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30.1 Introduction

Recent advances in regenerative medicine for the
musculoskeletal system indicate that stem cell
therapies may evolve into an established treat-
ment for many musculoskeletal tissues. The most
challenging and potentially important is the pres-
ervation of cartilage tissue, reversal of degenera-
tive change, or regeneration of cartilage tissue in
chondral defects and osteoarthritis (OA). While
most of reported approaches have been based on
adult stem cells that have limited potential for
expansion, pluripotent stem cells also merit a
consideration as potential cell sources. Embryonic
stem cells (ESCs), derived from the inner cell
mass of the blastocyst [1, 2], and the cells in the
germinal ridge of the embryo [3] had been
thought to be the only type of known pluripotent
cells, until the seminal work of Yamanaka [4]
showed that adult cells can be activated to revert
to a pluripotent state, generating induced pluripo-
tent stem cells (iPSCs).

ESCs can be expanded almost infinitely, and
not undergoing senescence, as typically seen in
adult stem cells. However, the derivation of ESCs
from the early embryos raises ethical concern,
and the inherent immunogenicity associated with
allograft transplantation continues to pose limita-
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tions for the clinical applications [1-3]. iPSCs
are induced by reprogramming somatic cells with
forced expression of specific transcription factors
[5, 6]. iPSCs are similar to the ESCs in gene
expression, surface markers, cell morphology,
proliferation potential, pluripotency, and several
other aspects [7, 8]. However, as iPSCs can be
derived from autologous somatic cells of candi-
date recipients, iPSCs do not involve such reli-
gious and ethical issues as in ESCs and are free
from the risk of immune rejection [9, 10].

In this chapter, iPSC generation, chondro-
genic induction of iPSC, and reported in vivo
application of iPSCs for cartilage regeneration
and OA treatment are presented and reviewed
from the author’s perspectives.

30.2 Generation of iPSCs

30.2.1 Methods Used to Reprogram
Somatic Cells into iPSCs

iPSCs were first generated from dermal fibro-
blasts in vitro by retroviral transduction and
forced expression of genes of four transcription
factors Oct-4, Sox-2, Kif-4, and c-Myc also
called Yamanaka factors [5, 6]. These four fac-
tors were identified by testing numerous combi-
nations of 24 factors that are plentifully
expressed in ESCs. These factors reprogram the
nuclei of somatic cells to make them pluripo-
tent. These cells generated teratomas which
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contained tissues from all three germ layers,
when transplanted into immunodeficient mice,
indicating their pluripotency [11].

Theoretically, any actively dividing somatic
cell type may be reprogrammed. Therefore,
iPSCs have been induced from various somatic
cells [5, 6, 12—-14]. Skin fibroblast has been the
most frequently used cells for reprogramming
due to efficiency, safety, and minimal morbidity
in harvesting cells. On the other hand, the easy
accessibility and even lower harvesting invasive-
ness of blood cells can make them further attrac-
tive cellular sources [15]. The efficiency in
reprogramming for iPSC generation varies with
different somatic cell sources. While reprogram-
ming efficiency is quite important in investigat-
ing reprogramming and its mechanism in the
laboratory setting, it may not be a critical variable
when generating iPSCs for clinical application.
In this case, selection of the optimal iPSC clones
and documentation of their safety and quality
become more important.

In the beginning, iPSCs were induced using
either retrovirus [5] or lentivirus [6]. However,
these viral vectors are associated with inser-
tional mutagenesis and tumor formation due to
the random integration of transgenes [16, 17].
Therefore, non-integrating vectors, such as ade-
novirus [18] and Sendai virus [19], are currently
preferred for the generation of iPSCs.
Adenovirus has a low efficiency and kinetics,
while the Sendai virus shows fairly efficient
transduction. In addition, nonviral methods to
generate integration-free iPSCs have been
developed, including plasmids [20], recombi-
nant proteins [21, 22], mRNAs [23], episomal
vectors [24], and piggybacks [25, 26]. Even
small molecule combinations are known to
induce iPSCs [27, 28].

