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Introduction

The airway is an important pathway for respiration, and 
airway epithelia play a role in the defense against infec-
tion through the mucus secreted by secretory cells and the 
ciliary motility of ciliated cells. The dysfunction of the 
airway epithelia in hereditary diseases, such as primary 
ciliary dyskinesia and cystic fibrosis, leads to infection, 
inflammation, and mucus plugging the airways1. Extensive 
defects of the airway epithelia associated with injury or 
surgery can also cause similar problems2. Therefore, 
methods for the regeneration of airway epithelial function 
must be developed.

We developed an artificial trachea made of polypropylene 
mesh and collagen sponge and used them in clinical studies for 
reconstruction after tracheal resection3. In the presence of 
extensive defects, the epithelialization of the tracheal lumen 
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Abstract
No radical treatment is available for the regeneration of dysfunction and defects in airway epithelia. Artificial tracheae made 
of polypropylene and collagen sponge were used in clinical studies to reconstitute tracheae after resection. For early 
epithelialization of the luminal surface of the artificial trachea, a model was established, that is, an artificial trachea covered 
with human-induced pluripotent stem cell-derived airway epithelial cells (hiPSC-AECs) was transplanted into a tracheal 
defect in an immunodeficient rat. Unlike the cell types of hiPSC-derived cells that are currently used in clinical studies, AECs 
maintain tissues by proliferation and differentiation of basal cells into various cell types that constitute AECs constantly. 
Therefore, post-transplantation, the proportion of each cell type, such as ciliated and goblet cells, may change; however, 
no studies have examined this possibility. In this study, using our hiPSC-AEC-transplanted rat model, we investigated 
changes in the proportion of each cell type in hiPSC-AECs pre-transplantation and post-transplantation. As a result, the 
proportion of each cell type changed post-transplantation. The proportion of ciliated, basal, and club cells increased, and 
the proportion of goblet cells decreased post-transplantation. In addition, the proportion of each cell type in engrafted 
hiPSC-AECs is more similar to the proportion of each cell type in normal proximal airway tissue than the proportion of 
each cell type pre-transplantation. The results of this study are useful for the development of therapeutic techniques using 
hiPSC-AEC transplantation.
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took 2 months, increasing the risk of infection3. Therefore, a 
model was established by transplanting the artificial trachea 
covered with human-induced pluripotent stem cell-derived 
airway epithelial cells (hiPSC-AECs)4,5 into tracheal defect in 
immunodeficient rats with the aim of early epithelialization6. 
In this study, hiPSC-AECs survived in the epithelia of the 
luminal surface at the transplanted area 2 weeks post-trans-
plantation6. These results suggest that hiPSC-AEC transplan-
tation promotes the epithelialization of the luminal surface of 
the tracheae.

Clinical transplantation research uses several types of 
hiPSC-derived cells, including cardiomyocytes, retinal pig-
ment epithelia (RPE), dopaminergic (DA) progenitor cells, 
and corneal epithelial cells7. These cells are either termi-
nally differentiated or have a defined differentiation direc-
tion. By contrast, in the airway epithelia, basal cells, which 
are tissue stem cells, maintain the tissues by proliferation 
and differentiation into several cell types that constitute the 
airway epithelia, such as ciliated, goblet, and club cells8. 
Therefore, the proportion of each cell type in the airway epi-
thelia could be different post-transplantation. In clinical 
studies, the proportion of cells that are positive for markers 
defining each cell type has been used to ensure the quality of 
cells for transplantation. In hiPSC-derived RPE transplanta-
tion for macular degeneration, the proportion of BEST1/
PAX6 double-positive cells in the hiPSC-derived RPE sheet 
must be > 95%9, and in hiPSC-derived DA progenitor cell 
transplantation, the proportion of FOXA2B/TUJ1 double-
positive cells that are defined as DA progenitor cells in total 
cells must be > 80%10. However, the transplantation of the 
tissue containing tissue stem cells that have proliferation 
and differentiation potency post-transplantation, such as 
hiPSC-AECs, has not yet been performed in a clinical study, 
and no studies have reported changes in the proportion of 
each cell type that constitutes the tissue pre-transplantation 
and post-transplantation. If the proportion of each cell type 
that constitutes the AECs pre-transplantation is the same as 
the proportion of each cell type that constitutes the AECs 
post-transplantation, the proportion of some cell types pre-
transplantation could be used as a criterion to select the cells 
for transplantation. However, if the proportion of each cell 
type changes post-transplantation, other criteria, such as 
marker gene expressing in basal cells that decide the 
differentiation directions or supplemental factors that direct 
the cells to differentiate into specific cell types post-trans-
plantation are necessary.

Therefore, in this study, we investigated whether the 
proportion of each cell type in the hiPSC-AECs changed 
post-transplantation, using our previously established 
transplantation model in which hiPSC-AECs are trans-
planted into the tracheal defects of immunodeficient rats.

Materials and Methods

Culture and Induction of Airway Epithelial Cells 
From hiPSCs

In this study, hiPSC lines 201B711 and 253G112 were 
obtained from RIKEN BioResource Research Center. The 
201B7 cell line was induced using four reprogramming fac-
tors (Oct3/4, Sox2, Klf4, and c-Myc), whereas the 253G1 
cell line was induced by three factors without c-Myc. These 
undifferentiated hiPSCs were maintained in Essential 8 
Medium (Thermo Fisher Scientific, Waltham, MA, USA) 
on culture plates coated with Geltrex (Thermo Fisher 
Scientific).

