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A B S T R A C T

Chronic obstructive pulmonary disease (COPD) is one of the most lethal chronic disease worldwide; however, the
establishment of reliable in vitro models for exploring the biological mechanisms of COPD remains challenging.
Here, we determined the differences in the expression and characteristics of the autophagic protein LC3B in
normal and COPD human small airway epithelial cells and found that the nucleus of COPD cells obviously
accumulated LC3B. We next established 3D human small airway tissues with distinct disease characteristics by
regulating the biological microenvironment, extracellular matrix, and air-liquid interface culture methods. Using
this biomimetic model, we found that LC3B affects the differentiation of COPD cells into basal, secretory, mucous,
and ciliated cells. Moreover, although chloroquine and ivermectin effectively inhibited the expression of LC3B in
the nucleus, chloroquine specifically maintained the performance of LC3B in cytoplasm, thereby contributing to
the differentiation of ciliated cells and subsequent improvement in the beating functions of the cilia, whereas
ivermectin only facilitated differentiation of goblet cells. We demonstrated that the autophagic mechanism of
LC3B in the nucleus is one factor regulating the ciliary differentiation and function of COPD cells. Our innovative
model can be used to further analyze the physiological mechanisms in the in vitro airway environment.
1. Introduction

Chronic obstructive pulmonary disease (COPD), a common respira-
tory condition characterized by partly reversible airflow limitation, is
predicted to become one of the major causes of disability and death in the
next decade worldwide [1–3]. However, the mechanisms driving the
induction of chronic inflammation, emphysema, and altered lung func-
tion are unclear. Although various biomimetic models of COPD exist and
are used to emulate lung inflammation and drug responses [4–6], more
reliable in vitro models are urgently needed to explore the potential
biological mechanisms.

Autophagy is a catabolic process that is essential for maintaining
homeostasis under physiological and pathological conditions. When the
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autophagic response is unregulated, reactive oxygen species production
is increased, playing a role in COPD onset [7]. In addition, stimulating
the airway epithelial cells of COPD with interleukin-13 can cause func-
tional damage, such as mucous cell proliferation, reduced cilia length,
and reduced beating frequency and is related to increased expression of
the autophagic proteins LC3B and p62 [8,9]. Specifically, LC3B is highly
expressed in cilia cells, whereas its expression is lower in basal and goblet
cells. Thus, in COPD, autophagy regulates the differentiation mechanism
of airway epithelial cells, and LC3B is a key regulator of cilia cell func-
tions [10,11].

LC3B can be used as a marker for autophagosomes. Accordingly, its
co-localization with lysosomes in the cytoplasm is used to assess the
degree of autophagy [12]. However, recent evidence has revealed that
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LC3B is also expressed in the nucleus, and its translocation of the nucleus
affects cell differentiation [13,14]. Chloroquine (CQ) can prevent the
binding of autophagosomes and lysosomes by altering the acidic envi-
ronment of lysosomes [15,16]; thus, it shows potential for regulating the
expression of LC3B in the cytoplasm and nucleus. Ivermectin (IVM), an
antiparasitic drug approved by the United States Food and Drug
Administration, specifically inhibits importin α/β-mediated nuclear
import and can prevent the accumulation of LC3B in the nucleus during
autophagy [17,18]. Although the mechanisms related to CQ, IVM, and
COPD are unclear, regulation of the autophagic response or LC3B shows
considerable potential for regulating the differentiation of COPD cells.

Here, we observed a significant difference in LC3B expression be-
tween the nuclei of normal and COPD cells. We subsequently established
a biomimetic airway differentiation model and compared the differen-
tiation of basal, club, goblet, and ciliated cells. To evaluate the mecha-
nism of regulation and cell differentiation, we further clarified the effects
of CQ and IVM stimulation on the differentiation of human small airway
epithelial cells (HSAECs) in cilia and mucus. Our biomimetic in vitro
model was used to reveal the biological mechanisms regulating the dif-
ferentiation of HSAECs.

2. Methods

2.1. Cell culture

Normal human HSAECs (PCS-301-010) and COPD HSAECs (PCS-301-
013) were purchased from ATCC (Manassas, VA, USA). The bronchial
epithelial cell growth kit (PCS-300-040, ATCC) was expanded according
to the manufacturer's protocol at 37 �C in a 5% CO2 incubator.

