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Abstract

Focal articular cartilage damage can eventually lead to the onset of osteoarthritis with
degradation around healthy articular cartilage. Currently, there are no drugs available that
effectively repair articular cartilage damage. Several surgical techniques exist and are
expected to prevent progression to osteoarthritis, but they do not offer a long-term clinical
solution. Recently, regenerative medicine approaches using human pluripotent stem cells
(PSCs) have gained attention as new cell sources for therapeutic products. To translate
PSCs to clinical application, appropriate cultures that produce large amounts of
chondrocytes and hyaline cartilage. So too are assays for the safety and efficacy of the
cellular materials in preclinical studies including animal transplantation models.

To confirm safety and efficacy, transplantation into the subcutaneous space and
articular cartilage defects have been observed in animal models. All but one study we
reviewed that transplanted PSC-derived cellular products into articular cartilage defects
found safe and effective recovery. However, for most of those studies, the quality of the
PSCs was not verified, and the evaluations were done with small animals over short

observation periods. Large animals and longer observations times are preferred.



Cartilage is highly organized connective tissue consisting of chondrocytes and a
cartilaginous extracellular matrix (ECM). Chondrocytes produce the components of the
ECM, including collagen, proteoglycan and hyaluronic acid, and also maintain the ECM.
On the other hand, the ECM helps sustain the chondrocytic property of chondrocytes.
Thus, a mutually dependent relationship maintains cartilage function and homeostasis,
and damage to either chondrocytes or the ECM affects the other.

There are two types of cartilage, growth plate cartilage and articular cartilage. Growth
plate cartilage is where bones elongate in infants, juveniles and adolescents. Articular
cartilage is permanent cartilage. It is located at the end of bones and composes the joints,

providing smooth motion between bones through its lubricated articular surface.

The formation of the skeleton including cartilage and bone is a series of highly
coordinated events through chondrogenesis. Progenitor cells accumulate at the
presumptive site of the skeleton and generate mesenchyme condensations, initiating the
differentiation into early chondrocytes (Olsen et al. 2000). Chondrocytes then extensively
proliferate and produce the ECM, resulting in the formation of the cartilage primordia for

future bones.

Cartilage primordia has a shape similar with future bone. At the center of the cartilage
primordia, chondrocytes undergo hypertrophic differentiation. Vascular invasion then
occurs, resulting in the formation of the primary ossification center at the center and
epiphyseal cartilage at both ends of each skeletal element. This process is called
endochondral ossification. The elongation of long bones is the result of continuously
replacing cartilage with bone at the junction between epiphyseal cartilage and the primary
ossification center (Long & Ornitz. 2013; Lefebvre & Bhattaram. 2010). In parallel, at
the stage of primordial cartilage formation, articular cartilage formation begins at the
interzones. These regions of undifferentiated progenitors separate developing skeletal

elements and are where the joint cavity is formed.

Then, another endochondral bone formation event occurs at the center of the
epiphyseal cartilage, producing the secondary ossification center. As the secondary
ossification center grows, two types of cartilage are left: growth plate cartilage between
the secondary ossification center and the primary ossification center, and articular
cartilage at the end of skeletal elements. Articular cartilage permanently remains between

the joint cavity and the secondary ossification center (Lefebvre & Bhattaram. 2010; Salva



& Merrill 2017).

Focal articular cartilage damage caused by a traumatic injury can eventually lead to the
onset of osteoarthritis with degradation around healthy articular cartilage, resulting in
activity-related pain. Currently, there are no drugs available that effectively repair
articular cartilage damage. Arthroplasty using joint prosthesis is employed to treat end-
stage osteoarthritis. However, arthroplasty is highly invasive and its failure rates increase
after one or two decades of after implantation especially in young and middle-aged
patients who are relatively active (Keeney et al., 2011). Therefore, surgical interventions
that can treat focal damage of articular cartilage to prevent it from progression to
osteoarthritis have been expected. Several surgical techniques, such as microfracture,
mosaicplasty and autologous chondrocyte implantation, have been performed (Lee et al
2013, Andrade et al 2016, Brittberg et al 1994). Accordingly, these techniques have been
proposed to restore normal joint function. However, some patients showed impaired
cartilage repair as a long-term outcome, because the regenerated cartilage is fibrocartilage
or fibrous tissue, whose ECM have inferior mechanical properties compared with the
ECM of hyaline cartilage (Bentley et al 2012, Solheim et al 2018). Thus, there is a clinical

