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Abstract

Mesenchymal stem cells (MSCs), the nonhematopoietic progenitor cells found in various adult tissues,
are characterized by their ease of isolation and their rapid growth in vitro while maintaining their
differentiation potential, allowing for extensive culture expansion to obtain large quantities suitable for
therapeutic use. These properties make MSCs an ideal candidate cell type as building blocks for tissue
engineering efforts to regenerate replacement tissues and repair damaged structures as encountered in
various arthritic conditions. Osteoarthritis (OA) is the most common arthritic condition and, like rheumatoid
arthritis (RA), presents an inflammatory environment with immunological involvement and this has been
an enduring obstacle that can potentially limit the use of cartilage tissue engineering. Recent advances in
our understanding of the functions of MSCs have shown that MSCs also possess potent
immunosuppression and anti-inflammation effects. In addition, through secretion of various soluble
factors, MSCs can influence the local tissue environment and exert protective effects with an end result of
effectively stimulating regeneration in situ. This function of MSCs can be exploited for their therapeutic
application in degenerative joint diseases such as RA and OA. This review surveys the advances made in
the past decade which have led to our current understanding of stem cell biology as relevant to diseases
of the joint. The potential involvement of MSCs in the pathophysiology of degenerative joint diseases will
also be discussed. Specifically, we will explore the potential of MSC-based cell therapy of OA and RA by
means of functional replacement of damaged cartilage via tissue engineering as well as their anti-
inflammatory and immunosuppressive activities.

Introduction

Mesenchymal stem cells (MSCs), also known in the literature as bone marrow stem cells, skeletal stem
cells, and multipotent mesenchymal stromal cells, are nonhematopoietic progenitor cells isolated from
adult tissues, and are characterized in vitro by their extensive proliferative ability in an uncommitted state
while retaining the potential to differentiate along various lineages of mesenchymal origin, including
chondrocyte, osteoblast, and adipocyte lineages, in response to appropriate stimuli (Figure 1). Since the
first study by Friedenstein and colleagues [1] more than 40 years ago, the field of MSC investigation has
gained increasing attention and popularity, particularly in the past decade. Using 'mesenchymal stem cell'
as a key word in a PubMed search, we retrieved 271 papers from 1998, 1,714 in 2007, and 1,185 in 2008
as of 19 July 2008. Initial studies focused on MSC characterization, tissue origin, and the basic biology of
MSC growth and differentiation regulation. These studies led to the realization that MSCs can be easily
isolated from various tissue sources, readily expanded in culture, and appropriately differentiated under
suitable stimulation. These characteristics make MSCs an ideal candidate cell type for tissue engineering
efforts aiming to regenerate replacement tissues for diseased structures. Further studies discovered that
the regenerative effects of MSCs do not merely rely on their ability to structurally contribute to tissue
repair. MSCs possess potent immunomodulatory and anti-inflammatory effects, and through either direct
cell-cell interaction or secretion of various factors, MSCs can exert a tremendous effect on local tissue
repair through modulating local environment and activation of endogenous progenitor cells. These
features make MSC-based cell therapy a hotly pursued subject of investigation in regenerative medicine.



Figure 1. Multilineage differentiation potential of mesenchymal stem cells (MSCs).
Under appropriate conditions, MSCs are able to differentiate into cell types of different lineages, including
bone, cartilage, adipose, muscle, tendon, and stroma. The arrows are presented as bidirectional,
indicating that differentiated MSCs are capable of dedifferentiation and transdifferentiation. Adapted from
[89].

1. Biology of mesenchymal stem cells

Characteristics and tissue distribution

Originally derived from bone marrow [1,2], MSCs and MSC-like cells have been identified to exist in and
can be isolated from a large number of adult tissues, where they are postulated to carry out the function
of replacing and regenerating local cells that are lost to normal tissue turnover, injury, or aging. These
tissues include adipose, periosteum, synovial membrane, synovial fluid (SF), muscle, dermis, deciduous
teeth, pericytes, trabecular bone, infrapatellar fat pad, and articular cartilage (reviewed in [3-5]). Despite
the intense research on MSCs, however, there is no uniformly accepted clear and specific definitive
phenotype or surface markers for the prospective isolation of MSCs. Instead, MSCs are defined
retrospectively by a constellation of characteristics in vitro, including a combination of phenotypic markers
and multipotential differentiation functional properties. The minimal requirement for a population of cells to
qualify as MSCs, as suggested by the International Society for Cytotherapy, is threefold: (a) they must be
plastic adherent under standard culture conditions, (b) they should express CD105, CD73, and CD90 and
lack the expression of CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR surface molecules,
and (c) they should possess tripotential mesodermal differentiation capability into osteoblasts, chondro-
cytes, and adipocytes [6]. While this minimal set of standard criteria was meant to foster a more uniform
characterization of MSCs and facilitate the exchange of data among investigators, it will probably require
modification as evolving research gives rise to new knowledge. Although plastic adherence serves as the
most commonly used and simple isolation procedure, various positive and negative surface markers (for
example, Stro-1, CD146/melanoma cell adhesion molecule, CD271/low-affinity nerve growth factor, and
stage-specific embryonic antigen-4 [7]) have also been used to enrich MSC yield and homogeneity.
Recently, Buhring and colleagues [8] described a panel of surface markers, including CD140b (platelet-
derived growth factor receptor-D), CD340 (HER-2/erbB2), and CD349 (frizzled-9) in conjunction with
CD217, that can be used for MSC enrichment. However, the enriched cell fractions are still
heterogeneous, and the majority of isolated cells are not clonogenic.

