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The intervertebral disc (IVD) is a composite structure that allows bending, twisting 

of and load transfer through the spine. Disc damage often begins with tears in the outer 

annulus fibrosus (AF), allowing the inner nucleus pulposus (NP) to herniate through the 

weakened AF. If this condition is allowed to continue, full disc degeneration will result. 

Current treatment options are limited, and invasive surgical intervention can cause 

further degradation of the adjacent discs. 

This dissertation discusses how the pillars of tissue engineering are used to develop 

constructs for whole intervertebral disc replacement. Specifically, it describes the 

effects of chemical (chapters 4 and 5) and mechanical (chapter 2) stimulation, cell 

source (chapter 3), and scaffold materials (appendix A) on the development of tissue 

engineered IVDs both in vitro and in vivo.  
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CHAPTER 1 

Recent advances in biological therapies for disc degeneration: Tissue engineering 

of the annulus fibrosus, nucleus pulposus, and whole intervertebral discs1 

Abstract 

Advanced intervertebral disc (IVD) degeneration, a major cause of back pain in the 

United States, is treated using invasive surgical intervention which may cause further 

degeneration is the future. Because of the limitations of traditional solutions, tissue 

engineering therapies have become increasingly popular. IVDs have two distinct 

regions, the inner nucleus pulposus (NP) which is jelly-like and rich in 

glycosaminoglycans (GAGs), and the outer annulus fibrosus (AF) which is organized 

into highly collagenous lamellae. Tissue engineered scaffolds, as well as whole organ 

culture systems have been developed. These culture systems may help elucidate the 

initial causes of disc degeneration.  To create an effective tissue engineered therapy, 

researchers have focused on designing materials that mimic the properties of these two 

regions to be used independently or in concert. The few in vivo studies show promise in 

retaining disc height and MRI T2 signal intensity, the gold standard in determining disc 

health.    

 

 

                                                 
1 Parts of this chapter are published: Hudson KD, Alimi M, Grunert P, Härtl R, Bonassar LJ. Recent 

advances in biological therapies for disc degeration: Tissue engineering of the annulus fibrosus, nucleus 

pulposus, and whole intervertebral discs. Current Opinion in Biotechnology 2013; 24 (5), 872-879.  
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Introduction 

Every year in the United States approximately $90 billion is spent on the treatment 

of back and neck injuries[1]. Additionally, 4 out of 5 adults will experience back pain 

at some point in their lives, which is caused primarily by intervertebral disc 

degeneration[2]. Costs related to back pain increased by 65% between 1997 and 2005 

and are expected to continue to increase as the population ages. Degenerative disc 

disease (DDD) has been linked with aging and is thought to be caused by a number of 

factors including excess mechanical loading, biological factors, smoking, and changes 

in cell nutrition. Intervertebral discs (IVDs) are structurally complex organs that sit 

between the vertebrae and are responsible for both load transmission and flexibility in 

the spine[2]. The IVD is composed of two main regions with a distinct boundary 

between them. The inner portion is the nucleus pulposus (NP), which is composed of a 

proteoglycan rich gel interspersed with encapsulated chondrocyte-like cells. The NP has 

a high water content, which contributes 80% of its total weight[3]. The NP is surrounded 

by the annulus fibrosus (AF), which has a higher type I collagen content organized into 

circumferential lamellae. AF cells are elongated fibrochondrocytes that are responsible 

for maintaining the complex lamellar extracellular matrix. This organization makes the 

AF more mechanically robust than the NP[4].  

The morphology of the native IVD has developed to perform specific functions 

related to bearing the complex loads experienced by the spine. Compressive loads are 

borne primarily by pressurization of the NP, which is aided by minimal hydraulic 

permeability of the AF[3]. Torsional and bending loads on the spine are borne by sliding 

and extension of the circumferential lamellae in the AF. Because the AF and NP act in 



 

3 

concert to bear load, studying the AF or NP independently does not build a complete 

picture of IVD function, modes of degeneration, and possible avenues for repair and 

regeneration.  

In the IVD, there are several failure modes, including bulging and herniated discs, 

loss of disc height and water content, all of which lead to destabilization of the 

segment[2] (Figure 1.1). Current treatment options are limited, favoring either physical 

therapy and pain management or highly invasive surgical methods. Fusion of the 

segment, in particular, decreases the patient’s range of motion and may cause further 

degradation of the adjacent discs[5]. For this reason, biological approaches to IVD 

repair or regeneration have become of increasing interest. There are several distinct 

approaches to in IVD regeneration: AF repair, NP replacement, total IVD replacement, 

with additional information gathered through whole organ culture. This review aims to 

discuss the state of the art in these areas. 

 

 

 

 

 

 

Figure 1.1: Progression of IVD Degeneration and Areas of Intervention 
(http://www.coloradospineinstitute.com/subject.php?pn=cond-degenerative-disc-5) 

Whole Organ Culture 

Disc degeneration is a complex process with many possible causes. Because the AF 

and the NP act in concert to produce proper function, development of systems to study 

http://www.coloradospineinstitute.com/subject.php?pn=cond-degenerative-disc-5
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processes of degeneration and regeneration of the entire organ has been of great interest. 

Such systems aim to elucidate, ex vivo what conditions help maintain a healthy IVD, 

and what subtle changes lead to deterioration. Several schemes have been developed 

including both static[6], [7] and dynamic loading[8]–[10] conditions.  

In a static model of degeneration, transcription levels for several biochemical 

markers decreased significantly and DNA content decreases after only 7 days[7]. 

Another study showed that the endplates are integral to sustaining a healthy disc ex vivo 

as discs which containing their endplates experienced no degradation over 4 weeks[6]. 

As IVDs are dynamically loaded in the body, systems have been developed to induce 

an axial strain during culture. Under low strain cells remain viable, while under medium 

and heavy strain stimulation, cell viability drops dramatically[8]. This phenomena is 

also seen when discs where nutrient supply is limited[9]. High frequency loading had a 

more marked effect on cell viability and degradation markers than low frequency 

loading or limited nutrient conditions. In the same model, MSCs were shown to home 

more to the central NP region under degenerative conditions than under physiological 

conditions which may have future implications on cell source choice[10]. 

Whole IVD organ tissue culture may offer an explanation for the true causes of disc 

degeneration as well as methods for more directly measuring the success of potential 

tissue engineering treatments. Although these culture systems do not allow for 

biocompatibility testing of new materials, comparisons with native discs under a variety 

of conditions will add rigor and breadth to characterization.   
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NP Replacement 

Loss of NP material causes the disc space to collapse as the inner region cannot fully 

pressurize and resist applied load. NP therapies aim to replace the lost material so that 

the IVD can pressurize properly. NP tissue engineering has focused on two general 

methods: injectable materials for minimally invasive procedures, and implantable 

scaffolds for more extensive repairs. As the field is somewhat new, within each method 

there is a wide variety of materials and cell sources including both synthetic and natural 

materials and mature autologous cells and stem cells (Table 1.1). 

 

Table 1.1 Summary of in vivo NP replacement schemes 
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Injectable therapies choose either to focus primarily on the material carrier as a 

mechanical replacement for the lost or degraded NP[11]–[13] or choose to focus on 

purely cellular therapies with minimal attention to the carrier[14]–[18]. Cells are used 

as they produce proteoglycans, which hold water and aid in pressurizing the NP during 

compression. When MSCs are used, they must differentiate before they are able to 

produce sufficient quantities of large, aggregating proteoglycans. Autologous 

chondrocytes or MSCs injected into the inner disc space using a hyaluronic acid carrier 

led to T2 intensity retention in MR images and more maintenance of collagen and 

aggrecan content[16]. In humans, patients receiving cellular implants had greater pain 

reduction after 2 years[15].  

Most implantable therapies endeavor to create scaffolds that mimic the mechanical 

and biochemical properties of the native NP before they are placed. Numerous materials 

have been studied, including alginate[19], silk-fibrin/HA composites[20], 

atelocollagen[21], synthetic polymers[22], [23], and a collagen 

II/hyaluronan/chondroitin-6-sulfate (CII/HyA/CS) composites[24], [25]. The latter 

composites, when seeded with NP cells and implanted in the lumbar spine of rabbits, 

stimulate recovery of T2 signal intensity and conservation of disc height[25]. Similar 

results were also seen in cell-seeded PLGA scaffolds implanted in the lumbar spines of 

beagles where greater biomechanical stability was also noted[23]. 

Growth factors are sometimes used in conjunction with cells to encourage greater 

ECM deposition. Of the myriad used, the most common are TGF-β[21], [26], and BMP-

2[21]. Although these do increase accumulation of collagen and GAGs, they have been 

shown to cause ossification of the AF region[27].  
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The field of NP tissue engineering uses a wide variety of materials and cell sources. 

Much work has gone into the development of novel scaffolds though few have achieved 

in vivo results. For this field to make an impact on IVD repair there must be a 

convergence on a smaller subset of quality materials and cell sources. In the in vivo 

studies, it seems that the presence of cells in the therapy has a more marked effect on a 

positive outcome than either cell type or material choice as measured by the gold 

standards of T2 signal intensity and disc height index.  

AF Repair  

The AF performs many roles including resisting fluid flow to help pressurize the NP 

and directly bearing loads created by torsion and bending. These functions are disrupted 

when the AF is torn or punctured. Many researchers have focused on developing a TE 

AF that can effectively contain a more fluid NP material but may not have given 

consideration to the other physical requirements of the AF.  

Because of the highly organized, multilamellar structure of the AF, approaches to 

AF repair have focused on fibers that can be arranged to mimic the native AF structure, 

including electrospun fibers[28]–[30], silk[31]–[34], other natural fibers[35]–[37], and 

small intestine submucosa[38] (Table 1.2). Electrospun fibers made from PCL are 

highly anisotropic and viscoelastic[28]. When seeded with AF cells, the mechanical 

properties of the electrospun scaffolds[29] which can be arranged in the same 

multilamellar and opposing alignment as is seen in the native AF[30]. This arrangement 

leads to a greater increase in equilibrium modulus than the parallel alignment of the 

lamellae. Porous silk scaffolds encourage AF cell attachment and collagen type I 

synthesis[32]. Further, modification of these porous silk scaffolds with RGD peptide 
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encourages cell growth, as well as collagen and GAG synthesis[31]. Combinations of 

silk and fibrin have been used to create ordered scaffolds that when seeded with cells 

increase GAG, collagen content, and compressive modulus over 4 weeks[33]. Further, 

such scaffolds seeded with MSCs and stimulated using axial compression saw 

significant increases in gene expression for many AF phenotypic markers[34].  

 

Table 1.2 Summary of in vivo AF repair schemes 

 

 

 

 

 

 

 

 

 

 

Other natural materials, such as collagen and chitosan have also been investigated. 

Alginate/chitosan can be wet-spun and freeze dried to create fibrous scaffolds that 

support AF cell growth[36]. Collagen-fibrin gels made from demineralized bone matrix 

and seeded with AF cells showed increased biochemical synthesis and shape 

fidelity[37]. In an in vivo study, atelocollagen was seeded with autologous AF cells and 

implanted in a small, laser induced, defect in the AF of rabbits. This cell-containing 

scaffold significantly decreased the loss of disc height over a 12 week span[35].  
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In the field of AF repair, there is much more consensus on material choice, focusing 

on fibrous materials such as electrospun polymers and silk. Many AF repair materials 

are being developed as components of future whole tissue engineered IVDs. Few, such 

as the atelocollagen implant, aim solely on repairing defects in the AF which can be 

caused by disc herniation and surgical procedures. This may be an important future 

target, as it has been show that even needle punctures of the AF can cause significant 

disc degeneration[39].     

Whole TE Intervertebral Discs 

The two approaches of NP replacement and AF repair come together in whole tissue 

engineered IVDs. While the former two fields seek only to augment the existing disc, 

whole IVDs are designed to completely replace the degenerated disc. While whole TE 

IVDs are all similar in form, inner gelatinous region surrounded by a more fibrous outer 

ring, the materials and cell sources used vary widely. Popular NP and AF materials are 

combined through diverse methods from molding[40]–[43], punching[44], [45], 

electrospinning and injection[46]–[48], or free formation[49] (Table 1.3).  

The first efforts to generate whole tissue-engineered IVD used impression molds 

from ovine lumar disc and seeded AF cells onto non-woven PGA mesh filled with NP 

cells encapsulated in alginate[40]. Both the gross morphology and the biochemical 

characteristics were similar to native discs. When similar constructs were 

biomechanically characterized, compressive properties also approached native 

values[41].  
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Table 1.3 Summary of in vivo whole IVD tissue engineering schemes 

 

 

 

 

 

 

 

 

 

 

 

Methods using electrospinning form the AF first, followed by insertion or injection 

of the NP. Embedding of an agarose NP into an electrospun PCL AF significantly 

enhanced the mechanical performance of constructs compared to agarose gels alone 

[48]. Similarly, HA hydrogel NP surrounded by a PLLA fiber scaffold AF enhanced 

matrix production[46]. Electrospinning can also be used to recreate lamellar structures 

of the AF [47]. Such structures not only enhance the mechanical properties of composite 

constructs but guide the formation of oriented extracellular matrix by MSCs to mimic 

the organization of the native AF. 

Other approaches have used biological materials to guide the formation of IVD 

constructs. Gelatin derived from demineralized bone matrix combined with an NP of 

CII/HyA/CS successfully drove the formation of the constructs with biochemical 
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composition similar to the native disc[49]. Also, studies using AF material derived from 

silk and a fibrin/HA gel for the NP region showed that the lamellar organization 

dramatically increased biochemical properties, suggesting that physical organization 

stimulates synthesis[45].  

Collagen is another logical choice for an AF scaffold, as the native AF is primarily 

type I collagen.  Circumferential alignment of collagen for IVD tissue engineered has 

been achieved self-assembly based on cellular traction forces exerted by AF cells on the 

collagen matrix[44]. This approach has been combined with technology for image-

based design of custom molds to achieve anatomically accurate IVD constructs in as 

few as 3 days after seeding. In such cases, the NP portion of the constructs is formed 

first by seeding NP cells in to molded alginate, followed by assembly of AF cells in 

collagen on the perimeter of the implant. Such implants were stable in the lumbar spines 

of rats for up to 16 weeks[43]. Further in vivo studies of this composite IVD 

demonstrated that over an 8 month period, the scaffolds were able to integrate with the 

surrounding tissue, restore disc height, and match the biochemical and mechanical 

properties of the native controls[42].  

In the native IVD, form follows function. Comparisons between components and 

the full composite scaffolds consistently show improved mechanical and biochemical 

properties. The same is seen when mimicking the multilamellar and highly organized 

structure of the AF. Great strides have been taken but work still remains in making 

scaffolds more physiologically shaped and ensuring that in vivo model results scale 

appropriately.  
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Remaining Challenges and Conclusions  

The cost of treating back pain is projected to increase rapidly as the country’s 

population rises. Because of the limitations in traditional treatment of intervertebral disc 

degeneration, tissue engineering has become an increasingly popular target. In the 

native IVD, morphology is determined by the mechanical loads it is expected to bear 

and many potential therapies have focused on mimicking the mechanical and 

biochemical properties of the native NP and AF regions. 

  In the NP, materials must be hydrated, able to pressurize, and bear compressive 

loads. With cells, these materials fair better in in vivo experiments by preventing a 

decrease in disc height and T2 MRI signal intensity. A multitude of tissue engineering 

materials have been developed or exploited as possible scaffolds although in vivo studies 

suggest that the presence of cells more than material type determine successful 

outcomes. To that end, more focus should be put on narrowing the material landscape 

and exploring the role of different cell sources in NP repair and regeneration while 

maintaining emphasis on materials and cell sources that could be moved into clinical 

practice most quickly. 

Most AF materials have been designed as a stepping stone toward the development 

of a whole TE IVD system. AF damage has been linked to further deterioration of the 

disc space and sealing or regeneration of the AF itself may warrant further investigation. 

Current developments aim only to contain a fluid NP but may not address the need to 

bear torsional and bending loads. As such, future effort should focus on developing 

materials that both enable NP pressurization and direct load bearing by the AF.  

