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Human iPSC-Derived Neural Crest Stem Cells
Promote Tendon Repair in a Rat Patellar
Tendon Window Defect Model
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Induced pluripotent stem cells (iPSCs) hold great potential for cell therapy and tissue engineering. Neural crest
stem cells (NCSCs) are multipotent that are capable of differentiating into mesenchymal lineages. In this study,
we investigated whether iPSC-derived NCSCs (iPSC-NCSCs) have potential for tendon repair. Human iPSC-
NCSCs were suspended in fibrin gel and transplanted into a rat patellar tendon window defect. At 4 weeks post-
transplantation, macroscopical observation showed that the repair of iPSC-NCSC-treated tendons was superior
to that of non-iPSC-NCSC-treated tendons. Histological and mechanical examinations revealed that iPSC-
NCSCs treatment significantly enhanced tendon healing as indicated by the improvement in matrix synthesis
and mechanical properties. Furthermore, transplanted iPSC-NCSCs produced fetal tendon-related matrix pro-
teins, stem cell recruitment factors, and tenogenic differentiation factors, and accelerated the host endogenous
repair process. This study demonstrates a potential strategy of employing iPSC-derived NCSCs for tendon tissue

engineering.

Introduction

ENDON INJURIES are a common clinical problem in either

workplace or sport."* At present, treatments for injured
tendon include autografts, allografts, xenografts, and pros-
thetic devices, with unsatisfactory effects and some inevita-
ble disadvantages such as donor site morbidity, risk of
disease transmission, and limited long-term function.>*
Clearly, better alternative therapeutic methods need to be
developed.

Currently, cell therapies and tissue engineering strategies
offer potential approaches toward tendon repair. Many cell
types have been used with or without scaffolds for tendon
repair. Tenocytes is a common cell source for tendon repair.””
The disadvantage of using tenocytes is the need of harvest-
ing autologous tendon tissue, which may not be practical for
clinical therapies. Mesenchymal stem cells (MSCs) are a
widely used cell source.® " These cells have great capacity
for differentiating into mesenchymal lineages, including te-
nocytes. However, MSCs may express alkaline phosphatase

activity and form ectopic bone in repaired tendon.'*'?

Therefore, how to control the specific differentiation of MSCs
into tendon-forming cells remains a great challenge. Re-
cently, the longstanding dogma that the mammalian tendon
is a postmitotic organ with limited regenerative reserve had
been challenged by the discovery of stem cells isolated from
tendon.’*™'® Though tendon stem cells show healing pro-
motion,'” " the application of tendon stem cells for tendon
repair needs further investigation.

An exciting breakthrough in stem cell biology is that adult
somatic cells can be reprogrammed into induced pluripotent
stem cells (iPSCs), which bypasses immune rejection issue,
ethical concerns of using embryonic stem cells (ESCs), and
limited expansion of adult somatic cells. These advantages of
iPSCs make it a valuable cell source for cell therapies. Our
previous studies demonstrated that human iPSC-derived
neural crest stem cells (iPSC-NCSCs) could differentiate into
mesenchymal lineages such as osteoblasts, chondrocytes, ad-
ipocytes, and myoblasts.*'* Here, we hypothesize that iPSC-
NCSCs can also differentiate into another mesenchymal
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lineage, tenocytes, and, subsequently, promote tendon repair.
To test this hypothesis, a rat patellar tendon model was em-
ployed, in which a window defect was created for iPSC-
NCSCs transplantation. This study aimed at investigating the
effect of iPSC-NCSCs on tendon repair and at exploring their
roles.

Materials and Methods
Cell culture and characterization

An iPSC line derived from human bone marrow MSCs
(MSC-iPS1)** was obtained from George Q. Daley’s labora-
tory at Children’s Hospital Boston. NCSCs were derived
from MSC-iPS1 as previously described.”' Briefly, detached
MSC-iPS1 were cultured as embryo body-like floating cell
aggregates in ESC maintenance medium without basic fi-
broblast growth factor (bFGF) for 5 days. The cell aggregates
were then allowed to adhere to the CellStart (Invitrogen)-
coated dishes in StemPro® NSC serum-free medium (Stem-
Pro® NSC SFM; Invitrogen). After 7 more days, the colonies
with rosette structures were harvested mechanically, cul-
tured in suspension in StemPro NSC SFM for 1 week, re-
plated onto the CellStart-coated dishes, and cultured for 3
more days. Cells were dissociated into single cells by TryplE
Select (Invitrogen), cultured in StemPro NSC SFM as a
monolayer, and further purified by cloning, subculture, and/
or flow-activated cell sorting to obtain homogeneous popu-
lations that were positive for neural crest markers (termed
passage 1; P1). The iPSCs-derived NCSCs were maintained
in StemPro NSC SEM for expansion without differentiation,
and passages 10-15 were used in this study.

