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Influence of mesenchymal and biophysical 
components on distal lung organoid 
differentiation
Olivia Goltsis1,5, Claudia Bilodeau1,2, Jinxia Wang1, Daochun Luo1, Meisam Asgari4, Laurent Bozec2,4, 
Ante Pettersson1, Sandra L. Leibel3 and Martin Post1,2,5*   

Abstract 

Background Chronic lung disease of prematurity, called bronchopulmonary dysplasia (BPD), lacks effective thera-
pies, stressing the need for preclinical testing systems that reflect human pathology for identifying causal pathways 
and testing novel compounds. Alveolar organoids derived from human pluripotent stem cells (hPSC) are promising 
test platforms for studying distal airway diseases like BPD, but current protocols do not accurately replicate the distal 
niche environment of the native lung. Herein, we investigated the contributions of cellular constituents of the alveo-
lus and fetal respiratory movements on hPSC-derived alveolar organoid formation.

Methods Human PSCs were differentiated in 2D culture into lung progenitor cells (LPC) which were then further 
differentiated into alveolar organoids before and after removal of co-developing mesodermal cells. LPCs were also dif-
ferentiated in Transwell® co-cultures with and without human fetal lung fibroblast. Forming organoids were sub-
jected to phasic mechanical strain using a Flexcell® system. Differentiation within organoids and Transwell® cultures 
was assessed by flow cytometry, immunofluorescence, and qPCR for lung epithelial and alveolar markers of differen-
tiation including GATA binding protein 6 (GATA 6), E-cadherin (CDH1), NK2 Homeobox 1 (NKX2-1), HT2-280, surfactant 
proteins B (SFTPB) and C (SFTPC).

Results We observed that co-developing mesenchymal progenitors promote alveolar epithelial type 2 cell (AEC2) 
differentiation within hPSC-derived lung organoids. This mesenchymal effect on AEC2 differentiation was corrobo-
rated by co-culturing hPSC-NKX2-1+ lung progenitors with human embryonic lung fibroblasts. The stimulatory effect 
did not require direct contact between fibroblasts and NKX2-1+ lung progenitors. Additionally, we demonstrate 
that episodic mechanical deformation of hPSC-derived lung organoids, mimicking in situ fetal respiratory movements, 
increased AEC2 differentiation without affecting proximal epithelial differentiation.

Conclusion Our data suggest that biophysical and mesenchymal components promote AEC2 differentiation 
within hPSC-derived distal organoids in vitro.

Keywords Alveolar organoids, Lung fibroblasts, Pluripotent stem cells, Mechanical strain
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Introduction
One of the leading morbidities in preterm infants is 
bronchopulmonary dysplasia (BPD). This disease has 
many causes, and the incidence has not decreased in 
over 4 decades. To lessen the burden of disease we need 
robust preclinical platforms to mimic lung pathology and 
to test novel compounds. Human alveolar organoids cre-
ated by directed differentiation of human pluripotent 
stem cells (hPSC) are promising platforms to investigate 
well-known BPD risk factors like hyperoxia and over-
stretch on human alveolar growth and differentiation. 
Ample studies have demonstrated differentiation of hPSC 
(ESC and iPSC) towards alveolar progeny in 2D and 3D 
culture systems [1–4]. In general, published protocols 
recapitulate chemical cues present during development 
in a stepwise fashion. First, hPSCs are differentiated into 
NKX2-1+ lung progenitors [1, 2, 5–8]. Alveolar epithelial 
cells (AEC) are then derived from these lung progenitors 
[1, 7]. The most effective method involves sorting the 
progenitor cells into a homogenous population and cul-
turing them in Matrigel [1, 4, 9]. In this hydrogel substra-
tum, lung progenitors self-assemble into 3-dimensional 
(3D) structures called organoids [10]. These organoids, 
with appropriate chemical cues, promote the differen-
tiation of alveolar epithelial type II cells (AEC2). How-
ever, the efficiency varies widely, ranging from 3 to 85%, 
depending on the specific protocol, the hPSC line used, 
as well as the seeding density [1, 2, 4, 9, 11, 12].

Ideally, alveolar organoids should mimic the alveolus 
in situ [13]. To generate such alveolar organoids a better 
understanding and replication of the in situ distal niche 
during development is needed. Most published protocols 
for generating alveolar organoids have ignored mesen-
chymal and biophysical cues. In  vivo, epithelial-mesen-
chymal crosstalk is pivotal for proper lung development 
and AEC2 differentiation [14–17]. Several studies have 
shown that lung organoids derived from unsorted hPSC-
endodermal cells undergoing directed differentiation 
to AEC2 contain mesenchymal cells [11, 12, 18–20]. 
Whether this emerging mesenchymal population has 
a positive effect on epithelial differentiation within the 
organoids is unknown. During development, the epithe-
lium secretes fluid, which is circulated by the contraction 
of embryonic airway smooth muscles, creating a phasic 
hydrostatic distension of the developing airways [21]. 
Additionally, episodic fetal breathing movements (FBM) 
begin in the first trimester of pregnancy and change the 
distal lung surface area [22, 23]. Drainage of lung fluid 
volume [24] or abolition of FBM [25] in experimental 
animal models leads to lung hypoplasia, underscoring 
the importance of physical forces in lung development. 
It is unknown whether cyclic mechanical deformation 
represents a crucial biophysical cue for optimal AEC2 

differentiation within hPSC-derived organoids. In the 
present study, we hypothesized that (1) co-developing 
mesenchymal cells within hPSC-derived lung organoids 
and (2) cyclic mechanical deformation, mimicking res-
piratory movements of the fetal lung, would enhance the 
differentiation of human lung progenitors into AEC2. 
Experimentally, we found evidence that both biophysical 
and mesenchymal cues stimulated AEC2 differentiation. 
These findings may aid in the development of alveolar 
organoid testing platforms for distal lung diseases includ-
ing BPD.

