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An Infection Model for SARS-CoV-2 Using Rat Transplanted
with hiPSC-Airway Epithelial Cells
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Investigating the infection mechanism of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the
airway epithelium and developing effective defense strategies against infection are important. To achieve this,
establishing appropriate infection models is crucial. Therefore, various in vitromodels, such as cell lines and pri-
mary cultures, and in vivomodels involving animals that exhibit SARS-CoV-2 infection and genetically human-
ized animals have been used as animal models. However, no animal model has been established that allows
infection experiments with human cells under the physiological environment of airway epithelia. Therefore, we
aimed to establish a novel animal model that enables infection experiments using human cells. Human induced
pluripotent stem cell-derived airway epithelial cell-transplanted nude rats (hiPSC-AEC rats) were used, and
infection studies were performed by spraying lentiviral pseudoviruses containing SARS-CoV-2 spike protein
and the GFP gene on the tracheae. After infection, immunohistochemical analyses revealed the existence of
GFP-positive-infected transplanted cells in the epithelial and submucosal layers. In this study, a SARS-CoV-2
infection animal model including human cells was established mimicking infection through respiration, and we
demonstrated that the hiPSC-AEC rat could be used as an animal model for basic research and the development
of therapeutic methods for human-specific respiratory infectious diseases.
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Impact Statement

Infection models are important to elucidate the mechanism of infection and to develop defense or therapeutic methods against
infection; however, no research model permitting infection experiments with human cells under the physiological environ-
ment of airway epithelial tissue has been established. Therefore, we aimed to establish a novel infection model mimicking
infection through respiration using human cells, performed infection experiments by spraying pseudovirus into hiPSC-AEC
rats, and confirmed infection in human cells. This infection model could serve as an animal model for basic research and the
development of therapeutic methods for human-specific respiratory infectious diseases.
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Introduction

T he coronavirus disease 2019 (COVID-19) pandemic
was caused by severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2).1,2 SARS-CoV-2 belongs to the
Betacoronavirus genus, the same as SARS-CoV and middle
East respiratory syndrome coronavirus, which have repeat-
edly caused international outbreaks,3 and infection with these
viruses typically begin in the upper respiratory tract and
spreads to the lower respiratory tract and other organs.4–6

During infection in humans, multiciliated cells in the naso-
pharynx or trachea are likely to be the first cells targeted by
SARS-CoV-2, in parallel with sustentacular cells in the nasal
olfactory mucos.7 Several SARS-CoV-2 variants emerged
during the COVID-19 pandemic. The target tissue of infec-
tion and primary symptoms vary among the variants. For
example, being significantly different from previous variants,
the Omicron variant causes infection mainly to the upper
respiratory tract and lower respiratory tract infections less
frequently.5,8

SARS-CoV-2 is composed of structural proteins, nucleo-
capsid, membrane, envelope, and spike (S) proteins, and the
S protein serves as the infectious ligand. The S proteins form
homotrimers and are inserted into the virus membrane in
multiple copies. The S protein consists of S1 and S2 subu-
nits. S1 binds to the angiotensin-converting enzyme 2
(ACE2) receptor, and S2 fuses the virus to the host cell
membrane. The RNA and viral proteins of SARS-CoV-2 are
transferred to host cells through the fusion pore formed via
membrane fusion. Host proteins other than ACE2 that func-
tion as receptors have been identified,9 and details of infec-
tion mechanisms are expected to emerge in the future.

Infection models are necessary to elucidate such infection
mechanisms and develop therapeutic agents.10 It is important
to elucidate the mechanism of infection in the airway epithe-
lium as the first targeted site and develop methods of defense
against infection. However, no research models allowing
infection experiments with human cells under the physiolog-
ical environment of airway epithelial tissue are available. In
the early stages of the epidemic, cell lines were mainly used
as in vitro models.11–14 Subsequently, primary cultures of
human airway cells15 and human-induced pluripotent stem
cell (hiPSC)-derived cells including organoids16–19 were
used for further studies as infection models closer to the
human body. Hamsters and nonhuman primates, which
exhibit SARS-CoV-2 infection, have been used as animal
models, and genetically humanized animals, in which genes
involved in infection are replaced with human sequences,
have also been used.20,21 Although the interaction of SARS-
CoV-2 and ACE2 can be studied using transgenic mice
expressing human ACE2, it is unlikely that they fully repro-
duce the pathological conditions in humans because other
genes are of mouse origin.

