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Lung mesenchymal stem cells (L-MSCs) characterized by plasticity, reduced relative immune privilege
and high anti-fibrosis characteristics play the crucial role in lung tissue regenerative processes. However,
up to date, the multi-differentiation potentials and application values of L-MSCs are still uncertain. In the
current study, the Small Tailed Han Sheep embryo L-MSCs line from 12 samples, stocking 124
cryogenically-preserved vials, was successfully established by using primary culture and cell cryopres-
ervation techniques. Isolated L-MSCs were morphologically consistent with fibroblasts, could be
passaged for at least 18 passages and more than 91.8% of cells were diploid (2n = 54) analyze by G-
banding. The majority of cells were in the GO/G1 phase (70.5—91.2%), and the growth curves were all
typically sigmoidal. Moreover, L-MSCs were found to express pluripotent genes Oct4, Nanog and MSCs-
associated genes (-integrin, CD29, CD44, CD71, CD73 and CD90, while the expressions of hematopoietic
cell markers CD34 and CD45 were negative. In addtion, the L-MSCs could be differentiated into cells of
three layers with induction medium in vitro, which confirmed their multilineage differentiation poten-
tial. The secretion of urea and ALB showed the differentiated hepatocytes still possessed the detoxifi-
cation function. These results indicated that the isolated L-MSCs displayed typical characteristics of
mesenchymal stem cells and that the culture conditions were suitable for their maintenance of stemness
and their proliferation in vitro.
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1. Introduction

Despite these beneficial features of embryonic stem cells and
induced pluripotent stem cells (iPSCs), their clinical applications
have significant disadvantages such as various ethical issues,
reprogramming inconsistency and their remarkable plasticity could
lead to tumorigenesis [3,11]. Currently, mesenchymal stem cells
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(MSCs) are deeply studied and considered as the most valuable cell
sources for regenerative medicine because of their capability for
self-renewal and differentiation potential [16]. Previous reports
have shown the presence of MSCs in various tissues, such as blood,
bone marrow, liver, lung, pangreas and spleen [5], and even in
extraembryonic tissues [20]. Recently, some research showed that
multipotent cells from non-controversial fetal tissues possessed
biological characteristics like bone marrow MSCs [6]. Moreover,
these cells have been demonstrated with greater proliferation and
differentiation capacity than adult's MSCs, which will give greater
potency to treat incurable or degenerative diseases [22].

Lung diseases have become severe diseases in the whole world.
Moreover, no effective clinical therapies to cure lung disease are
available till now [19]. Fortunately, some recent preclinical studies
have evidenced the L-MSCs can participate in the development of
lung tissue and increase the proliferative capacity of the
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bronchioalveolar stem cell, acting as attractive candidates to treat
many lung diseases, specifically for anti-fibrotic properties and
immunosuppressive properties [8,16].

The vast majority of existing studies associated with stem cells
transplantation mainly focused on humans, mice, rabbits, but little
research paper had been done on sheep. Currently, there are
numerous pivotal problems remain unresolved for L-MSCs, such as
efficient isolated method, immunoregulation, application potential
and specific surface markers. In the current study, we aimed to
isolate L-MSCs from lung tissue of fetal sheep, and to detect their
significant pluripotent features, in terms of phenotype, proliferative
capacity, specific markers and differentiation potential, in order to
establish a larger experimental animal model for regenerative
research.

2. Materials and methods
2.1. Cell isolation and in vitro culture of L-MSCs of fetal sheep

Small Tailed Han Sheep (45-day-old embryos from 12 individ-
ual, 6 male and 6 female) were provided by the Chinese Academy of
Agriculture Sciences, China. And, the use of animals and all exper-
imental procedures were conducted in accordance with the
guidelines of Ethics Committee of Beijing. The pulmonary paren-
chyma were diced and incubated with 0.2% collagenase type II at
37 °C for 40—50 min. And then, the suspension was filtered through
a 200 um mesh filter and centrifuged at 1200 rpm for 8 min. Sub-
sequently, cell pellets were resuspended in complete medium (H-
DMEM, 10%FBS+10 ng/mL bFGF) at 1 x 10° cells/mL, and incubated
in a humidified incubator at 37 °C with 5% CO,. The adherent cells
were digested with 0.25% trypsin to further expansion at 80%—90%
confluency. Then, cell suspension (1-3 x 10° cells/mL) was
dispensed into 1.8 mL sterile cryogenic vials and transferred to
liquid nitrogen for long term storage after programmed freezing by
a CyroMed freezer (Thermo Scientific) [7].

