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Intervertebral disc degeneration is a cascade of cellular, structural, and biomechanical changes that is strongly
implicated as a cause of low-back pain. Current treatment strategies have poor long-term efficacy as they seek only
to alleviate symptoms without preserving or restoring native tissue structure and function. The objective of this
study was to evaluate the efficacy of a combined triple interpenetrating network hydrogel (comprising dextran,
chitosan, and teleostean) and mesenchymal stem cell (MSC) therapy targeting moderate-severity disc degeneration
in a clinically relevant goat model. Degeneration was induced in lumbar discs of 10 large frame goats by injection
of chondroitinase ABC. After 12 weeks, degenerate discs were treated by injection of either hydrogel alone or
hydrogel seeded with allogeneic, bone marrow-derived MSCs. Untreated healthy and degenerate discs served as
controls, and animals were euthanized 2 weeks after treatment. Discs exhibited a significant loss of disc height 12
weeks after degeneration was induced. Two weeks after treatment, discs that received the combined hydrogel and
MSC injection exhibited a significant, 10% improvement in disc height index, as well as improvements in histo-
logical condition. Discs that were treated with hydrogel alone exhibited reduced tumor necrosis factor-o expression
in the nucleus pulposus (NP). Microcomputed tomography imaging revealed that the hydrogel remained localized to
the central NP region of all treated discs after 2 weeks of unrestricted activity. These encouraging findings motivate
further, longer term studies of therapeutic efficacy of hydrogel and MSC injections in this large animal model.
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Impact Statement

Low-back pain is the leading cause of disability worldwide, and degeneration of the intervertebral discs is considered to be one
of the most common reasons for low-back pain. Current treatment strategies focus solely on alleviation of symptoms, and there
is a critical need for new treatments that also restore disc structure and function. In this study, using a clinically relevant goat
model of moderate-severity disc degeneration, we demonstrate that a combined interpenetrating network hydrogel and
mesenchymal stem cell therapy provides acute improvements in disc height, histological condition, and local inflammation.

3.4

Introduction

LOW—BACK PAIN is the leading cause of disability
worldwide."* Degeneration of the intervertebral discs
is a cascade of cellular, structural, and biomechanical
changes closely linked to aging, and is considered to be

one of the most common reasons for low-back pain.
Current treatment strategies for disc degeneration, be
they conservative or surgical, have poor long-term effi-
cacy as they seek only to alleviate symptoms without pre-
serving or restoring native tissue structure and mechanical
function.
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Of the ~ 15 million low-back pain patients who present to
physicians each year in the United States, around 4 million
will have a diagnosis of moderate-severity degeneration, be
unresponsive to conservative treatments such as physical
therapy and steroid injections, and not be considered good
candidates for surgical intervention such as spinal fusion.’
There is an overwhelming clinical need for improved
treatment options for these patients.

Each intervertebral disc comprises three main substruc-
tures: a central, gelatinous and highly hydrated nucleus
pulposus (NP); a peripheral, fibrocartilaginous annulus fi-
brosus (AF); and superiorly and inferiorly, two hyaline
cartilage endplates that interface with the vertebral bodies.®
The earliest signs of disc degeneration typically manifest
first in the NP, where persistent, local inflammation drives
proteoglycan loss.*”® The resulting decrease in hydrostatic
pressure compromises the ability of this tissue to transfer
and distribute compressive loads, which leads to progressive
deterioration of the entire intervertebral joint. For this rea-
son, there is keen interest in developing therapeutic ap-
proaches that preserve or regenerate NP tissue and prevent
progression of the degenerative cascade.’

To this end, both stem cells and injectable hydrogel im-
plants are currently being investigated as potential NP
therapies.'”!! Stem cells have the potential to ameliorate
disc inflammation and prevent progression of degeneration,
while simultaneously potentiating reconstitution of native
tissue. Mesenchymal stem cells (MSCs), specifically, hold
significant promise due to their relative ease of isolation,
safety profile, and ability to adopt phenotypes similar to
native NP cells.'>™'* Injectable hydrogels can provide acute
structural and mechanical support to the degenerate disc,
while also acting as a delivery vehicle for MSCs and other
bioactive factors.'®"”

