qil red O staining. E Levels of inflammatory cytokines TNF-a and IL-6 in mice serum measured by ELISA. F Expression of F4/80 in atherosclerotic
plague tissue detected by IF. *Indicates p < 0.05. n=6. Data between the two groups were compared using an independent sample t-test

macrophage-EV/siHMGBI1 injection was also reduced atherosclerotic plaques were distinctly reduced

(Fig. 4C). (Fig. 4D), while TNF-a and IL-6 levels in mouse serum

In addition, relative to macrophage-EV, after injec-  were lower (Fig. 4E). Also, as IF detected, macrophage-

tion of macrophage-EV/siHMGB1 in AS mice, EV/siHMGBI1 could curtail macrophage infiltration in
atherosclerotic plaque tissues (Fig. 4F).
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The above results demonstrated that macrophage-EV/
siHMGBI1 effectively prevented plaque formation in AS
mice.

Macrophage-EV/siHMGB1 suppresses the release

of HMGB1 to prevent the formation of foam cells

and inflammatory response in macrophages

We further investigated the molecular mechanism of
macrophage-EV/siHMGB1 in preventing atheroscle-
rotic plaque formation in vitro. As documented, plaque
accumulation in the AS vessel wall is associated with
macrophage uptake of LDL and the conversion of mac-
rophages into foam cells (Tao et al. 2021). Therefore,
we used oxidized LDL to stimulate macrophages and
observed the effect of macrophage-EV/siHMGB1 on the
conversion of macrophages into foam cells. We found
that the protein content of HMGB1 in macrophages
increased after ox-LDL stimulation but increased in the
supernatants of cell culture medium, and the protein
content of HMGBLI in both macrophages and cell culture
medium supernatants was decreased after the addition
of macrophage-EV/siHMGB1 (Fig. 5A, B). These results
elaborated that macrophage-EV/siHMGB1 could inhibit
HMGBI1 protein expression in macrophages and reduce
its extracellular release.

Oil-red O staining was applied to measure macrophage
lipid droplet content to reflect foam cell formation. The
results showed that ox-LDL stimulation promoted foam
cell formation, but it was suppressed by macrophage-
EV/siHMGB1 (Fig. 5C). Uptake of Dli-labeled ox-LDL
by macrophages was analyzed by IF, which showed that
macrophage-EV/siHMGB1 inhibited ox-LDL uptake
by macrophages (Fig. 5D). Furthermore, foam cells
increased in plaques of AS mice, but then decreased after
addition of macrophage-EV/siHMGB1 (Fig. 5E). The
above results concluded that macrophage-EV/siHMGB1
could inhibit the Uptake of ox-LDL by macrophages and
then inhibit foam cell formation.

Macrophage inflammation is involved in AS’s develop-
ment (Tao et al. 2021). Besides, HMGB1 can promote
the inflammatory response in macrophages (Yan et al.

(See figure on next page.)
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2021). Therefore, we further investigated the effect of
macrophage-EV/siHMGB1 on macrophage inflamma-
tion. ELISA results showed that ox-LDL stimulation pro-
moted the secretion of TNF-a and IL-6 by macrophages,
while those were reduced by macrophage-EV/siHMGB1
(Fig. 5F).

Flow cytometry results showed that the proportion of
M1-polarized macrophages was significantly higher than
that of M2-polarized macrophages after ox-LDL stimu-
lation, while macrophage-EV/siHMGBL1 led to opposite
trends (Fig. 5QG).

IF detection showed that the proportion of iNOS* cells
in plaque tissues of AS mice was significantly higher than
that of CD206" cells, while macrophage-EV/siHMGB1
caused opposite trends (Fig. 5H).

To investigate the changes in scavenger receptors
during foam cell formation, we employed western blot
analysis to examine the protein expression of LOX-1,
CD36, and SRA in the plaque tissue of mice. The results
indicated that macrophages exhibited upregulation of
scavenger receptors LOX-1, CD36, and SRA follow-
ing ox-LDL treatment compared to the control group.
However, treatment with MEV/siHMGBI attenuated the
upregulation of these receptors (Fig. 5I).

