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Abstract 1 

Background 2 

Acute lung injury (ALI) is a common lung disorder that affects millions of 3 

people every year. The infiltration of inflammatory cells into the lungs and 4 

death of the alveolar epithelial cells are key factors to trigger a pathological 5 

cascade. Trophoblast stem cells (TSCs) have been shown to possess 6 

immune privilege, immunomodulation, and the potential of self-renewal and 7 

multipotency with differentiation into three germ layers. We hypothesized that 8 

intratracheal transplantation of TSCs may alleviate ALI.  9 

Methods 10 

ALI was induced by intratracheal delivery of Bleomycin (BLM) in mice. At day 11 

3 after exposure to BLM, pre-labeled TSCs or Fibroblasts (FBs) were 12 

intratracheally administered into the lungs. At day 7 after exposure to BLM, 13 

histological analyses of the lungs were performed for inflammatory infiltrates, 14 

cell apoptosis, and engraftment of TSCs.  Pro-inflammatory 15 

cytokines/chemokines of lung tissue and in bronchoalveolar lavage fluid 16 

(BALF) were also assessed by quantitative real-time polymerase chain 17 

reaction and enzyme-linked immunosorbent assays, respectively. Flow 18 

cytometry was utilized to assess engraftment of TSCs and cell apoptosis. 19 

Results 20 

Histological analyses of the lungs displayed a reduction in cellularity and less 21 

thickening of the alveolar walls in ALI mice that received TSCs compared with 22 



 3 

ALI mice receiving PBS or FBs. TSCs decreased infiltration of neutrophils and 1 

macrophages, and the expression of interleukin 6 (IL-6), monocyte 2 

chemoattractant protein-1 (MCP-1) and keratinocyte-derived chemokine in the 3 

injured lungs. The levels of IL-6 and MCP-1 in BALF were decreased in ALI 4 

mice receiving TSCs, compared with ALI mice that received PBS or FBs. 5 

Terminal deoxynucleotidyl transferase dUTP nick end labeling confirmed that 6 

TSCs significantly reduced BLM-induced apoptosis of lung tissue in vivo and 7 

epithelial cells in vitro. Transplanted TSCs integrated into the alveolar walls 8 

and expressed aquaporin 5 and prosurfactant protein C, markers for alveolar 9 

epithelial type I and II cells, respectively.  10 

Conclusion 11 

Intratracheal transplantation of TSCs into the lungs of mice after acute 12 

exposure to BLM reduced pulmonary inflammation and cell death. 13 

Furthermore, TSCs engrafted into the alveolar walls to form alveolar epithelial 14 

type I and II cells. These data support the use of TSCs for the treatment of 15 

ALI. 16 

 17 

Keywords: Trophoblast stem cells, acute lung injury, inflammation, alveolar 18 

epithelial cells, engraftment 19 
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Background 21 

Acute lung injury (ALI) is a common and devastating respiratory disorder, with 22 
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an annual incidence of 86.2 per 100,000 people, and the hospital mortality 1 

rate for all patients is close to 40%(1, 2). There are 190,600 acute cases in 2 

the United States each year, which is associated with 74,500 deaths and 3.6 3 

million hospital days (1, 2). In patients who survive ALI, their long-term quality 4 

of life is severely affected. Thus, there is an unmet need for better treatment 5 

options for patients with ALI (1, 2). The causes of ALI are diverse, lung 6 

infections of various pathogens, sepsis, harmful chemicals, and even 7 

antineoplastic therapies. The pathogenesis is still not completely clear, but the 8 

histopathological features of ALI in patients and animal models indicate that 9 

inflammatory cell infiltration in the lungs and alveolar-capillary barrier damage 10 

resulting from the death of the alveolar epithelial type I/II and endothelial cells. 11 

Damaged alveolar epithelial type II cells impair pulmonary surfactant secretion 12 

and alveolar clearance, resulting in lung edema, which eventually causes 13 

impaired gas exchange, hypoxemia, and the development of acute respiratory 14 

distress syndrome (ARDS)(1, 2).  15 

    Stem cells have been demonstrated to possess properties that promote 16 

reparation and regeneration, and to mediate inflammation and protect cells 17 

from death via paracrine effects (3, 4). Transplantation of stem cells has been 18 

applied to treat ALI in humans and various animal models(5-13). 19 

Mesenchymal stem/stromal cells (MSCs) are the most investigated cells and 20 

have been demonstrated to reduce the inflammatory response in 21 

experimental ALI(4, 6), and shown to be safe when administered to patients 22 
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with ARDS(9, 12, 13). The current view is that the therapeutic properties of 1 

MSCs are derived from paracrine actions, while MSC engraftment is limited(4, 2 

14, 15). Experimental observations of endothelial progenitor cells(11), bone 3 

marrow-derived mononuclear cells(5), embryonic stem cells (ESCs) and 4 

induced pluripotent stem cells (iPSCs) in the treatment of ALI have also been 5 

investigated(7, 8, 10). A population of alveolar epithelial progenitor cells is 6 

considered a facultative progenitor cell within the distal lung, and has been 7 

shown to produce lung regeneration in ALI(16). 8 

    The placenta is an organ typically discarded after birth, and contains a 9 

variety of stem cells(17-21) that can be easily obtained and banked. Placenta-10 

derived stem cells are thought to be young cells, with plasticity between that 11 

of ESCs and adult stem cells(18, 22, 23). Most of the placenta-derived stem 12 

cells used for therapeutic studies of experimental ALI are MSCs(24), and 13 

amnion epithelial cells(25, 26). MSCs appear to play a role in protection and 14 

immunomodulation via paracrine actions(27), while amnion epithelial cells 15 

show evidence of prevention and repair of experimental lung injury(25, 26). In 16 

contrast to these prior investigations, the present study focuses on the use of 17 

trophoblast stem cells (TSCs). TSCs are a unique cell population of stem cells 18 

and have been shown to differentiate into all other types of trophoblast cells in 19 

the placenta(28), as well as three germ layers of the fetus(29). Interestingly, 20 

when blastocysts or cones (the origin of TSCs) were introduced directly into 21 

the lung, trophoblast cells grew in 30-50% of mice(30). Furthermore, TSC-22 
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derived trophoblast cells have been demonstrated to play a key role in 1 

interacting with maternal leukocytes to maintain immune homeostasis during 2 

pregnancy via production of hormones, cytokines, and other factors(31-33). 3 

The unique immune privilege of TSCs protects the fetus from maternal 4 

targeting by immune cells, such as T lymphocytes and natural killer cells(18, 5 

22). To our knowledge, no investigation of TSCs in experimental ALI has been 6 

reported.  7 

In a recent article, using CD117 as a cell surface marker of stem cells, we 8 

demonstrated positive cells located in the labyrinth zone and chorionic basal 9 

plate of the E18.5 mouse placenta(29). These CD117+ trophoblast cells, 10 

isolated from the near term placenta (E18.5), have the stem cell properties of 11 

clonogenicity, self-renewal, and multipotency of differentiation into three germ 12 

layers, including alveolar epithelium type I and II cells(29). In this study, we 13 

will intratracheally delivery Bleomycin (BLM) to induce ALI and then transplant 14 