Although MSCs isolated from different tissues show similar phenotypic characteristics, it is not clear
whether these are the same MSCs, and they clearly show different propensities in proliferation and
differentiation potentials in response to stimulation with various growth factors. A study that compared
human MSCs derived from bone marrow, periosteum, synovium, skeletal muscle, and adipose tissue
revealed that synovium-derived MSCs exhibited the highest capacity for chondrogenesis, followed by
bone marrow-derived and periosteum-derived MSCs [9]. Isolation methods, culture surface, medium, and
seeding density as well as treatment with various growth factors influence the expansion and
differentiation and immunogenic properties of MSCs [10]. Donor age and disease stage can also
influence MSC yield, proliferation rate, and differentiation potential. Of particular relevance to rheumatic
diseases, some studies have shown that age, rheumatoid arthritis (RA), and advanced osteoarthritis (OA)
disease stage adversely affect MSCs derived from the bone marrow of patients, with significantly reduced
proliferative capacity and chondrogenic activity compared with those from young healthy donors, although
these findings are debated [11-13]. In one study, bone marrow-derived MSCs from RA and OA patients
showed chondrogenic potential similar to that of MSCs isolated from healthy donors [14]. In another
study, compared with MSCs from healthy donors, MSCs from individuals with RA showed similar



frequency, differentiation potential, survival, and immunophenotypic characteristics, but RA patient MSCs
showed impaired clonogenic and proliferative potential with premature telomere length loss [13].
However, irrespective of age or OA disease etiology, it has been found that a sufficient number of MSCs
with adequate chondrogenic differentiation potential can be isolated. Therefore, a therapeutic application
of MSCs for cartilage regeneration of RA and OA lesions seems feasible.

Mesenchymal stem cell differentiation potential and control

MSCs are characterized by their intrinsic self-renewal capacity which is reflected in its clonogenic
property and multilineage differentiation potential. Under defined conditions, MSCs can differentiate into
chondrocytes, osteoblasts, and adipocytes, and they also serve as hematopoiesis-supporting stromal
cells [2,15] (Figure 1). MSCs have also been reported, albeit controversially, to differentiate into myocytes
and cardiomyocytes and even into cells of nonmesodermal origin, including hepatocytes and neurons
[16].

MSC chondrogenesis is a complex process and an active area of research. Much of our understanding of
the relevant molecules and processes stems from our knowledge of healthy cartilage homeostasis as well
as cartilage formation in the developing limb [17]. The standard experimental model consists of a three-
dimensional (3-D) culture of MSCs, as high-density cell pellet or micromass culture or in a 3-D scaffold,
under the stimulation of suitable chondrogenic factors. Elements including activations of various
intracellular signaling pathways (mitogen-activated protein kinases and Smads) and transcription factors
(sox9, L-sox5, and L-sox6), production and interaction with extracellular matrix (ECM) proteins (collagen
type II, aggrecan, and cartilage oligomeric matrix protein), activities of soluble bioactive factors such as
growth factors, cytokines, chemokines, and hormones, and effects of environmental factors such as
mechanical loading and oxygen tension all affect chondrogenic differentiation of MSCs (Figure 2). One of
the most important molecules intrinsic to the assumption of the cartilaginous phenotype is the
transcription factor sox9. In bone marrow-derived MSCs, expression of exogenous sox9 led to increased
proteoglycan deposition [18].

Figure 2. Use of mesenchymal stem cells (MSCs) as cell therapy for cartilage tissue
repair and regeneration. The two potential approaches of MSC-based cartilage repair and regeneration
are illustrated. The first is ex vivo cartilage tissue engineering, in which a replacement tissue is
constructed in vitro using MSCs combined with scaffold under appropriate environmental stimuli. The
second is in vivo cartilage regeneration via MSC cell therapy using its anti-inflammatory and
immunosuppressive effects. As shown in this figure, MSCs are expanded and injected locally into the
affected joint. MSCs can be applied systematically as well. MSCs, due to their potential regenerative
functions as indicated, will help to influence the microenvironment to aid in the regeneration of the
cartilage.

