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Abstract
Osteoarthritis is a debilitating joint disease present in epidemic proportions worldwide. Osteoarthritis results from 

degeneration of the articular cartilage of the joint surfaces due to acute trauma, or chronic wear and tear. Due to 
limited ability of cartilage to repair itself, and lack of available treatments, there is an urgent need for development of 
approaches to repair articular cartilage damage due to injury or osteoarthritic disease. Cell-based repair strategies 
are among the most promising of these approaches. Various adult cell sources for cartilage repair are proposed 
including autologous adult chondrocytes as well as adult Mesenchymal Stem Cells (MSC). Disadvantages such as 
destructive harvest protocols; poor proliferation, and particularly for MSC, considerable cellular heterogeneity, have 
limited success of these cell types for cartilage repair. Chondrogenic cells derived from human embryonic stem cells 
(hESC) offer a highly proliferative cell source, which when directed into the chondrogenic lineage, could provide 
an ideal source of cells for cartilage repair. Chondrogenic cells derived from human induced pluripotent stem cells 
(iPSC) offer additional advantages for patient-specific therapy. Recently protocols have been established for directed 
differentiation of hESC into the chondrogenic lineage. Harnessing the potential of hESC-derived chondrogenic cells 
will require comprehensive testing of their efficacy for in vivo cartilage repair, as well as considerations of safety 
and immunogenicity of the cells. Use of pro-chondrogenic factors and/or bioactive scaffolds may assist in optimizing 
cartilage repair by chondrogenic cells. Repair of cartilage damage in osteoarthritis is a special challenge because of 
the widespread damage and presence of signals and stressors which disrupt normal joint homeostasis. Particular 
promise in cell-based repair of osteoarthritis may be provided by chondrogenic progenitor cells which may mimic 
endogenous repair responses. This review discusses the current status of cell-based cartilage repair strategies and in 
particular the potential role of hESC-derived chondrocytes or chondroprogenitor cells for treatment of articular cartilage 
damage due to injury and osteoarthritis.
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Introduction
The problem of cartilage injury and osteoarthritis

Articular cartilage is the unique type of hyaline cartilage present 
at the joint surfaces of the long bones that is essential for normal 
joint mobility and resistance to compression forces [1]. Osteoarthritis 
is a debilitating joint disease caused by degeneration of the articular 
cartilage. Most osteoarthritis is associated with age-related wear-and-
tear [2] but osteoarthritis can also occur as a consequence of prior acute 
joint injury [3]. Cartilage degeneration in osteoarthritis is mediated 
by disruption of the normal signals which regulate joint homeostasis, 
leading to decreased articular cartilage matrix synthesis and increased 
matrix proteolytic activity, and causing net articular cartilage loss. 
These structural changes lead to pain and disabling loss of mobility of 
the affected joints [4].

Osteoarthritis is present in epidemic proportions in this country 
and around the world, and is a major cause of decreased quality of life 
in adults [2]. Currently, around 27 million adults in the U.S. suffer 
from osteoarthritis [5]. This number is expected to rise due to aging 
of the population [6,7] and increasing prevalence of obesity [8]. Effects 
of obesity are not solely mechanical, as high fat diets have been shown 
to cause changes in articular chondrocyte function independent of 
weight gain [9] and can induce production of inflammatory cytokines 
[10]. Other dietary factors such as low intake of Vitamin D have also 
been associated with increase osteoarthritis incidence [11]. Specific 
population groups at high risk for osteoarthritis include women, who 
have a 3 times higher osteoarthritis prevalence than men [12,13] and 
populations with bias for the disease due to genetic ethnicity (especially 
African Americans) [14], or due to socio-economic status [15].

The limited intrinsic ability of cartilage tissue to repair itself poses 
unique challenges to treatment of cartilage injury and osteoarthritis. 
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The lack of effective treatments for osteoarthritis demonstrates a 
critical unmet need for an osteoarthritis therapy. A critical barrier 
to success in cell-based articular cartilage repair is identification of a 
readily available exogenous source of cells with the ability to seamlessly 
repair articular cartilage damage and restore long-term joint function.

Adult Cells for Treatment of Cartilage Injury or 
Osteoarthritis
Adult chondrocytes for cartilage repair

As most acute injuries to the articular cartilage ultimately 
progress to osteoarthritis [16], one approach to disease intervention 
is a preventative strategy to repair articular cartilage damage following 
acute injury, using cartilage grafts or implanted chondrocytes to 
replace focally damaged lesions. These treatments are clinically 
available, but are limited to repair of localized articular cartilage injury 
in otherwise generally healthy and relatively young patients and are 
not available for the typical osteoarthritis patient who is older and 
has more widespread damage. Moreover, the effectiveness of these 
treatments is limited by disadvantages inherent in the approaches and 
in the quality of the repair achieved. For example, surgical replacement 
of the damaged cartilage with cartilage plugs (allo- or auto-grafts, aka 
mosaicplasty or Osteoarticular Transfer System OATS) [17], tends to 
result in poor integration with the host tissue. Allografts have the added 
disadvantages of potential disease transmission, and karyotyping of 
post-mortem chondrocytes has revealed high rates of chromosome 
abnormalities [18] which may contribute to their poor performance. 
A major disadvantage to autografts is donor-site morbidity at the 
location of tissue harvest. Autologous Chondrocyte Implantation 
(ACI), in which articular chondrocytes are harvested from the patient, 
expanded in vitro, and re-implanted into the defect [19], has been FDA 
approved (as Carticel) for use in the clinic since 1997, and depending 
on the study [20,21] has been suggested to provide improvement in 
clinical outcome for patients with acute articular cartilage injury. 
However, ACI has not been widely accepted and recent meta-analysis 
of studies examining long term outcomes fail to demonstrate clinical 
improvement following use of ACI for repair of full thickness defects 
in the knee [22,23].

Modifications to ACI aimed to improve the approach include 
a second-generation strategy involving implantation of the cells 
under a synthetic collagen membrane (Matrix Assisted Chondrocyte 
Implantation, MACI) [24] and a third generation approach in 
which the cells are maintained and implanted in a supportive three 
dimensional hyaluronan scaffold (Hyalograft C) [25]. Another 
approach sorts the cells prior to implantation through their expression 
of certain chondrogenic markers (Characterized Chondrocyte 
Implantation) [26]. These modifications emphasize the importance 
of the nature of the cells used for repair, and the local signals which 
influence their repair capacity. A major drawback of ACI and 
related approaches is their continued reliance on adult autologous 
chondrocytes as the “gold-standard” cell source for articular cartilage 
repair. Disadvantages of adult chondrocytes as a cell source for repair 
include the requirement for initial harvest of the patient’s cells, which 
causes donor site morbidity, and the need for the harvested cells, which 
do not proliferate well, to be expanded ex vivo for up to 6 weeks prior to 
surgical implantation, increasing expense and lengthening duration of 
patient disability. Adult chondrocytes are known for their propensity to 
de-differentiate during culture and expansion, loosing characteristics 
of the cartilage phenotype such as critical synthesis of appropriate 
cartilage matrix proteins. This tendency is exacerbated in articular 
chondrocytes obtained from older patients [27]. Indeed, it has been 

suggested that osteoarthritis is an ageing disorder of the chondrocyte 
itself [28,29], as mitotic activity and telomere length, an indicator of 
cellular age, were found to decline in chondrocytes obtained from 
progressively older patients [28]. Age-related changes in chondrocytes 
may result from cumulative oxidative stress causing DNA damage 
[30], or from disruption of cellular processes involving mitochondrial 
function which can lead to apoptosis [30,31]. The presence of age-
related intrinsic changes in chondrocytes obtained from older donors 
is a further challenge to the use of adult autologous chondrocytes for 
repair of cartilage injury. 

Adult mesenchymal stem cells for cartilage repair

Mesenchymal Stem Cells (MSC) obtained from bone marrow, 
synovium, fat, or umbilical cord, have also been proposed as a cell 
source for cartilage repair [32-34]. MSC from different sources may 
have distinct potential for differentiation into the chondrogenic 
lineage, and adipocyte-derived MSC have been suggested to be most 
chondrogenic [35]. MSC may be differentiated into chondrocytes 
using growth factors such as Bone Morphogenetic protein (BMP), 
Transforming Growth Factor-Beta (TGF-β), Insulin-like Growth 
Factor (IGF) or fibroblast growth Factor (FGF) [36-39], or using 
scaffolds [40] which may release pro-chondrogenic signals such as 
TGF-β [41]. MSC have immunosuppressive potential [42] and may be 
useful in allogenic as well as autologous therapies. These are important 
considerations in favor of use of MSC for cartilage injury. However MSC 
have significant disadvantages as a cell source for cartilage repair. MSC 
tend to proliferate poorly in vitro, especially when obtained from older 
patients [43,44], making expansion to a sufficient number for repair 
difficult. Obtaining MSC from bone marrow, the most commonly used 
source, is an invasive procedure, and MSC present in bone marrow 
aspirates are rare and estimated at less than 0.01% of the cell population 
[45]. Purification of MSC may be necessary to obtain sufficient cells 
with robust chondrogenic potential [46], and methods of MSC harvest, 
isolation and purification need to be developed which optimize cell 
viability and performance [47-49]. The most significant disadvantage 
of MSCs may be that by definition, they are a heterogenous mix of 
adipogenic, osteogenic and chondrogenic progenitors. The presence of 
non-chondrogenic cells in MSC dilutes the pool of available cells with 
cartilage repair potential, which may explain formation of non-uniform 
or atypic cartilage by MSC [50]. Consistent with this possibility, the 
clinical procedure known as microfracture or Pridie drilling, which 
involve repeated puncture of the injured articular cartilage to promote 
influx of marrow cells from the subchondral bone, results in formation 
of repair tissue comprised of fibrocartilage, rather than hyaline 
cartilage [51]. Although micro fracture can provide short term clinical 
improvement for cartilage damage [52], outcomes analysis after 1-2 
years indicate poor clinical function and visually worsened articular 
cartilage damage [53], consistent with the inability of this procedure 
to provide long-term, durable repair. A small clinical trial has reported 
that MSC implanted directly into damaged knee articular cartilage does 
not lead to tumor formation [54], however, the effectiveness of MSC in 
repairing articular cartilage damage requires further study. 

Human Embryonic Stem Cells (Hesc) as a Source of 
Cells for Cartilage Repair
Potential of hESC for treatment of cartilage injury

Because of their unlimited capacity for self-renewal while 
maintaining potential for chondrogenic differentiation, Human 
Embryonic Stem Cells (hESC) could provide essentially limitless 
numbers of cells with potential for cartilage repair, and may offer an 
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Significantly, promising results have been obtained in a recent 
study evaluating in vivo articular cartilage repair by chondrocytes 
derived from hESC [80]. The protocol used to generate the cells utilized 
EB formation and high density micromass culture in the presence of 
TGF-β [80]. The hESC-derived chondrocytes were embedded in a 
hyaluronan hydrogel and surgically implanted into articular cartilage 
defects generated in rats. After 12 weeks, the defect was filled by hyaline 
cartilage-like repair tissue with good integration with the adjacent 
cartilage [80]. Some potential problems noted in the study included low-
level induction of type X collagen expression by the repair tissue, and 
surprising gradual loss of the human cells, despite chemical immune 
suppression to avoid graft rejection. Nonetheless, this encouraging 
study demonstrates the potential in vivo efficacy of a hESC-based 
cartilage repair strategy. Improvements will likely be realized through 
use of chondrogenic hESC generated in protocols which minimize 
potential heterogeneity [75], as well as through appreciation of the 
signals which control chondrocyte differentiation and hypertrophy, 
and a better understanding of hESC in graft-host responses.

Safety of hESC in cartilage repair

In order to gain clinical acceptance, hESC must be demonstrated 
to be a safe cell source for cartilage repair. Because stem cells, when 
undifferentiated, are pluripotent, they can form tumors consisting of 
cells from all three germ layers (teratomas). As tumor formation is 
not a characteristic of differentiated cells, hESC-derived chondrogenic 
cells may have low intrinsic tumor-forming potential. In addition, it 
has been suggested that signals present within the joint and articular 
cartilage function to promote the in situ chondrogenic differentiation 
of potential repair cells introduced into it [81], which may assist in 
retention or promotion of chondrogenic phenotype and suppression 
of tumorigenic potential. Indeed, pluripotent ES cells placed directly 
within articular cartilage defects in rats formed repair tissue, and not 
teratomas [81]. Moreover, implantation of MSC, which are multipotent 
cells, into human knee articular cartilage defects has failed to reveal 
tumor formation in a small clinical cohort after at least 10 years [54], 
and implantation of differentiated hESC into articular cartilage defects 
in a rat model also failed to lead to tumor formation [81]. Karyotyping 
can confirm chromosomal stability and absence of major genetic 
deletions or rearrangements which can occur following long term 
passaging of the pluripotent hESC used to derive the repair cells [82]. 

The demand to realize the therapeutic potential of hESC will 
require development of new, clinically-compliant hESC lines for 
research and potential therapeutic use [83]. hESC are defined by their 
common pluripotent characteristics, including considerable similarity 
in pluripotent gene expression profiles [84] and shared functional 
ability to differentiate into cell lineages from each germ layer [85]. 
Despite these commonalities, genomic sequencing and microarray 
profiling have revealed differences in gene expression and in lineage-
specific differentiation potential among hESC lines [86-89]. These 
subtle differences in differentiation potential may relate to inherent 
differences in the source of the cells used for derivation, or to changes 
acquired during long-term culture [90]. These observations emphasize 
the importance of comparing differentiation potential and cellular 
function of hESC derivatives generated from multiple lines. Remarkably, 
studies show that the majority of hESC research has been done with 
very few lines [91]. More than 50% of studies published between 1998 
and 2008 used only three lines (H1, H7 and H9), derived by Thomson 
and colleagues and provided by WiCell Research Institute, and another 
40% of studies during this period utilized only eight additional lines 
[91]. Comparing and potentially identifying a particularly efficient 

ideal alternative cell source for cartilage repair compared to MSC, or to 
the adult chondrocytes used in ACI. In order to achieve this potential, 
procedures for efficient directed differentiation of pluripotent cells 
into the chondrogenic lineage are needed. Protocols have been 
reported for chondrogenic differentiation of hESC under various 
conditions, typically involving supplementation with growth factors 
such as TGF-β and BMPs. Most approaches utilize an intermediate 
step involving Embryoid Body (EB) formation [55-60]. Embryoid 
bodies contain cells from all three embryonic germ layers including 
ectoderm and endoderm, which may introduce non-chondrogenic 
cell types, potentially requiring cell sorting or FACS to purify the 
mesenchymal progenitors [58,59]. Procedures have also been reported 
in which either EB steps, co-culture with other cell types, cell sorting 
or prolonged culture periods in monolayer are used to derive an MSC-
like intermediate from the hESC, which may then be directed into the 
chondrogenic lineage [61-70]. Gene expression profiling suggests these 
MSC-like hESC-derived cells represent a more primitive lineage than 
adult MSC, and hence may be even more heterogeneous [71]. Pellet 
culture has also been used to direct the chondrogenic differentiation 
of hESC [72]. Pellet culture may be less optimal for directing 
chondrogenic differentiation of progenitor cells than other approaches, 
such as high density micromass culture, which is a standard method 
for differentiation of embryonic limb mesenchymal cells into 
chondrogenic cells [73]. Comparison of chondrogenic differentiation 
by MSC in micromass culture vs. pellet culture revealed superior 
uniformity of chondrogenic differentiation using the micromass 
approach [74], suggesting high density micromass culture may be an 
optimal condition for directed hESC differentiation into chondrocytes. 

