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Abstract 

Tracheal cartilage provides structural support to the airways to enable breathing. 

However, it can become damaged or impaired, sometimes requiring surgical resection and 

reconstruction. Previously, we clinically applied an artificial trachea composed of a 

polypropylene mesh and collagen sponge, with a favorable postoperative course. 

However, the artificial trachea presents a limitation, as the mesh is not biodegradable and 

cannot be used in pediatric patients. Compared to a polypropylene mesh, regenerated 

cartilage represents an ideal material for reconstruction of the damaged trachea. The use 

of mesenchymal stem cells (MSCs) as a source for cartilage regeneration has gained 

widespread acceptance, but challenges such as the invasiveness of harvesting and limited 

cell supply, persist. Therefore, we focused on the potential of human induced pluripotent 

stem cell (hiPSC)-derived mesenchymal stem cells (iMSCs) for tracheal cartilage 

regeneration. In this study, we aimed to regenerate tracheal cartilage on an artificial 

trachea as a preliminary step to replace the polypropylene mesh. iMSCs were induced 

from hiPSCs through neural crest cells and transplanted with a polypropylene mesh 

covered with a collagen sponge into the damaged tracheal cartilage in immunodeficient 

rats. Human nuclear antigen (HNA)-positive cells were observed in all six rats at 4 weeks 

and in six out of seven rats at 12 weeks after transplantation, indicating that transplanted 

iMSCs survived within the tracheal cartilage defects of rats. The HNA-positive cells co-

expressed SOX9, and type II collagen was detected around HNA-positive cells in four of six 

rats at 4 weeks and in three of seven rats at 12 weeks after transplantation, reflecting 

cartilage-like tissue regeneration. These results indicate that the transplanted iMSCs could 

differentiate into chondrogenic cells and promote tracheal cartilage regeneration. iMSC 

transplantation thus represents a promising approach for human tracheal reconstruction. 
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Impact Statement 

The artificial trachea previously developed by our group comprises a 

polypropylene mesh coated with a collagen sponge and cannot be used in pediatric 

patients because of growth considerations. However, it can be used for tracheal cartilage 

regeneration in children if the polypropylene mesh is removed. Here, we examined the 

efficacy of human induced pluripotent stem cell (hiPSC)-derived MSCs (iMSCs) for tracheal 

cartilage regeneration. iMSCs were derived from hiPSCs and transplanted into the 

damaged tracheal cartilage of rats. The transplanted iMSCs survived and differentiated 

into cartilage, indicating that these hold promise for tracheal reconstruction. 
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Introduction 

The trachea is a tube-like organ that plays a vital role in respiration and indirect 

roles in swallowing and speech.1 Tracheal cartilage rings provide radial rigidity and prevent 

collapse of the tracheal lumen during respiratory movements.2 Tracheal defects are usually 

caused by infections, inflammatory disorders, malignancy, and trauma. These conditions 

can lead to structural issues such as narrowing and constriction of the upper airway, 

affecting a patient’s quality of life. In most cases, primary anastomosis is performed after a 

tracheotomy for reconstruction. However, for long-segment tracheal defects (50% of the 

total tracheal length in adults and approximately 30% in children), reconstructing the 

defect using end-to-end anastomosis is almost impossible.3 In such situations, we must 

consider the structural reconstruction of the trachea as well as the preservation of its 

rigidity. Several approaches have been explored to reconstruct tracheal cartilage. 

Autologous tissue, such as costal cartilage4, has been used for tracheal cartilage 

reconstruction; however, its shape and amount represent disadvantages for airway 

reconstruction. Further, harvesting autologous cartilage is invasive. Our group clinically 

applied an artificial trachea created by Nakamura et al.,5 which is composed of a 

polypropylene mesh and collagen sponge.6 The collagen sponge scaffold provides 

favorable conditions for tissue regeneration in vivo, in combination with infiltrated host 

cells and regulatory factors released from the surrounding tissue,7 while the polypropylene 

mesh provides the artificial trachea with sufficient rigidity. After transplantation of the 

artificial trachea into tracheal defects in dogs, the harvested graft was subjected to 

mechanical testing. The stress-strain curve of the regenerated tissue closely resembled 

that of normal tracheal cartilage, indicating a robustly supported airway framework.8 

Therefore, an artificial trachea composed of a collagen sponge and polypropylene mesh 

holds great value for tracheal regeneration. However, the artificial trachea presents a 

limitation as the mesh is not biodegradable and cannot be used in pediatric patients. 

