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Abstract

Self assembly of fibrochondrocytes and human embryonic stem cells for tissue

engineering of fibrocartilage 

By

Gwendolyn M.B. Hoben

Injuries to the fibrocartilage of the knee, the medial and lateral menisci, present a 

particular challenge: the tissue is incapable of self-repair and the long-term outcomes of 

meniscectomy are osteoarthritis and disability. A tissue engineered knee meniscus, 

recapitulating the extracellular matrix (ECM) and mechanical function of the native 

tissue, is a possible solution. It is hypothesized that by studying the application o f  

scaffoldless techniques to cultures o f fibrochondrocytes and co-cultures o f  chondrocytes 

and fibrochondrocytes, then modifying the technique to increase ECM synthesis, 

biomechanically robust neofibrocartilage will be created. Having developed successful 

methodologies with primary cells, it is hypothesized that human embryonic stem cells 

(hESCs) can be differentiated to cells producing matrix similar to that found in native 

fibrocartilage and these differentiated cells can be used to tissue engineer fibrocartilage.

This thesis addresses these hypotheses through five specific aims: 1) examine self 

assembly of fibrochondrocytes and co-cultures of fibrochondrocytes and chondrocytes; 2) 

study the use of staurosporine, an actin-modifying agent, to increase ECM synthesis and 

decrease construct contraction; 3) modulate ECM synthesis and mechanical properties in 

fibrochondrocyte and co-culture constructs through TGF-f31 treatment and base medium 

serum content; 4) apply the self assembly technique to differentiated hESCs to create
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fibrocartilage constructs; and 5) evaluate two differentiation techniques with hESCs for 

fibrocartilaginous matrix production.

Specific Aims 1-3 resulted in the successful application of a scaffoldless 

technique to create fibrocartilage constructs. Co-cultures of chondrocytes and 

fibrochondrocytes resulted in robust constructs composed of glycosaminoglycans and 

collagen type I, II, and VI. Use of serum-free chondrogenic medium resulted in enhanced 

glycosaminoglycan density and compressive stiffness, such that these constructs 

successfully recapitulate many of the biochemical and mechanical characteristics of 

native tissue. Specific Aims 4-5 applied the self assembly technique to hESCs. Using the 

H9 hESC line and a differentiation time of 3 weeks, matrix production and function were 

optimized with respect to the BG01V hESC line. Further improvement in the 

differentiation phase was achieved through treatment with BMP-4 + TGF-J33.

These experiments represent a significant achievement in fibrocartilage tissue 

engineering that lays critical foundations for future in vivo studies of this potential 

therapy.
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Introduction

The overall objective of this thesis was to 1) examine and enhance a scaffoldless 

approach to fibrocartilage tissue engineering and 2) develop human embryonic stem cell 

(hESC) technologies for fibrocartilage tissue engineering (Figure 1). As presented in 

Chapter 1, regenerative medicine approaches to fibrocartilage pathologies are greatly 

needed as there are no currently effective therapies for injuries to fibrocartilage of the 

knee. In examining scaffoldless approaches and the use of hESCs, the outcomes of this 

thesis represent a significant stride forward in the field of fibrocartilage tissue 

engineering.

In the first component of the global objective, the biochemical and functional properties 

of the knee meniscus were recreated using primary cells obtained from both meniscal 

fibrocartilage and articular cartilage. The neotissue constructs were then further 

modulated and enhanced by using an actin modifying agent, the addition of a growth 

factor, and varying the serum content of the medium. In studying the application o f  

scaffoldless techniques to fibrocartilage tissue engineering and then modifying the 

technique to increase construct dimensions and ECM synthesis, it is hypothesized that 

biomechanically robust neofibrocartilage will be created with matrix reflective o f the 

native tissue. This hypothesis was tested through the following specific aims:

1) To examine the capacity of fibrochondrocytes and co-cultures of 

fibrochondrocytes and chondrocytes to self assemble.
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This aim was approached by first assessing baseline differences in chondrocyte and 

fibrochondrocyte aggregation. It was hypothesized that chondrocytes and 

fibrochondrocytes aggregate differently which may reflect differences in their capacity to 

self assemble. Next, self assembled fibrochondrocyte and co-culture constructs were 

compared to the self assembly gold-standard, 100% chondrocytes. Both adherence (tissue 

culture plastic) and non-adherence (agarose coated wells) culture methodologies were 

assessed. It was hypothesized that non-adherence culture is likely to be beneficial 

compared to adherence culture, and co-culture constructs are expected to produce more 

ECM compared to the pure fibrochondrocyte constructs. Biochemical differences 

amongst the groups were evaluated with immunohistochemistry for collagen type I and 

II, and total collagen and total glycosaminoglycans were measured. Biomechanical 

functionality was also assessed with compression stress-relaxation testing. To compare 

these constructs to native tissue, bovine fibrocartilage was analyzed to establish native 

values. This work represents the first scaffoldless approach to fibrocartilage tissue 

engineering and the first use of a co-culture of fibrochondrocytes and chondrocytes to 

create fibrocartilaginous tissue.

2) To study the use of staurosporine, an actin modifying agent, to prevent construct 

contraction and enhance ECM synthesis in fibrochondrocyte constructs.

The first component of this aim was to establish an effective dose range of staurosporine 

that beneficially affects gene expression related to fibrocartilage ECM synthesis. It was 

specifically hypothesized that increasing doses would upregulate gene expression 

associated with fibrochondrocyte re-differentiation. This hypothesis was assessed using
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quantitative mRNA analysis. Next, the effective dose range was taken to the tissue 

engineering level and applied to constructs to evaluate the hypothesis that treatment 

1would result in enhanced ECM production, likely reflective o f the gene expression 

results. Moreover, a decrease in construct contraction, concomitant with a reduction in 

aSMA, was expected. This study examined a novel treatment to prevent the deleterious 

effects of dedifferentiation observed with fibrochondrocyte culture and showed 

interesting applications to fibrocartilage tissue engineering.

3) To apply a growth factor, TGF-pi, and evaluate a serum-free media formulation 

for producing fibrocartilage constructs.

Having established the self assembly technique to make fibrocartilaginous neotissues, 

this study, in parallel with Aim 2, sought to shift the biochemical and mechanical 

properties closer to those of native tissue. Specifically, it was hypothesized that the 

combination o fTG F -fl and 10% FBS medium is expected to result in the greatest ECM  

production while combination with serum-free medium will result in greater mechanical 

stiffness. Self assembled fibrochondrocyte and co-culture constructs were both found in 

Aim 1 to be promising methodologies to produce different forms of fibrocartilaginous 

tissue and thus, both were evaluated. Quantitative biochemistry including total GAG, 

total collagen, and ELISAs for specific collagens were employed. The robust mechanical 

properties of the neotissues also merited compressive and tensile testing. Using these 

treatment combinations, the functionality and range of properties displayed by the 

constructs was significantly increased.
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In Chapters 2-4, the approach and progress achieved by these aims is described in detail. 

First, Chapter 2 describes the first foray of fibrocartilage tissue engineering into a 

scaffoldless methodology and the use of a co-culture of primary cells. The extensive 

evaluation of staurosporine and its effects upon gene expression and matrix production in 

fibrochondrocytes are addressed in Chapter 3. Chapter 4 describes how the scaffoldless 

and co-culture techniques developed in Specific Aim 1 were further refined to create a 

robust neofibrocartilage recapitulative of the native tissue. The significance of this work 

is that by manipulating the primary cell source (100% fibrochondrocytes versus a co

culture with chondrocytes), base medium (10% serum versus serum-free ‘chondrogenic’), 

and specific additives (TGF-|31, staurosporine) a range of neotissues demonstrating a 

spectrum of ECM and mechanical properties can be created. Moreover, technologies 

developed using primary cells may guide our understanding of the parameters that 

enhance the growth of self assembled fibrocartilage constructs, such that we can apply 

that understanding to alternative cell sources.

The second arm of this work sought to characterize and advance the use of hESCs for 

fibrocartilage tissue engineering. The characterization was begun by establishing self 

assembly methods for hESCs, identifying appropriate differentiation timelines, and 

comparing two hESC lines. To further refine the process, co-cultures and growth factor 

combinations were examined for their utility in fibrocartilage differentiation. The 

overarching hypothesis o f this work was that hESCs can be differentiated to cells 

producing matrix similar to that found in native fibrocartilage and that these 

differentiated cells can be used in tissue engineering strategies for fibrocartilage. These
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cells possess the advantage of being indefinitely expandable and malleable to 

differentiation, so as to produce different types of tissues and may, thus, be an effective 

cell source for fibrocartilage tissue engineering. hESCs were studied in the following 

specific aims:

4) To apply a self assembling process to differentiated hESCs to create 

fibrocartilage constructs.

This aim sought to lay a foundation for future studies employing self assembly and 

hESCs. First, it was hypothesized that hESC embryoid bodies can be differentiated to 

chondrocyte-like cells using growth factor combinations. Furthermore, these 

differentiated embryoid bodies can then be assembled to produce neotissue, or 

dissociated to a single cell suspension and then self assembled. The resulting constructs 

were evaluated biochemically and biomechanically to elucidate the effect of the various 

differentiation techniques and the self assembly techniques. Additional components of a 

successful methodology for hESC differentiation are the time allowed for differentiation 

in embryoid body form and the cell line utilized for analysis. The hypothesis for this 

phase is that matrix produced in the embryoid bodies as they differentiate will reflect the 

matrix and properties o f  the resulting constructs. Moreover, hESC lines may show 

varying utility for study toward fibrocartilage applications. To address this hypothesis, 

two hESC lines (H9 and BG01V) were compared and differentiation time was varied 

from 1 to 6 weeks. This work was the first to propose and study the use of hESCs for 

fibrocartilage tissue engineering.
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5) Evaluation of two differentiation techniques with hESCs for the synthesis of 

fibrocartilaginous matrix.

Having laid a foundation for fibrocartilage engineering strategies with hESCs in Aim 4, 

this aim sought to refine and specify the differentiation strategy toward fibrocartilage. 

Combinations of growth factors and co-cultures with primary cells were studied using 

hESC ‘spin embryoid bodies.’ It was hypothesized that combinations o f TGF-f3 and a 

BMP isoform would result in the greatest increase in GAG and collagen synthesis, while 

the co-cultures would affect specific collagen production. It was also hypothesized that 

specific cell surface markers would change as the cells differentiated and produced 

fibrocartilaginous matrix. This aim was addressed via quantitative biochemistry, 

histology, and flow cytometry analysis. This is the first comprehensive effort toward 

identifying a strategy for fibrocartilage differentiation. Furthermore, the analysis of cell 

surface marker changes with differentiation establishes a powerful new tool for 

fibrocartilage tissue engineering.

Chapters 5-7 describe Aims 4 and 5 in detail. The first study examining scaffoldless 

tissue engineering with hESCs and two methods of self assembly are specifically 

addressed in Chapter 5. Next, the issue of differentiation time and hESC cell line 

significance is discussed in Chapter 6. Finally, Specific Aim 5 is resolved in Chapter 7. 

Overall, techniques to differentiate and culture hESCs toward fibrocartilage were tested 

in the 2nd global objective of this thesis. These studies have established a new cell source 

for fibrocartilage tissue engineering that has great promise for clinical utility.
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Chapter 1: Meniscal repair with fibrocartilage engineering

* Chapter published as: Hoben G, Athanasiou KA. Meniscal repair with fibrocartilage 
engineering. Biomaterials in Sports Medicine Issue: Sports Medicine and Arthroscopy 
Review: 2006, 14(3), 129-137.
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Abstract

Injuries to the knee meniscus, particularly those in the avascular region, pose a complex 

problem and a possible solution is tissue engineering of a replacement tissue. Tissue 

engineering of the meniscus involves scaffold selection, addition of cells, and stimulation 

of the construct to synthesize, maintain or enhance matrix production. An acellular 

collagen implant is currently in clinical trials and there are promising results with other 

scaffolds, composed of both polymeric and natural materials. The addition of cells to 

these constructs may promote good matrix production in vitro, but has been studied in a 

limited manner in animal studies. Cell sources ranging from fibroblasts to stem cells 

could be used to overcome challenges in cell procurement, expansion, and synthetic 

capacity currently encountered in studies with fibrochondrocytes. Manipulation of 

construct culture with exogenous growth factors and mechanical stimulation will also 

likely play a role in these strategies.
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Introduction

One of the first tissues to be targeted in the field of tissue engineering was articular 

cartilage. The avascular nature of this tissue and its hypocellular composition make it 

incapable of self-repair following injury. These same attributes make it an excellent 

candidate for tissue engineering since it would not require the vascularization that makes 

soft organ engineering so challenging. Cartilage tissue engineering has not been without 

challenges and fully functional tissue replacements have not yet been realized, although, 

considerable strides have been made. More recently, research efforts have been put into 

engineering the fibrocartilage of the knee, in particular, the medial meniscus.

Medial meniscus tears, a common knee injury, can occur during sporting events or even 

heavy lifting. These injuries lead to poor mechanical function of the knee and eventually 

result in degenerative changes in both the femur and tibia.1 When there is a tear in the 

vascularized periphery of the tissue some amount of repair can be expected. Injury to the 

avascular portion, in contrast, is only rarely repaired with satisfactory restoration of 

function.2 These injuries are frequently treated by a partial or total meniscectomy, but 

these procedures, like the injury itself, are associated with long-term conditions such as 

osteoarthritis, pain, and decreased functionality.3'5 The best possible treatment is 

complete replacement of the injured tissue and this can be accomplished with an 

allograft. Donor availability, potential disease transmission, and risk of tissue rejection 

prevent allograft transplantation from being a viable option for many patients. Moreover, 

it has been found that allografted menisci tend to shrink over time with a concomitant
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reduction in functionality.6 These difficulties provide the motivation for research toward 

tissue engineering a meniscal replacement.

Using the native meniscus as a model, the desired replacement tissue would 

predominantly be type I collagen in the fibrous outer two-thirds of the tissue and a 60:40

n

mix of type II collagen and type I collagen in the inner portion of the tissue. 

Proteoglycans, characterized by glycosaminoglycans (GAG) such as chondroitin-sulfate,
Q

keratan-sulfate, and dermatan-sulfate, should comprise the remainder of the dry weight. 

The new tissue must be capable of sustaining the compressive and tensile strains 

produced by normal joint motion, preventing degenerative changes in the articular 

cartilage of the joint, and restoring functionality. Toward that end, the predominant 

strategy for tissue engineering is to fabricate a scaffold, implant cells on the scaffold, and 

then manipulate the culture of the scaffold-cell construct to create the extracellular matrix 

(ECM) necessary for complete tissue formation. The first step of this process has been 

the focus of most research in tissue engineering the meniscus thus far and has resulted in 

acellular constructs already in clinical trials. As viable scaffolds are identified, cell source 

becomes an important issue in the push towards clinical relevancy. For proof of concept, 

the use of autologous primary meniscal cells is sufficient, but a more practical cell source 

must be identified if this technology is to be brought to patients. Finally, once a cell 

source is identified, the cells must be manipulated to obtain the actual tissue. This 

involves optimizing cell culture to either gain desirable changes in matrix synthesis or to 

prevent the loss of inherent desirable characteristics. Exciting research in areas ranging 

from hydrogel synthesis to embryonic stem cells is addressing these challenges.
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Scaffolds

Acellular approaches

The least complicated tissue engineering scheme incorporates a scaffold into the injury 

site such that native fibrochondrocytes can migrate into and populate the scaffold. This 

allows the joint itself to serve as a natural bioreactor for the growing tissue. The scaffold 

in this strategy must be able to immediately support the mechanical functions of the 

meniscus as the cells migrate in and produce ECM over time. One of the earliest 

scaffolds to be used was composed of bundles of carbon fibers alone or mixed with 

polylactic acid (PLA) polymer: in animal models these scaffolds were infiltrated by 

native tissue but produced a predominantly fibrous tissue.9'12 The most extensively 

studied scaffolds in meniscus replacement have been degradable polyurethane scaffolds. 

These scaffolds have been shown to facilitate complete tissue infiltration in wedge- 

shaped defects. Over time, the collagen type I matrix that was produced became mixed

IT 1 ^with collagen type II to produce a fibrocartilage-like tissue. ' In animal models these 

constructs decreased the degeneration of nearby articular cartilage compared to 

meniscectomy controls.15 Most recently, Tienen et al.n  implanted a polyurethane 

scaffold in dogs and found that the remaining native tissue integrated well with the 

scaffold and a collagenous ECM was produced. While some degeneration of nearby 

articular cartilage was evident, the new tissue construct increased in compressive stiffness 

as cells and matrix accumulated, although not to the level of native tissue. Many other 

polymer scaffolds such as poly(p-dioxanone)/PLA, 1,4 butanediisocyanate foams, Teflon, 

and poly-vinyl alcohol hydrogels have also been studied for meniscal regeneration, but
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articular degeneration was not fully prevented and the biomechanical properties of the 

resulting constructs did not match those of native tissue.16'19

Animal studies have also been performed on scaffolds based on natural materials such as 

fibrin, small intestine submucosa, and collagen.20'23 A collagen scaffold made from 

bovine Achilles tendon, the collagen meniscus implant (CMI), has shown significant 

success in patients and is currently being evaluated in a multicenter clinical trial in the 

US.24 The CMI increases Lysholm scores, Tegner Activity scores, and decreases pain at

• 25  26one year post-transplantation. ’ Overall, 77% regeneration of the removed tissue was 

found with no evidence of foreign body reaction, and only mild implant shrinkage at 2 

years follow-up.24 At 5-6 years post-implantation no articular cartilage degeneration, 

beyond that found pre-operatively, was found.24,25

Cellularized approaches

Recently, the CMI was evaluated as a cellularized scaffold in a sheep study: the scaffold 

was seeded with autologous meniscal cells and cultured for 3 weeks in vitro prior to 

implantation. The cell seeded CMI reduced articular cartilage degeneration compared to 

the unseeded CMI and enhanced regeneration, although some shrinkage was still 

observed 27 This study illustrates the advantages of incorporating cells into a construct 

prior to implantation. Acellular scaffolds do not require cell procurement or culture of 

any type and they may be better able to fill-in large defects where diffusion distance to 

nourish a cellular construct may be problematic. In contrast, cell-seeded constructs offer 

potential benefits in integrating more rapidly with the native tissue and they depend less
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98  90on the intrinsic growth capacity of the native tissue, which decreases with age. ’ 

Additionally, mechanical properties can be modulated during the in vitro culture period 

to better guarantee that fibrocartilaginous tissue is obtained. Indeed, the most successful 

tissue engineering treatments for articular cartilage have solely consisted of cell delivery 

to the defect.30

Fibrin clots were the earliest studied cell-delivery scaffolds. In animal studies, seeded 

either with fibrochondrocytes or bone marrow mesenchymal cells, the constructs resulted 

largely in granulation tissue and did not appear to aid healing.31, 32 Collagen sponges 

loaded with autologous bone marrow mesenchymal cells showed greater tissue 

regeneration than unseeded sponges; however, 40% of the constructs demonstrated 

ossification after 24 weeks and there was a marked inflammatory response.

In vitro studies have also demonstrated the capacity of artificial materials to serve as 

scaffolds for cell delivery. One advantage of artificial scaffolds is that there is no risk of 

disease transmission since the scaffolds do not come from an animal source nor do they 

have foreign proteins to provoke an immune response. Polymer scaffolds are often 

cheaper to produce and the material properties, including strength and porosity, are easier 

to manipulate. The most studied artificial material in meniscus tissue engineering is 

polyglycolic acid (PGA). In the earliest study with this material, fibrochondrocytes were 

seeded on PGA and implanted in nude mice. Early on there was only granulation tissue, 

histologically fibrocartilaginous tissue was seen to develop over time.34 When compared 

to seeded agarose discs cultured in vitro for 7 weeks, seeded PGA scaffolds were found
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to produce more GAG and collagen. When normalized to synthesis per cell this 

advantage was lost but it indicates considerably greater cell retention and proliferation 

within the PGA scaffold.35 Other materials, such as PLA and polycaprolactone, as well as 

various hydrogels, remain to be evaluated as cell carriers for tissue engineered menisci 

(Table I).

Materials that can be modified to deliver growth factors, or other bioactive agents, may 

also be advantageous for the knee meniscus. Another growing area in biomaterials 

research is the fabrication of composite materials such that different regions have 

different properties. Techniques such as electrospinning or micropatteming could 

facilitate the alignment of the collagen matrix laid down by cells so as to form the distinct 

regions of the meniscus. The regions could then be combined to form a functional 

meniscus. Thus, much work remains in optimizing the scaffold for tissue engineering the 

meniscus.

Cell source

Meniscal fibrochondrocytes

As demonstrated by the studies mentioned previously using cell-seeded constructs, a 

variety of cell sources exist for tissue engineering the meniscus. From a clinical 

perspective, an ideal cell source would be autologous and acquired in a minimally 

invasive manner, thus bypassing the problems associated with allogenic or xenogenic 

sources and sparing the patient additional procedures and morbidity. For tissue
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engineering purposes, there must be an adequate supply of cells or the cells must be 

capable of in vitro expansion, and the cells should be able to produce a robust 

fibrocartilaginous matrix. The most obvious cell source is the damaged tissue or perhaps 

the contralateral meniscus, but challenges arise in terms of the proliferative and synthetic 

capacities of such cells. The average patient in need of meniscal repair is an adult: GAG 

and collagen synthesis decrease dramatically with age.36,37 Additionally, the synthetic 

profile of the cells changes with aging: rat suprapatella cells have been shown to change 

from synthesizing both collagen type I and II to producing only collagen type II.38 

Human articular cartilage produces greater quantities of matrix metalloproteinases with 

age.38,39 Another concern is procuring sufficient cells for a tissue engineering scheme. 

Two groups have estimated that 22-33 million cells are needed to make 1 cm3 of articular 

cartilage, extrapolated to the size of the human meniscus, approximately 25-37 million 

cells would be needed.40,41 To minimize the quantity of healthy native tissue to provide 

these cells, the cells can be proliferated in vitro using standard cell culture techniques. 

Again, the age of the tissue will likely be an issue since the proliferative capacity of 

human chondrocytes decreases significantly with age.42 Clearly, meniscal cells obtained 

from the patient appear to be less than ideal for expansion or production of sufficient 

matrix, in addition to requiring an invasive procedure for procurement.

Adult tissue

In the adult patient other sources of cells exist with the potential to be used for tissue 

engineering. Chondrocytes are present in much greater quantity in the body compared to 

fibrochondrocytes and several types of cartilage can be obtained with minimal injury
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from the ear or the nose. Articular cartilage contains predominantly collagen type II and 

has a greater proteoglycan density than that found in fibrocartilage.43 Chondrocytes 

passaged and grown in vitro, however, ‘dedifferentiate’ to a phenotype characterized by 

collagen type I production and a significant decrease in aggrecan expression.44 Thus, a 

result of in vitro expansion to obtain a sufficient quantity for tissue engineering is a more 

fibrochondrocyte-like cell. Chondrocytes may have greater synthetic capacity compared 

to fibrochondrocytes making them inherently more capable of producing matrix when 

seeded on a scaffold compared to fibrochondrocytes. For example, Vanderploeg and 

coworkers45 showed that chondrocytes seeded in fibrin gels produced 6 times more GAG 

per cell than fibrochondrocytes and showed significantly greater collagen-precursor 

uptake. High density culture of bovine chondrocytes versus fibrochondrocytes exhibited- 

5 fold greater collagen synthesis and 65 fold greater GAG synthesis for articular cartilage 

constructs.46 Elastic cartilage sources, such as the ribs, ear and nose, are also possible 

sources. Nasal and auricular cartilage have the clear advantage of easy harvest with 

minimal injury site morbidity. When seeded in fibrin and implanted in nude mice, 

constructs of porcine auricular chondrocytes showed an increase in cell number, 

significantly higher stiffness, and greater GAG density than similar constructs of costal or 

articular chondrocytes.47 Auricular chondrocytes also appear to produce a more 

fibrocartilaginous matrix compared to articular chondrocytes: the collagen II to I ratio 

was 0.39 compared to 1.9 for articular chondrocytes 40 With their ease of harvest and 

promising proliferative and synthetic capacity, auricular cartilage is a potential cell 

source for meniscus tissue engineering.
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Another adult cell source that is readily available is dermal fibroblasts. Harvested by a 

simple biopsy and easily proliferated, dermal fibroblasts have recently become a target 

for differentiation toward cartilaginous lineages. Transfection with Sox 5, 6, and 9, co

culture with demineralized bone powder, and growth on aggrecan or perlecan-coated 

surfaces have all proved to be successful methodologies for upregulating collagen II and 

GAG synthesis in fibroblasts.48'51 A particular challenge with fibroblasts will be finding 

methods of separating the chondrocytic cells from those that are still fibroblastic. While a 

mix of such cells could prove advantageous for fibrocartilage engineering, there is the 

concern that fibroblasts could easily overgrow the culture.

Adult progenitors

In exchange for a more painful harvesting technique, human bone marrow mesenchymal 

stem cells (bMSCs) may offer significant advantages in terms of great proliferative 

capacity and potential for differentiation toward fibrocartilaginous lineages. The first 

challenge in using bMSCs is finding a method for differentiation towards fibrocartilage; 

differentiation techniques range from using particular media components, to manipulation 

of culture method, to placing them in physiologic environments. The most commonly 

used media cocktail for chondrogenesis includes ascorbic acid, dexamethasone, insulin, 

transferrin, selenous acid, L-proline, and sodium pyruvate.52 In addition to this basic 

medium, numerous growth factors have been evaluated for their utility in differentiating 

bMSCs: transforming growth factor p i and P3 (TGF-pl, TGF-P3), bone morphogenic 

proteins 2 and 6 (BMP2, BMP6), and insulin-like growth factor I (IGF-I) are among the 

most common and most successful.53'55 Several of the differentiation strategies used for
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chondrogenesis show promise toward fibrocartilage engineering. Human bMSCs grown 

in monolayer and treated with TGF-pi stained only for collagen type I early on and it 

was not until after 2 weeks that collagen II staining surpassed collagen I.56 IGF-I 

treatment also tends to favor increased collagen I production.53 These clues suggest more 

closely examining the effects of these growth factors and the timing of their application 

to maintain both collagen I and collagen II synthesis. Unfortunately, collagen I 

production is not always quantified or even qualitatively evaluated in articular cartilage 

studies, so it is essential that more of the chondrogenesis strategies be scrutinized for 

their utility in fibrocartilage engineering.

Chondrogenesis is largely defined as staining for sulfated proteoglycans with finer 

analysis at the gene level for increasing collagen type II and aggrecan expression. For 

fibrocartilage, these criteria can be modified to include increased collagen I expression 

compared to collagen II and increased aggrecan expression, with concomitant loss of 

capacity to differentiate down other lineages. This definition, however, is still 

inadequately specific to fibrocartilage: more specific markers must be identified to fine- 

tune differentiation strategies. Additionally, it may be possible to identify markers on 

undifferentiated bMSCs that indicate sensitivity to fibrocartilage differentiation. For 

example, a population of bMSCs positive for endoglin, a TGF-P3 receptor, was found to 

be particularly responsive to TGF-p3 mediated chondrogenesis.57 A similar marker to 

isolate bMSCs sensitive to fibrocartilage differentiation would be highly advantageous.
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Another challenge with bMSCs is that only a small percentage may be capable of 

chondrogenic differentiation. One possibility to enrich the population of adult stem cells 

with chondrogenesis-capable cells is to look in musculoskeletal tissues.58 Following 

injury to articular cartilage or meniscal tissue, regenerative tissue develops and the cells 

creating this tissue likely come from the synovium, periosteum, bloodstream, or 

remaining pieces of tissue.59, 60 Thus, the joint tissues are a natural place to look for 

progenitor cells with chondrogenic capacity. Cells derived from periosteal tissue show 

capacity to form collage type II containing neotissue, especially when cultured in 

micromass and treated with TGF-pi.61 Compared to periosteal tissue, the synovial tissue

fit)of the joint may be more chondrogenic. Nishimura et al. found that nearly half of 

synovial explants treated with TGF-pi formed cartilage versus only a third of the 

periosteal explants. Synovial cells treated with TGF-pi or BMP2 also demonstrated 

chondrogenesis.61,63 Interestingly, if synovial cells were grown in alginate the collagen II

c - i

to I ratio actually reversed, not exceeding 1:20. Again, these progenitors could be 

effective cell sources for meniscus tissue engineering, but they face many of the same 

challenges discussed with bMSCs.

