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Introduction

Tendons connect muscles and bones, and ligaments con-
nect two bones. Both these tissues are critical for transmit-
ting and stabilizing the force produced by muscles and 
facilitating joint movements.1 Tendon injuries may cause 
joint motion disability and reduced quality of life.2 There 
are several treatment options for tendon injuries, including 
surgical repair or conservative approaches; however, com-
plete cure is difficult and may take time because tendons 
have low repair capacity, owing to low cell density, and 
poor innervated blood vessels.3 For instance, Achilles ten-
don rupture is a frequent tendon injury occurring in 6%–
18% of athletes each year and reportedly affects 
approximately 1 million patients per year in the United 
States. Once injured, it takes approximately 6 months to 
return to work.4

Pharmacological approaches and cell transplantation 
strategies using stem and progenitor cells are under devel-
opment,5 but their medical application is yet not 
established.6
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Autologous or allogeneic tendons for tendon recon-
struction have routinely been applied for medical treat-
ment and have shown relatively good outcomes; 
however, these materials encounter several problems. 
Autologous tendon transplantation raises concerns 
about complications such as pain and nerve damage 
during graft harvesting.7 When allogenic or xenogeneic 
tendons are used, decellularization processes are per-
formed to lower their immunogenic effects.8 However, 
transplantation of xenogeneic tendons may not com-
pletely eliminate immunogenicity.9 As for allogeneic 
tendons, the supply of tissues is limited. Artificial ten-
dons made of polyester and other materials have suffi-
cient tensile strength in the early phase; however, they 
are not replaced into the recipient tissue; thus, the trans-
planted material often collapse in the long run.10 In 
addition, the risk of allergy and infection with artificial 
materials could also pose problems.11 Dermis-derived 
tissues have been applied for tendon reconstruction sur-
gery, but their collagen composition and tissue structure 
differ from those of tendons.12 Moreover, these tissues 
could not recruit tendon stem/progenitor cells to recon-
struct the tendon tissue with proper tendinous matrix 
formation.13 Based on these facts, an ideal medical 
strategy to reconstruct tendon ruptures would involve 
development of an artificial tendon-like tissue with ten-
don-like mechanical and histological properties from 
human tendon cells in vitro.

We have previously reported that mouse mesenchymal 
stem cells overexpressing Mohawk (Mkx) could form a 
tendon-like tissue in a three-dimensional (3D) cyclic 
stretch culture system.14 In the present study, we signifi-
cantly improved the cell stretch chamber system to enable 
the production of enlarged and well-structured bio-tendons 
from human induced pluripotent stem cell (iPSC)-mesen-
chymal stem cells (MSCs) overexpressing Mkx. Aside 
from the fact that the tissues are derived from human cells, 
the decellularization process of the bio-tendons should 
reduce the risk of tumorigenesis and immune reactions 
associated with the use of allogeneic iPSCs. In fact, we 
observed significantly improved tendon reconstruction 
using the newly developed bio-tendon transplant in a 
mouse tendon rupture model through histological and bio-
mechanical evaluations. Our results support the potential 
of this bio-tendon for clinical applications.

Methods

iPSC-MSC differentiation and maintenance

Induction of differentiation of induced pluripotent stem 
cells (iPSCs) into iPSC-mesenchymal stem cells (MSCs) 
was performed according to a previous report15 with some 
modifications. The iPSC line 253G1 was maintained on a 
10 cm dish coated with Geltrex (Life Technologies, CA, 