30.2.2 Epigenetic Signature of iPSCs

Although the hiPSCs fundamentally share the
properties of hESCs, there is evidence that their
differentiation to a lineage related to their origin
is more facilitated [64], probably due to residual
epigenetic memory [7, 29].

iPSCs repeat errors in DNA methylation dur-
ing the reprogramming process [30], though it
has not been proven whether these epigenetic
abnormalities are the result of cellular repro-
gramming itself or of the iPSC induction meth-
ods. While this has posed concerns about the
safety and stability of the iPSCs, ESCs and iPSCs
showed very few consistent differences in the
gene expression profiles [31]. Also, the different
epigenetic signatures observed initially in the
iPSCs dissipate with prolonged passaging, sug-
gesting that cell-specific memory may not be
functionally relevant [29]. The origin of primary
cells may also influence the reprogramming and
differentiation thereafter. Rim et al. [32] repro-
grammed hiPSCs from four different types of pri-
mary cells such as dermal fibroblasts (DF),
peripheral blood mononuclear cells (PBMC),
cord blood mononuclear cells (CBMC), and OA
fibroblast-like synoviocytes (OAFLS).
Established hiPSCs were differentiated into
chondrogenic pellets. All told, the relative rank of
expression of cartilage-specific markers was
CBMC > DF > PBMC > FLS. On the other hand,
Nasu et al. [33] generated genetically matched
human iPSCs from different origins using bone
marrow stromal cells and dermal fibroblasts of
the same donor. Global gene expression profile,
DNA methylation status, and the chondrogenic
and osteogenic differentiation properties of each
lineage were analyzed. After cell autonomous
and induced differentiation, each iPSC clone
exhibited various differentiation properties,
which did not correlate with the cell of origin.

30.3 Induction of Chondrogenesis

from iPSCs

Several methods to differentiate ESCs/iPSCs
toward chondrocytes have been developed. These
methods can be interchangeably used for both
ESCs and iPSCs. ESCs and iPSCs can be
expanded almost indefinitely due to their capac-
ity for self-renewal [33, 34]. With enhanced effi-
ciency and low cost of induction, iPSCs may
become a useful cell source for regenerative
medicine for chondral defects and OA, provided
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that safe and reliable ways of producing chondro-
cytes from these cells are established [12].

To employ the iPSC technology for cartilage
regeneration, it is very important to understand
the normal developmental processes of chondro-
cytes. Cartilage formation is regulated by a num-
ber of signal transduction pathways that regulate
a series of events, including condensation of mes-
enchymal cells and nodule formation followed by
chondrogenic differentiation, the hallmark of
which is the expression of Sox-9. Several critical
signaling molecules regulate this process, includ-
ing soluble factors such as transforming growth
factor beta (TGF-f), Wnt and cell adhesion mol-
ecules, bone morphogenetic proteins (BMPs),
and fibroblast growth factors (FGFs). These fac-
tors activate essential targets to initiate and main-
tain chondrocyte phenotypes [35]. Induction of
chondrogenesis from iPSCs is not yet standard-
ized, with several different methods showing
variable results. Protocols for chondrogenic dif-
ferentiation of ESCs/iPSCs are grouped into four
categories [36].

1. Co-culture with primary chondrocytes either
in direct [37] or indirect ways [33, 38].

2. Via embryoid body (EB) formation [39, 40].

3. Through generation of intermediate induced
mesenchymal stromal cells (iMSCs) and
subsequent differentiation into chondrocytes
[41, 42].

4. Direct chondrogenic differentiation using
chondro-inductive factors [43, 44].

30.3.1 Co-Culture with Primary
Chondrocytes

Co-culture takes advantage of paracrine factors
secreted from the chondrocytes that can stimulate
the differentiation of iPSCs into chondrocytes
[34, 36]. On the other hand, co-culture conditions
may increase the risk of contamination by other
undesired cells [45]. The direct co-culture [38]
has higher risk of contamination compared to the
indirect co-culture [33, 37].

This strategy was reported by Wei et al. using
human healthy chondrocytes [34] and Qu et al.

using bovine articular chondrocytes [46]. Adding
BMPs or other TGF-f family molecules to the
culture medium may improve the quality of
chondrogenic differentiation [47].

