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ABSTRACT

Epithelial folding depends on mechanical properties of both epithelial cells and underlying
basement membrane (BM). While folding is essential for tissue morphogenesis and functions,
it is difficult to recapitulate features of a growing epithelial monolayer for in vitro modeling
due to lack of in vivo like BM. Herein, we report a method to overcome this difficulty by
culturing on an artificial basement membrane (ABM) the primordial lung progenitors (PLPs)
from human induced pluripotent stem cells (hiPSCs). The ABM was achieved by self-
assembling collagen IV and laminin, the two principal natural BM proteins, in the pores of a
monolayer of crosslinked gelatin nanofibers deposited on a honeycomb micro-frame. The
hiPSC-PLPs were seeded on the ABM for alveolar differentiation under submerged and air-
liquid interface culture conditions. As results, the forces generated by the growing epithelial
monolayer led to a geometry-dependent folding. Analysis of strain distribution in a clamped
membrane provided instrumental insights into some of the observed phenomena. Moreover,
the forces generated by the growing epithelial layer led to a high-level expression of
surfactant protein C and a high percentage of aquaporin 5 positive cells compared with the
results obtained with a nanofiber-covered bulk substrate. Thus, this work demonstrated the

importance of recapitulating natural BM for advanced epithelial modeling.



1. INTRODUCTION

Epithelial cell layers are self-organized on the outer surfaces of organs and blood vessels
as well as the inner surfaces of many internal organs of our body. They are thin, continuous,
and often folded to form various morphologies [1,2]. To understand the mechanism that
underlies epithelial formation, advanced in vitro models are needed. However, the previous
studies relied mostly on culture dishes, flasks, multiwell plates, and transwell membranes
which are stiff and cannot be bent with the growing epithelial cell layers [3]. A lot of efforts
have been devoted to the development of new culture substrates, including electrospun
nanofibers, hydrogels, pillar arrays, and 3D printing scaffolds [4]. These approaches
unambiguously evidenced the importance of the mechanical property and surface morphology
of the culture substrate but yet they were not able to recapitulate the essential features due to
the lack of an in vivo like basement membrane (BM) on which the epithelial cells grow and
are self-organized. While the BM is an ultrathin layer made of specific extracellular matrix
proteins (mainly collagen IV and laminin), it is semipermeable and acts as a platform for
complex signaling to the attached epithelial cells [5]. In vivo studies have shown that the BM
follows closely the folding of the epithelial cell layer it supports and that it can also be
regulated by the cells through protein degradation and protein secretion [6,7]. It is therefore
important to consider the epithelial cells and the underlying BM as an assembly in order to
develop new in vitro models [8,9]. Interestingly, the formation of organoids begins with a cell
cluster embedment in gel BM proteins. With the increase of the organoid size, a BM-like shell
emerges and budding structures appear due to epithelial self-organization [10,11]. This is
intriguing for the development of sheet-like tissue models which are often needed for easy
analysis and assessment of the epithelium interfaces.

Alveolar epithelium is particular interesting for understanding lung diseases and
addressing many fundamental issues [12]. The alveolar epithelium is mainly composed of
alveolar type | (AT1) and type Il (AT2) cells. While AT1 cells are large squamous cells
covering 95% of the alveolar surfaces, AT2 cells are cuboidal cells secreting pulmonary
surfactant and serving as alveolar stem cells. During alveolar homeostasis and post-injury
repair, AT2 cells can be differentiated into AT1 cells [13]. Since the alveolar epithelium is
constantly subjected to cyclic deformation, the differentiation of the AT2 cells into AT1 cells
should be deformation dependence but how this is correlated to the injury and repair of the
epithelium is unclear. Immortalized cell lines such as A549 [14] and NCI-H441 [15] were
commonly used in alveolar modeling but they are both AT2-like and lack phenotype
heterogeneity due to their cancer origins. Alternatively, alveolar cells derived from human



induced pluripotent stem cells (hiPSCs) can be both AT1 and AT2 cells and open the
possibility to develop patient-specific models [16-19]. While hiPSCs are capable of self-
renewing and differentiating into either lung progenitor cells or matured alveolar cells, it is
important to optimize the differentiation protocols and conditions in order to achieve a more
realistic modeling for physiological or pathological studies. In general, hiPSCs were firstly
induced into definitive endoderm (DE) and anterior foregut endoderm (AFE) under
conventional culture conditions. Then, the cells were differentiated into alveolar cells via
alveolar progenitors by using different strategies [16-23]. One of the main strategies is to plate
cells on a transwell membrane for submerged and air-liquid interface (ALI) culture [17].
Obviously, plating primordial lung progenitors (PLPs), alveolar progenitor cells (APC) or
mature alveolar cells may have different outputs in terms of cell composition and epithelial
organization. An early-stage plating would rely more on rapid proliferation and strong self-
organization of the differentiating progenitor cells, while a later stage replating would lead to
a limited cell proliferation with a gentle tissue organization. In this regard, the stiffness of the
membrane can significantly influence the performance of the cell organization. Transwell and
microfabricated membranes with synthetic materials and surface coating techniques could be
used but they should not be appropriate for alveolar folding studies [16,24,25].