TSCs into the lungs of mice. BLM, a chemotherapeutic drug, causes acute 15 

lung inflammation and alveolar epithelial cell death in the first week after 16 

exposure(34, 35). The effect of TSCs in ALI was assessed for tissue 17 

inflammation, alveolar cell injury/death, and engraftment of TSCs during this 7 18 

day period after BLM exposure. In this study, we demonstrate for the first time 19 

that TSCs play an important role in mediating tissue inflammation, preventing 20 

lung injury, and engrafting and differentiating into alveolar epithelial cells in 21 

this experimental model of ALI in mice. 22 
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 1 

Materials and Methods 2 

ALI induced by intratracheal delivery of BLM into mice. 3 

Male 8-10 weeks C57BL/6 black mice were randomly divided into 2 groups. 4 

Intratracheal delivery of PBS (sham) or BLM (ALI) was performed as 5 

previously described(8, 36). Briefly, mice were anesthetized with Ketamine 6 

(10mg/kg) and Xylazine (100mg/kg), and the skin of the neck was sterilized 7 

with 75% ethanol. The mice were secured on a surgical board and the skin 8 

was carefully cut to expose the trachea. The surgical board was then adjusted 9 

to an incline of 75°, and a 30G needle was inserted into the trachea to 10 

generate a hole. Then using a blunt end 30G needle, 100 µl of PBS or BLM 11 

(Bleomycin Sulfate, Cayman Chemical, Cat#13877) diluted in 100 µl PBS at a 12 

concentration of 0.75mg/kg was intratracheally injected into the lungs of mice 13 

(day 1), and the subcutaneous membrane and skin were subsequently 14 

sutured. Mice were then allowed to recover from the procedure and 15 

anesthesia. The use of mice and the studies performed were carried out in 16 

accordance with the Public Health Service policy on the humane care and use 17 

of laboratory animals, and the protocol was approved by the Institutional 18 

Animal Care and Use Committee of Brigham and Women’s Hospital. 19 

 20 

Intratracheal delivery of PBS/cells into mice.   21 
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At day 3 after exposure to PBS or BLM, TSCs and fibroblasts (FBs) were pre-1 

labeled with PKH67 green fluorescent dye (for details see “Labeling TSCs and 2 

FBs”). Sham mice were injected with PBS only (sham+PBS). ALI mice were 3 

divided into three groups (6~8 mice per group), receiving intratracheal 4 

administration of 100µl PBS (ALI+PBS), FBs (ALI+FB, 0.5X106 cells in 100µl 5 

PBS), or TSCs (ALI+TSCs, 0.5X106 cells in 100µl PBS). The procedure was 6 

the same as the intratracheal delivery of BLM. The mice were harvested at 7 

day 7 after BLM exposure. 8 

 9 

Isolation and culture of CD117+ TSCs. 10 

TSCs were harvested as previously described (29). Briefly, placentas were 11 

collected at embryonic day (E) 18.5 from pregnancies of wild-type C57BL/6 12 

mice, and also from heme oxygenase-1 (HO-1) null mice, as previously 13 

described(37). The maternal portion was trimmed off (~1mm), and the 14 

remaining placental tissue was chopped into small pieces and dissociated in 15 

an enzyme buffer containing collagenase I (1mg/ml) and collagenase II (2.5 16 

mg/ml, Worthington Biochemical) in PBS for 30~45 minutes. After filtering 17 

through a 100µl strainer, cells were cultured in DMEM/F12 (Lonza) 18 

supplemented with 20% fetal bovine serum (FBS, GE Healthcare), 100mM 19 

nonessential amino acids (Cellgro), 55mM beta-mercaptoethanol (Gibco), 20 

1mM sodium pyruvate (Cellgro), 10ng/ml LIF (Millipore), 20ng/ml murine basic 21 

fibroblast growth factor (PeproTech), and 1% penicillin/streptomycin/L-22 
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glutamine (Corning). Culture medium was changed every other day. TSCs 1 

were isolated using anti-mouse CD117 MicroBeads (Miltenyi Biotec, Cat. 130-2 

091-224)(29). The wild-type clonal CD117+TSCs were obtained from a limiting 3 

dilution culture (see details in “Limiting dilution and clone formation in vitro”), 4 

and then expanded. TSCs were further characterized using 5 

immunofluorescence staining or flow cytometry.  6 

 7 

Isolation of lung FBs. 8 

FBs were harvested as previously described (38). Briefly, the lungs were 9 

harvested from wild-type C57/BL6 mice, and FBs isolated by lineage 10 

negative/Sca1-depleted beads. The cells were plated in medium and 11 

expanded prior to immunophenotyping and use. 12 

 13 

TSCs and FBs labeled with the green fluorescent dye PKH67.  14 

TSCs or FBs were labeled with the green fluorescent dye PKH67 (SIGMA, 15 

Cat. MINI67-1KT), which incorporates into the membrane of cells and is 16 

equally distributed to daughter cells when they divide. The procedure was 17 

followed using the standard protocol of Millipore-Sigma. 18 

 19 

Bronchoalveolar lavage fluid (BALF) of mice. 20 

Mice were sacrificed by injecting Ketamine and Xylazine at 7 days after BLM 21 

exposure. The trachea was exposed and cannulated with a blunted 23G 22 
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needle and ligature, as previously described(31, 34). 500µl PBS was slowly 1 

administered into the lungs of mice, and then the BALF was withdrawn and 2 

repeated once, a total of 600 to 800 μl of BALF was collected for cell counts, 3 

cytospins, and ELISA(34). Briefly, the BALF samples were centrifuged at 4 

4000rpm for 5 min at 4 °C, and the supernatant was stored in -80 °C for 5 

ELISA. The cells were resuspended in 500 μl PBS for cell counting or flow 6 

cytometry analysis. 7 

 8 

Cell differential of neutrophils and macrophages in BALF. 9 

The cells from BALF were resuspended in 500 μl PBS, and 100 μl cell 10 

suspensions were cytospun, at 350 rpm for 3min, onto a slide. The slides then 11 

were stained with Hema 3 Manual Staining System and Stat Pack (Fisher 12 

Scientific, Catalog No.23-123869). The protocol followed the manufacturer’s 13 

instructions. After staining, the percentages of BAL neutrophils and 14 

macrophages were obtained by counting 300 leukocytes on randomly 15 

selected portions of the slide by light microscopy.  16 

 17 

Enzyme-linked immunosorbent assay (ELISA).  18 

The concentration of interleukin 6 (IL-6) and monocyte chemoattractant 19 

protein-1 (MCP-1) in the BALF of mice was measured using Mouse IL-6 20 

Quantikine ELISA Kit (R&D systems, Cat#: M6000B), and Mouse 21 

CCL2/JE/MCP-1 Quantikine ELISA Kit (R&D systems, Cat#: MJE00B), 22 
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following the manufacturer’s instructions. The concentration of each protein in 1 

