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Abstract: This Special Issue on intervertebral disc (IVD) regeneration focuses on novel advances in
understanding the cell sources and culture conditions of various cell types, i.e., progenitor and IVD
cells. The issue consists of seven articles that provide a comprehensive overview of recently applied
research insights: (1) into how IVD herniation can be provoked in a controlled in vitro biomechanical
testing set-up, (2) how cells can be used for IVD repair, (3) the physiological conditions of IVD cells
and (4) how hyaluronic acid could be used for IVD repair, and (5) how nucleus pulposus progenitor
cells (NPPCs) and mesenchymal stromal cells (MSCs) shall be cultured and expanded towards a
possible cell therapy.

Keywords: biomaterials; tissue engineering; progenitor cells; cell therapy; biomechanics; lumbar
disc herniation; GDF5; GDF6; TGFβ; nucleus pulposus progenitor cells (NPPC); losartanon

1. Introduction

Current approaches to regenerate the entire IVD or parts of IVDs are not very suc-
cessful. Lower back pain (LBP) is a dominant medical problem that affects billions of
people worldwide, yet no cure is in close sight. Orthopedic surgery often removes the
affected motional segment by so-called “discectomy” and tries to fuse the two adjacent
segments to achieve stability, possibly removing the LBP. However, tissue-engineered
solutions have been developed to target a biological and, hopefully, more physiological
solution to the problem. This Special Issue provides a cross-disciplinary section of “applied
science” in this field of biomedical research ranging from biomechanics [1], biomaterials
such as hyaluronic acid (HA) [2], and cell physiology [3] to in vitro cell culture studies on
how cell phenotypes should be directed towards more IVD-like cells [4–6]. Traditionally,
three tissue types are distinguished of the IVD, i.e., the nucleus pulposus (NP), the annulus
fibrosus (AF), and the cartilaginous endplates (CEP) [7]. Thus, the articles partially focus
on the generation of in vitro NP cells and how to provide a micro-environment for these [2].
In addition, an innovative approach is presented regarding how Angiotensin II Type 1
Receptor Antagonist “Losartanon” could be used to partially reverse inflammation caused
by tumor necrosis factor alpha (TNFα) [4].

2. Highlights on the Studies Published in the Present Special Issue: Intervertebral
Disc Regeneration

The first highlight to mention is the valuable contribution of the group of Prof. Hans-
Joachim Wilke and his team on how the process of lumbar disc herniation can be provoked
using in vitro biomechanical testing protocols [1]. Wilke et al. (1999) [8] provided essential
knowledge on the in vivo physiological loading patterns in human IVDs following the first
observations by Nachemson [9] in 1966. In this Special Issue for the first time, a successful
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loading regime is presented that can reproduce the herniation of NP material from the
inner part of the IVD as in the clinical situation [1].

Furthermore, two excellent reviews are presented in this Special Issue: one is on
the usage of HA for the application of IVD regeneration by the group of Prof. Abhay
Pandit [2]. This group is extremely knowledgeable on various aspects of biomaterials for
multiple applications in musculoskeletal regeneration and provides an excellent review
of the studies involving HA for IVD repair. The second review focuses on progress using
many allogeneic progenitor cells for cell therapy in ongoing clinical trials by Prof. Inbo
Han and his team [10]. Furthermore, two studies were published by Prof. Daisuke Sakai
and his team around progenitor cells [5,6]. One manuscript by Sako et al. (2021) [5] reports
an exciting approach how NPPCs can be better kept in culture using specialized spheroid
culture systems. The second study by the same laboratory team then reports on in vitro
screening for the most suitable combination of cytokines to differentiate MSCs towards
NP-like cells [6]. This discussion on how to obtain NP-like cells from progenitors, of course,
already began much earlier and can be read in more detail in many other articles presented
by other research groups, e.g., [11–13]. It was exciting to learn that a combination of growth
and differentiation factor 5 (GDF5) and transforming growth factor beta 1 (TGFβ1) was the
most promising combination towards an NP-like phenotype.
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Abstract: Intervertebral disc (IVD) degeneration is a leading cause of chronic low back pain (LBP)
that results in serious disability and significant economic burden. IVD degeneration alters the disc
structure and spine biomechanics, resulting in subsequent structural changes throughout the spine.
Currently, treatments of chronic LBP due to IVD degeneration include conservative treatments,
such as pain medication and physiotherapy, and surgical treatments, such as removal of herniated
disc without or with spinal fusion. However, none of these treatments can completely restore a
degenerated disc and its function. Thus, although the exact pathogenesis of disc degeneration remains
unclear, there are studies examining the effectiveness of biological approaches, such as growth factor
injection, gene therapy, and cell transplantation, in promoting IVD regeneration. Furthermore, tissue
engineering using a combination of cell transplantation and biomaterials has emerged as a promising
new approach for repair or restoration of degenerated discs. The main purpose of this review was to
provide an overview of the current status of tissue engineering applications for IVD regenerative
therapy by performing literature searches using PubMed. Significant advances in tissue engineering
have opened the door to a new generation of regenerative therapies for the treatment of chronic
discogenic LBP.

Keywords: intervertebral disc (IVD); regeneration; stem cell; biomaterials; scaffolds; tissue engineering

1. Introduction

Intervertebral disc (IVD) degeneration (IVDD) causes chronic low back pain (LBP),
including discogenic back pain, significant health problems, and socioeconomic burden [1].
IVDD-induced discogenic LBP accounts for more than 40% of all LBP cases [2] and is
considered as one of the top global causes of disability-adjusted life years [3].

IVDD is a process leading to loss of proteoglycans (PGs), destruction of the extracellu-
lar matrix (ECM), annular tears, development of disc herniation, and loss of disc height [4].
As a result of these anatomical changes, nerve root compression, spinal canal stenosis,
and facet joint arthritis and hypertrophy can occur and can lead to chronic LBP and/or
radiating leg pain with or without neurological deficits [5]. Moreover, the inflammatory
environment of the degenerative discs and neurite sprouting have been suggested as the
cause of discogenic LBP [6]. Thus, discogenic LBP is associated with complex interactions
between the mechanical aspects of the IVD, inflammation, and the central or peripheral
nervous system [7].

Chronic LBP due to IVDD may be considered for surgical treatments if there is no
response to conservative treatments, such as medication and physical therapy. Surgical
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treatments include discectomy to remove a herniated disc, spinal fusion surgery used to
connect two vertebrae to limit the movement of the spinal motion segment, and artificial
disc replacements designed to restore and maintain range of motion [8,9]. However, spinal
fusion surgery does not restore the previous range of motion and mechanical load-bearing
properties of the IVD. Moreover, spinal fusion can lead to adjacent segment disease, which
is a typical long-term complication after spinal fusion surgery and further indicates disc
herniation, spinal canal stenosis, or spondylosis at levels above or below the index fusion
level [10]. Therefore, alternate biological therapies are needed prior to surgery to slow or
reverse the progression of IVDD, which usually leads to pain and disability.

The mechanical properties of the IVD are critical for proper functioning. In vivo, the
IVD is the load-bearing structure of the spine and is subjected to spinal tension, torsion,
compression, and bending [11]. Anatomically, the normal IVD consists of the following
three parts: (1) the nucleus pulposus (NP), which contains a highly hydrated gel-like matrix
comprising PGs and type II collagen; (2) the annulus fibrosus (AF), which is composed of
lamellae in which parallel type I collagen fibers located within each lamella are aligned
and help the IVD maintain its integrity from bending, stretching, and twisting; and (3)
the end plates (EP), which consist of osseous and two hyaline cartilages [12] (Figure 1).
In recent years, the understanding of IVD development, cell biology, and mechanisms
of IVD degeneration has significantly advanced, enabling the development of biological
approaches for IVD regeneration [4]. Biological approaches include growth factor injection
and gene and cell-based therapies, whereas tissue engineering approaches involve the
restoration of the mechanical and biological properties of the tissue via the addition of
biomaterials to the degenerated disc [13].

Figure 1. Schematic diagram of the intervertebral disc (IVD). (a) sagittal cross-section (b) axial cross-section.

Depending on the stage of IVDD, different treatment strategies for managing IVDD
have been recommended [14]. Initial IVDD shows change in the NP and AF matrices, while
IVDD induces progressive structural changes such as annular fissures, disc herniation,
disc height reduction, and disc space collapse. The Pfirrmann Disc Grading is a useful
scoring tool for evaluating IVDD on MRI T2-weighted images; Grade I: homogeneous
disc with bright high intensity and normal disc height; Grade II: inhomogeneous disc but
high intensity signal, clear distinction between NP and AF, and normal disc height; Grade
III: inhomogeneous disc with an intermittent gray signal intensity, unclear distinction
between NP and AF, and normal or slightly reduced disc height; Grade IV: inhomogeneous
disc with low intensity dark gray signal intensity, no more distinction between the NP
and AF, and slightly or moderately decreased disc height; Grade V: inhomogeneous disc
with a hypointense black signal intensity, no more distinction between the nucleus and
annulus, and collapsed disc space [15]. For severe nerve compression due to herniated disc
and disc space collapse (Pfirrmann grades IV and V), surgical removal of herniated disc

6



Appl. Sci. 2021, 11, 1919

and/or spinal fusion surgery are required. However, patients with discogenic LBP due
to Pfirrmann grade II and III IVDD may receive regenerative molecular therapies such as
growth factors, genes, and cell therapy with or without biomaterials. In addition, tissue
engineered NP and AF could be applied for patients with Pfirrmann grades IV and V.

The aim of this review was to provide an overview of the current status of tissue
engineering applications for the treatment of IVD regeneration. To obtain an overview of
the current tissue engineering strategies utilized for the repair of degenerated discs, we
conducted a literature search using PubMed (https://pubmed.ncbi.nlm.nih.gov/, from 1
January 2000 and 1 December 2020) and the following key words: “intervertebral disc”,
“regeneration”, “stem cells”, “biomaterials”, and “tissue engineering”.

2. Biological Approaches

2.1. Molecular Therapies
2.1.1. Growth Factors

In the early stages of IVDD, growth factor injection may rebalance the anabolic and
catabolic pathways in the degenerative cascade [16]. Degenerated discs have been reported
to be repaired by intradiscal injection of growth factors, including insulin-like growth
factor-1(IGF-1), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF or
FGF2), transforming growth factor-β (TGF-β), bone morphogenetic protein-2 (BMP-2),
BMP-7 (osteogenic protein-1; OP-1), and growth and differentiation factor-5 (GDF-5) by
promoting cell proliferation and matrix synthesis in experimental models [17–19]. The
mitogenic potential of human NP and AF cells can be stimulated by platelet-derived growth
factor (PDGF), bFGF, and IGF-1 [20,21]. PDGF, a known angiogenic growth factor, has been
shown to inhibit IVD cell apoptosis and promote anabolic gene expression [22]. In several
animal experiments, intradiscal injection of BMP-7 has shown improvements in the disc
height and NP proteoglycan content [23,24]. GDF-5, also known as BMP-14, is another
anabolic protein that promotes cell proliferation and proteoglycan synthesis in degenerated
discs [18]. Similar to BMP-7, many animal studies of intradiscal injection of GDF-5 have
shown improved disc height, cell proliferation, and matrix synthesis [25,26]. Despite their
efficacy, there are many concerns surrounding the clinical use of recombinant growth
factors due to their short half-life, limited stability, high cost, and problems associated with
binding large molecules to polymers [27]. Thus, the right carrier is a matter to consider.
In recent years, the use of biodegradable microspheres for controlled local drug delivery
has become a valuable approach to overcome the drawbacks of growth factors. Yan et al.
demonstrated that injection of GDF-5 loaded into poly(lactic-co-glycolic acid) (PLGA)
microspheres could improve regenerative efficacy of GDF-5 in a rat model [28].

2.1.2. Gene Therapy

A strategy to overcome the short half-life limitation of growth factors is to provide
a sustained supply of growth factors within the IVD [29]. The therapeutic effect of gene
therapy is based on the induction of target gene upregulation or downregulation. These
genes are transferred using viral or non-viral vectors, which are either directly injected
into the degenerated discs or transduced into cells [16]. Another strategy used for in-
tradiscal gene therapy is gene expression downregulation, which is detrimental to the
physiological balance of the disc and may, thus, lead to IVDD [16]. Hence, if gene therapy
is performed properly, it can provide many benefits, including a more sustained target gene
expression and long-term biological effects. Promising targets for gene therapy include
both anabolic regulators, such as TGF-β, latent membrane protein 1(LMP-1), and SOX-9,
and anticatabolic regulators, such as anti-ADAMTS (a disintegrin and metalloproteinase
with thrombospondin motifs)-5, and TIMP (tissue inhibitor of metalloproteinases)-1 [13].
In terms of non-virus vector-mediated gene transfer, ultrasound targeted microbubble
transfection method has been reported to improve the transfection efficiency of plasmid
DNA in NP cells, and polyplex micelles made from a vector carrying miRNA-25-3p were
used in an IVDD rat model [30]. Clustered Regulatory Interspaced Short Palindromic

7



Appl. Sci. 2021, 11, 1919

Repeats-Associated Cas9 (CRISPR/Cas9) is an innovative technology that can be used to
target other genes for IVDD treatment. Using the CRISPR/Cas9 gene-editing system in AF
cells from patients with chronic LBP, knock out of the transient receptor potential vanilloid
type 4 (TRPV4) gene induced the reduction in inflammation [30]. However, the use of gene
therapy for IVD regeneration is currently limited to in vitro and in vivo animal studies
due to safety concerns. There are no ongoing human clinical trials of gene therapies for
IVD regeneration.

2.1.3. Summary

In order to overcome the shortcomings of molecular therapy, future studies will focus
on the delivery and controlled release to the degenerated discs. In addition, the combination
of growth factors, stem cells, and biomaterials should be a focus going forward.

2.2. Cell-Based Therapies

In the intermediate stages of IVDD, cell transplantation can be used to repopulate the
disc. Although the NP cell phenotype has not been well defined, the adult NP contains
cells similar to chondrocyte [31]. Cell transplantation to a moderately degenerated disc is a
possible treatment that promotes disc regeneration by reproliferating cells that can restore
the structural and functional properties of the degenerated disc or delay degeneration [27].

An optimal source of cells suitable for cell transplantation in the degenerative disc
remains elusive. Several studies have demonstrated that implantation of IVD-derived
cells delays the process of progressive degeneration and, in some cases, promotes disc
regeneration in an animal model of IVDD [32,33]. However, since these cells are derived
from normal NP tissue, they cannot be obtained without damaging the IVD [25].

Stem cells are a promising candidate cell source for use in cell-based therapies for
IVD repair. Most of the stem cells used in disc regeneration experiments are derived from
the bone marrow, adipose tissue, umbilical cord blood, umbilical cord Wharton’s jelly,
and synovium, because these cells are relatively easy to obtain and can differentiate into
chondrogenic and IVD-cell lineages [34,35]. Implantation of MSCs into degenerated discs
can prevent cellular apoptosis and inflammation (paracrine effect) or differentiate MSCs
into NP cells to restore normal homeostasis and prevent or reverse further degeneration [13].
Injecting stem cells into the degenerated disc has been reported to increase the proteoglycan
and water contents of the disc ECM (Table 1) [29].

Notochordal cells have been suggested to cause disc degeneration because their loss
is associated with the onset of IVDD [33]. Sheyn et al. demonstrated that notochordal-like
cells from human induced pluripotent stem cells (iPSCs) reduce IVDD in an injury-induced
porcine model [33]. Therefore, the application of iPSCs is a hot topic in the field of
IVD regeneration and has several advantages over embryonic stem cells (ESCs), such as
fewer ethics and immune rejection issues [33]. However, iPSCs also have drawbacks in
clinical applications, such as tumor formation by genomic integration of reprogramming
factors [36].

For the clinical application of stem cells for IVD regeneration, MSCs treatment strate-
gies, cell doses, and efficacy are being investigated in various experimental settings of
IVDD and clinical trials [37]. The use of MSCs is generally considered safe and effective
in preventing IVDD, but the rate of osteophyte formation has been reported to be around
2.7% [37,38]. Osteophyte formation is believed to be the result of implanted MSC leakage.
Therefore, the application of scaffolding materials, such as fibrin, hyaluronan, or atelo-
collagen, is strongly recommended to prevent cell leakage and reduce the risk of ectopic
osteoblast differentiation of MSCs [39–50].
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Table 1. Cell-based therapies for IVD regeneration.

Author Cell Line Effect

2019, Shi et al. [40]
2019, Sheyn et al. [33]

Neonatal human dermal fibroblasts
Rabbit, in vivo

Notochordal cells from human iPSCs

Increased regeneration markers
Reduction of disc degeneration in a porcine model

2018, Teixeria et al. [41] Human BM-MSC
Bovine, ex-vivo

Promoted cell migration and increased inflammatory
cytokine expression

2018, Wang et al. [42] Rat BM-MSC
Rat, in vivo

Hypoxic pre-treatment of BM-MSC with CoCl2
enhanced migration, decreased apoptosis, increased

disc height, MSC numbers in the NP and AF, and
extracellular matrix production

2017, Maidhof et al. [43] Allogeneic rat BM-MSC
Rat, in vivo

Cell therapies administered at an early stage of
injury or disease progression may have greater

chances of mitigating matrix loss

2017, Hang et al. [44] Autologous canine BM-MSC
Canine, in vivo

PET was more reliable than MRI for quantifying
implanted BM-MSC survival

2017, Steffen et al. [45] Autologous canine BM-MSC
Canine, in vivo

Successful injection of BM-MSC into lumbosacral
discs of naturally IVD-degenerative canines

2017, Noriega et al. [46] Allogeneic BM-MSC
Clinical trial (N = 24, follow-up: 12 months)

Significant VAS and ODI reductions, improvement
on MRI

2017, Centeno et al. [47] Autologous BM-MSC
Clinical trial (N = 33, follow-up: 72 months)

Disc bulging reduction on MRI, pain and function
improvement

2017, Kumar et al. [48] Autologous AD-MSC
Clinical trial (N = 10, follow-up: 12 months)

Combined implantation of AD-MSC and hyaluronic
acid in discogenic back pain is safe and tolerable

2017, Pettine et al. [49] Autologous BM-MSC
Clinical trial (N = 26, follow-up: 36 months)

Evidence for the safety and feasibility of intradiscal
BM concentrate therapy

2016, Tschugg et al. [50] Autologous disc chondrocyte
Clinical trial (N = 120, follow-up: 48 months) Ongoing study

BM-MSC, bone marrow-derived mesenchymal stem cell; AD-MSC, adipose tissue-derived mesenchymal stem cell; NP, nucleus pulposus; AF,
annulus fibrosus; VAS, visual analogue scale; ODI, Oswestry disability index; iPSC, induced pluripotent stem cell; IVD, intervertebral disc.

To summarize, stem cell therapy can be used to induce IVD repair by preventing
cellular apoptosis and inflammation, and by increasing the resident population and ECM
production, and there is great interest in developing biomaterials for effective cell delivery,
increasing cell viability, and inducing differentiation of stem cells into IVD-like cells.

3. Tissue Engineering for IVD Regeneration

Although many studies have reported alternative biological treatments for IVDD,
these approaches have certain limitations. Direct administration of growth factors is associ-
ated with the short half-life of growth factors and potential lack of IVD cells as therapeutic
targets in severe disc degeneration [29]. Gene therapy has several disadvantages, including
inefficient gene delivery, unstable long-term expression, and lack of safety. While cell-based
therapies have shown more promising therapeutic potential, the best strategies for effective-
ness and safety have yet to be addressed [29]. In a clinical setting, stem cells are implanted
in a harsh environment consisting of low cellularity, low glucose, low oxygen, low PH
due to high lactic acid accumulation, low nutrients, and an inflammatory milieu [6,51–53].
Inflammatory mediators are a key component of progressive IVDD. All these factors can
affect the differentiation potential, viability, and metabolism of the implanted stem cells [52].
MSCs can function optimally in inflammatory, hypoxic, acidic, and malnourished environ-
ments of the degenerated disc and have an immunomodulatory paracrine effect [52,54,55].
Hypoxia-exposed human MSCs (hMSCs) have been reported to improve tissue protection,
but exposure of MSCs to inflammatory factors or hypoxic environment may adversely
affect MSC differentiation. Therefore, it is important and necessary to design scaffolds
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for effective cell delivery and induction of stem cell differentiation for tissue engineering
applications (Figure 2).

Figure 2. Combination of cells, signaling molecules (growth factors), and biomaterials for tissue engineering applications
for intervertebral disc (IVD) degeneration.

3.1. Biomaterials

In the case of severe IVDD with loss of cell volume and of the physiological disc
structure, the disc height must be restored to ensure IVD function [29]. This strategy
involves a tissue engineering approach using biomaterials, which may serve as functional
alternatives and scaffolds for the IVD tissue [13]. Researchers are using a composite
approach that utilizes cell-loaded biomaterials to provide a structural environment for
mechanical stability and potential cell regeneration [56]. The biomaterials used include
injectable hydrogels and synthetic polymers designed from materials such as alginate,
gelatin, polyglycolic acid, polylactic acid, hyaluronic acid (HA), and collagen [57].

Hydrogels can be used as an alternative to NP due to their biophysical properties
and ability to absorb water, resist repeated loads, and act as a delivery vehicle [58]. An
ideal injectable biomaterial will support cell retention and survival and make it possible to
maintain or promote the NP phenotype in vivo. In the absence of biomaterials, cell injection
leads to rapid cell death or migration from the injection site [59,60]. Important parameters
to consider in the development of biomaterials are material viscosity, gelation rate, final gel
stiffness, adhesivity, and degradation time controlled by polymer composition.

HA is a key component of the NP ECM that provides resistance to compression
and allows for periodic loading [61,62]. Physiologically, HA has been demonstrated to
have cartilage protective and anti-inflammatory properties, which have been shown to be
associated with cell-based interventions. Therefore, some clinical trials have used HA as a
cell carrier to increase the viscosity of the cell solution and enhance the retention of injected
cells [63,64].

Collagen is one of the most widely used materials for tissue regeneration as it has
numerous adhesion sites, limited immunogenicity, and is injectable. However, due to

10



Appl. Sci. 2021, 11, 1919

its poor degradation and mechanical properties, it has not been widely used for disc
repair. Composite collagen hydrogels, on the other hand, have been found to improve
the compressive mechanical properties of the scaffold and control the rate of scaffold
degradation [27].

Fibrin is a naturally occurring biomaterial that provides intrinsic physical and soluble
cues to initiate tissue repair. Biodegradable fibrin hydrogels can be produced as injectable
cell carriers and can be mediated by adjusting coagulation protein levels or altering the
ionic strength of the system [65,66]. Fibrin-only hydrogels remain vulnerable to cell-
mediated remodeling, while fibrin-HA composite hydrogels improve stability by increasing
glycosaminoglycan (GAG) synthesis. In addition, silk to fibrin-HA gels significantly
improve the mechanical properties and promote chondrogenesis [67]. Silk offers high
resistance to compression, and silk-fiber stability, due to its wide range of hydrogen bonds,
protein hydrophobicity, and high crystallinity, provides an advantage as a scaffold for IVD
bioengineering [68].

Other biomaterials that can be used as a matrix to support AF and NP engineering are
chitosan and alginate, which are inexpensive and easily accessible [12]. In addition, these
two polymers have a synergistic effect combined with hybrid scaffolding [69]. Chitosan
is used as a biodegradable and biocompatible polymer with low toxicity and excellent
antibacterial properties. The soft, spongy chitosan-based scaffold has high porosity and
pore interconnectivity to support cell adhesion and growth [70]. Alginate, one of the most
abundant natural materials, mainly derived from brown algae and some bacteria, is used
in a variety of biomedical applications and drug delivery systems due to its excellent
biocompatibility, biodegradability, non-antigenicity, and chelation ability [69].

The use of synthetic materials as injectable fillers or cell carriers is a promising strategy
to prevent the biomechanical limitations of natural polymer-based hydrogels. Many
synthetic biomaterials, such as polyethylene glycol (PEG), PLGA, polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), and hydroxyethyl methacrylate (HEMA), have been used
as drug delivery and cell carriers [71,72]. The first approach used to restore NP height,
function, and motion focused on the use of in situ hydrated synthetic polymers to restore
NP hydration, IVD pressure, and disc height. This tactic aimed at mimicking the hydration
properties of the NP glycosaminoglycans, which are slowly degraded and modified as they
age and degenerate [57]. A copolymeric hydrogel, with the longest history of clinical use,
has served as an alternative to NP. However, similar to previously used in situ hydrated
polymers, some complications have already been reported, including gel fragmentation
during swelling [73]. Other biomaterials, such as NP implant devices, have been developed
from an injectable polymer that physically transitions to a gel or solid form. This approach
has the advantage of minimizing tissue damage to AF during transplantation. In addition,
various strategies, such as chemical cross-linking agents and heat- or pH-induced transition,
have been developed. The cross-linked material inhibits proteolysis and induces the
stiffness for disc implant [57].