Collectively, MEV/siHMGB1 inhibits HMGB1 protein
expression and extracellular release in macrophages, pro-
motes M2 polarization of macrophages, and downregu-
lates the expression of scavenger receptors LOX-1, CD36,
and SRA, thereby inhibiting foam cell formation and
macrophage inflammatory response, ultimately prevent-
ing the formation of AS plaques.

Macrophage-EV/siHMGB1 inhibits caspase-11-dependent
macrophage pyroptosis to prevent atherosclerotic plaque
formation

Cell death and inflammation are two vital pathologi-
cal mechanisms of AS, and pyroptosis of macrophages
can promote the development of AS (Wu et al. 2018a, b;
Jiang et al. 2021). There are two main ways of pyroptosis,
classical and nonclassical pyroptosis, and activated Cas-
pase-11 in the noncanonical pathway cleaves the linker

Fig. 5 Macrophage-EV/siHMGB1 suppresses the release of HMGB1 expression to inhibit foam cell formation and inflammatory responses

in macrophages. A Expression of HMGB1 in macrophages treated with ox-LDL and intervened with MEV/siHMGB1 was detected by Western
blotting. B HMGB1 content in the macrophage culture supernatants after macrophage-EV/siHMGB1 or ox-LDL treatment measured by ELISA.

C Lipid droplet in macrophages to reflect foam cell formation analyzed by Qil red O staining. D Uptake of Dli-labeled ox-LDL by macrophages
determined by IF (400 %, 25 um). E Foam cell formation in plaque tissues of AS mice after macrophage-EV/siHMGB1 treatment assessed by Oil red O
and F4/80 staining (400, 25 um). F Levels of TNF-a and IL-6 in the macrophage culture supernatants studied by ELISA. G Macrophage polarization
measured by flow cytometry. H Macrophage polarization in the plague tissues of AS mice tracked by IF. I Expression of LOX-1, SR-A, and CD36

in macrophages treated with ox-LDL and intervened with MEV/siHMGB1 by Western blot analysis. INOS is the M1-type macrophage marker,

while CD206 is an M2-type macrophage marker. *Indicates p < 0.05. Data among multiple groups are compared using one-way ANOVA, followed

by Tuckey’s post hoc test
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Fig. 5 (Seelegend on previous page.)

region of full-length GSDMD (FL-GSDMD) to separate
N-GSDMD, which selectively interacts with membrane
lipids to form transmembrane pores through which cel-
lular contents are released substances such as IL-1p and

IL-18, which initiate pyroptosis (Burdette et al. 2021).
Therefore, we further investigated the effect of mac-
rophage-EV/siHMGB1 on macrophage pyroptosis.
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It is reported that HMGBI1 can activate Caspase-11 by
extracellular LPS and then induce macrophage pyropto-
sis (Deng et al. 2018). Thus, we used LPS stimulation of
macrophages to mimic the inflammatory environment in
AS to observe the activation of Caspase-11/Caspase-11
by macrophage-EV/siHMGB1.Western blot results
showed that ox-LDL could promote the expression of
Cleaved-Caspase-11/Caspase-11 in macrophages, and
LPS stimulation led to further increase in the expression
of Cleaved-Caspase-11/Caspase-11, but macrophage-EV/
siHMGB1 intervention inhibited Cleaved-Caspase-11/
Caspase-11 expression (Fig. 6A). As measured by ELISA,
the ox-LDL stimulation increased content of HMGBI,
while there was no significant difference in HMGB1
content after LPS stimulation. The increase of HMGB1
was inhibited after adding macrophage-EV/siHMGB1
(Fig. 6B).

