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Intervertebral Disc Degeneration: Biomaterials and Tissue
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Aiden Devitt, and Abhay Pandit*

Intervertebral disc degeneration is a common cause of discogenic low back
pain resulting in significant disability. Current conservative or surgical
intervention treatments do not reverse the underlying disc degeneration or
regenerate the disc. Biomaterial-based tissue engineering strategies exhibit
the potential to regenerate the disc due to their capacity to modulate local
tissue responses, maintain the disc phenotype, attain biochemical
homeostasis, promote anatomical tissue repair, and provide functional
mechanical support. Despite preliminary positive results in preclinical
models, these approaches have limited success in clinical trials as they fail to
address discogenic pain. This review gives insights into the understanding of
intervertebral disc pathology, the emerging concept of precision medicine,
and the rationale of personalized biomaterial-based tissue engineering
tailored to the severity of the disease targeting early, mild, or severe
degeneration, thereby enhancing the efficacy of the treatment for disc
regeneration and ultimately to alleviate discogenic pain. Further research is
required to assess the relationship between disc degeneration and lower back
pain for developing future clinically relevant therapeutic interventions
targeted towards the subgroup of degenerative disc disease patients.

1. Introduction

Low back pain (LBP) is a common health
problem, causing significant life years of
disability as reported by the Global Burden
of Disease Study.!! A prevalence study in-
dicated that the lower back was the most
common site of pain, accounting for 47.6%
of chronic pain cases in Ireland.?! Approxi-
mately €28 million was spent on spinal fu-
sions and spine-related procedures in hos-
pitals for chronic LBP in Ireland.B! In com-
parison, the annual healthcare costs of LBP-
related issues were reported at £19.77 bil-
lion in the United Kingdom!*! and $100 bil-
lion in the United States.]

The etiology of LBP is not fully under-
stood and multifactorial but degeneration
of the intervertebral disc (IVD) undoubt-
edly plays a part. Pain may result directly
from damage to the disc and inflammatory
changes in the adjacent endplates or indi-
rectly from changes in the sagittal balance
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Figure 1. Schematic summarizes the phases of intervertebral disc degeneration associated discogenic pain. A multifactorial condition initiates an im-
balance of ECM metabolism in the early phase of degeneration by increasing degradative enzymes such as ADAMTS and MMPs to promote ECM
degradation and reduce ECM synthesis, including aggrecan and collagen. Alteration of ECM biochemical compositions induce the production of proin-
flammatory mediators includes IL-18 TNF, IFN and IL-6. In phase Il, inflammatory insult results in further ECM degradation and loss of cell density.
Further, proinflammatory cytokines stimulate AF and NP cells and infiltration of immune cells to release growth factors such as VEGF and neurotrophins
such as NGF and BDNF to promote neovascularization and nerve in-growth in the IVD. Phase Ill is characterized by continuous neurogenic insults to
induce pronociceptive molecules such as neuropeptides to be released in IVD and spinal level, and activation of pronociceptor to sensitize and develop

pain. Advanced structural breakdown results in annular tears and mechanical instability, contributing to disc herniation.

of the spine caused by disc height reduction leading to muscle fa-
tigue pain. The prevalence study estimated that between 26% and
42% of degenerative disc disease patients experience low back
pain.l®! The IVD is a fibrocartilaginous tissue connecting adjacent
vertebrae. It provides mechanical stability to the spine by trans-
mitting the load and allows flexion, extension, side bending, and
rotation at the motion segment level. The IVD comprises a cen-
tral core proteoglycan-rich gelatinous nucleus pulposus (NP) en-
closed peripherally by the lamellae of collagenous annulus fibro-
sus (AF). The endplate of IVD is composed of cartilaginous tissue
that superiorly and inferiorly connects the adjacent vertebral bod-
ies forming the functional spinal unit.”] The IVD degeneration
is associated with dysregulation of extracellular matrix (ECM)
homeostasis that is caused by a decrease of ECM synthesis and an
increase in ECM degradation, leading to inflammation. The on-
set of discogenic LBP has been correlated with the hyperinnerva-
tion of sensory nerve fibers into the aneural disc, which initiates
nociception. The inflammatory mediators and neurotrophins in-
duce nerve ingrowth, sensory sensitization in the degenerative
disc, resulting in discogenic LBP.I8] Current treatment includes
medication, rehabilitation, and spinal surgeries, aiming to alle-
viate pain, nevertheless do not address the pathology underlying
IVD degeneration.
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This review focuses on the pathogenesis of IVD degenera-
tion associated discogenic pain and current clinical treatment.
We also highlight the emerging concept of precision medicine in
IVD tissue engineering, in particular the personalize biomaterial-
based tissue engineering tailored to the severity of the disc degen-
eration at early, mild or advanced stages, the ongoing and con-
cluded clinical trials and future directions.

2. Intervertebral Disc Degeneration

The onset of IVD degeneration begins in young adults and pro-
gresses with age and ongoing degeneration under pathological
insults. The pathophysiology of IVD degeneration is described as
Phase I, Phase II and Phase III for early, mild and severe stages
(Figure 1).

2.1. Phase |—Early Degeneration
The early stage of disc degeneration is associated with the bio-

chemical content of the ECM changes in the NP as type II col-
lagen, proteoglycan (PG), and water content decreases, resulting
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in reduced axial loads in the AF. An increase in cellular apoptosis
during ageing can cause low cellularity and phenotypic changes
in cells, all of which result in a loss of the cell’s ability to synthe-
size ECM content, causing dysregulation of ECM homeostasis.[°!
Enzymes mediating ECM degradation, including matrix metallo-
proteinases (MMPs) and aggrecanases, also increase during de-
generation and ageing. The most significant dysregulation of bio-
chemical content due to ECM degradation is the loss of proteo-
glycan that initiates the degradation of aggrecan, shifting the gly-
cosaminoglycan (GAG) proportion from chondroitin sulfate to
keratan sulfate, and increasing other ECM compositions such
as fibronectin, versican, biglycan, and decorin.[') The lamellae
of the AF become disorganized as degeneration progresses, with
type I collagen generating stronger collagen fibrils predominately
found in the NP and inner AF. The osmotic pressure declines
with the loss of the water content, making the disc less hydrated
and resulting in disc collapse. The prolonged depletion of proteo-
glycan causes the movement of large uncharged molecules such
as serum proteins, proinflammatory cytokines, and neurogenic
mediators into the disc that can induce inflammation and pro-
gression of disc degeneration.[!!]

