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Abstract
E�cient production of alveolar epithelial cells and achieving optimal functionality and maturity has
presented a serious challenge in recent years. The extracellular matrix (ECM) provides a dynamic
environment and mediates cellular responses during both development and tissue repair. Decellularized
ECM (dECM) which retains its native-like structure and biochemical composition provides the signals
needed to induce differentiation into tissue-speci�c lineages in vitro. Here, we repopulated lung ECM-
derived scaffold (scaffold) with human embryonic stem cells (hESCs) derived lung progenitor cells and
compared with the cells grown on either lung ECM-derived hydrogel (hydrogel) or �bronectin-coated
plates in 2D cultures. We found that scaffold preserved its composition and native structures. All groups
displayed progenitor cell differentiation as revealed by the expression of NKX2.1, P63, and CK5. Although
no signi�cant differences in cell viability between groups, cells differentiated on scaffold and hydrogel
showed signi�cant upregulation of SOX9 (a marker of the distal airway epithelium), cells differentiated on
scaffold showed enhanced expression of SFTPC (AT2 marker), FOXJ1 (ciliated cell marker) and MUC5A
(secretory cell marker). Overall, our results suggest that scaffold improves differentiation of progenitors
into alveolar type 2 cells in comparison with hydrogel and �bronectin as well as e�cient retention and
homing to the alveolar region.

1. Introduction
The native lung ECM contains major biochemical and biophysical cues that provide biocompatibility,
elasticity and porosity requirements supporting cell attachment and fate decision making. Therefore, it is
ideal for lung tissue engineering and likely represents a better strategy than arti�cial matrices designed to
mimic lung ECM 1,2. In addition to biochemical cues, physical interaction between cells and the
underlying ECM mediates stem cell behavior such as proliferation, migration and differentiation 3,4.

Pluripotent stem cell (PSC)-derived cells are potentially in�uenced by ECM and exogenous signals such
as paracrine-acting growth factors, and instructive memory in native ECM is able to developmentally
determine cell fate and promote tissue-speci�c differentiation 5. In this regard, decellularized ECM has
been generated from various organs, used as scaffold and recellularized with various cells to study cell-
ECM interactions for organ engineering 5–7. Therefore, decellularized lung scaffolds have been
repopulated with primary cells or cells in predifferentiation states derived from PSCs to demonstrate the
e�cient generation of mature airway structures in vitro 8,9.

Previous reports demonstrated type 2 alveolar epithelial cell (AT2)-like progenitor cell differentiation from
PSCs using stepwise differentiation protocols that are initiated by de�nitive endoderm (DE)
differentiation 10–12. PSCs are able to e�ciently generate DE after exposure to activin A and, in other
modi�ed methods, combined with small molecule CHIR99021 (GSK3 inhibitor/WNT activator agonist) for
3 or 5 4 days. In the next step, inhibition of TGF/BMP and Wnt signaling in PSC-derived DE provides a
signal for anterior foregut endoderm (AFE) generation. AFE cells are speci�ed toward early lung
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progenitors (NKX2-1+ cells) with multipotent capabilities .Subsequently, the cells are exposed to the WNT
agonist, FGF10 and KGF leading to surfactant proteins expressing cells differentiation 9.

The ability to generate AT2 cells has been explored and current protocols yielded most cell types of the
respiratory system which have been reviewed above. Additionally, PSC-derived lung progenitors are
capable to repopulate human and rat decellularized lung matrices and differentiate distal lung cell types.
So, an animal source for xeno-organs as scaffolds for human tissues may resolve the lung donor
shortage and facilitate lung tissue engineering process. Also, highly conserved of ECM components led
researchers to include xenogeneic scaffolds which have already been utilized in clinical practice,
including heart valve replacement and wound care 13–15.