Many scientists have attempted to develop monophasic NP or AF scaffolds such as
ECM-based scaffold [74], adipose-derived MSCs (AD-MSCs)-loaded NP tissue-engineered
construct [75], ASCs-seeded type II collagen/chondroitin sulfate composite hydrogel [76],
and decellularized NP-based scaffold [77] (Table 2). Extensive efforts have also been made
to develop biphasic tissue-engineered AF-NP composite scaffolds such as a collagen-GAG
co-precipitate (NP-like core)/photochemically crosslinked collagen membranes (AF-like
lamellae) composite [78], multiple AF-like lamellae encasing an NP-like core (MSCs-seeded
collagen-GAG) [79], engineered nanofibrous disk-like angle-ply structure [80], biomimetic
glycosaminoglycan analogues based on sulphonate-containing polymers [81], and multiple
HA-PEG composite hydrogel [82] (Table 2). Animal studies using these biphasic scaffolds
have shown excellent mechanical and biochemical results, suggesting that mimicking the
morphology of the IVD is important for long-term stability and function of the implanted
scaffolds [78–82].
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Table 2. Biomaterials for IVD regeneration.

Author Materials Effect

2020, Penolazzi et al. [74] Decellularized Wharton’s jelly matrix from
human umbilical cord as ECM-based scaffold

Promoted cell differentiation toward a discogenic
phenotype, positively affected the expression of

regulators of IVD homeostasis

2019, Ishiguro et al. [75] AD-MSC-Tissue engineered construct
Rat

Regenerative efficacy was investigated structurally
and biomechanically up to 6 months

after implantation

2018, Zhou et al. [76]
Type II collagen/chondroitin sulfate (CS)
composite hydrogel-like adipose-derived

stem cell delivery system

Minimally invasive approach to promote the
regeneration of degenerated NP

2018, Zhou et al. [77] Injectable decellularized NP-based cell
delivery system (NPCS)

The mechanical properties of the NPCS system were
similar to those of fresh NP; Biocompatible; It

induced NP-like differentiation and ECM synthesis

2015, Choy et al. [78]
Collagen-glycosaminoglycan (GAG)

co-precipitate and multiple lamellae of a
photo-crosslinked collagen membrane

A biphasic scaffold comprising 10 AF-like lamellae
had the best mechanical performance and

elastic compliance

2015, Chik et al. [79] Collagen-GAG coprecipitate MSC and
contracted collagen gel, MSC

Spinal motion segment tissue engineering. Provided
a 3D model for studying tissue maturation and

functional remodeling

2014, Martin et al. [80] Electrospun poly scaffold with cell-seeded
hydrogels and disc-like angle-ply structure

Optimized the design of functional disc replacement
in vivo

2014, Sivan et al. [81] Biomimetic GAG analogue based on
sulphonate-containing polymer

Provided intrinsic swelling pressure which could
maintain disc hydration and height

2014, Jeong et al. [82] Hyaluronic acid-poly(ethylene glycol)
composite hydrogel

Highest number of NP and AF cells on HA-PEG
hydrogels from lower molecular weight HA

AD-MSC, adipose tissue-derived mesenchymal stem cell; GAG, glycosaminoglycan; HA, hyaluronic acid.

In addition, many studies have demonstrated that differentiation of stem cell into the
IVD cell phenotype is promoted by various types of biomaterials; (1) natural biomateri-
als: collagen type II-chondroitin sulphate hydrogel, gelatin-HA methacrylate hydrogel,
silk-protein-based multilayered angle-ply scaffold, chitosan-HA hydrogel, decellularized
allogenic IVD, acellular porcine NP hydrogel, NP cell-derived acellular matrix, dextran
chitosan and teleostean combined hydrogel, temperature sensitive hydrogel (chitosan-
glycerophosphate), chitosan and alginate gel scaffold, alginate and chitosan hydrogels,
and self-assembling peptides; (2) Synthetic biomaterials: poly(N-isopropylacrylamide
(pNIPAM) hydrogel system, nanofibrous poly(l-lactide) (PLLA) scaffolds, and heparin-
poly(ethylene argininylaspartate digylceride) (PEAD) conjugated vehicle; (3) Biosynthetic
biomaterials: T1307-fibrinogen hydrogel, HA-pNIPAM hydrogel, and pentosan polysulfate
(PEG-HA-PPS) hydrogel [83].

In summary, transplanted stem cells should survive, proliferate, and differentiate into
NP-/AF-like cells. The combination of biomaterials and stem cells can provide an effective
strategy to enhance effective cell delivery and stem cell differentiation capacity. Although
a variety of biomaterials have been studied to investigate the effects of biomaterials on
cell delivery and stem cell differentiation, few materials are currently available for clinical
application due to the limitations of mechanical properties, immunogenicity, and uncon-
trollable deviations in inducing stem cells differentiation. In addition to the mechanical
properties and biocompatibility of biomaterials, maintaining stem cells activity in a local
niche and enhancing the ability of stem cells to differentiate into NP and AF cells facilitates
the application of biomaterials in clinical practice [74–83].
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3.2. Tissue Engineering for AF and NP Restoration and Maintenance

The aim of tissue engineering for IVD degeneration is the restoration and maintenance
of both AF and NP anatomy and function. Tissue-engineered scaffolds must be able to
withstand the physiological IVD loads and have excellent biocompatibility; proper porosity;
and shapes, structures, and mechanical properties similar to those of IVD [79].

3.2.1. AF Regeneration and Tissue Engineering

AF is composed of type I collagen and stacked lamellae and is highly organized [84].
AF is needed to transfer stress from the NP, maintain IVD integrity, and protect against
damage caused by bending, stretching, and twisting [85,86]. The homeobox protein Mo-
hawk (Mkx) has been reported to be essential for AF development, maintenance, and
regeneration. It has been found that Mkx is predominantly expressed in the outer AF, and
that removal of Mkx in mice resulted in the loss of numerous tendon- and ligament-related
genes in the outer AF. Transplantation of MSCs overexpressing Mkx revealed the AF
phenotype and promoted functional AF regeneration [87].

In AF regeneration and tissue engineering, natural materials, such as collagen, HA,
chitosan, alginate, silk fibroin, and chondroitin sulfate, as well as natural biologic mate-
rials, such as the decellularized matrix from AF, are used to promote tissue regeneration
and repair [57,88]. Natural scaffolds have the advantages of having low toxicity and
similar properties to those of native tissue, and they can be mass-produced. Synthetic
polymer scaffolds can be manufactured and processed based on the desired structural
(aligned, angle-ply, hierarchical, bilayer, or biphasic) and mechanical properties of the final
engineered tissue [11]. A poly(trimethylene carbonate) (PTMC) scaffold covered with a
poly(ester-urethane) (PU) membrane to address AF rupture repair of bovine IVD has been
manufactured as a carrier for MSCs. A PTMC scaffold with MSCs and PU membrane
has been found to restore the disc height and prevent IVD herniation [89]. Furthermore,
biodegradable poly(ether carbonate urethane)urea (PECUU) materials have been produced
in AF-derived stem cells (AFSCs) using an electrospinning technique. Moreover, it has
been reported that the elasticity of PECUU fibrous scaffolds with AFSCs resembled that of
natural AF tissue [90].

3.2.2. NP Regeneration and Tissue Engineering

NP is composed of type II collagen and PGs and contains 77% water. In recent
years, bioengineered scaffolds that resemble the native NP structure and its mechanical
properties have attracted attention [11]. Easy to inject high molecular weight hyaluronic
acid-gelatin-adipic acid dehydrazide (oxi-HAG-ADH) hydrogels with anti-inflammatory
and immunosuppressive activities, low viscosity, viscoelasticity similar to that of NP
tissue, and expression of NP ECM genes have been fabricated [91]. Choi et al. generated
hyaluronic-methylcellulose (HAMC) hydrogels loaded with Wharton’s jelly-derived MSCs
(WJ-MSCs), which significantly promoted degenerated disc repair by improving NP cell
viability and decreasing ECM degradation [92]. Gan et al. generated a hydrogel with
dextran and gelatin as the first network and PEG as the second network to produce
hydrogels, forming the optimal 3D interpenetrating network hydrogel. This increased NP
cell proliferation, long-term cell retention and survival, and promoted rehydration and
regeneration of degenerative NP in animal models [93]. Laminin is the main component of
the NP ECM and directly interacts with NP cells to regulate their function. Several laminin
mimetic peptides bound to polyacrylamide gels have been reported to be able to support
an immature and healthy NP phenotype. These hydrogel scaffolds provided a favorable
environment for NP cell proliferation [94]. Wan et al. manufactured a biocompatible self-
assembled peptide hydrogel (SAPH) with easily modifiable properties and nanofibrous
architecture. They reported that the SAPH scaffold was as strong as native tissue, injectable,
and that it restored the IVD cell phenotype and stimulated deposition of aggrecan and type
II collagen, which are key NP ECM components [95].
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3.2.3. NP-AF Regeneration and Tissue Engineering

NP-AF tissue engineering combines two approaches: NP replacement and AF repair.
There are three ways to manufacture NP-AF, namely, using NP and AF cell-seeding scaf-
folds, integrated biphasic NP-AF scaffolds, and scaffolds made with decellularized natural
IVD [11]. Scaffolds seeded with NP and AF cells were separately prepared and assembled
into a composite construct. Nesti et al. manufactured a biphasic construct using electrospun
MSCs seeded on a PLLA scaffold and HA hydrogel [96]. Choy et al. generated a biphasic
NP-AF scaffold with integrated collagen and glycosaminoglycans. The biphasic scaffold
was composed of collagen-glycosaminoglycan, which coprecipitates as an NP-like core, and
encapsulated in multiple lamellae of photochemically cross-linked collagen membranes
that made up AF-like lamellae [79]. This scaffold exhibited mechanical characteristics
similar to those of native discs with a ring-independent height recovery of 82–89%. Park
et al. generated a scaffold consisting of chondrocytes and AF cells, which were respectively
seeded into a scaffold consisting of hydrogel in the center and silk protein in the periphery,
respectively [97]. Yang et al. manufactured an IVD scaffold by inversely reconstructing
the structure of native IVD and bioprinting bacterial cellulose nanofibers using a high-
throughput-optimized micropattern screening microchip in rats [98]. Chan et al. made a
70% endogenous cell-removing scaffold that preserved the glycosaminoglycan content,
collagen fibril structure, and mechanical properties of the IVD by altering chemical and
physical decellularization [99]. Hensley et al. created a natural NP-AF composite scaffold
using decellularized bovine tail IVD and confirmed the presence of type II collagen and
glycosaminoglycan in the NP region and the native angle-ply collagen microarchitecture in
the AF region [100].

3.2.4. Summary

Tissue engineering techniques have emerged as a possible approach to treat IVDD
by replacing degenerated discs with appropriate stem cells and biomaterials. Tissue engi-
neered AF and NP can restore their function by repairing or replacing degenerated discs.
Therefore, considerable research is underway on the development of scaffolds suitable
for AF and NP regeneration. Many natural and synthetic biomaterials can be used as
supporting matrices in AF and NP scaffolds [12]. Advances in manufacturing technologies,
material processing and development, surface functionalization, drug delivery systems,
and cell integration have accelerated the development of tissue engineering therapies
for IVDD.

4. Conclusions

Chronic LBP due to IVDD represents a significant health and social burden. Re-
generative tactics are being investigated with significant advances in understanding the
characteristics of IVDD (Table 3). Current promising strategies include growth factor
injection, gene therapy, cell-based therapy, and tissue engineering using biomaterials. In
this review, we investigated biological and tissue engineering approaches for the treatment
of IVD degeneration and regeneration strategies. Limitations of biological approaches that
remain to be overcome include the short half-life and possible lack of IVD endogenous cells
associated with growth factor injection therapy, inefficient gene delivery, unstable long-
term expression, and safety issues in gene therapy, and the inflammatory environment, low
pH, low oxygen tension, and poor nutritional availability in cell-based therapies. Promising
tissue engineering strategies using cells, growth factors, and biomaterials could be utilized
to overcome these problems. With the development of tissue engineering, scaffolds are
considered the ‘holy grail’ of IVD repair [11]. However, tissue engineering therapy remains
challenging due to a lack of accurate understanding of the underlying molecular mecha-
nisms and regulation of IVD physiology. To date, there are no FDA approved intradiscal
therapies associated with tissue engineering therapy. Therefore, more sophisticated ma-
terials and strategies for clinical application need to be developed. In addition, accurate
diagnosis of IVDD and evaluation of therapeutic effectiveness are critical to the develop-
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ment of successful biological therapies. Although T2 mapping and diffusion weighted
images(DWI) are newly quantified methods for IVDD evaluation [101], the development
of improved non-destructive imaging techniques is essential to evaluate IVDD.

Table 3. Type of regenerative therapies for intervertebral disc regeneration.

Type Advantages Disadvantages

Growth factor GDF-5, IGF-1, TGF-β, bFGF, OP-1 Stimulation of ECM production Short half-life
Need repeated injection

Gene therapy

Virus mediated
Non-virus mediated

RNAi
CRISPR/Cas9

Long-lasting and timeless effects
Safety concerns
Ethical concerns
Significant cost

Stem cell

ESCs

Differentiation into three
germ layers

Self-renewal and high replication

Immune rejection concern
Ethical concerns

Potential for tumor
formation

iPSCs
Less ethical concerns than ESCs

Patient-specific
Autologous

Need method
standardization

Potential for tumor
formation

Need validation for safety

MSCs
Bone marrow, Adipose tissue,
umbilical cord Wharton’s jelly

Synovial membrane

Less ethical concerns than ESCs
and iPSCs

Less cell proliferation
Limit differentiation

potential

Tissue engineering Combination: stem cells, biomaterials,
and growth factors Ideal constructs

Need validation for
biodegradation,

biocompatibility, and
optimal

GDF-5, growth differentiation factor-5; IGF-1, insulin-like growth factor-1; TGF-β, transforming growth factor- β, bFGF, basic fibroblast
growth factor, OP-1, osteogenic protein-1; ECM, extracellular matrix; RNAi, RNA interference; CRISPR/Cas9, Clustered Regulatory
Interspaced Short Palindromic Repeats-Associated Cas9; ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; MSCs,
mesenchymal stem cells.
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Abstract: Intervertebral disc (IVD) degeneration is a leading cause of low back pain worldwide,
incurring a significant burden on the healthcare system and society. IVD degeneration is characterized
by an abnormal cell-mediated response leading to the stimulation of different catabolic biomarkers
and activation of signalling pathways. In the last few decades, hyaluronic acid (HA), which has
been broadly used in tissue-engineering, has popularised due to its anti-inflammatory, analgesic and
extracellular matrix enhancing properties. Hence, there is expressed interest in treating the IVD using
different HA compositions. An ideal HA-based biomaterial needs to be compatible and supportive of
the disc microenvironment in general and inhibit inflammation and downstream cascades leading to
the innervation, vascularisation and pain sensation in particular. High molecular weight hyaluronic
acid (HMW HA) and HA-based biomaterials used as therapeutic delivery platforms have been trialled
in preclinical models and clinical trials. In this paper, we reviewed a series of studies focused on
assessing the effect of different compositions of HA as a therapeutic, targeting IVD degeneration.
Overall, tremendous advances have been made towards an optimal form of a HA biomaterial to
target specific biomarkers associated with IVD degeneration, but further optimization is necessary to
address regeneration.

Keywords: hyaluronic acid; disc repair; annulus fibrosus repair; biomaterials; inflammatory
biomarkers and signalling pathways

1. Introduction

A total of 80% of the world population suffer from low back pain (LBP) which is considered the
most significant cause of disability, resulting in a negative socioeconomic impact [1,2]. In terms of
disability-adjusted life years, LBP incurs a substantial burden over other health-related conditions [3,4].
Although LBP is more common in patients above 65 years old [5,6], it can start as early as in the late
teenage years [7]. It is classified as the most expensive healthcare treatment, ranging between 12 to
90 billion dollars in the United States alone [8] and above 500 million pounds in the United Kingdom
according to the nice guideline [9].

LBP is frequently associated with the deterioration of the intervertebral disc (IVD) due to abnormal
cell-mediated response leading to the stimulation of different catabolic enzymes [10,11] and signalling
pathways [12], imbalance in extracellular matrix composition and overexpression of the extracellular
matrix-degrading enzymes [13]. The changes in the biomechanical elements, which are represented by
unbalanced mechanical loading [14], genetic background [15] and reduced cellular activity, lead to
continuous structural failure (Figure 1) [16]. In terms of biochemical changes, the deficiency in nutrient
diffusion into the disc due to the calcified cartilaginous endplate (CEP) is a fundamental cause of IVD
degeneration [17]. Additionally, increased elastin concentrations in the annulus fibrosus (AF) [18],
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and augmented proteoglycan breakdown in the nucleus pulposus (NP) cause a dramatic decrease in
disc height and ultimately lead to biomechanical instability [19].

Figure 1. Different hyaluronic acid-based hydrogel platforms to treat the intervertebral disc
degeneration. Hydrogel properties can be optimized to recapitulate the mechanical properties
of the intervertebral disc (IVD), deliver therapeutics including growth factors and cells into the IVD.
Hydrogels may be optimized to be injectable for minimally invasive treatment of the IVD.

Treatment of LBP in the early and moderate stages is mostly monitored through conservative
treatments including bed rest, physiotherapy and exercise [20,21] which is followed by prescribing
non-steroidal anti-inflammatory drugs (NSAID)s including Ibuprofen and COX-2 inhibitors (Celecoxib),
that are effective in treating acute and chronic LBP comparing to placebo [22]. In addition to NSAIDs,
muscle relaxants such as cyclobenzaprine are also used [23]. Moreover, opioids and benzodiazepines
are prescribed to treat LBP. However, they have a short-term effect and need to be prescribed for no
longer than four weeks because of the risk of developing dependency [24,25]. Furthermore, epidural
and systemic corticosteroids are recommended with clinical trials exhibiting heterogeneous results,
with the latest outcomes indicating that glucocorticoid receptor-specific steroids may be more effective
comparing to mineralocorticoid-targeting steroids [26].

Although most of the LBP patients will recover after an acute phase, 10% may develop chronic
low back pain [27]. In chronic stages, generally, surgery is required because the IVD is unable to cure
itself [28]. Existing surgical interventions include discectomy and spinal fusion, or—occasionally in
the cervical spine—a total disc replacement is indicated [29]. Patients who had discectomy show
improvement when compared to nonsurgical therapy in short-term follow-ups; however, long term
follow-ups (beyond two years) indicate no significant difference in the outcomes [30]. Spinal fusion is
the typical surgical approach for chronic LBP. Although nonsurgical treatment for chronic LBP may be
useful in a particular cohort, lumbar fusion remains more effective in alleviating pain and decreasing
disability than commonly used nonsurgical treatments [31]. Disc replacement is also used to tackle
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the incidence of the disease in the adjacent segments due to the acute variation in motion segment
mechanics linked with anterior cervical discectomy and fusion [32]. There is minimal evidence that
suggests early surgical intervention improves long-term results in patients with lumbar disc herniation
and radiculopathy that did not progress yet into neurologic deficit [30,33].

These treatments are not deemed curative, nor do they reverse the underlying pathology but
rather aim to achieve symptomatic relief. Therefore, tissue-engineering approaches through developing
biomaterial-based platforms to deliver active therapeutic products such as mesenchymal cells, inhibitory
molecules and growth factors (GF) are being investigated to repair the degenerated IVD and revert
it to a healthy state [34]. In the last few decades, hyaluronic acid (HA) was broadly used in treating
osteoarthritis, popularised due to its anti-inflammatory, analgesic and extracellular matrix enhancing
properties [35–37]. Hence, researchers shifted their interest towards treating the intervertebral disc
using different HA compositions to deliver cells and therapeutics in vitro and in vivo (Figures 1 and 2.
Therefore, the objective of this review article is to summarise the different HA-based platforms used
to date in treating IVD degeneration and LBP. We also summarised the biomarkers and signalling
pathways involved in disc degeneration. Moreover, we recapitulate the most popular preclinical
models utilized so far in the field of IVD degeneration, emphasizing the fundamental need for more
representative models to replicate human pathophysiology.

Figure 2. The role of hyaluronic acid as a platform for cell and drug delivery in the IVD. HA acts as a
vehicle for adipose tissue and bone marrow isolated mesenchymal stem cells (MSC)s and drug delivery
for disc repair. This schematic summarises the role of HA as a treatment for low back pain (LBP) and
IVD degeneration in cell culture, preclinical studies and clinical trials. HA has been successful in disc
repair through its anti-inflammatory, anti-apoptotic, analgesic and matrix modulatory characteristics.
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2. Biomarkers and Signalling Pathways Associated with the Degenerated Intervertebral Disc

The literature associates IVD degeneration with dysregulated quantities of inflammatory cytokines
produced by infiltrating macrophages, neutrophils, T cells, as well as disc cells [38]. During disc
degeneration, the infiltration of mast cells and macrophages is enhanced by the vascularisation of
the AF, which leads to amplified propagation of inflammatory signals, consequently, leading to
LBP [39]. The inflammatory molecules secreted in the IVD, specifically prostaglandin E2 (PGE2),
interferon-gamma (IFN-γ), tumour necrosis factor-alpha (TNF-α), and interleukin one alpha/beta
(IL-1α/β), interleukin (IL)-17, IL-10, IL-6, IL-8, IL-2, IL-4, [38], stimulate the breakdown of the
extracellular matrix (ECM), cell senescence, autophagy and apoptosis of the disc cells [38,40,41].
Pain sensation was also correlated with up-regulated nitric oxide and nitric oxide synthase [39].
Furthermore, the induced pro-inflammatory cytokines were found to stimulate the expression of
neurogenic molecules, such as nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF), which may support the ingrowth of nerves as well as enhance nociception in dorsal root
ganglia (DRG)s [38,41]. Hence, chronic inflammation prompts permanent structural and biochemical
changes in the IVD comprising ECM degradation, vascularisation and innervation that ultimately
leads to LBP [42]. Increased chemokine expression, especially C-C motif ligand 2 (CCL2), has been
reported in the degenerated IVD [43]. Cultured AF cells from Thompson-graded discs of grade II-III
were able to stimulate higher expression of CCL2 upon treatment with IL-1β than TNFα unlike AF
cells from grades IV-V which showed a similar response to IL-1β and TNFα treatment in terms of
CCL2 expression [44].

Different key dysregulated genes and proteins were discovered in the degenerated human AF such
as interferon-stimulated genes (ISGs), which are interferon-induced proteins with tetratricopeptide
repeats (IFIT)1, IFIT2, IFIT3 as well as Insulin-like growth factor-binding protein 3 (IGFBP3) [12].
Overexpression of the anti-proliferative IFIT3 protein and the pro-apoptotic IGFBP3 can negatively
regulate the cell fate directly or indirectly, to induce growth arrest and apoptosis in AF cells [45–48].
IFIT3 can act as an anti-proliferative molecule through inducing the cyclin-dependent kinase inhibitors,
such as cyclin-dependent kinase inhibitor 1A and cyclin-dependent kinase inhibitor 1B which interact
with cyclin dependent kinases (CDK)s in the G1 phase and prevent the cell from proceeding
into the S phase of the cell cycle [45]. IFNα was also able to induce IGFBP3 through the signal
transducer, and activator of transcription 1 (STAT1) via cascades that have Insulin-like growth factor
(IGF)-related anti-proliferative properties or IGFBP3 directly or indirectly induced pro-apoptotic
consequences [46–48]. IGFBP3 is a vital controller of IGF availability that inhibits IGF activity, which is
associated with osteoarthritis [49]. Moreover, IGFBP3 can sensitize cells to apoptosis indirectly through
TNFα and IFNγ [50,51]. Several signalling pathways have also been identified in the disc as being
aberrantly regulated, which are illustrated in Table 1.

