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Abstract: Osteoarthritis (OA) is the most common joint disease and the leading cause of disability in the developed coun-

tries. Its clinical manifestations include pain and impairment to movement, and often affect surrounding tissues with 

symptoms of local inflammation. It is a progressively debilitating disease that is often associated with injury and aging. 

However, current pharmacological and surgical treatment modalities ultimately fail to stall the progression of OA. Viable 

treatment options are in need, and current effort of cartilage tissue engineering and regeneration, especially using chon-

droprogenitor cells, such as adult mesenchymal stem cells (MSCs), has offered hope of eventual success. First, ex vivo 

MSC cartilage tissue engineering can potentially produce effective replacement constructs for focal cartilage defects to 

prevent the progression to OA. This paper will review the factors important for cartilage tissue engineering, including 

cells, scaffold, and environment, as well as current problems and areas that await more research. Secondly, MSCs possess 

the capacity to function as a systematic regulator, to influence the local environment, via direct or indirect interactions, in-

cluding soluble factors. Through these functions, MSCs can enhance local progenitor cell mediated regeneration, confer 

immunomodulation and anti-inflammatory effects, which can prove to be critically important in the setting of cell therapy 

for OA, a degenerative disease with associated local inflammation. Taken together, MSCs, used either as a structural sub-

stitute in a tissue engineered construct, or in cell therapy utilizing their modulating functions, or both, present promise in 

the treatment of OA, although clearly more research is needed to achieve this ultimate goal. 
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INTRODUCTION 

 OA is the most common type of arthritis. It is estimated 
that in 2007, 26.9 million Americans aged 25 and older have 
clinical OA of some joints, with higher percentage of inflic-
tion in older population [1]. The total cost of OA is estimated 
at $28.6 billion dollars per year in the U.S.A. alone [2], with 
> 200,000 knee replacements performed each year. Since 
cartilage is an avascular tissue, it has limited intrinsic healing 
and regenerative capacity. Current pharmacologic treatment 
has seen limited success, and various surgical procedures, 
although able to temporarily relieve pain, eventually fail [3]. 
Given the increasing incidence of OA and increasing life 
expectancy of the population with higher expectation of bet-
ter quality of life, there is a growing demand for novel repair 
strategies. Cartilage tissue engineering seems to offer the 
best hope in answer to this demand. 

 Cartilage tissue engineering aims to produce a functional 
cartilage substitute through combined principles of engineer-
ing, biology and medicine. Physiologically, a healthy work-
ing articular cartilage serves to withstand and transmit the 
high stresses with minimal friction in joints during joint mo-
tion throughout life. This function depends on the unique 
mechanical properties of the cartilage tissue, which in turn is 
endowed by its special extracellular matrix (ECM). For the 
tissue engineered cartilage to become a successful substitute, 
it should be able to carry out the same function, which re-
quires that it possesses similar mechanical properties as the  
 

 

*Address correspondence to this author at the Cartilage Biology and Ortho-
paedics Branch, National Institute of Arthritis, and Musculoskeletal and 

Skin Diseases, National Institutes of Health, Building 50, Room 1523, MSC 
8022, Bethesda, MD 20892-8022, USA; Tel: 301-451-6854; Fax: 301-435-
8017; E-mail: Tuanr@mail.nih.gov 

native tissue, and presumably similar composition and orga-
nization of ECM. 

 Articular cartilage consists of a solid ECM component as 
well as a fluid phase of water that can take up to 85% of the 
total tissue weight [4]. The major collagen, collagen type II, 
and the aggregating proteoglycan molecules, as well as other 
smaller non-collagenous proteins, make up the ECM of carti-
lage. The collagen content and its dense fiber network be-
stow the tissue a tensile modulus ranging from 1 to 30 MPa. 
The high density of proteoglycan aggregates (primarily ag-
grecan) and the high fixed negative charges of their sulfated 
glycosaminoglycan (GAG) side chains draw counter ions 
and water into the matrix, resulting in high osmotic pressure, 
which is restrained by the collage network under pressure. 
The high content of water thus trapped in the tissue is essen-
tial for the function of cartilage: interstitial fluid support can 
account for more than 90% of the load on the join thus 
shielding the ECM from damage. Frequently, decreased wa-
ter content is a telltale sign of weakened cartilage function, 
and can be used as a marker, along with others, for joint de-
struction. Due to the critical role of collagen and aggrecan 
and its GAG side chains to cartilage function, GAG and col-
lagen contents, as well as the expression level of these pro-
teins, have been used as measurements for the successful 
outcome of the tissue engineered cartilage [4]. 

 There are various approaches to cartilage tissue engineer-
ing and regeneration with varying degree of success. Gener-
ally speaking, these are categorized into two broad types: the 
first is ex vivo tissue engineering, in which the tissue is gen-
erated and matured in vitro before implantation. The second 
is in vivo tissue engineering and regeneration, where cells 
and constructs are implanted in vivo for eventual maturation 
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and tissue repair. This includes using cells directly for cell 
based cartilage regeneration therapy. 

EX VIVO CARTILAGE TISSUE ENGINEERING 

 For ex vivo tissue engineering, three factors must come 
into play in harmony for successful cartilage tissue engineer-
ing: responsive cells, supportive scaffolding matrix, and 
enabling environment. These factors are discussed below. 

Scaffold 

 Scaffolds serve to provide the form and shape and initial 
mechanical strength, it can also serve as a vehicle for cell 
delivery, and with the help of embedded factors, can guide 
the orderly development and differentiation of the neo-tissue. 
The ideal scaffold should be biocompatible, bioresorbable, 
biodegradable, porous, permeable, in addition to chondroin-
ductive and chondroproductive. Materials tested so far for 
cartilage tissue engineering can be derived from natural ma-
terials, or can be synthetic polymers, and include protein 
based materials of fibrin [5], elastin [6], gelatin [7], collagen 
types I and II [8], silk [9, 10], hydrogels such as agarose [7, 
11], alginate [7], polyethylene glycol with chondroitin sul-
fate [12], photopolymerizing hydrogels [13], and synthetic 
materials including polyethylene oxide [13], and Poly-L-
lactic acid [14], as well as biodegradable nanofibers [15]. 
Polymeric nanofibrous scaffolds, with diameters of 300-700 
nm, are structurally a biomimetic of the native connective 
tissue ECM, which in itself is nanofibrous in nature. Results 
from our group have shown that nanofibers can promote 
favorable chondrocytic responses, specifically, they can 
promote proliferation and phenotype maintenance of chon-
drocytes [16] and chondrogenic differentiation of mesen-
chymal stem cells [15]. 

Cells 

 Both chondrocytes, fibroblasts and stem cells, and ge-
netically modified cells, have been used as candidates for 
cartilage tissue engineering. Since the ultimate goal of carti-
lage tissue engineering is to generate replacement cartilage 
tissue with fully differentiated chondrocytes surrounded by 
its ECM, articular chondrocytes seem to be the ideal candi-
date cells for this purpose, and they have been indeed used 
for studies from the beginning efforts of cartilage tissue en-
gineering. In order to have enough cells for engineering a 
replacement construct, chondrocytes are generally enzymati-
cally released from cartilage where they take up less than 
10% of tissue volume, from a minor weight bearing site, and 
expanded in monolayer, before being put back into the engi-
neering construct or in vivo. Chondrocytes from various ana-
tomical sites, including articular, auricular, costal and na-
soseptal, have been studied for this purpose. The in vitro 
culturing leads to the rapid de-differentiation of the chondro-
cytes, a process that is dependent on patient age and gradu-
ally becomes irreversible with prolonged passaging [1, 17-
19], with end effect of an engineered construct that is infe-
rior to the native articular cartilage in both tissue composi-
tion and mechanical properties. Despite these drawbacks, a 
United States Food and Drug Administration approved 
chondrocyte cell based cartilage repair procedure, CarticelTM 
(Genzyme, Cambridge, MA), also known as autologous car-
tilage transplantation/implantation (ACT or ACI), has been 
in clinical use since 1997 in the US and 1987 worldwide. It 

involves harvesting chondrocyte from a non-weight bearing 
site for in vitro expanding, followed by transplanting the 
chondrocytes to focal defects beneath a periosteal flap [20]. 
Manifestation of OA is normally an exclusion criteria for 
ACI [21]. Early patient satisfaction has been reported with 
this procedure. Of procedures reported to FDA with adverse 
events, which occur at a minimal rate of 3.8%, graft failure, 
delamination, and tissue hypertrophy were reported to be the 
most common incidences. Almost half of the surgical revi-
sion was performed due to graft failure [22]. Matrix associ-
ated autologous cartilage implantation (MACI) utilizes, for 
example, collagen type I/III and hyaluronan based scaffolds 
[23-26]. Recently, a 2-year clinical result was reported on 
treatment of posttraumatic and focal OA knee cartilage using 
polymer-based 3-D autologous chondrocyte graft [27]. Short 
term results showed safety and effectiveness and favorable 
clinical scores [27, 28]. However, whether MACI offers im-
provement over ACI in the long term remains to be deter-
mined [28]. 

Stem Cells for Cartilage Tissue Engineering 

 Theoretically, any cells with chondrogenic potential can 
be used for this purpose. Embryonic stem cells (ESCs), 
pluripotent in their differentiation potential into multiple 
lineages including chondrogenic pathway, are good candi-
date cells in principle. However, current state of science has 
not harnessed the control of ESC differentiation specifica-
tion, e.g., down the chondrogenesis pathways; in addition 
ESCs have a tendency to form terotomas. Adult stem cells, 
on the other hand, do not elicit social issues for their poten-
tial clinical usage; furthermore, these cells are easy to isolate, 
capable of in vitro expansion to generate sufficient numbers 
for tissue engineering purposes, and have the propensity to 
undergo chondrogenic differentiation under appropriate 
stimulation. 

