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Abstract 

Articular cartilage is a smooth connective tissue that covers the ends of bones 

and protects joints from wear.   Cartilage has a poor healing capacity, and the lack of 

treatment options motivates the development of tissue engineering strategies.  The 

widespread cartilage degeneration associated with osteoarthritis (OA) is dramatically 

accelerated by joint injury, but the defined initiating event presents a therapeutic 

window for preventive treatments.  In vitro model systems allow investigation of OA 

risk factors and screening of potential therapeutics.  This dissertation develops stem-cell 

based strategies to 1) treat cartilage injury and OA using tissue-engineered cartilage, 2) 

prevent the development of OA by delivering stem cells to the joint after injury, and 3) 

study cartilage by establishing systems to model genetic and environmental contributors 

to OA.   

Adipose-derived stem cells (ASCs) and bone marrow-derived mesenchymal 

stem cells (MSCs) are promising human adult cell sources for cartilage tissue 

engineering, but require distinct chondrogenic conditions.  As compared to ASCs, MSCs 

demonstrated enhanced chondrogenesis in both alginate beads and cartilage-derived 

matrix scaffolds.   

We hypothesized that MSC therapy would prevent post-traumatic arthritis 

(PTA) by altering the balance of inflammation and regeneration.  Highly purified MSCs 
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(CD45-TER119-PDGFRα+Sca-1+) rapidly expanded under hypoxic conditions.  

Unexpectedly, MSCs from control C57BL/6 (B6) mice proliferated and differentiated 

more than MSCs from MRL/MpJ (MRL) “superhealer” mice.  We injected B6 or MRL 

MSCs into mouse knees immediately after fracture, and MSCs of either strain were 

sufficient to prevent PTA.     

Genetically reprogramming adult cells into induced pluripotent stem cells 

(iPSCs) generates large numbers of patient-matched cells with chondrogenic potential 

for therapy and cartilage modeling.  We produced murine iPSC-derived cartilage 

constructs with a multi-phase approach involving micromass culture with bone 

morphogenetic protein-4, flow cytometry cell sorting of chondrocyte-like cells, 

monolayer expansion, and pellet culture with transforming growth factor-beta 3.  

Successful differentiation was confirmed by increased chondrogenic gene expression, 

robust synthesis of glycosaminoglycans and type II collagen, and the repair of an in vitro 

cartilage defect.   

The diverse applications pursued in this research illustrate the power of stem 

cells to deepen the understanding of cartilage and guide the development of therapies to 

prevent and treat cartilage injury and OA.  
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1. Background and Significance   

1.1 Composition and function of articular cartilage  

Articular cartilage is a thin connective tissue that covers the bony ends of freely 

moving joints such as the knee and hip.  Cartilage extracellular matrix (ECM) is 

composed mainly of type II collagen (~70% of dry weight) and proteoglycans (~20% of 

dry weight), which are produced and maintained by chondrocytes.  The bulk of the 

collagen matrix consists of a cartilage-specific fibrillar network composed of type II with 

support from types IX and XI, whereas type VI is concentrated around cells, type X is 

present in calcified cartilage, and type I is absent (Eyre, 2002).  Most of the proteoglycan 

in cartilage exists as large structures known as aggrecan.  Aggrecan consists of 

proteoglycan subunits containing a central core protein bound to many chondrotin 

sulfate and keratin sulfate glycosaminoglycan (GAG) side chains, which then aggregate 

through intereactions with hyaluronic acid and link protein (Muir, 1995).  Although 

variation occurs according to species, age, and location, the high water content of 

cartilage (65-85%) results in values of appoximately 50 µg GAG, 150 µg collagen, and 

50,000 chondrocytes per mg of wet tissue (Hoemann, 2004).  

Human knee and hip joints experience approximately one million loading cycles 

each year, with daily activities generating loads of up to ten times body weight (Mow et 

al., 1992).  Under normal circumstances, the composition of cartilage ECM endows the 
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tissue with mechanical properties that serve to effectively distribute these loads across 

joints with little friction and wear.  The negatively charged proteoglycans are 

immobilized witin the collagen matrix, which induces a swelling pressure that resists 

compression.  The frictional force generated as the fluid phase flows throught the solid 

matrix contributes to the unique response of cartilage to loading (Mow et al., 1980).  

Cartilage wear is prevented by the low coefficient of friction, which is largely the result 

of interstitual fluid pressurization limiting the amount of load that is supported by the 

solid matrix (Ateshian, 2009).   

1.2 Treatment of cartilage injury and osteoarthriti s 

One of the defining features of articular cartilage is the inability for effective 

repair, due at least in part to the lack of a blood supply.  Isolated cartilage defects 

involving damage to a defined area are common and may progress to the widespread 

cartilage degeneration seen in osteoarthritis (OA) (Hjelle et al., 2002).  Current treatment 

options for cartilage defects involve accessing cells from the underlying bone marrow 

through microfracture, transplanting autolgous osteochondral plugs from less 

weightbearing regions to the defect site, or using expanded autologous chondrocytes for 

cell-based therapy (Hunziker, 2002).  However, these treatment strategies may not be as 

effective for older patients or patients with large defects, and the limited durability of 

the repair tissue may lead to long-term failure (Knutsen et al., 2007; Kreuz et al., 2006).  
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OA is the leading cause of disability in the elderly and an estimated 27 million 

Americans have clinical OA of at least one joint (Lawrence et al., 2008).  Although OA is 

typically recognized as degradation of the cartilage, changes to joint tissues such as bone 

and synovium are also signficiant features of the disease (Goldring and Otero, 2011).  

The cause of OA is often multi-factorial and risk factors include particular genetic 

profiles, obesity, and altered joint loading (Felson et al., 2000).  Treatment options to halt 

or treat OA are generally limited to lifestyle modifications and pain management until 

the common endpoint of surgical joint replacement (Wieland et al., 2005), with over 

750,000 total knee and hip joint replacements in the U.S. each year.  The surgical demand 

from younger and more active patients has risen dramatically despite concerns that total 

joint replacements are not as well suited to younger patients due to the limited lifetime 

of the implant (Kurtz et al., 2009).  Clearly, novel strategies for the prevention and 

treatment of OA are needed.   

1.3 Cartilage tissue engineering 

Regenerative medicine and tissue engineering seek to address a wide range of 

disease states by using tools such as cells, scaffolds, and bioactive molecules to alter the 

injury environment and promote functional repair.  Specifically, the goal of cartilage 

tissue engineering is to create a tissue with sufficient biological and mechanical 

properties that it can aid in restoration of the joint (Guilak et al., 2001).   
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Autologous chondrocyte implantation (ACI) is approved in the U.S. for use as a 

cartilage tissue engineering procedure (Brittberg et al., 1994), but most investigators 

have focused on stem cells to provide a more abundant source of cells without the need 

for an invasive surgery to harvest autologous cartilage.  Embryonic stem cells (ESCs) are 

derived from the inner cell mass of embryos and can indefinitely self-renew while 

maintaining the potential to become any cell type in the body (Thomson et al., 1998).  

Stem cells derived from adult tissues demonstrate a defined number of doublings before 

senescence and have the potential to differentiate toward multiple but not all cell 

lineages (Pittenger et al., 1999).  Bone marrow-derived mesenchymal stem cells (MSCs) 

and adipose-derived stem cells (ASCs) are examples of adult stem cells that can be 

defined by in vitro characteristics such as adherence to plastic, multilineage potential 

toward bone, cartilage, and fat, and expression of certain cell surface markers (Dominici 

et al., 2006).  Both MSCs and ASCs have been used as cell sources in many different 

cartilage tissue engineering strategies (Guilak et al., 2010; Noth et al., 2008).   

Growth factors help regulate the process of chondrogenesis during cartilage 

development and have therefore been the main bioactive molecules used to guide the 

differentiation of adult stem cells in tissue engineering strategies.  In particular, 

transforming growth factor-beta (TGF-β) and bone morphogenetic protein (BMP) 

molecules act to upregulate the transcription factor Sox9, which then coordinates the 
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synthesis of type II collagen and aggrecan (Akiyama et al., 2002; Quintana et al., 2009).  

The expression of the type II collagen gene (Col2) defines a differentiated chondrocyte, a 

process that can be visualized using the Col2 promoter/enhancer to drive expression of 

green fluorescent protein (Col2-GFP) (Grant et al., 2000).     

Providing a three-dimensional environment is important for establishing an 

initial structure that can eventually become the engineered cartilage tissue.  A second 

function of scaffolds is to deliver cues to the cells for appropriate differentiation and 

matrix synthesis.  Hydrogels such as agarose and alginate promote a rounded cell shape 

that is conducive to chondrogenesis (Awad et al., 2004) and have the advantage of filling 

any containing shape.  However, they are generally inert and have poor mechanical 

properties.  Polymer scaffolds can provide more of a mechanical structure, with woven 

scaffolds achieving mechanical properties on the scale of cartilage even before new 

matrix production (Moutos et al., 2007).  Recently, more attention has been paid toward 

designing scaffolds that mimic tissue properties in order to instruct cell differentiation 

and matrix synthesis (Lutolf and Hubbell, 2005).  Scaffolds actually derived from native 

tissue provide one option to provide tissue-specific ECM cues (Badylak et al., 2009).  

Interestingly, scaffold-free systems in which cells are pelleted or allowed to self-

assemble at high density are also very conducive to chondrogenesis because this mimics 
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the condensation phase of cartilage development (Hu and Athanasiou, 2006; Johnstone 

et al., 1998). 

Despite extensive work on characterizing different stem cell sources, determining 

growth factor combinations for chondrogenic differentiation, and developing scaffold 

systems that can provide appropriate mechanical and cell-instructive cues, persistent 

obstacles to successful cartilage tissue engineering remain.  These include the challenges 

of cell loss, insufficient or inappropriate differentiation, integration of newly formed 

tissue with the surrounding cartilage and bone, and dealing with the inflammatory 

environment after implantation (Steinert et al., 2007).   

1.4 Adult stem cell therapy 

The observation that MSCs can have a beneficial effect without significant 

engraftment and differentiation has spurred interest in the mechanism of MSC 

contribution to healing (Caplan and Dennis, 2006; Prockop, 2007).   An emerging 

paradigm suggests that the primary benefit of MSC therapy is immunomodulatory, 

tilting the balance of the injured environment from inflammation to regeneration.  This 

effect is mediated either through direct secretion of bioactive factors or by “trophic” 

effects—altering the cytokine and growth factor production of other cells (Caplan and 

Dennis, 2006; Iyer and Rojas, 2008; Phinney and Prockop, 2007).  MSCs do not normally 

express Major Histocompatibility Complex class II molecules (Le Blanc et al., 2003) and 
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these immune-privileged cells are able to inhibit the proliferation of stimulated T cells in 

vitro (Aggarwal and Pittenger, 2005) and effectively treat severe graft-versus host 

disease (Le Blanc et al., 2004).  

Investigating the effects of exogenous MSCs on injury in a variety of animal 

models has supported the notion that enhanced tissue repair is likely due to soluble 

factors as opposed to engraftment and differentiation.  MSCs have been shown to secrete 

interleukin-1 receptor antagonist (IL-1ra) to protect lung tissue from bleomycin-induced 

injury (Ortiz et al., 2007), increase interleukin-10 (IL-10) secretion by macrophages to 

improve survival in a sepsis model (Nemeth et al., 2009), improve outcome after 

myocardial infarction by secretion of bioactive molecules (Gnecchi et al., 2008; Lee et al., 

2009), and facilitate bone healing after fracture by secreting BMP-2 and decreasing 

interleukin-6 (Granero-Molto et al., 2009). 

1.5 Post-traumatic arthritis  

Post-traumatic arthritis (PTA) resulting from defined joint trauma such as intra-

articular fracture accounts for 12% of all osteoarthritis (OA) patients (Brown et al., 2006), 

with a large financial burden in terms of lost wages because PTA generally affects a 

young population.  Treatment at the time of trauma such as surgical restoration of 

articular surface congruity after fracture cannot eliminate the 10-20 fold increased risk 

for OA after joint injury (Anderson et al., 2011).  Inflammation of the synovium and 
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other tissues in the joint environment after fracture has emerged as an important 

contributor to OA pathogenesis (Furman et al., 2006; Guilak et al., 2004).  The increase in 

cytokines such as interleukin-1 (IL-1) and tumor necrosis factor α (TNF-α) after injury 

(Pickvance et al., 1993) can lead to inflammatory cascades and subsequent cartilage 

degradation (Fernandes et al., 2002; Guerne et al., 1989).  Support for the importance of 

inflammation comes from a closed-joint intra-articular fracture model in the mouse, 

which allows for investigation of the natural progression of PTA (Furman, 2009; Furman 

et al., 2007).   

There is a lack of data on the contribution of endogenous MSCs to intra-articular 

fracture healing or the subsequent development of PTA.  Multipotent stem cells are 

present in the joint space after fracture, as demonstrated by the derivation of a cell 

population with MSC properties from hemarthrosis in joints after fracture (Lee et al., 

2008).  Additionally, treatment of chondral defects with microfracture or other marrow 

stimulating techniques rely on accessing the subchondral bone marrow to allow 

infiltration of progenitor cells (Frisbie et al., 2003; Kramer et al., 2006).  In addition to the 

bone marrow, other tissues in the joint may contribute progenitor cells as multipotent 

stem cells have also been isolated from the infrapatellar fat pad (Wickham et al., 2003), 

muscle (Usas and Huard, 2007), synovium (De Bari et al., 2001), cartilage (Alsalameh et 

al., 2004; Dowthwaite et al., 2004), and trabecular bone (Noth et al., 2002).  Most studies 
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investigating stem cell therapy for orthopaedic applications have focused on 

osteochondral defects (Wakitani et al., 1994; Zscharnack et al.) or long-bone fracture 

(Bruder et al., 1998; Granero-Molto et al., 2009).  However, one series of studies 

investigated the delivery of BMP-2 overexpressing stem cells after osteotomy of the knee 

joint in mice and rats (Zachos et al., 2007a; Zachos et al., 2007b).  The delivered stem cells 

were effective in fracture healing and contributed to cartilage repair, but the specific 

endpoint of post-traumatic arthritis was not investigated.   

1.6 Regeneration in MRL/MpJ “superhealer” mice 

The MRL/MpJ (MRL) “superhealer” inbred mouse strain has unusual 

regenerative capabilities that were first observed by the rapid closure of surgical ear 

holes (Clark et al., 1998).  This trait is genetically determined by many loci across 

multiple chromosomes (Yu et al., 2005), but reduced expression of the cell cycle inhibitor 

p21 after injury recently emerged as a likely mediator of the regenerative capacity 

(Bedelbaeva et al., 2010).  MRL mice with a mutation encoding Fas, known as MRL/lpr, 

have been commonly used as a model for lupus, but MRL mice without the mutation 

develop weak autoimmunity only later in life (Nagata and Suda, 1995).   

MRL mice have shown enhanced regeneration as compared to control strains in 

several injury models in addition to surgical ear holes.  MRL mice showed rapid 

reepithelization after a burn injury to the cornea (Ueno et al., 2005), regrowth of 
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histologically normal heart tissue after cryoablation (Leferovich et al., 2001), faster 

replacement of digit tips after amputation (Chadwick et al., 2007), and the regeneration 

of articular cartilage after osteochondral injury (Fitzgerald et al., 2008).  Other injury 

models such as ischemia-reperfusion of the heart (Abdullah et al., 2005) and spinal cord 

injury (Kostyk et al., 2008) showed a lack of improved outcome in MRL mice.  When 

MRL and B6 mice were subjected to intra-articular fracture, B6 mice progressed to PTA 

while MRL mice were protected (Ward et al., 2008). 

1.7 Inflammation in MRL/MpJ “superhealer” mice 

Several lines of evidence from the ear hole model indicate a difference in the 

inflammatory response of MRL mice as compared to the non-healing control strain B6.  

During wound healing, MRL mice upregulate more genes involved in tissue repair 

while B6 mice upregulate more genes associated with inflammation (Li et al., 2001).  

Inflammatory cells arrive at the wound site in both strains, but the provisional matrix 

formed at the injury site in MRL is more quickly degraded by matrix metalloproteinases 

MMP-2 and MMP-9 which allows for true regeneration as opposed to scarring 

(Gourevitch et al., 2003).  Typically, only fetal mammalian wounds heal without scarring 

due to an altered inflammatory environment that allows for the formation of normal 

tissue (Harty et al., 2003).   
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Additional research using the intra-articular fracture model found that the 

protection from PTA in MRL mice correlated with lower systemic levels of pro-

inflammatory IL-1α and higher levels of anti-inflammatory IL-4 and IL-10 (Ward et al., 

2008).  MRL mice also have a reduced number of activated macrophages present in the 

synovium and these macrophages are eliminated from the joint environment more 

quickly than in B6 mice (Lewis, 2010).  Macrophages are a key cell type involved in both 

the inflammatory and resolution phases of wound healing (Porcheray et al., 2005; Serhan 

and Savill, 2005) and have also been implicated in the development of OA through the 

production of MMPs as well as inflammatory cytokines (Blom et al., 2007; Bondeson et 

al., 2010).   

1.8 The isolation of murine mesenchymal stem cells 

The isolation and characterization of MSCs from mice has been complicated by 

slow growth and the persistence of contaminating cell populations during in vitro 

culture (Peister et al., 2004; Phinney et al., 1999; Tropel et al., 2004).  A widely used 

protocol uses low cell densities to allow the MSC colonies to emerge over time (Peister et 

al., 2004).  Other studies used frequent washing of the dish after isolation or 

immunodepletion of unwanted cell types in order to start with a cell population 

enriched with MSCs for culture (Baddoo et al., 2003; Phinney, 2008; Soleimani and 

Nadri, 2009).  Various growth factors (Phinney et al., 1999; Tropel et al., 2004) or the 
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application of low oxygen tension (Boregowda et al., 2012; Short et al., 2009) have been 

used to stimulate proliferation.  Different sources of the MSCs have also been 

investigated, as bone digested with collagenase was shown to be an enriched source of 

MSCs as compared to bone marrow (Short et al., 2009; Zhu et al., 2010).   

Morikawa et al established a purified MSC population from collagenase-digested 

bone by flow cytometry cell sorting for cells that co-expressed platelet derived growth 

factor receptor alpha (PDGFRα) and stem cell antigen-1 (Sca-1)  (Morikawa et al., 2009).  

These rare cells were confirmed to be self-renewing MSCs in that secondary MSCs 

isolated 16 weeks after initial isolation and transplantation to a recipient mouse were 

clonally multipotent in vitro (Morikawa et al., 2009).  The MSCs were found to be 

located in the arterial perivascular space near the inner surface of the cortical bone and 

provide components of the HSC niche, consistent with known properties of MSCs 

(Sacchetti et al., 2007).        

1.9 Induced pluripotent stem cells for therapy and modeling  

Induced pluripotent stem cells (iPSCs) are “reprogrammed” adult cells that 

demonstrate pluripotent properties similar to ESCs.  This was first accomplished using 

mouse fibroblasts by the introduction of four transcription factors:  Oct4, Sox2, Klf4, c-

Myc (Takahashi and Yamanaka, 2006) and was later accomplished using human 

fibroblasts (Takahashi et al., 2007; Yu et al., 2007).  These transcription factors can be 
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delivered with a single vector containing all four of the necessary reprogramming genes 

to limit the number of insertion sites (Carey et al., 2009).   

There are two main goals of research with iPSCs.  The first is the large-scale 

production of patient-matched progenitor cells that could be used in cell therapy and 

tissue engineering strategies without the risk of donor site morbidity or immune 

rejection (Sun et al., 2010).  The self-renewal of iPSCs in culture allows for a nearly 

limitless supply of cells, with extended passaging associated with a lengthening of 

telomeres and gene expression similar to that of ESCs (Chin et al., 2009; Marion et al., 

2009).  The second goal is to generate “disease in a dish” models by reprogramming cells 

from afflicted patients in order to screen possible therapeutics (Park et al., 2008).  

Generating iPSC models of disease allows for the in vitro study of exceptional human or 

mouse phenotypes in ways that are not possible using adult cells, such as studying 

processes of early development or differentiating iPSCs into specific cell types for high 

throughput drug screens.  There are numerous challenges for the creation of such in 

vitro models, including selection of the appropriate somatic cell to reprogram, 

differentiation of iPSCs to faithfully reproduce the disease state, and dealing with the 

loss of epigenetic signatures of the disease during the reprogramming process (Saha and 

Jaenisch, 2009).   
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1.10 Chondrogenesis of pluripotent stem cells 

Work with mouse and human ESCs established methods for the chondrogenic 

differentiation of pluripotent cells.  As with adult stem cells, growth factors associated 

with cartilage development have been employed to induce chondrogenesis, including 

TGF-β1 (Hwang et al., 2006a), TGF-β3 (Fecek et al., 2008; Yeung et al., 2009), BMP-2 

(Kramer et al., 2000; Toh et al., 2007), BMP-4 (Kramer et al., 2000; Nakayama et al., 2003), 

BMP-6 (Seda Tigli et al., 2009), and platelet derived growth factor (PDGF) (Nakayama et 

al., 2003)  Monolayer culture with the right growth factor regimen can induce 

chondrogenesis in ESCs (Oldershaw et al., 2010; Waese and Stanford, 2011), but without 

a 3D structure it is challenging to assess the formation of tissue-engineered cartilage.  

The formation of embryoid bodies (EBs) results in aggregates that encourage the 

simultaneous differentiation of multiple cell lineages.  In attempts to limit the 

heterogeneity resulting from EBs, several investigators have skipped this step and 

proceeded directly to systems such as micromass (Gong et al., 2010; Yamashita et al., 

2010) or pellet culture (Nakagawa et al., 2009).  Another strategy has been to alter the 

cell microenvironment to induce chondrogenic differentiation, including the use of Arg-

Gly-Asp (RGD) modified hydrogels (Hwang et al., 2006b) or collagen microspheres 

(Yeung et al., 2009). 
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Chondrogenic differentiation has also been achieved from both mouse 

(Teramura et al., 2010) and human iPSCs (Kim et al., 2011; Medvedev et al., 2011; Wei et 

al., 2012).  Each of these studies employed EB culture and then used the outgrowth cells 

without selection in 3D systems.  While staining for cartilaginous matrix was seen in 

each case, starting with an undefined population of cells from EB culture may limit the 

effectiveness of tissue-engineered cartilage for either therapy or modeling.  Importantly, 

two studies demonstrate chondrogenesis from the synovial cells or chondrocytes of OA 

patients (Kim et al., 2011; Wei et al., 2012), suggesting that patients most in need of 

regenerative approaches have a potential supply of therapeutic cells using iPSC 

technology.   

1.10 Research goals and significance 

The overall goals of this research are to develop fundamental techniques and 

provide a rationale for stem cell-based strategies that seek to:  

1)  treat cartilage injury and osteoarthritis by creating tissue-engineered 

cartilage from human adult stem cells, 

2)  prevent the development of post-traumatic arthritis by delivering stem cells 

to the joint after injury, and 
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3)  study cartilage by establishing a system for producing tissue-engineered 

cartilage constructs from induced pluripotent stem cells of patients or mouse strains 

with specific properties.    

There are limited treatment options to treat small cartilage lesions or widespread 

joint degeneration.  The first research goal seeks to directly address this need by 

investigating the most effective ways to produce tissue-engineered cartilage for use in 

treating focal cartilage defects or resurfacing the joint surface with a biological 

replacement.    

Another major clinical problem is the accelerated development of OA after joint 

injury, although the defined initiating event allows for the possibility of preventive 

treatments before degradation of cartilage has occurred.  The second research goal seeks 

to deliver stem cells directly to the knee joint of a mouse after fracture in order to assess 

this treatment option and provide information on other avenues for preventing post-

traumatic arthritis. 

Finally, the many complex factors that lead to the development of OA make it 

challenging to perform mechanistic studies on how cartilage responds to specific 

environmental or genetic contributors to OA.  Mouse models have shown incredible 

insight into the etiology of OA, but in vitro studies allow for much tighter control over 

variables and the ability for scale-up.  The third research goal seeks to establish a system 
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for generating cartilage tissue-engineered constructs from iPSCs so that mouse strains 

and patients with known phenotypes related to cartilage and OA can be studied for the 

response to specific catabolic stimuli such as mechanical injury or inflammatory 

cytokines.   

1.11 Hypotheses and aims 

The research goals were addressed through five hypotheses and specific aims.  

Aim 1 utilized human adult stem cells and a scaffold derived from native porcine 

cartilage to investigate the contributions of cell type, growth factors, and cell 

microenvironment to cartilage tissue engineering.  Aims 2 and 3 were accomplished by 

developing a novel method for the isolation and expansion of murine MSCs.  Cells 

isolated from two strains of mice were delivered to the joints of mice after intra-articular 

fracture in order to prevent the subsequent development of OA.  Aims 4 and 5 involved 

the establishment of a robust method to promote chondrogenesis in murine iPSCs and 

then sort successfully differentiated cells using flow cytometry.  These cells were then 

expanded in monolayer and used to create cartilage constructs or contribute to the 

repair of in vitro cartilage defects.   

