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Abstract 

The ends of long bones that articulate with respect to one another are lined with 

a crucial connective tissue called articular cartilage.  This tissue plays an essential 

biomechanical function in synovial joints, as it serves to both dissipate load and 

lubricate articulating surfaces.  Osteoarthritis is a painful and debilitating disease that 

drives the deterioration of articular cartilage.  Like many chronic diseases, pro-

inflammatory cytokines feature prominently in the onset and progression of 

osteoarthritis.  Because cartilage lacks physiologic features critical for regeneration and 

self-repair, the development of effective strategies to create functional cartilage tissue 

substitutes remains a priority for the fields of tissue engineering and regenerative 

medicine.  The overall objectives of this dissertation are to (1) develop a bioactive 

scaffold capable of mediating cell differentiation and formation of extracellular matrix 

that recapitulates native cartilage tissue and (2) to produce stem cells specifically 

tailored at the scale of the genome with the ability to resist inflammatory cues that 

normally lead to degeneration and pain.   

Engineered replacements for musculoskeletal tissues generally require extensive 

ex vivo manipulation of stem cells to achieve controlled differentiation and phenotypic 

stability.  By immobilizing lentivirus driving the expression of transforming growth 

factor-β3 to a highly structured, three dimensionally woven tissue engineering scaffold, 
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we developed a technique for producing cell-instructive scaffolds that control human 

mesenchymal stem cell differentiation and possess biomechanical properties 

approximating those of native tissues.  This work represents an important advance, as it 

establishes a method for generating constructs capable of restoring biological and 

mechanical function that may circumvent the need for ex vivo conditioning of engineered 

tissue substitutes. 

Any functional cartilage tissue substitute must tolerate the inflammation intrinsic 

to an arthritic joint.  Recently emerging tools from synthetic biology and genome 

engineering facilitate an unprecedented ability to modify how cells respond to their 

microenvironments.  We exploited these developments to engineer cells that can evade 

signaling of the pro-inflammatory cytokine interleukin-1 (IL-1).  Our study provides 

proof-of-principle evidence that cartilage derived from such engineered stem cells are 

resistant to IL-1-mediated degradation.   

Extending on this work, we developed a synthetic biology strategy to further 

customize stem cells to combat inflammatory cues.  We commandeered the highly 

responsive endogenous locus of the chemokine (C-C motif) ligand 2 gene in pluripotent 

stem cells to impart self-regulated, feedback-controlled production of biologic therapy.  

We demonstrated that repurposing of degradative signaling pathways induced by IL-1 

and tumor necrosis factor toward transient production of cytokine antagonists enabled 
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engineered cartilage tissue to withstand the action of inflammatory cytokines and to 

serve as a cell-based, auto-regulated drug delivery system. 

In this work, we combine principles from synthetic biology, gene therapy, and 

functional tissue engineering to develop methods for generating constructs with 

biomimetic molecular and mechanical features of articular cartilage while precisely 

defining how cells respond to dysfunction in the body’s finely-tuned inflammatory 

systems.  Moreover, our strategy for customizing intrinsic cellular signaling pathways in 

therapeutic stem cell populations opens innovative possibilities for controlled drug 

delivery to native tissues, which may provide safer and more effective treatments 

applicable to a wide variety of chronic diseases and may transform the landscape of 

regenerative medicine. 
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TNF-α  Tumor necrosis factor-α   

TGF-β3 Transforming growth factor β3 

tracrRNA trans-activating CRISPR RNA 

WT  Wild-type 

ZFN  Zinc finger nuclease 

ZFP  Zinc finger protein 
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1. Introduction  

1.1 Articular Cartilage 

Articular cartilage is the thin connective tissue that lines the ends of long bones 

forming diarthrodial joints.  Articular cartilage is a biomechanical tissue capable of 

sustaining millions of cycles of deformation, carrying loads of up to ten times body 

weight and stresses of up to 18 MPa (Mow et al., 1992).  The coefficient of friction of 

cartilage in synovial joints has been calculated to be as low as  0.002, which is an order of 

magnitude lower than ice on ice (Mow et al., 1992).  By providing load distribution, 

shock absorption, and a low-friction interface between articulating surfaces, healthy 

cartilage is an indispensable component of an efficient, pain-free musculoskeletal 

system. 

On a large scale, the three major constituents of cartilage are a fluid phase, an 

ionic phase, and a solid phase.  The fluid phase accounts for 65-80% of the wet weight of 

the tissue (Mow and Huiskes, 2005) and serves as a medium for the ionic phase.  The 

remainder of the wet weight of the tissue is comprised of a porous, permeable solid 

matrix and resident cells.  The solid matrix can be further divided into a collagenous and 

non-collagenous constituents.  Type II collagen forms the bulk of the collagenous 

network in the tissue, although other collagens, notably type VI, IX, and XI, are critical 

for proper development and function of the tissue.  Importantly, negatively charged 

proteoglycans, such as aggrecan and versican, reside in the solid phase and are 
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intertwined within the collagenous network.  These proteoglycans are richly decorated 

with sulfated glycosaminoglycan side chains, such as chondroitin and keratin sulfate, 

via covalent linkage.  The presence of these high molecular weight, aggregating 

molecules enhances the interaction between the matrix and the electrolyte-containing 

interstitial fluid phase (Mow and Guo, 2002; Mow and Huiskes, 2005).  This interaction 

allows a pre-stress to form, which enhances the load-bearing capability of the tissue.  In 

fact, it is precisely the tissue’s capability to undergo fluid pressurization which imparts 

many of the remarkable mechanical features to the tissue, including the compressive 

modulus and the lubrication that brings about the low coefficient of friction.  The 

notable structure and composition give rise to the functional capability of this tissue and 

allow healthy cartilage to persist for decades with little evidence of wear or 

degeneration. 

Articular cartilage is also sparsely populated by resident cells, referred to as 

chondrocytes.  In healthy adult tissue, these cells are generally regarded as quiescent, 

resting cells and serve to maintain tissue via synthesis of proteoglycans in a relatively 

low turnover state (Goldring, 2012).  However, in diseased states, these cells are 

activated by inflammatory cues that divert them from playing a role in tissue 

preservation toward participating in tissue deterioration, leading ultimately to an 

imbalance between cartilage maintenance and catabolism.   
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1.2 Mechanical Properties of Articular Cartilage 

The tri-phasic composition and architecture of the intertwined collagenous and 

proteoglycan network of articular cartilage results in a fiber-reinforced tissue that 

exhibits unique biomechanical properties.  On the bulk scale, healthy articular cartilage 

possesses a tensile Young’s modulus of 5-25 MPa (Akizuki et al., 1986; Elliott et al., 1999; 

Setton et al., 1994), which is supported primarily by the collagen network. The 

compressive aggregate modulus of articular cartilage ranges between 0.1-2.0 MPa (Mow 

and Guo, 2002), while the compressive Young’s modulus ranges from 0.4-0.8 MPa 

(Athanasiou et al., 1994; Jurvelin et al., 1997).  One important feature of the tissue is the 

tension-compression nonlinearity, which refers to the increased stiffness of the cartilage 

in tension as compared to compression.  This critical feature of articular cartilage arises 

from the inhomogeneity and anisotropy of the collagen network.  It is thought that this 

nonlinearity contributes to the capacity of the tissue to undergo fluid pressurization, 

leading to improved lubrication and load dissipation throughout the joint (Ateshian, 

2009; Soltz and Ateshian, 2000). 

The passage of interstitial fluid throughout the porous-permeable ECM results in 

the display of time-dependent properties such as creep, stress-relaxation, and hysteresis.  

The ease with which the fluid phase flows through the solid phase of the tissue is 

referred to as hydraulic permeability.  In healthy articular cartilage, this property has 

been measured as 0.5-5.0e-15 m4/N-s (Athanasiou et al., 1991; Setton et al., 1993). 
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1.3 Osteoarthritis 

Osteoarthritis (OA) is a progressive disease characterized by the destruction of 

articular cartilage.  OA can be classified as a whole joint disease involving all 

components of synovial joints in addition to cartilage itself.  Though once considered a 

disease brought about by “wear and tear” or the slow deterioration of cartilage tissue, it 

is now appreciated that the etiology of this disease is comprised of genetic, behavioral, 

and age-related factors distinct from simple “wear and tear.”(Athanasiou, 2013)  OA 

affects over 27 million Americans, serves as the fifth leading cause of disability in older 

Americans, and carries an economic burden in excess of $128 billion per year (Helmick 

et al., 2008),(Bitton, 2009).  First-line treatments for OA such as nonsteroidal anti-

inflammatory drugs and viscosupplementation seek to ameliorate pain and reduce 

inflammation.  Lifestyle modifications, such as weight management, exercise, and gait 

alteration can also serve to abate the effects of OA by reducing progression of the 

disease.  In the case of small focal defects, surgical treatment options include 

arthroscopic debridement, marrow stimulation via microfracture, and autologous 

transplantation of either host tissue or ex vivo expanded autologous chondrocytes.  Most 

of these surgical options lead to the development of a fibrocartilage matrix that serves 

only as a temporary solution to a complex and demanding biomechanical problem.  For 

larger defects, joint arthroplasty serves as the most promising treatment option.  While 

effective at restoring function to the joint, the need to revise an increasing number of 
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primary arthroplasties (Bock and Goode, 2003) means that a more functional, long-term 

solution is needed, especially in light of the fact that the prevalence of OA is rapidly 

expanding as the American population ages. 

1.4 Tissue Engineering Strategies for Treating Osteoarthritis 

Articular cartilage functions primarily as a low friction, load-bearing tissue to 

support activities of daily living.  As such, the ability of an engineered construct to 

recapitulate the biomechanical features of articular cartilage is of paramount 

importance.  The key mechanism enabling cartilage to exhibit its compressive 

mechanical properties and low friction is fluid pressurization under stress.  The unique 

extracellular matrix of articular cartilage, comprised primarily of a collagen fiber 

network intertwined with a highly negatively charged proteoglycan mesh, facilitates this 

fluid pressurization.  As such, cartilage tissue engineers seek to generate constructs rich 

in organized collagen and aggregating proteoglycan. 

Engineering of cartilage tissue substitutes typically involves the use of 

mesenchymal progenitor cells, such as adipose-derived stem cells (Estes et al., 2010; Xu 

et al., 2007) and bone-marrow derived mesenchymal stem cells (MSCs) (Caplan, 2005; 

Diekman et al., 2010), as these cells exhibit the potential of differentiating into multiple 

mesenchymal lineages, including chondrocytes.  Additionally, recent protocols have 

been developed for differentiating murine and human pluripotent stem cells, such as 
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induced pluripotent stem cells (iPSCs) and embryonic stem cells, toward chondrocytes 

(Craft et al., 2015; Diekman et al., 2012; Kim et al., 2011; Lee et al., 2015; Yang et al., 2012). 

Differentiation protocols are  directed by various culture conditions, including 

substrate stiffness (Engler et al., 2006; Park et al., 2011), mechanical loading (Mauck et 

al., 2003), small molecules (Johnson et al., 2012), and growth factor supplementation 

(LeBaron and Athanasiou, 2000).  These cues are supplied during in vitro conditioning of 

engineered tissues; however, loss of many of these environmental features upon 

implantation into the body leads to concomitant loss of the ability to direct continued 

tissue maturation and maintenance. The ability to achieve controlled differentiation and 

phenotypic stability of cells comprising engineered tissues would represent an advance 

for the field. 

Because the primary role of articular cartilage is to serve as a load-bearing, 

mechanically functional tissue, engineered substitutes must exhibit mechanical features 

suitable for use in normal joint loading.  As such, biomaterial scaffolds are normally 

employed in which cells may deposit cartilage-like extracellular matrix (ECM).  

Electrospun polymers have been used in an effort to generate cartilage constructs with 

controlled anisotropy and to take advantage of favorable cellular responses to materials 

comprised of nanofibers (Garrigues et al., 2010; Kim et al., 2013; Levorson et al., 2013).  

Non-woven meshes made of alginate, hyaluronan, and poly-glycolic acid have also been 

employed in order to guide ECM deposition and support joint loading during ECM 
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maturation (Aigner et al., 1998; DiCarlo et al., 2009; Pei et al., 2002; Vunjak-Novakovic et 

al., 1999).  Hydrogels comprised of poly-ethylene glycol, agarose, or alginate and 

supplemented with factors such as hyaluronic acid or chondroitin sulfate have also been 

used to support tissue development (Bian et al., 2013; Erickson et al., 2012; Hwang et al., 

2011; Wang et al., 2007).  While substantial progress toward generating functional tissue 

replacements have been made by use of such biomaterials, significant challenges persist.  

For example, while electrospinning permits the manufacturing of structures with 

controlled alignment, cell infiltration can be difficult to reliably achieve.  While non-

woven meshes and hydrogels serve as promising substrates upon which cells can 

deposit ECM, the ability to rapidly establish acceptable compressive moduli important 

for cartilage function is severely limited with these systems, as non-woven meshes 

succumb to cell-mediated contraction during chondrogenesis(Marijnissen et al., 2002), 

and the most promising hydrogel materials require several weeks of tissue maturation 

prior to reaching suitable mechanical properties(Erickson et al., 2012).  It is worth noting 

that, even as in vitro-conditioned hydrogel-based constructs do begin to adopt 

appropriate compressive properties, most remain unable to display the tensile 

properties important for cartilage function.   

In a similar vein, tissue-derived matrices have been utilized in an effort to 

develop functionally relevant tissue engineered cartilage.  These cartilage-derived 

matrices have been shown to facilitate stem cell adhesion and promote chondrogenic 



 

8 

differentiation of mesenchymal stem cells (Diekman et al., 2010; Rowland et al., 2013).  

Investigators have identified tissue procurement and scaffold manufacturing processes 

that are critical for preserving features of these biomaterials that are critical for their 

successful use in developing cartilage tissue replacements (Pfeiffer et al., 2008; Rowland 

et al., 2013; Vickers et al., 2010) .  However, the mechanical properties of these materials 

do not approximate those of native tissues and represents a significant short-coming of 

tissue-derived matrices as stand-alone scaffolds for cartilage tissue engineering 

applications (Rowland et al., 2012).  

The work in this dissertation will take advantage of a recently developed, three-

dimensionally woven textile scaffold that displays many mechanical features consistent 

with those essential for cartilage function (Moutos et al., 2007; Moutos and Guilak, 2010).  

These include anisotropy, tension-compression nonlinearity, and a compressive 

modulus on the order of 0.4 MPa.  Our goal will be to further develop this mechanically 

relevant scaffold by coupling it to gene delivery vehicles.  We hypothesize that this will 

result in a bioactive material capable of both providing critical mechanical characteristics 

and directing stem cell differentiation along with the development of a cartilage-like 

ECM. 

1.5 Gene Delivery Vehicles for Tissue Engineering and 
Regenerative Medicine 

The field of tissue engineering is poised to take advantage of improvements in 

gene delivery methods.  Advances in gene delivery vehicles result in enhanced gene 
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transfer efficiencies, decreased toxicity from gene transfer, sustained transgene 

expression, as well as expression that can be modulated in duration and magnitude with 

temporal control.  These advances make gene overexpression an attractive means for 

achieving the objectives of tissue engineering and regenerative medicine.  As the field’s 

knowledgebase of cell biology and differentiation cues continues to broaden, the 

practitioners are able to exploit the advances in genetic engineering to drive stem cell 

differentiation,(Steinert et al., 2009) transdifferentiate somatic cells,(Gersbach et al., 

2007b; Outani et al., 2011) and endow cells with the ability to modify their physical 

environment in defined ways to improve engineered properties of ECM (Lau et al., 

2006). 

Options for gene delivery vehicles include non-viral and viral vectors.  Non-viral 

vectors include plasmid and minicircle DNA (Chao et al., 2007; Pannier and Shea, 2004).  

While generally considered safe, these vectors primarily remain episomal and therefore 

offer only transient expression of transgenes.  Moreover, the efficiency of gene transfer 

using these vectors is heavily cell type-dependent and is often the limiting factor in the 

applicability of these vehicles, especially in primary cells.  To overcome this, viral 

vectors are frequently used.  Common types of viral vectors include adenovirus, 

recombinant adeno-associated virus (rAAV), gamma-retrovirus, and lentivirus (LV).  Of 

these, rAAV and LV have emerged as the preferred gene delivery vehicles in recent 
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studies, owing mainly to their low cytotoxicity and their ability to efficiently transduce 

both proliferating and quiescent cells (Giacca and Zacchigna, 2012; Verma, 2013).   

Recombinant AAV falls within the class of non-integrating vectors.  

Nevertheless, due to the low immunogenicity and cytotoxicity of rAAV, as well as the 

unique extrachromosomal structure adopted by the provirus, transgene expression from 

rAAV vectors can persist for long periods of time (on the order of many months) in non-

proliferating cells (Daya and Berns, 2008; Duan et al., 1998).  While rAAV has the 

capacity to transduce a wide variety of cells, this feature is largely dependent on the 

sero-type of the vector used, which requires optimization.  Moreover, the packaging 

capacity of rAAV is limited to approximately 4.8 kilobases (kb) (Samulski, 2000), which 

limits the amount of genetic material and type of expression cassettes the vector can 

deliver.   

By contrast, LV vectors integrate into the host genome.  Transgene expression is 

sustained and also propagates to the progeny of the transduced cells.  The most 

commonly used LV vectors are pseudotyped with the vesicular stomatitis virus G (VSV-

G) protein envelope, which confers a broad tropism capable of transducing numerous 

mammalian cell types.  LV vectors exhibit a low immunogenicity (Schambach et al., 

2013).  Functional titers of LV have been generated with a genetic cargo of up to 18 kb in 

length,(Kumar et al., 2001) though it is generally accepted that the packaging limit is 8-

10 kb (Dissen et al., 2009; Salmon and Trono, 2006).  Importantly, recent advances in LV 
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vector design, such as the use of self-inactivating long-terminal repeats and the 

continued elimination of unnecessary viral accessory proteins from recombinant vectors, 

have served to enhance the safety of these vectors (Salmon and Trono, 2006; Schambach 

et al., 2013).  As compared to gamma-retroviruses, which share many features with LV, 

these advanced LV vectors display a reduced propensity for insertional mutagenesis and 

are considered a safe vehicle for gene therapy clinical trials (Aiuti et al., 2013; Biffi et al., 

2013; Ginn et al., 2013; Persons and Baum, 2011; Schambach et al., 2013). 

Previous investigators have explored genetic engineering to orchestrate the 

differentiation of stem cells to the osteogenic and chondrogenic lineages (Gersbach et al., 

2007b; Steinert et al., 2009; Venkatesan et al., 2012).  While providing proof-of-principle 

in the context of monolayer experiments or aggregate cultures, these efforts do not 

involve the use of tissue engineering scaffolds suitable for physiologic loading.  

Moreover, they typically only seek to generate a single tissue type.  In this proposal, we 

aim to employ a gene-activated, 3D woven scaffold to recapitulate a tissue substitute 

rich in tissue-specific ECM constituents and also capable of withstanding physiologic 

loading directly after implantation prior to the deposition of neotissue. 

The promise of biomaterial-mediated gene delivery has been long recognized, 

with the first gene-activated matrices used to promote bone tissue formation and to 

guide blood vessel infiltration (Bonadio et al., 1999; Shea et al., 1999).  This approach is 

attractive because it co-localizes target cells and gene delivery vehicles, enhancing 
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specificity for target cells to those in the immediate vicinity of implanted biomaterials.  

While recent strides in immobilizing a variety of vectors to engineered substrates have 

been made (Hu et al., 2008; Hu et al., 2007; Jang et al., 2011), most of these efforts simply 

provide proof-of-principle for functionalization strategies.  These investigations rarely 

demonstrate the ability to affect stem cell differentiation and subsequent ECM 

deposition.  In the cases in which such efforts are made, the mechanical properties of the 

substrates used for gene delivery do not recapitulate those of native tissue (Basile et al., 

2008; Phillips et al., 2008).  Thus, implantation of such constructs must be delayed until 

after ex vivo development of neotissue or supplemented with hardware such as bone 

plates in order to allow the implant to function in the context of normal physiological 

loads. 

1.6 Morphogenetic and Transcription Factors Relevant for 
Cartilage-specific Directed Differentiation 

Multiple morphogenetic and transcription factors orchestrate the development of 

mesenchymal tissues such as cartilage and could serve as suitable transgenes for 

enhancing cartilage tissue engineering efforts.  SOX9 is a pivotal transcription factor 

involved in natural development of cartilage (Marcu et al., 2010). The activity of these 

transcription factors, coupled with the complex interplay of various growth factors, 

including TGF-β and BMP family members, are influential in determining the fate of 

chondrocytes as the cartilaginous anlage ossifies in certain regions and remains 

cartilaginous in other locations of the developing limb.  Various growth factors, 
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including IGF-1, and multiple members of the TGF-β superfamily, including TGF-β1, 

TGF-β3, BMP-2, BMP-4, and BMP-7, and combinations thereof, have been employed to 

induce chondrogenesis in progenitor cells (Cucchiarini et al., 2013; Evans et al., 2013; 

Kramer et al., 2000; Neumann et al., 2013; Palmer et al., 2005; Steinert et al., 2009; 

Weimer et al., 2012).  However, an extensive body of literature from our group and 

others has shown that TGF-β3 is a potent regulator of hMSC differentiation to the 

chondrogenic lineage (Ballock et al., 1997; Diekman et al., 2010; Mackay et al., 1998; Serra 

et al., 1997; Seyedin et al., 1986), while SOX9 can prevent the onset of the hypertrophic 

phenotype in hMSCs exposed to morphogenetic factors (Venkatesan et al., 2012).  

1.7 Effects of Inflammatory Cytokines on Long-term Function of 
Engineered Tissue Substitutes 

Though OA is considered a non-inflammatory arthropathy, aspects of 

inflammation play a key role in the pathogenesis and progression of the disease 

(Hedbom and Hauselmann, 2002).  Chondrocytes and synovial fibroblasts in OA joints 

are subjected to increased IL-1, IL-6, IL-17 and TNF-α signaling (Fernandes et al., 2002; 

Kapoor et al., 2011; Meszaros and Malemud, 2012).  The activity of these cytokines in OA 

joints leads to increased production of matrix metalloproteinases (MMPs), aggrecanases, 

inducible nitric oxide synthase, and prostaglandin E2 (PGE2) (Buckwalter et al., 2007; 

Fernandes et al., 2002; Hedbom and Hauselmann, 2002; Meszaros and Malemud, 2012). 

These and other factors ultimately lead to suppression of cartilage-specific genes such as 
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COL2A1, downregulation of proteoglycan levels, degeneration of extracellular matrix, 

and chondrocyte apoptosis (Kapoor et al., 2011).   