In Iran, sheep lung tissues are a by-product of the food industry, so we could easily obtain donor tissues
for our experiments. Here, we aimed to elucidate whether sheep lung ECM-derived scaffold provides
crucial cues for the differentiation and further maturation of ESC-derived progenitor cells. We generated
sheep decellularized lung ECM and then seeded human ESC-derived progenitor cells under de�ned
conditions to investigate the potential of scaffold in promoting alveolar epithelial cell differentiation. We
compared the e�cacy of recellularized scaffold method with differentiation on �bronectin- or lung ECM-
derived hydrogel-coated plates. We show that seeding cells on scaffold highly upregulates early lung
progenitor cell genes as well as genes that are characteristic of proximal airway epithelial cells and AT2.

2. Materials And Methods

2.1. Lung decellularization
To ensure a su�cient supply of lung ECM needed for the experiments and to minimize potential variation
in matrix compounds between samples, one sheep lung which is a by-product tissue in the food industry
in Iran was used. Animal experiment were approved by Institutional Animal Care and Use Committee
(approval code: IR.ACECR.ROYAN.REC.1397.271). All experimental protocols were approved by a Royan
Institute. Fresh lung tissues (the superior and inferior cranial lobe pieces of sheep lung with intact small
airways and vessels) were promptly delivered to the laboratory and cut into 5×5×1 mm pieces under
sterile conditions. Lung pieces were rinsed with distilled water several times for 30 min to remove blood
cells and decellularization was then achieved by 1% sodium deoxycholate (SDC, Sigma) at 4°C for 24 h.
Lung pieces were then soaked in 1 M NaCl (Sigma) solution for 1 h. After the decellularization process,
the acellular lung matrix was rinsed with double-distilled water for 48 h. Finally, samples were soaked in
70% ethanol for a 10 s under sterile conditions. To remove ethanol, samples were washed with phosphate
buffer saline (PBS, Gibco) several times over a period of 3 days. The procured lung matrices were stored
at 4°C for short-term use and at -20°C for long-term storage. All methods were carried out in accordance
with the ARRIVE guidelines. All methods were carried out in accordance with relevant guidelines and
regulations.

2.2. Characterization of decellularized lung tissues



Page 4/18

2.2.1. Histological evaluation
Acellular lung pieces (n = 5) were randomly selected and �xed in formalin for 4 h. The �xed acellular lung
matrix was incorporated in agar gel (2%) followed by tissue processing. Samples were then para�n-
embedded and sectioned into 6 µm-slices. After depara�nization, slices were stained with hematoxylin
and eosin (H&E) to con�rm the absence of nuclei. Additionally, staining with 4,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) was carried out. The acellular lung matrix was evaluated for collagen
and glycosaminoglycan content by Masson’s trichrome (MT) and Alcian Blue (AB) staining, respectively.
Specimens were �nally analyzed by light microscopy (BX51, Olympus) and imaged with an Olympus
DP72 digital camera that was mounted on the microscope.

2.2.2. DNA content
To assess and quantify total DNA content, 30 mg of lyophilized native and decellularized lung tissues
were treated with digesting buffer solution containing 50 mM Tris-HCl (pH 8), 50 mM EDTA, 10 mM NaCl
and 1% SDS in the presence of proteinase K overnight at 65°C. Supernatants were puri�ed using phenol-
chloroform (500 µl to each sample) followed by centrifugation. The upper layer was collected and
centrifuged. The aqueous layer was then removed, subjected to ethanol precipitation and dried. After
suspension in diH2O, absorbance was measured at 260 nm using a spectrophotometer.

2.2.3. Evaluating the ultrastructure of decellularized lung
ECM (dECM)
Decellularized lung pieces (2 g) were lyophilized using CHRIST lyophilizer (Alpha 1–2 LD plus, Germany)
and gold-coated using an Emitech K575X Sputter coater. Electron micrographs were captured at a 100x
magni�cation with a scanning electron microscope (VEGA, TESCAN, Czech Republic).