Growth factors that have regulatory effects on MSCs include members of the transforming growth factor-
beta (TGF-β) superfamily, the insulin-like growth factors, the fibroblast growth factors, the platelet-derived
growth factor, and Wnts. Among these growth factors, TGF-βs, including TGF-β1, TGF-β2, and TGF-β3,
as well as bone morphogenetic proteins (BMPs) are the most potent inducers to promote chondrogenesis
of MSCs. For human MSCs, TGF-β2 and TGF-β3 were shown to be more active than TGF-β1 in
promoting chondrogenesis in that, although cellular content is similar after culture, significantly more
proteoglycans and collagen type II can be produced [19]. BMPs, known for their involvement in cartilage
formation, act alone or in concert with other growth factors to induce or enhance MSC chondrogenic
differentiation. For example, BMP-2, BMP-4, or BMP-6, combined with TGF-β3, induced chondrogenic



phenotype in cultured human bone marrow-derived MSC pellets, with BMP-2 seemingly the most
effective [20]. For adipose tissue-derived MSCs, due to their lack of expression of TGF-β type I receptor
and reduced expression of BMP-2, BMP-4, and BMP-6 when compared with bone marrow MSCs,
supplementation with BMP-6 and TGF-β seems to be optimal for their chondrogenic differentiation, with
BMP-6 stimulating stronger chondrogenic differentiation compared with TGF-β [21]. Wnt signaling
pathway protein polymorphism and altered gene expression have recently been associated with RA and
OA [22,23]. Canonical Wnt signaling in coordination with TGF-β and BMP signaling has been shown to
enhance MSC differentiation [24,25]. In addition, canonical and noncanonical Wnts have been shown to
cross-talk with each other in regulating stem cell proliferation and osteogenic differentiation [26].

While MSCs can be induced to undergo chondrogenic differentiation, with current systems and
knowledge, the end result is often less than desirable, with inferior cartilage-related properties coupled
with problematic terminal differentiation. In one study, bovine MSCs were compared directly with articular
chondrocytes from the same animals for their cartilage-forming capacity [27]. Both cell types were cast
into an agarose hydrogel system and cultured under the same chondrogenic conditions with the
stimulation of TGF-β. While MSCs underwent chondrogenic differentiation as indicated by cartilage ECM
expression, the amount and mechanical properties of the ECM were inferior to those produced by the
chondrocytes. These results suggest that further optimization is needed for the successful use of MSCs
for cartilage tissue engineering. The other challenge in controlling MSC chondrogenesis is the premature
hypertropic terminal differentiation of MSCs undergoing chondrogenic differentiation. Hypertropic
maturation of MSCs is characterized by the premature expression of collagen type X, matrix
metalloproteinase-13 (MMP-13), and alkaline phospha-tase activity that is normally found in growth plate
cartilage but not in stable healthy articular cartilage. The expression of collagen type X can be detected
early during MSC chondrogenesis, and it is debatable whether its expression does signal true
hypertrophic differentiation [28]; however, it has been correlated with the unstable transient nature of
transplanted tissue in vivo, which leads to vascular invasion and calcification [29]. Various factors are
involved in the regulation of hypertropic differentiation. The TGF-β family of growth factors and their
intracellular signaling molecules are involved in chondrogenesis, including terminal differentiation [30].
TGF-β can inhibit chick sternal chondrocyte terminal differentiation, as shown by suppression of
expression of collagen type X and alkaline phosphatase [31]. On the other hand, BMP-2 can induce
terminal differentiation [32,33], and in chick sternal chondrocytes, this process can be inhibited by the
BMP antagonist chordin [33]. It has been shown that the combination of isolation and culture condition as
well as the use of different BMPs can influence the outcome and extent of MSC chondrogenesis
progression as well as their terminal hypertrophy [34]. Furthermore, similar to growth plate development
in which hypertrophic maturation is under the regulation of a feedback loop involving Indian hedgehog
and parathyroid hormone-related protein (PTHrP) [35], PTHrP also plays a regulatory role in MSC
terminal differentiation. When human bone marrow MSCs from OA patients were cultured in a 3-D
polyglycolic acid scaffold in the presence of TGF-β3, upregulated expression of collagen type X was
significantly suppressed by the presence of PTHrP whereas expression of other cartilage-specific matrix
proteins was not affected [36].

Taken together, these findings suggest a complex interplay of extracellular growth factor molecules,
signal transduction pathways, and transcription factor networks for the control of MSC chondrogenesis.
Optimization of chondrogenesis to generate stable cartilage suitable for clinical use is likely cell source-
dependent and will likely be a function of cellular context, microenvironment as well as properties, dose,
and timing of the molecules administered to the cells [4,37].

Immunoregulatory properties of mesenchymal stem cells

A very important property of MSCs, especially for their use in rheumatic diseases, is their potent
immunosuppressive and anti-inflammatory functions that have been demonstrated both in vitro and in
vivo. Due to the scarcity of MSCs, especially the apparent decrease in quantity and quality with age and
diseases, as well as the fact that patient-derived MSCs have the same genetic defects as the patient, it is



sometimes desirable to consider using allogeneic MSCs for therapy. Traditionally, allogeneic cell
treatment has required accompanying immunosuppression therapy. However, in the case of MSCs, this
may not always be necessary as it has been shown that MSCs can be used to modulate host immune
systems and confer immune suppression function. However, caution should be exercised as this field of
research is still maturing and conflicting results have been obtained in different systems from different
labs.