Therefore, the first step towards adapting the artificial trachea for pediatric patients is the 

removal of the polypropylene mesh from it. However, using a collagen sponge alone would 

result in collapse during respiration. Use of biodegradable materials should thus be 

considered for tracheal cartilage regeneration. From this perspective, cell-based therapy 
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has been recognized as a potentially effective approach for tracheal reconstruction. In 

particular, mesenchymal stem cells (MSCs) have gained attention as a cell source for 

cartilage regeneration. MSCs form cells of the mesodermal lineage and can differentiate 

into osteoblasts, adipocytes, and chondrocytes.9 MSCs and secreted exosomes promote 

cartilage regeneration through balancing the metabolic activity of cartilage and 

chondrogenic differentiation, as reported in animal studies, with positive outcomes 

described for clinical applications.10 Thus, MSCs represent good candidates for 

regenerative therapy, and their utilization as a cell source for cartilage regeneration has 

gained widespread acceptance.11 However, MSCs are found at a low ratio compared to 

other bone marrow mononuclear cells, and their proliferation capacity is limited. Thus, the 

problem of limited cell supply must be overcome for future clinical applications. One 

effective way to solve this problem is to use human-induced pluripotent stem cells 

(hiPSCs). Various methods for inducing MSCs from hiPSCs have been established.12 For 

example, MSCs can be directly induced from hiPSCs13,14 or indirectly via neural crest cells 

(NCCs).15 Our group previously transplanted hiPSC-derived MSCs (iMSCs) into the damaged 

thyroid cartilage of rats, and demonstrated successful cell survival and cartilage 

regeneration.16,17 In this study, we aimed to regenerate tracheal cartilage on an artificial 

trachea as a preliminary step to replace the polypropylene mesh. The primary objective of 

this study was to achieve engraftment of iMSCs and facilitate tracheal cartilage 

regeneration, thereby demonstrating the efficacy of iMSCs in tracheal cartilage 

regeneration and advancing the development of artificial tracheas. 

Materials and methods  

Induction of iMSCs 

These processes were performed according to the modified version of a method 

described previously.15-17 Briefly, hiPSCs (cell line 1231A318) were cultured on iMatrix-511 

(Nippi, Tokyo, Japan)-coated cell culture plates in AK02N medium (StemFit AK02N, 

Ajinomoto, Tokyo, Japan). NCCs were induced in AK02N medium without supplement C, 

with added 10 µM SB431542 (Selleck Chemicals, Houston, TX, USA) and 1 µM CHIR99021 

(Axon Medchem, Groningen, the Netherlands) for 10 days. After NCC induction, CD271-
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positive cells were sorted using a BD FACS Aria II cytometer (BD Biosciences, San Jose, CA, 

USA), since CD271high cells were reported to express NCC markers (NGFR, SOX10, TFAP2A, 

and RHOB) at higher levels compared to those in CD271low cells.15 After sorting, NCCs were 

cultured on fibronectin-coated plates in AK02N medium without supplement C, with 

added 10 μM SB431542, 20 ng/mL EGF (R&D systems, a Bio-Techne brand, MN, USA), and 

20 ng/mL FGF2 (Wako, Osaka, Japan) for 17 days. The cells were then differentiated into 

iMSCs by switching the medium to MSC medium (PRIME-XV MSC Expansion XSFM, 

FUJIFILM Irvine Scientific, Tokyo, Japan) and culturing for 7 days. 

Flow cytometry 

After iMSC induction, cells were analyzed via flow cytometry using a Human MSC 

Analysis kit (BD Pharmingen, Tokyo, Japan). CD73, CD90, and CD105 were used as positive 

markers for MSCs, whereas CD 11b, CD34, CD45, CD79A, and HLA-DR were used as 

negative markers. After iMSC induction, the cells were treated with these antibodies and 

analyzed using a BD LSRFortessa Cell Analyzer (BD Biosciences) and FlowJo software (Tree 

Star Inc., OR, USA). 

