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Previous efforts to derive lung progenitor cells from human 
embryonic stem (hES) cells using embryoid body forma-
tion or stromal feeder cocultures had been limited by low 
efficiencies. Here, we report a step-wise differentiation 
method to drive both hES and induced pluripotent stem 
(iPS) cells toward the lung lineage. Our data demonstrated 
a 30% efficiency in generating lung epithelial cells (LECs) 
that expresses various distal lung markers. Further enrich-
ment of lung progenitor cells using a stem cell marker, 
CD166 before transplantation into bleomycin-injured 
NOD/SCID mice resulted in enhanced survivability of 
mice and improved lung pulmonary functions. Immuno-
histochemistry of lung sections from surviving mice further 
confirmed the specific engraftment of transplanted cells in 
the damaged lung. These cells were shown to express sur-
factant protein C, a specific marker for distal lung progeni-
tor in the alveoli. Our study has therefore demonstrated 
the proof-of-concept of using iPS cells for the repair of 
acute lung injury, demonstrating the potential usefulness 
of using patient’s own iPS cells to prevent immune rejec-
tion which arise from allogenic transplantation.
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IntroductIon
Acute and chronic lung injuries incur significant morbidity and 
mortality. The choice of efficacious medical therapy is limited 

and in advanced cases where transplantation is the final option, 
donor organ availability remains a severe limiting factor. A poten-
tially viable alternative to lung transplantation is the transplan-
tation of airway progenitor cells to enhance lung regeneration. 
Physiologically, the alveoli, which are the functional units of the 
lung, are made up of two cell types, namely the type I and type II 
pneumocytes. While type I pneumocytes tend to be large flattened 
cells responsible for gaseous exchange, the type II pneumocytes 
are smaller cuboidal cells that secrete surfactant proteins which 
play important roles in reducing surface tension, thus preventing 
the alveoli from collapsing. As the lung is constantly exposed to 
foreign pathogens and toxins that can harm the alveolar epithe-
lium, the ability to elicit self repair and regeneration of the dam-
aged tissue is critical for maintaining normal pulmonary function. 
Developmentally, type II pneumocytes are considered to be the 
progenitors for type I alveoli epithelial cells.1 Although the type II 
pneumocytes can proliferate and differentiate into type I epithelial 
cells, this endogenous repair mechanism of the alveolar epithe-
lium is often inadequate to reconstitute damaged alveoli in several 
life threatening pulmonary diseases such as acute lung injury and 
chronic obstructive pulmonary disease.

Several studies have reported the derivation of type II pneu-
mocytes from both mouse and human ES cells either through 
embryoid body formation or using differentiation medium 
designed for the maintenance of mature small airway epithelium.2–10 
Such differentiation processes require relatively long differentia-
tion period (~15–30 days) and were often achieved with low effi-
ciencies (~5%). Since the lung is derived embryologically from the 

Correspondence: Bing Lim, Stem Cell and Developmental Biology, Genome Institute of Singapore, 60 Biopolis Street #02-01, Genome 138672, 
Singapore. E-mail: limb1@gis.a-star.edu.sg (or) Elaine Hsuen Lim, Department of Respiratory Medicine, Tan Tock Seng Hospital, 11 Jalan Tan Tock 
Seng, Singapore 308433, Singapore. E-mail: elainelim77@ymail.com (or) Boon Seng Soh, Department of Stem Cell and Regenerative Biology,  
Harvard University, 7 Divinity Avenue, Cambridge, Massachussetts 02138, USA. E-mail: bsoh@fas.harvard.edu

CD166pos Subpopulation From Differentiated 
Human ES and iPS Cells Support Repair 
of Acute Lung Injury
Boon Seng Soh1,2, Dahai Zheng3, Julie Su Li Yeo4, Henry He Yang5, Shi Yan Ng1, Lan Hiong Wong3, 
Wencai Zhang1, Pin Li1, Massimo Nichane1, Atasha Asmat6, Poo Sing Wong7, Peng Cheang Wong8, 
Lin Lin Su8, Sakis A Mantalaris9, Jia Lu10,11, Wa Xian12, Frank McKeon1,13, Jianzhu Chen3,14, Elaine 
Hsuen Lim15 and Bing Lim1,16

1Department of Stem Cell and Developmental Biology, Genome Institute of Singapore, Genome, Singapore; 2Department of Stem Cell and Regenerative Biology, 
Harvard University, Cambridge, Massachusetts, USA; 3Interdisciplinary Research Group in Infectious Diseases, Singapore-Massachusetts Institute of Technology 
 Alliance for Research and Technology, Singapore, Singapore; 4Department of Obstetrics and Gynecology, Yong Loo Lin School of  Medicine, National  University 
of Singapore, Singapore, Singapore; 5Cancer Institute of Singapore, National University of Singapore, Singapore, Singapore;  6National University Heart Centre 
Singapore, National University Hospital, Singapore, Singapore; 7Mount Elizabeth Medical Centre, Singapore, Singapore; 8Department of Obstetrics and 
 Gynecology, National University Hospital, Singapore, Singapore; 9Department of Chemical Engineering and Chemical Technology, Faculty of  Engineering, South 
Kensington Campus, Imperial College London, London, UK; 10Defence Medical and  Environmental Research Institute, DSO National Laboratories, Singapore, 
Singapore; 11Department of Anatomy, Yong Loo Lin School of Medicine, National University of Singapore, Singapore, Singapore; 12Institute of Molecular Biology, 
A-STAR, Singapore, Singapore; 13Department of Cell Biology, Harvard Medical School, Boston, Massachusetts, USA; 14The Koch Institute for Integrative Cancer 
Research, Department of Biology, Massachusetts Institute of  Technology, Cambridge, Massachusetts, USA; 15Department of Respiratory Medicine, Tan Tock 
Seng Hospital, Singapore, Singapore; 16Beth-Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts, USA

http://www.nature.com/doifinder/doi:10.1038/mt.2012.182
mailto:limb1@gis.a-star.edu.sg
mailto:bsoh@fas.harvard.edu
mailto:


2336 www.moleculartherapy.org  vol. 20 no. 12 dec. 2012

© The American Society of Gene & Cell Therapy
CD166 Subpopulation From hESC and iPSC Support Lung Repair

endoderm lineage, we speculated that a step-wise differentiation 
process, initially toward the endodermal lineage, would favor the 
differentiation of pluripotent stem cells toward the lung lineage. 
At the same time, recent advances in somatic cell reprogramming 
to induced pluripotent stem (iPS) cells have greatly increased the 
possibilities of generating patient-specific stem cells. Therefore, as 
a proof-of-concept and to test the potential usefulness of iPS cells, 
we generated human iPS clones from human MRC5 and BJ cell 
lines using the Yamanaka factors.11 Through this differentiation 
method, a heterogeneous population of differentiated cells was 
obtained, of which ~30% was found to express surfactant protein 
A in vitro.

Despite the ability to generate lung epithelial cells (LECs) 
reproducibly from pluripotent stem cells using the step-wise dif-
ferentiation protocol, the cells obtained were still unsuitable for 
transplantation due to its heterogeneity. In this study, we report 
the use of magnetic-activated cell sorting (MACS) on the hetero-
geneous pool of differentiating LECs, and identified CD166 as a 
potential marker, capable of enriching a subpopulation of cells 
that were able to engraft and function in vivo. The functionality of 
these sorted LECs that were derived from both human embryonic 
stem (hES) and hiPS cells were demonstrated to integrate into 
the lung alveoli of bleomycin-injured NOD/SCID mice, thereby 
improving lung pulmonary functions and enhancing the surviv-
ability of the mice.

results
Generation of human iPs cell lines
Human iPS clones generated from human MRC5 and BJ cell 
lines were shown to express all the four transgenes (OCT4, SOX2, 
KLF4, and C-MYC) that were introduced into these fibroblasts to 
effect the reprogramming process (Figure 1a). The G-band karyo-
type analysis of these clones revealed normal karyotype (data not 
shown). To test the stemness of these clones, alkaline phosphatase 
staining test was performed and the results illustrated comparable 
expression of this enzyme in both human iPS and wild-type hES 
cells (Figure 1b). Furthermore, quantitative-PCR also revealed 
similar expression of endogenous pluripotency markers (OCT4, 
SOX2, and NANOG) in these iPS clones as well as wild-type hES 
cells (Figure 1c). In order to examine the differentiation potential 
of these human iPS clones, 1 × 106 pluripotent stem cells were 
injected subcutaneously behind the hind limbs into NOD/SCID 
mice. Typical teratoma formation comprising of tissues belonging 
to the three lineages, namely the endoderm, mesoderm, and ecto-
derm was observed (Figure 1d). Furthermore, microarray analy-
sis aimed to examine the global transcriptome profiles of the hiPS 
clones and wild-type hES cells revealed that the hiPS clones are 
highly similar to wild-type hES cells (R value >0.9) (Figure 1e). 
Overall, these data showed that the hiPS clones obtained from the 
MRC5 and BJ cell lines behave similarly to wild-type hES cells in 
terms of its pluripotency status and differentiation capability.

efficient differentiation of human es and iPs cells 
toward the lung lineage
The step-wise differentiation process adopted in this study is sum-
marized in Figure 2a. Differentiation to definitive endoderm was 
achieved using earlier published protocol with the cells showing 

expression of specific endoderm markers such as SOX17, FOXA2, 
GSC, and MIXL112 (Figure 2b). In contrast, other lineage mark-
ers such as T-BRACHYURY, KDR (mesoderm), NODAL, CDX2, 
SALL4 (trophectoderm), and NESTIN, FGF4 (ectoderm) were 
shown to be downregulated. FACS analysis for the expression of 
FOXA2 and SOX17 revealed near homogeneity of the endoder-
mal cells obtained, with >95% of the cells expressing these pro-
teins, which was further demonstrated by immunocytochemistry 
(Supplementary Figure S1).

Once the pluripotent stem cells had been differentiated to 
the endoderm lineage, we hypothesized that given the appro-
priate inductive signals, these cells would further differentiate 
into cells contributing to liver, lung, pancreas, thyroid, or other 
endodermal tissues. Henceforth, we postulated that further 
manipulation of endodermal cells toward the lung lineage may 
be achieved by exposure to medium that has been conditioned 
by culture of human fetal lung cells. The underlying hypothesis 
is that the fetal lung tissue secretes signaling molecules that may 
simulate the environment in vivo during early organogenesis of 
the lung, thereby inducing multipotent cells to further differen-
tiate toward the lung lineage. Figure 2c shows the gene expres-
sion of the differentiated cells after 7 days culture in human fetal 
lung conditioned medium (HFL-CM). Strikingly, the differenti-
ated cells expressed lung specific makers such as SFTPA, SFTPB, 
AQ1, TITF1, and CAV1 compared to cells that were cultured in 
a nonspecific medium (293-CM). Through FACS analysis, we 
estimated that treatment with HFL-CM is ~15 times more effi-
cient than nonspecific medium (293-CM) in generating distal 
lung cells that are expressing surfactant protein A (Figure 2d). 
Immunocytochemistry further confirmed the expression of 
these lung specific proteins (Figure 2e and Supplementary 
Figure S2).