need to develop regenerative medicine approaches for articular cartilage damage.

The generation of chondrocytes that can produce high-quality hyaline cartilage ECM
reproducibly would remarkably advance the treatment of articular cartilage damage.
Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), are being considered, because they have the potential to
proliferate indefinitely in an undifferentiated state and to differentiate into all cells and
tissues of the body including chondrocytes by mimicking embryogenesis. Because
ESCs are associated with ethical concerns due to their generation depending on the
destruction of embryos, iPSCs are often preferred (Takahashi & Yamanaka 2006;
Takahashi et al 2007). Originally, the chondrogenic differentiation of PSCs was done in
2D culture (Oldershaw 2010). However, in order for the PSC-derived chondrocytes to
secrete ECM proteins and thus form cartilage tissues, scaffolds, 3D cultures and/or
several growth factors (BMP, TGF[, GDF5) have been adopted (Ko et al. 2014;
Yamashita et al. 2015; Umeda et al. 2015; Nguyen et al. 2017; Mahboudi et al. 2018;
Ferguson et al. 2018; Rim et al. 2018; Rim et al. 2020). In our case, PSCs were initially
differentiated into mesoderm by activating Wnt and Activin signaling, and then
chondrocytes were induced with BMP2, TGFf3 and GDFS5 and subjected to 3D culture.
BMPs and GDFS5 (also termed CDMP1) expand cartilage and induce chondrocyte



hypertrophy (Tsumaki et al. 1999; Tsumaki et al. 2002; Tsumaki & Yoshikawa. 2005;
Horiki et al. 2004; Craft et al. 2015). On the other hand, TGFf has been largely reported
to inhibit the hypertrophy of chondrocytes (Ballock et al. 1993; Yang et al. 2001; Zhang
et al. 2004; Mueller & Tuan 2008; Iwai et al. 2008; Craft et al. 2015).

However, to reach the numbers required to repair cartilage defects, appropriate cultures
that produce large amounts of chondrocytes and hyaline cartilage are needed. Additionally,
it is important to confirm the safety and efficacy of the cellular materials in preclinical
tests including animal transplantation models (Fig 1). In this paper, we review these
animal transplantation studies for the clinical application of PSC technology in the repair

of articular cartilage defects.

Protocols for deriving chondrocytes from human PSCs

The chondrogenic differentiation of PSCs has been classified into four protocol
strategies: 1) co-culture with primary chondrocytes, 2) passing the PSCs through an
intermediate state of embryoid bodies (EB), 3) passing the PSCs through an intermediate
state of mesenchymal stem cell (MSC)-like cells, and 4) differentiating the PSCs through
intermediate steps composed of mesendoderm, mesoderm and chondrocyte stages
(Oldershaw 2012; Park & Im. 2014). For the fourth strategy, new approaches have been
developed for the differentiation. To investigate the conditions that differentiate PSCs
toward cells that bear more chondrocytic properties, PSCs in which chondrocyte-specific
reporter constructs were integrated have been investigated. The promoter/enhancer
sequences of type XI collagen a2 chain gene (COLI1a2) (Yamashita et al., 2015) or
COL2A1 (Adkar et al. 2018, Dicks et al. 2020) have been employed to direct the reporter
expression in a chondrocyte-specific manner. To increase the efficiency of the
chondrocytic differentiation, the transfection of non-viral vectors containing TGFB3 and
BMP2 to promote the chondrogenic differentiation of PSCs (Rim et al. 2020) and lithium-
containing biomaterial to reduce hypertrophy (Hu et al. 2020) have also been applied.

