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Degenerative disc disease (DDD) is implicated as one of the primary causes of
lower back pain (LBP), the leading cause of disability worldwide. This degeneration is
characterized by irreversible detrimental changes to the structure of the intervertebral
disc (IVD) which then severely impairs its mechanical function in the spine. The gel-
like nucleus pulposus (NP) at its core loses its ability to hydrate while damage
propagates through the surrounding annulus fibrosus (AF) in the form of tears and
lesions, rendering it unable to resist elastic deformation. Current surgical interventions
treat the painful symptoms of the disease rather than the underlying causes, providing
only a temporary solution. Tissue-engineered (TE) repair strategies have been proposed
for the last two decades as a means of preventing disease advancement in the long term,
aiming to restore the native disc’s structure as well as repair damage to the cell
population. While promising, recapitulating the disc’s complex fibrous architecture and
mechanical behavior represents an enduring challenge in the field, particularly in
attempts to scale up to larger animal models for clinical translation.

This thesis sought to augment engineered constructs in vitro by investigating the
interplay between matrix composition and mechanical behavior, as well as provide
mechanical support to constructs for in vivo delivery. In particular, it describes how the
manipulation of fiber formation through media glucose content in vitro plays a critical
role in governing matrix structure and mechanical integrity (Chapter 1); how these same

mechanisms function in a diseased state in vivo to influence the developing disc



(Chapter 2); and how providing a supplemental cage structure to immature TE-IVDs
can prevent initial displacement and collapse following implantation to eventually
ensure successful tissue integration. Collectively, the work presented here offers crucial
insight into how to continue the advancement of biologically based TDR strategies

towards use in the clinic.
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CHAPTER 1

Introduction

The Intervertebral Disc

The intervertebral disc (IVD) is a soft fibrocartilaginous tissue situated between
the bony vertebrae in the spine, with a total of twenty-three discs occupying the length
of the adult human spine. These discs are distributed among the four anatomic regions
of the spine as follows: six in the cervical, twelve in the thoracic, and five in the lumbar!-
3. A relatively similar structure is found throughout the majority of the discs with the
exception of the first cervical level (C1/2) and the sacrum?®. A composite joint structure,
the IVD is comprised of three structurally distinct regions (Fig. 1.1): the nucleus
pulposus (NP) at its core, the annulus fibrosus (AF) which surrounds and contains it,
and the two cartilaginous endplates (CEPs) which serve as an interface between the disc
and adjacent vertebral bodies. The resulting structure and composition of each of these
regions contributes to the disc’s mechanical role in the spinal column, allowing it to
limit or enhance flexibility based on the magnitude of loads to which the body is

subjected.

- \erabral

body Posterlorf

disc

—\ertebral B
nody Spine axis

Figure 1.1. Schematic of A) the disc’s position in the motion segment and B) the fiber
organization of the AF region. Image adapted from Smith, et al.*



Structure and Composition

The NP at the center of the disc is a gelatinous structure consisting of mostly
water at 70-90% of the tissue, though the total content varies with age>®. Proteoglycans
meanwhile account for the majority of the dry weight (35-65%) of the NP>°-14_including
the negatively-charged aggregating proteoglycans aggrecan and versican as well as the
small interstitial proteoglycans (or small leucine rich proteoglycans, SLRPs) biglycan,
decorin, fibromodulin, and lumican'®. As a result of the high concentration of negative
charge associated with the large proteoglycans the NP is very hydrophilic, which in turn
enables it to behave as a highly hydrated gel and retain water as well as resist

deformation*16-18

. Particularly important for this role is the large keratan sulfate- /
chondroitin sulfate-linked proteoglycan aggrecan, which aggregates with hyaluronan
through stabilized interaction with link proteins*!*-2!. The smaller proteoglycans are
likely involved in extracellular matrix (ECM) maintenance and repair following
injury?>’. Collagen type II fibers occupy a smaller fraction of the NP and account for
15-20% of its dry weight>*-14. These fibers are arranged in a random, loose network
throughout the NP and function to maintain its structural integrity.

The AF surrounding the NP is heterogeneous in nature and made up of highly
oriented collagen fibers (Fig. 1.2). In contrast to the NP, the AF is approximately 65%
water and has a reverse proteoglycan to collagen ratio, with collagen accounting for 65-
70% of its dry weight while proteoglycans represent 10-20%>7-1328, The fibers which
comprise the AF are arranged in 15-25 unique, concentric lamellae at alternating angles
of approximately 25-45° to the horizontal axis, averaging around 28-30°, with the
highest values present at the thinner outer layers?®-32. An elastin fiber network can also
be found between the lamellae!-*334. The AF can be further divided into inner and outer

regions based on structure, with the fibrous outer AF containing more aligned type I

collagen arranged in an angle-ply fashion; meanwhile the structure of the inner AF is



more disorganized and contains a larger concentration of proteoglycans and type II
collagen than its counterpart, similar to the NP%2%39-35-37 Qbliquely angled fiber bundles
are present in both regions, joining the inner AF with the CEPs and attaching the outer

AF directly to the vertebrag?*38,

_____ e

Figure 1.2. Representative schematic indicating orientation of the fiber lamellae
throughout the AF. Figure adapted from Adams, et al.*

The CEP is a thin (~600 pm) hyaline cartilage boundary found at the superior
and inferior regions of the IVD, positioned between the vertebral endplates and the NP,
which plays a role in regulating nutrient distribution between the largely avascular
mature IVD and adjacent vertebral bodies'*#%#!, Along with transporting nutrients from
the blood supply into the disc and waste out, the CEP also functions to contain the NP
and provide structural support*®#>#  Like the remainder of the disc, the CEP is
composed primarily of water (70-80%), proteoglycans, and collagen, with type II
collagen fibers making up the bulk of the latter®44,

The cellular population throughout the IVD also varies with location, with

unique cell types occupying the distinct regions and contributing to the health and



maintenance of the tissue. As a whole the disc displays fairly low cellularity at
approximately 6,000 cells/mm?, with the highest concentration of cells present in the
very outer region of the AF and the lowest towards the NP: the mature AF contains
about 2/3 while the NP is occupied by roughly 1/3 of the disc’s cell population!#>46, In
the immature disc the NP is populated by large, vacuous notochordal cells which persist
throughout the lifespan of most animals but disappear entirely in humans before the age
of 20%%4748 These notochordal cells are replaced by mature NP cells, thought to be
derived from their precursors, which are smaller in comparison and display a rounded
chondrocyte-like phenotype. Cell morphology in the AF meanwhile differs depending
on region: cells in the inner AF resemble those in the NP and are spherical in nature,
while those in the outer AF are elongated, oriented along the collagen fibers, and appear
fibroblastic*¢-#>->%, The CEP has a much higher cellularity than either the NP or AF at

about 15,000 cells/mm?, with morphology resembling the rounded chondrocyte-like

cells of the NPL:43>1,

Biomechanics and Function

The primary function of the IVD is to grant flexibility to the spine, allowing
bending and twisting motions while absorbing compressive loads and distributing them
to the vertebral bodies>®*°. The previously described structure and biochemical
composition are directly responsible for enabling the disc to do so. The presence of large
amounts of proteoglycans in the NP results in a high water content and generates
osmotic swelling in response to compression, increasing the tissue’s hydrostatic
pressure throughout!>2%253 Pressures generated in the primarily isotropic NP as a
result of this swelling vary depending on the position of the individual’s body, with
values in a healthy lumbar disc ranging from 91-1330 kPa in prone and seated positions,

54-57

respectively’*~’. The surrounding AF in turn generates tensile circumferential stresses



to resist this buildup of pressure in the NP%%8, In fact, as a result of its highly organized
collagen network and complex lamellar structure, the anisotropic AF functions
differently in response to bending, twisting, or compressive movements. The resulting
mechanical profile is not only dependent on location but time-dependent as well,
resulting in nonlinear viscoelastic behavior. The inner AF, which has a higher type II
collagen content enabling it to resist compressive forces, experiences the brunt of
hydrostatic pressure from the NP while the outer AF, containing more type I collagen
and therefore possessing greater tensile strength, experiences primarily
tension’!%13-1839 Elastin fibers found throughout the AF also contribute to the tissue’s
ability to resist deformation and regain its structure following loading. The CEP
meanwhile assists in the distribution and reduction of pressure generated by the NP it

contains, bulging into the vertebral bodies in its stead®#0:42-5%-60,

Disc Development

Development of the disc during embryogenesis has been extensively studied.
The spinal column, and therefore the discs contained within, arise during embryogenesis
from the notochord, an embryonic structure stemming from the mesoderm which
functions to a) transmit signals necessary for cell migration and adjacent tissue
patterning, as well as b) directly develop into the NP+33:36.61.62 Different transcriptional
factors are secreted during this process, the highly specific combination of which guides
the differentiation of different structures in the disc: the NP and AF, for example, arise
simultaneously though distinctly.

Adjacent to the notochord are the somites, a pair of segmented spherical-shaped
blocks of cells derived from the mesoderm. As the embryo matures, somite cells
undergo an epithelial to mesenchymal transition and migrate towards the notochord.

Here they begin to multiply, eventually surrounding the notochord to aggregate at



different locations and give rise to the sclerotome*%3-6°, Depending on how the cells
condense at these locations, the sclerotome gives rise to either the vertebral bodies or
the AF: non-condensed regions become the former and condensed form the latter®®.
Following the establishment of the vertebrae the notochord begins to shrink, instead
developing between the end-plates to form the immature NP3>¢7, As the NP develops
the notochordal cells are replaced by the mature chondrocyte-like population; in humans
there remain no traces of the notochord in adulthood, while in other species a distinct
population of notochord cells can be found still within the NP.

Fiber formation in the AF is initiated during these stages®®, with matrix assembly
largely guided by the involvement of proteoglycans®6%5°, SLRPs, a family of secreted
proteoglycans that bind ECM molecules and are characterized by a leucine-rich core
domain flanked by cysteine-rich end clusters, are known to play a critical role in tissue
growth??237072_ Hayes, et al. described how the AF was established in fetal rats,
outlining the role that SLRPs play in regulating ECM assembly and collagen
fibrillogenesis®®. They showed that within the fetal disc, the initial phases of cellular
differentiation are followed by organized fibrillar matrix deposition in the outer AF
portions. Meanwhile in the inner AF a reinforcing structure of collagen fibers encircles
the developing NP, both regions becoming more established as the disc develops to
maturity. During development, fibromodulin plays the largest role in driving AF
assembly and organization®®, while SLRPs such as biglycan and decorin are more

associated with cartilage development in the regions surrounding the disc.

Degenerative Disc Disease
Lower back pain (LBP) is a common source of human injury and disability, with
upwards of 70% of individuals experiencing some form of LBP during their lives, that

increases in prevalence as the population ages’. Approximately 10% of individuals



suffering from LBP can remain permanently disabled, which in turn results in enormous
medical costs associated with insurance, disability benefits, etc.!”. Costs in the United
States alone, for example, can average one to two billion dollars annually. Although the
exact cause for the onset of the disease remains unknown, damage to the IVD has been
implicated in many instances. Specifically, degeneration of the disc has been identified
as one of the leading causes of this form of spinal injury and is associated with

approximately 40% of LBP cases’>"%.

Figure 1.3. Photographs of a healthy (left) and degenerated (right) human IVD,
highlighting the structural changes that affect the disc during DDD. Figure adapted from
Urban, et al.'?

Degenerative disc disease (DDD), though without an exact pathological
definition, refers to pain and related sensory symptoms (i.e. numbness, muscle
weakness) brought about by damage to the disc. This degeneration is characterized by
an alteration to the disc’s native structure and biomechanical properties (Fig. 1.3), and
may lead to detrimental changes to the remainder of the spinal column, resulting in
sciatica or spinal stenosis!®. Though associated with natural degenerative processes
brought about by age, DDD is considered a multi-factorial disease with a wide range of
potential causes including mechanical stress, trauma/injury, genetic factors,
inflammation, etc. DDD, like LBP, increases in incidence with age. 20% of adolescents

reportedly experience mild symptoms from the first stages of degeneration, with this



number increasing to 40% and eventually 80% in 40- and 80-year-olds, respectively’>7°,
The Wakayama Spine Study which focused on individuals between the ages of 21 and
97, for example, found that more than 90% of those sampled over the age of 50
experienced DDD in some region of the spine’’, and that the incidence was additionally
dependent on pre-existing conditions such as obesity though independent of sex.
Corroborating these observations, peak incidence of the disease appears to occur in
middle age, and while most individuals in this age group demonstrate some sort of
degeneration the majority are asymptomatic’®. In fact, studies have indicated that a large
portion of the population as a whole has some degree of DDD, though a lack of
symptoms results in the disease going undetected until progression to later stages and

further degeneration.

Epidemiology and Pathogenesis

In very young individuals the regions of the IVD are easily distinguishable;
however, as the disc matures and the process of degeneration unfolds, the boundaries
become significantly less distinct. The NP, for example, becomes less gel-like and
instead becomes stiffer and less compliant as its mechanical properties become
irrevocably altered. The region experiences a decrease in proteoglycans and water
content paired with an increase in glycation end products, the combination of which
renders it unable to hydrate and therefore incapable of resisting elastic
deformation>72%7® Degenerated discs, when subjected to loads, deform more
drastically than their healthy counterparts: disc height and water content decrease more
rapidly while the disc returns to a normal state at a slower rate. An increasing loss of
aggrecan content impacts the NP’s ability to regulate its hydrostatic pressure and instead
forces the AF to bear the brunt of compressive loading directly, resulting in damage

propagating through the AF in the form of cracks or tears!®’87°. Such damage to the AF



is thought to trigger an inflammatory response and produce a degenerative cascade
where factors contributing to matrix degradation (i.e. matrix metalloproteinases or
MMPs) are upregulated. Ultimately, the anabolic nature of the ECM trends towards
catabolism with an accumulation of degenerative changes.

Alongside these changes, the fibrillar architecture in both the NP and AF
becomes increasingly more disorganized, with irregular continuity and spacing of the
AF lamellae. Collagen type II content in the NP and outer AF decreases while the
presence of collagen type I fibers increases in these regions”. The CEP meanwhile
exhibits decreased permeability and calcifies with advanced degeneration, which may
ultimately result in sclerosis. Further complications associated with disc degeneration
involve the presence of necrotic and/or apoptotic cells, lack of nutrition, accumulation
of cell waste, and enhanced growth of blood vessels and nerves in the disc resulting in
severe pain to the individual or even bulging, herniation, or destabilization of the disc
and/or motion segment®.

Though the exact events which initiate degeneration have not been identified, it
has been suggested that decreased permeability in the CEP is one of the main initiators
of the degenerative cascade as these alterations would result in inhibited nutrient
diffusion to the remainder of the disc, particularly the NP3*3:80, Due to the disc’s largely
avascular nature, the cell population is largely dependent on this nutrient exchange to
preserve a proper pH balance; with impaired diffusion the disc environment can become
increasingly more acidic, compromising the cells’ ability to maintain the ECM as well
as synthesize matrix components as they trend towards a senescent state!®-’8. Excessive
or abnormal mechanical loading has also been implicated as a potential initiator of early
degenerative changes, though repetitive controlled loading mechanisms such as

standard exercise have been discounted as major contributors.



With regards to other diseases as potential risk factors diabetes has been
established as a common comorbidity of DDD, with studies suggesting it may

exacerbate degenerative pathways associated with its progression®!-3

. Long-term
hyperglycemia associated with diabetes, for example, results in the accumulation of
advanced glycation end products (AGEs) which trigger increased catabolism in the disc
and stimulate the production of reactive oxygen species and MMPs, among other
inflammatory factors. Hyperglycemia-induced apoptosis and senescence in the

endogenous cell population also play a role in advancing degeneration, though the exact

molecular mechanisms driving the process remain unclear.

Current Treatments

Conservative approaches for the treatment of DDD often include bedrest, pain-
relieving injections (i.e. steroids), or physical therapy, and are mostly aimed at treating
the patients’ pain to enable them to return to their daily routines. Overall these
approaches may provide temporary relief to patients suffering from painful DDD, but
they are ultimately not viable for highly degenerated discs and do not provide long-term
solutions.