The induction of AECs from hiPSCs was performed 
according to previously described methods4,5. Undifferentiated 
hiPSCs were seeded on Geltrex-coated plates in the medium 
containing RPMI1640 (Nacalai Tesque, Kyoto, Japan), 
1×B27 supplement (Thermo Fisher Scientific), 50 U/ml pen-
icillin/streptomycin, 100 ng/ml human activin A (R&D 
System, Minneapolis, MN, USA), 1 μM CHIR99021 (Axon 
Medchem, Groningen, the Netherlands), and 10 μM Y-27632 
(days 0–1), 0.25 mM (day 1) or 0.125 mM (days 2–4) sodium 
butyrate (FUJIFILM Wako Pure Chemical Corporation, 
Osaka, Japan). From days 6 to 28, the basal medium contain-
ing Dulbecco’s Modified Eagle Medium (DMEM)/F-12 with 
GlutaMAX (Thermo Fisher Scientific), 1×B27 supplement, 
50 U/ml penicillin/streptomycin, 0.05 mg/ml L-ascorbic 
acid (FUJIFILM Wako), and 0.4 mM monothioglycerol 
(FUJIFILM Wako) was used. From day 6, the cells were cul-
tured for 4 days (days 6–9) in the basal medium supplemented 
with 100 ng/ml human recombinant noggin (Human Zyme, 
Chicago, IL, USA) and 10 μM SB431542 (Selleck Chemicals, 
Houston, TX, USA). Then, the cells were cultured in a basal 
medium supplemented with 20 ng/ml human recombinant 
BMP4 (Human Zyme), 2.5 μM CHIR99021, and 0.5 μM all-
trans retinoic acid (ATRA) (Sigma-Aldrich, St Louis, MO, 
USA). The hiPSC lines have different optimal concentrations 
of CHIR99021 and ATRA, that is, 2.5 μM CHIR99021 and 
0.5 μM ATRA for the 201B7 cell line, and 2.5 μM CHIR99021 
and 0.1 μM ATRA for the 253G1 cell line. On day 14, objec-
tive cells were purified with anti-carboxypeptidase M (CPM) 
antibody (FUJIFILM Wako), which is a surface marker of 
ventralized anterior foregut endoderm cells using magnetic-
activated cell sorting (MACS). CPM-positive cells were 
placed in a mixture of a 3D-culture medium and growth fac-
tor-reduced Matrigel (Corning, Corning, NY, USA) at a ratio 
of 1:1. The 3D-culture medium was made from a basal 
medium supplemented with 3.0 μM CHIR99021, 100 ng/ml 
FGF10 (FUJIFILM Wako) and 10 μM Y-27632. The cells 
were embedded and maintained on 12-well cell culture inserts 
with polyethylene terephthalate (PET) membrane (#353292, 
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Corning) for 14 days (days 14–27). On day 28, the medium 
was changed to an air–liquid interface (ALI) medium, which 
consisted of PneumaCult-ALI Maintenance Medium 
(STEMCELL Technologies, Vancouver, Canada), 10 μM 
Y-27632, 4 μg/ml heparin (Nacalai Tesque), 1 μM hydrocor-
tisone (Sigma-Aldrich), and 10 μM DAPT (FUJIFILM 
Wako). On day 42, single-cell suspension was obtained from 
the spheroids by enzymatic treatment and seeded on 12-well 
cell culture inserts with collagen vitrigel membrane (ad-MED 
Vitrigel 2, Kanto Chemical Co., Tokyo, Japan). For 14–18 
days, the cells were cultured using a step 5 medium under an 
ALI condition to lead the airway epithelial cell layer, and this 
collagen vitrigel membrane with the hiPSC-AECs was used 
as cell sheets for the transplantation experiment.

Preparation of the Artificial Trachea

Artificial tracheae were prepared with the same materials 
that were used in clinical treatments. Collagen powder 
(Nippon Meat Packers, Inc., Osaka, Japan) was dissolved in 
water to a concentration of 6 mg/ml at pH 7. Then, the col-
lagen solution was centrifuged, and the pellet was frozen at 
−80°C and lyophilized for 10 days. Small pieces of dried col-
lagen were dissolved in water to a concentration of 106.4 
mg/ml at pH 3. A polypropylene mesh coated with the col-
lagen solution was placed on a mold with collagen solution. 
An equal volume of the collagen solution was poured on it 
and frozen at −80°C overnight. After 1 week of lyophiliza-
tion, collagen including the polypropylene mesh was cross-
linked by heating. This collagen including the polypropylene 
mesh was used as an artificial trachea.

Animals

Male F344/NJcl-rnu/rnu nude rats were used for the trans-
plantation experiments, which were purchased from CLEA 
Japan (Osaka, Japan). The transplant recipients were 9–10 
weeks old and weighed 160–200 g. The animal experimental 
protocol for this study was approved by the Animal 
Experimentation Committee of Kyoto University (Med Kyo 
23113). All animals received humane care in compliance 
with the Guidelines for Animal Experiments of Kyoto 
University.

Transplantation

This study used a total of 12 nude rats. The transplantation 
experiments were performed under general anesthesia, 
with an intraperitoneal injection of a mixture of midazolam 
(2 mg/kg), butorphanol (2.5 mg/kg), and medetomidine 
(0.15 mg/kg). The trachea was exposed by a midline neck 

skin incision, and bilateral sternohyoid and sternothyroid 
muscles were separated. A square tracheal defect was cre-
ated by incision with a scalpel. The defect size was the size 
of two tracheal rings approximately 2.5 mm in length and 
2 mm in width. An artificial trachea covered with a cell 
sheet was put over the tracheal defect with the cells facing 
the tracheal lumen. At this time, a portion of the cell sheets 
was cut off and used as pre-transplantation samples. Cell 
sheets containing AECs derived from the 201B7 or 253G1 
cell line were transplanted into six nude rats (B7-1–B7-6, 
G1-1–G1-6). All rats were euthanized with carbon dioxide 
2 weeks post-transplantation, and tracheae-containing 
grafts were harvested and used as post-transplantation 
samples (Fig. 1).