Methods
Maintenance of human pluripotent cells
The human pluripotent cell lines were utilized in accord-
ance with the guidelines provided by the Stem Cell Over-
sight Committee of The Canadian Institute of Health 
Research. Human CA1 ES and NCRM1 iPS cells were 
generous gifts of Dr. Andras Nagy, Lunenfeld Research 
Institute, Sinai Health, Toronto, and the Center for 
Commercialization of Regenerative Medicine, Toronto, 
respectively. The cells were cultured in feeder-free con-
ditions on Matrigel-coated (Matrigel®GFR; Corning, 
#354230) plates in mTeSR™ Plus media (StemCell Tech-
nologies, #05825) with 1% (v/v) penicillin/streptomycin 
(Gibco, #15070-063). Cells were passaged weekly using 
ReLeSR™ (StemCell Technologies, #05825) and Gentle 
Cell Dissociation Reagent (GCDR, Stemcell, #07174), 
respectively. Cultures were maintained at 5%  CO2 in 
ambient air (21%  O2) at 37 °C. Lentiviral infection of ES 
and iPS cells with  hSFTPCGFP reporter is detailed in the 
online supplement.

Differentiation into NKX2‑1+ lung progenitor cells
The differentiation protocol (Fig.  1A) was adapted 
with minor modifications from Yamamoto et  al. [4, 
26] and is described in detail in the online supple-
ment. Briefly, human ES and/or iPS cells were seeded 
at a density of 1.5 ×  106 cells/well onto 6-well ultra-
low attachment plates and differentiated into defini-
tive endoderm in RPMI1640 (Gibco, #118755-119) 
supplemented with 2% B27 without vitamin A (Gibco, 
#12587-010), 100  ng/mL Activin A (Stem Cell Tech-
nologies, #78132), 1  µM CHIR99021 (Tocris, #4423) 
and 1% (v/v) penicillin/streptomycin (Gibco, #15140-
122). On Day 6 of differentiation, cells were harvested 
with TrypLE™ Express (Gibco, #12605028) and ana-
lysed by flow cytometry for definitive endoderm (DE) 
markers c-KIT and CRCX4 (Fig.  S1B). Efficiency of 
DE induction (% c-KIT+/CXCR4+ cells) was consist-
ently greater than 85%. DE cells were further differ-
entiated to ventral anterior foregut endoderm (VAFE) 
by seeding unsorted cells onto 6-well Matrigel-coated 
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Fig. 1 Organoid size depends on lung progenitor cell seeding density. A Directed differentiation schematic for derivation of NKX2-1+ lung 
progenitor (LPC) cells. B Efficiency of NKX2-1 specification at day 22 (n = 25 biological replicates; a.k.a. separate differentiations) analyzed via flow 
cytometry and immunofluorescence. A threshold of ≥ 50% NKX2-1+ cells was used for experiments involving further differentiation to alveolar 
epithelial type II (AEC2) cells. C Schematic depicting the directed differentiation of D22 LPC to HT2-280+/SFTPC+ AEC2 cells in organoid culture. D 
Representative brightfield images of organoid cultures throughout days 28 to 42 of differentiation from different seeding densities. E Representative 
H&E-stained organoid sections derived from different seeding densities at day 42 showing hollow structure. F Average organoid diameter in day 29 
and day 36 organoid cultures from 2.5 ×  104 or 10 ×  104 LPCs. Calculations are based on the measurement of ≥ 180 organoids per condition for three 
biological replicates. G Percentage of Ki-67+ cells, as measured by flow cytometry, in day 29 and day 36 organoids from different seeding densities 
(mean ± SEM, n = 3 biological replicates. *p < 0.05 by one-way ANOVA)
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plates (1.0 ×  106 cells/well) in serum-free differen-
tiation media (SFDM) containing 0.5  µM dorsomor-
phin homologue 1 (DMH1) (StemCell Technologies, 
#73634) and 10 µM SB431542 (Tocris, #1614) for ante-
rior foregut (AFE) patterning. SFDM consisted of 1:1 
(v/v) DMEM/F12 with 2% B27, 1% N2 (Gibco, #17502-
048), 0.05  mg/mL l-ascorbic acid (Sigma, #A92902), 
1% (v/v) Glutamax (Gibco, #35050-061), 0.4  mM 
1-thioglycerol (Sigma, #M6145) 1% (v/v) penicillin/
streptomycin. On Day 11 of differentiation, cells were 
analysed by flow cytometry for the AFE surface mark-
ers CD56 and CD271 (Fig.  S1B). Efficiency of AFE 
induction (%  CD56+/CD271+ cells) was consistently 
greater than 65%. At day 11, medium was changed to 
SFDM supplemented with BMP4 (R&D system, #314-
BP), 0.5 μM retinoic acid (Sigma, #R2625) and 3.5 μM 
CHIR99021 for ventral anterior foregut endoderm 
(VAFE) induction. On Day 15, cells were harvested 
with TrypLE™ Express, analysed for NKX2-1 expres-
sion by flow cytometry, re-seeded on Matrigel-coated 
plates (1.0 ×  106 cells/well) and incubated for 7  days 
in SFDM without N2, supplemented with 10  ng/mL 
FGF7 (StemCell Technologies, #78046.1), 10  ng/mL 
FGF10 (StemCell Technologies, #78037.1) and 3  μM 
CHIR99021 for lung progenitor cell (LPC) formation. 
Medium was changed every other day. For Notch-
inhibited cultures, 20 µM DAPT (Stem Cell Technolo-
gies) was added. All differentiations were performed at 
37 °C in a 5%  CO2 and 5%  O2 environment. On Day 22 
of differentiation, cells were dissociated with TrypLE™ 
Express in single cells, passed through a 40-μm pore 
size cell strainer, and analysed by flow cytometry for 
CD26/CD47, CPM and NKX2-1 expression—markers 
of LPC (Fig. S1B). For source and dilution of antibod-
ies see Tables S1A,B in the online supplement.