A variety of more invasive surgical alternatives are also in place to treat disc
degeneration. Typically, surgery is performed following T2-weighted preoperative
magnetic resonance imaging (MRI) assessment to determine the extent of damage based
on factors such as disc height, signal intensity, and integrity of the AF/NP boundary®*.
In certain cases where disc material has herniated and is causing pain by impinging on
spinal nerves, portions of the herniated disc can be removed via discectomy. Although
these are standard procedures and have been performed extensively there are still
associated challenges, including difficulty maintaining stability and, most importantly,

consequent degeneration of adjacent regions®.
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For more advanced degeneration and end-stage disease, standard surgical
techniques involve the removal of the damaged disc in its entirety rather than simply
portions of the AF and/or NP, followed by either spinal fusion or total disc replacement
(TDR). Fusion is a surgical technique by which the vertebrae adjacent to the removed
disc are permanently joined, preventing motion between them. The surgery involves the
addition of bone graft—either auto-, allo-, or synthetic grafts—to provide cues that
allow the bone to fuse into one continuous segment and heal almost as a broken bone
does over a lengthy recovery period. While fusion was the gold standard for many years,
particularly in the lumbar spine, there are a variety of complications that arise from the
procedure. The most common reported post-operative side effects are pseudoarthrosis
and graft site pain, observed in 16% and 9% of patients, respectively®®. The resulting
motion limitation and even total loss may also result in adjacent segment disease, as the
rest of the spine must now overcompensate to account for the abnormal loading brought
about by the fusion; uneven stress distributions and increased motion have been reported
in these adjacent segments®*.

TDR meanwhile involves the introduction of an implant in place of the removed
disc. Despite evidence suggesting that this procedure could provide successful long-
term solutions to IVD degeneration and patients reporting satisfaction up to 24 months
post-surgery®’, implantation rates continue to remain low”®. Certain hurdles associated
with this technique must be cleared before it is more widely adopted, some of these
including difficult surgeries as well as high costs. Perhaps the most important issue to
address, however, is the lack of available devices that properly mimic both the
architecture and biomechanical properties of the native disc: TDR strategies are
traditionally limited to mechanical implants. The primary issue with these approaches
then is that the majority, whether through fixation of additional devices or not, focus on

limiting mobility and improper weight loading rather than repairing the injured disc; that
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is, they treat the symptoms of the disease rather than the underlying disease itself*’. The
long-term efficacy is uncertain, and as with discectomy and fusion there comes a
substantial risk of reoperation brought about by adjacent segment disease. More
substantial approaches are necessary for the treatment of end-stage disc disease, then,
due to the depletion of the endogenous cell population and irreversible deterioration of

tissue structure.

Experimental Approaches to Repair and Replacement

To resolve the issues present with the aforementioned approaches to treating
DDD, investigators have proposed a variety of alternatives. These range from more
conservative treatments aimed at restoring function in early stages of the disease, to

more invasive approaches with the goal of replacing the damaged disc altogether.

NP and AF Repair

Following discectomies where portions of the AF and/or NP are removed, the
structural integrity of the disc is weakened. In order to preserve some of the native
function, strategies to repair or replace the damaged tissue have been developed. NP-
like biomaterials such as hydrogels (collagen, alginate, chitosan, etc.) offer an attractive
option as they are hydrophilic and can reproduce the NP’s swelling capabilities, in

theory restoring its ability to retain water!?0-102

. They are, however, mechanically
inferior; as a result, gels composed of synthetic polymers (i.e. polyethylene glycol) have
been explored as an alternative. While the main benefit of these synthetic gels lies in
the tunability of their mechanical and swelling properties, they demonstrate inferior
bioactivity when compared to their counterparts, as well as significantly higher

manufacturing costs'%’. For both classes of hydrogel, degradable and non-degradable

options have been examined. The former is more biocompatible than the latter and can
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also be remodeled by the cellular population, eventually replaced with newly deposited
matrix. The majority of non-degradable gels, meanwhile, may not have the same degree

102 In

of biocompatibility but they do present a more mechanically robust alternative
combination with the aforementioned gels, cell delivery by means of injection aims to
supplement the remaining cellular population, replacing senescent cells to more actively
produce proteoglycans and matrix components which provide cues for the repair of the
disc. A variety of cell types including NP cells, mesenchymal stem cells (MSCs), and
notochord cells have been tested as possible sources.

However, NP injections such as those detailed above do have their drawbacks,
including stiffening of the material leading to gel fracture and endplate damage!'°!.
Research has also indicated that NP repair strategies cannot restore function to the
damaged disc on their own; without sealing the AF defect, the injected gel is unable to
provide the disc the mechanical support to withstand compressive loads and may lead

103-105 " Nonbiologic options for repair involve

to recurrence of the original herniation
the administration of sutures, metals, or synthetic polymers to physically seal AF
lesions; however, these fail to restore native function due to inferior tissue integration
and mechanical strength!%6-1%°, Bioactive and cell-laden materials such as hydrogels and
sponges have also been proposed with the goal of enhancing healing and supplementing
long-term remodeling of the AF. These biologic therapies have been shown to prevent
degenerative changes, supplementing matrix remodeling following integration and
highlighting the capacity for mechanical and structural restoration of native function!®,
More recently groups such as our own have investigated the feasibility of combination
AF/NP repair strategies, which take into account the nature of the IVD as a composite
structure. Results are promising and indicate that while individual approaches do have

their benefits, combined repair is the most likely to salvage the disc by restoring NP

hydration, AF morphology, and overall biomechanics in the long term'',
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While NP/AF repair has shown promise and is well on its way to being
implemented in humans, it is important to remember that these techniques are only
useful if the disc retains a viable cell population and some degree of intact structure.
That is, implementation can only be successful in certain stages of degeneration; once
the disease has progressed to a point that native tissue is no longer salvageable, other

alternatives for treatment must be explored.

Tissue-Engineered Composite Discs

Over the better part of the last two decades, researchers have explored a variety
of methods for treating end-stage DDD, attempting to generate synthetic discs (Fig. 1.4)
that resemble native morphology as well as provide cues to ensure the continued health
of the implant following surgical placement. Mizuno et al. first produced a synthetic
composite disc in 2004 by placing an alginate gel core at the center of a poly(lactic acid)
(PLA) / poly(glycolic acid) (PGA) scaffold, seeded with ovine NP and AF cells,
respectively!'!12, Following timepoints of up to 16 weeks of implantation in the
dorsum of athymic mice, the discs were found to have biochemical and mechanical
properties which were enhanced with time, eventually approximating their native

counterparts.

Figure 1.4. Representative photographs showcasing different approaches to generating
composite TE-IVD constructs from a variety of material choices. Figure adapted from
Mizuno, Nerurkar, and Park, et al.!!!-114
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In the years that have followed, multiple groups have proposed their own
solutions to the issues of a) recreating the aligned AF collagen network and b) re-
introducing a viable cell population in composite cell-laden TE-IVDs utilizing a variety
of unique approaches, summarized in Table 1.1'!'>. AF material choices range from
electrospun polymers such as poly(L-lactic acid) (PLLA) or poly(caprolactone) (PCL),
demineralized bone gelatin, lamellar silk scaffolds, or collagen gels'!!-126. The choices
for NP scaffolds include hyaluronic acid (HA), alginate, or agarose, all soft gel cores
for the composite discs. Cell sources vary with regards to organism, ranging from
human to bovine, porcine, leporine, etc., but all scaffolds are seeded with either primary
IVD cells (AF or NP for their respective regions), chondrocytes, or MSCs. Certain
groups also supplement the culture of their constructs by adding matrix components: in
the case of Nesti et al., for example, cells were cultured in transforming growth factor-
B (TGF-B) for almost a month in order to induce chondrogenesis!'®.

The first in vivo study assessing the feasibility of a whole disc construct was
executed in 2011 by our group in a rat caudal spine model!?%127-12% The disc dimensions
were determined based on parameters obtained from MRI and micro-computed
tomography (LCT) images, then cultured and implanted in the rat spines for up to 6
months. Results indicated that the discs had integrated well with the host tissue,
maintaining disc height and depositing ECM markers as indicated by biochemical
analyses. Since then other groups have also utilized small animal in vivo models to show
the efficacy of their designs, demonstrating comparable biochemical and biomechanical
properties, as well as cell morphology, following implantation and subsequent tissue
integration.

Despite the usefulness of small animal models as high-throughput systems for
analyzing feasibility, they are extremely limited with regards to anatomy and disc

geometry, as well as loading patterns. Rat IVDs, for example, are smaller and much
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more permeable than those of humans and display progressive recovery over a short
period of time!?%13%, As such, they are not a reliable model for clinical translation. More
clinically relevant large animal models have subsequently been utilized in in vivo trials
of TE-IVDs. In 2017 our group applied our findings from the rat model to the canine
cervical spine due to a comparable loading profile to that seen in humans'?®, as well as

the fact that beagles are prone to spontaneous disc degeneration!3!

and are actively
treated for the disease. We observed a maintenance of disc height and hydration for the
16 week period, along with proteoglycan- and collagen-rich ECM deposition. We also
noted that constructs at certain cervical levels were displaced immediately, most likely
due to mechanical stresses varying between levels'*2. Work done by Gullbrand et al.
utilized a goat cervical model to examine their own composite disc designs, as goats are
an established model for spine research given comparable disc dimensions as well as a
somewhat upright posture!?®>. Following 8 weeks in culture their TE-IVDs also
demonstrated structural, biochemical, and biomechanical behavior akin to their native
counterparts.

Although these models are well-characterized and have yielded significant
insight into IVD repair, there are still significant differences—both mechanically and
anatomically—from the human spine. As a result, there exists the need to develop and
investigate further large animal in vivo models that are more anatomically similar, and

therefore more clinically relevant, than those currently used in scientific research in the

hopes of addressing some of the challenges in translating to human models.
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1?;‘:::;5 AF Material NP Material Cell Types T‘S);Ez;f Animal Model ];:r::;;)n Summary of Findings
Mizuno et | PGA/PLA Alginate Ovine AF/NP | In vitro N/A N/A First synthetic composite disc.
al (2004, cells Morphologically/histologically
2006) resembled native discs, with
comparable biochemical
markers.
Nestietal | PLLA/HA HA Adult human | In vitro N/A N/A First electrospun disc scaffold.
(2008) MSC’s Discs replicated AF micro-
architecture while cells
developed a chondrogenic
phenotype in a time-dependent
manner.
Nerurkar | PCL Agarose Bovine In vitro N/A N/A Discs had comparable
etal MSC’s mechanical properties to native
(2009-10) values, though lesser in
magnitude, and replicated AF
architecture.
Bowles et | Collagen I Alginate Ovine AF/NP | In vitro + in Rat caudal 6 months First in vivo composite disc
al (2010- cells vivo study. Host tissue integration,
11) with maintained disc space
height and secretion of matrix
components. Comparable
biochemical and mechanical
properties to native values.
Zhuang et | Demineralized | Collagen (II)/ | Rabbit AF/NP | In vitro N/A N/A Constructs morphologically/
al (2011) | bone matrix hyaluronate / | cells histologically resembled native
gelatin chondroitin-6- discs, with tissue formation and
sulfate integration. Biochemical content
also resembled native values.
Park etal | Silk protein Fibrin/HA Porcine AF In vitro N/A N/A Lamellar scaffolds promoted
(2012) cells / AF/NP integration and native-
chondrocytes like biochemical content
compared to porous scaffolds.
Bowles et | Collagen I Alginate Ovine AF/NP | Invivo Rat lumbar 16 weeks 50% integrated with host tissue,
al (2012) cells maintained disc height, and
deposited collagen- and
proteoglycan-rich matrix.
Failure likely a result of lumbar
spine’s complex loading profile
compared to caudal.
Martinet | PCL Agarose Bovine In vivo Rat caudal 5 weeks External fixators and
al (2014, MSC’s polymer:vertebrae interface
2017) minimized proteoglycan loss,
driving integration and
maintaining mechanical
properties.
Moriguchi | Collagen I Alginate Canine In vivo Canine cervical | 16 weeks Stably implanted discs
etal AF/NP cells maintained disc space height and
(2017) hydration, deposited collagen-
and proteoglycan-rich matrix.
Gullbrand | PCL Agarose or Bovine In vivo Goat cervical 8 weeks Similar results to previous rat
etal HA AF/NP cells model: maintained structure and
(2018) achieved near-native mechanical
properties.
Kimetal | PCL HA Bovine In vivo Rat caudal 5 weeks Both cell types behaved
(2020) MSC’s or similarly and maintained
bovine structure throughout culture.
AF/NP cells

Table 1.1 Summary of in vivo and in vitro composite TE-IVD approaches. Table
adapted from Kirnaz, et al.!'>
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Research Objectives

The primary goals of this dissertation were to augment fiber orientation in TE-
IVD constructs, determine the effect of diabetic hyperglycemia on the developing IVD,
and characterize a support structure for ease of implantation in the porcine cervical
spine. The primary hypotheses examined in this project were: (1) physiologic levels of
glucose will guide optimal fiber formation and enhance mechanical properties in
engineered constructs (Chapter 2), (2) super-physiologic levels of glucose disrupt the
integrity of the young disc by interfering with mechanics, ECM composition, and fiber
formation (Chapter 3), and (3) supplementing TE-IVDs with a resorbable delivery
vehicle will stabilize the motion segment and provide sufficient mechanical support to

enable proper tissue integration (Chapter 4).

Specific Aims
Specific Aim 1 (Chapter 2)
Evaluate the effect of glucose concentration on fiber morphology in the AF and overall
biomechanics of composite TE-1VDs

Ovine MSCs were used to generate composite TE-IVDs, which were then
cultured for four weeks in media glucose concentrations ranging from sub-physiologic
(125, 250 mg/L), physiologic (500, 1000 mg/L), and super-physiologic (4500 mg/L)
before being subjected to in vitro analysis of structural, compositional, and mechanical
changes. Throughout culture the 4500 mg/L group was shown to be consistently
glucose-saturated, consuming 50-60% of available glucose supply in comparison to the
85-100% consumed in the other groups. All groups demonstrated cellular remodeling
throughout culture regardless of glucose status, with no significant differences in either
DNA or collagen content, indicating consistent activity and health of the cellular

population. Increasing glucose concentrations corresponded to an increase in sulfated
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glycosaminoglycan (s-GAG) content, with the 4500 mg/L group (2.02 pg/mg)
demonstrating a two-fold increase over the 125 mg/L group (0.99 pg/mg). Qualitative
and quantitative analysis of fiber organization in the AF region indicated that by the end
of the culture period, the 500 mg/L group showed the highest degree of alignment with
a fiber alignment (FA) index of 1.30. Directionality decreased in the 125, 250, and 4500
mg/L groups, which all showed comparably disorganized fibers and FA indices of about
1.15-1.16, while the 1000 mg/L group showed slightly more alignment in comparison
with an index of 1.19. These trends in fiber alignment were mirrored in mechanical
characterization, with the 500 mg/L group demonstrating the highest equilibrium
modulus at 27.3 kPa as compared to 10.9 and 15.8 kPa for the 125 and 4500 mg/L
groups, respectively. Equilibrium modulus showed a stronger correlation with FA index
as compared to GAG content, indicating that structure rather than composition

ultimately drives optimal mechanics in engineered IVDs.

Specific Aim 2 (Chapter 3)
Investigate the effect of diabetic hyperglycemia on fiber organization and mechanical
behavior in developing IVDs taken from the mouse caudal spine

Whole discs were collected from the caudal spines of db/db and db/+ mice for
use in biochemical, histological, and mechanical analysis. Diabetic mice demonstrated
a fasting blood glucose level of 263.6 mg/dL as compared to 52.1 mg/dL in their wild
type counterparts. Both s-GAG and collagen content were higher in the diabetic discs,
while DNA content was higher in the wild type. Qualitative and quantitative
morphological differences were present in gross histological images taken from each
group. The NP region in the diabetic discs was larger (by 29.0%) and more oval in shape
than the wild type, with an irregular NP/AF boundary. Safranin-O staining for

proteoglycan content extended further into the inner AF region in the diabetics than in
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the wild type, occupying 65.8% and 55.0% of the whole disc area, respectively. Fiber
organization at the AF/NP border was more disorganized and less aligned in the diabetic
discs, with a flatter overall fiber orientation distribution as compared to the bimodal
distribution attributed to the wild type. In response to both dynamic and compressive
mechanical tests, diabetic discs demonstrated an approximately two-fold increase in
resistance to deformation and took twice as long to recover from said deformation.
These observations indicate that diabetes has a detrimental effect on the disc as early as
development, altering ECM composition and ultimately impeding proper fiber

formation and mechanical behavior.

