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Macrophage biomimetic nanoparticle-
targeted functional extracellular vesicle
micro-RNAs revealed via multiomics analysis
alleviate sepsis-induced acute lung injury
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Abstract

Patients who suffer from sepsis typically experience acute lung injury (ALl). Extracellular vesicles (EVs) contain
miRNAs, which are potentially involved in ALl However, strategies to screen more effective EV-miRNAs as
therapeutic targets are yet to be elucidated. In this study, functional EV-miRNAs were identified based on
multiomics analysis of single-cell RNA sequencing of targeted organs and serum EV (sEV) miRNA profiles in
patients with sepsis. The proportions of neutrophils and macrophages were increased significantly in the lungs of
mice receiving sEVs from patients with sepsis compared with healthy controls. Macrophages released more EVs
than neutrophils. MiR-125a-5p delivery by sEVs to lung macrophages inhibited Tnfaip3, while miR-221-3p delivery
to lung neutrophils inhibited Fos. Macrophage membrane nanoparticles (MM NPs) loaded with an miR-125a-5p
inhibitor or miR-221-3p mimic attenuated the response to lipopolysaccharide (LPS)-induced ALI. Transcriptome
profiling revealed that EVs derived from LPS-stimulated bone marrow-derived macrophages (BMDMs) induced
oxidative stress in neutrophils. Blocking toll-like receptor, CXCR2, or TNFa signaling in neutrophils attenuated the
oxidative stress induced by LPS-stimulated BMDM-EVs. This study presents a novel method to screen functional
EV-miRNAs and highlights the pivotal role of macrophage-derived EVs in ALI. MM NPs, as delivery systems of key
sEV-mIiRNA mimics or inhibitors, alleviated cellular responses observed in sepsis-induced ALI. This strategy can be
used to reduce septic organ damage, particularly lung damage, by targeting EVs.
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Introduction

Sepsis is a dysregulated host response to invading patho-
gens that affects multiple organs due to the occurrence of
hemodynamic alterations, pro-inflammatory processes,
immune suppression, and endothelial dysfunction [1, 2].
The lung is typically the first organ to become impaired
in individuals with sepsis. The clinical term for acute
lung injury (ALI), which is a vital prognostic factor that
can lead to death in septic patients, is acute respiratory
distress syndrome (ARDS) [3]. Symptoms of ALI include
dysregulated inflammation, inappropriate accumulation,
leukocyte and platelet activation, uncontrolled coagula-
tion pathway activation, and altered permeability of alve-
olar endothelial and epithelial barriers [4]. ALI involves
an exaggerated host-defense immune response caused
by an influx of inflammatory cells (e.g., neutrophils and
macrophages) into the lung, initiating an inflammatory
cycle that perpetuates the accumulation of these cells [5].
Although progress has been made in ARDS treatment,
including infection prevention, respiratory support, care-
ful fluid management, nutritional supplementation, and
extracorporeal membrane oxygenation [6], the mortality
rate for sepsis remains high, with rates of 34.9% in mild
cases, 40.3% in moderate cases, and 46.1% in severe cases
[7].

Extracellular vesicles (EVs) constitute a heterogeneous
population of phospholipid bilayer membrane vesicles
secreted by various cell types. They contain nucleic acids
(miRNA, long non-coding RNA (IncRNA), cirRNA, and
others), proteins, and lipids [8]. The roles of miRNA
and the dysregulation of EV-miRNAs in sepsis and
sepsis-induced lung injury are diverse [9]. Several miR-
NAs, such as miR-155, miR-223, miR-146, and miR-27,
have shown differential expression levels between sep-
sis patients and healthy controls. These miRNAs may be
useful as biomarkers for sepsis [9]. MiRNAs have been
shown to play both protective and harmful roles by reg-
ulating the release of inflammatory cytokines [10-15]
and aiding in recovery from injury [16]. Various types
of lung cells release EVs during sepsis-induced ARDS
[17]. Mesenchymal stem cell (MSC) exosomes transmit-
ting miR-23a-3p and miR-182-5p have been utilized to
reverse LPS-induced ALI and fibrosis [18]. Neutrophil
exosomes carrying miR-30d-5p may induce NF-kB acti-
vation, leading to the polarization of M1 macrophages
and pyroptosis in the lungs [19]. Bronchoalveolar lavage
fluid (BALF) exosomes expressing miR-92a-3p activate
NF-«B in alveolar macrophages, resulting in increased
inflammation [20]. EV-miRNAs play a significant role
in ARDS pathology and are promising therapeutic tar-
gets; however, the specific miRNAs that play more effec-
tive roles in ALI among the EV-miNRA profiles remain
largely unknown. Therefore, new strategies are needed to
screen key EV-miRNAs.

Page 2 of 21

Multiomics data, encompassing genomics, epigenom-
ics, transcriptomics, proteomics, metabolomics, and
immunomics, offer comprehensive insight into lung
disease pathophysiology [21, 22]. Single-cell transcrip-
tomics, the most well-developed of the single-cell omics
techniques, is frequently combined with other omics
approaches to investigate the correlation between gene
expression and phenotypic diversity [23]. In this study,
we analyzed the serum EV (sEV) miRNA profiles of
patients with sepsis and then investigated the effects of
sEVs on the livers and lungs of mice via single-cell RNA
(scRNA) sequencing. We identified several functional
EV-miRNAs as specific therapeutic targets for sepsis-
induced lung injury. MiR-125a-5p was delivered to lung
macrophages to inhibit Tnfaip3, while miR-221-3p was
delivered to lung neutrophils to inhibit Fos. The genera-
tion of DAMPs (damage-associated molecular patterns)
and PAMPs (pathogen-associated molecular patterns)
results in the release of reactive oxygen species (ROS) by
various cells, such as endothelial cells, platelets, neutro-
phils, and macrophages, during sepsis [24]. This activa-
tion further stimulates ROS production by these cells,
resulting in a self-perpetuating and expanding ROS acti-
vation system [25]. In our research, sepsis patient-derived
sEVs promoted ROS production in macrophages, as well
as pro-inflammatory cytokine release from macrophages
and neutrophils. Macrophages released more EVs than
neutrophils. Neutrophil transcriptome profiling revealed
that EVs derived from lipopolysaccharide (LPS)-stim-
ulated bone marrow-derived macrophages (BMDMs)
induced oxidative stress in neutrophils. Moreover,
blocking the toll-like receptor (TLR), CXCR2, or TNF«
reduced oxidative stress caused by LPS-BMDM-EVs in
the lung.

Recently, biomimetic nanoparticles have gained signifi-
cant attention owing to their ability to facilitate precise
drug delivery with a biomimetic strategy [26]. Packag-
ing an miR-125a-5p inhibitor or miR-221-3p mimic in
RAW?264.7 membrane nanoparticles has been shown
to alleviate sepsis-induced ALI. Thus, we propose a
method for screening functional EV micro-RNAs using
multiomics-based analysis. Nanovesicles containing an
miRNA mimic or inhibitor were constructed by the mac-
rophage membrane (MM) to alleviate sepsis-induced
ALL Several potential inhibitors were found that attenu-
ated macrophage-EV-related lung injury. We provide a
novel treatment strategy to reduce sepsis-induced organ
damage, especially lung damage, by targeting EVs.

Results

Single-cell RNA profiling of liver and lung tissues exposed
to EVs derived from the serum of patients with sepsis

We collected data from patients diagnosed with sepsis
using the sequential organ failure assessment (SOFA),
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which evaluates the functionality of the respiratory,
hepatic, cardiovascular, central nervous, and renal sys-
tems, as well as the platelet count [27]. Blood culture
results suggested a Gram-negative Escherichia coli (E.
coli) infection. The patients’ peripheral blood was col-
lected, their serum was separated, and their sEVs were
isolated through ultra-centrifugation. Transmission elec-
tron microscopy (TEM) showed that the isolated sEVs
were approximately 100 nm wide (Fig. 1A). The number
of sEVs was determined via nanoparticle tracking analy-
sis (NTA). The sEVs were approximately 100 nm in diam-
eter (Fig. 1B). Biomarkers of sEVs (CD63, CD9, CD81,
Alix, and Tsgl01) isolated from healthy control subjects
and patients with sepsis were detected using western
blotting (Fig. 1C).