A protocol we have developed utilizes micromass culture, in the 
presence of TGF-β and BMP, to direct the rapid and substantially 
uniform differentiation of hESC into the chondrogenic lineage without 
prior EB formation [75]. The hESC-derived chondrogenic cells 
obtained through this approach produce abundant cartilage matrix 
as determined by Alcian blue staining and type II collagen (Col2a1) 
immunohistochemistry, and express high message levels of Col2a1 as 
well as the definitive cartilage marker, aggrecan. Direct comparison 
revealed that the extent of chondrogenic differentiation achieved by 
the non-EB derived hESC was markedly superior to that obtained by 
EB-derived hESC [75], consistent with the idea that generation of non-
chondrogenic cells via the EB and/or MSC-like intermediates used in 
most differentiation protocols may contribute to heterogeneity of the 
resultant cell population. 

In addition to avoidance of cellular heterogeneity, another 
important aspect of a differentiation protocol aimed to produce 
chondrogenic cells for cartilage repair is avoidance of chondrocyte 
hypertrophy. Chondrocyte hypertrophy is the terminal differentiation 
process through which endochondral ossification occurs during normal 
long bone development [76,77]. In this process, the chondrocytes of 
the cartilage models of the limb skeletal elements undergo progressive 
enlargement (hypertrophy), accompanied by changes in their gene 
expression profile including induction of expression of type X collagen, 
a definitive marker of hypertrophy. Hypertrophic chondrocytes also 
express signals including Vascular Endothelial Growth Factor (VEGF) 
and Matrix Metallo Proteinases (MMPs) which lead to vascular invasion 
of the cartilage and degradation of the matrix, prompting remodeling 
of the tissue and its replacement by bone [76,77]. Notably, hypertrophic 
chondrocytes are inappropriately found in osteoarthritic cartilage and 
their presence there is considered a hallmark of the disease [78,79]. 
Several protocols for chondrogenic differentiation of hESC including 
our own have confirmed appropriate low or absent expression of 
hypertrophic markers including type X collagen [58,60,75].
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hESC line for chondrogenic differentiation or repair would be a benefit 
for generation of chondrogenic cells for clinical use. 

Clinical application of hESC will depend on utilization of GMP 
(Good Manufacturing Practices) and SOP (Standard Operating 
Procedures), and establishment of facilities to derive, expand, bank and 
supply pluripotent lines. There is a need for optimization of techniques 
and culture systems used to derive and maintain pluripotent hES 
cells. These include the development of culture methodologies which 
avoid use of undefined and/or xenogenic components such as feeder 
layers or animal products, which introduce contaminants precluding 
use of the cells or their derivatives for human therapeutic applications 
[92,93]. Feeder layers, typically Mouse Embryonic Fibroblasts (MEFs), 
were initially shown to be required for maintenance of human stem 
cell viability and pluripotency [85] but have been replaced in some 
protocols by semi-defined culture substrates including Matrigel 
[94,95] or other xeno-free or defined substrates such as human 
laminin or Cell Start [96]. Additional optimization of human stem cell 
culture methodologies may employ various approaches for enzymatic 
digestion of the pluripotent colonies to single cells for passaging, and 
using animal-free enzyme replacements [97,98]. Utilization of such 
modifications will assist in developing clinically-compliant hESC for 
human therapeutic use [99].

Potential for immune rejection of hESC-derived cartilage 
repair cells 

An important consideration in a hESC-based therapy is the potential 
for the cells, which are allogenic, to elicit an immune response. Graft 
immune rejection is due to expression of Major Histocompatibility 
(MHC) antigens which are recognized by the host as foreign, leading to 
stimulation of host immune cell proliferation and activity. An important 
consideration in generation of an immune response is the physical 
accessibility of the host immune cells to the grafted cells. In this regard, 
the synovial joints has been suggested to be an immune-privileged site, 
as it poorly vascularized and separated from the rest of the body by a 
physical capsule. Moreover, the presence of pericellular matrix which 
surrounds cartilage cells, and the location of their engraftment within 
the local environment of the cartilage defect, may provide additional 
protection from host immune surveillance [100,101]. A recent study 
has reported that injections of human MSC into the knee joints of 
osteoarthritic guinea pigs, which resulted in integration of the cells 
into the damaged cartilage, were well tolerated and did not induce local 
inflammation [102]. A rejection response also depends on the extent 
and ability of engrafted cells to present their MHC antigens to the host. 
hESC (and MSC) have intrinsic systemic immunosuppressive activity 
[103], and as undifferentiated hESC express very low levels of MHC 
antigens [104], hESC and their derivatives are themselves considered 
inherently immune-privileged [105,106]. Though levels of MHC 
antigens increase upon differentiation of hESC, they are still below the 
level expressed by other somatic cells [104]. Human chondrocytes in 
particular show weak or incomplete expression of MHC antigens, as 
they express class I MHC but do not normally express co-stimulatory 
class II MHC [107], and accordingly lack a component typically 
required for generation of a robust rejection response. Thus unlike 
applications of hESC-based therapy in tissues like heart or other 
organs which are readily accessible by the host immune system, and 
which might require use of more powerful immune-suppressive drugs 
with potential undesirable side effects [108,109], it is conceivable 
that use of hESC in cartilage repair may be achievable with minimal 
immune suppression through the use of allogenic cells that are closely 
but not identically matched. National and international incentives 
are being planned for establishment of banks of hESC lines obtained 

from donors with diverse races and ethnicities, which can be used to 
provide hESCs with MHC haplotype matching for most individuals 
[91]. Studies estimate that such a bank would require between 150-170 
hESC lines to provide HLA (Human Leukocyte Antigen) matching for 
populations in the United Kingdom and Japan with minimal immune 
suppression required [110,111], and an established 188-line hESC bank 
created in China is planned to provide HLA matching for 25-50% of 
the population without immune suppression [112].

Induced pluripotent stem cell (iPSC)-derived chondrogenic 
cells

Induced Pluripotent Stem Cells (iPSC), which are pluripotent 
stem cells derived from somatic cells, offer a compelling alternative to 
allogenic cells for regenerative medicine. iPSC have the advantage of 
being readily available from sources such as adult skin, and since they 
are obtained from a patient’s own cells, they can provide patient-specific 
cell-mediated therapy [113,114]. Safe, therapeutic use of iPSC for 
clinical regenerative medicine will require development of procedures 
to induce pluripotency of the somatic cells, without modification of 
the cellular genome [115]. The standard methodology for induction of 
pluripotency in iPSC involves viral transduction using transcription 
factors including oncogenes [116,117], which can lead to insertional 
mutagenesis and increased risk of tumor formation [118]. Methodology 
for generation of iPSC is rapidly evolving, and reprogramming of adult 
somatic cells is now being demonstrated which avoids permanent 
transgene integration, using excisable plasmids, Cre-Lox mediated 
reprogramming, or mRNA or protein transfection [119,120]. These 
approaches show much promise for future production of clinical-grade 
iPSCs for regenerative therapy including cartilage repair. 

Recently, in vitro differentiation of mouse [121,122] and human 
[123-126] iPSC into the chondrogenic lineage, in protocols using EB 
and/or MSC like intermediates, has been reported. The sources of 
cells used to derive the iPSC in these studies were mouse and human 
fibroblasts [121-123], human fetal brain-derived neural stem cells 
[124], and significantly, adult human synovial cells or chondrocytes 
from patients with osteoarthritis [125,126]. Interestingly, chondrogenic 
cultures of one of the two synovial-derived iPSC lines obtained from 
the osteoarthritic patients expressed high levels of type X collagen, 
indicating inappropriate hypertrophic differentiation [125]. This may 
reflect the disease state of the original cell source, consistent with the idea 
that an epigenetic memory is imprinted on the somatic cells from which 
the iPSC are derived [127]. Similarly, iPSC derived from osteoarthritic 
cartilage expressed high levels of the degenerative cartilage marker 
Vascular Endothelial Growth Factor (VEGF), even when maintained 
in a chondrocyte-supportive matrix and transfected with the pro-
chondrogenic factor TGFβ1, leading the authors to suggest that the 
cells had a degenerative tendency reflective of their origin in diseased 
tissue [126]. This study also reported that co-culture of the iPSC-
derived chondrocytes from osteoarthritic patients in a transwell system 
with normal adult chondrocytes, resulted in more robust expression of 
cartilage-specific genes and a loss of VEGF expression [126]. This result 
emphasizes the importance of pro-chondrogenic signals which may be 
useful in promoting or maintaining the chondrogenic phenotype by 
putative repair cells. 

Optimization of Cell-Based Cartilage Repair Strategies
Viscosupplementation 

Strategies for optimizing cartilage repair by exogenous cells 
include providing the cells with signals and conditions which 
promote their chondrogenic differentiation and/or maintenance of 
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the chondrocyte phenotype. A widely used approach for palliative 
therapy of osteoarthritis is viscosupplementation with hyaluronan, 
a very large glycosaminoglycan polymer [128] which is a major 
component of synovial fluid [129]. Hyaluronan levels in synovial fluid 
from osteoarthritis patients are reduced by 30-50% [130] providing 
the basis for intra-articular hyaluronan viscosupplementation 
as a clinical osteoarthritis treatment. The efficacy of hyaluronan 
viscosupplementation has been analyzed in numerous randomized 
controlled trials, and overall there is consistency of positive clinical 
benefit in terms of pain relief and improved function [131-134] with few 
deleterious side effects. However, statistically significant clinical benefit 
has not always been shown and duration of improvement appears to 
be one year or less [135,136]. While hyaluronan viscosupplementation 
may not be sufficient by itself to treat articular cartilage degeneration, it 
may offer promise in conjunction with exogenous cell based therapies, 
by enhancing the pro-chondrogenic environment within the joint. For 
example, a recent study comparing cartilage repair by exogenous MSC 
introduced into the osteoarthritic joints of guinea pigs with or without 
hyaluronan viscosupplementation found that only the animals treated 
with the combination therapy showed integration of the exogenous 
cells into damaged cartilage and subsequent articular cartilage repair 
[102]. Viscosupplementation with lubricin, another joint-lubricating 
compound, may also have potential for osteoarthritis treatment [137] 
as intra articular injection of lubricin slowed cartilage damage in a rat 
osteoarthritis model [138]. 

Matrices and scaffolds

Enhancement of pro-chondrogenic activity for cells used to repair 
cartilage damage may also be provided by scaffolds or bioactive matrices. 
Hyaluronan-containing matrices have been used to promote in vitro 
maintenance of the differentiated phenotype by adult chondrocytes, 
and to promote chondrogenic differentiation of MSC [139-142]. In 
addition, implantation of adult chondrocytes or MSC in hyaluronan-
containing matrices is a standard approach to improve their ability to 
repair focal cartilage lesions in animals [143-145] and this approach 
has also been used to demonstrate successful repair of cartilage 
defects by hESC-derived chondrocytes [80]. A clinical modification 
to autologous chondrocyte implantation utilizes adult chondrocytes 
within a hyaluronan sponge (Hyalograft C) [146]. Matrix hyaluronan 
is thought to have direct pro-chondrogenic activities on the cells within 
it. Hyaluronan is a major component of embryonic and adult cartilage, 
and we have found, using a conditional genetic approach in transgenic 
mice, that absence of hyaluronan in developing cartilage perturbs 
chondrogenic differentiation [147]. Cellular functions of hyaluronan 
are mediated by binding to its cell surface receptor, CD44, which is 
expressed by chondrocytes [148]. Hyaluronan-CD44 interactions in 
articular chondrocytes stimulate synthesis of cartilage matrix [149], 
reduce inappropriate expression of matrix degradative enzymes such 
as MMPs [150,151], and activate pro-chondrogenic BMP activity 
[152]. In addition to hyaluronan, other matrices are also being tested 
for their abilities to provide pro-chondrogenic stimulation during cell-
based cartilage repair, and which may also offer superior structural 
support which would be useful in withstanding mechanical loading of 
the joint during the repair process [153,154]. These include a myriad 
of scaffolds, sponges and nano fibers comprised of collagen, chitin, silk 
and/or synthetic polymers [155-160], which have been demonstrated 
to promote chondrogenesis of adult chondrocytes, MSC or hESC-
derived cells in vitro [155-160]. 

Growth factors 

Pro-chondrogenic growth factors may have utility in enhancing the 

ability of exogenous cells to repair damaged articular cartilage [161,162]. 
Promising growth factors include FGF or BMP, as direct injection of 
these factors into the joint space improves the histological appearance 
of articular cartilage in animal models of osteoarthritis [163,164], 
and in a clinical trial, intra-articular injection of BMP7 into the knees 
of patients with symptomatic osteoarthritis led to improvement in 
osteoarthritis symptoms over placebo [165]. As a limiting factor 
in a direct injection approach may be the half-life of the injected 
compound or factor, other delivery strategies are being developed. One 
approach is to incorporate pro-chondrogenic factors into biomaterials. 
Biomaterial scaffolds impregnated with BMP, TGF-β, or IGF maintain 
the differentiated phenotype of adult chondrocytes and promote 
chondrogenesis by MSC in vitro [166-169], and successful in vivo 
repair of articular cartilage defects in animal models has been reported 
in some studies using MSC seeded into TGF-β-containing biomaterial 
scaffolds [169,170]. However, other studies using a similar approach 
did not result in improved in vivo cartilage repair [171,172], and in one 
case led to a foreign body reaction [171]. These studies suggest a better 
understanding is needed of the complexities inherent in biomaterial/
cell/growth factor combinations which may influence cartilage repair 
outcomes. An exciting strategy for non-invasive biomaterial-mediated 
delivery of growth factors (or conceivably, factors together with 
cells) may be to encapsulate them in nanoparticles which are directly 
injectable. This approach has been used to achieve sustained delivery of 
Parathyroid hormone (PTH) into the joints of osteoarthritic rats [173]. 
Genetic approaches are also being developed to achieve expression of 
pro-chondrogenic growth factors or signals by exogenous repair cells 
themselves. These approaches have used adenovirus [174,175] or direct 
gene transfer [176-179], to express growth factors such as BMP, IGF 
or FGF, or pro-chondrogenic signals such as Sox9, in chondrocytes or 
MSC. Outcomes in studies in which repair of articular cartilage defects 
by the genetically modified cells have been examined are promising, 
particularly for gene transfer, suggesting that this approach may have 
potential for enhancing cell-based cartilage repair potential, provided 
its safety is rigorously assessed [180,181]. 

Challenges and Opportunities in Cell-Based Treatment 
of Osteoarthritis 

The osteoarthritic joint is particularly challenging for cell-
based articular cartilage restoration [182,183]. Cartilage damage in 
osteoarthritis is widespread and lesions are large, making surgical 
implantation approaches unfeasible. Mechanical abnormalities due to 
joint misalignment, bony remodeling, and ligament stretching may also 
be present which can cause localized regions of dynamic loading stress 
on the articular cartilage surface, interfering with repair. Moreover, 
the local environment of the osteoarthritic joint is considered hostile 
due to presence of signals which promote inflammation, suppress 
cartilage matrix synthesis and enhance matrix degradation. Despite 
these adverse factors, some success has been reported using adult 
human chondrocytes to repair articular cartilage defects in the joints 
of patients with early stage osteoarthritis [184], indicating the potential 
feasibility of cell-based approaches for cartilage injury even in the 
hostile environment of the chronically-osteoarthritic joint. 