As an animal model using human cells, a humanized mouse
model in which a human fetal lung was transplanted subcuta-
neously was reported.22,23 However, this mouse model did not
reproduce infection from inhalation because infection experi-
ments in that study were performed by injecting the virus into
the subcutaneous graft directly. We have already established a
“hiPSC-AEC rat” in which hiPSC-derived airway epithelial
cells (hiPSC-AECs) were transplanted into the tracheae of

immunodeficient rats.24 Therefore, these hiPSC-AEC rats can
permit SARS-CoV-2 infection experiments through the physi-
ological infection route.

In this background, we aimed to establish a novel infection
model using human cells, performed infection experiments
using hiPSC-AEC rats that were sprayed with pseudovirus,
and investigated infection in human cells by histological
analysis.

Materials and Methods

Virus

As infection studies using SARS-CoV-2 require biosafety
level (BSL)-3 facilities, we used a nonreplicative pseudovi-
rus containing the S protein of SARS-CoV-2, which can be
used in BSL-2 laboratories. SARS-CoV-2 pseudovirus (lenti-
virus backbone pseudovirus, with S protein of SARS-CoV-2
[B.1.1.529, Omicron], which expresses EGFP after infection)
was purchased from VectorBuilder Japan.

Cell lines

HEK293T cells and the hiPSC 253G1 cell line were obtained
from RIKEN BioResource Research Center. HEK293T cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Nacalai Tesque) containing 100 U/mL penicillin,
100 mg/mL streptomycin solution, and 10% fetal bovine
serum (COSMO BIO). HiPSCs were maintained in the
feeder-free system using Essential 8 Medium (Thermo-
Fisher Scientific) on a Geltrex (ThermoFisher Scientific)-
coated culture plate for 10 passages before induction.

Generation of HEK293T cells expressing human ACE2

To generate HEK293T cells stably expressing human ACE2
and mCherry fusion protein (hACE2-mCherry/HEK293T cells),
the pX330 plasmid containing sgRNA (5¢-GGGGCCACTAGG-
GACAGGAT-3¢) and Cas9, and the targeting plasmid vector
consisting of human ACE2,mCherry, T2A sequence, puromycin
N-acetyl-transferase, and a CMV promoter-driven hsvTK-2A-
Neo cassette25 in the pBlueScript II SK (-) backbone, were
used. Two types of plasmid vectors were cotransfected into
HEK293T cells using Lipofectamine� 2000 Transfection Rea-
gent (ThermoFisher Scientific). After 2 days, the cells were
reseeded and selected with 0.5 mg/mL puromycin (Fujifilm
Wako). Each clone was selected by fluorescence of mCherry,
and the selected clone was expanded and used for the subsequent
study.

Induction of AECs from hiPSCs (hiPSC-AECs)

AECs were induced from hiPSCs according to the method
described previously.26,27 HiPSCs were seeded on Geltrex-
coated plates in the basal medium consisting of RPMI1640
medium (Nacalai Tesque), 1 · B27 supplement (ThermoFisher
Scientific), and 50 U/mL penicillin/50 mg/mL streptomycin,
100 ng/mL supplemented with human activin A (R&D Sys-
tem), 1 lM CHIR99021 (Axon Medchem), and 10 lM Y-
27632 (day 0), 0.25 mM (day 1), or 0.125 mM (days 2–4)
sodium butyrate (Wako) for differentiation of cells into endo-
derm. From days 6 to 28, the medium consisting of DMEM/
F-12 with GlutaMAX (Life Technologies), 1 · B27 supple-
ment, 50 U/mL penicillin/streptomycin, 0.05 mg/mL L-ascorbic
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acid (Wako), and 0.4 mM monothioglycerol (FUJIFILM
Wako) was used as the basal medium. From days 6 to 9, cells
were cultured in basal medium supplemented with 100 ng/mL
human recombinant noggin (Human Zyme) and 10 lM
SB431542 (Stem RD) (step 2). Then, the cells were cultured in
basal medium supplemented with 20 ng/mL human recombi-
nant BMP4 (Human Zyme), 2.5 lM CHIR99021, and 0.1 lM
all-trans retinoic acid (Sigma-Aldrich). On day 14, objective
cells were purified by magnetic-activated cell sorting using an
anti-carboxypeptidase M (CPM) antibody (FUJIFILM Wako),
which is a surface marker of NKX2-1-positive ventralized ante-
rior foregut endoderm cells.26 CPM-positive cells were sus-
pended with the mixture of basal medium supplemented with
3.0 lM CHIR99021, 100 ng/mL FGF10 (FUJIFILM Wako),
10 lM Y27632, and growth factor-reduced Matrigel at a ratio
of 1:1. Cells were embedded and maintained on 12-well cell
culture inserts with polyethylene terephthalate membrane
(Corning, #353292) for 14 days (days 14–27). On day 28, the
medium was changed to the step 5 medium consisting of
PneumaCult-ALI Maintenance medium (STEMCELL Tech-
nologies), 10 lMY 27632, 4 lg/mL heparin (Nacalai Tesque),
1 lM hydrocortisone (Sigma-Aldrich), and 10 lM DAPT
(FUJIFILM Wako). On day 42, a 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.). For 14
days, the cells were cultured in the step 5 medium under the
air–liquid interface condition to lead the AEC layer, and this
collagen vitrigel membrane with the hiPSC-AECs on it was
used for the infection assay and transplantation as cell sheets.