2.2. Stimulants and inhibitors

HSAECs of normal and COPD were stimulated with 50 μg/mL lipo-
polysaccharide (LPS; L2630, Sigma, St. Louis, MO, USA) for 24 h after
seeding into well-plate. Autophagy inhibitors were screened with a high-
content imaging system. The experimental concentrations for analyzing
the subsequent autophagy reaction, LC3B expression in the nucleus and
cytoplasm, and small airway cell differentiation were 10 μM for CQ
(1825–100, Biovision, Milpitas, CA, USA), 200 μM for IVM (I8898,
Sigma), and 200 μM for 3-methyladenine (3-MA, tlrl-3ma, InvivoGen,
San Diego, CA, USA).

2.3. Cell viability and apoptosis

HSAECs were cultured and treated with or without CQ, IVM, or 3-MA
for 48 h after seeding into well-plate. The cells were stained with a Cell-
Check™ Viability/Cytotoxicity kit (A017, BioScience) or CellEvent™
Caspase-3/7 Green Detection Reagent (C10723, Invitrogen, Carlsbad,
CA, USA). After washing, the cells were analyzed with a high-content
imaging system.

2.4. Observation of LC3B expression and live cell imaging of the
autophagic response

To observe LC3B, normal and COPD cells were cultured in a 24-well
plate (9500 cells/well) and treated with or without LPS, CQ, IVM, or 3-
MA for 48 h. After washing with phosphate-buffered saline (PBS), the
cells were fixed and permeabilized as described previously [19], washed
again with PBS, and incubated with a primary antibody specific for LC3B
for 1 h at 25 �C. After washing with PBS, the cells were incubated with
the secondary antibody for 1 h at room temperature in the dark. The cells
were washed and then counterstained with 4,6-diamidino-2-phenylin-
dole (DAPI, Vector Labs, Burlingame, CA, USA) and imaged with a
high-content imaging system and confocal microscope. For live cell im-
aging of autophagy, the cells treated with or without CQ, IVM, and 3-MA
were stained with 0.1 μM DAP Green-Autophagy Detection (D676,
2

Dojindo, Kumamoto, Japan) at 0, 2, 4, 6, 8, and 10 h after drug treatment;
the cells were incubated at 37 �C in 5% CO2 in the high-content imaging
system for fluorescence imaging and analysis.

2.5. Total protein preparation and western blot analyses

Normal and COPD cells were cultured in a 6-well plate (45,000 cells/
well) and treated with or without CQ or IVM for 48 h. The cells were
trypsinized and neutralized, followed by centrifugation (500�g, 5 min,
room temperature). The cell pellets were collected and lysed in 1X RIPA
lysis buffer (ab15603, Abcam, Cambridge, UK) supplemented with
EDTA-free Protease Inhibitor Cocktail (40693159001, Sigma-Aldrich).
Protein concentrations were determined using a Pierce™ BCA Protein
Assay Kit (23225, Thermo Fisher Scientific, Waltham, MA, USA) ac-
cording to the manufacturer's instructions. Cell lysate supernatants were
mixed with 4X loading dye and separated by SDS-PAGE. After electro-
phoresis, proteins were transferred to polyvinylidene fluoride mem-
branes. PBS containing Tween 20 and 5% (w/v) non-fat milk were
applied for membranes blocking. Next, the membranes were stained with
primary antibodies, after which secondary antibodies were applied to
detect primary antibodies. Information on the antibodies used in western
blot analyses is shown in Supplementary Table S1. Proteins were
analyzed with Immobilon Western Chemiluminescent HRP Substrate
(WBKLS0500; Merck Millipore, Billerica, MA, USA) using an Amer-
sham™ Imager 600 system (GE Healthcare, Little Chalfont, UK).

2.6. Cell differentiation

For cell differentiation at the air-liquid interface (ALI), 300 μg/mL
collagen I (A1048301, Thermo Fisher Scientific) was coated on both sides
of the membrane of a 12-mm transwell plate with a pore size of 0.4 μm
overnight before cell seeding. HSAECs were first cultured in a Pneuma-
Cult Ex-Plus medium (05040, STEMCELL Technologies, Vancouver,
Canada). The cells were then submerged in the extracellular matrix-
coated transwell plate at a seeding density of 90,000 cells/well for 4–5
days. After the cells reached 80% confluence, the upper layer of the
medium was removed, and the lower layer was changed to the differ-
entiation medium PneumaCult ALI (05001, STEMCELL Technologies) for
ALI culture for 4–5 weeks. During this period, the medium was changed
every three days, and the upper layer was rinsed with Dulbecco's PBS
(DPBS) (33919003, Corning, Inc., Corning, NY, USA; without Ca2þ and
Mg2þ) every two weeks to facilitate cell growth. The cells were treated
with CQ or 3-MA for 48 h before changing to ALI. IVM was continuously
applied from ALI day 3, and the medium was changed every three days.