While musculoskeletally derived progenitors can be harvested relatively easily 

arthroscopically, other adult progenitor cells may provide even easier harvest and are 

likely present in greater quantity. For example, fat derived adult progenitor cells have 

recently shown utility in cartilage tissue engineering.64'66 To evaluate these many cell

• fit 7 •sources, Sakaguchi and associates compared the proliferative and chondrogenic 

capacity of adipose derived progenitors, bMSCs and several musculoskeletal progenitors.
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Expansion of muscle and adipose derived progenitors began to decrease after four and 

seven passages, respectively, while the others showed expansion up to 10 passages. 

Larger and more cartilage-like appearing pellets were obtained only from the bone 

marrow, synovial, and periosteal derived cells. Of these, pellets produced from synovial 

tissue appeared the most promising. Again, the same caveat arises as to how the cells 

from individual patients will behave in vitro, bearing in mind the cells for this study were 

all obtained from young adults during ACL surgery. Overall, adult progenitor cells 

derived from the bone marrow, synovial tissue, and even adipose tissue show 

considerable promise as possible cell sources for meniscus tissue engineering, but issues 

like donor age will certainly have a significant impact on their utility.

Embryonic progenitors

An emerging technology that may overcome some of the challenges associated with adult 

progenitors, while concurrently bringing its own set of issues, is the use of embryonic 

stem cells (ESCs) in tissue engineering. The allure of these cells is their incredible 

proliferative capacity in combination with totipotency. In the future it may be possible to 

take the nuclei of cells obtained from a simple dermal biopsy and replace the nuclei of 

ESCs such that patient-specific totipotent cells are derived in vitro.68 The cells could then 

be subject to the appropriate stimuli to differentiate to fibrocartilage and then used to 

engineer in vitro a new meniscus. As with the other cell sources, no work has been 

performed with these cells to specifically differentiate them toward fibrochondrocytes but 

efforts are being made to define strategies for cartilaginous differentiation. A particularly 

interesting finding has been that simply culturing mouse or human ESCs in micromass
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leads to spontaneous cartilaginous differentiation.69'71 Growth factor application enhances 

the chondrogenesis and several studies have noted a mixed collagen I and II matrix in the 

cell pellets.71'74 In particular, long term TGF-p3 appears to increase collagen I

71 7cexpression. A novel approach to differentiation was taken by Barberi et al. : human 

ESCs were differentiated first to cells displaying bMSC markers and then those select 

cells were further differentiated toward cartilage. The initial differentiation step to 

bMSC-like cells and selection removed any remaining totipotent cells, prior to 

chondrogenic differentiation. This is advantageous because any contamination with 

totipotent cells could lead to teratoma formation rather than formation of the desired 

tissue. The risk of teratoma formation due to remaining undifferentiated cells is a 

considerable challenge in ESC use that may be overcome by improving differentiation or 

selecting only differentiated cells. This selection can be achieved by cell sorting or by 

labeling the cells with an indicator protein under the control of a promoter specific to

n'x if*fibrocartilage genes. ' Person to person variability in the plasticity of their 

‘personalized’ stem cells may also be problematic. Using mouse ESCs, it was shown that 

particular lines were predisposed to cartilaginous differentiation with differences as large 

as 80% in terms of number of cartilage nodules formed. As human ESC research 

progresses these difficulties will be addressed and ESCs may prove highly successful in 

tissue engineering.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Matrix production

Cell culture

In concert with choice of cell type is the method of cell culture. While cell source partly 

dictates the finer aspects of culture, several themes in successful fibrocartilage culture 

have been identified that will likely prove important in any fibrocartilage tissue 

engineering strategy. One of the more fundamental components of cell culture is the 

nutrient media. Use of DMEM-F12 media has become common since it was shown to 

increase proteoglycan synthesis and help maintain cell morphology.77,78 Ascorbic acid is 

another commonly used additive that also appears to increase proteoglycan content.77 

Most cell culture media contain some amount of serum, most commonly bovine, although 

more recently human derived serum has been used as a step toward clinical relevancy. 

However, a completely defined medium would be preferable to one containing serum. 

Webber et al,79 developed a medium equivalent to 10% serum supplemented medium in 

terms of fibrochondrocyte proliferation and it is notable for its differences from serum-

70free formulations for articular chondrocytes. This further underscores the fact that the 

differences between these cell types must be explored to optimize fibrochondrocyte 

culture.

Addition of growth factors to the media can have profound effects upon cell growth and 

matrix synthesis. Recently, a number of studies have been published examining the utility 

of various growth factors in meniscus tissue engineering. An important consideration, 

given the unknown composition of serum, is that the presence of other factors in the 

media can overshadow the effects of exogenously added growth factors. Lietman and
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coworkers80 exposed meniscus explants to varying quantities of growth factors in serum- 

free media and compared them to standard culture in 10% serum. Only 100 ng/ml of 

osteopontin-1 (OP-1) led to significantly greater proteoglycan precursor incorporation 

versus doses of TGF-pi, platelet-derived growth factor (PDGF), BMP7, basic fibroblast 

growth factor (bFGF), and IGF-I. In contrast, Imler and associates81 compared the effects 

of PDGF, bFGF, IGF-I, and TGF-(31 in serum free media. TGF-pi had the greatest effect 

on both proteoglycan and collagen precursor incorporation. In a similar study using 10% 

serum on monolayer meniscus cells, TGF-pl was also found to be the most advantageous 

growth factor for ECM production. Both studies showed TGF-pi in the range of 5-10 

ng/ml to have a saturation effect. This comparison of growth factors was then translated

O'!
to 3D culture on PGA scaffolds. TGF-pl again showed the greatest increases in 

precursor uptake: 2-4 fold increases compared to controls

Given the significantly different cell and matrix components of the various parts of the 

meniscus, it may be valuable to tailor these investigations to specific parts of the 

meniscus. The monolayer and scaffold studies evaluated cells from both the inner and 

outer portions of the medial meniscus while the explant study evaluated tissue harvested 

from the inner third of both the medial and lateral menisci. The effects of IGF-I and TGF- 

Pl have both been found to be more pronounced in cells from the inner meniscus.84,85 

Perhaps in the future, different combinations o f  growth factors will be found to 

differentially create the zones of the meniscus. Overall, it appears that TGF-pi is one of 

the more promising growth factors for use in tissue engineering strategies. More analysis 

and large comparison studies must be pursued to optimize the concentration and
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application of growth factors, in addition to studies of growth factor combinations to 

identify synergistic effects.

Passage and expansion of cells in monolayer are often necessary to obtain sufficient 

quantities of cells for in vitro experimentation. One difficulty is that the cell population 

achieved by passage may be very different from the primary cell population. These 

changes have been well demonstrated in chondrocytes; with increasing passage, the ratio 

of collagen II to I rapidly decreases and proteoglycan quantities drop off precipitously.44,
o / j  -5 1

Similarly, Isoda and Saito demonstrated that fibrochondrocyte production of collagen 

II decreases after four passages but collagen I expression was maintained up to six
an

passages (no further passages were examined). Tanaka et al. showed a 90% decrease in 

proteoglycan synthesis after 4 weeks in monolayer culture. Fibrochondrocytes also 

increase expression of contractile a-smooth muscle actin with passage.88 The effects of 

this upregulation could account for the severe contraction of fibrochondrocyte-seeded 

scaffolds.35,89 Passage and expansion of the cells clearly have important consequences for 

tissue engineering.

Phenotypic maintenance of primary cells or redifferentiation of passaged chondrocytes 

has been achieved through high density culture, or culture in 3D such as pellet formation, 

placement on a scaffold, or encapsulation in alginate or agarose. Few of these techniques 

have been evaluated for their utility with fibrochondrocytes. Araujo et al.90 demonstrated 

nodule formation with high density monolayer culture of fibrochondrocytes. High density 

culture in 3D such that the cells are only able to adhere to each other results in ECM
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production similar to that seen when the cells are cultured on scaffolds.46 Verdonk et al.91 

examined 3D versus monolayer culture of fibrochondrocytes and found that alginate 

encapsulation favored increased presence of aggrecan and collagen type II in the cell 

matrix while monolayer culture virtually eliminated aggrecan. They postulate that 

alginate culture favored the survival of a fibrochondrocyte population representative of 

the inner half of the meniscus and thus, more chondrocyte-like, while monolayer culture 

favored a more anchorage dependent fibroblastic fibrochondrocyte.

Mechanical stimulation

While cells form the foundational unit of the meniscus, growth factors recapitulate the 

paracrine milieu of the body, and 3D culture mimics the natural scaffold of the tissue, 

there remains one missing element in constructing the biological environment of the 

meniscus: mechanical stimulation. If the chick embryo is immobilized, the menisci begin 

to develop but subsequently involute, and even fully formed menisci exhibit extensive 

apoptosis if immobilized.92,93 Such evidence supports the hypothesis that mechanical 

stimulation could play an important role in ECM production and tissue development. 

Thus far, the effects of compression, tension, and hydrostatic pressure have been 

evaluated on meniscal explants because these are the forces present in the joint. These 

forces could be utilized in a manner similar to physiologic parameters or it may be that 

their effect is optimized outside of physiologic norms. The most extensive work has been 

performed examining the effect of compression on meniscal explants. At compression up

to 50% of cut thickness, it was shown that static compression inhibits both collagen and

81 • proteoglycan precursor uptake. Another study quantified the compression in terms of
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stress and used 0.1 MPa, an estimate of the physiologic compression on the tissue, and 

showed static stimulation significantly decreased gene expression for ECM 

components.94 These results are not surprising given that static compression has been 

found to be degenerative in other tissues, such as articular cartilage.95 Using 2% strain- 

defined compression, based on the original cut thickness, aggrecan expression was 

upregulated compared to statically compressed explants.96 A myriad of loading regimens 

still remain to be tried, and these results suggest stimulatory levels of compression may 

be found. Van Der Ploeg45 examined fibrochondrocytes seeded on fibrin gels and placed 

under tension and again, only inhibitory effects on ECM production were found. It may 

be that, just as present in the joint, there must be both tensile and compressive stimuli for 

positive effects. A single regimen of cyclic hydrostatic pressure loading at 1 MPa 

prevented upregulation of several matrix metalloproteinases compared to unloaded

• • • 07explants, although decorin was increased in the unloaded explants. The effects of 

hydrostatic pressure in combination with compression and tension must also be evaluated 

to better represent the joint environment. The meniscus plays a complex biomechanical 

role in the joint and thus its development under mechanical loading will likely involve 

different stimuli and for each, a particular regimen will need to be developed.

Conclusion

Although still far in the future, all of the components for a successful tissue engineered 

meniscus replacement exist. Much optimization remains to be done and there are 

considerable challenges in making the current technologies amenable to practical 

application. Although meniscal tissue engineering is a relatively small field, the data
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gleaned from tissue engineering work with cartilage and other fibrocartilages, such as the 

intervertebral disc and temporomandibular joint disc, can be applied to this work 

facilitating more rapid development of better tissue engineered constructs. Acellular 

constructs are making inroads into clinical use, and given the growth of meniscus tissue 

engineering, we can anticipate additional exciting technologies in this field in the near 

future.
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Chapter 2: Self Assembly of Fibrochondrocytes and 

Chondrocytes for Tissue-engineering of the Knee Meniscus**

* Chapter published as: Hoben G, James R, Hu J, Athanasiou KA. Self Assembly of 
Meniscal Fibrochondrocytes for Tissue Engineering of the Knee Meniscus. Tissue 
Engineering: 2007, 13(5): 939-46.

* Abstract presented at the 2005 Biomedical Engineering Society Conference; Baltimore, 
MD.
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Abstract

Chondrocyte self assembly in high-density scaffoldless culture has shown success in 

producing articular cartilage constructs, and a similar process could be applied to 

fibrocartilage tissue-engineering. Three cell combinations were compared in self 

assembly culture: 100% chondrocytes, 100% meniscal fibrochondrocytes, and 50:50 co- 

cultures of fibrochondrocytes and chondrocytes with the goal of creating a proteoglycan, 

collagen I, and collagen II matrix similar to native meniscus. Two culture surfaces were 

also compared for self assembly: agarose coated wel-ls and tissue culture plastic. After t= 

4 wks, the resulting self assembled chondrocyte constructs were 10.24±0.63 mm in 

diameter and 0.96±0.14 mm thick, weighing 84.5±7.2 mg. Co-culture constructs were 

smaller and weighed 22.5±1.0 mg. In contrast, the fibrochondrocyte constructs contracted 

into spheres weighing 1.3±0.3 mg. Immunostaining showed collagen II in the 

chondrocyte constructs, both collagen I and II in the co-cultures, and only collagen I in 

the fibrochondrocyte constructs. Collagen density for chondrocyte, co-culture, and 

fibrochondrocyte constructs was 41 ±3, 38±3, and 20±2 pg/mg dry weight, and GAG 

density was 230±2, 80±6, and 10±1 pg/mg dry weight, respectively. Self assembled co

cultures, with their mixed collagen I and II matrix and robust gross characteristics, appear 

promising for tissue-engineering of the knee meniscus.
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Introduction

At the junction of the tibia and the femur lie two pieces of c-shaped fibrocartilage: the 

lateral and medial menisci. One goal in tissue-engineering this fibrocartilage is to create a 

replacement tissue with a similar cellular and extracellular matrix (ECM) composition, 

focusing on the portion of the tissue least capable of self-repair. The inner two thirds of 

the meniscus is known as the ‘white zone’ and, due to its avascular nature, has been 

shown to heal poorly.98'100 This ECM of the white zone is composed of collagen (type I 

and II) and proteoglycans.101,102

The classic tissue-engineering approach has been to combine cells with a suitable 

scaffold such that they will proliferate and produce ECM.103 However, there can be 

disadvantages to using a scaffold; such as, toxic degradation products, material-induced 

inflammatory response, and material purity.104 A scaffoldless approach to fibrocartilage 

tissue-engineering using high-density culture may thus be an applicable and successful 

alternative.

When chondrocytes are cultured in high-density in the absence of a scaffold or substrate 

to which they can adhere, robust neocartilage has been formed under a process termed 

‘self assembly.’105 This self assembled neotissue has the histological appearance of 

hyaline cartilage, is composed of collagen II and proteoglycans, and displays 

biomechanical properties approaching those of native tissue.105 Other studies have 

similarly demonstrated the scaffoldless approach as a useful approach in tissue- 

engineering articular cartilage.105'114 To our knowledge, however, the closest comparison 

to these methods using fibrochondrocytes is a monolayer study by Araujo and
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associates.90 Given the robust tissue formation from chondrocyte self assembly, this study 

was designed to examine various cell sources and methods for the self assembly of 

neofibrocartilage.

As self assembly is mediated by cell-cell interactions, we first examined the aggregation 

rate of meniscal fibrochondrocytes in comparison to chondrocytes. Aggregation rate is a 

quantitative estimate of the cell-cell adhesion receptors on the cells and provides insight 

to the self assembly process. We hypothesized that fibrochondrocytes will self assemble 

under high-density culture conditions and examined self assembly on tissue culture 

plastic, as well as on a non-adherent substrate (agarose coated wells). Previous work with 

chondrocytes indicate that using non-adherence culture has significant benefits versus 

using tissue culture plastic.105 With the goal of producing a matrix similar to native 

fibrocartilage we compared three different cell sources: 1) meniscal fibrochondrocytes; 2) 

articular chondrocytes; and 3) 50:50 co-culture of meniscal fibrochondrocytes and 

articular chondrocytes. We hypothesized that mixing chondrocytes and fibrochondrocytes 

will result in a matrix composed of both collagen I and II.

Materials and Methods

Cell harvest and culture

The stifle joints of week-old male calves (Research 87, Inc.) were dissected within 36 hrs 

of sacrifice to obtain the medial menisci, and the articular cartilage of the trochlea and

O 1 O A  1 1 C

condyles of the distal femur. The outer one third of the menisci was discarded. ’ ’
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The articular cartilage and meniscal tissue were digested, separately, overnight in 0.2% 

collagenase type II (Worthington) in culture medium. The culture medium was composed 

of high glucose DMEM (Invitrogen) supplemented with 1% 

pencillin/streptomycin/fungizone (Biowhittaker), 50 pg/ml ascorbic acid (Acros 

Organics), 10% fetal bovine serum (Benchmark), 1% non-essential amino acids (Life 

Technologies), 10 mM HEPES (Fisher Scientific), and 0.4 mM (L)-proline (ACS 

chemicals). Cells collected from six animals were pooled and frozen in culture media 

supplemented with 20% FBS and 10% DMSO (Fisher Scientific). The cells were stored 

at -80°C until use.

Aggregation rate

Cells were thawed, resuspended at 2x105 cells/ml, and aliquotted into 2% agarose 

(Sigma) coated wells in triplicate. At 0.5, 1,4, and 24 hrs the suspension was collected, 

the well was then rinsed with an additional 1 ml of medium, and all the collected media 

filtered through a 40 pm filter. Non-aggregated cells in the filtrate were counted via a 

Coulter counter (Beckman).

Construct preparation

Cells were thawed and resuspended to form suspensions o f 22x106 cells/ml. Meniscal 

fibrochondrocytes and articular chondrocytes were also mixed 1:1 to form a co-culture 

suspension at the same cell concentration. Cell suspension aliquots of 250 pi were placed 

in tissue culture treated plastic (TCP) or agarose coated wells of a 96 well plate (Costar).
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The agarose coated wells were prepared by pipetting 100 pi of 2% agarose into the wells 

and then the plate was inverted to remove excess agarose. The following groups were 

prepared (n=6 for each, unless otherwise stated): 5.5xl06 articular chondrocytes on 

agarose coated wells (ACA), 5.5xl06 articular chondrocytes on TCP (ACT), 1:1 co

culture of 2.75xl06 fibrochondrocytes plus 2.75xl06 articular chondrocytes on agarose 

coated wells (CCA), 1:1 co-culture of 2.75xl06 fibrochondrocytes plus 2.75xl06 articular 

chondrocytes on TCP (CCT), 5.5xl06 meniscal fibrochondrocytes on agarose coated 

wells (MCA), and 5.5xl06 meniscal fibrochondrocytes on TCP (MCT). After seeding the 

wells, the plates were placed in a 10% CO2 incubator at 37°C. A 250 pi media change 

was performed every 8 hrs for the first 5 d of culture. On day 6 constructs were 

transferred to a 48 well plate with daily 900 pi media changes and at week 3 they were 

transferred to 12 well plates.

Construct processing

Constructs were cultured for a total of 4 wks at which time they were weighed to obtain a 

wet weight, photographed, and measured for diameter and thickness. Portions of the 

constructs were taken for biochemical analysis and histology/immunohistochemistry, n=6 

was used unless otherwise stated.

Histology and immunohistochemistry

Histology samples were frozen and 14 pm thick slices were taken through the full 

thickness of the construct. Picrosirius red staining was used to examine collagen
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distribution, while safranin-0 and fast green stains were used to examine 

glycosaminoglycan (GAG) distribution. Immunohistochemical staining was performed 

for collagen I, collagen II, and a-smooth muscle actin (aSMA). Sections were fixed in 

acetone (Fisher Scientific) at 4°C, re-hydrated, rinsed, and blocked for endogenous 

peroxidase activity, followed by a horse serum block.116 The primary antibody applied 

for 1 hr was either 1:1500 mouse anti-collagen I (Axell), 1:750 mouse anti-human 

collagen II (Chemicon), or 1:200 mouse anti-aSMA (Sigma). Visualization using a 

secondary biotinylated antibody, the ABC reagent, and DAB were performed using the 

Vectastain kit (Vector Laboratories), and counterstaining was done with Harris’s 

hematoxylin. Sections of articular cartilage, meniscal fibrocartilage, and aorta tissue were 

run as positive controls, and samples were stained without application of the primary 

antibody for negative controls.

Confocal analysis

Constructs were stained for vinculin and actin for 3-D analysis. Samples were fixed in 

4% formaldehyde (Fisher Scientific) in PBS and stored in PBS at 4°C until processing. 

Samples were permeabilized with 1% Triton (Fisher Scientific), blocked with serum, and 

incubated in 1:800 monoclonal mouse anti-vinculin (Sigma) in 1% bovine serum albumin 

(Fisher Scientific) for 1 hr. Next, a solution of 1:200 Alexa Fluor® 488 goat anti-mouse 

IgG (Molecular Probes) was applied for 75 min, and the samples were rinsed in PBS and 

incubated in 1:40 Alexa Fluor® 647 phalloidin in PBS (Molecular Probes) for 90 min. 

The samples were rinsed and coverslipped using ProLong Gold antifade reagent with 4'- 

6-diamidino-2-phenylindole (DAPI). A laser scanning confocal microscope (Zeiss LSM
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510) obtained 5 pm optical slices from the surface to the center of the construct. At both 

the surface and middle of the construct, a vertical scan at 1.5 pm resolution were 

performed and evaluated for 3-D morphology of the cells.

Biochemical analysis

Samples were lyophilized for 48 hrs and digested in 125 pg/ml papain (Sigma) for 18 hrs 

at 60°C. Cells per construct were determined using Picogreen® Cell Proliferation Assay 

Kit (Molecular Probes). A hydroxyproline assay was performed to gauge total collagen

• 1 17 •using bovine collagen standards (Sircol). Sulfated GAG was measured with the 

Blyscan GAG Assay Kit (Biocolor). Due to the small size of the MCT and MCA 

constructs, histology sections and biochemistry samples could not be taken from the same 

construct, thus n=3 was used for biochemistry of the MCT and MCA constructs. 

Collagen and GAG contents were compared to the quantities found in native meniscus 

tissue: 5 mm plugs of meniscus tissue were collected using a biopsy punch from the inner 

two thirds of the tissue and processed in the same manner as the constructs.

Statistics

Data are reported as mean ± standard deviation. A two factor analysis of variance was 

used to determine the significance o f  the type o f  culture and the cells used. If a significant 

difference was found, a Tukey’s post hoc analysis was performed. Significance was 

defined as p < 0.05.
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Results

Aggregation rate

The chondrocytes were 94.0% aggregated by 0.5 hr and there were no significant changes 

over time (Figure 2). In contrast, at 0.5 hr only 69.2% of the fibrochondrocytes were 

aggregated, and not until 24 hrs did they match the articular chondrocytes, with 

approximately 82.5% of the original cell suspension having formed aggregates incapable 

of passing through the filter.

Gross appearance

Within 24 hrs of seeding the cells had visibly aggregated and after 5 d the MCA and 

CCA constructs had pulled away from the sides of the well. In contrast, the ACA 

constructs maintained their diameter. At 5 d post-seeding, the constructs were transferred 

to larger wells. Within 48 hrs of transfer, both MCT and CCT showed significant 

contraction. By 2 wks the chondrocyte and co-culture constructs appeared to be 

increasing in diameter, while both the MCT and MCA constructs continued to decrease in 

diameter. The ACA constructs appeared smooth and bowl-shaped while ACT constructs 

had a more corrugated appearance. Co-culture and fibrochondrocyte constructs appeared 

similar regardless of culture method (Figure 3). The diameter of the ACT constructs were 

approximately 15% larger than that o f the ACA constructs (Table 1). Thickness was 

significantly different only by cell type, and due to the spherical nature of the 

fibrochondrocyte constructs, only diameter is reported for the MCA and MCT groups.
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Chondrocyte constructs were over double the mass of the other constructs and significant 

differences were seen across the different cell types.

Confocal and histological analysis

The surface of both the ACA and ACT constructs showed a mixture of cell 

morphologies: well-spread cells with multiple cytoplasmic extensions from the cell body 

as well as round cells. The cells near the surface were spaced apart by 10-20 pm. In the 

center of the constructs, the cells were denser, only 5-10 pm apart, and there was a 

predominance of round cells. For the CCA and CCT constructs, a similar morphology 

was observed. Distinct cell populations (chondrocytes versus fibrochondrocytes) were not 

evident in the co-culture constructs. In contrast, the fibrochondrocyte constructs were 

packed so densely that individual cells could not be discerned nor did distinct inner 

versus outer regions exist. Safranin-0 staining showed the presence of GAG in both the 

chondrocyte and co-culture constructs but no positive staining was seen in the 

fibrochondrocyte constructs (Figure 4A). Picrosirius red staining demonstrated abundant 

collagen staining in all constructs (Figure 4B). Immunohistochemistry for collagen I 

showed positive staining in both co-culture and fibrochondrocyte constructs (Figure 5A). 

Staining for collagen II was only seen in chondrocyte and co-culture constructs (Figure. 

5B). Staining showed the presence of aSMA in all constructs except ACA (Figure 5C).
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Biochemistry

Collagen and GAG content were normalized to dry weight (DW) such that they could be 

compared to native tissue. Both the chondrocyte and co-culture constructs produced 

significantly more collagen per DW than the fibrochondrocyte constructs, although all 

contained less than a tenth of that found in native meniscus tissue, 780±130 pg 

collagen/mg DW (Figure 6). GAG content showed no significant difference between 

culture methods except in the co-culture; CCT demonstrated 120±10 pg GAG/mg DW 

versus 76±10 pg GAG/mg DW for CCA (Figure 7). Chondrocyte constructs produced 

significantly more GAG per DW than the co-cultures, which produced significantly more 

than the fibrochondrocyte constructs. Picogreen analysis showed greater cell content in 

the chondrocyte constructs compared to the co-culture and fibrochondrocyte constructs, 

but culture method did not make a significant difference (Figure 8).

Discussion

Articular cartilage tissue-engineering has often been used as a model to direct 

fibrocartilage tissue-engineering efforts due to the functional and compositional 

similarities of these tissues. The global objective of this work was to examine the use of a 

scaffoldless approach for fibrocartilage tissue-engineering that has found significant 

success in articular cartilage engineering. We examined three hypotheses towards this 

objective: 1) fibrochondrocytes will self assemble in high-density culture; 2) a non

adherent substrate will result in enhanced constructs; and 3) using a co-culture of
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fibrochondrocytes and chondrocytes will produce the mixed collagen matrix found in 

native meniscus. Fibrochondrocytes were found to self assemble and produce a matrix of 

collagen type I and proteoglycans. High-density non-adherence culture in agarose coated 

wells versus culture on tissue culture plastic was not found to significantly impact the 

ECM production or structure of the constructs. Co-culture constructs of 

fibrochondrocytes and chondrocytes produced a matrix of collagen I, collagen II, and 

proteoglycans, and demonstrated mechanical integrity. From these data, a self assembly 

strategy for fibrocartilage tissue-engineering appears feasible and especially promising 

using co-cultures of chondrocytes and fibrochondrocytes.

Multiple culture techniques have been found to maintain the synthetic capacity of 

chondrocytes as they are grown in vitro, including culture in alginate beads, embedding 

in agarose, suspension culture, and seeding on polymer or natural scaffolds.118'120 

Conditions to maintain production of the unique ECM of fibrochondrocytes have not 

been studied as thoroughly. High-density scaffoldless culture, as evidenced by the ACA 

and ACT constmcts in this study and others, promotes robust cartilaginous neotissue 

formation from chondrocytes.105'114 The collagen-producing nodules reported by Araujo 

and associates90 lend support to the idea that high-density culture methodologies may be 

fruitful in terms of increasing ECM production in fibrochondrocyte constructs. However, 

in this study the fibrochondrocytes produced much less matrix and showed greater cell 

loss compared to the chondrocyte constructs. Nevertheless, proteoglycan density 

approached half that found in native tissue, and collagen type I was produced. While such
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matrix is appropriate for the more fibrous portions of the tissue, regeneration of the white 

zone requires maintaining collagen type II synthesis as well.

These differences in type and quantity of matrix production may be a result of many

factors. Previous work has demonstrated that chondrocytes inherently produce greater

amounts of matrix. For example, Vanderploeg and coworkers45 showed that chondrocytes

seeded in fibrin gels produced six fold more GAG per cell than fibrochondrocytes and

showed significantly greater collagen precursor uptake. Once the cells begin to generate

matrix, this creates new cell-matrix interactions that may facilitate further matrix

121 122production and prevent cell loss. ’ Cell loss is likely to have been a major factor in 

matrix synthesis given the significant attrition in cell number in the fibrochondrocyte and 

co-culture constructs. The increased cell loss in the fibrochondrocyte constructs may have 

been due to a variety of causes. Daily feeding may have played a role, but this seems less 

likely since coherent constructs formed within 24 hrs and great care was taken not to 

disturb the construct. It has been established that meniscal tissue is composed of four 

populations of fibrochondrocytes encompassing a spectrum of chondrocytic and 

fibroblastic characteristics: cells that did not survive were perhaps more fibroblastic and 

anchorage dependent, and were thus more susceptible to apoptosis.123’ 124 Cell-to-cell 

signaling necessary for matrix production may also vary widely in these cell populations. 