Electron microscopy

Induced cells on the vitrigel membranes were fixed with 4%
paraformaldehyde (PFA) and 2% glutaraldehyde/phosphate-
buffered saline (PBS) overnight at 4�C, incubated in 1%
osmium tetroxide (Nacalai Tesque) for 2 h, and dehydrated
using ascending ethanol concentrations. For scanning electron
microscopy (SEM), dehydrated cells were dried using the criti-
cal point drying method and coated with platinum palladium.
For transmission electron microscopy (TEM), dehydrated cells
were embedded in epoxy resin and DMP-30 (Nacalai Tesque)
and sectioned. The specimens were observed under an SEM
(S-4700; Hitachi Co.) or a TEM (H7650; Hitachi).

Preparation of artificial tracheae

The collagen solution (6 mg/mL, Nippon Meat Packers, Inc.)
was adjusted to pH 7.0 and centrifuged. Then, the collagen pellet
was frozen at -80�C and lyophilized for 10 days. The dried col-
lagen was then cut into small pieces, dissolved in ultrapure water
(106.4 mg/mL) while hydrochloric acid was added, and adjusted
to pH 3. The collagen solution was poured into a mold, a poly-
propylene mesh coated with the collagen solution was added, an
equal volume of the collagen solution was poured, and then it
was frozen at -80�C overnight. After 1 week of lyophilization,
collagen, including polypropylene mesh, was cross-linked by
heating, sterilized by ethylene oxide gas, and stored in a
desiccator.

Pseudovirus infection assay in vitro

For the infection assay using HEK293T, the mixture of
HEK293T and hACE2-mCherry/HEK293T cells was seeded
at a split ratio of 2:1 on the 96-well culture plates coated with
e-poly-L-lysine (COSMO BIO) at a concentration of 1 · 104

cells/well. After 2 days, the medium was replaced with
100 lL of the maintenance medium containing 1 · 107

TU/mL pseudovirus and 2 lg/mL polybrene. On the next
day, the medium was replaced with a maintenance medium
and cultured for 3 days. For the infection assay using
hiPSC-AECs, the medium in the culture insert was replaced
with 100 lL of the step 5 medium containing 5 · 108 TU/mL
pseudovirus and 2 lg/mL polybrene. On the next day, the
medium inside and outside the culture insert was replaced
with the step 5 medium, and cells were cultured for 7 days.
After the infection assay, cells were fixed for the immunoflu-
orescence analyses.

Animals

Male F344/NJcl-rnu/rnu nude rats, purchased from
CLEA Japan, were used. The rats were 10–14 weeks old
and weighed 200–320 g. The animal experimental protocol
for this study was approved by the Animal Experimenta-
tion Committee of Kyoto University (Med Kyo 23116).
All animal experiments in this study are performed accord-
ing to the Guidelines for Animal Experiments of Kyoto
University. The transplantation experiment and pseudovi-
rus infection assay in the hiPSC-AEC rats were performed
under anesthesia, with an intraperitoneal injection of mida-
zolam (2 mg/kg), butorphanol tartrate (2.5 mg/kg), and
medetomidine hydrochloride (0.15 mg/kg).