In addition to these effects, it is known that prolonged inflammatory signaling 

mediated by IL-1α reduces tissue repair and inhibits chondrogenic induction of stem 

cells (Heldens et al., 2012; Ousema et al., 2012; Wehling et al., 2009a).  Because the OA 

joint can be characterized as a pro-inflammatory environment, the ideal tissue substitute 

designed for implantation into such a hostile environment would be resistant to 

inflammation-mediated degradation.  We propose to satisfy this essential design 

characteristic by engineering stem cells that respond directly to harmful cues by 

automatically producing anti-inflammatory molecules to combat the pro-inflammatory 

environment that accompanies the onset and progression of OA. 

1.8 The Arthritic Transcriptional Program 

While IL-1 and TNF-α are considered the primary proinflammatory factors in 

OA, the changes in gene expression that lead to increased proteolytic activity arise from 

the activation of the NF-κB transcription program.  Although other transcription 

programs such as that driven by AP-1 after initiation via c-jun N-terminal kinase can 

contribute to OA,(Liu et al., 2012; Mengshol et al., 2000) the NF-κB pathway acts as the 

central regulator of catabolism in the OA joint (Marcu et al., 2010).  The NF-κB family of 

proteins includes RelA/p65, RelB, c-Rel, p105/p50, and p100/p52, and Relish monomers 

(Napetschnig and Wu, 2013).  These members function to modulate transcription as 
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homo- or heterodimers.  Complexes involving RelA, RelB, or c-Rel contain a 

transcription activation domain and can therefore activate transcription of target 

genes(Napetschnig and Wu, 2013), which typically contain one or more canonical NF-κB 

response element(s) of the form NGGGAMTTYCCN (M=A,C; Y=C,T) (Hou et al., 2002).  

NF-κB activation is tightly regulated.  In an unstimulated state, NF-κB dimers are 

sequestered in the cytoplasm by members of the inhibitory κB (IκB) family.  Upon signal 

transduction of an NF-κB stimulant, IκB proteins are phosphorylated and targeted for 

ubiquitination, freeing NF-κB to translocate to the nucleus and activate transcription. 

Cartilage erosion and ECM damage is mediated by gene products whose 

expression is upregulated by NF-κB (Marcu et al., 2010).  These products include those 

described above, namely, MMP1, 3, and 13, as well as iNOS, TNF-α, COX2, and both 

ADAMTS4 and ADAMTS5.  Because NF-κB transcription leads to significant 

degradative events and also responds to most stimuli that ultimately trigger OA, the 

development of novel and effective techniques for modulating NF-κB signaling in a 

tunable, self-regulated, real-time responsive manner would represent a significant 

advance toward therapeutic interventions against OA progression. 

1.9 Synthetic Gene Regulatory Networks 

One of the greatest challenges in biomedical research is to engineer cells  

possessing desirable, user-specified traits.  Although a variety of techniques exist for 

deriving cells capable of recapitulating native tissues, the capacity to precisely define 



 

16 

how cells respond to dysfunction in the body’s finely-tuned regulatory systems remains 

elusive.  Efforts toward this goal have involved engineering synthetic gene regulatory 

networks to produce novel input-output relationships.  The majority of this work has 

involved prokaryotes and yeasts (Ruder et al., 2011; Weber and Fussenegger, 2012), 

rather than mammalian cells.  Some work has been performed in transformed 

mammalian cell lines (Weber and Fussenegger, 2010).  Such endeavors are not readily 

translatable to regenerative medicine.  Notable advances in rewiring mammalian cells 

have made use of the modular architecture of proteins (Bhattacharyya et al., 2006).  

While these achievements have advanced the field, several limitations exist.  Namely, 

such approaches rely heavily on the modular nature of proteins and are therefore 

limited in utility to proteins whose domains can be easily interchanged to create 

chimeric proteins with defined characteristics.   

One strategy that could be applied to circumvent this limitation is to reprogram 

cellular responses at the level of transcription.  By rewiring the genetic circuitry to define 

novel input-output relationships, any signaling pathway can be repurposed to assign 

outputs to any given stimulant.  Previous investigators have taken this approach toward 

the aim of inhibiting inflammation for the purposes of gene therapy (Garaulet et al., 

2013; Khoury et al., 2007).  These investigators linked the expression of transgenes to 

promoters activated by inflammatory signaling in the context of macrophages, dendritic 

cells, and immortalized cell lines.  The approach described in this dissertation is unique 
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in that we execute our strategy in the context of engineered cartilage derived from stem 

cells modified at the scale of the genome using programmable, site-specific nucleases.  

1.10 Genome Engineering 

Gene editing can be defined as the use of engineered nucleases to introduce 

specific and pre-determined modifications to a chromosomal locus of a living cell (Gaj et 

al., 2013; Perez-Pinera et al., 2012).  Gene editing relies on the generation of a double-

strand break (DSB) of the chromosomal DNA that can be repaired by either non-

homologous end joining (NHEJ) or homology-directed repair (HDR) (Urnov et al., 2010).  

NHEJ involves the ligation of two broken ends of DNA and is an error-prone process 

that can result in insertion or deletion of nucleic acids from the genomic site.  By 

exploiting this repair pathway, a target gene can be disrupted by randomly introducing 

a premature stop codon or a frameshift mutation, or by destroying critical splice sites in 

the target gene.  Moreover, transcription factor binding sites can be disrupted using this 

method by random alteration of canonical motifs.   

In the process of HDR, a sister chromatid or engineered DNA containing regions 

homologous to the target site serves as a template for repair.  Exploitation of this repair 

pathway enables gene addition and gene correction strategies to be executed, in which 

entire gene expression cassettes can be added to chromosomal loci in the case of the 

former.  Moreover, mutations on the order as small as one nucleotide can be corrected 

via gene correction strategies (Urnov et al., 2010). 
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The process of gene editing has been facilitated by the development of targeted 

genome editing nucleases.  These enzymes are responsible for inducing the DSB that 

activates the cellular DNA repair pathways leading to NHEJ or HDR events.  Targeted 

gene editing nucleases are engineered to cleave chromosomal DNA at specific locations 

within the genome and can be divided into three major classes – zinc finger nucleases 

(ZFNs), transcription activator-like effector nucleases (TALENs), and RNA-guided 

nucleases based on the Clustered Regularly Interspaced Short Palindromic Repeat 

(CRISPR)/CRISPR Associated protein Cas9 platform.  ZFNs and TALENs are comprised 

of two domains – a DNA binding domain (DBD) and an effector domain (ED) – and 

function as heterodimers.  The catalytic ED, which has been engineered to be highly 

active when localized to the target site (Doyon et al., 2011; Miller et al., 2007; Urnov et 

al., 2010), is a non-specific cleavage module that can be combined with any ZFN or 

TALEN DBD (Carroll, 2011; Urnov et al., 2010).  The DBD is uniquely engineered to 

target a specific site in the genome of interest and therefore confers site-specificity to the 

nuclease.  The third class of engineered nucleases, from the Clustered Regularl 

Interspaced Short Palindromic Repeat (CRISPR)/Cas9 nuclease family, has recently 

emerged as a useful tool in genome engineering.  The functional domains of this type of 

nuclease differ considerably from those of the ZFN and TALEN families in that strands 

of RNA form a complex with a protein and serve as a guide to the complementary target 
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DNA site, whereupon the catalytic domain of the protein generates the DSB(Cong et al., 

2013; Jinek et al., 2012; Jinek et al., 2014; Mali et al., 2013). 

Recent developments in improving the modularity, specificity, cleavage activity 

and ease of constructing gene editing nucleases has led to their widespread use and 

rapid adoption in a number of biomedical applications.  Successful reduction of viral 

load by targeted disruption of the CCR5 receptor using ZFNs has led to phase 2 clinical 

trials for the treatment of HIV-1 (Holt et al., 2010).  Monogenic diseases such as muscular 

dystrophy,(Ousterout et al., 2013) X-linked SCID, α1-antitrypsin deficiency, sickle cell 

anemia, and hemophilia B can be corrected (Perez-Pinera et al., 2012).  Genome editing 

has opened possibilities in basic science research involving the development of 

transgenic animals and isogenic cell lines from humans and animals for modeling 

diseases and correlating genotype to phenotype (Ding et al., 2013; Gaj et al., 2013; Perez-

Pinera et al., 2012). 

In this dissertation, we seek to capitalize on the advances in the field of genome 

engineering to generate stem cells with novel features suitable for cartilage tissue 

engineering and regenerative medicine treatment of chronic diseases.   

1.11 Induced Pluripotent Stem Cells 

The ability to generate pluripotent cells from adult somatic cells has opened new 

avenues in OA research and therapy.  Owing to their substantial proliferation capacity 

and the potential to differentiate into any terminal cell type, iPSCs are an attractive cell 
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source for personalized regenerative medicine and the modeling of complex, 

multifactorial diseases such as OA (Saha and Jaenisch, 2009).  The ability to generate 

isogenic cell lines makes the discovery of causal relationships between disease 

progression and factors such as diet, stress, age, genetic, and epigenetic features 

accessible.  As noted above, protocols have been established for deriving chondrocytes 

and cartilage tissue from iPSCs (Diekman et al., 2012; Kim et al., 2011; Lee et al., 2015; 

Yang et al., 2012).  Coupling this with the use genome editing nucleases capable of 

executing pre-defined genetic alterations to re-program how cells respond to their 

microenvironments, the field of arthritis research is poised to generate new therapies for 

osteoarthritis.  In this proposal, we seek to utilize this capability to explore the feasibility 

of modifying the course of OA progression by engineering stem cells capable of 

modulating novel responses to inflammation in an autonomous, pre-programmed 

manner. 

1.12 Summary 

The research goals of this dissertation were developed as three hypotheses and 

specific aims.  In Aim 1, the ability to develop bioactive scaffolds capable of directing 

synthesis of a cartilaginous ECM was investigated with human mesenchymal stem cells 

and immobilized lentiviral vectors.  Aim 2 entailed the use of genome editing nucleases 

to generate induced pluripotent stem cells with inflammation-resistant traits for tissue 

engineering and regenerative medicine applications.  Aim 3 extended the concept of 
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cellular engineering in an effort to develop designer stem cells capable of controlling the 

magnitude and duration of biologic therapy for chronic diseases while also serving as a 

source for neo-tissue development. 

Hypothesis 1: Immobilization of lentiviral vectors carrying the TGF- β3 coding 

sequence on tissue engineering scaffolds will result in efficient transduction of human 

MSCs and will guide cell differentiation as well as the development of a GAG- and 

collagen II-rich ECM. 

Aim 1: Engineer cell-instructive biomaterials suitable for cartilage tissue 

engineering by spatially localizing gene delivery vehicles capable of dictating cell 

differentiation on a three dimensionally woven, polycaprolactone tissue engineering 

scaffold. 

Hypothesis 2: Elimination of the signal peptide sequence in the interleukin-1 

receptor 1 gene in murine iPSCs will facilitate the development of engineered cartilage 

resistant to IL-1-mediated degradation. 

Aim 2: Isolate Il1r1+/+, Il1r1+/-, and Il1r1-/- clones from a population of murine 

iPSCs treated with CRISPR/Cas9 RNA-guided nucleases to delete the signal peptide 

sequence from the Il1r1 gene and assay the ability of cartilage engineered from edited 

cells for the ability to maintain features critical for cartilage function. 

Hypothesis 3: Auto-regulated, feedback-controlled expression of cytokine 

antagonists can be achieved by commandeering inflammation-inducible transcriptional 



 

22 

programs and can provide effective therapeutic protection against mediators of chronic 

inflammatory disease. 

Aim 3: Perform targeted addition of transgenes to the Ccl2 locus of murine iPSCs 

and validate that the re-purposed Ccl2 allele confers dynamical, self-regulated 

expression of anti-cytokine therapies capable of fully attenuating physiologic 

concentrations of IL-1 and TNF. 
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2. Scaffold-mediated Lentiviral Transduction for 
Functional Tissue Engineering of Cartilage 

Partially adapted from: Brunger, J. M., et al. (2014). " Scaffold-mediated lentiviral 

transduction for functional tissue engineering of cartilage." Proc Natl Acad Sci U S A 

111(9): E798-806 

2.1 Introduction 

The development of tissue constructs with matrix composition and 

biomechanical properties suitable for tissue replacement remains a significant goal of 

musculoskeletal tissue engineering.  The canonical paradigm for engineering biological 

tissue substitutes generally involves three critical components (Butler et al., 2000; Kock 

et al., 2012): 1) Cells capable of populating the tissue substitute and generating 

appropriate neotissue constituents (Gao et al., 2007); 2) Biomimetic scaffolds that cells 

can infiltrate and that can support extracellular matrix (ECM) accumulation and 

organization (Kretlow et al., 2007); and 3) Environmental signals such as growth factors 

(LeBaron and Athanasiou, 2000), small molecules, or physical factors (Bian et al., 2012) 

that can direct cell differentiation toward the appropriate lineage of choice.  In 

traditional tissue engineering approaches, these elements are generally applied ex vivo to 

induce tissue-specific lineage commitment and matrix formation.  While promising 

strategies for developing bone, cartilage, tendon, and muscle tissue substitutes based on 

this paradigm exist (Corsi et al., 2007; Moffat et al., 2009; Stern-Straeter et al., 2007), these 
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approaches require extensive in vitro manipulation of engineered replacements.  

Furthermore, upon implantation in vivo, the ability to further specify or modify cell fate 

is lost.  

The ability to induce stem cell differentiation in situ in the absence of exogenous 

growth factors could significantly enhance tissue regeneration efforts by eliminating the 

need for in vitro culture of tissue replacements.  Patient-derived cells could be harvested 

and seeded onto scaffolds in a single surgery, or progenitor cells may populate the 

scaffold in vivo following implantation.  This approach requires a biomaterial that can 

provide functional tissue properties while neotissue is formed in response to persistent 

cues that guide in situ ECM development.  In this regard, previous approaches have 

developed engineered constructs that elute small molecules or locally deliver proteins 

capable of initiating cell differentiation (Wu et al., 2010) or migration (Lee et al., 2010).  

Furthermore, efforts to enhance cell differentiation have involved functionalization of 

synthetic scaffolds with ECM proteins or peptides recognized by cell surface receptors 

(Hwang et al., 2011; Reyes et al., 2007; Stahl and Yu, 2012).  More recently, techniques for 

incorporating gene vectors, such as naked plasmid DNA or non-integrating adeno- and 

adeno-associated viruses, into tissue replacement constructs have been employed (Basile 

et al., 2008; Dang and Leong, 2006; Fishbein et al., 2013; Liao et al., 2009; Shea et al., 

1999).  These efforts rely on the ability of transient signals, limited by protein half-life or 

loss of transgene expression from non-integrating vectors, to direct cell lineage 
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commitment and drive ECM deposition.  Moreover, while many of the substrates 

utilized in these studies enable localized gene delivery, the mechanical properties do not 

recapitulate those of native tissues.  Thus, implantation of such constructs must be 

delayed until after ex vivo development of neotissue in order to allow the implant to 

function in the context of normal physiological loads. 

The goal of this study was to develop a bioactive scaffold capable of mediating 

cell differentiation and formation of an ECM suitable for replacement of musculoskeletal 

tissues with mechanical properties that mimic native tissue properties.  Lentiviral 

vectors were utilized due to their capacity to efficiently transduce target cells and induce 

sustained expression of transgenes relevant to cell differentiation and ECM formation in 

the context of cartilage tissue engineering. Moreover, as poly-L-lysine (PLL)-coated 

biomaterials effectively immobilize other enveloped viruses and facilitate efficient 

transduction of cells (Gersbach et al., 2007a), PLL was employed to functionalize poly(-

caprolactone) (PCL)-derived biomaterials with lentivirus (LV).  In this study, we first 

tested whether PLL could effectively immobilize LV to PCL films and lead to efficient 

transduction of human mesenchymal stem cells (hMSCs). We then tested whether 

scaffold-mediated gene delivery with a biomechanically relevant, 3D orthogonally 

woven PCL scaffold could influence ECM formation by hMSCs in chondrogenic 

cultures.   

 



 

26 

2.2 Methods 

2.2.1 Human Mesenchymal Stem Cell Isolation and Expansion 

Bone marrow waste was obtained from adult bone marrow transplant donors at 

Duke University Medical Center.  Adherent cells were expanded in DMEM-low glucose 

(Gibco) supplemented with L-glutamine, sodium pyruvate, 1 ng/ml basic fibroblast 

growth factor (Roche), penicillin/streptomycin (Gibco), and 10% lot-selected FBS 

(Hyclone).  Isolated cells from three donors were combined in equal numbers in a 

superlot after passage two and used as described below. 

2.2.2 Lentivirus Production 

All plasmids used in the production of LV were obtained via the Addgene 

Plasmid Repository.  The cDNA for TGF-β3 was obtained from HEK-293T cells via RT-

PCR and cloned into a lentiviral transfer vector (Addgene Plasmid 12250 (Wiznerowicz 

and Trono, 2003) modified with a custom multiple cloning site downstream of the EF-1α 

promoter).  Virus driving overexpression of eGFP was produced using either Addgene 

Plasmid 21320 (Hotta et al., 2009) or 11645 (Szulc et al., 2006) modified to contain an EF1-

α-eGFP cassette.  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 
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(Addgene 12259, 6 µg) envelope plasmid via calcium phosphate precipitation (Salmon 

and Trono, 2006).  After an overnight incubation, transfection medium was removed 

and replaced with 12 ml of fresh 293T medium.  Conditioned medium containing LV 

was collected at 36 and 60 hours post-transfection.  The raw lentiviral supernatant was 

cleared of producer cells via centrifugation and subsequent filtration through 0.45 µm 

cellulose acetate filters, snap frozen, and stored at -80°C until future use. 

2.2.3 Polycaprolactone Film Production and Lentiviral Immobilization 

Poly(-caprolactone) (PCL, Mn 70,000 – 90,000, Sigma-Aldrich) was dissolved in 

glacial acetic acid at a 10% w/v ratio as in (Hu et al., 2009a).  PCL solution was pipetted 

into a well plate, and the acid was allowed to evaporate overnight.  Films were 

quenched with 1N NaOH, washed in DPBS, and aseptically processed through an 

ethanol gradient in preparation for cell culture experiments.  Films were then incubated 

in PLL solution (Sigma-Aldrich) diluted to 0.002% with DPBS for 1 hr to allow for 

passive adsorption.  PLL was aspirated, and LV-eGFP supernatant was pipetted into the 

well-plate and allowed to incubate for 4 hours at 37°C (Gersbach et al., 2007a).  DPBS 

was used in place of PLL in untreated control wells.  After LV immobilization, viral 

supernatant was aspirated, the wells were rinsed with DPBS, and then human MSCs at 

passages 4-6 were plated in wells at a density of 5k or 10k / cm2 and cultured for an 

additional 3 – 5 days.  Cells were trypsinized, washed with DPBS, and fixed with 1% 

paraformaldehyde (PFA) prior to flow cytometry.  A total of 2 experiments were 



 

28 

performed with n = 2 – 3 wells per group per experiment.  Data presented are from 

average of all experiments. 

2.2.4 Scaffold-mediated Transduction and Chondrogenic 
Differentiation 

Three-dimensional woven PCL scaffolds were produced as previously described 

(Moutos et al., 2007; Moutos and Guilak, 2010).  The orthogonally woven scaffold 

contained 3 warp and 4 weft layers interlocked by a third set of fibers passing through 

the thickness of the structure.  Scaffold pore sizes ranged from 100 to 300 µm, with a 

pore fraction volume of approximately 50% (Figure 23C, Appendix A).  Cylindrical 

samples (6 mm ø) were punched from the scaffold material, treated with 1N sodium 

hydroxide to increase wettability, rinsed in water, and aseptically processed through an 

ethanol gradient for tissue culture experiments.  Sterilized scaffolds were soaked 

overnight in 0.002% PLL prior to viral immobilization and cell seeding.  Atomic force 

microscopy (Zhong et al., 1993), contact angle measurements (Yaszemski, 2004), and 

micro-computed tomography (Amin Yavari et al., 2013)  were performed as described in 

the Supplementary Information to compare PLL-treated scaffolds to control PBS-soaked 

scaffolds to determine the effect of the PLL coating on the original scaffold properties 

that have been extensively characterized elsewhere. 

Prior to transduction, conditioned 293T medium containing LV was concentrated 

roughly fifty-fold in a 100 kDa molecular weight cutoff filter (Millipore).  In the 

pretransduced LVT group, passage 4 hMSCs were cultured overnight in 12 ml hMSC 
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expansion medium supplemented with 300 µl of concentrated LV and 4 µg/ml 

polybrene (Sigma-Aldrich).  Transduction medium was then exchanged for fresh 

expansion medium until the end of the passage and scaffold seeding as described below.   

Scaffolds were transferred from PLL-containing wells to low-attachment well 

plates (Corning), and 50 µl of concentrated LV was pipetted onto each scaffold in the 

iLVT group.  Control scaffolds were treated with 50 µl of fresh D-10 medium.  Scaffolds 

were incubated at room temperature for 1 hour.  Passage 4 hMSCs were trypsinized, 

counted, and resuspended at a density of 25e6/ml.  Each scaffold received 20 µl of the 

cell suspension, and the resultant constructs were incubated for 1 hr in a humidified 

incubator at 37°C for 1 hr prior to the addition of 1 ml of hMSC expansion medium.  

Fresh medium was exchanged 3 days later.  Six days after seeding, constructs were 

induced to differentiate by changing the medium to serum-free, DMEM-high glucose 

(Gibco) supplemented with ITS+ (BD), penicillin/streptomycin (Gibco), dexamethasone 

(100 nM), ascorbic acid (50 µg/ml), and L-proline (40 µg/ml), and, in the rhTGF-β3 group 

only, 10 ng/ml rhTGF-β3 (R&D Systems).  A half medium change occurred every 3 days 

for all groups until samples were harvested at 14 or 28 days after inducing chondrogenic 

differentiation.  An aliquot of medium was collected from 4 samples during culture and 

used for an ELISA (R&D Systems) to measure TGF-β3 concentrations per the 

manufacturer’s instructions. 
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2.2.5 Biochemical and Biomechanical Assays 

Samples used for biochemical and biomechanical analyses were harvested, 

rinsed with DPBS, and stored at -20°C until testing.  Test specimens were obtained by 

taking a 3 mm ø biopsy punch from constructs.  The biopsy was utilized for mechanical 

testing while the annulus was lyophilized and then digested in 125 µg/ml papain at 60°C 

overnight for biochemical analysis using the picogreen assay (Invitrogen) to measure 

double-stranded DNA, the ortho-hydroxyproline assay (Woessner, 1961) for measuring 

total collagen content, and the dimethylmethylene blue assay (Farndale et al., 1986) for 

measuring the total sulfated glycosaminoglycan content of constructs (n = 6 per group). 

Aggregate modulus and hydraulic permeability were determined via confined 

compression testing using a Bose ELF 3200 materials testing system (Minnetonka, MN).  

Specimens (n = 4 per group) were subjected to a 10 gf tare load and a 30 gf step 

compressive load until equilibration.  To calculate HA and k, creep data were fitted to a 

three-parameter, nonlinear least-squares regression fit based on the biphasic, viscoelastic 

model describing articular cartilage (Mow et al., 1980). 

