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Abstract

Acute lung injury (ALI) is an important pathological process of acute respiratory distress syndrome, yet there are limited therapies for its
treatment. Mesenchymal stem cells-derived exosomes (MSCs-Exo) have been shown to be effective in suppressing inflammation. However,
the effects of MSCs-Exo on ALl and the underlying mechanisms have not been well elucidated. Our data showed that MSCs-Exo, but not
exosomes derived from MRC-5 cells (MRC-5-Exo), which are human fetal lung fibroblast cells, significantly improved chest imaging, histological
observations, alveolocapillary membrane permeability, and reduced inflammatory response in ALI mice model. According to miRNA sequencing
and proteomic analysis of MSCs-Exo and MRC-5-Exo, MSCs-Exo may inhibit pyroptosis by miRNAs targeting caspase-1-mediated pathway, and
by proteins with immunoregulation functions. Taken together, our study demonstrated that MSCs-Exo were effective in treating ALI by inhibiting
the pyroptosis of alveolar macrophages and reducing inflammation response. Its mechanism may be through pyroptosis-targeting miRNAs and
immunoregulating proteins delivered by MSCs-Exo. Therefore, MSCs-Exo may be a new treatment option in the early stage of ALI.
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Graphical Abstract

MSCs-Exo were effective in treating ALI by inhibiting the pyroptosis of
alveolar macrophages and reducing inflammation response.lts
mechanism may be through pyroptosis-targeting miRNAs and

immunoregulating proteins delivered
by MSCs-Exo.
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Significance Statement

Our study demonstrated that MSCs-Exo were effective in treating acute lung injury (ALI) by inhibiting the pyroptosis of alveolar
macrophage and reducing inflammation response. Its mechanism may be through pyroptosis-targeting miRNAs and immunoregulating
proteins delivered by MSCs-Exo. Therefore, MSCs-Exo may be a new treatment option in the early stage of ALI.

Introduction

Acute respiratory distress syndrome (ARDS) is a disease
characterized by diffuse pulmonary interstitial and alveolar
edema. Its common risk factors may include pneumonia,
non-pulmonary sepsis, aspiration of gastric contents, or
non-cardiogenic shock.!?* Acute lung injury (ALI) is an im-
portant pathological process of ARDS. Approximately 3 mil-
lion patients worldwide are diagnosed with ARDS each year,
with 10% of these patients admitted to intensive care units.’
Mechanical ventilation, with the use of supplemental oxygen
and positive end-expiratory pressure, is the main treatment
strategy for ARDS.* However, it may lead to overdistension
of the lung and increased transpulmonary pressure, leading
to ventilator-induced or ventilator-associated lung injury
by increasing epithelial injury, inflammation, and edema.’
Therefore, the mortality of ARDS remains high. An obser-
vational study on ARDS found that the in-hospital mortality
was 34.9% for mild ARDS, 40.3% for moderate ARDS, and
46.1% for severe ARDS in the intensive care unit.® Therefore,
it is of great significance to explore new targets and effective
treatments for ARDS.

Alveolar macrophages (AMs) are the first line of defense for
the lung. It has been reported that the different forms of AM
death, such as pyroptosis, autophagy, and necroptosis work in

concert to induce lung inflammation.” Among the 3 forms of
death, pyroptosis can induce the secretion of a large amount of
proinflammatory cytokines such asIL-1B and IL-18.8 Therefore,
it is a form of cell death that may have crucial roles in the in-
flammatory response. Pyroptosis is a canonical caspase-1- or
noncanonical caspase-11/4/5-mediated inflammatory cell
death, whose occurrence depends on the activation of the
Gasdermin protein family.” Activation of inflammasomes by
pathogen-associated molecular patterns or damage-associated
molecular patterns causes caspase-1 activation. The activated
caspase-1 causes the cleavage of GSDMD which results in the
swelling of the cell and perforation of the cell membrane. In ad-
dition, activated caspase-1 induces cleavage of pro-IL-1p and
pro-IL-18 to their mature forms of IL-1f and IL-18, respec-
tively, which are subsequently released through the pores on
the cell membranes.'? Studies have suggested that macrophage
pyroptosis plays an important role in the inflammatory process
in the lung. This inflammation promotes the accumulation of
neutrophils in the lung, increases the levels of cytokines IL-6,
IL-1f, and TNF-a in alveolar lavage fluid, and aggravates lung
injury.'" Therefore, alveolar macrophage pyroptosis may be a
new target for the treatment of ALI

