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Stem Cells Ameliorate LPS-Induced Acute Lung Injury in Mice
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Background and Objectives: O-cyclic phytosphingosine-1-phosphate (cP1P) is a synthetic chemical and has a structure
like sphingosine-1-phosphate (S1P). S1P is known to promote cell migration, invasion, proliferation, and anti-apoptosis
through hippocampal signals. However, S1P mediated cellular-, molecular mechanism is still remained in the lung.
Acute lung injury (ALI) and its severe form acute respiratory distress syndrome (ARDS) are characterized by excessive
immune response, increased vascular permeability, alveolar-peritoneal barrier collapse, and edema. In this study, we
determined whether cP1P primed human dermal derived mesenchymal stem cells (hdMSCs) ameliorate lung injury
and its therapeutic pathway in ALI mice.

Methods and Results: cP1P treatment significantly stimulated MSC migration and invasion ability. In cytokine array,
secretion of vascular-related factors was increased in cP1P primed hdMSCs (hdMSCCP ") and cP1P treatment induced
inhibition of Lats while increased phosphorylation of Yap. We next determined whether hdMSC™" reduce in-
flammatory response in LPS exposed mice. hdMSC™" further decreased infiltration of macrophage and neutrophil,
and release of TNF-a, IL-1 3, and IL-6 were reduced rather than naive hdMSC treatment. In addition, phosphorylation
of STATI and expression of iNOS were significantly decreased in the lungs of MSC™' treated mice.
Conclusions: Taken together, these data suggest that cP1P treatment enhances hdMSC migration in regulation of Hippo
signaling and MSC™"" provide a therapeutic potential for ALI/ARDS treatment.
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Introduction

Acute lung injury/acute respiratory distress syndrome
(ALI/ARDS) are caused by bacteria and viruses, absorp-
tion, and severe chest trauma, and complications include
pulmonary hypertension and failure of multiple organs (1).
Characteristics of ALI/ARDS include lung structural ab-
normalities due to lung cell damage, excessive inflam-
mation such as increased neutrophils, and edema due to
increased pulmonary vascular permeability (2). The hospi-
tal mortality rate of ALI/ARDS is 30% ~40%, accounting
for 10% of all intensive care unit hospitalizations and 24%
of patients with mechanical ventilation. Recently, various
treatments such as antibiotic development apply with ALI/
ARDS, however, it is still remained alternative treatments
(3). Mesenchymal stem cells (MSCs) have been applied in
various diseases such as acute kidney failure, myocardial
infarction, type 1 diabetes, multiple sclerosis, and pulmo-
nary fibrosis (4). After injury, MSCs move to injured site
through cytokine gradient-related signals. Homed MSCs per-
form immune regulation, angiogenesis, anti-fibrotic, and
anti-apoptotic functions (5). Therefore, the improvement of
MSCs homing ability is directly associated with therapeu-
tic effect in damaged tissues (6). Many researchers have
conducted research focusing on priming to improve the
therapeutic function of MSCs. MSCs priming approach
mostly focuses on maximizing paracrine effect in injured
tissues by activating defensive/protective cell mechanisms.
It is known that various factors such as IL-145, IL-17A,
TNF-a, IFN-7, IFN- @, TGF-£1, and LPS have been
reported i vivo or in vitro (7).

Sphingosine-1-phosphate (S1P) is mainly secreted from
platelets and is involved in cell migration, invasion, and
proliferation (8). S1P has five receptors (S1PRI, S1PR2,
SI1PR3, S1PR4, and S1PRS) and binds to each receptor to
transmit various cell signals (9). O-cyclic phytosphingosine-
1-phosphate (cP1P) is an analogous compound of S1P and
combines with the same receptors of S1P to perform sim-
ilar functions. It has shown that treatment of cP1P im-
proves glycolytic reprogramming and transplantation effi-
ciency through mTOR-dependent HIF1 @ translation of
MSCs (10). In preclinical experiments, MSCs secrete para-
crine factors with immunomodulatory effect, and recently
intravenous delivery MSCs in patients with ARDS is asso-
ciated with a reduction in alveolar permeability protein which
may reduce damage of lung endothelial- and epithelial cells
(11). Here, in this study, we demonstrated that cP1P treat-
ment increase hdMSCs migration, invasion ability, and
further determined whether hdMSC™™" ameliorates acute

lung injury in mice. These findings could provide ther-
apeutic potential in the field of ALI/ARDS.

