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and carbon dioxide gases in the pulmonary alveoli, which 
are located at the distal ends of the respiratory tract. 
However, inhalation of stimuli in the ambient air (e.g., 
chemicals, viruses, and bacteria) can also lead to respira-
tory diseases. Assessment of the impacts of these stimuli 
on the alveoli is important to explore and develop new 
therapeutic methods to treat the associated diseases.

Studies on the alveoli are generally conducted using 
animals or human cell models [1]. In recent years, in vitro 
studies in human cells have become increasingly com-
mon, not only because they provide advantages such 
as simplicity, speed, and inexpensiveness, but because 
they reflect changing viewpoints on the ethics of animal 

Background
Cellular respiration is a vital process for energy produc-
tion in all living organisms. Human cells mainly carry out 
aerobic respiration, which involves the use of oxygen to 
create energy through oxidation of glucose into carbon 
dioxide and water. Breathing, therefore, plays a vital role 
in human survival by facilitating the exchange of oxygen 
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Abstract
Background The alveolar epithelium is exposed to numerous stimuli, such as chemicals, viruses, and bacteria 
that cause a variety of pulmonary diseases through inhalation. Alveolar epithelial cells (AECs) cultured in vitro are a 
valuable tool for studying the impacts of these stimuli and developing therapies for associated diseases. However, 
maintaining the proliferative capacity of AECs in vitro is challenging. In this study, we used a cocktail of three small 
molecule inhibitors to cultivate AECs: Y-27632, A-83-01, and CHIR99021 (YAC). These inhibitors reportedly maintain the 
proliferative capacity of several types of stem/progenitor cells.

Results Primary human AECs cultured in medium containing YAC proliferated for more than 50 days (over nine 
passages) under submerged conditions. YAC-treated AECs were subsequently cultured at the air-liquid interface 
(ALI) to promote differentiation. YAC-treated AECs on ALI day 7 formed a monolayer of epithelial tissue with strong 
expression of the surfactant protein-encoding genes SFTPA1, SFTPB, SFTPC, and SFTPD, which are markers for type II 
AECs (AECIIs). Immunohistochemical analysis revealed that paraffin sections of YAC-treated AECs on ALI day 7 were 
mainly composed of cells expressing surfactant protein B and prosurfactant protein C.

Conclusions Our results indicate that YAC-containing medium could be useful for expansion of AECIIs, which are 
recognized as local stem/progenitor cells, in the alveoli.
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research [2]. Several in vitro models of human alveoli 
have been developed that primarily focus on the alveo-
lar epithelium, which mainly comprises alveolar epithe-
lial cells (AECs) of types I and II (AECIs and AECIIs, 
respectively) in vivo [3]. AECIs are thin, flat cells that are 
responsible for gas exchange, while AECIIs are cuboidal 
cells that secrete lung surfactant, which is essential for 
normal lung function [4–6]. The A549 cell line, derived 
from human lung adenocarcinoma, is commonly used 
as an in vitro model of alveolar epithelium [7]. Like 
most immortalized and tumor-derived cell lines, how-
ever, A549 cells exhibit limited characteristics of in vivo 
alveolar epithelium [8, 9]. Thus, there is a need for the 
development of human AEC lines that are more physi-
ologically relevant [10].

The use of primary human AECs is another option 
for the development of in vitro alveolar epithelial mod-
els because they are expected to exhibit properties that 
closely resemble those of normal tissue. However, AECIs 
are terminally differentiated and lack proliferative capac-
ity. Therefore, expansion of AECIIs, the progenitors of 
AECIs, is necessary for the development of an in vitro 
alveolar epithelial model using primary human cells. 
Several methods for culturing human AECIIs have been 
reported in the literature. For example, a combination 
of feeder cells and the Rho-associated protein kinase 
(ROCK) inhibitor Y-27632 has been reported to maintain 
the proliferative capacity of human AECIIs [11]. Prolif-
eration of human AECIIs can also be maintained without 
feeder cells using spheroid cultures supplemented with 
various factors [12]. Furthermore, there are methods 
for inducing AECs from human pluripotent stem cells 
[13–17]. However, the reported methods for maintaining 
primary AEC proliferation are complex, while those for 
inducing AECs from pluripotent stem cells are also com-
plex, in addition to being time-consuming and expensive. 
Therefore, a simple and universal culture method for pro-
liferating primary human AECs should be included in the 
development of in vitro alveolar epithelial models.

The objective of this study was to develop a human in 
vitro alveolar epithelial model through the establish-
ment of a simple culture method to maintain the pro-
liferative capacity of human AECs. To achieve this, we 
utilized a cocktail of three inhibitors, Y-27632, A-83-
01, and CHIR99021 (YAC), which have previously been 
found to be effective in maintaining the proliferation of 
rat hepatocytes or their progenitors [18, 19]. We hypoth-
esized that YAC would also be useful in maintaining the 
proliferation of primary human AECs, especially AECIIs, 
which are recognized as local stem/progenitor cells in the 
alveoli [20]. Y-27632 is a ROCK inhibitor [21], A-83-01 
is an inhibitor of transforming growth factor-β (TGF-β) 
signaling [22], and CHIR99021 is an activator of Wnt sig-
naling via inhibition of glycogen synthase kinase-3 [23]. 

YAC has been utilized in various combinations to cul-
ture human stem cells [24], and previous studies used 
at least one of these inhibitors to maintain proliferation 
of primary human AECIIs [11, 12, 25]. We obtained pri-
mary human AECs and initially cultured them in flasks 
containing medium supplemented with YAC under sub-
merged conditions, followed by culturing at the air-liquid 
interface (ALI). ALI culture mimics the in vivo environ-
ment of the alveolar epithelium and is known to promote 
the differentiation of AECs [26]. The YAC-treated, ALI-
cultured AECs were then evaluated for the expression of 
alveolar epithelium-specific phenotypes. For comparison, 
we also evaluated ALI-cultured A549 cells that were pre-
pared in accordance with previously described methods. 
A549 cells are conventionally used as an in vitro model of 
AECs [27, 28].