Culture and irradiation of human embryonic lung 
fibroblasts
Human embryonic lung fibroblasts (hELF, 17.5  weeks 
of gestation, DV Biologics) were cultured in DMEM 
(Gibco, #11965118) containing 10% (v/v) FBS and 1% 
(v/v) penicillin/streptomycin. Cells were passaged 
maximally 5 times. At 80–90% confluency, hELF were 
irradiated (Gammacell 40 SN 264) with 31,000 rad and 
then frozen in 40% DMEM, 50% FBS and 10% DMSO. 
Four days before experimentation, irradiated fibro-
blasts (ihELF) were thawed, seeded onto 12-well plates 
(3 ×  105 cells/well) in DMEM supplemented with 10% 
(v/v) FBS and 1% (v/v) penicillin/streptomycin. Based 
on VivaFix 410/450 (Bio-Rad, #1351112) viability meas-
urements > 80% of the ihELF cells remained viable for at 
least 3 weeks in culture.

Differentiation of NKX2‑1+ lung progenitor cells into AEC2 
cells
Only differentiations that yielded > 50% NKX2-1+ pro-
genitors were used. The cells (2.5 ×  104 or 10 ×  104) were 
resuspended in a 400  μL 1:1 mixture of Matrigel® GFR 
and distalizing medium consisting of Ham’s F12-based 
SFDM containing 100  μM 8-Br-cAMP (Sigma-Aldrich, 
#B7880), 100  μM 3-Isobutyl-1-methylxanthine (IBMX) 
(Sigma-Aldrich, #I5879), 50 nM dexamethasone (Sigma, 
#D4902), 50–100 ng/mL FGF7, 10 µM SB431542, 3 μM 
CHIR99021, 0.25% (v/v) bovine albumin (Gibco, #15260-
037), 15  mM HEPES (Sigma, #H-0891), 0.8  mM  CaCl2 
(Sigma-Aldrich, #449709), 0.1% (v/v) ITS Premix (Sigma, 
#13146) and 1% (v/v) penicillin/streptomycin. The cell 
suspension was loaded onto a Transwell® insert, placed 
in a well of a 12-well plate and 0.5 mL of AEC2 induction 
medium was added to the well and changed every other 
day (Fig. 1C).

For mechanical stretching, lung progenitor (> 50% 
NKX2-1+) cells (2.5 ×  105/mL) were resuspended in a 
mixture of AEC2 induction medium and 80% Matrigel® 
GFR. One mL of cell suspension was then seeded into 
each well of a 6-well tissue train® circular foam culture 
plate (FlexCell, TTCF-5001U) and incubated at 37 °C for 
2 h to facilitate gelation. Three mL of induction medium 
was added which was changed every 2–3 days. Mechani-
cal stretching was implemented 3 days post-seeding, the 
tissue train circular foam culture plate was connected to 
the FX-4000 Tension System (FlexCell). Settings were set 
to mimic fetal breathing movements, i,e, 5% elongation, 
frequencies of 1 Hz, square waveform, continuous cycle 
of 15 min ON and 45 min OFF [27]. Organoids were sub-
jected to this phasic strain regimen for 21 days. All cul-
tures were maintained at 37  °C in a 5%  CO2 and 5%  O2 
environment.

Sorting  CPM+ lung progenitor cells
On Day 22 of differentiation, cells were harvested with 
TrypLE™ Express and passed through a 40-μm pore size 
cell strainer. Cells were stained with unconjugated mouse 
anti-human CPM monoclonal antibody for 30  min at 
4  °C and subsequently incubated with Alexa Fluor 647 
donkey anti-mouse IgG and VivaFix 410/450 viability 
dye for 30 min at 4 °C. A MoFlo XDP U/VBR (Beckman 
Coulter) sorter was used for isolating viable  CPM+ cells. 
For source and dilution of antibodies see Tables S1A/B in 
the online supplement.

Flow cytometry and immunofluorescence analysis
Flow cytometry and immunofluorescence was conducted 
as previously described [28, 29]. The procedure of both 
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methods is detailed in the online supplement. Antibodies 
and their concentrations are described in Tables  S1A/B 
in the online supplement.

Electron microscopy
Samples processing and microscopy was performed as 
previously reported [30]. Details are described in the 
online Supplement.

RNA isolation, cDNA preparation and real‑time PCR
Total RNA was isolated from cells and organoids using 
the PureLink RNA Micro kit (Thermo Fisher Scientific, 
#12183016) and reverse transcribed with the Super-
Script™ IV SuperScript IV First-Strand Synthesis System 
(Invitrogen, #18091050). PCR amplification was con-
ducted using the SYBR Select Master Mix (Applied Bio-
systems, #34472908) and probes targeting various genes 
of interest are listed in Table S2 in the online supplement. 
Gene expression was normalized to beta-actin (ACTB) 
and expressed relative to selected appropriate positive or 
negative controls.

Measuring organoid diameter
Organoid diameter was measured using the built-in 
scale bar function on the EVOS M5000 imaging system 
(ThermoFisher Scientific). Most organoids had a cir-
cular appearance (Fig.  1D) with an aspect ratio (width 
over length) ranging between 0.85 and 1.15. To obtain 
the mean of length diameter of each biological repli-
cate, more than 150 organoids from each condition were 
imaged and measured.

