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BMSC-derived exosomes ameliorate sulfur mustard-induced
acute lung injury by regulating the GPRC5A-YAP axis

Guan-chao Mao', Chu-chu Gong1, Zhen Wang1’2, Ming-xue Sun’, Zhi-peng Pei’, Wen-qi Meng1, Jin-feng Cen’, Xiao-wen He>, Ying Lu?,

Qing-giang Xu' and Kai Xiao'

Sulfur mustard (SM) is a highly toxic chemical warfare agent that causes acute lung injury (ALI) and/or acute respiratory distress
syndrome (ARDS). There are no effective therapeutic treatments or antidotes available currently to counteract its toxic effects. Our
previous study shows that bone marrow-derived mesenchymal stromal cells (BMSCs) could exert therapeutic effects against SM-
induced lung injury. In this study, we explored the therapeutic potential of BMSC-derived exosomes (BMSC-Exs) against ALl and the
underlying mechanisms. ALl was induced in mice by injection of SM (30 mg/kg, sc) at their medial and dorsal surfaces. BMSC-Exs (20
pg/kg in 200 pL PBS, iv) were injected for a 5-day period after SM exposure. We showed that BMSC-Exs administration caused a
protective effect against pulmonary edema. Using a lung epithelial cell barrier model, BMSC-Exs (10, 20, 40 ug) dose-dependently
inhibited SM-induced cell apoptosis and promoted the recovery of epithelial barrier function by facilitating the expression and
relocalization of junction proteins (E-cadherin, claudin-1, occludin, and ZO-1). We further demonstrated that BMSC-Exs protected
against apoptosis and promoted the restoration of barrier function against SM through upregulating G protein-coupled receptor
family C group 5 type A (GPRC5A), a retinoic acid target gene predominately expressed in the epithelial cells of the lung.
Knockdown of GPRC5A reduced the antiapoptotic and barrier regeneration abilities of BMSC-Exs and diminished their therapeutic
effects in vitro and in vivo. BMSC-Exs-caused upregulation of GPRC5A promoted the expression of Bcl-2 and junction proteins via
regulating the YAP pathway. In summary, BMSC-Exs treatment exerts protective effects against SM-induced ALl by promoting

alveolar epithelial barrier repair and may be an alternative approach to stem cell-based therapy.
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INTRODUCTION
Acute lung injury (ALI) is a serious and potentially fatal inflammatory
disease  characterized by damage to the alveolar
epithelial-endothelial barrier that results in the accumulation of
protein-rich edematous fluid in the alveoli, which in turn leads to
acute respiratory failure [1]. ALI can be caused by various injurious
stimuli, including sepsis, pneumonia (bacterial or viral), smoke
inhalation, major trauma, and mechanical ventilation with high tidal
volume, as well as exposure to and/or inhalation of industrial toxic
compounds, such as phosgene, sulfur mustard, and various oxides
of nitrogen (including nitric oxide, nitrogen dioxide, etc.) [2, 3]. Sulfur
mustard (2,2-dichlorodiethyl sulfide, SM) is a highly toxic chemical
warfare agent that can cause damage to the respiratory tract, eyes,
skin, and multiple organ systems; however, most postexposure
mortality and morbidity associated with SM are due to pulmonary
toxicity [4]. Because there are currently no ideal treatments for SM-
induced acute lung injury, improved therapies are needed to help
prevent additional pulmonary damage [5, 6].

Increasing evidence has shown that mesenchymal stem cell
(MSC)-based therapy is a promising new therapeutic approach for

treating ALl [7-9]. We previously found that BMSCs exert
protective effects against SM-induced ALI by alleviating inflamma-
tion and promoting tissue repair [10]. Although advances have
been made in MSC transplantation to treat lung injury, concerns
remain regarding tumor formation and long-term safety. New
treatments that do not require the administration of live cells are
therefore an increasingly attractive area of investigation [11].
There is growing evidence suggesting that the protective
paracrine effects exerted by MSCs are largely mediated by the
secretion of extracellular vesicles (EVs) [12, 13]. Since MSC-EVs may
have protective and reparative properties similar to those of their
source cells, their therapeutic potential for treating lung injuries
and diseases is being actively explored.

Exosomes are EVs that are secreted via the fusion of multi-
vesicular endosomes with the cell membrane and have been
shown to act as regulators of cell-cell communication. Exosomes
contain functional proteins, mRNAs, and microRNAs that can be
transferred between cells and affect protein expression in the
target cell [14, 15]. A number of studies have suggested that MSC-
derived exosomes (MSC-Exs) ameliorate the causal factors of ALI
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and other inflammatory lung diseases in preclinical contexts both
in vivo and ex vivo [16, 17]. However, the key factors in MSC-Exs
and the mechanism(s) underlying their therapeutic effects are
unclear and need to be examined. ALl is mainly characterized by
the destruction of the alveolar and vascular membrane barrier and
inflammatory response. Repairing barrier function to decrease
alveolar epithelial-endothelial membrane permeability has been
considered a treatment strategy for ALI [12]. Previous studies have
suggested that transplanted MSCs restore barrier function [18];
however, the molecular mechanism by which this repair occurs is
unclear.

In this study, we assessed the use of BMSC-derived exosomes
(BMSC-Exs) to treat SM-induced ALl and investigated the
mechanism of action. The antiapoptotic effects of BMSC-Exs and
their regulatory effects on the expression and distribution of cell
junction proteins in SM-induced lung injury models in vitro and
in vivo were also examined. We found that BMSC-Exs promoted
the repair of SM-induced lung epithelial tight junction dysfunction
and inhibited apoptosis by regulating the GPRC5A-YAP axis. Our
results provide an improved understanding of the use of BMSC-
Exs to treat ALI.