 Adult mesenchymal stem cells, or adult multipotent mes-
enchymal stromal cells (MSC), which are nonhematopoietic 
stem cells that can differentiate into various mesenchymal 
lineages, including chondrocyte, osteoblast, and adipocyte, 
have been identified from various tissues, where they are 
postulated to exist to carry out the function of replacing and 
regenerating local cells that are lost to normal turnover, in-
jury, or aging. Originally isolated from bone marrow [29], 
MSCs can now be isolated from a large number of adult tis-
sues, including adipose [30], periosteum [31, 32], synovial 
membrane [33, 34], muscle [35, 36], dermis [35], deciduous 
teeth [37], pericytes [38], peripheral blood [39], bone mar-
row [40], trabecular bone [41, 42], infrapatellar fat pad [43], 
and articular cartilage [44-46] (see [47-49] for review). A 
study that compared hMSCs derived from bone marrow, 
periosteum, synovium, skeletal muscle and adipose tissue 
revealed that synovium-derived hMSCs exhibited the highest 
capacity for chondrogenesis, followed by bone-marrow and 
periosteum-derived hMSCs [50]. The potentially less inva-
sive nature of obtaining adipose derived stem cells compared 
to other sources has generated great enthusiasm for using 
this cell source, however, adipose tissue derived MSCs 
(ATSCs) seemed to have an inferior chondrogenic potential 
compared with bone marrow-derived MSCs (BMSCs) [50-
53]. Recent studies suggest that the inferior chondrogenic 
differentiation under standard condition of ATSC is due to 
the fact that these cells do not express TGF  type I receptor, 
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in addition to a reduced expression of BMP-2, -4, and -6 
when compared to BMSC [54]. Supplementation with BMP-
6 in culture restored the expression of TGF  type I receptor, 
and accordingly, supplementation with BMP6 and TGF  
renders the ATSC to undergo chondrogenic differentiation 
similar to BMSC [54, 55]. 

 In addition to tissue source, donor age, and disease stage 
can also directly affect MSC yield, rate of proliferation and 
differentiation potential. Of particular relevance to OA, age, 
although debatable, and advanced OA disease stage, ad-
versely affect MSCs derived from the bone marrow of pa-
tients, with significantly reduced proliferative capacity and 
chondrogenic activity compared with those from young 
healthy donors [56-59]. However, irrespective of age or OA 
disease etiology, it has been found that sufficient number of 
MSCs with adequate chondrogenic differentiation potential 
can be isolated [60-62]. 

Control of MSC Chondrogenesis for Tissue Engineering 

 It has been realized that the epigenetic status of cells, the 
heritable trait that does not involve DNA sequences, is im-
portant in determining gene expression. Epigenetic modifica-
tion include DNA methylation, generally associated with 
gene silencing, and chromatin modification on core histones 
including acetylation, phosphorylation, methylation, ubiquit-
ination, as well as dynamic histone subunit variation, small 
interfering RNA regulation, and chromatin remodeling [63-
66]. Stem cells are marked epigenetically with their chromat-
ins in a loose or open configuration with greater potential of 
multi-lineage differentiation than differentiated cells [67-69]. 
For example, stem cells therefore appear to express, at low 
levels, genes that are characteristic of various cellular linea-
ges, including chondrocytes, myoblasts, osteoblasts, and 
hematopoiesis-supporting stroma [70, 71]. This gene expres-
sion profile permits the stem cells to readily differentiate 
along a specific lineage upon appropriate stimulation. 

 With stem cells poised to differentiate into various linea-
ges on cue, it is very important that the signals to induce 
differentiation are fine tuned and specific. Our understanding 
of MSC chondrogenesis is still incomplete, with most of our 
knowledge derived from chondrogenesis control during the 
embryonic limb developmental [72, 73], often not differenti-
ating between the two processes of articular cartilage and 
growth plate cartilage formation, due to the fact that our un-
derstanding of how articular cartilage comes into being is 
still not complete. The standard experimental model of MSC 
chondrogenesis involves a three dimensional (3-D) culture of 
MSCs, either as high density cell pellet or micromass culture 
or in a 3-D scaffold. MSCs that have undergone chondro-
genic differentiation assume a chondrocyte-like phenotype 
characterized by increases in GAG and collagen deposition 
and expression of collagen type II, aggrecan, and COMP, as 
well as other cartilage ECM molecules [74-76]. 

 Growth factors that have regulatory effects on MSCs 
include members of the transforming growth factor (TGF) 
super family, the insulin-like growth factors (IGFs), the fi-
broblast growth factors (FGFs), the platelet-derived growth 
factor (PDGF) and the Wnts. Among these growth factors, 
TGF- s, including TGF- 1, TGF- 2, and TGF- 3, as well 
as BMPs, are the most potent inducers to promote chondro-
genesis of MSCs. For hMSCs, TGF- 2 and TGF- 3 were 

shown to be more active than TGF- 1 in promoting chon-
drogenesis [75]. BMP2, BMP4, or BMP6, combined with 
TGF- 3, induced the chondrogenic phenotype in cultured 
human BMSC pellets, with BMP2 seemingly the most effec-
tive [77]. FGF2-supplemented human MSCs showed longer 
life span with longer telomere size [78], proliferated more 
rapidly [79], and exhibited greater chondrogenic potential 
than untreated controls [61, 80, 81]. Wnt signaling pathway 
protein polymorphism and altered gene expression have re-
cently been implicated in the progression of rheumatoid ar-
thritis and OA [82-86]. Canonical and non-canonical Wnts 
have been shown to cross-talk with each other in regulating 
stem cell proliferation and osteogenic differentiation [87, 
88]. Canonical Wnt signaling has been shown to enhance 
MSC differentiation [89] through mechanisms that involve 
the coordination with TGF-  and BMP signaling pathways 
[90-92]. 

Environmental Control 

 The success of tissue engineering is dependent on the 
efficient proliferation and differentiation of the functional 
cell or tissue type, which is under the control of the local 
environment, consisting of influences that are biological, 
e.g., various growth factors, and physical, including me-
chanical stress and oxygen tension. Various forms of me-
chanical stimuli, including dynamic deformation loading, 
intermittent hydrostatic pressure, fluid flow, shear stress, and 
electrical potential, have been demonstrated to be important 
for the metabolic activities of chondrocytes, and conse-
quently the maintenance of articular cartilage ECM whose 
function is to withstand high mechanical stress during joint 
motion (see [4] for review), and have been successfully used 
to stimulate cartilage ECM production by chondrocytes [4, 
93-95]. Chondrogenesis of MSCs is also enhanced by cyclic 
deformation and hydrostatic loading [96-100]. Another im-
portant factor is oxygen tension. Articular cartilage chondro-
cytes normally exist in a hypoxic (about 5% oxygen) envi-
ronment. Interestingly, low oxygen tension in this range in 
vitro promotes cartilage-specific matrix production by chon-
drocytes, as well as chondrogenic differentiation of adult 
stem cells [100-103]. Oxygen tension has also been used to 
regulate the expansion of MSCs in culture; and higher levels 
of telomerase and stem cell marker expression indicate that 
they maintain their “stemness” state under low oxygen [104-
107]. Telomerase activity generally decreases precipitously 
with extended in vitro culture of MSCs [108, 109]. Interest-
ingly, telomerase activity not only is important for stem cell 
expansion, it is also related to the multipotency of the cells 
[110]. Overexpression of telomerase reverse transcriptase 
extends life span of MSCs but restricts differentiation pri-
marily to osteogenesis [110-113]. The complex interplay of 
various environmental parameters, as well as soluble factors 
that are important for MSC proliferation and differentiation 
can be controlled in a closed system of bioreactors. Various 
bioreactors have integrated the different aspects of the above 
parameters and they are reviewed elsewhere [114-116]. 

PROBLEMS ASSOCIATED WITH EX VIVO CARTI-
LAGE TISSUE ENGINEERING USING MSCs 

 There are still numerous problems to be solved, for ex-
ample, under standard chondrogenic conditions with TGF-  
and dexamethasone, the molecular expression signature of 
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MSC undergoing chondrogenesis is closer to that of the in-
tervertebral disc than articular cartilage of the joint [117], 
and the differentiation level is inferior to that of chondro-
cytes, with less matrix contents and lower mechanical 
strength [118]. Other potential obstacles exist, including cel-
lular senescence and death, hypertrophy, and graft integra-
tion (reviewed in [119]). 

Hypertrophy 

 One of the most challenging problem in using MSC for 
cartilage tissue engineering has been the terminal differentia-
tion to hypertrophy, characterized by high level expression 
of collagen type X and alkaline phosphatase activity [75, 
120-123]. 

 TGF- s are also involved in terminal differentiation 
[124]. TGF- 1 can inhibit chick sternal chondrocyte terminal 
differentiation [125]. In mouse models, Smad3 deficiency 
accelerates chondrocyte maturation and leads to OA [126]. 
Ectopic expression of the negative regulator Smurf2 in 
chondrocytes and perichondral cells accelerated endochon-
dral ossification by stimulating chondrocyte maturation and 
osteoblast development involving catenin signaling [127]. 
On the other hand, BMP2 can induce terminal differentiation 
[128, 129], and in chick sternal chondrocytes, this process 
can be inhibited by the BMP antagonist chordin [129]. 

 During development, hypertrophic maturation of growth 
plate chondrocytes is under the regulation of a feed back 
loop involving India hedgehog (IHH) and parathyroid hor-
mone-related protein (PTHrP) [130]. When human bone 
marrow MSC from OA patients were cultured in a 3-D poly-
glycolic acid scaffold and differentiated using TGF- 3, cells 
underwent hypertrophic differentiation as indicated by 
upregulated expression of collagen type X [62, 131]. When 
PTHrP was included in the culture at a dose of 1 or 10 μM, 
significant suppression of type X collagen mRNA expression 
and alkaline phosphatase activity was seen, without any loss 
of the cartilage-specific matrix proteins [62]. Interestingly, in 
a recent study, chondrocytes from the superficial zone of 
articular cartilage have been shown to inhibit alkaline phos-
phatase and mineralization of the deep zone chondrocytes, 
possibly through PTHrP [132], indicating the potential im-
portance of zonal organization in cartilage tissue engineer-
ing. 