the BALF samples was measured by comparing the optical density (OD) 2 

using a Microplate Reader (Bio-Tek). Standard curves were calculated for 3 

each ELISA kit. 4 

 5 

Limiting dilution and clone formation of TSCs. 6 

100 CD117+ TSCs were plated in 100 mm diameter dish (the density, 7 

≈1 cell/60 mm2) to obtain multicellular clones derived from a single founder 8 

cell(29). Growth medium was changed every 3 days and the clones formed 9 

over 2–3 weeks. The clones were then imaged by phase contrast microscopy 10 

and fluorescent microscopy for CD117 immunostaining. The clones were also 11 

harvested using cloning cylinders and then expanded in culture for all 12 

experiments. 13 

 14 

Differentiation of TSCs into airway epithelial cell. 15 

CD117+ TSCs were seeded on the apical side of a clear 12-transwell plate 16 

(ThermoFisher, Cat#3460) at a density of 65,000 cells/well and cultured in 17 

growth medium for 2 days(29). Then cells were exposed to 2% FBS 18 

DMEM/F12 differentiation medium supplied with 0.005mg/ml insulin (Sigma, 19 

Cat# 10516), 0.01mg/ml Tranferrin (Sigma, Cat# T8158), 30nM Sodium 20 

selenite (Sigma, Cat# S5261), 10nM Hydrocortisone (Sigma, Cat#H6909), 21 

10nM Beta-estradiol (Sigma, Cat# E2758), 10nM HEPES (FisherBiotech, Cat# 22 
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H0887), 2mM L-glutamine (ATTC, Cat# 30-2214) and 50ng/ml EGF 1 

(PeproTech, Cat# AF-100-15) for another 5~6 days. Once the cells reached 2 

complete confluence, the air-liquid interface was established by adding the 3 

differentiation medium to basal side and allowing the apical side to be exposed 4 

to air, for an additional 11~12 days. Cells were harvested for 5 

immunofluorescence staining and quantitative real-time PCR (qRT-PCR). 6 

 7 

Flow cytometry analysis. 8 

Two lobes of the right lung were digested using collagenase and then filtered 9 

through a 40um filter, as previously described(29). After generating the single 10 

cell suspensions, the cells were fixed for 30min at room temperature (RT) and 11 

then permeabilized for 30 min at RT. Cells were blocked with 10% donkey 12 

serum at RT for 30min and incubated with primary antibodies aquaporin 5 13 

(AQP5; EMD Millipore, Cat. AB15858, 1:100) and prosurfactant protein C 14 

(SPC; Abcam, Cat. ab40879, 1:100) at 4ºC for 30 min in darkness. The 15 

secondary antibody conjugated with fluorescence was diluted in the 16 

permeable buffer in 1:100 for 30min on ice. The cells were then assessed 17 

using BD FACS Canto II and the data was analyzed using FlowJo software 18 

(TreeStar).  19 

 20 

Immunohistochemistry staining. 21 
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The mouse lungs were harvested at day 7 after BLM exposure and then fixed 1 

in 10% formalin overnight. The lungs were then dehydrated, embedded in 2 

paraffin and cut into a 5 µm in thickness, as previously described(29). To 3 

improve antigen recognition, the sections were microwaved in 10 mM Citrate 4 

Buffer (pH6.0) for 10~12 minutes. The tissue was blocked in 10% normal 5 

donkey serum for 30 min at RT and then incubated in the primary antibody 6 

AQP5 (1:100) or SPC (1:100), at 4°C overnight. Second antibodies were 7 

conjugated with fluorescence, then were incubated with samples at 37 °C for 8 

1 h. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:1000 in 9 

PBS) at 37 °C for 10 min. Images were analyzed using fluorescence 10 

microscopy and confocal microscopy system (Olympus). Staining of the lungs 11 

was also performed for Hematoxylin and Eosin, and CD45 (BD Biosciences, 12 

Cat# 553078) immunostaining using DAB, following the manufacturer’s 13 

protocol. 14 

 15 

Immunocytochemistry staining. 16 

Immunocytochemistry was performed as previously described(29). Cells were 17 

fixed with 4% paraformaldehyde at RT for 10 min, and permeabilized with 0.2% 18 

Triton X-100 at RT for 10 min. Next, cells were blocked in 10% donkey serum at 19 

RT for 30 min and then incubated in the primary antibodies AQP5 (1:100) and 20 

SPC (1:100) at 4 °C overnight. The second antibodies conjugated with 21 

fluorescence were incubated with the samples at 37 °C for 1 h and nuclei were 22 
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stained with DAPI (1:1000) in PBS) at 37 °C for 10 min. Images were analyzed 1 

using fluorescence microscopy and confocal microscopy system (Olympus).  2 

 3 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). 4 

Lung sections were stained to assess apoptosis as descripted previously(39). 5 

Briefly, the sliders were rehydrated in gradient concentration of ethanol and 6 

fixed with 4% formaldehyde for 15min at RT. After treating with 20ug/ml 7 

proteinase K for 10min at RT, tissue was stained with the mixed buffer, 8 

including equilibration buffer 45ul, nucleotide mix with fluorescein 9 

isothiocyanate (FITC) 5ul and TdT enzyme 1ul per each slide, for 1h at 37°C, 10 

following a nuclear staining with the DAPI (1:1000). 11 

 12 

qRT-PCR.  13 

Total RNA was extracted from cells or tissues using Trizol reagent (Invitrogen). 14 

cDNA was made by reverse-transcription using the SuperScript III First-15 

Strand Synthesis System (Invitrogen). qRT-PCR analyses were performed 16 

using the Syber Green kit (Bio-Rad), and data were analyzed by the ΔCт 17 

threshold cycle method. AQP5: 5′-CTCCCCAGCCTTATCCATTG-3′, 5′-18 

CCAGAAGACCCAGTGAGAGG-3′;  19 

SPC: 5′-CAAACGCCTTCTCATCGTGGTTGT-3′, 5′-20 

TTTCTGAGTTTCCGGTGCTCCGAT-3′;  21 



 15 

IL-6: 5’-CAAAGCCAGAGTCCTTCAGAG-3’, 5’=GTCCTTAGCCACTCCTTC-3’; 1 

MCP-1: 5’-GCTCTCCAGCCTACTCATTG-3’, 5’GTCCCTGTCATGCTTCTGG-2 

3’; Keratinocyte-derived chemokine (KC): 5’-CAGACGGTGCCATCAGAG-3’, 5’-3 

AACCGAAGTCATAGCCACAC-3’.  4 

 5 

Mouse lung epithelial cells (MLE-12) injury induced by BLM in vitro. 6 

Experiments were performed as descripted previously(39). Briefly, MLE-12 7 

(ATCC company, Cat# CRL-2110) were seeded at 1X106 cells per 60-mm 8 

dish and cultured in medium supplied with 2% FBS, 0.005mg/ml insulin 9 

(Sigma, Cat# 10516), 0.01mg/ml Tranferrin (Sigma, Cat# T8158), 30nM 10 

Sodium selenite (Sigma, Cat# S5261), 10nM Hydrocortisone (Sigma, 11 

Cat#H6909), 10nM Beta-estradiol (Sigma, Cat# E2758), 10mM HEPES 12 

(FisherBiotech, Cat# H0887), overnight. The cells were treated with PBS or 13 

BLM (50ug/ml) for 24h. The cells were washed and co-cultured with PBS, 14 

wild-type TSCs, or HO-1 null TSCs for 16h. The cells were collected for 15 

staining using the FITC Annexin V Apoptosis Detection kit (BD Pharmingen 16 

Cat# 556547), following the manufacturer’s protocol, and then flow cytometry 17 

assessment (BD FACS Canto II) was performed. The data was analyzed 18 

using FlowJo software (TreeStar). AnnexinV and 7-Aminoactinomycin label 19 

the early and late apoptotic cells, respectively. 20 

 21 

Statistics 22 
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One-way analysis of variance was performed when more than two groups 1 

