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Abstract

The most common reason that adults in the United States see their physician is lower back
or neck pain secondary to degenerative disc disease. To date, approaches to treat degener-
ative disc disease are confined to purely mechanical devices designed to either eliminate or
enable flexibility of the diseased motion segment. Tissue engineered intervertebral discs
(TE-IVDs) have been proposed as an alternative approach and have shown promise in
replacing native IVD in the rodent tail spine. Here we demonstrate the efficacy of our TE-
IVDs in the canine cervical spine. TE-IVD components were constructed using adult canine
annulus fibrosis and nucleus pulposus cells seeded into collagen and alginate hydrogels,
respectively. Seeded gels were formed into a single disc unit using molds designed from

the geometry of the canine spine. Skeletally mature beagles underwent discectomy with
whole IVD resection at levels between C3/4 and C6/7, and were then divided into two groups
that received only discectomy or discectomy followed by implantation of TE-IVD. Stably
implanted TE-1VDs demonstrated significant retention of disc height and physiological
hydration compared to discectomy control. Both 4-week and 16-week histological assess-
ments demonstrated chondrocytic cells surrounded by proteoglycan-rich matrices in the NP
and by fibrocartilaginous matrices in the AF portions of implanted TE-IVDs. Integration into
host tissue was confirmed over 16 weeks without any signs of immune reaction. Despite the
significant biomechanical demands of the beagle cervical spine, our stably implanted TE-
IVDs maintained their position, structure and hydration as well as disc height over 16 weeks
in vivo.
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Introduction

Degenerative disc disease (DDD) is a prevalent clinical condition occurring in 40% of individ-
uals younger than 30 and more than 90% of individuals over the age of 50 [1], which can lead
to nerve compression and chronic back pain. Though pharmacological and physiotherapeutic
treatments relieve early symptoms [2], surgical intervention is required in over half a million
patients in the US annually [3]. The current surgical standard to treat DDD involves the
removal of the entire IVD followed by fusion of the adjacent vertebrae or interposition of a
mechanical disc prosthesis to preserve motion. However, fusion brings risks of possible pseu-
darthrosis and adjacent segment disease, resulting in a higher rate of reoperation in these
patients [4, 5]. Prosthetic total disc replacement devices, developed to maintain segmental
mobility, are an alternative to fusion surgery. However, recent studies have shown that total
disc replacement also leads to adjacent segment disease [4, 6]. The main concern with current
treatment options for DDD—conservative or surgical—is that they fail to treat the underlying
etiology and the degenerated disc remains unrepaired.

To overcome the limitations of available treatments and enhance patient care outcome, bio-
logical approaches to IVD repair or regeneration are of increasing interest. The first attempt to
reconstruct a whole disc segment with biological implants now dates back approximately 10
years [7]. The feasibility of allogenic disc transplantation was demonstrated in clinical trials with
favorable outcomes over a five-year follow-up. Despite the challenge of widespread deployment
of this strategy due to limited implant availability and potential disease transmission, the results
obtained were encouraging. Since Langer and Vacanti pioneered the multidisciplinary field of
tissue engineering in 1993 [8], much effort has been directed towards the construction of func-
tional substitutes for damaged disc tissues, especially for advanced stages of disc degeneration
with extensive loss of extracellular matrix and functional structure. Numerous studies have
assessed tissue-engineered whole disc constructs in vitro, but few have looked at these constructs
in vivo. Mizuno et al. first developed the tissue engineered disc composed of NP cells seeded into
an alginate hydrogel surrounded by a polyglycolic acid and polylactic acid scaffold seeded with
AF cells. This de novo construct was implanted in the subcutaneous space of the dorsum of athy-
mic mice, demonstrating the feasibility of creating a composite IVD with both AF and NP tissues
[9, 10]. Several other studies have reported the development of composite tissue engineered IVD
constructs, using combinations of materials such as demineralized bone matrix gelatin with type
IT collagen, hyaluronate and chondroitin-6-sulfate (C2/HyA-CS) [11], electrospun polycaprolac-
tone and agarose [12]; and self-assembled NP cells seeded onto calcium polyphosphate [13]. We
have shown previously the development of a tissue-engineered IVD composed of an inner NP
cell-laden alginate core surrounded by an outer AF cell-laden collagen layer (Fig 1A) [14, 15].
We demonstrated the in vivo efficacy of this model at maintaining disc height and physiological
hydration, when implanted in the rat tail for up to nine months [16-20].

Although these results are promising, there are several differences between the rat tail
model and the human cervical spine that pose significant challenges for clinical translation
[21-23]. The rat tail spine has a significantly different loading profile, and TE-IVDs will be
exposed to higher axial loads when implanted into a human disc space. There are also anatom-
ical differences, as the rat tail vertebrae lack a spinal canal containing nervous tissue as well as
posterior bone and joint elements. To bring this innovation toward clinical application, we
tested the feasibility of total disc replacement using TE IVDs in a beagle cervical spine model.
We determined surgical conditions that promote stable implantation and investigated the abil-
ity of TE IVDs to maintain disc height, physiological hydration, and tissue viability in the pres-
ent study.
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Fig 1. A) Schematic picture of disc tissue engineering. NP and AF cells were separately isolated from canine lumbar spine and
cultured in vitro. Cultured NP and AF cells were seeded in alginate and collagen gels, respectively, and subsequently both
composites were combined into a TE-IVD. B) Photographs of TE-IVD fabrication. Cultured NP cells were injected into a predesigned
mold and encircled with two layers of AF cell-laden collagen gels. These AF layers circumferentially contract over cultivation time
until they reach a size similar to native IVD as observed in top view and side view. C) Total discectomy and TE-IVD implantation were
performed anteriorly under segmental distraction. D) Upon distraction release, stably transplanted TE IVDs remained in place and
were secured in the disc space.

https://doi.org/10.1371/journal.pone.0185716.g001
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Results
In vitro generation of tissue engineered-intervertebral discs (TE-IVDs)

We isolated nucleus pulpous (NP) cells and annulus fibrosus (AF) cells from the intervertebral
discs from the cervical spines of skeletally mature beagles. These cells were separately cultured
for 2-3 weeks and subsequently seeded in an alginate scaffold for NP and collagen for AF (Fig
1A and 1B). For TE-IVD construction, NP cell-laden alginate (25 x 10° NP cells/mL) was
injected into a predesigned mold and encircled with two layers of AF cell-laden collagen gels
(1 x 10° AF cells/mL). This 3D construct of TE-IVD demonstrated the contraction at the AF
part during further two-week cultivation.

Implanted TE-IVD maintained its position without neurological
complication

Cervical discectomy was performed in vivo anteriorly as in human surgeries. The annulus
fibrosus (AF) and nucleus pulposus (NP) were extensively resected under the microscope (Fig
1C and 1D). To determine a condition that promotes implant stability, we varied the surgical
level operated on and presence or absence of ligament resection. With the lateral dimension
over 80% of the disc width (most of the AF and all the NP portion), the entire antero-posterior
depth of the disc was resected, confirming exposure of the posterior longitudinal ligament at
the bottom (PLL). The PLL was resected in four dogs, but not in the others (to help determine
favorable implant conditions, as aforementioned). Subsequently, all implants were successfully
inserted into the discectomized segment under segmental distraction using a CASPAR distrac-
tion system. Upon distraction release, half of the TE-IVDs remained stable (n = 6), while the
other half (n = 6) were considered displaced based on the extent of anterior protrusion (The
summaries of implant stability immediately after removal of distraction are summarized in
S1-S3 Tables). PLL resection did not have a significant effect on implant stability (p = 0.072).
None of the dogs demonstrated segmental instability of the experimental level and none of the
TE-IVDs demonstrated a propensity of posterior displacement intraoperatively. All animals
were neurologically normal immediately after surgery and remained so for the duration of the
experiments, with neurological assessments for abnormalities in gait, wheelbarrow assessment,
limb hopping, and plantar reflex.

