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Abstract

Osteoarthritis (OA) is the most common chronic

disabling condition effecting the elderly, signifi-

cantly impacting an individual patient’s quality

of life. Current treatment options for OA are

focused on pain management and slowing deg-

radation of cartilage. Some modern surgical

techniques aimed at encouraging regeneration

at defect sites have met with limited long-term

success. Mesenchymal stem cells (MSCs) have

been viewed recently as a potential tool in OA

repair due to their chondrogenic capacity. Sev-

eral studies have shown success with regards to

reducing patient’s OA-related pain and discom-

fort but have been less successful in inducing

chondrocyte regeneration. The heterogeneity of

MSCs and their limited proliferation capacity

also raises issues when developing an off-the-

shelf treatment for OA. Induced pluripotent stem

cell (iPSC) technology, which allows for the

easy production of cells capable of prolonged

self-renewal and producing any somatic cell

type, may overcome those limitations. Patient

derived iPSCs can also be used to gain new

insight into heredity-related OA. Efforts to gen-

erate chondrocytes from iPSCs through embry-

oid bodies or mesenchymal intermediate stages

have struggled to produce with optimal func-

tional characteristics. However, iPSCs potential

to produce cells for future OA therapies has been

supported by iPSC-derived teratomas, which

have shown an ability to produce functional,

stable articular cartilage. Other iPSCs-

chondrogenic protocols are also improving by

incorporating tissue engineering techniques to

better mimic developmental conditions.
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Szent Istvan University, Molecular Animal

Biotechnology Laboratory, G€od€ollő, Hungary
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Abbreviations

AC articular cartilage

ACT autologous cartilage transplantation

BMP Bone Morphogenetic Protein

ECM extracellular matrix

ESC Embryonic Stem Cell

FOCD Familial osteochondritis dissecans

HALPN1 Hyaluronan and proteoglycan link

protein 1

ICM Inner Cell Mass

IGF-1 Insulin-Like Growth Factor 1

iMPC intermediate Mesenchymal Progeni-

tor Cell

iPSC induced Pluripotent Stem Cell

KLF4 gut-enriched Krüppel-like factor
MSC Mesenchymal Stem Cell

OA Osteoarthritis

Oct-4 octamer-binding transcription factor

4

SOX Sry-related HMG box

SRY Sex-Determining Region Y-Box

TGF-β Transforming Growth Factor-beta

WHO Word Health Organisation

WNT4 WNT Family Member 4

1 Introduction

Articular cartilage is essential for the pain-free

and easy movement of diarthrodial joints, as it

provides shock absorbance and lubrication.

Unfortunately, once formed, articular cartilage

has a very low capacity for self-repair in part

due to its lack of vascularisation. Damage to the

cartilage from excess mechanical stress can

begin a progressive degradation that can lead

into a condition known as osteoarthritis (OA),

the most common chronic disabling condition

effecting adults in later life (Loeser 2011). This

condition begins with a sense of stiffness

(crepitus) in the affected joints those progresses

on to pain and a reduction in function and signif-

icantly impact a sufferer’s quality of life. The

areas most commonly affected are the highly-

used joints in the hand and load bearing joints

of the hips and knees (Neogi 2013). While there

can be some genetic predisposition for OA, obe-

sity and old age (Lawrence et al. 2007) can play a

large role in the development of the condition

due to extra strain being but on the major joints

and changes in the aging cartilage matrix respec-

tively. A Dutch population study show signs of

OA in over 60% of those over 60 and found

similar rates when they compared them to other

populations worldwide (Saase et al. 1989). The

impact of OA is set to rise further wit increas-

ingly aging populations and rising obesity levels

across the developed world. Projections in the

US estimate that by 2030 over 20% of the popu-

lation will have arthritis with OA being by far the

most prevalent form (Murphy and Helmick

2012).

The WHO has placed OA as one of its top ten

most disabling diseases in developed countries

(Neogi 2013) with loss of work days and produc-

tivity due to OA valued at 10 billion dollars a

year in the US (Muchmore et al. 2003) as well as

placing heavy economic burdens on health care

systems. Currently treatment option for OA are

limited and focused on pain management,

slowing degradation and reducing inflammation.

