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Abstract 
With growing numbers of increasingly younger patients suffering debilitating 

arthropathies, the need for simple models that recapitulate the complex interplay 

between distinct joint tissues, and grafts that emulate these joint structures in their 

biological properties and their strength have become more urgent. The objective 

of this study is to engineer constructs of multiple tissue types by controlling the 

morphogenetic factors that direct stem cell differentiation and tissue formation 

either exogenously or via transduction of expression vectors.  Our hypothesis is 

that sequential changes in exogenous growth factor delivery and also scaffold-

mediated inducible regulation of morphogenetic gene expression and signaling in 

3D-constructs of murine iPSCs will lead to the formation of both bone and cartilage 

tissue types, both as separate tissues, and as osteochondral constructs. In the first 

study, osteochondral organoids were grown in a scaffold-free system from a single 

iPSC cell source, creating tissues containing a distinct core with the genetic and 

extracellular matrix profile of articular cartilage surrounded by a shell with the 

genetic and extracellular matrix profile of bone. In the second study, chondrogenic, 

osteogenic, and osteochondral tissue grafts were grown by scaffold-mediated 

lentiviral delivery of differentiation factors expressed both constitutively and in a 

temporally inducible manner. These constructs will provide an excellent platform 

to study diseases of the osteochondral junction, to screen pharmacologic therapies 

affecting both cartilage and bone tissue, and as a next step toward making an 

implantable osteochondral graft for the direct treatment of joint defects.   
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1. Introduction 
Osteoarthritis (OA) is a painful, debilitating disease characterized by 

progressive degenerative changes in articular cartilage and other joint tissues. 

Currently, there are few treatment options for end-stage OA other than total joint 

replacement with a metal and plastic prosthesis, but wear limits their lifespan to 

only 10-15 years. The field of tissue engineering seeks to develop new methods 

to regenerate cartilage made from cells and biocompatible materials to potentially 

last a lifetime. Significant advances have been made in the field to develop the 

three main components for tissue engineering: scaffold materials and design; 

cellular programming and cell sources; and delivery of cell signaling molecules. 

The goal of this project is to apply novel techniques in tissue engineering to 

construct functional cartilage and bone tissue. 

To study the biology of this debilitating disease, it is important to study the 

normal physiology of the tissues affected, and to further study the differences 

between the normal tissue and diseased tissue. Our lab created a system to 

study cartilage made from miPSCs1 as large step toward modeling osteoarthritis 

in an in vitro system. Osteoarthritis is a disease of both the articular cartilage and 

the bone, and an in vitro organoid system modeling the osteochondral junction 

does not yet exist with iPSCs, but would be a powerful tool for understanding 

normal physiology of the joint, for modeling OA and other diseases of the 

osteochondral junction, such as osteochondritis dissecans, and for potential drug 

screening, even in a patient-specific manor. One of our objectives for this study is 



 

2 

to create an osteochondral organoid system. Our first hypothesis for this work 

is that after differentiation of a cartilage construct, endochondral 

ossification can be induced to differentiate part of the construct into 

osteogenic tissue. 

For these constructs, induced pluripotent stem cells (iPSCs) were used. As 

iPSCs provide a virtually unlimited source of potentially patient-specific cells that 

can be reprogrammed into a pluripotent state then differentiated into any cell type, 

these cells solve many of the current problems in the field, including the need for 

large quantities of cells and the risk of rejection of non-autologous cells. They also 

invite the possibility of differentiation into two cell types in one construct, namely 

cartilage and bone for an osteochondral construct or graft.  

With an eye toward translation and direct implantation of an osteochondral 

graft, these cells must be seeded onto a scaffold strong enough to withstand forces 

of normal human activity, wear slowly over time, and be porous enough to allow 

for tissue growth. Our lab developed a 3-dimensional woven scaffold with 

mechanical properties similar to those of native articular cartilage. When woven 

with poly(ε-caprolactone) (PCL), an FDA-approved biocompatible polymer, the 

scaffold supports chondrogenesis and degrades slowly (less than 5% degradation 

at 2 years) into byproducts that are entirely cleared from the body.  

Work in our lab and the Gersbach lab has shown that this scaffold can be 

coated with an immobilized lentivirus for gene transduction: delivery of 

transforming growth factor β3 (TGF-β3), a powerful chondrogenic inducer, via 
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scaffold-mediated viral transduction can induce growth of neocartilage tissue with 

human mesenchymal stem calls (hMSCs); preliminary data suggests that similar 

delivery of bone morphogenetic protein 2 (BMP-2), a powerful osteogenic inducer, 

produces mineralized bone-like tissue with hMSCs. Also, we have shown that 

exogenous delivery of these factors to iPSCs is the final step in chondrogenic 

(TGF-β3) and osteogenic (BMP-2) tissue formation. To engineer chondrogenic 

and osteogenic tissue, we propose lentiviral delivery of TGF-β3 and BMP-2 

respectively.  Our second hypothesis is that scaffold-mediated viral 

transduction of TGF-β3 and BMP-2 into iPSCs will yield robust chondrogenic 

and osteogenic constructs from a single scaffold type and single cell 

population. 

Significance 

Limitations of standard of care for cartilage injury and disease: The 

treatments for injuries and diseases affecting articular cartilage pose important 

unmet challenges to the medical community. Damage to articular cartilage is a 

significant clinical problem with over 50% of orthopaedic injuries involving cartilage 

in synovial joints. Osteoarthritis (OA), a degenerative joint disease characterized 

by articular cartilage degradation and subchondral osteophyte formation, affects 

53 million adults, 23 million of whom suffer during activities of daily living, with an 

economic burden of over $40 billion per year in the USA.2, 3 Approximately 25% of 

the population older than age 60 years suffers significant pain and disability caused 

by OA.4  Further, OA accounts for nearly one quarter of disability in activities of 
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daily living in older adults.5 Once damaged, articular cartilage has a limited 

capacity for intrinsic repair6 such that injuries and cartilage defects can lead to 

progressive damage, joint degeneration, and pain. Metal and polymer-based joint 

replacements have provided extraordinary relief from pain and renewed activity 

level for those with OA; however, these devices last only 10-15 years, limiting the 

options as our growing aging population lives longer, more active lives. There have 

been numerous efforts to achieve cell-based repair of cartilage defects, which if 

left untreated, can progress to OA.7 To date, several techniques have used 

autologous chondrocytes clinically to enhance knee repair;8-10 however, this 

approach faces numerous challenges including inadequate supply of 

chondrocytes, their limited regenerative potential with age or disease, graft 

hypertrophy, and graft delamination.11, 12 Additionally, the harvest of autologous 

cartilage for the cell implantation procedure carries significant iatrogenic risk for 

the patient. The harvest of even non-load-bearing cartilage is associated with the 

onset of articular cartilage degeneration and osteoarthritic changes in the joint.13 

Other current treatment options include joint lavage, tissue debridement, abrasion 

arthroplasty, the transplantation of autologous or allogeneic osteochondral grafts, 

or commonly the microfracture of the subchondral bone.14-25 Microfracture entails 

penetration of the subchondral bone to induce flow of the bone marrow, and 

presumably stem cells, into the tissue defect to form a clot which will hopefully 

remodel into cartilage. Although this procedure yields initial clinical success with 

improvement noted up to 24 months after surgery, the outcome deteriorates after 
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the initial postoperative period.26-31 In particular, microfracture results in the 

formation of fibrocartilage, rather than hyaline cartilage which is necessary to 

maintain long-term cartilage function.  

Therefore current procedures have yielded promising initial clinical results, 

but have long-term limitations due to the formation of fibrous tissue, apoptosis, and 

further cartilage degeneration.32-34 Many of these limitations can be attributed to 

the lack of two specific components for tissue regeneration: 1) the proper biologic 

signals for guiding cell differentiation, hyaline cartilage formation, and integration 

with the underlying bone, and 2) the proper scaffolding biomaterial to support 

physiologic loading, retain the cells at the site of implantation, guide and constrain 

the growth of the tissue, and integrate with the host cartilage. Therefore our goal 

is to develop an approach for in situ tissue engineering that combines our novel 

3D-woven polymer scaffolds35-39 with spatially-defined, inducible gene delivery of 

morphogenetic factors40-47 to specifically address these two limitations in a single 

device that possesses biomimetic cartilage properties as well as controlled cell-

instructive signals.  

Approach 

The objective of this study is to engineer constructs of multiple tissue types 

by controlling the morphogenetic factors that direct stem cell differentiation and 

tissue formation either exogenously or via transduction of expression vectors.  This 

study will build on our preliminary studies described below by delivering lentiviral 

vectors encoding differentiation factors, and by designing these factors to be 
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temporally inducible. Our hypothesis is that sequential changes in exogenous 

growth factor delivery and also scaffold-mediated inducible regulation of 

morphogenetic gene expression and signaling in 3D-constructs of murine iPSCs 

will lead to the formation of both bone and cartilage tissue types.  
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2. Background 

 

2.1 Chondrogenically induced pluripotent stem cells (iPSCs): 

Recently, our laboratory has successfully developed methods to induce 

chondrogenic differentiation of iPSCs derived from mouse tail fibroblasts via viral 

transduction of the Yamanaka factors Oct4, Sox2, Klf4, and Myc.48, 49 

Reprogramming continues with growth on feeder cells, colony selection based on 

morphology, nucleofection with a Col2-GFP plasmid, further selection based on 

GFP expression, and feeder cell subtraction. Importantly, these differentiated cells 

are purified from undifferentiated iPSCs using a GFP reporter for type II collagen, 

a strong marker of chondrogenesis, and thus greatly minimizing chances of 

aberrant differentiation of iPSCs. We created dozens of murine iPSC lines that 

have been characterized and frozen, such that we will not conduct viral 

transduction experiments at this stage for these proposed experiments. Thawed 

cells are grown for 24 hours on 0.1% gelatin. After resuspension, micromass 

cultures are created and grown in 10% serum with LIF for 24 hours. Serum is then 

replaced with serum-free chondrogenic differentiation medium every 3 days for the 

next 15 days; BMP-4 and dexamethasone are added during days 3-5 of micromass 

culture. Micromasses are then digested with collagenase type II, pronase, and 

DNAse I, and prepared for cell sorting via flow cytometry based on GFP 

expression. Approximately 10-20% of cells are GFP+ and therefore collagen II 

positive. Pure GFP+ cells are plated for rapid expansion (as are GFP- cells and 
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unsorted cells both used as controls) in chondrogenic differentiation medium with 

10% FBS and bFGF on gelatin-coated plates, and passaged every 2-3 days. To 

maintain chondrogenicity, cells are cultured with TGF-β3 for 28 days.50, 51 

We have demonstrated that during the final 28 days of culture with TGF-β3, 

cells can be grown in 3D pellet culture, and subsequently produce robust 

neocartilage (Fig. 1A). Staining for pluripotency markers prior to differentiation is 

shown (B); and demonstrates (C) the chondrocytic phenotype of these GFP+ cells, 

which express high levels of glycosaminoglycans (GAGs) and collagen II (both 

present in high levels in native cartilage tissue), but little collagen type I (an 

osteogenic marker) or collagen type X (a marker of hypertrophy during 

endochondral ossification). In the long term, the potential to harvest adult cells from 

individual patients and reprogram the cells for induction of chondrogenesis could 

diminish rejection potential of non-autologous transplantation, provide a patient-

specific platform for osteoarthritis drug screening,1 as well as provide an abundant 

source of cells for creating large cartilage constructs. 
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Figure 2.1 miPSC chondrogenesis. Reproduced with permission from reference 49, copyright 
PNAS 2012. A) Cartilage tissue engineering with iPSCs. B) Pluripotency markers of colonies. Left 
to right, scale=20µm: bright field, DAPI, alkaline phosphatase, nanog, Oct4/Pou5f1, SSEA1. C) 
Histology of pellets from Col2-GFP-sorted murine iPSCs. Left to right, scale=100µm: pellet, 
Safranin-O/Fast Green/Hematoxylin, type II, type X, and type I collagen. (Note: IHC and GAG 
staining show positive staining in red.)

 49 

 

2.2 Osteochondral tissue engineering 

 In recent years, there have been many novel and interesting 

osteochondral tissue implants created with the goal of treating cartilage defects 

with implants that can be anchored into the subchondral bone, and many have 

utilized human mesenchymal stem cells (hMSCs) as their cell source. A recent 

paper demonstrated that freeze-dried and crosslinked mineralized salmon 

type I collagen type X collagen type II collagen GAG 

B 

C 

pellet 

A 
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collagen and jellyfish collagen in combination with an alginate hydrogel was 

sufficient to yield osteogenic and chondrogenic differentiation of hMSCs.52 

Another interesting study showed successful transfection of MSCs in a biphasic 

manner, with alginate hydrogels embedded with nanohydroxyapatite complexed 

with plasmids encoding genes for BMP2 and TGF-β3.53 Cell-free scaffolds have 

also been designed recently; these are designed to be implanted at the 

osteochondral junction after microfracture, such that bone marrow cells will 

populate the scaffold and differentiate based on biological or polymer-based cues 

on the scaffold, such as collagen and hydroxyapatite,54  or polyglycolic acid-

hyaluronan.55 

These studies represent interesting and useful steps toward the goal of 

translational, implantable osteochondral constructs; constructs made from 

hydrogels such as these, however, lack the mechanical properties necessary to 

support a load-bearing joint in vivo.  Also, each of these studies utilizes hMSCs 

which, they show, do not maintain properties of articular cartilage in their 

chondrogenic layers, but rather undergo hypertrophy after 2-3 weeks of culture. 

