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ABSTRACT

Although mesenchymal stem cells (MSCs) transplantation has been shown to promote the lung
respiration in acute lung injury (ALI) in vivo, its overall restorative capacity appears to be
restricted mainly because of low retention in the injured lung. Angiotensin II (Ang II) are upregu-
lated in the injured lung. Our previous study showed that Ang II increased MSCs migration via
Ang II type 2 receptor (AT2R). To determine the effect of AT2R in MSCs on their cell migration
after systemic injection in ALI mice, a human AT2R expressing lentiviral vector and a lentivirus
vector carrying AT2R shRNA were constructed and introduced into human bone marrow MSCs. A
mouse model of lipopolysaccharide-induced ALI was used to investigate the migration of AT2R-
regulated MSCs and the therapeutic potential in vivo. Overexpression of AT2R dramatically
increased Ang II-enhanced human bone marrow MSC migration in vitro. Moreover, MSC-AT2R
accumulated in the damaged lung tissue at significantly higher levels than control MSCs 24 and
72 hours after systematic MSC transplantation in ALI mice. Furthermore, MSC-AT2R-injected ALI
mice exhibited a significant reduction of pulmonary vascular permeability and improved the lung
histopathology and had additional anti-inflammatory effects. In contrast, there were less lung
retention in MSC-ShAT2R-injected ALI mice compared with MSC-Shcontrol after transplantation.
Thus, MSC-ShAT2R-injected group exhibited a significant increase of pulmonary vascular perme-
ability and resulted in a deteriorative lung inflammation. Our results demonstrate that overex-
pression of AT2R enhance the migration of MSCs in ALI mice and may provide a new therapeutic
strategy for ALI. STEM CELLS TRANSLATIONAL MEDICINE 2018;7:721–730

SIGNIFICANCE STATEMENT

Patients suffering from acute lung injury (ALI) and acute respiratory distress syndrome (ARDS)
experience a high rate of mortality. Mesenchymal stem cells (MSCs) exerted therapeutic effects
in preclinical models of ARDS. However, the therapeutic effect of MSC-based therapeutics relies
on its ability to reach the sites of injured lung. Results of this study showed that AT2R overex-
pression could increase MSC migration to the injured lung in ALI mice. Meanwhile, the presence
of more MSCs at the site of injury improve the therapeutic effect of MSCs on ARDS. This finding
provided a new target to improve stem cell therapy in clinical settings.

INTRODUCTION

Over the past few years mesenchymal stem
cells (MSCs) have been extensively investigated
for their potential in developing cell base ther-
apies for the treatment of acute lung injury
(ALI) and acute respiratory distress syndrome
(ARDS) [1,2]. Recently, it is encouraging that
MSCs have been reported to be clinical safe
for patients with ARDS [3]. However, the

therapeutic effect of MSC-based therapeutics
to clinical practice has been limited by ques-
tions including the mechanisms of MSC homing
and ultimate function [4–6].

The utility of the MSCs in the treatment of
ALI is mainly dependent on its ability to reach
the sites of injured lung. In the pathogenesis of
ALI, inflammation and the development of lung
tissue damage results in large part from the
mobilization of inflammatory cells by cytokines.
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Evidence has demonstrated that the renin-angiotensin system
involved in the pathophysiology of ARDS [7] and ALI results in
increased production of angiotensin II (Ang II) [8,9]. The medi-
ators that promote inflammation might also be the same mol-
ecules that attract MSCs to the site of tissue injury.
Furthermore, we have found that Ang II promote the migra-
tion of MSCs in vitro mainly by interaction with AT2R in our
previous study [10]. However, the literature showed that che-
mokine receptors expression on MSCs decrease as cells are
expanded in vitro [11], ultimately limiting their benefit in vivo.

