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ARTICLE INFO ABSTRACT

Keywords: The laryngotracheal cartilage is a cardinal framework for the maintenance of the airway for breathing, which
Human iPS cells occasionally requires reconstruction. Because hyaline cartilage has a poor intrinsic regenerative ability, various
Regeneration regenerative approaches have been attempted to regenerate laryngotracheal cartilage. The use of autologous
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mesenchymal stem cells (MSCs) for cartilage regeneration has been widely investigated. However, long-term
culture may limit proliferative capacity. Human-induced pluripotent stem cell-derived MSCs (iMSCs) can
circumvent this problem due to their unlimited proliferative capacity. This study aimed to investigate the effi-
cacy of iMSCs in the regeneration of thyroid cartilage in immunodeficient rats. Herein, we induced iMSCs
through neural crest cell intermediates. For the relevance to prospective future clinical application, induction
was conducted under xeno-free/serum-free conditions. Then, clumps fabricated from an iMSC/extracellular
matrix complex (C-iMSC) were transplanted into thyroid cartilage defects in immunodeficient rats. Histological
examinations revealed cartilage-like regenerated tissue and human nuclear antigen (HNA)-positive surviving
transplanted cells in the regenerated lesion. HNA-positive cells co-expressed SOX9, and type II collagen was
identified around HNA-positive cells. These results indicated that the transplanted C-iMSCs promoted thyroid
cartilage regeneration and some of the iMSCs differentiated into chondrogenic lineage cells. Induced MSCs may
be a promising candidate cell therapy for human laryngotracheal reconstruction.

1. Introduction

The larynx and trachea play crucial roles in breathing, swallowing,
and phonation. In particular, the cartilage provides a structural frame-
work and is critical for the maintenance of an open airway for breathing.
However, the cartilaginous framework is occasionally damaged by
trauma or resected due to stenotic lesions or malignant invasion
(Christine M. Pauken et al., 2019). Large cartilaginous defects result in

airway problems, and reconstruction of the cartilaginous framework is
necessary for the recovery of larynx and trachea function (Albrecht and
Ostrower, 2019; Chang et al., 2019). Due to its avascular nature, lar-
yngotracheal hyaline cartilage exhibits poor intrinsic regenerative
ability (Bhosale and Richardson, 2008; Chiang et al., 2016). Thus,
various approaches for the regeneration of laryngotracheal cartilage
have been investigated.

Autologous chondrocytes (ACs) (Na et al., 2019) and mesenchymal
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stem cells (MSCs) (Hashimoto et al., 2019; Nejadnik et al., 2010;
Wakitani et al., 2011) have been well investigated as cell sources for
cartilage regenerative cell therapy, and their potential has been clini-
cally proven. However, these sources have some limitations. Normal
cartilage has to be sacrificed for the preparation and expansion of ACs,
which can cause conversion to a fibroblastic phenotype (Ma et al., 2013;
von der Mark et al., 1971). The characteristics of autologous MSCs are
unique to the individual and the harvest site (Im Gun-II et al., 2005;
Wagner et al., 2008), and repeated passages can limit the proliferative
capacity of MSCs (Kretlow et al., 2008).

Recently, human-induced pluripotent stem cells (hiPSCs) have been
investigated for articular cartilage regeneration (Ko et al., 2014;
Nejadnik et al., 2015; Rim et al., 2018; Uto et al., 2018; Xu et al., 2017;
Yamashita et al., 2015; Zhu et al., 2016) due to their unlimited prolif-
erative capacity. Given that some craniofacial cartilages, including
thyroid cartilage are formed by MSCs differentiated from neural crest
cells (NCCs) during embryonic development (la Noce et al., 2014; Tabler
et al., 2017), induced MSCs through NCC intermediates may have the
potential for chondrogenic differentiation. In fact, hiPSC-derived MSCs
(iMSCs) differentiated through NCC intermediates have been reported to
have the potential to differentiate toward chondrogenic lineage cells in
vitro (Fukuta et al., 2014; Menendez et al., 2013). Further, the inalter-
ability of differentiation and proliferative potential of the induced NCCs
during maintenance and expansion culture may be beneficial for
achieving cartilage regeneration (Fukuta et al., 2014).

Given the future clinical applications of hiPSCs, xeno-free/serum-
free conditions are critical for eliminating the use of animal-derived
materials, which carry the risks of zoonoses and xenogeneic immune
reactions (Astori et al., 2016; de Sousa et al., 2006). However, the
chondrogenic differentiation potency of iMSCs for laryngotracheal
cartilage defect repair and the efficiency of deriving these cells from
hiPSCs under xeno-free/serum-free conditions for cartilage regeneration
in vivo remain unclear.

