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inflammation; To illustrate the potential of mesenchymal stem cell-derived exosomes (MSC-Exos) in

mesenchymal stem mitigating septic lung injury by reducing the excessive formation of neutrophil extracellu-
cell-derived lar traps (NETs), a mouse model of septic lung injury was induced through cecal ligation
€xosomes; and puncture (CLP). The mice received intraperitoneal injections of MSC-Exos. Post injection,

neutrophil pathological alterations of the lung tissue were evaluated through HE staining, and the levels
extracellular traps; of inflammatory markers in each mouse group at various time points were assessed using

septic lung injury ELISA kits. The presence of NETs markers in lung tissue (colocalization of CitH3 and MPO) was

determined via immunofluorescence, and the levels of dsDNA in mouse serum were measured
using a dsDNA kit. The findings indicated noticeable damage in the sepsis group postsurgically,
whereas the severity of lung tissue damage was significantly diminished in mice of the MSC-
Exos group. By the 72-h mark after the CLP procedure, there was an elevation in TNF-q, IL-6,
IL-1B, and IL-10. Compared to the CLP group, the inflammatory factors in the serum of mice
from the CLP + MSC-Exo group were higher at 12 and 24 h but decreased at the 72-h point.
Furthermore, the fluorescence intensity of CitH3 and MPO and the dsDNA content increased
in the CLP group mice over different time intervals, with MSC-Exos reversing these changes.
In summary, MSC-Exos effectively suppressed sepsis-induced NETs formation and ameliorated
lung injury.
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Introduction 4°C to ensure the removal of any residual cellular debris.

The resulting filtrates were then purified by washing them
The term “sepsis” describes a deadly immunological with PBS and subjecting them to ultracentrifugation at

response to infection that results in organ failure. High rates
of morbidity and mortality are associated with this condi-
tion. Neutrophils play a crucial role in the host’s inflam-
matory response to invading infections during sepsis. They
employ three main methods to carry out their functions
effectively: degranulation, phagocytosis, and the release
of neutrophil extracellular traps (NETs). NETs, composed of
granular proteins with bactericidal properties, cytoplasmic
proteins, and decondensed nuclear or mitochondrial DNA,
are extracellular mesh-like DNA structures. NETs can neu-
tralize, eradicate, and stop the growth of bacteria, fungi,
and viruses. On the other hand, an overabundance of NETs
may worsen organ damage and inflammation, accelerat-
ing the development of sepsis.'" The lung is frequently the
organ most affected by sepsis.2 One possible approach to
mitigating sepsis-induced lung damage is to suppress NETs.?

Stem cell-based cell therapy may be crucial for main-
taining physiological balance and repairing damaged
organs, and the lungs have been the subject of research.
Mesenchymal stem cells (MSCs) are a new tool in the treat-
ment toolbox for acute lung damage stem cell therapy.
MSCs can be extracted from various tissues and possess
regenerative and multipotent characteristics. Due to their
immunomodulatory advantages, MSCs are highly attractive.
Numerous signaling molecules released by MSCs have been
found to be efficient in decreasing lung endothelial and
epithelial permeability, mitigating inflammation, facilitat-
ing tissue regeneration, inhibiting bacterial proliferation,
and ultimately lowering mortality rates in various preclini-
cal models of acute lung injury.*

Exosomes, ranging in size from 30 to 150 nm, are
minuscule membrane vesicles containing complex proteins
and RNA. Primarily derived from multivesicular bodies infil-
trated by intracellular lysosomal particles, exosomes are
discharged into the extracellular matrix upon fusion of the
multivesicular body membrane with the cell membrane.
Exosomes crafted from mesenchymal stem cells alleviate
organ injury associated with sepsis.>

Based on the role of NETs in the pathogenesis and prog-
nosis of sepsis and the therapeutic potential of MSC-Exos
in sepsis, this study confirmed that MSC-Exos can reduce
inflammatory response and tissue damage by reducing
excessive formation of NETs, thereby improving sepsis.