2.2. Colony-forming cell assay, cell population dynamics and G-
banding assay

Cells from passage 5, 10 and 18 were seeded in 24-well micro-
plates and cultured for 7—10 days for CFU assay. Colony-forming
units were stained by Giemsa and counted under the microscope.
Colonies aggregating at least 50 cells were counted and the cloning
efficiency was calculated as: CFU numbers/starting cell
number x 100%. The cell proliferation ability was assessed by
immunofluorescence using monoclonal antibody anti-BrdU (1:200,
Santa Cruz, CA). The growth curves and cumulative population
doubling times (PDTs) were calculated [1]. Metaphase chromo-
somes spreads were prepared, fixed and stained by Giemsa.

2.3. Immunofluorescence and flow cytometry analysis for surface
antigen marker

L-MSCs were fixed with 4% paraformaldehyde (PFA) and per-
meabilized with PBS containing 0.1%Triton X-100 for 20 min, and
then blocking with 10% normal goat serum for 30 min. The
following primary antibodies were used to incubate with the cells
overnight at 4 °C, mouse anti-CD29, rat anti-CD44, mouse anti-
Map2 (1:200; Abcam, Cambridge, MA, USA), rabbit anti-CD71,
rabbit anti-CD73, rabbit anti-CD90, rabbit anti-Nestin (1:200; Bio-
ss, Beijing, China). Subsequently, the cells incubated with FITC- or
TRITC- conjugated secondary antibody (1:100; Santa Cruz, CA, USA)
at 37 °C for 1 h. Fluorescence signals were detected under confocal
microscopy (Nikon TE-2000-E, Tokyo, Japan) and quantified by
video densitometric analysis using image software.

L-MSCs in logarithmic phase were harvested and stained with
Propidium Iodide (PI, 0.05 mg/ml) for cell cycle distributions
analysis by flow cytometry (Cytomics FC 500, Beckman Coulter,
USA) [10]. The proportions of apoptotic cells were evaluated using
an Annexin V/FITC staining kit (Beyotime, Jiangsu, China). Expres-
sion of cell surface markers were detected by incubating with
fluorescence-conjugated mouse anti-CD29, rat anti-CD44, rabbit
anti-CD71, rabbit anti-CD73, rabbit anti-CD90 monoclonal anti-
bodies using flow cytometry.

2.4. Gene expression analysis

The total RNAs were extracted from L-MSCs or differentiation
induced cells using Trizol reagent (Invitrogen, Carlsbad, USA) ac-
cording to the manufacturer's protocols. RNA concentration and
purity was further detected at an optical density ratio of 260/280
and Agilent 2100 Bioanalyzer. The relative quantitative real-time
PCR was carried out with SYBR® Premix Ex Taq™ kit (TaKaRa) on
an Applied Biosystems QuantStudio™6 Flex thermocycler [21], and
GAPDH was used as an internal control. The primers used in PCR
reactions were indicated in Table S1.

2.5. In vitro differentiation into adipocytes, osteoblasts and
chondrocytes

Adipogenic differentiation of L-MSCs was incubated in H-DMEM
supplemented with 10% FBS, 1 mM dexamethasone, 0.5 mM IBMX,
10 pg/mL insulin and 60 uM indomethacin for 21 days, as previously
reported [14]. Adipogenesis was assessed by Qil red staining and
adipocytes specific genes detection. For osteoblastic differentiation,
the L-MSCs were cultured with osteogenic inducers including H-
DMEM consisted of 10% FBS, 0.5 mM dexamethasone, 10 mM -
glycerophosphate and 50 ug/mL vitamin C [2]. The differentiation
potential of L-MSCs to osteoblast was assessed according to the
accumulated calcium node stained by Alizarin Red and osteogenic
specific genes detection. For chondrogenic differentiation, the L-
MSCs were cultured in chondrogenic medium consisting of 5% FBS,
1% ITS, 50 pg/mL L-proline, 0.1 uM dexamethasone, 0.9 mM sodium
pyruvate, 50 pg/mL vitamin C and 10 ng/mL TGF-83, and chon-
drogenesis was assessed by Toluidine Blue, Alcian Blue staining and
chondrogenic specific genes detection.

