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Introduction

Chronic Obstructive Pulmonary Disease (COPD)

COPD is the third cause of death around the world, which cause around 2.5 million deaths every
year [1]. It is usually associated with inflammation of small airway, bronchitis, and eradication
of lung parenchymal, emphysema. The characteristic of this disease is airflow limitation due to
airway narrowing, and emphysema [2].

The causes of COPD are cigarette (or tobacco) smoking and long-term exposure to toxic
chemical, which recruit inflammatory cells into airway and cause chronic inflammation. Another
factor that causes COPD is the imbalance of proteolytic and anti-proteolytic molecules in the
lung. Increasing of proteolytic activity eliminates healthy lung tissue and leads to development of
emphysema. The third factor is oxidative stress caused by the excess of the reactive oxygen
species. Smoking also increases the production of oxidants. The oxidative stress leads to
impairment in cellular functions and promotes the damage of this organ. In healthy lung tissue,
the protective proteins such as a-1 anti-trypsin (a-1AT) and tissue inhibitor of metalloproteinase
(TIMPs) counteract against these exogenous stress, and therefore tissue homeostasis is
maintained[3].

Bronchitis is the lung infectious disease in infants and children caused by virus infection in
bronchioles. The inflamed bronchioles induce increased production of mucus and their plugging,
which reduce air flow to the lung. The inflammation also damages the ciliated cells that are
responsible for the protection of airways from germ and irritants[4]. Emphysema is a chronic
disease of the lung caused by abnormal, permanent enlargement of the air sacs by the destruction
of their walls[5].
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Figure 1: Chronic Obstructive Pulmonary Disease (COPD), which usually caused by the smoking or long-term
exposure of the toxic chemical. COPD consist of two types of diseases, which are emphysema and bronchitis.



The development of both human and mouse lung can be divided into 5 stages [6]. During the
embryonic stage, the lung is started to develop as lung buds protruded from foregut endoderm,
which are true lung primordium, and first recognizable as a laryngotracheal groove. The lung
buds that consist of single layer of epithelium surrounded with mesenchyme begin to divide and
give rise to conducting airways and five primordial lung lobes[7]. In the next pseudoglandular
stage, respiratory duct, tubule acinus gland, and air-conducting bronchial tree are developed. The
air-conducting bronchial tree are coated with the cuboidal epithelial cells, which are the
precursor of the ciliated epithelial cells, goblet cells, and basal cells. The studies reported that
during this stage, around 20 generations of future airways are formed in humans[8]. After that in
the canalicular stage, Canaliculi branch derived from the terminal bronchioles, changed their
shape and grow in width and length to become future alveolar ducts. The gas exchanging portion
of lung, which called acinus, is vascularized and formed. Further, the type I alveolar cells (ATI),
which are responsible for gas exchange due to very thin membrane, and type Il alveolar cells
(ATII), which are responsible for secretion of surfactant, are start to differentiate and lining
along alveolus. Then, at saccular stage, the terminal airway is growing in length and width
forming larger airspaces. The primary septa are formed at the location between 2 two airspaces.
The surface of primary septa mostly is covered by type I alveolar cells while remaining is filled
in by type Il alveolar cells, which also acted as a progenitor for type | alveolar cells[9]. Finally,
the alveolar stage, which new formed septa divided the existing airspace. Those upfolding could
ne seen and those newly formed septa are called secondary septa in order to distinguish from the
primary septa that formed during branching morphogenesis [9].

Embryonic stage II Pseudoglandular stage I I Canaliculi stage I Saccular stage I Alveolar I

E9—-E9.5 E12.5-E16.5 E16.5-E17.5 E17.5-P4 P4 - P28

Figure 2: Mouse lung development overview, starting with embryonic stage, which small lung buds protruded
from the foregut endoderm (E9-E9.5). Then, Pseudoglandular stage, which bronchiole tree are developed.
Following with Canalicular stage, which terminal bronchiole and future alveolar ducts started to form. Saccular
stage, which terminal airways are expanding into larger sizes. Finally, alveolar stage, which growing of alveolar
unit and forming of secondary septa.



Lung regeneration

Lung stem progenitor cells are important regenerative cell population to maintain tissue
homeostasis and tissue after injury. Tissue-specific stem cells remain quiescent under the normal
conditions and proliferate after injury[10]. In the proximal airway, basal cells are reported to be
the important stem cells for bronchiolar epithelial cells, which can give rise to ciliated cells in
both homeostasis conditions and after injury[11]. In the bronchioles of mouse lungs, two distinct
type of cells are reported as the lung stem and progenitor cells. One of them is Clara cells (or
club cells), which have been reported to have self-renewal ability and can also give rise to
ciliated cells during homeostasis[12]. Another one is bronchioalveolar stem cells (BASCs),
which are the rare population of epithelial cells that have co-expression of Clara cell markers
(CCSP and Scgblal) and alveolar type Il marker (Sp-C). BASCs are reported to be the stem
cells population that maintain the bronchiolar Clara cells and alveolar cells of the distal lung. For
the distal lung, ATII cells have long been reported to be the progenitor for the alveolar epithelial
cells, which are proliferate and differentiate into ATII and AT]I cells[9, 13].

Induced-pluripotent stem cells and direct-reprogramed cells

Several treatments have been applied to treat the COPD such as medication by using
Bronchodilators, which help in relax airway muscle and widening the airways, and
Corticosteroid, which used as anti-inflammatory therapy for the COPD treatment[14].
Previously, organ transplantation is also one of the best methods to treat the damaged lung tissue
of COPD patients. For the lung transplantation, there are around 2,000 patients remained on the
waiting list for transplantation in 1998-2000. In 2005, there was improved system, called ‘Lung
Allocation System’, which decreases the patient in the waiting list to around 1,000 people[15].
However, organ transplantation is still a dangerous and unstable method due to the
immunological rejection between the donor’s lung and patient’s bodies. To prevent the
immunological rejection, the use of engineered lung organ for transplantation is one of the novel
methods for COPD treatment in the future [16]. By using the induced pluripotent stem cells
(iPSCs) from patients themselves, the immunological rejection from the patients can be
eliminated. IPSCs have been established by the reprogramming of adult somatic cells into
embryonic stem cells by using expression of 4 factors, which are OCT4, SOX2, NANOG, and
LIN28, or Oct3/4, Sox2, c-MYC, and KIf4, under ES cell culture conditions[17, 18]. Introduction
of these transcriptional factors are enough to reprogram human somatic cell and mouse somatic
cells into pluripotent stem cells that showing characters of embryonic stem cells. Therefore, by
using iPSCs derived from patients, the recovery of damaged respiratory system can be done by
eliminating risk of the immune rejection. However, iPSCs also have several problems for real
application. Firstly, iPSCs has risk to generate to tumors due to the use of oncogene in the
reprogramming process[19]. The viral vector systems that are used in this process can also
integrate into the host DNA. Therefore, direct reprogramming is a new approach in order to
overcome those problems, which will reprogram the somatic cell into desired specific cells
directly without passing the pluripotent stage that reduce the risk of tumor formation[20].



Differentiation of pluripotent stem cells

The use of stem cells or iPSCs for regenerative medicine is promising, and some differentiation
methods have been published. By using 3D Matrigel culture, several studies have reported the
differentiation of the lung progenitor cells derived from the lung buds, embryonic lung or iPSCs
[21-24]. They reported that 3D microenvironment is crucial for the maintenance of the progenitor
cells, and also with the designed differentiation medium, the differentiated lung epithelial cells
such as ATI cells (Agp5, Pdpn, Hopx), ATII cells (Sftpc, Sftpb), basal cells (Krt5), and goblet
cells (Muc5ac) were observed in the alveolospheres and bronchospheres. Other than this, air
liquid interface (ALI) culture are also reported to differentiate lung stem cells into lung epithelial
cells, especially ciliated cells [25-27]. Another effective method that have been reported for
differentiation of lung epithelial cells is differentiation by using decellularized lung extracellular
matrix [28-30]. Induction of NKX2.1 and SOX2 were detected after seeding lung epithelial
progenitor cells in the ECM for short term. For the long-term culture, induction of ciliated cells,
club cells, and basal cells were induced in the ECM culture.