2.3. Hydrogel preparation and coating
Decellularized lung pieces were lyophilized and milled to prepare lung powder. The powder was then
digested with pepsin at a concentration of 1 mg/mL in 0.1 M HCl and stirred at 4°C for 60 h. Afterwards,
the solution was neutralized with 1 M NaOH at 4°C to induce gelation. After sterilization by UV irradiation,
a working concertation of gel solution was prepared by diluting in Dulbecco’s modi�ed Eagle’s medium
(DMEM). Then, followed by incubation at 37°C for 5 min. To determine the proper concentration of gel
solution for cell culture application, four concentrations of gel solution (1, 2, 3 and 5 mg/mL) were tested,
and their impact on cell growth was analyzed by assessing A549 cell line con�uency after 6 days.

2.4. Fibronectin coating
Plates were positively charged with 50 µg/mL of poly-L-ornithine (PLO) to enhance cell attachment and
were then incubated at 37°C for 1 h. After PLO removal, plates were rinsed 3 times with PBS followed by
�bronectin (Sigma-Aldrich) coating at a concentration of 50 µg/mL. Finally, plates were incubated at 37°C
for 24 h and stored at 4°C for further experiments.

2.5. Proliferation assay
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To examine the e�cacy of different coating conditions and analyze their impact on cell proliferation,
A549 cells were prepared in the desired concentration (5000 cells per well) and seeded on three different
beds: (1) �bronectin-coated plates; (2) lung ECM-derived hydrogel (Gel); and (3) decellularized lung pieces
(dECM). At day 7, 20 µL of MTS reagent (Promega) was added into each well containing 100 µL of
culture medium followed by incubation at 37°C for 4 h in a humidi�ed chamber with 5% CO2. Absorbance
was recorded at a wavelength of 490 nm.

2.6. Human embryonic stem cell (hESC) culture and
differentiation
hESC line RH5 (24), obtained from the Royan Stem Cells Bank (Royan Institute), was cultured on mouse
embryonic �broblasts (MEFs) as a feeder-containing condition. To initiate differentiation, feeder-
containing hESC cultures were switched to feeder-free system; hESCs were cultured in 6-well Matrigel-
(Sigma-Aldrich) coated plates in DMEM/F12 (Life Technologies) supplemented with 20% knockout serum
replacement (Life Technologies), 2 mM l-glutamine (Gibco), 0.1 mM non-essential amino acids (NEAAs,
Gibco), 1% insulin-transferrin-selenium (ITS, Gibco), 1% penicillin/streptomycin (Gibco), 0.1 mM β-
mercaptoethanol (Sigma-Aldrich) and 100 ng/ml basic �broblast growth factor (bFGF, Royan Biotech).
The medium was changed every other day. For maintenance, cells were passaged every 6–8 days on
Matrigel. All hESC culture procedures were performed under standard culture conditions of 37°C and 5%
CO2 with approximately 95% relative humidity.

2.6.1. Differentiation of hESCs towards endoderm
At day 4 of hESC culture, the culture medium was changed to endoderm medium consisting of RPMI
1640 (Life Technologies), 1% penicillin/streptomycin, 1% B-27 without vitamin A (Life Technologies) and
0.1% bovine serum albumin (BSA; Life Technologies). To achieve mesoendoderm, 100 ng/ml activin A
(Sigma-Aldrich) and 3 µM CHIR99021 (GSK3 inhibitor/Stemgent) were added to the basal medium. After
24 h, CHIR99021 was removed and the cells were treated with 100 ng/ml activin A for 3 days in order to
yield the de�nitive endoderm (Sigma-Aldrich, A4941).

2.6.2. Differentiation of endoderm towards anterior foregut
endoderm
On day 4 of endoderm differentiation, colonies were dissociated into single cells using trypsin/EDTA
(Gibco). Afterwards, endodermal cells were plated on 3 different beds: (1) 6-well �bronectin-coated plate;
(2) 6-well hydrogel-coated plate (lung ECM-derived hydrogel); and (3) lung ECM-derived scaffold
(scaffold/24 well plate) (~ 50,000–75,000 cells/cm). DMEM/F12 (1:3) containing 1.5 µM Dorsomorphin
(Tocris, R&D Systems) and 10 µM SB431542 (Tocris, R&D Systems) was added for 24 h and then
switched to 24 h of 10 µM SB431542 (inhibitor of TGF-beta type I receptor, Sigma) and 1 µM IWP2
(Tocris, R&D Systems).