All animals were imaged postoperatively using X-ray and MRI to monitor the implanted
TE-IVD and screen for any host reaction (Fig 2). None of the dogs had neurological symptoms
or adverse effects due to TE-IVD implantation, despite being free of external fixation or ortho-
sis immediately after surgery. X-rays demonstrated no significant pathological abnormality
observed in the vertebrae or signs of spinal malalignment such as spondylolisthesis among the
groups. In MRIs, proximal adjacent discs served as a healthy control. The solely discectomized
segments demonstrated a collapsed black disc on postoperative images and paucity of repara-
tive tissues in the disc histology, suggesting that our discectomy procedure induced an incur-
able lesion by resecting the vast majority of the disc. In the TE-IVD implanted groups, location
of the implant was confirmed by sagittal and axial MRIs. Stably implanted TE-IVDs demon-
strated hyperintensity in T2-weighed images at 4 weeks, and maintained their position in the
disc space with relatively decreased T2 intensity at 16 weeks. This loss in T2 signal is likely
associated with a decrease in tissue hydration, and these data were consistent with the Safra-
nin-O histology for proteoglycans, which are known to attract water into these tissues. Such
histology also indicated a continuous connection between newly developed tissue and the sur-
rounding vertebral body. This indicated that the implanted TE-IVDs engrafted within the disc
space despite the biomechanical forces of the beagle cervical spine.
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Fig 2. X-ray, MRI and histology of adjacent motion segment, discectomy, and TE-IVD at 4 and 16 weeks. Adjacent disc levels
showed clear vertebral separation, strong hydration signal in sagittal and axial T2 MR, highly localized T2 map signal, and abundant
staining with Safranin O. Discectomy levels showed no vertebral separation and minimal T2 signal and no soft tissue present between
vertebrae. Animals receiving stably transplanted TE-IVD showed clear vertebral separation, with tissue hydration noted in both sagittal
and axial T2-weighed MRI (yellow arrows). At both 4 and 16 weeks after transplantation, proteoglycan-rich tissue was observed to be
well integrated into the surrounding vertebrae.

https://doi.org/10.1371/journal.pone.0185716.9g002

Engrafted TE-IVDs produced functional tissue that maintained disc
height and tissue hydration

We investigated the ability of TE-IVDs to maintain disc height by measuring the disc height
index as described previously [16]. At 4 weeks, the disc height indices of stably implanted
TE-IVDs and discectomized discs were 71% and 51% of healthy control discs, respectively. Ani-
mals receiving TE-IVDs demonstrated significant decrease in disc height over time (p<0.001),
with stable implants having larger disc height compared to the discectomy group at both 4 and
16 weeks (p<0.001 and p = 0.012, respectively) (Fig 3). We further assessed the size and
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Fig 3. Quantitative analysis of disc height index and MRI. A) Stably implanted TE-IVD had significant retention of disc height
compared to the discectomy control at 4 and 16 weeks (asterisks, p<0.001 at 4 and p = 0.012 at 16 weeks, respectively). B) TE-IVDs
demonstrated significantly higher NP voxel counts than the discectomy controls after 4, 8, and 16 weeks (asterisks denote p<0.02 for
all time points) C) TE-IVD had significantly higher T2-relaxation times than the discectomy group at 4 weeks (asterisk, p = 0.007). All
data are represented as mean +/- standard error.

https://doi.org/10.1371/journal.pone.0185716.9003
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hydration of the NP portion in the implanted TE-IVDs following an algorithm based on T2
relaxation time (T2-RT) measurements [24]. After 8 weeks, stable TE-IVDs had significantly
higher NP voxel count than discectomy (p = 0.015) and demonstrated a significant increase in
NP voxel count from 2 to 8 and 16 weeks (p = 0.009 and 0.020).

Mean NP T2-RT, a value representing NP hydration, was significantly higher for TE-IVDs
than discectomy group at 2 and 4 weeks (p<0.001). There was a significant decrease in T2-RT
between 2 and 4 weeks in the TE-IVD group, and only this group maintained physiological
hydration of the NP of ~60% of adjacent healthy discs. Conversely, the discectomized seg-
ments did not show any region of T2 high intensity at 2 and 4 weeks, which confirmed that
total discectomy was thoroughly performed. However, a very small amount of T2 high inten-
sity region emerged in the discectomized segment after 8 weeks, probably due to the fluid
accumulation induced by a secondary disc degenerative process. This pseudo-NP region
observed in one specimen was responsible for paradoxical increase of the mean T2-RT at 8
and 16 weeks.

TE-IVDs produced collagen- and proteoglycan-rich extracellular matrix
in the AF and NP

A critical benchmark of success for a TE-IVD is the assessment of the biological function of
the transplanted tissue as assessed by the ability to form robust extracellular matrix when
implanted into the spine. To evaluate this biological function, we performed Safranin O stain-
ing for proteoglycans (Fig 4) and Picrosirius red staining for fibrillar collagen (Fig 5). Both
stains demonstrated the successful removal of the IVD and the absence of any robust healing
response from the discectomy group. In contrast, TE-IVD implants yielded proteoglycan-rich
tissue with distinct morphological features of NP and AF. The morphologies of the NP and AF
regions were more similar at 4 weeks, but highly distinct by 16 weeks. The central NP region

Discectomy Adjacent TEIVD
4 eeks 16 yveeks

s Y Nt z’v T —
: N v’
YRR Yy Y

Fig 4. Safranin O staining showed an absence of tissue in the intervertebral space of samples in the discectomy group.
Healthy tissue in the adjacent motion segment showed strong proteoglycan staining the NP, with numerous clusters of round
chondrocytic cells (open arrows) and less staining in the AF, with more elongated fibrochondrocytes arranged in distinct fibrous
lamellae (open arrow heads). At 4 weeks, TE-IVD samples had strong proteoglycan staining in both NP and AF, with rounded cells
apparent in the NP (filled arrows) and more elongated cells arranged primitive lamellae in the AF. By 16 weeks, staining was more
evident in the NP than AF, with some clustering of rounded chondrocytic cells (filled arrows). AF cells were clearly elongated (closed
arrow heads) and aligned. All scale bars are 100 um.

https:/doi.org/10.1371/journal.pone.0185716.9g004
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Fig 5. Picrosirius red staining showed an absence of tissue in the intervertebral space of samples in the discectomy group.
Healthy tissue in the adjacent motion segment showed little staining for collagen in the NP with numerous clusters of round
chondrocytic cells (open arrows) and strong staining in the AF, with more elongated fibrochondrocytes arranged in distinct fibrous
lamellae (open arrow heads). At 4 weeks, TE-IVD samples had light collagen staining in the NP and stronger staining in the AF, with
rounded cells apparent in the NP (filled arrows) and more elongated cells arranged primitive lamellae in the AF. By 16 weeks, staining
was present in both NP than AF, with some clustering of rounded chondrocytic cells (filled arrows) in the NP and elongated cells in the
AF (closed arrow heads). All scale bars are 100 ym.

https://doi.org/10.1371/journal.pone.0185716.g005

contained rounded cells and cell clusters characteristic of a chondrocytic phenotype. The mor-
phology of the NP was similar at 4 and 16 weeks, with the cell clustering that is characteristic
of native NP more evident at 16 weeks. AF tissue showed a moderate level of proteoglycan
staining at 4 weeks, with staining less pronounced at 16 weeks. At 4 weeks, cells were some-
what elongated, but aligned in nascent lamellae. By 16 weeks, cells were highly elongated, as in
the native AF, and aligned into mature lamellae surrounding the NP. Notably, at either 4 or 16
weeks, there was little chronic inflammation or foreign body response to TE IVD implants evi-
dent from Safranin O (Fig 4), Picrosirius red (Fig 5), or Hematoxylin and eosin (S3 Fig) stains.
At both time points, cells in both the AF and NP regions appeared healthy and there was no
sign of implant rejection, despite the implants being seeded with allogenic cells.

TE-IVDs integrated with neighboring vertebrae and reproduced a native
disc shape and composite structure over 16 weeks of implantation

A major challenge in a tissue engineering approach to IVD repair is the integration of a newly
grown implant into the surrounding vertebrae. To assess the integration of the implanted
TE-IVD, we used polarized light microscopy in conjunction with Picrosirius red staining to
evaluate the collagen organization in our implants and its connection to neighboring vertebrae
(Fig 6). As expected, the adjacent segment showed structures characteristic of the IVD, includ-
ing highly aligned lamellae in the AF, the absence of fibers in the NP, and insertion of large col-
lagen fibers from the AF into the vertebral body (Fig 6 and S1 Fig). Discectomized segments
showed no tissue in the disc space, with no connection between collagen in the vertebral body
and the intervertebral space (Fig 6 and S2 Fig). TE-IVD segments showed the presence of tis-
sue throughout the intervertebral space. NP tissue contained some collagen, composed
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Fig 6. Picrosirius red-stained histology under polarized light showed birefringent features associated with collagen fibers.
Discectomy samples show collagen organization in vertebrae, with no tissue in the intervertebral space. Adjacent motion segments
show the absence of collagen fibers in the NP and large collagen fibers (~50—100 ym) inserting from the AF to the vertebral body (VB).
At 16 weeks, TE-IVD samples show the presence of some small, unorganized collagen fibers in the NP, with larger (~20-50 um) fibers
that insert into the vertebral body (VB).

https://doi.org/10.1371/journal.pone.0185716.9006

primarily of small, disorganized fibers (Fig 6 and S3 Fig). AF tissue was composed of large sec-
tions of organized collagen fibers that inserted in and connected to the vertebral body.