Substrate stiffness has a profound influence not only on the adhesion, proliferation, and
differentiation of the alveolar cells but also on the organization and folding of alveolar cell
layers. Previously, we developed a method to reconstitute BM by self-assembling collagen IV
and laminin in the pores of a monolayer of crosslinked gelatin nanofibers [26]. Such an
artificial basement membrane (ABM) is in vivo like in terms of morphology, mechanic
properties, and bioactivity. In this work, we focus on the folding of epithelial-generated forces
and their impact on cellular properties by plating early-stage lung progenitor cells on the
ABM. We hypothesize that the progenitor proliferation generated forces are large enough to
deform and fold the underlying BM and that the contractile force promotes both alveolar
differentiation and alveolar maturation. We will firstly generate PLPs from hiPSCs in the
dish. Then, we plate the hiPSC-PLPs on the ABM to observe the proliferation-induced
epithelial formation and folding. Finally, we analyze the expression of the matured alveolar
cells and the percentage of AT1 cells. The results will be compared with two other types of
substrates, i.e., glass and nanofiber-covered glass (NFS). In addition, an approximative

analytical model will be used to calculate the geometry-dependent strain distribution.

2. EXPERIMENTAL SECTION



2.1. Fabrication and characterization of the ABM

The reconstituted basement membrane consists of a thin layer of collagen IV and laminin
self-assembled with a monolayer of crosslinked gelatin nanofibers as backbone and a
lithography-pattern honeycomb microframe for nanofiber handling (Figure 1A, S1). Briefly, a
honeycomb structure of 400-um hole size and 50-pm linewidth and thickness were defined in
a SU-8 photoresist (Microchem, France) by photolithography. A second layer of
photolithography was performed to add a ring of thickness 100 pm and diameters 9 and 13
mm. This pattern was sequentially replicated into polydimethylsiloxane (PDMS, Eleco-EFD,
France) by casting and polyethylene glycol diacrylate (PEGDA) by vacuum-assisted UV-
curing. Afterward, the positive tone replica (frame) was coated by 10 nm Au for
electrospinning of gelatin nanofibers. 10 wt% gelatin powders (#61890, Sigma-Aldrich,
France) were dissolved in a mixed solution of acetic acid, ethyl acetate (#270989, Sigma-
Aldrich, France), and distilled water at a volume ratio of 21:14:10. The nanofibers were
deposited at a distance of 10 cm and voltage 11 kV for 3 or 5 min, controlled with a high
voltage supply (Heinzinger, Germany), a syringe pump (#78-9100B, Kd Scientific, USA) at a
feeding rate of 0.2 mL/h. After electrospinning, gelatin nanofibers were dried in a desiccator
overnight and cross-linked in a 0.2 M mixture of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) (#6383, Sigma-Aldrich, France) and N-
hydroxysuccinimide (NHS) (#130672, Sigma-Aldrich, France) in ethanol for 4 h. After
crosslinking, a monolayer of gelatin nanofibers was obtained. To eliminate remaining toxic
chemicals, samples were rinsed in 99.5% ethanol three times, dried in a vacuum overnight,
and finally submerged in sterilized water overnight.

To form ABM, a 50 uL solution composed of 0.1% (w/v) collagen IV (#C7521, Sigma-
Aldrich, France) in water containing 0.1 M acetic acid and 2% (v/v) laminin (#L2020, Sigma-
Aldrich, France) was pipetted on the crosslinked nanofibers. After dehydration at 37 <C for 3—
5 h, a continuous film of collagen I'V-laminin mixture was obtained. For comparison, gelatin
nanofibers were also deposited and chemically crosslinked on a gold-coated 13-mm diameter
cover glass, referred as nanofibers substrate or NFS, in a similar way as described above.

Finally, the fabricated monolayer of nanofibers and ABM were characterized by electron
scanning microscopy for the determination of nanofiber diameters, the porosity of the
nanofiber monolayer and the thickness of the ABM. Measurements of the membrane
deflection and the transmembrane flowrate were also performed as a function of pressure for

the estimation of the ABM stiffness and permeability, in a similar way as described in [23].