To improve mucus exclusion, guaiacol glycerol ether (93-14-1, Tokyo
Chemical Industry, Tokyo, Japan) and S-(carboxymethyl)-L-cysteine
(638-23-3, Tokyo Chemical Industry) were combined with IVM during
ALI culture. The final concentrations used in mucus treatment were 100
μM of guaiacol glycerol ether or 10 μM of S-(carboxymethyl)-L-cysteine
in IVM solution. During this period, the mediumwas changed every three
days, and the upper layer was rinsed with DPBS to remove mucus
accumulation.

2.7. SEM and cilia observation

After the cells were differentiated, they were rinsed with DPBS. Next,
2.5% glutaraldehyde (G6257, Sigma) was added to PBS to fix the cells at
room temperature for 1 h. After removing the fixative, the samples were
rinsed three times with DPBS. To dehydrate the cell samples, we used
ethanol (32221, Sigma) with a concentration gradient from low to high
(35%, 70%, 85%, 95%) at each concentration for 10 min. After reacting
the samples with 100% ethanol for 20 min, 100% hexamethyldisilazane
(A15139, Alfa Aesar) was applied as a desiccant for 5 min. After the re-
action, the hexamethyldisilazane was removed, and the samples were
evaporated and dried for 24 h. The samples were observed with a high-
resolution thermal field emission scanning electron microscope (JSM-
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7610F, JEOL, Tokyo, Japan) to detect the growth and distribution of
ciliated cells after differentiation.
2.8. Immunofluorescence staining

The cells were fixed and permeabilized with Cytofix/Cytoperm
(554722, BD Biosciences, Franklin Lakes, NJ, USA) at room temperature
for 15 min, rinsed with DPBS three times, and blocked with blocking
buffer (1% bovine serum albumin/5% fetal bovine serum in DPBS) at
room temperature for 1 h. The cells were incubated with primary anti-
body for 90 min, washed with DPBS, incubated with secondary antibody
(see Supplementary Table S2) for 90 min, washed with DPBS, counter-
stained with DAPI, and visualized with the high-content imaging system
and confocal microscopy.
2.9. Cilia beating and particle removal efficiency

Normal and COPD HSAECs were video-recorded for 10 s on day 30, in
ALI cultures (Supplementary Fig. 1). Imaging was conducted at 125
frames per second. The format was 14 bits, and the acquisition matrix
was 536� 536. The exposure time was set to 10 ms and the analog signal
was increased, which can support the number of image frames above 30
to facilitate observation of the cilia beating frequency without distortion.
By slowing the video speed, the average number of cilia beats per second
(of more than 10,000 cilia) was calculated, and the average value from
three fields-of-view was used for quantitative analyses.

To explore the ability of cilia to remove particles, a 100-μL solution of
red fluorescent particles (FluoSpheres™ carboxylate-modified micro-
spheres, 2 μm, red fluorescence (580/605), 2% solids, F8826, Thermo
Fisher Scientific) was divided in aliquots of 2 μg/mL and added to the
differentiated cells. Video recordings (magnification of 15 � ) were ac-
quired to calculate the movement distance of the particles within a 3-s
period to determine the transport velocity and to quantitatively
analyze the movement distance of the particles per unit time.
2.10. Quantitative analysis with high-content imaging system