Our group has developed and characterized a triple
interpenetrating network hydrogel comprising three nat-
urally derived materials: N-carboxyethyl chitosan, oxi-
dized dextran, and teleostean. When solutions of these
three components are combined, they rapidly form a
stable hydrogel by Schiff base formation between the —
CHO on the oxidized dextran and the —-NH, on the tele-
ostean and chitosan.'®'” Through a series of ex vivo
studies, we established the suitability of this hydrogel as
an NP implant material.'®2° Specifically, we demon-
strated that it is suitable for minimally invasive delivery
to the disc NP where it undergoes rapid in situ gelation,
mimics the bulk mechanical properties of and interdigi-
tates with native NP tissue, remains completely con-
tained within the disc after 10,000 loading cycles,'” and
can restore the stiffness and range of motion of degen-
erate discs.'® Furthermore, we showed that this hydrogel
can act as a delivery vehicle for MSCs, supporting both
viability and extracellular matrix production.?® Most re-
cently, we demonstrated the translational feasibility of
this hydrogel in a goat model of disc degeneration.'® This
goat model recapitulates key features of moderate-
severity human disc degeneration, including clinically
relevant structural, compositional, biomechanical, and
inflammatory changes.?"?> Through incorporation of
zirconia nanoparticles into the hydrogel, we were able to
confer radiopacity, thus enabling noninvasive assessment
of retention and distribution following in vivo delivery.'®
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The objective of this study was to build on this previous
work by investigating the efficacy of combined hydrogel
and MSC injections for treating moderate-severity inter-
vertebral disc degeneration in a goat model. Specifically, we
investigated the potential for this therapy to improve disc
height, condition, and inflammation 2 weeks after delivery.
An additional objective was to confirm the in vivo retention
and distribution of both the injected hydrogel and MSCs
within the disc NP at this early time point.

Methods
Animals and study design

This study was approved by the Institutional Animal Care
and Use Committee of the University of Pennsylvania and
the Animal Ethics Subcommittee of the Corporal Michael J.
Crescenz Philadelphia VA Medical Center. All animal
studies were performed in compliance with the National
Institutes of Health Guide for Care and Use of Laboratory
Animals and the ARRIVE guidelines.”> Ten, skeletally
mature, large frame castrated male goats (Thomas D.
Morris, Inc., Reisterstown, MD), ranging between 2 and 4
years of age, were used in this study. Male goats were used
exclusively to maximize disc size, although this precluded
an assessment of sex-dependent effects on treatment effi-
cacy. Following an acclimatization phase, animals under-
went two surgical procedures 12 weeks apart (Fig. 1). The
first surgery was performed to induce moderate-severity disc
degeneration in four lumbar levels (L1-L5) by intradiscal
injection of chondroitinase ABC (ChABC) as described
previously,'®?' while a second surgery was performed 12
weeks later to deliver therapies. Animals were housed in a
2525 m outdoor barn in groups of two or three with access
to full exercise, and evaluated daily by a veterinarian for
signs of pain, neurologic deficits, behavior changes, or gait
abnormalities for the duration of the study. Animal diet
consisted of grass hay provided ad libitum, plus up to 1 1b of
goat chow per day calculated based on body score. Experi-
mental outcomes included disc height index (DHI) measured
from plain radiographs, disc condition measured using ex
vivo magnetic resonance imaging (MRI), semiquantitative
histological grading, and disc inflammation assessed by
measuring tumor necrosis factor (TNF)-oo immunopositive
cells in the NP and AF. In addition, three-dimensional (3D)
ex vivo assessment of hydrogel distribution was assessed
using microcomputed tomography (microCT), and distribu-
tion of injected MSCs was assessed immunohistochemically.