2.2.6 Gene Expression Analysis 

Samples for gene expression analysis were harvested, rinsed in DPBS, and snap-

frozen until further processing.  Total RNA was isolated per manufacturer’s 

recommendations using TRIzol (Invitrogen) following tissue homogenization with a 

biopulverizer chilled in liquid nitrogen.  Reverse transcription was performed using the 
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superscript VILO cDNA synthesis kit (Invitrogen) per manufacturer’s instructions.  

Quantitative RT-PCR was performed with n = 4 samples per group on a StepOnePlus 

using Power Sybr (Applied Biosystems, Inc) per manufacturer’s instructions.  Gene 

expression was probed using the following primer pairs designed to contain intervening 

introns in order to avoid aberrant genomic DNA amplification: ACAN (F: 5’-

CACTTCTGAGTTCGTGGAGG-3’, R: 5’-ACTGGACTCAAAAAGCTGGG-3’); COL1A1 

(F: 5’-TGTTCAGCTTTGTGGACCTC-3’, R: 5’-TTCTGTACGCAGGTGATTGG-3’); 

COL2A1(F: 5’-GGCAATAGCAGGTTCACGTA-3’, R: 5’-

CTCGATAACAGTCTTGCCCC-3’); COL10A1(F: 5’-

CATAAAAGGCCCACTACCCAAC-3’, R: 5’-ACCTTGCTCTCCTCTTACTGC-3’); 

TGFB3 (F: 5’-GGAAAACACCGAGTCGGAATAC-3’, R: 5’-

GCGGAAAACCTTGGAGGTAAT-3’).  Ribosomal 18s (F: 5’-

CGGCTACCACATCCAAGGAA-3’, R: 5’- GGGCCTCGAAAGAGTCCTGT-3’) was used 

as a reference gene for normalization.  All oligonucleotides were synthesized by IDT.  

Efficiencies for each primer pair were determined and fold changes in expression levels 

were calculated using the Pfaffl method (Pfaffl, 2001). 

2.2.7 Histological and Immunohistochemical Processing 

Samples for histology and immunohistochemistry were rinsed in DPBS upon 

harvest, fixed in 4% paraformaldehyde for 48 hours, paraffin embedded, and sectioned 

at 10 µm thickness.  Samples were stained with Safranin-O/fast green/hematoxylin using 
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standard protocols.  For immunohistochemistry, sections were stripped of paraffin using 

xylenes, hydrated in an ethanol series, and epitopes were retrieved with Digest-All 

pepsin solution (Invitrogen) prior to peroxidase quenching.  Sections were blocked with 

goat serum, incubated with a primary antibody (Collagen Type I: mouse monoclonal, 

Abcam ab90395; Collagen Type II: mouse monoclonal, Developmental Studies 

Hybridoma Bank, University of Iowa, II-II6B3; Collagen Type X: mouse monoclonal, 

Sigma C7974) for 1 hr at room temperature, incubated with a biotinylated secondary 

antibody (goat anti-mouse, Abcam ab97021) at room temperature, treated with 

streptavidin HRP conjugate, developed using AEC, and mounted with VectaMount 

(Vector Labs).  Human osteochondral tissue was used as positive controls and samples 

incubated without primary antibody were used to confirm staining specificity. 

2.2.8 Fluorescence Microscopy 

Fluorescence microscopy was performed on a Zeiss S100 Axiovert inverted 

microscope, and confocal microscopy was performed on a Zeiss LSM 510 laser scanning 

microscope. 

2.2.9 Statistical Analysis 

Statistical analysis was performed in the Statistica 7 software package.  ELISA 

data comparing pLVT and iLVT treatments were analyzed using an independent paired 

t-test.  Other analyses were performed using ANOVA with Fisher’s protected least 

significance difference post-hoc test with α = 0.05.  For biomechanical analyses, all 



 

33 

treatments were also compared to reference samples harvested one hour after seeding 

using a paired t-test with α = 0.05.  For qRT-PCR comparisons, fold change values were 

log-transformed prior to statistical analysis.  Average group values and standard errors 

of the means were calculated in the logarithmic space prior to transforming data to 

linear values for reporting fold changes.   

2.3 Results 

2.3.1 LV immobilized to PLL-coated PCL films efficiently transduce 
MSCs 

The feasibility of LV immobilization on a 3D woven PCL scaffold was first tested 

on 2D PCL films.  The goal was to immobilize a LV driving expression of eGFP (LVG) 

onto the PCL films and to assess transduction efficiency.  Films were incubated in a 

solution of PLL (0.002%) followed by incubation in LVG.  Human MSCs were cultured 

for 3 or 5 days on the films prior to harvest for flow cytometry.  PLL treatment of the 

PCL facilitated highly efficient cellular transduction, as 93.95±2.28% of the cells were 

eGFP+ (Figure 1A).  In the absence of PLL, fewer than 1% of cells were eGFP+, indicating 

that PLL treatment of PCL was necessary and sufficient for mediating the biomaterial-

lentivirus interactions and subsequent transduction of hMSCs. 
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Figure 1: (A) Representative histogram showing green fluorescence intensity 

of nontransduced cells (black line) or cells after LVG immobilization to a 2D PCL 

film and subsequent transduction (green line).  Flow cytometry was performed 5 days 

post-transduction. (B) Scanning electron micrograph showing the architecture of the 

3D orthogonal woven PCL scaffold.  Scale bar = 500 µm.  (C) Representative histogram 

showing fluorescence intensity distribution of cells isolated from 3D woven PCL 

scaffolds 14 days after seeding scaffolds.  The nontransduced population is 

represented by the black curve, and the green curve corresponds to a representative 

iLVG sample.  An average of 81.6±4.36% of cells were eGFP+ (n=3). (D) Confocal 

microscopy image showing eGFP expression of hMSCs transduced via LV 

immobilization to the 3D woven PCL scaffold at D14 after seeding.  Scale bar = 100 

µm. 
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2.3.2 LV immobilization enables scaffold-mediated transduction  

Based on the proof-of-principle from the 2D film model, this approach was 

extended to test the effects of LV immobilization on a highly structured, woven PCL 

scaffold (Figure 1B).  Cylindrically shaped scaffolds (6 mm ø and 700 µm thick) were 

soaked in 0.002% PLL solution overnight.  The PLL adsorbed to the PCL scaffold and 

did not significantly alter the surface topography or hydrophobicity of the scaffold 

(Figure 23A-D, Appendix A).  Concentrated LVG supernatant was pipetted onto the 

scaffold and incubated for 1 hr prior to seeding 500,000 hMSCs uniformly onto each of 

the scaffolds.  After two weeks in culture, cells were isolated using a 

pronase/collagenase digestion procedure.  Flow cytometry showed that 81.60±4.36% of 

cells were eGFP+ (Figure 1C,D).  

2.3.3 Scaffold-mediated transduction results in cartilage-specific 
matrix accumulation   

We postulated that scaffold-mediated transduction of LV delivering the 

appropriate transgene could modulate hMSC differentiation and extracellular matrix 

deposition.  To test this hypothesis, LV driving the expression of TGF-β3 (LVT) under 

the control of a constitutive EF-1α promoter was generated (Figure 2A).  Early 

experiments showed that TGF-β3 induced chondrogenesis in this system, whereas other 

potential transgenes (e.g., BMP-7, SOX9) were less effective at initiating chondrogenic 

differentiation of hMSCs (Figure 21, Appendix A).  The dsRed fluorescent protein was 

co-transcriptionally expressed via an internal ribosomal entry site from the same vector.  
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In initial studies, cells were either pre-transduced in monolayer with TGF-β3-carrying 

LV (pLVT) prior to seeding cells on the 3D woven PCL scaffold, or the scaffold-mediated 

transduction technique was used to generate bioactive scaffolds with immobilized TGF-

β3 LV (iLVT).  Either method resulted in production of TGF-β3 at concentrations greater 

than 17 ng/ml (measured via ELISA) from one to three weeks after seeding scaffolds 

(Figure 2B), whereas constructs comprised of non-transduced (NT) cells produced less 

than 120 pg/ml.  Quantification of sulfated glycosaminoglycan (sGAG) content via the 

dimethylmethylene blue (DMMB) assay confirmed the hypothesis that the pLVT and 

iLVT treatments resulted in similar chondrogenic induction after two weeks (Figure 2C, 

pLVT: 12.96 µg sGAG/µg DNA vs iLVT 12.87 µg sGAG/µg DNA, p=0.95), whereas NT 

constructs did not produce significant levels of sGAG (3.76 µg sGAG/µg DNA, p<0.0002 

vs pLVT and iLVT).  There was no sGAG detectable by Safranin-O staining of constructs 

comprised of nontransduced cells (Figure 2D), whereas moderate to extensive sGAG 

deposition throughout the pores of the woven PCL scaffold was observed in the pLVT 

and iLVT groups (Figure 2E,F).  Furthermore, fluorescence microscopy of hMSCs 

overexpressing TGF-β3 and dsRed demonstrated that iLVT transduced cells adopted a 

spherical morphology, a phenotypic characteristic of chondrocytes (Figure 2I).  

Fluorescence was not observed in nontransduced cells (Figure 2G), and cells engineered 

with GFP alone (iLVG) retained an elongated, fibroblast-like morphology (Figure 2H).   
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Figure 2: (A) Schematic of the viral genome used to produce the LVT vector.  

LTR: long terminal repeat. Ψ: psi packaging signal sequence. RRE: Rev response 

element. cPPT/CTS: central polypurine tract / central termination sequence.  EF1α: 

Internal promoter from the Elongation Factor 1 alpha gene. TGF-β3: coding sequence 

for human TGF-β3.  IRES: Internal ribosome entry site. dsRed: coding sequence for 

the red fluorescent protein from Discosoma  sp.  WPRE: Woodchuck hepatitis post-

transcriptional regulatory element. U3PPT: U3 polypurine tract. (B) An ELISA was 

performed to compare the level of TGF-β3 production between constructs containing 

cells pretransduced with the TGF- β3 lentivirus (pLVT) and cells transduced via 

immobilization of the virus to the 3D woven scaffold (iLVT).  Levels were comparable 

between the two groups (p>0.05).  (C) Sulfated glycosaminoglycan (sGAG) per 

double-stranded DNA as measured via the dimethylmethylene blue assay in 

nontransduced (NT), pLVT, or iLVT constructs.  Bars represent the mean±SEM (n=4). 
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(D-F) Safranin-O/fast green/hematoxylin histology from NT (D), pLVT (E), and iLVT 

(F) constructs harvested at D14 after chondrogenic induction.  Scale bar=500 µm.  (G-I) 

Fluorescence microscopy from NT (G), iLVG (H), or iLVT (I) constructs after 28 days 

in chondrogenic culture.  No fluorescence was observed in NT constructs, whereas 

cells within iLVG constructs fluoresced and retained an elongated fibroblast-like 

morphology spanning along PCL fibers.  Cells in the iLVT constructs fluoresced due 

to the IRES-dsRed component of the TGF-β3 expression cassette.  These cells adopted 

a rounded morphology, indicated by white arrows, suggestive of a chondrocyte 

phenotype. Scale bar=100 µm. 

We next compared the chondrogenesis induced by scaffold-mediated 

transduction to that induced by supplementation of medium with recombinant human 

TGF-β3 (rhTGF-β3).  Constructs were induced to differentiate via iLVT transduction or 

addition of TGF-β3 to medium and were then cultured with half-medium changes every 

3 days.  Scaffold-mediated transduction resulted in overexpression of TGF-β3, as 

measured by quantitative RT-PCR (qRT-PCR) at days 14 and 28 after chondrogenic 

induction (Figure 3A, 397- and 560-fold over nontransduced controls, respectively).  

Total TGF-β3 levels in culture medium for iLVT transduced constructs ranged from 9.6 – 

21 ng/ml.  Although the majority of the protein was bound in the latent form, 1.1 – 1.8 

ng/ml of free TGF-β3 was detected over the course of the study (Figure 3B,C).   
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Figure 3: (A) Quantitative RT-PCR assessing expression of the TGF-β3 

transcript from samples in the iLVT group at days 14 and 28. Bars represent the mean 

fold change in expression±SEM (n=4) as compared to matched, nontransduced 

controls and as normalized by the r18S reference gene.  (B,C) ELISA results 

quantifying the levels of (B) total and (C) free TGF-β3 protein in culture media at 

various time points after seeding scaffolds in the iLVT group.  Total levels represent 

the sum of protein bound in the latent complex as well as protein free to bind the 

ALK5 receptor and initiate signaling. Bars represent the mean±SEM (n=4). 

Chondrogenic differentiation induced by scaffold-mediated transduction was 

further examined by comparing the gene expression profile of constructs from each 

group.  Quantitative RT-PCR showed an upregulation of aggrecan (ACAN) and the 

alpha 1 chain of type II collagen (COL2A1), two markers of chondrogenic differentiation, 

in both the iLVT and rhTGF-β3 groups when compared to control constructs cultured in 

the absence of TGF-β3 (Figure 4 A,B).  ACAN expression levels were comparable 

between iLVT and rhTGF-β3 groups (p=0.21), but COL2A1 expression levels were 

higher in the iLVT group at D14 than in the rhTGF-β3 group (p<0.02).  Gene expression 

was also measured for the alpha 1 chains of types 1 (COL1A1) and 10 collagen 

(COL10A1), markers of a fibrotic and hypertrophic phenotype, respectively (Figure 5A, 

B).  COL1A1 and COL10A1 expression was upregulated by both iLVT and rhTGF-β3 
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treatment at D14, with iLVT levels higher than rhTGF-β3 levels (p<0.05).  The expression 

of COL1A1 decreased to control levels by D28 for both groups, while COL10A1 

remained elevated in both groups as compared to controls.  The upregulation of 

COL10A1 is consistent with previous reports of hypertrophy in hMSCs undergoing 

chondrogenic differentiation (Bian et al., 2012; Cucchiarini et al., 2013; Mueller and 

Tuan, 2008).  At day 28, upregulation of the chondrogenic markers continued and was 

similar in both groups, indicating comparable levels of stable chondrogenic 

differentiation after iLVT-mediated differentiation or standard TGF-β3-supplemented 

differentiation protocols. 

Measurements of total collagen and sGAG content demonstrated that the 

upregulation of markers of differentiation led to the development of an extracellular 

matrix consistent with chondrogenesis (Figure 4C,D).  Trends comparing the quantity of 

sGAG normalized to double-stranded DNA (Figure 4C) were equivalent to those 

comparing absolute values (Figure 22, Appendix A).  The rhTGF-β3 and iLVT groups 

showed comparable levels of sGAG/DNA at days 14 (15.36±1.77 µg/µg and 12.90±0.88 

µg/µg, respectively, p=0.21), though the NT group without TGF-β3 was significantly 

lower (4.67±0.25 µg/µg, p<0.0002).  Sulfated GAG levels increased significantly by day 28 

(p<0.00001) in the rhTGF-β3 and iLVT groups, but were not statistically different from 

one another (35.97±1.97 µg/µg and 36.07±1.79 µg/µg, respectively, p=0.96).  Culture time 

did not influence sGAG levels in the NT group (p=0.96), which remained lower than that 
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of the rhTGF-β3 and iLVT groups (p<0.00001).  Similar trends held for total collagen 

levels normalized to DNA content (Figure 4D), although a significant difference at D14 

between the rhTGF-β3 and iLVT groups was observed (p=0.045).  The significance of this 

difference was lost when total collagen content of constructs was not normalized to 

construct DNA content (p=0.053, Figure 22). 
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Figure 4: (A-B) Relative expression levels of aggrecan (ACAN) and the alpha 1 

chain of type II collagen (COL2A1) comparing the hMSC response to rhTGF-β3- or 

iLVT-mediated differentiation at day 14 (A) or 28 (B) after chondrogenic induction. 

Bars represent the mean fold change in expression±SEM (n=4) as compared to 

matched, nontransduced controls and as normalized by the r18S reference gene.  (C-

D) Quantification of the development of cartilaginous ECM components in the 

nontransduced (NT), rhTGF-β3 (rhT), and immobilized lentiviral TGF (iLVT) groups.  

Sulfated glycosaminoglycan content and total collagen content were normalized to 

DNA content.  Bars represent means±SEM (n=6).  Groups not sharing the same letter 

or symbol are statistically different (p<0.05).  (E-H) Safranin-O/fast green/hematoxylin 

staining of D28 rhTGF-β3 (E, F) and iLVT (G, H) constructs. Scale bars = 500 µm (E, G) 

and 100 µm (F, H).  (I-L) Immunohistochemistry probing for type II collagen in D28 

rhTGF-β3 (I, J) and iLVT (K, L) constructs. Scale bars = 500 µm (I, K) and 100 µm (J, L). 

Histological and immunohistochemical assays supported the qRT-PCR and 

biochemical evidence of chondrogenic differentiation in both the iLVT and rhTGF-β3 

groups.  Safranin-O and type II collagen labeling showed limited ECM accumulation at 

D14, but extensive assembly of GAG and collagen II ECM constituents was observed 
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throughout the pores of the 3D woven scaffold in the rhTGF-β3 and iLVT groups at D28 

(Figure 4 E-L). Though type I and type X collagens were detected in D28 samples, they 

appeared less prominent than either type II collagen or GAG (Figure 5 C-F).  Limited 

ECM deposition was observed in the NT group. 

 

Figure 5:(A-B) Relative expression levels of the type I chains of collagens 1 

(COL1A1) and 10 (COL10A1) comparing the hMSC response to rhTGF-β3- or iLVT-

mediated differentiation at day 14 (A) or 28 (B) after chondrogenic induction. Bars 

represent the mean fold change in expression±SEM (n=4) as compared to matched, 

nontransduced controls and as normalized by the r18S reference gene.  Groups not 

sharing the same letter or symbol are statistically different (p<0.05).  (C-D) 

Immunohistochemistry probing type I collagen in D28 rhTGF-β3 (C) and iLVT (D) 

samples.  (E-F) Immunohistochemistry probing type X collagen in D28 rhTGF-β3 (E) 

and iLVT (F) samples. All scale bars = 100 µm. 
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Confined compression testing was used to evaluate the mechanical properties of 

the tissue replacements generated in culture, with the goal of attaining a compressive 

modulus similar to that of native articular cartilage (Mow et al., 1980).  The aggregate 

modulus (HA) of the scaffolds directly after cell seeding (D0) was 0.26±0.024 MPa. The 

HA of the cell-seeded constructs was not influenced by the addition of TGF-β3 to culture 

conditions (Figure 6A), as no significant differences were detected among treatments 

(p>0.18); however, HA did increase for each group when compared to D0 (p<0.003).  The 

hydraulic permeability (k) was influenced by experimental treatment (Figure 6B), with 

samples in the rhTGF-β3 condition more rapidly approaching values similar to articular 

cartilage than NT samples (p=0.013).  This difference was not maintained to D28, as 

values for k were not significantly different in any of the three culture groups.  As with 

HA, k values decreased in all groups in comparison to D0 samples (p<0.037).  
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Figure 6: (A, B) Aggregate modulus (HA) and hydraulic permeability (k) of 

nontransduced (NT), rhTGF-β3 (rhT), and immobilized lentiviral TGF (iLVT) 

constructs cultured for 14 or 28 days in chondrogenic induction medium.  Dotted lines 

represent D0 values. 

2.4 Discussion 

The findings of this study show that that scaffold-mediated transduction of 

hMSCs with lentiviral vectors driving expression of TGF-β3 leads to potent 

differentiation toward a chondrogenic lineage and accumulation of a cartilage-like ECM.  

Histological and biochemical measures confirmed the hypothesis that the iLVT 

treatment induced a chondrocyte-like phenotype, as displayed by hMSCs adopting a 

spherical morphology and depositing an ECM rich in type II collagen and 

glycosaminoglycan, major components of articular cartilage.  By nearly all measures of 
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gene regulation, protein content, and biomechanical properties, the level of 

chondrogenic differentiation achieved at day 28 by immobilizing LVT was 

indistinguishable from that using rhTGF-β3.  The observed increase in sGAG and 

collagen content is consistent with previous reports from our group and others when 

using hMSCs for chondrogenesis (Kim et al., 2012; Ousema et al., 2012; Valonen et al., 

2010).   

In these studies, LV was used to drive constitutive overexpression of TGF-β3 to 

induce chondrogenesis.  An extensive body of literature has shown that TGF-β3 is a 

potent regulator of hMSC differentiation to the chondrogenic lineage (Ballock et al., 

1997; Leonard et al., 1991; Mackay et al., 1998; Madry et al., 2013b; Serra et al., 1997; 

Seyedin et al., 1986).  Various other transgenes and gene products, including IGF-1, 

SOX9, and multiple members of the TGF-β superfamily, including TGF-β1, BMP-2, 

BMP-4, and BMP-7, and combinations thereof, have been employed to induce 

chondrogenesis in progenitor cells (Cucchiarini et al., 2013; Evans et al., 2013; Kramer et 

al., 2000; Madry et al., 2013a; Neumann et al., 2013; Palmer et al., 2005; Steinert et al., 

2009; Weimer et al., 2012). In these studies, the induction of chondrogenesis with viral 

vectors generally has been performed in the context of monolayer transduction and 

chondrogenesis in pellet cultures.  While these studies demonstrate the feasibility of 

virus-based transduction methods to drive MSC differentiation, the ability to transduce 

cells in situ via scaffold-mediated gene delivery opens new avenues for generating 
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implant-ready, bioactive tissue engineering scaffolds capable of restoring function to a 

joint immediately upon implantation while also driving the development of a mature, 

viable tissue replacement utilizing the host as the bioreactor.   

Moreover, the results from these studies indicate that the scaffold-mediated 

transduction technique may provide a means of transducing cells in vivo simply by 

seeding them intra-operatively onto a cell-instructive, biomechanically functional 

scaffold that directs cell lineage commitment and ECM development in a controlled and 

persistent manner.  Using this approach would abrogate the need for ex vivo expansion 

of cells used in tissue engineering as well as the ex vivo conditioning of the maturing 

tissue substitute by allowing the host’s own cells to recapitulate functional tissues after 

infiltrating an acellular bioactive scaffold.  Our findings suggests that scaffold-mediated 

gene delivery could provide an efficient means of in situ transduction, owing to the 

ability of PLL to immobilize vectors to the biomaterial, as well as the efficiency of 

transduction of the VSV-G pseudotyped lentivirus.  In addition, we have previously 

demonstrated that passive adsorption of ECM onto highly cationic surfaces can direct 

both viral immobilization and cell adhesion(Gersbach et al., 2007a), opening the 

possibility of functionalizing polymeric scaffolds with both gene delivery vehicles as 

well as ECM components or synthetic peptides capable of enhancing cell differentiation 

and tissue formation (Hwang et al., 2011; Reyes et al., 2007).  However, important 

questions, such as whether endogenous cells that infiltrate the scaffold at the site of 
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implantation can be driven to differentiate toward the chondrocyte lineage, remain 

unanswered. 