Immunofluorescence showed that sEVs from the
patient with sepsis were taken up in liver and lung tissues
(Figure S1). Liver cells were clustered into 19 categories,
and lung cells were clustered into 22 cellular composi-
tions, as shown by t-distributed stochastic neighbor
embedding (tSNE) (Fig. 1D) via single-cell (SC) tran-
scriptome analysis. The predominant cell populations in
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the liver were neutrophils, natural killer cells, monocytes,
Kupffer cells, hepatocytes, endothelial cells, CXCR6* T
cells, CD8" T cells, CD4" T cells, and B cells. The pro-
portion of neutrophils increased, while that of B cells
decreased in the livers of mice receiving sEVs from the
patient with sepsis versus those receiving healthy con-
trol sEVs (Fig. 1D). The primary cell populations in the
lung were Treg cells, neutrophils, myofibroblasts, mono-
cytes, macrophages, Ly6C* monocytes, fibroblasts,
epithelial cells, endothelial cells, dendritic cells, CD8*
T cells, CD4" T cells, and B cells (Fig. 1E). The propor-
tion of neutrophils and macrophages in the lungs of mice
receiving sEVs from patients with sepsis was increased,
while that of B cells was significantly decreased (Fig. 1E).
Immunohistochemical staining revealed that the expres-
sion levels of Ly6G (neutrophil marker) in liver and lung
tissues and CD68 (macrophage marker) in the lungs of
mice that received sEVs from patients with sepsis were
significantly higher than those in the lungs of mice that
received sEVs from healthy individuals (Figure S2).
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Fig. 1 Single-cell RNA profiling of mouse liver and lung tissues exposed to serum extracellular vesicles (sEVs) from healthy individuals or patients with

sepsis. (A) Transmission electron microscopy of sEVs (~ 100 nm). (B) NTA dete

ction of sEVs. (C) Western blotting of sEV biomarkers. (D) tSNE plot of the

liver uptake of healthy or sepsis sEVs and cell types from scRNA sequencing after liver uptake of healthy or sepsis sEVs. (E) tSNE plot of the lung uptake of
healthy or sepsis sEVs and cell types from scRNA sequencing after liver uptake of healthy or sepsis sEVs. NTA: Nanoparticle tracking analysis, SEVs: serum

extracellular vesicles, HC: Healthy control, and tSNE: t-distributed stochastic ne

ighbor embedding; scale bar: 100 um
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Multiomics-driven analysis of miRNAs in sEVs from patients
with sepsis, and scRNA sequencing-based gene expression
profiling of mouse liver and lung tissues

To screen the key sEV-miRNAs in sepsis, we analyzed
the differences in the SEV-miRNAs and the gene expres-
sion profiles of target cells exposed to sEVs via scRNA
sequencing. The potential targets included up- and
downregulated mRNAs from hepatocytes, liver neutro-
phils, lung neutrophils, and lung macrophages, as shown
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in Fig. 2A. Significant differences in gene expression
were observed between the two groups. In hepatocytes,
the upregulated genes included Acox1, Slc27a2, Cptlla,
Pckl, Hmgcs2, Cyp4al0, ahsg, Acsll, Lpinl, Angptl4,
and Serpina3n, while the downregulated genes included
Fasn, Fabp5, and Orml. In liver neutrophils, the upregu-
lated genes included CXCL2, NLRP3, IL1{, Clec4d, Srgn,
Osm, Fthl, and MMP8, while the downregulated genes
included Ptprc, B2m, and Irgl. In lung neutrophils, the

B B Control specific
B Control & Sepsis
Bl Sepsis specific

@ upregulated
® downregulated

correlation

C
PCA
Y20 ® | e Control
_E 10{® oa A Sepsis
E L)
> of °
\O A A
S-10
N
N-201 A
O
Q& 0 |
0 20 40
PC1: 34% variance
D Volcano Plot
6.371 H
5.10
5 3821 :
©
=
o
255
[=2]
o
1.274
-9 -6.46-391-137 1.18 3.72 627

log2(Fold Change)

Targetcells  pown regulated miRNAs

Target gene

Target cells

Fig. 2 Correlation analysis of miRNAs in serum extracellular vesicles (sEVs) from patients with sepsis, and scRNA gene expression profiles of mouse liver
and lung tissues. (A) scRNA analysis of gene expression networks in hepatocytes, liver neutrophils, lung neutrophils, and lung macrophages. (B) Venn
diagram showing the miRNA profiles of healthy and sepsis sEVs (n=5 per group). (C) Principal component analysis of the miRNA profiles of healthy and
sepsis sEVs (n=5 per group). (D) Volcano graph of the miRNA profiles of healthy and sepsis sEVs (n=5 per group). (E) Heatmaps of the miRNA profiles of
healthy and sepsis sEVs (n=5 per group). (F) Predictive analysis of the correlations between miRNAs in sEVs from patients with sepsis and scRNA profiles
of hepatocytes, liver neutrophils, lung neutrophils, and lung macrophages
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upregulated genes included App, Fos, Lrgl, Junb, Btg2,
and MMP8, while the downregulated genes included
Hspa5, Plaur, Oasl2, Cnn2, and B2m. In lung macro-
phages, the upregulated genes included Hsp90aal, Jun,
Rps27a, Rps3, App, Fnl, Ccl3, Rpl23, Rpl34, Actb, Cfll,
Fcgr4, and Ccl9, while the downregulated genes included
Fprl, Tnfaip3, Actr3, and Eeflal (Fig. 2A).

Next, the results of EV-miRNA sequencing showed
that 34.7% of miRNAs were unique to sEVs from healthy
individuals, and 58.3% of miRNAs were unique to sEVs
from patients with sepsis. The miRNAs in sEVs from both
groups accounted for 6.94% (Fig. 2B). Principal compo-
nent analysis (PCA) revealed significant differences in
sEVs between healthy individuals and patients with sep-
sis (Fig. 2C). Volcano analysis and heatmaps revealed 44
upregulated miRNAs and 35 downregulated miRNAs
in sEVs from patients with sepsis relative to those from
healthy individuals (Fig. 2D, E). These up- and downregu-
lated miRNAs have the potential to serve as therapeutic
targets in sepsis, and the genes that they regulate within
target cells are shown in Fig. 2F.

sEVs delivered miR-125a-5p to lung macrophages and
inhibited Tnfaip3, or delivered miR-221-3p to neutrophils
and inhibited Fos

To gain further insight into the sEV-miRNAs that are
taken up by target cells, we treated different cell types
(macrophages and neutrophils) with sEVs in vitro and
examined the changes in miRNA and target gene expres-
sion levels (Tnfaip3 and fos, respectively). The levels of
miR-125a-5p (Fig. 3A) were significantly higher in sEVs
from patients with sepsis than in healthy controls, while
those of miR-221-3p (Fig. 3F) were significantly lower
in sEVs from patients with sepsis than in healthy con-
trols. Human macrophage Thp-1 and mouse macrophage
Raw264.7 cells were selected as recipient cells for miR-
125a-5p, while human primary neutrophils and mouse
bone marrow neutrophils were selected as target cells for
miR-221-3p.

In macrophages, the levels of miR-125a-5p were signifi-
cantly increased in response to sEVs from patients with
sepsis (P<0.01) (Fig. 3B) compared with those from the
healthy sEV group. The TargetScan database revealed
conserved targets of miR-125a-5p in the 3’-UTR of
Tnfaip3 mRNA (Fig. 3C). Overexpression of miR-125a-5p
significantly inhibited the luciferase activity of the wild-
type Tnfaip3 3’-UTR reporter but not the mutated
Tnfaip3 3’-UTR reporter (Fig. 3D). These data indicate
that Tnfaip3 is a target of miR-125a-5p. In macrophages,
the levels of Tnfaip3 decreased significantly in response
to sEVs from patients with sepsis (P<0.01) (Fig. 3E) com-
pared with those from the healthy sEV group.

In neutrophils, the levels of miR-221-3p were sig-
nificantly higher in the healthy sEV group (P<0.01)
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(Fig. 3G) than in the sepsis SEV group. The TargetScan
database revealed conserved targets of miR-221-3p in the
3’-UTR of Fos mRNA (Fig. 3H). Overexpression of miR-
221-3p significantly inhibited the luciferase activity of the
wild-type Fos 3'-UTR reporter but not the mutated Fos
3’-UTR reporter (Fig. 3I). These data indicate that Fos is
a target of miR-221-3p. The levels of Fos in response to
sEVs from patients with sepsis were significantly higher
(P<0.01) (Fig. 3]) than those in response to healthy sEVs.