Methods
Cell culture
Human pulmonary AECs (HPAEpiCs) were purchased as 
AECs from ScienCell Research Laboratories (Carlsbad, 
CA, USA). AEC medium (AEpiCM, ScienCell Research 
Laboratories), which is composed of basal medium, fetal 
bovine serum (FBS), penicillin/streptomycin solution, 
and Epithelial Cell Growth Supplement (EpiCGS), was 
used for cultivation. The final concentration of penicil-
lin and streptomycin were 100 units/mL and 100  µg/
mL, respectively. AEpiCM was supplemented with 10 
µM Y-27632, 0.5 µM A-83-01, and 3 µM CHIR99021 (all 
from FUJIFILM Wako Pure Chemical, Osaka, Japan). The 
HPAEpiCs used in this study were from three lots, each 
derived from a different fetus 20 weeks gestation: #27000, 
#28696, and #33625. A549 cells (American Type Culture 
Collection, Manassas, VA, USA) were cultured in Dul-
becco’s modified Eagle medium (Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 10% FBS 
(MP Biomedicals, Santa Ana, CA, USA), as described in 
previous studies [27, 28]. Cells were seeded in collagen 
type I-coated T75 flasks (Corning, Corning, NY, USA) 
at 0.5–1.0 × 106 cells/flask, incubated at 37 °C in 5% CO2, 
and passaged when they reached 80–90% confluency. 
The population doubling level (PDL) of YAC-treated 
HPAEpiCs at each passage was calculated as follows: 
PDL = PDL0 + 3.322(logCf– logCi), where PDL0 is initial 
PDL, Ci is initial cell number seeded into flasks, and Cf is 
final cell yield, or the number of cells at each passage.

ALI culture
YAC-treated HPAEpiCs and conventional A549 cells 
at passage 3 were used for ALI culture. The cells were 
seeded at 1 × 105 cells/cm2 on the apical surface of Tran-
swell inserts (6.5-mm diameter, 0.4-µm pores; Corning) 
in 24-well plates. Cells were cultivated in AEpiCM con-
taining YAC under submerged conditions for 4–9 days 



Page 3 of 10Tanabe et al. BMC Molecular and Cell Biology            (2024) 25:9 

until they reached confluency. The culture medium was 
then removed from the apical surface to establish an ALI 
culture, and the cells were further cultured for 7 days 
in AEpiCM containing YAC. The medium was changed 
every 2–3 days throughout the culture period.

Measurement of tissue integrity
Transepithelial electrical resistance (TEER) values were 
assessed using a Millicell ERS-2 Voltohmmeter (Merck 
Millipore, Burlington, MA, USA) to assess tissue integ-
rity during ALI culture. TEER (Ω × cm2) was calculated as 
follows: TEER = (resistance of tissue insert– resistance of 
blank insert) × surface area of the insert.

Histological analysis
Cells on ALI day 7 were fixed with 4% paraformaldehyde 
(FUJIFILM Wako Pure Chemical), embedded in paraf-
fin, sectioned using a rotary microtome RX-860 (Yamato 
Kohki, Saitama, Japan), deparaffinized, and subjected to 
hematoxylin and eosin or immunohistochemical staining. 
Deparaffinized sections were processed for immunohis-
tochemical staining by incubation in the following series 
of solutions: (1) 10 mM citric acid buffer (LSI Medience, 
Tokyo, Japan) for 15–30 min at 95 °C; (2) blocking buffer 
(phosphate-buffered saline [PBS, Thermo Fisher Scien-
tific] containing 1% bovine serum albumin [Merck Mil-
lipore], and 0.1% Triton X-100 [FUJIFILM Wako Pure 
Chemical]) for 30  min at room temperature (RT); (3) 
primary antibodies against cytokeratin 19 (CK19, diluted 
1:500, ab52625; Abcam, Cambridge, UK), SOX2 (1:400, 
ab97959; Abcam), SOX9 (1:1000, ab185966; Abcam), 
aquaporin-5 (AQP-5, 1:200, ab92320; Abcam), surfac-
tant protein B (SP-B, 1:200, ab40876; Abcam), or pro-
surfactant protein-C (proSP-C, 1:200, ab90716; Abcam) 
for 90  min at RT; (4) Alexa 488-conjugated secondary 
antibody (1:1000, ab150077; Abcam) or Alexa 555-con-
jugated secondary antibody (1:500, A-31572; Thermo 
Fisher Scientific) for 60  min at RT for single-labeling 
studies; anti-HT1-56 antibody (1:100, TB-29AHT1-56; 
Terrace Biotech, San Francisco, CA, USA) for 90  min 
at RT and Alexa 488-conjugated secondary antibody 
(1:500, ab150105; Abcam) for 60  min at RT for double 
staining studies; and (5) DAPI solution (1:1000, Dojindo, 
Kumamoto, Japan) for 15  min at RT. The sections were 
rinsed twice with PBS between each step. Images were 
acquired with an AXIO Imager or Observer (Carl Zeiss, 
Oberkochen, Germany).

Immunocytochemical analysis
Cells on ALI day 7 were fixed with 4% paraformaldehyde, 
then incubated in the following series of solutions: block-
ing buffer for 60  min at RT; antibodies against E-cad-
herin (1:500, ab40772, Abcam), AQP-5 (1:100, ab92320, 
Abcam), or proSP-C, (1:200, ab90716, Abcam) for 90 min 

at RT; Alexa 488-conjugated secondary antibody (1:500, 
ab150077, Abcam) for 60 min at RT; and DAPI solution 
(1:1000, Dojindo) for 15 min at RT. The cells were rinsed 
twice with PBS between each step. Images were acquired 
by a confocal laser scanning microscope (LSM880, Carl 
Zeiss).