Our findings extend previous work showing biomaterial-mediated gene delivery 

using viral vectors (Gersbach et al., 2007a; Hu et al., 2008, 2009b; Hu et al., 2007; Jang et 

al., 2011; Lei et al., 2009; Padmashali and Andreadis, 2011; Phillips et al., 2008; Shin et al., 

2010a; Shin and Shea, 2010; Shin et al., 2010b).  The majority of this work demonstrated 

the ability to specify the spatial location of delivered vectors, rather than the induction of 

tissue-specific differentiation.  An exception to this was the work by Phillips et al., in 

which fibroblasts seeded on a collagen scaffold containing PLL-immobilized gamma-

retrovirus were transdifferentiated to the osteogenic lineage (Phillips et al., 2008).  An 

important advance of the current study was the use of PLL to immobilize gene delivery 

vectors to a highly structured, 3D woven PCL scaffold. Although other methods, such as 

3D printing, electrospinning, and solvent casting/salt leaching are available for 

fabricating polymer-based scaffolds for cartilage tissue engineering, the orthogonally 

woven PCL scaffold possesses controlled anisotropic and nonlinear mechanical 

properties prior to cell seeding (Moutos et al., 2007; Moutos and Guilak, 2010).  These 

and other features of the woven scaffold have been previously reported, and additional 

characteristics of the woven scaffold are described in the Supplementary Information 

(Appendix A).  These properties closely mimic the biomechanical features of articular 

cartilage and would allow for immediate loading upon implantation.  This aspect may 
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be crucial to the goal of inducing tissue generation in situ upon implantation of a 

degradable, bioactive scaffold, since functional restoration of a joint is likely to be 

facilitated by a biomaterial possessing  mechanical properties approximating those of 

articular cartilage, while also permitting the formation of a viable, cartilage neotissue 

that could eventually serve as the load-bearing tissue after the complete degradation of 

the PCL.  As demonstrated here, the development of cartilaginous ECM constituents 

served to enhance (i.e., decrease) the hydraulic permeability of the construct by four 

orders of magnitude as compared to D0 constructs, as pores of the woven scaffold were 

filled in with neotissue that consolidated the construct.  Importantly, however, the 

aggregate modulus of the tissue engineered constructs were the same order of 

magnitude as that of native articular cartilage prior to deposition of ECM, and these 

properties were maintained throughout the culture period as the compressive properties 

are dominated by those of the 3D woven scaffold (Moutos et al., 2007).  In contrast, 

scaffolds comprised of collagen, alginate or fibrin-based hydrogels capable of 

encapsulating gene delivery vectors possess compressive properties below those of 

native articular cartilage (LeRoux et al., 1999; Spiller et al., 2011; Weisel, 2004).  In this 

regard, the 3D woven structure provides several highly desirable properties as a scaffold 

for biomaterial-mediated gene delivery for in situ tissue engineering. 

An important feature of the current study includes the use of self-inactivating 

lentiviral vectors in place of gamma-retrovirus (Phillips et al., 2008), non-integrating 
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viral vectors (Basile et al., 2008; Hu et al., 2009a; Hu et al., 2008, 2009b; Hu et al., 2007), or 

naked plasmid DNA (Shea et al., 1999).  Though considerable progress has been made 

with regard to spatial control of gene delivery to cells, transient gene expression and 

poor transfection/transduction efficiencies may not allow sufficient control of cell 

phenotype and tissue development.  LV represent an attractive option for efficient and 

sustained gene delivery, in addition to other advantageous properties including high 

packaging capacity (>10kb), low immunogenicity, low cytotoxicity, and broad tropism 

(Dull et al., 1998; Kumar et al., 2001; Wiznerowicz and Trono, 2005; Zufferey et al., 1998).  

The development of self-inactivating vectors has addressed the serious safety concerns 

of earlier generations of viral systems (Schambach and Baum, 2008) and made LV an 

attractive option for clinical use that overcomes the shortcomings of many alternative 

vector systems.   

The use of LV likely explains the efficient transduction of the slowly dividing 

hMSCs as compared to other studies involving gamma-retroviral vectors.  Using LV, an 

efficiency of scaffold-mediated transduction of roughly 82% was achieved, whereas a 

previous study of scaffold-mediated gene delivery to fibroblasts with retrovirus showed 

a transduction efficiency of ≥20% (Phillips et al., 2008).  Therefore, biomaterial-mediated 

delivery of LV may serve as a promising approach for applications requiring robust and 

uniform transgene expression, such as those seeking to generate homogeneous tissue 
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formation or those employing biomaterials as delivery depots of anti-inflammatory gene 

products for protection against further degeneration of musculoskeletal tissues.  

Although effective at inducing chondrogenesis, the safety of constitutive 

overexpression of TGF-β3 serves as one of the drawbacks of this study.  To circumvent 

this, future studies may be directed toward the replacement of the constitutive EF-1α 

promoter with a drug-inducible promoter (Barde et al., 2006), which could confer 

engineered control of the duration and magnitude of transgene expression.  Moreover, 

future work will focus on establishing the utility of biomaterial-mediated gene delivery 

as a strategy for facilitating the engineering of complex tissues or tissue interfaces for 

regenerative medicine (Atala et al., 2012; Reed et al., 2009; Smith et al., 2012). 

Toward the goal of in situ tissue engineering, it is important to consider the 

effects of the synovial environment on viral transduction efficiency and the ability to 

transduce target cells in vivo.  While we did not directly test transduction efficiency in 

the context of synovial fluid, target cells were transduced in medium containing 10% 

fetal bovine serum.  Synovial fluid is considered a plasma dialysate, with the major 

difference between serum and synovial fluid being the abundance of hyaluronic acid in 

the latter (Newton and Nunamaker, 1985).  The presence of synovial fluid does not 

preclude lentiviral transduction, as previous studies have demonstrated transduction of 

synovial fibroblasts as well as cells in ligaments, tendons, and joint capsule via direct 

intra-articular injection of virus to synovial joints (Gouze et al., 2007; Gouze et al., 2003; 
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Gouze et al., 2002).  Importantly, we showed that material-mediated transduction of 

hMSCs remained >90% after rinsing the substrates upon which lentivirus was 

immobilized.  Moreover, we have also shown that incubation of PLL-coated surfaces 

with retrovirus for 16 hours results in high levels of transduction of fibroblasts (~70%) 

(Gersbach et al., 2007a), suggesting that the half-life of the vector does not preclude 

efficient transduction.  Collectively, these results support the potential of viral 

transduction in the joint environment. 

These studies demonstrate that scaffold-mediated gene delivery may serve as a 

promising strategy for in situ engineering of musculoskeletal tissues.  By coupling the 

biomechanically relevant woven scaffold to an effective gene delivery vehicle carrying 

the appropriate transgene, we have demonstrated both the proof-of-principle of 

scaffold-mediated delivery to hMSCs as well as the potential utility of this method for 

tissue engineering of articular cartilage.  In this work, a relatively inert material such as 

PCL was functionalized with the ability to specify cell differentiation and ECM 

production.  As such, this technique for LV immobilization can be applied in the context 

of other PCL-based scaffolds and potentially using other materials than PCL.  More 

importantly, it is possible that our approach to scaffold-mediated transduction could be 

extended to a variety of applications employing numerous other cell types, transgenes, 

and drug-inducible promoters (Gersbach et al., 2007c).  When combined with the 

appropriate scaffold structure and material, we envision broad utility of this technique 
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in the area of recapitulating the complex organization of heterogeneous tissues, such as 

osteochondral tissues, and in the delivery of therapeutic transgenes capable of 

mediating protection and repair of tissues in the context of a diseased or damaged joint. 

2.5 Summary 

The goal of this study was to generate a self-contained bioactive scaffold capable 

of mediating stem cell differentiation and formation of a cartilaginous extracellular 

matrix (ECM) using a lentivirus-based method.  We first showed that poly-L-lysine 

could immobilize lentivirus to poly(ε-caprolactone) films and facilitate human hMSC 

transduction. We then demonstrated that scaffold-mediated gene delivery of TGF-β3 

using a 3D woven poly(ε-caprolactone) scaffold induced robust cartilaginous ECM 

formation by hMSCs.  Chondrogenesis induced by scaffold-mediated gene delivery was 

as effective as traditional differentiation protocols involving medium supplementation 

with TGF-β3, as assessed by gene expression, biochemical, and biomechanical analyses.  

Using lentiviral vectors immobilized on a biomechanically functional scaffold, we have 

developed a novel system to achieve sustained transgene expression and ECM 

formation by hMSCs.  This method opens new avenues in the development of bioactive 

implants that circumvent the need for ex vivo tissue generation by enabling the long-

term goal of in situ tissue engineering. 
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3. CRISPR/Cas9 genome editing of induced pluripotent 
stem cells for inflammation-resistant engineered tissue 
substitutes 

3.1 Introduction 

Osteoarthritis (OA) is a progressive disease of synovial joints characterized by 

the destruction of articular cartilage.  Surgical treatment options for focal cartilage 

defects include arthroscopic debridement, marrow stimulation via microfracture, and 

autologous transplantation of host tissue or ex vivo expanded autologous chondrocytes.  

Most of these surgical options lead to the development of a fibrocartilage matrix that 

serves only as a temporary solution to a complex and demanding biomechanical 

problem.  For larger defects, joint arthroplasty serves as the most promising treatment 

option.  While effective at restoring function to the joint, the need to revise an increasing 

number of primary arthroplasties (Bock and Goode, 2003) means that a more functional, 

long-term solution is needed.   

Inflammation plays a key role in the pathogenesis and progression of 

osteoarthritis (OA) (Hedbom and Hauselmann, 2002). and may compromise engineered 

tissue substitutes. Chondrocytes and synovial fibroblasts in OA joints are subjected to 

increased interleukin (IL)-1, IL-6, IL-17 and tumor necrosis factor (TNF)-α signaling 

(Fernandes et al., 2002; Kapoor et al., 2011; Meszaros and Malemud, 2012).  The activity 

of these cytokines in OA joints leads to increased production of matrix 

metalloproteinases (MMPs), aggrecanases, inducible nitric oxide synthase, and 
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prostaglandin E2 (Buckwalter et al., 2007; Fernandes et al., 2002; Hedbom and 

Hauselmann, 2002; Meszaros and Malemud, 2012).  These and other factors ultimately 

lead to suppression of cartilage-specific genes such as COL2A1, downregulation of 

proteoglycan levels, degeneration of extracellular matrix, and chondrocyte apoptosis 

(Kapoor et al., 2011).  Furthermore, prolonged inflammatory signaling mediated by IL-

1α inhibits chondrogenic induction of stem cells and results in degradation of stem cell 

derived cartilage (Glass et al., 2014; Heldens et al., 2012; Ousema et al., 2012; Wehling et 

al., 2009a; Willard et al., 2014). The pro-inflammatory environment of the OA joint 

therefore necessitates a tissue substitute designed to resist inflammation-mediated 

degradation.   

Though promising efforts have been made toward engineering tissue 

replacements with biomechanical and biochemical properties that approach those of 

articular cartilage, the majority of tissue engineering and regenerative medicine 

strategies have involved cell sources susceptible to IL-1α-mediated degradation.  

Genetic engineering techniques involving lentivirus and adeno-associated virus have 

been exploited to generate cells capable of ectopic overexpression of soluble IL-1 

antagonists such as IL-1Ra (Glass et al., 2014; Kay et al., 2009; Wehling et al., 2009b).  

While these methods have shown promise with regard to protecting engineered 

constructs from host-mediated catabolism, the ability of these approaches to fully 

protect tissues from the in vivo OA environment remains unknown.  A strategy for 
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developing tissue engineered constructs innately resistant to cytokine-induced 

degradation would represent an important advance in the area of orthopaedic tissue 

engineering and regenerative medicine. 

Recent progress in the field of genome editing has enabled the facile and precise 

engineering of cellular genomes. Programmable nucleases based on the Clustered 

Regularly Interspaced Short Palindromic Repeat (CRISPR)/CRISPR Associated protein 

Cas9 system provide a promising platform for introducing specific, pre-determined 

modifications to chromosomal loci of living cells (Hsu et al., 2014; Jinek et al., 2012; Mali 

et al., 2013).  In this RNA-guided nuclease system, a user-defined guide RNA (gRNA) 

directs the endonuclease Cas9 to a specific genomic target, where it cleaves 

chromosomal DNA. This cleavage activates endogenous cellular DNA repair pathways 

and can be exploited to facilitate correction, disruption or deletion of genes.  Engineered 

nucleases hold great promise for regenerative medicine applications in the area of 

cartilage cell therapy and tissue engineering, as they provide the unique capacity to 

engineer customized stem cells with user-specified features, such as resistance to 

inflammation-mediated degradation of neotissue.  

The goals of this study are to engineer induced pluripotent stem cells (iPSCs) 

with specific genomic modifications that confer resistance to inflammation and to 

validate the potential therapeutic utility of these designer stem cells as a source for 

cartilage tissue engineering and regenerative medicine.  Owing to their substantial 
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proliferative capacity and the potential to differentiate into a variety of terminal cell 

types, iPSCs are an attractive cell source for personalized regenerative medicine and the 

modeling of complex, multifactorial diseases such as OA (Saha and Jaenisch, 2009).  In 

this work, we explore the utility of CRISPR/Cas9 to generate murine iPSCs deficient in 

Il1r1, the ligand-binding receptor responsible for IL-1α recognition and that is necessary 

for IL-1 signal transduction.  We then evaluate the ability of these cells to synthesize a 

cartilaginous extracellular matrix (ECM) and resist the inflammation-mediated 

catabolism initiated by an IL-1α assault. 

3.2 Methods 

3.2.1 Induced Pluripotent Stem Cell Derivation and Culture 

Murine induced pluripotent stem cells were derived and cultured as previously 

described (Diekman et al., 2012).  Briefly, tail fibroblasts from adult C57BL/6 mice were 

transduced with a lentiviral vector driving doxycycline-inducible expression of Oct4 

(Pou5f1), Sox2, Klf4, and c-myc (Carey et al., 2009).  Pluripotent cells were maintained 

on mitomycin C-treated mouse embryonic feeders (MEFs; Millipore) in medium 

comprised of high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with L-glutamine, sodium pyruvate, 20% fetal bovine serum, 100 nM minimum essential 

medium non-essential amino acids (NEAA; Gibco), 55 µM β-mercaptoethanol (2-ME; 

Gibco), and 1,000 units of leukemia inhibitory factor (LIF; Millipore).  A Col2a1-GFP 

reporter construct (Grant et al., 2000) was transfected into cells by Nucleofection, and a 
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clone stably expressing the reporter upon chondrogenic induction was isolated after 

G418 selection. 

3.2.2 Genome Editing and Clonal Isolation 

A plasmid encoding human codon optimized Streptococcus pyogenes  Cas9 

(hCas9) was obtained as a gift from George Church (Mali et al., 2013) (Addgene plasmid 

#41815).  Target sequences flanking exon 2 of Il1r1 and corresponding to  5’-

GCTTCTGTGTTGAAGACTCA-3’ and 5’-GTAGCTGTGGGCCCACAACC-3’ were 

selected to generate the deletion of the Il1r1 signal peptide sequence.  To produce single 

chimeric guide RNA (sgRNA) expression vectors, complementary oligonucleotides 

containing each of the target sequences were hybridized, phosphorylated, and cloned 

into an expression vector (Perez-Pinera et al., 2013a) (Addgene plasmid # 47108) 

employing an human U6 promoter to drive expression of a chimeric Streptococcus 

pyogenes crRNA/tracrRNA sequence.  Prior to transfection, iPSCs were trypsinized and 

subjected to a 30-minute feeder subtraction.  Lipofectamine 2000 (Lifetechnologies) was 

used following manufacturer’s instructions to co-transfect 400 ng of each sgRNA and 

800 ng hCas9 into 100,000 iPSCs freshly plated on MEFs in complete, antibiotic-free iPSC 

medium in a 24-well plate.  Cells were then sub-cultured on MEFs prior to single-cell 

deposition.  In preparation for single cell deposition, iPSCs were feeder subtracted prior 

to overnight culture on 0.1% gelatin.  Cells were then trypsinized and subjected to a final 

feeder subtraction and then suspended in calcium- and magnesium-free PBS, 1 mM 
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EDTA, 25 mM HEPES, and 1% FBS.  Individual cells were then deposited into gelatin-

coated wells of a 96-well plate.  Clones were sub-cultured on gelatin for one additional 

passage to allow for screening for the appropriate deletion via genomic PCR using the 

following primer pair: Il1r1 detF – 5’-TCATCTCCTGGTTAGTTATGGTATC-3’ and Il1r1 

detR – 5’- CCGAGGCCAATGAGATTAAG-3’.  A subset of each clone was lysed using 

QuickExtract (Epicentre) according to the manufacturer’s instructions.  The cell lysate 

was then diluted 8-10 fold prior to use as template in a PCR using Q5 polymerase (NEB) 

according to manufacturer’s instruction with the following cycling parameters: 

98/30”|98/8”;68/10”;72/20”|x40;72/2’.  Clones of interest exhibiting Il1r1+/+, Il1r1+/-, and 

Il1r1-/- genotypes were passaged on MEFs and culture expanded in preparation for 

micromass culture. 

3.2.3 Micromass Pre-differentiation Culture 

 Induced pluripotent stem cells were subjected to a 15-day, high-density 

micromass culture to achieve differentiation toward a mesenchymal state.  Cells were 

cultured in serum-free differentiation medium consisting of high glucose DMEM, 

NEAA, 2-ME, ITS+ (insulin, transferrin, selenium) premix supplement (BD), 25 ng/ml 

gentamicin, 50 µg/ml L-ascorbic acid-phosphate, and 40 µg/ml L-proline.  On days 3-5 

only, medium was supplemented with 100 nM dexamethasone (Sigma) and 50 ng/ml 

murine BMP-4 (R&D Systems).  Micromasses were dissociated on day 15 with pronase 

and type II collagenase in order to attain a single cell suspension, and flow cytometry 
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was used to sort GFP+ cells based on Col2a1 reporter expression.  GFP+ cells were plated 

in monolayer on gelatinized vessels and cultured in differentiation medium 

supplemented with 4 ng/ml bFGF (Roche) and 10% FBS for 2-3 passages.  Cells were 

subsequently utilized in monolayer assays for functional Il1r1 protein or in cartilage 

tissue engineering experiments evaluating the utility of these cells as a source for IL-1-

protected tissue regeneration. 

3.2.4 Flow Cytometry 

Induced pluripotent stem cells and pre-differentiated cells were trypsinized, 

washed in PBS, and resuspended in PBS with 1% FBS supplemented with 5 ug/ml anti-

mouse CD16/32 (Biolegend) to block non-specific immunolabeling.  Cells were then 

immunolabeled with either an Armenian hamster anti-mouse CD121a antibody 

conjugated to phycoerythrin or an isotype control (Biolegend).  Cells were washed three 

times then subjected to flow cytometry analysis to determine the presence or absence of 

Il1r1. 

3.2.5 NF-κB Activity Assay 

 A lentiviral construct containing 5 tandem NF-κB response elements (5’-

GGAAATTCCCGGAAAGTCCCCGGAAATTCCCGGAAAGTCCCCGGAAATTCCC-3’) 

upstream of firefly luciferase was generated by cloning the following sequence upstream 

of the minimal CMV promoter in pGL3Basic (Promega) and then sub-cloning the 

cassette into a lentiviral expression vector.  Lentivirus was generated by co-transfecting 
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4 ug of the cloned transfer vector, 3 ug of psPAX2 (Addgene 12260) and 1.2 ug of 

pMD2G (Addgene #12259) into 293T cells cultured at confluence in the well of a 6-well 

plate using Lipofectamine 2000.  The next day, medium from 293T lentivirus producer 

cells was changed and conditioned medium containing lentivirus was collected 36 and 

60 hours after transfection.  The lentiviral supernatant was filtered through 0.45 um 

cellulose acetate filters and stored at -80°C until use. 

Pre-differentiated cells were transduced by supplementing culture medium 1:1 

with viral supernatant as well as 4 ug/ml polybrene and incubating the cells in the 

presence of the virus overnight.  Transduced cells were expanded, passaged, and then 

treated with IL-1.  At the indicated time points, samples were lysed and assayed for 

luminescence using a Bright Glo luminescence kit according to manufacturer’s 

instructions.  Luminescence normalized to background levels of 0 ng/ml IL1 treatment 

were used to report induction of NF-κB transcriptional activity.   

3.2.6 Chondrogenesis in Aggregate Culture System 

 Passage 2 pre-differentiated cells were trypsinized and resuspended in 

differentiation medium supplemented with 100 nM dexamethasone and 10 ng/ml TGF-

β3 (R&D Systems) at a density of 1e6 cells/ml.  Aggregate cultures were produced by 

placing 250,000 cells in each well of a round-bottom 96-well plate.  Cells were pelleted 

and cultured for 27 days prior to inducing an inflammatory assault utilizing an 

established in vitro osteoarthritis model (Willard et al., 2014).  At day 27, cells were 
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cultured in differentiation medium supplemented with 1 ng/ml IL-1α and without 

dexamethasone and TGF-β3.  Control aggregates received 0 ng/ml IL-1α.  Three days 

later, aggregate cultures and culture supernatant samples were harvested for gene 

expression, biochemical, and histological analyses. 

3.2.7 Biochemical Analyses 

Samples used for biochemical analyses were harvested, rinsed with DPBS, and 

stored at -20°C until testing.  Aggregate culture samples were digested in papain (125 

µg/ml; Sigma)  at 65°C overnight.  Digested samples were then analysed using the 

picogreen assay (Lifetechnologies) to measure double-stranded DNA, the ortho-

hydroxyproline assay (Woessner, 1961) for measuring total collagen content, and the 

dimethylmethylene blue assay (Farndale et al., 1986) for measuring the total sulfated 

glycosaminoglycan content of constructs (n = 4-6 per group). 

3.2.8 Gene Expression 

 Samples for gene expression analysis were harvested, rinsed in DPBS, and 

frozen at -80°C until further processing.  Total RNA was isolated per manufacturer’s 

recommendations (Norgen Biotek) following tissue homogenization with a pestle.  

Reverse transcription was performed using the superscript VILO cDNA synthesis kit 

(Lifetechnologies) per manufacturer’s instructions.  Quantitative RT-PCR was 

performed with n = 4 samples per group on a StepOnePlus using Power Sybr (Applied 

Biosystems, Inc) per manufacturer’s instructions.  Fold changes were determined 
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relative to a reference group cultured without IL-1α and by using 18s rRNA as a 

reference gene. Gene expression was probed using the primer pairs listed in Table 1.  