Transplantation

A total of 11 nude rats were used. The trachea was
exposed by a midline neck skin incision and separation of
the bilateral sternohyoid and sternothyroid muscles. A
square tracheal defect was created by incision with a scal-
pel. The defect size was two tracheal rings (*2.5 mm) in
length and 2 mm in width. An artificial trachea covered
with a cell sheet was placed over the tracheal defect with
the cells facing the tracheal lumen. Then, the cephalocau-
dal side of the graft was sutured to the trachea with 9-0
nylon sutures (BEAR medic). These rats were used as
hiPSC-AEC rats.

Pseudovirus infection assay in hiPSC-AEC rats

Pseudovirus infection assays in hiPSC-AEC rats were per-
formed 14 days after the transplantation. For tracheal injection,
a 16-G intubation tube (KN-1007-1, Natsume Seisakusho) was
intubated into the trachea using a guide wire (KN-1007-X1,
Natsume Seisakusho). Then, 19-gauge intratracheal spray
(KN-34700-4, Natsume Seisakusho) was inserted into the intu-
bation tube (Supplementary Fig. S1). HiPSC-AEC rats were
sprayed with 100 mL of Hanks’ Balanced Salt Solution
(HBSS) (+) (Nacalai Tesque) containing 2 lg/mL polybrene
(control group, C1 - 5, n = 5) or HBSS (+) containing 1 · 109

TU/mL pseudovirus and 2 lg/mL polybrene (pseudovirus
infection group, V1 - 6, n = 6) at the transplantation site in the
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trachea. On day 7, after euthanasia, the tracheae including the
transplantation site were collected for histological examination.

Immunofluorescence staining

After fixation with 4% PFA for 15min, cells were perme-
abilized with 0.2% Triton X-100 for 5min and treated with
1% bovine serum albumin (BSA; Wako) for 10min at room
temperature. Cells were incubated in primary antibodies
overnight at 4�C, washed three times with PBS, and incu-
bated with Alexa Flour-conjugated secondary antibodies
(ThermoFisher Scientific), Alexa Fluor 647-conjugate
phalloidin (Santacruz), and 4¢,6-diamidino-2-phenylindole
(DAPI) for 1 h at room temperature. The samples were
mounted with Fluoromount-G Anti-Fade (SouthernBiotech).
Images were captured using an Eclipse Ti-S fluorescence
microscope (Nikon Corporation) equipped with a DP73
camera (Olympus) and a BX 50 fluorescence microscope
equipped with a DP70 camera (Olympus).

After the infection experiments, the tracheae including
grafts were fixed with 4% PFA for 24 h. Subsequently, tis-
sues were immersed in 10%, 20%, and 30% sucrose for 24 h
each and embedded in the Tissue-Tec optimal cutting tem-
perature compound (Sakura Finetek Japan). Embedded tis-
sues were sectioned at 10 mm thickness using a cryostat
(CryoStar NX70, ThermoFisher Scientific), and sections at
100 mm intervals were used to calculate the survival rates of
the transplanted cells, and sections at 30 mm intervals were
used to calculate the number of infected cells. After washing
with PBS, tissue sections were treated with 0.1% Triton
X-100, 1% BSA, and 10% donkey serum in PBS for 30
min at room temperature. Then, sections were treated with
primary antibodies (Table 1) overnight at 4�C and washed
with PBS. Sections were treated with Alexa Fluor second-
ary antibodies (ThermoFisher Scientific), Alexa Fluor
647-conjugate phalloidin (Santa Cruz), and DAPI for 1 h at
room temperature. Sections were mounted using Fluoromount-
G Anti-Fade (SouthernBiotech) and observed using a BZ-
X810 fluorescence microscope (Keyence).

For immunofluorescence staining, the following first
antibodies were used: anti-FOXA2 antibody (R&D Sys-
tems, AF2400, 1:500), anti-NKX2.1 antibody (Thermo-
Fisher Scientific, MS-699-P, 1:500), antiacetylated a-tubulin
(Ac-TUB) antibody (Sigma-Aldrich, T7451, 1:1000), anti-
E-cadherin monoclonal antibody (ThermoFisher Scientific,

13–1900, 1:000), antihuman nuclei antigen (HNA) antibody
(Millipore, MAB1281, 1:000), and GFP polyclonal antibody
(Invitrogen, A-11122, 1:2000).