Paradoxically, osteoarthritic cartilage may offer particular 
opportunity for repair, as endogenous stem-cell like progenitor cells 
with chondrogenic potential have been found in osteoarthritic human 
cartilage which is not present in normal cartilage [185]. These cells 
may represent an endogenous repair response in osteoarthritis. Other 
studies have also identified endogenous chondroprogenitor cells in 
normal articular cartilage [186-188]. Accordingly, approaches using 



Citation: Fisher MC, Ferrari D, Li Y, Shepard JB, Patterson SE, et al. (2012) The Potential of Human Embryonic Stem Cells for Articular Cartilage 
Repair and Osteoarthritis Treatment. Rheumatol Curr Res S3:004. doi:10.4172/2161-1149.S3-004

Page 6 of 10

Rheumatol Curr Res	 	     	             					      	 ISSN: 2161-1149 Rheumatology, an open access journal
Chondrogenic Progenitor Cell
Responses to Cartilage Injury

exogenous cells to augment or stimulate the host’s own putative 
repair cells may be a useful strategy for repair of damaged articular 
cartilage. Exogenous cells which are themselves chondroprogenitors 
may offer particular promise, as progenitor cells are more proliferative 
than overtly differentiated chondrocytes [189,190], and may also 
be more responsive to signals which direct them towards their 
final differentiated fate, and/or maintain their function as articular 
chondrocytes seamlessly integrated into the repaired tissue [191,192]. 
For example, various types of MSC, introduced directly into the joint 
through direct injection, have been shown to integrate into damaged 
cartilage and participate in a repair response in the joints of animals 
with surgically-induced [193-195] or spontaneous [102] osteoarthritis, 
confirming that exogenous progenitor cells are capable of in vivo 
chondrogenic differentiation and participation in repair. Interestingly, 
undifferentiated MSC performed better at healing articular cartilage 
defects in an animal model than MSC which were pre-differentiated 
into chondrocytes in vitro prior to implantation [196], consistent with 
the idea that progenitor cells may offer superior utility in cartilage 
injury compared to fully differentiated chondrocytes. Although MSC 
are being extensively investigated as a cell source for cartilage repair, 
a major disadvantage of MSC is cellular heterogeneity. To tap the 
potential of progenitor cells for treatment of cartilage damage, it will 
be necessary to develop systems which maximize generation of large 
numbers of homogeneous chondroprogenitors. We have found that 
hESC maintained in high density micromass culture in the presence 
of BMP and TGF-β undergoes progressive differentiation into the 
chondrogenic lineage [98]. Analysis of molecular markers expressed 
by the hESC at different times in the in vitro progression confirmed 
that overt chondrogenic differentiation is preceded by a chondro 
progenitor stage [98]. Such a system may be useful in providing 
homogenous populations of chondroprogenitor cells at various stages 
of differentiation into the chondrogenic lineage which can be tested for 
potentially distinct capabilities for articular cartilage repair.

Conclusions
Exciting potential exists for use of hESC (and iPSC) in providing 

a source of cells for repair of damaged human articular cartilage 
in injury or osteoarthritic disease. Protocols are being developed 
for efficient directed differentiation of hESC into the chondrogenic 
lineage. The next steps include comprehensive testing of repair efficacy 
of hESC-derived chondrogenic cells in animal preclinical models, and 
optimization of repair through use of pro-chondrogenic factors or 
supportive bioactive scaffolds. Future consideration of hESC- or iPSC- 
based cartilage repair therapies must also address concerns of safety 
and potential immunogenicity. A fundamental question to be resolved 
is the optimal chondrogenic cell stage for repair: will this be the overtly 
differentiated chondrocyte or a chondroprogenitor cell? The potential 
for exogenous cells to stimulate endogenous cartilage repair responses 
must also be considered. Ongoing research to investigate these points 
will be essential for development of a reliable and effective hESC-based 
approach for clinical cartilage repair and treatment of osteoarthritis.

Acknowledgements

Supported by grant 11SCC01 from the State of Connecticut Stem Cell Program/
Department of Public Health. The contents in this work are solely the responsibility 
of the authors and do not necessarily represent the official views of the State of 
Connecticut. Dr. Dealy is a principal in Chondrogenics, Inc. Chondrogenics has an 
interest in the outcome of this research. 

References

1.	 Buckwalter JA, Mankin HJ, Grodzinsky AJ (2005) Articular cartilage and 
osteoarthritis. Instr Course Lect 54: 465-480.

2.	 Busija L, Bridgett L, Williams SR, Osborne RH, Buchbinder R, et al. (2010) 
Osteoarthritis. Best Pract Res Clin Rheumatol 24: 757-768.

3.	 Lotz MK, Kraus VB (2010) New developments in osteoarthritis. Posttraumatic 
osteoarthritis: pathogenesis and pharmacological treatment options. Arthritis 
Res Ther 12: 211.

4.	 Sun HB (2010) Mechanical loading, cartilage degradation, and arthritis. Ann N 
Y Acad Sci 1211: 37-50.

5.	 Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, et al. (2008) 
Estimates of the prevalence of arthritis and other rheumatic conditions in the 
United States. Part II. Arthritis Rheum 58: 26-35.

6.	 Shane AA, Loeser RF (2010) Why is osteoarthritis an age-related disease? 
Best Pract Res Clin Rheumatol 24: 15-26.

7.	 Holt HL, Katz JN, Reichmann WM, Gerlovin H, Wright EA, et al. (2011) 
Forecasting the burden of advanced knee osteoarthritis over a 10-year period 
in a cohort of 60-64 year-old US adults. Osteoarthritis Cartilage 19: 44-50.

8.	 Sridhar MS, Jarrett CD, Xerogeanes JW, Labib SA (2012) Obesity and 
symptomatic osteoarthritis of the knee. J Bone Joint Surg Br 94: 433-440.

9.	 Brunner AM, Henn CM, Drewniak EI, Lesieur-Brooks A, Machan J, et al. 
(2012) High dietary fat and the development of osteoarthritis in a rabbit model. 
Osteoarthritis Cartilage.

10.	Griffin TM, Huebner JL, Kraus VB, Yan Z, Guilak F (2012) Induction of 
osteoarthritis and metabolic inflammation by a very high-fat diet in mice: effects 
of short-term exercise. Arthritis Rheum 64: 443-453.

11.	Chlebowski RT, Johnson KC, Lane D, Pettinger M, Kooperberg CL, et al. (2011) 
25-hydroxyvitamin D concentration, vitamin D intake and joint symptoms in 
postmenopausal women. Maturitas 68: 73-78.

12.	Buckwalter JA, Lappin DR (2000) The disproportionate impact of chronic 
arthralgia and arthritis among women. Clin Orthop Relat Res: 159-168.

13.	Hawker GA, Wright JG, Coyte PC, Williams JI, Harvey B, et al. (2000) 
Differences between men and women in the rate of use of hip and knee 
arthroplasty. N Engl J Med 342: 1016-1022.

14.	Jordan JM, Helmick CG, Renner JB, Luta G, Dragomir AD, et al. (2007) 
Prevalence of knee symptoms and radiographic and symptomatic knee 
osteoarthritis in African Americans and Caucasions: the Johnston County 
Osteoarthritis project. J Rheumatol 34: 172-180. 

15.	Odutola J, Ward MM (2005) Ethnic and socioeconomic disparities in health 
among patients with rheumatic disease. Curr Opin Rheumatol 17: 147-152.

16.	Wluka AE, Ding C, Jones G, Cicuttini FM (2005) The clinical correlates of 
articular cartilage defects in symptomatic knee osteoarthritis: a prospective 
study. Rheumatology (Oxford) 44: 1311-1316.

17.	Easley ME, Scranton PE Jr (2003) Osteochondral autologous transfer system. 
Foot Ankle Clin 8: 275-290.

18.	Trimborn M, Endres M, Bommer C, Janke U, Krüger JP, et al. (2012) Karyotyping 
of human chondrocytes in scaffold-assisted cartilage tissue engineering. Acta 
Biomater 8: 1519-1529.

19.	Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, et al. (1994) 
Treatment of deep cartilage defects in the knee with autologous chondrocyte 
transplantation. N Engl J Med 331: 889-895.

20.	Zaslav K, Cole B, Brewster R, DeBerardino T, Farr J, et al. (2009) A prospective 
study of autologous chondrocyte implantation in patients with failed prior 
treatment for articular cartilage defect of the knee: results of the Study of the 
Treatment of Articular Repair (STAR) clinical trial. Am J Sports Med 37: 42-55.

21.	Knutsen G, Engebretsen L, Ludvigsen TC, Drogset JO, Grontvedt T, et al. 
(2004) Autologous chondrocyte implantation compared with microfracture in 
the knee: a randomized trial. J Bone Joint Surgery Am 86: 455-464. 

22.	Vasiliadis HS, Wasiak J (2010) Autologous chondrocyte implantation for full 
thickness articular cartilage defects of the knee. Cochrane Database Syst Rev 
10: CD003323. 

23.	Benthien JP, Schwaninger M, Behrens P (2011) We do not have evidence 
based methods for the treatment of cartilage defects in the knee. Knee Surg 
Sports Traumatol Arthrosc 19: 543-552.

24.	Basad E, Ishaque B, Bachmann G, Stürz H, Steinmeyer J (2010) Matrix-
induced autologous chondrocyte implantation versus microfracture in the 
treatment of cartilage defects of the knee: a 2-year randomised study. Knee 
Surg Sports Traumatol Arthrosc 18: 519-527.

http://www.ncbi.nlm.nih.gov/pubmed/15952258
http://www.ncbi.nlm.nih.gov/pubmed/15952258
http://www.ncbi.nlm.nih.gov/pubmed/21665124
http://www.ncbi.nlm.nih.gov/pubmed/21665124
http://www.ncbi.nlm.nih.gov/pubmed/20602810
http://www.ncbi.nlm.nih.gov/pubmed/20602810
http://www.ncbi.nlm.nih.gov/pubmed/20602810
http://www.ncbi.nlm.nih.gov/pubmed/21062294
http://www.ncbi.nlm.nih.gov/pubmed/21062294
http://www.ncbi.nlm.nih.gov/pubmed/18163497
http://www.ncbi.nlm.nih.gov/pubmed/18163497
http://www.ncbi.nlm.nih.gov/pubmed/18163497
http://www.ncbi.nlm.nih.gov/pubmed/20129196
http://www.ncbi.nlm.nih.gov/pubmed/20129196
http://www.ncbi.nlm.nih.gov/pubmed/20955807
http://www.ncbi.nlm.nih.gov/pubmed/20955807
http://www.ncbi.nlm.nih.gov/pubmed/20955807
http://www.ncbi.nlm.nih.gov/pubmed/22434455
http://www.ncbi.nlm.nih.gov/pubmed/22434455
http://www.ncbi.nlm.nih.gov/pubmed/22353745
http://www.ncbi.nlm.nih.gov/pubmed/22353745
http://www.ncbi.nlm.nih.gov/pubmed/22353745
http://www.ncbi.nlm.nih.gov/pubmed/21953366
http://www.ncbi.nlm.nih.gov/pubmed/21953366
http://www.ncbi.nlm.nih.gov/pubmed/21953366
http://www.ncbi.nlm.nih.gov/pubmed/21093181
http://www.ncbi.nlm.nih.gov/pubmed/21093181
http://www.ncbi.nlm.nih.gov/pubmed/21093181
http://www.ncbi.nlm.nih.gov/pubmed/10738425
http://www.ncbi.nlm.nih.gov/pubmed/10738425
http://www.ncbi.nlm.nih.gov/pubmed/10749964
http://www.ncbi.nlm.nih.gov/pubmed/10749964
http://www.ncbi.nlm.nih.gov/pubmed/10749964
http://www.ncbi.nlm.nih.gov/pubmed/17216685
http://www.ncbi.nlm.nih.gov/pubmed/17216685
http://www.ncbi.nlm.nih.gov/pubmed/17216685
http://www.ncbi.nlm.nih.gov/pubmed/17216685
http://www.ncbi.nlm.nih.gov/pubmed/15711226
http://www.ncbi.nlm.nih.gov/pubmed/15711226
http://www.ncbi.nlm.nih.gov/pubmed/16030084
http://www.ncbi.nlm.nih.gov/pubmed/16030084
http://www.ncbi.nlm.nih.gov/pubmed/16030084
http://www.ncbi.nlm.nih.gov/pubmed/12911241
http://www.ncbi.nlm.nih.gov/pubmed/12911241
http://www.ncbi.nlm.nih.gov/pubmed/22214539
http://www.ncbi.nlm.nih.gov/pubmed/22214539
http://www.ncbi.nlm.nih.gov/pubmed/22214539
http://www.ncbi.nlm.nih.gov/pubmed/8078550
http://www.ncbi.nlm.nih.gov/pubmed/8078550
http://www.ncbi.nlm.nih.gov/pubmed/8078550
http://www.ncbi.nlm.nih.gov/pubmed/18927254
http://www.ncbi.nlm.nih.gov/pubmed/18927254
http://www.ncbi.nlm.nih.gov/pubmed/18927254
http://www.ncbi.nlm.nih.gov/pubmed/18927254
http://www.ncbi.nlm.nih.gov/pubmed/14996869
http://www.ncbi.nlm.nih.gov/pubmed/14996869
http://www.ncbi.nlm.nih.gov/pubmed/14996869
http://www.ncbi.nlm.nih.gov/pubmed/20927732
http://www.ncbi.nlm.nih.gov/pubmed/20927732
http://www.ncbi.nlm.nih.gov/pubmed/20927732
http://www.ncbi.nlm.nih.gov/pubmed/21085933
http://www.ncbi.nlm.nih.gov/pubmed/21085933
http://www.ncbi.nlm.nih.gov/pubmed/21085933
http://www.ncbi.nlm.nih.gov/pubmed/20062969
http://www.ncbi.nlm.nih.gov/pubmed/20062969
http://www.ncbi.nlm.nih.gov/pubmed/20062969
http://www.ncbi.nlm.nih.gov/pubmed/20062969


Citation: Fisher MC, Ferrari D, Li Y, Shepard JB, Patterson SE, et al. (2012) The Potential of Human Embryonic Stem Cells for Articular Cartilage 
Repair and Osteoarthritis Treatment. Rheumatol Curr Res S3:004. doi:10.4172/2161-1149.S3-004

Page 7 of 10

Rheumatol Curr Res	 	     	             					      	 ISSN: 2161-1149 Rheumatology, an open access journal
Chondrogenic Progenitor Cell
Responses to Cartilage Injury

25.	Filardo G, Kon E, Di Martino A, Iancono F, Maracci M (2011) Arthroscopic 
second-generation autologous chondrocyte implantation: A prospective 7-year 
follow-up study. Am J Sports Med 39: 2153-2160. 

26.	Dhollander AA, Verdonk PC, Lambrecht S, Verdonk R, Elewaut D, et al. (2011) 
Short-term outcome of the second generation characterized chondrocyte 
implantation for the treatment of cartilage lesions in the knee. Knee Surg Sports 
Traumatol Arthrosc.

27.	Giannoni P, Pagano A, Maggi E, Arbicò R, Randazzo N, et al. (2005) Autologous 
chondrocyte implantation (ACI) for aged patients: development of the proper 
cell expansion conditions for possible therapeutic applications. Osteoarthritis 
Cartilage 13: 589-600.