Materials and Methods

hdMSCs isolation and culture

The human skin sample was obtained after a cesarean
section from the pregnant woman’s abdomen at Kangwon
National University Hospital. All procedures were appro-
ved by the Institutional Review Board of Kangwon Natio-
nal University Hospital (IRB 2016-10-005-002). In accord-
ance with previous studies, hdMSCs isolation and expan-
sion were performed (12). Skin samples were stored in 1%
penicillin and streptomycin (P/S) (Thermo Fisher Scientific,
MA, USA). and cold PBS and transported to the labora-
tory. The sample was washed several times with cold PBS,
separated into 4~6 mm’ sizes, and cultured with 1 mg/ml
Dispase II (Sigma-Aldrich) at 4°C. After 24 hours, only
epidermis is obtained from the seed tissue and the epi-
dermis was sectioned to a size of 1 mm® It was explanted
to 25~30 pieces per 100 mm’ culture dish. FBS was treat-
ed on each piece and cultured at 37°C. After 4 hours, the
plate was incubated with a DMEM/high glucose (Cytiva,
Massachusetts, USA) to which 1% P/S and 10% FBS were
added. Every day, it was observed until the cells moved
from the seed tissue. A few days later, all tissues on the
plate were removed when the cell confluence was 80 to
90%. The cells in the plate were extracted with 0.25%
trypsin/EDTA (Thermo Fisher Scientific, MA, USA) and
stored in liquid nitrogen to perform stock or subculture.

0-cyclic phytosphingosine-1-phosphate (cP1P)
treatment

cP1P was obtained from AXCESO BIOPARMA (268, Hagui-
ro, Dongan-gu, Anyang-si, Gyeonggi-do, Republic of Korea).
cP1P was treated with 1 «M or 5 1M for 24 hours after
3 washes at 1XPBS after performing starvation on hdMSCs
during overnight.

Scratch assay (migration assay)

hdMSCs were seeded at 1x10° in 6 well and cultured
for 24 hours. After that,itwas washed three times with
1xPBS and starved for overnight in DMEM/high glucose
and 1% P/S medium without FBS. The next day, each
well was scratched to the same area using 1,000 «1 tip and
washed twice with PBS. Each well treated 0.5 to 5 «M cP1P
with a medium and checked the scratched space at x40
magnification. After 24 hours, well was washed twice with
PBS, and methanol was treated for fixation, and the



scratched space was checked at x40 magnification. The
size of the gap according to time and throughput of cP1P
was analyzed with Image J.

Invasion assay

Coating at 4°C for 24 hours on an 8.0 «M pore trans
well plate (SPL Hanging) with 200 to 300 g/ml Martrigel
(Corning, New York, USA) 200 «1. After 24 hours, hdMSCs
are seeded on the coated plate with or without 0.5~5 «M
of cP1P. After 24 hours, each transwell was stained by
CAMCO STAIN PAK solutions (Camco, Cambridge, USA).

Animals and experimental protocol

Prior to the follow-up, all animal procedures were ap-
proved by Kangwon National University’s Institutional
Animal Care and Use Committee (No. KW-180903-1) in
accordance with the guidelines. C57BL/6 male mice, 7~8
weeks old, 20~23 g weight, and purchased from DooYeol
Biotech. After restricting intake 4 hours before the experi-
ment, 1 mg/kg of lipopolysaccharide (LPS) (1.3755-100MG;
Sigma-Aldrich) derived from E. coli O26:B6 was diluted
in 50 /1 of saline and injected intratracheal. After 4 hours,
5%10° hdMSCs were treated intravenously in mice and ob-
served until the end of the experiment. The mouse anes-
thetized with 10% zoletil (Virbac Corp., Fort Worth, TX,
USA) after 24 hours LPS treatment and sacrificed for
analysis. Mice were weighed twice before and after LPS
injection 24 hours.

