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Abstract

Tissue engineering holds great promise for the treatment of advanced intervertebral disc
degeneration. However, assessment of in vivo integration and mechanical function of tissue
engineered disc replacements over the long term, in large animal models, will be necessary to
advance clinical translation. To that end, we developed tissue engineered, endplate-modified, disc-
like angle ply structures (eDAPS) sized for the rat caudal and goat cervical spines that recapitulate
the hierarchical structure of the native disc. Here, we demonstrate functional maturation and
integration of these eDAPS in a rat caudal disc replacement model, with compressive mechanical
properties reaching native values after 20 weeks in vivo and evidence of functional integration
under physiologic loads. To further this therapy towards clinical translation, we implanted eDAPS
sized for the human cervical disc space in a goat cervical disc replacement model. Our results
demonstrate maintenance of eDAPS composition and structure up to 8 weeks in vivo in the goat
cervical disc space, and maturation of compressive mechanical properties to match native levels.

*Corresponding Authors: lemauck @pennmedicine.upenn.edu, Harvey.Smith@uphs.upenn.edu.

These authors contributed equally to this study and are listed alphabetically.
Author contributions: SEG: study design, in vitro assays, in vivo assays, data analysis, interpretation of results, manuscript
preparation; BGA: in vitro assays, in vivo assays, data analysis; EB: in vitro assays, data analysis; DHK: in vitro assays; JBE: histo-
pathological analysis, interpretation of results; LJS: study design, interpretation of results; TPS: in vivo assays; DME: study design,
interpretation of results; HES: study design, 7n vivo assays, interpretation of results, manuscript preparation; RLM: study design,
interpretation of results, manuscript preparation.

Competing interests: The authors declare no potential conflicts of interest with respect to the research, authorship and/or publication
of this manuscript.

Data and materials availability. All data associated with this study are present in the paper or supplementary materials



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Gullbrand et al.

Page 2

These results demonstrate the translational feasibility of disc replacement with a tissue engineered

construct for the treatment of advanced disc degeneration.

One Sentence Summary:

Tissue engineered intervertebral discs demonstrate long term functional integration in rat and goat

disc replacement models.

Introduction

Back and neck pain are ubiquitous in modern society, affecting about one half of adults each
year, and about two thirds of adults at some point in their lives.(1) Globally, back and neck
pain are two of the top four contributors of years lived with disability, and treatment of these
conditions has increased healthcare expenditures without evidence of improvement in
patient health status.(2, 3) Although the causes of back pain are multifactorial and still not
fully understood, degeneration of the intervertebral disc is frequently associated with axial
spine pain and neurogenic extremity pain.(4) Intervertebral disc degeneration is
characterized by a series of cellular, compositional, and structural changes, including loss of
proteoglycan content in the nucleus pulposus (NP), cell death, disorganization of the annulus
fibrosus (AF) and a collapse in disc height; together these changes ultimately compromise
the mechanical function of the disc.(5, 6) Spinal fusion may be performed in patients with
debilitating axial neck or back pain and a severely degenerated intervertebral disc; fusions
are also commonly performed when it is necessary to remove the intervertebral disc to
restore disc space height (indirectly decompressing the neural foramen) or to gain access to
disc-osteophyte complexes that are narrowing the spinal canal. Spinal fusion does not restore
native disc structure or mechanical function as it immobilizes the degenerative motion
segment; this may contribute to the degeneration of adjacent motion segments due to
alterations in whole spine kinematics.(7) Due in large part to the well-recognized clinical
problem of adjacent segment degeneration, maintenance of intervertebral disc kinematics
after discectomy or decompression of the disc with a mechanical arthroplasty device has
emerged as an alternative to fusion procedures, with the goal of restoring disc height while
preserving motion.(8) However, the widespread adoption of these devices has been slow, in
part due to concerns over subsidence, wear particle generation, and the difficulty of revision

surgery.(9-11)

Considering the social and economic burden of pain and disability associated with
intervertebral disc degeneration, and the limitations of currently available surgical
treatments, there is a substantial need for new therapies for advanced disc degeneration.
Tissue engineering offers great promise — replacement of a degenerative disc with a tissue
engineered composite disc has the potential to restore native disc structure, biology, and
mechanical function. To date, a number of composite engineered intervertebral discs have
been generated, generally involving the combination of a cell-seeded hydrogel (as an analog
for the NP region) within a cell-seeded oriented or porous scaffold (as an analog for the AF
region).(12—18) A variety of such composite discs have been characterized in vitro, though
few studies have evaluated these constructs in vivo.(18-21) Understanding the long-term
integration and mechanical function of engineered discs in vivo, especially in large animal
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models at clinically relevant length scales, will be an essential pre-cursor for the translation
of these engineered disc technologies into human clinical trials.

