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Abstract

Mesenchymal stem cells (MSCs) have become one of the most studied stem cells, especially

toward the healing of diseased and damaged tissues and organs. MSCs can be readily isolated

from a number of adult tissues by means of minimally invasive approaches. MSCs are capable of

self-replication to many passages and, therefore, can potentially be expanded to sufficient numbers

for tissue and organ regeneration. MSCs are able to differentiate into multiple cell lineages that

resemble osteoblasts, chondrocytes, myoblasts, adipocytes, and fibroblasts and express some of

the key markers typical of endothelial cells, neuron-like cells, and cardiomyocytes. MSCs have

been used alone for cell delivery or seeded in biomaterial scaffolds toward the healing of tissue

and organ defects. After an increasing number of the “proof of concept” studies, the remaining

tasks are many, such as to determine MSC interactions with host cells and signaling molecules, to

investigate the interplay between MSCs and biological scaffold materials, and to apply MSC-

based therapies toward clinically relevant defect models. The ultimate goal of MSC-based

therapies has valid biological rationale in that clusters of MSCs differentiate to form virtually all

connective tissue during development. MSC-based therapies can only be realized our improved

understanding of not only their fundamental properties such as population doubling and

differentiation pathways but also translational studies that use MSCs in the de novo formation

and/or regeneration of diseased or damaged tissues and organs.

MSCs: Definition and Therapeutic Promise

“Mesenchymal stem cells” (MSCs) are named out of compromise. During embryonic

development, mesenchyme or the embryonic mesoderm contains stem cells that differentiate

into virtually all connective tissue phenotypes such as bone, cartilage, bone marrow stroma,

interstitial fibrous tissue, skeletal muscle, dense fibrous tissues such as tendons and

ligaments, as well as adipose tissue. In vertebrates, mesenchyme is usually abundant and

contains unconnected cells in contrast to rows of tightly connected epithelial cells that derive

from the ectoderm (Alberts et al., 2002). Mesenchymal–epithelial interactions are critical for

both appendicular skeletogenesis and craniofacial morphogenesis (Gilbert, 2000; Mao et al.,

2006). On the completion of prenatal morphogenesis, clusters of mesenchymal cells likely

continue to reside in various tissues and are the logical sources of adult mesenchymal stem

cells.

In the adult, the definition of a common progenitor for all connective tissues inevitably

elicits controversy. Strictly speaking, mesenchyme defined as embryonic mesenchyme

should not exist in the adult. Despite this textbook dilemma, it is without doubt that adult

connective tissues contain progenitor cells that maintain physiologically necessary tissue

turnover and, on trauma or pathological conditions, are responsible for tissue regeneration.

Whereas amicable and dispassionate debate continues regarding the appropriateness of the
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term mesenchymal stem cells (MSCs), or sibling terms such as mesenchymal progenitor

cells (MPCs), bone marrow progenitor cells (BMPCs), or bone marrow stromal cells

(BMSCs), the scientific community and health care industry demand a workable term for

communication. The editors’ choice of “Mesenchymal Stem Cells” as the chapter's title is

yet another indication of this need.

What we now know as mesenchymal stem cells were first identified as colony-forming unit

fibroblast-like cells in the 1970s (Friedenstein et al., 1970, 1976). Numerous reports since

have demonstrated that bone marrow, adipose tissue, tooth pulp, etc., contain a subset of

cells that not only are capable of self-replication for many passages but also can differentiate

into multiple end-stage cell lineages that resemble osteoblasts, adipocytes, chondrocytes,

myoblasts, etc. (Alhadlaq and Mao, 2004). Recently, bone marrow–derived cells have been

shown to differentiate into nonmesenchymal lineages such as hepatic, renal, cardiac, and

neural cells (Alhadlaq and Mao, 2004). MSCs have been identified in an increasing number

of vertebrate species including humans (Alhadlaq and Mao, 2004).

Our understanding of MSCs has advanced tremendously because of their demonstrated and

perceived therapeutic capacity (Alhadlaq and Mao, 2004; Aubin, 1998; Bianco et al., 2001;

Krebsbach et al., 1999; Kuo and Tuan, 2003; Mao et al., 2006; Pittenger et al., 1999; Tuli et

al., 2003). Why are MSCs perceived superior to autologous tissue grafts in the regeneration

of human tissue and organs? Autologous tissue grafts often represent the current clinical

“gold standard” for the reconstruction of defects resulting from trauma, chronic diseases,

congenital anomalies, and tumor resection. However, autologous tissue grafting is based on

the concept that a diseased or damaged tissue must be replaced by like tissue that is healthy.

Thus, the key drawback of autologous tissue grafting is donor site trauma and morbidity. For

example, healthy cartilage must be surgically isolated to repair arthritic cartilage. A patient

who receives a bone graft harvested from his or her illiac crest for facial bone reconstruction

is hospitalized for an extended stay because of donor site trauma and morbidity of the illiac

crest, instead of facial surgery. Also, spare healthy tissue is scarce because of biological

design during evolution. In contrast, MSC-based therapeutic approaches may circumvent the

key deficiencies associated with autologous grafting procedures. First, a teaspoonful of

MSC-containing aspirates can be obtained from bone marrow, or other sources, and

expanded to sufficient numbers for healing large, clinically relevant defects. Second, MSCs

can differentiate into multiple cell lineages, thus providing the possibility that a common

cell source can heal many tissues, as opposed to the principle of harvesting healthy tissue to

heal like tissue in association with autologous tissue grafting. Finally, MSCs or MSC-

derived cells can be seeded in biocompatible scaffolds, which can be shaped into the

anatomical structure that is to be replaced by MSCs. The construct is then surgically

implanted to heal the defect.