Integration of Tissue Engineered Cartilage with Native 
Tissue 

 Chondrocytes have limited migratory ability to infiltrate 
into neighboring cartilage [133]. Brief enzymatic digestion 
before tissue implantation seemed to improve integration and 
interface adhesion [134, 135]. This suggests that matrix or-
ganization and composition is important for tissue integra-
tion, and in fact it is found that the nature of the surrounding 
tissues affects the integration of the cartilage [136]. To bind 
the replacement tissue to the remaining native cartilage tis-
sue, traditionally, collagen crosslinkers and adhesives have 
been used. A recent in vivo study using rabbit and goat mod-
els showed that multi-functionalized chondroitin sulfate can 
be used to chemically bridge biomaterials and host tissue via 
a twofold covalent link leading to increased mechanical sta-
bility of the implant and tissue repair in cartilage defects 
[137]. 

MSC CELL THERAPY FOR OA 

 In addition to the traditional ex vivo cartilage tissue engi-
neering with the engineered cartilage as implant, MSCs can 
also be applied directly in vivo. This area of research is not 
as advanced as ex vivo cartilage tissue engineering. MSCs 
can engraft in multiple organs, preferentially homing to sites 
of injury, and undergo site specific differentiation. MSCs not 
only can differentiate into a specific mesenchymal tissue 
they can also have significant effects on the local cells via 
direct cell-cell contact, or through soluble factors, including 
growth factors, cytokines and chemokines, e.g., MSCs can 
stimulate local endogenous stem cells to carry out regenera-
tive function. In addition, MSCs are hypo-immunogenic and 
exert immunosuppressive and anti-inflammatory effect [138-
142]. 

MSC Trophic Effects 

 It has been long known that MSCs can be effective 
feeder layers for hematopoietic cells in supporting their ex 
vivo survival and growth and multilineage differentiation 
that is necessary for in vivo reconstitution [143-145]. Condi-
tioned medium from the stromal cells also support the 
growth and differentiation of the primitive hematopoietic 
cells and their clonogenic capacity, suggesting that the 
paracrine signaling molecules secreted by the stromal cells 
are important [146, 147]. MSCs secrete a host of growth 
factors and cytokines, including G-CSF, SCF, LIF, M-CSF, 
IL-6, and IL-11 [148-151], that are at least partially respon-
sible for their hematopoeitic supportive function. The cyto-
kine and growth factor expression profiles can change de-
pending on the culture conditions and differentiation status 
[148, 150, 151]. 

 Recent studies on the use of MSCs for treating neuro-
logical injury and myocardial infarction have highlighted the 
functions carried out by MSC without directly structurally 
contributing to the regenerated tissue. Specifically, although 
low MSC engraftment and differentiation are observed, sub-
stantial functional improvement is achieved. When human 
bone marrow MSCs were implanted into the dentate gyrus of 
the hippocampus of immunodeficient mice, the implanted 
human MSCs markedly increased the proliferation of en-
dogenous neural stem cells, and enhanced their migration 
and differentiation into mature neurons and astrocytes [152]. 
This could be due to the fact that human MSCs express neu-
rotrophins not only in culture but also after implantation into 
the brains of rats and immunodeficient mice [153]. 

 In has been shown that MSCs can also improve tissue 
repair in disease models of cardiac infarction through 
paracrine effect [154, 155]. In a rat myocardial infarction 
model, intramyocardial injection of bone marrow MSCs 
overexpressing Akt (Akt-MSCs) inhibits ventricular remod-
eling and restores cardiac function with very low rate of 
MSC engraftment, low levels of cellular fusion, and differen-
tiation [155]. Akt-MSC conditioned medium also signifi-
cantly limits infarct size and improves ventricular function 
relative to controls. In vitro, conditioned medium from hy-
poxic Akt-MSCs markedly inhibits hypoxia-induced apopto-
sis and triggers vigorous spontaneous contraction of adult rat 
cardiomyocytes [156]. Recently, the anti-apoptotic effects of 
MSCs on cardiomyocytes have been attributed to secreted 
frizzled related protein 2 (sFRP-2), a modulator of Wnt sig-



Adult Stem Cells for Cartilage Tissue Engineering and Regeneration Current Rheumatology Reviews, 2008, Vol. 4, No. 3      165 

naling pathways, indicating the importance of Wnt pathway 
in heart tissue regeneration [157]. 

 That MSCs can aid in the regeneration of OA cartilage 
through non-structural mechanisms is shown in a goat study 
carried out by Frank Barry and colleagues [158]. Autologous 
MSCs, transduced to express GFP, in hyaluronan solution 
were injected intraarticularly six weeks after surgery. In the 
MSC treated joints, there is marked regeneration of the me-
dial meniscus, and the degree of cartilage destruction, osteo-
phyte formation and subchondral bone sclerosis were re-
duced. However, no MSC engraftment was detected in ar-
ticular cartilage. 

 When MSCs were co-cultured with degenerated annulus 
fibrosus (AF) cells, the co-culture pellets were superior in 
size to all other single culture pellets, with enhanced proteo-
glycan production [159], thus indicating an interplay be-
tween AF and MSCs. Autologous MSCs have been trans-
planted into degenerating IVD and have been shown to be 
effective in decelerating disc degeneration in experimental 
models [160]. In addition, co-culture of nucleus pulposus 
(NP) cells and MSCs showed that interaction with MSCs can 
change the phenotype of the NP cells to enhance their effect 
on the regeneration process [161, 162]. 

 In addition to the observed effects of MSCs on other dif-
ferentiated cells, other cells can also affect the differentiation 
of MSCs. For example, chondrocyte and cartilage tissues 
have been shown to induce and influence the chondrogenesis 
of both MSCs and ESCs [163-166]. 

MSC Immunomodulation Function and Anti-Inflam-
matory Effect 

 MSCs express characteristic surface major histocompati-
bility complex (MHC) molecules that enable them to be 
hypo-immunogenic to evade the host immune elimination. 
MSCs express low (fetal) to intermediate (adult) MHC class 
I molecules, and do not express MHC class II molecules on 
their cell surface [167, 168], although an intracellular pool of 
MHC class II can be detected, and their surface expression 
can be stimulated by interferon-  (IFN- ) [168]. However, 
induced surface expression of MHC class II still does not 
render the MSCs immunogenic as they do not express any 
co-stimulatory molecules including B7-1 (CD80), B7-2 
(CD86) or CD40, and therefore do not activate alloreative T 
cells [169]. The expression of MHC class I molecules helps 
to protect MSCs from deletion by natural killer cells. The 
lack of surface MHC class II expression gives the MSCs the 
potential to escape recognition by alloreactive CD4+ T cells. 
After differentiation into adipose, bone and cartilage, MSCs 
continue to express MHC class I but no class II molecules on 
their cell surface even under stimulation, and continue to be 
non-immunogenic [167, 168]. In addition, cytotoxic lym-
phocytes and natural killer cells do not lyse MSCs [170]. 
These properties suggest that in vivo MSC cell therapy and 
tissue engineered cartilage construct using MSC in hypoim-
munogenic biomaterial scaffolds should not elicit host im-
mune response when transplanted in vivo. 

 MSCs not only evade detection and elimination by the 
immune system, they can further modulate and suppress al-
loreativity. In vitro, MSCs inhibit T-cell proliferation and 
activation [169, 171, 172]. Numerous studies have shown 
that MSCs, their differentiated progenies of adipocytes, os-

teoblasts, or chondrocytes, do not induce proliferation of 
allogeneic lymphocytes, even in the face of exogenous co-
stimulation, and do not elicit IFN-   production by human 
peripheral blood mononuclear cells as a measure of activa-
tion [168, 169, 171-174]. Both naïve and memory T cell re-
sponse in mixed lymphocyte cultures under mitogen stimula-
tion were suppressed [168-173, 175-177]. For example, 
MSCs have been shown to suppress CD4+ and CD8+ T cells 
in mixed lymphocyte cultures [169, 171]. MSCs can also 
induce apoptosis of activated T cells but not resting T cells 
[178]. Furthermore MSC suppress CD8+ T cell mediated 
lysis [170, 179]. In addition to the effect of MSCs on T-cells, 
MSCs can affect dendritic cell differentiation and maturation 
and interfere with their function [174, 180-183]. MSCs can 
switch the cytokine secretion profile of dendritic cells to 
decrease their secretion of pro-inflammatory of IFN- , IL-12 
and TNF- , and increase production of IL-10 which is sup-
pressive [ 174, 177, 181, 182]. MSCs can also alter the phe-
notype of natural killer cells, and can suppress the prolifera-
tion, cytokine secretion and cytotoxicity of these cells 
against MHC class I targets [182, 184]. MSCs can mediate 
the aforementioned immunosuppressive functions through 
either cell-cell interaction mediated inhibition, or through 
soluble factors that create a local immunosuppressive envi-
ronment. These factors have been shown to include hepato-
cyte growth factor, TGF- 1, IL-10, IL-6, prostaglandin E2, 
and possibly indoleamine 2,3-dioxygnease, although the pre-
cise mechanism remains a topic of debate (for review, see 
[185, 186]). Despite the discrepancies on the mechanism of 
action, the above studies suggest that MSCs can be trans-
planted between MHC incompatible individuals. 

 The in vitro studies showing that MSCs possess immu-
nomodulatory and immunosuppressive activities suggest that 
MSCs can be potentially used in vivo for enhancing the en-
graftment of other tissues (e.g. hematopoietic stem cells), or 
for the prophylactic prevention and even possibly as a treat-
ment of graft-versus-host-disease (GVHD). In one report, 
MSCs were used to treat severe steroid-refractory GVHD 
[187]. In another study, the expected anti-inflammatory ef-
fect of MSCs was used to treat therapy-induced tissue toxic-
ity following allogeneic hematopoietic stem cell transplanta-
tion with satisfactory results in the majority of the patients 
[188]. However, in a mouse model, MSCs have been re-
ported to fail to prevent GVHD [189]. Furthermore, using a 
murine melanoma tumor model, it has been shown that co-
transplantation of an MSC cell line (C3H10T1/2) favor tu-
mor growth of subcutaneously injected B16 melanoma cells 
[190]. However this tumor promoting effect was not ob-
served in another study [191]. The effect of MSCs on tumor 
growth requires further investigation to rule out the potential 
side effect of therapeutic use of MSCs. 