To address this, we developed endplate-modified disc-like angle ply structures (eDAPS)
composed of three distinct components to mimic the hierarchical structure of the native
spinal motion segment. The NP region is formed from a cell-seeded hyaluronic acid or
agarose hydrogel, whereas the AF region is composed of cell-seeded, concentric layers of
aligned, nanofibrous poly(e-caprolactone) (PCL).(13, 22) Hydrogels were selected for the
NP region to recapitulate the highly hydrated state of the native NP, whereas PCL was
selected for the AF region due to its slow degradation rate, robust mechanical properties, and
its ability to be fabricated via electrospinning into ordered structures that replicate the fiber
architecture of the annulus fibrosus.(23-25) The AF and NP regions are combined with two
acellular, porous PCL foams as endplate (EP) analogs to generate the eDAPS construct. We
have previously evaluated these eDAPS in a rat caudal disc replacement model in short term
studies, with endplate-modified constructs outperforming those without endplates.(21) Here,
we demonstrate the long-term in vivo integration and mechanical function of eDAPS in the
rat caudal spine. These engineered discs maintained composition and structure while
functionally maturing in vivo, reaching near native tensile and compressive mechanical
properties by 20 weeks. To further advance the clinical translation of tissue engineered disc
replacements, we also successfully implanted human-sized eDAPS into the cervical spine of

a large animal (caprine) model.

eDAPS structure and composition are maintained in vivo.

To determine whether a tissue engineered disc can recapitulate the structure and function of
the native disc with long-term implantation, eDAPS were implanted in vivo in a small
animal disc replacement model for up to 20 weeks. eDAPS sized for the rat caudal spine
(4-5 mm diameter, 5-6 mm high) were fabricated, seeded with bovine NP cells within a
hyaluronic acid hydrogel and bovine AF cells within a layered PCL/poly(ethylene oxide)
(PEO) scaffold, and combined with two acellular PCL foam endplates (fig. S1).(21) eDAPS
were cultured for 5 weeks in vitro in chemically defined media with TGF-B3 prior to
implantation in the athymic rat caudal disc space for either 10 weeks (n=5) or 20 weeks (n
= 9) with external fixation to immobilize the motion segment and ensure eDAPS retention.
(22)

Magnetic resonance imaging (MRI), particularly T2-weighted MRI, is a clinical tool
commonly used to assess disc health.(26) Quantitative T2 mapping of the disc has also
demonstrated that T2 relaxation times in the NP are positively correlated with disc
hydration, proteoglycan content, and mechanics.(27) T2 mapping (Fig. 1A) of implanted
eDAPS demonstrated that T2 relaxation times in the NP were maintained at native values
after 10 or 20 weeks of in vivo implantation (Fig. 1B). eDAPS AF T2 values, however, were
significantly higher (P < 0.01) than the native AF at 20 weeks (Fig. 1C). Conversely,
endplate T2 values decreased from pre-implantation values at 10 and 20 weeks, suggestive
of new matrix deposition in this region (fig. S2). Overall, this MRI data suggested that the
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eDAPS maintained their biochemical composition and hydration within the NP and AF with
long-term implantation.

MRI results were confirmed via histology and quantitative biochemistry. Alcian blue and
picrosirius red stained sections of eDAPS implanted motion segments showed strong and
persistent proteoglycan staining in the NP and increasing collagen deposition in the AF from
10 to 20 weeks — recapitulating the matrix distribution of the native disc (Fig. 1D). Evidence
of increased integration of the engineered endplate with the native vertebral bodies was also
observed with longer durations of implantation. In the native disc, type II collagen and
chondroitin sulfate are distributed predominantly within the NP region, with little expression
in the AF, which is rich in type I collagen. This distribution of matrix is critical for the
mechanical function of the disc — the hydrostatic pressure generated in the proteoglycan-rich
and highly hydrated NP places the AF in tension, allowing the disc to bear compressive
loads.(28, 29) Immunohistochemistry (fig. S3, fig. S4) revealed similar patterns of matrix
distribution within the eDAPS after 10 and 20 weeks of implantation, with robust staining
for type II collagen and chondroitin sulfate in the NP region. Type II collagen and
chondroitin sulfate staining was lower in the AF region, but was present in the PCL foam
endplates, and increased from 10 to 20 weeks. Type I collagen was evenly distributed
throughout the eDAPS at both the 10 and 20 week time points.

In accordance with histologic findings, NP, AF, and endplate glycosaminoglycan (GAG)
content remained at pre-implantation values over 20 weeks post-implantation (Fig. 1E-G).
NP, AF, and endplate collagen content significantly increased (P=0.01, 0.04 and 0.01,
respectively) from pre-implantation values after 20 weeks in vivo (Fig. 1H-J). NP and AF
GAG and collagen content were generally in the range of the native rat tail NP and AF, with
the exception of AF GAG content, which remained below native values at both time points.