Whole TE IVDs are designed to replace discs that are damaged or degenerated 
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beyond the repair of the NP or AF alone. Aligned and oriented AF fibers have been 

shown to contribute significantly to mechanical stiffness but, in general, properties are 

far below those seen in native IVDs. Still, promising results have been achieved in vivo 

suggesting that further remodeling after implantation contributes to a robust artificial 

IVD. In vivo models generally focus on smaller animals with lower loads, meaning that 

scaling up to larger animals with loading more similar to those seen in humans is a 

subject which must be addressed. Additionally, most models excise a healthy disc when 

implanting the TE IVD and little is known about the potential effects of a degenerated 

disc space on TE constructs. Ex vivo testing using established whole organ culture 

systems may ensure mechanical and biochemical integrity in the validated animal 

models. Thus, developing large animal models for tissue engineering disc replacement 

that are relevant to human disease will be critical for evaluating such implants.  

Autologous IVD cells, chondrocytes and MSCs all hold potential benefits but it is 

unclear at the moment which cell source will yield the greatest success. Taking 

advantage of well-developed in vivo and ex vivo models will also aid in the development 

of clinically relevant tissue engineering solutions to IVD degeneration.  

Relevant Previous Research 

Tissue engineering the IVD has been a focus of the Bonassar Lab for more than ten 

years. First generation discs used primary ovine cells from the AF and the NP in 

PGA/PLA and calcium alginate scaffolds respectively[41]. The composite scaffolds 

were implanted subcutaneously on the back of athymic mice for 4-16 weeks. While 

biochemical and mechanical properties increased over time, the collagen contents of the 

AF and NP regions were well below native. The circumferential organization of the 
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collagen in the AF region was also lacking. Interestingly, the compressive modulus of 

the discs correlated most highly with GAG contents in the AF and NP.    

To achieve the desired circumferential organization in the AF, a second generation 

of TE-IVDs was developed[42]–[44], [50]. Using the ability of cells to remodel type I 

collagen gels, a circumferentially aligned annulus was created. Cell concentration and 

collagen concentration determined the degree of remodeling. Using μCT scans of rat 

IVDs, molds for injectable NPs were created[43]. The NP region was made by 

encapsulating ovine NP cells within calcium alginate and before the alginate was 

injected into the mold. Each NP was surrounded by type I collagen gel containing ovine 

AF cells. After two weeks of in vivo culture, these discs were implanted in the L4/L5 

disc space of athymic rats. After 16 weeks, 60% of TE-IVDs maintained disc height. 

When these discs were implanted in the caudal spine of athymic rats, TE-IVDs 

integrated into the disc space and achieved native biochemical and mechanical 

properties after 6 months.   

Research Targets 

While successful in many ways, previous TE-IVDs have several drawbacks. First, 

the mechanical and biochemical of the discs prior to implantation are about two orders 

of magnitude below native rat tail discs (~250 kPa)[42]. Larger animals and humans 

have discs that are another order of magnitude stiffer than that of the rat tail discs, 

reaching 3-9 MPa[4], [51]. Therefore, TE-IVDs made for larger animals may need to 

be between 30 and 90 kPa. Increases in mechanical properties are generally correlate 

with increases in biochemical properties. There are several tissue engineering strategies 

used to increase the biochemical production of cells. These include mechanical 
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stimulation, culture in hypoxic conditions, and growth factor treatment. Often, these 

methods act through different pathways, and may produce additive or even synergistic 

effects.   

Another drawback of the previous generation of discs, was the use of primary disc 

cells. Human AF and NP cells, especially those that are not compromised by disease, 

are not available in sufficient numbers to construct larger TE-IVDs. Therefore, a more 

clinically relevant cell source must be identified. Because IVD cells are of the 

mesenchymal lineage adult mesenchymal stem cells (MSCs) have become popular in 

IVD tissue engineering. MSCs can be harvested from adult bone marrow and adipose 

tissue, differentiate into several NP cells, fibrochondrocytes, and chondrocytes, and 

have shown success in in vivo NP repair. 

One last drawback of previous discs was that the interactions between host and 

constructs were not evaluated. Athymic rats do not have a thymus, and cannot therefore 

mount a host response. Understanding how MSCs interact with the scaffold materials 

and influence the response of the host is an important target for successful tissue 

engineering.  

This dissertation seeks to address the drawbacks outlined above and move TE-IVDs 

towards a successful large animal model.  

Research Objectives 

 The long-term goal of this project is to develop a TE-IVD as a clinical alternative 

to discectomy and spinal fusion. The focus of the work in this dissertation was to use 

mechanical and chemical stimulation to increase the properties of rat sized TE-IVDs, 

evaluate a new clinical cell source (MSCs) for these constructs, and determine how 



 

16 

MSCs interact with scaffold materials in an immunological manner. The overarching 

hypotheses examined in this dissertation are: (1) mechanical and chemical stimulation 

will increase the mechanical properties and biochemical content in of TE-IVDs 

(Chapters 2, 4, and 5), (2) human MSCs are a viable cell source for TE-IVDs, both in 

the construction and maturation of the discs (Chapter 3, 4, and 5, Appendix A), and (3) 

the interactions between human MSCs and their 3D scaffold materials may influence 

the immunophenotype of the cells and their effectiveness in vivo (Chapter 2, Appendix 

A).  

Specific Aims 

Specific Aim 1 (Chapter 2) 

Determine the effect of mechanical stimulation on the regional biochemical 

properties, and the bulk mechanical properties of TE-IVDs made with ovine disc cells.  

This study investigated the biochemical and mechanical responses of composite TE-

IVDs to dynamic unconfined compression. TE-IVDs were manufactured by floating an 

injection molded alginate NP in a type I collagen AF that was allowed to contract for 

two weeks prior to loading. The discs were mechanically stimulated at a range of strain 

aptitude (1-10%) for two weeks with a duty cycle of 1hr on - 1hr off - 1hr on before 

being evaluated for their biochemical and mechanical properties. Mechanical loading 

increased all properties in a dose-dependent manner. GAGs increased between 2.8 and 

2.2 fold in the AF and NP region respectively while hydroxyproline content increased 

between 1.2 and 1.8 fold. The discs also experienced a 2 fold increase in the equilibrium 

modulus, and a 4.3 fold increase in the instantaneous modulus. Full effects for all 
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properties were seen by 5% strain amplitude. These data suggest that dynamic loading 

increases the functionality of our TE-IVDs with region-dependent responses using a 

method that may be scaled up to larger disc models expedite maturation for 

implantation. 

Specific Aim 2 (Chapter 3) 

Characterize MHC class receptor of TE-IVD implants made with MSCs and to 

examine the immune response of orthotopic implantation of TE-IVDs made with human 

MSCs in immunocompetent animals.  

Human MSCs were isolated from bone marrow and expanded to passage 3. Cells 

were used to construct both regions of composite TE-IVDs. Discs were cultured for 2 

weeks before being harvested for in vitro analysis or in vivo implantation. In vitro 

histology and immunohistochemistry showed the presence of immunogenic major 

histocompatibility complex (MHC) class Ia and II receptors as well as minimal 

expression of immunosuppressive MHC class receptor Ib. In vivo histology shows a 

healthy disc with a clearly delineated bright blue center. At 2 and 8 weeks there are 

remnants of a glycosaminoglycan rich core and endplates that are not disrupted. 

Quantitative measurements of T2 weighted MRIs showed that nucleus pulposus (NP) 

size at 2 weeks was significantly higher than at 8 weeks or the puncture degeneration 

model. Qualitative analysis of immunohistochemistry for leukocyte marker CD45 

confirmed a stronger immune response at 2 weeks than at 8 weeks and in the outer 

portion of the disc space than the inner portion. These results suggest that MSCs should 

be immunophenotyped prior to their use in tissue engineering applications. 
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Specific Aim 3 (Chapter 4) 

Determine the effects of hypoxia during 2D expansion and subsequent 3D culture 

on the in vitro maturation of TE-IVDs made with human MSCs. 

Culture of 3D constructs in hypoxic conditions (1-5% O2) has been shown to 

increase production of extracellular matrix (ECM) components in primary disc cells, 

and drive chondrogenesis of human mesenchymal stem cells (MSC). Growing evidence 

that suggests that 2D expansion under hypoxic conditions may have an even greater 

influence on chondrogenesis in MSCs. This study aims to determine the effects of 

hypoxia during 2D expansion and subsequent 3D culture on the in vitro maturation of 

TE-IVDs made with human MSCs, using a previously developed TE-IVD system. 

Human MSCs were expanded either hypoxic (5% O2) or normoxic (21%) conditions 

before the construction of TE-IVDs. Discs were 3D cultured in either hypoxic or 

normoxic conditions to create four experimental groups. After two and four weeks of 

3D culture, the mechanical and biochemical properties of the discs were evaluated. 

Discs made from MSCs expanded in hypoxia were up to 141% stiffer than those made 

with normoxia expanded MSCs. Similar patterns were seen in all mechanical properties. 

Increases in GAG content and collagen content in the NP were associated with 3D 

hypoxic culture. A boundary region between the manufactured AF and NP regions 

developed by two weeks and mimicked the organization of the native disc. Hypoxic 

conditions in both 2D expansion and subsequent 3D culture improved the maturation of 

TE-IVDs made with human MSCs.   

 

 



 

19 

Specific Aim 4 (Chapter 5) 

Determine the effect of treatment with transforming growth factor – β3 (TGF- β3) 

on the maturation of TE-IVDs made with human MSCs. 

Treatment with growth factors can stimulate differentiation and extracellular matrix 

(ECM) production of stem cells in engineered tissues. Specifically, TGF-β3 is present 

during IVD development, and stimulates more glycosaminoglycan (GAG) production 

and expression of chondrogenic genes than other TGF variants. A bolus dose of TGF-

β3 was delivered to the NP region of TE-IVD constructs during scaffold molding. Both 

the AF and NP regions were made using human MSCs. During subsequent 3D culture, 

discs were treated with media lacking growth factors. Mechanical and biochemical 

properties of discs with and without TGF-β3 treatment were evaluated after two weeks. 

Histology sections were also evaluated. TE-IVDs treated with TGF-β3 had a higher 

hydraulic permeability that those without treatment. TGF-β3 treated discs also had 

lower collagen and GAG contents in the AF region. The NP region did have a higher 

GAG content when treated with TGF-β3. Collagen in the AF region was also less 

organized in TGF-β3 treated discs as seen in histology sections. Together, these data 

suggest that TGF-β3 treatment in the NP region can have effects on the whole disc. In 

particular, MSCs in the AF region responded to TGF-β3 by decreasing collagen 

remodeling, a behavior similar to fibroblasts, rather than fibrochondrocytes.  
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CHAPTER 2 

Dose-Dependent Response of Tissue Engineered Intervertebral Discs to Dynamic 

Unconfined Compressive Loading 2 

Abstract 

Because of the limitations of current surgical methods in the treatment of degenerative 

disc disease, tissue engineered intervertebral discs (TE-IVDs) have become an 

important target. This study investigated the biochemical and mechanical responses of 

composite TE-IVDs to dynamic unconfined compression. TE-IVDs were manufactured 

by floating an injection molded alginate NP in a type I collagen AF that was allowed to 

contract for two weeks prior to loading. The discs were mechanically stimulated at a 

range of strain aptitude (1-10%) for two weeks with a duty cycle of 1hr on - 1hr off - 

1hr on before being evaluated for their biochemical and mechanical properties. 

Mechanical loading increased all properties in a dose-dependent manner. GAGs 

increased between 2.8 and 2.2 fold in the AF and NP region respectively while 

hydroxyproline content increased between 1.2 and 1.8 fold. The discs also experienced 

a 2 fold increase in the equilibrium modulus, and a 4.3 fold increase in the instantaneous 

modulus. Full effects for all properties were seen by 5% strain amplitude. These data 

suggest that dynamic loading increases the functionality of our TE-IVDs with region-

dependent responses using a method that may be scaled up to larger disc models 

expedite maturation for implantation. 

                                                 
2 This chapter is published: Hudson KD, Mozia RI, Bonassar LJ. Dose-Dependent Response of Tissue 

Engineered Intervertebral Discs to Dynamic Unconfined Compressive Loading. Tissue Eng Pt A 2015; 

21 (3-4), 564-572 
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Introduction 

$90 billion is spent annually treating lower back pain, the primary cause of which is 

intervertebral disc (IVD) degeneration[1]. Degenerative disc disease (DDD) has been 

linked with aging and is thought to be caused by a number of factors including high 

mechanical loads, enzyme activity, smoking, and changes in cell nutrition[1]. The native 

IVD is composed of two regions with different structure and mechanical properties. The 

central portion of the disc is the nucleus pulposus (NP), which is rich in 

glycosaminoglycans (GAGs) and has a jelly-like consistency. Surrounding the NP is the 

annulus fibrosus (AF) which is composed mainly of type I collagen and highly 

organized[2]. During degeneration decreases in proteoglycans, particularly in the inner 

NP, cause a loss of hydration and inhibits the ability of the IVD to pressurize and bear 

loads. In the IVD, there are several failure modes, including bulging and herniated discs, 

loss of disc height and water content, all of which lead to destabilization of the 

segment[3]. Current treatment options are limited, favoring either physical therapy and 

pain management or invasive surgical methods. Fusion of the segment, in particular, 

decreases the patient’s range of motion and may cause further degradation of the 

adjacent discs[4]. For this reason, biological approaches to IVD repair or regeneration 

have become of increasing interest[5]–[8].  

Several studies have investigated the generation of tissue engineered composites for 

IVD replacement[5]–[10]. Specifically, our lab has previously developed a TE-IVD 

made from primary ovine NP and AF cells suspended in alginate and type I collagen 

respectively[11]. These discs, when implanted in the caudal spines of rats, are viable for 

up to 8 months, integrating effectively into the spine and achieving mechanical and 
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biochemical properties similar to native discs[12]. While these results are encouraging, 

the mechanical properties of our TE-IVDs are still well below native IVD prior to 

implantation. Increasing the mechanical and biochemical properties prior to 

implantation will be critical when moving to larger animal models. 

It is well known that dynamic mechanical stimulation of cartilaginous explants and 

tissue engineered constructs can increase their biochemical and mechanical 

properties[13]–[20]. Notably, this stimulation is known to be due, in part, to increases 

in transport of growth factors and other nutrients through the scaffold materials[14], 

[21], [22]. In the native IVD, mechanical loading is important for maintaining the 

correct balance of biochemical signals that maintain extracellular matrix (ECM) 

composition and function[23]. Responses to dynamic compression in vivo and in organ 

culture have been shown to depend on a number of factors, including the duration of 

loading[24], [25], the frequency of the cycles[26]–[29] and the magnitude of 

compression[26], [28], [30], [31]. A few previous studies have investigated the response 

of IVD cells in tissue engineered scaffolds under either dynamic compression[18], [32] 

or hydrostatic pressure[33]. No studies, however, look at effect of dynamic unconfined 

compression on both cell types in a composite implant. As such, our objective was to 

characterize the effect of dynamic compressive loading in the composition and 

mechanical properties of TE-IVD implants. We hypothesize that dynamic unconfined 

compression will increase the biochemical and mechanical properties of TE-IVD 

implants in a dose-dependent manner. 

Materials and Methods 

Cell Isolation and Culture 
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Cell isolation and culture techniques were based on previously reported protocols 

[34]. The lumbar spine of skeletally mature Finn/Dorset cross male sheep (~14 months 

old) (Cornell University Sheep Program) were harvested. Individual IVDs were 

removed from the spines and the AF and NP regions were separated. The tissues were 

digested in 125 ml of 0.3% wt/vol collagenase type II (Cappel Worthington 

Biochemicals, Malvern, PA, USA) for 6 hours at 37 °C. The cell solutions were 

resuspended in Ham’s 12 media (MediaTech, Manassas, VA, USA), 10% fetal bovine 

serum (Gemini Bio Products, Sacramento, CA, USA), 1% antibiotic-antimycotic 

solution (100 μg/ml penicillin, 100 μg/ml streptomycin, 2.5 μg/ml amphotericin B) 

(MediaTEch, Manassas, VA, USA), and ascorbic acid (25 μg/ml) (Sigma-Aldrich). 

Cells were cultured for two weeks at 37 °C, 5% CO2, with media changed every 3 days. 

Cells were removed from the flasks using 0.05% trypsin (MediaTech, Manassas, VA, 

USA) and counted before being seeded in the TE-IVDs. 