First, MSCs are hypoimmunogenic and can evade the host immune elimination. MSCs express low (fetal)
to intermediate (adult) major histocompatibility complex (MHC) class I molecules and do not express
MHC class II molecules on their cell surface, although an intracellular pool of MHC class II molecules can
be stimulated to be expressed on the cell surface by interferon-gamma (IFN-γ) [38]. However, since
MSCs do not express any costimulatory molecules, including B7-1 (CD80), B7-2 (CD86), or CD40, they
do not activate alloreative T cells [39]. After differentiation into adipocytes, osteoblasts, and chondrocytes,
MSCs continue to express MHC class I but not class II molecules on their cell surface, even under
stimulation, and continue to be nonimmunogenic [38]. These properties suggest that MSCs should be
able to be transplanted to an allogeneic host without immune rejection and that in vivo MSC cell therapy
and tissue-engineered cartilage construct using allogeneic MSCs transplanted in vivo in
hypoimmunogenic biomaterial scaffolds should not elicit a host immune response. However, the immune
privilege of MSCs seems to be limited. A few studies in mouse systems have reported that, in vivo,
allogeneic mismatched MSCs were rejected by the host and could not form ectopic bone, while syngeneic
recipient allowed ectopic bone formation, despite the fact that, in vitro, the MSCs showed
immunosuppressive activity [40,41].

MSCs not only evade detection and elimination by the immune system but can further modulate and
suppress alloreactivity through modulating most major immune cell activities [38,39,42-53]. In vitro, MSCs
inhibit T-cell proliferation and activation in response to mitogenic or antigenic stimulation in a dose-
dependent manner. Numerous studies [38,39,42-48] have shown that MSCs, as well as their
differentiated progenies of adipocytes, osteoblasts, or chondrocytes, inhibit proliferation of allogeneic
lymphocytes. Both naïve and memory T cells as well as CD4+ and CD8+T cells in mixed lymphocyte
cultures were suppressed. Furthermore, MSCs suppress CD8+ T cell-mediated lysis. T cells were found to
be anergic and arrest in the G0-G1 phase of the cell cycle.

In addition to T cells, MSCs exert proliferation inhibitory effects on B cells [49], natural killer (NK) cells
[50,51], and dendritic cells [44,45,52,53]. In addition to the effect on proliferation, MSCs can further
interfere and affect cellular differentiation and maturation and function of the immune cells [44,45,52,53].
MSCs inhibit the maturation and decrease the expression of presentation molecules and costimulatory
molecules of antigen-presenting cells [53]. MSCs can also inhibit B-cell antibody production [49]. In the
case of NK cells, MSCs can suppress their proliferation, cytokine secretion, and cytotoxicity [45,50,51].
Furthermore, MSCs not only have a direct inhibitory effect on T cells but also affect the first critical step of
immune response in that they can inhibit the differentiation and maturation of the antigen-presenting cells
and cause the dendritic cells to switch cytokine secretion profile to decrease their secretion of
proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), IFN-γ, and interleukin-12 (IL-12)
and, importantly, increase production of IL-10 which is suppressive and tolerogenic and a potent inducer
of regulatory T cells (Tregs) [44,45,53]. In addition, it has been reported [45] that human MSCs caused an
increase in the proportion of Tregs present. Overall, the effect of MSCs on the immune cells is to skew
the immune response toward a tolerant and anti-inflammatory phenotype. These immunomodulative
effects seem not to be limited to MSCs but are shared by other mesenchymal cells. Progenies of MSC
differentiation as well as various stromal cells from different tissues, including chondrocytes and
fibroblasts, have also been shown to have immunosuppressive effects under certain conditions [38,46].

The mechanism of the immunomodulatory effects of MSCs is not completely understood, although both
direct and indirect effects have been suggested through either cell-cell interaction or soluble factors that



create a local immunosuppressive environment. MSCs alter the cytokine secretion profile of dendritic
cells, naïve and effector T cells, and NK cells to induce a more anti-inflammatory or tolerant phenotype.
Secretion of the proinflammatory cytokines, TNF-α and IFN-γ, is decreased whereas that of the more
suppressive IL-4 and IL-10 is stimulated [45]. Other factors involved have been shown to include
hepatocyte growth factor, TGF-β1, IL-10, IL-6, prostaglandin E2, nitric oxide, and possibly indoleamine
2,3-dioxygnease. Although the precise mechanism has yet to be clarified (reviewed in [42,43]), the body
of evidence suggests that MSCs are immunosuppressive and anti-inflammatory and can be transplanted
between MHC-incompatible individuals.