Quantitative PCR
Total RNA was extracted from YAC-treated HPAEpiCs 
and A549 cells (passage 3) cultured under submerged 
and ALI conditions using an RNeasy Mini Kit (Qiagen, 
Hilden, Germany). The cDNA was synthesized using 
SuperScript IV VILO Mastermix (Thermo Fisher Scien-
tific). Quantitative real-time PCR was performed using 
a 7900HT Fast Real-Time PCR system (Thermo Fisher 
Scientific) with the following TaqMan gene expression 
assay kits (Thermo Fisher Scientific): Hs00387048_m1 
(AQP5), Hs00831305_s1 (SFTPA1), Hs00167036_m1 
(SFTPB), Hs00161628_m1 (SFTPC), and Hs01108490_
m1 (SFTPD). The following thermal cycling profile 
was applied to all samples: 2 min at 50 °C, 20 s at 95 °C 
followed by 40 cycles of 1  s at 95  °C and 20  s at 60  °C. 
Relative expression levels were calculated by the ΔΔCt 
method using 18 S rRNA (4319413E, Thermo Fisher Sci-
entific) as an internal control. When cycle threshold (Ct) 
values were undetermined, calculations were performed 
with a Ct value of 40. If the Ct values were undetermined 
for an entire set of samples, expression of the gene was 
considered to be undetectable under those conditions. 
HPAEpiCs (lot #27000) cultured under submerged con-
ditions (passage 1) were used as a calibrator (relative 
expression = 1).

Statistical analysis
Data are expressed as mean ± standard error of three 
independent experiments, with six inserts (ALI culture) 
or a single flask (submerged culture) in each experi-
ment. Statistical analysis was performed using GraphPad 
Prism 9 (GraphPad Software Inc., La Jolla, CA, USA) 
employing one-way analysis of variance (ANOVA) or 
two-way ANOVA with Dunnett’s multiple comparison 
test. A p value < 0.05 was considered to indicate statistical 
significance.

Results
Maintenance of AEC proliferation
HPAEpiCs were purchased from ScienCell Research Lab-
oratories as primary human AECs and cultured under 
submerged conditions in AEpiCM supplemented with 
YAC (Fig.  1A). According to the manufacturer, HPAEp-
iCs comprise AECIs and AECIIs and are unsuitable for 
expansion or long-term culture because the cells differ-
entiate to become AECIs immediately after plating. Nor-
mally, AECIs do not proliferate in culture. We measured 
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the PDL for more than 50 days (over nine passages) to 
determine whether the proliferative capacity of HPAEp-
iCs was maintained under treatment with YAC (Fig. 1A). 
Indeed, HPAEpiCs continued to proliferate throughout 
the entire period, regardless of the lot number (Fig. 1B). 
Furthermore, there were no distinct lot-to-lot differences 
in cell morphology at passage 3 (Fig. 1C).

Tissue structure during ALI culture
First, we confirmed that HPAEpiCs were able to be pas-
saged in AEpiCM containing YAC. Next, to confirm 
that these passaged cells had the ability to differentiate 
into alveolar epithelial tissue, we cultured passage 3 cells 
under ALI conditions for 7 days in AEpiCM containing 
YAC (Fig. 2A). We confirmed that YAC-treated HPAEp-
iCs formed monolayered tissues on the porous mem-
brane of commercial Transwell inserts, regardless of lot 

number (Fig. 2B). These tissues comprised cells express-
ing the epithelial cell marker CK19 (Fig.  2B). By con-
trast, A549 cells, which are frequently used as an in vitro 
alveolar epithelial model, formed multilayered structures 
with sparse expression of CK19 when cultured at the ALI 
(Fig. 2B).

Tissue integrity during ALI culture
Next, we assessed the integrity of epithelial tissues 
composed of YAC-treated HPAEpiCs formed at the 
ALI. TEER values, which reflect tight junction forma-
tion, exceeded 100 Ω × cm2 throughout the ALI culture 
period, regardless of the lot number (Fig.  3A). By con-
trast, ALI-cultured A549 cells showed very low TEER 
values. The epithelial tissues derived from two HPAEpiC 
lots (#27000 and #33625) exhibited significantly higher 
TEER values than those derived from ALI-cultured A549 

Fig. 1 Maintenance of proliferative capacity of HPAEpiCs in AEpiCM containing YAC under submerged culture conditions. (A) Schematic diagram of the 
experimental procedure. Each plot represents the date of passaging, with over nine passages during the culture period. (B) Time course of PDLs of YAC-
treated HPAEpiC cultures. (C) Phase contrast images of YAC-treated HPAEpiCs (passage 3). Scale bar: 100 μm
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Fig. 3 Comparative tissue integrity of YAC-treated HPAEpiCs and conventional A549 cells under ALI culture conditions. Passage 3 cells were used for ALI 
culture. (A) TEER values during ALI culture. Data expressed as mean ± standard error (n = 3, three independent experiments). Data obtained from each lot 
of HPAEpiCs were compared with those from A549 cells using two-way repeated measure ANOVA with Dunnett’s multiple comparison test; **p < 0.01. 
(B) E-cadherin expression in ALI-cultured, YAC-treated HPAEpiCs and conventional A549 cells. Blue color indicates nuclei (DAPI), and green color indicates 
E-cadherin (Alexa 488). Scale bar: 50 μm

 

Fig. 2 Comparative histological analysis of YAC-treated HPAEpiCs and conventional A549 cells under ALI culture conditions. (A) Passage 3 cells were 
used for 7-day ALI culture. (B) Representative images of hematoxylin and eosin staining (left panels) and immunohistochemical staining with anti-CK19 
antibody (right panels) on day 7 of culture are shown. Blue color indicates nuclei (DAPI), and green color indicates CK19 (Alexa 488). Scale bar: 50 μm
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cells (Fig.  3A). The results of immunocytochemistry 
revealed that the epithelial tissues derived from all three 
YAC-treated HPAEpiC lots expressed E-cadherin, which 
reflects the formation of adherens junctions, at day 7 of 
ALI (Fig. 3B). E-cadherin expression was sparse in ALI-
cultured A549 cells (Fig. 3B).