Sample collection

The mice were sacrificed 24 hours after LPS was treated
with intratracheal injection. The sacrificed mouse lung
was separated and washed with PBS. For paraffin embed-
ding, the left side tissue was fixed with 4% paraformalde-
hyde overnight. The opposite side tissue was homogenized
several times for PCR and Western blot analysis and stor-
ed at —80°C.

Bronchoalveolar lavage fluid

An 18-gauge catheter was inserted into the bronchus to
obtain Bronchoalveolar lavage fluid from the sacrificed
mice, and then 1 ml of PBS was injected until the lungs
swelled. After that, about 1ml of BALF was extracted by
pulling the piston again. BALF was centrifuged at 3,000
rpm for 10 minutes to separate pellets. The supernatant
was extracted in another 1.5 ml tube and stored at —80°C
and used in ELISA for cytokine measurement. The pellets
were diluted with 1 ml of saline to proceed with Giemsa
staining.
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Transplantation of hdMSCs

Confirmation of hdMSCs injection by expression of
chromosome 17. mRNA was extracted using Trizol and
chloroform from lung tissue obtained from sacrificed mice
injected with hdMSCs. mRNA was synthesized into cDNA
by a reverse transcription kit (EBT-1514) (ELPIS-BIOTECH,
Daejeon, Republic of Korea). cDNA was synthesized into
chromosome 17 by PCR premix kit and then loaded into
5% agarose gel. The PCR band was analyzed as Bioprint
CX4 (Bio-Rad, CA, USA).

Lung tissue histology

Obtain 4% formaldehyde-treated lung tissue for 24 hours
and commission to a histologist for paraffin blocks and
slides. The tissue part was sectioned with a thickness of
4 M, and then H&E stains were performed. The slide
was analyzed at X100 magnification to evaluate as de-
scribe elsewhere (13). In brief, lung injury score was based
on five parameters: neutrophils in the alveolar space, neu-
trophils in the interstitial space, hyaline membranes, pro-
teinaceous debris filling the airspaces, and alveolar septal
thickening with blind test. Each parameter has a different
distribution point, and each scores are combined.

Enzyme-linked immunosorbent assay (ELISA)

The obtained lung tissue was stored at —80°C for 24 hours
and homogenized. After treating the 1 ml RIPA dissolu-
tion buffer solution, vortexing was performed three times
every 10 minutes and centrifuged to 13,000 G, 10 minutes
to obtain a supernatant. The supernatant and BALF su-
pernatant quantified by BCA analysis were measured IL-6,
TNF-a, and IL-1/5 using the ELISA kit (DY406, DY410,
DY401) (R&D systems, Minneapolis, USA). In brief, 96
microplates were treated with capture antibody at room
temperature for overnight. Next day the plate was washed
with PBS with 0.05% tween 20, and then blocking buffer
was treated for 1 hour and washed twice. Thereafter, lung
homogeneous, BALF samples and standard were treated.
Two hours later, detection antibody was treated for 2
hours, washed twice, and streptavidin Horseradish Peroxi-
dase (HRP) was treated for 20 minutes at room tempera-
ture. After washing threetimes, color reagent A (H;O,) and
B (tetramethylbenzidine) were mixed 1 : 1 and treated at
room temperature for 20 minutes. Finally, H,SOs was
treated to suppress the reaction. When the color changed
to yellow, it was measured with an absorbance of 450 nm.