2.2. Phase 1l—Mild Degeneration

The severity of disc degeneration is correlated with the levels
of inflammatory mediators in the disc. As degeneration pro-
gresses, AF and NP cells and immune cells in the discs such as
macrophages, neutrophils and T cells produce high levels of in-
flammatory cytokines including interleukin (IL)-14, IL-6, IL-17,
IL-2, IL-8, IL-10, IL-4, tumor necrosis factor (TNF)-a, interferon-y
(IFN-y), and various chemokines such as C-C chemokine ligand
20 (CCL20), C-C chemokine receptor 6 (CCR6).['>13] Proinflam-
matory cytokines such as IL-18 and TNF-a were found to regulate
catabolic phenotype by upregulating matrix-degrading enzymes,
including MMP-3, MMP-13, and aggrecanases of a disintegrin
and metalloprotease with thrombospondin motifs (ADAMTS)-1,
ADAMTS-5, ADAMTS-9 and 15 over ECM enzyme inhibitor of
metalloproteinases (TIMP)-1, TIMP-2 and TIMP-3 and downreg-
ulating the ECM expression of collagen, aggrecan, and SRY-Box
Transcription Factor (SOX)-6.'*1 The TNF-a and IL-1f have also
been reported to increase ADAMTS-4, an important enzyme for
aggrecan degradation via the MAPK and NF-kB signaling path-
ways in the human NP.[**! Additionally, TNF-¢ and IL-18 pro-
mote the expression of MMP-3 through cooperative pathways of
syndecan 4, MAPK and NF-kB.[!®] Also, IL-17 has been shown to
mediate the inflammatory response via p38/c-Fos and JNK/c-Jun
activation in an AP-1-dependent manner in the human NP.['7]

2.3. Phase |ll—Severe Degeneration

At a later stage, the disc loses its biomechanical function as a re-
sult of structural alterations. Fissures begin to form in the AF,
causing the NP to extrude, allowing nerve-ingrowth and vascu-
larization in the disc, resulting in discogenic pain.['!

Disc cells and the infiltrating immune cells of CD68+
macrophages, neutrophils and T cells (CD4+ and CD8+), con-
tinue to release cytokines and neurogenic factors including
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nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF). The role of cytokines such as IL-6 at the systemic level
in disc disease has been demonstrated where back pain patients
diagnosed with degenerative disc disease have higher serum cy-
tokine levels. This suggests that such patients have low-grade
systemic inflammation.l'”] In a painful degenerated disc, IL-18
and TNF-a have been shown to upregulate brain-derived neu-
rotrophic factor (BDNF) and nerve growth factor (NGF) in the
degenerated human disc, promoting innervation of small type of
peptidergic nociceptive fibers into the aneural IVD, and vascular-
ization induced by vascular endothelial growth factor (VEGF).[?]
These inflammatory changes together with sensitization of no-
ciceptors, and pain processing neurons provide one explanation
for the development of discogenic pain. However, in clinical prac-
tice these changes are seen almost universally in older patients
many of whom are completely asymptomatic. Interpretation of
scientific data on the structural changes in the disc in the context
of clinical symptoms must be cautious as the relationship is not
simply one of “cause and effect.”

Spinal stenosis, or narrowing of the spinal canal, often results
in back pain as well as leg pain and the source of back pain can be
difficult to determine. Degenerative disc disease results in loss of
disc height which promotes proximal subluxation of the superior
articular process of the facet joint, infolding of the ligamentum
flavum and spinal stenosis. This leads to direct loss of lumbar
lordosis which is then compounded by postural adjustments to
rebalance the spine such as thoracic hyperlordosis and increased
pelvic tilt. These compensatory mechanisms increase the work-
load of the paravertebral muscles leading to fatigue pain. This
pain is typically worse on standing in one position and often re-
lieved by rest. Structural changes in the degenerative disc includ-
ing changes in vascularity and neural ingrowth may also result
in backpain directly, independent of sagittal balance and muscle
fatigue. Standing may also precipitate this pain as the discis then
loaded and relief follows from rest. In all likelihood, back pain as-
sociated with degenerative disc disease is multifactorial resulting
from a combination of pain directly from the disc itself, neural
compression and muscle fatigue due to poor sagittal balance.

While the specific pain generator may be difficult to identify
in any given situation, preservation of disc integrity is likely to
prevent the cascade of events which eventually leads to degener-
ative low back pain. Structural and biological changes in the disc
architecture are probably the initiating events in this degenera-
tive process leading to secondary changes in the facet joints and
dimensions of the spinal canal. The advantages of regenerative
therapies employing biomaterials and tissue engineering are the
preservation of disc health and the initiation of this process to
prevent or at least delay the onset of degenerative low back pain.
This review is focused on these methods.

3. Current Clinical Treatments

Current treatments of LBP consist of a multimodal approach
that includes pharmacological therapies, nonpharmacological
options and surgical interventions.[*!]

Pharmacological therapies have been specified in the guide-
line, with a single or combination of drugs. Medicines that
are regularly prescribed include paracetamol, oral steroids, opi-
oid analgesics, antidepressants, gabapentinoids, and muscle re-
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laxants, in addition to nonsteroidal anti-inflammatory drugs
(NSAIDs).[?2l The high morbidity, mortality and addiction asso-
ciated with opioids have piqued interest in using cannabinoids
to treat LBP.[23] Other pain-relieving modalities, such as epidural
injection, spinal manipulation and acupuncture used universally
in clinical practice due to the lack of effective treatments with at
least anecdotal benefits reported by patients.[?12*] Epidural injec-
tions are performed to treat chronic discogenic pain, adminis-
tered via the lumbar epidural space by multiple routes including
interlaminar, caudal, and transforaminal.l®] A systematic review
study indicated the effectiveness of epidural injections with lo-
cal anesthetics and steroids for the treatment of discogenic low
back pain with radiculitis.[*! Hard evidence supports the use of
injections of glucocorticoids or anesthetic agents into the epidu-
ral space, lumbar discs, lumbar facets, to treat chronic low back
pain patients without radiculopathy.(2¢]

Physical therapy, exercise and manipulation resulted in some
improvement, but little is known as to their effects over the long
term.[®] A Cochrane systematic review of randomized controlled
trials revealed various exercises including strengthening, stretch-
ing exercises, and conventional physical therapy that consists of
hot packs, massage, stretching, flexibility, and coordination ex-
ercises, proved more effective in reducing pain and improving
functional disability, than was achieved by placebo.l?”] None of
the less intensive rehabilitation programs, especially those not
recommended by extensive components of behavioral therapy,
or pain management programs relying on spinal injections and
analgesic drugs, offer clear advantages over usual care for im-
proving functional outcomes.2?]

The surgical management of degenerative disc disease is in-
dicated once conservative management fails, presence of neuro-
logical deficit (i.e., cauda equina syndrome), spinal column de-
formity (i.e., degenerative kyphoscoliosis) or instability of func-
tional spinal unit. Spinal surgery has conventionally worked best
for spinal stenosis or radicular pain. The role of spinal surgery
in spinal stenosis due to degenerative disc disease with symp-
toms of spinal claudication or radiculopathy is well established.
Direct or indirect decompression for spinal stenosis (central or
foraminal stenosis) with or without fusion procedures are com-
mon treatments in spine surgery. Surgical decompression as a
stand-alone technique has shown to be effective, especially with
the introduction of minimally invasive procedures using numer-
ous endoscopic systems.