Immunofluorescent Staining

Pre-transplantation cell sheets and post-transplantation tra-
cheae with the sternohyoid and sternothyroid muscles were 
immersed in 4% paraformaldehyde (PFA) for 24 h. 
Subsequently, they were immersed in 10%, 20%, and 30% 
sucrose for 24 h each and embedded in an optimal cutting 
temperature compound (Sakura Finetek Japan, Tokyo, 
Japan). The embedded samples were sliced at a thickness of 
10 µm. Immunohistochemical analysis of 10–20 sections at 
100-µm intervals of specimens from each rat was per-
formed. For human nuclear antigen (HNA), Acetylated α-
tubulin (Ac-Tub), MUCIN 5AC (MUC5AC), Vimentin, 
and Cytokeratin5 (KRT5), the sections were permeabilized 
with 0.2% Triton-X100/PBS for 5 min, treated with 1% 
bovine serum albumin/phosphate-buffered saline (BSA/
PBS) for 10 min (for KRT5, 5% BSA/PBS for 30 min), 
and incubated with primary antibodies overnight at 4°C. 
After washing with PBS, sections were treated with Alexa 
Flour-conjugated secondary antibodies (Thermo Fisher 
Scientific), phalloidin (Santa Cruz Biotechnology, Dallas, 
TX, USA), and 4′,6-diamidino-2-phenylindole (DAPI) for 
1 h at room temperature. For secretoglobin family 1A mem-
ber 1 (SCGB1A1), sections were permeabilized with 0.2% 
Triton-X100 in PBS for 15 min and treated with 5% donkey 
serum in 1% BSA for 30 min at room temperature. After 
treatment of secondary antibodies, sections were washed 
with PBS and mounted using Fluoromount-G® Anti-Fade. 
Table 1 shows information on antibodies. All images were 
observed and analyzed using BZ-9000 fluorescence micro-
scope and BZ-II Analyzer software (Keyence).

Quantification

To evaluate changes in the proportion of each cell type in 
hiPSC-AECs, immunofluorescent staining was performed 
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using vertical sections of the pre-transplantation (Fig. 2A1, 
B1) and post-transplantation samples (Fig. 2A3, B3). Table 
2 shows the number of HNA-positive cells and proportion 
of HNA-positive cells in total epithelial cells at the trans-
planted area (= survival rate) in each transplanted rat. The 
proportion of HNA-positive cells in total epithelial cells at 
the transplanted area was defined as the survival rate. 
Samples G1-6 were omitted following analyses due to the 
absence of engraftment. Ac-Tub-positive cells, KRT5-
positive cells, SCGB1A1-positive cells, MUC5AC-positive 
cells, Vimentin-positive cells, and anti-HNA-positive cells 
were defined as ciliated, basal, club, goblet, mesenchymal, 
and hiPSC-derived cells, respectively. DAPI staining was 
used to define cells, and the cells of the luminal side on the 
phalloidin-positive basement lamina were defined as 
AECs13–15. The proportion of cells that express markers of 
each cell type and HNA was used as the proportion of each 

cell type in hiPSC-AECs post-transplantation. The number 
of surviving cells in the tracheal epithelium was counted in 
two areas with a width of 350 μm (side and center of the 
tracheostomy site). The Vimentin-positive area/1 μm of the 
cell sheet and the HNA-positive area/1 μm of the epithelia 
in the transplanted area were used to indicate the number of 
mesenchymal cells in the pre-transplantation (Fig. 2B1, B2) 
and post-transplantation (Fig. 2B3, B4) samples, respec-
tively. Vimentin-positive or HNA-positive area in each sam-
ple was measured using ImageJ16.

Statistical Analysis

Statistical analyses were performed using EZR (Saitama 
Medical Center, Jichi Medical University, Saitama, Japan), 
which is a graphical user interface for R (The R Foundation 
for Statistical Computing, Vienna, Austria) for Windows17. 
Data are expressed as median (range, minimum–maximum 
value). The Mann–Whitney U-test or paired-samples t test 
was used to compare the two groups. A significance level of 
5% was adopted in all analyses.

Results

Characterization of hiPSC-AECs on Collagen 
Vitrigel Membrane From Two hiPSC Lines

In this study, two cell lines, namely, 201B7 and 253G1, 
were used. On day 56, the Ac-Tub-positive ciliated, KRT5-
positive basal, and MUC5AC-positive goblet cells were 

Table 1. Antibodies Used in This Study.

Antibodies Source Dilution

Human nuclei antigen Merck Millipore, MAB1281 1:1,000
Acetylated-α Tubulin Sigma-Aldrich, T7451 1:1,000
Keratin 5 BioLegend, 905501 1:1,000
SCGB1A1 R&D Systems, MAB4218 1:1,000
MUC5AC Bioss Antibodies Inc., bs-7166R 1:1,000
Vimentin Santa Cruz Biotechnology, 

sc-6260
1:1,000

SCGB1A1: secretoglobin family 1A member 1; MUC5AC: MUCIN 5AC.

Figure 1. Scheme for the transplantation of hiPSC-AECs into nude rat tracheae and preparation of pre-transplantation and post-
transplantation samples. An edge of the cell sheet containing hiPSC-AECs induced from 201B7 or 253G1 was cut for use as the pre-
transplantation sample. Then, an artificial trachea was covered with a cell sheet and transplanted into a tracheal defect of a nude rat. 
Two weeks post-transplantation, rat tracheae including the grafts were collected as post-transplantation samples. Six samples in each 
group were prepared for subsequent studies. hiPSC-AECs: human-induced pluripotent stem cell-derived airway epithelial cells.
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found in the epithelial layer of the induced cell sheets (Fig. 
3A1, A2, A4 and Supplemental Fig. S1A, B, D). On the con-
trary, no SCGB1A1-positive club cell was observed in all 
cell sheets induced from both cell lines (Fig. 3A3 and 
Supplemental Fig. S1C). Vimentin-positive mesenchymal 
cells were confirmed in the submucosal layer of the induced 
cell sheets, which indicate that the two hiPSC lines differen-
tiated not only into AECs but also into mesenchymal cells 
(Fig. 3A5 and Supplemental Fig. S1E). These results indi-
cate that AECs were induced from two hiPSC lines on 

commercially available collagen vitrigel membranes, as in 
previous studies.