30.3.2 Via Embryoid Body Formation

Chondrogenic differentiation of iPSCs via EB
formation is the most commonly used approach
to obtain hiPSC-derived chondrocytes [48]. The
process involves the formation of EBs, allowing
auto-induction (spontaneous differentiation) of
MSC-like cells as fibroblastic outgrowths from
the EBs, followed by induction of chondrogenic
differentiation of the MSCs [39]. The main disad-
vantages of this method are the potential for
unpredictable differentiation, heterogeneous cell
populations, and low efficiency. EB’s three-
dimensional (3D) structure is similar to that in
the early post-implantation embryo; thus the cells
in the EB can differentiate into cells of three
germ layers [49]. However, several groups
employed this strategy with some success
[50-53].

30.3.3 Through Intermediate iMSC

In this strategy, iPSCs are stimulated exoge-
nously to differentiate into an MSC-like popula-
tion (iMSC), followed by differentiation to
chondrocytes. As this method directly generates
MSCs, it can limit the spontaneous differentia-
tion of iPSCs into undesired cell types, even
though these iMSCs may be more prone to dif-
ferentiate into fibro- and hypertrophic cartilage
[34, 36].

Zou et al. [54] derived iMSCs from human
iPSCs by culturing the iPSCs in MSC differentia-
tion medium containing DMEM-low glucose and
10% fetal bovine serum, followed by serial
trypsinization-based passaging. For chondro-
genic differentiation, pellets were formed and
cultured in chondrogenic medium containing
TGF-p3. Similarly, other groups reported other
approaches involving direct induction of hMSCs
under specific cell culture conditions, followed
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by chondrogenic differentiation with TGF-f3
[55] or TGF-B3 and BMP2 [56]. Another strategy
for generating MSCs from iPSCs utilized specific
coatings during cell culture. Liu et al. reported a
one-step method to derive MSC-like cells from
hiPSCs using plates coated with fibrillar type I
collagen. This thin layer of collagen fibrils on the
plates successfully stimulated the derivation of
MSC-like cells [57].

30.3.4 Direct Differentiation Using
Growth Factors

This approach, also known as directed differen-
tiation, is grounded on mimicking the events dur-
ing the embryo development [17, 48]. Using
different mixtures of defined factors at different
developmental stages, a defined protocol to direct
differentiation of the pluripotent stem cells
toward the chondrocytes was reported [44].
Cheng et al. [49] successfully applied an iPSC
protocol that had been developed for the direct
differentiation of hESCs toward chondrocytes.
This protocol involves the use of different growth
factors including activin-A, Wnt3a, FGF2,
BMP4, neurotrophin-4, and growth differentia-
tion factor 5 (GDF5) in a timed sequence at spe-
cific concentrations. This protocol is also applied
by Saito et al. to differentiate hiPSCs with similar
results [58]. Protocol of Yamashita et al. [59]
includes initially differentiating hiPSCs into
mesodermal cells and then culturing them in
chondrogenic medium containing TGF-f1,
BMP2, GDF5, and ascorbic acid. Thereafter,
chondro-induced cells are sorted according to
type II collagen expression and cultured in
3D. Protocol of Borestrom et al. [14] comprises a
3D pellet pre-differentiation followed by mono-
layer expansion of chondrogenic progenitors.
These progenitors are subsequently cultured in a
second chondrogenic 3D pellet and differentiated
into chondrocytes using chondrogenic medium
containing growth factors.

It is not yet clear which is the best method for
deriving chondrocytes from iPSCs as each
reported protocol used different iPSC lines
derived from different somatic cell types, has dif-

ferent genetic backgrounds, and employed differ-
ent reprogramming methods [47, 60]. One of the
unique characteristics seen in in vitro chondro-
genic differentiation of iPSCs is the low expres-
sion of hypertrophic markers such as type X
collagen and alkaline phosphatase [61-63]. The
difference can be attributed to the heavier meth-
ylation of promotor sites of hypertrophic genes
[63]. Lower expression of hypertrophic markers
may mean that chondrocytes derived from iPSCs
have stable phenotypes, unlike chondroid cell-
derived traditional MSC populations. If true, this
may represent a profound advantage for iPSCs as
a cell source for the regeneration of articular
cartilage.