Materials and Methods

Isolation of mouse embryonic lung progenitor cells

All animal experiment plans were approved by the institutional animal experiment committee
and the experiments were performed in accordance with the guidelines of the animal center of
NAIST. Embryonic mouse embryos were collected from ICR or CAG-EGFP C57BL6N
pregnant female mice. The embryonic lungs were carefully dissected with small forceps under
stereoscopic microscopes. The heart was also removed. Embryonic lungs were pooled in 6 mL of
PBS on ice before mixed with 4 mL of filtered Collagenase A (2 mg/ml)/PBS solution, and
incubated in the 37°C-water bath for 1 hours. Then, 400 uL of 10 ng/mL DNase | was added in
the solution. Then, embryonic lungs were pipetted with the 5 mL pipette in every 15 minutes to
increase the dissociation of the cells. The cells were centrifuged for 5 minutes at 1,000 rpm at
room temperature. The pellet was re-suspended with the hemolysis buffer, and incubate for 5
minutes at room temperature. Then, cells were centrifuged again for 5 minutes at 1,000 rpm.
Pellets were re-suspended with Advance RPMI (Gibco) + 0.2% FBS (Gibco) + P/S, and
incubated in the 37°C-water bath for 2-3 hours. Next, the cells floating in the medium were
centrifuged for 5 minutes at 1,000 rpm. The pellets were re-suspended with the lung progenitor
cells medium, dispensed into 1:40 diluted Matrigel-coated plate, and cultured in the humidified
incubator at 37°C and 5% CO,.

Mouse embryonic lung progenitor cells culture and expansion

Embryonic lung progenitor cells were seeded on the 1:40 diluted Matrigel-coated 60mm cell
culture dished, and cultured with the lung progenitor cell mediums, which are ‘eLife
medium’[24] (Table 1) and ‘MAS medium’[23] (Table 2). The mediums were changed every 2
days. The cells were passaged when they reached confluent with the 1:3 ratio. For passaging, the
cells were washed with the 4 mL PBS, before added 0.5 mL TrypLE Express (Gibco), and
incubated in the humidified incubator at 37°C for 10 — 30 minutes. Then, the cells were mixed
with cultured medium and centrifuged for 5 minutes at 1,000 rpm. The supernatant was removed,
and cells were re-suspended and dispensed with the lung progenitor cell mediums. Re-cultured
cells were incubated in humidified incubator at 37°C and 5% CO,.

3D-culture of mouse embryonic lung progenitor cells

Mouse embryonic lung progenitor cells cultured in 60 mm dishes were washed with PBS once,
treated with the TrypLE Express (Gibco) solution, and incubated at 37°C in a CO, incubator for
10 — 15 minutes. After incubation, the cells were mixed with lung progenitor cell medium (eLife
or MAS) and centrifuged at room temperature at 1,000 rpm for 5 minutes. The supernatant was
then removed, and the cells were re-suspended with Matrigel on ice. Fifty puL of mixture was
spitted into the center of 24-well plate and incubated in a CO, incubator for 10 minutes. After
that the plate was turned upside down and further incubated again for 20 minutes. After
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incubation, 0.5 mL lung progenitor cell medium (eLife or MAS) was added into each well, and
incubated in a CO, incubator at 37°C for 7 days before the passaging of the cells.

Air liquid interface (ALI) culture of mouse embryonic lung progenitor cells

Mouse embryonic lung progenitor cells were washed with the PBS before treated with the
TrypLE Express solution and incubated in a CO, incubator at 37°C for 10 — 15 minutes. After
incubation, the cells were mixed with lung progenitor cells medium (MAS) and centrifuged at
room temperature with 1,000 rpm for 5 minutes. Then, the supernatant was removed, the cell
pellet was re-suspended with the lung progenitor cell medium (MAS) and seeded into 12-well
plate transwell (Greiner bio-one). The medium was also added outside of the transwell. The cells
were cultured in a CO, incubator at 37°C for 3 — 4 days until the cells were confluent. Then, the
leftover medium in the transwell was removed and the medium around the transwells were
changed into differentiation medium (Table3). The cells were cultured for 28 days, and the
medium were renewed every 3 days.

Isolation of mouse dermal fibroblast

Wild type mouse ears were obtained from C57BL6J mice, and GFP* mouse ears were collected
from C57BL6N (CAG-EGFP) mice. The ears were shaved and minced into small pieces with the
single edge blades. Minced ears were collected into 15 mL tube with HBSS, and centrifuged for
5 minutes at 1,000 rpm. The supernatant was removed and minced ears were mixed with the 5
mL Collagenase 1V / Trypsin solution (4 mg/mL Collagenase IV (Gibco), 2.5% (w/v) Trypsin
(Gibco), 3 mM CacCl,, and incubated in 37°C water baths for 1 hour. Then, minced ears were
pipetted with a 5 mL pipette in every 30 minutes until the ears were dissociated. The minced
tissue was filtered through 100 um filter (Millex®), and centrifuged at 1,000 rpm for 5 minutes
at room temperature. Supernatant were removed, and the pellet was re-suspended with MEF
medium (DEME low glucose (Nacalai tesque), 12.5% (w/v) FBS (Gibco), 1%
Penicillin/Streptomycin) and centrifuged again at 1,000 rpm for 5 minutes. After that,
supernatant was removed and the cells were re-suspended with 4 mL MEF medium, seeded on
the 0.1% (w/v) gelatin-coated 60 mm dish, and incubated a CO, incubator at 37°C.

Propagation of 5 factors plasmid preparation

Glycerol stock of DH5a transformed with the 5 factor plasmids, pMYs-hFOXA2, pMY's-
hGATAG, pMYs-NMYC, pMYs-hSOX2, pMYs-hIRX3, and a green fluorescent expressing
plasmid, pMYs-mTFP1 were kept on ICE for 30 minutes following with heat shock at 44°C for 1
minute. After that, solutions were kept on ICR for 2 minutes following addition of 900 pL of
SOC medium. Solutions were kept at 37°C for 90 minutes in the incubator. Then, solutions were
centrifuged at 7000 rpm at room temperature for 1 minutes and resuspended on LB agarose plate
overnight at 37°C. On the next day, 1 E. coli colony were picked up by the sterile toothpick. The



toothpicks were added into the tube following with 1 mL of LB medium supplemented with 100
pg/mL of ampicillin. Then, tubes were put in the shaking incubator with 200 rpm for 5 to 6
hours. After that solution were re-cultured with 100 mL of LB medium supplemented with 100
pg/mL of ampicillin in flask and kept in rotating incubator at 37°C with 200 rpm for overnight.
On the next day, solutions were transferred to 50 mL tube and centrifuged at 4°C with 6000 rpm
for 10 minutes. The supernatants were removed and white pellet were kept in the refrigerator at
-30°C until the plasmid extraction. By using the NucleoBond Xtra Midi method, the plasmid
DNA of 5 factors gene and green fluorescent plasmid were purified. The concentration of
plasmid DNA were adjusted to 1000 ng/pL.

Retrovirus transfection

Twenty four of each 5 factor expressing retroviral vector (1 ug/uL), which contain either
FOXA2, GATA2, N-MYC, SOX2, or IRX3 was mixed with 120 pL of PEI-MAX (1 mg/mL),
and 500 pL of DMEM (Low glucose) in eppendorf tubes. Solutions were vortexed vigorously
and kept at room temperature for 20 minutes. Then, sub-confluent Plat E cells cultured in 10 cm
cell-culture dishes with DMEM low glucose (Nacalai tesque) supplemented with 10% FBS
(Gibco) and Penicillin / Streptomycin) were transfected with the DNA-PEI complex. The
transfected cells were incubated in a CO, incubator at 37°C overnight. On the next day, the
medium was renewed and the cells were cultured for another 48 hours.

Purification of retrovirus containing 5 factors

The cultured mediums obtained from plasmid transfected Plat E cells were harvested and filtered
through the 0.45 um filter (Millex®) into 15 mL tubes. Then, the mediums were mixed with the
1/5 volume of 50% PEG8000, and 1/25 volume of 5 M NaCl. The solutions were mixed by
inverting the tubes several times and stored at 4°C overnight. These virus tubes were centrifuged
3,600 RPM 4°C for 60 minutes. Then, the supernatant was removed and virus pellet were re-
suspended with MEF medium, which is ready for infection.