To demonstrate mesenchymal lineages differentiation po-
tential of iPSC-NCSCs, we carried out the protocol of NCSC
differentiation into osteoblasts, adipocytes, and chondrocytes
as described.”

Cell labeling and graft fabrication

To trace iPSC-NCSCs within the transplant site, cells were
prestained with CM-Dil (C7000; Invitrogen). Briefly, when
cells had reached 80% confluency, the CM-Dil was diluted in
culture medium to achieve a final concentration of 10pg/
mL. Then, cells were incubated with CM-Dil/culture me-
dium mixture for 30 min at 37°C. Afterward, CM-Dil-stained
cells were washed twice with phosphate-buffered saline
(PBS) and measured by fluorescence microscopy (BX51;
Olympus). About 2.5x10° iPSC-NCSCs were suspended in
50 pL of 40mg/mL fibrinogen (F8630; Sigma-Aldrich), and
mixed with 50pL of 50U/mL thrombin (T4648, Sigma-
Aldrich); then, they were quickly pipetted into a custom-
made sterile trough 2mm in width, 2mm in depth, and
25mm in length) that was placed inside a 60 mm Petri dish.
After incubating with culture medium for 24 h, cells-fibrin
constructs (2mm in width, 2mm in depth, and 4mm in
length) were then cut for transplantation, ensuring each
implant contained about 5x 10 cells.

Cell viability detection in fibrin gel

The quality of iPSC-NCSCs within the constructs was as-
sessed by a live/dead assay after culturing for 24 h just be-
fore transplanting. In brief, the gel was incubated in culture
medium containing 5uM calcein (C3099; Invitrogen) for
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30min to stain live cells and 10 pg/mL propidium iodide
(P2667; Sigma) for 10 min to stain dead cells. After washing
twice with PBS, the green or red fluorescence was visualized
using fluorescence microscopy (BX51; Olympus).

Rat patellar tendon repair model

Animal experiments were carried out according to the
protocols approved by Chongqing University and Third
Military Medical University Animal Care and Use Commit-
tee. Thirty adult female athymic rats (nude rats) (Vital River
Laboratories) weighing 200250 g were used in all experi-
ments. Under general anesthesia, a patellar tendon window
defect was created as previously described.” Briefly, under
sterile condition, after shaving the fur of both hindlimbs, skin
and the soft tissue were dissected via a ventral longitudinal
incision to expose patellar tendon; then, a standardized full-
thickness window defect (1 x4 mm, narrower than the width
of the graft to make the graft fill the defect tightly) was
created in the central part of the tendon without reaching the
tendon-bone interface. In the experimental limb, the window
defect was filled with fibrin gel with iPSC-NCSCs, while the
contralateral limb was filled with fibrin gel alone to serve as
control. After transplantation, synovium and skin of both
hindlimbs were sutured. Rats were not immobilized post-
operatively, being permitted to move freely within cages. At
scheduled time, the rats were sacrificed with an overdose of
sodium pentobarbital for macroscopical observation, histol-
ogy analysis, mechanical testing, and gene expression anal-
ysis. Previous studies'”*® showed that biomechanical
properties in the repaired tendon reach the peak at day 30
and plateau afterward in the tendon window defect model.
In this study, therefore, we determined the effect of trans-
planted cells on tendon repair by structural and mechanical
examinations, as well as the extracellular matrix (ECM)
protein expression analysis at week 4. To elucidate the
mechanism of repair at an earlier time point, we examined
the secretion of paracrine factors at week 1. To track the long-
term fate of transplanted cells and determine whether there
was teratoma and ectopic bone/cartilage formation, we ex-
amined the samples at week 8. We also monitored the ex-
pression of human and rat genes at weeks 1, 2, and 4.

Macroscopical observation, histological examination,
immunostaining, macroscopical scoring,
and histological scoring

Rats were sacrificed, and both iPSC-NCSC-treated and
non-iPSC-NCSC-treated tendons were exposed and macro-
scopically evaluated at 4 weeks postsurgery. For histological
examination, tendon samples were dissected and fixed in 4%
paraformaldehyde at 4°C for 24h; then, they were trans-
ferred into 15% and 30% (w/v) sucrose solutions for 24h,
respectively. Longitudinal sections (5 pm in thickness) were
cryosectioned for hematoxylin and eosin (HE) staining,
Masson trichrome staining, and immunostaining.