Table 1: Primer pairs used in qRT-PCR gene expression assays 

Target Forward Primer Reverse Primer 

r18s  5’-CGGCTACCACATCCAAGGAA-3’ 5’-GGGCCTCGAAAGAGTCCTGT-3’ 

Acan 5’-GCATGAGAGAGGCGAATGGA-3’ 5’-CTGATCTCGTAGCGATCTTTCTTCT-3’ 

Adamts4 5’-GACCTTCCGTGAAGAGCAGTGT-3’ 5’-CCTGGCAGGTGAGTTTGCAT-3’ 

Adamts5 5’-GCCCACCCAATGGTAAATCTTT-3’ 5’-TGACTCCTTTTGCATCAGACTGA-3’ 

Ccl2 5’- GGCTCAGCCAGATGCAGTTAA-3’ 5’-CCTACTCATTGGGATCATCTTGCT-3’ 

Col2a1 5’-TCCAGATGACTTTCCTCCGTCTA-3’ 5’-AGGTAGGCGATGCTGTTCTTACA-3’ 

Elf3 5’- GGCCCTCATGGCTGCCACCT-3’ 5’- TTGGGATCTTGTCTGAGGTCCTGGA-3’ 

Il6 5’- GAGGATACCACTCCCAACAGACC-3’ 5’-AAGTGCATCATCGTTGTTCATACA-3’ 

Mmp9 5’- CGAACTTCGACACTGACAAGAAGT-3’ 5’-GCACGCTGGAATGATCTAAGC-3’ 

Mmp13 5’- GGGCTCTGAATGGTTATGACATTC-3’ 5’-AGCGCTCAGTCTCTTCACCTCTT-3’ 

 

3.2.9 Histological Processing  

 Samples for histology were rinsed in DPBS upon harvest, fixed in 4% 

paraformaldehyde for 24 hours, paraffin embedded, and sectioned at 10 µm thickness.  

Samples were stained with Safranin-O/fast green/hematoxylin using standard protocols. 

3.2.10 Analyses of Culture Supernatants 

Nitric oxide, Prostaglandin E2, sGAG, MMP activities were measured in medium 

samples (n = 4) collected after IL-1α treatment as previously described (McNulty et al., 

2011). As with biochemical samples, sGAG in medium samples was assessed using the 

DMMB assay.  MMP activity was assessed after activating latent MMPs in supernates 

with p-APMA.  Total specific MMP activity was measured as the difference in 

fluorescence arising from cleavage of a quenched fluorogenic substrate (DAB-Gly-Pro-

Leu-Gly-Met-Arg-Gly-Lys-Flu, Sigma) in samples incubated with a broad-spectrum 
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MMP inhibitor GM6001 and a scrambled negative control peptide (EMD Biosciences 

Inc.).  NO and PGE2 were assayed using commercially available kits (R&D Systems) 

following manufacturer’s instructions. 

3.2.11 Statistical Analyses 

Statistical analysis was performed in the Statistica 7 software package using 

ANOVA with Fisher’s protected least significance difference post-hoc test with α = 0.05.  

For qRT-PCR comparisons, fold change values were log-transformed prior to statistical 

analysis.  Average group values and standard errors of the means were calculated in the 

logarithmic space prior to transforming data to linear values for reporting fold changes.   

3.3 Results 

3.3.1 Clonal Isolation and Confirmation of Il1r1 Functional Deficit 

Forty-one clones were isolated and screened after single cell deposition. Of these, 

three were found to possess the Il1r1+/- genotype while four possessed the Il1r1-/- 

genotype (Figure 7A).  Sanger sequencing of the PCR product from the Il1r1-/- clones 

indicates the expected deletion of approximately 790 base pairs, resulting in excision of 

the signal peptide for both annotated Il1r1 isoforms (Figure 7B).  Flow cytometry 

demonstrated that wild-type cells in the pluripotent state do not express Il1r1 (Figure 

7C). However, in select clones that were chondrogenically differentiated, a uniform shift 

occurred in the wild-type (Figure 7C) population after staining with the anti-Il1r1 

antibody, suggesting low but consistent expression of Il1r1 on the cell surface.  The 
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Il1r1+/-  population also displayed a uniform shift, with roughly half the intensity of 

Il1r1+/+ cells, demonstrating reduced expression of Il1r1 protein after loss of one 

functional allele.  Cells possessing the Il1r1-/- genotype lacked any positive staining for 

Il1r1 (Figure 7C). The absence of the Il1r1 receptor on the cell surface resulted in a 

functional deficiency, as indicated by an absence of NF-κB activity after IL-1α 

stimulation, whereas stimulated wild-type and Il1r1+/- cells exhibited a 6.3- and 4.8-fold 

induction, respectively (Figure 7D). 
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Figure 7: (A) Genomic PCR from clones isolated after single-cell deposition.  

PCR amplicons represent the presence or absence of exon 2 in the Il1r1 locus.  (B) 

Sanger sequencing from an allele with the CRISPR/Cas9-mediated deletion of exon2 

from Il1r1. (C) Flow cytometry histograms demonstrating differential levels of Il1r1 

surface expression in populations derived from each of the Il1r1+/+, Il1r1+/- and Il1r1-/- 

genotypes. (D) Luminescence data characterizing the transcriptional activity of NF-κB 

in Il1r1+/+, Il1r1+/-, and Il1r1-/- cells after a 24 hour treatment with 1 ng/ml IL-1α. Bars 

represent group means ± SEM (n = 4).  Groups not sharing the same letter are 

statistically different (p<0.05). 

3.3.2 Cartilage engineered from CRISPR/Cas9-edited iPSCs is 
protected from IL-1α 

Gene expression assays demonstrated that IL-1α (1 ng/ml)  induced significant 

upregulation of catabolic gene products and markers of inflammation in aggregates 

derived from cells with intact Il1r1 (Figure 8).  Ccl2 and Il6, soluble mediators of OA and 
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sentinel markers of inflammation, were elevated over 50-fold at 72 hrs in the Il1r1+/+ and 

Il1r1+/- aggregates (p<10e-6).  Expression of catabolic enzymes responsible for cartilage 

matrix degradation, such as Adamts4, Adamts5, Mmp9, and Mmp13, were significantly 

upregulated in aggregates generated with functional Il1r1 (p< 0.007).  Expression of Elf3, 

a transcription factor responsible for cytokine-induced suppression of type II collagen 

(Peng et al., 2008), was also upregulated in Il1r1+/+ and Il1r1+/- aggregates (p<10e-6).  This 

corresponded to a concomitant reduction in Col2a1 expression in the same aggregates 

after IL-1α induction (p<10e-6).  Furthermore, Acan expression was suppressed after IL-

1α treatment in Il1r1+/+ and Il1r1+/- aggregates as well (p<10e-6).  However, soluble 

markers of inflammation (p>0.30), catabolic enzymes (p>0.12), and pro-inflammatory 

transcription factors were not upregulated in Il1r1-/- aggregates (p>0.64).  Moreover, 

Col2a1 and Acan expression were unaffected by IL-1α induction (p>0.07, Figure 8).  
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Figure 8: Relative gene expression data as measured by qRT-PCR to examine 

the effects of IL-1α treatment on engineered cartilage derived from either Il1r1+/+, 

Il1r1+/-, or Il1r1-/- cells. Fold changes were determined relative to a reference group 

cultured without IL-1α and by using 18s rRNA as a reference gene. Bars represent 

group means of fold change ± SEM (n = 4).  Groups not sharing the same letter are 

statistically different (p<0.05). 

In accordance with the observed changes at the transcriptional level, treatment 

with IL-1α resulted in an altered biochemical composition of cartilage aggregates 

generated from the Il1r1+/+ and Il1r1+/- genotypes.  Treatment with IL-1 had no effect on 

DNA content in aggregates (Figure 9A).  Interestingly, DNA content in Il1r1+/- pellets 

was significantly higher than DNA content in aggregates derived from Il1r1+/+ or Il1r1-/- 
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cells, possibly due to a higher level of proliferation or cell survival in the clone chosen 

for these experiments.  Concomitant with this increased DNA content, aggregates 

derived from Il1r1+/- displayed increased accumulation of sGAG and total collagen 

(Figure 21, Appendix A).  Despite this increased accumulation, Il1r1+/--derived cartilage 

remained highly responsive to IL-1α.  Sulfated GAG was found to be significantly 

dependent on IL-1α treatment and genotype, with aggregates derived from Il1r1+/+ or 

Il1r1+/- clones losing over 65% of sGAG or sGAG/DNA (p<10e-6, Figure 9B,D).  

Aggregates engineered from CRISPR/Cas9-edited Il1r1-/- cells were protected from the 

IL-1α treatment, with no significant difference in sGAG or sGAG/DNA content 

associated with IL-1α treatment (p>0.95).  No significant differences due to IL-1α were 

found for total collagen or total collagen/DNA (Figure 9C, E).  

Histological findings support the changes observed in matrix composition from 

biochemical analyses (Figure 9F).  A GAG-rich matrix developed in all genotypes after 

maturation of engineered cartilage.  As suggested by the biochemical data, larger 

aggregates developed from Il1r1+/- cells.  However, a marked reduction of Safranin-O 

staining was observed in aggregates with intact Il1r1 after IL-1 treatment, consistent 

with the biochemical measurement of loss of sGAG for both Il1r1+/+ and Il1r1+/--derived 

aggregates.  
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Figure 9: (A-E) Biochemical analyses of engineered cartilage composition.  (A) 

Double-stranded DNA (dsDNA) content, (B) sulfated glycosaminoglycan (sGAG) per 

DNA, (C) total collagen per DNA, (D) Total sGAG per aggregate and (E) Total 

collagen per aggregate. Bars represent group means ± SEM (n = 6). *p<0.05 between 

Il1r1+/- and other genotypes. Groups not sharing the same letter are statistically 

different (p<0.05).  (F) Representative images from safranin-O/fast green/hematoxylin 

staining of 10 µm sections of engineered cartilage treated with or without 1 ng/ml of 

IL-1 for 72 hours.  Scale bar = 500 µm. 

 

Culture media collected from Il1r1+/+ and Il1r1+/- samples displayed features 

characteristic of a degenerative environment after a 72-hour treatment with IL-1α, 

whereas media collected from Il1r1-/- samples exhibited no signs of IL-1α-responsiveness 

(Figure 10A-D).  Specific MMP activity was significantly elevated in media collected 

from IL-1α-treated Il1r1+/+ and Il1r1+/- aggregates (Figure 10A), likely contributing to the 
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elevated levels of sGAG detected in the same media samples (Figure. 10B).  The 

accumulation of significantly higher levels of sGAG in these samples is consistent with 

the observed loss of sGAG in engineered cartilage derived from Il1r1+/+ and Il1r1+/- cells.  

Furthermore, the higher levels of PGE2 and total nitric oxide species found in Il1r1+/+ and 

Il1r1+/- samples (Figure 4C and D) reflects the inflammatory state IL-1α was capable of 

inducing when Il1r1-competitent cells were used to engineer cartilage, while IL-1α did 

not affect the of the Il1r1-/- -derived cartilage. 

 

Figure 10: Analysis of media samples collected from engineered cartilage 

aggregates cultured with or without 1 ng/ml IL-1α for 72 hours.  (A) Specific MMP 

activity (n = 7).  RFU indicates relative fluorescence units.  (B) Concentration of sGAG 

measured in culture media (n = 6).  (C) PGE2 concentration (n = 4).  (D) Total nitric 

oxide concentrations (n = 4). Bars represent group means ± SEM.  Groups not sharing 

the same letter are statistically different (p<0.05). 
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3.4 Discussion 

This work demonstrates the utility of programmable nucleases for applications 

in tissue engineering and regenerative medicine by developing stem cells with 

customized properties at the scale of the genome.  Using targeted gene editing 

nucleases, we engineered pluripotent stem cells with the trait of IL-1-resistance by 

deleting the Il1r1 signal peptide sequence.  CRISPR/Cas9-mediated editing of the Il1r1 

locus resulted in complete loss of IL-1 signaling by all measures evaluated.  Importantly, 

cartilage derived from CRISPR/Cas9-edited pluripotent stem cells displayed the capacity 

to withstand treatment with 1 ng/ml IL-1.  Taken together, these results indicate that 

genome editing serves as an effective means for generating stem cells with application-

specific features pertinent to tissue regeneration, maintenance, and repair. 

The degeneration of cartilage during the onset and progression of OA arises from 

the orchestration of a variety of pro-inflammatory mediators.  IL-1 and TNF-α are 

considered the primary mediators of catabolic signaling (Kapoor et al., 2011; Klein-

Marcuschamer et al., 2010; Marcu et al., 2010).  These cytokines are produced by 

chondrocytes, mononucleocytes, osteoblasts, and synovial fibroblasts in OA joints 

(Kapoor et al., 2011). They induce a transcriptional program driven by transcription 

factors such as AP-1 and c-jun N-terminal kinase (Liu et al., 2012; Mengshol et al., 2000), 

though the central transcriptional regulator of catabolism is thought to be NF-κB (Marcu 

et al., 2010).  These activated transcriptional networks result in increased nitric oxide and 
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PGE2 production and lead to activation of MMPs and ADAMTS family members.  

Ultimately, the pro-inflammatory environment generates a disruption of the collagenous 

network that normally resists swelling of the tissue and also results in catabolism of the 

intertwined proteoglycan mesh, leading to severe cartilage erosion (Bondeson et al., 

2007; Gendron et al., 2007; Glasson et al., 2005; Kapoor et al., 2011; Kobayashi et al., 2013; 

Stanton et al., 2005; Wuertz et al., 2012). 

In this work, we explored the possibility of generating cells capable of resisting 

the osteoarthritic program initiated by IL-1.  We measured success by evaluating the 

ability of cartilage engineered from Il1r1-deficient cells to withstand degradation driven 

by 1 ng/ml of IL-1 for three days.  Previous studies have shown that such levels of IL-1 

result in severe degradation of both engineered cartilage as well as cartilage from mouse 

explants  (Willard et al., 2014).  In this study, cartilage derived from either Il1r1+/+ or 

Il1r1+/- cells was highly susceptible to this in vitro model of OA, as shown by extreme loss 

of sGAG and production of degradative enzymes such as MMPs as well as pro-

inflammatory mediators including PGE2 and NO.  Furthermore, cartilage derived from 

Il1r+/+ and Il1r1-/- cells showed a significant induction of a pro-inflammatory gene 

transcriptional program after IL-1 treatment.  However, cartilage derived from 

CRISPR/Cas9-engineered cells lacking functional Il1r1 demonstrated complete 

protection from IL-1 treatment, including preservation of extracellular matrix 

constituents as observed histologically and biochemically, as well as a lack of induction 
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of catabolic enzymes and pro-inflammatory mediators.  This is in accordance with early 

work demonstrating the role of Il1r1 in IL-1 signal transduction (Labow et al., 1997), in 

which Il1r1-deficient mice failed to respond to IL-1, though the mice developed 

normally and were able to maintain homeostasis. 

Our results show that genome editing with CRISPR/Cas9 yielded the desired 

genomic modification in more than 10% of isolated clones in an unselected population.  

This method allows for site-specific gene deletion independent of targeting donor 

vectors that harbor gene traps or loxP sites that facilitate subsequent Cre-mediated 

excision. Thus, this approach overcomes the need for ectopic overexpression of 

selectable markers or Cre recombinase, and allows for direct, efficient gene editing. 

The approach of site-specific genome engineering of stem cells with user-

specified traits not only opens new avenues for conferring IL-1 resistance to cells for 

functional tissue engineering and regenerative medicine, but it may also may prove 

complementary to earlier attempts to combat IL-1 in an arthritic joint.  Promising 

approaches from previous work include the use of the competitive antagonist IL-1Ra via 

intra-articular protein delivery (Furman et al., 2014; Kimmerling et al., 2015).  Other 

strategies entail ectopic overexpression of IL-1Ra by viral delivery to cells within the 

synovial joint (Evans et al., 2013; Goodrich et al., 2013; Kay et al., 2009; Watson et al., 

2013), by transplantation of cells genetically engineered for constitutive overexpression 

of IL-1Ra (Wehling et al., 2009b), or by incorporation of IL-1Ra gene delivery vehicles in 
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tissue engineering scaffolds designed for implantation into joint defects (Glass et al., 

2014).  Existing data suggests that these approaches hold great promise when the 

presence of IL-1Ra is sufficient to combat pathologic levels of IL-1, which may prove 

challenging if engineered tissues remain susceptible to high levels of IL-1 signaling.  

Cartilage engineered from cells rendered incapable of transducing the IL-1 signal may 

serve as an ideal cell-based drug delivery platform, which may remain intact in the 

presence of high levels of IL-1 while functioning to protect the surrounding, IL1R1-

competent cells from IL-1 signaling by secreting IL-1Ra into the inflamed 

microenvironment. 

By demonstrating the feasibility of customizing stem cells to achieve desired 

features for tissue engineering, our work extends previous studies exploring the wide 

utility of programmable nucleases.  Targeted genome editing nucleases, including the 

RNA-guided CRISPR/Cas9 system used in this work as well as zinc-finger nucleases 

(ZFNs) and transcription activator-like effector nucleases (TALENs), have been 

extensively characterized for use in gene and cell therapy.  Clinical trials have 

demonstrated the safety and feasibility of using ZFNs to disrupt the CCR5 HIV co-

receptor in human T cells (Tebas et al., 2014).  Pre-clinical in vivo research has 

demonstrated feasibility of using ZFNs, TALENs, and CRISPR/Cas9 to correct disease-

causing mutations, including cystic fibrosis (Schwank et al., 2013), fumarylacetoacetate 

hydrolase mutation (Yin et al., 2014), X-linked SCID (Urnov et al., 2005), α1-antitrypsin 
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deficiency (Yusa et al., 2011), sickle cell anemia (Sebastiano et al., 2011; Zou et al., 2011), 

hemophilia (Li et al., 2011), β thalasemmia (Ma et al., 2013), and muscular dystrophy 

(Long et al., 2014; Ousterout et al., 2015a; Ousterout et al., 2015b).  Furthermore, 

investigators have widely used these nucleases to explore the association of single 

nucleotide polymorphisms with diseased phenotypes for chronic conditions such as 

Parkinson (Soldner et al., 2011).  Finally, genome-wide screens exploiting CRISPR/Cas9 

have allowed the identification of genes that confer chemo-resistance in tumor cells 

(Shalem et al., 2014) and that control the induction of innate immune circuits in primary 

dendritic cells (Parnas et al., 2015). 

The CRISPR/Cas9 system provides an attractive platform for editing mammalian 

genomes due to high levels of efficiency at generating double strand breaks at target 

sites and the ease with which sequence specificity of Cas9 can be re-programmed with a 

new guide RNA.  In addition to these features, recent characterization of CRISPR/Cas9-

mediated genome engineering indicates that nuclease activity is highly specific, even in 

human pluripotent stem cells (Kiskinis et al., 2014; Smith et al., 2014; Suzuki et al., 2014; 

Veres et al., 2014; Yang et al., 2014).  These studies have shown that off-target 

mutagenesis occurs at a rate on par with or below that which accumulates simply by 

serial passaging of unedited cells.  Moreover, significant strides have been made toward 

engineering improved specificity to the Streptococcus pyogenes CRISPR/Cas9 system, 

without drastic reductions in targeting efficiency.  Such methods involve the utility of 
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dual nickase versions of CRISPR/Cas9 (Ran et al., 2013), the use of truncated sgRNAs 

(Fu et al., 2014), and the development of catalytically inactive Cas9 fused with RNA-

guided FokI nucleases (Tsai et al., 2014), in which DNA double strand breaks can only 

be generated when the CRISPR/Cas9 system functions as an obligate heterodimer.  Use 

of this technique has reportedly decreased off-target activity to undetectable levels in 

some experiments.  Though our work did not take advantage of any of these features, 

we anticipate that such developments make the use of designer nucleases more 

attractive for functional tissue engineering applications. 

An alternative approach to attenuating Il1r1 signal transduction would entail use 

of either RNA interference (RNAi) or CRISPR interference (CRISPRi) to suppress 

transcription of Il1r1.  Unlike approaches relying on RNAi, the targeted gene deletion 

employed in this work abolishes expression of functional gene product without risk of 

toxicity associated with saturating microRNA pathways (Grimm et al., 2006).  

Additionally, while CRISPRi has proven effective for reducing transcription of many 

target genes, even low levels of persistent expression of Il1r1 could result in loss of 

protection against IL-1 stimulation in long-term exposure experiments. The approach of 

targeted gene disruption abrogates this risk by generating cells with no functional copy 

of the Il1r1 gene. 

By coupling emergent genetic engineering technologies with pluripotent stem 

cells, we demonstrate the potential to generate designer stem cells tailored at the scale of 
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the genome with features suitable for musculoskeletal regenerative medicine 

applications.  In this work, we exploited the ability to clonally expand genome 

engineered murine iPSCs to show proof-of-principle utility of gene editing nucleases in 

cartilage tissue engineering.  Although protocols for generating cartilage tissue from 

human pluripotent stem cells have been developed (Craft et al., 2015; Lee et al., 2015; 

Yamashita et al., 2014; Yang et al., 2012), the consistent production of high quality, GAG-

rich tissue has remained challenging.  Future investigation will probe whether the 

techniques used here can be extended to human iPSCs.  Furthermore, continued 

development of genome engineering reagents may eventually permit the direct editing 

of patient-derived mesenchymal stem cells or joint cells in situ at modification rates 

adequate for a therapeutic effect, abrogating the need for clonal isolation and cell 

expansion. 

3.5 Summary 

The goals of this study were to engineer iPSCs with specific genomic alterations 

that confer resistance to IL-1 and to validate the potential utility of these stem cells as a 

source for cartilage tissue engineering.  CRISPR/Cas9 nucleases capable of mediating 

deletion of the signal peptide sequence of the interleukin 1 receptor 1 gene (Il1r1) were 

transfected into murine iPSCs, and clones were subsequently isolated.  Three of 41 iPSC 

clones possessed the Il1r1+/- genotype and four possessed the Il1r1-/- genotype.  Flow 

cytometry confirmed Il1r1 loss in Il1r1-/- genotyped cells.  IL-1α induced NF-κB 
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transcriptional activity in Il1r1+/+ and Il1r1+/- cells but failed to do so in Il1r1-/- cells.  

Cartilage engineered from Il1r1-/- clones was resistant to IL-1α-mediated degradation, as 

indicated by gene expression analyses and the preservation of sulfated 

glycosaminoglycan in the cartilage extracellular matrix, while cartilage derived from 

Il1r1+/+ and Il1r1+/- clones demonstrated a significant degradative response to the IL-1-

mediated in vitro model of OA, including loss of more than 65% of sGAG compared to 

controls.  Using targeted gene editing nucleases, we engineered IL-1-resistant 

pluripotent cells, demonstrating the potential to tailor stem cells at the genomic scale 

with features suitable for tissue engineering and regenerative medicine applications. 
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4. Stem cells reprogrammed through genome 
engineering for autonomously regulated anti-cytokine 
therapy 

4.1 Introduction 

Chronic inflammatory diseases such as arthritis are characterized by aberrant 

activity of cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1).  