2.6.3. Induction of lung progenitors
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For lung progenitor induction, the achieved AFE was treated with a ventralization cocktail containing 3
µM CHIR99021, 10 ng/mL recombinant human (rh) FGF10, 10 ng/mL rhFGF7, 10 ng/mL rhBMP4, 20
ng/mL recombinant murine (rm)EGF and 0–1 µM all-trans retinoic acid (ATRA) (all from R&D, except
CHIR99021 from Stemgent and ATRA from tocris) in differentiation medium for the next 9 days.

On day 15, lung-�eld progenitor cells were dissociated with 0.05% warm trypsin/ EDTA for 1 min and
rinsed with IMDM supplemented with 5% FCS. Then, cells were plated and cultured under the same
condition as before (�bronectin, hydrogel and scaffold) at a 1:5 dilution in serum-free conditioned
medium containing 3 µM CHIR99021, 10 ng/mL rhFGF10, and 10 ng/mL rhFGF7 for 10 days.

2.7. Evaluation of hPSC-derived lung progenitors cultured
on dECM and Gel

2.7.1. Histological preparation
Histological assessment (as described in Sect. 2.2.1) was carried out for differentiated lung progenitors
on different beds and analyzed by H&E staining and immunostaining assays.

2.7.2. Immuno�uorescence and immunohistochemistry
staining
Slides were rehydrated and antigen retrieval was performed using citrate buffer (pH 6.0, Dako, Santa
Clara, CA) for 20 min at 120°C. After 1 h of permeabilization and blocking in 0.1% Triton X-100% and 10%
secondary antibody host serum with 0.5% bovine serum albumin (BSA, sigma), tissue sections were
incubated with primary antibodies against OCT4 (1: 200; Santa Cruz, sc-31984), SOX17 (1: 200; Santa
Cruz, sc-130295), FOXA2 (1: 100; Sigma, AB4125), NKX2.1 (1: 100; Abcam, ab227652), P63 (1: 100;
Abcam, ab110038), pro-SFTPC (1: 500 ; Abcam, ab40879) overnight at 4°C. Sections were then washed
three times with PBS, followed by 1 h of incubation at 37°C with mouse anti-goat FITC (1:400; Santa
Cruz), goat anti-mouse FITC (1:400; Invitrogen, A11005) and goat anti-rabbit IgG-TR (1:200; Invitrogen,
A11037) secondary antibodies. Nuclei were stained with DAPI (Sigma, Germany) for 2 min. For
immunohistochemistry, slides were subjected to antigen retrieval and were then immersed in a 0.1% H2O2

solution and blocking with 10% goat serum in PBS at 37°C for 1 h. Afterwards, samples were incubated at
4°C overnight with primary antibodies against AQP3 (1:250), CK5 (1:200), P63 (1:200) and pro-SFTPC
(1:400) (all from Abcam). On the following day, samples were stained with HRP-conjugated secondary
antibody (1:1000; Sigma-Aldrich) followed by DAB staining. All samples were counterstained with
hematoxylin. Finally, sections were mounted and imaged using Olympus BX51 microscope.

2.7.3. Flow cytometry
Differentiated spheres were dissociated into single cells using trypsin/EDTA (Gibco), washed, and
collected by centrifugation. Subsequently, dispersed cells were �xed in 4% paraformaldehyde at 4°C for
20 min, permeabilized, and blocked. Next, cells were incubated overnight with anti-SOX17 (1:200; Abcam,
ab155402) and anti-FOXA2 (1:100; Sigma, c3062) antibodies for 1–2 h at 4°C. Flow cytometric analysis
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was performed using BD FACSCalibur sorter (BD Biosciences), and results were analyzed by Flowing
Software (version 2.4.2). Flow cytometry for both differentiation protocols was repeated three times in
independent experiments.