Quantification

Pseudovirus infection assays using HEK293T cells and
hiPSC-AECs were performed three times each, and the pro-
portions of GFP-positive cells in hACE2-mCherry/HEK293T
cells, or hiPSC-AECs, from three independent 250 lm ·
250 lm square areas, per experiment, were calculated as
infection rates. To calculate the survival rate of the trans-
planted cells, two 350 mm wide areas in the center and one
side of the transplanted area were analyzed. The proportion
of HNA-positive cells in the epithelia was calculated as the
survival rate of the transplanted cells. Moreover, the pro-
portion of GFP, HNA, and GFP antibody-labeled triple-
positive cells in the epithelia was calculated as the infec-
tion rate of the transplanted cells. Moreover, the number of
GFP, HNA, and GFP antibody-labeled triple-positive cells
in the epithelia of all transplanted areas was counted as the
infected hiPSC-derived cells.

Statistical analysis

Statistical analyses were performed using EZR (Saitama
Medical Center, Jichi Medical University), which is a graph-
ical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria) for Windows.28 Data are
expressed as medians (range; minimum—maximum value) or
means – standard deviations. The Mann–Whitney U test was
used to compare two groups with independent samples. In all
analyses, p < 0.05was considered statistically significant.

Results

Characterization of hiPSC-AECs

HiPSC-AEC induction was conducted (Fig. 1A) according
to previous reports.26,27 The expression of marker proteins in
induced cells in each induction step was evaluated by immu-
nohistochemical analyses. In the induced cells, expression of
the endoderm marker FOXA2 (Fig. 1Ba) and ventralized
anterior foregut endoderm cell marker NKX2-1 (Fig. 1Bb)
was observed on days 6 and 14, respectively. On day 28,
spheroid formation was confirmed in Matrigel by phase-
contrast microscopy (Fig. 1Bc).

On day 56, in the surface observation of cells following
hiPSC-AEC induction, multiciliated cells with Ac-TUB-
positive cilia-like protrusions, which are likely to be the first
target cells by SARS-CoV-2, were confirmed in E-cadherin-
positive epithelial sheet (Fig. 1Bd). Furthermore, cilia-like
protrusions were observed by SEM (Fig. 1Be) and TEM
(Fig. 1Bf). The 9 + 2 microtubule arrangements, which are
specifically observed in motile cilia, were confirmed in the
cross-section of the cilia (Fig. 1Bf, inset).

Pseudovirus infection assay in vitro

Infection assays using cell line cells were performed
before the infection assay using hiPSC-AEC rats (Fig. 2A).
To confirm whether the pseudovirus infection occurs
depending on hACE2 expression, the mixture of HEK293T
cells and hACE2-mCherry/HEK293T cells was infected

Table 1. Survival Rate of hiPSC-AECs

Rat no. Survival rate (%)

V-1 1.70
V-2 3.51
V-3 6.10
V-4 0.89
V-5 0.69
V-6 0.86
C-1 18.09
C-2 2.80
C-3 0.86
C-4 3.00
C-5 0.87

hiPSC-AECs, human-induced pluripotent stem cell-derived air-
way epithelia cells.
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with lentiviral pseudoviruses containing SARS-CoV-2S
proteins and the GFP gene. Three days after infection,
GFP-positive infected cells (Fig. 2Ba) were observed only
in mCherry-positive HEK293T cells, which suggests
ACE2 expression (Fig. 2Bb) in DAPI-positive cells (Fig.
2Bc). The infection rate (proportion of GFP-positive cells
in total mCherry-positive HEK293T cells) was 7.31% –
1.75%. This result indicates that pseudovirus infection
occurs depending on hACE2 expression (Fig. 2Bd). Infec-
tion assays were also performed using HEK293T cells and

hACE2-mCherry/HEK293T cell separately. After infec-
tion, many GFP-positive infected cells were observed in
hACE2-mCherry/HEK293T cell assays. In contrast, a few
GFP-positive cells in HEK293T cells were considered to
be accidental intake of pesudovirus through endocytosis
(Supplementary Fig. S2). Then, pseudovirus infection
experiments were conducted with hiPSC-AECs. hiPSC-
AECs were infected with lentiviral pseudoviruses contain-
ing SARS-CoV-2S proteins and the GFP gene from the
apical side. Seven days after infection, GFP-positive infected