2.2. Generation of alveolar epithelial cells

hiPSCs (episomal line, Life Technologies) were cultured and maintained in complete
Essential 8 Flex medium (#A2858501, Gibco) with a 1:100 diluted vitronectin (#A27940,
Life Technologies)-coated culture dish and incubated at 37°C with 5% COz2 condition. The
medium was changed every two days until cells grew to 70-80% confluence. Cells were
harvested with a solution of DPBS (Dulbecco’s Phosphate Buffered Saline, #14190-094,
Gibco) with 0.5 mM EDTA (#15575-038, Life Technologies).

hiPSCs were differentiated into finite lung progenitor cells and then matured alveolar
epithelial cells [22-24] by using different types of substrates, all coated with (1%) Geltrex.
Overall, hiPSCs were derived sequentially to (i) definitive endoderm (DE) (6 days), (ii)
anterior foregut endoderm (AFE) patterning (2 days), (iii) AFE ventralization into a
bipotential PLPs (7 days), (iv) development of PLPs into APCs (6-10 days), and final (v)
mature alveolar epithelial cells (AECs) (about 17 days) (Figure 1B).

DE induction: Prior to induction, hiPSCs were cultured in a vitronectin-coated dish until
reaching 50% confluence. The induction medium of serum-free RPMI11640 (#21875034,
Gibco) containing 1% glutamine, 1% penicillin-streptomycin (pens-strep, #15140122, Gibco)
and 1% non-essential amino acid (NEAA) or B-27 (#17504-044, Gibco), and 0.1% ascorbic
acid (#A4403, Sigma-Aldrich), was prepared with high concentration of Activin A (100
ng/mL) (#78001.1, STEMCELL Technologies) and 1 uM CHIR-99021 (#SML1046, Sigma-
Aldrich). The cells were induced in this medium for 6 days to generate DE or to undergo a
gastrulation process. The medium was changed every two days.

AFE patterning: From day 6 to day 8, cells were treated with serum-free IMDM medium
(#12440-053, Gibco) containing 1% glutamax, 1% pens-strep, 1% B-27 and 0.1% ascorbic
acid, as a serum-free IMDM medium, then supplemented with 10 pM SB-431452 (#HB3555,
Hellobio) and 1.5 uM dorsomorphin or DSM (#P5499, Sigma-Aldrich).

PLPs generation: From day 8 to day 15, cells were cultured in a serum-free IMDM
medium containing 3 uM CHIR-99021, growth factor of 10 ng/mL KGF or FGF-7 (#251-KG,
R&D System), 10 ng/mL BMP4 (#78211, STEMCELL Technologies) and 0.0625 uM
retinoic acid or RA (#R2625, Sigma-Aldrich).

APCs derivation: On day 15, PLPs were digested with tryplE (#12605-010, Life
Technologies) for 5 min and seeded in diluted 1% Geltrex- (#A1413302, Life Technologies)
coated ABM, NFS, and glass. The cells were resuspended in a serum-free IMDM medium
containing 3 M CHIR-99021 and a growth factor for epithelium proliferation, 10 ng/mL
KGF. The medium was changed every two days until day 21.



APCs maturation: From day 22 to day 39, APCs were cultured in a serum-free IMDM
medium containing 3 pM CHIR-99021, 10 ng/mL KGF, and a cocktail molecule, composed
of 0.1 mM 8-bromo-cAMP (#D0627, Sigma-Aldrich), 25 ng/mL dexamethasone (#4902,
Sigma-Aldrich) and 0.1 mM isobutyl methylxanthine (iBMX, #15879, Sigma-Aldrich) which
are referred to as DCI. The ABM device with cells was mounted in a homemade transwell-
like support (Fig. S2) with cells in the apical compartment and the assembly was placed in a 6
well plate (#734-2323, VWR) for culture under ALI conditions (Figure 1C and S1). After one
day of culture, the medium in the apical compartment was gently removed and washed by
DPBS for three times, leaving the apical surface of the cells exposed to air (an atmosphere of
5% CO2 at 37<C). Afterward, the culture was continued and the medium in the low

compartment was changed every two days.
2.3. Immunofluorescence microscopy

Cells were rinsed with DPBS and fixed with 4% paraformaldehyde (#P6148, Sigma-
Aldrich) for 15 min. Samples were permeabilized with 0.5% Triton X-100 (#HFH10, Life
Technologies) for 20 min and saturated in a blocking solution (3% bovine serum albumin
(#A9056, Sigma-Aldrich), 0.1% Tween 20 (#P1379, Sigma-Aldrich), and 0.1% sodium azide
(w/v) in DPBS) for 2 h at room temperature. The samples were further incubated with
primary antibodies at 4 <C overnight, followed by the incubation with secondary antibodies in
the blocking solution for 2 h and subsequent nuclei staining in PBS containing 1 pg/mL DAPI
for 15 min at room temperature. The following primary antibodies were used for
immunostaining: anti-NKX2.1 (1:100, #MA5-13961), anti-Z0O-1 (1:100, #40-2200), anti-
SFTPC (1:25, #PA5-71680), anti-ACE2 (1:1000, #MA5-31394) and anti-TMPRSS2 (1:50,
#PA5-14264) from Invitrogen, anti-AQP5 (1:100, #SC-9890) from Santa-Cruz. All Alexa
Fluor conjugated secondary antibodies are from Invitrogen, and the corresponding secondary
antibodies were diluted in 1:250. All samples were observed with an LSM Zeiss 710 confocal
microscope (Zeiss, France). Images were collected as TIF files and analysed with the software