MSC-based therapies can be autologous (from self) and thus eliminate the issues of

immunorejection and pathogen transmission or allogenic for potentially off-the-shelf

availability. Autologous MSC-based therapies are also expected to be superior to other

surgical approaches such as allogenic grafts, xenogenic grafts, or synthetic materials such as

total joint replacement prosthesis. Besides the issues associated with immunorejection,

pathogen transmission, wear and tear, and allergic metal reactions, the key drawback
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allogenic tissue grafts, xenogenic tissue grafts, or synthetic materials is a general deficiency

of physiologically necessary remodeling that must take place over years of postsurgical

ageing (Barry, 2003; Mao, 2005). For example, the general life span of a surgically

successful total joint replacement is 8–10 years, far too short for arthritic patients in their

40s, 50s, or even 60s. Recently, we and others have reported the tissue engineering of an

entire articular condyle with both cartilage and bone layers from a single population of

MSCs (Mao, 2005). The biological rationale for MSC-based total joint replacement is that

clusters of MSCs initiate joint morphogenesis during embryonic development (Archer et al.,

2003; Dowthwaite et al., 2003).

Isolation and Expansion of MSCs

When bone marrow content was isolated and cultured, a subset of fibroblast-like cells were

observed to differentiate into osteoblasts (Friedenstein, 1995; Friedenstein et al., 1970,

1976). Numerous reports since then have shown that these fibroblast-like cells that adhere to

tissue culture polystyrene are capable of not only population doubling but also

differentiating into multiple cell lineages in addition to osteoblasts, such as chondrocytes,

myoblasts, and adipocytes (Alhadlaq and Mao, 2004). The protocol by centrifugation in a

density gradient to separate bone marrow–derived mononucleated cells from plasma and red

blood cells is still widely used. The mononucleated cells can then be plated on tissue culture

polystyrene with frequent changes of culture medium. Nonadherent cells such as

hematopoietic cells are discarded on medium change. Some of the adherent cells are MSCs

(Aubin, 1998; Caplan, 1991).

The isolation of MSCs has been recently reviewed (Alhadlaq and Mao, 2004). Bone marrow

extracts contain heterogeneous cell populations. MSCs represent a small fraction of total

mononucleated cells within bone marrow (Barry, 2003). Further enrichment techniques have

been explored such as positive selection using cell surface markers including STRO-1,

CD133 (prominin, AC133), p75LNGFR (p75, low-affinity nerve growth factor receptor),

CD29, CD44, CD90, CD105, c-kit, SH2 (CD105), SH3, SH4 (CD73), CD71, CD106,

CD120a, CD124, and HLA-DR (Alhadlaq and Mao, 2004; Lee et al., 2004; Pittenger et al.,

1999). Flow cytometry is another helpful enrichment tool based on an array of cell surface

markers. Negative selection is also helpful by the use of antibody cocktails that label bone

marrow–derived cells that are not MSCs (Alhadlaq and Mao, 2004; Marion et al., 2005). For

example, CD34 can be used as a specific marker for hematopoietic cells. Once the enriched

bone marrow sample is placed atop the Percoll or Ficoll gradient and centrifuged, the dense

cells and cell–antibody units are drawn to the bottom, leaving the desired cells atop the

gradient (Marion et al., 2005). The enriched layer likely will contain a high concentration of

MSCs that can be plated and expanded. An example of culture-expanded human MSCs is

provided in Fig. 1A.

MSCs can undergo population doubling to a substantial number of passages, but perhaps not

unlimited, although unlimited implies a process that cannot be experimentally tested. Human

MSCs (hMSCs) may demonstrate an initial lag phase during expansion, but this is followed

by rapid proliferation with an average population doubling time of 12–24 h, and with some

anticipated variation among donors and with aging (Spees et al., 2004). The estimated
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number of hMSCs in a 2 ml bone marrow aspirate is between 12.5 and 35.5 billion (Spees et

al., 2004). The multipotency of hMSCs is retained up to 23 population doublings (Banfi et

al., 2000), whereas no visible change in morphology of MSCs takes place until after 38

population doublings (Bruder et al., 1997). Interestingly, osteogenic differentiation of

hMSCs seems to be preserved despite apparent cell senescence and slowdown in

proliferation rate (Banfi et al., 2000; Bruder et al., 1997). Numerous studies have attempted

to improve the culture conditions and to increase the expandability of primary MSCs. For

example, fibroblast growth factor-2(FGF2) enhances the proliferation rate of primary MSCs

without substantial reduction in their differentiation potential (Banfi et al., 2000; Bruder et

al., 1997; Tsutsumi et al., 2001). Similar to other somatic cells, MSCs undergo telomere

shortening with each cell division, which eventually results in a cessation in cell

proliferation. FGF-2 delays, but does not eliminate, cell senescence (Derubeis and

Cancedda, 2004; Martin et al., 1997). Although telomere shortening usually leads to the

cessation of cell proliferation, telomerase can repair telomeres after each cell division, thus

increasing the cell's lifespan (Derubeis and Cancedda, 2004). Immortalized MSC cell lines

have been developed such as the HMPC32F (Osyczka et al., 2002). HMPC32F has been

shown to possess multilineage differentiation potential toward osteogenic, chondrogenic,

and adipogenic lineages, while exceeding the lifespan of normal adult human mesenchymal

stem cells (Osyczka et al., 2002). This MSC cell line was created by infecting primary

MSCs with the human papilloma virus Type16 with E6/E7genes within a viral vector.