Hypothesis 1: Human adult stem cells derived from adipose tissue and bone 

marrow will display distinct responses to chondroinductive growth factors and cell 

microenvironments.   
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Specific Aim 1: Assess the chondrogenic differentiation of ASCs and MSCs 

induced by combinations of TGF-β3 and BMP-6 in either alginate hydrogels or in 

cartilage-derived matrix scaffolds.   

Hypothesis 2: MSCs from “superhealer” MRL mice will have altered in vitro 

properties as compared to MSCs from control B6 mice. 

Specific Aim 2: Isolate a defined population of multipotent MSCs from the bones 

of B6 and MRL mice and perform in vitro characterization to assess their yield, colony 

forming unit potential, proliferation, differentiation, chemotaxis, and 

immunomodulatory capabilities.   

Hypothesis 3: MSC therapy will prevent the development of PTA after intra-

articular fracture by altering the inflammatory environment of the joint.  MRL MSCs will 

be more effective than B6 MSCs at preventing PTA.   

Specific Aim 3:  Deliver culture-expanded MSCs from MRL and B6 mice directly 

to the joint space of B6 mouse knees after intra-articular fracture and assess the gene 

expression of inflammatory cytokines, the presence of inflammatory mediators in 

synovial fluid and serum, and the degeneration of cartilage.   

Hypothesis 4: Culture systems promoting aggregation of cells and the presence 

of growth factors will induce chondrogenesis in a subset of murine iPSCs, which can be 



 

 

19

identified by Col2 gene expression and production of cartilaginous matrix in pellet 

culture.   

Specific Aim 4:  Utilize a variety of three-dimensional culture systems and 

growth factor delivery strategies to maximize chondrogenic differentiation of iPSCs as 

assessed by gene expression and a Col2-GFP reporter.   

Hypothesis 5:  Successfully pre-differentiated iPSCs will generate tissue-

engineered constructs with enhanced deposition of cartilaginous matrix and stronger 

cartilage defect repair as compared to cells that did not respond to pre-differentiation.  

Specific Aim 5:  Perform flow cytometry cell sorting based on Col2 expression in 

response to micromass culture with BMP-4.  After expanding the sorted cells, culture 

either as pellets for analyzing the production of collagen and GAGs or deliver cells in 

agarose to fill in vitro cartilage defects.    
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2. Chondrogenesis of adult stem cells from adipose 
tissue and bone marrow: Induction by growth factors  
and cartilage-derived matrix 

A version of this chapter was published as the following:   

 

Diekman, B. O., Rowland, C. R., Lennon, D. P., Caplan, A. I., Guilak, F., 2010. 

Chondrogenesis of adult stem cells from adipose tissue and bone marrow: Induction by 

growth factors and cartilage-derived matrix. Tissue Eng Part A. 16, 523-33. 

 

2.1 Introduction 

Cartilage tissue engineering seeks to combine cells, biomaterial scaffolds, and 

bioactive signals to create functional tissue replacements to treat cartilage injuries or 

osteoarthritis (Guilak et al., 2001; Song et al., 2004).  Primary chondrocytes expanded in 

vitro are one cell source that has been used for autologous chondrocyte implantation 

(ACI) (Brittberg et al., 1994), but there has been growing interest in alternative cell 

sources for cartilage tissue engineering.  Adult stem cells derived from adipose tissue 

(adipose-derived adult stem cells, ASCs) (Gimble and Guilak, 2003; Zuk et al., 2001) and 

bone-marrow (bone marrow-derived mesenchymal stem cells, MSCs) (Caplan, 1991; 

Pittenger et al., 1999) have shown significant chondrogenic potential for such a tissue 

engineering approach (Erickson et al., 2002; Guilak et al., 2004; Mackay et al., 1998; Yoo 

et al., 1998).  ASCs have attracted interest due to ease of isolation procedure and relative 

abundance of cells available as compared to MSCs (Aust et al., 2004; Varma et al., 2007), 

but remain less well characterized.   
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While many studies tend to refer to these cell types using similar terminology, 

i.e., adipose-derived mesenchymal stem cells (Im et al., 2005; Kern et al., 2006; Rider et 

al., 2008; Sakaguchi et al., 2005), a growing number of studies have shown human ASCs 

and MSCs to be very similar but not identical cell types in monolayer culture with 

regard to morphology, proliferation, gene expression, and cell surface markers (Afizah 

et al., 2007; De Ugarte et al., 2003a; De Ugarte et al., 2003b; Hennig et al., 2007; Huang et 

al., 2005; Im et al., 2005; Izadpanah et al., 2006; Kern et al., 2006; Kim and Im, 2008; Kim 

et al., 2008; Lee et al., 2004; Liu et al., 2007; Mehlhorn et al., 2006; Noel et al., 2008; 

Rebelatto et al., 2008; Rider et al., 2008; Sakaguchi et al., 2005; Segawa et al., 2008; 

Wagner et al., 2005; Winter et al., 2003).  Some differences include ASCs being smaller 

(Izadpanah et al., 2006), ASCs achieving higher passage numbers before senescence 

(Izadpanah et al., 2006; Kern et al., 2006; Lee et al., 2004), differential expression of genes 

related to proliferation (Lee et al., 2004; Wagner et al., 2005), and ASCs having reduced 

or absent transforming growth factor beta (TGF-β) receptor ALK-5 (Hennig et al., 2007) 

and cell surface marker vascular cell adhesion molecule 1 (CD106) (De Ugarte et al., 

2003a; Kern et al., 2006; Noel et al., 2008; Rider et al., 2008).  In addition to these 

biological characterizations, many studies have compared the chondrogenic potential of 

the two cell types.  With the exception of a few studies (De Ugarte et al., 2003b; 

Izadpanah et al., 2006; Kern et al., 2006; Lee et al., 2004), it has been observed that under 

standard chondrogenic differentiation conditions, MSCs have an enhanced potential for 
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chondrogenesis as compared to ASCs by measures such as glycosaminoglycans (GAG) 

production, type II collagen gene expression and deposition, pellet size, and consistency 

among donors for differentiation (Afizah et al., 2007; Huang et al., 2005; Im et al., 2005; 

Liu et al., 2007; Mehlhorn et al., 2006; Noel et al., 2008; Rebelatto et al., 2008; Rider et al., 

2008; Sakaguchi et al., 2005; Segawa et al., 2008; Winter et al., 2003).  

However, it is important to note that these studies have used identical culture 

conditions for ASCs and MSCs, typically utilizing TGF-β and dexamethasone (DEX) to 

induce chondrogenesis, with some studies adding additional growth factors (Im et al., 

2005; Izadpanah et al., 2006; Sakaguchi et al., 2005; Segawa et al., 2008).  The tacit 

assumption in such studies is that culture conditions “optimized” for MSCs will also be 

“optimal” for ASCs.  However, emerging evidence suggests that any comparison study 

between ASCs and MSCs will be affected by the specific culture conditions used.  ASCs 

have been shown to be more efficiently induced toward a chondrogenic lineage by a 

high dose of bone morphogenetic protein-6 (BMP-6) than by TGF-β or other cocktails 

(Estes et al., 2006). Hennig et al demonstrated that the addition of BMP-6 to a TGF-β 

culture medium resulted in robust chondrogenesis of ASCs similar to MSCs with TGF-β  

(Hennig et al., 2007).  Kim and Im demonstrated that a larger concentration of growth 

factors was able to overcome initial differences in chondrogenic differentiation between 

ASCs and MSCs (Kim and Im, 2008).  The response of adult stem cells to soluble factors 

that induce differentiation is therefore one method of identifying differences amongst 
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tissue sources.  A study design that incorporates multiple chondrogenic media 

conditions may be able to better assess these divergent responses to growth factors than 

previous single condition studies.  Our first hypothesis was that ASCs and MSCs are 

distinct cell types with unique responses to growth factors or other chondroinductive 

culture conditions.  

In addition to the growth factor conditions, the extracellular environment can 

also influence cellular growth and differentiation.  Pellet culture has been used 

extensively as a model system to compare chondrogenesis in MSCs and ASCs because it 

recapitulates the condensation that occurs during cartilage development and maintains 

the potential for cell-cell interaction (Johnstone et al., 1998).  Alginate bead culture is a 

model system that encourages a rounded cell phenotype to induce stem cells toward a 

chondrocyte-like lineage  (Awad et al., 2004).  Recent studies have shown that scaffolds 

consisting of reconstituted native cartilage-derived matrix (CDM) can induce the 

chondrogenesis of ASCs (Cheng et al., 2009) or MSCs (Yang et al., 2008), potentially 

through the establishment of interactions between cell surface receptors and 

extracellular matrix ligands present on the native tissue proteins.  Such cell-matrix 

interactions are important in cartilage development (Shakibaei, 1998) and homeostasis 

(Svoboda, 1998), as well as collagen remodeling by mesenchymal stem cells (Chang et 

al., 2007).  Studies using tissues such as heart (Ott et al., 2008), bladder (Chun et al., 

2007), tendon (Basile et al., 2008), and recently the clinical transplantation of a donor 
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airway (Macchiarini et al., 2008) have also shown the value in using native tissue 

architecture to provide instructive cues for tissue engineering (Badylak et al., 2009).  

Using the cell environment to induce chondrogenesis in place of or in addition to 

growth factors allows for further understanding of the role of the extracellular matrix in 

regulating chondrogenesis.  Thus, our second hypothesis was that chondrogenesis in 

ASCs and MSCs will be affected by the cell microenvironment (alginate or CDM).  

2.2 Materials and Methods 

2.2.1 Monolayer cell expansion 

Human ASCs were obtained from subcutaneous abdominal adipose tissue (Zen-

Bio).  ASCs from 7 female donors (average age 41) were combined after initial expansion 

to make a “superlot”.  Cells were cultured at 8000 cells/cm2 through four passages in 

DMEM/F12 (BioWhittaker) containing 0.25 ng/ml TGF-β1 (R&D Systems), 5 ng/ml 

epidermal growth factor (EGF) (Roche Diagnostics), and 1 ng/ml basic fibroblast growth 

factor (bFGF) (Roche) as well as 10% fetal bovine serum (FBS, Atlas Biologicals) as 

described previously (Estes et al., 2006).  Human MSCs were obtained from the posterior 

superior iliac crest of donors as approved by an Institutional Review Board as described 

previously (Lennon and Caplan, 2006a).  MSCs from 3 female donors (average age 27) 

were combined in a “superlot” after initial expansion.  Cells were cultured at 5000 

cells/cm2 through four passages in DMEM-low glucose (Gibco) containing 1 ng/ml bFGF 

and 10% FBS (Sigma-Aldrich,). 
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2.2.2 Chondrogenic differentiation 

ASCs and MSCs were either resuspended in 1.2% alginate (5x106 cells/ml) and 

dropped in 102 mM calcium chloride solution with a 1 ml pipette to form beads, or 

seeded onto 6 mm diameter cartilage-derived matrix (CDM) scaffolds (500,000 cells in 30 

µl media added for 1 hour before culture medium added).  CDM was prepared by 

homogenizing porcine articular cartilage at a concentration of 0.1 g wet weight/ml 

distilled water and then lyophilizing for 24 h as described previously (Cheng et al., 

2009).  

Alginate and CDM constructs were cultured for 14 or 28 days. Low attachment 

24 well plates (Corning Life Sciences) were used with 1 ml of culture medium, changed 

every other day.  Culture media contained DMEM-high glucose (Gibco), 1% penicillin-

streptomycin (Gibco), 37.5 µg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich), 40 µg/ml 

L-proline (Sigma-Aldrich), and 1% ITS+ Premix (Collaborative Biomedical) plus 

combinations of the following chondroinductive agents (see figures 1 and 3):  100 nM 

dexamethasone (DEX) (Sigma-Aldrich), 10 ng/ml TGF-β3 (R&D Systems), 10 or 500 

ng/ml BMP-6 (R&D Systems).  A subset of the alginate bead conditions were used for 

CDM constructs.  Day 14 constructs were evaluated with quantitative real time RT-PCR 

(qPCR) and day 28 constructs were either digested for biochemical analysis or prepared 

for immunohistochemistry as described below. 
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2.2.3 RNA isolation and real-time quantitative RT-P CR (qPCR) 

Fourteen day qPCR samples were prepared for RNA isolation (n=3 independent 

samples per group).  CDM constructs were snap frozen in liquid nitrogen and 

pulverized using a mortar and pestle, while alginate beads were treated with 150 mM 

NaCl and 55 mM Na Citrate to release the cells.  RNA was isolated using TRIzol reagent 

(Invitrogen) and quantified with spectrophotometry (Nanodrop ND-1000).  The RNA 

was reverse transcribed with SuperScript VILO (Invitrogen) and analyzed for gene 

expression using EXPRESS qPCR SuperMix Universal (Invitrogen) on an iCycler (Bio-

Rad).  Primer probes (Applied Biosystems) were used to determine transcript levels in 

triplicate for a housekeeping gene and 4 different genes of interest: 18S ribosomal RNA 

(endogenous control; assay ID Hs99999901_s1), aggrecan (ACAN1; assay ID 

Hs00153936_m1), type I collagen (COL1A1; assay ID Hs00164004_m1), type II collagen 

(COL2A1; custom assay: FWD Primer 5-GAGACAGCATGACGCCGAG-3; REV primer 

5-GCGGATGCTCTCAATCTGGT-3; Probe 5-FAM-

TGGATGCCACACTCAAGTCCCTCAAC-TAMRA-3) (Mehlhorn et al., 2006), and type 

X collagen (COL10A1; assay ID Hs00166657_m1).  The standard curve method was used 

to determine starting transcript quantity (copy number) for each gene using plasmids 

containing the gene of interest.  Data were analyzed by calculating the fold difference 

compared to day 0 cells of the same type, with each sample first normalized to its own 

18s value. 



 

27 

2.2.4 Biochemical analysis 

Day 28 biochemical samples (n=3 independent samples per group) were 

analyzed for double stranded DNA (dsDNA) and sulfated GAG.  Both alginate and 

CDM constructs were digested for 16 hours with 1 ml of 125 µg/ml papain. The 

PicoGreen fluorescent dsDNA assay (Molecular Probes) with λ DNA standard curve 

was used to calculate µg of dsDNA as a surrogate for cell number (Estes et al., 2006).  

The 1,9-dimethylmethylene blue (DMB) assay (Enobakhare et al., 1996) with pH 

adjusted to 1.5 was used to quantify total sulfated GAG against a chondroitin-4-sulfate 

standard curve (Awad et al., 2003).    

2.2.5 Immunohistochemistry and histology 

Day 28 immunohistochemistry samples were fixed overnight at 4 °C in a pH 7.4 

solution containing 4% paraformaldehyde, 100 mM sodium cacodylate, and 50 mM 

BaCl2. Both alginate and CDM constructs were taken through a series of increasing 

ethanol solutions and xylene steps to clear the constructs.  Samples were then embedded 

in paraffin and cut into 5 µm sections. Monoclonal antibodies to type I collagen (ab6308, 

Abcam), type II collagen (II-II6B3; Developmental Studies Hybridoma Bank, University 

of Iowa), type X collagen (C7974, Sigma-Aldrich), and chondroitin 4-sulfate (2B6 

antibody, gift from Dr. Virginia Kraus) were used.  Sections for collagen staining were 

treated with Pepsin (Digest-All, Zymed) and sections for chondroitin 4-sulfate were 

treated with trypsin, soybean trypsin inhibitor, and chondroitinase ABC (all Sigma-
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Aldrich) to expose the epitopes.  The anti-mouse IgG secondary antibody (Sigma-

Aldrich, Product No. B7151) was linked to horseradish peroxidase and reacted with 

aminoethyl carbazole using the Histostain-Plus ES Kit (Zymed).  General histological 

staining using 0.1% aqueous Safranin-O, 0.02% fast-green, and hematoxylin was also 

performed on xylene cleared sections. Human osteochondral plugs were prepared in the 

same manner as samples and were used as positive controls for each antibody.  Negative 

controls without primary antibody were also prepared for each slide.  

2.2.6 Statistical analysis 

Two factor ANOVA and Fisher’s PLSD post-hoc test (α=0.05) was used to 

determine significance for cell type and culture condition.  Outliers were removed 

according to Chauvenet’s Criterion (Taylor, 1982).  

2.3 Results  

2.3.1 The effect of growth factors on gene expressi on 

Gene expression is presented as the fold difference in copy number from day 0 

values for each cell type (Figure 2-1).  For the alginate beads, the main effects of cell type 

and culture condition, as well as the interaction term, were statistically significant by 

ANOVA for all genes studied (p<0.001) (Figure 2-1A).  ACAN1 expression was 

enhanced in control conditions for MSCs (17 fold increase over day 0 cells) but not 

ASCs.  The presence of only DEX caused a decrease in MSC ACAN1 expression as 

compared to control (p<0.001) but had no effect on ASCs.  Both ASCs and MSCs 
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responded robustly to growth factor induction, with all three growth factor groups 

significantly increased relative to control (p<0.001).  ASCs had the highest upregulation 

of ACAN1 with 500 ng/ml BMP-6 (857 fold increase) and MSCs had the highest 

upregulation with 10 ng/ml TGF-β3 and DEX (573 fold increase).  With both BMP-6 and 

TGF-β present in the culture medium, no differences were observed between the cell 

types in terms of ACAN1 upregulation (p>0.05).  

COL2A1 expression in ASCs was only significantly upregulated as compared to 

control when both TGF-β3 and BMP-6 were administered (p<0.001), while COL2A1 

expression in MSCs was significantly upregulated in all growth factor groups (p<0.001).  

The highest expression was seen in the TGF-β3 plus DEX group, with a 130,450 fold 

increase from day 0 values.  

COL10A1 expression was significantly higher in MSCs as compared to ASCs for 

each culture condition tested (p<0.001).  For ASCs, COL10A1 expression remained below 

day 0 values in every group except those containing TGF-β3.  For MSCs, COL10A1 

expression was downregulated compared to control in both the DEX and 500 ng/ml 

BMP-6 groups (p<0.001) and was strongly upregulated in conditions containing TGF-β3 

(1720 and 2319 fold increases over day 0 cells for TGF-β3 and dual cocktail of TGF-β3 

and BMP-6, respectively).  
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COL1A1 expression was significantly increased in all three growth factor groups 

as compared to control in both cell types (p<0.01).  In each culture condition, MSCs had a 

higher fold increase over day 0 values than ASCs (p<0.001).  

 

Figure 2-1: Effects of growth factors and cell microenvironment on gene expression.  

Day 14 qPCR for (A) alginate bead and (B) CDM constructs seeded with ASCs or 

MSCs (as labeled). Data presented as fold difference from day 0 cells for ACAN1, 

COL2A1, COL10A1, and COL1A1. Groups not sharing a letter are statistically 

different by Fisher PLSD post-hoc. Asterisk indicates media condition is significantly 

different from control by Fisher PLSD post-hoc.  

2.3.2 The effect of extracellular environment on ge ne expression 

For the CDM constructs, the main effects of cell type and culture condition were 

statistically significant by ANOVA (p<0.001) for each gene studied with the exception of 
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the effect of culture condition on COL1A1 expression (Figure 2-1B).  The interaction 

term of cell type and culture condition was only significant for COL2A1.  The two 

growth factor groups investigated were a subset of those studied in the alginate bead 

system and both included 10 ng/ml TGF-β3 plus 100 nM DEX, with one group also 

containing 10 ng/ml BMP-6.  

In CDM constructs, ACAN1 upregulation was higher in MSCs than ASCs 

(p<0.05) and was significantly higher in the growth factor conditions as compared to 

control (p<0.001), with no difference between the two groups.  The highest ACAN1 

upregulation over day 0 cells was the MSCs TGF-β3 only group with a 217 fold increase. 

COL2A1 expression was enhanced in the growth factor groups over control conditions 

for both cell types (p<0.001), but to a much greater degree in MSCs with an average 

increase of 23,927 fold over day 0 cells for MSCs and 74 fold for ASCs.  

For COL10A1 expression, MSCs had significantly higher upregulation than ASCs 

in CDM constructs (p<0.001) and the growth factors induced higher COL10A1 

expression as compared to the control conditions (p<0.001).  Finally, COL1A1 expression 

was higher in MSCs as compared to ASCs (p<0.001) but there was no difference among 

the media conditions (p>0.05).  

2.3.3 Biochemical composition of CDM scaffolds and alginate beads 

Figure 2-2 depicts the gross appearance of the CDM scaffolds after 28 days of 

culture.  The texture of the scaffolds in the growth factor groups is altered and is 
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smoother than the seeded constructs cultured in control conditions or the unseeded 

construct.  There was contraction of the CDM scaffolds as compared to the 6 mm 

diameter starting scaffold, with the most contraction occurring in growth factor treated 

groups.  

 

Figure 2-2: Morphology of CDM constructs.  Gross appearance of CDM scaffolds 

seeded with ASCs or MSCs under control, TGF-β, and TGF-β plus BMP-6 conditions 

(as labeled) at day 28.  An unseeded CDM construct at day 0 and an unseeded 

construct cultured for 28 days are also shown. Scale bar is 2 mm. 

The viability and cell proliferation was measured by using dsDNA as a surrogate 

and is expressed as the percentage of each cell type’s starting dsDNA (Figure 2-3).  The 

amount of sulfated GAG was measured using the DMB assay and is presented both in 

terms of total GAG and GAG per DNA (Figure 2-3).  In both the alginate bead and CDM 

systems, MSCs had significantly higher DNA values as compared to ASCs under each 

culture condition (p<0.05).  The highest values in alginate beads were seen in the TGF-β3 

and BMP-6 group, with 126% of day 0 DNA in MSCs and 46% in ASCs, and the highest 

values in the CDM were seen in the TGF-β3 only group, with 277% in MSCs and 98% in 
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ASCs.  Total GAG production in the alginate beads was higher in the MSCs as compared 

to ASCs for both conditions containing TGF-β3 (p<0.001) but was higher in the ASCs for 

the 500 ng/ml BMP-6 group (p<0.001).  Total GAG production in the CDM was higher in 

the MSCs under all conditions (p<0.05), and was highest in the TGF-β3 only group (316 

µg for MSCs and 134 µg for ASCs).  The trends were slightly altered in the alginate 

beads when GAG production was normalized to DNA content, as GAG per DNA was 

higher in ASCs as compared to MSCs for the TGF-β3 only group in addition to the BMP-

6 group (p<0.001).  
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Figure 2-3: Biochemical analysis at day 28.  Percentage of day 0 DNA, total GAG 

content (μg), and GAG content per DNA (μg/μg) for (A) alginate bead and (B) 

cartilage-derived matrix constructs seeded with ASCs or MSCs (as labeled).  Groups 

not sharing a letter are statistically different by Fisher PLSD post-hoc for cell type and 

culture condition. Asterisk indicates media condition is significantly different from 

control by Fisher PLSD post-hoc. 

2.3.4 Immunohistochemistry for matrix proteins 

The immunohistochemical staining of day 28 CDM scaffolds for type I, II, and X 

collagen, as well as chondroitin-4-sulfate, is shown in Figure 2-4.  All scaffolds 

demonstrate staining for type II collagen and chondroitin-4-sulfate with minimal 

staining for types I and X collagen.  The native porcine matrix is still present at 28 days 

and partially contributes to the positive staining for the extracellular matrix proteins of 
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cartilage.  Cell seeded scaffolds demonstrated enhanced retention of native matrix as 

compared to the unseeded CDM scaffold.  Neotissue was synthesized by both ASCs and 

MSCs in response to growth factor conditions and was clearly distinguished from native 

matrix by intensity of staining as well as texture.  The neotissue was more abundant in 

MSC seeded scaffolds as compared to ASCs, with matrix staining positive for type II 

collagen and chondroitin-4-sulfate completely filling in the CDM in response to TGF-β3.  

The two growth factor groups, TGF-β3 and TGF-β3 plus BMP-6, elicited generally 

similar matrix deposition from both cell types, with the exception that MSC synthesis of 

chondroitin-4-sulfate appeared to be stronger in the TGF-β3 only group.  Type I collagen 

staining was detected in the neotissue at similar levels for each scaffold but was not 

nearly as abundant as type II collagen.  No significant staining for type X collagen was 

observed.  
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Figure 2-4: Immunohistochemistry of CDM scaffolds.  Immunohistochemistry for 

type II collagen, chondroitin-4-sulfate, type X collagen, and type I collagen. Cartilage-

derived matrix seeded with ASCs or MSCs under control, TGF-β, and TGF-β plus 

BMP-6 conditions (as labeled) at day 28. A human osteochondral plug is the positive 

control and an unseeded CDM construct cultured for 28 days is provided as an 

additional control. Pictures 4x magnification with 200 μm scale bar. 
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2.3.5 Cell shape of ASCs and MSCs in CDM scaffolds 

High magnification images of Safranin-O/Fast Green stained sections indicated 

that the cell morphology of MSCs had become rounded in response to growth factors 

while the ASCs appeared to remain spindle-shaped (Figure 2-5).  