2.6. (-cell, hepatocytes and neurocyte differentiation

Insulin-producing (-like cells was confirmed by the formation
of islet-like clusters, dithizone (DTZ) staining, immunocytochem-
ical detection for insulin (1:200, Bioss). Hepatic differentiation of L-
MSCs was induced for 14 days according to the published protocols
with minor improvements [12], and the induced cells were stained
by Periodic Acid-Schiff (PAS) glucogen staining and liver-associated
genes detection. The concentrations of urea and albumin were
assayed in supernatants using enzyme-linked immunosorbent
assay (ELISA). For neuronal differentiation, L-MSCs were seeded in
six-well plates and treated with H-DMEM supplemented with 10%
FBS, initially supplemented with 2% B27 Supplement, 2 mM L-
glutamine, 40 ng/mL bFGF, 20 ng/mL EGF for 6 days. After that, 1%
N, Supplement, 10 ng/mL Glial-Derived Neurotrophic Factor
(GDNF) and 50 pg/mL vitamin C were added [4]. After induced for
14 days, the neural-specific markers were detected by immunocy-
tochemical staining and RT-PCR.
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3. Results
3.1. Morphology, G-Banding and phenotypes of cultured L-MSCs

Primary cells consisted of heterogeneous population with
round-shape/flattened irregular, and spindle cells. Relatively ho-
mogenous population of typical fibroblast-like cells was obtained
after subsequent subculture 3—4 passages (Fig. 1A). No significant
morphological differences were identified during the following
serial passage, and the undifferentiated cell states were stable. The
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viabilities before cryo-preservation and after recovery of L-MSCs
detected by Trypan Blue staining were 96.5% + 1.42% and
93.8% + 2.54%, respectively. Merely, the highest number of passages
achievable for L-MSCs was 18, after that most cells would exhibit
representative signs of senescent, characterized by vacuoles and
karyopyknosis (Fig. 1A). Chromosome G-Banding showed that the
frequencies of cells from P5, P10, P18 with 2n = 54 were 95.2%,
93.6% and 91.8%, respectively. These results indicated that they
were not cross-contamination by other cell types, and supported
the L-MSCs cell line was reproducibly diploid (Fig. 1D).
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Fig. 1. Morphology, growth curves, colony forming and G-banding of L-MSCs in vitro. (A) Cell morphology analysis of primary and sub-cultured fetal sheep L-MSCs; (B) Growth
curves of L-MSCs at P5, P10 and P18. Cell density reflected by the vertical axis. (C) Representative CFU derived from L-MSCs cultured for 1 week (scale bar equates to 200 um). Bar
chart shows that CFU number of different passages. (D) Chromosome G-banding of fetal sheep L-MSCs. Chromosomes at metaphase (left) and karyotype (right).
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3.2. Growth kinetics, cell proliferation and cell apoptosis assays

The growth curves of the L-MSCs were all typically sigmoidal
(Fig. 1B). These cells had similar proliferative potential, and PDTs
were between 42.7 and 56.5 h. L-MSCs have greater CFU potential,
and the colony-forming rates were 33.61 + 0.89, 32.01 + 0.55 and
21.01 + 0.63colonies/100 cells, respectively (Fig. 1C). Cell cycle
analysis showed that the majority of cells of P5, P10, P18 were in the
GO/G1 phase (70.5—91.2%), indicating that most cells were consis-
tent with quiescent property of stem cells. However, there are
significant differences were identified about cell proportion of
different cell phases among P5, P10, P18 (Fig. 2A). Although cell
proliferation was significantly inhibited in P18 by BrdU indirect
immunofluorescence (Fig. 2C), there were no obvious difference
about rates of cell apoptosis and death among different passages
(2.7%|P5, 3.3%/P10 and 6.6%/P18, P > 0.05, Fig. 2B).

3.3. Immunofluorescence characterization of stem cell markers in
L-MSCs

The L-MSCs of fetal sheep could express surface antigens (CD29,
CD44, CD71, CD73 and CD90), but hematopoietic cell markers CD34
and CD45 were negative, which was in accordance with human
fetal L-MSCs (Fig. 3A). Moreover, the majority of L-MSCs (above
90%) could express the above-mentioned surface antigen markers
in the viable cell population (Fig. 3C). And, qRT-PCR demonstrated
that the L-MSCs could express pluripotent marker genes Oct4,
Nanog and mesenchymal marker genes (-integrin, CD44, CD71,
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CD73 and CD90, but CD34 and CD45 were still not detected, which
was identical with the immunofluorescence results above (Fig. 3B).
Differentiation of L-MSCs to Adipocytes, Osteoblasts, and
Chondrocytes in vitro L-MSCs showed significant morphological
changes from fibroblast-like to oblate with numerous intracellular
lipid droplets or lipid vesicles under adipogenic induction (AID)
conditions for 7 days (Fig. 4A). Adipogenic differentiation of L-MSCs
was evidenced by positive Oil Red O staining and the expression of
two adipocyte specific markers, PPARy and LPL (Fig. 4B). After in-
duction with osteoblast induction (OID) conditions for 14days, L-
MSCs became aggregated and formed calcium deposits nodules,
which were confirmed by Alizarin Red staining (Fig. 4C). And, the
expression of osteogenic specific genes Coll I and OPN were sig-
nificant increased (Fig. 4D). Histologically, under chondrocyte in-
duction (CID) conditions for 14 days, chondrogenic differentiation
of L-MSCs was confirmed by Alcian Blue staining and Toluidine Blue
staining (Fig. 4E). Expression levels of the chondrocyte-specific
genes Sox9, Coll I and CoX II were detected by RT-PCR. (Fig. 4 F).