N-cadherins and a5pi integrins have been shown to be vital to chondrocyte aggregation

• m i  m e  i

as well as cell proliferation. ’ ' The slower aggregation of the fibrochondrocytes

compared to chondrocytes further suggests fibrochondrocytes may have fewer of these 

integrins or a different population of receptors overall. Interestingly, using agarose coated
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wells versus TCP did not result in significant differences in matrix production. In the co

culture constructs, only the GAG content of the co-culture constructs varied with culture 

surface and actually suggested an advantage to culturing on TCP. Using only a short-term 

adhesion (i.e., for 5 d prior to transfer of the constructs to new wells) compared to the 4- 

12 wks of adhesion employed in prior work,105 likely prevented the deleterious effects. 

Application of growth factors or other stimuli to self assembled fibrochondrocytes to 

increase matrix production and reduce cell loss, as well as greater examination of the 

receptor populations on fibrochondrocytes, will facilitate finding new ways to manipulate 

these cells for tissue-engineering.

Another significant finding of this study was the fibrochondrocyte construct’s 

considerable contraction. Various ECM components, scaffold characteristics, and 

cytoskeletal elements have been implicated in the contraction of tissue-engineered 

constructs.27,35,89,128,129 In particular, work by Mueller et al.88,89 indicates aSMA may be 

a particularly important factor in fibrochondrocyte contraction and the 

immunohistochemical results of this study support that hypothesis. While only a small 

proportion of cells in the native meniscus show aSMA, it has been shown previously that 

fibrochondrocytes grown in monolayer or on collagen matrices markedly increase aSMA 

production.88, 89 While adhesion (to a scaffold or in monolayer) may be an important 

component in the regulation of aSMA synthesis, the appearance of aSMA in both the 

MCA and MCT constructs implies removal from the native environment and culture of 

fibrochondrocytes is sufficient for aSMA regulation. This result may be similar to the 

wound response initiated in the native meniscus that is associated with increased
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aSMA.130, 131 The contraction of the fibrochondrocyte constructs likely decreased 

effective diffusion of nutrients and, thus, may have been deleterious to both ECM 

production and cell proliferation. Agents known to decrease aSMA synthesis, such as 

staurosporine, may be useful in future tissue-engineering strategies.132

In addition to producing matrix most similar to the ECM of the native tissue, the co

cultures also demonstrated fibrocartilaginous functionality: they were sufficiently 

mechanically robust such that they could be handled and manipulated with surgical 

instruments and moreover, a portion could be mechanically tested. Mechanical testing

| O'!
was attempted on all constructs using compression stress-relaxation methods, and it 

was found that one third of the co-culture constructs were testable while none of the 

fibrochondrocyte constructs could be tested. Constructs were found to be untestable 

because they slipped out from under the platens when a strain of 10% of the specimen 

thickness per second was applied and thus, moduli values were not reported. The capacity 

to be tested, however, does offer a gauge of the mechanical properties of the constructs. 

By increasing matrix production using growth factors, application of mechanical 

stimulation, or even varying the percentages of the two cell types, the biomechanics of 

these constructs can be furthered enhanced to regenerate those of the native tissue.

Many challenges thus remain regarding the optimal culture of fibrochondrocytes and 

whether they can be coaxed to coalesce and produce matrix in the absence of a scaffold. 

The challenge of construct contraction must also be addressed, not only to improve the
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dimensions of the construct, but also matrix production. Co-cultures of fibrochondrocytes 

and articular chondrocytes show potential as a possible method for tissue-engineering the 

meniscus. While great strides must be made to attain collagen content similar to native 

tissue, it is promising that after only 4 wks of culture the co-culture constructs could be 

handled and manipulated. Future studies will further examine the characteristics of the 

co-cultures and permutations of co-culture components that may be beneficial. Aspects of 

fibrochondrocyte self assembly and also its unique challenges, such as increased aSMA 

synthesis, will be addressed to further develop this methodology for fibrochondrocyte 

culture and meniscus regeneration.
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Chapter 3: Use of staurosporine, an actin modifying agent, to 

enhance fibrochondrocyte matrix gene expression and
j j .

synthesis

* Chapter submitted to Matrix Biology as: Hoben, G and KA Athanasiou. “Use of 
staurosporine, an actin modifying agent, to enhance fibrochondrocyte matrix gene 
expression and synthesis” November 2007.
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Abstract

Modulation of the actin cytoskeleton in chondrocytes has been used to prevent or reverse 

dedifferentiation and to enhance protein synthesis. In this study it was hypothesized that 

an actin modifying agent, staurosporine, could be used with fibrochondrocytes to increase 

gene expression and synthesis of critical fibrocartilage proteins. A range of 

concentrations from 0.1 to 100 nM was applied to fibrochondrocytes in monolayer and 

evaluated after 24 hours and 4 days. High-dose staurosporine treatment, 10-100 nM, 

increased cartilage oligomeric matrix protein and aggrecan gene expression. This 

effective range of staurosporine was then applied to scaffoldless tissue engineered 

fibrochondrocyte constructs for 4 weeks. While glycosaminoglycan synthesis was not 

affected, the collagen content was found to be doubled, from 27.6±8.8 pg in the untreated 

constructs to 55.2±12.2 pg per construct with 100 nM treatment. When analyzed for 

specific collagens, the 10 nM group showed a significant increase in collagen type I 

content while collagen type II was unaffected. Additionally, there was a concomitant 

dose dependent reduction in construct contraction, reflecting the actin disrupting action of 

staurosporine. In conclusion, the actin modifying agent staurosporine can be used to 

enhance matrix production and reduce contraction in tissue engineered fibrocartilage 

constructs.
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Introduction

A significant challenge in fibrocartilage tissue engineering is sufficient extracellular 

matrix (ECM) production. Common approaches to stimulating fibrochondrocytes to 

produce matrix include the use of growth factors,80'83 mechanical stimulation,45,81,134"136 

and gene transfection.137 Another strategy may be to ameliorate the changes in 

fibrochondrocyte phenotype that lead to the decline in ECM production.

Part of the difficulty in regulating ECM synthesis by fibrochondrocytes is that in vitro 

culture of the cells leads to their dedifferentiation: rates of synthesis decrease and the

q 1 07
synthesis profile changes. ’ Gene expression studies find a drop in collagen II and 

cartilage oligomeric matrix protein (COMP) expression in fibrochondrocytes over 

time,138 while cell matrix evaluation has found decreases in aggrecan.91 Increased 

production of a-smooth muscle actin (aSMA), leading to deleterious cell contraction and 

destruction of scaffold porosity in tissue engineered constructs, is another consequence of

Q O  O Q

fibrochondrocyte dedifferentiation. ’ These findings in fibrochondrocytes are further 

supported by the larger body of evidence with chondrocytes. Declining collagen II, 

COMP, and aggrecan gene expression has been found with chondrocyte cultures, and 

again, increased aSMA synthesis is evident.44,86,139442 Preventing dedifferentiation and 

helping fibrochondrocytes retain their native phenotype would aid in tissue engineering 

strategies.
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Actin-integrin interactions play a significant role in the manifestations of 

dedifferentiation, including changes in cell shape, gene expression, and ECM 

production.143 Indeed, studies of chondrocyte re-differentiation in the presence of actin- 

modifying agents have shown significant potential to prevent the deleterious effects of 

dedifferentiation.144’ 145 One particular agent, staurosporine, has been particularly 

effective in redifferentiating chondrocytes. Staurosporine treatment of passaged 

dedifferentiated chondrocytes was found to increase collagen II expression and staining 

for glycosaminoglycans (GAG).144, 146 In staurosporine treated chondrocyte-seeded 

matrices, uptake of collagen and GAG precursors increased two-fold and ten-fold,

117respectively. Treatment of chondrocytes with staurosporine has also resulted in 

reduced synthesis of aSMA.132,147

By preventing changes associated with fibrochondrocyte dedifferentiation at the gene 

level, we hypothesize that staurosporine treatment may result in greater ECM production 

in tissue engineered constructs. In this study we first examine a range of staurosporine 

treatments on short and long-term gene expression changes in monolayer 

fibrochondrocytes. Next, the effective concentration range, identified in the gene 

expression studies, was applied to self assembled scaffoldless fibrochondrocyte 

constructs to examine changes in ECM synthesis.105,148
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Methods

Cell culture

Fibrochondrocytes were harvested from the inner 2/3 of the medial meniscus of 1-wk old 

male calves (Research 87, Boston, MA) less than 36 hours after slaughter. Cells were 

isolated by overnight digestion in culture medium with 0.2% type II collagenase 

(Worthington, Lakewood, NJ) in an incubator at 37°C and 10% carbon dioxide. Culture 

medium was composed of DMEM with 4.5 g/L-glucose and L-glutamine (Gibco, Grand 

Island, NY), 10% fetal bovine serum (Biowhittaker, Walkersville, MD), 1% fungizone, 

1% Penicillin/Streptomycin, 1% non-essential amino acids, 0.4 mM proline, 10 mM 

HEPES, and 50 jog/ml L-ascorbic acid. Cells were frozen at -80°C in culture medium 

supplemented with 20% FBS and 10% DMSO until sufficient cells were collected.

Staurosporine preparation

Staurosporine (Axxora, San Diego, CA) was dissolved in DMSO to a concentration of 1 

mM and then further diluted in phosphate buffered saline (Sigma, St.Louis, MO) to 2 

pM. This solution was then sterile filtered and further dilutions to the working 

concentrations were made in culture medium.

Actin staining

Fibrochondrocytes were seeded into tissue culture-treated coverslips (Nalgene Nunc 

International, Naperville, IL) and treated with 0.1, 1.0, 10, and 100 nM staurosporine in 

culture medium for 24 hours. Cells were then fixed in 3.7% paraformaldehyde, digested
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with 0.1% Triton-X (Fisher Scientific) for 5 minutes. The samples were then stained with 

1:40 Alexa Fluor® 647 phalloidin in PBS (Molecular Probes, Eugene, OR) for 90 

minutes, followed by 1 mM Hoechst dye (Molecular Probes) for 7 minutes. Slides were 

then viewed on an Axioplan 2 microscope (Carl Zeiss, Oberkochen, Germany). Images 

were acquired and analyzed using Metamorph 4.15 (Universal Imaging Corp., 

Downington, PA).

Quantitative mRNA analysis

Fibrochondrocytes from a single animal were seeded in 6 well plates at 2x105 cells/well 

and allowed to grow until confluent. The experiment was repeated with cells from five 

separate animals. Cells were then treated with 0.1, 1.0, 10, and 100 nM staurosporine in 

culture medium with medium changes every day. Cells were collected and lysed from 

monolayer culture with Trizol reagent (Invitrogen, Carlsbad, CA) after 24 hours and 4 

days of culture. RNA was then isolated from the lysate by addition of chloroform, 

centrifugation to collect the RNA layer and further purified with isopropanol and DNase- 

I (Stratagene, La Jolla, CA) treatment to remove any contaminating DNA. RNA was then 

quantified on a fluorospectrometer (NanoDrop, Wilmington, DE). Samples of 200 ng of 

RNA were reverse transcribed to cDNA. For the reverse transcription reaction, RNA 

samples were mixed with ImM dNTPs, ImM random hexamers, and Stratagene 

Stratascript RT enzyme (Stratagene) for 90 minutes at 37°C. After cDNA synthesis, real 

time PCR for glyceraldehydes-3-phosphate dehydrogenase (GAPDH), collagen I, 

collagen II, aggrecan, and cartilage oligomeric matrix protein (COMP) was performed in 

a Rotor-gene 3000 real-time PCR machine (Corbett Research, Sydney, Australia).
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Primers and probe sequences were used as previously published.44, 149 Relative gene 

abundance for the gene of interest (RAgoi) was calculated using the number of take-off 

cycles (Ct), reaction efficiency (Eqoi), and normalized to GAPDH, a housekeeping gene.

(1 + Egapdh ) '
RA

a + E G0Jy

3D construct formation

Cylindrical 2% agarose (Sigma) molds with a 5 mm diameter were made in a 48 well 

plate, as previously described.46, 148 Bovine fibrochondrocytes were harvested as 

described above and cells from 10 animals were pooled to obtain sufficient cells. 

Constructs consisted of 5.5 x 106 cells allowed to self assemble in tbe mold. Control 

constructs were given culture medium and experimental groups received 10 nM, 50 nM, 

or 100 nM staurosporine-supplemented culture medium. Constructs were given daily 

complete media changes of 500 pi. Construct dimensions, while still in culture, were 

measured using Image J software (free access at http://rsb.info.nib.gov/iit. Constructs 

photos were imported to Image J and measurements were scaled in the software to 

calculate construct area using internal standards.

Construct histology and immunohistochemistry

Samples were frozen and sectioned at 12 pm. Safranin-O and fast green were used to 

examine GAG distribution, and picrosirius red staining was used to analyze collagen 

distribution. Immunohistochemical analysis was performed by fixing sections in chilled
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acetone, rehydrating, treating with 3% H2O2 in methanol, and blocking with horse serum. 

The primary antibody, mouse anti-human anti-aSMA mAb (Sigma) was diluted 1:200 in 

PBS and applied for 1 hour. Visualization using a secondary biotinylated antibody, the 

ABC reagent, and DAB was performed using the Vectastain kit (Vector Laboratories, 

Burlingame, CA), and counterstaining was done with Harris’s Hematoxylin. Sections of 

meniscal fibrocartilage and aorta tissue were run as positive controls, while samples 

stained without application of the primary antibody were used as negative controls.

Construct quantitative biochemistry

Samples were lyophilized for 48 hours and digested in 125 pg/ml papain (Sigma) for 18 

hours at 60°C. For each biochemical analysis, 4-6 constructs were analyzed. Cell number 

was determined using Picogreen® Cell Proliferation Assay Kit (Molecular Probes, 

Eugene, OR). A hydroxyproline assay was performed to gauge total collagen using 

bovine collagen standards (Biocolor, Newtonabbey, Northern Ireland). Sulfated GAG 

was measured with the Blyscan GAG Assay Kit (Biocolor). Collagen I amounts were 

quantified using an indirect ELISA and collagen II amounts were determined using a 

capture ELISA. For the indirect ELISA, 96-well plates were coated with standards and 

samples, and incubated overnight at 4°C. The wells were blocked with BSA for 2 hours 

and then exposed to a primary antibody to collagen I (US Biological, Swampscott, MA) 

for 1 hour. A secondary antibody (US Biological) was then exposed to the plate for 1 

hour, after which the results were visualized at 450 nm using TMB as a liquid substrate. 

Collagen II was quantified using a capture ELISA kit (Chondrex, Redmond, 

Washington). Plates were coated in capture antibody solution overnight at 4°C and then
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samples and standards were applied. Protein was visualized with TMB reagent following 

reaction between the biotinylated secondary antibody (Chondrex) and streptavidin- 

peroxidase. Between each incubation step in the ELISA, plates were washed using 

phosphate buffered saline with 0.05% Tween-20 (Sigma).

Statistics

All data were compiled as mean ± standard deviation. A one-factor ANOVA was used 

when comparing means for quantitative biochemistry. A two-factor ANOVA was used to 

analyze construct contraction using time and staurosporine dose as factors. If analysis 

showed a significant difference (p<0.05), a Tukey’s post hoc analysis was performed to 

compare sample sets. A paired (by animal) Student’s T-test was used to determine 

significance between a treatment group and the no-dose group for gene expression.

Results

Monolayer staining

Untreated cells appeared well-spread with multiple cytoplasmic extensions and using 

fluorescence microscopy dense actin staining was observed, especially around the cell 

periphery (Figure 9A). In contrast, the cells treated with staurosporine showed faint 

diffuse actin staining throughout the cell body (Figure 9B).
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Quantitative gene expression

Animal to animal variation was significant for all of the genes measured, with the 

exception of COMP. To account for this a paired Student’s t-test was employed. 

Abundance was then normalized to GAPDH and scaled relative to the untreated controls 

at the respective time point (Figure 10). With 24 hours of treatment there was a 

significant increase in aggrecan and COMP with high dose staurosporine, as well as a 

dose-dependent decreasing trend in collagen I expression (p=0.097). After 4 days, high 

dose staurosporine led to increased COMP expression compared to the no-dose control, 

and although not significant, 100 nM staurosporine showed an increase in collagen II 

expression.

Tissue-engineered constructs

The tissue engineered constructs coalesced within 24 hours in the agarose wells and after 

4 weeks of culture grew to wet weights ranging from 2.18 to 2.46 mg (Table 1). All tissue 

engineered constructs began as 5 mm diameter discs and the untreated constructs showed 

continuous contraction to 3.72±1.09 mm while the 100 nM treated constructs only 

contracted to 4.27±0.60 mm (Figure 11). Two-factor ANOVA showed dose and time 

both to be significant factors. Histological examination showed intense staining for 

collagen and minimal appearance of GAGs (data not shown). Staining for aSMA 

showed an accumulation of actin near the edges of the construct, while staining was less 

intense with staurosporine treatment, especially with the 50 nM dose (Figure 12).
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Quantitative biochemistry demonstrated significant changes in the total quantity and 

proportions of different collagens (Figure 13). High-dose staurosporine treatment led to a 

100% increase in total collagen per construct from 27.6±8.8 pg to 55.2±12.2 pg per 

construct. When analyzed for specific collagens, the 10 nM group had a significant 

increase over control and higher doses for collagen type I, while collagen type II was 

similar for all groups. No change was found in the number of cells per construct or the 

GAG quantity with staurosporine treatment (Table 1).

Discussion

The unique agent employed in this two-phase study, staurosporine, functions both as a 

protein kinase C inhibitor and, by a separate undefined mechanism, as an actin disrupting 

agent.150 Modulation of actin structure with agents ranging from cytochalasin D to 

latrunculin have shown marked changes in protein production by various cell types 

including fibroblasts, mesenchymal stem cells, and especially, chondrocytes.145, 151-154 

The critical role of actin stress fibers in the transformation of fibrochondrocytes to 

aSMA-containing myofibroblasts88, 89, 130 prompted the evaluation of staurosporine 

treatment in this study. First, monolayer fibrochondrocytes were treated with 

staurosporine and examined for changes in actin appearance and gene expression. Next, 

the effective doses of staurosporine identified in the first phase were applied to tissue 

engineered constructs.

In monolayer culture of fibrochondrocytes, staurosporine clearly disrupted the actin 

bundles and significantly increased aggrecan and COMP gene expression; it also showed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

an increasing trend in collagen II gene expression. These results are in agreement with 

our hypothesis that staurosporine may prevent the dedifferentiation of fibrochondrocytes 

because prior work with chondrocytes and fibrochondrocytes has shown decreases in

I ' y  1*7

both aggrecan and COMP expression over time as they dedifferentiate in 2D culture. ’ 

The large increases in COMP expression in this study were particularly interesting as 

COMP has been identified as a sensitive marker of chondrocyte dedifferentiation.155 

Since collagen I gene expression actually increases with dedifferentiation the trends seen 

in this work reflect the role of staurosporine as dedifferentiation-inhibitor.44,138 Overall, 

these promising gene expression results indicated that concentrations from 10 to 100 nM 

would be most effective in ameliorating the effects of dedifferentiation.

The concentration range identified in the monolayer study was then applied to tissue 

engineered constructs. Most remarkably, the high dose treatment resulted in doubling of 

the collagen content. This increase in collagen may be related to the increased COMP 

gene expression, as COMP has been found to be integral in collagen fibril 

organization.156, 157 Additionally a dose dependent inhibition in construct contraction was 

observed. These results suggest that modulating actin structures in fibrochondrocytes not 

only changes the gene expression and protein synthesis profiles, but given the large 

increase in collagen production, may produce significant benefits for tissue engineering 

strategies.

Prior work with chondrocytes shows the benefit of staurosporine manifest as the return of 

collagen II, the predominant collagen of hyaline cartilage, after passaging.132, 144, 158
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Similarly, in this study there was an increasing trend in collagen II gene expression at the 

4 day time point. Reduction in aSMA and concomitant reduction in construct contraction 

was also a significant finding in chondrocyte studies by Lee et al.132 and Zaleskas et 

al.,147 however, in this study the construct contraction inhibition was less prominent. A 

potential reason for this discrepancy is that there was no exogenous scaffold in this study. 

The lack of a scaffold to resist cell-mediated contraction may have prevented the anti

contraction properties of staurosporine to be as evident. A disadvantage of staurosporine 

treatment seen in chondrocyte studies was potential toxicity at concentrations 

approaching 1 pM, with 100 nM concentrations resulting in 35% cell loss in monolayer 

cultures after 8 hours.159 In contrast, no cell loss was seen in the staurosporine treated 

constructs versus controls in this study, suggesting that the 3D configuration may have 

prevented staurosporine mediated apoptosis. Thus, the increases in collagen II expression 

and decreased construct contraction correlated well to prior work with chondrocytes, 

while this study did not show cell losses as seen in prior chondrocyte studies. This is the 

first analysis of staurosporine applied to fibrochondrocytes and, as these cells are distinct 

from chondrocytes, their increased ECM production in response to this unique stimulus 

merits further study. Moreover, the evidence that staurosporine can modulate construct 

contraction is promising for fibrocartilage tissue engineering and that will be a focus of 

future work.
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Chapter 4: Creating a spectrum of fibrocartilages through 

different cell sources and biochemical stimuli ’

Chapter accepted in Biotechnology and Bioengineering as Hoben, G and KA 
Athanasiou. “Creating a spectrum of fibrocartilages through different cell sources and 
biochemical stimuli.” November 2007.

f Abstract presented at the 2007 Keystone Symposia: Tissue Engineering and 
Development; Snowbird, UT.
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Abstract

In this study a scaffoldless approach was employed with two different cell sources and 

biochemical stimuli to engineer a spectrum of fibrocartilages representative of the 

different regions of the knee meniscus. Constructs composed of 100% fibrochondrocytes 

(FC) or a 50:50 co-culture of fibrochondrocytes and chondrocytes (CC) were cultured in 

10% fetal bovine serum medium or serum-free ‘chondrogenic’ medium, each +/- 10 

ng/ml TGF-pl (+T). Constructs from these 2 cell groups and 4 culture conditions were 

cultured for 6 weeks. By varying the cell type and presence of the growth factor, GAG 

per dry weight of the constructs spanned that of native tissue, ranging 16-45% and 1-7% 

in the CC and FC groups, respectively. Collagen density was most dependent on cell type 

and was significantly lower than tissue values. The collagen I/II ratio could be 

manipulated by cell type and serum presence to span the native range, from 3.5 in the 

serum-free CC group to over 1000 in the FC groups treated with serum-containing 

medium. Using the CC cell group in the presence of serum-free medium dramatically 

increased the compressive stiffness to 128±34 kPa, similar to native tissue. Similarly, 

serum-free medium or TGF-pi treatment enhanced the tensile modulus by an order of 

magnitude, up to 3000 kPa. Using two cell sources and manipulating biochemical stimuli, 

a range of fibrocartilaginous neotissues was engineered. Fibrocartilages such as the knee 

meniscus are characterized by heterogeneity in matrix and functional properties, and this 

work demonstrates a strategy for recreating these heterogeneous tissues.
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Introduction

As long as skiing and rugby remain popular pastimes, a tissue engineered meniscus will 

be an important goal in orthopedic research. Recent years have seen clinical trials 

examining the collagen meniscus implant 24 and a wealth of in vitro and animal studies 

using natural and artificial scaffolds 160, 161. These implants have shown success in 

decreasing pain and disability to some extent; however, a fully functional meniscal tissue 

replacement has yet to be realized 24‘26. A large component to the challenge of meniscal 

tissue engineering is the inherent heterogeneity of the tissue. A collagen type I-rich outer 

zone with high tensile properties is contrasted with a collagen I and II containing inner 

zone with greater compressive properties, and both are necessary to fully recreate a

7 i 07functional tissue replacement ’ . A step-wise approach would consist of first

determining the individual culture conditions (cells, medium, and growth factors) capable 

of yielding this diverse spectrum of properties. These components could then be used for 

specific injuries or integrated to form a whole replacement tissue.

While much work has been done on scaffold-based therapies, advances in cell culture 

technology and the growing field of stem cell biology point toward cell-based therapies.

77 “51 77 7< O'! on 177
Fibrochondrocytes have been used many times in the past > > - ■ < >  and can be 

used to create constructs with a predominantly collagen type I matrix, similar to the outer 

meniscus 46. For the inner meniscus, chondrocytes have recently received increased 

attention 28, 162'164. With the goal of increasing the collagen type II and proteoglycan 

components of the neotissue, the two cell types have been co-cultured to create an 

extracellular matrix composed of collagen I, collagen II, and proteoglycans, thus
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expanding the breadth of tissue characteristics that could be generated 46. As the 

technology of stem cell differentiation continues to advance, any tissue engineering 

strategy developed with primary cells may conceivably be translated to stem cells.

Fetal bovine serum (FBS) content is another cell culture component that can be 

manipulated to change the neotissue’s characteristics. FBS, although largely undefined, 

enhances fibrochondrocyte and chondrocyte growth, but in recent years a ‘chondrogenic’
M  C/T 1 J A Q

chemically defined medium ’ ’ has been used to increase proteoglycan synthesis 

166-170 and may lend itself to producing the more cartilaginous portion of the fibrocartilage 

spectrum. This serum-free medium uses insulin-transferrin-selenium (ITS+) and 

dexamethasone instead of FBS, and the effects of the insulin in ITS+, as well as the 

absence of the many undefined growth factors and other proteins normally found in FBS, 

may result in profoundly different effects on the growth of cell-based constructs. This 

serum-free formulation also poses potential advantages to later clinical translation in that

171 177there are no animal products that may cause immune reactions ’ , nor are there the

17Tpotentially large batch-to-batch variations commonly seen with FBS.

Additional biochemical stimuli can be used in concert with the cells and serum level to 

enhance and modulate tissue regeneration. Several studies in meniscal tissue engineering 

have demonstrated the superiority of transforming growth factor (31 (TGF-J31) over a 

variety of growth factors including IGF-1, PDGF, bFGF, and BMP-7 80-83. In both 2D and 

3D studies, 5-10 ng/ml of TGF-(31 appears to provide a saturation effect for enhancing
O A  O n

collagen and GAG synthesis ' . In particular, by increasing collagen production, this
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growth factor could serve to enhance the tensile properties of the neotissue to better 

replace the outer zone of the meniscus. While serum and cell source change the character 

of the neotissue, use of this growth factor in a tissue engineering approach could result in 

enhanced extracellular matrix synthesis and corresponding functional properties.

In this study, we take a scaffoldless approach, termed self assembly 105, to examine 

multiple cell types and biochemical treatments for fibrocartilage tissue engineering. Self 

assembly has been used successfully in the past to create neofibrocartilage constructs and 

moreover, avoids the challenges of scaffold-based studies 46. In this cell-based approach, 

we utilized fibrochondrocytes and co-cultures of fibrochondrocytes and chondrocytes to 

create neofibrocartilage constructs. We then evaluate the application of 10 ng/ml TGF-pi 

in either a 10% FBS medium (FM) or a serum-free chondrogenic medium (CM) (Table 

I). We hypothesize that these different cell sources will respond with distinct changes in 

matrix production to the different biochemical stimuli, and a range of neofibrocartilages 

with different histological, biochemical, and functional properties will be created. In 

creating such a spectrum of constructs, the heterogeneous regions of the meniscus can be 

specifically regenerated as an exciting step forward in creating a functional tissue 

replacement.
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Methods

Cell isolation and seeding

Fibrochondrocytes and chondrocytes were harvested from the inner two-thirds of the 

medial and lateral menisci and the distal femora, respectively, of approximately 1-wk old 

male calves (Research 87, Boston, MA) less than 36 hours after slaughter. Tissue was 

minced and digested overnight with 0.2% collagenase II (Worthington, Lakewood, NJ) in 

the FBS culture medium. The FBS culture medium (FM) is DMEM with 4.5 g/L-glucose 

and L-glutamine (Gibco, Grand Island, NY), 10% FBS (Biowhittaker, Walkersville, 

MD), 1% fungizone, 1% Penicillin/Streptomycin, 1% non-essential amino acids, 0.4 mM 

proline, 10 mM HEPES, and 50 pg/ml L-ascorbic acid. To obtain sufficient cells for the 

experiment, cells from multiple animals were frozen at -80°C and later pooled to create 

the constructs. In addition to FM, the chondrogenic medium (CM) was composed of 

DMEM with 4.5 g/L-glucose and L-glutamine, 1% fungizone, 1% 

Penicillin/Streptomycin, 1% non-essential amino acids, 0.4 mM proline, 10 mM HEPES, 

and 50 pg/ml L-ascorbic acid, 1% ITS+ (BD Biosciences, San Jose, CA), and 100 nM 

dexamethasone. TGF-(31 (Peprotech, Rocky Hill, NJ) was diluted in sterile water to a 

concentration of 2000 ng/ml and added to media to obtain a 10 ng/ml dilution. Media 

containing TGF-pi will be indicated with “+T”.