In addition, the specificity of the HFL-CM-mediated induc-
tion of cellular differentiation toward the lung lineage was further 
demonstrated by using the surfactant protein C promoter-DsRed 
(SPC-DsRed) reporter hES cell line (Supplementary Figure S3b) 
and SPC-GFP reporter mES cell line (a kind gift from Hogan B.L. 
lab) (Supplementary Figure S3c). Evidently, the HFL-CM is capa-
ble of driving further differentiation of definitive endodermal cells 
to distal LECs with ~30% and 10% of the stem cell-derived LECs 
expressing surfactant protein A and C, respectively (Figure 2d and 
Supplementary Figure S3b). Apart from generating lung lineage 
cell types, ~15% of the differentiated cells cultured in HFL-CM 
were also shown to express mesenchymal lineage marker, CD105 
(Supplementary Figure S3d).

As the human lung is largely generating conducting airways 
in the 11–22-week gestation period, one would envisage that 
conducting airway epithelium would therefore be favored by the 
differentiation protocol. Indeed, the use of conditioned medium 
obtained from early fetal lung samples also resulted in conduct-
ing airway differentiation as K18 positive cells were also observed 
(Supplementary Figure S2). However, results from flow cytomet-
ric analysis of differentiated cells seemed to suggest that the differ-
entiation protocol favors the derivation of distal lung epithelium 
(Supplementary Figure S3). This could possibly be due to the use 
of lung epithelial medium following HFL-CM induction during 
the differentiation process.
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transplantation of human es/iPs-derived lecs rescue 
mice from acute lung injury
To assess the functional capacity of these pluripotent stem cell-
derived LECs, we performed transplantation of hES-LECs and 
hiPS-LECs in immunecompromised mice. In order to facilitate 
tracking of cells in vivo, we generated stable hES and hiPS cell 
lines harboring the CSII-EF-MCS-IRES2-Venus construct. The 
green fluorescent protein (GFP)-positive clones selected for our 
study were shown to possess characteristics of wild-type hES cells 
(Supplementary Figure S4). Transplantation of hES-LECs and 
hiPS-LECs was performed on NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 
(NOD/SCID) mice as these animals have been shown to be better 

recipients for engraftment of cross-species host cells.13,14 Since dia-
pedesis of differentiated LECs into the lung parenchyma and even-
tual integration is an extremely inefficient process in the absence of 
lung injury, acute lung injury was induced by intratracheal injec-
tion of 5 U/kg bleomycin 3 days before the transplantation of cells. 
The anti-neoplastic drug bleomycin primarily targets the pulmo-
nary epithelium as its mode of action depends largely on the avail-
ability of oxygen, which is abundant in the lung. Lung injury was 
typically observed in the initial 48–72 hours following intratra-
cheal introduction of bleomycin and was characterized histologi-
cally by perivascular oedema, capillary congestion, and alveolar 
wall thickening.15 By day 14 after bleomycin treatment, majority of 
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Figure 1 Generation of human induced pluripotent stem (hiPs) cell lines. (a) PCR showing the presence of transgenes (OCT4, SOX2, KLF4, 
and C-MYC) in hiPS clones generated from human MRC5 and BJ fibroblast cell lines. (b) Alkaline phosphatase staining of hiPS (BJ and MRC5) and 
wild-type human ES (H1 and H7) colonies. (c) Graphical representation of relative gene expression of pluripotency markers (OCT4, SOX2, and 
NANOG) from both hiPS (BJ and MRC5) and wild-type human embryonic stem (hES) (H1 nd H7) cell lines. Bars, standard error of n = 3 experiments. 
(d) Hematoxylin and eosin (HE) staining of teratoma sections obtained from mice 4–6 weeks following subcutaneous injection with 1 × 106 hiPS 
cells. These sections revealed tissues belonging to the three germ layers (endoderm, mesoderm and ectoderm). Bar = 500 µm. (e) Microarray analysis 
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the lung epithelium was severely damaged, depicted by the intersti-
tial thickening, collapse of the alveolar wall and enlargement of the 
cystic air spaces (Figure 3a). Transplantation of stem cell- derived 
LECs greatly reduced the extent of lung damage inflicted by bleo-
mycin. Tracking of the lung recovery process over 3 weeks at 7 
days interval showed reduction in capillary congestion and areas 
of thickened alveolar walls in lungs of animals transplanted with 
stem cell-derived LECs (Figure 3a). Histological analysis of lungs 
21 days after transplantation showed that the alveolar architecture 
of animals transplanted with stem cell-derived LECs were closest 

to normal lung compared to lungs of animals transplanted with 
phosphate-buffered saline (PBS) or 293-CM differentiated cells 
(controls) (Figure 3a). Large air spaces and thickened alveolar walls 
were still evident in both controls 21 days post- transplantation 
(Figure 3b), suggesting that the transplanted LECs were able to 
integrate and reconstitute damaged alveoli.

To assess whether transplanting hES-LECs and hiPS-LECS 
support long-term recovery, we assessed a total of 120 NOD/SCID 
mice in five separate experiments. Animals transplanted with PBS 
alone or hES cells treated with 293-CM (controls) were compared 
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with animals transplanted with HFL-CM-treated hES or hiPS cells. 
The survival rates of the bleomycin-injured mice over 3 weeks are 
summarized in Figure 4a. It was noted that mice from both con-
trol groups started to die from day 3 and the survival rate began 
to stabilize by day 14, with ~20% (PBS-treated) and 25% (293-
CM-treated endodermal cells) of the mice surviving. In contrast, 
mice that had been transplanted with human hES-LECs showed 
low mortality throughout the time-course, with >80% of the mice 
surviving after 3 weeks. Thus far, mice transplanted with stem cell-
derived LECs followed over at least 12 months have not shown any 
incidence of tumor formation (data not shown). Although mice 
transplanted with hiPS-LECs did not result in similar percentage 
of survival compared to hES-LECs, significant rescue (~70%) was 
recorded in two independent experiments (Figure 4b).