Preparation of the artificial trachea 

Collagen type I from porcine skin-derived collagen (Nippon Meat Packers, Inc., 

Osaka, Japan) was dissolved in pure water (6 mg/mL), and the pH was adjusted to 7. After 

centrifugation, the collected pellet was frozen at -80 °C and subjected to lyophilization for 

10 days. The lyophilized collagen was then fragmented into small pieces, dissolved in 

ultrapure water (106.4 mg/mL) with HCl added to adjust the pH to 3. The collagen solution 

was poured into a mold with a polypropylene mesh coated with the collagen solution 

placed on top, and an equal volume of the collagen solution was poured again. The entire 

assembly was then frozen at -80°C overnight. After one week of lyophilization, collagen, 

including the polypropylene mesh, was cross-linked by heating and sterilized with ethylene 

oxide gas (EOG). 
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Preparation of grafts for transplantation 

The iMSCs were seeded in 12-well culture dishes at a density of 1.6 × 106 

cells/well and cultured in MSC medium without passage for two weeks. The cell sheet was 

gently detached from the culture dish using forceps. The peeled cell sheet was folded in 

half and placed on one side of the artificial trachea. Then, a collagen Vitrigel membrane 

(ad-MED Vitrigel 2, Kanto Chemical Co., Tokyo, Japan) was placed on the cell sheet 

(defined as the “cell graft”). We also created a graft using only vitrigel on the artificial 

trachea (defined as the “no-cell graft”) as a control. 

Animals 

Transplantation experiments were performed in male nude rats (F344/NJcl-

rnu/rnu) purchased from CLEA Japan (Osaka, Japan). The rats were 13 weeks old. The 

animal experimental protocols were approved by the Animal Experimentation Committee 

of Kyoto University (MedKyo 23113). All animal experiments were performed in 

accordance with the “Guidelines for Animal Experiments of Kyoto University.” 

Transplantation 

In this study, 17 nude rats were used as transplant recipients. The experimental 

animals were divided into the following four groups: a group in which cell grafts were 

transplanted and the animals were sacrificed after 4 weeks (n = 6), a group in which cell 

grafts were transplanted and the animals were sacrificed after 12 weeks (n = 7), a group in 

which the no-cell grafts were transplanted and the animals were sacrificed after 4 weeks 

(n = 2), and a group in which no-cell grafts were transplanted and the animals were 

sacrificed after 12 weeks (n = 2). General anesthesia was induced via an intraperitoneal 

injection with a mixture of midazolam (0.2 mg/100 g), butorphanol tartrate (0.25 mg/100 

g), and medetomidine hydrochloride (0.015 mg/100 g). Under general anesthesia, the 

trachea was exposed by making a midline skin incision and separating the bilateral 

sternohyoid and sternothyroid muscles. Subsequently, a square-shaped tracheal defect 

was created by removing one cartilage ring and excising the lower half of the cartilage 

above it and the upper half of the cartilage below it using a scalpel. The defect was 

approximately 2.5 mm in length and 2 mm in width. An artificial trachea covered with a 
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cell sheet and a collagen vitrigel membrane was positioned over the tracheal defect, with 

the collagen vitrigel membrane facing the tracheal lumen. The top and bottom of the graft 

and the tracheal cartilage of the rat were sutured together using a single stitch with 9-0 

nylon (Bear Medic Co., Ibaraki, Japan). Subsequently, the sternohyoid and sternothyroid 

muscles and the incised skin were also sutured. After 4 or 12 weeks of transplantation, the 

nude rats were humanely euthanized using CO2, and histological examination was 

performed. A schematic protocol of the procedure is illustrated in Fig. 1, and the timeline 

after transplantation is shown in Fig. 2. 

Histological analyses 

The cell sheets before transplantation and tracheae after transplantation were 

immersed in 4% PFA overnight. Subsequently, they were immersed in 10%, 20%, and 30% 

sucrose solutions overnight. They were then embedded in an optimal cutting temperature 

(OCT) compound (Sakura Finetek Japan, Tokyo, Japan). Cryosections of 10 µm thickness 

were prepared and stained using hematoxylin and eosin (HE), Alcian blue, and Safranin-O. 