Here, we investigated the efficacy of iMSCs cultured under xeno-
free/serum-free conditions for thyroid cartilage regeneration.
Following the induction of iMSCs differentiated through NCC in-
termediates, we transplanted clumps of iMSC/extracellular matrix
complex (C-iMSCs) (Kittaka et al., 2015) into defective thyroid cartilage
of immunodeficient rats and histologically examined the survival of
transplanted cells and cartilage regeneration.

2. Materials and methods

2.1. Induction of hiPSC-derived MSCs (iMSCs) differentiated through
NCC intermediates

A hiPSC line, 1231A3 (Nakagawa et al., 2014), generated under
feeder-free/xeno-free conditions, was cultured on an iMatrix-511
(Nippi, Tokyo, Japan)-coated cell culture plate in StemFit® AKO3N
(Ajinomoto, Tokyo, Japan), as described previously. This cell line was
established by Kyoto University, derived from ePBMC® (purchased from
Cellular Technology Limited (http://www.immunospot.com/). The in-
duction of iMSCs through NCCs was performed under xeno-free/serum-
free conditions, which is a modified version of a previously described
protocol (Fukuta et al., 2014), the details of which are described in a
preprint (Kamiya et al., 2020). In brief, NCCs were induced in StemFit
Basic03 (Ajinomoto), which is comparable to AKO3N minus FGF2,
supplemented with 10 uM SB431542 (Selleck Chemicals, Houston, TX,
USA) and 1 pM CHIR99021 (Axon Medchem, Groningen, the
Netherlands) for 10 days. To purify NCCs, CD271-stained cells were
separated using the BD FACS Aria II cytometer (BD Biosciences, San
Jose, CA, USA). The robustness of the protocol was confirmed by
inducing NCCs from multiple iPSC lines (1231A3, 1381A5, 1381B5,
1383D2, and 1383D10) (Kamiya et al., 2020). Following maintenance of
purified hiPSC-derived NCCs (iNCCs) in StemFit Basic0O3 supplemented
with 10 pM SB431542, 20 ng/mL EGF (R&D systems, a Bio-Techne
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brand, MN, USA), and FGF2 (Wako, Osaka, Japan) on fibronectin-
coated plates, the cells were induced to differentiate into MSCs using
MSC medium (PRIME-XV MSC Expansion XSFM, Irvine Scientific, CA,
USA) by switching the medium. Then, iMSCs were imaged at 10%-20%
confluency using a phase-contrast microscope (Nikon-eclipse Ti-S,
Nikon Corporation, Tokyo, Japan) and an Olympus DP73 camera
(Olympus, Japan). Following one passage, the iMSCs were expanded for
flow cytometry and C-iMSC fabrication. To validate the reproducibility
of iMSC differentiation through NCC intermediates, three independent
inductions from 1231A3 were performed (Supplementary Fig. S1) and
induced cells were evaluated for the presence of NCC and MSC markers.

2.2. Flow cytometry

After the induction of iNCCs, 1.0 x 107 cells/mL in a single-cell
suspension in FACS buffer (0.1% bovine serum albumin [BSA] in
phosphate buffered saline [PBS]) were incubated with APC-conjugated
anti-CD271 antibody (Table S1) for 30 min at 4 °C. After washing, the
cells were re-suspended in FACS buffer. The cells were sorted using a BD
FACS Aria II. Bimodal cell populations were observed, indicating the
presence of populations with different APC-intensities. The cD271bish
population was sorted (Fig. 1-A-b) according to a previous report
(Kamiya et al., 2020), in which CD271high cells, including a relative
enrichment of NCCs, expressed NCC markers such as SOX10, NGFR,
TFAP2A, and RHOB.

After iMSC induction, a Human MSC Verification Flow Kit (Supple-
mentary Table S1, Cat: FMC020, R&D system) was used to confirm that
the cells expressed characteristic MSC surface markers (CD90 and
CD105) and lacked hematopoietic markers (CD45, CD34, CD79A, HLA-
DR, and CD11b). CD73, detected using PE-conjugated anti-human CD73
(Table S1), was used as another MSC surface marker. The single-cell
suspension (2.0 x 10° cells) in 100 uL of FACS buffer was incubated
with these antibodies for 40 min at room temperature. After washing,
the cells were re-suspended in FACS buffer. The cells were analyzed
using a BD LSRFortessa Cell Analyzer (BD Biosciences) and Single-Cell
Analysis Software FlowJo (Tree Star Inc., OR, USA). In all the MSC
evaluation experiments, flow cytometry histograms of cells incubated
with isotype controls (Table S1) were used as control populations.