3. Hyaluronic Acid in Treating the IVD: Structure, Synthesis and Turnover

HA, which was first isolated in the 1930s, is a distinctive glycosaminoglycan, which, unlike
other glycosaminoglycans such as heparan sulphate, chondroitin sulphate, and keratan sulphate, is
non-sulphated [52]. It is widely used in treating osteoarthritis [36,53–58] and in tissue-engineering
approaches for disc repair [59,60]. HA (Figure 3) is an abundant polymer of the ECM with a molecular
weight of approximately 106–107 Da in vivo [61]. HA molecule comprises of chains of constantly
repeating disaccharides, glucuronic acid and N-acetylglucosamine, which are symbolized by GlcA-β
(1→3) and GlcNAc-β (1→4) respectively (Figure 3) [62]. On the intracellular aspect of the cell membrane,
synthesis of HA occurs through the hyaluronan synthases (HAS) family, comprised of three types of
synthases, activated via different GFs to produce diverse forms of polymerized HA [63]. HAS1 and
HAS2 produce the high molecular weight (HMW) of HA of 2–4 × 106 Da, while the low molecular
weight of HA (LMW) of 1 × 105–1 × 106 Da is produced by HAS3 [63]. These enzymes are regulated by
miRNAs [64] and GFs such as TGF-β [65]. Once synthesized, HA is secreted either on the cell surface
from the plasma membrane or into the ECM because of its large size [63,66]. The body composition of
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HA is 15 g [67]. Daily, 33% of HA is turned over through several roots: (i). via the lymphatic system or
(ii). via the circulation through the liver or (iii). lysosomal digestion after HA binds to its receptor and
is internalized [68]. Furthermore, HA turnover can take place as a result of pathological conditions
such as tissue injury and remodelling as a result of oxidative stress and free radicals, HA internalization
and degradation, and clearance of HA from tissues via the lymphatics and vascular system [69].
Regarding the receptors through which HA binds to be cleared by the liver and lymph nodes, there
are particular receptors such as the hyaluronan receptor for endocytosis 1 (HARE1), lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE1) and CD44. From the previously mentioned three receptors,
HARE1 is considered the major role player through the lymph and vasculature [68]. HA is internalized
and degraded when it cannot be removed by the vasculature and lymph [69,70]. In this process,
first HA binds to one of its receptors such as receptor for HA-mediated motility (RHAMM), layilin or
CD44 after which it is degraded by hyaluronidase-2 [65,69,70], then it is digested into fragments
through N-glucuronidases and N-acetylglucosaminidases to completely break down the remaining
glycans into monosaccharides [70].

Figure 3. The anti-inflammatory role of hyaluronic acid (HA). HA molecule (on the top) is
represented according to its international symbols by repeated units of glucuronic acid (GlcA-β1-3)
and N-acetylglucosamine (GlcNAc-β1-4) disaccharides. The anti-inflammatory role of HA is mediated
through reacting with its several receptors such as CD44 and receptor for HA-mediated motility
(RHAMM) preventing the cascades signalled by inflammatory cytokines such as IFNα, TNFα and IL1β
through deterring the contact with their receptors.

The Key Function of Hyaluronic Acid in Repairing the Intervertebral Disc

The biochemical properties of the HA molecule are entirely dependent on its size [69,71,72].
Within tissues, the HA molecule interacts with various proteins comprising of hyaladherins such
as CD44, RHAMM (CD168) (Figure 3). In contrast, inside the ECM, it interacts with N-terminals of
proteoglycans such as aggrecan (ACAN), versican, brevican, neurocan and TNFα-stimulated gene-6
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(TSG-6) protein [69,73]. These fundamental interactions are essential for HA function in terms of
cell-to-cell communication and signalling [65,74]. The mechanical properties of HA can be attributed to
its high molecular weight structure. HA is capable of absorbing water approximately 10–104 times its
mass as it is negatively charged and is considered an osmotically active molecule [63,64,75,76]. Due to
its large volume while hydrated, it can fill large spaces, therefore absorbing shocks and acting like a
lubricant [75,77].

HA-CD44 interactions mediate endocytic activity and activate Rho and Rac1 GTPases to regulate
cytoskeletal organization [78]. CD44 activation also activates src-related tyrosine kinases to induce cell
proliferation through NF-κB signalling [79]. RHAMM activates pp60c-src tyrosine kinase to modulate
focal adhesions for RHAMM-mediated cell mobility [80]. Its ability to form large extracellular
networks through cell–matrix binding inhibits cytokine binding to prevent downstream signalling
(Figure 3) [75,81]. Therefore, HMW HA is capable of inhibiting the signalling of inflammatory cytokines
and matrix-degrading enzymes (TNF-α, IL-8, iNOS, aggrecanase 2, matrix metalloproteinases (MMP)s)
that were evident upon treating chondrocytes with HMW HA, which also resulted in inhibition of
phagocytosis and macrophage activation [82,83]. In tissue injury and remodelling, enzymes break
down HMW HA resulting in fragments of LMW HA which can induce phosphorylation of p38 or p42
or p44 mitogen-activated protein kinase (MAPK) and NF-κB which are associated with toll-like receptor
(TLR)4 signalling [63,84]. Depending on the tissue type and the size of LMW HA fragments (f-HA)s,
pro-inflammatory cytokines can be induced [63,81]; therefore, angiogenesis and tissue remodelling is
stimulated [69,71]. It was discovered that human disc cells treated with 6–12 disaccharide fragments
of HA can dramatically up-regulate catabolic enzymes such as IL-1β, IL-8, IL-6, MMP1, MMP13,
and cyclooxygenase (COX2). Furthermore, it was identified that TLR-2 mediated the role of f-HAs in
stimulating the protein expression of IL-6, and both IL-6 and MMP-3 were supported by the MAPK
signalling pathway [85].

4. Translational Preclinical Models Used to Investigate the Intervertebral Disc Degeneration

Studying IVD degeneration using human subjects is challenging because of the ethical restrictions
hindering the access of the clinical data as well as differentiating the different factors influencing the disc
degeneration which include ageing, genetic predisposition, mechanical loading, and inflammation [86].
Therefore, developing reliable and representative animal models is necessary. As a result, different
animal models emerged comprising rodents, canines, porcine, rabbit, sheep, and goat even though these
animals are different in their anatomy, development, and tissue mechanical characteristics compared
to human discs [87,88]. Such models were utilized to evaluate different hyaluronan-based therapeutic
approaches for the IVD repair (Table 2). Several disc degeneration replicas are present to study disc
degeneration in in vivo models: spontaneous (genetic aberration induces early disease onset) [89]
puncture (physical trauma activating inflammatory response) [90,91] mechanical loading (non-traumatic
induction) [92,93] and biochemical (Chondroitinase ABC treatment) [94]. Preclinical models were
also used to introduce novel surgical approaches, especially in large animals [95]. Rodent tails have
been extensively used to study the pathophysiology of the IVD degeneration and assess the effect of
different therapeutics because they are easily accessible with minimal interference with the surrounding
tissues and their normal physiological functions [92,93,96–104]. The typical age of the rats used in
such studies is three-months-old and above because they can only reach skeletal maturity at that
age [105]. Notochordal cells can be found in the IVD of rats throughout adulthood while they are
lost in humans [93]; however, these cells are lost in many degenerative rat-tail models due to factors
such as mechanical loading [106]. Yurube et al. developed a model of IVD degeneration in a rat-tail
in vivo model by using Ilizarov apparatus to load the tail discs, which was first used by Iatridis et al.
in 1999 [107]. The Ilizarov-type apparatus was set on the coccygeal 8–9 (C8/9) discs to induce loading
on C9/10 while C10/11 remained unloaded as a control. As a result, it was found that after seven day,
the notochordal cells were lost in the rat-tail discs upon static compression up to day 56. Moreover,
on day seven, it was noted that the extrinsic apoptotic pathway was activated in the AF and NP that
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progressively decreased. In contrast, the intrinsic mitochondrial pathway remained continuously
active until day 56 [108]. Under disc compression, ECM turnover was explained through tissue
inhibitors of metalloproteinase one (TIMP-1), MMP-2 and MMP-13 up-regulation [109,110]. In parallel,
it was reported that disc loading leads to imbalances in the manifestation of MMPs, a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS), and TIMPs in rat-tail discs [92]. Small and
large animal models were utilized over the decades to target dysregulated biomarkers and signalling
pathways (Table 1) to mitigate the IVD degeneration using HA-based biomaterials summarised in
Table 2. Different HMW HA and HA-based therapeutic platforms were tested in vitro, in vivo and
human trials to repair the disc (Figure 2).

Table 1. Dysregulated signalling cascades in the degenerated IVD.

Signalling Cascades IVD Segment Reference

Transforming growth factor-beta (TGF-β) IVD [111]

Mammalian target of rapamycin (mTOR) IVD [112]

Wingless-related integration site (Wnt) AF, NP, end Plate (EP), growth plate (GP) [113–118]

Nuclear factor-kappa beta (NF-κB) AF, NP, IVD [119–125]

Nerve growth factor (NGF) AF, NP [126–131]

Mitogen-activated protein kinase (MAPK) AF, NP [132–138]

Notch signalling (NOTCH) AF, NP [139]

Fibroblast growth factor (FGF) AF, NP [140,141]

Interferon-alpha signalling canonical
pathway (IFNα) AF [12,60]
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There is an increasing requirement for three-dimensional (3D) scaffolds to regenerate IVDs. HA
has a diverse range of applications when integrated into such 3D structures. Different materials
were incorporated with HA to form composites with biocompatible properties including biological
performance, stiffness, and degradation both in vitro and in vivo. Such composites, including collagen,
Fibrin and chondroitin sulphate [142,143,146,156], have been investigated in order to tackle extracellular
matrix degradation by enhancing the synthesis of key matrix modulating proteins, GAGs and
increasing cellular viability. Pre-clinical models of IVD degeneration to test the efficacy of HA-based
materials have been developed in mice [155], rats [60], rabbit [143], sheep [153], goats [154], pigs [156],
cows [142], and primates [144]. HA formulations have been cross-linked using many methods
including UV cross-linking [142], divinyl sulfone [144], polyethyleneglycol (PEG)-amine with EDC
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide), NHS (N-hydroxysuccinimide) cross-linking [59],
fibrin [150], batroxobin [152], butanediol diglycidyl ether [157] and enzymatic cross-linking using
transglutaminase in a fibrin/HA material [154]. HA hydrogels utilized in treating the different parts of
the IVD, including AF and NP, not only acted as composite materials but also as a reservoir for growth
factors and therapeutic drugs [142,150,154], as well as a cell delivery vehicle [147,152,155].

In summary, these studies report on the hydrophilic properties of HA to restore disc height [151]
and MRI signal intensity [144], the ability of HA to promote ECM synthesis [147] in resident or injected
cells, and of course the anti-inflammatory [145] and anti-nociceptive [148] properties of HA in the
setting of IVD degeneration. Several clinical trials investigating the efficacy of HA-based materials are
ongoing, with few reporting results at this early stage. However, initial results have been promising,
where MSCs delivered in a HA carrier system demonstrated an excellent safety profile with several
patients reporting improved VAS and ODI reflecting better MRI signal intensity [157].

Furthermore, HA is being trialled in extra-discal injections in cases of facet joint degeneration [158].
HA has demonstrated equivalent efficacy to glucocorticoid administration in this patient cohort. Many
studies are yet to report results, including a bone marrow-derived MSC (BM-MSC)/HA system in a Phase
2 trial (NCT01290367), Rexlemestrocel-L combined with hyaluronic acid in Phase 3 (NCT02412735) and
discogenic cells in a HA delivery system with study arms in USA and Japan in Phase 1 (NCT03347708).
There is much excitement surrounding these systems, given the proven HA preclinical efficacy.

5. Discussion and Future Directions

Discogenic back pain is a prevalent disease described by the degeneration of one or more of the
intervertebral discs causing pain, dramatically affecting the quality of life. LBP generation is initiated by
low numbers of native IVD cells, which leads to extracellular matrix disintegration, and vascularisation
promoting inflammation and low back pain sensation. It was found that pro-inflammatory cytokines
such as IFNα induce cellular arrest and apoptosis of the disc cells through downstream targets such as
IFIT3 and IGFBP3; therefore, leading to low cellularity of the disc [12]. Moreover, the up-regulation of
different inflammatory cytokines can induce the disintegration of the ECM, synthesis of chemokine
and, ultimately, changes in IVD cells [38].

For the ideal HA-based therapeutic to be identified, it needs to be compatible and supportive to
the disc microenvironment in general and target inflammation and downstream signalling cascades
that lead to innervation, vascularisation and pain sensation in particular. In the last few decades,
HA and a combination of HA-based biomaterials were tested in preclinical disc degeneration models
and human clinical trials. Multiple cross-linking techniques have been employed, including UV
cross-linking [142], chemical cross-linking [145] and combination devices that also utilize molecular
self-assembly [146]. There is no apparent consensus on optimal cross-linking methods, nor has
there been detailed investigation into the retained bioactivity using these cross-linking methods.
Although it could be challenging because of the complexity of the disease, research has focused on a
different combination of materials that could be quite promising for IVD degeneration. HA, a sizeable
hydrophilic molecule that can absorb shocks, is a fundamental component of ECM which developed to
be a promising platform for next-generation therapeutics. Through the use of various combinations of
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HMW HA and processing techniques, inflammation, innervation, as well as pain, can be reduced in
the disc [59,60,148]. The material design process must further consider the degradation products of
these materials and ensure these metabolites do not induce pro-inflammatory signalling in long-term
follow-up. While LMW HA fragments induce inflammation, HA can be modified to resist degradation
and mitigate the effects of fragmentation [84,159].

In this review, we identified a series of studies focused on assessing the effect of different
compositions of HA as a therapy for aberrantly expressed enzymes, proteins or signalling pathways
identified in the degenerated IVD. It was found that HA was effective in lowering the IFNα inflammatory
signalling pathway and downstream key apoptosis and cell senescence regulators such as IFIT3 and
IGFBP3 in the AF [60]. Similarly, HA was found to be capable of lowering the NF-κB signalling
pathway and its downstream targets NGF and BDNF in the NP [59].

In addition to its use as anti-inflammatory, anti-apoptotic and analgesic biomaterial in the disc,
HA was also used as a carrier for MSCs in vivo [147,155]. The results of recent clinical trials [157]
supported that the implantation of adipose-derived MSCs embedded in HA derivative (Figure 2)
is non-toxic and endurable in LBP and could enhance the patients’ quality of life by reducing the
back pain and enhancing their function [158]. HA encapsulation of MSCs injected into the disc offers
structural integrity and allows for cytoskeletal attachment through CD44 binding [59,160]. HA may
also block noxious signalling pathways present in the degenerated IVD to preserve cell phenotype.
Ongoing clinical trials are using HA as a delivery medium for BM-MSCs and discogenic cells to
improve cell survival and reduce inflammation [161].

Furthermore, HA has been used as a vehicle to deliver different types of therapeutics (Figure 2)
such as TGF-β1 [142], BMP-2/7 [154] and gefitinib [149]. The swelling capabilities and tuneable
mechanical characteristics of HA hydrogels popularise them for the tissue-engineering approach for
direct repair of the disc or as a vehicle for cell therapy of small-molecule drug delivery. HA also acts
as a vehicle for GF regulating protein synthesis and cell proliferation [162]. HA and its derivatives
effectively bind GF through electrostatic interactions to induce signalling and modulate ligand–receptor
activity [162]. The degradation of the HA macromolecule by native tissue hyaluronidases can enhance
small-molecule release [163].

In general, the majority of the HA applications were investigated in small or large animal
models which are limited in their translation of IVD degeneration in humans [93]. These models
were not spontaneous disc degeneration models but induced acute inflammatory models through
puncture [164,165] or enzymatic digestion [166]. Therefore, these models might not be ideal for
testing therapeutics because they induce rapid degeneration of the disc, rather than a natural onset of
disease. Hence, a model of IVD degeneration which replicates the human IVD degeneration pathology
is necessary.

Next, what is expected in the prospective studies is the assessment of the effect of potentially
identified HA-based therapeutics on a larger scale and in the context of the cross-talk of multiple
inflammatory signalling pathways to address the complex environment of the degenerative disc
disease and support achieving the ultimate goal which is finding a universal HA-based treatment
for intervertebral disc degeneration. HMW HA which was widely used by numerous studies as
an anti-inflammatory and matrix enhancing molecule [167,168] must be further investigated in a
spontaneous model of disc degeneration in a large animal model to address the anti-inflammatory
effect on combined key identified inflammatory signalling pathways such as TNFα, IFNα and
IL1-β as illustrated in Figure 3. Another critical factor to focus on is the development of a robust
minimally invasive technique for HA administration without requiring open surgery. Although there
are challenging obstacles ahead, HA-based injectable hydrogels are strong candidates as effective
treatments for disc degeneration.
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6. Conclusions

The review summarises the different HA-based biomaterials used to repair the IVD degeneration.
Different biomarkers and signalling pathways have been identified in the degenerated IVD. However,
still, there is no clear understanding of the cross-talk between these signalling pathways or which
are the upstream regulators. To date, the tissue-engineering and biomaterials fields have provided
significant efforts in treating disc degeneration. Among these biomaterials, HA has shown potential in
targeting inflammation. As a result, several HA-based biomaterials have been utilized to address the
dysregulation of different inflammatory cytokines and associated downstream signalling pathways
to enhance disc repair and revert to tissue homeostasis. Overall, significant improvements have
been made towards an optimal and biocompatible form of HA-based platform to deliver drugs and
MSCs to target specific biomarkers associated with the degenerated disc. However, a minimally
invasive HA-based therapeutic to target intervertebral disc degeneration remains the goal of the future
tissue-engineering approaches.
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Featured Application: Development of a lumbar disc herniation model with which regenerative

tissue repair approaches can be investigated under physiological loading conditions and worst-

case scenarios out of patients’ daily-life.

Abstract: Lumbar disc herniation (LDH) is the most common reason for low back pain in the working
society. New regenerative approaches and novel implants are directed towards the restoration of the
disc or its biomechanical properties. Aiming to investigate these new therapies under physiological
conditions, in this study, a model for LDH was established by developing a new physiological in vitro
test method. In 14 human lumbar motion segments, different daily-life and worst-case activities
were simulated successfully by applying a physiological range of motion and axial loading in order
to create physiological intradiscal pressure. An LDH could be provoked in 11 of the 14 specimens
through vertical and round annular defects of different sizes. Interestingly, the defect and the LDH
hardly influenced the biomechanical properties of the disc. For the investigation of regenerative
approaches in further experiments, the recommendation based on the results of this study is to create
an LDH in non-degenerated motion segments by the application of the new physiological in vitro
test method after setting the round annular defects to a size of 4 mm in diameter.

Keywords: test method; dynamic testing; in vitro; (lumbar) disc herniation; physiological activities;
regenerative approaches; tissue engineering

1. Introduction

Lumbar disc herniation is the most common reason for low back pain in the working
society [1]. The incidence ranges from 1 to 5 of 1000 persons per year but shows a peak in
patients with an age ranging from 30 to 50 years [2]. The lower lumbar region is mostly
affected with a proportion of over 95% of all lumbar disc herniations, whereas 50% occur
in L4-5 and 46% in L5-S1 [3,4]. An intervertebral disc prolapse with extrusion of nucleus
pulposus can lead to a compression of nerve roots which can cause pain, numbness and
even paralysis.

For a long time, therapies targeted the reduction of these symptoms by surgical nerve
decompression, often in combination with implants. New regenerative approaches and
novel implants are directed towards the restoration of the disc itself with the goal to improve
the biomechanical properties [5–7] and the biological functions of an intact disc [8–11]. This
motivates the development of new materials as well as the use of innovative technologies
such as 3D bioprinting which offers the opportunity to create highly complex and multi-
dimensional biomaterials [12–14]. The investigation of such new treatment options also
requires biomechanical experiments where a lumbar disc herniation can be provoked under
realistic conditions in order to challenge the new treatments under physiological worst-case
scenarios.

Appl. Sci. 2021, 11, 2847. https://doi.org/10.3390/app11062847 https://www.mdpi.com/journal/applsci
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Therefore, it is of considerable interest to understand the mechanisms of when, where,
and how lumbar disc herniations develop. It is known that most lumbar disc hernia-
tions result from endplate junction failures (65%) rather than an annulus fibrosus rupture
(35%) [15,16]. However, which activities lead to the development of such lumbar disc
herniations, are yet unknown. Activities that were associated with a higher risk for a
gradual development of lumbar disc herniations include flexional movements or lifting
weights [17–20]. Further, it has been assumed that complex and extreme loading conditions
might facilitate disc herniations.

Various in vitro studies investigated the influence of these different loading condi-
tions or motions on structural failures of the lumbar motion segments [2,15,21–30]. The
results of those studies confirmed that the combination of bending forward in combination
with lateral bending and axial rotation while lifting heavy objects is considered to be
harmful [31–33]. Nevertheless, in most of these studies, an exaggerated range of motion
(ROM) or loading values had to be applied in order to simulate the long-term effects ex-
pected from physiological movements [15,30]. So far, no herniation model could be created
that allows the investigation of new regenerative therapies under physiological loading
conditions and worst-case scenarios. Furthermore, the precise biomechanical mechanism
of the development of lumbar disc herniations is still not completely understood. It is still
uncertain during which physiologic activity a disc herniation most likely occurs.

Therefore, the aim of this study was to establish a lumbar disc herniation model
by using a new biomechanical in vitro test method which simulates patients’ daily life
activities. With this new test method, lumbar disc herniations should be produced through
standardized annular defects and dynamic physiological loading. This lumbar disc hernia-
tion model should allow the investigation of novel implants and regenerative therapies
under worst-case loading scenarios that really happen during patients’ daily life activities.

2. Materials and Methods

2.1. Specimens

In this study, we used 14 single lumbo-sacral motion segments (L2-3, L3-4, L4-5, L5-S1)
from eight different adult human donors with a median age of 35.5 years, ranging from
19 to 53 years (Table 1). Ethical approval was provided by the ethical committee board.
Sagittal T1 and T2-weighted and transverse T2-weighted magnetic resonance imaging
(MRI) was performed to evaluate disc quality and to exclude specimens with disc damage
such as disc herniations. Only discs with a low degree of disc degeneration (according to
Pfirrmann 1 or 2) were chosen and included in this study. CT scans were performed to
exclude specimens with bony fractures, tumors or other problems. The segments were then
dissected removing all soft tissue and keeping the disc and all functional ligaments intact.
The cranial and caudal vertebrae were embedded into polymethylmethacrylate (PMMA,
Technovit 3040, Haereus Kulzer, Wehrheim, Germany) and flanges were mounted to enable
a proper fixation in the testing machines.

In all specimens, a right lateral laminotomy was performed to allow access to and
observation of the posterior annulus fibrosus with an endoscopic camera. Prior to the
calibration of the physiological testing protocol, the specimens were hydrated in physio-
logical saline solution for 1 h to ensure physiologically high hydrostatic pressure in the
nucleus pulposus. Before dynamically loading the specimens with the new physiological
test protocol, the specimens were rehydrated for 30 min [34] and kept moist throughout
the experiment [35].
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Table 1. Motion segments from human donors that were used for this study for the different defect groups. Only segments
with hardly no or low degeneration (degree of degeneration according to Pfirrmann [36] 1–2) and no relevant diagnoses
such as present disc herniation that led to exclusion of the specimen were chosen.

Defect Group Donor Sex Age in Years Segment
Degeneration

(acc. to Pfirrmann [36])
Relevant Diagnoses

vertical cut 2130 male 26 L2-L3 2
L4-L5 3–4 disc herniation 1

2133 female 24 L2-L3 1
L4-L5 1

2134 male 26 L3-L4 1
L5-S1 4 disc herniation 1

2138 male 33 L2-L3 1
L4-L5 2

median (range) 26 (24, 33) 1 (1, 2) 2

round hole 2036 male 40 L2-L3 1
L4-L5 1

2072 male 53 L3-L4 1–2
L5-S1 1–2

2129 n.a. 19 L2-L3 1
L4-L5 1

2132 male 31 L2-L3 1
L4-L5 1

median (range) 35.5 (19, 53) 1 (1, 1–2)

overall median (range) 35.5 (19, 53) 1 (1, 2)
1 The diagnosis disc herniation led to exclusion of those specimens. 2 Median (range) based on specimens that were included in the study.