For Alcian blue staining, sections were treated with 3% acetic acid and then stained with 

Alcian Blue 8GX solution (Waldeck GmbH & Co., KG, Munster, Germany) for 30 min. The 

sections were immersed in 3% acetic acid for 3 min. Nuclear fast red dye (Sigma-Aldrich 

Japan G.K.) was used as a counterstain. The sections were then dehydrated and cleared 

with ethyl alcohol before mounting. For Safranin-O staining, the 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. The sections were treated with 1% 

acetic acid. The sections were then stained again with a 0.1% Safranin-O solution (Sigma-

Aldrich) for 5 min, dehydrated, and cleared with ethyl alcohol before mounting. Images 

were captured using a BZ-X810 All-in-One fluorescence microscope (Keyence, Osaka, 

Japan). 

Immunofluorescence staining 

To detect anti-type I collagen and anti-type II collagen antibody reactions, 

cryosections were treated with 0.5% pepsin (Sigma-Aldrich) diluted with 0.5 mM 

hydrochloric acid for 10 min at 37 °C for epitope retrieval. For anti-SOX9 antibody staining, 
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sections were incubated for 30 min at 65 °C, and heated at 98 °C for 10 min in citrate 

buffer solution (0.01 mol/L, pH = 6.0, LSI Medience Co., Tokyo, Japan). After blocking with 

Blocking One (Nacalai) for 1 h, the sections were incubated overnight at 4 °C with anti-

human nuclear antigen (HNA) (Mouse, MAB1281, 1:1000; Millipore), anti-type I collagen 

(COL1) (Rabbit, ab34710, 1:200; Abcam), anti-type II collagen (COL2) (Mouse, MA5-12789, 

1:100; Invitrogen), and anti-SOX9 (Rabbit, AB5535, 1:5000; Millipore) antibodies. Sections 

were then incubated with fluorophore-conjugated secondary antibodies (Alexa Fluor-

conjugated secondary antibodies; Invitrogen, Tokyo, Japan) and 4′,6-diamidino-2-

phenylindole (DAPI; Invitrogen) stain for 1 h at room temperature. Secondary antibodies 

(1:1000) were diluted with Can Get Signal Solution B (Toyobo, Osaka, Japan) for anti-COL1 

and anti-COL2 staining, and with 10% Blocking One in PBS containing 0.05% Tween 20 

(PBST) for anti-SOX9 staining. Images were captured using an OLYMPUS BX 50 

fluorescence microscope equipped with an Olympus DP70 camera (Olympus, Tokyo, 

Japan), ORCA-spark digital COMS camera C11440-36U (HAMAMATSU, Hamamatsu, Japan), 

and CellSens Standard software (Olympus). 

To confirm the iNCC induction, immunostaining was performed on the 10th day of 

NCC induction. Following fixation with 4% PFA in PBS for 15 min and washing with PBS, 

iNCCs were treated with 0.2% Triton X-100 in PBS for 15 min at 4 °C. The cells were then 

immersed in Blocking One for 1 h at 4 °C to block non-specific antibody binding. The cells 

were then incubated with anti-TFAP2A (Mouse, AB528084: 1:100; DSHB) diluted with 10% 

Blocking One in PBST overnight at 4 °C. The cells were incubated with a fluorophore-

labeled secondary antibody and DAPI for nuclear staining for 1 h at room temperature. 

Images of undifferentiated iPSCs and iNCCs were obtained using a fluorescence 

microscope (Nikon Eclipse Ti-S), an Olympus DP73 camera (Olympus), and CellSens 

Standard software (Olympus). 

Results 

Induction of iMSCs from hiPSCs through NCCs 

Figure 3a shows the pre-culture of hiPSCs, and Fig. 3b shows iNCCs after NCC 

induction. Immunohistochemistry revealed that the induced iNCCs expressed NCC marker 
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TFAP2A (Fig. 3b). The induced iMSCs showed MSC-like morphology (Fig. 3c). Further, they 

exhibited expression of human MSC surface markers (Fig. 3d) (positive for CD73, CD90, and 

CD105, while negative for CD11b, CD19, CD34, CD45, and HLA-DR). 

Evaluation of iMSC sheets and grafts before transplantation 

Figure 4a shows the gross appearance of the iMSC sheets prior to being placed on 

the artificial trachea. Figure 4b, c presents cryosections of the iMSC sheet. The iMSC sheet 

appeared stratified rather than monolayered and contained an extracellular matrix (ECM) 

stained with Alcian Blue.  