were analyzed (Figure 1c, Figure 2, Figure 3b, Figure 4). For comparisons 2 

between two groups, we used Student’s unpaired t test (Figure 5c, Figure 6b). 3 

Statistical significance was accepted at P<0.05. 4 

 5 

Results 6 

Transplantation of TSCs attenuates inflammation in ALI. 7 

    Intratracheal BLM in mice causes ALI within the first 7 days of exposure(34, 8 

35). We hypothesized that transplantation of TSCs would have a benefit to 9 

decrease the injurious effect of BLM. To address this, we intratracheally 10 

administrated BLM at a dose of 0.75mg/kg in 100µl PBS (ALI), or the same 11 

volume of PBS (sham) into 8~10 weeks C57BL/6 male mice. At day 3 after 12 

exposure to BLM, mice received PBS, FBs or TSCs (both cells were pre-13 

labeled with PKH67 green fluorescence), via the intratracheal route. The 14 

lungs were harvested for histology and BALF was collected at day 7 after 15 

exposure to BLM. To assess the ALI, lung sections were stained for 16 

hematoxylin and eosin (Figure 1a). The lungs of mice exposed to BLM and 17 

then receiving PBS or FBs showed more inflammatory cell infiltration and 18 

more alveolar damage, compared with sham mice receiving PBS. In contrast, 19 

the lungs of ALI mice that received TSCs revealed much less cellularity and 20 

less alveolar damage than mice receiving PBS or FB. Additionally, 21 

immunostaining for CD45, a marker of inflammatory cells, confirmed that 22 
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intratracheal exposure to BLM resulted in an increase in CD45 positive cells 1 

infiltrating in the lungs, compared with sham, while there were significantly 2 

less CD45 positive cells in the lungs of ALI mice that received TSCs 3 

compared with ALI mice receiving PBS or FBs(Figure 1b). 4 

    We next examined total cell counts and types of innate immune cells in 5 

BALF. BLM exposure increased the total cell counts in BALF from ALI mice 6 

receiving PBS or FBs compared with the sham. Intratracheal transplantation 7 

of TSCs significantly decreased the total cell counts in BALF, compared with 8 

ALI mice that received PBS or FBs (Figure 1c, left graph). Infiltration of 9 

neutrophils and macrophages into the acutely injured lungs of mice after 10 

intratracheal exposure to BLM is well described(40, 41). Thus, BAL cells were 11 

assessed using cytospins and Wright-Giemsa staining. The total macrophage 12 

counts in BALF from ALI mice that received PBS or FBs were significantly 13 

increased compared with sham, while ALI mice that received TSCs had a 14 

decrease in macrophage counts compared with ALI mice receiving PBS or 15 

FBs (Figure 1c, middle graph). The total neutrophil counts in BALF from ALI 16 

mice treated with TSCs were comparable to sham, and significantly less than 17 

that of ALI mice that received FBs (Figure 1c, right graphs). Taken together, 18 

these data demonstrate that intratracheal transplantation of TSCs reduced the 19 

inflammatory response, including the reduction of neutrophils and 20 

macrophages infiltrating into the acutely injured lungs of mice exposed to 21 

BLM. 22 
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 1 

Transplantation of TSCs attenuates proinflammation 2 

cytokines/chemokines in ALI. 3 

    In response to BLM-induced ALI, neutrophils, macrophages, alveolar 4 

epithelial cells and endothelial cells secrete proinflammatory cytokines and 5 

chemokines(42-45). Thus, we additionally investigated whether TSCs 6 

mediated the inflammatory response to ALI induced by BLM exposure. Total 7 

RNA was isolated from lungs and qRT-PCR was performed for IL-6, MCP-1 8 

and KC. IL-6 is a marker of inflammation in the injury phase of ALI(44, 45). 9 

Intratracheal exposure to BLM significantly increased IL-6 expression in the 10 

lungs of ALI mice receiving PBS and FB compared with sham lungs. 11 

Interestingly, the level of IL-6 expression decreased in the lungs of ALI mice 12 

receiving TSCs, compared with ALI mice receiving FBs (Figure 2a, left panel). 13 

MCP-1, one of the key chemokines that regulate migration and infiltration of 14 

monocytes/macrophages(43), was increased in ALI, while administration of 15 

TSCs significantly decreased MCP-1 expression compared with lungs of ALI 16 

mice that received PBS or FBs (Figure 2a, middle panel). KC, a factor 17 

contributing to neutrophil recruitment to the lungs(42), also was increased in 18 

the lungs of mice exposed to BLM. However, mice treated with TSCs after ALI 19 

showed a decrease in the level of KC compared with lungs of mice receiving 20 

FB (Figure 2a, right panel). Furthermore. BALF was collected from sham and 21 

ALI mice, and assessed by ELISA. BALF IL-6 was undetectable in sham and 22 
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increased in mice exposed to BLM that received PBS or FBs. Intratracheal 1 

transplantation of TSCs reduced the level of BALF IL-6 compared with mice 2 

that received PBS after ALI, and a trend for a decrease compared with the FB 3 

group (Figure 2b, left panel). MCP-1 was also undetectable in BALF of the 4 

sham mice and increased in ALI mice receiving PBS and FBs. The 5 

intratracheal transplantation of TSCs significantly decrease the level of BALF 6 

MCP-1, compared with mice that received FB after BLM, and there was a 7 

trend of a decrease compared with mice that received PBS (Figure 2b, right 8 

panel). 9 

 10 

TSCs protect lung epithelial cells from apoptosis after exposure to BLM 11 

in vivo and vitro. 12 

    The death of alveolar epithelial cells has been observed in ALI induced by 13 

BLM(39, 46). To assess the role of TSC in protection of the alveolar epithelial 14 

cells from apoptosis during ALI induced by BLM, we stained the lungs for cell 15 

death, using TUNEL (Figure 3). Apoptotic cells were frequently observed in 16 

the lungs at 7 days after intratracheal exposure to BLM in mice that received 17 

PBS or FBs, and rarely seen in the lungs of sham mice receiving PBS. 18 

Transplantation of TSCs into the lungs of mice after exposure to BLM showed 19 

a significant decrease in apoptotic cells compared with ALI mice receiving 20 

PBS and FBs (Figure 3a and 3b). These data demonstrate that TSCs play a 21 

role in protecting the lungs from cell death due to BLM. 22 



 20 

    The previous data (Figure 1 and 2) demonstrated that intratracheal 1 

transplantation of TSCs reduced inflammatory cell infiltrates and the level of 2 

pro-inflammatory cytokines, which may contribute to a decrease in cell death. 3 

To understand whether TSCs may have a direct role in protecting alveolar 4 

epithelial cells, independent of immune cells and cytokines, we performed 5 

apoptosis assays in vitro (Figure 4). MLE-12 were treated with PBS or BLM 6 

(50ug/ml) for 24h and were then co-cultured with PBS or TSCs for 16 hours. 7 

Cells were harvested and stained for Sca-1, which is present in 99% of TSCs 8 

(29) and not expressed in MLE-12, to exclude TSCs in the flow cytometry 9 

analysis for apoptosis (Additional file 1, upper left). MLE-12 were gated to 10 

assay for apoptotic cells (Additional file 1, upper middle and right). BLM 11 

exposure significantly increased the apoptosis of MLE-12 to 25.91±1.8%, 12 

compared with 14.31±1.4 % at baseline, while BLM-injured MLE-12 co-13 

cultured with TSCs, demonstrated a significant decrease in apoptotic cell 14 

counts to 17.78±0.6% (Figure 4a, Additional file 1, lower panels). These data 15 

suggest TSCs directly protect lung epithelial cells from death induced by BLM. 16 

