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solution. We have successfully isolated mouse pulmonary stem/progenitor cells (mPSCs) by a two-step
procedure and fabricated mPSC-compatible gelatin/microbubble-scaffolds using a 2-channel fluid
jacket microfluidic device. We then integrated the cells and the scaffold to construct alveoli-like struc-
tures. The mPSCs expressed pro-angiogenic factors (e.g., b-FGF and VEGF) and induced angiogenesis
in vitro in an endothelial cell tube formation assay. In addition, the mPSCs were able to proliferate along
the inside of the scaffolds and differentiate into type-II and type-I pneumocytes The mPSC-seeded
microbubble-scaffolds showed the potential for blood vessel formation in both a chick chorioallantoic
membrane (CAM) assay and in experiments for subcutaneous implantation in severe combined immu-
nodeficient (SCID) mice. Our results demonstrate that lung stem/progenitor cells together with gelatin
microbubble-scaffolds promote angiogenesis as well as the differentiation of alveolar pneumocytes,
resulting in an alveoli-like structure. These findings may help advance lung tissue engineering.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

bronchioles, and alveolar sacs, is ongoing [2]. To date, trans-
plantation of tissue-engineered airways has been successful [3,4];

For most patients with end-stage lung disease, organ trans-
plantation is the only option [1]. Unfortunately, the number of
donors is limited; and therefore the ability to construct artificial
lungs in vitro by tissue engineering is a promising solution [2].

Tissue engineering research for the regeneration of basic lung
structures, including proximal cartilaginous airways, distal
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however, the construction of alveolar sacs remains a challenge due
to the complexity of the structure. Alveolar sacs are the major
components of lung, and are composed of millions of inter-
connected small and thin-walled units, alveoli, which form a
spongy, honeycomb-like lattice [5]. The alveolus is made of extra-
cellular matrix with an interior lining of type-II and type-I pneu-
mocytes wrapped in a fine mesh of capillaries [5]. The interactions
between pneumocytes and capillary endothelial cells are important
for alveogenesis and maintaining gas exchange functions [6,7].
However, data regarding the coordination of pneumocytes differ-
entiation and blood vessel formation in the field of tissue engi-
neering are limited.
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In early studies, cells from different sources were applied to
various extracellular matrices or synthetic polymer-derived scaf-
folds in an effort to construct pulmonary-like structures [8—12].
These studies provided some basic knowledge, such as the
compatibility of biomaterials and available cell sources for lung
tissue engineering, yet the regulation of angiogenesis was not fully
addressed. Recently, a perfusion-decellularized protocol was used
to produce an artificial lung [13—15]. In contrast to the earlier
studies, this method used both the cells derived from lung tissues
and endothelial cells to repopulate a decellularized lung scaffold.
The re-seeded epithelial cells showed a highly organized paren-
chymal structure and the re-seeded endothelial cells repopulated
the vascular compartment within the acellular scaffold. Despite this
success, little information was generated regarding the interactions
between blood vessels and epithelial cells during alveolar devel-
opment. In fact, the lack of adequate vascularization has dramati-
cally hindered the progress of tissue engineering [16]. Therefore,
elucidating the regulation of angiogenesis in order to provide an
effective strategy for forming blood vessels during alveogenesis has
remained a major goal in the field of tissue engineering.

Although there are different types of lung stem cells, their use in
tissue engineering studies has been limited by their scarcity [17—
21]. In previous studies, Ling et al. identified a rare population of
pulmonary stem/progenitor cells from neonatal mouse lung tissue
[22]. These mouse pulmonary stem/progenitor cells (mPSCs)
preferred to grow on thin films of type-I collagen on polystyrene
(PS)-based surface culture plates, and exhibited the self-renewal
property of being able to form epithelial colonies of varying size
with a surrounding stromal cells under chemically defined, serum-
free primary co-culture conditions [22,23]. Additionally, the mPSCs
were able to differentiate into alveolar type-Il and type-I pneu-
mocytes in sequential order [22].

Here, we plan to generate alveoli-like structures using mPSCs
and microbubble-scaffolds which had been used for cartilage
regeneration successfully [24]. We hypothesized that mPSCs may
also have the pro-angionenic potential as well as the differentiation
potential, and the microbubble-scaffolds will provide a micro-
environment for mPSCs to differentiate into pneumocytes and to
recruit blood vessel formation. To achieve the goal, we will identify
areliable cell surface marker to isolate enough cell number of mPSC
for the study. In addition to endothelial tube formation assays, the
other two experiments, an in ovo chicken chorioallantoic mem-
brane (CAM) assay and subcutaneous transplantation of SCID mice,
will be used to demonstrate the angiogenic potential of mPSCs-
cellularized scaffold [25]. The outcomes for the application of
mPSCs and microbubble-scaffolds may advance the progress of
lung tissue engineering for inducing angiogenesis and pneumo-
cytes differentiation in alveogenesis.

2. Materials and methods
2.1. Serum-free primary cell culture of mouse lung cells

The primary cell culture was performed as described previously [22]. Detailed
methods are described in Supplementary Protocol S1.