Online search for animal transplantation models of PSC-derived chondrocytes and
cartilage

Castro-Viiuelas et al. (2018) reviewed papers that investigated animal transplantation
models of PSC-derived chondrocytes and cartilage and published by 2017. Therefore, in
this review, we searched for publications from January 2017 to June 2020 on the PubMed
database. As keywords, we searched ((chondrocyte) OR (cartilage)) and (pluripotent). We
had 215 hits. We checked all titles and abstracts and found 64 reports were related to



PSCs including original research articles and reviews. Among these, 16 reports were
studies of animal transplantation models using human (h)PSCs that were published after
the review by Castro-Vifiuelas et al. In addition, regarding the transplantation of
undifferentiated PSCs into articular cartilage defects, we added 4 reports that used animal
PSCs. Overall, we broke the collected reports down into three categories: 1) the
subcutaneous transplantation of hPSC-derived chondrocytes or cartilage (Table 1), 2) the
transplantation of undifferentiated PSCs into articular cartilage defects (Table 2), and 3)
the transplantation of hPSC-derived chondrocytes or cartilage into articular cartilage
defects (Table 3).

The purpose of animal transplantation models

Before the clinical application of PSC-derived chondrocytes/cartilage, the efficacy
and safety of the cellular products must be assessed preclinically. Efficacy is assessed by
evaluating how effectively the articular cartilage damage was healed. One experiment
done for this purpose is to create a focal defect in the articular cartilage of a live animal
in which the PSC-derived chondrocytes/cartilage is implanted. After a certain period, the
animals are sacrificed, and the implanted sites are analyzed histologically. Safety is
assessed in terms of toxicity and tumorigenicity. Regarding tumorigenicity, the PSC-
derived chondrocytes/cartilage can give rise to two types of tumors: teratomas and
malignant tumors. PSCs can form teratomas including the three germ layers when they
are transplanted into immunodeficient animals. Thus, teratoma can appear after the
implantation if the PSC-derived chondrocytes/cartilage are contaminated with remnants
of undifferentiated PSCs. Malignant tumors are caused by cells transforming in two ways.
One is during the reprogramming process. The other is during the culture period used to

expand the PSCs or differentiate them toward chondrocytes/cartilage.

Subcutaneous transplantation of human PSC-derived chondrocytes or cartilage

We found 11 studies on the subcutaneous transplantation of PSC-derived
chondrocytes/cartilage, none of which mentioned teratoma or other types of tumors
including malignant tumor formation after the transplantation (Table 1).

Along with safety, transplantation into subcutaneous space provides new information
about chondrogenesis. Articular cartilage is permanent, but the growth plate is eventually
replaced by bone. Generally, PSC-derived cartilage is replaced by bone through
endochondral ossification due to the invasion of blood vessels into the transplanted

cartilage from the host subcutaneous space (Yamashita et al. 2015; Umeda et al. 2015).



Craft et al. (2015) observed the function of TGFB and BMP signaling during
chondrogenesis and skeletal formation. They found that cartilage generated by BMP was
replaced by bone, but cartilage generated by TGF[3 was maintained without calcification
after the transplantation. Lee et al. (2018) demonstrated that Forskolin treatment, which
increases cAMP levels in cultures, maintains cartilage without calcification after the
transplantation. Additionally, we and another group used the character of endochondral
ossification after transplantation to confirm drug efficacy in disease-specific iPSC models
(Kimura et al. 2018; Hino et al. 2017). Thus, transplantation into subcutaneous space can
be used to study skeletal development and drug efficacy.