Matrigel stiffness
The mechanical properties of 50 versus 80% Matrigel 
prior to cell seeding were assessed by atomic force 
microscopy. The 50 and 80% Matrigel samples were pro-
duced by mixing pure Matrigel with ice-cold base media 
used for cell differentiation. The Matrigel mixtures were 
cold-pipetted into 3D-printed wells mounted on AFM 
specimen discs. Specimens were made approximately 
2  mm thick to avoid substrate effects during indenta-
tion. The samples were placed in Petri dishes sealed with 
paraffin film to avoid evaporation and were allowed to 
polymerize at 37 °C overnight. A JPK atomic force micro-
scope (Nano-wizard 4, Bruker Nano, Berlin, Germany) 
coupled to an inverted Zeiss Axiovert 200 M microscope 
(Carl Zeiss Microscopy, Göttingen, Germany) was used 
for the indentation tests. Soft tip-less non-conductive 
silicon nitride probes (NP-O10-D nominal spring con-
stant of 0.06 N/m, and a nominal resonance frequency of 
18  kHz) (Bruker, Mannheim, Germany) were function-
alized using 10  µm radius spherical polystyrene beads 
(Phosphorex Inc. Hopkinton, MA). Prior to each test, 

the deflection sensitivity of the cantilever was calibrated 
by engaging the cantilever on the surface of a clean glass 
slide. The precise spring constant of the cantilever was 
calibrated with the thermal noise fluctuations in air by 
fitting the first free resonance peak of the AFM cantilever 
to that of a simple harmonic oscillator using the JPK soft-
ware. Using the contact mode force spectroscopy of the 
JPK AFM, 4 by 4 points on the gel were indented in each 
of at least 6 different locations (each location an area of 
60 micron by 60 micron). All AFM measurements were 
performed at room temperature with the samples being 
submerged in PBS. Elastic moduli were estimated from 
the force–deflection extend curves for each sample, ana-
lyzed based on the Hertz/Sneddon model using JPK Data 
Processing software (version 6.3.11).

Statistical analysis
All data are presented as mean ± standard error of mean 
(SEM). Statistical analysis was performed using Graph-
Pad Prism Version 7.0.1 software. For multiple groups, 
one-way ANOVA followed by Tukey’s Multiple Compari-
sons Test was used. For less than three groups, a paired 
or unpaired Student t-test was used if both distributions 
were normal while a Mann–Whitney test was used if 
normality was not confirmed. Single asterisks (*) indicate 
statistical significance of p < 0.05.

Results
Higher density seeding of lung progenitor cells improves 
AEC2 differentiation in organoids
Using an adapted protocol [4, 26], we differentiated 
human CA1 ES cells to NKX2-1+ lung progenitor (LPC) 
cells (Figs. 1A and S1). In contrast to the published pro-
tocol, we did not observe any benefit from adding DAPT, 
a γ-secretase inhibitor of the NOTCH pathway, to the 
media for differentiating ventral anterior foregut endo-
derm (VAFE) to LPCs (Fig.  S2). We introduced DAPT 
at different time points and durations during the VAFE 
to LPC differentiation period (Fig.  S2A) and validated 
its inhibition of NOTCH (Fig. S2B) but did not find any 
effect on NKX2-1+ LPC induction (Fig.  S2C). However, 
extending the original duration of differentiation of 
AFE to LPC from D11-15 [4, 26] to D11-22 doubled the 
induction efficiency of NKX2.1+ cells from 21.79 ± 4.21% 
at D15 (n = 14 biological replicates) to 44.35 ± 3.32% at 
D22 (n = 25 biological replicates; a.k.a. 25 separate differ-
entiations) (Fig. 1B). Similar NKX2-1 induction efficien-
cies (45–55%) at D22 of differentiation were observed 
with CA1 ES and NCRM1 iPS cells that both were sta-
bly transfected with a  hSFTPCGFP reporter (Fig.  S3B). 
The flow cytometry data was corroborated by nuclear 
immunostaining of the cells for NKX2-1 (Figs.  1B and 
S3B). Flow cytometry and real-time PCR analysis also 
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indicated a greater commitment of LPCs to SOX9+ 
than SOX2+ progenitor lineages (Fig. S3C). When more 
than 50% of the LPC population at D22 was positive for 
NKX2-1 [19], cells were embedded in a 1:1 diluted (50%) 
Matrigel for organoid formation and then incubated in a 
distalizing medium promoting AEC2 induction (Fig. 1C).

Organoid size and number, but not morphology, were 
dependent on the seeding density of CA1 LPCs (Fig. 1D, 
E). Cultures started with 2.5 ×  104 LPCs yielded less 
organoids than a fourfold higher concentration of LPCs. 
Moreover, organoids in cultures started with 2.5 ×  104 
LPCs were on average double the size of those found in 
the higher density seeded cultures (215.95 ± 11.45 μm vs. 
129.12 ± 5.66  μm diameter at D36) (Fig.  1F). Independ-
ent of seeding density, cells within the organoids were 
highly proliferative based on Ki-67 expression (Fig. 1G). 
In both cultures, we observed a slight but non-significant 
decrease in Ki-67+ cells at D36 versus D29, suggesting a 
small reduction in proliferation as differentiation pro-
gressed. Thus, seeding density of LPCs affects the size of 
the organoids, especially on D36 of differentiation.