Giemsa staining
Pellets obtained from centrifuged BALF were diluted
with 1 ml saline. Cytocentrifuge was performed on a
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poly-L-Lysine coated slide at %3,000 G, 10 minutes. The
slide was stained with a CAMCO STAIN PAK kit (Camco,
Cambridge, USA). It consists of three solutions of kits. In
a nutshell, solutionl was treated on the slide for 1 minute
to fix the cells. After washing, solution2 for dyeing cyto-
plasm was treated. Finally, solution3 to dye the nucleus
was treated and washed with distilled water. We analyzed
the neutrophils, macrophages, and total number of cells
with images obtained using microscope. The images were
captured at X200 magnification.

Real-time quantitative PCR

Lung tissue obtained from mice was treated with Trizol
(Ambion, Texas, USA) and chloroform after homogeni-
zation. After centrifugation at 13,000 rpm and 4°C for 15
minutes, only the supernatant was obtained, and iso-
propanol was treated. After centrifugation at 13,000 rpm
and 4°C for 15 minutes, the supernatant was discarded

Table 1. Sequences of the primers in PCR analysis

and washed with 70% EtOH. The pellet was dried and
treated with RNase free water. In the case of real-time
quantitative PCR, the total mRNA was quantified to 1 g
and cDNA was synthesized using Reverse Transcription
Master Premix. The expression of target gene was com-
pared relatively using two housekeeping genes, S -actin and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Gene
expression in qPCR devices was calculated as 24T
Primers for target genes are listed in Table 1.

Western blot analysis

Lung tissue obtained from mice was treated with RIPA
cocktails (50 nM Tris-HCL, pH 7.5, 15 M NaCl, 1% Triton-
X-100, 1% sodium deoxycholate, 0.1% SDS) and repea-
tedly vortexed and stored at —80°C. After one day, the
mixture was centrifuged at 14,000 G to obtain only super-
natant, and the total protein in the sample was measured
through BCA analysis. Western blot samples were pre-