    To further understand this protective effect of TSCs, we explored the 17 

importance of heme oxygenase-1 (HO-1), a known cytoprotective molecule 18 

that has been reported to be important in the response of trophoblast cells to 19 

oxidative stress(47). Interestingly, TSCs harvested from the placentas of HO-20 

1 deficient (HO-1–/–) mice compared with HO-1 wild-type (HO-1+/+) mice 21 

revealed that the protective role of TSCs against BLM-induced MLE-12 death 22 



 21 

was lost in HO-1–/– cells, with a level of apoptosis greater than HO-1+/+ cells 1 

(Figure 4b, Additional file 2). In fact, the level of MLE-12 death due to BLM 2 

was comparable in the group receiving HO-1–/– TSCs as to the group 3 

receiving no cells. 4 

 5 

TSCs possess properties of self-renewal and differentiation into lung 6 

alveolar epithelial cells in vitro. 7 

    Beyond mediating the inflammatory and injury response associated with 8 

ALI due to BLM, we next wanted to understand whether TSCs are capable of 9 

engrafting and differentiating during ALI. We first investigated in vitro the 10 

property of self-renewal and differentiation of TSCs into lung alveolar 11 

epithelial cells. The TSCs were cultured at a limiting diluted in 100mm dish 12 

(density of one cell every 60 mm2). After 14 days, clones formed from single 13 

cells (Figure 5a upper left), and the efficiency of clone formation was 14 

21.3±3.09% (n=3). The clones were immunofluorescence stained for CD117, 15 

and these data demonstrated that the majority of clonal cells continued to 16 

express CD117 (Figure 5a upper right), demonstrating that the TSCs possess 17 

the stem cell properties of clonogenesis and self-renewal. 18 

    TSCs were next cultured in differentiation medium for lung alveolar 19 

epithelial cells, on an air-liquid interphase for 16~18 days. These cells were 20 

immunofluorescence stained for APQ5 (Figure 5b, upper row) or SPC (Figure 21 

5b, lower row), markers for lung alveolar epithelial type I and II cells, 22 
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respectively. We found that the majority of the cells changed to a 1 

cobblestone-shape and expressed AQP5 and SPC. Total RNA was isolated 2 

from these cells and we also performed qRT-PCR for AQP5 and SPC. qRT-3 

PCR revealed ~4-fold and ~5-fold greater mRNA levels of AQP5 and SPC 4 

respectively in the differentiated versus the undifferentiated cells (Figure 5c). 5 

These data demonstrate that TSCs possess the ability to differentiate into 6 

lung alveolar epithelial type I and II cells in vitro. 7 

 8 

Transplanted TSCs engraft and differentiate into alveolar epithelial cells 9 

during ALI in vivo. 10 

    Male 8~10 weeks C57BL/6 mice received PBS (sham) or BLM (ALI) 11 

intratracheally. At day 3 after exposure to BLM, TSCs or FBs were pre-labeled 12 

with PKH67 fluorescence dye (green), and then TSCs or FBs were 13 

intratracheally administrated to ALI mice. The mice were sacrificed and the 14 

lungs were harvested at day 7 after exposure to BLM, for histologic 15 

assessment. Mouse lungs were sectioned (5µm) and images were taken by 16 

fluorescent microscopy for an assessment of engraftment (Figure 6a). No 17 

FITC positive cells were observed in sham mice receiving PBS (Figure 6a, 18 

upper row). FITC positive cells (TSCs or FBs pre-labeled with green) were 19 

observed in the distal lung of mice receiving BLM and subsequently 20 

transplanted with TSCs (green), but were less frequently seen in the lungs of 21 

ALI mice receiving FBs (Figure 6a, bottom and middle rows, respectively). 22 
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Single cell suspensions of lung tissue were also harvested to quantitate 1 

engraftment of TSCs by flow cytometery (Figure 6b). 1.54±0.9% of total lung 2 

cells were found to be exogenous TSCs that engrafted in the lungs of ALI 3 

mice (day 4 after TSC administration), which was significantly greater 4 

compared with that of ALI mice that received FBs with 0.43±0.2% green cells 5 

(Figure 6b).  6 

    To further understand the fate of transplanted TSCs in vivo, the lung 7 

sections were stained for AQP5 and SPC (Figure 7a). Images showed that 8 

some green fluorescent cells expressed either APQ5 (Figure 7a, white 9 

arrowheads, upper row) or SPC (Figure 7a, white arrowheads, lower row), 10 

while others remained positive for green fluorescent dye and did not express 11 

AQP5 or SPC (Figure 7a, white arrows). For quantitation of the 12 

subpopulations of exogenous green cells, the single cell suspension from the 13 

lung was stained for AQP5 or SPC and then run for flow cytometry. In the total 14 

engrafted cells, 21.38±3.9% and 26.32±9.9% of green cells expressed AQP5 15 

and SPC, respectively (Figure 7b). These data revealed that TSCs were able 16 

to engraft and differentiate into alveolar epithelial cells during ALI.  17 

 18 

Discussion 19 

   ALI is a devastating disease process with substantial morbidity and mortality 20 

and limited therapeutic options, with no treatments targeting disease 21 

pathobiology(1, 2). Inflammation and death of alveolar epithelial cells are the 22 
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two major initiating factors of this disease process, which leads to the high-1 

protein fluid accumulating in lungs and ineffectively gas exchange resulting in 2 

ARDS. The use of stem cells as a potential treatment strategy for ALI is an 3 

evolving field of investigation. Although MSCs from various sources and 4 

alveolar epithelial cells have been shown to have therapeutic potential in 5 

rodent lung injury models, there is no evidence of these exogenous stem cells 6 

populating the lung alveolar epithelium in vivo(5, 24-26). Studies have 7 

reported the ability of murine ESCs and iPSCs to engraft and differentiate into 8 

alveolar epithelial cells in vitro and in vivo(7-9). However, immunogenicity of 9 

these cells and ethical issues with ESCs represent barriers to their clinical 10 

application. In the present study, we demonstrate that intratracheal 11 

administration of TSCs in an experimental model of ALI led to a decrease in 12 

the injury response to BLM, including reduced infiltration of inflammatory cells 13 

and decreased production of pro-inflammatory cytokines in lung tissue and 14 

BALF. Furthermore, TSCs transplantation also protected alveolar epithelial 15 

cells from death, and engrafted in the injured lungs. These data suggest that 16 

TSCs, a placenta-derived stem cell easily obtained from discarded tissue, can 17 

be a potential future therapeutic option for ALI. 18 

    ALI in the early stage after exposure to BLM (within 7 days) is 19 

characterized by an extensive infiltration of inflammatory cells into the 20 

lung(40-42, 48). When mice received TSCs intratracheally 3 days after BLM 21 

exposure, at day 7 there was a significant decrease in CD45+ cells compared 22 
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with mice receiving PBS or FBs (Figure 1). This was also demonstrated in 1 