These pro-inflammatory mediators are expressed by a wide variety of cells in 

musculoskeletal tissues, including myotubes, satellite cells, chondrocytes, synovial 

fibroblasts, osteoblasts, and resident as well as infiltrating innate immune cells.  These 

cell types are also capable of responding to TNF-α and IL-1α through canonical 

signaling via their cognate cell surface receptors.  In healthy tissue, appropriate 

signaling of  TNF-α and IL-1 contributes to organ and tissue homeostasis.  In this state, 

these mediators promote tissue remodeling (Banno et al., 2004; Furman et al., 2014; 

Gerstenfeld et al., 2003; Kimmerling et al., 2015; Peralta Soler et al., 1996), orchestrate 

phagocytosis of cellular debris and immunogenic substrates (Michlewska et al., 2009), 

and coordinate transitions between niche stem cell quiescence and 

proliferation/differentiation programs (Palacios et al., 2010; Rebel et al., 1999; Rezzoug et 

al., 2008).  TNF-α has also been shown to enhance stem cell differentiation in a variety of 

efforts to enhance MSC osteogenesis (Croes et al., 2015; Mountziaris et al., 2010).  

However, in chronic diseases, elevated levels of these pro-inflammatory cytokines can 

lead directly to pain (Marchand et al., 2005), cytotoxicity (Georgopoulos et al., 1996), 
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accelerated tissue catabolism or wasting (Bonaldo and Sandri, 2013; Reid and Li, 2001), 

and exhaustion of resident stem cell niches (Palacios et al., 2010).  

A number of exogenous anti-cytokine therapies have been shown to effectively 

counteract the negative sequelae of TNF-α and IL-1 dysregulation.  Competitive 

antagonists such as IL-1 receptor antagonist (IL-1Ra, anakinra) have been shown to 

alleviate symptoms of rheumatoid arthritis (Choy et al., 2013) and the onset of post-

traumatic arthritis (Furman et al., 2014).  Anti-TNF therapies such as the soluble type 2 

TNF receptor (etanercept) and monoclonal antibodies to TNF-α (adalimumab, 

infliximab)  have demonstrated efficacy toward offsetting pain associated with chronic 

and rheumatic diseases, including arthritis (Scott and Kingsley, 2006), ankylosing 

spondylitis (Gorman et al., 2002), Crohn disease (Sands et al., 2004; Taxonera et al., 

2009), plaque psoriasis (Paller et al., 2008; Tyring et al., 2006), and ulcerative colitis 

(Cohen et al., 2009).   The utility of the type I soluble TNFR receptor (sTNFR1) has also 

been investigated as a gene therapy for treatment of chronic diseases (Khoury et al., 

2007).  These therapies are generally provided in the context of relatively high or 

unregulated doses.  Due to the pleiotropic roles of TNF-α and IL-1 and their 

involvement in tissue homeostasis, use of such therapies is not without consequences.  

Some of the most significant side effects associated with these treatment options include 

increased susceptibility infection as well as to auto-immune diseases such as lupus, 

interstitial lung disease, and vasculitis (Ramos-Casals et al., 2008).  Moreover, excess 
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inhibition of these cytokines can interfere with tissue regeneration and repair (Gopinath 

and Rando, 2008; Kimmerling et al., 2015; Mozzetta et al., 2009; Palacios et al., 2010).  

Here, we propose a novel regenerative medicine approach to treatment of such 

chronic inflammatory diseases by generating custom-designed cells that can execute 

real-time, programmed responses to environmental cues, including pro-inflammatory 

cytokines. We designed and deployed gene editing nucleases based on the CRISPR/Cas9 

system to create stem cells with the ability to antagonize IL-1-and TNFα-mediated 

inflammation in an auto-regulated, feedback-controlled manner.  Targeted gene 

addition of IL-1 and TNF antagonists was performed at the Ccl2 locus in order to confer 

cytokine-activated and feedback-controlled expression of biologic therapies.  Genome-

edited stem cells were then used to engineer articular cartilage tissue in order to 

establish the efficacy of self-regulated therapy toward protection of tissues against 

cytokine-induced degeneration.  We hypothesize that this approach of repurposing 

normally degradative signaling pathways will facilitate transient production of cytokine 

antagonists and will therefore permit effective treatment of chronic diseases while 

overcoming limitations associated with delivery of large drug doses or constitutive 

overexpression of biologic compounds. 
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4.2 Methods 

4.2.1 Induced pluripotent stem cell derivation and culture 

Murine induced pluripotent stem cells were derived and cultured as previously 

described (Diekman et al., 2012).  Briefly, tail fibroblasts from adult C57BL/6 mice were 

transduced with a lentiviral vector driving doxycycline-inducible expression of Oct4 

(Pou5f1), Sox2, Klf4, and c-myc (Carey et al., 2009).  Pluripotent cells were maintained 

on mitomycin C-treated mouse embryonic feeders (MEFs; Millipore) in medium 

comprised of high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with L-glutamine, sodium pyruvate, 20% fetal bovine serum, 100 nM minimum essential 

medium non-essential amino acids (NEAA; Gibco), 55 µM β-mercaptoethanol (2-ME; 

Gibco), and 1,000 units of leukemia inhibitory factor (LIF; Millipore).  A Col2a1-GFP 

reporter construct (Grant et al., 2000) was transfected into cells by Nucleofection, and a 

clone stably expressing the reporter upon chondrogenic induction was isolated after 

G418 selection.   

4.2.2 Genome editing and clonal isolation 

A plasmid encoding human codon optimized Streptococcus pyogenes  Cas9 

(hCas9) was obtained as a gift from George Church (Mali et al., 2013) (Addgene plasmid 

#41815).  To target hCas9 to the Ccl2 locus, a protospacer  targeting the start codon of the 

Ccl2 coding sequence was generated using the following complementary 

oligonucleotides: sgMcp1-4_S: 5’- cacc G CTCTTCCTCCACCACCATGC-3’ and sgMcp1-
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4_AS: 5’-aaac GCATGGTGGTGGAGGAAGAG C-3’, where lower case bases were used 

to clone into BbsI-generated overhangs in the expression vector, and the guanine 

upstream of the protospacer was included to promote efficient transcription from the U6 

promoter in the expression vector.  To produce a single chimeric guide RNA (sgRNA) 

expression vector, complementary oligonucleotides containing the protospacer sequence 

were hybridized, phosphorylated, and cloned into an expression vector (Perez-Pinera et 

al., 2013a) (Addgene plasmid # 47108) employing an human U6 promoter to drive 

expression of a chimeric Streptococcus pyogenes crRNA/tracrRNA sequence containing 

the aforementioned protospacer. 

Targeting vectors were produced in which coding sequences for each transgene 

(luciferase, sTNFR1-IgG, or Il1ra) were cloned directly in place of the start codon of Ccl2.  

The left homology arm was generated by PCR amplifying the region flanked by the 

following oligonucleotides from murine genomic DNA isolated using the DNeasy Blood 

& Tissue Kit (Qiagen): 5’-AAATTTCTTCTGCACCATGAG-3’ and 5’- 

CATGGTGGTGGAGGAAGAGAGAGC-3’.  The right homology arm was similarly 

generated and defined by the following oligonucleotides: 5’- 

CAGGTCCCTGTCATGCTTCTG-3’ and 5’- ATCTGGGATGTGATCTTTGACA-3’.  

Targeting vectors were produced by isothermal assembly using pGL3-Basic (Promega) 

as a backbone.  First, PCR fragments including transgenes followed by a Simian virus 40 

polyadenylation signal sequence (SV40 polyA) were ligated to the left and right 
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homology arms.  Template for the Luciferase transgene was pGL3-Basic.  The template 

for the sTNFR1-IgG transgene was a vector provided as a generous gift from Pascal 

Bigey (Bloquel et al., 2004).  The template for Il1ra was cDNA from murine C57Bl/6 mice. 

The resulting vectors were sequence confirmed, then an expression cassette comprised 

of the CMV promoter, the hygromycin B phosphotransferase coding sequence, and a 

bovine growth hormone polyA was cloned into each vector between the 3’ end of the 

SV40 polyA following the transgene and the 5’ end of the right homology arm.   

Prior to transfection, iPSCs were trypsinized and subjected to a 30-minute feeder 

subtraction.  Lipofectamine 2000 (Lifetechnologies) was used following manufacturer’s 

instructions to co-transfect 800 ng of each sgRNA and 800 ng hCas9 along with 1.5 µg of 

the appropriate targeting vector into iPSCs freshly plated on MEFs in complete, 

antibiotic-free iPSC medium in a 6-well plate.  The following day, cells were subjected to 

selection using 100 µg/ml of hygromycin B (Lifetechnologies). Transfected cells were 

subcultured on MEFs for 2 weeks prior to clonal isolation.   

Clones were isolated either by iterative mechanical picking or by single-cell 

deposition.  Single cell deposition was performed using a FACSVantage sorter (Becton 

Dickson).  In preparation for single cell deposition, iPSCs were feeder subtracted prior to 

culture on 0.1% gelatin for 2 days.  Cells were then trypsinized and subjected to a final 

feeder subtraction and then suspended in calcium- and magnesium-free PBS, 1 mM 

EDTA, 25 mM HEPES, and 1% FBS.  Individual cells were then deposited into MEF-
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containing wells of a 96-well plate.  Clones were sub-cultured on MEFs throughout the 

screening process.  Targeted integration was assayed by performing junction PCR using 

the oligonucleotides listed in Table 2 for each target.  For the PCR, a subset of each clone 

was lysed using QuickExtract (Epicentre) according to the manufacturer’s instructions.  

The cell lysate was then diluted 8-10 fold prior to use as template in a PCR using Q5 

polymerase (NEB) according to manufacturer’s instruction with the following cycling 

parameters: 98/30”|98/8”;68/10”;72/20”|x35;72/2’.  Clones exhibiting unique and specific 

product from the junction PCR were propogated on MEFs and until further 

differentiation.  Further analysis of targeting of the Ccl2 alleles in these clones were 

performed using the following oligonucleotide pair: Surv MCP1 F1: 5’- 

tcccaggagtggctagaaaa-3’; Surv MCP1 R1: 5’- ccacgacaattcaaaaatgg-3’. 

 

Table 2: Primer pairs used in junction PCR to determine the presence of 

targeted integration events on Ccl2 alleles. 

Target Forward Primer Reverse Primer 

Il1ra 5’- TCAGCTGCCTGATCTGAGAA-3’ 5’-AGGTCAATAGGCACCATGTCTA-3’ 

Firefly Luciferase 5’- TCAGCTGCCTGATCTGAGAA-3’ 5’- CAGCGTAAGTGATGTCCACCT-3’ 

sTNFR1-IgG 5’- TCAGCTGCCTGATCTGAGAA-3’ 5’- CACTCCCTGCAGTCCGTATC-3’ 

 

4.2.3 Micromass pre-differentiation culture 

Induced pluripotent stem cells were subjected to a 15-day, high-density 

micromass culture to achieve differentiation toward a mesenchymal state.  Cells were 

cultured in serum-free differentiation medium consisting of high glucose DMEM, 
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NEAA, 2-ME, ITS+ (insulin, transferrin, selenium) premix supplement (BD), 25 ng/ml 

gentamicin, 50 µg/ml L-ascorbic acid-phosphate, and 40 µg/ml L-proline.  On days 3-5 

only, medium was supplemented with 100 nM dexamethasone (Sigma) and 50 ng/ml 

murine BMP-4 (R&D Systems).  Micromasses were dissociated on day 15 with pronase 

and type II collagenase in order to attain a single cell suspension.  Dissociated cells were 

plated in monolayer on gelatinized vessels and cultured in differentiation medium 

supplemented with 4 ng/ml bFGF (Roche) and 10% FBS.  Cells were subsequently 

utilized in monolayer to probe the dynamical response of engineered cells to IL-1 or 

TNF treatment.  Additionally, cells were used to derive engineered cartilage in order to 

evaluate the utility of these cells as a source for inflammation-protected tissue 

regeneration. 

4.2.4 NF-κB activity assay 

A lentiviral construct containing 4 putative NF-κB response elements upstream 

of firefly luciferase was generated by cloning the following sequence: 5’-

CGGGAAATTCCGCTAGCACTAGTGGGACTTTCCCACTAGTGGGAAATTAGCCCG

GGACTTTCCCGTCTCCTCGAGGGGACTTCCCA-3’ upstream of the minimal CMV 

promoter in pGL3Basic (Promega) and then sub-cloning the cassette including the 

luciferase transgene into a lentiviral expression vector.  Additionally, an NF-κB negative 

regulatory element (NRE – 5’-AATTCCTCTGA-3’)(Nourbakhsh et al., 1993) was cloned 

upstream of the response elements in order to reduce background signal from the 
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luciferase vector.  Lentivirus was generated by co-transfecting 2 ug of the cloned transfer 

vector, 1.5 ug of psPAX2 (Addgene 12260) and 0.6 ug of pMD2G (Addgene 12259) into 

293T cells cultured at confluence in the well of a 6-well plate using Lipofectamine 2000.  

The next day, medium from 293T lentivirus producer cells was changed and 

conditioned medium containing lentivirus was collected approximately 36 and 60 hours 

after transfection.  The lentiviral supernatant was filtered through 0.45 um cellulose 

acetate filters and stored at -80°C until use. 

Pre-differentiated cells were transduced by supplementing culture medium 1:1 

with viral supernatant as well as 4 µg/ml polybrene and incubating the cells in the 

presence of the virus overnight.  Transduced cells were expanded, passaged, and then 

treated with IL-1.  At the indicated time points, samples were lysed and assayed for 

luminescence using a Bright Glo (Promega) luminescence kit according to 

manufacturer’s instructions.  Luminescence normalized to background levels of no 

cytokine treatment were used to report induction of NF-κB transcriptional activity.  

4.2.5 Chondrogenesis in aggregate culture system 

 Multiple chondrogenesis experiments were performed using slightly varying 

experimental conditions.  Each experiment comprised of matched controls cultured 

under the same conditions (e.g., passage number, starting cell number per sample, 

length of cartilage maturation period).  Passage 2-3 pre-differentiated cells were 

trypsinized and resuspended in differentiation medium supplemented with 100 nM 
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dexamethasone and 10 ng/ml TGF-β3 (R&D Systems) at a density of 1e6 cells/ml.  

Aggregate cultures were produced by placing cells in wells a u-bottom 96-well plate 

(125,000 – 250,000 cells per well, depending on the experiment) or in 15 ml conical tubes 

(500,000 cells per tube).  Cells were pelleted by centrifugation at 200x g and cultured for 

three to four weeks prior to treatment with cytokine (0, 0.1-1 ng/ml IL-1α, or 20 ng/ml 

TNF-α) in the absence of dexamethasone and TGF-β3.  Three days later, aggregate 

cultures and culture supernatant samples were harvested for gene expression, 

biochemical, and histological analyses. 

4.2.6 Biochemical analyses of engineered cartilage.   

Samples used for biochemical analyses were harvested, rinsed with DPBS, and 

stored at -20°C until testing.  Aggregate culture samples were digested in papain (125 

µg/ml; Sigma)  at 65°C overnight.  Digested samples were then analyzed using the 

picogreen assay (Lifetechnologies) to measure double-stranded DNA, the ortho-

hydroxyproline assay (Woessner, 1961) for measuring total collagen content, and the 

dimethylmethylene blue assay (Farndale et al., 1986) for measuring the total sulfated 

glycosaminoglycan content of tissues (n = 3-6 per group). 

4.2.7 Gene expression   

Samples for gene expression analysis were rinsed in DPBS, lysed in cell lysis 

reagent (Norgen Biotek) and frozen at -80°C until further processing.  Total RNA was 

isolated per manufacturer’s recommendations (Norgen Biotek).  Engineered cartilage 



 

90 

samples were first homogenized with a pestle.  Reverse transcription was performed 

using the superscript VILO cDNA synthesis kit (Lifetechnologies) per manufacturer’s 

instructions.  Quantitative RT-PCR was performed with n = 3-4 samples per group on a 

StepOnePlus using Power Sybr (Applied Biosystems, Inc) per manufacturer’s 

instructions.  Fold changes were determined relative to a reference group cultured 

without IL-1α and by using 18s rRNA as a reference gene. Gene expression was probed 

using the primer pairs listed in Table 3. 

 

Table 3: Primer pairs used in qRT-PCR gene expression assays 

Target Forward Primer Reverse Primer 

r18s  5’-CGGCTACCACATCCAAGGAA-3’ 5’-GGGCCTCGAAAGAGTCCTGT-3’ 

Acan 5’-GCATGAGAGAGGCGAATGGA-3’ 5’-CTGATCTCGTAGCGATCTTTCTTCT-3’ 

Adamts4 5’-GACCTTCCGTGAAGAGCAGTGT-3’ 5’-CCTGGCAGGTGAGTTTGCAT-3’ 

Adamts5 5’-GCCCACCCAATGGTAAATCTTT-3’ 5’-TGACTCCTTTTGCATCAGACTGA-3’ 

Ccl2 5’- GGCTCAGCCAGATGCAGTTAA-3’ 5’-CCTACTCATTGGGATCATCTTGCT-3’ 

Col2a1 5’-TCCAGATGACTTTCCTCCGTCTA-3’ 5’-AGGTAGGCGATGCTGTTCTTACA-3’ 

Il1rn 5’- GTCCAGGATGGTTCCTCTGC-3’ 5’- TCTTCCGGTGTGTTGGTGAG-3’ 

Il6 5’- GAGGATACCACTCCCAACAGACC-3’ 5’-AAGTGCATCATCGTTGTTCATACA-3’ 

Mmp9 5’- CGAACTTCGACACTGACAAGAAGT-3’ 5’-GCACGCTGGAATGATCTAAGC-3’ 

Mmp13 5’- GGGCTCTGAATGGTTATGACATTC-3’ 5’-AGCGCTCAGTCTCTTCACCTCTT-3’ 

sTNFR1 5’- ATTGGACTGGTCCCTCACCT-3’ 5’- CACTCCCTGCAGTCCGTATC-3’ 

 

4.2.8 Enzyme-Linked Immunosorbent Assays 

Media samples used in ELISAs were collected from wells and stored at -20°C or -

80°C until used.  Reagents for ELISAs were purchased from R&D and used according to 

manufacturer’s recommendations.   
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4.2.9 Histological processing 

Samples for histology were rinsed in DPBS upon harvest, fixed in 4% 

paraformaldehyde for 24 hours, paraffin embedded, and sectioned at 10 µm thickness.  

Samples were stained with Safranin-O/fast green/hematoxylin using standard protocols.   

4.2.10 Statistical analysis 

Statistical analysis was performed in the Statistica 7 software package using 

ANOVA with Fisher’s protected least significance difference post-hoc test with α = 0.05.  

For qRT-PCR comparisons, fold change values were log-transformed prior to statistical 

analysis.  Average group values and standard errors of the means were calculated in the 

logarithmic space prior to transforming data to linear values for reporting fold changes.   

4.3 Results 

4.3.1 Clonal Isolation and Screening   

A major goal of this work was to reprogram iPSCs with the capacity to respond 

to an inflammatory transcription stimulant with potent and autonomously regulated 

anti-cytokine production (Figure 11).  As such, transgenes encoding the a firefly 

luciferase transcriptional reporter or a cytokine antagonist, either Il1ra or sTNFR1-IgG, 

were targeted to the Ccl2 locus using the CRISPR/Cas9 gene editing platform. After 

hygromycin selection and junction PCR screening, multiple clones were identified to 

possess targeted integration events at the Ccl2 locus (Figure 4.2).  For the luciferase 

transgene, 2 out of 11 clones initially screened after mechanical isolation displayed 
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evidence of targeted integration.  Afterwards, one of these clones was subcloned, and 6 

out of 10 subclones displayed clear evidence of targeted integration (2 of these are 

displayed in Figure 12).  For Il1ra, 4 out of 34 clones were positive and for sTNFR1-IgG, 

3 out of 44 possessed the targeted integration event (Figure 12).  Subsequent PCR 

analyses were performed to probe whether one or both Ccl2 alleles were targeted in 

these clones of interest.  In all cases, only one allele contained the targeted integration 

event.  Furthermore, Sanger sequencing was performed on PCR products to determine 

whether the remaining Ccl2 allele lacking targeted integration was disrupted by 

CRISPR/Cas9 at the start codon.  At least one clone for each transgene group (luciferase, 

Il1ra, and sTNFR-IgG) was identified with an intact Ccl2 start codon. 



 

93 

 

Figure 11: Depiction of the re-purposed inflammatory signaling pathway in 

CRISPR/Cas9-engineered cells.  (A) In wild-type (WT) cells, TNF-α signaling through 

its type 1 receptor initiates a cascade leading to nuclear translocation and increased 

transcriptional activity of NF-κB, activating an inflammatory transcriptional program.  

One gene rapidly and highly upregulated by cytokine-induced NF-κB activity is Ccl2 

(shown in orange).  (B) A CRISPR/Cas9 RNA-guided nuclease (not depicted) 

generates a double strand break in the endogenous chromosomal locus near the start 

codon for Ccl2. Provision of a targeting vector with a transgene flanked by regions 

homologous to the Ccl2 locus promotes the use of this template for repair of the 

damaged allele in a subset of cells. (C) Such alleles would then be activated by TNF-

α, which would now drive expression of the soluble TNF type 1 receptor (sTNFR1).  

(D) Upon antagonism of TNF-α in the microenvironment, signal transduction through 

the membrane receptor would halt, NF-κB would remain sequestered in the 

cytoplasm, and expression of the sTNFR1 transgene would autonomously decay upon 

resolution of the local inflammation. 
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Figure 12: Ethidium bromide-stained agarose gel demonstrating the result of 

junction PCR probing for targeted integration of transgenes to the Ccl2 locus.  

Numbers after abbreviations indicate clone number (e.g., sTNFR23 = clone 23 in 

which the sTNFR1 transgene was targeted to Ccl2).  In each reaction, wild-type (WT), 

Ccl2-Il1ra, Ccl2-Luc, or Ccl2-sTNFR1 genomic DNA was used as a template.  A 2Log 

Ladder (NEB) was run along with samples and is shown in the right-most lane. 

4.3.2 Characterization of Responsiveness   

Clones of interest (referred to as Ccl2-Luc, Ccl2-Il1ra, or Ccl2-sTNFR1 lines as 

appropriate for each integrated transgene) were culture expanded on MEFs and then 

pre-differentiated in micromass culture.  First, we evaluated whether targeted transgene 

at the Ccl2 start codon would enable cytokine-inducible transgene expression.  As a 

point of reference, wild-type (WT) cells were treated with a range of TNF-α 

concentrations (0.2 – 20 ng/ml), and mRNA samples were collected at 4, 12, 24, and 72 

hours (Figure 13A).  Ccl2 gene expression was evaluated by qRT-PCR.  At all TNF-α 

concentrations tested, Ccl2 gene expression was elevated at each time point.  In the 2 

and 20 ng/ml groups, Ccl2 gene expression continued to increase through the 72 hour 

TNF-α treatment window.   
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Next, using our two Ccl2-luciferase cell lines, we induced luciferase expression 

by stimulating cells with 20 ng/ml TNF-α to evaluate whether transgene expression 

reflected endogenous Ccl2 expression in WT cells.  Relative luminescence measurements 

indicated that transgene expression in both clones was indeed stimulated by cytokine 

and increased across the 72-hour TNF-α treatment period (Figure 13B), consistent with 

findings from TNF-induced Ccl2 expression in WT cells. 