To obtain a better and more quantitative correlation between 
survival rate of the mice and lung pulmonary functions, we 
performed whole-body plethysmography of mice transplanted 
with hES-LECs. Examination of two important aspects of lung 
functions, breathing rates and tidal volume, revealed that the 
time point of greatest difference in pulmonary functions coin-
cided with the time point where high mortalities were observed 
in the control mice. Between days 4–14 post-transplantation, 
the breathing rates of mice in the two control groups remained 
high (between 200 and 280 breaths/minute) compared to the 
relatively low breathing rates of <200 breaths/minute observed 
in mice transplanted with hES-LECs (Figure 4c). Furthermore, 
tidal volumes in the two control groups rose to between 0.23 
and 0.31 cm3 despite transplantation with either PBS or cells 
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differentiated with 293-CM. In contrast, the tidal volume of mice 
transplanted with hES-LECs began to decrease from ~0.27 cm3 
2 days after transplantation and eventually registered a rela-
tively constant volume of ~0.19 cm3 (Figure 4c). The improved 
and better physiological parameters in animals transplanted 
with hES-LECs differentiated with HFL-CM provided strong 
evidence that these cells, despite their heterogeneity, supported 
the repair of distal lung epithelia and the restoration of overall 
functional surface area for gaseous exchange.

cd166pos subpopulation from hes and hiPs derived 
lecs is responsible for repair in acute lung injury
To further identify the subset of stem cell-derived LECs that 
were responsible for the rescue observed in the transplantation 
experiments, we sought for surface cell markers that could serve 
in cell sorting. By screening through some of the known surface 
markers for epithelial progenitor cells (CD44, CD133, CD166, 
and EpCAM),16–20 an examination of early human fetal lung at 
the pseudoglandular stage (week 7–16) revealed that all the epi-
thelial cells lining the budding lung express significant levels 
of the surface antigen CD166 (Figure 5a), and these CD166pos 
cells are likely to be those that self-renew and contribute to all 

epithelial cell lineages in the lung. Further analysis revealed 
that ~40–45% of the differentiated cells in hES-LECs and hiPS-
LECs expressed CD166 antigen (Figure 5b–c), of which ~60% 
of the CD166pos cells were also shown to express surfactant pro-
tein A, a distal lung marker (Figure 5d and Supplementary 
Figure S5).

As several recent studies reported CD166 to be a prognos-
tic biomarker for cancer,19–21 we attempted to characterize the 
expression of CD166 during the differentiation of hES and hiPS, 
at several time points, to determine the progression of CD166 
expression. Using adult human lung tissue sections to represent 
the “end state” of CD166 expression levels in normal lung devel-
opment, we demonstrated fairly low levels of CD166 expression 
in the terminal bronchioles of adult lung as compared to dur-
ing the pseudograndular phase (Supplementary Figure S6). 
Thus, it seems that the expression of CD166 increases in the 
early embryonic stages of lung development and subsequently 
decreases in normal adult lung. Consistent with this obser-
vation, in vitro experiments performed to recapitulate lung 
progenitor cells derivation from hES and hiPS cells demon-
strated progressive increase in CD166 expressions after defini-
tive endoderm stage. The expressions of CD166 subsequently 
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transplanted with phosphate-buffered saline (PBS), 293-CM differentiated or human fetal lung conditioned medium (HFL-CM) differentiated human 
ES cells over a 3 weeks period after bleomycin-induced lung injury. Transplantation study was performed five times with eight mice in each experi-
mental group using human embryonic stem (hES) cells differentiated with HFL-CM, PBS, or 293-CM differentiated cells as controls. The P values 
between the experimental groups are as shown. (b) Kaplan–Meier curve showing survival rate of mice transplanted with hiPS cells differentiated with 
HFL-CM, PBS, or 293-CM differentiated cells into bleomycin-injured mice. The experiment was performed twice with five mice in each of the experi-
mental groups. The survival analysis was performed using Kaplan–Meier estimator. The P values between the experimental groups are as shown.  
(c) Measurement of lung functions by whole-body plethysmography of mice transplanted with hES cells differentiated with HFL-CM, PBS, or 293-CM 
differentiated cells. Graphical representation showing breathing rates and tidal volumes of the three groups of mice measured over a 3-week period. 
Error bars represent SD obtained from remaining mice at each time point.
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decrease in mature cultures of the hES- and hiPS-derived LECs 
(Supplementary Figure S6). Henceforth, we hypothesized that 
the cell type responsible for the repair of acute lung injury in 
bleomycin-treated mice to be the CD166pos cells.