MATERIALS AND METHODS
Cells and mice
Murine MLE-12 cells (ATCC, CRL-2110) were purchased from the
American Type Culture Collection and cultured in DMEM/F12
medium (HyClone) containing 10% fetal bovine serum (FBS)
(Invitrogen), penicillin, and streptomycin (Gibco) at 37 °C with
5% CO,. Human lung fibroblasts (HFL-1 cells) were purchased
from the Chinese Academy of Sciences and cultured in minimal
essential medium alpha (MEM-a) containing 10% FBS (Invitro-
gen) and penicillin/streptomycin (Gibco) at 37 °C with 5% CO,.
Mycoplasma contamination tests were conducted on all cells.
Male ICR mice (25-30g) were purchased from Sino-British
SIPPR/BK Lab Animal, Ltd. (Shanghai, China), and GPRC5A-
knockout mice (25-30 g) were obtained from the Model Animal
Research Center of Nanjing University. All animals were main-
tained in a pathogen-free Animal Experimental Center and fed for
7 days before the experiments. All animals used in this study were
treated according to the Guide for the Care and Use of Laboratory
Animals, and the study procedures were approved by the
Institutional Animal Care and Use Committee.

Exosome isolation and characterization

Exosomes were isolated and purified by ultracentrifugation as
previously described [19]. FBS (Invitrogen) that was used for cell
culture was first ultracentrifuged at 100,000xg for 16 h at 4 °C to
remove bovine exosomes and protein aggregates. BMSCs and
HFL-1 cells at passages 3-8 were cultured in serum-free medium
supplemented with 10% FBS and 1% penicillin/streptomycin at
37 °C with 5% CO, for 48 h before the medium was harvested.
The conditioned medium was centrifuged at 2000xg for 10 min
at 4 °C to remove cellular debris and then passed through a 0.22
um filter (Millipore). The cleared supernatant was transferred to
an ultracentrifuge tube underlaid with a 30% sucrose/D,0
cushion (1.21 g/cm?) ultracentrifuged at 100,000xg for 70 min
at 4 °C. Exosomes were collected from the bottom of the tube
and concentrated using a 100kDa molecular weight cutoff
ultrafiltration membrane (Millipore) at 1000xg for 30 min at 4 °C.
The final pellet was resuspended in 200 pyL of PBS and stored at
—80°C until further use. The protein content was determined
using a BCA protein assay kit (Pierce, ThermoFisher). The
morphology of the extracted exosomes was observed using
transmission electron microscopy (Tecnai G2 Spirit FEI, Philips).
The size distribution was analyzed using a NanoSight
LM10 system equipped with fast video capture and particle-
tracking software.
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Acute lung injury mouse model and treatment

SM was diluted to the desired concentration (30 or 40 mg/kg) in a
propanediol solution as described previously (Sigma, St. Louis, MO,
USA) [10]. There were five randomized groups in this study: (i) the
control group, (i) the SM group, (iii) the SM 4+ NAC group, (iv) the
SM + BMSC-Ex group, and (v) the SM + HFL-Ex group. In the
control group, the appropriate propanediol solution was injected
into the mice. In the SM-exposed group, SM (30 mg/kg) was
subcutaneously injected into the medial and dorsal surfaces of the
mouse skin as previously described. Since N-acetylcysteine (NAC)
has been reported to be the lead candidate for the treatment of
SM-induced pulmonary toxicity, it was chosen as a positive control
in our study [20]. The mice in the SM+ NAC group were
administered the same treatment as mice in the SM group and
were then treated with NAC by gavage (200 mg/kg) once per day.
Mice in the SM + BMSC-Ex and SM + HFL-Ex groups were treated
with BMSC-Exs/HFL-Exs (20 mg/kg, resuspended in 200 pL of PBS)
via tail vein injection on the first and third days after SM exposure.
The mice were either evaluated or sacrificed at the indicated times
after SM exposure, and lung tissues were collected for lung injury
assessment and immunohistochemical and immunofluorescence
analyses.

Histopathological staining

Lungs were fixed in 4% paraformaldehyde for 24 h. After the
samples were dehydrated, cleared, immersed in wax, and
embedded, the lung sections (4 pm) were stained with
hematoxylin-eosin (H&E) for histological examination. Histological
evaluation was performed by a pathologist who was blinded to
the study groups [21]. The severity of lung injury was quantified
and blindly assessed by an experienced pathologist based on
images from 10 randomly selected high-power fields. For each
section, edema, alveolar and interstitial inflammation, alveolar and
interstitial hemorrhage, atelectasis, necrosis, and hyaline mem-
brane formation were each scored using a 0- to 4-point scale
according to the scoring system as described previously.

Measurement of BALF protein content and the wet-to-dry lung
weight ratio
The thoracic cavity was opened after anesthetic administration,
and the trachea was isolated and fixed with forceps. A tube was
then introduced into the trachea and secured using a 2/0 suture.
The right lung was lavaged three times with 800 L of PBS, and
the lavage fluid was collected in centrifuge tubes. The collected
BALF was immediately pooled and centrifuged (1500xg, 15 min).
Total protein in the cell-free BALF was quantified using a BCA
protein assay kit (Thermo Scientific) according to the manufac-
turer’s instructions.