Artificial joint replacement surgery for knees and

hips make up much of the medical costs linked to

OA. These implants are effective at returning

mobility to a patient with severe OA and have

very low failure rates up to 10 years after implan-

tation (Herberts and Malchau 2000). However,

this condition, so predominantly associated with

older adults, has been occurring at increasing

rates in people below the age of 65, providing

challenge for the current strategies, where

patients may be faced with managing their pain-

ful condition for decades and progressive bone

loss around the site of the prosthesis is a signifi-

cant concern for long-term cases. For these

reasons, new therapies focused on joint repair

and preservation will be important to maintain

pain free mobility in into old age for the many

adults. Interest has been growing in stem cell

cell-based regenerative techniques as a potential

source of these innovative therapies.
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2 The Articular Cartilage

2.1 Overview

Diarthrodial joints are formed from a highly

specialized connective tissue, the articular carti-

lage (AC). The principal function of AC is to

supply a lubricated and smooth surface for artic-

ulation and to facilitate the transmission of loads

with a low frictional coefficient. It is created by a

specialised cell type, the chondrocytes, which are

able to produce its exceptional collagenous

extracellular matrix (ECM) composed mainly

from proteoglycans, collagen, water and

non-collagenous proteins and glycoproteins. AC

is a hyaline-type cartilage, which differs from the

other two cartilage types, the elastic and

fibrocartilage in relative amounts of collagen

and proteoglycan. One specialty of the AC tissue

is that it does not contain blood vessels or nerves,

therefore, the nutrition happens through diffusion

which is powered by a fluid flow (synovial fluid)

generated by the joint movements (compression

or flexion). This is one reason behind the very

slow turnover of its extracellular matrix and the

fact that AC does not able to repair. To under-

stand the chronic conditions that affects AC and

their potential treatment possibilities, first, we

have to review its development and maintenance.

2.2 Articular Cartilage Development

Chondrocyte formation begins following the

condensations with the dynamic expression of

cartilage specific genes such as collagen type II,

type IX and type XI and Aggrecan under the

regulation of SOX transcription factors, SOX9

(SRY-box 9) being the so-called master regulator

of chondrogenesis (Wehrli et al. 2003), while the

cells proliferate and secrete a cartilage matrix

(Iwamoto et al. 2007). Early in endochondral

bone development the cells in the cartilage tem-

plate at the site of a future synovial joint are

directly connected to each other. The separation

of the long bones at the joint site begin when the

chondrocytes at the site become more densely

packed and form an area known as an interzone.

During interzone formation the chondrocytes

show a downregulation in SOX9 and collagen

type II (Ito and Kida 2000). The interzone is

made up of three layers: two chondrogenic,

perichondrium-like layers and one intermediate

layer of densely packed cells. Shortly after the

formation of the interzone an apoptosis induced

cavitation will occur at the site of the future

synovial joint within the dense intermediate

interzone, with some cells from this region

going on to form the synovial tissues of the

joint (Caldwell and Wang 2015). The two outer

interzone layer are incorporated into the epiphy-

sis of the cartilage growth plate to contribute to

the postnatal growth of the long bone through

proliferation and hypertrophy. The remaining

cells form the intermediate interzone layer and

are not included in this process and will separate

from the epiphyseal growth plate cartilage to

form a layer of chondrocytes expressing collagen

type X and assembling matrices of vesicles and

proteoglycans to promote the formation of the

permanent articular cartilage found in the mature

joint. Biochemical signals from transcription

factors like WNT family member 4 (WNT4),

Catenin B1 (CTNNB1) and transforming growth

factor beta (TGF-β) promote the development

and maintenance of articular cartilage (Hill

et al. 2005). TGF-β is of particular importance

to keep articular cartilage in its proper state, as

seen in transgenic mice with defective TGF-β
receptors where articular cartilage is replaced

by hypertrophic cartilage and bone (Spagnoli

et al. 2007). However, theses biochemical signals

are not the only ones to have an impact on the

development of articular cartilage as there is also

evidence to suggest that mechanical stimulation

during development may play an important role

in the development of the future joint.