2.2. New Physiological Loading Protocol

A new physiological loading protocol was developed to simulate typical daily in vivo
activities associated with lumbar disc herniations. Therefore, activities were chosen that
either consist of extreme flexion like tying shoes or with additional loading like lifting
boxes. Furthermore, the influence of activities with complex motion patterns on the risk
of lumbar disc herniations was investigated by simulating sweeping the floor or lifting
boxes while turning. For each activity, physiological in vivo segmental motion [37] and
intradiscal pressures (IDP, [38]) were replicated in a dynamic disc loading simulator [39].
This dynamic disc loading simulator is able to deform the specimens in six degrees of
freedom and thereby allows the replication of complex motion in all anatomical planes,
as well as additional axial loading or compression to simulate resultant muscle forces or
body weight. In order to monitor the IDP that results from this complex deformation and
loading of the specimen, an IDP sensor (Mammendorfer Institut für Physik und Medizin
GmbH, Hattenhofen, Germany) was implanted into the nucleus pulposus from the right
lateral side of the disc.

From a neutral position, the starting activity of the patient in a standing position
was approached. Then, the dynamic activities tying shoes, sweeping the floor, lifting
boxes (20 kg) and the corresponding complex activity lifting boxes while turning were
performed subsequently (Supplementary Materials: Video S1). Each activity consisted
either of pure axial loading (standing) or in combination with bending. For the simulation
of tying shoes and lifting boxes, the specimens were bent in flexion; for the simulation
of sweeping the floor or lifting boxes while turning in flexion, lateral bending and axial
rotation were applied simultaneously (Table 2). The motion values that were applied for
each activity resulted from an in vivo study performed by Pearcy in 1985 [37]. The amount
of the necessary axial load for every individual specimen was determined from in vivo IDP
measurements from the study by Wilke et al. [38]. During a quasistatic calibration cycle
prior to testing, the equivalent motion of each activity was applied and axial compression
was subsequently adjusted (Table 2) until the equivalent in vivo IDP value had been created
within the disc. However, in vivo IDP was known for the activities of standing, tying shoes,
and lifting boxes. For the simulation of the complex activities (sweeping the floor and
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lifting boxes while turning), rotations in all motion directions were applied. The axial load
was maintained with respect to the corresponding simple activity.

Table 2. Daily-life activities (standing, tying shoes, sweeping floor, lifting boxes, lifting boxes while turning) simulated by
application of the equivalent physiological range of motion (ROM), exemplarily for L4-L5 [25] in the main bending
directions, and specimen-specific axial loading in kN in order to achieve the intradiscal pressure (IDP) in MPa that was
measured in vivo [26]. The resultant IDP peaks that could be measured during dynamic loading show deviations from the
target IDP that was used for quasistatic calibration.

Activities
Standing Tying Shoes Sweeping Floor Lifting Boxes

Lifting Boxes while
Turning

 
   

bending directions (with
ROM for L4-L5 [25]) neutral (0◦) flexion 13◦

flexion (13◦)
left lateral bending (2◦)
left axial rotation (2◦)

flexion 13◦
flexion (13◦)

left lateral bending (2◦)
left axial rotation (2◦)

IDP in MPa [26] 0.5 1.1 n.a. 2.3 n.a.

Axial load in kN 0.45
(0.24–0.54)

0.97
(0.24–2.66)

1.45
(0.23–2.63)

2.13
(1.14–3.57)

1.9
(1.13–3.58)

IDP peaks in MPa during
dyn. loading

0.5
(0.4–0.8)

1.7
(1.4–3.5)

1.9
(1.4–3.3)

3.0
(2.7–3.6)

2.8
(1.9–3.2)

The dynamic loading protocol applied was motion controlled for all ranges of motion
and force controlled for the axial compression in order to create the IDP. Each activity was
simulated for six cycles at 0.1 Hz. IDP was monitored constantly during dynamic loading.
The specimens were loaded first in the intact state of the intervertebral disc and then after
setting annular defects.

2.3. Defects

In the posterior part of the annulus fibrosus, vertical (scalpel cut 0.4 mm × 4.0 mm,
1.0 mm × 5.5 mm, 1.2 mm × 6.5 mm) or round defects (Ø 4 mm, Ø 6 mm, Ø 8 mm) were
created in the specimens and enlarged consecutively. The posterior annulus fibrosus was
observed during the simulation of the activities using an endoscopic camera in order to
evaluate whether and at which cycle of which activity a herniation with clear nucleus
extrusion occurred. The system consists of a high-performance light unit (D-Light-N,
20t33420 Karl Storz SE & Co. KG, Tuttlingen, Germany), a fiber optic light transmission
incorporated telescope (PA-NOVIEW, Richard Wolf GmbH, Knittlingen, Germany) and an
ultra-compact USB 3.0 camera (xiQ, XIMEA GmbH, Münster, Germany). After occurrence
of a herniation, the defect was not further enlarged. In every case a herniation occurred
through a vertical defect; scans in an ultra-high field MRI (11.7 T, BioSpec 117/16, Bruker
Corp., Billerica, MA, USA) were taken using isotropic voxels with a resolution of 100 μm.

2.4. Flexibility Tests

For comparison of the biomechanical properties of the specimens with intact, injured,
or herniated disc, standardized torsion tests were carried out. Hence, quasistatic flexibility
tests were performed in all testing conditions: in the intact disc, after setting the defects and
after a herniation was provoked during dynamical loading by use of the new physiological
loading protocol. Therefore, a universal spine loading simulator [40] was used to apply
pure moments of ±7.5 Nm in flexion-extension, lateral bending, and axial rotation [41].
Maximum ROM and neutral zone (NZ) were measured by a motion tracking system
(Vicon Nexus 1.4.116, Vicon Motion Systems Ltd., Oxford, UK) with six cameras (Type
MX13, Vicon Motion Systems Ltd., Oxford, UK). Maximum IDP that was reached in the
extrema of the flexibility test, was recorded by the same IDP sensor that was already
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implanted into the nucleus pulposus and that was also used for the calibration of the
dynamic loading protocol.

2.5. Statistical Analysis

Statistical analysis was performed using a Friedman-Test with Bonferroni Post-Hoc
correction in SPSS Software (IBM SPSS Statistics Vol. 27; IBM Corp., Armonk, NY, USA).
The significance level was set to α ≤ 0.05.

3. Results

In this study, a new test method could be developed which simulates physiological
daily-life activities in a dynamic way. In vivo motion values could be successfully repli-
cated. By combining it with an axial compression, in vivo IDP could be created during the
calibration cycle. During the dynamic validation cycle, the in vivo IDP values for standing
were reached, but exceeded for tying shoes and lifting boxes (Table 2).

3.1. Provocation of Disc Herniation

With this method, a prolapse with clear nucleus extrusion (Figure 1a) could be pro-
voked in 11 of the 14 specimens (Supplementary Materials: Video S2). A previously set
defect was necessary in all specimens (Table 3).

Table 3. Lumbar disc herniations (LDH) that could be provoked in the specimens with different defects during the
simulation of physiological activities indicating when the herniation occurred.

Disc Condition Defect Size Number of Herniations Physiological Activity (Cycle) When LDH Occurred

intact disc - 0 data

vertical defect 0.4 mm × 4.0 mm 1

 

(n = 1)

vertical defect 1.0 mm × 5.5 mm 1

 

(n = 1)

vertical defect 1.2 mm × 6.5 mm 3

 

(n = 1)

 

(n = 2)

One specimen with vertical defect did NOT herniate

round defect Ø 4 mm 6
before dynamic loading

 

(n = 3) 1

(n = 3)

round defect Ø 6 mm no further LDH †

round defect Ø 8 mm no further LDH †

1 In three specimens, the LDH already occurred during the flexibility test (under pure moments with no preload) before dynamic loading.
† Two specimens with round defect did NOT herniate at all, even with 8 mm.
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(a) (b) (c) 

Figure 1. Provoked herniation with clear nucleus extrusion with (a) endoscopic view of the posterior annulus fibrosus and
imaging from ultra-high field MRI (11.7 T) (b) in the transverse and (c) sagittal plane.

3.1.1. Influence of Shape and Size of the Annular Defect

After setting the first vertical defect, a herniation could only be provoked in one
specimen. Enlarging the defect to a size of 1.0 mm × 5.5 mm led to a herniation in one
other specimen. In three other specimens, a herniation could be provoked after the annular
defect had a size of 1.2 mm × 6.5 mm. One of those specimens showed an intermittent
herniation with nucleus pulposus material protruding through the annulus fibrosus in the
phase of load application and wandering back into the interior of the disc when unloading.
In one specimen, no herniation could be provoked at all. In the specimens with round
annular defects, a herniation could be provoked in six specimens after setting a defect with
a diameter of Ø 4 mm. In two specimens, no herniation could be provoked at all, neither
after widening the defect diameter to Ø 6 mm nor to Ø 8 mm.

3.1.2. Influence of Daily-Life Activities

In seven of the 11 herniated discs (Table 3), the activity lifting boxes led to a herniation,
whereby four herniations occurred under pure flexion and three herniations occurred
under complex motion. One herniation could be provoked while simulating sweeping floor.
Three discs with a round defect (Ø 4 mm) already herniated during the flexibility test
before dynamic loading.

3.2. Ultra-High Field MR Imaging

The herniations and defects of the specimens with vertical defects could be observed
and further investigated through highly resolved images of the ultra-high field MRI
(Figure 1b,c). It could be observed that the herniated nucleus pulposus material always
extruded through the defect that was previously set. The sequester extruded to the poste-
rocentral or posterolateral side of the disc.

3.3. Biomechanical Parameters

The herniation itself and the defect only led to a slight increase in ROM and NZ by
overall about 1◦ (Figure 2), and a very slight decrease of IDP (Figure 3). After setting the
vertical defects, IDP slightly decreased by 0.2 MPa and 0.1 MPa after setting the round
defects. It could be observed that stronger disc injury resulted in a wider range especially
for NZ, but also for ROM and IDP values. However, no significant differences could be
observed either between specimens with vertical and round shaped defect or between the
different conditions of the specimens.

Interestingly, the specimens that did not herniate at all showed slightly lower IDP
values or higher ROM either already in the intact state or after creation of the defect.
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Figure 2. Range of motion (ROM) in ◦ in flexion-extension, left/right lateral bending and left/right axial rotation for the
intact disc, after setting the vertical (�) or round (o) defects, respectively, assessed with the universal spine tester under
pure moments of ±7.5 Nm.
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Figure 3. Intradiscal pressure (IDP) in MPa in flexion-extension, left/right lateral bending and left/right axial rotation for
the intact disc, after setting the vertical (�) or round (o) defects, respectively, assessed with the universal spine tester under
pure moments of ±7.5 Nm.

4. Discussion

In this study, a new physiological test method was developed that allows the replica-
tion of different physiological activities in vitro. With this dynamical test method, it was
possible to provoke lumbar disc herniations under experimental conditions. A lumbar disc
herniation model was developed that can be used for the biomechanical investigation of
new regenerative therapies in order to prevent or treat intervertebral disc herniations.
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The simulation of different physiological daily-life activities of patients resulted in
intravertebral disc herniations, but only after an annular defect was previously set. The
annular defects mimicked a structural failure of the annulus fibrosus which has also been
observed in patients with herniated intervertebral discs through clinical MRI. Moreover,
annular tears have also been identified in asymptomatic individuals. It could be concluded,
that an intervertebral disc herniation with nucleus extrusion through an annular defect
might be the consequence of substantial annular fissures or tears [28].

However, a herniation could not be provoked in every specimen, even with a large
annular defect. The observation of this specimen with ultra-high field MRI might indicate
that structural changes have already occurred inside the disc. Compared to the other
intervertebral discs, the nucleus pulposus did not look as homogeneous as in the herniated
discs and showed disturbances in the signal response of the MRI (Figure 4). It can be
assumed that the ability of the disc to create hydrostatic pressure was already slightly
impaired. This might underlie the assumption of Wilke et al. that the risk of getting
a herniation is higher in younger patients with non-degenerated discs [42], but only if
annular defects coexist. This goes in accordance with the findings of Adams et al. that the
prevalence of disc herniations increases with age because the annulus fibrosus or endplate
junction becomes increasingly injured over time [2]. Additionally, the findings of this study
confirm the hypothesis that the risk of an intervertebral disc herniation might be generally
higher in the morning after the intervertebral disc has been rehydrated by recovering
during night rest [43].

    

(a) (b) (c) (d) 

Figure 4. Specimen in which no herniation could be provoked (a) endoscopic view of the posterior annulus fibrosus and
imaging from ultra-high field MRI (11.7 T) (b) in the transverse and (c) sagittal plane cutting through the defect that can be
clearly seen, indicated with a green arrow in (b). In both ultra-high field MRI sections (b,c), disturbances of the nucleus
pulposus structure and maybe air inclusions could be detected (orange circles). Those disturbances could not be detected in
the (d) MRI scans performed prior to testing.

In all specimens, the extrusion of nucleus pulposus occurred either to the central
region or to the opposite site to where the combined motion was exerted. This behavior
was already observed by Adams and Hutton [2].

Three discs with a round annular defect were already herniated during the flexibility
test before dynamic loading. During the flexibility test, the IDP values created by pure
motion, were comparable to the in vivo IDP in a standing position. A reason for the early
occurrence of a nucleus extrusion in the discs with round annular defects could be that the
initial damage led to a larger expansion of the defect due to high fiber strains generated
by the dynamical loading [44], compared to the thinner initial vertical defect. Hence for
further experiments, we would suggest using a model with a round defect in order to
guarantee the successful provocation of a nucleus extrusion.

The defect and the extrusion of nucleus pulposus material through the aforesaid
led to a migration of nucleus material. Interestingly, this migration only caused a small
decrease of IDP and increase of ROM. From former in vitro studies [42,45] it was known,
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that treating a disc herniation by partial nucleotomy significantly decreased the IDP and
increased ROM. From these findings, it can be concluded that only changes in nucleus
volume lead to a significant change of the biomechanical properties, whereas volume
migrations do not.

In this study, only herniations with clear nucleus pulposus extrusion through an
annular defect could be provoked and hence, investigated. So far, no intervertebral disc
herniations caused by endplate junction failures [16] could be investigated by using this
test method and it cannot be answered yet as to which activities might lead to endplate
junction failures. However, using this new test method, other activities could be simulated
in vitro and crucial motion of loading scenarios could be identified that might lead to
endplate junction failures.

Furthermore, the defects were set artificially. In previous in vitro studies, it could be
shown that annular defects are usually initiated from the inside of the disc and migrate to
the outer layers of the annulus fibrosus [26]. Such annular defects were provoked during
long-term excessive dynamical loading or under exaggerated loading conditions [2,15,26].
Long-term and excessive dynamical test protocols result in a completely dehydrated
disc and especially nucleus pulposus which is unable to rehydrate completely under
experimental conditions [34]. Hence, after previously excessive loading of the specimens,
it would not have been possible to generate hydrostatic pressure conditions inside the
discs [22], which was the basis for this new test method.

Another limitation of this study is that no in vivo IDP values were available for the
activities with complex, combined motion. It was assumed that the IDP does change, but
the axial load does not change between corresponding activities with single flexion or
combined flexion, lateral bending, and axial rotation. The results of the validation might
confirm this approach as hydrostatic IDP values highly depend on the individual disc
quality. Nevertheless, it would be beneficial to investigate in greater detail how external
loads and muscle forces are distributed in the intervertebral disc.

5. Conclusions

In this study, a new lumbar disc herniation model was established by which regenera-
tive tissue repair approaches as well as novel implants, such as nucleus implants or annulus
sealing methods for the treatment of lumbar disc herniations could be challenged under
normal and physiological worst-case scenarios. Therefore, a new biomechanical in vitro
test method was developed that dynamically simulates daily-life activities. By means of
this test method, disc herniations could be successfully produced and the influence of
shape and size of annular defects investigated. Based on these results, it is recommended
to produce a disc herniation in non- or only low degenerated human lumbar discs through
a round annular defect.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/6/2847/s1, Table S1: Ultra-high field MRI-IVDs, Video S1: Dynamic disc loading simulator
with simulation of physiological activities, Video S2: Lumbar Disc Herniation.
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Abstract: The intervertebral disc (IVD) relies mainly on diffusion through the cartilaginous
endplates (CEP) to regulate the nutrient and metabolites exchange, thus creating a challenging
microenvironment. Degeneration of the IVD is associated with intradiscal acidification and elevated
levels of pro-inflammatory cytokines. However, the synergistic impact of these microenvironmental
factors for cell-based therapies remains to be elucidated. The aim of this study was to investigate
the effects of low pH and physiological levels of interleukin-1ß (IL-1β) and tumour necrosis factor-α
(TNF-α) on nasal chondrocytes (NCs) and subsequently compare their matrix forming capacity to
nucleus pulposus (NP) cells in acidic and inflamed culture conditions. NCs and NP cells were cultured
in low glucose and low oxygen at different pH conditions (pH 7.1, 6.8 and 6.5) and supplemented
with physiological levels of IL-1β and TNF-α. Results showed that acidosis played a pivotal role in
influencing cell viability and matrix accumulation, while inflammatory cytokine supplementation
had a minor impact. This study demonstrates that intradiscal pH is a dominant factor in determining
cell viability and subsequent cell function when compared to physiologically relevant inflammatory
conditions. Moreover, we found that NCs allowed for improved cell viability and more effective
NP-like matrix synthesis compared to NP cells, and therefore may represent an alternative and
appropriate cell choice for disc regeneration.

Keywords: nasal chondrocytes; disc degeneration; inflammation; microenvironment; nucleus
pulposus; cell; spine

1. Introduction

Low back pain (LBP) is a leading cause of disability, affecting more than 600 million people
worldwide [1]. Although it is well established that the causes of LBP are multifactorial and can
include mechanical injury [2], genetic predisposition [3] or even lifestyle activities [4], a significant
proportion of the cases are associated with intervertebral disc (IVD) degeneration [5,6]. The IVD is an
avascular organ that interfaces the superior and inferior vertebral bodies via the cartilaginous endplates
(CEPs), regulating the nutrient and waste metabolites path into and out of the IVD, respectively [7].
The microenvironment of a degenerative IVD is considered a hostile niche characterised by large
concentration gradients of nutrients and metabolites across its domain, with significantly lower glucose
and oxygen concentrations in the centre of the disc, the nucleus pulposus (NP), compared to the
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periphery, the annulus fibrosus (AF) [8]. Due to the low levels of oxygen in the centre of the IVD,
cells residing in the NP rely mainly on anaerobic respiration to create energy, producing lactate as a
by-product of glycolysis, and thereby causing acidification of the local microenvironment. With the
onset of disc degeneration CEPs undergo physical changes such as thinning and calcification [9,10],
thereby reducing the bidirectional flow of nutrients and metabolites to and from the NP region causing
local lactate accumulation and a consequent decrease in pH [11]. It has been shown that the pH of the
disc changes with the degree of degeneration, ranging from pH 7.1 to pH 6.5 in healthy to severely
degenerated conditions respectively [12,13] and that the decrease in the pH in the organ is directly
correlated with matrix catabolism [14,15] and reduced cell viability [16].

The exact mechanisms that trigger degeneration of the IVD are unknown, although it is believed
to be mediated by the abnormal production of pro-inflammatory cytokines by NP cells [17,18].
These cytokines are believed to trigger a series of cellular responses that promote cell senescence,
autophagy and apoptosis [19–21]. While a number of pro-inflammatory cytokines have been identified
in degenerated discs, tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) are believed to
play central roles [21–23]. Both IL-1β and TNF-α have been identified to being involved in disc
herniation [24], nerve ingrowth [25] and in the upregulation of genes encoding matrix-degrading
enzymes [26–28]. Although the correlation of IL-1β and TNF-α with disc degeneration is well
established in vivo, the response to their in vitro supplementation in 2D and 3D cultures has been
diverse and often conflicting [19,23]. One explanation for the differential response observed from in vitro
experimentation could be the concentration of supplemented cytokines being supraphysiological. In a
recent study, Altun et al. measured the concentration of IL-1β and TNF-α in degenerated human
discs and found their levels to be notably increased in patients affected by acute IVD degeneration,
with concentrations in the order of pg/mL [29]. Nevertheless, the concentration of inflammatory
cytokines used in the majority of experiments investigating their effects on cells in vitro is usually
found to be in the order of ng/mL, and significantly higher compared to in vivo [30–32].

The role of inflammatory cytokines and environmental pH in IVD degeneration can be linked to
many detrimental effects, however it is difficult to determine which of the two has a primary role in
disc disease. To fully appreciate the effectiveness of any proposed cell therapy for disc regeneration for
clinical use, the regenerative capacity of the cellular component must be examined under physiologically
relevant culture conditions.

Identifying an appropriate cell source for disc repair has received significant attention over the
last decade, and in particular, the attractiveness of using a patient’s own cellular material to avoid
complications in relation with immune rejection, supply, ethical and regulatory considerations has
been highlighted [33,34]. Among the various autologous cell sources evaluated in the literature, nasal
chondrocytes (NCs) have recently been explored as a potential autologous cell source for cartilage
repair [35–37] and may represent a valid alternative for IVD repair strategies [38]. We have previously
demonstrated the ability of NCs to remain viable and functional in response to NP-like oxygen and
glucose levels [38]. However, the ability of NCs to maintain the same viability and functionality in an
inflamed and acidic microenvironment remains to be elucidated.

Hence, the primary objective of this study was to determine whether physiologically relevant
concentrations of pro-inflammatory cytokines IL-1β and TNF-α, or an acidic microenvironment
impacts cell survival and matrix production of NCs cultured in low glucose and low oxygen conditions.
Finally, we compared the functional matrix synthesis capacity of NCs and NP cells in representative
physiological conditions of degeneration.

2. Materials and Methods

2.1. Cell Isolation and Monolayer Expansion

Porcine nasal tissue was sourced from a local abattoir and dissected within 24 h. NC isolation
was performed as previously described [39]. Briefly, cartilage from the nasal septum was minced
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(~2 mm) and digested in serum free Low Glucose–Dulbecco’s Modified Eagle Medium (LG-DMEM)
containing penicillin (100 U/mL)–streptomycin (100 μg/mL) (PenStrep) and 3000 U/mL of collagenase
type II (Gibco, Invitrogen, Dublin, Ireland) at a ratio of 10 mL per gram of minced tissue. The digestion
of minced tissue was performed under constant rotation for 3 h at 37 ◦C and subjected to physical
agitation using a tissue dissociator (gentleMACS™, Miltenyi Biotech, Surrey, UK). Cells were separated
from tissue residues (40 μm cell strainer) and trypan blue exclusion was used to determine cell yield
and viability. NCs were seeded in T-175 flasks (5 × 103 cells/cm2) and expanded to passage two (P2).

NP cells were isolated from the IVDs of porcine spines. Briefly, NP tissues were harvested
aseptically and minced. Tissue fragments were placed in T-25 flasks containing LG-DMEM with 10%
FBS and PenStrep and cultured in a humidified atmosphere at 37 ◦C and 5% O2. Once cell migration
from the tissue had occurred, flasks were washed to remove debris and NP cells were expanded to
80% confluence and transferred to T-175 flasks (5 × 103 cells/cm2) and expanded to passage two (P2).
All expansion cultures contained LG-DMEM supplemented with 10% FBS, 2% PenStrep and were
maintained at 37 ◦C and 5% O2.

2.2. Preparation of Media for Experimental Culture

All media formulations were prepared from Chemically Defined Medium (CDM) containing
LG-DMEM supplemented with 0.25 μg/mL amphotericin B, 2% PenStrep, 100 nM Dexamethasone,
50 μg/mL L-ascorbic acid-2-phosphate, 1% insulin-transferrin-selenium, 4.7 μg/mL linoleic acid,
40 μg/mL L-proline and 1.5 mg/mL bovine serum albumin (BSA). Media was adjusted to pH 7.1,
6.8 and 6.5 by the addition of 400 μL, 450 μL and 500 μL of 3M HCl, respectively, and 40 μL of 5M
lactic acid (LacA) to 50 mL of CDM to obtain physiological lactate levels (4 mM) normally found in the
IVD [11]. Acidic media was subsequently incubated overnight in a humidified atmosphere at 37 ◦C
and 5% O2.

2.3. 2D Culture under Varying pH and Inflammatory Conditions

Expanded NCs were trypsinised, counted using trypan blue staining and seeded into T-25 flasks at
a density of 1 × 104 cells/cm2. Cells were allowed to adhere to the culture plastic overnight, and media
was changed to pH modified CDM (pH 7.1, 6.8 and 6.5) containing no added cytokines (Control),
125 pg/mL IL-1β, 25 pg/mL TNF-α, or 125 pg/mL IL-1β and 25 pg/mL TNF-α for 7 days at 37 ◦C and
5% O2. One complete media exchange was performed four days after seeding. 2D culture effects were
assessed in terms of cell counts with trypan blue stain at days 0 and 7, and cell density/morphology
was visualised using crystal violet staining.