United States) in Essential 8 (E8) medium (Life 
Technologies, CA, United States). iPSCs were plated onto 
Geltrex-coated dishes in E8 medium with 10 μM Y-27632 
(BioVision, CA, United States) and cultured for 2 additional 
days in a differentiation medium comprising 10 ng/mL basic 
fibroblast growth factor (FGF; R&D Systems, MN, USA), 
4 μM SB431542 (Stemgent, MA, United States), and 4 μM 
WNT agonist CHIR99021 (CHIR) (Stemgent) in Essential 
6 (E6) medium (Life Technologies). Differentiation medium 
was daily changed for 5 days. On day 6, differentiated neural 
crest cells (NCCs) were plated on a Geltrex-coated dish in 
mesenchymal stem cell (MSC) culture media (MEMα + 10% 
fetal bovine serum [FBS] + 1% penicillin-streptomycin + 1 
[v/v%] 100 × non-essential amino acid solution [NEAA; 
Gibco], 1 [v/v%] 100 × GlutaMAX [Gibco]). After three 
passages, the surface coating was switched from Geltrex to 
1% gelatin (Wako, Osaka, Japan) to support iPSC-MSC 
adhesion and growth. To establish stable Mkx and GFP 
expression, iPS-MSCs were infected with a suitable lentivi-
rus. Stable cell lines were established using 1 μg/mL puro-
mycin (InvivoGen, CA, United States) for 3 days.

3D-cultures

Established Mkx-iPSC-MSCs or GFP-iPSC-MSCs were 
embedded in a 3D-culture cocktail. The 3D-culture cock-
tail was constructed by mixing collagen gel (final concen-
trations: 2 mg/mL Cellmatrix (Type I-A, Nitta Gelatin Inc., 
Osaka, Japan) and 1 × collagen neutralization buffer (Type 
I-A, Nitta Gelatin Inc.)), pro-survival cocktail final con-
centrations: 100 nM B-cell lymphoma extra-large (Bcl-Xl) 
BH4 4-23 (197217-1MG, Calbiochem, CA, United States), 
100 μM carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-
fluoromethylketone (Z-VAD-FMK) (Promega, WI, United 
States), 200 ng/mL LongR3 insulin-like growth factor 1 
(IGF-1) (PeproTech, NJ, United States), and 100 μM pina-
cidil monohydrate (ChemCruz, TX, United States), and 
MSC culture media.

The 3D chamber was coated with 1% gelatin and incu-
bated at 37°C and 5% CO2 for 30 min. After washing thrice 
with 1× phosphate-buffered saline (PBS), 2.0 × 106 cells 
were transferred to a 3D-culture cocktail mixture and incu-
bated at 37°C and 5% CO2 for 60 min for gelation. Following 
gelation, the culture medium was added to the chamber.

Mechanical stimulation

Following 24 h incubation, the 3D-cultured samples were 
set into a mechanical cell stretch system device (Shellpa 
Pro, Menicon Co., Ltd./Life Science Department, Aichi, 
Japan). Cyclic mechanical stretch was performed for 
2 weeks by gradually increasing the stretch loading rate as 
follows: 1% (day 1), 2% (day 2), 3% (day 3), 4% (day 4), 
and 5% (day 5–14). The cyclic mechanical stretch was 
programed at 0.25 Hz for 18 h/day, followed by resting for 
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6 h/day at 37°C and 5% CO2. Daily medium changes were 
also required.

Decellularization by HHP, DNase treatment, 
and chemical treatment

The cultured bio-tendon was placed into a plastic pack 
filled with saline and sealed to prevent implosion and leak-
age during the procedure. The pack was then pressurized at 
1000 MPa at 30°C for 10 min using an HHP machine (Dr. 
CHEF; Kobe Steel, Ltd., Hyogo, Japan). After pressuriza-
tion, the bio-tendon was incubated with a DNase buffer 
(Takara, Tokyo, Japan) containing 0.4 U/mL recombinant 
DNase solution (Roche Diagnostics, Tokyo, Japan) for 24 h 
at 4°C. After incubation, the bio-tendon was washed thrice 
with 30% ethanol (EtOH) by continuous shaking for 5 min 
at each step. Finally, 1-ethyl-3-(3-Dimethylaminopropyl) 
carbodiimide (EDC)/N-hydroxysuccinimide (NHS)-based 
cross-linking was performed by adding 70 mM EDC 
(Wako, Osaka, Japan) and 70 mM NHS (Wako, Osaka, 
Japan) with 30% EtOH for 24 h at 4°C. The processed bio-
tendon was incubated in 1× phosphate-buffered saline 
(PBS) at 4°C until the experiment.