Additionally, although MSCs have been demonstrated to be clinically useful in 

the treatment of osteonecrosis post-tumor resection in long-term studies,56 as 

well as in non-unions,57 MSCs are highly variable in their healing, differentiation, 

and proliferation capacities, depending on their donor’s health, sex, and age. 

Since allogeneic MSC transplants are rarely an option, challenges arise when 

older or unhealthy patients present with a clinical need of MSC therapies. The 
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clinical need is great for the development of osteochondral constructs 

differentiated from iPSCs, which can be generated from multiple sources of 

healthy, abundant, and autologous cell types. Further, we have demonstrated in 

miPSCs, and others have demonstrated in hiPSC chondrogenesis much lower 

levels of Collagen Type X present in longer-term chondrogenic cultures,58-62 

suggesting a possible stable source of non-hypertrophic, articular cartilage.63  

 

2.3 Unmet need: osteochondral organoids 

Recent years have shown an increase in development of disease-in-a-

dish and organ-on-a chip models to study organ development, complex 

interactions between normal organ systems, disease models, and drug efficacy 

in high-throughput systems for patient-specific personalized medicine 

applications. A few such systems have been developed for the study of cartilage 

tissue, including cartilage from miPSCs.1 Others have created complex multi-

compartmental osteochondral tissues on a chip from hMSCs.64-66 The need still 

exists for a simple, osteochondral organoid model system. Organoids, as defined 

by Lancaster and Knoblich, are self-organizing three-dimensional tissues derived 

from pluripotent stem cells or isolated organ progenitors that differentiate into an 

organ-like tissue to form a structure similar to the organ in vivo.67 An 

osteochondral organoid system could provide unique opportunities to study basic 

biological interactions at the bone-cartilage interface, as well as the ability to test 

drugs that have differential effects on cartilage and bone, such as growth 
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factors,68 hormones, cytokines, and other pharmaceuticals. An osteochondral 

organoid system could also be derived from cells with genetic mutations for 

osteochondral diseases, such as osteoarthritis and osteochondritis dissecans, for 

potential drug screening, even in a patient-specific manner. Organoids made for 

modeling osteoarthritis would need to recapitulate the properties of cartilage and 

bone in their function, gene expression, and specific extracellular matrix 

formation. They would also need to be spatially organized similarly to the 

osteochondral junction, with the surface of the bone in direct contact with the 

surface of the cartilage. One of our goals in this study is to create such a system.  

  

2.4 3D-Woven polymer scaffolds 

 As described above, biomaterial scaffolds that support tissue growth and 

maturation while providing necessary mechanical properties for tissue function and 

integrity are necessary to improve upon current methods for osteochondral 

regeneration. To address this need, we have developed 3D-woven scaffolds with 

biomimetic mechanical properties similar to those of native articular cartilage as 

the basis for composite tissue-engineered constructs (Fig. 2).35-37  With this 

technique, pore size and geometry may be controlled by manipulating machine 

variables during the weaving process.  Directional mechanical properties may be 

controlled by independently varying constituent fibers in any of the three directions. 

Anisotropy can be controlled by changing diameter, material, or spacing of each 

individual fiber.  The placement of individual fibers and pores throughout the depth 
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of the scaffold permits inhomogeneous construct architectures that mimic the 

osteochondral tissue structure. Because there is no crimping or bending of fibers 

during fabrication, there is reduced fiber buckling relative to typical 2D weaving 

processes.  This process results in increased strength and stiffness of 3D-woven 

fabrics in both compression and tension, and prevents crimping when the 3D-

woven fabrics are molded into curved geometries that can replicate the native 

geometry of the joint.  

The 3D-woven scaffolds were made by weaving yarns in three orthogonal 

directions (Fig. 2).  PCL was selected because of its structural and mechanical 

properties. Specifically, PCL is a biocompatible, FDA-approved material69, 70 that 

supports chondrogenesis71 and degrades very slowly (i.e., less than 5% 

degradation at 2 years, as measured by mass loss) into byproducts that are 

entirely cleared from the body.72, 73 Mechanical properties of the 3D-woven scaffold 

with and without embedded tissue growth have been well-characterized and are 

consistent, such that this proposal will not re-measure these properties.  The 3D-

woven PCL scaffolds were constructed from ~600 multi-filament yarns (24 µm 

diameter per filament; 44 filaments/yarn) that were woven in three orthogonal 

directions using 11 total fiber layers (5 warp, 6 weft).37 By varying the weaving 

parameters, PCL scaffolds can be made with pore sizes ranging from 150 to 1000 

µm, porosities ranging from 50 to 75%, and cartilage-mimetic compressive 

mechanical properties that can be maintained for more than 6 weeks in standard 

in vitro culture conditions.35, 36  
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Figure 2.2 3D-woven scaffolds. Reproduced and adapted with permission from reference 37, 
copyright Nature Materials 2007 (B,C,D,F). (A) Custom-built weaving machine used to produce 
scaffolds; (B) scaffold structure showing three orthogonal fiber directions; (C) SEM micrographs 
showing x-y view of the scaffold; (D) photomicrographs of scaffold cross-sections showing the fiber 
architecture in x-z and y-z directions; (E) 3D-woven fabric molded in the shape of a hemispherical 
hip surface; (F) Calcein AM staining of cells in 2% agarose seeded onto woven scaffold. 35-37 
 

2.5 Biomaterial-Mediated Gene Delivery 

Conventional methods for gene therapy involve in vitro gene delivery to 

cultured cells or in vivo delivery by direct injection of gene carriers. However, both 

of these approaches are often limited by inefficient transgene delivery and/or poor 

specificity.  Recent attempts to overcome these limitations include biomaterial-

mediated gene delivery, wherein the gene carrier is immobilized to, or 

encapsulated within, a biomaterial scaffold.46, 74, 75 The hybrid gene-activated 

biomaterial is then seeded with cells in vitro or implanted. By co-localizing the gene 

delivery vehicle and cell adhesion, this method enhances gene transfer and 

specifically targets cells at the biomaterial interface, thereby reducing the risks 
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associated with direct injection of the gene carrier. Therefore, this approach 

provides several advantages over conventional gene delivery modalities, including 

reduced cytotoxicity and immunogenicity of freely diffusible gene carriers, 

eliminated or reduced risk of ectopic transgene expression in neighboring tissues, 

improved stability of the gene carrier, and controlled levels of gene transfer and 

expression.  Biomaterial-mediated gene delivery has been used recently in a 

variety of successful model studies and in generating musculoskeletal tissues.76-88 

Importantly, our preliminary results suggest that growth factors secreted using this 

method act in an autocrine manner, as evidenced by site-specific differentiation of 

MSCs into osteogenic or chondrogenic lineages. 

In order to engineer structurally complex tissues that replicate the 

organization of natural tissues, we have developed methods for controlled gene 

transfer within the 3D-woven scaffolds.  The Gersbach lab previously showed that 

enveloped retroviral and lentiviral vectors interact electrostatically with biomaterial 

surfaces coated with the cationic polymer poly-L-lysine (PLL)44 and this approach 

was subsequently used to engineer mineralized tissues on fibrous collagen 

scaffolds.76 In our lab’s recent publication,89 we have extended this approach to 

our 3D-woven PCL scaffolds to engineer osteochondral tissues. After weaving, the 

scaffold was incubated in viral supernatant, leading to site-specific virus binding to 

the PLL-coated fibers. These scaffolds were then washed and seeded with human 

MSCs, leading to efficient lentiviral transduction of cells on PLL-coated fibers. 

Notably, >70% of the cells were transduced when the complete scaffold was 
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coated with PLL and incubated with GFP-encoding virus before cell seeding, 

demonstrating the high efficiency of gene transfer with this system. 

 

 

2.6 Temporally Controlled Biomaterial-Mediated Gene Delivery for 
Cell Differentiation and Tissue Formation 

Gene delivery of morphogenetic factors is essential for guiding proper cell 

differentiation and tissue development, but prolonged and uncontrolled production 

of these factors is undesirable and can lead to hypertrophy or osteophyte 

formation.90, 91  In order to control the dynamics of tissue development, the 

Gersbach and Guilak labs have previously used doxycycline-inducible vectors to 

control morphogenetic factors driving bone formation in vitro and in vivo (Fig. 3A-

E).41  These studies used a two-vector tet-off system, but more recently a single 

tet-on lentiviral vector has been engineered for low levels of leaky expression and 

high levels of induction92-96 that was used for this work (Fig. 3F).  
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Figure 2.4 Temporal control of gene expression, cell differentiation, and tissue formation. 
Reproduced and adapted with permission from reference 41, copyright Gene Therapy 2006. A 
tetracycline (aTc)-inducible retroviral expression system (tet-off) was used to control the levels of 
the master osteoblastic transcription factor Runx2 in primary skeletal myoblasts.  Expression of (A) 
Runx2 and (B) its downstream target osteocalcin could be modulated by adding or removing aTc 
from the culture media, as detected by western blot and qRT-PCR, respectively. (C) Similarly, the 
Runx2-mediated formation of mineralized tissue formation by these cells could be controlled by 
aTc presence in the culture media. (D-E) Genetically engineered myoblasts were implanted into 
the hind limbs of mice and mineralized tissue formation could be controlled by administering aTc 
in the drinking water.41 (F) This single dox-on lentiviral vector contains a morphogenetic factor 
Runx2 that is co-expressed with the red fluorescent protein dsRed2 via an internal ribosomal entry 
site (IRES) under the control of the tet-responsive element (TRE). The enhanced reverse 
tetracycline transactivator (rtTA2S-M2) and the selectable puromycin-resistance are expressed 
from the constitutive PGK promoter.41 
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3. Chondrogenic Differentiation of Induced Pluripotent 
Stem Cells and Formation of Cartilaginous Extracellular 
Matrix Prevents Re-Induction of Pluripotency 

 

3.1 Rationale and experimental plan 

Mouse iPSCs expressed GFP under the control of the Col2a1 promoter,97 

which allowed for fluorescence-activated cell sorting of chondrogenically 

differentiated cells as part of a multi-stage cartilage tissue engineering strategy.50 

Following sort and expansion, pellets were formed to perform experiments detailed 

below, and illustrated in Figure 3.1.  iPSCs contain a doxycycline-inducible 

lentiviral vector for the pluripotency factors Oct4, Sox2, Klf4, and c-Myc.   

 

 
 
Figure 3.1 Differentiation and purification of hESC-CMs. Pellets were formed and grown for 29 
days in chondrogenic media (with TGF-β3). Pellets were then either maintained in chondrogenic 
media or in chondrogenic media with dox for 16 days. All pellets were then switched to osteogenic 
media (with BMP2), and grown for 28 days. To test the potential for re-induction of pluripotency in 
an additional experimental group, after 29 days of chondrogenic induction, pellets in the third group 
were switched to iPSC media with dox for 16 days. 
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3.2 Methods 

 

3.2.1 Chondrogenic differentiation of miPSCs via micromass formation, and 
purification of Col2-GFP miPSCs via flow cytometry  

miPSCs were derived at Duke University in accordance with a protocol 

approved by the Duke IACUC. Mouse tail fibroblasts from 8 to 10 week old mice 

were transduced for 24 hours with a single doxycycline-inducible lentiviral vector 

to control the transgenic expression of mouse cDNA for Sox2, Oct4 (pou5f1), Klf4, 

and c-Myc.98 After 2 weeks of culture, individual colonies were manually selected 

and grown on Mouse Embryonic Fibroblasts (MEFs) as feeder cells in iPSC media 

without doxycycline. The Col2-GFP reporter plasmid97 was enzymatically 

linearized and purified. After feeder subtraction, miPSCs were nucleofected with 

the linearized plasmid, and plated on neomycin-resistant MEFs, and cultured with 

G418 between 2 and 12 days posttransfection. Clonal expansion of individually-

selected G418-resistant clones was performed on feeder cells. Clones were 

differentiated using micromass culture for selection of a clone with the largest 

increase in GFP+ cell count after induction of chondrogenesis.50 

Mouse embryonic fibroblasts (PMEF, Millipore) were expanded and treated 

with 10 μg/mL mitomycin-C (Sigma-Aldrich) for 2–3 h to prevent proliferation and 

then cultured on 0.1% gelatin coated dishes at confluence to provide a feeder 

layer. miPSCs were cultured on this MEF feeder layer in iPSC media containing 

DMEM-HG (Gibco), 20% lot-selected FBS (Atlanta Biologicals), MEM nonessential 
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amino acids (NEAA, Gibco), β-mercaptoethanol (Gibco), gentamicin (Gibco), and 

mouse leukemia inhibitory factor (LIF, Millipore ESGRO). 