ImageJ.
2.4. Statistical analysis

All group data are expressed as mean =SEM. The comparisons between groups were
performed using Student t-test. Differences between groups were considered significant when
P <0.05 (P < 0.05; P < 0.01; *P < 0.001).

2.5. Numerical simulation



The epithelial folding was interpreted in terms of inhomogeneous strain distribution in a
deflected plate clamped with a hexagonal frame. For the sake of simplicity, an elastic plate
under uniform pressure can be considered. Based on von Karman plate theory, the radial

(e,) and tangential (e;) strains of a circular plate of radius a can be calculated by using [27],
du 1 fdw\?
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where e is the initial strain, u and w are the radial and transverse displacement of the plate,
respectively, r the radial distance from the center of the plate. After some algebra, the
following solution is obtained [30].
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where v is the Poisson’s ratio, w, the displacement at the center of the plate, which can be

calculated by substituting equ. (3) and w = wo(1 — r2/a?)? into equ. (1) and (2),
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where D is the bending modulus D = E/#*/12(1 — v2), P the pressure, E Young’s modulus,
o, the residual surface stress, and h thickness of the membrane. Thus, E and o, can be

deduced by fitting experimental data of w, as a function of P. Consequently, the distribution

of radial and tangential strains in the place can be derived. Finally, numerical simulations

were performed by solving the above equations.

3. RESULTS
3.1. Properties of the ABM

The fabricated ABMs have a backbone of crosslinked gelatin nanofibers of the average
thickness of ~200 nm and average porosity of ~30 %, both determined by analyzing SEM
images (Figure 1A). The hexagonal structure is 500 pm in pitch and 50 pm in thickness and
width. After self-assembling, the BM proteins, the pores of the nanofibers were filled but the
thickness of the membrane was unchanged when a solution of low protein concentration was
used for dropping and dehydration, as detailed in 2.1. The contact angle of the ABM is 38<
50< and 54 °with distilled water, PBS, and culture medium, respectively [28]. The stiffness of
the ABM was deduced by using equ. (4) after measuring the deflection of the ABM in one



hexagon of the frame as a function of applied pressure in a similar way as described in
[23,29]. By data fitting, the effective Young’s modulus of PDMS and PDMS-ABM assembly
could be deduced. Then, assuming that 25% stiffness of the assembly was due to ABM, we
deduced an effective Young’s modulus of the ABM, Es = 4.9 MPa, which was compared to
that of the nanofiber backbone. The permeability of the ABM was deduced by measuring the
flow rate of DI water crossing an ABM as a function of applied pressure, which is 860 nm=
The strength of cell attachment on the ABM was compared with that on NFS and glass by
spinning the cell samples, showing remarkable morphology change or detachment of the cells
on NFS or glass substrate but cells stayed wells after shaking at 800 rpm for 10 min and
spinning at 2000 rpm for 10 s [30]. Finally, cell culture was performed under a transwell-like
culture where the apical compartment with cells was filled with buffer and the basal
compartment was filled with the medium so that the nutrient for cells came from the basal
compartment by diffusion, showing the feasibility of diffusion culture and proliferation cross
the ABM.

3.2. Numerical results of strain distribution

Let us now consider a 200 nm thick elastic membrane clamped with a 500 pm size
hexagonal frame, Young’s modulus of Es = 4.9 MPa, a Poisson’s ratio of v =0.5, and a
deflection of 100 m in the membrane center. For the zeroth order of approximation, we also
assume that the radial distribution of the strains depends only on the distance to the edge of
the frame. Then, we used equ. (1)-(3) to calculate the distribution of the radial and tangential
strains along the direction to vertices and equal sides (Figure S3A and S3B) and plotted the
maximum of radial strain (red) and the minimum of tangential strain (blue) (Figure S3C).
Here, the linewidth of the plots is proportional to the amplitude of the strain. The grey line
represents the periphery of the hexagonal frame. Clearly, the maximum radial and the
minimum tangential strain appear at a distance of ~0.6 r/a and ~0.85 r/a, respectively. In
addition, the hexagonal geometry of the frame gives rise to an angle-dependent strain
distribution, leading to a rotational symmetry of order 6 and consequently a potential folding
of the same order.