Surgical procedure to induce degeneration

An initial surgical procedure was performed to induce
disc degeneration as described previously.'®*' Animals
were anesthetized by intravenous injection of ketamine (11—
33mg/kg) and midazolam (0.5-1.5mg/kg), endotracheal
intubation, and maintained on an isoflurane-oxygen mixture
for the duration of the surgical procedure. Using an open,
left lateral, retroperitoneal transpsoatic approach, the lumbar
spine was exposed and L1-2, L2-3, L3-4, and L4-5 discs
received an injection of ChABC (1 U suspended in 200 pL
of sterile saline) into the NP under fluoroscopic guidance
using a 22-gauge stainless steel Quincke spinal needle
(Popper and Sons, Inc., New Hyde Park, NY) attached to a
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FIG. 1. (A) Study design. (B) Intraoperative fluoroscopy
showing delivery of therapeutic agents to the disc NP using a
22-gauge spinal needle. NP, nucleus pulposus. Color images
are available online.
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250 pL glass syringe (Hamilton Company, Inc., Reno, NV).
The T13-L1 or L5-6 discs served as intact, healthy controls.
The incision was closed in layers, and the animal hand-
recovered and returned to their presurgery housing with
unrestricted activity. Animals were administered perio-
perative transdermal fentanyl (2.5 mcg/kg/h) and intrave-
nous flunixin meglumine (Banamine, 1.1mg/kg) for
analgesia. Florfenicol (40 mg/kg) was administered for
perioperative antimicrobial prophylaxis lasting for 24 h.

Hydrogel and MSC preparation

MSCs were obtained from the bone marrow of three study
animals during the first surgery to induce disc degeneration
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described above. Briefly, following standard aseptic tech-
nique, an 1l-gauge, 101 mm T-handle Jamshidi™ bone
marrow biopsy needle with a trocar-tapered stylet point and
a triple-crown cannula tip was used to aspirate bone marrow
(1-2mL) from the iliac crest into a 10 mL heparinized sy-
ringe (20U heparin/1 mL fresh bone marrow) and immedi-
ately stored on ice. Following the procedure, a sterile
dressing was applied. Marrow was plated in basal media
(Dulbecco’s modified Eagle medium with 10% fetal bovine
serum and 1% penicillin/streptomycin/fungizone), and
MSCs were obtained by plastic adherence and expanded
through 1-2 additional passages in basal media in normoxia
before being cryopreserved until required for treatments.
Allogeneic cells were used for all treatments (i.e., recipient
and donor animals were not the same). Approximately 2
weeks before the second surgery described below, MSCs
were thawed and expanded to confluence through one ad-
ditional passage, and transfected with green fluorescent
protein (GFP) to facilitate postmortem identification using
immunohistochemistry. To fabricate the hydrogel, oxidized
dextran and N-carboxyethyl chitosan (Endomedix, Inc.,
Montclaire, NJ) were synthesized as described previous-
ly.'® Aqueous solutions of 20% teleostean (Sigma Aldrich,
St. Louis, MO), 3% N-carboxyethyl chitosan, and 7.5%
oxidized dextran were mixed at a ratio of 1:1:2. MSCs
were suspended in the 7.5% oxidized dextran such that a
seeding density of 10 million cells/mL of hydrogel was
achieved after mixing the three components. For a subset
of treated discs (n=13), the hydrogel was rendered radi-
opaque by the inclusion of zirconia nanoparticles, as de-
scribed previously,'® to enable intraoperative visualization
through fluoroscopy and ex vivo visualization through
microCT. Zirconia nanoparticles (30 wt%; Sigma Aldrich)
were added to the aqueous teleostean before mixing of the
three hydrogel components. Hydrogel components were
sterilized before delivery by exposure to ultraviolet light.

Surgical procedure to deliver therapies

Twelve weeks following the initial surgery to induce
degeneration, a second surgery was performed to deliver
therapies. Each degenerate disc was randomly assigned to
one of three groups: (1) treatment with hydrogel alone; (2)
treatment with combined hydrogel + MSCs; or (3) untreated
degenerate controls (Fig. 1). Nondegenerate T13-L1 or L5—
6 discs were maintained as intact, healthy controls. Using
similar surgical preparation, anatomic approach, and anes-
thesia to the first surgery, discs were exposed, and therapies
injected using a 22-gauge spinal needle attached to a 250 pL.
syringe under fluoroscopic guidance. MSCs were suspended
in the hydrogel as described above immediately before in-
jection. The injection volume was 0.55+£0.27mL (using
tactile feedback, the maximum injectable volume until
ejection was observed refluxing into the needle track), and
was not significantly different between treatment groups.
Animals were hand-recovered from surgery as described
above and returned to their presurgery housing with unre-
stricted activity. Two weeks following this second surgery,
animals were euthanized by an overdose of sodium pento-
barbital solution in accordance with American Veterinary
Medical Association guidelines, and lumbar spines har-
vested for ex vivo analyses.
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Radiographic assessment of disc height