As the pre-chondrogenic cells are differentiating

at the sites of the future bones, progenitors of

muscles and tendons are also being defined

(Rodrı́guez et al. 1988). This forming muscle

mass begins contracting at the same time as the

cartilaginous template is taking shape. This con-

nection is hinted at by the severe bone and cartilage

malformations seen in children born with the
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congenital neuro-muscular disorders (Amthor et al.

1998). Experiments with chemically paralysed

chick embryos (Nowlan et al. 2010) and mutant

mice with muscle-less limbs have shown that a lack

of mechanical stimulation can result in serious

failures in interzone development resulting in

fused joints with no synovial cavity and a lack of

articular cartilage.

2.3 Articular Cartilage Maintenance

Many of these factors that play important roles

in the development of articular cartilage, such

as Bone Morphogenic Protein (BMP) and

TGF-β, are also essential for maintaining it’s

healthy permanent state in adulthood. The

homeostasis required for this maintenance

can be disrupted by excessive damage to the

cartilage and can result in the over expression

of catabolic factors beginning the tissue deg-

radation seen in OA (Fukui et al. 2001).

Chondrocytes from osteoarthritic articular

cartilage have also been seen to express early

and late stage differentiation markers (Pfander

et al. 2001) suggesting it has taken on a tran-

sient form that could differentiate into unde-

sired forms of cartilage or calcify resulting in

greater wear on the joint. Genetic variations in

the strength of receptor signalling for genes

related to the development and maintenance

of articular cartilage are thought to be an

important risk factor for the development of

OA. These complex processes that develop

and maintain articular cartilage also contribute

to the difficulties and limitations faced by cur-

rent treatments aiming to regenerate the carti-

lage damaged in OA.

3 Current Regeneration Based
Treatments and Their
Limitations

3.1 Overview

Non-surgical treatment possibilities are consid-

ered in the early stages of OA, however, their

effect on the restoration of the normal tissue

function has not been demonstrated convincingly

(Browne and Branch 2000). Surgical methods

such as arthroscopy, subchondral drilling, abra-

sion arthroplasty, microfracture, autologous

chondrocyte implantation (ACI) or its second

generation version the matrix-assisted autolo-

gous chondrocyte implantation (MACI) aim to

restore the damaged cartilage itself. However,

these technologies have limitations as well,

mainly the formation of fibrocartilage, which is

not as effective as hyaline cartilage in AC to

respond frictional, compressive, shear and tensile

loading. Below, we will concentrate on

microfracture and ACI techniques and review

their applications and major limitations.

3.2 Microfracture

Microfracture surgery arose from investigations

into surgical bone marrow stimulation in the late

80s and early 90s (Freitag et al. 2016). The tech-

nique involves the drilling of small holes into the

subchondral bone plate at the site where the carti-

lage has diminished. The aim is to allow blood and

bone marrow to seep out of these fractures as with

the hopes that the mesenchymal stem cells also

known as mesenchymal stromal cells (MSCs)

(Dominici et al. 2006) contained within the bone

marrow will differentiate and form new healthy

cartilage. The procedure itself is quite short and

the recovery time is much less than that of joint

replacement surgery, as such it has become a very

popular treatment option in the world of sports

medicine. However, the cartilage formed by these

released MSCs will most often take the form of

fibrocartilage which has a different biochemical

make up from articular, also called hyaline, carti-

lage (Freitag et al. 2016). Fibrocartilage contains

both collagen I and collagen II and form white

fibrous tissues unlike articular cartilage which

contains only collagen II and has a smooth, glass

like appearance (Pearle et al. 2005). This difference

in composition means that the biomechanical

properties of fibrocartilage are less suited to the

mechanical forces placed on cartilage in the joints

and the new cartilage is effectively mechanically
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inferior. In addition, the microfractures in the

subchondral bone can result in the formation of

lesions. Efforts have been made to refine the proce-

dure and reduce the fracture size, but long-term

studies (Freitag et al. 2016) have found that the

relief the procedure provides is reversed 5 years

after surgery regardless of fracture size. The

changes to the subchondral bone surface also

increase the failure rate of a more recently devel-

oped regenerative therapy, autologous cartilage

transplantation (ACT) up to seven-times if applied

after microfracture.