Cylindrical agarose molds with a 5 mm diameter were made as previously described in a 

48 well plate 46. To each agarose well, 5.5 x 106 cells were added in 150 pi of appropriate 

medium with or without TGF-pi. The 100% fibrochondrocyte groups will be indicated 

“FC” and the 50:50 fibrochondrocyte/chondrocyte co-cultures will be indicated “CC.”
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After 5 hours, 450 jul of additional medium was added. Constructs were given daily 

complete media changes of 500 pi. After 2 weeks of culture, the constructs were gently 

lifted out of the wells and placed in agarose coated wells of a 6 well plate and given 500 

pi media change every day. Constructs were taken out after 3 and 6 weeks total culture 

time for evaluation. Gross measurements including diameter, thickness, and wet weight 

were taken, and then constructs were split into 2-3 sectors to perform the different 

analyses.

Histology and immunohistochemistry

Samples were frozen and sectioned at 12 pm. Safranin-0 and fast green were used to 

examine GAG distribution and picrosirius red staining was used to analyze collagen 

distribution. Immunohistochemical analysis was performed by fixing sections in chilled 

acetone, rehydrating, treating with 3% H2O2 in methanol, and blocking with horse serum. 

The following primary antibodies were diluted in PBS and applied for 1 hour: 1:300 

rabbit anti-human collagen VI pAb (US Biological, Swampscott, MA) and 1:200 mouse 

anti-human anti-aSMA mAb (Sigma, St.Louis, MO). Visualization using a secondary 

biotinylated antibody, the ABC reagent, and DAB was performed using the Vectastain kit 

(Vector Laboratories, Burlingame, CA), and counterstaining was done with Harris’s 

Hematoxylin. Sections of articular cartilage, meniscal fibrocartilage, aorta tissue, and 

skin tissue were run as positive controls, while samples were stained without application 

of the primary antibody as negative controls.
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Quantitative biochemistry

Samples were lyophilized for 48 hours and digested in 125 pg/ml papain (Sigma) for 18 

hours at 60°C. Cell number was determined using Picogreen® Cell Proliferation Assay 

Kit (Molecular Probes, Eugene, OR). A hydroxyproline assay was performed to gauge 

total collagen using bovine collagen standards (Biocolor, Newtonabbey, Northern 

Ireland). Sulfated GAG was measured with the Blyscan GAG Assay Kit (Biocolor).

Samples for enzyme linked immunosorbent assay (ELISA) were digested in papain at 

4°C for 4 days and then a 1/10 volume of elastase (Sigma) solution in lOx TBS buffer 

was added to achieve a concentration of 0.1 mg/ml elastase. Samples were allowed to 

digest an additional 48 hours. Between each incubation step in the ELISA, plates were 

washed using PBS with 0.05% Tween-20. For the collagen I ELISA, plates were 

incubated overnight at 4°C with 1:400 mouse anti-human capture mAb (US Biological), 

blocked with 2% bovine serum albumin (BSA), samples and standards were added, then 

exposed to rabbit anti human pAb (US Biological). Finally, goat anti rabbit pAb was 

added, and the color developed in TMB as a liquid peroxidase substrate. The collagen II 

ELISA was performed using the Chondrex (Redmond, Washington) capture mAb, the 

Chondrex biotinylated mAb, and streptavidin peroxidase was used with TMB to develop 

the color. Absorbance was read at 450 nm in a Genios plate reader (Tecan, San Jose, 

CA).
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Biomechanics

The disc-shaped samples were cut to a dog-bone shape using biopsy punches (Miltex, 

York, Pa) and then glued into paper frames that were placed into the grips of a uniaxial 

materials testing machine (Instron 5565, Norwood, MA). Strain was applied at 1% of the 

gauge length (ranged 0.5 mm to 1 mm) per second, until failure. Samples were kept 

hydrated during testing with PBS. Compression testing was done on an automated 

indentation apparatus 174. A 3 mm biopsy punch was taken from the center of the sample, 

attached to the sample holder with cyanoacrylate glue, and submerged in PBS solution. 

The sample was positioned to be perpendicular to the porous indenter tip and the tip 

diameter was chosen to be <30% of the construct diameter, if possible, from 0.7-1.0 mm. 

The specimen was automatically loaded with a tare mass of 0.2 g and allowed to reach 

tare creep equilibrium, defined as deformation <10‘6 mm/s or a maximum tare time of 25 

min. When tare equilibrium was reached, a step mass of 0.7 g was applied. Displacement 

of the sample surface was measured until equilibrium was reached or a maximum creep 

time of 60 min elapsed. The step load was then removed, and the displacement recorded 

until equilibrium was again reached. The intrinsic mechanical properties of the samples 

were then determined using the linear biphasic theory 17S. All testing was performed at 

room temperature.

Statistics

For all quantitative biochemistry and biomechanical measurements, 4-6 samples were 

analyzed. All data were compiled as mean ± standard deviation and a two-factor ANOVA 

was used when comparing means for time point and biochemical treatment (base media
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+/- TGF-J31). Cell type was used as a block. If analysis showed a significant difference, a 

Tukey’s post hoc analysis was performed to compare sample sets. A significance level of 

p<0.05 was used in all statistical tests performed. The R values were calculated using 

linear regression of the data sets under evaluation

Results

Gross characteristics

Within 12 hours of seeding in the agarose wells, all groups formed 5 mm discs. After 3 

and 6 weeks of culture, all of the constructs had a cartilaginous appearance; those grown 

in FM had a smooth gleaming surface, while the other groups tended to have a rougher 

surface (Figure 14). The CC-FM constructs were the largest at 6.7±0.3 mm in diameter 

and 0.68±0.13 mm in thickness at 6 weeks (Table II). Addition of the growth factor 

resulted in significant reductions (p<0.0001) in the diameters of CC constructs cultured in 

either base medium. The FC-CM group contained the largest constructs of the FC groups, 

which at 3.4±0.4 mm was smaller than any of the CC constructs at either time point. 

While the CC groups grew in diameter over time, the FC constructs remained the same 

diameter over the time points following the initial contraction from 5 mm. The CC-FM 

constructs had the greatest wet weight, nearly double that of the next highest, CC-FM+T; 

all co-culture groups except CC-CM+T increased significantly in wet weight over time. 

In contrast, only the FC groups grown in CM increased in wet weight over time to 

8.0±0.5mg, 2 fold greater than the other FC groups.
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Histology/immunohistochemistry

CC constructs grown in FM show the development of a superficial layer with decreased 

cell density, while such a region was absent in the CC constructs cultured in CM (Figure 

15). Overall, the FC constructs appear very cell dense, with the exception of a thin (-100 

pm) hypocellular superficial layer in the FC-FM+T group. Safranin-0 staining indicates 

the deep portion of the CC-FM/FM+T groups is more proteoglycan-rich than the 

superficial layer. The CM treated CC groups stained intensely for proteoglycans through 

the entire thickness of the constructs. Only the growth factor treated FC groups appear to 

have faint proteoglycan staining at the periphery, and only at the later time point was this 

seen. Picrosirius red staining revealed collagen development in all constructs. Similar to 

the staining for proteoglycans, the deep portions of the CC-FM+T group showed more 

intense staining. Staining for collagen VI was particularly intense in the CC-CM group, 

compared to lighter staining in other groups (Figure 16). Staining for a-SMA showed this 

protein was present in all of the constructs; however, the staining appeared with greater 

intensity in the FC groups (data not shown).

Quantitative biochemistry

Construct cell content averaged 3.78xl06 cells/construct in the CC group, while the FC 

groups averaged 2.63x106 cells/ construct (Table II). The FC-FM+T group showed 

significant proliferation, increasing from 2.67±0.58xl06 to 5.01±1.50xl06 cells/construct 

from 3 to 6 weeks. Without the growth factor, FC-FM cells/construct decreased 

significantly over time. The quantity of GAG per construct was greatest in the CM group 

for the CC constructs, 1314.2+37.6 pg/construct, nearly 3 fold greater than the next
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highest group (Figure 17A). In the FC constructs, the addition of TGF-|31 resulted in 3-6 

fold increases in GAG production compared to medium without growth factor, at 

45.2±16.0 and 55.26±16.3 pg/constract for FC-FM+T and FC-CM+T, respectively. The 

GAG density per dry weight (DW) did not change significantly over time for any of the 

groups, and the density was greatest in the CC-CM and FC-CM+T groups within their 

respective cell groups (Table II). Collagen per construct was greatest in the CC-FM+T 

and CC-CM groups at 235.0+32.0 and 272.0+21.2 pg/constract, respectively (Figure 

17B). In contrast, the FC group collagen was significantly lower than the CC groups; 

however, growth factor addition resulted in 4-5 fold greater collagen production 

compared to the no-growth factor groups. Collagen density per DW ranged from 6.4 to 

11.7% for the CC groups and 0.8 to 6.6% in the FC groups (Table II). Density in the CC- 

FM+T and CC-CM groups increased significantly from 3 to 6 weeks.

Collagen type I and collagen II were specifically quantified with ELISA (Figure 18). 

Within the FC groups, FM+T resulted in the greatest overall collagen II production, while 

neither medium nor growth factor influenced collagen I content. In contrast, in the CC 

groups the CM treatment produced 75% less collagen I than the other groups, and serum- 

containing medium significantly increased collagen II production. Excepting the CC- 

CM+T group, the collagen I to II ratio ranged from 3 to 15 for the CC groups and tended 

to decrease over time (Figure 18C). In the FC groups, the ratio was an order of magnitude 

greater, ranging from 72 to 2 ^ 6 , and, excepting the CM+T group, this ratio increased 

significantly over time. Total collagen I and II, as assayed individually via ELISA, was
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lower than or not significantly different from total collagen measured by the 

hydroxyproline assay in any of the groups.

Biomechanics

The tensile modulus was greatest in the CC groups, with the highest being 3046±1825 

kPa for CC-CM, while the largest value for the FC groups was an order of magnitude 

lower at 626±242 kPa (Figure 19A). The ultimate tensile strength was lowest in the FC- 

FM group at 41±26 kPa and greatest for the CC-CM group at 907± 256 kPa (Figure 

19B). The aggregate modulus ranged from 14-29 kPa for all but the CC-CM group which 

was 4 fold greater atl28±34 kPa (Figure 19C).

Discussion

This work aims to create an enabling technology of utilizing different cell sources and 

biochemical stimuli to create a spectrum of fibrocartilages amenable to repairing injuries 

to any of the heterogeneous regions of the meniscus. Construct variation in terms of 

morphology existed in terms of zonal development and evidence of construct contraction. 

Construct composition ranged from predominantly collagen I to constructs containing 

collagens I, II, and VI. Proteoglycan density varied tremendously amongst the groups (p 

<0.0001) and shows a clear correlation to compressive stiffness (R2= 0.80). In contrast, 

all of the groups show significant tensile stiffness that did not directly correlate to 

collagen I content (R2= 0.08). Of the treatments, the combination of serum-free medium 

with the co-culture resulted in constructs with enhanced GAG density, intense collagen
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VI staining, and the most superior compressive and tensile properties. With properties 

within and spanning the range of native tissue both in terms of specific biochemical and 

mechanical properties, these constructs demonstrate a promising advance in meniscal 

tissue engineering. The results of this study support the hypothesis that cell source and 

biochemical stimuli can be used to manipulate cell proliferation and the synthesis of 

extracellular matrix to produce varying morphological, biochemical, and mechanical 

properties in a scaffoldless tissue engineering strategy.

The foundation for the heterogeneities developed in these constructs is the cell source. 

The intuitive cell choice for a tissue engineered meniscus is the fibrochondrocyte. 

Previous scaffold-free and scaffold-based studies have shown that chondrocytes tend to 

synthesize more matrix more rapidly than fibrochondrocytes 45, 46, and such was also 

bome out in this study. The wet weights of the co-cultures were up to 18 fold greater than 

those obtained by the fibrochondrocyte constructs. It is also notable that the FC 

constructs tended to contract down to 35-80% of their original diameter, while the CC 

constructs maintained or grew in diameter. Additionally, the FC groups predominantly 

produced collagen type I, leading to collagen I/collagen II ratios over 100 fold greater 

than those of the CC constructs. One might expect that if the natural synthetic capacity of 

the fibrochondrocytes could be further enhanced, they could produce neotissue with 

tensile properties surpassing that of the co-cultures. Especially since the co-cultures tend 

to produce significantly greater proportions of collagen other than collagen type I: for 

example, in the CC-CM group only 19% of the total collagen was collagen type I. While 

the CC groups consistently produced more matrix than the FC groups, the response of the
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fibrochondrocytes versus that of the co-cultures to the different base media and the 

addition of the growth factor was both marked and interesting.

There were several important findings in these data related to the use of FBS in creating a 

spectrum of fibrocartilages. The CC constructs grown in FM were significantly larger, 

developed a zonal structure, and produced more collagen type II. This zonal structure was 

characterized by an outer layer of lower cellularity, decreased GAG staining, and intense 

collagen VI staining. These features show similarity to the superficial zone of articular 

cartilage which is characterized by dense collagen fibers, a lower GAG density, and 

relative hypocellularity 111. The FC constructs grown in FM were surprisingly smaller but 

also showed a larger proportion of collagen II. Use of CM resulted in more compact 

constructs with homogeneous structure and significantly greater GAG content in the CC 

constructs. It appears that both serum and co-culture conditions need to be present for 

spatial variations to be observed in the construct morphology. We can further speculate 

that serum may either be playing a role in potentially segregating the cells or that serum 

is influencing tissue structure development. Many recent studies have examined a variety 

of base media including Nutridoma 166, 178, HL-1 108, Ultraculture 179, RPMI (Roswell 

Park Memorial Institute) Media 18°, as well as numerous combinations of growth factors 

and other additives to replace serum, as done in this work. Replacing the stimuli of serum 

with additives such as ITS and varying steroids has been shown by several groups to 

enhance GAG synthesis in chondrocytes 108,166' 170,181, just as it was shown in this study 

with fibrochondrocytes and co-cultures. Indeed, Adkisson et al. (2001) actually found a 

dose-dependent decrease in GAG with increasing FBS supplementation. Increases in
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collagen II mRNA expression and enhanced qualitative collagen II protein levels have 

also been reported associated with serum-free formulations 108’ 166' 170’ 182. This increased 

collagen type II is generally attributed to IGF-I-like action of the insulin supplementation 

in these media 183,184. Although increased collagen II synthesis was not seen in this study, 

there was a significant decrease in the quantity of collagen I in the CC-CM group 

compared to CC-FM, which correlates well to evidence that IGF-1 treatment inhibits 

collagen I expression 185. With respect to increasing overall matrix production and cell 

proliferation, however, the use of FBS has clear benefits, as seen in this and other studies 

111, 166, 168,178,179, 181, 182, 186-188 rather than viewing the use of FBS as an obligatory

cell culture medium ingredient, it may be more useful to view it as another biochemical 

tool. In the case of fibrocartilage tissue engineering it can be used to increase collagen 

type II content. There are particular challenges to using serum in this fashion, most

• 1 7 1 1 7 7significantly concerns over immune reaction to animal products ’ , but recent work

examining the use of autologous serum 189 makes the case that serum should not be left 

out of the tissue engineering armamentarium.

The effects of the growth factor, TGF-pi, were particularly surprising in this study.

q  i  o - j  o e

Based on previous, scaffold-based and explant studies , it was hypothesized that

growth factor addition would increase both collagen and GAG synthesis, and that it 

would do so in both types of base media, though this was not exactly the case. In the CC 

groups, TGF-pi increased synthesis of specific collagens, particularly collagen type I in 

serum-free base medium, perhaps overcoming the IGF-I-like suppression brought about 

by the ITS component of the CM 183’184. However, the total GAG and GAG density were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lower, whereas most prior studies have shown increased proteoglycan synthesis or 

precursor uptake due to this growth factor 80‘83,190. Work from Lima and associates 191 

with agarose encapsulated chondrocytes showed that varying the dosing regimen of TGF- 

|33 was more beneficial than continuous dosing, suggesting a direction for future work 

with TGF-pi and the co-cultures. The expected increase in proteoglycan synthesis was, 

however, borne out in the FC groups: both GAG and collagen production was increased, 

and this is well corroborated with prior work using fibrochondrocytes in both monolayer, 

explant, and 3D culture 80'83,85,192. It is notable that the FC-FM+T group also had 4-fold 

greater collagen II production over FC-FM, and there was also greater cell proliferation. 

Likewise, an increasing cell proliferation trend was seen in the CC groups treated with 

TGF-pi (p=0.079). Several groups have similarly reported increased cell proliferation 

using TGF-pi in the presence of FBS but not in serum-free or low serum medium 167’193,

194 r \
• Overall, the co-cultures appeared less sensitive to the presence of the growth factor, 

while it clearly modulated the type and quantity of matrix produced in the 

fibrochondrocyte groups, thus contributing to the spectrum of tissue properties that can 

be engineered with fibrochondrocytes.

An additional component to this tissue engineering strategy that may have contributed to 

the varying response to TGF-pi when comparing to prior explant, monolayer, and 3D 

studies is the scaffold-free approach. Chondrocytes respond to their adhesive 

environment with changes in matrix synthesis and part of that change is that integrins are 

linked to activation of certain growth factor receptors 121' 195,196. Proteoglycan production 

mediated by TGF-pi has been found to be related to the differentiation status of the
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chondrocytes, culture-mediated changes in the size of the TGF-pi receptor, and changes 

in the expression of proteins related to the TGF-pi signaling pathway ' . These

complex interactions between cells, substrates, and growth factors indicates there are 

significant challenges in translating results between pellet cultures, monolayer studies, 

scaffold-based work, and scaffoldless strategies. Moreover, given the unique response of 

the cells within this culture modality to biochemical stimuli, future work employing 

mechanical stimulation to further increase the spectrum of engineered tissues is 

warranted.

While recapitulating the native structure is an important guide to regeneration, functional 

assessments are certainly the bottom line. This work clearly illustrated the cartilage 

structure/function paradigm that increased GAG is linked to compressive stiffness: the 

combination of co-cultures and serum-free medium resulted in a 2 fold increase in GAG 

over the next highest group and a compressive stiffness within the range of native 

neonatal bovine tissue (110±40 to 210±60 kPa) . Moreover, there is increasing 

evidence that collagen type VI, found particularly in the CC-CM constructs and present 

in the native meniscus, may be an important player in fibrocartilage function ‘ . In

contrast, the construct with the greatest collagen I content was expected to exhibit the 

most superior tensile properties, and this was not precisely the case. Three of the co

culture groups (the top three total collagen producers) resulted in the greatest tensile 

properties, but it is interesting to note that their proportions of different types of collagen 

were quite different. The collagen I/II ratio in these constructs ranged from 2-18. 

Collagen type VI in particular appears to have been a major component of the CC-CM
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group. The spectrum of neotissues created here illustrates the interplay of extracellular 

matrix composition, organization, and function. The goal of future studies will be to 

better elucidate these interactions in order to exert greater control over the process of 

engineering various fibrocartilages.

In conclusion, this study showed that different cell sources and biochemical treatments 

could be used to create fibrocartilaginous constructs of varying characteristics, preparing 

the way for a tailored tissue engineering approach. For example, the FM+T treatment 

could be used with co-cultures or fibrochondrocytes to create a largely collagen type I 

outer zone, while serum-free medium could be used with co-cultures to create a more 

collagen II rich inner zone of the meniscus with high compressive stiffness. While 

challenges remain to increase tensile properties to more closely match those of the native 

tissue which range 60-198 MPa , this work presents a model for creating 

heterogeneous fibrocartilages using primary cells. Future translation to more practical 

cell sources, such as differentiated stem cells or dermal fibroblasts, will allow these 

methods to be employed in tissue engineering a range of fibrocartilages from the knee 

meniscus to the TMJ disc and intervertebral disc.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

Chapter 5: Tissue engineering with chondrogenically- 

differentiated human embryonic stem cells*

* Chapter published as: Koay EJ, Hoben G, Athanasiou KA. Tissue engineering with 
chondrogenically-differentiated human embryonic stem cells. Stem Cells: 2007, 25(9): 
2183-90.
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Abstract

This study describes the development and application of a novel strategy to tissue 

engineer musculoskeletal cartilages with human embryonic stem cells (hESCs). This 

work expands the presently limited understanding of how to chondrogenically 

differentiate hESCs through the use of chondrogenic medium alone (CM) or CM with 

two growth factor regimens: TGF-(33 followed by TGF-|31 + IGF-I; or TGF-P3 followed 

by BMP-2. It also extends the use of the resulting chondrogenically-differentiated cells 

for cartilage tissue engineering through a scaffold-less approach called self assembly, 

which was conducted in two modes: with (1) embryoid bodies (EBs) or (2) a suspension 

of cells enzymatically dissociated from the EBs. Cells from two of the differentiation 

conditions (CM alone and TGF-P3 followed by BMP-2) produced fibrocartilage-like 

constructs, with high collagen I content, low collagen II content, relatively high total 

collagen content (up to 24% by dry weight), low sulfated glycosaminoglycan content 

(~4% by dry weight), and tensile properties on the order of megapascals. In contrast, 

hESCs treated with TGF-P3 followed by TGF-pi + IGF-I produced constructs with no 

collagen I. Results demonstrated significant differences between the differentiation 

conditions in terms of other biochemical and biomechanical properties of the self 

assembled constructs, suggesting that distinct growth factor regimens differentially 

modulate the potential of the cells to produce cartilage. Furthermore, this work shows 

that self assembly of cells obtained by enzymatic dissociation of EBs is superior to self 

assembly of EBs. Overall, the results of this study raise the possibility of manipulating 

the characteristics of hESC-generated tissue toward specific musculoskeletal cartilage 

applications.
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Introduction

There is a need for musculoskeletal cartilage replacements due to the inability of native 

cartilages to heal effectively. In particular, fibrocartilages like the knee meniscus and 

temporomandibular joint (TMJ) disc, as well as hyaline articular cartilage, are the focus 

of tissue engineering research efforts due to the wide prevalence of their disease and 

injury. The diverse strategies to engineer these cartilages share the major obstacle of 

identifying a readily available cell source that can be used in patients. Though there are 

challenges with the use of human embryonic stem cells (hESCs), such as teratoma 

formation, these cells have tremendous potential for regenerative medicine efforts.207 For 

example, the pluripotency of hESCs makes it conceivable that the naive cells can be 

differentially coaxed in vitro and used to functionally produce different musculoskeletal 

cartilages. Accomplishing this feat requires significant investigation in two areas, 

chondrogenic differentiation and tissue engineering.

Studies with adult stem cells,208'211 as well as recent work with mESCs,70'72’ 76, 212, 213 

provide important knowledge in formulating new strategies for using hESCs in cartilage 

tissue engineering. Chondrogenic differentiation of mesenchymal and embryonic stem 

(ES) cells has been performed most commonly with growth factors, such as TGF-pl, 

TGF-p3, BMP-2, BMP-4, and IGF-I, singly70'72’ 76’ 212'218 or in combination.74 Also 

widely used are biochemical agents that have roles in chondrogenesis and collagen 

production, such as dexamethasone, ITS (insulin, transferrin, and selenious acid),

165 211 212ascorbic acid, and L-proline. ’ ’ Additionally, the growth environment of the ES

cells may be important. ’ For the most part, these studies have demonstrated
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chondrogenic differentiation through analysis of gene expression with PCR,71’ 72; 212’219, 

220 characterization of cartilage matrix with histology,71,72,212,219 or identification of cell 

surface and cell associated matrix markers with flow cytometry.57,73,139,219,221-223 While 

these characterizations help to determine if cells exhibit a chondrocytic (or 

fibrochondrocytic) phenotype, a functional approach to using any cell source for 

engineering purposes should incorporate quantitative evaluations of the biochemical and 

biomechanical properties of the generated tissue 224

Quantitative evaluations should be used in engineering studies because the amounts of 

specific collagens and glycosaminoglycans (GAGs) can vary considerably between 

different cartilages, and the structural arrangement of these matrix molecules largely 

defines their biomechanical functions. Thus, cell applicability toward cartilage 

applications can be determined with a complement of quantitative and qualitative 

assessments of the engineered tissues. Few studies have applied this functional approach 

to cartilage tissue engineering with any stem cell source, and, to our knowledge, no study 

has demonstrated the ability to differentially modulate the functional chondrogenic 

potentials of hESCs (i.e., engineer tissues with different biochemical and biomechanical 

properties). This study offers this functional approach to assess how distinct 

differentiation conditions affect hESCs.

In addition to the chondrogenic differentiation of stem cells, using the differentiated cells 

for cartilage tissue engineering remains a challenge since there are many potentially 

fruitful strategies, such as the use of hydrogels and scaffolds. ’ ’ ‘ As an
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alternative, we have recently developed a scaffold-less strategy called self assembly.105, 

106 Originally, this process utilized native chondrocytes that were sedimented at a high 

density into an agarose-coated well. No scaffold material was necessary for the cells to 

form tissue with hyaline-like qualities in terms of morphology, protein composition, and 

biomechanics.105’ 106 The principles derived from these self assembly studies provide a 

promising starting point for an emerging technology like hESCs.

Considering the progress with stem cells and cartilage tissue engineering, the aims of this 

study were 1) to analyze the differentiation of hESCs after applying specific 

combinations of cartilage-relevant growth factors (i.e., TGF-P3, TGF-pi, IGF-I, and 

BMP-2) and 2) to tissue engineer cartilage with these differentiated cells using self 

assembly. We sought to address whether cells with different chondrogenic potentials 

would be generated when hESC EBs were exposed to different combinations of growth 

factors. To determine how to tissue engineer cartilages using self assembly, two groups 

were sedimented into agarose wells: EBs or enzymatically-dissociated cells (DCs) from 

the EBs. The expectation was that DCs would result in improved tissue properties 

compared to EBs. A full-factorial design, using three differentiation conditions and two 

modes of self assembly (EB or DC), was employed to address the aims and overarching 

questions of this study.
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Methods

hESC expansion

The NIH-approved hESC line BG01V232’ 233 (American Type Culture Collection, 

Manassas, VA, http://www.atcc.org) was cultured according to standard protocols. 

Briefly, a feeder layer of gamma-irradiated CF-1 (Charles River Laboratories, 

Wilmington, MA, http://www.criver.com) mouse embryonic fibroblasts (MEFs) at a 

density of 5x10s MEFs per well of a Nunc 6-well dish (Fisher Scientific, Hampton, NH, 

http://www.fishersci.com) was used in the expansion of the hESCs. Frozen hESCs at 

passage 16 (p i6) were thawed according to standard protocol and sub-cultured. A growth 

medium consisting of DMEM/F-12 (Gibco, Gaithersburg, MD, 

http://www.invitrogen.com), ES-qualified FBS (ATCC), L-glutamine (Gibco), knock out 

serum replacer (Gibco), and non-essential amino acids (NEAA, Gibco) was used. The 

hESCs were passaged with collagenase IV (Gibco) every 4-5 days and were used for the 

experiment at p21.

Embryoid body formation and differentiation conditions

Dispase solution (0.1% w/v in DMEM/F-12) was applied for 10-15 min to colonies of 

undifferentiated hESCs in monolayer when the colonies reached 70-80% confluence. 

This enzymatic treatment predominantly lifts the hESC colonies from the culture dish, 

leaving MEFs behind and forming embryoid bodies (EBs) from the hESC colonies. 