Investigation of alveolar epithelial marker expression
Quantitative PCR was performed to compare the expres-
sion levels of alveolar epithelial marker genes in YAC-
treated HPAEpiCs and conventional A549 cells cultured 
under submerged or ALI conditions. AQP5 was selected 
as a marker for AECIs, while SFTPA1, SFTPB, SFTPC, 
and SFTPD were selected as markers for AECIIs. Under 
submerged conditions, AQP5 and SFTPB expression was 
detected in YAC-treated HPAEpiCs, but not in A549 cells 
(Fig.  4A). SFTPA1, SFTPC, and SFTPD were expressed 
in both YAC-treated HPAEpiCs and conventional A549 
cells under submerged conditions, but none of the genes 
showed significantly higher expression in YAC-treated 
HPAEpiCs than in A549 cells, regardless of lot number 
(Fig. 4A). The expression levels of all five genes were dras-
tically increased in all three lots of YAC-treated HPAEp-
iCs under ALI conditions, and were significantly higher 
in YAC-treated HPAEpiCs than in A549 cells, except for 
SFTPD in HPAEpiC lot #27000 (Fig. 4A). Immunocyto-
chemical analysis of YAC-treated HPAEpiCs cultured 
under ALI conditions revealed that AQP-5 was expressed 
in some cells, while proSP-C was expressed in most cells 
(Fig.  4B). Expression of both AQP-5 and proSP-C was 
weak in ALI-cultured A549 cells (Fig. 4B).

Investigation of differentiation status of ALI-cultured 
HPAEpiCs
Further characterization of the alveolar epithelial tis-
sues composed of YAC-treated HPAEpiCs formed at the 
ALI was performed. The tissues were fixed on ALI day 
7 and paraffin sections were prepared for immunohis-
tochemical analysis. There were no cells with detectable 
expression levels of SOX2, a marker of undifferentiated 
proximal lung progenitor cells (Fig. 5), whereas SOX9, a 
marker of undifferentiated distal lung progenitor cells, 
was expressed in a small fraction of cells, regardless of 
the lot number (Fig.  5). While the expression of these 
undifferentiated cell markers was limited, the expression 
of SP-B and proSP-C, which are differentiation markers 
for AECIIs, was detected strongly throughout the tissue, 
regardless of the lot number (Fig.  5). Limited expres-
sion of HT1-56, a differentiation marker for AECIs, 
was observed in a very small fraction of cells in the tis-
sue derived from only one HPAEpiC lot (#33625; Fig. 5). 
Furthermore, expression of these HT1-56 molecules did 
not co-localize with that of AQP-5, another AECI marker 
(Fig. 5).

Discussion
In this study, we aimed to establish an in vitro human 
alveolar epithelial model for research on the pulmonary 
toxicity of inhaled substances and associated diseases. 
Using commercially available HPAEpiCs, we demon-
strated that the use of YAC-containing medium main-
tained the proliferative capacity of the AECs for more 
than 50 days (over nine passages) under submerged cul-
ture, allowing their expansion. Furthermore, under ALI 
culture, YAC-treated HPAEpiCs formed well-organized, 
monolayered epithelial tissue that exhibited higher TEER 
values and higher expression of surfactant-encoding 
genes compared with A549 cells. These findings suggest 
that our in vitro model of ALI-cultured, YAC-treated 
HPAEpiCs mimics the human alveolar epithelium more 
closely than the traditional A549 model.

The idea that the YAC cocktail could be useful for 
maintaining proliferative capacity in human stem/pro-
genitor cells was suggested by the authors of previous 
studies demonstrating YAC-promoted proliferation of 
rat hepatocytes or their progenitors [18, 29]. Therefore, 
we anticipated that HPAEpiC cultures grown in media 
supplemented with YAC might maintain the prolifera-
tive capacity of the AECIIs, which serve as local stem/
progenitor cells in the alveoli. Although our YAC-treated 
HPAEpiCs proliferated for more than 50 days (over 
nine passages) under submerged culture, the details of 
how these small molecule inhibitors individually affect 
HPAEpiCs remain unclear.

Y-27632 is well known as a ROCK inhibitor [21], and 
is thought to reduce stress fiber formation through relax-
ation of the actin cytoskeleton in several cell types [30]. 
The possibility that this effect was involved in maintain-
ing proliferative capacity of our AECIIs is supported by 
recent studies indicating that actin remodeling and cyto-
skeletal strain are important for terminal differentiation 
of AECIIs into AECIs [31, 32]. In addition to inhibiting 
ROCK-mediated terminal differentiation of AECIIs, 
Y-27632 may promote the activation of signaling path-
ways involved in cell proliferation and survival (e.g., Akt, 
ERK, and JNK) [33–35]. Y-27632 reportedly also works in 
combination with fibroblasts as feeder cells to maintain 
AECII proliferation [11], confirming its critical impor-
tance in our novel in vitro human alveolar epithelial 
model.