2.8. Gene expression analysis
Total RNA was extracted using TRIzol (Sigma), and after removal of genomic DNA with DNaseI, 1 µg of
total RNA was reverse-transcribed using a RevertAid™ H Minus First Strand cDNA Synthesis Kit (Thermo
Fisher Scienti�c) based on the manufacturer’s instructions. Real-time PCR was performed as previously
described 16 using StepOnePlus (ABI, USA) and SYBR Green real-time PCR Master Mix (Amplicon).
Sample Ct-values were normalized to GAPDH as a reference gene (Forward: 5’ CTC ATT TCC TGG TAT
GAC AC GA 3’/ Reverse: 5’ CTT CCT CTT GTG CTC TTG CT 3’). The fold changes were shown relative to
the control group (pluripotent stem cells). Relative gene expression levels were calculated after a
standard-curve analysis and using the comparative delta-Ct method. Samples were obtained from three
independent biological replicates, and all reactions were performed in duplicates. The sequences of
primers are listed in supplementary table S1.

2.9. Statistical analysis
Statistical analysis was performed using GraphPad Prism (Version 6.1, GraphPad software, CA, USA).
Signi�cant difference was determined by the t-test and data are presented as mean ± standard deviation
(SD). Mean differences were considered statistically signi�cant if p < 0.05.

3. Results

3.1. Decellularized lung scaffold/ hydrogel characterized for
3D and 2D cell cultures
The process of generating sheep lung hydrogels is depicted in Fig. 1A. Initially, lung pieces were subjected
to a chemical procedure to prepare the hydrogel. SDC was used to prepare decellularized lung pieces.
After the lyophilization step, lung powder was enzymatically digested to prepare hydrogel. Histological
evaluation using H&E and DAPI stainings revealed the overall structure and absence of nuclei in
decellularized pieces (Fig. 1B). The collagen and glycosaminoglycan contents were shown to be
preserved in these lung scaffold using Alcian blue (glycosaminoglycan), Masson’s trichrome (collagen)
and Toluidine blue (glycosaminoglycan) stainings (Fig. 1B). SEM photomicrographs con�rmed the
preservation of porous structures and the absence of intact cells (Fig. 1C). Analysis of preserved
glycosaminoglycan content did not show difference between native ECM and decellularized ECM (dECM)
(Fig. 1D). DNA content analysis showed a signi�cant decrease in decellularized lung pieces (0.6 ± 0.1
ng/mg) compared with native lung tissue (21.66 ± 2.3 ng/mg) (Fig. 1E).

3.2. High expression of DE speci�c markers in PSCs after 4
days of induction
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Several published studies reported a stepwise method to differentiation DE, AFE, and lung progenitor cells
from PSCs 9,17. In the present study, lung-derived hydrogels and intact ECM were used to improve the
phenotype of differentiated lung epithelial cells. Before AFE induction, endodermal cells were plated on 3
different conditions including �bronectin-coated plates, hydrogel-coated plates, and lung ECM-derived
scaffold (Fig. 2A). To optimize the condition for further cell culturing experiments, the proliferation of
A549 cells on three different beds was assessed by MTS assay on days 1, 3, 7 of culture. The percentage
of live cells in the three groups showed no signi�cant differences at days 3 and 7 (Fig. 2B). Cell counting
analysis showed that cells grown on hydrogel at a concentration of 1 and 2 mg/mL revealed a signi�cant
increase in cell attachment, growth and proper morphology (Fig. S1).

hESCs formed typical colonies with de�ned borders before differentiation into endoderm, and DE cells
appeared in culture after 4 day of endoderm induction (Fig. 2C). During the endodermal differentiation
process, two markers of pluripotency (NANOG and OCT4) showed signi�cant downregulation (Fig. 2D)
while DE-speci�c markers such as SOX17 and FOXA2 were signi�cantly upregulated in PSC-derived
endodermal cells (P < 0.05) (Fig. 2E). Increased expression of SOX17 and FOXA2 was con�rmed by
immunostaining of endodermal cells at day 4 (Fig. 2F). Flow cytometric �ndings indicated that 77% of
cells were positive for SOX17, 95% for FOXA2 and 77% for both (Fig. 2G).