Flow cytometry

Differentiation of iPSC-MSCs was characterized using 
flow cytometry. Cells were harvested using 0.25% 
trypsin and quenched by adding MEMα medium con-
taining 10 v/v% FBS. After washing with PBS, the cells 
were incubated for 60 min on ice with fluorescent-conju-
gated antibodies against CD44, CD73, CD90, and 
CD105 (R&D Systems) using a fluorescence-activated 
cell sorting (FACS) buffer (PBS containing 1 [v/v%] 
FBS). The labeled cells were analyzed using a BD 
Calibur flow cytometer.

RNA isolation and qRT-PCR

Total RNA was extracted using TRIzol reagent 
(Invitrogen, Grand Island, NY, USA). PrimeScript RT 
reagent Kit (Takara, Tokyo, Japan) was used for reverse 
transcription of mRNA. Complementary DNA was 
quantitated by qRT-PCR using a Thunderbird SYBR 
mix (Toyobo Co., Osaka, Japan). Actb expression served 
as a control for mRNA expression16,17 and the changes 
in gene expression were quantified using the ΔCT and 
ΔΔCT method.

Histological and immunohistochemical analyses

Tissue samples were fixed in 4% paraformaldehyde for 
overnight at 4°C, washed in 1× PBS, cryo-preserved in 
20% sucrose for overnight, and embedded in optimal cut-
ting temperature (OCT) compound (45833, Sakura 

Finetek Japan Co., Ltd., Tokyo, Japan). Then, the bio-
tendon was cryo-sectioned at 10 μm thickness and desic-
cated by air-drying for overnight. Histological staining 
was performed using hematoxylin (131-09665, FUJIFILM 
Wako Pure Chemical Corp.) and eosin (051-06515, 
FUJIFILM Wako Pure Chemical Corp.), Picrosirius red 
staining kit (24901-500, Polysciences, Inc., PA, United 
States), and Elastica Van Gieson (EVG) staining kit 
(1.15974.0002, Merck Millipore, Burlington, MA, USA) 
according to the manufacturer’s instructions.

RNA-sequencing (RNA-seq)

RNA-seq libraries were prepared by removing rRNA with 
using rRNA-depletion kit (NEB, E6310) and directional 
library synthesis kit (NEB, E7420). RNA libraries were 
sequenced by NextSeq500 High-output kit. Mapping 
fastq data and calculating the expression of each gene 
Adapters in Fastq files were trimmed using TrimGalore 
software (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/). Fastq files were mapped to human 
genomes (hg19) using STAR software18 (https://github.
com/alexdobin/STAR), and the amount of each transcript 
was calculated with RSEM software19 (https://github.
com/deweylab/RSEM). Extracting differently expressed 
genes on iDEP.93. The counted data was transformed with 
EdgeR (log2 (CPM (counts per million) + 4)), and vol-
cano plot was generated. All of these steps were per-
formed by iDEP.9320 (http://bioinformatics.sdstate.edu/
idep93/). The raw data of RNA-seq were deposited in the 
GEO under accession number GSEXXXXX (GSE No. 
will be delivered soon).

Electron microscopy

Tendon/ligament-like tissues were dissected and fixed 
in 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB) 
overnight. For scanning electron microscopy (SEM), 
the specimens were dried in a critical-point drying 
apparatus (HCP-2, Hitachi, Ltd.) with liquid CO2 and 
were sputter-coated with platinum. Then, the specimens 
were observed using SEM (S-4500, Hitachi, Ltd.).  
We evaluated two samples in each specimen. Three sec-
tions from each sample were randomly selected and 
analyzed.