Raw264.7 MM NPs containing miR-125a-5p inhibitor or
miR-221-3p mimic reduced LPS-induced ALI
Recently, biomimetic nanoparticles have gained atten-
tion for their ability to precisely deliver drugs [26]. Based
on a mixture of miR-125a-5p inhibitors (or miR-221-3p
mimics) and MM, which was extruded through a 200-nm
membrane, three types of MM NPs were produced: miR-
125a-5p inhibitor@MM NPs, miR-221-3p mimic@MM
NPs, and miR-125a-5p inhibitor+miR-221-3p mimic@
MM NPs (Fig. 4A). The MM NPs exhibited a double-
membrane structure with a diameter of ~140 nm, as
revealed by TEM and DLS (Fig. 4B, C). The loading effi-
ciency of miR-125a-5p inhibitors (or miR-221-3p mimics)
was 9.464+0.8705% ( or 8.135+1.276%), as determined
by the fluorescence intensity of Alexa Flour 488-labeled
miR-125a-5p inhibitors (or miR-221-3p mimics) in MM
NPs (Figure S3A). Meanwhile, the loading efficiency of
miR-125a-5p inhibitors+miR-221-3p mimics in MM
NPs was 6.118+0.2671% (Figure S3A). In vivo imaging
revealed that the MM NPs were primarily concentrated
in the lungs at 1 min to 48 h after tracheal administration
(Fig. 4D—E). MM NPs were labeled with Fluorescein Iso-
thiocyanate (FITC), and the percentage of macrophages
absorbing FITC-MM NPs was determined using flow
cytometry, revealing that 46.20+1.77% of FITC labeled
MM NPs were targeted to lung macrophages after tra-
cheal administration (Figure S3B). MiR-125a-5p inhibi-
tor@MM NPs significantly inhibited the miR-125a-5p
in Raw264.7 cells, whereas miR-221-3p mimic@MM
NPs significantly increased the miR-221-3p in BMDNE.
As expected, the miR-125a-5p inhibitor+miR-221-3p
mimic@MM NPs inhibited miR-125a-5p in Raw264.7
cells and increased miR-221-3p in BMDN s (Fig. 4F-G).
LPS significantly increased miR-125a-5p in the lungs
and decreased miR-221-3p compared with the control
group (Fig. 4H, I). Administration of miR-125a-5p inhibi-
tor@MM NPs before LPS treatment significantly reduced
the level of miR-125a-5p in the lungs, and pre-treatment
with miR-221-3p mimic@MM NPs increased the level
of miR-221-3p. Administration of miR-125a-5p inhibi-
tor+miR-221-3p mimic@MM NPs before LPS treat-
ment reduced the level of miR-125a-5p in the lungs and
increased the level of miR-221-3p (Fig. 4H-I).
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Fig. 3 Serum extracellular vesicles (sEVs) deliver miR-125a-5p to lung macrophages and inhibit Tnfaip3, and sEVs deliver miR-221-3p to lung neutrophils
and inhibit Fos. (A) The level of miR-125a-5p (mean+SD) in sEVs from healthy individuals (n=3) and patients with sepsis (n=8). *P<0.05 versus sEVs
from healthy individuals. (B) THP-1 or Raw264.7 macrophages were stimulated with healthy or sepsis sEVs (=5 per group), and the intracellular levels
of miR-125a-5p (mean =+ SD) were detected. *P<0.05 versus blank control; &p < 0.05 versus health-sEVs; and *P<0.05 versus blank control. (C) Conserved
miR-125a-5p-binding sites in the 3’-UTR of Tnfaip3. (D) Dual luciferase activity after 48 h co-transfection of wild-type or mutant 3’-UTRs of mouse Tnfaip3
with miR-125a-5p-NC or lenti-miR-125a-5p-mimic into HEK-293 cells. *P < 0.05 versus Tnfaip3 WT/NC. (E) Intracellular levels of Tnfaip3 (mean +SD) after
treatment of THP-1 or Raw264.7 macrophages with healthy or sepsis SEVs (1=5 per group). *P<0.05 versus blank control; ®P<0.05 versus sEVs from
healthy individuals; and #P<0.05 versus blank control. (F) The level of miR-221-3p (mean +SD) in SEVs from healthy individuals (n=3) and patients with
sepsis (n1=8). *P<0.05 versus sEVs from healthy individuals. (G) Primary human or murine neutrophils were exposed to healthy or sepsis sEVs (=5 per
group), and the intracellular levels of miR-221-3p (mean+SD) were detected. *P< 0.05 versus blank control; &P <0.05 versus health-sEVs; and *: P<0.05
versus blank control. (H) Conserved miR-221-3p-binding sites in the 3’-UTR of Fos. (I) Dual luciferase activity after 48 h co-transfection of wild-type or
mutant 3’-UTRs of mouse Fos with miR-221-3p-NC or lenti-miR-221-3p-mimic into HEK-293 cells. *P < 0.05 versus Fos WT/NC. (J) Primary human or mu-
rine neutrophils were treated with isolated healthy or sepsis sEVs (n=5 per group), and the intracellular levels of Fos (mean + SD) were detected. ns: No
significance; %P < 0.05 versus sEVs from healthy individuals; and *P < 0.05 versus blank control. The predicted consequential pairing of the target regions
and miRNAs (framed) was based on TargetScan (www.targetscan.org/)

In mice that received LPS alone, lung histology
showed that the alveolar space was widened and that
the interstitial blood vessels exhibited obvious conges-
tion and infiltration of inflammatory cells. Additionally,

the expression levels of Tnfaip3 decreased, whereas
those of Fos increased in the LPS group (Fig. 5A) com-
pared with those in the control group. Pre-treatment
with miR-125a-5p inhibitor@MM NPs or miR-125a-5p
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Fig. 4 Raw264.7 membrane-packaged miR-125a-5p inhibitor or miR-221-3p mimic. (A) Protocol for packaging miR-125a-5p inhibitor or miR-221-3p
mimic in Raw264.7 membrane nanoparticles. (B) TEM of MM NPs after packaging with miR-125a-5p inhibitor and miR-221-3p mimic. (C) Diameter of
miR-125a-5p inhibitor@MM NPs, miR-221-3p mimic@MM NPs, and miR-125a-5p inhibitor + miR-221-3p mimic@MM NPs, as detected using DLS (n=3 per
group). (D, E) In vivo imaging of Dir-stained MM showed that NPs were primarily concentrated in the lungs. (F) Intracellular miR-125a-5p (mean+SD, n=3
per group) in Raw264.7 cells treated with control MM NPs, miR-125a-5p inhibitor@MM NPs, miR-221-3p mimic@MM NPs, or miR-125a-5p inhibitor + miR-
221-3p mimic@MM NPs. *P < 0.05 versus control; P < 0.05 versus control. (G) Intracellular miR-1221-3p (mean = SD, n=3 per group) in BMDNs exposed to
control MM NPs, miR-125a-5p inhibitor@MM NPs, miR-221-3p mimic@MM NPs, or miR-125a-5p inhibitor + miR-221-3p mimic@MM NPs. *P<0.05 versus
control: #P<0.05 versus control. (H, I) miR-125a-5p inhibitor@MM NPs, miR-221-3p mimic@MM NPs, or miR-125a-5p inhibitor+miR-221-3p mimic@
MM NPs was administered intratracheally into wild-type C57BL/6 mice for 48 h before intraperitoneal injection of LPS. miR-125a-5p and miR-221-3p
(mean+SD, n=3 per group) were detected in the lung using RT-PCR. *P < 0.05 versus control; &p < 0.05 versus control; and P < 0.05 versus control

inhibitor+ miR-221-3p mimic@MM NPs increased
the expression of Tnfaip3, whereas pre-treatment with
miR-221-3p mimic@MM NPs or miR-125a-5p inhibi-
tor+miR-221-3p mimic@MM NPs decreased the expres-
sion of Fos compared with the LPS group (Fig. 5A).

The levels of MPO, NOX4, and inducible nitric oxide
synthase (iNOS) in the LPS group were significantly
increased compared with those in the control group.
Pre-treatment with miR-125a-5p inhibitor@MM NPs

or miR-221-3p mimic@MM NPs reduced LPS-induced
ALI and decreased the expression of MPO, NOX4, and
iNOS (Fig. 5A). Moreover, pre-treatment with miR-
125a-5p inhibitor + miR-221-3p mimic@MM NPs attenu-
ated ALI and substantial expression of MPO, NOX4, and
iNOS was observed compared with that in pre-treatment
with miR-125a-5p inhibitor@MM NPs or miR-221-3p
mimic@MM NPs (Fig. 5A).
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Fig.5 Raw264.7 membrane-packaged miR-125a-5p inhibitor or miR-221-3p mimic reduced LPS-induced ALL. (A) Lung tissue was analyzed via H&E stain-
ing, and the expression levels of Tnfaip3 and Fos were analyzed using IHG; scale bar: 100 um. (B) Survival analysis of mice treated with miR-125a-5p@MM
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nanoparticles, H&E: Hematoxylin-eosin, and IHC: Immunohistochemistry

Survival analysis revealed that pre-treatment with miR-
125a-5p@MM NPs or miR-221-3p mimic@MM NPs sig-
nificantly improved the survival of mice compared with
non-pretreated mice. Moreover, the survival time of mice
pre-treated with miR-125a-5p inhibitor+miR-221-3p
mimic@MM NPs was better than that of mice that
received miR-125a-5p@MM NPs or miR-221-3p mimic@
MM NPs (Fig. 5B).

Multiomics analysis of proteins in sEVs from patients with
sepsis, and signaling pathway enrichment analysis of
mouse liver and lung tissues

In addition to miRNAs, EVs contain proteins that con-
tribute to sepsis-induced ALL Owing to the technical
limitations of conducting single cell (SC) mass spectrom-
etry analysis, we adopted a strategy based on SC sequenc-
ing to analyze signaling pathway activation. Correlation
analysis was conducted between activated signaling path-
ways and those associated with EV-associated proteins.

The Gene Ontology (GO) analysis of the genes that
were upregulated in the sepsis sEV group in several cell
types (lung macrophages, lung neutrophils, liver neutro-
phils, and hepatocytes) compared with that of the healthy
control sEV group is shown in Fig. 6A. Sepsis sEVs may
promote ROS production in macrophages, pro-inflam-
matory cytokine release from macrophages and neutro-
phils, and PPAR signaling in hepatocytes.