Cell pyroptosis-related inflammatory cytokines IL-1f
and IL-18 were upregulated by ox-LDL, which were
further increased after LPS stimulation. But the eleva-
tion was suppressed after macrophage-EV/siHMGB1
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intervention (Fig. 6C). The expression of pyroptosis-
related proteins FL-GSDMD and N-GSDMD was ana-
lyzed by Western blot analysis. After ox-LDL stimulation,
N-GSDMD expression increased, while FL-GSDMD
expression decreased, and N-GSDMD expression further
increased after LPS stimulation, along with reduced FL-
GSDMD expression. The results of Western blot analysis
revealed that compared to the control group, the expres-
sion of N-GSDMD was increased in the ox-LDL group,
while the expression of FL-GSDMD was decreased. Addi-
tionally, upon stimulation with LPS, the expression of
N-GSDMD further increased, while the expression of FL-
GSDMD decreased in macrophages. However, the inter-
vention with MEV/siHMGB1 attenuated the effects of
both ox-LDL and LPS interventions (Fig. 6D). Moreover,
the number of F4/80"N-GSDMS™" cells was significantly
higher in AS mice but then reduced by macrophage-EV/
siHMGBI (Fig. 6E).

The above results confirmed that macrophage-
EV/siHMGB1 could inhibit the release of HMGBI1
from macrophages and then inhibit LPS-activated
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Fig. 6 Macrophage-EV/siHMGB1 inhibits Caspase-11-dependent macrophage pyroptosis to prevent atherosclerotic plague formation. A Western
blot analysis detected the Activation of Caspase-11 in macrophages following ox-LDL, LPS, or macrophage-EV/siHMGB1 treatment. B HMGB1
Expression in the cell culture supernatants following ox-LDL, LPS, or macrophage-EV/siHMGB1 treatment measured by ELISA. C Expression

of pyroptosis-related inflammatory factors IL-13 and IL-18 in cell culture medium supernatants following ox-LDL, LPS, or macrophage-EV/

SIHMGB1 treatment determined by ELISA. D Expression of the pyroptosis-related proteins FL-GSDMD and N-GSDMD in cells following ox-LDL, LPS,
or macrophage-EV/siHMGB1 treatment measured by Western blot analysis. E Pyroptosis in the aortic root of AS mice following macrophage-EV/
siHMGB1 treatment studied by IF. *Indicates p <0.05. n=6. Data among multiple groups are compared using one-way ANOVA, followed by Tuckey's

post hoc test



Liang et al. Molecular Medicine (2024) 30:38

Caspase-11-dependent pyroptosis, subsequently prevent-
ing atherosclerotic plaque formation.

Discussion

Macrophage-EVs have emerged as vital modulators in
diverse diseases and cancers (Wang et al. 2020). Moreo-
ver, macrophage-EVs can load siRNA targeting genes,
such as chemokine receptors, to exert suppressive func-
tion on inflammation and thus relieve septic symptoms
(Ding et al. 2022), which offers functional evidence for
the successful therapeutic targeting of macrophage-EVs,
ratifying the clinical development of gene inhibition.
Our current study showed macrophage-EVs could load
siHMGB1 to reduce HMGBI1 expression, prevent plaque
formation, and relieve inflammatory response in mac-
rophages, thus alleviating AS.

Through our bioinformatics analysis, we found that
HMGBLI might influence the progression of AS, and our
further experimental results unfolded that HMGB1 was
highly expressed in AS samples, which was expressed
in macrophages. It has been reported that damage to
endothelial cells leads to the attraction of macrophages,
which is critical for the development of AS, and the
development of AS is accompanied by a prolonged pro-
inflammatory response (Kake et al. 2020). Accumulat-
ing evidence has found the expression of HMGB1 and
RAGE in endothelial cells, smooth muscle cells, and mac-
rophages of atherosclerotic lesions (Kalinina et al. 2004,
Naglova and Bucova 2012). Specifically, up-regulation
of HMGBI is capable of causing the intensification of
inflammatory response in endothelium lesions and thus
accelerating further atherosclerotic changes (Zhang and
Fernandez-Hernando 2021). Consistent with our results,
HMGBI1 was upregulated in the aorta tissues of athero-
sclerotic mouse models (Wang et al. 2020). Moreover, in
ApoE~~ mice, HMGB1 knockdown has decreased vas-
cular inflammation and ameliorated AS (Liu et al. 2013).
Interestingly, the regulatory function of HMGB1 in mac-
rophages by metformin in AS has already been elucidated
(Feng et al. 2021).