3.3 Autologous Cartilage
Transplantation

The ACT procedure involves taking a biopsy of a

patient’s own cartilage from a non-loadbearing site

on the joint. These cells are then cultured in vitro to

expand a population of a patient’s own

chondrocytes with the aim to implant these healthy

cells into the damaged area of the joint, where they

are covered with a membrane and sutured in place.

Unlike microfracture, pre-clinical and clinical trial

of ACT show the formation of new hyaline-like

cartilage in the joints and a study following

61 patients found the clinical outcomes rate good

to excellent for 83% of the group after 5 years

(Browne et al. 2005). Unfortunately, ACT is not

without drawbacks of its own. Two separate

operations are required with time between needed

for the expansion of the chondrocytes, increasing a

patient’s recovery time, and the harvesting of the

cartilage is an invasive and painful procedure and

can cause damage to the donor site. The low cell

number in native cartilage tissue and the limited

amount of suitable non-loadbearing donor tissue

restricts the number of cells that can be produced

for implantation. The most reported cause of failure

for ACTs is the hypertrophy of the membrane or

periosteal flap used to secure the implanted cells

(Peterson et al. 2010). A number of artificial and

porcine based (Makris et al. 2015) membranes have

been tried to correct this but they can cause an

immune response negating the key advantage of

using autologous cells in the first place. Studies

have also shown that up to 40% of ACTs show

signs of cartilage “dedifferentiation”, with the

autologous cartilage turning into fibrocartilage

(Caplan and Kader 2013). This could be due to

changes the cells undergo when they are being

cultured ex vivo or the failure of these cells to

properly integrate into the normal extracellular

matrix of cartilage.

Both microfracture surgery and ACT are

effective treatments that have been shown tem-

porarily restore normal function to patients with

cartilage damage and delay the need for drastic

joint replacement surgery. However, both

procedures are more suited for treating isolated

defects in cartilage and not the more generalized

degradation seen in OA. Nevertheless, recent

efforts in generating functional chondrocytes

from pluripotent and multipotent stem cells may

bypass some of the short-comings of current

regenerative treatment and shed new insight

into the pathology of OA.

4 Using Stem Cells in Cartilage
Replacement

4.1 Overview

Interest has been growing in the use of stem cell

technologies to both offer new methods for

studying the mechanisms of OA and new

treatments offering more effective and longer-

term solutions than the options currently avail-

able to patients.

4.2 Stem Cell Types Available
for Cartilage Replacement

The chondrogenic capabilities of adult MSCs

have been extensively investigated for the last

decade as a possible source of replacement carti-

lage. MSCs can be easily harvested in large num-

bers from several sources including a patient’s

bone marrow and adipose tissue (Kern et al.

2006), avoiding the potential damage that can

be done to the patient’s existing cartilage inher-

ent in current cell therapies.

Another cell source would be pluripotent stem

cells. Embryonic stem cells (ESCs) derived from

the Inner Cell Mass (ICM) of the blastocyst are
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pluripotent, having the ability to form tissues

from any of the three germ layers, and have

also been used to produce hyaline cartilage

in vitro (Diekman et al. 2012). Unlike MSCs,

ESCs have the ability to self-renew, making

them a potentially unlimited replacement carti-

lage (Koch et al. 2009). However, the ethical

issues related to the derivation of ESCs from

preimplantation embryos limits their clinical

applications. Induced pluripotent stem cells

(iPSCs) derived from adult somatic cells using

a combination of reprogramming factors offer an

alternative source of self-renewing pluripotent

cells that avoid these ethical issues. Since its

development by Yamanka (Takahashi et al.

2007) iPSC technology has garnered massive

attention in the field of regenerative medicine

with ambitions to develop new therapies with a

patient patent specific pluripotent cells. While

the reprogramming factors used to produce the

first iPSCs, Oct3/4, Klf4, Sox2 and c-Myc (also

called as ‘OSKM factors’) caused some concern

for future clinical use due to the oncogenic nature

of c-Myc and Klf4 but more recently it has been

found that they can be replaced with Nanog and

Lin28 (Shi et al. 2016). New methods for

introducing these reprogramming factors to the

cells including non-integrating viral vectors,

such as a Sendai and the development of several

non-viral methods using microRNA, synthetic

messenger RNA and proteins have also increased

the safety of iPSC derived cells. Early animal

studies have been promising with iPSCs derived

cardiomyocytes, able to repair cardiac defects in

a porcine model (Shiba et al. 2012). Safety trials

of iPSC derived cells in humans are already

underway (Trounson and DeWitt 2016).