Percutaneous minimally invasive procedures targeted to the
intervertebral disc per se such as intradiscal steroids, and in-
tradiscal thermal ablation using radiofrequency or laser devices
have been advocated for the treatment of discogenic back pain.
Annuloplasty is a procedure targeted to the annulus fibrosus
(i-e., high intensity zone on MRI) by using electrothermal and
radiofrequency ablation. The procedure can be adjunct to per-
cutaneous lumbar discectomy. Procedures to alleviate discogenic
pain such as intradiscal electrothermal therapy (IDET) modifies
the collagen architecture of the disc making it thicker, and caus-
ing it to contract and decreasing its ability to revascularize.l*’]
IDET also destroys (coagulates) the nociceptors within the an-
nular region, thus inhibiting transmission of nociceptive input
chemically or mechanically, thereby alleviating pain.[*”] Percuta-
neous disc decompression includes laser discectomy, radiofre-
quency ablation, mechanical disc decompression and manual
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percutaneous lumbar discectomy. The common laser (Clarus
Medical) for the lumbar spine is holmium:yttrium-aluminium-
garnet (Ho:YAG). The others are potassium-titanyl-phosphate
and neodymium (Nd:YAG) laser. A percutaneous nucleotomy us-
ing cannulas aims to decrease intradiscal pressure to reduce irri-
tation of the nerve root and the nociceptive receptors in the AF.
Then, the use of cannulas reduces the risk of nerve injury, facili-
tates removal of the NP with an all-in-one suction cutting device,
and decreases surgical time.l?”! Other devices such as Dekom-
pressor (Stryker Corporation, Kalamazoo, MI, USA) were devel-
oped to remove NP tissue.?l However, the current evidence for
these devices in treating low back pain is equivocal.

Spinal fusion is recommended when there is instability in the
spine due to the pathology or after a decompression treatment.>]
Spinal fusion techniques have evolved over the past century and
various biologic agents have been developed to promote bony
fusion.[3?] Clinical experience has demonstrated that mechanical
back pain often persists despite bony fusion indicating that the
disc is not necessarily the pain source. Far greater attention has
recently been paid to the sagittal balance of the spine when plan-
ning surgical fusion as it has become apparent that the muscle
is often the source of pain. Attaining sagittal balance by fusion
has shown to be beneficial in degenerative spinal disorders.**!
If careful attention is paid to the sagittal balance of the spine,
then interbody fusion and elimination of the disc as a poten-
tial pain generator has been shown to significantly improve low
back pain. A two-year clinical trial revealed pain reduction and a
greater functional improvement among patients who had spinal
fusion surgery compared to patients who had unstructured physi-
cal therapy.** Our clinical study demonstrated that spinal fusion
has been shown to increase the quality of life in patients similar
to healthy populations at similar ages, and patients underwent
large joint replacement surgeries.[*’]

4. Precision Medicine for Disc Tissue Engineering
and Regenerative Therapy

Precision medicine is medical modeling of future advanced tech-
nology that explores the convergence of data sciences, analytic
and medical research, including understanding the molecular ba-
sis of disease through multiomics profiling,***”] which aims to
utilize patient information in developing an individualized treat-
ment plan. In the case of IVD disease, precision medicine helps
in designing targeted therapeutic strategies based on patient-
specific pathogenesis underlying IVD degeneration in the sub-
group of the patient at early, mild to severe degeneration stages.
The multifunctional smart biomaterial could be a key component
of intervention contributing to advanced treatment for IVD re-
generation.

The combinatorial methods of precision medicine and
biomaterial-based tissue engineering would reduce the im-
pact of patient heterogeneity, allowing for more precise patient
stratification!®® at early, mild and severe degeneration toward per-
sonalizing treatment plans.[*”] For example, the biomaterials can
be designed alone in an injectable format to mimic and preserve
the disc’s extracellular matrix tailors to degenerative changes at
the early stage of the disease. Therapeutic small molecules or
drugs can be incorporated into biomaterials to halt the patho-
physiology underlying mild disc degeneration. These biomate-
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Figure 2. Precision medicine approach in IVD tissue engineering and regenerative therapy targeting early to severe IVD degeneration. Molecular profiling
in subgroup of degenerative disc disease patients using genomic or proteomic approaches for patient stratification at early, mild and severe stages.
Understanding patient-specific pathogenesis IVD degeneration underlying discogenic low back pain will lead to identifying therapeutic targets and the
design of biomaterials incorporating with targeted therapeutic molecules or cells tailored to disease severity. The decision of treatment plans through
biomaterial injection alone at an early stage or the combination of biomaterials and therapeutic molecules or cells via the minimally invasive injection
or surgical implantation at an advanced stage improves the treatment efficacy. The schematic was created with BioRender.com.

rials can be delivered through percutaneous minimally invasive
procedures in addition to the current treatments at the early to
mild stages of the disease. Biomaterials can also serve as an ad-
vanced cell delivery system to support the transplantation of cells
such as stem cells to repopulate native cells in mild to severely
degenerated discs associated with lower cellularity. The combi-
nation of biomaterials and cell therapy could be introduced via
the injection through percutaneous minimally invasive proce-
dures or surgical implantation (Figure 2). Spinal fusion surgery
has long been considered a last resort for the advanced treat-
ment of lumbar degenerative discs. Despite the positive clini-
cal outcomes of fusion surgery, adjacent segment disease or de-
generation has been linked to long-term complications of spinal
fusion due to biomechanical changes in the spine. Here, the
proposed biomaterial-based tissue engineering therapy could de-
lay the progression of disc degeneration in preventing repetitive
spinal fusion in patients. Thus, combinatorial approach precision
medicine and biomaterial therapy can prevent this complication
by designing patient-specific artificial disc and fusion devices.
This can be done using additive manufacturing such as 3D print-
ing to personalized biomaterials with the appropriate biome-
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chanical and physicochemical properties tailoring anatomic fea-
tures of the spine to maintain sagittal balance in patients, aim-
ing to treat severely degenerated discs. Altogether, the proposed
precision biomaterial-based tissue engineering strategy tailoring
severity of degenerative disc disease aims to provide a regen-
erative effect at early, mild and severe disc degeneration. This
would enhance the treatment’s efficacy, delaying the progression
of the disease, preventing the surgical complications and improv-
ing quality of life in patients.

Currently, the standard spinal magnetic resonance imaging
(MRI) has been advocated for diagnosis and is used to classify
IVD degeneration in patients. The Pfirrmann classification into
five grades (grade I to grade V) adopted T2-weighted MRI to indi-
cate pathological changes in the disc, including structural homo-
geneity, the distinction of AF and NP, signal intensity, and disc
height!*” (Figure 3a). The grade I is indicated by MRI homoge-
neous and bright white structure of the disc, clear distinction of
the AF and NP; signal intensity is hyperintense and isointense to
cerebrospinal fluid (CSF) and normal disc height. The grade II
disc is identified by MRI inhomogeneous with or without hori-
zontal bands of the disc, clear distinction of the AF and NP, signal
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Figure 3. Classification system for IVD degeneration based on MRI pathological features. a) Pfirrmann grading system for the assessment of lumbar disc
degeneration. Reproduced with permission.[“?] Copyright 2001, Lippincott Williams & Wilkins, Inc. A) Grade I: The structure of the disc is homogeneous,
with a bright hyperintense white signal intensity and a normal disc height. B) Grade II: The structure of the disc is inhomogeneous, with a hyperintense
white signal. The distinction between nucleus and annulus is clear, and the disc height is normal, with or without horizontal gray bands. C) Grade IlI:
The structure of the disc is inhomogeneous, with intermediate gray signal intensity. The distinction between nucleus and annulus is unclear, and the
disc height is normal or slightly decreased. D) Grade IV: The structure of the disc is inhomogeneous, with a hypointense dark gray signal intensity.
The distinction between nucleus and annulus is lost, and the disc height is normal or moderately decreased. E) Grade V: The structure of the disc is
homogeneous, with hypointense black signal intensity. The distinction between nucleus and annulus is lost, and the disc space is collapsed. Grading
is performed on T2-weighted midsagittal (repetition time 5000 msec/echo time 130 msec) fast spin-echo images. b) Modified Pfirrmann grading sys-
tem for lumbar disc degeneration. Image reference panel shows increasing severity of disc degeneration. Reproduced with permission.[*!l Copyright
2007, Lippincott Williams & Wilkins, Inc. ¢) Modic changes. Reproduced with permission.[**] Modic type | change: hyperintense on T2WI (A arrow),
hypointense on TIWI (B arrow) at inferior endplate of L4. Modic type Il change: hyperintense on T2WI (C upper arrows), hyperintense on TIWI (D upper
arrows) at superior endplate of L3. Modic type Ill change: hypointense on T2WI (C inferior arrows), hypointense on TIWI (D inferior arrow) at superior
endplate of L4. Permission of figures adaptation from.[4041:43]

