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Differentiation of human amniotic fluid-derived mesenchymal
stem cells into type II alveolar epithelial cells in vitro
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Abstract. Type II alveolar epithelial cells (AECII) play a key
role in maintaining normal alveolar homeostasis and repair.
AECII derived from exogenous stem cells may provide novel
treatment options for distal lung diseases. In this study, to
explore whether amniotic fluid-derived mesenchymal stem
cells (AFMSCs) may be induced to differentiate into AECII
in vitro, AFMSCs were isolated from 15 independent samples
of amniotic fluid, in which CD29, CD44, CD73, CD90, CD105
and CD166 were significantly expressed, but the expression of
CD14, CD19, CD34 and CD45 was negative. Octamer-binding
transcription factor 4 (OCT4) at both the mRNA and protein
level was also significantly expressed in the AFMSCs. We
demonstrate that AFMSCs cannot be induced to differentiate
into AECII using KnockOut™ serum replacement (KOSR)
only. Surfactant protein (SP)A and SPC mRNA expression in
the differentiated AFMSCs was significantly induced by the
appropriate combination of KOSR, activin A and small airway
basal medium (SABM). However, SPA and SPC expression was
negative with an inappropriate induction. Lamellar bodies were
observed only in the cells which were appropriately induced
by KOSR, activin A and SABM. Thus, these results indicate
that AFMSCs may be induced to differentiate into AECII-like
cells in vitro with the use of the appropriate induction medium,
including KOSR, activin A and SABM, suggesting that that
AFMSC:s have the potential for use in lung regenerative therapy.

Introduction

The mammalian alveolar epithelium is composed of type I
alveolar epithelial cells (AECI) and type II alveolar epithelial
cells (AECII). AECI are broad and flat cells that cover 95%
of the alveolar surface and comprise 40% of the alveolar
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epithelium, which is important for gas exchange. AECII are
cuboidal cells characterized by the distinct morphological
appearance of lamellar bodies, which occupy only 5% of the
alveolar surface and comprise 60% of the alveolar epithelium.
AECII synthesize, secrete and recycle lung surfactant, which
includes surfactant protein (SP)A, SPB, SPC and SPD, reducing
surface tension and preventing the collapse of the alveolus (1).
AECII also provide pulmonary host defense by synthesizing
and secreting numerous cytokines and interleukins that affect
lymphocyte, macrophage, and neutrophil functions. Moreover,
AECII act as progenitor cells for AECI in the alveoli, and play
a key role in maintaining normal alveolar homeostasis and lung
repair (2). The inadequate, delayed, or impaired re-epitheliali-
zation of the injured alveolus is known as a key factor in the
pathogenesis of several life-threatening pulmonary diseases,
such as chronic obstructive pulmonary disease (COPD) (3) and
acute respiratory distress syndrome (ARDS) (4). A variety of
methods for isolating human AECII have been published and
some of their properties have been described (5-7); however,
it still remains unclear as to how to maintain the proliferation
and phenotype of the AECII. A number of difficulties still
exist in obtaining an adequate tissue supply to isolate human
AECII. Human embryonic stem cells (ESCs) are pluripotent
stem cells derived from embryos at the blastocyst stage. ESCs
can proliferate indefinitely while maintaining their capacity to
differentiate into a great variety of specialized cell types (8,9).
ESCs have been induced to differentiate into AECII in vitro
and in vivo (10,11). Furthermore, the transplantation of human
ESC-derived AECII has been shown to abrogate acute lung
injury in mice (12). Thus, AECII derived from exogenous stem
cells may provide novel treatment options for COPD.
However, the acquirement of human ESCs implies the
destruction of human embryo, which results in obvious ethical
debates (13). Human amniotic fluid stem cells (AFSCs) can
be isolated from discarded amniocentesis specimens or post-
partum amniotic fluid, which is not subject to teratocarcinoma
formation and serious ethical issues (14,15). AFSCs possess not
only high proliferation potential in vitro, but also a wide range
of differentiation potential into cell types from all 3 embryonic
germ layers, such as adipocytes, chondrocytes, osteocytes, hepa-
tocytes, neural cells and cardiomyocytes (16-18). Hence, AFSCs
are considered new pluripotent stem cells between ESCs and
adult stem cells. Their characteristics, including pluripotency,
high proliferation rates, multi-differentiation capabilities and
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lack of ethical issues associated with the retrieval of these cells
render them an attractive source for cell therapy, drug discovery
and toxicology screening (14-18). Certain studies have demon-
strated that human AFSCs can integrate into the murine lung
and differentiate into pulmonary lineages following lung injury
in vivo (19). However, it remains unknown as to whether amni-
otic fluid-derived mesenchymal stem cells (AFMSCs) can be
induced to differentiate into AECII in vitro. Thus, in the present
study, we investigated the potential of AFMSC differentiation
into AECII in vitro using KnockOut™ serum replacement
(KOSR), activin A and small airway basal medium (SABM).