MSCs have the characteristics of immunomodulation, low
immunogenicity, ease of in vitro culture, and promotion of
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tissue regeneration, making them an ideal choice for cell
therapy.'> MSCs have been observed to promote tissue re-
pair by reducing alveolar leakage, suppressing inflammation,
and enhancing survival in animal models of ARDS induced
by endotoxin.!> MSCs promote tissue repair mainly through
paracrine actions by secreting exosomes, biologically active
molecules, and microvesicles.'* Exosomes are microvesicles
with diameters of 40-160 nm (100 nm on average) that
originate from endosomes and are rich in DNA, RNA, and
proteins.' They are released into the extracellular space and
participate in the physiopathological processes of the body.
Due to the ability of MSCs-derived exosomes (MSCs-Exo)
to inhibit inflammation and promote tissue repair, they have
been used for the treatment of cardiovascular disease, kidney
injury, traumatic brain injury, and several other diseases.'s""
Studies have expounded MSCs-Exo is a new therapeutic agent
in rheumatoid arthritis, brain tumors, respiratory diseases,
etc.??® The advantages of exosomes lie in the following
aspects. For the whole cells, the increase in dosage may bring
a risk of thrombosis.?* For the exosomes, this risk has been
greatly reduced since the size of the exosomes is much smaller
than the cells. In addition, exosomes can easily penetrate bi-
ological barriers, be modified in vitro, and are easier to store
and administer.”® These qualities make them an emerging
therapy for the treatment of many diseases. Studies found
that MSCs-Exo can modulate macrophages by delivering
miRNAs or proteins. In a hypoxia-induced pulmonary hy-
pertension model, researchers demonstrated that MSCs-Exo
regulated macrophage polarization not only by suppressing
proinflammatory of TNF-q, 16, and Ccl2, but by modulating
anti-inflammatory of CD206, Arginase-1, and Retnla.?
According to proteomics analysis, MSC-Exo can attenuate
inflammation by reshaping macrophage polarization by
inhibiting the expression of TRAF1 and activating PI3K/AKT
signaling pathway.?” Besides, miRNAs have been confirmed to
have the function of regulating the macrophage, such as miR-
21, miR-155, miR-125b, miR467b, miR-124, miR-142-5p,
miR-146a,and miR-511.28 MSCs-Exo containing miR-21a-5p
attenuated atherosclerosis by promoting macrophage M2 po-
larization, targeting KLF6 and ERK1/2 signaling pathways to
reduce macrophage infiltration.? The research revealed that
MSCs were effective in improving cell survival and preventing
pyroptosis in macrophages.’* However, the impact of MSC-
Exo on alveolar macrophage (AM) pyroptosis in ALI remains
not very clear. More evidence is required to ascertain the suit-
ability of MSCs-Exo for the treatment of ALI and the under-
lying mechanisms for MSCs-Exo to regulate AM pyroptosis
to alleviate ALL

In this study, we aimed to investigate the efficacy of MSCs-
Exo in alleviating lipopolysaccharide (LPS)-induced ALI and
to explore the underlying mechanisms associated with alve-
olar macrophage pyroptosis.

Materials and Methods

Isolation and Characterization of Exosomes

MSCs were isolated from umbilical cord and expanded in cul-
ture according to the previously described protocol.’! Cells
at second to 5 passages were used for further experiments.
Umbilical cord tissues were obtained after normal delivery
and after informed consent had been given by the patient or
the family of the patient. We tested the cells in the third pas-
sage for stem cell properties. The cells were analyzed for stem
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cell surface markers using flow cytometry according to the
instructions of the Human MSC Analysis Kit (BD, 562245).
The cells were incubated with antibodies against MSC pos-
itive markers (CD90*, CD105*, CD73*) and negative cock-
tail markers (CD45, CD34, CD11b, CD19, HLA-DR)
named as lineage cocktail (LIN-) before analysis using
flow cytometry. Mesenchymal Stem Cell Adipogenesis Kit
(Chemicon, SCR020), Mesenchymal Stem Cell Osteogenesis
Kit (Chemicon, SCR028), and Mesenchymal Stem Cell
chondrogenic Kit (Cyagen, HUXUC-90041) were used to de-
termine the differentiation ability of the cells. In addition, the
cells at the second passage were tested using karyotype anal-
ysis at our hospital.

MSCs or Medical Research Council cell strain 5 (MRC-5)
cells which are human fetal lung fibroblast cells were cultured
in an exosomes-free complete medium.3>33 Here, MRC-5 cells
as the comparison object for it has been proven to be safe. The
cell culture supernatant was collected to isolate exosomes.
The supernatant was centrifuged at 300g for 10 minutes and
at 2000g for 20 minutes at 4 °C to remove cell debris, filtered
using a 0.22 pm filter, and centrifuged at 110 000 g for 90
minutes at 4 °C to get exosomes. The exosomes were washed
with phosphate-buffered saline (PBS) and centrifuged at 110
000g for 90 minutes at 4 °C. The pellet was resuspended
in 150 pL PBS and stored at -80 °C. The concentration of
proteins in exosomes was measured using the BCA protein
assay kit (Solarbio, PC0020). Exosomes were photographed
using transmission electron microscopy and their size and
quantity were analyzed using nanoparticle tracking analysis.
Finally, the identity of exosomes was verified by assessing the
expression of markers such as CD63, CD81, and Calnexin
using Western blot.

Cell Culture

MRC-5 cells were obtained from American Type Culture
Collection and cultured in an exosomes-free complete me-
dium at 37 °C with 5% CO,. J774A.1 murine macrophages
were purchased from Beina Biology (Shanghai, China) and
cultured in DMEM medium (BI, 06-1055-57-1ACS-1)
supplemented with 10% FBS. Alveolar macrophages were
isolated according to the previously described protocol.>*

Internalization of Exosomes

MSCs-Exo were labeled with PKH26 Red Fluorescent Cell
Linker Kits (Sigma) according to the instructions of the man-
ufacturer. AMs were seeded in an 8-well chamber slide and
incubated with a complete medium overnight. Thereafter, the
medium was replaced with an FBS-free medium, and the cells
were incubated with PKH26-labeled exosomes for 4 hours
at 37 °C with 5% CO,. The slide was then washed with PBS,
fixed with paraformaldehyde, and washed with PBS again.
The cells were permeabilized using 0.2% Triton X-100 for 10
minutes, incubated with phalloidin (YEASEN,40736ES75)
in the dark for 30 minutes, washed with PBS, mounted with
mounting medium containing DAPI, and imaged using con-
focal microscopy (Zeiss).