To assess changes in disc height with degeneration and fol-
lowing treatment, lateral plain radiographs of the lumbar spine
were obtained in vivo in a standing and fully weight-bearing
position immediately before each surgery (i.e., 0 and 12 weeks,
preoperatively), and then again at 14 weeks (2 weeks following
the second surgery to delivery therapies). DHI (disc height
normalized to adjacent vertebral body length) was quantified by
two blinded assessors using a custom MATLAB program
(Mathworks, Natick) as described previously.24

Magnetic resonance imaging

Following euthanasia, lumbar spines were harvested and
imaged using MRI to assess disc condition. Specifically,
discs were imaged using a 3 T clinical MRI scanner (Sie-
mens Magnetom TrioTim, Munich, Germany) with a voxel
size of 0.6 mmx0.6 mm x5 mm. T2-weighted mid-sagittal
images were obtained for semiquantitative Pfirrmann grad-
ing as previously described.?! Following MRI, posterior
bony elements were removed, and spines were divided into
vertebra-disc-vertebra segments for further analysis.

Microcomputed tomography

Spine segments that received an injection of zirconia
nanoparticle-labeled hydrogel (n=13) were imaged using
microCT at an isotropic resolution of 20.5 pm to visualize
the 3D distribution of radiopaque hydrogel within the disc
space (LCT 50; Scanco, Briittisellen, Switzerland). A
volume of interest constituting the entirety of the disc
space was generated by manual segmentation, and the
hydrogel was manually thresholded and analyzed using the
Scanco software. A composite heat map showing relative,
regional localization of hydrogel across all discs was
generated using ZEN lite 2.5 (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Histological grading

Following microCT imaging, all spine segments were
fixed in buffered 10% formalin, decalcified in formic and
ethylenediaminetetraacetic acids (Formical 2000; StatLab,
McKinney), and processed into paraffin. Mid-sagittal 10 pm
sections were cut and double stained with either Alcian Blue
and Picrosirius Red for glycosaminoglycan and collagen
distribution, respectively, or hematoxylin and eosin to
demonstrate cellularity. Disc condition was assessed using
semiquantitative histological grading as previously de-
scribed.?! For each disc, two randomly selected images were
obtained at 4 xand 20 x magnification for each of the AF,
NP, and cartilaginous end plates, with care taken to avoid
regions containing injected hydrogel that could confound
grading. Semiquantitative grading was performed by three
blinded assessors (averaged) using a modification of the
scheme proposed by Masuda et al.”> Grading criteria in-
cluded AF organization, AF/NP border, cartilaginous end
plate structure, NP matrix, and NP cellularity, which was
each assigned a score from O (completely healthy) to 100
(severely degenerated). Overall histological grade was cal-
culated as the sum of all five subcriteria.

ZHANG ET AL.

Immunohistochemistry

To assess the effects of therapies on local disc inflam-
mation, TNF-o expression was measured in the NP and AF
using immunohistochemistry as described previously.”
Antigen retrieval was carried out on rehydrated sections
enzymatically using proteinase K (10 mg/mL; Roche Diag-
nostics, Basel, Switzerland) for 4 min at 37°C. Sections were
treated with 3% hydrogen peroxide for 12min to block
endogenous peroxidase activity, followed by Background
Buster (Innovex Biosciences, Richmond) for 10 min at room
temperature to block nonspecific protein binding. Sections
were then incubated with an anti-TNF-o antibody (ab6671,
1:200 dilution; Abcam Plc, Cambridge) overnight at 4°C.
Antibody staining was visualized using the Vectastain Elite
ABC-Peroxidase Kit (Vector Laboratories, Burlingame) and
diaminobenzidine chromogen (Thermofisher Scientific,
Waltham) according to the manufacturer’s protocol. Finally,
sections were counterstained with hematoxylin QS (Vector
Laboratories) and cover slipped with an aqueous mounting
medium (Agilent, Santa Clara). For analysis, all slides were
imaged under bright field light microscopy (Eclipse 90i;
Nikon, Tokyo, Japan). Three randomly selected regions of
interest within both the NP and AF were analyzed. For each
region, the number of immunopositive cells was counted and
normalized as a percentage of the total number of cells present.
Cell counting for each region was performed by three indi-
viduals who were blinded to the study groups and averaged.
The average result for all three regions (in the NP or AF) was
then determined and taken as a single biological replicate for
statistical comparisons. Localization of injected GFP-labeled
MSCs was assessed immunohistochemically using an anti-
GFP antibody (ab290, 1:200 dilution; Abcam). Antigen re-
trieval, blocking, incubation, and staining steps were identical
to those described above. Sections were imaged under bright
field microscopy, and the presence of GFP-positive MSCs
within the hydrogel was qualitatively assessed.