BALF, in which not only total leukocytes, but macrophages and neutrophils 2 

were significantly less in the lungs of mice that received TSCs. In ALI, 3 

macrophages and neutrophils are recruited to the injured lungs by 4 

proinflammatory chemokines and cytokines, released from various cells, such 5 

as the epithelial and endothelial cells, and as well as macrophages and 6 

neutrophils(42-45). IL-6 is considered to be an important proinflammatory 7 

cytokine and a biomarker of poor outcome in ALI(44, 45). MCP-1 is one of the 8 

key chemokines that regulate migration and infiltration of 9 

monocytes/macrophages(43), and KC is one of the major chemokines 10 

contributing to neutrophil recruitment to the lung(42). Our data demonstrated 11 

a significant decrease in the expression of IL-6, MCP-1 and KC in the lungs, 12 

and reduced levels of IL-6 and MCP-1 in BALF, from the lungs of ALI mice 13 

that received TSCs, compared with mice receiving PBS or FBs. This study for 14 

the first time demonstrates that TSCs are capable of decreasing the 15 

expression and production of chemokines and cytokines in BLM-induced ALI 16 

(Figure 2), resulting in a reduced infiltration of macrophages and neutrophils 17 

into the lungs. These date support TSCs have anti-inflammatory properties in 18 

vivo.  19 

    The mechanism of BLM-induced ALI is not fully understood, but numerous 20 

studies have shown that the exposure of lungs to BLM may directly trigger a 21 

series of oxidative reactions leading to cell death(40, 41). Alveolar epithelial 22 
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cell injury and death are further aggravated by the infiltration of inflammatory 1 

cells into the lung. As a treatment for ALI, it is important to protect alveolar 2 

epithelial cells from death. Our data showed the intratracheal transplantation of 3 

TSCs into mice with BLM-induced ALI reduced the death of cells in the lungs, 4 

compared with mice exposed to BLM receiving PBS or FBs (Figure 3). This 5 

likely occurred in part by decreasing the inflammatory response in the lungs, 6 

both production of cytokines and chemokines and also infiltration of 7 

macrophages and neutrophils. In order to understand whether TSCs play the 8 

role in directly protecting the alveolar epithelial cells from apoptosis, we 9 

performed in vitro experiments to exclude the effects of proinflammatory 10 

mediators and immune cells. MLE-12 were injured by BLM exposure, and then 11 

co-cultured with TSCs. Flow cytometry analysis for cell apoptosis showed that 12 

TSCs protected MLE-12 from BLM-induced apoptosis in vitro, suggesting 13 

TSCs play a role in directly protecting the pulmonary cells from death (Figure 14 

4). Furthermore, we demonstrated that production of HO-1 in TSCs 15 

contributed to this response, as TSCs lacking HO-1 lost the ability to protect 16 

lung epithelial cells from BLM-induced death. HO-1 and its downstream 17 

production of carbon monoxide (CO), by catabolizing heme, have previously 18 

been shown to play a protective role against ALI from a variety of insults (49, 19 

50). In fact, clinical trials are ongoing for the use of low-dose inhaled CO for 20 

the treatment of patients with ARDS(51). 21 
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Beyond the impact of TSCs on inflammation and death of lung alveolar 1 

epithelial cells, we also investigated the ability of TSCs to engraft and 2 

differentiate into lung alveolar epithelial cells after the onset of injury. At 3 days 3 

after exposure to BLM, TSCs were intratracheally transplanted into mice, and 4 

assessment of lung engraftment was performed 4 days later. Approximately 5 

1.5% of lung cells were derived from exogenous TSCs (Figure 6). Some of 6 

these exogenous cells stained positive for either APQ5 or SPC, markers of 7 

alveolar epithelial type I or type II cells, respectively. In the population 8 

exogenously labeled TSCs that engrafted, 23% expressed AQP5 and 26% 9 

expressed SPC (Figure 7). These results suggest that TSCs were able to 10 

survive after intratracheal transplantation into the injured lungs, and more than 11 

half of the surviving cells differentiated into alveolar epithelial type I and II cells. 12 

Whether the engraftment of TSCs in the lungs after BLM exposure contributed 13 

to the reduction of injury requires further investigation, however this study 14 

demonstrates that TSCs have the potential to engraft during ALI.  15 

 16 

Conclusions 17 

Taken together, our data provide preclinical evidence that TSCs may have 18 

future clinical application in ALI by decreasing the inflammatory response, 19 

reducing the death of lung alveolar epithelial cells, and engrafting with the 20 

potential for differentiation and replacement of injured cells in the lung. 21 

 22 
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 4 

Figure legend 5 

Figure 1. Administration of TSCs attenuates infiltration of inflammatory 6 

cells in ALI. 7 

Male 8~10 weeks C57BL/6 mice received PBS (sham) or BLM 0.75mg/kg 8 

(ALI) intratracheally. At day 3 after BLM exposure, PBS, FBs, or TSCs were 9 

administrated intratracheally. The mice were sacrificed at day 7, and lung 10 

tissue and BALFs were collected. a) Representative images of Hematoxylin 11 

and Eosin staining of the lungs from sham mice (sham+PBS, upper left), and 12 

ALI mice that received PBS (ALI+PBS, upper right), FBs (ALI+FB, lower left) 13 

or TSCs (ALI+TSC, lower right). b) Representative images of immunostaining 14 

for CD45 (brown), from sham mice (Sham+PBS, upper left), and ALI mice that 15 

received PBS (ALI+PBS, upper right), FBs (ALI+FB, lower left) or TSCs 16 

(ALI+TSC, lower right). Methyl green counterstain (blue). c) BALFs were 17 

collected for assessment of total cell number and were cytospun for 18 

differential quantification of macrophages and neutrophils. Bar graphs show 19 

quantitation of total cells (left panel, n=5~6 for each group), macrophages 20 

(middle panel, n=3~6 for each group) and neutrophils (right panel, n=3~6 for 21 

each group) in BALF, from sham mice (sham+PBS, white bars), ALI mice that 22 
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received PBS (ALI+PBS, black bars), FBs (ALI+FB, light grey bars) or TSCs 1 

(ALI+TSC, dark grey bars). *P<0.05, versus sham group, &P<0.05, versus 2 

ALI+PBS group, $P<0.05, versus ALI+FB group, #P=0.05 versus sham group. 3 

 4 

Figure 2. Administration of TSCs alters the cytokine profile in ALI. 5 

The lung tissue and BALFs were harvested and measured for pro-6 

inflammatory cytokines by RT-PCR and ELISA. a) Quantitation of qRT-PCR 7 

for IL-6 (left panel), MCP-1 (middle panel) and KC (right panel) of lungs, from 8 

sham mice (white bars, n=6), and ALI mice that received PBS (black bars, 9 

n=9), FBs (light grey bars, n=8) or TSCs (dark grey bars, n=6). *P<0.001, 10 

versus sham group. & P<0.05, versus ALI+PBS group. $ P<0.005, versus 11 

ALI+FB group. b) Quantitation of ELISA for IL-6 and MCP-1 in BALF, from 12 

sham mice (undetectable, UD), ALI mice that received PBS (black bars), FBs 13 

(light grey bars) or TSCs (dark grey bars). & P<0.05, versus ALI+PBS group, 14 

$P<0.05, versus ALI+FB group, n=6~8 for each group. 15 

 16 

Figure 3. Administration of TSCs protects apoptosis in ALI. 17 

The lungs were stained for TUNEL. a) Representative images of 18 

immunofluorescence staining for TUNEL (green) and DAPI (blue) for nuclear, 19 

on lung sections, from sham mice (sham+PBS, upper left), ALI mice that 20 

received PBS (ALI+PBS, upper right), FBs (ALI+FB, lower left) or TSCs 21 

(ALI+TSC, lower right). b) Quantitation of TUNEL staining of the lung sections, 22 
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from sham mice (sham+PBS, white bar, n=9). ALI mice that received PBS 1 