These MRI, histology, and biochemistry data demonstrate that the eDAPS composition and
hydration are stable over a 20 week period in vivo, and that the eDAPS recapitulate many of
the hallmarks of native disc composition and structure. Evidence of maturation of the
endplate-vertebral body interface was observed from 10 to 20 weeks implantation. Increased
cell infiltration into the AF and endplate regions was evident on histology samples from 10
to 20 weeks, while cells remained within the NP over the same time period (fig. S5, fig. S6).
Given that the engineered endplates were acellular at the time of implantation, this suggests
that native cells from the adjacent tissues were able to migrate into the open porous structure
of the endplate over time and produce matrix.

eDAPS mechanical properties approach native values in vivo.

To elucidate how the observed integration and maturation of the eDAPS in vivo affected
spine mechanical function, the compressive and tensile properties of eDAPS implanted
motion segments were quantified. After 10 and 20 weeks in vivo, vertebra-eDAPS-vertebra
motion segments were isolated and subjected to compressive mechanical testing under
physiologic loading (20 cycles compression, from 0 to —3N ~ 0 to 0.25 MPa).(21, 30) This
loading regime represents the application of 0.5 times human body weight stress to the
engineered disc, the most demanding mechanical testing profile considered to date for any in
vivo study of engineered disc implantation, and 16-fold greater than previously used to
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characterize the mechanical function of tissue engineered discs after implantation in the rat
caudal spine.(19) From these tests, the compressive mechanical properties of the eDAPS
implanted motion segments were compared to native rat tail motion segments, as well as the
properties of the eDAPS construct after 5 weeks of in vitro culture (pre-implantation).

Marked maturation of eDAPS compressive mechanical properties was observed with
increasing duration of in vivo implantation, ultimately matching native motion segment
values in most aspects (Fig. 2A). The eDAPS toe region modulus significantly increased (P
=0.01) after 20 weeks compared to pre-implantation values, and was not different from the
native disc toe region modulus at either 10 or 20 weeks (Fig. 2B). Toe region mechanics in
the disc are largely dictated by the function of the NP, suggesting that the NP region
continues to mature after in vivo implantation, contributing to overall disc function.(31) The
linear region modulus was not significantly affected by in vivo implantation, though there
was an increasing trend compared to pre-implantation levels, and implanted eDAPS were
not different from the native disc at 10 or 20 weeks in terms of linear region compressive
modulus (Fig. 2B). The linear region response of the eDAPS is initially dominated by the
PCL comprising the AF region of the eDAPS; as such, native linear region mechanics are
recapitulated to some extent even prior to implantation.(21) From histology, it was evident
that the PCL within the eDAPS AF persisted over 20 weeks in vivo (Fig. 1D), and therefore
likely still contributed to the linear region mechanics at that time point, as new tissue was
deposited and accumulated in this region. The eDAPS construct is in an immature state prior
to implantation, with low levels of matrix, and the transition and maximum strains of the
construct are initially super-physiologic. However, after 10 or 20 weeks in vivo, both
transition and maximum strains were significantly reduced (P < 0.01) to native values,
suggestive of the compositional maturation of the construct and integration with the native
tissue (Fig. 2C). Overall, these results demonstrate that eDAPS recapitulate native motion
segment mechanical function after long-term implantation, and can withstand the demanding
loading environment of the spinal motion segment.

Macroscopic compression testing provides information on the mechanical function of the
eDAPS as a whole; thus, the function of the disc region itself (tissue located between the
endplates) cannot be determined from this method. As the engineered endplates integrate
with the native vertebral body and remodel over time into bone, the engineered disc (DAPS)
region will be increasingly responsible for the function of the motion segment. To resolve
the mechanical properties of the DAPS, independent of the endplates, mechanics were
assessed after 20 weeks in vivo, using a micro-computed tomography (UCT) coupled
compression test. For the 20-week implantation group, endplates were rendered radiopaque
via the inclusion of zirconia oxide nanoparticles, allowing for uCT visualization of the disc/
DAPS boundary. After macroscopic compression testing, vertebra-eDAPS-vertebra motion
segments and native rat tail motion segments were subjected to pCT scans before and after
the application of a 3N compressive load, representing 0.5 times body weight (Fig. 2D). The
height of the engineered disc (DAPS) between the radiopaque PCL endplates and the height
of the native disc between vertebral endplates was quantified from pre- and post-
compression three dimensional uCT renderings. This analysis enabled computation of strain
across the disc itself.(32) Spatial maps of axial disc height (Fig. 2E) revealed similar
distributions in disc height across the native disc and DAPS after compression, though the
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initial DAPS height was greater than native values. Compressive strain within the DAPS
under physiologic compression trended (P = 0.11) higher than the native disc (Fig. 2F). This
may suggest that, although the macroscopic properties of the eDAPS as a whole recapitulate
those of the native motion segment when measured in a dynamic setting, some mechanical
insufficiency remains in the disc region of the implant at 20 weeks when measured at
equilibrium. This may be due to deficiencies in eDAPS GAG content compared with the
native disc, particularly in the AF region.

eDAPS functionally integrate with the native tissue.