Discussion

In the present study, we demonstrated the feasibility of total disc replacement using TE-IVDs
in the canine cervical spine. Despite the challenging mechanical environment of the beagle
spine, the stably implanted TE-IVDs maintained their position, integrated with the host tissue
through the reorganization process, and yielded hydrated disc-like tissues over 16 weeks.
Although the morphology of TE-IVD implants was distinct from the adjacent healthy IVD,
implants contained an NP region with cartilaginous tissue with rounded cells and an AF
region with organized fibrous tissue that inserted into the vertebral body. These implants
formed organized tissue in the spine that functioned normally throughout the 16 weeks of the
study.

Reconstructing a discectomized intervertebral segment with de novo biological disc implants
is an ambitious approach to treating degenerative disc disease of the cervical spine. In 2007, the
feasibility of whole allogeneic IVD transplantation was demonstrated in a clinical study with
impressive results at 10 year follow up [7]. The potential clinical advantages of allogeneic IVD
transplantation are limited by the availability of healthy donor discs, possible adverse immune
reaction, and potential disease transmission. De novo TE-IVDs, the multi-compartment disc
analogs using cells and biomaterials, can potentially overcome these limitations of allogeneic
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implants and yield favorable outcomes. A variety of in vitro studies and in vivo studies that
employed animal models of nucleotomy or partial IVD resection have indicated the promise of
using tissue-engineered constructs for disc replacement [9, 11, 13, 25-40], however, only three
translational studies have demonstrated the in vivo efficacy of biological disc implants in the
totally discectomized segment [11, 16].

In the pursuit of a biological construct that can be contained in the interbody cage to recon-
struct the segment with non-bony soft tissues, Goldshlager et al. seeded mesenchymal progeni-
tor cells into gelfoam sponges formulated with the chondrogenic agent pentosan polysulfate
implanted into fully discectomized sheep lumbar segments in combination with absorbable
interbody cages [41]. This study demonstrated the potential of replacing the disc segment with
cartilaginous tissues to offer a means of preserving spinal motion, although the reparative tis-
sues were distinct from those of native discs, even accompanied with ossification in some areas
or specimens. Xin et al reported the aforementioned allogeneic disc transplantation and dem-
onstrated the feasibility of human telomerase reverse transcription (hTERT) gene-tranfected
NP to be incorporated with allograft IVD transplantation in the beagle cervical spine [42].
Although their results demonstrated the feasibility of allogeneic disc-based implant to be com-
bined with genetic engineering, use of exogenous genes can hamper the clinical applicability.
Previously, we developed de novo AF/NP composites derived from component cells to produce
TE-IVDs, and demonstrated the efficacy of these discs on maintenance of disc height and disc
functionality in an in vivo rat model [16]. The implanted TE-IVD integrated, with the host ver-
tebrae, histologically restored the disc constitutive structures (i.e. NP and AF), and physiologi-
cally maintained NP hydration over 8 months [19].

To move this approach toward clinical application, larger animals that have a more upright
cervical spine were utilized in the present study. Many breeds of small dogs, such as beagles
and dachshunds, develop spontaneous cervical disc degeneration as in humans [23]. Further,
previous studies have revealed that canine IVDs are exposed to stress conditions similar to or
even higher than those of human discs [21-23, 43, 44]. In addition, the canine spine shows
similar anatomical features and analogous degenerative processes with human discs [45].
Besides showing similar pathological changes, canines are also the only animals diagnosed and
treated both medically and surgically as humans for their disc degeneration [46]. As such,
canine spinal models have been previously used to investigate disc degeneration and to
develop surgical treatments such as spinal fusion [47, 48] and regenerative intervention [38].
This is especially true of beagles, which are frequently used for biological approaches aimed at
disc regeneration. These canines are classified as chondrodystrophic dogs due to the gradual
loss of notochord cells and replacement by chondrocyte-like cells by the stage of skeletal matu-
rity [49]. Notably the absence of such cells at skeletal maturity, which have reparative functions
in the intervertebral discs, suggests that such a mechanism is not at play for implanted
TE-IVD. In fact, the solely discectomized segments in the present study demonstrated no sub-
stantial repair in the disc space.

Moreover, our experiment employing stand-alone TE-IVD implantation under this clini-
cally relevant model gave a fresh insight into development of biological disc treatment. First,
mechanical stress causes instability and displacement of the implant. As evidenced by pros-
thetic TDR [50], displacement of implant is an arising complication when positioned in a fixa-
tion-free fashion, predominantly due to the human spine yielding severe axial loading.
However, all the TE-IVDs at the C3/4 segment were stable in our study and maintained disc
height up to 70% of adjacent normal discs. Biomechanics are known to be different among dif-
ferent levels of the cervical spine [51] and our findings may suggest biomechanics at this level
of the beagle spine are more favorable to the biological disc implantation.
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Our data suggested that PLL resection in the experimental segment could enhance the
intraoperative stability of biological disc implants. The efficiency of PLL resection in anterior
cervical decompression and fusion has been demonstrated [52]. Resecting the PLL, one of the
stabilizer ligaments in the spine unit, may compromise segmental stability of the spine in the
motion preserving surgery, however, Yang DL et al demonstrated that removal of the PLL
improved clinical outcome of prosthetic total disc replacement via better enlargement of spinal
canal without significant effect on spinal imbalance and segmental. The present study also
showed that PLL resection did not pronouncedly affect the stability of treated disc segments,
and to make matters more favorable, increased the stability of implanted TE-IVDs with close-
to-significance.

TE-IVDs that were intraoperatively classified as stable implants, without any evidence of
displacement, demonstrated better outcomes over the course of 16 weeks than the discectomy
alone group, while the unstably implanted TE-IVDs demonstrated time-dependent degrada-
tion after 4 weeks. Notably, implants that were not stable displaced immediately upon removal
of distraction, suggesting that additional surgical techniques maybe be needed to ensure that
implants remain in place after surgery. Implants that remained in place after surgery were sta-
ble until the animals were euthanized.

In addition to the significant mechanical loading of the beagle cervical, a TE-IVD implant
is also subject to a milieu with very poor nutritional supply. The indirect blood perfusion of
the TE-IVD is via diffusion from blood vessels of the vertebral body through the cartilaginous
endplate (EP), but there is no direct conduit of blood perfusion. In fact, the role of nutrition,
critical in the long-term durability of implanted biological treatments, has been largely over-
looked [53]. This is also corroborated by our finding that the NP portion of TE-IVDs at 16
weeks did not maintain as much disc height, NP hydration, and proteoglycan content as at 2
or 4 weeks. Further, axial distraction using an external fixator can enhance the regenerative
capability of cell injection therapy, based on the hypothesis that individually both a distracted
segment and cell injection can stimulate disc repair [54-56].

Chronic immune response to TE-IVD implants composed of allogeneic cells was notably
absent in this study. Previous work has shown that transplantation of allogenic mesenchymal
stem cells (MSCs) into the rat IVD invoked a minimal immune response [57], and that alloge-
neic articular chondrocytes transplanted into the rabbit IVD similarly caused minimal
immune response [58]. These studies, combined with total disc transplantation studies con-
ducted in beagles [42], goats [59], and humans [7], and data from the current study, collec-
tively suggest that the disc space has a sufficient level of immunoprivilege to tolerate allogenic
cell or tissue transplants. Human disc allograft was first performed in 2007 [7] and their results
showed the implanted disc engrafted without any rejection, maintained disc space, and
improve the patients’ symptoms. Combined with other studies, the current study corroborates
that allogenic discs and disc spaces have some immune privilege as in cartilage in general. As
such, the present study demonstrates that allogenic cell source is not necessary for successful
outcomes, as has been noted previously [42].

