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Lung-Resident Mesenchymal Stem Cells Promote Repair
of LPS-Induced Acute Lung Injury via Regulating the Balance
of Regulatory T cells and Th17 cells

Linlin Wang,' Meng Shi,” Lin Tong,' Jian Wang,' Shimeng Ji,' Jing Bi,' Cuicui Chen,’'
Jinjun J iang,1 Chunxue Bai,l’5 Jian Zhou,l’5 and Yuanlin Song1’3’4’5

Abstract— Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are
associated with high morbidity and mortality. Mesenchymal stem cells (MSCs) have been
shown to improve ALI, and the imbalance of regulatory T cells (Tregs) and Th17 cells is
associated with mortality in ALI/ARDS patients. However, whether administration of lung-
resident MSC (LRMSC) improves lung injury and regulates the balance of Tregs and Th17
cells remains unknown. An ALI animal model was induced by LPS, and PBS or LRMSC
were administered via tail vein after 4 h. LRMSC were subsequently detected in the lungs by
a live imaging system (Berthold LB983, Germany). Lung morphology; lung wet-to-dry
weight ratio; and total protein concentration, inflammatory cells, and cytokines in broncho-
alveolar lavage fluid (BALF) and plasma were determined. The percentage of Tregs in lung
and spleen, and of Th17 cells in lung and blood, were also evaluated. The results showed that
LRMSC not only attenuated histopathological damage but also mediated the downregulation
of lung wet-to-dry weight ratio and the reduction of total protein concentration and inflam-
matory cells in BALF. LRMSC also decreased inflammatory cytokines in both BALF and
plasma and increased KGF-2 and surfactant protein C (SPC) expression in the lung. Flow
cytometry revealed the upregulation of Tregs and the downregulation of Th17 cells, and the
increase in the ratio of Tregs and Th17 cells. The live imaging system showed that LRMSC
migrated to and were retained in the injured area. In conclusion, the results indicated that
administration of LRMSC attenuates LPS-induced ALI via upregulating the balance of Tregs
and Th17 cells.
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activated in ALI, and transfer of Tregs into an ALI mice
model may reduce the levels of alveolar proinflammatory
cytokines and inhibit neutrophils apoptosis and fibrocyte
recruitment [7, 8]. Th17 cells, which mediate the acute
inflammatory response, play a detrimental role in experi-
mental murine models of inflammatory disease [9]. A recent
study found that a ratio of Th17 cells and Tregs > 0.79 is an
independent predictor for 28-day mortality in patients with
ARDS [10]. Thus, it is very important to maintain the
balance of Tregs and Th17 cells in ALI/ARDS.

Recently, mesenchymal stem cell (MSC)-based ther-
apies have been shown to be effective in preclinical models
of ALI owing to their ability to secrete growth factors, anti-
inflammatory cytokines, and antimicrobial peptides [11—
13]. Studies have found that MSC prevents differentiation
of naive CD4" T cells into Th17 cells in vitro, inhibits the
production of IL-17 and IL-22 by fully differentiated Th17
cells, and induces the Tregs phenotype [14, 15].

Lung-resident MSCs (LRMSCs) are highly prolifera-
tive stem cells that can be recruited into pulmonary alveoli
by intratracheal administration of FGF-10 [16]. LRMSC can
easily be collected from bronchoalveolar lavage fluid
(BALF). After collection, LRMSCs are cultured and prolif-
erated in vitro and can be delivered as cellular therapy with
substantial beneficial effects. Our group has demonstrated
that LRMSCs express surface markers typically associated
with MSC, do not express hematopoietic stem cell markers,
and are capable of differentiating into adipocytes,
chondrocytes, and osteocytes. [16]. However, whether
LRMSC injection can improve lung injury and regulate
the balance of Tregs and Thl7 cells remains unknown.
The aim of our current study was to evaluate the application
of LRMSC by insertion in the tail vein of rats and the effect
of balancing Tregs and Th17 cells in ALI/ARDS.

METHODS

Animals

Male Sprague-Dawley rats aged 68 weeks old and
male C57BL/6 mice aged 810 weeks and weighing 20—
25 g were used and bred carefully in the Medicine School
of Fudan University in accordance with the ethical guide-
lines of the National Institutes of Health on Animal Care.
Mice were raised in specific pathogen-free cages and main-
tained at temperatures between 20 and 25 °C and relative
humidity of 50-70%. The experimental protocols were
approved by the Animal Care and Use Committee of
Fudan University, Shanghai.