Confirmation of Engrafted hiPSC-AECs 
Transplanted Into Immunodeficient Rat Tracheae

Two weeks post-transplantation, transplanted areas were 
examined by immunofluorescent staining. HNA-positive 
hiPSC-AECs were confirmed in the luminal epithelial 
layer at the transplanted area of the post-transplantation 

Figure 2. Vertical section of pre-transplantation and post-transplantation samples. (A) Vertical section of pre-transplantation and post-
transplantation samples (1, 3) and the scheme for the vertical section to indicate the positional relationship of the pre-transplantation 
and post-transplantation samples (2, 4). (B) Vertical section of pre-transplantation and post-transplantation samples (1, 3) and the 
scheme for the vertical section to explain the measurement method for the mesenchymal cell area in the pre-transplantation and post-
transplantation samples (2, 4). Vimentin (green) and human nuclear antigen (red) indicate mesenchymal cells in each sample (B1, 3). 
Phalloidin (white) and DAPI (blue) indicate the cell or tissue outline and nuclei respectively. Scale bars = 300 μm. DAPI: 4′A6-diamidino-
2-phenylindole; HNA: human nuclear antigen.
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samples. Furthermore, some of these HNA-positive cells 
express Ac-Tub, KRT5, MUC5AC, or SCGB1A1 (Fig. 
3B1–B4). First, we examined the difference in the survival 
rates of the two cell lines. The median rates of HNA-
positive cells in the total epithelial cells at the transplanted 
area was 11.58% (0.16%–31.94%) in 201B7-transplanted 
rats (n = 6) and 1.46% (0%–33.53%) in 253G1-transplanted 
rats (n = 6). In two cell lines, a significant difference was 
not found (Fig. 3C).

Examination of Changes in the Proportion of 
Component Cell Types in the Pre-Transplantation 
and Post-Transplantation Samples

Changes in the proportion of each cell type in hiPSC-AECs 
pre-transplantation and post-transplantation are shown as 
line graphs (Fig. 4A and Supplemental Fig. S2). The propor-
tion of each cell type in each pre-transplantation and post-
transplantation sample is shown in Table 3. Club cells were 
not observed in the pre-transplantation samples but con-
firmed in the post-transplantation samples. Only the abun-
dance of goblet cells decreased post-transplantation.

Furthermore, to eliminate errors caused by samples with 
low survival rates, only samples including over 100 hiPSC-
AECs (survival rate > 6.5%, B7-1–B7-4, G1-1 and G1-2, 
samples highlighted in gray [Table 2]) were used for analy-
ses (Fig. 4A). In the examination of the changes in the pro-
portion of each cell type in hiPSC-AECs pre-transplantation 
and post-transplantation, the proportions of ciliated, basal, 
and club cells increased, the proportion of goblet cells 
decreased, and that of mesenchymal cells did not show a 
trend post-transplantation (Fig. 4A). Based on the data from 
two cell lines, changes in the proportion of each cell type in 

hiPSC-AECs were analyzed statistically (Fig. 4B). The 
median rates of ciliated, basal, club, and goblet cells in 
hiPSC-AECs pre-transplantation and post-transplantation 
were 1.44% (0.20%–13.45%) vs 13.20% (5.47%–27.61%) 
(P < 0.05 for all data), 10.16% (7.57%–27.36%) vs 34.53% 
(20.91%–56.22%), 0% (0%–0%) vs 16.49% (9.75%–
19.16%), 50.61% (39.98%–52.72%) vs 13.69% (5.28%–
38.85%). The median rates of mesenchymal cells in 
hiPSC-AECs pre–post-transplantation were 40.33 µm2 
(18.38–70.98 µm2) vs 68.76 μm2 (7.39–233.26 µm2) (P = 
0.11). In the data from the 201B7 lines, changes in the pro-
portion of each cell type in hiPSC-AECs were also analyzed 
(Fig. 4B). The median rates of ciliated, basal, club, and gob-
let cells in hiPSC-AECs pre-transplantation and post-trans-
plantation were 1.44% (0.20%–3.64%) vs 13.20% 
(5.47%–16.11%) (P < 0.05 for all data), 8.93% (7.57%–
14.48%) vs 32.05% (20.91%–43.84%), 0% (0%–0%) vs 
17.90% (9.75%–19.16%), and 51.98% (39.98%–52.72%) vs 
13.69% (10.71%–18.98%). The median rates of mesenchy-
mal cells in hiPSC-AECs pre-transplantation and post-trans-
plantation were 40.33 µm2 (19.02–45.73 µm2) vs 68.76 μm2 
(35.34–166.35 µm2) (P = 0.19). Although statistical analysis 
was not available, the 253G1 line showed a similar trend 
(Fig. 4B). The proportion of ciliated, basal, and club cells 
increased, the proportion of goblet cells decreased, and the 
proportion of mesenchymal cells showed no trends.

Relation of the Proportion of Each Cell Type 
in Engrafted hiPSC-AECs and the Efficiency of 
Engraftment of hiPSC-AECs

To examine whether the proportion of each cell type in 
engrafted hiPSC-AECs related with the efficiency of engraft-
ment of hiPSC-AECs, all sample data were shown in scatter 
plots (Fig. 5). In samples with low survival rates, including 
less than 100 hiPSC-AECs, some Ac-Tub, or KRT5, high-
positive rate samples were observed. In the graph of Ac-Tub 
or KRT5, 60% of the samples (3/5) show higher than median 
percentage of Ac-Tub-positive or KRT5-positive cells. In the 
graph of SCGB1A1 or MUC5AC, 80% of the samples (4/5) 
contained no SCGB1A1-positive or MUC5AC-positive 
cells. All samples containing more than 100 hiPSC-AECs 
contained all of Ac-Tub-positive, KRT5-positive, SCGB1A1-
positive, and MUC5AC-positive cells.

Discussion

In this study, we compared the proportion of each cell type in 
hiPSC-AECs pre-transplantation and post-transplantation. 
We observed statistically significant differences in the pro-
portion of four cell types that were positive for Ac-Tub, 
KRT5, SCGB1A1, and MUC5AC (Fig. 4B), indicating that 
the proportion of cell types constituting the hiPSC-AECs 
changes during pre-transplantation and post-transplantation. 

Table 2. Numbers of HNA-Positive Cells and Proportion of 
HNA-Positive Cells in Epithelial Cells in the Transplanted Area in 
Each Rat.

Rat no.

