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Purpose: The main aim of the present study was to establish whether mesenchymal stem cell microvesicles (MSC MVs) exert anti-
fibrotic effects and investigate the mechanisms underlying these effects in a mouse model of acute respiratory distress syndrome
(ARDS)-associated early pulmonary fibrosis.

Methods: An ARDS-associated pulmonary fibrosis model was established in mice by an intratracheal injection of lipopolysaccharide
(LPS). At 1, 3, and 7 days after LPS-mediated injury, the lungs of mice treated with MSC MVs and untreated controls were carefully
excised and fibrosis was assessed based on the extent of collagen deposition. In addition, the development of epithelial-mesenchymal
transition (EMT) was evaluated based on loss of E-cadherin and zona occludens-1 (ZO-1) along with the acquisition of a-smooth
muscle actin (a-SMA) and N-cadherin. Nuclear translocation and -catenin expression analyses were also used to evaluate activation
of the Wnt/B-catenin signaling pathway.

Results: Blue-stained collagen fibers were evident as early as 7 days after LPS injection. Treatment with MSC MVs suppressed
pathological progression to a significant extent. MSC MVs markedly reversed the upregulation of N-cadherin and o-SMA and
attenuated the downregulation of E-cadherin and ZO-1. The expression and nuclear translocation of B-catenin were clearly decreased
on day 7 after MSC MV treatment.

Conclusion: Analyses indicated that MSC MVs could ameliorate ARDS-associated early pulmonary fibrosis via the suppression of
EMT and might be related to Wnt/B-catenin transition signaling.
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Introduction

Acute respiratory distress syndrome (ARDS) is an acute inflammatory pulmonary process triggered by severe pulmonary
and systemic insults to the alveolar-capillary membrane. The pathophysiology of ARDS involves complex interactions
among multiple mechanisms including immune cell infiltration, cytokine storms, alveolar-capillary barrier disruption,
apoptosis, and the development of fibrosis. Abnormal tissue repair after lung injury leads to fibrotic changes, which are
responsible for the high mortality rates of ARDS patients during the post-acute phase.' Several studies have shown that
pulmonary fibrosis is an important contributory factor to poor prognosis of patients with acute lung injury (ALI) and fibrotic
changes can occur in the early stages of ALI/ARDS.? The pathogenesis and pathological processes of pulmonary fibrosis
involve four steps: injury to the lung tissue due to various causes, release of diverse pro-inflammatory and pro-fibrotic
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mediators, destruction of tissue structures, and subsequent tissue repair.’® Lung-protective mechanical ventilation (MV)
along with other auxiliary approaches (prone position or judicious use of neuromuscular blocking agents) have been
successfully used to reduce the mortality rates associated with this condition. However, this approach can induce or
aggravate lung damage, a condition referred to as mechanical ventilation-induced lung injury (VILI).>® Adjuvant pharma-
cological approaches to reduce ARDS-associated pulmonary fibrosis have been highlighted as a potential means to improve
morbidity and mortality rates. Over the past two decades, considerable research has focused on developing pharmacological
therapies for ARDS, but results to date have been unsuccessful.”

Multiple preclinical studies have demonstrated the significant therapeutic potential of mesenchymal stem/stromal
cells (MSC) for ALI despite a limited engraftment rate of 1-5%.571° MSCs clearly have the capacity to suppress
inflammation, reduce fibrosis, and prolong survival time in preclinical models of pulmonary fibrosis induced by
bleomycin, silica, paraquat, and radiation.'"'*

Bone marrow MSCs have been shown to attenuate silica-induced pulmonary fibrosis via the suppression of Wnt/f-
catenin signaling.'”> However, MSCs have self-replicating capability with hazardous effects, including ectopic differentiation,
tumor formation, genetic instability, and cellular rejection.'® Recently, stem cell-derived treatments, such as MSC condi-
tioned media (CM) and extracellular vesicles (EV), have generated considerable interest as potential “cell-free” options with
similar therapeutic properties.'” Previously, our group demonstrated that MSC microvesicles (MSC MVs) reduced lung
inflammation, protein permeability, and pulmonary edema in endotoxin-induced ALI in mice.'® However, to the best of our
knowledge, whether MSC MVs have the ability to ameliorate LPS-induced ARDS-associated early pulmonary fibrosis has
yet to be addressed. Similarly, nothing is known of the potential mechanisms that might be responsible for such effects.