 OA is associated with progressive and often severe in-
flammation. For tissue engineering or cell therapy to be suc-
cessful, measures must be taken to control such an inflam-
matory environment. MSCs can switch the cytokine secre-
tion profile of dendritic cells to decrease secretion of pro-
inflammatory IFN- , IL-12, and TNF- , and increase pro-
duction of IL-10 which is suppressive [174, 177, 181, 182]. 
In animal models, MSC implantations improve outcomes of 
renal, lung and cardiac injury, partially by shifting the micro 
environment at the injury sites from pro-inflammatory to 
anti-inflammatory [192-196]. MSCs also secrete IL-1 recep-
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tor antagonist. In a murine pulmonary fibrosis model, MSC 
administration was more effective than recombinant IL-1 
receptor antagonist delivered via either adenoviral infection 
or osmotic pumps in inhibiting bleomycin-induced increases 
in TNF- , IL-1 , and trafficking of lymphocytes and neu-
trophils into the lung [193]. In a rat model of acute renal 
failure, intracarotid administration of MSC resulted in sig-
nificantly improved renal function. Little engraftment or 
differentiation of the GFP labeled cells was observed. How-
ever there seems to be a switch from pro-inflammatory re-
sponse to anti-inflammatory environment after MSC admini-
stration. Expression of the pro-inflammatory cytokines TNF-

, IL-1 , IFN- , and inducible nitric oxide synthase was 
significantly reduced, while expression of the anti-
inflammatory IL-10, bFGF, TGF- , and Bcl-2 was highly 
upregulated in MSC treated kidneys [192]. 

SUMMARY AND FUTURE PERSPECTIVES 

 OA is the most prevalent among degenerative joint dis-
eases and the leading cause of disability, with huge burden to 
the society; yet so far there exists no cure. MSCs, owing to 
their multitude properties and characteristics and functions 
that are yet to be fully discovered and realized, have the po-
tential to be used one day in cell based therapy to prevent 
cartilage injury progression and relieve patients of their dis-
ability and pain. First, due to their expansion and chondro-
genesis capacity, MSCs are desirable as the cell source for ex 
vivo cartilage tissue engineering to produce a functional re-
placement tissue for damaged cartilage, whose successful 
outcome depends on the optimal interplay between cells with 
their suitable scaffold in an appropriate environment. Exist-
ing challenges including terminal chondrocyte differentiation 
and functional integration with the host tissue, among others, 
need to be overcome before the tissue engineered cartilage 
construct can be used on patients. Aside from their intrinsic 
differentiation potential, MSCs possess the potential, based 
on studies from mostly non-cartilage systems, through yet to 
be clarified mechanisms, to enable the endogenous progeni-
tor cells to carry out the regenerative function, to elicit im-
munosuppressive effects, and to change their surrounding 
microenvironment from pro-inflammatory to anti-
inflammatory. The combined effects of these functions 
should be beneficial to the promotion of tissue regeneration 
under a local inflammatory environment, such as that found 
in the OA joint. These properties make MSCs a good candi-
date cell type for cell based therapy of OA. However, re-
search in this field has just started, and much more effort is 
needed to focused on MSCs on cartilage or the muscu-
loskeletal system before MSCs can be used in clinical cell 
based therapeutic applications. 

ACKNOWLEDGEMENT 

 This work is supported by the Intramural Research Pro-
gram of NIAMS, NIH (Z01 AR41131). 

REFERENCES 

[1] Giannoni P, Pagano A, Maggi E, et al. Autologous chondrocyte 
implantation (ACI) for aged patients: development of the proper 
cell expansion conditions for possible therapeutic applications. Os-
teoarthritis Cartilage 2005; 13: 589-600. 

[2] Felson DT, Zhang Y. An update on the epidemiology of knee and 
hip osteoarthritis with a view to prevention. Arthritis Rheum 1998; 
41: 1343-55. 

[3] Hunziker EB. Articular cartilage repair: basic science and clinical 
progress. A review of the current status and prospects. Osteoarthri-
tis Cartilage 2002; 10: 432-63. 

[4] Mow VC, Gu WY, Chen FH. Structure and function of articular 
cartilage and meniscus. In V.C. Mow and R. Huiskes, Eds, Basic 
orthopaedic biomechanics and mecahno-biology, 3rd Ed. Philadel-
phia: Lippincott-Raven 2005; 181-258. 

[5] Worster AA, Brower-Toland BD, Fortier LA, Bent SJ, Williams J, 
Nixon AJ. Chondrocytic differentiation of mesenchymal stem cells 
sequentially exposed to transforming growth factor-beta1 in mono-
layer and insulin-like growth factor-I in a three-dimensional matrix. 
J Orthop Res 2001; 19: 738-49. 

[6] Betre H, Ong SR, Guilak F, Chilkoti A, Fermor B, Setton LA. 
Chondrocytic differentiation of human adipose-derived adult stem 
cells in elastin-like polypeptide. Biomaterials 2006; 27: 91-9. 

[7] Awad HA, Wickham MQ, Leddy HA, Gimble JM, Guilak F. 
Chondrogenic differentiation of adipose-derived adult stem cells in 
agarose, alginate, and gelatin scaffolds. Biomaterials 2004; 25: 
3211-22. 

[8] Bosnakovski D, Mizuno M, Kim G, Takagi S, Okumura M, Fuji-
naga T. Chondrogenic differentiation of bovine bone marrow mes-
enchymal stem cells (MSCs) in different hydrogels: Influence of 
collagen type II extracellular matrix on MSC chondrogenesis. Bio-
technol Bioeng 2006; 93: 1152-63. 

[9] Meinel L, Hofmann S, Karageorgiou V, et al. Engineering carti-
lage-like tissue using human mesenchymal stem cells and silk pro-
tein scaffolds. Biotechnol Bioeng 2004; 88: 379-91. 

[10] Wang Y, Kim UJ, Blasioli DJ, Kim HJ, Kaplan DL. In vitro carti-
lage tissue engineering with 3D porous aqueous-derived silk scaf-
folds and mesenchymal stem cells. Biomaterials 2005; 26: 7082-94. 

[11] Huang CY, Reuben PM, D'Ippolito G, Schiller PC, Cheung H. 
Chondrogenesis of human bone marrow-derived mesenchymal 
stem cells in agarose culture. Anat Rec A Discov Mol Cell Evol 
Biol 2004; 278: 428-36. 

[12] Varghese S, Hwang NS, Canver AC, Theprungsirikul P, Lin DW, 
Elisseeff J. Chondroitin sulfate based niches for chondrogenic dif-
ferentiation of mesenchymal stem cells. Matrix Biol 2008; 27: 12-
21. 

[13] Williams CG, Kim TK, Taboas A, Malik A, Manson P, Elisseeff J. 
In vitro chondrogenesis of bone marrow-derived mesenchymal 
stem cells in a photopolymerizing hydrogel. Tissue Eng 2003; 9: 
679-88. 

[14] Noth U, Tuli R, Osyczka AM, Danielson KG, Tuan RS. In vitro 
engineered cartilage constructs produced by press-coating biode-
gradable polymer with human mesenchymal stem cells. Tissue Eng 
2002; 8: 131-44. 

[15] Li WJ, Tuli R, Okafor C, et al. A three-dimensional nanofibrous 
scaffold for cartilage tissue engineering using human mesenchymal 
stem cells. Biomaterials 2005; 26: 599-609. 

[16] Li WJ, Danielson KG, Alexander PG, Tuan RS. Biological re-
sponse of chondrocytes cultured in three-dimensional nanofibrous 
poly( -caprolactone) scaffolds. J Biomed Mater Res 2003; 67A: 
1105-14. 

[17] Darling EM, Athanasious KA. Rapid phenotypic changes in pas-
saged articular chondrocyte subpopulations. J Orthop Res 2005; 23: 
425-32. 

[18] Van Osch GJ, van der Veen SW, Verwoerd-Verhoef HL. In vitro 
redifferentiation of culture-expanded rabbit and human auricular 
chondrocytes for cartilage reconstruction. Plast Reconstr Surg 
2001; 107: 433-40. 

[19] Dell'Accio F, De Bari C, Luyten FP. Molecular markers predictive 
of the capacity of expanded human articular chondrocytes to form 
stable cartilage in vivo. Arthritis Rheum 2001; 44: 1608-19. 

[20] Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peter-
son L. Treatment of deep cartilage defects in the knee with autolo-
gous chondrocyte transplantation [see comments]. N Engl J Med 
1994; 331: 889-95. 

[21] Behrens P, Bosch U, Bruns J, et al. Indications and implementation 
of recommendations of the working group "Tissue Regeneration 
and Tissue Substitutes" for autologous chondrocyte transplantation 
(ACT). Z Orthop Ihre Grenzgeb 2004; 142: 529-39. 

[22] Wood JJ, Malek MA, Frassica FJ, et al. Autologous cultured chon-
drocytes: adverse events reported to the United States Food and 
Drug Administration. J Bone Joint Surg Am 2006; 88: 503-7. 



Adult Stem Cells for Cartilage Tissue Engineering and Regeneration Current Rheumatology Reviews, 2008, Vol. 4, No. 3      167 

[23] Nehrer S, Domayer S, Dorotka R, Schatz K, Bindreiter U, Kotz R. 
Three-year clinical outcome after chondrocyte transplantation using 
a hyaluronan matrix for cartilage repair. Eur J Radiol 2006; 57: 3-8. 

[24] Marcacci M, Berruto M, Brocchetta D, et al. Articular cartilage 
engineering with Hyalograft C: 3-year clinical results. Clin Orthop 
Relat Res 2005; 435: 96-105. 

[25] Behrens P, Bitter T, Kurz B, Russlies M. Matrix-associated autolo-
gous chondrocyte transplantation/implantation (MACT/MACI)-5-
year follow-up. Knee 2006; 13: 194-202. 