The number of HNA-
positive cell in epithelia 

in transplanted area

HNA-positive cells/DAPI-
positive cells (%) in epithelia 

in transplanted area

B7-1 676.50 31.94
B7-2 400.50 24.03
B7-3 161.00 16.63
B7-4 109.25 6.52
B7-5 10.75 1.43
B7-6 3.25 0.16
G1-1 925.75 33.53
G1-2 200.25 9.68
G1-3 22.00 1.70
G1-4 11.25 1.22
G1-5 9.50 1.13
G1-6 0 0

HNA: human nuclear antigen; DAPI: 4′,6-diamidino-2-phenylindole.
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Therefore, it is difficult to consider the proportion of each 
cell type pre-transplantation as the proportion of each cell 
type post-transplantation. Thus, it is necessary to establish 
different criteria for selecting the cell sheet for transplanta-
tion or to develop the method for differentiation into a spe-
cific cell type. In addition, the proportion of Ac-Tub-positive, 

KRT5-positive, and SCGB1A1-positive cells tended to 
increase, whereas the proportion of MUC5AC-positive cells 
tended to decrease post-transplantation (Fig. 4B). Further 
studies with larger sample size will enable us to predict the 
proportion of each cell type post-transplantation from the 
proportion of each cell type pre-transplantation if the trend of 

Figure 3. Immunofluorescence staining images of pre-transplantation and post-transplantation samples. Representative images of 
cross-sections of pre-transplantation (A) and post-transplantation (B) samples stained with antibodies for Ac-Tub (1), KRT5 (2), 
SCGB1A1 (3), MUC5AC (4), and Vimentin (5). Surviving transplanted cells were labeled with an antibody for HNA. Images of DAPI 
staining and phalloidin staining are also shown; scale bars = 50 μm. Yellow arrows indicate each cell type marker-positive cells. (C) 
Comparative analysis of the survival rates in the two cell lines. The Mann–Whitney U-test was used. Ac-Tub: Acetylated α-tubulin; 
KRT5: Cytokeratin5; SCGB1A1: secretoglobin family 1A member 1; MUC5AC: MUCIN 5AC; HNA: human nuclear antigen; DAPI: 
4′,6-diamidino-2-phenylindole.
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these changes and the rate of change are always constant. 
The proportions of ciliated, basal, club, and goblet cells in 
hiPSC-AECs pre-transplantation were 1.44% (0.20%–
13.45%), 10.16% (7.57%–27.36%), 0% (0%–0%), and 
50.61% (39.98%–52.72%), respectively. On the contrary, the 
proportions of ciliated, basal, club, and goblet cells in 
engrafted hiPSC-AECs were 13.20% (5.47–27.61%), 

34.53% (20.91–56.22%), 16.49% (9.75%–19.16%), and 
13.69% (5.28%–38.85%), respectively. The proportions of 
ciliated, basal, and secretory cells (including club and goblet 
cells) in biopsy samples of human tracheal epithelia were 
4.08% (0%–13.06%), 60.86% (17.69%–74.86%), and 4.19% 
(0%–12.32%), respectively18. The proportion of ciliated, 
basal, and club cells increased, whereas the proportion of 

Figure 4. A comparison of the proportion of each cell type in hiPSC-derived cells pre-transplantation and post-transplantation 
using only samples showing high survival rates. (A) Line graphs show the proportion of each cell type in hiPSC-derived cells pre-
transplantation and post-transplantation. (B) Comparative analyses of the proportion of each cell type in hiPSC-derived cells pre-
transplantation and post-transplantation in both or each cell line. The paired-samples t test was used. (*P < 0.05). hiPSC: human-
induced pluripotent stem cell; Ac-Tub: Acetylated α-tubulin; KRT5: Cytokeratin5; SCGB1A1: secretoglobin family 1A member 1; 
MUC5AC: MUCIN 5AC.
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goblet cells decreased, resulting in the proportion of each 
cell type in hiPSC-AECs closer to the proportion of each cell 
type in the biopsy tissue of human proximal AECs18. These 
results suggest that basal cells may show a differentiation 
direction post-transplantation different from pre-transplanta-
tion and that the transplanted hiPSC-AECs are subject to cer-
tain regulations, such as cell–cell interaction and/or paracrine 
by the recipient tissue19. The overgrowth of goblet cells 
causes impaired ejection function and leads to impaired air-
way defense, tumorigenesis of the transplanted tissue, tra-
cheal obstruction, asthma, and other respiratory diseases1; 

therefore, extreme changes in the proportion of each cell 
type post-transplantation could have risk. However, the 
direction of differentiation of hiPSC-AECs could be adjusted 
to the proportion of each cell type in the recipient’s tissue, 
and expectedly, the abnormal proliferation of specific cell 
types will be suppressed.

Because no club cells were observed in hiPSC-AECs pre-
transplantation (Fig. 3A3), the proportion of club cells was 
considered to increase by differentiation from basal cells 
post-transplantation20. Differentiation into club cells from 
hiPSC-AECs post-transplantation may have been affected by 

Table 3. Proportion of Each Cell Type in Each Sample Pre-Transplantation and Post-Transplantation.

Marker protein-positive cells/hiPSC-derived cells (%)

Area of mesenchymal 
cells

per µm (µm2)

 Ac-Tub KRT5 SCGB1A1 MUC5AC Mesenchymal

 Pre Post Pre Post Pre Post Pre Post Pre Post

Rat No.
 B7-1 1.49 16.11 9.19 20.91 0 9.75 39.98 10.71 39.65 166.35
 B7-2 0.20 13.90 7.57 42.42 0 17.38 52.72 12.26 45.73 35.34
 B7-3 1.39 5.47 14.48 43.84 0 19.16 52.10 15.11 41.02 73.70
 B7-4 3.64 12.50 8.67 21.68 0 18.42 51.86 18.98 19.02 63.81
 B7-5 1.96 0 7.03 6.90 0 0 39.65 0 39.59 15.15
 B7-6 0.24 30.77 0 0 0 0 52.48 0 52.03 70.97
 G1-1 1.39 27.61 11.12 56.22 0 15.60 49.37 5.28 70.98 233.26
 G1-2 13.45 12.44 27.36 26.64 0 13.33 41.18 38.85 18.38 7.39
 G1-3 41.41 0 10.69 36.17 0 0 53.42 0 71.17 0.24
 G1-4 30.22 62.50 12.62 27.78 0 0 45.90 7.14 6.47 0.16
 G1-5 31.13 50.00 5.81 50.00 0 9.09 45.76 0 4.30 0.26

Ac-Tub: Acetylated α-tubulin; KRT5: Cytokeratin5; SCGB1A1: secretoglobin family 1A member 1; MUC5AC: MUCIN 5AC.