Development of the ALI Model and Collection of
Samples

Ten to 12-weeks-old C57BL/6 male mice were purchased
from Vital River Laboratory Animal Technology (Beijing,
China). The mice were fed with the standard diet and housed
under SPF conditions at temperatures ranging from 23 °C to
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25 °C, with 60%-70% humidity and 12/12 h dark-light cycle.
Mice were anesthetized using isoflurane. The ALI model
was induced through intratracheal instillation of 10 mg/kg
LPS in 50 pL PBS (Sigma, 1L.2630). The control mice were
administered with equal volumes of saline. The mice were di-
vided into 4 treatment groups (16 mice per group): control
group, LPS group, MSCs-Exo therapy group, and MRC-5-
Exo therapy group. Intratracheal instillation of 200 pg Exo
was performed in mice 4 hours after ALI was induced using
LPS, and the mice were euthanized 24 hours later. The blood
and tissue samples of 3 mice per group were collected for his-
tological staining and protein analysis, BALF of 5 mice per
group was collected for analyzing macrophages using flow
cytometry and supernatants by ELISA, while lung tissues of
5 mice per group were isolated for analyzing lung wet-to-dry
weight ratio. In addition, 3 mice per group were sacrificed
after 48 hours and analyzed using Micro-CT.

Histological Staining, Lung Injury Score and
Micro-CT

The left lung tissues were fixed in paraformaldehyde,
dehydrated, paraffin-embedded, sectioned, and stained with
H&E. The criteria for assessing lung injury score was based
on the official American Thoracic Society workshop report.*
On the other hand, mice were anesthetized using isoflurane
and scanned using a micro-CT according to the instructions
of the manufacturer.

Cell Pyroptosis Model and Live-Cell Imaging

AM was seeded in 35 mm glass-bottom dishes (MatTek,
P35G-0-10-C). For the pyroptosis model, the AM was cul-
tured in an FBS-free medium and primed with 50 ng/mL LPS
for 2 hours. Thereafter, the culture medium was replaced with
an FBS-free medium containing 10 pM Nig and the cells were
cultured at 37 °C with 5% CO,. Cell images were captured
using the Olympus IX71 at a time interval of 5 minutes per
image until moderate time. For the treatment group, the cul-
ture medium was replaced with FBS-free medium containing
10 pM Nig and MSCs-Exo, and the other procedures carried
out as in the pyroptosis model group. For the treatment with
MSCs-Exo, cells were divided into 4 groups: control group,
LPS/ Nig group, MSCs-Exo therapy group, and Ac-YVAD-
cmk (YVAD) therapy group. Cells were imaged using a micro-
scope or collected for analysis using WB and flow cytometry
at the appropriate time points.

Analysis of BALF, Serum, and Cell supernatants

The total protein content of BALF supernatants was analyzed
using the BCA protein assay kit (Solarbio, PC0020). BALF,
serum, and cell supernatants were analyzed for Interleukin-1f
(IL-1B, ExcellBio, EM001-96) and interleukin-18 (IL-18,
Cloud-Clone Corp, SEA064Mu) using ELISA. CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega, G1780) was
used to evaluate lactate dehydrogenase (LDH) activity in
BALF and cell supernatants.

Propidium iodide, immunofluorescence staining,
and flow cytometric analyses

AMs or J774A.1 cells were seeded in 24-well plates,
treated with the indicated reagents, and harvested after
12 hours or 24 hours. The plates were incubated with
PI staining (Immunochemistry, 98) in the dark for §
minutes and observed using a fluorescence microscope.
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For immunofluorescence analysis, cells were fixed with
paraformaldehyde, permeabilized with 0.2% Triton X-100,
blocked with animal-free blocking solution, and incubated
with caspase-1 p20 (Santa Cruz, sc-398715) at 4 °C over-
night. Afterward, the cells were washed with PBS, incubated
with Alexa Fluor-conjugated secondary antibodies, and
mounted using a mounting medium containing DAPIL.

For flow cytometric analyses, cells were harvested as
described before, blocked with TruStain fcX, incubated with
CD11c (Biolegend, 117307),and CD170 (Biolegend, 155507)
for 20 minutes. Thereafter, the cells were washed with cell
staining buffer (Biolegend, 420201), centrifuged at 300g for
5 minutes, resuspended in cell staining buffer, and analyzed
using flow cytometry. Caspase-1 activity was analyzed
by treating the cells with FAM-FLICA Caspase Assays
(Immunochemistry, 98) according to the instructions of the
manufacturer, followed by analysis using flow cytometry.

