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a b s t r a c t

Introduction: Early postoperative regeneration of the middle ear mucosa is essential for the prevention of
postoperative refractory otitis media and recurrent cholesteatoma. As a means for intractable otitis
media management, we focused on human induced pluripotent stem cell (hiPSC)-derived airway
epithelial cells (AECs), which have been used in upper airway mucosal regeneration and transplantation
therapy. In this study, we transplanted hiPSC-derived AECs into the middle ear of immunodeficient rats.
Methods: Following the preparation of AEC sheets from hiPSCs, the bilateral middle ear mucosa of X-
linked severe combined immunodeficient rats was scraped, and the AEC sheets were transplanted in the
ears unilaterally.
Results: Human nuclear antigen (HNA)-positive ciliated cellswere observed on the transplanted side of the
middle ear cavity surface in three of six rats in the 1-week postoperative group and in three of eight rats in
the 2-week postoperative group. No HNA-positive cells were found on the control side. The percentage of
HNA-positive ciliatedcells in the transplantedareas increased in the2-weekpostoperative groupcompared
with the 1-week group, suggesting survival of hiPSC-derived AECs. Additionally, HNA-positive ciliated cells
weremainly located at siteswhere the original ciliated cellswere localized. Immunohistochemical analysis
showed that the transplanted AECs contained cytokeratin 5- and mucin 5AC-positive cells, indicating that
both basal cells and goblet cells had regenerated within the middle ear cavity.
Conclusions: The results of this study are an important first step in the establishment of a novel trans-
plantation therapy for chronic otitis media.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

The middle ear is a functional organ that requires sufficient
aeration to efficiently transmit sound from the external auditory
canal to the cochlea and auditory nerve. It is composed of a tym-
panic cavity, an epitympanum, and a mastoid cavity. The Eusta-
chian tube (ET) connects the tympanic cavity and nasopharynx.
Aerationwithin the middle ear is maintained via two mechanisms:
direct aeration through the ET and gas exchange to the blood ves-
sels through the middle ear epithelia [1]. Inflammation within the
middle ear (chronic otitis media) causes ET obstruction and loss of
gas exchange due to epithelial dysfunction, which results in nega-
tive pressure within the middle ear. This negative pressure can be
resolved with chronic perforation of the tympanic membrane and/
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carboxypeptidase M; DAPI, 40 ,6-diamidino-2-phenylindole; EDTA, ethyl-
enediaminetetraacetic acid; ET, Eustachian tube; hiPSC, human induced pluripotent
stem cell; HNA, human nuclear antigen; KRT5, cytokeratin5; MUC5AC, mucin5AC;
NBRP, National BioResource Project; OCT, optimal cutting temperature; PBS, phos-
phate-buffered saline; PET, polyethylene terephthalate; PFA, paraformaldehyde; X-
SCID, x-linked severe combined immunodeficient.
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or causes retraction of the tympanic membrane, known as cho-
lesteatoma. If cholesteatoma grows with continuous negative
pressure, it can destroy the bony structure within the middle ear,
including the ossicles, facial nerve canals, and inner ear [2]. The
mucosa of the middle ear cavity is one of the mucociliary epithelia
and it has phenotypic similarities to the conducting airway
epithelium, which consists of pseudostratified columnar epithelia
that includes ciliated, secretory, non-secretory, and basal cells [3].
The ciliated and secretory cells are mainly located in the inferior
tympanic cavity and around the opening of the ET. These cells
produce mucus that flows toward the ET and helps to discharge
foreign substances within the middle ear secretions toward the
nasopharynx. On the other hand, the mucosa of the mastoid and
superior tympanic cavities is mainly responsible for passive gas
exchange [1] to ensure middle ear aeration; therefore, few ciliated
and secretory cells are located in these areas. The surgical man-
agement of both chronic otitis media and cholesteatoma not only
removes pathological lesions but also a normal middle ear mucosa
in both the tympanic and mastoid cavities, which can result in
worse postoperative mucosal conditions compared with the pre-
operative status. Generally, it is believed that mucosal tissues can
regenerate easily; however, this is not always the case in wide-
spreadmiddle ear mucosal defects associated with the treatment of
chronic otitis media and cholesteatoma. The incomplete regener-
ation and remodeling of the middle ear mucosa cause poor aeration
of themiddle ear cavity, resulting in tympanic membrane adhesion,
fibrosis, and cholesteatoma, or otitis media recurrence [4]. Addi-
tionally, insufficient hearing recovery occurs because of poor
aeration of the postoperative middle ear [5]. A silastic sheet and
cartilage tissue are used to prevent adhesion [6,7]; however, these
methods only partially contribute to the functional recovery of the
middle ear. Thus, an effective method for restoring the functional
middle ear mucosa that realizes reliable aeration within the post-
operative middle ear and fundamentally resolves tympanic mem-
brane adhesions is required.