In addition to the potential for iPSCs to form

replacement tissues, the ability to generate plu-

ripotent cell from a patient’s own tissue has

opened up new avenues in personalised medicine

and the modelling of genetic diseases. Two stud-

ies published in 2017 have found altered

expressions of genes associated with some

forms of OA and phenotypic differences in

MSCs and osteoblast generated from iPSCs

derived from patients with disorder related to

bone growth. Esseltine et al. (2017) generated

iPSCs from a patient with the developmental

disorder oculodentodigital dysplasia, linked to a

Connexin-mutation that commonly results in

malformations of the facial bones. Connexin is

a gap junction protein and has been shown to

both be upregulated in cells at the joints during

OA and to enhance the expression of several

other OA-related genes (Gupta et al. 2014).

This study found that connexion had a reduced

expression in the patient-derived iPSCs when

compared to healthy control iPSCs. The patient-

derived iPSCs also showed delayed osteogenic

differentiation. The osteoblast generated showed

reduced levels of connexin which could nega-

tively impact their future maturation and miner-

alization. Layh-Schmitt et al. (2016) produced

iPSCs from patients with axial spondyloarthritis,

a genetic disease that results in abhorrent bone

formation at the joints and spine. They found that

MSCs derived from these iPSCs shown elevated

expression of number of genes related to bone

formation. Mutations in one of these genes,

HAPLN1 has been associated with spinal osteo-

phyte formation in OA. In both studies iPSC

derived from patient cells gave fresh insights

into mechanisms of their rare conditions while

also showing how mutations in genes related to

OA can be successfully modelled by iPSCs. Sim-

ilar studies that established in vitro disease

models from patient derived iPSCs, such as a

recent study (Cao et al. 2016) of patients with

inherited erythromelalgia, have been able to use

these models to test an array of drug compounds

for their effectiveness in correcting or reducing

the phenotypic expression of the disease muta-

tion in these cells. Some small trials have gone

on to show drugs that had been found effective

on these patient-derived iPSC disease models

in vitro, to in turn be effective at alleviating the

related diseases symptoms when given those

patients (Cao et al. 2016). This potential to pro-

vide models for diseases which currently lack

representative animal models and creating an

easily expandable population of cells that show

a diseases phenotype to test the efficacy of arrays

of drug compounds represents major advantages

iPSCs have over MSCs and other stem cells.

However, in order to realise this potential for
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OA researcher must show that iPSCs can be

differentiated into functional chondrocytes.

4.3 Producing Cartilage from
Mesenchymal Stem Cells

Several in vitro techniques have been

investigated to induce the differentiation of

chondrocytes from MSCs with TGF-β1 and

Insulin-Like Growth Factor 1 (IGF-1) commonly

used together to stimulate chondrogenesis (Lon-

gobardi et al. 2005). Some other compounds

including dexamethasone and BMP-7 have been

found to assist in directing the cells down a

chondrogenic lineage.

A number of therapies for OA based on

introducing MSCs to sites of damaged cartilage

have gone through preclinical and clinical trials

in recent years. Some trials used a technique

similar to ACT, transplanting a cellular scaffold

containing MSCs instead of ACs to the site of

damage (Grigolo et al. 2009). While this tech-

nique has shown some success in repairing carti-

lage defects in both the preclinical models and

human patients, a direct comparison study

showed that there was no significant difference

in clinical outcome between MSC scaffold trans-

plantation and ACT (Nejadnik et al. 2010)

including the risk of non-hyaline cartilage forma-

tion. Another MSC based therapy for OA cur-

rently under investigation is the injection of

MSCs into the inter-articulated region. One

advantage of this approach is its potential to

affect the entire joint, rather than just the site of

a specific defect, making it better suited for

treating OA which causes a diffuse degradation

of cartilage across the joint. There are currently a

number of active and recruiting phase I/II clinical

trials testing the safety and efficacy of

MSC-based therapies for knee OA.