Collectively, these data represent the first proof of concept studies demonstrating the regen-
eration of whole IVD in a large animal model. Implants engrafted successfully and persisted in
the spine for up to 16 weeks, with evidence of distinct NP and AF regions. Challenges persist
in maintaining function over extended periods of time and in characterizing the mechanical
performance of these implants. Specifically, assessing the continued functionality of trans-
planted discs over long time scales (6-12 months) will be critical for establishing feasibility for
human trials. Furthermore, the current study focused on transplantation of TE-IVD into
healthy canine spine. The environment of the IVD in the case of degenerative disc will likely
be significantly more challenging due to alterations in mechanics and diminished supply of
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nutrients. Future studies will assess the function of such implants in the degenerative spine to
aid in the translation of this technology to clinical practice.

Materials and methods
Cell preparation

Cell preparation was based on previously described techniques [16, 19]. Cervical spines of skel-
etally mature beagles were purchased (Marshall BioResources) and IVDs were dissected out of
the segments. Tissue was washed in PBS (Dulbecco’s PBS; Gibco BRL) and then separated into
AF and NP regions. To isolate the component cells, tissues were dissected into small pieces
and digested in 125 mL of 0.3% wt/ol collagenase type I (Worthington Biochemicals) at 37°C
for 6 h. Digested tissue was filtered through 100 um nylon mesh (BD Biosciences) and centri-
fuged at 936 g for 7 min. Cells were counted and seeded in culture flasks with Ham’s F-12
media (Gibco BRL) that contained 10% fetal bovine serum (Gemini Bio Products), penicillin,
(100 unitymL), streptomycin (100 pg/MmL), amphotericin B (250 ngmL), and ascorbic acid

(25 ug/mL). Cells were cultured at 37°C, 5% CO,, and normoxia to confluence with media
changes twice a week. At confluence, cells were removed from flasks with 0.05% trypsin
(Gibco BRL) and counted with a hemocytometer. Cells were then seeded into TE-IVDs (Fig
1A).

TE-IVD fabrication

T2 weighted MRI images were obtained of cervical 3/4 and 4/ disc levels in the beagle (imag-
ing specifics in imaging section). The dorso-ventral and lateral-lateral dimensions of the NP
region shown in the MRI were used along with the height of the disc space to model the
TE-IVD core as an elliptic cylinder. A model of an injection mold for the NP was created in
SolidWorks using the MRI-derived NP dimensions to guide the size of the cavities. The injec-
tion mold was then 3D printed of UV-curable watertight acrylic plastic (Shapeways). TE-IVD
implant was created using established contracted collagen (AF)/alginate (NP) technique (Fig
1B) [14-16], such that the ratio of NP area to the whole contracted disc area matched the 30%
ratio observed in the beagle native disc. Three percent (wt4ol) low viscosity grade alginate
(FMC BioPolymer) seeded with 25 x 10° NP cellsfnL was mixed with 0.02 g/mL CaSO,
(Sigma-Aldrich) to crosslink the alginate, and injected into the NP mold (Fig 1B). Cell-seeded
alginate NP was then removed from molds and placed in the center of a well of a 12-well plate.
Collagen type I was obtained from rat-tail tendon (Sprague Dawley, 7-8-wk old) (Pel-Freez
Biologicals) using established protocols [15, 60]. One and a half milligrams per milliliter colla-
gen gel solution seeded with 1 x 10° AF cellyfnL was subsequently poured and gelled around
the alginate NP. Constructs were cultured for 2 weeks in previously described media at 37°C,
5% CO,, and normoxia while collagen gel contracted around alginate NP to the proper AF
dimensions.

Total discectomy in canine cervical segments

Skeletally mature male beagles (n = 14) were obtained from Marshall BioResources. The ani-
mals were 12 to 18 months old at the time of surgery, with a weight of 15-25 kg. All experi-
mental procedures were reviewed and approved by the Institutional Animal Care and Use
Committee at Weill Cornell Medicine. Animals were housed in a facility accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC) in
compliance with applicable NY State, and Federal regulations. Initially, the animals underwent
endotracheal intubation with administration of IV propofol, followed by a combination of
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inhaled isoflurane with intravenous fentanyl to maintain anesthesia. Then, the animal was
placed in dorsal recumbency with the neck hyperextended and secured to the table with adhe-
sive tape. The surgical site was prepared by clipping hair and scrubbing with chlorhexidine
and betadine scrub solution. Animal was preoperatively given a dose of cefazolin 22 mg/kg IV
which was repeated every 2-3 hours thereafter during the surgical procedure.

A ventral midline incision was made from the base of the larynx to the sternum. The paired
sternocleidomastoideus and sternohyoideus muscles were separated with blunt dissection,
exposing the trachea. Retractors were then positioned to retract the nearest carotid sheath
toward the surgeon and the trachea, esophagus, and opposite carotid sheath away from the
surgeon. This exposed the paired longus coli muscles, which lie on the ventral surface of the
cervical vertebrae. The surgical level was identified by palpation of the prominent transverse
process of C6. Small curved hemostats were used to separate the longus coli muscle overlying
the ventral annulus.

The subsequent steps were carried out microscopically. After the ventral part of the AF has
been incised and resected with a scalpel and a Kerrison rongeur, two self-drilling distraction
pins were anteriorly inserted into the adjacent vertebrae and the disc segment was distracted
with a Cervical Distractor System. Under segmental dilatation, which is augmented as the disc
tissues are resected, the NP was completely extracted using a small tartar scraper, a 4-0 bone
curette, and a Kerrison rongeur. The dorsal part of the AF was also resected under careful
microscopic observation to expose the posterior longitudinal ligament (PLL) and confirm
complete resection of the AF, and in several animals, the PLL.

One segment between C3/4 and C6/7 was totally discectomized in each animal. To deter-
mine surgical conditions that promote implant stability in a canine model, we employed differ-
ent surgical levels as well as binary options between additional PLL resection or not; four of
C3/4, four of C4/5, four of C5/6, and two of C6/7 segments were discectomized. Four of the
animals underwent PLL resection, while the other did not. All the surgical procedures were
performed by two fully-trained spine surgeons.

The neurologic examinations were performed immediately after surgery and periodically
throughout the course of the study. These consisted of evaluating the animals gait in a straight
line and turns to both sides, wheelbarrow on pelvic and thoracic limbs, individual limb hop-
ping, cross extensor reflex and plantar reflex. All these tests can detect problems with coordi-
nation and strength in any of the four limbs, or injury to the spinal cord section at or caudal to
the surgery site.

In vivo total disc replacement using tissue-engineered VD

TE-IVDs were taken out of culture and kept suspended in aforementioned media inside cen-
trifuge tubes to maintain sterility. Constructs were brought into the operating room and
implanted into the 12 segments ranging from C3/4 to C6/7 levels of the beagle spine after com-
plete disc extraction in a single procedure, while the disc space was left untreated in the C5/6
discectomized segments of two animals. TE-IVDs were slipped down on a deliver instrument
and inserted into the space. Distraction was slowly released and motion of the implanted
TE-IVD was qualitatively evaluated for any motion and overall stability. Implanted TE-IVDs
were categorized as displaced or stable, depending on how much of the disc remained within
the intervertebral segment following release of retractors; in general, if % of the disc diameter
was extruded upon release we considered this displaced. Bipolar cauterization was used for
homeostasis and the separated longus coli muscles were sutured to be paired with 5-0 Vicryl
sutures. The wound was closed subcutaneously with 5-0 Vicryl and cutaneously with 3-0 poly-
amide-nylon sutures. Postoperative care was provided by Veterinary Services personnel as per

PLOS ONE | https://doi.org/10.1371/journal.pone.0185716  October 20, 2017 12/18


https://doi.org/10.1371/journal.pone.0185716

@° PLOS | ONE

Tissue-engineered intervertebral discs in the canine cervical spine

the RARC veterinarian. Sutures was removed 10-14 days postoperatively. Prior to and follow-
ing implantation, animals were evaluated via physical examination.

Qualitative and quantitative magnetic resonance imaging

All the 14 animals underwent 3 Tesla MRI (Siemens Tim TRIO MRI Scanner, Erlangen, Ger-
many) imaging at 1 month and ten at 3 months postoperatively to qualitatively monitor loca-
tion and viability of implanted TE-IVDs on sagittal and axial T2-weighted images. For
quantitative assessment, the voxel count and average T2 relaxation time in NP were measured
according to an algorithm we previously developed [24, 61, 62]. We used a sagittal multislice
multiecho pulse sequence (TR = 2000 ms, TE = 12 ms, NEX = 2, number of echoes = 12, echo
spacing = 12 ms, slice thickness = 1 mm, and matrix size = 320 x 320, resolution: 125 p

m x 125 pm x 1 mm) to create a T2 map based on fitting semi log plots of T2 signal intensity
versus relaxation time for the 12 acquired echoes. Bruker’s proprietary program TopSpin was
used for this fitting process. A color map was assigned to the resulting T2 map. Next, a stan-
dard region of interest (ROI) measuring approximately 4 mm” (comprising 300 voxels) was
drawn within the center NP of the healthy disc proximal to the experimental segments. The
average T2-relaxation time (T2-RT) of that ROI was measured, and this value minus 3 stan-
dard deviations was used to set a subtraction threshold for all voxels in that slice. Voxels with
T2 values lower than the threshold were subsequently subtracted. Thus, only voxels with T2
values representing NP tissue remained in the disc space and were then counted. At each time
point, the mean voxel count of experimental segments was compared with the mean voxel
count of proximal adjacent healthy discs. The mean T2-RT of NP voxels was also calculated
and compared with that of the healthy adjacent control.