 

Figure 2-5: Cell shape of ASCs and MSCs in CDM scaffolds.  Safranin-O/Fast Green 

staining with hematoxylin counterstain. Cartilage-derived matrix seeded with ASCs 

or MSCs under control, TGF-β, and TGF-β plus BMP-6 conditions (as labeled) at day 

28. A human osteochondral plug is the positive control and an unseeded CDM 

construct cultured for 28 days is provided as an additional control. Pictures 40x 

magnification with 20 μm scale bar. 

2.3.6 The effect of serum on stem cell chondrogenes is  

Experiments were performed to evaluate the effect of serum on ASCs and MSCs 

during differentiation (Figure 2-6).  In the CDM system, the extent of new matrix 

production was not significantly altered by serum (Figure 2-6B), but gross appearance 
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suggested that 10% serum did affect the culture system by enhancing cell mediated 

contraction (Figure 2-6A).  In the alginate bead system, ASCs produced more type II 

collagen in response to TGF-β when 10% serum was included (Figure 2-6C). MSCs 

produced less type II collagen in response to TGF-β when serum was present.    
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Figure 2-6: Effect of serum on chondrogenesis.  CDM and alginate constructs cultured 

in the presence of 10% fetal bovine serum or in serum-free conditions (as labeled) for 

28 days. (A) Gross appearance of ASC or MSC seeded CDM constructs in control 

conditions containing 100 nM DEX. (B) Type II collagen immunohistochemistry of 

ASC or MSC seeded CDM constructs in control conditions containing 100 nM DEX. 

(C) Type II collagen immunohistochemistry of ASC or MSC seeded alginate bead 

constructs cultured with 10 ng/ml TGF-β3 and 100 nM DEX.  Scale bars are 2 mm for 

(A) and 200 μm for (B) and (C). 

2.4 Discussion 

Adult stem cells from adipose tissue and bone marrow underwent chondrogenic 

induction by growth factors in both alginate bead culture and cartilage-derived matrix 

scaffolds, demonstrating upregulation of cartilage-specific genes and the synthesis of 
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cartilaginous proteins.  Under the conditions used in this study, MSCs demonstrated an 

overall greater chondrogenic response than ASCs as indicated by higher COL2A1 

upregulation and more extensive matrix synthesis across all media conditions in both 

alginate beads and CDM.  However, the level of induction of chondrogenic genes was 

highly dependent on the exact culture conditions used in each experiment.  Thus, the 

conclusion that MSCs are inherently more chondrogenic than ASCs is not warranted 

from this work or similar comparison studies due to the strong dependence of results on 

the monolayer expansion (Estes et al., 2008), three-dimensional culture conditions 

(Hennig et al., 2007; Kim and Im, 2008), and time point of analysis (Afizah et al., 2007; 

Mehlhorn et al., 2006; Winter et al., 2003).  “Optimal” conditions for both cell types 

remain to be discovered over time, but this study was not designed with that goal in 

mind.  Instead, we sought to demonstrate the unique nature of MSCs and ASCs through 

divergent responses to chondrogenic growth factors and extracellular matrices.  Our 

findings also show that CDM may provide a novel culture system for the study of stem 

cell chondrogenesis, alone or in combination with exogenous growth factors.  

While ASCs and MSCs exhibited many of the same trends in response to 

chondrogenic induction, some distinct responses to the specific growth factors used in 

alginate bead culture were observed.  ASCs had significantly higher ACAN1 

upregulation in response to BMP-6 than to TGF-β, while the opposite was true for MSCs.  

This trend was supported by GAG content when normalized for DNA content but not 
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when total GAG content was used due to the low cell viability in the ASCs BMP-6 

group.  The large response of ASCs to high dose BMP-6 supports previous work (Estes 

et al., 2006).  

MSCs showed a stronger propensity than ASCs toward a “hypertrophic” 

chondrocyte phenotype, as observed by the upregulation of COL1A1 and COL10A1 

without the addition of growth factors.  However, both cell types showed similar 

upregulation of these genes in response to growth factor supplementation as compared 

to control conditions.  Enhanced COL10A1 in MSCs as compared to ASCs has been seen 

by others (Huang et al., 2005; Liu et al., 2007; Mehlhorn et al., 2006).  Interestingly, 

higher COL10A1 upregulation in MSCs appears to be in response to 3D conditions and 

not monolayer expansion, as we saw a 3 fold higher COL10A1 copy number in ASCs 

than MSCs at day 0 (data not shown).  A high dose of BMP-6 in addition to TGF-β has 

been shown to cause upregulation of COL10A1 in MSCs (Sekiya et al., 2001), while 

BMP-6 alone caused a downregulation of COL10A1 in ASCs (Estes et al., 2006).  Our 

data in alginate beads illustrate that 500 ng/ml BMP-6 without TGF-β resulted in 

COL10A1 expression similar to control values in ASCs and slightly downregulated 

compared to control for MSCs, but that TGF- β induced significant COL10A1 

upregulation in both ASCs and MSCs.  

An important finding of this study was the comparison of the chondrogenic 

potential of ASCs and MSCs in a scaffold derived from native cartilage. 
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Immunohistochemistry for type II collagen and chondroitin-4-sulfate indicated that 

MSCs seeded in CDM synthesized abundant new cartilaginous matrix that filled in any 

open areas of the native porcine cartilage scaffold.  New matrix was also seen in ASC 

constructs but had not fully filled in the CDM scaffold by the 28 day time point.  Part of 

the enhanced matrix synthesis may be explained by the increased proliferation of MSCs 

as compared to ASCs, although GAG/DNA measures indicate significantly higher GAG 

synthesis when controlled for cell number as well as total GAG content.  MSCs in 

growth factor conditions adopted a spherical morphology amongst the neotissue, while 

ASCs retained the elongated phenotype characteristic of monolayer culture.  The cell 

type differences in immunohistochemical results correlated to growth factor induced 

gene expression data at day 14, as significantly greater upregulation in COL2A1 and 

ACAN1 was seen in MSCs as compared to ASCs.  

In general, similar results were seen in terms of gene expression and biochemical 

assays between the alginate bead system and CDM, although viability/cell proliferation 

was enhanced in the CDM.  MSCs had a different response to growth factors in the two 

model systems.  In the alginate beads, both percentage of day 0 DNA and total GAG 

content were significantly higher in the dual cocktail of TGF-β and BMP-6 as compared 

to TGF-β alone, while TGF-β alone had higher viability and higher (although not 

statistically significant) GAG as compared to the dual cocktail in CDM.  The CDM also 

limited MSC upregulation of COL10A1 in response to conditions containing TGF-β 
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(33.36 average fold increase over control in CDM vs. 57.76 in alginate beads) without 

decreasing the upregulation of COL2A1 (35,187 average fold increase over control in 

CDM vs. 14,031 in alginate beads).  This was supported by the lack of extensive staining 

for type X collagen in the CDM scaffolds at day 28. The observation that cell-matrix 

interactions may limit the hypertrophic phenotype during MSC chondrogenesis could 

be important for future work.  The hypertrophic chondrocyte phenotype during 

chondrogenic differentiation has been well documented for MSCs (Mueller and Tuan, 

2008; Pelttari et al., 2006) and ongoing work is attempting to address it (Kim et al., 2008).  

A recent study demonstrated that adult stem cells from bone-marrow, adipose tissue, 

and synovium all demonstrated some degree of calcification in vivo after in vitro growth 

factor based chondrogenesis (Dickhut et al., 2009).  

For both ASCs and MSCs, the CDM without exogenously added growth factors 

induced minimal new matrix synthesis and no upregulation in chondrogenic gene 

expression, illustrating the importance of growth factor supplementation.  Previous 

work using CDM indicated that significant chondrogenic induction of ASCs can be 

achieved without the use of growth factors (Cheng et al., 2009).  One difference between 

the studies is that the current study was serum-free during differentiation while the 

previous work included 10% FBS throughout the culture period.  Thus, the presence of a 

variety of growth factors and cytokines in serum may significantly influence, and 

potentially interact with, the effects of the CDM on chondrogenesis.   While this study 
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saw effects of serum on contraction but not matrix production, serum has been shown to 

be inhibitory to cartilage production in synovial fibroblast (Bilgen et al., 2007; Kurth et 

al., 2007) and chondrocyte culture (Ballock and Reddi, 1994).  Serum-free chondrogenic 

conditions have been standard for MSC culture ever since early observations in rabbit 

MSCs that pellets did not form in the presence of 10% serum (Johnstone et al., 1998).  

ASCs have been successfully differentiated down a chondrogenic lineage in 10% serum 

in alginate beads (Awad et al., 2003; Estes et al., 2006) and in 1% serum in micromass 

culture (Zuk et al., 2001).  The current study demonstrated that in alginate beads treated 

with TGF-β, ASCs produced more type II collagen in the presence of serum while MSCs 

produced more type II collagen without serum. Similarly, ASCs show enhanced ACAN1 

expression in control conditions if 10% FBS is present (data not shown).  While further 

study is needed to confirm the observation that ASCs differentiate at least as well in the 

presence of serum, the present findings taken together with previous literature suggest 

responsiveness to serum may be another possible difference between the two cell types.  

A second difference between this study and Cheng et al (Cheng et al., 2009) is the greater 

degree of contraction seen during culture in the present study, even though serum-free 

conditions were used.  The mechanical properties of the specific CDM scaffolds could 

affect chondrogenic differentiation as mechanical cues such as substrate stiffness (Engler 

et al., 2006) and cell shape (McBeath et al., 2004)  have been shown to affect stem cell 

differentiation toward other lineages.  
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The guiding hypothesis that ASCs and MSCs are unique cell types that respond 

to different culture conditions led us to choose to expand each cell type in monolayer 

conditions that have been shown to be effective at priming that particular cell type for 

chondrogenesis instead of using identical culture conditions (Estes et al., 2008; Solchaga 

et al., 2005).  For example, lot-selected FBS specific to each cell type was used, with the 

MSC serum chosen by a rigorous selection process described elsewhere (Lennon and 

Caplan, 2006a).  Since bFGF has been demonstrated to have substantial effects on 

downstream chondrogenesis in both MSCs and ASCs (Chiou et al., 2006; Solchaga et al., 

2005), both cell types were expanded in the presence of 1 ng/ml bFGF.     

2.5 Summary 

Extracellular environment and growth factors are both important for guiding the 

chondrogenic differentiation of adult stem cells.  This work establishes the potential for 

cartilage-derived matrix scaffolds as a valuable model for comparing stem cell 

chondrogenesis across different tissue sources.  MSCs demonstrated more robust 

chondrogenesis as compared to ASCs and also showed a greater tendency to display the 

hypertrophic chondrocyte phenotype in the specific conditions studied, although these 

results do not speak to the intrinsic chondrogenic potential that is ultimately possible for 

the two cell types.  This study supports previous work illustrating the distinct nature of 

ASCs and MSCs by their responses to different growth factors and culture conditions.  
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3. Characterization of a prospectively isolated 
mesenchymal stem cell population from C57BL/6 and 
MRL/MpJ “superhealer” mice 

3.1 Introduction 

The MRL/MpJ (MRL) “superhealer” inbred mouse strain is one of the few 

models of mammalian regeneration.  Since the original observation of rapid closure of 

ear wounds (Clark et al., 1998), MRL mice have shown enhanced regeneration as 

compared to the control C57BL/6 (B6) strain in injury models of cornea, heart, digit tips, 

articular cartilage, and intra-articular fracture (Chadwick et al., 2007; Fitzgerald et al., 

2008; Leferovich et al., 2001; Ueno et al., 2005; Ward et al., 2008).  Several lines of 

evidence suggest that adult stem cells may be responsible for the healing phenotype of 

MRL mice.   

Mesenchymal stem cells (MSCs), alternately referred to as multipotent 

mesenchymal stromal cells (Horwitz et al., 2005), have been defined by in vitro 

characteristics (Dominici et al., 2006) and most of the work with MSCs has focused on 

the differentiation into specific cell types (Caplan, 2007; Pittenger et al., 1999; Prockop, 

1997).  However, an emerging paradigm indicates that MSCs function primarily to alter 

the inflammatory environment by either direct secretion of bioactive factors or the 

“trophic” effects of altering cytokine and growth factor production of other cells (Caplan 

and Dennis, 2006; Iyer and Rojas, 2008; Phinney and Prockop, 2007; Prockop, 2007).  The 

role of MSCs in tilting the balance of the injured environment from inflammation to 
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regeneration is consistent with what is observed in the MRL mouse after injury.  As 

compared to B6 mice during closure of ear wounds, MRL mice upregulated more tissue 

repair genes instead of inflammatory genes  (Li et al., 2001) and remodeled the 

provisional matrix to allow for regeneration instead of scarring  (Gourevitch et al., 2003).  

In a model of intra-articular fracture, protection from osteoarthritis in MRL mice 

correlated with lower local and systemic levels of inflammatory cytokines such as 

interleukin-1 (IL-1), as well as a reduced number of activated macrophages present in 

the synovium (Furman, 2009; Lewis, 2010; Ward et al., 2008).  

Several studies have investigated the specific cell types and cellular features 

responsible for healing in MRL mice.  Bone-marrow transfer between B6 and MRL mice 

after irradiation indicated some effect of donor marrow but that the recipient mouse is 

primarily responsible for the ear healing phenotype, implicating non-bone marrow cell 

types or radiation resistant cells of the marrow (Bedelbaeva et al., 2004; Heber-Katz, 

1999; Kench et al., 1999).  Endogenous MSCs are very resistant to irradiation due to their 

slow cycling (Morikawa et al., 2009).  In a cell therapy experiment, Alfaro et al found 

that bone-marrow derived MSCs from MRL mice showed enhanced engraftment, 

deposition of granulation tissue, and functional improvement in a model of myocardial 

injury (Alfaro et al., 2008).  This was attributed to higher expression levels of the Wnt 

inhibitor secreted frizzled related protein 2 (sFRP2).  Differences between the strains 

may also be related to the cell cycle and expression of the p21 cell cycle checkpoint 
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protein in cells at the site of injury, as lack of p21 expression after DNA damage was 

shown to be essential to the healing phenotype of MRL mice (Bedelbaeva et al., 2010).   

The isolation and characterization of MSCs from mice is complicated by slow 

growth and the persistence of contaminating cell populations during in vitro culture 

(Phinney et al., 1999).  Strategies to overcome these limitations have included extended 

culture periods at particular densities (Meirelles Lda and Nardi, 2003; Peister et al., 2004; 

Sun et al., 2003), modified plating techniques (Soleimani and Nadri, 2009; Taipaleenmaki 

et al., 2008) or immunodepletion to remove undesirable cell types (Anjos-Afonso and 

Bonnet, 2008; Baddoo et al., 2003; Phinney, 2008; Tropel et al., 2004), utilizing compact 

bone as an enriched source as compared to bone marrow (Guo et al., 2006; Short et al., 

2009; Sung et al., 2008; Zhu et al., 2010), and the application of growth factors (Baddoo et 

al., 2003; Tropel et al., 2004) or low oxygen tension during expansion (Short et al., 2009).  

Morikawa et al were able to prospectively isolate a very pure population of MSCs 

utilizing collagenase digested bone and flow cytometry cell sorting for cells co-

expressing platelet derived growth factor receptor α (PDGFRα, also known as CD140a) 

and stem cell antigen-1 (Sca-1) (Morikawa et al., 2009).   

In this study, we found that culturing prospectively isolated MSCs at a low 

oxygen tension resulted in very fast expansion rates, thus providing a pure and 

extensive source of murine MSCs.  As a first step to understanding the contribution of 

MSCs to the healing phenotype of MRL mice, we investigated whether MSCs isolated 
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from B6 and MRL mice would display distinct in vitro properties with regard to 

frequency, proliferation, multilineage differentiation, chemotaxis, or 

immunomodulation.   

3.2 Materials and Methods 

3.2.1 MSC isolation 

Male MRL/MpJ (The Jackson Laboratory) or C57BL/6 (Charles River 

Laboratories) were sacrificed at 8-10 weeks of age with CO2 in accordance with a 

protocol approved by the Duke University Institutional Animal Care and Use 

Committee.  Femurs and tibias were cleaned of excess tissue and kept on ice in HBSS 

media (Sigma-Aldrich) containing 2% fetal bovine serum (FBS; Sigma-Aldrich), 1 mM 

Hepes (Invitrogen), and 1% penicillin/streptomycin/fungizone (P/S/F; Invitrogen).  

Bones were crushed in a mortar and pestle and exposed bone marrow was gently 

removed by washing.   Bone fragments were digested for 60 minutes on a shaker at 37 

°C with 0.2% collagenase type I (Worthington Biochemical) in DMEM-LG (Invitrogen) 

containing 1 M Hepes and 1% P/S/F and then filtered through a 70 µm strainer (BD 

biosciences).  Cells were centrifuged and resuspended in ACK buffer containing 0.15 M 

NH4Cl, 10 mM KHCO3, and 0.1 mM Na2EDTA in dH2O to lyse erythrocytes.  Cells 

resuspended in PBS (Invitrogen) with 1% FBS were treated with Fc block and labeled 

with antibodies to mouse CD45 (FITC), TER-119 (FITC), Sca-1 (Alexa 647), and PDGFRα 

(PE) or isotype controls for 30 minutes at 4 °C (all from Biolegend).  A Cytomation 
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MoFlo® sorter (Beckman Coulter) with 100 µm nozzle was used to capture cells 

negative for CD45/TER-119 and positive for both Sca-1 and PDGFRα (Morikawa et al., 

2009). 

3.2.2 MSC expansion 

After sorting, MSCs were cultured at 100 cells/cm2 in expansion medium 

consisting of αMEM (Invitrogen), 20% FBS, and 1% P/S/F in a hypoxic incubator (37 °C, 

2% O2, 5% CO2, remaining gas N2).  After 8 days with media changes every 3 days, cells 

were trypsinized using 0.05% trypsin-EDTA (Sigma-Aldrich) and plated at 3000 

cells/cm2.  Subsequent passages were carried out every 3-4 days upon 90% confluence.    

3.2.3 Colony-forming unit (CFU-F) assay 

Freshly sorted MSCs were plated at 250 cells per well of a 6 well plate (9.5 cm2) in 

expansion medium.  After 7 days with no medium changes, wells were stained with 3% 

crystal violet, washed repeatedly with PBS, and then analyzed for defined colonies of 

greater than 10 cells using standard microscopy.   

3.2.4 Tail fibroblast isolation and expansion 

Fibroblasts isolated from the tails of both mouse strains served as a non-

progenitor control cell type.  The overlying skin was removed and tails were minced 

into approximately 1 cm pieces before overnight digestion with 0.2% collagenase type I 

in DMEM-LG with 5% FBS and 1% P/S/F.  Digested tissue was then filtered through a 70 

µm strainer and cells were plated at 50,000 cells/cm2 in DMEM-LG with 15% FBS and 1% 
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P/S/F in normoxic conditions (20% O2, 5% CO2).  At confluence, cells were passaged and 

plated at 5000 cells/cm2, with media changed every 3 days.   

For the cell expansion experiment, some tail fibroblasts were plated at 2% O2 to 

investigate the effects of hypoxia.  An additional method of tail fibroblast isolation based 

on cell outgrowth was also used for the cell expansion experiment.  Pieces of minced tail 

were plated directly onto 0.1% gelatin coated flasks and fibroblasts were allowed to 

migrate out of the tissue and attach to the plate.  After 5-7 days, tissue pieces were 

removed and the cells were passaged as with the collagenase method.         

3.2.5 Flow cytometry 

Passage 3 cells were divided into aliquots of 100,000 cells, treated with Fc block 

for 10 minutes at 4 °C, then incubated for 30 minutes at 4 °C with antibodies to following 

cell surface markers and appropriate isotype controls (all from Biolegend):  mouse CD45 

(FITC), CD49d (FITC), TER-119 (FITC), CD44 (PE-Cy5), CD29 (PE-Cy5), C-X-C 

chemokine receptor 4 (CXCR4) (Alexa 647), CD11b (APC), PDGFRα (PE), Sca-1 (Alexa 

647).  A C6 benchtop flow cytometer (Accuri Cytometers) was used for analysis and 

percentages obtained by subtracting the value of isotype controls.   

3.2.6 Adipogenic differentiation 

Passage 2-3 cells were plated at 10,000 cells per well of 48 well plates (0.95 cm2) 

for 2 days in expansion medium at normoxic conditions.  Media was then switched to 

control medium consisting of DMEM/F12 (Lonza) with 3% FBS and 1% P/S/F or 
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adipogenic differentiation medium (Guilak et al., 2006) consisting of control medium 

plus (all from Sigma-Aldrich) 33 µM biotin, 17 µM pantothenate, 1 µM bovine insulin, 1 

µM dexamethasone, and for the first three days only 250 µM isobutylmethylxanthine 

(IBMX) and 2 µM rosiglitazone (Avandia™).  Cells were cultured for 14 days, with 90% 

of the media changed every 3 days.  After 14 days, cells were imaged and then fixed 

with 4% paraformaldehyde for 20 minutes at room temperature followed by a PBS 

wash.  Oil Red O stain (EMD Chemicals) at 0.5% in isopropanol was diluted 3:2 in 

distilled water, filtered, and then 200 µl used to stain the monolayers for 15 minutes at 

room temperature.  Cells were washed with 60% isopropanol and photographed.  Stain 

was released with 250 µl of 100% isopropanol for 5 minutes and then quantified by 

absorbance at 535 nm using a dilution curve of the highest stained well to show 

linearity.   

3.2.7 Osteogenic differentiation 

Passage 2-3 cells were plated at 10,000 cells per well of 48 well plates (0.95 cm2) 

for 2 days in expansion medium at normoxic conditions.  Media was then switched to 

control medium consisting of DMEM-HG with 10% FBS and 1% P/S/F or osteogenic 

differentiation medium (Wan et al., 2006) consisting of control medium plus 10 mM β-

glycerophosphate (Sigma-Aldrich), 250 µM ascorbate (Sigma-Aldrich), 2.5 µM retinoic 

acid (Sigma-Aldrich), and 50 ng/ml hBMP-2 (R&D systems).  Cells were cultured for 21 

days, with 90% of the media changed every 3 days.  After differentiation, cells were 
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fixed with 4% paraformaldehyde for 20 minutes at room temperature followed by two 

washes with dH2O.  Alizarin Red S (Electron Microscopy Sciences) at 2% in dH2O with 

pH 4.1-4.3 using ammonium hydroxide was added for 20 minutes at room temperature 

with gentle shaking.  After two washes with dH2O, wells were photographed and then 

Alizarin stain was released for quantification (Gregory et al., 2004).  After 200 µl acetic 

acid (10% v/v) was added for 30 minutes at room temperature with shaking, cells were 

scraped and transferred to an Eppendorf for vortexing.  Heated extraction was 

performed at 85 °C for 10 minutes followed by 5 minutes on ice.  After centrifugation of 

20,000 xg for 15 minutes, 125 µl of the supernatant was transferred to a 96 well plate.  

Fifty µl of ammonium hydroxide (10% v/v) was added to neutralize the acid and 

absorbance was measured at 405 nm using a dilution curve of the highest stained well to 

show linearity.   

3.2.8 Chondrogenic differentiation 

Rounded pellets containing 250,000 passage 2-3 cells were formed in 15 ml 

polypropylene tubes by centrifugation at 300 xg for 5 minutes.  After 2 days, media was 

switched from expansion medium to serum-free control medium consisting of DMEM-

HG (Invitrogen), 1% ITS+ (BD), 50 µg/ml ascorbate (Sigma-Aldrich), 40 µg/ml proline 

(Sigma-Aldrich), and 1% P/S/F (Sigma-Aldrich) or chondrogenic differentiation medium 

(Blom et al., 2007) consisting of control medium plus 10 ng/ml transforming growth 

factor-beta 3 (hTGF-β3) (R&D) and 500 ng/ml bone morphogenetic protein-6 (hBMP-6) 
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(R&D).  Pellets were cultured for 28 days, with 90% of the media changed every 3 days.  

After 28 days, pellets were processed for histology and immunohistochemistry by 

Safranin-O/Fast-Green and type II collagen or biochemical analysis by DNA for cell 

number and 1,9-dimethylmethylene blue (DMB) for glycosaminoglycan (GAG) content 

as described previously (Estes et al., 2010).   