Stretch test

The mechanical properties were measured using a creep 
meter (RE-3305S, Yamaden, Tokyo, Japan). After measur-
ing the initial length (mm), diameter (mm), and thickness 
(mm) using a micrometer, the samples were fixed with two 
grips, which were pulled at a constant speed of 0.05 mm/s 
until failure, and the tensile strength (N) and failure strain 
(mm) was measured. We calculated cross-sectional area 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://github.com/deweylab/RSEM
https://github.com/deweylab/RSEM
http://bioinformatics.sdstate.edu/idep93/
http://bioinformatics.sdstate.edu/idep93/
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(mm2) using initial diameter and thickness. The stiffness 
was manually determined from the slope in the linear 
region of the failure-stress curve.

The tensile strength (MPa), failure strain (%), stiff-
ness, and Young’s modulus were calculated using the fol-
lowing formulas:

Tensile st ength MPa  = tensile stre gth N  /

cross-secti

r n( ) ( )
oonal area mm .2( )

Failure strain %  = f ilure strain mm  /

initial length m

( ) ( )a

mm .( )

Stiffness = Stress N  / Strain mm( ) ( ).

Young s modulus = stiffness  initial length mm  / 

cross-

’ × ( )
ssectional area mm2( )

Transplantation

For histological analysis, 8- to 10-week-old male mTmG 
mice (JAX stock #007676) were anesthetized. Under aseptic 
conditions, approximately 5 mm wide resections were bilat-
erally made in the Achilles tendons. The processed bio-ten-
don was transplanted between the gaps using an 8-0 nylon 
suture. As a control, pepsin-solubilized collagen (Type I-C, 
Nitta Gelatin Inc., Osaka, Japan) was injected into the gap. 
The stretch test sample was unilaterally transplanted.

Quantitative assessment of histological analysis

We analyzed fiber alignment, fiber structure, nuclear 
roundness, and inflammation referring to a grading system 
in previous studies.21 These four parameters were quanti-
fied by two blinded observers using 0–3 grading scores as 
follows: 0 (normal), 1 (slightly abnormal), 2 (moderately 
abnormal), and 3 (severely abnormal). Detailed informa-
tion on the histological score is described in Table 1.

Statistical analysis

All values are presented as mean ± SEM. Statistically sig-
nificant differences were assessed by unpaired two-tailed 
Student’s t-test and one-way analysis of variance (ANOVA) 
with Tukey’s post hoc test. Statistical significance was set 
at p < 0.05. Gene expression (n = 3), stretch test of bio-
tendon (GFP-bio-tendon; n = 6, Mkx-bio-tendon; n = 7), 
histology analysis (n = 3–5), and stretch test of post-trans-
plant samples (intact, n = 10; gel, n = 10; GFP-bio-tendon, 
n = 10; Mkx-bio-tendon, n = 9) were analyzed at each time 
point. All bio-tendons had different replicates derived 
from different 3D cultures. The inter-observer correlation 

of the quantitative assessment of histological analysis was 
0.835. The power of total histological score in 6-week 
post-transplantation samples was 0.971 in post hoc power 
analysis using G*Power software.22

Results

Differentiation of iPS cells into iPSC-MSCs 
and enhancement of tendon-related gene 
expression by Mkx overexpression