28.	Martin JA, Buckwalter JA (2003) The role of chondrocyte senescence in the 
pathogenesis of osteoarthritis and in limiting cartilage repair. J Bone Joint Surg 
Am 85: 106-110.

29.	Aigner T, Söder S, Gebhard PM, McAlinden A, Haag J (2007) Mechanisms of 
disease: role of chondrocytes in the pathogenesis of osteoarthritis--structure, 
chaos and senescence. Nat Clin Pract Rheumatol 3: 391-399.

30.	Loeser RF (2011) Aging and osteoarthritis. Curr Opin Rheumatol 23: 492-496.

31.	Caramés B, Taniguchi N, Otsuki S, Blanco FJ, Lotz M (2010) Autophagy is a 
protective mechanism in normal cartilage, and its aging-related loss is linked 
with cell death and osteoarthritis. Arthritis Rheum 62: 791-801.

32.	Khan WS, Johnson DS, Hardingham TE (2010) The potential of stem cells in 
the treatment of knee cartilage defects. Knee 17: 369-374.

33.	Nöth U, Steinert AF, Tuan RS (2008) Technology insight: adult mesenchymal 
stem cells for osteoarthritis therapy. Nat Clin Pract Rheumatol 4: 371-380.

34.	Nelson L, Fairclough J, Archer CW (2010) Use of stem cells in the biological 
repair of articular cartilage. Expert Opin Biol Ther 10: 43-55.

35.	Estes BT, Diekman BO, Gimble JM, Guilak F (2010) Isolation of adipose 
derived stem cells and their induction to a chondrogenic phenotype. Nature 
Protocols 5: 1294-1311. 

36.	Hildner F, Albrecht C, Gabriel C, Redl H, van Griensven M (2011) State of 
the art and future perspectives of articular cartilage regeneration: a focus on 
adipose-derived stem cells and platelet-derived products. J Tissue Eng Regen 
Med 5: e36-e51. 

37.	Shea CM, Edgar CM, Einhorn TA, Gerstenfeld LC (2003) BMP treatment 
of C3H10T1/2 mesenchymal stem cells induces both chondrogenesis and 
osteogenesis. J Cell Biochem 90: 1112-1127.

38.	Longobardi L, O’Rear L, Aakula S, Johnstone B, Shimer K, et al. (2006) Effect 
of IGF-I in the chondrogenesis of bone marrow mesenchymal stem cells in the 
presence or absence of TGF-beta signaling. J Bone Miner Res 21: 626-636.

39.	Solchaga LA, Penick K, Porter JD, Goldberg VM, Caplan AI, et al. (2005) 
FGF-2 enhances the mitotic and chondrogenic potentials of human adult bone 
marrow- derived mesenchymal stem cells. J Cell Physiol 203: 398-409. 

40.	Vinatier C, Bouffi C, Merceron C, Gordeladze J, Brondello JM, et al. (2009) 
Cartilage tissue engineering: towards a biomaterial-assisted mesenchymal 
stem cell therapy. Curr Stem Cell Res Ther 4: 318-329.

41.	Re’em T, Kaminer-Israeli Y, Ruvinov E, Cohen S (2012) Chondrogenesis of 
hMSC in affinity-bound TGF-beta scaffolds. Biomaterials 33: 751-761.

42.	English K, Mahon BP (2011) Allogeneic mesenchymal stem cells: agents of 
immune modulation. J Cell Biochem 112: 1963-1968.

43.	Fehrer C, Lepperdinger G (2005) Mesenchymal stem cell aging. Exp Gerontol 
40: 926-930.

44.	Payne KA, Didiano DM, Chu CR (2010) Donor sex and age influence the 
chondrogenic potential of human femoral bone marrow stem cells. Osteoarthritis 
Cartilage 18: 705-713.

45.	Jones EA, Kinsey SE, English A, Jones RA, Straszynski L, et al. (2002) Isolation 
and characterization of bone marrow multipotential mesenchymal progenitor 
cells. Arthritis Rheum 46: 3349-3360.

46.	Jiang T, Liu W, Lv X, Sun H, Zhang L, et al. (2010) Potent in vitro chondrogenesis 
of CD105 enriched human adipose-derived stem cells. Biomaterials 31: 3564-
3571.

47.	Grisendi G, Annerén C, Cafarelli L, Sternieri R, Veronesi E, et al. (2010) GMP-
manufactured density gradient media for optimized mesenchymal stromal/stem 
cell isolation and expansion. Cytotherapy 12: 466-477.

48.	Pountos I, Corscadden D, Emery P, Giannoudis PV (2007) Mesenchymal stem 
cell tissue engineering: techniques for isolation, expansion and application. 
Injury 38: S23-S33.

49.	Chen HH, Decot V, Ouyang JP, Stoltz JF, Bensoussan D, et al. (2009) In 
vitro initial expansion of mesenchymal stem cells is influenced by the culture 
parameters used in the isolation process. Biomed Mater Eng 19: 301-309.

50.	De Bari C, Dell’Accio F, Luyten FP (2004) Failure of in vitro-differentiated 
mesenchymal stem cells from the synovial membrane to form ectopic stable 
cartilage in vivo. Arthritis Rheum 50: 142-150.

51.	LaPrade RF, Bursch LS, Olson EJ, Havlas V, Carlson CS (2008) Histologic and 
immunohistochemical characteristics of failed articular cartilage resurfacing 
procedures for osteochondritis of the knee: a case series. Am J Sports Med 
36: 360-368.

52.	Mithoefer K, McAdams T, Williams RJ, Kreuz PC, Mandelbaum BR (2009) 
Clinical efficacy of the microfracture technique for articular cartilage repair in 
the knee: an evidence-based systematic analysis. Am J Sports Med 37: 2053-
2063.

53.	Von Keudell A, Atzwanger J, Forstner R, Resch H, Hoffelner T, et al. (2011) 
Radiological evaluation of cartilage after microfracture treatment: A long-term 
follow-up study. Eur J Radiol.

54.	Matsumoto T, Okabe T, Ikawa T, Iida T, Yasuda H, et al. (2010) Articular 
cartilage repair with autologous bone marrow mesenchymal cells. J Cell 
Physiol 225: 291-295.

55.	Heng BC, Cao T, Lee EH (2004) Directing stem cell differentiation into the 
chondrogenic lineage in vitro. Stem Cells 22: 1152-1167.

56.	Hoben GM, Willard VP, Athanasiou KA (2009) Fibrochondrogenesis of hESCs: 
growth factor combinations and cocultures. Stem Cells Dev 18: 283-292.

57.	Hwang NS, Varghese S, Lee HJ, Zhang Z, Ye Z, et al. (2008) In vivo 
commitment and functional tissue regeneration using human embryonic stem 
cell-derived mesenchymal cells. Proc Natl Acad Sci U S A 105: 20641-20646.

58.	Toh WS, Guo XM, Choo AB, Lu K, Lee EH, et al. (2009) Differentiation and 
enrichment of expandable chondrogenic cells from human embryonic stem 
cells in vitro. J Cell Mol Med 13: 3570-3590.

59.	Harkness L, Taipaleenmaki H, Mahmood A, Frandsen U, Saamanen AM, et al. 
(2009) Isolation and differentiation of chondrocytic cells derived from human 
embryonic stem cells using dlk1/FA1 as a novel surface marker. Stem Cell 
Rev 5: 353-368.

60.	Oldershaw RA, Baxter MA, Lowe ET, Bates N, Grady LM, et al. (2010) Directed 
differentiation of human embryonic stem cells toward chondrocytes. Nat 
Biotechnol 28: 1187-1194.

61.	Karlsson C, Emanuelsson K, Wessberg F, Kajic K, Axell MZ, et al. (2009) 
Human embryonic stem cell-derived mesenchymal progenitors-Potential in 
regenerative medicine. Stem Cell Res.

62.	Hwang NS, Varghese S, Lee HJ, Zhang Z, Ye Z, et al. (2008) In vivo 
commitment and functional tissue regeneration using human embryonic stem 
cell-derived mesenchymal cells. Proc Natl Acad Sci U S A 105: 20641-20646.

63.	Mahmood A, Harkness L, Schrøder HD, Abdallah BM, Kassem M (2010) 
Enhanced differentiation of human embryonic stem cells to mesenchymal 
progenitors by inhibition of TGF-beta/activin/nodal signaling using SB-431542. 
J Bone Miner Res 25: 1216-1233.

64.	Cohen S, Leshansky L, Zussman E, Burman M, Srouji S, et al. (2010) Repair 
of full-thickness tendon injury using connective tissue progenitors efficiently 
derived from human embryonic stem cells and fetal tissues. Tissue Eng Part 
A 16: 3119-3137.

65.	Lee EJ, Lee HN, Kang HJ, Kim KH, Hur J, et al. (2010) Novel embryoid body-
based method to derive mesenchymal stem cells from human embryonic stem 
cells. Tissue Eng Part A 16: 705-715.

66.	Lian Q, Lye E, Suan Yeo K, Khia Way Tan E, Salto-Tellez M, et al. (2007) 
Derivation of clinically compliant MSCs from CD105+, CD24- differentiated 
human ESCs. Stem Cells 25: 425-436.

67.	Kopher RA, Penchev VR, Islam MS, Hill KL, Khosla S, et al. (2010) Human 
embryonic stem cell-derived CD34+ cells function as MSC progenitor cells. 
Bone 47: 718-728.

68.	Arpornmaeklong P, Brown SE, Wang Z, Krebsbach PH (2009) Phenotypic 

http://www.ncbi.nlm.nih.gov/pubmed/21803978
http://www.ncbi.nlm.nih.gov/pubmed/21803978
http://www.ncbi.nlm.nih.gov/pubmed/21803978
http://www.ncbi.nlm.nih.gov/pubmed/22065295
http://www.ncbi.nlm.nih.gov/pubmed/22065295
http://www.ncbi.nlm.nih.gov/pubmed/22065295
http://www.ncbi.nlm.nih.gov/pubmed/22065295
http://www.ncbi.nlm.nih.gov/pubmed/15979011
http://www.ncbi.nlm.nih.gov/pubmed/15979011
http://www.ncbi.nlm.nih.gov/pubmed/15979011
http://www.ncbi.nlm.nih.gov/pubmed/15979011
http://www.ncbi.nlm.nih.gov/pubmed/12721352
http://www.ncbi.nlm.nih.gov/pubmed/12721352
http://www.ncbi.nlm.nih.gov/pubmed/12721352
http://www.ncbi.nlm.nih.gov/pubmed/17599073
http://www.ncbi.nlm.nih.gov/pubmed/17599073
http://www.ncbi.nlm.nih.gov/pubmed/17599073
http://www.ncbi.nlm.nih.gov/pubmed/21709557
http://www.ncbi.nlm.nih.gov/pubmed/20187128
http://www.ncbi.nlm.nih.gov/pubmed/20187128
http://www.ncbi.nlm.nih.gov/pubmed/20187128
http://www.ncbi.nlm.nih.gov/pubmed/20051319
http://www.ncbi.nlm.nih.gov/pubmed/20051319
http://www.ncbi.nlm.nih.gov/pubmed/18477997
http://www.ncbi.nlm.nih.gov/pubmed/18477997
http://www.ncbi.nlm.nih.gov/pubmed/20420516
http://www.ncbi.nlm.nih.gov/pubmed/20420516
http://www.ncbi.nlm.nih.gov/pubmed/20595958
http://www.ncbi.nlm.nih.gov/pubmed/20595958
http://www.ncbi.nlm.nih.gov/pubmed/20595958
http://www.ncbi.nlm.nih.gov/pubmed/21413156
http://www.ncbi.nlm.nih.gov/pubmed/21413156
http://www.ncbi.nlm.nih.gov/pubmed/21413156
http://www.ncbi.nlm.nih.gov/pubmed/21413156
http://www.ncbi.nlm.nih.gov/pubmed/14635186
http://www.ncbi.nlm.nih.gov/pubmed/14635186
http://www.ncbi.nlm.nih.gov/pubmed/14635186
http://www.ncbi.nlm.nih.gov/pubmed/16598383
http://www.ncbi.nlm.nih.gov/pubmed/16598383
http://www.ncbi.nlm.nih.gov/pubmed/16598383
http://www.ncbi.nlm.nih.gov/pubmed/15521064
http://www.ncbi.nlm.nih.gov/pubmed/15521064
http://www.ncbi.nlm.nih.gov/pubmed/15521064
http://www.ncbi.nlm.nih.gov/pubmed/19804369
http://www.ncbi.nlm.nih.gov/pubmed/19804369
http://www.ncbi.nlm.nih.gov/pubmed/19804369
http://www.ncbi.nlm.nih.gov/pubmed/22019120
http://www.ncbi.nlm.nih.gov/pubmed/22019120
http://www.ncbi.nlm.nih.gov/pubmed/21445861
http://www.ncbi.nlm.nih.gov/pubmed/21445861
http://www.ncbi.nlm.nih.gov/pubmed/16125890
http://www.ncbi.nlm.nih.gov/pubmed/16125890
http://www.ncbi.nlm.nih.gov/pubmed/20171308
http://www.ncbi.nlm.nih.gov/pubmed/20171308
http://www.ncbi.nlm.nih.gov/pubmed/20171308
http://www.ncbi.nlm.nih.gov/pubmed/12483742
http://www.ncbi.nlm.nih.gov/pubmed/12483742
http://www.ncbi.nlm.nih.gov/pubmed/12483742
http://www.ncbi.nlm.nih.gov/pubmed/20153525
http://www.ncbi.nlm.nih.gov/pubmed/20153525
http://www.ncbi.nlm.nih.gov/pubmed/20153525
http://www.ncbi.nlm.nih.gov/pubmed/20353309
http://www.ncbi.nlm.nih.gov/pubmed/20353309
http://www.ncbi.nlm.nih.gov/pubmed/20353309
http://www.ncbi.nlm.nih.gov/pubmed/18224734
http://www.ncbi.nlm.nih.gov/pubmed/18224734
http://www.ncbi.nlm.nih.gov/pubmed/18224734
http://www.ncbi.nlm.nih.gov/pubmed/20042797
http://www.ncbi.nlm.nih.gov/pubmed/20042797
http://www.ncbi.nlm.nih.gov/pubmed/20042797
http://www.ncbi.nlm.nih.gov/pubmed/14730610
http://www.ncbi.nlm.nih.gov/pubmed/14730610
http://www.ncbi.nlm.nih.gov/pubmed/14730610
http://www.ncbi.nlm.nih.gov/pubmed/18006675
http://www.ncbi.nlm.nih.gov/pubmed/18006675
http://www.ncbi.nlm.nih.gov/pubmed/18006675
http://www.ncbi.nlm.nih.gov/pubmed/18006675
http://www.ncbi.nlm.nih.gov/pubmed/19251676
http://www.ncbi.nlm.nih.gov/pubmed/19251676
http://www.ncbi.nlm.nih.gov/pubmed/19251676
http://www.ncbi.nlm.nih.gov/pubmed/19251676
http://www.ncbi.nlm.nih.gov/pubmed/21684098
http://www.ncbi.nlm.nih.gov/pubmed/21684098
http://www.ncbi.nlm.nih.gov/pubmed/21684098
http://www.ncbi.nlm.nih.gov/pubmed/20458744
http://www.ncbi.nlm.nih.gov/pubmed/20458744
http://www.ncbi.nlm.nih.gov/pubmed/20458744
http://www.ncbi.nlm.nih.gov/pubmed/15579636
http://www.ncbi.nlm.nih.gov/pubmed/15579636
http://www.ncbi.nlm.nih.gov/pubmed/18454697
http://www.ncbi.nlm.nih.gov/pubmed/18454697
http://www.ncbi.nlm.nih.gov/pubmed/19095799
http://www.ncbi.nlm.nih.gov/pubmed/19095799
http://www.ncbi.nlm.nih.gov/pubmed/19095799
http://www.ncbi.nlm.nih.gov/pubmed/19426158
http://www.ncbi.nlm.nih.gov/pubmed/19426158
http://www.ncbi.nlm.nih.gov/pubmed/19426158
http://www.ncbi.nlm.nih.gov/pubmed/20058200
http://www.ncbi.nlm.nih.gov/pubmed/20058200
http://www.ncbi.nlm.nih.gov/pubmed/20058200
http://www.ncbi.nlm.nih.gov/pubmed/20058200
http://www.ncbi.nlm.nih.gov/pubmed/20967028
http://www.ncbi.nlm.nih.gov/pubmed/20967028
http://www.ncbi.nlm.nih.gov/pubmed/20967028
http://www.ncbi.nlm.nih.gov/pubmed/19515621
http://www.ncbi.nlm.nih.gov/pubmed/19515621
http://www.ncbi.nlm.nih.gov/pubmed/19515621
http://www.ncbi.nlm.nih.gov/pubmed/19095799
http://www.ncbi.nlm.nih.gov/pubmed/19095799
http://www.ncbi.nlm.nih.gov/pubmed/19095799
http://www.ncbi.nlm.nih.gov/pubmed/20200949
http://www.ncbi.nlm.nih.gov/pubmed/20200949
http://www.ncbi.nlm.nih.gov/pubmed/20200949
http://www.ncbi.nlm.nih.gov/pubmed/20200949
http://www.ncbi.nlm.nih.gov/pubmed/20486794
http://www.ncbi.nlm.nih.gov/pubmed/20486794
http://www.ncbi.nlm.nih.gov/pubmed/20486794
http://www.ncbi.nlm.nih.gov/pubmed/20486794
http://www.ncbi.nlm.nih.gov/pubmed/19895342
http://www.ncbi.nlm.nih.gov/pubmed/19895342
http://www.ncbi.nlm.nih.gov/pubmed/19895342
http://www.ncbi.nlm.nih.gov/pubmed/17053208
http://www.ncbi.nlm.nih.gov/pubmed/17053208
http://www.ncbi.nlm.nih.gov/pubmed/17053208
http://www.ncbi.nlm.nih.gov/pubmed/20601304
http://www.ncbi.nlm.nih.gov/pubmed/20601304
http://www.ncbi.nlm.nih.gov/pubmed/20601304
http://www.ncbi.nlm.nih.gov/pubmed/19327009