We used the ImageXpress® Micro 4 high-content imaging system
(Molecular Devices, Sunnyvale, CA, USA) equipped with built-in Met-
aXpress® high-content image acquisition and analysis software. Users
can perform high-quality image acquisition and analysis, including
bright field and fluorescent imaging, on live or fixed cells and use the
application modules for more accurate quantitative analysis and detec-
tion. Differentiated HSAECs were analyzed using this customized mod-
ule. Each fluorescent molecule (DAPI, Alexa488, Alexa633) and its
corresponding channel (DAPI, fluorescein isothiocyanate, Cy5) were
used in the [Setup]. [Find Round Objects] was then used to detect the
nuclei, and [Grow Objects Without Touching] was employed to define
the nuclear boundaries (DAPI). To quantify the cilia, we used [HDome] to
filter out the background light from the cilia image, and then used
[Simple Threshold] to identify the required fluorescence intensity range
(Alexa488). Subsequently, we used [Filter Mask] to circle the cilia.
[Compare images] was used to compare the original image and listed
cilia. If the outcome was correct, the [Keep Marked Object] was used to
mark the cells with cilia. To quantitatively analyze the mucus, we used
[HDome] to filter out the background light. We then used [Simple
Threshold] to identify the required fluorescence intensity interval (Cy5),
and then used [Fill Holes] to form a fluorescent block for the benefit of
[filter mask]. The area with fluorescence was circled, and finally the
goblet cells were marked with [Keep Marked Object]. After completion,
we used [Measure] to measure the cilia and mucous cells. We exported
the results into Excel files for statistical analyses.
3

2.11. Statistical information

Experiments were performed at least three times, and the data are
reported as the means � standard deviations. Statistical analysis was
performedwith GraphPad Prism 6 software (GraphPad, Inc., La Jolla, CA,
USA) or with Excel (Microsoft, Redmond, WA, USA). Student's t-test was
used for statistical analysis of unpaired data, and one-way analysis of
variance was used for multiple comparisons.

3. Results

3.1. Different LC3B expression in HSAECs of normal and COPD

To explore the physiological mechanisms of COPD in vitro, we first
compared normal and COPD HSAECs. After culturing these two cell types
under the same conditions, there were no obvious differences in cell
viability or caspase 3/7 staining (Fig. 1a–c). However, the HSAECs of
COPD contained more vacuoles (sizes of ~4–20 μm) (Fig. 1d), which is a
morphological feature of autophagy [20]. To clarify the differences in
autophagic characteristics, both cells were cultured for 24 h and exam-
ined to detect red fluorescence-labeled LC3B. Confocal imaging revealed
that the HSAECs of COPD had higher expression of LC3B and a large
number of LC3B puncta in the nucleus compared to normal cells (Fig. 1e).
To quantitatively analyze the differences between LC3B puncta in these
two cells, we used a high-content imaging system that allowed for fine
control of the culture environment and high-throughput cell imaging.
This was used in conjunction with a customized module built within
MetaXpress software for quantitative analyses (Fig. 1f). Using this
method, the LC3B puncta and cell nucleus can be accurately identified.
These analyses showed that the relative cell number of nuclear LC3B
(�10 puncta) in COPD cells was approximately 3.5-fold higher than that
in the normal group (Fig. 1g). Interestingly, when normal cells were
stimulated with LPS for 24 h (Fig. 1h–j), the LC3B puncta also increased
considerably, whereas COPD cells maintained their original large
numbers (Fig. 1k and l), indicating that the expression of LC3B puncta in
the nucleus can be regulated by external stimuli. After LPS stimulation of
normal cells, the expression in the nucleus was closer to that of COPD
cells. These results demonstrate that in addition to the previous findings
that 1) COPD has higher autophagic activity [21] and 2) the lung tissue
contains a larger number of autophagic vacuoles [22], the localization of
LC3B puncta in the nuclei of COPD cells was also higher than that of
normal cells, and the regulation of nuclear LC3B levels may further
clarify the physiological mechanism and subsequent differentiation
strategies of COPD cells.
3.2. Expression regulation of LC3B in the nucleus of COPD cells

To determine the role of LC3B in the nucleus, we used CQ and IVM to
inhibit the expression of the LC3B puncta in the COPD cell nucleus
(Fig. 2a and b). Live cell imaging of autophagy showed that the auto-
phagic response in COPD cells was significantly stronger than that in
normal cells (Fig. 2c). CQ started to inhibit the nuclear autophagy
response after 2 h of treatment, with most of the fluorescence signal
accumulating in the cytoplasm. Compared with CQ, IVM reduced the
response of nuclear autophagy, but the fluorescence signal in the cyto-
plasm was lower than that after CQ stimulation. Similar results were
observed in confocal imaging, with both drugs effectively reducing the
expression of LC3B puncta in the nucleus of COPD cells after 24 h of
stimulation (Fig. 2d). The expression of LC3B in the cytoplasm after CQ
stimulation was indeed higher than that following mock and IVM stim-
ulation (Fig. 2e and f). Concentrations of 10 μMCQ and 200 μM IVMwere
selected as optimal concentrations that did not significantly affect cell
viability (Fig. 2g). These results indicate that although these two