Gene 5-3" sequence

Accession number

-

Chromosome 17-a satellite

: GGGATAATTTCAGCTGACTAAACAG

NC_000017.11

R: TTCCGTTTAGTTAGGTGCAGTTATC
Real-time PCR

MMP2 F: CCCCCAAAACGGACAAA NM_004530.6
R: GCAGCCATAGAAGGTGTTCA

MMP9 F: GCCCCGGCATTCAG NM_004994.3
R: AGGGACCACAACTCGTCAT

S1PR1 F: CTCCCGCCCAGTGGTT NM_001400.5
R: TGACAGGGCCACAAACATA

S1PR2 F: GCCCGAAACAGCAAGTTC NM_004230.4
R: CCAGGTTGCCCAGAAAC

S1PR3 F: TCGACCCAAGCAGAAGTAAA NM_005226.4
R: TTCGGAGAGTGGCTGCTA

S1PR4 F: TGCCTGTGCGCCTTT NM 003775.4
R: GATGTAGCGCTTGGAGTAGAG

S1PR5 F: CCATGGCCAACTCACTTCTG NM 030760.5
R: GCAGGTCGCGGTTGGT

YAP1 F: GAGGCTGCGGCTGAAAC NM_001130145.3
R: GGATTGATATTCCGCATTGC

TAZ F: CACCTGACCGTGCACAA NM _000116.5
R: GCCTCGCTTCTCGATGAG

TEAD1 F: AAGACGTCAAGCCTTTTGTG NM 021961.6
R: TGACCGCTGGCTGGAT

RHOA F: GTTGGCTTTGTGGGACACA NM_001664.4
R: GGGCCTCAGGCGATCA

SLUG F: GCTACCCAATGGCCTCTCT NM_003068.5
R: CACTCGCCCCAAAGATG

CTGF F: ACCTGTGGGATGGGCATCT NM_001901.3
R: CCTGCAGGAGGCGTTGT

AREG F: GGTGCTGTCGCTCTTGATA NM _001657.4
R: GGTCCAATCCAGCAGCAT




pared by mixing 25 g totalprotein, a 5X loading buffer,
and D.W. The sample was heated for 7 minutes and 100°C.
Depending on the protein size, the sample was run in an
8% ~15% SDS-PAGE gel for 2 hours, and then a 045 M
nitrocellulose transfer membrane was placed on the gel
and transferred to the membrane with 100 V for 15 hours.
After transfer, the membrane was stained by Ponceau S
to confirm the protein band and washed with 1xTBST
(tris buffered saline 0.05% Tween 20). After washing, it
was blocked with 5% skim milk for 1 hour and washed
with 1XTBST. The first antibody: anti-Inos (sc-650) (Santa
Cruz Biotechnology, CA, USA), anti-pLatsl (Thr1079) (#
8654), anti-Latsl (#3477), anti-pYap (Ser 127) (#13008),
anti-Yap, anti-pSTAT1 (Ser727) (#9177), anti-STAT1 (#
9172), anti- 8-actin (#3700) (Cell Signaling Technology,
MA, USA) diluted at 1 : 1,000~10,000 was treated for 4
hoursand washed again. The secondary antibody was treat-
ed for 1 hour and washed. After ECL was treated on the
membrane, a band was identified by Chemi Doc. Using
B-actin and GAPDH, the sizes of each band were fold-
changed and compared.

Human cytokine antibody array

hdMSCs were seeded by 1x10° on a 150 mm dish with
a DMEM/high glucose medium and cultured for 24 hours.
Each plate starved overnight with a non-FBS medium and
then treated cP1P. After 24 hours, 2 ml of supernatant was
collected for each plate and centrifuged at 3,000 rpm. The
paracrine factor was detected with a human cytokine array
kit (ARY022B, R&D systems, MN, USA) according to the
manufacturer protocol. After the experiment, the array
membrane was snapped by Chemi Doc (BIO-RAD, CA,
USA) and analyzed with image lab software.

Statistical analysis

All i vitro and in vivo experiments were performed at
least 3 times. Each result was performed by GraphPad
Prism 9 software (GraphPad Software, CA, USA). Compa-
rison of parameters between 2 groups was made by Student’s
t-test. Comparison of parameters in more than 2 groups
was tested through one-way analysis of variance and fol-
lowed by Bonferroni post hoc test for repeated measure-
ment tests. The p-value calculated for statistical sig-
nificance was expressed as *p<0.05, **p<0.01, and ***p
<0.001.
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Results

hdMSCs treated with cP1P were promoted homing by
enhanced migration and invasion

cP1P is an analog compound of S1P, it forms a cyclic
structure at the end to be more stable than SIP (Fig. 1A).
In order to determine cytotoxicity of cPIP in hdMSCs,
hdMSCs were treated with cPIP at a concentration of 0.5~
S #M for 24 hours. As shown Fig. 1B, treatment of cP1P
did not affect cell viability of hdMSCs in the range of 0.5~
S M. We next evaluated hdMSC migration capacity by
introducing scratch test to assess wound area. hdMSCs were
seeded by 5x10* and incubated, then cP1P was treated in
hdMSCs for 24 hours. hdMSC migration significantly in-
creased at concentration of cP1P 0.5 #M and 1 #M, and
slightly decreased at 5 «M of cP1P (Fig. 2A and 2B).
Accordingly, we conducted transwell migration assay and
crystal violet staining to determine migrated MSCs. In mi-
gration assay, invasion was significantly increased at 1 «M
and 5 #M cPIP (Fig. 2C), moreover, mRNA levels of
MMP2 and MMP9, which are associated with invasion
factors, were increased in RT-PCR analysis (Fig. 2D).
These data suggest that cP1P improves migration and in-
vasion capabilities of hdMSCs.