Methods
MSC-Exos extraction and identification

Differential ultracentrifugation technique was used to
separate and purify MSC-Exos. In brief, MSCs were grown
in fresh medium with 10% Exos-free FBS medium after
rinsing in PBS thrice once they reached 70-80% conflu-
ence. Following a 48-h incubation period, the superna-
tants obtained were processed by subjecting them to two
rounds of centrifugation lasting 10 min each at speeds
of 300 x g and 2000 x g to separate and eliminate dead
cells. Subsequently, the supernatants were filtered using a
0.22 pm filter and centrifuged at 10,000 x g for 30 min at

100,000 x g for 2 h at 4°C. Ultimately, PBS was used to
resuspend the exosomes. The Western botting technique
was employed in the identification of BMSCs-Exos to detect
exosome surface proteins.

Animals

Male C57BL/6J wild-type mice were fed in a particular
pathogen-free environment. Mice in the CLP group under-
went cecal ligation and puncture surgery. Mice were given
an abdominal incision through which the cecum was visible.
Next, a 21-gauge needle punctured the cecum twice near
the distal end, and 3-0 silk was tied at 75% of the distance
between the distal pole and the base. There was a little
extrusion of excrement. After that, the cecum was reposi-
tioned, and 5-0 sutures were used to seal the abdomen in
two layers.® Mice in the CLP + MSC-Exos group were intraper-
itoneally injected with MSC-Exos 3 h after CLP surgery. The
control group mice were provided with a standard diet and
no interventions. All animal experiments were conducted
per the guidelines approved by the Ethics Committee on
Animal Research at the First Affiliated Hospital of Wenzhou
Medical University (Approval no. 2021-0241).

Western blotting

Western blot was used to identify the protein markers
(TSG101, CD63, and Calnexin) of MSC-Exos. Twenty micro-
grams of protein samples were separated on a 12% SDS-
PAGE gel. After transferring the proteins to the PVDF
membrane, they were blocked for 1 h in TBST with 5% non-
fat milk. Overnight at 4°C, the membranes were treated
with a 1:1000 dilution of the primary antibody, and a sec-
ondary antibody of peroxidase-conjugated horseradish for
1 h. Then, PVDF was incubated with ECL luminescent solu-
tion, protein bands were observed in a gel imaging system,
and protein was quantified using Image TSG101 (Abcam,
UK, MA, ab125011, 1:1000); CDé63 (Abcam, ab217345,
1:1000); Calnexin (Affinity, China, JiangSu, Liyang, #AF5362,
1:1000); B-actin (Abcam, ab6276, 1:5000).

ELISA

The serum concentration of the inflammatory factors IL-10,
TNF-a, IL-1p, and IL-6 in each group of mice was determined
using the ELISA Kit. The absorbance was measured at 450
nm by an enzyme reader to determine the concentration of
inflammatory factors.

H&E Staining

The mouse lung tissue was embedded with paraffin and
sliced with a paraffin slicer. The lung tissue slices were
soaked in xylene for 10 min. Xylene was replaced after
10 min, and the tissue slices were again soaked for another
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10 min. Xylene was used to dissolve the paraffin content
in the slices, which helps the dye to penetrate the tissue.
This was followed by immersion of the lung tissue slices in
anhydrous ethanol for 5 min to remove xylene and facili-
tate tissue hydration. Subsequently, the tissue slices were
immersed in 95, 85, and 70% ethanol for 5 min each to
ensure complete hydration. The tissue sample was finally
stained using hematoxylin and eosin and dehydrated in a
gradient manner. The dehydrated tissue sample slices were
soaked in xylene twice and sealed with neutral gum.