We next investigated whether seeding density (i.e., size 
of the organoid) impacted AEC2 differentiation. Flow 
cytometry for HT2-280, a human AEC2 surface marker 
[31], revealed an increase in HT2-280 expression over 
time under both seeding conditions (Fig.  2A, B). The 
percentage of HT2-280+ cells at D43 of differentiation 
was significantly greater in high-density versus low-
density seeded (i.e., smaller vs. larger) organoid cultures 
(20.15 ± 6.05% vs. 7.20 ± 1.20%, p < 0.05). However, the 
percentage of CDH1 (E-cadherin) positive epithelial cells 
was significantly lower in high-density compared to low-
density seeded organoid cultures. The efficiency in AEC2 
differentiation was validated with CA1 and NCRM1 
cells transduced with a  hSFTPCGFP reporter (Fig.  S4). 
The hSFTPC promoter has previously been validated to 
label murine AEC2 in  situ [32, 33]. Immunostaining of 
D43 CA1-SFTPCGFP organoid cells (Fig.  S4A) revealed 
that  GFP+ cells, representing SFTPC expression, were 
positive for CDH1 (see inlet), and that 16.81 ± 1.22% 
(n = 3 biological replicates) of the organoid cells stained 
positive for HT2-280 (Fig. S4C). Flow cytometry for GFP 
(Fig. S4A-right panel) of D43 organoids formed from  105 
CA1-hSFTPCGFP or NCRM1-hSFTPCGFP LPCs demon-
strated that 20.42 ± 2.76% and 21.06 ± 4.40%, respectively, 
of the organoid cells expressed GFP (Fig. S4B), matching 
the differentiation efficiency of LPCs into AEC2 when 
using HT2-280 as readout (Fig. 2B) and was in line with 
the immunostaining findings.

We then assessed whether time in culture increased 
AEC2 differentiation. We dissociated the organoids and 
passaged them into fresh Matrigel at D14 after the ini-
tial start of organoid culture from LPCs, extending the 

duration of organoid differentiation by another week 
(D50 instead of D43). This did not result in a further 
increase hSFTPC-driven GFP expression (Fig.  S4D). 
Real-time PCR analysis of GATA6, a transcription factor 
essential for distal lung epithelial differentiation [34, 35], 
and AEC2 markers SFTPB and SFTPC substantiated the 
HT2-280 and GFP cytometry findings. In both low- and 
high-density seeded organoid cultures, GATA6, SFTPB, 
and SFTPC mRNA expression increased compared to 
either ESC/iPSC (Fig.  S5) or D22 LPCs (Fig.  2C), with 
high-density seeded organoids exhibiting the highest 
expression.

To visualise the diversity of cell types within D43 
organoid cultures, we conducted immunofluorescence 
confocal microscopy for distal and proximal epithe-
lial lung markers. Consistent with the gene expression 
findings, we identified pro-SFTPB+ and HT-280+ cells 
(Fig.  S6A-bottom panels) within the  CDH1+/NKX2-1+ 
(Fig.  S6A-top panels) organoids at D43. Positive immu-
nostaining for mature SFTPB (mSFTB, see inlets of pro-
SFTB images) indicated the presence of cells capable of 
processing pro-SFTPB into its mature form. HTII-280 
staining was apical within the lumen of the organoids, 
in line with an apical-in orientation. Immunostaining 
for SCGB1A1 (club cell marker) and TUBB4A (ciliated 
cell marker) was negative, aligning with the reduction in 
proximal gene expression Fig. S6A-middle panels). Ultra-
structural electron microscopy (EM) analysis of the D43 
organoids revealed cell junctions between epithelial cells 
with microvilli at the apical surface (Fig. S6B-left panels). 
Immuno-gold EM visualized mature SFTPB within cyto-
plasmic pre-lamellar multivesicular structures (Fig. S6B-
left panels), consistent with previous reports for fetal 
AEC2 in situ [36].

Removal of mesenchymal progenitor cells limits AEC2 
differentiation within organoids
We next enriched the CA1 NKX2-1+ expressing popu-
lation before organoid formation using carboxypepti-
dase M (CPM), an enzyme present on the surface of 
lung progenitor cells [1]. Sorting for  CPM+ cells at D22 
(43.43 ± 3.48% of total cells were  CPM+ at D22, n = 8 
biological replicates; Fig.  3A) resulted in an enrichment 
of the NKX2-1 expressing LPCs from 44.35 ± 3.32% to 
80.54 ± 4.05% (Fig. 3B). NKX2-1 immunostaining further 
confirmed the enrichment in the number of NKX2-1+ 
LPCs (Fig. 3B). As depicted in Fig. 3C,  105  CPM+-sorted 
LPCs formed organoids within a few days of seeding 
[1, 37] that were similar in shape and size to organoids 
formed from unsorted (> 50% NKX-2-1+) LPCs (Figs. 1D, 
2, and 3C). Surprisingly, the percentage of HT2-280+ 
cells in D43 organoids established with  CPM+-sorted 
LPCs was significantly lower compared to organoids 
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formed with unsorted LPCs (Fig. 3D), while the percent-
age of  CDH1+ epithelial cells remained unchanged. We 
hypothesized that the reduction of HT2-280+ cells in the 
organoids formed from  CPM+-sorted LPCs occurred due 
to the loss of mesodermal cells, which are known to be 
essential for distal epithelial differentiation [16, 38–40]. 
In our differentiation protocol (Fig. 1A), we did not sort 
for a pure definitive endoderm population as ≥ 85% of 
the cells at D6 of differentiation were double positive for 
c-KIT and CXCR4 (Figs.  S1B and S3A). Therefore, we 
started our differentiation towards AEC2 with a definitive 
endoderm population that was contaminated by other 
lineages, including mesoderm [41, 42]. By sorting the 
D22 cell population for  CPM+ cells, we likely removed 
most of the mesodermal progenitor cells that had 
emerged during the differentiation protocol [11, 12, 18, 
20]. To verify, we compared the expression of mesenchy-
mal markers vimentin (VIM) and actin alpha 2 (ACTA2) 
in our  CPM+-sorted versus unsorted organoid cultures 
[40, 43, 44]. Immunofluorescence confocal microscopy 
revealed the presence of  VIM+ cells in the unsorted 
organoid cultures, while  VIM+ cells were sparse in the 