Immortalization was determined after multilineage differentiation for up to a year in culture

and up to approximately 20 passages. Cell lines are valuable experimental tools but are not

intended for clinical translation.

Isolation Protocol

Human Bone Marrow–Derived MSCs

• Ficoll-Paque—room temperature (e.g., StemCells, Inc., Vancouver, BC, Canada).

• Bone marrow sample—room temperature (e.g., AllCells, LLC, Berkeley, CA).

• 10 ml marrow + 5 ml DPBS + 125 U/ml heparin (total volume, 15 ml).

• Basal culture media (89% DMEM-low glucose, 10% fetal bovine serum [FBS], 1%

antibiotics).

• RosetteSep MSC enrichment cocktail (StemCells, Inc.).

• 100 ml PBS with 2% FBS and 1 mM EDTA.

• Transfer the bone marrow sample to a 50-ml conical tube. Add 750 μl RosetteSep

(50 μl/1 ml of bone marrow, 50 μl × 15 ml = 750 μl).

• Incubate for min at room temperature.

• Add 15 ml of PBS 2% FBS 1 mM EDTA solution to bone marrow. Total volume is

30 ml.

• Add 15 ml Ficoll-Paque to two new 50-ml conical tubes.
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• Layer bone marrow solution gently on top of the Ficoll-Paque in each tube. Do not

allow marrow to mix with the Ficoll-Paque.

• Centrifuge for 25 min at 300g with brake off at room temperature.

• Remove enriched cells from Ficoll-Paque interface.

• Wash enriched cells with PBS-FBS-EDTA solution in 50-ml tube and centrifuge at

1000 rpm for 10 min, brake off.

• Plate cells approximately 0.5–1 million total per petri dish with basal culture

media. (Now referred to as primary cultures or passage 0 [P0]).

• Change medium every 2 days. Remove nonadherent cells during medium changes.

Some of the adherent colonies are of mesenchymal lineage.

Multilineage Differentiation of MSCS

MSCs are clearly capable of multilineage differentiation into osteoblasts, chondrocytes,

myoblasts, adipocytes, etc. in ex vivo culture (Alhadlaq and Mao, 2004; Barry, 2003;

Caplan, 1991; Caplan and Bruder, 2001; Derubeis and Cancedda, 2004; Gao and Caplan,

2003; Gregory et al., 2005a,b; Indrawattana et al., 2004; Pittenger et al., 1999; Sekiya et al.,

2002). The differentiation of MSCs toward osteogenic, chondrogenic, and adipogenic

lineages is reviewed later. For myogenic differentiation, the reader is referred to several

comprehensive reviews (Bhagavati and Xu [2004]; Gang et al. [2004]; Xu et al. [2004]).

Chondrogenic Differentiation

Chondrogenic differentiation of MSCs has tremendous significance in cartilage

regeneration. Cartilage has poor capacity for self-regeneration because of the scarcity of

resident chondroprogenitor cells in the adult (Alberts et al., 2002; Mao, 2005). Most of the

sparse cells in adult articular cartilage are mature chondrocytes engaged in matrix

maintenance instead of active chondroprogenitor cells capable of proliferation and

differentiation into chondrocytes (Hunziker, 2002). Recent work demonstrates that articular

cartilage contains a small population of cells that possess some of the same properties as

progenitor cells (Dowthwaite et al., 2003). However, the full capacity of these progenitor-

like cells is yet to be explored. The clinical observation that injuries to articular cartilage

beyond certain degrees fail to self-repair still serves as the rationale for exploring the healing

capacity of MSCs in cartilage regeneration (Mao, 2005).

Chondrogenic Stimulants—Transforming growth factors including TGF-β1, TGF-β2,

or TGF-β3 have been repeatedly demonstrated to stimulate chondrogenesis of MSCs (Barry,

2003). A combination of TGF-β3 and bone morphogenetic protein-6(BMP-6) increases

cartilage matrix deposition (Sekiya et al., 2001). Cyclical exposure to TGF-β induces a

significant increase in matrix deposition compared with continuous exposure of TGF-β3

alone,BMP-6 alone, or in combination (Sekiya et al., 2001, 2002).