Animal Treatment

Rats were anesthetized with an intraperitoneal injec-
tion of 25 mg/kg Avertin (Sigma-Aldrich, St Louis, MO,
USA). KGF-2 (provided by Newsummit, Shanghai, China)
at a dose of 5 mg/kg was instilled intratracheally. Three
days after KGF-2 instillation, the rats were sacrificed with
an intraperitoneal injection of chloral hydrate and exsan-
guinated through the femoral artery. BALF was then col-
lected immediately with medium consisting of
DMEM/F12 supplemented with 5% fetal bovine serum
(Invitrogen, CA, USA), 100 U/mL penicillin/
streptomycin (Invitrogen), 2.5 pg/mL amphotericin B
(Invitrogen), and 0.02 wt% EDTA (Invitrogen).

For the LPS-induced ALI model, mice were
intratracheally injected with either 5 mg/kg LPS (Pseudo-
monas aeruginosa 10, Sigma-Aldrich, St Louis, MO,
USA) dissolved in PBS or an equal volume of vehicle
(PBS). After 4 h, PBS or 5x 10° LRMSC (dissolved in
0.2 mL PBS) was injected into mice via the tail vein. The
mice were sacrificed 48 h after LPS instillation with an
intraperitoneal injection of chloral hydrate.

Isolation and Culture of LRMSC

LRMSCs were isolated from BALF of rats as previ-
ously described [16]. Briefly, BALF was centrifuged at
800 rpm for 10 min at 4 °C and the cells were resuspended,
seeded at a density of 1 x 10° in T25 cell culture flasks, and
incubated at 37 °C in an atmosphere of 5% CO, with
saturated humidity. An inverted microscope was used to
monitor cell morphology. Cells were maintained in MSC
complete medium, which was changed after 24 h to
remove residual non-adherent cells and then every 3 days.
Single separated fibroblastoid colonies termed LRMSC
were identified 14 days after initial plating. A homoge-
neous population of mesenchymal cells was obtained from
individual rats after 3—5 passages. The 4th and 5th passages
of LRMSC were used for the experiments.

Total and Differential Cell Count

BALF was centrifuged at 1500 rpm for 10 min at
4 °C, and the supernatant was stored at — 80 °C for further
analysis whereas the cell pellet was used for cell counting.
The total number of nucleated cells in BALF was counted
with a hemocytometer. The resuspended BALF cells were
centrifuged, transferred to slides, and stained with the
Wright-Giemsa stain. Neutrophils and macrophages on
slides were quantified by counting a total of 200 cells/
slide at x 40 magnification.
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Wet-To-Dry Weight Ratio

The right lower lobe of the lung was used to calculate
the lung wet-to-dry (W/D) weight ratio. Weight was deter-
mined immediately after isolation and after being oven
dried at 60 °C for 72 h.

BALF Protein Concentration

BALF protein concentration was measured using a
bicinchoninic acid (BCA) protein assay kit according to the
manufacturer’s instruction (Beyotime, China).

Cytokines in BALF

The levels of IL-1p3, IL-6, TNF-a, IL-17, IL-22, IL-
10, and TGF- 3 (eBioscience, San Diego, CA, USA) in
BALF supernatant were determined using enzyme-linked
immunosorbent assays (ELISA) according to the manufac-
turer’s protocol.

Lung Morphometry Analyses

The right upper lobe of the lung was subjected to
histological analysis. The lung sections were stained with
hematoxylin and eosin (H&E), and the histological score
of lung injury was determined in a blind manner.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted using the TRIzol reagent
(Invitrogen). RNA was reverse-transcribed into cDNA using
the cDNA kit (TOYOBO, Japan). The primers were designed
and synthesized by Shenggong (Shanghai, China). For am-
plification, the SYBR-Green I Real-Time PCR kit
(TOYOBO) was used. Each reaction was run in triplicate
and normalized to the housekeeping gene [3-actin transcripts.