The administration of human MSC-derived EVs (exosomes and microvesicles) on day 14 in a mouse model of
bleomycin-induced pulmonary fibrosis led to significant downregulation of the mesenchymal marker, a-smooth muscle
actin (a-SMA), and decreased histopathological fibrosis, thus indicating that the therapeutic effects of these vesicles on
established lung fibrosis act by modifying the myofibroblastic phenotype.'®

Epithelial-mesenchymal transition (EMT) has a significant impact on the pathogenesis of pulmonary fibrosis.*’ >
Coincidentally, recent studies have reported critical roles of Wnt/B-catenin signaling in epithelial cell proliferation, EMT,
myofibroblast differentiation, and collagen synthesis.”>** Therefore, MSC MVs may present an effective therapeutic
option to prevent the development of ARDS into pulmonary fibrosis. The present study was designed to determine the
effects of MSC MVs on pulmonary fibrosis and changes in Wnt/B-catenin signaling pathway-related protein levels
following exposure to LPS.

Materials and Methods

MSCs and the Isolation of MSC MVs

Mouse bone marrow-derived MSCs (MBMSC) were obtained from ScienCell Research Laboratories (Carlsbad, CA).
These stem cells met all of the criteria for MSCs as defined by the International Society of Cellular Therapy.”> MSCs
were harvested from passage 8 were used for experimental use. MSC MVs were obtained from the supernatant fraction
of MSCs as described previously.”®?” Briefly, MSCs were cultured in MSC medium (MSC; Cat. No. 7501, ScienCell)
with 5% fetal bovine serum (FBS, Cat. No. 0025), MSC growth supplement (MSCGS; Cat. No. 7552), and penicillin/
streptomycin solution (P/S; Cat. No. 0503) until confluence in P150 flasks and subsequently serum-starved for 48 h in
fresh conditioned medium (MSCM without FBS, MSCGS, and P/S). To isolate MVs, conditioned medium was
centrifuged at 3000 rpm for 20 min to remove cellular debris, followed by centrifugation at 100,000 g (Beckman
Coulter, Brea, CA, USA) for 1 h at 4°C. MSC MVs were washed in phosphate buffered saline (PBS) and subjected to
a repeat ultracentrifugation step, resuspended according to the final MSC cell count after 48 h of serum starvation (10 pL.
MVs per 1x10° cells), and stored at —80°C until further use (Figure 1).

Identification of MSC MVs

The structure of the isolated MSC MVs was observed under a scanning electron microscope. MSC MVs were fixed with
3% (w/v) Karnovsky fixative for 2 h at 48°C. Monolayers were post-fixed for 2 h with 1% veronal buffered osmic acid
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Figure | Schematic diagram showing the isolation and identification of MSC MVs and animal experiment protocols.

and dehydrated in graded ethanols and/or propylene oxide. Cell preparations were then embedded in Epon or Araldite
resin cured at 60°C. Thin sections were contrasted with saturated aqueous uranyl acetate and Reynolds lead citrate and
subsequently imaged with a JEOL 1200 EX transmission electron microscope operating at 80 kV.*® MVs were
additionally assessed for diameter distribution by flow cytometry and subjected to Western blotting to identify specific
markers, including CD63 and TSG101 (1:1000 dilution, Abcam, Cambridge, UK).