To quantify the differences between the groups, three rats
were evaluated by a macroscopical scoring system (Table 1).
Then, the rats were subjected to histology analysis. Three HE
and Masson trichrome stained samples in each group were
evaluated by a histological scoring system (Table 2). Both
scoring systems were modified from a previous study,”” and
scoring was performed in a blinded fashion.
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TABLE 1. MACROSCOPICAL SCORING SYSTEM" TABLE 2. HISTOLOGICAL SCORING SYSTEM"
Point Point
Loading/lameness ECM organization of the whole tendon
Hind leg fully loaded 1 Wavy, compact, and parallel-arranged 2
Hind leg not fully loaded 0 collagen fibers
Connection tendon to skin/slidablity In part compact, in part loose, or not orderly 1
Not conjoined, slidable 1 Loosely composed, not orderly (“granulation” 0
Adhesion, not fully slidable 0 tissue)
Inflammation Cellularity / cell-matrix ratio
Non existing 1 Physiological 2
Existing (edema, swelling, and redness) 0 Locally increased cell density 1
Tendon surface at the defect area Increased cell density or decreased ECM content 0
Intact, smooth 1 Cell alignment
Uneven, harsh 0 Uniaxial 2
Neighboring tendon Areas of irregularly arranged cells (10-50%) 1
Unchanged 1 More than 50% of cells with no uniaxial 0
Changed (color, thickness, and surface) 0 alignment
Level of the defect Cell distribution
At the niveau of tendon surface 1 Homogeneous, physiological 1
Hollow, under the level of tendon 0 Focal areas of elevated cell density 0
Defect (cell clustering)
Diminished or not delimitable 1 Cell nucleus morphology
Augmented or size about 4x1mm 0 Predominantly elongated, heterochromatic 2
Swelling/redness of tendon cell nuclei (tenocytes)
No swelling/no redness 2 10-30% of the cells possess large, oval, 1
Palpable swelling, no redness 1 euchromatic, or polymorph heterochromatic
Palpable swelling with redness 0 nuclei
Connection tendon/paratendineum Predominantly larger, oval, euchromatic, or 0
and fascia, slidability polymorph, heterochromatic nuclei
Not adnated, slidable 1 Organization of repair tissue of the tendon callus
Adhesion, not slidable 0 Homogeneous (whole tissue with similar 2
Shape of tendon composition)
Normal 3 Locally heterogeneous tissue composition 1
Slightly thickened 2 Whole tissue composition completely changed 0
Moderately thickened 1 Transition from defect to normal tissue
Intensely thickened 0 Gel integrated, no gaps at the margin visible 2
Color of tendon Recognizable transition 1
Bright white 1 Abrupt transition, splitting/gaps detectable, 0
Translucent, dull white 0 and callus tissue
Vascularization in the defect area
"Modified from previous study.*” Hypovascularized, like surrounding tendon 1
(small capillaries)
Hypervascularized (increased numbers of small 0
For immunostaining, antibodies against human nuclear or larger capillaries)
o . . Inflammation
mitotic apparatus protein (hNuMA; Abcam), bone morpho- No infl t 1 infiltrat 1
. . bEGF (Santa Cruz) 0 inflammatory cell infiltrates '
genetic protein 12 (BMP 12) (Santa Cruz), g Infiltrating inflammatory cell types (neutrophils, 0

Collagen I (Abcam), collagen III (Abcam), Vimentin (ZSGB-
Bio), and Tenascin-C (Abcam) were used. Among these anti-
bodies, only the hNuMA antibody was specific for human
cells. The sections were incubated with the primary antibodies
or non-immune antiserum (negative control) at 4°C overnight,
then with AlexaFluor 488-conjugated secondary antibodies
(Invitrogen) for 1h, followed by DAPI (1ug/mL; Roche)
staining for 10min at room temperature. The sections were
washed twice in PBS with 0.25% Triton (10 min each) between
each incubation step. All samples were finally sealed and
imaged on a fluorescence microscope (BX51; Olympus).

Quantification of hNuMA™ cells at the repair site was
done by counting the hNuMA™ cells and DAPI" nuclear
cells in 6 separate slides per animal (three animals from each
time point at weeks 4 and 8). The results were presented as a
percentage of hNuMA ™ cells/DAPI* cells per section. Mi-
croscope acquisition parameters were kept fixed for each
channel in different sections.

macrophages, and foreign-body/giant cell)

*Modified from previous study.”
ECM, extracellular matrix.