The sources of MSCs most commonly used in

these therapies are autologous adipose (https://

clinicaltrials.gov/ct2/ MSC) MSCs or allogenic

MSCs obtained from umbilical cord blood

(https://clinicaltrials.gov/ct2/ UCB). In most of

these cases the MSCs are applied trough an intra-

articular injection either in a single dose or in 2–3

doses over a 6-months period. This single or

repeated dose strategy may impact the products

safety outcomes depending on the source of

MSCs used as a 2017 equine model study

(Joswig et al. 2017) suggested that repeated

intra-articular injection of allogeneic MSCs

causes an adverse response compared to autolo-

gous MSCs. Recently two phase I/II trial reports

have been published for therapies using autolo-

gous MSCs and a product using allogenic cell

intra-articularly to treat OA. Soler et al. (2016),

expanded autologous bone marrow derived

MSCs ex vivo and infused them in a single dose

for 15 patients. They found a few patients expe-

rienced some discomfort which diminished

8 days after injection. Twelve month follow ups

showed improvements in bodily pain and func-

tion and magnetic resonance T2 mapping

indicated signs of cartilage regeneration.

Stempeucel®, an allogenic, pooled MSC prod-

uct, was administered to 60 OA patients (Gupta

et al. 2016) in a single dose. While no adverse

effect was observed over a 12-months period,

reports of pain reduction by patients was not

statically significant when compared to the pla-

cebo group.

A number of other clinical trials of MSC

injections for OA have shown that a majority of

patients get some pain relief following the

injections (Centeno et al. 2011). However, the

evidence for disease modification or cartilage

regeneration resulting from this technique are

inconsistent and unclear (Freitag et al. 2016).

Many of the trials are unblinded and have small

numbers of patients with some concerns being

raised about potential bias in a number of trials.

Additionally, other trials for a number of

conditions have shown paracrine secretions of

MSCs to have immunomodulatory and anti-

inflammatory properties (Aggarwal and Pittenger

2005) and these may be responsible for the pain

relief the OA patients received.

While these trials show promise in terms of

slowing OA related degradation and improving

patients’ quality of life, MSCs have a number of

drawbacks that limit their capacity as a source of
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cartilage for regeneration or repair. While MSCs

can be obtained from many source tissues, there

is a lot of heterogeneity in the differentiation

capabilities of these various stem cell

populations. Bone marrow derived MSCs are

commonly used to produce chondrocytes how-

ever, chondrogenic differentiation in these cells

normally follows an endochondral pathway, pro-

ducing transient cartilage not suitable to replace

articular cartilage (Pelttari et al. 2006). Addition-

ally, primary autologous MSCs obtained from

any adult tissue have a limited proliferation

capacity, limiting the amount of replacement

chondrocytes that they can produce. The hetero-

geneity even within a population of MSCs from

the same tissue means that not all of the primary

cells will be capable of chondrocyte differentia-

tion (Russell et al. 2010). This heterogeneity

among adult MSC populations, may contribute

to variable clinical outcomes when using autolo-

gous MSCs for cartilage repair. These limitations

have caused some to look to induced pluripotent

stem cells (iPSCs) made from patient derived

tissue to possible provide both large numbers of

autologous cells with powerful chondrogenic

capabilities and provide new ways to study the

molecular and genetic aspects of OA.

4.4 Chondrogenesis from iPSCs

While there is currently no generally accepted

efficient protocol for differentiation

chondrocytes from iPSC (Lietman 2016)

(Fig. 1), the methods that have been commonly

tried produce some to the conditions of cartilage

development with most using one of three main

approaches, (i) the induction of MSC-like iPSCs

and the differentiation of these cells into

chondrocytes using the growth factors used in

normal bone marrow MSC in vitro

chondrogenesis (Nejadnik et al. 2015), (ii) the

co-culture of iPSCs derived MSCs with primary

chondrocytes or other feeder layer cells (Qu et al.

2013) or (iii) the culturing of embryoid bodies

(EB) from iPSCs, followed by the differentiation

of the mesodermal cells in the EBs into

chondrocytes by treatment with growth factors

(Nakagawa et al. 2009). All of these techniques

have had some success producing chondrocyte

cells but have had some limitations, often pro-

ducing very heterogeneous populations of cells,

very few of which were able to generate healthy

hyaline cartilage.