Histology, biochemical content and macroscale mechanics suggested progressive integration
of the eDAPS with the native tissue after implantation. The extent of this integration was
further assessed via second harmonic generation (SHG) imaging, which provides
visualization of organized collagen within tissue. SHG signal within the engineered
endplates increased substantially from 10 to 20 weeks (Fig. 3A). SHG also demonstrated
increasingly robust integration of the eDAPS at both the AF-endplate and endplate-vertebral
body interfaces with increasing time post-implantation. Mineralized collagen and sparse
vascularization was evident in the engineered endplates at 20 weeks, as observed via
Mallory-Heidenhain stained histology sections (Fig. 3B), in which bone matrix stains purple
or pink, unmineralized collagen stains blue, and erythrocytes stain orange.(33)

This progressive integration resulted in tangible changes in tensile mechanical properties,
which improved from 10 to 20 weeks implantation (Fig. 3C). After compressive macro- and
micro-CT based mechanical testing, a complete release of the soft tissue surrounding the
eDAPS implants was performed. At 10 weeks, the act of freeing the motion segment from
the surrounding soft tissue resulted in failure in one out of three samples. Conversely, all
samples in the 20-week group remained intact after circumferential tissue release. When
these 20-week eDAPS implanted motion segments were tested to failure in tension, failure
occurred at the AF/NP-PCL endplate junction in all samples. In the native rat tail, tensile
failure occurred at the growth plate. Increases in the tensile toe region modulus and linear
region modulus were evident from 10 to 20 weeks implantation. The toe and linear region
moduli (Fig. 3D-E) in tension were within the range of the native rat tail in the 20 week
eDAPS implanted motion segments. Failure stress and strain (Fig. 3F—G) of the eDAPS were
46.6% and 50.1% of native values after 20 weeks in vivo, respectively. Tensile properties to
failure of a tissue engineered disc after in vivo implantation have not been previously
reported. The tensile stresses reached in this study (applying tension to failure) are 45-fold
higher than previously reported (675 kPa vs 15 kPa) during non-destructive tensile testing
(¥3% applied tensile strain) of a tissue engineered disc implanted in the rat caudal disc

space.(19)

eDAPS compositionally and functionally mature after implantation in a large animal model.

The results in the rat tail disc replacement model were promising, but rat tail discs are a
fraction of the size of a human lumbar or cervical disc, and the rat caudal spine also has a
different anatomy and mechanical loading environment compared with the human spine.(34)
Thus, clinical translation of the eDAPS requires scale up of the constructs in size and
evaluation in a large animal model with comparable geometry and mechanical function to
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the human spine. The human cervical spine is a likely first clinical target for a tissue
engineered total disc replacement, given that metal and plastic artificial total disc implants
have already been used in this location with some success,(35) and it has a smaller size and
less demanding mechanical loading environment compared to the lumbar spine. Towards
this goal, we chose the goat cervical spine as the large animal model in which to next
evaluate eDAPS performance. The goat is a commonly used large animal model for spine
research, and the goat cervical spine has the benefit of semi-upright stature and disc
dimensions similar to the human cervical spine.(34, 36) We have also recently demonstrated
the feasibility of the scale up of DAPS to large, clinically relevant size scales, and illustrated
that DAPS sized for the goat cervical disc space compositionally and functionally mature
during in vitro culture, albeit at a slower rate than smaller DAPS.(37)

To evaluate our eDAPS in this context, constructs sized for implantation in the goat cervical
spine (9 mm high, 16 mm diameter) were fabricated using an agarose hydrogel for the NP
region and concentric layers of aligned PCL for the AF region, combined with acellular PCL
foam endplates (fig. S1). To use a more translationally relevant cell source for the large
animal studies, eDAPS were seeded with allogeneic goat bone-marrow derived
mesenchymal stem cells (MSCs) and cultured for 13-15 weeks prior to implantation. The
C2-C3 disc space of 7 male, large frame goats was exposed and the native disc and portion
of the adjacent vertebral boney and cartilaginous endplate were removed under distraction,
using tools commonly used in human cervical spine surgery. The eDAPS was placed within
the evacuated space, distraction was released (placing the eDAPS under compression), and
the interspace was immobilized with an anterior cervical plate (Fig. 4A-D). Plate fixation
was utilized as previous work demonstrated issues with engineered disc retention in the
beagle cervical spine without fixation.(20) All goats recovered from the surgical procedure
without complication (Fig. 4E), and maintained full cervical spine function (Supplemental
Movie 1). Four weeks post-implantation, four animals were euthanized and the cervical
spines were harvested for histologic analyses.