Biomechanical testing

Biomechanical testing was performed according to previ-
ous studies'’?*?? at 4 weeks postsurgery. After animal eu-
thanasia, all soft tissue spanning the knee, except for the
central part of the patellar tendon, was sharply transected.
Then, the width and thickness of the repaired tendon were
measured by a Vernier caliper, and the cross-section area
was calculated. The patella-central part of patellar tendon-
tibia complex (PCTC) was then rigidly fixed to custom-made
clamps. In subsequent procedures, the PCTC was kept moist
by saline irrigation to avoid dehydration at ambient condi-
tions (RH ~70%). The samples were prepared in the same
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manner as described earlier for normal athymic rat tendons.
Mechanical properties of both normal tendons (n=4) and
repaired tendons (1 =8 for each group) were determined by a
tabletop uniaxial testing instrument (5567; Instron) using a
50N load cell under a crosshead speed of 10 mm/min. The
stress—strain curve, failure load, and Young’s modulus were
obtained.

RNA isolation, reverse transcription-polymerase
chain reaction, and quantitative real-time PCR

Total RNA was isolated from the central repaired ten-
dons using RNA Extraction Kit (RP1202; Bioteke). First-
strand cDNA was synthesized using PrimeScript® RT Re-
agent Kit with gDNA Eraser (DRR047A; TaKaRa). Specific
primers (Table 3) were used to detect gene expression. To
avoid interspecies cross-reactivity, all primers were de-
signed specific to human or rat genes, and validated by PCR
and gel electrophoresis. For quantitative gene expression
analysis, real-time PCR experiments were performed using
Platinum® SYBR® Green qPCR SuperMix-UDG (C11733;
Invitrogen) with Light Cycler apparatus (C1000 Touch; Bio-
Rad). Three samples at weeks 1, 2, and 4 from each group
were employed for gene analysis. Each sample tested at
least three experimental replicates for expression of the
gene of interest. The expression level of each target gene
was then relative to H f-actin or R glyceraldehyde phos-
phate dehydrogenase (GAPDH) using 2~ 4" method. The
rat gene expression levels were then normalized to non-
iPSC-NCSC-treated group at week 1. All commercial kits
and reagents were used according to the instructions pro-
vided by the manufacturer.

Statistical analysis

Quantitative data are expressed as means*standard de-
viations. Statistical analysis was performed by paired ¢ test
for comparisons between two groups and by one-way
ANOVA, followed by Tukey HSD test for comparisons
between more than two groups (OriginLab OriginV8.0
Software). Difference was considered significant when
p<0.05.

Results

In vitro characterization of iPSC-NCSCs
and establishment of rat patellar tendon repair model

To verify the mesenchymal differentiation potential of
iPSC-NCSCs, cells were cultured with specific induction
medium. As shown in Figure 1A, iPSC-NCSCs differentiated
into osteoblastic cells, adipogenic cells, and chondrogenic
cells after being cultured with induction media for 34
weeks.

To trace the transplanted iPSC-NCSCs, cells were pre-
labeled by CM-Dil before being suspended in fibrin gel.
Results showed that most cells can be labeled (Fig. 1B).
Before surgery, a cell viability assay showed that >90% of
the cells survived in the graft (Fig. 1C). Then, the cell/gel
complex was transplanted into a 1mm Xx4mm window
defect within patellar tendon (Fig. 1D). In addition to
tracing cells by CM-Dil, an antibody against hNuMA,
which is specific to human cells, was employed to confirm
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the cells” survival at the transplant site. Results showed that
about 9% of the repaired tendon cells were positive for
hNuMA and colocalized with CM-Dil at 4 weeks after
transplantation (Fig. 2A). Although the number of trans-
planted cells decreased greatly by time, about 2.67% of the
repaired tendon cells still survived even until 8 weeks after
transplantation (Fig. 2B).

Macroscopical observation of repaired tendon

After surgery, all rats survived until scheduled euthanasia.
No wound infections or any other complications were ob-
served. A limping gait from both operative hindlimbs was
observed during the first week postsurgery, and it then re-
turned to normal since the second week.

At 4 weeks postsurgery, macroscopical morphology of the
repaired tendons was observed. The window defect of re-
paired tendon was less visible in the iPSC-NCSC-treated
group (Fig. 3B) compared with that in the non-iPSC-NCSC-
treated group (Fig. 3A). After dissecting surrounding tissues,
the repaired tendon looked glittering white in iPSC-NCSC-
treated group (Fig. 3D), while it looked translucent, dull
white in the non-iPSC-NCSC-treated group (Fig. 3C). The
macroscopical score of the iPSC-NCSC-treated group was
significantly higher than that of the non-iPSC-NCSC-treated
group (Fig. 3E, 10.67+0.58 vs. 7.33£0.58, p <0.05).