To determine the wet-to-dry lung weight ratio, the left lung was
excised, and the wet weight was measured. The lung was then
placed into an oven at 72 °C for 72 h to obtain the dry weight.

Immunohistochemical analysis

Lung tissue sections were deparaffinized, dehydrated, and
subjected to antigen retrieval by microwave treatment in boiling
0.01 M citrate buffer (pH 6.0) for 20 min. Endogenous peroxidase
activity was blocked by treatment with 3% hydrogen peroxide for
10 min. The sections were incubated with goat serum to block
nonspecific binding, followed by overnight incubation at 4 °C with
50 pL of anti-Ki-67 antibody (ab15580, Abcam). The sections were
then incubated with a secondary antibody for 1 h and horseradish
peroxidase (HRP)-streptavidin for 30 min at 37 °C, and DAB was the
substrate. The proliferative index was defined as the number of
positively stained nuclei.

For immunofluorescence staining of junction proteins, the
sections were blocked and then incubated with primary
antibodies against occludin (40-4700, Invitrogen), claudin-1 (71-
7800, Invitrogen), or E-cadherin (#3195, CST) for 1h at room
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temperature, after which the sections were washed three times
using PBS, incubated with Alexa Fluor 488- or 555-conjugated
secondary antibodies for 30 min at room temperature, washed,
and mounted with 4/,6-diamidino-2-phenyl-indole (DAPI, Roche)
for 15 min to label the nuclei. The sections were examined with an
automated microscope (Lionheart FX, BioTek).

Transwell monolayer preparation and permeability measurement
MLE-12 cells were grown as monolayers in 6.5-mm-diameter
transwell filter inserts with a pore size of 3.0 um (Corning Life
Sciences, Lowell, MA, USA) and placed in 24-well tissue culture
plates. The cells were cultured for 96 h, and then the consistency,
confluence, and integrity of the monolayer were examined as
previously described [22-24]. Transepithelial resistance (TER) was
measured as previously described using an epithelial voltohm-
meter under open-circuit conditions (Millicell ERS-2, Millipore) to
determine the paracellular permeability of the epithelial cells. The
average TER was 250 Q-cm? after subtraction of a blank that
included the filter and fluid resistance. To facilitate comparisons
between experiments, the TERs of all monolayers were normalized
to those of control monolayers in the same experiment.

Cell viability assay

Cell viability was determined using the Cell Counting Kit-8 (CCK-8,
CKO04, Dojindo Laboratories) assay according to the manufacturer’s
instructions. Briefly, cells were seeded in 96-well plates at 4 x 10*
cells/cm?, incubated with SM (300 uM) for 30 min, and then
treated with BMSC-Exs or NAC for 24 h. The CCK-8 assay was
performed by adding 110 pL of fresh medium containing 10 pL of
CCK-8 solution to the cells and incubating them for 1-4 h at 37 °C.
The absorbance of the solution at 450 nm was measured using a
microplate reader (BioTek).

Apoptosis analysis

SM-treated MLE-12 cells were incubated with NAC or BMSC-Exs for
24 h. The treated cells were then harvested and subjected to
annexin V/propidium iodide (PI) double-staining (BD) and
analyzed by flow cytometry (Beckman CytoFlex) according to
the manufacturer’s protocol as previously described [25]. Briefly,
both floating and attached cells were pooled, washed, and
resuspended in binding buffer. Fluorescein isothiocyanate (FITC)-
conjugated annexin V and Pl were then added to the suspended
cells at a ratio of 1:60, and the mixture was incubated in the dark
for 15 min. Flow cytometric analysis was then performed on the
gated cells.

JC-1 and Hoechst 33342 staining

SM-treated MLE-12 cells were incubated with NAC or BMSC-Exs for
24h and then stained with JC-1 (Beyotime) or Hoechst 33342
(Sigma-Aldrich) according to the manufacturer’s instructions.
Briefly, the medium was replaced with 1 mL of fresh medium
containing JC-1 (5mg/mL) or Hoechst 33342 (50 mg/mL) and
incubated at 37 °C for 20 min. After being washed twice with PBS,
the cells were examined under an automated microscope
(Lionheart FX, BioTek). Images were analyzed using Gene 5 soft-
ware. Mitochondrial membrane potential depolarization was
indicated by an increase in the green/red fluorescence intensity
ratio, and apoptotic cells were identified by nuclear condensation
and/or fragmentation.

Quantitative real-time PCR

Total RNA was extracted from MLE-12 cells with TRIzol reagent
(Takara), and cDNA was synthesized using PrimeScript RT Master
Mix (TaKaRa) according to the manufacturer’s instructions.
Quantitative real-time PCR (RT-gPCR) was used to compare the
relative expression levels of target genes using SYBR Premix Ex
Taq (TaKaRa). All reactions were performed in triplicate, and the
mRNA level of the housekeeping gene glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH) was used as an endogenous
reference control. The primer sequences used in this study were as
follows:

E-cadherin forward primer: 5-CAGGTCTCCTCATGGCTTTGC-3/,
reverse primer: 5-CTTCCGAAAAGAAGGCTGTCC-3'; occludin forward
primer: 5-ACTGGGTCAGGGAATATCCA-3/, reverse primer: 5-TCAGCA
GCAGCCATGTACTC-3’; claudin-1 forward primer: 5-TCAGGTCTGGCG
ACATTAGT-3/, reverse primer: 5-TCAGCAGCAGCCATGTACTC-3/; ZO-
1 forward primer: 5-ACTCCCACTTCCCCAAAAAC-3, reverse primer:
5-CCACAGCTGAAGGACTCACA-3’; mouse GAPDH forward primer: 5/-
AACATCTACAAGCCCAACAACAAGG-3/, reverse primer: 5-GGTTCTG
CAATCACATCTTCAAAGTC-3'.