2.2. Cytokine array analysis

Conditioned media derived from the mouse (lung tissue) primary culture (CM/
mPC) at different time points (days 5, 10 and 14) were analyzed using Mouse_Cy-
tokine_Array_C1000 (AAM-CYT-1000—38, RayBiotech, Norcross, GA) according to the
manufacturer’s instructions. Briefly, cytokine array membranes were blocked in 2 ml
blocking buffer for 30 min and then incubated with the CM/mPC at room temper-
ature for 2 h. After washing, membranes were incubated in diluted biotin-
conjugated primary antibodies (1:200) at 4 °C overnight, followed by incubation
in 1:1000 diluted horseradish peroxidase-conjugated streptavidin for 1 h. Mem-
branes were then washed thoroughly and exposed to a peroxidase substrate for
2 min. Membranes were exposed to X-ray film (Kodak X-OMAT AR film) within
5 min of exposure to the substrate. Biotin-conjugated immunoglobulin G served as a
positive control and the results were normalized for intensity.

2.3. Flow cytometry analysis and isolation of coxsackievirus/adenovirus receptor
(CAR) -positive cell population

Cell suspensions obtained from the primary culture were analyzed for CAR-
positive cells by flow cytometry using a FACS-calibur (BD Bioscience, San Jose,
CA). Briefly, 1 x 10° cells were incubated with anti-CAR polyclonal goat-IgG (AF2654,
R&D Systems, Minneapolis, MN) for 1 h. After washing, the labeled cells were
incubated with Alex488-conjugated donkey-anti-goat secondary antibody (705—
545-003, Jackson ImmunoResearch, West Grove, PA) with 1% BSA/PBS, and analyzed
by flow cytometer. Isotypic IgG (005—000-003, Jackson ImmunoResearch, West
Grove, PA) and unstained cells served as negative controls. To isolate the CAR-
positive cell population, the same combination of antibodies described above
were used in a FACS-Ariall (BD Bioscience, San Jose, CA). Propidium iodide (1 pg/ml)
(P3566, Invitrogen, Carlsbad, CA) was added to the cell suspension to exclude dead
cells during sorting. Sorted cells were spun down by low speed centrifugation
(1100 rpm for 5 min) and re-suspended for later use, including cell differentiation
experiments and construction of a cellularized 3-D scaffold.

2.4. In vitro differentiation

The in vitro differentiation experiment was performed as described previously
[22] with the modification of using an isolated CAR-positive cell population.

2.5. Immunofluorescence staining

Cells in primary culture were fixed and stained as described previously [22].
Briefly, cells were incubated at 4 °C with primary antibodies against the following
antigens: CAR, Oct-4, Sox-2 and Nanog. The mPSC-derived differentiated cells were
also fixed and stained as previously described [22]. Cells were incubated overnight
with primary antibodies against surfactant protein-C (SPC) and aquaporin-5 (Aqp-
5), washed, and then incubated for 1 h at room temperature with the appropriate
secondary antibodies. Cells were counterstained with DAPI. The antibody concen-
trations used in this study are listed in Supplementary Table S1.

2.6. RNA isolation and reverse-transcription polymerase chain reaction (RT-PCR)

Cells from the primary cell co-culture condition were isolated by FACS-Ariall as
described above. The mPSCs (CAR-positive population) and stromal cells were
collected. Two mouse cell lines, SVEC4-10 (mouse axillary lymph node/vascular
epithelial cells) and MLE-15 (murine distal respiratory epithelial cells representative
of type-Il pneumocytes), were use as controls (SVEC4-10 was purchased from
American Type Culture Collection and MLE-15 was a kind gift from Po-Nien Tsao
[National Taiwan University Hospital]). Total RNA was prepared with the RNeasy
Micro Kit (Qiagen, Valencia, CA), and reverse transcription was carried out with
random primers using the SuperScript first-strand synthesis system (11904018,
Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. For PCR, the
forward and reverse primers are listed in Supplementary Table S2.

2.7. In vitro tube formation assay

The assay was performed as previously described [26]. Matrigel (356231, BD
Bioscience, San Jose, CA) was used to coat culture plates according to the manu-
facturer’s instructions. About 150 pl of thawed Matrigel was applied to each well of
24-multiwell plates and polymerized at 37 °C for 1 h. SVEC4-10 cells were main-
tained in M199 medium (11150067, Invitrogen, Carlsbad, CA) with 10% FBS. SVEC4-
10 cells (10 cells/well) in 0.3 ml medium with 10% FBS were plated on the Matrigel
substratum, and 0.3 ml CM/mPC versus control medium was added after the cells
attached. Phase images were taken every 2 h, and after 12 h, the cells were stained
with Calcein AM (C34852, Invitrogen, Carlsbad, CA) (4 uM in M199, 300 pl/well), and
incubated for 30 min in a 37 °C, 5% CO; incubator. The stained cells were observed by
fluorescence microscopy and the number of tube branching points per field was
quantified using Image-]. Six fields under 200x magnification were randomly
selected in a single well. The results are expressed as the mean and the standard
deviation of the mean from at least three experiments.

2.8. Preparation of coated culture plates

Biomaterials and the coating densities used in this study are listed in
Supplementary Table S3. Solutions were added on PS-based surface culture plates
and air dried in a laminar hood at room temperature for 12 h to form a thin film on
the culture plates. Calcium chloride (0.1 M) was used to cross-link alginate-coated
plates. Chitosan-coated plates were neutralized with 0.1 N NaOH solution for 2 h and
then thoroughly washed with sterile distilled water. Gelatin-coated plates were
cross-linked with 1% glutaraldehyde (GA) in distilled water or with 2% genipin (GP)
(078—03021, Wako, Japan) in 70% ethanol for 4 h. The plates were thoroughly
washed with sterile distilled water, and then 0.5 M glycine was added for 8 h to block
the surplus GA or GP. The collagen and hyaluronic acid coated plates did not need
additional treatment. All plates were washed with sterilized PBS before use.