The fact that Y-27632 interacts with fibroblasts to main-
tain AECII proliferation suggests that A-83-01 (inhibi-
tor of TGF-β signaling) and CHIR99021 (activator of 
Wnt signaling) in YAC may have substituted for the role 
of fibroblasts in our experiments. Lung fibroblasts have 
been shown to promote AECII proliferation by secreting 
essential soluble factors such as keratinocyte growth fac-
tor (KGF), which reportedly suppresses AECII terminal 
differentiation [36, 37]. KGF has also been reported to 
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stimulate AECII proliferation [38], which can be antago-
nized by TGF-β [39]. Based on these reports, it is pos-
sible that A-83-01 promoted AECII proliferation in this 
study by blocking the antagonistic TGF-β signal. In addi-
tion to KGF, lung fibroblasts also reportedly secrete Wnt 

protein [40], and Wnt released from fibroblasts has been 
shown to act on neighboring AECIIs to control their pro-
liferation and differentiation [41]. Therefore, CHIR99021 
may have substituted for fibroblasts by supplying Wnt to 
the AECII niche.

Fig. 4 Expression of AEC markers in YAC-treated HPAEpiCs and conventional A549 cells under both submerged and ALI culture conditions. Passage 3 cells 
were used for analysis. (A) Comparative gene expression analysis of A549 cells and each lot of HPAEpiCs using AQP5 as a marker for AECIs, and SFTPA1, 
SFTPB, SFTPC, and SFTPD as markers for AECIIs. Data expressed as mean ± standard error (n = 3, three independent experiments). Data obtained from each 
lot of HPAEpiCs were compared with those from A549 cells using one-way ANOVA with Dunnett’s multiple comparison test; *p < 0.05; ND, not detected. 
(B) Immunocytochemical analysis of ALI-cultured, YAC-treated HPAEpiCs and conventional A549 cells. Blue color indicates nuclei (DAPI), and green color 
indicates AQP-5/proSP-C (Alexa 488). Scale bar: 50 μm
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Another important finding of this study was that the 
YAC-treated HPAEpiCs formed well-differentiated epi-
thelial tissue at the ALI. Under submerged culture con-
ditions, YAC-treated HPAEpiCs, but not A549 cells, 
expressed AQP5 and SFTPB. The expression levels of 
other genes (SFTPA, SFTPC, and SFTPD) were not 
clearly different between YAC-treated HPAEpiCs and 
conventional A549 cells under submerged conditions. By 
contrast, at the ALI, YAC-treated HPAEpiCs expressed 
higher levels of all five marker genes compared with 
A549 cells.

In addition to gene expression, we also compared 
protein expression between YAC-treated HPAEpiCs 
and A549 cells at the ALI using immunocytochemical 
analysis. YAC-treated HPAEpiCs expressed AQP-5 and 
proSP-C more strongly than A549 cells. These markers 
have been previously well-characterized: AQP-5 in fully 
differentiated AECIs and proSP-C in fully differentiated 
AECIIs [42, 43].

Additional immunofluorescence analysis, using anti-
bodies against both undifferentiated and differentiated 
lung cells, was performed to further characterize the 
differentiation status of YAC-treated HPAEpiCs at the 
ALI. SOX2 and SOX9 are typical markers expressed in 
the proximal and distal part of undifferentiated lung 
bud progenitor cells, respectively [44]. We found that 
SOX2 was not expressed in YAC-treated HPAEpiCs at 
the ALI, consistent with the fact that alveolar epithe-
lial tissue is formed from distal lung buds. While SOX9 

was expressed in a small fraction of cells, typical AECII 
markers such as SP-B and proSP-C were also strongly 
expressed in most of the cells. This is consistent with a 
previous study showing that ALI culture promotes dif-
ferentiation of AECs derived from induced pluripotent 
stem cells, decreases expression of SOX9, and increases 
expression of SFTP genes [45]. Expression of the AECI 
marker HT1-56 was observed in a very small fraction 
of cells, indicating that epithelial tissue derived from 
HPAEpiCs mainly comprised SP-B/proSP-C-positive 
AECIIs. However, this HT1-56 expression was not co-
localized with that of AQP-5, another marker for AECIs. 
One possible explanation for this is the existence of sev-
eral different types of AECI-like cells that express various 
combinations of markers, which would include interme-
diate cells between AECIs and AECIIs [46]. We analyzed 
the expression of these markers using paraffin sections 
obtained from YAC-treated HPAEpiCs on ALI day 7. 
However, it is crucial to note that the expression patterns 
of these markers may undergo dynamic changes during 
the ALI culture. To better understand the types of cells 
that comprise YAC-treated HPAEpiCs and their dynamic 
changes during the ALI culture, we plan to perform a sin-
gle-cell analysis in the future.

The observation that YAC-treated HPAEpiCs mainly 
comprise AECII-like cells is consistent with our hypoth-
esis that YAC maintains the proliferation capacity of 
AECs, especially AECIIs. Considering that ∼ 96% of the 
surface area of human alveoli is covered by AECIs [47], 

Fig. 5 Fluorescent immunohistochemical analysis of paraffin sections obtained from YAC-treated HPAEpiCs on ALI day 7 using antibodies against mark-
ers of undifferentiated and differentiated lung epithelial cells. SOX2 and SOX9 are markers of undifferentiated progenitor cells of the proximal and distal 
lung bud, respectively. SOX9-positive cells are indicated by arrows. SP-B and proSP-C are markers of differentiated AECIIs. HT1-56 and AQP-5 are expressed 
in differentiated AECIs. HT1-56-positive cells are indicated by arrows, while AQP-5-positive cells are indicated by arrowheads. Blue color indicates nuclei 
(DAPI). Scale bar: 50 μm
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our in vitro model may not fully replicate the physiologi-
cal contributions of AECIs and AECIIs in vivo. There-
fore, it will be worth investigating whether YAC-treated 
HPAEpiCs, which mainly comprise AECII-like cells, 
can differentiate into AECI-like cells. One approach for 
promoting the differentiation of YAC-treated HPAEp-
iCs into AECI-like cells is to add the Wnt signal inhibi-
tor XAV939 to the ALI culture medium. This approach 
reportedly promoted the differentiation of AECIIs into 
AECIs [13, 25]. We anticipate that optimizing the ALI 
culture medium of YAC-treated HPAEpiCs will lead to 
ratios of AECI and AECII that more closely resemble 
those in vivo.