To improve MSCs migration to the lung and the therapeu-
tic potential of MSCs in ALI, a construct containing AT2R was
developed for high and stable long-term expression in MSCs
via lentiviral-mediated gene transfer. Migration of the AT2R
expressing MSCs (AT2R-MSCs) were examined in vitro. The
potential therapeutic efficiency of AT2R-MSCs was subse-
quently investigated in the in vivo model of ALI induced by
lipopolysaccharide (LPS) and assessed on the migration of
MSCs to the damage lung tissue. In contrast, MSCs with AT2R
gene knockdown (MSC-ShAT2R) were also developed to deter-
mine the role of AT2R in the migration ability and the thera-
peutic effects of MSCs on ARDS in vivo.

MATERIALS AND METHODS

Human MSC Culture

Human bone marrow MSCs were purchased from Cyagen Bio-
sciences Inc. (Guangzhou, China). The cells were identified by
detecting cell surface phenotypes and their multipotent poten-
tial for differentiation along the adipogenic, osteogenic, and
chondrogenic lineages and maintained as previously described
[10,12]. Cells were passaged every 3–4 days by 0.25% trypsin-
ethylenediaminetetraacetic acid (Gibco, Carlsbad, CA, USA)
when they reached about 80% confluence and were used for
the experimental protocols between passages 5 and 10 [13].

Lentiviral Vector Construction, Packaging, and
Transduction of MSCs
AT2R Overexpression. The full-length coding sequence of
AT2R (NM_000686.4; 1,192 bp) was amplified from human
MSC cRNA by polymerase chain reaction (PCR), gel purified,
and ligated with T4 DNA ligase into the GV358 vector (Ubi-
MCS-3FLAG-SV40-GFP-IRES-puromycin; GeneChem Co., Ltd.,
Shanghai, China), which carries the green fluorescent protein
(GFP) gene, to develop a construct coexpressing human AT2R
and GFP. The ligation was transformed into competent Escheri-
chia coli, and the transformation was plated onto an ampicillin
plate. Colonies were picked 16 hours later and inoculated onto
Luria-Bertani medium. Bacteria were grown in shaking culture
at 37�C for 16 hours. Plasmid was extracted by the alkaline
lysis method, confirmed by PCR and sequenced.

The following primers were used: AT2R (1,133 bp), sense
50-GAGGATCCCCGGGTACCGGTCGCCACCATGAAGGGCAACTC-
CACCCTTG-30 and antisense 50-TCCTTGTAGTCCATACCAGACA-
CAAAGGTCTCCATTTC-30.

AT2R Downregulation. Three different sequences targeted to
human AT2R mRNA were designed and provided by GeneChem
Co. Ltd. (http://www.genechem.com.cn; Supporting Information
Table S1). The sense and antisense strands of single stranded

DNA oligo (short-hairpin RNAs [shRNAs]) are shown in Support-
ing Information Table S2. Briefly, the human AT2R knockdown
constructs expressing shRNA targeting endogenous AT2R were
encoded into a lentivirus-based ShRNA vector, GV248 vector
(hU6-MCS-Ubiquitin-EGFP-IRES-puromycin; GeneChem Co., Ltd.),
which carries the enhanced GFP (EGFP) gene and puromycin.

All the constructs were transfected into 293 T packaging
cells (GeneChem Co., Ltd.) with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) to produce lentivirus. MSCs
were transduced with viral supernatant (multiplicity of infec-
tion = 50), and mRNA expression of AT2R was detected by
using reverse transcription-polymerase chain reaction (RT-PCR)
[10] 3 days after transduction to detect the effect of overex-
pression and screen for the optimal shRNA (ShRNA-AT2R;
TTCCTCTATGGGCAACCTA). The transduction efficiency was
evaluated by detecting the expression of GFP with an Olympus
IX51 fluorescence microscope (Olympus Co., Tokyo, Japan).
MSCs carrying either GFP (MSC-GFP, MSC-Shcontrol) alone or
both AT2R/ShRNA-AT2R and GFP (MSC-AT2R, MSC-ShAT2R)
were harvested after selection using puromycin at the minimal
lethal concentration (1.5 μg/ml) as previously described [14].
The puromycin-resistant cells were then collected for
further use.