After two washes and centrifugations with DMEM/F-12, the EBs were suspended in a 

chondrogenic medium (CM) consisting of high-glucose DMEM (Gibco), 10'7 M
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dexamethasone, ITS+ Premix (6.25 ng/ml insulin, 6.25 mg transferrin, 6.25 ng/ml 

selenious acid, 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml linoleic acid; 

Collaborative Biomedical, San Jose, CA, http://www.bdbiosciences.com), 40 pg/ml L- 

proline, 50 pg/ml ascorbic acid, 100 pg/ml sodium pyruvate, and 1% FBS (Gemini Bio- 

Products, West Sacramento, CA, http://www.gembio.com). The EBs were distributed 

into bacteriological petri dishes (Fisher) by placing EBs from two 6-well culture plates 

into each petri dish and using 18 ml of medium per dish. Three differentiation conditions 

were applied to the EBs in this experiment: (1) CM alone for 28 days (designated CM), 

(2) CM with TGF-P3 (10 ng/ml) for 7 days followed by the combination of TGF-pi (10 

ng/ml) and IGF-I (100 ng/ml) for 21 days (designated Dl), and (3) CM with TGF-P3 (10 

ng/ml) for 7 days followed by BMP-2 (10 ng/ml) for 21 days (designated D2). For the 

entire experiment, medium, and, when applicable, growth factors were completely 

changed every 48 hrs. EBs were used for self assembly or for histological analysis at t=4 

wks.

Self assembly ofchondrogenically-dijferentiated hESCs

After 28 days of differentiation (t=4 wks), EBs in each of the three differentiation groups 

were separated into two equal subgroups. One subgroup of EBs from each differentiation 

condition was digested in 0.05% trypsin-EDTA (Gibco) for 1 hr. Cells from each digest 

were counted with a hemocytometer, washed with DMEM containing 1% FBS, 

centrifuged at 200 x g, and resuspended at a concentration of 5.0x105 cells per 20 pi in 

CM. Constructs were made by seeding the dissociated cell (DC) suspension into 3-mm 

wells of 2% agarose (5.0x105 cells per well).
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The other subgroup comprised the undigested EBs, which were centrifuged at 200 x g 

and resuspended in CM. EBs were seeded into 5-mm wells of 2% agarose using an 

equivalent of lx l0 6 cells per construct (based on the hemocytometer count). The two self 

assembly modes (EB and DC) were carried out over the ensuing 4 wks, culturing all 

constructs made from the three differentiation conditions in CM alone (i.e., without any 

exogenous growth factors).

Analysis o f differentiated EBs

At t=4 wks, a small number of EBs from each differentiation condition were collected for 

analysis. For visualization of Sox-9, some of the cells obtained from the trypsin digestion 

at 4 wks of differentiation were plated at a density of 4.0x105 per ml onto a glass slide 

and allowed to attach overnight. The cells were then fixed with 3.7% paraformaldehyde 

for 20 min, incubated with Triton-X 100 for 20 min at room temperature, blocked with 

3% BSA for 30 min, incubated with Sox-9 primary antibody (Anaspec, Inc., San Jose, 

CA) for 2 hrs, and then incubated with Alexa Fluor® 546 conjugated goat anti-rabbit 

IgGi secondary antibody (Invitrogen, Carlsbad, CA, http://www.invitrogen.com) for 1 hr. 

PBS washes were performed between each of these steps.

EBs were also cryo-sectioned and stained for collagens using picrosirius red, GAGs using 

Alcian blue, and collagen I and collagen II using immunohistochemistry (IHC), as 

previously described.105 Stains for mesodermal tissue markers were used to detect 

unwanted differentiation, including von Kossa (calcified tissues such as bone), Masson’s
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trichrome (muscle), and Oil red O (adipose). Standard protocols were followed for each 

of these stains.

Analysis o f self assembled constructs

At the t=8 wks time point (after 4 wks of self assembly), each construct was measured for 

wet weight after carefully blotting excess water. Diameter and thickness measurements 

were made using digital calipers with an accuracy of 0.01 mm (Mitutoyo, Aurora, IL, 

http://www.mitutoyo.com). Constructs were either used for histology, biochemical 

assays, or biomechanical testing. Histological assessments for self assembled constructs 

included picrosirius red, Alcian blue, IHC for collagen I and collagen II, von Kossa, 

Masson’s trichrome, and Oil red O. Additionally, picrosirius red samples were analyzed 

with a polarized microscope (Nikon, Melville, NY, http://www.nikonusa.com) to 

visualize collagen alignment. Biomechanical testing included tensile testing using an 

Instron 5565 (Instron, Norwood, MA, http://www.instron.us) and unconfined 

compression using a modified creep indentation apparatus.235 For tensile testing, 

specimens were cut from the cylindrical constructs into dog-bone shapes and pulled at a 

strain rate of 1%/s until failure. Gauge length, thickness and width of the specimens were 

measured with digital calipers so that load and extension measurements could be 

converted to stress and strain. Similar to the whole constructs, collagen alignment of the 

tensile specimens was analyzed with picrosirius red staining and polarized light. For 

unconfined compression testing, constructs were allowed to equilibrate in PBS for 10 

min, and then subjected to an instantaneous 1.96 mN test load. The creep test was 

allowed to run for at least 1 hr, which was long enough to achieve deformation
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equilibrium. With the unconfined compression creep data, intrinsic material properties of 

the constructs were obtained using a previously developed viscoelastic model.(43)

Biochemical assays included dimethylmethylene blue (DMMB), hydroxyproline, 

picogreen, and ELISAs for collagens I and II. Samples were lyophilized for 48 hrs, and 

dry weights were measured. Previously described protocols were used for DMMB and 

hydroxyproline tests, and one set of samples was used for these two assays.105 For 

collagens I and II, Chondrex reagents and protocols were used (Chondrex, Redmond, 

WA, http://www.chondrex.com), with the exception that constructs were digested with 

papain (rather than pepsin) at 4°C for 4 days, followed by a 1 day elastase digest. The 

picogreen assay was performed with this set of samples, using a multiple of 7.7 pg DNA 

per cell.

Statistics

Data were analyzed with a two factor ANOVA, using Tukey’s post hoc test when 

applicable and a significance value of p<0.05. At least four samples were analyzed for 

biochemical assays and biomechanical tests for all groups. All data are reported as mean 

± standard deviation.
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Results

Chondrogenic differentiation o f EBs at t=4 wks

During the 4 wks of differentiation in EB form, EBs noticeably grew in size with the CM 

(chondrogenic medium without growth factors) and D2 (CM with additives of TGF-(33 

followed by BMP-2) groups, while D1 (CM with additives of TGF-P3 followed by TGF- 

pi and IGF-I) EBs did not appear to change in size. The morphology and histology of the 

EBs at t=4 wks is shown in Figure 20A. The collagen I and collagen IIIHC illustrate that 

the cartilaginous matrix in the EBs was loosely connected and unorganized, with all three 

differentiation conditions exhibiting collagen I most prominently. Alcian blue staining for 

all groups at this time point was minimal (data not shown). Dissociation of the EBs with 

trypsin resulted in a cell suspension, though some cells were still connected with 

extracellular matrix (ECM) after the 1-hr digestion. Most of the cell suspension was used 

to make constructs, with at least 8 DC constructs being self assembled from each 

differentiation regimen. Similarly, at least 8 EB constructs were self assembled from each 

group. A small portion of the cell suspension was used to analyze Sox-9 expression and 

cell morphology (Figure 20B). While the cells generated from each differentiation 

regimen at t=4 wks exhibited Sox-9 protein expression, they demonstrated distinct cell 

morphologies. CM and D1 cells were rounded and approximately the same size as native 

articular chondrocytes. D2 cells appeared larger and fibroblastic. Histological analyses 

for calcified tissue (von Kossa), muscle (Masson’s trichrome), and adipose (Oil red O) 

were negative at this time point (data not shown).
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Self assembled constructs: morphology

After the initial seeding of the dissociated cells (DCs) into the 3-mm agarose wells, cells 

coalesced within 24 hrs into constructs that were slightly smaller than the well. Over the 

following weeks, the spacing between cells in each construct increased as they produced 

ECM, causing the constructs to appear smooth and cartilaginous (Figure 21 A). The 

amount of EBs for each group seeded into the 5-mm wells was enough to cover the entire 

bottom surface initially. Over the ensuing weeks, CM and D2 constructs filled the well, 

while D1 constructs appeared to shrink away from the outer edges. EB constructs never 

achieved homogeneity during the experiment. A clear matrix connected EBs in a 

construct, and the constructs appeared highly hydrated (Figure 21 A).

Construct morphological measurements are shown in Figure 21 below the gross 

morphological pictures. D1 constructs had significantly lower thickness and wet weight 

compared to CM constructs for both EB and DC groups (p<0.05), while D2 constructs 

were not different from either of the differentiation conditions. At t=8 wks, CM and D2 

constructs demonstrated uniform staining for collagens I and II, regardless of self 

assembly mode (EB or DC, Figure 21B). D1 constructs also demonstrated uniform 

staining for collagen II but no significant staining for collagen I (Figure 2IB), for both 

EB and DC self assembled constructs. Intense picrosirius red staining in all self 

assembled constructs illustrated the matrix-producing capacity of the differentiated cells 

(Figure 21B). Conversely, Alcian blue staining was minimal (Figure 21B). An interesting 

finding with histology was that a central pocket of fluid had formed within the DC
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constructs (Figure 2 IB). This was noted primarily in the CM and D2 constructs. At the 

end of the 8 wk experiment, other mesodermal tissues (bone, muscle, adipose) were not 

detected by histology (data not shown).

Biochemical analysis

When comparing between EB and DC self assembled groups for biochemical content, 

normalized by dry weight (dw), DC constructs demonstrated greater matrix production 

(both collagen and GAG) (p<0.05), as shown in Figure 22. The measurements for 

hydroxyproline showed that the D1 DC group did not produce as much collagen (5.2% 

by dw) as the other two groups, with CM and D2 DC constructs producing 17.9% and 

24.1% by dw, respectively (Figure 22A). Although Alcian blue staining was not 

substantial, the DMMB assay demonstrated the presence of sulfated GAGs in all 

constructs (Figure 22B). The water content for engineered constructs in all groups was 

approximately 90% (91.1±2.7% for CM DC, 85.5±5.8% for D1 DC, 89.7±5.1% for D2 

DC, 92.8%±3.3% for CM EB, 94.2%±2.6% for D1 EB, and 91.7±2.3% for D2 EB).

Picogreen demonstrated that the number of cells per construct was significantly different 

between CM and D1 groups (p<0.05), while D2 constructs were not different from the 

other two groups (Figure 23). ELISAs for collagens I and II demonstrated that the 

production of collagens I and II varied between each differentiation regimen and between 

DC and EB constructs (Figure 23 B and C). Specifically, collagen I production per cell 

was significantly higher in CM constructs compared to the other two differentiation 

agents (for example, in pg x 10'2/cell, 4.8±1.2 for CM DC, -0.5±0.5 for D1 DC, and
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3.8±0.9 for D2 DC, p<0.05). D1 constructs demonstrated undetectable collagen I, which 

echoed the IHC results for this group. The ELISA data also demonstrated that DC 

constructs had higher collagen I and lower collagen II production per cell than EB 

constructs (p<0.05). Differentiation condition was a significant factor when analyzing the 

collagen II ELISA, with CM constructs having higher collagen II content compared to D2 

constructs. For example, CM DC samples had over 2-fold higher collagen II content per 

cell than D2 DC samples (0.8±0.4 vs. 0.3±0.1 pg x 10'5/cell, p<0.05). D1 constructs were 

not significantly different compared to the other two differentiation agents in terms of 

collagen II content per cell.

Biomechanical analysis

Unconfined compression testing of the self assembled constructs demonstrated that DC 

constructs had a significantly higher instantaneous modulus compared to EB constructs 

(p<0.05), while there was no significant difference between CM, D l, and D2 constructs 

(Figure 24). There was no statistical difference between any treatments in terms of their 

relaxed modulus (2.2±1.5 kPa for CM DC, 1.7±0.8 kPa for Dl DC, 1.3±0.3 kPa for D2 

DC, 0.7±0.1 for CM EB, 1.8±0.7 kPa for Dl EB, and 0.8±0.2 kPa for D2 EB). The CM 

and D2 DC constructs exhibited a higher apparent viscosity than all other treatments 

(2778±817 kPa-s for CM DC, 1489±857 kPa-s for D l DC, 2487±980 kPa-s for D2 DC, 

539±208 kPa-s for CM EB, 1445±572 kPa-s for Dl EB, and 693±356 kPa-s for D2 EB).

Tensile testing (Figure 25) showed that D2 DC constructs had an over 5.5-fold higher 

tensile modulus (3.3±0.7 vs. 0.6±0.5 MPa) and 2.8-fold higher ultimate tensile strength
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compared to D1 constructs (1.1±0.1 vs. 0.4±0.3 MPa). Comparing these tensile properties 

of D2 to CM constructs yielded similar increases (6.6-fold and 2.8-fold, respectively). 

Polarized light microscopy performed directly on tensile tested specimens demonstrated 

collagen alignment in the direction of tensile testing for D2 DC tensile specimens while 

CM and D1 tensile specimens did not (Figure 25). Moreover, D2 constructs exhibited a 

higher degree of collagen alignment than CM and D1 constructs in the untested DC 

samples. EB constructs were not testable under tension.

Discussion

This study establishes a new methodology to study cartilage tissue engineering with 

hESCs. The use of self assembly as a tissue engineering strategy resulted in quantitative 

data that addressed two questions. First, we investigated whether cells with different 

chondrogenic potentials would be generated when hESCs were exposed to distinct 

growth factor regimens for 4 wks. We assessed this after the cells had formed 

neocartilage (at t=8 wks), showing differences in the chondrogenic potential of CM 

(chondrogenic medium), D1 (TGF-(33 followed by TGF-(31 with IGF-I, added to CM), 

and D2 (TGF-03 followed by BMP-2, added to CM) cartilage constructs in terms of 

morphology, biochemistry, and biomechanics. These properties also addressed the second 

major question of the study, illustrating that DC constructs outperform EB constructs and 

thereby highlighting the importance of enzymatic dissociation of EBs prior to self 

assembly. These findings represent incremental steps toward functional engineering of 

different types of musculoskeletal cartilages with hESCs.
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Functional goals for engineering a cartilage replacement with any cell source, including 

hESCs, logically begin by studying the healthy native tissue. A number of 

characterization studies have been carried out to understand the relationship between 

cartilage structure and function.225 The constructs engineered in this study generally 

exhibited properties most similar to the fibrocartilages, particularly the TMJ disc and the 

outer portion of the knee meniscus. The constructs had relatively high total collagen 

contents (up to 24% by dw in this study vs. -80% by dw for native TMJ and outer 

meniscus), low sulfated GAG contents (about 4% by dw in this study vs. 0.6 to 10% for 

native TMJ and outer meniscus), and relatively high tensile properties (order of 1 MPa in 

this study vs. order of 10-100 MPa for the native fibrocartilages). These fibrocartilages 

are also notable for their high collagen I content and low to absent collagen II content. 

Both CM and D2 constructs demonstrated this pattern, while D1 constructs did not 

contain detectable collagen I.

Although the absolute values for certain tissue design parameters may not seem 

substantial when the hESC-generated cartilages are compared to native tissues, the results 

are notable in the context of previous work in the cartilage and stem cell communities. 

Compared to studies using biomaterials as scaffolds, as well as our original work 

describing self assembly, the constructs produced by chondrogenically-differentiated 

hESCs have comparable collagen content (around 1 to 2% by wet weight), but lower 

sulfated GAG.106, 236, 237 Even though the current study produced mostly fibrocartilage

1 HA 1 1 A  ' J ' X ' 7  • • •and these previous tissue-engineering studies ’ ’ produced hyaline-like cartilage

with native chondrocytes, this comparison demonstrates the matrix-producing capacity of
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the differentiated hESCs. We have also measured tensile properties on the order of 1 MPa 

with native chondrocyte self assembled constructs (unpublished results). Pioneering work 

by Elisseeff and associates219 with hESCs that were chondrogenically differentiated with 

members of the TGF-P superfamily in hydrogels resulted in a sulfated GAG content 

around 7% by dw (vs. about 4% in this study). The engineered tissue in this study builds 

upon this original work and is at least on par with the prior art in several important design 

parameters.

This study also contributes evidence that the chondrogenic potential of hESCs can be 

altered with soluble differentiation agents. We constructed the differentiation regimens 

such that TGF-p3 would be administered during the critical early period of ES cell 

differentiation when the specification of mesodermal cells into precursors of different 

lineages may occur.72 After this initial stage, we tested whether the functional capacity of 

these cells to produce cartilage could be altered by either the combination of TGF-P 1 

with IGF-I or BMP-2 alone, considering the success of these growth factors with other 

systems72,209'211> 238j 239 and taking into account their varying roles in the differentiation

' l A ' l

and biological actions of cells. ' Differences were observed at t=4 wks in terms of 

cell morphology and at t=8 wks in terms of construct morphology (Figure 21), 

biochemistry (Figure 22 and 23), and tensile properties (Figure 25). Since cells from each 

differentiation condition were cultured in the basal chondrogenic medium without 

exogenous growth factors during self assembly, these data collectively indicate that the 

cells generated after 4 wks of EB differentiation had varying capacities to produce 

cartilage.
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Tensile testing revealed the most dramatic difference between differentiation conditions. 

D2 tensile specimens exhibited the highest degree of collagen alignment, and this finding 

appears to account for the higher tensile modulus and ultimate tensile strength of this 

group (Figure 25). Whether this is a true functional difference needs further investigation. 

One explanation for the apparent differences in degree of alignment and tensile properties 

is that the D2 cells, which had a more fibroblastic morphology (Figure 2IB), had a better 

ability to organize the collagen network. The link between cell shape and function has 

been well established in various types of cartilage. Additionally, in native cartilages, 

the resident cells, such as chondrocytes, remodel the matrix on a regular basis.243

Another curious finding was the pocket of fluid inside of the CM and D2 constructs. We 

have previously encountered fluid-filled interiors in other self assembled constructs.244 In 

that instance, it was postulated that the phenomenon was a result of the use of a 

xenogenic serum, which was a medium component used in this study. Others have used 

human chondrocytes with bovine serum and noted fluid-filled spheroids 245 Our initial 

self assembly study used bovine cells and bovine serum, and encountered no fluid-filled 

region.105 Another possibility for the fluid-filled interior encountered in this study is that 

a different cell population (chondrogenic or non-chondrogenic) accumulated in this 

space, but the histological evidence did not offer support o f  this idea. In future studies, 

we will seek to understand the underlying cause of this phenomenon and eventually 

eliminate this undesirable feature.
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While characterization of the differentiation process was one major goal of this study, we 

also determined how the differentiated hESCs responded to the transition from 

differentiation in EB form to tissue engineering. While constructs made with both self 

assembly modes, EB and DC, expressed cartilage proteins, the gross appearance (Figure 

21), total collagen and sulfated GAG contents (Figure 22), and biomechanical properties 

(compressive, Figure 24, and tensile, Figure 25) of the DC constructs were better. 

Additionally, the ELISA results (Figure 23) suggested that the process of digesting the 

EBs after 4 wks of differentiation and subsequently placing the cells into agarose wells 

for self assembly increases collagen I content and decreases collagen II content. In 

comparing EB and DC constructs, it is important to note that the difference in initial 

construct size (3-mm wells for DC constructs and 5-mm wells for EB constructs) was 

necessary due to difficulty with seeding the EBs into 3-mm wells. This difference in 

construct size between EB and DC groups necessitated comparisons normalized by cell 

number and dry weight. Given the marked differences found between these two groups 

with this analysis, we postulate that the ECM produced by the EBs during the first 4 wks 

hindered cell-cell contacts and lowered the concentration of cells when they were placed 

in agarose molds for self assembly. On the other hand, enzymatic dissociation of the EBs 

and subsequent seeding of the cells into agarose molds promoted direct cell contacts and 

a higher cell density. Even in normal development of cartilaginous tissues, such as 

articular cartilage, mesenchymal precursors aggregate at high density with direct cell 

contacts as an early step of chondrogenesis.246
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The findings of this study offer proof of concept for the developed system, though certain 

challenges remain. The mouse-derived feeder layer creates the possibility of having a 

small amount of irradiated xenogenic contaminants in the hESC constructs. Current 

progress with hESCs in feeder-free and human feeder systems indicates that this hurdle

') A H

can be overcome. Additionally, though we stained for other mesodermal tissues, we 

cannot completely rule out the presence of unwanted or incomplete differentiation. Any 

future therapy using hESCs must eliminate the possibility of teratoma formation.

Though the system cannot address all of these concerns currently, it offers a simple and 

robust design that is amenable to improvement. Chondrogenically-differentiated hESCs, 

chondrogenic medium, and an agarose mold are the major components of this system, 

with EB differentiation and self assembly representing two important phases of the 

experiment. The modular design of this tissue engineering methodology accommodates 

perturbations to each of the key components during each phase to study how hESCs 

differentiate and how these differentiated cells can be used to engineer cartilage. With 

this system, a number of hypothesis-driven investigations into the effects of different 

seeding densities, different growth environments, and other biochemical and 

biomechanical differentiation agents can be conducted in the future. Beyond the goal of 

functional cartilage engineering, a major challenge will be to understand how these 

factors affect specific biochemical differentiation pathways. The developed methodology 

can also be used as a model system for this fundamental research.
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In summary, a system for studying cartilage tissue engineering with hESCs has been 

developed that can discern functional differences between engineered cartilages made 

from chondrogenically-differentiated hESCs that were exposed to distinct differentiation 

conditions. We have also shown the importance of enzymatic dissociation of EBs during 

the transition from EB differentiation to self assembly. For our laboratory, this work sets 

the stage for an exciting new line of investigations into the engineering of specific 

musculoskeletal cartilages with hESCs, including the knee meniscus, TMJ disc, and 

hyaline articular cartilage.
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Chapter 6: Fibrochondrogenesis in two embryonic stem cell 

lines: Effects of differentiation tim elines1

Chapter accepted for publication in Stem Cells as: Hoben G, Koay EK, and Athanasiou KA. 
“Fibrochondrogenesis in two embryonic stem cell lines: Effects o f  differentiation timelines.” November 
2007.

t Abstract presented at the 2007 Biomedical Engineering Society Conference: Los Angeles, CA.
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Abstract

Human embryonic stem cells (hESCs) are an exciting cell source for fibrocartilage 

engineering. In this study the effects of differentiation time and cell line, H9 versus 

BG01V, were examined. Embryoid bodies (EBs) were fibrochondrogenically 

differentiated for 1, 3, or 6 weeks and then used to engineer tissue constructs that were 

grown 4 additional weeks. Construct matrix was fibrocartilaginous, containing 

glycosaminoglycans (GAGs) and collagens I, II, and VI. A differentiation time of 3 or 6 

weeks produced homogeneous constructs with matrix composition varying greatly with 

cell line and differentiation time: from 2.6 to 17.4 pg GAG/106 cells and 22.3 to 238.4 pg 

collagen/106 cells. Differentiation for 1 week resulted in small constructs with poor 

structural integrity that could not be mechanically tested. The compressive stiffness of the 

constructs obtained from EBs differentiated for 3 or 6 weeks did not vary significantly as 

a function of either differentiation time or cell line. In contrast, the tensile properties were 

markedly greater with the H9 cell line, 1562-1940 kPa versus 32-80 kPa in the BGOIV 

constructs. These results demonstrate the dramatic effects of hESC cell line and 

differentiation time on the biochemical and functional properties of tissue engineered 

constructs, and show progress in fibrocartilage tissue engineering with an exciting new 

cell source.
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Introduction

Injuries to the fibrocartilages of the body, especially the knee meniscus, most commonly 

result in disabling arthritis ’ . Tissue engineering of a replacement tissue offers a

possible remedy. Most tissue engineering strategies have utilized primary cells but over 

time, the field has begun shifting towards stem cells. This shift occurred due to a lack of 

sufficient autologous healthy tissue to provide enough cells for a tissue engineered 

construct. Moreover, the goal of taking only a small biopsy of native tissue and 

expanding those cells to reach the needed number has been confounded by issues of 

dedifferentiation, low synthetic capacity, and limited expansion 31, 42, 44,86. These issues 

are even more pronounced in fibrocartilage compared to hyaline cartilage as 

fibrochondrocytes in vitro show inferior matrix production compared to chondrocytes 45, 

46. Towards a goal of tissue engineering fibrocartilages, such as the knee meniscus, 

temporomandibular joint disc, and intervertebral disc, both adult and embryonic stem 

cells may have the capacity to overcome these issues, but also bring their own challenges.

One of the biggest challenges is differentiating the cells. A common treatment in many 

differentiation studies is the use of serum-free or low serum “chondrogenic” medium 

containing insulin, ascorbic acid, and dexamethasone 52, 56, 165. The addition of a 

transforming growth factor-P (TGF-P) superfamily growth factor has also been 

commonly used for chondrogenic differentiation. For example, in human embryonic stem 

cell (hESC) studies, bone morphogenic protein-2 (BMP-2) and TGF-pi have been

0 1Q T O  T e c
studied for their efficacy in inducing chondrogenic differentiation ’ . An

additional component to this differentiation has been the microenvironment for
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differentiation. This microenvironment can be in terms of differentiating the embryoid 

bodies (EBs) in suspension, on a 2D surface, or a 3D scaffold such as a hydrogel or 

polymer scaffold. This microenvironment can also include the presence of other cell 

types for the purpose of differentiation (Table 1). How long to differentiate the cells prior 

to using them in a tissue engineering strategy is another factor that must be considered. 

Time frames as short as 8 days have been used 252, while Khoo et al. 69 found that hESCs 

spontaneously differentiated down a cartilaginous lineage after 60 days. While there is a 

wide array of studies examining each of these components with adult stem cells256’257, the 

field is just beginning with hESCs.

In this study we employed chondrogenic medium as the primary differentiation treatment 

for hESC EBs in suspension. The time for differentiation was varied from 1 to 6 weeks, 

with the hypothesis that with increasing differentiation time more fibrocartilaginous 

matrix would be produced in the EBs, and the cells from these EBs could be used to 

create biochemically and functionally fibrocartilaginous tissue constructs. To address this 

hypothesis, the differentiated cells from the EBs were placed in high density culture as 

part of a self assembly process 105, and the resulting constructs were biochemically and 

functionally characterized (Figure 26). Two different hESC lines, H9 and BG01V, were 

compared in this study as an initial examination of the level of variation in cartilaginous 

lineage differentiation between hESC lines. Such variation certainly has implications for 

future clinical work, but also important considerations for in vitro studies particularly 

since the BG01V line has less stringent culture requirements ’ .
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Methods

Cell Culture

H9 hESCs (abbreviated ‘H9,’ Wicell, Madison, WI) were cultured according to the 

manufacturer’s instructions on irradiated CFI mouse embryonic fibroblasts (MEFs) 

(Charles River Laboratory, Wilmington, MA). Colonies were passaged using 0.1% type. 

IV collagenase (Invitrogen, Carlsbad, CA) every 4-6 days. BG01V hESCs (abbreviated 

‘BG,’ ATCC, Manassas, VA) were cultured according to manufacturer’s instructions and 

similarly grown on irradiated MEFs and passaged every 4-6 days. Embryoid bodies 

(EBs) were formed by incubating the cells in 0.1% dispase for 15-20 min and gently 

pipetting to remove the EBs from the MEF layer. EBs were resuspended in chondrogenic 

medium containing 1% fetal bovine serum (FBS) (Gemini, West Sacramento, CA), 

DMEM with 4.5 g/L-glucose and L-glutamine (Invitrogen, Carlsbad, CA), 1% non- 

essential amino acids, 0.4 mM proline, 50 pg/ml L-ascorbate-2 phosphate, 100 pg/ml Na 

pyruvate, 1% ITS+ (BD Biosciences, San Jose, CA), and 100 nM dexamethasone. To 

facilitate EB formation, the resulting suspension was placed on 2% agarose (Sigma, St. 

Louis, MO) coated 24 well plates for 4 hours. At this time the suspension was collected 

into Petri dishes. EBs were grown in Petri dishes with half medium changes every 2 days. 

EB growth was monitored by light microscopy with a stage micrometer on an Axioplan 2 

microscope (Zeiss, Oberkochen, Germany).
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Construct preparation

EBs were collected after 1, 3, and 6 weeks ‘differentiation time.’ A portion of the EBs 

was set aside for analysis, and the remaining EBs were digested to form a cell 

suspension. First, EBs were washed in DMEM and digested with 0.05% trypsin-EDTA 

(Sigma, St. Louis, MO) for 1 hr with stirring. Any remaining matrix was then digested 

with 0.2% type II collagenase (Worthington, Lakewood, NJ). The collagenase digestion 

was terminated when undigested material was no longer visible (15 minutes to 1 hour). 