The immunosuppressive effects of MSCs have also been demonstrated in vivo. The first of such studies
was carried out in baboons in which systematic administration of allogeneic MSCs was used to prolong
skin graft [47]. In an animal model of experimental autoimmune encephalomyelitis that mimics human
multiple sclerosis, MSC administration strikingly ameliorated disease. MSCs were effective when
administered at disease onset and at the peak of disease but not after disease stabilization. This effect
was believed to be mediated through inducing T-cell anergy [48]. The immunosuppressive function of
MSCs has also been shown to be effective in humans. In one report, MSCs were used to treat severe
steroid-refractory graft-versus-host disease (GVHD), resulting in the disappearance of GVHD in six out of
eight patients, with their survival rate being significantly better than that of patients not treated with MSCs
[54]. In animal models, MSC implantations improved outcomes of renal, lung, and cardiac injuries, at least
partially by shifting the microenvironment at the injury sites from proinflammatory to anti-inflammatory [55-
57]. In a murine pulmonary fibrosis model, MSCs inhibited bleomycin-induced inflammation and fibrosis
within the lungs. This was shown to be due primarily to the secretion of IL-1 receptor antagonist by MSCs
[56]. MSC-conditioned medium was shown to block proliferation of an IL-1α-dependent T-cell line and
inhibit production of TNF-α by activated macrophages in vitro. Furthermore, 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-α, IL-1α, and trafficking of lymphocytes
and neutrophils into the lung [56]. These successful animal studies have led to additional human studies,
which include phase I/II clinical trials on GVHD, acute myocardial infarction, end-stage ischemic heart
diseases, osteogenesis imperfecta, multiple sclerosis, and open bone fracture (see [58] for review and
[59] for a list of ongoing clinical trials).

The studies on the effect of MSCs on immunomodulation, along with other studies, also attest to another
critical aspect regarding the function of MSCs, that is, the trophic effects of MSCs. In most in vivo studies
except for those using in vitro engineered constructs, significant engraftment of MSCs was not observed
whereas the potent beneficial effects of MSCs were obvious. It thus appears that MSCs can secrete
soluble factors that can be anti-inflammatory, immunomodulatory, and supportive for tissue repair through
activating the regenerative potential of the endogenous progenitor cells. In line with this notion, MSCs
have been used in vivo for enhancing the engraftment of other tissues (for example, hematopoietic stem
cells). MSCs can support hematopoiesis through the secretion of cytokines and have the capacity to
maintain and expand lineage-specific colony-forming units from CD34+ marrow cells in long-term bone
marrow culture [60,61], and when cotransplanted, can enhance hemato-poietic stem cell engraftment and
increase the success of hematopoietic stem cell transplantation in clinical outcomes [62-64]. It is
reasonable to anticipate that MSC therapy in conjunction with hematopoietic stem cell transplantation can
be used for treating autoimmune diseases, such as RA, to possibly bypass the immunoablasive
conditioning step and tissue toxicity as a result of the immunomodulation function of MSCs. This is
expected to be an intensely pursued area of research in the next few years.

The immune-suppressive function of MSCs brings caution to its use under certain conditions. One of the
concerns relates to the potential interplay between MSCs and tumors. It has been shown that MSCs,
especially mouse MSCs, will accumulate cytogenetic aberrations and become neoplastic after a few
passages in culture [65,66]. Human MSCs seem to be more stable in culture during the standard in vitro
culture time of 6 to 8 weeks; however, they can also undergo spontaneous transformation following long-
term in vitro culture (4 to 5 months) involving the mesenchymal-epithelial transition process [67].



Therefore, care should be taken when MSCs are expanded for clinical use. This is especially true for the
potential allogeneic 'off-the-shelf' approach, whereas autologous MSC treatment should not require such
a long expansion time when enough original material is used. There has also been some debate on the
effect of in vitro expanded MSCs on tumor growth. MSCs have the capacity to engraft into multiple
tissues in vivo, especially to sites of injury and inflammation, including primary tumor and tissue sites of
metastasis. The effect of MSCs on tumor growth has been somewhat controversial. There are reports that
MSCs promote tumor growth and metastasis as well as studies to the contrary (reviewed in [68]). The
contradictory results probably relate to the different tumors and models used and to the differences
stemming from the heterogeneity and different culture methods of MSCs. Nevertheless, the ability of
MSCs to target tumors has given rise to a potential therapeutic way of cancer therapy to specifically
deliver antitumor drugs in situ. MSCs genetically modified to express antitumor factors, including IL-12
and antagonist for hepatic growth factor, have been used. The therapeutic application for MSCs on tumor
growth requires further investigation to rule out the potential side effects of MSCs.

2. Mesenchymal stem cells in rheumatic diseases

The ease of isolation and expansion and the multipotential differentiation capacity, especially the
chondrogenic differentiation property of MSCs, make MSCs the cell type of choice for articular cartilage
tissue engineering that aims to replace and regenerate the diseased structure in joint diseases. In
addition, their immunomodulatory and anti-inflammatory functions make MSCs the ideal candidate for cell
therapy to treat diseases with inflammatory features such as those encountered in OA and RA, although
research in this area is just starting to gain momentum. Therefore, MSCs are actively being considered as
candidate cells for the treatment of arthritic joint diseases both as a structural substitute and as a stand-
alone cell therapy or as a combination thereof (Figure 2). The involvement of MSCs in OA and RA and
their potential use for their treatment are discussed below.