2.9. Viability, cytotoxicity and colony forming assays

A colorimetric assay using the cell proliferation reagent WST-1 (11-644-807—
001, Roche, Germany) was used to evaluate cell viability on different materials. Cells
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from the primary culture were re-seeded at 5 x 10> cells/well in 96-well plates
coated with different materials. The cultures continued incubating at 37 °C for 24, 72
or 120 h. The ready-to-use WST-1 reagent was added to the culture during the last
2 h at 37 °C and the absorbance at 405 nm was measured. The cytotoxic effect of the
coated plates was evaluated with a lactate dehydrogenase (LDH) assay (CytoTox96®,
Promega, Fitchburg, WI). Cells from the primary culture were re-seeded
(1 x 10% cells/cm?) and incubated in 24-well plates coated with different mate-
rials. The supernatant (50 pl/well) was collected for the LDH assay after 24, 72 or
120 h. After 30 min incubation with kit reagents at room temperature, LDH activity,
as a measure for cytotoxicity, was determined by spectrophotometric absorbance at
490 nm. The colony formation capacity of different coated plates was also estimated
using cells from the primary culture.

2.10. Fabrication of microbubble-scaffold

The preparation of the microbubble scaffold was performed as described pre-
viously [24]. Details are described in Supplementary Protocol S2.

2.11. Cellularization of gelatin/microbubble-scaffolds

Gelatin/microbubble-scaffolds were punched with a biopsy punch (Miltex®
Disposable 33—38, Miltex, York, PA) to obtain cylinder-shaped scaffolds (3 mm
depth x 6 mm diameter). CAR-positive mPSCs isolated by FASC-Ariall were injected
into the scaffolds (1 x 10° cells per scaffold) and the cellularized scaffolds were then
cultivated in supplemented MCDB-201 culture medium in 6-well culture plates at
37 °C, 5% CO,. After 4—5 days in culture, the cellularized scaffolds were used in in vivo
angiogenesis assays, using either a chick embryo CAM assay or subcutaneous im-
plantation in SCID mice [25]. For histological analysis, the cellularized scaffolds were
incubated in vitro for another 7—9 days before staining as described in Section 2.15.

2.12. Chick embryo CAM assay and hemoglobin analysis

Fertilized Hisex brown chicken eggs were obtained from the Animal Health
Research Institute (Danshui Dist., New Taipei City, Taiwan). Eggs were incubated
under constant humidity at 37 °C. The CAM of a day 7 fertilized chick embryo was
exposed by making a window in the egg shell, and an acellular- or mPSC-seeded
gelatin/microbubble-scaffold was placed on top of the CAM for each egg. (The cel-
lularized gelatin/microbubble-scaffolds had been cultivated for 7—9 days. Acellular
scaffolds, which served as controls for this angiogenesis assay, were also cultivated
for 7—9 days before implantation). After implantation, the window was sealed, and
the eggs were incubated again. After 9 days of incubation, the implants were
collected for whole-mount photography and for histological analysis, which was
performed as described in Section 2.15.

To quantify angiogenesis in the scaffolds, the implants were collected, homog-
enized in PBS, and analyzed for hemoglobin [27]. The homogenate was mixed with
90% glacial acetic acid at a ratio of 1:9 for 20 min. The sample was centrifuged and
the supernatant was collected for hemoglobin analysis. The standard Sigma—Aldrich
method for measuring hemoglobin was modified for 96-well microtiter plates.
Hemoglobin was assayed in triplicate by mixing 25 pl of homogenate with 100 pl of
3,3, 5,5~ tetramethyl-benzidine—acetic acid solution (T2885, Sigma—Aldrich, St.
Louis, MO). After adding 100 pl of 0.3% H»0, solution and incubating at room
temperature for 5 min, absorbance was read at 600—630 nm. Mouse hemoglobin
(H2500, Sigma—Aldrich, St. Louis, MO) was used as a standard reference, and the
data were analyzed with the Student’s t test with P < 0.05 as significant.

2.13. Vascularization of the subcutaneous implants in SCID mice

Twenty-four C.B17/ICR-severe combined immunodeficient (SCID) mice (male, 4
weeks old, weight: 18.5 + 1.3 g) obtained from the Laboratory Animal Center of
College of Medicine, National Taiwan University, were used as recipients. Animals
were maintained in accordance with the Guide for the Care and Use of Laboratory
Animals, and the experimental protocols and surgical procedures were approved by
the Institutional Animal Care and Use Committee. The operation was done under
general anesthesia via intraperitoneum Ketamine injection. After adequate skin
preparation and sterilization, an 8—10 mm incision was made in the skin of the back
of the mouse to create a subcutaneous pocket. Cellularized gelatin/microbubble-
scaffolds (n = 6 for each time point) or acellular scaffolds (n = 6 for each time
point) were implanted into these subcutaneous pockets. For analysis of vasculari-
zation, FITC-conjugated dextran (FITC-dextran; Sigma—Aldrich, 5% (w/v) in PBS) was
injected into the tail vein at day 7, 14 or 28 [28]. After injection for 10 min, the mice
were sacrificed and the implants were removed and fixed in 4% formaldehyde/PBS
for 2 h. The entire scaffold was analyzed by fluorescence microscopy for perfused
blood vessels, which were visualized with FITC dextran. The implants were prepared
for histological analysis as described in Section 2.15.