cP1P increases secretome of hdMSC in regulation of
hippo signaling of hdMSC

To investigate whether cP1P affects the cytokine secretion
profile of hdMSCs, cytokine array was carried out in the su-
pernatant of hdMSC. In cytokine array, the presence and
relative amount of 105 cytokines were analyzed. Notably, in-
creases of in the expression of VEGF, ICAM-1, CHI3L1,
CD31, DKKI1 were observed, and a number of increased
cytokines were associated with angiogenesis and tissue re-
pair-related factors (Fig. 3A). Activation of Hippo signal-
ing pathway is essential for a wide range of cellular proc-
esses including cell proliferation, migration and tissue
repair. Therefore, we next determined whether cP1P pri-
med MSCs is associated with underlying signaling of Hippo
pathway. Firstly, mRNA levels of the five SIPR subtypes
including S1PR1, S1PR2, S1PR3, S1PR4, SIPRS were de-
termined by RT-PCR analysis. As shown in Fig. 3C, cP1P
treatment upregulated mRNA levels of in the five SIPR1
to 5 subtypes. Accordingly, we determined mRNA ex-
pression of RHOA, YAP, TAZ, TEAD, CTGF, AREG, and
SLUG, which are associated with Hippo signal pathway
were remarkably increased (Fig. 3C). In addition, cP1P
primed MSCs exhibited increased phosphorylation of Yap
while decreased phosphorylation of Latsl in western blot
analysis (Fig. 3D). These results demonstrate that cP1P
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priming stimulates secretome of hdMSC, and it is asso-
ciated with Lats-Yap/Taz signaling pathway.

cP1P primed hdMSCs ameliorate lung injury in LPS
induced ALl mice

We next determined whether cP1P primed hdMSCs
(hdMSCs™™) attenuate alveolar injury. hdMSCs or hd-
MSCs™" intravenously administered at 4 hours after LPS
exposure. After 24 hours, mice were killed, and lungs were
harvested. Histology of lungs were evaluated by measuring
the mean alveolar size, alveolar wall thickness and the

lung injury system by Matute-Bello’s procedure as mark-
ers of lung injury. In the lungs of mouse, lung injury
scores were quantified using a parameter 0, 1, 2, and
calculated. In H&E staining, LPS treated with hdMSC™""
group showed significant lower lung injury score compared
to the LPS alone group and LPS with hdMSCs group (Fig.
4A and 4B). As a result of measurement weight ratio of
mice before and after LPS treatment, there was no sig-
nificant difference between the LPS treatment group and
the LPS with hdMSC™"" group (Fig. 4C). However, when
mouse lung weight per body weight was measured, the ra-
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tio was increased in LPS group, while the ratio signifi-
cantly decreased in hdMSC™* group (Fig. 4D). In con-
sistent with lung injury score, total protein concentration
in BALF obtained BCA assay tended to decrease in hd-
MSC™ group compared to LPS alone and LPS with hd-
MSCs group (Fig. 4E).

hdMSCscP1P ameliorates alveolar inflammation
through STAT1/iNOS pathway in ALl mice

Excessive inflammation or disruption of vascular perme-
ability is associated with pathogenesis of ALI/ARDS. Therefore,
we next determined whether hdMSCs™"" alleviate alveolar
inflammation and its associated pathological pathway. In our
previous data, we have shown that hdMSCs™"" possess ability
to alleviate tissue injury through higher migration and in-
vasion function compared to non-primed hdMSCs. In addi-
tion, Giemsa stain and ELISA were performed to confirm
whether cP1P primed hdMSCs adjusted the immune response