To discuss the issues involved in these

methods we must first look at how comparable

MSCs derived from iPSCs are to bone marrow

derived MSCs. Diederichs and Tuan (2014)

performed side-by-side genomic and functional

comparisons of adult bone marrow derived

MSCs and MSCs generated from human iPSCs.

The iPSCs themselves were also derived from

bone marrow MSCs from the same donors and

the MSCs were differentiated from them were

generated using several different methods

including MSC growth factors, EBs and

co-culture with primary MSCs. The comparative

analyses showed distinct transcriptomic and

functional differences between bone marrow

and iPSC derived MSCs. The iPSC derived

MSCs were generally found to be less responsive

to chondrogenic differentiation protocols com-

monly used on MSCs. Diederich and colleagues

recently investigated further (Diederichs et al.

2016) the chondrogenic discrepancies between

iPSCs and bone marrow derived MSCs, focusing

on the regulation of SOX9 in the cell, due to this

protein’s essential nature in cartilage develop-

ment. When intermediate mesenchymal progeni-

tor cells (iMPCs) were generated from the iPSCs

SOX9 was induced and reached varying protein

levels compared to bone marrow MSCs cultured

under the same conditions. The iMPCs also pro-

duced less robust cartilage compared to the

MSCs, though iMPCs with high levels of SOX9

produced better cartilage than those with low

levels. SOX9 levels in the iMPCs were actually

downregulated by the standard TGF-β based pro-
tocol for MSC chondrogenesis though this effect

could be mitigated somewhat by a co-treatment

of BMP-4. These results seem to indicate that

there are some underlying differences between

MSCs and iPSC-derived iMPCs, maybe an epi-

genetic memory retained from the iPSCs tissue

of origin that impacts their chondrogenic poten-

tial. It is also known that differences exist
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between iPSC lines from various donors, which

can affect the outcome of differentiation

experiments.

However, these limitations in current differ-

entiation strategies do not mean that iPSCs are

incapable of producing functional chondrocytes

from patient derived cells. A key piece of

evidence for early iPSCs’ pluripotent capability

was their ability to form teratomas with tissues

from all three germ layers when implanted

in vivo (Shi et al. 2016). Yamashita et al.

(2015) produced scaffold-less hyaline cartilagi-

nous tissue from human iPSCs, by generating a

line of hiPSC that expressed GFP in cartilage

Fig. 1 A Summary of recent attempts to generate
cartilage from IPSCs. Induced pluripotent stem cells

(iPSCs) can be generated from any somatic cell via induc-

tion with the Yamanaka factors. The great potential of

iPSCs lies in the capacity to differentiate into any cell

type if they are subjected to the right conditions A number

of methods have recently been attempted to generate

stable homogenous cartilage from iPSC: (A) the induction

of an MSC-like intermediate stage and the differentiation

of these cells into chondrocytes using the growth factors

used in normal bone marrow MSC in vitro

chondrogenesis, (B) Co-culturing of iPSC-derived MSCs

with primary chondrocytes or other feeder layer cells to

promote chondrogenic differentiation or (C) culturing

aggregates of iPSCs to form embryoid bodies (EB),

encouraging a spontaneous differentiation toward the

three germ layers followed by the differentiation of the

mesodermal cells in the EBs into chondrocytes by treat-

ment with growth factors. While all of these techniques

have had some success producing chondrocyte cells but

have had some limitations, often producing very hetero-

geneous populations of cells, very few of which were able

to generate healthy hyaline cartilage. However, stable

homogenous hyaline cartilage has been produced,

(D) by forming in teratomas in immunodeficient mice

using a line of hiPSC that expressed GFP in cartilage.

This expression was used to purify a population of

homogenous cartilaginous particles from the teratoma

tissues, that formed hyaline cartilage tissue when cultured

in a scaffold-free suspension (Figure was created by

Roxana Mobasheri based on the author’s original

concept)

The Potency of Induced Pluripotent Stem Cells in Cartilage Regeneration and. . . 63



when it formed in teratomas in immunodeficient

mice. They then used this expression to purify a

population of homogenous cartilaginous

particles from the teratoma tissues, culturing

them in a scaffold-free suspension culture.