Western Blot

Cell supernatants were centrifuged in a 10 kDa ultrafiltra-
tion filter (Millipore, UFC801096), and lysed using a loading
buffer. The cells and mice lung tissues were also lysed with
loading buffer and all samples were denatured. The moderate
proteins were then separated in 10% or 12% BeyoGel Plus
PAGE gels (Beyotime, P0455S or P0458M) and transferred
to polyvinylidene fluoride membranes (PVDEF, Millipore,
SLGVV255F). The membranes were then blocked with 5%
skim milk in TBST, and incubated with primary antibodies:
NLRP3 (CST, 15101), Cleaved-IL-1p (CST, 63124), IL-1p
(CST, 31202), Cleaved Caspase-1 (CST, 89332&SantaCruz,
SC-398715), Caspase-1 (Santa Cruz, SC-398715 &
Proteintech, 22915-1-AP), IL-18 (Proteintech, 60070-1-Ig),
GSDMD & Cleaved Gasdermin D (Abcam, ab209845),
and GAPDH (Proteintech, 60004-1-Ig). Subsequently, the
membranes were incubated with secondary antibodies,
visualized using an electrochemiluminescence (ECL) kit
(Millipore, WBKLS0100), and photographed using the Bio-
Rad imaging system (Bio-Rad).

MiRNA Sequencing of Exosomes

For miRNA sequencing, total RNA was extracted from
exosomes using the miRNeasy Micro Kit (Qiagen, 217084).
RNA quality was assessed using the Agilent Bioanalyzer
4200 (Agilent Technologies). Then, we generated sequencing
libraries using the QIAseq miRNA Library Kit (Qiagen) for
[llumina and performed on the Illumina Novaseq platform
to sequencing (Illumina). The experiments and data analysis
were offered by Wayen Biotechnologies (Shanghai, China).
We used Ingenuity pathway analysis (IPA) software, which
was performed by the Proteomics Platform of Core Facility of
Basic Medical Sciences, Shanghai Jiao Tong University School
of Medicine to further analyze part of the miRNA sequencing
data. Besides, we used the Cytoscape 3.8.2 software to visu-
alize part of the miRNA sequencing data.’® The data can be
retrieved through GSE209966.

Proteomic Analysis of Exosomes

The proteomic analysis of exosomes was performed using
a label-free analysis technology. Protein was extracted from
exosomes, quantified with BCA assay, digested by trypsin,
and dried by centrifugal concentration. Then, the peptides
were desalted using MonoSpin C18 desalting column (GL
Sciences Inc., Japan, 5010-21701), analyzed by Orbitrap
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Fusion Lumos tandem mass spectrometry (Thermo Fisher
Scientific) coupled to an EASY-nLC 1200 liquid chroma-
tography system (Thermo Fisher Scientific). Protein identi-
fication and quantification were performed using Proteome
Discoverer 2.4 (Database: Swissprot; taxonomy: Homo sa-
piens) with the default setting. The experiments and data
analysis were offered by Wayen Biotechnologies (Shanghai,
China). We used the Metascape platform online analytical
tool to further analyze part of the proteomic analysis data.’”
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE?® partner
repository with the dataset identifier PXD033839.

Statistical Analysis

All data are presented as the mean = SD. All results were
analyzed using the GraphPad Prism 8.0 statistical software.
The means of 2 groups were compared using Student’s t test,
while multiple groups were compared using non-parametric
one-way ANOVA. Differences were considered to be statisti-
cally significant when the P value was <.05.

Results

The Characteristics of MSCs-Exo

Characterization of cells extracted from the umbilical
cord showed that the cells maintained fibroblast-like mor-
phology (Supplementary Fig. S1A) and possessed normal
diploid karyotypes (Supplementary Fig. S1B). The cells also
showed the ability to differentiate into the adipogenic, osteo-
genic, and chondrogenic lineages compared to controls, and
expressed positive MSCs markers CD105, CD73, and CD90
(Supplementary Fig. S1C and S1D). These results indicated
that the isolated cells were MSCs. We further assessed the
presence of extracellular vesicles derived from MSCs, as well
as from MRC-5 cells which are human embryonic lung fibro-
blast cells. The MRC-35 cell line was first isolated in 1966 from
the lung tissue of a 14-week fetus, researchers repeated testing
it found that the cells have characteristics as follows: stable
diploid karyotype, no effect for invasive nodule in vivo, and
no expression of HL-A7 antigen.’>** Since MRC-5 cells have
been proven to be safe and is currently widely used in the field
of vaccines,* and as a fibroblast cell, it might play a role in
the fibrotic repair of lung injury, we chose to use exosomes
derived from MRC-5 cells as the comparison object. From
our analysis, we identified extracellular vesicles from both
cell types. We observed round vesicles with a mean diameter
of 100 nm (Supplementary Fig. S2A and S2B). The vesicles
expressed common exosomal markers such as CD63 and
CD81 but did not express Calnexin when compared to the
cell lysates (Supplementary Fig. S2C). These results suggested
that the extracellular vesicles we isolated were exosomes.