(ALI+PBS, black bar, n=15), FBs (ALI+FB, light grey bar, n=18) or TSCs 2 

(ALI+TSC, dark grey bar, n=15). *P<0.0001, versus sham+PBS group, 3 

&P<0.0001, versus ALI+PBS group, $P<0.001, versus ALI+FB group. 4 

 5 

Figure 4. TSCs protect MLE-12 from apoptosis induced by BLM in vitro. 6 

MLE-12 were treated with PBS or BLM, and then co-cultured with PBS or 7 

TSCs. a) Quantitation of flow cytometry assay. MLE-12 treated with PBS 8 

(MLE12, white bar), or BLM followed by PBS (MLE12+BLM, black bar) or 9 

TSCs (MLE12+BLM+TSC, light grey bar). n=3 for each group. b) Quantitation 10 

of flow cytometry assay showing MLE12 treated with PBS (MLE12, white bar), 11 

or BLM followed by PBS (MLE12+BLM, black bar), wild-type TSCs 12 

(MLE12+BLM+HO1+/+TSCs, light grey bar) or HO-1 null TSCs 13 

(MLE12+BLM+HO1-/-TSC, dark grey bar). *P<0.01 versus MLE12 group. 14 

&P<0.01 versus MLE12+BLM group. $P<0.05 versus 15 

MLE12+BLM+HO1+/+TSCs group, n=3 for each group. 16 

 17 

Figure 5. TSCs possess the capability of clone formation and 18 

differentiation into alveolar epithelial cells in vitro.  19 

TSCs were cultured in a 100-mm dish at limited dilution of one cell every 60 20 

mm2 for 14 days. a) Representative phase contrast images of an entire clone 21 

(left), and a clone immunofluorescence stained for CD117 (green, right). DAPI 22 
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demonstrates nuclear staining (blue). b) TSCs were cultured in epithelial cell 1 

differentiation medium on an air liquid interface for 16~18 days. 2 

Representative images of these differentiated cells immunofluorescence 3 

stained for AQP5 (red, upper row) and SPC (red, lower row), with merged 4 

images including nuclear staining for DAPI (blue, right upper and lower). c) 5 

Bar graph showing quantitation of qRT-PCR for AQP5 (right panel) and SPC 6 

(left panel) in fold change comparing differentiated (Diff, black bars) to 7 

undifferentiated cells (Undiff, white bars), * versus undifferentiated group, 8 

P<0.001 for AQP5, P<0.05 for SPC, n=5 for each group. 9 

 10 

Figure 6. TSCs engraft in the lung injured by BLM.  11 

Male 8~10 weeks C57BL/6 mice received PBS (sham) or BLM (ALI) 12 

intratracheally. At day 3 after BLM exposure, PBS, FBs, or TSCs were 13 

administrated intratracheally. The TSCs and FBs were dyed with PKH67 14 

(green) prior to injection. The lungs were harvested at day 7 after BLM 15 

exposure. a) Representative images of the lung, from sham mice (sham+PBS, 16 

top row), ALI mice that received FB (ALI+FB, middle row) and TSCs 17 

(ALI+TSC, bottom row). Images showing FITC+ cells (green, left column), and 18 

merged with nuclear staining for DAPI (blue, right column). White arrowheads 19 

point to engrafted cells (green). b) Representative scatter plots of flow 20 

cytometry showing the gating strategy: FITC negative (upper left) and PKH67 21 

positive (upper right), FITC+ cells from the lungs of ALI mice that received FBs 22 
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(ALI+FB, lower left) and TSCs (ALI+TSC, lower right). Bar graph represents 1 

quantitation of % green cells in the total lung suspension. *P<0.05, versus 2 

ALI+FB group. n=6 for ALI+FB and n=5 for ALI+TSC. 3 

 4 

Figure 7. TSCs differentiate into alveolar epithelial cells in the lung 5 

injured by BLM. 6 

TSCs were pre-labeled with PKH67 (green) and then intratracheally injected 7 

into the lungs at day 3 after BLM exposure. The lungs were harvested at day 8 

7 for histologic assessment. a) Representative images of the lung 9 

immunofluorescence staining for AQP5 and SPC (red, middle column), TSC 10 

pre-labeled with PKH67 (green, left column), and merged images with nuclear 11 

staining for DAPI (blue, right column). White arrowheads point to 12 

green+APQ5+ and green+SPC+ cells (upper and lower rows, respectively). 13 

White arrows point to green+AQP5–and green+SPC– cells (upper and lower 14 

rows, respectively). b) Representative scatter plots of flow cytometry showing 15 

the gating strategy (upper row), FITC+ control from TSCs stained with PKH67 16 

(first panel), FITC+ TSCs gated from unstained cells of the lung that received 17 

PKH67-prelabeled TSCs (second panel), APC+ gated from the population of 18 

FITC+ cells in the second panel (third panel), and isotype control from the 19 

normal lung stained with FITC- and APC-isotypes (fourth panel). The lower 20 

row shows representative scatter plots of flow cytometry. The cells from BLM 21 

injured lungs receiving pre-labeled TSCs (FITC) and were stained for APQ5 22 
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or SPC (APC). The percentage of FITC+ cells in the total lung cell population 1 

is shown in the gates (G+, lower row, the first and third panels), in which these 2 

cells gated for a percentage of FITC+AQP5+ and FITC+SPC+ in total FITC+ 3 

cells (second and fourth panels, respectively). The pie graph shows 4 

quantitation of FITC+APQ5+ and FITC+SPC+ in the total FITC+ cells. n=5 for 5 

each group. 6 



Figures

Figure 1

Administration of TSCs attenuates in�ltration of in�ammatory cells in ALI. Male 8~10 weeks C57BL/6
mice received PBS (sham) or BLM 0.75mg/kg (ALI) intratracheally. At day 3 after BLM exposure, PBS,
FBs, or TSCs were administrated intratracheally. The mice were sacri�ced at day 7, and lung tissue and



BALFs were collected. a) Representative images of Hematoxylin and Eosin staining of the lungs from
sham mice (sham+PBS, upper left), and ALI mice that received PBS (ALI+PBS, upper right), FBs (ALI+FB,
lower left) or TSCs (ALI+TSC, lower right). b) Representative images of immunostaining for CD45
(brown), from sham mice (Sham+PBS, upper left), and ALI mice that received PBS (ALI+PBS, upper right),
FBs (ALI+FB, lower left) or TSCs (ALI+TSC, lower right). Methyl green counterstain (blue). c) BALFs were
collected for assessment of total cell number and were cytospun for differential quanti�cation of
macrophages and neutrophils. Bar graphs show quantitation of total cells (left panel, n=5~6 for each
group), macrophages (middle panel, n=3~6 for each group) and neutrophils (right panel, n=3~6 for each
group) in BALF, from sham mice (sham+PBS, white bars), ALI mice that 40 received PBS (ALI+PBS, black
bars), FBs (ALI+FB, light grey bars) or TSCs (ALI+TSC, dark grey bars). *P<0.05, versus sham group,
&P<0.05, versus ALI+PBS group, $P<0.05, versus ALI+FB group, #P=0.05 versus sham group.