Although MSCs can differentiate into chondrocyte-like cells in a 2D culture system, there is

a tendency for 2D differentiated chondrocytes to dedifferentiate and/or transdifferentiate

into fibroblast-like cells. Even mature chondrocytes isolated from articular cartilage have a
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tendency to dedifferentiate and/or transdifferentiate on prolonged culture in 2D

(Haudenschild et al., 2001; Jakob et al., 2001). Alternatives to 2D culture of chondrocytes

include approaches such as micromass culture or pellet culture, differentiating MSCs toward

chondrocytes in 3D biomaterials, or self-assembly of MSCs into 3D chondrogenic

structures. By centrifuging a known quantity of MSCs in the bottom of a conical tube, for

example, 250,000–1.5 million cells, and using a variety of serum-free medium solutions

combined with growth factor administration, hMSCs will differentiate toward the

chondrogenic lineage. Chondrogenic differentiation medium is frequently high-glucose

DMEM as opposed to the medium for hMSC expansion. Fetal bovine serum does not seem

to be necessary for chondrogenic differentiation of MSCs. In some formulations, selected

bioactive factors are added such as L-proline at 40 μg/ml, ITS (insulin, transferring, and

sodium selenite) at 1 × solution, and sodium pyruvate at 100 μg/ml. Dexamethasone at 100

nM and L-ascorbic acid 2-phosphate (AsAP) at 50 μg/ml has also been incorporated

(Johnstone et al., 1998; Sekiya et al., 2001, 2002; Yoo et al., 1998).

MSCs can be differentiated into chondrocytes in 3D biocompatible scaffolds, partially to

circumvent the possibility of dedifferentiation and/or trans-differentiation in extended 2D

culture system. Polymeric scaffolds such as alginate, agarose, chitosan, and poly (ethylene

glycol) diacrylate (PEGDA) hydrogels have been used to provide 3D environments for

chondrogenic differentiation of MSCs (Alhadlaq et al., 2004; Anseth et al., 2002; Hung et

al., 2003; Kim et al., 2003; Williams et al., 2003; Woodfield et al., 2006). The feasibility to

polymerize biomaterials into complex anatomical structures makes several hydrogels well

suited for cartilage tissue engineering. MSCs can be exposed to chondrogenic-supplemented

medium, such as TGF-β family, while encapsulated in hydrogels (Alhadlaq et al., 2004;

Anseth et al., 2002; Kim et al., 2003; Williams et al., 2003). The advantage of 3D hydrogel

encapsulation is that of minimizing the need to disrupt 2D monolayer culture or pellet

culture before seeding cells in 3D.

Several reports have demonstrated that chondrocytes can elaborate 3D matrices and self-

assemble into cartilage-like structures, sometimes when seeded on top of a biomaterial

instead of within it (Klein et al., 2003; Masuda et al., 2003). Isolated chondrocytes are

initially cultured on top of agarose or alginate gels to produce the cell-associated matrix,

rather than encapsulated within gels, followed by additional 2D culture until cell–matrix

structures reach a certain size. This represents a convenient variation of the 3D culture

approach and may have therapeutic relevance in cartilage tissue engineering.

Chondrogenic Differentiation Protocol: Rat MSCs

• Rat chondrogenic medium: 89% DMEM-low glucose, 10% FBS, 1% antibiotic

solution, supplemented with 10 ng/ml recombinant rat TGF-β1.

• Plate rat MSCs in monolayer culture with basal medium until 80% confluent.

• Remove basal medium and continue monolayer culture with rat chondrogenic

medium (previously) for an additional 2 weeks, and change medium biweekly.

• Monolayer cultures may be fixed for histological analysis or for quantification of

biochemical markers using 1% Triton-X100.
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Chondrogenic Differentiation Protocol: Human MSCs

• Human chondrogenic media: 95% DMEM–high glucose, 1% 1× ITS + 1 solution,

1% antibiotic, 100 μg/ml sodium pyruvate, 50 μg/ml L-ascorbic acid 2-phosphate

(AsAP), 40 μg/ml L-proline, 0.1 μM dexamethasone, and 10 ng/ml recombinant

human TGF-β3.

• Centrifuge approximately 2.5 × 105 hMSCs in a 15-ml conical tube at 500g for 5

min at 4°.

• Culture with human chondrogenic medium for at least 14 days and change medium

biweekly.

• Pellets may be removed from tube by inverting and gently tapping for quantitative

and histological analyses.

a. 1% Triton-X100 may be used to disrupt cell pellets for quantitative

biochemical assays such as DNA, collagen, and proteoglycans.

b. Samples may be dehydrated and embedded in paraffin before sectioning

and staining for histological analysis.

Chondrogenic Differentiation Markers—A number of histological dyes provide the

most convenient indication of chondrogenic differentiation of MSCs. Histological dyes are

reagents sensitive to the presence of proteoglycans or sulfated glycosaminoglycans. Stains

for glycosaminoglycans and proteoglycans include Safranin–O/fast green and Alcian blue.

These histological dyes have been conventionally used in labeling native articular cartilage

and growth plate cartilage and, therefore, are reliable markers of chondrogenic

differentiation.