Middle ear mucosal regeneration involves the removal of the
pathological mucosa by surgical means followed by transplantation
of the physiological mucosa to restoremucosal function in the early
postoperative period [8]. Previous reports have shown effective-
ness of transplanting autologous tissue-derived “nasal mucosal cell
sheets”, which are a different type of airway epithelium, into the
middle ear to achieve early postoperative mucosal regeneration
[9e11]. However, two issues associated with nasal mucosa use
remain unaddressed. The first is its invasiveness; to obtain the nasal
mucosal cell sheet, the patient's healthy nasal mucosa needs to be
excised. And second, the cultured nasal cavity epithelia have
different characteristics from themiddle ear epithelia. Although the
cultured nasal cavity epithelia show a multilayered structure and
allow gas exchange, they do not contain ciliated cells that are
present in the middle ear mucosa [9e11]. This difference results in
inadequate functioning of the transplanted nasal epithelia in the
middle ear, especially in the tympanic cavity and around the ET,
where ciliated cells have important roles. Therefore, in this study,
we used human induced pluripotent stem cell (hiPSC)-derived
airway epithelial cells (AECs); compared to autologous nasal tissue,
these cells are rich in cilia which additionally contribute to motility.

hiPSCs are expected to be clinically applicable using human
leukocyte antigen-type-matched cell banks [12e14], allowing pa-
tients to benefit from transplantation without eliciting an immune
response, even if the hiPSCs are derived from other patients. There
have been no reports regarding the creation of middle ear mucosa
from pluripotent stem cells; however, recent single-cell tran-
scriptome studies [15e17] and conventional electron microscopic
reports [3,18] support the existence of five types of mucociliary cells
in the middle ear mucosa [15], similar to other respiratory tract

mucosae like trachea and nasal cavity [17]. Thus, we decided to use
a previously reported protocol to induce lower AECs, which are rich
in motor cilia, from hiPSCs [19,20]. These cells were used as the
cellular source for transplantation into the middle ear cavity, as has
already been performed for the regeneration of rat tracheal
epithelia [21].

In this study, we developed and explored a novel middle ear
mucosal regeneration method; specifically, we transplanted hiPSC-
derived AECs into the middle ear of immunodeficient rats.

2. Methods

2.1. Animals

X-linked severe combined immunodeficient (X-SCID) rats
(F344-Il2rgem1Iexas, NBRP No. 0883) were provided by the National
BioResource Project (NBRP) e Rat, University of Tokyo (Tokyo,
Japan). The rats were 7e17 weeks old and weighed 174e330 g.
Sixteen rats with an equal sex distribution were used. This study
was approved by the Animal Research Committee, Graduate School
of Medicine, Kyoto University (MedKyo17627). All animal experi-
ments were performed in accordance with the National Institutes
of Health guide for the care and use of Laboratory animals.

2.2. Maintenance of hiPSCs and AEC induction

The hiPSC line 201B7 was used in this study and was provided
by RIKEN BRC through the NBRP of the MEXT/AMED, Japan. hiPSC
maintenance and induction of airway cells were performed, as
described previously [19,20]. Briefly, before induction, the cells
were maintained on Geltrex (Thermo Fisher Scientific, Waltham,
MA, USA)-coated dishes in Essential 8 medium (Thermo Fisher
Scientific) for ten passages. Passaging was performed using 0.5 mM
ethylenediaminetetraacetic acid (EDTA)/phosphate-buffered saline
(PBS) with a split ratio of 1:10.

To initiate AEC induction, the hiPSCs were seeded on Geltrex-
coated plates in basal medium 1 (RPMI1640 medium [Nacalai
Tesque, Kyoto, Japan] with 1 � B27 supplement [Thermo Fisher
Scientific] and 50 U/mL penicillin [Thermo Fisher Scientific]/50 mg/
mL streptomycin [Thermo Fisher Scientific]) containing 100 ng/mL
human activin A (R&D System, Minneapolis, MN, USA), 1 mM
CHIR99021 (Axon Medchem, Groningen, The Netherlands), and
10 mM Y-27632 (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan). On the next day, 0.25 mM sodium butyrate (FUJIFILMWako
Pure Chemical Corporation) was added. From day 2e6, cells were
cultured in basal medium 1 containing 100 ng/mL human activin A,
1 mM CHIR99021, and 0.125 mM sodium butyrate. From day 6e10,
cells were cultured in basal medium 2 (DMEM/F-12 with GlutaMAX
[Thermo Fisher Scientific], 1� B27 supplement, 50 U/mL penicillin/
50 mg/mL streptomycin, 0.05mg/mL L-ascorbic acid [FUJIFILMWako
Pure Chemical Corporation], and 0.4 mM monothioglycerol [FUJI-
FILM Wako Pure Chemical Corporation]) supplemented with
100 ng/mL human recombinant noggin (Human Zyme, Chicago, IL,
USA) and 10 mM SB431542 (Selleck Chemicals, Houston, TX, USA).
From day 10e14, the cells were cultured in basal medium 2 con-
taining 20 ng/mL human recombinant BMP4 (Human Zyme),
2.5 mM CHIR99201, and 0.5 mM all-trans retinoic acid (Sigma-
eAldrich, St. Louis, MO, USA).