Specific Aim 3 (Chapter 4)
Design and validate a biodegradable support structure to enhance mechanical stability
of TE-1VDs prior to implantation in an in vivo porcine model

Gottingen minipigs were chosen as a new in vivo large animal model to address
geometrical issues with a previous canine model. 3D-printed poly(lactic acid) (PLA)
cage constructs were developed to facilitate delivery and implantation of composite TE-
IVDs given the complex loading patterns inherent in the spines of larger animals. One-
and two-piece designs were generated based on disc dimensions for the C3/4 and C5/6
levels in the porcine cervical spine, then subjected to mechanical testing for validation.
One-piece designs were able to withstand uniformly applied stresses of up to 134 MPa,
almost 70 times higher than what is seen in vivo in the human cervical spine. While both
designs were successfully implanted and maintained disc height immediately post-
operatively, two-piece designs demonstrated a 63.67% decrease in disc height index
(DHI) and complete collapse of the disc space at the first follow-up. One-piece designs
implanted at C3/4 and C5/6 remained stable for the four week study duration, with DHI

decreasing 13.6% and 39.7% at these levels, respectively. Post-sacrificial analysis
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revealed all implants were consistently damaged in the posterior region, regardless of
design or experimental level. Reconstruction of the porcine cervical spine indicates
endplate geometry, not material integrity, is responsible for structural failure: repetitive
loading from a bony process in the posterior region of the vertebrae led to the cages
fragmenting. Though additional investigation of prototypes is necessary prior to in vivo
implementation of the cage in conjunction with the TE-IVDs, construct fabrication was
successfully adapted for the culture of discs within the cages. These data suggest that
with design modifications to account for the Goéttingen minipig cervical spine anatomy,
aresorbable cage for TE-IVDs could stabilize the motion segment and provide sufficient
mechanical support for the soft construct to enable proper tissue integration and

restoration of native biomechanical and biochemical properties.
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CHAPTER 2
Physiologic Levels of Glucose Drive Fiber Alignment in Tissue-Engineered
Intervertebral Discs!

Abstract

Tissue engineering of the intervertebral disc (IVD) represents a potential
treatment for end stage disease, aiming to replace damaged discs with constructs that
aim to a) recreate the disc’s unique structure and b) restore the endogenous cell
population. In native discs the highly aligned nature of the annulus fibrosus (AF) has
led to persistent challenges in recapitulating its complex fibrous architecture.
Proteoglycans have been shown to play a role in regulating fiber formation in
fibrocartilaginous tissues such as the meniscus. In this study, we controlled fiber
formation in self-aligning constructs by tuning media glucose concentrations (125-4500
mg/L). Increasing glucose concentration resulted in increased glycosaminoglycan
(GAG) content in our discs; however, fiber alignment peaked at 500 mg/L glucose,
which decreased at both higher and lower levels of glucose. The mechanical stability of
the disc showed a similar response to changing glucose content, and variations in the
mechanics were explained more by fiber alignment than GAG content. These results
indicate that saturating engineered constructs with glucose may lead to the prioritization
of proteoglycan deposition over fiber formation, and that for these constructs it is

structure rather than composition that ultimately determines mechanical behavior.

! This chapter will be submitted to ACS Biomaterials Science & Engineering: Lintz M, Bonassar LJ.
Physiologic Levels of Glucose Drive Fiber Alignment in Tissue-Engineered Intervertebral Discs. 2021
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Introduction

Intervertebral disc (IVD) degeneration is often implicated as a primary
contributor to lower back pain (LBP), one of the leading causes of disability in the
United States'>. While the process is multi-factorial and not fully understood,
degeneration is characterized by alterations to the disc composition, structure, and
cellular content*>. These ultimately lead to loss of hydration and an inability of the disc
to sustain loads, as well as deterioration of the complex fibrous structure leading to tears
and then bulging or rupture. Current surgical standards for treatment of disc
degeneration are (i) spinal fusion, whereby the entire disc is removed and the adjacent
vertebrae are fused together and (ii) total disc replacement (TDR), involving the
introduction of a prosthetic disc device to maintain some mobility in the motion
segment®®. However, studies have determined that both treatments have a high rate of
additional surgeries due to an increased risk of adjacent segment disease!*!2.
Ultimately, these surgical interventions do not provide long-term solutions, as they fail
to recapitulate the native structure of the disc as well as restore the depleted endogenous
cell population, leaving the underlying cause of disease untreated.

Tissue engineered strategies for repairing and replacing degenerated discs by
addressing these shortcomings have been proposed by multiple groups for the better part
of the last two decades!'3-33. The resulting composite cell-laden scaffolds contain both a
fibrous annulus fibrosus (AF) and soft gelatinous nucleus pulposus (NP) region and aim
to restore function by recapitulating structure with a variety of material choices and a
cellular population comprised of either primary IVD cells or mesenchymal stem cells
(MSCs). In 2010 our group developed a composite TE-IVD seeded with ovine AF and
NP cells'®, utilizing cellular contractile forces to drive self-alignment of a type I collagen
AF boundary around an alginate NP core. We chose to work with collagen for the

engineered AF due to the native annulus’ composition as well as its ability to promote
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self-assembly and reorganization of the material. Alginate meanwhile was chosen for
the nucleus as it is isotropic and hydrophilic, possesses high swelling capabilities, and
encapsulates cells to promote chondrocyte-like phenotypes much like in the native NP3*
36, Both natural materials were additionally chosen for their being nontoxic and better
correlating to native tissue structure and matrix composition, though they are
mechanically weaker than their synthetic counterparts.

Since we first demonstrated the feasibility of our engineered system, we have
published multiple in vitro and in vivo studies detailing its use and optimization'®-2!-27-
31 Our early studies pointed to the tunable nature of this system, where altering
parameters such as initial collagen concentration and cell seeding densities impacted the
final structure and composition of these constructs, highlighting how the AF
architecture could be manipulated prior to contraction-induced remodeling!8. Despite
initial mechanical weakness, pilot in vivo studies utilizing a rat model indicated that
stably implanted constructs were able to successfully integrate with native tissue,
restoring native function as well as maintaining disc height and hydration in caudal and
lumbar spines (16 weeks and 8 months, respectively)?*2!. Post-sacrificial analysis also
showed that the engineered discs, though mechanically inferior prior to implantation,
achieved comparable mechanical and biochemical properties to native discs. These
same results were seen when scaled up for use in a large animal model and implanted
in the cervical spines of beagles for up to 16 weeks?. Dynamic loading in vitro was also
explored as a tool for pre-conditioning constructs prior to implantation, with
biochemical and mechanical properties increasing in a dose-dependent manner when
subjected to dynamic unconfined compressive loading?’. Cell sources for the
aforementioned studies include MSCs as well as primary IVD cells, given their appeal
in a wide range of tissue engineering applications as a robust and readily available

population from which to draw37-°,
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Recapitulating the complex fiber organization of the AF, however, is an
enduring challenge for tissue engineering of the IVD, where poor fiber organization
contributes to inferior mechanical performance. As a result there is a need for
optimization of existing tissue engineering techniques to promote mechanical and
therefore structural stability. In the native AF fiber formation is initiated during
development and is thought to proceed from the immature notochord*’, with matrix
assembly largely guided by the involvement of proteoglycans*!**. Some of the prime
players in mediating formation belong to a family of proteoglycans which play a critical

h**48 Small leucine rich proteoglycans (SLRPs) such as

role in tissue growt
fibromodulin and decorin drive AF assembly and organization®® and cartilage
development in the regions surrounding the disc, respectively. However, there has been
little attempt to manipulate proteoglycans as a way of achieving desired fiber
organization.

Glucose proves to be an interesting tool to optimize proteoglycan production in
vitro, as it plays a key role in the maintenance of some tissues. Specifically, glucose
provides the cell with the energy necessary for proteoglycan synthesis, where they are
utilized as substrates during the transcription stage to generate core proteins®->°,
Typically, IVD cells and MSCs are cultured in media containing 1000 or 4500 mg/L

182051 As physiologic levels of glucose tend to average around 500-1000 mg/L

glucose
for healthy adults®>>, these concentrations are the higher range of physiologic and
super-physiologic, respectively. The above observations motivated previous work from
our group, where we demonstrated that fiber formation can be controlled by altering
glucose concentration in culture media®*>. Fiber formation in engineered menisci was
enhanced by contraction of the extracellular matrix (ECM) but limited by

glycosaminoglycan (GAG) deposition, leading to optimal formation at glucose

concentrations lower than used for cell culture. Although such phenomena have been
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explored in the formation of meniscal fibrocartilage, the extent to which they extend to
other types of fibrocartilage such as the AF has never been examined.

The purpose of this study was to determine the extent to which alterations in
media glucose concentration and in turn GAG content impact fiber organization in the
AF portion of engineered constructs, and ultimately how the mechanics of these
composite discs would be affected. Utilizing our established self-aligning TE-IVD
model, we implemented a range of glucose concentrations from sub-physiologic (125,
250 mg/L) to physiologic (500, 1000 mg/L) and super-physiologic (4500 mg/L) in the
culture of MSC-seeded composite discs. The resulting glucose metabolism, fiber
organization, and mechanical properties were examined for each group to determine the

impact of structure and composition on mechanical stability.

Materials and Methods
Cell Isolation and Culture
MSCs were isolated as previously described from the trabecular bone marrow

of 2-3 year old Finn-Dorset sheep femurs®6-’

. Trilineage potential of this cellular
population was determined as per previous studies>®. After 48 hours the resulting cell
population was expanded in 2D culture to second passage in growth media composed
of: Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS,
Gemini Bio, West Sacramento, CA), 100 pg/ml penicillin and streptomycin, 0.25 pg/ml
amphotericin B (Corning, NY), and 1 ng/mL basic fibroblast growth factor (bFGF,

Corning). Cells were cultured to confluence at 37°C, 5% CO», and normoxia with media

replenished three times a week.

39



Construct Fabrication and Culture

At confluence cells were removed from flasks with 0.05% trypsin (Gibco BRL)
in preparation for seeding. 3% (wt/vol) low viscosity grade alginate (NovaMatrix,
Wilmington, DE) was mixed with 0.02 g/mL CaSO4 (Sigma-Aldrich, St. Louis, MO)
and set in 12-well plates in CaCl, (Sigma-Aldrich) to crosslink the alginate plugs. 3mm-
diameter alginate NPs were then cut from the gels using a biopsy punch and set in the
well centers of a 12-well plate. Collagen I was obtained from rat-tail tendons (BiolVT,
Westbury, NY) according to established protocol'®-2!. A 10 mg/ml collagen gel was
seeded with 10 x 10° cells/ml and the suspension was pipetted around the NP core and
allowed to gel, forming the AF!8, Constructs were cultured for 4 weeks with varying
glucose concentrations (125, 250, 500, 1000, and 4500 mg/L) while the AF contracted

around the NP to final dimensions.

Multiphoton Microscopy

Following each culture period, constructs from each glucose group were halved
and placed in 10% buffered formalin for 48 hours before transfer to 70% ethanol. A
Zeiss LSM 1-880 confocal microscope was used with a 40x/1.2 C-Apochromat water
immersion objective to image into the bottom portions of the constructs as previously

described>*>3

. Collagen fiber architecture was captured using second harmonic
generation (SHG), with reflectance between 437-464 nm, and cell morphology using
autofluorescence between 495-580 nm. Fiber organization was determined through
degree of alignment, obtained using a previously described custom MATLAB

18,58,59

code where a series of Fast Fourier Transforms (FFT) was used to calculate a fiber

alignment (FA) index as the ratio of major to minor axis.
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Biochemical Assays

Biochemical content was measured for each remaining half of the samples
collected for imaging, as previously described!®2!>* Samples were weighed and
lyophilized for 48 hours, weighed again and then digested overnight in a papain digest
buffer. A Hoescht DNA assay®®, modified 1,9-dimethylmethylene blue (DMMB)
assay®!, and hydroxyproline (hypro) assay®? were used to measure DNA, sulfated GAG
(s-GAG), and collagen content, respectively. These values were then normalized to the

corresponding samples’ dry weights.

Media Glucose Assay

Media samples were collected following each media change during the 4-week
culture period. Glucose concentration was measured using an Amplex Red glucose
assay kit (Invitrogen, Eugene, OR) according to manufacturer instructions®*. Fraction
of glucose consumed was determined by subtracting glucose collected from media

change from total glucose available, then dividing by total available.

Mechanical Testing

Construct samples were collected following each culture group and subjected to
multi-step stress-relaxation tests to determine biomechanical response. Samples
underwent unconfined uniaxial compression between two nonporous surfaces at strains
up to 50%, with incremental steps of 5% applied over the course of the tests utilizing
ElectroForce (ELF) 5500 mechanical testing frame (TA Instruments, New Castle, DE).
The time-dependent load response was measured at each of the steps, and effective
equilibrium and instantaneous moduli, as well as hydraulic permeability, were
calculated for the different experimental groups using a previously described poroelastic

modell 8,20,21,63 .
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Statistics

Fiber alignment, glucose consumption, and GAG content were analyzed using a
two-way ANOVA with Tukey’s test for post-hoc analysis. The relationship between FA
index, GAG content, and equilibrium modulus was determined via Pearson correlation
using Matlab/Excel. Data are presented as mean + standard deviation, with significance

determined at p<0.05.
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Figure 2.1. A) Fraction of glucose consumed and B) GAG concentration at 4 weeks for
each glucose group. Lines represent logistic 4P sigmoid. Error bars represent standard
deviation. Different letters between groups indicate significant differences (p<0.05)
using two-way ANOVA and Tukey’s test. (n=3-5)
Results

Similar trends in glucose consumption were observed in all culture groups at the
2- and 4-week timepoints (Fig. 1A). Constructs in the 4500 mg/L group consumed
between 50-60% of the available glucose during the incubation period, indicating a
media glucose surplus throughout culture. In contrast, the remaining groups saw a
majority (85-100%) of media glucose consumed and therefore a limitation in the
available supply.

At the conclusion of culture, constructs contracted to approximately 46-58% of

their initial area, measured as the surface area of an individual well in the 12-well plate,
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though no significant differences in final dimensions were observed between the various
groups. Comparisons between the culture groups can be found in graphical form in the
supplemental materials (Fig. S1).
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Supplemental Figure 2.1. Final dimensions of the constructs at 4 weeks, reported as
current surface area normalized to initial surface area. Error bars represent standard
deviation. (n=4)

Increasing media glucose concentrations corresponded to an increase in the s-
GAG content of IVD constructs at 4 weeks (Fig. 1B). Constructs in the 125 mg/L group
were at the lower end of the range with an average concentration of 0.99 pg/mg, while
the 4500 mg/L group averaged 2.02 pg/mg (p<0.05). GAG content showed a dose-
dependent response with an ECso at ~1190 mg/L (R*=0.537), although it did not appear
that saturation was been achieved by 4500 mg/L. Hypro and DNA content were also
measured but did not change appreciatively with either time or glucose concentration.

Fiber organization as visualized by SHG microscopy was most pronounced in
the 500 mg/L constructs at the conclusion of culture (Fig. 2A). Immediately after
fabrication all groups appeared as identical soft gels with no distinct fiber organization.
Constructs at Week 1 showed a slight increase in alignment, although with no

discernable difference between the groups (data not shown). Imaging at the 2-week
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timepoint revealed a noticeable though non-significant change in architecture, with
increased alignment occurring in the higher glucose groups, and a modest peak at 500
mg/L which persisted throughout the duration of the experiment. At the conclusion of
culture, fibers at 500 mg/L demonstrated greater organization and alignment at Week 4
as compared to the other groups, with continuous bundles of longitudinally-oriented
fibers and an average FA index of 1.30. Directionality decreased both with lower and
higher glucose concentrations, with the 125, 250, and 4500 mg/L groups showing
comparable alignment indices and the 1000 mg/L group slightly more aligned (Fig. 2B,
p<0.05).