intensity is hyperintense and isointense to CSF, and normal disc
height. The grade III disc is identified with MRI inhomogeneous
and gray structure of the disc, the unclear distinction between AF
and NP, signal intensity is intermediate and normal to slightly de-
creased of disc height. The grade IV discis indicated with MRI in-
homogeneous and gray to the black structure of the disc, lost the
distinction of the AF and NP, signal intensity is intermediate and
normal to moderately decreased disc height. The grade IV disc is
classified with the MRI inhomogeneous and black structure of
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the disc, the lost distinction between AF and NP, signal inten-
sity is hypointense, and collapsed disc height.**! The Pfirrmann
system was then modified by Griffith et al. for classification into
eight grades (grade I to grade 8) of lumbar disc degeneration by
including signal intensity from NP and inner AF, the distinction
between inner and outer fibers of AF at the posterior aspect of
the disc, and the disc height.[*!] Grade 1 is indicated by MRI sig-
nal intensity uniformly hyperintense and equal to CSF, distinct
between inner and outer fibers of AF, and normal disc height.
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Grade 2 is classified when MRI is hyperintense (>presacral fat
and <CSF) + hypointense intranuclear cleft, distinct between in-
ner and outer lamellae of AF, and disc height is normal. Grade
3 is identified as MRI hyperintense though <presacral fat, dis-
tinct between inner and outer fibers of AF, and normal disc
height. Grade 4 is classified when MRI showed mildly hyperin-
tense (slightly >outer AF fibers), indistinct between inner and
outer AF fibers, and normal disc height. The MRI hypointense
on NP and inner AF, and indistinct between inner and outer
AF are the classification features for the grades 6 to 8, neverthe-
less, normal disc height is indicated for grade 5, <30% reduction
of disc height for grade 6, 30-60% reduction of disc height for
grade 7 and >60% reduction of disc height for grade 8! (Fig-
ure 3b). However, the conventional T2-weighted MRI and these
classification systems are limited for detecting advanced disc de-
generation, not at the early stage of degeneration. Therefore, the
T1p relaxation time of MRI mapped on NP and AF was utilized
in asymptomatic degenerative disc disease patients for quantita-
tive measurement of biochemical changes correlated to interac-
tions between macromolecules of ECM and water, which is as-
sociated with loss of ECM content such as proteoglycan, mainly
to detect early IVD degeneration. A decreasing trend in T1p val-
ues has been indicated from the grade I to the grade IV of the
Pfirrmann classification.[*?] Modic classification was also used for
clinical assessment to describe the signal changes on MRI in
the vertebral body adjacent to the endplates in addition to IVD
degeneration.I*] Modic changes on a vertebral endplate are sig-
nificantly correlated with intervertebral disc degeneration. Type
0is indicated by the normal signal of the endplate. Type I is iden-
tified by the endplate which shows regions that are hypointense
on T1WI and hyperintense on T2WI. Type II is indicated by the
endplate which shows regions that are hyperintense on TIWI and
isointense or hyperintense on T2WI, but the signal changes are
less marked than those for type I. Type I11 is identified by the end-
plate which shows hypointense regions on both TITWI and T2WI.
The degeneration of the endplates is classified into four grades
based on Modic changes: type 0 is grade 1, type 1 is grade 2, type
2 is grade 3, and type 3 is grade 4 (Figure 3c).

Besides, macroscopic morphology and histopathological scor-
ing systems have also been established to assess the severity
of IVD degeneration using Thompson classification, new histo-
logical classification and the recently standardized histopathol-
ogy scoring system.*#4° However, these classification sys-
tems have more academic and research than clinical signifi-
cance because they are based on assessing gross morphology and
histopathological changes of the intervertebral disc and cannot
be used on patients. Thompson utilized gross morphology of the
NP, AF, endplate and vertebral body to classify the discs into five
grades. Grade I is indicated by bulging gel of the NP, discrete
fibrous AF lamellae, hyaline and uniformly thick endplate and
margins of the vertebral body are rounded. Grade II is indicated
by white fibrous tissue peripherally found in NP, mucinous ma-
terials between AF lamellae, the irregular thickness of endplate
and rounded margins of the vertebral body are pointed. Grade
IIT is indicated by consolidated fibrous tissue in NP, extensive
mucinous infiltration in AF with loss of annular-nuclear demar-
cation, focal defects in cartilage endplate and early chondrophyte
or osteophytes at vertebral margins. Grade IV is indicated by NP
horizontal clefts parallel to the endplate, focal disruption of AF,
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fibrocartilage extending from subchondral bone with irregular-
ity, and focal sclerosis in the subchondral bone of the endplate
and the vertebral body shows osteophytes less than 2 mm. Grade
V is identified by a cleft extending through the NP and AF, dif-
fuse sclerosis of the endplate and the vertebral body shows osteo-
phytes greater than 2 mm.[**]

The advancement of the radiological approach in classifying
disease severity with a biomarker or molecular profiling can
improve diagnosis of degenerative disc disease. The establish-
ment of disease classifications combined with molecular profil-
ing can correlate the underlying pathology severity of IVD degen-
eration systemically and locally at early, mild, and severe stages.
These biomarkers can be utilized as a prognosis tool, revealing
valuable information about overall potential outcomes and pro-
viding information about the likelihood of treatment response.
This information can aid in the optimization of final therapy
selections.[*’*8] The molecular profiling from degenerative discs
at distinct severity levels of the disease will lead to the identifi-
cation of key target markers associated with dysregulated signal-
ing pathways underlying pathophysiology of disc degeneration.
This can be useful for diagnostic measurement to be associated
with patient’s symptom (i.e., pain) and disease phenotype at early,
mild and severe grades with the aid of MRI imaging. For exam-
ple, target inflammatory mediators are key determinants of disc
degeneration and pain mechanisms. The genome profiling of hu-
man discs has indicated upregulation of pain-related markers, in-
cluding bradykinin receptor B1, calcitonin gene-related peptide
(CGRP), catechol-0-methyltransferase, and nerve growth factor
(NGF) in grades IV-V degenerated discs in comparison to grade
I-111 discs.[*] Cytokine profiling revealed a higher serum level of
IL-6 was found in LBP patients with lumbar disc disease.l' A re-
cent study reported a correlation of whole blood C-C chemokine
receptor 6 and IL-6 gene expression levels in patients diagnosed
with lumbar disc disease.¥] Robust increasing of local inflamma-
tory cytokines and catabolic enzymes (MMPs and ADAMTS) has
been shown to mediate IVD degeneration.['!] Our recent study
has revealed an altered glycosylation in grade V human degen-
erative disc, which was characterized by increased expression of
sialylated and fucosylated N-glycosylation motifs, might play a
role in inflammation and disease progression.**! Hydration is
another important hallmark of IVD degeneration. A spatiotem-
poral proteome profiling of the human discs revealed the deple-
tion of matrisome proteins associated with loss of tissue hydra-
tion in the aged discs.5!] The phenotypic study of notochordal
and progenitor markers of the IVDs is also essential to elucidate
the microenvironment and heterogeneous population in AF and
NP cells.l?]