3.2.9 Chemotaxis assay 

Passage 3 cells were serum starved overnight by changing the media to 1% FBS 

expansion media.  Cells were then trypsinized, washed, and resuspended in control 

medium consisting of αMEM with 0.1% BSA.  The bottom wells of 10 µm ChemoTx 

plates (Neuro Probe) were filled with 31 µl control medium or medium containing 1, 3, 

5, 10% serum or 1, 10, 50 ng/ml platelet derived growth factor (rPDGF-BB) (R&D 

Systems) as chemoattractants.  Cell suspension containing 30,000 cells in 55 µl was 

placed on top of the filter and given 4 hours at 37 °C for migration.  After 4 hours, cells 

that migrated through were transferred to a separate 96 well plate while cells that 

remained on the top of the filter were wiped away.  This was aided by the use of 40 µl of 

HBSS with 2 mM EDTA to help remove attached cells from the filter and centrifugation 

to ensure all migrated cells were collected.  Cells were quantified using the Cyquant 

assay as directed (Invitrogen) with 1 hour incubation at 37 °C, implementing a standard 

curve using known quantities of cells and calculating a chemotactic index by 

normalizing to the serum-free control for that cell type. 
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3.2.10 Inhibition of splenocyte proliferation assay  

MSCs and tail fibroblasts at passage 3 were treated with 25 µg/ml mitomycin C 

(Sigma-Aldrich) for 30 minutes at 37 °C to inhibit proliferation and were plated at 20,000 

cells in 100 µl of expansion medium per well of a 96 well plate for 2 days.  Spleens were 

freshly isolated from sacrificed mice and disaggregated into a Petri dish containing 

RPMI media with 10% heat inactivated serum.  After repeated passes through a 20.5 ga 

needle and a 70 µm strainer, splenocytes were centrifuged and resuspended in ACK 

buffer to lyse red blood cells.  Appropriate wells received 200,000 splenocytes for the 

assay.  The base medium of RPMI (Invitrogen), 10% serum, 1% P/S/F, and 50 µm β-

mercaptoethanol (Sigma-Aldrich) was supplemented in some wells with 5 µg/ml 

concanavalin A (ConA, Sigma-Aldrich) and 5 µg/ml phytohaemagglutanin (PHA, 

Sigma-Aldrich) to stimulate splenocyte proliferation.  After 2 days, 5-bromo-2'-

deoxyuridine (BrdU, Roche Applied Science) was added to the medium for the final 18 

hours of culture and proliferation was quantified using an antibody to BrdU and 

absorbance as directed (Roche).    

3.2.11 Statistical analysis 

Statistical analysis was carried out using a T-test for comparison of two groups 

and analysis of variance (ANOVA) with Fisher’s LSD post-hoc analysis for comparison 

of multiple groups, using α=0.05.  Standard error of the mean is displayed in figures.   
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3.3 Results 

3.3.1 Expansion of B6 and MRL MSCs 

MSCs were isolated from collagenase digested bones of B6 and MRL mice based 

on the expression of cell surface markers.  A representative isolation of cells from MRL 

mice shows 0.70% of all cells were negative for the hematopoietic markers CD45 and 

TER-119, and 5.09% of these cells were positive for both PDGFRα and Sca-1 (Figure 3-

1A).  B6 and MRL mice contained a similar frequency of MSCs, with yields of 

approximately 300-600 MSCs per mouse.  Within the sorted MSC population, MRL mice 

demonstrated a higher frequency of colony forming cells as assessed by the CFU-F assay 

(19 ± 1.15 vs. 10 ± 0.58 colonies per 250 starting cells, p<0.05).   

MSCs from both strains established colonies that quickly grew to confluence and 

maintained a spindle-shaped morphology through 3 passages (Figure 3-1B).  MSCs 

expanded at high rates in αMEM media containing 20% lot-selected FBS in a 2% O2 

environment, with B6 MSCs expanding greater than 100,000 fold in three weeks (Figure 

3-1C).  MSCs from B6 mice demonstrated a consistent trend of greater expansion as 

compared to MRL MSCs, resulting in a 13 fold higher cumulative fold increase at the 

end of 3 passages (154,141 ± 113,095 vs. 11,728 ± 5069 cells per starting cell).   
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Figure 3-1: Cell sorting and expansion.  A) Sorting strategy for representative MRL 

MSC isolation.  B) MSCs plated down after sorting, expanded rapidly, and retained 

morphology in culture. Scale bars = 100 μm.  C) Cumulative fold increase at 2% O2; 

results averaged from 3 isolations with SEM displayed. 

3.3.2 Cell surface marker expression by flow cytome try 

To confirm in vitro cultured MSCs maintained their phenotypes, flow cytometry 

was used to assay surface marker expression on passage 3 cells.  The MSCs from both 

strains displayed the expected phenotypes after 3 passages, being uniformly positive for 

CD44 and Sca-1 and uniformly negative for CD11b and CD45 (Table 3-1).  Most MSCs 

also retained the presence of PDGFRα, used for initial sorting (91.4% of B6 and 81.9% of 

MRL).  The cultured MSCs from both strains were negative for cell surface markers 

related to homing such as CD49d and CXCR4, and low cell yields prevented the 
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possibility of analyzing freshly isolated cells.  Fibroblasts isolated from the tails of both 

strains of mice served as a non-progenitor control cell type.  Tail fibroblasts exhibited 

many of the same markers as MSCs (Table 3-1).   

Table 3-1: Cell surface phenotype of passage 3 MSCs and tail fibroblasts 

 

3.3.3 Multilineage differentiation of B6 and MRL MS Cs  

After 14 days in adipogenic media, more lipid droplets formed in B6 MSC 

cultures and quantification by release of lipid staining demonstrated a significant 

increase in adipogenesis as compared to MRL MSCs (0.11 ± .005 vs. .092 ± .005 

absorbance units, p<0.05, Figure 3-2C).  B6 MSCs also demonstrated increased 

osteogenesis as compared to MRL MSCs when quantified by heated extraction of 

mineralization staining (0.73 ± 0.26 vs. 0.22 ± 0.064 adjusted absorbance units, p<0.05, 
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Figure 3-2F).  Chondrogenesis was assessed by GAG production GAGs and staining for 

GAGs and type II collagen after 28 days of pellet culture.  B6 MSC pellets contained 

more GAGs than MRL MSCs (68.65 ± 1.23 vs. 20.25 ± 0.077 µg per pellet, p<0.05, Figure 

2-3I).  Tail fibroblasts from MRL mice demonstrated the capacity for osteogenic 

differentiation and tail fibroblasts from both strains showed chondrogenic capacity 

above the levels of non-induced controls, but only MSCs showed differentiation to the 

adipogenic lineage.    
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Figure 3-2:  Multi-lineage differentiation.  A,B) Adipogenic lipid accumulation; D,E) 

Osteogenic Alizarin Red S staining; G,H) Chondrogenic Safranin-O/Fast Green 

staining.  C,F,I) Quantification, results from ≥3 samples per group of one 

representative isolation with SEM displayed. Asterisk indicates significance to 

control and pound symbol indicates significance to all groups.  Scale bar = 100 μm 

(A,B,G,H) or 25 mm (D,E). 

3.3.4 Chemotaxis 

For all cell types, the chemotactic index increased with increasing levels of serum 

as expected (Figure 3-3A).  There was a trend toward greater chemotaxis in both MRL 

cell types.  For PDGF-BB, maximum chemotaxis occurred at 10 ng/ml in all cell types 

with the exception of B6 MSCs (Figure 3-3B).  MRL tail fibroblasts showed significantly 

greater chemotaxis as compared to both B6 cell types at 10 ng/ml PDGF-BB (p<0.05).   
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Figure 3-3: Chemotaxis toward serum and PDGF-BB.  Chemotactic index representing 

the fold increase in chemotaxis compared to own cell type serum-free control for A) 

serum dose response and B) PDGF-BB dose response.  Results from ≥3 wells of a 

representative experiment.  Asterisk indicates significance. 

3.3.5 Inhibition of splenocyte proliferation 

MSCs and tail fibroblasts from both strains were able to inhibit the proliferation 

of splenocytes stimulated by the T cell mitogens ConA and PHA (Figure 3-4).  All 

groups were significantly different than stimulated splenocytes (p<0.05).  There was no 

significant effect of MSC strain (p>0.05) even though there was a trend toward more 

robust suppression of splenocyte proliferation in B6 MSCs compared to MRL MSCs as 

assessed by the percentage of stimulated splenocyte proliferation (4.53 ± .077 vs. 8.80 ± 

1.30).   
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Figure 3-4: The effect of MSC co-culture on stimulated splenocyte proliferation.  BrdU 

incorporation over the final 18 hours was assessed, normalizing to wells containing 

only stimulated splenocytes of the same mouse strain. ≥3 wells of one representative 

experiment. No statistically significant effect of mouse strain; pound indicates 

stimulated splenocytes different to all other groups except each other, p < 0.05. 

3.3.6 Effect of oxygen tension on the proliferation  of tail fibroblasts 

The proliferation of B6 and MRL tail fibroblasts from two different isolation 

methods was assessed under normoxic and hypoxic conditions in a trial experiment.  B6 

and MRL strains showed increased proliferation at 2% O2, and B6 tail fibroblasts 

demonstrated greater expansion by the end of five passages (Figure 3-5).  The trends of 
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mouse strain and oxygen tension were similar between the collagenase method and the 

outgrowth method, but expansion was greater in the collagenase digested cells.   

 

Figure 3-5: Effect of hypoxia on tail fibroblast proliferation.  Tail fibroblasts from B6 

and MRL mice isolated by two different methods were expanded under 2% and 21% 

oxygen for five passages in one trial experiment. 

3.4 Discussion 

Due to the development of well characterized inbred strains and the technologies 

of genetic manipulation, mouse models have provided rich opportunities to study a 

wide variety of human diseases as well as providing insight into normal biological 

processes (Peters et al., 2007).  However, the challenges associated with isolating a pure 

murine MSC population and expanding those cells in vitro has limited investigations 

into the relationship between stem cell function and specific phenotypic features of mice.  

To explore how MSCs may contribute to an exceptional regenerative phenotype, we 
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developed a method for the robust expansion of a pure MSC population and 

characterized MSCs from B6 and “superhealer” MRL mice.   

Unlike human MSCs, plastic adherence and serial passaging are insufficient to 

purify murine MSCs and the resulting adherent population contains contaminating cells 

as illustrated by the ability to fully reconstitute the hematopoietic system of irradiated 

mice (Phinney, 2008).  Purification by depleting undesirable cells after initial in vitro 

culture can improve the homogeneity of MSCs but does not allow for identification of 

the in situ location of the cells.  In contrast, positive selection of a rare population at the 

time of isolation results in MSCs with in vitro characteristics that can be linked to in situ 

properties and endogenous stem cell function (Morikawa et al., 2009; Short et al., 2009; 

Taichman et al., 2010).  PDGFRα+/Sca-1+ cells reside in the perivascular space near the 

inner surface of cortical bone (Morikawa et al., 2009), consistent with the recent proposal 

that human MSCs are perivascular cells that associate with endothelial cells around 

small blood vessels in a wide range of human tissues including bone marrow, fat, 

muscle, and placenta (Crisan et al., 2008; da Silva Meirelles et al., 2008; Sacchetti et al., 

2007; Zannettino et al., 2008).  Isolated and labeled PDGFRα+/Sca-1+  cells delivered to 

recipient mice still demonstrated multipotent differentiation at a clonal level after 

secondary isolation 16 weeks later, confirming these rare cells are self-renewing MSCs 

(Morikawa et al., 2009). 



 

65 

This study confirmed previous observations (Morikawa et al., 2009) that 

prospective isolation of PDGFRα+/Sca-1+ cells from collagenase-digested bone results in 

a pure population of MSCs.   The CFU-F assay has commonly been used as a means of 

assessing the frequency of MSCs, as clonogenic growth at low density is a hallmark of 

progenitor cells (Bianco et al., 2010).  Typically, mouse bone marrow contains CFU-F at a 

frequency of approximately one in one million cells (Phinney et al., 1999).  The cell 

sorting strategy using PDGFRα+/Sca-1+ resulted in a significant enrichment of CFU-F, 

with approximately one out of every twenty cells being clonogenic.           

The sufficient expansion of murine MSCs for in vitro studies can be problematic 

due to the rarity of the population and slow growth.  Prolonged expansion over several 

months can generate a large number of marrow derived cells, but extensive 

manipulation in culture alters the cell properties in such a way that they may no longer 

be representative of in situ function (Phinney et al., 2006).  In this study, employing 2% 

oxygen culture substantially reduced the required culture time for expansion and 

provided oxygen tension levels that are more representative of the in situ bone marrow 

microenvironment (Ivanovic, 2009).  In just 3 weeks, MSCs from B6 mice expanded 

greater than 100,000 fold.  This is a significant improvement from the three month 

culture required to achieve only a 10,000 fold increase when MSCs were expanded at an 

atmospheric oxygen tension of 21% (Morikawa et al., 2009).  This observation is in line 

with previous studies showing low oxygen tension facilitates human, rat, and mouse 
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MSC expansion (Das et al., 2010; Grayson et al., 2007; Lennon and Caplan, 2006b; Short 

et al., 2009).  The effect of low oxygen on proliferation was not limited to MSCs, as a trial 

experiment indicated that the proliferation of tail fibroblasts from B6 and MRL mice was 

also enhanced at 2% O2.  Interestingly, B6 tail fibroblasts demonstrated enhanced 

proliferation, similar to the results seen with MSCs from the two strains.   

Our hypothesis was that MSCs isolated from MRL mice would demonstrate 

distinct in vitro characteristics when compared to B6 MSCs.  We found that although 

MRL MSCs have a higher frequency of clonogenic cells, these cells have lower expansion 

rates as compared to B6 MSCs.  This was surprising given that Alfaro et al showed 

enhanced proliferation of MSCs from MRL mice (Alfaro et al., 2008).  This may be due to 

differences in methodology, as we used prospective isolation of MSCs from collagenase-

digested bone as opposed to whole bone marrow plating and subsequent 

immunodepletion, and we used 2% O2 without growth factors instead of 21% O2 with 

PDGF-BB for expansion.  Regardless, the relationship between in vitro proliferation rates 

and in vivo functionality is unclear.  While rapid expansion of MSCs is desired for in 

vitro studies, MSCs are typically quiescent in vivo until activated in response to specific 

signals (Baksh et al., 2004; Gronthos et al., 2003; Kolf et al., 2007).  Indeed, 71% of freshly 

isolated PDGFRα+/Sca-1+ MSCs were found to be in the G0 phase (Morikawa et al., 2009).   

The MSCs from both strains displayed cell surface markers consistent with 

previous MSC isolation strategies, showing MSCs to be positive for the HA receptor 
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CD44 and the hematopoietic stem cell marker Sca-1, while being negative for the 

macrophage marker CD11b and pan-hematopoietic marker CD45 (Alfaro et al., 2008; 

Soleimani and Nadri, 2009).  The continued presence of PDGFRα after passaging may 

indicate the maintenance of undifferentiated status, as progenitor cells lose PDGFRα 

expression with differentiation to muscle cells or adipocytes (Ball et al., 2007; Uezumi et 

al., 2010).  We also assessed cell surface molecules known to be important in MSC 

homing (Granero-Molto et al., 2009; Ip et al., 2007; Kumar and Ponnazhagan, 2007) and 

found that MSCs expressed CD29 but not the companion integrin subunit CD49d or 

CXCR4, which is the receptor for the chemokine stromal cell-derived factor 1 (SDF-1).  

Tail fibroblasts were mostly indistinguishable from MSCs, emphasizing that cell surface 

marker expression alone is insufficient to characterize MSCs due to the lack of specific 

markers.   

The in vitro expansion of MSCs does affect in vivo homing and engraftment, 

possibly as a result of the downregulation of chemokine receptors such as CXCR4 

(Granero-Molto et al., 2009; Morikawa et al., 2009; Rombouts and Ploemacher, 2003).  

However, chemotaxis assays have been used successfully on cultured cells to provide 

insight into how cells respond to chemoattractants, an important feature of endogenous 

stem cells after injury or in cell therapy applications (Richter, 2009; Ringe et al., 2007).  

The serum dose response provides validation of the sensitivity of the method as well as 

demonstrating the migration of cells to a non-specific stimulus containing a complex 



 

68 

milieu of growth factors.  PDGF-BB was a logical chemoattracant to use, as several 

studies testing a range of growth factors showed that PDGF-BB is very potent for human 

MSC chemotaxis (Fiedler et al., 2002; Mishima and Lotz, 2008; Ozaki et al., 2007) and the 

murine MSCs used in this study were initially sorted for expression of a PDGF-BB 

receptor and cells maintained expression at passage 3.  A maximal response was noted 

at 10 ng/ml PDGF-BB, but the chemotactic index at this concentration was lower than the 

high doses of serum.  While MRL MSCs appeared to demonstrate a trend toward greater 

chemotaxis than B6 MSCs in both the serum and PDGF-BB experiments, MRL tail 

fibroblasts also showed high chemotaxis and therefore this may not be a specific feature 

of MSCs.     

The ability to differentiate into cells with the properties of adipocytes, 

osteoblasts, and chondrocytes is one of the defining properties of MSCs (Dominici et al., 

2006).  Observations such as MRL mice filling cartilage defects with neotissue to a 

greater degree than B6 mice only if the injury extended through the subchondral bone 

(Fitzgerald et al., 2008) led us to hypothesize that superior differentiation of MRL MSCs 

may be the cause of their unique regenerative potential.  Contrary to this hypothesis, B6 

MSCs displayed more robust differentiation down the adipogenic, osteogenic, and 

chondrogenic lineage than MRL MSCs.  The osteogenic and chondrogenic potential seen 

in tail fibroblasts, especially of the MRL strain, may be due to the inherent heterogeneity 

in using collagenase digestion of tails containing multiple cell types, or an example of 
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the plasticity seen in many tissue sources including skin (Huang et al., 2010; Yin et al., 

2010).   

Interestingly, differentiation of MSCs likely plays a secondary role in their 

contribution to healing.  Due to the rarity of MSCs and the traditional lack of specific cell 

surface makers, assessing MSC contributions in homeostasis and injury response has 

been challenging (da Silva Meirelles et al., 2008; Uccelli et al., 2008; Valtieri and 

Sorrentino, 2008).  However, improvements in identifying MSCs in situ (Crisan et al., 

2008; da Silva Meirelles et al., 2008; Sacchetti et al., 2007; Zannettino et al., 2008) and the 

success of cell therapy in animal models without significant engraftment or 

differentiation (Gnecchi et al., 2008; Granero-Molto et al., 2009; Lee et al., 2009; Murphy 

et al., 2003; Nemeth et al., 2009; Ortiz et al., 2007) have established that a primary 

mechanism of MSC function is modulating cells of the immune system.   

The mixed lymphocyte reaction (MLR) and splenocyte stimulation assays have 

been used as in vitro measures of immunomodulation and have demonstrated that 

human and mouse MSCs are able to inhibit the proliferation of stimulated T cells 

through secreted factors and cell-cell contact (Abdi et al., 2008; Aggarwal and Pittenger, 

2005; English et al., 2007; Ghannam et al., 2010; Le Blanc et al., 2003; Ren et al., 2008; 

Sotiropoulou and Papamichail, 2007).  The immunomodulatory properties of MSCs have 

also been effective in clinical trials treating severe graft-versus-host disease (Le Blanc et 

al., 2004).  In this study, both B6 and MRL MSCs dramatically reduced the proliferation 
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of splenocytes stimulated with ConA and PHA, confirming their immunomodulation.  

However, this effect was not specific to MSCs, as similar results were seen with tail 

fibroblasts from both strains.  This finding was consistent with data showing that human 

fibroblasts demonstrate an immunomodulatory effect in vitro (Cappellesso-Fleury et al., 

2010; Haniffa et al., 2007).    

While in vitro characterization provides an important first step for investigating 

the relationship between MSCs and healing in the MRL mouse, there are limitations to 

this work.  One is that the complexity of cellular interactions that occur during the injury 

response cannot be reproduced in vitro, limiting the assays employed to specific aspects 

of MSCs that may play a role such as differentiation or immunomodulation.  

Additionally, it is known that some features of MSCs are “activated” by specific signals 

that would occur during injury (Ren et al., 2008) and therefore distinctions between B6 

and MRL MSCs essential to determining the regenerative outcome may not be detected 

outside the context of this activation.  To address these aspects, future work will apply 

B6 and MRL MSCs as cell therapy agents in an injury model.   

3.5 Summary  

We demonstrated the rapid expansion of a pure population of murine MSCs by 

prospective isolation from bone using PDGFRα/Sca-1 expression and subsequent culture 

at 2% O2.  Contrary to our hypothesis, MSCs isolated from control B6 mice displayed 
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faster expansion and more extensive differentiation as compared to MSCs from 

MRL“superhealer” mice.   
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4. Mesenchymal stem cell therapy for the prevention  of 
post-traumatic arthritis after intra-articular frac ture in 
mice 

4.1 Introduction 

An estimated 27 million Americans have clinical osteoarthritis (OA) (Lawrence et 

al., 2008), and the risk of OA increases 10- to 20-fold following joint trauma such as 

ligament injury, meniscal tear, or intra-articular fracture (Anderson et al., 2011).  Post-

traumatic arthritis (PTA) represents 12% of lower-extremity OA cases and causes a large 

economic burden due to the young age of the PTA population (Brown et al., 2006).  The 

presence of inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis 

factor α (TNF-α) in the joint fluid, synovium and other joint tissues has emerged as an 

important contributor to the pathogenesis of both idiopathic and secondary OA 

(Bondeson et al., 2010; Denoble et al., 2011; Furman et al., 2006; Goldring and Otero, 

2011; Guerne et al., 1989; Guilak et al., 2004).  Furthermore, the rapid development of 

OA after closed-joint intra-articular fracture of the mouse knee has confirmed the central 

role of inflammation and provides a model system for examining the effects of different 

therapeutic approaches to prevent the onset or progression of PTA (Furman, 2009; 

Furman et al., 2007; Lewis, 2010).   

The delivery of mesenchymal stem cells (MSCs) has been proposed as a 

regenerative therapy for a wide range of disease states.  An emerging paradigm suggests 

that long-term engraftment and differentiation may not be the primary regenerative 
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mechanisms of exogenously delivered MSCs.  Instead, MSCs modulate inflammation 

and provide a regenerative environment either by direct secretion of bioactive factors, or 

by altering the cytokine and growth factor production of endogenous cells (Caplan and 

Dennis, 2006; Iyer and Rojas, 2008; Phinney and Prockop, 2007; Prockop and Youn Oh, 

2011).  While stem cell based solutions have been studied for musculoskeletal repair and 

regeneration (Arthur et al., 2009; Lee et al., 2007; Murphy et al., 2003; Toghraie et al., 

2011), MSC therapy for the prevention of PTA after closed intra-articular fracture has not 

been investigated.   

Different mouse strains possess significantly different regenerative phenotypes, 

suggesting that their MSCs may have different therapeutic effectiveness.  For example, 

the MRL/MpJ (MRL) “superhealer” inbred mouse strain has shown enhanced 

regeneration after injury in a variety of tissues such as the ear, cornea, heart, digit tips, 

and articular cartilage (Chadwick et al., 2007; Clark et al., 1998; Fitzgerald et al., 2008; 

Leferovich et al., 2001; Ueno et al., 2005).  Of particular interest was the observation that 

MRL mice were protected from PTA after intra-articular fracture (Ward et al., 2008).  

Regeneration in MRL mice is correlated with a reduced inflammatory signature after 

injury (Furman, 2009; Gourevitch et al., 2003; Hunt et al., 2011; Li et al., 2001), suggesting 

an altered transition from the acute inflammatory phase to a resolution phase that 

allows for regeneration.  The contribution of MSCs to this transition is unknown, but 

bone-marrow derived MSCs from MRL mice exhibit enhanced engraftment, deposition 
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of granulation tissue, and functional improvement in a model of myocardial injury 

(Alfaro et al., 2008).   

We hypothesized that the delivery of MSCs directly to the joint space after 

fracture would prevent the development of PTA by altering the inflammatory 

environment.  Additionally, we used this model system to compare the regenerative 

capabilities of MSCs isolated from control C57BL/6 mice and MRL/MpJ “superhealer” 

mice.       

4.2 Materials and Methods 

4.2.1 Intra-articular fracture 

All procedures were performed in accordance with a protocol approved by the 

Duke University Institutional Animal Care and Use Committee.  B6 mice at the 

skeletally mature age of 16 weeks were used for a closed tibial plateau fracture model of 

PTA as described previously (Furman et al., 2007; Ward et al., 2008).  Briefly, the sedated 

mouse was fit into a custom cradle so that the left hind limb was at neutral position 

under a 10 N preload, which was applied using a wedge-shaped indenter attached to a 

materials testing system (ElectroForce ELF3200).  Compression force was applied until -

2.7 mm displacement at a rate of 20 N/s in load control.  Each fracture was confirmed 

using high resolution digital X-ray (MX-20, Faxitron).  Right hind limbs were not 

fractured and served as contralateral controls.     
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4.2.2 Stem cell injection 

MSCs were isolated and expanded according the method developed in chapter 3 

of this dissertation.  Passage 3 MSCs isolated from B6 or MRL mice were delivered 

immediately after fracture.  The sedated mice were injected with either sterile saline only 

(Hospira Inc) or 10,000 MSCs in 6 µl saline using a specialty syringe (catalog #80401, 

Hamilton Company) and 30 ga ½ needle (BD).  The mouse was positioned for lateral 

entry with the left hind limb extended to facilitate injection of 6 µl into the joint space 

through the patellar tendon.  This delivery technique does not result in initiation of 

osteoarthritis (van der Kraan et al., 1990).  To allow for cell tracking, some MSCs were 

first treated with 4 µM of the membrane dye chloromethylbenzamido (CM-DiI, Sigma-

Aldrich) for 5 minutes and washed before injection.   