Engineered IVD Construction 

Alginate (3% wt/vol) seeded with ovine NP cells (25 x 106 cells/mL) was injected 

into a predesigned mold [11]. The individual TE-NPs were cut from the mold and one 

each was placed in the center of a well of a sterile 24-well plate. A 2 mg/ml collagen 

gel solution [35] was seeded with ovine AF cells (1 x 106 cells/ml), and 410 μL were 

pipetted around each TE-NP. The collagen was allowed to gel at 37 °C for 45 minutes 

before 1 ml of media was added to each well. The collagen in the TE-IVDs was allowed 

to contract for 2 weeks while media was changed every 3-4 days before being 

crosslinked further with riboflavin. One ml of 0.25 mM riboflavin (Sigma-Aldrich) was 

added to each well of the 24 well plate and incubated at 37 °C for 2 hours before being 
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exposed to 458 nm light for 40 seconds. Media was changed 24 hours after riboflavin 

crosslinking.  

Stimulation Using Dynamic Compression 

The TE-IVDs were loaded into a custom bioreactor. The loading platen was shaped 

to fit over a standard 24-well plate and to apply controlled displacement profiles to the 

constructs with the assumption that all TE-IVDs were 1 mm in height (Figure 2.1). The 

bioreactor is controlled through a custom LabVIEW program into which the magnitude, 

duration and frequency of dynamic strain can be entered. The constructs were 

compressively loaded under sinusoidal displacement control at 1 Hz with a 10, 25, 50 

or 100 μm offset and 10, 25, 50 or 100 μm amplitude representing a 1, 2.5, 5 or 10% 

displacement. Simulation occurred Monday, Wednesday and Friday for two weeks with 

a duty cycle of 1 hour on, 1 hour off, 1 hour on each day of loading for a total of 6 hours 

of stimulation per week. While the TE-IVDs were not in the bioreactor they were 

cultured under free swell conditions. Free swell TE-IVDs were cultured for 2 weeks 

without stimulation as a control.  
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Figure 2.1. (A) TE-IVDs are cultured in 24 well plates (B) The loading platen fits over 

the plate before being loaded into a (C) custom bioreactor that applies a predefined 

displacement profile (D) The loading duty cycle and waveform
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Construct Analysis 

Photographs were taken each day of the TE-IVDs before loading to track contraction 

of the constructs. The images were uploaded to Image J (National Institutes of Health, 

Bethesda, MD, USA) where the total disc area was calculated. The average percent of 

original area over time for each group was determined. Confocal images of the 

collagenous AF region were taken using a Zeiss 710 microscope with a LCI Plan-

Apochromat 25x/0.8 water immersion objective (Carl Zeiss MicroImaging, Jena, 

Germany) to determine any differences in the collagen structure between the groups 

using previously described methods[36]. The TE-IVDs were fixed in 10% phosphate 

buffered formalin for 2 weeks at room temperature. They were then removed to 70% 

ethanol for another 2 weeks before they were sectioned. Transverse histological sections 

5 μm thick were taken of the TE-IVDs. The sections were stained with picrosirius red 

for collagen and Alcian blue for proteoglycans. 

Biochemical analysis was performed to determine DNA content, 

glycosaminoglycan (GAG) content and collagen content in each of the TE-IVDs distinct 

regions (AF and NP). Before analysis, the TE-NP was separated from the TE-AF. Both 

the TE-AF and the TE-NP were digested using a papain digest (Sigma-Aldrich) with 

alginate lyase buffer solution (Sigma-Aldrich) added to the alginate TE-NPs. GAG 

content was measured using a spectrophotometric dimethylmethylene blue (DMMB) 

dye with absorbance measured at 525 nm at pH 1.5[37]. Total collagen content was 

measured using a hydroxyproline assay[38] with absorbance measured at 540 nm. All 

data was normalized to dry weight. 

The effective composite mechanical properties of the TE-IVDs were determined as 
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described previously[12]. Individual samples were placed in a small cup which was 

mounted in and ELF 3200 mechanical testing frame (EnduraTech) with a small 

impermeable platen mounted above. Each construct was surrounded in protease 

inhibitor (Roche Diagnostics, Indianapolis, IN, USA) to prevent degradation of the disc 

during testing. Unconfined stress-relaxation tests were performed with steps of 5% 

strain to a total of 70% strain. Instantaneous modulus, equilibrium modulus, and 

effective hydraulic permeability were calculated using the resulting stresses[12].  

Statistics 

Data analysis was performed using MATLAB and Microsoft Excel software. Based 

on the idea that the effects of stimulation may be related to the activity of nutrients or 

growth factors, data was fit to a 4-parameter sigmoidal dose response model[39]. Data 

is shown as the mean ± standard deviation. All data was analyzed in SigmaPlot 11.0 

using one way analysis of variance using a Tukey t-test for post-hoc analysis to test for 

pairwise differences among different levels of mechanical stimulation. A p-value of 

<0.05 was considered statistically significant. 

Results 

Over the two week loading period the discs contracted to between 56% and 87% 

percent of their original area, though there were no significant differences in contraction 

between the various loading groups (Figure 2.2). After the initial two weeks of 

contraction, the TE-IVDs were crosslinked using riboflavin. This crosslinking served to 

prevent further contraction of the collagen TE-AF during loading. 
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Figure 2.2. Contraction of the TE-IVDs over the 2 week loading period; values are the 

percent of the original area ± SD (n=5) 

 

After two weeks of dynamic unconfined compression stimulation, hydroxyproline 

content increased in a dose-dependent manner, with the increase in collagen content in 

both regions fitting well to a 4-parameter sigmoidal dose response curve (R2 values 

between 0.81 and 0.83) (Table 1). The total collagen content of the TE-AF region was 

relatively unaffected by the strain amplitude with only a 1.2 fold increase between the 

control and 10% strain (Figure 2.3A). The EC50 (i.e. the strain amplitude that produced 

a half-maximal response) was calculated to be 2.7% with the full effect seen at 5%. In 

contrast, collagen content in the TE-NP region increased 1.8 fold. The EC50 in the TE-

NP was 1.5% strain with the full effect seen at 2.5% strain, half that of the TE-AF region. 

GAG content in both the TE-AF and TE-NP regions exhibited more sensitivity to strain 

amplitude than collagen. Again, production in both regions was well represented by 

dose response curves with R2 values between 0.88 and 0.98. A 2.2 fold increase in 
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GAGs was seen in the TE-NP with as little as 2.5% strain amplitude (Figure 2.3B). The 

EC50 of GAGs in the TE-NP region was low, at only 1% strain. The TE-AF responded 

at higher strain amplitudes with as much as a 2.8 fold increase (p<0.001 by one way 

ANOVA). The EC50 of GAGs in the TE-AF region was a much higher at 3.4% strain. 

The full biochemical effect of mechanical stimulation was seen be 5% strain with no 

changes between the 5% and 10% strain groups.  

 

 

 

 

 

 

Figure 2.3. (A) Hydroxyproline content dw ± SD (n= 5) (squares represent AF, triangles 

NP) versus the strain amplitude percent, (B) GAG content dw ± SD (n=5) versus the 

average dynamic strain amplitude percent 

Table 2.1.  Biochemical Properties’ dose response curve fit values including EC50, fold 

increase, and R2 values 

 EC50 (%) Fold Increase R2 

AF – Hypro 2.7 1.2 0.81 

NP – Hypro 1.5 1.8 0.83 

AF – GAG 3.4 2.8 0.88 

NP - GAG 1.0 2.2 0.98 
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Histologically, the NP region of all the groups stained intensely for GAGs while the 

AF region stained intensely for collagen. The morphology of the cells was similar to 

that of native cells with cells in the NP region maintaining a rounded, chondrocyte-like 

shape (Figure 2.4) and cells in the AF region displaying an elongated fibroblast-like 

profile. Polarized light images were taken of the Picrosirius red stained slides to 

determine the extent of collagen organization. Minimal collagen alignment was seen in 

the control, 1% and 2.5% strain groups while the same alignment was seen in the 5% 

and 10% strain groups as indicated by increased brightness along the interior rim of the 

AF region. Confocal images of the AF region show the same patterns with low level 

alignment seen in the 10% strain group.  

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Histological staining of the TE-IVD regions, Alcian blue stained for GAG 

while Picrosirius red stained for collagen. Polarized light and confocal images of the AF 

region indicate collagen organization 
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Dynamic stimulation improved the mechanical properties of the TE-IVDs in a dose 

dependent manner with increases in the equilibrium and instantaneous moduli and a 

decrease in the effective hydraulic permeability. All data were fit to 4-parameter 

sigmoidal dose response curves with R2 values between 0.83 and 0.98 (Table 2). The 

mean equilibrium modulus of the discs increased 2 fold with 5% (p<0.05 by one way 

ANOVA) and 10% (p=0.06 by one way ANOVA) strain (Figure 2.5A). The EC50 was 

calculated to be 3.7% strain will full effects seen by 5% strain. A more dramatic increase 

in the instantaneous modulus was seen with a 4.3 fold increase between the control and 

10% (p<0.05 by one way ANOVA) strain group (Figure 2.5B). The EC50 of the dose 

response curve was 2.3% strain with full effects in the 5% strain group. Finally, the 

effective hydraulic permeability of the discs was determined from the equilibrium 

modulus, diameter, and relaxation time constant of each disc. A decrease in the 

hydraulic permeability indicates a more resistance to fluid flow out of the disc, which 

is important for NP pressurization. Increases in strain amplitude caused a 1.8 fold 

decrease in hydraulic permeability (Figure 2.5C). The EC50 was calculated to be 3.7% 

strain with full effects seen again at 5% strain amplitude.   
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Figure 2.5. (A) Equilibrium modulus ± SD (n=5) versus the average dynamic strain 

amplitude percent, (B) instantaneous modulus ± SD (n=5) and (C) effective hydraulic 

permeability ± SD (n=5)  

Table 2.2. Mechanical properties’ dose response curve fit values including EC50, fold 

increase, and R2 values 

 EC50 (%) Fold Increase R2 

Equilibrium 

Modulus 
3.7 2.0 0.93 

Instantaneous 

Modulus 
2.3 4.3 0.98 

Effective Hydraulic 

Permeability  
3.6 -1.8 0.83 
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Discussion  

This study investigated the hypothesis that increases in applied strain amplitude 

under dynamic unconfined compression to composite TE-IVDs will enhance their 

biochemical and mechanical properties of composite TE-IVD in a dose-dependent 

manner. We found that increasing the dynamic strain from zero to 10% increased all 

properties with responses that fit well to a 4-parameter sigmoidal dose response curve. 

Although EC50 values varied, maximum effects were consistently seen at 5% strain. 

Further, regional differences in response were seen between the alginate TE-NP and the 

collagenous TE-AF. While the TE-AF saw only a minimal increase in collagen content, 

the TE-NP was more sensitive to dynamic strain amplitude. Both regions saw significant 

increases in GAG content with the TE-NP being slightly less sensitive than the TE-AF. 

The mechanical properties of the whole TE-IVDs improved with percent dynamic strain 

with both the equilibrium and instantaneous moduli increasing significantly. The 

hydraulic permeability decreased, indicating more pressurization and less fluid flow out 

of the discs.  Histology also showed differences in regional response with the cells 

maintaining their native cell shape. The AF region also showed the beginning of 

collagen matrix alignment at higher strain amplitudes. 

This is the first study that examined at the response of both AF and NP cells to 

dynamic unconfined compression together and in a tissue engineered environment that 

mimics the native disc structure. The IVD cells were separated into their respective 

regions and were stimulated simultaneously, but experienced different loading locally. 

Mechanical stimulation has been used for many years to improve the properties and 

function of cartilage explants[14], [40]–[42] and tissue engineered scaffolds[15], [19], 
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[43] seeded with chondrocytes. Even small magnitudes of dynamic unconfined 

compression have consistently been shown to stimulate biosynthesis of GAGs and 

collagen. Sah et al. showed that higher frequency oscillatory compression amplitudes 

between 1 and 5% increased biochemical contents by 20-40%[40]. Increases in 

oscillatory strain increased incorporation of 35S-sulfate (GAGs) and 3H-proline 

(collagen) in a similar manner to our study. These increases may be related to enhanced 

nutrient transport through the scaffolds during culture[14], [21], [44]. Though the 

diffusion of smaller solutes does not seem to increase with cyclic compression[21], 

diffusion of larger solutes such as growth factors are increased[14]. Convective 

transport in cartilage and tissue engineered scaffolds has been modeled under dynamic 

compression, showing improved diffusion of larger solutes[22]. The high degree of 

correlation of a classic dose response model to the level of strain in our current study 

thus suggests that biochemical factors may play a key role in this stimulation.  

It has been suggested that at smaller compression magnitudes (1-10%) hydrostatic 

pressure and fluid flow play an important role in the observed responses[40]. This may 

partially account for the different regional responses in biochemical properties. It has 

been shown that porous tissues in unconfined compression experience higher 

hydrostatic pressures at the center of the disc while fluid velocity increases on the outer 

edges of the disc[41], [42]. These studies also found greater proteoglycan synthesis on 

the outer edge of cartilage explants. In our TE-IVDs, the inner TE-NP is constrained on 

all sides by either the platen and well plate or the surrounding TE-AF and therefore 

would be expected to experience a higher hydrostatic pressure than the TE-AF. In the 

same way, the TE-AF is not constrained on its outer rim, leading to a higher fluid flow 
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during loading than in the TE-NP. This loading mechanism more closely mimics 

loading in the native disc than previous schemes, suggesting that differences in cell type 

and loading contribute to the divergent biochemical responses of the two regions 

including the large increases in GAG content seen in the outer TE-AF region of the TE-

IVDs. Another contributing factor may be the collagen in which the AF cells are seeded. 

Further, greater GAG retention was seen in tissue engineered menisci made with high 

density collagen gels as opposed to those made with alginate[36]. Similar increases in 

biosynthesis were seen in tissue engineered cartilage with mechanical property 

increases as well[15], [43]. Mauck et al demonstrated that 20% dynamic unconfined 

compression significantly increased the mechanical properties of agarose or alginate 

gels seeded with chondrocytes over a period of 4 weeks[19]. All these studies show that 

dynamic unconfined compression enhances the biochemical and mechanical properties 

of tissue engineered connective tissue.    

While many studies have investigated the effects of mechanical stimulation on 

whole intervertebral discs either in vitro or in vivo, these studies draw few conclusions 

about what schemes might maintain or increase biochemical or mechanical properties 

though it is agreed that there are regional differences in response[24], [26], [28], [30], 

[31]. Fewer studies have looked at the response of IVD cells in tissue engineered 

scaffolds to dynamic compression. Salvatierra et al found that IVD cells seeded in 

agarose and subjected to 10% compressive loading had increased metabolism including 

increases in ATP release in both regions[18]. Increasing metabolism of the cells may 

increase production of ECM components such as proteoglycans and collagen. Another 

study found that the age of the cell donor and the frequency of loading had an influence 
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on the response of NP and AF cells[29]. Mature cells respond to dynamic loading with 

increases in Col II and Col I expression while young cells exhibited decreases in 

expression. Osmolarity of the extracellular matrix may also influence on how IVD cells 

respond to mechanical stimulation. Under iso-osmotic conditions, AF cells displayed 

no changes in Col I or Col II expression while NP cells increase expression of both Col 

I and Col II at 4% cyclic strain[45]. Preliminary stimulation data indicate that both AF 

and NP cells seeded in agarose produce more proteoglycans and collagen when exposed 

to 10% dynamic unconfined compression[46]. These studies all support both the data 

presented here and the conclusions drawn when stimulating chondrocytes. No study has 

looked at the response of cells across multiple magnitudes of compression or of the two 

different cell types stimulated together in a scheme that mimics the anatomy of the 

native disc.     

A limitation of this study is that while the properties of the TE-IVD increase 

significantly with mechanical stimulation, they are still far below those of the native 

IVD[1], [12]. However, achieving native values prior to implantation may not be 

necessary as our previous in vivo studies showed that, after 8 months, the implanted 

discs achieved mechanical and biochemical properties similar to native tissues[11], [12] 

despite having mechanical properties significantly lower than the native IVD. Currently, 

the two regions (AF and NP) cannot be separated while maintaining mechanical 

integrity. As such, we reported the effective mechanical properties for our composite 

construct rather than the mechanical properties of the two materials. Although we 

speculate on the influence of hydrostatic pressure and fluid flow on TE-IVD 

development during loading, we have not yet measured these conditions directly. 
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Computational modeling of the compression of these composite implants may enable 

both the estimation of material properties of the AF and NP as well as predictions of 

spatial profiles of stresses strain, pressure, and flow.  