FIG. 1. Characterization of hiPSC-AECs. (A) Schema of hiPSC-AEC induction process. (B) Characterization of
induced cells in each induction step in hiPSC-AEC induction. Immunofluorescence analyses of induced cells showed
the expression of FOXA2 at day 6 (a), NKX2-1 at day 14 (b), and acetylated a-tubulin and E-cadherin at day 56
(d). At day 28, sphere formation in Matrigel was observed (c). Scale bars: 100 mm (a), 100 mm (b), 200 mm (c), and 20 mm
(d). Images of scanning electron microscope (e) and transmission electron microscope (f) showed cilia-like protrusions at
the apical surface of hiPSC-derived AECs. Scale bars = 10 mm. A 9 + 2 microtubule arrangement specific to motile cilia
(inset) was shown in the cross section of the cilia. Ac-TUB, acetylated a-tubulin; ALI, air–liquid interface; DAPI, 4¢,6-
diamidino-2-phenylindole; hiPSC-AECs, human-induced pluripotent stem cell-derived airway epithelia cells; MACS,
magnetic activated cell sorting; VAFE, ventralized anterior foregut endoderm cells.
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cells (Fig. 2Ca, b) were observed in hiPSC-AECs (Fig. 2Cc, d).
The infection rate (proportion of GFP-positive cells in total
hiPSC-AECs) was 0.78 – 0.45%.

Generation of hiPSC-AEC rats

In this study, nude rats that were transplanted with grafts
consisting of the artificial tracheae covered with hiPSC-AEC
sheets were used as hiPSC-AEC rats (Fig. 3A). HiPSC-AEC
rats were used for the infection assay on day 14 after trans-
plantation. Six hiPSC-AEC rats used for pseudovirus infection

were randomly selected, and the remaining five HiPSC-AEC
rats were sprayed with PBS instead of pseudoviruses to use as
the control group. The tracheae including the transplanted
areas were collected and used for the evaluation of survival
and infection rates (Fig. 3B). The immunohistochemical
images of the vertical sections of the transplanted areas (Fig.
4A) were used to calculate the survival rate of transplanted
cells in the epithelia of the transplanted area (Fig. 4Ba). HNA-
positive surviving hiPSC-AECs and hiPSC-derived cells (Fig.
4Bb) were observed in the transplanted area (Fig. 4Bc) (Table
1). The median survival rate of hiPSC-AECs in hiPSC-AEC

FIG. 2. Pseudovirus infection assay in vitro. (A) Timelines of in vitro infection assay. (B) Images of mixed culture of
HEK293T cells and hACE2-mCherry/HEK293T cells after infection with lentiviral pseudoviruses containing SARS-CoV-2
spike proteins and the GFP gene. Infected cells expressing GFP (a) were observed in only mCherry-positive HEK293T cells
and (b) in all DAPI-labeled HEK293T cells (c). A merged image is shown in (d). Scale bars = 100 lm. (C) Images of
hiPSC-AECs after infection with lentiviral pseudoviruses containing SARS-CoV-2 spike proteins and the GFP gene.
Infected cells expressing GFP (a) and labeled with an anti-GFP antibody (b) were observed in E-cadherin-positive hiPSC-
AEC sheet (c). A merged image is shown in (d). Scale bars = 100 lm. hACE2, human angiotensin-converting enzyme 2.
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rats was 1.70% (0.69–18.08%). No statistical significance was
observed in the survival rates of surviving transplanted cells in
the epithelia of the transplanted area between two groups (virus
infection group, 1.29% [0.68–6.10%]; control group, 2.80%
[0.86–18.08%]) (Fig. 4C).