3.3. Decellularized lung scaffolds or hydrogel coating
induce further differentiation of DE cells
To assess the impact of decellularized lung scaffold and hydrogel on DE formation in comparison with
�bronectin-coated cultures, hESC-derived endodermal cells were replated on three different beds (Fig. 2A).
At day 15 of lung progenitor differentiation, we observed morphological heterogeneity in �bronectin- (Fig.
S2A) and hydrogel- (Fig. S2B) coated cultures. Analysis of H&E-stained cells that have been differentiated
on scaffold revealed a subset of epithelial cells that lined the lumen (Fig. S2C) in addition to other cells
that were not associated with such anatomical regions. At day 15 of differentiation, cells stained
positively for NKX2.1, P63 and FOXA2 (Fig. S2D-E). The majority of cells were positive for these markers
in �bronectin-coated cultures (Fig. S2D); while P63 expressing cells were not detected in hydrogel group
(Fig. S2E).

The morphology of lung progenitor cells on �bronectin- and hydrogel-coated plates at day 25 is shown in
Fig. 3A, B. H&E staining of cells differentiated on scaffold revealed that such cells were located in
alveolar structures, particularly in thin alveolar walls. In line with these �ndings, SEM micrographs
showed that the ECM surface was densely covered by differentiated cells (Fig. 3B). Additional
immunostaining revealed that cells expressed NKX2.1 at day 25 in both culture conditions and also
expressed pro-surfactant protein C (pro-SFTPC), a marker of type 2 alveolar epithelial cells (AT2) (Fig. 3C,
D). Differentiated cells on scaffold were analyzed for the expression of (proximal) airway and (distal) AT2
markers at day 25. CK5 and P63 (markers of basal cells) were detected in cells lining the airways while
SFTPC and AQP3 (AT2 markers) were observed in alveolar regions (Fig. 3E).
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Moreover, gene expression analysis revealed signi�cant upregulation of the DE marker FOXA2 in cells
cultured on �bronectin (P < 0.0001) compared with other groups at days 15 and 25 of differentiation. On
the other hand, cells differentiated on hydrogel showed signi�cant upregulation in FOXA2 gene (P < 0.01)
in comparison with differentiated cells on scaffold at day 25 (Fig. 4). Expression of SOX9 as distinct
marker in distal airways and developing alveolar region showed a signi�cant increase in hydrogel and
lung scaffold groups at day 25 (P < 0.01 and P < 0.05). Interestingly, cells seeded on scaffold showed
signi�cant upregulation of SFTPC expression (P < 0.0001). Finally, markers of differentiated airway
epithelium including FOXJ1 (ciliated cells) and MUC5A (secretory cells) showed clear upregulation in
cells differentiated using dECM approach at day 25 (P < 0.001and P < 0.0001, respectively). In addition,
expression levels of basal cell markers including CK5 and P63 were signi�cantly upregulated in dECM at
day 25 (P < 0.0001).

4. Discussion
The current study examined the impact of decellularized sheep lung slices (scaffold) and hydrogels on
lung progenitor cell differentiation from hESCs. Because of the complex interactions between cells and
matrices during lung development, in vitro differentiation of PSC into functional airway and alveolar
epithelial cells is a current challenge. Here we report that hESCs can be differentiated toward lung
progenitor cells on decellularized lung-derived scaffolds and that the presence of exogenous growth
factors phenotypically improves maturation of the cellular descendants in vitro. Another interesting
�nding is that the native lung ECM structure enhances in vitro AT2 differentiation and subsequently
induces AQP3 and SFTPC expression. We also report the emergence of cells expressing markers that are
characteristic of distal airway stem/progenitor cells.