2.4. Pre-Gel Fabrication, Cell Encapsulation and Culture

Cells were encapsulated in 3D hydrogels fabricated using a disc extracellular matrix (ECM)
derived biomaterial previously developed in our laboratory [40]. Briefly, disc ECM was prepared by
solubilizing cryomilled powder in 0.5 M acetic acid (4% w/v) containing pepsin (2.5 mg/mL, Sigma).
Solubilised ECM (sECM) and N-hydroxysuccinimide (NHS) functionalised CS (fCS) were combined
to yield a final gel composition of 2% sECM-2% fCS. 5% v/v 10x phosphate buffered saline (PBS)
was added to the solution and the pH was adjusted to 7.4. A suspension of NCs or NP cells was
added to the pre-gel at a cell density of 1 × 106 cells/mL. Cell seeded pre-gel was cast into cylindrical
moulds of 6 mm diameter and incubated at 37 ◦C for 1 h. Following gelation, the hydrogel constructs
were cultured in pH modified CDM (pH 7.1, 6.8 and 6.5) containing no added cytokines (Control),
125 pg/mL IL-1β or 25 pg/mL TNF-α, or a combination of 125 pg/mL IL-1β and 25 pg/mL TNF-α,
and incubated for 14 days at 37 ◦C and 5% O2. In the second part of the study pH 6.8 groups and
groups containing IL-1β or TNF-α only were excluded. Media was changed twice weekly and the
supernatant was stored at 4 ◦C for biochemical analysis.
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2.5. DNA, Sulphated Glycosaminoglycan and Collagen Content

On termination of culture, samples were stored at −80 ◦C until further analysis. Digestion of
samples was performed under constant agitation (60 ◦C, 12 h) with 100 mM sodium phosphate/5mM
Na2EDTA (pH 6.5) and papain enzyme (3.88 U/mL) containing L-cysteine (5 mM). Hoechst Bisbenzimide
33258 dye (DNA QF Kit, Sigma-Aldrich, Arklow, Ireland) was used for DNA quantification, while the
dimethylene blue dye binding assay was used to determine sulphated glycosaminoglycan (sGAG)
content. For determining hydroxyproline content, samples were hydrolysed (110 ◦C, 18 h) with
HCL (38%) and assayed using chloramine-T [41], and the collagen content determined using a
hydroxyproline:collagen ratio of 1:7.69 [42]. Samples of media supernatants were also analysed for
both sGAG and collagen content.

2.6. Assessment and Analysis of Cell Viability

A LIVE/DEAD® (Invitrogen, Dublin, Ireland) assay was used to determine cell viability. Following
a PBS washing step, samples were incubated for 1 h in phenol free LG-DMEM containing Calcein
AM (4 μM) and Ethidium Homodimer 1 (4 μM) (Cambridge Bioscience, Bar Hill, UK). Images
were captured using an Olympus FV-1000 Point-Scanning Confocal Microscope (515 nm, 615 nm
wavelengths). Semi-quantitative analysis of cell viability was determined using ImageJ software
(ImageJ, NIH, Bethesda, MD, USA).

2.7. Histology and Immunohistochemistry

Samples were washed in PBS, treated with 4% paraformaldehyde (4 ◦C, 12 h), dehydrated in
a series of graded alcohols and finally wax embedded. Sections of 8 μm were stained with 1%
Alcian Blue 8GX in 0.1 M HCl to assess sGAG deposition. Collagen types I and II were assessed
using immunohistochemistry techniques. Sections were treated with chondroitinase ABC (37 ◦C,
1 h) (Sigma-Aldrich), and non-specific sites were blocked using 5% BSA. Collagen type I (Abcam,
Cambridge, UK) and collagen type II (Santa Cruz, Heidelberg, Germany) primary antibodies incubated
at 4 ◦C overnight. The secondary antibody (Anti-Mouse igG biotin conjugate, Sigma-Aldrich) was
applied for 1 h followed by incubation (45 min) with ABC reagent (Vectastain PK-400, Vector Labs,
Upper Heyford, UK). DAB peroxidase (Vector Labs, UK) was used as a developer.

2.8. Statistical Analysis

GraphPad Prism (Ver. 7) was used for presentation of graphical data (mean ± standard deviation)
and statistical analysis (two-way ANOVA), with significance accepted at a level of p < 0.05. N is
used to represent the number of biological donors and n to represent the technical replicates for each
experiment performed.

3. Results

3.1. pH and Inflammatory Cytokine Effects on NC in 2D Culture

There was an increase in the number of viable cells after 7 days of 2D culture for pH 7.1 control
and pH 7.1 IL-1β groups compared to day 0 levels. Conversely, TNF-α and IL-1β+TNF-α groups
did not exhibit significant changes compared to day 0 samples in terms of cell number (Figure 1A).
As expected, there was a decrease in the number of viable cells with increasing acidity. However, it is
unclear whether lower cell numbers were as a result of diminished proliferation, increased cell death
or a combination of both. Cellular density as assessed through crystal violet staining confirmed the
biochemical results with no noticeable differences in cell morphology observed for the different groups
investigated (Figure 1B).
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Figure 1. 2D culture effects of pH and inflammatory cytokines on nasal chondrocytes (NCs). (A) Viable
cell count at day 7 for NCs on 2D tissue culture plastic cultured in pH modified media (pH 7.1, 6.8 and
6.5) either unsupplemented (control) or supplemented with interleukin-1ß (IL1-β), tumour necrosis
factor-α (TNF-α) or a combination of both. * (p < 0.05), *** (p < 0.001) and **** (p < 0.0001) indicate
significant differences between groups. N = 1 donor, n = 3 samples. (B) Crystal violet staining of NCs
at day 7. Scale bar is 100 μm.

3.2. Acidic pH and Inflammatory Cytokines Negatively Impact Cell Viability in 3D Hydrogels

When cultured in 3D hydrogels, NCs appeared to be affected by culture conditions in a similar
fashion to those observed for 2D culture. Semi-quantitative analysis based on Live/Dead images of
hydrogels at day 14 showed a correlation between culture conditions and cell viability with acidic pH,
and on a smaller scale the presence of inflammatory cytokines, negatively influencing cell viability
(Figure 2A,B). At pH 6.5, supplementation with IL-1β+TNF-α had a more detrimental effect on cell
viability than supplementation with single cytokines. However, this result was not confirmed by
DNA quantification, with no significant differences observed among sub-groups at pH 6.5 and 6.8
(Figure 2C). Nevertheless, DNA content was found to be lower for groups cultured in acidic pH media,
irrespective of the presence of inflammatory cytokines, with the lowest DNA content observed for all
pH 6.5 media formulations.
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Figure 2. (A) Live/dead images of NCs at day 14 cultured in 3D hydrogels in pH modified media
(pH 7.1, 6.8 and 6.5) either unsupplemented (control) or supplemented with IL1-β and TNF-α or a
combination of both. Scale bar is 300 μm. (B) Cell viability (%). (C) DNA content (μg) of hydrogels at
day 14. * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001) indicate significant differences
between groups. N = 3 donors, n = 3 samples.

3.3. Matrix Synthesis in Response to Different pH and Inflammatory Cytokine Conditions

Control ECM hydrogels (no inflammatory cytokines) cultured in media at pH 7.1 exhibited the
highest collagen accumulation which was diminished with increasing acidic media formulations.
Similar collagen levels were observed for all inflammatory cytokine supplemented groups at all
pH levels. At pH 7.1 a noticeable decrease in collagen deposition was observed for IL-1β+TNF-α
supplemented formulations compared to control (Figure 3A). The majority of collagen detected at day
14 was found to have been released into the culture media (Figure 3B). Immunohistochemical staining
of collagen types I and II did not reveal obvious differences in pericellular collagen deposition across
the groups (Figure 3C).
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Figure 3. (A) Total collagen content (μg) in hydrogels and media at day 14 cultured in pH modified
media (pH 7.1, 6.8 and 6.5) either unsupplemented (control) or supplemented with IL1-β and TNF-α
or a combination of both. (B) Collagen detected in culture media (%). The values are expressed as a
percentage of the total amount of collagen measured at day 14. * (p < 0.05), ** (p < 0.01), *** (p < 0.001)
and **** (p < 0.0001) indicate significant differences between groups, ns (not significant) indicates
p ≥ 0.05. N = 3 donors, n = 3 samples. (C) Collagen type II and collagen type I immunohistochemical
staining. Scale bar is 25μm.

Acidity was observed to decrease the ability of cells to synthesise sGAGs, while inflammatory
cytokine supplementation did not have any noticeable effect (Figure 4A). All pH 7.1 groups exhibited
a sGAG to collagen ratio that was significantly higher compared to pH 6.8 and pH 6.5 groups.
Interestingly, significant differences in sGAG:collagen ratios were noted among groups cultured at pH
7.1 supplemented with different combinations of inflammatory cytokines. Groups cultured at pH 7.1
supplemented with IL-1β and IL-1β+TNF-α were significantly higher than the pH 7.1 control group
(Figure 4B), due to reduced collagen deposition. Histological staining was found to corroborate the
sGAG biochemical findings, with more intense staining at pH 7.1 at day 14 (Figure 4C).

3.4. Acidic pH and Inflammatory Cytokines Have a Greater Impact on NP Cell Viability and Proliferation

Motivated by our previous results, the effect of acidic media culture in the presence of
physiologically relevant inflammatory cytokine concentrations was subsequently assessed for NCs
and NP cells in 3D hydrogel culture. pH media groups were reduced to pH 7.1 and pH 6.5 to
simulate healthy and acute degeneration conditions, respectively, with or without the combined
supplementation of both IL-1β+TNF-α. Live/dead analysis revealed reduced viability for NP cells
compared to NCs at pH 7.1 and pH 6.5 in both control and IL-1β+TNF-α supplemented conditions.
Acidity was again observed to be the primary factor responsible for cell death, as shown by the
significant decrease in cell viability among cells cultured in acidic media compared to the controls
(Figure 5A,B). Quantification of DNA further confirmed the detrimental effect of acidic pH on NCs
and NP cells in control and inflamed conditions (Figure 5C).
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Figure 4. (A) Sulphated glycosaminoglycan (sGAG) content (μg) in samples (hydrogels+culture media)
at day 14 cultured in pH modified media (pH 7.1, 6.8 and 6.5) either unsupplemented (control) or
supplemented with IL1-β and TNF-α or a combination of both. Dashed line represents day 0 sGAG
content. (B) sGAG:Collagen ratio. Both sGAG and collagen were calculated as respective amounts
produced over 14 days by subtracting day 0 content from day 14. *** (p < 0.001) and **** (p < 0.0001)
indicate significant differences between groups. N= 3 donors, n= 3 samples. (C) Alcian blue histological
evaluation for sGAG accumulation in hydrogels at day 14. Scale bar is 150 μm.

3.5. NCs Can Secrete Higher Amounts of Key Matrix Components Compared to NP Cells in a Degenerated
Disc-Like Environment

Acidity was also observed to have a negative impact on sGAG synthesis. Intense localised sGAG
deposition was observed for NCs cultured in pH 7.1 media (control and inflamed conditions), with less
intense staining observed for NP cells. At pH 6.5, both NCs and NP cells displayed diminished sGAG
staining. There were no appreciable differences in staining intensity between control and inflamed
conditions at either pH levels. Biochemical results supported these histological findings, demonstrating
that NCs cultured in pH 7.1 media were able to synthesise significantly higher amounts of sGAGs
compared to all other groups by day 14. There was no significant impact of culturing in IL-1β+TNF-α
supplemented media for either cell type (Figure 6A,B).
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Figure 5. (A) Live/dead imaging at day 14 of NCs and NP cells in 3D hydrogel culture at different
pH (7.1 and 6.5) and inflammatory cytokine (IL-1β+TNF-α) supplementation conditions. Scale bar is
300 μm. (B) Cell viability (%). (C) DNA content (μg) of hydrogels at day 14. * (p < 0.05), ** (p < 0.01),
*** (p < 0.001) and **** (p < 0.0001) indicate significant differences between groups. N = 3 donors, n =
3 samples.

In terms of collagen content, cells cultured in pH 7.1 control media showed enhanced collagen
production compared to pH 6.5 control media. However, no differences were detected in collagen
synthesis when cells were cultured in IL-1β+TNF-α supplemented media (Figure 7A). Moreover,
a similar pattern was found for sGAG:collagen ratios among groups, with NCs exhibiting a higher
ratio than NP cells which was higher for groups cultured in pH 7.1 media than pH 6.5. Interestingly,
NCs cultured in pH 7.1 media supplemented with IL-1β+TNF-α exhibited a sGAG:collagen ratio
significantly higher than in pH 7.1 control media (Figure 7B), due to diminished collagen deposition.
Immunohistochemical staining demonstrated higher levels of collagen type II at pH 7.1 which was
diminished at pH 6.5. Culturing with IL-1β+TNF-α did not appear to affect the type of collagen being
deposited (Figure 7C).
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Figure 6. (A) Histological evaluation of hydrogels with alcian blue to identify sGAG at day 14 of
NCs and NP cells in 3D hydrogel culture at different pH (7.1 and 6.5) and inflammatory cytokine
(IL-1β+TNF-α) supplementation conditions. Scale bar is 25 μm. (B) sGAG (μg) produced by NCs
and NP cells in 3D hydrogels. Values were calculated by subtracting day 0 content from day 14.
**** (p < 0.0001) indicates significant differences between groups. N = 3 donors, n = 3 samples.
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Figure 7. (A) Total collagen (μg) produced in hydrogels containing NCs and NP cells in 3D hydrogel
culture at different pH (7.1 and 6.5) and inflammatory cytokine (IL-1β+TNF-α) supplementation
conditions. (B) sGAG:Collagen ratio. Both quantities were calculated as respective amounts produced
over 14 days by subtracting day 0 content from day 14. * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and
**** (p < 0.0001) indicate significant differences between groups, ns (not significant) indicates p ≥ 0.05.
N = 3 donors, n = 3 samples. (C) Collagen type I and collagen type II immunohistochemical staining.
Scale bar is 25 μm.

4. Discussion

The IVD is a large avascular organ relying mainly on diffusion of nutrients through the CEPs for its
energy supply. During disc degeneration calcification of the CEPs hinders the availability of nutrients
to cells residing in the centre of the disc and the removal of metabolic by-products of glycolysis, thereby
causing acidification of the cellular microenvironment and a shift to an accelerated catabolic state [14,15].
Moreover, the degenerated disc consists of a wide panel of pro-inflammatory cytokines [22,29,43],
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further contributing to the creation of an extremely challenging biochemical microenvironment.
For successful translation of cell-based therapies for disc regeneration, it is imperative that cells remain
viable post injection, and function effectively in a challenging microenvironment [8,33,34].

In the first part of this study, we investigated the impact of the pro-inflammatory cytokines IL-1β
and TNF-α, in combination with low pH media in 2D and 3D hydrogel culture with NCs. It was found
that acidic pH affected cell viability and number to a much greater extent in comparison to IL-1β
and TNF-α supplementation. The detrimental effect of acidic pH was also observed in relation to a
significant reduction in matrix synthesis in 3D culture, whereas IL-1β and TNF-α supplementation,
either alone or in combination, appeared to have no influence on sGAG synthesis and only a marginal
influence on collagen production when NCs were cultured at pH 7.1.

Surprisingly, we found that cytokine supplementation had only a marginal influence on cell
viability and matrix synthesis. Cellular response to culture in inflammatory conditions has been
extensively studied in the last two decades. However, there is still no consensus on the specific
molecular mechanisms that are triggered or enhanced by the presence of pro-inflammatory cytokines
such as IL-1β and TNF-α, possibly due to the variability in culture conditions and consequently in the
results obtained. Some studies have found strong evidence of IL-1β being the key regulator of matrix
degradation processes in NP cells [28,44], and identified the role of TNF-α more likely to be associated
with nerve root irritation rather than influencing matrix catabolism [23]. In contrast, a number of other
studies have either not found major differences between the effects of IL-1β and TNF-α supplementation
on NP cells [27,45], or even reconsidered the central role that was attributed to IL-1β in the process of
matrix catabolism [19,43]. It is possible to find analogous discrepancies in similar studies on articular
chondrocytes (ACs); whereby some authors have judged the contributions of both IL-1β and TNF-α as
equal [46], others have found evidence of TNF-α having a predominant influence on cell death [47] and
decreased matrix synthesis [48]. Nevertheless, in contrast with our results, the common denominator
of all these findings is that the presence of pro-inflammatory cytokines, either alone or in combination,
deeply affects cell fate and gene expression. It must be noted, however, that in all these previous
studies cells have been exposed to concentrations of IL-1β and TNF-α of the order of ng/mL, which is
supraphysiological even for pathological conditions such as the more acute stages of degeneration
of the IVD. In a recent study from Altun et al., biopsy specimens from surgically excised discs from
patients diagnosed with acute disc disease were shown to contain amounts of IL-1β and TNF-α in
the range of 113–135 pg/mL and 9–26 pg/mL, respectively [29], which are more than three orders of
magnitude lower than the concentrations used in previous experiments. Our results suggest that
when cell cultures are supplemented with IL-1β and TNF-α at physiologically relevant concentrations,
cellular responses are not as marked as described in previous experiments and that these cytokines
affect cell viability and matrix synthesis less dramatically compared to environmental pH.

The effects of low pH on cell viability have been explored in the last two decades on different
cell sources such as bone marrow stem cells (BMSCs) [49], adipose-derived mesenchymal stem cells
(ADMSCs) [50], ACs [51,52] and NP cells [53]. Results from these studies are in line with our findings,
demonstrating a correlation between increasing environmental acidity and decreased cell viability.
One possible explanation for this could be that culture in acidic media induces the activation of
acid-sensing ion channels (ASICs), which are extracellular pH sensors whose activation has been found
to be responsible for acidosis-mediated apoptosis [54]. The expression of this family of receptors has
been observed in several cell types, including disc cells and ACs [51,54–56]. Although the expression
of ASICs has not yet been examined for chondrocytes extracted specifically from the nasal septum,
it is reasonable to assume that their response to acidic environments would be driven by the same
biochemical mechanisms that drives the response of chondrocytes derived from articular cartilage.
Activation of ASICs has been shown to be enhanced under inflammatory conditions, in particular
in the presence of IL-1β, resulting in increased cell death [57]. However, such a correlation was not
observed in our results, which showed no significant differences in cell viability following IL-1β
supplementation in 2D or 3D cultures.
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Acidic pH also had a significant impact on the ability of NCs to synthesise and deposit de novo
matrix. We observed a reduction in the synthesis of sGAGs compared to controls (pH 7.1) in NCs
cultured in media at pH 6.8 and 6.5, which is not simply due to compromised cell viability. It has
previously been reported that cell metabolism can be severely inhibited by low pH [58,59]. This is due to
phosphofructokinases, the rate-limiting enzymes on glycolysis, being sensitive to pH and in particular
inhibited by acidosis [60]. As a consequence, cells have less energy available and processes tightly
linked to energy consumption such as sGAG synthesis are inhibited or impeded [61]. Interestingly,
although we did observe a higher amount of collagen being produced at pH 7.1 without inflammatory
factors, the detrimental impact of acidic conditions was less pronounced in comparison to sGAG
synthesis, suggesting that the molecular mechanisms regulating collagen synthesis are less dependent
on energy availability. A similar finding was reported in a study from Nishida et al., where a decrease
in energy production in hypoxic conditions promoted hypertrophy in ACs with a decrease in aggrecan
and an increase in collagen expression [62].

A second objective of this study was to directly compare the ability of NCs and NP cells to
synthesise NP-like matrix in culture conditions mimicking the degenerated disc niche (low glucose,
low oxygen, low pH in the presence of pro-inflammatory cytokines), with the aim of determining an
appropriate cell source for disc repair strategies. We found that NCs, although still negatively affected
by low pH, maintained higher cell viability and synthesised appropriate matrix components such as
sGAGs and collagens in a more appropriate ratio than NP cells. In comparison, NP cells exhibited
diminished cell viability at pH 7.1, representative of a healthy disc, which also resulted in a reduction
in the accumulation of sGAGs when compared to NCs. This correlates with results from Razaq et al.,
where the expression profile of bovine AC and NP cells cultured in acidic conditions was compared,
demonstrating a significantly lower expression of matrix related genes with increasing acidity for NP
cells [53]. Importantly, the sGAG:collagen ratio was considerably higher in NCs compared to NP cells
for all culture conditions. A high sGAG:collagen ratio may be considered an appropriate parameter
for the identification of NP-like tissue type, as it represents a tissue rich in sGAGs, replicating the
composition typical of healthy NP [63].

In conclusion, the results of the present study demonstrate that among the plethora of characteristics
that render the degenerated NP an extremely hostile niche, environmental pH was found to have the
greatest impact on cell viability and matrix production. While NP cells appeared to be unaffected by
the presence of inflammatory cytokines in the physiological range, low pH had a greater impact on
viability and matrix synthesis, suggesting they may be a less effective cell type compared to NCs for
cell-based NP regeneration. Although it is clear that environmental acidity is an important factor to
consider in the context of disc regeneration, to the best of the authors knowledge, there are no clinically
feasible approaches to neutralising or augmenting the intradiscal pH. A possible approach may involve
injecting pH buffering biomaterials into the disc space. This may have some short-term benefit and
create a permissible microenvironment to facilitate regeneration by transplanted cells, but the longevity
of such an approach would need to be established. In parallel, techniques to non-invasively measure
intradiscal pH in vivo would be required in order to tailor or adjust the treatment according to the
severity of the degenerated state. Recent work has proposed a promising clinical MRI approach to detect
pH changes associated with IVD degeneration in a swine model [64]. Overall, the presence of the key
inflammatory cytokines IL-1β and TNF-α, that have previously been identified in human discs did not
have any appreciable impact when supplemented in physiologically relevant concentrations. Therefore,
developing imaging modalities to identify and characterise intradiscal pH in vivo in combination
with pH buffering biomaterials may provide for an effective strategy to appropriately select and treat
patients with cell-based therapies.
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Abstract: Our recent study detected the expression of a tissue renin–angiotensin system (tRAS)
in human intervertebral discs (IVDs). The present study sought to investigate the impact of the
angiotensin II receptor type 1 (AGTR1) antagonist losartan on human nucleus pulposus (NP) cell in-
flammation and degeneration induced by tumor necrosis factor-α (TNF-α). Human NP cells (4 donors;
Pfirrmann grade 2–3; 30–37-years–old; male) were isolated and expanded. TNF-α (10 ng/mL) was
used to induce inflammation and degeneration. We examined the impact of losartan supplementa-
tion and measured gene expression of tRAS, anabolic, catabolic, and inflammatory markers in NP
cells after 24 and 72 h of exposure. T0070907, a PPAR gamma antagonist, was applied to examine
the regulatory pathway of losartan. Losartan (1 mM) significantly impaired the TNF-α-induced
increase of pro-inflammatory (nitric oxide and TNF-α), catabolic (matrix metalloproteinases), and
tRAS (AGTR1a and angiotensin-converting enzyme) markers. Further, losartan maintained the
NP cell phenotype by upregulating aggrecan and downregulating collagen type I expression. In
summary, losartan showed anti-inflammatory, anti-catabolic, and positive phenotype-modulating
effects on human NP cells. These results indicate that tRAS signaling plays an important role in IVD
degeneration, and tRAS modulation with losartan could represent a novel therapeutic approach.

Keywords: intervertebral disc; renin–angiotensin system; degeneration; regeneration; spine; inflammation

1. Introduction

Low back pain (LBP) is one of the most common health problems and a leading cause
of disability worldwide, resulting in an enormous socioeconomic burden [1]. Symptomatic
intervertebral disc degeneration (IDD) is a major cause of LBP [2]. IDD is associated with
extracellular matrix (ECM) degradation, the release of pro-inflammatory cytokines, alter-
ations in spine biomechanics, increased angiogenesis, and neo-innervation, resulting in
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discogenic pain and disability [3,4]. Pro-inflammatory cytokines affect the production of
relevant catabolic enzymes, leading to progressive ECM degeneration. Several studies
have shown that pro-inflammatory markers, such as tumor necrosis factor-alpha (TNF-α)
and interleukin (IL)-6, are increasingly expressed in degenerated human IVDs [4,5].

At present, none of the available treatment strategies address the actual underlying
pathologic dysregulations leading to IDD. Affected patients in the early stages of IVD
degeneration and not qualified for surgery do not benefit from conservative treatments [6].
Surgical strategies that include spinal fusion or total disc replacement (TDR) have been
introduced and carried out to treat symptomatic patients, even though the long-term
benefit is elusive compared with conservative treatment options [7–10]. Given the dearth
of adequate self-repair capabilities of IVDs and satisfactory treatment approaches, new
biomolecular therapies targeting the inflammatory and degenerative cycles are receiving
attention [11]. These approaches attempt to reduce the inflammatory settings of degen-
erative and inflammatory IVDs in order to slow down the progressive pro-inflammatory
cascade [12–15].