We treated Raw264.7 macrophages with healthy or
sepsis SEVs to assess pro-inflammatory cytokine expres-
sion using RT-PCR analysis. The results showed that the
levels of Tnfa, IL-1B, CXCL2, CXCL10, CCL2, and CCL3
increased significantly in response to sepsis sEVs com-
pared with healthy sEVs (Figure S4A). Regarding neu-
trophils, the levels of Tnfa, IL-6, IL-1p, CXCL1, CXCL2,
CCL5, and CXCL10 increased significantly in response to
sepsis sEVs compared with those from the control group
and healthy individuals (Figure S4B). Moreover, the ROS
levels increased significantly in response to sepsis sEVs
compared with healthy sEVs (Figure S4C). The results of
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Fig. 6 Multiomics analysis of proteins in sEVs from patients with sepsis, and liver and lung signaling pathway activation profiling. (A) Gene Ontology (GO)
analysis of differentially expressed genes (DEGS) in hepatocytes, liver neutrophils, lung neutrophils, and lung macrophages. (B) Analysis of the protein
networks in sEVs from healthy individuals and patients with sepsis. (C) Combined GO analysis of the sEV proteome and DEGs in target cells

mass spectrometry analysis of proteins within sEVs dem-
onstrated significant differences in the protein composi-
tions of sEVs from healthy individuals and patients with
sepsis (Figure S5A). Volcano plot analysis and heatmaps
revealed that 79 proteins were increased and 97 pro-
teins were decreased in response to sEVs from patients
with sepsis versus sEVs from healthy individuals (Figure
S5B, C). GO analysis and enriched signaling pathways
are shown in Figure S5D-E. Protein-protein interac-
tion analysis revealed that upregulated proteins included
FGG, FGA, CP, FGB, APOE, ORM]1, and CRP, while
downregulated proteins included ALB, APOB, Serpincl,
APOAL, PLG, F2, and KNG1 (Fig. 6B).

The combined GO analysis of the sEV proteome and
differentially expressed genes (DEGs) in target cells is
shown in Fig. 6C. We propose that some proteins in sEVs
from patients with sepsis could be involved in the biolog-
ical functions of diverse target cells, which may include
the following: granulocyte migration, neutrophil migra-
tion, positive regulation of leukocyte activation, and posi-
tive regulation of the ERK1 and ERK2 cascade in lung
fibroblasts; fatty acid metabolic process, PPAR signaling

pathway, and lipid catabolic process in hepatocytes; cyto-
kine secretion, NF-kB signaling pathway, positive regula-
tion of leukocyte activation, and response to LPS in liver
neutrophils; and NF-«B signaling pathway and TLR sig-
naling pathway in lung-CD8* T cells. Furthermore, the
list includes PI3K-Akt signaling pathway in lung endothe-
lial cells; positive regulation of cell death in liver-CD8" T
cells; response to interleukin-1 in lung macrophages; pos-
itive regulation of defense response and ROS metabolic
process in lung neutrophils; and positive regulation of
MAPK cascade, leukocyte migration, and positive regula-
tion of the ERK1 and ERK2 cascade in lung Ly6ct mono-
cytes (Fig. 6C). These results suggest that sEV proteins
also participate in the regulation of target cell function.

In addition to miRNAs and proteins, sEVs isolated
from patients with sepsis drive pro-inflammatory
responses similar to those induced by LPS alone. How-
ever, we detected no significant difference in LPS levels
between sEVs from the healthy controls and patients with
sepsis (Figure S6).
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Macrophages released more EVs than neutrophils

During sepsis, lung resident cells and recruited immune
cells can release EVs, which may represent therapeutic
targets for sepsis. As shown in Fig. 1F, the proportion of
neutrophils and macrophages in the lungs of mice that
received sEVs from patients with sepsis was increased
compared with that in the healthy control sEV group.
scRNA analysis revealed that the EV markers CD63,
CD9, CD81, and Tsgl01 were mainly expressed in lung
macrophages, while the endosomal markers EEAI,
Rab5, and Rab7 were highly expressed in macrophages
(Fig. 7A). Heatmaps revealed that the expression levels
of CD63, CD9, CD81, Tsgl01, EEA1, Rab5, and Rab7 in
lung macrophages were significantly higher than those
in neutrophils in the healthy control sEV group and sEVs
from patients with sepsis (Fig. 7B).

LPS treatment increased the number of EVs released by
macrophages but did not significantly affect the number
of EVs released by neutrophils (Fig. 7C-D). Moreover,
macrophages released many more EVs than neutrophils
with or without LPS stimulation (Fig. 7C-D).
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Clodronate to clear macrophages from the lungs (Fig-
ure S7A). LPS treatment significantly increased the
protein concentration of lung alveolar lavage fluid-EVs
released in the lung relative to the control group, while
pre-treatment with clodronate significantly decreased the
protein levels of lung alveolar lavage fluid-EVs compared
with the LPS group (Fig. 7E). The number of EVs detected
using NTA showed the same pattern (Fig. 7F). The find-
ings suggest that EVs in the lungs are predominantly of
macrophage origin, implicating them in the development
of sepsis-induced ALL

Inhibiting TLR, CXCR2, or Tnfa reduced the lung oxidative
stress caused by LPS-stimulated macrophage EVs

As macrophages released more EVs than neutrophils and
were recruited into the lung during sepsis, we specu-
lated that EVs derived from LPS-stimulated macrophages
might affect the biology of neutrophils. The results of
transcriptome sequencing revealed that LPS-stimulated
bone marrow-derived macrophage EVs (LPS-BMDM-
EVs) upregulated 1,034 genes and downregulated 786
genes in bone marrow-derived neutrophils (BMDNs)
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Fig. 7 Macrophages release more EVs than neutrophils. (A) tSNE plot of EV markers (CD63, CD9, CD81, and Tsg101) and endosomal markers (EEAT, Rab5,
Rab7) in the lungs of mice exposed to healthy and sepsis sEVs. (B) Heatmap of EV markers (CD63, CD9, CD81, and Tsg101) and endosomal markers (EEAT,
Rab5, and Rab7) in the lung neutrophils and macrophages of mice exposed to healthy and sepsis sEVs. (C, D) Relative protein levels (mean+SD, n=3 per
group) and numbers of EVs (mean +SD, n=3 per group) released by human peripheral neutrophils and macrophages with or without LPS treatment. ns:
No significance; **P<0.01 versus control neutrophil; and &p<0.05 versus control macrophage. (E, F) Relative protein levels (mean+SD, n=3 per group)
and numbers of EVs (mean +SD, n=3 per group) released from the lung alveolar lavage fluid in the control, LPS, and LPS + clodronate (macrophage scav-
enger) groups. *P<0.01 versus control; P < 0.05 versus LPS. HC: Healthy control
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when compared with the control group (Figure S8A, C).
PCA revealed significant differences between the control
and LPS-BMDM-EV groups (Figure S8B). The biological
processes, cellular components, and molecular functions
of the upregulated genes in the LPS-BMDM-EV group
are shown in Figure S8D-F. The pathways affected by
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upregulated genes are shown in Figure S8G. Analysis of
the interaction network between upregulated genes and
the LPS-BMDM-EVs included Tnfa, CXCL10, Irf7, Ifitl,
and Oasl1 (Fig. 8A).

The levels of CXCL10, Tnfu, Ifitl, Irf7, and Oasll were
significantly higher in the LPS-BMDM-EV group than in
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the control group, as measured using qPCR (Fig. 8B). We
treated BMDNs with inhibitors of TLR signaling (Figure
S9A), CXCR signaling (Figure S9B), and Tnfa signaling
(Figure S9C), after exposing the cells to LPS-BMDM-EVs.

The addition of leonurine hydrochloride (LH; a TLR
antagonist), SB225002 (a CXCR2 antagonist), and
CL-380,803 (a Tnfa antagonist) reduced the ROS level
in BMDNs compared with the untreated control cells
(LPS-BMDM-EV group). The levels of p-NF-«B, Tnfaq,
CXCR2, NOX4, and iNOS increased significantly in the
treatment group compared with the control group. LH,
SB225002, and CL-380,803 inhibited the expression of
p-NF-xB, Tnfa, CXCR2, NOX4, and iNOS compared
with the LPS-BMDM-EV group (Fig. 8C). Hematoxylin
and eosin staining of the lung samples revealed intersti-
tial edema accompanied by inflammatory cell infiltra-
tion in the untreated LPS-BMDM-EV group compared
with the treated group. The expression levels of MPO,
NOX4, Tnfa, and iNOS increased significantly following
exposure to LPS-BMDM-EVs, whereas treatment with
CL-380,803, SB225002, and LH reduced lung inflamma-
tion and the expression levels of MPO, NOX4, Tnfa, and
iNOS (Fig. 8D).