HMGBI is a chromatin-binding protein that is uni-
versally present in the cell nucleus. It maintains chro-
mosomal stability and regulates physiological processes
such as DNA replication, transcription, and repair. It is
also a member of the damage-associated molecular pat-
tern (DAMP) family and can trigger the inflammatory
response of immune cells (Keller et al. 2008; de Torre-
Minguela et al. 2016; Tang et al. 2017; Khambu et al.
2019). During atherosclerosis, HMGBLI is released by
activated macrophages, leading to their apoptosis and
promoting the expression of other inflammatory factors.
These inflammatory factors can recruit macrophages,
forming a vicious cycle. This is believed to be one of the
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reasons for the formation of macrophage-derived foam
cells induced by HMGB1 (Wu et al. 2018a; b). Studies
have shown that HMGBI1 promotes atherosclerosis by
interacting with the TLR4 receptor, leading to the acti-
vation of NF-kB and the induction of inflammation (Wu
et al. 2018a; b). Additionally, HMGB1 has been found to
play a role in the development of atherosclerosis by pro-
moting cell necrosis, but the specific mechanisms need
further investigation. Overall, HMGB1 plays a significant
role in the formation of atherosclerosis, potentially medi-
ating inflammation and cell necrosis through the TLR4
signaling pathway.

Due to their inherent characteristics, EVs, nature’s
RNA carriers, are increasingly being investigated as
alternative siRNA delivery vehicles (Evers et al. 2022).
Therefore, we loaded siHMGB1 onto macrophage-EVs by
electroporation. Then, the AS mouse model induced by a
high-fat diet was injected with or without the successfully
developed macrophage-EV/siHMGB1. We found that
injection of macrophage-EV/siHMGBI1 could relieve the
inflammatory response in macrophages (as evidenced by
reduced levels of TNF-a and IL-6) and dampen athero-
sclerotic plaque formation. TNF-« and IL-6 are the mark-
ers for the inflammatory effects of activated macrophages
in AS (Liu et al. 2022). Macrophages in the artery wall
can lead to an imbalance of macrophage recruitment
to plaque, contributing to the inflammation in AS and
plaque instability (Moore et al. 2013). In terms of tran-
scription regulation, the transcription levels of IL-1p and
IL-18 are controlled by multiple transcription factors,
including NF-kappaB, AP-1, and C/EBP (Venkatesan
et al. 2010; Maranto et al. 2011; Abbate et al. 2020; Man-
tsounga et al. 2022; Wan et al. 2022). These transcription
factors are activated under specific conditions and bind
to the IL-1B gene promoter region to facilitate IL-1p
transcription. Additionally, inflammatory factors such as
TNEF-a and IL-6 can regulate the expression and release
of IL-1p (Hirano et al. 2017; Batra et al. 2018). Overall,
IL-1p and IL-18 are subject to regulation by various path-
ways. One possible explanation is that multiple regula-
tory mechanisms influence the production of IL-1p and
IL-18 in a complex inflammatory environment. There-
fore, a single siHMGBI1 treatment alone is insufficient to
completely reverse these effects, and thus, the treatment
of ox-LDL-LPS +siHMGBLI is also inadequate to reduce
these cytokines to the level of the Control group.