Although we successfully developed a well-differenti-
ated alveolar epithelial model derived from human pri-
mary AECs, there are several limitations to this study. 
First, while we demonstrated proliferation of HPAEp-
iCs for more than 50 days (over nine passages), we only 
confirmed expression of AEC markers in YAC-treated 
HPAEpiCs at passage 3. Therefore, it is necessary to 
determine the number of passages for which the differen-
tiation potential of YAC-treated HPAEpiCs can be main-
tained. Additionally, the duration of ALI culture should 
also be investigated further. YAC-treated HPAEpiCs were 
subjected to 7 days of ALI culture in this study. It would 
be interesting to examine the effect of longer durations of 
ALI culture on the differentiation status of the cells.

Second, further research is needed to determine the 
contribution and detailed mechanism of each YAC com-
ponent in maintaining the proliferation of AECIIs in 
HPAEpiC. For this purpose, it will be necessary to test 
the effects of all combinations of the three YAC inhibitors 
to facilitate understanding of the detailed mechanisms of 
action and relative impacts of each. Third, we tested the 
effect of YAC on AECs using HPAEpiCs purchased from 
ScienCell Research Laboratories, which derived from 
the fetal lung. It is important to test if the effect of YAC 
observed in this study is also reproducible with AECs 
derived from the adult lung because some fetal and adult 
cells are known to have different characteristics.

Conclusions
This study demonstrated that the addition of a cocktail 
of three small molecule inhibitors, YAC, could be used 
to maintain proliferative capacity of HPAEpiCs. This 
approach is simpler than previously reported methods 
using feeder cells and spheroid culture. The expanded 
HPAEpiCs were subjected to ALI culture to promote 
differentiation. YAC-treated HPAEpiCs formed a mono-
layered epithelial tissue, predominantly comprising the 
cells expressing markers for AECIIs. AECIIs are known 
to secrete lung surfactant to prevent alveolar collapse, 
and abnormalities in these cells are associated with vari-
ous respiratory diseases. Therefore, this model will be 

useful for testing the inhalation toxicity of various sub-
stances and developing therapeutic methods for associ-
ated diseases.

Abbreviations
AECs  alveolar epithelial cells
AECIs  alveolar epithelial cells of types I
AECIIs  alveolar epithelial cells of types II
AEpiCM  alveolar epithelial cell medium
ALI  air-liquid interface
ANOVA  analysis of variance
AQP-5  aquaporin-5
Ct  cycle threshold
CK19  cytokeratin 19
EpiCGS  Epithelial Cell Growth Supplement
FBS  fetal bovine serum
HPAEpiCs  human pulmonary alveolar epithelial cells
PDL  population doubling level
proSP-C  prosurfactant protein-C
ROCK  Rho-associated protein kinase
RT  room temperature
TEER  transepithelial electrical resistance
TGF-β  transforming growth factor-β
YAC  Y-27632,A-83-01,and CHIR99021

Acknowledgements
The authors are grateful to Michelle Kahmeyer-Gabbe, PhD from Edanz 
(https://en-author-services.edanzgroup.com/) for editing a draft of this 
manuscript.

Author contributions
S.I. conceived and designed the study. I.T. and K.I. acquired the data. I.T. and 
S.I. analyzed and interpreted the data. I.T. drafted the manuscript. All authors 
reviewed and revised the draft manuscript. All authors approved the final 
version of the manuscript for publication.

Funding
This research was funded by Japan Tobacco Inc. and all authors are employees 
of Japan Tobacco Inc.

Data availability and materials
The datasets generated and/or analyzed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 October 2023 / Accepted: 11 March 2024

References
1. Bonniaud P, Fabre A, Frossard N, Guignabert C, Inman M, Kuebler WM, Maes T, 

Shi W, Stampfli M, Uhlig S et al. Optimising experimental research in respira-
tory diseases: an ERS statement. Eur Respir J 2018, 51(5).

2. Festing S, Wilkinson R. The ethics of animal research. Talking point on the use 
of animals in scientific research. EMBO Rep. 2007;8(6):526–30.

3. Whitsett JA, Weaver TE. Alveolar development and disease. Am J Respir Cell 
Mol Biol. 2015;53(1):1–7.

4. Fehrenbach H. Alveolar epithelial type II cell: defender of the alveolus revis-
ited. Respir Res. 2001;2(1):33–46.

https://en-author-services.edanzgroup.com/


Page 10 of 10Tanabe et al. BMC Molecular and Cell Biology            (2024) 25:9 

5. Mason RJ. Biology of alveolar type II cells. Respirology. 2006;11(Suppl):S12–15.
6. Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, Randell 

SH, Noble PW, Hogan BL. Type 2 alveolar cells are stem cells in adult lung. J 
Clin Invest. 2013;123(7):3025–36.

7. Lieber M, Smith B, Szakal A, Nelson-Rees W, Todaro G. A continuous tumor-
cell line from a human lung carcinoma with properties of type II alveolar 
epithelial cells. Int J Cancer. 1976;17(1):62–70.