Citation: Fisher MC, Ferrari D, Li Y, Shepard JB, Patterson SE, et al. (2012) The Potential of Human Embryonic Stem Cells for Articular Cartilage 
Repair and Osteoarthritis Treatment. Rheumatol Curr Res S3:004. doi:10.4172/2161-1149.S3-004

Page 8 of 10

Rheumatol Curr Res	 	     	             					      	 ISSN: 2161-1149 Rheumatology, an open access journal
Chondrogenic Progenitor Cell
Responses to Cartilage Injury

characterization, osteoblastic differentiation, and bone regeneration capacity 
of human embryonic stem cell-derived mesenchymal stem cells. Stem Cells 
Dev 18: 955-968.

69.	Stavropoulos ME, Mengarelli I, Barberi T (2009) Differentiation of multipotent 
mesenchymal precursors and skeletal myoblasts from human embryonic stem 
cells. Curr Protoc Stem Cell Biol Chapter 1: Unit 1F.

70.	Boyd NL, Robbins KR, Dhara SK, West FD, Stice SL (2009) Human embryonic 
stem cell-derived mesoderm-like epithelium transitions to mesenchymal 
progenitor cells. Tissue Eng Part A 15: 1897-1907.

71.	Barbet R, Peiffer I, Hatzfeld A, Charbord P, Hatzfeld JA (2011) Comparison 
of Gene Expression in Human Embryonic Stem Cells, hESC-Derived 
Mesenchymal Stem Cells and Human Mesenchymal Stem Cells. Stem Cells 
Int 2011: 368192.

72.	Nakagawa T, Lee SY, Reddi AH (2009) Induction of chondrogenesis from 
human embryonic stem cells without embryoid body formation by bone 
morphogenetic protein 7 and transforming growth factor beta1. Arthritis Rheum 
60: 3686-3692.

73.	Gay SW, Kosher RA (1984) Uniform cartilage differentiation in micromass 
cultures prepared from a relatively homogeneous population of chondrogenic 
progenitor cells of the chick limb bud: effect of prostaglandins. J Exp Zool 232: 
317-326.

74.	Zhang L, Su P, Xu C, Yang J, Yu W, et al. (2010) Chondrogenic differentiation 
of human mesenchymal stem cells: a comparison between micromass and 
pellet culture systems. Biotechnol Lett 32: 1339-1346.

75.	Gong G, Ferrari D, Dealy CN, Kosher RA (2010) Direct and progressive 
differentiation of human embryonic stem cells into the chondrogenic lineage. J 
Cell Physiol 224: 664-671.

76.	Wuelling M, Vortkamp A (2011) Chondrocyte proliferation and differentiation. 
Endocr Dev 21: 1-11.

77.	Mackie EJ, Tatarczuch L, Mirams M (2011) The skeleton: a multi-functional 
complex organ: the growth plate chondrocyte and endochondral ossification. J 
Endocrinol 211: 109-121.

78.	Dreier R (2010) Hypertrophic differentiation of chondrocytes in osteoarthritis: 
the developmental aspect of degenerative joint disorders. Arthritis Res Ther 
12: 216.

79.	van der KPM, van den BWB (2012) Chondrocyte hypertrophy and osteoarthritis: 
role in initiation and progression of cartilage degeneration? Osteoarthritis Cart 
20: 223-232. 

80.	Toh WS, Lee EH, Guo XM, Chan JK, Yeow CH, et al. (2010) Cartilage repair 
using hyaluronan hydrogel-encapsulated human embryonic stem cell-derived 
chondrogenic cells. Biomaterials 31: 6968-6980.

81.	Wakitani S, Aoki H, Harada Y, Sonobe M, Morita Y, et al. (2004) Embryonic 
stem cells form articular cartilage, not teratomas, in osteochondral defects of 
rat joints. Cell Transplant 13: 331-336.

82.	Maitra A, Arking DE, Shivapurkar N, Ikeda M, Stastny V, et al. (2005) Genomic 
alterations in cultured human embryonic stem cells. Nat Genet 37: 1099-1103.

83.	Arabadjiev B, Petkova R, Chakarov S, Momchilova A, Pankov R (2010) Do we 
need more human embryonic stem cell lines? Biotechnol Biotechnol Eq 24: 
1921-1927. 

84.	Cai J, Chen J, Liu Y, Miura T, Luo Y, et al. (2006) Assessing self-renewal and 
differentiation in human embryonic stem cell lines. Stem Cells 24: 516-530.

85.	Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et al. 
(1998) Embryonic stem cell lines derived from human blastocysts. Science 
282: 1145-1147.

86.	Lappalainen RS, Salomäki M, Ylä-Outinen L, Heikkilä TJ, Hyttinen JA, et 
al. (2010) Similarly derived and cultured hESC lines show variation in their 
developmental potential towards neuronal cells in long-term culture. Regen 
Med 5: 749-762.

87.	Stewart MH, Bendall SC, Levadoux-Martin M, Bhatia M (2010) Clonal tracking 
of hESCs reveals differential contribution to functional assays. Nat Methods 7: 
917-922.

88.	Melichar H, Li O, Ross J, Haber H, Cado D, et al. (2011) Comparative study of 
hematopoietic differentiation between human embryonic stem cell lines. PLoS 
One 6: e19854.

89.	Pekkanen-Mattila M, Kerkelä E, Tanskanen JM, Pietilä M, Pelto-Huikko 

M, et al. (2009) Substantial variation in the cardiac differentiation of human 
embryonic stem cell lines derived and propagated under the same conditions-
-a comparison of multiple cell lines. Ann Med 41: 360-370.

90.	Tavakoli T, Xu X, Derby E, Serebryakova Y, Reid Y, et al. (2009) Self-renewal 
and differentiation capabilities are variable between human embryonic stem 
cell lines I3, I6 and BG01V. BMC Cell Biol 10: 44.

91.	Laurent LC, Nievergelt CM, Lynch C, Fakunle E, Harness JV, et al. (2010) 
Restricted ethnic diversity in human embryonic stem cell lines. Nat Methods 
7: 6-7.

92.	Vemuri MC, Schimmel T, Colls P, Munne S, Cohen J (2007) Derivation of 
human embryonic stem cells in xeno-free conditions. Methods Mol Biol 407: 
1-10.

93.	Rajala K, Lindroos B, Hussein SM, Lappalainen RS, Pekkanen-Mattila M, et al. 
(2010) A defined and xeno-free culture method enabling the establishment of 
clinical-grade human embryonic, induced pluripotent and adipose stem cells. 
PLoS One 5: e10246.

94.	Xu C, Inokuma MS, Denham J, Golds K, Kundu P, et al. (2001) Feeder-free 
growth of undifferentiated human embryonic stem cells. Nat Biotechnol 19: 
971-974.

95.	Hakala H, Rajala K, Ojala M, Panula S, Areva S, et al. (2009) Comparison 
of biomaterials and extracellular matrices as a culture platform for multiple, 
independently derived human embryonic stem cell lines. Tissue Eng Part A 
15: 1775-1785.

96.	Bergström R, Ström S, Holm F, Feki A, Hovatta O (2011) Xeno-free culture of 
human pluripotent stem cells. Methods Mol Biol 767: 125-136.

97.	Englund MC, Caisander G, Noaksson K, Emanuelsson K, Lundin K, et al. 
(2010) The establishment of 20 different human embryonic stem cell lines and 
subclones; a report on derivation, culture, characterisation and banking. In Vitro 
Cell Dev Biol Anim 46: 217-230.

98.	Gong G, Roach ML, Jiang L, Yang X, Tian XC (2010) Culture conditions and 
enzymatic passaging of bovine ESC-like cells. Cell Reprogram 12: 151-160.

99.	Bergstrom R, Strom S, Holm F, Feki A, Hovatta O (2011) Xeno-free culture of 
human pluripotent stem cells. In Human Pluripotent Stem Cells: Methods and 
Protocols. Methods Molec Bio 767: 125-136. 

100.	Kubo S, Cooper GM, Matsumoto T, Phillippi JA, Corsi KA, et al. (2009) 
Blocking vascular endothelial growth factor with soluble Flt-1 improves the 
chondrogenic potential of mouse skeletal muscle-derived stem cells. Arthritis 
Rheum 60: 155-165.

101.	Moskalewski S, Hyc A, Osiecka-Iwan A (2002) Immune response by host after 
allogeneic chondrocyte transplant to the cartilage. Microsc Res Tech 58: 3-13.

102.	Sato M, Uchida K, Nakajima H, Miyazaki T, Rodriguez GA, et al. (2012) Direct 
transplantation of mesenchymal stem cells into the knee joints of Hartley 
Strain guinea pig with spontaneous osteoarthritis. Arthritis Res Ther 14: R31.

103.	Han KH, Ro H, Hong JH, Lee EM, Cho B, et al. (2011) Immunosuppressive 
mechanisms of embryonic stem cells and mesenchymal stem cells in 
alloimmune response. Transpl Immunol 25: 7-15.

104.	Drukker M, Benvenisty N (2004) The immunogenicity of human embryonic 
stem-derived cells. Trends Biotechnol 22: 136-141.

105.	Li L, Baroja ML, Majumdar A, Chadwick K, Rouleau A, et al. (2004) Human 
embryonic stem cells possess immune-privileged properties. Stem Cells 22: 
448-456.

106.	Robertson NJ, Brook FA, Gardner RL, Cobbold SP, Waldmann H, et al. (2007) 
Embryonic stem cell-derived tissues are immunogenic but their inherent 
immune privilege promotes the induction of tolerance. Proc Natl Acad Sci U S 
A 104: 20920-20925.

107.	Jobanputra P, Corrigall V, Kingsley G, Panayi G (1992) Cellular responses 
to human chondrocytes: absence of allogeneic responses in the presence of 
HLA-DR and ICAM-1. Clin Exp Immunol 90: 336-344.

108.	Swijnenburg RJ, Tanaka M, Vogel H, Baker J, Kofidis T, et al. (2005) Embryonic 
stem cell immunogenicity increases upon differentiation after transplantation 
into ischemic myocardium. Circulation 112: I166-I172.

109.	Lui KO, Waldmann H, Fairchild PJ (2009) Embryonic stem cells: overcoming 
the immunological barriers to cell replacement therapy. Curr Stem Cell Res 
Ther 4: 70-80.