Therapeutic Effects of MSCs-Exo on ALl

This assay was carried out according to the standard of an-
imal experimental acute lung injury recommended by the
American Thoracic Association,”? We first established an
ALI mice model by administering LPS to mice. We then
evaluated the effects of MSCs-Exo in the ALI mice model.
The histopathologic manifestations of LPS-induced ALI mice
model included diffuse alveolar injury, lung tissue structure
destruction, alveolar septal thickening, inflammatory cell in-
filtration, a little pink fibrinous deposit, increased levels of
IL-1B and IL-18 in serum and bronchoalveolar lavage fluid
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(BALF), and increased secretion of LDH and total protein
in BALF (P <.05) (Fig. 1A-1H). Treatment with MSCs-Exo
alleviated LPS-induced lung injury, reduced the level of IL-1f
and IL-18 in serum and BALF, and reduced the lung wet-to-
dry ratio and total protein in BALF (P <.05; Fig. 1A-1H).
However, MRC-5-Exo treatment had no effect on the mice.
Interestingly, MSCs-Exo treatment alleviated LPS-induced
ALI in a dose-dependent manner, with high-dose MSCs-Exo
being more effective than medium- and low-dose MSCs-Exo
(P <.05; Supplementary Fig. S2D and S2E). We also used
Micro CT and quantification of lung volume to evaluate LPS-
induced mice lung injury after 48 hours. The CT showed that
there were diffuse and part-solid lesions in the LPS group.
MSCs-Exo treatment alleviated LPS-induced exudative and
patchy lesions, while MRC-5-Exo treatment had no effect
(P < .01; Fig. 11 and 1J). These results suggested that MSCs-
Exo had therapeutic effects on ALL

MSCs-Exo Alleviate LPS-Induced Inflammation by
Inhibiting AM Pyroptosis

Given that MSCs-Exo have anti-inflammatory effects and AM
pyroptosis promotesinflammatory reactionsin the development
of ALIL we proposed that MSCs-Exo regulate AM pyroptosis.
We evaluated the effects of MSCs-Exo on AM pyroptosis by
determining the proportion of AM in BALF in each group of
mice. The results showed that LPS treatment reduced the pro-
portion of AM in BALE but treatment with MSCs-Exo was
able to reverse this effect (P <.05; Fig. 2A and 2B). We fur-
ther found that MSCs-Exo inhibited LPS-induced secretion of
LDH in BALF (P < .01; Fig. 2C). We also examined caspase-1-
mediated pyroptosis in LPS-induced ALIL The results showed
LPS treatment increased the expression of NLRP3, caspase-1,
GSDMD, IL-1p, and IL-18 protein in the lung tissue, as well
as the expression of cleaved caspase-1, GSDMD, and IL-1f
protein (P <.05). MSCs-Exo treatment decreased the expres-
sion of NLRP3, caspase-1, GSDMD, IL-1f, IL-18, caspase-1
p20, cleaved-GSDMD, and IL-1f p17 caused by LPS (P < .05),
while MRC-5-Exo treatment had no effect (Fig. 2D-2L). These
results suggested that AM may undergo pyroptosis after lung
injury and produce pro-inflammatory factors that promote the
pathogenesis of ALI and that MSCs-Exo may alleviate LPS-
induced inflammation by inhibiting AM pyroptosis.

MSCs-Exo Inhibit AM Pyroptosis by Targeting
Activated Caspase-1

To further prove the role of MSCs-Exo in AM pyroptosis, we
used primary AM to address this issue. We isolated AM from
BALF and analyzed the expression of CD170 and CD1lc,
which are cell surface markers of AM. The results showed
that the purity of AM in the isolated cells was over 90%
(Supplementary Fig. S3A). We then labeled MSCs-Exo with
PKH26 and incubated them with AM. The data showed that
MSCs-Exo could be internalized by AM (Fig. 3A). Nigericin
(Nig) induced pyroptosis in LPS-primed AM, by causing
the morphology of cells to change to spherical and the cell
membranes to swell and rupture (Supplementary Fig. S3B and
S3C and Supplementary Video S1). MSCs-Exo increased the
time taken for the LPS/Nig-induced swelling and rupture of
AM to occur (Supplementary Video S2). We further assessed
the effects of MSCs-Exo on AM pyroptosis. A caspase-1 inhib-
itor, YVAD, was used as the control.*’ Treatment with MSCs-
Exo and YVAD for 12 hours suppressed AM pyroptosis,
MSCs-Exo reduced the number of Pl-positive cells induced
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Figure 1. MSCs-Exo alleviate LPS-induced acute lung injury (n = 16/group). (A) H&E staining for the lung tissues. Lung lesions indicated by red
arrowhead. Scale bar = 50 um. (B) Quantification scores of lung injury based on histological analysis. (C) Analysis of lung wet-to-dry weight ratio in
mice. (D&E) Analysis of Il-1p (D) and IL-18 (E) levels in serum using ELISA. (F) Total protein levels in BALF (G&H) Analysis of Il-1p (G) and 11-18 (H) levels
in BALF using ELISA. (I) Micro-CT horizontal images of mice. Lung lesions indicated by arrowhead. (J) Quantification of lung volume. ****P < .0001,
*#*P < 001, *P < .01, *P < .05, ns: not significant. Data are presented as the mean + SD.
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Figure 2. MSCs-Exo inhibits pyroptosis in mice. (A) Flow cytometry analysis to identify the proportion of AM in BALFE. AM is CD170*, and CD11c* cells.
(B) The proportion of AM in BALF. (C) Relative LDH release in BALF. (D) Expression analysis of NLRP3, caspase-1, caspase-1 p20, GSDMD, cleaved-
GSDMD, IL=18, 118 p17 and IL:18 in lung tissues using Western blot. (E-L) Quantification of protein levels of NLRP3 (E), caspase-1 (F), caspase-1 p20

(G), GSDMD (H), cleaved-GSDMD (1), =18 (J),
Data are presented as the mean + SD.