Up to now, different approaches were applied to enhance the generation of mature and functional AT2
using various cocktails of exogenous growth factors in an attempt to mimic the native lung niche.
Accordingly, patterning of developing proximal airways using acellular lung tissues and differentiation of
PSCs into mature airway epithelial cells including ciliated cells, club cells and basal cells have been
reported to morphologically and functionally resemble the native airways 17. It has been shown that
matrix topography, being a physical characteristic of the ECM, regulates stem cell differentiation through
changing cell shape through a contact guidance process 18. In 3D structures of normal tissues, ECM
�bers (collagen) and their arrangement parallel to the epithelium in�uence cellular proliferation and
differentiation particularly during development 19. Such mechanotransductive mechanism is therefore
involved in the transformation of matrix topographic cues into intracellular signals. The ECM-integrin-
cytoskeleton axis is central to this mechanism. The topographic features of the ECM may induce focal
adhesion formation triggering intracellular signal transduction 20, which induces nuclear architecture
deformation and alteration of gene expression pro�les 21.

In this study, we showed that differentiation of human ESC into AT2 using decellularized lung scaffolds
led to the generation of cells that were phenotypically characterized by pro-SFTPC and AQP3 expression.
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Our immunostaining revealed that PSC-derived pro-SFTPC-expressing cells were able to repopulate
decellularized alveolar structures in 9. Repopulation of the scaffold by PSC-derived cells highlights the
importance of 3D ECM topographic characteristics in supporting cell adherence and maturation 17.
According to our gene expression analysis, decellularized sheep lung scaffolds successfully induced the
differentiation of AFE to heterogeneous populations including bronchiolar airway phenotypes as basal
cells (CK5 and P63), ciliated cells (FOXJ1) and secretory cells (MUC5A) markers, as well as distal or
peripheral progenitors (NKX2.1 and SOX9) and AT2s (SFTPC) on day 25 22. Moreover, our data suggest
that PSC-derived progenitors at day 15 may possess bi-potent differentiation capabilities allowing them
to give rise to both distal airway and alveolar epithelial cells 23. After recellularization of lung scaffolds
with 15-day-old lung progenitors, bronchiolar airway epithelial cell-associated genes (FOXJ1 and MUC5A)
showed a signi�cant upregulation 17.

Natural hydrogels have been extensively generated from various decellularized tissues 24–26 as well as
lung-derived tissues 27. Detergent-based decellularization and enzymatic solubilization of lung tissue
methods have been widely used for lung ECM hydrogel preparation 26,28. In contrast to decellularized lung
scaffolds as a 3D culture system, 2D monolayer cultures have been used to induce the transition from
PSCs into pro-SFTPC-expressing cells via differentiation on hydrogel. Such method led to the production
of typical epithelial cell colonies in 2D cultures. Based on SFTPC expression, differentiated cells on
�bronectin- and hydrogel-coated plates did not show signi�cant differences in AT2 differentiation.
Results derived from the monolayer culture using hydrogel coating were not convincing compared to the
3D culture method; this �nding suggests that hydrogel can be used as a surrogate for �bronectin.
Although ECM-derived hydrogels preserve the stiffness and viscoelasticity of the intact lung, monolayer
cultures using hydrogel do not resemble the lung microenvironment nor mimic native ECM features 29. In
addition, the procedure used to prepare ECM-derived hydrogels have drawbacks including disruption of
proteoglycans and ECM-bound growth factors that are need for proper cell behaviors 30,31.