Mesenchymal stem cell and osteoarthritis

OA is the most common type of arthritis. It is estimated that 26.9 million Americans 25 years old or older
have clinical OA of some joints, with a higher percentage of affliction in the older population [69]. Its
clinical manifestations include joint pain and impairment to movement, and surrounding tissues are often
affected with local inflammation. The etiology of OA is not completely understood; however, injury, age,
and genetics have been considered among the risk factors. OA is a progressively debilitating disease that
affects mostly cartilage, with associated changes in bone. Cartilage has limited intrinsic healing and
regenerative capacities. Current pharmacologic treatment for early OA has seen limited success, and
various surgical procedures, including debridement, drilling, osteochondral transplantation, autolo-gous
perichondral and periosteal grafts, and autologous chondrocyte implantation, are able to relieve pain
temporarily but eventually fail [70]. Due to the increasing incidence of OA and the aging population
coupled with inefficient therapeutic choices, novel cartilage repair strategies are in need.

The availability of large quantities of MSCs and their potential for ready chondrogenic differentiation after
prolonged in vitro expansion have made MSCs the most hopeful candidate progenitor cell source for
cartilage tissue engineering. MSCs loaded on a 3-D scaffold under appropriate differentiation cues can
undergo chondrogenic differentiation, and the resulting construct can be used as a replacement tissue for
cartilage repair (Figure 2). In vitro cartilage tissue engineering has attracted a lot of research effort and
attention from biologists, engineers, and clinicians in the past 10 years. The regulation and control of this
process have been extensively reviewed above and elsewhere and readers are referred to these
publications for additional information [4,71,72]. In addition to being used for structural replacement as the
aim of cartilage tissue engineering in cartilage repair, MSCs have been used directly in cell therapy for
OA cartilage repair in situ. OA is associated with progressive and often severe inflammation. For tissue
engineering or cell therapy to be successful, measures must be taken to control such an inflammatory
environment. Because MSCs have been shown to possess anti-inflammatory function, they are also a
suitable cell type for this purpose. Several characteristics of MSCs make them attractive in this respect.



First, MSCs have been shown to be able to migrate and engraft onto multiple musculoskeletal tissues,
especially sites of injury, and undergo site-specific differentiation. More importantly, while there, MSCs
can exert significant effects on local environment and resident endogenous tissue progenitor cells through
direct or indirect interactions and soluble factors. In addition, MSCs have shown potent anti-inflammatory
and immunosuppressive activities. Taken together, these properties make MSCs a promising candidate
for cell therapy for diseases that often involve the immune system, such as OA and RA (Figure 2).

A study by Murphy and colleagues [73] employing MSCs in a goat OA model highlighted the regenerative
effect of MSC cell therapy in OA. Trauma-induced OA was simulated in this model by unilateral excision
of the medial meniscus and resection of the anterior cruciate ligament, followed by exercise. Autologous
MSCs in hyaluronan solution were injected intra-articularly to test their effect. In the control animals
without MSCs, OA development was observed as expected, with substantial fibrillation and erosion of
large areas of articular cartilage, accompanied by osteophyte formation and changes to the subchondral
bone. In the MSC-treated joints, there was marked regeneration of the medial meniscus and decreased
cartilage destruction and bone changes. Injected labeled MSCs were not observed to be engrafted on
articular cartilage. Labeled MSCs were seen engrafted in the neomeniscus, though not in a large enough
quantity to account for the majority of the newly formed tissue. These findings suggested that the
beneficial effect of MSCs on cartilage protection and on OA progression was not due to the direct
structural contribution of MSCs. Based on knowledge gained from other systems, it is possible that the
injected MSCs in this case acted to induce endogenous progenitor cells through various direct or indirect
interactions to regenerate meniscus, which in turn retarded cartilage degeneration associated with OA.
Based on the goat study, a procedure using direct injection of adult stem cells into the patient's knee to
repair meniscus and prevent OA progression is currently in a phase I/II clinical trial.