Fig. 1. LC3B expression in normal and COPD HSAECs. a–c) Quantitative analysis of caspase-3/7 and cell viability and high-content imaging of live cells. (c) Cells were
stained with DAPI (blue) and caspase-3/7 (green). d) Bright field images showed that vacuoles were produced in COPD cells. e) Confocal image of the difference in
LC3B accumulation. Cells were stained with DAPI (blue) and LC3B (red). f) A customized module of MetaXpress software for the high-content imaging system was used
to automatically calculate the number of LC3B puncta in the nucleus. The nuclei (blue) and LC3B puncta (yellow) were classified. Top scale bar: 50 μm, right bottom
scale bar: 10 μm. g, h) Quantitative analysis of the difference in LC3B puncta in the nucleus and cell viability. i, j) Caspase-3/7 staining and quantitative analysis
between normal and COPD groups after 24 h of LPS stimulation. Cells were stained with DAPI (blue) and caspase-3/7 (green). (c), (d), (i) Scale bar: 50 μm. k, l)
Changes in LC3B puncta in the nucleus after LPS stimulation according to confocal image and quantitative analysis. Cells were stained with DAPI (blue) and LC3B
(red). (e), (k) Top scale bar: 50 μm, bottom scale bar: 10 μm. ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001; values represent the mean � SEM values. Each
group was evaluated in 3 independent experiments, with 4–6 transwells in each group. Three fields were selected in each transwell, and each field was evaluated with
the high-content imaging system to image more than 1000 cells in a single experiment. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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inhibitors regulate different signaling pathways, they both inhibit the
expression of LC3B puncta in the nucleus (Fig. 2h) but differ is their
expression and distribution in the cytoplasm.

3.3. Establishment of an in vitro biomimetic differentiation model of small
airways

To effectively reconstruct the in vitro human small airway model, we
first compared the ALI culture and general submerged culture method.
The ALI-cultured HSAECs were more compact after differentiation
(Supplementary Fig. 2a and b) and showed poorly expressed epithelial
tight junctions following staining of ZO-1 protein (Supplementary
Fig. 2c–e), which has previously been shown to be related to the degree
of cell differentiation [23]. These findings demonstrate that ALI culture is
necessary for HSAEC differentiation. Therefore, to establish the bio-
mimetic model of small airways, the HSAEC differentiation method
involved a) submerging cells in media until they became~80% confluent
and b) changing the culture environment to the ALI to closely emulate the
physiological microenvironment (Fig. 3a). When normal and COPD cells
were subjected to ALI differentiation for 30 days, the bonds between
COPD cells were weakened and led an obvious reduced functionality in
4

the tight junction (Fig. 3b). Subsequently, we observed the growth
density and morphology of the cilia differentiated from COPD cells using
scanning electron microscopy (SEM) (Fig. 3c). Based on quantitative
analyses, the expression of ZO-1 of COPD cells was 14% lower than in
normal cells and the cilia lengths were shortened by nearly 45% (Fig. 3d
and e). Thus, the efficiency of excluding particles and pathogens by
motile cilia may also be greatly reduced.

Subsequently, we used a high-content imaging system and confocal
imaging to analyze four types of differentiated cells, including basal,
club, goblet, and ciliated cells, and observed significant differences be-
tween the normal and COPD groups (Fig. 3f). Basal cells can be defined as
progenitor cells with the ability to differentiate into the other three types
[24]. The quantitative results showed that the proportion of basal cells in
the normal group was similar (within 5–10%) to the actual proportion in
humans (Supplementary Table S3), whereas the proportion in the COPD
group was as high as 15% (Fig. 3g). This may be because COPD cells
exhibit poor cell differentiation. Thus, there were more basal cells
remaining in the initial basal form that were unable to differentiate into
functional cilia and mucus [25,26]. Club cells can regulate lung stability
and participate in immune responses related to airway inflammation
[27]. The numbers of club cells and ciliated cells after COPD cell