The cells were then counted and 5x105 cells were seeded into 3 mm 2% agarose wells 

and allowed to self assemble into constructs. Media changes were performed every other 

day. The resulting constructs were collected after 2 and 4 weeks (post assembly time). 

Samples were taken from the constructs for histology/immunochemistry, quantitative 

biochemistry, mechanical testing, and flow cytometry analysis. Constructs are referred to 

in the text according to their cell line (abbreviated H9 or BG) and their differentiation 

time in EB form.

Histology and immunohistochemistry

Samples were frozen and sectioned at 12 pm. Hematoxylin and eosin staining was used 

to examine EB and construct morphology, Safranin-0 and fast green staining was used to 

examine glycosaminoglycan (GAG) distribution, and Picrosirius red staining was used to 

analyze collagen distribution. To determine if undesired differentiation had occurred, 

Von Kossa and Oil Red-0 stains were performed for evidence of calcification and 

adipose tissue, respectively. Immunohistochemical analysis was performed by fixing 

sections in chilled acetone, rehydrating, treating with 3% H2O2 in methanol, and blocking
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with horse serum. The following primary antibodies were diluted in PBS and applied for 

1 hour: 1:300 rabbit anti-human collagen VI pAb (US Biologicals, Swampscott, MA), 

1:500 rabbit anti-human collagen II pAB (Cedarlane, Burlington, NC), 1:750 mouse anti

human collagen I (Chondrex, Redmond, WA), and 1:150 mouse anti-human a smooth 

muscle actin (aSMA) (Sigma, St.Louis, MO). Visualization using a secondary 

biotinylated antibody, the ABC reagent, and DAB was performed using the Vectastain kit 

(Vector Laboratories, Burlingame, CA), and counterstaining was done with Harris’s 

Hematoxylin. Sections of articular cartilage, meniscal fibrocartilage, bone, and skin tissue 

were run as positive controls.

Quantitative biochemistry

Samples were lyophilized for 48 hours and digested in 125 pg/ml papain (Sigma, 

St.Louis, MO) for 18 hours at 60°C. Cell number was determined using Picogreen® Cell 

Proliferation Assay Kit (Molecular Probes, Carlsbad, CA). A hydroxyproline assay was 

performed to gauge total collagen using bovine collagen standards (Sircol, Newtonabbey, 

Northern Ireland). Sulfated GAG was measured with the Blyscan GAG Assay Kit 

(Biocolor, Belfast, Ireland). For all three assessments, 4-6 samples per group were 

utilized.

Biomechanics

Samples were cut to a dog-bone shape using biopsy punches (Miltex, York, PA) and then 

glued into paper frames that were placed into the grips of a uniaxial materials testing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

machine (Instron 5565, Norwood, MA). Strain was applied at 1% of the gauge length per 

second until failure. Compression testing was done on an indentation apparatus 174. Each 

specimen was attached to the sample holder with cyanoacrylate glue and submerged in 

PBS. The sample surface was positioned perpendicular to the porous indenter tip, and the 

tip diameter (ranging from 0.7-1.0mm) was chosen to be <30% of the construct diameter 

when possible. The specimen was loaded with a tare load of 0.02 N and allowed to reach 

tare creep equilibrium, defined as deformation <10‘6 mm/s or a maximum creep time of 

25 minutes. When tare equilibrium was reached, a step load of 0.07 N was applied. 

Displacement of the sample surface was measured until equilibrium was reached or a 

maximum creep time of 60 minutes elapsed. The step load was then removed, and the 

displacement during recovery was recorded until equilibrium was again reached. The 

intrinsic mechanical properties of the samples were then determined using the linear 

biphasic theory 175. For both tensile and indentation testing, 5-6 samples were used per 

test for each group.

Statistics

All data were compiled as mean ± standard deviation and a three-factor ANOVA was 

used, accounting for cell type, differentiation time, and time post self assembly. If 

analysis showed a significant difference, a Tukey’s post hoc or Student’s-t test analysis 

was performed to compare sample sets, as appropriate. A significance level of 95% and 

p<0.05 was used in all statistical tests performed
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Results

Both the H9s and BGs formed EBs that increased in diameter over time from 453±139 

pm at 1 week to 833±353 (am at 3 weeks; there was no significant difference between the 

cell types, so averages for each time point were combined. The EBs did not increase 

significantly in size from 3 to 6 weeks. Cystic fluid-filled spaces within the EBs were 

evident throughout their development. As the EBs matured, the intensity of collagen I 

staining increased, as did staining for collagen VI (Figure 27). Collagen II staining 

appeared most intense in the 1 week and 3 week EBs. The 3 week EBs for both cell lines 

displayed all three collagens. Staining appeared in patches suggestive of localized 

collections of cells producing specific matrix components.

At the end of each differentiation time, the cells were self assembled in 3 mm molds. 

After 4 weeks of further culture, the gross characteristics varied greatly (Figure 28, top). 

The H9-1 week constructs had an irregular appearance, and constructs were contracted to 

a diameter of 1.5±0.3 mm. In contrast, the 3 week constructs were smooth and 

significantly larger at 2.9±0.3 mm in diameter. The BG constructs showed a similar 

trend, with the 1 week and 6 week constructs being severely contracted, while the 3 week 

constructs were 3.3±0.2 mm in diameter. The consistency of the constructs was further 

examined with hematoxylin and eosin staining (Figure 28, bottom). The H9-3 week 

constructs showed uniform matrix formation; the 6 week constructs had a cell-dense 

appearance with packed nuclei. While the BG-1 week constructs were uniform, the 3 

week samples showed numerous small cystic structures throughout the construct matrix. 

The 6 week constructs had a thick rind of cells (-200 pm thick) with loose inner matrix,
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suggesting formation of a central macroscopic cystic space. Picrosirius red staining 

showed collagen in all of the constructs, and safranin-o stain indicated minimal GAG 

presence (data not shown). The collagen was further evaluated with

immunohistochemistry for collagens I, II, and VI (Figure 29). In the H9 constructs, 

collagen I was distributed throughout the construct, and staining increased over time. In 

contrast, collagen I increased over time for the BG-1 week constructs, but appeared to 

decrease in the 3 week and 6 week constructs. In the H9 constructs collagen II appeared 

to increase over time in the 1 week and 3 week constructs, and these appeared more 

intense than the 6 week constructs. The staining was less pronounced in the BG 

constructs and appeared to decrease over time in the 3 week constructs. Similar to 

collagen II, collagen VI increased over time in the H9-1 week and 3 week constructs, but 

appeared to decrease in the 6 week constructs. Staining for collagen VI was very intense 

in all of the BG constructs. Immunohistochemistry for aSMA showed an increase in 

intensity with increasing differentiation time (Figure 30). Staining for calcification or 

lipid droplets was negative (data not shown).

Biochemical analysis for cells per construct showed that there was significant 

proliferation in 3 groups: H9-1 week, BG-3 weeks, and BG-6 weeks (Figure 31 A). 

Collagen normalized to cells showed that the cell type and the time post self assembly 

were significant factors, with the H9 groups having significantly more collagen, which 

increased over time, while the BGs showed declining collagen over time (Figure 3IB). 

GAG per cell was not significant for any factors and ranged 2.6 to 17.4 pg/106 cells 

(Figure 31C). When normalized to dry weight (DW) the self assembly time was not
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significant for collagen or GAG content (Supplemental Table II). Collagen per DW 

ranged from 15.93 to 22.97% for the H9s and from 8.55 to 9.40% for the BGs. GAG per 

DW was highest in the H9-1 week constructs at 1.79%, and, in the other groups, it ranged 

0.44 to 1.00%.

Biomechanical testing of the constructs showed aggregate modulus values ranged from 

14-42 kPa, and only the BG-6 weeks constructs were significantly softer than the others, 

though it is notable that the BG-1 week constructs were too small to be accurately tested 

(Figure 32A). The tensile properties differed significantly between the cell types with the 

H9s showing an order of magnitude greater tensile modulus (Figure 32B). Neither the H9 

nor BG-1 week constructs could be tested under tension due to their fragility and small 

dimensions.

Discussion

Fibrochondrogenic differentiation of hESCs is an exciting and developing field with great 

potential for clinical application in repairing fibrocartilages such as the knee meniscus, 

temporomandibular joint disc, and intervertebral disc. In this study we examined the 

effect of differentiation time in EB form on the functional fibrochondrogenic 

differentiation of two different hESC lines, H9 and BG01V. Using a chondrogenic 

medium containing 1% serum, dexamethasone, ITS+, and ascorbic acid, EBs were 

differentiated for 1, 3, or 6 weeks, spanning the differentiation times used in prior studies 

of cartilaginous differentiation. The resulting cells were then cultured at high density in 

agarose molds to create neotissue constructs.
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The matrix created by the EBs was reflective of the matrix formed in the constructs. In 

the H9-3 week EBs collagen I, II and VI were present, and the constructs showed similar 

matrix characteristics. In contrast, the 6 week old EBs had minimal collagen II, and the 

resulting constructs appeared to contain greater collagen I and VI. In the BG EBs both the 

1 week and 3 week differentiation periods appeared to produce all three collagens while 

collagen II dropped off at 6 weeks. Similarly, the resulting constructs contained all three 

of these matrix components. The presence of collagen VI, recently shown to be 

particularly important in fibrocartilage development 203~205, is very promising in this 

study. The loss of collagen II by 6 weeks and the increase in collagen I staining, 

especially in the BG EBs, is suggestive of a transition toward a more fibroblastic lineage. 

The contraction of the 6 week constructs from the original 3 mm diameter of the wells 

and the more intense aSMA staining in these longer-differentiated constructs further 

supports this hypothesis. The relevance of aSMA in fibrocartilage tissue engineering 

stems from its presence in the native tissue, though its overproduction represents a

88 8Q 1 Tfl i<8‘wound healing’ or dedifferentiated state ’ ’ These results emphasize the

importance of identifying an appropriate window of differentiation prior to moving 

forward to a tissue engineering strategy.

The differentiated cells were then gauged for their utility in a tissue engineering strategy 

that has been used with primary chondrocytes and fibrochondrocytes 46,105. Morphologic 

characteristics, as well as the matrix composition, translated to the mechanical properties 

of the constructs. Specifically, since the 1 week differentiated constructs tended to be
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small and inhomogeneous, they did not handle well for mechanical testing. In addition, as 

GAG content did not significantly vary across the constructs and GAGs axe thought to 

play a principal role in resisting tissue compression , the compressive stiffness was 

similar for all of the groups. The tensile properties were markedly greater in the H9 

constructs, 1562-1940 kPa, versus 32-80 kPa in the BG constructs. This difference can 

likely be attributed to collagen content and organization in the constructs: the BG-3 week 

constructs had notable cystic structures while the 6 week constructs had a distinct rind 

devoid of collagen. The biochemical data also suggest that the BGs were in a 

proliferative state, more than doubling in cell number over time, while the H9s showed 

greater matrix synthesis per cell. In examining the assembly time, the H9s generally 

showed increasing trends in matrix production over time, while the BGs were unchanged 

or decreased. In looking towards future studies refining and improving the differentiation 

process, H9 EBs differentiated for 3 weeks prior to construct formation appear to be the 

most useful model for further work in making functional neofibrocartilage from hESCs.

This work compares favorably with prior work using hESCs toward cartilaginous 

differentiation, although it is the first to our knowledge to directly address fibrocartilage. 

A study using HI and H9 cell lines grown in micromasses for 3 weeks, found 1-2.5 pg 

GAG/ pg DNA 253; in this study it ranged from 0.34 to 2.4 pg GAG/ pg DNA after 4 

weeks in self assembly culture. When BG01V cells were differentiated for 4 weeks in 

embryoid body form and then self assembled, collagen and GAG density were similar to 

that found here 255. Similarly, a study of BG02 hESCs embedded in hydrogels by Hwang 

et a l .219 reports 7-20 pg collagen/ pg DNA after 3 weeks culture while we found 2.9 to
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30.9 jag collagen/ jag DNA. Overall, the constructs prepared in this study compare 

favorably to prior work in the cartilage tissue engineering field using different chemical 

stimuli and microenvironments for differentiation.

Another important component in comparing to previous studies is noting the cell line that 

was utilized. In the study by Toh et al. 253 it was found that differences between HI and 

H9 cells in chondrogenic differentiation were not significant, and a similar conclusion 

was reached by Sottile et al. in terms of osteogenic differentiation of the same cell 

lines. In this study, the cell line was found to be a significant factor in cell proliferation, 

collagen production, and tensile modulus. Qualitative histological examination also 

revealed important morphological differences between the constructs resulting from the 

two cell lines. Work with mouse embryonic stem cells shows similar tendencies with 

variation among five different cells lines being as much as 80% in terms of chondrogenic
nr

nodule formation . Outside of cartilage-oriented work, other studies with hESC lines 

also show significant variability in lineage-specific gene expression and differentiation 

261-264 por exampjej Burridge et al. compared 4 hESC lines for cardiomyocyte 

differentiation and found differences ranging from 3- to 6-fold 265. The variability 

between different cells lines is an important issue in stem cell engineering with 

implications in applying differentiation strategies developed with one cell line to other 

lines. This is of particular importance with regard to cell lines that may have research- 

related advantages, such as the BG01V cell line. Though karyotypically abnormal, XXY 

+12 +17, this cell line recovers more easily following cryopreservation and is more 

robust in culture than the genetically normal hESC lines which are well known for their
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culture challenges . While the H9 cell line has clear advantages in a fibrocartilage 

tissue engineering strategy, the BG01V line could be an appropriate system to study 

chondrogenic differentiation and matrix production, but is less appropriate for functional 

and morphological analysis.

The results of this work with embryonic stem cells also compare favorably to recent work 

toward tissue engineered cartilage with adult stem cells. Recently, Murdoch and 

associates 266 reported creation of cartilaginous neotissue using a scaffoldless approach 

with mesenchymal stem cells and chondrogenic medium supplemented with a growth 

factor, TGF-(33. The wet weight percentage of GAGs and collagen were 2.8% and 1.9%, 

respectively, compared to a range of 0.15 to 1.21% GAG/wet weight and 0.89 to 5.78% 

collagen/wet weight for the constructs created in this study with hESCs. Toward more 

fibrocartilaginous tissue, several groups have examined transplanting mesenchymal stem 

cells in various scaffolds or carriers into fibrocartilage defects in vivo ’ ' . Results of

these studies have varied from no evidence of benefit of the adult stem cells to formation 

of fibrous matrix and filling of the defect. There has also been in vitro work with adipose 

derived adult stem cells, as well, toward fibrocartilage engineering 270. Although adult

’J '7 1

stem cells are promising, there are concerns with the expansion capacity , decreasing 

plasticity with aging 272,273, specific serum dependence 274,275, and relative scarcity 276,111. 

There are significant obstacles in utilizing embryonic stem cells, but they do offer
978 "707

advantages including expansive proliferative potential and pluripotency . For these 

reasons, we believe it is imperative that the fibrochondrogenic capacity of both types of 

stem cells be fully explored.
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Further work with this model toward fibrocartilage engineering will likely focus on 

increasing GAG synthesis, as well as modulating specific collagen formation. The 

characteristics of these constructs is overwhelmingly fibrocartilaginous given the strong 

collagen I and VI presence. Matrix synthesis, when normalized to dry weight, shows 

GAG synthesis on the low end of the 1-7% GAG per DW range found in native meniscal 

tissue, while collagen content is much lower than native tissue, which averages 80% 7’102. 

Functional evaluation via mechanical testing revealed mechanically stable constructs 

when using cells differentiated for 3 weeks or more. The compressive stiffness was 

within 47% of the lower end of the range in human meniscal tissue while the tensile

•  9 0 7  9 < q  ,
modulus is an order of magnitude lower ’ . The modular approach of this work,

incorporating a differentiation step and a self assembly step paves the way for future 

work refining the process at both steps. Having identified a critical 3 week window for 

differentiation during which the important fibrocartilage proteins have developed, future 

studies may focus on refining the differentiation protocol, as well as using different 

stimuli during the self assembled phase to enhance the constructs. One way in which the 

differentiation step may be modified is to introduce a step to purify the differentiated

c n  '} '7 Q

population using cell surface markers or even a Percoll® gradient ’ . In the self

assembly stage, growth factor addition may be a powerful stimulus toward collagen and 

GAG production, as no growth factors were employed in this work. For example, TGF- 

pi and IGF-I have a strong history in enhancing matrix production in fibrocartilage

89 89 98f!constructs ’ ’ . Mechanical stimulation may also be a successful strategy, as has been

981demonstrated by work with adult stem cells . By enhancing GAG synthesis with
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further chemical modification or mechanical stimulation, it may be possible to enhance 

the compressive strength of these constructs and furthermore, increased collagen 

production will contribute to tensile strength.

In conclusion, this works demonstrates a significant stride forward in examining the use 

of hESCs for fibrocartilage tissue engineering. Both the differentiation time and the cell 

line employed play important roles in the success of a tissue engineering strategy.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

Chapter 7: Fibrochondrogenesis of hESCs: Growth factor 

combinations and co-cultures*

i

* Chapter submitted to Cell Stem Cell as Hoben G, Willard V, and Athanasiou KA. “Fibrochondrogenesis 
of hESCs: Growth factor combinations and co-cultures.” December 2007
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Abstract

The successful differentiation of human embryonic stem cells (hESCs) to 

fibrochondrocyte-like cells and characterization of these differentiated cells is a critical 

step toward tissue engineering of replacement tissues for the musculoskeletal 

fibrocartilages (e.g., knee meniscus, temporomandibular joint disc, intervertebral disc). In 

this study we examined a large array of different biochemical differentiation agents to 

gauge their efficacy in inducing synthesis of glycosaminoglycans and fibrocartilaginous 

collagens (types I, II, and VI). H9 embryoid bodies were treated with TGF-p3, and 

combinations of TGF-P3 with different concentrations of PDGF-BB, sonic hedgehog 

protein, BMP-2, BMP-4, and BMP-6 for 3 weeks. In addition, co-cultures with primary 

chondrocytes and fibrochondrocytes were examined. The combination of TGF-P3 with 

BMP-4 yielded EBs positive for collagens I, II, and VI, and it produced 6 fold the GAGs 

and 5 fold the collagen of TGF-P3 controls. Co-cultures with fibrochondrocytes resulted 

in a 6 fold increase in collagen II production. Analysis of cell surface markers showed 

significant increases in CD44 and CD105 with the TGF-P3 + BMP-4 treatment compared 

to the controls. This study determined two powerful treatments for inducing 

fibrocartilaginous differentiation of hESCs and provides a foundation for using flow 

cytometry to purify these differentiated cells.
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Introduction

Human embryonic stem cells (hESCs) are an emerging cell source for fibrocartilage 

tissue engineering.282 These cells are exciting for tissue engineering applications as they

• • • • 907 77R •have unlimited proliferative capacity and are multipotent. ’ Moreover, m the future 

there is great potential for using these cells in patient-specific therapies, whether through

ra  '}00
hESC banks or somatic cell nuclear transfer. ’ Creating functional fibrocartilages, 

such as the temporomandibular joint disc, intervertebral disc, and the knee meniscus, 

requires that these multipotent cells be differentiated down a fibrocartilaginous lineage. 

Determining efficient and efficacious methodologies for differentiation is a critical goal 

for the field.

One way to recreate the cues needed for differentiation is through modifying the growth 

medium, and such cues can be taken from fibrocartilage, as well as cartilage-related 

literature. Differentiation down a cartilaginous lineage, as well as other lineages, can 

occur spontaneously through culture without specific differentiation treatments.69 To 

make this differentiation more efficient and enhance cartilaginous matrix production, 

many groups are employing a ‘chondrogenic’ base medium consisting of ITS+ (insulin, 

transferrin, selenium, and bovine serum albumin), dexamethasone, ascorbic acid, and 

pyruvate.52,56,165,284 Using the immense research with adult progenitor cells and primary 

cells as a guide, recent work has largely focused on supplementing this chondrogenic 

medium with growth factors from the TGF-P superfamily. Levenberg and associates 

used TGF-pi to create cartilaginous matrix in hESC-seeded scaffolds and Toh and
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associates found that supplementation with BMP-2 increased GAG and collagen II 

staining in hESC embryoid body outgrowths. In contrast, one study showed that 

chondrogenic medium alone outperformed two different differentiation regimens using 

sequential dosing of TGF-{33, TGF-01, IGF-I, and BMP-2.255 Studies of hESC-derived 

cells and human embryonic germ cells have shown benefits with TGF-(3 growth factors

• 0 1 Q OIQ({31 or {33), while combinations with BMP-2 were not beneficial. ’ A larger variety of 

growth factors has been tried with mouse embryonic stem cells (mESCs), but the results 

have been mixed in regards to the most effective combination and dosing of TGF-|3s and 

BMPs.71,72,74,212 Other growth factor combinations including TGF-J33 + PDGF-BB and 

TGF-pi + BMP-4 have also shown promise in mESC studies toward enhanced collagen 

II and GAG production. Additional growth factors that have shown significant capacity 

to differentiate adult progenitors include BMP-6 and sonic hedgehog (SHH) protein.

As can be seen from the array of data, there is, as of yet, no gold standard for 

differentiation of embryonic stem cells with growth factor combinations.

Another methodology for recapitulating the microenvironment milieu of development is 

co-culture with primary cells. One study examined hESCs grown on inserts over ‘feeder 

layers’ of first passage nasal chondrocytes 290 The cells were co-cultured for 4 weeks 

prior to implantation in a nude mouse in PDLLA foam scaffolds. The co-cultured 

implants were found to have increased GAG and collagen, as well as a greater collagen 

II/I ratio over controls. Similar co-cultures with varying degrees of contact between 

primary cells (intervertebral disc) and adult progenitor cells have also been used toward

i i Q i  O Q O

fibrocartilage applications. ’ One challenge with this approach is that it requires
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appropriate primary cells. However, the advantage is that the primary cells are more 

capable of recreating the complex biochemical signaling environment that may be needed 

for differentiation.

In this study, a wide range of differentiation conditions are studied with the objective of 

differentiating hESCs to cells that produce fibrocartilaginous extracellular matrix (ECM). 

Differentiation to ‘fibrochondrocytes’ per se is not reasonable because specific markers 

have yet to be identified for a fibrochondrocyte. However, a functional definition of 

fibrocartilaginous differentiation can be applicable for tissue engineering purposes where 

the goal is functional restoration. Fibrocartilage is composed of varying ECM based on 

the region of the tissue. For example, the inner third of the meniscus contains collagen II

203while the outer portion is predominantly collagen I, with smaller amounts of type VI.

205, 293 engjneer 8 ^ ^  a COmplex and heterogeneous tissue it will be necessary to 

differentiate hESCs to cells capable of producing these types of matrix in varying ratios. 

This is a two-phase study examining differentiation through the use of 1) growth factors 

and 2) co-culture conditions. In the first phase, we initially compare control chondrogenic 

medium to medium supplemented with TGF-P3, chosen over TGF- (31 due to its 

enhanced potency,294 to determine whether TGF-[33 treatment is beneficial compared to 

chondrogenic medium alone. Next, TGF-P3 treatment is combined with varying 

concentrations of PDGF-BB, SHH, BMP-2, BMP-4, and BMP-6 to further increase 

fibrocartilaginous matrix production. Specific hypotheses include the following: 1) TGF- 

P3 enhances fibrocartilaginous matrix production, 2) the performance of TGF-P3 is 

enhanced by combinations with other factors, including BMPs, PDGF-BB, and SHH, 3)
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combinations with BMPs specifically increase GAG production and 4) combination 

specifically with BMP-4 additionally increases collagen production. In the second phase 

of the study we compare hESC co-cultures with primary articular chondrocytes and 

meniscal fibrochondrocytes. We hypothesize that co-cultures lead to increased specific 

collagen production.

‘Spin embryoid bodies’265, 295 of H9 hESCs are utilized to allow for uniform 

differentiation and analysis at the protein level to determine differentiation toward a 

fibrocartilaginous lineage. Looking toward future work with the differentiated cells we 

also analyze an array of cell surface markers to identify markers predictive of protein 

production. Specifically, 1) CD44, the hyaluronan receptor and an important mesodermal 

marker, 2) CD105, the TGF-|33 receptor, 3) platelet-derived growth factor a (PDGFRa), a 

mesodermal marker, and 4) SSEA-4, marker of undifferentiation in hESCs.57,73,207,221,

296

Materials and Methods

hESC culture

H9 hESCs (abbreviated ‘E19,’ Wicell, Madison, WI) were cultured according to the 

manufacturer’s instructions on irradiated CF-1 mouse embryonic fibroblasts (MEFs) 

(Charles River Laboratory, Wilmington, MA). Colonies were passaged using 0.1% type 

IV collagenase (Invitrogen, Carlsbad, CA) every 4-6 days. Colonies were passaged onto 

Matrigel (BD Biosciences, San Jose, CA) coated plates for the final passage prior to
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embryoid body (EB) formation. While on Matrigel, the colonies were given MEF- 

conditioned medium supplemented with bFGF (Invitrogen).

Spin EB formation

‘j f t e  m e
Spin embryoid bodies (EBs) ’ were prepared by lifting cells off the Matrigel with 4 

minutes of 0.05% trypsin with EDTA (Invitrogen) application. Trypsin was stopped with 

hESC medium, the cells were counted and seeded at lxlO5 cells/100 pi of bFGF- 

supplemented conditioned medium into low-adherence V-bottom 96 well plates (Sarstedt, 

Newton, NC). The plates were centrifuged for 5 minutes at 950 x g. The plates were then 

allowed to incubate for 48 hours. Spin EBs were lifted out of the wells with gentle 

pipetting and resuspended in appropriate medium for differentiation in six well plates, at 

approximately 20-30 EBs/well. Culture plates were coated in 2% agarose to prevent EBs 

from adhering to the well bottom.

Differentiation treatments

The base chondrogenic medium contained 1% fetal bovine serum (FBS) (Gemini, West 

Sacramento, CA), DMEM with 4.5 g/L-glucose and L-glutamine (Invitrogen), 1% non- 

essential amino acids, 0.4 mM proline, 50 pg/ml L-ascorbate-2 phosphate (Sigma, 

St.Louis, MO), 100 pg/ml Na pyruvate (Sigma), 1% ITS+ (BD Biosciences), and 100 

nM dexamethasone. Growth factor treatments included: TGF-03 (Peprotech, Rocky Hill, 

NJ), PDGF-BB (Peptrotech), rhSHH-N (R&D Systems, Minneapolis, MN), BMP-4 

(Peprotech), BMP-2 (Peprotech), and BMP-6 (Promokine, Heidelberg, Germany). Low
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(L) and high (H) concentrations for each growth factor and the applied combinations are 

described in Table I. All growth factors were diluted per manufacturer’s instructions.

The primary cells for feeder layers, meniscal fibrochondrocytes and articular 

chondrocytes, were harvested from the inner two -thirds of the medial meniscus and the 

distal femora, respectively, of approximately 1-wk old male calves (Research 87, Boston, 

MA) less than 36 hours after slaughter. Tissue was minced and digested overnight with 

0.2% collagenase II (Worthington, Lakewood, NJ) in 10% FBS culture medium. The 

FBS culture medium is DMEM with 4.5 g/L-glucose and L-glutamine (Gibco, Grand 

Island, NY), 10% FBS (Gemini), 1% fungizone, 1% Penicillin/Streptomycin, 1% non- 

essential amino acids, 0.4 mM proline, 10 mM HEPES, and 50 pg/ml L-ascorbic acid 

(Sigma). To obtain sufficient cells for the experiment, cells from three animals were 

frozen at -80°C and later pooled to create a mixed primary cell population. Co-cultures 

were prepared by thawing cells into a T-75 tissue culture treated plastic flask (BD 

Biosciences) for 48 hours; cells were then collected by trypsinization and irradiated with 

6000 rads. Cells were seeded at 5x105 cells per well of a 6 well plate. To separate EBs 

from the feeder layers, nylon mesh cell strainers were coated in 2% agarose (Sigma) and 

EBs were placed in the strainers to create a cytokine permeable cell-barrier (Figure 33).