Infection of fibroblast with the retrovirus expressing 5 factors for reprogramming

Mouse dermal fibroblasts (MDFs) were passaged from 60 mm dish to a 12-well plate one day
before infection. On the day of infection, the medium of MDF was renewed and supplemented
with 0.5 pL of 8 mg/mL Polybrene. The viruses that was re-suspended with MEF medium were
added into MDF cells cultured in a 12-well plate. The cells were centrifuged at 35°C with 1,800
rpm for 60 minutes. After centrifugation, cells were incubated in a CO, incubator at 37°C
overnight. On the next day, the medium was renewed. Then, the cells were cultured with MEF
medium for 7 days. Then, the cells were passaged into 3D-Matrigel culture for generation of
organoids in the lung progenitor cell medium (MAS medium) until day 21. The medium was
renewed in every 3 days.



3D-matrigel culture of the reprogrammed cells

The reprogrammed cells cultured for 21 days with the lung progenitor cell medium (MAS) were
passaged with the 1:4 ratio from 12-well plate to 24-well plate. The cells were washed once with
PBS, and treated with the TrypLE Express solution, and incubated at 37°C, a CO, incubator for
10 — 15 minutes. The supernatants were collected with MEF medium and centrifuged at room
temperature at 1,000 rpm for 5 minutes. After centrifugation, supernatant was removed and cell
pellet was re-suspended with the homemade Matrigel solution on ice. Fifty puL of cell-Matrigel
mixture was spitted into the center of 24-well plate and incubated at 37°C in a CO, incubator for
10 minutes. The plate was turned the plate upside down and further incubated for 20 minutes.
After the incubation, 0.5 mL of lung progenitor cells medium (MAS) was added into each well,
and cells were cultured at 37°C, in a CO, incubator for 21 days. The medium was renewed in
every 3 days.

Air liquid interface (ALI) culture of the reprogrammed lung progenitor cells

The organoids generated from the reprogrammed cells cultured in 3D culture were washed with
PBS once and dissociated by pipetting. The dissociated organoids were centrifuged at 1,000 rpm
room temperature for 5 minutes. The supernatant was then removed, and the cells were treated
with the TrypLE Express solution at 37°C in a CO, incubator for 10 — 15 minutes. Then, the cells
were centrifuged again at 1,000 rpm for 5 minutes, and the supernatant were removed. The cell
pellet was re-suspended with the lung progenitor cells medium (MAS) and seeded into 12-well
plate transwells. The lung progenitor cells medium was also added outside of the transwell. The
cells were cultured in a CO, incubator for 3 — 4 days until the cells were confluent. Then, the
leftover medium in the transwell was removed, and the medium around the transwell were
changed into differentiation medium. Then, the cells were cultured at 37°C in the CO, incubator
for 28 days. The medium was renewed every 3 days.

Preparation of mouse lung extra-cellular matrix (ECM)

C57BL/6J wild type mouse was injected with the Anesthetic drug (100 pL / 10 g of mouse
weight). While waiting for the mouse to anesthetize, 50 mL of perfusion mixture solution were
prepared by mixed 246 mg of CHAPS detergent powder, 2.5 mL of 0.5 M EDTA (pH 8), 10 mL
of 5 M NaCl, 2.5 mL of 20x PBS and added Deionized water to make exactly 50 mL. After the
mouse anesthetized, the mouse was clamped to the plate with pins and the skin of the mouse was
sprayed with 70% EtOH. Then, the mouse was laparotomized from the stomach up to chest.
After cut the diaphragm, quickly cut both side ribs. Then, open them, held the chest cavity using
the mosquito forceps. Then, left ventricle of the heart was pieced with a blunt needle connected
to prewarmed PBS (50 mL), and also cut at the right article of the heart, then opened the valve to
flow PBS to perfused the organs through the heart and blood vessel. After the PBS had run out,
perfused the organs again using the perfusion mixture solution through heart and blood vessel
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using 50 mL syringe with blunt end needle. Finally, perfused the organs again with 50 mL of
PBS through the heart and blood vessel. The perfused lung extracellular matrix (ECM) were
excised with the trachea and soaked in the Benzonase solution (8 puL of Benzonase nuclease, 200
pL of Tris buffer (pH = 8) in 2 mL PBS) for 2 days at room temperature. Then, the lung ECM
were treated with 70% EtOH at 4°C overnight. After that the lung ECM was washed and kept in
2 mL PBS at 4°C for the experiment.

Mouse lung extra-cellular matrix (ECM) culture with mouse embryonic lung progenitor
cells

Mouse embryonic lung progenitor cells cultured in 60 mm dish were washed with PBS once, and
treated with 0.5 mL of TrypLE Express solution in a CO, incubator at 37°C for 10 — 15 minutes.
After incubation, cells were mixed with lung progenitor cells medium (MAS) and centrifuged at
room temperature at 1,000 rpm for 5 minutes. The supernatant was removed, and cell pellets was
re-suspended with 2 mL of Matrigel. Cell-Matrigel mixture was injected into Lung ECM through
trachea into each lobe of the lung ECM. Cell-Matrigel injected ECM were incubated in a

CO,, incubator at 37°C for 20 minutes before cut into thin section using a single edge blade and
cultured each piece in 24-well plate with lung progenitor cell medium (MAS) for 7 days before
changed to lung differentiation medium.

Table 1; Lung progenitor cells maintenance medium (eL.ife)

Reagent Company Final concentration
Advance DMEM Gibco 1x
Penicillin / Streptomycin Nacalai tesque 1:100
HEPES Dojindo 1:100
Glutamax Gibco 1:100
N2 WAKO 1:100
B22 Miltenyi Biotech 1:50
N — acetylcrystein SIGMA life science 1.25 mM
FGF10 Peprotech 100 ng/mL
FGF7 Peprotech 100 ng/mL
EGF Peprotech 50 ng/mL
R-spondin Homemade 5% viv
LDN193189 Axon medchem 0.1 uM
CHIR99021 LC Laboratories 3 uM
SB431542 Cayman CHEMICAL 10 pM




Table 2; Lung progenitor cells maintenance medium (MAS)

Reagent Company Final concentration
Advance DMEM/F12 Gibco 1x
Penicillin / Streptomycin Nacalai tesque 1:100
L-Glutamine Gibco 1:100
Heparin Wako 5 pug/mL
Insulin Nacalai tesque 10 pg/mL
Transferrin Nacalai tesque 15 pg/mL
FGF10 Peprotech / Homemade 50 ng/mL
FGF9 Peprotech / Homemade 50 ng/mL
EGF Peprotech 50 ng/mL
BIRB796 BLD pharm 1uM
A83-01 Focus Biomolecules 1uM
CHIR99021 LC Laboratories 3uM
Y27632 BLD pharm 10 uM
Table 3; Lung Differentiation medium
Reagent Company Final concentration
DMEM/F12 Nacalai tesque 1x
HEPES Dojindo 1:66
NaHCO, - 0.03% (w/v)
Insulin Nacalai tesque 2 mg/mL
Transferrin Nacalai tesque 5 mg/ mL
Cholera toxin Bioacademia 25 ng/ mL
EGF Peprotech 5ng/ mL
BPE (Bovine pituitary extract) - 0.03 mg/ mL

BSA (Bovine serum albumin)