 CPM+-sorted organoid cultures (Fig. 4A). Reduced VIM 
and ACTA2 expression in the  CPM+-sorted compared 
to unsorted organoid cultures corroborated the immu-
nofluorescence findings (Fig.  4B). Together, the findings 
suggest that organoids formed with  CPM+-sorted LPCs 
contain fewer mesenchymal progenitor cells. The loss in 
 VIM+ cells could also be due to less epithelial-mesen-
chymal transition in the sorted LPC organoid cultures, 
but the similar percentages of  CDH1+ epithelial cells in 
the unsorted and sorted LPC organoid cultures (Fig. 3D) 
argue against epithelial dedifferentiation. Mesenchymal 
support for LPC differentiation into AEC2 was corrobo-
rated by incubating LPCs in the absence and presence of 
human embryonic lung fibroblasts (hELF). Human ELFs 
were mitotically inactivated by irradiation (ihELF) to pre-
vent overgrowth during co-culturing without influencing 
their secretome [45, 46]. D22 NKX2-1+ LPCs were grown 
on Transwell® inserts pre-coated with either Matrigel, 
Laminin, or Collagen type IV (the latter two matrices 
are the main components of Matrigel). The inserts were 
cultured in distalizing medium with and without ihELFs 
seeded in the bottom wells of the Transwell® plates. The 
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Fig. 3 Enriching the NKX2-1+ lung progenitor population does not increase HT-280+ AEC2 differentiation in organoids. A Gating strategy to sort 
for  CPM+ lung progenitor cells on day 22 (D22) of differentiation. B Left panel: Percentage of NKX2-1 positive cells of  CPM+-sorted and unsorted 
D22 LPCs (n = 4 biological replicates, *p < 0.05 by unpaired Student t-test). Right panel: Representative immunofluorescence staining for NKX2-1 
of  CPM+-sorted and unsorted D22 LPCs. C Representative brightfield images of organoid formation by  105  CPM+ sorted LPCs at days 28–39. D 
Percentage of HT2-280+ and  CDH1+ cells in D43 organoids formed with  105  CPM+ sorted versus unsorted LPCs. Unviable cells were identified 
and removed from flow cytometric analysis using the VivaFix 410/450 viability stain (n = 4 biological replicates, *p < 0.05 by unpaired Student t-test)
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percentage of  CDH1+ cells did not differ between LPCs 
cultured for 22  days with or without ihELFs (Fig.  5A). 
However, independent of the coated matrix, co-culture 
with ihELFs increased the percentage of HT2-280+ cells 
(Fig.  5A), confirming the importance of mesenchymal-
epithelial crosstalk for fetal AEC2 differentiation [15, 16, 
38]. Direct contact between ihELF and LPCs within orga-
noids did not further improve HT-280 induction above 
indirect co-culturing (Fig. 5B).

Biophysical forces stimulate AEC2 differentiation 
within organoids
To examine whether mechanical strain affects the dif-
ferentiation of LPC into AEC2 within organoids, we 
recapitulated fetal breathing movements in vitro using 
a 3D stretching device (Fig. 6A). Within 3 days of cul-
ture of D22 unsorted (> 50% NKX2-1+) LPCs in 80% 
Matrigel (concentration required for applying strain to 
organoids using the FlexCell® system), organoid struc-
tures began to form. No apparent differences were 

observed in the morphology of organoids in static com-
pared to stretched conditions (Fig. 6B). The size of the 
organoids did not change with periodic stretching com-
pared to static (non-stretched) controls (128.10 ± 7.54 
vs. 134.02 ± 22.12  mm, mean ± range, n = 3 biological 
repeats, static vs. stretch at D42). Flow cytometry for 
Ki-67 and CDH1 in episodically stretched organoids 
and paired static (non-stretched) controls demon-
strated no significant differences in proliferation and 
epithelial lineage expression, respectively (Figs. 6C and 
S7). However, flow cytometry for HT2-280 revealed 
that episodically stretched organoids had significantly 
more HT2-280+ cells than organoids from static (non-
stretched) cultures (Figs.  6D and S7). Increased gene 
expression of SFTPC in the stretched organoids corrob-
orated these HT2-280 findings (Fig. 6D). Gene expres-
sion of FOXJ1 and SCGB1A1 was similar between static 
and stretched organoids (Fig. 6D), suggesting that epi-
sodic stretching does not contribute to the commitment 
of LPCs to proximal epithelial lung lineages. To exclude 
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that LPC to AEC2 differentiation varied with the stiff-
ness of the original Matrigel, we determined the elas-
tic moduli of Matrigel prior to cell seeding by atomic 
force microscopy (AFM) micro-indentation. Two dif-
ferent batches of Matrigel gave similar results. The 80% 
Matrigel used in the episodic stretch experiments had 

a similar elastic modulus at room temperature as 50% 
Matrigel used in all other experiments (150 ± 13  Pa 
vs. 125 ± 12  Pa, n ≥ 17 measurements). Also, organoid 
size (128.10 ± 7.54 vs. 129.12 ± 5.66  μm diameter) and 
SFTPC induction (Fig.  6D vs. Fig.  2C) under static 
(non-stretched) conditions did not differ between 80 
and 50% Matrigel.
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Discussion
Replicating the alveolar microenvironment for lung 
regenerative purposes has been challenging. Cellular and 
chemical cues of the distal niche have been used to cre-
ate complex human alveolar organoids using either fetal 
lung bud tip progenitors [47, 48] or adult AEC2 cells [10, 
49]. The impact of cellular and biophysical cues on AEC2 
differentiation within hPSC-derived organoids is not well 
understood. Here, we demonstrate that seeding density, 
mesenchymal presence and mechanical strain promote 
AEC2 differentiation within hPSC-derived organoids.