The data were analyzed relative to the controls. All assays were
performed on an ABI 7300 system (Applied Biosystems).

Confocal microscopy

Cells were seeded onto coverslips or Transwell filter inserts,
incubated with SM (300 uM) for 30 min, and then treated with
BMSC-Exs or NAC for 24h. The cells were fixed in 4%
paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-
100 at room temperature, blocked in 5% BSA, and incubated with
primary antibodies against ZO-1 (61-7300, Invitrogen), occludin
(40-4700, Invitrogen), claudin-1 (71-7800, Invitrogen), E-cadherin
(#3195, CST) and YAP (#14074, CST) at the indicated dilutions at
room temperature for 1 h. After three washes with PBS, the cells
were incubated with Alexa Fluor 488- or 555-conjugated
secondary antibodies for 1 h. The cells were washed three times
with PBS, and the nuclei were stained with DAPI for 10 min.
Images were obtained using a confocal laser scanning microscope
(Zeiss LSM710 Meta, Carl Zeiss) and analyzed using ZEN Light
Edition software (Carl Zeiss).

Transient siRNA transfection

For MLE-12 cell transfection, FECT reagent (Dharmacon) was used
to transfect GPRC5A siRNA (L-057339-00-0010, Dharmacon) or
nontargeting control siRNA (D-001810-10-05, Dharmacon) accord-
ing to the manufacturer’s instructions. Briefly, cells were seeded in
24-well plates or Transwell filter inserts for 12 h, transfected with
100 nM GPRC5A siRNA/nontargeting (NT) siRNA mixed with Opti-
MEM (Invitrogen) and incubated at 37°C for 72h to ensure
effective gene knockdown. Each siRNA transfection was per-
formed in triplicate. Knockdown levels were monitored by
Western blotting at 72 h post transfection.

Western blotting

Western blotting was performed as previously described [25]. Cells
were washed with cold PBS and then lysed in radioimmunopre-
cipitation assay (RIPA) buffer (Pierce). Total protein concentrations
were measured by BCA protein assay kits, and equal amounts of
protein were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad). The
membranes were blocked with 5% nonfat milk in 1x Tris-buffered
saline (TBS) with 1% Tween-20 (SCR) for 2 h at room temperature
(RT). Then, the membranes were incubated with the indicated
primary antibodies against cleaved PARP (#94885, CST), cleaved
caspase-3 (#9661, CST), cleaved caspase-9 (#9509, CST), Bcl-2
(#3498, CST), ZO-1 (61-7300, Invitrogen), occludin (40-4700,
Invitrogen), claudin-1 (71-7800, Invitrogen), E-cadherin (#3195,
CST), YAP (#14074, CST), phospho-YAP (#13008, CST), GPRC5A
(#12968, CST), B-tubulin (#2146, CST) and GAPDH (#2118, CST) at 4
°C for 16 h. After being rinsed, each membrane was incubated
with horseradish peroxidase-conjugated secondary antibodies.
Immunoreactive bands were detected with ECL Plus enhanced
chemiluminescence Western blotting detection reagents (Perki-
nElmer Life Sciences). The protein bands were scanned and
quantified based on optical densities using Imagel) software
(version 1.34s) and normalized to GAPDH.
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BMSC-Exs ameliorated SM-induced acute lung injury. a Survival curves of SM-injured mice treated with BMSC-Exs (20 mg/kg) by tail

vein injection. BMSC-Ex administration protected recipient animals from lung failure. (n = 15, **P < 0.01 vs the SM group). b Representative
photographs of H&E-stained lung sections from SM-exposed mice after NAC or BMSC-Ex treatment. Original magnification: x200. The BMSC-
Ex group exhibited obvious protection against SM-induced lung tissue damage, as revealed by the relatively normal alveolar cavity, mucosal
epithelium and airways and minimal inflammatory cell infiltration, and septal thickening in the mice (left panel). Comparison of pathological
lung injury scores in SM-exposed mice. ** represents P < 0.01 compared with the SM group (right panel). ¢, d Comparisons of BALF protein
levels (c) and wet-to-dry lung weight ratios (d) in SM-exposed mice. * represents P < 0.05, ** represents P < 0.01 compared with the SM group.

Statistical analysis

All statistical analyses were performed using SPSS 21.0 software.
Experimental data are reported as the mean + standard deviation.
Significance between two groups was determined with the two-
tailed Student’s t-test, and significance between multiple groups
was determined by ANOVA. Statistical significance of P <0.05 is
indicated by one (*) asterisk, and significance of P <0.01 and P <
0.001 is indicated by two (**) and three (***) asterisks, respectively,
in the figure.