2.3. Fabrication of C-iMSCs

For C-iMSC formation, 5.0 x 10* iMSCs/well were seeded onto 1.5
pg/cm? fibronectin (Millipore, CA, USA)-coated temperature-responsive
96-well plates (Upcell, CellSeed, Tokyo, Japan) containing MSC me-
dium. In these commercially available temperature-responsive 96-well
plates, 1.6 pg/cm? polymer poly(N-isopropylacrylamide) (PIPAAm)
was grafted onto the tissue culture polystyrene surface. In response to
lowering the temperature from 37 °C to room temperature, the cell-
adhesive characteristic changed from cell-adhesive to cell-repellent
with increasing PIPAAm graft density (Akiyama et al., 2014). On Day
5, the cell sheet was incubated at room temperature for 15 min, at which
point the sheets spontaneously detached from the wells and were
transferred onto low-attachment 96-well plates (Prime surface 96U
plate, Sumitomo Bakelite, Tokyo, Japan). Then, the C-iMSCs were ob-
tained on Day 7 (Fig. 2-A). Phase-contrast images of C-iMSCs were ob-
tained using a phase-contrast microscope (Nikon-eclipse Ti-S), and the
diameter of 75 C-iMSCs were measured using the cellSens Standard
software (version 1.11, Olympus).

2.4. Animals

A total of 14 8-week-old X-linked immunodeficient (X-SCID) rats
were provided by NBRP-Rat with support in part by the National Bio-
Resource Project (NBRP), Japan. Animals were cared for in the Institute
of Laboratory Animals of the Graduate School of Medicine, Kyoto Uni-
versity, Japan. All experimental procedures were performed under
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Fig. 1. Evaluation of hiPSC-derived neural crest cells (iNCCs) (A) and hiPSC-derived mesenchymal stem cells (iMSCs) induced from iNCCs (B). (A-a): Immuno-
cytochemistry on induced NCCs using anti-TFAP2A. Scale bar = 500 pym. (A-b): Flow cytometry analysis of iNCCs. Induced NCCs were stained with an anti-CD271,
and higher-intensity cells were sorted. (B-a): Phase-contrast image of iMSCs. Scale bar = 200 um. (B-b): Flow cytometry analysis of iMSCs. Induced MSCs were
stained with anti-CD90, CD73, and CD105 as MSC-positive markers and with an MSC-negative marker cocktail.

general anesthesia, and the study was approved by the Animal Experi-
mentation Committee of Kyoto University.

2.5. Transplantation of C-iMSCs

General anesthesia was induced by an intraperitoneal injection of
butorphanol tartrate (0.25 mg/100 g), medetomidine hydrochloride
(0.015 mg/100 g), and midazolam (0.2 mg/100 g). Following the sep-
aration of bilateral sternohyoid and sternothyroid muscles, thyroid
cartilage was separated from the circumferential tissue. After bilateral
defects of the thyroid cartilage were created using a biopsy punch (Kai
industries, Tokyo, Japan) (outer diameter = 1 mm), preserving the
thyroarytenoid muscle, three C-iMSCs were transplanted into defects
only the left side. To stabilize the transplanted C-iMSCs, bilateral ster-
nohyoid, and sternothyroid muscles were sutured with 5-0 nylon at one
point prior to skin suture. All rats survived the operation, and no com-
plications were observed during the experimental period.

2.6. Histological examination

Following CO; euthanasia, the larynx was removed at 4 or 8 weeks

postoperatively. The larynx and sternohyoid and sternothyroid muscles
were fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4 °C;
immersed in 10%, 20%, and 30% sucrose overnight for cryoprotection;
and embedded in optimal cutting temperature compound. Axial cry-
osections were made at a thickness of 10 ym. Hematoxylin and eosin
(HE) staining, alcian blue staining, safranin-O staining, and immuno-
histochemistry (IHC) were conducted using adjacent sections to evaluate
cartilage regeneration and engraftment of the transplanted cells. For
alcian blue staining, sections were treated with 3% acetic acid for 3 min
and stained with Alcian Blue 8GX solution (pH 2.5, 1.061647, Merck
KGaA, Darmstadt, Germany) for 30 min. Then, the sections were
immersed again in 3% acetic acid for 3 min. The sections were dehy-
drated and cleared with ethyl alcohol before mounting. The safranin-O
staining method was modified from that described in previous reports
(Kahveci et al., 2000; Tran et al., 2000). Sections were immersed in
Weigert’s iron hematoxylin solution for 10 min and stained with 0.05%
Fast Green FCF (Sigma-Aldrich, St. Louis, MO, USA) solution for 5 min.
Then, the sections were treated with 1% acetic acid. The sections were
stained again in 0.1% Safranin-O solution (Sigma-Aldrich) for 5 min,
dehydrated, and cleared with ethyl alcohol before mounting.