Figure 5. Scatter plots of the relation of the proportion of each cell type in HNA-positive cells with survival rate post-transplantation. 
Black circles indicate samples with low survival rates including less than 100 hiPSC-AECs in the plots for the examination of Ac-Tub 
and KRT5. HNA: human nuclear antigen; hiPSC-AECs: human-induced pluripotent stem cell-derived airway epithelial cells; Ac-Tub: 
Acetylated α-tubulin; KRT5: Cytokeratin5; DAPI: 4′,6-diamidino-2-phenylindole; MUC5AC: MUCIN 5AC.
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the surrounding environment. SCGB1A1-producing club cells 
have anti-immune and anti-inflammatory effects due to the 
suppression of neutrophils, monocyte-mediated chemotaxis 
and phagocytosis, and suppression of interferon-γ, tumor 
necrosis factor-alpha, and interleukin (IL)-1 production21–23. 
In clinical studies, low circulating SCGB1A1 levels were not 
only found in asthma24; however, they may be an independent 
actor to predict deficits in lung function and growth in child-
hood as well as for accelerated lung function decline and inci-
dent chronic obstructive pulmonary disease (COPD) in adult 
life25. Therefore, increasing the number of club cells may pre-
vent these diseases.

Mesenchymal cells are already present prior to transplan-
tation as shown in Fig. 3A5 and Supplemental Fig S1E. 
Mesenchymal cells are non-epithelial cells that are not objec-
tive cells for induction and must be removed to avoid tumori-
genesis. After ventralized anterior foregut endoderm cell 
induction, NKX2.1-positive cells were purified by MACS 
using anti-CPM antibody5,26,27. Given that the efficiency of 
purification by MACS is not 100%28, non-objective cells 
remain in the cell sheet29,30. A method of removing undiffer-
entiated hiPSCs was reported31, and the purity of transplanted 
cells must be increased using these methods. After the 
removal of residual hiPSC-derived mesenchymal cells in this 
manner, artificial tracheae-containing validated mesenchy-
mal stem cells (MSCs) can be used as needed.

The relations of the proportion of hiPSC-AECs in the 
total epithelia in the transplanted area and the proportion of 
each cell type in engrafted hiPSC-AECs were examined. In 
samples with low survival rates of hiPSC-AECs, the propor-
tions of Ac-Tub-positive and KRT5-positive cells in 
engrafted hiPSC-AECs largely varied among samples (Fig. 
5, black circles). Because ciliated and basal cells were also 
observed in samples with low survival rates of hiPSC-AECs, 
these cells have a high ability to survive post-transplantation. 
As hiPSC-AECs transplanted with a high proportion of cili-
ated cells show high survival rates post-transplantation32, the 
area containing ciliated cells could preferentially remain in 
transplanted AECs. Basal cells have high resistance to drug-
related injury compared with other cell types33. In primary 
culture, basal cells adhere to plastic dishes, proliferate, and 
differentiate into other cell types that constitute the airway 
epithelia34. These reports support the ability of basal cells to 
survive in the recipient tissue. The survival rate may be 
improved by increasing the proportion of ciliated and basal 
cells in hiPSC-AECs pre-transplantation.

In this study, we evaluated hiPSC-AECs pre-transplanta-
tion and post-transplantation by histological analyses, con-
firmed the change in the proportion of each cell type that 
constitutes the AECs pre-transplantation and post-transplan-
tation, and obtained essential information for the realization 
of hiPSC-AEC transplantation in the future. In this study, 
we used the same markers used to identify cell types as in 
the work of Konishi et al5, who reported the induction 
method of hiPSC-AEC, and defined the cell types as 

ciliated, goblet, club, and basal cells. However, previous 
studies have reported that many hiPSC-derived cells show a 
degree of differentiation equivalent to that of the fetal stage 
in vitro35,36. In addition, as the airway epithelium differenti-
ates from basal cells to ciliated cells or goblet cells via club 
cells, some cells express multiple differentiation markers; 
thus, more detailed studies using multiple markers are 
required in the future. Furthermore, this study performed 
only tissue evaluation. The mechanisms, such as intercellu-
lar signaling, have been unclear and must be elucidated in 
the future. In addition, since this study was performed 2 
weeks post-transplantation and used only two hiPSC lines, 
further studies for long-term transplantation of AECs 
induced from various hiPSC lines using various induction 
methods and scaffolds are necessary.

In conclusion, we first demonstrated that the proportion 
of each cell type in hiPSC-AECs changes pre-transplanta-
tion and post-transplantation, and confirmed that the pro-
portion of each cell type in hiPSCs post-transplantation is 
closer to the proportion of each cell type in human proximal 
AECs. This study provides important information for the 
development of therapeutic methods using hiPSC-AEC 
transplantation.

Acknowledgments

The authors thank all the members of our laboratory (Department of 
Otolaryngology, Head and Neck Surgery, Faculty of Medicine, 
Kyoto University) for the helpful discussions.