RESULTS

BMSC-Exs ameliorated SM-induced acute lung injury

To assess the therapeutic potential of BMSC-Exs, mice were given
20 mg/kg exosomes by tail vein administration 24 h after injection
of SM, and detailed information regarding their general health
was recorded for 2 weeks. Beginning on day 3, the SM-exposed
mice suffered significant loss of weight and appetite, a gradual
increase in mortality was observed until the fifth day, and no mice
died after the eighth day. The administration of BMSC-Exs
alleviated these SM-induced effects. The general health and
survival rates were significantly improved by BMSC-Ex injection
(Fig. 1a and Supplementary Fig. S2a). H&E staining confirmed the
presence of epithelial necrosis, massive exudate and inflammatory
cell infiltration, pulmonary edema, substantial thickening of the
alveolar septum and hemorrhage after SM administration, while
BMSC-Ex administration significantly decreased tissue lesions and
perivascular infiltrates, and the observation of mild bleeding and
edema indicated a significant protective effect of BMSC-Exs
(Fig. 1b and Supplementary Fig. S2b). In addition, the BALF
(bronchoalveolar lavage fluid) protein levels and W/D (wet-to-dry
weight) ratio, which are important indicators of exudation
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associated with pulmonary edema, decreased at 120 h postinjec-
tion in animals that were administered BMSC-Exs, confirming that
BMSC-Exs reduced the acute, extensive lung injury caused by SM
(Fig. 1c, d and Supplementary Fig. S2¢, d).

BMSC-Exs reduced apoptosis in SM-injured lung epithelial cells

SM-induced cytotoxicity was analyzed in the MLE-12 cell line,
which is a murine lung epithelial cell line that has been widely
used to study acute lung injury and pulmonary fibrosis [24, 26].
SM-induced cytotoxicity was assessed by measuring cell viability
using a CCK-8 assay after BMSC-Ex or NAC treatment. As shown in
Fig. 2a, viability was reduced in SM-injured cells and increased in
BMSC-Ex-treated cells in a dose-dependent manner. The SM-
induced decrease in viability was also significantly alleviated in
NAC-treated cells. These results indicate that BMSC-Exs alleviated
SM-induced cytotoxicity and promoted recovery in MLE-12 cells.
The decrease in cell viability may be associated with apoptosis or
necrosis. We found that SM exposure significantly induced
apoptosis and that at 24 h after treatment, the number of
apoptotic cells decreased in the BMSC-Ex group compared with
the SM group (Fig. 2b and Supplementary Fig. S3a). Hoechst
33342 staining confirmed that there were fewer apoptotic cells in
the BMSC-Ex group than in the SM group (Fig. 2c). We previously
reported that SM accumulates in the mitochondria of living cells
and that mitochondrial injury can promote apoptosis [27]. Thus,
JC-1 staining was performed to measure changes in mitochondrial
membrane potential in MLE-12 cells treated with or without
BMSC-Exs. As shown in Fig. 2d, the ratio of green to red
fluorescence was significantly decreased in cells treated with
BMSC-Exs, indicating a reversal of SM-induced perturbation of
mitochondrial membrane potential. Apoptosis is usually asso-
ciated with caspase activation, and we found that in the BMSC-Ex
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Fig.3 BMSC-Exs alleviated SM-induced epithelial barrier damage. MLE-12 cell monolayers were pretreated with or without SM (300 pM) for
30 min in the basal chamber, after which the cells were transferred to fresh media containing PBS, NAC, or BMSC-Ex (20 pg) and cultured for
24 h. a TER was measured using an epithelial voltohmmeter under open-circuit conditions. TER data were normalized to those of identically
handled control monolayers. b Localization and distribution of adherens and tight junction proteins. MLE-12 cell monolayers were fixed and
subjected to immunofluorescence analysis to detect claudin-1, occludin, ZO-1, and E-cadherin (green). The nuclei were stained with DAPI
(blue). Images were obtained using a confocal microscope (scale bar = 50 pm). ¢ Claudin-1, occludin, ZO-1, and E-cadherin mRNA levels were
measured by RT-gPCR. d Claudin-1, occludin, ZO-1, and E-cadherin protein levels were measured by Western blotting, quantitated by
densitometric analysis using ImageJ software, and normalized to GAPDH. The data are shown as the mean + SD of three independent
experiments. *P < 0.05; **P < 0.01; and ***P < 0.001.

group, Bcl-2 levels increased, while cleaved PARP, cleaved
caspase-3, and cleaved caspase-9 levels decreased, compared to
those in the SM group (Fig. 2e). To illustrate the effects of BMSC-
Exs, human lung fibroblast (HFL-1)-derived exosomes (HFL-Exs)
were used as controls. Compared with those in the SM group, HFL-
Ex treatment had little effect on cell viability and apoptosis,
indicating that HFL-Exs exerted no significant protective effects
(Supplementary Fig. S3). Taken together, these results indicate
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that BMSC-Ex treatment reduced SM-induced lung epithelial cell
apoptosis.

BMSC-Exs alleviated SM-induced epithelial barrier damage

ALl is characterized by damage to the barrier functions of the
alveolar epithelium and vascular endothelial cells, resulting in
pulmonary edema [2, 12]. The pathophysiological changes in SM-
induced ALl resulted in a decline in alveolar epithelial barrier
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function (Fig. 1b). To determine whether SM directly affects
alveolar epithelial cells, MLE-12 monolayers were established
in vitro. As shown in Fig. 3a, SM exposure caused TER, which is a
sensitive measure of epithelial barrier function, to fall by 51% in
monolayers in the SM group compared with the control group,
indicating that barrier function was disrupted by SM. Both NAC
and BMSC-Ex treatment inhibited the SM-induced reduction in
TER (Fig. 3a). The TER increased by 30% in the BMSC-Ex-treated
group compared with the SM group, showing that BMSC-Exs
promoted barrier function repair. Adherens and tight junctions are
important structures that maintain the alveolar membrane barrier
and the permeability of pulmonary epithelial cells [28]; thus, the
distribution of E-cadherin, claudin-1, occludin, and ZO-1 was
examined. As shown in Fig. 3b, SM significantly induced the
endocytosis of E-cadherin, claudin-1, and occludin, leading to tight
junction protein damage or discontinuous distribution. Compared
with the SM and NAC, BMSC-Ex treatment reduced barrier loss and
the internalization of E-cadherin, claudin-1, and occludin (Fig. 3b).
Combined with the in vivo data, these in vitro data indicate that
BMSC-Exs alleviate SM-induced epithelial barrier damage.