Histological analysis of repaired tendon

At 4 weeks postsurgery, HE staining of iPSC-NCSC-trea-
ted tendons showed denser connective tissue and more ECM
deposition than that of non-iPSC-NCSC-treated tendons,
with a greater number of cells exhibiting a spindle-shaped
morphology aligned/organized along the longitudinal (ten-
sile) axis of the tendon. By contrast, non-iPSC-NCSC-treated
tendons exhibited minimal development of tendon-like
morphology, remained poorly organized, and had much
more vascularization (Fig. 4A, B). Masson trichrome staining
showed that more collagen fibers were formed in iPSC-
NCSC-treated tendons than that in non-iPSC-NCSC-treated
tendons (Fig. 4C, D). The histology score also confirmed that
the iPSC-NCSC-treated group showed better repair than the
non-iPSC-NCSC-treated group (Fig. 4E, 11.67+1.53vs.
5.33+1.15, p<0.01).

Mechanical evaluation of repaired tendon

To further correlate tissue mechanical properties with their
structural features, repaired tendons were harvested at 4
weeks postsurgery and subjected to mechanical testing (Fig.
5). All specimens failed at the midsubstance of the repaired
tendon without avulsion from the tibial or patellar during
testing. The failure load was significantly higher (p<0.05) in
the iPSC-NCSC-treated group (26.21+3.34 N) compared with
that in the non-iPSC-NCSC-treated group (19.20+2.92N),
which was 57.1% and 41.8% of normal rat tendon
(45.90+£1.41N; p <0.05), respectively. The Young’s modulus in
the iPSC-NCSC-treated group (313.69+£92.87 MPa) was also
higher than that in the non-iPSC-NCSC-treated group
(269.35+80.97 MPa); however, there was no significant dif-
ference between the two groups (p>0.05), and which was
49.7% and 42.7% of normal rat tendon (631.15+26.23 MPa;
p<0.05), respectively.
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TABLE 3. SEQUENCES, GENBANK AccEsSION NUMBER, AND PCR ProbpuCT SizE OF SPECIFIC PRIMER PAIRS USED
FOR GENE EXPRESSION ANALYSIS

Gene name GenBank accession number Sequences (5’-3") PCR product size (bp)

H p-actin® NM_001101.3 AGCGAGCATCCCCCAAAGTT 285
GGGCACGAAGGCTCATCATT

H Collagen XIV NM_021110.1 AAGGATTGCCCTCCGACTAC 319
GATGCGTTCATTGCCTTCTC

H Collagen 111 NM_000090.3 CCCCGTATTATGGAGATGAACC 109
CCATCAGGACTAATGAGGCTTTCT

H Tenascin-C* NM_002160.2 TCTCTGCACATAGTGAAAAACAATACC 112
TCAAGGCAGTGGTGTCTGTGA

H Smad 8 NM_001127217.2 TGGTGCTCGGTCGCCTACT 294
TGGGTGGAAGCCGTGTTG

H SDF-1* NM_199168.3 TCTCCTGGGGATGTGTAATGG 307
AGGACCTTCTGTGGATCGCAT

H Fractalkine® NM_002996.3 GACTTTCCTCTTTGGTCTACAC 758
GTGACTTTATGCCTACAACTTC

H BMP 12 NM_182828.2 GCGCGGTGCTAGTCGTCTCC 162
GTCTGCGGCCGCCAATGACT

H TGF p3 NM_003239.2 CACTGCCGAGTGGCTGTCCT 724
TGTTTCCCGAGGAGCGGGC

H bFGF NM_002006.4 ACCTGCAGACTGCTTTTTGCCCA 91
GGTGCCACGTGAGAGCAGAGC

R GAPDH* NM_017008.3 GCAAGTTCAACGGCACAG 141
CGCCAGTAGACTCCACGAC

R Collagen I* NM_053304.1 TGGATGGCTGCACGAGT 177
TTGGGATGGAGGGAGTTTA

R Collagen III* NM_032085.1 GCCTCCCAGAACATTACATAC 259
CAATGTCATAGGGTGCGATA

R Epha 4* NM_001162411.1 CTTATGGATAGTGGGCTGAGACAA 183
AAAACATTCAGAAGGAACCAAGGA

R Eya 2° NM_130427.1 ATTTGGGAGCGTGCACCAGGAT 89

GCGGGTTGTATGATGGGCTGAA

“Primers from previous st’udy.28

H, human; R, rat; SDF-1, stromal cell-derived factor-1, BMP 12, bone morphogenetic protein 12; GAPDH, glyceraldehyde phosphate
dehydrogenase; bFGF, basic fibroblast growth factor; TGF fi3, transforming growth factor beta 3; PCR, polymerase chain reaction.