Carboxypeptidase M (CPM) is a marker for primitive cells in the
ventral anterior foregut that develops into the bronchi and lungs
[19,21]. On day 14, CPM-positive cells were selected by a magnet-
ically activated cell sorting method using a mouse anti-human CPM
antibody (FUJIFILM Wako Pure Chemical Corporation). CPM-
positive cells were mixed in a solution of 1:1 growth factor-
reduced Matrigel (Corning, Corning, NY, USA) and basal medium
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2 containing 3.0 mM CHIR99021, 100 ng/mL FGF10 (FUJIFILM Wako
Pure Chemical Corporation), and 10 mM Y-27632 and were seeded
on 12-well cell culture inserts with a polyethylene terephthalate
(PET) membrane (Corning, #353292). For 14 days, Matrigel
embedded cells were maintained in basal medium 2 containing
3.0 mMCHIR99021, 100 ng/mL FGF10, and 10 mMY-27632. From day
28e42, spheroids-derived from CPM-positive cells were cultured in
PneumaCult-ALI Maintenance medium (STEMCELL Technologies,
Vancouver, Canada) with 10 mM Y-27632, 4 mg/mL heparin (Nacalai
Tesque), 1 mM hydrocortisone (SigmaeAldrich), and 10 mM DAPT
(FUJIFILM Wako Pure Chemical Corporation). On day 42, the
spheroids were dissociated into a single-cell suspension by treat-
ment with trypsin, seeded on 12-well cell culture inserts with a PET
membrane, and maintained under air-liquid interface culture
condition. After 14 days of culturing, the induced AEC sheets were
used for transplantation (Fig. 1).

2.3. Electron microscopy

Induced AECs on the PET membrane before transplantation and
F344 wild-type rat middle ear mucosa were observed using scan-
ning and transmission electron microscopes. For scanning electron
microscopy (S-4700 [Hitachi Co., Tokyo, Japan]), the cells were fixed
with 4% paraformaldehyde (PFA) (Nacalai Tesque)/2% glutaralde-
hyde (FUJIFILM Wako Pure Chemical Corporation) in phosphate
buffer at 4 �C overnight. Then, the cells were post-fixed in 1%
osmium tetroxide (Nacalai Tesque), dehydrated, dried using a
critical point drying method, and coated with platinum palladium.

For transmission electron microscopy (H-7650, Hitachi Co.), the
fixed cells were post-fixed in 1% osmium tetroxide for 2 h and
dehydrated using an ethanol series. The cells were then embedded
in epoxy resin and DMP-30 (Nacalai Tesque). Thin sections were
stained with uranyl acetate (Merck Millipore, Burlington, MA, USA)
and lead citrate (Nacalai Tesque).

2.4. Transplantation

The rats were anesthetized intraperitoneally using a mixture of
midazolam (2 mg/kg, Maruishi Pharmaceutical Corporation, Osaka,
Japan), butorphanol (2.5 mg/kg, Meiji Seika Pharma Corporation,
Tokyo, Japan), and medetomidine (0.15 mg/kg, Orion Corporation,
Espoo, Finland). Transplant operations were performed under a
stereoscopic microscope (LW-820; WRAYMER, Osaka, Japan) in a
sterile tent (PS01-AD; AS ONE Corporation, Tokyo, Japan). Fourteen
X-SCID rats were used as transplant recipients; the additional two
were used as controls. The induced cells were detached from their
scaffold, the PET membrane, and transplanted into the middle ear
mucosal defects. The surgical approach to themiddle ear cavity was
based on previous reports [22e24]. An incision was performed on
the retro-auricular skin measuring approximately 3 cm; the flaps
were raised under a platysma layer to identify and preserve the
facial nerve. The auditory bullawas exposed, and a surgical window
was created on its lateral posterior surface. The size of the surgical
window was 3 mm and 1.5 mm in length and width, respectively,
and was located between the facial nerve and mastoid process. The
area of peeling of the middle ear mucosa was defined as

Fig. 1. Scheme of the experimental design. Preparation of the graft. Airway epithelial cells (AECs) were induced from human induced pluripotent stem cells (hiPSCs) and were
collected from a culture insert with a PET membrane as a sheet. Transplantation. The bilateral middle ear mucosae of X-linked severe combined immunodeficient rats were peeled
under general anesthesia. The induced AEC sheet was transplanted to one side of the middle ear. Timeline. Postoperative wound status was compared between the control and
transplanted sides after 1 (n ¼ 6) and 2 weeks (n ¼ 8). ET, eustachian tube; Pr, promontory; SA, stapedial artery; TM, tympanic membrane.
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surrounding stapedial artery at the posterior end, the lateral edge of
the promontory at the medial end, and we defined the area visible
from the surgical window as the lateral and anterior ends (Fig. 1).
The bilateral middle ear mucosae of the hypotympanum were de-
tached, and the coordinated hiPSC-derived airway cell sheet was
transplanted unilaterally. Finally, the skinwoundwas sutured using
5.0 nylon sutures. Two rats were not operated on and served as the
control group. Histological evaluation was performed after one
(experimental animals: n ¼ 6) and two weeks (experimental ani-
mals: n ¼ 8) after surgery in the intervention group (Fig. 1), and for
control animals (n ¼ 2).