Sections of C-iMSCs were prepared using the method described
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Fig. 2. Fabrication and evaluation of C-iMSCs. (A): Schematic protocol for the fabrication of C-iMSCs. Induced MSCs were seeded onto temperature-responsive 96-
well plate on Day 0 (D0). On Day 5, after being left to stand at room temperature for 15 min, confluent iMSCs (D5) spontaneously detached as a sheetlike structure
(D5') and were transferred onto a low-attachment 96-well plate. Then, C-iMSCs were obtained on Day 7 (D7). (B): Morphology during fabrication of C-iMSC. Phase
contrast images from days 1, 5, 5, and 7. Scale bar = 500 ym. (C): Diameters of C-iMSCs (n = 75). (D): Immunohistochemistry (IHC) on C-iMSCs with anti-human
nuclear antigen (HNA). (E): Immunofluorescence staining of sections of C-iMSC and undifferentiated hiPSC sheets with OCT3/4 (green) and VIMENTIN (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

above and were used for IHC.
2.7. Immunofluorescence staining of iNCCs

Following fixation with 4% PFA in PBS for 15 min and rinsing with
PBS, induced cells were treated with 0.2% Triton X-100 in PBS for 15
min at 4 °C to allow permeabilization. To block nonspecific antibody
binding, cells were immersed in Blocking One (Nacalai Tesque, Kyoto,
Japan) for 1 h at 4 °C. The cells were then incubated with anti-TFAP2A
(Table S1) as a neural crest cell marker and diluted with 10% Blocking
One in PBS containing 0.05% Tween 20 (PBST) overnight at 4 °C. The
cells were rinsed with PBST and incubated with a fluorophore-labeled
secondary antibody (Alexa Fluor-conjugated secondary antibodies,
Invitrogen, Tokyo, Japan) and 4‘,6-diamino-2-phenylindole (DAPI;
Invitrogen) for nuclei staining for 1 h at room temperature. After further
washing with PBS, images were obtained using a fluorescence micro-
scope (Nikon-eclipse Ti-S), Olympus DP73 camera (Olympus), and
cellSens Standard software (Olympus).

2.8. Immunofluorescence staining for C-iMSCs and larynx

C-iMSCs sections were treated with 0.2% Triton X-100 in PBS for 5
min at 4 °C to allow permeabilization and immersed in 0.1% BSA/PBS
for 10 min at 4 °C to block nonspecific antibody binding. The sections
were then incubated overnight at 4 °C with anti-OCT3/4, anti-VIMEN-
TIN, and anti-human nuclear antigen (HNA) antibodies (Table S1)
diluted in 0.1% BSA/PBS. The sections were rinsed with PBST and
incubated with fluorophore-labeled secondary antibodies and DAPI for
1 h at room temperature. Undifferentiated hiPSC (1231A3) sheets were
prepared for OCT3/4-positive control and VIMENTIN-negative control
staining. Those sections were simultaneously stained using the same
procedure as for C-iMSCs. Signals were visualized using identical
exposure times.

For epitope retrieval, larynx sections were digested for 10 min at
37 °C with 0.5% pepsin (Sigma-Aldrich) diluted with 0.5-mM hydro-
chloric acid for anti-type I collagen and anti-type II collagen antibody
reactions. For anti-SOX9 staining, sections were heated in citrate buffer
solution (pH 6.0) for 10 min at 98 °C, followed by incubation for addi-
tional 30 min at 65 °C. After rinsing with PBS and blocking with
Blocking One for 1 h, the sections were incubated overnight at 4 °C with



M. Yoshimatsu et al.

anti-HNA, anti-type I collagen, anti-type II collagen, and anti-SOX9
antibodies (Table S1). The sections were rinsed with PBST and incu-
bated with fluorophore-labeled secondary antibodies and DAPI for 1 h at
room temperature. Antibodies were diluted with Can Get Signal Solution
B (Toyobo, Osaka, Japan) for anti-type I collagen and anti-type II
collagen staining and with 10% Blocking One in PBST for anti-SOX9
staining. After further washing with PBS, the sections were mounted.
All images of sections were obtained using an OLYMPUS BX 50 fluo-
rescence microscope with an Olympus DP70 camera (Olympus), an
Olympus DP Controller 2002 (Olympus), and a KEYENCE BZ-9000
fluorescence microscope. Images were analyzed using ImageJ software
(2.0.0-rc-68, National Institutes of Health, MD, USA).