30.4 The Use of iPSCs
for Cartilage Regeneration

iPSCs can be a promising cell source for carti-
lage tissue engineering because plenty of acces-
sible and autologous cells are available iPSC
fabrication. iPSCs bypass ethical concerns and
overcome the limited proliferation potential of
adult cells such as MSCs or chondrocytes [64].
hiPSC-derived chondrocytes are more similar to
juvenile chondrocytes. Cartilage from juveniles
has more anabolic activity and is less antigenic
than those from adults [65-67]. This reduced
antigenicity may imply that cartilaginous tissue
derived from a single allogeneic hiPSC or hESC
clone could be used for many patients. This, in
turn, could allow greater flexibility in iPSC
clone selection and control the quality and lower
the clinical cost of this regenerative cell
therapies.

To apply iPSCs for cartilage repair, efficient
and reproducible protocols to differentiate iPSCs
toward chondrocytes are necessary. While a num-
ber of protocols for chondrogenic differentiation
are described, so far there is no general agree-
ment on the best approach to obtain chondrocytes
from iPSCs. It is premature to state that iPSCs are
better than MSCs for cartilage regeneration. On
the other hand, iPSCs can resolve several issues,
including cell number, accessibility, engraftment,
or phenotype loss with passaging.
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A number of in vivo preclinical assessments
have been reported testing the use of iPSC-
derived cells to treat chondral defects and
OA. Zhu et al. [68] investigated the repair of car-
tilage defects in osteoarthritic rats with hiPSC-
derived chondrocytes. 10° chondro-induced
hiPSCs were injected into chemical OA-induced
knees of rats. After 15 weeks transplantation, no
immune responses were observed, micro-CT
showed improvement of subchondral plate integ-
rity, and histological examinations demonstrated
articular cartilage matrix production. Rim et al.
tested the repair potential of human iPSC-
derived chondrocytes in a rat osteochondral
defect model. hiPSC-derived chondrocytes were
either implanted as pellets or injected into the
joint. Both transplanted chondrogenic pellets
and chondrocytes had positive effects in the
osteochondral defect rat model. Detection of
human proteins in the joints proved that the cells
were successfully delivered and retained in the
defect [62].

Kotaka et al. [69] investigated the effect of
magnetically labeled iPSCs (m-iPSCs) delivered
into an osteochondral defect by magnetic field on
the repair of articular cartilage. The histologic
grading score was significantly better in the treat-
ment group compared to the control group.
m-iPSCs maintained pluripotency, and the mag-
netic delivery system proved useful and safe for
cartilage repair using iPSCs. Xu et al. [70] evalu-
ated the use of MSCs derived from hiPSCs for
the regeneration of cartilage defects in a rabbit
model. Cartilage defects were made in the patel-
lar grooves of New Zealand white rabbits. MSCs
were generated from hiPSCs via a step of EB for-
mation. Following flow cytological analysis, the
hiPSCs-MSCs were plated onto poly(lactic-co-
glycolide) and then transplanted into the cartilage
defects in the experimental group. At 6 weeks,
cartilage-like tissue was observed in the experi-
mental group but not in the control or scaffold
implantation groups. Chijimatsu et al. [56] inves-
tigated the feasibility of MSC-like cells origi-
nated from iPSCs via neural crest cells (NCCs)
for osteochondral repair. Initially, MSC-like cells
derived from iPSC-NCCs (iNCCs) were gener-
ated and characterized in vitro. When iNCC-

derived tissue-engineered constructs were
implanted into rat osteochondral defects, the
implanted cells remained alive at the implanted
site, whereas they failed to repair the defects,
with only scarce development of osteochondral
tissue in vivo. Our group implanted human
iPSCs-derived chondrocytes into immunosup-
pressed rats. Cartilage was regenerated in the
defects created in the articular cartilage of these
rats, without any teratoma or tumor formation,
suggesting that iPSC-derived chondrocytes are a
promising source of cells for transplantation
(Fig. 30.1) [63].