Animal Experiments

The study protocol for animal experiments was approved by the Institutional Animal Care and Use Committee of Ningbo
University (approval number 2019—-189) and conformed to the guidelines of the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals. Male C57BL/6 mice (8—10 weeks, ~ 25 g, n=70) were purchased from
Charles River laboratories. Mice were housed under optimal pathogen-free laboratory conditions (25°C, 55% humidity
and 12 h day/night cycle) and provided with a standard laboratory diet and water. After at least one week of
acclimatization, mice were intraperitoneally anesthetized with chloral hydrate (4%) and administered with a single
intratracheal dose of purified LPS (5 mg/kg) or PBS in a total volume of 50 uL.*’ LPS-treated mice were randomized
into two groups that received either a vehicle or MSC MVs (100 pL) through the tail vein at 12 h after LPS-induced
injury. The control and LPS groups received identical doses of normal saline. Lung samples from LPS-injured mice with
or without MSC MV treatment were carefully excised and weighed on days 1, 3, and 7 after injury. The left lung was
removed and fixed in 4% paraformaldehyde while the right lung was immediately stored at —80°C for further analysis.

Histological Analysis of Lung Injury and Fibrosis

Left lung tissues were fixed in 4% paraformaldehyde and embedded in paraffin. After sequential staining with hematoxylin for
5 min and eosin for 2 min at 25°C and consecutive transverse slicing into 5 pm sections. The scoring criteria included
pulmonary edema, bleeding, neutrophil infiltration and small airway injury, which was rated as 0—4 points according to the
severity of the lesion: if no, <1/4, 1/4-1/2, 1/2-3/4, or >3/4 part of the area of microscopic field included the abnormal
observations, the slide was scored as 0, 1, 2, 3, and 4, respectively. For each slide, three fields were examined to minimize
regional variations. Lung fibrosis was evaluated by using staining tissues with Masson’s trichrome, a stain that allows the
identification of collagen. The degree of fibrosis was quantified based on the collagen content using Image J software.

Western Blotting
Lung tissues were homogenized with lysis buffer containing protease and phosphatase inhibitors (50:1). The total protein
concentration was measured using a BCA protein assay kit and 30 pg protein separated via 10% sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer to polyvinylidene fluoride membranes. After blocking in
5% bovine serum albumin (BSA) for 2 h, membranes were incubated overnight at 4°C with the following primary antibodies:
E-cadherin (1:1000, Cell Signaling Technology, MA, USA), N-cadherin (1:1000, Cell Signaling Technology), a-SMA (1:1000,
Santa Cruz Biotechnology), ZO-1 (1:1000, Cell Signaling Technology), f-actin (1:2000, Santa Cruz Biotechnology), and -
catenin (1:2000, Cell Signaling Technology). The following morning, membranes were washed three times 10 min per wash and
then incubated in Tris-buffered saline containing Tween 20 (TBST) supplemented with HRP-coupled anti-goat or anti-rabbit IgG
antibodies (1:5000, Santa Cruz Biotechnology) for 1 h at room temperature. Protein bands were examined by fluorography with
enhanced chemiluminescence (ECL) reagents and quantified with Image J and Bio-Rad software.

Immunohistochemical Analysis

Paraffin-embedded lung sections were prepared, blocked with 3% H,O,, and incubated with primary antibodies against
E-cadherin, N-cadherin, a-SMA, ZO-1, and B-catenin (1:200) at 4°C overnight. Lung sections were washed, incubated
with goat anti-rabbit secondary antibody (1:200) at room temperature for 1 h. The DAB-stained sections were postfixed
in 1% OsO4 for 30 min, reacted with 1% uranyl acetate for 20 min. The stained slides were imaged (x200) with
a fluorescence microscope (Olympus Corporation, Tokyo, Japan).

Statistical Analysis

Comparisons between two groups were carried out with the unpaired #-test. While, analysis of variance with Bonferroni
correction was used to compare multiple groups. Values were considered statistically significant at P <0.05. Statistical
analyses were performed using ImageJ and GraphPad Prism software (San Diego, CA).