Materials and methods

Isolation and culture of AFMSCs. Fifteen independent
samples of amniotic fluid (20 ml each) were obtained from
pregnant women at 16-20 weeks of pregnancy who underwent
amniocentesis for fetal karyotyping. The samples were filtered
through a 200 mesh filter and centrifuged for 5 min at
1,200 rpm. The cells derived from the amniotic fluid were
resuspended in low glucose Dulbecco's modified Eagle's
medium (DMEM; Gibco, Carlsbad, CA, USA) containing
5 mg/1 basic fibroblast growth factor (bFGF; Sigma, St. Louis,
MO, USA) and 10% fetal bovine serum (FBS; HyClone, Logan,
UT, USA), and maintained in 6-well plates. When the cells
were incubated for 3 days at 37°C in a humidified atmosphere
of 5% carbon dioxide and 95% air, the supernatants were
removed and the cell clones in spindle-shaped growth were
selected to other wells by cell scrapers. When the cells reached
80-90% confluence, they were digested using 0.25% trypsin
(Sigma) and incubated in a 25 c¢m? cell culture flask
(Corning Inc.-Life Sciences, Oneonta, NY, USA), labeled as
P1 (the first generation). The surface antigens of the AFMSCs
(P4) were detected by flow cytometry with monoclonal antibodies
as follows: phycoerythrin (PE)-conjugated antibodies against
CD29,CD73,CD105 and CD166,and fluorescein isothiocyanate
(FITC)-conjugated antibodies against CD14, CD19, CD34,
CD44,CD45 and CD90 (BD Biosciences, San Diego, CA, USA).
The related isotype control was used as a negative control. The
results were analyzed using a flow cytometer (Guava EasyCyte;
Millipore, Billerica, MA, USA). Octamer-binding transcription
factor 4 (OCT4) mRNA expression in the AFMSCs was
detected by reverse transcription-polymerase chain reaction
(RT-PCR). The primers were designed as follows (Invitrogen,
Shanghai, China): OCT4 (GenBank: DQ486513.1), 5'-CGTG
AAGCTGGAGAAGGAGAAGCTG-3'(sense) and 5-CAAGGG
CCGCAGCTTACACATGTTC-3' (antisense); and beta-actin
(ACTB), 5'-GGCACCACACCTTCTACAATGA-3' (sense) and
5'"TCAGGAGGAGCAGCAATGATCTTG-3' (antisense). The
protein expression of OCT4 was detected by western blot analysis.
Human embryonic stem cells (hES3; ES Cell International,
Melbourne, Australia) were used as positive controls and
human lung fibroblasts (HFL1; ATCC, Manassas, VA, USA)
were used as negative controls. The protocol was approved by
the Ethics Committee of Zhejiang Provincial People's Hospital
and each patient signed written informed consent.