Histological evaluation of cartilage like regeneration 

Figure 5a-c shows the representative images of cartilage-like regeneration 

following iMSC transplantation 4 weeks postoperatively. Regenerated tissue (indicated by 

an asterisk) was observed in the transplanted region (between the yellow arrowheads) 

after HE staining (Fig. 5a). The regenerated tissue was then stained with Alcian blue and 

Safranin O (Fig. 5b, c). Alcian blue and Safranin O are cationic dyes used to stain 

proteoglycans, which are the main components of the cartilage ECM.19,20 Our results 

indicated that the ECM of the regenerated tissue was comparable to that of normal 

cartilage. Figure 5j-l shows images of the control group transplanted with the no-cell graft 

upon HE, Alcian blue, and Safranin-O staining. Cartilage-like regenerated tissue positive for 

Alcian blue or Safranin O was not observed in the tracheal defect. Figure 5d-i shows 

higher-magnification images of the regenerated tissue following iMSC transplantation, 

with small lacunae formed in the regenerated tissues indicating cartilage formation.  

Evaluation of chondrocyte marker expression and ECM production via 

immunofluorescence staining 

Figure 6 shows a representative case of chondrocyte marker expression and ECM 

production following iMSC transplantation. The regenerated tissue (asterisk in Fig. 6b) was 

HNA-positive, whereas the rat trachea, outlined with white dashed lines, was HNA-

negative, indicating that the regenerated tissue was derived from the transplanted iMSCs. 

SOX9 is a marker of chondroprogenitor cells and chondrocytes.21 Within the regenerated 
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tissue, most cells co-expressed HNA and SOX9 (Fig. 6c-f), indicating that the transplanted 

cells survived and differentiated into the chondrogenic lineage. COL2 constitutes a 

significant component of the ECM in hyaline cartilage, whereas COL1 is not expressed in 

hyaline cartilage but is expressed in fibrocartilage and fibrous tissue.22,23 The ECM 

surrounding the surviving cells expressed COL2 (Fig. 6g), but not COL1 (Fig. 6h). 

Considering the findings from COL2 and COL1 staining, along with those from Safranin O 

and Alcian blue staining, the ECM within the regenerated tissue appeared equivalent to 

normal hyaline cartilage. 

Evaluation of transplanted cell engraftment and cartilage-like regeneration 

HNA-positive surviving transplanted cells were detected in all six rats at 4 weeks 

after transplantation and in six out of seven rats at 12 weeks after transplantation. 

Regeneration of cartilage-like tissue, characterized by the presence of surviving 

transplanted cells expressing SOX9, ECM stained with Safranin-O and Alcian blue, and ECM 

expressing COL2 but not COL1, was observed in four of six rats at 4 weeks and in three of 

seven rats at 12 weeks post-transplantation. Figure 7 shows the histology and 

immunofluorescence staining of all the rats with regenerated cartilage-like tissue. The 

histology and immunofluorescence staining sections of the rats without cartilage 

regeneration are shown in Supplemental Fig. 1. 

Discussion 

In this study, we induced iMSCs through NCCs, transplanting them into the 

tracheal cartilage defects of nude rats using an artificial trachea composed of a 

polypropylene mesh and collagen sponge, which resulted in the regeneration of cartilage-

like tissues. Engraftment of iMSCs was observed in all six rats at 4 weeks and in six of seven 

rats (86%) at 12 weeks after transplantation. Cartilage-like tissue regeneration was 

observed in four out of six rats (67%) at 4 weeks and in three of seven rats (43%) at 12 

weeks (Table 1). To the best of our knowledge, only one study has investigated tracheal 

cartilage regeneration using hiPSCs.24 In the study, iMSCs were seeded onto three-

dimensional (3D) printed tube grafts and transplanted into tracheal defects in rabbits. 

Although engraftment of iMSCs and cartilage regeneration were observed, the engrafted 
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iMSCs did not survive in the regenerated cartilage. The authors thus considered that iMSCs 

contributed to cartilage regeneration through paracrine effects rather than through direct 

differentiation. Therefore, our study is the first to demonstrate the engraftment of iMSCs 

in tracheal cartilage defects, their differentiation into chondrocytes, and tracheal cartilage 

regeneration in vivo.  

Currently, studies on tracheal cartilage regeneration are limited to animal models. 