Results
Characterization of MSC MVs

MSC MVs were characterized by electron microscopy, Nanoparticle Tracking Analysis (NTA), and Western blotting.
Scanning electron microscopy revealed that the isolation technique yielded a homogeneous population of spheroid
particles (Figure 2A). NTA showed that the diameter of the MSC MVs approximately 67.72 nm (Figure 2C), with
a concentration of 1.16x10"" particles per mL (Figure 2D). Western blotting analysis of the protein composition of MSC
MVs showed that, the membrane protein, CD63, was abundantly expressed on exosomes; we also clearly detected the
endosome-associated proteinTSG101 (Figure 2B). These results confirmed that the MVs derived from MSCs exhibited
the typical features of EVs in terms of size and the presence/distribution of protein markers.

MSC MVs Suppressed LPS-Induced Lung Injury and Fibrosis

To establish a model of ARDS-associated early pulmonary fibrosis, we selected three different time-points (1, 3, and 7
days) after LPS instillation (Figure 3A and B). On day 7, a decrease in the inflammatory response was observed. Notably,
pathological abnormalities were ameliorated by treatment with MSC MV s. Lung injury scores (Figure 3C) and the ratio
of lung wet weight to body weight (LWW/BW; Figure 3D) were reduced at all time points following MSC MV
treatment. Masson’s staining revealed obvious collagen fibers on day 7 (stained blue) following LPS injection; only
a limited number of collagen fibers were detected in lung tissues from mice in the MSC MV treatment groups
(Figure 3E). Collectively, these findings clearly indicate that MSC MVs suppress the pathological progression of ARDS-
associated early pulmonary fibrosis.

MSC MVs Alleviated LPS-Induced EMT

Immunohistochemical analysis demonstrated a gradual reduction in the expression of E-cadherin and ZO-1 (Figure 4).
Conversely, the expression of N-cadherin and a-SMA gradually increased; the highest levels were detected on day 7 after
LPS intervention (Figure 5). Notably, MSC MVs dramatically reversed the upregulation of N-cadherin and a-SMA and
attenuated the downregulation of E-cadherin and ZO-1 (Figures 4 and 5), suggesting that MSC MVs exert therapeutic
effects on pulmonary fibrosis by inhibiting the EMT process.
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Figure 2 The isolation and characterization of MSC MVs. (A) Transmission electron micrographs of MSC MVs. Scale bar, 200 nm. (B) Western blot analysis of MSC MV
markers (CD63 and TSG101) in exosome preparations. (C) The size distribution profile of MSC MVs. (D) The concentration distribution profile of MSC MVs.
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Figure 3 Pathological changes in mouse lung tissue during development of ARDS. Representative images of lung tissues staining with HE (A) and Masson staining (B) in an
animal model of ARDS (original magnification: X200). Morphological alterations in lung sections were determined based on the lung injury score (C). Lung permeability was
assessed by measuring the LWW/BW ratio (D). Masson’s trichrome staining was evaluated based on the area occupied by collagen (E). Data are expressed as mean + SEM of
at least three replicate experiments. *p <0.05; **p <0.01; ***p <0.00| versus the control group.
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Figure 4 MSC MVs protected the integrity of epithelial cells. Lung sections were subjected to immunohistochemical analysis using antibodies against ZO-1 (A) and
E-cadherin (B); original magnification, x200. Western blot analysis was performed to determine the protein expression of ZO-| (C) and E-cadherin (D). Data are expressed
as means + SEM (n=6). *p <0.05; **p <0.01; ***p <0.001 versus the control group.

MSC MVs Inhibited the Wnt/B-Catenin Signaling

The nuclear translocation of B-catenin, signal that acts as a molecular switch in the Wnt pathway, was clearly observed
on day 7 after LPS instillation (Figure 6A). Western blot experiments confirmed increased expression levels of B-catenin
in the LPS model compared with the control group, particularly on day 7 (Figure 6B). Notably, after the transplantation
of MSC MVs, the expression levels of B-catenin were significantly reduced when compared to the LPS model group.
These findings suggest that MSC MVs exert an inhibitory effect on pulmonary fibrosis and may relate to suppressing the
activation of the Wnt/B-catenin signaling pathway.