The above study highlights another challenge in using MSCs systematically or locally for arthritis
prevention and treatment, that is, the inefficient engraftment of MSCs to the articular cartilage. In one
experiment, the engraftment, survival, and long-term fate of human MSCs were assessed after in utero
transplantation in sheep, and transplanted cells were shown to persist and undergo site-specific
differentiation into chondrocytes, adipocytes, myocytes and cardiomyocytes, bone marrow stromal cells,
and thymic stroma. However, although most of the animals had human cell engraftment in various
tissues, cartilage-specific engraftment was not efficient [74]. In another study, plastic adherence-enriched
bone marrow mesenchymal precursor cells were systematically transplanted via tail vein injection into
irradiated mice [75]. After 1 to 5 months, the donor cells were found in bone, cartilage, and lung in
addition to marrow and spleen. When chondrocytes were isolated from xiphoid and articular cartilage by
microscopic dissection, progeny of the donor cells accounted for 2.5% of the isolated chondrocytes.
Although donor cells were found to engraft onto articular cartilage of irradiated mice, albeit at low
efficiency, assays of control nonirradiated mice revealed very low levels of the donor cells at the same
time points [75]. In studies with different models of induced arthritis, including a trauma-induced goat OA
model [73] and a mouse model of collagen-induced arthritis (CIA) [76], transplanted cells were not
detected in joint cartilage. Investigation into the mechanisms of MSC trafficking and homing, possibly
through the regulation of various chemokines and receptors, as well as adhesion molecules and their
receptors (reviewed in [77]), is currently an actively pursued area of research and will likely provide
insights into means of increasing engraftment of MSCs onto articular cartilage for more efficient treatment
of arthritis. Despite the low engraftment efficiency, MSC-based procedures have been found to exert a
therapeutic effect in various disease models, including arthritis, possibly through their trophic effect and
their anti-inflammatory and immunosuppressive activities, which can significantly affect the local
environment and resident endogenous tissue progenitor cells in carrying out the regenerative function.

Mesenchymal stem cell and rheumatoid arthritis

RA is a complex multisystem autoimmune disease characterized by cartilage and bone destruction
associated with local production of inflammatory mediators, such as TNF-αand IL-1β. The etiology of RA
is not completely understood, and multiple cells are thought to contribute to the pathogenic progression,



with T cells [78] and fibroblast-like synoviocytes (FLSs) [79] playing central roles in orchestrating the
disease progression of inflammation and tissue damage. Although it is still debatable, RA is believed to
be a T cell-driven inflammatory synovitis disease in which T cells and synoviocytes participate in a
complex network of cell- and mediator-driven events leading to joint destruction. Both antigen-activated
CD4+ T helper 1 (Th1) and CD8+ T cells are reported to be involved in the pathogenesis of RA. After being
triggered and activated, T cells stimulate monocytes, macrophages, and FLSs to produce inflammatory
mediators, including IL-1, TNF-α, IFN-γ, and IL-6, and secrete MMPs, leading to the systemic
inflammation that eventually results in joint destruction [78,80]. Pharmacological interventions aiming at
reducing inflammation, including methotrexate and anti-TNF-α drugs (infliximab, adalimumab, and
etanercept), have been used to treat RA symptoms [81]. Recently, for patients who do not respond to
conventional treatment, autologous hematopoietic stem cell transplantation after immune ablation
treatment has become an option. However, this comes with a high risk of side effects, including mortality.
Joint destruction in RA and the anti-inflammatory and immune-suppressive properties of MSCs suggest
that RA may be a candidate disease for cartilage and bone repair using MSC therapy.

MSCs have been identified in synovium and SF that share characteristics of bone marrow derived-MSCs,
with clonogenic and multipotential differentiation potentials. The origin of SF-MSCs is not clear. From
gene array profiling, it has been observed that SF-MSCs are more similar to synovial MSCs than bone
marrow MSCs [82]. This finding can suggest that SF-MSCs are derived from synovium instead of bone
marrow or are the result of phenotypic changes due to their local environment. Furthermore, the
relationship between FLS and MSC is not fully elucidated. It has been reported that a fraction of the RA
FLS population shows properties that are associated with MSCs in that they can differentiate into
chondrocytes, osteoblasts, adipocytes, and muscle cells despite the pathological condition [83-85]. By
means of a mouse model of bone marrow transplantation in which bone marrow cells from green
fluorescence protein-transgenic donor mice were transplanted into lethally irradiated recipient mice, it was
shown that normal FLSs contain a minor fraction (1.2%) of bone marrow-derived mesenchymal cells. At
the onset of CIA in a mouse model of RA, before inflammation, primitive bone marrow stromal cells
migrated from the bone marrow into the affected joint cavity and appeared to contribute to synovial
proliferation, and this process is dependent on the proinflammatory cytokine TNF-α[83].

Upon CIA development, the arthritic FLSs contain a substantial portion (33.7%) of bone marrow-derived
cells [84]. These cells can differentiate in vitro into various mesenchymal cell types, but inflammatory
cytokines such as IL-1β prevent the multilineage differentiation. The transcription factor nuclear factor-
kappa-B (NF-κB), which can be activated by proinflammatory cytokines, plays a key role in the repression
of osteogenic and adipogenic differentiation of arthritic FLS. Furthermore, specific activation of NF-κB
profoundly enhances FLS proliferation, motility, and secretion of matrix-degrading MMP-13. Therefore, it
is proposed that arthritic FLSs are, in fact, MSCs which are arrested at early stages of differentiation by
inflammation activation of NF-κB [84]. In another study, MSCs from RA and healthy donors were
compared. RA MSCs showed frequency, differentiation potential, survival, and immunophenotypic
characteristics similar to those of normal MSCs, but impaired clonogenic and proliferative potential with
premature telomere length loss [13].