Author Contributions

Masayuki Kitano: Data collection and assembly, data analysis and 
interpretation, manuscript writing, and final manuscript approval. 
Yasuyuki Hayashi: Data collection and assembly, data analysis and 
interpretation, manuscript writing, and final manuscript approval. 
Hiroe Ohnishi: Conception and design, data collection and assem-
bly, data analysis and interpretation, manuscript writing, and final 
manuscript approval. Hideaki Okuyama: Data collection and 
assembly, data analysis and interpretation, and final manuscript 
approval. Masayoshi Yoshimatsu: Data collection and assembly, 
and final manuscript approval. Keisuke Mizuno: Data collection 
and assembly, and final manuscript approval. Fumihiko Kuwata: 
Data analysis and interpretation, and final manuscript approval. 
Takeshi Tada: Data analysis and interpretation, and final manu-
script approval. Yo Kishimoto: Conception and design, administra-
tive support and final manuscript approval. Satoshi Morita: 
Conception and design, data analysis, and final manuscript 
approval. Koichi Omori: Conception and design, administrative 
support, and final manuscript approval.

Availability of Data and Materials

The materials used in the current study are available from the 
research institutes or companies described in this article.

Ethical Approval

This study was approved by the Kyoto University Graduate School 
and Faculty of Medicine, Ethics Committee (Med Kyo 23113).



Kitano et al 11

Statement of Human and Animal Rights

The animal experimental protocol for this study was approved by 
the Animal Experimentation Committee of Kyoto University. All 
animal experiments were performed following the “Guidelines for 
Animal Experiments of Kyoto University.” And the experiment 
using human cell line was approved by the Kyoto University 
Graduate School and Faculty of Medicine, Ethics Committee.

Statement of Informed Consent

Informed consent for patient information to be published in this 
article was not obtained, because we used only hiPSCs, which had 
already been established and widely distributed by cell banks.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
This work was supported by the Japan Society for the Promotion 
of Science (JSPS) KAKENHI (22K09666) and the alumni 
Otolaryngology Fund from the Department of Otolaryngology—
Head and Neck Surgery, Graduate School of Medicine, Kyoto 
University.

ORCID iDs

Hiroe Ohnishi  https://orcid.org/0000-0003-3437-680X

Keisuke Mizuno  https://orcid.org/0000-0003-4212-4135
Koichi Omori  https://orcid.org/0000-0003-3404-5461

Supplemental Material

Supplemental material for this article is available online.

References

 1. Carlier FM, de Fays C,  Pilette C. Epithelial barrier dysfunction 
in chronic respiratory diseases. Front Physiol. 2021;12:691227.

 2. Grillo HC. Tracheal replacement: a critical review. Ann Thorac 
Surg. 2002;73(6):1995–2004.

 3. Omori K, Tada Y, Suzuki T, Nomoto Y, Matsuzuka T, 
Kobayashi K, Nakamura T, Kanemaru S, Yamashita M,  Asato 
R. Clinical application of in situ tissue engineering using a 
scaffolding technique for reconstruction of the larynx and tra-
chea. Ann Otol Rhinol Laryngol. 2008;117(9):673–78.

 4. Gotoh S, Ito I, Nagasaki T, Yamamoto Y, Konishi S, Korogi 
Y, Matsumoto H, Muro S, Hirai T, Funato M, Mae S-I, et al. 
Generation of alveolar epithelial spheroids via isolated pro-
genitor cells from human pluripotent stem cells. Stem Cell 
Reports. 2014;3(3):394–403.

 5. Konishi S, Gotoh S, Tateishi K, Yamamoto Y, Korogi Y, 
Nagasaki T, Matsumoto H, Muro S, Hirai T, Ito I, Tsukita S, 
et al. Directed induction of functional multi-ciliated cells in 
proximal airway epithelial spheroids from human pluripotent 
stem cells. Stem Cell Reports. 2016;6(1):18–25.

 6. Okuyama H, Ohnishi H, Nakamura R, Yamashita M, Kishimoto 
Y, Tateya I, Suehiro A, Gotoh S, Takezawa T, Nakamura T,  

Omori K. Transplantation of multiciliated airway cells derived 
from human iPS cells using an artificial tracheal patch into rat 
trachea. J Tissue Eng Regen Med. 2019;13(6):1019–30.

 7. Tsujimoto H,  Osafune K. Current status and future directions 
of clinical applications using iPS cells—focus on Japan. FEBS 
J. 2022;289(23):7274–91.

 8. Zaragosi LE, Deprez M,  Barbry P. Using single-cell RNA 
sequencing to unravel cell lineage relationships in the respira-
tory tract. Biochem Soc Trans. 2020;48(1):327–36.

 9. Mandai M, Watanabe A, Kurimoto Y, Hirami Y, Morinaga C, 
Daimon T, Fujihara M, Akimaru H, Sakai N, Shibata Y, Terada 
M, et al. Autologous induced stem-cell–derived retinal cells for 
macular degeneration. N Engl J Med. 2017;376(11):1038–46.

 10. Takahashi J. iPS cell-based therapy for Parkinson’s disease: a 
Kyoto trial. Regen Ther. 2020;13:18–22.

 11. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, 
Tomoda K,  Yamanaka S. Induction of pluripotent stem 
cells from adult human fibroblasts by defined factors. Cell. 
2007;131(5):861–72.

 12. Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka 
T, Aoi T, Okita K, Mochiduki Y, Takizawa N,  Yamanaka 
S. Generation of induced pluripotent stem cells without 
Myc from mouse and human fibroblasts. Nat Biotechnol. 
2008;26(1):101–106.

 13. Sachs N, Papaspyropoulos A, Zomer-van Ommen DD, Heo I, 
Bottinger L, Klay D, Weeber F, Huelsz-Prince G, Iakobachvili 
N, Amatngalim GD, de Ligt J, et al. Long-term expand-
ing human airway organoids for disease modeling. EMBO J. 
2019;38(4):e100300.

 14. Adhikari N, Neupane S, Gwon GJ, Kim JY, An CH, Lee S, 
Sohn WJ, Lee Y,  Kim JY. Grhl3 modulates epithelial structure 
formation of the circumvallate papilla during mouse develop-
ment. Histochem Cell Biol. 2017;147(1):5–16.

 15. Hayashi Y, Ohnishi H, Kitano M, Kishimoto Y, Takezawa T, 
Okuyama H, Yoshimatsu M, Kuwata F, Tada T, Mizuno K,  
Omori K. Comparative study of immunodeficient rat strains 
in engraftment of hiPSC-derived airway epithelia. Tissue Eng 
Part A. Epub head of print 20 December 2023. DOI: 10.1089/
ten.tea.2023.0214.