In Vitro Transwell Migration Assay

Gene-modified MSCs and control groups were added to the
upper chambers of 0.8 μm cell-culture inserts (Corning Inc.,
Corning, NY) at a density of 500,000 per milliliter cells per insert
well. Dulbecco’s modified Eagle’s medium/F12 (1:1) supplemen-
ted with 2% fetal bovine serum containing concentration of
100 nM Ang II were used in the bottom chambers of the Trans-
well and cultured for 12 hours at 37�C. Cells from the upper
chambers of the Transwells were removed. The migrated cells
on the undersides of the membranes were stained with crystal
violet (Beyotime, Haimen, China). Migratory cells were imaged
and counted under a light microscope (Olympus).

ALI Model and Cell Transplantation Procedures

All experiments were performed in accordance with Chinese
legislation regarding experiment animals and approved by the
Committee of Animal Care and Use of Southeast University.
Male C57BL/6 mice aged 8–10 weeks were purchased from
the Laboratory Animal Center (Shanghai, China). Mice were
housed in individual microisolator cages under specific
pathogen-free conditions, with free access to water and chow.

After they were anesthetized with an intraperitoneal injec-
tion of 5.0% (w/v) pentobarbital sodium at 4.0 ml/kg, mice
were subjected to intratracheal administration of LPS (E. coli
0111:B4; Sigma-Aldrich, St. Louis, MO) as previously described
[9]. Sham operation was performed in a similar manner with
same volume of normal saline.

Gene-modified MSCs and control groups (1 × 105 cells sus-
pended in 150 μl phosphate buffered solution [PBS]) [15] were
injected into the tail vein 4 hours after LPS challenge. Mice
without LPS instillation were injected with PBS as a control.
The mice were sacrificed at 24 and 72 hours after MSC injec-
tion and samples were collected for further analysis.

Ex Vivo Optical Imaging

MSC-GFP, AT2R-MSC, MSC-Shcontrol, and MSC-ShAT2R
(1 × 105 cells) labeled with CellVue NIR815 dye (eBioscience
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Inc., San Diego, CA) were transplanted into ALI mice through
tail vein. Three mice at each time point (24 and 72 hours post
transplantation) were imaged for ex vivo lung using a Maestro
In Vivo Optical Imaging System [16]. Images were obtained
and analyzed using Maestro 2.10.0 software (CRi) as previously
described [17]

Fluorescence Microscopy

Lung tissues sections were fixed in 4% paraformaldehyde
(30 minutes), recovered with antigen retrieval buffer (20 minutes),
permeabilized with 0.3% Triton X-100 (10 minutes), and blocked
with 5% bovine serum albumin (30 minutes at room tempera-
ture). Primary antibody GFP (1:50; Santa Cruz Biotechnology, Paso
Robles, CA) was added and incubated overnight at 4�C. Then
Alexa Fluor 488-labeled secondary antibodies (1:500; Abcam
Incorporated, Cambridge, UK) were added and incubated
50 minutes in dark. After washed 3 times, the sections were
stained with DAPI for 10 minutes and visualized using a fluores-
cence microscope (Olympus).

DNA Preparation and RT-PCR Analysis

Real-time PCR assays for human specific Alu sequences [18]
were detected according to protocol described by Lee
et al. [6]. Briefly, total DNA of lung tissue was extracted using
DNA extraction kit (Takara Bio, Inc., Kyoto, Japan) according to
the manufacturer’s protocol. The assays were performed in a
volume of 50 μl that contained 25ul AceQ qPCR Probe Master
Mix (Vazyme, Piscataway, NJ), 900 nM each of the forward
and reverse primers, 250 nM TaqMan probe, and 200 ng DNA
produced above. Real-time PCR assays for human and mouse
genes for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were performed in a volume of 50 μl that contained
25 μl AceQ qPCR SYBR Green Master Mix (Vazyme), 200 nM
each of the forward and reverse primers, and 200 ng DNA pro-
duced above. Reactions were incubated at 50�C for 2 minutes
and at 95�C for 10 minutes followed by 40 cycles at 95�C for
15 seconds and 60�C for 1 minute by StepOne Plus Real Time
PCR System (Life Technologies). The final value for total DNA
in the sample was corrected by parallel real-time PCR assays
with primers that amplified both the human and the mouse
genes for GAPDH and calculated using the 2(−55Ct) method.