4.2.3 Serum and synovial fluid analysis 

At the time of sacrifice (day 1, day 3, day 7, or 8 weeks after fracture and 

injection), retro-orbital bleeding and cardiac stick were used to collect blood.  After 

clotting, samples were centrifuged at 3500 rpm for 15 minutes and serum was 

transferred to -80 °C.  At the same time points, synovial fluid from fractured and 

contralateral limbs was isolated from the exposed joint space as described previously 

(Seifer et al., 2008).  Briefly, the synovial fluid was absorbed onto a Melgisorb pad and 

this was dissolved with alginate lyase and sodium citrate.  Serum and synovial fluid 

from the fractured knee were analyzed for the presence of the following cytokines by 
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ELISA utilizing the manufacturer’s instructions and a 1:5 dilution for synovial fluid 

samples (R&D Systems): IL-1β (cat #MLB00C), interleukin-1 receptor antagonist (IL-1ra, 

cat #MRA00), and interleukin-10 (IL-10, cat #M1000, serum only).  Samples that were 

undetectable were assigned a value of one half of the lower limit of quantification for 

analysis.   

4.2.4 Gene expression in joint capsule 

At the time of sacrifice (day 1, day 3, or day 7 after fracture and injection), joint 

capsule tissue was isolated from both hindlimbs as described previously (Van Meurs et 

al., 1997).  Briefly, the joint capsule was released from the knee and 3 mm biopsy 

punches from either side of the patella were transferred to RNALater (Qiagen).  Tissue 

from three mice per group was combined and homogenized.  RNA was isolated with 

Trizol (Invitrogen) and RNeasy columns (Qiagen).  RNA was reverse transcribed and 

distributed in duplicate across wells of a custom SA Biosciences PCR array (Qiagen) 

containing the following genes (abbreviations follow SA Biosciences nomenclature):  

Interleukin-1β (Il1b), interleukin-1α (Il1a), tumor necrosis factor (Tnf), interleukin-10 

(Il10), interferon gamma (Ifng), chemokine C-X-C motif ligand 5 (Cxcl5), chemokine C-C 

motif ligand 2 (Ccl2), chemokine C-X-C motif ligand 10 (Cxcl10), chemokine C-C motif 

ligand 12 (Ccl12), interluekin-1 receptor antagonist (Ilrn), interluekin-6 (Il6), heat shock 

protein 90 kDa (Hsp90ab1, housekeeping gene).  The fold change of genes relative to the 

pre-fractured state was calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).   
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4.2.5 Analysis of mouse joints 

Fractured and contralateral control limbs were fixed in neutral alignment using 

10% neutral buffered formalin for 48 hours.  Joints were transferred to 70% ethanol and 

analyzed with micro-CT (µCT 40, Scanco Medical) as described previously (Furman et 

al., 2007; Ward et al., 2008).  Briefly, transverse slices of 16 µm were used to generate 3D 

reconstructions for bone density and bone volume analysis in 3 regions:  cancellous bone 

of the distal femoral condyles, tibial plateau distal to subchondral plate, and 

metaphyseal region of tibial plateau.  After micro-CT analysis, the limbs were 

decalcified and processed for histology using an increasing ethanol series, xylenes, and 

paraffin steps in an automated tissue processor (ASP300S, Leica Microsystems).   

Coronal plane sections of 8 µm were taken for histology and stained with 

Safranin-O/Fast Green/Hematoxylin for analysis of cartilage degradation.  Modified 

Mankin grading of OA features including cartilage structure was performed by three 

blinded graders and used to calculate a score with a maximum of 30 for both the medial 

and lateral aspects of the femur and tibia (Ward et al., 2008).  Sections were stained with 

Harris hematoxylin and eosin (H&E) for assessment of synovitis by three blinded 

graders as described previously (Lewis et al., 2011).  Selected joints were analyzed with 

immunohistochemistry for activated macrophages using a monoclonal antibody against 

F4/80 (Clone BM8, Biolegend).  Antigen retrieval was aided by 0.05% Proteinase K 

(Sigma-Aldrich) and heated citrate buffer extraction.  Chromogen detection was carried 
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out with the Vectastain system (Vector Laboratories).   Sections analyzed for CM-DiI cell 

tracking were cleared with xylenes and excited with a 543 nm laser using confocal 

microscopy (LSM510, Zeiss).   

4.2.6 Statistical analysis 

Statistical analysis was carried out using a t-test for comparison of two groups 

and analysis of variance (ANOVA) for comparison of multiple groups, with repeated 

measures ANOVA on control and fractured limbs for modified Mankin scoring.  Fisher’s 

LSD post-hoc analysis with α=0.05 was used.  Normality was tested and data log-

transformed before analysis if necessary.  For non-parametric analysis of cytokine data, 

Kruskal-Wallis Median test was used and undetectable values were assigned the value 

of one half of the lower limit of detection for analysis.  Data are presented as mean ± 

standard error of the mean (SEM).   
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Figure 4-1:  Experimental design.  Groups, time points, and outcomes.   

4.3 Results 

4.3.1 Prevention of post-traumatic arthritis by ste m cell therapy 

Fracture of the left hind limb treated with only a control saline injection resulted 

in a significantly higher modified Mankin osteoarthritis score as compared to the 

contralateral control limb, indicating the presence of PTA in this group of mice (Figure 

4-2A).  Direct intra-articular delivery of either B6 or MRL MSCs immediately after 

fracture eliminated the difference in total joint modified Mankin score between the 

fractured limb and the control limb, showing MSC therapy was able to mitigate the 

development of PTA.  Due to the location of the fracture, degeneration was most severe 

at the lateral tibia and the protective effect of the MSC therapy was most apparent on the 

lateral side of the joint (Figures 4-2B).  A small number of MSCs were detected in 

various joint structures at days 1, 3, 7 as well as 8 weeks (Figure 4-3).    
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Figure 4-2: Evaluation of post-traumatic arthritis. A) Total joint modified Mankin 

score of joint degeneration, average of ≥7 joints per group with SEM displayed.  

Asterisk indicates significance. B-D) Safranin-O/Fast-Green/Hematoxylin staining 8 

weeks after fracture.  Joint with the highest structural Mankin scores on lateral side 

shown.  Scale bar = 100 μm, arrow indicates fracture site. 
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Figure 4-3: Cell tracking. MSCs were labeled with CM-DiI before injection.  B6 MSCs 

at day 1 were found in A) bone marrow, B) synovium, and C) muscle.  B6 MSCs also 

found D) day 3 in the lateral femoral synovium, E) day 7 near lateral ligamentous 

tissue, and F) 8 weeks in the tibial subchondral bone. 

4.3.2 Serum and synovial fluid analysis 

The level of IL-1β in serum was increased at early time points after fracture and 

returned towards the pre-fracture values after 8 weeks in all groups with no significant 

effect of treatment (Figure 4-4A).  The treatment group did have a significant effect on 

synovial fluid levels of IL-1β at day 3 and at 8 weeks, with MSC treatment being 

associated with higher values at day 3 but reduced levels at 8 weeks (Figure 4-4B).  

Serum levels of IL-1ra were affected by the treatment group at 8 weeks, with elevated 

IL-1ra in the B6 MSC treatment group (Figure 4-4C), and all groups demonstrated a 
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trend towards increased synovial fluid IL-1ra 7 days after fracture (Figure 4-4D).  The 

treatment group significantly affected the serum levels of IL-10 at days 3 and 7 after 

fracture, with higher values in the MSC treated groups (Figure 4-4E).   

 

Figure 4-4: Systemic and local cytokine concentrations.  Serum and synovial fluid 

from fractured knees analyzed for A,B) Interleukin 1β (IL-1β); C-D) Interleukin 1 

receptor antagonist (IL-1ra); E) serum interleukin 10 (IL-10).  Number of undetectable 

samples in parentheses; asterisk indicates significant effect of treatment group at that 

time point.  Mean ± SEM shown at days 1, 3, 7 (n=3), and 8 weeks (n=8) after fracture. 

4.3.3 Synovial inflammation and macrophage immunohi stochemistry 

The inflammation of the synovium 8 weeks after fracture was measured by a 

synovitis score that assesses the thickening of the synovial lining as well as the 

cellularity of the surrounding stroma.  Fracture clearly increased the degree of synovitis 
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in all treatment groups as compared to the contralateral control and MRL MSCs resulted 

in more inflammation than B6 MSCs (Figure 4-5A).  An antibody against F4/80, used to 

identify activated macrophages, demonstrated that some of the cells contributing to the 

synovial response are macrophages (Figure 4-5C).  Gene expression of the joint capsule 

indicated the presence of inflammatory cytokines at early time points after fracture 

(Table 4-1). 

 

Figure 4-5: Synovial response to fracture.  A) Total joint synovitis score, ≥7 joints per 

group, mean ± SEM.  Asterisk indicates significance; pound symbol indicates 

significance to all control groups.  B) Hematoxylin/Eosin staining of lateral femur 8 

weeks after fracture and injection of B6 MSCs.  Scale bar = 50 μm and arrows indicate 

synovium. C) F4/80 staining for macrophages, scale bar = 50 μm. 

 



 

84 

Table 4-1: Joint capsule gene expression at early time points after fracture (fold 

upregulation from pre-fracture levels) 

 

4.3.4 Morphologic bone changes 

Micro-computed tomography (micro-CT) analysis of morphologic bone changes 

showed increased bone volume and decreased bone density in the tibia and tibial 

metaphysis of the fractured limb as compared to the contralateral control limb (Figure 4-

6A-D).  The stem cell groups appeared to contribute to a larger bone volume, with the 

fractured limbs receiving MRL MSCs having a significantly larger volume than all 
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control limbs in the tibial metaphysis (Figure 4-6C).  In the femur, the saline group 

showed significantly lower cancellous bone fraction (bone volume / total volume) in the 

fractured limb compared to the control limb and compared to both MSC therapy groups 

(Figure 4-6E).  With MSC treatment, there was no significant decrease in cancellous bone 

fraction following fracture as compared to the contralateral control limbs.   
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Figure 4-6: Morphological bone changes. A) Tibial bone volume; B) Tibial bone 

density; C) Bone volume in tibial metaphysis; D) Bone density in tibial metaphysis; E) 

Femoral bone volume / total volume; F) Femoral bone density.  Significance to 

contralateral control (asterisk), all control groups (pound), or all groups (ampersand) 

noted; 8 joints per group.  Mean ± SEM shown.    
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4.4 Discussion 

The goal of this study was to prevent the development of OA after intra-articular 

fracture using a single injection of expanded MSCs directly into the murine knee joint. 

Our findings show that an allogeneic stem cell based therapy can prevent the 

degenerative changes following joint trauma, and similar protective effects were 

observed using either B6 or MRL MSCs.  The modified Mankin score of the fractured 

joint was significantly higher than the control joint when only saline was used as the 

treatment, indicative of PTA.  However, intra-articular injection of 10,000 B6 or MRL 

MSCs after fracture eliminated the difference between control and fractured limbs.  

Establishing treatment options for PTA is particularly promising because, in contrast to 

idiopathic OA, the clear initiating event allows for early intervention before excessive 

degradation occurs (Anderson et al., 2011).   

The use of cellular therapy or cell-based tissue engineering for the regeneration 

of cartilage after joint injury has generated promising pre-clinical and case study results. 

With regard to PTA, the intra-articular delivery of MSCs has been shown to lessen the 

degree of OA in goat knees after meniscectomy and ACL resection, potentially through 

partial regeneration of the resected meniscus (Murphy et al., 2003).  Recent studies have 

also shown a protective effect of infrapatellar fat pad cells injected in the rabbit knee 

following transection of the ACL (Toghraie et al., 2011).  Furthermore, a series of studies 

in mice and rats demonstrated that delivery of BMP-2 overexpressing stem cells 
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contributed to fracture healing and cartilage repair after open osteotomy of the hind 

limb (Zachos et al., 2007a; Zachos et al., 2007b).  Clinical case studies using MSCs to 

repair cartilage defects have illustrated the production of neotissue (Matsumoto et al., 

2010; Wakitani et al., 2002) and there are currently 8 clinical trials investigating the use 

of MSCs for osteoarthritis (Maumus et al., 2011), including a phase I/II clinical trial to 

prevent OA after meniscal tear (http://clinicaltrials.gov, #NCT00702741). 

The concept that MSCs may prevent PTA after intra-articular fracture is 

consistent with the role of endogenous stem cells after bone and cartilage injury.  After 

long-bone fracture, MSCs arrive at the fracture site to instigate endochondral ossification 

as part of the repair process (reviewed in  (Marsell and Einhorn, 2011)).  A similar 

mechanism is likely to occur after intra-articular fracture, as a multipotent MSC 

population was derived from hemarthrosis in joints after fracture (Lee et al., 2008).  

Indeed, treatment of chondral defects with microfracture or other marrow stimulating 

techniques relies on accessing the subchondral bone marrow to allow infiltration of 

progenitor cells (Frisbie et al., 2003; Kramer et al., 2006; Richter, 2009).   

Cytokines such as IL-1β are upregulated with joint trauma (Irie et al., 2003; 

Pickvance et al., 1993) and result in cartilage degradation by suppressing matrix 

synthesis and inducing catabolic matrix metalloproteinase (MMP) activity (Fernandes et 

al., 2002; Goldring and Otero, 2011).  In contrast, increased levels of IL-1ra systemically 

or in the joint may disrupt the inflammatory cascade by preventing IL-1 from binding to 
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its cell receptor (Caron et al., 1996; Lawrence et al., 2011).  Similarly, IL-10 has been 

identified as an important anti-inflammatory molecule that shows a chondroprotective 

role in several settings of joint disease (reviewed in  (Schulze-Tanzil et al., 2009)).  We 

hypothesized that MSC therapy would preserve cartilage by altering the balance of these 

pro-inflammatory and anti-inflammatory cytokines in the joint after injury.  In studies 

using other injury models, MSCs decreased the systemic level of IL-1β after long-bone 

fracture (Granero-Molto et al., 2009), protected the lung from injury by secreting IL-1ra 

(Ortiz et al., 2007), and reprogrammed macrophages to increase IL-10 secretion in a 

sepsis model (Nemeth et al., 2009).  In this study, stem cell treatment altered the time 

course of IL-1β in the synovial fluid and B6 MSCs increased the presence of IL-10 in the 

serum at several time points.     

The synovium is a likely target for the therapeutic effects of MSCs because it 

exhibits significant cellular activity in response to injury.  However, the relationship 

between stem cells and the synovium is complex, as endogenous MSCs in the mouse 

synovium contribute to a regenerative response through chondrogenic differentiation 

after cartilage injury (Kurth et al., 2011), but a significant inflammatory environment can 

alter the differentiation of progenitors in the synovium and cause a pannus-like invasion 

(Li and Makarov, 2006).  Inflammation of the synovium after injury is correlated to 

negative outcomes in clinical studies of meniscal injury (Scanzello et al., 2011).  Synovitis 

was clearly caused by fracture in this study, but stem cell therapy improved OA scores 
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without reducing the degree of synovial hyperplasia after fracture.  Since macrophages 

have been implicated as producers of inflammatory cytokines and other destructive 

molecules such as MMPs (Bondeson et al., 2010), we performed immunohistochemical 

staining for activated macrophages.  Similar to the overall synovial inflammation, 

delivery of MSCs did not appear to mitigate the presence of activated macrophages in 

the synovium.   

Bone is a joint tissue with high turnover and the capacity to respond to MSC 

delivery.  In a long-bone fracture model, systemically delivered MSCs produced BMP-2 

at the fracture site and caused an increase in callus strength, total volume, and 

mineralization content (Granero-Molto et al., 2009).  In this study, MSCs directly 

delivered to the joint increased several measures of bone volume.  Exogenously 

delivered MSCs may therefore contribute to the prevention of PTA by providing 

additional cells for earlier and more robust stabilization of the joint.  The differentiation 

of endogenous MSCs to an osteoblastic lineage is essential to bone repair and is 

organized by multiple waves of biochemical signals such as IL-1 and TNFα (Marsell and 

Einhorn, 2011).  Since these inflammatory cytokines are essential to early fracture 

healing but may be catabolic for cartilage at later times, the timing and dose of MSCs or 

other agents that may affect cytokine levels will need to be considered for optimal 

fracture repair and protection from PTA.   
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There is controversy in the literature about the extent of MSC engraftment when 

used in injury models, with some studies showing significant engraftment and 

differentiation but most demonstrating functional improvements with few cells 

remaining at the site of cell delivery (reviewed in  (Prockop, 2007)).  With systemic 

delivery, MSCs get trapped in the lungs before distribution to organs such as the liver 

and spleen (Gao et al., 2001).  However, intra-articular delivery of stem cells to the knee 

has resulted in some engraftment in joint structures (Horie et al., 2009; Lee et al., 2007; 

Murphy et al., 2003).  For cell tracking experiments, we labeled cells with CM-DiI, which 

is a lipophilic carbocyanine membrane dye that has been used effectively for tracking 

cells in vivo in the context of bone (Ferrari et al., 2001).  Consistent with previous 

studies, we observed a relatively small fraction of fluorescent cells in various tissues of 

the joint throughout the time course studied.  However, quantification was not possible 

due to the challenges associated with discriminating between infrequent positive cells 

and background fluorescence (Brazelton and Blau, 2005) and the possibility of 

membrane dyes transferring to other cells over a period of time (Kruyt et al., 2003).  New 

methods for quantifying the rate of engraftment and longitudinally tracking the fate of 

delivered cells will be an important aspect for the future development of cellular 

therapies (de Almeida et al., 2011).   

The identification of MSCs with exceptional properties can help elucidate how 

the cells contribute to healing and may provide a pathway to modify MSCs for enhanced 
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function.  Because MRL “superhealer” mice may derive some of their regenerative 

capabilities from altered stem cell function (Alfaro et al., 2008), MSCs from both control 

B6 and MRL mice were compared in this model system.  However, differences between 

the strains were difficult to assess because delivering exogenous stem cells of either 

strain to the B6 knee after fracture was sufficient to prevent the primary endpoint of 

PTA.  In this way, MSC therapy may have created a B6 joint environment that is more 

similar to that found in the MRL mouse knee after fracture, which is also protected from 

PTA (Furman, 2009; Ward et al., 2008).  A defining feature of the MRL joint environment 

after fracture is reduced inflammation, as seen in work showing that MRL mice had 

different serum and synovial fluid IL-1β profiles after fracture (Furman, 2009) and that 

macrophages from MRL mice have lower upregulation of inflammatory cytokines 

(Kench et al., 1999).  Indeed, further support for the effect of local inflammation on 

healing in the MRL has come from experiments demonstrating that the regenerative 

phenotype of MRL mice is lost when the inflammatory environment is changed due to a 

secondary injury (Zins et al., 2010).   

4.5 Summary 

We demonstrated that a single intra-articular injection of MSCs from either 

control B6 or MRL “superhealer” mice prevented the development of post-traumatic 

arthritis 8 weeks after intra-articular fracture of the knee.  MSCs did not reduce synovitis 

or the presence of activated macrophages in the synovium, but did alter cytokine levels 



 

93 

and the bone healing response.  This work suggests that stem cell therapy is a promising 

treatment for preventing PTA and could possibly be extended to explore other biologic 

interventions after joint injury before extensive osteoarthritis has occurred.   
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5. Chondrogenic differentiation of murine induced 
pluripotent stem cells 

5.1 Introduction 

The poor healing capacity of cartilage has limited the success of treatments for 

focal cartilage defects, and many patients progress to widespread osteoarthritis (OA) 

requiring total joint replacement (Hunziker, 2002).   Cartilage tissue engineering seeks to 

provide a biological replacement tissue, which requires an adequate cell source (Guilak 

et al., 2001; Solchaga et al., 2001; Song et al., 2004).  Autologous chondrocytes have been 

used for focal defect repair (Brittberg et al., 1994), but the harvest procedure requires an 

additional surgery and may cause complications at the donor site (Lee et al., 2000).  

Adult stem cells are a promising alternative cell source due to their minimally invasive 

isolation and chondrogenic potential (Guilak et al., 2010; Johnstone et al., 1998; Mackay 

et al., 1998; Noth et al., 2008; Zuk et al., 2001), but these cells also have limitations.  The 

frequency of mesenchymal stem cells (MSCs) in bone marrow is low (Pittenger et al., 

1999), and the more abundant adipose-derived stem cells (ASCs) have shown a reduced 

chondrogenic potential as compared to MSCs (Diekman et al., 2010; Hennig et al., 2007; 

Huang et al., 2005).  Additionally, the adult stem cells of patients most likely to need 

therapy may be unfit for use, as some studies have shown a reduced MSC yield with age 

(Muschler et al., 2001) and a reduced chondrogenic ability with OA (Murphy et al., 

2002).     
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Induced pluripotent stem cells (iPSCs) have the potential to overcome the current 

cell source limitations, as large numbers of patient-matched cells with chondrogenic 

potential can be derived from a non-invasive starting cell population.   Induced 

pluripotent stem cells are somatic cells that have been genetically reprogrammed to a 

pluripotent state, similar to that of embryonic stem cells (ESCs) (Takahashi et al., 2007; 

Takahashi and Yamanaka, 2006; Yu et al., 2007).  Pluripotent cells demonstrate indefinite 

expansion in culture without the loss of differentiation potential.  However, conditions 

for the specific and robust chondrogenic differentiation of iPSCs must be established in 

order for them to be used as a cell source for cartilage tissue engineering applications.   

Chondrogenic differentiation of murine and human ESCs is regulated by growth 

factors such as the bone morphogenetic proteins (BMPs) (Kramer et al., 2000; Nakayama 

et al., 2003) and transforming growth factor-beta (TGF-β) (Hwang et al., 2006a; Koay et 

al., 2007) .  While the expression of chondrogenic genes can be induced in monolayer 

culture (Oldershaw et al., 2010; Waese and Stanford, 2011), chondrogenesis is typically 

enhanced by recapitulating mesenchymal condensation using three-dimensional culture 

systems such as embryoid bodies (Toh et al., 2007), micromasses (Gong et al.; Yamashita 

et al., 2010), pellets (Nakagawa et al., 2009), or scaffolds (Fecek et al., 2008; Hwang et al., 

2006b; Yeung et al., 2009).  Initial studies with mouse and human iPSCs have indicated 

that chondrogenesis can be achieved using similar strategies to ESCs  (Kim et al., 2011; 

Medvedev et al., 2011; Teramura et al., 2010; Wei et al., 2012).  The hypothesis of this 
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study is that forced aggregation and culture with TGF-β superfamily proteins will 

induce chondrogenesis in a subset of mouse iPSCs, which can be identified by type II 

collagen gene expression and subsequent production of cartilaginous matrix in pellet 

culture.   

5.2 Materials and Methods 

5.2.1 Induced pluripotent stem cell derivation and culture 

All procedures were performed in accordance with a protocol approved by the 

Duke University Institutional Animal Care and Use Committee.  Tail fibroblasts from 

C57BL/6 mice were isolated by removing the outer layer of skin, mincing the tissue, and 

digesting overnight in 0.2% collagenase type I (Worthington Biochemical).  Digested 

cells were passaged several times in DMEM-LG (Sigma-Aldrich) with 15% fetal bovine 

serum (FBS, Sigma-Aldrich) and 1% penicillin-streptomycin-fungizone (P/S/F, Gibco).  

Mouse embryonic fibroblasts (MEFs, Millipore) were treated with 10 µg/ml mitomycin-

C (Sigma-Aldrich) for 2-3 hours to prevent proliferation and then cultured on 0.1% 

gelatin coated dishes at confluence to provide a feeder layer.  Tail fibroblasts were 

transduced with a single doxycycline-inducible lentiviral vector controlling the 

transgenic expression of mouse cDNAs for Oct4 (also known as Pou5f1), Sox2, Klf4, and 

c-Myc (Carey et al., 2009) for 24 hours.  Tail fibroblasts were then cultured on  a MEF 

feeder layer  in iPSC media containing DMEM-HG (Gibco), 20% lot-selected FBS 

(Atlanta Biologicals), 100  nM MEM non-essential amino acids (NEAA, Gibco), 55 µM 2-
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mercaptoethanol (2-me, Gibco), 25 ng/ml gentamicin (Gibco), 1000 U/ml mouse 

leukemia inhibitory factor (LIF, Millipore ESGRO), and 10 µg/ml doxycycline (Sigma-

Aldrich).  After approximately 2 weeks, individual colonies were manually selected 

based on morphology and colonies were maintained on feeder cells in iPSC media 

without doxycycline.   