Discussion
As comprehensive studies of EVs from patients with sep-
sis are rare, we used sequencing technology and mass
spectrometry to profile the miRNAs and proteins within
sEVs. We analyzed genetic changes in lung and liver cells
in response to sEVs via scRNA sequencing. We estab-
lished a key EVs-miRNA screening method using cor-
relation prediction analysis of the SC transcriptome
and EV-miRNA target gene profiles. We predicted a
correlation between EV-miRNAs and the gene expres-
sion profile of specific target cells. Our results provide
evidence that EV-miRNAs play multiple roles in differ-
ent cell types. However, this study also has limitations.
First, the influence of EVs on the mRNA expression pro-
file of specific cells is diverse because EVs contain mul-
tiple miRNAs; therefore, the effects of delivering specific
miRNAs to target cells remain to be elucidated. Second,
changes in the mRNA expression profile in target cells
are affected by various factors, including EV proteins
and other elements within the target cells. Our mass
spectrometry data indicated that sEV proteins affect
biological functions in target cells; however, enrichment
analysis showed that the sEV proteins are more involved
in regulating protein binding, which may be related to the
uptake of SEVs by target cells. Finally, the correspondence
between sEV-miRNAs and target genes of specific cells
obtained by this prediction method remains to be con-
firmed experimentally.

We confirmed that EVs deliver miR-125a-5p and miR-
221-3p to macrophages and neutrophils, respectively.

Page 12 of 21

MiR-146a, which represses the expression of IRAK-1 and
TRAF-6 and suppresses inflammatory mediators, is the
best-studied miRNA participating in ALI [10]. Recently,
Alexander et al. [28] reportedobserved that dendritic
cell-derived exosomes contain miR-146a and miR-155,
which are transferred between immune cells in vivo.
Their study also revealed that exosomes containing miR-
146a diminish the expression of inflammatory genes,
while those containing miR-155 promote this process.
Further research is necessary to better understand the
effects of EV-mediated miRNA transfer in ALI and the
underlying mechanisms.

In bacterial pneumonia, macrophages release a signifi-
cant amount of apoptotic bodies (ABs) enriched in miR-
221 and miR-222 [29]. Marlene Reithmair reported that
three extracellular miRNAs (miR-30a-5p in exosomes,
miR-125b-5p, and miR-193a-5p in serum) predict sur-
vival with high confidence [30]. Our miRNA sequencing
data reveal that the levels of miR-146a-3p and miR-
125a-5p are lower and higher, respectively, in sEVs from
patients with sepsis than in those from healthy individu-
als. In this study, miRNAs were screened based on the
combined analysis of SC and miRNA sequencing data;
miRNA identified in this manner may offer more mean-
ingful therapeutic targets.

Furthermore, according to Moon et al., alveolar mac-
rophages (AMs) are the primary sources of the micro
vesicles (MVs) detected in bronchoalveolar lavage fluid
(BALF) in mice without exposure to noxious stimuli
[31]. Bacterial infection frequently induces extensive
pro-inflammatory responses to elicit bactericidal effects.
Presumably, after inhaling bacteria or LPS, AMs are the
primary responders and likely release EVs into BALF.
AM-derived apoptotic bodies can influence epithelial
cell function, possibly enhancing epithelial proliferation,
suggesting two-way communication between AMs and
epithelial cells, rather than unidirectional signaling [29].
EVs carrying macrophage markers are highly upregulated
after exposure to LPS or P. pneumoniae. Additionally, EVs
carrying endothelial and polymorphonuclear neutrophil
(PMN) markers are slightly increased, while those car-
rying the macrophage marker CD68 are substantially
increased after exposure to LPS or P. pneumoniae [32].
We also found that macrophages are the primary source
of EVs in LPS-induced ALI. However, instead of isolat-
ing EVs to detect specific cell-type markers, we evaluated
EVs via SC transcriptome sequencing to determine their
potential for releasing EV markers, which is more aligned
with in vivo conditions. We observed no significant
changes in the markers of EVs released by lung epithelial
cells, which may be related to the degree of epithelial cell
death in sepsis-induced ALL

We also constructed a drug-carrying system for
miRNA mimics and inhibitors using MM NPs. MiRNAs
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play a crucial role in the pathophysiology of ALI The
transfer of EV-miRNAs to various types of lung cells con-
tributes to the disease process [33]. Therefore, EV-medi-
ated miRNAs are considered promising targets for novel
cell-specific therapeutic approaches. Employing EVs as a
means of transporting exogenous nucleotides has several
benefits compared to other methods of delivery medi-
ated by nanoparticles [34]. Microvesicles (MVs) can be
obtained from the host’s blood [34]. Zhang et al. deliv-
ered a miR-223/142 mimic in vivo using MVs [13]. In this
study, the MM NPs’ macrophage-specific delivery mech-
anism has the potential to be more effective and cause
fewer off-target effects when using miRNA molecules as
therapeutics. For instance, Ohno et al. conducted an early
proof-of-concept study showing that exosomes from
human embryonic kidney cells could efficiently convey
exogenous therapeutic let-7a in EGFR-expressing xeno-
graft breast cancer tissues from RAG2") mice, leading
to tumor regression [35]. Our method of collecting EVs
has several advantages over previous methods that alter
the expression of protein or RNA in donor cells and then
collect the released EVs. In our method, the donor cells
are not modified, and there is no need to culture large
numbers of cells. Moreover, the type and quantity of the
packaged cargos are more flexible and have higher purity,
and interference between cargos can be avoided, as well
as the protocol being rapid and straightforward to per-
form. However, there are also limitations, including the
unclear efficiency of EV uptake by different cell types.

Further study is necessary to determine how to deliver
miRNA-based therapeutics to specific organs and tar-
get cell types, including alveolar ECs and alveolar mac-
rophages, which play a critical role in lung diseases. In
addition, it is important to identify the long-term effects
of miRNA mimics and inhibitors, since these compounds
can persist in tissues for several months [36]. Further-
more, as one miRNA can affect several molecular path-
ways, unintended effects are possible. Future research
should focus on clarifying the roles of EV-miRNAs in
the development of lung diseases and providing rel-
evant information to enhance the development of new
diagnostics and therapeutics. The mechanisms by which
EV-miRNAs are taken up by recipient cells, includ-
ing their receptors, remain unclear and warrant further
investigation.

The temporal pattern of EV release during early ALI
was analyzed by Soni et al., and they discovered that alve-
olar macrophages are the primary source of MVs, which
play a significant role in instigating the inflammatory
response, in part by transferring TNF to the target cells
[37]. The binding of LPS to the TLR initiates a complex
sequence of events that elevates the expression of specific
pro-inflammatory genes through NF-«B, including Tnfa
and iNOS [38]. Agents capable of modulating systemic
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inflammation may represent potential treatments for
severe sepsis. We also found that LPS-macrophage EVs
primarily activate the TLR, CXCR, and TNF signaling
pathways in neutrophils, while inhibiting these pathways
reduces lung inflammation and oxidative stress caused by
LPS-BMDM-EVs.

Exosomes have been found to affect various types of
immune cells during sepsis. They activate NF-kB and pro-
mote cytokine production, including IL-1f, IL-6, IL-12,
and TNF-a, in macrophages [39-41]. In sepsis-induced
ALI and ARDS, both BALF and circulating EVs show an
increase in quantity [42, 43]. However, the role of alveolar
macrophage-derived EVs in ALI is also complex because
they not only participate in ALI as pro-inflammatory fac-
tors, but also attenuate lung injury during ARDS. This
dual function may be related to phenotypic changes in
macrophages. In the early stages of ALI, the majority of
resident macrophages immediately convert to the M1
phenotype, serving as the first line of defense against
pathogens and lung tissue injury, while M2 macrophages,
which convert in the late stage of sepsis, limit the levels
of pro-inflammatory factors, produce anti-inflammatory
cytokines, and phagocytose apoptotic neutrophils. Our
results showed that sepsis patient-derived sEVs promoted
ROS production in macrophages, as well as pro-inflam-
matory cytokine release from macrophages and neutro-
phils. In contrast to the previous literature, the cellular
origin of sepsis patient-derived sEVs is more complex
than that of BALF-derived EVs, and the pro-inflamma-
tory effects we observed from sepsis patient-derived sEVs
may be related to the different phases of sepsis.

In this study, we focused on the transportation of EVs
from lung macrophages to lung neutrophils, although
EV transfer from neutrophils to macrophages is also pos-
sible. In infectious models, AM-derived EVs have been
transferred to adjacent AMs and lung epithelial cells
[28]. Additionally, macrophages phagocytose apoptotic
neutrophils and monocytes [44, 45]. A lack of alveolar
macrophages worsens influenza-related pneumonia and
lung damage in mice, resulting in an increase of neutro-
phils and neutrophil extracellular traps [46]. Meanwhile,
macrophages are responsible for removing excessive neu-
trophils, and the EVs released by macrophages increase
the inflammatory response. As an alternative to remov-
ing macrophages, interfering with the excessive inflam-
mation caused by EVs may represent a better strategy
for treating sepsis-induced ALIL The interplay between
protective and harmful innate and adaptive immune
responses is complex, and hemostatic pathways play a
crucial role in determining whether alveolar injury per-
sists or resolves. Indeed, acute inflammatory responses to
pathogens and their toxins cause acute lung injury (ALI)
by releasing leukocyte proteases and initiating the pro-
duction of reactive oxygen species (ROS), chemokines,
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and cytokines, as well as activating toll-like receptor
(TLR) engagement and lipid mediators [47, 48].