Overall, identifying target markers from profiling study of the
IVD degeneration at early, mild and severe stages will give an
idea of designing and developing the next generation of patient-
specific biomaterial-based tissue engineering therapy, which can
be tailored to the severity of the IVD degeneration. For exam-
ple, biomaterials can be designed to mimic the microenviron-
ment of the NP or AF based on the study of ECM profiling in
healthy NP and AF tissue. The information of ECM profiling (i.e.,
molecules, proteins and glycans composition) is valuable for se-
lecting type of biomaterials to be developed toward an optimal
and conducive microenvironment of the IVD. The optimal bio-
materials are also essential in supporting transplantation of cells
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(stem cells, AF/NP-like cells or notochordal-like cells) to preserve
AF and NP phenotype for long-term efficacy. Biomaterials can
also be functionalized in more personalized manner with small
molecule or inhibitor or drug to tailor the key determinants un-
derlying pathogenesis early, mild and severe disc degeneration.
Finally, research into identification of target markers from profil-
ing study of healthy and subgroup of IVD degeneration at early,
mild, and severe stages are necessary to improve understand-
ing of IVD homeostasis and patient-specific pathophysiology of
the disease, which lead to the development of patient-specific
biomaterial-based tissue engineering therapy.

5. Rationale Precision Biomaterial-Based Tissue
Engineering Targeting Severity of the Intervertebral
Disc Degeneration

The future direction of the biomaterial approach in tissue engi-
neering lies in designing biomaterial-based tissue engineering
tailored to the severity stages of the IVD degeneration to enhance
the efficacy of the treatment. The clinical success of therapy is de-
termined by the relief of pain and disability in patients. Herein,
precision biomaterial-based tissue engineering aims to address
the pathogenesis underlying IVD degeneration at early, mild and
severe stages of the disease. This information will be used for
the development of patient-specific biomaterials and tissue en-
gineering strategy to halt the disease progression, promote tis-
sue regeneration and relieve the symptom, i.e., discogenic low
back pain. Excellent biocompatibility, biodegradability, sufficient
biomechanical properties, and a chemical or structural architec-
ture that allows the diffusion of metabolites, nutrients, and reg-
ulatory molecules inside and outside cells, are all key require-
ments for the selecting for IVD tissue engineering. the capacity
of the biomaterials to respond to the host-environment, maintain
disc phenotype, attain tissue biochemical homeostasis and pro-
mote ECM deposition for anatomical tissue repair, thus provid-
ing functional mechanical support.>3] Table 1 summarizes the ra-
tionale of personalized biomaterial-based tissue engineering for
IVD regeneration, targeting early to mild and mild to severe IVD
degeneration.

5.1. Early Intervertebral Disc Degeneration

The early stage of IVD degeneration is mediated by an im-
balance of ECM biosynthesis that leads to cellular physiology
changes toward senescent phenotype, low cellularity, NP pheno-
type changes and inflammation in the IVD. Designing a biomate-
rial by creating IVD specific matrices using ECM-based biomate-
rials in mimicking microenvironment of the IVD to maintain cel-
lular phenotype, and promote cell-ECM interaction in regulating
cellular functions, cytoskeletal organization and ECM biosynthe-
sis in the early IVD degeneration, thus preventing mild degener-
ation.

5.1.1. Creating IVD-Specific Matrices to Maintain Cellular
Phenotype

The  ECM-based  biomaterials, including xenograft
biomaterialsl®**] and ECM mimetics, are the most promis-
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ing strategy to develop IVD matrices due to their excellent
cytocompatibility, low immunogenicity, and tunable mechanical
properties.>®] Biomaterials that are natural, semisynthetic, or
synthetic are commonly employed to create ECM mimetics. Nat-
ural biomaterials such as collagen,®’] hyaluronic acid (HA),®!
and among others have been developed with tunable macro-
molecule compositions and concentrations to provide instructive
biochemical cues toward a desired cellular phenotype. The ECM
macromolecules provide physical scaffolds to mimic the IVD
niche and regulate cellular functions, including growth, migra-
tion, survival, and homeostasis, thereby maintaining cellular
phenotype.>®) Because of the avascular and low cell density
nature of the IVD, ECM-based biomaterials in hydrogel form
become the most favorable platform to create 3D scaffolds while
retaining their biological properties. For example, microencap-
sulation of NP cells in the 3D microspheres system of collagen I
demonstrated a round morphology of NP cells that maintained
NP phenotypic markers of type II collagen and cytokeratin-
19.[601 A collagen 11 hydrogel has increased cell viability without
affecting the NP phenotype.[®!] Other natural biomaterials are
chitosan,[®?] gelatin,[®3] alginate,!®] gellan gum,[®*) fibrin,65:66]
and silk fibroin!’! that has been used to create IVD matrices.
Semisynthetic biomaterial such as poly(N-isopropylacrylamide
(pNIPAM) grafted with HA to form a thermoresponsive hydro-
gel that has been found to support human mesenchymal stem
cells (hMSC) differentiated toward IVD phenotype, including
collagen type II (COLII), SOX9, cytokeratin-19, CD24, and fork-
head box protein (FOXF1).[8] Semisynthetic biomaterials such
as fibrin and poly(lactic-co-glycolic acid) (PLGA) scaffold has
provided a 3D microenvironment for AF and NP cells to develop
cells cluster morphology, maintain cellular phenotype of type
IT collagen and aggrecan, with a higher cell proliferation and
proteoglycan-rich matrix and glycosaminoglycan (GAG) content
over 14 days in culture.® In contrast, synthetic biomaterials
adopt a “bottom-up” approach to mimic natural ECM.[°] For
example, laminin-111 functionalized PEG hydrogel has demon-
strated higher cell survival postinjection in the IVD explant
model.l”"]

5.1.2. Cell-ECM |Interaction for the Regulation of Cellular Functions,
Cytoskeletal Organization, and Extracellular Matrix Biosynthesis

The ECM-based biomaterials provide a conducive microenviron-
ment for cells to regulate theirs functions include viability, prolif-
eration, adhesion, and the synthesis of ECM proteins and other
macromolecules, which influence multiple signaling pathways
and provide protection from the hostile local injection or im-
plantation environments.[**] The cell-ECM interaction has evi-
dently dictated cell morphology, survival, differentiation, prolifer-
ation, ECM biosynthesis through cell surface receptor-mediated
signaling.”!! For example, the HA acts as a signaling molecule
to bind with cell surface receptors, including CD44, the recep-
tor for hyaluronan mediated motility (RHAMM), and the HA-
binding PG versican to regulate cytoskeletal organization, cell
adhesion, and cell migration.[”?! Collagen is another example of
an ECM macromolecule that regulates the expression of inte-
grin receptors via the outside-in signaling associated with cy-
toskeleton organization.l”?] It also play a role in cell adhesion
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and migration via interactions with glycoproteins in the extra-
cellular matrix, resulting in cellular differentiation.’* We pre-
viously reported that collagen II microgels supplemented with
HA induced differentiation of adipose-derived stem cells (AD-
SCs) toward NP phenotype, expressing markers of aggrecan, col-
lagen II, and SOX9, while suppressing stress fibers formation
and marker of cell length (ROCK 1), possibly through crosstalk
between integrin a10 and CD44 interactions.”””] Laminins are
ECM glycoproteins comprise of §, a, and y chains that regulate
cell survival, adhesion, differentiation, and migration. A study re-
ported that a series of laminin-mimetic peptide poly(ethylene)
glycol (PEG) hydrogels modulated integrin and syndecan bind-
ing in NP cells, thus promoting ECM biosynthesis!”®! primarily
through integrin @3 mediated interaction with laminin, which
also associated with phosphorylation of signaling molecules of
extracellular-signal-regulated kinase (ERK1/2) and glycogen syn-
thase kinase (GSK3p).l"”]