To confirm this, we transplanted CD166pos or CD166neg LECs 
from differentiated stem cell populations. Mice treated with 
bleomycin were given either 5 × 105 CD166pos LECs or CD166neg 
LECs. Strikingly, we consistently observed high survival rate 
(~75%; P < 0.05) after 3 weeks in mice transplanted with 
CD166pos cells compared to the control mice that were injected 
with either PBS or CD166neg populations, which showed ~25% 
survival (Figure 6a). To unambiguously determine whether 
these CD166pos LECs were truly functional in vivo, immuno-
fluorescent staining was performed using anti-GFP (green) and 
anti-prosurfactant protein C (red) primary antibodies to deter-
mine the localization of these cells. Clusters of GFP-positive cells 

were found to be located near damaged areas in the left lung. 
Notably, most of the labeled cells were found either in the alveoli 
or in the terminal bronchioles (Figure 6b). Immunofluorescent 
staining for prosurfactant protein C also revealed that a sub-
population of the integrated GFP-positive cells was also posi-
tive for SPC, a marker for type II pneumocyte. Consistently, 
improvements in lung physiological functions were observed in 
mice transplanted with CD166pos LECs as compared to those 
transplanted with CD166neg population, which performed simi-
larly to the PBS control (Figure 6c). Further investigation to 
demonstrate specific engraftment of the cells in the surviving 
mice 3 weeks post-transplantation revealed the presence of 
GFPpos LECs in the lung but not in the other organs such as 
the heart, spleen, and liver. These results confirmed the specific 
integration of CD166pos stem cell-derived LECs in the lungs of 
surviving mice (Supplementary Figure S7).
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dIscussIon
Previous studies have shown that pulmonary mesenchyme is 
required for normal lung development and that small molecules 
secreted by the embryonic mesenchyme have profound effects on 
the growth, patterning, and differentiation of the developing lung 
epithelium.22,23 Similar work employing the coculture approach 
to drive ES cells differentiation has been recently reported. Soto-
Gutierrez and colleagues demonstrated that coculture of murine 
ES cells with liver nonparenchymal cell lines induced high per-
centage of differentiation of ES cells to hepatocytes that can 

metabolize almost as well as primary mouse hepatocytes.24 Here, 
we demonstrated that by first specifying endodermal lineage dif-
ferentiation followed by treatment with medium that has been 
conditioned by human fetal lung fibroblasts, both hES and hiPS 
cells can be differentiated efficiently toward cells of the pulmonary 
tree. This approach highlights the increasing evidence that the use 
of tissue-specific conditioned medium may be a very useful com-
pendium in the technology of tissue regeneration.25–29

At present, due to a lack of efficacious medical therapy for 
both acute and chronic lung diseases, cell based therapy seems to 
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be a viable option for lung repair. Previous study has reported that 
transplantation of primary type II pneumocytes was able to reverse 
lung injury in rats that were subjected to bleomycin treatment,30 
suggesting that endogenous lung progenitor cells may prove use-
ful in repairing damaged lung tissue. However, it is extremely 
challenging to purify sufficient human primary type II pneumo-
cytes for treatment of lung injuries, let alone complications that 
could possibly arise due to immune rejection. Wang et al. recently 
reported that transplantation of hES-derived alveolar epithelial 
type II pneumocytes were able to repair lung injury in mice that 
were treated with bleomycin.5 However, it should be noted that 
the isolation of type II pneumocytes was done using genetically 
modified human ES cells that harbor the SPC reporter.31 Although 
such study is valuable to assess the therapeutic potential of hES-
derived type II pneumocytes in acute lung injury, it nonetheless 
poses potential complication due to genetic modification of the 
transplanted cells in the long term.

In contrast, our study has demonstrated a specific and effi-
cient method to derive distal LECs using HFL-CM. Although 
transplantation of stem cell-derived LECs rescued mice from 
acute lung injury, it is unclear which cell type is responsible for 
the repair due to the heterogeneity of the cells after differentia-
tion. Attempts to identify the subpopulation of differentiated 
cells which are responsible for lung repair have revealed CD166 
as a useful surface marker to select for lung regenerative cells, 
thus overcoming complications that could possible arise from 
genetic manipulation of cells. Through magnetic-activated cell 
sorting and transplantation study, we confirmed the specific cell 
population responsible for the survival of mice following bleo-
mycin injury to be CD166-positive. More importantly, the high 
survival rate observed in mice transplanted with CD166pos LECs 
was accompanied with corresponding improvements in lung 
pulmonary functions. This clearly demonstrated that CD166pos 
LECs play a major role in repairing or preventing tissue dam-
age caused by bleomycin. As bleomycin-induced lung injury 
typically shows three phases in disease development, namely 
(i) neutrophil/macrophage-dependent acute inflammation, 
(ii) lymphocytes accumulation, and then (iii) fibrosis develop-
ment, we hypothesize that apart from engrafting and function-
ing as a type II pneumocyte in the lung, the CD166pos LECs, to 
a larger extent, might have immunomodulating effects in this 
injury model. This is because from our data, CD166pos LECs also 
express surfactant protein A (SFTPA), and that SFTPA was pre-
viously shown to modulate the immunologic environment of the 
lung so as to protect the host from potential pathogens and, at 
the same time, modulate an overzealous inflammatory response 
that could potentially damage the lung thereby impairing gas 
exchange.32,33 Consistent with this, we observed less extensive 
interstitial infiltration of inflammatory cells in lung sections 7 
days after bleomycin induction in mice that were transplanted 
with stem cells that were differentiated with HFL-CM.

Notably, mice transplanted with hiPS-LECs did not perform 
as well compared to hES-LECs in the survival studies despite sig-
nificant rescue (~70%). This observation could possibly be due to 
the epigenetic memory of the iPS cells, having retained the tran-
scriptional memory of the original cells.34,35 In addition, hES and 
hiPS cells genome-wide profiling study conducted by Chin et al. 

recently reported the unique expression signature of hiPS cells, 
suggesting that reprogrammed cells might not have efficiently 
silenced the gene expression pattern of somatic cell from which 
they were derived.36 These inherent genetic and epigenetic dif-
ferences in hiPS cells might have caused the reprogrammed cells 
to be less efficient in differentiating to other somatic cell types 
besides the original cell type they were derived from.