 

Figure 13: (A) qRT-PCR data showing the expression profile of Ccl2 after 

treatment of WT cells with various concentrations of TNF-α (n=3).  (B) Two cell lines 

were engineered to express luciferase from the endogenous Ccl2 locus and were then 

stimulated with 20 ng/ml of TNF-α.  Cells were lysed at the indicated time after TNF 

treatment and luminescence was measured as a readout for Ccl2-driven transgene 

expression (n=6). 

We then probed the responsiveness of our engineered cells endowed with Ccl2-

driven anti-cytokine transgenes.  We performed these experiments primarily by 

evaluating gene expression and transgene production in the Ccl2-sTNFR1 group, as lack 
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of this human transcript and protein in the murine cell populations would allow for 

direct conclusions regarding production from the Ccl2 locus, whereas murine Il1ra can 

be produced from its own endogenous gene as well as the Ccl2 locus in our engineered 

cells. 

Initially, we performed a time course and dose response experiment, in which 

Ccl2-sTNFR1 and wild-type cells were treated with a range of TNF-α concentrations (0.2 

– 20 ng/ml) for a variety of times (4, 12, 24, and 72 hours).  We evaluated the 

responsiveness of our engineered cells by measuring the expression of the sTNFR1 

transgene at both the mRNA and protein levels by qRT-PCR and ELISA, respectively.  

Furthermore, we measured the expression of Il6 at the mRNA level by qRT-PCR in order 

to characterize the state of inflammation the WT and engineered Ccl2-sTNFR1 cells 

experienced.   

As early as 4 hours after TNF-α treatment, the 2 and 20 ng/ml treatments resulted 

in significant upregulation of Il6 transcription in both the WT and Ccl2-sTNFR1 cells, 

while 0.2 ng/ml did not render significant upregulation (Figure 14A).  At the 12 hour 

time point, Il6 expression was significantly elevated at all TNF-α concentrations in WT 

cells; however, Il6 was only significantly upregulated in the Ccl2-sTNFR1 engineered 

cells at the 20 ng/ml level of TNF-α treatment (Figure 14B).  Even at the 20 ng/ml level of 

treatment, engineered cells showed a significantly lower level of Il6 induction than WT 

cells.  At the 24 hour time point, the medium and high concentrations of TNF-α drove an 
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upregulation of Il6 in WT cells, but only the high 20 ng/ml concentration resulted in 

significant upregulation of Il6 in the sTNFR1 engineered cells (Figure 14C).  By the 72 

hour time point, all three doses of TNF-α resulted in significant upregulation of Il6 in the 

WT cells, while TNF-α treatment only induced an upregulation of Il6 in the Ccl2-

sTNFR1 cells at the 20 ng/ml treatment level(Figure 14D).   

 

Figure 14: The profile of Il6 expression in response to various doses (X-axes) of 

TNF and across the indicated time points (A-D).  Values plotted represent the mean 

fold change in expression±SEM (n=3) as compared to matched cells of the same 

genotype treated with 0 ng/ml TNF and as normalized by the r18S reference gene. 

To evaluate whether the observations of Il6 gene expression reflect the general 

state of inflammation in these cells, we transduced WT and Ccl2-sTNFR1 cells with a 

lentiviral vector delivering an NF-κB luminescence reporter.  We then treated these cells 
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with 0 or 20 ng/ml TNF-α and after 24, 48, and 72 hours, lysed cells to measure 

luminescence as an output for NF-κB transcriptional activity.  At the 24 hour time point, 

the NF-κB transcriptional activity was upregulated in both WT and Ccl2-sTNFR1 cells.  

However, at the 48 and 72 hour time points, a sharp decline in NF-κB transcriptional 

activity was observed in engineered cells expressing sTNFR1 under control of the Ccl2 

locus (Figure 15A).  Taken together with the Il6 mRNA qRT-PCR results, these data 

indicate that the Ccl2-sTNFR1 cells are capable of attenuating the TNF-α- induced 

regulation of Il6 as well as a more general inflammatory state.  Furthermore, these 

results suggest that, after three days of TNF-α treatment, the cells are capable of 

antagonizing even a high (20 ng/ml) concentration of TNF-α, while control WT cells 

remain in a state of inflammation even after treatment with only 0.2 ng/ml TNF-α. 

To ascertain whether this attenuation could be mediated by cytokine-inducible 

production of the TNF-α antagonist sTNFR1 from the engineered cells, we measured the 

expression of sTNFR1 transgene in parallel with Il6 expression.  We found that sTNFR1 

expression was rapidly upregulated at the 4 hour time point (Figure 15B).  In the groups 

treated with 0.2 and 2 ng/ml of TNF-α, transgene expression began to decline between 

the 4 and 12 hour time points, in accordance with the decreased Il6 expression (Figure 14 

A, B).  This transition likely reflects an attenuated state of inflammation after low and 

medium treatment of TNF-α.  Ccl2-driven sTNFR1 expression continued to increase 

through the 24 hour time point at the high TNF-α treatment, but this level declined 
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rapidly toward baseline values at the 72 hour time point, consistent with the persistent 

state of inflammation at 24 hours that largely resolved by 72 hours as suggested by the 

Il6 and NF-κB transcription data (Figure 14 C, D and Figure 15A).  In accordance with 

these qRT-PCR data, we measured increased accumulation of sTNFR1 in culture media 

over time in a dose-dependent fashion (Figure 15C).   

 

Figure 15: (A) Fold change in NF-κB transcriptional activity as measured by the 

luminescence signal from NF-κB-dependent firefly luciferase expression. Bars 

represent the mean fold change in relative luminescence units (RLU)±SEM of cells 

treated with 20 ng/ml TNF-α for the indicated time as compared to controls cultured 

with 0 ng/ml TNF-α (n=4-6).  (B) Changes in Ccl2-driven expression of the sTNFR1 

transgene over time as measured by qRT-PCR.  Values plotted represent the mean 

fold change in expression±SEM (n=3) as compared to matched cells of the same 

genotype treated with 0 ng/ml TNF-α and as normalized by the r18S reference gene. 

The 0 hr timepoint (shaded) was not measured and is shown for illustration purposes 

only, as all samples at 0 hrs measure 1 by definition.  (C) ELISA data showing the 

concentration of sTNFR1 protein in culture media in samples treated with the 

indicated concentrations of TNF-α.  Samples were collected at the indicated time.  

Values represent mean±SEM (n=3). 
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From this, we conclude that even a low concentration of TNF-α is capable of 

inducing sTNFR1 expression, indicating that low in vitro doses of TNF-α can induce 

transgene expression in the engineered cell population.  This suggests that cells remain 

attuned to low levels of TNF-α in the microenvironment, indicating that basal 

expression of sTNFR1 does not abolish the cell’s ability to detect low concentrations of 

the cytokine.  These data also demonstrate that the engineered cells are capable of 

modulating therapeutic output of sTNFR1 in a cytokine dose-dependent manner, 

spanning a dynamic range across at least three orders of magnitude.  Furthermore, the 

anti-cytokine therapy appears to be auto-regulated, as expression of sTNFR1 mRNA 

declined as the inflammatory state of the engineered cells resolved in response to 

sTNFR1 production. 

As a follow-up to these analyses, we performed iterative stimulation of Ccl2-

driven sTNFR1 and Il1ra cells in monolayer with either 0 ng/ml cytokine, 0.1 ng/ml IL-

1α or 20 ng/ml TNF-α.  After 24 hours, the cytokine-containing medium was exchanged 

for cytokine-free medium, and samples were collected.  Three days later, cells were 

stimulated with cytokine again to establish the capacity of the cells to respond to 

recurrent stimulation with cytokine.  sTNFR1-engineered cells displayed a basal level of 

production of less than 3 ng/ml (Figure 16 A,B).  Engineered cells displayed the capacity 

to rapidly secrete sTNFR1 after either IL-1α or TNF-α stimulation (Figure 16A).  

Withdrawal of cytokine-containing medium resulted in a rapid decline in sTNFR1 
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accumulation over subsequent collection periods, irrespective of whether IL-1α or TNF-

α served as the stimulant. In both cases, production of sTNFR1 decreased to basal levels 

within 48 hours of removing cytokines (Figure 16A).   

When treated with 0.1 ng/ml IL-1α, which sTNFR1 would not be expected to 

antagonize, there was approximately 300-fold stimulation of sTNFR1 production (Figure 

16B) to ~630 ng/ml.  When treated with 20 ng/ml TNF-α, production of sTNFR1 

increased only approximately 50-fold over basal levels to ~90 ng/ml.  In a similar vein, 

treatment of Ccl2-Il1ra cells with IL-1α resulted in an increase of Il1ra protein in the 

medium of approximately 30-fold over basal levels of expression to ~180 ng/ml, whereas 

treatment with TNF-α resulted in an increase of approximately 88-fold to ~570 ng/ml 

(Figure 16C).  Thus, in the case of both Il1ra- and sTNFR1-expressing cells, either IL-1α 

or TNF-α are capable of potently inducing transgene expression.  However, a lower fold 

induction is achieved when an effective, antagonizing therapy is produced in response 

to the stimulatory cytokine.  These results support the hypothesis that expression of 

transgenes is auto-regulated in response to attenuation of the inducing signal.   

An alternative hypothesis explaining these results would be that differences in 

the manner in which transgene production occurs in response to each cytokine is due to 

intrinsic features of that cytokine’s ability to activate Ccl2 gene expression.  However, 

since each cytokine could stimulate up to or above 570 ng/ml of a non-antagonistic 

transgene and only up to 90-180 ng/ml of cognate, therapeutic gene product, we believe 
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the results support the notion that the system is autonomously regulated.  Importantly,  

this experiment also demonstrates that cells can continue to respond to cytokines by 

producing additional therapy after previous exposure in a robust manner at the 24 hour 

timescale.   

 

Figure 16: ELISA measurement of transgene product measured in culture 

media sampled at various 24-hour intervals relative to treatment with no cytokine, 0.1 

ng/ml IL-1, or 20 ng/ml TNF.  (A) sTNFR1 levels measured in culture media 

conditioned for 24 hrs prior to (D0) and after (D1) cytokine treatment.  On D1, 

cytokine was withdrawn from all samples, and media were collected at 24 hr intevals 

for the subsequent three days.  (B) Ccl2-sTNFR1 engineered cells were treated with 

cytokine, and 24 hrs later, media were collected.  Cytokine was then withdrawn for 3 

days prior to a second and then third stimulation to probe the kinetics of 24-hr 

sTNFR1 secretion after iterative stimulations. (C)  The same experiment as desribed in 

(B) was performed using Ccl2-Il1ra engineered cells, and ELISA was performed on 

samples to determine protein levels of Il1ra secreted into the culture media. Data 

labels indicate group average values. Bars represent the mean±SEM (n=3). 

4.3.3 Auto-regulated production of cytokine antagonists protects 
engineered cartilage from IL-1- and TNF-mediated catabolism 

After establishing that our engineered cells indeed express transgenes in a 

cytokine-inducible manner and that Ccl2-driven sTNFR1 mounts a tunable and effective 
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response against even a high dose of TNF-α in monolayer experiments, we sought to 

explore whether tissues engineered from our genome edited, designer stem cells could 

overcome the degenerative effects of TNF-α and IL-1α.  Toward this end, we took pre-

differentiated cells from WT, Ccl2-Luc, Ccl2-Il1ra, and Ccl2-sTNFR1 clones and further 

differentiated them toward the chondrocyte lineage for the production of engineered 

cartilage tissue.  Engineered tissues from WT and Ccl2-Luc cell lines were treated with 0 

ng/ml cytokine, 0.1-1 ng/ml IL-1α or 20 ng/ml TNF-α.  Engineered tissues from Ccl2-

Il1ra and Ccl2-sTNFR1 cell lines were treated with only IL-1α or TNF-α, respectively, at 

the same concentrations as WT and Ccl2-Luc tissues. 

We found that cartilage derived from WT and Luc cell lines was severely 

deteriorated in response to this 72 hour cytokine treatment after cartilage maturation.  

We measured the changes in gene expression induced by 1 ng/ml IL-1α or 20 ng/ml 

TNF-α by qRT-PCR (Figure 17 and Figure 18, respectively) and observed significant 

upregulation of a variety of markers of inflammation, such as Ccl2 and Il6, as well as 

degradative enzymes, such as matrix metalloproteinases and aggrecanases.  

Furthermore, significant suppression of collagen type 2 α1 (Col2a1) and aggrecan 

(Acan), is noted in cartilage engineered from either WT or Ccl2-Luc cells.  Biochemically 

cartilage derived from these control cell lines reflected a loss of sulfated 

glycosaminoglycan (sGAG), a major component of articular cartilage critical to proper 



 

104 

tissue function, in response to both concentrations of IL-1α and to 20 ng/ml TNF-α 

(Figure 19 A-D).   

 

Figure 17: Relative gene expression data as measured by qRT-PCR to examine 

the effects of 1 ng/ml IL-1 treatment on engineered cartilage derived from either WT, 

Ccl2-Luc, or Ccl2-Il1ra cells. Fold changes were determined relative to a reference 

group cultured without IL-1α and by using 18s rRNA as a reference gene. Bars 

represent group means of fold change ± SEM (n = 3).  Groups not sharing the same 

letter are statistically different (p<0.05).  Notation of n.s. implies no significance for 

the evaluated gene. 
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Figure 18: Relative gene expression data as measured by qRT-PCR to examine 

the effects of 20 ng/ml TNF treatment on engineered cartilage derived from either WT, 

Ccl2-Luc, or Ccl2-sTNFR1 cells. Fold changes were determined relative to a reference 

group cultured without IL-1α and by using 18s rRNA as a reference gene. Bars 

represent group means of fold change±SEM (n=3).  Groups not sharing the same letter 

are statistically different (p<0.05). 

Cartilage derived from Ccl2-Il1ra or Ccl2-sTNFR1 cells displayed a markedly 

different response to cytokine treatment at the gene expression level.  Tissue generated 

from both the Ccl2-Il1ra and Ccl2-sTNFR1 cell lines demonstrated lower induction levels 

of inflammatory and degradative gene products as compared to cartilage engineered 

from WT or Ccl2-Luc cell lines (Figure 17 and Figure 18, respectively).  It is noteworthy, 

however, that in some cases, these genes were still significantly upregulated relative to 

tissues treated with 0 ng/ml cytokine.  In the case of Ccl2-sTNFR1, cartilage aggregates 
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displayed resilience after the 72 hours of treatment with TNF-α, with no suppression of 

collagen type 2 α1 or aggrecan.  The preservation of a more homeostatic gene expression 

profile was found to be consistent with the biochemical composition of cartilage 

aggregates engineered from the Ccl2-sTNFR1 cell line, which demonstrated preservation 

of sGAG in the tissue even after treatment with 20 ng/ml TNF-α, as reflected from 

biochemical and histologic data (Figure 19A, Figure 20).  TNF-α was shown to have 

induced secretion of sTNFR1, as samples treated with 20 ng/ml TNF-α produced 18.45 ± 

0.17 ng/ml sTNFR1 and those cultured in the absence of TNF-α produced only 3.31± 0.17 

ng/ml sTNFR1. 
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Figure 19: (A) Sulfated glycosaminoglycan (sGAG) per double-stranded DNA 

as measured via the dimethylmethylene blue assay in cartilage aggregates engineered 

from either WT, Ccl2-Luc, or Ccl2-sTNFR1 cells and maintained in control medium or 

medium supplemented with 20 ng/ml TNF-α for 3 days after maturation. (B) 

sGAG/DNA in cartilage aggregates engineered from either WT, Ccl2-Luc, or Ccl2-

Il1ra cells and maintained in control medium or medium supplemented with 1 ng/ml 

IL-1α for 3 days after maturation.  (C) sGAG/DNA in cartilage aggregates engineered 

from either Ccl2-Luc or Ccl2-Il1ra cells and maintained in control medium or medium 

supplemented with 0.1 ng/ml IL-1α for 3 days after maturation.  (D) Percent change in 

sGAG content upon treatment with 0.1 ng/ml IL-1α relative to 0 ng/ml IL-1α control 

samples.  Bars represent the mean±SEM (n=3-6). Groups not sharing the same letter 

are statistically different (p<0.05). 

However, Ccl2-driven expression of Il1ra was not sufficient to protect against the 

suppression of the extracellular matrix constituents Col2a1 and Acan by 1 ng/ml IL-1α, 

and this, coupled with the increased expression of degradative enzymes, resulted in loss 
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of a significant fraction of sGAG in the engineered tissue (Figure 19 B-D).  At the 0.1 

ng/ml IL-1α level, cartilage derived from engineered Ccl2-Il1ra cells were less 

susceptible to degradation than tissue derived from control Ccl2-Luc cells, though sGAG 

loss normalized to total DNA content was still statistically significant after cytokine 

treatment in both tissue types (Figure 19).  This protection was imparted by the cytokine 

induced expression of 20.50 ± 0.67 ng/ml Il1ra, which was higher than the basal 

expression of 1.82 ± 0.24 ng/ml observed in the engineered cells or 0.88 ± 0.25 ng/ml 

observed in Ccl2-Luc cells.  The effect of 0.1 ng/ml IL-1α on cartilage derived from WT 

cells was not tested. 
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Figure 20: Photomicrographs from Safranin-O/Fast Green/Hematoxylin-

stained tissue sections from engineered cartilage samples. Scale bar= 50 µm. 

4.4 Discussion 

Overcoming aberrant pro-inflammatory signals in chronic diseases while 

preserving critical homeostatic signal nodes represents a significant challenge for 

regenerative medicine.  This work demonstrates the utility of programmable nucleases 

for the development of “designer” stem cells with the capacity to sense levels of 

inflammation and respond in accordance with the degree of the disease state.  Using 

CRISPR/Cas9, we engineered pluripotent stem cells with the prescribed feature of 

inflammatory cytokine resistance by performing targeted addition of therapeutic 
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transgenes to the cytokine-responsive Ccl2 locus. Transgene expression from engineered 

cells was feedback-controlled with rapid on/off dynamics and was adequate to mitigate 

the inflammatory effects of physiologic concentrations of both IL-1α and TNF-α in the 

context of precursor cells cultured in monolayer as well as in engineered tissues such as 

cartilage.   

In this work, we sought to commandeer an endogenous promoter in order to 

engineer stem cells with the ability to regulate anti-cytokine therapy in an autonomous, 

real-time fashion.  Features making an endogenous locus a suitable candidate for this 

endeavor includes the following: (1) The co-opted gene must be cytokine-inducible.  (2) 

Basal expression from the endogenous gene must be low to prevent unwanted 

expression of anti-cytokine therapy. Furthermore, low basal expression is required to 

permit detection of increased local cytokine levels by engineered cells.  (3) Expression 

kinetics of the gene must be sufficient to generate a rapid response such that the 

inflammatory program is reversible by production of anti-cytokine therapy.  (4) 

Cytokine-induced gene expression must persist for an adequate period of time to ensure 

the response is sufficiently robust to combat persistent inflammatory cues. (5) The gene 

should be induced by a variety of cell types in response to inflammatory cues. (6) 

Disruption of at least one allele of this gene ought to have no negative consequences on 

overall cellular function. 
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The chemokine (C-C) ligand 2 (Ccl2, also known as monocyte chemoattractant 

protein-1 [Mcp-1]) serves as an attractive candidate in consideration of these criteria.  

The Ccl2 gene product regulates trafficking of leukocytes, chiefly 

monocytes/macrophages, as well as basophils, and T-lymphocytes (Ping et al., 1999).  

This gene is inducibly expressed in a variety of cells types, including innate immune 

cells as well as epithelial cells, astrocytes, epithelial cells, fibroblasts, myotubes, and 

chondrocytes (Deng et al., 2013).  Though TNF and IL-1 serve as two of its most potent 

inducers (Boekhoudt et al., 2003), Ccl2 expression is also upregulated by a variety of 

other molecules, including interferon-γand lipopolysaccharide (LPS) (Bauermeister et 

al., 1998; Grandaliano et al., 1994).  These environmental cues stimulate an inflammatory 

transcriptional program by activating AP-1 and NF-κB family member transcription 

factors.  In at least some contexts, such as TNF and LPS stimulation, the NF-κB family 

member Rela/p65 is required for activation of Ccl2 (Ping et al., 1999; Wang et al., 2000) 

and is responsible for permitting CBP/p300-mediated histone acetylation and Sp1 

activation of the Ccl2 promoter (Teferedegne et al., 2006).  Furthermore, the presence of 

two AU-rich elements in the 3’-untranslated region (UTR) of Ccl2 mRNA is thought to 

affect the stability of Ccl2 transcripts and may play an important role in driving 

transcript levels back toward a basal state after inflammation is resolved. 

Critical to our selection of Ccl2 as the target locus for controlling transgene 

expression is the temporal pattern associated with its cytokine-inducible expression 
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profile.  In order to examine the temporal kinetics associated with the highly integrated 

temporal response to acute inflammation, Hao and Baltimore (Hao and Baltimore, 2009) 

characterized the expression of 180 genes upregulated after TNF treatment in mouse 3T3 

fibroblasts.  They were able to classify three broad groups based on gene induction 

profiles: class I, II, and III genes.  Class I genes responded to TNF early, and transcripts 

decayed quickly irrespective of resolution of the inflammatory assault.  Class II genes 

responded as late-early mediators and were characterized by a robust response with 

levels of expression that persisted above baseline only if inflammatory stimuli were also 

sustained.  Upon withdrawal of stimulant, expression of class II genes declined 

significantly but remained elevated over basal expression.  Class III genes were more 

gradually induced by TNF stimulation and generally continued to accumulate 

throughout the course of experiments (24 hr), even if TNF was removed.  In these 

experiments, Ccl2 was identified as a gene behaving with rapid induction kinetics 

similar to group I genes, whereas it displayed an expression profile after the immediate 

early phase of induction more akin to a group II gene, whose persistence depended on 

continued exposure to inflammatory cues. 

By targeting our transgenes to the Ccl2 start codon, we preserved many of the 

endogenous regulatory features associated with Ccl2 expression, including the distal 

and proximal regulatory regions encompassing two NF-κB regulatory elements as well 

as the SP1 and AP-1 binding sites.  As such, the re-purposed Ccl2 promoter did indeed 
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endow the engineered cells with the capacity to substantially upregulate transgene 

expression in an inflammation-inducible manner.  Importantly, this upregulation was 

both dose- and time-dependent and was transient in nature.  Treatment with a range of 

TNF concentrations spanning three orders of magnitude resulted in differential 

induction of transgene transcription.  The concomitant decay in transgene expression 

and transcription of markers of inflammation such as Il-6 suggests that cells were 

capable of autonomously tuning expression of the transgene.  We did, however, 

uncouple the AU-rich elements in the 3’-UTR by insertion of our transgene cassette, 

which included a drug-selectable marker as well as polyadenylation sequences.  Despite 

this, expression of our transgenes did decay after resolution of cytokine stimulation, 

which came about by transgene therapy or simple withdrawal of cytokine.  In future 

iterations of this work, preservation of the AU-rich elements in the transgene cassette 

may provide a means whereby even more rapid declines in transgene expression may be 

achieved.  