After 4 weeks in vivo, Alcian blue and picrosirius red stained mid-sagittal histology sections
demonstrated that eDAPS structure was preserved within the goat cervical disc space, and
that matrix distribution and content were maintained or slightly improved compared to pre-
implantation values (Fig. 5A-B, fig. S7). Histology and SHG images also demonstrated
nascent integration of the endplate region with the native tissue. SHG signal was present
within the PCL foam, and was contiguous with the signal from the adjacent vertebral body
and AF region of the eDAPS, indicative of new organized collagen matrix deposition within
the initially acellular PCL foam endplates (Fig. 5C). Additionally, cellularity of the NP and
AF regions of the eDAPS was maintained over the 4-week implantation period, and there
was evidence of endogenous cell infiltration into the PCL foam endplates. (Fig. 5D, fig. S8).
Immunohistochemistry for collagen II, aggrecan, and collagen I demonstrated that the
matrix composition of the eDAPS generally recapitulated that characteristic of the native
disc, with a collagen II and aggrecan rich NP and an AF composed primarily of collagen I
(Fig. 5D, fig. S9). Hematoxylin and eosin staining revealed some infiltration of neutrophils
into the outer layers of the eDAPS AF in three of four animals, indicative of a localized mild
inflammatory response, potentially due to the allogenic cell source (fig. S8). However, this
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was limited to the outermost region of the implant and animals demonstrated no clinical
signs of infection, implant rejection, or functional impairment over the study duration.

The remaining three animals were euthanized 8 weeks after implantation, and the eDAPS
implants and native goat cervical motion segments were assayed via quantitative MRI and
compressive mechanical testing. T2-weighted MRI of eDAPS after 8 weeks implantation
demonstrated the maintenance of eDAPS structure in vivo and increased signal intensity in
the NP and AF regions compared to pre-implantation values (Fig. 6A—B). Quantitative T2-
mapping of the eDAPS implants demonstrated that NP T2 values after 8 weeks implantation
were significantly lower (P= 0.04) than native T2 values, but were within the range of native
healthy goat cervical discs (Fig. 6C). To assess the function of the eDAPS 8 weeks after
implantation, vertebra-eDAPS-vertebra motion segments were isolated after removal of the
anterior fixation plate and were subjected to compression testing at physiologic loads. The
stress applied to the eDAPS was equivalent to that applied to the average human cervical
disc space (20 cycles of compression, 0 to 25N, 0 to 0.084 MPa). Mechanical functionality
of a tissue engineered disc in vivo in a large animal model has not been previously reported.

eDAPS compressive mechanical properties increased from their pre-implantation values, and
either matched or exceeded the compressive properties of adjacent, native cervical discs
(Fig. 6D). The toe region modulus was significantly (P= 0.02) increased in eDAPS
implanted motion segments compared to pre-implantation values (Fig. 6E), whereas
transition and maximum strains were significantly reduced (P= 0.04 and P=0.03,
respectively) from pre-implantation values after 8 weeks in vivo (Fig. 6F). eDAPS moduli
and strains were not significantly different from the native cervical disc after 8 weeks in
vivo. This maturation of the mechanical properties of the implants is likely due to
progressive integration of the eDAPS with native tissue, as evidenced via uCT imaging (fig.
S10).

Previous studies have pioneered the translation of tissue engineered discs from the rat tail to
the beagle cervical spine; however, the beagle cervical disc space is less than half the size of
the human cervical disc space.(20) This previous work in the beagle spine found promising
results at 4 weeks; however, loss of proteoglycan content and disc height were evident with
longer durations, and mechanical properties following implantation were not reported.(20)
Here, we established a goat cervical disc replacement model, which shares similar
dimensions to the human cervical spine, and our results demonstrate the feasibility of
translation of the eDAPS to this large animal model. eDAPS composition, hydration and
cellularity were maintained in vivo, and there was evidence of integration of the eDAPS with
the native vertebral bodies. 8 weeks after implantation, the mechanical function of the
eDAPS implants was similar to native disc mechanical properties, and demonstrated
significant maturation from pre-implantation values.