Pseudovirus infection assay in hiPSC-AEC rats

Pseudovirus infection assays were conducted on day
14 after the generation of hiPSC-AEC rats. The tracheae
including the transplanted areas were collected on day 7
after infection (Fig. 5). The collected tracheae were sub-
jected to immunohistochemistry analysis. The infected
cells were identified by GFP expression and labeling by
anti-GFP antibody to eliminate nonspecific stained cells.
The infected hiPSC-derived cells, defined as GFP-
positive, anti-GFP antibody labeling-positive, HNA-
positive, and DAPI-positive cells, were observed in the
tracheal submucosal layer of hiPSC-AEC rats (Fig. 6A,
Supplemental Fig. S3A) and in the tracheal epithelia of
two hiPSC-AEC rats (Fig. 6B, Supplemental Fig. S3B) in
the virus infection group. The infected hiPSC-derived
cells were mainly observed in the submucosal layer, and
a small number of infected hiPSC-derived cells were also
observed in the airway epithelium. The infected hiPSC-
derived cells were not observed in the rats in the control
group. The numbers of infected hiPSC-derived cells are
shown in Table 2.

Discussion

In this study, we induced hiPSC-AECs, including multici-
liated cells with motile cilia, which can become the first tar-
get cells of SARS-CoV-2 as in previous reports, prepared
grafts by covering the artificial trachea with the hiPSC-AEC
sheet and engrafted hiPSC-AECs in the tracheal epithelia to
generate hiPSC-AEC rats. In the infection assay using these
rats and pseudovirus, infected hiPSC-derived cells in all
infected rats and an average of 10.5 infected hiPSC-derived
cells per rat were identified. Infected hiPSC-derived cells
were mainly located in the submucosal layer, and a small
number of infected hiPSC-derived cells were also observed
in the airway epithelia. To our knowledge, this is the first
report of SARS-CoV-2 infection model using hiPSC-AEC
rats.

In the infection assay using hACE2-mCherry/HEK293T cells,
pseudovirus infection was indicated to rely on ACE2. In addi-
tion, in the infection assay using hiPSC-AECs, pseudovirus
infection was confirmed. However, in the infection assay
using pseudoviruses at a concentration of 1 · 107 TU/mL,
the infection rate in hACE2-mCherry/HEK293T cell was
7.31% – 1.75%, whereas in the infection assay using pseu-
doviruses at a concentration of 5 · 108 TU/mL, the infection
rate in hiPSC-AECs was 0.78% – 0.45%. We used lentiviral
SARS-CoV-2 pseudoviruses containing SARS-CoV-2 S pro-
teins and the GFP gene for infection assay. This pseudovirus
cannot replicate in the host cells; therefore, it is less infectious
than SARS-CoV-2.29 In the future, infection assays using our

FIG. 3. Scheme of the experimental design of this study. (A) Scheme for the generation of hiPSC-AEC rats. Artificial
tracheae covered with hiPSC-AECs on collagen vitrigel are transplanted into the nude rat tracheae. The graft was
placed on the tracheal defect, with the cells facing the tracheal lumen. (B) Flowchart of the infection experiment. Two
weeks after hiPSC-AEC rats generation, an infection study was conducted. One week after infection, tracheae including
hiPSC-AECs were harvested for evaluation.
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hiPSC-AEC rats and SARS-CoV-2 could increase the infec-
tion efficiency.

In the transplanted area in hiPSC-AEC rats after the infec-
tion assay, infected hiPSC-derived cells were mainly observed
in the submucosal layer; on the contrary, only a small number
of infected hiPSC-derived cells were observed in the airway
epithelium. We performed infection assays 2 weeks after the

transplantation. At this point, transplanted cells formed cell–
cell interactions with the recipient tissue based on our previous
histological analysis.24 However, tight junction barrier for-
mation occurred after the localization of tight junction mole-
cules.30 From this, the sprayed pseudoviruses may have
passed through the intercellular space, reached the submuco-
sal layer, and been infected with cells in the submucosal
layer. In the epithelial layer, surviving hiPSC-AECs were
observed with sheet-like clusters in the recipient tracheae. As
mentioned earlier, hiPSC-AECs contain various types of cells
that constitute AECs.27 In our model, various types of
human-derived cells survived as sheet-like clusters in the
transplanted areas; therefore, they can be used to examine the
cell–cell interactions of target cells in SARS-CoV-2 infection
as in the primary culture of bronchial cells.