[26] Zheng MH, Willers C, Kirilak L, et al. Matrix-induced autologous 
chondrocyte implantation (MACI): biological and histological as-
sessment. Tissue Eng 2007; 13: 737-46. 

[27] Ossendorf C, Kaps C, Kreuz PC, Burmester GR, Sittinger M, 
Erggelet C. Treatment of posttraumatic and focal osteoarthritic car-
tilage defects of the knee with autologous polymer-based three-
dimensional chondrocyte grafts: 2-year clinical results. Arthritis 
Res Ther 2007; 9: R41. 

[28] Tuan RS. A second-generation autologous chondrocyte implanta-
tion approach to the treatment of focal articular cartilage defects. 
Arthritis Res Ther 2007; 9: 109. 

[29] Friedenstein AJ, Piatetzky-Shapiro I, Petrakova KV. Osteogenesis 
in transplants of bone marrow cells. J Embryol Exp Morphol 1966; 
16: 381-90. 

[30] Zuk PA, Zhu M, Mizuno H, et al. Multilineage cells from human 
adipose tissue: implications for cell-based therapies. Tissue Eng 
2001; 7: 211-28. 

[31] De Bari C, Dell'Accio F, Luyten FP. Human periosteum-derived 
cells maintain phenotypic stability and chondrogenic potential 
throughout expansion regardless of donor age. Arthritis Rheum 
2001; 44: 85-95. 

[32] Nakahara H, Goldberg VM, Caplan AI. Culture-expanded human 
periosteal-derived cells exhibit osteochondral potential in vivo. J 
Orthop Res 1991; 9: 465-76. 

[33] De Bari C, Dell'Accio F, Tylzanowski P, Luyten FP. Multipotent 
mesenchymal stem cells from adult human synovial membrane. Ar-
thritis Rheum 2001; 44: 1928-42. 

[34] Hunziker EB, Rosenberg LC. Repair of partial-thickness defects in 
articular cartilage: cell recruitment from the synovial membrane. J 
Bone Joint Surg Am 1996; 78: 721-33. 

[35] Young HE, Steele TA, Bray RA, et al. Human reserve pluripotent 
mesenchymal stem cells are present in the connective tissues of 
skeletal muscle and dermis derived from fetal, adult, and geriatric 
donors. Anat Rec 2001; 264: 51-62. 

[36] Bosch P, Musgrave DS, Lee JY, et al. Osteoprogenitor cells within 
skeletal muscle. J Orthop Res 2000; 18: 933-944. 

[37] Miura M, Gronthos S, Zhao M, et al. SHED: stem cells from hu-
man exfoliated deciduous teeth. Proc Natl Acad Sci USA 2003; 
100: 5807-12. 

[38] Brighton CT, Lorich DG, Kupcha R, Reilly TM, Jones AR, Wood-
bury RA. The pericyte as a possible osteoblast progenitor cell. Clin 
Orthop 1992; 275: 287-99. 

[39] Zvaifler NJ, Marinova-Mutafchieva L, Adams G, et al. Mesenchy-
mal precursor cells in the blood of normal individuals. Arthritis Res 
2000; 2: 477-88. 

[40] Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential 
of adult human mesenchymal stem cells. Science 1999; 284: 143-7. 

[41] Noth U, Osyczka AM, Tuli R, Hickok NJ, Danielson KG, Tuan 
RS. Multilineage mesenchymal differentiation potential of human 
trabecular bone-derived cells. J Orthop Res 2002; 20: 1060-9. 

[42] Osyczka AM, Noth U, Danielson KG, Tuan RS. Different osteo-
chondral potential of clonal cell lines derived from adult human 
trabecular bone. Ann NY Acad Sci 2002; 961: 73-7. 

[43] Wickham MQ, Erickson GR, Gimble JM, Vail TP, Guilak F. Mul-
tipotent stromal cells derived from the infrapatellar fat pad of the 
knee. Clin Orthop 2003; 412: 196-212. 

[44] Dell'Accio F, De Bari C, Luyten FP. Microenvironment and pheno-
typic stability specify tissue formation by human articular cartilage-
derived cells in vivo. Exp Cell Res 2003; 287: 16-27. 

[45] Dowthwaite GP, Bishop JC, Redman SN, et al. The surface of 
articular cartilage contains a progenitor cell population. J Cell Sci 
2004; 117: 889-97. 

[46] Alsalameh S, Amin R, Gemba T, Lotz M. Identification of mesen-
chymal progenitor cells in normal and osteoarthritic human articu-
lar cartilage. Arthritis Rheum 2004; 50: 1522-32. 

[47] Gregory CA, Prockop DJ, Spees JL. Non-hematopoietic bone mar-
row stem cells: molecular control of expansion and differentiation. 
Exp Cell Res 2005; 306: 330-5. 

[48] Tuan RS, Boland G, Tuli R. Adult mesenchymal stem cells and 
cell-based tissue engineering. Arthritis Res Ther 2003; 5: 32-45. 

[49] Baksh D, Song L, Tuan RS. Adult mesenchymal stem cells: charac-
terization, differentiation, and application in cell and gene therapy. 
J Cell Mol Med 2004; 8: 301-16. 

[50] Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of 
human stem cells derived from various mesenchymal tissues: supe-
riority of synovium as a cell source. Arthritis Rheum 2005; 52: 
2521-9. 

[51] Im GI, Shin YW, Lee KB. Do adipose tissue-derived mesenchymal 
stem cells have the same osteogenic and chondrogenic potential as 
bone marrow-derived cells? Osteoarthritis Cartilage 2005; 13: 845-
53. 

[52] Afizah H, Yang Z, Hui JH, Ouyang HW, Lee EH. A comparison 
between the chondrogenic potential of human bone marrow stem 
cells (BMSCs) and adipose-derived stem cells (ADSCs) taken from 
the same donors. Tissue Eng 2007; 13: 659-66. 

[53] Mehlhorn AT, Niemeyer P, Kaiser S, et al. Differential expression 
pattern of extracellular matrix molecules during chondrogenesis of 
mesenchymal stem cells from bone marrow and adipose tissue. Tis-
sue Eng 2006; 12: 2853-62. 

[54] Hennig T, Lorenz H, Thiel A, et al. Reduced chondrogenic poten-
tial of adipose tissue derived stromal cells correlates with an altered 
TGFbeta receptor and BMP profile and is overcome by BMP-6. J 
Cell Physiol 2007; 211: 682-91. 

[55] Estes BT, Wu AW, Guilak F. Potent induction of chondrocytic 
differentiation of human adipose-derived adult stem cells by bone 
morphogenetic protein 6. Arthritis Rheum 2006; 54: 1222-32. 

[56] Murphy JM, Dixon K, Beck S, Fabian D, Feldman A, Barry F. 
Reduced chondrogenic and adipogenic activity of mesenchymal 
stem cells from patients with advanced osteoarthritis. Arthritis 
Rheum 2002; 46: 704-13. 

[57] Sethe S, Scutt A, Stolzing A. Aging of mesenchymal stem cells. 
Ageing Res Rev 2006; 5: 91-116. 

[58] Muschler GF, Nitto H, Boehm CA, Easley KA. Age- and gender-
related changes in the cellularity of human bone marrow and the 
prevalence of osteoblastic progenitors. J Orthop Res 2001; 19: 117-
25. 

[59] Quarto R, Thomas D, Liang CT. Bone progenitor cell deficits and 
the age-associated decline in bone repair capacity. Calcif Tissue Int 
1995; 56: 123-9. 

[60] Scharstuhl A, Schewe B, Benz K, Gaissmaier C, Buhring HJ, Stoop 
R. Chondrogenic potential of human adult mesenchymal stem cells 
is independent of age or osteoarthritis etiology. Stem Cells 2007; 
25: 3244-51. 

[61] Im GI, Jung NH, Tae SK. Chondrogenic differentiation of mesen-
chymal stem cells isolated from patients in late adulthood: the op-
timal conditions of growth factors. Tissue Eng 2006; 12: 527-36. 

[62] Kafienah W, Mistry S, Dickinson SC, Sims TJ, Learmonth I, Hol-
lander AP. Three-dimensional cartilage tissue engineering using 
adult stem cells from osteoarthritis patients. Arthritis Rheum 2007; 
56: 177-87. 

[63] Goldberg AD, Allis CD, Bernstein E. Epigenetics: a landscape 
takes shape. Cell 2007; 128: 635-8. 

[64] Holliday R. Epigenetics: a historical overview. Epigenetics 2006; 
1: 76-80. 

[65] Reik W, Dean W, Walter J. Epigenetic reprogramming in mammal-
ian development. Science 2001; 293: 1089-93. 

[66] Jenuwein T, Allis CD. Translating the histone code. Science 2001; 
293: 1074-80. 

[67] Collas P, Noer A, Timoskainen S. Programming the genome in 
embryonic and somatic stem cells. J Cell Mol Med 2007; 11: 602-
20. 

[68] Bernstein BE, Mikkelsen TS, Xie X, et al. A bivalent chromatin 
structure marks key developmental genes in embryonic stem cells. 
Cell 2006; 125: 315-26. 

[69] Boquest AC, Noer A, Collas P. Epigenetic programming of mesen-
chymal stem cells from human adipose tissue. Stem Cell Rev 2006; 
2: 319-29. 

[70] Tremain N, Korkko J, Ibberson D, Kopen GC, DiGirolamo C, 
Phinney DG. MicroSAGE analysis of 2,353 expressed genes in a 
single cell-derived colony of undifferentiated human mesenchymal 



168    Current Rheumatology Reviews, 2008, Vol. 4, No. 3 Chen and Tuan 

stem cells reveals mRNAs of multiple cell lineages. Stem Cells 
2001; 19: 408-18. 

[71] Ramalho-Santos M, Yoon S, Matsuzaki Y, Mulligan RC, Melton 
DA. "Stemness": transcriptional profiling of embryonic and adult 
stem cells. Science 2002; 298: 597-600. 