In the present study, our adapted directed differentia-
tion protocol yielded 44–55% NKX2-1+ lung progenitor 
cells without sorting. This was significantly lower than 
the 85% reported by Yamamoto et al. [4], but it matched 
or exceeded what has been reported for other human 
cell lines [1, 2]. The variation in induction efficiency 
could be attributed to factors such as the cell line used, 
the composition of the media and growth factors, the 
type of extracellular matrix coating, or the methodology 
for evaluating NKX2-1+ expression. Immunostaining 
for NKX2-1+ consistently yielded higher percentages [1, 
4] compared to NKX2-1GFP reporters [2]. We observed 
significant oscillation in the percentage of NKX2-1+ pro-
genitors between experiments, consistent with previous 
reports [2]. This inter-experiment variability was inde-
pendent of media composition, hPSC passage number, 
efficiency of differentiation into definitive endoderm, or 
cell seeding density. The induction efficiencies of NKX2-
1+ LPCs at D22 were validated using  CD26low/CD47high 
and  CPM+ flow cytometry.

Herein, we demonstrated that the concentration of 
Matrigel did not affect organoid formation from LPCs. 
While Hawkins et al. [2] used pure Matrigel, we utilized 
50% and 80% Matrigel to enrobe the cells. Despite this 
difference, we did not observe any significant variations 
in organoid formation between 50 and 80% Matrigel. 
Previous studies have shown that lineage differentiation 
of human lung progenitors can be influenced by matrix 
stiffness [50]. To investigate this further, we used AFM 
micro-indentation to measure the mechanical proper-
ties of 50% and 80% Matrigel prior to cell seeding at room 
temperature. Interestingly, we found that the elastic mod-
uli of both concentrations were very similar, measuring 
around 120–150 Pa. These values closely align with those 
reported for pure Matrigel (~ 120  Pa) taken with AFM 
[51]. Thus, it is unlikely that variations in LPC differen-
tiation towards AEC2 between the various published 
reports are due to differences in original Matrigel stiff-
ness, although stiffness might change with culturing. It’s 
worth noting that the measured values are significantly 
lower than the elastic moduli (~ 4.5–10 kPa) reported for 
an alveolar wall [52] and decellularized alveolar ECM [53, 

54]. This suggests that stiffer matrices than Matrigel may 
be required to accurately replicate lineage differentiation 
in the in situ distal niche.

In this study, we evaluated the efficiency of AEC2 dif-
ferentiation using HT2-280 protein expression. HT2-280 
is present on the surface of both fetal and adult human 
AEC2 [31, 55, 56], and its expression aligns with that of 
SFTPC [40]. Several studies have used HT2-280 to sort 
for human AEC2s for the generation of alveolar orga-
noid cultures [10, 40, 57]. While a recent study reported 
challenges in sorting AEC2 with HT2-280 from hiPSC-
derived alveolar organoids [55], it’s important to note that 
this difficulty may be due to certain PSC lines, as other 
studies have successfully identified AEC2s using HT2-
280 in hPSC-derived alveolar organoids [18]. To validate 
our findings, we compared the HT2-280 flow cytometry 
results with those obtained from the GFP expression in 
organoids established with hPSCs that were stably trans-
duced with a  hSFTPCGFP reporter. Both flow cytometric 
readouts, HT2-280 and hSFTPC-GFP, consistently iden-
tified comparable viable AEC2 populations within the 
organoids, which were further confirmed through immu-
nostaining for HT2-280. Our induction efficiency of 
20–30% HT2-280+ cells falls within reported values rang-
ing from 4 to 50% using SFTPC reporters [1, 4, 58]. Our 
starting population consisted of 50–60% NKX2-1+ LPCs. 
Surprisingly, enriching the NKX2-1+ LPC population to 
more than 80% with  CPM+ sorting resulted in a decrease 
in HT2-280+ AEC2 induction within the organoids. The 
absence of any enrichment in SFTPB and SFTPC gene 
expression corroborated that CPM sorting did not lead 
to improved AEC2 differentiation (not shown). By con-
trast, previous studies have reported that enriching the 
NKX2-1 population resulted in a higher yield of  SFTPC+ 
cells within the organoids [1, 4, 9]. However, these yield 
gains were always in comparison to the NKX2-1 nega-
tive populations [1, 2, 4, 9], while we compared our find-
ings to the unsorted > 50% NKX2-1+ LPC population. To 
complicate straight comparisons even further, some stud-
ies included direct co-cultures with fetal lung fibroblast 
cells [1, 4].