A B

125mg/L 250 mg/L 500 mg/L 1000 mg/L

< | gy o
ECells HCollagen ‘

125 250 500 1000 4500

[Glucose] (mg/L)

4500 mg/L

-
w
o

Week 2
B o

-
-
[

Fiber Alignment Index

Week 4

-
=]
a

-

Figure 2.2. A) Representative SHG images of constructs at 2 and 4 weeks. B) Fiber
alignment index at 2 and 4 weeks for each glucose group. Error bars represent standard
deviation. Significant differences (p<0.05) using two-way ANOVA and Tukey’s test
are indicated using bars. (n=4)

Constructs in the 500 mg/L. group showed the largest degree of mechanical
stability by the end of the culture period as compared to the other groups (Fig. 3 and 4).
At the start of culture, all samples had equilibrium moduli of 2.86 + 1.17 kPa. At Week
4 of culture, construct stiffness increased compared to Week 0, but was dependent on
the concentration of glucose in the culture media. The peak in equilibrium modulus

occurred at 500 mg/L at a value of 27.3 kPa (Fig. 3A, p<0.05), with moduli of 10.9 kPa
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and 15.8 kPa at 125 mg/L and 4500 mg/L respectively. A similar trend was observed
with instantaneous moduli (Fig. 4A, p<0.05) peaking at 192.47 kPa again at 500 mg/L,
with values of 137.11 kPa (125 mg/l) and 146.28 kPa (4500 mg/L) at the extremes.
Hydraulic permeability meanwhile observed an inverse trend, with the lowest value
occurring for the 500 mg/L at 2.11 x 102 m?/Pa-s while the 125 and 4500 mg/L groups

saw values at 3.22 x 102 m?/Pa-s and 3.1 x 10"'> m?/Pa-s, respectively (Fig. 4B, p<0.05).
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Figure 2.3. A) Equilibrium modulus for each glucose group at week 4. Dependence of
B) equilibrium modulus on fiber alignment index and GAG concentration and C) fiber
alignment index on GAG concentration. Error bars represent standard deviation.
Significant differences (p<0.05) using two-way ANOVA and Tukey’s test are indicated
using bars. (n=4)

Analysis of the relationships between FA index, GAG content, and equilibrium
modulus revealed a strong positive correlation between equilibrium modulus and FA
index with r(20) = 0.503, p<0.05. Equilibrium modulus and GAG content showed a
weak negative correlation with r(20) =-0.003, p>0.05 while FA index and GAG content

showed a moderate negative correlation with r(20) = -0.283, p>0.05.
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Figure 2.4. A) Instantaneous modulus for each glucose group at week 4. B) Hydraulic
permeability for each glucose group at week 4. Error bars represent standard deviation.
(n=4)

Discussion

The goal of this study was to determine the effect of media glucose concentration
on the fiber architecture and mechanics of tissue-engineered IVD constructs. We
hypothesized that high levels of glucose would increase matrix components and
proteoglycan content while decreasing fiber alignment and organization. We found that
culture in concentrations of glucose typical of chondrocyte culture (i.e. either 1000 or
4500 mg/L) resulted in increased s-GAG content but ultimately led to a disorganized
fiber network in the AF portion of the constructs. In turn, this disorganized fiber network
led to inferior mechanics. A large number of studies focusing on culture of MSCs and
IVD cells/constructs have high glucose media formulations (~4500 mg/L), however
even those using commercial formulations of low-glucose media appear to contain
more glucose than is optimal for fiber formation (~1000 mg/L)!415:19-21.24.33.51.54.56,57.64.65,
Following construct fabrication, fiber organization was controlled via GAG

production through changes to media glucose content. Bulk GAG content in these

constructs increased with increasing glucose concentration while the alignment index
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was highest in the 500 mg/L constructs as early as Week 2 and remained consistent
throughout the 4 week culture period. These data are consistent with previous studies of
meniscus tissue engineering, in which 500 mg/L glucose also produced the most highly
organized collagen network>*>>, In both the current work on AF and previous work on
meniscus, either decreasing or increasing glucose media content resulted in significantly
decreased alignment indices. Interestingly, this glucose concentration corresponds to
the lower end of what is considered a healthy physiologic level in serum®”%. TVD
constructs seeded with MSCs are often cultured in 4500 mg/L, which corresponds to
super-physiologic levels of glucose at 4.5x the higher end of physiologic blood glucose
level’>%3 and in this study resulted in a highly disorganized matrix. Constructs in this
group consumed only half of their available glucose supply over the two-day incubation
period while the remaining groups consumed the majority of their supply in the same
amount of time. At the same time, there were no significant effects on cellular DNA
content or contraction rates by glucose concentration in any of the groups. When taken
with the observation that constructs in all groups contracted throughout culture,
indicating consistent cellular activity through remodeling, these results suggest no large
negative effects to the cell population during the 4-week culture period. Our previous
glucose studies support this conclusion, as neither DNA content nor viability measured
through Alamar blue content was affected by glucose concentration®. It is important to
note, however, that the detrimental effects of excessive glucose levels have been well
documented. Studies have shown that prolonged exposure to hyperglycemic
environments can impede cell proliferation and result in reduced growth and eventually

6970 " suggesting that care must be taken for longer periods of culture. While

apoptosis
super-physiologic levels of glucose in short-term culture therefore a) do not
detrimentally affect cell viability and b) result in enhanced GAG production—a typical

hallmark of healthy tissue in articular cartilage and the reasoning behind high glucose
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media in cell culture®®:’!

—saturating self-assembling constructs with glucose may in
fact lead to a prioritization of GAG deposition over fiber maintenance. These findings
appear to be consistent with previous literature on the role of GAG content in the
maintenance of engineered and native fibrocartilage’>’3. Studies have indicated that
while GAGs do play a beneficial role in the development and mechanical function of
fibrocartilaginous tissues, they also can accumulate to a pathologic level in aging or
tendinopathic tissues and ultimately interfere with the tissues’ load-bearing capacities’
77, Taken together, these data point to a highly sensitive balance between compositional
and structural changes, where additional mechanisms may need to be taken into
consideration when culturing tissue engineered structures in isolation.

Mechanical testing revealed a corresponding peak in effective construct stiffness
at 500 mg/L. glucose concentrations, which decreased both with increasing and
decreasing media glucose content, with the 125 mg/L and 4500 mg/L groups yielding
the lowest stiffness values. Historically, the mechanical stability of viable IVD
constructs has been thought to depend more on GAG content. Thus, studies have
focused on driving composition over structure®®3%78, Analysis conducted in this study,
however, indicates that the variations in construct mechanics observed during the
experiment were explained more by structure rather than composition. An increase in
equilibrium modulus was strongly correlated to an increase in corresponding FA index
but weakly correlated to a decrease in GAG content. Alignment index was
simultaneously found to moderately correlate to GAG content, ultimately indicating that
increased fiber alignment independently of GAG content corresponds to enhanced
mechanics in this tissue-engineered system.

Cells were harvested from sheep spines specifically due to their detailed use as
an established large animal model of disc disease and regeneration’°. Sheep, like

humans, are chondrodystrophic animals and lose their notochordal cell population with
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81-83 and can therefore function as an analog to the human healing process in disc

age
injury. Ovine discs also resemble human discs with respect to geometry, composition,
cellular phenotype, and mechanics. Despite being quadrupedal, sheep spines
demonstrate a similar range of motion to that reported for human specimens and have
been found biomechanically comparable, thus validating their use as a large animal
model for spine repair®®. For these reasons our group has used an ovine model
extensively in our IVD regeneration efforts; these include in vitro and in vivo annular
repair applications®4-86,

We chose to use MSCs in this study in place of primary IVD cells to replicate
the results from the previous glucose studies conducted by our group on this same cell
type>*>3; they present an attractive alternative to cells taken directly from the TVD
regions due to their versatility as well as reported immunosuppressive capabilities and

have been used in various IVD therapies!#!%-2323

, including the creation of composite
discs since Nesti et al. and Nerurkar et al. generated their TE-IVD composites in 2008
and 2009, respectively!#!>. MSCs are particularly attractive for applications in IVD
regeneration given a) the largely avascular disc is considered immunoprivileged and b)
different stages in the degenerative cascade may result in senescence of the endogenous

cell population®-23

. Given their availability, multipotency, and capacity for self-repair
the rationale for using them in place of AF/NP cells lies with their potential to repair the
disc by replacing damaged disc cells with a new population of viable tissue-specific
cells, promoting regeneration through the secretion of factors aimed at matrix generation
while mitigating an inflammatory response. Additionally, straightforward techniques
such as trilineage assays have demonstrated how MSC phenotype is dictated by cues
from their environment; alterations to media content or additional growth factors guide

the cells to differentiate and commit to different lineages®*®°. In vivo studies have further

investigated these effects by delivering MSCs into the IVD either via injection or
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89-91.93.96 and concluded that these cells do differentiate into disc-

engineered constructs
like cells®-! and subsequently increase production of proteoglycans and type II
collagen”: elongated fibroblast-like cells were found in the AF and rounded
chondrocyte-like cells in the NP%, indicating that two distinct phenotypes arise from
the same cell source in the different regions of the disc. Kim et al. recently directly
compared the effect of delivering MSCs or primary IVD cells via an engineered
construct into a rat caudal model?, concluding that following 5 weeks of implantation
both cell types behaved similarly and maintained the structural integrity of the implants
for the duration of the study.

Despite the aforementioned rationale behind the selection of our cell source for
this study, certain considerations and limitations must be kept in mind. While we saw
similar effects from alterations to media glucose levels in our previous experiments with
TE-menisci seeded with bovine MSCs, further characterization may be required before
transitioning glucose-altered systems in different animal models to in vivo use. Not only
has cellular heterogeneity in MSCs been reported between species with respect to
parameters such as immunosuppression’’, evidence exists that this heterogeneity
extends across cellular populations derived from the same host organism®®. Previous
work from our group determined that TE-IVDs seeded with MSCs elicited a mild
immune response when implanted in the rat caudal spine for an 8 week duration®?, with
a greater reaction marked by the presence of leukocyte marker CD45 at the earlier
timepoints (i.e. 2 weeks) than the later. While the constructs successfully integrated with
the host tissue regardless of immune response, these results suggest that MSC
differentiation may trigger an immune response and that the cells should potentially be
screened (immunophenotyping, etc.?®) prior to use in tissue engineering applications for
in vivo use. Future studies should assess whether the results observed here extend to

IVD-derived AF cells in engineered constructs as well.
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One of the limitations of this study is the mechanical stiffness of the engineered
constructs following 4 weeks of culture. The average equilibrium moduli for the
constructs tested were approximately an order of magnitude weaker than those of native
discs (238 kPa)!*2? in all experimental groups. Notably, IVD constructs of similar
stiffness have been implanted in canine cervical spine, and rat caudal and lumbar spine
in vivo models!'®2!, Post-sacrifice, constructs were found to successfully integrate with
the host tissue at 6 week and 9 months, and mechanical testing showed that integration
enabled the discs to achieve native stiffness values (~235 kPa)*’. Though sub-
physiologic glucose culture does not yield native mechanical properties following the
4-week culture period, therefore, these previous experiments indicate that with in vivo
implantation these values can be achieved. As we have shown successful integration
with host tissue has allowed soft constructs to reach appropriate mechanical properties,
these results suggest that enhancing the fiber architecture of these self-assembling discs
may provide a technique for in vitro pre-conditioning and ultimately yield a template
for tissue engineering approaches.

In conclusion, we found that culturing IVD constructs in media glucose
concentrations at the lower end of physiologic levels in vitro led to increased fiber
alignment and effective stiffness. The peak in both parameters occurred at 500 mg/L,
with concentrations on either side of this peak yielding unaligned fibers and weaker
mechanical properties. Of notable interest, culture media with 4500 mg/L glucose
resulted in constructs with enhanced composition but inferior alignment and mechanics.
Ultimately, changes in mechanics were explained more by variations in fiber
architecture and were largely independent of biochemical composition, mimicking the
native IVD’s dependence on structure and demonstrating the necessity for carefully

regulated culture in a system highly sensitive to manipulation of these factors.
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CHAPTER 3

The Degenerative Impact of Hyperglycemia on the Structure and Mechanics of
Developing Murine Intervertebral Discs?

Abstract

Diabetes has long been implicated as a major risk factor for intervertebral disc
(IVD) degeneration, interfering with molecular and biochemical signaling pathways
that ultimately aggravate the progression of the disease. Glucose content has been
previously shown to influence structural and compositional changes in engineered discs
in vitro, impeding fiber formation and mechanical stability. In this study, we
investigated the impact of diabetic hyperglycemia on the developing IVD by assessing
biochemical composition, collagen fiber architecture, and mechanical behavior of discs
harvested from 3-4 month old db/db mouse caudal spines. We found that discs taken
from diabetic mice demonstrated elevated blood glucose levels as well an increase in
glycosaminoglycan (GAG) and collagen content, but with comparable advanced
glycation end products (AGE) levels to wild type discs. Diabetic discs also contained
ill-defined boundaries between the nucleus pulposus (NP) and annulus fibrosis (AF),
with the latter showing a disorganized and unaligned collagen fiber network at this same
boundary. These compositional and structural changes had a detrimental effect on
function, as the diabetic discs were twice as stiff as their wild type counterparts and
demonstrated a significant resistance to deformation. These results indicate that diabetes
may predispose the young disc to DDD later in life by altering patterns of extracellular
matrix (ECM) deposition, fiber formation, and motion segment mechanics

independently of AGE accumulation.

2 This chapter will be submitted to JOR Spine: Lintz M, Walk RE, Tang SY, Bonassar LJ. The
Degenerative Impact of Hyperglycemia on the Structure and Mechanics of Developing Murine
Intervertebral Discs. 2021
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Introduction

Lower back pain (LBP) is an extremely prevalent disorder and one of the leading
causes of disability worldwide, with approximately 50-80% of the adult population
experiencing symptoms at least once in their lifetime!?. Although a variety of risk
factors are attributed to its onset, degeneration of the intervertebral disc (IVD) is
implicated as a major contributor to its advancement®>. Disc degeneration is a complex,
multifactorial process characterized by deterioration of the disc’s composition and
structure, as well as irreversible changes to its endogenous cell population®’. As the
disease progresses the highly hydrated nucleus pulposus (NP) loses water content and
is rendered unable to sustain loads, while the complex fiber network of the surrounding
annulus fibrosus (AF) becomes increasingly disorganized, eventually leading to rupture
or herniation of the disc. The accumulation of damage to the AF triggers a degenerative
cascade, favoring catabolism and upregulating matrix metalloproteases (MMPs) and
other factors contributing to extracellular matrix (ECM) degeneration® !4, which the cell
population is no longer able to repair.

Diabetes is a collection of chronic metabolic illnesses with varying etiologies,
but common symptoms characterized by improper production, and in some cases
resistance, to the hormone insulin which in turn results in heightened blood glucose
levels or hyperglycemia!®>!8, With time, diabetes and its associated symptoms result in
additional comorbidities such as cardiovascular disease, loss of vision or total blindness,
musculoskeletal disorders, nerve damage, impaired wound healing, etc., all of which

can lead to decreased quality of life or even death!®13-22,

Diabetes is also a common comorbidity for degenerative disc disease?’-3,
Clinical studies have indicated that patients receiving surgical intervention for lumbar

disc disease demonstrate a higher incidence of diabetes?®3°, Additionally, diabetic

patients have been found to be significantly more likely to receive surgical treatments
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for lumbar disc disease than non-diabetics, and while they experience higher initial
benefit from surgery?® they are 7 times more likely to require additional surgical
intervention®?2. Laboratory studies meanwhile have attempted to elucidate the
mechanisms under which diabetes contributes to DDD, finding strong evidence
suggesting that diabetes has a degenerative effect on the disc and may interfere with
molecular pathways associated with disc disease?*?633-3%, However, it can be difficult
to discern which changes arise as a direct consequence of diabetes from those associated
with typical degeneration, as both diseases are time-dependent and DDD is only
diagnosed following reports of painful symptoms, and the damage is discovered once
they are well established.

While the connections between diabetes and DDD have been reported clinically,
the mechanism behind this connection is still not fully understood, particularly at the
molecular level. Previous studies have investigated the effect of glucose on the
formation of collagen fibers in fibrocartilaginous tissues, similar to the annulus fibrosus
of the intervertebral disc*®3%. High levels of glucose drove contractile forces and
increased proteoglycan, which ultimately had a negative effect on the formation of the
collagen network. Fiber organization was maximal at low physiologic levels of glucose
(500 mg/L), while the higher range of physiologic and super-physiologic concentrations
(4500 mg/L) resulted in the formation of unaligned and disorganized fiber networks.
Utilizing self-assembling tissue engineered IVD (TE-IVD) constructs®®-#* to investigate
the impact of glucose on the formation of the engineered disc, we showed that these
super-physiologic levels of glucose also had a detrimental effect on mechanics: TE-
IVDs with elevated proteoglycan content and diminished fiber alignment in the AF
region demonstrated lower equilibrium moduli when subjected to mechanical testing?®,

Mechanical integrity was ultimately found to correlate most with fiber alignment rather
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than proteoglycan content, highlighting the importance of structure over composition
on the function of the disc.