3.3. Deformation and folding of lung progenitors on ABM

The stepwise differentiation started by endoderm germ lineage specification with hiPSC
monolayer colonies with 50% confluency and a culture medium with Activin A and CHIR-
99021 over 6 days (Figure 1B, S4). On days 7 and 8, the cells were patterned into AFE by



inhibiting the bone morphogenic protein (BMP) and TGF-f signaling pathways. Then, the
cells became PLPs to form epithelial- and cyst-like features from day 9 to day 15. On day 15,
PLPs were replated on different substrates for epithelial formation.

The phase-contrast images in Figure S5 show the distributions of the progenitors’ cells one
and six days after replating on different substrates (days 16 and 21), respectively. Apparently,
the cells aggregated one day after replating before spreading. Compared to nanofiber-
conditioned substrates, significantly fewer cells remained on the glass. On day 21, the cells
were stained with primary antibodies for ventral marker NKX2.1 (homeodomain-containing
transcription factor) [31] and apical tight junction (TJ) marker ZO-1 (Zonula occludens-1)
[32]. Figure 2 shows confocal immunofluorescence images of the cells on ABM in one of the
honeycomb compartments, revealing a striking effect of epithelial folding. The top-down
cross-sectional view images illustrate the folding features in the range of observation (Figure
2A\). Clearly, the folding was more important in the proximity of the edge. Although the
folding did not follow the geometry of the boundaries, the number of folds was not far from
the number of the hexagonal compartment. Moreover, taking into account the parts out of the
scope, a folding amplitude in the order of 100 pm could be estimated. Figure 2B displays the
top view of a 3D construction of cell images with ZO-1 staining, showing junctional
remodeling and appearance of both moat-like invaginations and evagination, similar to villi
and crypts-like features in intestinal mucosa/epithelium [33]. Figure 2C shows cross-sectional
views at several XZ planes of the 3D image, clarifying both wavy features and ZO-1 protein
location of the epithelial cells. Finally, Figure 2D shows expression levels of NKX2.1 and
ZO-1 proteins for a given cross-section, indicating an inhomogeneity and presumably an
inhomogeneity in cell types or cell functions depending on the location of the cells and. These
results suggest that the folding is accompanied by the increase of the cell number due to the
high proliferation ratio and low stiffness of the ABM. Roughly speaking by considering a
dome-like deflection of 100 m, a 25% of area increase can be estimated. Taking into account
lateral shrinking of the cells, an increase in cell number of higher percentages could be
expected. Of note, the progenitor layers remained flat on glass and NFS since both substrates

could not be deflected.

Figure 3 shows a further comparison in regard to distribution and morphometry of the
APCs on three different types of substrate. Immunofluorescence images of two ROIs were
displayed to show different expression levels (green and red) and different cell organizations

(blue) for each type of substrates. Comparatively, the cells on glass and NFS were more

10



expanded than that on ABM, however, the latter has a higher cell density in a unit area
(Figure 3A, C). Moreover, we have observed uneven distribution of cells on the glass,
revealed by two quite different cell densities shown in ROI1 and 2. Although the cell
arrangement on the NFS seemed more homogeneous (ROI3), small cysts could be formed and
sporadically interspersed in the cell layer (ROI4), identified by ZO1- indicated single lumen
formation (yellow circle). Remarkably, cells on ABM maintained a monolayer and planar-
polarized structure, with dynamic junctional remodeling. On the one hand, a symmetrical
pattern with radial ZO-1 segment presents a high-order vertex in a rosette, giving rise to
elongated wedge-shaped cells. This kind of apical constriction forced the epithelium into a
concave apical surface with an enlarged basal area (ROI5) (yellow circle). On the other hand,
the apical surface was comparatively increased for cells in the bulging area (ROI6). They are
transient and unstable structures. If the apical constriction determined the location of the
tissue deformation, the mechanic force of cell proliferation would amplify the tissue deflects.
Consequently, our results show that the alveolar epilayer was folded due to cell expansion in
the limited area of the honeycomb compartment. Figure 3B showed schematic diagrams of

cell reorganization (top views) and cell layer morphometry (section views) on ABM.

3.4. Maturation of alveolar epithelial cells

The ABM with APCs was mounted in a homemade Boyden chamber on day 22 for
maturation under ALI culture conditions. The cells on NFS remained under submerged
culture conditions for another 17 days. In this stage, the glass sample was no more considered
because of the easy cell detachment. Figure 4 shows immunofluorescence images of matured
alveolar cells on the ABM labelled on day 39 by AT2-associated marker surfactant protein C
(SFTPC) and AT1 cell-associated marker aquaporin 5 (AQP5), providing a general view of
cell distribution and deflection of the epithelium. Statically, the epithelium formed in most of
the honeycomb compartment was deflected but the degree of their deflection varies and
folding is location dependent. Here, a slightly deformed concave epithelium was chosen for
analyses. In the bottom area of the concave, the cells were mostly AQP5+ cells, while the
SFTPC+ cells were more likely distributed on the side area of the concave. Clearly, SFTPC
proteins were mainly produced in the apical domain of the cells. From the top view of the
images, one can see that more SFTPC+ cells were concentrated in the area close to the circle
of the guiding eye as indicated. This could be due to the non-uniform distribution of radial
and tangential strain of the underlying ABM. Nevertheless, the distribution of AQP5+ cells