To investigate whether BMSC-Ex treatment regulates adherens
or tight junction expression, RT-qPCR analysis of SM-injured MLE-
12 cells treated with or without BMSC-Exs was performed. The
data showed that SM exposure inhibited the expression of E-
cadherin (3.6-fold) and had no significant effect on the expression
of claudin-1, occludin, or ZO-1. However, both adherens and tight
junction mRNA levels were upregulated in the SM + BMSC-Ex
group compared with the SM group (Fig. 3c), indicating that
BMSC-Exs promoted adherens and tight junction mRNA expres-
sion. Furthermore, the protein levels of E-cadherin, claudin-1,
occludin, and ZO-1 were examined after BMSC-Ex treatment by
Western blotting, and the results were consistent with the mRNA
results, showing that BMSC-Ex treatment promoted the expression
of these proteins (Fig. 3d). Interestingly, while SM did not affect
the mRNA levels of claudin-1 or occludin, their protein levels were
decreased, which may be due to the internalization (white arrows)
and degradation of these proteins, as shown in Fig. 3b. Taken
together, these results show that BMSC-Exs promoted the repair of
adherens and tight junction integrity in SM-induced acute lung
injury.

BMSC-Exs protected lung epithelial cells from apoptosis and
epithelial barrier damage by regulating GPRC5A in vitro and

in vivo

To further elucidate the molecular mechanism of the antiapopto-
tic and barrier-regenerating properties of BMSC-Exs, we performed
a gene microarray analysis of MLE-12 cells treated with or without
BMSC-Exs after exposure to SM. A total of 107 genes, including 26
upregulated and 81 downregulated genes, were affected by
BMSC-Exs (>1.5-fold change, adjusted P-value < 0.05, data not
shown). Among the 10 genes with the most significant changes in
BMSC-Ex-treated MLE-12 cells, GPRC5A expression was signifi-
cantly upregulated (Fig. 4a). This upregulation was confirmed by
measuring GPRC5A protein levels by WB, which showed that
GPRC5A may participate in BMSC-Ex-mediated repair of lung
damage (Fig. 4b).

GPRC5A is predominately expressed in type | and Il lung
epithelial cells, and previous studies have shown that GPRC5A has
an important role in controlling susceptibility to ALl [29]. To
investigate the role of GPRC5A in BMSC-Ex-mediated antiapopto-
tic effects and cellular injury repair, we knocked down GPRC5A in
MLE-12 cells with siRNA (depletion confirmed by Western blotting
(Supplementary Fig. S4a). GPRC5A knockdown reversed both the
promotion of cell viability (Fig. 4c) and the reduction in MLE-12
apoptosis mediated by BMSC-Exs (Fig. 4d and Supplementary Fig.
S4b, e, f). Thus, GPRC5A knockdown abrogated BMSC-Ex-mediated
inhibition of SM-induced cytotoxicity. The BMSC-Ex-mediated
increase in TER and alleviation of epithelial barrier damage were
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abolished by GPRC5A knockdown in vitro (Fig. 4g, h), indicating
that GPRC5A has an important role in epithelial barrier regulation.
In addition, GPRC5A knockout attenuated the therapeutic
effects of BMSC-Exs on SM-induced ARDS, as shown by the
in vivo reversal of BMSC-Ex-mediated inhibition of tissue lesions,
perivascular infiltrates, and inflammatory infiltration (Fig. 5a). The
expression of Ki67, a cellular marker of proliferation, was inhibited
(Fig. 5b), pneumocyte apoptosis was promoted (Fig. 5c), and
epithelial barrier repair was abolished in the GPRC5A™~ groups
(Fig. 5d). GPRC5A knockout also reversed the decrease in BALF
protein levels and the W/D ratio in BMSC-Ex-treated mice (Fig. 5e,
f). Taken together, the in vitro and in vivo data showed that
GPRC5A knockdown delayed BMSC-Ex-induced recovery from an
acute lung injury, demonstrating that GPRC5A is a key player in
BMSC-Ex-mediated lung repair and protection.

BMSC-Exs promoted the repair of lung epithelial cells by activating
the YAP pathway via GPRC5A