This study presents dynamic unconfined compression as a method for increasing 

both the biochemical and mechanical properties of TE-IVDs seeded with primary ovine 

IVD cells. Further, we demonstrated that these responses are dose-dependent with 

increases in percent strain causing corresponding increases in GAG and collagen 

accumulation, the equilibrium and instantaneous moduli and decreases in the hydraulic 

permeability. All these data suggest that dynamic loading increases the functionality of 

our TE-IVDs using a method that may be scaled up to larger disc models including 

human discs to expedite maturation for implantation. Future work may focus on 

determining the effects of duty cycle and frequency on development of our TE-IVD. 
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CHAPTER 3 

In Vivo Function of Tissue Engineered Intervertebral Discs Made with Human 

Mesenchymal Stem Cells: Characterization of Immunophenotype and Host 

Response3 

Abstract 

Tissue engineered intervertebral discs (TE-IVDs) are designed to replace severely 

damaged discs by mimicking native form and function. While using primary 

differentiated cells produces promising results in our rat model, moving to larger models 

including clinical trials requires identification of a more versatile cell source. 

Mesenchymal stem cells (MSCs) are thought to have some level of immunoprivilege, 

but there is little information on the immune response to disc implants made with MSCs. 

Human MSCs were isolated from bone marrow and expanded to passage 3. Cells were 

used to construct both regions of composite TE-IVDs. Discs were cultured for 2 weeks 

before being harvested for in vitro analysis or in vivo implantation. In vitro histology 

and immunohistochemistry showed the presence of immunogenic major 

histocompatibility complex (MHC) class Ia and II receptors as well as minimal 

expression of immunosuppressive MHC class receptor Ib. In vivo histology shows a 

healthy disc with a clearly delineated bright blue center. At 2 and 8 weeks there are 

remnants of a glycosaminoglycan rich core and endplates that are not disrupted. 

Quantitative measurements of T2 weighted MRIs showed that nucleus pulposus (NP) 

                                                 
3 This chapter will be submitted to Tissue Engineering Pt A: Hudson KD, Grunert P, Towne S, Fortier 

LA, Bonassar LJ. In Vivo Function of Tissue Engineered Intervertebral Discs Made with Human 

Mesenchymal Stem Cells: Characterization of Immunophenotype and Host Response. 2016 
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size at 2 weeks was significantly higher than at 8 weeks or the puncture degeneration 

model. Qualitative analysis of immunohistochemistry for leukocyte marker CD45 

confirmed a stronger immune response at 2 weeks than at 8 weeks and in the outer 

portion of the disc space than the inner portion. These results suggest that MSCs should 

be immunophenotyped prior to their use in tissue engineering applications. 

Introduction 

Biological approaches to IVD repair or regeneration have become of increasing 

interest because of the limitations of fusion procedures, including a loss of range of 

motion and further degradation of adjacent discs. The IVD is composed of two main 

regions with a distinct boundary between them. The inner portion is the nucleus 

pulposus (NP), which is composed of a proteoglycan rich gel interspersed with 

encapsulated chondrocyte-like cells[1]. The NP is surrounded by the annulus fibrosus 

(AF), which is organized into circumferential lamellae made of type I collagen. Due to 

both its avascularity and local expression of Fas ligands which trigger apoptosis of 

invading T-cells, the intervertebral disc space has been characterized as 

immunoprivileged[2], [3].  

A number of groups have investigated the development of tissue engineered whole 

IVDs with a variety of different materials chosen as TE-AF and TE-NP scaffolds. TE-

AF materials are often fibrous with many adhesion domains and can be pre-formed or 

self-assembled to mimic the native AF orientation. Pre-formed examples include 

electrospun polymer fibers, woven polyglycolic acid (PGA), and reconstituted silk[4]–

[7]. Collagen is an AF scaffold material capable of self-assembly as cells have the ability 

to contract and reorganize collagen to achieve circumferential alignment[8]–[10]. TE-
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NP materials, in contrast, are often isotropic hydrogels with few adhesion domains 

designed to encourage a chondrocyte-like cell shape including agarose, hyaluronic acid, 

and alginate hydrogels. 

Adult mesenchymal stem cells (MSCs) are currently used in a wide variety of IVD 

therapy research. MSCs suspended in media and applied to explanted bovine IVDs in a 

whole organ culture system exhibit greater homing into the NP portion of the disc under 

degenerative conditions than under physiologic conditions[11]. Injections of MSCs into 

the disc space using various carriers have been shown in both rats and pigs to slow 

degeneration and increase matrix production[12], [13]. MSCs embedded in 

atelocollagen (collagen cleaved of its telopeptide ends) and transplanted into rabbit 

IVDs showed similar results with slowed degeneration and evidence that the MSCs were 

able to differentiate into disc-like cells in vivo[14], [15].  

 Multiple studies suggest that MSCs are immunoprivileged with the ability to 

down-regulate the immune response of allogeneic and even xenogeneic hosts[16], [17]. 

However, more recent studies have found that mesenchymal stem cells harvested from 

bone marrow are highly heterogeneous and expression profiles of major 

histocompatibility complex (MHC) proteins vary not only between subjects but between 

different harvests of the same subject[18]. Certain of these MHC receptors in human 

cells have been classified as immunosuppressive (MHC Class Ib) while others have 

been classified as immunogenic (MHC Class Ia, and MHC Class II)[19].  

 While MSCs have been used to assemble whole TE-IVDs in vitro[6], all in vivo 

experiments have used acellular implants or IVD cells in athymic rats[9], [20], [21]. As 

such, these experiments are unable to examine host response to MSCs in a 3D composite 



 

 

52 

 

construct. Additionally, the presence of MHC Class receptors in tissue engineered 

constructs and their effects on function in vivo has not been studied. This study aims to 

characterize MHC class receptor of TE-IVD implants made with MSCs and to examine 

the immune response of orthotopic implantation of TE-IVDs made with human MSCs 

in immunocompetent animals.  

Materials and Methods 

 

Cell Isolation and Culture 

 

Heparinized and centrifuged bone marrow aspirated from the iliac crest of fusion 

patients was transported from Weill Cornell Medical College in New York, NY to 

Cornell University in Ithaca, NY. All samples were collected with IRB approval. The 

bone marrow was suspended in MSC expansion media (DMEM w/o sodium pyruvate 

(MediaTech, Manassas, VA, USA), 10% fetal bovine serum (Gemini Bio Products, 

Sacramento, CA, USA), 1% antibiotic-antimycotic solution (100 μg/ml penicillin, 100 

μg/ml streptomycin, 2.5 μg/ml amphotericin B) (MediaTech, Manassas, VA, USA), and 

1 ng/ml basal fibroblastic growth factor (bFGF) (BD Biosciences, Franklin Lakes, NJ, 

USA))[22]. After 48 hours, the plastic-adherent cells were retained and washed with 

DPBS (MediaTech, Manassas, VA, USA). Cells were expanded to passage three (P3) 

before manufacture of discs.  

Engineered IVD Construction and Analysis 

Composite tissue engineered (TE) IVDs were constructed using a modified version 

of procedures described previously[8], [10], [21]. Alginate (3% wt/vol) seeded with P3 

hMSC cells (25 x 106 cells/mL) was injected into a predesigned mold. The individual 

TE-NPs were cut from the mold and one each was placed in the center of a well of a 24-
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well plate. A 2 mg/ml collagen gel solution[23] was also seeded with P3 hMSC cells (1 

x 106 cells/ml), and 410 μL were pipetted around each TE-NP. The collagen was 

allowed to gel at 37 °C for 45 minutes before 1 ml of basal media (media without bFGF) 

was added to each well. The collagen in the TE-IVDs was allowed to contract for 2 

weeks while media was changed every 3-4 days.  

In vitro samples were collected for histological analysis and processed as previously 

described[24]. Slides were stained with Safranin O. Additional sections were stained 

with for localization of MHC Class Ia, Ib, and II markers using immunohistochemistry 

as previously described[25]. The antibodies used were anti-HLA-ABC (MHC class Ia) 

(1:100 dilution, Abcam), anti-HLA-G (MHC class Ib) (1:200 dilution, Abcam), or anti-

HLA-DR-DP-DQ (MHC Class II) (1:50 dilution, Abcam). To quantify MHC Class 

receptor expression adjacent sections were stained for the MHC class receptor and 

H&E. The total number of cells in the field was counted on the H&E stained section. In 

the same field on the adjacent section, the total number of cells stained positively for 

MHC class receptor expression was counted. The percentage of cells staining positively 

for MHC class receptors was then calculated. 

In Vivo Implantation  

TE-IVDs were implanted in the caudal spines of 250-300g 6 month old Sprague 

Dawley rats (Charles River Laboratories) (n=12) as approved by the Institutional 

Animal Care and Use Committee of the Hospital for Special Surgery in association with 

the Department of Neurosurgery at Weill Cornell Medical College. Three animals were 

sacrificed at two weeks, and nine at eight weeks. Rats were anesthetized with 

intraperitoneal ketamine and xylazine. Anesthesia was maintained with isoflurane 
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administered through a nose cone.  

The TE-IVDs were implanted using previously described methods[9]. The disc 

space between the caudal 3 and caudal 4 vertebral bodies was exposed and the native 

disc excised before the TE-IVD was inserted into the distracted disc space. Distraction 

of the disc space was released and wound closure was performed in layers to ensure that 

the discs remained in place. Puncture injuries were performed by exposing the caudal 

3-4 disc as described previously[26]. The full thickness of the dorsal side of the AF was 

punctured. The animal was closed as described above. Post-operatively, buprenorphine 

was administered for two days. Three animals were sacrificed at two weeks and nine 

animals were sacrificed at eight weeks via carbon dioxide inhalation.  

Through the study, the animals were housed in an AAALAC accredited facility in 

shoebox thorne ventilated cages and beta chip bedding. Animals were housed socially 

(two rats/cage) in normal 12 hour light/12 hour dark cycles at 64-79 degrees Fahrenheit 

and 30-70% humidity. Environmental enrichment included nesp paks, wood gnawing 

blocks, and en vigo tech lab diet.  

In Vivo MRI Analysis 

At two and eight weeks, T2-weighted relaxation MR images were obtained of the 

segment of interest and the proximal healthy disc using a 7.0 Tesla Bruker 70/30 

Magnetic Resonance Imaging (Bruker Biospin) system as previously described[20], 

[27]. All animals were imaged on the same day in the order previously established 

during surgery. Animals were anesthetized with isoflurane during imaging. T2 intensity 

is analogous to water content which is an indicator of disc health. We have previously 

developed and reported a method that allows us to evaluated NP size by counting the 
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number of hydrated voxels[28]. After applying a mask, the healthy and implanted discs 

were then segmented out and their voxels counted.  

Histological and Image Analysis 

At sacrifice, operated and proximal motion segments from all animals were 

processed for histology as previously described[20]. Slides were stained with Alcian 

blue for glycosaminoglycans (GAGs) and hematoxylin and eosin stain for evaluation by 

a board certified pathologist.  

Additional slides were prepared for immunohistochemical analysis as previously 

described above. In vivo sections were stained for localized CD45, a leukocyte marker 

(anti-CD45 (1:1000 dilution, Abcam)), localized CD45RA, a plasma cell marker (anti-

CD45RA (1:50 dilution, Abcam)), and the MHC Class receptors Ia and II. CD45 

expression was quantified using ImageJ. Otsu thresholding was used to identify stained 

portions before the AF and NP regions were segmented out using drawn regions of 

interest (ROI). The percentage dark pixels indicated expression coverage. AF and NP 

regions were separated and quantified for comparison as well.  

Statistics 

Data analysis was performed using MATLAB and Microsoft Excel software. Data 

was shown as the mean ± standard deviation. All statistics were analyzed in SigmaPlot 

11.0. The in vivo pixel count data was analyzed using a one way analysis of variance 

using a Tukey t-test for post-hoc analysis. A p-value of <0.05 was considered 

statistically significant.  

Results 

 

After the TE-IVDs were cultured for two weeks, discs were either harvested for in 
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vitro analysis or implanted in vivo. The TE-IVDs maintained two distinct regions with 

a dense opaque AF region surrounding a more translucent NP (Figure 3.1). Although a 

single cell type was used, differences in cell phenotype developed between the AF and 

NP regions (Figure 3.1). Cells in the AF region were elongated and spindle shaped while 

cells in the NP were rounded and within their own lacunae. IHC revealed that expression 

of MHC class receptors by MSCs was different in the AF and NP regions. Both regions 

showed robust expression of MHC class Ia receptors and lower expression of MHC 

Class Ib receptors (Figure 3.1). The NP expressed relatively more MHC Class Ib 

receptors (Table 3.1).  

In vivo, the healthy rat IVD is characterized by an inner NP region rich in GAGs 

distinct from the outer AF and full thickness endplates (Figure 3.2). In a disc that was 

punctured and allowed to degenerate, there was a lack of GAGs and the distinction 

between the two regions has disappeared. Additionally, the degenerated disc had heavily 

disrupted endplates. Two weeks (n=3) and eight weeks (n=9) after implantation, the disc 

space still showed evidence of GAGs and the endplates were intact. At two weeks, there 

was an abundance of larger cells, primarily on the outer boundary of the disc space. 

Evaluation by a board certified pathologist confirmed that these cells are leukocytes, 

indicating an immune response. This apparent immune response was lessened at eight 

weeks.  

Qualitative evaluation of MRI images showed large areas of hydration, via 

hyperintensity on the T2 weighted MRIs, at the implanted level (cd3-cd4) after two 

weeks compared to no hydration in a punctured level (cd3-cd4) (Figure 3.3). 

Quantification of MRI images compared NP hydration of implanted discs to proximal 
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healthy disc and showed that, at two weeks, the TE-IVDs maintained approximately 

60% of healthy NP size (Figure 3.4). This was significantly higher than the two week 

puncture and degeneration model and the NP size at eight weeks where the discs 

maintained only 20% of healthy NP size.   

Figure 3.1. Gross image of TE-IVD, H&E stained histological sections, IHC of MHC 

Class Ia (immunogenic), Class Ib (immunosuppressive), and Class II (immunogenic) 
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Table 3.1. Percent of Cells Expressing MHC Class Receptors in Histological Sections 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. In vivo histology stained with Alcian blue of healthy, punctured, and 

implanted hMSC discs at 2 and 8 weeks. The arrows indicate the infiltrating cells 

identified as macrophages by a clinical pathologist. These cells indicate a host response.  

 
Figure 3.3. Color MRI Images of punctured and implanted TE-IVDs with adjacent 

healthy discs 
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Figure 3.4. Comparison of NP Size (n=8-12, mean±SD), bar indicates p<0.05 

 

This immune response was further characterized via IHC staining for the leukocyte 

marker CD45 (Figure 3.5A) and quantification via ImageJ. Throughout the entire disc, 

CD45 expression was significantly higher at two weeks (~58% expression) than at eight 

weeks (~36% expression) (Figure 3.5B). The discs were divided into the AF and NP to 

determine regional differences in expression. CD45 expression decreases in the AF 

from two to eight weeks (Figure 3.5C). In vivo sections of the disc segment where the 

TE-IVD was implanted were stained for the presence of plasma cells (data not shown). 

At two weeks plasma cells were seen on the periphery of the disc space at the proximal 

and distal boundaries of the disc and vertebral bones. At eight weeks there were fewer 

plasma cells, especially at the disc-vertebral bone boundary. In vivo sections of the disc 

segments were also stained for the presence of MHC Class receptor Ia and II (data not 

shown). Although the expression of MHC Class II was minimal at both two and eight 

weeks, expression of MHC Class Ia was higher at two weeks than at eight weeks. 
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Figure 3.5: (A) Representative images of in vivo IHC of leukocyte marker CD45 

implanted discs at 2 and 8 weeks, (B) Comparison of expression of CD45 for the whole 

disc space at 2 and 8 weeks (n=3-8, mean±SD, bar indicates p<0.05), (C) Comparison 

of expression of CD45 for the regions of the disc space at 2 and 8 weeks (n=3-8, 

mean±SD, bars indicate p<0.05) 

Discussion 

The objective of this study was to determine the immunophenotype of human MSCs 

in 3D TE-IVD constructs using MHC class receptor expression, and to characterize the 
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host response to the implantation of these TE-IVDs over time. Further, this study, the 

first on in vivo implantation of TE-IVDs made with human MSCs, determined in vivo 

viability and morphological structure at two and eight weeks. The data showed the 

presence of both immunogenic and immunosuppressive MHC receptors in the TE-IVDs 

after two weeks in vitro although the expression of the immunogenic class Ia receptor 

dominated. Expression of MHC class receptors was dependent on the scaffold material 

in which the cells were cultured. This expression profile indicates cells that might induce 

an immune response in vivo rather than escape or mitigate one. The expression of 

immunogenic MHC receptors is consistent with the pronounced immune response 

observed at early times after implantation. Nevertheless, MSC-based discs integrated 

into the disc space, produced hydrated tissue, and protected against endplate disruption. 