Differentiation of AFMSCs in vitro. The AFMSCs (P4) were
detached and dissociated into single cells with a mixture of
0.25% trypsin (Sigma)/0.02% EDTA-Na, in phosphate-buffered
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saline (PBS). The AFMSCs were seeded into 24-well low-
adherence tissue culture plates (Corning Inc.-Life Sciences) at
the concentration of 2x107/1/well. They were then divided into
4 groups, named groups I-IV. The AFMSCs were induced to
differentiate in vitro using KOSR (Invitrogen, Carlsbad, CA,
USA), activin A (PeproTech, Rocky Hill, NJ, USA) and SABM
(Lonza, Basel, Switzerland) by different methods. In group I,
the AFMSCs were cultured for 3 days suspended in DMEM
(Gibco) containing 10% KOSR firstly, and then transferred
onto adherent agarose-coated plates. The adherent cells were
cultured for 4 days in DMEM containing 10% KOSR with
100 mg/1 activin A in a humidified atmosphere of 5% carbon
dioxide and 95% air at 37°C. The cells were then cultured
for 10 days in DMEM containing 15% KOSR. In group II,
the AFMSCs were cultured for 3 days suspended in DMEM
containing 10% KOSR firstly, and then adherently cultured
for 4 days in DMEM containing 10% KOSR. The cells were
then cultured for 10 days in DMEM containing 15% KOSR. In
group III, the AFMSCs were cultured for 3 days suspended in
DMEM containing 10% KOSR with 100 mg/I activin A firstly,
and then cultured for 4 days adherently in DMEM containing
10% KOSR. The cells were then cultured for 10 days in
DMEM containing 15% KOSR. In group IV, the AFMSCs
were cultured for 3 days suspended in DMEM containing 10%
KOSR with 100 mg/1 activin A firstly, and then adherently
cultured for 4 days in DMEM containing 10% KOSR with
100 mg/1 activin A. The cells were then cultured for 10 days
in DMEM containing 15% KOSR. Finally, all the cells were
cultured for 14 days in SABM.

Quantitative reverse transcription PCR. Total RNA was
extracted from the cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the instructions of the
manufacturer and dissolved in nuclease-free water. The final
RNA concentrations were determined using a spectrophoto-
meter. Total RNA was reverse transcribed using MMLYV reverse
transcriptase (Promega, Madison, WI, USA) at 42°C for
60 min and 70°C for 10 min. Real-time PCR analysis was
carried out using SYBR-Green Real-Time PCR Master Mix
(Toyobo, Osaka, Japan) and real-time PCR amplification
equipment. The thermal profile consisted of one cycle at 95°C
for 15 min, followed by 45 cycles at 95°C for 15 sec and 60°C
for 30 sec. The primers used were as follows (Invitrogen,
Shanghai, China): SPA forward, 5'-CCTATCATTTGCCAA
GAACC-3" and reverse, 5'-CAGGAAGATGGGTTTGGAT-3";
SPC forward, 5'-CAACGGGAAAGGAAACGC-3' and reverse,
5-GCTGCTTTATTCTGTTGTGGC-3"; and ACTB forward,
5'-CTACAATGAGCTGCGTGTGGC-3' and reverse, 5'-CAGG
TCCAGACGCAGGATGGC-3". The mRNA expression of
SPA and SPC was determined by normalization of the threshold
(Ct) cycle of the target genes to that of the mRNA expression
of ACTB for each sample. The ACt value was determined using
the following equation: (ACt) = (Ct of the target genes) - (Ct of
ACTB). The AACt value was used to find the relative expression
of the target genes according to the following formula: relative
expression 0= 224° Data were analyzed using the 244
method. A549 lung epithelial cells (Shanghai Institute of
Biology, Chinese Academy of Sciences, Shanghai, China)
were used as the positive controls. Undifferentiated AFMSCs
were used as the negative controls.
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Figure 1. Phenotypes of amniotic fluid-derived mesenchymal stem cells (AFMSCs). The phenotypes of AFMSCs were detected by flow cytometric analyses.
The related isotype control was used as a negative control. CD29, CD44, CD73, CD90, CD105 and CD166 were significantly expressed in the AFMSCs (P4),
but the expression of CD14, CD19, CD34 and CD45 was negative in the AFMSCs.