IL1B p17 (K) and IL-18 (L). n = 3/group. ****P < 0001, ***P < .001, **P < .01, *P < .05, ns: not significant.
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PKH26 , AM was stained with phalloidin, nuclear was stained with DAPI . Scale bar = 50 um. (B) AM were primed with LPS for 2 h, treated with Nig,
and subsequently treated with Exo or YVAD. Pl staining of AM 12 h after treatment. Pl (red) images were merged with bright-field images. Scale bar =
100 um. (C) Quantification of the percentage of PI* AM. ****P < 0001, **P < .01, ns: not significant. Data are presented as the mean + SD. Exo: SCs-
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by LPS/Nig (P < .01) (Fig. 3B and 3C). This provides initial
evidence that MSCs-Exo inhibits AM pyroptosis.

Since caspase-1 activation is critical for pyroptosis to occur,
we further investigated the effect of MSCs-Exo on caspase-1
activation. The FAM-FLICA caspase activation assay results
showed that LPS/Nig treatment caused caspase-1 activation,
while MSCs-Exo treatment inhibited caspase-1 activation
in AM (Fig. 4A). In addition, we evaluated the levels of the
cleaved caspase-1 (caspase-1 p20) in AM and found that
MSCs-Exo also reduced the ratio of caspase-1 p20 activated
by LPS/Nig (P < .0001; Fig. 4B and 4C). The measurement of
LDH, IL-1p, and IL-18 levels in the culture supernatant indi-
cated that MSCs-Exo reduced LDH, IL-1{, and IL-18 release
in AM (P < .01; Fig. 4D-4F).

Since AM is difficult to expand in vitro and does not meet
WB experimental needs, we used J774A.1 macrophage cell
line to verify the inhibitory effect of MSCs-Exo on the cell
pyroptosis. The results of J774A.1 were consistent with AMs.
MSCs-Exo could be internalized by J774A.1. Treatment of
MSCs-Exo delayed the swelling and rupture of J774A.1
caused by LPS/Nig, reduced the number of Pl-positive cells
and the release of LDH, IL-1f, and IL-18 induced by LPS/
Nig, and inhibited caspase-1 activation in J774A.1 (P < .05;
Fig. S4). Besides, MSCs-Exo also reduced the ratio of
caspase-1 p20 activated by LPS/Nig in J774A.1 (P <.0001)
(Supplementary Fig. S5). We first evaluated the expression of
pyroptosis-related proteins in J774A.1 cells. LPS/Nig treat-
ment not only increased the levels of NLRP3, Caspase-1,
GSDMD, IL-18, and cleaved-GSDMD in cell lysates but it
also increased Caspase-1 p20 and IL-1f p17 levels in cell-
culture supernatants (P <.001). MSCs-Exo reduced the ele-
vated levels of pyroptosis-related proteins induced by LPS,
as well as cleaved Caspase-1 (P <.05; Fig. 5). These results
suggested that MSCs-Exo inhibited J774A.1 pyroptosis by
inhibiting the activation of caspase-1.

Multiomics Analysis Reveals the Possible
Mechanism of MSCs-Exo Inhibiting Pyroptosis

As previous studies have found that exosomes could regu-
late the biological functions of the target cells by delivering
miRNAs and proteins, we compared the differential miRNAs
and proteins between MSCs-Exo and MRC-5-Exo. MiRNA
sequencing revealed that a total of 710 miRNAs were dif-
ferentially expressed in MSCs-Exo compared with MRC-
5-Exo, including 398 upregulated and 312 downregulated
miRNAs (absolute log2FoldChange > 1; P-value < 0.05; Fig.
6A Supplementary Table S1). The above 710 miRNAs were
also analyzed by hierarchical clustering (Supplementary Fig.
S6B). To further explore the mechanism of miRNAs in MSCs-
Exo-inhibited pyroptosis, a total of 86 pyroptosis-related
genes (PRGs) were collected from the IPA (Supplementary
Table S2). We obtained interactions between upregulated
miRNA in MSCs-Exo and PRGs using the TargetScan da-
tabase.*! There were 175 upregulated miRNAs targeting 82
PRGs (Supplementary Table S3). Among them, 30 upregulated
miRNAs could target NLRP3, CASP1, GSDMD, IL1B, and
IL18 genes (Fig. 6C), which are key factors in the caspase-1-
mediated pyroptosis pathway.

Proteomics analysis identified a total of 693 differen-
tially expressed proteins, including 83 wupregulated and
610 downregulated proteins (fold change>2 or<0.5;
P-value < .05; Fig. 7A; Supplementary Table S4). The above
693 proteins were also analyzed by hierarchical clustering
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(Fig. 7B). Further enrichment analysis of 610 proteins with
higher levels in MRC-5-Exo using the Metascape platform
revealed that these proteins, including many extracellular
matrix proteins and ribosomal proteins, may be involved in
multiple pathways and processes, including metabolism, lo-
comotion, and biological adhesion. The top 20 clusters are
shown in Fig. 7C; Supplementary Table S5 (P-value <.01,
a minimum count of 3, and an enrichment factor > 1.5).
Further, we also enriched analysis of 83 upregulated proteins
in MSCs-Exo (Fig. 7D; Supplementary Table S6). Interestingly,
these proteins are mainly immunoregulating proteins, that are
involved in the processes of response to stimulus, detoxifi-
cation, and biological regulation, indicating that MSCs-Exo
may inhibit AM pyroptosis through immunoregulation.