Histology revealed that the immunological response was characterized by an abundance 

of leukocytes, confirmed by IHC staining to be leukocytes. Quantification of these 

images showed that the immune response was more pronounced at two weeks than at 

eight weeks and progressed from the TE-AF region to the TE-NP region over time. Such 

an immune response was followed by 67% decrease seen in the NP size between two 

and eight weeks. Notably, decreases in NP size of 50% have been noted in previous TE-

IVD implants in athymic animals although a similar though less precipitous drop was 

seen in a previous implantation study[20].  

A single MSC population gave rise to two distinct phenotypes within the two TE-

IVD regions. While the cells in the AF remained elongated, the cells in the NP were 

rounded. This is the first time such changes have been seen in a composite structure. 

Research has repeatedly shown that the physical and chemical environment surrounding 
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MSCs guides their behavior. MSCs grown on cell culture plates can be induced down 

adipogenic and osteogenic lineages by exposure to a cocktail of chemical cues but to 

induce chondrogenesis, cells must be cultured in pellets or encapsulated in gels[29], 

[30]. This effect can be increased via cyclic compressive loading which is used 

extensively in tissue engineering[31], [32]. Further, studies have shown that both matrix 

stiffness and cell shape regulate lineage commitment[33]–[35]. Specifically, cell 

attachment can alter the production certain ECM proteins and the expression of 

chondrogenic markers. Collagen and alginate have differing cell attachment 

profiles[36], [37]. This brings up the importance of considering material selection when 

using MSCs in tissue engineering.  

Since their characterization more than fifteen years ago, mesenchymal stem cells 

have been reported frequently to have immunoprivileged properties[38]–[40]. This fact, 

combined with MSCs’ ability to differentiate into many different cell types, has led to 

great interest in their use in tissue engineering applications. Notably, the intervertebral 

disc space is also considered immunoprivileged due to the lack of a blood supply and 

presence of T-cell inactivating Fas ligands. Collectively, this has led to great interest in 

using MSCs for IVD regeneration[12]–[15], [41], [42]. Recently, several studies have 

suggested that not only are allogeneic MSCs immunoprivileged, but that this property 

extends to xenogeneic transplantation[17], [43], [44]. Of special interest, when human 

CD34- bone marrow-derived stem cells were injected into the disc space of fully 

immunocompetent Sprague Dawley rats, the cells were detectable 42 days after 

injection and no inflammatory cells infiltrated the NP[44]. Similarly, when human 

MSCs were transplanted in a xenogeneic porcine model, the cells survived for at least 
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6 months without a noticeable immune response[17].  

In contrast, others have reported that the ability of MSCs to modulate or suppress 

an immune response is limited[18], [45]–[47]. In one comprehensive study, equine bone 

marrow-derived MSCs were analyzed using flow cytometry for MHC class I and II 

along with other cell surface markers[18]. Cells expressing MHC class II elicited an 

immune response. The presence of MHC class II allows the MSCs to be recognized by 

alloreactive CD4+ T cells[48]. Both MHC class Ia and class Ib modulate NK cell 

activity, either up or down[49], [50]. Additionally, separate harvests from the same 

animal yielded different expression profiles. In another study, differentiation of MSCs 

increased their expression of immunogenic MHC class Ia and class II receptors and 

limited their effectiveness in tissue regeneration[19]. This confirms that initially 

immunosuppressive stem cells may begin to express immunogenic MHC class Ia and 

class II after differentiation as our cells did after two weeks of culture.  

While both MHC Class Ia and Ib receptors are considered cytosolic, their 

mechanisms of action in regards to immunogenicity are different[48], [51]. MHC Class 

Ia receptors are responsible for presenting self/non-self proteins, including those 

associated with the cell itself. The presence of larger numbers of MHC Class Ia 

receptors leads to more presentation of these proteins and recognition of the MSCs as 

non-self. Noncanonical MHC Class Ib receptors, specifically HLA-G, interact with 

immune cells to down regulate/evade the immune response[49], [52]. HLA-G, which 

aids in maternal-fetal tolerance in trophoblasts, inhibits the proliferation of T cells and 

the cytotoxicity of NK cells[49]. The immunomodulatory effects of HLA-G is potent 

enough to become a target of gene therapy to cause overexpression of the protein[53]. 
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MHC Class II receptors are not traditionally expressed in MSCs in non-inflammatory 

conditions and are considered potent alloantigens[48]. MHC Class II receptors may also 

be activated in response to certain materials. 

While we observe minimal differences in MHC Class II expression between the AF 

and NP regions, we do see differences in the Class I receptors. This may be explained 

by the phenomena of cross-presentation where extracellular matrix proteins can be 

presented on Class I receptors[54], [55]. This has been observed in MSCs, increasing 

the effects of the T-cell immune response[55]. This may have contributed to the 

relatively higher expression of MHC Class Ia receptors in the collagenous AF region 

compared to the alginate NP region. 

The MSCs used in our in vivo experiments were isolated via plastic adherence.  Bone 

marrow contains cells of both mesenchymal and hematopoietic origin. Hematopoietic 

stem cells (HSCs) and their descendants, which cannot adhere to plastic, are 

characterized in part by CD34+[56]. Traditionally, cell surface markers associated with 

the MSC phenotype include CD105+, CD73+, CD90+, CD45-, and CD34-[57]. 

Because the cells in this experiment were not isolated using cell surface makers, it is 

possible that a certain subset were CD34+. Growing evidence suggests that tissue-

resident MSCs may express CD34 until subsequent culturing/passaging on causes it to 

disappear[58], [59]. On HSCs, CD34 may play a role in adhesion and homing to the 

bone marrow[60]. If any cells from the MSC isolation were CD34+, this may have 

ceased by passage 3. It is worth noting that the in vitro expression of MHC class 

receptors was similar between the cells isolated solely through plastic adherence, and 

those characterized by their cell surface markers. 
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The current study showed clear expression of immunogenic MHC class receptors 

prior to implantation and host response in the implanted disc space at 2 and 8 weeks. 

These results suggest that MSCs should be immunophenotyped before use in tissue 

engineering applications. Cells delivered via 3D tissue engineered constructs do not 

appear to behave in the same way as cells delivered via injection[44], [61]. This 

difference may indicate that the expression profile of MHC class receptors in human 

MSCs is dynamic and potentially tunable. A variety of factors might influence such 

profiles, including the method of cell delivery (e.g. injection versus implantation), in 

vitro culture conditions, or the biomaterials used for cell delivery.   

In light of such potential influences, one limitation of this study was the restriction 

of immunophenotyping to the cells in the 3D constructs. Characterizing the 

immunophenotype prior to culture in 3D scaffolds would make clear whether the 

expression of immunogenic MHC class receptors began during 2D expansion, or after 

differentiation in 3D culture. Additionally, cells were cultured in fetal bovine serum 

during expansion and 3D culture. While bovine serum has been used by other in vivo 

studies[16], [46], the potential for MSC activation exists.  

While MSCs are a promising cell source for tissue engineering and regenerative 

medicine, more attention should be paid to the heterogeneity of source material and the 

potential for MSCs to elicit an immune response rather than suppress one. Additionally, 

the culture conditions are an important factor in MHC class receptor expression and 

future studies should determine the effect of scaffold material and differentiation on the 

immunophenotype of cells as well as their function in vivo.  
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CHAPTER 4 

Hypoxic Expansion of Human Mesenchymal Stem Cells Enhances 3D 

Maturation of Tissue Engineered Intervertebral Discs4 

 

Abstract 

Culture of 3D constructs in hypoxic conditions (1-5% O2) has been shown to increase 

production of extracellular matrix (ECM) components in primary disc cells, and drive 

chondrogenesis of human mesenchymal stem cells (MSC). Growing evidence that 

suggests that 2D expansion under hypoxic conditions may have an even greater 

influence on chondrogenesis in MSCs. This study aims to determine the effects of 

hypoxia during 2D expansion and subsequent 3D culture on the in vitro maturation of 

TE-IVDs made with human MSCs, using a previously developed TE-IVD system. 

Human MSCs were expanded in either hypoxic (5% O2) or normoxic (21%) conditions 

before the construction of TE-IVDs. Discs were cultured in 3D in either hypoxic or 

normoxic conditions to create four experimental groups. Discs made from MSCs 

expanded in hypoxia were up to 141% stiffer than those made with normoxia expanded 

MSCs. Similar patterns were seen in all mechanical properties. Increases in GAG 

content and collagen content in the NP were associated with 3D hypoxic culture. A 

boundary region between the manufactured AF and NP regions developed by two weeks 

and mimicked the organization of the native disc. Hypoxic conditions in both 2D 

expansion and subsequent 3D culture improved the maturation of TE-IVDs made with 

                                                 
4 This chapter has been submitted to Tissue Engineering Part A. Hudson KD, Shah SB, Bonassar LJ. 

Hypoxic Expansion of Human Mesenchymal Stem Cells Enhances 3D Maturation of Tissue Engineered 

Intervertebral Discs. 2016 
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human MSCs.   

Introduction 

Intervertebral discs (IVDs) are complex cartilaginous tissues that lie between the 

vertebral bones in the spine. The two regions of the IVD, the inner nucleus pulposus 

(NP) and the outer annulus fibrosus (AF), work together to provide mechanical support 

to the spine[1], [2]. After injury and degeneration, IVDs exhibit little to no healing due 

to a lack of vascularization[3], [4]. This degeneration leads to pain, loss of function, and 

further decline of disc health[5]. Traditional surgical treatments, such as fusion or 

laminectomy procedures, focus on alleviating pain. These approaches provide 

temporary relief, but do not restore function to the disc segment and may lead to 

degeneration of adjacent discs[6]. Tissue engineered IVDs aim to address these 

limitations by replacing the degenerated disc with a cell-laden scaffold that integrates 

into the disc space, in hope of restoring mechanical function[7]–[10]. The cell 

requirements of tissue engineered IVDs exceed what can be achieved through 2D 

expansion of small tissue biopsies. Thus, alternative, clinically applicable, cell sources 

are of increasing interest.  

Many studies have investigated bone marrow derived mesenchymal stem cells 

(MSCs) as a potential cell source for tissue engineering applications because of their 

ability to differentiate into a variety of different cell types, including chondrocytes, 

fibrochondrocytes, and NP cells. Because of the IVD’s avascularity, there are sharp 

gradients in oxygen and nutrients within this tissue[11]. Cells in the interior of the disc 

experience oxygen concentrations between 1-5% and many studies show that both AF 

and NP cells are metabolically adapted for optimal function at these oxygen 
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concentrations[12]. In fact, hypoxia is often used to direct MSCs towards an NP 

phenotype in three dimensional culture[13]. Human MSCs encapsulated in alginate 

beads and exposed to hypoxia (2% O2) expressed more aggrecan and type II collagen 

than those cultured in normoxia (20% O2), even without growth factor 

supplementation[14]. 

In addition to enhancing differentiation towards chondrogenic or NP lineages, 

hypoxic 2D expansion augments proliferation and maintains multipotency of 

MSCs[15], [16]. Isolation and expansion of human MSCs under hypoxia (3% O2) also 

enhances chondrogenesis in subsequent 3D pellet culture[17]. These pellets were then 

cultured in either hypoxia or normoxia, and additional benefits were seen with continued 

exposure to hypoxia. While cell-cell contact with or without hypoxia facilitates 

chondrogenesis[18], many tissue engineering applications require the encapsulation of 

cells in biomaterials. Culture enhances both the biochemical properties and mechanical 

properties of TE constructs. Whether the benefits of expansion under hypoxia persist 

when cells are encapsulated in scaffold materials is unclear. Additionally, whether the 

changes in matrix assembly induced by hypoxia result in functional changes in tissue 

mechanics is unknown.  

This study aims to determine the effects of hypoxia during 2D expansion and 

subsequent 3D culture on the in vitro maturation of TE-IVDs made with human MSCs, 

using a previously developed TE-IVD system. In this system human MSCs are used in 

both the NP and AF. The NP is made using alginate, and the AF is made using type I 

collagen. We hypothesize that, along with increases in biochemical properties, 

expansion in hypoxia will also lead to increases in mechanical properties, making 
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hypoxia an effective means of increasing the maturation of composite TE-IVDs in vitro 

prior to clinical transplantation.  

Materials and Methods 

Expansion of Human Mesenchymal Stem Cells 

Human MSCs (RoosterBio Inc, Fredrick, MD), having been expanded under 

normoxic conditions (21% O2, 5% CO2) to population doubling level (PDL) 7-9, were 

plated at a concentration of 5000 cells/150 cm2 and expanded in hBM-MSC High 

Performance Media (RoosterBio Inc, Fredrick, MD) to PDL 14-15 in either normoxic, 

or hypoxic (5% O2, 5% CO2) conditions for one week before being harvested for TE-

IVD manufacture (Figure 4.1).  

TE-IVD Manufacture 

TE-IVDs were manufactured as previously described[19] with cells from either 

normoxic or hypoxic expansion conditions. Cells were lifted with 0.25% trypsin 

(MediaTech, Manassas, VA). To create the nucleus pulposus (NP) region, 3% wt/vol 

alginate (FMC BioPolymer, Philadelphia, PA) was seeded with hMSCs at a 

concentration of 25x106 cells/mL. The alginate-cell solution was mixed with a 2% 

CaSO4 solution at a 2-to-1 ratio, injected into a predesigned mold, and allowed to 

crosslink in 60 mM CaCl2 (Sigma-Aldrich) for 1 hour (Figure 4.1A, B). Individual NPs 

were cut from the mold and placed in wells of a 24-well plate. Type 1 collagen (4 

mg/mL) seeded with hMSCs at a concentration of 1x106 cells/mL and 410 μL of the 

collagen-cell solution was pipetted around each NP to create the AF region (Figure 

4.1C). The collagen was allowed to gel at 37 °C for 45 minutes, before 1 ml of media 

(DMEM w/o sodium pyruvate (MediaTech, Manassas, VA), 10% fetal bovine serum 
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(Gemini Bio Products, Sacramento, CA), 1% antibiotic-antimycotic solution (100 μg/ml 

penicillin, 100 μg/ml streptomycin, 2.5 μg/ml amphotericin B) (MediaTech, Manassas, 

VA,), and 2.5% HEPES buffer (MediaTech, Masassas, VA))  was placed in each well. 

Discs were cultured in either normoxic or hypoxic conditions to create four treatments 

groups (Figure 4.2). During culture, the collagenous AF contracted around the NP to 

create discs with a final diameter of approximately 4 mm (Figure 4.1C). Media was 

changed every 2-3 days. After two weeks, the discs were crosslinked with 0.5 µM 

riboflavin as previously described[10]. 

Figure 4.1. Tissue Engineered IVD fabrication process: (A) 3D printed mold for NPs, 

(B) 3% alginate w/ 25x106 MSCs (RoosterBio Inc.)/mL injected into mold, (C) NP 

surrounded by 4 mg/mL type 1 collagen w/ 1x106 MSCs/mL, arrows indicate 

contraction, (D) Final TE-IVD 

TE-IVD Analysis 

Discs were harvested after 2 and 4 weeks of culture. Whole discs were mechanically 

tested as previously described[10]. Discs underwent stress-relaxation tests in 

unconfined compression with steps of 5% strain to a total of 70% compression on an 

ELF 3200 mechanical testing frame (Bose, Eden Prairie, MN). The effective 

equilibrium modulus, effective instantaneous modulus, and effective hydraulic 
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permeability were determined by fitting the data to a poroelastic model[19], [20].  

The AF and NP regions were separated for biochemical analysis. Samples were 

digested using a papain digest (Sigma-Aldrich) and alginate lyase buffer (Sigma-

Aldrich).  Glycosaminoglycan (GAG) content was measured via a modified DMMB 

assay at a pH of 1.5 [21]and collagen content via a hydroxyproline assay[22]. 

Biochemical values were normalized to dry weight.  

Whole discs were fixed in 10% formalin for histological sectioning[10]. Samples 

were embedded in paraffin and transverse 5 µm sections were cut and stained with 

Safranin O for proteoglycans.  