SIGMA Life science

0.1 % (w/v)
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RNA Isolation

Cells cultured on a plate were washed with PBS once before addition of 1 mL ISOGEN. The
cells were lysed by extensive pipetting and transferred to a 1.5 mL Eppendorf tube. For the ALI
cultured cells and ECM cultured tissues, after samples were collected in 1 mL ISOGEN in
Eppendorf tube, samples were homogenized into small pieces using a homogenizer. All samples
were pipetted around 20 times and incubated in room temperature for 5 minutes. Then, samples
were supplemented with 0.5 pL of Ethachinmate and 0.2 mL of Chloroform and vigorously
vortexed for 15 seconds. The mixtures were stood at room temperature for 2 — 3 minutes and
centrifuged at 4°C at 12,000 rpm for 15 minutes. After centrifugation, the aqueous phase of the
samples was transferred into a new 1.5 mL Eppendorf tube, and 0.5 mL of Isopropanol was
added. The mixture was inverted upside down and stood at room temperature for 10 minutes
before centrifuged at 4°C at 12,000 rpm for 10 minutes. After centrifugation, the supernatant was
removed and 70% EtOH were added to the white pellet, vortexed and centrifuged at 7,500 rpm
4°C for 5 minutes. Finally, 70%EtOH were removed, and white pellets was dried by air for 5 —
10 minutes. The total RNA was dissolved in 10 pL of MilliQ water. The concentration of RNA
was measured by using NanoDrop machine (Thermo Fisher Scientific) by absorbance at 230 nm,
260 nm, and 280 nm. After that, RNA samples were kept at -80 °C deep freezer.

cDNA Synthesis

RNA samples (0.5 pg) were mixed with the deionized water up to 7 pL in PCR tube. Then,
mixtures were incubated at 65°C for 5 minutes. Then, 1 pL of homemade 10xDNase buffer, 1 pL
of homemade MRI (RNase Inhibitor), and 1 puL of homemade DNase | were added to the
mixture on ice and further incubated at 37°C for 15 minutes. Finally, mixtures were mixed with 1
pL of reverse transcriptase (RT), and 9 pL of reverse transcriptase buffer (RT buffer) and
incubated at 25°C for 10 minutes, 42°C for 45 minutes, and 70°C for 15 minutes sequentially.
cDNA samples were kept in deep freezer at -20°C for the gRT-PCR analysis.

aRT-PCR

cDNA samples (1 pL) were mixed with 5 pL of 2x SYBR qPCR mix, 1 uL of 2 mM dNTP, 2.1
pL of MilliQ water, 0.3 pL of homemade Tag, 0.3 pl of 10 uM primer forward, and 0.3 pL of 10
UM primer reverse in the gRT-PCR tubes. qRT-PCR were performed by using CFX96™ Real-
Time System C1000™ Thermal Cycler (BIORAD) with the condition of 95°C for 1 minutes,
then 95°C for 15 seconds and 60°C for 30 seconds which repeated for 40 cycles. Then, reacted at
65°C for 5 seconds before raise to 95°C.

gPCR primers that are used,;

mGapdh

primer Fw : 5’- ACCCAGAAGACTGTGGATGG -3’

primer Rv :5’- CACATTGGGGGTAGGAACAC -3’
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mSp-B

primer Fw :

primer Rv

mSp-C

primer Fw :

primer Rv

mHopx

primer Fw :

primer Rv

mAgp5

primer Fw :

primer Rv

mScgblal

primer Fw :

primer Rv :

mScgb3al

primer Fw :

primer Rv

mFoxJ1

primer Fw :

primer Rv

mp-Tubulin

primer Fw :

primer Rv

mMucbac

primer Fw :

primer Rv

5’- AGCTAGTCTGTGGCCTTGTCC -3’

: 5’- CACAGACTTGCAGAAATGGC -3’

5’- GGCATCGTTGTGTATGACTACC -3’

: 5’- CTTGGCCCTGAAGTTCTGGA -3’

5’- GGAGGAGCAGACGCAGAAAT -3’

: 5- TCCAAGAGCAAGCTCAAGGG -3’

5’- CATCTTGTGGGGATCTACTTC -3’

: 5’- TACCCAGAAGACCCAGTGAG -3’

5’- ATGAAGATCGCCATCACAATCAC -3’

5’- TACCCAGAAGACCCAGTGAG -3’

5’- ATGAAGATCGCCATCACAATCAC -3’

: 5’- TACCCAGAAGACCCAGTGAG -3’

5’- GAAATGGTCTCTAAGCCCGC -3’

: 5’- AAGTCAGGCTGGAAGGTTTG -3’

5’- GAAATGGTCTCTAAGCCCGC -3’

: 5’- AAGTCAGGCTGGAAGGTTTG -3’

5- AATGTGTTTCCTCCAAGACTG -3’

: 5’- CACAAGATGGTTCATTCAGC -3’
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mMuc5hb

primer Fw :

primer Rv

mP63

primer Fw :

primer Rv

mKrt5

primer Fw :

primer Rv

mNkx2.1

primer Fw :

primer Rv

mFoxp2

primer Fw :

primer Rv :

mE-cadherin

primer Fw :

primer Rv

mEpCAM

primer Fw :

primer Rv

mThyl

primer Fw :

primer Rv

mSma

primer Fw :

primer Rv

5’- AATGTGTTTCCTCCAAGACTG -3’

: 5’- CACAAGATGGTTCATTCAGC -3’

5’- AGCTTCTTCAGTTCGGTGGA -3’

: 5’- CCTCCAACACAGATTACCCG -3’

5’- ACCTTCGAAACACCAAGCAC -3’

: 5’- TTGGCACACTGCTTCTTGAC -3’

5’- ATCTGGCCAGCATGATTCACC -3’

: 5- GCTGCGCCGCCTTGTCCTTA -3’

5’- CCACCATCACACATCATTC -3’

5- TGCGCCATAGAGAGTGTGCGA -3’

5’- ACCGATTCAAGAAGCTGGC -3’

: 5’- ACCATCCTAACACAGACAGTCC -3

5- TTGCTCCAAACTGGCGTCTA -3’

: 5- ACGTGATCTCCGTGTCCTTGT -3’

5- TGAGGGCGACTACTTTTGTG -3’

: 5’- CTTATGCCGCCACACTTGAC -3’

5’- CCCAGACATCAGGGAGTAATGG -3’

: 5’- TCTATCGGATACTTCAGCGTCA -3’
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Results

Generation of lung organoids by using embryonic mouse lung progenitor cells with lung
progenitor cells maintenance medium

Embryonic lung progenitor cells derived from the E13.5-E15.5 ICR mouse were firstly cultured
in adherent culture in 1:40 Matrigel-coated 60 mm cell-culture dishes with 2 candidate lung
progenitor maintenance mediums, which are ‘eLife medium’ (Table 1), and ‘MAS medium’
(Table 2) for several days until they reached confluent. Then, the cells were passaged to 3D
Matrigel culture with both 2 candidate mediums for 7 days before collected for the gRT-PCR.
Morphology of the cells were also observed on day 3 and day 6, which the cells that cultured
with the MAS medium generated several organoids while the cells that cultured with eL.ife
medium have failed to generate organoids (Figure3). Based on the gRT-PCR result, the
expression of lung progenitor cell markers (Nkx2.1, Foxp2), basal cell markers (P63, Krt5), and
epithelial cell markers (E-cadherin, Epcam) were highly observed in the cells that were cultured
with the MAS medium (Figure 4).

Generation of lung organoids from reprogrammed lung progenitor cells with lung
progenitor cells maintenance medium

Reprogrammed lung progenitor cells were generated from mouse dermal fibroblast (MDF)
infected with 5 factors gene (SOX21, FOXA2, IRX3, GATAG6, N-MYC). The inflected cells
were cultured with MEF medium in adherent culture for 7 days, passaged to 3D Matrigel culture,
and further culture for 3 weeks with lung progenitor cells mediums (MAS medium and eL.ife
medium). The reprogrammed cells cultured with both medium showed the same morphology
after 2 weeks cultured (Figure 5). On day 26" after passaging to 3D, the reprogrammed cells
cultured with MAS medium could generated small organoids, and those organoids grew bigger
when cultured for longer time. However, the reprogrammed cells cultured with eLife medium
failed to generate the organoids, which were similar with the embryonic lung progenitor cell’s
result (Figure 6). As for the gene expression, the cells that cultured with MAS medium also
showed the induction of lung progenitor cell markers (Nkx2.1, Foxp2), epithelial cell marker (E-
cadherin), and basal cell marker (P63), which were higher than the cells that cultured with eL.ife
medium. However, Krt5, which is one of the basal cell markers, and Epcam, which is also one of
the epithelial cell markers, and Sma, which is lung mesenchymal cell marker, were highly
expressed in cells that cultured with eLife medium. Based on the morphology and gene
expression, MAS medium, which could form the organoids and showed higher expression of
lung progenitor cells, basal cells, and epithelial cells, was suitable for the lung progenitor cell
maintenance (Figure 3-6).
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Differentiation abilities of mouse embryonic lung progenitor cells by air-liquid interface
(ALI) culture method with differentiation medium