Disc height measurements

X-rays were performed at one and four months to measure the disc height of treated segments.
Great care was taken to achieve true lateral radiographs of the index segment. The IVD height
was expressed as a disc height index, calculated by dividing disc height by adjacent vertebral
body height on the basis of the modified method of Lu et al [63].

Histological assessment

Animals were sacrificed one or four months postoperatively by administering a barbiturate
overdose intravenously at a rate of 120 mg/kg. Spines were collected and processed for further
ex vivo histological assessments. After fixed by 10% neutralized formalin supplemented with
1% cetylpyridinium chloride (CPC), specimens were decalcified, cut in the mid-sagittal plane,
and transferred to 75% ethanol. Segments were embedded in paraffin, then cut to 5-um thick-
ness, and stained with Alcian Blue, Safranin-O, and Picrosirius Red.

Data analysis and statistics

All the quantitative values from X-rays and MRIs represent the proportion of experimental to
adjacent healthy control measurements, and were expressed as mean + SD. For the analyses
for continuous outcomes in disc height index, NP size, and NP hydration, generalized estimat-
ing equation (GEE) models were used to assess main effects and interaction factors of disc
group and longitudinal assessment of time. Parameter estimates of means and robust standard
errors are reported to describe estimated differences in mean changes from baseline controls
(discectomy) across stable and displaced implantation groups for the 2, 4, 8 and 16-week time
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points. Statistical analysis was performed with IBM SPSS Statistics 22 (SPSS, Chicago, IL,
USA). P values <0.05 were considered statistically significant.

Supporting information

S1 Table. To determine the surgical condition that promotes stable implantation, TE-IVDs
were implanted in different spinal levels ranging from C3/4/ to C6/7, and with or without
posterior longitudinal ligament (PLL) resection. Based on the implant stability upon distrac-
tion release, half of the TE-IVDs remained stable (n = 6), while the other half (n = 6) were con-
sidered displaced. Of note, 66.7% of the stable TE-IVDs were the ones implanted at C3/4
although the association between intraoperative implant stability and surgical level was not sta-
tistically significant (p = 0.120).

(DOCX)

S2 Table. The crosstab demonstrates that the implants at C3/4 had a greater stability with
a near significant association compared to the rest of the levels (p = 0.081).
(DOCX)

§3 Table. The segments with ligament resection all demonstrated that implant stability
was nearly significantly higher than the segments with an intact posterior longitudinal lig-
ament (p = 0.061).

(DOCX)

S1 Fig. Histological assessments at 16 weeks of a healthy adjacent motion segment. Bright-
field images are shown for staining with Hematoxylin and eosin, Safranin O, and Picrosirius
red, as well as polarized light images of Picrosirius red staining. All scale bars are 200 pm.
(TIF)

S2 Fig. Histological assessments at 16 weeks of a motion segment that received a discect-
omy. Brightfield images are shown for staining with Hematoxylin and eosin, Safranin O, and
Picrosirius red, as well as polarized light images of Picrosirius red staining. All scale bars are
200 pm.

(TIF)

S3 Fig. Histological assessments at 16 weeks of a motion segment that received a TE IVD
implant. Brightfield images are shown for staining with Hematoxylin and eosin, Safranin O,
and Picrosirius red, as well as polarized light images of Picrosirius red staining. All scale bars
are 200 pm.

(TIF)

Acknowledgments

The authors thank Drs. Katie Hudson and Brandon Borde for their thoughtful comments and
support of this project.

Author Contributions

Conceptualization: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Brenton Penni-
cooke, Rodolfo J. Ricart Arbona, Roger Hartl, Lawrence J. Bonassar.

Data curation: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Connor Berlin, Thamina
Khair, Joseph Nguyen, Lawrence J. Bonassar.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185716  October 20, 2017 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185716.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185716.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185716.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185716.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185716.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185716.s006
https://doi.org/10.1371/journal.pone.0185716

@° PLOS | ONE

Tissue-engineered intervertebral discs in the canine cervical spine

Formal analysis: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Brenton Pennicooke,
Rodolfo J. Ricart Arbona, Joseph Nguyen, Roger Hirtl, Lawrence J. Bonassar.

Funding acquisition: Roger Hirtl, Lawrence J. Bonassar.

Investigation: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Brenton Pennicooke,
Rodrigo Navarro-Ramirez, Rodolfo J. Ricart Arbona, Roger Hirtl.

Methodology: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Brenton Pennicooke,
Rodrigo Navarro-Ramirez, Rodolfo J. Ricart Arbona, Roger Hartl, Lawrence J. Bonassar.

Project administration: Connor Berlin, Thamina Khair, Roger Hartl, Lawrence J. Bonassar.
Resources: Roger Hirtl, Lawrence J. Bonassar.
Supervision: Roger Hirtl, Lawrence J. Bonassar.

Writing - original draft: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Brenton Pen-
nicooke, Lawrence J. Bonassar.

Writing - review & editing: Yu Moriguchi, Jorge Mojica-Santiago, Peter Grunert, Brenton
Pennicooke, Connor Berlin, Thamina Khair, Rodrigo Navarro-Ramirez, Rodolfo J. Ricart
Arbona, Joseph Nguyen, Roger Hirtl, Lawrence J. Bonassar.

References

1. Andersson GB. Epidemiological features of chronic low-back pain. Lancet. 1999; 354(9178):581-5.
https://doi.org/10.1016/S0140-6736(99)01312-4 PMID: 10470716

2. Brodke DS, Ritter SM. Nonsurgical management of low back pain and lumbar disk degeneration. Instr
Course Lect. 2005; 54:279-86. PMID: 15948456

3. Rajaee SS, Bae HW, Kanim LE, Delamarter RB. Spinal fusion in the United States: analysis of trends
from 1998 to 2008. Spine. 2012; 37(1):67—-76. https://doi.org/10.1097/BRS.0b013e31820cccfb PMID:
21311399

4. Maldonado CV, Paz RD, Martin CB. Adjacent-level degeneration after cervical disc arthroplasty versus
fusion. Eur Spine J. 2011;20 Suppl 3:403-7.

5. SugawaraT, Itoh Y, Hirano Y, Higashiyama N, Mizoi K. Long term outcome and adjacent disc degener-
ation after anterior cervical discectomy and fusion with titanium cylindrical cages. Acta Neurochir
(Wien). 2009; 151(4):303-9; discussion 9.

6. Kelly MP, Mok JM, Frisch RF, Tay BK. Adjacent segment motion after anterior cervical discectomy and
fusion versus Prodisc-c cervical total disk arthroplasty: analysis from a randomized, controlled trial.
Spine. 2011; 36(15):1171-9. https://doi.org/10.1097/BRS.0b013e3181ec5c7d PMID: 21217449

7. RuanD, He Q, Ding Y, HouL, LiJ, Luk KD. Intervertebral disc transplantation in the treatment of degen-
erative spine disease: a preliminary study. Lancet. 2007; 369(9566):993-9. https://doi.org/10.1016/
S0140-6736(07)60496-6 PMID: 17382826

Langer R, Vacanti JP. Tissue engineering. Science. 1993; 260(5110):920-6. PMID: 8493529

9. Mizuno H, Roy AK, Vacanti CA, Kojima K, Ueda M, Bonassar LJ. Tissue-engineered composites of
anulus fibrosus and nucleus pulposus for intervertebral disc replacement. Spine. 2004; 29(12):1290-7;
discussion 7-8. PMID: 15187626

10. Mizuno H, Roy AK, Zaporojan V, Vacanti CA, Ueda M, Bonassar LJ. Biomechanical and biochemical
characterization of composite tissue-engineered intervertebral discs. Biomaterials. 2006; 27(3):362—70.
https://doi.org/10.1016/j.biomaterials.2005.06.042 PMID: 16165204