The Hippo/YAP kinase cascade is critical for maintaining vascular
barrier integrity and formation, as well as for regenerating the
alveolar epithelium [30, 31]. To investigate whether BMSC-Ex-
mediated cell regeneration and barrier repair require the YAP
pathway, YAP phosphorylation was measured after GPRC5A
knockdown. GPRC5A depletion abolished the BMSC-Ex-mediated
increases in Bcl-2, claudin-1, occludin, ZO-1, and E-cadherin
expression levels (Fig. 6a). SM induced YAP phosphorylation,
while BMSC-Ex treatment significantly inhibited YAP signaling
pathway activation (Fig. 6b). This inhibition was lost after GPRC5A
knockdown, indicating that GPRC5A may regulate YAP phosphor-
ylation. The total YAP protein level was upregulated in the BMSC-
Ex-treated group, and this increase was reversed by GPRC5A
knockdown (Fig. 6b). YAP nuclear localization was also examined,
and we observed that GPRC5A knockdown inhibited the BMSC-Ex-
mediated promotion of the nuclear translocation of YAP (Fig. 6c),
which may promote the expression of tight junctions and
antiapoptotic genes. GPRC5A knockout also reversed the BMSC-
Ex-mediated increase in E-cadherin, claudin-1, occludin, ZO-1, Bcl-
2, and YAP expression in vivo, and the inhibition of YAP
phosphorylation was abolished by GPRC5A knockout (Fig. 6d, e),
which was consistent with the in vitro results. Taken together,
these results indicate that BMSC-Exs promote lung epithelial cell
protection and barrier repair by regulating GPRC5A-mediated
regulation of the YAP pathway.

DISCUSSION

SM is a highly toxic and vesicant chemical warfare agent that
remains a significant threat to public security due to its availability,
stable chemical properties, and ease of production and storage.
While SM exposure can cause damage to the respiratory tract,
eyes, skin, and multiple organ systems, lung injury is the major
determinant of morbidity and mortality [32, 33]. Despite extensive
research into ALl and acute respiratory distress syndrome (ARDS)
caused by different risk factors, treatment is still limited to
supportive measures, as no effective pharmacotherapy exists.

In recent years, MSCs have been shown to greatly reduce
inflammation and promote the regeneration of injured lung tissue
in preclinical ALI models. MSCs secrete soluble factors, such as
growth factors, anti-inflammatory cytokines, and antimicrobial
peptides, that stabilize the alveolocapillary barrier, enhance
alveolar fluid clearance, and decrease infection [13, 34, 35]. Our
previous work demonstrated the systemic therapeutic effects of
BMSCs in SM-induced lung injury in mice, including anti-
inflammatory, immunomodulatory, and reparative effects [10].
Yan reported that in rats exposed to SM, the significant
therapeutic effects of human MSCs were due to immunoregula-
tion and functional improvements in the hemopoietic microenvir-
onment [36]. All of these results suggest that MSC administration
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were transfected with GPRC5A-specific siRNA (100 nM) or nontargeting (NT) siRNA (100 nM) for 72 h. GPRC5A siRNA- or NT siRNA-transfected
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cells (e) and mitochondrial membrane potential detection using JC-1 staining (f) are shown. Original magnification: x200. g TER levels were
measured and normalized to those of the control monolayers. h The localization and distribution of claudin-1, occludin, ZO-1, and E-cadherin
(green) in MLE-12 cell monolayers were examined using immunofluorescence, and images were obtained using a confocal microscope (scale
bar = 50 pm). The data are shown as the mean + SD of three independent experiments. *P < 0.05; **P < 0.01; and ***P < 0.001.

after SM exposure may ameliorate pulmonary toxicity by Thus, in this study, we sought to understand the potential role and
facilitating the delivery of MSC-Exs. It has recently been mechanism of BMSC-Exs in the treatment of ALI.

established that the therapeutic effect of MSCs is largely due to Using a previously established murine model of SM-induced ALI,
the transfer of exosomes/microvesicles, suggesting that MSC- we investigated BMSC-Ex doses to determine their efficacy in
derived exosomes may be critical to reversing lung injury [37]. treating lung injury. Our data showed that a single administration of
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Although DNA alkylation, inflammatory responses, oxidative
stress, and proteolytic enzyme activation induced by SM are
associated with its toxicity and SM exposure leads to dysregulated
cellular metabolism, causing apoptosis or necrosis [38, 39], the exact
mechanism of SM toxicity has not yet been fully elucidated. In our
study, SM-induced MLE-12 cells exhibited increased apoptosis.
Perturbations in mitochondrial membrane potential, caspase-3/9
apoptotic pathway activation, and decreased Bcl-2 expression,
which are indicative of apoptosis triggered through mitochondrial
signaling pathways, were also observed. After the administration of

BMSC-Exs generated an effective therapeutic effect. Treatment with
BMSC-Exs rescued mice from SM-induced lung failure similar to that
of treatment with NAC, which is an appealing antioxidant therapy
for both the acute and chronic phases of vesicant-induced
pathology [6, 32]. In our study, with increasing exosome doses,
the therapeutic effects became more obvious, suggesting that this
treatment is indeed a promising therapeutic candidate for acute
manifestations of vesicant injury. The acute phases of SM-induced
lung injury are characterized by thickening of the alveolar septal
walls, perivascular edema, lung parenchymal congestion, hemor-

rhage, and epithelial cell apoptosis, and analyses of histopathology,
BALF protein levels, the W/D ratio, cell viability, and cell apoptosis
performed in this study all confirmed that BMSC-Exs repaired lung
injury induced by SM toxicity.