Preparation of Lung Tissue and Spleen Lymphocytes
and Flow Cytometry Analysis

Mouse lungs were dissected into single lobes
and rinsed in a petri dish containing PBS to remove
the thymus, heart, trachea, connective tissue, and
efferent and afferent blood vessels. Lobes were
digested with an enzyme mix (buffer S, enzyme D,
and enzyme A) (Miltenyi, Bergisch Gladbach, Ger-
many). After filtration and centrifugation, the collect-
ed single-cell suspensions were subjected to density
gradient centrifugation using Ficoll-Paque to isolate
lymphocytes. Mouse splenocytes were harvested and
triturated with sterile syringes, and the resulting cell
suspension was filtered through a 70-pm nylon mesh.
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The RBCs were lysed using cell lysis solution (BD
Biosciences).

Collected cells were incubated with Fc Block-
2.4G2 (BD Biosciences PharMingen, San Diego, CA,
USA) antibody to block Fey III/II receptors before
staining with a specific antibody. The following anti-
bodies (eBioscience) were used for surface staining:
FITC-labeled anti-CD3, FITC-labeled anti-CD4, APC-
labeled anti-CD8, APC-labeled anti-CD25, PE-labeled
anti-Foxp3, and PE-labeled anti-IL-17A. For the anal-
ysis of Tregs, the collected cells were placed into tubes
without stimulation with phorbol 12-myristate 13-
acetate (PMA), ionomycin, or brefeldin A (BD Biosci-
ences). Cells were incubated with surface marker anti-
bodies FITC-anti-CD4 and APC-anti-CD25, followed
by fixation and permeabilization with Foxp3 staining
buffer (eBioscience) and intracellular staining with PE-
anti-Foxp3. To detect the phenotypes of Th17 in whole
blood and lung, a mixture of PMA, ionomycin, and
brefeldin A was used to stimulate cytokine expression
in Th17 cells for 6 h. The surface marker antibodies
FITC-anti-CD3 and APC-anti-CD8 were used to deter-
mine the number of CD4" T cells (CD3*CD8™ T cells),
as CD4 is downregulated when stimulated by PMA.
After staining with FITC-anti-CD3 and APC-anti-CDS8,
the cells were fixed and permeabilized using Fix/Perm
Reagent (BD Biosciences), followed by intracellular
staining with anti-IL-17A-PE antibody. Isotype con-
trols of IL-17A and Foxp3 were used to correct for
compensation and confirm antibody specificity.

In Vivo Tracing of LRMSC

C57BL/6 mice were divided into control and LPS
groups, and LPS (5 mg/kg) and the same volume of
PBS were instilled intratracheally into the animals.
After 4 h, 5x10° LRMSCs containing the luciferase
gene were injected into the mice tail vein, and the
migration of LRMSC was traced using a live imaging
system (Berthold LB983, Germany) for 4 days.

Statistics

SPSS v17.0 statistical software for Windows was
used for all statistical analyses. Differences between
groups were examined for statistical significance
using the Kruskal-Wallis H test. Data are expressed
as mean * standard deviation (SD). p<0.05 was
considered statistically significant.
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RESULTS

LRMSC Ameliorates LPS-Induced Inflammatory
Response

Intratracheal instillation of LPS induced a robust in-
flammatory response in the lung and alveolus of mice after
2 days (Fig. la, b). Histologic examination revealed that
administration of LRMSC reduced infiltration of inflamma-
tory cells and interstitial thickening after LPS-induced ALI
(Fig. 1c). To quantify the differences, lung injury was scored
according to the degree of alveolar congestion, hemorrhage,
neutrophil infiltration, and wall thickening. We found that
administration of LRMSC significantly decreased the lung
injury score (Fig. 1d). Moreover, LRMSC administration
reduced the influx of inflammatory cells (Fig. 2a—c, ) and
decreased the secretion of the inflammatory cytokines IL-
133, IL-6, and TNF-« in the injured alveolus (Fig. 3).

LRMSC Restores LPS-Induced Increase in Vascular
Permeability

The W/D weight ratio of the lung and the protein
concentration in BALF are markers of vascular permeabil-
ity. Lung W/D weight ratio and total protein levels in
BALF were increased in the LPS-induced ALIL. Adminis-
tration of LRMSC significantly reduced the lung W/D ratio
(Fig. 2f) and total protein concentration (Fig. 2d) in BALF.