Conclusions

This study presents a novel method to predict the deliv-
ery of sEV-miRNAs to specific cells via correlation
analysis of scRNA sequencing and sEV-miRNA target
gene profiling. sEVs from patients with sepsis delivered
miR-125a-5p to lung macrophages to inhibit Tnfaip3
and delivered miR-221-3p to neutrophils to inhibit Fos.
sEVs from patients with sepsis also promoted ROS pro-
duction in macrophages, as well as pro-inflammatory
cytokine release from macrophages and neutrophils. EVs
derived from LPS-stimulated BMDMs similarly induced
oxidative stress in neutrophils. MM NPs containing miR-
125a-5p inhibitor or miR-221-3p mimic reduced LPS-
induced ALI in mice, while inhibiting TLR, CXCR?2, or
Tnfa reduced the lung oxidative stress caused by LPS-
BMDM-EVs. Our findings propose novel treatment
strategies and targets for intervening and reducing organ
damage, especially lung damage, induced by EVs during
sepsis.

Experimental section/methods

Ethics statement

Human blood samples were obtained from patients
diagnosed with sepsis in the emergency department
of Nanfang Hospital. Informed written consent was
obtained from all patients. The protocol was approved
by the Southern Medical University Ethics Committee
(SMUC20181014). All animal experiments were per-
formed following relevant national and international
guidelines. The protocol was approved by the Southern
Medical University Animal Care and Use Committee
(2015044).

Reagents and antibodies

LPS (E coli 0111: B4) was obtained from Sigma-
Aldrich (St. Louis, MO, USA); BCA protein assay kits
were acquired from Thermo Fisher Scientific (23,228;
Waltham, MA, USA); protease cocktail inhibitors were
acquired from Roche (Summerville, NJ, USA); and C188-
9, Bay-11-7082, and CL-380,803 were purchased from
Selleck (Houston, TX, USA). Clodronate liposomes were
obtained from Vrije Universiteit Amsterdam (40337ES10;
Netherlands); rabbit polyclonal CD63 (ab10895), CD9
(ab92726), Alix (ab117600), TsglOl (ab30871), Ly6G
(ab25377), and CXCR2 (ab14953) were sourced from
Abcam (Cambridge, UK); and specific antibodies against
CD81 (18250-1-AP), CD68 (28058-1-AP), Tnfaip3
(15104-1-AP), GAPDH (10494-1-AP), NF-kB (10745-
1-AP), MPO (22225-1-AP), NOX4 (14374-1-AP), iNOS
(18985-1-AP), and Tnfa (17590-1-AP) were obtained
from Proteintech (Rosemont, IL, USA). Rabbit polyclonal
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p-NF-«B (3033 S) was obtained from Cell Signaling Tech-
nology (Boston, MA, USA), and primary antibody against
Fos was obtained from Affinity (AF0132; Lancashire,
UK). The drug library was purchased from Selleck.

Cell lines and primary cell culture

Raw264.7 and HEK-293T cells were obtained from the
Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China). They were maintained in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, 100 U/
mL streptomycin, and 2 mM L-glutamine at 37 °C in a
humidified incubator with 5% CO2. The cells were sub-
cultured every 2 —3 days. Human PMNs were isolated
from a healthy control [49]. Primary bone marrow-
derived neutrophil (BMDN) cells were isolated using a
gradient centrifugation technique. Mouse femurs and tib-
ias were used to prepare the BMDN cells. Bone marrow
was flushed out using 5 mL of DMEM culture medium.
The red cells in the bone marrow were lysed, and the
remaining cells were resuspended with 65% Percoll
(P1644; Sigma-Aldrich, St. Louis, MO, USA). This mix-
ture was then overlaid onto 70% Percoll and was centri-
fuged at 750 X g for 30 min. BMDNs were collected from
the interface and were centrifuged at 500 X g for 10 min.
For the isolation of bone marrow-derived macrophages
(BMDMs), mice were euthanized and sprayed with 75%
ethanol. The femurs and tibias were then collected and
utilized to prepare BMDMs following a standard proto-
col. Bone marrow was flushed out using 5 ml of BMDM
culture medium consisting of DMEM supplemented with
10% FBS, 50 mg/mL penicillin/streptomycin, and 10 ng/
mL of recombinant macrophage colony-stimulating fac-
tor (M-CSF) from Sigma-Aldrich. Red cells in bone mar-
row were lysed, and the remaining cells were suspended
with BMDM culture medium at a concentration of 1x10°
cells/mL. The suspension was then seeded into culture
dishes. On day 3, fresh BMDM medium was added, and
it was changed once more on day 5. BMDMs were fully
differentiated and ready for use by day 7. Next, BMDMs
were seeded and incubated overnight to attach. The fol-
lowing morning, the cells were treated with LPS (100 ng/
mL) for 24 h.

EV isolation

BMDM-derived extracellular vesicles (BMDM-EVs) and
serum extracellular vesicles (sEVs) were isolated and
purified based on a previously described protocol [50]. In
brief, BMDMs were treated with PBS or LPS (100 ng/mL)
for 24 h, washed with PBS three times to remove LPS,
and cultured in DMEM without FBS for an additional
24 h to collect the cell culture medium. The serum was
then diluted with DMEM at a 1:5 ratio. A series of cen-
trifugation steps were performed at 300 X g for 10 min,
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2,000 x g for 20 min, and 10,000 x g for 30 min at 4 °C to
obtain the medium. The supernatant was filtered through
a 0.22-pum filter (Millipore, Bedford, MA, USA), col-
lected, and then centrifuged for 70 min at 4 °C at 100,000
% g using a Beckman Coulter Optima TM L-80XP (Brea,
CA, USA) in order to pellet EVs. The EVs were subse-
quently washed with sterile PBS, centrifuged again for
70 min at 4 °C at 100,000 x g, and then carefully reconsti-
tuted in sterile PBS or lysed in RIPA buffer.

Transmission electron microscopy

Purified EVs and synthetic vesicles were fixed in a solu-
tion containing 2.0% glutaraldehyde and 4% sucrose in a
0.05 M phosphate buffer (pH 7.4) for a duration of 2 h.
Afterward, they were treated with 1% osmium tetroxide
for 1 h at room temperature, followed by block-staining
in 0.5% aqueous uranyl acetate, dehydration via increas-
ing concentrations of ethanol, and embedding in Epon
812. Ultrathin sections were prepared with an RMC
MT6000-XL ultramicrotome (Sorvall, Waltham, MA,
USA) and imaged using a JEM-2100 F transmission elec-
tron microscope (JEOL Ltd., Tokyo, Japan).

Nanoparticle tracking analysis

The particle size and concentration distribution of the
isolated EVs were measured via NTA (Multiple-Laser
ZetaView f{-NTA Nanoparticle Tracking Analyzer)
according to the manufacturer’s instructions. Briefly,
the EV samples were diluted to 1:500 with filtered sterile
PBS, and each sample was analyzed for 60 s in triplicate
using Nanosight automatic analysis settings.

EV labeling and immunofluorescent staining

Serum EVs were labeled with PKH67 dye obtained from
Sigma-Aldrich (St. Louis, MO, USA). First, PBS-diluted
EVs were added to 1 mL of diluent C. In parallel, 4 puL
of PKH67 dye was added and incubated with the EV
solution for 4 min. Following this, BSA (2 mL 0.5%) was
incorporated, and labeled EVs were washed at 100,000 x
g for 1 h. For in vivo uptake experiments, PKH67-labeled
EVs (100 pg) were injected into the tail veins of mice.
Liver and lung tissues were snap-frozen in liquid nitrogen
and embedded in tissue-Tek OCT compound for further
analysis. Tissue samples were fixed and cut into 5-pm
sections using a cryostat. The sections were then washed
in PBS before being stained with DAPI for nuclear imag-
ing. The imaging procedure was conducted using a Zeiss
Axio Imager 2 microscope (Jena, Germany) and pro-
cessed with Zeiss ZEN software (Jena, Germany).

Single-cell RNA sequencing

Liver and lung tissues were resuscitated and washed
using PBS containing 0.1% BSA, followed by cell wash-
ing with 1nmL of stain buffer (also containing 0.1% BSA)
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and subsequent cell counting. Cell viability of all samples
exceeded 80%. Subsequently, cells were labeled, counted,
and multiplexed using the BD Human Single-Cell Mul-
tiplexing Kit (BD Biosciences, San Jose, CA, USA). Sin-
gle-cell capture and cDNA synthesis were conducted
utilizing the BD Rhapsody Single-Cell Analysis System
(BD Biosciences, Franklin Lakes, NJ, USA) following the
manufacturer’s guidelines. An Illumina NextSeq (San
Diego, CA, USA) was used to sequence the libraries over
multiple runs.

Unsupervised clustering of cells and t-distributed
stochastic neighbor embedding-visualization
Unsupervised cell clustering was conducted using the
BD Rhapsody Single-Cell (SC) Analysis System (BD Bio-
sciences) and SC-sequencing data. Genes expressed in
less than two cells were excluded. Cells with more than
200 genes and less than 10% mitochondrial genes were
subjected to further processing. Seurat arithmetic was
employed to determine the variation coefficient of genes.
Dimensionality reduction of all data was performed using
principal component analysis (PCA) based on the top
1,500 DEGs. A k-nearest neighbor graph was constructed
using Euclidean distances in the space of the first 10
significant principal components. The cells were then
clustered using the Louvain Modularity optimization
algorithm, and the resulting clusters were visualized with
the tSNE project. Cells with high expression of hemoglo-
bin were excluded from the analyses.