3.4. Differentiation potential of L-MSCs toward (-cell, hepatocytes
and neural cells

The islet-like clusters were stained with DTZ fluid and stained
scarlet after induction over 10 days (Fig. 5A). Specific markers of
pancreatic (-cells (PDX1 and insulin) were detected through
immunofluorescence and RT-PCR (Fig. 5A, B). Glucose-induced in-
sulin secretion in vitro was used to evaluate the functionality of
pancreatic §-like cells. Insulin secretion was dose-dependent after
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Fig. 2. Cell proliferation and cell apoptosis analysis of L-MSCs. (A) Flow cytometric analysis showed that the majority of L-MSCs of P5, P10, P18 were in the GO/G1 phase
(70.5—-91.2%); (B) Apoptotic rates of L-MSCs at P5, P10 and P18 were detected using AnnexinV-FITC/PI by flow cytometry (2.7—6.6%), and there were no significant difference among

different passages (P > 0.05). (C) Immunodetection for BrdU incorporation of L-MSCs.
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Fig. 3. Expression of Pluripotent and Mesenchymal Stem cell specific markers in L-MSCs. (A) Immunofluorescence stain showed the expression of mesenchymal stem cell markers
(100 x ), DAPI, Blue; Scale bar = 50 pm; (B) The L-MSCs could express pluripotent marker genes Oct4, Nanog and mesenchymal marker genes by RT-PCR analysis. (C) The positive
rate of surface antigens of L-MSCs was all above 90% analyzed by flow cytometry after colabeled, correspond to BMSCs.

incubation for 1 h with glucose (5.5 mM and 25.5 mM) (Fig. 5C).
However, the total quantity of insulin produced was in the low
range expressed, and flow cytometry further suggested only
37.62 + 1.26% L-MSCs were possibly differentiated into insulin-
secreting cells.

After 14 days of culture with hepatogenic inducing (HID) me-
dium, spindle-shaped cells transformed into heterogeneous pop-
ulation of epithelial cells, then exhibited polygonal shape and
mature hepatocyte-like morphology. Moreover, glycogen uptake
was detected and most cells were positive by Periodic Acid-Schiff
(PAS) staining (Fig. 5A). The expression of hepatogenic marker
genes albumin (ALB) and a-fetoprotein (AFP) were significantly
increased, determined by RT-PCR (Fig. 5B). Detoxification of
ammonia into urea and its secretion are the main duties of hepa-
tocytes. The levels of urea and ALB protein were significantly
increased in a time-dependent manner as compared with negative
control (p < 0.01, Fig. 5G).

Under neural-inducing (NID) condition for 14 days, L-MSCs
demonstrated typically elongated cell bodies with multipolar and
stellate morphology, grew with many branches and long axon of
neurons. The expression of neural cell markers was evidenced by
immunofluorescence, and MAP-2, NFM, Nestin were all positive
(Fig. 5C). Furthermore, the expression of neural markers Map-2 and
NF genes was also confirmed by RT-PCR (Fig. 5D), and the result
demonstrated the differentiation potential of the L-MSCs to
neurocytes.

4. Discussion

A high proliferation potential and multi-lineage differentiation
capacity make MSCs a promising tool for regenerative medicine
and tissue engineering as well as gene therapy. Recently, studies
have demonstrated the profound therapeutic potential of L-MSCs
for tissue homeostasis, restoration and regeneration of lung tissue
in some animal model cell-transplantation assays [9,18]. And,
recent studies suggested that fetal stem cells represent a more
valuable and fascinating source of multipotent stem cells than adult
stem cells [13]. However, L-MSCs from sheep lung and their local-
ization in situ have not yet been reported.