Chondrogenic differentiation is driven by a number of transcription factors such as the SOX

family (Lefebvre et al., 2001; Ylostalo et al., 2006). SOX9 is expressed in differentiating

chondrocytes; deletions of SOX9 elicit abnormal endochondral bone formation and

hypoplasia of the developing bone (Lefebvre et al., 2001). SOX5 and SOX6 are expressed

during chondrogenic differentiation. Biosynthesis of type II collagen and aggrecan are

regulated by the expression of SOX9 and SOX5 through their activation of COL2A1 and

aggrecan genes (Lefebvre et al., 2001; Ng et al., 1997; Ylostalo et al., 2006). Furthermore,

collagen genes such as COL9A1, COL9A2, COL9A3, and COL11A2 are expressed in

response to the expression of SOX9 (Ylostalo et al., 2006). RT-PCR, Western blotting, in

situ hybridization, and immunohistochemistry are effective approaches to identify the

presence of type II collagen, type X collagen, various proteoglycans such as aggrecan,

decorin, and biglycan in engineered cartilage tissue. Quantitatively, collagen and sulfated

GAG contents can be measured using commercially available reagent and ELISA kits or

biochemical assays. Genetic analysis such as RT-PCR aims to identify the expression of

chondrogenic mRNAs such as collagen II, collagen IX, SOX 9, SOX5, SOX6, COL9A1,

COL9A2, COL9A3, and COL11 because of their presence during early chondral

development. Gene arrays can provide a comprehensive portrait of not only cartilage-related

genes but also other genes that may be important in chondrogenesis. An example of

chondrogenic differentiation of rat MSCs in monolayer is provided in Fig. 1B.
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Structural analysis is necessary to determine whether tissue-engineered cartilage has

microstructural and ultrastructural characteristics as native cartilage. For instance, native

chondrocyte matrix is characterized with peri-cellular matrix and interterritorial matrix

(Allen and Mao, 2004; Guilak, 2000; Guilak and Mow, 2000; Poole et al., 1988, 1991).

Although tissue-engineered cartilage apparently has structures similar to pericellular matrix

and interterritorial matrix in a number of reports, more attention has yet to be paid to

structural analysis of tissue-engineered cartilage. The reader is referred to several excellent

reviews of structural properties of native and engineered cartilage (Cohen et al. [1998];

Grodzinsky et al. [2000]; Hunziker [2002]; Kerin et al. [2002]; Nesic et al. [2006];

Woodfield et al. [2002]).

Mechanical testing is necessary to ascertain that tissue-engineered cartilage has the proper

mechanical properties in addition to the “right ingredients” such as type II collagen and

glycosaminoglycans, as well as having the “right” structural characteristics. The reader is

referred to a number of excellent reviews on the mechanical properties of native and tissue-

engineered cartilage (Hung et al., 2004; Hunziker, 2002; Mow et al., 1984, 1999; Troken et

al., 2005).

Osteogenic Differentiation

Osteogenic differentiation was the first identified end-stage lineage of MSC differentiation

(Friedenstein, 1995; Friedenstein et al., 1970, 1976). Given that bone marrow is a rich

source for MSCs, it should come as no surprise that MSCs can be readily differentiated into

osteoblasts. An array of genetic and matrix markers have been used to verify the osteogenic

differentiation of MSCs.

Osteogenic Stimulants—Several well-explored cocktails have been shown to induce

MSCs to differentiate into osteoblasts. MSCs have been shown to express alkaline

phosphatase after 7–14 days of exposure to 100 nM dexamethasone, 50 μg/ml L-ascorbic

acid 2-phosphate (AsAP), and 100 mM β-glycerophosphate (Alhadlaq and Mao, 2003,

2005; Alhadlaq et al., 2004; Marion et al., 2005). Long-term exposure of MSCs to the

formula of dexamethasone, AsAP, and β-glycerophosphate results in calcium matrix

deposition and the expression of late osteogenesis markers such as bone sialoprotein,

osteocalcin, and osteonectin. Dexamethasone is a glucocorticoid steroid capable of either

stimulating or inhibiting osteogenic differentiation of MSCs depending on dosage (Bruder et

al., 1997). High dexamethasone dose stimulates adipogenic differentiation of MSCs,

whereas lower doses stimulate osteogenic differentiation (Bruder et al., 1997). The addition

of AsAP further facilities osteogenic differentiation, including collagen biosynthesis, in

addition to its stimulatory effects on cell proliferation (Graves, 1994a,b; Jaiswal et al.,

1997). A number of studies have used ascorbic acid, the bioactive component of AsAP as an

osteogenic supplement. However, ascorbic acid is somewhat unstable at 37° and neutral pH,

a problem not associated with AsAP (Jaiswal et al., 1997). High doses of ascorbic acid can

also be toxic to cells (Jaiswal et al., 1997). Last, β-glycerophosphate is critical to stimulate

calcified matrix formation in combination with the effects of dexamethasone and AsAP

(Jaiswal et al., 1997). Without β-glycerophosphate, MSC-derived osteoblasts are slow to

mediate a calcium phosphate matrix (Jaiswal et al., 1997).
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Several members of bone morphogenetic proteins (BMPs) have also been shown to induce

the osteogenic differentiation of MSCs, including BMP-2, BMP-6, and BMP-9(Dayoub et

al., 2003; Friedman et al., 2006; Katagiri et al., 1994; Li et al., 2006; Long et al., 1995;

Rickard et al., 1994; Wang et al., 1990; Wozney, 1992). BMPs are usually supplemented in

combination with dexamethasone to stimulate the osteogenic differentiation of MSCs

(Rickard et al., 1994). Osteogenic differentiation of MSCs using BMP-2 is dose dependent,

with measurable effects between 25–100 ng/mL (Fernando-Lecanda, 1997; Rickard et al.,

1994).

Osteogenic Differentiation Protocol

• Osteogenic-supplemented medium: 89% DMEM–low glucose, 10% fetal bovine

serum, 1% antibiotics, 50 μg/ml AsAP, 0.1 μM dexamethasone, 100 mM β-

glycerophosphate.