was more homogenous.
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More detailed analyses were performed for comparison between ABM- and NFS-
supported alveolar epithelial cells. Figure 5A shows the merged immunofluorescence images
of the cells on the two types of substrates. Again, a remarkable folding was observed with the
ABM sample, indicating that the deformation and folding effect remained during the entire
maturation stage (Figure 5B). As can be seen in Figure 5C, the cells on NFS mostly expressed
SFTPC proteins on the bottom side of the cell layer and only a limited number of cells were
AQP5+. More AT1 cells were could be generated on ABM than that on NFS, which confirms
the advantage of using ABM. This can also be evidenced by comparing the fluorescence
intensity of both SFTPC and AQP5 proteins of the cells (Figure 5D and 5E). Our numerical
analysis also showed a much-increased percentage of AQP5+ cells on ABM compared to that
on NFS (33% against 9%), but the number of SFTPC+ cells on both types of substrates
remained significantly higher than that of in vivo [34,35], similar to that of previous in vitro
models [20, 22] (Figure 5F). Globally, twice of SFTPC+ and AQP5+ cells were observed on
ABM than on NFS (Figure 5F), indicating more cells reached a mature stage due to a low
stiffness of the substrate [36]. Finally, the cell density on the ABM was about twice that
before maturation (Figure 5G) but the cell height remained almost the same as before (Figure
5H). Compared to the NFS, the alveolar cells on the ABM have a much higher density and a
much-elongated cell shape due to the improved cell-matrix adhesion and cell-cell coupling as

well as the improved cell proliferation and survival rate.

3.5. Alveolar expression of ACE2 and TMPRSS2

Expression of ACE2 and TMPRSS2 was also examined by immunofluorescence imaging.
ACE?2 (angiotensin-converting enzyme 2) is an enzyme attached to the membrane of cells and
capable to convert angiotensin 11 to angiotensin 1-7 that counter regulate pro- and anti-
inflammatory pathways of cells. It can therefore be considered as a potential diagnostic and
prognostic biomarker for chronic inflammatory lung diseases [39,40]. Figure 6 shows the
immunofluorescence images of matured alveolar cells on NFS and ABM, revealing that more
cells expressed ACE2 on ABM than on NFS and that the ACE2 expression level of the cells
on the two types of substrates are comparable. Moreover, the ACE2 expression of the cells on
ABM was dispersed (ABM-D as indicated by white arrow) or clustered (ABM-C), while only
clustered expression of ACE2 was observed with the cells on NFS. The high percentage of
ACE2+ cells on the ABM would suggest a high degree of cell maturation probably not only
involving the AT2 cells. Finally, the expression of TMPRSS2 (transmembrane protease,

serine 2) of the cells was also examined. As shown in Figure 6D, the TMPRSS2 expression of

12



the cells was more homogenous, suggesting that the expressions of the two proteins were not
correlated.

4. DISCUSSION

Here, we present an in vitro model to study the effect of epithelial folding by
differentiating cells on the ABM. Such an ABM is an ultrathin dense and sheet-like ECM,
self-assembled in the porous area of a monolayer of crosslinked gelatin nanofibers deposited
on a patterned honeycomb micro-frame. The properties of the ABM, including the surface
morphology, stiffness, permeability, wetting, and cell adhesion behaviors, were evaluated to
demonstrate the suitability of the device for cell culture, epithelial formation, and studies of
the folding effects. hiPSC-PLPs were used to generate folded epithelium due to cell
proliferation and pliable characteristics of the ABM. Besides, a simple calculation was
introduced to explain the observed folding effect. Compared to the previous in vitro studies
which relied mostly on cell growth on a patterned surface [37-39], the present approach is
more generic and applicable with various physiological and pathological conditions.