Transplantation of undifferentiated PSCs into articular cartilage defects
Undifferentiated PSCs have been transplanted into articular cartilage defects in
various animal transplantation models including mouse, rat, rabbit, pig and sheep.
Wakitani et al. (2003) found 8 teratomas out of 25 transplants formed by 8 weeks when
mouse ESCs were directly injected into mouse knee joints. However, when they
transplanted mouse ESCs into osteochondral defects 2 mm diameter wide and 2 mm deep
in rat, no teratoma formed, and the defects were repaired (Wakitani et al. 2004).
Undifferentiated hPSCs embedded in atelocollagen gel were also reported to repair
articular cartilage defects without tumors in rat and minipig (Zhu et al. 2016; Uto et al.
2018). Allogenic transplantation of sheep and porcine PSCs too could repair defects
without tumors (Pilichi et al 2018; Uto et al. 2018) (Table 2). These results indicated that
undifferentiated PSCs could differentiate into chondrocytes with abundant cartilaginous
ECM and fill the defects. However, other reports using similar methodologies observed
teratoma. Nakajima et al. (2008) reported that rats with knee fixation suffered from
teratoma formation after mouse ESC transplantation into osteochondral defects, but those
without the fixation were repaired without teratoma. Nakajima et al. discussed in the
paper that the difference between two was under cyclic loading condition or not. Cyclic
loading may promote the chondrogenic differentiation of ESCs. But, in spite of under the
cyclic loading condition, two other groups demonstrated teratomas formation. Uto et al.
(2013) showed no tumor formation in mouse osteochondral defects when 10° mouse
1PSCs were transplanted, but teratoma formation did occur if the number was increased
to at least 107. Kotaka et al. (2017) showed repaired osteochondral defects in rat after
transplanting magnetically-labeled hiPSCs with an external magnetic field, but teratoma
formation occurred without the field (Table 2). These results indicated that
undifferentiated PSCs can repair osteochondral defects but can also form teratomas if

they leak outside the defect and/or are transplanted at large numbers.



Transplantation of PSC-derived chondrocytes or cartilage into articular cartilage
defects

The above studies suggest the in vivo environment may play a crucial role in the
chondrogenesis of undifferentiated PSCs by providing paracrine factors and/or
mechanical stimulation. At the same time, they indicate undifferentiated PSCs are

tumorigenic if they escape the defect.

In general, the implantation of differentiated PSCs is recommended to treat lesions,
because they have a lower risk of teratoma formation and higher chance of recovery.
Accordingly, in the case of treating articular cartilage damage, the PSCs are differentiated
to chondrocytes and cartilage prior to the implantation. Table 3 lists 16 reports for such

experiments.

In order to evaluate the efficacy of the transplantation therapy as a pre-clinical study,
long-term observations for the repair of large defects in large animals is desirable.
However, for the studies listed in Table 3, most treatments were observed over short
periods (4-16 weeks) in small animals such as mouse or rat. Kawata et al. (2019) made
observations for 24 weeks, but of immunodeficient mice. Immunodeficient animals are
only available for mice and rats and not for large animals. Although small animals are
cheap and can be observed for a long time, evaluating the efficacy of the transplant is
difficult, because the area of the articular cartilage defect is much smaller than that of
humans (Lo Monaco, et al. 2018). We transplanted human PSC-derived cartilage into
defects 6 mm diameter wide and 2 mm deep in minipigs but observed them only for 4
weeks (Yamashita et al, 2015), because immune suppressors were required, making
longer observation periods difficult. Although cartilage does not elicit an immune
rejection in allogeneic implantations, immune rejection is a concern for xenogeneic
implantations. Considering this situation, it is difficult to observe long-term the repair of
large cartilage defects in large animals currently. The development of more sophisticated
immunosuppressive protocols for large animals or of immunodeficient large animals will

make longer observation periods possible in the future (Itoh et al, 2019; Hara et al, 2018).

As for safety, observations must confirm no signs of teratoma or tumor formation
after the transplantation. Among hiPSC studies, the transplanted chondrocytes or
cartilage resided in and repaired the defects without tumor formation in all but one of the

studies in Table 3 (Saito et al. 2015). There are likely two reasons for the exception, as



explained below.