Notably, we have successfully isolated L-MSCs populations from
the lung tissues of 45-day-old embryonic sheep, and also attemp-
ted to unravel their fundamental differentiation potential in vitro.
The fetal sheep L-MSCs were isolated using collagenase digestion,
and could be substantially passaged for at least 18 passages in vitro.
The colony-forming ability is essential for the self-renewal and
specific differentiation characteristics of stem cells. The colony-
forming efficiency of L-MSCs was between 21.01 and 33.61% at
passages 5, 10 and 18, which showed there was no significant dif-
ference in the incidence of adherent clonogenic CFU-Fs between L-
MSC and BMSCs. In comparison to other mammal-derived L-MSCs,
fetal sheep L-MSCs exhibited preferable proliferation ability in
culture process. In addition, we have demonstrated that L-MSCs
could express a similar MSC-associated surface marker profile
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Fig. 4. Adipocyte, osteoblast and chondrocyte differentiation of L-MSCs. (A) Lipid droplets appeared in cytoplasm and were positive for Oil Red staining (40 x , 100 x ); (B) Gene-
expression of adipocyte specific genes PPAR-y and LPL were analyzed; (C) Calcium deposits were positive for alizarin red staining. (D) Expression of osteoblast specific markers OPN
and Coll [ were analyzed; (E) Chondrocyte differentiation was confirmed by Toluidine Blue and Alcian Blue staining; (F) Expression of chondrocyte-specific gene Coll Il and Cox were

detected by RT-PCR.

compared with BMSCs, including positivity for §-integrin, CD29,
CD44, CD71, CD73 and CD90, and hematopoietic progenitor,
leukocyte and monocyte/macrophage markers CD34 and CD45
were negative [9].

MSCs were an appealing multipotent candidate cell for cell
therapies because of their multi-lineage differentiation [15]. We
have demonstrated the L-MSCs cells exhibit a similar phenotypic
profile and differentiation potential to BMSCs cells in vitro. Simi-
larly, the fetal sheep L-MSCs can be induced to differentiate not
only into mesoblastic cells such as adipocytes, osteoblasts and
chondrocytes in vitro, but also cells of non-mesenchymal origin,
such as B-cell, hepatocyte-like cells and neurogenic cells. Further-
more, the differentiation potential of L-MSCs was further supported
by significantly upregulated mRNA expression levels of OPN, LPL,

PPAR-vy (mesoderm), AFP and ALB (endoderm), and MAP2, NF(ec-
toderm) following induction in appropriate media for 4 weeks. It's
worth mentioning that urea and ALB secretion by differentiated
hepatocytes maintained the detoxification function. And, glucose-
induced insulin secretion in vitro evaluated the functionality of
pancreatic B-like cells, which demonstrated the differentiated cells
maintained the similar function to cells in vivo. These results sug-
gested that the L-MSCs posses the multi-lineage differentiations
potential and can serve as desirable cell types for lung injury
regeneration.

In the current study, the results evidenced that different
inducing mediators could determine the differentiated direction of
the L-MSCs. When out of range of 10~8 -1071° moL/l, dexametha-
sone could inhibit the differentiation of fetal sheep L-MSCs into
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Fig. 5. B-cell, Hepatocytes and Neurocyte differentiation of L-MSCs. (A) The islet-like clusters were stained scarlet with DTZ fluid and immunofluorescence stain for insulin; (B)
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production of urea and albumin were significantly increased in a time-dependent manner (p < 0.01); (H) Expression of MAP2, NFM and Nestin was analyzed by immunofluo-
rescence stain; (I) Expression of neuronal marker genes (MAP2, NF) was increased by RT-PCR analysis.

osteoblasts. Which in turn, dexamethasone might promote L-MSCs
to differentiate into lipocytes at a higher concentration. Although
neurotrophic factors GDNF, EGF or chemical inducers -mercap-
toethanol and DMSO, both could induce L-MSCs to differentiate
into nerve cells, some researchers found that chemical inducers had
negative effects on viability and morphological changes of MSCs in
the process of induction [17]. Whereas GDNF significantly
improved the viability of MSCs, and therefore was used for
neurogenic differentiation [23]. The multilineage differentiation of
L-MSCs together with their homotransplantation, immunosup-
pressive characteristics, demonstrate that these cells are promising
alternative cell source for cell-based therapies and tissue

engineering. However, there are still many drawbacks for these
cells in cell therapies in vivo. More researches about differentiation
mechanisms may be taken into account in future research, which
will promote the use of L-MSCs in regenerative medicine.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://

dx.doi.org/10.1016/j.cryobiol.2017.03.003.
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