• Plate cells approximately 10,000 cells/cm2 in monolayer.

• Culture 14–28 days and change medium biweekly.

• Monolayer cultures can be fixed for histological analysis or quantitative

biochemical assays after 1% Triton-X100 is used to disrupt cells.

• Alkaline phosphatase activity may be detected within 2 weeks, whereas other bone

markers may be detected later (Alhadlaq and Mao, 2003, 2005; Alhadlaq et al.,

2004; Aubin, 1998; Frank et al., 2002; Malaval et al., 1999; Marion et al., 2005;

Rodan and Noda, 1991).

Osteogenic Differentiation Markers—The osteogenic differentiation of MSCs is

verified by several osteogenic matrix molecules, accumulation of mineral crystals and

nodules, and ultimately the regeneration of bone in vivo both ectopically, such as the dorsum

of immunodeficient mice, and orthotopically, such as calvarial, axial (e.g., spinal fusion) or

appendicular (e.g., segmental) defects.

Up-regulation of alkaline phosphatase activity is an early indicator for the osteogenic

differentiation of MSCs and can be detected quantitatively using a commercially available

kinetic kit and/or histologically using a naphthol-based chemical stain (Aubin, 1998; Frank

et al., 2002; Malaval et al., 1999; Rodan and Noda, 1991). Furthermore, calcium matrix

synthesis is histologically verified using either von Kossa (silver nitrate) or alizarin red

stains, by means of selective binding with calcium-phosphate matrix components (Aubin,

1998; Frank et al., 2002; Malaval et al., 1999; Rodan and Noda, 1991).

Immunohistochemical staining for type I collagen is helpful but nonspecific. Bone

sialoprotein, osteocalcin, osteopontin, and osteonectin are late osteogenic differentiation

markers and can be measured genetically using RT-PCR or proteomically using ELISA

(Aubin, 1998; Malaval et al., 1999; Rodan and Noda, 1991). Immunohistochemistry with

antibodies will localize matrix markers in relation to cells. An example of osteogenic

differentiation of hMSCs is provided in Fig. 1C.

Tissue-engineered bone must have the appropriate structural characteristics that approximate

native bone. Bone is one of the highly hierarchical structures in the body. The structure of
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cortical bone differs substantially from that of cancellous bone. A number of biomaterials

have been used to simulate cortical bone and cancellous bone structures in cell-based or

non–cell-based approaches (Lin et al., 2004; Taboas et al., 2003). However, given the extent

of bone modeling and remodeling, whether complete maturation of tissue-engineered bone

is necessary before in vivo is in question. The reader is referred to several excellent reviews

of structural properties of native and engineered bone (El-Ghannam, 2005; Mauney et al.,

2005; Mistry and Mikos, 2005; Wan and Longaker, 2006). Mechanical testing of tissue-

engineered bone is of paramount importance because bone is designed to withstand

mechanical stresses as its primary function. The reader is referred to a number of excellent

reviews on the mechanical properties of native and tissue-engineered bone (El-Ghannam,

2005; Mauney et al., 2005; Mistry and Mikos, 2005; Wan and Longaker, 2006).

Adipogenic Differentiation

Adipogenic differentiation of MSCs has a number of perhaps underappreciated areas of

significance. First, MSC differentiation into osteoblasts and adipocytes is delicately

regulated and balanced (Gregory et al., 2005). Second, our knowledge of obesity is likely

improved by understanding the genetic regulation of adipogenic differentiation of MSCs.

Third, adipose tissue is a key structure to restore in reconstructive and augmentative

surgeries such as facial cancer reconstruction and breast cancer reconstruction. Current

approaches for soft tissue reconstruction and/or augmentation suffer from shortcomings such

as donor site trauma and morbidity, suboptimal volume retention, donor site morbidity, and

poor biocompatibility. One of the central issues of poor healing of adipose tissue grafts is a

shortage and/or premature apoptosis of adipogenic cells. MSCs self-replenish, and as

demonstrated later, can readily differentiate into adipogenic cells in 2D and 3D (Pittenger et

al., 1999; Stosich and Mao, 2005, 2006).

Adipogenic Stimulants—With the addition of dexamethasone (0.5 μM), 1-methyl-3-

isobutylxanathine (IBMX) (0.5 μM–0.5 mM), and indomethacin (50–100μM), MSCs in

monolayer culture will undergo adipogenic differentiation (Alhadlaq and Mao, 2004;

Alhadlaq et al., 2005; Gregory et al., 2005; Janderova et al., 2003; Lee et al., 2006;

Nakamura et al., 2003; Pittenger et al., 1999; Rosen and Spiegelman, 2000; Stosich and

Mao, 2005, 2006; Ylostalo et al., 2006). Insulin is another key ingredient, for example, in

adipogenic differentiating medium (dexamethasone, IBMX, indomethacin) for 2–5 days,

and then to a maintenance supplement of insulin (Janderova et al., 2003; Nakamura et al.,

2003). In most reports of adipogenic differentiation of MSCs, dexamethasone dose is 0.5 μM

or five times higher than for osteogenic differentiation of MSCs. Adipogenic differentiation

is believed to take place on cell confluence, cell-to-cell contacts, a serum-free culture, or a

suspension culture in methylcellulose (Rosen and Spiegelman, 2000). The growth arrest of