To overcome donor shortage and explore potential therapeutic options for organ failure, xenogeneic
organ-derived scaffolds have been recellularized with human cell populations and re-implanted into
animal recipients 32. For example, decellularized porcine lung scaffolds were repopulated by human cells;
vascular network and airways were repopulated by human umbilical vein endothelial cells and basal
cells, respectively. Vascular reperfusion and gas exchange were achieved after implantation 33. The
limited function of the graft and immune system responses to xenogeneic scaffolds represent serious
challenges. However, these challenges may be at least partially overcome by extensive preclinical studies
using large animal models to achieve a valid clinical-grade procedure for translating the technology into a
robust therapy.

In conclusion, our results revealed improved differentiation of AT2 when cultured on sheep lung-derived
scaffolds in comparison with lung ECM-derived hydrogel and �bronectin. We found that the 3D culture of
PSC-derived lung progenitors on lung ECM resulted in strong upregulation of AT2 markers, in addition to
e�cient cell adherence, maturation and retention in the alveolar region.
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Figure 1

Decellularization protocol, hydrogel formation and characterization. (A) schematic representation of lung
decellularization protocol; DDW, double distilled water; SDC, sodium deoxycholate; PBS, Phosphate
Buffered Saline (B) Histological analysis of native sheep lung with sheep decellularized lung (dECM)
using H&E, Alcian blue, Masson's trichrome (MT), Toluidine blue and DAPI staining (n=3). (C)
Representative scanning electron microscopy (SEM) photomicrographs of native lung and lung ECM-
derived scaffold. (D) Quanti�cation of GAGs content of native and scaffold indicate high-ly preservation
of GAGs after decellularization (n = 4). (E) DNA content assay shows signi�cant re-moval of DNA after
the devitalization procedure (n = 3, ***p < .001).
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Figure 2

Morphology and phenotypically characterization of hPSC-derived de�nitive endoderm before re-plating,
(A) schematic representation of lung differentiation protocol showing differentiation of Em-bryonic stem
cells (ESCs) into endoderm cells in presence of small molecules and growth factors and replating lung
progenitors on different beds including �bronectin, hydrogel and scaffold at day 15. (B) determination of
cell viability percentage by MTS assay at days 1, 3 and 7 after A549 cell line culture on different beds (n =
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4). (C) Phase-contrast images of typical hPSC colonies and de�nitive endoderm cells. (D) qRT-PCR
analysis con�rms a signi�cant decrease of hESCs pluripotent genes at days 4,15 and 25 of lung
progenitor differentiation. (E) qRT-PCR analysis for FOXA2 and SOX17 genes at day 4 of differentiation
compared to hESCs. (F) Immunostaining shows expression of OCT4 in hPSC and expression of FOXA2
and SOX17 markers in endoderm cells. (G) Flow cytometrically analysis of FOXA2 and SOX17 expressing
cells (n = 3).

Figure 3
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Morphology and phenotypically characterization of hPSC-derived lung progenitor cells at day 25 of
differentiation, (A) Phase-contrast images of cells grown on �bronectin and hydrogel at day 25. (B) H&E
staining shows the attachment and retention of differentiated cells at day 25 and SEM photomi-crograph
shows the recellularization of scaffold surface seeded with 15-day-old progenitor cells after 21 days. (C)
Immunostaining for NKX2.1 and PRO-SPC in lung progenitor cells grown on �bronectin and (D) hydrogel
at day 25. (E) Immunohistochemistry for pro-SFTPC, AQP3, CK5 and P63 markers in cells grown on
scaffold at day 25.



Page 18/18

Figure 4

Quantitative RT-PCR analysis of undifferentiated human embryonic stem cells (hESCs) and differen-tiated
cells for SOX9, FOXJ1, FOXA2, NKX2.1, MUC5A, P63, SPC and CK5 genes at day 15 and 25 of lung
progenitor cells. The expression level of target gene was normalized to GAPDH and presented relative to
hESC. Data are presented as mean ± SD. Signi�cant difference was determined by the t-test with unequal
variance; (p<0.05 *, p<0.01**, p<0.001*** and p<0.0001****), n=3.
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