Discussion

Whole disc tissue engineering holds promise as a treatment strategy for patients with end
stage disc degeneration and associated spinal pathology necessitating surgical intervention.
Upon implantation in vivo, a successful tissue engineered disc replacement would restore
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native disc space height, integrate with the adjacent vertebral bodies, recapitulate the
mechanical function of the disc under physiologic loading, and retain a viable cell
population to maintain matrix composition and distribution similar to the native, healthy
disc. To progress towards clinical translation, tissue engineered discs should ultimately be
evaluated using large animal models with comparable geometry, anatomy, and mechanics to
the human spine. Tissue engineering of an intervertebral disc for human clinical application
has the additional challenge of length scale, with disc heights of 5 mm for the cervical spine
and 11 mm for the lumbar spine.(34, 38) The intervertebral disc is also unique in that it is
the largest avascular structure in the body, resulting in a low nutrient environment that will
also pose a challenge to large-scale tissue engineered constructs.(39)

Given these challenges, the majority of the work in the field thus far has been limited to the
in vitro characterization of tissue engineered discs at small size scales (2-3 mm in height and
4-10 mm in diameter).(13, 14, 16, 18, 40-42) Moreover, very few studies have assessed
whole tissue engineered discs in vivo within the spine, and when performed, studies have
been limited to small animal models.(19-21) To advance the clinical translation of a tissue
engineered whole disc replacement, we previously developed tissue engineered discs with
and without endplates (DAPS and eDAPS), and evaluated these constructs in vitro at
multiple size scales (up to human cervical disc size), and in the short-term in vivo in a small
animal model.(21, 22, 37) In this study, we extended this work to evaluate the composition
and mechanical function of the eDAPS for up to 20 weeks in vivo in a rat tail disc
replacement model, and additionally evaluated eDAPS sized for the human cervical spine in
a large animal model for up to 8 weeks.

Results from this study show that the eDAPS mature compositionally over time in vivo in
the rat tail, achieving mechanical properties that are similar to the native disc at 20 weeks.
The eDAPS functionally integrated with the adjacent vertebral bodies, yielding robust
mechanical properties in tension. Functional integration of a tissue engineered disc in vivo
has not been previously demonstrated, yet this is a critical benchmark for clinical translation.
Since the function of the native disc is primarily mechanical in nature, whereby compressive
loads on the spine are supported via the development of hydrostatic pressure within the NP
which places the AF collagen fibers in tension (43, 44), the interfaces of the native disc with
the adjacent vertebral body are critical for proper mechanical function and are essential to
recapitulate in a tissue engineered construct after in vivo implantation.(45) In the eDAPS,
improvements in tensile mechanical properties were accompanied by increasing maturation
of the eDAPS interfaces, particularly the PCL endplate-vertebral body junction, where
infiltrating host cells deposited collagen within the endplates that, over time, began to
mineralize and vascularize. Complete vascularization of the engineered endplates will be
essential for the long-term success of the eDAPS in vivo.

Building on these promising results in the rat tail, we translated this technology to a larger
length scale that would be directly applicable to the human cervical spine, and here
demonstrate successful total disc replacement with an eDAPS in the goat cervical spine. We
also demonstrate that the eDAPS can be successfully fabricated from bone-marrow derived
MSCs, a more clinically relevant cell source for disc tissue engineering compared with AF
and NP cells. The goat cervical spine is a particularly attractive pre-clinical model, due to its
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semi-upright stature and the similar height and width of the disc space to the human cervical
spine.(46) eDAPS sized for the goat cervical disc could be used in a total disc replacement
in humans, using the same surgical approach and instrumentation used in our goat model.
Results from this implantation illustrate that after 4 weeks, matrix distribution was either
retained or improved within these large-scale eDAPS, with evidence of integration of the
eDAPS with the adjacent vertebral bodies. Our MRI results suggest that composition at 8
weeks is maintained or improved from pre-implantation values in vivo in the goat cervical
spine, and that the compressive mechanical properties of the eDAPS implanted motion
segments either matched or exceeded those of the native goat cervical disc. Despite
differences in fabrication (MSCs versus native disc cells and agarose versus hyaluronic acid
hydrogels), the maturation trajectory of the eDAPS in vivo in the goat spine thus far parallels
our findings in the rat model, including progressive maturation of mechanical properties,
nascent integration of the PCL endplates, and maintained composition at early time points.
However, longer term studies will be necessary to fully characterize the in vivo function of
the eDAPS in the goat model.

Our results show great promise for the translation of a tissue engineered whole disc
replacement at the human length scale, yet this study is not without limitations. MSC-seeded
eDAPS sized for the goat cervical spine had a slower maturation rate during in vitro culture
compared with the small, rat-sized eDAPS, yielding constructs with less robust matrix
distribution prior to implantation. This may be due to the reduced ability of MSCs
themselves to produce matrix compared to native cells when stimulated with TGF-B3 during
culture, and due to larger scale engineered tissues maturing at slower rates than smaller scale
constructs.(37, 47) Optimization of the in vitro culture of large-scale eDAPS seeded with
MSCs, and a thorough analysis of cell viability, phenotype, and host immune response after
implantation will be necessary to further advance clinical translation. Additionally, external
and internal fixation methods were used here to immobilize the implanted motion segment
and ensure retention of the eDAPS. Ex vivo mechanical testing demonstrated that eDAPS
mechanical properties matched or exceeded those of the native goat cervical disc, however
the in vivo load bearing capacity of the eDAPS without fixation and the effect on whole
spine kinematics on long term outcomes remain to be studied. A future iteration of eDAPS
design would ideally incorporate a form of temporary or bioresorbable fixation to stabilize
the construct until sufficient integration has occurred such that the eDAPS remains in place
under physiologic loading.(48) The findings from this current study support continued work
in this area, and demonstrate that replacement of the disc with a tissue engineered analog for
the treatment of advanced degeneration is feasible and rapidly approaching the state where
human translation is possible.