(1
(112
[(113]

5.2. Mild Intervertebral Disc Degeneration

The IVD degeneration progresses with prolonged depletion of
ECM synthesis, lower cellularity, increased catabolic phenotype,
which modulate multiple cellular signaling toward the inflam-
matory and degenerative niche. Biomaterials can be designed as
an advanced delivery system incorporating therapeutic molecules
to regulate cellular signaling, modulating cellular responses, in-
cluding anticatabolic, antioxidative, anti-inflammatory, and an-
abolic effects for tissue repair. To address the lower cellularity
nature of IVD degeneration, biomaterials can be combined with
cells to recruit endogenous tissue regeneration. Therapeutic bio-
materials can be introduced to target inflammatory signaling-
mediated IVD degeneration, in which inflammation is the pri-
mary indication of IVD degeneration.

Alcian blue and Picosirius red.
Increased uniaxial tensile moduli during in vivo compression of the IVD.

Deposition of sulfated GAG and collagen; a thin interlamellar space by
Matrix deposition and lamellar structure by H&E.

Adjacent vertebral bone remodeling by micro-CT scan.

Chemical composition and structural conformation by FTIR.

Weight loss ratio for enzymatic degradation in protease XIV.

Water uptake ratio in phosphate buffer saline (PBS).

Viscoelastic measurements by dynamic mechanical analysis

Metabolic activity by Alamar Blue, and viability by Live/dead assay.

Cell infiltration by DAPI staining.
Ultrastructure by high-resolution micro-CT.

Disc height by lateral fluoroscopy imaging.
DNA content by PicoGreen.

Elastic modulus under compressive test.

Surface morphology by SEM.

ECM anabolism
Mechanical integrity
Disc height

Stability

ECM anabolism

Cell infiltration
Anatomical restoration
Physicochemical properties
Stability

Hydration

Mechanical property
Microstructure
Proliferation

Viability

5.2.1. Therapeutic Molecules to Regulate Cellular Responses for
Tissue Repair

Recent advancement of biomaterials as a delivery system has pro-
vided a broad range of benefits in tissue engineering and regen-
erative medicine.[”®! Biomaterials can transport exogenous ther-
apeutic molecules, including growth factors (PDGF, FGF, IGF-I,
and TGE-p1),79808L82] cellular regulator, drug or inhibitor (anti-
TNFa, I1-1ra, celecoxib, rapamycin, NF-xB decoy)!838+88%] from
the cargo to the target site specifically to regulate cellular signal-
ing, thereby dictating cellular responses, including anticatabolic,
antioxidative, antiapoptotic, anti-inflammatory, and anabolic ef-
fects for IVD regeneration.[®’] This delivery system provides sus-
tained release of the therapeutic molecules over time for a long-
term efficacy. For example, gelatin microparticles coloaded with
TGEF-f3 and ECM protein matrilin 3 enabled slow release of these
factors over 15 days, which had shown upregulation of chon-
drogenic markers in adipose-derived mesenchymal stem cells
(ADSCs) for anabolic effects (SOX9, aggrecan, collagen II) in
vitro and promoted tissue repair on ECM deposition of colla-
gen II and hydration in the IVD at 8 week in vivo study.®®! In-
flammation has been associated with increased reactive oxygen
species (ROS). Antioxidative catalase loaded polymer capsules

of DAPS in rat caudal discs in vivo

construct in vitro

Bovine AF cells in vitro; implantation
scaffold

MSCs seeded between bilayer tissue
Cultured human ADSCs on the

(electrospinning of aligned PCL and
poly(ethylene oxide) (PEO) layers)

laminates (electrospinning
poly(e-caprolactone) (PCL))

Replicate anatomic features of the IVD
scaffold

Hierarchical anisotropic nanofibrous
Disc-like angle-ply structures (DAPS)

3D Silk Fibroin/elastin bioprinted

Table 1. (Continued).
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functionalized with tannic acid prevented oxidative stress in cells
and downregulated catabolic phenotype (MMP-3, ADAMTS-5) in
an in vitro NP inflammation model.!®! Bai et al. reported that
in situ-formed ROS-scavenging scaffold loaded with rapamycin
(Rapa@Gel) has been shown to increase expression of anti-
inflammatory M2-like macrophage phenotype polarization over
M1-like macrophages, decrease local inflammatory microenvi-
ronment, and increase disc height and MRI intensity in degener-
ative caudal disc model, indicating tissue regeneration in vivo.!*!
Recently, we reported that a small molecule of sialyltransferase
inhibitor (3Fax-Peracetyl Neu5Ac;2F-Peracetyl-Fucose) was capa-
ble of modulating cell migration and catabolic enzymes in in-
flamed human NP cells over seven days in culture, which could
be a therapeutic target to inhibit sialylated N-glycosylation that
mediate inflammation in IVD degeneration.!’!

5.2.2. Cell Factories to Promote Endogenous Disc Regeneration

Cell-based therapy aims to repopulate the cellularity of IVD and
promote tissue remodeling through ECM biosynthesis by im-
planted cells, thereby influences native cell’s function. The cells
can be delivered alone or through an injection or implantation
within a biodegradable scaffold. Biomaterials scaffold act as a
cell carrier by providing physical support for cell placement, pro-
moting specific cellular microenvironments, and secreting effi-
cacious factors that target cellular function for regeneration.]
Transplantation of autologous NP or AF cell; exogenous cells in-
cluding allogenic, xenogenic NP or AF cells, multipotent stem
cells, predifferentiated mesenchymal stem cells (MSCs) in vitro;
and endogenous cell stimulation on notochordal cells and MSCs
using growth factors or proteins were widely adopted to replicate
IVD homeostasis for intrinsic tissue regeneration.>?*] For ex-
ample, seeding the NP cells on a tri-copolymer construct of col-
lagen II/HA/chondroitin-6-sulfate has been shown to promote
ECM deposition and increase the disc height index in a rabbit
model of nucleotomy.[**! Mesenchymal progenitor cells (MPCs)
seeded on PEG/HA-based hydrogels incorporated with pentosan
polysulfate (PPS) has demonstrated chondrogenic differentia-
tion, higher cell viability, exhibited a rounded morphology of
cells and increased ECM deposition.I”! Furthermore, an MPC
encapsulated hydrogel revealed good cell viability and promoted
cartilage-like tissue with rounded morphology, increased colla-
gen II depositions in vitro, and did not exhibit any macroscopic
signs of an inflammatory response in a rat subcutaneous implan-
tation model.%]