Embryonic lung progenitor cells were cultured in 3D Matrigel culture conditions with lung
progenitor maintenance medium (MAS medium) to generate lung organoids. After that, the cells
were passaged to transwell plate and firstly cultured with the lung progenitor maintenance
medium (MAS medium) (Table 2) until they reached confluent. The medium inside the transwell
were removed and medium outside transwell were changed to a differentiation medium (Table 3)
and the cells were cultured for 4 weeks. The medium was renewed every 3 days. As for the cells
cultured in ALI culture with differentiation medium, Hopx and Agqp5, markers for alveolar type |
cells were highly induced comparing with cells cultured in 3D Matrigel with lung progenitor cell
maintenance medium (Figure 7). However, Sp-B and Sp-C, markers for alveolar type Il cells
were not be observed. Club cell markers, Scgblal and Scgb3al, basal cell markers, P63 and
Krt5, and epithelial cell markers, E-cadherin and Epcam were extremely induced in the ALI
culture condition comparing to 3D Matrigel culture. Muc5ac and Muc5b, markers for goblet cell
markers, and Thyl and Sma, markers for lung mesenchymal cells, were moderately induced. As
For the ciliated cells, Foxj1 and g-tubulinlV were significantly induced in this condition. The
lung progenitor cell markers, Nkx2.1 and Foxp2 were expressed at the similar expression level
(Figure 7). Thus, ALI culture seem to be one of the good candidates to induce the differentiation
which can increase almost all type of the lung tissue cells except the alveolar type I cells.

Differentiation abilities of reprogrammed lung progenitor cells in ALI culture condition
with differentiation medium

To confirm the differentiation potential of reprogrammed lung progenitor cells in ALI culture
conditions, the same conditions for embryonic lung progenitor cells were used. The MDF were
cultured in adherent culture for 7 days after infection with retrovirus transducing 5 factors. Then,
the cells were passaged to 3D Matrigel culture to generate organoids. After culturing in 3D
Matrigel for 3 weeks, the cells were passaged again to transwell and cultured with lung
progenitor cell maintenance medium (Table 2) until they reached confluent. Then, the medium
was changed to differentiation medium (Table 3) and cultured for 4 weeks. As the result,
alveolar type I cell markers (Hopx, Agp5), alveolar type 11 cell markers (Sp-B, Sp-C), goblet cell
markers (Mucbac, Muc5b), and epithelial cell markers (E-cadherin) were reduced after
differentiation process (Figure 8). However, club cell markers (Scgblal, Scgb3al), basal cell
marker (P63, Krt5), and lung mesenchymal cell markers (Thyl, Sma) were induced after the
differentiation process (Figure 7-8). As conclusion, ALI culture for reprogrammed lung
progenitor cells could induce the expression of club cells, and basal cells. Despite, they failed to
induce the differentiation toward alveolar epithelial cells, and goblet cells (Figure8).

Differentiation abilities of mouse embryonic lung progenitor cells in 3D Matrigel culture
condition with differentiation medium
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To confirm the differentiation potential of embryonic lung progenitor cells in 3D Matrigel
culture conditions with differentiation medium, embryonic lung progenitor cells were cultured in
3D Matrigel condition with lung progenitor cell maintenance medium (Table 2) for 3 days. Then,
the medium was changed to differentiation medium (Table 3) and cultured for 7 days. For the
gene expression, alveolar type 11 cell markers (Sp-C), alveolar type I cell markers (Agp5), club
cell markers (Scgblal), lung mesenchymal cell markers (Sma, Thyl), and basal cell markers
(P63, Krt5) were induced after cultured in differentiation condition for 7 days. However, goblet
cell markers (Muc5ac, Muc5b), and lung progenitor cell markers (Nkx2.1, Foxp2) were reduced
after the differentiation condition (Figure 9). This result suggested that 3D Matrigel culture could
induce the differentiation of the alveolar type cells, basal cells, ciliated cells, and lung
mesenchymal cells, but not for goblet cells, club cells.

Analysis of differentiation abilities of reprogrammed lung progenitor cells in 3D Matrigel
culture condition with differentiation medium

To confirm the differentiation potential of reprogrammed lung progenitor cells in 3D Matrigel
culture condition with differentiation medium, the reprogrammed lung progenitor cells were
cultured in 3D Matrigel condition with lung progenitor cell maintenance medium for 7 days
before changed to differentiation medium (Table 3) and cultured for 14 days. As for the
morphological changes, cells cultured in the differentiation medium, showed almost the same in
size of the organoids comparing to the cells that continuously cultured in lung progenitor cell
maintenance medium (Table 2). As for the gene expression, the several lung tissue cells
including, alveolar type I cells (Hopx, Agp5), ciliated cells (Foxj1), goblet cells (Muc5ac,
Muc5b), club cells (Scgblal), and basal cells (P63) differentiation were induced. (Figurel0).

Analysis of differentiation abilities of mouse embryonic lung progenitor cells and
reprogrammed lung progenitor cells in decellularized lung extracellular matrix (ECM)
with differentiation medium

To confirm the differentiation potential of embryonic lung progenitor cells using the
decellularized lung extracellular matrix (ECM), GFP* embryonic lung progenitor cells prepared
from CAG-EGFP mouse E13.5 embryos were cultured in the 3D Matrigel in the maintenance
medium (Table 2) until they generated several lung organoids. Then, the cells were passaged and
mixed with the 2 mL Matrigel and injected into decellularized lung matrix through the trachea
with a syringe. The ECM injected with organoids and Matrigel were cut into small pieces with
single edge blade and cultured in a 24 well-plate, 1 piece per 1 well, with lung progenitor cells
maintenance medium (Table 2) for 7 days. The medium was changed to differentiation medium
and further cultured for 3 weeks. During cultivation, cell proliferation was monitored based on
the GFP fluorescence of injected GFP* embryonic lung progenitor cells. The GFP signal was
observed on day 3, 4, 14, and 22. However, the GFP signal was gradually decreased when
cultured for long longer time (Figurell). As for the gene expression of differentiation marker
genes, alveolar cell markers (Sp-B, Sp-C, Hopx, Aqp5), club cell markers (Scgblal, Scgb3al),
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goblet cell markers (Muc5ac, Muc5b), and lung progenitor cell markers (Nkx2.1, Foxp2)
expression were drastically decreased after cultured in differentiation conditions. However, lung
mesenchymal cell marker (Sma), epithelial cell markers (E-cad, Epcam), and ciliated cell
markers (FoxJ1, S-tubulin) expression were almost the same level comparing to undifferentiated
conditions. Only basal cell markers (P63, Krt5) were induced after cultured in this differentiation
conditions (Figure12). For the reprogrammed lung progenitor cells, GFP* MDF were
reprogrammed and passaged into 3D culture and cultured with lung progenitor cell maintenance
medium until they generated the organoids. The cells were mixed with 2 mL Matrigel and
injected into decellularized lung extracellular matrix with the same methods as embryonic lung
progenitor cells. ECM injected with the cells amd Matrigel mixture were cut into small pieces
with single edge blades and cultured in 24 well-plate, 1 piece per 1 well, with lung progenitor
cell maintenance medium for 7 days, before changed to differentiation medium and further
cultured for 3 weeks. During cultivation, unlike embryonic lung progenitor cells, reprogrammed
lung progenitor cells injected ECM showed the same level of GFP*signal from the first day of
cultivation until the collection day indicating no proliferation of the cells inside the ECM
(Figurell). Samples were collected for performing qRT-PCR. However, the RNA concentration
of samples was too low to perform the gRT-PCR.
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Figure3: Generation of lung organoids using mouse embryonic lung progenitor cells with lung progenitor
maintenance medium. (A) A schematic of the experiment for the preparation of the organoids. Mouse
embryonic lung progenitor cells (E13.5-E15.5). The cells were isolated from embryos and cultured in
adherent cultured for 3 days, until they reached confluent. Then, the cells were passaged into 3D Matrigel
culture with eLife medium or MAS medium for 7 days. The cells were subjected for gRT-PCR. (B)
Morphological images of embryonic lung progenitor organoids that was observed on day 3, and day 6
cultured with both candidate lung progenitor maintenance mediums, eLife medium and MAS medium.