Quality control is necessary to assess the maximum number of abnormal cells that
can safely contaminate a transplant. To measure this number, we used HeLa cells as
model transformed cells and transplanted them into nude rat osteochondral defects 1 mm
diameter wide and 0.5 mm deep. Tumors were not observed when 10* or fewer HeLa
cells were transplanted, but they did appear if 10° HeLa cells were transplanted (Takei et
al. 2020). These results indicate that the implantation of up to 10* transformed cells in the
knee joint does not risk tumor formation if assuming the transformed cells are equivalent

to HeLa cells and rat knee is equivalent to human knee.

Another factor that could lead to tumorigenicity is the differentiation potential of the
1PSC line. Yasuda et al. (2018) examined the in vivo tumorigenicity of 10 hiPSC lines
established from different primary cells and reprogramming methods. When transplanted
into NOG mice, the iPSCs showed remarkable variation in tumor incidence, formation
latency, and volume. These variations could be explained by chromosomal abnormalities
in the lines, the inclusion of c-Myc as one of the reprogramming factors, and the use of a
retrovirus for the transfection. The primary cell type reprogrammed did not appear to be
a factor. In the Saito paper that reported tumors, the iPSC lines were reprogrammed with
retrovirus vectors that included c-Myc (Saito et al. 2015). The reactivation of the

retrovirus or c-Myc might have been the cause of the tumor formation.

Another concern regarding the safety of iPSCs is genetic instabilities including gene
mutations that can occur during the reprogramming process or the long culture period for
maintenance or differentiation. To assess these possibilities, we subjected chondrocytes
isolated from cartilage and generated from a clinical-grade iPSC line to expansion culture
for a prolonged period. Notably, we found that the chondrocytes reached cell senescence,

suggesting the cartilage was not contaminated with transformed cells (Takei et al. 2020).

However, the observation period (4-16 weeks) in the animal transplantation model
was insufficient for evaluating safety. As a preclinical study to confirm safety for
Parkinson’s disease, Doi et al. (2020) injected hiPSC-derived dopaminergic progenitor
cells into the striatum, which is the same target used in the clinical trial, of NOG mice
and observed the cells for as long as possible, i.e., the life-long period. The researchers
grafted the cells into 80 (male: 40, female: 40) and 50 mice (male: 25, female 25) as the

cell product-transplanted group and control group, respectively. They then observed the



animals until the number of surviving mice was 30 of either gender in the transplant group
or 20 of either gender in the control. At 52 weeks after the transplantation, the number of
male mice in the control group reached the end-point. To evaluate safety pre-clinically, it
is important to observe the life-long period following the chondrocyte/cartilage

transplantation.

Conclusion and future perspective

In this review, we report the recent progress of chondrocytic differentiation from PSCs
and related animal transplantation studies. To confirm the safety and efficacy of the
differentiated PSCs, transplantation into the subcutaneous space and articular cartilage
defects were observed in animal models. Although transplantation into subcutaneous
space has been used to confirm safety, the field is moving away from this assay. The
reason is that transplantation into the articular cartilage defect is more suitable for the
evaluating safety and efficacy and is the same as the clinical transplantation site.
Transplantation into subcutaneous space is still appreciated for the study of endochondral

ossification or drug testing, however.