After expansion on MEF feeder cells, feeder subtraction was performed in 

two 45min incubation periods, separated by 24 hours of culture on 0.1% gelatin 

coated plates. After passage, cells were resuspended at a concentration of 2 x 107  

cells/mL, and 10µL, or 2 x 105 cells, were pipetted into each well of a 48-well cell 

culture plate. After 2 hours of incubation, 0.5mL of iPSC media with 10% serum 

and no LIF was added to each well. After 24 hours, media was replaced with serum 

free chondrogenic differentiation medium, with DMEM-HG (Gibco), NEAA (Gibco), 

β-mercaptoethanol (Gibco), ITS+ (BD), penicillin-streptomycin (Gibco), 50 μg/mL 

L-ascorbic acid 2-phosphate (Sigma), and 40 μg/mL L-proline (Sigma). 

Micromasses were cultured for 15 days. On days 3-5 of culture, 50 ng/mL mBMP-

4 (R&D Systems) and 100 nM dexamethasone were added to the chondrogenic 

medium. Micromasses were then digested for 1 hour at 37°C using 0.4% 

collagenase type II (Worthington), 1320 PKU/mL pronase (Calbiochem), and 10 

μg/mL DNase I (Worthington) and pipetted every 15min during incubation. Cells 

were centrifuged, incubated with 0.25% tryspin-EDTA for 5 min, and resuspended 

in sort medium containing DMEM-HG, 2% FBS, DNase I, 10 mM Hepes (Gibco), 

2x Penicillin/Streptomycin/Fungizone, and 5 μM propidium iodide (Biolegend).50 

Cells were sorted based on GFP expression using the 100 μM nozzle of an Aria II 

flow sorter (BD BioSciences, Washington University Flow Core).  
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3.2.2 Cell culture: pellet formation, chondrogenic culture, endochondral 
ossification, and pluripotency induction 

After sort, cells were expanded on gelatin coated plates at 1x104 cells/cm2 

in chondrogenic differentiation media with 4ng/mL hbFGF (Roche) and 10% FBS. 

Cells were passaged every 3 days for two passages using 0.05% trypsin EDTA 

(Sigma). After the second passage, cells were resuspended in chondrogenic 

media, and 2.5 x 105 cells in 0.5mL media were added to 15mL conical tubes 

(Corning). Tubes were centrifuged at 200g for 5min, followed by incubation at 

37°C. Chondrogenic media contained 10ng/mL TGF-β3 and 100nM 

dexamethasone, in addition to DMEM-HG (Gibco), NEAA (Gibco), β-

mercaptoethanol (Gibco), ITS+ (BD), penicillin-streptomycin (Gibco), 50 μg/mL L-

ascorbic acid 2-phosphate (Sigma), and 40 μg/mL L-proline (Sigma).  

Pellets were cultured in chondrogenic media for 29 days, with complete 

media changes every 3 days, and then split into three experimental groups. To 

form osteochondral pellets, one group continued to be cultured in chondrogenic 

media for 16 additional days, and media was then switched to osteogenic media 

for an additional 28 days. Osteogenic media contained 12.5ng/mL BMP2 (RnD), 

10% FBS, DMEM-HG (Gibco), NEAA (Gibco), β-mercaptoethanol (Gibco), 

penicillin-streptomycin (Gibco), 50 μg/mL L-ascorbic acid 2-phosphate (Sigma), 

dexamethasone, and 10mM β-glycerophosphate (Sigma). 

 To test multipotency potential, one group was cultured in chondrogenic 

media for 29 days, and then 10 μg/mL doxycycline (Sigma) was added to the 
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media for the next 16 days of culture. On day 45, media was changed to osteogenic 

media without doxycycline. 

To test pluripotency potential, one group was cultured in chondrogenic 

media for 29 days, and then switched to iPSC media for 16 days with 10 μg/mL 

doxycycline (Sigma), 20% FBS, DMEM-HG (Gibco), NEAA (Gibco), β-

mercaptoethanol (Gibco), Gentamicin (Gibco), and mouse LIF (EMD Millipore). In 

parallel, some pellets were dissociated at day 29, plated in monolayer, and 

switched to iPSC media with 10 μg/mL doxycycline for 16 days. To dissociate the 

cells from the pellet matrix, pellets were digested for 1 hour and 15min at 37°C 

using 0.4% collagenase type II (Worthington), 1320 PKU/mL pronase 

(Calbiochem), 10 μg/mL DNase I (Worthington), 5% FBS, and DMEM-HG, and 

pipetted every 15min during incubation. Cells from each pellet were washed, 

divided in two, and resuspended in iPSC media. Half the cells from each pellet 

were plated on a feeder layer of MEFs (described earlier) with daily media 

changes, and the other half of the cells from each pellet were plated into a 2i cell-

free system: plates were coated with laminin (Sigma L2020) according to the 

manufacturer’s instructions. Instead of using feeder cells, two molecules were 

added to the iPSC media: 1μM PD0325901 (Cayman Chemical) and 3μM 

CHIR99021 (Cayman Chemical). This system does not induce pluripotency if the 

cells have started to differentiate, it just prevents differentiation in pluripotent cells. 

The maintenance of pluripotency by the laminin-2i system has been shown to last 

for 8 passages, and the molecules remain active at 37C for only 24 hours, so 
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frozen aliquots were thawed just before addition to the media, and media was 

changed daily. Both the MEF system and the 2i-laminin system yielded similar 

numbers of morphologically similar colonies in the groups given doxycycline in 

monolayer.  

Pellets that were given doxycycline in iPSC media for 16 days of construct-

induction were then dissociated (as described above), and half the cells from each 

pellet were plated on a feeder layer of MEFs, and the other half of the cells from 

each pellet were plated into a 2i cell-free system. This was designated passage 0. 

Simultaneously, groups that had been given doxycycline in iPSC media for 16 days 

of monolayer-induction were passaged. As each group became confluent, cells 

were passaged, either onto MEFs or the 2i system. This experiment was 

performed with at least 3 samples per group, with 4 groups: GFP+ pellet-induced, 

GFP+ monolayer-induced, GFP- pellet-induced, and GFP- monolayer-induced.  

The halves of the pellet-induced groups that were grown on MEFs showed little 

growth, and grew within the MEF layer. These were passaged, but the cells 

passaged in the 2i system were used for the Colony Pluripotency Assay, so no 

MEFs would be present upon staining. One of the GFP- pellets in the 2i system 

stopped proliferating, and was only passaged to p5. All other groups were 

passaged to p7.  

To perform the colony pluripotency assay, 4-well chambered culture slides 

(Falcon/Corning) were coated with laminin, and 5 x 104 cells were plated into each 

well and cultured for 5 days. For alkaline phosphate staining, the alk phos staining 
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kit II was used (Stemgent), and manufacturer’s instructions were followed for 

brightfield staining. These slides were mounted with Prolong Gold antifade 

mountant with DAPI (Invitrogen). These slides were imaged on the Cytation 5 both 

in brightfield and DAPI fluorescence, and later overlayed using MatLab.  

For other pluripotency proteins, wells were rinsed 3x in PBS, then fixed in 

4% paraformaldehyde in PBS with 0.1% Tween for 20min at room temperature. 

Wells were rinsed 3x in PBS, then permeabilized for 20min at room temperature 

in 0.1-0.55% Triton X-100 in PBS: transcription factors Nanog and Oct4 use 0.55% 

Triton X-100 in PBS and membrane protein SSEA-1 use 0.1% Triton X-100 in PBS; 

for all three together use 0.1% Triton X-100 in PBS. Wells were then rinsed 4x in 

PBS with 0.1% Triton-X. Wells were blocked in Blocking Buffer (10% FCS in PBS) 

for 40min at room temperature. Primary antibodies were incubated overnight at 

4˚C in pre-cooled Blocking Buffer (all Abcam 1:100, Nanog 80892, Oct4 27985, 

SSEA-1 16285). Wells were then rinsed 4x in PBS with 0.1% Triton-X. Secondary 

antibodies were incubated 1 hour 15min at 4˚C in the dark in Blocking Buffer (all 

Invitrogen, for Nanog, 1:1000 Alexa Fluor Plus 488 (GFP) A-32731, for Oct4, 1:600 

Alexa Fluor 568 (RFP) A-11057, for SSEA-1, 1:1000, Alexa Fluor 647 (Cy5) A-

32728). Wells were then rinsed 2x in PBS with 0.1% Triton-X, well sides were 

removed from slides, and slides were mounted in Prolong Gold with DAPI 

(Invitrogen).99-102 
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In addition to processing a well for each sample, additional wells were 

seeded with GFP+ monolayer-induced samples that were given no primary 

antibodies, but all of the secondary antibodies, to test for nonspecific binding. 

Wells were imaged on a Cytation 5 system using filter cubes specific for 

DAPI, GFP, RFP, and Cy5. Images were taken of each well in their entirety at 10x 

(tiled and stitched together), with intensity, gain, and exposure set constant for 

each filter cube. Whole wells were assessed, and smaller, representative images 

are presented here. Additional images were taken at 40x to appreciate the 

localization of the antibodies to their transcription factors and membrane protein. 

Mycoplasma test samples were collected regularly throughout the cell and 

tissue culture experiments and tests were performed by an independent core 

facility at Washington University. DAPI staining for the colony pluripotency assay 

further demonstrated negative mycoplasma results. 

 

3.2.3 Gene expression analysis: RNA isolation and quantitative RT-PCR 
(qPCR) 

Pellets were briefly rinsed with PBS -/- (Gibco) and transferred to cryotubes 

with 5 sterile glass beads and 350μL lysis buffer.  Cryotubes were placed in a bead 

beater for mechanical disruption of constructs. Lysate was transferred to new 

Eppendorf tubes and frozen at -80°C until RNA isolation. RNA isolation was 

performed according to manufacturer instructions (Total RNA Purification Plus 

Micro Kit, Norgen). RNA concentrations and RINe values were measured using an 

Agilent 2200 TapeStation System (Agilent Technologies), with a ladder run on 



 

26 

each gel. cDNA synthesis was performed using SuperScript IV First-Strand 

Synthesis System (ThermoFisher), in parallel with a No Template Control (NTC). 

PCR was performed with Taqman Gene Expression Assay probes (ThermoFisher) 

(Table 3.1), and Taqman Fast Advanced Master Mix. Samples from each group 

were divided across plates, and the NTC was run with each probe. NTC showed 

no amplification for any probes after 55 cycles. All samples were run in triplicate. 

Data analysis was performed with the ∆∆CT method, and displayed as fold 

changes, where RT = 2-(∆∆CT). Both GAPDH and HPRT were tested for use as the 

endogenous control gene with similar results; GAPDH was chosen for further data 

analysis. All samples were compared to miPSCs. 

Table 3.1 qPCR primer probes. 
Gene Name Probe 

Col1a2 Type I collagen Mm00483888_m1 
Col2a1 Type II collagen Mm01309565_m1 

Col10a1 Type 10 collagen Mm00487041_m1 
Acan Aggrecan Mm00545794_m1 
Sox9 sex determining region Y-box 9 Mm00448840_m1 

GAPDH 
Glyceraldehyde 3-phosphate 

dehydrogenase Mm99999915_g1 
Prg4 Lubricin Mm01284582_m1 
Bglap Osteocalcin Mm03413826_mH 
Runx2 Runt-related transcription factor 2 Mm00501584_m1 

Sp7 Osterix Mm04209856_m1 

HPRT 
hypoxanthine guanine phosphoribosyl 

transferase Mm00446968_m1 
Oct4/Pou5F1 Octamer-binding transcription factor 4 Mm03053917_g1 

Nanog Nanog homeobox Mm01617762_g1 
Sox2 sex determining region Y-box 2 Mm03053810_s1 
Ibsp Bone sialoprotein Mm00492555_m1 
Alpl Alkaline phosphatase Mm00475834_m1 
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3.2.4 Histological analysis 

For histology, pellets were fixed in 10% Neutral Buffered Formalin for 16 

hours, dehydrated, paraffin embedded, and sectioned at 8 µm thickness. Safranin-

O/fast green/hematoxylin staining was stained under standard protocols using 

osteochondral sections from mouse knee joints as controls. Von Kossa staining 

was performed according to manufacturer instructions (Abcam); the control joint 

for this was a knee joint dissected from an 11-day old mouse. This skeletally-

immature age allowed for fixation, embedding, and sectioning of the joint without 

decalcification. Masson’s Trichrome staining was performed according to 

manufacturer’s instructions (Abcam) using osteochondral sections from mouse 

shoulder joints as controls. 