Statistical analyses

Statistical analyses were conducted using SYSTAT 19
(Systat Software, Inc., San Jose, CA). Normality of each
data set was assessed using Shapiro-Wilk tests. Changes in
disc height over time (0 vs. 12 vs. 14 weeks) for each study
group were evaluated using repeated-measures analysis of
variance followed by posthoc Tukey’s tests, with data pre-
sented as mean tstandard deviation. Differences in MRI
Pfirrmann grade, histology grade, and TNF-a expression
between study groups were established using one-way
Kruskal-Wallis tests followed by pairwise, posthoc Dunn’s
tests, with data presented as median and interquartile range.
Statistical significance was defined as p <0.05.

Results

All 10 animals recovered from surgical procedures
without adverse events. One animal developed cyclic epi-
sodes of pyrexia, dullness, and inappetence, and was eu-
thanized before reaching the designated endpoint.
Postmortem and histopathology revealed an aseptic fibri-
nous peritonitis. For a small number of discs (n=35), im-
aging and histology revealed large end plate disruptions.
These disruptions were present in at least one disc for all
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study groups, except healthy controls (Supplementary
Fig. S1). These discs were excluded from analyses, leaving
the following sample sizes for each study group: healthy
controls: n=10; untreated degenerated controls: n=35; hy-
drogel alone: n=10; and combined hydrogel and MSCs:
n=9. In addition, for disc height measurements, as intact
control discs (T13-L1 and L5-6) were located at the outer
margins of the radiographs, parallax error prevented ac-
curate repeated disc height measurements for these discs in
all but four animals.

Hydrogel distribution

Three-dimensional reconstructions and axial composite
projections of all zirconia-labeled injected discs (Fig. 2)
showed that delivered hydrogel was predominantly located in
the central NP region, although some hydrogel was also ev-
ident distributed throughout the lamellar structure of the AF.

Disc height

For all study groups that received an injection of ChABC,
DHI after 12 weeks (immediately before delivery of thera-
pies) was significantly decreased (degenerate control:
63.88 £ 11.46% vs. 0 weeks; hydrogel alone: 67.76 + 10.42%
vs. 0 weeks; and hydrogel + MSCs: 65.20+15.69% vs. 0
weeks, p<0.005 for all). At 14 weeks (2 weeks following
delivery of therapies), discs treated with hydrogel + MSCs
exhibited a significant, 10% improvement in DHI
(75.06£16.53% of 0 weeks, p=0.005 vs. both 12 and 0
weeks). For discs treated with hydrogel alone, DHI im-
proved (5%), but not significantly compared to 12 weeks
(72.72£13.34% vs. 0 weeks, p<0.005 and p=0.278 vs. 0
and 12 weeks, respectively). Of discs treated with hydrogel
alone, 5 out of 10 (Fig. 3D) exhibited an improvement in
DHI 2 weeks after treatment, while of those discs treated
with hydrogel + MSCs, 8 out of 9 discs (Fig. 3E) exhibited
improved DHI. For untreated, degenerate control discs, DHI
declined slightly from 12 to 14 weeks (62.04£9.84% vs. 0
weeks, p<0.005 and p=0.417 vs. 0 and 12 weeks, respec-
tively). For healthy controls, DHI did not change signifi-
cantly across the study duration.

Magnetic resonance imaging

Semiquantitative Pfirrmann grading from T2-weighted,
mid-sagittal MRI images of ex vivo lumbar spines was used
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to assess disc condition (Fig. 4). For degenerate control
discs, Pfirrmann grades were significantly worse compared
to healthy control discs (p=0.007). For discs treated with
either hydrogel alone or hydrogel + MSCs, Pfirrmann grades
were significantly worse than healthy controls (p <0.005 for
both), and not significantly improved compared to untreated
degenerate control discs.