n=14
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3. Results
3.1. Characterization of iNCCs and iMSCs

Immunocytochemistry (ICC) revealed that the obtained NCCs
expressed the NCC marker transcription factor activating protein-2a
(TFAP2A). After iNCC induction, 62.6% of total cells were sorted with
the CD271"8h population (Fig. 1-A). The presence of fibroblastic cells
was evident during the iMSC induction. FACS analysis revealed that
iMSC exhibited the surface marker profile of human MSCs (positive for
CD90, CD73, and CD105, and negative for CD45, CD34, CD79A, CD11b
and HLA-DR) (Fig. 1-B). These findings suggested that induced cells
exhibited MSC characteristics. The characterization of iMSCs derived
from one hiPSC was confirmed in three independent experiments
(Supplementary Fig. S2).

Transplantation

of C-iIMSCs

Fig. 3. Transplantation of C-iMSCs and macroscopic findings. (A): Schematic protocol for the transplantation of C-iMSCs. Rats were sacrificed at 4 and 8 weeks
postoperatively for the histological examination of the larynx. (B): Macroscopic images of transplants in thyroid cartilage defects. (C): Macroscopic thyroid cartilage

findings at 4 and 8 weeks postoperatively.
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3.2. Evaluation of C-iMSCs

Seeded iMSCs steadily proliferated, and confluent iMSCs were
spontaneously dissociated as a sheetlike structure from temperature-
responsive plates on Day 5 after being left to stand at room tempera-
ture. Sheetlike structures formed spherical structures on Day 7 after
transfer to low-attachment plates (Fig. 2-A, B). The mean diameter of C-
iMSCs was 686.0 + 40.5 um (Fig. 2-C). Immunofluorescence staining of
C-iMSCs revealed HNA expression co-localizing with DAPI (Fig. 2-D). In
immunofluorescence staining, C-iMSCs, but not undifferentiated cell
sheets, were positive for VIMENTIN, which is a mesenchymal lineage
marker. By contrast, C-iMSCs, but not undifferentiated cell sheets, were
negative for OCT3/4, which indicates the presence of undifferentiated
iPSCs (Fig. 2-E).

3.3. Evaluation of thyroid cartilage regeneration

Three C-iMSCs were transplanted into left thyroid cartilage defects
(Fig. 3-A, B). At 4 and 8 weeks postoperatively, macroscopic findings
revealed that cartilage defects were partially repaired in the C-iMSC-
transplanted defects on the left compared with the untransplanted de-
fects on the right side (Fig. 3-C).
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Cartilage-like regenerated tissue with lacunae formation specific to
the original cartilage was observed between the sternothyroid and
sternohyoid muscles and thyroarytenoid muscle in the transplanted
area, but not on the control side on the HE staining (Fig. 4-A). The
cartilage-like regenerated tissues were characterized by small lacunae
formation and dense cell population compared with the original carti-
lage. In our preliminary study, C-iMSCs were created and transplanted
to thyroid cartilage defects in a few rats individually using three iMSCs
that were independently induced from hiPSC through iNCCs. Of these,
two iMSCs did not exhibit cartilage-like tissue regeneration by HE
staining. Therefore, we selected one iNCC for our experiment. To
investigate the reproducibility of the cartilage regeneration ability of
iMSCs, three independent inductions of iMSCs derived from one iNCC,
fabrication, and transplantation of C-iMSCs were performed. Regener-
ation of the cartilage-like tissue was observed in three independent in-
duction and transplantation experiments (Supplementary Fig. S1), and
in five out of seven rats at 4 and 8 weeks postoperatively (Table 1). Of
the 10 rats with cartilage-like regenerated tissue, nine exhibited limited
healing of the thyroid cartilage defects (Fig. 5 B-J), except for one rat
showed substantial cartilage repair (Fig. 4, Fig. 5-A, and Fig. 6). All
cartilage-like regenerated tissues were completely attached to the orig-
inal thyroid cartilage (Fig. 5).

Fig. 4. Histological evaluation of C-iMSC transplanted laryngeal axial sections at 4 weeks postoperatively. (A): HE staining of control and transplanted sides. The
area between the yellow arrow heads indicates the defect area in the thyroid cartilage. Cartilage-like regenerated tissue was observed in the transplanted area, but not
in the control side. (B): IHC using anti-HNA (red), anti-SOX9 (green), and DAPI (blue) and HE staining of the cartilage-like regenerated tissue in the C-iMSC-
transplanted area compared with the original cartilage (*in Fig. A). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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The survival of transplanted cells in the area of cartilage-like
regeneration was confirmed through HNA immunofluorescence and
DAPI staining (for normal nuclear morphology) (Fig. 4-B and Fig. 5).