For immunohistochemistry, sections were treated with xylene and ethanol 

in decreasing concentrations. For type II collagen (Iowa II-II6B3, 1:1 in goat 

serum), type VI collagen (Fitzgerald 70R-CR009x, 1:1000 in 1% BSA), and type X 

collagen (Sigma c7974, 1:400), epitope retrieval was performed with Digest-All 3 

Pepsin (Invitrogen) at room temperature for 5min, then treated with methanol-

peroxidase, blocked for 30min (goat serum for type X collagen, goat serum with 

the addition of cold fish gelatin for type II collagen, and for type VI collagen, 2% 

goat serum, 1% BSA, 0.1% Triton X-100, 0.05% Tween 20, 0.01M PBS (pH 7.2)), 

then incubated for an hour at room temperature in primary antibody. Secondary 

antibody incubation was 30min at room temperature (ab97021 for type II collagen 

and type X collagen, and ab6720 for type VI collagen, 1:500), followed by HRP 



 

28 

Streptavidin treatment and AEC Red Single (Histostain Plus, Invitrogen), 

counterstained with hematoxylin, and mounted with Vectamount (Vector Labs). 

Osteochondral sections from mouse knee joints were used as controls. For type I 

collagen (8D4A1, Chondrex, 1:200, biotinylated), epitope retrieval was performed 

with pepsin incubation at 37°C for 20min, then treated with methanol-peroxidase, 

and blocked for 30min (goat serum) before primary incubation. Mouse hip cartilage 

from 10 day old mice and mouse patellar tendon were used as negative and 

positive controls, respectively. 

Final histology images were taken on a VS120 microscope imaging system 

at 20x magnification, with consistent bright field settings for each stain. 

 

3.2.5 MicroCT analysis 

Pellets were serially dehydrated to 70% ethanol. Kim wipes soaked in 70% 

ethanol were placed at the bottom of 15mL conical tubes, which were laid on their 

sides, and pellets were placed on the sides of the conical tubes for microCT 

imaging using a Skyscan Bruker microCT. Consistent settings were used to image 

pellets and calibration phantoms. After reconstruction, phantoms were used to 

determine threshold values for mineralization. In order to determine tissue volume 

and bone mineral density, sections of pellets were outlined both by hand and with 

an automated program, both yielding similar results. Tissue volume, bone volume, 

and bone mineral density values were calculated using CTAnalyser software 

(Bruker). Images were generated in CTVox software (Bruker). 
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3.2.6 Biochemical analysis 

Pellets were digested in papain at 65°C for 16 hours. dsDNA was measured 

with PicoGreen dsDNA Quantitation kit (Invitrogen). Sulfated glycosaminoglycans 

were measured with the DMB assay, and total collagen was measured with the 

hydroxyproline assay.103 To quantify calcium content, pellets were decalcified by 

incubating in 5% formic acid for 30 minutes. Calcium concentration was measured 

using the Calcium Colorimetric Assay Kit (Fisher). 

 

3.2.7 Statistics 

Experimental data reported as mean ± SEM was compared using Student’s 

t-test, a one-way ANOVA followed by a post-hoc Tukey’s test, or a two-way 

ANOVA. Data was analyzed with JMP with a significance level set to α=0.05.  

. 

3.3 Results 

 

3.3.1 Osteogenic induction after chondrogenesis 

After chondrogenic induction of miPSCs via micromass culture and the 

addition of BMP-4 and dexamethasone during days 3-5, cells were sorted via flow 

cytometry, and ~17% expressed GFP under the control of the Col2 promoter. An 

additional 35% of cells that did not express GFP under the control of the Col2 
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promoter were sorted as well (GFP- hereafter), and cultured in parallel for 

comparison.  

 

 

Figure 3.2 Flow sort analysis. Flow data was gated on miPSCs without the Col2-GFP reporter 
plasmid, and differentiated in micromass in parallel with the Col2-GFP-containing cells. ~17% of 
cells were GFP+, and 35% of cells were sorted as GFP- for further culture. 

 

Cells were expanded for two passages in monolayer in the presence of 10% 

FBS and 4 ng/mL bFGF. Subsequently, cells were passaged, centrifuged to form 

pellets, and cultured for 45 days in chondrogenic media with TGF-β3. After 45 

days, some constructs were harvested for subsequent assays, and in others, the 
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media was changed to osteogenic media with BMP-2 and cultured for an additional 

28 days before harvest. 

Although not shown in the figures presented here, constructs were made 

with GFP- cells and cultured in parallel. These pellets were smaller, had weaker 

protein staining for chondrogenic extracellular matrix proteins at 29 days of 

chondrogenic culture, and less chondrogenic gene expression than their GFP+ 

counterparts. 

Samples were taken for RNA isolation at multiple timepoints during the 

study: frozen stocks of miPSCs (day -21); GFP+ cells after 2 passages (day 0); 

pellets after 15 days of pellet chondrogenesis (day 15); pellets after 29 days of 

pellet chondrogenesis (day 29); pellets after 45 days of pellet chondrogenesis (day 

45); and pellets after a subsequent 28 days of osteogenic induction (day 73). 

Osteogenic gene expression demonstrates a dramatic increase between the 

chondrogenic culture period and the osteogenic period, for the genes Ibsp, Sp7, 

Runx2, Bglap, Alpl, and Col1a2 (Figure 3.3). Note that alkaline phosphatase (Alpl) 

is a marker of pluripotency in addition to osteogenesis, reflected in the markedly 
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decreased expression of this gene during chondrogenesis in comparison to 

miPSCs (day -21).  

 

 

Figure 3.3 qPCR shows expected increase in osteogenic gene expression during osteogenic 
induction. Data points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or 
fold change. The reference gene is GAPDH. Groups not labelled with the same letter are 
significantly different by one-way ANOVA with post-hoc Tukey-Kramer analysis with p<0.05. 
 

 
Pellets were harvested on day 45 and day 73 for histological analysis before 

and after osteogenic induction. Immunohistochemical analysis of Collagen Type I 

showed a lack of Collagen Type I after chondrogenic induction, but a shell of 

Collagen Type I on the outside edge of the pellets after 28 days of osteogenesis. 

Von Kossa staining for calcification showed a lack of calcification on day 45, but a 
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shell of mineralization on day 73, which was further demonstrated via microCT 

analysis. Masson’s Trichrome staining also demonstrated a thin layer of red 

collagen coating the outside of the pellets on day 73 that was not present at day 

45 (Figure 3.4). 

 
 
Figure 3.4 Histology and microCT demonstrate a shell of calcified tissue after osteogenic 
induction. Collagen Type I (red), Von Kossa (calcification in brown), Masson’s Trichrome (cartilage 
in blue, collagen in red) of pellets, MicroCT (calcification in grayscale). Mouse controls show native 
mouse tendon, non-decalcified young mouse knee, and adult mouse shoulder. Scale bars are 
200µm in pellet histology samples, and 100µm in mouse tissue controls and microCT images. 
 

 

3.3.2 Chondrogenic outcomes 

Pellets were also taken down at the same timepoints to measure 

chondrogenic gene and protein expression. Chondrogenic genes Col2a1, Sox9, 
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Acan, and Prg4 rise from baseline, and tend to peak after a few weeks in 

chondrogenic culture. After osteogenic induction, each of these chondrogenic 

genes decreases in expression. 

 

Figure 3.5 PCR shows expected increase in chondrogenic gene expression during 
chondrogenic induction, and decrease during osteogenic induction. Data points and error 
bars demonstrate mean ± SEM. RQ = Relative Quantification, or fold change. The reference gene 
is GAPDH. Groups not labelled with the same letter are significantly different by one-way ANOVA 
with post-hoc Tukey-Kramer analysis with p<0.05. 

 

-21 0 15 29 45 73

lo
g2

(R
Q

)

-5

0

5

10

15
Col2a1

-21 0 15 29 45 73

lo
g2

(R
Q

)

-5

0

5

10

15
Acan

Time (days)
-21 0 15 29 45 73

lo
g2

(R
Q

)

-2

0

2

4

6

8

10

12
Sox9

Time (days)
-21 0 15 29 45 73

lo
g2

(R
Q

)

-5

0

5

10

15
Prg4

chondrogenic media
osteogenic media
miPSCs

A

B

E
D

F

C

A

B

DD
E

C

A

B
D

C

E

C

A

B

CDD

B
C



 

35 

Immunostaining was performed at days 29 and 45 of chondrogenesis, and 

day 73 after osteogenic induction. Type II Collagen, Type VI Collagen, and 

glycosaminoglycans are present at each of these time points, and a 

morphologically dis-similar layer is present on the outside of these pellets on day 

73. Little of the hypertrophic protein Type X Collagen is present at any time point. 

 
 

Figure 3.6 Histology demonstrates presence of cartilage matrix proteins throughout the 
timeline. Safranin-O/fast green stain for glycosaminoglycans (GAG in red), and 
immunohistochemical analysis of Collagen Type II, VI, and X (in red) of pellets, and of native mouse 
knee joints. Scale bars are 200µm in pellets samples, and 100µm in mouse tissue controls. 
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3.3.3 Doxycycline induction effect on multipotency 

 iPSCs contain a doxycycline- inducible lentiviral vector for the pluripotency 

factors Oct4, Sox2, Klf4, and c-Myc (the Yamanaka factors). To determine whether 

re-induction of the Yamanaka factors would affect the osteogenic potential of these 

pellets, pellets underwent 29 days of chondrogenic induction with TGF-β3, 

followed by 16 days of culture with the addition of doxycycline in the media, and 

subsequent 28 days of osteogenic induction without doxycycline. This experiment 

was run in parallel with the previous experiment to allow for a direct comparison of 

groups before and after dox-induction, and with or without dox-induction. Dox-

induction prior to osteogenic induction had no significant effect on osteogenic gene 

expression.  

 
 
 
Figure 3.7 qPCR shows increase in osteogenic gene expression after dox treatment. Data 
points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or fold change. The 
reference gene is GAPDH. A two-way ANOVA by days 45 and 73 and with and without dox 
treatment demonstrated a significant effect of osteogenic induction, but not of dox treatment with 
p<0.05. 
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Histologically, there was little difference between groups given dox and 

groups not given dox before or after osteogenic induction. 

 
 
 
Figure 3.8 Histological and microCT show treatment with dox had little effect on osteogenic 
protein expression or mineralization. Mouse controls show native mouse tendon, non-
decalcified young mouse knee, and adult mouse shoulder. Scale bars are 200µm in pellet histology 
samples, and 100µm in mouse tissue controls and microCT images. 
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Interestingly, chondrogenic gene expression decreased after 16 days of dox 

induction, and remained lower after osteogenic induction. Dox-induction prior to 

osteogenic induction had no significant effect on chondrogenic gene expression.  

 

 

Figure 3.9 qPCR shows decrease in chondrogenic gene expression after dox treatment. Data 
points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or fold change. The 
reference gene is GAPDH. A two-way ANOVA by days 45 and 73 and with and without dox 
treatment demonstrated a significant effect of osteogenic induction on chondrogenic genes, but not 
of dox treatment with p<0.05. 
 
 

Histologically, there was little difference between groups given dox and 

groups not given dox before or after osteogenic induction. 
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Figure 3.10 Histological analysis shows treatment with dox had little effect on chondrogenic 
protein expression. Safranin-O/fast green stain for glycosaminoglycans (GAG in red), and 
immunohistochemical analysis of Collagen Type II, VI, and X (in red) of pellets, and of native mouse 
knee joints.  Scale bars are 200µm in pellets samples, and 100µm in mouse tissue controls. 
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On biochemical analysis, dox treatment increased DNA content, 

suggesting an increase in proliferation of cells in constructs given doxycycline. 

Osteogenic induction also significantly increased DNA content. GAG content 

decreased significantly after osteogenic induction, but collagen content was not 

affected by osteogenic induction. GAG and collagen content normalized to DNA 

content were not significantly affected by doxycycline. Calcium content increased 

after osteogenic induction, but dox induction did not affect calcium content. 

 

Figure 3.11 Biochemical analysis of pellets. Dox treatment significantly increased DNA content 
before and after osteogenesis, but not collagen or GAG content. Osteogenesis significantly 
increased calcium content and DNA content, significantly decreased GAG content, and had no 
effect on total collagen content. Data points and error bars demonstrate mean ± SEM. Significance 
determined by two-way ANOVA with p<0.05. 
 