2.14. Scanning electron microscope (SEM)

The cellularized scaffolds from in vitro culture were fixed with 1% buffered
glutaraldehyde solution for 2 h, washed in Ringer’s solution, postfixed in cold 1%
osmic acid, and dehydrated in graded alcohols. Afterward, scaffolds were critically
point dried by Samdri-PVT-3B (Tousimis, Rockville, MD), and mounted on an

aluminum stub. The scaffolds were then introduced into the chamber of the sputter
coater (SPI, Sputter Coater, West Chester, PA) and coated with gold approximately
150 A thick. The specimens were studied with a JEOL JSM-6510LV type SEM (JEOL,
Japan).

2.15. H&E staining and immunohistochemical staining

For histological or immunohistochemical analysis, the different constructions,
including acellular gelatin/microbubble-scaffolds, cellularized scaffolds obtained
from in vitro culture, cellularized and acellular scaffolds from the CAM angiogenesis
assay, and the subcutaneous implants from SCID mice, were fixed in 10% formalin
fixative, and embedded in paraffin. Afterward, 5 pm sections of lung tissue were
obtained for hematoxylin and eosin (H&E) staining. Identification of SPC and Aqp-5
expression, antigen retrieval, and general immunohistochemical staining of
paraffin-embedded sections of cellularized scaffolds were all performed as previ-
ously described [22]. Cells were incubated overnight with antibodies against SPC
(Millipore, Billerica, MA) and Aqp-5 (Millipore, Billerica, MA), washed, and then
incubated for 1 h at room temperature with FITC-conjugated goat anti-rabbit IgG
secondary antibody (111—095-003, Jackson ImmunoResearch, West Grove, PA). Cells
were counterstained with DAPI (D1306, Invitrogen, Carlsbad, CA). The concentra-
tions of antibodies used in this study are listed in Supplementary Table S1.

2.16. Statistical analysis

Data are expressed as mean =+ standard deviation. Statistical analyses of tube
formation, cytotoxicity, cell viability, colony numbers and hemoglobin content were
analyzed by ANOVA. If there were significant differences in these experiments by
ANOVA, the Student’s independent t-test was applied to analyze the differences
between groups. Differences were considered significant if P < 0.05.

3. Results
3.1. The angiogenic potential of CAR-positive mPSCs

In general, tissue-specific stem cells are rare and heterogeneous
in adult tissues, and their characterization has been limited due to
technical difficulties. Recently, we identified a rare population of
lung stem/progenitor cells (mPSCs) from neonatal mice [22,23].
These cells formed epithelial colonies with a surrounding stromal
cells in a chemically defined serum-free medium (Fig. 1a—i and
Supplementary Fig. S1-a), and expressed the stem cell markers Oct-
4, Sox-2, and Nanog. (Supplementary Fig. S1-b) We identified a cell
surface protein on mPSCs, coxsackievirus/adenovirus receptor
(CAR), which was expressed at plasma membrane of mPSCs in the
epithelial colonies (Fig. 1a-i and iii). Therefore, mPSCs were deter-
mined to represent a CAR-positive cell population, and as such,
could be separated using flow cytometry (Fig. 1a-iv). The isolated
cells showed the potential to differentiate into both type-II and
type-I pneumocytic alveolar epithelial cells (Supplementary Fig. S2).

The chemically defined serum-free medium is free of serum-
derived xenomaterials that may interfere with analyses. There-
fore, the CM/mPC was analyzed, using a cytokine array, to reveal
which cytokines and chemokines were expressed during co-
culturing. As shown in Fig. 1b, the dot blots reveal that the pro-
angiogenic factors VACM-1, b-FGF and VEGF were detected in the
CM/mPC at days 3, 6, and 9 and were upregulated over time, while
granulocyte colony-stimulating factor (G-CSF) was down-
regulated. The ten cytokines with the highest expression levels at
day 9 were identifed by quantification of intensities on the dot blots
(Fig. 1c). To identify which cell type expressed these secreted pro-
angiogenic factors, the isolated mPSCs and the CAR-negative stro-
mal cell population were examined by RT-PCR. In the analysis, we
used MLE15 cells, a mouse type-II pneumocyte cell line that has
been reported to secrete VEGF [29]; and SVEC4-10 cells, a murine
endothelium cell line, as positive controls [30]. As shown in Fig. 1d,
mPSCs expressed pro-angiogenesis genes, including vascular cell
adhesion molecule 1 (VCAM-1), b-FGF, and VEGF. Other pro-
angiogenic cytokines (e.g., angiogenin, HGF and PDGF) which
were not included in the array were also found to be expressed by
mPSCs (Fig. 1d). Based on these results, we hypothesized that
mPSCs have the potential to induce angiogenesis as well as to
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Fig. 1. Expression of pro-angiogenic factors by CAR-positive cells. (a-i) CAR-positive cells formed epithelial colonies of various sizes when co-cultured with stromal cells in a
chemically defined, serum-free medium. In this phase image, the areas enclosed by white dotted lines indicate the epithelial colonies. (a-ii) Immunoflourescent image showing CAR
staining at cell—cell junctions of the cells within the epithelial colonies. (a-iii) Magnification of the boxed area in panel a-ii. (a-iv) The CAR-positive population of the culture was
identified and isolated by flow cytometry. (b, c) The cytokines secreted in the culture were analyzed using a cytokine array. The proangiogenic factors expressed in culture collected
at days 3, 6, and 9 are indicated (e.g., b-FGF, VCAM-1 and VEGF). The expression of cytokines at day 14 were quantified by measuring the intensity of staining of cytokine array blot
dots, and the10 cytokines with highest expression are shown. (d) RT-PCR analysis of the cells via flow cytometry isolation of the CAR-positive population of epithelial colonies. Pro-
angiogenic factors, angiogenin, HGF, b-FGF, G-CSF, PDGF, VCAM-1, and VEGF, were analyzed. Lane 1, the SVEC4-10 cell line (mouse axillary lymph node/vascular epithelial cells); lane
2, CAR-positive population of mPSCs; lane 3, stromal cells; and lane 4, MLE-15 cell line (murine distal respiratory epithelial cell representative of type-Il pneumocytes). GAPDH was