2.5. Immunofluorescent staining

One to twoweeks post-transplantation, the ratswere euthanized
in accordancewith the regulations of KyotoUniversity. The temporal
bone, including the auditory bullae, were fixed in 4% PFA at 4 �C for
24 h and decalcifiedwith 10% EDTA-Na for 7 days. The sampleswere
immersed in 30% sucrose overnight, followed by overnight immer-
sion in a 1:1 mixed solution of 30% sucrose and Tissue-Tec optimal
cutting temperature (OCT) compound (Sakura Finetek Japan, Tokyo,
Japan). The sampleswere thenembedded in theOCTcompound. The
auditory bullae were sliced in the coronal direction at a 10 mm
thickness using a cryostat (CryoStar NX70, ThermoFisher Scientific).
Cultured cells were fixed in 4% PFA for 15 min at room temperature.
AfterwashingwithPBS, all specimenswerepermeabilizedwith0.2%
Triton X-100 (Nacalai Tesque) in PBS for 5 min. The samples were
incubated with 1% bovine serum albumin (FUJIFILM Wako Pure
Chemical Corporation) in PBS for 10 min at room temperature and
were stained with primary antibodies at 4 �C overnight. After
washing with PBS, the sections were incubated with Alexa Fluor
secondary antibodies (Thermo Fisher Scientific) and phalloidin 647
(1:1000, Thermo Fisher Scientific) for 1 h at room temperature.
Nuclei were labeled with 40,6-diamidino-2-phenylindole (DAPI;
Thermo Fisher Scientific). The primary antibodies used in this study
were anti-FOXA2 antibody (1:500, R&D Systems, AF2400), anti-
NKX2-1 antibody (1:500, Thermo Fisher Scientific, MS-699-P),
anti-E-cadherin antibody (1:10000, Thermo Fisher Scientific, 13-
1900), anti-acetylated a-tubulin (Ac-TUB) antibody (1:1000, Sig-
maeAldrich, T7451), anti-human nuclei antigen (HNA) antibody
(1:1000,Millipore, Darmstadt, Germany,MAB1281), anti-mucin5AC
(MUC5AC) antibody (1:500, Thermo Fisher Scientific, MS-145-P),
and anti-cytokeratin5 (KRT5) antibody (1:1000, BioLegend, San
Diego, CA, USA Poly19055). For double-staining with anti-MUC5AC
and anti-HNA antibodies, a direct labeling kit (1:500, Thermo
Fisher Scientific, Z25060) was used according to themanufacturer's
protocol. The specimens were enclosed in Fluoromount-G® Anti-
Fade (Southern Biotechnology Associates Inc., Birmingham, AL,
USA). Other tissue specimens were stained with hematoxylin
(FUJIFILM Wako Pure Chemical Corporation) and eosin (FUJIFILM
Wako Pure Chemical Corporation) and enclosed by a sealing agent
(Mount-Quick, Cosmobio, Tokyo, Japan).

Specimens were observed and images were visualized using a
BioRevo fluorescent microscope BZ-9000 (Keyence, Osaka, Japan)
and an Olympus BX50microscope (Olympus, Tokyo, Japan); images
were captured with an Olympus DP70 digital camera (Olympus).
The images of cultured cells were visualized using a Nikon Eclipse
Ti inverted microscope (Nikon, Tokyo, Japan) and captured with an
Olympus DP73 digital camera (Olympus). Digital images were
processed using Photoshop 2021 (Adobe, San Jose, CA, USA).

2.6. Cell count

All quantification procedures were performed on immunofluo-
rescent sections. Epithelial cells were defined as the cells located in

the most luminal monolayer marked by phalloidin. The surviving
transplanted cell-derived epithelial cells were labeled and identi-
fied using anti-HNA antibody and DAPI. First, the number of sur-
viving cells was counted in whole areas where the middle ear
mucosae were peeled. The proportion of surviving cells was
calculated by dividing the number of HNA- and DAPI-double-
positive cells by the number of DAPI-positive cells. On the same
slide, the number of Ac-TUB and HNA double-positive cells was
quantified among the HNA-positive epithelial cells. Additionally,
the transplanted HNA-positive cells and Ac-TUB- and HNA-double-
positive cells were quantified within 350 mm of regions of the ex-
pected ciliated and non-ciliated part of the peeled mucosal area in
each specimen. Specimens from both ears of rats (n ¼ 16) were
quantified in ten sections at 200 mm intervals. We averaged the
proportions of the different ears to identify the statistical
difference.

2.7. Statistical analysis

Data are expressed as median (range; minimumemaximum
value). The Wilcoxon signed-rank test was used to compare the
proportion of ciliated cells in the ciliated and non-ciliated part. The
Wilcoxon rank sum test was used to examine the difference of the
proportion of transplanted cells among epithelial cells and ciliated
cells among the transplanted cells. Statistical significance was set at
p < 0.05. Statistical analysis was performed using R version 3.0.2
(2013-09-25).

3. Results

3.1. AEC induction

AEC induction was performed as previously reported [19,20]. At
each induction step, marker protein expression was confirmed by
immunocytochemical analyses (Supplementary Fig. 1). On days
56e60, the induction of AECs was confirmed by the expression of
an epithelial marker (E-cadherin) and a cilia marker (Ac-TUB)
(Fig. 2a). Cilia-like structures were observed using scanning elec-
tron microscopy (Fig. 2b). In transmission electron microscopy,
9þ 2 structures were observed in cilia-like protrusions, as reported
previously (Fig. 2c) [20]; these structures were composed of nine
doublet microtubules arranged in a circle around two central
singlet microtubules with dynein arms [25].