For all treatments, half medium changes were made every three days. N ew  feeder layers 

were prepared each week. EBs were cultured a total of 3 weeks prior to analysis.
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Immunohistochemistry and histology

Samples were frozen and sectioned at 12 pm. Immunohistochemical analysis was 

performed by fixing sections in chilled acetone, rehydrating, treating with 3% H2O2 in 

methanol, and blocking with horse serum. The following primary antibodies were diluted 

in PBS and applied for 1 hour: 1:100 rabbit anti-human collagen VI pAb (US Biological,

Swampscott, MA), 1:750 rabbit anti-human collagen II pAB (Cedarlane, Burlington,

NC), and 1:650 mouse anti-human collagen I (Chondrex, Redmond, WA). Visualization

using a secondary biotinylated antibody, the ABC reagent, and DAB was performed

using the Vectastain kit (Vector Laboratories, Burlingame, CA), and counterstaining was

done with Harris’s Hematoxylin. Sections of articular cartilage and meniscal ♦

fibrocartilage were run as positive controls, while samples were stained without

application of the primary antibody as negative controls. To determine if undesired

differentiation had occurred, Von Kossa and Oil Red-0 stains were performed for

evidence of calcification and adipose tissue, respectively.

Quantitative biochemistry

Samples were lyophilized for 48 hours and digested in 125 pg/ml papain (Sigma) for 18 

hours at 60°C. Cell number was determined using Picogreen Cell Proliferation Assay Kit 

(Molecular Probes, Eugene, OR). A hydroxyproline assay was performed to gauge total 

collagen using bovine collagen standards (Biocolor, Newtonabbey, Northern Ireland).

Sulfated GAG was measured with the Blyscan GAG Assay Kit (Biocolor). For each 

assay, 5-10 samples were analyzed.
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Samples for enzyme linked immunosorbent assay (ELISA) were digested in papain at 

4°C for 4 days and then a 1/10 volume of elastase (Sigma) solution in lOx TBS buffer 

was added to achieve a concentration of 0.1 mg/ml elastase. Samples were allowed to 

digest an additional 48 hours. Between each incubation step in the ELISA, plates were 

washed using PBS with 0.05% Tween-20. For the collagen I ELISA, plates were 

incubated overnight at 4°C with 1:400 mouse anti-human capture mAb (US Biological), 

blocked with 2% bovine serum albumin (BSA), samples and standards were added, then 

exposed to rabbit anti-human pAb (US Biological). Finally, goat anti-rabbit pAb was 

added, and the color developed in TMB as a liquid peroxidase substrate. The collagen II 

ELISA was performed using the Chondrex (Redmond, Washington) capture mAb, the 

Chondrex biotinylated mAb, and streptavidin peroxidase was used with TMB to develop 

the color. Absorbance was read at 450 nm in a Genios plate reader (Tecan, San Jose, 

CA). For the ELISAs, 4-8 samples were analyzed.

Flow cytometry

The best performing differentiation treatments from each phase were selected for flow 

cytometry analysis. EBs were analyzed 48 hours after formation (‘undifferentiated’) and 

after 3 weeks of differentiation treatment. Three samples were prepared per treatment per 

primary antibody. EBs were digested to obtain a single cell suspension, by applying 

trypsin for 1 hour, followed by 0.2% type II collagenase (Worthington). The collagenase 

digestion was terminated when undigested material was no longer visible (1-1.25 hours). 

Cells were blocked with goat serum, and the following primary antibodies were applied 

at 10 pg/ml for 30 minutes: mouse IgG isotype control (Invitrogen), mouse anti-human
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PDGFRa (R&D Systems), mouse anti-human CD44 (Sigma), or mouse anti-human 

CD105 (Invitrogen). Additionally, mouse anti-human SSEA-4 (Developmental Studies 

Hybridoma Bank) was applied at 0.6 pg/ml. Cells were washed in PBS, and then the 

Alexa Fluor 488 goat anti-mouse FITC (Molecular Probes, Carlsbad, CA) was applied for 

30 minutes. Samples were fixed in 0.5% paraformaldehyde, and stored at 4°C until 

analysis. Samples were run on a FACSCalibur flow cytometer (BD Biosciences). Data 

were analyzed for forward scatter and the percentage of cells labeled at a fluorescence 

level exceeding a 95% threshold on the isotype control.

Statistics

All data were compiled as mean ± standard deviation and a one-factor ANOVA was used 

to examine means from the quantitative biochemistry and flow cytometry data. If analysis 

showed a significant difference, a Tukey’s post hoc or Student’s-t test analysis was 

performed. A significance level of p<0.05 was used in all statistical tests performed. The
r\ -I ’-!/■

R values were calculated using linear regression of the data sets under evaluation 

Results

Growth factor differentiation

TGF-(53 treatment resulted in a significant 60% increase in GAG production over control 

(Figure 34). There was no significant difference between the control and the TGF-[33 

treated group in total collagen or collagen II quantity. Immunohistochemistry indicated 

very faint and non-uniform staining for collagen I, although no collagen I was detected
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by ELISA. As TGF-(33 showed benefit toward fibrocartilaginous differentiation, 

combinations of this growth factor were tested with varying concentrations of 1) PDGF 

or SHH and 2) BMP-2, BMP-4, or BMP-6. In the first experiment, high and low 

concentrations of PDGF-BB or SHH were combined with TGF-p3, and all results were 

normalized to the TGF-P3 treated group. Immunohistochemistry showed the presence of 

collagen VI in all groups and collagen II was present in those treated with SHH. 

Quantitative biochemistry showed there was no significant change in cell number per EB 

or collagen II production for either combination with PDGF or SHH (Figure 35A). In 

contrast, SHH treatment actually decreased GAG production compared to TGF-P3 alone. 

PH showed a 115% increase in total collagen production, and SHH showed a trend 

toward increasing collagen production. When normalized per cell, PH did not show 

improvement in collagen or GAG over TGF-P3 alone; only SH showed an increase in 

collagen per cell compared to TGF-P3. A comparison of BMPs combined with TGF-P3 

netted greater improvements in matrix production. Immunohistochemistry demonstrated 

positive staining for collagen II and VI in all BMP-treated groups; however, collagen I 

was only present in 4H, 6L, and 6H (Figure 36). Only 4H showed an increase in cell 

number over TGF-P3 (Figure 35B). Both 2H and 4H showed increased GAG production, 

6.1 and 6.7 fold increases respectively. Only 4H showed a significant 4.8 fold increase in 

collagen over TGF-P3 alone. There was no increase in collagen II with any treatment. 

Normalization per cell showed similar trends to the per sample data, with the exception 

of 6L showing significantly greater collagen per cell compared to TGF-p3 alone. No 

collagen I was detectable by ELISA for these experiments, however, 

immunohistochemistry showed intense staining in the 4H group, and pale staining in the
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6H group (Figure 36). Von Kossa and oil red-0 staining for extraneous differentiation 

were negative (data not shown).

Co-culture mediated differentiation

In a preliminary study it was found that a primary cell feeder layer density of 5.0 x 105 

cells/ well showed more effect on matrix production than 2.5 x 105 cells/ well (data not 

shown), so the greater feeder density was utilized in the follow-up experiment. Presence 

of the insert in the absence of a feeder was also compared to no-insert controls; no 

significant differences were found between the groups for matrix production or cell 

proliferation (data not shown). Use of articular cartilage and meniscal fibrocartilage- 

derived feeder layers only significantly increased specific collagen production (Figure 

37). While collagen I was undetectable in all groups either through ELISA or 

immunohistochemistry, collagen type II content was 4.5 and 6 fold that of the control in 

the chondrocyte and fibrochondrocyte co-cultures, respectively. These changes were 

similar when normalized to cell number. Von Kossa and oil red-0 staining for extraneous 

differentiation were negative (data not shown).

Flow cytometry

Undifferentiated EBs and EBs treated with control medium, BMP-4 4 - TGF-(33, and a 

fibrochondrocyte co-culture were analyzed for the presence of four cell surface markers 

(Figure 38). The selected differentiation treatments were the highest protein producers 

determined in each phase. Only the growth factor combination significantly increased
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CD44, 32.2±1.9% positive. Both undifferentiated cells and growth factor combination- 

treated cells showed increased CD105, at 14.3±3.2% and 17.9±1.0% positive, 

respectively. All of the treatment groups showed significant drops in SSEA-4 compared 

to undifferentiated cells. The forward scatter, given as dimensionless measures of mean 

fluorescence intensity, offer a gauge of cell size (from largest to smallest): for the BMP- 

4+TGF-J33 groups it was 693±39, 578±2 for the undifferentiated cells, 490±14 for 

fibrochondrocyte co-cultured cells, and 466±17 for control treated cells.

Discussion

Fibrocartilage tissue engineering with hESCs is in its infancy; this study is the first to 

examine a large variety of growth factor combinations and co-cultures specifically 

toward fibrocartilage differentiation. Prior work has identified an appropriate hESC line

9R9and differentiation time and in this study a two phase approach was taken to refine the 

differentiation process. First, TGF-|33 was found to enhance GAG synthesis, while its 

combination with BMP-4 was found to increase GAG, total collagen, and collagen type I 

production. This study also found that co-culture with fibrochondrocytes successfully 

induced greater collagen II production over control or articular chondrocyte co-cultures. 

Combinations of TGF-J33 with PDGF-BB or SHH were found to be less fruitful. Flow 

cytometry analysis showed that the treatments differentially affected the cell surface 

geography and cell size, demonstrating a powerful link between protein production and 

cell size and surface markers. Overall, we have identified a treatment, BMP-4 + TGF- (33, 

that results in enhanced synthesis of important fibrocartilaginous proteins, while using a 

co-culture with fibrochondrocytes markedly increases collagen II production. Moreover,
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increases in the presence of CD 105 and CD44, as well as marked differences in cell size 

indicate that future work purifying these cells may be possible.

The utility of TGF-P3 in enhancing GAG synthesis correlates well to several previous 

studies of hESCs, mESCs, and other similar cell lines.73, 212, 219, 252, 297 The lack of 

enhanced collagen II production or GAG synthesis when TGF-(13 was combined with 

PDGF-BB or SHH was surprising, given evidence with mesenchymal stem cells (MSCs) 

and mESCs to support these combinations.73,285 SHH acts upstream of TGF-P signaling 

and is known to increase expression of TGF-P isoforms.298, 299 One hypothesis for the 

lack of response is that the TGF-P3 concentration used here was already at a saturation 

level. Future work may study whether SHH could be more effective in the presence of 

BMPs, as downstream expression of BMP receptors has been shown.300

Three different BMPs were examined in this study since each has shown utility in 

different systems; for example, BMP-2 combined with TGF-P3 outperformed similar 

combinations with BMP-4 and BMP-6 in a study of mesenchymal stem cells,301 BMP-6 

appears to be particularly effective with adipose-derived progenitor cells compared to 

BMP-2, 4, and 7,287, 288 while BMP-4 has outperformed BMP-2 in mESC 

chondrogenesis.73 The large increases in fibrocartilaginous matrix synthesis seen in this 

study with BMP-2 or BMP-4 combined with TGF-(33 contrasts with recent work with

919 91 Q 71 79hESC derived cells ’ but are supported by work with mESCs. ’ Additional studies 

with adult progenitors, both bone marrow and adipose derived, also show positive and

c a  n o n  o q q

even synergistic results in combining a TGF-P growth factor with a BMP. ’ ' The
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increases in GAG and collagen seen in this study may have been due to direct effects of 

the BMPs, BMP-induced increases in TGF-p receptors,288 or a combination of these two 

effects. Overall, combinations of TGF-P3 and BMP-4 merits greater study as the 

increases in matrix, 6.7 fold in GAG and 4.8 fold in collagen compared to TGF-P3 alone, 

were dramatic. Although this study examined a dose range covering most previously 

studied concentrations of BMPs, 20-100 ng/ml, a dose-response was still observed, thus a 

saturation concentration may still need to be identified.

An alternative to growth factor mediated differentiation is the use of co-cultures to 

provide the biochemical stimuli for differentiation. In using primary cells, there are the 

added challenges of an appropriate source and varying potency of the primary cells. 

Despite these considerations, co-cultures may provide a powerful stimulus, one that may 

even be responsive to the signals given off by the differentiating cells; i.e., there is 

opportunity for cross-talk between the two cell populations. It was hypothesized in this 

study that the co-cultures would differentially regulate specific collagen production as the 

cells themselves have very different collagen synthesis profiles, and, interestingly, both 

cell types appeared to increase collagen II production with little effect on collagen I. The 

7-10 fold increase in collagen II production is an exciting advance in fibrocartilaginous 

differentiation. Prior work with nasal chondrocytes co-cultured with the hESC HI line 

showed large increases in GAG production and collagen II staining.290 Future work will 

further examine appropriate ‘dosing’ of the co-culture, including issues such as cell 

density, how often new feeder layers should be prepared, and whether feeder layers 

should be treated with growth factors or other stimuli. Additionally, recent studies using
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chondrocyte-conditioned medium to differentiate MSCs292,302 or the mixing of MSCs and

• 18 f\ o q o  • • » «primary cells ’ ’ also show promise. Future work comparing conditioned medium,

direct mixing of the cells, and the set-up used in this study in which the two cell

populations were separated by a protein-permeable barrier will help further elucidate the 

role of cross-talk between the progenitor cells and primary cells. Moreover, in this study, 

a cross-species co-culture was utilized due to convenience in cell procurement; future 

studies must look toward comparing different sources of primary cells for co-cultures in 

terms of their practicality and especially the elimination of source-to-source variation in 

the level of stimulus provided.

The flow cytometry component of this study was undertaken as a first evaluation of an 

important tool for later studies: purifying populations of differentiated cells. Flow 

cytometry analysis may also be a powerful tool to identify a marker indicative of 

fibrocartilaginous matrix production which could be used to screen large numbers of 

differentiation strategies rather than laborious and expensive protein-level analyses. First, 

we used S SEA-4 expression as a gauge of whether the cells had retained their 

multipotency. As expected there was a 70-80% drop in this marker during the

differentiation period studied. We then examined three other cell surface markers that

have been linked to chondrogenicity: PDGFRa, CD44, and CD 105. Although PDGFRa+ 

mESCs have shown significant increases in chondrogenesis,73 none of the treatments 

markedly changed PDGFRa expression in this study. A particularly promising potential 

marker for cartilaginous differentiation is CD44; this marker appears early in 

chondrogenesis and is important in the formation of chondrocyte pericellular matrix.304"
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chondrocyte populations.221,307 Of the markers examined, CD44 was the only one that 

significantly increased over the undifferentiated and control treatment populations. We 

can speculate that increased presence of this hyaluronan receptor correlates to the 

enhanced GAG production seen in the EBs created with the BMP-4 + TGF-|33 treatment 

(R2= 0.78). Furthermore, since increased GAG was not seen with the fibrochondrocyte 

co-culture, it is consistent that CD44 was not increased. It was hypothesized that CD 105 

would increase with TGF-|33 treatment and comparisons between the BMP-4 + TGF-(33 

group and the control/co-culture groups, which were not treated with TGF-|33, support 

this hypothesis. However, since there was no difference between the level of CD 105 

expression in the undifferentiated cells and the BMP4 + TGF-P3, this marker would have 

to be used as a differentiation indicator only after the cells have been purified of cells 

expressing undifferentiation markers. These data lay a foundation for using flow 

cytometry to purify particularly promising populations for chondrogenesis. For example, 

treated cells could first be purified to remove all SSEA-4+ cells, and then sorted to obtain 

a CD44+ and CD 105+ population. As this study cannot show to what degree these 

populations overlap, such an examination will be important to more concretely establish 

these markers for chondrogenesis.

This work shows large gains in fibrocartilage matrix synthesis in hESC embryoid bodies 

comparing 14 differentiation strategies. The combination of BMP-4 + TGF-P3 was 

particularly effective in stimulating production of collagen I, II, and VI, and was effective 

in markedly increasing total collagen and GAG production. It was also demonstrated that
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these cells posses a greater forward scatter (gauge of cell size) than all other groups, and 

the highest CD44 presence, both of which may serve as important markers for purifying 

these cells. These refined methods for differentiation can now be applied in a tissue 

engineering strategy to create hESC-derived fibrocartilage.
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Conclusions

Functional tissue engineering of fibrocartilage is a complex challenge: the tissue is 

heterogeneous in both biochemical content and mechanical properties. Developing 

enabling technologies addressing tissue heterogeneities is critical to creating replacement 

tissues for defects or the entire structure. Moreover, while this thesis has used the knee 

meniscus as the source of native tissue comparisons, all of the results may also be applied 

to other musculoskeletal fibrocartilages, including the temporomandibular joint disc and 

the intervertebral disc. The chief hypothesis o f this thesis is two-fold: 1) applying and 

biochemically enhancing (via TGF-fl, staurosporine, and serum content) a scaffoldless 

approach to fibrochondrocyte and chondrocyte'.fibrochondrocyte co-culture constructs 

will result in biomechanically robust neofibrocartilages; and 2) hESCs can be 

differentiated to cells producing matrix similar to that found in native fibrocartilage, and 

these differentiated cells can be used in tissue engineering strategies for fibrocartilage.

Toward the first hypothesis, methodologies for scaffoldless tissue engineering with 

primary fibrochondrocytes and chondrocytes were examined and then enhanced using 

biochemical additives; this work encompasses Aims 1-3. Having developed neotissues 

with properties similar to native tissue by utilizing primary cells, a more practical cell 

source was then adapted for use: hESCs. The objective was to establish culture 

methodologies for using these cells in tissue engineering strategies, specifically 

addressing the added challenge of differentiating the cells prior to using them in self 

assembly. In Aim 4 three components of this challenge were addressed: developing a 

methodology to self assemble cells obtained from embryoid bodies, examining
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differentiation time, and comparing two cell lines. Next, the differentiation phase was 

further defined in Aim 5 by looking at growth factor combinations and co-cultures to 

modulate differentiation during the embryoid body stage. In summary, scaffoldless 

methodologies were applied to fibrocartilage for the first time and then modified to 

enhance the resulting neotissues, such that functional and heterogeneous fibrocartilages 

were created. A more practical cell source, hESCs, was adapted for use in these 

methodologies. This establishes a comprehensive foundation for using hESCs in

fibrocartilage tissue engineering.

Self assembly of chondrocytes is well established105, 106 and represents a successful 

strategy for cartilage tissue engineering; however, it has never before been applied to

fibrocartilage tissue engineering. As hypothesized, it was found that chondrocytes and

fibrochondrocytes differ significantly in their aggregation and self assembly properties. 

Fibrochondrocytes showed significant contraction and minimal matrix production. 

Etowever, they also showed appropriate specific collagen production in contrast to 

chondrocytes which only produce collagen type II. A novel approach to bridging the 

advantages of both systems was to examine a co-culture of chondrocyte and

fibrochondrocytes. This combination proved fantastically effective in producing 

mechanically robust constructs with clinically relevant dimensions and a mixed matrix of 

collagen type I and II. The comparison fully demonstrated that the presence of 

fibrochondrocytes was necessary for collagen type I synthesis and also led to the 

appearance of aSMA.
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The presence of aSMA in fibrocartilage and cartilage has been linked to dedifferentiation 

in these tissues.88, 89, 139, 141, 142 The observation of this protein in the self assembled 

fibrochondrocyte constructs led to the hypothesis that treatment with an actin-modifying 

agent, staurosporine, would enhance ECM production and reduce construct contraction. 

As a first phase, treatment dose was examined for changes in ECM-related gene 

expression. With staurosporine treatment, there were significant increases in aggrecan 

and COMP gene expression, 2.5 and 760 fold, respectively. At the protein level, there 

was a dose dependent increase in collagen production, up to 2 fold compared to control, 

with 100 nM staurosporine treatment. Immunohistochemistry also showed that staining 

for aSMA was reduced, especially with 50 nM staurosporine treatment. Thus, 

staurosporine prevented the decreases in COMP and aggrecan gene expression seen in 

fibrochondrocyte culture,138 and greatly increased collagen production. As seen in this 

work and the prior study of fibrochondrocyte self assembly, fibrochondrocyte constructs 

have a GAG density 43% that of native tissue, while collagen density is under 5% of 

native values; thus, increasing collagen is a significant advance. The increased COMP 

expression, a protein involved in collagen fibril organization,156, 157 was particularly 

notable given the increase in overall collagen production. This study also increased 

understanding of how modulation of the actin cytoskeleton can lead to changes in ECM 

production. Staurosporine disrupts the actin stress fibers that develop in
on oq ion

fibrochondrocytes during culture concomitantly with dedifferentiation; ’ ’ preventing 

or modulating this dedifferentiation is an important tool for tissue engineering. Moreover, 

the decrease in actin stress fibers was also evident in the dose dependent decrease in 

construct contraction. However, retaining clinically relevant dimensions in the constructs,
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still remained a significant challenge. This issue was addressed in the third aim of this 

work.

so so sn siMuch prior work in this group, ’ and others, ’ has shown that TGF-P 1 can be a 

powerful stimulus for ECM growth. Moreover, the serum content of the growth medium 

is another component of the culture environment that can be modulated with profound 

effects upon neotissue growth. Using four combinations of TGF-P 1 and base medium 

(10% serum, serum-free ‘chondrogenic’), revealed interesting outcomes in both 

fibrochondrocyte and co-culture constructs. These outcomes were in accordance with the 

hypothesis that the different cell sources would respond with distinct changes in matrix 

production to the different biochemical stimuli. Use of serum-free chondrogenic medium 

with the fibrochondrocyte constructs led to increased retention of construct dimensions 

over time, while the presence of TGF-pi in either base medium led to increased GAG 

and collagen synthesis. In the presence of serum, the growth factor led to a 4 fold 

increase in collagen II production. Although the co-cultures appeared less sensitive to the 

presence of the growth factor, the use of chondrogenic medium led to pivotal changes in 

matrix production and functional properties. GAG production was 250% that of the 10% 

serum medium constructs, and this correlated to a large increase in compressive stiffness. 

The stiffness of the chondrogenic medium-treated co-cultures reached 128±34 kPa, well 

within the range of native tissue, 110-210 kPa.202 Additionally, these highly functional 

constructs contained collagens I, II, and YI, the predominant collagens of fibrocartilage.7, 

103, 2 04  Overall, the range of treatments and cell sources used in this work demonstrated 

that fibrocartilaginous constructs with a large range of characteristics could be created,
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paving the way for a tailored tissue engineering approach to the heterogeneous regions of 

the knee meniscus and other fibrocartilages.

Another step in this tailored tissue engineering approach is developing an appropriate and 

practical cell source for the strategies developed with the primary cells. One such cell 

source may be hESCs. As a first foray into fibrocartilage tissue engineering with these 

cells, a modular approach was taken to create neotissue constructs. First, the cells were 

differentiated and treated with three differentiation regimens while in embryoid body 

form. Following this differentiation phase, constructs were self assembled in agarose 

molds. In the differentiation phase, it was found that the base ‘chondrogenic’ medium ’ 

56’ 165 was effective in inducing the cells to a fibrochondrocyte-like phenotype, such that 

fibrocartilaginous proteins, GAGs, collagen I, and collagen II, were produced in the 

constructs. In the self assembly phase, the constructs were both biochemically and 

biomechanically enhanced by assembling dissociated cells from the embryoid bodies 

versus directly assembling the embryoid bodies. As hypothesized, the dissociated cell 

constructs displayed enhanced mechanical properties and greater homogeneity, while the 

increases in matrix production over the embryoid body constructs was unexpected. This 

study established an effective base medium and self assembly methodology for future 

studies of cartilage and fibrocartilage tissue engineering with hESCs. This work was also 

the first to use hESCs in a scaffoldless approach to chondrogenesis.

Building upon these developments, the next study of Aim 4 used chondrogenic medium 

for differentiation and dissociated cells for self assembly, and it sought to revisit the
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differentiation phase and examine the time allowed for differentiation. This study also 

compared two hESC lines for their utility in fibrocartilage tissue engineering. By varying 

the differentiation time from 1 to 6 weeks, it was found that collagen type II appeared 

early in differentiation and disappeared by 6 weeks, while both collagen type I and VI 

appeared to increase over time. Constructs created from embryoid bodies differentiated 

for 3 weeks displayed all three important collagens and matrix production per cell tended 

to increase over time. Increasing the differentiation time to 6 weeks, rather than 

enhancing cartilaginous differentiation as hypothesized, led to a more fibrous phenotype. 

The 6 weeks differentiated constructs were contracted and displayed a lower GAG and 

collagen density per cell. In examining the two the cells lines, there were prominent 

differences: H9’s tended to increase in matrix production per cell over time and the H9 

constructs had tensile properties an order of magnitude greater than the BG constructs. 

Overall, the BG’s appeared to be in a proliferative state such that there was significant 

cell proliferation, and reduced matrix production. Moreover, the constructs were more 

cystic which may have led to their inferior mechanical properties. This study established 

3 weeks as being an appropriate differentiation time in chondrogenic medium and 

showed that the H9 cell line may be a more effective model for fibrocartilaginous 

differentiation.

Although chondrogenic medium was effective in differentiating the hESCs to produce the 

important proteins associated with fibrocartilage, it was hypothesized that the 

differentiation phase of the tissue engineering strategy could be further enhanced with 

growth factor treatments and co-culture conditions with primary cells. Out of the sixteen
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combinations examined, the combination of BMP-4 and TGF-P3 led to 6 and 5 fold 

increases in GAG and collagen quantity, and it was the only treatment in which the 

embryoid bodies showed collagen type I, II, and VI. Co-cultures with primary meniscal 

fibrochondrocytes led to significant increases in collagen II production. Additionally, it 

was found that flow cytometry analysis for CD44 correlated strongly with increased 

GAG production; these results may then be used to potentially purify a population of 

cells with enhanced chondrogenicity. This was the first study to assess a variety of 

differentiation conditions for fibrocartilage formation with hESCs. The successful 

differentiation strategies identified from this work can now be combined with the 

methodologies gleaned from the studies of Specific Aim 4 to create functional 

fibrocartilage from hESCs.

The conceivable culmination of this work is to take the methods developed with primary 

cells and then utilize them with hESCs differentiated to be fibrochondrocyte-like and 

chondrocyte-like. Thus, the primary cell methods can be directly applied to the stem 

cells. More work yet remains to be done, to fully create hESC derived fibrochondrocytes. 