These cartilaginous particles formed hyaline car-

tilage when implanted subcutaneously in immu-

nodeficient mice and integrated with the native

cartilage transplanted to the site of joint defects

in mice. A similar method using teratoma forma-

tion to derive cartilage tissue has also been used

to model genetic cartilage conditions. Xu et al.

(2016) produced iPSCs from skin fibroblasts

taken from patients with the inherited skeletal

defect, familial osteochondritis dissecans

(FOCD) which is characterised by the develop-

ment of large cartilage lesions in multiple joints

and early onset of severe OA. Xu injected these

patient-derived iPSCs subcutaneously in immu-

nodeficient mice and harvested teratoma tissue

after 2–3 months, using Safranin-O staining to

identify cartilage tissues. This teratoma derived

cartilage tissue displayed irregularities that could

helped explain why these patients are so suscep-

tible to cartilage damage. The ECM around the

cells was largely depleted and cells were densely

packed indicating poor matrix formation.

Finally, large amounts of aggrecan accumulated

within the endoplasmic reticulum of the

differentiated chondrocytes together with a

marked absence of aggrecan in the ECM, a site

it would normally be found in abundance and

play a crucial role in the ECM’s structural

integrity.

Teratoma formation in an immunodeficient

animals is not a suitable method for producing

large number of cells to be used for replacement

and regenerative therapies for OA patients due to

several issues such as risks related to transplant

animal grown or transgenic tissues into patients,

the long timeframes needed to produce the final

cartilage product, and the expenses and ethical

issues involved with raising large numbers of

animals in which to generate the teratoma. How-

ever, these experiments have shown that human

iPSCs can fulfil their potential of growing

hyaline cartilage that can integrate with a joint

and modelling genetic diseases that can contrib-

ute to OA development.

5 Concluding Remarks

While current efforts to produce iPSC-derived car-

tilage that can be used to benefit OA patients

in vitro have some ways to go, the functional carti-

lage produced from human iPSCs in teratomas

suggests that success lies in the right combination

of environmental factors. As our understanding of

the developmental process necessary for

chondrogenesis and the development of specialised

articular cartilage grows we can develop new

strategies to better replicate those processes

in vitro. Efforts are made to replicate the mechani-

cal stimulation that play such an important role in

the cartilage and interzone development in cultured

cells culture. Mechanical micro-bioreactors have

recently developed to exert compressive pressure

and shear stress onMSC during chondrogenesis and

have produced stable cartilage with good bio-

mechanical properties (Halvaei et al. 2016). The

frequency and intensity of the mechanical stimula-

tion applied by these bioreactors can easily be

modified to test chondrogenesis in MSC and iPSC

derived cells using a range of conditions best

matching the natural development of specialised

types of cartilage. And while iPSC still have a

long way to go before they can be used for therapy,

step are being made with the lessons learned from

the previous attempts to produce iPSC-derived

chondrocytes and surgically repair cartilage.

Diederichs et al. (2016) suggested screening iPSC

colonies for SOX9 expression to start the refine-

ment of the chondrogenic process and recent papers

have already been doing this to produce

osteochondrogenic-progenitor from iPSCs (Wang

et al. 2017). Nguyen et al. (2017) have co-cultured

iPSCs into a 3D–bioprinted scaffold alongside

irradiated primary chondrocytes and produced

some cartilaginous-like tissue in a system that can

be easily place at a joint defect site much like ACT.

Finally, in an interesting twist, a very recent paper
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has suggested another role iMSCs can play in the

treatment of OA. As discussed earlier in this review

the paracrine secretions of MSCs to have immuno-

modulatory and anti-inflammatory properties and

may provide effective relief from the pain and

discomfort caused by OA. Zhu et al. (2017) have

found that exosomes taken from the paracrine

secretions of iMSCs had a superior therapeutic

effect on a mouse OA model when injected intra-

articularly than those taken from adult MSCs

derived from the synovial membrane.

In summary, while more work still needs to be

done to establish the standard, reliable, reproduc-

ible method of chondrocyte production from

iPSCs for therapeutic applications, the success

of deriving hyaline-cartilage by the iPSC-

teratoma method and continuously improving

iPSC-chondrogenic protocols show the attain-

able promise of this technology and its potential

to meet the needs of the growing numbers of OA

patients around the world.
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