3.2. Ciliated cells were abundantly located near the cochlea and
stapedial artery in the rat middle ear cavity

To select appropriate implantation sites for AECs, we examined
the ciliated cell distribution in themiddle earmucosa of X-SCID rats
and F344 rats, the background strain animals of X-SCID, based on
assumption that the ciliated cell-rich part would require the
compensation with transplanted AECs after injury compared with
non-ciliated area and would be a target for regeneration of the
middle ear mucosa (Fig. 3). Similar to a report of SpragueeDawley
rats [26], scanning electron microscopy revealed that ciliated cells
in F344 rats were abundant around the cochlea and the stapedial
artery (Fig. 3aec). In the histological sections of the middle ear
cavity of X-SCID rats (Fig. 3deg), the distribution of Ac-TUB-positive
ciliated cells was shown to be limited to the area around the sta-
pedial artery and cochlea (ciliated part, green region in Fig. 3d, solid
box in Fig. 3e, and 3f); a sparse distribution was observed in the
region apart from the artery or cochlea (non-ciliated part, yellow
region in Fig. 3d, dotted box in Fig. 3e, and 3g). Similar to the report
in SpragueeDawley rats, we confirmed that X-SCID rats have both
ciliated (Fig. 3f) and non-ciliated areas (Fig. 3g). Based on these
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observations, a surgical window was created to observe the region
of the middle ear cavity surrounded by the cochlea and stapedial
artery (light green area in Fig. 3a). The protocol for the

transplantation procedure was as follows: first, we created a sur-
gical window over the region surrounded by the cochlea and sta-
pedial artery (black circle in Fig. 3a); next, we peeled the mucosa
from the stapedial artery and cochlea to the edge of the surgical
window (dotted line in Fig. 3a) and transplanted an hiPSC-derived
AEC sheet over the peeled area.

3.3. Transplanted cell survival in the middle ear

The histological structure of the transplanted side was different
compared with that of the control side, in which only the mucosa
was removed (Supplementary Fig. 2). The injured region of the
control side showed bony thickening of the tissue (Supplementary
Fig. 2a, c), which was similar to that in normal rabbits in previous
studies [9,10]. In contrast, the transplanted side contained sparse
connective tissue under the epithelial cells (Supplemental Fig. 2b,
d), which was not observed in the transplantation of autologous
tissues [9,10].

Immunofluorescent staining was performed to examine the
status of the transplanted hiPSC-derived AEC sheets in the middle
ear cavity (Fig. 4). HNA and Ac-TUB were immunohistochemically
stained to identify hiPSC-derived cells and ciliated cells, respec-
tively. HNA-positive cells were confirmed on the surface of the
middle ear cavity in five of six animals in the 1-week postoperative
group and three of eight animals in the 2-week postoperative group
(Fig. 4a, ceg). HNA and Ac-TUB double-positive cells were observed
in the middle ear cavity surface in three of six animals in the 1-
week postoperative group and three of eight animals in the 2-
week postoperative group. Additionally, no HNA-positive cells
were observed in control ears (Fig. 4b, h). Although HNA-positive
cells were also observed in the submucosa (Fig. 4a), we focused
on the analysis of epithelial cells, which are the functional cells
within the middle ear.

The number of transplanted epithelial layer cells was quantified
in the whole peeled area to evaluate the survival of engrafted cells
at the transplant site (Fig. 5). The median percentage of HNA-
positive cells among the epithelial cells in the whole mucosal
defect area was 8.87% (0.00e43.69%) in the 1-week group (n ¼ 6)
and 0.00% (0.00e6.14%) in the 2-week group (n ¼ 8) (Fig. 5g, whole
peeled area). The proportion of HNA-positive epithelial cells in the
2-week group was significantly reduced compared with that in the
1-week group (p ¼ 0.0266, Fig. 5g, whole peeled area). Further-
more, the proportion of ciliated cells among transplanted cells
engrafted on the surface of the middle ear cavity was 1.00%
(0.00e3.93% in the 1-week group [n¼ 5] and 2.99% [2.68e5.88%] in
the 2-week group [n¼ 3]) (Fig. 5h, whole peeled area). However, no
significant difference was observed regarding the proportion of
ciliated cells between the two groups.

To evaluate the effect of the transplanted site on the survival of
transplanted cells, the survival of transplanted epithelial cells and
ciliated cells within the expected ciliated and non-ciliated parts
was evaluated (Fig. 5g and h, ciliated and non-ciliated parts). The
median percentage of surviving transplanted cells in the epithelial
layer in the expected ciliated part was 3.74% (0.00e56.84%) in the
1-week group (Fig. 5b and g, ciliated part, n ¼ 6) and 0.00%
(0.00e21.76%) in the 2-week group (Fig. 5e and g, ciliated part,
n¼ 8). Themedian proportion of HNA-positive cells in the expected
non-ciliated part was 11.18% (0.00e49.15%) in the 1-week group
(Fig. 5c and g, non-ciliated part, n ¼ 6) and 0.00% (0.00e1.39%) in
the 2-week group (Fig. 5f and g, non-ciliated part, n ¼ 8). A sig-
nificant decrease was observed in the survival of transplanted cells
in the non-ciliated part in the 2-week group compared to that in
the 1 week-group (p ¼ 0.0053), indicating that the decrease in the
total number of surviving transplanted cells was mainly due to the
cells in the non-ciliated part. In the expected ciliated part, the