Recently, we showed that the tissue renin–angiotensin system (tRAS) is expressed
in human IVDs, revealing a positive correlation with pro-inflammatory cytokines and
catabolic enzymes [16]. Angiotensin II (AngII) is the major effector of the tRAS and is
involved in inflammatory cell pathways. Angiotensinogen (ATG), its precursor protein,
is cleaved by the protease renin to produce AngI, which is then converted to biologically
active AngII by angiotensin-converting enzyme (ACE). RAS inhibitors are one of the most
prescribed drugs globally [17]. Recent research has raised evidence that RAS inhibitors
could reduce TNF-α production both in vitro and in vivo [18,19]. Price et al. showed in a rat
model of rheumatoid arthritis (RA) that TNF-α production and pathological characteristics,
such as knee joint swelling, were significantly diminished by ACE inhibitor application [20].
These findings were also confirmed by other groups, revealing that ACE inhibitors and
angiotensin II receptor type 1 blockers (ARBs) are associated with anti-arthritic effects
through the reduction of reactive oxygen species, inflammation, neutrophil recruitment,
disease activity, and finally joint destruction [21–34]. Moreover, animal models of renal
injury examining the protective impact of RAS inhibitors revealed that inhibition of AngII
functions via ACE inhibitors or ARBs reduced the recruitment of pro-inflammatory cells
and catabolic gene expression [35–37].

We hypothesize that a local RAS is involved in the progress of disc degeneration,
inflammation, and discogenic pain in human IVD cells. As inflammation contributes
to IDD, the present study sought to investigate whether inhibition of the angiotensin II
receptor type 1 (AGTR1) would have a protective effect on IVD tissue biology. Specifically,
we investigated the potential protective effects of angiotensin II receptor type 1 antagonist
losartan on human nucleus pulposus (NP) cell inflammation and degeneration induced
by TNF-α.

2. Materials and Methods

2.1. Isolation and Expansion of Human NP Cells

The Swiss Human Research Act does not apply to research that utilizes anonymized
biological material and/or anonymously collected or anonymized health-related data.
Therefore, this project does not need to be approved by an ethics committee. Patients’
general consent, which also covers anonymization of health-related data and biological ma-
terial, was obtained. Human NP waste tissue was collected from patients that underwent
spinal surgeries with written consent (4 donors, male, 31–37 years old, Pfirrmann grade II).
The collected NP tissue was incubated with red blood cell lysis buffer (155 mM NH4Cl,
10 M KHCO3, and 0.1 mM EDTA in Milli-Q water) for 5 min on a shaker at room tem-
perature, and then washed with Phosphate-Buffered Saline (PBS). Chopped tissue was
then enzymatically digested with 0.2% w/v pronase (Roche, Basel, Switzerland) in Alpha
Minimum Essential Medium (αMEM, Gibco) for 1 h, followed by 65 U/mL collagenase
type II (Worthington, Columbus, OH, USA) in αMEM/10% Fetal Calf Serum (FCS, Corning,
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Corning, NY, USA) at 37 ◦C for 12–14 h. A single-cell suspension was obtained by filtering
through a 100 μm cell strainer. Next, cells were seeded at a density of 10,000 cells/cm2 and
expanded with αMEM supplemented with 10% FCS, 100 U/mL penicillin, and 100 mg/mL
streptomycin (1% P/S, Gibco). Cells were cultured at a hypoxic condition of 2% O2. The
culture medium was changed twice a week and cells were detached at approximately
80% confluence using a dissociation buffer composed of 0.05% trypsin/EDTA (Gibco) for
5 min at 37 ◦C. Cells were sub-cultured at a cell density of 3000 cells/cm2 for expansion.
Passage 1 NP cells were cryopreserved in liquid N2. After thawing, NP cells were ex-
panded with high-glucose Dulbecco’s Minimum Essential Medium (high glucose DMEM,
Sigma–Aldrich, St. Louis, MO, USA) and 10% FCS. Passage 3 NP cells were used in the
present study.

2.2. Cytotoxicity Test of Losartan

Cytotoxicity studies were performed to test whether losartan induced cell death of
human NP cells at different doses and time points. Human NP cells were seeded in
96-well plates at a density of 2000 cells per well for cell viability analysis. Two donors
with three technical replicates per donor were used for analysis. The groups were exposed
to DMEM with 1% ITS+, 1% non-essential amino acids (Sigma–Aldrich, St. Louis, MO,
USA), and 50 μg/mL L-ascorbic acid 2-phosphate (Sigma–Aldrich, St. Louis, MO, USA).
After 24 h, losartan (Tocris Bioscience, Bristol, UK) was added to the treatment groups
at concentrations of 100, 250, 500, 750, and 1000 μM. After incubation for 24, 48, and
72 h, the cells were washed with PBS and then exposed to the Cell Titer Blue® reagent
(Promega Corporation, Madison, WI, USA) diluted 1:5 in DMEM. Fluorescence intensity
was determined with the Viktor 3 plate reader (Perkin Elmer, Waltham, MA, USA) after 4 h
of incubation (ex/em 560/590 nm).

2.3. Effect of Losartan on Human NP Cells

Passage 3 NP cells were seeded in 12-well plates at a density of 20,000 cells/well.
Overall, four donors with three replicates per donor were assessed in this experiment.
Additionally, three wells per group and donor were assessed for DNA content. Cells were
seeded in 2 mL DMEM with 10% FCS to allow cell attachment. On the day of seeding
the 12-well plates (Day 0, baseline), samples were taken for normalization. After 24 h,
the medium was changed to the experiment medium with six groups. The control group
was cultured with 2 mL DMEM, 1% non-essential amino acids, 50 μg/mL L-ascorbic acid
2-phosphate, and 1% ITS+. We prepared high-dose (1000 μM) and low-dose (100 μM) stock
solutions of losartan by dissolving 47.9 mg losartan potassium and 4.79 mg, respectively,
in 1 mL PBS. After sterile filtering with a 0.2 μm filter, we prepared 250 μL aliquots and
stored them at −20 ◦C. Losartan at concentrations of 100–1000 μM in PBS was then added
to the medium for the experiments. Human recombinant TNF-α (10 ng/mL) was added
simultaneously to induce a pro-inflammatory stimulus in human NP cells.

Experimental groups:

- Control group
- Losartan 100 μM
- Losartan 1000 μM
- TNF-α 10 ng/mL
- TNF-α 10 ng/mL + Losartan 100 μM
- TNF-α 10 ng/mL + Losartan 1000 μM

After treatment for 72 h, the medium was collected and analyzed for nitric oxide (NO)
content. Three wells/group were digested with 0.5 mg/mL proteinase K (Sigma–Aldrich,
St. Louis, MO, USA) to measure DNA content in the monolayer. Three wells/group were
lysed in TRI reagent (Molecular Research Center, Cincinnati, OH, USA) and PolyAcryl-
Carrier (Molecular Research Center, Cincinnati, OH, USA), and stored at −80 ◦C for gene
expression analysis.
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2.4. Pathway Study with the Peroxisome Proliferator-Activated Receptor Gamma (PPARγ)
Antagonist T0070907 under Inflammatory Conditions

To determine a potential pathway for the anti-inflammatory effect of losartan, we
conducted a pathway study with the PPARγ antagonist T0070907 (Tocris Bioscience, Bristol,
UK). Human recombinant TNF-α (10 ng/mL) was used as an inducer of inflammation.
T0070907 was added to the medium to investigate whether losartan’s anti-inflammatory
effect would be inhibited by blocking PPARγ. DMSO was used to solubilize T0070907
and the same amount (1 μL/mL medium) was also added to the other groups to provide
equivalent culture conditions. As before, the cells were seeded on day 0 and exposed to the
experimental group medium after 24 h. Gene expression analysis was performed after 24
and 48 h of exposure. The experimental groups were:

- Control
- TNF-α 10 ng/mL
- TNF-α 10 ng/mL + T0070907 1 μM
- TNF-α 10 ng/mL + Losartan 1 mM
- TNF-α 10 ng/mL + Losartan 1 mM + T0070907 1 μM

2.5. Gene Expression Analysis

Total RNA was extracted with 1-bromo-3-chloropropane (Sigma–Aldrich) followed by
RNA precipitation using isopropanol and high salt precipitation solution (0.8 M sodium
citrate and 1.2 M NaCl). RNA was washed with ethanol and quantified using a Nan-
oDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
SuperScript VILO cDNA Synthesis Kit (Life Technologies, Carlsbad, CA, USA) was used
for reverse transcription, followed by real-time quantitative PCR (qRT-PCR) using the
TaqMan™ method with 10 μL reaction volume.

qRT-PCR was performed to assess the gene expression of matrix metalloproteinase-1
and -3 (MMP-1, -3), interleukin 6 and 8 (IL-6, -8), TNF-α, and PPARγ as markers for
inflammation and matrix degradation. Aggrecan (ACAN), collagen I, and collagen II
(COL I, II) were analyzed as markers for ECM production and cell phenotype identification.
The mRNA expression levels of the following components of tRAS were also quantified:
angiotensin-converting enzyme (ACE), angiotensinogen (AGT), renin-like tRAS equivalent
Cathepsin D, and the angiotensin II receptor type I (AGTR1). RPLP0 was used as a
housekeeping gene in each sample (Table 1). The comparative CT method was applied for
relative quantification with RPLP0 as the endogenous control.

2.6. Biochemical Analysis

DNA content was measured after overnight digestion with 0.5 mg/mL proteinase K
(Sigma–Aldrich, St. Louis, MO, USA) at 56 ◦C. DNA quantification was performed with
Hoechst 33258 (Sigma–Aldrich, St. Louis, MO, USA) dye and calf thymus DNA (Sigma–
Aldrich, St. Louis, MO, USA) as the standard. Nitric oxide (NO), a marker for oxidative
stress, was indirectly measured in the sampled medium of all wells by spectrophotometric
quantification of nitrite, a non-volatile breakdown product, by Griess assay (Promega,
Madison, WI, USA).
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2.7. Enzyme-Linked Immunosorbent Assay

IL-6 content in the collected culture medium after 72 h of exposure was measured with
an enzyme-linked immunosorbent (ELISA) kit (ELISA DuoSet®, R&D Systems, Catalog #
DY008). The capture antibody was diluted to the working concentration and the microplate
was coated with 100 μL per well with the diluted capture antibody, sealed, and incubated
at room temperature overnight. On the next day, each well was aspirated and washed
with a wash buffer (0.05% Tween20 in PBS, pH 7.2–7.4). The plates were then blocked by
adding 300 μL of blocking buffer (1% Bovine Albumin Serum (BSA) in PBS, pH 7.2–7.4,
filtered sterile (0.2 μm)) to each well. The plate was incubated at room temperature for
a minimum of 1 h. The wash step was repeated and samples or standards were diluted
in Reagent Diluent (0.1% Bovine Albumin Serum (BSA), 0.05% Tween 20 in Tris-buffered
Saline (20 mM Trizma Base, 150 mM NaCl, pH 7.2–7.4, filtered sterile (0.2 μm)). Then,
the plate was sealed and incubated for 2 h at room temperature. The wash step was
repeated and 100μL of working dilution of Streptavidin-HRP was added to each well. The
well was sealed and incubated at room temperature for 20 min and protected from light.
The wash step was repeated and 100 μL of substrate solution (1:1 mixture of H2O2 and
Tetramethylbenzidine) was added to each well. The plate was incubated for 20 min at room
temperature and protected from light. Finally, the stop solution (2N H2SO4) was added to
each well and the optical density of each well was determined using a microplate reader at
450 nm with wavelength correction at 570 nm.

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 software (GraphPad
Software, Inc., La Jolla, CA, USA) and Stata Statistical Software Release 15 (StataCorp.
2011, College Station, TX, USA). Data were assessed with the Shapiro–Wilk normality
test. For normally distributed data, the differences were assessed using t-test or ANOVA,
as appropriate. The Kruskal–Wallis test, followed by the Mann–Whitney U test for pair-
wise comparisons, was used for non-parametric testing. A two-sided p-value < 0.05 was
considered significant.

3. Results

3.1. Losartan Does Not Show Cytotoxic Effects on Human NP Cells

At concentrations between 100 and 1000 μM, losartan did not significantly affect the
cell viability of human NP cells (Figure 1). We observed an increase in viable cell numbers
from 24 to 72 h for the control group and all losartan groups examined. This increase in cell
count was not different between different concentrations of losartan. These results indicate
no cytotoxic effects of 100–1000 μM losartan on human NP cells after 24–72 h of exposure.
We used losartan at a concentration of 100 μM and 1000 μM for subsequent experiments
based on the cytotoxicity study results.

3.2. Effect of Losartan on Human NP Cell Proliferation and NO Release

The different experimental media did not significantly alter the DNA content of the
human NP cells after exposure for 72 h. As expected, we observed a significant increase
in NO release from the cells of the experimental groups containing TNF-α (p < 0.001).
Losartan addition did not significantly affect NO release other than the TNF-α only group
after 72 h of exposure (Figure 2).
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Figure 1. Relative viable cell count of human nucleus pulposus (NP) cells after 24, 48, and 72 h of losartan exposure.
Means + standard deviations are shown. Data from two donors assessed in triplicate are shown (n = 6). %: compared to
48 h of exposure; §: compared to 72 h of exposure; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Figure 2. Effect of losartan and TNF-α on DNA content of human NP cells (A) and nitric oxide (NO) concentration in
conditioned medium (B). Median and interquartile ranges (IQR) are shown. Dots represent outliers. Data from four donors
assessed in triplicate are shown (n = 12). #: compared to control; +: compared to Losartan 100 μM; †: compared to Losartan
1000 μM; ‡: compared to TNF-α; §: compared to TNF-α + Losartan 100 μM; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.3. Losartan Positively Modulates the Phenotype of Human NP Cells under Pro-Inflammatory Conditions

A significant upregulation of the pro-inflammatory cytokines IL-6 and IL-8 was ob-
served under inflammatory conditions, which was unaltered by supplementation with
losartan (Figure 3A). Gene expression of TNF-α was upregulated following the addition
of TNF-α (p < 0.01), a trend that could be decreased by the addition of 1000 μM losar-
tan (p < 0.01). Further, we found that the combination of 1000 μM losartan (p < 0.001)
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and 100 μM losartan (p < 0.01) with TNF-α induced an increase in PPARγ gene expres-
sion compared with the control group, indicating that the angiotensin II receptor type 1
was involved in the regulation of PPARγ expression through AGTR1 in inflammatory
settings. TNF-α significantly increased pro-inflammatory tRAS markers ACE (p < 0.05)
and AGTR1 (p < 0.01). This effect was downregulated by blocking the AGTR1 receptor
with 1000 μM losartan, which also downregulated AGT expression (TNF-α + Losartan vs.
Control, p < 0.01), indicating that this upregulation of pro-inflammatory tRAS markers
was mediated through the AGTR1 receptor under inflammatory situations (Figure 3B).
TNF-α also upregulated the expression of Cathepsin D (p < 0.01), which was not altered
by losartan addition. TNF-α induced upregulation of MMP-3 showed decreasing trends
upon the addition of 1000 μM losartan, indicating an antidegenerative effect of high-dose
losartan. However, this finding failed to reach significance (p = 0.2676) for the comparison
TNF-α vs. TNF-α+ 1000 μM losartan. Interestingly, when TNF-α was present, the addition
of losartan significantly upregulated the gene expression of ACAN (TNF-α+ 1000 μM
losartan vs. TNF-α p < 0.05) and downregulated collagen I expression (TNF-α+ 1000 μM
losartan vs. TNF-α, p < 0.05), indicating a positive phenotype-modifying effect of losartan
under inflammatory conditions (Figure 3C). However, this observation was not significant
for collagen II gene expression (TNF-α+ 1000 μM losartan vs. TNF-α, n.s.).

3.4. Pathway Study in Human NP Cells Treated with the PPARγ Antagonist T0070907 under
Inflammatory Conditions

We found potential interactions between AGTR1 inhibition and PPARγ gene expres-
sion changes; hence, we evaluated whether losartan could directly interact with the PPARγ
receptor. We examined the impact of an additional group containing the PPARγ antagonist
T0070907 on respective genes after 24 h (Figure 4) and 72 h (Figure 5) of exposure. For
the inflammatory markers IL-6 (p < 0.01) and TNF-α (p < 0.05), a significant upregulation
of gene expression could be observed in the inflammatory groups compared with the
control group after 24 h, confirming the findings of the previous experiments (Figure 3). In
accordance with the previous experiments, this increase was not attenuated by losartan
for IL-6. For TNF-α, a marked decrease was observed, which barely missed statistical
significance (TNF-α vs. TNF-α + Losartan, p = 0.0883). The suppression of TNF-α-induced
inflammation by the PPARγ antagonist T0070907 was not significant. A noticeable trend
could be observed in the gene expression analysis of the catabolic marker MMP1. Here,
significant upregulation was observed between the control group and inflammatory groups
(Control vs. TNF-α, p < 0.0001), which could be decreased by the addition of losartan
(TNF-α vs. TNF-α + Losartan, p < 0.0001). This effect was reversed with T0070907 in the
medium (TNF-α + Losartan vs. TNF-α + Losartan + T0070907, p < 0.0001), indicating a
partial agonism and anti-degenerative effects of losartan via the PPARγ receptor in human
NP cells. Addition of TNF-α also led to a significant increase of ACAN. However, we
did not observe any differences for the other experimental groups. Further, losartan re-
duced collagen I gene expression in TNF-α-treated NP cells (TNF-α vs. TNF-α + Losartan,
p < 0.001). T0070907 intervention seemed to attenuate this effect of losartan, although the
difference was not significant (p = 0.1990). For collagen II gene expression, we did not find
any relevant significant changes.

Concerning the expression of the tRAS genes, we observed an upregulation of gene
expression for AGTR1a, ACE, AGT, and Cathepsin D in inflammatory conditions (Control
vs. TNF-α: ACE p < 0.0001, AGT p < 0.0001, AGTR1a p < 0.01; Figure 4). Losartan
significantly reduced the upregulation of tRAS genes, which was reversed by the PPARγ
antagonist T0070907 for ACE (TNF-α + Losartan vs. TNF-α + Losartan + T0070907 p < 0.01),
Cathepsin D (TNF-α + Losartan vs. TNF-α + Losartan + T0070907 p < 0.01), and AGT
(TNF-α + Losartan vs. TNF-α + Losartan + T0070907 p < 0.001; Figure 4). This trend seemed
to be consistent for the angiotensin II receptor type 1, although not significant (p = 0.4913).
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Figure 3. Gene expression of inflammatory (A), tissue remodeling (B), and tRAS markers (C) among the experimental
groups. Gene expression was normalized to Day 0 (baseline) values. Data from four donors assessed in triplicate are shown
(n = 12). #: compared to control; +: compared to losartan 100 μM; †: compared to losartan 1000 μM; ‡: compared to TNF-α;
§: compared to TNF-α + losartan 100 μM; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Figure 5 illustrates the gene expression results of the experimental groups after 72 h
of exposure to the experimental groups’ medium. There seemed to be a lower effect of
all interventions on the examined genes with the increase of experimental duration. In
contrast to the results after 24 h of exposure, we observed a downregulation of ACAN and
collagen II for the TNF-α group, which was neutralized in the TNF-α + Losartan group
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only for ACAN. PPARγ antagonist T0070907 increased the gene expression for the tRAS
genes Cathepsin D (TNF-α + Losartan vs. TNF-α + Losartan + T0070907, p < 0.01) and ACE
(TNF-α + Losartan vs. TNF-α + Losartan + T0070907, p < 0.001), but not AGT and AGTR1
after 72 h of exposure. Further, T0070907 also reversed the anti-inflammatory effects of
losartan with respect to TNF-α expression after 72 h of exposure (p < 0.05).

 
Figure 4. Influence of the PPARγ pathway on losartan-induced gene expression changes of inflammatory and tissue
degeneration markers (A–C), tRAS markers (D–G), and cell phenotype markers (H,I) in human NP cells after 24 h of
exposure. Gene expression was normalized to Day 0 (baseline) values. Data from two donors assessed in triplicate are
shown (n = 6); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.5. Enzyme-Linked Immunosorbent Assay of Secreted IL-6

The secreted IL-6 levels in the culture medium were assessed by ELISA and are
illustrated in Figure 6. TNF-α led to a significant and markedly upregulation of IL-6
levels. Losartan supplementation revealed a significant downregulation of IL-6 levels for
the TNF-α + Losartan compared to the TNF-α only group (p < 0.001). However, PPARγ
antagonist T0070907 was not able to significantly inhibit this downregulation.
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Figure 5. Influence of the PPARγ pathway on losartan-induced gene expression changes of inflammatory and tissue
degeneration markers (A–C), tRAS markers (D–G), and cell phenotype markers (H,I) in human NP cells after 72 h of
exposure. Gene expression was normalized to Day 0 (baseline) values. Data from two donors assessed in triplicate are
shown (n = 6); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

85



Appl. Sci. 2021, 11, 417

 
Figure 6. Influence of angiotensin II type 1 receptor (AGTR1) inhibition on secreted IL-6 levels in
human NP cells after 72 h of exposure. The results are shown as the original concentrations in pg/mL
in the media without normalization. Data from two donors assessed in triplicate are shown (n = 6);
*** p < 0.001; **** p < 0.0001.

4. Discussion

The present study sought to investigate the protective effect of the AGTR1 antagonist
losartan on human NP cell inflammation and degeneration induced by TNF-α. Outcomes
revealed that TNF-α induced the expression of pathologic tRAS molecules and led to pro-
inflammatory and catabolic effects in human NP cells. Inhibition of AGTR1 with losartan
could partly inhibit the inflammatory and catabolic reaction. Therefore, present results
suggest that TNF-α-induced disc degeneration may partially be mediated through AGTR1
signaling. Treatment with AGTR1 antagonist losartan could inhibit the TNF-α-induced
degenerative state and maintain the NP cell phenotype depending on the administration
or drug delivery method and the resulting achievable local tissue concentrations.

In accordance with previous studies, we found that losartan interacted with the PPARγ
pathway [38]. Inhibition with the PPARγ inhibitor T0070907 partly abolished the effects
of losartan on nucleus pulposus cells. This implies that the PPARγ pathway contributes
to losartan’s anti-inflammatory effects, as also suggested by Price et al. [20]. Our results
also indicate that losartan has an impact on the gene expression of extracellular matrix-
related components. Losartan has been reported to affect TGF-beta expression and reduce
collagen I production in human fibroblasts [39]. Additionally, the interaction of losartan
with TGF-beta signaling was confirmed by other research groups [40].

Targeting the tissue renin–angiotensin system may have significant therapeutic poten-
tial in modulating the metabolism of the degenerative IVD, which may potentially translate
into a reduction of discogenic pain.

4.1. The Tissue Renin–Angiotensin System: AngII as a Pro-Inflammatory and Catabolic Hormone

The renin–angiotensin system (RAS) has an important role in the regulation and
progression of tissue injuries in the cardiovascular system [41]. In earlier studies, a variety
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of locally acting renin–angiotensin system components were identified in various human
tissues, such as bone, gastrointestinal tract, skin, kidney, and liver, revealing an important
role in degenerative and inflammatory processes [42,43]. AngII, a well-known classical
vasoconstrictory cardiovascular hormone and part of the pathological arm of the tRAS, was
also demonstrated to be produced in inflammatory cells, inducing nerve growth and axon
sprouting [44–48]. For the first time, Morimoto et al. and Price et al. revealed the existence
of local renin–angiotensin systems and their contribution to inflammation in the muscu-
loskeletal system of rats [20,49]. Recent evidence underlines the statement that the RAS
and its main effector, AngII, may be considered as a locally acting system, regulating tissue
homeostasis and regeneration, especially in the cardiovascular and nervous systems [50].
Furthermore, AngII induces the expression of pro-inflammatory markers, such as IL-6,
TNF-α, and adhesion molecules, and functions as a true pro-inflammatory mediator that
regulates inflammation, growth, and fibrosis [51–55].