[72] Tuan RS. Biology of developmental and regenerative skeletogene-
sis. Clin Orthop Relat Res 2004; 427 (Suppl 1): S105-17 

[73] Shum L, Coleman CM, Hatakeyama Y, Tuan RS. Morphogenesis 
and dysmorphogenesis of the appendicular skeleton. Birth Defects 
Res Part C Embryo Today 2003; 69: 102-22. 

[74] Tuan RS, Eyre D, Schurman DJ. Biology of developmental and 
regenerative skeletogenesis. Clin Orthop 2004; 427 (Suppl): S105-
17. 

[75] Barry F, Boynton RE, Liu B, Murphy, JM. Chondrogenic differen-
tiation of mesenchymal stem cells from bone marrow: differentia-
tion-dependent gene expression of matrix components. Exp Cell 
Res 2001; 268: 189-200. 

[76] Sekiya I, Vuoristo JT, Larson BL, Prockop DJ. In vitro cartilage 
formation by human adult stem cells from bone marrow stroma de-
fines the sequence of cellular and molecular events during chon-
drogenesis. Proc Natl Acad Sci USA 2002; 99: 4397-402. 

[77] Sekiya I, Larson BL, Vuoristo JT, Reger RL, Prockop DJ. Com-
parison of effect of BMP-2, -4, and -6 on in vitro cartilage forma-
tion of human adult stem cells from bone marrow stroma. Cell Tis-
sue Res 2005; 320: 269-76. 

[78] Bianchi G, Banfi A, Mastrogiacomo M, et al. Ex vivo enrichment 
of mesenchymal cell progenitors by fibroblast growth factor 2. Exp 
Cell Res 2003; 287: 98-105. 

[79] Battula VL, Bareiss PM, Treml S, et al. Human placenta and bone 
marrow derived MSC cultured in serum-free, b-FGF-containing 
medium express cell surface frizzled-9 and SSEA-4 and give rise to 
multilineage differentiation. Differentiation 2007; 75: 279-91. 

[80] Solchaga LA, Penick K, Porter JD, Goldberg VM, Caplan AI, 
Welter JF. FGF-2 enhances the mitotic and chondrogenic potentials 
of human adult bone marrow-derived mesenchymal stem cells. J 
Cell Physiol 2005; 203: 398-409. 

[81] Mastrogiacomo M, Cancedda R, Quarto R. Effect of different 
growth factors on the chondrogenic potential of human bone mar-
row stromal cells. Osteoarthritis Cartilage 2001; 9 (Suppl A): S36-
40. 

[82] Loughlin J, Dowling B, Chapman K, et al. Functional variants 
within the secreted frizzled-related protein 3 gene are associated 
with hip osteoarthritis in females. Proc Natl Acad Sci USA 2004; 
101: 9757-62. 

[83] Nakamura Y, Nawata M, Wakitani S. Expression profiles and 
functional analyses of Wnt-related genes in human joint disorders. 
Am J Pathol 2005; 167: 97-105. 

[84] Smith AJ, Gidley J, Sandy JR, et al. Haplotypes of the low-density 
lipoprotein receptor-related protein 5 (LRP5) gene: are they a risk 
factor in osteoarthritis? Osteoarthritis Cartilage 2005; 13: 608-613. 

[85] Diarra D, Stolina M, Polzer K, et al. Dickkopf-1 is a master regula-
tor of joint remodeling. Nat Med 2007; 13: 156-63. 

[86] Lane NE, Nevitt MC, Lui LY, de Leon P, Corr M. Wnt signaling 
antagonists are potential prognostic biomarkers for the progression 
of radiographic hip osteoarthritis in elderly Caucasian women. Ar-
thritis Rheum 2007; 56: 3319-25. 

[87] Baksh D, Tuan RS. Canonical and non-canonical Wnts differen-
tially affect the development potential of primary isolate of human 
bone marrow mesenchymal stem cells. J Cell Physiol 2007; 212: 
817-26. 

[88] Boland GM, Perkins G, Hall DJ, Tuan RS. Wnt 3a promotes prolif-
eration and suppresses osteogenic differentiation of adult human 
mesenchymal stem cells. J Cell Biochem 2004; 93: 1210-30. 

[89] Yano F, Kugimiya F, Ohba S, et al. The canonical Wnt signaling 
pathway promotes chondrocyte differentiation in a Sox9-dependent 
manner. Biochem Biophys Res Commun 2005; 333: 1300-8. 

[90] Zhou S, Eid K, Glowacki J. Cooperation between TFG-beta and 
Wnt pathways during chondrocyte and adipocyte differentiation of 
human marrow stromal cells. J Bone Miner Res 2004; 19: 463-70. 

[91] Fischer L, Boland G, Tuan RS. Wnt-3A enhances bone morphoge-
netic protein-2-mediated chondrogenesis of murine C3H10T1/2 
mesenchymal cells. J Biol Chem 2002; 277: 30870-8. 

[92] Tuli R, Tuli S, Nandi S, et al. Transforming growth factor- -
mediated chondrogenesis of human mesenchymal progenitor cells 
involves N-cadherin and mitogen-activated protein kinase and Wnt 
signaling cross-talk. J Biol Chem 2003; 278: 41227-36. 

[93] Butler DL, Goldstein SA, Guilak F. Functional tissue engineering: 
the role of biomechanics. J Biomech Eng 2000; 122: 570-575. 

[94] Buschmann MD, Gluzband YA, Grodzinsky AJ, Hunziker EB. 
Mechanical compression modulates matrix biosynthesis in chon-
drocyte/agarose culture. J Cell Sci 1995; 108: 1497-8. 

[95] Hung CT, Mauck RL, Wang CC, Lima EG, Ateshian GA. A para-
digm for functional tissue engineering of articular cartilage via ap-
plied physiologic deformational loading. Ann Biomed Eng 2004; 
32: 35-49. 

[96] Miyanishi K, Trindade MC, Lindsey DP, et al. Dose- and time-
dependent effects of cyclic hydrostatic pressure on transforming 
growth factor-beta3-induced chondrogenesis by adult human mes-
enchymal stem cells in vitro. Tissue Eng 2006; 12: 2253-62. 

[97] Hu JC, Athanasiou KA. The effects of intermittent hydrostatic 
pressure on self-assembled articular cartilage constructs. Tissue 
Eng 2006; 12: 1337-44. 

[98] Huang CY, Hagar KL, Frost LE, Sun Y, Cheung HS. Effects of 
cyclic compressive loading on chondrogenesis of rabbit bone-
marrow derived mesenchymal stem cells. Stem Cells 2004; 22: 
313-23. 

[99] Angele P, Yoo JU, Smith C, et al. Cyclic hydrostatic pressure 
enhances the chondrogenic phenotype of human mesenchymal pro-
genitor cells differentiated in vitro. J Orthop Res 2003; 21: 451-57. 

[100] Scherer K, Schunke M, Sellckau R, Hassenpflug J, Kurz B. The 
influence of oxygen and hydrostatic pressure on articular chondro-
cytes and adherent bone marrow cells in vitro. Biorheology 2004; 
41: 323-33. 

[101] Murphy CL, Polak JM. Control of human articular chondrocyte 
differentiation by reduced oxygen tension. J Cell Physiol 2004; 
199: 451-9. 

[102] Wang DW, Fermor B, Gimble JM, Awad HA, Guilak F. Influence 
of oxygen on the proliferation and metabolism of adipose derived 
adult stem cells. J Cell Physiol 2005; 204: 184-91. 

[103] Khan WS, Adesida AB, Hardingham TE. Hypoxic conditions in-
crease hypoxia-inducible transcription factor 2alpha and enhance 
chondrogenesis in stem cells from the infrapatellar fat pad of os-
teoarthritis patients. Arthritis Res Ther 2007; 9: R55. 

[104] D'Ippolito G, Diabira S, Howard GA, Menei P, Roos BA, Schiller 
PC. Marrow-isolated adult multilineage inducible (MIAMI) cells, a 
unique population of postnatal young and old human cells with ex-
tensive expansion and differentiation potential. J Cell Sci 2004; 
117: 2971-81. 

[105] Grayson WL, Zhao F, Izadpanah R, Bunnell B, Ma T. Effects of 
hypoxia on human mesenchymal stem cell expansion and plasticity 
in 3D constructs. J Cell Physiol 2006; 207: 331-9. 

[106] D'Ippolito G, Diabira S, Howard GA., Roos BA, Schiller PC. Low 
oxygen tension inhibits osteogenic differentiation and enhances 
stemness of human MIAMI cells. Bone 2006; 39: 513-22. 

[107] Fehrer C, Brunauer R, Laschober G, et al. Reduced oxygen tension 
attenuates differentiation capacity of human mesenchymal stem 
cells and prolongs their lifespan. Aging Cell 2007; 6: 745-57. 

[108] Baxter MA, Wynn RF, Jowitt SN, Wraith JE, Fairbairn LJ, Bellan-
tuono I. Study of telomere length reveals rapid aging of human 
marrow stromal cells following in vitro expansion. Stem Cells 
2004; 22: 675-82. 

[109] Bernardo ME, Zaffaroni N, Novara F, et al. Human bone marrow 
derived mesenchymal stem cells do not undergo transformation af-
ter long-term in vitro culture and do not exhibit telomere mainte-
nance mechanisms. Cancer Res 2007; 67: 9142-9. 

[110] Liu L, DiGirolamo CM, Navarro PA, Blasco MA, Keefe DL. Te-
lomerase deficiency impairs differentiation of mesenchymal stem 
cells. Exp Cell Res 2004; 294: 1-8. 

[111] Simonsen JL, Rosada C, Serakinci N, et al. Telomerase expression 
extends the proliferative life-span and maintains the osteogenic po-
tential of human bone marrow stromal cells. Nat Biotechnol 2002; 
20: 592-96. 

[112] Shi S, Gronthos S, Chen S, et al. Bone formation by human postna-
tal bone marrow stromal stem cells is enhanced by telomerase ex-
pression. Nat Biotechnol 2002; 20: 587-91. 

[113] Tuan R. Boning up on telomerase. Nat Biotechnol 2002; 20: 560-1. 
[114] Schulz RM, Bader A. Cartilage tissue engineering and bioreactor 

systems for the cultivation and stimulation of chondrocytes. Eur 
Biophys J 2007; 36: 539-68. 