used as an internal standard for both reactions.

differentiate into alveolar pneumocytes. To test this, we used an
endothelial tube formation assay to test for angiogenetic potential.
The mouse endothelial cell line SVEC4-10 was used in the assay to
test for pro-angiogenic effects of CM/mPC. SVEC4-10 cells were
seeded on Matrigel and incubated with the CM/mPC. As shown in
Fig. 2a, SVEC4-10 cells formed capillary-like networks of tubes
within 12 h of incubating in the CM/mPC. Quantification of the
assay was performed by calcein AM staining and counting the
number of branching points after 12 h. Significantly more branch-
ing points were seen after incubation with CM/mPC versus control
medium (Fig. 2b and c). Taken together, these results suggest that
mPSCs can induce angiogenesis.

3.2. Fabrication of microbubble-scaffolds by a 2-channel fluid
jacket microfluidic device

To fabricate a scaffold that would mimic alveolar structure and
support cell growth, biomaterials, such as alginate, chitosan,
gelatin, gelatin cross-linked by genipin (gelatin/GP), gelatin cross-
linked by glutaraldehyde (gelatin/GA), hyaluronic acid, and Type-I
collagen from treated-PS/2D-surfaces were tested for cytotoxicity
(LDH assay) and viability (WST assay). In addition, the ability to
support colony formation, and the consistency and organization of

the porous biomaterials were examined. As shown in Fig. 3a, algi-
nate and chitosan showed high levels of cytotoxicity and were
unable to support mPSC growth. Meanwhile, Type-I collagen,
gelatin/GP and gelatin/GA demonstrated better abilities to support
mPSC colony formation (Fig. 3b). Additionally, compared with
Type-I collagen, both gelatin/GP and gelatin/GA formed highly
organized scaffolds after gelation through a 2-channel fluid jacket
microfluidic device (Fig. 3c-i). The gelatin-derived scaffolds were
organized with interconnected and uniform pores arranged in a
honeycomb pattern in each layer (Fig. 3c-i). For this study, we chose
to use gelatin/GP to fabricate the microbubble-scaffolds because
the gelatin/GA-derived microbubble-scaffolds showed strong green
autofluorescence (data not shown). Slices obtained from paraffin-
embedded gelatin/microbubble-scaffolds were prepared for H&E
staining and then examined under microscopy. As seen in Fig. 3c-ii,
the organization of the gelatin/microbubble-scaffold was similar to
alveolar architecture and would be expected to provide an
adequate physical environment for the mPSC.

3.3. Generation of an alveoli-like structure

To generate alveoli-like structures, CAR-positive mPSCs were
seeded onto gelatin/microbubble-scaffolds (1 x 10° cells per
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Fig. 2. Effect of conditioned medium derived from the primary culture on tube formation. (a, b) Tube formation assay. (a) SVEC4-10 cells were plated onto Matrigel-coated plates at
a density of 1 x 10* cells per well and incubated in the presence of conditioned medium from the day-9 serum-free primary culture. MCDB-201 cell culture medium was used as a
control. Phase images from different time points are shown. (b) At 12 h, changes in cell morphology were observed. Cells were stained with calcein-AM and photographed under
fluorescent microscopy. (c) The area covered by the tube network was quantified by calculating branching points of SVEC4-10 cells using Image-Pro Plus software. Experiments were
repeated three times. (**P < 0.01, t-test). (CM/mPC: conditioned medium derived from the mouse lung primary culture).

scaffold) and then cultivated in medium for 7—10 days. As shown in
Fig. 4, H&E staining of serial sections from paraffin-embedded
scaffolds show that the mPSCs grew as a layer along the inside of
the scaffold (Fig. 4a, arrows). An interconnected pore was also
observed (Fig. 4a-iv, hollow arrowhead). The alignment of mPSCs
on the inside of the scaffold was also demonstrated by SEM analysis
(Fig. 4b). Furthermore, immunofluorescence staining indicated that
the cells lining the inside of the scaffold expressed SPC (a cell
marker for type-II pneumocytes) and Aqp-5 (a cell marker for type-
I pneumocytes) (Fig. 4c). These results demonstrate that the gelatin
microbubble-scaffold supports mPSC proliferation and differentia-
tion into pneumocytes, which both contribute to make an alveoli-
like structure.