As an ideal source to produce an artificial tendon tissue, we 
utilized human iPS cells that exhibit pluripotency and pro-
liferative capacity23 (Figure 1(a)) and could express human 
matrix genes. Based on previous findings24–27 that Mkx 
could differentiate MSCs into tendon-like cells, we first 
prepared human MSCs derived from human iPSCs (iPSC-
MSCs) via neural crest cells (NCCs) as previously 
described.15 We confirmed that iPSC-MSCs showed spin-
dle-shape morphology and expressed MSC specific antigen 
(Supplemental Figure 1). Also, we observed higher expres-
sion of CD44, CD73, and CD105 in iPSC-MSCs than in 
iPSCs by RNA-seq (Supplemental Figure 2). IPSC-MSCs 
were induced to overexpress Mkx or green fluorescent pro-
tein (GFP) using a lentivirus system (thereafter we refereed 
to Mkx-iPSC-MSCs and GFP-iPSC-MSCs, respectively.) 
We detected elevated expression of Scx in GFP-iPSC-
MSCs, however the expression of Scx was low compared 
with Mkx and no significant changes in the expression of 
another tendon-related genes, such as Col1a1, and Col3a1 
and Fmod (Supplemental Fig 3). As GFP had advantages in 
monitoring the efficiency of lentivirus infection, we chose 
GFP-iPSC-MSCs as a control. Consistent with previous 
reports,24 Mkx-iPSC-MSCs showed a sharp tendon cell-
like morphology, but GFP-iPSC-MSCs did not exhibit any 
change in their shape (Figure 1(b)). The expression of ten-
don-related genes, including Scx, Col1a1, Col3a1, Dcn, 
and Fmod was upregulated in Mkx-iPSC-MSCs, but not in 
GFP-iPSC-MSCs27,28 (Figure 1(c)), indicating that Mkx-
iPSC-MSCs exhibited tendon cell properties and tendon-
specific gene expression.

Preparation of Mkx-iPSC-MSC–derived artificial 
tendons using a new chamber

To produce artificial tendons of sufficient size from Mkx-
iPSC-MSCs, we improved the cyclic stretching 3D culture 
system14 by developing a novel stretching culture chamber 
where an artificial tendon was placed on both sides to sta-
bly apply the propagation stimulus (Figure 1(a), 
Supplemental Figure 4).

GFP-iPSC-MSCs and Mkx-iPSC-MSCs were cultured 
in 3D stretch cultures for 15 days to create artificial ten-
don-like tissues (bio-tendons) with uniform thickness 
(Figure 2(a)). We applied 5% stimulation because this was 
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the most suitable condition to induce the tendon-related 
genes (Supplemental Figure 5). Although histological 
evaluation of these bio-tendons by hematoxylin and eosin 
(H&E) and Elastica van Gieson (EVG) staining showed no 
significant differences (Figure 2(b) and (c)), analysis by 
scanning electron microscopy (SEM) revealed regularly 
oriented collagen fibers aligned in the stretch direction in 
Mkx-iPSC-MSC–derived bio-tendons (Mkx-bio-tendons) 
(Figure 2(d)). The fibril direction in GFP-iPSC-MSC–
derived bio-tendons (GFP-bio-tendons) was tangled and 
not aligned according to the mechanical stretch. Thus, 
Mkx-iPSC-MSCs in the new stretching 3D chamber cul-
turing system could create tendon-like structures and 
showed aligned collagen fibers.

Decellularization and chemical cross-linking of 
the bio-tendon

To exclude immune reactions and the risk of tumorigenesis 
related to the use of allogeneic human iPS cells, we decel-
lularized the created bio-tendons. We used high-pressure 
treatment, an established approach for tissue transplanta-
tion.29 After decellularization, the cells were treated with 
DNase to reduce nucleic acid-dependent inflammation.30 
Histological analysis by H&E and 4′,6-diamidino-2-phe-
nylindole (DAPI) staining confirmed the complete nucleus 
depletion after decellularization and DNase treatment 
(Figure 2(e)).

To strengthen the mechanical properties of tissues for 
transplantation,31,32 chemical cross-linking could be effec-
tive.33 Here, chemical cross-linking was performed with 
N-ethyl-N-(3-(dimethylamino)propyl) carbodiimide/N-
hydroxysuccinimide (EDC/NHS) to strengthen the 
mechanical properties of the bio-tendons. We analyzed the 
mechanical capacity of these bio-tendons and observed 
that the tensile strength of Mkx-bio-tendons was higher 
than that of GFP-bio-tendons, and that Mkx-bio-tendons 
had a higher stiffness/Young’s modulus and lower failure 
strain (Figure 3).