All but one study we reviewed that conducted transplantation into articular cartilage
defects found the PSC-derived chondrocytes or cartilage resided in the defect and were
safe and effective. However, for most of those studies, the quality of the PSCs was
unknown, and the evaluation was done with small animals over short observation periods.
Recently, hiPSCs derived from human leukocyte antigen (HLA)-homozygous healthy
volunteers or hiPSCs that retained HLA-C after HLA-class II knockout by CRISPR-Cas9
(Xu et al. 2019) were established. Further, these cells were made under quality control
for clinical application, potentially minimizing cell and tissue transplantation immune
rejection. Also, two new options could become available for the long-term observation of
animal transplantation studies to treat cartilage defect. One is a humanized animal that
carries functioning human genes, cells and/or organs (Wunderlich et al. 2015; Deuse et
al. 2019). This animal allows for allogenic hPSC grafts. The other is allotransplantation
using PSCs derived from large animals (Morizane et al. 2017, Sugita et al. 2017,
Kashiyama et al. 2019), as seen with the transplantation of monkey iPSC-derived cells
into monkey heart (Shiba et al. 2016). To realize the clinical application of hPSC-derived
chondrocytes or cartilage, quality-control PSCs and animal transplantation models are

recommended.
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Figure legend
Figure 1. Animal transplantation studies of undifferentiated PSCs or PSC-derived

chondrocytes/cartilage.

To evaluate safety and efficacy, undifferentiated PSCs or PSC-derived
chondrocytes/cartilage were transplanted into the subcutaneous space of mouse and rat or
articular cartilage defects of mouse, rat, rabbit, minipig, and sheep. Red spots indicate

transplantation sites.
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Tablel : The subcutaneous transplantation of hPSC-derived chondrocytes or cartilage

Author Year Cell Line name Reprograming Origin Approach | Main growth factor / Transplants Animal Period | Tumor Purpsoe
method Compound
WeiY.etal. | 2012 | iPSC - retrovirus / 4 OA patient 1 lentivirus-TGFB1 iPSC-derived chondrocytes in | mouse 6w - efficacy, safety
factor fibroblast alginate
Yamashita A, 2015 iPSC 409B2 episomal fibroblast 4) BMP2, TGFB1, GDF5 scaffold-free iPSC-derived mouse 1 year - efficacy, safety
etal cartilage particles
Leel.etal. | 2015 | iPSC - retrovirus / 4 fibroblast 4 BMP4, GDFS, FGF2, |  iPSC-derived chondrocytes mouse 4w - efficacy, safety
factors etc.
Craft AM, et 2015 ESC/ HES2, H7,iBJ, retrovirus / 4 fibroblast 4) TGFp3 or BMP4 iPSC-derived cartilage mouse 12w - development
al. iPSC MSC-IPS1/Y2-1 factors,
UmedaK,et | 2015 ESC HY, HES3 - - 4) TGFB3, FGF2 ESC-derived chondrocyte mouse 12w - efficacy, safety
al. pellets
HinoK,etal. | 2017 | iPSC FOP, res FOP retrovirus / 4 fibroblast 3) - patient iPSC-derived MSCs mouse 6w -
factors
Rim YA, et 2018 iPSC - Sendai virus / 4 cord blood 2) BMP2, TGFpB3 iPSC-derived chondrocytes or mouse 12w - efficacy, safety
al. factors pellets
KimuraT.et | 2018 | iPSC | 409B2, HCH,ACH, episomal fibroblast 4) BMP2, TGFBI, GDFS | patient iPSC-derived cartilage | mouse 6w - drug efficacy
al. ™ particles
Ferguson 2018 | ESC HI - - 4 BMP4, TGFBL.IGF2, |  ESC-derived chondrocyte rat aw - efficacy, safety
GB, etal FGF2, SHH, etc. aggregates
Lee JY, etal. 2018 ESC H9 - - 4) PDGF, TGFp3, BMP4, ESC-derived chondrocyte mouse 8w - development
Forskolin pellets
KawataM.et | 2019 | iPSC 73955 retrovirus / 4 fibroblast 4 CHIR99021, TINPB | iPSC-derived chondrocytes mouse 24w - efficacy, safety
al. factors
Table2 : The transplantation of undifferentiated PSCs into articular cartilage defects
Author Year Cell Species Reprograming Approach Allogenic / Xenogenic Animal Period Tumor
method
Wakitani S et al 2003 ESC mouse - - - Allogenic mouse 8w +
Wakitani S et al. 2004 ESC mouse - - - Xenogenic rat 8w -
Nakajima M et al. 2008 ESC mouse - - - Xenogenic rat 8w +
Uto S, etal 2012 iPSC mouse | retrovirus /4 factors Fibroblast - Allogenic mouse 8w +
ZhuY, etal 2016 iPSC human retrovirus / 4 factors OA patient fibroblast - Xenogenic SD rat with 15w -
oA
Kotaka S ctal 2017 iPsC human | retrovirus / 4 factors Fibroblast magnetic Xenogenic rat 8w +
label
Pilichi S, et al 2018 | ESike sheep - - - Allogenic sheep 4 years -
Uto S, etal 2018 | iPSC-like | porcine | retrovirus /4 factors Fibroblast - Allogenic minipig 8w -
Uto S, etal 2018 iPSC human retrovirus / 3 factors Fibroblast - Xenogenic minipig 8w -