Previous study by Alvaez-Dolado et al. demonstrated fusion 
of bone marrow derived cells in vivo with hepatocytes in liver, 
Purkinje neurons in the brain and cardiac muscle in the heart, 
resulting in the formation of multinucleated cells, suggesting the 
possibility that cell fusion might have contributed to the develop-
ment and maintenance of key cell types, hence aiding in repair 
and regeneration processes.37 In our study, several lines of evi-
dence indicated that the chances of cell fusion to be very unlikely. 
Firstly, engrafted LECs are mononucleated. This can be seen from 
the immunocytochemistry of GFP-positive cells, having a single 
nucleus in the lung sections (Figure 6b). Secondly, applying the 
same side-scatter and forward-scatter gating for flow cytometric 
analysis 3 weeks post-transplantation, GFP-positive cell popula-
tion was found in whole lung single cell suspension obtained from 
transplanted animals, indicating that the engrafted GFP-positive 
LECs are of similar sizes with endogenous lung cells. This indi-
cates that cell fusion is unlikely because fused multinucleated 
cells tend to be of a larger size. Thirdly, cell fusion occasionally 
may lead to aneuploidy and potentially cancer.38 In our study, 
mice transplanted with stem cell-derived LECs followed over at 
least 12-month period have not shown any incidence of tumor 
formation.

Although FACS analysis on various organs demonstrated 
the specific engraftment of CD166pos LECs in the lung, only a 
small percentage of the whole organ comprises of GFP-positive 
cells (~1%), which is consistent with several similar studies.39–41 
Possible explanation for this observation include (i) loss of GFP 
expression in the hES or hiPS cells, (ii) the engrafted LECs were 
outgrown and replaced by endogenous progenitor cells, (iii) 
involvement of secreted paracrine factors by engrafted LECs in 
lung repair. Indeed, at present, a large body of evidence indicates 
that the beneficial effects of cell therapy are related to the secretion 
of soluble factors acting in a paracrine manner.42 These secreted 
paracrine factors may play crucial role to elicit repair and regen-
eration mechanisms during lung injury.

In summary, our study has shown enhanced efficiency in 
deriving distal LECs from both hES and hiPS cells using a two-
step differentiation methodology. The functionality of these stem 
cell-derived LECs were further demonstrated in transplantation 
experiments where mice treated with lethal dosage of bleomycin 
survived with improved lung pulmonary functions. In addition, 
we further identified CD166 as a suitable cell surface marker to 
enrich for early lung progenitor cells without the need for genetic 
manipulation. Although low percentage of engrafted cells were 
present 3 weeks post-transplantation, it is unequivocal that their 
presence in damaged lung tissue provided therapeutic benefits, 
either in the form of cellular effects or paracrine effects, to mice 
subjected to bleomycin acute lung injury. Lastly, it is noteworthy 
that the therapeutic effects of the transplanted CD166pos LECs 
were long lasting and without teratoma formation.
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MaterIals and MetHods
Cell culture and transduction of human ES cells. The human ES cell line, 
H1 (Wicell, Madison, WI) was cultured in feeder-free condition on Matrigel 
(BD, Franklin Lakes, NJ). The cells were maintained in mouse embryonic 
fibroblast conditioned medium (MEF-CM). The MEF-CM was prepared 
according to Xu et al.43 Preparation of the MEF-CM involves the condition-
ing of hES medium (80% Dulbecco’s modified Eagle’s medium F12 (DMEM 
F12), 20% knockout serum replacement, 1 mmol/l l-glutamine, 0.1 mmol/l 
β-mercaptoethanol, 1% nonessential amino acids, and 4 ng/ml human basic 
fibroblast growth factor (all from Invitrogen) on MEF overnight with an addi-
tional 8 ng/ml of basic fibroblast growth factor before feeding human ES cells. 
For culture of MEF and HFL, medium consisting of 90% Dulbecco’s modified 
Eagle medium high glucose, 10% fetal bovine serum, 2 mmol/l l-glutamine, 
50 μg/ml Pen-Strep (all from Invitrogen, Carlsbad, CA) was used. The cell 
growth was arrested by treating with 10 μg/ml mitomycin-C (Kyowa Hakko 
Kogyo, Tokyo, Japan). Collection of fetal lung tissues was done on aborted 
fetuses from week 11 of the gestation period, 12–24 hours after insertion of 
the pessary. Individuals gave written, informed consent and the samples were 
collected from the National University Hospital of Singapore. Lung samples 
were washed with PBS several times to remove blood, after which the con-
nective tissues and blood vessels were removed using forceps and scissor. The 
samples were further cut into small, fine pieces in the presence of enzymes 
such as trypsin and collagenase, and incubated at 37 °C for ~15–20  minutes. 
A 5-ml syringe (Fisher Scientific, Pittsburgh, PA) may be used to further 
break up the clumps. The primary culture was cultured up to passage 5.

Transduction of hES cells was performed under feeder-free culture 
condition. Briefly, hES cells were either incubated in suspension with 1 × 107 
viral particles harboring the CSII-EF-MCS-IRES2-Venus (a kind gift from H. 
Miyoshi, RIKEN Tsukuba Institute, Ibaraki, Japan) or SPC-DsRED-pLenti6 
construct, and 8 μg/ml polybrene for 1 hour at 37 °C. The cells were then 
replated and cultured feeder-free as described. GFP-positive human ES clones 
were selected by performing colony forming assay as described by Soh et al.44 
These clones were subsequently expanded under feeder-free conditions.