Early infiltration of tenocyte-like cells into the 
Mkx-bio-tendon in transplantation models

To test their performance in tendon reconstruction, we 
planted the designed bio-tendons into an Achilles tendon 
transplantation model34 of mTmG mice35 expressing 

tdTomato fluorescence on all cell membranes. Six weeks 
after the transplantation, both Mkx and GFP bio-tendons 
were completely engrafted (Figure 4(a)). H&E and EVG 
stainings of the transplanted tendon were performed at 2 
and 6 weeks after transplantation, and red fluorescent pro-
tein (RFP)/DAPI staining was performed to evaluate the 
infiltration of mTmG mouse-derived cells. As ex vivo 
gelation did not create stable products to perform the trans-
plant experiments, we alternatively injected pepsin-solubi-
lized collagen gel between the gaps of the Achilles tendon. 
At 2 weeks after transplantation, the Mkx-bio-tendon 
transplantation group showed aligned collagen fiber struc-
ture and the GFP-bio-tendon transplantation and gel-trans-
planted groups showed thin fiber density and inconsistent 
fiber formation (Figure 4(b)). Considering the infiltrating 
cells in the implanted tissue, round nuclear cells such as 
inflammatory cells appeared in both Mkx- and GFP-bio-
tendon groups, while spindle-shaped cells such as tendon 
cells were also observed in the transplanted Mkx-bio-
tendons (Figure 4(b)).

Based on the established quantitative evaluation sys-
tem of tendon pathology in terms of fiber structure, fiber 
arrangement, nuclear roundness, and inflammation21 
(Table 1), the scores for fiber structure and nuclear 
roundness were lower in the group transplanted with 
Mkx-bio-tendons than in the group transplanted with 
GFP-bio-tendons (Figure 4(c)). These observations sug-
gest that the transplanted Mkx-bio-tendons have the 
potential to recruit tendon cells to reconstruct into trans-
planted bio-tendons even at 2 weeks.

Mkx-bio-tendon has properties similar to those 
of the normal tendon in transplant models

In the histological evaluation at 6 weeks post-transplanta-
tion, we observed more enriched collagen fibers aligned in 
parallel in the Mkx-bio-tendon transplantation group than 
in the other groups and the Mkx-bio-tendon–transplanted 
tissue at 2 weeks (Figures 4(b) and 5(a)).

RFP/DAPI staining revealed several tendon cell-like 
spindle-shaped cells arranged in an order in Mkx-bio-
tendon group (Figure 5(a)). In the quantitative evaluation 
of tendon pathology, the scores of fiber structure, nuclear 
roundness, and inflammation were significantly lower in 
Mkx-bio-tendon group than in GFP-bio-tendon group, and 
the scores for fiber structure and arrangement were 

Table 1. Histology score.

0 1 2 3

Fiber structure continue, long fiber Slightly fragmented Moderately fragmented Severely fragmented
Fiber arrangement Compacted and 

parallel
Slightly loose and 
wavy

Moderately loose, wavy, 
and cross to each other

No identifiable 
pattern

Rounding of the nuclei Long spindle shape cell Slightly rounding Moderately rounding Severely rounding
Inflammation (area infiltrated 
by inflammation cell)

<10% 10%–20% 20%–30% >30%
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significantly lower in Mkx-bio-tendon group than in the 
gel-transplanted group (Figure 5(b)). Thus, the trans-
planted Mkx-bio-tendons more efficiently recruited ten-
don cells for the reconstruction process, which was not 

observed in fibrotic scar-like tissue, at 6 weeks than at 
2 weeks.