8. Hiemstra PS, Tetley TD, Janes SM. Airway and alveolar epithelial cells in 
culture. Eur Respir J 2019, 54(5).

9. Kuehn A, Kletting S, de Souza Carvalho-Wodarz C, Repnik U, Griffiths G, 
Fischer U, Meese E, Huwer H, Wirth D, May T, et al. Human alveolar epithelial 
cells expressing tight junctions to model the air-blood barrier. Altex. 
2016;33(3):251–60.

10. Sengupta A, Roldan N, Kiener M, Froment L, Raggi G, Imler T, de Maddalena L, 
Rapet A, May T, Carius P, et al. A New Immortalized Human alveolar epithelial 
cell model to Study Lung Injury and Toxicity on a breathing Lung-On-Chip 
system. Front Toxicol. 2022;4:840606.

11. Bove PF, Dang H, Cheluvaraju C, Jones LC, Liu X, O’Neal WK, Randell SH, 
Schlegel R, Boucher RC. Breaking the in vitro alveolar type II cell proliferation 
barrier while retaining ion transport properties. Am J Respir Cell Mol Biol. 
2014;50(4):767–76.

12. Shiraishi K, Nakajima T, Shichino S, Deshimaru S, Matsushima K, Ueha 
S. In vitro expansion of endogenous human alveolar epithelial type II 
cells in fibroblast-free spheroid culture. Biochem Biophys Res Commun. 
2019;515(4):579–85.

13. Kanagaki S, Ikeo S, Suezawa T, Yamamoto Y, Seki M, Hirai T, Hagiwara M, 
Suzuki Y, Gotoh S. Directed induction of alveolar type I cells derived from plu-
ripotent stem cells via wnt signaling inhibition. Stem Cells. 2021;39(2):156–69.

14. Huang SX, Islam MN, O’Neill J, Hu Z, Yang YG, Chen YW, Mumau M, Green MD, 
Vunjak-Novakovic G, Bhattacharya J, et al. Efficient generation of lung and 
airway epithelial cells from human pluripotent stem cells. Nat Biotechnol. 
2014;32(1):84–91.

15. Dye BR, Hill DR, Ferguson MA, Tsai YH, Nagy MS, Dyal R, Wells JM, Mayhew CN, 
Nattiv R, Klein OD et al. In vitro generation of human pluripotent stem cell 
derived lung organoids. Elife 2015, 4.

16. van Riet S, Ninaber DK, Mikkers HMM, Tetley TD, Jost CR, Mulder AA, Pasman 
T, Baptista D, Poot AA, Truckenmuller R, et al. In vitro modelling of alveolar 
repair at the air-liquid interface using alveolar epithelial cells derived from 
human induced pluripotent stem cells. Sci Rep. 2020;10(1):5499.

17. Bluhmki T, Traub S, Muller AK, Bitzer S, Schruf E, Bammert MT, Leist M, Gantner 
F, Garnett JP, Heilker R. Functional human iPSC-derived alveolar-like cells 
cultured in a miniaturized 96Transwell air-liquid interface model. Sci Rep. 
2021;11(1):17028.

18. Katsuda T, Kawamata M, Hagiwara K, Takahashi RU, Yamamoto Y, Camargo 
FD, Ochiya T. Conversion of terminally committed hepatocytes to Cultur-
able Bipotent Progenitor cells with regenerative capacity. Cell Stem Cell. 
2017;20(1):41–55.

19. Fu Q, Ohnishi S, Suda G, Sakamoto N. Small-molecule inhibitor cocktail pro-
motes the proliferation of pre-existing liver progenitor cells. Stem Cell Rep. 
2022;17(7):1589–603.

20. Desai TJ, Brownfield DG, Krasnow MA. Alveolar progenitor and stem cells in 
lung development, renewal and cancer. Nature. 2014;507(7491):190–4.

21. Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T, Tamakawa 
H, Yamagami K, Inui J, Maekawa M, et al. Calcium sensitization of smooth 
muscle mediated by a rho-associated protein kinase in hypertension. Nature. 
1997;389(6654):990–4.

22. Tojo M, Hamashima Y, Hanyu A, Kajimoto T, Saitoh M, Miyazono K, Node 
M, Imamura T. The ALK-5 inhibitor A-83-01 inhibits smad signaling and 
epithelial-to-mesenchymal transition by transforming growth factor-beta. 
Cancer Sci. 2005;96(11):791–800.

23. Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, Arthur 
JS, Alessi DR, Cohen P. The selectivity of protein kinase inhibitors: a further 
update. Biochem J. 2007;408(3):297–315.

24. Feng Y, Luo J, Cheng J, Xu A, Qiu D, He S, Zheng D, Jia C, Zhang Q, Lin N. A 
small-molecule cocktails-based strategy in culture of mesenchymal stem 
cells. Front Bioeng Biotechnol. 2022;10:819148.

25. Yang JW, Lin YR, Chu YL, Chung JHY, Lu HE, Chen GY. Tissue-level alveolar epi-
thelium model for recapitulating SARS-CoV-2 infection and cellular plasticity. 
Commun Biol. 2022;5(1):70.

26. Wu J, Wang Y, Liu G, Jia Y, Yang J, Shi J, Dong J, Wei J, Liu X. Characterization of 
air-liquid interface culture of A549 alveolar epithelial cells. Braz J Med Biol Res. 
2017;51(2):e6950.

27. Öhlinger K, Kolesnik T, Meindl C, Gallé B, Absenger-Novak M, Kolb-Lenz D, 
Fröhlich E. Air-liquid interface culture changes surface properties of A549 
cells. Toxicol vitro: Int J Published Association BIBRA. 2019;60:369–82.

28. Leibrock L, Wagener S, Singh AV, Laux P, Luch A. Nanoparticle induced barrier 
function assessment at liquid-liquid and air-liquid interface in novel human 
lung epithelia cell lines. Toxicol Res (Camb). 2019;8(6):1016–27.