[115] Abousleiman RI., Sikavitsas VI. Bioreactors for tissues of the mus-
culoskeletal system. Adv Exp Med Biol 2006; 585: 243-59. 



Adult Stem Cells for Cartilage Tissue Engineering and Regeneration Current Rheumatology Reviews, 2008, Vol. 4, No. 3      169 

[116] Vunjak-Novakovic G. The fundamentals of tissue engineering: 
scaffolds and bioreactors. Novartis Found Symp 2003; 249: 34-46. 

[117] Steck E, Bertram H, Abel R, Chen B, Winter A, Richter W. Induc-
tion of intervertebral disc-like cells from adult mesenchymal stem 
cells. Stem Cells 2005; 23: 403-11. 

[118] Mauck RL, Byers BA, Yuan X, Tuan RS. Regulation of cartilagi-
nous ECM gene transcription by chondrocytes and MSCs in 3D 
culture in response to dynamic loading. Biomech Model Mechano-
biol 2007; 6: 113-25. 

[119] Steinert AF, Ghivizzani SC, Rethwilm A, Tuan RS, Evans CH, 
Noth U. Major biological obstacles for persistent cell-based regen-
eration of articular cartilage. Arthritis Res Ther 2007; 9: 213. 

[120] Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU. In 

vitro chondrogenesis of bone marrow-derived mesenchymal pro-
genitor cells. Exp Cell Res 1998; 238: 265-72. 

[121] Pelttari K, Winter A, Steck E, et al. Premature induction of hyper-
trophy during in vitro chondrogenesis of human mesenchymal stem 
cells correlates with calcification and vascular invasion after ec-
topic transplantation in SCID mice. Arthritis Rheum 2006; 54: 
3254-66. 

[122] Ichinose S, Yamagata K, Sekiya I, Muneta T, Tagami M. Detailed 
examination of cartilage formation and endochondral ossification 
using human mesenchymal stem cells. Clin Exp Pharmacol Physiol 
2005; 32: 561-70. 

[123] Mwale F, Stachura D, Roughley P, Antoniou J. Limitations of 
using aggrecan and type X collagen as markers of chondrogenesis 
in mesenchymal stem cell differentiation. J Orthop Res 2006; 24: 
1791-8. 

[124] Mello MA, Tuan RS. Effects of TGF-beta1 and triiodothyronine on 
cartilage maturation: in vitro analysis using long-term high-density 
micromass cultures of chick embryonic limb mesenchymal cells. J 
Orthop Res 2006; 24: 2095-105. 

[125] Ferguson CM, Schwarz EM, Reynolds PR, Puzas JE, Rosier RN, 
O'Keefe RJ. Smad2 and 3 mediate transforming growth factor-
beta1-induced inhibition of chondrocyte maturation. Endocrinology 
2000; 141: 4728-35. 

[126] Li TF, Darowish M, Zuscik MJ, et al. Smad3-deficient chondro-
cytes have enhanced BMP signaling and accelerated differentiation. 
J Bone Miner Res 2006; 21: 4-16. 

[127] Wu Q, Chen D, Zuscik MJ, O'Keefe RJ, Rosier RN. Overexpres-
sion of Smurf2 stimulates endochondral ossification through 
upregulation of beta-catenin. J Bone Miner Res 2008; 23: 552-63. 

[128] Valcourt U, Gouttenoire J, Moustakas A, Herbage D, Mallein-
Gerin F. Functions of transforming growth factor-beta family type I 
receptors and Smad proteins in the hypertrophic maturation and os-
teoblastic differentiation of chondrocytes. J Biol Chem 2002; 277: 
33545-58. 

[129] Zhang D, Ferguson CM, O'Keefe RJ, Puzas JE, Rosier RN, Rey-
nolds PR. A role for the BMP antagonist chordin in endochondral 
ossification. J Bone Miner Res 2002; 17: 293-300. 

[130] Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin 
CJ. Regulation of rate of cartilage differentiation by Indian hedge-
hog and PTH-related protein. Science 1996; 273: 613-22. 

[131] Mueller MB, Tuan RS. Functional Characterization of Hypertrophy 
in Chondrogenesis of Human Mesenchymal Stem Cells. Arthritis 
Rheum 2008; 58: 1377-88. 

[132] Jiang J, Leong NL, Mung JC, Hidaka C, Lu HH. Interaction be-
tween zonal populations of articular chondrocytes suppresses 
chondrocyte mineralization and this process is mediated by PTHrP. 
Osteoarthritis Cartilage 2008; 16: 70-82. 

[133] Archer CW, Redman S, Khan I, Bishop J, Richardson K. Enhanc-
ing tissue integration in cartilage repair procedures. J Anat 2006; 
209: 481-93. 

[134] Quinn TM, Hunziker EB. Controlled enzymatic matrix degradation 
for integrative cartilage repair: effects on viable cell density and 
proteoglycan deposition. Tissue Eng 2002; 8: 799-806. 

[135] Van de Breevaart Bravenboer J, In der Maur CD, Bos PK, et al. 
Improved cartilage integration and interfacial strength after enzy-
matic treatment in a cartilage transplantation model. Arthritis Res 
Ther 2004; 6: R469-76. 

[136] Tognana E, Chen F, Padera RF, et al. Adjacent tissues (cartilage, 
bone) affect the functional integration of engineered calf cartilage 
in vitro. Osteoarthritis Cartilage 2005; 13: 129-38. 

[137] Wang DA, Varghese S, Sharma B, et al. Multifunctional chon-
droitin sulphate for cartilage tissue-biomaterial integration. Nat 
Mater 2007; 6: 385-92. 

[138] Liechty KW, MacKenzie TC, Shaaban, AF, et al. Human mesen-
chymal stem cells engraft and demonstrate site-specific differentia-
tion after in utero transplantation in sheep. Nat Med 2000; 6: 1282-
6. 

[139] Pochampally RR, Neville BT, Schwarz EJ, Li MM, Prockop DJ. 
Rat adult stem cells (marrow stromal cells) engraft and differentiate 
in chick embryos without evidence of cell fusion. Proc Natl Acad 
Sci USA 2004; 101: 9282-5. 

[140] Gao J, Dennis JE, Muzic RF, Lundberg M, Caplan AI. The dy-
namic in vivo distribution of bone marrow-derived mesenchymal 
stem cells after infusion. Cells Tissues Organs 2001; 169: 12-20. 

[141] Chapel A, Bertho JM, Bensidhoum M, et al. Mesenchymal stem 
cells home to injured tissues when co-infused with hematopoietic 
cells to treat a radiation-induced multi-organ failure syndrome. J 
Gene Med 2003; 5: 1028-38. 

[142] Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R. 
Mesenchymal stem cells distribute to a wide range of tissues fol-
lowing systemic infusion into nonhuman primates. Blood 2003; 
101: 2999-3001. 

[143] Gan OI, Murdoch B, Larochelle A, Dick JE. Differential mainte-
nance of primitive human SCID-repopulating cells, clonogenic 
progenitors, and long-term culture-initiating cells after incubation 
on human bone marrow stromal cells. Blood 1997; 90: 641-50. 

[144] Nolta JA, Thiemann FT, Arakawa-Hoyt J, et al. The AFT024 stro-
mal cell line supports long-term ex vivo maintenance of engrafting 
multipotent human hematopoietic progenitors. Leukemia 2002; 16: 
352-61. 

[145] Kohler T, Plettig R, Wetzstein W, et al. Defining optimum condi-
tions for the ex vivo expansion of human umbilical cord blood 
cells. Influences of progenitor enrichment, interference with feeder 
layers, early-acting cytokines and agitation of culture vessels. Stem 
Cells 1999; 17: 19-24. 

[146] Punzel M, Gupta P, Roodell M, Mortari F, Verfaillie CM. Factor(s) 
secreted by AFT024 fetal liver cells following stimulation with 
human cytokines are important for human LTC-IC growth. Leuke-
mia 1999; 13: 1079-84. 

[147] Bilko NM, Votyakova IA, Vasylovska SV, Bilko DI. Characteriza-
tion of the interactions between stromal and haematopoietic pro-
genitor cells in expansion cell culture models. Cell Biol Int 2005; 
29: 83-86. 

[148] Majumdar MK, Thiede MA. Haynesworth SE, Bruder SP, Gerson 
SL. Human marrow-derived mesenchymal stem cells (MSCs) ex-
press hematopoietic cytokines and support long-term hematopoiesis 
when differentiated toward stromal and osteogenic lineages. J He-
matother Stem Cell Res 2000; 9: 841-48. 

[149] Majumdar MK, Thiede MA, Mosca JD, Moorman M, Gerson SL. 
Phenotypic and functional comparison of cultures of marrow-
derived mesenchymal stem cells (MSCs) and stromal cells. J Cell 
Physiol 1998; 176: 57-66. 

[150] Haynesworth SE, Baber MA, Caplan AI. Cytokine expression by 
human marrow-derived mesenchymal progenitor cells in vitro: ef-
fects of dexamethasone and IL-1 alpha. J Cell Physiol 1996; 166: 
585-92. 

[151] Kim DH, Yoo KH, Choi KS, et al. Gene expression profile of 
cytokine and growth factor during differentiation of bone marrow-
derived mesenchymal stem cell. Cytokine 2005; 31: 119-26. 

[152] Munoz JR, Stoutenger BR, Robinson AP, Spees JL, Prockop DJ. 
Human stem/progenitor cells from bone marrow promote neuro-
genesis of endogenous neural stem cells in the hippocampus of 
mice. Proc Natl Acad Sci USA 2005; 102: 18171-6. 

[153] Chen X, Li Y, Wang L, et al. Ischemic rat brain extracts induce 
human marrow stromal cell growth factor production. Neuropa-
thology 2002; 22: 275-79. 

[154] Iso Y, Spees JL, Serrano C, et al. Multipotent human stromal cells 
improve cardiac function after myocardial infarction in mice with-
out long-term engraftment. Biochem Biophys Res Commun 2007; 
354: 700-6. 