To evaluate the mechanical properties of the tendons 
reconstructed by bio-tendon transplantation, each group of 

Figure 1. MSC induction from iPSCs. Mkx overexpression in iPSC-MSCs promoted tenogenic potential: (a) Schematic of the 
complete process of bio-tendon generation from iPSCs. First, we established NCCs with NCC induction media. The NCCs were 
then transferred into MSC differentiation media for further differentiation into MSCs. (b) Morphological changes in GFP-iPSC-
MSCs and Mkx-iPSC-MSCs. (c) Quantitative PCR of GFP-iPSC-MSCs and Mkx-iPSC-MSCs (n = 3). ACTB as a reference. Mkx 
overexpression induced tendon-related gene expression. Student’s t-test was used for statistical analysis. Data are represented as 
mean ± SEM. ***p < 0.001.
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Figure 2. Combination of newly designed chamber and cyclic stretch with iPSC-MSCs could produce bio-tendons: (a) Comparison 
of bio-tendons generated from GFP-iPSC-MSCs and Mkx-iPSC-MSCs. (b and c) Histological analysis of each bio-tendon. 
Representative micrographs of H&E-stained tissue sections (b) and EVG-stained tissue (c) sections. (d) SEM images of the surface 
layer of GFP-bio-tendon and Mkx-bio-tendon. (e) H&E and DAPI staining of bio-tendon with or without treatment.
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tendons was subjected to tensile tests 6 weeks after trans-
plantation. The breakpoint was in the middle of the con-
structs, indicating that we could measure the physical 
capacity of the implanted bio-tendon. The tensile strength 
of Mkx-bio-tendon was comparable to that of the control 
normal tendon (Figure 6). The Young’s modulus of Mkx-
bio-tendon was also comparable to that of the control nor-
mal tendon, while that of GFP-bio-tendon and 
gel-transplanted control were lower (Figure 6). Taken 
together, these results indicate that Mkx-bio-tendon 
improved tendon reconstruction both histologically and 
biomechanically, which supports its capacity to promote 
physiological tendon regeneration and reconstruction.

Discussion

The bio-tendons created in this study have several advan-
tages for medical applications, including sufficient supply of 
human tendon-like cells for tissue generation. So far, there 
have been few reports on creation of artificial tendon-like 
tissues from human iPSCs and testing their capacity in ani-
mal models. Human iPSCs serve as a powerful tool to pro-
duce abundant mesenchymal stem cells that can differentiate 

into tendon cells upon induction of Mkx expression, a master 
transcription factor for tendon cell differentiation.36,37

Previous reports have shown that Mkx expression is 
induced by mechano-stimuli in tendon cells,38,39 and over-
expression of Mkx in mesenchymal stem cells increases 
the expression of tendon-related genes.23,24 Tendon cells 
differentiated by Mkx have the capacity to construct ten-
don-like tissues where collagen fiber alignment is well 
organized in response to mechano-stimuli produced by the 
3D cell stretch incubation system.14 Consistent with this 
finding, human iPSC-derived tendon-like cells could also 
create tendon-like tissues in which collagen fibers are ori-
ented in the direction of the stretching stimuli. The newly 
designed 3D cell stretching chamber system significantly 
improved the size of the tendon-like tissue. This stretching 
chamber with pins, unlike a static chamber,40 can transmit 
mechanical load to tendon cells, a phenomenon that is 
critical for tendon-like tissue formation.

Several groups have reported improvement in tendon 
injuries by direct transplantation of iPSC-derived tendon-
like cells,41,42 however, application of autologous iPSCs 
takes a long time in the clinical setting and cannot exclude 
tumorgenicity.23 In the case of allogeneic iPSC application, 

Figure 3. Mkx-bio-tendon had higher physical capacity. Strain curve and tensile strength of each bio-tendon after decellularization 
and cross-linking Student’s t-test was used for statistical analysis. Data are represented as mean ± SEM. ***p < 0.001, **p < 0.01. 
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Figure 4. Transplantation experiment into mouse Achilles tendon and post 2-week assessment: (a) Images of mouse Achilles 
tendon transplant experiment. Six weeks after transplantation, the implanted Mkx-bio-tendons seemed to completely connect 
between the gastrocnemius muscle and ankle, suggesting engraftment. (b) Histological and immunohistochemical (IHC) analysis 
of 2-week post-transplant samples. See Supplemental Figures 3 to 5. (c) Histology scores. Three sections from each sample were 
randomly selected and three different fields in each section were analyzed by two blinded observers (n = 3–4). Tukey-Kramer test 
was used for statistical analysis. Data are represented as mean ± SEM. **p < 0.01, *p < 0.5. See Table 1.
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immunogenicity related to human leukocyte antigen mis-
match should be considered.43