110.	Taylor CJ, Bolton EM, Pocock S, Sharples LD, Pedersen RA, et al. (2005) 

http://www.ncbi.nlm.nih.gov/pubmed/19327009
http://www.ncbi.nlm.nih.gov/pubmed/19327009
http://www.ncbi.nlm.nih.gov/pubmed/19327009
http://www.ncbi.nlm.nih.gov/pubmed/19536758
http://www.ncbi.nlm.nih.gov/pubmed/19536758
http://www.ncbi.nlm.nih.gov/pubmed/19536758
http://www.ncbi.nlm.nih.gov/pubmed/19196144
http://www.ncbi.nlm.nih.gov/pubmed/19196144
http://www.ncbi.nlm.nih.gov/pubmed/19196144
http://www.ncbi.nlm.nih.gov/pubmed/21941565
http://www.ncbi.nlm.nih.gov/pubmed/21941565
http://www.ncbi.nlm.nih.gov/pubmed/21941565
http://www.ncbi.nlm.nih.gov/pubmed/21941565
http://www.ncbi.nlm.nih.gov/pubmed/19950276
http://www.ncbi.nlm.nih.gov/pubmed/19950276
http://www.ncbi.nlm.nih.gov/pubmed/19950276
http://www.ncbi.nlm.nih.gov/pubmed/19950276
http://www.ncbi.nlm.nih.gov/pubmed/6599843
http://www.ncbi.nlm.nih.gov/pubmed/6599843
http://www.ncbi.nlm.nih.gov/pubmed/6599843
http://www.ncbi.nlm.nih.gov/pubmed/6599843
http://www.ncbi.nlm.nih.gov/pubmed/20464452
http://www.ncbi.nlm.nih.gov/pubmed/20464452
http://www.ncbi.nlm.nih.gov/pubmed/20464452
http://www.ncbi.nlm.nih.gov/pubmed/20432462
http://www.ncbi.nlm.nih.gov/pubmed/20432462
http://www.ncbi.nlm.nih.gov/pubmed/20432462
http://www.ncbi.nlm.nih.gov/pubmed/21865749
http://www.ncbi.nlm.nih.gov/pubmed/21865749
http://www.ncbi.nlm.nih.gov/pubmed/21642379
http://www.ncbi.nlm.nih.gov/pubmed/21642379
http://www.ncbi.nlm.nih.gov/pubmed/21642379
http://www.ncbi.nlm.nih.gov/pubmed/20959023
http://www.ncbi.nlm.nih.gov/pubmed/20959023
http://www.ncbi.nlm.nih.gov/pubmed/20959023
http://www.ncbi.nlm.nih.gov/pubmed/22178514
http://www.ncbi.nlm.nih.gov/pubmed/22178514
http://www.ncbi.nlm.nih.gov/pubmed/22178514
http://www.ncbi.nlm.nih.gov/pubmed/20619789
http://www.ncbi.nlm.nih.gov/pubmed/20619789
http://www.ncbi.nlm.nih.gov/pubmed/20619789
http://www.ncbi.nlm.nih.gov/pubmed/15468674
http://www.ncbi.nlm.nih.gov/pubmed/15468674
http://www.ncbi.nlm.nih.gov/pubmed/15468674
http://www.ncbi.nlm.nih.gov/pubmed/16142235
http://www.ncbi.nlm.nih.gov/pubmed/16142235
http://versita.metapress.com/content/98253100kuk7417j/
http://versita.metapress.com/content/98253100kuk7417j/
http://versita.metapress.com/content/98253100kuk7417j/
http://www.ncbi.nlm.nih.gov/pubmed/16293578
http://www.ncbi.nlm.nih.gov/pubmed/16293578
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://www.ncbi.nlm.nih.gov/pubmed/20868330
http://www.ncbi.nlm.nih.gov/pubmed/20868330
http://www.ncbi.nlm.nih.gov/pubmed/20868330
http://www.ncbi.nlm.nih.gov/pubmed/20868330
http://www.ncbi.nlm.nih.gov/pubmed/20953174
http://www.ncbi.nlm.nih.gov/pubmed/20953174
http://www.ncbi.nlm.nih.gov/pubmed/20953174
http://www.ncbi.nlm.nih.gov/pubmed/21603627
http://www.ncbi.nlm.nih.gov/pubmed/21603627
http://www.ncbi.nlm.nih.gov/pubmed/21603627
http://www.ncbi.nlm.nih.gov/pubmed/19165643
http://www.ncbi.nlm.nih.gov/pubmed/19165643
http://www.ncbi.nlm.nih.gov/pubmed/19165643
http://www.ncbi.nlm.nih.gov/pubmed/19165643
http://www.ncbi.nlm.nih.gov/pubmed/19500347
http://www.ncbi.nlm.nih.gov/pubmed/19500347
http://www.ncbi.nlm.nih.gov/pubmed/19500347
http://www.ncbi.nlm.nih.gov/pubmed/20038950
http://www.ncbi.nlm.nih.gov/pubmed/20038950
http://www.ncbi.nlm.nih.gov/pubmed/20038950
http://www.ncbi.nlm.nih.gov/pubmed/18453244
http://www.ncbi.nlm.nih.gov/pubmed/18453244
http://www.ncbi.nlm.nih.gov/pubmed/18453244
http://www.ncbi.nlm.nih.gov/pubmed/20419109
http://www.ncbi.nlm.nih.gov/pubmed/20419109
http://www.ncbi.nlm.nih.gov/pubmed/20419109
http://www.ncbi.nlm.nih.gov/pubmed/20419109
http://www.ncbi.nlm.nih.gov/pubmed/11581665
http://www.ncbi.nlm.nih.gov/pubmed/11581665
http://www.ncbi.nlm.nih.gov/pubmed/11581665
http://www.ncbi.nlm.nih.gov/pubmed/19132919
http://www.ncbi.nlm.nih.gov/pubmed/19132919
http://www.ncbi.nlm.nih.gov/pubmed/19132919
http://www.ncbi.nlm.nih.gov/pubmed/19132919
http://www.ncbi.nlm.nih.gov/pubmed/21822871
http://www.ncbi.nlm.nih.gov/pubmed/21822871
http://www.ncbi.nlm.nih.gov/pubmed/20177996
http://www.ncbi.nlm.nih.gov/pubmed/20177996
http://www.ncbi.nlm.nih.gov/pubmed/20177996
http://www.ncbi.nlm.nih.gov/pubmed/20177996
http://www.ncbi.nlm.nih.gov/pubmed/20677930
http://www.ncbi.nlm.nih.gov/pubmed/20677930
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-61779-201-4_9/
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-61779-201-4_9/
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-61779-201-4_9/
http://www.ncbi.nlm.nih.gov/pubmed/19116905
http://www.ncbi.nlm.nih.gov/pubmed/19116905
http://www.ncbi.nlm.nih.gov/pubmed/19116905
http://www.ncbi.nlm.nih.gov/pubmed/19116905
http://www.ncbi.nlm.nih.gov/pubmed/12112416
http://www.ncbi.nlm.nih.gov/pubmed/12112416
http://www.ncbi.nlm.nih.gov/pubmed/22314040
http://www.ncbi.nlm.nih.gov/pubmed/22314040
http://www.ncbi.nlm.nih.gov/pubmed/22314040
http://www.ncbi.nlm.nih.gov/pubmed/21635949
http://www.ncbi.nlm.nih.gov/pubmed/21635949
http://www.ncbi.nlm.nih.gov/pubmed/21635949
http://www.ncbi.nlm.nih.gov/pubmed/15036864
http://www.ncbi.nlm.nih.gov/pubmed/15036864
http://www.ncbi.nlm.nih.gov/pubmed/15277692
http://www.ncbi.nlm.nih.gov/pubmed/15277692
http://www.ncbi.nlm.nih.gov/pubmed/15277692
http://www.ncbi.nlm.nih.gov/pubmed/18093946
http://www.ncbi.nlm.nih.gov/pubmed/18093946
http://www.ncbi.nlm.nih.gov/pubmed/18093946
http://www.ncbi.nlm.nih.gov/pubmed/18093946
http://www.ncbi.nlm.nih.gov/pubmed/1358492
http://www.ncbi.nlm.nih.gov/pubmed/1358492
http://www.ncbi.nlm.nih.gov/pubmed/1358492
http://www.ncbi.nlm.nih.gov/pubmed/16159810
http://www.ncbi.nlm.nih.gov/pubmed/16159810
http://www.ncbi.nlm.nih.gov/pubmed/16159810
http://www.ncbi.nlm.nih.gov/pubmed/19149632
http://www.ncbi.nlm.nih.gov/pubmed/19149632
http://www.ncbi.nlm.nih.gov/pubmed/19149632
http://www.ncbi.nlm.nih.gov/pubmed/16338451


Citation: Fisher MC, Ferrari D, Li Y, Shepard JB, Patterson SE, et al. (2012) The Potential of Human Embryonic Stem Cells for Articular Cartilage 
Repair and Osteoarthritis Treatment. Rheumatol Curr Res S3:004. doi:10.4172/2161-1149.S3-004

Page 9 of 10

Rheumatol Curr Res	 	     	             					      	 ISSN: 2161-1149 Rheumatology, an open access journal
Chondrogenic Progenitor Cell
Responses to Cartilage Injury

Banking on human embryonic stem cells: estimating the number of donor cell 
lines needed for HLA matching. Lancet 366: 2019-2025.

111.	Nakajima F, Tokunaga K, Nakatsuji N (2007) Human leukocyte antigen 
matching estimations in a hypothetical bank of human embryonic stem cell 
lines in the Japanese population for use in cell transplantation therapy. Stem 
Cells 25: 983-985.

112.	Lin G, Xie Y, Ouyang Q, Qian X, Xie P, et al. (2009) HLA-matching potential 
of an established human embryonic stem cell bank in China. Cell Stem Cell 
5: 461-465.

113.	Amabile G, Meissner A (2009) Induced pluripotent stem cells: current progress 
and potential for regenerative medicine. Trends Mol Med 15: 59-68.

114.	Wu SM, Hochedlinger K (2011) Harnessing the potential of induced pluripotent 
stem cells for regenerative medicine. Nat Cell Biol 13: 497-505.

115.	Jung Y, Bauer G, Nolta JA (2012) Concise review: Induced pluripotent stem 
cell-derived mesenchymal stem cells: progress toward safe clinical products. 
Stem Cells 30: 42-47.

116.	Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, et al. 
(2007) Induced pluripotent stem cell lines derived from human somatic cells. 
Science 318: 1917-1920.

117.	Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126: 
663-676.

118.	Martins-Taylor K, Xu RH (2012) Concise review: Genomic stability of human 
induced pluripotent stem cells. Stem Cells 30: 22-27.

119.	Seifinejad A, Tabebordbar M, Baharvand H, Boyer LA, Salekdeh GH (2010) 
Progress and promise towards safe induced pluripotent stem cells for therapy. 
Stem Cell Rev 6: 297-306.

120.	Lin G, Xu RH (2010) Progresses and challenges in optimization of human 
pluripotent stem cell culture. Curr Stem Cell Res Ther 5: 207-214.

121.	Bilousova G, Jun du H, King KB, De Langhe S, Chick WS, et al. (2011) 
Osteoblasts derived from induced pluripotent stem cells form calcified 
structures in scaffolds both in vitro and in vivo. Stem Cells 29: 206-216.

122.	Teramura T, Onodera Y, Mihara T, Hosoi Y, Hamanishi C, et al. (2010) 
Induction of mesenchymal progenitor cells with chondrogenic property from 
mouse-induced pluripotent stem cells. Cell Reprogram 12: 249-261.

123.	Lian Q, Zhang Y, Zhang J, Zhang HK, Wu X, et al. (2010) Functional 
mesenchymal stem cells derived from human induced pluripotent stem cells 
attenuate limb ischemia in mice. Circulation 121: 1113-1123.

124.	Medvedev SP, Grigor’eva EV, Shevchenko AI, Malakhova AA, Dementyeva 
EV, et al. (2011) Human induced pluripotent stem cells derived from fetal 
neural stem cells successfully undergo directed differentiation into cartilage. 
Stem Cells Dev 20: 1099-1112.

125.	Kim MJ, Son MJ, Son MY, Seol B, Kim J, et al. (2011) Generation of human 
induced pluripotent stem cells from osteoarthritis patient-derived synovial 
cells. Arthritis Rheum 63: 3010-3021.

126.	Wei Y, Zeng W, Wan R, Wang J, Zhou Q, et al. (2012) Chondrogenic 
differentiation of induced pluripotent stem cells from osteoarthritic chondrocytes 
in alginate matrix. Eur Cell Mater 23: 1-12.

127.	Gore A, Li Z, Fung HL, Young JE, Agarwal S, et al. (2011) Somatic coding 
mutations in human induced pluripotent stem cells. Nature 471: 63-67.

128.	Toole BP (2001) Hyaluronan in morphogenesis. Semin Cell Dev Biol 12: 79-
87.

129.	Schmidt TA, Gastelum NS, Nguyen QT, Schumacher BL, Sah RL (2007) 
Boundary lubrication of articular cartilage: role of synovial fluid constituents. 
Arthritis Rheum 56: 882-891.

130.	Dahl LB, Dahl IM, Engström-Laurent A, Granath K (1985) Concentration and 
molecular weight of sodium hyaluronate in synovial fluid from patients with 
rheumatoid arthritis and other arthropathies. Ann Rheum Dis 44: 817-822.

131.	Abate M, Pulcini D, Di Iorio A, Schiavone C (2010) Viscosupplementation with 
intra-articular hyaluronic acid for treatment of osteoarthritis in the elderly. Curr 
Pharm Des 16: 631-640.

132.	Gigante A, Callegari L (2011) The role of intra-articular hyaluronan (Sinovial) 
in the treatment of osteoarthritis. Rheumatol Int 31: 427-444.

133.	Iannitti T, Lodi D, Palmieri B (2011) Intra-articular injections for the treatment 

of osteoarthritis: focus on the clinical use of hyaluronic acid. Drugs R D 11: 
13-27.

134.	Bannuru RR, Natov NS, Dasi UR, Schmid CH, McAlindon TE (2011) 
Therapeutic trajectory following intra-articular hyaluronic acid injection in knee 
osteoarthritis--meta-analysis. Osteoarthritis Cartilage 19: 611-619.

135.	Jørgensen A, Stengaard-Pedersen K, Simonsen O, Pfeiffer-Jensen M, 
Eriksen C, et al. (2010) Intra-articular hyaluronan is without clinical effect in 
knee osteoarthritis: a multicentre, randomised, placebo-controlled, double-
blind study of 337 patients followed for 1 year. Ann Rheum Dis 69: 1097-1102.

136.	Health Technology Assessment Program (2010) Medicaid Evidence-based 
decisions project: Viscosupplementation for Osteoarthritis of the Knee. Center 
for Evidenced based policy, Oregon Health Sciences University. 

137.	Bao JP, Chen WP, Wu LD (2011) Lubricin: a novel potential biotherapeutic 
approaches for the treatment of osteoarthritis. Mol Biol Rep 38: 2879-2885.

138.	Flannery CR, Zollner R, Corcoran C, Jones AR, Root A, et al. (2009) Prevention 
of cartilage degeneration in a rat model of osteoarthritis by intraarticular 
treatment with recombinant lubricin. Arthritis Rheum 60: 840-847.

139.	Wu CH, Ko CS, Huang JW, Huang HJ, Chu IM (2010) Effects of exogenous 
glycosaminoglycans on human chondrocytes cultivated on type II collagen 
scaffolds. J Mater Sci Mater Med 21: 725-729.

140.	Pruksakorn D, Khamwaen N, Pothacharoen P, Arpornchayanon O, 
Rojanasthien S, et al. (2009) Chondrogenic properties of primary human 
chondrocytes culture in hyaluronic acid treated gelatin scaffold. J Med Assoc 
Thai 92: 483-490.

141.	Wu SC, Chang JK, Wang CK, Wang GJ, Ho ML (2010) Enhancement of 
chondrogenesis of human adipose derived stem cells in a hyaluronan-
enriched microenvironment. Biomaterials 31: 631-640.

142.	Chung C, Burdick JA (2009) Influence of three-dimensional hyaluronic acid 
microenvironments on mesenchymal stem cell chondrogenesis. Tissue Eng 
Part A 15: 243-254.

143.	Kim IL, Mauck RL, Burdick JA (2011) Hydrogel design for cartilage tissue 
engineering: a case study with hyaluronic acid. Biomaterials 32: 8771-8782.

144.	Aulin C, Bergman K, Jensen-Waern M, Hedenqvist P, Hilborn J, et al. (2011) 
In situ cross-linkable hyaluronan hydrogel enhances chondrogenesis. J Tissue 
Eng Regen Med 5: e188-e196.

145.	Vindigni V, Cortivo R, Iacobellis L, Abatangelo G, Zavan B (2009) Hyaluronan 
benzyl ester as a scaffold for tissue engineering. Int J Mol Sci 10: 2972-2985.

146.	Trattnig S, Pinker K, Krestan C, Plank C, Millington S, et al. (2006) Matrix-based 
autologous chondrocyte implantation for cartilage repair with HyalograftC: 
two-year follow-up by magnetic resonance imaging. Eur J Radiol 57: 9-15.

147.	Matsumoto K, Li Y, Jakuba C, Sugiyama Y, Sayo T, et al. (2009) Conditional 
inactivation of Has2 reveals a crucial role for hyaluronan in skeletal growth, 
patterning, chondrocyte maturation and joint formation in the developing limb. 
Development 136: 2825-2835.