Identification of marker genes and cell-type annotation
Differential expression of each cluster was calculated
using the bimod test as implemented in the BD Rhap-
sody Single-Cell Analysis System (BD Biosciences, Frank-
lin Lakes, NJ, USA). Genes with a log2 mean differential
expression of at least 0.585 and a P-value <0.05 were con-
sidered marker genes. Canonical markers that are asso-
ciated with known cell types were employed to annotate
the cell clusters.

Differential expression analysis, clustering, and heatmaps
Differential expression analysis was performed on the
reconstructed expression using SeqGeq (BD Biosci-
ences). We selected DEGs with a false discovery rate of
<5% and a fold change value of >1.3 between the sep-
sis sEV-treated and healthy control sEV-treated groups.
Gene sets were clustered using hierarchical clustering
with complete linkage and were visualized using heat-
maps. Gene set enrichment analyses were performed on
these gene sets and clusters using Fisher’s test.

Serum EV-miRNA sequencing
sEV RNA was extracted utilizing a HiPure Liquid miRNA
Kit or HiPure Serum/Plasma miRNA Kit produced by
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Megan in China. The amount and quality of sEV RNA
were evaluated individually using the Qubit 2.0 (Life
Technologies, Carlsbad, CA, USA) and Agilent 2200
TapeStation (Agilent Technologies, Palo Alto, CA,
USA). For the preparation of small RNA libraries, 50 ng
of SEV RNA from each sample was utilized with a NEB-
Next Multiplex Small RNA Library Preparation Set for
Mlumina (NEB, Ipswich, MA, USA) per the manufac-
turer’s guidelines. The sequencing of the libraries was
performed using a HiSeq 2500 (Illumina, San Diego, Cali-
fornia, USA) with single-end 50-bp primers from Ribobio
Co., Ltd. (Guangzhou, China). The raw data underwent
refinement by excluding reads that contained an adapter,
poly “N;” low quality reads, and those<17 nt by FASTQC.
Clean reads were aligned to a reference genome using
Burrows-Wheeler Aligner (BWA). Known mature
miRNA were identified based on miRBase2l (www.
miRBase.org) using miRDeep2, and novel miRNA were
predicted. MiRNA expression was determined by RPM
values [RPM = (number of reads mapped to miRNA/
number of clean data reads) X 10°]. The expression lev-
els were normalized by RPM. The edgeR algorithm was
used to calculate the differential expression between two
sample sets based on the criteria of |log2 (fold change)|
21 and P-value<0.05. TargetScan, miRDB, miRTarBase,
and miRWalk were employed to predict the target genes
of selected miRNA.

Transcriptomic sequencing

Total RNA was extracted using a TRIzol reagent kit
acquired from Invitrogen (USA) and assessed for quality
on an Agilent 2100 Bioanalyzer from Agilent Technolo-
gies (USA). Following RNA extraction, eukaryotic mRNA
was enriched using Oligo (dT) beads. Prokaryotic mRNA
was enriched by removing rRNA with a Ribo-ZeroTM
Magnetic Kit from Epicentre (Madison, WI, USA). The
enriched mRNA was fragmented into short segments
using a fragmentation buffer and then reverse tran-
scribed into cDNA with random primers. Second-strand
cDNA was synthesized using DNA polymerase I, RNase
H, ANTP, and buffer. The resulting cDNA fragments were
purified with a QiaQuick PCR extraction kit from Qia-
gen (Venlo, Netherlands), end-repaired, poly(A) added,
and ligated to Illumina sequencing adapters. The liga-
tion products underwent size selection through agarose
gel electrophoresis, were PCR-amplified, and sequenced
utilizing the Illumina HiSeq 2500 system from Gene
Denovo Biotechnology Co. (Guangzhou, China).

DESeq2 software and edgeR were employed for dif-
ferential expression analysis of the two RNA groups.
Only genes/transcripts displaying a false discovery rate
(FDR) of <0.05 and an absolute fold change value of >2
were deemed differentially expressed. Principal compo-
nent analysis (PCA) was conducted, and all differentially
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expressed genes (DEGs) were mapped to Gene Ontol-
ogy (GO) terms in the Gene Ontology database. Gene
numbers were calculated for each term, and significantly
enriched GO terms were identified by comparing them
with the genome background using the hypergeometric
test. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis detected significantly
enriched metabolic or signal transduction pathways of
DEGs compared to the whole genome background. Pro-
tein-protein interactions were identified through the use
of STRING v10. The resulting network was presented
using Cytoscape (v3.7.1) software to highlight core and
hub gene interactions.

Proteomic analysis

The sEVs were isolated from the sample and SDT buffer
was subsequently added. The lysate was boiled for 15 min
and then centrifuged at 14,000 X g for 40 min. The result-
ing supernatant was quantified using the BCA Protein
Assay Kit (P0012, Beyotime, Shanghai, China). Proteins
(20 pg) were mixed with 6X loading buffer and boiled
for 5 min before being separated on a 12.5% SDS-PAGE
gel. Additionally, proteins (200 pg) from each sample
were incorporated into 30 pL of SDT buffer (4% SDS, 100
mM DTT, 150 mM Tris-HCI] pH 8.0) prior to analysis.
The peptide mixture (100 pg) from each sample under-
went labeling with TMT reagent per the manufacturer’s
instructions (Thermo Fisher Scientific, MA, USA). Sub-
sequently, using a Q Exactive HF-X mass spectrometer
(Thermo Fisher Scientific, MA, USA) coupled with Easy-
nLC (Thermo Fisher Scientific, MA, USA), NanoLC-MS/
MS analysis was conducted for each fraction. MS/MS
raw files were processed using version 2.6 of the MAS-
COT engine developed by Matrix Science (London, UK),
which was embedded into Proteome Discoverer 2.2. The
search was performed against the Uniprot_HomoSa-
piens_20367_20200226 database. To enforce a peptide
and protein false discovery rate of 1%, a reverse database
search strategy was implemented. Proteins were flagged
as differentially expressed if they displayed a fold change
value greater than 1.2 and a P-value less than 0.05, deter-
mined by a Student’s t-test. The GO term selected was
the one associated with the sequence having the high-
est Bit-Score determined by Blast2GO. Afterward, the
annotation of GO terms to proteins was carried out using
the Blast2GO Command Line. Following the elementary
annotation, InterProScan was utilized to search the EBI
database by motif. The functional information of motif
to proteins was then added to enhance the annotation.
ANNEX was employed to further improve the annota-
tion and establish connections between GO terms. The
Fisher exact test was utilized to enrich GO terms by com-
paring the number of proteins correlated to GO terms
that were differentially expressed and the total proteins.
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The KEGG database was used for pathway analysis. The
Fisher exact test was also employed to identify signifi-
cantly enriched pathways by comparing the number of
differentially expressed proteins and the total proteins
correlated to each pathway. The target protein’s gene
symbol was utilized to locate interactions, both direct
and indirect, in the STRING-db database. Subsequently,
an interaction network was generated and analyzed via
Cytoscape software (v3.7.1).

Preparation and characterization of MM-vesicles
MM-vesicles were prepared according to previous
reports with some minor alterations [51]. In short, RAW
264.7 cells were cultured before being detached with
2 mM EDTA PBS solution. The cells were then washed
three times with PBS and resuspended in a hypotonic
lysing buffer containing 2 mM MgCl,, 10 mM KCI, 20
mM Tris-HCl, and 1 EDTA-free mini protease inhibi-
tor tablet per 10 mL solution. Subsequently, a Dounce
homogenizer was used to disrupt them. The entire solu-
tion was passaged 20 times before being spun down at
3,200 x g for 5 min. The supernatants were retained and
centrifuged at 20,000 x g for 30 min, after which the pel-
let was discarded. The pellets containing the cell mem-
branes were washed once in a solution of 1 mM EDTA
and 10 mM Tris-HCl, before being collected as purified
MM. Later on, MM-vesicles were produced by physi-
cally extruding the pellets through 1,000-nm and 400-
nm microporous membranes for several passes, using
an Avanti mini extruder (Avanti Polar Lipids, Alabaster,
AL, USA). The dynamic light scattering technique (DLS;
Nano-Zen 3600, Malvern Instruments, Great Malvern,
UK) was used to measure the products’ diameter.