Gelatin was chosen to produce electrospun nanofibers based on our previous studies on
hiPSC culture and differentiation [40-43]. Gelatin is a degraded form of collagen which is the
most abundant protein in our body. We have shown that hiPSCs cannot propagate on flat
gelatin layers due to insufficient cell attachment but they can be expanded over more than 10
generations on a surface with nanofibrous morphology [44]. Moreover, a suspended
monolayer of crosslinked gelatin nanofibers can be easily used as the backbone for the self-
assembling of BM proteins. Of note, gelatin nanofibers alone might be digested by mature
epithelial or endothelial cells, but they become more stable after BM protein self-assembling
and even more stable when used for coculture of epithelial and endothelial cell layers [23,30].
Finally, gelatin is a hydrogel with relatively low stiffness, while the effective Young’s
modulus of a monolayer of nanofibers may even be much lower than that of bulk as
determined in 3.1. Based on the theory of cellular solids [45], the effective Young’s modulus
of the gelatin nanofiber structure can also be calculated analytically. Considering a hexagonal

lattice of segment length of |, thickness of 2a, and material Young’s module of Es, the in-
plane and out-of-plane Young’s moduli of the structure are given by E:j—g E (ZTa)3 and
E:\/Z—§ ES(ZTa), respectively. Assuming a ratio of thickness to segment length of 0.1 and a

material Young’s modulus of 4.9 MPa, we obtain an effective in-plane and out-of-plane

Young’s modulus of 3.12 kPa and 156 kPa respectively. After self-assembling BM proteins,
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the in-plan and out-of-plan Young’s moduli might be in the same order of its backbone and
comparable to that of human lung tissues [8].

In the present work, only two principal proteins of the BM (collagen 1V and laminin) were
used for the preparation of the ABM but adding other BM components such as
entactin/nidogen and perlecan should be beneficial for the quality improvement of the ABM
since they are potential linkers of collagen IV and laminin networks [5,6]. As an epithelial
culture platform, the cell adhesion relies on the interaction between BM proteins and integrins
through the hemidesmosome complex [46,47], while significant crosstalk exists between
integrins and cadherins [47], the two responsible for mechanotransduction during
development and tissue morphogenesis [48]. Obviously, growing epithelial cells can degrade,
secrete, and deposit BM proteins, making them an indissociable assembly. We assume that
ABM is an important enabling factor for the early setting of epithelial tissue layers. A
systematic study on such a naturally occurred complexity would be interesting.

Coming back to the folding effect, the interplay between the growing epithelial cells and
the underlying BM results in the morphology of the epithelium. While the epithelial generated
forces are due to the increase in cell number, the integrity of the epithelium depends on the
coupling between cells and BM proteins as well as the stiffness and permeability of the BM
[49-54]. If the substrate is stiff or the cell-BM adhesion is weak, the proliferation-induced
excess cells could be extruded and cell growth could be stopped. Otherwise, the excess cells
lead to the accumulation of actin and myosin-based contraction forces which may deflect or
fold the substrate [55,56]. In our case, both hiPSC-PLPs and hiPSC-APCs are capable to
expand during their differentiation processes and both are able to deform the underlying
ABM. In addition, the ABM is ultrathin and highly permeable to nutrients and metabolites
which favorite the monolayer cell organization and the hemostasis of the system no matter the
epithelium is folded or not. Obviously, this is not possible with a stiff substrate or
conventional membranes.

Epithelial folding is a common effect or a general strategy of tissue formation when
generating spatial structure in the three-dimensional space as observed in the lung, kidney,
intestines, and stomach. These organs exhibit a variety of folded multicellular structures in
favoring the exchange of nutrients and metabolites. Typically, these structures are periodic
with pitch size in the order of 100 pm, which is comparable to the side length of the
honeycomb micro-frame of the ABM device and the folding feature we observed (Fig.2).
From a physical point of view, folding is expected in a growing constrained system due to
buckling instability [57]. Since neither ABM nor epithelial cell layer is simply elastic, the
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numerical results of Fig. S3A and S3B based on the plate theory are only indicative.
Nevertheless, the predicted singularities of both radial and tangential strain are meaningful,
suggesting the location where buckling may easily occur with rotational symmetry of order 6.
This could be correlated to the experimental signature appeared in Figure 2 and 3.

From an engineering point of view, the design of the ABM with a three-level architecture
(frame-nanofiber-BM) is the result of a trade-off of biomimicking and micro-processing.
While the first level of the architecture (honeycomb frame) can be produced massively at low
cost with various microfabrication techniques, the second level (monolayer of crosslinked
nanofibers) can also be manufactured at low cost by electrospinning and the third level can be
done by spraying a protein-containing solution to the device or dipping the device in a
protein-containing solution. Since the geometry and size of the frame can be easily changed
by design and other techniques (electrospinning, spraying, and dipping) can be explored with
different material/molecules, the method proposed in this work is genetic which can be
applied to a large variety of applications. For example, frames could be designed to generate a
particular type of folding generally observed with an in vivo intestinal or skin epithelium. It
could also be possible to pre-form the nanofiber backbone into dome- or tube-like shapes for
replating hiPSC-derived or primary cells. Obviously, the fabricated ABM can be used to
generate other types of epithelium, endothelium, or epithelium/endothelium co-culture
systems, including intestinal barriers, brain blood barriers (BBB), etc. In this regard, it might
be possible to develop an intestinal model to examine more closely the distribution of
different cell types within a folded epithelium. In this regard, the ABM device might be an
efficient alternative to hydrogel scaffolds [58] for future studies. Moreover, the generated cell
layers can be easily integrated into a microfluidic device for organ-on-a-chip applications.
Yet, a more comprehensive investigation has to be developed for both ABM characterization
and real-time monitoring of the epilayer formation. More importantly, the functionality of
generated alveolar epithelium has to be demonstrated, including the air-blood barrier
formation, gas exchange, pathogen protection, etc. It is then important to develop real-time
monitoring systems such as microfluidic TEER techniques for consistent data readout.
Altogether, the method developed in this work hold potential for both basic research and
advanced cell-based assays for toxicity testing, disease modelling, drug screening, tissue