Figure 2

Administration of TSCs alters the cytokine pro�le in ALI. The lung tissue and BALFs were harvested and
measured for pro in�ammatory cytokines by RT-PCR and ELISA. a) Quantitation of qRT-PCR for IL-6 (left
panel), MCP-1 (middle panel) and KC (right panel) of lungs, from sham mice (white bars, n=6), and ALI



mice that received PBS (black bars, n=9), FBs (light grey bars, n=8) or TSCs (dark grey bars, n=6).
*P<0.001, versus sham group. & P<0.05, versus ALI+PBS group. $ P<0.005, versus ALI+FB group. b)
Quantitation of ELISA for IL-6 and MCP-1 in BALF, from sham mice (undetectable, UD), ALI mice that
received PBS (black bars), FBs (light grey bars) or TSCs (dark grey bars). & P<0.05, versus ALI+PBS group,
$P<0.05, versus ALI+FB group, n=6~8 for each group.

Figure 3



Administration of TSCs protects apoptosis in ALI. The lungs were stained for TUNEL. a) Representative
images of immuno�uorescence staining for TUNEL (green) and DAPI (blue) for nuclear, on lung sections,
from sham mice (sham+PBS, upper left), ALI mice that received PBS (ALI+PBS, upper right), FBs (ALI+FB,
lower left) or TSCs (ALI+TSC, lower right). b) Quantitation of TUNEL staining of the lung sections, 41
from sham mice (sham+PBS, white bar, n=9). ALI mice that received PBS (ALI+PBS, black bar, n=15), FBs
(ALI+FB, light grey bar, n=18) or TSCs (ALI+TSC, dark grey bar, n=15). *P<0.0001, versus sham+PBS
group, &P<0.0001, versus ALI+PBS group, $P<0.001, versus ALI+FB group.

Figure 4

TSCs protect MLE-12 from apoptosis induced by BLM in vitro. MLE-12 were treated with PBS or BLM, and
then co-cultured with PBS or TSCs. a) Quantitation of �ow cytometry assay. MLE-12 treated with PBS
(MLE12, white bar), or BLM followed by PBS (MLE12+BLM, black bar) or TSCs (MLE12+BLM+TSC, light
grey bar). n=3 for each group. b) Quantitation of �ow cytometry assay showing MLE12 treated with PBS
(MLE12, white bar), or BLM followed by PBS (MLE12+BLM, black bar), wild-type TSCs
(MLE12+BLM+HO1+/+ TSCs, light grey bar) or HO-1 null TSCs (MLE12+BLM+HO1-/- TSC, dark grey bar).
*P<0.01 versus MLE12 group. &P<0.01 versus MLE12+BLM group. $P<0.05 versus MLE12+BLM+HO1+/+
TSCs group, n=3 for each group.



Figure 5

TSCs possess the capability of clone formation and differentiation into alveolar epithelial cells in vitro.
TSCs were cultured in a 100-mm dish at limited dilution of one cell every 60 mm2 for 14 days. a)
Representative phase contrast images of an entire clone (left), and a clone immuno�uorescence stained
for CD117 (green, right). DAPI 42 demonstrates nuclear staining (blue). b) TSCs were cultured in epithelial
cell differentiation medium on an air liquid interface for 16~18 days. Representative images of these



differentiated cells immuno�uorescence stained for AQP5 (red, upper row) and SPC (red, lower row), with
merged images including nuclear staining for DAPI (blue, right upper and lower). c) Bar graph showing
quantitation of qRT-PCR for AQP5 (right panel) and SPC (left panel) in fold change comparing
differentiated (Diff, black bars) to undifferentiated cells (Undiff, white bars), * versus undifferentiated
group, P<0.001 for AQP5, P<0.05 for SPC, n=5 for each group.

Figure 6

TSCs engraft in the lung injured by BLM. Male 8~10 weeks C57BL/6 mice received PBS (sham) or BLM
(ALI) intratracheally. At day 3 after BLM exposure, PBS, FBs, or TSCs were administrated intratracheally.
The TSCs and FBs were dyed with PKH67 (green) prior to injection. The lungs were harvested at day 7



after BLM exposure. a) Representative images of the lung, from sham mice (sham+PBS, top row), ALI
mice that received FB (ALI+FB, middle row) and TSCs (ALI+TSC, bottom row). Images showing FITC+
cells (green, left column), and merged with nuclear staining for DAPI (blue, right column). White
arrowheads point to engrafted cells (green). b) Representative scatter plots of �ow cytometry showing the
gating strategy: FITC negative (upper left) and PKH67 positive (upper right), FITC+ cells from the lungs of
ALI mice that received FBs 43 (ALI+FB, lower left) and TSCs (ALI+TSC, lower right). Bar graph represents
quantitation of % green cells in the total lung suspension. *P<0.05, versus ALI+FB group. n=6 for ALI+FB
and n=5 for ALI+TSC.



Figure 7

TSCs differentiate into alveolar epithelial cells in the lung injured by BLM. TSCs were pre-labeled with
PKH67 (green) and then intratracheally injected into the lungs at day 3 after BLM exposure. The lungs
were harvested at day 7 for histologic assessment. a) Representative images of the lung
immuno�uorescence staining for AQP5 and SPC (red, middle column), TSC pre-labeled with PKH67
(green, left column), and merged images with nuclear staining for DAPI (blue, right column). White



arrowheads point to green+APQ5+ and green+SPC+ cells (upper and lower rows, respectively). White
arrows point to green+AQP5–and green+SPC– cells (upper and lower rows, respectively). b)
Representative scatter plots of �ow cytometry showing the gating strategy (upper row), FITC+ control
from TSCs stained with PKH67 (�rst panel), FITC+ TSCs gated from unstained cells of the lung that
received PKH67-prelabeled TSCs (second panel), APC+ gated from the population of FITC+ cells in the
second panel (third panel), and isotype control from the normal lung stained with FITC- and APC-isotypes
(fourth panel). The lower row shows representative scatter plots of �ow cytometry. The cells from BLM
injured lungs receiving pre-labeled TSCs (FITC) and were stained for APQ5 44 or SPC (APC). The
percentage of FITC+ cells in the total lung cell population is shown in the gates (G+, lower row, the �rst
and third panels), in which these cells gated for a percentage of FITC+AQP5+ and FITC+SPC+ in total
FITC+ 3 cells (second and fourth panels, respectively). The pie graph shows quantitation of FITC+APQ5+
and FITC+SPC+ in the total FITC+ cells. n=5 for each group.
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