148.	Knudson CB, Knudson W (2004) Hyaluronan and CD44: modulators of 
chondrocyte metabolism. Clin Orthop Relat Res : S152-S162.

149.	Andhare RA, Takahashi N, Knudson W, Knudson CB (2009) Hyaluronan 
promotes the chondrocyte response to BMP-7. Osteoarthritis Cartilage 17: 
906-916.

150.	Julovi SM, Ito H, Nishitani K, Jackson CJ, Nakamura T (2011) Hyaluronan 
inhibits matrix metalloproteinase-13 in human arthritic chondrocytes via CD44 
and P38. J Orthop Res 29: 258-264.

151.	Yatabe T, Mochizuki S, Takizawa M, Chijiiwa M, Okada A, et al. (2009) 
Hyaluronan inhibits expression of ADAMTS4 (aggrecanase-1) in human 
osteoarthritic chondrocytes. Ann Rheum Dis 68: 1051-1058.

152.	Peterson RS, Andhare RA, Rousche KT, Knudson W, Wang W, et al. (2004) 
CD44 modulates Smad1 activation in the BMP-7 signaling pathway. J Cell Biol 
166: 1081-1091.

153.	Vinatier C, Bouffi C, Merceron C, Gordeladze J, Brondello JM, et al. (2009) 
Cartilage tissue engineering: towards a biomaterial-assisted mesenchymal 
stem cell therapy. Curr Stem Cell Res Ther 4: 318-329.

154.	Stoddart MJ, Grad S, Eglin D, Alini M (2009) Cells and biomaterials in cartilage 
tissue engineering. Regen Med 4: 81-98. 

155.	Liu SQ, Tian Q, Hedrick JL, Po Hui JH, Ee PL, et al. (2010) Biomemetic 

http://www.ncbi.nlm.nih.gov/pubmed/16338451
http://www.ncbi.nlm.nih.gov/pubmed/16338451
http://www.ncbi.nlm.nih.gov/pubmed/17185611
http://www.ncbi.nlm.nih.gov/pubmed/17185611
http://www.ncbi.nlm.nih.gov/pubmed/17185611
http://www.ncbi.nlm.nih.gov/pubmed/17185611
http://www.ncbi.nlm.nih.gov/pubmed/19896436
http://www.ncbi.nlm.nih.gov/pubmed/19896436
http://www.ncbi.nlm.nih.gov/pubmed/19896436
http://www.ncbi.nlm.nih.gov/pubmed/19162546
http://www.ncbi.nlm.nih.gov/pubmed/19162546
http://www.ncbi.nlm.nih.gov/pubmed/21540845
http://www.ncbi.nlm.nih.gov/pubmed/21540845
http://www.ncbi.nlm.nih.gov/pubmed/21898694
http://www.ncbi.nlm.nih.gov/pubmed/21898694
http://www.ncbi.nlm.nih.gov/pubmed/21898694
http://www.ncbi.nlm.nih.gov/pubmed/18029452
http://www.ncbi.nlm.nih.gov/pubmed/18029452
http://www.ncbi.nlm.nih.gov/pubmed/18029452
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://www.ncbi.nlm.nih.gov/pubmed/21823210
http://www.ncbi.nlm.nih.gov/pubmed/21823210
http://www.ncbi.nlm.nih.gov/pubmed/20180049
http://www.ncbi.nlm.nih.gov/pubmed/20180049
http://www.ncbi.nlm.nih.gov/pubmed/20180049
http://www.ncbi.nlm.nih.gov/pubmed/20214560
http://www.ncbi.nlm.nih.gov/pubmed/20214560
http://www.ncbi.nlm.nih.gov/pubmed/21732479
http://www.ncbi.nlm.nih.gov/pubmed/21732479
http://www.ncbi.nlm.nih.gov/pubmed/21732479
http://www.ncbi.nlm.nih.gov/pubmed/20698767
http://www.ncbi.nlm.nih.gov/pubmed/20698767
http://www.ncbi.nlm.nih.gov/pubmed/20698767
http://www.ncbi.nlm.nih.gov/pubmed/20176987
http://www.ncbi.nlm.nih.gov/pubmed/20176987
http://www.ncbi.nlm.nih.gov/pubmed/20176987
http://www.ncbi.nlm.nih.gov/pubmed/20846027
http://www.ncbi.nlm.nih.gov/pubmed/20846027
http://www.ncbi.nlm.nih.gov/pubmed/20846027
http://www.ncbi.nlm.nih.gov/pubmed/20846027
http://www.ncbi.nlm.nih.gov/pubmed/21953087
http://www.ncbi.nlm.nih.gov/pubmed/21953087
http://www.ncbi.nlm.nih.gov/pubmed/21953087
http://www.ncbi.nlm.nih.gov/pubmed/22241609
http://www.ncbi.nlm.nih.gov/pubmed/22241609
http://www.ncbi.nlm.nih.gov/pubmed/22241609
http://www.ncbi.nlm.nih.gov/pubmed/21368825
http://www.ncbi.nlm.nih.gov/pubmed/21368825
http://www.ncbi.nlm.nih.gov/pubmed/11292373
http://www.ncbi.nlm.nih.gov/pubmed/11292373
http://www.ncbi.nlm.nih.gov/pubmed/17328061
http://www.ncbi.nlm.nih.gov/pubmed/17328061
http://www.ncbi.nlm.nih.gov/pubmed/17328061
http://www.ncbi.nlm.nih.gov/pubmed/4083937
http://www.ncbi.nlm.nih.gov/pubmed/4083937
http://www.ncbi.nlm.nih.gov/pubmed/4083937
http://www.ncbi.nlm.nih.gov/pubmed/20388073
http://www.ncbi.nlm.nih.gov/pubmed/20388073
http://www.ncbi.nlm.nih.gov/pubmed/20388073
http://www.ncbi.nlm.nih.gov/pubmed/21113807
http://www.ncbi.nlm.nih.gov/pubmed/21113807
http://www.ncbi.nlm.nih.gov/pubmed/21142290
http://www.ncbi.nlm.nih.gov/pubmed/21142290
http://www.ncbi.nlm.nih.gov/pubmed/21142290
http://www.ncbi.nlm.nih.gov/pubmed/21443958
http://www.ncbi.nlm.nih.gov/pubmed/21443958
http://www.ncbi.nlm.nih.gov/pubmed/21443958
http://www.ncbi.nlm.nih.gov/pubmed/20447955
http://www.ncbi.nlm.nih.gov/pubmed/20447955
http://www.ncbi.nlm.nih.gov/pubmed/20447955
http://www.ncbi.nlm.nih.gov/pubmed/20447955
http://www.hta.hca.wa.gov/documents/ha_final_report_042610.pdf
http://www.hta.hca.wa.gov/documents/ha_final_report_042610.pdf
http://www.hta.hca.wa.gov/documents/ha_final_report_042610.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20099082
http://www.ncbi.nlm.nih.gov/pubmed/20099082
http://www.ncbi.nlm.nih.gov/pubmed/19248108
http://www.ncbi.nlm.nih.gov/pubmed/19248108
http://www.ncbi.nlm.nih.gov/pubmed/19248108
http://www.ncbi.nlm.nih.gov/pubmed/19823917
http://www.ncbi.nlm.nih.gov/pubmed/19823917
http://www.ncbi.nlm.nih.gov/pubmed/19823917
http://www.ncbi.nlm.nih.gov/pubmed/19374298
http://www.ncbi.nlm.nih.gov/pubmed/19374298
http://www.ncbi.nlm.nih.gov/pubmed/19374298
http://www.ncbi.nlm.nih.gov/pubmed/19374298
http://www.ncbi.nlm.nih.gov/pubmed/19819543
http://www.ncbi.nlm.nih.gov/pubmed/19819543
http://www.ncbi.nlm.nih.gov/pubmed/19819543
http://www.ncbi.nlm.nih.gov/pubmed/19193129
http://www.ncbi.nlm.nih.gov/pubmed/19193129
http://www.ncbi.nlm.nih.gov/pubmed/19193129
http://www.ncbi.nlm.nih.gov/pubmed/21903262
http://www.ncbi.nlm.nih.gov/pubmed/21903262
http://www.ncbi.nlm.nih.gov/pubmed/21394931
http://www.ncbi.nlm.nih.gov/pubmed/21394931
http://www.ncbi.nlm.nih.gov/pubmed/21394931
http://www.ncbi.nlm.nih.gov/pubmed/19742179
http://www.ncbi.nlm.nih.gov/pubmed/19742179
http://www.ncbi.nlm.nih.gov/pubmed/16183239
http://www.ncbi.nlm.nih.gov/pubmed/16183239
http://www.ncbi.nlm.nih.gov/pubmed/16183239
http://www.ncbi.nlm.nih.gov/pubmed/19633173
http://www.ncbi.nlm.nih.gov/pubmed/19633173
http://www.ncbi.nlm.nih.gov/pubmed/19633173
http://www.ncbi.nlm.nih.gov/pubmed/19633173
http://www.ncbi.nlm.nih.gov/pubmed/15480059
http://www.ncbi.nlm.nih.gov/pubmed/15480059
http://www.ncbi.nlm.nih.gov/pubmed/19195913
http://www.ncbi.nlm.nih.gov/pubmed/19195913
http://www.ncbi.nlm.nih.gov/pubmed/19195913
http://www.ncbi.nlm.nih.gov/pubmed/20706991
http://www.ncbi.nlm.nih.gov/pubmed/20706991
http://www.ncbi.nlm.nih.gov/pubmed/20706991
http://www.ncbi.nlm.nih.gov/pubmed/18662930
http://www.ncbi.nlm.nih.gov/pubmed/18662930
http://www.ncbi.nlm.nih.gov/pubmed/18662930
http://www.ncbi.nlm.nih.gov/pubmed/15452148
http://www.ncbi.nlm.nih.gov/pubmed/15452148
http://www.ncbi.nlm.nih.gov/pubmed/15452148
http://www.ncbi.nlm.nih.gov/pubmed/19804369
http://www.ncbi.nlm.nih.gov/pubmed/19804369
http://www.ncbi.nlm.nih.gov/pubmed/19804369
http://www.ncbi.nlm.nih.gov/pubmed/19105618
http://www.ncbi.nlm.nih.gov/pubmed/19105618
http://www.ncbi.nlm.nih.gov/pubmed/20615545


Citation: Fisher MC, Ferrari D, Li Y, Shepard JB, Patterson SE, et al. (2012) The Potential of Human Embryonic Stem Cells for Articular Cartilage 
Repair and Osteoarthritis Treatment. Rheumatol Curr Res S3:004. doi:10.4172/2161-1149.S3-004

Page 10 of 10

Rheumatol Curr Res	 	     	             					      	 ISSN: 2161-1149 Rheumatology, an open access journal
Chondrogenic Progenitor Cell
Responses to Cartilage Injury

hydrogels for chondrogenic differentiation of human mesenchymal stem cells 
to neocartilage. Biomaterials 31: 7298-7307. 

156.	Neves SC, Moreira Teixeira LS, Moroni L, Reis RL, Van Blitterswijk CA, et 
al. (2011) Chitosan/poly(epsilon-caprolactone) blend scaffolds for cartilage 
repair. Biomaterials 32: 1068-1079.

157.	Jayakumar R, Chennazhi KP, Srinivasan S, Nair SV, Furuike T, et al. (2011) 
Chitin scaffolds in tissue engineering. Int J Mol Sci 12: 1876-1887. 

158.	Sargeant TD, Desai AP, Banerjee S, Agawu A, Stopek JB (2012) An in situ 
forming collagen-PEG hydrogel for tissue regeneration. Acta Biomater 8: 124-
132.

159.	159.   Tiğli RS, Cannizaro C, Gümüşderelioğlu M, Kaplan DL (2011) 
Chondrogenesis in perfusion bioreactors using porous silk scaffolds and 
hESC-derived MSCs. J Biomed Mater Res A 96: 21-28.

160.	Bai HY, Chen GA, Mao GH, Song TR, Wang YX (2010) Three step derivation 
of cartilage like tissue from human embryonic stem cells by 2D-3D sequential 
culture in vitro and further implantation in vivo on alginate/PLGA scaffolds. J 
Biomed Mater Res A 94: 539-546.

161.	Freyria AM, Mallein-Gerin F (2012) Chondrocytes or adult stem cells for 
cartilage repair: the indisputable role of growth factors. Injury 43: 259-265.

162.	Fortier LA, Barker JU, Strauss EJ, McCarrel TM, Cole BJ (2011) The role of 
growth factors in cartilage repair. Clin Orthop Relat Res 469: 2706-2715.

163.	Moore EE, Bendele AM, Thompson DL, Littau A, Waggie KS, et al. (2005) 
Fibroblast growth factor-18 stimulates chondrogenesis and cartilage repair in 
a rat model of injury-induced osteoarthritis. Osteoarthritis Cartilage 13: 623-
631.

164.	Hayashi M, Muneta T, Takahashi T, Ju YJ, Tsuji K, et al. (2010) Intra-articular 
injections of bone morphogenetic protein-7 retard progression of existing 
cartilage degeneration. J Orthop Res 28: 1502-1506.

165.	Hunter DJ, Pike MC, Jonas BL, Kissin E, Krop J, et al. (2010) Phase 1 safety 
and tolerability study of BMP-7 in symptomatic knee osteoarthritis. BMC 
Musculoskelet Disord 11: 232.

166.	Liu SQ, Tian Q, Wang L, Hedrick JL, Hui JH, et al. (2010) Injectable 
Biodegradable Poly(ethylene glycol)/RGD Peptide Hybrid Hydrogels for in 
vitro Chondrogenesis of Human Mesenchymal Stem Cells. Macromol Rapid 
Commun 31: 1148-1154.

167.	Mullen LM, Best SM, Brooks RA, Ghose S, Gwynne JH, et al. (2010) Binding 
and release characteristics of insulin-like growth factor-1 from a collagen-
glycosaminoglycan scaffold. Tissue Eng Part C Methods 16: 1439-1448.

168.	Yoon IS, Chung CW, Sung JH, Cho HJ, Kim JS, et al. (2011) Proliferation and 
chondrogenic differentiation of human adipose-derived mesenchymal stem 
cells in porous hyaluronic acid scaffold. J Biosci Bioeng 112: 402-408.

169.	Fan H, Tao H, Wu Y, Hu Y, Yan Y, et al. (2010) TGF-Î²3 immobilized PLGA-
gelatin/chondroitin sulfate/hyaluronic acid hybrid scaffold for cartilage 
regeneration. J Biomed Mater Res A 95: 982-992.

170.	Wang W, Li B, Yang J, Xin L, Li Y, et al. (2010) The restoration of full-
thickness cartilage defects with BMSCs and TGF-beta 1 loaded PLGA/fibrin 
gel constructs. Biomaterials 31: 8964-8973.

171.	Im GI, Lee JH (2010) Repair of osteochondral defects with adipose stem cells 
and a dual growth factor-releasing scaffold in rabbits. J Biomed Mater Res B 
Appl Biomater 92: 552-560.

172.	Guo X, Park H, Young S, Kretlow JD, van den Beucken JJ, et al. (2010) 
Repair of osteochondral defects with biodegradable hydrogel composites 
encapsulating marrow mesenchymal stem cells in a rabbit model. Acta 
Biomater 6: 39-47.

173.	Eswaramoorthy R, Chang CC, Wu SC, Wang GJ, Chang JK, et al. (2012) 
Sustained release of PTH(1-34) from PLGA microspheres suppresses 
osteoarthritis progression in rats. Acta Biomater.