Discussion

Pathologically, ARDS is characterized by an acute phase that involves bilateral pulmonary infiltration, severe hypoxemia,
and pulmonary edema of non-cardiac origin; this is followed by a fibrotic phase in a large proportion of patients.
Previous studies reported that a single dose of intratracheal LPS injection could induce late pulmonary fibrosis from day
21 to 28 after administration.®’ However, Li et al’> demonstrated that the repeated administration of LPS in rats for three
consecutive days triggered rapid pulmonary fibrosis as early as 3—7 days after treatment. Early pulmonary fibrosis is an
important contributory factor to a poor prognosis in patients with ARDS.? In view of these previous findings, we
choseLPS to establish a model of ARDS. Then, we applied a specific time axis for experimentation such that we could
capture the earliest point of evidence for fibrosis.

In the present study, an ARDS-associated pulmonary fibrosis mouse model was successfully replicated via the
intratracheal injection of LPS. The lung injury and fibrosis scores of mice on day 7 following the injection of LPS
were significantly higher than those of mice in the control group, thus providing clear evidence of LPS-induced lung
injury and early pulmonary fibrosis.

Although numerous studies have explored the pathophysiological basis of ARDS, clinically available drugs have been

unsuccessful in reducing the mortality, long-term mechanical ventilation, and length of ICU admission in patients with
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Figure 5 MSC MVs attenuated the LPS-induced differentiation of myofibroblast. Lung sections were subjected to immunohistochemical analysis using antibodies against o-
SMA (A) and N-cadherin (B); original magnification, x200. Western blot analysis was performed to determine the protein expression levels of a-SMA (C) and N-cadherin
(D). Data are expressed as means £ SEM (n=6). *p <0.05; **p <0.01; ***p <0.00| versus the control group.
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Figure 6 MSC-MVs suppressed LPS-induced Wnt/B-catenin signaling. Immunohistochemical staining of B-catenin in mouse lung tissues (A). Western blot analysis of f3-
catenin levels (B). Data are expressed as means + SEM (n=6). *p <0.05; **p <0.01; ***p <0.001 versus the control group.

ARDS.* Despite the widespread adoption of ventilator strategies with low tidal volumes, investigators continue to report
early fibroproliferative activity in the lungs of patients with ARDS.? Currently, the treatment options for ARDS remain
limited. Previous authors have reported a high mortality rate of ~40% in the United States; this clearly reflects the lack of
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efficient medical countermeasures for ARDS.***> Over the past few decades, MSCs, regarded as “the next pillar of
medicine” have been shown to successfully reduce inflammatory response and collagen deposition,*® reduce pulmonary
vascular resistance, and improve vascular endothelial function and appropriate ventricular function in a bleomycin-
induced model of lung injury.®”*® Recent studies support the utility of MSC therapy as a potential option for treating
cases of severe ARDS and cytokine storm resulting from the novel coronavirus disease COVID-19, although preclinical
data are current lacking.*® However, existing data suggests that only a small number of MSCs are capable of
preferentially targeting damaged regions and surviving for over 24 h following systematic administration.** Moreover,
due to poor quality control and inconsistent characteristics associated with immune compatibility, stability, heterogeneity,
differentiation, and migration ability, substantial failures have been reported in many early and late-stage clinical
trials.*!**> As members of the MSC-derived secretome, MSC MVs and MSC EVs are known to exert a wealth of
promising preclinical effects in lung diseases, such as bronchopulmonary dysplasia, acute ARDS, bronchial asthma,
chronic obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis (IPF), pulmonary arterial hypertension,
and silicosis.*?