11.  ZhuangY, Huang B, Li CQ, Liu LT, Pan Y, Zheng WJ, et al. Construction of tissue-engineered compos-
ite intervertebral disc and preliminary morphological and biochemical evaluation. Biochem Biophys Res
Commun. 2011; 407(2):327-32. https://doi.org/10.1016/j.bbrc.2011.03.015 PMID: 21382343

12. Martin JT, Milby AH, Chiaro JA, Kim DH, Hebela NM, Smith LJ, et al. Translation of an engineered
nanofibrous disc-like angle-ply structure for intervertebral disc replacement in a small animal model.
Acta Biomater. 2014; 10(6):2473-81. https://doi.org/10.1016/j.actbio.2014.02.024 PMID: 24560621

13. Hamilton DJ, Seguin CA, Wang J, Pilliar RM, Kandel RA. Formation of a nucleus pulposus-cartilage
endplate construct in vitro. Biomaterials. 2006; 27(3):397—405. https://doi.org/10.1016/j.biomaterials.
2005.07.007 PMID: 16139883

PLOS ONE | https://doi.org/10.1371/journal.pone.0185716  October 20, 2017 15/18


https://doi.org/10.1016/S0140-6736(99)01312-4
http://www.ncbi.nlm.nih.gov/pubmed/10470716
http://www.ncbi.nlm.nih.gov/pubmed/15948456
https://doi.org/10.1097/BRS.0b013e31820cccfb
http://www.ncbi.nlm.nih.gov/pubmed/21311399
https://doi.org/10.1097/BRS.0b013e3181ec5c7d
http://www.ncbi.nlm.nih.gov/pubmed/21217449
https://doi.org/10.1016/S0140-6736(07)60496-6
https://doi.org/10.1016/S0140-6736(07)60496-6
http://www.ncbi.nlm.nih.gov/pubmed/17382826
http://www.ncbi.nlm.nih.gov/pubmed/8493529
http://www.ncbi.nlm.nih.gov/pubmed/15187626
https://doi.org/10.1016/j.biomaterials.2005.06.042
http://www.ncbi.nlm.nih.gov/pubmed/16165204
https://doi.org/10.1016/j.bbrc.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21382343
https://doi.org/10.1016/j.actbio.2014.02.024
http://www.ncbi.nlm.nih.gov/pubmed/24560621
https://doi.org/10.1016/j.biomaterials.2005.07.007
https://doi.org/10.1016/j.biomaterials.2005.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16139883
https://doi.org/10.1371/journal.pone.0185716

@° PLOS | ONE

Tissue-engineered intervertebral discs in the canine cervical spine

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bowles RD, Williams RM, Zipfel WR, Bonassar LJ. Self-assembly of aligned tissue-engineered annulus
fibrosus and intervertebral disc composite via collagen gel contraction. Tissue Eng Part A. 2010; 16
(4):1339-48. https://doi.org/10.1089/ten. TEA.2009.0442 PMID: 19905878

Bowles RD, Gebhard HH, Dyke JP, Ballon DJ, Tomasino A, Cunningham ME, et al. Image-based tissue
engineering of a total intervertebral disc implant for restoration of function to the rat lumbar spine. NMR
Biomed. 2012; 25(3):443-51. https://doi.org/10.1002/nbm.1651 PMID: 21387440

Bowles RD, Gebhard HH, Hartl R, Bonassar LJ. Tissue-engineered intervertebral discs produce new
matrix, maintain disc height, and restore biomechanical function to the rodent spine. Proc Natl Acad Sci
US A.2011;108(32):13106—11. https://doi.org/10.1073/pnas.1107094108 PMID: 21808048

Gebhard H, Bowles R, Dyke J, Saleh T, Doty S, Bonassar L, et al. Total disc replacement using a tis-
sue-engineered intervertebral disc in vivo: new animal model and initial results. Evid Based Spine Care
J. 2010; 1(2):62—6. https://doi.org/10.1055/s-0028-1100918 PMID: 23637671

Gebhard H, James AR, Bowles RD, Dyke JP, Saleh T, Doty SP, et al. Biological intervertebral disc
replacement: an in vivo model and comparison of two surgical techniques to approach the rat caudal
disc. Evid Based Spine Care J. 2011; 2(1):29-35. https://doi.org/10.1055/s-0030-1267084 PMID:
22956934

Grunert P, Gebhard HH, Bowles RD, James AR, Potter HG, Macielak M, et al. Tissue-engineered inter-
vertebral discs: MRI results and histology in the rodent spine. J Neurosurg Spine. 2014; 20(4):443-51.
https://doi.org/10.3171/2013.12.SPINE13112 PMID: 24527831

James AR, Bowles RD, Gebhard HH, Bonassar LJ, Hartl R. Tissue-engineered total disc replacement:
final outcomes of a murine caudal disc in vivo study. Evid Based Spine Care J. 2011; 2(4):55-6. https:/
doi.org/10.1055/s-0031-1274758 PMID: 23230409

Lotz JC. Animal models of intervertebral disc degeneration: lessons learned. Spine. 2004; 29
(23):2742-50. PMID: 15564923

O’Connell GD, Vresilovic EJ, Elliott DM. Comparison of animals used in disc research to human lumbar
disc geometry. Spine. 2007; 32(3):328—-33. https://doi.org/10.1097/01.brs.0000253961.40910.c1
PMID: 17268264

Showalter BL, Beckstein JC, Martin JT, Beattie EE, Espinoza Orias AA, Schaer TP, et al. Comparison
of animal discs used in disc research to human lumbar disc: torsion mechanics and collagen content.
Spine. 2012; 37(15):E900-7. https://doi.org/10.1097/BRS.0b013e31824d911c PMID: 22333953

Grunert P, Hudson KD, Macielak MR, Aronowitz E, Borde BH, Alimi M, et al. Assessment of interverte-
bral disc degeneration based on quantitative magnetic resonance imaging analysis: an in vivo study.
Spine. 2014; 39(6):E369-78. https://doi.org/10.1097/BRS.0000000000000194 PMID: 24384655

Nerurkar NL, Sen S, Huang AH, Elliott DM, Mauck RL. Engineered disc-like angle-ply structures for
intervertebral disc replacement. Spine. 2010; 35(8):867—73. https://doi.org/10.1097/BRS.
0b013e3181d74414 PMID: 20354467

Nesti LJ, Li WJ, Shanti RM, Jiang YJ, Jackson W, Freedman BA, et al. Intervertebral disc tissue engi-
neering using a novel hyaluronic acid-nanofibrous scaffold (HANFS) amalgam. Tissue Eng Part A.
2008; 14(9):1527-37. https://doi.org/10.1089/ten.tea.2008.0215 PMID: 18707229

Abbushi A, Endres M, Cabraja M, Kroppenstedt SN, Thomale UW, Sittinger M, et al. Regeneration of
intervertebral disc tissue by resorbable cell-free polyglycolic acid-based implants in a rabbit model of
disc degeneration. Spine. 2008; 33(14):1527-32. https://doi.org/10.1097/BRS.0b013e3181788760
PMID: 18520635

Bendtsen M, Bunger CE, Zou X, Foldager C, Jorgensen HS. Autologous stem cell therapy maintains
vertebral blood flow and contrast diffusion through the endplate in experimental intervertebral disc
degeneration. Spine. 2011; 36(6):E373-9. https://doi.org/10.1097/BRS.0b013e3181dce34c PMID:
21372649

Benz K, Stippich C, Fischer L, Mohl K, Weber K, Lang J, et al. Intervertebral disc cell- and hydrogel-sup-
ported and spontaneous intervertebral disc repair in nucleotomized sheep. Eur Spine J. 2012; 21
(9):1758-68. https://doi.org/10.1007/s00586-012-2443-4 PMID: 22842955

Frith JE, Menzies DJ, Cameron AR, Ghosh P, Whitehead DL, Gronthos S, et al. Effects of bound versus
soluble pentosan polysulphate in PEG/HA-based hydrogels tailored for intervertebral disc regeneration.
Biomaterials. 2014; 35(4):1150-62. https://doi.org/10.1016/j.biomaterials.2013.10.056 PMID:
24215733

Ganey T, Hutton WC, Moseley T, Hedrick M, Meisel HJ. Intervertebral disc repair using adipose tissue-
derived stem and regenerative cells: experiments in a canine model. Spine. 2009; 34(21):2297-304.
https://doi.org/10.1097/BRS.0b013e3181a54157 PMID: 19934809