Our animal model includes human cells. Respiratory
infections are caused by various bacteria and viruses such as
Bordetella pertussis31 and human metapneumoviruses,32

which strictly select human cells as hosts. The animal model
generated in this study could be useful not only against
SARS-CoV-2 but also against other human-specific infectious
diseases. Our animal model is generated from nude rats

FIG. 4. Engraftment of hiPSC-AECs in the trachea after pseudovirus infection. (A) Vertical section of hiPSC-AEC
rats after infection (a). Scale bars = 300 lm. Scheme of the vertical section of hiPSC-AEC rats after infection
(b). (B) Representative images of the immunofluorescence staining of engrafted hiPSC-AECs. HNA-positive engrafted
cells (b) were observed in the transplanted area of the trachea (a). White arrowheads and white brackets show hiPSC-
derived cells engrafted in the airway epithelium. Yellow arrowheads show hiPSC-derived cells engrafted in the submu-
cosal layer (c). Scale bars = 300 lm. (C) Comparison of the proportion of the survival cells in the total cells of the
transplanted area in the virus infection and control groups. No statistical significance was observed. (Mann–Whitney U
test, pseudovirus-infected rats, n = 6; control rats, n = 5). HNA, human nuclei antigen.

FIG. 5. Infection assay in hiPSC-AEC rats. Time course
from the generation of hiPSC-AEC rats to the harvest of
samples after infection. Infection experiments were per-
formed on day 14 after the generation of hiPSC-AEC rats,
and tracheal samples were harvested on day 7 after the
infection (day 21 after the generation of hiPSC-AEC rats).
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so far. It is considered that the use of more severe immu-
nodeficient rats may generate trachea and immune system
double-humanized rats in the future.33–35 These double-
humanized rats may contribute to future research on
immune responses to respiratory infectious diseases.

As limitations, the infection efficiency of hiPSC-derived
cells in our animal model is insufficient to enable the anal-
ysis of virus–host interactions and therapeutic effects at
present. The possible cause is the low engraftment efficiency
of transplanted hiPSC-AECs (Table 1). To improve the

engraftment efficiency of hiPSC-AECs, modifications of the
induction method, scaffold materials, and strains of recip-
ient rats may be considered.36–39 In addition, the use of
pseudoviruses is a point for improvement. As we men-
tioned in the paragraph on the infection efficiency in the
pseudovirus infection assay in hiPSC-AECs, nonreplica-
tive pseudoviruses were used for the infection assay. After
the initial infection by the sprayed pseudovirus, the num-
ber of infected cells does not increase. Therefore, the
infection efficiency of the pseudovirus infection assay is

FIG. 6. Immunofluorescence staining images of tracheal samples after the infection assay. GFP, HNA, DAPI triple-
positive, and anti-GFP antibody-labeled cells were defined as infected hiPSC-derived cells. Images of infected hiPSC-
derived cells in the hiPSC-AEC rats of the infection group are shown. (A) Infected cells in the submucosal layer.
(B) Infected cells in the airway epithelia. Scale bars = 50 lm.
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lower than that of the SARS-CoV-2 infection assay.29,40

Using SARS-CoV-2 in infection assays could increase the
infection efficiency.

We used pseudoviruses with Omicron-type S proteins.
According to reports of clinical symptoms, SARS-CoV-2
Omicron variant infection is associated with a higher fre-
quency of upper respiratory tract symptoms,41 and the vari-
ant has higher transmissibility than other variants.42 Based
on these reports, we consider that infection efficiency of the
cells in the upper respiratory tract is higher in Omicron than
in other variants, and we used pseudovirus with Omicron
S proteins. However, the affinity of Omicron S proteins to
hACE2 is intermediate between that of wild-type and Delta
S proteins from recent findings.43,44 Although Omicron
S proteins have lower affinity for hACE2 than Delta S pro-
teins, a clinical report found that the transmissibility of Omi-
cron is *3.2-fold higher than that of Delta,42 and this
transmissibility depends on the high immune evasion ability
of Omicron.43,45,46 These characteristics of Omicron might
explain the low infection efficiency in this experiment, and it
will allow the improvement of the infection efficiency using
different variant pseudoviruses in the future. If the infection
efficiency is increased, then this model could be used to exam-
ine virus–host interactions and validate therapeutic methods.

In conclusion, we confirmed that hiPSC-AEC rats, trans-
planted with grafts consisting of artificial tracheae covered with
hiPSC-AEC sheets into tracheal defects, were infected with
SARS-CoV-2 pseudovirus by spraying through the airway. Our
results provide a basis for the development of infection models
for respiratory infections that exhibit host specificity for humans.
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