Table 1
The number of rats confirmed cartilage-like regeneration or HNA-positive cells.

Period Cartilage-like regeneration (+) HNA-positive cells (+)

Moreover, HNA-positive cells were observed in both cartilage-like re-

4W 5/ 7 (71.4%) 7 /7 (100%) . " . .

SW 57 (71.4%) 777 (100%) generated tissue and fibroblastic cells (Fig. 5-B, D, H, I). In four rats,
without cartilage-like regenerated tissue, HNA-positive fibroblastic cells
covered the original thyroid cartilage (Supplementary Fig. S3). Thus,

Regenerated tissue
Control side Transplanted side HE Alcian Blue HNA DAPI
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Fig. 5. Histological findings of all rats showed regenerated cartilage-like tissue at 4 (rat A-E) and 8 (rat F-J) weeks postoperatively. The third (HE staining) and
fourth columns (alcian blue staining) indicate a higher magnification of the yellow-dotted box in the second column. The fifth and sixth columns indicate IHC, using
anti-HNA and DAPI in regenerated tissue, including cartilage-like tissue (rat E-I show higher magnification of black-dotted box in the fourth column). All cartilage-
like regenerated tissues were completely attached to the original thyroid cartilage. HNA-positive cells were observed in both cartilage-like regenerated tissue and
fibroblastic cells, especially in rats B, D, H, and I (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Regenerated
cartilage (4w)

Regenerated
cartilage (8w

HNA/DAPI

Fig. 6. Evaluation of the extracellular matrix of cartilage-like regenerated tissue. (A): Alcian blue and safranin-O staining of the original cartilage and the regen-
erated area at 4 and 8 weeks postoperatively. (B): IHC using anti-type II collagen (green), anti-type I collagen (white), anti-HNA (red) antibody, and DAPI (blue) and
safranin-O staining of the regenerated area at 4 weeks postoperatively compared with the original cartilage. Abbreviations: COL1: type I collagen; COL2: type II
collagen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

HNA-positive surviving transplanted cells were observed in all rats at 4
and 8 weeks postoperatively (Table 1), whereas no HNA-positive cells
were observed in non-transplanted defects.

In cartilage-like regenerated tissue, almost all HNA-positive cells
expressed SOX9, which is a marker of chondroprogenitors and chon-
drocytes (Yin et al., 2016a) (Fig. 4-B). These findings indicated that
transplanted iMSCs partially differentiated into cells with a chondro-
genic lineage. By contrast, a few fibroblastic cells around the original
thyroid cartilage co-expressed SOX9 in rats that did not exhibit
cartilage-like tissue regeneration (Supplementary Fig. S3). These find-
ings were also observed in our preliminary study, where cartilage-like
tissue regeneration was not observed (Supplementary Fig. S1 and
Fig. S4). We speculated that some surviving transplanted cells tended to
differentiate to chondroprogenitor cells without achieving cartilage
regeneration.

Analysis of alcian blue and safranin-O staining (used for detecting
acidic polysaccharides, such as glycosaminoglycans of the cartilage)
revealed extracellular matrix (ECM) staining in the cartilage-like re-
generated tissue, which was comparable to that of the original cartilage,
but not observed on the control side. No obvious difference was
observed in lacunae formation between 4 and 8 weeks postoperatively

(Fig. 5 and Fig. 6-A). Type II collagen is an ECM component of the hy-
aline cartilage; type I collagen is not expressed in the hyaline cartilage
but in fibrocartilage and fibrous tissue (Frisbie et al., 1999; Outani et al.,
2013). In regenerated tissue with HNA-positive cells, type II collagen
was prevalent, whereas type I collagen was absent. Moreover, the sur-
rounding tissue expressed HNA and type I and II collagen (Fig. 6-B).

4. Discussion

In this study, we transplanted iMSCs that we derived from hiPSCs
through NCC intermediates into defects in rat thyroid cartilage and
confirmed the regeneration of hyaline cartilage-like tissues at the
transplanted site without formation of any teratoma. To our knowledge,
this is the first study to demonstrate the efficacy, safety, and feasibility of
using iMSCs prepared under xeno-free/serum-free conditions for carti-
lage regeneration in vivo. Thus, our results show potential for the
application of these cells and methods for hyaline cartilage regeneration
in other organs.