29. Katsuda T, Ochiya T. Biological and clinical insights offered by chemically 
induced liver progenitors (CLiPs). Stem Cell Investig. 2017;4:68.

30. Narumiya S, Ishizaki T, Uehata M. Use and properties of ROCK-specific inhibi-
tor Y-27632. Methods Enzymol. 2000;325:273–84.

31. Shiraishi K, Shah PP, Morley MP, Loebel C, Santini GT, Katzen J, Basil MC, Lin 
SM, Planer JD, Cantu E et al. Biophysical forces mediated by respiration main-
tain lung alveolar epithelial cell fate. Cell 2023.

32. Lin C, Zheng X, Lin S, Zhang Y, Wu J, Li Y. Mechanotransduction regulates the 
interplays between alveolar epithelial and vascular endothelial cells in lung. 
Front Physiol. 2022;13:818394.

33. Yang S, Kim HM. The RhoA-ROCK-PTEN pathway as a molecular switch for 
anchorage dependent cell behavior. Biomaterials. 2012;33(10):2902–15.

34. Tang L, Dai F, Liu Y, Yu X, Huang C, Wang Y, Yao W. RhoA/ROCK signaling 
regulates smooth muscle phenotypic modulation and vascular remod-
eling via the JNK pathway and vimentin cytoskeleton. Pharmacol Res. 
2018;133:201–12.

35. Fu PC, Tang RH, Yu ZY, Xie MJ, Wang W, Luo X. The rho-associated kinase 
inhibitors Y27632 and fasudil promote microglial migration in the spinal cord 
via the ERK signaling pathway. Neural Regen Res. 2018;13(4):677–83.

36. Griffin M, Bhandari R, Hamilton G, Chan YC, Powell JT. Alveolar type II 
cell-fibroblast interactions, synthesis and secretion of surfactant and type I 
collagen. J Cell Sci. 1993;105(Pt 2):423–32.

37. Qiao R, Yan W, Clavijo C, Mehrian-Shai R, Zhong Q, Kim KJ, Ann D, Crandall 
ED, Borok Z. Effects of KGF on alveolar epithelial cell transdifferentiation are 
mediated by JNK signaling. Am J Respir Cell Mol Biol. 2008;38(2):239–46.

38. Mason RJ, Lewis MC, Edeen KE, McCormick-Shannon K, Nielsen LD, Shannon 
JM. Maintenance of surfactant protein A and D secretion by rat alveolar type 
II cells in vitro. Am J Physiol Lung Cell Mol Physiol. 2002;282(2):L249–258.

39. Zhang F, Nielsen LD, Lucas JJ, Mason RJ. Transforming growth factor-beta 
antagonizes alveolar type II cell proliferation induced by keratinocyte growth 
factor. Am J Respir Cell Mol Biol. 2004;31(6):679–86.

40. Nabhan AN, Brownfield DG, Harbury PB, Krasnow MA, Desai TJ. Single-cell 
wnt signaling niches maintain stemness of alveolar type 2 cells. Science. 
2018;359(6380):1118–23.

41. Abdelwahab EMM, Rapp J, Feller D, Csongei V, Pal S, Bartis D, Thickett DR, Pon-
gracz JE. Wnt signaling regulates trans-differentiation of stem cell like type 2 
alveolar epithelial cells to type 1 epithelial cells. Respir Res. 2019;20(1):204.

42. Liebler JM, Marconett CN, Juul N, Wang H, Liu Y, Flodby P, Laird-Offringa IA, 
Minoo P, Zhou B. Combinations of differentiation markers distinguish sub-
populations of alveolar epithelial cells in adult lung. Am J Physiol Lung Cell 
Mol Physiol. 2016;310(2):L114–120.

43. Marconett CN, Zhou B, Sunohara M, Pouldar TM, Wang H, Liu Y, Rieger ME, 
Tran E, Flodby P, Siegmund KD, et al. Cross-species transcriptome profiling 
identifies New Alveolar epithelial type I cell-specific genes. Am J Respir Cell 
Mol Biol. 2017;56(3):310–21.

44. Nikolic MZ, Caritg O, Jeng Q, Johnson JA, Sun D, Howell KJ, Brady JL, 
Laresgoiti U, Allen G, Butler R et al. Human embryonic lung epithelial tips 
are multipotent progenitors that can be expanded in vitro as long-term self-
renewing organoids. Elife 2017, 6.

45. Abo KM, Sainz de Aja J, Lindstrom-Vautrin J, Alysandratos KD, Richards 
A, Garcia-de-Alba C, Huang J, Hix OT, Werder RB, Bullitt E et al. Air-liquid 
interface culture promotes maturation and allows environmental exposure of 
pluripotent stem cell-derived alveolar epithelium. JCI Insight 2022, 7(6).

46. McElroy MC, Kasper M. The use of alveolar epithelial type I cell-selective 
markers to investigate lung injury and repair. Eur Respir J. 2004;24(4):664–73.

47. Evans KV, Lee JH. Alveolar wars: the rise of in vitro models to understand 
human lung alveolar maintenance, regeneration, and disease. Stem Cells 
Transl Med. 2020;9(8):867–81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Development of an in vitro human alveolar epithelial air-liquid interface model using a small molecule inhibitor cocktail
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Cell culture
	﻿ALI culture
	﻿Measurement of tissue integrity
	﻿Histological analysis
	﻿Immunocytochemical analysis
	﻿Quantitative PCR
	﻿Statistical analysis

	﻿Results
	﻿Maintenance of AEC proliferation
	﻿Tissue structure during ALI culture
	﻿Tissue integrity during ALI culture
	﻿Investigation of alveolar epithelial marker expression
	﻿Investigation of differentiation status of ALI-cultured HPAEpiCs

	﻿Discussion
	﻿Conclusions
	﻿References