In our previous work, we confirmed the existence of AngII and other tRAS com-
ponents in tissue samples of degenerated discs by immunohistochemistry and gene ex-
pression analysis [16]. Disc tissue samples that expressed more tRAS factors showed
significantly higher gene expression levels of pro-inflammatory (TNF-α IL-6) and catabolic
genes (ADAMTS 4 and 5), indicating that tRAS contributes to the inflammatory processes
operant in IDD. These findings are supported by the fact that the gene expression of NP
phenotype-modulating factors, such as ACAN and COL2, was reduced in increased tRAS
component-expressing discs. Furthermore, disc tissues with highly positive tRAS expres-
sion revealed lower glycosaminoglycan (GAG)/DNA ratios, implying the accelerated state
of catabolism due to IDD.

Our present work indicates that AngII has the potential to affect IVD matrix degra-
dation as the inhibition of its receptor, AGTR1, led to significant changes in the gene
expression of relevant extracellular matrix genes. The roles of ACE and AGTR1 in in-
flammatory cell processes have previously been shown in synovium tissues from RA
patients [20,56,57]. Recent research supports our work, revealing increased tRAS activity in
the synovial fluid and tissues of patients with RA [58–60]. Price and coworkers analyzed
the protective potential of losartan in rats with RA [20]. Chronic joint inflammation was
induced by intraarticular and periarticular injection of Freund’s complete adjuvant of
heat-killed Mycobacterium tuberculosis into the knee joint. Acute joint inflammation was
induced by intraarticular injection of λ-carrageenan and kaolin. Western blot analysis
and immunohistochemistry reflected the elevated concentrations of AngII protein and
AGTR1 in synovium from animals with acute and chronic joint inflammation. Losartan
substantially reduced joint swelling and suppressed TNF-α generation in a dose-dependent
manner. Morimoto et al. investigated the impact of AngII stimulation with different con-
centrations in rat annulus fibrosus cells by qRT-PCR [49]. Stimulation of rat IVD cells with
AngII increased the mRNA expression of ADAMTS-5 significantly, indicating extracellular
matrix degradation.

In summary, in accordance with other recent studies on musculoskeletal tissues,
our current work provides strong evidence that the tRAS is involved in inflammatory
and degenerative processes that are operant in IDD, and, therefore, introduces a novel
therapeutic target to combat this devastating disease.

4.2. Anti-Inflammatory Therapies Via RAS Inhibition—A Potential Target in IDD?

Recent data consistently show that ARBs and ACE-inhibitors have anti-inflammatory
effects in various human tissues and show beneficial effects in inflammatory musculoskele-
tal diseases [21–24,26–34,61]. Fukuzawa and coworkers demonstrated that oral administra-
tion of ACE inhibitors in mice reduced TNF-α release, though high concentrations were
needed to reach a meaningful effect [18]. Further, RAS inhibitors abolished LPS-induced
high IL-6 and TNF-α gene expression levels in the kidney [62]. Renal AngII is a key factor
in mediating various components of the immune and inflammatory responses and acts as
a pro-inflammatory agent [55,63]. This suggests that the administration of RAS inhibitor in
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therapeutic dosages to humans with hypertension may also suppress cytokine levels. The
angiotensin-converting enzyme inhibitor Enalapril inhibits AngII synthesis from AngI and
may suppress pro-inflammatory cytokine production, as previously shown in vitro [64,65].
Captopril, an ACE-inhibitor, is also known to have antirheumatic effects comparable to
D-penicillamine [21,66,67]. Therefore, Captopril was considered a valuable drug in patients
with hypertension and RA, especially due to the favorable benefit/risk ratio as Captopril
lacks serious side effects [67]. Cardoso et al. demonstrated that losartan suppresses the
expression of IL-6, IL-22, IL-17F, and IFN-γ in Peripheral Blood Mononuclear Cells (PBMCs)
from RA patients, suggesting that losartan could be a superior option for hypertension
treatment in RA patients [68].

Our results reflect previous findings that found downregulations of inflammatory
markers in inflammatory cell culture models after AGTR1 blockade or knockdown [69,70].
In contrast to our experiments, these studies used lipopolysaccharides to stimulate in-
flammation in the respective cell cultures and might not be fully comparable. However,
our workgroup recently validated the superior potential of TNF-α-induced inflammatory
cell culture models to examine degenerative disc diseases [14]. Further, we showed for
the first time that PPARγ pathway stimulation through losartan has protective effects on
human NP cells. Losartan seems to exhibit at least some of its effect through the PPARγ
pathway as the inhibition of PPARγ partly diminished the protective effects of losartan on
the gene expression level. In accordance with the present results, several studies reported
that losartan could get internalized through the AGTR1 receptor and act as a partial PPARγ
agonist [69,71,72]. Noticeably, the PPARγ effects of ARBs might be too small regarding the
reachable tissue levels to exert a significant anti-inflammatory effect. Therefore, new drug
delivery methods and the development of new ARBs with more potent PPARγ activation
properties or other PPARγ agonists might be needed if PPARγ stimulation is the target [73].
PPARγ activation properties of ARBs can be more seen as a beneficial effect in addition
to the inhibition of the pathological tRAS arm (ACE/AngII/AGTR1 axis). Overall, more
details about the interactions of the tRAS, PPARγ pathway, and ARBs in human IVD cells
are warranted in the future.

Interestingly, the inhibition of AGTR1 receptors through losartan reduced TNF-α-
induced ACE and AGTR1 upregulation. The upregulation of ACE through AGTR1 was
already shown before by Koka et al. [74]. They also could inhibit this upregulation through
losartan addition, which concurs with our data. Notably, as seen in our data, the in-
flammatory environments stimulate ACE and AGTR1 expression, indicating stimulation
of the pathological arm of the tRAS in inflammatory settings. This was also shown by
Takeshita et al., who suggested a previously unknown cross-talk between the TNF-α and
the tRAS [75]. Therefore, the reproducible induction of the pathological arm of the tRAS
by TNF-α for all examined donors in the present work suggests an important role in in-
flammatory and degenerative processes in IVDs. As shown by our data (Figure 3), losartan
is especially effective in inflammatory settings, supporting its therapeutic potential in
degenerative disc diseases.

4.3. Strengths and Limitations

The present study is associated with several strengths. The present experiments are
the first pathway studies of the tRAS for IVD cells. As we used human NP cells from
patients’ IVDs in this study, these findings could directly impact clinical and therapeutic
strategies in contrast to preclinical studies in other species that often need to be verified
in humans first. We provided novel evidence that treatment with losartan suppresses
pro-inflammatory and degenerative responses to inflammatory stimuli in human NP cells.
We further revealed an interaction of the tRAS with the PPARγ pathway, which could be of
potential interest for future pathway studies.

Some limitations need to be addressed to interpret the results adequately. Our studies
were conducted in vitro using a 2-dimensional monolayer cell culture. In vivo interactions
cannot be perfectly simulated with this methodological approach and the concentrations
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used for the intervention arms. The concentration range of losartan chosen in this exper-
iment was based on previous in vitro pathway studies with other human cell types as
evidence for intervertebral disc cells is scarce [69,76,77]. Therefore, the concentrations used
in our cell cultures might not reflect the available tissue concentrations in humans after
usual orally available doses of losartan. Reported oral doses of losartan range between
25 and 200 mg per day. Its terminal half-life is approximately 2 h, but its active metabo-
lite EXP3174, which has a much more inhibitory effect on AGTR1 (up to 40-fold more
potent), can reach a half-life of 6–9 h [78]. Reported maximal plasma concentrations in
humans reached 84.5 ng/mL after a single oral administration of 25 mg and 1394.9 ng/mL
after single oral administration of 200 mg losartan. For its active metabolite, these maxi-
mal plasma concentrations were 188.9 ng/mL and 2219.0 ng/mL, respectively [79]. This
would suggest that oral doses cannot accumulate the tissue concentrations needed for
the anti-inflammatory effects seen in our results, at least in vitro. New drug delivery and
administration techniques will be needed to reach these tissue concentrations. Another
approach would be to find more potent inhibitors of the pathological tRAS arm or to
evaluate stimulation of the protective tRAS arm components, which possibly will lead to
anti-inflammatory effects in much lower concentrations. However, the present preclinical
experiments help us understand the role of the tRAS and its inhibition in human NP cells,
and support future planning of potential ex-vivo organ culture models followed by the
in vivo studies needed in order to confirm these results. Furthermore, the range of TNF-α
concentrations used to establish an inflammatory environment in NP cells was based on
our workgroup’s previous works [15] and does not reflect the tissue concentrations of
TNF-α found in humans, which is reported to be around 5.9–25.9 pg/mL depending on
the duration of complaints [80]. As this is a preclinical experiment in 2D NP cells, the
inflammatory environment shown in our in vitro model cannot exactly simulate the in-
flammatory situation in vivo. Future degenerative disc in vivo models are needed here to
translate these preclinical findings. Notably, we focused on changes in gene expression lev-
els, and these changes might not reflect the changes in protein levels. Our ongoing studies
involving different tRAS modulators, such as other AGTR1 inhibitors, will be conducted
using expanded methodological techniques in order to visualize and quantify the tRAS
components in NP cells and quantify protein concentrations of important inflammatory and
tissue remodeling markers released by the cells. This expansion of methological techniques
is highly warranted to examine the pathways leading to the current results. Whereas we
found a protective anti-inflammatory effect of losartan based on downregulation of secreted
IL-6 into the culture medium, we could not observe an inhibition of the protective losartan
effects after PPARγ inhibition. Therefore, we cannot make a final conclusion regarding
the PPARγ interactions with the tRAS on the protein level at this time. Our current results
that indicate an involvement of the PPARγ pathway are based on the gene expression
changes and need further validation in the future. Furthermore, we observed differences
in the outcome effects sizes regarding the two timepoints, indicating that genes might be
differently affected by tRAS modulation depending on exposure time. For example, tRAS
gene expressions (ACE, AGT, CTSD, AGTR1) seem to be more affected by 24 h of losartan
exposure than 72 h. Future studies could include more time points and genes to ensure
the identification of effects on relevant genes. Further, we did only observe significant
effects on ACAN and collagen I gene expressions, but not collagen II gene expression,
an important NP cell phenotype marker gene, indicating only partial effects on NP cell
phenotype. Our ongoing experiments will include a broader examination of important
genes and proteins that characterize the NP cell phenotype, in order to better evaluate
the impact of tRAS modulation (including other tRAS modulators) on NP cell phenotype.
Notably, we did not include other pivotal inflammatory markers such as prostaglandin
E2, or cyclooxygenase-2. These markers need to be examined in the future, and this is
already being planned by our workgroup, which will help clarify the interactions within
NP cells. Moreover, other therapeutic approaches of tRAS modulation, such as the com-
parison of RAS inhibitors and stimulation of the protective tRAS arm, could be conducted
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and compared in order to evaluate the best therapeutic approach. Finally, an expansion
of methodological techniques to quantify and visualize receptor expression changes is
recommended and already planned by our group to characterize the nature of the tRAS in
IVD degeneration.

5. Conclusions

TNF-α induced the expression of tRAS molecules and led to pro-inflammatory and
catabolic effects in human NP cells. Inhibition of the angiotensin II receptor type 1 with
losartan could inhibit this inflammatory and catabolic response. Further, we uncovered
an interaction of losartan with the PPARγ pathway in human NP cells. These results
demonstrate that TNF-α-induced disc degeneration may be mediated partially through
AGTR1 signaling. Treatment with AGTR1 antagonist losartan could inhibit the TNF-α-
induced degeneration process and maintain the NP cell phenotype. The inhibition of the
pathological tRAS pathway with angiotensin II receptor type 1 blockers could be a novel
therapeutic strategy for discogenic back pain caused by intervertebral disc degeneration.
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Abstract: Background: Multiple studies have examined the potential of growth factors (GF) to enable
mesenchymal stromal cells (MSC) to nucleus pulposus (NP) cell-like cell differentiation. Here we
screened a wide range of GF and GF combinations for supporting NP cell-like cell differentiation.
Methods: Human MSC were stimulated using 86 different GF combinations of TGF-β1, -2, -3, GDF5,
-6, Wnt3a, -5a, -11, and Shh. Differentiation potency was assessed by alcian blue assay and NP cell
marker expression (e.g., COL2A1, CD24, etc.). The top four combinations and GDF5/TGF-β1 were
further analyzed in 3D pellet cultures, on their ability to similarly induce NP cell differentiation.
Results: Almost all 86 GF combinations showed their ability to enhance proteoglycan production
in alcian blue assay. Subsequent qPCR analysis revealed TGF-β2/Wnt3a, TGF-β1/Wnt3a, TGF-
β1/Wnt3a/GDF6, and Wnt3a/GDF6 as the most potent combinations. Although in pellet cultures,
these combinations supported NP marker expression, none showed the ability to significantly induce
chondrogenic NP matrix production. Only GDF5/TGF-β1 resulted in chondrogenic pellets with
significantly enhanced glycosaminoglycan content. Conclusion: GDF5/TGF-β1 was suggested as
an optimal GF combination for MSC to NP cell induction, although further assessment using a
3D and in vivo environment is required. Wnt3a proved promising for monolayer-based NP cell
differentiation, although further validation is required.

Keywords: nucleus pulposus; growth factors; differentiation; mesenchymal stromal cell; growth
factor; Wnt; differentiation factor; chondrogenesis; cell therapy

1. Introduction

The primary causes of disability worldwide are low back and neck pain [1]. Despite
their prevalence and socioeconomic impact, long-term curative treatments for these disor-
ders are lacking. Novel approaches are being explored to resolve this issue, mainly focusing
on alleviation or reversal of intervertebral disc (IVD) degeneration [2–4]. IVD degeneration
is a progressive pathology, involving a decrease in cell numbers and cell potency, primarily
within the central nucleus pulposus (NP) of the IVD, resulting in a switch in extracellular
matrix (ECM) production [5,6]. Specifically, the initially proteoglycan-rich and type II
collagen NP-ECM progressively turns into a type I collagen fibrotic tissue, undermining
the IVD’s biomechanical characteristics [7]. The responding loss in IVD integrity alters disc
height, requiring compensation in other spinal components, thereby potentially leading to
a variety of spinal disorders such as facet joint arthritis and spondylolisthesis. Alternatively,
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the outer collagen layers, collectively termed the annulus fibrosus (AF), can similarly lose
their integrity, thereby enabling disc bulging or complete AF rupture. Finally, in reaction to
these degenerative changes, the native IVD cells secrete inflammatory factors, potentially
stimulating nerve ingrowth, vascularization, and immunogenic cell influx in the normally
avascular and un-innervated discs or sensitizing nearby nerve structures [8–10]. Collec-
tively, these changes can trigger nociception and in severe cases, might result in debilitating
pain and disability in patients [11,12].

This vicious cycle of disc degeneration [6] has proven difficult to combat in a clinical
setting. Conservative treatment generally involves pain medication or muscle relaxants,
while surgical intervention at later stages of degeneration, involves removal of disc tissue
(e.g., microdiscectomy) or replacement of the complete disc (e.g., arthrodesis or arthro-
plasty). These final stage interventions are costly, invasive, and come with a range of
complications such as adjacent disc disease, surgical infections, etc. [13,14]. Moreover,
their effectiveness in alleviating pain also remains to be confirmed [15]. Moreover, a large
treatment gap exists for disc degeneration associated with LBP in the mild to moderate
range, for patients for which analgesics proved ineffective but are not yet indicated for
surgery.

The field of regenerative medicine promises a wide range of therapeutics that have
been theorized to be effective against disc degeneration. A variety of therapeutic strategies
are being explored, each aimed to support cells to regenerate the IVD, e.g., gene therapy [16],
growth factor injection [17], biomaterial injection [18,19], or tissue engineering [20,21].
Farthest in its clinical development is cell therapy, a regenerative strategy in which de novo
cells are introduced directly into the IVD [2,3]. There, transplanted cells can either integrate
within the IVD and contribute to appropriate ECM production, or otherwise modulate
endemic cells to change the catabolic/inflammatory state to a more anabolic one. Multiple
animal studies [22] have suggested the ability to modulate disc degeneration and induce
regeneration of its matrix composition [23,24] and inflammatory environment [25]. In the
last decade, a multitude of clinical trials reported initial results, confirming the safety of
cell therapy and have suggested their ability to reduce pain and disability [2]. However,
large-scale placebo-controlled trials are still highly anticipated [2].

The primary cell source being investigated for IVD regeneration are MSC [26]. MSC
are advantageous due to their accessibility, expandability, and suggested limited immuno-
genicity [27]. These, in contrast to NP cells or other chondrogenic cells, which lose their
potency during culture [28] and have limited and compromised tissue sources that present
low cell yields [29]. Furthermore, MSC possess immunomodulatory features, as well as
multipotent differentiation capacity, and could thus potentially target IVD degeneration
from two approaches. Nevertheless, the hypoxic and acidic IVD environment is foreign
to MSC and questions remain about their ability to survive and thrive in such a demand-
ing niche [30,31]. A recent report from the Mesoblast phase II/III clinical trial suggested
their MSC-based product was able to alleviate some pain-associated outcomes, but no
regenerative changes were observed on MRI modalities [32]. As such, a range of studies
has attempted to induce the differentiation of MSC toward an NP cell-like cell phenotype.
MSC can be subjected to environmental conditions [33], hydrogel systems [34,35], genetic
manipulation [36,37], etc.; aimed to induce more NP cell-like features. Particularly, the
application of growth and differentiation factors to support differentiation towards an NP
cell-like cell, as indicated by enhanced proteoglycan production rates or enhanced NP
cell marker expression levels; e.g., aggrecan, type II collagen, Brachyury, and CD24 [38].
Multiple growth factors are suggested to be able to support NP cell differentiation, includ-
ing Wnt3a [39], Wnt5a [40], TGF-β1 [41], TGF-β3 [42], GDF5 [43], and GDF6 [44]. Very
few bodies of work have compared different growth factor potency for NP cell differentia-
tion. One study by Clarke et al. [44] suggested GDF6 media supplementation optimal for
MSC to NP cell differentiation, following assessment of GDF5, GDF6, or TGF-β1 media
supplementation. Moreover, work by Hodgkinson et al. revealed quite eloquently, the
potential of GDF6 to differentiate adipose stem cells toward NP cell-like cells [45], and
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subsequently highlighted a requirement of the SMAD1/5/8 pathway [46]. Alternatively,
work from Colombier et al. [47] revealed the ability of growth factors to synergistically
enhance NP cell differentiation. In their work, they found that only combined application
of TGF-β1 and GDF5 was able to create MSC that formed fully chondrogenic pellets, as well
as stringently enhance expression of NP cell markers; e.g., ACAN, COL2A1, CD24, PAX1,
and OVOS2. Review work has also suggested the application of both Wnt3a or Wnt5a as
promising chondrogenic factors, particularly combining Wnt3a with other chondrogenic
factors was speculated to hold potential [48]. A wide range of factors has been proposed to
enable MSC to NP cell differentiation. However, a large-scale assessment or screening to
determine which factors, or even more, which combination of factors, are most potent to
induce NP cell features, has not been reported. To optimize growth factor-mediated MSC
differentiation, particularly for the creation of cell therapy products, we initiated this study
to screen a wide range of growth factor combinations to assess which combination showed
most potent in inducing proteoglycan production and NP cell-associated expression levels
as indicators of MSC to NP cell-like cell differentiation.

2. Materials and Methods

Study protocols and design, which involve the collection and application of human
tissue samples, were reviewed and approved by the institutional ethics review committee
of the Tokai University School of Medicine. (application number No. 06I-49 and 16R-051).
Informed consent was obtained for the collection and usage of tissue materials from the
respective patients.

2.1. Cell Isolation and Culture

As part of adult spinal fusion surgery procedures, bone marrow cells were collected
and isolated using gradient centrifugation as previously described [49]. The cells were
collected and cryopreserved in a commercial cryopreservation medium (Cellbanker®-1,
Nippon Zenyaku Kogyo Co., Ltd., Koriyama, Japan) until further usage. At the start of
the experiment, the mononuclear cells were rapidly thawed, gently washed, and seeded
in αMEM (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 20% (v/v) FBS (Sigma-
Aldrich, St. Louis, MO, USA), 1% (v/v) Penicillin/Streptomycin (P/S; 10,000 U/mL; Gibco,
Gaithersburg, MD, USA) and cultured for 2 weeks uninterrupted at approximately 21%
O2, 5% CO2 at 37 ◦C. The unattached cells were aspirated, and media was refreshed. Alter-
natively, MSC were obtained commercially from LONZA Group AG (Basel, Switzerland)
and similarly cultured. MSC were further expanded up to a confluency of ~80% upon
which 0.25% Trypsin/EDTA (Thermo-Fisher, Waltham, MA, USA) mediated passaging
was performed.

Additionally, human NP cells were obtained from surgical tissue material during lum-
bar disc herniation microdiscectomy. NP cells were isolated as previously described [29]. In
brief, IVD tissue was collected in saline and macroscopically glossy NP tissue was separated.
The tissues were fragmented by a scalpel and digested in Tryple Express (Thermo-Fisher)
for 1 h. The subsequent suspension was further digested in collagenase P solution. The
resulting cell suspension was filtered and cultured at 2–5% O2, 5% CO2 within 10% (v/v)
FBS, 1% (v/v) P/S, αMEM (Thermo-Fisher).

2.2. Growth Factor-Induced Differentiation Screening

Differentiation assays in monolayer cultures were performed in Dulbecco’s Modified
Eagle Medium (DMEM; Wako Pure Chemical Industries) containing 10% (v/v) FBS and
1% (v/v) P/S, 50 nM Ascorbic Acid (Wako Pure Chemical Industries), 1% (v/v) Insulin,
Transferrin, Selenium, Ethanolamine Solution (ITS-X; Beckton Dickinson, Franklin Lakes,
NJ, USA), and 10 nM dexamethasone (Sigma-Aldrich), further referred to as differentiation
medium [47]. Differentiation medium was further supplemented with different combi-
nations of TGFβ-1 (Peprotech, Rocky Hill, NJ, USA), TGFβ-2 (Peprotech), and TGFβ-3
(Peprotech) at concentrations of 10 ng mL−1 following the work of Colombier et al. [47]
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and Clarke et al. [44], GDF5 (Peprotech) and GDF6 (Peprotech) at concentrations of 100 ng
mL−1 following the work of Colombier et al. [47] and Clarke et al. [44], Wnt3a (Peprotech)
at a concentration of 250 ng mL−1, Wnt5a (Peprotech) at a concentration of 50 ng mL−1

based on the work of Gibson et al. [50], Wnt11 (Peprotech) at a concentration of 50 ng mL−1,
and Sonic hedgehog (Shh; Peprotech) at a concentration of 100 ng mL−1. Maximally three
growth factors were combined. A negative sample, involving identically cultured MSC
without growth factor supplementation was included. The induced MSC were cultured
under 2% O2 at 37 ◦C culture environment, with media replenishment every 2–3 days.

2.3. Alcian Blue Assay for Quantification of Glycosaminoglycan Content

Alcian blue assay was performed in triplicate by seeding unstimulated MSC (22-year-
old) at a density of 6000 cells/cm2 on a 96-wells plate and cultured with differentiation
media supplemented with indicated growth factor combinations for 3 weeks. Subsequently,
the cells were fixed in 10% formaldehyde (Wako Pure Chemical Industries) for 15 min
at room temperature. Cells were thoroughly washed and subjected to 50 μL 1% (w/v)
alcian blue (MERCK & Co., Kenilworth, NJ, USA), 0.1 M HCL for 60 min. Stained sam-
ples were thoroughly rinsed and digested overnight by 150 μL 6 M Guanidine (WAKO)
HCL. The resulting samples were analyzed by measurement of absorbance at 650 nm
using SpectraMax® i3 (Molecular Devices®, San Jose, CA, USA). Absorbance values were
calculated relative to the negative control of MSC cultured without growth factors.

2.4. Chondrogenic Pellet Cultures

For chondrogenic pellet cultures, MSC (n = 2; 23- and 31-year-old) were seeded at a
density of 3000 cells/cm2 in T-75 culture flasks (IWAKI, Japan) with αMEM containing 20%
FBS, 1% P/S. Upon 70–80% confluency, MSC were harvested and aliquoted at 2.5 × 105 cells
per 15 mL polypropylene falcon tubes (Corning Inc., Midland, NC, USA). Chondrogenic
pellet culture was initiated by spinning down the tubes at 500 g for 5 min. The resulting
cellular pellet was cultured for 1 day at 21% O2 at 37 ◦C. The next day, the medium was
replaced by differentiation media as previously described. Based on the alcian blue assay
the growth factor combinations; GDF5/TGF-β1, TGF-β2/Wnt3a, TGF-β1/Wnt3a, TGF-
β1/Wnt3a/GDF6, GDF6/Wnt3a were applied. As a negative control, unstimulated MSC
were identically cultured but were not stimulated with growth factors. The pellets were
incubated with media replenishment thrice a week, at 37 ◦C under 5% CO2 and hypoxic
conditions of 2% O2. Additionally, human NP cells obtained from surgical waste material
were similarly cultured in differentiation media without growth factors (n = 3).