Currently, the biological roles MSCs play in RA pathophysiology are unknown. However, MSCs isolated
from RA patients and patients with other autoimmune diseases seem to be similar to normal MSCs in that
they are clonogenic and possess multipotential differentiation capacity. More importantly, they can also
inhibit the proliferation of autologous and allogeneic peripheral blood mononuclear cells (PBMCs) in a
dose-dependent manner. The inhibition was observed with MSCs and PBMCs either from healthy donors
or from patients suffering from autoimmune diseases [86]. This indicates that MSCs from RA patients can
potentially be used for immunomodulatory cell therapy. Recently, in a more specific study, allogeneic
MSCs were tested against T cells from RA patients which react to collagen type II [87]. MSCs or MSC-
differentiated chondrocytes were able to inhibit collagen type II-stimulated T-cell proliferation and
activation in a dose-dependent manner. In addition, MSCs and their chondrocyte progeny alike inhibited
the secretion of proinflammatory cytokines IFN-γ and TNF-α by CD4+ and CD8+ cells while increasing the



secretion of IL-10 and restoring the secretion of IL-4. It was also shown that TGF-β played a significant
role in the inhibitory effects of MSCs in this case.

So far, the in vivo use of MSCs for treating RA has generated mixed results. CIA is an experimental
autoimmune disease that shares several clinical and histological features with RA. CIA can be elicited in
susceptible strains of rodents and nonhuman primates by immunization with collagen type II, the major
matrix constituent protein of articular cartilage. In a CIA mouse model, a single injection of MSCs
prevented the occurrence of severe irreversible damage to bone and cartilage [76]. Using cell tracking,
donor cells were not detected in joints of treated mice, suggesting that the injected MSCs did not restore
tissue integrity by mechanisms of direct tissue repair. At the end of the experiment, cells were not evident
in peritoneal or secondary lymphoid organs, although cells were detected in the intermediate time point.
In terms of mechanism, MSC treatment induced hyporesponsiveness of T lymphocytes from MSC-treated
mice in that they showed basal in vitro proliferation and mitogen-induced and collagen type II-recalled
proliferation compared with T cells from non-MSC-treated animals. MSC treatment modulated the
expression of proinflammatory cytokines. In particular, serum concentration of TNF-α was significantly
decreased. It was suggested that MSCs exerted their immunomodulatory function by educating antigen-
specific Tregs. In MSC-treated immunized mice, CD4+CD25+CD27+ Tregs were increased significantly
compared with non-MSC-treated mice, and Tregs from these mice inhibited proliferation of T lymphocytes
when proliferation was recalled using collagen type II. These results suggest an effective therapeutic
approach to target the pathogenic mechanism of autoimmune arthritis using allogeneic MSCs.

In another CIA study, mouse stem cell line C3H10T1/2 did not confer any benefit. In vitro experiments
showed that the addition of TNF-α was sufficient to reverse the immunosuppressive effect of MSCs on T-
cell proliferation [88]. These data suggest that environmental parameters, in particular those related to
inflammation, may influence the immunosuppressive properties of MSCs.

Conclusion

The potential use of MSCs as building blocks for joint tissue replacement via tissue engineering and their
newly uncovered potential for direct cell therapy by virtue of their trophic and anti-inflammatory and
immunosuppressive properties (Figure 2) have generated a lot of enthusiasm in orthopaedics and
rheumatology communities. A large body of research has produced exciting data, leading to the hope of
their potential application. However, controversy still exists, and a great deal of work needs to be done
before MSCs can be accepted for clinical therapeutic applications.

Research on MSCs and their use in various rheumatic diseases has been clearly gaining attention and
momentum. The need for successful therapy in treating these diseases warrants more investment in
research and development, both at the fundamental level of basic biology and in more translational
studies. Fundamental knowledge of MSC identification, isolation, culture, and differentiation still requires
extensive and intensive studies. The lack of an unambiguous definition and isolation of MSCs and the
heterogeneity of MSCs alone, resulting in inadequately defined cell populations isolated by different
groups, most likely contributed to some of the different and often contradictory results reported so far. For
cartilage tissue engineering, the principal challenge is to find the optimal and most effective cues for
cartilage formation in vitro, be it growth factors tailored for the specific MSCs, bioactive scaffolds, or the
enhancing environmental factors, with the goal of generating a stable replacement articular cartilage
tissue that has appropriate mechanical properties and can integrate with the host tissues with proper
stable long-term functions. Research on the in vivo MSC niche and the regulation of this
microenvironment will prove to be of pivotal importance to determine how best to use MSCs to modulate
the local environment and endogenous progenitor cells for repair and regeneration purposes. It is clear
that the evolving and rapidly developing research on the immunomodulatory and anti-inflammatory effects
of MSCs will improve our knowledge of the mechanism and regulation of this phenomenon. While caution
should be exercised in the clinical application of MSC therapy on arthritic patients, contingent upon the



confirmation of additional conclusive animal studies, we believe that MSCs offer great hope in relieving
the disease burden of degenerative joint diseases through their application in the form of replacement
tissue as well as local or systemic cell therapy.
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