MicroCT evaluation demonstrated shells of mineralization around cores 

without any mineral content. Total tissue volume increased with dox induction, 

but bone mineral density, bone volume, and BV/TV were not affected by dox 

treatment. 
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Figure 3.12 MicroCT evaluation showed dox treatment had little effect on mineralization. N=4 
per group. Data points and error bars demonstrate mean ± SEM. Significance determined by two-
way ANOVA with p<0.05. 
 
 

3.3.4 Doxycycline induction effect on pluripotency in 2D vs. 3D culture 

 

In addition to the experimental groups described above, additional groups 

were designed to determine the pluripotency potential of cells after chondrogenic 

induction, both in constructs and in monolayer. After 29 days of chondrogenesis, 

these pellets were changed to iPSC media with doxycycline for 16 days. During 

the original induction of pluripotency from mouse tail fibroblasts in this cell line, 

these cells were given the same iPSC media, with 14 days of doxycycline 

induction, at the same concentration as in this experiment.  After 16 days of dox 

induction in iPSC media, these pellets were dissociated and cultured in monolayer 

in a 2i system without feeder cells, and passaged 5-8 times. These cells grew in 

monolayer, but they never formed colonies characteristic of stem cells. 

Interestingly, the GFP+ cells expanded more rapidly and consistently than their 

GFP- counterparts; some of the GFP- cells stopped proliferating after 4 passages 

(not shown) and others continued to proliferate, but all of the GFP+ cells were 
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passaged 7-8 times. In parallel, on day 29 of chondrogenic pellet culture, other 

constructs were dissociated and plated in monolayer before 16 days of dox 

induction in iPSC media. These cells were then passaged 7-8 times before colony 

pluripotency assay was performed.  

Cells that were treated with dox in monolayer after dissociation from 

chondrogenic pellet culture all formed colonies characteristic of iPSCs, and stained 

for pluripotency factors Nanog, Oct4, SSEA1, and Alkaline Phosphatase. Cells that 

were treated with dox in pellet cultured and subsequently dissociated and 

passaged continued to grow in monolayer without forming colonies, and did not 

stain for Nanog, Oct4, or SSEA1. Interestingly, some of these cells did stain 

positive for alkaline phosphatase, which is also an osteogenic protein. As a 

fluorescent antibody negative control, GFP+ monolayer dox groups were plated 

that were given no primary antibodies but all the secondary antibodies, and these 

indeed showed no nonspecific binding (Figure 3.13).  
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Figure 3.13 Colony pluripotency assay. Doxycycline treatment in cells dissociated from 
chondrogenic pellets and grown in monolayer demonstrate re-induction of pluripotency. Pellets 
treated with dox and then dissociated do not show markers of pluripotency. Cells in monolayer 
were grown under 2i conditions for at least 7 passages. Scale bars in 40x images are 200µm, and 
scale bars in 10x images are 100µm. 
 
 

Additional images were taken at 40x on a confocal microscope to better 

appreciate the localization of the antibodies to their transcription factors and 

membrane protein in the GFP+ monolayer-induction group (Figure 3.14). 
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Figure 3.14 Confocal image of pluripotent colony. Doxycycline treatment in cells dissociated 
from chondrogenic pellets and grown in monolayer demonstrate re-induction of pluripotency. Cells 
dissociated from pellets and treated with doxycycline in monolayer were positive for pluripotency 
markers. 

Finally, pluripotency genes Nanog, Sox2, Oct4, and Alpl were measured via 

qPCR on each of these pellet groups and compared to miPSCs. Dox treatment, 

whether given in chondrogenic media or iPSC media, did not restore gene 

expression of Nanog, Sox2, or Alpl to their original levels. Interestingly, RNA 

expression of Oct4 in pellets given chondrogenic media with or without dox did 

recover just above miPSC levels on day 45 (Figure 3.14). Pluripotency, however, 

is determined by the simultaneous expression of all of these genes, and further 
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overlay
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confirmed by their protein expression with a colony pluripotency assay. The 

complete picture demonstrates that while these cells were capable of re-induction 

of pluripotency after chondrogenic induction in a pellet construct and subsequent 

dox induction in monolayer, they were resistant to pluripotency induction in pellet 

form. 

 

Figure 3.15 qPCR shows that doxycycline treatment does not restore pluripotency gene 
expression in pellet constructs after osteochondral induction. Data points and error bars 
demonstrate mean ± SEM. RQ = Relative Quantification, or fold change. The reference gene is 
GAPDH. Groups not labelled with the same letter are significantly different by one-way ANOVA 
with post-hoc Tukey-Kramer analysis with p<0.05. Letters are not referring to dox-treated groups. 
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3.4 Discussion: conclusions, limitations, and implications  

In this study, we successfully generated chondrogenic and osteogenic 

tissue in a single construct from a single cell source. We demonstrated that 

constructs of neocartilage created from miPSCs can be subsequently 

osteogenically differentiated via endochondral ossification. Using this platform, we 

tested two tissue engineering challenges, showing chondrogenic extracellular 

matrix (ECM) can prevent re-induction of iPSC pluripotency or multipotency in 

murine cartilage. The impact of this study is two-fold: for translational tissue 

engineering applications, it implies that a robust chondrogenic matrix may prevent 

dedifferentiation upon implantation, which has been a critical barrier to iPSC 

implantation in patients. Additionally, the creation of this novel iPSC-derived 

osteochondral organoid has great potential as a platform for studying normal and 

pathological interactions between bone and cartilage at the osteochondral 

junction, as well as for therapeutic screening in disease models of osteochondral 

disorders.  

The potential for this platform is further illustrated below, but there are 

limitations in this model as well. Primarily, this pellet platform has a cartilage core 

surrounded by a bone shell, which does not recapitulate gross anatomy. 

Additionally, while the construct includes chondrogenic and osteogenic tissue, the 

joint as an organ includes many additional tissue types, including the meniscus 

and surrounding ligaments, the synovium, and the surrounding synovial fluid, only 

somewhat modeled by the media conditions present in this model system. Finally, 
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the process demonstrated here requires months of continuous cell and tissue 

culture. With these challenges come the opportunities to advance the model and 

to study the osteochondral junction. Incorporating other joint tissues into this model 

could create a more complex organoid structure, capable of answering more 

complex developmental questions. Optimizing the process to decrease cell culture 

time would allow for answering these questions in a more efficient timeframe. As 

the model stands, interesting questions can be explored, including the study of the 

development and physiology of the osteochondral junction, and the study of the 

cross-talk between the cartilage and the bone in osteoarthritis and other bone and 

cartilage diseases.  

 

3.4.1 Creation of an iPSC-derived osteochondral organoid 

Organoids have been created and established for several systems, 

including intestine, kidney, brain, retina, and liver buds.67 The potential use of these 

systems expands from understanding normal physiology to disease modeling, 

drug testing, and ultimately to organ replacement technologies. There are many 

pharmaceuticals prescribed that are shown to have an effect on joints, but are 

difficult to study, including blood pressure medications (ie losartan), and hormonal 

therapies. Furthermore, numerous infectious diseases lead to arthritis, but other 

than treating the primary infection, little is done clinically to prevent long-term joint 

damage. This osteochondral organoid could be an excellent platform to study the 

interaction of microbial infections on joints to better understand how to treat 
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arthropathies of many origins. Furthermore, by creating organoids from iPSCs, the 

model created in this study has all the advantages of that cell type: iPSCs can be 

genetically modified, or derived from patients who have rare genetically-caused 

diseases, to better understand the pathology created by these conditions, and to 

screen drugs targeting pathology specific to that mutation. For the osteochondral 

system created here, debilitating diseases such as osteoarthritis and 

osteochondritis dissecans can be studied further, and high-throughput drug 

screening can be performed demonstrating effects on both bone and cartilage. 

 

3.4.2 Creation of a robust osteochondral construct 

 Histological and qPCR analysis of iPSC-derived chondrogenic pellets 

demonstrate the presence of a robust cartilage matrix, demonstrating gene and 

protein expression specifically similar to articular cartilage, even through 45 days 

of pellet culture. Notably, tissue engineering with other cell types such as MSCs 

and ASCs tend to show such a profile in the first couple of weeks, but then begin 

to undergo hypertrophy, as evidenced by high gene and protein expression of Type 

X Collagen. A recent single-cell RNA seq screening of Chondrogenically-induced 

MSCs demonstrated an increase of Collagen Type X over 100,000 fold from day 

zero (not yet published), whereas the data from this study compared to its own day 

zero never went higher than a 1300 fold increase at day 45. This much lower 

expression of hypertrophic markers in iPSC-derived chondrogenic tissue is 

consistent in hiPSC literature as well,58-62 suggesting a possible stable source of 
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non-hypertrophic, articular cartilage for tissue engineering applications.63 A head-

to-head study of MSCs grown in parallel with iPSCs looking specifically at 

differences in the mechanism of hypertrophic induction would be an interesting 

future study. A recent study found that in the context of fracture healing, cartilage 

to bone transformation transdifferentiate through the hypertrophic state while 

transiently expressing pluripotency genes;104 this type of physiology in our model 

of endochondral ossification could explain the rise in Oct4 expression near the end 

of our culture period. Further study of this pathway in our model system would help 

elucidate the process of endochondral ossification. 

 

3.4.3 Prevention of re-induction of pluripotency with cartilaginous 
extracellular matrix  

After sufficient induction of chondrogenesis in a tissue construct, re-induction 

of pluripotency was possible in dissociated cells subsequently grown in monolayer; 

but under the same conditions in their chondrogenic tissue construct, pluripotency 

was not re-induced. One of the most exciting potential applications of iPSCs is 

their ability to be created from a patient’s own cells, and re-differentiated and grown 

into a tissue for re-implantation, potentially with all the advantages of an 

autologous transplantation, without rejection of the implanted tissue. However, to 

date, only one tissue construct has been re-implanted in a human patient. The 

second patient enrolled in that study was not given the implant because of 

chromosomal anomalies that concerned the researchers for potential of re-

induction of pluripotency and possible teratoma formation.105 
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These findings are consistent with previous reports indicating that the 

pluripotency and differentiation potential of stem cells in a 3D environment are 

dependent on the physical properties of the ECM, such as matrix stiffness and 

elasticity,106, 107 matrix softness,108, 109 and cellular adhesivity.110 Synergistic effects 

of the characteristically high stiffness in cartilage ECM, and specific receptor-ligand 

interactions between cells and their collagen matrix may be responsible for these 

results. Further study is needed to determine the precise ECM properties that 

provide these characteristics to iPSCs. 
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4. Cartilage and Bone Tissue Engineering on 3D-Woven 
Scaffolds with Induced Pluripotent Stem Cells 

4.1 Rationale and experimental plan 

As introduced above, the next objective was to create osteochondral grafts 

for cartilage defect repair. An optimal tissue-engineered construct for cartilage 

defect repair requires a sufficiently strong scaffold, that wears slowly, is 

biocompatible, and supports extracellular matrix formation. Additionally, the cell 

source for the construct must be pluripotent, or at least multipotent, to form both 

bone and cartilage tissue types; and non-immunogenic. iPSCs can be harvested 

from the patient, and can make both bone and cartilage tissue. The construct must 

also be self-sufficient, and support endogenous chondrogenic and osteogenic 

signaling. To realize this requirement, an ideal construct would have controlled 

production of relevant growth factors, to allow for local delivery, regulated growth, 

and decreased culture time. Such control can be achieved through viral 

transduction of expression vectors, including constitutive expression vectors for 

continued differentiation and growth, and inducible expression vectors for 

controlled growth factor expression.  Finally, a construct for cartilage defect repair 

must allow for proper anchoring into the subchondral bone, and thus must have 

both chondrogenic and mineralized tissue present. 

A new mouse iPSC line was used and transduced with the pluripotency 

factors Oct4, Sox2, Klf4, and c-Myc via a transiently expressed sendai-viral vector. 
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The sendai virus is a single-stranded negative-sense RNA virus that replicates in 

the cytoplasm, and thus does not integrate into the cell genome. 

 Mouse iPSCs expressed GFP under the control of the Col2a1 promoter,97 

which allowed for fluorescence-activated cell sorting of chondrogenically 

differentiated cells as described above.50 Lentiviruses encoding TGF-β3, BMP-2, 

or GFP (control) were produced in 293T cells, then immobilized on the 3-D woven 

poly(ε-caprolactone) (PCL) scaffold with poly-L-lysine. Lentiviruses for TGF-β3 

and BMP-2 were created under constitutive promoters, as well as doxycycline-

inducible (TetOn) promoters. Cells were seeded onto the bioactive scaffolds and 

cultured in chondrogenic or osteogenic media conditions for 28 days before 

histological, gene expression, biochemical, and micro-computed tomography 

analyses. 
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Figure 4.1 Study design: osteogenic and chondrogenic tissue engineering on PCL 3D-
woven scaffold with miPSCs. After chondrogenic differentiation, lentiviruses encoding 
constitutive and doxycycline-inducible TGF-β3, BMP-2, or GFP (control) were immobilized on 3D-
woven scaffolds made from PCL. Bioactive scaffolds were seeded with chondrogenically 
differentiated and sorted iPSCs, and cultured for 28 days. 
 