Fig. 2. CQ and IVM regulate LC3B expression of HSAECs. a, b) Schematic depicting the process and main regulatory mechanism of CQ and IVM. (a) Cells were treated
with CQ to prevent binding of autophagosomes to lysosomes by changing the acidic environment of the lysosome. (b) IVM potently inhibits importin α/β (Impα/β1)
nuclear import-dependent transport. c) High-content imaging system analysis of cells after CQ (10 μM) and IVM (200 μM) treatment, with live cell imaging of
autophagy at 0, 2, 4, 6, 8, and 10 h. Cells were stained with DAPI (blue) and DAPGreen (green). d) LC3B expression in normal cells or COPD cells treated with or
without CQ and IVM for 24 h. Cells were stained with DAPI (blue) and LC3B (red). (c), (d) Scale bar: 5 μm. e–f) Cells treated with CQ or IVM and LC3B levels were
analyzed in the cytoplasm lysates. (e) Western blotting and (f) quantitative analysis of LC3B. g) Cell viability after treatment with CQ and IVM for 24 h. h) Relative
LC3B puncta in the nucleus. Data were quantified using the high-content imaging system with at least 100 cells per condition from three independent experiments. ns:
not significant. *P < 0.05, **P < 0.01, ***P < 0.001; values represent the mean � SEM values (n ¼ 3). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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differentiation were only 12% and 33% lower compared to normal cells,
respectively (Fig. 3h and i). In contrast, the number of goblet cells after
COPD cell differentiation was increased (Fig. 3j, Supplementary Fig. 3).
Excessive airway mucus secretion is another important characteristic of
chronic COPD and leads to inflammation, as well as potentially short-
ening the growth of cilia [28]. Our 3D images of differentiated cells
showed that the cilia lengths were significantly shorter than those of cells
obtained from the normal group (Fig. 3k). These results support that the
characteristics and differences in the distribution of small airway tissue
between normal and COPD cells can be reproduced in our optimized
biomimetic differentiation model.
5

3.4. CQ and IVM respectively regulate the differentiation of cilia and
mucus

As these two cell types exhibit differences in the expression of LC3B
puncta in the nucleus, we next assessed whether this feature is an
important mechanism for the differentiation and function of COPD cells
(Fig. 4a). Fig. 4b shows that CQ specifically increased the efficiency of
ciliated cells after differentiation. Interestingly, when COPD cells were
stimulated with IVM, the differentiation effect of cilia was not signifi-
cantly improved, but the differentiated goblet cells yielded the best
performance (Fig. 4c). The confocal images revealed that after CQ
stimulation, COPD cells tended to differentiate to in larger numbers and



Fig. 3. Establishment and analysis of normal and COPD HSAEC differentiation model. a) Schematic of using the ALI culture method to establish a biomimetic airway
differentiation model. b) Cells were stained with DAPI (blue) and ZO-1 (green). Scale bar: 50 μm. c) Scanning electron microscopy (SEM) of ciliated cells (yellow) on
the surface of differentiated small airway epithelial. Scale bar: 10 μm. d) Quantitative analysis of ZO-1 expression. e) Quantification of ciliated cell length based on
SEM images. The cilia lengths of normal cells were approximately 10 μm, and two-fold longer than those in COPD. f) Fluorescence staining and g–j) quantification of
basal, club, ciliated, and goblet cells after differentiation (blue, DAPI; fuchsia, cytokeratin 5; yellow, uteroglobin; red, MUC5B; green, Ac-tubulin). Left scale bar: 25
μm, right scale bar: 5 μm. k) Three-dimensional (3D) confocal image of normal and COPD cells after differentiation. All fluorescence images were stained after ALI
culture for 30 days. Scale bar: 25 μm*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; values represent the mean � SEM values (n ¼ 3). (For interpretation of the
references to olor/colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Analysis of ciliated and goblet cells after CQ and IVM treatment of differentiated model. a) Timeline of HSAEC differentiation and CQ and IVM treatment. b, c)
Quantitative analysis of ciliated and goblet cell expression in normal and COPD cells. d) Confocal images showing proportion of ciliated and goblet cells (blue, DAPI;
green, Ac-tubulin; red, MUC5B). e) Schematic of ciliated and cell distribution and relative LC3B location after CQ and IVM regulation. ns: not significant. (d), (e) Scale
bar: 25 μm**P < 0.01; Values represent the mean � SEM values (n ¼ 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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have longer cilia lengths, whereas after IVM stimulation, they differen-
tiated into more mucus cells (Fig. 4d). Notably, differentiated cilia after
IVM stimulation will have more significant characteristics of multi-
ciliated cells [29,30]. Moreover, the red fluorescent signal of most goblet
cells overlapped with that of ciliated cells, indicating that the
6

differentiated cells were denser and clustered. These results show that in
our biomimetic differentiation model, CQ and IVM regulated different
aspects of LC3B in cells, thereby contributing to the differentiation of
cilia and mucus (Fig. 4e).