The intravenous administration of MSC MVs has been reported to significantly increase alveolar fluid rate clearance,
reduce lung protein permeability, and reduce the levels of inflammation in injured alveoli following severe E. coli
pneumonia in ex vivo perfused human lungs.!” In a silica-induced mouse model of lung fibrosis, MVs derived from
human BM-MSCs were effectively shown to reduce the recruitment of inflammatory cells into airways and reduce the
deposition of collagen in the lung parenchyma.** However, to date, only limited research has focused on the mechanisms
by which MSC MVs affect ARDS-associated early pulmonary fibrosis. Given that ARDS evolves in such a rapid manner,
the optimal window for therapeutic intervention is most likely to be either preceding or coincident with the onset of
fibroproliferation. In the present study, early intervention with MSC MVs was initiated prior to LPS-induced early
pulmonary fibrosis. Notably, we observed a significant reduction of collagen deposition in the interstitium on day 7;
moreover, lung tissue damage was markedly improved on days 3 and 7 after treatment with MSC MVs.

EMT, the process by which fully differentiated epithelial cells undergo mesenchymal phenotypic transformation to
produce fibroblasts and myofibroblasts, is an important contributor to the development of fibrosis and is usually
accompanied by changes in specific molecular markers.*> Several studies have demonstrated that the transplantation of
BMSCs can reduce pathological changes in the lungs of silica-treated animals, while also restoring epithelial character-
istics, and reducing mesenchymal features (as demonstrated by the the expression profiles of specific proteins), thereby
attenuating silica-induced pulmonary fibrosis in rats.'* These previous experiments showed that MSC MV restored the
epithelial morphology of cells, at least to a certain extent. In our experiments, MSC MV treatment led to an inhibition in
the LPS-induced expression of N-cadherin and 0-SMA while maintaining the levels of E-cadherin and ZO-1. These data
collectively suggest that the MSC MV-mediated inhibition of LPS-induced EMT contributes to protective effects against
LPS-induced pulmonary fibrosis.

The Wnt/B-catenin signaling pathway is known to play an important role in the pathological process of pulmonary
fibrosis, thus suggesting that the suppression of this pathway could be used as a therapeutic strategy with which to
alleviate pulmonary fibrosis.***” Studies found that p-catenin expression was increased after LPS treatment and the
therapeutic effects were mediated via interventions that reduce P-catenin expression, suggesting that B-catenin was
a comparatively detrimental agent for cell survival.**>° In a previous study, Cheng and co-workers reported that the
activation of p-catenin promotes LPS-induced ALI>' Similarly, Jang et al reported that p-catenin was involved in the
inflammatory responses of LPS-stimulated BEAS-2B human bronchial epithelial cells.”® Villar et al®® confirmed
abnormal activation of Wnt/B-catenin in patients with early sepsis-related ARDS that was associated with lung
inflammation and profibrosis. The nuclear translocation of B-catenin, a process that acts as a molecular switch in the
Wnt pathway, is known to represent a hallmark of Wnt/B-catenin activation.”® Data from this study showed high
expression levels of B-catenin in the lung tissue on day 7 after the intratracheal injection of LPS, which was suppressed
in the MSC MV treatment groups. Furthermore, the nuclear translocation of B-catenin was observed on day 7 in mice
treated with LPS.

Our study has some limitations that should be considered. First, our investigations of the role of MSC MVs in
pulmonary disease and development were based on an animal model; it is not clear how these findings can be translated
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to human medicine. Second, while a single dose of MVs clearly induced therapeutic effects, we should also consider the
application of multiple doses, as this approach has consistently been associated with superior outcomes. Third, we did not
acquire evidence for the alleviation of lung injury and fibrogenesis following the knockout or pharmacological inhibition
of B-catenin. This suggests that the Wnt/B-catenin signaling only participates in pulmonary fibrosis.

Conclusion

In summary, MVs released from MSCs exerted protective effects on early fibrosis by suppressing EMT in LPS-induced
ARDS. The mechanism underlying the therapeutic activity of MSC MVs potentially may involve the inhibition of the
Whnt/B-catenin signaling pathway.
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