Scale bar =5 mm.
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Figure4: gRT-PCR gene expression analysis of mouse embryonic lung progenitor cells cultured in MAS
medium and eLife medium in 3D culture including positive controls, which are the embryonic lung tissue
(E13.5) and adult lung tissue (Postnatal 21 days, P21). The gene expressions include lung progenitor cell
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19



(A) g 5meorgore

contaned virus

\ ntectson

Do D7 D10 D28
| | | |

[ ML mediom l MAS medam ] MAS medium I
ol ife medium olde medm

Passaged to 30

(B) matngel culture

eLife medium
D14

MAS medium
D14

Figure5: Generation of lung organoids using reprogrammed lung progenitor cells cultured with lung
progenitor cells maintenance mediums. (A) A schematic of experiment from infection of viruses
expressing 5 factor genes (FOXA2, GATAB, SOX21, N-MYC, IRX3) into mouse dermal fibroblasts
(MDF) in 2D culture with MEF medium. The medium was changed into lung progenitor cell maintenance
mediums, eLife and MAS medium, on day 7" and the cells were passaged into 3D Matrigel and cultured
with both lung progenitor cell maintenance mediums for 24 days. (B) The observation of morphological
change of the cells cultured in 3D Matrigel conditions with lung progenitor cell maintenance medium on
day 14, 26, and 34. Scale bar = 500 pm
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Figure6: gRT-PCR gene expression analysis of reprogrammed lung progenitor cells culturing in MAS
medium or eLife medium in 3D culture including positive control, which are the embryonic lung tissue
(E13.5) and adult lung tissue (Postnatal 21 days, P21). The gene markers include lung progenitor cell
markers (Nkx2.1, Foxp2, Irx2), basal cell markers (P63, Krt5), epithelial cell markers (E-cadherin,
Epcam), and lung mesenchymal cell marker (Sma) were analyzed. The gene expression were normalized
with housekeeping gene (Gapdh) (n=3).
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Figure7: qRT-PCR gene expression analysis of embryonic lung progenitor cells cultured (ALI) culture
condition with lung progenitor cell maintenance medium (MAS) including positive control, embryonic lung
tissue (E13.5), and adult lung tissue (P21). Gene marker include alveolar type 1l markers (Sp-b, Sp-c),
alveolar type | (Hopx, Agp5), club cell markers (Scgblal, Scgb3al), ciliated cell markers (Foxj i, f-tubulin),
goblet cell markers (Muc5ac, Muc5b), basal cell markers (P63, Krt5), lung mesenchymal cell markers (Thy1,
Sma), lung progenitor cell markers (Nkx2.1, Foxp2), epithelial cell marker (E-cadherin) were analyzed. The
gene expressions were normalized by housekeeping gene (Gapdh), (n=3)
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Figure8: qRT-PCR gene expression analysis of reprogrammed lung progenitor cells culturing in Air-liquid
interface (ALI) culture condition with lung progenitor cell maintenance medium (MAS) including positive
control, embryonic lung tissue (E13.5), and adult lung tissue (P21). Gene marker include alveolar type Il
markers (Sp-b, Sp-c), alveolar type I (Hopx, Agp5), club cell markers (Scgblal, Scgh3al), ciliated cell
markers (Foxji, p-tubulin), goblet cell markers (Muc5ac, Muc5b), basal cell markers (P63, Krt5), lung
mesenchymal cell markers (Thyl, Sma), lung progenitor cell markers (Nkx2.1, Foxp2), epithelial cell marker
(E-cadherin), which are normalized by housekeeping gene (#-actin) (n=3)
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Figure9: qRT-PCR gene expression analysis of embryonic lung progenitor cells culturing in 3D Matrigel
culture condition with differentiation medium. As the positive control, embryonic lung tissue (E13.5), and
adult lung tissue (P21) were used. Gene marker included alveolar type Il markers (Sp-b, Sp-c), alveolar type |
(Hopx, Agp5), club cell markers (Scgblal, Scgb3al), ciliated cell markers (Foxji, S-tubulin), goblet cell
markers (Mucbac, Mucbb), basal cell markers (P63, Krt5), lung mesenchymal cell markers (Thyl, Sma), lung
progenitor cell markers (Nkx2.1, Foxp2), epithelial cell marker (E-cadherin) were analyzed. The gene
expressions were normalized by housekeeping gene (S-actin)
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Figure10: gRT-PCR gene expression analysis of reprogrammed lung progenitor cells differentiated from the
reprogrammed lung progenitor cell organoids in 3D Matrigel culture condition with differentiation medium. As
for the positive control, embryonic lung tissue (E13.5), and adult lung tissue (P21) were used. Gene markers
included alveolar type 1l markers (Sp-b, Sp-c), alveolar type | (Hopx, Agp5), club cell markers (Scgblal,
Scgh3al), ciliated cell markers (Foxj1, f-tubulin), goblet cell markers (Muc5ac, Mucbb), basal cell markers (P63,
Krt5), lung mesenchymal cell markers (Thyl, Sma), lung progenitor cell markers (Nkx2.1, Foxp2), epithelial cell
marker (E-cadherin) were analyzed. The gene expressions were normalized by housekeeping gene (S-actin) (n=3)
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Figurel2: Gene expression of embryonic lung progenitor cells differentiated in decellularized lung ECM culture
condition with differentiation medium. As for positive control, embryonic lung tissue (E13.5), and adult lung tissue
(P21) were used. Gene markers included alveolar type Il markers (Sp-b, Sp-c), alveolar type | (Hopx, Agp5), club
cell markers (Scgblal, Scgb3al), ciliated cell markers (Foxj1, -tubulin), goblet cell markers (Muc5ac, Muc5b),
basal cell markers (P63, Krt5), lung mesenchymal cell marker (Sma), lung progenitor cell markers (Nkx2.1, Foxp2),
epithelial cell marker (E-cadherin, Epcam) were analyzed. The gene expressions were normalized by housekeeping
gene (f-actin) (n=2)
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Discussion

Based on the previous studies in our laboratory, we could generate reprogramming of
lung progenitor cells from mouse dermal fibroblast (MDF) by infecting retrovirus containing 5
transcription factors (SOX21, FOXAZ2, IRX3, GATAG, and N-MYC). The reprogrammed lung
progenitor cells were recognized by expression of lung progenitor cells specific marker, Nkx2.1.
However, the expression level of the Nkx2.1 in our reprogrammed cells were considerably low
reflecting the low efficiency of reprogramming process. In this study, I investigated the
possibility to increase the expression of Nkx2.1 expression by modifying culture conditions for
the progenitor cells. To do this, I examined two previously published candidate culture mediums
developed by Nikolic et al [24], and Massimo et al [23], which | called ‘eLife medium’ and
‘MAS medium’ respectively.

| firstly examined the efficiency of both lung progenitor cells maintenance mediums by
the embryonic lung progenitor cells (E13.5). These cells were cultured in 3D Matrigel conditions
for 7 days. Then, the cells were passaged to second passage and further cultured for 7 days.
Finally, the cells were collected for the analysis. Based on the morphology of the cells that
cultured in the different medium conditions, the cells cultured in MAS medium could generate
several organoids on second day and those organoids could grow bigger and the number were
also increased when further culture until day seventh. On the other hand, the cells cultured with
eLife medium have failed to generate organoids which was not consistent with result reported on
their papers [24]. gRT-PCR results of this experiment also confirmed the morphological result in
which expression of lung progenitor cell markers (Nkx2.1, Foxp2), lung epithelial cell markers
(E-cadherin, Epcam), and basal cell markers (P63, Krt5) were highly increased in the cells that
cultured in MAS medium around 10 times more comparing to the cells that were cultured in
eLife medium.

| also examined and confirmed ability of these lung progenitor cell mediums with our
reprogrammed cells with almost the same condition with the previous embryonic lung progenitor
cell experiment. After cultured for 3 to 4 weeks after infection, the cells that were cultured with
MAS medium could generate some small organoids and those organoids were increased in both
size and number when further cultured while the cells that were cultured with eLife medium still
failed to generate any organoids. The gRT-PCR results were also consistent with previous
experiment which lung progenitor cell markers (Nkx2.1, Foxp2), epithelial cell markers (E-
cadherin, Epcam) and basal cell marker (P63) of the cells that were cultured with MAS medium
were higher around 2 to 100 times more comparing with the cells that were cultured with the
eLife medium.