Interestingly, diabetics are reported to have fasting blood glucose levels greater
than 1250 mg/L, while hyperglycemia occurs around 1800 mg/L!7. Taken together this
evidence suggests that diabetes may not only aggravate the progression of DDD but
may in fact play a detrimental role in the developing disc by impeding fiber formation,
leading to a highly disorganized and ultimately mechanically inferior matrix. The
purpose of this study, therefore, was to investigate effect of hyperglycemia on the
structure and mechanical function of developing intervertebral discs. Using discs
collected from mouse caudal spines, we assessed biochemical composition, fiber
structure, and mechanical response to find that diabetic animals demonstrated noticeable

detrimental changes to the disc as compared to non-diabetics.

Materials and Methods
Sample Preparation

Whole tails were harvested from 3-4 month old female db/db (n=8) and db/+
(n=9) mice post-mortem as described previously*’. Caudal spines were then collected

from the tails per existing protocol®*4°,

Diabetic Characterization

Whole blood samples were collected at time of euthanasia following 6 hours of
fasting, and fasting blood glucose levels were measured using a GLUCOCARD Vital
blood glucose meter (ARKRAY, Edina, MN). A hemoglobin A1C (HbAlc) (Crystal
Chem, Elk Grove Village, IL) assay was used to quantify glycemic control in these
blood samples over the previous 2-3 months. Caudal discs were hydrolyzed in 12 N HC1

for 3 hours to assay advanced glycation end product (AGE) content as previously
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described*®. Fluorescence was measured against a quinine standard and normalized to

hydroxyproline.

Biochemical Assays

Discs were extracted from the CA9/10 space and lyophilized for 48 hours prior
to overnight digestion in a papain digest buffer. Biochemical content was then measured
for each whole disc, NP and AF regions included, as previously described?®404, A
Hoescht DNA assay*’, modified 1,9-dimethylmethylene blue (DMMB) assay*®, and
hydroxyproline (hypro) assay* were used to measure DNA, sulfated GAG (s-GAG),

and collagen content, respectively. These values were then normalized to wet weights.

Mechanical Testing

Motion segments were collected from the CA7/8 disc space and adjacent
vertebrae, then potted in polymethyl methacrylate (PMMA) (COE Tray Plastic, GC
America, Alsip, IL) to prevent slippage during testing. To maintain hydration during
mechanical tests, samples were wrapped in gauze soaked in PBS (Dulbecco’s 1x PBS,
Corning, NY) with added protease inhibitor (ThermoFisher Scientific, Waltham, MA).
Segments were clamped at the potted ends and subjected to unconfined mechanical tests
utilizing an ElectroForce (ELF) 5500 mechanical testing frame (TA Instruments, New
Castle, DE) to determine biomechanical behavior.

Dynamic compressive responses were measured by applying a cyclic uniaxial
loading protocol. A dynamic amplitude of 8% sinusoidal strain was imposed about the
neutral position at 13 frequencies from 1 mHz to 1 Hz with 3 cycles per frequency.
Time-dependent load response was measured at each of the frequencies. Effective

equilibrium moduli and hydraulic permeability were calculated for wild type and
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diabetic samples using previously described fiber-reinforced poroelastic models and
custom MATLAB codes™.

Following these tests a uniaxial stress-relaxation protocol consisting of 10
incremental steps of 5% strain each up to 50% total strain was imposed on each sample.
Time-dependent load response was measured at each of the steps. Effective compressive
moduli and hydraulic permeability were calculated for wild type and diabetic samples

using previously described poroelastic models and custom MATLAB codes*’!.

Histology

Motion segments from the aforementioned mechanical tests were prepared for
histological assessment as previously described**#3-233, Segments were removed from
the PMMA pots and cut closer to the endplates, then fixed in 10% buffered formalin for
48 hours prior to transfer to 70% ethanol. The segments were then decalcified, cut
parallel to the sagittal plane, and sliced to 5-pm thick sections. Sections were stained
with either Safranin-O and a fast green counterstain for proteoglycan content, or
picrosirius red for collagen network visualization. Safranin-O and picrosirius red stained
sections were imaged using brightfield microscopy, and picrosirus red stained sections
were additionally imaged with polarized light microscopy to qualitatively assess

collagen alignment through birefringent intensity.

Multiphoton Microscopy

Motion segments were generated using the CA8/9 disc and adjacent vertebrae,
then placed in 10% buffered formalin and transferred to 70% ethanol after 48 hours.
Samples were sliced down the sagittal axis prior to imaging with a Zeiss LSM i-880
confocal microscope. 10x/0.45 C-Apochromat water immersion and 20x/0.75 Fluor

DICII objectives were used as previously described®$-*®, and collagen fiber architecture
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was captured using second harmonic generation (SHG), with reflectance between 437-

464 nm.

Image Processing and Quantitative Assessment

Safranin-O images of the whole disc were processed using Image] for
quantitative staining assessment. Images were deconvolved in ImageJ and split into red,
green, and blue color channels, after which intensity normalization and background
subtraction were performed on the red. Depth of stain was subsequently calculated as
the ratio of the number of pixels in the stained region over the number of pixels in the
whole disc. The relative dimensions of the NP were also quantified by taking the ratio
of pixels in the NP region and dividing by the pixels in the whole disc.

SHG images of the AF regions at 20x magnitude were processed using ImageJ
as previously described>* for quantitative fiber orientation assessment. Briefly, initial
processing steps include intensity normalization, sharpening, background subtraction
(sliding paraboloid / rolling ball), and smoothing. Images were then converted to 8-bit
greyscale before a final noise removal (despeckle) step was applied. Fiber orientation
in the AF region was determined for wild type and diabetic samples using the
OrientationJ plugin®>>’. The resulting orientation angle distributions from 0 to +90°
were filtered to remove baseline noise and then normalized to total number of samples
for each experimental group. The distributions were assumed to be symmetric and were

mirrored to generate histograms for -90° to +90° orientations.

Statistics
Dynamic stiffness was analyzed using a two-way ANOVA with repeated
measures, followed by Tukey’s test for post-hoc analysis in R Studio. Differences in

fiber orientation angle distributions were assessed using a y? test for independence in R
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Studio. All other parameters were analyzed using a t-test in Matlab/Excel. Data are

presented as mean + standard deviation, with significance determined at p<0.05.

Results

db/db mice had an average fasting blood glucose level of 263.6 + 37.0 mg/dL
(Fig. 1a) and body mass of 53.34 +2.79 g (Fig 1c¢), and developed diabetes at 4-8 weeks
of age. db/+ mice meanwhile had an average fasting blood glucose level of 52.1 + 8.8
mg/dL (Fig. 1a) and body mass of 23.32 + 2.03 g (Fig. 1c). Diabetic animals also had
an average HbAlc level of 8.5 + 1.3% compared to wild type mice at 4.0 + 0.8%
(p<0.05), with levels of 6.5% and higher indicative of diabetes (Fig. 1b). s-GAG content
was higher in the diabetic discs, averaging at 34.0 + 12.7 pg/mg compared to 27.8 + 9.2
pg/mg in the wild type (Fig. 2a). Average collagen content as approximated from
hydroxyproline concentration was also higher in the diabetic samples, with 300 + 166
pg/mg present in the diabetic and 233 + 134 ng/mg in the wild type discs (Fig. 2b). Wild
type discs showed significantly higher cell content than their diabetic counterparts (Fig.
2¢), with an average of 9.93 + 4.46 pg/mg DNA content as compared to 7.02 + 1.68
pg/mg in the diabetic discs (p<0.05). No significant differences in AGE content were
detected between db/db (0.017 + 0.005 pg quinine/pg hydroxyproline) and db/+ (0.016

+ 0.005 pg quinine/pg hydroxyproline) animals (Fig. 2D).
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Figure 3.1. A) Fasting blood glucose level, B) percent HbAlc content, and C) body
mass measured for each group. Significant differences (p<0.05) are indicated using (*)
and bars. Error bars represent standard deviation. (n=8-9)

T
ol i Lz
g / /

WT WT
C D
16 * 0.025
14 ‘ E
12 g E oo { ‘
E’ 10 és_e:. 0.015 7
E [ £X ‘ /
< 7 25
E j %/ §% 0.01 %
W 3 5005
: Z : /1
wT DB WT ‘' DB

Figure 3.2. A) Whole disc sGAG concentration, B) whole disc collagen content, and
C) whole disc DNA content normalized to wet weight for each group. D) AGE content
normalized to hydroxyproline for each group. Significant differences (p<0.05) are
indicated using (*) and bars. Error bars represent standard deviation. (n=8-9)
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Gross histological images revealed morphological differences between the
diabetic and wild type IVDs. The NP regions in the diabetic discs appeared more oval
than their wild type counterparts, extending further into the disc with an irregular AF/NP
boundary (Fig. 3). They were also significantly larger, accounting for approximately
41.8% of the whole disc area as compared to 35.1% in the wild type discs (Fig. Sla,
p<0.05). Safranin-O staining for proteoglycan content also extended further past the NP
boundary and into the inner AF for the diabetic discs as compared to the wild type,
occupying 65.8% of the whole disc area in the former and 55.0% in the latter (Fig. S1b,
p<0.05).

Figure 3.3. Representative histological images for Safranin-O staining of wild type
(top) and diabetic (bottom) discs of A) the entire disc at 40x and B) the inner AF at 100x
magnification. Significant differences (p<0.05) are indicated using (*) and bars. Error
bars represent standard deviation while scale bars indicate 0.15 mm. (n=5-6)

72



05 80
70
60 I
50 |
40
30
20
10

0.4

0.3

% Stain

0.2

0.1

NP : Total Disc Area

\\g

WT DB WT DB

Supplemental Figure 3.1. A) Fraction of total disc area occupied by the NP for each
group. B) Percent of total disc area occupied by Safranin-O staining. Significant
differences (p<0.05) are indicated using (*) and bars. Error bars represent standard
deviation while scale bars indicate 0.15 mm. (n=5-6)

SHG microscopy also revealed subtle qualitative differences in the collagen
fiber architecture at the inner AF between the two groups. Collagen fibers at the AF/NP
border in diabetic discs appeared more disorganized and less aligned than in the wild
type samples, with larger gaps present between fiber bundles as well as bundles arranged
at a wider variety of angles (Fig. 4). The fiber bundles in wild type IVDs were more
tightly packed and oriented in a more parallel fashion. Quantitative analysis indicated
two primary peaks in fiber orientation distribution for wild type discs, centered around
+30° (Fig. 4c). These peaks were also present for the diabetic discs, though the peaks
were less prominent than in the wild type and the overall curve flatter to indicate a wider
range of angles (Fig. 4c). Approximately 10% and 13.3% of fibers lie within +5° of the
main peaks for the diabetic and wild type discs, respectively. This trend of greater fiber
organization in wild type IVDs continues as the range of angles increases, with +10°

range yielding 20.0 and 26.4%; a +15°range yielding 29.9 and 39.2%; and a +20° range
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yielding 39.9 and 51.4%, for example. Of the aforementioned values the groups were

statistically distinct at the +20° range alone (x°=121.89, p<0.05).
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Figure 3.4. Representative SHG images for wild type (top) and diabetic (bottom) discs
of A) the entire disc and B) the inner AF. C) Normalized fiber orientation distributions
for wild type (top) and diabetic (bottom) discs. Scale bars indicate 200 (A) or 100 um
(B). (n=6-7)

In order to assess mechanical response, samples were subjected to a two-part
mechanical testing protocol consisting of a) dynamic tension/compression about the
neutral position and b) compressive stress-relaxation. Both diabetic and wild type discs
demonstrated time- and frequency-dependent behavior in response to loading.
Following cyclic testing, average dynamic stiffness increased from 518 MPa at 1 mHz
to 998 kPa at 1 Hz for the diabetic samples, while the wild type demonstrated an average
stiffness of 367 and 551 kPa at 1 mHz and 1 Hz, respectively (Fig. 5a, p<0.05). The
dynamic stiffness data fit well to a poroelastic model (R? ranged from 0.84 to 0.99),
enabling the calculation of an average equilibrium modulus of 232 kPa and hydraulic
permeability of 1.1x10°'* m?/Pa*s was calculated for the wild type segments, while the

diabetic averaged 451 kPa and 0.761x10°'* m?/Pa*s in comparison (Fig. 5b, 5¢, p<0.05).

74



Stress relaxation data were also fit to a poroelastic model for calculation of
material properties, with wild type samples having an average compressive modulus of
130 kPa and hydraulic permeability of 2.71x10'* m?/Pa*s while their diabetic

counterparts averaged 278 kPa and 0.981x107'* m?/Pa*s. (Fig. 5d, 5e, p<0.05).
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Figure 3.5. A) Dynamic stiffness for each group over 13 frequencies. B) Equilibrium
modulus and C) hydraulic permeability determined from stiffness and phase angle
values following cyclic tests for each group. D) Compressive modulus and E) hydraulic
permeability determined from stress/relaxation tests for each group. Significant
differences (p<0.05) are indicated using (*) and/or bars. Error bars represent standard
deviation. (n=7-9)

Discussion

The objective of this study was to determine whether diabetes, a major risk factor
for the development of DDD later in life, can generate significant degenerative changes
to the developing IVD. Using caudal spines collected from 3-4-month-old db/db and
db/+ mice, we quantified the structural and mechanical characteristics of the discs to
determine if there were any major functional differences between diabetic and healthy
animals. Our results indicate that increased levels of glucose appeared to impact the
formation and deposition of fibers in the AF to produce an unaligned, disorganized
matrix with biochemical and mechanical properties distinct from those present in

physiologic or healthy levels of glucose.
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In assessing ECM composition, we found that both s-GAG and collagen content
were higher in the diabetic discs: the former demonstrated an average value
approximately 22.1% larger than the wild type, the latter 29.0% larger. Assessment of
the microscopy and histology images helped contribute to a better understanding of the
trends in proteoglycan content. In the healthy disc, proteoglycans are primarily
contained in the NP; they comprise 35-65% of the NP dry weight as opposed to 15-20%
in the AF®3%-93, This is consistent with our wild type samples, where the NP had a regular
cross-section and was contained by a defined inner AF. The boundary between these
regions was distinct and the Safranin-O staining was limited to the NP; it did not appear
to encroach beyond the NP border into the inner AF. In diabetic animals, however, a
large and distorted NP occupied more space in the disc: the NP regions were larger than
the wild type by 10.7%. The NP/AF boundary was ill-defined compared to the wild type
discs, with a disorganized fiber network in the inner AF allowing for deeper penetration
of the Safranin-O stain further into the annulus, with 6.7% greater staining, indicating a
higher proteoglycan content than in healthy animals.

Analysis of the collagen structure of AF showed significant differences between
diabetic and wild type mice. SHG microscopy revealed that the inner AF of the diabetic
animals was structurally distinct from their wild type counterparts, and appeared more
disorganized, similar to what is seen in degeneration®®. Compiling quantitative fiber
orientation data supported this observation, showing that healthy fiber networks
demonstrated clean peaks in orientation at +30°, producing a bimodal distribution, while
the those in diabetic IVDs ranged across a broader distribution with less defined peaks.
Taken together these data point to a disruption in the structure of the disc that is
associated with changes in biochemical components. Collectively, these data indicate
that in diabetic animals, hyperglycemic levels of glucose were associated with an

increase in proteoglycan production and a disruption in collagen organization.
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Assessment of mechanical properties provided insight into the functional
consequences of biochemical and structural changes in IVD from diabetic animals.
During cyclic testing, diabetic discs demonstrated almost twice the dynamic stiffness of
their wild type counterparts. When the dynamic stiffness and phase angle data from the
cyclic tests were fit to a poroelastic model, the resulting equilibrium modulus and
hydraulic permeability values observed the same trends: diabetic discs had
approximately twice the moduli of their wild type counterparts and half the
permeability. Analysis of the stress-relaxation data had comparable differences between
the experimental groups, with diabetic discs demonstrating an approximately two-fold
increase in compressive modulus over the wild type as well as about half the hydraulic
permeability. Both the wild type and diabetic groups demonstrated dynamic moduli that
were almost twice their stress-relaxation counterparts, likely explained by the
differences between the tests. While stress-relaxation consists of solely compression,
dynamic testing has an aspect of tension, and this incorporation may explain the two-
fold increase in dynamic modulus over stress-relaxation modulus. Despite these
differences, the measured moduli are comparable to what has been seen in previous
rodent in vivo studies. Rat tail [IVDs extracted from the caudal spine demonstrated an
average compressive modulus of 238 kPa following the same stress-relaxation loading
protocol used in this study*’. Mouse caudal IVDs have been shown to range from 160
kPa to 2.48 MPa as compared to the 430 kPa — 3.65 MPa range seen in lumbar IVDs
when exposed to a variety of testing regimes®. These results indicate that the diabetic
discs were significantly stiffer than the wild type and had a greater resistance to
deformation as well as taking markedly longer to recover from deformation, as seen in
previous studies®>6°,

Numerous studies have determined a strong correlation between diabetes and

DDD, as well as investigated the mechanisms by which diabetes and its comorbidities
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aggravate disc degeneration. As a consequence of long-term hyperglycemia the
formation of AGEs is accelerated, the accumulation of which severely damages tissues
on their own as well as stimulates the production of biologic mechanisms and other
byproducts, such as oxidative species, which further degeneration®’. For example
activation of MMP-13, one of the main metalloproteinases associated with increased
catabolism in DDD, is found to be stimulated by the presence of reactive oxygen species
(ROS)**67-69 Hyperglycemia has also been found to promote the expression of factors
which trigger apoptosis or senescence in discogenic cells, accelerating the progression
of DDD in diabetic animals?®°, Additionally, the receptor for AGE (RAGE) has been
implicated as a trigger for further inflammatory responses in the disc’72. Increases in
RAGE content via AGE accumulation, for example, has been shown to directly impact
AF structure, resulting in increased collagen disruption and degeneration®®°, The
structural changes brought about by early onset diabetes on developing discs, however,
is less understood.