LRMSC Restores LPS-Induced Imbalance of Tregs
and Th17 Cells

Tregs and Th17 cell imbalance has been described
in ALI, and the 28-day mortality in patients with ARDS
significantly increased when the Th17/Treg ratio was
greater than 0.79. The Ghannam group found that MSCs
inhibit Th17 cell differentiation and function and induce
a Tregs phenotype [14]. In our study, to evaluate the
effect of LRMSC on the balance of Tregs and Th17

Lung injury score

Fig. 1. Histological evaluation of lung injury. Lung sections were stained with hematoxylin and eosin (x 40 magnification). a PBS + PBS group. b LPS +
PBS group. ¢ LPS + LRMSC group. d Bar graph of lung injury score. **P < 0.01 vs. PBS + PBS, #P < 0.05 vs. LPS + PBS.
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Fig. 2. Measurement of lung injury parameters. a Total cell count. b, ¢ Differential cell count. d Total protein concentration in bronchoalveolar lavage fluid
(BALF). e Representative images of Giemsa-stained cells from the BALF samples (x 400 magnification). f Lung wet-to-dry weight ratio. **P <0.01 vs.
PBS + PBS, ##P < 0.05 vs. LPS + PBS.

cells, we determined the percentage of Tregs in lung and
spleen and Th17 cells in lung and peripheral blood. We
found that intratracheal instillation of LPS significantly

increased the percentage of Tregs in lung and spleen
(Fig. 4a, b) and the levels of the Tregs-related cytokine
IL-10 (Fig. 4c), but not of TGF-p (Fig. 4d). LPS
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Fig. 3. Lung inflammatory cytokines in bronchoalveolar lavage fluid (BALF) and plasma. a IL-1 beta. b IL-6. ¢ TNF-alpha. **P < 0.01 vs PBS + PBS,
*##*P<0.001 vs. PBS + PBS, #P <0.05 vs. LPS + PBS, ##P < 0.01 vs. LPS + PBS.

instillation also elevated the percentage of Th17 cells in
lung and peripheral blood (Fig. 5a, b) and the levels of
the Thl7-related cytokines IL-17 (Fig. 5c¢) and IL-22
(Fig. 5d). Administration of LRMSC increased the per-
centage of Tregs and IL-10 levels (Fig. 4) and reduced
the percentage of Th17 cells and the levels of IL-17 and
IL-22 (Fig. 5).

We further analyzed the ratio of Tregs and Th17
cells in the lung and found that the ratio decreased after
LPS instillation. Treatment with LRMSC increased the
ratio of Tregs and Thl7 cells compared with LPS-
induced mice (Fig. 6a).

LRMSC Increases the Expression of KGF-2 and SPC
in Lung Tissue

Keratinocyte growth factor (KGF-2) is a member
of the fibroblast growth factor family, facilitating dif-
ferentiation and proliferation of epithelial cells and
angiogenesis and barrier function of capillary mono-
layers. Instillation of LPS decreased KGF-2 mRNA
levels in mice, whereas administration of LRMSC
significantly increased its levels (Fig. 6b). LRMSC
treatment also significantly increased SPC mRNA
levels (Fig. 6¢).
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Fig. 4. Percentage of CD4"CD25*Foxp3™ Tregs after injection of lung-resident mesenchymal stem cells (LRMSCs). The percentage of CD4*CD25 Foxp3™
Tregs in the lungs (a) and spleen (b) was determined using flow cytometry. The relative levels of IL-10 (¢) and TGF-beta (d) in the bronchoalveolar lavage
fluid (BALF) are shown in bar graphs. *P < 0.05 vs. PBS + PBS, **P < 0.01 vs. PBS + PBS, #P < 0.05 vs. LPS + PBS, ##P < 0.01 vs. LPS + PBS.
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Fig. 5. Percentage of CD3*CD8 IL-17* Th17 cells after injection of lung-resident mesenchymal stem cells (LRMSCs). The percentage of CD3*CD8 IL-17*
Th17 cells in the lungs (a) and peripheral blood (b) was determined using flow cytometry. The relative levels of IL-17 (¢) and IL-22 (d) in the bronchoalveolar
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LRMSC Decreases Deposition of Interstitial Collagen

Masson staining revealed an increased amount of
interstitial collagen in LPS-induced ALL In contrast, injec-
tion of LRMSC decreased interstitial collagen deposition
in LPS-induced ALI mice (Fig. 6d).