Histological grading

Alcian blue-picrosirius red staining showed clear differ-
ences in disc condition with degeneration and treatment
(Fig. 5A), although variability was evident within each study
group. Hydrogel could be easily identified in the NPs of
treated discs both morphologically and due to intense picro-
sirius red staining (Fig. 5A, arrows). Semiquantitative histo-
logical grading was used to examine improvements in disc
condition following treatment (Fig. 5B-G). Five grading
parameters were examined, which were also summed to de-
termine overall grade. NP cellularity, NP extracellular matrix,
and AF/NP border were each significantly worse for both
untreated degenerate controls (p<0.005, p=0.017, and
p<0.005, respectively) and discs treated with hydrogel alone
(p=0.047, p=0.017, and p=0.012, respectively); however,
for discs treated with combined hydrogel + MSCs, these
parameters were improved, and not significantly different
from healthy control discs. AF organization was significantly
worse than healthy controls for untreated degenerate control
discs (p=0.012), but for discs treated with either hydrogel
alone, or hydrogel + MSCs, it was not significantly different
from healthy control discs. End plate structure was signifi-
cantly worse for hydrogel alone-treated discs (p <0.005), but
for degenerate controls and discs treated with combined hy-
drogel + MSCs, it was not significantly different from healthy
control discs. Finally, overall histological grade was signifi-
cantly worse for both untreated degenerate controls and discs
treated with hydrogel alone (p=0.007 and p=0.012, re-
spectively); however, for discs treated with combined
hydrogel + MSCs, overall grade was improved, and not
significantly different from healthy controls.

TNF-o. expression levels

In our prior study, we demonstrated that disc degenera-
tion in this goat model is characterized by elevated ex-
pression of physiologically relevant cytokines, including

Ew Higll1

FIG. 2. Visualization of zirconia-labeled hydrogel distribution in intervertebral discs 2 weeks after in vivo delivery. (A)
Three-dimensional reconstruction of hydrogel in a single disc. (B) Corresponding coronal slices; and (C) composite axial
intensity projection for 13 discs illustrating hydrogel predominantly located in the central, NP region. Higher intensity
indicates more frequent location of hydrogel. Color images are available online.
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(A) Representative lateral radiographs of goat lumbar spines at 0 weeks (immediately before Surgery 1 to

induce degeneration using chondroitinase ABC), 12 weeks (immediately before Surgery 2 to delivery therapies), and 14
weeks (2 weeks after delivery of therapies and immediately before euthanasia). Higher magnification images show
hydrogel (circled) in treated discs at 14 weeks. (B—E) Disc height index for each study group at 0, 12, and 14 weeks,
expressed as a percentage of week 0. *p <0.05 versus week 0; *p<0.05 versus week 12; repeated-measures analysis of

variance with posthoc Tukey’s tests.

TNF-a. In this study, we examined TNF-a expression levels
(as the percentage of immunopositive cells) in the NP and
AF in response to treatment (Fig. 6). As expected, for un-
treated degenerate control discs, TNF-oo expression was
significantly elevated in both the NP and AF compared to
healthy controls (p <0.005 for both). For discs treated with
hydrogel alone, TNF-a expression in the NP was reduced
and not significantly different from healthy control discs,
but still significantly elevated in the AF (p=0.046). For

discs treated with combined hydrogel + MSCs, TNF-o ex-
pression remained significantly elevated compared to heal-
thy controls in both the NP (p=0.007) and AF (p=0.006).

Regional localization of injected MSCs

Immunohistochemical staining for GFP was used to
successfully confirm the retention of MSCs within the hy-
drogel of treated discs (Fig. 7). For discs that received the
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FIG. 4. (A) Representative T2-weighted, mid-sagittal magnetic resonance imaging illustrating best, median, and worst

discs from each study group. (B) Semiquantitative Pfirrmann grades. *p <0.05 versus healthy control; Kruskal-Wallis tests
with posthoc Dunn’s tests; data presented as median and interquartile range.

combined treatment, no GFP-labeled MSCs were observed
outside discs. No MSCs were detected in hydrogel injected
without MSCs.