A striking feature of this model is the lack of AGE accumulation in these young
animals. Despite this lack of accumulation, there are clear changes to the ECM in the
diabetic animals, notably significant deposition of proteoglycans in the inner AF.
Interestingly, higher levels of AGEs present in diabetic animals have been shown to

correlate with decreased proteoglycan content’7>

. Our findings demonstrate that
diabetic animals show distinct detrimental changes even at a young age and in the
absence of AGE accumulation. These data indicate that the disease affects the manner
in which the immature disc is formed via an imbalance in its composition. Ultimately
this imbalance results in structural changes to the complex fiber architecture of the AF
and the distinct AF/NP boundary which serves to contain the NP, consequences of an
inferior matrix deposited by cells with altered metabolism. It has been established that

58,76,77

the IVD’s structure is fundamental to its function , evident here where the disc’s
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ability to resist deformation is significantly impaired under diabetic conditions.
Collectively our data suggests that while diabetes accelerates the progression of DDD
later in life through the accumulation of AGEs, hyperglycemia associated with diabetes
predisposes the disc to the disease during developmental stages by producing an ECM
that is too rich in proteoglycans and deficient in fiber formation.

This deficiency in fiber formation is consistent with previous in vitro studies
examining the effect of glucose media content on engineered fibrocartilage®¢-3%. In
general, many of the same trends we observed in vitro in the development of TE-IVDs
were reflected in this in vivo study. Wild type mice in our cohort averaged a fasting
blood glucose level of 52.1 mg/dl (or 521 mg/L), in line with the in vitro optimal glucose
concentration (500 mg/L) that yielded both the highest degree of fiber alignment3¢-38
and the highest effective stiffness®®. db/db mice in our cohort meanwhile averaged a
hyperglycemic blood glucose concentration of 263.6 mg/dL (2636 mg/L) when tested.
This value lies between the two high glucose concentrations examined in vitro: 1000
mg/L (high physiologic) and 4500 mg/L (super-physiologic)*®38. The 4500 mg/L
engineered group demonstrated the most dramatic response to increased glucose, with
reduced fiber alignment and impaired mechanics; in fact, these parameters were
comparable to what was seen in the sub-physiologic culture groups. The 1000 mg/L
group, while not as drastic, saw a substantial decrease in these parameters as compared
to the 500 mg/L group, indicating that glucose levels at the cusp of the physiologic limit
will already affect the disc cell population and alter their metabolism, impacting their
ability to effectively produce and maintain matrix.

In these engineered discs, media glucose directly affected biochemical
composition as higher glucose content yielded higher proteoglycan content. These

elevated proteoglycan levels in turn negatively impacted the disc’s collagen network,

generating a disorganized and ultimately inferior matrix. Constructs in this study
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averaged an order of magnitude lower modulus than native discs even with the increased
mechanical stability of the 500 mg/L group. In this current study, however, the diabetic
discs were significantly stiffer than what is normally expected in healthy mice®-78-80,
Hyperglycemia, then, led to a higher modulus in vitro but a lower modulus in vivo. A
potential explanation for this discrepancy is that the engineered discs had an average
sGAG concentration ranging from 0.99 pg/mg at 125 mg/L glucose to 2.02 pg/mg at
500 mg/L*® while murine discs averaged 27.8 pg/mg (wild type) to 34.0 pg/mg
(diabetic). As the engineered discs contain approximately an order of magnitude less
sGAG than the harvested discs, they may not contain sufficient amounts of
proteoglycans to appreciably influence the mechanics as compared to the in vivo discs.
Changes in the in vivo mechanics, then, appear to be driven primarily by the increase in
proteoglycan content and NP size. In combination with these observations, collagen
content as indicated from the biochemical assay likely also influenced disc mechanics,
as diabetic discs contained 29.0% more collagen than the wild type, while in our in vitro
study there was no appreciable difference in collagen content between discs. In DDD,
increased stiffness in the disc and in the calcified cartilaginous end plates (CEPs) results
in an impaired ability to swell and recover from compressive loading*6:647881.82: ywhen
subjected to loads, disc height and water content decrease at a higher rate and an
equilibrium state is achieved more slowly than in healthy discs. Continued loading leads
to the propagation of damage as cracks or tears throughout the AF, further disrupting its
integrity and potentially resulting in bulging, herniation, or eventual destabilization of
the entire motion segment®.

One of the potential limitations of this study is that the db/db mutation in mice
not only results in diabetes but also leads to additional phenotypical changes such as

obesity. The db/+ mice in our cohort had an average body mass of 23.32 g while the

db/db mice averaged a significantly higher body mass of 53.34 g (Fig. S1b, p<0.05).
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Obesity has been implicated as a major risk factor for DDD as well as a common

comorbidity for diabetes?®33-83.84

and as such the effects may be difficult to divorce from
those arising as a result of diabetic hyperglycemia alone. However as the discs were
extracted from the tails of the animals, any loading effects resulting from obesity are
likely minimal. We also note that while the mice used here are 3-4 months of age and
are therefore young animals, not infants, db/db mice at this age are not yet fully
grown®>86, As a result, the discs are likely still maturing along with the organism and
may yet provide interesting insight into the mechanisms by which the diabetic disc
arises. Finally, due to the small size of murine caudal discs, NP and AF regions could
not be separated for biochemical analysis. Given the histological assessments here
indicated significant structural alterations to both the NP and inner AF sections of the
diabetic disc, further analysis of the compositional changes associated with these
observations could provide additional insight into the mechanisms responsible.

In conclusion, we found that diabetes and its associated hyperglycemia impact
matrix formation in the IVD prior to the onset of DDD and independently of the
accumulation of AGEs. Diabetic discs with super-physiologic glucose levels displayed
elevated proteoglycan content as compared to the wild type mice; these trends
corresponded to a greater degree of disorganization in the AF, ill-defined AF/NP
boundaries, and impaired mechanical response to deformation. Ultimately these
observations indicate that diabetes impacts discogenic cells’ ability to effectively
produce and maintain matrix in development, altering the disc’s basic structure and
biomechanical function in such a manner that the disc is now primed for DDD later in

life.
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CHAPTER 4

In Vivo Assessment of Biodegradable Support Structures for Total Disc Replacement
in the Minipig Cervical Spine *

Abstract
In recent years, there has been an increase in efforts to translate tissue engineered
strategies for total disc repair (TDR) to large animal models. Previous work in an in vivo
canine cervical spine model demonstrated that at 6 weeks post-implantation, constructs
resembled native intervertebral discs (IVDs) with respect to biochemical and
biomechanical behavior after successful tissue integration. However, additional surgical
techniques were deemed necessary to overcome geometrical constraints imposed by the
curvature of the canine spine and prevent implant displacement. To address the complex
loading profiles imposed by large animal spines and move the work to a more clinically
relevant animal model, we developed a resorbable delivery vehicle to provide
mechanical support to soft engineered constructs delivered to the Gottingen minipig
cervical spine. Two- and one-piece cage designs were found to be mechanically
sufficient under uniform compressive loading, however all cages experienced structural
failure during the 4 week study. Post-sacrificial analysis revealed consistent failure at
the posterior region regardless of design or experimental level, revealing an irregular
endplate geometry with bony processes which likely provide the repeated, concentrated
loading responsible for structural failure. These results contribute to better
understanding the anatomical constraints imposed by the minipig spine, providing a

template upon which to build more robust cages to ensure successful tissue integration.

* This work was presented at the ORS 2021 Annual Meeting and is in preparation for publication: Lintz
M, Kim B, Kirnaz S, Goldberg J, Hartl R, Bonassar LJ. In Vivo Assessment of Biodegradable Support
Structures for Total Disc Replacement in the Minipig Cervical Spine. Poster presented at the ORS 2021
Annual Meeting; February 12-16, 2021; Virtual Conference.
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Introduction

Lower back pain (LBP), which refers to a range of painful symptoms of varying
degrees of severity, affects about 10% of the global population in some form and is
therefore considered the leading cause of disability worldwide!'=. In the United States
alone during the years 2012-2014, direct medical costs for the treatment of back-related
health conditions totaled approximately $315 billion per year?, with cost and prevalence
only expected to rise in the coming years. Intervertebral disc (IVD) degeneration is
implicated as one of the major contributors to LBP, characterized by irreversible
detrimental changes to the disc’s structure, composition, and native cell population
which in turn impede its mechanical function in the spine*”’. There are currently few
options to address degenerative disc disease (DDD) apart from surgical intervention,
particularly for end-stage disease.

Standard surgical interventions involve removal of the damaged disc followed
by either spinal fusion or total disc replacement (TDR) with an artificial disc. Though
fusion has been utilized as the gold standard for many years, common side effects such
as pseudoarthrosis and graft site pain continue to be observed®®. TDR meanwhile is not
widely used due to high surgery costs and difficult surgeries!’. More importantly, these
strategies traditionally involve the introduction of mechanical implants and therefore do
not possess comparable structural or biomechanical properties to native discs. Both
treatments ultimately focus on restricting range of motion, potentially forcing the spine
to compensate for abnormal loading patterns and stress distributions, and may therefore
increase the risk of reoperation due to adjacent segment disease®!'!. Ultimately, then,
both options treat the symptoms of the disease rather than the underlying causes of the
disease itself!!, failing to repair the damaged disc.

To address the concerns present in the aforementioned approaches, researchers

have explored biologic approaches for the treatment of DDD, focusing on a) repairing
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or replacing the damaged endogenous cell population and b) recreating the complex
fiber architecture of the AF. Following the development of the first composite tissue-
engineered (TE) disc in 2004, consisting of a cell-laden alginate gel core at the center
of a cellular poly(lactic acid) (PLA) / poly(glycolic acid) (PGA) scaffold'?, several
investigators have proposed their own alternate material combinations and
approaches!'??2. The majority of these studies have explored composite disc constructs
in vitro, with few focused on transitioning these strategies to in vivo use. Of the in vivo
studies published, most utilize small animals such as rodents to assess the feasibility of
different approaches. Though helpful as high-throughput validation systems, there are
significant anatomical and mechanical differences between the rodent and human spine
which prevent successful translation to clinical use!®23-26,

More recently, large animals such as dogs and goats have been successfully
implemented in an attempt to address some of the challenges in translating to human
models'®-2!. In our group’s efforts to scale up from the rat caudal spine model, we have
investigated the feasibility of applying our self-assembling TE-IVD technique to a
beagle cervical spine model for a duration of 16 weeks*. Following successful
integration into the host tissue, discs maintained height and hydration as well as
deposited new extracellular matrix (ECM). Goats meanwhile were chosen for use in
other studies due to their relatively upright posture and the comparable size of their
discs?!. 8 weeks of culture following implantation in the cervical spine revealed tissue
integration as well as biochemical and biomechanical values on the same order as those
observed in native discs!'*2!.

Although these models demonstrate significant progress in scaling up from
small animal work, there are still hurdles to proper clinical translation. While human

cervical spines display a lordotic curvature, the canine spine demonstrates primarily

kyphotic curvature’’. As a consequence of this curvature, implants at certain
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20.28 in response to a

experimental levels demonstrated significant displacement issues
more complex loading profile in canines as opposed to rodents. To address these
shortcomings, we propose a new minipig cervical spine model for use in TDR
application, as Gottingen minipig cervical spines have been found anatomically and
physiologically similar to those of humans; of note, the kyphotic curvature is reduced?.
Despite this reduced curvature, minipig [VDs are still subject to high stress in response
to loading, which may potentially result in damage to our soft engineered constructs due
to their mechanically compliant nature. To provide mechanical support and protection
prior to tissue integration in this new environment, then, we developed a resorbable
support and delivery vehicle for our TE-IVDs. We assessed the durability of these
“cages” in different levels of the spine as well as their ability to maintain disc height,

and modified our TE-IVD manufacturing protocol to produce engineered discs held

stably inside of the cages for ease of delivery.

Materials and Methods
Cage Fabrication

Micro-computed tomography (LCT) scans of the C3/4 and C5/6 levels in the
minipig spine were obtained and used to determine disc dimensions as previously
described'®?°. One- and two-piece cage models, both at 100% scale, were drafted in
Inventor Professional 2020 using the aforementioned dimensions. These were then 3D-
printed on a Prusa i3 MK3S+ 3D printer (Prusa3D, Prague, Czech Republic) using
biodegradable poly(lactic acid) polymer (PLA) filaments with a 1.75 mm diameter and
100% infill (Prusa3D).
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Mechanical Testing and Design Validation

Cages were subjected to mechanical testing using an FM-20 screw-drive
uniaxial tension/compression frame (United Testing Systems, Huntington Beach, CA).
A testing protocol consisting of continuous compression at a constant strain rate (50 Hz,

0.1 mm/s) was implemented to assess mode of failure.

2- to 3-year-old male
Gottingen minipigs

\\,E_f’\ \ ) Outcome Method
¢ Measure +
Q Timepoint
_— Disc height X-Ray
\ indices Weekly
Failure SEM
Cervical spine exposed mode Post-harvest

4 weeks

Implantation

Weekly monitoring

C3/4 and C5/6 surgical levels
Discectomy + implant
(n=4) Two- or one-piece
PLA cages

Figure 4.1. Schematic outlining surgical procedure for implantation of one-and two-
piece cages into the minipig cervical spine. Implantation photograph as well as outcome
measures collected during the 4 week study timeline are presented.

Surgical Procedure

All procedures were reviewed and approved by the appropriate Institutional
Animal Care and Use Committee (IACUC). 2-3 year old skeletally mature Géttingen
minipigs (Marshall BioResources, North Rose, NY) underwent discectomy followed by
implantation of the empty support structure at levels C3/4 and C5/6 (n=4) (Fig. 1). These
were divided into two groups that received either a two-piece or one-piece design for a
period of 4 weeks.

Animals were anesthetized following appropriate fasting, then underwent
endotracheal intubation prior to being attached to the anesthesia and ventilator units.

General anesthesia was maintained throughout the procedure using anesthetic agents,
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and the animal’s vital signs (heart and respiration rate, oxygenation, body temperature,
and invasive blood pressure when needed) continuously monitored. Upon obtaining
proper depth of anesthesia, the ventral neck was prepared for surgery using povidone
iodine followed by 70% isopropyl alcohol.

All surgical procedures followed spinal cord injury (SPI) guidelines for large
animal surgery, including sterilization, pre- and post-operative care, and surgical
procedures, and were carried out as previously described?®. Animals were placed on
their backs with the neck hyperextended and secured to the table. A 3-4 inch ventral
midline incision was made from the base of the larynx to the sternum in each animal,
after which the paired sternocleidomastoideus and sternohyoideus muscles were
separated with blunt dissection, exposing the trachea. The paired longus colli muscles
were exposed, allowing for the experimental levels to be identified and marked by
cauterizing of the anterior ligaments. Small curved hemostats were used to separate the
long colli muscle overlying the ventral AF.

The following steps were carried out microscopically: after incision of the
ventral annulus with a scalpel, the inner AF and NP were extracted using a small tartar
scraper or 3-0 to 4-0 bone curette. The outer annulus was left intact. Experimental
groups received cage constructs in the disc space followed by outer annulus closure with
suture material. Bipolar cauterization was used for homeostasis, the wounds closed with
absorbable subcutaneous and cutaneous sutures. Incision sites were dressed in
accordance with standard veterinary practices and in consultation with an SCI
veterinarian. Once gag reflex returned, animals were extubated and anesthesia
discontinued. Animals received antibiotics peri-operatively and were recovered in SCI
large animal housing by veterinary staff. As surgery may cause neck pain, post-
operative pain management was administered as prescribed by an SCI veterinarian.