The mechanism of iPSC-NCSC-promoted
tendon repair

To elucidate the mechanism underlying the iPSC-NCSCs
promoted tendon repair, gene transcription and protein ex-
pression were analyzed. By using human-specific primers,
the transplanted cells were found expressing tendon-related
genes increasingly (Fig. 6A), suggesting that the transplanted
iPSC-NCSCs could differentiate into tenocyte within the
tendon injury niche. PCR and gel electrophoresis showed
that the transplanted cells expressed stromal cell-derived
factor-1 (SDF-1), fractalkine, BMP 12, transforming growth
factor beta 3 (TGF f3), and bFGF at an early time, but the
amount decreased over time, along with the transplanted cell
number reduction, which was reflected by the decreased
human f-actin expression. (Fig. 6B). To detect host endoge-
nous repair, qPCR was performed by using rat-specific
primers. Results showed that the expression of collagen I,
collagen 1III, epha 4, and eya 2 were higher in the iPSC-
NCSC-treated group at weeks 1, 2, and 4, compared with the
non-iPSC-NCSC-treated group (Fig. 6C). Moreover, the ex-
pression of epha 4 and eya 2 was increased within 2 weeks in
both groups; however, the expression of collagen I and col-
lagen III was up-regulated earlier (within 2 weeks) in the
iPSC-NCSC-treated group compared with that in the non-

iPSC-NCSC-treated group (within 4 weeks) (Fig. 6C), sug-
gesting that the transplanted iPSC-NCSCs could enhance
the host ECM deposit, thus accelerating the endogenous
repair. Immunostaining for BMP 12 and bFGF indicated
that these tenogenic factors were, indeed, secreted in the
injury site at 1 week (Fig. 7A). The expression of tendon-
related ECM proteins was assayed at week 4. Collagen I
expression has markedly no difference between the two
groups (Fig. 7B). However, a greater amount of collagen III,
vimentin, and tenascin-C was deposited in the iPSC-NCSC-
treated group compared with the non-iPSC-NCSC-treated
group (Fig. 7C-E).

Discussion

The present study is the first, to our knowledge, to provide
evidence that iPSCs may represent a valuable cell source for
tendon repair. A reproducible patellar tendon window defect
model'”*?% was employed to test the efficiency of iPS-
NCSCs on tendon repair. At 4 weeks after transplantation,
macroscopical observation, histological analysis, biome-
chanical evaluation of iPSC-NCSC-treated tendons showed
better repair than non-iPSC-NCSC-treated tendons. These
results indicate that iPSC-NCSCs accelerate ECM deposition
and promote tendon repair at the injury site.
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FIG. 1. In vitro differentia-
tion potential of iPSC-NCSCs
and rat patellar tendon repair
model. (A) Osteogenic differ-
entiation shown by Alizarin
red staining for calcified ma-
trix; Adipogenic differentia-
tion shown by Oil red
staining for oil droplets;
Chondrogenic differentiation
shown by Alcian blue stain-
ing for glycosaminoglycans.
(B) iPSC-NCSCs (brightfield)
were prelabeled by CM-Dil
(red) before transplantation.
(C) Cell viability was tested
by using live (calcein stain-
ing, green)/dead (PI staining,
red) assay. (D) A 1x4mm
window defect was created in
patellar tendon of athymic
rat; the right picture shows
the window defect filled with
cell/fibrin gel complex after
culturing in vitro by one day.
PI, propidium iodide; iPSC-
NCSCs, induced pluripotent
stem cell-derived neural crest
stem cells. Color images
available online at www
Jiebertpub.com/tea

To characterize the roles that iPS-NCSCs played in tendon
repair, we first investigated their survival after transplanta-
tion. We demonstrated that iPSC-NCSCs engrafted into the
injury site, as indicated by CM-Dil labeling and hNuMA
immunostaining, as well as RT-PCR analysis of human
specific gene expression in the repaired tendons. These re-
sults showed that the cells survived in host tendon tissue
after transplantation. Moreover, in the early phase of repair
(week 1-4), transplanted cells participated in the repair by
producing tendon-related matrix proteins and paracrine
factors. However, the number of transplanted cells decreased
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Brightfield
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with time, possibly due to the natural clearance of excessive
cells by apoptosis at the end stage of the healing process,
which is consistent with previous reports.'”2%3!