Due to their unique properties (proliferative ability; differentiation
potency to chondrocytes, adipocytes, osteocytes, etc.; and paracrine
effects to promote tissue regeneration and regulate immune reactions
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and inflammation (Madrigal et al., 2014; Prockop, 1997; Zhao and
Ikeya, 2018), MSCs have been widely used for regenerating osseous or
cartilaginous tissues in preclinical and clinical settings (Squillaro et al.,
2016). Autologous (Bae et al., 2018; Go Tetsuhiko et al., 2010; Gray
etal., 2012), allogeneic (Chang et al., 2014; Ott et al., 2015; Zhang et al.,
2018) and human (Ansari et al., 2017; Birchall et al., 2019; Jotz et al.,
2014) MSCs combined with artificial materials or decellularized tissues
have been used for regenerating laryngotracheal cartilage, and their
regenerative potential has been well documented. Based on the prom-
ising results in preclinical studies, clinical application of MSCs for lar-
yngotracheal reconstruction has been attempted in combination with
decellularized cadaveric homograft. However, restenosis of recon-
structed trachea was eventually observed in two out of three patients
(Elliott et al., 2017; Hamilton et al., 2015; Molins, 2019), and no reliable
treatment option has been established so far.

Owing to their theoretically unlimited proliferative capacity and
pluripotency, hiPSCs may be an attractive alternative to autologous or
allogeneic MSCs. There has been only one report using hiPSCs for lar-
yngotracheal cartilage regeneration (Kim et al., 2020). In this report,
hiPSCs were generated under feeder conditions, and MSCs were induced
through embryoid body (EB) formation using fetal bovine serum. They
transplanted 3D-printed tubular artificial structures (Polycaprolactone)
covered with iMSCs, hiPSC-derived chondrocytes, and human bronchial
epithelial cells into rabbit tracheal defects. At 4 weeks postoperatively,
cartilage regeneration was observed in the transplanted areas. However,
they speculated that cartilage regeneration was not attributable to the
differentiation of hiPSC-derived cells, but to cytokines, growth factors,
and ECM, because co-expression of HNA and a cartilage surface marker
was not observed in the regenerated cartilage. Although the differenti-
ation of iMSCs into cartilaginous lineage cells has not been clearly
demonstrated in any organs in vivo, we have successfully confirmed the
differentiation potential of iMSCs into chondrogenic lineage cells.
Transplantation of iMSCs seems to be a promising and feasible strategy
for laryngotracheal cartilage regeneration.

Among several iMSC induction methods, the EB formation method
(Villa-Diaz et al., 2012) has been well investigated as a classical in-
duction method for cartilage regeneration, with demonstrated cartilag-
inous regenerative ability (Ko et al., 2014; Rim et al., 2018; Xu et al.,
2017; Zhu et al., 2016). Nevertheless, it is possible that the EB formation
method leads to heterogeneous cell populations and unpredictable dif-
ferentiation outcomes because EB formation is generally used for
inducing three germ layer cell lineages (Khoo et al., 2005; Nakagawa
et al., 2009; Nejadnik et al., 2015). Recently, several researchers have
focused on iMSC induction through NCC intermediates (Fukuta et al.,
2014; Liu et al., 2012; Menendez et al., 2013), due to homogeneous
expansion of NCCs in maintenance culture following purification using
anti-CD271 (Fukuta et al., 2014) and ready induction of homogeneous
mesenchymal progenitors from iNCCs without additional cell sorting
(Chijimatsu et al., 2017). These properties more reliably facilitate the
generation of uniform MSCs for transplantation. To date, there has been
only one report investigating the efficacy of iMSCs induced from iNCCs
on cartilage regeneration in vivo (Chijimatsu et al., 2017). However,
iMSC induction from iNCCs did not exhibit cartilaginous regenerative
ability following transplantation into rat articular defects using sheetlike
iMSC structures in this study despite the successful cartilage differenti-
ation in vitro. Their pellet culture of iMSCs induced from iNCCs
demonstrated serum inhibition of chondrogenesis from iMSCs. Hence, it
was suggested that serum or serum-derived factors, which are present in
the blood from articular defects, negatively affected cartilage regener-
ation. In our study, the creation of thyroid cartilage defects also resulted
in bleeding. Other factors, including ECM produced by transplanted
MSCs or host cartilage, may have influenced cartilage regeneration in
vivo rather than serum.