3.4. Asssessment of angiogenesis in cellularized microbubble-
scaffolds using a CAM assay

We initially utilized an in ovo method for assessing angiogen-
esis in vivo [25]. On day 3 of chick embryo development, a small
window was made in the shell in order to detach the CAM layer

from the egg shell. The window was resealed with adhesive tape
and eggs were returned to the incubator until day 7 of chick
embryo development. On day 7, gelatin/microbubble-scaffolds
that had been cellularized in in vitro cultures, as well as acellular
scaffolds, which were used as controls, were grafted on top of the
CAMs (n = 6 chicken embryos for each type of scaffold). The chick
embryos were then incubated with the scaffolds until day 14 of
development. Whole-mounts of the scaffold grafts on day 14 are
shown in Fig. 5a. Compared with the control (an acellular scaf-
fold), the mPSC-containing gelatin/microbubble-scaffold had
significantly more robust capillary network formation growing
towards the implants (Fig. 5a). H&E staining of sections of paraffin-
embedded scaffolds also showed more blood vessel formation in
the cellularized gelatin/microbubble-scaffold than in the control
scaffold (Fig. 5b). Quantitative analysis of the angiogenesis
induced by the scaffolds was performed by determining the he-
moglobin concentration of day 14 scaffold grafts (26). As shown in
Fig. 5¢, the cellularized gelatin/microbubble-scaffold had a signif-
icantly higher hemoglobin concentration than the acellular
scaffold.
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Fig. 3. Evaluation of different biomaterials for fabrication of microbubble-scaffolds. (a) Effect of different biomaterials on cell viability (WST assay) and toxicity (LDH assay) of
mPSCs. Cells were incubated for 1, 3 and 5 days then cell viability was measured using a WST-1 assay and cytotoxicity was assessed using a LDH assay. Results are the
mean + sample standard deviation (SSD) of nine experiment for each group. PS: polystyrene-based surface culture plates (PS-culture plates); COL1: Collagen I-coated PS-culture
plates; GE: Gelatin-coated; GEL/GP: Gelatin-coated & genapin-conjugated PS-culture plates; GEL/GA: Gelatin-coated & glutaraldehyde-conjugated PS-culture plates; HA: Hyaluronic
acid-coated PS-culture plates; Chit: Chitosan-coated PS-culture plates; ALG: Alginate-coated PS-culture plates. (b) The ability of mPSCs to form epithelial colonies was examined by
adding the primary cell culture to plates coated with various biomaterials and incubating for 7—9 days. (b-i) Arrows indicate the colonies formed by mPSCs. (b-ii) The number of re-
formed mPSC colonies was quantified (x40 magnification, n = 6). Scale bar = 100 pm. (c) The self-assembly of mono-dispersed bubbles, created by the 2-channel fluid jacket
microfluidic device, into microbubble foams is shown over 60 min. The resulting morphologies after gelation of alginate-, gelatin- and collagen-I-derived microbubble foams are
shown. H&E staining of a section of paraffin-embedded gelatin/microbubble scaffold is shown. Scale bar = 100 pm.

3.5. Blood vessel formation in cellularized microbubble-scaffolds in
SCID mice

used to track blood vessel formation in the mice. Images of the
FITC-dextran labeled blood vessel network were taken at days 7, 14,
and 28. As shown in Fig. 6a-i, compared to the control scaffold

In addition to the CAM angiogenic assay, we utilized SCID mice (Fig. 6a-ii), day-28 cellularized gelatin/microbubble-scaffolds

to examine the ability of microbubble-scaffolds to generate blood
vessels. Cellularized gelatin/microbubble-scaffolds and control
acellular scaffolds were subcutaneously implanted into the dorsal
body cavities of SCID mice. Tail-vein injection of FITC-dextran was

showed a marked increase of green fluorescence intensity. H&E
staining of sections of paraffin-embedded scaffolds indicated that
the cellularized section was covered by mPSC-derived cells, and the
capillary network had thoroughly penetrated into the scaffold, in
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Fig. 4. In vitro cultivation of mPSCs in gelatin/microbubble-scaffolds. CAR-positive mPSCs (1 x 10%) were seeded onto gelatin/microbubble-scaffolds and cultivated in medium for 7—
9 days. (a) Figures a-i to a-iv show H&E staining of serial sections of the paraffin-embedded cellularized gelatin/microbubble-scaffold. Arrows indicate the growth of mPSCs on the
inside of the microbubble-scaffold. The hollow arrowhead indicates the interconnected pore between the bubbles. Scale bar = 100 pm. (b-i & ii) SEM images of the cellularized
gelatin/microbubble-scaffold. (c) On day 9, cells in the scaffold stained positive for both SPC protein (a marker of type-Il pneumocytes) and Aqp-5 protein (a marker of type-I
pneumocytes). Green, SPC or Aqp-5; Blue, DAPI; Red, scaffold intrinsic fluorescence. Scale bar = 50 um.

contrast to the acellular scaffold at day 28 (Fig. 6b-i and ii and
Supplementary Fig. S3). Again, positive immunostaining of SPC and
Aqp-5 confirmed the presence of differentiated pneumocyte type-II
cells (SPC) and type-I cells (Aqp-5) in the subcutaneous environ-
ment (Fig. 6¢).