Although there is evidence that transplanted cells could
promote tendon/ligament repair, there is little information
on the roles of these cells in the transplant site."”*® To ad-
dress this issue, we characterized the gene and protein ex-
pression in iPSC-NCSCs after their engraftment. Collagen
X1V,32 collagen I11,*® and tenascin-C** are important com-
ponents of fetal tendon ECM. Smad 8 is a recently reported
specific tenogenic signaling molecule.®* By using human-
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specific primers, we found that the expression level of
aforementioned genes, except for tenascin-C, was increased,
indicating that the transplanted iPSC-NCSCs may differen-
tiate into fetal tendon-like cells. Moreover, at an early time
point, the transplanted iPSC-NCSCs expressed stem cell re-
cruitment factors such as SDF-1 and fractalkine, which can
facilitate the recruitment and homing of host stem cells to the
transplant site.’’*® The transplanted iPSC-NCSCs also ex-
pressed a number of differentiation factors, which can induce
tenogenic differentiation, including BMP 12,3943 TGF p3,*
and bFGF.*** Subsequently, rat-specific genes expression
analysis elucidated that the expression of rat tendon ECM
genes and tendon-specific genes increased in iPSC-NCSC-
treated tendons. Intriguingly, the iPSC-NCSCs treatment
could enhance the efficacy of host endogenous repair by
shortening the healing time. Moreover, protein analysis also
showed that the transplanted iPSC-NCSCs secreted para-
crine factors, accompanied by more ECM deposition in iPSC-
NCSC-treated tendons. Taken together, these data demon-
strate that iPSC-NCSCs promote rat tendon repair by not
only directly differentiating into fetal tenocytes in tendon
niche but also secreting stem cell recruitment factors and
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FIG. 2. Tracing of trans-
planted iPSC-NCSCs. (A)
Tracing the transplanted
iPSC-NCSCs at week 4 by
CM-Dil (red) and hNuMA
costaining (green). (B) hNu-
MA immunostaining (green)
of survived iPSC-NCSCs
within the window defect at 8
weeks post-transplantation.
In all immunofluorescence
images, nuclei were stained
by DAPI (blue). hNuMA,
human nuclear mitotic appa-
ratus protein; DAPI, 4’,6-
diamidino-2-phenylindole.
Color images available online
at www liebertpub.com/tea

100 um

50 um

tenogenic differentiation factors, which may, in turn, accel-
erate endogenous tendon repair.

Although numerous studies have proved that iPSCs pos-
sess great potential for tissue repair, the risk for teratoma
formation remains a big hurdle for iPSCs clinical applica-
tions.*® In the present study, we employed a stepwise dif-
ferentiation protocol to derive multipotent NCSCs from
pluripotent iPSCs, and subsequently allowed NCSCs to dif-
ferentiate into tendon-like cells within tendon niche. As a
result, no teratoma was found at 8 weeks after transplanta-
tion, which is consistent with our previous study using iPSC-
NCSCs in a nerve regeneration model.”! Similarly, Barberi
et al. also reported that teratorma can be avoided if ESCs
were differentiated into neural progenitor cells before being
transplanted into the nervous system.*’

Developmental NCSCs can contribute to not only the pe-
ripheral nervous system, but also mesenchymal precursor
cells, especially in craniofacial skeleton.*®*’ In vitro cultured
NCSCs also showed broad differentiation potentials, in-
cluding peripheral neurons, Schwann cells, smooth muscle,
and adipogenic, osteogenic, and chondrogenic cells.*"**°!
Thus, NCSCs represent a unique cell source for regenerative
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FIG. 3. Macroscopical morphol-
ogy and macroscopical scores of
repaired tendons. Macroscopical
morphology of the knee (A, B) and
the repaired patellar tendon (C, D)
in non-iPSC-NCSC-treated group
(A, ©) and iPSC-NCSC-treated
group (B, D) at 4 weeks post-
surgery. (E) Macroscopical scores of
repaired tendons. *p <0.05. n=3.
Compared between the two groups.
Color images available online at
www liebertpub.com/tea
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non-iPSC-NCSC-treated