Discussion

In this study, we examined the efficacy of an injectable
therapy for intervertebral disc degeneration that combines
a triple interpenetrating network hydrogel implant and
MSCs. This therapeutic strategy is specifically designed to
target patients who exhibit chronic low-back pain associated
with moderate-severity degeneration, and who are not good
candidates for surgical intervention and for whom conser-
vative therapies have failed. To this end, and to maximize
the clinical relevance of results, we used a large animal
model that we previously optimized to mimic degenerative
changes consistent with moderate-severity disc degenera-
tion, including reduction in disc height, altered disc cellu-
larity and extracellular matrix, and local inflammation in the
NP and AF.>"*? Importantly, and consistent with our pre-
viously published findings, injected hydrogel remained
predominantly localized to the central NP region 2 weeks
after delivery and for the combined treatment group, MSCs
were distributed throughout the hydrogel.

MSC-based disc therapies have been explored extensively
in recent years using a range of preclinical large animal
models with mixed results.”*~? Hiyama et al. reported that
MSC injections were able to arrest progressive disc height
decline in a canine disc degeneration model.”® Two recent
studies examined effects of MSC injections in a sheep AF
injury-induced disc degeneration model and reported sig-
nificant improvements in disc height at time points ranging
from 14 weeks to 6 months posttreatment compared to
phosphate-buffered saline injection alone.”’>' In contrast,
Acosta et al. reported minimal regenerative effects of MSCs
injected in a fibrin carrier to degenerated porcine discs 3—12
months after treatment.® Similarly, Omlor ef al. reported no

significant improvement in disc height 1 or 12 weeks fol-
lowing intradiscal delivery of MSCs in a fibrin carrier to
degenerate porcine discs.”® Acute improvements in disc
histological condition were reported, but these were not
sustained after 12 weeks. In dogs with spontaneous and
symptomatic disc degeneration, Steffen et al. reported neg-
ligible therapeutic benefit of MSC injections, and by some
outcome measures, treatment exacerbated degeneration after
12 months.** Similar mixed findings have been reported in
human clinical trials,” preventing widespread clinical adop-
tion of such therapies, and reflecting the need for ongoing
efforts to enhance the in vivo survival and performance of
MSC:s in the degenerate disc microenvironment.

Hydrogel carriers that mimic native NP tissue biome-
chanical properties have the potential to both acutely sta-
bilize disc structure and mechanical function, and enhance
cell retention, survival, and performance. A wide range of
different hydrogel formulations has been explored,' and ex
vivo and in vivo animal studies have demonstrated the po-
tential of these materials to stabilize or improve degenerate
or nucleotomized disc biomechanical progertieslg’3 =37 and/
or support delivery of therapeutic cells.’***** The triple
interpenetrating network hydrogel evaluated in this study
exhibits the essential characteristics described above, high-
lighting its potential as both an effective NP structural im-
plant and MSC delivery vehicle."®?° Our results showed
that treatment of moderately degenerate discs with both
hydrogel alone and hydrogel + MSCs resulted in improve-
ments in disc height; however, the greatest and most con-
sistent improvement was found for discs that received the
combined treatment. Change in disc height is a key metric
used clinically to assess progression of disc degeneration
and response to treatment.***> The reasons for this are
twofold: first, a reduction in disc height may result in nerve
impingement and foraminal stenosis, and thus directly cor-
relates with the presence and severity of symptoms; second,
disc height changes can be readily assessed using standard
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FIG. 5. (A) Representative histological sections illustrating best, median, and worst discs from each study group. Alcian
blue (glycosaminoglycans) and picrosirius red (collagen) double-stained, mid-sagittal sections; arrows indicate locations of
hydrogel; Scale=5 mm. (B—G) Semiquantitative histological grading results for NP cellularity, NP extracellular matrix, AF/
NP border, AF organization, endplate structure, and overall histological grade. *p <0.05 versus healthy control; Kruskal-
Wallis tests with posthoc Dunn’s tests; data presented as median and interquartile range. AF, annulus fibrosus. Color images
are available online.

diagnostic imaging techniques such as MRI and plain ra- with both hydrogel and MSCs. These results suggest a
diographs. The disc height improvements we observed in therapeutic benefit of MSCs at this early, 2-week time point,
this study were complemented by histological findings, and are encouraging in light of the well-documented chal-
where improvements in individual grading parameters and lenges of disc regeneration using exogenous stem cells.
overall histological grade were greatest for discs treated Inflammation, low oxygen, acidity, and poor nutrient
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FIG. 6. (A) Representative immunohistochemical staining for TNF-a in the NP and AF for each study

group. Scale =100 pm (inset 20 um). (B, C) Quantification of the number of cells immunopositive for TNF-a in the NP and
AF, expressed as a percentage of total cells. *p<0.05 versus healthy control; Kruskal-Wallis tests with posthoc Dunn’s
tests; data presented as median and interquartile range. TNF, tumor necrosis factor. Color images are available online.