We also observed that our CA1 organoids comprised 
heterogenous cell types. Approximately one-third of the 
 CDH1+ epithelial population in our organotypic cultures 
were positive for HT2-280, which raises questions about 
the identity of the remaining 65%  CDH1+ cells. Some 
studies have reported positive staining for AEC1 mark-
ers in their hPSC-derived organoids [4, 12], while oth-
ers showed negative staining [9]. Recently, Kanagaki and 
colleagues reported that presence of mesenchymal cells 
was crucial for AEC1 differentiation in organoids [59]. 
Our CA1 organoid cultures contained hPSC-derived 
mesenchymal  VIM+ cells but stained negative for AEC1 
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markers PDPN and AQP5 (not shown). Also, unlike 
in other studies, no  TUBB4+ ciliated and  SCGB1A1+ 
secretory club cells were detected, [4, 12]. We speculate 
that a portion of the  CDH+ cells in the organoids repre-
sent non-lung endodermal lineages [60]. Ultrastructural 
and immuno-gold EM analysis revealed cell junctions 
between epithelial cells within the organoids and pres-
ence of SFTPB-positive pre-lamellar multivesicular 
bodies, but no lamellar bodies, suggesting an immature 
AEC2 phenotype in HT2-280+ cells at D43 within the 
CA1 organoids. It has been reported that 14  days post-
NKX2-1 enrichment, the NKX2-1+ population within 
lung organoids fell to 60–70% [9], a level comparable to 
our starting population, which raises questions about the 
advantage of enriching the NKX2-1+ population for dis-
tal differentiation within organoids. The heterogenicity in 
organoid cell composition among various studies is likely 
due to variability in differentiation protocols, cellular 
plasticity, contaminating cell populations, and hPSC lines 
used, highlighting the need for standardized protocols to 
facilitate better comparisons.

One major difference between protocols is whether 
the epithelial LPCs are co-cultured with mesenchyme. 
Similar to other studies [1, 4], our organoids and Tran-
swell cultures showed significantly more HT2-280+ cells 
when mesenchymal cells were present. We highlighted 
the importance of mesenchymal cells for AEC2 differ-
entiation within organoids by removing co-developed 
 VIM+ mesodermal cells from our LPC population using 
CPM sorting. This resulted in less HT2-280+ cells within 
the organoids during distal differentiation. Co-culturing 
LPCs with irradiated embryonic lung fibroblasts (iELF) 
in Transwell plates had the opposite effect and resulted in 
more HT2-280+ cells. The stimulatory effect on HT2-280 
induction was independent of the substratum used and 
did not require direct contact between LPCs and iELF. 
The ELF-secretome is unaffected by irradiation [45, 46] 
and contains various factors, including FGFs and WNTs, 
that are key to alveolar organoid formation [17, 39, 61, 
62]. The cocktail of ELF factors stimulating optimal AEC 
differentiation remains yet unresolved.

Finally, we demonstrated the importance of mechani-
cal strain in alveolar development. In utero, the lung is 
exposed to mechanical forces generated by fetal breath-
ing movements (FBM) that stimulate epithelial lung 
growth and differentiation [27, 63, 64]. In a recent study 
using a postnatal lung organoid model of  CD326+ epithe-
lial cells and fibroblasts, it was shown that static stretch 
increased cell proliferation, while cycle stretch promoted 
mesenchymal lineage gene expression [65]. In our study, 
we did not observe an increase in progenitor cell prolif-
eration in organoids subjected to a stretch regimen mim-
icking FBMs. This is not surprising, as more than 70% 

of the progenitors in static organoid cultures are prolif-
erating. Despite no change in proliferation, we observed 
a marked increase in the number of HT2-280+ cells and 
SFTPC expression within the organoids. This aligns with 
previous studies demonstrating that a similar stretch reg-
imen increased the differentiation of primary fetal epi-
thelial cells into AEC2 based on surfactant phospholipid 
[66, 67] and SFTPC [68] production. The mechanotrans-
duction pathways stimulating AEC2 differentiation are 
unknown. Recently, it has been reported that ROCK-Yap/
Taz signaling is essential to regulate AEC1 differentiation 
in response to mechanical loading (stretching) of the fetal 
lung [69]. The role of this mechanotransduction path-
way in episodic stretch stimulated AEC2 differentiation 
remains to be elucidated.

Our study had several strengths, including the utiliza-
tion of both iPSC and ESC lines, as well as the incorpo-
ration of SFTPC-GFP reporter lines. The exploration of 
mechanical strain in a 3D culture system, rather than a 
2D system, is a novel approach with clinical relevance. 
Future applications could involve investigations in the 
impact of injurious strain combined with hyperoxia, 
which are well-known risk factors for BPD, on human 
AEC2 proliferation and differentiation in 3D organoid 
culture. However, there were also several limitations of 
our findings. One limitation is our reliance on HT2-280+ 
AEC2 marker expression. Single-cell transcriptomics 
might have provided a more comprehensive understand-
ing of the distal epithelial population within our orga-
noids and identified non-lung cell populations within 
them [60]. Additionally, a longer duration of culture 
might be necessary to improve alveolar differentiation 
efficiency. Also, we applied a periodic mechanical strain 
constantly during organoid formation. The employed 
strain settings were based upon previous studies with 
fetal lung cells in 2D culture [31]. In  situ, fetal breath-
ing movements start when the pulmonary bronchial 
tree is already partially established and their frequency 
and amplitude increase at the time AT2 differentiation 
occurs [27]. Further studies are needed to investigate 
whether the episodic strain should be applied when orga-
noids already have been formed and if the frequency and 
amplitude of the strain should be altered over time to 
mimic better the in situ strain environment of the devel-
oping distal niche.

Conclusions
Our study highlights the critical factors influencing effi-
cient and validated AEC2 differentiation from hPSCs, 
including lung progenitor concentration, mesenchymal 
population, and mechanical strain. While these fac-
tors increase the yield of AECs, further investigation is 
needed to understand the mechanisms driving AEC1 
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generation in hPSC-derived organoids to achieve a more 
accurate modeling of the human alveolus in  situ. Orga-
noids that replicate closely the alveolar niche will aid in 
understanding human alveolar pathology in lung diseases 
like BPD.
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