Materials and Methods

Study design.

The objectives of this study were to elucidate the in vivo maturation and mechanical
properties of a tissue engineered intervertebral disc with endplates (eDAPS) after
implantation in both small (rat caudal spine) and large (goat cervical spine) animal models.
We hypothesized that eDAPS would compositionally mature, functionally integrate with the
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native tissue over time, and recapitulate native disc mechanical function in these models. All
in vivo studies were approved by the University of Pennsylvania IACUC or the Corporal
Michal J. Crescenz Veterans’ Affairs Medical Center IACUC, and were performed
according to the guidelines recommended by these committees. For the small animal studies,
eDAPS were implanted in the caudal disc space of male athymic rats with external fixation
for 10 (n=5) or 20 weeks (n=9). After motion segment harvest, all specimens were
subjected to MRI T2 mapping. Samples were then randomly designated for histology (10w:
n=2,20w: n=2), macroscale mechanical testing (10w: n=4, 20w: n= 6), microscale
mechanical testing (20w: n=4), and biochemistry (10w: n= 3, 20w: n=4). For large
animal studies, eDAPS were implanted in the cervical disc space of male large frame goats
with internal fixation for 4 (n=4) or 8 weeks (1= 3). At 4 weeks, all implanted motion
segments were processed for histology. At 8 weeks, all eDAPS implanted motion segments
underwent quantitative MRI T2 mapping, and compressive mechanical testing. For both
small and large animal studies, the adjacent, native healthy intervertebral discs were utilized
as controls. Data were not blinded, and no data were excluded from this study.

Statistical analysis

Statistical analyses were performed in Prism (Graph Pad Software Inc.), with significance
defined as P< 0.05. All data are shown as mean + standard deviation. Data were assumed to
be non-normally distributed, as sample sizes were too low to test for normality (Shapiro-
Wilk normality test). A Kruskal-Wallis test with a Dunn’s multiple comparison test was used
to assess differences in MRI T2 values, GAG and collagen content, and mechanical
properties in tension and compression for eDAPS implanted in the rat tail disc space for 10
and 20 weeks, compared to either native and pre-implantation values. A Kruskal-Wallis test
with a Dunn’s multiple comparisons was used to assess differences in compressive
mechanical properties between goat eDAPS implants before and after 8 weeks implantation,
compared to native goat cervical discs. A two-tailed Mann-Whitney test was used to assess
statistical differences in strain measured via uCT compression testing between 20 week
eDAPS implanted motion segments and native discs, and differences in NP T2 values in 8
week goat eDAPS implants compared to native goat discs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. eDAPS structure and composition after in vivo implantation in therat tail.
(A) Representative raw MR images of the first echo of each treatment group (upper), and

average T2 maps (lower) of the native disc and eDAPS implants at 10 and 20 weeks (scale =
2 mm), obtained at 4.7T. Quantification of eDAPS (B) NP and (C) AF T2 values, bars
denote significance (P < 0.01). eDAPS biochemical content was further assessed via (D)
Alcian blue (proteoglycans) and picrosirius red (collagen) stained histology sections of 10
week and 20 week implants compared with the native rat tail disc space (scale = 500 um).
(E) Quantification of GAG content in the NP, (F) AF and (G) PCL endplate regions of the
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eDAPS. (H) Quantification of collagen content in the NP (P=0.01, 20W vs. pre-
implantation), (1) AF (= 0.04, 20W vs. pre-implantation) and (J) PCL endplate regions of
the eDAPS (P=0.01, 20W vs. pre-implantation). Quantitative data are shown as mean with
standard deviation (2= 5-10 per group for MRI data and 7= 3-4 per group for biochemistry
data). Significant differences between groups were assessed with a Kruskal-Wallis with
Dunn’s multiple comparisons test.
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Fig. 2. Compressive mechanical properties of eDAPS implanted motion segmentsin therat tail.
(A) Representative stress strain curves of eDAPS prior to implantation, and after 10 and 20