Basal levels of transgene product were detected in the absence of cytokine by 

ELISA.  This observation is not surprising, as Ccl2 is detected at the protein level from 

certain tissues without activation from cytokines.  Published transcriptional analyses 

suggest that AP-1 and SP1 are responsible for basal regulation of the Ccl2 gene (Wang et 

al., 2000).  Despite this, in our work, even low levels of cytokine treatment were capable 

of inducing transgene expression and initiating the inflammatory transcriptional 
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program, suggesting that basal levels of cytokine antagonists were insufficient to abolish 

signaling from low concentrations of cytokine.  It has been shown that concentrations as 

low as 2-6 pg/ml (LI and SCHWARTZ, 2001; Li, 2003) of TNF are important for proper 

muscle regeneration and repair.  Thus, the fact that the engineered cells themselves are 

capable of responding to low levels of cytokine suggest that, perhaps, the basal levels of 

anti-cytokine therapy may not completely exclude the possibility of detection and 

response of niche cells to low but critical levels of cytokine. 

Careful examination of the data presented here reveals that the magnitude of 

sTNFR1 production as measured by ELISA differed from experiment to experiment, 

from the order of picograms per milliliter in our time course and dose response (Figure 

15C) experiment to nanograms per milliliter in our iterative pulsing experiment (Figure 

16A,B). It is possible that the variation in the magnitude of response to cytokines related 

to differences in culture conditions inherent to a given experiment, including passage 

number of cells utilized, batch of cells or the type of vessel used in the given experiment.  

Despite this variation, the design features of auto-regulation and the capacity to 

attenuate an inflammatory transcriptional program were consistently observed.  These 

desired attributes were maintained among numerous tested clones.  As such, the 

engineered cells clearly display a robust response to cytokine treatment, though the 

magnitude of the response appears to be context-dependent. 
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There were also apparent differences in the responses of cells based on their 

differentiation status or lineage commitment.  Cells in monolayer frequently produced 

approximately 50-100 ng/ml sTNFR1 within 24 hours, whereas sTNFR1 produced by 

engineered cartilage in response to treatment with 20 ng/ml TNF-α resulted in the 

accumulation of only ~20 ng/ml over the course of 72 hours.  We attribute this 

discrepancy to a potential difference in cell number as well as differentiation state of the 

cells and natural variation in gene expression profiles of cells adopting different 

phenotypes.  These observations could also be strictly related to the physical features of 

the different culture systems.  It is possible that secreted sTNFR1 and Il1ra remained 

bound by the rich extracellular matrix produced by cells in the engineered cartilage, 

whereas factors secreted by cells in monolayer remain more readily accessible to 

diffusion in culture media. 

Previous investigators have taken various approaches in order to confer 

inflammation-inducible, auto-regulatory features to target cells.  A prevailing strategy 

has involved cloning approximately three kilobases of characterized, cytokine-inducible 

promoters upstream of transgene coding sequences.  One example of this strategy is the 

use of the E-selectin promoter (Garaulet et al., 2013).  Alternatively, tandem repeats of 

NF-κB response elements have been used to drive transgene expression (Khoury et al., 

2007; van de Loo et al., 2004).  These expression cassettes are then delivered to cells in 

the context of viral gene delivery.  While these approaches have indeed proven effective 
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at generating cytokine-inducible expression, notable limitations do exist.  Most of these 

relate to the reliance on viral vectors to deliver the expression cassette and include the 

limited packaging capacity of adeno-associated virus, which limits the size of the cloned 

promoter sequence, and the integrating nature of lentiviral vectors.  Furthermore, 

reported basal levels of transgenes produced from these promoters has been high, and, 

in some cases, growth factors other than inflammatory mediators are needed to co-

stimulate efficient induction of transgene expression (Garaulet et al., 2013).   

Our work extends these efforts by directly targeting transgenes to inducible, 

endogenous loci using the efficient and highly specific CRISPR/Cas9 genome 

engineering technology.  In this manner, our strategy forgoes limitations associated with 

predicting regulatory features in a genetic locus such as distal enhancers.  In addition, 

this approach abrogates the need to consider limitations on packaging efficiency, as the 

entire regulatory region need not be packaged in a gene delivery vector.  Moreover, by 

performing targeted integration, this strategy absolves concerns associated with 

random, uncontrolled insertion of provirus within the host genome. 

Our use of induced pluripotent stem cells in these studies also serves to advance 

the field.  From the same clone, we were able to perform multiple tests in monolayer 

cultures and also engineer cartilage.  This approach may prove attractive for 

regenerative medicine strategies, as clones may be screened for function and then 

expanded and differentiated toward a variety of terminal cell types to treat multiple 
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tissues from the same genome-edited population.  To achieve the same end, prior 

approaches would require isolation and expansion of primary cells from multiple 

tissues, followed by treatment of each population with gene delivery vehicles, and 

finally delivery of engineered cells to the host.  This approach lacks the specificity 

conferred by targeting pre-determined genomic sites for modification using gene editing 

nucleases and requires that engineered, primary cells not senesce prior to serving a 

therapeutic purpose.  Alternatively, gene delivery vehicles carrying inflammation-

inducible cassettes could be delivered in vivo. This method lacks the specificity at the 

cell-targeting and tissue-targeting level, as controlling which cells will receive and 

efficiently respond to the gene delivery vehicles remains challenging.  Thus, while both 

avenues indeed offer great promise to the field of regenerative medicine, the method 

explored in our work represents a significant advance for developing cell therapies for 

acute and chronic inflammatory diseases. 

By performing targeted integration to the Ccl2 locus, we re-wired the 

transcriptional circuitry associated with inflammatory signaling in iPSCs.  Additional 

strategies for coupling novel input/output relationships in cell populations are rapidly 

emerging in synthetic biology.  Continued development of toggle switches (Gardner et 

al., 2000; Greber et al., 2008; Kobayashi et al., 2004; Kramer et al., 2004), microRNA 

classifiers (Wroblewska et al., 2015; Xie et al., 2011), and synthetic transcription 

regulators (Liu et al., 2001; Perez-Pinera et al., 2013a; Perez-Pinera et al., 2013b; Qi et al., 
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2013)} will facilitate the generation of complex circuits capable of integrating multi-input 

cues and may enable a cell to discern and respond specifically to not only varying 

degrees of inflammation, but also to a particular type of inflammation.  

In this work, tissues derived from engineered cells were capable of combating 

the degenerative effects of cytokine treatment.  Future work characterizing the 

functional benefit of using these cells for transient, upregulation of therapy in in vivo 

models of acute and chronic inflammatory diseases will be necessary to determine 

whether this approach is superior to outcomes achieved by bolus biologic delivery, 

controlled drug-release, or constitutive transgene expression. 

Our results show that genome engineering facilitated the rewiring of 

endogenous cell circuits in order to define novel input/output relationships between 

inflammatory mediators and their antagonists, achieving therapeutic benefit coupled to 

a rapidly responding, auto-regulated system. Gene-edited iPSCs were differentiated 

toward the chondrocyte lineage and were endowed with the ability to autonomously 

regulate the production of anti-cytokine therapy at levels adequate to confer tissue-level 

protection against physiologic and supra-physiologic concentrations of cytokine.  The 

customization of intrinsic cellular signaling pathways in therapeutic stem cell 

populations, as demonstrated in this work, opens innovative possibilities for safer and 

more effective treatments applicable to a wide variety of diseases. 
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4.5 Summary 

In this work, we developed a novel approach to the treatment of chronic 

inflammatory diseases such as arthritis with stem cells that can autonomously execute 

real-time, programmed responses to pro-inflammatory cytokines. We employed genome 

editing nucleases based on the CRISPR/Cas9 platform to introduce specific 

modifications to chromosomal gene sequences in iPSCs. We performed targeted 

addition of transgenes encoding cytokine antagonists to create a closed-loop gene circuit 

based on the inflammation-inducible chemokine Ccl2 endogenous locus. We 

hypothesized that such targeted gene modification would impart self-regulated, 

feedback-controlled production of biologic therapy induced by the inflammatory 

transcriptional program controlled by cytokines such as IL-1 and TNF-α.  Our objective 

was to demonstrate that repurposing of degradative signaling pathways toward 

transient production of cytokine antagonists would enable engineered cartilage tissue to 

withstand the action of inflammatory cytokines and serve as a cell-based autoregulated 

drug delivery system.  Treatment of genetically engineered iPSCs with either IL-1α or 

TNF-α resulted in upregulated transgene transcription in response to endogenous Ccl2 

activation in a dose- and time-dependent manner.  Expression profiles demonstrated 

rapid induction and subsequent decay of transgene expression concomitant with 

attenuation of cytokine signaling.  Cartilage derived from cells autonomously expressing 

anti-cytokine biologics was protected from cytokine-mediated degradation as compared 
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to cartilage engineered from control cells.  This resulted in preservation of the cartilage 

ECM as measured by quantitative biochemical assays and histology.  This work 

demonstrates the utility of genome engineering for the development of stem cells with 

properties customized for cell-based regenerative medicine strategies for the treatment 

of chronic inflammatory diseases. 
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5. Summary and Conclusions 

This work established new methods for directing stem cell fate and function by 

capitalizing on recent advances in gene delivery technologies and genome engineering.  

The results presented in this dissertation demonstrate the usefulness of these novel 

techniques in musculoskeletal regenerative medicine applications, with a focus on 

developing therapies for osteoarthritis.  Toward the goal of producing a functional 

cartilage tissue substitute, studies investigated the ability to genetically engineer stem 

cells with morphogenetic factors capable of inducing cell differentiation in the context of 

a biomechanically relevant scaffold.  Toward the aim of generating functional tissue 

replacements capable of withstanding the inflammatory environment characterizing 

chronic diseases such as arthritis, this work investigated both the capability of deriving 

and potential utility of stem cells with defined, site-specific genomic modifications.  

Using targeted genome editing nucleases to derive such stem cells, this work explored 

the hypothesis that the inflammatory cell signaling network could be either disrupted or 

reprogrammed in order to generate engineered tissues capable of modulating an 

effective response against pro-inflammatory cytokines.  Collectively, the data presented 

here illustrate that nascent genetic engineering strategies can be used to control the 

formation of extracellular matrix as well as to enhance the long-term stability of 

engineered musculoskeletal tissues. 
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In Chapter 2, we showed data supporting the hypothesis that scaffold-mediated 

transduction of human mesenchymal stem cells (hMSCs) can drive stem cell 

differentiation and extracellular matrix accumulation (ECM).  Immobilization of 

lentiviral vectors on a three-dimensionally woven, polycaprolactone scaffold resulted in 

efficient  (>80%)  transgene delivery and persistent transgene expression.  The use of 

transforming growth factor-β3 (TGF-β3) as the transgene initiated a differentiation 

program toward a chondrocyte phenotype and led to the development of a cartilage-like 

ECM rich in both sulfated glycosaminoglycan and type II collagen.  By nearly all 

measures evaluated, including gene regulation and construct biochemical composition, 

the level of chondrogenic differentiation achieved at day 28 by scaffold-mediated 

transduction of hMSCs was indistinguishable from that of the gold standard using 

rhTGF-β3 direct supplementation to the culture medium.  A critical advance brought 

about by this work was the use of a highly structured, biomechanically relevant tissue 

engineering scaffold.  Importantly , mechanical properties of the scaffold used in this 

work, such as the aggregate modulus, were the same order of magnitude as that of 

native articular cartilage.  By coupling the technique of material-mediated gene delivery 

for stem cell differentiation to the use of a biomechanically relevant scaffold, we 

established a promising strategy for in situ engineering of musculoskeletal tissues, which 

may circumvent the need for ex vivo tissue generation. 
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In Chapter 3, we utilized genome engineering nucleases to produce stem cells 

with the prescribed feature of resistance to interleukin-1 (IL-1) signaling.  We used the 

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)/CRISPR 

Associated protein 9(Cas9) gene editing platform to execute targeted deletion of the IL-1 

type I receptor (Il1r1) signal peptide sequence in murine induced pluripotent stem cells 

(iPSCs).  To our knowledge, this represents the first time in which cartilage was 

engineered from iPSCs with genetic modifications brought about by programmable 

nucleases.  CRISPR/Cas9 genome editing facilitated efficient deletion of the Il1r1 signal 

peptide sequence in 11 out of 82 alleles screened.  Results from this study support the 

hypothesis that cartilage derived from stem cells with targeted disruption of the Il1r1 

gene can resist degradation driven by IL-1.  By all metrics evaluated, including gene 

expression, biochemical composition of engineered cartilage, and the characterization of 

the inflammatory milieu induced by IL-1 in engineered cartilage culture media, cartilage 

derived from CRISPR/Cas9-edited, Il1r1-/- iPSCs was able to withstand an in vitro model 

of OA.  Taken together, these data suggest that CRISPR/Cas9 allows for more rapid and 

efficient gene editing than traditional targeting strategies without nucleases and can be 

used to engineer inflammation resistance into cells suitable for tissue engineering 

applications.   

Chapter 4 extended on the techniques established in the previous chapter by 

utilizing CRISPR/Cas9 to produce stem cells with programmed responses to 
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inflammatory signaling.  In these iPSCs, pro-inflammatory cytokine receptors were kept 

intact; however, targeted gene addition to a highly responsive, inflammation-inducible 

locus was performed in order to re-purpose a constituent of the inflammatory 

transcriptional program.  The IL-1- and TNF-regulated chemokine (C-C motif) ligand 2 

(Ccl2) gene was co-opted by replacing the components of the Ccl2 protein coding 

sequence with that of the cytokine antagonists IL-1 receptor angatonist (Il1ra) or the type 

I soluble TNF receptor (sTNFR1).  Engineered cells expressed the Ccl2-targeted 

transgenes in a cytokine-inducible manner.  Furthermore, cells autonomously regulated 

transgene expression in accordance with the degree of inflammation they detected: once 

cytokine was withdrawn or Ccl2-driven transgene expression attenuated the cytokine 

assault, expression of anti-cytokine therapy decayed.  Furthermore, cartilage tissue 

engineered from these reprogrammed cells was capable of protecting itself from in vitro 

treatment of IL-1 and TNF-α that proved sufficient to degrade cartilage generated from 

control cells.  As a whole, these results support the hypothesis that an endogenous, 

inflammation-inducible gene can be co-opted to engineer stem cells capable of auto-

regulating the production of biologic therapies that effectively counteract degeneration 

incited by pro-inflammatory cytokines. 

In this work, we employed multiple strategies to genetically engineer stem cells 

for musculoskeletal applications.  By coupling emergent genetic engineering 

technologies with pluripotent stem cells, we demonstrate the potential to engineer stem 



 

125 

cells that can be derived from a myriad of adult tissues and differentiated down a 

lineage of choice while being tailored at the scale of the genome with application-

dependent features.  The cellular engineering strategies described here have broad 

applicability in regenerative medicine.  For example, the ability to immobilize gene 

delivery vehicles capable of dictating cell fate and orchestrating ECM deposition may 

allow future investigators to control the spatial patterning of tissue development.  This 

approach could indeed be applied toward engineering tissues comprised of multiple cell 

types and organized into regions of varied and distinct ECM constituents, a persistent 

challenge in the field of orthopaedic tissue engineering.  Furthermore, our work 

exploiting recent advances in genome engineering opens new avenues for treating 

diseases that involve complex interactions between multiple organ systems, those that 

drive deterioration of tissues that are not amenable to total replacement, or those in 

which discrimination between pathologic and healthy tissue/cells may be subtle or 

require real-time determination for safe and effective alleviation of disease.  Such 

conditions may be most efficiently addressed by cells that can infiltrate, intelligently 

detect dysfunction, and deploy pre-defined therapeutic programs to resolve anomalous 

behavior of endogenous cells or ECM disorganization/degeneration.  Employing these 

and other tools from synthetic biology together under the auspices of a functional 

cellular and tissue engineering paradigm, which aims to fully characterize and 

recapitulate features critical for successful cell/tissue replacement, will likely serve to 
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advance the field of regenerative medicine toward the establishment of clinically 

effective therapies for a host of diseases. 
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Appendix A 

A.1 Supplementary Data for Scaffold-mediated lentiviral 
transduction for functional tissue engineering of cartilage 

 

Figure 21: Initial screening of candidate transgenes. In preliminary 

experiments, the efficacy of various vectors immobilized to the woven scaffold was 

evaluated.  TGF-β3, bone morphogenetic protein-7 (BMP-7) and the transcription 

factor SOX9 were selected as candidate transgenes for inducing chondrogenic 

differentiation in our culture system.  Lentiviral vectors driving expression of BMP-7 

(LVBMP7) and SOX9 (LVSOX9) were produced following the same technique as LVT.  

Vectors were immobilized to the woven scaffold.  Histology and 

immunohistochemistry from D14 and D28 constructs show that iLVT resulted in 

accumulation of GAG (D14 and D28, A and B, respectively) and type II collagen (C), 

ECM components characteristic of articular cartilage. Results resembled those of 

controls cultured with rhTGF-β3 supplementation (E-G). LVBMP-7 and LVSOX9 

transduction did not induce chondrogenesis in this culture system, as demonstrated 

by the absence of positive Safranin-O staining for these samples (D and H, 

respectively).  As such, future experiments made use of LVT.  Scale bars = 100 µm. 
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Figure 22: Total sGAG and total collagen content in engineered constructs.  

Trends pertaining to sGAG/DNA were identical to those obtained when comparing 

total sGAG per construct.  Trends pertaining to total collagen content were identical 

to those obtained when comparing total collagen/DNA, with the exception of loss of 

statistical significance between D14 rhTGF-β3 and iLVT samples (p=0.053). 

A.2 Supplemental Methods  

Woven PCL samples were prepared as described in Materials and Methods.  

Here, PCL scaffolds that had been coated with PLL were compared against those soaked 

in PBS.  Fluorescence microscopy: FITC-conjugated PLL was ordered from Sigma-

Aldrich and diluted in PBS to a 0.002% PLL solution.  Samples were incubated at 4°C 

overnight in the FITC-conjugated PLL or in PBS.  Samples were then washed 3 times in 

PBS prior to imaging on a Zeiss S100 Axiovert inverted microscope.  Contact angle: 

Deionized water (5 µl) was pipetted onto the surface of dried scaffolds (n = 4-5 per 

group).  A high speed digital camera (Allied Vision Technologies, Inc) was used to 

image the contact of the water droplet on the surface of the scaffold.  Images were 

analyzed using ImageJ software (Schneider et al., 2012) to determine the contact angle.  
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Porosity: Dry PCL scaffolds that had been soaked with PBS or PLL-coated were scanned 

on a Skyscan 1176 In Vivo microCT using 40 kV energy and 9 µm resolution.  CTAn 

software (Bruker Corporation) was used to perform morphometric analyses of scaffolds 

(n = 3 per group).  Atomic Force Microscopy (AFM): Root mean square roughness was 

assessed via AFM measurements on an Asylum MFP-3DBio AFM system.  A 4 µm x 4 

µm region of interest was defined on filaments within PCL fiber bundles on dry 

scaffolds and scanned in tapping mode using a cantilever with a pyramidal tip.  

Statistical analysis of plotted features was performed using a t-test in the Statistica 7 

software package. 

A.3 Supplemental Results 

Material Properties and Characterization of 3D Woven PCL Scaffold.  Various 

material properties of the 3D, orthogonally woven PCL scaffold were examined in detail 

for this study.  In order to determine whether PLL adsorbs to the 3D woven PCL 

scaffold, scaffolds soaked in a solution of either 0.002% FITC-conjugated PLL or PBS 

alone were used for fluorescence microscopy after rinsing in PBS.  Fluorescence intensity 

was greatest in scaffolds treated with FITC-conjugated PLL (Figure 23A), indicating that 

the PLL remained on the scaffold after extensive washing in PBS.  

In order to evaluate the effect of PLL-treatment on other surface properties of the 

PCL biomaterial, PLL-soaked scaffolds were compared to control scaffolds soaked in 

PBS alone, which served as the reagent diluent for obtaining the 0.002% PLL solution 
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used in this work.  Contact angle measurements indicated similar levels of 

hydrophobicity between PBS-soaked (123.5±5.2°) and PLL-soaked (120.66±6.1°) scaffolds 

(p=0.51; Figure 23B).  Micro-computed tomography (microCT) was used to calculate the 

pore fraction of the 3D woven scaffold, which was found to be similar between the PBS-

soaked (46.9±4.60%) and PLL-treated (48.9±1.36%) groups (p=0.47, Figure 23C). This pore 

fraction differs slightly from previously reported estimates of scaffold porosity based on 

fiber bundle size and spacing, which rendered a pore fraction estimate of approximately 

60%.  For this study, SEM was also performed as shown in Figure 1B, and morphometric 

data from resultant images show that the pore size is roughly 330 µm x 260 µm x 100 

µm. 

Atomic force microscopy (AFM) was used to characterize the nano-topography 

of the PCL filaments comprising the woven scaffold (Figure 23D). Root mean square 

surface roughness measurements did not detect significant differences between the PBS- 

(52.78±25.17 nm) and PLL-treated (18.94±6.93 nm) groups (p=0.088).  Representative 

amplitude maps from the AFM tapping scans suggest that small deposits, most likely 

salts from the PBS used to treat both the PBS-soaked and PLL-soaked scaffolds, 

dominated the topographical characteristics measured (Figure 23D).  
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Figure 23: Brightfield and fluorescence microscopy images demonstrating the 

absence of fluorescence on PBS-treated scaffolds (top and bottom left) or presence of 

fluorescence on scaffolds treated with FITC-conjugated PLL (top and bottom right).  

Scale bar = 400 µm.  (B) Top panel: Representative image used to determine contact 

angle measurements depicting a droplet of deionized water on the scaffold.  Bottom 

panel: Contact angles determined via ImageJ analysis indicating the hydrophobicity 

of the 3D woven PCL scaffold treated with PBS only or PLL (p=0.51; n=4-5 per group).  

Bars represent mean ± standard deviation (C) Top panel: Coronal slice from a 

microCT scan of the woven PCL scaffold.  Morphometric analyses of reconstructed 

images were used to determine scaffold porosity.  Bottom panel: Total porosity as 

determined via high-resolution microCT of control PBS-soaked scaffolds or PLL-

treated scaffolds prior to cell seeding (n = 3 samples per group).  Bars represent mean 

± standard deviation.  (D) Representative amplitude maps from AFM testing of PBS-

soaked (left) and PLL-treated (middle) PCL filaments comprising the woven scaffold 

show the nano-scale topographical features of the scaffolds.  Right: Root mean square 

(RMS) surface roughness measure of the filaments comprising the fiber bundles used 

to weave the PCL scaffolds were quantified.  The plot compares PLL-treated samples 

to PBS-soaked samples 
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