Ghosh P, Moore R, Vernon-Roberts B, Goldschlager T, Pascoe D, Zannettino A, et al. Inmunoselected
STRO-3+ mesenchymal precursor cells and restoration of the extracellular matrix of degenerate

PLOS ONE | https://doi.org/10.1371/journal.pone.0185716  October 20, 2017 16/18


https://doi.org/10.1089/ten.TEA.2009.0442
http://www.ncbi.nlm.nih.gov/pubmed/19905878
https://doi.org/10.1002/nbm.1651
http://www.ncbi.nlm.nih.gov/pubmed/21387440
https://doi.org/10.1073/pnas.1107094108
http://www.ncbi.nlm.nih.gov/pubmed/21808048
https://doi.org/10.1055/s-0028-1100918
http://www.ncbi.nlm.nih.gov/pubmed/23637671
https://doi.org/10.1055/s-0030-1267084
http://www.ncbi.nlm.nih.gov/pubmed/22956934
https://doi.org/10.3171/2013.12.SPINE13112
http://www.ncbi.nlm.nih.gov/pubmed/24527831
https://doi.org/10.1055/s-0031-1274758
https://doi.org/10.1055/s-0031-1274758
http://www.ncbi.nlm.nih.gov/pubmed/23230409
http://www.ncbi.nlm.nih.gov/pubmed/15564923
https://doi.org/10.1097/01.brs.0000253961.40910.c1
http://www.ncbi.nlm.nih.gov/pubmed/17268264
https://doi.org/10.1097/BRS.0b013e31824d911c
http://www.ncbi.nlm.nih.gov/pubmed/22333953
https://doi.org/10.1097/BRS.0000000000000194
http://www.ncbi.nlm.nih.gov/pubmed/24384655
https://doi.org/10.1097/BRS.0b013e3181d74414
https://doi.org/10.1097/BRS.0b013e3181d74414
http://www.ncbi.nlm.nih.gov/pubmed/20354467
https://doi.org/10.1089/ten.tea.2008.0215
http://www.ncbi.nlm.nih.gov/pubmed/18707229
https://doi.org/10.1097/BRS.0b013e3181788760
http://www.ncbi.nlm.nih.gov/pubmed/18520635
https://doi.org/10.1097/BRS.0b013e3181dce34c
http://www.ncbi.nlm.nih.gov/pubmed/21372649
https://doi.org/10.1007/s00586-012-2443-4
http://www.ncbi.nlm.nih.gov/pubmed/22842955
https://doi.org/10.1016/j.biomaterials.2013.10.056
http://www.ncbi.nlm.nih.gov/pubmed/24215733
https://doi.org/10.1097/BRS.0b013e3181a54157
http://www.ncbi.nlm.nih.gov/pubmed/19934809
https://doi.org/10.1371/journal.pone.0185716

@° PLOS | ONE

Tissue-engineered intervertebral discs in the canine cervical spine

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

intervertebral discs. J Neurosurg Spine. 2012; 16(5):479-88. https://doi.org/10.3171/2012.1.
SPINE11852 PMID: 22404141

Huang B, Zhuang Y, Li CQ, Liu LT, Zhou Y. Regeneration of the intervertebral disc with nucleus pulpo-
sus cell-seeded collagen Il/hyaluronan/chondroitin-6-sulfate tri-copolymer constructs in a rabbit disc
degeneration model. Spine. 2011; 36(26):2252-9. https://doi.org/10.1097/BRS.0b013e318209fd85
PMID: 21358466

Iwashina T, Mochida J, Sakai D, Yamamoto Y, Miyazaki T, Ando K, et al. Feasibility of using a human
nucleus pulposus cell line as a cell source in cell transplantation therapy for intervertebral disc degener-
ation. Spine. 2006; 31(11):1177-86. https://doi.org/10.1097/01.brs.0000217687.36874.c4 PMID:
16688029

Leung VY, Aladin DM, Lv F, Tam V, Sun Y, Lau RY, et al. Mesenchymal stem cells reduce intervertebral
disc fibrosis and facilitate repair. Stem Cells. 2014; 32(8):2164—77. https://doi.org/10.1002/stem.1717
PMID: 24737495

Li CQ, Huang B, Luo G, Zhang CZ, Zhuang Y, Zhou Y. Construction of collagen llI/hyaluronate/chondroi-
tin-6-sulfate tri-copolymer scaffold for nucleus pulposus tissue engineering and preliminary analysis of
its physico-chemical properties and biocompatibility. J Mater Sci Mater Med. 2010; 21(2):741-51.
https://doi.org/10.1007/s10856-009-3871-5 PMID: 19763796

Omlor GW, Fischer J, Kleinschmitt K, Benz K, Holschbach J, Brohm K, et al. Short-term follow-up of
disc cell therapy in a porcine nucleotomy model with an albumin-hyaluronan hydrogel: in vivo and in
vitro results of metabolic disc cell activity and implant distribution. Eur Spine J. 2014; 23(9):1837-47.
https://doi.org/10.1007/s00586-014-3314-y PMID: 24801573

Revell PA, Damien E, Di Silvio L, Gurav N, Longinotti C, Ambrosio L. Tissue engineered intervertebral
disc repair in the pig using injectable polymers. J Mater Sci Mater Med. 2007; 18(2):303-8. https://doi.
org/10.1007/s10856-006-0693-6 PMID: 17323162

Ruan DK, Xin H, Zhang C, Wang C, Xu C, Li C, et al. Experimental intervertebral disc regeneration with
tissue-engineered composite in a canine model. Tissue Eng Part A. 2010; 16(7):2381-9. https://doi.org/
10.1089/ten. TEA.2009.0770 PMID: 20214451

Yang H, Wu J, Liu J, Ebraheim M, Castillo S, Liu X, et al. Transplanted mesenchymal stem cells with
pure fibrinous gelatin-transforming growth factor-beta1 decrease rabbit intervertebral disc degenera-
tion. Spine J. 2010; 10(9):802—10. https://doi.org/10.1016/j.spinee.2010.06.019 PMID: 20655810

Goldschlager T, Ghosh P, Zannettino A, Gronthos S, Rosenfeld JV, Itescu S, et al. Cervical motion
preservation using mesenchymal progenitor cells and pentosan polysulfate, a novel chondrogenic
agent: preliminary study in an ovine model. Neurosurg Focus. 2010; 28(6):E4. https://doi.org/10.3171/
2010.3.FOCUS1050 PMID: 20521963

Xin H, Zhang C, Wang D, Shi Z, Gu T, Wang C, et al. Tissue-engineered allograft intervertebral disc
transplantation for the treatment of degenerative disc disease: experimental study in a beagle model.
Tissue Eng Part A. 2013; 19(1-2):143-51. https://doi.org/10.1089/ten. TEA.2012.0255 PMID:
22849557

Lim TH, Goel VK, Weinstein JN, Kong W. Stress analysis of a canine spinal motion segment using the
finite element technique. J Biomech. 1994; 27(10):1259—-69. PMID: 7962013

Smit TH. The use of a quadruped as an in vivo model for the study of the spine—biomechanical consid-
erations. Eur Spine J. 2002; 11(2):137—44. https://doi.org/10.1007/s005860100346 PMID: 11956920

Bergknut N, Rutges JP, Kranenburg HJ, Smolders LA, Hagman R, Smidt HJ, et al. The dog as an ani-
mal model for intervertebral disc degeneration? Spine (Phila Pa 1976). 2012; 37(5):351-8.