4. Discussion

Required components for construction of a complex organ
include a cell source that can generate tissue-specific cell lineages, a
strategy to induce angiogenesis, and compatible biomaterials to
fabricate a 3D-scaffold [2,31]. Accordingly, Sugihara and co-workers
first constructed an alveolus-like structure using a collagen gel
matrix with isolated rat alveolar epithelial cells in vitro [8]. In
subsequent studies, different cell sources were used with various
biomaterials to mimic pulmonary-like structures [8—12]. Although
some of these studies showed blood vessel formation by immu-
nohistochemical staining [12], the information for regulation of
angiogenesis was limited. Recently, Ott and colleagues used a
perfusion-decellularized method with mixed population of rat fetal
lung cells and human umbilical vein endothelial cells to generate
artificial lungs [13]. Perterse et al. also used the method, and
administered mixed populations of neonatal rat lung epithelial
cells and microvascular lung endothelial cells to produce bio-
artificial lungs [14]. Cotiella and co-workers utilized a decellular-
ized lung as a scaffold for supporting murine embryonic stem cell
differentiation to imitate lung tissues [15]. However, the in-
teractions between blood vessels and the epithelium of the alveolar
structure have not yet been fully addressed.

Different kinds of lung stem cells have been reported [17—21]
but the use of these stem cells to generate artificial lungs is
restricted. The scarcity of lung stem cells makes them unsuitable for
tissue engineering [2]. In this study, we found that CAR expression
was observed at the cell—cell junctions within mPSCs epithelial
colonies in the culture, and was identified as one of the cell surface
markers of mPSCs (Fig. 1a-ii &-iii). The receptor has been found in

all normal organs, except in human brain [32]. In lung tissues, CAR
is detected in the trachea and bronchi, but is absent from the alveoli
of adult animals [33]. Therefore, mPSCs could be isolated and
enriched by a two-steps procedure from the co-culture condition: a
serum-free primary culture followed by FACS isolation for the CAR-
positive population (Fig. 1a-iv). This procedure can serve as a stable
source of mPSCs for further applications in tissue engineering, and
avoids fluctuations caused by batch variability. The isolated cells
could differentiate into alveolar pneumocytes in vitro
(Supplementary Fig. S2).

By the serum-free primary culture, cytokines and growth factors
expression in CM/mPC could be identified without interference
from serum-derived xeno-materials. Cytokine array analysis indi-
cated that VCAM-1, b-FGF, VEGF and G-CSF were identified in CM/
mPC (Fig. 1b). Moreover, the other pro-angiogenic factors (e.g.,
platelet-derived growth factor-alpha, angiogenin and hepatocyte
growth factor) whose antibodies-probes were not included in the
cytokine array, were also positively identified for mPSCs expression
by RT-PCR (Fig. 1d). The pro-angiogenic potential was further
demonstrated in vitro with murine endothelial cells, SVEC4-10, in
the tube formation assay (Fig. 2). Actually, angiogenesis is a com-
plex process involving different cells and factors for stimulation,
promotion, and stabilization of new blood vessels [34—36]. The
mesenchymal cells have been suggested as a primary source of
VEGF, which stimulates the vascular endothelium for capillary
remodeling during lung development [37,38]. Lung fibroblasts have
been reported to hold pro-angiogenic potential for immature
capillary formation [38]. In acute injury, type-Il pneumocytes have
been reported to produce VEGF to protect alveolar epithelial cells
from caspase-dependent apoptosis [39]. Our findings demon-
strated that stromal cells could express VEGF and angiogenin, but
mPSCs could express multiple pro-angiogenic factors. The results
suggested that mPSCs played important roles in controlling the
formation of blood vessels and capillary networks. For this reason,
we hypothesized that mPSCs may display a dual-function: regula-
tion of angiogenesis and differentiation into alveolar epithelial
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Fig. 5. In ovo angiogenesis of cellularized gelatin/microbubble-scaffolds. An in ovo
CAM assay was used to study angiogenesis. After 5 days in culture, the cellularized
gelatin/microbubble-scaffolds and acellular scaffolds were individually implanted on
the CAM. (a-i & ii) Whole-mount photographs of the implanted scaffolds after 7—-8
days incubation are shown. Highly vascularized networks were observed in cellular-
ized gelatin/microbubble-scaffolds. Scale bar = 2 mm (b) H&E staining of sections of
paraffin-embedded scaffolds. (b-i & iii) Images show blood vessel formation in the
cellularized scaffolds. (b-ii & iv) Magnified image of the red boxed areas in panels b-i
and b-iii, respectively. In panel b-iv, inset shows magnification of the white boxed area,
showing the pattern of blood vessels. (c) Quantification of hemoglobin concentration
in cellularized gelatin/microbubble-scaffolds and acellular scaffolds. (n = 3, *P < 0.05,
t-test).

cells, which make mPSCs useful to apply for lung tissue
engineering.