FIG. 4. Histological analysis
and histology scores of re-
paired tendons. Hematoxylin
and eosin staining (A, B) and
Masson thricome staining (C,
D) of the repaired tendon in
non-iPSC-NCSC-treated
group (A, C) and iPSC-
NCSC-treated group (B, D) at
4 weeks postsurgery. (E)
Histology scores of repaired
tendons. Arrowheads (A, C)
show blood vessels. Dash
lines (A-D) show the bound-
ary of transplanted fibrin gel
and host tendon. **p <0.01.
n=3. Compared between the
two groups. Color images
available online at www
Jiebertpub.com/tea
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medicine. Based on recent progresses in safety”® and effi- mesenchymal tissues (tendon, ligament, etc.). However, due
ciency,53 iPSCs can be made at clinical-grade therapeutic to the osteogenic and chondrogenic differentiation poten-
cells for future applications. Therefore, multipotent NCSCs tials, close attention should be paid to avoid ectopic bone
derived from iPSCs may be used as a valuable and unlimited ~ formation in stem-cell-transplanted tendon.'* In this study,
cell source for tissue regeneration, including neural and no ectopic bone or cartilage formation was observed at week
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FIG. 5. The mechanical properties of repaired tendons at 4 weeks post-transplantation. (A) Representative stress-strain
curves, respectively, for non-iPSC-NCSC-treated group and iPSC-NCSC-treated group. (B) Failure load. (C) Young’s mod-
ulus. *p<0.05. n=8. Compared between the two groups.
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FIG. 6. The mechanism of
iPSC-NCSC-promoted ten-
don repair. (A) Human-
specific express analysis of
fetal tendon ECM genes (col-
lagen X1V, collagen 1II, and
tenascin-C) and tenogenic
signaling molecule (smad 8) in
transplanted cells. All human
gene transcript levels were
relative to f-actin. *p<0.05,
**p<0.01. n=3. Compared
between 1, 2, and 4 weeks.
(B) reverse transcription
polymerase chain reaction
(RT-PCR) analysis of stem
cell recruitment factors
(SDEF-1, fractalkine) and teno-
enic differentiation factors
(BMP 12, TGF f33, and bFGF).
(C) Rat-specific express anal-
ysis of tendon-related ECM
genes (collagen I, collagen III)
and tenogenic signaling mol-
ecules (epha 4, eya 2). All rat
gene transcript levels were
relative to glyceraldehyde
phosphate dehydrogenase,
and normalized to non-iPSC-
NCSC-treated group at week
1, respectively. “p<0.05,
#p<0.01. Compared between
the two groups. *p <0.05,
*p <0.01. Compared between
1, 2, and 4 weeks. n=3. niN
4W, non-iPSC-NCSC-treated
group at 4 weeks; iN, iPSC-
NCSCs in vitro culture at
subconfluence; M, DNA lad-
der marker; iN 1W, iN 2W,
and iN 4W, iPSC-NCSC-
treated group at 1, 2, and 4
weeks; SDF-1, stromal cell-
derived factor-1; BMP 12,
bone morphogenetic protein
12; TGF f3, transforming
growth factor beta 3; bFGF,
basic fibroblast growth factor;
ECM, extracellular matrix.

8. In spite of this, long-term studies and more broad exam-
inations should be performed in the future. Moreover, the
optimal cell sources, especially iPSC-derived cells and adult
tissue-derived cells, for tendon tissue engineering need to be
investigated in future studies. In addition, in this xenogeneic

XU ET AL.
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transplantation model, the nude rats are T-cell deficient,
which cannot thoroughly address the immune rejection is-
sues. Besides the potential for autologous cell therapies,
whether iPSC-NCSCs and adult stem cells can be used for
allogeneic transplantation should also be investigated.



IPSC-NCSCs PROMOTE TENDON REPAIR

IPSC-NCSC-treated

non-iPSC-NCSC-treated

iPSC-NCSC-treated

non-iPSC-NCSC-treated

w)

IPSC-NCSC-treated

non-iPSC-NCSCtreated

IPSC-NCSC-treated

non-iPSC-NCSC-treated

BMP 12

bFGF

DAPI CM-Dil Ci nlla‘cn 1 Mcr"c

DAPI CM-Dil Cu]la|'cn 1l Mcr|'c

DAPI CM-Dil Vimentin Mcrlc

DAPI CM-Dil Tenascin-C Merge

2449

FIG. 7. Immunostaining for BMP
12, bFGF in iPSC-NCSC-treated
group at 1 week postsurgery (A),
and collagen I (B), collagen III (C),
vimentin (D), Tenasin-C (E) in both
groups at 4 weeks postsurgery.
White arrowheads indicate CM-
Dil* /BMP 12* or CM-Dil*/
bFGF™ cells. Yellow arrowheads
indicate CM-Dil ~ /BMP 12" or CM-
Dil~ /bFGF* cells. Color images
available online at www liebertpub
.com/tea
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Conclusion

Our study demonstrates that iPSC-NCSCs can survive in
three-dimensional gel and engraft into injured tendon.
Macroscopical morphology, histology, and biomechanical
analysis indicate that iPSC-NCSCs promote tendon repair.
Furthermore, mechanistic investigation demonstrates that
iPSC-NCSCs differentiate into tenocyte lineages, and secrete
stem cell recruitment factors and tenogenic differentiation
factors, which may promote endogenous tendon repair. This
study suggests that iPSC-NCSCs may be a potential cell
source for tendon repair.
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