 

With the goal of producing chondrogenic, osteogenic, and osteochondral 

tissue constructs, multiple experimental groups were incorporated into this study. 

Constructs made with the GFP control viral vector were grown in four different 

media conditions: chondrogenic media with and without TGF-β3, and osteogenic 

media with and without BMP2, serving as virally-transduced controls. Constitutive 

viruses for TGF-β3 and BMP2 were given chondrogenic and osteogenic media 

respectively, without exogenous growth factors. Inducible viruses for TGF-β3 and 
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BMP2 were given chondrogenic and osteogenic media respectively, without 

exogenous growth factors. To discern the necessary time-course of growth factor 

expression, doxycycline was added to the media in these groups for three different 

lengths of time: 3 days of doxycycline followed by 25 days without; 15 days of 

doxycycline followed by 13 days without; and 28 days of doxycycline. As additional 

non-transduced controls, scaffolds without immobilized virus were seeded with the 

same number of cells, and given chondrogenic media with or without TGF-β3, and 

osteogenic media with or without BMP2. All osteogenic constructs were flipped 

over every 3 days to encourage consistent mineralization throughout the construct. 

Finally, to create a biphasic osteochondral construct, chondrogenic media with 

BMP2 was given to constructs which were cultured without flipping for 28 days 

and, as a control, chondrogenic media with BMP2 was given to additional 

constructs which were flipped every three days for 28 days. 
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Figure 4.2 Study design: experimental groups. To create osteogenic, chondrogenic, and 
osteochondral scaffold-based constructs with the same cell source, five lentiviral vectors were 
made for this study, and multiple media conditions were used, with 18 total groups cultured. The 
inducible viral vector is based on a TetOn system, such that doxycycline induces expression of the 
growth factors TGF-β3 or BMP2.  Const = constitutive; Ind = inducible; GF = growth factor.  

 

4.2 Methods 

4.2.1 Chondrogenic differentiation of miPSCs via micromass formation, and 
purification of Col2-GFP miPSCs via flow cytometry  

 

miPSCs were purchased from the University of Colorado iPSC Core. Line 

miPSC002.07 was derived from mouse primary fibroblasts (C57Bl/6N Taconic). 

The cells were tested for expression of standard pluripotency markers (similar to 
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C57BL/6 ES cells) as determined by QRT-PCR and immunostaining, and shown 

to differentiate into cells of all three germ layers using an in vitro differentiation 

assay (Embryoid Body (EB) Differentiation Assay).  

Mouse embryonic fibroblasts (PMEF, Millipore) were expanded and treated 

with 10 μg/mL mitomycin-C (Sigma-Aldrich) for 2–3 h to prevent proliferation and 

then cultured on 0.1% gelatin coated dishes at confluence to provide a feeder 

layer. Once received at Washington University in St Louis, cells were expanded 

on MEF feeder cells in iPSC media. The Col2GFP reporter plasmid97 was grown 

from a glycerol stock of e. coli containing the plasmid, and was sequenced from 

three separate colonies with consistent results. The plasmid was enzymatically 

linearized with a restriction enzyme; linearization was verified via gel 

electrophoresis, and gel extraction and DNA purification were performed, followed 

by concentration of the linearized plasmid with a SpeedVac system. miPSCs 

underwent feeder subtraction, and half of these cells were re-plated on feeder vells 

to use as a control for micromass chondrogenesis. The other half of feeder-

subtracted cells were split into two groups, which were nucleofected in parallel, 

one with the Col2-GFP reporter construct, and one with a pMaxGFP linearized 

plasmid as a visual control. Cells were re-plated on feeder cells, and selected for 

transfected clones with G418 given days 2-12 post-transfection. 46 individual 

colonies were manually selected for clonal expansion and freezing, with 12 

colonies left in culture, along with the non-nucleofected control. These colonies 

were differentiated in micromass, and the most chondrogenic reporter line was 
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chose based on GFP positive percentages after flow sort (Figure 4.3), alcian blue 

staining of micromasses (Figure 4.4), and safo-fast-green staining of pellets after 

21 days of chondrogenic culture (not shown). 

 

Figure 4.3 Flow sort analysis. Flow data was gated on miPSCs without the Col2-GFP reporter 
plasmid, and differentiated in micromass in parallel with the Col2-GFP-containing cells. ~63% of 
cells were GFP+ compared to gating control without the reporter. 

Gating	control Colony	11
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Figure 4.4 Alcian blue staining of micromasses. Alcian blue staining for GAG (blue) was 
performed after micromass differentiation on three micromasses from each Col2-GFP reporter-
containing colony, as well as the non-transfected control. Colony 11 (highlighted in red) was chosen 
for this study based on alcian blue staining, GFP+ percentage after sort, and subsequent  pellet 
chondrogenesis. Mouse joint control is shown. 

 

After selection of one clonal reporter line, MEFs were cultured on 0.1% 

gelatin coated dishes and miPSCs were cultured in iPSC media containing DMEM-

HG (Gibco), 20% lot-selected FBS (Atlanta Biologicals), MEM nonessential amino 

acids (NEAA, Gibco), β-mercaptoethanol (Gibco), gentamicin (Gibco), and mouse 

leukemia inhibitory factor (LIF, Millipore ESGRO). 

Mouse	joint	control
Scale	bar	=	200µm

Colony	1 Colony	2 Colony	3 Colony	4 Colony	5 Colony	6 Colony	7 Colony	8

Colony	9 Colony	10 Colony	11 Colony	12 Control:	no	Col2-GFP
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After expansion on MEF feeder cells, feeder subtraction was performed in 

two 45min incubation periods, separated by 24 hours of culture on 0.1% gelatin 

coated plates. After passage, cells were resuspended at a concentration of 2 x 107  

cells/mL, and 10µL, or 2 x 105 cells, were pipetted into each well of a 48-well cell 

culture plate. After 2 hours of incubation, 0.5mL of iPSC media with 10% serum 

and no LIF was added to each well. After 24 hours, media was replaced with serum 

free chondrogenic differentiation medium, with DMEM-HG (Gibco), NEAA (Gibco), 

β-mercaptoethanol (Gibco), ITS+ (BD), penicillin-streptomycin (Gibco), 50 μg/mL 

L-ascorbic acid 2-phosphate (Sigma), and 40 μg/mL L-proline (Sigma). 

Micromasses were cultured for 15 days. On days 3-5 of culture, 50 ng/mL mBMP-

4 (R&D Systems) and 100 nM dexamethasone were added to the chondrogenic 

medium. Micromasses were then digested for 1 hour at 37°C using 0.4% 

collagenase type II (Worthington), 1320 PKU/mL pronase (Calbiochem), and 10 

μg/mL DNase I (Worthington) and pipetted every 15min during incubation. Cells 

were centrifuged, incubated with 0.25% tryspin-EDTA for 5 min, and resuspended 

in sort medium containing DMEM-HG, 2% FBS, DNase I, 10 mM Hepes (Gibco), 

2x Penicillin/Streptomycin/Fungizone, and 5 μM propidium iodide (Biolegend).50 

Cells were sorted based on GFP expression using the 100 μM nozzle of an Aria II 

flow sorter (BD BioSciences, Washington University Flow Core).  
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4.2.2 Lentivirus production  

Lentiviral production methods of constitutive and inducible systems have 

been previously described by our lab.89, 96 All plasmids were obtained from the 

Addgene Plasmid Repository. The cDNA for TGF-β3 and BMP-2 were obtained 

from HEK-293T cells via RT-PCR and cloned into a lentiviral transfer vector 

[Addgene Plasmid 12250111 modified with a multiple-cloning site downstream of 

the EF-1α promoter]. Virus driving overexpression of eGFP was produced using 

either Addgene Plasmid 21320112 or 11645113 modified to contain an EF1-α-

eGFP cassette. The dox-inducible lentiviral vector (TMPrtTA, provided by the 

Danos Lab) is a single “tet-on” vector that constitutively co-expresses an 

improved reverse tetracycline-controlled transcriptional activator.92, 95, 114 The 

dox-inducible vector was modified to include an IRES-puromycin expression 

cassette. The cDNA for TGF-β3 and BMP-2 were cloned into the modified 

TMPrtTA vector as well.95 To produce VSV-G pseudotyped LV, 4.2e6 HEK-293T 

cells were plated onto each 10-cm dish in DMEM–high glucose supplemented 

with l-glutamine, sodium pyruvate, and 10% FBS (D-10 medium). The following 

day, cells on each dish were cotransfected with the appropriate lentiviral transfer 

plasmid (20 µg), the second-generation packaging plasmid, psPAX2 (Addgene 

12260, 15 µg), and the pMD2.G (Addgene 12259, 6 µg) envelope plasmid via 

calcium phosphate precipitation.115 After an overnight incubation, transfection 

medium was removed and replaced with 12 mL of fresh 293T medium. The raw 

lentiviral supernatant was cleared of producer cells via centrifugation and stored 
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at −80 °C until future use. Prior to scaffold immobilization, LV was concentrated 

via centrifugation in 100kDa MWCO filters (Millipre, Cork, Ireland). 

 

4.2.3 Production of 3D-woven PCL scaffold 

Using a custom-built weaving meachine, scaffolds were woven from 

multifilament PCL yarns (EMS-Griltech, Domat, Switzerland) as previously 

described.37 7 layers of yarns, three warp and four weft, were axially oriented in 

alternating x and y directions with a third set of fibers passing through all the layers 

of the structure (z-direction). Scaffolds were treated with 4N NaOH for 16 hours to 

increase hydrophilicity, rinsed in DI water, dried, and heat set for 10 min at 57°C. 

4mm biopsy punches were used to create scaffold cylinders. Disks were then 

ethylene-oxide sterilized in 24 well ultra-low attachment plates (Corning, Corning, 

NY), and then soaked overnight in 0.002% PLL (Sigma) prior to use in tissue 

engineering experiments. 

 

4.2.4 Cell culture: scaffold construct formation and culture 

After sort, cells were expanded on gelatin coated plates at 1x104 cells/cm2 

in chondrogenic differentiation media with 4ng/mL hbFGF (Roche) and 10% FBS. 

Cells were passaged every 3 days for two passages using 0.05% trypsin EDTA 

(Sigma). After the second passage, cells were resuspended in expansion media 

at a concentration of 3 x 107 cells per mL. Scaffolds were transferred to new 24 

well ultra-low attachment plates, and concentrated LV was pipetted onto each 
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scaffold for the viral groups. Scaffolds were incubated at room temperature for one 

hour, rinsed in PBS, and then seeded with 3 x 105 cells each. Constructs were 

incubated for 1 hour at 37°C, followed by the addition of 1mL media to each well.  

Chondrogenic media contained 100nM dexamethasone, in addition to DMEM-HG 

(Gibco), NEAA (Gibco), β-mercaptoethanol (Gibco), ITS+ (BD), penicillin-

streptomycin (Gibco), 50 μg/mL L-ascorbic acid 2-phosphate (Sigma), and 40 

μg/mL L-proline (Sigma), with or without 10ng/mL TGF-β3.  Osteogenic media 

contained 10% FBS, DMEM-HG (Gibco), NEAA (Gibco), β-mercaptoethanol 

(Gibco), penicillin-streptomycin (Gibco), 50 μg/mL L-ascorbic acid 2-phosphate 

(Sigma), dexamethasone, and 10mM β-glycerophosphate (Sigma), with or without 

12.5ng/mL BMP2 (RnD). Osteochondral media contained 50ng/mL BMP2 (RnD), 

1% FBS, 100nM dexamethasone, DMEM-HG (Gibco), NEAA (Gibco), β-

mercaptoethanol (Gibco), ITS+ (BD), penicillin-streptomycin (Gibco), 50 μg/mL L-

ascorbic acid 2-phosphate (Sigma), and 40 μg/mL L-proline (Sigma), 10mM β-

glycerophosphate (Sigma). Every 3 days, 500μL was taken from each scaffold and 

frozen for ELISA analysis, and replaced with 500-600μL fresh media (depending 

on evaporation). For doxycycline-inducible vector systems, 1μg/mL doxycycline 

(Sigma) was added to the media for 3 days, 15 days, or 28 days, depending on 

the experimental group. 

Mycoplasma test samples were collected regularly throughout the cell and 

tissue culture experiments and tests were performed by an independent core 
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facility at Washington University. DAPI staining for the colony pluripotency assay 

further demonstrated negative mycoplasma results. 