 16. Schneider CA, Rasband WS,  Eliceiri KW. NIH Image to ImageJ: 
25 years of image analysis. Nat Methods. 2012;9(7):671–75.

 17. Kanda Y. Investigation of the freely available easy-to-use soft-
ware “EZR” for medical statistics. Bone Marrow Transplant. 
2013;48(3):452–58.

 18. Deprez M, Zaragosi L-E, Truchi M, Becavin C, Ruiz García S, 
Arguel M-J, Plaisant M, Magnone V, Lebrigand K, Abelanet S, 
Brau F, et al. A single-cell atlas of the human healthy airways. 
Am J Respir Crit Care Med. 2020;202(12):1636–45.

 19. Kiyokawa H,  Morimoto M. Notch signaling in the mammalian 
respiratory system, specifically the trachea and lungs, in devel-
opment, homeostasis, regeneration, and disease. Dev Growth 
Differ. 2020;62(1):67–79.

 20. Ruysseveldt E, Martens K,  Steelant B. Airway basal cells, pro-
tectors of epithelial walls in health and respiratory diseases. 
Front Allergy. 2021;2:787128.

 21. Janicova A, Becker N, Xu B, Wutzler S, Vollrath JT, Hildebrand 
F, Ehnert S, Marzi I, Störmann P,  Relja B. Endogenous utero-
globin as intrinsic anti-inflammatory signal modulates mono-
cyte and macrophage subsets distribution upon sepsis induced 
lung injury. Front Immunol. 2019;10:2276.



12 Cell Transplantation

 22. Broeckaert F,  Bernard A. Clara cell secretory protein (CC16): 
characteristics and perspectives as lung peripheral biomarker. 
Clin Exp Allergy. 2000;30(4):469–75.

 23. Davis JD,  Wypych TP. Cellular and functional heterogeneity of 
the airway epithelium. Mucosal Immunol. 2021;14(5):978–90.

 24. Guerra S, Vasquez MM, Spangenberg A, Halonen M,  Martin 
RJ. Club cell secretory protein in serum and bronchoalveo-
lar lavage of patients with asthma. J Allergy Clin Immunol. 
2016;138(3):932–34.

 25. Guerra S, Halonen M, Vasquez MM, Spangenberg A, Stern 
DA, Morgan WJ, Wright AL, Lavi I, Tarès L, Carsin AE, 
Dobaño C, et al. Relation between circulating CC16 concentra-
tions, lung function, and development of chronic obstructive 
pulmonary disease across the lifespan: a prospective study. 
Lancet Respir Med. 2015;3(8):613–20.

 26. Firth AL, Dargitz CT, Qualls SJ, Menon T, Wright R, Singer O, 
Gage FH, Khanna A,  Verma IM. Generation of multiciliated 
cells in functional airway epithelia from human induced plurip-
otent stem cells. Proc Natl Acad Sci U S A. 2014;111(17):E17
23–E1730.

 27. Yu FG, Liu F, Liang XH, Duan LW, Li QQ, Pan G, Ma CY, 
Liu MM, Li MY, Wang P,  Zhao X. IPSC-derived airway epi-
thelial cells: progress, promise, and challenges. Stem Cells. 
2023;41(1):1–10.

 28. Sutermaster BA,  Darling EM. Considerations for high-yield, 
high-throughput cell enrichment: fluorescence versus magnetic 
sorting. Sci Rep. 2019;9(1):227.

 29. Hurley K, Ding J, Villacorta-Martin C, Herriges MJ, Jacob A, 
Vedaie M, Alysandratos KD, Sun YL, Lin C, Werder RB, Huang 
J, et al. Reconstructed single-cell fate trajectories define lineage 
plasticity windows during differentiation of human PSC-derived 
distal lung progenitors. Cell Stem Cell. 2020;26(4):593–608.

 30. McCauley KB, Alysandratos K-D, Jacob A, Hawkins F, 
Caballero IS, Vedaie M, Yang W, Slovik KJ, Morley M, 
Carraro G, Kook S, et al. Single-cell transcriptomic profiling of 
pluripotent stem cell-derived SCGB3A2+ airway epithelium. 
Stem Cell Reports. 2018;10(5):1579–95.

 31. Al-Akashi Z, Zujur D, Kamiya D, Kato T Jr, Kondo T,  Ikeya 
M. Selective vulnerability of human-induced pluripotent stem 
cells to dihydroorotate dehydrogenase inhibition during mes-
enchymal stem/stromal cell purification. Front Cell Dev Biol. 
2023;11:1089945.

 32. Varma R, Marin-Araujo AE, Rostami S, Waddell TK, Karoubi 
G,  Haykal S. Short-term preclinical application of functional 
human induced pluripotent stem cell-derived airway epithelial 
patches. Adv Healthc Mater. 2021;10(21):e2100957.

 33. Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, 
Randell SH,  Hogan BLM. Basal cells as stem cells of the 
mouse trachea and human airway epithelium. Proc Natl Acad 
Sci U S A. 2009;106(31):12771–75.

 34. Davidson DJ, Kilanowski FM, Randell SH, Sheppard DN,  
Dorin JR. A primary culture model of differentiated murine 
tracheal epithelium. Am J Physiol Lung Cell Mol Physiol. 
2000;279(4):L766–L778.

 35. Zhang Z, Guo L, Lu X, Zhang C, Huang L, Wang X, Duan 
F, Liang H, Chen P, Zeng L, Shao J, et al. Clinical analysis 
and pluripotent stem cells-based model reveal possible impacts 
of ACE2 and lung progenitor cells on infants vulnerable to 
COVID-19. Theranostics. 2021;11(5):2170–81.

 36. Lian Q, Zhang K, Zhang Z, Duan F, Guo L, Luo W, Mok 
BW-Y, Thakur A, Ke X, Motallebnejad P, Nicolaescu, et al. 
Differential effects of macrophage subtypes on SARS-CoV-2 
infection in a human pluripotent stem cell-derived model. 
Nature Communications. 2022;13(1):2028.