For some of the trials, iPSCs were derived from different cell sources or using a 

different reprogramming vector, but were cultured in the same fashion.  In the 

experiment that investigating iPSCs in cartilage-derived matrix (CDM) scaffolds, 

fibroblasts derived from the joint capsule of C57BL/6 (B6) and MRL/MpJ (MRL) mice 

were reprogrammed with the doxycycline inducible system.  However, individual 

colonies were not selected so some non-reprogrammed cells were present.  In the 

experiment that compared chondrogenic differentiation in monolayer and micromass 

culture, the iPSCs were derived from PDGFRα+/Sca-1+ MRL MSCs (methods for 

isolation are described in chapter 3) and colonies were selected for expansion.  The 

pWPXL lentiviral vector (Addgene) used for reprogramming has the potential to be 

excised after pluripotency has been achieved, but this was not done and so there was 

potential for continued expression of the transgenes.  In experiments investigating the 

timing of growth factor delivery, MEFs were used as the starting cell source for 

doxycycline-inducible reprogramming with colony selection.     
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5.2.2 Three-dimensional culture of undifferentiated  iPSCs  

Undifferentiated iPSCs were cultured in CDM, 2% agarose, or 10% poly 

(ethylene glycol)-diacrylate with 2.5 mM tyrosine-arginine-glycine-aspartate-serine  

(PEG-RGD) environments.  CDM scaffolds were generated from native porcine cartilage 

tissue as described in chapter 2.  To seed scaffolds, 1x106 cells in 30 µl were allowed to 

attach to dry scaffolds for 1 hour before adding additional media.  Pellets containing 

1x106 iPSCs were generated by centrifuging cells in 15 ml conical tubes (Corning) at 200 

xg for 5 minutes and culturing with a loosened cap.  For agarose culture, iPSCs were 

directly resuspended in a solution of 2% Agarose (Type VII, Sigma-Aldrich) in PBS.  

Molds were filled with 60 µl molten agarose containing 1x106 cells were allowed to 

harden for 10 minutes before transferring to low-attachment plates (Corning) for culture.  

PEG-RGD hydrogels were generated following described methods with slight 

modifications  (Hwang et al., 2006b).  Briefly, the photo-initiator Irgacure 2959 was 

added at 0.1% final concentration to 1:1 solutions of 2x polymer and cell suspensions.  

The solution containing 1x106 cells in 60 µl was pipetted to a mold and 

photopolymerized using 365 nm light at 3 mW/cm2 for 10 minutes.  Constructs were 

then transferred to low-attachment plates.   

Chondrogenic differentiation was performed for 21 or 28 days in serum-free 

chondrogenic differentiation medium containing DMEM-HG, ITS+ premix (BD), 

penicillin-streptomycin (P/S, Gibco), 37.5 µg/ml L-ascorbic acid 2-phosphate (Sigma-
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Aldrich), 50 µg/ml L-proline (Sigma-Aldrich), 100 nM NEAA, 55 µM 2-me, and 100 nM 

dexamethasone (DEX, Sigma-Aldrich).  In the CDM experiment, DEX was not provided 

for the control conditions and NEAA and 2-me were not included.  Growth factor 

supplementation of 10 ng/ml TGF-β3 (R&D Systems), 50 ng/ml BMP-4 (R&D Systems), 

or 500 ng/ml BMP-6 (R&D Systems) was used for chondrogenic induction.   

5.2.3 Chondrogenic induction in monolayer culture  

Feeder layer cells were removed using two subtraction steps of 45 minutes on 

tissue culture plastic separated by a day of culture on 0.1% gelatin.  Cells were then 

plated in 0.1% gelatin coated plates at 2.5x105 per well of a 6 well plate in iPSC media 

containing the following media conditions:  Serum-free control, 10% serum control, 1% 

serum control, or 1% serum plus 50 ng/ml BMP-2, BMP-4, BMP-6, platelet-derived 

growth factor (PDGF-BB), or 10 ng/ml TGF-β3.  Monolayer wells were passaged upon 

confluence at days 3 and 10 to prevent overgrowth, and replated at approximately 2x106 

cells per well.   

5.2.4 Chondrogenic induction in micromass culture  

Feeder-subtracted cells were resuspended at a concentration of 2x107 cells/ml, 

and micromasses were established by plating 10 µl droplets with 2x105 iPSCs into 

individual wells of 48 well plates (Corning) or as a set of 30 micromasses in a 10 cm dish 

(BD).  After 2-3 hour incubation, additional 10% serum iPSC media without LIF was 

added.  Twenty-four hours after establishing micromasses, the media was switched to 



 

100 

serum-free chondrogenic differentiation medium.  At 48 hours, media was switched to 

serum-free chondrogenic media containing growth factors and DEX.  Micromasses were 

fed every 2-3 days until analysis at days 5, 10, or 15, using a range of growth factors to 

induce chondrogenesis:  50 ng/ml BMP-2, BMP-4, BMP-6, PDGF-BB, 30 ng/ml Activin A, 

or 10 ng/ml TGF-β3.  In some experiments, the effect of DEX and the timing of BMP-4 

and ascorbate/proline delivery were investigated.    

For Alcian blue staining, micromasses were washed with PBS, stained for 20 

minutes at room temperature with 4% PFA, washed with PBS, equilibrated with 0.1N 

HCl for 5 minutes, stained for 30 minutes with 1% Alcian blue (Acros Organics) in 0.1N 

HCl, and washed twice with 0.1N HCl before imaging.   

5.2.5 Chondrogenic induction in embryoid body cultu re 

Embryoid bodies (EBs) were formed using the hanging drop method with 

undifferentiated iPSCs resuspended at 40,000 cells/ ml of 20% iPSC media without LIF.  

One-hundred droplets of 20 µl containing ~800 cells each were placed onto the lid of a 15 

cm dish (BD) that was then cultured over the dish containing 40 ml of sterile dH20.  After 

3 days of hanging drop culture, the droplets were washed and transferred to a 10 cm 

dish that had been pretreated with polyHEMA (Sigma-Aldrich) to prevent attachment.  

EBs were cultured in liquid suspension culture for 3 days with 20% serum media with or 

without 50 ng/ml BMP-4.  EBs were collected from suspension with a pipette and 

approximately 10 EBs were transferred to gelatin coated wells of 48 well plates for 
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outgrowth culture.  In outgrowth culture, EBs were fed with serum-free media until 

harvest at day 15 or day 27, with some wells receiving media containing BMP-4 for days 

6 through 10 only and other wells receiving control media for the duration of culture.     

5.2.6 Cell sorting based on Col2-GFP expression 

To provide a fluorescent marker for the cell sorting of chondrocyte-like cells, a 

construct was used that contains the promoter/enhancer of murine type II collagen 

(Col2) driving expression of green fluorescent protein (GFP) (Grant et al., 2000).  The 

Col2-GFP construct was introduced into undifferentiated iPSCs using nucleofection 

(Lonza) and colonies were selected for further study based on a specific increase in GFP+ 

percentage after chondrogenic induction in micromass culture.   Micromasses were 

digested for 1 hour using 0.4% collagenase type II (Worthington Biochemical), 1320 

PKU/ml pronase (Calbiochem), and 10 µg/ml DNAse I (Worthington Biochemical).  

Cells were centrifuged, incubated with 0.25% tryspin-EDTA (Sigma-Aldrich) for 5 

minutes, and resuspended in sort medium containing DMEM-HG, 2% FBS, DNAse I, 10 

mM Hepes (Gibco), 2x P/S/F, and 33.3 nM propidium iodide (Biolegend) as a dead cell 

marker.  Cells were sorted based on GFP expression using the 100 µM nozzle of a 

Cytomation MoFlo® sorter (Beckman Coulter).  Micromasses from MEF-derived iPSCs 

without the Col2-GFP construct served as the control for setting flow cytometry gates.   
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5.2.7 Monolayer expansion and pellet culture of sor ted cells 

Cells sorted as GFP- or GFP+ were plated at 1x104 cells/cm2 on 0.1% gelatin 

coated plates in chondrogenic expansion medium consisting of chondrogenic 

differentiation medium with the addition of 10% FBS and 4 ng/ml bFGF (Roche).  Cells 

were passaged upon sub-confluence every 2-3 days using 0.05% trypsin-EDTA (Sigma-

Aldrich).  After each passage, some cells were used to form pellets by centrifuging 

2.5x105 cells at 200 xg for 5 minutes in 15 ml tubes.  Pellets were cultured in 

chondrogenic differentiation medium with the addition of either 10 ng/ml TGF-β3 or 50 

ng/ml BMP-4 and for 21 days.     

5.2.8 Immunocytochemistry, RT-PCR, histology, and 
immunohistochemistry 

For gene expression analysis, cells were lysed and stored at -80 °C until RNA was 

isolated (Qiagen) and quantified (Nanodrop).  Real time reverse transcription-PCR (RT-

PCR) was carried out using SuperScript® VILO™ and Express Supermix (Invitrogen) 

with Taqman® assays (Applied Biosystems) for type II collagen (Col2, 

Mm01309565_m1), aggrecan (Acan, Mm00545807_m1), SRY-box containing gene 9 (Sox9, 

Mm00448840_m1), type X collagen (Col10, Mm00487041_m1), type I collagen (Col1, 

Mm01165187_m1), and the housekeeping gene 18s (Hs99999901_s1).  The fold difference 

from undifferentiated iPSCs was calculated using the delta delta Ct (Livak and 

Schmittgen, 2001) method with efficiency curves.  In some cases, the data were 

normalized to passage 1 GFP+ cells.  After 21 days of culture, pellets were paraffin 
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embedded and sectioned for histology for Safranin-O (GAGs, red), Fast Green (collagen, 

green), and Hematoxylin (nuclei, blue) or immunohistochemistry for type II collagen (II-

II6B3), type VI collagen (70R-CR009x, Fitzgerald), type X collagen (c7974, Sigma-

Aldrich), and type I collagen (8D4A1, Chondrex) as described previously (Estes et al., 

2010).  

5.2.9 Statistical analysis 

Statistical analysis was carried out using a t-test for comparison of two groups 

and analysis of variance (ANOVA) with Fisher’s LSD post-hoc analysis for comparison 

of multiple groups, using α=0.05.  Normality was tested and data log-transformed before 

analysis if necessary.  Data are presented as mean ± standard error of the mean (SEM).   

5.3 Results 

5.3.1 Undifferentiated iPSCs in 3D culture 

5.3.1.1:  Cartilage-derived matrix scaffolds 

Joint capsule fibroblasts from B6 and MRL mice were reprogrammed using the 

doxycycline-inducible system and 1x106 undifferentiated iPSCs were seeded directly into 

CDM scaffolds.  In serum-free control conditions, cells showed little cell attachment and 

proliferation, with no production of GAGs.  When cultured with either 10 ng/ml TGF-β3, 

500 ng/ml BMP-6, or both, some areas of the scaffold were filled with clusters of cells.  

Some of these areas showed robust staining for GAGs by Safranin-O staining (Figure 5-

1).     
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Figure 5-1: Histology of undifferentiated iPSCs in CDM scaffolds.  Safranin-O/Fast 

Green/Hematoxylin staining of day 21 CDM scaffolds with 1x106 undifferentiated 

iPSCs from B6 or MRL mice. Scale bar = 100 μm. 

5.3.1.2:  Pellet culture 

Undifferentiated MEF-derived iPSCs were induced in pellet culture for 28 days.  

While there was significant GAG staining in serum-free pellets treated with 50 ng/ml 

BMP-4, this was abolished in the presence of 5% serum (Figure 5-2).  Little GAG staining 

was seen in control or 10 ng/ml TGF-β3 pellets regardless of the presence of serum.   
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Figure 5-2: Effect of serum on chondrogenesis in pellet culture.  Safranin-O/Fast 

Green/Hematoxylin staining of day 28 pellets with 1x106 undifferentiated iPSCs.  

Scale bar = 100 μm. 

5.3.1.3:  Agarose hydrogels 

MEF-derived iPSCs were also induced in 2% agarose hydrogels for 21 days.  

Despite a seeding density of greater than 15 million cells per ml, cells were sparse and 

produced little matrix in serum-free conditions.  With the presence of 5% serum, small 

pockets of cell clusters did appear, but only very faint GAG staining was seen in the 

presence of 50 ng/ml BMP-4 (Figure 5-3).   
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Figure 5-3: Effect of serum on chondrogenesis in agarose culture.  Safranin-O/Fast 

Green/Hematoxylin staining of day 21 constructs with 1x106 undifferentiated iPSCs.  

Scale bar = 100 μm. 

5.3.1.4:  PEG-RGD hydrogels 

To further investigate the effect of serum on chondrogenesis, B6 tail fibroblast-

derived iPSCs (colony #7) were differentiated in PEG-RGD hydrogels for 21 days.  

Constructs in serum-free media showed little matrix production, whereas constructs in 

5% serum media for the first 7 days or the all 21 days of culture showed areas of cell 

aggregation and/or proliferation (Figure 5-4).  Some of these structures showed limited 

staining for GAGs by histology, especially when 50 ng/ml BMP-4 was provided in 

serum-free conditions. 
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Figure 5-4: Effect of serum on chondrogenesis in PEG-RGD culture.  Safranin-O/Fast 

Green/Hematoxylin staining of day 21 PEG-RGD constructs with 1x106 

undifferentiated iPSCs.  Scale bar = 100 μm. 

5.3.2 Monolayer and micromass differentiation using  growth factors 

Monolayer (2.5x105 in a 6-well plate) and micromass (2x105 in 10 µl droplet) 

differentiation were carried out on iPSCs derived from PDGFRα+/Sca-1+ MRL MSCs.  

Nine different culture conditions were used:  Serum-free control, 10% serum control, 1% 

serum control, or 1% serum plus 50 ng/ml BMP-2, BMP-4, BMP-6, PDGF-BB, or 10 ng/ml 

TGF-β3.  The Col2 and Sox9 expression levels at day 15 were generally higher in 

micromass culture as compared to monolayer culture.  While BMP-2 and BMP-4 
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increased Sox9 expression above the 1% serum control in micromass culture, other 

growth factors did not appear to increase the chondrogenic gene expression in either 

monolayer or micromass culture.  The highest values for both Col2 and Sox9 were found 

in the serum-free control micromass group.   

 

Figure 5-5: Monolayer and micromass gene expression.  RT-PCR at day 15 for A) Col2 

or B) Sox9 with controls of different serum concentrations or 1% serum plus growth 

factors.  Fold difference from day 0 undifferentiated cells, one well or micromass per 

group.  

5.3.3 Growth factor screen for serum-free micromass  culture 

MEF-derived iPSCs were used to investigate the effect of different growth factors 

on chondrogenic induction in serum-free micromass culture.  In addition to serum-free 

chondrogenic differentiation media, groups had the following growth factors:  50 ng/ml 

BMP-2, BMP-4, BMP-6, PDGF-BB, 10 ng/ml TGF-β3, 30 ng/ml Activin A, or 50 ng/ml 

BMP-4 plus 10 ng/ml TGF-β3.  After 10 days of culture, the degree of upregulation from 
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day 0 undifferentiated cells was different for each gene (Figure 5-6):  Col2 (up to 500 

fold), Sox9 (up to 20,000 fold), Acan (up to 9 fold), Col1 (up to 25 fold), and Col10 (up to 

30 fold).  Serum-free control conditions were the most effective at inducing 

chondrogenic differentiation as measured by Col2 and Acan expression, but BMP-2 and 

BMP-4 induced a greater upregulation of Sox9 expression.  BMP-2 caused the 

upregulation of Col1 and Col10, and TGF-β3 induced the highest expression of Col10.   

Additional information on the chondrogenic induction of growth factors was 

obtained by performing Alcian blue staining for GAGs on micromasses at day 10.  While 

the control showed no staining and a smaller micromass, induction with BMP-2, BMP-4, 

or BMP-4 plus TGF-β3 demonstrated the presence of GAGs (Figure 5-7A).  The Alcian 

blue staining results were confirmed for a second colony of iPSCs, indicating the most 

robust staining using BMP-4 treatment (Figure 5-7B).   
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Figure 5-6: Gene expression for growth factor screen.  RT-PCR at day 10.  Fold 

difference from day 0 undifferentiated cells, one micromass per group.  
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Figure 5-7: Alcian blue for growth factor screen.  After 10 days, micromasses were 

stained for Alcian blue to indicate GAG accumulation using A) colony 1 or B) colony 

2 of MEF iPSCs.   

5.3.4 Effect of serum and timing of growth factor d elivery in 
micromass culture 

Micromasses from B6 tail fibroblast iPSC colony #7 were induced by BMP-4 for 

15 days in the absence or presence of 1% serum.  As measured by Col2, Sox9, and Acan 

gene expression, chondrogenesis was only induced by BMP-4 in serum-free conditions 

(Figure 5-8A).  Additionally, the timing of BMP-4 was shown to be important.  

Continuous BMP-4 exposure increased Col2 expression over time up to 27 days as 

compared to control culture.  However, the upregulation of Col2 was enhanced by 
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providing BMP-4 for only days 2-6 (short term) as opposed to continuously (Figure 5-

8B).  Short-term BMP-4 treatment also increased Sox9 and Acan expression while 

lowering Col10 expression as compared to continuous treatment (Figure 5-8C).   

 

Figure 5-8: Effect of serum and growth factor timing in micromass culture.  A) 

Chondrogenic gene expression of day 15 micromasses with BMP-4 in the presence or 

absence of serum, n=3. B) Col2 expression in micromasses over time in culture with 

BMP-4 continuously, for days 2-6 only (short term), or from day 4 on (delay). C) Gene 

expression at day 15 comparing continuous and short-term BMP-4 exposure.  
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5.3.5 Clone selection 

In order to select clones with the successful integration of the Col2-GFP reporter 

construct, 12 clones from B6 and MRL iPSCs were screened to assess the specific increase 

in GFP expression with chondrogenic induction.  Micromasses were cultured in serum-

free continuous BMP-4 conditions and harvested at day 15 (B6) or day 17 (MRL) for cell 

sorting.  The sort profiles of the clones that were selected for further analysis 

demonstrate the increase in GFP+ percentage with chondrogenic induction (Figure 5-9).  

The total yield of GFP+ cells also indicated an increase with BMP-4 culture in these 

clones (Table 5-1, selected clones highlighted).   
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Figure 5-9: Sort profile for selected clones.  The percentage of GFP+ cells in day 15 

digested micromasses cultured in either control or BMP conditions.   

 



 

115 

Table 5-1: Clone selection based on increase in GFP+ cell yield with BMP-4 

 

5.3.6 Effect of culture duration and BMP-4 timing i n micromasses 

5.3.6.1:  Effect of BMP-4 timing on gene expression  

Optimization of the timing of BMP-4 delivery was investigated using B6 colony 

#7 iPSCs.  Different short-term BMP-4 strategies were compared for gene expression at 

day 15 and day 27.  These data showed that extended culture with BMP-4 yielded high 

Col2 and Acan expression, but also high Col10 expression.  Delivering BMP-4 for days 2-

3, 4-5, or 2-5 caused upregulation of Col2, Sox9, and Acan without high Col10 values 

(Figure 5-10). 
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Figure 5-10: Timing of BMP-4 induction in micromass culture.  Gene expression at 

days 15 and 27 after delivery of BMP-4 for different periods of time (as labeled).  One 

micromass per group.   

5.3.6.2:  Effect of BMP-4 timing on yield of GFP+ c ells 

 We utilized the Col2-GFP reporter construct to determine the yield of GFP+ cells 

in response to different timing strategies with BMP-4 (Table 5-2).   The highest yields of 

GFP+ cells were found when BMP-4 was given during days 4-5 or 2-5.  Within these 
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groups, harvest of the micromasses at day 15 and day 27 yielded a similar number of 

cells per micromass.  The method of micromass digestion used for the timing 

comparison was a combination of collagenase/pronase and trypsin.  Additionally, extra 

sets of micromasses fed with BMP-4 from days 2-5 showed that trypsin alone was 

insufficient, but collagenase/pronase alone obtained a similar yield of cells at day 15 (400 

cells trypsin, 10,500 cells collagenase/pronase, 11,200 cells both).   

Table 5-2: Effect of BMP-4 timing on GFP+ cell yield 

 

5.3.6.3:  Effect of additional culture factors on y ield of GFP+ cells 

An additional experiment explored the effects of adding DEX at various points 

during differentiation, feeding ascorbate and proline at day 1 of micromass culture 

instead of waiting until day 2, and providing BMP-4 from days 3-5 of micromass culture 

on GFP+ cell yield (Table 5-3).  The yield was greatly increased when feeding with 

ascorbate and proline at day 1.  The yield was also increased by either leaving DEX out 
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entirely or only providing DEX along with BMP-4.  Feeding with BMP-4 beginning at 

day 3 instead of day 4 also increased the yield of GFP+ cells.  Culturing the 

micromassess with 25 ng/ml BMP-4 instead of 50 ng/ml BMP-4 was not effective, and no 

GFP+ cells were sorted when culturing the micromass at 2% O2.   

Table 5-3: Effect of DEX and other culture conditions on GFP+ cell yield  

 

5.3.7 Embryoid body formation for chondrogenic indu ction 

The formation of embryoid bodies was investigated for the ability to induce 

chondrogenic differentiation. Embryoid bodies were formed using the hanging drop 

method followed by liquid suspension culture and then outgrowth on gelatin coated 

plates (Figure 5-10A).  BMP-4 was provided either in the liquid suspension culture, 
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during the outgrowth monolayer phase, or both.  The highest Col2 expression was seen 

when BMP was provided during the liquid suspension phase but not during the 

outgrowth phase (Figure 5-11B).  These conditions also resulted in the highest yield of 

GFP+ cells after 15 total days of culture, which corresponds to 9 days of outgrowth 

culture.  Col2 expression and GFP+ cell yields were higher at day 15 as compared to day 

27.   

 

Figure 5-11: Embryoid body culture.  A) Hanging drops were formed for 3 days (left), 

cultured in liquid suspension for 3 days with 20% serum (middle), then plated on 

gelatin coated plates for outgrowth (right), scale bars = 100 μm. B) RT-PCR at days 15 

and 27; one well per group. 
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Table 5-4: Yield of GFP+ cells from embryoid bodies 

 

5.3.8 Monolayer expansion of sorted cells   

Cells sorted either as GFP+ or GFP- were plated in monolayer culture for 

expansion.  Initial culture using B6 GFP+ cells indicated that 10% serum was more 

effective than 1% serum at promoting expansion of the cells, and that gelatin coated 

flasks resulted in better morphology and proliferation than standard tissue culture 

flasks.  The default culture conditions were determined to be plating at 10,000 cells/cm2 

with 10% serum (same lot as for iPSC media), 4 ng/ml bFGF, and no DEX.  Modifying 

any of these variables lowered the cumulative fold expansion over 3 passages in culture 

(Table 5-5).   

Table 5-5: Effect of monolayer conditions on B6 GFP+ cell expansion 
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These monolayer conditions were used to compare the expansion of GFP+ and 

GFP- cells from B6 and MRL strains (Figure 5-12).  The B6 cells showed rapid expansion, 

with GFP+ having greater expansion than GFP-.  The MRL GFP- showed slower 

expansion than the B6 cells, and the MRL GFP+ cells did not expand in monolayer 

culture.  This phenomenon was confirmed in a separate experiment.   

 

Figure 5-12: Expansion of B6 and MRL sorted cells.  The cumulative fold expansion 

for B6 (left) and MRL (right) cells in monolayer with 10% serum and bFGF.   

5.3.9 Growth factor induction in pellet culture   

The capacity for sorted cells to form pellets and produce cartilaginous matrix 

was tested using B6 GFP+ cells sorted after 27 day micromass culture with BMP-4 

provided from days 2-5.  The GFP+ cells were expanded for 2 passages in 10% serum 

without bFGF or DEX before pellet culture with either 10 ng/ml TGF-β3 or 50 ng/ml 

BMP-4.  While GAGs and type II collagen were produced in both conditions, more 

consistent matrix formation was seen with TGF-β3 induction (Figure 5-13).  
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Additionally, there was less staining for type X collagen with TGF-β3 as compared to 

BMP-4.   

 

Figure 5-13: TGF-β3 and BMP-4 induction in pellet culture.  Pellets were cultured for 

21 days in the presence of TGF-β3 or BMP-4.  Sections were stained with Safranin-

O/Fast Green/Hematoxylin or processed for immunohistochemistry with antibodies 

to type II or type X collagen.  Scale bar = 100 μm. 

5.4 Discussion 

There were numerous factors to investigate for determining the most effective 

way to induce the chondrogenic differentiation of iPSCs.  Key factors included the 

culture system, the growth factors used, and the timing of growth factor delivery.  The 

expression of chondrogenic genes at different time points and histological staining of 

cartilage matrix proteins were important for assessing the outcome of particular 

conditions.  Additionally, the yield of chondrogenically differentiated cells served as a 

functional outcome of both cell survival and differentiation, important for the goal of 
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maximizing the number of cells with high chondrogenic potential for use in subsequent 

tissue engineering studies.  Successful differentiation was assessed by selecting iPSC 

clones with stable and specific integration of GFP under the control of the Col2 

promoter/enhancer and then using flow cytometry to sort for GFP+ cells.   