It remains to be proven that chondrogenically
differentiated hiPSCs can definitely generate
articular cartilage that are equal to natural hyaline
cartilage in vivo. Further, in order to minimize
the risk of teratoma in in vivo implantation,
undifferentiated cells should not be left behind
after the differentiation of iPSCs into chondro-
cytes. It should be also remembered that the
reprogramming process in iPSCs can add another
potential risk of tumor formation not present in
ESCs. The efficacy and safety of such transplan-
tation remain to be investigated in larger animal
models, to provide a more accurate assessment of
the repair capacity of iPSCs [71].

Of note, in vivo studies of iPSC treatment to
regenerate cartilage in osteochondral defects or
OA have demonstrated the survival and engraft-
ment of implanted or injected chondro-induced
iPSCs for several months. This is distinctly dif-
ferent from MSCs which mostly disappear from
the joint within 1-3 weeks [62, 63]. While those
results are very encouraging and approach the
original concept of cell therapy, corroboration of
this finding is necessary in large animal models
of longer follow-up.

30.5 Strategy for Clinical
Application: iPSC Banking

While patient-specific iPSCs are a possibility
with huge advantages, individual preparation of
iPSCs under good manufacturing practice (GMP)
guidelines can be expensive. To tackle this issue,
allogeneic clinical iPSC cell line banks should be
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Fig. 30.1 To investigate whether chondro-induced hiP-
SCs promote cartilage repair, hiPSCs in either pellet state
or alginate hydrogel were implanted in the osteochondral
defects created on the patellar groove of immunosup-
pressed rats, and the status of the created defects was
observed 12 weeks after implantation. The defects treated
with chondro-induced hiPSC implantation were repaired
with smooth, glistening, firm tissue, while the control
defects showed raw surface with or without thin fibrous
covering tissue (a). Histological appearance revealed
good restoration of the articular surface albeit with
reduced amount of proteoglycans compared with adjacent
normal cartilage in the defects treated with hiPSC-pellets
(group 3) or hiPSC-alginate hydrogel (group 4). On the

considered for lowering the cost of iPSC therapy
[72, 73]. iPSC banks can be set up with samples
from homozygous donors for common HLA
types. Chondro-induced iPSCs with an HLA type
that matches the patient’s HLA types can be
selected from the iPSC bank and used for trans-
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other hand, the control defects (group 1) and defects
treated with alginate alone (group 2) showed little evi-
dence of cartilage regeneration (b). Immunohistochemistry
for human nuclear antigen in groups 3 and 4 revealed that
the majority of cells inside the regenerated cartilage were
implanted hiPSCs and that hiPSCs successfully engrafted
in the created defect (¢). The macroscopic score was sig-
nificantly better in groups 3 and 4 than that in groups 1
and 2 (P < 0.05). Groups 3 and 4 also had a significantly
better histological score than group 1 (P < 0.05, d). Bar
represents mean = SE. N = 6, *P < 0.05 (reproduced with
permission from Ko et al., Biomaterials. 2014
Apr;35(11):3571-81)

plantation. It is much less difficult to prepare
homozygous HLA hiPSCs than hESCs.
Individuals who bear homozygous HLA types
and are willing to donate their somatic cells for
iPSC generation are far more easily found than
embryo donors for ESC generation [72].
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The avascular nature of cartilage provides
some protection against host immune response to
some extent compared with other tissues. It is
evidenced from reports that transplanted carti-
lage from unrelated donors elicits little acute or
chronic immune response [64, 74]. Allogeneic
cartilage has been transplanted in a large number
of patients without matching for HLA types and
without the administration of immunosuppres-
sive drugs. The allogeneic transplantation of par-
ticulated juvenile articular cartilage has also
shown good clinical results [75].

Thus, it may be possible to transplant iPSC
bank-derived chondrocytes with less optimal
HLA matching compared with other cell types.
However, it remains to be seen how much of
HLA matching is required for successful allo-
geneic transplantation of cartilage or chondro-
cytes [76].