Table3 : The transplantation of hPSC-derived chondrocytes or cartilage into a

ular cartilage defects

Author Year | Cell | Linename | Reprograming method Origin Approach Main growth factor / Transplants Animal | Number | Period | Tumor | Detectionof | Score
Compound transplanted | for

cells efficacy
KoJY.etal 2014 iPSC SCB02A-1 cell peptide fibroblast 2 TGFp3 chondrocytes pellets / in alginate rat 6 12w - + +
Cheng A, et al. 014 | ESC HUES! - - 4 BMP4, GDFS, FGF2, ete. chondrocytes nat 6 12w - + +
Yamashita A, et al 2015 | ipsc 40982 Episomal fibroblast 4 BMP2, TGFBI, GDFS cartilage particles nat 3 12w - + .
Yamashita A, et al 2015 | ipsc 40982 Episomal fibroblast o) BMP2, TGFp1, GDFS cartilage particles minipig 3 aw - + -
Saito T, etal. 2015 | ipsc TF3955 retrovirus /4 factors fibroblast 4 BMP4, GDFS, FGF2, etc. chondrocytes mouse 3 16w + + +
Nejadnik H, et al. 2015 | ipsc - non-viral minicircle adipose stem cell 3 TG MSCs / chondrocyte pellets nat 3 ow - + +
ZhuY,etal 2016 | ipsc - retrovirus /4 factors OA patients 2 TGEBI chondrocytes SD rat with 5 15w - - .

fibroblast o
Chijimatsu R, etal. | 2017 | iPSC 4uc2 Episomal fibroblast 3 - MSCs rat 7 8w - + +
XuX. etal. 2017 | ipsc | 0209-001 retrovirus / 6 factors fibroblast 3 - MSCs rabbit 6 6w - - .
Zhu Y, etal 2007 | ipsc cips retrovirus /4 factors fibroblast - - MSC exosomes mouse with 10 aw - - +
o
Rim YA, etal. 2018 | ipsc - Sendai virus /4 factors cord blood 2 BMP2, TGFR3 chondrocytes / chondrocyte pellets rat 5 8w - + +
Ferguson GB.etal. | 2018 | ESC HI - - o) BMP4, TGFB1, IGF2, FGF2, chondrocyte aggregates nat 3 aw - - .
SHH, ete

Kawata M, et al. 2009 | ipsC 7F3955 retrovirus /4 factors fibroblast 4 CHIR99021, TTNPB chondrocyte particles mouse 6 24w - + +
Wang T, et al. 2019 | ESC HUES - - P BMP2 or 4, GDFS, FGF2, etc. chondrocytes rat 4 12w - - I
Gardner OF, etal. | 2019 | ESC HES2 - - K TGER3 chondrocytes nat 6 12w - + +
Rim YA, etal. 2020 | ipsc - Sendai virus /4 factors cord blood o) BMP2, TGFp3 chondrocyte pellets rat 5 sw - - -