Fig. 5. Functional analysis of ciliated cells after CQ and IVM treatment. a) Sequential frames of a video of the surface of differentiated epithelium recording the time of
one beating cycle (start: 0T, halfway: 1/2T, end: 1T. Individual cilia are highlighted in yellow in each frame; time stamps and the white arrow indicate the duration
and direction of one forward and return stroke (Supplementary Videos 1–4 show the full recording). Scale bar: 10 μm. b) Transport velocity was evaluated by adding 2
μm red fluorescent microspheres to the differentiated cilia, and the moving distance was measured within 3 s. Scale bar: 100 μm. c) Cilia beat frequency ¼ 1/T. d)
Transport velocity was calculated using 2-μm red fluorescent microspheres in real-time video. ns: not significant. **P < 0.01; values represent the mean � SEM values.
Four different groups (healthy, COPD, COPD þ CQ, COPD þ IVM) were evaluated in 3 independent experiments on different transwells. In each group, ImageJ
software was used to analyze the duration of one beating cycle for more than 10,000 cilia and to track the trajectory and movement rate of more than 500 nano-
particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.5. CQ regulation of cilia function

To clarify the influence of CQ and IVM on ciliary function, we
analyzed the oscillation frequency of cilia. The time required for the
differentiated cilia to beat once in the COPD group was approximately
125 ms, which is longer than the 100 ms in the normal group (Fig. 5a).
However, after stimulating the COPD cells with CQ, cilia differentiation
was improved and the oscillation frequency was effectively recovered. In
contrast, COPD cells stimulated with IVM showed no significant
improvement, and the time required for one beat increased to approxi-
mately 200 ms. To confirm this result, we used red fluorescent-labeled
microspheres (sizes ¼ 2 μm) to determine the ability of cilia to remove
particles after differentiation. As shown in Fig. 5b, in addition to the
slower oscillation frequency of the differentiated cilia from COPD cells,
the ability to remove particles was also significantly reduced compared to
in the normal group. The cilia cells that differentiated after stimulation
with CQ and IVM showed the same tendency as the oscillation frequency
in their ability to remove particles (Fig. 5c and d). Excessive mucus
production caused by IVM stimulation may have been the main reason
for the limited ability of cilia to beat and remove particles. Because of the
differences between CQ and IVM in recovering cilia, our results show that
even after treatment with different LC3B mechanism inhibitors, corre-
sponding and reliable airway differentiation and functional differences
were observed in our biomimetic differentiation model.

4. Discussion

Although numerous studies have focused on autophagy in the path-
ogenic mechanisms of COPD, most studies only focused on common
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autophagic reactions and mechanisms [31–34]. Based on recent progress
in understanding the autophagic mechanisms [35–38], the regulation of
LC3B in the nucleus has been shown to be related to many diseases and
physiological functions [39–42] but the underlying mechanisms are
poorly understood in lung-related diseases or small airway epithelial
cells. Previously, only different types of cells in small airways were
shown to exhibit different degrees of autophagy [43]. Among them,
ciliated cells showed the highest expressions of LC3B amongst basal and
goblet cells. Therefore, regulating the autophagic response mainly affects
the function of cilia. We found that HSAECs of COPD had a different
autophagic response compared with that of normal cells. Although the
detailed mechanism of cell differentiation remains unclear, compared to
the previous autophagy regulation, our results suggest that cell differ-
entiation occurs through regulation of LC3B in cells.