In summary, our study showed that the pyroptosis of
AM plays a crucial role in the pathogenesis of ALL and that
MSCs-Exo may ameliorate ALI by inhibiting AM pyroptosis
through delivered miRNAs and proteins (Supplementary
Fig. S6).

Discussion

Currently, MSCs are widely used in basic and clinical re-
search. They have been shown to reduce the inflammatory
response, promote lung tissue regeneration, and improve the
outcome of patients in coronavirus-induced lung injury.*
Extracellular vesicles (EVs) are particles naturally released
from cells. According to physical characteristics of size, EV
includes small EVs (<100 nm or <200 nm) and medium/
large EVs (200 nm).* Exosomes was one kind of the small
EVs. MSCs-derived exosomes are effective in the therapy of
various diseases in research, such as brain, lung, liver, and
cardiovascular diseases.?*23*47 It has been reported that pro-
phylactically injection of MSCs-exo had a therapeutic effect
on traumatic ALL*® However, more evidence is required to
show that MSCs-Exo is suitable for treating ALL. Our current
study demonstrated that MSCs-Exo could alleviate acute lung
injury by inhibiting alveolar macrophage pyroptosis.

The vesicles in our experiment were approximately 100 nm
diameter and expressed exosomal markers such as CD63 and
CD81. Therefore, they were identified as exosomes. Although
the administration of exosomes in advance may enable them
to take effect earlier and achieve better results, we chose to
evaluate the effect of therapeutic drug administration to get
closer to clinical application scenarios. We applied MSCs-Exo
by intratracheal instillation® in ALI mice model and found
that MSCs-Exo alleviated histological severity, protein per-
meability, and inflammatory response induced by LPS. Our
findings were consistent with findings from other studies,
showing that MSCs-Exo has the capacity for tissue repair.
We also observed that the efficacy of MSCs-Exo was dose-
dependent, with the high-dose being more effective than the
middle dose. These data indicated that MSCs-Exo has ther-
apeutic potential for treating ALL Our results were in line
with results from another study, although results from which
showed that exosomes elicited a negative response when the
dosage was above 2 x 10° particles. They therefore concluded
that the beneficial effects of adipose mesenchymal stromal
cells-derived extracellular vesicles can only be harnessed by
identifying the effective dose.”® Unfortunately, the dose and
unit of exosomes have not yet been standardized. It will be in-
teresting to explore the appropriate dosage and pharmacoki-
netics of MSC-Exo in the future according to this phenomenon.
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Figure 4. "MSCs-Exo inhibits the activation of caspase-1 during AM pyroptosis. (A) Flow cytometry analysis to identify the percentage of PI* and active
caspase-1* AM. (B) Immunofluorescence staining for caspase-1 p20 in AM. Cells were immunostained for caspase-1 p20 , while nuclear was stained
with DAPI . Scale bar = 50 pm. (C) Quantification of the percentage of caspase-1 p20+ cells. (D) Relative LDH release in supernatant of AM. (E&F)
Analysis of the IL-1p (E) and =18 (F) levels in supernatant of AM using ELISA. ****P < 0001, **P < .01, ns: not significant.
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Figure 5. MSCs-Exo inhibits the activation of caspase-1 and pyroptosis of J774A.1 cells. (A) Expression analysis of caspase-1 p20 and IL-1p p17

in supernatant of J774A.1 cells, and NLRP3, caspase-1, GSDMD, cleaved-GSDMD, and IL-1p in J774A.1 cell lysates using Western blot. (B-H)
Quantification of protein levels of caspase-1 p20 (B), Il-1p p17 (C), NLRP3 (D), caspase-1 (E), GSDMD (F), cleaved-GSDMD (G), and IL-1p (H). n= 3/
group, ****P < 0001, **P < .001, *P< .01, *P < .05, ns: not 5|gnn‘|cant. Data are presented as the mean + SD.
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AM has a vital impact on natural immunity, which can
release inflammatory cytokines and interact with other im-
mune cells to facilitate the development of ALIL Researchers
found that AM pyroptosis caused a complex of inflamma-
tory responses and signaling transduction.’’ AM pyroptosis
exaggerated lung inflammation and promoted the pathogen-
esis of ALL It has been reported that caspase-1-dependent
pyroptosis in macrophages is associated with the secretion of
inflammatory factors IL-1f3 and IL-18.% Besides, caspase-1-
deficient mice can resist endotoxic shock caused by large doses
of LPS.** We also observed that AM pyroptosis participated in
the LPS-induced ALI.

MSCs-Exo reduce inflammation and alleviate lung injury,
through their immunomodulatory properties or inhibiting en-
dothelial cell apoptosis.***> However, the exact mechanism
underlying the anti-inflammatory effects of MSCs-Exo is
not well understood. Recent studies showed the therapeutic
effects of MSCs for many diseases partly depended on their
function in regulating cell death.’®* MSCs have the function of
preventing macrophage pyroptosis.’®” Exosomes are one of
the essential paracrine mediators of MSCs, which may have
similar functions to parental cells. It has been demonstrated
that exosomes derived from bone marrow mesenchymal stem