Preparation and characterization of miR-125a-5p
inhibitor@MM nanoparticles and miR-221-3p mimic@eMM
NPs

PBS (1 mL) containing 50 nmol miR-125a-5p inhibitors
(or miR-221-3p mimics) was mixed with MM-vesicles
and extruded 14 times through a 200-nm membrane.
The resulting miR-125a-5p inhibitor@MM nanopar-
ticles (NPs) and miR-221-3p mimic@MM NPs remained
in PBS at 4 °C for further animal experiments. The mor-
phology of miR-125a-5p inhibitor@MM NPs and miR-
221-3p mimic@MM NPs were characterized using TEM.
The miR-125a-5p inhibitors or miR-221-3p mimics were
labeled with Alexa Flour 488 according to the manufac-
turer’s instructions (Invitrogen, USA), and the loading
efficiency of Alexa Flour 488- miR-125a-5p inhibitors
(or miR-221-3p mimics) in MM NPs were determined by
detecting the fluorescence intensity of MM NPs.
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Imaging of in vivo MM NPs

For labeling of MM nanoparticles, 5 pL of DiR (Life Tech-
nologies, California, USA) were mixed at a concentra-
tion of 200 pug/mL in ethanol with 200 pg of MM NPs in
100 pL of PBS for 15 min in the dark. The mixture was
then centrifuged at 13,000 X g for 30 min to remove
ethanol and unincorporated DiR. Images were captured
via Spectral Instruments Imaging (Tucson, Arizona)
using a 748 nm excitation wavelength and a 780 nm fil-
ter to detect the fluorescence signals of DiR over a range
of time intervals: 0 min, 1 min, 5 min, 10 min, 20 min,
30 min, 1 h,3 h, 12 h, 24 h, and 48 h.

Induction of ALI and experimental designs

C57BL/6 mice, aged 8—12 weeks, were acquired from the
Experimental Animal Center of Southern Medical Uni-
versity in Guangzhou, China. The mice were housed in
a pathogen-free environment with 12-hour light—dark
cycles and were provided with ad libitum access to food
and water. To induce acute lung injury (ALI), the mice
were administered a single intraperitoneal dose of 15 mg/
kg of LPS.

To evaluate the impact of MM NPs on LPS-induced
acute lung injury (ALI), we randomly assigned all ani-
mals to five groups: control, LPS, LPS+miR-125a-5p
inhibitor@MM NP, LPS+miR-221-3p mimic@MM
NP, and LPS+miR-125a-5p inhibitor+miR-221-3p
mimic@MM NP groups. The mice received aerosol-
ized MM NPs via intratracheal liquid injection (Shang-
hai Yuyan Instruments Co., Ltd., Shanghai, China) for
48 h before being intraperitoneally injected with LPS
(15 mg/kg). In contrast, sham mice were given the
same volume of saline. After 4 h, six animals per group
were sacrificed to gather lung tissue, while 10 animals
per group were reserved for survival analysis. The sur-
vival analysis lasted for 7 days, with survival monitored
every 6 h. The endpoint of the survival experiment was
reached 7 days after LPS administration, upon which
the survival rate was analyzed. All surviving mice were
euthanized through cervical dislocation using an anes-
thesia mixture of ketamine and xylazine. To determine
the percentage of MM NPs targeted to macrophages
in the lung after tracheal administration. The mice
received aerosolized FITC-labeled MM NPs via intra-
tracheal administration, and the percentage of macro-
phages (PE-labeled F4/80 positive cells) that absorbed
FITC-MM NPs was detected using flow cytometry.
CL-380,803 (100 mg/kg i.p.), leonurine hydrochlo-
ride (100 mg/kg i.p.), or SB225002 (1 mg/kg i.p.) were
administered to the mice 30 min before LPS (15 mg/
kg) injection to evaluate the inhibitors’ effect in sep-
sis. Mice were anesthetized at 8 h after LPS injection.
Subsequently, the lungs were harvested to conduct
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histological and immunohistochemical analysis. RNA
and protein were directly extracted as soon as possible.

Luciferase reporter assay

HEK-293T cells were co-transfected with 0.5 mg of
luciferase reporters for wild-type or mutant-type
3forct, which included the Renilla firefly luciferase
gene and miR-125a-5p-NC/miR-221-3p-NC or miR-
125a-5p mimic/miR-221-3p mimic. Renilla luciferase
reporters were used as an internal control.

Protein isolation and Western blot

To isolate total protein, lysing of cultured cells or EVs
was carried out with RIPA buffer (P0013B, Beyotime,
Jiangsu, China). Subsequently, the measurement of
protein concentration was carried out via the use of an
Enhanced BCA Protein Assay Kit (Beyotime, Jiangsu,
China). Next, aliquots of total protein extracts (20 pg)
were loaded and separated by a 10% SDS-PAGE gel.
This was followed by a transfer onto a PVDF mem-
brane (Millipore) for western blotting. After being
blocked for one hour with blocking buffer, the mem-
branes were incubated with polyclonal antibodies
targeting CD63, CD9, CD81, Alix, Tsgl01l, CXCR2,
GAPDH, MPO, NOX4, iNOS, Tnf-a, and p-NF-«B.
Afterward, the membranes were washed three times
with PBS and incubated with appropriate secondary
antibodies (LI-COR Bioscience, Lincoln, NE, USA).
Finally, protein bands were detected using the Odyssey
system (LI-COR Bioscience).

Quantitative reverse transcription polymerase chain
reaction (RT-qPCR)

Total RNA from cultured cells or mouse lungs was
extracted using TRIzol reagent acquired from Invi-
trogen (USA) following the manufacturer’s instruc-
tions. Subsequently, the ReverTra Ace qPCR RT Kit
(FSQ-101, Toyobo) was used to synthesize cDNA,
also following Invitrogen’s guidelines. Primers were
manufactured by BGI (Beijing, China). RT-qPCR was
performed using SYBR qPCR mix (QPK-201, ToYoBo)
in Roche 480 system, with 18s serving as the internal
control. The expression levels of miRNA were quanti-
fied by two-step RT-qPCR. Total mRNA was isolated
using TRIzol reagent, and the cDNA was synthesized
using the miDETECT A Track miRNA qRT-PCR
Starter Kit in accordance with the manufacturer’s
instructions (Ribobio). The miRNA primers (hsa-miR-
125a-5p, hsa-miR-221-3p) were generated by Ribobio
and U6 was used as an internal control. The primers
used to generate the specific products were designed
as presented in Supplement Table 1. All reactions were
carried out in triplicate. The expression levels are
relative to the corresponding control samples taken
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at the same time point. The selected gene’s threshold
cycle (Ct) values were standardized against 18s (or
U6) values of the same sample. Using the comparative
Ct method (AACt), the fold changes between the
samples were determined. The results represent the
mean+SD expression of each gene, calculated from at
least three determinations per gene.

Histopathology and immunohistochemistry

Lung tissue embedded in paraffin was cut into
5-pm-thick slices and stained with hematoxylin and
eosin (H&E). Histological features were assessed using
a 0-3 scale (0 representing normal, 2 indicating mod-
erate, and 3 pointing towards severe). The overall score
of lung damage was computed based on the sum of the
scores of alveolar edema and hemorrhage, leukocytes
infestation, and thickness of alveolar walls and epi-
thelium. For immunohistochemical staining, the liver
and lung sections were deparaffinized, rehydrated, and
treated with a 3% H202 solution for 10 min. Antigen
retrieval was then performed for 15 min in a citrate
buffer. Nonspecific protein was blocked with 10%
goat serum for 30 min. The lung slides were incubated
with diluted primary antibodies against CD68, Ly6G,
Tnfaip3, Fos, MPO, NOX4, and iNOS according to the
manufacturer’s protocols. Liver tissue samples were
incubated with primary antibodies against Ly6G in
accordance with the manufacturer’s instructions. A
biotin-conjugated anti-rabbit IgG antibody was used
to detect the primary antibody, followed by incuba-
tion with streptavidin-biotin. The complex was visu-
ally examined using DAB reagent under a microscope
(Zeiss, Germany) at 200-fold magnification, and sam-
ples were subsequently analyzed and photographed.

Enzyme-linked immunosorbent assay (ELISA)

LPS quantification was executed through quantitative
ELISA (2 M-KMLJM219755m, Camilo). An ELISA-
dedicated instrument was employed to measure the
optical densities at 450 nm, and LPS concentrations
were calculated using a standard curve. The quanti-
fication was carried out in duplicate, and arithmetic
averages were calculated.

Analysis of total ROS levels

The ROS levels were assessed with DCFDA (S0033;
Beyotime). Thp-1 or primary murine BMDNs were
incubated with 10 pM DCEDA at 37 °C for 30 min. The
cells were then washed with PBS and analyzed using a
flow cytometer (BD FACSCanto II; BD Biosciences).

Statistical analysis
Data are expressed as the meanxSD. Statistical com-
parisons were performed using one-way ANOVA or
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two-tailed t test. Survival rates were analyzed with the
Kaplan—Meier test. A P-value<0.05 was considered
statistically significant. All statistical analyses were
performed with GraphPad Prism 6 software.
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ABs Apoptotic bodies

ALI Acute lung injury

AMs Alveolar macrophages

ARDS Acute respiratory distress syndrome
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BMDMs Bone marrow-derived macrophages
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BSA Bovine serum albumin

DAMPs Damage associated molecular patterns
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FITC Fluorescein isothiocyanate
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KEGG Kyoto Encyclopedia of Genes and Genomes
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INcRNA Long non-coding RNA

M-CSF Macrophage colony-stimulating factor

MM Macrophage membrane

MM NPs  Macrophage membrane nanoparticles

MSN Mesenchymal stem cells
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PAMPs Pathogen-associated molecular patterns
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ROS Reactive oxygen species

RT-gPCR  Quantitative reverse transcription polymerase chain reaction
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