MSC-derived chondrocytes is crucial for the subsequent activation of adipogenic

differentiation processes. IBMX is a phosphodiesterase inhibitor that blocks the conversion

of cAMP to 5′AMP (Gregory et al., 2005). This causes an up-regulation of protein kinase

A, which results in decreased cell proliferation and upregulation of hormone sensitive lipase

(HSL). HSL has been shown to convert triacylglycerides to glycerol and free fatty acids, a

known adipogenic process (Gregory et al., 2005). The activation of CCAAT/enhancer

binding proteins (C/EBP) coincides with the expression of peroxisome proliferator-activated
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receptor γ (PPARγ), which occurs in the presence of indomethacin, a known ligand for

PPARγ (Rosen and Spiegelman, 2000). This early transcription factor is essential for

adipogenesis because it suppresses the canonical wingless (Wint) signaling, suggesting the

regulation of osteogenesis and adipogenesis by PPARγ expression in MSCs (Gregory et al.,

2005). Positive Wnt signaling inhibits osteogenic differentiation but is required for

adipogenic differentiation (Gregory et al., 2005). Therefore, a delicate balance exists in the

regulation of adipogenic and osteogenic differentiation, because PPARγ has been reported

to inhibit osteogenic differentiation of progenitor cells (Cheng et al., 2003; Khan and Abu-

Amer, 2003). Furthermore, loss of function for PPARγ or C/EBP (C/EBPα, C/EBPβ, or C/

EBPγ) results in detrimental effects for adipogenesis and reduced adipocyte proliferation, as

well as reduced lipid vacuole deposition (Rosen and Spiegelman, 2000).

Adipogenic Differentiation Protocol

• Human adipogenic media: 89% DMEM–low glucose, 10% FBS, 1% antibiotic, 0.5

μM dexamethasone, 0.5 μM 1-methyl-3-isobutylxanathine (IBMX), 50 μM

indomethacin.

• Plate cells at approximately 20,000 cells/cm2 or 80% confluence in monolayer.

• Continue culture in human adipogenic media for up to 28 days.

• Lipids may be visible as early as 7 days and can be viewed under phase-contrast

microscope.

• Monolayer cultures can be processed for histological examination after fixation or

for quantitative biochemical analysis after 1% Triton-X100 is used to disrupt cells.

Adipogenic Differentiation Markers—One of the key transcriptional factors of

adipogenic differentiation of MSCs is peroxisome proliferator–activated receptor γ 2

(PPARγ2), which can be detected by RT-PCR or gene arrays. Oil Red–O staining is a

convenient and commonly performed histological stain. On fixing the cultures with 10%

formalin, lipid vacuoles synthesized intracellularly by MSC-derived adipogenic cells bind to

Oil Red-O and stain red. Hematoxylin counterstaining may be used to visualize cell nuclei in

blue. Free glycerol may be quantified by lysing the cells with 1% Triton X-100 and

quantitatively analyzed with a glycerol kit. Glycerol-3-phosphate dehydrogenase (G-3-PDH)

can be measured as one of the key enzymes in triglyceride synthesis (Pairault and Green,

1979). RT-PCR can be used to amplify and detect additional adipogenic gene products such

as lipoprotein lipase (LPL) and the polyclonal antibody a-P2 (Pittenger et al., 1999). An

example of adipogenic differentiation of hMSCs is provided in Fig. 1D.

Structural analysis is necessary to determine whether engineered adipose tissue has the

appropriate microstructural characteristics as native adipose tissue. Adipose tissue is unique

in the sense that lipid vacuoles are accumulated intracellularly. The extracellular matrix of

adipose tissue consists of primarily interstitial fibrous tissue, nerve supplies, and vascular

and lymphatic network.

Mechanical testing is necessary to ascertain that tissue-engineered adipose tissue has the

proper mechanical properties in addition to the “right ingredients” such as adipocytes,
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intracellular lipid vacuoles, and vascular and lymphatic supplies. The reader is referred to a

number of excellent reviews on the mechanical properties of native and tissue-engineered

adipose tissue, as well as biomaterials that have been used as scaffolds for adipose tissue

regeneration (Beahm et al., 2003; McKnight et al., 2002; Patel et al., 2005; Patrick, 2004;

Stosich and Mao, 2006).

Clinical Translation of MSC-Based Therapies

MSC-based therapies are being translated toward clinical practice to heal defects resulting

from trauma, chronic diseases, congenital anomalies, and tumor resection. Because of space

limitation, it is impossible to outline all the ongoing effort on the clinical translation of

MSC-based therapeutic approaches. Several examples are briefly introduced in the

following.

Recent reports suggest the roles of MSCs in the repair of myocardial infarctions in rats and

pigs on intracardiac injection (Shake et al., 2002). The precise mechanisms are unclear,

although it has been suggested that MSCs may induce the homing of cardiomyocytes to the

infarct site (Saito et al., 2003). Also proposed is MSC differentiation into cardiomyocytes

and/or paracrine effects on intravenous MSC injection. Labeled MSCs are found in bone

marrow and the site of myocardial infarction (Saito et al., 2003). Several clinical trials are

ongoing at universities and biotechnology companies to explore the healing effects of MSCs

on myocardial infarctions (Laflamme and Murry, 2005; Pittenger and Martin, 2004).