Further, primary cultured chondrocytes are commonly used.25-27 Many studies on knee 

cartilage regeneration have focused on MSCs owing to their multipotent differentiation 

and immunomodulatory effects.28-30 Therefore, MSCs are also considered attractive 

candidates for treating tracheal cartilage defects. We used iMSCs for transplantation 

without differentiating them into chondrocytes before transplantation. Transplantation of 

autologous and allogeneic MSCs is performed in the clinic.31,32 However, certain challenges 

remain, including the invasiveness of the MSC harvesting process, loss of proliferative 

capacity over repeated passages,33 and the requirement of matching HLA types in 

allogeneic transplantation. In this regard, hiPSCs theoretically have an unlimited 

proliferative capacity, making it possible to easily obtain the required quantity of iMSCs. 

HLA mismatch issues can be overcome by using HLA-homozygous hiPSCs or CRISPR-Cas9 to 

create HLA-edited hiPSCs.34 Furthermore, iMSCs also have immunomodulatory properties, 

similar to those of primary cultured MSCs harvested from tissues such as the bone 

marrow,35 and are an ideal cell source for cartilage regeneration.  

The method of transplanting iMSCs in a spherical form, as performed in previous 

studies, poses challenges in their fixation to the tracheal defect, leading to them dropping 

into the tracheal lumen. Therefore, we modified the graft preparation method. We 

focused on the transplantation of MSC sheets, which have been clinically applied to knee 

cartilage injuries in a previous study.31 Briefly, autologous synovial MSCs were cultured for 

7–21 days, detached from the culture dish in a sheet form, and transplanted into knee 

cartilage defects. Based on these methods, we established a model for the transplantation 

of iMSCs in a contracted sheet form with the artificial trachea. Multiple studies have 

shown that MSCs exhibit greater potential for chondrogenesis in 3D structures compared 

to that in two dimensional cultures.36,37 Contracted cell sheets, although not 3D structures, 
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retain ECM, receptors, and adhesive proteins38 and are widely used in cartilage 

regeneration research through techniques such as layering to create stacked 

structures.39,40 Although stacking of cell sheets was not performed in our study, a folded 

cell sheet was transplanted, which may have contributed to cartilage regeneration. 

This study had several limitations. First, the relatively short observation period 

following transplantation limited the histological analysis. Histological examination 

revealed the formation of small lacunae in the regenerated cartilage-like tissue. Prolonged 

observation periods, such as six months or one year, are desirable to allow maturation 

during cartilage-like tissue regeneration. However, in this study, fewer rats tended to 

exhibit cartilage-like regeneration in the 12 weeks post-transplantation group than in the 4 

weeks group. In our previous study, wherein iMSCs were transplanted into the thyroid 

cartilage defects of nude rats, cartilage-like regeneration was observed in five out of six 

rats (83%) at four weeks post-transplantation and in three out of six rats (50%) at eight 

weeks post-transplantation.17 This study also showed a trend of fewer rats showing 

cartilage-like regeneration with longer post-transplantation observation periods. In our 

previous study, involving iMSC transplantation into thyroid cartilage defects of X-linked 

severe combined immunodeficient (X-SCID) rats, cartilage-like regeneration was observed 

in five of seven rats (71.4%) at both 4 and 8 weeks post-transplantation.16 X-SCID rats were 

established by interleukin (IL)-2 receptor gamma (Il2rg) gene knockout, and their 

immunodeficient phenotypes were characterized by a nearly complete lack of T cells, B 

cells, and natural killer (NK) cells.41 Meanwhile, nude rats had no mature T cells but 

preserved B and NK cell function.42 Therefore, the immune response in nude rats may have 

resulted in rejection of the regenerated cartilage. Thus, for long-term observations, using 

rats with a more severe immune deficiency, such as SCID rats with mutations in Il2rg and 

recombination activating gene (Rag2), would be ideal.43 

Second, the biomechanical strength of regenerated cartilage-like tissue has not 

been determined. Owing to the small size of the rat trachea and variability in the degree of 

cartilage regeneration, sufficient cartilage for evaluating biomechanical strength was not 

obtained in this study. Therefore, future studies should aim for transplantation into larger 

animals, such as rabbits or dogs, to ensure adequate cartilage and to evaluate 
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biomechanical strength. This study is a preliminary study for replacing the polypropylene 