SPRINGERNATURE

BMSC-Exs, SM-induced apoptosis was significantly inhibited, and
epithelial cell viability was enhanced. Consequently, these results
suggest that SM induces epithelial cell injury mainly by promoting
apoptosis, and in this process, BMSC-Exs act as apoptosis inhibitors.
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Fig.6 BMSC-Exs promoted the repair of lung epithelial cells by activating the YAP pathway via GPRC5A. a-c GPRC5A siRNA- or NT siRNA-
transfected MLE-12 cells were exposed to SM (300 uM) for 30 min and then treated with BMSC-Exs (20 pg) for 24 h. a Western blot analysis of
apoptosis-related proteins (ai) and junction proteins (aii) in MLE-12 cells treated with or without BMSC-Exs. The levels of Bcl-2, claudin-1,
occludin, ZO-1, and E-cadherin were quantitated by densitometric analysis using ImageJ software and normalized to GAPDH. b The total
protein level of YAP and YAP phosphorylation was examined by Western blotting. GAPDH served as a loading control. The relative
quantification of the detected signals was determined using ImageJ software and normalized to GAPDH. c Expression and localization of YAP.
MLE-12 cells were fixed after being treated with or without BMSC-Exs for 24 h and were subjected to immunofluorescence analysis to detect
YAP (green). The nuclei were stained with DAPI (blue). Images were obtained using a confocal microscope (scale bar = 50 pm). The
fluorescence intensity of YAP was processed and quantified using ZEN Light Edition software (right panel). d, e Wild-type (GPRC5A™") and
GPRC5A-ko (GPRC5A /) mice treated with or without BMSC-Exs for 5 days after SM exposure (n = 3). The protein levels of Bcl-2 (dii), claudin-
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Damage to the alveolar epithelial-endothelial barrier is one of decreased expression of junction proteins [41, 42]. Using an

the most significant pathological changes in ALl and results in
increased pulmonary vascular membrane permeability [28, 40].
Adherens and tight junctions are important structures that
maintain the alveolar membrane barrier and the permeability of
pulmonary epithelial cells. The primary causes of increased
permeability are direct damage to alveolar epithelial cells and
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in vitro pulmonary epithelial barrier model, we found that SM
increased barrier permeability and changed the cell membrane
localization and protein levels of adherens and tight junction
proteins. Treatment with BMSC-Exs significantly improved the
expression and membrane localization of junction proteins,
leading to the repair of barrier function. It is interesting to note
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that while the mRNA levels of these genes were not affected by
SM treatment, their protein levels decreased significantly. Previous
studies have shown that ventilator-induced lung injury leads to
the endocytosis and degradation of both E-cadherin and occludin
via RhoA activation [28] and that myosin Il regulatory light chain
kinase (MLCK) activation induces the internalization of tight
junctions via cytoskeletal and caveolar-mediated endocytosis,
resulting in a loss of the intestinal epithelial barrier [23]. There is
increasing evidence that junction proteins are mainly degraded by
the ubiquitination pathway after endocytosis [43-45]. In this
study, we showed that SM induced E-cadherin, occludin, and
claudin-1 endocytosis, suggesting that endocytosis and degrada-
tion of these molecules are important causes of barrier
dysfunction.

Exosomes may mimic the function of their parental MSCs by
transferring components such as lipids, multiple RNA species,
various proteins, and even organelles such as mitochondria to
recipient cells through endocytosis [46]. Various strategies for
exogenously loading isolated exosomes with specific proteins and
nucleic acids have been investigated [47], including freeze-thaw
cycles and electroporation. To date, more than 850 unique gene
products and 150 miRNAs have been identified in MSC-derived
exosomes. Moreover, MSC-derived exosomes have been geneti-
cally modified with certain proteins and miRNAs using transgenic
MSCs to identify their functional components. However, optimized
conditions are required for genetically modified EVs to acquire
additional effective functional properties. In addition, information
regarding the quality control of EV composition and the safety of
these exosomes is needed before EVs can be used in clinical
applications [48, 49].

BMSC-Exs may function via a single component or by the
synergistic actions of multiple components; however, BMSC-Exs
can ultimately regulate signaling pathways and/or gene expres-
sion in recipient cells [50]. We found that GPRC5A, a retinoic acid
target gene that is predominately expressed in the lung
epithelium [51], has a key role in promoting the repair of SM-
induced lung epithelial barrier dysfunction. SM exposure down-
regulated GPRC5A expression, while BMSC-Ex treatment signifi-
cantly upregulated GPRC5A expression. BMSC-Ex-induced repair of
epithelial barrier function was significantly inhibited by GPRC5A
knockdown in vitro and in vivo. Although GPRC5A has been
confirmed to be a critical factor in the regulation of ALl and lung
tumorigenesis [29, 52-54], the present study is the first report of
its role in regulating lung epithelial cell apoptosis and the
expression of tight junction proteins. We also found that GPRC5A
promoted the expression of Bcl-2 and junction proteins by
activating the Hippo pathway effector YAP. Previous work on
cancer cell adaptation to hypoxia showed that GPRC5A enables
hypoxic cell survival by activating YAP and its antiapoptotic target
gene Bcl-2L1 [55]. The Hippo/YAP pathway has also been shown
to participate in regulating vascular barrier maturation and
blood-brain barrier restoration [30, 31, 56]. These findings
demonstrate that the GPRC5A-YAP pathway may be critical in
the modulation of the pulmonary epithelial barrier and the
pulmonary capillary endothelial barrier.

In summary, the administration of exosomes derived from
murine bone marrow mesenchymal stromal cells rescues SM-
induced acute lung injury in vivo and in vitro. BMSC-Exs exert
antiapoptotic effects, promote the restoration of epithelial barrier
function, and alleviate extensive lung damage. The antiapoptotic
and barrier-regenerating effects may be mediated by the
upregulation of GPRC5A expression in recipient cells, which
activates the YAP pathway, leading to the promotion of Bcl-2 and
junction protein expression and relocalization. Thus, the admin-
istration of BMSC-Exs may be an alternative approach to stem cell-
based therapy for acute lung injury and represents a novel
therapeutic strategy for restoring biological barrier function.
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