The following primers were used: Alu Forward Primer 50-
CATGGTGAAACCCCGTCTCTA-30; Alu Reverse Primer 50-GCCT
CAGCCTCCCGAGTAG-30; Alu Probe 50-FAM-ATTAGCCGGGCGTG
GTGGCGTAMRA-30; h/mGAPDH Forward Primer 50-CAGC
GACAC CCACTCCTCCACCTT-30; h/mGAPDH Reverse Primer 50-
CATGAG GTCCACCACCCTGTTGCT-30.

Hematoxylin and Eosin Staining and Lung Injury
Scoring

Lung tissues were fixed in 4.0% paraformaldehyde, embedded
in paraffin, and cut into 5 μm sections, which were stained
with H&E and viewed by light microscopy (Olympus). The
degree of lung damage was quantified and scored blindly by a
pathologist, as what we have did previously [9].

Pulmonary Capillary Permeability Measurement

The lung wet weight/body weight ratio (LWW/BW) was mea-
sured to reflect the microvascular endothelial permeability of
the lung. In separate experiments, Evans blue dye (20 mg/kg in
80 μl saline) was administered intravenously. After 30 minutes,

the intravascular dye in the lung was flushed by right ventricular
perfusion with 10 ml of heparinized saline. The lungs were har-
vested and immersed into 2 ml formamide (Merck, Kenilworth,
NJ) for extraction for 24 hours at 60�C. The optical density value
of the extracts was read at 630 nm wavelength as previously
described [19].

Total Cell Counts, Neutrophil Counts, and Cytokine
Measurements in Bronchoalveolar Lavage Fluid

Bronchoalveolar lavage fluid (BALF) was collected as we previ-
ously described [20]. Total cell counts were determined using
hemocytometer (Thermo Fisher Scientific, Inc.). And a differen-
tial of the white blood cell was obtained using Wright’s dye
staining (Jiancheng Bioengineering Co., Nanjing, China) [9].
Enzyme-linked immunosorbent assay (ELISA) was used to
detect cytokines IL-1β, IL-6, and IL-10 in BALF strictly according
to manufacturer’s protocols (ExcellBio, Shanghai, China).

Statistical Analysis

Data are expressed as mean � SD. Statistics analysis was per-
formed by the one-way ANOVA followed by Bonferroni’s post
hoc test using SPSS 20.0 software (Chicago, IL, USA). Statistical
significant level was defined as p < .05.

RESULTS

AT2R Expression in Genetically Modified MSCs

We used lentiviruses to transduce MSCs with genes expressing
GFP and AT2R or ShRNA-AT2R (Fig. 1A). The cells showed
robust green fluorescent signal (>90%; Fig. 1B, 1C) and were
separated by using puromycin thereafter used in this study.
Real-time quantitative PCR analysis, performed in parallel, con-
firmed an approximate threefold increase and 80% downregu-
lation of AT2R mRNA in MSCs (Fig. 1D). We did not analyze
the protein expression of AT2R because the commercially
available AT2R antibodies are nonspecific [21]. Thus, the deter-
mination of mRNA expression remains the only reliable
approach to date for examining AT2R expression.

AT2R Overexpression Enhances Ang II-Induced MSCs
Migration In Vitro

To test the migration potential of engineered MSCs in vitro, all
groups of MSCs were stimulated with 100 nm Ang II and
assessed using a migration Transwell assay. As shown in
Figure 2, overexpression of AT2R significantly increased Ang
II-induced MSC migration. In contrast, MSC-ShAT2R demon-
strated a decreased response to Ang II. These data indicate
that AT2R overexpression can effectively enhance the migra-
tion of MSCs induced by Ang II in vitro.