Immunofluorescence

Immunofluorescence staining was performed to quantify
the level of NETs present in the lung tissue. The lung tis-
sue samples were embedded and sectioned into five slices,
with 1 pm thickness. The tissue sections were heat treated
in an antigen retrieval buffer containing sodium citrate,
followed by inhibition with endogenous peroxidase. The
tissue slides were coated with anti-MPO (Cell Signaling
Technologies) and anti-CitH3 (Cell Signaling Technologies,
Beverly, Massachusetts, USA) antibodies and incubated
overnight at 4°C in 1% goat serum primary antibody dilu-
tion. After three rounds of washing, the slides were
incubated for 2 h at 37°C with the secondary antibody.
4,6-diamidino-2-phenylindole (DAPI) was used as a counter-
stain for the nuclei. The images were captured using a flu-
orescence microscope.

dsDNA

The double-stranded DNA quantitative assay kit was used
for the evaluation of dsDNA levels in serum. Optical density
(OD) reading at 450 nm was taken with a microplate reader.
By leveraging the reference substance concentration and
the OD value, the linear regression equation for the stan-
dard curve was determined. The sample concentration was
computed by using its OD value in the equation. This value
was then multiplied by the dilution factor to establish the
actual concentration of the sample.

Statistical analysis

The means + SEM were displayed for all data. The two
groups were contrasted using the Student’s t-test. Analysis
of variance (ANOVA) was used to compare the data
between more than two independent groups.

Results
MSC-Exos identification

MSC-Exos was identified using the Western blot analysis.
Surface markers, such as CD63 and TSG101, were positive
in exosomes, while Calnexin, a nonexosomal marker, was
negative (Figure 1).

MSC-Exos improved lung injury in septic mice

The lung tissue structure of the control group was intact
and clear. On the other hand, the sepsis group had obvious
alveolar and interstitial edema, hemorrhage, and inflam-
matory cell infiltration at 24 h after surgery. The most pro-
nounced lung damage was observed at 72 h, characterized
by extensive destruction of the alveolar wall, presence of
pink exudate filling the alveolar cavity, widened alveolar
septum, edema, substantial infiltration of inflammatory
cells and red blood cells, as well as pulmonary vascular
congestion. There was a significant decrease in the area
of lung tissue damage, alveolar edema fluid, alveolar inter-
stitial edema, inflammatory cell infiltration, and red blood
cell infiltration in mice in the MSC-Exos group (Figure 2).

MSC-Exos reduced the production of inflammatory
factors in septic mice

The effect of MSC-Exos on serum inflammatory factors in
septic mice was detected using the ELISA technique. The
findings indicated a significant increase in TNF-a levels at 12
and 24 h post CLP, while IL-6, IL-1p, and IL-10 levels showed
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Figure 1
Calnexin, and the proteins were quantified.

MSC-Exos identification. Western-blot was used to detect the expression of exosome marker proteins TSG101, CD63 and
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CLP+MSC-Exos-72

Figure 2 MSC-Exos improved lung injury in septic mice. HE examination of pathological changes in lung tissue at 12, 24, and 72 h.

a marked rise at 72 h post CLP. In the CLP + MSC-Exos
group, inflammatory factor levels were elevated at 12 h and
24 h compared to the CLP group at the same time points.
However, at 72 h, the inflammatory factor levels in the CLP +
MSC-Exos group demonstrated a notable decrease compared
to those in the CLP group (Figures 3A-3D). This showed that
MSC-Exos inhibited the level of late inflammatory factors.

MSC-Exos reduced excessive NETs formation

NETs generation was observed to increase at various time
points in the CLP group, as indicated by the colocaliza-
tion of CitH3 and MPO, as well as the presence of dsDNA.
Meanwhile, the colocalization of CitH3 and MPO continued
to rise consistently (Figure 4A) and dsDNA (Figure 4B) in the
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Figure 3 MSC-Exos improved the production of inflammatory factors in septic mice. (A) ELISA was used to detect serum IL-6
levels at 12, 24, and 72 h. (B) ELISA detected serum IL-18 levels at 12, 24, and 72 h. (C) ELISA detected serum IL-10 levels at 12, 24,
and 72 h. (D) ELISA detected serum TNF-a levels at 12, 24, and 72 h.
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Figure 4 MSC-Exos reduced excessive NETs formation. (A) Immunofluorescence detection of colocalization of CitH3 and MPO in
lung tissues of mice 12, 24, and 72 h after CLP surgery. (B) dsDNA kit was used to detect the dsDNA content in the serum of mice

12, 24, and 72 h after CLP surgery.