Furthermore, the key pathological features of AS
contain macrophage infiltration and foam cell forma-
tion (Zong et al. 2022). As previously documented,
HMGB1 depicts increased expression in nuclei and
cytoplasm of macrophages and smooth muscle cells in
atherosclerotic lesions and bears significant responsi-
bility in the progression of atherosclerotic plaque (de
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Souza et al. 2012). Our findings also provided evidence
confirmed that macrophage-EV/siHMGB1 distinctly
decreased the macrophage infiltration and the forma-
tion of foam cells in AS mice. Since the formation of
atherosclerotic plaques is associated with the LDL-
treated macrophages transforming into foam cells (Tao
et al. 2021), we treated macrophages with ox-LDL in
our in vitro study. Experimental data has unfolded that
macrophages and smooth muscle cells (SMCs) uptake
LDL-C in atherosclerotic plaque, leading to plaque for-
mation (Bennett et al. 2016; Barrett 2020). As recently
documented, ox-LDL can acetylate HMGBI, further
promoting pro-inflammatory cell polarization and
recruitment of macrophages (Qi et al. 2021). These
results confirmed that silencing of HMGB1 suppressed
inflammation in macrophages.

Our work noted that macrophage-EV/siHMGB1 inhib-
ited Caspase-11-dependent macrophage pyroptosis to
prevent atherosclerotic plaque formation. In the progres-
sion of AS, macrophages and SMCs phagocytose excess
lipid and their programmed death results in the forma-
tion of necrotic cores (Clarke et al. 2010). Pyroptosis, a
newly discovered form of programmed cell death, has
been well-characterized to be involved in the pathologi-
cal process of AS (Chang et al. 2013; Xu et al. 2018; Qian
et al. 2021). It has been identified that HMGBI is capable
of activating the noncanonical inflammasome pathway
and inducing pyroptosis by delivering LPS and promot-
ing endocytosis (Kim and Kim 2018). Partly in line with
our finding, depletion of circPPP1CC relieved Pg-LPS-
induced pyroptosis and inflammatory response through
down-regulation of HMGBI (Liu et al. 2021).

It was well known that M1 and M2 macrophages rep-
resent two distinct polarized or activated states of mac-
rophages under different stimulating conditions. They
possess different functions and phenotypic characteristics
to respond to physiological and pathological situations.
In atherosclerosis, M1 macrophages exhibit character-
istics of inflammation, producing various pro-inflam-
matory cytokines that contribute to the development of
atherosclerosis. In contrast, M2 macrophages possess
anti-inflammatory and reparative properties, producing
anti-inflammatory cytokines that participate in tissue
repair and regeneration (Koelwyn et al. 2018; Yang et al.
2020). Reports have indicated that as a damage-associ-
ated molecular pattern (DAMP), HMGBI translocates to
the nucleus in the early stages of liver damage and con-
verts Kupffer cells to the M1 phenotype through stimula-
tion of cell surface receptors such as Toll-like receptors
(TLRs), promoting liver inflammation. In the early stages
of liver damage, HMGB1 is also activated for autophagic
degradation, leading to the conversion of Kupffer cells to
the M2 phenotype (Yamate et al. 2023).
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Additionally, studies have shown that miR-216a-5p
can promote the polarization of M2 macrophages by
inhibiting the HMGB1/TLR4/NF-kB signaling pathway
(Qian et al. 2023). Furthermore, magnoflorine has been
reported to attenuate M1 polarization-induced interver-
tebral disc degeneration by reducing HMGB1 expression
and deactivating the MyD88/NF-kB pathway (Zhao et al.
2021). Moreover, research has revealed that haptoglobin
can regulate macrophage/microglial transformation into
the M2 phenotype by binding to and clearing HMGB1
(Morimoto et al. 2022). Interestingly, it has been shown
that the HMGB1/TLR2 signaling axis is suppressed in
M2 macrophages, which may explain the more substan-
tial protective effect of M2 macrophages compared to
M1 macrophages in diclofenac-induced hepatotoxicity
(Kawase et al. 2022). The articles above collectively dem-
onstrate the regulatory relationship between HMGB1 and
M2 macrophages. The reduction of HMGBI, contrary
to expectations, leads to an increase in M2 macrophage
polarization, which in turn affects tissue inflammation
and subsequent phenotypes. Therefore, treatment with
oxLDL+MEV/siHMGB1 may paradoxically increase the
proportion of M2 macrophages, similar to our findings,
and possibly form a negative feedback loop to regulate
the occurrence and progression of the disease.