Enhanced Accumulation of Transplanted AT2R-
Overexpression MSCs in Injured Lung of ALI Mice

We have shown previously that Ang II are upregulated in the
injured murine lung [9]. To examine the in vivo effects of
AT2R overexpression in MSCs, ALI was produced in mice by
LPS instillation. Mice were randomly assigned to receive intra-
venous injection of MSCs or MSCs lentivirally transduced with
GFP, AT2R-GFP, or ShRNA-AT2R-GFP.

When ex vivo optical imaging was performed on the whole
lung at organ level, a significant enhanced signal were
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detected in MSC-AT2R group as compared to control MSC-GFP

Figure 1. Generation of genetically modified MSCs. (A): Simplified scheme of the lentiviral vector constructs. (B): Lentiviral-infected
MSCs exhibited robust GFP signal. Phase contrast (top) and green channel (bottom) images. Scale bar = 100 μm. (C): The quantitative
analysis for lentiviral transduction. (D): Evaluation of AT2R mRNA expression in lentivirally transduced MSCs. The data are shown as fold
changes over normal MSCs. Means � SD of three experiments are shown (n = 3, *p < .05 vs. the MSC-GFP group; #p < .05 vs. the MSC-
Shcontrol group). Abbreviations: AT2R, angiotensin II type 2 receptor; EGFP, enhanced green fluorescent protein; GFP, green fluorescent
protein; IRES, internal ribosome entry site; LTR, long terminal repeat; MSC, mesenchymal stem cell; ᴪ+, extended viral packaging signal;
Puror, puromycin resistance gene.

Figure 2. Ang II chemotaxis assay for AT2R genetically modified MSCs. After transduction, cells were plated into the upper well of a
6-well Transwell plate, and Ang II (100 nM) were added to the lower well. Assays were incubated for 12 hours, and cells that migrated
into the lower well were fixed, stained with crystal violet, and counted. (A): One representative experiment of three is shown (×200). (B):
Quantitative analysis of percentage of migrated cells in total number of plated cells. Data represent the means � SD of three wells from
three independent experiments. The migration of MSC-AT2R and MSC-ShAT2R is compared with nontransduced cells in response to Ang
II (n = 3, *p < .05 vs. the MSC-GFP group; #p < .05 vs. the MSC-Shcontrol group). Abbreviations: Ang II, angiotensin II; AT2R, angiotensin II
type 2 receptor; GFP, green fluorescent protein; MSC, mesenchymal stem cell.
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group. In contrast, MSC-ShAT2R group showed reduced signal
compared with MSC-Shcontrol group (Fig. 3A).

Fluorescence Microscopy was performed on the lung
section at tissue level, a significant more GFP expression were
observed in MSC-AT2R group as compared to control MSC-GFP
group, suggesting that there are more MSC migration to the
injured lung. However, the lung tissue of MSC-ShAT2R group
showed reduced GFP expression compared with MSC-
Shcontrol group, suggesting that AT2R downregulation reduce
the MSC migration (Fig. 3B).

Real-time RT-PCR assays for human-specific Alu sequences
were performed to detect the human MSCs migration in lung

of ALI at molecule level. A significant more Alu sequences
expression were determined in MSC-AT2R group as compared
to control MSC-GFP group. Whereas, MSC-ShAT2R group
showed reduced Alu sequences compared with MSC-Shcontrol
group (Fig. 3C).

These data indicate that AT2R overexpression can promote
the migration of MSCs to injured lung of ALI mice.