mesh in the future. Therefore, a collagen sponge containing polypropylene mesh was 

used. In future studies, we aim to explore the use of collagen sponges without a 

polypropylene mesh. However, the use of a collagen sponge alone may pose a risk of 

collapse owing to its insufficient physical strength against inhalation. Although iMSC sheets 

show promise for cartilage regeneration, their physical properties remain uncertain. A 

potential approach involves creating an artificial trachea using biodegradable 

polycaprolactone (PCL) rings covered with a collagen sponge. The iMSC sheets, which are 

rod-shaped and rounded, can be placed between the PCL rings, which are expected to 

biodegrade within several months to years,44 during which time iMSC sheets are 

anticipated to differentiate into mature cartilage and maintain tracheal patency. 

Third, iMSCs may represent a heterogeneous cell population. In this study, flow 

cytometry analysis of iMSCs showed high expression of CD73 and CD105, but a low 

expression of CD90 at 64.3%. One of the minimal criteria for defining MSCs proposed by 

the International Society for Cellular Therapy is that CD73, CD90, and CD105 must be 

positive in more than 95% of the cells.45 For clinical application, it will be necessary to 

meet these criteria, and efforts to increase purification efficiency, such as by selectively 

collecting iNCCs with even further higher expression levels of CD271, are considered. 

We also focused on the possible paracrine effects of iMSCs on tracheal epithelial 

regeneration. Okuyama et al. transplanted multiciliated airway cells derived from hiPSCs 

(iMCACs) along with an artificial trachea into a rat trachea and confirmed their 

engraftment.46 However, the engraftment efficiency was insufficient. Several studies have 

also been conducted to promote epithelialization of the inner cavity surface of the artificial 

trachea.47,48 Although transplantation of iMCACs was not performed in these studies, 

transplanting artificial tracheas with fibroblast cells and adipose-derived stem cells was 

reported to enhance epithelialization. Considering these points, we anticipate that 

transplanting a combination of iMCACs and iMSCs may improve the engraftment rate of 

iMCACs. Our future goals include advancing tracheal regeneration using iMSCs, including 

both tracheal cartilage and airway epithelium, and translating our research to patients 

with tracheal defects, including pediatric patients. 
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Conclusions 

In this study, we investigated the efficacy of iMSCs in tracheal cartilage 

regeneration. Engraftment of iMSCs and cartilage-like tissue regeneration were observed 

at 4 and 12 weeks after transplantation. These results indicate that iMSCs could be a 

promising option for tracheal reconstruction and the current research provides a basis for 

the future development of artificial tracheas suitable for pediatric use. 
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Table 1. The number of rats showing HNA-positive cells and cartilage-like regeneration 

Period HNA-positive cells Cartilage-like regeneration 

4 weeks post-transplantation 6/6 (100%) 4/6 (67%) 

12 weeks post-

transplantation 

6/7 (86%) 3/7 (43%) 
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Figure Legends 

 

Figure 1. Schematic representation of iMSC transplantation into the tracheal defects of 

nude rats 

An artificial trachea covered with a cell sheet and a collagen vitrigel membrane was 

positioned over the tracheal defect, with the collagen vitrigel membrane facing the 

tracheal lumen. hiPSCs: human induced pluripotent stem cells, iNCC: hiPSCs-derived neural 

crest stem cell, iMSCs: hiPSCs-derived mesenchymal stem cells. 
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Figure 2. Timeline after the transplantation 

Six rats were euthanized at 4 weeks post-transplantation, and seven rats were euthanized 

at 12 weeks post-transplantation for evaluation. Additionally, grafts without iMSCs were 

transplanted into four rats as a control. Two rats from the control group were euthanized 

at 4 weeks post-transplantation, and another two rats were euthanized at 12 weeks post-

transplantation for evaluation. iMSCs: human induced pluripotent stem cells-derived 

mesenchymal stem cells. 
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Figure 3. Induction of iMSCs 

(a): Phase-contrast image of 1231A3 line undifferentiated hiPSCs. Scale bar = 200 μm. (b): 

Immunocytochemistry images of iNCCs using anti-TFAP2A antibody. Scale bar = 100 μm. 