[155] Noiseux N, Gnecchi M, Lopez-Ilasaca M, et al. Mesenchymal stem 
cells overexpressing Akt dramatically repair infarcted myocardium 
and improve cardiac function despite infrequent cellular fusion or 
differentiation. Mol Ther 2006; 14: 840-50. 

[156] Gnecchi M, He H, Noiseux N, et al. Evidence supporting paracrine 
hypothesis for Akt-modified mesenchymal stem cell-mediated car-
diac protection and functional improvement. FASEB J 2006; 20: 
661-9. 



170    Current Rheumatology Reviews, 2008, Vol. 4, No. 3 Chen and Tuan 

[157] Mirotsou M, Zhang Z, Deb A, et al. Secreted frizzled related pro-
tein 2 (Sfrp2) is the key Akt-mesenchymal stem cell-released 
paracrine factor mediating myocardial survival and repair. Proc 
Natl Acad Sci USA 2007; 104: 1643-1648. 

[158] Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy in 
a caprine model of osteoarthritis. Arthritis Rheum 2003; 48: 3464-
74. 

[159] Le Visage C, Kim SW, Tateno K, Sieber AN, Kostuik JP, Leong 
KW. Interaction of human mesenchymal stem cells with disc cells: 
changes in extracellular matrix biosynthesis. Spine 2006; 31: 2036-
42. 

[160] Sakai D, Mochida J, Yamamoto Y, et al. Transplantation of mesen-
chymal stem cells embedded in Atelocollagen(R) gel to the in-
tervertebral disc: a potential therapeutic model for disc degenera-
tion. Biomaterials 2003; 24: 3531-41. 

[161] Yamamoto Y, Mochida J, Sakai D, et al. Upregulation of the vi-
ability of nucleus pulposus cells by bone marrow-derived stromal 
cells: significance of direct cell-to-cell contact in coculture system. 
Spine 2004; 29: 1508-14. 

[162] Mochida J. New strategies for disc repair: novel preclinical trials. J 
Orthop Sci 2005; 10: 112-8. 

[163] Ahmed N, Dreier R, Gopferich A, Grifka J, Grassel S. Soluble 
signalling factors derived from differentiated cartilage tissue affect 
chondrogenic differentiation of rat adult marrow stromal cells. Cell 
Physiol Biochem 2007; 20: 665-78. 

[164] Vats A, Bielby RC, Tolley N, et al. Chondrogenic differentiation of 
human embryonic stem cells: the effect of the micro-environment. 
Tissue Eng 2006; 12: 1687-97. 

[165] Hwang NS, Varghese S, Puleo C, Zhang Z, Elisseeff J. Morphoge-
netic signals from chondrocytes promote chondrogenic and os-
teogenic differentiation of mesenchymal stem cells. J Cell Physiol 
2007; 212: 281-4. 

[166] Richardson SM, Walker RV, Parker S, et al. Intervertebral disc 
cell-mediated mesenchymal stem cell differentiation. Stem Cells 
2006; 24: 707-6. 

[167] Gotherstrom C, Ringden O, Tammik C, Zetterberg E, Westgren M, 
Le Blanc K. Immunologic properties of human fetal mesenchymal 
stem cells. Am J Obstet Gynecol 2004; 190: 239-5. 

[168] Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringden O. 
HLA expression and immunologic properties of differentiated and 
undifferentiated mesenchymal stem cells. Exp Hematol 2003; 31: 
890-6. 

[169] Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Sup-
pression of allogeneic T-cell proliferation by human marrow stro-
mal cells: implications in transplantation. Transplantation 2003; 75: 
389-97. 

[170] Rasmusson I, Ringden O, Sundberg B, Le Blanc K. Mesenchymal 
stem cells inhibit the formation of cytotoxic T lymphocytes, but not 
activated cytotoxic T lymphocytes or natural killer cells. Trans-
plantation 2003; 76: 1208-13. 

[171] Di Nicola M, Carlo-Stella C, Magni M, et al. Human bone marrow 
stromal cells suppress T-lymphocyte proliferation induced by cellu-
lar or nonspecific mitogenic stimuli. Blood 2002; 99: 3838-43. 

[172] Bartholomew A, Sturgeon C, Siatskas M, et al. Mesenchymal stem 
cells suppress lymphocyte proliferation in vitro and prolong skin 
graft survival in vivo. Exp Hematol 2002; 30: 42-48. 

[173] Klyushnenkova E, Mosca JD, Zernetkina V, et al. T cell responses 
to allogeneic human mesenchymal stem cells: immunogenicity, tol-
erance, and suppression. J Biomed Sci 2005; 12: 47-57. 

[174] Beyth S, Borovsky Z, Mevorach D, et al. Human mesenchymal 
stem cells alter antigen-presenting cell maturation and induce T-
cell unresponsiveness. Blood 2005; 105: 2214-19. 

[175] Krampera M, Glennie S, Dyson J, et al. Bone marrow mesenchy-
mal stem cells inhibit the response of naive and memory antigen-
specific T cells to their cognate peptide. Blood 2003; 101: 3722-9. 

[176] Le Blanc K, Rasmusson I, Gotherstrom C, et al. Mesenchymal 
stem cells inhibit the expression of CD25 (interleukin-2 receptor) 

and CD38 on phytohaemagglutinin-activated lymphocytes. Scand J 
Immunol 2004; 60: 307-15. 

[177] Rasmusson I, Ringden O, Sundberg B, Le Blanc K. Mesenchymal 
stem cells inhibit lymphocyte proliferation by mitogens and alloan-
tigens by different mechanisms. Exp Cell Res 2005; 305: 33-41. 

[178] Plumas J, Chaperot L, Richard MJ, Molens JP, Bensa JC, Favrot 
MC. Mesenchymal stem cells induce apoptosis of activated T cells. 
Leukemia 2005; 19: 1597-1604. 

[179] Angoulvant D, Clerc A, Benchalal S, et al. Human mesenchymal 
stem cells suppress induction of cytotoxic response to alloantigens. 
Biorheology 2004; 41: 469-76. 

[180] Zhang W, Ge W, Li C, et al. Effects of Mesenchymal Stem Cells 
on Differentiation, Maturation, and Function of Human Monocyte-
Derived Dendritic Cells. Stem Cells Dev 2004; 13: 263-71. 

[181] Jiang XX, Zhang Y, Liu B, et al. Human mesenchymal stem cells 
inhibit differentiation and function of monocyte-derived dendritic 
cells. Blood 2005; 105: 4120-26. 

[182] Aggarwal S, Pittenger MF. Human mesenchymal stem cells modu-
late allogeneic immune cell responses. Blood 2005; 105: 1815-22. 

[183] Ramasamy R, Fazekasova H, Lam EW, Soeiro I, Lombardi G, 
Dazzi F. Mesenchymal stem cells inhibit dendritic cell differentia-
tion and function by preventing entry into the cell cycle. Transplan-
tation 2007; 83: 71-76. 

[184] Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papa-
michail M. Interactions between human mesenchymal stem cells 
and natural killer cells. Stem Cells 2006; 24: 74-85. 

[185] Le Blanc K, Ringden O. Immunomodulation by mesenchymal stem 
cells and clinical experience. J Intern Med 2007; 262: 509-25. 

[186] Noel D, Djouad F, Bouffi C, Mrugala D, Jorgensen C. Multipotent 
mesenchymal stromal cells and immune tolerance. Leuk Lym-
phoma 2007; 48: 1283-9. 

[187] Ringden O, Uzunel M, Rasmusson I, et al. Mesenchymal stem cells 
for treatment of therapy-resistant graft-versus-host disease. Trans-
plantation 2006; 81: 1390-7. 

[188] Ringden O, Uzunel M, Sundberg B, et al. Tissue repair using allo-
geneic mesenchymal stem cells for hemorrhagic cystitis, pneu-
momediastinum and perforated colon. Leukemia 2007; 21: 2271-6. 

[189] Sudres M, Norol F, Trenado A, et al. Bone marrow mesenchymal 
stem cells suppress lymphocyte proliferation in vitro but fail to 
prevent graft-versus-host disease in mice. J Immunol 2006; 176: 
7761-7. 

[190] Djouad F, Plence P, Bony C, et al. Immunosuppressive effect of 
mesenchymal stem cells favors tumor growth in allogeneic ani-
mals. Blood 2003; 102: 3837-44. 

[191] Ohlsson LB, Varas L, Kjellman C, Edvardsen K, Lindvall M. Mes-
enchymal progenitor cell-mediated inhibition of tumor growth in 
vivo and in vitro in gelatin matrix. Exp Mol Pathol 2003; 75: 248-
55. 

[192] Togel F, Hu Z, Weiss K, Isaac J, Lange C, Westenfelder C. Admin-
istered mesenchymal stem cells protect against ischemic acute renal 
failure through differentiation-independent mechanisms. Am J 
Physiol Renal Physiol 2005; 289: F31-42. 

[193] Ortiz LA, Dutreil M, Fattman C, et al. Interleukin 1 receptor an-
tagonist mediates the antiinflammatory and antifibrotic effect of 
mesenchymal stem cells during lung injury. Proc Natl Acad Sci 
USA 2007; 104: 11002-7. 

[194] Ortiz LA, Gambelli F, McBride C, et al. Mesenchymal stem cell 
engraftment in lung is enhanced in response to bleomycin exposure 
and ameliorates its fibrotic effects. Proc Natl Acad Sci USA 2003; 
100: 8407-11. 

[195] Zappia E, Casazza S, Pedemonte E, et al. Mesenchymal stem cells 
ameliorate experimental autoimmune encephalomyelitis inducing 
T-cell anergy. Blood 2005; 106: 1755-61. 

[196] Guo J, Lin GS, Bao CY, Hu ZM, Hu MY. Anti-inflammation role 
for mesenchymal stem cells transplantation in myocardial infarc-
tion. Inflammation 2007; 30: 97-104. 

 
 

Received: January 16, 2008 Revised: February 5, 2008 Accepted: February 7, 2008 
 
 

 