Using the RAW264.7 cell line as a model of mac-
rophages instead of primary bone marrow-derived mac-
rophages may simplify the model and result in the loss
of specific physiological characteristics. Despite the wide
application and easy accessibility of RAW264.7 cell line
in research, its expression profile and function may differ
from that of primary macrophages. Andrew Yh Ng et al.
conducted a proteomic study comparing these two cell
types and discovered significant differences in protein
regulation related to cell cycle control, cytoskeletal reor-
ganization, and cell apoptosis. Furthermore, the trans-
formation state of the cells may have a more profound
physiological impact on RAW264.7 cells (Ng et al. 2018).
However, due to the ease of cultivation and maintenance
and the stability under various experimental conditions,
the RAW264.7 cell line has been widely applied in stud-
ies related to inflammatory response (Nakanishi-Matsui
et al. 2012; Hwang et al. 2021). Although we chose the
RAW264.7 cell line for our current research, we acknowl-
edge that primary cells are a more physiologically rele-
vant model. Therefore, in future studies, we will consider
using primary cells to address atherosclerosis-related
issues better.

Many studies have shown that miRNAs derived from
macrophage-derived extracellular vesicles (macrophage-
EVs) play different roles in the development of athero-
sclerosis. It has been suggested that macrophage-derived
EVs containing mir-199a-5p inhibit the expression of
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Fig. 7 Schematic diagram of the molecular mechanism of macrophage-derived EV-loaded siHMGB1 in atherosclerotic plaque formation.
Macrophage-EV/siHMGB1 can inhibit HMGB1 expression in macrophages and reduce its extracellular release, and then inhibit the transformation
of macrophages to foam cells, which not only inhibits the activation of Caspase-11 in macrophages but also prevents macrophage pyroptosis, thus
restraining atherosclerotic plague formation



Liang et al. Molecular Medicine (2024) 30:38

SMARCA4, thereby reducing endothelial cell apoptosis
and alleviating atherosclerosis (Liang et al. 2023). In this
study, we targeted macrophages with macrophage-EV-
loaded siHMGBI1 to inhibit the activation of caspase-11
and the extracellular release of HMGBI, thus suppress-
ing macrophage apoptosis and foam cell formation. This
is the first report to elucidate the molecular mechanism
of macrophage-EV-loaded siHMGB1 in preventing the
formation of atherosclerotic plaques, providing a new
technical approach and theoretical basis for clinical
treatment. This study reveals the potential application of
MEV/siHMGBIL in treating inflammatory diseases such
as atherosclerosis, opening up new therapeutic avenues.
Currently, there are no reports on macrophage-EVs’
impact in regulating HMGB1 and the development of
atherosclerosis. Understanding the interaction between
macrophage-EVs and HMGBI is crucial in comprehend-
ing, preventing, and improving the prognosis of diseases,
and it provides a valuable foundation for developing new
treatment strategies.

Conclusions

In summary, we have developed a macrophage-EV-
based drug-delivery platform, and we concluded that
macrophage-EV/siHMGBI1 could dampen the formation
of plaque in AS and inhibit macrophage pyroptosis, thus
reliving AS (Fig. 7). Our results highlighted the therapeu-
tical effect of macrophage-EV/siHMGB1 on AS. Due to
its excellent biocompatibility, this technology exhibits
potential for further clinical translation.
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