The reason might come from the different in component of the mediums. Even, MAS
medium and eLife medium shared several same components, such as growth factors, Wnt signal
activator, TGFB inhibitor. However, the differences are the BMP signal inhibitor which was
added in the eLife medium, and p38 kinase inhibitor which was added in MAS medium. Based
on several published papers [32], BMP signal is required for the respiratory endoderm progenitor
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fate, which is expressed in ventral mesenchyme surrounding around the anterior foregut. Loss of
the BMP signal can affect the trachea agenesis and retention of branching region of the lungs in
vivo. It was also reported that BMP signal also regulated FGF10 expression, which required for
the branching of the lung.

Next, | examine the differentiation ability of the embryonic lung progenitor cells and
reprogrammed lung progenitor cells by using the different culturing methods. Based on several
published papers [25-27], air liquid interface (ALI) culture were frequently used to induce the
differentiation of the ciliated cell, and various lung airway epithelial cells. | observed the
induction of several lung tissue cell markers, which we could observe the differentiation of
several genes including alveolar type I cells (Hopx, Agp5), epithelial cell (E-cadherin, Epcam),
ciliated cells (Foxj1, B-TubulinlV), goblet cells (Muc5ac, Muc5b), basal cells (P63, Krt5), lung
mesenchymal cells (Sma, Thy1), and lung progenitor cells (Nkx2.1, Foxp2). However, only
alveolar type Il cells (Sp-B, Sp-C), and club cells (Scgblal, Scgb3al) were observed at very low
level in this culture conditions. These results also partially consistent with previously published
paper [23, 27], which they could induced ciliated cells, goblet cells, and basal cells but not club
cells and alveolar epithelial cells in ALI culture condition. When comparing these gene
expression results of samples with the adult lung, | found that alveolar type I, goblet cells,
epithelial cells, basal cells, lung progenitor cells, and lung mesenchymal cells were highly
observed due to the 10 times difference in gene expression. | also examined the reprogrammed
lung progenitor cells with the same condition. The results showed the same tendency with the
embryonic lung progenitor cells. | found that our reprogrammed cells have failed to differentiate
to the alveolar type 11 cells, club cells, and ciliated cells due to the difference in gene expression
level.

| also examined the differentiation ability of those cells with the 3D Matrigel culture
conditions. Previously published papers [21-24], reported that lung epithelial cell markers
including alveolar epithelial cells, basal cells, goblet cells were highly induced in 3D culture
conditions with the designed differentiation media. Alveolar type | and type Il cells, and basal
cells were differentiated but not ciliated cells, goblet cells, and club cells at very low expression
level. These results were also consistent with previously published papers [31], which they
induced the expression of alveolar type cells in 3D culture condition rather than club cells. As for
the reprogrammed lung progenitor cells differentiated with the same 3D culture conditions,
alveolar type I cell, ciliated cells but not the alveolar type Il cells, club cells and basal. Based on
my results, my reprogrammed cells have failed to differentiate the alveolar type I cells, club
cells, and ciliated cells, which isn’t consistent with the embryonic lung progenitor cells since
embryonic lung progenitor cells could differentiate ciliated cells. The reasons why my
reprogrammed cells couldn’t differentiate into alveolar type II cells might come from the
conditions of my reprogrammed cells. In this experiment for the embryonic lung progenitor cells,
| confirmed that ALI culture condition could induce the differentiation of the almost all of the
lung tissue cells including ciliated cells which were mostly reported. Then, in the 3D culture
condition, I also confirmed that this condition could induced the differentiation of alveolar type |
cell and alveolar type Il cells. Despite, these results were not consistent with the embryonic lung
progenitor cells result.
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In this experiment for the reprogrammed cells, | used second passaged reprogrammed cells
which most of the cells might already be converted into lung progenitor cells. However, there
were some of the cells that still be fibroblasts. The presence of the fibroblast could affect the
quality of the reprogrammed lung progenitor cells and also the differentiation efficiency. The
interaction of the mesenchymal cells and alveolar type Il cells regulate the alveologenesis, in
which activation of the BMP4 signal or addition of BMP4 into the medium could inhibit the
alveolar type Il cell proliferation and promote their differentiation. Since in our medium, we
didn’t add BMP4 inhibitor, so this might be one of the reasons that our reprogrammed cells
couldn’t differentiated into alveolar type II cells in both ALI culture and 3D Matrigel culture
condition.

Finally, I used the decellularized lung progenitor cells to differentiate embryonic lung
progenitor cells and my reprogrammed lung progenitor cells. For the embryonic lung progenitor
cells, after | injected cells into the ECM and cultured for 2-3 days, the amount of the GFP*cells
were extremely increased. However, after cultured for long period of time, the GFP*signal were
gradually decreased and almost no GFP signal left on the collection days which mean the cells
inside ECM gradually died when cultured for long time under these conditions. However, for the
reprogrammed lung progenitor cells, the GFP*signal didn’t increase after seeding the cells like
embryonic lung progenitor cells and the signal intensity remained the same until the collection
day indicating that there was almost no proliferation of the cells inside the ECM. This could
happen because of two reasons. First, the number of the reprogrammed cells that injected in this
experiment were quite low comparing with the amount of embryonic lung progenitor cells.
Another reason was the conditions of the reprogrammed cells. I also examined the differentiation
ability by using gene expression analysis by qRT-PCR. Only basal cells were observed as
differentiated cells, which isn’t consistent with previously published paper [28-30]. For the
reprogrammed lung progenitor cells, I couldn’t extract enough RNA. So, I couldn’t analyze
these. These results were just only the preliminary data that were done one time.

Finally, based on these results, each of the cultivation condition could induce different
type of cells (Table 4). As shown in the table, air-liquid interface culture conditions could induce
several airway epithelial cells but not the alveolar type Il cell. On the other hand, 3D Matrigel
culture method could induce the alveolar cells. These results are also consistent with the
previously published papers. As for the reprogrammed cells, they gave difference results
showing that our reprogrammed cells were still lacked of ability to differentiation when
comparing with embryonic lung progenitor cells in all conditions. This might cause by the
incomplete in reprogramming process since | used the early passage of reprogrammed cells (P2),
which mean most of the fibroblasts were still presented among the cultured cells which may
affect the differentiation process.
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Table 4; Summary of the differentiation experiment

Type of cells Air-Liquid Interface 3D Matrigel Lung ECM

Embryonic LPC Reprogrammed LPC Embryonic LPC Reprogrammed LPC Embryonic LPC Reprogrammed LPC

Lung mesenchymal cells

Alveolar type I cells v v v X X -
Alveolar type Il cells X X v v X -
Club cells X X X X X =
Ciliated cells Nz X X v X -
Goblet cells v v X v X -
Basal cells v v v X v

v v/ v/ v X

v v v v X

Lung progenitor cells

36




Acknowledgment

I would like to express the deepest appreciation to my principle supervisor, Professor Akira
Kurisaki, for his advice and knowledge, and supported me throughout this research. | would also
like to express the grattitude to assistant professors, Hitomi Takada and Atsushi Intoh, for their
kind guidance and support. | would like to give my gratitude to associate professor, Noriaki
Sasali, and Takaaki Matsui, for the interim and master’s presentation. I also like to thank all of
stem cell technologies laboratory members, including senior, colleagues, and juniors for their
friendship and cooperation. Finally, I have to express my gratitude to my family for the financial

support throughout this project.