Western blot analysis. The cells were lysed in ice-cold lysis
buffer [50 mmol/l Tris (pH 7.5), 150 mmol/lI NaCl, 1 mmol/l
EDTA, 10 mmol/l Na,P,0,;, 100 mmol/l NaF and 1%
Triton X-100] and protease inhibitor cocktail (1 mmol/l phenyl-
methylsulfonyl fluoride, 1 mg/1 aprotinin and 1 mg/1 leupeptin).
The protein concentration was measured using a protein assay
kit (Micro BCA; Pierce, Rockford, IL, USA). Equal amounts
of cell lysates containing 10 ug protein were incubated for
5 min in boiling water. Proteins were separated by 8% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and then
electroblotted onto Hybond-ECL nitrocellulose membranes.
The membranes were blocked with TBS solution containing
5% skim milk at room temperature for 1 h. The membranes
were then incubated with primary antibodies for 1 h at room
temperature on an orbital shaker. The membranes were then
washed 5 times, for 5 min each, in Tris-buffered saline with
Tween-20 (TBST) and incubated in diluted peroxidase-conju-
gated immunopure goat anti-rabbit IgG (H+L) (Pierce) for 1 h
at room temperature on an orbital shaker. After the membranes
were again washed 5 times for 5 min each in TBST, the
proteins were visualized with an enhanced chemiluminescence
solution (Amersham Pharmacia Biotech, Buckinghamshire,
UK). The images were developed on X-ray film and the band
densities were analyzed with a UVP-GDS8000 gel analysis
system. The same membranes were stripped and blotted with
anti-f-actin antibodies, which provided a loading control.
The primary antibodies were obtained from the following
sources: OCT4 antibody, SPA antibody and SPC antibody from
Abcam (Cambridge, MA, USA), and B-actin (N-21) antibody
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Protein markers were obtained from Cell Signaling Technology
(Danvers, MA, USA).

Immunofluorescence. The differentiated AFMSCs were fixed
for 20 min at4°C with 4% paraformaldehyde (Merck, Darmstadt,
Germany). The cells were blocked for 20 min at 37°C with 5%
goat serum (diluted in TBS and 0.25% Triton X-100; Sigma),
followed by incubation for 2 h at 37°C with a polyclonal rabbit
anti-human SPA and SPC antibody (1:500; BD Biosciences).
The cells were then rinsed twice for 5 min with PBS, and further
incubated for 1 h at 37°C with the secondary antibody FITC-
conjugated goat anti rabbit IgG (1:250; BD Biosciences). Each
antibody was diluted in PBS with 0.25% Triton X-100. The cell
nuclei were then counterstained with 1 g/1 4',6-diamino-2-phe-
nylindole (DAPI; Sigma) in PBS for 5 min and covered with
Immu-Mount (Thermo Electron Corp., Waltham, MA, USA).
Finally, all the slides were analyzed using an IX71 fluorescence
microscope (Olympus, Tokyo, Japan).

Electron microscopy. The cells were fixed for 1 h in 2.5%
glutaraldehyde and 0.1 mmol/l cacodylate buffer, pH 7.4. After
a brief rinse in 0.2 mmol/I buffer, the cells were postfixed for
2 h in 1% osmium tetroxide in 0.1 mmol/l cacodylate buffer,
pH 7.4. The cells were dehydrated in 90, 95 and 100% hydroxy-
propyl methacrylate and embedded in Epon-Araldite. Ultrathin
serial sections (100 nm) were obtained by an ultramicrotome
(RMC, Tucson, AZ, USA) equipped with a diamond knife.
The sections were stained with uranyl acetate and lead citrate,
and then observed under a transmission electron microscope
(Hitachi, Tokyo, Japan).

Statistical analysis. Data were analyzed for statistical signifi-
cance by one-way analysis of variance (ANOVA), paired-sample
t-tests, and multiple comparisons in ANOVA were analyzed
using the Student-Newman-Keuls test. Data are expressed as
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Figure 2. Octamer-binding transcription factor 4 (OCT4) expression in amniotic fluid-derived mesenchymal stem cells (AFMSCs). (A) OCT4 mRNA expression
in the AFMSCs was detected by RT-PCR. The mRNA expression of OCT4 was evaluated according to the OCT4 mRNA/ACTB mRNA ratio. (B) The protein
expression of OCT4 in the AFMSCs was detected by western blot analysis. The protein expression of OCT4 was evaluated according to the ratio of OCT4/3-
actin. (A and B) Lane 1 respresents the DNA ladder marker or protein marker, respectively. Lane 2, positive control with hES3 cells. “P<0.05 vs. the expression
of OCT4 in hES3 cells; data are the means + standard deviation (SD) of 8 separate experiments.