30.6 Direct Conversion
to Chondrocytes Without

the Need for iPSCs

Somatic cells can be directly converted to another
type without going through the generation of
iPSCs. Cell type conversion has been demon-
strated in some cell types. The transduction of
fibroblasts with MyoD results in conversion into
myoblasts [77]. Fibroblasts can be converted into
neurons by the forced expression of Ascll, Brn2,
and Mytll [78]. Also, cardiomyocytes can be
generated from fibroblasts by forced expression
of Gata4, Mef2c, and Tbx5 [79].

The Tsumaki group [80] reported the genera-
tion of induced chondrocytes (iChon) from mouse
and human fibroblasts using two reprogramming
factors (c-Myc and KIf -4) and one cartilage form-
ing factor (Sox-9). The resulting iChon cells form
hyaline cartilage expressing only type II collagen.
As iChon cells did not express Nanog, a marker of
pluripotent cells, these cells would not theoreti-
cally cause teratoma. While in vivo direct conver-
sion for the treatment of OA has not been reported
until now, the technique is likely to materialize in
the near future with recent advancements in
in vivo gene transfer and smart biomaterials. In

vivo direct conversion might be applied in vivo to
rejuvenate diseased chondrocytes that have lost
the chondrocyte phenotypes or to convert syno-
vial or connective tissue progenitors resident in
the bone marrow into chondrocytes when used in
combination with microfracture. In vivo direct
conversion could be a relatively non-invasive
method for cartilage regeneration if converting
vectors can be applied into the OA lesion topical
or arthroscopic placement while excluding expo-
sure and potential reprogramming of synovial
tissues.

30.7 Conclusions

Starting from the initial report by Yamanaka et al.
who used retroviral transduction to reprogram
somatic cells into iPSCs, numerous methods
were developed to generate iPSCs. The efficiency
of induction has also greatly improved, which
makes patient-derived iPSCs a clinical possibil-
ity with decreased cost. An efficient nonviral
induction method would greatly enhance the
safety of iPSCs. While the attempts for clinical
application of iPSCs started with a focus on reti-
nal or neural disease, it has potential applications
in cartilage repair and OA if lower cost and
impeccable control over cartilage differentiation
and safety can be achieved.

The enhanced survival and engraftment are
critical for restoring cartilage form and function.
As the prime purpose of cell therapy in OA is the
improvement of structure in articular cartilage by
regeneration, enhanced survival and engraftment
would increase the chance of matrix synthesis
and cartilage regeneration by the implanted cells,
rather than reliance on paracrine effects targeting
endogenous cells. On the other hand, unlike adult
stem cells, safety issues in terms of teratoma for-
mation from insufficiently differentiated cells
pose risk to the use of iPSCs for a nonlethal dis-
ease such as OA.

There is relative lack of in vivo investigation
of iPSC implantation compared with culture-
expanded MSCs. While comparable or even bet-
ter results were reported in small animals
compared with MSCs, it is not known whether
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the same good results can be obtained in large
animals. The efficacy and safety of such trans-
plantation remain to be investigated in larger ani-
mal models, which would allow for a more
accurate assessment of the repair capabilities of
iPSCs.

Take-Home Messages

e Pluripotent stem cells merit a consider-
ation as potential cell sources for carti-
lage regeneration with their advantage
in terms of wunlimited expansion
potential.

* Despite similar cellular characteristics,
iPSCs are preferred to ESCs because
iPSCs do not have religious and ethical
issues and autogenous iPSCs are free
from the risk of immune rejection.

* iPSCs may become a useful cell source
for regenerative therapies for chondral
defects and OA, provided that safe and
reliable ways of producing iPSC-derived
chondrocytes are established.

e Low expression of hypertrophic mark-
ers is seen during in vitro chondrogenic
differentiation of iPSCs, suggesting a
more stable phenotype in iPSC-derived
chondrocytes.

e iPSCs show enhanced survival and
engraftment when implanted in vivo,
which may increase the chance of artic-
ular cartilage regeneration and durable
matrix synthesis.
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