5.2.3. Attenuation of Inflammation

An increase in inflammation has been associated with painful
discs. Targeting local inflammatory response would be a promis-
ing strategy to prevent pain. Our previous study reported that
a bioengineered collagen II and HA hydrogel revealed inflam-
matory crosstalk on a molecular basis of ECM production, neu-
rotrophins, and suppressor of cytokine signaling in the inflamed
IVD providing an appropriate disease model in vitro to study
disc inflammation.””! In an inflammation model of NP cells,
we reported a therapeutic biomaterial of a PEG crosslinked-HA-
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based hydrogel that has been demonstrated to reduce IL-18 sig-
naling molecules and neurogenic markers, including NGF and
BDNF, potentially through the interaction of CD44.[°! We also
observed a decrease of IL-6 and IL-18 levels in the AF and NP
tissues postimplantation of HA hydrogel in the injured discs
of the rat tail model. A similar trend of systemic inflammatory
markers was decreased in HA hydrogel treatment.””! The HA
hydrogel has also shown to attenuate interferon (IFN-a) signal-
ing molecules, interferon-induced protein with tetratricopeptide
repeats 3 (IFIT3) and proapoptotic insulin-like growth factor-
binding protein-3 (IGFBP3) in the bovine IVD explant model.['%!
Another example, a free radical scavenger, fullerol nanoparticles
has been shown to reduce proinflammatory mediators of IL-6,
IL-1p, PGE2, and cyclooxygenase-2 in TNF-a stimulation of an
in vitro model of mouse.[1%!]

5.3. Severe Intervertebral Disc Degeneration

The IVD structure becomes disorganized, inhomogeneous, and
collapses lead to alteration of IVD biomechanical function. An
increase of neuroinflammation-mediated IVD degeneration has
been implicated with an increase of severity of IVD degenera-
tion. Neuroinflammation is defined as the presence of a neuroin-
flammatory process in the tissue.['?] In the case of IVD, it has
been linked with an increase of proinflammatory cytokines and
neurogenic factors to induce expression of pain-related markers
(i-e., ion channels and neuropeptides) in the IVD and dorsal horn
of spinal cord that contribute to the development of low back
pain.['21911 In particular, a long-term increase of proinflamma-
tory cytokines such as IL-14 has been demonstrated to stimulate
neurotrophins such as NGF and BDNF to promote hyperinner-
vation of nociceptive nerve fibers and peripheral sensitization,
which initiate nociception.!?!

5.3.1. Alleviation of Pain

The next generation of therapeutic biomaterials and function-
alization of biomaterials with analgesic agent can be formu-
lated to target neuroinflammatory responses and nociception in
the discs, in particular, biomaterials can inhibit hyperinnerva-
tion of nociceptive fibers in the NP and AF. These nociceptive
nerve fibers contain neuropeptides originating from the dorsal
root ganglion (DRG), small diameter NGF-sensitive neurons,1%]
which play a critical role in inflammation-induced hyperalgesia.
Thus, attenuation of neuroinflammation will inhibit hyperinner-
vation of nociceptive nerve fibers, suppressing peripheral sen-
sitization of ion channels such as voltage-gated sodium chan-
nels, transient receptor potential cation channel (TRP) chan-
nels, receptor tyrosine kinases (RTK), G protein coupled recep-
tors, acid-sensitive ion channels (ASIC), resulting in blocking
the action potential for nociceptive transduction and transmis-
sion in spinal cord level up to the brain to exhibit the analgesic
effect (Figure 4). In the study of disc pain, a HA hydrogel re-
duced postoperative fibrosis and radicular pain in a rat model
of postlaminectomy.'®" In our recent study, we revealed PEG
crosslinked-HA based hydrogel to prevent inflammatory pain
specifically to alleviate mechanical allodynia and thermal hyper-
algesia in the disc injury model of rats through downregulation

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Schematic inflammatory pain processing and inhibitory target at peripheral and spinal levels through local injection IVD treatment to produce
an antinociceptive effect. a) At peripheral tissue, disc degeneration causes the release of inflammatory and neurogenic mediators (IL-1, IL-6, TNF, IFN,
NGF, and PGE2) by resident cells, including AF and NP cells, macrophages, and mast cells. The inflammatory signaling molecules activate nociceptors
by binding to cell surface receptors or ion channels such as voltage-gated sodium channels, transient receptor potential cation channel (TRP) channels,
receptor tyrosine kinases (RTK), G protein coupled receptors, acid-sensitive ion channels (ASIC) on first-order neurons, thus initiating membrane
depolarization for transmitting action potentials to the spinal cord. b) Action potentials are transmitted along nociceptive fibers in the DRG to the
presynaptic neurons in the dorsal horn. Prolonged noxious stimulation activates C and A$ fibers to release excitatory neurotransmitters (glutamate,
substance P, CGRP, and BDNF) onto synapses in lamina | of the dorsal horn to mediate central sensitization through NMDA glutamate receptors or
TrkB receptor. This neurotransmission can increase intracellular calcium to activate calcium-dependent signaling pathways and second messengers
(c-Fos, MAPK, and protein kinase), increasing the excitability of the postsynaptic neurons to transmit pain to the brain. c) The axons of second-order
neurons decussate at the spinal cord and anterolaterally project to the thalamic nuclei and brainstem. The third-order neurons project to several cortical
regions encodes for sensory-discriminative aspects of pain. Overall, the inhibition of nociceptive transduction at peripheral tissue will suppress persistent
noxious stimulation at the spinal level to inhibit excitatory glutamatergic and peptidergic neurotransmissions up to supra-spinal level, thereby producing
an antinociceptive effect. The schematic was created with BioRender.com.

Spinal cord

of hyperinnervation (GAP43, CGRP and TrkA) and nociception
(TRPV1, c-Fos, and substance P).[**) We also found that injecting
PEG-crosslinked HA-based hydrogel into the punctured discs at
the lumbar discs reduced inflammation, and sensory innervation
(PGP9.5), thus halting the progression of IVD degeneration in a
rabbit model.'%!

5.3.2. Support Disc’s Mechanical Properties

Fine tuning of the macromolecular composition of biomaterials
for viscoelasticity, injectability or implantability, and physical or
functional stability are key elements that affect the biomechan-
ical properties of the formed network support the disc’s func-
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tion mechanically. A hydrogel scaffold becomes the most promis-
ing results in IVD repair since the native NP tissue is composed
of a highly hydrated ECM. The unique physicochemical prop-
erty of glycosaminoglycan (GAG), particularly HA, to absorb a
large amount of water molecules has made it a favored choice of
material for restoring disc hydration. For example, an injectable
glutamine- and serine-based peptides self-assembling in situ hy-
drogels enriched with GAG chondroitin sulfate exhibited higher
gelation kinetics and thermodynamic stability to improve stiff-
ness following compressive loading in denucleated IVD bovine
ex vivo model.l'%] A HA/gelatin hydrogel exhibited higher vis-
coelastic properties (11-14 kPa) under a complex shear modulus
as similar to native NP behavior (11.3 kPa).'””l An enzymatically
crosslinked PEG/HA hydrogel displayed a higher storage modu-
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lus ranging from 5.55 to 5.46 kPa and exhibited predominantly
elastic behavior over three months.['%] Posttreatment of electro-
spun polycaprolactone (PCL) scaffold and fibrin—genipin (Fib-
Gen) adhesive hydrogel exhibited higher minimum strain than
the intact disc in an endplate delamination injury model for AF
repair.[1%]