weeks of implantation. The shaded arrow highlights the maturation of mechanical properties
towards native values. (B) Quantification of the toe and linear region modulus (P=0.01,
20W toe modulus vs. pre-implantation toe modulus), and (C) transition and maximum
strains (* = P< 0.01 compared with all groups). Data are shown as mean with standard
deviation (1= 4-6 per group). Significant differences between groups were assessed with via
Kruskal-Wallis with a Dunn’s multiple comparison test. (D) uCT scanning before and after
the application of physiologic compression in native rat tail motion segments or eDAPS
implanted motion segments from the 20-week group. Color scale is representative of bone
density. Scale = 500 um. (E) Axial maps of regional disc height generated from the pCT
scans via a custom MATLAB code. Color scale indicates local disc height. (F) Compressive
strain calculated from the average disc height for the native disc and eDAPS under
compression. Data is shown as mean with standard deviation (21 = 4 per group). Statistical
significance between 20W and native strains was assessed via a two-tailed Mann-Whitney
test (P=0.11).
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Fig. 3. In vivo integration of eDAPSin therat tail.
(A) Second Harmonic Generation (SHG) images of the AF-endplate and vertebral body

(VB)-endplate in eDAPS implanted for 10 and 20 weeks. The AF-vertebral body interface of
the native rat tail IVD is shown for comparison. Scale = 200 pm. (B) Mallory-Heidenhain

stained histology of native rat tail IVD and the PCL endplate regions at 10 and 20 weeks.
Bone matrix stains purple/pink, unmineralized collagen stains blue, and erythrocytes stain
orange (arrows). Scale = 200 um. (C) Representative stress strain curves from tension to
failure tests of eDAPS implanted motion segments compared to native rat tail motion
segments. Two out of three motion segments in the 10-week group had quantifiable tensile
properties — the remaining sample failed during dissection (represented as “0” data point on
graphs D-E). (D) Quantification of tensile toe and (E) linear region modulus (= 0.03, 10W
vs. native) (F) Quantification of failure stress (P=0.01, 10W vs. native) and (G) failure
strain (P=0.03, 10W vs. native). Quantitative data are shown as mean with standard
deviation (2= 3-5 per group). Significant differences between groups were assessed using a
Kruskal-Wallis with a Dunn’s multiple comparison test.

Sci Transl Med. Author manuscript; available in PMC 2020 July 24.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Gullbrand et al. Page 19

Fig. 4. Trandation of eDAPSto a large animal model.
Photographs of eDAPS sized for the goat cervical disc space fabricated and seeded with

bone marrow derived allogenic MSCs. (A) The C2-C3 disc space was exposed via an
anterior approach, and the native disc and portion of the adjacent endplates were removed

under distraction. (B) 16 mm diameter by 9 mm high eDAPS, pre-matured for up to 13
weeks, were placed within the prepared disc space and (C) distraction was released. (D) The
motion segment was fixed with a cervical fixation plate. (E) All animals recovered from the
procedure without complication and retained full cervical spine function.
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Fig. 5. Four week in vivo performance of eDAPSin a goat cervical disc replacement model.
(A) Alcian blue (proteoglycans) and picrosirius red (collagen) stained sections of the eDAPS

prior to implantation (after 13 weeks of pre-culture). (B) Alcian blue and picrosirius red
stained sagittal histology sections 4 weeks post-implantation. Best and worst representative
eDAPS are shown. Scale = 1 mm. (C) SHG imaging for organized collagen deposition
within the PCL endplate, Scale = 200 um. (D) DAPI staining (scale = 50 um) and
immunohistochemistry for collagen II, aggrecan, and collagen I in the NP and AF regions of
the eDAPS (scale = 250 pum).
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Fig. 6. Eight week quantitative MRI and mechanical properties of eDAPSin a goat cervical disc

replacement model.

(A) Representative T2-weighted MRIs of eDAPS prior to implantation (scale = 2 mm) and

(B) 8 weeks post-implantation (arrow, scale = 5 mm). (C) Quantification of NP T2

relaxation times in eDAPS implants compared to native goat cervical discs (P= 0.04, two-

tailed Mann-Whitney test, n = 3-13 per group). (D) Representative stress-strain curves from

compression testing of goat eDAPS before and after implantation, compared to native goat

cervical motion segments. (E) Quantification of toe and linear moduli of eDAPS implanted

motion segments compared to native goat cervical motion segments and eDAPS pre-
implantation (P= 0.02, pre-implantation vs. 8W toe modulus). (F) Quantification of

transition and maximum strain in 8§ week eDAPS implants compared with native motion

segment and eDAPS pre-implantation (P= 0.04, 8W vs. pre-implantation transition strain; P

=0.03, 8W vs. pre-implantation maximum strain). Quantitative data are shown as mean with

standard deviation. Significant differences in mechanical properties between groups (1= 3-4

per group) were assessed via a Kruskal-Wallis with Dunn’s multiple comparison test.
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