Orthopedic and neurologic exams were performed at least once daily for the first three
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post-operative days by an SCI veterinarian, who was available for consultation for

additional examinations.

Imaging Acquisition and Analysis

Interim imaging was performed weekly to assess cage placement and
positioning. At these timepoints, animals were anesthetized as described above. X-rays
were collected to monitor implants preoperatively, immediately postoperatively, and at
weekly intervals (Fig. 2a) by assessing disc height and cage position. Adjacent discs
were used as healthy controls for comparison in each animal. IVD height was
determined using disc height index (DHI) (Fig. 2b), or the ratio of disc height by

adjacent vertebral body height, as previously described*’.

SEM Imaging and Analysis

Constructs were collected upon sacrifice (Fig. 2¢) and post-mortem imaging
analysis was conducted to determine mode of failure. Directly prior to imaging, samples
were fixed to 18 mm aluminum specimen mounts with double sided copper tape and
sputter-coated with gold/palladium alloy for 20 seconds at a target current of 20 mA.
Samples were then imaged on a Mira3 scanning electron microscope (SEM) (TESCAN,

Brno, Czechia) at an accelerating voltage of 5 kV and 5-15 mm working distance.

Cell Isolation and Culture

Whole IVDs were dissected as previously described?’?® from the cervical spines
of 2-3 year old Gottingen minpigs. Tissue was then washed in PBS (Dulbecco’s 1x PBS,
Corning, NY) and separated into AF and NP sections, then cut into smaller pieces. AF
and NP tissue fragments were digested overnight in 200 and 150 ml of 0.3% wt/vol

collagenase type II (Worthington Biochemical Corporation, Lakewood, NJ),
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respectively, at 37°C. Cells were then collected from the digested tissue using 100 um
nylon filters (Corning, NY), and the resulting cell population was expanded in 2D
culture to second passage in growth media composed of: Ham’s F-12 (Corning, NY),
10% fetal bovine serum (FBS, Gemini Bio, West Sacramento, CA), 100 pg/ml penicillin
and streptomycin, 0.25 pg/ml amphotericin B (Corning, NY), and 25 pg/mL ascorbic
acid (Sigma-Aldrich, St. Louis, MO). Cells were cultured to confluence at 37°C with
5% COz and under normoxic conditions, with media replenished three times a week.
Mesenchymal stem cells (MSCs) were also isolated as previously described
from the trabecular bone marrow of 2-3 year old Gottingen minipig femurs*#, Cells
were then expanded to second passage after 48 hours and cultured in growth media
composed of: Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum
(FBS, Gemini Bio, West Sacramento, CA), 100 pug/ml penicillin and streptomycin, 0.25
pg/ml amphotericin B (Corning, NY), and 1 ng/mL basic fibroblast growth factor
(bFGF, Corning). Cells were cultured to confluence at 37°C and 5% CO> under

normoxic conditions. Media changes were performed three times a week.
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Supplemental Figure 4.1. Trilineage differentiation potential for MSCs cultured in A)
osteogenic, B) adipogenic, and C) growth media. Samples were stained with either
Alizarin Red S (top) or Oil Red O (bottom). Scale bars indicate 0.15 mm.
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Trilineage differentiation assays were performed as per previous studies to

assess osteogenic, adipogenic, and chondrogenic potential of the MSC population (Fig.

S 1)44,46,47_

Construct Fabrication and Culture

In preparation for seeding, confluent cells were removed from culture flasks
using 0.05% trypsin (Gibco BRL). NP cells were encapsulated in 3% (wt/vol) low
viscosity grade alginate (NovaMatrix, Wilmington, DE) mixed in a 2:1 ratio with 0.02
g/mL CaSOs (Sigma-Aldrich, St. Louis, MO). The resulting 25x10° cells/mL alginate
solution was set in 12-well plates in CaCl» (Sigma-Aldrich) to crosslink for one hour.
Meanwhile the different cage constructs were placed individually in 6-well plates. A
3mm biopsy punch was used to generate NP plugs, which were then set in the center of
each cage. A collagen solution was created by mixing type I collagen obtained from rat-
tail tendons (BioIVT, Westbury, NY)!¥20 with a basic working solution (10x PBS, 1x
PBS, IN NaOH). The neutralized collagen solution was seeded with 10 x 10° AF
cells/ml to obtain a final concentration of 10 mg/ml, then pipetted around each NP in
the cage constructs to form the AF. Implants were then cultured at 37°C for 1 hour to
allow for gelation, after which 3 ml of the previously described media were added to

each well. Media was replenished three times a week over a culture period of 5 weeks.
Statistics

Data are presented as mean + standard deviation, with significance determined

at p<0.05.
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Figure 4.2. A) X-ray monitoring of controls and implants at pre-op, immediately post-
op, and 4 week followup timepoints. B) Disc height indices in surgically-treated levels
at different timepoints. C) One-piece implants recovered post-sacrifice from the C3/4
(top) and C5/6 (bottom) experimental levels.
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Figure 4.3. A) Representative SEM images taken at implant failure site. B)
Experimental set up for unconfined compression mechanical tests. C) Stress vs.
displacement plot of cage construct as compared to human intradiscal pressure (IDP).
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Results

In response to compressive loading (Fig. 3b), the one-piece design demonstrated
a nearly linear increase in stress, culminating to approximately 134 MPa at a
displacement of 2 mm (Fig. 3c). The stress profile demonstrated no apparent point of
failure, and upon collection cages were confirmed to be structurally intact following
mechanical testing. Both cage designs were therefore deemed appropriate for in vivo
implantation.

Immediate post-operative X-ray assessment following implantation indicated
cages were stable at experimental levels in all pigs. No adverse neurological symptoms
were present at this assessment, and animals remained neurologically normal at all
weekly follow-ups. At the first weekly follow-up post-implantation, X-rays revealed
one-piece designs were still stable in the cervical spine and remained so until harvest at
4 weeks. Pigs implanted with the initial two-piece design, however, demonstrated
complete collapse of the disc space upon assessment at week 1.

Quantification of disc height from collected X-rays revealed stably implanted
one-piece structures experienced a slight decrease in DHI from pre-op to immediate
post-op (0.0824 to 0.0816 at C3/4 and 0.0972 to 0.0746 at C5/6). At 4 weeks the cages
maintained their position in the disc space while DHI values decreased to 0.0705 and
0.045 at C3/4 and C5/6, respectively. In contrast, two-piece structures maintained disc
height from pre-op to immediately post-op with DHI values of 0.077 and 0.078,
respectively, while DHI decreased dramatically to 0.028 at the 1 week follow-up.

At sacrifice all implants were revealed to have structural damage of varying
degrees. When retrieved from the collapsed disc space, the top and bottom portions of
the two-piece implants were found separated and broken into smaller fragments, with
bending evident at the broken edges. One-piece implants from the C3/4 level were

shown to have been damaged but remained largely intact, whereas those at C5/6 showed
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more overall damage with a higher incidence of smaller crushed fragments. For all
implants, damage appeared to be localized to the posterior end of the cages.

Follow-up SEM analysis confirmed that failure sites remained consistent
throughout the trials, both for cage design and experimental level, and was concentrated
at two locations in the posterior region (Fig. 3a). At these locations the cages
demonstrated clean breaks, with the edges bent inwards, regardless of the extent of
damage to the cage.

TE-IVDs cultured in one-piece cages demonstrated moderate contraction over
the duration of the culture period so that a small gap was present between the constructs
and surrounding walls. While the AF portion did not adhere to the cage walls, constructs

still remained stable within cages and no floating was observed during culture.

Discussion

The goal of this study was to develop a biodegradable delivery vehicle for the in
vivo application of our TE-IVD constructs into a new large animal model. We
hypothesized that the cages would have sufficient mechanical strength to maintain disc
height, stabilizing the motion segment and allowing the soft implant sufficient time to
integrate with the host tissue. We found that while the cages on their own appeared
sufficiently stiff to prevent segment collapse in vitro, this was not the case in vivo.
Additional design considerations must therefore be taken into account to ensure proper
protection and integration of the implants. Nonetheless, we successfully adapted our
culture methods to allow our engineered constructs to mature within the cages and
achieve optimal final dimensions prior to implantation.

Due to its biocompatible and biodegradable nature, PLA has been utilized in a
variety of medical applications in forms ranging from screws, plates, etc. in various

parts of the body?3!. As a result of its rate of degradation due to hydrolysis®!-*2, the load
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experienced by the implant is gradually transferred to the surrounding body part. This
gradual transfer of load is attractive to our work, as our intent was to create a temporary
support for the TE-IVD implants until they mature and are mechanically robust enough
to maintain disc height on their own. While to our knowledge the ability of a PLA
construct to facilitate the delivery of a TE-IVD implant into the spine has not been
investigated, resorbable structures composed of various PLA copolymer formulations
have been used in spinal fusion applications****°. These studies utilized rectangular or
cylindrical constructs in conjunction with bone grafts in sheep, goat, and pig models for
study durations ranging from 12 weeks to 48 months, recording the immune response
as well as extent of cage absorption. Biocompatibility was generally favorable across
all studies, though the copolymer formulations with reduced degradation times yielded

more extensive foreign body response®-38

while the longer studies resulted in mild to
moderate immune responses®*3%373%40 Though microcracks were observed in multiple
studies, the majority retained their mechanical integrity for sufficient time to maintain
segment stability and allow for proper fusion.

Following material selection, we varied cage model parameters such as wall
thickness, percent of disc volume, curvature, and others before arriving at final one- and
two-piece design prototypes for testing. Both were intended to maximize mechanical
support while minimizing contact area with the vertebral bodies in order to support the
implant while simultaneously enabling it to remodel and mature through mechanical
stimulation. One-piece structures were designed to facilitate surgical implantation while
two-piece structures were intended to ease insertion of the engineered constructs
following culture. Both designs were mechanically tested to determine point of failure,
however neither demonstrated any disruption of structure following the tests. In fact,

measured stress in the one-piece designs reached up to 134 MPa, approximately two

orders of magnitude higher than what is observed in vivo: in the human cervical spine,
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intradiscal pressure averages 1-2 MPa*!. These results indicate that, given uniform
distribution of loads evenly across the surface, cage constructs are capable of
withstanding loads imposed by the cervical spine.

Following surgery, however, imaging revealed collapse of the disc space as early
as the first week for the two-piece cage, with DHI decreasing 63.67%, indicating that
this design would not be sufficient to stabilize implants until integration with host tissue.
Experimental levels receiving one-piece designs meanwhile remained stable, with
quantitative DHI measurements supporting qualitative observations that one-piece
designs maintained disc height throughout study duration while two-piece designs
destabilized by the first follow-up. Post-sacrificial assessment using SEM imaging
suggests the halves either slid against each other in the disc space and separated,
resulting in collapse, or greater mechanical loading on the posterior region led to
separation and then collapse. The one-piece prototype appeared to address these
shortcomings, and while the implants maintained their place in the disc space following
4 weeks in vivo, those in C5/6 saw a 39.7% decrease in post-op to 4 week follow-up
DHI as well as significant damage to the overall structure. Implants at the C3/4 level
meanwhile were more structurally intact upon retrieval than their C5/6 counterparts,
with DHI decreasing only 13.6% in comparison. Our previous research?®?® has indicated
that the C5/6 level is mechanically complex, as constructs implanted at this level in the
canine spine were displaced nearly 100% of the time. Anatomical differences between
endplate geometries have also been reported in human cervical spines between different
levels, further indicating care must be taken when comparing the different experimental

levels*?*3

. From the post-operative analyses we also observed that in all implants,
regardless of design or experimental level, damage occurred at the same locations.
Structural failure from repetitive mechanical loading, then, is a more likely explanation

than initial cage degradation due to hydrolysis: localized compressive stresses account
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for consistent mechanism of failure across iterations. Because concentrated high stresses
at the posterior region resulted in failure regardless of design, there is likely an anatomic
or geometric component contributing to failure. Cages were shown to withstand uniform
loading magnitudes drastically higher than what is seen in vivo. Failure, however,
indicates that implants in vivo are not being loaded uniformly, fracturing consistently in
the posterior region. Reconstruction of the vertebrae (Fig. 4) reveals that the endplate
surface, not structural integrity, accounts for mechanical failure. Bony processes at the
posterior region of the vertebrae are the most likely cause of concentrated stress on the

implants, fracturing them after repeated and localized loading.

Figure 4.4. A) Failure locations in the cage based on post-mortem assessment. B)
Reconstructed 3D model of a minipig cervical vertebrae showing presence of posterior
bony extrusion.
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Figure 4.5. Photographs of composite TE-IVDs cultured in cages between media
changes. Scale bars represent 17.5 mm while the red arrow indicates the location of the
NP within the construct.

TE-IVDs cultured within the cage constructs (Fig. 5) demonstrated slight
contraction over the culture period, though rate of contraction leveled off early in
culture, suggesting that a smaller initial surface area requires less time in culture to
achieve final dimensions. While all constructs remained in place throughout culture and
retained cage geometry despite contraction, there is still a potential risk of floating free
of the cage. Should TE-IVDs contract sufficiently to risk floating, a reinforcing ring of
collagen may be pipetted around the constructs to fill in the gaps and hold them in place
for the remainder of culture. It is also crucial to note that PLA degrades via hydrolysis:
extended culture in media at 37°C did not cause any noticeable damage to the cages but
did soften the material, weakening their mechanical integrity. To prevent premature
failure and ensure ideal material properties, cage designs should be converted to molds,
guiding appropriate construct geometry during culture. Discs should then be transferred
to freshly printed cage constructs following culture and immediately prior to
implantation, ensuring that any degradation or loss of integrity occurs only after the
implant has been secured in the disc space. MSC multipotency was also confirmed (Fig.
S1), indicating that this cellular population can be used for TE-IVD populations

alongside or in place of the IVD population.
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A range of limitations exist for this study that must be addressed before
continuing forward. First, our cage prototypes were tested solely under uniaxial loading,
which does not encompass the full range of complex loading regimes that occur in the
spine. However, given the upright posture and bending of the head and neck,
quadrupedal cervical spines are in fact primarily subjected to uniaxial loading®.
Incorporation of the bony processes is a necessity, though, potentially through the use
of motion segments to replicate the high stress damage we observed in samples collected
post-operatively. Although the TE-IVD results are promising, testing of our next-
generation prototypes likely requires additional modeling analysis to iteratively assess
prototype potential before delivery is possible. A detailed degradation study should be
incorporated into this screening process with an attempt to parse out details on kinetics,
to determine how rate of degradation impacts structural integrity.

In the field, it is imperative that implants must be delivered with a mechanical
support system. However, in this study our designs screened with uniform mechanical
loading still experienced structural failure, ultimately a result of geometry rather than
material properties. Therefore, additional measures should be taken to further strengthen
the structure and prolong stabilization of the implant until integration is achieved.
Despite the limitations, this study facilitates further investigation of disc regeneration in
large animal models, specifically enhancing the biologic TDR approach by providing a
mechanically robust delivery and support vehicle for ease of implantation. In this
manner we will more thoroughly be able to assess the feasibility of the Gottingen
minipig as a new, relevant model system to assist in moving the technology closer to

clinical application.
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CHAPTER 5

Conclusions and Future Directions

Conclusions

The goals of this dissertation were to investigate the mechanisms behind
glucose-driven fiber formation in the developing IVD as a means to augment
mechanical behavior in engineered constructs and bring biologic TDR options closer to
clinical translation. First, glucose was used as an in vitro tool for controlling
proteoglycan content and in turn fiber alignment in TE-IVD constructs, with optimal
fiber organization corresponding to enhanced mechanics (Chapter 2). Then, the effects
of hyperglycemic levels of glucose on matrix organization and mechanical behavior
were examined in discs taken from a diabetic mouse model (Chapter 3). Finally, a
resorbable cage was designed and investigated as a delivery vehicle to provide
mechanical support and facilitate TE-IVD implantation in a new large animal model for
in vivo TDR applications (Chapter 4). This chapter examines the findings from each aim
in the context of previous work in the field and presents potential future directions in

which it may continue.