Generation of human iPS cell lines. GP2-293 packaging cells were plated 
into four T75 flasks 1 day before such that they were 70–80% confluent 
for transfection. The cells were transfected with retroviral pMXs vectors 
containing human OCT4, SOX2, KLF4, and C-MYC genes together with 
VSV-G (a plasmid express viral envelope protein) by Lipofectamine2000. 
Forty-eight hours post-transfection, the virus-containing supernatants 
were collected and filtered through a 0.45-μm pore-size filter. The virus-
containing supernatants were then concentrated by ultracentrifugation 
(ultracentrifugation using rotor SW28, spin at 25,000 rpm, 4 °C for 2 
hours). 1 × 105 human fibroblast cells (BJ or MRC5 cell line) were infected 
in a 35 mm dish. Six day post-transduction, fibroblasts were replated at 1 
× 105 cells per 100-mm dish on 1.2 × 106 inactivated MEF. The medium 
was replaced with Primate ES cell medium supplemented with 4 ng/ml 
basic fibroblast growth factor the following day. The culture medium was 
changed every day. Within 2 weeks, iPS-like colonies emerged.

Step-wise hES/hiPS cell differentiation protocol. Human ES cells (H1 cell 
line) and hiPS lines (BJ and MRC5 hiPS) were differentiated toward defini-
tive endoderm by culturing the cells in low serum, high Activin A medium 
as described by D’Amour et al.12 The definitive endodermal cells were sub-
sequently cultured in HFL-CM for an additional 7 days. As a comparison 
to demonstrate specific differentiation capability of the HFL-CM, control 
cells were treated with 293T-CM for the subsequent 7 days instead. The dif-
ferentiated cells were subsequently cultured in lung epithelial medium to 
enable expansion of lung progenitor cells prior to transplantation.45

Flow cytometry. Flow cytometric analysis was performed on in vitro differen-
tiated hES cells following treatment with HFL-CM. Briefly, 1 × 106 cells were 
either stained with rabbit IgG primary antibody (Isotype  control) or rabbit 
anti-surfactant protein A primary antibody at 1:500 dilution (Chemicon, 
Temecula, CA), followed by goat anti-rabbit IgG Alexa 488 at 1:1,000 

dilution (FITC) (Invitrogen). Samples were analyzed on a FACSCalibur 
flow cytometry (Becton Dickinson, Bohemia, NY). For endodermal cells, 
goat anti-SOX17 (R&D Systems, Minneapolis, MN) and Rabbit anti-FOXA2 
(Upstate Biotechnology, Lake Placid, NY) primary antibodies were used at 
1:500 dilutions followed by goat anti-rabbit IgG Alexa 488 or Donkey anti-
goat IgG Alexa 488 at 1:1,000 dilutions. PE-conjugated anti-CD166 antibody 
(R&D) was used at 1:500 dilutions to quantitate CD166 cell population.

RNA extraction and cRNA synthesis. For cultured cell samples, 2 × 106 
cells were harvested and lysed in TRIzol reagent (Invitrogen) and puri-
fied with the RNeasy Mini Kit (Qiagen, Singapore, Singapore) according 
to the manufacturer’s recommendations. Five hundred nanogram of total 
RNA from each sample were used to generate cRNA using the Illumina 
Totalprep RNA Amplification Kit (Ambion, Austin, TX) according to the 
manufacturer’s recommendations.

Microarray analysis. Microarray study was conducted using Human Ref8 
v3 Sentrix BeadChip (Illumina, San Diego, CA). Hybridization and scan-
ning of the Sentrix BeadChip using the Illumina BeadArray Reader were 
performed according to manufacturer’s recommendations. All gene expres-
sion data were first subtracted from the background, and then normalized 
using the cross-correlation.46 Hierarchical clustering was performed for 
the whole normalized data set, showing similarity/dissimilarity of arrays. 
Heatmaps using log2 transformed intensities subtracted by the mean of the 
means of all cell types/lines were then produced for all genes. Correlation 
between two arrays was done using the normalized expression intensities.

Immunocytochemistry. Immunocytochemical analysis was performed using 
rabbit anti-aquaporin 1 (Chemicon), mouse anti-caveolin 1 (Upstate Cell 
Signaling Solution) and rabbit anti-surfactant protein A (Chemicon) primary 
antibodies at 1:200 dilutions. Cells were first harvested and washed once with 
PBS. Fixation of cells was achieved with 4% paraformaldehyde for 30 minutes. 
The cells were then blocked with PBS containing 5% fetal bovine serum and 
1% BSA for 30 minutes at room temperature. Primary antibodies were added 
at recommended dilutions and incubated for 1 hour at room temperature. 
After washing, the cells were incubated for another 45 minutes at room tem-
perature without light exposure with either 1:500 diluted Alexa Fluor 488 or 
FITC-labeled secondary antibodies. Nuclei were counterstained with 4, 6-di-
amindino-2-phenylindole (DAPI). The cells were observed under a fluores-
cent microscope (Carl Zeiss Axio Observer D1; Carl Zeiss, Jena, Germany).