Overexpression of AT2R-Enhanced MSCs Inhibition of
Lung Injury

Intra-tracheal LPS resulted in inflammatory cell influx, alveolar
wall thickness, pulmonary consolidation, and pulmonary hyaline

Figure 3. MSCs migration toward injured lung after intravenous infusion at 24 and 72 hours. (A): ex vivo near infrared imaging of the
lung. Near-infrared color-coded fluorescent images of organs of a mouse at 24 and 72 hours post-MSC transplantation. (B): Fluorescence
microscopy validation in recipient lungs. MSC with GFP (green) were observed in the lung tissue in both cases. Nuclei were stained with
DAPI (blue). Scale bar = 20 μm. (C): Real-time RT-PCR assays for human-specific sequences in the lung 24 and 72 hours after i.v. infusion
of 1 × 105 MSCs (n = 3, *p < .05 vs. the MSC-GFP group; #p < .05 vs. the MSC-Shcontrol group). Abbreviations: AT2R, angiotensin II type
2 receptor; DAPI, 40,6-diamidino-2-phenylindole; GFP, green fluorescent protein; MSC, mesenchymal stem cell; PBS, phosphate buffered
solution; RT-PCR, reverse transcription-polymerase chain reaction.
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Figure 4. Histological evaluation of the therapeutic potential of AT2R genetically modified MSCs in ALI mice. (A, C): Hematoxylin and
eosin staining images (×200) of lung sections in each group at 24 and 72 hours. (B, D): Quantitative analysis of the lung injury scores in
each group at different time points (n = 5, *p < .05 vs. the NS + PBS group; #p < .05 vs. the LPS + PBS group; &p < .05 vs. the MSC-GFP
group; §p < .05 vs. the MSC-Shcontrol group). Abbreviations: ALI, acute lung injury; AT2R, angiotensin II type 2 receptor; GFP, green fluo-
rescent protein; LPS, lipopolysaccharide; MSC, mesenchymal stem cell; NS, normal saline; PBS, phosphate buffered solution.

Figure 5. Effect of AT2R genetically modified MSCs on pulmonary capillary permeability. The pulmonary capillary permeability was
assessed by LWW/BW (A, B) and Evan’s blue dye leakage in lung (C, D) (n = 5, *p < .05 vs. the NS + PBS group; #p < .05 vs. the LPS + PBS
group; &p < .05 vs. the MSC-GFP group; §p < .05 vs. the MSC-Shcontrol group). Abbreviations: AT2R, angiotensin II type 2 receptor;
GFP, green fluorescent protein; LPS, lipopolysaccharide; MSC, mesenchymal stem cell; NS, normal saline; PBS, phosphate buffered
solution.
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membrane, suggesting a robust inflammatory response in the
alveolus in mice. Simultaneous administration of MSC-AT2R sig-
nificantly attenuated the histology injury 24 and 72 hour after
transfusion via tail vein (Fig. 4). Therapeutic effect on histology
was considerably attenuated in MSC-shAT2R group when com-
pared to MSC-Shcontrol group (Fig. 4).

AT2R Overexpression Reduced the Permeability of
Vessel in Injured Lung of ALI Mice

To explore the effect of MSC-AT2R on the vessel permeability
of ALI mouse, LWW/BW and Evans blue dye leakage in the
lung were assessed. When compared with LPS group, MSC-
AT2R reduced LWW/BW and the Evans blue dye leakage
24 and 72 hours after transfusion. However, MSC-ShAT2R
increased LWW/BW and the Evans blue dye leakage 24 and
72 hours after transfusion (Fig. 5). These findings indicate that
AT2R overexpression can effectively reduce the permeability
of vessel in injured lung of ALI mice.

Overexpression of AT2R Enhanced the Inhibition of
Lung Tissue Inflammation in ALI

To study the role of MSC-AT2R on the inflammatory response
of ALI in mouse, MSC-GFP and MSC-AT2R were transplanted
via tail vein 4 hours after LPS instillation. Lavage fluid from
bronchial alveoli was collected 24 and 72 hours later. We mea-
sured the total cell counts, neutrophil counts, and the

concentrations of proinflammatory cytokines IL-1β and IL-6
and anti-inflammatory cytokine IL-10 in BALF.