174.	Menendez MI, Clark DJ, Carlton M, Flanigan DC, Jia G, et al. (2011) Direct 
delayed human adenoviral BMP-2 or BMP-6 gene therapy for bone and 
cartilage regeneration in a pony osteochondral model. Osteoarthritis Cartilage 
19: 1066-1075.

175.	Gulotta LV, Kovacevic D, Packer JD, Ehteshami JR, Rodeo SA (2011) 
Adenoviral-mediated gene transfer of human bone morphogenetic protein-13 
does not improve rotator cuff healing in a rat model. Am J Sports Med 39: 
180-187. 

176.	Chen J, Chen H, Li P, Diao H, Zhu S, et al. (2011) Simultaneous regeneration 
of articular cartilage and subchondral bone in vivo using MSCs induced by 
a spatially controlled gene delivery system in bilayered integrated scaffolds. 
Biomaterials 32: 4793-4805.

177.	Madry H, Orth P, Kaul G, Zurakowski D, Menger MD, et al. (2010) Acceleration 
of articular cartilage repair by combined gene transfer of human insulin-like 
growth factor I and fibroblast growth factor-2 in vivo. Arch Orthop Trauma Surg 
130: 1311-1322.

178.	Che JH, Zhang ZR, Li GZ, Tan WH, Bai XD, et al. (2010) Application of tissue-
engineered cartilage with BMP-7 gene to repair knee joint cartilage injury in 
rabbits. Knee Surg Sports Traumatol Arthrosc 18: 496-503.

179.	Cao L, Yang F, Liu G, Yu D, Li H, et al. (2011) The promotion of cartilage 
defect repair using adenovirus mediated Sox9 gene transfer of rabbit bone 
marrow mesenchymal stem cells. Biomaterials 32: 3910-3920.

180.	Gelse K, Schneider H (2011) In vivo evaluation of gene transfer into 
mesenchymal cells (in view of cartilage repair). Methods Mol Biol 737: 391-
405.

181.	Madry H, Cucchiarini M (2011) Clinical potential and challenges of using 
genetically modified cells for articular cartilage repair. Croat Med J 52: 245-
261.

182.	Kock L, van Donkelaar CC, Ito K (2012) Tissue engineering of functional 
articular cartilage: the current status. Cell Tissue Res 347: 613-627.

183.	Nöth U, Steinert AF, Tuan RS (2008) Technology insight: adult mesenchymal 
stem cells for osteoarthritis therapy. Nat Clin Pract Rheumatol 4: 371-380.

184.	Minas T, Gomoll AH, Solhpour S, Rosenberger R, Probst C, et al. (2010) 
Autologous chondrocyte implantation for joint preservation in patients with 
early osteoarthritis. Clin Orthop Relat Res 468: 147-157.

185.	Koelling S, Kruegel J, Irmer M, Path JR, Sadowski B, et al. (2009) Migratory 
chondrogenic progenitor cells from repair tissue during the later stages of 
human osteoarthritis. Cell Stem Cell 4: 324-335.

186.	Dowthwaite GP, Bishop JC, Redman SN, Khan IM, Rooney P, et al. (2004) 
The surface of articular cartilage contains a progenitor cell population. J Cell 
Sci 117: 889-897.

187.	Pretzel D, Linss S, Rochler S, Endres M, Kaps C, et al. (2011) Relative 
percentage and zonal distribution of mesenchymal progenitor cells in human 
osteoarthritic and normal cartilage. Arthritis Res Ther 13: R64.

188.	Hattori S, Oxford C, Reddi AH (2007) Identification of superficial zone articular 
chondrocyte stem/progenitor cells. Biochem Biophys Res Commun 358: 99-
103.

189.	Khan IM, Bishop JC, Gilbert S, Archer CW (2009) Clonal chondroprogenitors 
maintain telomerase activity and Sox9 expression during extended monolayer 
culture and retain chondrogenic potential. Osteoarthritis Cartilage 17: 518-
528.

190.	El Tamer MK, Reis RL (2009) Progenitor and stem cells for bone and cartilage 
regeneration. J Tissue Eng Regen Med 3: 327-337.

191.	Lee KB, Hui JH, Song IC, Ardany L, Lee EH (2007) Injectable mesenchymal 
stem cell therapy for large cartilage defects--a porcine model. Stem Cells 25: 
2964-2971.

192.	Coleman CM, Curtin C, Barry FP, O’Flatharta C, Murphy JM (2010) 
Mesenchymal stem cells and osteoarthritis: remedy or accomplice? Hum 
Gene Ther 21: 1239-1250.

193.	Matsumoto T, Cooper GM, Gharaibeh B, Meszaros LB, Li G, et al. (2009) 
Cartilage repair in a rat model of osteoarthritis through intraarticular 
transplantation of muscle-derived stem cells expressing bone morphogenetic 
protein 4 and soluble Flt-1. Arthritis Rheum 60: 1390-1405.

194.	Murphy JM, Fink DJ, Hunziker EB, Barry FP (2003) Stem cell therapy in a 
caprine model of osteoarthritis. Arthritis Rheum 48: 3464-3474.

195.	Horie M, Sekiya I, Muneta T, Ichinose S, Matsumoto K, et al. (2009) Intra-
articular Injected synovial stem cells differentiate into meniscal cells directly 
and promote meniscal regeneration without mobilization to distant organs in 
rat massive meniscal defect. Stem Cells 27: 878-887.

196.	Chang CH, Kuo TF, Lin FH, Wang JH, Hsu YM, et al. (2011) Tissue 
engineering-based cartilage repair with mesenchymal stem cells in a porcine 
model. J Orthop Res 29: 1874-1880.

http://www.ncbi.nlm.nih.gov/pubmed/20615545
http://www.ncbi.nlm.nih.gov/pubmed/20615545
http://www.ncbi.nlm.nih.gov/pubmed/20980050
http://www.ncbi.nlm.nih.gov/pubmed/20980050
http://www.ncbi.nlm.nih.gov/pubmed/20980050
http://www.mdpi.com/1422-0067/12/3/1876
http://www.mdpi.com/1422-0067/12/3/1876
http://www.ncbi.nlm.nih.gov/pubmed/21911086
http://www.ncbi.nlm.nih.gov/pubmed/21911086
http://www.ncbi.nlm.nih.gov/pubmed/21911086
http://www.ncbi.nlm.nih.gov/pubmed/20949478
http://www.ncbi.nlm.nih.gov/pubmed/20949478
http://www.ncbi.nlm.nih.gov/pubmed/20949478
http://www.ncbi.nlm.nih.gov/pubmed/20186773
http://www.ncbi.nlm.nih.gov/pubmed/20186773
http://www.ncbi.nlm.nih.gov/pubmed/20186773
http://www.ncbi.nlm.nih.gov/pubmed/20186773
http://www.ncbi.nlm.nih.gov/pubmed/21696723
http://www.ncbi.nlm.nih.gov/pubmed/21696723
http://www.ncbi.nlm.nih.gov/pubmed/21403984
http://www.ncbi.nlm.nih.gov/pubmed/21403984
http://www.ncbi.nlm.nih.gov/pubmed/15896984
http://www.ncbi.nlm.nih.gov/pubmed/15896984
http://www.ncbi.nlm.nih.gov/pubmed/15896984
http://www.ncbi.nlm.nih.gov/pubmed/15896984
http://www.ncbi.nlm.nih.gov/pubmed/20872588
http://www.ncbi.nlm.nih.gov/pubmed/20872588
http://www.ncbi.nlm.nih.gov/pubmed/20872588
http://www.ncbi.nlm.nih.gov/pubmed/20932341
http://www.ncbi.nlm.nih.gov/pubmed/20932341
http://www.ncbi.nlm.nih.gov/pubmed/20932341
http://www.ncbi.nlm.nih.gov/pubmed/21590868
http://www.ncbi.nlm.nih.gov/pubmed/21590868
http://www.ncbi.nlm.nih.gov/pubmed/21590868
http://www.ncbi.nlm.nih.gov/pubmed/21590868
http://www.ncbi.nlm.nih.gov/pubmed/20388039
http://www.ncbi.nlm.nih.gov/pubmed/20388039
http://www.ncbi.nlm.nih.gov/pubmed/20388039
http://www.ncbi.nlm.nih.gov/pubmed/21802988
http://www.ncbi.nlm.nih.gov/pubmed/21802988
http://www.ncbi.nlm.nih.gov/pubmed/21802988
http://www.ncbi.nlm.nih.gov/pubmed/20872747
http://www.ncbi.nlm.nih.gov/pubmed/20872747
http://www.ncbi.nlm.nih.gov/pubmed/20872747
http://www.ncbi.nlm.nih.gov/pubmed/20822812
http://www.ncbi.nlm.nih.gov/pubmed/20822812
http://www.ncbi.nlm.nih.gov/pubmed/20822812
http://www.ncbi.nlm.nih.gov/pubmed/19957354
http://www.ncbi.nlm.nih.gov/pubmed/19957354
http://www.ncbi.nlm.nih.gov/pubmed/19957354
http://www.ncbi.nlm.nih.gov/pubmed/19660580
http://www.ncbi.nlm.nih.gov/pubmed/19660580
http://www.ncbi.nlm.nih.gov/pubmed/19660580
http://www.ncbi.nlm.nih.gov/pubmed/19660580
http://www.ncbi.nlm.nih.gov/pubmed/22414620
http://www.ncbi.nlm.nih.gov/pubmed/22414620
http://www.ncbi.nlm.nih.gov/pubmed/22414620
http://www.ncbi.nlm.nih.gov/pubmed/21683796
http://www.ncbi.nlm.nih.gov/pubmed/21683796
http://www.ncbi.nlm.nih.gov/pubmed/21683796
http://www.ncbi.nlm.nih.gov/pubmed/21683796
http://www.ncbi.nlm.nih.gov/pubmed/20956264
http://www.ncbi.nlm.nih.gov/pubmed/20956264
http://www.ncbi.nlm.nih.gov/pubmed/20956264
http://www.ncbi.nlm.nih.gov/pubmed/20956264
http://www.ncbi.nlm.nih.gov/pubmed/21489619
http://www.ncbi.nlm.nih.gov/pubmed/21489619
http://www.ncbi.nlm.nih.gov/pubmed/21489619
http://www.ncbi.nlm.nih.gov/pubmed/21489619
http://www.ncbi.nlm.nih.gov/pubmed/20532898
http://www.ncbi.nlm.nih.gov/pubmed/20532898
http://www.ncbi.nlm.nih.gov/pubmed/20532898
http://www.ncbi.nlm.nih.gov/pubmed/20532898
http://www.ncbi.nlm.nih.gov/pubmed/19855958
http://www.ncbi.nlm.nih.gov/pubmed/19855958
http://www.ncbi.nlm.nih.gov/pubmed/19855958
http://www.ncbi.nlm.nih.gov/pubmed/21377725
http://www.ncbi.nlm.nih.gov/pubmed/21377725
http://www.ncbi.nlm.nih.gov/pubmed/21377725
http://www.ncbi.nlm.nih.gov/pubmed/21590406
http://www.ncbi.nlm.nih.gov/pubmed/21590406
http://www.ncbi.nlm.nih.gov/pubmed/21590406
http://www.ncbi.nlm.nih.gov/pubmed/21674822
http://www.ncbi.nlm.nih.gov/pubmed/21674822
http://www.ncbi.nlm.nih.gov/pubmed/21674822
http://www.ncbi.nlm.nih.gov/pubmed/22030892
http://www.ncbi.nlm.nih.gov/pubmed/22030892
http://www.ncbi.nlm.nih.gov/pubmed/18477997
http://www.ncbi.nlm.nih.gov/pubmed/18477997
http://www.ncbi.nlm.nih.gov/pubmed/19653049
http://www.ncbi.nlm.nih.gov/pubmed/19653049
http://www.ncbi.nlm.nih.gov/pubmed/19653049
http://www.ncbi.nlm.nih.gov/pubmed/19341622
http://www.ncbi.nlm.nih.gov/pubmed/19341622
http://www.ncbi.nlm.nih.gov/pubmed/19341622
http://www.ncbi.nlm.nih.gov/pubmed/14762107
http://www.ncbi.nlm.nih.gov/pubmed/14762107
http://www.ncbi.nlm.nih.gov/pubmed/14762107
http://www.ncbi.nlm.nih.gov/pubmed/21496249
http://www.ncbi.nlm.nih.gov/pubmed/21496249
http://www.ncbi.nlm.nih.gov/pubmed/21496249
http://www.ncbi.nlm.nih.gov/pubmed/17482567
http://www.ncbi.nlm.nih.gov/pubmed/17482567
http://www.ncbi.nlm.nih.gov/pubmed/17482567
http://www.ncbi.nlm.nih.gov/pubmed/19010695
http://www.ncbi.nlm.nih.gov/pubmed/19010695
http://www.ncbi.nlm.nih.gov/pubmed/19010695
http://www.ncbi.nlm.nih.gov/pubmed/19010695
http://www.ncbi.nlm.nih.gov/pubmed/19418440
http://www.ncbi.nlm.nih.gov/pubmed/19418440
http://www.ncbi.nlm.nih.gov/pubmed/17656639
http://www.ncbi.nlm.nih.gov/pubmed/17656639
http://www.ncbi.nlm.nih.gov/pubmed/17656639
http://www.ncbi.nlm.nih.gov/pubmed/20649459
http://www.ncbi.nlm.nih.gov/pubmed/20649459
http://www.ncbi.nlm.nih.gov/pubmed/20649459
http://www.ncbi.nlm.nih.gov/pubmed/19404941
http://www.ncbi.nlm.nih.gov/pubmed/19404941
http://www.ncbi.nlm.nih.gov/pubmed/19404941
http://www.ncbi.nlm.nih.gov/pubmed/19404941
http://www.ncbi.nlm.nih.gov/pubmed/14673997
http://www.ncbi.nlm.nih.gov/pubmed/14673997
http://www.ncbi.nlm.nih.gov/pubmed/19350690
http://www.ncbi.nlm.nih.gov/pubmed/19350690
http://www.ncbi.nlm.nih.gov/pubmed/19350690
http://www.ncbi.nlm.nih.gov/pubmed/19350690
http://www.ncbi.nlm.nih.gov/pubmed/21630328
http://www.ncbi.nlm.nih.gov/pubmed/21630328
http://www.ncbi.nlm.nih.gov/pubmed/21630328

	Title
	Corresponding author
	Abstract 
	Keywords
	Abbreviations
	Introduction
	The problem of cartilage injury and osteoarthritis 

	Adult Cells for Treatment of Cartilage Injury or Osteoarthritis 
	Adult chondrocytes for cartilage repair 
	Adult mesenchymal stem cells for cartilage repair 

	Human Embryonic Stem Cells (Hesc) as a Source of Cells for Cartilage Repair 
	Potential of hESC for treatment of cartilage injury 
	Safety of hESC in cartilage repair 
	Potential for immune rejection of hESC-derived cartilage repair cells  
	Induced pluripotent stem cell (iPSC)-derived chondrogenic cells 

	Optimization of Cell-Based Cartilage Repair Strategies 
	Viscosupplementation
	Matrices and scaffolds 
	Growth factors  

	Challenges and Opportunities in Cell-Based Treatment of Osteoarthritis  
	Conclusions
	Acknowledgements
	References