Several experiments have demonstrated that an entire articular condyle in the same shape

and dimensions of a human temporomandibular joint can be grown in vivo with both

cartilage and bone layers from a single population of MSCs (Mao, 2005; Mao et al., 2006).

A visionary diagram of MSC-based therapies for total joint replacement is shown in Fig. 2,

based on the work by ourselves and others (Alhadlaq and Mao, 2003, 2005; Alhadlaq et al.,

2004). Although bone marrow is the most characterized source of MSCs at this time (Fig.

2), it is probable that MSCs needed for total joint replacement can also be isolated from

adipose tissue by aspiration or lipectomy, fresh or banked human umbilical cord blood,

placental tissue, or human teeth (Mao, 2005). Total joint replacement is one of the many

examples of MSC-based therapies whose proof of concept has been demonstrated in recent

years (Rahaman and Mao, 2005).

An emerging concept is that MSCs have trophic effects by secreting a variety of cytokines

that function by both paracrine and autocrine pathways (Caplan and Dennis, 2006). The

interactions between exogenously delivered growth factors and intrinsic cytokines

synthesized by MSCs are one of the most complex and meritorious approaches in cell-based

therapies. Our understanding of these fundamental paracrine and autocrine pathways will

undoubtedly advance the more practical approaches in MSC-based tissue engineering. The

trophic effects, as proposed by Caplan and Denis (2006), include local immune suppression,

fibrosis inhibition, and angiogenesis enhancement. A number of translational and clinical

studies in the areas of cardiac infarct, synovial joint regeneration, and stroke regeneration

models may provide initial data to test the proposed trophic effects of MSCs.
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Conclusions

MSCs are somatic stem cells that can be readily isolated from several tissues in the adult and

in multiple species. MSCs are capable of undergoing self-replication, up to the number of

passages that are meaningful for potential healing of diseased tissues. Recently, we have

obtained anecdotal data that that human MSCs isolated from the bone marrow of single

donors can be expanded to sufficient numbers for encapsulating in osteochondral constructs

as large as synovial joint condyles for in vivo implantation. MSCs are able to differentiate

into multiple cell lineages that resemble osteoblasts, chondrocytes, myoblasts, adipocytes,

and fibroblasts and express some of the key markers typical of endothelial cells, neuron-like

cells, and cardiomyocytes. Whether a population of presumably MSCs used in a given study

are truly MSCs is a biologically relevant question and can be tested by arrays of cell surface

and/or genetic markers. On the other hand, once a functional biological tissue is engineered,

it matters little whether the original population of tissue-forming cells are truly MSCs, as

long as they can be readily isolated from the patient. Most native tissues, and certainly all

organs, are formed by heterogeneous cell populations. It seems that both stem cell biology

and tissue engineering approaches are necessary to advance our understanding of how MSCs

can be used to heal diseased and damaged tissues and organs. For example, parallel

experiments can explore the healing of tissue defects from purified or cloned MSCs, as well

as MSCs among heterogeneous cell populations. Despite their first discovery in the mid

1970s, investigations of MSCs have only intensified in recent years. We submit that the true

healing power of MSCs is yet to be realized.
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Fig. 1.
(A) Human mesenchymal stem cells (MSCs) isolated from anonymous adult human bone

marrow donor after culture expansion (H&E staining). Further enrichment of MSCs can be

accomplished by positive selection using cell surface markers including STRO-1, CD133

(prominin, AC133), p75LNGFR (p75, low-affinity nerve growth factor receptor), CD29,

CD44, CD90, CD105, c-kit, SH2 (CD105), SH3, SH4 (CD73), CD71, CD106, CD120a,

CD124, and HLA-DR or negative selection (Alhadlaq and Mao, 2004; Lee et al., 2004;

Pittenger et al., 1999). (B) Chondrocytes derived from human mesenchymal stem cells

showing positive staining to Alcian blue. Additional molecular and genetic markers can be

used to further characterize MSC-derived chondrocytes (Alhadlaq and Mao, 2004; Lee et

al., 2004; Pittenger et al., 1999). (C) Osteoblasts derived from human mesenchymal stem

cells showing positive von Kossa staining for calcium deposition (black) and active alkaline

phosphatase enzyme (red). Additional molecular and genetic markers can be used to further

characterize MSC-derived chondrocytes (Alhadlaq and Mao, 2004; Lee et al., 2004;

Pittenger et al., 1999). (D) Adipocytes derived from human mesenchymal stem cells

showing positive Oil Red–O staining of intracellular lipids. Additional molecular and

genetic markers can be used to further characterize MSC-derived chondrocytes (Alhadlaq

and Mao, 2004; Lee et al., 2004; Pittenger et al., 1999).
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Fig. 2.
Schematic diagram of autologous, MSC-based tissue-engineering therapy for total joint

replacement. MSC, mesenchymal stem cells. Progenitor cells such as MSCs are isolated

from the bone marrow or other connective sources such as adipose tissue, culture-expanded,

and/or differentiated ex vivo toward chondrocytes and osteoblasts. Cells are seeded in

biocompatible materials shaped into the anatomical structures of the synovial joint condyle

and implanted in vivo. Preliminary proof of concept studies have been reported (Alhadlaq

and Mao, 2003, 2005; Alhadlaq et al., 2004; Mao, 2005).
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