5.3.3. Replicate Anatomic Features of the Intervertebral Disc

The successful strategy to engineer AF or NP replacement re-
lies on the biomaterial selection and their assembling into the
anatomic architecture of the load-bearing IVD.[''%] For example,
the concentric ring of AF has a unique angle-ply microstructure
that provides higher mechanical property in the IVD. Mainly, an
aligned nanofibrous scaffold was fabricated as a single lamellar
by electrospinning poly(e-caprolactone) (PCL) and seeded with
MSCs over 2 weeks in culture before being coupled into bi-
layers in an orientation either parallel (+30°/430°) or oppos-
ing (+30°/—30°). The scaffold has demonstrated to promote sul-
fated GAG and collagen deposition that replicated the direction
of angle-ply and multilamellae of AF, thus providing higher uni-
axial tensile moduli.'' In combination with the external fixation
system, the nanofibrous disc-like angle-ply (DAPS) was tested in
the rat tail model that increased disc height and histologically
demonstrated minimal superficial adjacent vertebral bone depo-
sition and lamellar structure.['!2] Another personalized approach
for IVD tissue engineering is 3D printing, an emerging rapid pro-
totyping technology precisely tuning the architecture of tissue-
engineered scaffold using biomaterials for disc replacement. For
example, silk fibroin hydrogel combined with elastin have been
used for 3D printing to develop the patient-specific AF implants
in mimicking the anatomic features and mechanical properties
of native AF, which demonstrated higher cell viability and prolif-
eration in vitro.[113]

6. Ongoing and Concluded Therapeutic Clinical
Trials

In recent years, there has been an increased interest in the
paradigm shift from spinal surgeries toward biological thera-
pies that promise to restore disc anatomy and function. These
emerging concepts are underpinned by the potential of bioengi-
neered therapies to induce multitissue regeneration processes
even at mechanically challenging sites such as the spinal col-
umn. Many of the scientific analyses performed over the past
two decades have identified key signaling pathways as well as
candidate biomolecules and pluripotent cells that could be of
therapeutic interest. Nevertheless, questions remain as to how
many preclinical studies reported are reproducible in patients.
Indeed, given the plethora of research work focusing on biolog-
ical therapies to restore the disc anatomy and mechanical prop-
erties, only a handful of bioengineered treatments are currently
undergoing clinical trials, as revealed by a search of the websites
www.ClinicalTrials.gov. Of the fifteen clinical trials reported so
far (Table 2), eight studies involve the implantation of cells.

In contrast, four studies involved the intradiscal application
of a growth factor of recombinant human growth/differentiation
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factor 5 (thGDF-5), and one study used platelet-rich plasma to
induce disc regeneration. One study involved intradiscal injec-
tion of 7-amino acid peptide in inhibiting TGFf1-induced NGF
expression, and one study has finished trials for intradiscal in-
jection of corticoids. Of the eight studies of cell implantation,
three have focused on the potential of adipose tissue-derived au-
tologous stem/stromal cells with HA derivative (NCT02338271)
and without biomaterials (NCT01643681, NCT02097862). Two
studies are testing the use of either autologous disc chondro-
cytes (NCT01640457) or allogenic juvenile cultured chondrocytes
(NCT01771471) with fibrin, respectively, to promote disc tissue
repair. Three trials evaluate allogeneic mesenchymal precursor
cells with the carrier of HA (NCT01290367, NCT02412735) and
mesenchymal stromal cells without a carrier (NCT01860417).

7. Clinical Perspective and Future Directions

Current experimental models of biomaterials and tissue engi-
neering therapy have revealed efficacy to maintain disc pheno-
type, regulate cellular functions (viability, proliferation, differen-
tiation, and cell adhesion) and extracellular matrix organization
and secretome through multiple signaling pathways, promote tis-
sue regeneration and therapeutic responses (antioxidative and
anticatabolic), attenuation of inflammation and nociception as
well as mechanical support, especially in animal studies. How-
ever, evidence of therapeutic success is still limited in human tri-
als. The primary outcomes of biomaterials and tissue engineer-
ing in clinical studies should focus on the treatment-emergent
adverse events, improvement of disc height index, disc volume-
try and signal intensity, improvement of visual analogue scale for
LBP and quality of life evolution in patients. Other parameters are
vital signs, physical examination and clinical laboratory analysis,
including key biomarkers for disc phenotype, inflammation and
pain.

The main challenge in the clinical fields is that decision mak-
ing is mainly guided by the patient history of pain and disability
with clinical signs in addition to radiological imaging, including
MRI. This idea leads to the concept of inflammation that con-
tributes to disc-related back pain. Current strategies aim to de-
velop the technology by focusing on biological targets (including
inflammation), laying the groundwork for better diagnosis. Be-
sides improving MRI imaging analysis, it may also necessitate
biomarker testing to understand biochemical cues underlying
the structural and functional state of the degenerative disc. Per-
sonalized biomaterial-based tissue engineering approaches are
tailored to regenerate the degenerated disc with the prospect of
enhancing the future management of LBP with more a favor-
able outcome compared to the current therapeutic armamentar-
ium. Furthermore, personalized treatments will be possible with
a precise diagnosis. It is time to translate the basic science of
biologic-mechanistic IVD into effective therapeutics capable of
alleviating the discogenic LBP in patients suffering from IVD
degeneration.[14]

The immediate future, therefore, lies in the ability of the scien-
tific community to achieve one or all of the following four: 1) to
prepare a “fertile ground” using biomaterials for the survival of
remaining disc cell populations to improve functionality in situ;
and 2) to fine-tune the functions of biomaterials to recruit spe-
cific cell populations that would produce therapeutic factors at
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efficacious doses to rescue degenerated disc tissues; 3) to elu-
cidate long-term efficacy of biomaterials and its mechanism of
actions to promote disc regeneration and alleviate inflammation
and pain; 4) to personalize biomaterial-based tissue engineering
tailor to the severity of the IVD degeneration targeting discogenic
LBP.

8. Conclusions

The comprehensive understanding of the pathology of IVD de-
generation from cellular and tissue levels, biochemical and ECM
alterations, and molecular pathways underlying early, mild, and
advanced disease stages will offer future opportunities to develop
efficacious therapeutics that are essential for developing clini-
cally appropriate strategies for IVD degeneration targeting disco-
genic LBP. Biomaterial-based tissue engineering strategies have
demonstrated efficacy in regulating local tissue responses, main-
taining disc phenotype, attaining tissue biochemical homeosta-
sis, and promoting anatomical tissue repair in preclinical mod-
els. However, despite intensive research efforts focused on bio-
logical therapies to prevent the advanced stages of IVD degen-
eration, only a handful of bioengineered therapies are currently
undergoing open clinical trials. The lack of clinical evidence to
date to support these therapies to date is likely to reflect the rel-
atively short term follow up in a process that takes decades to
evolve. It may well be that the secondary effects of degenerative
disc disease such as spinal stenosis and muscle fatigue produced
by loss of lumbar lordosis and sagittal balance of the spine are
responsible for more pain than the structural changes in the disc
themselves. If this is the case, then the clinical effect of advances
to prevent disc degeneration will only be evident in studies de-
signed to assess the development of these secondary effects. In-
variable this will require long-term follow-up.
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