Fig. 2. hiPSC-derived AEC contain ciliated cells before transplantation. (a) Immu-
nofluorescence analyses showed the expression of E-cadherin (E-Cad) and acetylated
a-tubulin (Ac-TUB) in hiPSC-derived AECs. Scale bar ¼ 100 mm. (b) Scanning electron
microscopy images showed cilia-like structures in hiPSC-derived AECs. Scale
bar ¼ 80 mm. (c) Transmission electron microscopy images showed a “9 þ 200 structure
(inset), which was observed specifically in motile cilia, in cilia-like protrusions within
hiPSC-derived AECs. Scale bar ¼ 10 mm hiPSC, human induced pluripotent stem cells;
AECs, airway epithelial cells.
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median proportion of Ac-TUB and HNA double-positive cells in the
HNA-positive cells was 0.00% (0.00e4.52%) in the 1-week group
(Fig. 5b and h, ciliated part, n ¼ 5) and 3.80% (3.05e7.55%) in the 2-
week group (Fig. 5e and h, ciliated part, n ¼ 3). In the ciliated part,
no significant difference was observed between the two groups;
however, the proportion of hiPSC-derived ciliated cells tended to
increase in the expected ciliated part in the 2-week group
compared to that in the 1-week group. On the other hand, the
proportion of Ac-TUB and HNA double-positive cells in the HNA-
positive cells engrafted at the expected non-ciliated part was
0.00% (0.00e2.82%) in the 1-week group (Fig. 5c and h, n ¼ 5) and
0.00% (0.00e0.00%) in the 2-week group (Fig. 5f and h, n¼ 1). HNA-
positive cells showed minimal survival in the expected non-ciliated
part of the 2-week group after transplantation.

3.4. Transplanted cells contained KRT5-and MUC5AC-positive cells

The airway epithelium is mainly composed of ciliated cells,
goblet cells, and basal cells [27,28]. Immunohistochemistry for
KRT5, a middle ear mucosa basal cell marker [29,30], and MUC5AC,
a goblet cell marker expressed in the middle ear cavity [31,32], was
performed to examine the survival of cell types other than ciliated
cells within the transplanted hiPSC-derived AECs (Fig. 6). hiPSC-
derived AECs have been reported to express the above markers
[16,20,33,34]. KRT5-and HNA-double-positive cells were observed
in the post-transplant tissue of all animals with HNA- and Ac-TUB-
double-positive cells (n ¼ 3) in the 1- and 2-week groups (Fig. 6a).
MUC5AC- and HNA-double-positive cells were found on themiddle
ear cavity surface in two of three animals in the 1-week group and
in one of three animals in the 2-week group (Fig. 6b). KRT5-and
MUC5AC-positive cells were found in the normal middle ear mu-
cosa of X-SCID rats (Fig. 6c and d).

4. Discussion

Target cells differentiated from hiPSCs prior to transplantation
have shown efficacy for the regeneration of different types of

organs, including the cornea [35] and myocardium [36], has
recently been proven. Hence, therapy using hiPSCs is expected to
provide a new cell source for cell transplantation in patients who
experience difficulties in cellular regeneration or autologous
transplantation from similar other organs. In this study, we trans-
planted hiPSC-derived AECs into the middle ear of rats to investi-
gate the conditions necessary for AEC survival.

Previous middle ear mucosa transplantation experiments have
primarily focused on autologous transplantation in rabbit models
[9,10]. Compared with smaller laboratory animals, rabbits have
larger ear bullae, which make surgical procedures, including
mucosal dissection, and transplantation [10] easier. In our previous
study, we reported on the potential of using middle ear pressure as
a measure of gas exchange capacity through the middle ear mucosa
[9]. However, we could not use rabbits in this study. The current
study requires immunosuppression because transplantation of
human-derived cells into an animal model is a xenograft. Because
immunosuppression with a drug is insufficient in normal animals
in a case of a xenograft, immunodeficient animals were more
suitable for the current study. Of the several available immunode-
ficient animal models, we used X-SCID rats, which have defective
immune systems, particularly regarding T, B, and natural killer cell
functions [37]. The ear bullae of rats are of a sufficient size to
accommodate cell transplantation; additionally, the usefulness of
X-SCID rats as models for xenograft experiments for other organs
has been reported previously [38,39].

We preliminarily used nude rats as immunodeficient rats (data
not shown). However, nude rats were not appropriate for xenograft
experiments in the middle ear. No HNA-positive ciliated cells were
found on the middle ear cavity surface of the transplanted side in
these rats (data not shown). Additionally, only cyst-like engraft-
ments were found in the submucosal tissue of three of the six heads
one week after transplantation (data not shown). These results
indicate the existence of severe tissue rejection. Nude rats lack the
immune response that comes from T-cells [40,41], although the B
and NK cells retain normal functions. Therefore, B-cell and NK-cell-
mediated immune responses may contribute to the observed

Fig. 3. Middle ear ciliated part. (a) A schema of the middle ear after removing the lateral wall of the middle ear cavity. The gray area surrounded by a dotted line shows an area
where the mucosa was peeled in the transplantation experiments. This procedure was performed through the surgical window (black circle) created on the lateral wall of the
middle ear cavity. The green and yellow colors indicate the regions of ciliated and non-ciliated cells, respectively. The axis of the histological section in deg is indicated by the solid
line. (b) Macroscopic image of a. Scale bar ¼ 2 mm. (c) Scanning electron microscopy image of the boxed region in b showing the distribution of ciliated structures around the
cochlea. Scale bar ¼ 100 mm. (d and e) A schema (d) and an immunohistological section (e) of the middle ear through the solid line indicated in a. Acetylated a-tubulin (Ac-TUB)
positive cells, colored in green, located near the stapedial artery (*) as indicated by the solid box. The area far from the artery (dotted box) showed small numbers of Ac-TUB positive
cells. Scale bar in e ¼ 500 mm. (f) Magnified image of the solid box (ciliated part) in e. Scale bar ¼ 100 mm. (g) Magnified image of the dotted box (non-ciliated part) in e. Scale
bar ¼ 100 mm.
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immune related rejection within the middle ear cavity. These ob-
servationsmay aid in the selection of immunosuppressionmethods
when allograft transplantation using hiPSCs is clinically performed
in the middle ear cavity.