MSC-Exos group decreased, indicating that MSC-Exos inhib-
ited NETs formation in septic lung tissue.

Discussion

Sepsis is a condition characterized by the acute dysfunc-
tion of multiple organs, resulting from the body’s com-
plex response to invading pathogens. It often necessitates
costly hospital care and stands as a primary contributor to
in-hospital mortality. The onset of sepsis prompts a rapid
and widespread inflammatory reaction in the body, setting
off a series of detrimental pathological and physiologi-
cal transformations that primarily impact the respiratory
system. The lungs are more susceptible to sepsis compared
to other organs.’

Septic lung damage is defined by increased microvascu-
lar permeability, which results in the leakage of protein-rich
edematous fluid and circulating inflammatory cells into the
pulmonary interstitium and air gaps. However, the patho-
physiology remains complex and elusive. In recent years, it
has become increasingly clear that inflammatory cytokines
play a critical role in sepsis-induced lung damage. Studies
have indicated that infected lungs comprise high levels of
proinflammatory cytokines such as TNF-a, IL-6, and IL-1p.
Consequently, there have been multiple efforts to mitigate
the inflammatory response by utilizing specific anticyto-
kines, antimedia, or medications. MSCs have emerged as a

focal point in research, extensively studied across various
clinical scenarios involving inflammatory conditions such
as sepsis.® Prior research has indicated that the therapeu-
tic efficacy of MSCs is facilitated by exosomes, which are
minuscule vesicles discharged from cells that play a piv-
otal role in mitigating lung injuries.® Exosomes, originating
from MSCs, possess the capacity to enhance the therapeu-
tic advantages of MSCs and potentially serve as a strategy
for managing persistent inflammation. MSC-Exos can allevi-
ate inflammation induced by LPS in lung epithelial cells."
Furthermore, exosomes derived from adipose-derived mes-
enchymal stem cells reduce severe systemic inflammatory
responses and organ damage and improve survival rates in
rats afflicted with sepsis syndrome." The present investiga-
tion verified that MSC-Exos impeded the concentrations of
TNF-q, IL-6, and IL-1p in the serum of mice suffering from
septic lung injury.

The innate immune system is essential for systemic
inflammation and immunosuppression during sepsis. The
primary component of innate immune cells is neutrophils;
unchecked neutrophil activation and infiltration would
endanger the host and encourage clinical deterioration.
Released from neutrophils, NETs are networks of extracel-
lular fibril matrices with histones and DNA incorporated in
proteases such as myeloperoxidase (MPO) and neutrophil
elastase. NETs play a dual role in infections: they assist in
combating bacteria, but excessive production can lead to
tissue damage in inflammatory conditions such as sepsis.
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Research indicates that NETs may exacerbate coagulation
abnormalities and inflammation in sepsis. Thus, inhibit-
ing NETs could be a viable approach to mitigating sepsis-
induced lung injury.” By targeting the formation of NETs in
lung tissue, MSCs prevent sepsis-associated lung damage.®
Specifically, the release of exosomal miR-127-5p from bone
marrow-derived MSCs has been shown to inhibit neutrophil
extracellular trap formation, consequently reducing acute
lung injury in septic individuals." Moreover, it was demon-
strated that MSC-Exos effectively decreased the presence
of NETs in septic mice, as evidenced by reduced levels of
dsDNA in lung tissues and diminished immunofluorescence
signals of CitH3 and MPO.

In conclusion, this study found that MSC-Exos alleviated
sepsis-induced lung tissue damage, lower the late-stage
inflammatory marker levels in the serum of mice with sep-
tic lung injury, and suppressed NETs production.
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