 

 

 

 

 

 

 

Figure 4.2. Experimental design. MSCs expanded in either normoxic (21%) or hypoxic 

(5%) before construction of 3D TE-IVDs (see Fig. 4.1). Discs either continued in the 

same pO2, or switched to the other pO2. Discs were harvested at 2 and 4 weeks 

Statistics 

Data was analyzed using a three-way ANOVA (expansion condition, and 3D culture 

condition with interactions) with Tukey post hoc tests where p-value of <0.05 was 

considered significant.  
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Results 

Mechanical Properties 

Hypoxic expansion led to TE-IVDs with higher effective equilibrium modulus and 

effective instantaneous modulus and lower effective hydraulic permeability (p<0.05) 

(Figure 4.3A-C). These changes persisted through four weeks of 3D culture. After 

normoxic expansion, culture of TE-IVDs in hypoxia led to a 38% decrease in 

equilibrium modulus at four weeks (p<0.05) (Figure 4.3A). In contrast, hypoxic 

expansion led to a 41%-138% increase in equilibrium modulus over normoxic 

expansion counterparts (p<0.05). Similar patterns were seen in the instantaneous 

modulus (Figure 3B). Hypoxic expansion led to a 72-176% increase in instantaneous 

modulus over normoxic expansion (p<0.05). Hypoxic expansion and culture increased 

the instantaneous modulus by 26% over normoxic expansion and culture (p<0.05). 

Hydraulic permeability, a measure of the ease with which fluid moves through the tissue 

, decreased with hypoxic expansion (p<0.05) (Figure 4.3C). After normoxic expansion, 

subsequent 3D culture in hypoxia led to a 59% increase in permeability (p<0.05). This 

pattern was not seen when cells were expanded in hypoxia.  
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Figure 4.3. (A) Equilibrium modulus for discs at 2 and 4 weeks for all experimental 

groups (n=4-5, mean±SD, brackets indicate grouping, *indicates significant differences, 

p<0.05), (B) Instantaneous modulus for discs at 2 and 4 weeks (n=4-5, mean±SD, 

brackets indicate grouping, *indicates significant differences, p<0.05), (C) Hydraulic 

permeability for discs at 2 and 4 weeks (n=4-5, mean±SD, brackets indicate grouping, 

*indicates significant differences, p<0.05) 

Biochemical Composition 

The AF and NP regions were separated prior to biochemical analysis. All values 

were normalized to dry weight. In the AF region, glycosaminoglycan (GAG) content 

increased from 2 to 4 weeks in 3D discs cultured in hypoxia regardless of expansion 

condition (p<0.05) (Figure 4.4A). 2D expansion in normoxia followed by 3D hypoxic 

culture decreased GAG content 59-74% (p<0.05) (Figure 4.4B). In the NP region, 
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hypoxic expansion followed by hypoxic 3D culture increased GAG content by 62-79% 

over normoxic 3D culture (p<0.05), and by 46-88% over normoxic expansion (p<0.05). 

Even though the AF region was constructed using type I collagen, differences in 

collagen content were still observed between discs expanded in hypoxia before being 

3D cultured in either normoxia or hypoxia (Figure 4.4C) (p<0.05). Very little collagen 

was seen in the NP region (Figure 4.4D). Discs 3D cultured in hypoxia had more 

collagen in the NP region than those 3D cultured in normoxia (p<0.05).  

 

 

Figure 4.4. (A) GAG content for AF region at 2 and 4 weeks for all experimental groups 

(n=5, mean±SD, brackets indicate grouping, *indicates significant differences, p<0.05), 

(B) GAG content for NP region at 2 and 4 weeks (n=5, mean±SD, brackets indicate 

grouping, *indicates significant differences, p<0.05), (C) Hydroxyproline content for 
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AF region at 2 and 4 weeks (n=5, mean±SD, brackets indicate grouping, *indicates 

significant differences, p<0.05), (D) Hydroxyproline content for NP region at 2 and 4 

weeks (n=5, mean±SD, brackets indicate grouping, *indicates significant differences, 

p<0.05) 

Histology  

Transverse histological sections of the disc were sectioned and stained with Safranin 

O. In all groups, the NP and AF regions were clear with distinct staining for GAGs (red) 

and other ECM proteins in such as collagen (blue) (Figure 4.5). The cells in the NP 

region were rounded with their own lacunae while the cells in the AF region were 

elongated, similar to fibrochondrocytes. A boundary region of new tissue formed 

between the AF and NP regions. This boundary was present at both 2 and 4 weeks. The 

size of the region and integration into the NP region was related to expansion in hypoxia. 

The boundary region had moderate staining for GAGs with cells that transitioned from 

rounded near the NP to elongated near the AF. More integration and smoother 

transitions were seen with increased time and in samples composed of cells that had 

been expanded in hypoxia.
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Figure 4.5. Safranin O histological sections of boundary of TE-IVDs at 2 weeks. The letter B indicates the newly developed 

intermediate region, AF indicates the annulus fibrosus region, and NP indicates the nucleus pulposus region 
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Discussion  

The objective of this study was to determine the effects of hypoxia (5% O2) during 

two dimensional (2D) expansion and subsequent three dimensional (3D) culture on the 

in vitro maturation of TE-IVDs made with human MSCs. The data from this study show 

that expansion condition (5% vs. 21% O2) had a stronger effect on TE-IVD mechanical 

properties than 3D culture condition (5% vs. 21% O2) (Figure 4.3). Conversely, 3D 

culture condition had a stronger effect on TE-IVD biochemical composition (Figure 

4.4). In addition to mechanical and biochemical changes, constructs developed a 

boundary region between the AF and NP, analogous to the inner AF region seen in the 

native disc, which was enhanced by hypoxic expansion of MSCs prior to construct 

fabrication. This region was seen in all groups, but the extent of this region varied 

between treatment groups.  

These results support and extend findings in the literature that isolation and 

expansion of MSCs in hypoxia (3% O2) increased chondrogenesis in subsequent pellet 

culture[17]. In the reported study, regardless of the oxygen condition during pellet 

culture, hypoxic expansion increased glycosaminoglycan (GAG) content as well as 

expression of chondrogenic genes: aggrecan, Col2a1, and Sox9. While we did not see 

increases in GAG or collagen content in the AF region exclusively due to exposure to 

hypoxia during expansion, we did observe increased GAG content in the alginate NP 

region associated with hypoxic expansion followed by hypoxic 3D culture. The 

differences in biochemical content seen between the current study and previous reports 

may be due to the differences in oxygen tension or differences in the amount of cell-cell 

contact during 3D culture. Cell-cell contact, especially in combination with low oxygen 
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tension, has been shown to increase chondrogenesis and extracellular matrix 

production[18]. On the other hand, alginate hydrogels, in conjunction with hypoxia (2% 

O2), are commonly used to differentiate MSCs towards an NP phenotype[12], [13], 

which may be less metabolically active and has slower ECM production[23].  

While the biochemical content of the discs was driven primarily by 3D culture 

condition, equilibrium modulus, instantaneous modulus, and hydraulic permeability all 

showed significant improvements in discs made with hypoxia expanded cells. This is 

the first time that hypoxic expansion has been shown to improve mechanical properties 

and thus the function of tissue engineered constructs. Interestingly, expansion in 

normoxia, followed by 3D culture in hypoxia actually decreased stiffness of the TE-

IVDs as well as their ability to pressurize. This may be related to the low biochemical 

content of those discs, as well as a lack of ECM organization.  

Many tissue engineering studies show that increases in ECM content are generally 

correlated with increases in mechanical properties[24], [25]. However, there is another 

variable in play, particularly in the IVD, that is ECM organization. The two regions of 

the IVD work together to support complex mechanical behavior. The more fibrous AF 

translates axial compressive loads into circumfrencial tensile loads by containing the 

NP and allowing the water in the NP to pressurize. This further distributes axial 

compressive loads. In humans, the AF transitions into the NP in a gradient of increasing 

GAG content called the inner AF[26]. After two weeks in 3D culture, a region analogus 

of the inner AF developed between the two regions in the TE-IVD. Histology images 

reveal that this boundary region is characterized by highly aligned cells, moderate GAG 

and collagen content. This is the first time that such a boundary region has been seen in 
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any tissue engineered IVD.  

With a biochemical composition between that of the NP and AF regions, this 

boundary region seemed to show increased integration between the regions, further 

mimicking the native disc environment. Previous studies have clearly established that 

hypoxia enhances MSC proliferation and expression of collagen type I[27]. Hypoxic 

preconditioning has also been shown to increase MSC migration rates[28]. These 

migration capabilities have been shown to be slower in alginate[29]. This disparity in 

migration could explain the increased similarity of the transition region to the AF as 

opposed to the NP region.  Similarly, the incorporation of collagen on pre-formed 

alginate scaffolds also increased the cells’ proliferative and motile capacity as well as 

their deposition of collagen type I[30]. Future proliferation and migration studies using 

fluorescently tagged cells could also validate these hypotheses within the TE-IVDs.  

A limitation of this study was the use of a single donor. The multipotency of MSC 

lines, as well as their response to growth factor and other stimuli varies from donor to 

donor. However, in studies that used multiple lines, few lines fail to respond positively 

to hypoxia.  

We have shown that expansion of human MSCs in hypoxia (5% O2) increases the 

mechanical properties of TE-IVDs after subsequent 3D culture, either in hypoxia, or 

normoxia (21% O2). We have also shown that 3D culture in hypoxia increases the 

biochemical content of these discs. After two weeks of culture, MSCs create a boundary 

region between the manufactured AF and NP regions that mimics the organization of 

the native disc and may contribute to the development of TE-IVD stiffness and their 

ability to pressurize. Expansion of human MSCs in hypoxic conditions is an effective 
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means of accelerating the maturation of composite TE-IVDs in vitro and represents a 

significant step towards efficient production of a clinically relevant TE-IVD 

replacement.   
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CHAPTER 5 

The Influence of TGF-β3 on the Maturation of Tissue Engineering IVDs 

Containing Highly Contractile Human Mesenchymal Stem Cells5 

 

Introduction  

 

Direct healthcare costs of low-back pain are approaching $40 million in the United 

States1 and degenerative disc disease (DDD) is significantly associated with this pain2. 

Current surgical treatments address the pain of DDD but may cause degeneration at 

adjacent levels over time3. Tissue engineering (TE) has become a promising option for 

the regeneration of functional, healthy intervertebral disc (IVD) tissue. The disc is a 

complex tissue made of at least two distinct regions, the inner nucleus pulposus (NP), 

and the surrounding annulus fibrosus (AF)4. Tissue engineering may aim to replace or 

repair either one or both of these regions5. In whole TE-IVDs especially, cell source and 

material choice are important design considerations, as the two regions must work in 

concert to restore function6–9.   

Mesenchymal stem cells (MSCs) are often used in IVD and cartilage tissue 

engineering because of their ability to proliferate well in two dimensional culture, 

differentiate into a variety of cell types including chondrocytes and NP cells, and tune 

their behavior to their three dimensional scaffold materials. MSCs used both scaffold 

property cues and chemical cues to produce extracellular matrix (ECM) and change 

their cell shape/phenotype. During development, transforming growth factor beta 3 

                                                 
5 This chapter is in preparation for submission. Hudson KD, Rowley J, Baraniak P, Bonassar LJ. 

Influence of TGF-β3 on the Maturation of Tissue Engineering IVDs Containing Highly Contractile 

Human Mesenchymal Stem Cells. 2016 
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(TGF-β3), but not TGF-β1 or β2, is seen in the IVD anlagen, or organ rudiment10. This 

points to TGF-β3’s significance in driving MSCs towards disc phenotypes. 

Additionally, TGF-β3 is well established as a mediator of chondrogenesis. In pellet 

culture of human MSCs, 10 ng/ml of TGF-β3 in culture media stimulated more 

glycosaminoglycan (GAG) production that the same concentration of TGF-β111. Full 

differentiation was seen after 8 days. Similar patterns were seen in alginate beads, with 

human MSCs committing to a stable chondrogenic phenotype after only transient 

exposure to TGF-β312. MSCs in type I collagen hydrogels changed from an elongated 

cell shape to a rounded cell shape after exposure to TGF-β313.   

While AF and NP cells have similar phenotypes, the NP is characterized by its high 

GAG to collagen ratio with rounded cells surrounded by lacunae, and the AF is 

characterized by its highly organized collagen content with elongated, spindle-shaped 

cells. These phenotypes have previously been achieved in an established TE-IVD model 

using a single human MSC line14. The NP region is made of a calcium alginate gel, 

while the AF region is made of type I collagen. To ensure that cell shape changes within 

the AF region are minimized, TGF-β3 will be placed in the NP region, not a media 

supplement. 

This study aims to direct human MSCs towards chondrogenic differentiation using 

TGF-β3 within the alginate NP region of an established TE-IVD model. We hypothesize 

that TGF-β3 exposure will improve the production of GAGs while maintaining disc 

organization, increasing the mechanical function of TE-IVDs.   

Materials and Methods 

 

Cell Culture and TE-IVD Construction 
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Human MSCs (courtesy of RoosterBio, Inc, Frederick, MD) at population doubling 

level (PDL) 7-9 were cultured in hBM-MSC High Performance Media (RoosterBio, Inc, 

Frederick, MD) to PDL 14-15 before being harvested for TE-IVD manufacture. 

All TE-IVDs were made using a procedure described previously6,15,16. Alginate at a 

concentration of 3% wt/vol was seeded with 25x106 cells/ml human MSCs and injected 

into a custom designed mold. Each TE-NP was placed in a well of a 24-well plate. 

Around each TE-NP, 410 μl of collagen gel 17 was pipetted at a concentration of 4 mg/ml 

with 1x106 cells/ml. After the collagen has gelled for 45 minutes at 37 °C, 1 ml of media 

(DMEM w/o sodium pyruvate (MediaTech, Manassas, VA, USA), 10% fetal bovine 

serum (Gemini Bio Products, Sacramento, CA, USA), 1% antibiotic-antimycotic 

solution (100 μg/ml penicillin, 100 μg/ml streptomycin, 2.5 μg/ml amphotericin B) 

(MediaTech, Manassas, VA, USA), and 2.5% HEPES (MediaTech, Manassas, VA, 

USA)) was added to each well. Media was changed every 2-3 days. Discs were 

harvested for analysis after 2 weeks of culture.  

Biochemical and Mechanical Analysis 

Biochemical analysis was performed to determine DNA content, 

glycosaminoglycan (GAG) content, and collagen content in each of the TE-IVDs 

distinct regions (AF and NP). Before analysis, the TE-NP was separated from the TE-

AF. Both the TE-AF and the TE-NP were digested using a papain digest (Sigma-

Aldrich) with alginate lyase buffer solution (Sigma-Aldrich) added to the alginate TE-

NPs. GAG content was measured using a spectrophotometric dimethylmethylene blue 

(DMMB) dye with absorbance measured at 525 nm at pH 1.518. Total collagen content 

was measured using a hydroxyproline assay19 with absorbance measured at 540 nm. All 
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data was normalized to dry weight. 

The effective composite mechanical properties of the TE-IVDs were determined as 

described previously20. Individual samples were tested on an ELF 3200 mechanical 

testing frame (EnduraTech). Unconfined stress-relaxation tests were performed with 

steps of 5% strain to a total of 70% strain. Instantaneous modulus, equilibrium modulus, 

and effective hydraulic permeability were calculated using the resulting stresses20. 

Histological Analysis 

Samples were preserved in 10% phosphate-buffered formalin and 1% CaCl2 for two 

weeks before being moved to 70% ethanol and processed for histology. Transverse 

sections were cut to 5 μm thick. Sections were stained with Safrinin O for GAGs, and 

Picrosirius red for collagen. Polarized light images were taken of the Picrosirius red 

sections to observe collagen organization.  

Statistics 

All data presented as the mean ± standard deviation. Data analysis was performed 

using a custom MATLAB program and Microsoft Excel software. Statistical analysis 

was performed using SigmaPlot 11.0 using a student’s T-test where a p-value of <0.05 

was considered statistically significant.  

Results 

 

TE-IVDs without TGF-β3 in the TE-NP (basal) had an equilibrium stiffness of 

8.1±2.1 kPa and an instantaneous modulus of 25.9±9.4 kPa while the discs with TGF-

β3 in the TE-NP had an equilibrium stiffness of 6.6±1.3 kPa and an instantaneous 

modulus of 21.2±5.7 kPa (Figure 5.1). No statistical differences were seen in the 

equilibrium or instantaneous moduli between the basal and TGF-β3 treated groups. 
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However, a significant increase in permeability was seen in the TGF-β3 treated group 

(p = 0.02) from 7.4E-13±2.1E-13 m2/Pa*s to 1.1E-12±2.5E-13 m2/Pa*s (Figure 5.1).  