When compared with LPS group, there was a more signifi-
cant reduction in the BALF concentrations of total cell counts
and neutrophil counts in the MSC-AT2R-treated mice versus the
MSC-GFP-treated mice (Fig. 6). However, MSC-ShAT2R increased
total cell counts and neutrophil counts compared with MSC-
Shcontrol-treated mice (Fig. 6). Similarly, there was a more sig-
nificant reduction in the BALF concentrations of IL-1β (Fig. 7A,
7B) and IL-6 (Fig. 7C, 7D) in the MSC-AT2R-treated mice versus
the MSC-GFP-treated mice. However, the BALF concentration of
IL-10 (Fig. 7E, 7F) was significantly elevated in the MSC-AT2R-
treated mice but not in the MSC-GFP-treated mice.

These findings indicate that AT2R overexpression can
effectively downregulate the inflammatory response of ALI.

DISCUSSION

In the present study, our data show that AT2R-overexpression
MSCs exhibit higher chemotactic activity. The enhanced migra-
tion ability of MSC-AT2R observed in vitro was also present on
injection of these cells into the murine lung after ALI. A greater
number of AT2R-MSCs accumulated within lung tissue, and
those cells showed increased migratory capacity toward the
area of injury compared to the control MSCs group. More
importantly the injury level of the AT2R-MSCs-injected group

Figure 6. Effect of AT2R genetically modified MSCs on inflammatory cell influx into the LPS-injured alveolus. Total cell counts (A, B) and
neutrophils counts (C, D) in BALF at 24 and 72 hours was assessed after engineered MSCs transfusion after LPS-induced acute lung injury
(n = 5, *p < .05 vs. the NS + PBS group; #p < .05 vs. the LPS + PBS group; &p < .05 vs. the MSC-GFP group; §p < .05 vs. the MSC-Shcontrol
group). Abbreviations: AT2R, angiotensin II type 2 receptor; BALF, Bronchoalveolar lavage fluid; GFP, green fluorescent protein; LPS, lipo-
polysaccharide; MSC, mesenchymal stem cell; NS, normal saline; PBS, phosphate buffered solution.
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was significantly reduced compared to the control group. On
the contrary, AT2R downregulated MSCs significantly decreased
the migration ability of MSCs in vitro and migration toward the
lung in vivo and diminished the protective effects of MSCs on
the injured lung. Our results demonstrate that overexpression
of AT2R enhance the MSCs migration to lung in ALI mice and
may provide a new therapeutic strategy for the injured lung.

Mounting preclinical evidence indicates that MSCs are effec-
tive in ARDS model [22] and the mechanisms underlying the
therapeutic benefit include MSCs release of paracrine factors,
elaboration of exosomes and microvesicles, and transfer of mito-
chondria [23]. However, most paracrine factors have a relatively

short half-life, and their beneficial effects are confined to the tis-
sue within which they are released [19]. Moreover, both micro-
vesicles and exosomes interact with their target cells via either
ligand-receptor signaling pathways or internalization by phagocy-
tosis, endocytosis, and direct membrane fusion, leading to the
delivery of their molecular cargo to the recipient cells [24,25].
Many studies also demonstrated that mitochondria transfer
required direct cell contact through formation of gap junctions
[26] or tunneling nanotubes [27,28]. More importantly, there
are also reports showing that the MSC secretome was not
effective [15] or was not effective as whole cell therapy [29],
suggesting that some effects of MSCs appear to require the

Figure 7. Effect of AT2R genetically modified MSCs on BAL cytokine. C57BL/6 mice were injected with engineered MSCs and control MSCs
4 hours post LPS-injection, and lavage fluid from bronchial alveoli was removed 24 and 72 hours later. (A, C, E): levels of IL-1β, IL-6, and IL-
10 in BAL fluid at 24 hour were assayed by ELISA. (B, D, F): levels of IL-1β, IL-6, and IL-10 in BAL fluid at 72 hours were assayed by ELISA
(n = 5, *p < .05 vs. the NS + PBS group; #p < .05 vs. the LPS + PBS group; &p < .05 vs. the MSC-GFP group; §p < .05 vs. the MSC-Shcontrol
group). Abbreviations: AT2R, angiotensin II type 2 receptor; BAL, Bronchoalveolar lavage; ELISA, enzyme-linked immunosorbent assay; GFP,
green fluorescent protein; LPS, lipopolysaccharide; MSC, mesenchymal stem cell; NS, normal saline; PBS, phosphate buffered solution.
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cells to be present. Several studies have shown that modifying
MSCs before their systemic infusion improved the homing of
MSCs to injured tissues and led to better functional outcomes
[30,31]. Therefore, facilitating MSCs migration to injured lung
tissue might improve the efficacy of MSCs in ARDS treatment.