Labeling and MACS of hES/hips-derived LECs. Single cell suspensions 
of CD166pos LECs were magnetically labeled using the MACS cell separa-
tion system according to manufacturer’s instructions (Miltenyi Biotech, 
Bergisch Gladbach, Germany). Briefly, the cell pellet was resolved in MACS 
buffer (Dulbecco’s PBS + 2 mmol/l EDTA + 0.5% fetal bovine serum) and 
incubated with PE-conjugated anti-CD166 antibody (R&D; 1:20 dilution) 
for 15 minutes on ice under constant shaking. Five microliter of MACS buf-
fer was then added to the cells and the cell suspension was centrifuged for 
10 minutes at 200g at 4 °C. The supernatant was discarded and the cells were 
labeled with anti-PE MicroBeads (Miltenyi Biotech) according to the man-
ufacturer’s recommendations. Cells were incubated on ice for 15 minutes on 
a shaker. Thereafter, 5 ml of MACS buffer was added to stop the incubation, 
following which the cell suspension was centrifuged for 10 minutes at 200g 
at 4 °C. Large volume separation columns (Miltenyi Biotech) were placed in 
the magnetic field and washed once with 3-ml degassed MACS buffer. The 
labeled cell suspensions were resuspended in 2-ml degassed MACS buf-
fer and filled into the reservoir of the columns. The effluent was collected 
and combined with the effluents from three washes. This suspension was 
designated the CD166neg LEC fraction and stored on ice until further use. 
The CD166pos LEC fraction was eluted by flushing the columns with 5-ml 
MACS buffer after removing the column from the magnetic field.

Transplantation of hES-derived LECs into bleomycin-injured mouse. 
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NOD/SCID) mouse strain harboring a 
null mutation of the common cytokine receptor γ chain (Il2rgtm1Wjl) 
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(NOD/SCID/IL2rγnull) from Jackson Laboratory (Bar Harbor, ME) was 
used in our lung injury model. The protocol for the lung injury model was 
approved by the National University Institutional Review Board (NUS-
IRB). All procedures were performed on mice between 8 and 10 weeks of 
age. Briefly, mice were anesthetized with 2.5% avertin and 5 U/kg bleomy-
cin sulfate (Sigma-Aldrich, St Louis, MO) dissolved in 75 µl of sterile PBS 
was instilled intratracheally. Three days after bleomycin-induced injury, 
the mice were transplanted intravenously via tail vein with either 300 µl 
of PBS (control) or 5 × 105 cells that have undergone differentiation. The 
mice were observed for up to 3 weeks post-transplantation.

Whole-body plethysmography of mice. Mice were retrieved at designated 
time points for evaluation of lung function. In vivo respiratory patterns 
were measured using a whole-body plethysmography system as previously 
described (Buxco Electronics, Sharon, CT).47 Briefly, unrestrained, conscious 
mice were placed individually into plethysmograph chambers, allowed to 
acclimatize for 30 minutes and the pressure difference was compared against 
a reference chamber to measure airway physiological parameters. After 
chamber calibration, signals were recorded, and various respiratory variables 
were calculated using the manufacturer software. Mean respiratory variables 
were then calculated from 15 minutes recordings of continuous respiratory 
behavior. Resulting changes in pressure/volume readings in inspiration and 
expiration were taken as an indication of pulmonary function.

Histopathology and immunochemical staining. Mice were sacrificed 3 weeks 
post-transplantation and lung tissues were harvested and fixed in 10% neu-
tral buffered formalin solution (Sigma-Aldrich) for 24 hours. The tissues were 
processed with Tissue Processor (Leica Microsystems, Buffalo Grove, IL) and 
embedded in paraffin. Sections were cut at a 5-µm thickness, mounted on 
polylysine coated slides (Thermal Fisher Scientific, Pittsburgh, PA), de-waxed, 
rehydrated, and processed for hematoxylin and eosin stain staining according 
to a standard protocol. For immunofluorescent staining, antigen retrieval was 
carried out by digesting the slides in proteinase K solution (Sigma-Aldrich, 
20 mg/ml, in 50 mmol/l Tris–HCl, 1 mmol/l EDTA, pH 8.0) at 37 °C for 30 
minutes. Sections were then immersed for 1 hour in blocking buffer (3% BSA, 
0.2% Triton X-100 in PBS), then incubated in primary antibody (made up in 
blocking buffer) at 4 °C overnight, followed by incubation in secondary anti-
body at 4 °C for 1 hour. Goat anti-SPC (Santa Cruz Biotechnology, sc-7706) 
rabbit anti-GFP (Abcam; ab290) were used at a 1:50 dilution. Secondary anti-
bodies, donkey anti-rabbit or anti-goat with different Alexa Fluor conjugations 
were purchased from Invitrogen and used at a 1:200 dilution. All lung sections 
were counter stained with DAPI (blue). Sections were mounted with antifade 
reagent (Invitrogen) and then scanned with a high-resolution MIRAX MIDI 
system (Carl Zeiss) equipped with both bright field and fluorescence illumina-
tion. Images were analyzed by the software Miraxviewer.

Statistical analysis. The error bars in all graphs refer to standard error of 
means of stated replicates. A nonparametric test (Kruskal–Wallis one-way 
analysis of variance) was used to assess whether the mean values of the 
experimental groups could be considered to be significantly different com-
pared to the control group at 95% confidence level. For the survival study, 
analysis was performed using Kaplan–Meier estimator.

suPPleMentarY MaterIal
Figure S1. In vitro differentiation of human ES cells toward lung epi-
thelial cells via definitive endoderm.
Figure S2. In vitro characterization of hES and hiPS cells differenti-
ated with HFL-CM.
Figure S3. Human fetal lung conditioned medium drove differentia-
tion towards the lung lineage.
Figure S4. Generation of GFP-positive human ES (H1) and hiPS (BJ 
and MRC5) cell lines.
Figure S5. Quantification of CD166 and SFTPA dual-positive cells.
Figure S6. Characterization of CD166 expression in developing 
 human lung and differentiating hES- and hiPS-derived LECs.

Figure S7. Specific engraftment and quantification of hES- and hiPS-
derived CD166pos LECs in lung tissue.
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