engineering, and regenerative medicine.

5. CONCLUSION
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We described a method to develop alveolar epithelial cells on ABM. hiPSC-derived lung
progenitors were used which led to remarkable epithelial deformation and folding without
losing monolayered cell organization. The observed deformation patterns could be correlated
to geometry-dependent strain distribution of the ABM and the epilayer. We also showed a
high-level expression of SFTPC+ cells and an increase in AQP5+ cells with respect to that on
a nanofiber-covered glass. Thus, our study demonstrates a type of self-organization of

epithelial cells on BM-like culture support which allows cell-force generated tissue folding.
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Figure caption

Figure 1 Artificial basement membrane (ABM) and alveolar epithelial formation. (A)
Scanning electron microscopy images of monolayer of crosslinked nanofibers and ABM after
self-assembling of collagen 1V and laminin. (B) Stepwise differentiation of human induced

stem cells to alveolar cells. (C) Schematic diagram of involved culture conditions.

Figure 2 Confocal fluorescence images of hiPSC-derived alveolar progenitor cellson ABM
Cells were stained by NKX2.1 (green), ZO-1 (red), and DAPI (blue) 6 days after plating. (A)
Section views of epithelial folding from the top (56 jam) to bottom (2 m). (B) Top view of 3D
construction of the cell layer after ZO-1 staining. (C) Cross-sectional views of different XZ
planes. (D) Cross-sectional views of an XZ plan, showing expression levels of alveolar

progenitor specific proteins. Scale bars: 50 pm.

Figure 3 Comparison of hiPSC-derived alveolar progenitor cells on different substrates.
Cells were stained by NKX2.1 (green), ZO-1 (red), and DAPI (blue) 6 days after plating on
glass, nanofiber substrate (NFS), and ABM. (A) Immunofluorescence images showing
monolayer organizations with two types of singularities (yellow circle marked). Scale bars: 20
pm. (B) Schematic illustration of typical epithelial singularities. (C) Statistics of cell density,

NKX2.1, and ZO-1 expression levels of the cells on different types of substrates.

Figure 4 Immunofluorescence images of matured alveolar epithelial cells on ABM. Cells
were stained by SFTPC (green), AQP5 (red), and DAPI (blue) 17 days after plating. (A)
Projection view of a Z-stack of microscope images. (B) Cross-sectional views of four XZ plane

indicated in (A). (C) Selected sectional views from the Z-stack. Scale bars: 50 pm.

Figure 5 Immunofluorescence images of matured alveolar epithelial cells. Cells were
stained by SFTPC (green), AQP5 (red), and DAPI (blue) 17 days after plating on NFS and

ABM. (A) Cross-sectional views at XY and XZ planes. (B) Zoom view at AZ plane. (C) Zoom

22



views at the top and bottom XY planes. Statistical analyses of (D) cell density per 100x100
um?, (E) cell height, (F, G) fluorescence intensity of Z-stack projection for SFTPC and AQP5,
respectively. (H) Percentage of SFTPC+; SFTPC+/AQP5+; and AQP5+ cells. Scale bars: 50
pm.

Figure 6 Immunofluorescence images of matured alveolar epithelial cells. Cell were stained
with ACE2 (green) and TMPRSS2 (red) antibodies and DAPI (blue) 17 days after plating on
NFS and ABM. (A) Comparison of the ACE2 distribution. White and yellow arrows indicate
dispersed and clustered-ACE2 expression, referred as ABM-D and ABM-C, respectively. (B)
Percentage of ACE2+ cells. (C) ACE2 expression levels of the cells. (D) Distribution of

TMPRSS and ACE2 proteins. Scale bar is 50 pm.
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Figure 4
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Figure 5
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Figure S1

A: Basal part (bottom view) E: PDMS ring (for basal part)
B: Basal part (top view) F: ABM

C: Apical part (bottom view) G: PDMS ring (for apical part)
D: Apical part (top view) H: Assembly in a 6 well plate



Fig. S2
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Fig. S3




Fig. S4
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