(c): Phase-contrast image of induced iMSCs. Scale bar = 200 μm. (d): Flow cytometry 

analysis of iMSCs. Induced MSCs show MSC marker expression (CD73, CD90 and CD105), 

while negative for CD11b, CD19, CD34, CD45, and HLA-DR (blue). Histograms of the isotype 

control shown in red. hiPSCs: human induced pluripotent stem cells, iNCC: hiPSC-derived 

neural crest stem cell, iMSCs: hiPSC-derived mesenchymal stem cells. 
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Figure 4. Evaluation iMSC sheets 

(a): Macroscopic images of the cell sheet. Scale bar =1 cm. (b, c): Vertical sections of the 

cell sheet. (b): HE staining, (c): Alcian blue staining. Scale bar = 50 μm. iMSCs: human 

induced pluripotent stem cells-derived mesenchymal stem cells. 
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Figure 5. Histological evaluation of tracheal axial sections at 4 weeks postoperatively 

(a, d, g, j): HE staining, (b, e, h, k): Alcian blue staining, (c, f, i, l): Safranin-O staining. (a-c) 

Histological evaluation of the iMSCs graft transplanted trachea. The area between the 

yellow arrow heads indicates the defect area in the tracheal cartilage. Regenerated tissue 

was indicated by an asterisk. Regenerated tissue was stained with Alcian blue (b) and 

Safranin-O staining (c). (d-f): A higher magnification image of the yellow dot box in (a-c). 

(g-i): A higher magnification image of the yellow box in (d-f). Cartilage-like regenerated 

tissue was observed in the transplanted area. (j-l): Histological evaluation of the no-cell 

graft transplanted trachea (control group). Cartilage-like regenerated tissue was not 

observed. (a-c): Scale bar; (a-c): 1 mm, (d-f): 200 μm, (g-i): 50 μm (j-l): 1 mm.  

D
ow

nl
oa

de
d 

by
 K

yo
to

 U
ni

ve
rs

ity
 A

SA
H

IY
A

 S
H

O
T

E
N

/1
47

85
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

7/
07

/2
4.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 28 of 30 
 
 
 

28 

Ti
ss

u
e 

En
gi

n
ee

ri
n

g 

R
at

 t
ra

ch
ea

l c
ar

ti
la

ge
 r

eg
en

er
at

io
n

 u
si

n
g 

m
es

en
ch

ym
al

 s
te

m
 c

el
ls

 d
er

iv
ed

 f
ro

m
 h

u
m

an
 iP

S 
ce

lls
 (

D
O

I:
 1

0
.1

0
8

9
/t

en
.T

EA
.2

0
2

4
.0

1
5

1
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

 

Figure 6. Immunofluorescence staining of cartilage-like regeneration tissue 

Immunofluorescence staining of cartilage-like regeneration tissue using, anti-SOX9, anti-

human nuclear antigen (HNA), type II collagen (COL2), type I collagen (COL1) antibody.  
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(a): HE staining. (b): A higher magnification image and immunofluorescence staining of the 

yellow box in (a). Merge of HNA (red) and DAPI (blue). The regenerated tissue is indicated 

by an asterisk. The rat trachea is outlined with white dashed lines. (c-h): A higher 

magnification of the yellow dot box in (b). (c): HNA. (d): SOX9. (e): DAPI. (f): Merge of HNA 

(red) and SOX9 (green). (g): Merge of HNA (red) and COL2 (green). (h): Merge of COL1 

(white), HNA (red), and DAPI (blue). Scale bar; (a): 1 mm, (b): 200 μm, (c-h): 50 μm. 
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Figure 7. Regenerated cartilage-like tissue at 4 and 12 weeks postoperatively in all rats 

The first columns indicate HE staining, the second columns indicate Alcian blue staining, 

and the third columns show Safranin O staining. The second column shows a higher 

magnification of the yellow box in the first column. The third to fifth column shows a 

higher magnification of the yellow dot box in the second column. The fourth column shows 

immunofluorescence staining, using anti-HNA (red) and anti-SOX9 (green) in regenerated 

tissue. The fifth column shows immunofluorescence staining, using anti-HNA (red) and 

anti-COL2 (green). HNA: human nuclear antigen. COL2: type II collagen, COL1: type I 

collagen. Scale bar; first column: 1 mm, second column: 200 μm, third to fifth columns:  

50 μm. 
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