 

4.2.5 Flow cytometry analysis of transduction efficiency 

To determine transduction efficiency, 3 scaffolds from each group at both 

day 14 and day 28 of culture from groups with fluorescent protein expression 

(constitutive BMP2 (dsRed), constitutive TGFβ3 (dsRed), and eGFP) were 

digested for 1 hour and 15min at 37°C using 0.4% collagenase type II 

(Worthington), 1320 PKU/mL pronase (Calbiochem), and 10 μg/mL DNase I 

(Worthington) and pipetted every 15min during incubation. Cells were centrifuged, 

incubated with 0.25% tryspin-EDTA for 5 min, and resuspended in sort medium 

containing DMEM-HG, 2% FBS, DNase I, 10 mM Hepes (Gibco), 2x 

Penicillin/Streptomycin/Fungizone, and 5 μM propidium iodide (Biolegend).50 Cells 

were analysed based on GFP expression or dsRed expression using the 100 μM 

nozzle of an Aria II flow sorter (BD BioSciences, Washington University Flow 

Core). 

 

4.2.6 Gene expression analysis: RNA isolation and quantitative RT-PCR 
(qPCR) 

Whole scaffolds or scaffolds cut in half were placed in cryovials and flash-

frozen in liquid nitrogen prior to storage at -80°C until RNA isolation. In a sterile 

culture hood, scaffolds were individually minced and placed in a 1.7mL Eppendorf 
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tube. 1mL trizol was added followed by 2 sterile glass beads. Tubes were placed 

in a bead beater for mechanical disruption of constructs, followed by 30 minutes 

of rocking in a cold room. Samples were centrifuged and lysate was transferred to 

new Eppendorf tubes and frozen at -80°C until RNA isolation. RNA isolation was 

performed via chloroform purification and separation (Trizol, Invitrogen), followed 

by column purification of the aqueous layer (Total RNA Purification Plus Micro 

Kit, Norgen). RNA concentrations and RINe values were measured using an 

Agilent 2200 TapeStation System (Agilent Technologies), with a ladder run on 

each gel. cDNA synthesis was performed using SuperScript IV First-Strand 

Synthesis System (ThermoFisher), in parallel with a No Template Control (NTC). 

PCR was performed with Taqman Gene Expression Assay probes (ThermoFisher) 

(Table 4.1), and Taqman Fast Advanced Master Mix. Samples from each group 

were divided across plates, and the NTC was run with each probe. NTC showed 

no amplification for any probes after 55 cycles. All samples were run in triplicate. 

Data analysis was performed with the ∆∆CT method, and displayed as fold 

changes, where RT = 2-(∆∆CT). GAPDH was used as the endogenous control gene. 

All samples were compared to cells flash frozen on the day of scaffold seeding 

(day 0). 
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Table 4.1 Primer probes for qPCR. 
Gene Name Probe 

Col1a2 Type I collagen Mm00483888_m1 
Col2a1 Type II collagen Mm01309565_m1 

Col10a1 Type 10 collagen Mm00487041_m1 
Acan Aggrecan Mm00545794_m1 
Sox9 sex determining region Y-box 9 Mm00448840_m1 

GAPDH 
Glyceraldehyde 3-phosphate 

dehydrogenase Mm99999915_g1 
Prg4 Lubricin Mm01284582_m1 
Bglap Osteocalcin Mm03413826_mH 
Runx2 Runt-related transcription factor 2 Mm00501584_m1 

Sp7 Osterix Mm04209856_m1 
TGF-β3 Transforming Growth Factor Beta 3 Hs01086000_m1 
BMP2 Bone morphogenetic protein 2 Hs00154192_m1 
 

 

4.2.7 Histological analysis 

For histology, scaffolds were fixed in 10% Neutral Buffered Formalin for 16 

hours, dehydrated, paraffin embedded, and sectioned at 8 µm thickness. Safranin-

O/fast green/hematoxylin staining was stained under standard protocols using 

osteochondral sections from mouse knee joints as controls. Von Kossa staining 

was performed according to manufacturer instructions (Abcam); the control joint 

for this was a knee joint dissected from an 11-day old mouse. This skeletally-

immature age allowed for fixation, embedding, and sectioning of the joint without 

decalcification. Masson’s Trichrome staining was performed according to 

manufacturer’s instructions (Abcam) using osteochondral sections from mouse 

shoulder joints as controls. 
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For immunohistochemistry, sections were treated with xylene and ethanol 

in decreasing concentrations. For type II collagen (Iowa II-II6B3, 1:1 in goat 

serum), type VI collagen (Fitzgerald 70R-CR009x, 1:1000 in 1% BSA), and type X 

collagen (Sigma c7974, 1:400), epitope retrieval was performed with Digest-All 3 

Pepsin (Invitrogen) at room temperature for 5min, then treated with methanol-

peroxidase, blocked for 30min (goat serum for type X collagen, goat serum with 

the addition of cold fish gelatin for type II collagen, and for type VI collagen, 2% 

goat serum, 1% BSA, 0.1% Triton X-100, 0.05% Tween 20, 0.01M PBS (pH 7.2)), 

then incubated for an hour at room temperature in primary antibody. Secondary 

antibody incubation was 30min at room temperature (ab97021 for type II collagen 

and type X collagen, and ab6720 for type VI collagen, 1:500), followed by HRP 

Streptavidin treatment and AEC Red Single (Histostain Plus, Invitrogen), 

counterstained with hematoxylin, and mounted with Vectamount (Vector Labs). 

Osteochondral sections from mouse knee joints were used as controls. For type I 

collagen (8D4A1, Chondrex, 1:200, biotinylated), epitope retrieval was performed 

with pepsin incubation at 37°C for 20min, then treated with methanol-peroxidase, 

and blocked for 30min (goat serum) before primary incubation. Mouse hip cartilage 

from 10 day old mice and mouse patellar tendon were used as negative and 

positive controls, respectively. 

Final histology images were taken on a VS120 microscope imaging system 

at 20x magnification, with consistent bright field settings for each stain. 
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4.2.8 microCT analysis 

Scaffold constructs were serially dehydrated to 70% ethanol. Kim wipes 

soaked in 70% ethanol were placed at the bottom of 15mL conical tubes, which 

were laid on their sides, and scaffolds were placed on the sides of the conical tubes 

for microCT imaging using a Skyscan Bruker microCT. Consistent settings were 

used to image pellets and calibration phantoms. After reconstruction, phantoms 

were used to determine threshold values for mineralization. In order to determine 

tissue volume and bone mineral density, sections of scaffolds were outlined with 

an automated program. Tissue volume, bone volume, and bone mineral density 

values were calculated using CTAnalyser software (Bruker). Images and videos 

were generated in CTVox software (Bruker). 

 

4.2.9 ELISA and biochemical analysis 

ELISAs measuring human BMP-2 and human TGF-β3 were performed 

according to manufacturer’s instructions (DuoSet ELISA kits, R&Dsystems). Only 

active TGF-β3 can be measured; in addition to measuring active TGF-β3 from the 

media samples, media was activated and measured, giving concentration 

measurements of active, total, and inactive (latent) TGF-β3 in media samples. 

Scaffolds were digested in papain at 58°C for 16 hours. dsDNA was 

measured with PicoGreen dsDNA Quantitation kit (Invitrogen). Sulfated 

glycosaminoglycans were measured with the DMB assay, and total collagen was 
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measured with the hydroxyproline assay.103 To quantify calcium content, scaffold 

constructs were decalcified by incubating in 5% formic acid for 30 minutes. 

Calcium concentration was measured using the Calcium Colorimetric Assay Kit 

(Fisher). 

 

4.2.10 Statistics 

Experimental data reported as mean ± SEM was compared using Student’s 

t-test, a one-way ANOVA followed by a post-hoc Tukey’s test, or a two-way 

ANOVA. Data was analyzed with JMP with a significance level set to α=0.05.  

 

4.3 Results 

 

3.3.1 Osteogenic scaffold constructs 

After several days of osteogenic culture, the bottom of each well began to 

accumulate mineral content, with more obvious mineralization accumulating in 

groups with exogenous, constitutive, or induced BMP2 expression. Indeed, gene 

expression confirmed increasing osteogenic gene expression over time, with the 

constitutive BMP-2-expressing group having the largest increase in most 
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osteogenic genes. Interestingly, very little Col10a1 expression is present in any of 

these constructs.  

 

 

Figure 4.5 qPCR shows expected increase in osteogenic gene expression during osteogenic 
induction. Data points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or 
fold change. The reference gene is GAPDH. Effects tests shown below each gene after two-way 
ANOVA analysis. Effects with * are significant with p<0.05. Const = constitutive; ind = inducible; 
NT = non-transduced.  
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Cells transduced with BMP-2 vectors, whether in a constitutive or an 

inducible manner, consistently showed expression of BMP-2, and constructs that 

were not transduced with BMP-2 did not produce this gene. Note that since there 

was no amplification of this gene in the Day 0 group, as expected, the groups that 

did amplify could not be normalized to the Day 0 group, so this graph is presented 

as ∆CT values. (Figure 4.6) 

 

 

Figure 4.6 qPCR of hBMP2 shows expression in groups transduced with hBMP2, and no 
amplification in non-transduced groups. Probing for human BMP2 gene expression yielded no 
amplification in day 0 cells, nor in groups that were not constitutively or inducibly transduced with 
the gene; thus, the ∆CT values are plotted. Data points and error bars demonstrate mean ± SEM. 
The reference gene is GAPDH.  
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As expected, chondrogenic gene expression in osteogenic groups 

increases from day 0, but are at lower levels than chondrogenic groups. Note that 

all PCR for this study was run in parallel, with samples from each group run on 

different plates. Therefore, although the data is divided by groups for different 

figures, the fold changes can be compared to each other. 

 
 
Figure 4.7 qPCR shows increase in chondrogenic gene expression from day 0 during 
osteogenic induction, with smaller increases than in chondrogenic groups, as expected. 
Data points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or fold change. 
The reference gene is GAPDH. Effects tests shown below each gene after two-way ANOVA 
analysis. Effects with * are significant with p<0.05. Const = constitutive; ind = inducible; NT = non-
transduced.  
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 MicroCT imaging illustrates mineralized tissue distributed through the 

scaffold construct, and a larger amount of mineralization in the osteochondral 

groups and in the constitutively-expressing-BMP-2 group, (Figure 4.8) which is 

confirmed in bone volume (Figure 4.9) and BV/TV (Figure 4.10) measurements. 

Interestingly, in the inducible expression system, more mineralization occurred in 

the group given doxycycline for 3 days than for 15 days or 28 days. Although these 

differences were not statistically significantly different from each other, the trend 

suggests a pulse with BMP-2 might be better than sustained release of BMP-2 

over time. 

 

Figure 4.8 MicroCT imaging demonstrates mineralized tissue distributed through the 
scaffold. Calcification of bone volume shown in grayscale. Threshold for mineralization was set 
with calibration phantoms. 

 

Osteochondral Osteochondral	 flip GFP	BMP2	NT	BMP2	

BMP-I	3D	 BMP-I	15D	 BMPI	28-D	BMP-C	
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Figure 4.9 Biochemical and microCT evaluation of collagen content, calcium content, and 
bone volume demonstrated collagen, calcium, and mineralization in all osteog groups, with 
significantly higher values in the BMP-2 constitutive groups. The inducible group here was 
given dox for 28 days. N=3-6 per group. Data points and error bars demonstrate mean ± SEM.  

 

 

 

 

 

Figure 4.10 MicroCT evaluation of bone volume (BV) and bone volume over tissue volume 
(BV/TV) demonstrated mineralization in all osteo groups, with significantly higher bone 
volumes in the BMP-2 constitutive and the osteochondral groups. N=3-6 per group. Data 
points and error bars demonstrate mean ± SEM. Groups not labelled with the same letter are 
significantly different by one-way ANOVA with post-hoc Tukey-Kramer analysis with p<0.05. 
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Figure 4.11 MicroCT evaluation of bone mineral density demonstrated mineralization in all 
osteo groups. N=3-6 per group. Data points and error bars demonstrate mean ± SEM. Groups not 
labelled with the same letter are significantly different by one-way ANOVA with post-hoc Tukey-
Kramer analysis with p<0.05. 
 

The constitutive expression of BMP-2 released more BMP-2 into the media than 

the inducible expression in this system. Both systems decreased their protein expression 

over time, (Figure 4.12) but their gene expression was maintained through the study.  
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Figure 4.12 ELISA assay demonstrates early expression of BMP-2 from constitutive and 
inducible constructs, which tapers off over time. Half media changes were performed every 
three days. Connected lines are sampled from the same wells over time. N=3 per group. Data 
points and error bars demonstrate mean ± SEM.  