cells can inhibit pyroptosis in epithelial cells, thus alleviating
lung ischemic-reperfusion injury.’® In another study, adipose-
derived stem cell-derived exosomes were found to miti-
gate pyroptosis-related gene expression in AMs induced by
smoking.”” However, the specific role of exosomes in the oc-
currence of pyroptosis was not fully elucidated. In our study,
we discovered that MSCs-Exo may reduces inflammation by
inhibiting cell pyroptosis. We further analyzed the effects of
MSCs-Exo on AM pyroptosis in vivo and in vitro. First, we
compared the effects of Ac-YVAD-CMK and MSCs-Exo on
pyroptosis of primarily cultured AM. Ac-YVAD-CMK is a
specific and irreversible inhibitor of pyroptosis. Ac-YVAD-
CMK has been shown to inhibit the secretion of mature
IL-1B by blocking caspase-1 activation, which alleviated A.
baumannii-induced lung injury.®® Ac-YVAD-CMK pretreat-
ment also alleviated LPS-induced lung injury by inhibiting
AM pyroptosis.! Our results showed that MSCs-Exo di-
rectly inhibited AM pyroptosis, with an effect comparable
to Ac-YVAD-CMK. We further explored how MSCs-Exo in-
hibited AM pyroptosis, and found that MSCs-Exo inhibited
caspase-1 expression and activation. These results showed
that MSCs-Exo may inhibit AM pyroptosis by suppressing
caspase-1 activation.
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Figure 7. Proteomic analysis of MSCs-Exo and MRC-5-Exo. (A) Volcano map illustrating differentially expressed proteins in MSCs-Exo and MRC-5-Exo.
Fold change > 2 or < 0.5. P-value < .05. Dots indicate upregulated, downregulated and no change proteins (n = 3). (B) Heatmap illustrating hierarchical
cluster analysis of differentially expressed proteins between MSCs-Exo and MRC-5-Exo. (C) Pathway and process enrichment analysis of proteins with
lower level in MSCs-Exo compared with MRC-5-Exo. Log10(P) is the P-value in log base 10. (D) Pathway and process enrichment analysis of proteins
with higher level in MSCs-Exo compared with MRC-5-Exo. Log10(P) is the P-value in log base 10.
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To further identify the components and the specific regu-
latory mechanisms involved in inhibiting AM pyroptosis by
MSCs-Exo, we analyzed the components of MSCs-Exo and
MRC-5-Exo by miRNA sequencing and proteomic analysis.
Our results showed that 30 upregulated miRNAs could target
NLRP3, CASP1, GSDMD, IL1B, and IL18 genes. Researchers
found that miR-22-3p plays a protective role in asthma.
Overexpression of miR-22-3p attenuated asthma in mice by
regulating NLRP3-caspase-1-IL-1f axis.®? Besides, miR-22-3p
could directly target NLRP3 according to dual-luciferase
reporter assay.®> Studies found that miR-214-3p contains
caspase-1-binding sites, overexpression of miR-214-3p
decreased caspase-1 levels in fibroblasts.®* Another study also
verified that transfection of miR-214-3p reduced CASP1 ac-
tivity by luciferase assay and decreased gene expression of
CASP1 by qPCR experiment.® MiR-221-5p regulated inflam-
matory responses in acute gouty arthritis, which can target
IL1B gene. Its overexpression reduced the expression of in-
flammatory factors such as TNF-a, IL-8, and IL-1f3.%¢ The re-
lationship between some upregulated miRNAs and GSDMD
gene has been verified. MiR-18a-3p not only directly bound
to GSDMD but also reduced the levels of LDH, IL-1f, and
IL-18 induced by LPS.®” Our results showed that miR-16-5p
may target GSDMD. Another studied found that Casp1l was
the direct target gene of miR-16-5p.% These results suggested
that multiple miRNAs enriched in MSCs-Exo may have the
potential to target the caspase-1-related pyroptosis genes,
which needs to be verified by more experiments.

Our proteomic analysis of differential proteins between
MSCs-Exo and MRC-5-Exo indicated that MSCs-Exo may
inhibit AM pyroptosis through immunoregulation. According
to Reactome Gene Sets and KEGG analysis, upregulated
proteins in MSCs-Exo are mostly enriched in pathways
of binding and uptake of ligands by scavenger receptors,
vesicle-mediated transport, and complement and coagula-
tion cascades. This added evidence to explain that MSCs-
Exo participated in immune system response and response to
stimulus. Some studies had represented similar conclusions
that MSCs-EVs exert immunomodulatory function by
delivering proteins.®>”° Interestingly, according to Reactome
Gene Sets and KEGG analysis, enriched proteins in MRC-
5-Exo mostly enriched in the pathway of axon guidance,
peptide chain elongation, eukaryotic translation elongation,
and ribosome. It might provide an alternate explanation for
MSCs-Exo inhibiting AM pyroptosis by reducing the biosyn-
thesis of pyroptosis-related proteins.”! Further investigations
are of substantial importance to elucidate these potential
mechanisms.

Conclusions

Findings from our study suggested that MSCs-Exo have
anti-inflammatory properties like their parental cells and
therapeutic effects against ALI were dose-dependent. In ad-
dition, we provided evidence that pyroptosis of AM plays an
important role in LPS-induced ALI. We also demonstrated
that MSCs-Exo reduce inflammation by inhibiting AM
pyroptosis. MiRNA sequencing and proteomic results showed
that MSCs-Exo may inhibit pyroptosis by miRNAs targeting
caspase-1-mediated pathway, and by proteins possessing
immunoregulation functions. In summary, we demonstrated
that MSCs-Exo has the potential to be applied in the develop-
ment of new therapeutic strategies for the early stage of ALL
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