in mice after LPS exposure. Macrophages and neutrophils in

BALF of hdMSCs™" engrafted mice were significantly de-
creased, and released cytokines including IL-6, TNF- ¢ and
IL-1 8 were reduced (Fig. 5A and 5B). The JAK-STAT signal-
ing pathway has been associated with driving carcinogenesis
and inflammation in the lung. In STAT members, STATI is
a well-characterized factor that plays significant roles in many
cellular process such as vascular formation as well as injury,
and its activation by the interferons modulates immune
responses. Therefore, we next determined whether engrafted
hdMSCs™™ are associated with inhibition of phosphorylated
STATI1 in ALI mice. Mice were intratracheally exposed to
LPS and protein levels of STATI in the lung homogenates
were determined in western blot analysis. As shown in Fig.
3C, LPS exposure increased phosphorylation of STAT1 while
engrafted hdMSCs and hdMSCs™"" inhibited the phosphor-
ylation of STAT1 in response to LPS injury. Moreover, ex-
pression of iNOS was increased in response to LPS, however
hdMSCs and hdMSCs™" treatment significantly reduced in
ALI mice (Fig. 4C).
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Fig. 5. hdMSC""" ameliorates pro-inflammatory cytokine expression and inflammatory signaling pathway of LPS-induced acute lung injury.
(A) Macrophages, neutrophils, lymphocytes, and total cells in BALF was counted at each groups. BALF cell was stained by Giemsa staining
and counted each group. (B) Pro-inflammatory cytokines in BALF of each group was measured by ELISA. (C) inflammatory signaling factors
of each group were quantified by western blot and expression ratio was measured as fold change. All data are representative of multiple

experiments. CTL: control group, MSC*'":

LPS groups; #p<0.05, ##p<0.01 vs. LPS treated MSC'" groups.

1 M cP1P-primed hdMSC, ns: not significant. *p<0.05, **p<0.01, and ***p<0.001 vs.
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Discussion

Sphingosine-1-phosphate (S1P) is bioactive lysophospho-
lipid that acts as an intracellular messenger. Although dif-
ferential binding of receptor subtypes, cellular level of S1P
regulates many pathological processes including obesity,
insulin resistance, hyperglycemia, angiogenesis and caner
(14, 15). S1P, as an extracellular ligand, mediated Hippo
signaling by increasing expression of RHOA, YAP, and
TAZ has been demonstrated in endothelial barrier func-
tion as well as the maintenance of vascular homeostasis
(16). Hippo signaling consists of mammalian Sterile 20-
related 1 and 2 kinases (MST1/2) and Large tumor sup-
pressor 1 and 2 kinases (Latsl/2), Salvadorl (SAV1), MOB
kinase activator 1A and 1B (MOBI1A/B), the transcriptio-
nal co-activators YAP and TAZ, and TEA-domain contain-
ing sequence specific factors (TEAD1-4) (17). Our find-
ings have shown that mRNA expression of SIPR was in-
creased, moreover cP1P treatment led decreased expre-
ssion of phosphorylated Lats while increased phosphoryla-
tion of YAP in hdMSCs. Particularly, phosphorylation of
Lats is regarded as the last factor to in YAP from trans-
lating into nuclei in Hippo signaling (18, 19). In the pro-
genitor cells of multiple tissues, activated level of YAP/
TAZ has been observed. In contrast, inactivation of Hippo
signaling has induced gene expression of CTGF, AREG,
and SLUG, which affect the differentiation, proliferation,
migration, and other biological functions of MSCs (20).
Decrease of phosphorylated Lats plays an important role
in improving the therapeutic function of hdMSCs by acti-
vating its function as a transcription factor of YAP.

Tornquist and Kalhori has reported that MMP2 and
MMP9 which are facilitated proteolytic enzymes for degra-
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Fig. 6. cP1P acts as a ligand of the
S1P receptor of hdMSCs, promoting
Hippo signaling. Increased RhoA and
reduced Lats1 cause nucleus-translo-
cation of YAP/TAZ. YAP/TAZ acts as
a transcription factor in TEAD gene
site, increasing the expression of CTGF,
AREG, and SLUG genes, enhancing
the cell migration, invasion, and im-
mune modulation functions of hdMSCs.
Enhanced hdMSCs reduce p-STAT1
and iNOS, attenuating inflammation,
and recovering damaged tissue LPS-
induced ALl mice.