Similar to previous studies using rabbit models [9,10], bone-like
tissue growth was observed on the control side of the X-SCID rat
middle ear cavity after mucosal defects. On the transplantation
side, expansion of the submucosal fibrous layer was observed,
which is different from bone thickening observed in the control
side (Supplementary Fig. 2). Considering the hardness, the fibrous
tissue expansion of the submucosa on the transplantation side was
better histological condition than the bony tissue on the control
side. However, this was different from previous studies that used
autologous cell sheets from the nasal epithelia [9,10]; the studies
showed regeneration of almost normal submucosal tissues. This
difference may be attributed to the immune response observed in
xenograft experiments. However, this may not be a significant
problem when the method is clinically applied. In previous studies
[9,10], researchers were non-conclusive regarding whether the
regenerated tissue originated from the transplanted tissue, or if it
was induced from the middle ear mucosa of the recipient. In this
study, we confirmed through the detection of HNA that regenerated
AECs were derived from transplanted hiPSC-derived AECs.

The number of surviving transplanted cells on the middle ear
cavity surface was lower in the 2-week group compared with that
in the 1-week group; this decrease may be attributed to the
immune response of X-SCID rats to xenograft tissue. Although we
found mononuclear cell infiltration on the transplant site at a
similar frequency at 1 and 2 weeks, fibrosis at the transplant site
seemed more severe at two weeks. This observation suggests that
immune response continuously happened at this site. In contrast,
the transplantation of similarly prepared hiPSC-derived AECs into
the trachea of nude rats with an artificial scaffold [21] caused an
increased cell number 2 weeks post-transplantation. This differ-
ence indicates increased severity in the immune environment of
the middle ear cavity compared with that of the trachea. Another
possible reason for the different responses after transplantation is
the differing environments of the transplanted sites. In this study,
the induction of hiPSC-derived AECs was based on a protocol for
inducing lower respiratory epithelial cells, and these cells were
not completely similar to the epithelial cells within the middle
ear. Therefore, the transplanted cells may not be an appropriate
fit for the middle ear environment, and this could have resulted
in their decreased numbers. To achieve more efficient regenera-
tion of the middle ear mucosa, it will be necessary to elucidate
the specific cellular characteristics of the middle ear mucociliary
epithelia and then to correspondingly modify the induction pro-
tocol of AECs.

The proportion of ciliated and goblet cells (secretory cells) in the
mucociliary epithelia affects its function; additionally, these pro-
portions vary across tissues that include the middle ear, nose, and
trachea. Decreased numbers of ciliated cells and increased numbers
of goblet cells are associated with many chronic respiratory dis-
eases such as cystic fibrosis, asthma, and chronic otitis media
[42e45]. Moreover, the excessive mucus production associated
with goblet cell hyperplasia results in repeated tissue damage,
repair defects, and mucociliary clearance changes [44]. Therefore,
appropriate numbers of goblet cells that secrete inflammatory
mediators is necessary to prevent the progression of tissue
remodeling [43,46]. Thus, increasing the precision of AEC induction
from hiPSCs is necessary to achieve the appropriate proportion of
components in the target tissue. Transcriptome and proteome
analysis of these tissues may help to elucidate the mechanisms
underlying the differences between middle ear, nasal, and tracheal
AECs.

Fig. 4. The engraftment of transplanted cells was observed in the middle ear mucosa
of the X-SCID rat 1 week after transplantation. Representative immunofluorescent
staining images of the transplanted (a and ceg) and control sides (b and hel) of themiddle
ears of the 1-week group.Macroscopic HNA, Ac-TUB, DAPI, and phalloidin staining images
(a andb) andmicroscopicHNA staining (c andh), Ac-TUB staining (d and i), DAPI staining (e
and j), phalloidin staining (f and k), andmerged (g and l) images are presented. Images ceg
and hel are from same sections, respectively. Ac-TUB- and HNA- double positive cells
(arrows in a and ceg, n¼ 3 out of 6)were observed on the transplanted side. HNA-positive
cells were not present on the control side (b and hel). Scale bar ¼ 500 mm (a and b) and
50 mm (ceg and hel). Ac-TUB, acetylated a-tubulin; DAPI, 40 ,6-diamidino-2-phenylindole;
HNA, human nuclear antigen; X-SCID, X-linked severe combined immunodeficient. As-
terisks in a and b, stapedial artery; brackets in a and b, surgical window.
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Ciliated cells are essential for mucociliary clearance [47] and are
differentiated from basal cells [48]. In this study, we confirmed
basal cells in the transplanted cells and the proportion of ciliated
cells in the transplanted cells tended to increase in two weeks after
transplantation comparedwith those in oneweek, although the net
number of transplanted cells decreased. These observations
seemed to be limited to areas abundant in ciliated cells prior to the
mucosal damage (Fig. 5). Moreover, the decrease in the number of
whole transplanted cells mainly occurred in the expected non-
ciliated part (Fig. 5g), and the total number of transplanted cells
seemed to be maintained within the expected ciliated part. These
results suggest that the transplantation site is important for
achieving efficient regeneration of ciliated cells, and that the
environment of the recipient site may affect the survival of trans-
planted hiPSC-derived ciliated cells (Fig. 7). Generally, the micro-
environment has essential roles in stabilizing transplanted cells. For
example, transplanted hematopoietic stem cells require the envi-
ronment of bone marrow to be functional. They can reconstitute
the hematopoietic compartments of a host only after homing into
host bone marrow [49]. Similarly, successful transplantation of