 

 

3.3.2 Chondrogenic scaffold constructs 

After chondrogenic induction in scaffold constructs, qPCR confirmed 

increasing chondrogenic gene expression over time. Interestingly, very little 

Col10a1 expression is present in any of these constructs. Cells transduced with 

TGF-β3 vectors, whether in a constitutive or an inducible manner, consistently 
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showed expression of TGF-β3, and constructs that were not transduced with TGF-

β3 produced very little of this gene. (Figure 4.13) 

 

Figure 4.13 qPCR shows increase in chondrogenic gene expression during chondrogenic 
induction, with smaller increases than in chondrogenic groups, as expected. TGF-β3 
expression is significantly higher in groups transduced with TGF-β3 either constitutively or 
inducibly. Data points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or 
fold change. The reference gene is GAPDH. Effects tests shown below each gene after two-way 
ANOVA analysis. Effects with * are significant with p<0.05. Const = constitutive; ind = inducible; 
NT = non-transduced.  

 

As expected, osteogenic gene expression in chondrogenic groups 

increases from day 0, but are at lower levels than osteogenic groups. Note that all 
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PCR for this study was run in parallel, with samples from each group run on 

different plates; although the data is divided by groups for different figures, the fold 

changes can be compared to each other. 

 

 
 
Figure 4.14 qPCR shows increase in osteogenic gene expression from day 0 during 
chondrogenic induction, with smaller increases than in chondrogenic groups, as expected. 
Data points and error bars demonstrate mean ± SEM. RQ = Relative Quantification, or fold change. 
The reference gene is GAPDH. Effects tests shown below each gene after two-way ANOVA 
analysis. Effects with * are significant with p<0.05. Const = constitutive; ind = inducible; NT = non-
transduced.  
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The constitutive expression of TGF-β3 released more TGF-β3 into the media 

than the inducible expression in this system. Both systems decreased their protein 

expression over time, (Figure 4.15) but their gene expression was maintained through 

the study. Active TGF-β3 was measured from each media sample; media samples 

were also activated, in order to indirectly measure the inactive (latent) form of the 

growth factor that was released in this system. Far more of the latent form of 

TGF-β3 was present in the media samples than the active form.  

 

 
Figure 4.15 Biochemical analysis: ELISA assay demonstrates early expression of TGF-β3 
from constitutive and inducible constructs, which tapers off over time. Collagen content 
shows significantly higher values in the TGF-β3 constitutive groups. Half media changes 
were performed every three days. Connected lines are sampled from the same wells over time. 
N=3 per group. Data points and error bars demonstrate mean ± SEM. Active TGF-β3 was 
measured directly from sampled media. Media was activated to measure total TGF-β3, and inactive 
TGF-β3 was calculated from the first two measurements. 
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Fluorescence microscopy of the surface of these constructs demonstrates 

cells with a rounded morphology, similar to chondrocyte morphology. Furthermore, 

confocal microscopy demonstrates co-localization of cells expressing GFP via the 

Col2-GFP reporter system and cells expressing DsRed through the TGF-β3-IRES-

dsRed system. Since these proteins have short half lives in cell expression 

systems, these images demonstrate healthy cells in these constructs.  

 

Figure 4.16 Confocal microscopy (left) and fluorescence microscopy (right) demonstrates 
surface topology of fluorescent cells on the scaffold after 28 days of culture.  Chondrogenic 
construct with scaffold-mediated virally transduced constitutive TGF-β3-IRES-DsRed shows co-
localization with cells expressing GFP via the Col2-GFP reporter construct (left). Chondrogenic 
construct with scaffold-mediated virally transduced constitutive GFP virus and given exogenous 
TGF-β3 shows healthy GFP-producing cells with rounded morphology, indicative of chondrocyte-
like cells. 

 

 Scaffolds for histological analysis have been processed and sectioned, and 

staining has begun for glycosaminoglycans, collagen, and mineralization, and 

immunohistochemistry for Type I Collagen, Type II Collagen, Type VI Collagen, 
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Type X Collagen. This data is still being processed and, thus, is not presented 

here. 

 

4.4 Discussion: conclusions, limitations, and implications 

In this study, chondrogenic and osteogenic tissue was grown on a 3D-

woven PCL scaffold with miPSCs for the first time. These tissue constructs 

incorporate the main components of an optimal osteochondral graft: a strong, 

biocompatible scaffold; a pluripotent, non-immunogenic cell source; endogenous 

delivery of growth factors for tissue differentiation and maintenance; and the 

presence of cartilage-like and mineralized tissues. Furthermore, both of these 

tissue types were created with the exogenous supplementation of growth factors, 

as well as via scaffold-mediated lentiviral delivery of genes encoding these growth 

factors under constitutive promoter expression and under an inducible expression 

system. Additionally, a new Col2-GFP reporter cell line was engineered and 

screened for chondrogenic potential, made from miPSCs generated with transient 

expression of the Yamanaka factors. Others in the Guilak lab have already started 

using this cell line to examine additional dox-inducible expression systems. Gene 

expression and microCT data have further confirmed osteogenic potential of this 

cell line. Also, gene expression and microCT data suggest we have created a 

biphasic osteochondral construct.  

Of note, these results to-date do not include histology data, as histological 

processing is still being completed. Thus, confirmation of these findings will be 
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forthcoming via histological analysis. Additional limitations include the result the 

inducible groups underperformed relative to the constitutive groups. It must also 

be highlighted that this inducible system of expression, the TetOn doxycycline 

inducible expression vector, has been shown to be immunogenic, and therefore is 

not directly translational for human treatment. This TotOn system is an excellent 

tool for modelling outcomes of gene expression manipulation in vitro and in small 

animal models, however, and CRISPR technology provides an invaluable 

subsequent tool for using knowledge gained from these studies and propelling 

them into the translational realm when appropriate. Before such a transition, 

however, more work needs to be done in a mouse model, to determine the 

minimum culture time needed prior to in vivo implantation. Additionally, this 

platform would need to be reproduced with human iPSCs. 

 

4.4.1 Applications of bone, cartilage, and osteochondral tissue grafts 

Several recent studies have utilized the biocompatible, durable, and strong 

properties of polycaprolactone in creating musculoskeletal tissue engineered 

constructs, including for cartilage,116, 117 tendon,118 and bone.119 Most of these 

studies have used hMSCs, a cell type already clinically used in bone regeneration 

for surgical repair of nonunions and osteonecrosis.56, 57 After cell culture 

manipulation and culture, though, MSC-derived tissue transplanted in vivo has 

shown unstable, transient characteristics.120, 121 Interestingly, chondrogenically-

induced iPSCs have expressed very little collagen type X during differentiation,50, 
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51 suggesting the that tissue formed from chondrogenically-induced murine iPSCs 

might remain chondrogenic after in vitro culture and subsequent implantation. This 

study demonstrates the ability of miPSCs to chonrogenically and osteogenically 

differentiate on a polycaprolactone scaffold. Although for this study, mechanical 

properties were not directly tested, this 3D-woven scaffold seeded with cell types 

such as MSCs and ASCs has been extensively tested with consistent results 

demonstrating comparable strength testing to native articular cartilage.37, 38, 122 

Thus, the scaffolds created in this study would likely have similar mechanical 

properties. An osteochondral construct with the strength of the surrounding 

cartilage and having the ability to anchor into the subchondral bone layer could be 

the next step to creating an osteochondral graft that would promote articular 

cartilage regeneration, without fibrous tissue formation, that would remain in the 

defect site well after implantation.  

 

4.4.2 Applications of tissue constructs created without exogenous growth 
factor delivery 

Although these constructs were grown in vitro, a future clinically-applicable, 

implantable graft would ideally be cultured for as little time as possible prior to 

implantation. Thus, a polymer-based scaffold with tethered lentivirus for the 

scaffold-mediated transduction of genes encoding chondrogenic and osteogenic 

growth factor expression is appealing, to decrease time to implantation. 

Additionally, with recent debate on the effects of long term growth factor 

delivery,123-125 local paracrine delivery and signaling of growth factors would 
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minimize off-target effects. The utilization of an inducible expression system, with 

the option to withdraw doxycycline stimulation once a stable, mature osteochondral 

tissue has been formed, would further improve the safety profile of such a therapy. 

The results in this study demonstrate an exciting platform to grow osteochondral 

tissue constructs with iPSCs, and serve as the next step toward an implantable 

construct to treat osteochondral defects. 
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5. Conclusions and future applications 
The first study presented in this work demonstrates the creation of an iPSC-

derived osteochondral organoid construct. Constructs of neocartilage were 

subsequently osteogenically differentiated via endochondral ossification. We also 

showed that the presence of a cartilaginous extracellular matrix (ECM) can prevent 

re-induction of iPSC pluripotency.  The impact of this study is two-fold: for 

translational tissue engineering applications, it implies that a robust chondrogenic 

matrix may prevent dedifferentiation upon implantation, which has been a critical 

barrier to iPSC implantation in patients. Additionally, the creation of this novel 

iPSC-derived osteochondral organoid has great potential for studying normal and 

pathological interactions between bone and cartilage at the osteochondral 

junction, as well as for therapeutic screening in disease models of osteochondral 

disorders. 

In the second study presented in this work, chondrogenic and osteogenic 

tissue was grown on a 3D-woven PCL scaffold with miPSCs for the first time.  Both 

of these tissue types were created with the exogenous supplementation of growth 

factors, as well as via scaffold-mediated lentiviral delivery of genes encoding these 

growth factors under constitutive promoter expression and under an inducible 

expression system. Gene expression and microCT data have further confirmed 

osteogenic potential of this cell line. Confirmation of these findings will be 

forthcoming via histological analysis. Additionally, a new Col2-GFP reporter cell 

line was engineered which demonstrated both chondrogenic and osteogenic 



 

85 

potential, made from miPSCs generated with transient expression of the 

Yamanaka factors, lending itself to us with additional inducible gene expression 

studies. 

While the work shows great promise in the field of osteochondral tissue 

engineering, more work needs to be done to realize the goal of treating patients 

with debilitating arthropathies.  

5.1 Disease modeling in a dish  

These studies investigate an exciting platform for studying normal biology 

and pathological disease affecting the osteochondral junction. Several disease-in-

a-dish models have been created to study disease models for chondrogenic and 

osteogenic applications, even in iPSCs.1 Studying the osteochondral junction in 

this manner, however, has not been done, and the distinct interplay between these 

tissue types may help further elucidate the mechanism of arthropathies such as 

rheumatoid arthritis and osteoarthritis; there is great debate as to whether the bone 

or the cartilage is the first tissue to trigger pathology, but it is accepted that both 

are important.68 Thus, the organoid created here would be an excellent platform 

for high-throughput screening of small molecules and biologics that could help treat 

arthropathies, and especially for testing pharmaceuticals that are good candidates 

for treating cartilage but known to affect bone, such as steroid and hormone-based 

therapies. By using iPSC-derived cells for this study, the platform lends itself to 

growing constructs from iPSCs derived from patients with rare musculoskeletal 

disorders, in order to discern better treatments for these patients. Chondrogenesis 
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of hiPSCs in multiple cell lines is being investigated currently in our lab, and the 

application of the methods described here applied to an hiPSC-derived model 

system could have incredible potential for the study of rare diseases affecting 

cartilage and bone, such as osteochondritis dessicans, osteogenesis imperfecta, 

juvenile idiopathic arthritis, and hundreds of other genetically-linked arthropathies. 

 
 

5.2 Implantation of functional osteochondral grafts in animal 
models 

In the first study presented here, we demonstrated that a robust 

cartilaginous extracellular matrix (ECM) can prevent re-induction of iPSC 

pluripotency. This conclusion has exciting potential, but needs further examination 

in other systems before this conclusion can be applied to any clinical applications. 

The study here focused on murine iPSCs. Many questions would invite additional 

follow-up: Does the protection against re-induction of pluripotency in these 

constructs extend to in vivo implantation? Would this protection occur in a human 

system with hiPSCs? Are there other tissues, in addition to cartilage and bone, 

that have extracellular matrix properties that could also protect cells from re-

induction of pluripotency? What are the specific mechanisms that convey this 

protection, and can those be harnessed to protect iPSC-derived cells in other 

tissue constructs from de-differentiating? Could those mechanisms eventually be 

harnessed to protect cells even without a strong surrounding matrix, for future cell-

based therapies, in addition to tissue-based therapies?  
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Since pellet-based engineered constructs would be less conducive to 

implantation than scaffold-based systems, many of these questions might be better 

suited to being answered with the platform developed in the second study: on a 

biocompatible 3D-woven PCL scaffold. 3D-woven PCL scaffold-based dox-

inducible expression vectors have already been demonstrated to show promise 

when seeded with hASCs in a rabbit model in our lab.126 The successful 

osteochondral induction of miPSCs in the system studied here would be an 

excellent platform for in vivo studies in mouse models. Many of the previous 

questions could be answered in a subcutaneous implantation mouse model,127, 128 

in addition to answering temporal questions regarding the length of time necessary 

for local growth factor expression for developing stable osteogenesis and 

chondrogenesis in vivo. This study takes exciting steps toward a functional iPSC-

based osteochondral graft, and further development in animal models is necessary 

before bringing this technology from the bench to the bedside. 
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