To validate these results, we tested another common inhibitor of
autophagy, 3-MA, which can prevent autophagosome formation by
inhibiting phosphatidyl-inositol 3-kinase [44]. When COPD cells were
treated with 3-MA for 4 h, the expression of LC3B in the cytoplasm and
nucleus continued to decrease (Supplementary Fig. 4a–c). These data
revealed that 3-MA did not increase the differentiation efficiency of
ciliated and goblet cells and led to a shorter cilia length compared to cells
in the normal group (Supplementary Fig. 4d). These results reveal that
although the regulation autophagy mechanism can increase the differ-
entiation efficiency of HSAECs, excessive inhibition leads to the loss of
cell differentiation. It is necessary to regulate the expression and distri-
bution of LC3B in the nucleus and cytoplasm, which is key to HSAEC
differentiation.

Notably, compared with traditional cell culture and differentiation
methods [45–47], by adjusting the collagen coating, cell density, culture
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medium composition, and the time point of transition from submerged to
ALI culture, small airway differentiation can be effectively induced
without additional cell mechanical stress [48–50] and maintain a phys-
iological microenvironment similar to that in the human body and
recapitulate functionally differentiated cell types, including basal,
secretory, mucous, and ciliated cells. The length and beating of cilia also
yielded data similar to those in the human body (Supplementary
Table S3), verifying that the biomimetic model of small airways can
provide a better representation of physiological data.

Using our biomimetic differentiation model, we showed that CQ
stimulation can improve the cilia function of COPD cells, with the beating
frequency similar to that of normal cilia. However, despite exhibiting the
differentiation characteristics of multi-ciliated cells, the beating fre-
quency and efficiency for removing particles remained limited following
stimulation with IVM. When motile cilia were enriched, mucus accu-
mulation between the cilia may not have been eliminated in nondynamic
culture. Although we combined IVM with S-(carboxymethyl)-L-cysteine
and guaiacol glycerol ether to remove the mucus [51,52], there was no
significant increase in the frequency of cilia beating (Supplementary
Fig. 5). Amore dynamic biomimetic system developed in recent years can
also be considered [53,54]. Compared with the results from animal ex-
periments, the use of such a biomimetic system can yield physiological
and inflammatory responses that closely match those in the clinical
setting and accelerate the identification of specific biomarkers for further
analysis [55–58].

Here, we successfully explored the LC3B mechanism and influence of
cell differentiation using an optimized in vitromodel. The cells used in the
defined models are commercial stable normal and COPD cells. However,
cells from different clinical sources or individuals, such as from people of
different sexes or ages, may lead to more diverse experimental results
regarding the biological responses. For example, autophagy shows sex
differences between cells, cell differentiation, and even airway disease
characteristics [59–61]. Studies also have proposed that autophagy is a
survival mechanism in males, and autophagy in females leads to cell
death derived from separation [62]. Sex differences in innate autophagy
have also been observed in rats, and this sex dimorphism is organ-specific
[63]. Therefore, regardless of sex, age, and other individual differences,
the impact of the LC3B mechanism on cell differentiation should be
further investigated.

Furthermore, our results show that normal cells exhibit increased
accumulation of LC3B in the nucleus after stimulation by LPS; thus, this
biological response may not be specific to COPD, and even under
different stages of COPD, cells may show slight changes in autophagy
markers or subsequent cilia differentiation. In addition, such biological
responses in normal cells may vary in degree because of smoking or cilia
expression. For example, increased ACE2 expression has been observed
in small airway epithelium samples of healthy smokers compared to in
nonsmokers [64]. Another recent study indicated that ACE2 is abundant
in ciliated cells of the respiratory tract but not in goblet cells [65]. Based
on our biomimetic model, ACE2 was indeed expressed in large amounts
in ciliated cells (Supplementary Fig. 6). Interestingly, LC3B is also
expressed in large amounts in ciliated cells but is not expressed in goblet
cells [66,67], showing similar performance characteristics as ACE2. The
interaction between LC3B and ACE2, as well as the influence of smoking
on these physiological mechanisms and subsequent ciliary differentia-
tion, should be further examined.

In summary, we determined the differential expression and charac-
teristics of autophagic protein LC3B in the nucleus of normal and COPD
HSAECs and optimized the small airway in vitro ALI differentiation model
and 3D image reconstruction features. Our further studies will focus on
the differentiation of cilia and mucus in this unique physiological
mechanism, as well as subsequent cilia function. We explored the cilia
differentiation and function of small airway epithelial cells and investi-
gated LC3B expression following treatments with the inhibitors CQ and
IVM. The improved differentiation and function of cilia overcome the
limitations of previous in vitro experiments; our model is useful for
8

exploring the biological mechanism of COPD and cell differentiation
strategies.
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