37



References

1. Quaderi SA and Hurst JR (2018) The unmet global burden of COPD. Glob Health Epidemiol
Genom 3:e4. doi: 10.1017/gheg.2018.1

2. Cosio Piqueras MG and Cosio MG (2001) Disease of the airways in chronic obstructive
pulmonary disease. European Respiratory Journal 18:41-49. doi: 10.1183/09031936.01.00234601

3. Massaro GD and Massaro D (1997) Retinoic acid treatment abrogates elastase-induced
pulmonary emphysema in rats. Nat Med 3:675-7.

4. Smyth RL and Openshaw PJM (2006) Bronchiolitis. The Lancet 368:312-322. doi: 10.1016/s0140-
6736(06)69077-6

5. Muller WMTaNL (1994) Emphysema: Definition, Imaging, and Quantification. AJR 163:1017-
1025.

6. Metzger RJ, Klein OD, Martin GR and Krasnow MA (2008) The branching programme of mouse
lung development. Nature 453:745-50. doi: 10.1038/nature07005

7. Jacobs 1J, Ku WY and Que J (2012) Genetic and cellular mechanisms regulating anterior foregut
and esophageal development. Dev Biol 369:54-64. doi: 10.1016/j.ydbio.2012.06.016

8. Hiroko Kitaoka PHB, Ewald R. Weibel (1996) Development of the Human Fetal Airway Tree
Analysis of the Numerical Density of Airway Endtips. The Anatomical 244:207-213.

9. Schittny JC (2017) Developement of Lung. Cell Tissue Res 367:427-444. doi: 10.1007/s00441-
016-2545-0

10. Kolios G and Moodley Y (2013) Introduction to stem cells and regenerative medicine.
Respiration 85:3-10. doi: 10.1159/000345615

11. Rock JR and Hogan BL (2011) Epithelial progenitor cells in lung development, maintenance,

repair, and disease. Annu Rev Cell Dev Biol 27:493-512. doi: 10.1146/annurev-cellbio-100109-104040
12. Micheal J. Evans SGS, Linda J. Cabral-anderson, Nusi P. Dekker (1985) Role of Nonciliated Cells in
Renewal of the Bronchial Epithelium of Rats Exposed to NO2.126-133.

13. Leeman KT, Fillmore CM and Kim CF (2014) Lung stem and progenitor cells in tissue homeostasis
and disease. Curr Top Dev Biol 107:207-233. doi: 10.1016/B978-0-12-416022-4.00008-1

14. Falk JA, Minai OA and Mosenifar Z (2008) Inhaled and systemic corticosteroids in chronic
obstructive pulmonary disease. Proc Am Thorac Soc 5:506-12. doi: 10.1513/pats.200707-096ET

15. McCurry KR, Shearon TH, Edwards LB, Chan KM, Sweet SC, Valapour M, Yusen R and Murray S
(2009) Lung transplantation in the United States, 1998-2007. Am J Transplant 9:942-58. doi:
10.1111/j.1600-6143.2009.02569.x

16. Tsuchiya T, Sivarapatna A, Rocco K, Nanashima A, Nagayasu T and Niklason LE (2014) Future
prospects for tissue engineered lung transplantation: decellularization and recellularization-based whole
lung regeneration. Organogenesis 10:196-207. doi: 10.4161/0rg.27846

17. Takahashi K and Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cell 126:663-76. doi: 10.1016/j.cell.2006.07.024

18. Junying Yu MAV, Kim Smuga-Otto, Jessica Antosiewicz-Bourget,, Jennifer L. Frane ST, Jeff Nie,
Gudrun A. Jonsdottir, Victor Ruotti, and Ron Stewart IIS, James A. Thomson (2007) Induced Pluropotent
Stem cell lines derived from human somatic cells. Science 318:1917-1920.

19. Ben-David U and Benvenisty N (2011) The tumorigenicity of human embryonic and induced
pluripotent stem cells. Nat Rev Cancer 11:268-77. doi: 10.1038/nrc3034
20. Kim E and Tae G (2016) Direct reprogramming and biomaterials for controlling cell fate.

Biomater Res 20:39. doi: 10.1186/s40824-016-0086-y
21. Thomas volckaert SDL (2014) Lung epithelial stem cells and their niches FGF10 takes center
stage. Fibrogenesis & Tissue Repair. doi: 10.1186/1755-1536-7-8

38



22. Hawkins F, Kramer P, Jacob A, Driver |, Thomas DC, McCauley KB, Skvir N, Crane AM, Kurmann
AA, Hollenberg AN, Nguyen S, Wong BG, Khalil AS, Huang SX, Guttentag S, Rock JR, Shannon JM, Davis
BR and Kotton DN (2017) Prospective isolation of NKX2-1-expressing human lung progenitors derived
from pluripotent stem cells. J Clin Invest 127:2277-2294. doi: 10.1172/JCI89950

23. Nichane M, Javed A, Sivakamasundari V, Ganesan M, Ang LT, Kraus P, Lufkin T, Loh KM and Lim B
(2017) Isolation and 3D expansion of multipotent Sox9(+) mouse lung progenitors. Nat Methods
14:1205-1212. doi: 10.1038/nmeth.4498

24. Nikolic Mz, Caritg O, Jeng Q, Johnson JA, Sun D, Howell KJ, Brady JL, Laresgoiti U, Allen G, Butler
R, Zilbauer M, Giangreco A and Rawlins EL (2017) Human embryonic lung epithelial tips are multipotent
progenitors that can be expanded in vitro as long-term self-renewing organoids. Elife 6. doi:
10.7554/elife.26575

25. Chen S and Schoen J (2019) Air-liquid interface cell culture: From airway epithelium to the
female reproductive tract. Reprod Domest Anim 54 Suppl 3:38-45. doi: 10.1111/rda.13481

26. Eenjes E, Mertens TCJ, Buscop-van Kempen MJ, van Wijck Y, Taube C, Rottier RJ and Hiemstra PS
(2018) A novel method for expansion and differentiation of mouse tracheal epithelial cells in culture. Sci
Rep 8:7349. doi: 10.1038/s41598-018-25799-6

27. Wong AP, Bear CE, Chin S, Pasceri P, Thompson TO, Huan LJ, Ratjen F, Ellis J and Rossant J (2012)
Directed differentiation of human pluripotent stem cells into mature airway epithelia expressing
functional CFTR protein. Nat Biotechnol 30:876-82. doi: 10.1038/nbt.2328

28. Ghaedi M, Calle EA, Mendez JJ, Gard AL, Balestrini J, Booth A, Bove PF, Gui L, White ES and
Niklason LE (2013) Human iPS cell-derived alveolar epithelium repopulates lung extracellular matrix. J
Clin Invest 123:4950-62. doi: 10.1172/JC168793

29. Shojaie S, Ermini L, Ackerley C, Wang J, Chin S, Yeganeh B, Bilodeau M, Sambi M, Rogers |,
Rossant J, Bear CE and Post M (2015) Acellular lung scaffolds direct differentiation of endoderm to
functional airway epithelial cells: requirement of matrix-bound HS proteoglycans. Stem Cell Reports
4:419-30. doi: 10.1016/j.stemcr.2015.01.004

30. Shojaie S, Lee J, Wang J, Ackerley C and Post M (2016) Generation of ESC-derived Mouse Airway
Epithelial Cells Using Decellularized Lung Scaffolds. J Vis Exp. doi: 10.3791/54019

31. Gotoh S, Ito |, Nagasaki T, Yamamoto Y, Konishi S, Korogi Y, Matsumoto H, Muro S, Hirai T,
Funato M, Mae S, Toyoda T, Sato-Otsubo A, Ogawa S, Osafune K and Mishima M (2014) Generation of
alveolar epithelial spheroids via isolated progenitor cells from human pluripotent stem cells. Stem Cell
Reports 3:394-403. doi: 10.1016/j.stemcr.2014.07.005

32. Danying L, Huaibial Li (2020) Dissecting the Niche for Alveolar Typa Il Cells With Alveolar
Organoids. Cell Dev. Front. Cell Dev. Biol. 8:419. doi: 10.3389/fcell.2020.00419

39