induced AECs into a middle ear may require an appropriate envi-
ronment. It is crucial to select a proper location for epithelial-cell
transplantation because they are hard to migrate, unlike hemato-
poietic cells.

This study is the first trial of hiPSC-derived AECs transplantation
onto the surface of the middle ear cavity. Transplantation of cells
sometimes raises safety issues. However, from the viewpoints of
the environment, themiddle ear cavity is originally an environment
in which tumor formation is unlikely to occur, which is supported
by clinical facts that primary cancer of the middle ear is rare [50].
Regarding the characteristics of transplanted cells, transplanted
cells have a very low probability of producing tumors because
hiPSC-derived AECs are differentiated cells, and immature cells
have been removed by magnetically activated cell sorting purifi-
cation during the induction process. If transplanted hiPSC-derived
AECs become more stable in the future following protocol modifi-
cation, this experimental model may be used as a humanized
middle ear mucosa model. This model may also be useful for
elucidating the pathogenesis of intractable otitis media and for the
developing drugs to manage the condition.

Fig. 5. Transplanted cells mainly survived in the expected ciliated part. Histological sections were stained with anti-acetylated a-tubulin (Ac-TUB) antibody, anti-human nuclear
antigen (HNA) antibody, DAPI (40 ,6-diamidino-2-phenylindole), and phalloidin (aef) one (aec) and two (def) weeks after transplantation. b, e (ciliated part) and c, f (non-ciliated
part) are magnified images of the solid and dashed boxes in a and d, respectively. The proportion of transplanted cells among epithelial cells within the peeled area (g) and ciliated
cells among the transplanted cells (h) was quantified by counting the number of stained cells. The percentage of HNA-positive cells relative to the number of DAPI stained nuclei in
the epithelial layer of the whole peeled area and expected non-ciliated part significantly decreased in the 2-week group (g). The percentage of Ac-TUB and HNA double-positive cells
in the HNA-positive cells showed an increasing trend in the whole peeled area and expected ciliated part (h). HNA-positive cells hardly survived and no Ac-TUB- and HNA-double-
positive cells were observed in the non-ciliated part of the 2-week group (g and h). Scale bars ¼ 500 mm (a and d) and 100 mm (b, c, e, and f). Asterisks in a and d, stapedial artery;
brackets in a and d, surgical window; dotted double arrows in a and d, apical surface of the peeled area. Dashes in graphs, median (g, h).
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This study has some limitations. First, assessing long-term cell
dynamics and functional analysis was difficult because of the im-
mune response caused by xenotransplantation. Therefore, stronger
immunosuppression may be necessary to analyze the microenvi-
ronment required for ciliated cell differentiation and maintenance.
Second, avoiding the proliferation of HNA-positive mesenchymal
cells, which are derived from transplanted cells, in the submucosa
needs to be examined in the future. Third, the size of the rats’
middle ear prevents functional analysis of transplanted cells. One
possible solution is to develop an in vivo model using the recently
developed X-SCID rabbit to measure middle ear pressure and
evaluate functions such as cilia movement in the transplanted tis-
sue [51].

5. Conclusions

We developed a fundamental method for the transplantation of
hiPSC-derived AECs into the middle ear mucosa. Furthermore, we
confirmed hiPSC-derived AEC survival on the surface of the middle
ear cavity of X-SCID rats. Increasing the survival rate of transplanted
cells needs to be examined in the future in order to adequately
evaluate the function of the middle ear after cell transplantation
therapy.
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Fig. 6. Airway epithelial component cells other than ciliated cells were observed in transplanted cells. The sections of transplanted (a and b) and control (c and d) middle ears
of X-SCID rats were immunostained with anti-human nuclear antigen (HNA) and DAPI. Double immunostaining was performed using anti-cytokeratin5 (KRT5, a basal cell marker, a
and c), or anti-mucin 5AC (MUC5AC, a goblet cell marker, b and d) antibodies. KRT5 and MUC5AC positive cells were observed in the transplanted and normal middle ear mucosa of
X-SCID rats. Scale bars ¼ 100 mm. HNA, human nuclear antigen; KRT5, cytokeratin 5; MUC5AC, mucin 5AC; X-SCID, X-linked severe combined immunodeficient.

Fig. 7. Summary diagram of transplantation experiment. To evaluate a new cell source for mucosal regeneration after middle ear surgery, AECs derived from hiPSCs were
transplanted into the middle ear of immunodeficient rats. The cells transplanted into the defect of the mucosa survived mainly in the originally ciliated part, suggesting a
microenvironmental influence on the success of transplantation. AECs, airway epithelial cells; hiPSCs, human induced pluripotent stem cells.
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