Specific Aim 1

In Chapter 2, we investigated the effects of altering media glucose
concentrations for in vitro culture of TE-IVD constructs, focusing on the relationship
between composition, structure, and mechanical function. We reported that a glucose
concentration of 500 mg/L yielded the most organized fiber network in the AF as well
as the highest effective stiffness, while this effect decreased with both higher and lower
levels of media glucose. The 4500 mg/L group demonstrated disorganized, unaligned

fibers and weaker mechanics, comparable to the 125 mg/L group, despite having the
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highest measured proteoglycan content. Of note, 4500 mg/L represents the glucose
concentration that is commonly used in the culture of MSCs and fibrocartilage,
indicating that standard culture techniques are likely prioritizing GAG deposition and
matrix composition over fiber structure and integrity, resulting in enhanced levels of
proteoglycans but inferior organization and mechanics.

Previous studies have indicated that proteoglycans play a critical role in the
development of fibrocartilage such as the AF!®, driving proper matrix assembly and
maintenance during embryogenesis. Despite directly influencing fiber formation,
however, manipulation of proteoglycan content has not to our knowledge been widely
utilized to control fiber organization in engineered cartilage. These observations
motivated recent work in our group in engineered meniscal constructs where we
demonstrated that glucose can be used as a tool to regulate proteoglycan production®!°
as glucose plays a key role in proteoglycan synthesis and the production of core proteins
for tissue maintenance!!>!2. Our combined studies in the meniscus and disc indicate that
the media glucose formulations utilized for fibrocartilage culture are almost 10 times
higher than the ideal 500 mg/L concentration we reported. As GAG deposition is
considered a hallmark of healthy articular cartilage, culture techniques are aimed at
stimulating production to achieve elevated GAG concentrations in engineered
cartilaginous tissue, hence the high glucose media. However, even media formulations
taken from tendon engineering with the goal of enhancing fiber production may contain
higher levels of glucose (1000 mg/L) than optimal for tissue engineering. Our findings
indicate that due to the sensitive nature of the constructs and the manner in which they
are cultured, lower glucose media should be utilized to ensure a balance between
composition and structure, ultimately driving fiber organization to promote enhanced
mechanical properties. These findings also served as the primary motivation for the

work carried out in the following summary.
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Specific Aim 2

In the aforementioned chapter, we reported interesting observations regarding
the effect of glucose on fiber organization and mechanics in an engineered disc model.
Given the range of glucose concentrations utilized in the study, we sought to determine
whether super-physiologic levels of glucose had comparable effects on the developing
disc in vivo. The focus of Chapter 3, then, was to investigate whether hyperglycemia in
young mice would alter fiber formation, ECM composition, and mechanical behavior
in diabetic discs as compared to wild type. Diabetic mice showed increased s-GAG and
collagen content over their wild type counterparts, as well as significant structural
changes to the NP and inner AF regions. Diabetic NPs were larger, extending further
into the inner AF and contained by an irregular, unaligned AF/NP border. In response
to both dynamic and compressive mechanical loading, diabetic discs demonstrated a
two-fold increase in stiffness over the wild type discs, as well as a nearly doubled
recovery time following deformation.

Multiple studies have examined the relationship between diabetes and DDD,
particularly to understand how diabetes aggravates the progression of the disease. The
molecular mechanisms by which this occurs, however, are not fully understood. Long-
term hyperglycemia results in the accumulation of AGEs and over-production of ROS
which may contribute to the transition from primarily anabolic processes to catabolism,
as well as triggering apoptosis in the endogenous cell population'3!'7. The work
presented in Chapter 3 indicates that diabetes not only causes detrimental structural
changes to the disc in the long run but also at a young age, predisposing the disc to DDD
during development by affecting ECM formation and composition. More significantly,
our findings indicate that this process occurs independently of AGE accumulation as
there was no difference in the AGE content between groups despite clear differences in

their diabetic status (blood glucose, HbAlc, etc.). Rather, hyperglycemia appears to
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predispose the disc to DDD during development by altering matrix composition, with
diabetic animals demonstrating elevated proteoglycan content in the inner AF paired
with greater fiber disorganization in these regions.

Selection of a diabetic model which would appropriately parallel our in vitro
observations from Chapter 2 was of critical concern. Given the TE-IVD model utilized

18-24 involves the generation of immature disc constructs which

in our previous studies
rely on cell contractile forces to drive their alignment, as well as the important role that
proteoglycans play in AF and fibrocartilage formation during embryonic development!
8 the most appropriate comparison would involve an examination of spontaneous
diabetes transferred from the mother and its effect on the developing disc over time.
There are two distinct approaches to animal models of diabetes, whereby the disease is
triggered by either a) diet or b) genetically modified changes to the organism?-*. Diet-
induced models of diabetes tend to focus on obesity and on how manipulation of
environmental factors rather than genetics produces obesity in order to mimic the human
condition, and involve high fat feeding in order to lead the animals to gain weight?.
Genetic models of spontaneous diabetes, then, are more in line with the goals of this
study. Of the genetic models, db/db mice are the most widely used model for type 2
diaebetes (T2D), where diabetes is caused by a spontaneous mutation to the leptin
receptor gene?®3°, The mutation then results in an abnormal phenotype leading to the
development of symptoms such as obesity, hyperphagia, insulin resistance, etc.?>3!-3,

Additionally, hyperglycemia in db/db mice is reported as early as 8 weeks of age while

as the animal is still growing, enabling parallels to be drawn to the developing disc.
Specific Aim 3

In chapter 4, we sought to develop a resorbable support structure to deliver our

composite TE-IVDs into a new large animal model with the goal of providing temporary
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mechanical support until the mature implant achieved successful integration with the
host tissue. When subjected to mechanical loading as a means of validating material
strength, cage prototypes were deemed capable of withstanding uniform compression
exerted by the cervical spine. Following implantation, two-piece designs failed almost
immediately while the one-piece designs maintained disc height for the duration of the
study. Upon collecting the cages for post-mortem analysis, however, all cage designs
demonstrated comparable damage to the posterior region, indicating that the cages were
likely subject to repeated and non-uniform loading concentrated to this area. Geometric
constraints of the porcine cervical spine rather than material properties, then, likely
accounted for the structural failure of the implants; this conclusion was supported
following a reconstruction of the cervical vertebral endplate which indicated the
presence of a prominent bony process rather than a smooth surface. In preparation for
further in vivo studies, TE-IVD culture was also successfully adapted to enable discs to
mature within the cage constructs, highlighting the tunability of our system. These
findings encompass significant progress in developing a novel means of protecting
immature disc constructs prior to integration, a necessity in advancing the technology
towards clinical use due to the complex loading profiles of large animal spines.

Dogs are an established model of disc degeneration and an attractive choice for
the study of TE-TDR strategies. Some canine breeds, including beagles and dachshunds,
do not retain their immature notochord population with age’®3” and are known to
spontaneously develop DDD as well as receive surgical treatment. As a result, they may
not only demonstrate similar degenerative processes to humans but have the potential
to respond to treatment and undergo healing in a comparable manner as well.
Additionally, the canine cervical spine demonstrates a similar loading profile to that

37-42

seen in humans®/~**. However, the cervical spine displays a primarily kyphotic curvature

as compared to the lordotic curvature of the human cervical spine*. This higher degree
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of curvature resulted in near 100% displacement of constructs implanted at certain

levels?3:24

, suggesting the need for an additional large animal model with a more upright
cervical spine comparable to that of humans. Gottingen minipigs meanwhile
demonstrate slower progression of disc degeneration despite retaining their notochord
population throughout adulthood, which may serve as an appropriate parallel for natural
degenerative processes in humans*. Porcine discs are also anatomically, structurally,
and mechanically relevant models**°. Geometrically, they are large-scaled discs with
similar bone structure and vertebral proportions, and are of a comparable contour and
shape. Although pigs are quadrupedal, the biomechanical properties resemble those
seen in humans, in part due to a similar weight range. Discs also possess similar stiffness
values, and in response to applied compressive or shear loads yield comparable injuries.

While to our knowledge the ability of a PLA construct to facilitate the delivery
of a TE-IVD implant into the spine has not been investigated, the Mauck group has
utilized poly(caprolactone) (PCL), which resembles PLA, in the AF portions of their
engineered constructs and documented their use extensively both in vitro and in vivo*-
53, Resorbable structures composed of various PLA copolymer formulations have also

been used in spinal fusion applications>*®!

. These studies utilized rectangular or
cylindrical constructs in conjunction with bone grafts in sheep, goat, and pig models for
study durations ranging from 12 weeks to 48 months, recording the immune response
as well as extent of cage absorption. Biocompatibility was generally favorable across
all studies, though the copolymer formulations with increased degradation times yielded

57,59

more extensive foreign body response while the longer studies resulted in mild to

moderate immune responses>>-76-38.60:61

. Though microcracks were observed in multiple
studies, the majority retained their mechanical integrity for sufficient time to maintain
segment stability and allow for proper fusion. We have also previously demonstrated

the feasibility of an 85:15 poly(lactic-co-glycolic acid), or PLGA, structure to prevent
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implant displacement in our in vivo canine model*. The addition of a commercially
available resorbable plate/screw system (Rapidsorb®, Depuy Synthes Co. Johnson &
Johnson, West Chester, PA), commonly used for human cranio-maxillofacial trauma,
restored over 25% of compressive control motion segment stiffness and prevented
extrusion of the engineered implant at both experimental levels?4, though the effect was

more significant at C3/4 than C5/6.

Future Directions

The research presented in this dissertation lays a foundation upon which
subsequent work can expand with regards to future hypotheses and investigative
directions. Some of these potential directions are outlined herein, focusing on further
optimization of in vitro engineered discs and validation of the glucose observations in
vivo; more closely analyzing the diabetic discs and expanding the work into larger
animal models; and addressing aspects of the cage design as well as minipig anatomy
to generate a delivery vehicle for successful implantation of engineered constructs into

the cervical spine.

Specific Aim 1
As we observed from the work in Chapter 2, coupled with previous studies from

our lab in meniscal constructs®-!?

, media glucose provides an effective means of
manipulating fiber formation and organization in engineered fibrocartilage. However,
the long-term effects of glucose on engineered constructs have yet to be explored in
vivo. While low physiologic concentrations of glucose produced TE-IVDs with the
highest degree of alignment as well as effective stiffness, biochemical and

biomechanical values are still orders of magnitude lower than what is seen in native

discs. Given that our previous work indicates successful tissue integration and
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mechanical stimulation in the disc space yields functional discs with native-like
properties, we hypothesize that glucose treatment ultimately produces a primed template
for disc engineering by enhancing the immature matrix?®?3, The translation of this work
to an in vivo animal model would confirm whether reducing the amount of glucose to
which the discs are exposed in culture successfully optimizes matrix organization in
Vivo as We saw in vitro.

Biochemical and biomechanical behavior of the TE-IVDs may also continue to
be improved in vitro by supplementing low glucose culture with additional techniques.
Growth factors are commonly used in tissue engineering as well as in IVD regenerative
therapies in an attempt to regulate disc metabolism and matrix maintenance by the
cellular population. Members of the transforming growth factor B (TGF- ) and bone
morphogenic protein (BMP) families, platelet-derived growth factor (PDGF), and
growth differentiation factor 5 (GDF-5) have all been explored, among others®.
Dynamic mechanical stimulation has also been shown to improve properties of
engineered cartilage and to be instrumental for matrix regulation in the native IVD%-7!,
Previous work from our group has demonstrated that dynamic loading increased both
effective stiffness and biochemical content in TE-IVDs, with full effects seen at 5%
strain’?. Lastly, culture in hypoxic conditions is often utilized to prime cells for disc
engineering’>’4. Given the largely avascular nature of the IVD, AF and NP cells in vivo
are normally subjected to 1-5% O,7°; oxygen levels in normoxic culture, meanwhile,
average 18-20% 0’6, Hypoxic culture of both cells and engineered constructs has
shown increased stiffness in TE-IVDs as well as enhanced biochemical content?.
Combining any of the aforementioned culture strategies with reduced glucose culture,
then, is a logical next step in effectively priming TE-IVDs in vitro prior to in vivo

implantation.
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Specific Aim 2

While the work in Chapter 3 demonstrated significant differences in the caudal
IVDs between diabetic and wild type mice, compositional changes were largely
assessed using bulk assays. More specific assays for the characterization of disc
composition, particularly with respect to proteoglycan and collagen content, could allow
for better quantification of the changes between diabetic and wild type discs. As DDD
progresses, there is a shift in collagen content in both the NP and AF, with the ratio of
type I to type II collagen increasing in the NP and outer AF”’. To determine if these
trends are also present in the developing disc, techniques such as enzyme-linked
immunosorbent assay (ELISA), immunohistochemical staining, and Fourier Transform
Infrared (FTIR) spectroscopy, among others, could prove useful. FTIR analysis would
be useful in gaining insight into how collagen and proteoglycan distribution vary with
region in diabetic discs’® while the presence of specific molecules could be probed and
identified through immunohistochemistry and ELISA analysis.

Though rodent models are the most commonly used for the study of T2D, they
do not accurately model the manner in which the disease manifests in humans. To
address these shortcomings, a variety of larger animals have been proposed for further
study’®: animals such as cats, non-human primates, and pigs, for example, are prone to
spontaneous T2D development®®-*2, While dogs do not spontaneously develop diabetes
as the others do, experimental induction of the disease has been successful®>3%4, The
canine and porcine models are the most commonly used for translational studies®?,
though the former is primarily utilized for diet-induced models of obesity’*** and the
latter has been increasingly used as of late due to comparable metabolism to humans®?

and the existence of multiple strains of transgenic pigs’®!

. As such, an investigation of
the mechanics as well as matrix organization and composition of the diabetic disc in

young pigs could be telling. In larger animals, studies assessing the impact of diabetic
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medication on the progression of DDD would be potentially impactful, given that
biguanides—which function to limit the production of sugar by the liver—are often
prescribed to Type II diabetics upon diagnosis to control blood glucose levels. In this
manner studies could determine to what extent controlling hyperglycemia in diabetic
animals is able to delay the onset of DDD, and at what age this treatment is most
effective.

The consequences of hyperglycemia on the developing disc should, however,
ultimately be explored in the human context: children with juvenile diabetes (most often
Type I) and individuals diagnosed with gestational diabetes during pregnancy, for
example. Gestational diabetes, while treatable and often a concern only during
pregnancy and childbirth, may increase the risk of developing diabetes later in life for
both the parent and child®. Routine medical visits for all aforementioned at-risk
individuals can be supplemented with MR imaging to grade their disc health and
identify the onset of any degenerative changes. Doing so would enable more immediate
and potentially more effective treatment, as well as contribute to determining at which

timepoints hyperglycemia has a concrete identifiable effect on disc structure.

Specific Aim 3

The work in Chapter 3 demonstrated that while our cage designs were
sufficiently mechanically robust to withstand intradiscal pressure in the cervical spine,
geometric constraints imposed by the spine itself resulted in structural failure regardless
of design or experimental level. Incorporation of the vertebral endplate anatomy for
future designs, particularly the bony processes in the posterior region of the endplate, is
a necessity to ensure successful tissue integration. Testing of our next-generation
prototypes requires additional modeling analysis to iteratively assess prototype potential

before delivery is possible. In order to replicate the high stress damage we observed in
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samples collected post-operatively, mechanical testing of printed prototypes in cervical
motion segments in conjunction with finite element analysis could assist in prototype
validation.

A detailed degradation study should also be incorporated into this screening
process with an attempt to parse out details on kinetics, to determine how rate of
degradation impacts structural integrity. While we demonstrated that TE-IVD culture
can be adapted to allow for construct maturation within the cages, PLA degrades via
hydrolysis. Implants cultured in media at 37°C for upwards of 2 weeks likely will not
fragment on such a short time scale but could still potentially soften or show other mild
signs of loss of structural integrity. Cage dimensions could be used to develop a mold
template to provide appropriate geometry to the constructs during culture, which could
then be transferred to the proper cage directly prior to implantation and thus maintain

the implant’s full mechanical properties.

Concluding Remarks

Overall, the long-term goals of this dissertation were to advance biologic TDR
options for use as a viable alternative to standard surgical procedures in the treatment
of degenerative disc diseases. This work examined the relationship between fiber
formation and matrix composition in the developing IVD both in vitro and in vivo,
highlighting culture techniques necessary to generate a mechanically robust template
for disc engineering. Additionally, supplementary surgical techniques were proposed to
provide mechanical support and aid in scaling up to a new, clinically relevant large
animal model. In doing so, this dissertation lays the groundwork and provides guidelines

for future work in adapting TE-IVD strategies for use in the clinic.
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