This thesis provides a strong foundation upon which future research, employing a 

practical alternative cell source to engineer musculoskeletal fibrocartilages, such as the 

knee meniscus, temporomandibular joint disc, and intervertebral disc, may build.
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Scaffold Cell
Source Treatments Animal Model Time Results

Collagen I 
(CMI)27

Devitalized
meniscus

Meniscus

Articular
Cartilage

Collagen I33 bMSC 

Fibrin gel31 Meniscus

Blood clot32 bMSC

3 wks in vitro culture 
of cells prior to 
seeding

2.5 wks in vitro 
culture in
devitalized meniscus

Cultured to 1 
passage

Cultured to 1 
passage, seeded in 
fibrin and cultured 2 
wks

4 wks o f culture

Agarose

PGA35

PGA 137

Collagen I1

Collagen
II89

PGA

PGA'83

Cultured to 1 
Meniscus passage, 2 wks in 

agarose

Meniscus Cultured to 2nd 
passage

Agarose35 Meniscus
Cultured to 2 
passage

nd

Cultured to 2nd 
Meniscus passage, transfected 

with HGF

89 Cultured to 3rd 
passage

Cultured to 3rd 
passage

Meniscus

Meniscus

Meniscus

Cultured to 3rd 
■», . passage, treated with 
Meniscus y GF|31, PDGF,

bFGF, or IGF-I

Ovine
meniscectomy

Porcine 
meniscal tear

Lapine
partial
meniscectomy

Lapine
full thickness
defect

Caprine 
full thickness 
defect

Lapine 
in vitro

Lapine 
in vitro

Lapine 
in vitro

Bovine 
implanted SC 
in nude 
mouse

Bovine 
in vitro

Bovine 
in vitro

Bovine 
Implanted SC 
in nude 
mouse

Lapine 
in vitro

Enhanced regeneration 
12 wks and matrix production; 

shrinkage 
Enhanced integration 
between scaffold and native 
tissue
Enhanced integration and 
vascularization, ossification 
in 2/5

9 wks

6 m

Several
wks

4 m

7 wks

7 wks

8 wks

3 wks

3 wks

16 wks

4 wks

Granulation tissue

Decreased healing, stiffness 
26% o f native

8 wks Rounded cells

60 pg GAG and 14 pg 
collagen/ scaffold, 
shrinkage, 5% stiffness of 
native*
14 pg GAG and 4pg 
collagen/scaffold, 9% 
stiffness o f native

White fibrous tissue, 2.5x 
increase in vascularization, 
15% stiffness o f native

Outer layer of round cells, 
inner elongated cells, 
contracted >50%

Rounded cells, contracted 
< 10%

Fibrous tissue, stained for 
collagen and proteoglycans

Fibrous tissue, 5.9 pg  
GAG/scaffold, 11 pg 
collagen/scaffold

Table I: Tissue engineering studies of the meniscus using cell-seeded scaffolds. (SC= 

subcutaneous, * compared to central femoral aspect202)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



168

Group Wet weight (mg) Dry weight (mg) Diameter (mm) Thickness (mm)

ACA 84.5 ± 7.2a 4.4 ± 0.4a 10.24 ±0.63a 0.96 ± 0.14a

ACT 78.8 ± 8.9a 3.9±0.7a 11.79±0.56b 0.89 ± 0.19a

CCA 22.5 ± 1.0b 1.8 ± 0.2b 8.33 ± 0.82° 0.40 ± 0.06b

CCT 26.8 ± 5.2b 1.7 ± 0.3b 8.38 ± 0.75° 0.34 ± 0.07b

MCA 1.3 ± 0.3C 0.7 ± 0.0C 1.49 ± 0.20d n/a

MCT 1.3 ± 0.4C 0.6 ± 0.1° 1.78 ± 0.35d n/a

Table II: Gross characteristics of constructs after 4 wks of culture. Values reported as 

mean ± standard deviation. Data separated by different letters indicate significant 

differences, p<0.05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



169

Wet Weight (mg) 106 Cells/Construct tig GAG/Construct %GAG/DW % Collagen/DW 
OnM 2.33 ± 0.24 1.36 ± 0.22 12.57 ± 4.39 1.83 ± 0.28 5.57 ± 3.43 s

10 nM 2.27 ± 0.38 1.43 ± 0.71 14.86 ± 4.56 2.02 ± 0.29 6.04 ± 1.99 s
50 nM 2.18 ± 0.36 1.92 ± 0.55 12.84 ± 3.30 2.31 ± 0.97 7.92 ± 2.54AB

100 nM 2.46 ± 0.63 1.86 ± 0.27 12.42 ± 5.28 2.39 ± 0.71 10.91 ± 0.90A

Table III: Construct biochemistry after 4 weeks of culture. Although staurosporine at 

high concentration induces apoptosis in some cell types, the cell number per construct 

actually trended higher in treated constructs. When normalized to dry weight or per 

construct there was no significant differences in GAG content. In contrast, higher doses 

of staurosporine resulted in greater collagen content. Quantities not connected by the 

same letter are significantly different, p<0.05.
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Experimental Groups__________________ _________________________________
FC-FM 100% fibrochondrocytes in 10% FBS medium
FC-FM+T 100% fibrochondrocytes in 10% FBS medium + TGF-pi
FC-CM 100% fibrochondrocytes in serum-free chondrogenic medium
FC-CM+T 100% fibrochondrocytes in serum-free chondrogenic medium + TGF-pi
CC-FM 50:50 co-cultures in 10% FBS medium
CC-FM+T 50:50 co-cultures in 10% FBS medium + TGF-pi
CC-CM 50:50 co-cultures in serum-free chondrogenic medium
CC-CM+T 50:50 co-cultures in serum-free chondrogenic medium + TGF-pi

Table IV: Experimental groups.
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Time Diameter Thickness WetWt 10*6 Cells GAG/DW Collagen/DW 
(wks) (mm)________ (mm)__________(mg) Per Construct (%) (%)

Co-Cultues FM 3 5.5 ± 0: i bl 0.59 ± 0.04 b0 15.9 ± 1.9 b 3.15 ±0.14 17.97 ± 4.54° 7.13 ± 2.23
(CC) 6 6.7 ± 0.3 a 0.68 ± 0.13 ab 32.5 ± 4.2 a 2.50 ±0.34 18.25 ± 3.69° 5.86 ± 1.29

FM+T 3 4.7 ± 0.2 de 0.45 ± 0.05 c 8.8 ± 0.9 3.65 ±0.28 9.66 ± 1.46c 6.99 ± 1.72
6 5.1 ± 0.2° 0.68 ± 0.10 ab 16.6 ± 1.7 b 3.96 ±0.25 15.75 ± 2.90° 11.70 ± 1.92'

CM 3 4.6 ± 0.1 a 0.66 ± 0.10 ab 10.1 ± 0 .61X1 3.52 ±0.11 34.37 ± 1.93b 7.67 ± 1.G0
6 5.0 ± 0 .2 “* 0.81 ± 0.05 a 15.2 ± 1.3 b 3.96 ±0.41 44.91 ± 3.72 a 9.39 ± 1.47

CM+T 3 3.9 ± 0 .21 0.46 ± 0.08° 5.5 ± 0.2 d 4.13 ±0.50 13.58 ± 6.35° 5.98 ± 2.67
6 4.0 ± 0 .11 0.53 ± 0.11 bc 6.2 ± 1.3 d 4.71 ±0.78 16.75 ± 2.12° 9.12 ± 1.90

Fibrochondrocytes FM 3 2.4 ± 0 .1 ° 0.47 ± 0.07 B 1.7 ± 0 .3° 2.93 ±0.89 2.23 ± 0.82 B 0.88 ± 0-49
(FC) 6 1.8 ± 0 .1° 0.93 ± 0.34 AB 1.9 ± 0 .3° 1.88 ±0.42 1.02 ± 0.27 B 1.44 ± 1.01

FM+T 3 2.4 ± 0 .2° 0.47 ± 0.06 B 2.6 ± 0.4 CD 2.67 ±0.58 2.50 ± 0.48 B 1.41 ± 1.06
6 2.2 ± 0.1 c 0.97 ± 0.14 A 3.6 ± 0.4 CB 5.01 ±1.50* 2.88 ± 1.00B 3.15 ± 1.83

CM 3 3.4 ± 0.4 B 0.45 ± 0.20 B 3.9 ± 0.9 B 2.32 ±0.31 3.04 ± 1.29B 1.60 ± 0.50
6 4.2 ± 0.3 A 0.55 ± 0.06 B 8.0 ± 0.5 A 2.02 ±0.24 1.10 ± 0.26 B 0.87 ± 0.49

CM+T 3 2.3 ± 0.3 c 0.69 ± 0.06 AB 2.2 ± 0 .2° 3.03 ±0.43 3.05 ± 1.35b 2.15 ± 1.21
6 2.2 ± 0.1 C 0.97 ± 0.12 A 3.9 ± 0.3 B 3.04 ±0.64 6.51 ± 1.81 A 6.67 ± 0.98

FM: 10% FBS medium, FM+T: 10% FBS medium + TGF-(i1, CM: chondrogenic medium, CM+T: chondrogenic medium + TGF-pi

Table V: Gross and biochemical data for the constructs. Biochemical characterization 

was normalized to dry weight (DW) to facilitate comparison to native tissue. Values 

reported as mean ± standard deviation, n = 4-6 samples. Statistics were blocked by cell 

group (capital letters for FC versus lower case letters for CC) and data separated by 

different letters indicate significant differences, p<0.05. * indicates a significant change 

within the treatment group over time.
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Cell line Differentiation treatments (serum, medium, growth factors etc.) Differentiation time Reference

BG01V 1 % serum chondrogenic medium, TGF-p3 applied for 1 wk followed
by TGF-p1 + IGF-I, or BMP-2 applied to EBs, EBs were then self
assembled into constructs and grown an additional 4 wks

H1, H9 Serum-free chondrogenic medium,±BMP-2, applied to EBs grown in 
2D or micromasses

BG02 EBs grown in 20% KSRhESC medium without bFGF for 10 days, 
transferred to 2D and grown in 10% serum medium up to passage 
5-7, then pelleted ±TGF-p1, BMP-2, or combination

H1 Grew EBs for 5 days in 10% serum media then trypsinized and grown
in 2D: grew nasal chondrocytes on inserts in 10% serum media, then 
seeded on FDLLA foams and implanted in nude mice

H9 Grew EBs for 89 days in TGF-pi supplemented chondrogenic medium
and then seeded onto polymer scaffolds for 2 wks

H9 Grew EBs in suspension for 5 days then differentiated in monolayer
for 10 days with TGppi

ES1-hES3 Grew EBs in suspension

4 wks 

3 wks

3 wks in hydrogel

4 wks

8-9 days in 
suspension then 2 
wks on polymer 
10 days

28 days, 60days, 
104days

Koay et al. 2007

T ohetal.2007 

Hwang etal. 2006

Vats et al. 2006

Levenberg et al. 2003

Schuldiner et al. 2000 

Khoo et al. 2005

BMP-2: bone m orphogenic protein 2, EBs: embryoid bodies, hESC: hum an embryonic stem  cells, KSR: knoclout serum  replacepM SC: m esenchym al stem  cells, 
PDLLA: poly- D.-l lactide, TGFP-1: transforming growth factor p-f

Table VI: Summary of recent work employing hESCs in chondrogenesis: A wide range 

of differentiation agents, microenvironments, and time spans have been examined.
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Wet Wt (mg) Collagen % DW GAG % DW

H9 1 wk 3.91 ± 1.13b 22.97 ± 7.73ab 1.79 ± 0.06
3wk 3.26 ± 0.41b 15.93 ± 6.24abc 0.44 ± 0.25
6wk 0.95 ± 0.15° 19.60 ± 4.76abc 0.68 ± 0.27!

BG 1 wk 0.91 ± 0.28° 9.40 ± 7.92bc 0.68 ± 0.251
3 wk 6.05 ± 2.19a 23.48 ± 7.82a 1.00 ± 0.50
6wk 2.21 ± 0.62bc 8.55 ± 3.12° 0.58 ± 0.39'

Table VII: Wet weights and dry weight (DW) normalized matrix after 4 weeks of culture 

in self assembly: Groups not connected by the same letter are statistically different 

(p<0.05). GAG/DW in native fibrocartilage ranges 1-7% and collagen/DW is -80% [29].
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Differentiation Treatments
Control chondrogenic base medium
TGF-33 10 ng/ml TGF-33

PL 10 ng/ml TGF-33 + 20 ng/ml PDGF-BB
PH 10 ng/ml TGF-33 + 100 ng/ml PDGF-BB
SL 10 ng/ml TGF-33 + 200 ng/ml SHH
SH 10 ng/ml TGF-33 + 1000 ng/ml SHH
2L 10 ng/ml TGF-33 + 20 ng/ml BMP-2
2H 10 ng/ml TGF-33 + 100 ng/ml BMP-2
4L 10 ng/ml TGF-33 + 20 ng/ml BMP-4
4H 10 ng/ml TGF-33 + 100 ng/ml BMP-4
6L 10 ng/ml TGF-33 + 20 ng/ml BMP-6
6H 10 ng/ml TGF-33 + 100 ng/ml BMP-6
A articular chondrocyte co-culture
M meniscal fibrochondrocvte co-culture

Table VIII: This study examined 14 differentiation treatments.
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Specific Aims 1-3, chapters 2-4 

Specific Aims 4-5, chapters 5-7

F ibrochondiocy tes

Chondrocytes

Embryoid Bodies

Differentiation

Staurosporine 
TGF-pi 

Serum-Free Medium

Fibrocarttiage
Construct

Agarose-Coated 
Wells for Self Assembly

hESCs Dissociated Cells

Figure 1: Overview of thesis work; primary (fibrochondrocytes and chondrocytes) and 

hESC cell sources will be examined using self assembly and modulated with biochemical 

factors to create fibrocartilage constructs.
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g  chondrocytes 

[ J  fibroctiondrocytes

Figure 2: Aggregation rate of fibrochondrocytes versus chondrocytes. Fibrochondrocytes 

aggregate slower but reach a similar maximum percent aggregation as chondrocytes. 

Values reported as mean ± standard deviation. Data separated by different letters indicate 

significant differences, p<0.05.
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n n i n i m  n ii i i iv

Figure 3: Gross appearance of representative constructs after 4 wks of culture, scale 

markings are in millimeters. Chondrocytes on agarose coated wells (ACA) vs. TCP 

(ACT), 1:1 co-culture of fibrochondrocytes and chondrocytes on agarose coated wells 

(CCA) vs. TCP (CCT), and fibrochondrocytes on agarose coated wells (MCA) vs. TCP 

(MCT). Chondrocyte constructs are large and mechanically robust, co-cultures are 

smaller but can be handled and manipulated, while the fibrochondrocyte constructs are 

significantly contracted.
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B.

Figure 4: A. Safranin-O/fast green stain of sections showing GAG distribution in 

constructs. Red indicates sulfated GAGs. The chondrocyte containing constructs 

demonstrate a GAG-rich matrix while the 100% fibrochondrocyte constructs show a 

compact matrix with insignificant GAG content; B. Picrosirius red stain showing 

collagen distribution. All of the constructs demonstrate diffuse collagen, as further 

examined in Fig. 3. Non-specific staining of the nuclei in the very cell-dense 

fibrochondrocyte constructs contributes to the intense color.
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A. collagen I Figure 5: Construct

Immunohistochemistry with 

purple hematoxylin

background staining at 20x 

magnification A. brown stain 

is indicative of collagen type 

I, both fibrochondrocyte and 

co-culture constructs show 

positive staining; B. brown 

stain is indicative of collagen 

type II, all constructs, except 

MCA and MCT, show 

positive collagen II staining; 

C. brown stain is indicative of 

aSMA all constructs except 

ACA showed evidence of 

positive aSMA staining. 

Chondrocytes on agarose 

coated wells (ACA) vs. TCP 

(ACT), 1:1 co-culture of 

fibrochondrocytes and chondrocytes on agarose coated wells (CCA) vs. TCP (CCT), and 

fibrochondrocytes on agarose coated wells (MCA) vs. TCP (MCT).

B. collaeen II

C. otSMA
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Figure 6: Collagen standardized to construct dry weight. Co-culture collagen density is 

similar to that of the chondrocyte constructs while the fibrochondrocyte constructs have 

significantly less. Values reported as mean ± standard deviation. Data separated by 

different letters indicate significant differences, p<0.05.
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Figure 7: GAG standardized to construct dry weight. Fibrochondrocyte constructs had a 

GAG density similar to native tissue and significantly less than that of both the co-culture 

and articular chondrocyte constructs. Variation related to culture type is only evident in 

the co-culture group: CCT constructs show significantly greater collagen density than 

CCA constructs. Values reported as mean ± standard deviation. Data separated by 

different letters indicate significant differences, p<0.05.
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X)

Figure 8: Picogreen analysis of cell quantity. Cell quantity per construct was greatest in 

the chondrocyte constructs but decreased considerably in the co-culture and 

fibrochondrocyte constructs. The cells do not appear to have proliferated and it is likely 

that cell loss is due to less than 100% aggregation of the cells to form the construct, such 

that those cells that did not aggregate were lost. Values reported as mean ± standard 

deviation. Data separated by different letters indicate significant differences, p<0.05.
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Figure 9: Phalloidin actin staining of monolayer cells after 24 hours on tissue culture 

plastic, scale bar is 10 pm. A) untreated cells shows dense stress bundles and localization 

at the cell periphery; B) 100 nM staurosporine treatment shows a clear decrease in the 

intensity of actin staining and diminished abundance at the cell periphery.
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Figure 10: Quantitative gene expression of fibrochondrocytes at 24 hours and 4 days of 

treatment with staurosporine; mRNA abundance relative to GAPDH expression is 

normalized to untreated fibrochondrocytes at the same time point. Due to the increases 

over orders of magnitude, COMP was normalized to the log abundance (note that the 

control value is at 0). * indicates significant difference compared to the no-dose control, 

p<0.05, ** indicates p<0.10.
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Figure 11: Construct diameter over time. Staurosporine has previously been linked to 

inhibition of construct contraction. In this study both time and concentration were 

significant factors.
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Figure 12: Immunohistochemical staining for aSMA. Brown staining indicates positive 

protein staining. The untreated constructs show intense staining along the borders of the 

construct while staining is lighter and more diffuse in the treated constructs. The trend in 

increasing construct diameter suggests that regulation of aSMA by staurosporine could 

have benefits in retention of construct dimensions. Scale bar is 100 pm.
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Figure 13: Total and specific collagen content of the constructs; A. total collagen showed 

a significant increase with the highest dose of staurosporine, B. Collagen I content was 

greatest in the 10 nM treated constructs, C. Collagen II content did not vary significantly 

in the constructs. Bars not connected by the same letter are significantly different, 

p<0.05.
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Figure 14: Gross photographs of constructs following 6 weeks of culture, top and side 

views. The CC constructs grew beyond the original dimensions, while the FC constructs 

show contraction from the original 5 mm diameter. The constructs have a cartilaginous 

appearance and are of clinically relevant dimensions.
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Figure 15: Safranin-0 staining of the constructs illustrates the changes in morphology as 

they mature through 3 to 6 weeks of culture. The fibrochondrocyte constructs are cell- 

dense with sparse matrix while the co-culture constructs show striking differences based 

on the treatment group. Co-cultures groups cultured in FM ± T show the development of 

a superficial layer while those prepared in CM are more compact with proteoglycan-rich 

matrix. Scale bar= 250 pm.
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Co-cultures Fibrochondrocytes

Figure 16: Immunohistochemistry for collagen type VI: brown color indicates positive 

staining. While all of the constructs show some positive staining, the co-culture CM 

constructs show the most intense staining, perhaps accounting for the significant 

proportion of the total collagen not accounted for by collagen I and II.
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Figure 17: Quantitative A. GAG and B. collagen per construct for the different treatment 

groups. Co-culture constructs produced significantly more matrix than the 

fibrochondrocyte groups and there was significant variation according to treatment. 

Values reported as mean ± standard deviation, n = 4-6 samples. Statistics were blocked 

by cell group (capital versus lower case letters) and data separated by different letters 

indicate significant differences, p<0.05.
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Figure 18: A. Collagen type I per construct. The predominant collagen in the constructs is 

collagen type I; there were no significant differences amongst the fibrochondrocyte 

groups. B. Collagen II per construct. Collagen II, while more abundant in the co-culture 

constructs, was significantly affected by treatment in the fibrochondrocyte groups. C. 

These variations led to dramatic differences in the collagen I/II ratios mirroring those 

found in the heterogeneous regions of the native tissue. Values reported as mean ± 

standard deviation, n = 4-6 samples. Statistics were blocked by cell group (capital versus 

lower case letters) and data separated by different letters indicate significant differences, 

p<0.05.
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Figure 19: Mechanical properties of the constructs: A. tensile modulus; B. ultimate 

tensile strength, and C. aggregate modulus. The CC-CM group had the greatest tensile 

strength, while FBS or growth factor presence was more important in the FC groups. The 

CC-CM group also showed dramatically greater compressive stiffness, on par with the 

stiffness of native tissue. Values reported as mean ± standard deviation, n = 4-6 samples. 

Statistics were blocked by cell group (capital versus lower case letters) and data separated 

by different letters indicate significant differences, p<0.05.
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Figure 20: Chondrogenic differentiation of hESCs (t=4 weeks). (A): Collagens I and II 

were detected in all three differentiation conditions (lOx). The embryoid bodies in all 

groups appeared highly hydrated and cellular with a loosely organized extracellular 

matrix. (B): The SOX-9 transcription factor was detected in all three differentiation 

regimens at t=4 weeks (green with blue nuclear stain). Chondrogenic medium alone and 

D1 cells were approximately the same size and had a similar rounded shape as the 

positive control of native articular chondrocytes, D2 cells were larger and appeared 

fibroblastic. The MEF negative control did not exhibit SOX-9. Scale bar is 10 pm (40x). 

Abbreviations: CM, chondrogenic medium; Col, collagen; D l, differentiation condition 

1; D2, differentiation condition 2; MEFs, mouse embryonic fibroblasts.
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Figure 21: Gross 

morphology and 

histology of

constructs at t=8 

weeks. (A): DC

constructs were 

more uniform and 

held their shape 

when manipulated, 

whereas the EB 

group did not. D1 

constructs were 

generally smaller 

compared to the 

other groups. EB 

constructs were

engineered larger (5 mm molds vs 3 mm molds for DC constructs) because the EBs at 

t=4 weeks were too large for the 3 mm wells. (B): Collagens I and II were detected in the 

CM and D1 at t=8 weeks, regardless of self assembly mode (EB or DC) (lOx). D1 

constructs had collagen II but did not demonstrate much collagen I staining. Constructs 

showed intense picrosirius red and spotty Alcian Blue stains (4x). Abbreviations: CM, 

chondrogenic medium; Col, collagen; D l, differentiation condition ; D2, differentiation 

condition 2, DC, dissociated cell construct.
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Figure 22: Biochemical analysis of total collagen and sulfated GAGs (t=8 weeks). (A): 

Self assembly with DCs caused an increase in total collagen content compared with self 

assembly with EBs. Significant differences were also detected due to differentiation 

agent, with CM and D2 constructs being higher than D1 constructs. Groups or 

experimental factors not connected by the same letter are significantly different (p<0.05). 

(B): Sulfated GAG content was higher in DC constructs compared with EB constructs. 

Differentiation condition was not a significant factor for GAG production. Abbreviations: 

CM, chondrogenic medium; Dl, differentiation condition 1; D2, differentiation condition 

2; DC, dissociated cell; DW, dry weight; EB, embryoid body.
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Figure 23: Cell and collagens I and II content at t=8 weeks. (A): PicoGreen results from

the ELISA digest showed that CM constructs had higher cell numbers than D1 constructs. 

CM dissociated cell constructs had almost twice as many cells as the other two DC 

groups. All constructs were initially seeded with the same amount of cells. Additionally, 

D1 EB constructs exhibited lower cell numbers than the other EB constructs. These 

results generally mirror the gross morphology of the constructs. (B): Collagen I per cell 

was undetectable in D1 constructs, whereas CM and differentiation condition 2 constructs 

exhibited relatively high amounts of collagen I per cell. Overall, CM constructs had 

higher collagen I content. Also, DC constructs had more collagen I per cell than EB 

constructs. (C): Collagen II per cell demonstrated differences between EB and DC 

constructs. CM constructs had more collagen II per cell than D2 constructs. Groups not 

connected by the same letter are significantly different (p<0.05). Abbreviations: CM, 

chondrogenic medium; D l, differentiation condition 1; D2, differentiation condition 2; 

DC, dissociated cell; EB, embryoid body.
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Figure 24: Compressive properties (t=8 weeks). Dissociated cell constructs had a higher 

instantaneous modulus than embryoid body constructs (p<0.005). Differentiation 

condition had no effect. Groups not connected by the same letter are significantly 

different (p<0.05). Abbreviations: CM, chondrogenic medium; D l, differentiation 

condition 1; D2, differentiation condition 2; DC, dissociated cell; EB, embryoid body.
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Figure 25: Tensile properties of DC constructs at t=8 weeks. (A): D2 constructs 

outperformed the CM and D1 constructs in both tensile modulus and ultimate tensile 

strength. Also notable was the fact that the values for these properties were on the order 

of megapascals. Groups not connected by the same letter are significantly different 

ip<0.05). (B): Collagen alignment (demonstrated by picrosirius red and polarized light) 

in the specimens along the axis of tensile testing (double-headed arrow) was seen best in 

the D2 group, whereas the CM and D1 specimens demonstrated no preferred direction . 

Pictured on the top row is one half of the tensile specimens, with the broken end (where 

failure occurred) being on the left of each picture (white arrow, 10 x). Greater collagen 

alignment is also observed in the untested whole constructs (bottom row) of the D2 group 

(lOx). Abbreviations: CM, chondrogenic medium; D l, differentiation condition 1; D2, 

differentiation condition 2, DC, dissociated cells.
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Figure 26: Study design; two hESC lines, H9 and BG01V, were cultured in monolayer 

and then collected as embryoid bodies (EBs) off of the MEF feeder layers. The EBs were 

then cultured in chondrogenic medium with 1% serum for 1, 3, or 6 weeks (referred to as 

the ‘differentiation time’) and then dissociated to single cells and self assembled in 

agarose molds. The resulting constructs were evaluated following 2 and 4 weeks in self 

assembly culture, referred to as ‘assembly time.’ Constructs are referred to in the text 

according to their cell line (abbreviated H9 or BG) and their differentiation time in EB 

form.
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Figure 27: Embryoid bodies prior to self assembly: H&E shows increasing matrix with 

increasing differentiation time. In both the H9 and BG EBs collagen I and VI appear to 

increase over time while collagen II appears most intense at 3 weeks. Embryoid bodies are 

characterized by heterogeneous shape and size, as well as the presence of cystic spaces. 

Brown color is indicative of positive staining. Scale bar is 300 pm.
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Figure 28: Constructs after 4 weeks of culture post self assembly. Top: Gross constructs, 

all constructs began at 3 mm and those made from cells differentiated for 3 weeks largely 

retained the initial dimensions or grew, while the other groups tended to contract (hash 

marks are in millimeters). Bottom: H &E staining of constructs showing construct 

morphology, cystic structures are particularly notable in the BG 3 week constructs. Scale 

bar is 300 pm.
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Figure 29: Collagen immunohistochemistry: A. Staining for collagen I shows increasing 

intensity over time for the H9-1 and 3 week constructs while the H9-6 week and BG-3 

and 6 weeks constructs appear to have less collagen I over time; B. The H9-1 week and 3 

week constructs stain most intensely for collagen II; C. Collagen VI staining appears to 

increase over time for all constructs. Brown color is indicative of positive staining. Scale 

bar is 300 pm. Image shown is a cross section of a construct including approximately half 

the total diameter and a lateral edge.
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Figure 30: aSMA immunohistochemistry: staining for this protein in the constructs 

appears to increase with differentiation time.
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Figure 31: Quantitative biochemistry; A. Cells per construct, the H9-1 week group and 

the BG 3 week and 6 week groups were notable for significant proliferation over time; B. 

Collagen per million cells, only the cell line was significant with H9s producing greater 

collagen on a per cell basis; C. GAG per million cells showed no significant differences 

across the groups. * indicates p<0.05.
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Figure 32: Mechanical properties: A. Aggregate modulus indicating stiffness showing 

values nearing 50% of native tissue. The BG-lwk constructs lacked mechanical stability 

sufficient for handling the sample and thus, they could not be tested. B. Tensile modulus 

and C. Ultimate tensile strength, the marked superiority of the H9 constructs likely 

reflects the greater collagen density and homogeneity of the constructs. Neither the BG- 

lwk or H9-lwk constructs could be tested due to their poor mechanical stability. Groups 

not connected by the same letter are statistically different (p<0.05).
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Figure 33: Co-culture set-up: In order to create a protein-permeable cell barrier, nylon 

cell strainers were coated with 2% agarose and placed in wells seeded with irradiated 

primary cells. EBs were placed within the agarose-coated strainer.
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Figure 34: TGF- (33 treatment resulted in increased GAG synthesis over chondrogenic 

medium alone. Taking an optimization approach, follow-up studies examined 

combinations with TGF-J33. * indicates p<0.05.
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Figure 35: A. Combinations of PDGF and SHH with TGF-(33 showed no benefit over 

TGF-P3 alone, SHFI at either dose actually decreased GAG synthesis. B. Combinations 

of TGF-P3 with BMP-2 or BMP-4 proved to be powerful stimuli, both collagen and GAG 

synthesis were increased over TGF-P3 alone. Groups not connected by the same letter are 

statistically different (p<0.05).
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Control TGF-B3

Figure 36: Immunohistochemistry for collagen I, II and VI, rust-color indicates positive 

staining. BMP-4 + TGF-P3 showed collagen I, II, and VI, versus the control which only 

showed minimal staining. The meniscal fibrochondrocyte co-cultures showed intense 

collagen II staining. Scale bar is 200 pM.
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Figure 37: Co-culture treatment resulted in dramatic changes in collagen II content. 

Groups not connected by the same letter are statistically different (p<0.05).
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Figure 38: Flow cytometry for cell surface markers. All treatments significantly 

decreased SSEA-4, a sensitive marker for undifferentiation. Only BMP-4 + TGF-p3 led 

to increased CD44 and CD 105. These markers may be used in future studies to isolated 

differentiated cells. Groups not connected by the same letter are statistically different 

(p<0.05).
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And to whomsoever much is given, much shall be required.

Luke 12:48

I am the vine; you are the branches. If a man remains in me and I in him, he will bear 

much fruit; apart from me you can do nothing.

John 15:5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