LRMSCs Migrate to and Are Retained in the Injured
Area

The migration of LRMSC was monitored for
4 days in vivo. LRMSCs in both LPS and PBS groups
were detected in the lungs of mice and displayed a
strong signal after 2 h of LRMSC administration. Over
the following 48 h, the signals in the LPS group
significantly increased, and the signals disappeared
after 96 h. Signals in the PBS group gradually de-
creased after 24 h and disappeared after 72 h. The
LPS group showed a larger retention of cells in the
lung compared with the PBS group (Fig. 7). These
results suggest that LRMSCs migrate to and are
retained in the injured area, and these cells may play
an important role in the treatment of ALIL

DISCUSSION

LRMSCs are mesenchymal stem cells isolated from
the distal airways of rats treated with KGF-2. Our group
demonstrated that LRMSCs exhibit several characteristics
similar to classical bone marrow-derived MSC [16]. First,
they can be isolated by adherence purification and form
distinct CFU-Fs during cell culture. Second, they express
surface markers typically associated with MSC. Third, they
are multipotent and can differentiate into adipocytes,
chondrocytes, and osteocytes. These characteristics make
LRMSC a candidate for cell therapy.

There have been reports that the administration of
MSC improves lung inflammation in LPS-mediated ALI
animal models [11, 17-21] and bleomycin-induced lung
injury [22]. In this study, we found that the inflammatory
cells and total protein in BALF decreased after LRMSC
administration. Most importantly, LRMSC therapy attenu-
ated the observed histopathological impairments in lung
texture and deposition of interstitial collagen. The expres-
sion of KGF-2 and SPC was also upregulated after
LRMSC administration. These results indicate the poten-
tial advantages of LRMSC in repairing lung injury.
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Fig. 7. Migration of lung-resident mesenchymal stem cells (LRMSCs) to the lung of mice. LRMSCs were allowed to migrate in mice for 4 days and were

observed using a live imaging system at 2, 24, 48, 72, and 96 h.

The retention of injected LRMSC is one of the foremost
advantages of cell-based therapies. In our study, we found
that LRMSCs migrated to the inflammation site after injury.
In addition, we inserted the luciferase gene in LRMSC to
better detect the cells in vivo. Using a live imaging system,
we found that LRMSCs were efficiently delivered to and
retained in the injured tissues compared to normal lungs,
which is consistent with previous reports [11, 17, 23].

Although beneficial effects of the LRMSC admin-
istration were observed, the precise mechanisms remain
unclear. Differentiation, paracrine function, and cell-cell
contact have all been implicated as possible mecha-
nisms. In this study, we found that LRMSC partially
restored SPC expression. The increased mRNA expres-
sion of SPC might be attributed to the differentiation of
LRMSC into, or to proliferation of, the alveolar type II
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epithelial cell. However, some authors have suggested
that MSC differentiation may not be the main contribu-
tor because of poor MSC engraftment and survival at
the site of lung injury, as well as the low probability of
differentiation in a short time [24, 25]. Paracrine func-
tion has been proposed as the main mechanism account-
ing for the beneficial effects in injury repair. KGF is an
important growth factor secreted by MSC in the repair
of the damaged lung, and its effects in the injured lung
have been confirmed. KGF can also promote the prolif-
eration of AT2 and inhibit apoptosis in the injured lung
[26, 27]. Cell-cell contact is also a key factor for cell-
based therapy. Studies have suggested that cell-cell
contact may enhance the protective effect of MSC in
the injury environment through activation of the pro-
grammed death 1 pathway [28]. Recent studies indicat-
ed that, in vitro, MSCs repress the Th17 molecular
program through the PD-1 pathway, prevent the differ-
entiation of naive CD4" T cells into Th17 cells, inhibit
the production of inflammatory cytokines by Thl7
cells, and induce the Tregs phenotype [14, 15, 29]. In
this study, we found that the administration of LRMSC
upregulated Tregs and downregulated Th17 cells,
increasing the Tregs/Th17 cell ratio in the lung. Thus,
we propose that maintaining the balance of Tregs and
Th17 cells may be a mechanism by which LRMSCs
improve lung injury. Further work is needed to investi-
gate the mechanism underlying the regulation of Tregs
and Th17 cells by LRMSC in ALI

This study has several limitations. First, we induced
ALI by LPS in mice. This mouse model of ALI is focused
on inflammation and cannot fully reflect the complexity of
clinical ARDS in human patients. Second, we only admin-
istered LRMSC once and sacrificed the mice 48 h later,
which may also not fully reflect the clinical application of
such a therapy.

In conclusion, our findings indicate that LRMSC
administration improves lung injury and inhibits the in-
flammatory response mainly by upregulating the Tregs/
Th17 cells ratio.
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