 

 

 

 

 

 

Figure 5.1. (A) Equilibrium modulus of whole discs with or without 10 ng/ml TGF-β3 

in the TE-NP (n = 6-7±SD, *indicates p<0.05), (B) Instantaneous modulus of whole 

discs, (C) Hydraulic permeability of whole discs 

 

TE-IVD regions were separated from each other prior to biochemical analysis. 

Properties were normalized to dry weight. In the TE-AF region, the GAG content was 

51% lower in the TGF-β3 treated group than in the basal group from 19.5±6.1 μg/mg to 

9.6±2.0 μg/mg (p < 0.001) (Figure 5.2). In the TE-NP region, GAG content was 70% 

higher in the TGF-β3 treated group from 2.2±1.0 μg/mg to 3.8±1.0 μg/mg (p < 0.001). 

The collagen content was 24% lower in the TGF-β3 treated TE-AF from 141.1±37.9 

μg/mg to 107.0±23.9 μg/mg (p = 0.018). No measurable collagen content was detected 

in the TE-NP of either group.  
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Figure 5.2. (A) GAG content of AF and NP regions with or without 10 ng/ml TGF-β3 

in the TE-NP (n = 11-12±SD, * indicates p<0.05), (B) Hydroxyproline content of AF 

and NP regions 

All histological images showed the development of an intermediate region of tissue 

between the alginate TE-NP and the collagen TE-AF. This region has never been seen 

in any previous TE-IVD formulations and reflects the properties of both manufactured 

regions. The cell morphology varied between the regions. The hMSCs in the TE-AF 

were elongated and fibroblast-like while the MSCs in the TE-NP were rounded and 

chondrocyte-like. Under polarized light, the basal group TE-AF was much more 

organized and developed than the TGF-β3 group.  
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Figure 5.3. Histological images of discs with or without 10 ng/ml TGF-β3 in the TE-

NP. Safranin O, picrosirius red, and picrosirius red under polarized light show the 

distribution of ECM components, cell morphology, and collagen organization. Arrows 

show NP region and boundary region respectively.  

Discussion 

The objective of this study was to determine the effect of TGF-β3 stimulation on 

human MSCs in the NP region of TE-IVDs. The data from this study show that the 

addition of TGF-β3 increased the GAG content in the NP region as expected, but also 

decreased GAG and collagen content in the AF region. These biochemical changes were 

associated with an increase in the hydraulic permeability of the whole discs, indicating 

fluid flowed more easily out of the discs when compressed. Collagen organization in 

the AF region also decreased with TGF-β3 treatment as indicated by a decrease in 

intensity in histological sections imaged using polarized light. It is important to note 

that even though TGF-β3 treatment was isolated to the NP region during the 

construction of the discs, whole disc effects were seen after 2 weeks of culture.  
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The increases in GAG in the NP are supported by a number of studies have shown 

that exposure to TGF-β3 increased GAG production in MSCs12,13,21,22. In particular, 

human MSCs in alginate beads exhibited stable chondrogenesis after only transient 

exposure to TGF-β3 and continued to produce GAGs if exposure continued12. 

Increasing the concentration of TGF-β3 also increased the expression of Col II. In pellet 

culture, human MSCs were more anabolic when exposed to TGF-β3 as compared to 

TGF-β111.  

Although the TGF-β3 was placed directly into the NP during molding, TGF-β3 is 

small enough (~12.7 kDa from R&D Systems) to that diffusion through calcium alginate 

is not restricted23. Therefore, exposure to TGF-β3 in the NP region was likely transient, 

and the AF region touching the NP was subjected to TGF-β3 stimulation. Even in 

collagen gels, TGF-β treatment was been shown to drive chondrogenesis of MSCs13. In 

addition to expression of aggrecan and Col II, this study observed changes in cell shape. 

Cells became more rounded in gels treated with TGF-β than gels in control media. We 

did not observe rounded cell shape in the AF region in the present study.  

Unexpectedly did observe lower GAG and collagen concentration with TGF-β3 

treatment. Although decreases in biochemical properties has not been observed in 

previous studies, the mechanisms action for TGF-β3 may explain this result. Compared 

to culture on stiff (glass slides) substrates, MSCs in collagen gels did not respond as 

robustly to TGF-β3 exposure including lower expression of α-actin24. In another study, 

the collagen-synthetic response of fibroblasts to TGF-β was attenuated when fibroblasts 

were cultured in collagen gels25. This was accompanied by a 40% decrease in collagen 

density. If MSCs in the present study were differentiating towards a fibrochondrocyte 
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phenotype, the same mechanism of attenuation may be being triggered. This is idea is 

supported by the fact that the hydraulic permeability of the whole discs increased in the 

TGF-β3 group and collagen organization in the AF region was less distinct.  

These results indicate that while TGF-β3 is effective at driving chondrogenesis in 

alginate cells, MSCs in collagen gels are being driven towards a distinctly different 

phenotype more similar to fibroblasts or fibrochondrocytes. As such, exposure of the 

AF region to TGF-β3 even in the adjacent NP does not improve the global biochemical 

or mechanical properties of TE-IVDs.  

  



 

 

102 

 

REFERENCES 

1.  Katz JN. Lumbar disc disorders and low-back pain: socioeconomic factors and 

consequences. J. Bone Joint Surg. Am. 88 Suppl 2, 21, 2006;  

2.  Freemont AJ. The cellular pathobiology of the degenerate intervertebral disc and 

discogenic back pain. Rheumatology. 48(1), 5, 2009;  

3.  Cowan JA, Dimick JB, Wainess R, Upchurch GR, Chandler WF, Marca F La. 

Changes in Utilization of Spinal Fusion in the United States. Neurosurgery. 

58(7), 15, 2006;  

4.  Whatley BR, Wen X. Intervertebral disc (IVD): Structure, degeneration, repair 

and regeneration. Mater. Sci. Eng. C. Elsevier B.V.; 32(2), 61, 2012;  

5.  Hudson KD, Alimi M, Grunert P, Härtl R, Bonassar LJ. Recent advances in 

biological therapies for disc degeneration: tissue engineering of the annulus 

fibrosus, nucleus pulposus and whole intervertebral discs. Curr. Opin. 

Biotechnol. 24, 1, 2013;  

6.  Bowles RD. Development of a composite tissue-engineered intervertebral disc: 

In Vitro and In Vivo Structure and Function. 2011.  

7.  Martin JT, Milby AH, Chiaro J a, Kim DH, Hebela NM, Smith LJ, Elliott DM, 

Mauck RL. Translation of an engineered nanofibrous disc-like angle-ply 

structure for intervertebral disc replacement in a small animal model. Acta 

Biomater. Acta Materialia Inc.; 2014;  

8.  Park S-H, Gil ES, Cho H, Mandal B, Tien LW, Min B-H, Kaplan DL. 

Intervertebral Disk Tissue Engineering Using Biphasic Silk Composite 

Scaffolds. Tissue Eng. Part A. 18(5 and 6), 447, 2012;  

9.  Hudson KD, Mozia RI, Bonassar LJ. Dose-Dependent Response of Tissue 

Engineered Intervertebral Discs to Dynamic Unconfined Compressive Loading. 

Tissue Eng. Part A. 2015;  

10.  Millan F a, Denhez F, Kondaiah P, Akhurst RJ. Embryonic gene expression 

patterns of TGF beta 1, beta 2 and beta 3 suggest different developmental 

functions in vivo. Development. 111(1), 131, 1991;  

11.  Barry F, Boynton RE, Liu B, Murphy JM. Chondrogenic differentiation of 

mesenchymal stem cells from bone marrow: differentiation-dependent gene 



 

 

103 

 

expression of matrix components. Exp. Cell Res. 268(2), 189, 2001;  

12.  Mehlhorn  a T, Schmal H, Kaiser S, Lepski G, Finkenzeller G, Stark GB, 

Südkamp NP. Mesenchymal stem cells maintain TGF-beta-mediated 

chondrogenic phenotype in alginate bead culture. Tissue Eng. 12(6), 1393, 2006;  

13.  Noeth U, Rackwitz L, Heymer A, Weber M, Baumann B, Steinert A, Schuetze 

N, Jakob F, Eulert J. Chondrogenic differentiation of human mesenchymal stem 

cells in collagen type I hydrogels. J. Biomed. Mater. Res. Part A. 81(4), 626, 

2007;  

14.  Hudson KD, Grunert P, Towne S, Hartl R, Bonassar LJ. The Role of MHC Class 

Receptors in the Function of Tissue Engineered IVDs Made with Human MSCs. 

ORS Annu. Meet. 2015.  

15.  Bowles RD, Gebhard HH, Dyke JP, Ballon DJ, Tomasino A, Cunningham ME, 

Härtl R, Bonassar LJ. Image-based tissue engineering of a total intervertebral 

disc implant for restoration of function to the rat lumbar spine. NMR Biomed. 

25(3), 443, 2011;  

16.  Bowles RD, Williams RM, Zipfel WR, Bonassar LJ. Self-Assembly of Aligned 

Tissue-Engineered Annulus Fibrosus and Intervertebral Disc Composite Via 

Collagen Gel Contraction. Tissue Eng. Part A. 16(4), 1339, 2010;  

17.  Elsdale T, Bard J. Collagen Substrata for Studies on Cell Behavior. J. Cell Biol. 

54(3), 626, 1972;  

18.  Enobakhare BO, Bader DL, Lee DA. Quantification of Sulfated 

Glycosaminoglycans in Chondrocyte/Alginate Cultures, by Use of 1,9-

Dimethylmethylene Blue. Anal. Biochem. 243, 189, 1996;  

19.  Neuman RE, Logan MA. The Determination of Hydroxyproline. J. Biol. Chem. 

184, 299, 1949;  

20.  Bowles RD, Gebhard HH, Härtl R, Bonassar LJ. Tissue-engineered intervertebral 

discs produce new matrix, maintain disc height, and restore biomechanical 

function to the rodent spine. Proc. Natl. Acad. Sci. 108(32), 13106, 2011;  

21.  Wang Y, Kim U-J, Blasioli DJ, Kim H-J, Kaplan DL. In vitro cartilage tissue 

engineering with 3D porous aqueous-derived silk scaffolds and mesenchymal 

stem cells. Biomaterials. 26, 7082, 2005;  



 

 

104 

 

22.  Stoyanov J V, Gantenbein-Ritter B, Bertolo  a, Aebli N, Baur M, Alini M, Grad 

S. Role of hypoxia and growth and differentiation factor-5 on differentiation of 

human mesenchymal stem cells towards intervertebral nucleus pulposus-like 

cells. Eur. Cell. Mater. 21, 533, 2011;  

23.  Tanaka H, Matsumura M, Veliky I a. Diffusion characteristics of substrates in 

Ca-alginate gel beads. Biotechnol. Bioeng. 26(1), 53, 1984;  

24.  Park JS, Chu JS, Tsou AD, Diop R, Tang Z, Wang A, Li S. The effect of matrix 

stiffness on the differentiation of mesenchymal stem cells in response to TGF-?? 

Biomaterials. 32(16), 3921, 2011;  

25.  Clark RAF, Nielsen LD, Welch MP, McPherson JM. Collagen Matrices 

Attenuate the Collagen-Synthetic Response of Cultured Fibroblasts To Tgf-Beta. 

J. Cell Sci. 108, 1251, 1995;  

 

 



105 

 

CHAPTER 6 

Conclusions 

The focus of this dissertation was to investigate the effects of mechanical 

stimulation, cell choice, and chemical stimulation on the development of tissue 

engineered intervertebral discs (TE-IVDs). The ultimate goal of this work is to 

determine the most effective means of manufacturing and maturing these discs so they 

restore structure and function in vivo. The completion of this project resulted in TE-

IVDs that are steps toward a clinical tissue-engineered alternative to discectomy and 

spinal fusion. First, mechanical stimulation of TE-IVDs was found to increase 

mechanical and biochemical properties in a dose-dependent manner (Chapter 2). Next, 

human mesenchymal stem cells were investigated as an alternative cell source to 

primary disc cells both in vitro and in vivo (Chapter 3). Then, the effects of hypoxia 

during two dimensional (2D) expansion and three dimensional (3D) culture were found 

to increase extracellular matrix (ECM) organization and mechanical and biochemical 

properties in TE-IVDs (Chapter 4). Finally, chemical stimulation of TE-IVDs using 

TGF-β3 was found to undermine biochemical production, and ECM organization 

(Chapter 5). This chapter discusses these findings of this dissertation to synthesize a 

broader understanding of its contributions to the field and possible future directions for 

this work. This chapter also presents the results of a meta-analysis of the biochemical 

and mechanical properties of the TE-IVDs to identify the most important factors in 

improving disc function.  

In Chapter 2 we investigated the effects of dynamic mechanical stimulation on the 

mechanical and biochemical properties of TE-IVDs made with primary disc cells. We 

reported that increasing the dynamic strain from zero to 10% increased all properties in 

a dose-dependent manner with maximum effects consistently seen at 5% strain. We also 



 

 

106 

 

saw different responses to stimulation in the annulus fibrosus (AF) and nucleus pulposus 

(NP) regions. While both regions saw significant increases in glycosaminoglycan 

(GAG) content, the AF region had greater increases (2.8 fold) than the NP (2.2 fold). 

Additionally, the NP region had significant increases in collagen content (1.8 fold) due 

to increases in strain amplitude. Previous studies on dynamic stimulation support the 

importance of stain amplitude on promoting increased biochemical production by cells 

either through direct mechanotransduction, or through the increased movement of 

nutrients through the scaffolds. 

In Chapter 3, human mesenchymal stem cells (MSCs) were considered as an 

alternative, and more clinically relevant cell source to primary disc cells. Both regions 

of the TE-IVDs were made with human MSCs and after two weeks of in vitro culture, 

cells in the two regions had two distinct phenotypes. While MSCs have been considered 

immunomodulatory, cells in the TE-IVD system expressed major histocompatibility 

complex (MHC) class receptors consistent with an immunogenic phenotype. The 

expression of these molecules was different between the AF and NP regions, suggesting 

scaffold material may play a role. When implanted in vivo, a host response at the 

implantation site was seen. This was in contrast to studies that found even xenogenic 

implantation of MSCs to be immunomodulatory. These data suggest that while MSCs 

are a promising cell source for TE-IVDs, cell culture conditions as well as 

immunophenotype of cells should be taken into account.  

In Chapter 4, 2D expansion of human MSCs under hypoxic (5% O2) conditions 

improved the mechanical and biochemical properties of TE-IVDs after subsequent 3D 

culture over 2D expansion in normoxia (21% O2). Discs made with hypoxia expanded 

cells were 41%-138% stiffer than those made with normoxia expanded cells. In addition 

to mechanical and biochemical changes, the development of a boundary region between 

the AF and NP analogous to the inner AF region seen in the native disc. This region was 
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seen in all groups, but the extent of this region varied between treatment groups.  This 

is the first time such a boundary region has been seen in TE-IVDs.  

In Chapter 5, treatment with the growth factor TGF-β3 in the NP portion of the TE-

IVD increased GAG content in the NP, but decreased GAG content and collagen content 

in the AF. This was associated with less collagen organization in the AF region as seen 

in picrosirius stained histological sections under polarized light, and with decreases in 

hydraulic permeability of the whole disc. Together, these data suggest that the MSCs in 

the collagen is undergoing differentiation towards a fibroblast or fibrochondrocyte 

phenotype which does not have an anabolic response to TGF-β3. The decreases in 

collagen content and a lack of organization allow fluid to move through the disc more 

freely rather than pressurize, limiting the mechanical function of the disc.  

While mimicking the environment of the native disc has proved important in the 

design of TE-IVDs, another essential design consideration is how cells interact with 

their scaffold materials. Overall, the work in this dissertation has significantly 

contributed to the fields of tissue engineering, intervertebral disc biology, and 

mesenchymal stem cell biology. 

Throughout the work of this dissertation, over one hundred TE-IVDs were made. 

Different treatment schemes and cell types resulted in different mechanical moduli and 

biochemical property levels in both the NP and AF regions. A more comprehensive 

relationship between the biochemical properties and the resulting total disc stiffness can 

be determined by using a meta-analysis of all the different studies.   