1.2

— SPA

1.01 ] —— SPC

0.8

mRNA expression
S
o

0 y - T T T
AS549 | o m 1Iv

Figure 3. Surfactant protein (SP)A and SPC mRNA expression in differenti-
ated amniotic fluid-derived mesenchymal stem cells (AFMSCs). SPA and SPC
mRNA expression in differentiated AFMSCs was detected by quantitative
reverse transcription polymerase chain reaction (PCR). The relative expres-
sion of SPA and SPC mRNA was analyzed using the values of 224, The
mRNA expression of SPA and SPC in A549 lung epithelial cells was used as
a positive control. SPA and SPC mRNA expression was not detected in the
undifferentiated AFMSCs which were used as negative controls. Data are the
means * standard deviation (SD) of 3 separate experiments.

the means =+ standard deviation (SD). Values of P<0.05 were
considered to indicate statistically significant differences.

Results

Phenotypic characterization of AFMSCs. The surface anti-
genic characteristics of the AFMSCs were analyzed using flow

cytometry. The results revealed that the expression of surface
antigens, such as CD29 (73.7+6.6%), CD44 (49.7+4.7%), CD73
(53.0+£3.6%), CD90 (54.4+4.35%), CD105 (22.5+2.7%) and
CD166 (22.7+£3.6%) was positive; however, the expression of
CD14 (0.25+0.02%), CD19 (0%), CD34 (0%) and CD45 (0%)
was negative (Fig. 1). OCT4, at both the mRNA and protein
level was significantly expressed in the AFMSCs (P<0.05)
(Fig. 2).

mRNA expression of SPA and SPC in differentiated AFMSCs.
The mRNA expression of SPA and SPC in the A549 lung
epithelial cells (positive controls) was strongly positive. The
mRNA expression of SPA and SPC was not detected in the
undifferentiated AFMSCs. When the AFMSCs were induced
to differentiate using KOSR only, the mRNA expression of
SPA and SPC was negative (group II). When the AFMSCs
were induced to differentiate using a combination of KOSR,
activin A and SABM, the mRNA expression of SPA and
SPC (group IIT and IV) was still almost undetectable. The
mRNA expression of SPA and SPC in the cells in group I was
significantly induced, and was the highest amongst all the
groups (P<0.05) (Fig. 3).

Protein expression of SPA and SPC in differentiated AFMSCs.
When the AFMSCs were induced to differentiate for 31 days,
the protein expression of SPA and SPC was detected by
western blot analysis and immunofluorescence. The results
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Figure 4. The protein expression of surfactant protein (SP)A and SPC in differentiated amniotic fluid-derived mesenchymal stem cells (AFMSCs). The
AFMSC:s of all groups were respectively induced to differentiate in vitro as described in Materials and methods. SPA and SPC expression in differentiated
AFMSCs was respectively detected by western blot analysis and immunofluorescence. (A) Group I; (B) group II; (C) group III ; (D) group IV; M, protein
marker. (E) SPA and SPC expression in group I was significantly induced, but negative in the other groups. (F) SPA and SPC expression in differentiated
AFMSC:s of group I was detected by immunofluorescence (magnification, x200). SPA and SPC expression in group I was positive, but the protein expression

of SPA and SPC could not be detected in groups II-IV.

Figure 5. Ultrastructures of differentiated amniotic fluid-derived mesenchymal stem cells (AFMSCs). (A) Group I; (B) group II; (C) group III; (D) group IV.
Lamellar bodies were observed in the differentiated AFMSCs in group 1. Lamellar bodies could not be observed in groups II-IV.

revealed that the expression of SPA and SPC in group I was
significantly induced (P<0.05), but was negative in the cells
in the other groups (Fig. 4), which indicates that the AFMSCs
can be induced to differentiate into AECII-like cells under
specific conditions.