The positive results of mPSCs for pneumocytes differentiation
and the endothelium tube formation led us to consider using a 3D-

scaffold for mPSCs culture to demonstrate simultaneously for
pneumocytes differentiation and blood vessel formation. Previous
studies have shown that a 2-channel fluid jacket microfluidic de-
vice can construct highly organized alginate/microbubble-scaffolds
[24,40]. These alginate/microbubble-scaffolds were successfully
used for cartilage tissue engineering [24], but they could not sup-
port mPSCs growth (Fig. 3a and b). Stem cell proliferation and
viability can be regulated by different biomaterials [41]. In addition,
the CAR-positive mPSCs are adhesive cells that need cell matrix
interactions to maintain their survival and growth. Alginate lacks
the intrinsic motifs for cell adhesion that will lead to anoikis of
transplanted cells. In other researches, modifications to alginate are
made to provide cell-matrix interactions [42,43]. Thus, factors
such as material topography and cytotoxicity must be evaluated. An
ideal biomaterial should support both mPSCs viability and epithe-
lial colony formation, and have the properties necessary to make a
uniform microbubble-scaffold. Collagen-1 could support mPSCs
proliferation [22,23], however collagen-I couldn’t form uniform
porous scaffolds (Fig. 3¢). After evaluation, the gelatin cross-linked
by GA appeared to possess the most favorable properties and could
assemble into a highly uniform microbubble-scaffold (Fig. 3c).
Additionally, a previous study had demonstrated that the stiffness
of these gelatin-derived scaffolds was 3—10 kPa [44], which is
similar to that of normal alveolar wall (0.5—5 kPa) [45].

After scaffold construction, mPSCs was added to produce cel-
lularized scaffold. H&E staining of serial sections of the paraffin-
embedded cellularized scaffold showed the adherent -cells
expanding on the inner walls of the microbubble-scaffolds (Fig. 4a),
and these cells stained positive for both type-II and type-I pneu-
mocytes after 7—9 days in culture (Fig. 4c). These cellularized
scaffolds not only had a porous consistency, but the multiple in-
terconnections between the microbubbles of the scaffold resem-
bled the pores of Kohn of lung alveoli [46]. All these features
validate the choice of the gelatin/microbubble-scaffolds for study-
ing mPSCs behaviors in vitro; however, the intrinsic red auto-
fluorscence of the scaffold was a major defect to interfere with
fluorescent microscopy.

The CAM assay was used first to test mPSCs-cellularized scaf-
folds the potential of blood vessel formation [25]. Macroscopic
images of the scaffold showed significant neovascularization with
capillary network formation after 7—9 days in ovo incubation after
mPSCs-cellularized scaffolds were implanted (Fig. 5). Both the H&E
staining of paraffin-embedded sections of the implants and the
hemoglobin concentration analysis indicated that mPSCs-
cellularized gelatin/microbubble-scaffolds could recruit blood
vessel formation (Fig. 5b and c). Next, the angiogenic potential was
evaluated by subcutaneously implanting mPSCs-cellularized scaf-
folds into the dorsal body cavity of adult SCID mice comparing with
control acellular scaffolds. Fluorescence dye tracing and H&E
staining of the scaffolds were used to analyze the formation of
blood vessels. The acellular and cellularized implanted scaffolds
were examined at different time points after injection of the FITC-
dextran. As shown in Fig. 6a, an obvious increase in green fluo-
rescence intensity, signifying blood vessel formation, was observed
in the cellularized scaffolds between day 7 and day 28. The fluo-
rescence intensity of cellularized scaffolds was much higher than
the intensity of the control scaffold at day 28. H&E staining of
paraffin-embedded scaffold sections also showed a higher density
of blood vessels in mPSCs-cellularized scaffolds versus acellular
scaffolds at day 28, and erythrocytes within the blood capillaries
were observed throughout the scaffold (Fig. 6b & Supplementary
Fig. S3). Meanwhile, positive immunostaining for SPC and Aqp-5
further confirmed the presence of differentiated type-II (SPC-pos-
itive) and type-I (Agp-5-positive) pneumocytes in the scaffolds
(Fig. 6¢).
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Fig. 6. In vivo angiogenesis of cellularized gelatin/microbubble-scaffolds after subcutaneous implantation in SCID mice. Cellularized gelatin/microbubble-scaffolds from in vitro
culture and acellular scaffolds were implanted subcutaneously into the dorsal body cavity of adult SCID mice. (a) Images taken 7, 14, and 28 days after FITC-dextran was injected in
the tail vein. New blood vessel formation in cellularized gelatin/microbubble-scaffolds is indicated by FITC-dextran. Scale bar = 100 um. (b) Cellularized gelatin/microbubble-
scaffolds and acellular scaffolds were resected. H&E staining for sections of the paraffin-embedded implanted scaffolds show cell proliferation and blood vessel formation in
the scaffolds at day 28 (panel b-i). A section of control acellular scaffold (panel b-ii). (c) Immunohistochemical staining showing the presence of the alveolar epithelial cells SPC-
positive type-II pneumocytes and Aqp-5-positive type-I pneumocytes. Cells were counterstained with DAPI.

5. Conclusions

The prevalent challenge in lung tissue engineering today is the
lack of adequate vascularization for blood supply during lung tissue
regeneration. The current work demonstrates that lung stem/pro-
genitor cells are capable of both differentiating into alveolar
epithelial cells and of inducing angiogenesis. We also showed that
an alveoli-like gelatin/microbubble-scaffold can support lung stem/
progenitor cell proliferation and differentiation as well as angio-
genesis. Findings from this study should encourage the use of lung
stem/progenitor cells and gelatin scaffolds as models with which to
study angiogenesis and pneumocytes proliferation for in vitro lung
tissue regeneration.
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