Meta-Analysis of TE-IVD Properties 

Background 

The relationship between the bulk mechanical properties of tissues and their 

biochemical composition is well established[1]. In musculoskeletal tissues, the two 

major biochemical components that contribute to mechanical stiffness are 
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glycosaminoglycans (GAGs) and the various types of collagen[2]. Because GAGs are 

negatively charged, they (things that GAGs do), which increases the bulk compressive 

modulus of tissues[3]. Collagens (things that collagens do), which primarily increases 

the tensile modulus of tissues[2], [4]. In IVDs, the type I collagen in the AF region is 

organized circumferentially. This organization allows for the translation of axial 

compressive loads into tensile hoop stresses. Thus, GAG content in both regions, and 

collagen content in the AF region should contribute significantly to the effective 

equilibrium modulus of the TE-IVD if the disc is functioning in a manner similar to 

native discs. A meta-analysis takes the biochemical property data from many different 

studies to determine which values significantly contribute to the mechanical properties 

of the TE-IVDs as a whole.  

Variables and Studies Included in Meta-Analysis 

In this meta-analysis, the GAG and collagen contents of the two TE-IVD regions 

for eighteen different groups of discs were inserted into a multilinear regression. A 

multilinear regression creates a linear equation to explain the relationship between a 

single response variable and two or more explanatory variables using a least-squares 

model. In addition to an R2 value for the complete model, the significance of each 

individual explanatory variable can be determined. 

The data groups were taken from studies published in this dissertation as well as 

unpublished data. Five groups were taken from the mechanical stimulation study in 

Chapter 2 (0%, 1%, 2.5%, 5%, and 10% strain). One group was taken from the in vivo 

implantation study in Chapter 3. An additional group of discs made from the same 

MSCs, treated with TGF-β3, was used. Eight groups of discs from the hypoxic 

expansion and culture study in Chapter 4 were included. Two groups of discs from the 

TGF-β3 treatment paper in Chapter 5 were also used. Finally, an unpublished set of 

discs made with sheep cells and cultured for only two weeks was included. A summary 
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of this data can be seen in Table 6.1.  

Table 6.1. Summary of TE-IVD Data 

 
Stiffness 

(kPa) 

AF GAG 

(μg/mg) 

AF 

Hypro 

(μg/mg) 

NP GAG 

(μg/mg) 

NP 

Hypro 

(μg/mg) 

Cell Type 

4 Wk Sheep (0) 2.7112 5.3466 105.5625 2.6867 75.3889 Primary 

4 Wk Sheep (1) 3.0959 8.8882 97.4753 4.1323 54.5112 Primary 

4 Wk Sheep (2.5) 2.1064 3.1184 106.985 6.1319 136.2269 Primary 

4 Wk Sheep (5) 5.367 17.9963 123.75 5.9389 115.7292 Primary 

4 Wk Sheep (10) 5.0214 15.685 114.6597 5.5416 106.4931 Primary 

MSC.2.0 2.3984 9.3926 62.1116 3.0365 23.1913 MSCs 

MSC.2.W 5.0864 4.9542 38.9104 3.4012 49.2395 MSCs 

2 Wk Sheep 2.4857 6.0715 126.6762 4.5332 101.0911 Primary 

2 Wk 0019G2 8.3548 19.4976 141.1291 2.186 0 MSCs 

2 Wk 0019Ch 6.5515 9.5976 107.0271 3.7664 0 MSCs 

NN_2W 5.7059 12.7637 140.7366 6.0387 0.7306 MSCs 

HN_2W 6.6779 10.731 128.6932 3.735 0.4009 MSCs 

NH_2W 4.0459 5.9008 132.4175 5.3885 25.563 MSCs 

HH_2W 8.2944 6.1729 132.5577 8.5637 7.6638 MSCs 

NN_4W 5.8233 15.4939 114.3828 3.8889 0.2698 MSCs 

HN_4W 8.2247 12.0665 92.0935 3.4446 0.3494 MSCs 

NH_4W 3.6027 8.4035 121.6613 2.5433 4.3797 MSCs 

HH_4W 8.5783 11.0698 168.9024 6.5407 19.4581 MSCs 

The initial multilinear regression was performed using all five variables listed in 

Table 6.1. The variance inflation factor (VIF) reveals if there are any inherent 

collinearities in the data. The VIFs for the hydroxyproline content in the NP and the cell 

type were high, indicating a collinearity between the two variables. In subsequent 

analyses, the hydroxyproline content of the NP was removed.  

Results of Meta-Analysis 

The multilinear regression model using the biochemical content variables accurately 

predicts the equilibrium stiffness of the TE-IVDs with an R2 value of 0.6577 (Figure 

6.1). The different studies were represented with different colored markers. The values 

for the different studies were distributed across the whole range of stiffness, indicating 
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that study design did not play a role in the equilibrium stiffness values and this model 

is robust across all TE-IVDs.  

 

 

 

 

 

Figure 6.1. The equilibrium stiffness predicted by the multilinear regression model 

versus the actual stiffness values, the different colored markers indicate different studies 

used in the meta-analysis 

Additionally, the multilinear regression determined which variables significantly 

contribute to the model (Figure 6.2). The GAG content of the AF region, and the cell 

type were significant, while the GAG content of the NP region, and the hydroxyproline 

content of the AF region did not significantly contribute to the model.  

 

 

 

 

 

Figure 6.2. Graphs of the individual biochemical variables versus the observed 

equilibrium modulus, including the p-value for the contribution of the variable to the 

model 
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Conclusions of Meta-Analysis 

The meta-analysis of the various TE-IVD groups revealed that the equilibrium 

modulus of the discs could be predicted from the biochemical properties of the discs 

and determined which variables significantly contribute to the model. The most 

important variables were the GAG content in the AF region (p = 0.0284), and the cell 

type (p = 0.0045), though not the final concentration of collagen in the AF region (p = 

0.5755).  

These results run counter to the results predicted based on the function of the native 

IVD. In the spine, the high collagen content and organization in the AF region allow the 

water and the GAGs in the NP region to pressurize and bear uniaxial loads[4]. In 

contrast, the model shows that the equilibrium stiffness of TE-IVDs is most highly 

dependent on the cell type used (MSCs vs. primary cells) and the GAG content in the 

AF. Discs made with MSCs were stiffer than those made with primary cells. This may 

be related to the contractile nature of the MSCs, leading to the use of a higher 

concentration of collagen during TE-IVD construction. Increases in the GAG content in 

the AF region were also correlated with stiffer discs. This is consistent with the concept 

that GAGs aid in resisting compression by retaining water. Although the GAG content 

in the NP region also increases with stiffness (Figure 6.2) this relationship is not 

significant (p = 0.1480). These patterns suggest that while GAGs increase the stiffness 

of the discs, they are not deposited in the same manner as in native discs.  

These patterns suggest two avenues for increasing the performance of the TE-IVDs: 

(1) increasing the GAG content in both regions, and (2) attempting to increase the 

organization of the deposition of the biochemical proteins.  
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Future Directions 

The research here presented opens up new avenues of investigation and future 

research questions. These directions include further steps to improve the function of the 

rat-sized TE-IVD both in vitro and in vivo, the use of these techniques on larger 

constructs, and methods for elucidating the mechanisms behind certain observations.  

 

Steps to Improve TE-IVDs In Vitro and In Vivo 

The work in this dissertation produced discs that were more than 200% stiffer than 

previously reported. Additionally, GAG and collagen concentrations were increased by 

between ~200% and ~75% respectively. These TE-IVDs had improved ECM 

organization, with the development of an inner AF region. However, GAG content in 

the NP was still only 40% of native, and discs were two orders of magnitude less stiff 

than native. This leaves room for additional improvements including further increases 

GAG content, disc stiffness, and ECM organization.  

While target values for mechanical and biochemical properties need not be those of 

native discs, discs made for implantation in larger animals may need to as stiff as 30-90 

kPa to support initial loads in the spine. To achieve this stiffness, the biochemical 

properties as well the organization of the ECM must likewise be increased.   

 

Increased Mechanical Stimulation 

In Chapter 2, mechanical stimulation at 5% or 10% strain for two weeks increased 

disc stiffness and the biochemical content in both AF and NP regions. However, 

prolonged loading of collagen constructs results in decreases in collagen content[5]. 

Additionally, the longer a construct is cultured before loading, the more attenuated the 

stimulatory effects[6], [7]. Cells in these constructs have developed a pericellular matrix 

that shields the cells from the effects of mechanical stimulation [8]–[10]. To overcome 
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this shielding and continue to stimulate the cells, increases in strain over the loading 

period may be necessary. 

This varied loading regime may be facilitated by a new bioreactor developed in 

collaboration with GE Global Research that has the ability to measure the stiffness of 

individual TE-IVDs during the loading period. As the TE-IVDs increase in stiffness and 

then begin to plateau at 5% strain, a larger strain such as 10% strain could be applied. 

This would continue to stimulate the anaerobic activity of the cells throughout the 

culture period.  

Modulating Oxygen Tension during Culture 

In Chapter 4, expansion of human MSCs under hypoxia (5% O2) rather than 

normoxia (21% O2) increased the properties of TE-IVDs made with these cells. In vivo, 

discs experience between 1-5% O2. Decreasing the oxygen tension during 2D expansion 

and 3D culture may further improve the TE-IVD properties. Very few studies have 

examined the effects of a range of oxygen concentrations. When exposed to 1% O2 as 

opposed to 5% O2, NP cells produced significantly more GAGs and type II collagen[11].  

Combining Hypoxia and Mechanical Loading 

Because hypoxia and mechanical compression stimulate the cells through different 

mechanisms, combining the two regimes could further improve biochemical and 

mechanical properties over either regime on its own.  

Growth Factors 

Although in Chapter 3 we saw that treatment with TGF-β3 decreased the 

biochemical properties and ECM organization of TE-IVDs, many studies report that 

differentiation of MSCs towards the NP phenotype, including ECM production, can be 

achieved with the growth factor GDF-5. Future work might investigate optimal 
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conditions for GDF-5 stimulation to achieve the most robust NP phenotype.   

Determine Function of Increasing Disc Properties In Vivo 

All of the improvements to TE-IVD content and function have yet to be confirmed 

through in vivo experiments. It is unknown whether increases in mechanical functions 

impart greater success when implanted. To obtain these results without the confounding 

variable of a host response as seen in Chapter 3, athymic rats should be used.  

Use of Techniques on Larger Constructs 

While the rat tail model is an effective testing ground for designing new TE-IVD 

formulations, success in larger animal models must be achieved before translation to the 

clinic. Beagles are ideal for use in a large animal model because they are well 

established research animals, and many experience disc degeneration during their lives. 

The translation of the work in this dissertation to larger TE-IVD for implantation in the 

canine cervical spine is a natural next step. The most promising techniques include 

mechanical stimulation and expansion of these cell in hypoxia prior to disc manufacture.   

 

Elucidating Mechanisms for Modulating MHC Class Receptor Expression 

In Chapter 3 MHC class receptor expression was seen to depend on the cell-scaffold 

interactions. This is the first time that such changes/differences in expression has been 

seen. Although this implicates the differences between alginate and collagen scaffolds, 

identifying the cause from a mechanistic point of view will allow tissue engineers to 

design new materials that manipulate MSCs towards a more immunogenic phenotype. 

The preliminary stages of this work are outlined in Appendix A.  

To achieve this, the differences in how MSCs interact with alginate and collagen 

must be understood.  The chief difference is the degree of cell adhesion when cells are 

encapsulated in these materials. Without binding domains, cells to do not adhere to 
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alginate, and remain spherical in shape. Collagen, on the other hand, has RGD and 

GFOGER binding domains that allow the cells to adhere, elongate, and reorganize the 

collagen fibers. Alginate can be chemically modified to add the RGD peptide sequence 

and increase cell adhesion. Aside from IHC of these MHC class receptors, the response 

of splenocytes to these scaffolds may reveal concrete changes in immune response in 

vitro.  

The long-term goal of this project is to develop a tissue engineered intervertebral 

disc (TE-IVD) as a clinical alternative to discectomy and spinal fusion. This work 

established the conditions necessary to produce TE-IVDs with biochemical properties 

that approach those of native discs as well as determine the ability of MSCs to act as an 

alternative and clinically relevant cell source. These results laid the ground work for 

current investigations taking place in a large animal model. 
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APPENDIX A 

 

Differential MHC Class Receptor Expression in In Vitro Human Mesenchymal 

Stem Cells is Mediated by Scaffold Material 

Introduction 

MSCs have long been considered immunoprivileged, with the ability to down-regulate 

the immune response of allogeneic and even xenogeneic hosts1,2. However, more recent 

studies have found that mesenchymal stem cells harvested from bone marrow are highly 

heterogeneous and expression profiles of major histocompatibility complex (MHC) 

proteins vary not only between subjects but between different harvests of the same 

subject3. Certain of these MHC receptors in human cells have been classified as 

immunosuppressive (MHC Class Ib) while others have been classified as 

immunogeneic (MHC Class Ia, and MHC Class II)4. We have previously demonstrated 

differential expression of these receptors by human MSCs in tissue engineered 

constructs based on their location within the constructs5. The role of cell encapsulating 

scaffold materials in modifying the basal expression of these molecules has not been 

explored. This study aims to determine the effects of different scaffold materials on the 

expression of both immunogenic and immunosuppressive MHC class receptors by 

human MSCs in tissue engineered constructs.  

Methods 

Cell Culture  

Human MSCs (RoosterBio, Inc) at population doubling level (PDL) 7-9 were cultured 

in hBM-MSC High Performance Media (RoosterBio, Inc) to PDL 14-15 before being 

harvested for construct manufacture.  
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Construct Manufacture 

To create the alginate discs, 3% alginate was seeded with hMSCs (25x106 cells/ml), 

crosslinked using 2% CaSO4, and injected between two glass plates. Discs 6 mm in 

diameter were cut from the sheet gel and placed in wells of a 24-well plate. Collagen 

discs were created by pipetting 500 μl of type I collagen gel (4 mg/ml) seeded with 

hMSCs (1x106 cells/ml) into wells of a 24-well plate. The constructs were cultured for 

2 weeks in DMEM media with 10% FBS, 2.5% HEPES, and 1% antibiotics. Discs were 

collected at days 4, 9, and 14 for histological processing.  

Analysis  

Immunohistochemistry (IHC) was performed to determine the expression of MHC class 

markers Ia, Ib, and II. 

Results 

After 2 weeks, cells cultured in alginate remained rounded, while cells in collagen 

became elongated and spindle-shaped (Figure A.1). Cell density at day 14 was similar 

in both scaffold types. MSCs in alginate or type I collagen exhibited similar expression 

of HLA ABC. MSCs cultured in type I collagen expressed more HLA DR/DQ/DP than 

those cultured in alginate. MSCs cultured in alginate expressed more HLA G than those 

cultured in type I collagen.    
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Figure A.1. DAB stained IHC sections of alginate or collagen discs at day 14 for MHC 

class receptors HLA ABC, DR/DQ/DP, and G. Inset shows cell shape in more detail.  

 

The expression of the HLA ABC decreased over time in MSCs cultured in alginate 

(Figure A.2). Conversely, expression of HLA ABC increased from day 4 to day 14 in 

MSCs cultured in type I collagen. Increases in expression of HLA ABC were associated 

with changes in cell shape in type I collagen.  
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Figure A.2. DAB stained IHC sections of alginate or collagen discs at days 4, 9, and 14 

for MHC class receptors HLA ABC. Inset shows cell shape in more detail.  

 

Discussion 

 

The scaffold material influenced the expression levels of MHC class receptors. 

Human MSCs cultured in alginate had a less immunogenic and more 

immunosuppressive phenotype than cells cultured in type I collagen. Over time, culture 

in alginate decreased the prevalence of the immunogenic phenotype, while culture i 

between changes in cell shape and increases in HLA ABC may indicate a mechanism 

for controlling MHC class receptor expression.  

Differences in cell shape in 3D scaffolds are chiefly due to cell adhesion or lack 

thereof. Cells encapsulated in alginate do not adhere, and maintain a spherical shape6,7. 

Cells attach to various peptide sequence binding domains on collagen molecules 

including RGD, and GFOGER8. Additionally, MSC interactions with their scaffolds can 

influence their behavior. Scaffold stiffness directs cell differentiation9, as well as cell 
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spreading and adhesion10. It is reasonable that cell-scaffold interactions would influence 

immunological behavior as well. These data demonstrate that the immunological profile 

of human MSCs can be manipulated using appropriate scaffold materials, setting the 

stage for the design of biomaterials specifically d to modify MHC Class receptor 

expression.  
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