Ultrastructural evidence of AFMSCs differentiating into
AECII-like cells. When the AFMSCs were induced to differ-

entiate for 31 days using KOSR, activin A and SABM, lamellar
bodies that contained pulmonary surfactant proteins and lipids
were observed in the differentiated AFMSCs in group I under
a transmission electron microscope (Fig. 5). However, lamellar
bodies were not observed in the cells in groups II-IV. This
indicates that AFMSCs can differentiate into AECII-like
cells by using the appropriate induction medium with KOSR,
activin A and SABM.
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Discussion

AFMSCs are pluripotent stem cells, which can be isolated
from discarded amniocentesis specimens or post-partum
amniotic fluid (14,20). Previous studies have demonstrated
that AFMSCs express mesenchymal stem cell markers, such
as CD90, CD105, CD73 and CD166, but not do not express
the hematopoietic markers, CD45, CD34 and CD14 (20-22).
In the present study, AFMSCs significantly expressed surface
antigens, such as CD29, CD44, CD73 and CD90, but did not
express CD14, CD19, CD34 and CD45, which was consistent
with the study of Tsai et al (14). The potency of amniotic fluid-
derived stem cells in differentiating into cell types from all
3 embryonic germ layers, including endothelial cells, chondro-
cytes, adipocytes, hepatocytes, neuronal cells and myocytes
seems to be between ESCs and adult stem cells (16-18,23).
The POU transcription factor, OCT4, is a specific marker
for embryonal carcinoma cells, embryonic germ cells and
embryonic stem cells (24). In the present study, OCT4 was
significantly expressed in the AFMSCs, which indicated
that the AFMSCs have pluripotent characteristics. Thus,
their pluripotency, lack of ethical issues associated with their
acquirement and the lack of teratoma formation when injected
in vivo render them attractive candidates for stem cell sources
in the field of lung regeneration (14-18).

As progenitors of AECI, AECII characterized by the unique
ability to synthesize and secrete SPC and the distinct morpho-
logical appearance of lamellar bodies play important roles in
lung tissue repair (1). Severe damage to or the loss of AECII
may result in a considerable vulnerability of the alveolus and
the impairment of alveolar repair (25-27). AECII derived from
exogenous stem cells are a promising source of cells which may
be used therapeutically to treat distal lung diseases, including
COPD. However, to date, there are still no reports on the
differentiation of AFMSCs into AECII in vitro (16,28). Small
airway growth medium (SAGM) composed of SABM and a
commercial cocktail of growth factors is a medium designed
for the maintenance and growth of mature distal airway epithe-
lial cells. However, certain studies have shown that SABM
significantly improves distal lung epithelial differentiation
from mouse ESCs compared with SAGM (29). Thus, in the
present study, SABM was used to induce AFMSC differen-
tiation in vitro in place of SAGM. KOSR is a defined medium
supplement designed to directly replace FBS in ESC culture
medium. Certain studies have shown that definitive endoderm
differentiation is improved (30) and human ESCs are induced
to differentiate into AECII by the replacement of FBS with
KOSR (11). In the present study, AFMSCs failed to differentiate
into AECII when induced with only KOSR. Activin A belongs
to the transforming growth factor-p (TGF-f3) family of growth
and differentiation factors (31). Studies on amphibians and have
mice shown that high activity of activin signaling is necessary
to specify the endoderm germ layer (32,33). It has also been
demonstrated that activin A can increase the expression of early
distal lung epithelial markers, enhance endoderm formation
and accelerate early lung epithelial differentiation (29). In the
present study, when the AFMSCs were induced to differentiate
for 31 days by KOSR, activin A and SABM, the mRNA and
protein expression of SPA and SPC was strongly positive in the
differentiated AFMSCs in group I, and lamellar bodies were
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also observed in the differentiated AFMSCs. However, negative
results were observed for the other cell groups, which suggests
that the differentiation of AFMSC:s is precisely controlled by
both time and space. In conclusion, AFMSCs can be induced to
differentiate into AECII-like cells in vitro using a combination
of KOSR, activin A and SABM under the appropriate condi-
tions, which indicates that AFMSCs have the potential for use
in lung regenerative therapy. However, the exact mechanisms of
AFMSC differentiation into AECII reamin unknown, and thus,
further studies are required in the near future.
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