Cole TC, Burkhardt D, Ghosh P, Ryan M, Taylor T. Effects of spinal fusion on the proteoglycans of the
canine intervertebral disc. J Orthop Res. 1985; 3(3):277-91. https://doi.org/10.1002/jor.1100030304
PMID: 4032101

Itoh H, Asou Y, Hara Y, Haro H, Shinomiya K, Tagawa M. Enhanced type X collagen expression in the
extruded nucleus pulposus of the chondrodystrophoid dog.J Vet Med Sci. 2008: 70(1):37—42. PMID:
18250570

Forterre F, Dickomeit M, Senn D, Gorgas D, Spreng D. Microfenestration using the CUSA Excel ultra-
sonic aspiration system in chondrodystrophic dogs with thoracolumbar disk extrusion: a descriptive
cadaveric and clinical study. Vet Surg. 2011: 40(1):34-39. https://doi.org/10.1111/j.1532-950X.2010.
00780.x PMID: 21175695

Hunter CJ, Matyas JR, Duncan NA. Cytomorphology of notochordal and chondrocytic cells from the
nucleus pulposus: a species comparison. J Anat. 2004; 205(5):357-62. https://doi.org/10.1111/1.0021-
8782.2004.00352.x PMID: 15575884

Ross R, Mirza AH, Norris HE, Khatri M. Survival and clinical outcome of SB Charite Il disc replacement
for back pain. The Journal of bone and joint surgery British volume. 2007; 89(6):785-9. https://doi.org/
10.1302/0301-620X.89B6.18806 PMID: 17613505

PLOS ONE | https://doi.org/10.1371/journal.pone.0185716  October 20, 2017 17/18


https://doi.org/10.3171/2012.1.SPINE11852
https://doi.org/10.3171/2012.1.SPINE11852
http://www.ncbi.nlm.nih.gov/pubmed/22404141
https://doi.org/10.1097/BRS.0b013e318209fd85
http://www.ncbi.nlm.nih.gov/pubmed/21358466
https://doi.org/10.1097/01.brs.0000217687.36874.c4
http://www.ncbi.nlm.nih.gov/pubmed/16688029
https://doi.org/10.1002/stem.1717
http://www.ncbi.nlm.nih.gov/pubmed/24737495
https://doi.org/10.1007/s10856-009-3871-5
http://www.ncbi.nlm.nih.gov/pubmed/19763796
https://doi.org/10.1007/s00586-014-3314-y
http://www.ncbi.nlm.nih.gov/pubmed/24801573
https://doi.org/10.1007/s10856-006-0693-6
https://doi.org/10.1007/s10856-006-0693-6
http://www.ncbi.nlm.nih.gov/pubmed/17323162
https://doi.org/10.1089/ten.TEA.2009.0770
https://doi.org/10.1089/ten.TEA.2009.0770
http://www.ncbi.nlm.nih.gov/pubmed/20214451
https://doi.org/10.1016/j.spinee.2010.06.019
http://www.ncbi.nlm.nih.gov/pubmed/20655810
https://doi.org/10.3171/2010.3.FOCUS1050
https://doi.org/10.3171/2010.3.FOCUS1050
http://www.ncbi.nlm.nih.gov/pubmed/20521963
https://doi.org/10.1089/ten.TEA.2012.0255
http://www.ncbi.nlm.nih.gov/pubmed/22849557
http://www.ncbi.nlm.nih.gov/pubmed/7962013
https://doi.org/10.1007/s005860100346
http://www.ncbi.nlm.nih.gov/pubmed/11956920
https://doi.org/10.1002/jor.1100030304
http://www.ncbi.nlm.nih.gov/pubmed/4032101
http://www.ncbi.nlm.nih.gov/pubmed/18250570
https://doi.org/10.1111/j.1532-950X.2010.00780.x
https://doi.org/10.1111/j.1532-950X.2010.00780.x
http://www.ncbi.nlm.nih.gov/pubmed/21175695
https://doi.org/10.1111/j.0021-8782.2004.00352.x
https://doi.org/10.1111/j.0021-8782.2004.00352.x
http://www.ncbi.nlm.nih.gov/pubmed/15575884
https://doi.org/10.1302/0301-620X.89B6.18806
https://doi.org/10.1302/0301-620X.89B6.18806
http://www.ncbi.nlm.nih.gov/pubmed/17613505
https://doi.org/10.1371/journal.pone.0185716

@° PLOS | ONE

Tissue-engineered intervertebral discs in the canine cervical spine

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Panjabi MM, Crisco JJ, Vasavada A, Oda T, Cholewicki J, Nibu K, et al. Mechanical properties of the
human cervical spine as shown by three-dimensional load-displacement curves. Spine (Phila Pa 1976).
2001; 26(24):2692—700.

Avila MJ, Skoch J, Sattarov K, Abbasi Fard S, Patel A, Walter CM, et al. Posterior longitudinal ligament
resection or preservation in anterior cervical decompression surgery. J Clin Neurosci. 2015; 22
(7):1088-90. https://doi.org/10.1016/j.jocn.2015.01.021 PMID: 25882255

Huang YC, Urban JP, Luk KD. Intervertebral disc regeneration: do nutrients lead the way? Nat Rev
Rheumatol. 2014; 10(9):561-6. https://doi.org/10.1038/nrrheum.2014.91 PMID: 24914695

Hee HT, Ismail HD, Lim CT, Goh JC, Wong HK. Effects of implantation of bone marrow mesenchymal
stem cells, disc distraction and combined therapy on reversing degeneration of the intervertebral disc.
The Journal of bone and joint surgery British volume. 2010; 92(5):726-36. https://doi.org/10.1302/
0301-620X.92B5.23015 PMID: 20436013

Guehring T, Omlor GW, Lorenz H, Engelleiter K, Richter W, Carstens C, et al. Disc distraction shows
evidence of regenerative potential in degenerated intervertebral discs as evaluated by protein expres-
sion, magnetic resonance imaging, and messenger ribonucleic acid expression analysis. Spine. 2006;
31(15):1658-65. https://doi.org/10.1097/01.brs.0000224558.81765.56 PMID: 16816759

Kuo YW, Hsu YC, Chuang IT, Chao PH, Wang JL. Spinal traction promotes molecular transportation in
a simulated degenerative intervertebral disc model. Spine. 2014; 39(9):E550-6. https://doi.org/10.
1097/BRS.0000000000000269 PMID: 24525989

Cunha C, Aimeida CR, Almeida MI, Silva AM, Molinos M, Lamas S, et al. Systemic Delivery of Bone
Marrow Mesenchymal Stem Cells for In Situ Intervertebral Disc Regeneration. Stem Cells Transl Med.
2016.

Zhang Y, Chee A, Shi P, Wang R, Moss |, Chen EY, et al. Allogeneic Articular Chondrocyte Transplan-
tation Downregulates Interleukin 8 Gene Expression in the Degenerating Rabbit Intervertebral Disk In
Vivo. Am J Phys Med Rehabil. 2015; 94(7):530-8. https://doi.org/10.1097/PHM.0000000000000194
PMID: 25133623

Lam SK, Xiao J, Ruan D, Ding Y, Lu WW, Luk KD. The effect of remodeling on the kinematics of the
malpositioned disc allograft transplantation. Spine (Phila Pa 1976). 2012; 37(6):E357-66.

Elsdale T, Bard J. Collagen substrata for studies on cell behavior. J Cell Biol. 1972; 54(3):626-37.
PMID: 4339818

Grunert P, Borde BH, Hudson KD, Macielak MR, Bonassar LJ, Hartl R. Annular repair using high-den-
sity collagen gel: a rat-tail in vivo model. Spine. 2014; 39(3):198—-206. https://doi.org/10.1097/BRS.
0000000000000103 PMID: 24253790

Grunert P, Borde BH, Towne SB, Moriguchi Y, Hudson KD, Bonassar LJ, et al. Riboflavin crosslinked
high-density collagen gel for the repair of annular defects in intervertebral discs: An in vivo study. Acta
Biomater. 2015; 26:215-24. https://doi.org/10.1016/j.actbio.2015.06.006 PMID: 26116448

Lu DS, Shono Y, Oda I, Abumi K, Kaneda K. Effects of chondroitinase ABC and chymopapain on spinal
motion segment biomechanics. An in vivo biomechanical, radiologic, and histologic canine study. Spine
(Phila Pa 1976). 1997; 22(16):1828-34; discussion 34-5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185716  October 20, 2017 18/18


https://doi.org/10.1016/j.jocn.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25882255
https://doi.org/10.1038/nrrheum.2014.91
http://www.ncbi.nlm.nih.gov/pubmed/24914695
https://doi.org/10.1302/0301-620X.92B5.23015
https://doi.org/10.1302/0301-620X.92B5.23015
http://www.ncbi.nlm.nih.gov/pubmed/20436013
https://doi.org/10.1097/01.brs.0000224558.81765.56
http://www.ncbi.nlm.nih.gov/pubmed/16816759
https://doi.org/10.1097/BRS.0000000000000269
https://doi.org/10.1097/BRS.0000000000000269
http://www.ncbi.nlm.nih.gov/pubmed/24525989
https://doi.org/10.1097/PHM.0000000000000194
http://www.ncbi.nlm.nih.gov/pubmed/25133623
http://www.ncbi.nlm.nih.gov/pubmed/4339818
https://doi.org/10.1097/BRS.0000000000000103
https://doi.org/10.1097/BRS.0000000000000103
http://www.ncbi.nlm.nih.gov/pubmed/24253790
https://doi.org/10.1016/j.actbio.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26116448
https://doi.org/10.1371/journal.pone.0185716