Various reports have demonstrated that MSC-derived ECM promoted
chondrogenic differentiation and cartilage regeneration (Zhang et al.,
2016). Initially, cartilage development initiates mesenchymal
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condensation (DeLise et al., 2000). Three-dimensional culture systems,
including pellet culture and micromass culture, have been widely used
for chondrogenic differentiation of MSCs in vitro (Zhang et al., 2010).
Kittaka et al. revealed that the clump-forming three-dimensional culture
system encouraged abundant ECM production by rat MSCs (Kittaka
etal., 2015). Thus, it was suggested that C-iMSC-derived ECM promoted
cartilaginous differentiation of iMSCs, unlike sheetlike structures (Chi-
jimatsu et al., 2017).

Host-derived cartilage-ECM have also been reported to promote
chondrogenic differentiation of stem cells (Yin et al., 2016b). In our
study, all cartilage-like regenerated tissues were intimately attached to
the original rat thyroid cartilage. Therefore, we speculate that the host
cartilage-ECM might affect the cartilage differentiation of transplanted
iMSCs.

Our histological results revealed a variation in the area of cartilage
regeneration in each case using iMSCs derived from one iNCC. Addi-
tionally, two out of three iMSCs derived from iNCCs in three indepen-
dent experiments showed HNA-positive surviving cells, co-expressing
SOX9, but no cartilage regeneration (Supplementary Fig. S1 and
Fig. S4), despite proper induction of iMSCs (Supplementary Fig. S2).
These results may have been affected by two factors. First, induction
from iPSCs causes variations in induction efficiency and the viability and
differentiation capacity of induced cells, even under same culture con-
ditions. To confirm the robustness and improve reproducibility of our
experimental protocol, modification in the induction protocol for
generating iMSCs through NCC intermediates and selection of iPSC lines
suitable for cartilage regeneration are required. Moreover, the size of C-
iMSCs fabricated from the same iNCC varied before transplantation
(Fig. 2-C). Therefore, modification in C-iMSC fabrication method,
including that of culture systems, periods of culture, and cell density,
may improve cell viability, survival rate, and cartilage regeneration.
Second, immune reactions to xenotransplantation inevitably affect
engraftment efficiency and may have caused variability in our results. X-
SCID rats were utilized to avoid immune rejection by the host; however,
the immune systems of these rats are not completely depleted (Mashimo
et al., 2010). It is known that human MSCs have immunomodulatory
properties (Madrigal et al., 2014), and it has been demonstrated that
iMSCs induced from iNCCs also have immunomodulatory properties
under xenogeneic conditions (Mitsuzawa et al., 2019). Allogeneic MSC
transplantation has been widely used in clinical settings, and HLA-
editing techniques may provide safety and feasibility in using hiPSCs
for allogeneic transplantation (Xu et al., 2019). Allogeneic iMSC trans-
plantation may lead to more effective cartilage regeneration than
xenogeneic transplantation.

The present study has some limitations, including relatively short
periods for histological analysis following transplantation. Also,
biomechanical strength was not elucidated for regenerated cartilage-like
tissue. In this study, periods of 4 and 8 weeks after operation were
selected according to previous studies (Chang et al., 2014; Chijimatsu
etal., 2017). Our histological examinations demonstrated the formation
of smaller lacunae in the transplanted site than in the original cartilage;
however, there was no obvious difference observed between these two
periods. In general, chondrocytes begin producing ECM and adopt a
rounded morphology encased within that ECM during chondrogenic
differentiation from mesenchymal cells. Therefore, hypertrophy occurs
during further differentiation (DeLise et al., 2000). Longer periods may
contribute to maturation during cartilage-like tissue regeneration and
provide information about chondrogenic differentiation and long-term
survival of HNA and SOX9 positive cells without cartilage-like tissue
regeneration. In the clinical setting, tubular structure retention is
indispensable for airway function. Transplanted materials require
tolerance for external and respiratory pressures over a long period of
time. Larger transplant size in a larger animal model and longer periods
of observation are needed to support application of this in humans. We
plan to create large transplants comprising multiple C-iMSCs using a bio-
three-dimensional printer (Mitsuzawa et al., 2020; Yurie et al., 2017) to
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examine their strength and compression tolerance.
5. Conclusion

We investigated the efficacy of iMSCs in the regeneration of thyroid
cartilage in a rat model. Moreover, we induced iMSCs differentiated
through NCC intermediates under xeno-free/serum-free conditions to
evaluate their potential for clinical application and confirmed the
expression of specific NCC and MSC markers. In vivo studies using C-
iMSCs revealed that C-iMSCs encouraged cartilage regeneration and that
some of the surviving iMSCs differentiated into chondrogenic lineage
cells in thyroid cartilage defects in immunodeficient rats post-
operatively. Our results suggest that iMSCs as a candidate technology for
human laryngotracheal reconstruction.
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