Decreased inflammation
Tissue Injury repair

dation of the extracellular matrix participate in S1P-in-
duced migration and invasion of both normal and cancer
cells (21). In agreement with previous report, cP1P treat-
ment significantly increased mRNA level of MMP9 leading
to stimulate migration and invasion activity of hdMSCs.
These findings suggest that cP1P via up-regulation of
Hippo signaling improves homing ability of hdMSCs.
Since ALI/ARDS has been characterized by excessive
inflammation, tissue damage, and increased risk of fib-
rosis after recovery (22), we investigated whether hdMSCs
primed with cP1P inhibits alveolar inflammation and in-
jury in ALI mice. It is well-known that the secretome in-
cluding various cytokines and exosomes from MSCs facili-
tate therapeutic approach through homing effect (23).
We found that tissue repair or angiogenesis related se-
cretory factors such as [ICAM-1, DKK-1, Endoglin, and an-
giogenin were significantly increased in the cP1P priming
hdMSCs. ICAM-1 is a factor involved in cell adhesion and
affects immune response regulation and angiogenesis
through increased MSCs homing (24, 25). In addition,
DKK-1 is a Wnt /A -catenin inhibitor that helps differen-
tiation and tissue regeneration into AEC2 (26). Moreover,
endoglin (CD105) is predominantly expressed in endothe-
lial cells and it is contributed to induce vascular endothe-
lial cells in repair of injured tissues and angiogenesis. Mao
and colleagues reported that endoglin has been upregu-
lated in the pulmonary microvasculature of ventilated pre-
term infants at risk for bronchopulmonary dysplasia (27).
These results suggest that endoglin could be a potential
candidate regulator of ventilation induced angiogenesis for
development of bronchopulmonary dysplasia. In this
study, our data suggest that hdMSC™" enhance naive
MSCs and their abilityto release the upregulated secretary
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cytokines of ICAM-1, DKK-1, Endoglin, and angiogenin
in the injured microvasculature repair of ALI mice. More-
over, the wall thickness of alveoli and infiltration of im-
mune cells by hdMSC™"" treatment were inhibited as well
as immune regulation. These results are agreed with pre-
vious studies about effect of allogenic MSCs in LPS-in-
duced ALI mice (28, 29). In addition, comparing the total
protein concentration of BALF with the weight of the
lungs, it has been confirmed that pulmonary edema, one
of the characteristics of ARDS, is alleviated (30, 31). We
have shown that hdMSC™" treatment markedly reduced
infiltration of macrophages as well as decreased pro-in-
flammatory cytokines including IL-6, IL-1 8, and TNF- &
in BALF. These suggest that enhanced hdMSCs is in-
volved in blood vessel permeability as well as immuno-
modulatory function to prevent penetration of immune
cells into the lungs. It has reported that NF- # B signaling
pathway is responsible for treatment of LPS-induced ALI/
ARDS (32). However, there was no significant difference
between LPS and hdMSC treated groups (data not shown).
On the other hand, hdMSC and hdMSC™" administration
were significantly decreased phosphorylation of STAT1 as
well as increased protein level of iNOS in ALI mice. Mac-
rophage NO is largely the product of iNOS, and preferen-
tially induced iNOS in macrophages serve as a phenotypic
marker of M1 macrophage (33). It has reported that STAT
dimers translocated into the nucleusand bind to target
gene,and specifically STAT1-INOS signaling is involved in
the secretion of pro-inflammatory cytokines (34). Therefore,
our findings suggest that hdMSC™™ inhibitmacrophage
infiltration through suppression of STATI1-iNOS signaling
to alleviate inflammation. Our results demonstrate the en-
hanced role of hdMSC™" in the treatment of acute lung
injury, however it is necessary to determine repair mecha-
nism of injury and vascular remodeling.

In conclusion, Taken together, our data suggest that
hdMSC™™ possess higher homing capabilities into in-
juredareavia Hippo pathway, and further inhibit macro-
phage infiltration via STAT1/iNOS axis in ALI mice (Fig.
6). These findings contribute to understand cP1P mediated
physiological signaling of MSCs, moreover, hdMSC™" en-
hance therapeutic potential for ALI/ARDS and its related
diseases.
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