In this regard, the second advantage of our strategy is 
that the bio-tendons derived from human iPSCs are 
decellularized before transplantation. The advantage of 
decellularization of tendon tissues for transplantation has 
been well established in the application of allogeneic and 
xenogeneic tendon tissues; however, these tissues have 
several limitations such as shortage of supply and risk of 
infection or allergy Bio-tendons could overcome these 
problems. For future clinical application of bio-tendons, 

we should examine their capacity as a biomaterial using 
large animals.

The transplantation of Mkx-bio-tendon led to significantly 
improved therapeutic effects as compared to GFP-bio-tendon 
transplantation at 6 weeks after transplantation, including his-
tologically well-aligned fiber structures and mechanical prop-
erties comparable to those of normal tissues.

In the reconstruction process after tendon transplanta-
tion, immune cell infiltration in the early stages was fol-
lowed by mesenchymal cell migration. These cells could 
be differentiated into tendon cells.8 Consistent with this 

Figure 5. Assessment of 6-week post-transplant samples: (a) Histological and IHC analyses of 6-week post-transplant samples. 
(b) Histology scores. The analysis was performed as reported in Figure 3(c) (n = 3–5). Tukey-Kramer test was used for statistical 
analysis. Data are represented as mean ± SEM. *p < 0.5. See Table 1.
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finding, we observed inflammatory cell infiltration into 
both types of transplanted bio-tendons at 2 weeks, and 
spindle-shaped cells became dominant in the Mkx-bio-
tendon but not in the GFP-bio-tendon samples at 6 weeks. 
The extracellular matrix (ECM) structure in transplanted 
decellularized tissues has been reported to play a critical 
role in stem cell differentiation,44 supporting the idea that 
the well-aligned collagen fiber structure in Mkx-bio-
tendons may promote proper recruitment of tendon pro-
genitor cells and facilitate tendon cell differentiation to 
reconstruct tendon tissues.

Secreted proteins may also play a key role in the recon-
struction, after tendon transplantation. In this study, we did 
not investigate the profiles of secreted proteins, such as 
growth factors. We might find therapeutic targets for 
improving regeneration by examining protein expression 
within implanted tissue, especially in Mkx-bio-tendon 
transplanted samples.

A limitation of the current approach is that we utilized col-
lagen gel from porcine tendons. However, we cannot deny the 
possibility that this may provoke an immune reaction. Ideally, 
we should use human-derived collagen gel to completely 

Figure 6. Mkx-bio-tendon induced biomechanically improved tendon reconstruction. Tensile strength of implanted bio-tendons 
(intact, gel, GFP-bio-tendon: n = 10, Mkx-bio-tendon: n = 9). Six weeks after transplantation, we dissected the complex of the 
gastrocnemius muscle, implanted bio-tendon, and calcaneus (see Figure 4(a)) and measured the tensile strength of the implanted 
bio-tendon. Tukey-Kramer test was used for statistical analysis. Data are represented as mean ± SEM. ***p < 0.001, *p < 0.05, N.S., 
not significant.
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eliminate immunogenicity. Also, Mkx-bio-tendons do not 
have a physiological hierarchical structure observed in normal 
tendons. Physiological cross-linking via lysyl oxidase may not 
be well capitulated, leading to low tensile strength45 that 
should be reinforced by chemical cross-linking. However, 
chemical cross-linking may be detrimental to viscoelastic 
properties. For future analysis, it is necessary to create biologi-
cally mimicking bio-tendons with physical and viscoelastic 
properties. These issues should be resolved through further 
renovation in the present bio-tendon generation protocol.

In summary, the Mkx-bio-tendon is a promising strategy 
for future clinical applications in tendon injury and diseases.
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