To determine if iPSCs could be used to form tissue-engineered cartilage without 

pre-differentiation, we cultured undifferentiated cells in various 3D environments.  In 

both agarose and PEG-RGD hydrogels, cells appeared to survive only if 5% serum was 

present.  Even with serum, the cell proliferation and small amounts of matrix formation 

were found in cell clusters that displaced the surrounding hydrogel instead of uniformly 

populating it.  In CDM scaffolds, undifferentiated iPSCs did not attach to the existing 

matrix in large numbers.  The few areas that demonstrated a high cell density did 

produce GAGs in response to growth factors, indicating that cell-cell interactions are 

important for chondrogenesis at this stage.  This concept is consistent with cartilage 

development, as condensation to form tightly interacting cells is the initiating event of 

chondrogenesis (Cancedda et al., 1995; Hall and Miyake, 2000).  This was confirmed 

using pellet culture, as the forced aggregation in pellets was effective for inducing 

chondrogenesis of iPSCs as determined by histology for GAGs.  Chondrogenic 

differentiation was noted in the presence of BMP-4 but not TGF-β3, and only in serum-

free conditions.  However, pellet culture did not reach the cartilage tissue engineering 

goal of a uniform GAG distribution. 
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Initial differentiation of iPSCs in a “pre-differentiation” system may be necessary 

to induce the early stages of chondrogenesis before culture in a 3D tissue engineering 

environment.  We investigated monolayer culture, embryoid bodies, and micromass 

formation as possible systems for initial chondrogenic differentiation.  Monolayer 

culture offers significant control and scalability, but may require a complex series of 

growth factor and matrix substrates to compensate for the lack of signals associated with 

aggregate culture (Oldershaw et al., 2010).  Embryoid bodies have commonly been used 

for general differentiation of ESCs, and EB outgrowth cells can be used as the starting 

cell source for chondrogenic pellet or hydrogel culture with iPSCs (Kim et al., 2011; 

Medvedev et al., 2011; Teramura et al., 2010; Wei et al., 2012).  However, EBs display 

unpredictable heterogeneous differentiation based on EB size (Nakagawa et al., 2009) 

and culturing in liquid suspension may present additional challenges.  Finally, 

micromass culture of high density 2D culture provides a controlled system for 

aggregation that has been used successfully to initiate uniform chondrogenesis of limb 

bud cells (Ahrens et al., 1977).    

Micromass culture was more effective at chondrogenic “pre-differentiation” than 

monolayer and EB culture under the conditions employed in this study.  As compared 

to monolayer culture, micromass culture resulted in greater upregulation of Col2 and 

Sox9.  The rapid proliferation of cells in monolayer may have inhibited differentiation to 

occur, and also presented the logistical challenge of frequent passaging to prevent 
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overgrowth.   Embryoid body formation was assessed for chondrogenic gene expression 

and yield of GFP+ cells.  Delivering BMP-4 during the liquid suspension phase but not 

during the outgrowth phase maximized the Col2 expression and GFP+ cell yield at day 

15.  However, both chondrogenic gene expression and the yield of GFP+ cells were 

lower than corresponding micromass cultures.  The value of EBs for generating large 

numbers of GFP+ cells would be inhibited by the requirement to provide BMP-4 in 

liquid suspension due to the large media requirements of this system.   

Culture conditions such as the presence of serum had a large impact on the 

degree of differentiation and GFP+ cell yield in micromass culture.  Serum was 

inhibitory to chondrogenesis, and the presence of just 1% serum dramatically reduced 

the Col2, Sox9, and Acan expression induced by BMP-4 at day 15.    Micromass culture 

of ESCs has been performed in both serum-free (Gong et al., 2010; Nakayama et al., 2003; 

Toh et al., 2007) and 1% serum conditions (Yamashita et al., 2010).  Serum-free systems 

are preferable for recapitulating chondrogenesis and allow more exact characterization, 

but have the disadvantage of increased cell death and lower proliferation (Heng et al., 

2004; Toh et al., 2007).  Our results with micromass cultures were consistent with the 

results in pellet culture experiments, which indicated that BMP-4 mediated 

differentiation was abolished by the presence of 5% serum.  Pellet culture of adult stem 

cells for chondrogenesis has also frequently been performed in serum-free culture 

conditions (Johnstone et al., 1998). 
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We then performed a growth factor screen using serum-free micromass cultures.  

Alcian blue staining confirmed strong GAG deposition in BMP-2 and BMP-4 treated 

micromasses.  Gene expression was highly upregulated for Col2 and Sox9, with a 

moderate upregulation of Acan, Col1, and Col10 as well.  While control conditions 

provided the highest Col2 and Acan upregulation, BMP-2 and BMP-4 provided the 

highest Sox9 values.  An additional experiment using a different colony of MEF iPSCs 

confirmed these results and indicated that BMP-4 may be more consistent at inducing 

differentiation than BMP-2.  The effectiveness of BMP-4 for chondrogenic differentiation 

of pluripotent cells (Kramer et al., 2000; Nakayama et al., 2003) is consistent with the 

growth factor’s role in mediating both initial mesoderm formation (Zhang et al., 2008) 

and chondroprogenitor lineage determination (Hatakeyama et al., 2004).   

The timing of growth factor administration is also an essential part of developing 

an effective differentiation protocol.  For example, micromass culture of ESCs showed 

enhanced chondrogenesis by delaying the delivery of BMP-2 by a day (Gong et al., 

2010).  In this work, short-term delivery of BMP-4 was even more effective than 

continuous delivery at inducing expression of Col2, Acan, and Sox9.  Importantly, 

shorter duration of BMP-4 delivery also reduced the dramatic Col10 upregulation that 

was seen with continuous BMP-4 culture.  Further investigations were carried out by 

employing BMP-4 at different combinations for days 2-7 of culture.  Feeding with BMP-4 

for days 4-5 or days 2-5 was most effective at generating large numbers of GFP+ cells in 
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micromass culture.  Additionally, culturing for 15 days gave yields as large as culturing 

for 27 days, despite the higher chondrogenic gene expression seen at the later time point.  

Final modifications to the culture conditions were made by an additional experiment 

showing that providing BMP-4 at day 3 instead of day 4 increased the yield of cells and 

that culturing with DEX only during BMP-4 induction enhances the number of GFP+ 

cells.   

Despite a successful system for inducing expression of Col2 in micromass culture 

and the corresponding expression of GFP, the number of cells generated would be 

insufficient for future experiments.  Additionally, cells that are digested from 

micromasses and immediately sorted may require time to recover before being used in 

pellet culture.  Thus, conditions for expanding the cells in monolayer after sorting were 

investigated.  Including 4 ng/ml bFGF and excluding DEX during expansion was ideal 

for rapidly expanding the sorted cells.  Interestingly, while these conditions were 

sufficient for the expansion of B6 GFP-, B6 GFP+, and MRL GFP- cells, MRL GFP+ cells 

did not expand.  This could be a result of the specific colony selected for use in this 

study, or it could also be a feature of chondrocyte-like cells from this particular mouse 

strain.   

Pellet culture was used to distinguish the chondrogenic induction provided by 

TGF-β3 and BMP-4.  For undifferentiated iPSCs, BMP-4 was effective at promoting 

matrix formation and TGF-β3 was not.  After initial differentiation in micromass culture 
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and expansion of GFP+ cells, both growth factors were able to induce the production of 

cartilaginous matrix staining positive for GAGs and type II collagen.  However, TGF-β3 

provided more consistent differentiation across the pellet and also induced less 

deposition of the hypertrophic marker type X collagen.  Insight into how the effect of 

BMP-4 and TGF-β3 change with the differentiation status of the cells can be gained from 

cartilage development, as both growth factors have specific chondrogenic effects in early 

and late differentiation.  In initial differentiation, TGF-β is primarily responsible for the 

initiation of mesenchymal condensation whereas BMPs function in the transition to 

differentiation (Hall and Miyake, 2000; Roark and Greer, 1994).  This could explain the 

greater effectiveness of the BMPs in micromass culture, as forced aggregation may 

obviate the need for initiation by TGF-β but rely on the transition to differentiation by 

BMP-4.  In chondrocyte maturation, TGF-β can prevent hypertrophy (Yang et al., 2001) 

while BMPs are necessary for chondrocyte hypertrophy (Retting et al., 2009), supporting 

the type X collagen staining seen in pellets of pre-differentiated cells.  Interestingly, the 

observation that TGF-β3 signaling induces less hypertrophy than BMP signaling has 

also been seen in the chondrogenic differentiation of adult stem cells (Hellingman et al., 

2011).    

5.5 Summary 

The chondrogenic differentiation of pluripotent cells is regulated by the cell 

microenvironment and the timing of specific growth factors.  To explore the effects of 
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the cell microenvironment on the differentiation of murine iPSCs, we cultured cells in 

monolayer, micromass, and embryoid body systems.  We determined that 15 day serum-

free micromass culture with BMP-4 and DEX present for days 3-5 only maximized the 

yield of successfully differentiated cells based on sorting for Col2-GFP+.  For 

undifferentiated iPSCs, serum-free pellet culture with BMP-4 was effective at inducing 

non-uniform matrix production, whereas hydrogel and CDM scaffolds were insufficient.  

The number and chondrogenic capacity of the starting cells was enhanced by pre-

differentiating the cells in micromass culture, sorting based on GFP expression, and 

expanding in monolayer with bFGF.  Subsequent pellet with TGF-β3 and to a lesser 

extent BMP-4 resulted in robust matrix production.  This multi-stage system for 

chondrogenic induction of pluripotent cells can be used to generate pellets with rich 

cartilage-like matrix.   
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6. Cartilage tissue engineering using differentiate d and 
purified induced pluripotent stem cells 

6.1 Introduction 

Tissue engineering has shown promise as a regenerative therapy for cartilage 

injury, but these strategies require a sufficient cell source (Song et al., 2004).  Genetic 

reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) (Takahashi 

and Yamanaka, 2006) can generate large numbers of patient-matched cells with 

chondrogenic potential.  In addition to providing a novel source of cells for therapy 

applications, a second important use of iPSC technology is to create cell and tissue 

models from specific patients for study and drug screening (Ebert et al., 2009; Israel et 

al., 2012; Park et al., 2008; Quarto et al., 2012; Saha and Jaenisch, 2009).  We propose that 

this principle can be used to create cartilage constructs from specific mouse strains for 

the mechanistic study of cartilage development, repair, and OA.  However, one of the 

major challenges with using iPSCs for cell therapy and in vitro modeling is the difficulty 

in achieving uniform differentiation to the cell type of interest (Yoshida and Yamanaka, 

2010).  A non-uniform cell population limits the effectiveness of the therapy or model, 

and also increases the risk for undifferentiated cells contained in the population to 

contribute to teratoma formation during in vivo studies (Blin et al., 2010).   

The goal of this study was to create tissue-engineered cartilage constructs from 

purified iPSCs.  To select for cells successfully differentiated toward the chondrogenic 

lineage, we performed micromass differentiation with bone morphogenetic protein-4 
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(BMP-4) and used flow cytometry to sort cells expressing green fluorescent protein 

(GFP) under control of the chondrocyte-specific type II collagen (Col2) 

promoter/enhancer (Grant et al., 2000).  The potential of differentiated and purified 

iPSCs to be used for cartilage repair was investigated using an in vitro cartilage defect 

model system. 

6.2 Materials and Methods 

6.2.1 Analysis of pluripotency and karyotype 

Tail fibroblasts from C57BL/6 (B6) mice were reprogrammed to pluripotency 

using a single doxycycline-inducible lentiviral vector controlling the transgenic 

expression of mouse cDNAs for Oct4 (also known as Pou5f1), Sox2, Klf4, and c-Myc 

(Carey et al., 2009) and cultured as described in chapter 5.  The Col2-GFP construct was 

introduced into undifferentiated iPSCs using nucleofection (Lonza) and B6 clone #7 was 

selected for further analysis based on a specific increase in expression of GFP after 

chondrogenic induction in micromass culture. 

Undifferentiated iPSCs on feeder cells were analyzed for alkaline phosphatase 

activity (Stemgent) or fixed with 4% paraformaldehyde (PFA, Electron Microscopy 

Sciences), permeabilized with 0.2% Triton X-100 (Sigma-Aldrich), and stained using 

DAPI or primary antibodies to Nanog (Abcam #21603), Oct4 (Abcam #19857), and 

SSEA1 (MC-480, Developmental Studies Hybridoma Bank) for immunofluorescence. 
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Teratoma formation analysis (Applied Stem Cell) was performed by injecting 0.5-

2x106 undifferentiated iPSCs with 30% Matrigel into the kidney capsule and testis of 6 

week-old SCID mice.  After approximately 5 weeks, tumors were removed and analyzed 

by histology for the presence of tissues from all three germ layers.  Additionally, 

chromosome counting and G banding were used to analyze the karyotype of the iPSCs 

(Applied Stem Cell).   

Undifferentiated iPSCs, passage 2 GFP+, passage 2 GFP-, and passage 2 unsorted 

cells, as well as tail fibroblasts before reprogramming, were analyzed using RT-PCR.  

The expression of Oct4/Pou5f1, Sox2, Klf4, and c-Myc was assessed using primers that 

recognized either endogenous copies only, or both endogenous and exogenous copies.  

Nanog was also analyzed for endogenous expression.  Primer sequences are found in 

Table 6-1.   

Table 6-1:  Primers for RT-PCR of pluripotency genes 
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6.2.2 Micromass culture for initial chondrogenic di fferentiation 

Feeder layer cells were removed using two subtraction steps of 45 minutes on 

tissue culture plastic separated by a day of culture on 0.1% gelatin (Sigma-Aldrich).  

Cells were resuspended at a concentration of 2x107 cells/ml, and micromasses were 

established by plating 2x105 iPSCs in 10 µl into individual 48 well plates (Corning) or as 

a set of 30 micromasses in a 10 cm dish (BD).  After 2-3 hour incubation, additional iPSC 

medium with 10% serum without LIF was added.  Twenty-four hours after establishing 

micromasses, the media was switched to serum-free chondrogenic differentiation 

medium containing DMEM-HG, NEAA, 2-me, ITS+ premix (BD), penicillin-

streptomycin (P/S, Gibco), 37.5 µg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich), and 

50 µg/ml L-proline (Sigma-Aldrich).  Micromasses were cultured for 15 days, with 50 

ng/ml mBMP-4 (R&D Systems) and 100 nM dexamethasone (DEX, Sigma-Aldrich) 

added to the chondrogenic medium during days 3-5 of culture only.   

6.2.3 Cell sorting 

Micromasses were digested for 1 hour using 0.4% collagenase type II 

(Worthington Biochemical), 1320 PKU/ml pronase (Calbiochem), and 10 µg/ml DNAse I 

(Worthington Biochemical).  Cells were centrifuged, incubated with 0.25% tryspin-

EDTA (Sigma-Aldrich) for 5 minutes, and resuspended in sort medium containing 

DMEM-HG, 2% FBS, DNAse I, 10 mM Hepes (Gibco), 2x P/S/F, and 33.3 nM propidium 

iodide (Biolegend) as a dead cell marker.  Cells were sorted based on GFP expression 
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using the 100 µM nozzle of a Cytomation MoFlo® sorter (Beckman Coulter).  Sorted 

cells were plated onto coverglass chambers (Nunc) for two days before 

immunocytochemistry for type II collagen (II-II6B3, Developmental Studies Hybridoma 

Bank). 

6.2.4 Cell expansion and pellet culture 

Cells sorted as GFP- or GFP+ were plated at 1x104 cells/cm2 on gelatin coated 

plates in chondrogenic expansion medium consisting of chondrogenic differentiation 

medium with the addition of 10% FBS and 4 ng/ml basic fibroblast growth factor (bFGF, 

Roche).  Cells were passaged upon sub-confluence every 2-3 days using 0.05% trypsin-

EDTA (Sigma-Aldrich).  After each passage, some cells were used to form pellets by 

centrifuging 2.5x105 cells at 200 xg for 5 minutes in 15 ml tubes.  Pellets were cultured in 

chondrogenic differentiation medium with the addition of 10 ng/ml TGF-β3 (R&D 

Systems) and 100 nM DEX for 21 days.     

6.2.5 Self-assembled constructs in agarose wells an d transwells 

To allow for the self-aggregation of cells, iPSCs were cultured at high density in 

custom-made agarose wells or on top of transwell inserts.  Agarose wells were 

constructed by inverting a mold with 5 mm diameter rods into molten agarose, forming 

a well with agarose on the sides and bottom.  Cells were delivered to the well at high 

density (2x106 in 90 µl) of serum-free chondrogenic media with DEX and allowed to self-

aggregate for 4 hours before the addition of chondrogenic media containing 10 ng/ml 
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TGF-β3.  For transwell cultures, 2x106 cells in 100 µl of serum-free chondrogenic media 

were delivered evenly across the top of 6.5 mm transwell inserts with 0.4 µm pores 

(Costar #3413) in 24 well plates.  Transwells located centrally in the plate were 

centrifuged for 5 minutes at 200 xg and then transferred to new wells on the plate 

containing chondrogenic media containing 10 ng/ml TGF-β3 and 100 nM DEX.  Self-

assembled constructs were cultured for 21 days before analysis.   

6.2.6 Biochemical analysis 

Some pellets were digested using pepsin and elastase over the course of 1 week 

at 4 °C and analyzed for type I and type II collagen using ELISA kits according to the 

manufacturer’s protocol as recommended (Chondrex).  Digested samples were also 

analyzed for glycosaminoglycans (GAGs) and DNA as described previously (Estes et al., 

2010).  DNA was converted to cell number using a value of 7.7 pg DNA per cell (Kim et 

al., 1988).  

6.2.7 Cartilage defect repair assay 

Cartilage explants of 5 mm diameter were taken from healthy areas of the 

femoral cartilage of 2-3 year old pigs and kept in chondrogenic differentiation medium 

containing 10% serum.  Explants were then cored using a 3 mm biopsy punch and 

immobilized on a thin layer of molten 2% agarose (type VII, Sigma-Aldrich) that was 

allowed to cool to seal the bottom.  Sorted cells in chondrogenic differentiation media 

were mixed 1:1 with 2% agarose for delivery to the defect area, achieving a final 
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concentration of 1x106 cells in 10 µl of 1% agarose.  Delivering 1% agarose only and 

immediately replacing the 3 mm cartilage core served as controls.  Samples were 

cultured for 21 days with chondrogenic differentiation medium containing 10 ng/ml 

TGF-β3 and 100 nM DEX.  After 21 days, samples were processed for histology or used 

to assess the mechanical strength of the defect repair by measuring the peak shear stress 

during a push-out test in a size-adjusted version of a described method (Hennerbichler 

et al., 2007).  In initial experiments, a 10% PEG-RGD hydrogel (method described in 

Chapter 5) solution containing 1x106 cells in 10 µl was delivered to the inner area of the 

cored explant and was photopolymerized within the defect.  A 1 mm defect was used 

for a trial experiment using a biopsy punch of self-assembled cartilage to fill the defect.   

The self-assembled construct was created using the transwell system and 1 mm biopsy 

punch with plunger (Miltex) was taken from the outer region and delivered directly to 

the defect.  

6.2.8 Statistical analysis 

Statistical analysis was carried out using a t-test for comparison of two groups 

and analysis of variance (ANOVA) with Fisher’s LSD post-hoc analysis for comparison 

of multiple groups, using α=0.05.  Normality was tested and data log-transformed before 

analysis if necessary.  For plots showing GFP+ and GFP- cells over passage, significance 

was only presented for comparisons between GFP- and GFP+ at each passage and to the 
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same cell type at passage 1.  Data are presented as mean ± standard error of the mean 

(SEM).   

6.3 Results 

6.3.1 Analysis of pluripotency and karyotype 

Cells formed rounded colonies on top of the feeder cells and displayed 

morphologic similarity to embryonic stem cells (ESCs), including a high nucleus to 

cytoplasm ratio (Figure 6-1A).  Cells showed positive staining for alkaline phosphatase 

activity, Nanog, Oct4/Pou5f1, and SSEA-1 (Figure 6-1A).  Additionally, undifferentiated 

iPSCs expressed Nanog and endogenous levels of the reprogramming factors at similar 

levels to endogenous and exogenous levels combined (Figure 6-1B).  Tail fibroblasts and 

sorted cells after 2 passages did not express Sox2, Oct4/Pou5f1, or Nanog, but did show 

expression of Klf4 and c-Myc .  Pluripotency was confirmed by the teratoma formation 

assay, in which undifferentiated cells formed tumors containing tissues of all three germ 

layers (Figure 6-1C).  Tumors formed in both the kidney and testis, and subsequent 

histology showed a variety of tissues including gland (endoderm), muscle (mesoderm), 

and neuronal rosettes (ectoderm).  The karyotype analysis of undifferentiated iPSCs 

indicated an interstitial deletion from 2D to 2F3 in chromosome 2 and the loss of the Y 

chromosome (Figure 6-2).   
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Figure 6-1: Characterization of pluripotency in iPSCs.  A) Colonies of iPSCs were 

analyzed for markers of pluripotency:  bright field (top left), DAPI (top right), 

alkaline phosphatase (middle left), nanog (middle right), Oct4/Pou5f1 (bottom left), 

and SSEA1 (bottom right), scale = 20 μm.  B) RT-PCR for pluripotency markers with 

primers that are specific to endogenous expression or recognize both endogenous and 

exogenous gene expression.  C)  Tumor formation kidney and testis (top left), with 

histology showing gland formation (endoderm, top right), muscle (mesoderm, bottom 

left), and neuronal rosettes (ectoderm, bottom right); 200x magnification. 
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Figure 6-2: Karyotype analysis of undifferentiated iPSCs.  The arrow indicates a 

translocation in chromosome 2.  The loss of the Y chromosome was noted.  

6.3.2 Cell sorting based on Col2-GFP expression 

The addition of BMP-4 and DEX during days 3-5 of micromass culture initiated 

chondrogenic differentiation of a subset of the iPSCs.  Using gates based on identically 

treated iPSCs without the Col2-GFP construct, approximately 10% of cells expressed 

GFP under the control of the Col2 promoter/enhancer (Figure 6-3A).  Among cells sorted 

as GFP+, 86.1% were identified as GFP+ upon immediate reanalysis and 0.3% were 

identified as GFP-.  Cells sorted as GFP+ displayed a rounded phenotype and showed 

expression of type II collagen, while cells sorted as GFP- were fibroblastic and did not 

produce type II collagen (Figure 6-3B).  Additionally, the chondrogenic gene expression 

of GFP+ and GFP- cells immediately after sorting was distinct (Table 6-2).  GFP+ cells 
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showed higher expression levels of Col2, Acan, Sox9, and Col10 as compared to GFP- 

cells, whereas GFP- cells had higher Col1 expression.  Both cell types showed a 

downregulation of the pluripotency marker Nanog as compared to day 0 

undifferentiated cells.   

 

Figure 6-3: Sorting of Col2-GFP cells.  A) Sort plots for d15 micromasses from iPSCs 

without the Col2-GFP construct (left), with the Col2-GFP construct (middle), and a 

representative analysis of sorted cells (right).  B) Immunocytochemistry for type II 

collagen two days after sorting for GFP- (left) and GFP+ (right), scale bar = 20 μm.   
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Table 6-2:  Gene expression of sorted cells (fold upregulation from day 0 

undifferentiated cells, mean ± SEM, n ≥ 4) 

 

6.3.3 Gene expression during monolayer expansion 

Sorted cells retained distinctive morphologies in monolayer culture, with GFP- 

cells being larger and more fibroblastic than GFP+ cells (Figure 6-4A).  In the presence of 

10% serum and bFGF, both GFP+ and GFP- cells showed extensive proliferation, with a 

2366 and 264 cumulative fold expansion over six passages, respectively (Figure 6-4B).  

The chondrocyte markers Col2 and Acan showed significantly higher expression in 

GFP+ as compared to GFP- cells after either one or two passages (Figure 6-4C).  The 

expression levels of Col2 and Acan decreased with passaging in both GFP+ and GFP- 

cells.  The expression of the early chondrocyte marker Sox9 was similar in GFP+ and 

GFP- cells and was generally stable over passaging, with the only significant effect being 

a decrease in expression of passage 3 GFP+ cells.  The hypertrophic chondrocyte marker 
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Col10 was higher in GFP+ cells as compared to GFP- at the first two passages.  Col10 

increased with passaging in GFP- cells, but did not significantly increase in GFP+ cells.   

Expression of Col1 was higher in GFP- cells as compared to GFP+ cells after the first 

passage.  Col1 increased in GFP+ cells after an additional passage, but was stable with 

passaging in GFP- cells.  