Our approach to lung repair is enhanced by the ability to
genetically engineer stem cells addressing, in this case, the prob-
lem of cell migration. The stem cell-based strategies engineering
stem/progenitor cells with higher amount of chemokine recep-
tors to enhance the migration and homing ability of MSCs include
preconditioning with chemical compounds, cytokines and growth
factors or hypoxia, genetic modifications [32]. Because the way of
genetic modifications could achieve stable and long-term expres-
sion of targeted factors [33] and as shown in our previous study,
Ang II enhance the migration of MSCs in an AT2R dependent
way. Thus, we overexpressed AT2R in MSCs, using lentiviral vec-
tor, results in increased MSCs homing to injured lung of ARDS
mice, which is consistent with existing literature using same
genetic modifications strategy [19,34,35]. As a result, lung reten-
tion of MSCs genetically enhanced to overexpress AT2R are supe-
rior to that of control MSCs expressing reporter genes alone.

Our study demonstrated a significant beneficial effect from
MSCs transplantation in LPS induced ALI. We found that MSC-
AT2R reduced lung inflammation and protein permeability,
which prevented the formation of pulmonary edema as mea-
sured by the LWW/BW and EVLW. Moreover, MSC-AT2R had a
significantly greater effect on reducing the influx of inflamma-
tory cells, both total cells and neutrophils, and inflammatory
cytokines IL-1β and IL-6 and elevating an anti-inflammatory
cytokine IL-10 in BALF of mice injured with LPS than MSC-GFP.
These results indicated that high AT2R expression promoted
immunomodulatory functions of MSCs in vivo. Take together,
pathological damage was less severe when MSC-AT2R rather
MSC-GFP were transplanted, indicating protective effects for
the injured lung. In contrast, MSC-ShAT2R increased lung
inflammation and protein permeability, the influx of inflamma-
tory cells and cytokines, and reduced anti-inflammatory cyto-
kine thereby resulting more severe pathological damage than
MSC-Shcontrol. However, whether the effect on lung repair is
due to cell transdifferentiation of MSCs from cell transplanta-
tion or to paracrine mediators/microvesicles and exosomes
released by MSCs requires further investigation.

The main limitation of this study is its focus on the short-
term (24 and 72 hours) therapeutic effects of AT2R-MSCs treat-
ment because the proportion of accumulation in lung decreased
from about 35% early after transplantation to 2% or less by day
10 [36]. Data on the long-term effects (e.g., survival rate) are
lacking and will require further study. This study is focused on

migration of AT2R overexpression MSCs towards the injured
lung as a novel target to enhance MSC therapeutic effect
in vivo. We do not report here the effect of AT2R gene modifi-
cation on MSCs differentiation or paracrine. Moreover, experi-
mental ARDS was induced by endotoxin, and our results cannot
be extrapolated to other models or to human ARDS. In addition,
the distribution of MSCs in other tissues is not detected. There-
fore, we cannot determine the effect of MSCs overexpressing
AT2R on other organs or tissues. Further work is still needed.

CONCLUSION

In summary, our efforts to genetically manipulate MSCs ex vivo
by enhancing the expression of AT2R show that overexpression
of AT2R enhances MSC migration to injured lung. Meanwhile,
the presence of more MSC at the site of injury reduce the per-
meability of pulmonary endothelial, downregulate the inflam-
mation reaction in ALI, and promote the restoration of injured
lung. This approach has advanced our understanding of Ang II-
AT2R affecting stem cell migration and may offer a new strategy
for improved stem cell therapy for ARDS patients in future.
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