availability have all been established as impediments to the
survival and function of MSCs upon in vivo delivery to the
degenerate NP microenvironment.**~*® In addition to the use
of an appropriate hydrogel carrier, several strategies have
been proposed to enhance the in vivo performance of MSCs
in the disc, including hypoxic preconditioning before de-
livery*** and co-delivery of drugs to neutralize local in-
flammation.”®>® While we were able to confirm the

Pt o R

presence of MSCs within the hydrogel 2 weeks after de-
livery, we did not examine survival or whether these cells
had adopted phenotypic characteristics conducive to tissue
regeneration. This is a limitation of this study, as estab-
lishing mechanism of action is important for ensuring safety
and successful future clinical translation, and will be in-
vestigated in the future. Potential mechanisms of MSC-
based regeneration in the disc may include direct

FIG. 7. Representative
immunohistochemical
staining of green fluorescent
protein-positive MSCs

in discs treated with

(A) combined hydrogel +
MSCs (arrows =examples)
and (B) hydrogel alone.
Scale =100 pum (inset 20 pm).
MSC, mesenchymal stem
cell. Color images are avail-
able online.
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reconstitution of native NP extracellular matrix, or paracrine
signaling to endogenous cells to suppress inflammation and
induce a more anabolic phenotype.'*!'?->*3

Inflammation is not only an impediment to cell-based disc
regeneration but also accelerates the degenerative cascade
by driving extracellular matrix catabolism.” Given the es-
tablished anti-inflammatory properties of MSCs, we ex-
pected that we would observe the greatest reduction in
inflammation for the combined hydrogel + MSC treatment
group; interestingly, however, the greatest reduction was
found for discs treated with hydrogel alone. One possible
explanation for these findings is that the hydrogel normal-
izes the local micromechanical environment for endogenous
cells. Abnormal loading has been shown to upregulate in-
flammatory gene expression in disc cells in a range of in vivo
and ex vivo model systems.’*® An alternative explanation
is that the constituents of the hydrogel themselves impart
anti-inflammatory effects. For example, chitosan, a poly-
saccharide with a molecular structure similar to glycos-
aminoglycans, has established anti-inflammatory properties,
including the ability to suppress TNF-o. expression.’”®

Interestingly, while we observed improvements in disc height
and histological grade, no such improvements were found for
MRI grade. It is possible that moderate improvements in disc
condition at this early, 2-week time point are below the de-
tectable limit of semiquantitative Pfirrmann grading. Alter-
natively, the unknown magnetic resonance properties of the
hydrogel could have confounded MRI signal intensity in the NP.

There were some additional important limitations to this
study. First, in a small subset of discs, we observed large
endplate disruptions on imaging and histology. Similar
phenomena were reported in a previous study in goats fol-
lowing injection of stromal vascular fraction, with and
without ChABC to induce degeneration.®' The cause of these
endplate disruptions has not been determined and will be the
subject of ongoing investigations, including whether they are
model or species specific. An additional limitation was the
fact that we did not assess potential adjacent level effects of
degeneration due to biomechanical and biological crosstalk
between adjacent discs. We did not assess effects of treat-
ment of disc biomechanical properties, nor did we include
pain as an outcome measure in this study. Clinically relevant
changes to the cartilaginous endplates such as decreased
permeability,°>®* which my impact the supply of nutrients to
therapeutic cells, may not be effectively recapitulated in this
animal model. Finally, in this study, we examined thera-
peutic efficacy at an acute, 2-week time point. In the future,
it will be important to confirm whether these encouraging
findings are sustained or enhanced at longer time points.

Conclusions

In this study, we examined the efficacy of combined
hydrogel and MSC injections for treatment of moderate-
severity disc degeneration in a goat model. Positive effects
of treatment on disc height, condition, and inflammation
were observed 2 weeks after administration. In general,
combined treatment with hydrogel and MSCs elicited a
greater therapeutic effect, with the exception of inflamma-
tion, which responded more favorably to hydrogel alone.
These encouraging findings motivate further, longer term
studies of therapeutic efficacy in this large animal model.
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