 

Figure 6-4: Monolayer expansion of sorted cells. A) Passage 2 cells after sorting for 

GFP+ (left) or GFP- (right), scale bar = 100 μm. B) Cumulative fold increase in cell 

number over passage, asterisk indicates significance to GFP- of same passage, n≥3 per 

group. C) RT-PCR for markers related to chondrogenesis.  Fold increase normalized to 

passage 1 GFP+ cells.  Asterisk indicates significance to GFP- of same passage, pound 

indicates significance to passage 1 of own cell type, and significance between other 

groups not shown; n≥3 per group.  
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6.3.4 Glycosaminoglycan content of pellets  

After monolayer expansion, cells were centrifuged to form pellets and cultured 

for 21 days with 10 ng/ml TGF-β3 and 100 nM DEX.  Pellet cultures from GFP+ cells 

were larger than those from GFP- cells, and the size of GFP+ pellets decreased with 

increased passaging.  Safranin-O staining of sectioned pellets demonstrated robust 

production of GAGs in the GFP+ pellets (Figure 6-5A).  In both p1 and p3 GFP+ pellets, 

the central region of the pellet did not show uniform GAG production, but p2 GFP+ 

pellets had rich GAG throughout the whole pellet.  Safranin-O staining was confined to 

the outer regions of GFP- pellets.  Quantification of GAG production supported the 

histology, as GFP+ pellets had more total GAG production than the corresponding GFP- 

pellet at each passage (Figure 6-5B).  While the total GAG was higher in p1 GFP+ pellets 

as compared to p2 GFP+ pellets, the GAG per cell was the highest in p2 GFP+ (Figure 6-

5C).   Passage 2 GFP+ pellets had an average weight of 1.08 ± 0.1 mg, resulting in 51.0 ± 

3.3 µg GAG per mg wet weight.  When DNA values were converted to approximate cell 

counts, p2 GFP+ pellets contained an average of 93,050 ± 8158 cells.   
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Figure 6-5: GAG content in pellets after cell expansion.  A) Safranin-O/Fast 

Green/Hematoxylin, scale bar = 100 μm.  B) Total GAG per pellet.  C)  GAG 

normalized to DNA content.  Asterisk indicates significance to GFP- of same passage, 

pound indicates significance to passage 1 of own cell type, and significance between 

other groups not shown, n≥4 per group 

6.3.5 Immunohistochemistry for collagen  

To further investigate the extra-cellular matrix produced by pellets, we 

performed immunohistochemical staining for different types of collagen.  Cartilage-

specific type II collagen was abundantly produced in the peripheral areas of all pellets 

(Figure 6-6).  Pellets from GFP+ cells had larger areas of type II collagen staining, 

whereas the central areas of GFP- pellets were largely devoid of staining.  Type VI 
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collagen was present throughout the matrix, including moderate staining in the central 

areas of pellets that did not show type II collagen staining.  The pellets showed little 

presence of type X collagen, with the exception of faint staining in passage 2 GFP+ and 

GFP- pellets.   
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Figure 6-6: Collagen immunohistochemistry of pellets.  Pellets cultured for 21 days 

with TGF-β3 were stained for type II, type VI, or type X collagen.  Positive control is 

mouse osteochondral section.  Scale bar = 100 μm. 
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6.3.6 ELISA for collagen quantification 

The amount of type II and type I collagen produced in pellets from GFP+ and 

GFP- pellets after 1-3 passages was quantified using ELISA.  GFP+ pellets showed more 

type II collagen production than the corresponding GFP- pellets at each passage, and the 

total type II collagen produced by GFP+ pellets went down with passaging (Figure 6-

7A).  When normalized to DNA, the maximal production of type II collagen per cell was 

in the p2 GFP+ pellets.  When normalized to wet tissue weight, p2 GFP+ pellets had 1.70 

± 0.14 µg type II collagen per mg wet weight.   

For type I collagen, GFP- pellets showed higher levels than GFP+ pellets at p1, 

but the amount synthesized went up over passage in GFP+ cells and went down over 

passage in GFP- cells (Figure 6-7B).  As a result, there was more type I collagen and 

more type I collagen per DNA in p3 GFP+ pellets as compared to p3 GFP- pellets.  

Similarly, the ratio of type II to type I collagen was significantly higher in p1 GFP+ 

pellets as compare d to p1 GFP-, but significantly higher in p3 GFP- pellets as compared 

to p3 GFP+ pellets.  Passage 2 GFP+ and GFP- cells were also analyzed for collagen 

content before being put into pellet culture.  While the type I collagen levels were not 

detectable, GFP+ cells had higher levels of total type II collagen as compared to GFP- 

cells (5.8 ± 0.31 ng vs. 0.31 ± 0.10 ng in 250,000 cells).   
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Figure 6-7: Type II and type I collagen content.  A) Type II collagen, total and 

normalized to DNA.  B) Type I collagen, total and normalized to DNA.  C) Type II to 

Type I collagen ratio.  In all graphs, asterisk indicates p<0.05 to GFP- of same passage 

and pound indicates p<0.05 to passage 1 of own cell type, n≥4 per group. 

6.3.7 Self-assembled construct formation 

Self-assembled constructs were established with passage 3 GFP+ cells using 

either an agarose well method or a transwell culture method.  After 21 days of culture 

with TGF-β3, constructs from the agarose well method were spherical and did not show 

GAG staining in the central areas of the construct (Figure 6-8).  In contrast, constructs 

formed using the transwell method were disc-shaped and showed GAG staining 

throughout the construct, although the presence of GAGs was highest in the periphery.  
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When the composition of p2 GFP+ transwell constructs (1x106 starting cells) were 

compared to p2 GFP+ pellets (2.5x105 starting cells), the transwells showed greater total 

GAGs (87.6 ± 2.8 vs. 53.9 ± 1.6 µg) and total type II collagen (1.87 ± 0.01 vs. 1.78 ± 0.02 µg) 

but lower GAG/DNA (36.6 ± 1.8 vs. 72.3 ± 3.7 µg) and type II collagen/DNA (0.78 ± 0.03 

vs. 2.39 ± 0.11 µg).   

 

Figure 6-8: Formation of self-assembled constructs.  After 21 days of culture with 

TGF-β3, self-assembled constructs formed with a 5 mm agarose mold or transwell 

inserts were photographed (scale shown is 1 mm) and stained for Safranin-O/Fast-

green/Hematoxylin, scale bar = 100 μm. 

6.3.8 Methods for treating in vitro cartilage defec ts 

An in vitro cartilage defect model was established to investigate the ability of 

iPSC-derived cells to contribute to defect repair.  Various methods were employed to fill 

the 3 mm inner core of a cartilage explant over the course of 21 days in culture with 

serum-free chondrogenic media containing 10 ng/ml TGF-β3  and 100 nM DEX (Figure 
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6-9).  Little to no integration occurred when native cartilage was immediately replaced 

after coring.  A direct injection of 1x106 passage 4 GFP+ cells formed a small volume of 

tissue that stained for GAGs at some areas of the cartilage interface.  Both 1% agarose 

and PEG-RGD hydrogels containing 1x106 cells filled most of the defect area.  Agarose 

gels showed integration with the surrounding cartilage but little GAG staining in the 

interior of the construct, while PEG-RGD hydrogels showed significant GAG staining 

throughout the interior of the construct but little integration with the cartilage.  Finally, a 

1 mm defect was filled using a biopsy punch of self-assembled cartilage.  The transwell 

system was used to culture constructs from passage 2 GFP+ cells for 7 days with TGF-β3 

before transfer to the defect and an additional 21 days of culture with TGF-β3.   

 

Figure 6-9: Filling of cartilage defect.  Inner cores of cartilage were removed and filled 

immediately with cored cartilage, cells only, agarose, PEG-RGD, or a self-assembled 

construct.  21 day culture with TGF-β3.  Scale bar = 100 μm. 
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6.3.9 Integrative strength of defect repair 

The mechanical integrity of the interface between the filled defect and the 

surrounding cartilage was assessed by a push-out test.  Agarose gels containing 1x106 

passage 3 GFP+ or GFP- cells were cultured for 21 days with TGF-β3 and showed 

integration between the gel and surrounding cartilage (Figure 6-10A) .  Both cell types 

significantly enhanced the integrative strength of the filled defect as compared to 

agarose alone or immediately replacing the cartilage core, with GFP+ cells providing 

highest peak shear stress before failure (Figure 6-10B).  The distribution of cells and 

GAGs within the construct was altered by the presence of the surrounding cartilage, as 

the gels within defects showed greater cellularity and staining near the defect edge 

(Figure 6-10A) while constructs without surrounding cartilage showed uniform 

distribution (Figure 6-10C).    
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Figure 6-10: Strength of integrative repair.  A) Inner cores of cartilage were removed 

and filled immediately with cored cartilage, agarose only, GFP+ cells in agarose, or 

GFP- cells in agarose.  21 day culture with TGF-β3.  Scale bar = 100 μm.  B) Repair 

strength measured using maximum shear strength during push-out test, n≥5, asterisk 

indicates p<0.05 to cartilage, pound indicates p<0.05 to agarose, and ampersand 

indicates p<0.05. C) Cells in agarose constructs were cultured without the presence of 

surrounding cartilage.  Scale bar = 100 μm. 
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6.4 Discussion 

We sought to produce cartilage tissue-engineered constructs from murine iPSCs 

in order to establish a model system that harnesses the power of mouse genetics for in 

vitro studies of cartilage injury and osteoarthritis.  We accomplished this by using 

micromass culture with BMP-4 to induce chondrogenesis, sorting for cells expressing 

Col2, expanding sorted cells for several passages with bFGF, and culturing pellets for 21 

days with TGF-β3.  The multi-phase approach generated cells that formed constructs 

with robust GAG and type II collagen production.     

There are many advantages to using iPSCs for developing cartilage model 

systems.  First, because iPSCs can proliferate indefinitely in the undifferentiated state, 

large numbers of tissue constructs can be made for high throughput analysis and drug 

screening.  Second, iPSCs can be obtained from patients regardless of age or disease 

state, as has been demonstrated using chondrocytes and synovium from OA patients 

(Kim et al., 2011; Wei et al., 2012).  Tissue models from specific patients or mouse strains 

allow for the possibility of testing personalized treatments and for the study of unique 

phenotypes (Meng et al., 2010; Robinton and Daley, 2012).  In OA research, generating 

tissue models from knockout mice that are either susceptible to OA or are protected 

from OA may allow for mechanistic investigations that are challenging to do in animal 

models.  Third, since non-invasive starting cells such fibroblasts or blood cells can be 

used to generate iPSCs, unnecessary surgery is avoided and there is the possibility of 
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establishing banks to cover a wide range of patient populations (Nakatsuji et al., 2008).  

Finally, it is important to note that many of the initial successful iPSC models relied on 

specific genetic mutations related to a particular disease (Park et al., 2008).  However, 

recent work has shown that iPSCs from a complex, polygenic disease such as sporadic 

Alzheimer’s were able to recapitulate the functional deficit of neuronal cells (Israel et al., 

2012).  This opens up the possibility that patients or mouse strains with subtle OA risk 

factors such as single nucleotide polymorphisms (Loughlin, 2011), particular biomarkers 

(Kraus, 2011), or obesity (Griffin and Guilak, 2008) may generate iPSC-derived cartilage 

models that demonstrate enhanced susceptibility to degradation.     

The successful reprogramming of mouse tail fibroblasts was verified by 

morphology, the presence of pluripotency markers, and teratoma formation involving 

differentiation to cell types of all three germ layers.  The pluripotency markers were lost 

after the iPSCs were subjected to micromass culture and further monolayer expansion.  

GFP-, GFP+, and unsorted cells after two passages were negative for pluripotency 

markers in a RT-PCR panel and immediately sorted cells showed a dramatic reduction 

in Nanog by quantitative PCR.  The karyotype of undifferentiated iPSCs was mostly 

normal, with the loss of a sex chromosome and small translocations a common finding 

in cultured pluripotent cells (Ben-David and Benvenisty, 2012; Rebuzzini et al., 2008; 

Sugawara et al., 2006).    
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We sorted cells at the end of the micromass culture based on the expression of 

GFP controlled by the Col2a1 promoter/enhancer.  This allowed us to demonstrate the 

importance of cell population homogeneity in creating cartilage tissue models.  GFP+ 

and GFP- cells showed clear differences in morphology, proliferation rate, and gene 

expression in monolayer culture, indicating that the sorting procedure did generate a 

distinct and more well-defined starting cell population.  Pellets from GFP+ and GFP- 

cells confirmed these observations, as GFP+ cells produced larger pellets with increased 

production of cartilage matrix consisting of GAGs and type II collagen.  The sorting for 

GFP+ cells not only enhanced the chondrogenic properties of the tissue-engineered 

constructs, but also served to eliminate undifferentiated cells that could potentially form 

teratomas upon transplantation.  The benefit of using defined starting cell populations 

for iPSC-based therapy was demonstrated in a study showing that positive sorting for a 

cardiovascular progenitor marker not only encouraged robust cardiac repair in vivo, but 

also eliminated the teratoma formation associated with unpurified differentiated cells 

(Blin et al., 2010).   

Passaging the sorted cells in monolayer culture had an effect on the cell 

phenotype, with a reduction in Col2 and Acan gene expression along with increased 

Col1 expression.  This was expected, as human and murine chondrocytes are known to 

rapidly undergo a transition to dedifferentiated chondrocyte phenotype (Darling and 

Athanasiou, 2005; Gosset et al., 2008).  Interestingly, the pellets formed from passage 2 



 

156 

GFP+ cells showed a more uniform distribution of GAG staining and higher synthesis of 

GAG and type II collagen per cell than passage 1 GFP+ cells.  This could be due to a 

preferential expansion of more chondrogenic subsets of the GFP+ cells.  Sox9, a marker 

of chondroprogenitors, actually showed a trend toward increasing with an additional 

passage as opposed to the rapid decrease seen with Col2 and Acan.  This phenomenon 

has been noted in other cell types, as monolayer culture with bFGF and other growth 

factors can expand chondrocyte clones with greater differentiation potential (Barbero et 

al., 2003), and the presence of bFGF during expansion enhances the proliferation and 

chondrogenic capacity of MSCs (Bianchi et al., 2003; Solchaga et al., 2005).  This 

preferential expansion of a chondrogenic subset may explain the finding that pellets 

from GFP- cells showed a reduction in type I collagen with passaging and an increase in 

the type II to type I collagen ratio.  However, pellets from passage 3 GFP+ cells lost the 

ability to form homogeneous cartilaginous pellets and the type II to type I collagen ratio 

went down with passaging.  These data suggest that competing processes occur during 

monolayer expansion that depend on the initial chondrogenic state of the cells, as 

expansion of highly chondrogenic subsets may be balanced by the dedifferentiation that 

also occurs during monolayer culture.   

Identifying the specific collagen composition of pellets using 

immunohistochemistry gives an indication of how well the iPSC-derived tissue-

engineered constructs can serve as an in vitro model for cartilage.  The pellets from 
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passage 2 GFP+ cells demonstrated robust production of hyaline cartilage specific type II 

collagen, and were generally negative for the hypertrophic chondrocyte marker type X 

collagen.  The avoidance of a hypertrophic chondrocyte phenotype was of particular 

interest because of the observation that this process occurs during chondrogenesis with 

adult stem cells (Dickhut et al., 2009; Pelttari et al., 2006).  Due to the high cellularity of 

the pellets, staining for type VI collagen was widespread, even though this protein is 

typically localized to the pericellular matrix in mature cartilage (Poole et al., 1988).  

Taken together, the positive staining of types II and VI collagen coupled with the lack of 

type X collagen indicate that the iPSC-derived pellets at 21 days have a similar 

composition to articular cartilage.   When compared to native cartilage values per 

milligram of wet tissue, p2 GFP+ pellets have similar GAG, less type II collagen, and 

more cells (Hoemann, 2004).  

Autologous chondrocyte implantation (ACI) is the only cell-based treatment that 

is FDA-approved for treating focal cartilage defects (Carticel™, Genzyme Biosurgery).  

However, an additional surgery is required for chondrocyte harvest, which only yields 

approximately 200,000 cells (Minas, 2001).  The harvested chondrocytes are therefore 

expanded in culture to obtain sufficient cell quantities, but this process results in 

dedifferentiation with potential deficiencies in the long-term durability of newly formed 

tissue (Dell'Accio et al., 2001; Knutsen et al., 2007; Peterson et al., 2002).  To evaluate 

iPSCs as a novel cell source for cartilage defect repair, an in vitro model was established 
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using cored cartilage explants.  Similar in vitro defect repair models have been useful for 

evaluating novel cell sources and the integration of neotissue with surrounding cartilage 

(de Vries-van Melle et al., 2012; Enders et al., 2010; Obradovic et al., 2001; Vinardell et 

al., 2009).  We used this system to screen several cell delivery methods for the ability to 

fill the entire defect and integrate with the surrounding cartilage.  Delivering cells alone 

formed a small area of new tissue, but could not fill the entire defect.  Utilizing a PEG-

RGD hydrogel enhanced the chondrogenesis of the cells throughout the gel, but limited 

integration was seen with the surrounding cartilage.  Agarose gels containing 1x106 cells 

were able to fill the defect and show good integration with the surrounding cartilage.  

Additionally, using a transwell method for forming self-assembled cartilage constructs 

provided a disc-shaped tissue that could integrate with the surrounding cartilage when 

transferred to the defect with a biopsy punch.  

The ability of newly formed tissue to integrate with the surrounding cartilage is a 

challenging feature of cell-based treatments for cartilage defects  (Steinert et al., 2007).  

Histological sections demonstrated good integration of both GFP- and GFP+ cells in 

agarose with the cartilage surrounding the defect.  To test the mechanical strength of the 

integration, we performed a push-out test.  The shear strength of the repair was highest 

with GFP+ cells as compared to GFP- cells as well as agarose only and immediately 

replaced cartilage.  These data indicate that iPSCs have potential as a novel cell source 

for cartilage defect repair.  
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6.5 Summary 

This study provided a proof of principle strategy for using iPSCs as a cell source 

for cartilage tissue engineering.  The ability to derive large numbers of cells with 

chondrogenic potential from a non-invasive starting population is an important advance 

for the development of cell therapy strategies to treat osteoarthritis.  Additionally, 

techniques to separate a defined cell population from undifferentiated and off-target cell 

types are essential for maximum therapeutic effectiveness and minimum risk of 

teratoma formation.  This work also established a tool for performing mechanistic in 

vitro studies using iPSCs from mouse strains with specific phenotypes related to 

cartilage development, repair, and osteoarthritis. 
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7. Summary and Conclusions 

This work sought to develop new techniques and approaches to extend the 

manner in which stem cells can be used for the study, prevention, and treatment of 

cartilage injury and osteoarthritis (OA).  Treatment strategies were addressed in 

cartilage tissue engineering studies to investigate the effect of cell microenvironments 

and growth factor combinations on the chondrogenesis of human adult stem cells.  

Prevention of OA was pursued by providing stem cell therapy in the context of post-

traumatic arthritis (PTA) after intra-articular fracture in mice.  Finally, the study of 

cartilage injury and OA was engaged by establishing a system for generating a large 

number of tissue-engineered constructs from mouse strains of interest through the use 

of induced pluripotent stem cells (iPSCs).   

In Chapter 2, we showed data to support the hypothesis that human adipose-

derived stem cells (ASCs) and bone marrow-derived mesenchymal stem cells (MSCs) 

display distinct responses to chondroinductive growth factors and cell 

microenvironments.  In general, MSCs showed higher upregulation of chondrogenic 

genes and more matrix synthesis as compared to ASCs in the specific conditions studied.  

ASCs showed greater ACAN1 upregulation in response to bone morphogenetic protein-

6 (BMP-6) as compared to transforming growth factor beta-3 (TGF-β3) and more type II 

collagen production with media containing serum, whereas MSCs showed greater 

ACAN1 upregulation in response to TGF-β3 as compared to BMP-6 and less type II 
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collagen production with the presence of serum.  MSCs showed a reduction in 

expression of the hypertrophic chondrocyte marker type X collagen in cartilage-derived 

matrix (CDM) scaffolds as compared to alginate beads, illustrating the potential 

influence of cell-matrix interactions during differentiation.   

In Chapter 3, we established a method for the rapid expansion of purified 

murine mesenchymal stem cells by sorting for PDGFRα+/Sca-1+ cells and culturing them 

at 2% O2.  This was an important technical advance, as the difficulty in expanding a pure 

population of MSCs has limited the ability to study how stem cells are related to 

particular mouse phenotypes.  Unexpectedly, the control strain B6 harbored MSCs with 

greater proliferation and more robust differentiation than the MRL “superhealer” 

mouse.  These data suggested that either enhanced stem cell function is not the cause of 

the regenerative capabilities of the MRL mouse, or that in vitro characterization is 

insufficient to observe the mechanism behind the MSC contribution to MRL healing.   

In Chapter 4, we supported the hypothesis that delivering MSCs to the knee joint 

after fracture can prevent the development of PTA.  We showed that a single intra-

articular injection of 10,000 MSCs eliminated the difference in histological OA grading 

between control and fractured limbs.  MSCs from either B6 or MRL “superhealer” mice 

were sufficient to prevent PTA, indicating that a different injury model may be required 

to distinguish the regenerative potential of B6 and MRL MSCs.  MSCs altered the 

timecourse and magnitude of anti-inflammatory cytokines in the serum and synovial 
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fluid, and also encouraged a more robust bone healing response.  Future work on the 

prevention of PTA could take advantage of the proposed mechanisms for stem cell 

therapy to investigate other strategies that mimic these key functions of the cells, such as 

anti-inflammatory agents.    

In Chapter 5, we provided a detailed analysis of factors influencing the 

effectiveness of iPSC chondrogenesis as assessed by chondrogenic gene upregulation, 

the yield of cells positive for green fluorescent protein under the control of the type II 

collagen promoter/enhancer (GFP+) cells, and the production of cartilaginous matrix.  

Micromass and pellet culture systems provided a supportive environment for the 

chondrogenesis of undifferentiated iPSCs, whereas monolayer, embryoid body, agarose, 

and CDM scaffolds did not.  Serum was detrimental to chondrogenesis in all systems 

tested and even 1% serum during micromass culture abolished the chondrogenic effects 

of growth factors.  BMP-4 provided consistent upregulation of chondrogenic genes, and 

the yield of GFP+ cells was enhanced by providing the growth factor during only days 3-

5 of culture.  Expansion of GFP+ cells after sorting was facilitated by basic fibroblast 

growth factor (bFGF), and subsequent pellet culture with TGF-β3 showed more type II 

collagen and less type X collagen than pellet culture with BMP-4.  Thus, a multi-stage 

chondrogenic differentiation protocol for iPSCs was developed that involves serum-free 

micromass culture with BMP-4, sorting for GFP+ cells, expansion with bFGF, and pellet 

culture with TGF-β3.    
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In Chapter 6, we employed the multi-stage chondrogenic differentiation protocol 

to generate iPSC-derived cartilage pellets.  Pellets showed extensive deposition of 

glycosaminoglycans (GAGs) and types II and VI collagen without significant production 

of type X collagen.  The importance of sorting successfully differentiated cells was 

affirmed by the enhanced gene expression and matrix synthesis in GFP+ as compared to 

GFP- cells.  Monolayer expansion decreased the chondrogenic gene expression of GFP+ 

cells, but passage 2 GFP+ cells produced the most homogenous pellets and synthesized 

the most GAGs and type II collagen per cell.  GFP+ as well as GFP- cells also 

demonstrated the ability to contribute to the integrative repair of cartilage defects using 

an in vitro model.  These data demonstrate the potential of iPSCs to provide an 

abundant source of cells for cartilage therapies from a non-invasive starting population.  

Additionally, the ability to produce cartilaginous pellets from iPSCs establishes a system 

that can be used to perform in vitro studies on cartilage from specific mouse strains.  

One application would be to apply catabolic stimuli to pellets from various mouse 

strains with a high risk for OA in order to assess the interaction of genetic and 

environmental factors, an important issue in determining risk factors of OA.   

A variety of stem cells were used throughout this dissertation in order to gain 

insight into chondrogenesis, cartilage regeneration, and cartilage injury.  The lessons 

learned regarding the interplay of stem cells and cartilage are valuable for developing 

regenerative medicine therapies for the prevention and treatment of OA.  For example, 
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the observations that cell-matrix interactions in CDM scaffolds can suppress 

chondrocyte hypertrophy and that ASCs and MSCs respond in distinct fashion to 

particular growth factors will help guide cartilage tissue engineering strategies.  Also, 

the novel finding that stem cell therapy has the potential to prevent the development of 

accelerated OA due to joint injury offers a promising avenue for future work in treating 

patients before extensive degradation of cartilage has occurred. 

In an attempt to rigorously answer fundamental questions regarding stem cells 

and cartilage, techniques were developed that will allow other investigators to pursue 

related questions.  This work demonstrated the value of expanding purified murine 

MSCs at low oxygen tension and represents the first time that MSCs have been directly 

delivered to mouse knee joint.  Additionally, we developed systems for exploring new 

paradigms in cartilage and OA research.  With iPSC-derived cartilage models, the power 

of mouse genetics can be converted to an in vitro format for greater control and 

expanded scale during mechanistic experiments.  In principle, the multi-stage approach 

to pre-differentiate and sort iPSCs can also be used on human iPSCs for generating 

therapeutic cells or patient-specific cartilage models for personalized drug screening.  

The diverse applications pursued in this research illustrate the power of stem cells to 

guide both the understanding of cartilage and the development of therapies aimed at 

preventing and treating cartilage injury and OA.  
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