2.5. Wnt3a Mediated Pre-Conditioning

A recent literature review [48] suggested the potential ability of Wnt3a to maintain
the differentiation potency of MSC as opposed to inducing chondrogenic differentiation,
which could help explain the discrepancies in monolayer and pellet culture outcomes. To
test this hypothesis, we applied Wnt3a at 250 ng mL−1 during the MSC (n = 1, 23-year-old)
expansion culture and subsequently subjected these cells to chondrogenic pellet culture
supplemented with GDF5/TGF-β1 or commercial pre-defined Mesenchymal Stem Cell
Chondrogenic Differentiation Medium (Chon.M.: PromoCell, Heidelberg, Germany).

2.6. PicoGreen Assay for Quantification of DNA Content

Following 3 weeks of chondrogenic pellet culture, cells were washed and subjected to
overnight papain digestion solution (125 μg mL−1 Papain-enzyme (Sigma-Aldrich), 8 mg
mL−1 sodium acetate (Wako Pure Chemical Industries), 4 mg mL−1 Ethylene diamine tetra
acetic acid disodium salt (EDTA2Na; Sigma-Aldrich), 0.8 mg mL−1 L-Cysteine (Sigma-
Aldrich) 0.2 sodium phosphate buffer (pH 6.4)) at 65 ◦C. The resulting suspension was
centrifuged for 10 min at 8400 rpm, after which the supernatant was collected and stored
at −80 ◦C until further use. Thereafter, a fraction of the suspensions were analyzed using a
QUANT-IT PicoGreen Kit (ThermoFisher) following the manufacturer’s instruction. Briefly,
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the suspension was transferred to a 96-well assay microplate (black, transparent bottom;
Corning Inc.). 100 μL of PicoGreen solution was added to each sample, and agitated in
an environment devoid of light, for 3 min. 520 nm fluorescence emission was measured
under 480 nm excitation using a SpectraMax® i3. DNA concentrations were determined by
interpolating the fluorescence values from a standard curve obtained by adding solutions
with known concentrations of DNA.

2.7. DMMB Assay for Glycosaminoglycan Content

Glycosaminoglycan content was measured by 1,9-dimethyl methylene blue (DMMB)
staining, using the Glycosaminoglycan assay BlycanTM kit (Biocolor, Carrickfergus, UK)
following the manufacturer’s instructions. In short, the papain digested solution was
mixed with Blycan DMMB and incubated for 30 min at room temperature. Samples
were spun down for 10 min. The supernatant was discarded, and 0.5 mL dissociation
reagent was added followed by 2-h incubation. The resulting suspension was centrifuged
for 10 min and 150 μL of each sample was transferred to a 96-wells plate. Absorbance
values were measured at 656 nm using the SpectraMax® i3 and concentration values were
interpolated from a standard curve obtained from solutions with known concentrations of
glycosaminoglycans.

2.8. RNA Isolation and Gene Expression Analysis

Monolayer cultures (n = 2; 23- and 31-year-old) were processed using SV total RNA
System (Promega, Madison, WI, USA) following the manufacturer’s instruction. DNAse
treatment was employed to digest genomic DNA. Chondrogenic 3D pellet cultures were
harvested for RNA isolation, by digestion in 1 mL Trizol (ThermoFisher) and subsequent
grinding using RNase free stainless-steel balls and 3 min 3000 rpm shakes using a Shake
Master NEO (Hirata, Kita, Japan). Subsequent suspensions were processed by Qiagen
RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s instruction to
isolate the respective RNA molecules.

Quality and quantity of RNA were determined via NanoDropTM Lite spectropho-
tometer (Thermo Scientific) Subsequently, RNA was reverse transcribed into cDNA using
a High-Capacity RNA-to-cDNA kit (Applied Biosystems, Beverly, MA, USA). Relative
quantification of mRNA was performed using an SYBR Green Master Mix approach via
QuantStudio3 (Applied Biosystems) employing custom primer sequences (Table A1). qPCR
analysis of each sample was performed in duplicates. Obtained CT values were compared
via 2−ΔΔCT analysis, calculating gene expressions level relative to the housekeeping gene
GAPDH and the average ΔCT value of the growth-factor unstimulated MSC.

2.9. Tissue Processing and Histology

Chondrogenic pellets were washed and fixed using 10% formalin solution for 15 min.
Samples were thereafter processed by incubating them for 1 h in subsequent 10% (w/v),
20% (w/v), and 30% (w/v) sucrose solutions. Finally, the pellet samples were submerged
in an OCT TEK compound (Sakura Finetek, Torrance, USA) and snap-frozen in liquid
nitrogen. Obtained cryo-samples were cut in 8 μm sections. Sections were stained by
hematoxylin/eosin (HE) staining. Additionally, cryo-sections were submerged in 60%
ethanol, 30% chloroform, 10% acetic acid solution for 30 min. Samples were thereafter
counterstained by hematoxylin (5 s), followed by 800 mg/L Fast Green FCF staining (Merck;
10 min), 1% (v/v) acetic acid wash, and 1 g/L Safranin O (Merck) solution (10 min). Finally,
stained sections were captured using Olympus IX70 converted microscope (Olympus,
Tokyo, Japan).

2.10. Statistical Analysis

All data were processed, analyzed, and illustrated using GraphPad Prism (MacOS
v9.0.1 (128), GraphPad Software, LLC, San Diego, CA, USA). Pictures and images were for-
matted using Adobe Illustrator (Adobe, San Diego, CA, USA). All values are presented as
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mean ±standard deviation. Statistical differences were determined via one-way ANOVA,
followed by Dunnett’s multiple or Tukey’s comparison test. A p-value < 0.05 was con-
sidered statistically significant. Standard comparisons (as indicated by a *) involves the
comparison of MSC samples cultured in identical conditions with the respective growth
factor combination and the negative control of MSC cultured without growth factors.

3. Results

3.1. Alcian Blue Mediated Screening for Proteoglycan Production Rate

Human MSC were seeded in triplicate and subjected to culture with different growth
factor combinations as a screening assay to identify the most promising combinations.
(Figure 1) Specifically, GDF5 or GDF6 were combined with one or two factors from the
selection; TGF-β1, TGF-β2, TGF-β3, Wnt3a, Wnt5a, Wnt11, and Shh. Following 3 weeks of
culture, samples were examined via alcian blue staining. All growth factors except single
factor supplementation of Shh and Wnt5a resulted in enhanced proteoglycan production
(Figure 1). All other factors and factor combinations enhanced alcian blue deposition
rates, although the rates diverged largely. Specifically, the combinations of TGF-β2/Wnt3a,
TGF-β1/Wnt3a, GDF6/TGF-β1/Wnt3a, TGF-β3/Wnt3a, GDF6/TGF-β2/Wnt3a, TGF-
β3/Wnt5a, GDF6/Wnt3a, GDF5/TGF-β3, GDF5/Wnt3a, and TGF-β1/Wnt5a proved most
potent, respectively. The most potent growth factor combinations, as well as the Colombier
GDF5/TGF-β1 combination [47], were further analyzed.

3.2. Nucleus Pulposus Cell Marker Expression Analysis

Stimulated MSC were cultured for 2 weeks. The differentiated cells were subsequently
harvested and processed for mRNA expression analysis. Expression of NP cell maker [38]
CD24 (Figure 2A), T (Figure 2B), SOX9 (Figure 2C), and COL2A1 (Figure 2D) all increased
in MSC stimulated with growth factors, and approached expression levels of naturally
obtained NP cells. Particularly the combinations TGF-β2/Wnt3a (p = 0.0522) showed strong
enhancement in COL2A1 expression; however, no combinations resulted in a significant
increase of COL2A1 levels. SOX9 expression was significantly higher in all conditions
and highest in MSC treated with TGF-β1/Wnt3a (p < 0.0001) and TGF-β1/Wnt3a/GDF6
(p < 0.0001) combinations. Specifically, the combination GDF5/TGF-β1, GDF5/TGF-β3,
TGF-β1/Wnt5a, and TGF-β3/Wnt5a were found to be inferior compared to GDF6/TGF-
β1/Wnt3a, GDF6/TGF-β2/Wnt3a, TGF-β1/Wnt3a, and TGF-β3/Wnt3a. CD24 expression
was significantly higher in all (but TGF-β3/Wnt5a) conditions, specifically, GDF6/Wnt3a
(p < 0.0001) treated MSC. However, GDF6/Wnt3a showed significantly higher expressions
compared to GDF5/TGF-β1, GDF5/TGF-β3, TGF-β1/Wnt5a, and TGF-β3/Wnt5a. TGF-
β2/Wnt3a (p = 0.0009) and GDF6/Wnt3a (p = 0.0066) showed highest enhancement of T
expression. TGF-β2/Wnt3a also showed superior T expression compared to GDF6/TGF-
β2/Wnt3a and GDF5/Wnt3. As a result, we continued work with the combinations TGF-
β2/Wnt3a, TGF-β1/Wnt3a, GDF6/TGF-β1/Wnt3a, and GDF6/Wnt3a, as these overall
showed the strongest potency of NP cell marker induction.
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Figure 2. Gene expression assessment of NP cell markers in monolayer culture of MSC stimulated
by different combinations of growth factors. (A) Relative expression levels of CD24 mRNA, (B) T
(Brachyury) mRNA, (C) SOX9 mRNA, and (D) COL2A1 mRNA. Values are presented for individual
donors (shapes) and as average values (bar), with error bars representing standard deviations.
Statistical analysis was performed by one-way ANOVA followed by * Dunnett’s multiple comparison
test, which compared growth-factor-stimulated MSC to unstimulated MSC and • Tukey’s multiple
comparisons test comparing stimulated conditions. * or • indicates a p < 0.05, and ** or •• a p <
0.005. NC: negative control involving unstimulated MSC cultured in identical 2D culture conditions
and media, but without growth factor supplementation, NP: natural human nucleus pulposus cells
obtained from surgical waste tissue.

3.3. Chondrogenic Pellet Culture NP Cell Marker Expression

Next, the four top hitters in qPCR analysis, as well as the Colombier factors [47] of
GDF5/TGF-β1, were applied for MSC differentiation in a standard chondrogenic 3D-pellet
culture, to assess their ability to produce an NP-like chondrogenic matrix. Following
2 weeks of culture, pellets (n = 3) were harvested, RNA was isolated, and prepared for
qPCR analysis. Expression levels were compared to MSC cultured without growth factor
stimulation. CD24 expression (Figure 3A) revealed enhanced expression for all cases, with
a significant increase for GDF5/TGF-β1 (p < 0.0001), TGF-β1/Wnt3a (p = 0.0001), and
GDF6/TGF-β1/Wnt3a (p < 0.0001). Comparing the different combinations, we found
GDF5/TGF-β1, GDF6/TGF-β1/Wnt3a, and TGF-β1/Wnt3a statistically outperforming
GDF6/Wnt3a and TGF-β2/Wnt3a. SOX9 expression (Figure 3B) was similarly enhanced in
all conditions, but most prominently for GDF5/TGF-β1 (p = 0.0003). COL2A1 (Figure 3C)
showed similar results as the SOX9 assessment, with GDF5/TGF-β1 demonstrating the
most prominent increase (p < 0.0001) and a significantly higher expression than all other
combinations. Additionally, TGF-β1/Wnt3a and GDF6/TGF-β1/Wnt3a outperformed
GDF6/Wnt3a and TGF-β2/Wnt3a. ACAN expression (Figure 3D) showed a trend of
reduced expression in all conditions except GDF5/TGF-β1 and GDF6/TGF-β1/Wnt3a.
Specifically, GDF5/TGF-β1 was the only combination that demonstrated an increase com-
pared to the negative control, although not significant (p = 0.0594).

102



Appl. Sci. 2021, 11, 3673

Figure 3. Gene expression assessment of NP cell markers within chondrogenic pellet culture con-
taining human MSC stimulated by different combinations of growth factors. Relative expression
levels of (A) CD24 mRNA, (B) SOX9 mRNA, (C) COL2A1 mRNA, and (D) ACAN mRNA. Values are
presented for individual donors (shapes) and as average values (bar), with error bars representing
standard deviations. Statistics were performed by one-way ANOVA followed by * Dunnett’s multiple
comparison test comparing growth-factor-stimulated to MSC cultured in identical conditions without
growth factors (NC) and • Tukey’s multiple comparisons test comparing stimulated conditions. * or
• indicates a p < 0.05, and ** or •• a p < 0.005. NC: negative control involving unstimulated MSC
cultured in identical pellet conditions and media, but without growth factor supplementation.

3.4. Chondrogenic Matrix Assessment Following MSC Differentiation

Following 3 weeks of culture, pellets were harvested either by papain digestion
(n = 3) for DMMB and PicoGreen assay or processed for cryo-sectioning and subsequent
histological analysis (n = 3). PicoGreen assay revealed a limited change in the number of
cells compared to the negative control. (Figure 4B) Generally, most conditions showed
a trend of a small increase in cell content, except for GDF6/TGF-β1/Wnt3a stimulated
pellets. DMMB assay (Figure 4A) revealed an increase in sulfated glycosaminoglycans
compared to the negative control, although the differences were not very large compared
to the values obtained from NP cell-derived pellets. The GDF5/TGF-β1 combination
showed the most potent in inducing glycosaminoglycan production, (5.974 (±1.850) times
higher than the negative control; p = 0.0496). Finally, the ratio of glycosaminoglycans
per DNA content (Figure 4C) showed the highest values for GDF5/TGF-β1 (4.926 ±
1.608) and GDF6/TGF-β1/Wnt3a (4.380 ± 2.461) stimulated pellets. However, only the
GDF5/TGF-β1 combination involved a statistically significant increase with a p = 0.0466,
while GDF6/TGF-β1/Wnt3a presented a p = 0.1043. No statistically significant differences
were found between the growth factor conditions. Histological observations (Figure 4D)
generally confirmed the DMMB findings. Safranin-O/Fast green stained sections revealed
a matrix completely devoid of proteoglycans in the negative control (Figure 4D). Some
safranin-O positive staining could be observed in the TGF-β2/Wnt3a, TGF-β1/Wnt3a, and
GDF6/Wnt3a stimulated pellets (Figure 4D). This opposed to the pellet stimulated with
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GDF5/TGF-β1 (Figures 4D,E and 5A), which showed regions of high-intensity safranin-O
positive staining.

Figure 4. Assessment of growth factor combinations on extracellular matrix production of human
MSC cultured in chondrogenic pellets. Via DMMB and Picogreen determined (A) glycosaminoglycan
(sGAG), (B) DNA, and (C) the sGAG/DNA content was measured and calculated relative to non-
stimulated MSC following 3 weeks of pellet culture (n = 3). (D) Histological examination of MSC-
derived chondrogenic pellets stimulated with indicated growth factor combinations. Images represent
pellets at 10× magnification stained with safranin-O/fastgreen (left) and hematoxylin/eosin (right).
Scale bars represent 250 μm. (E) 40× magnification images of GDF5/TGF-β1. The scale bar equates to
125 μm. Statistics were performed by one-way ANOVA followed by Dunnett’s multiple comparison
test, where * indicates a p < 0.05 and ** a p < 0.005, relative to the NC (identically cultured, but
without growth factors). No statistically significant differences were found between the different
growth factor combinations. NC: negative control involves unstimulated MSC that were cultured in
identical pellet conditions and media without growth factors, sGAG: sulfated glycosaminoglycans,
NP: naturally obtained human nucleus pulposus cells from different donors.

3.5. Wnt3a Preconditioning to Enhance MSC Chondrogenesis

Human MSC expanded with or without 250ng mL−1 Wnt3a up to passage 1 and
subsequently cultured for 3 weeks in GDF5/TGF-β1 containing differentiation media
(Figure 5A,C) or commercial Chon.M. (Figure 5B,D). Histological observations did not
reveal a clear benefit for MSC expanded in Wnt3a, as safranin-O staining was present at a
similar intensity in pellets derived from both conditions.
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Figure 5. Assessment of Wnt3a pre-culturing for enhancement of chondrogenesis. Human MSC were
expanded in standard expansion media without Wnt3a (A,B) or with 250 ng mL−1 Wnt3a (C,D).
Subsequently obtained MSC were cultured in chondrogenic pellets and media supplemented with
GDF5/TGF-β1 (A,C) or commercial predefined chondrogenic medium (B,D). Subsequent pellets
were sectioned and stained by safranin-O/fast-green (left) or hematoxylin/eosin (right) staining.
Scale bars represent 250 μm. Chon.M.: Mesenchymal stem Cell Chondrogenic Differentiation
Medium.

4. Discussion

In this study, we aimed to identify growth factors or factor combinations that showed
the highest potency in enhancing MSC to NP cell-like cell differentiation. Starting with
monolayer cultures, a large array of factor combinations (86 different growth factors and
factor combinations) were screened on their ability to stimulate proteoglycan production,
as indicated by alcian blue staining. Unsurprisingly, almost all factor combinations showed
the ability to at least enhance proteoglycan production compared to unstimulated MSC,
as all factors were selected based on their general chondrogenic potential. Interestingly,
of all the combinations identified as high hitters, a large fraction involved a combination
with Wnt3a. A selection of the 10 most potent growth factor combinations, plus the
combination of GDF5/TGF-β1, were further analyzed on their ability to induce NP cell
marker expression. Here we showed the ability of particularly TGF-β2/Wnt3a, TGF-
β1/Wnt3a, GDF6/TGF-β1/Wnt3a, and GDF6/Wnt3a to strongly enhance the expression
of NP markers [38] CD24 and SOX9. A trend of enhancement in COL2A1 and T was
observed for most conditions. Contrary to the impactful findings of Colombier et al. [47],
our initial screening outcomes (in monolayer culture) did not indicate GDF5/TGF-β1 as a
potent chondrogenic factor-combination.

Nevertheless, at this stage of the study, differentiation culture was still within the 2D
monolayer set-up. MSC tend to change their characteristics relatively quickly in mono-
layer culture and lose their multipotency capacity [51–53]. Moreover, for induction of
differentiation, the extracellular micro and macro-environment are critical as they can
promote or support specific cellular behavior by providing mechanotransduction cues [54],
anchor points, and chemical cues through the matrix proteins or by growth factor seques-
tering [55]. As such, we further validated the findings observed in monolayer cultures in
a 3D environment, using a common pellet culture method [47]. Pellet cultures revealed
an opposing trend, in which none of the Wnt3a combinations were able to significantly
enhance glycosaminoglycan production rates. Although an increase was seen in the expres-
sion levels of some NP markers, i.e., CD24, SOX9, and COL2A1, increases in the ACAN
expression level were not observed. This in contrast with the pellet cultures treated with
GDF5/TGF-β1, which resulted in a significant increase in glycosaminoglycan production
rates, and large proteoglycan positive regions within the pellet as indicated by safranin-O
staining. Additionally, GDF5/TGF-β1 showed continuously most potent in enhancing NP
cell marker expressions following the 3D pellet culture conditions. Although the relative
glycosaminoglycan content of the other 4 growth factor combinations did not result in a
significant increase, a trend of enhanced glycosaminoglycan production was observed both
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by the DMMB assay, as well as on histological observation. The negative control revealed
no pink/red staining in the safranin-O stained section, the growth factor-stimulated pellets
did present lightly pink areas, suggesting the presence of proteoglycans. Interestingly, the
combination GDF6/TGF-β1/Wnt3a showed the second-highest rate of glycosaminoglycan
production/DNA but did not strongly show safranin-O positive regions. The GDF6/TGF-
β1/Wnt3a combination did present an overall lower DNA content, suggesting that the
GDF6/TGF-β1/Wnt3a combination might have limited cellular proliferation or otherwise
comprised cellular viability.

Although our initial screening failed to validate GDF5/TGF-β1 as a potent inducer of
a chondrogenic and NP cell phenotype, subsequent assessment within a 3D environment
did confirm the observations from Colombier et al. [47] that the synergy of GDF5/TGF-β1
was able to induce a desirable cell product. Even more, GDF5/TGF-β1 was the only combi-
nation able to result in fully chondrogenic pellets. The disagreement between 2D and 3D
culture outcomes is not surprising. Cell behavior is strongly altered by such biomechanical
cues [56]. Moreover, TGF-β1 is not a specific chondrogenic factor as it has similarly been
shown to induce MSC differentiation to other cell lineages, e.g., cardiomyocytes, osteo-
cytes, or adipocytes [57,58]. The ability to promote a chondrogenic NP cell-like phenotype
through TGF-β1 is therefore likely context-dependent. This suggestion is supported by
the original work of Colombier et al. [47], who showed the requirement of dexamethasone
supplementation for a complete NP-like differentiation for MSC. That said, unlike the
results of Colombier et al., our cells were unable to attain a final expression profile or
matrix composition that matched those of naturally obtained human NP cells [47]. This
might in part be due to the shorter culture periods that we employed. Colombier et al.
maintained their pellet cultures for up to 4 weeks, whereas we cultured our pellets for
2 or 3 weeks dependent on the analysis performed. Additionally, while Colombier et al.
applied adipogenic-derived MSC [47], our study employed bone marrow-derived MSC for
the analysis. Distinct differentiation potential of differently sourced MSC is a well-reported
phenomenon [46,59].

Wnt signaling is critical in general joint development, homeostasis, and has also been
determined to have a role in disc degeneration [60–62]. Regardless, the role of Wnt3a in
chondrogenesis is less clear [48]. Wnt3a has been shown able to enhance MSC proliferation
rates and BMP2-mediated chondrogenesis, within 2D monolayer cultures [63]. Other
studies have shown mixed results when applying Wnt3a on MSC for the enhancement
of chondrogenic differentiation in 3D conditions [48]. Similarly, our initial screening
confirmed these findings, where the highest-ranking growth factor combinations often
included Wnt3a in monolayer culture. However, these enhancements were not observed in
3D culture. This could in part be ascribed to the potential role of Wnt3a and its maintenance
of a more undifferentiated state, as suggested by Volleman et al. [48]. Where 2D culture
could induce maturation or loss of potency with extended periods of culture, Wnt3a
could potentially play a role in mitigating this loss of cell potency, thereby supporting
the chondrogenic potential of additionally added growth factors. This beneficial role is
not observed in 3D cultures. To assess this potential application of Wnt3a, we reapplied
a pellet culture system, in which MSC were expanded with Wnt3a containing media to
possibly maintain their potency, and subsequent differentiation in 3D pellet cultures with
chondrogenic factors but without Wnt3a. The histological results were unable to confirm
this theory, as the application of Wnt3a during expansion, did not appear to enhance the
deposition rate of proteoglycan in the matrix.

Another aspect of our study is the direct comparison of growth factor combinations.
For example, from our alcian blue assay (Figure 1), we observed that the addition of GDF5
appears to temper alcian blue rates compared to identical combinations without GDF5 or
with GDF6 instead. Combinations that combined either Wnt11, Wnt5a, or Shh with GDF5
or GDF6 also did not present strong stimulation of proteoglycan production. Our screening
assay also allows for further examination of specific combinations and single growth factor
addition benefits or otherwise. For example, we found that the addition of either TGF-β1 or
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TGF-β2 to GDF6/Wnt3a resulted in similar alcian blue production rates and subsequently
did not appear to enhance NP marker expressions either. This suggested that TGF-β1 or
TGF-β2 have no added value to the GDF6/Wnt3a combination. However, subsequent
pellet cultures revealed that GDF6/Wnt3a with TGF-β1 resulted in significantly higher
CD24 and COL2A1 expression levels, and showed a trend of enhanced ACAN and SOX9
expression levels. These observations further highlighting the context-dependent nature of
cell culture and the effects of growth factors on the respective cells.

Notwithstanding, our results require some consideration before interpretation. One
limitation of our study is the limited number of donor samples applied, particularly for
the initial screening assay. Due to the high cost of applied growth factors and relatively
long culture period, the initial screening of 86 different combinations was assessed on one
single-sourced MSC. Moreover, the initial alcian blue screening was performed without
correction for cell numbers or DNA content. Differences could in theory be caused by
differences in cell content. However, we believe this is unlikely, as the long (3 weeks)
culture period led all conditions to a confluent culture condition, and the differences at the
time of assessment were likely minimal. Another study limitation to consider is that we
did not assess outcomes of our monolayer and pellet cultures at different time points. Such
particular combinations might have revealed more beneficial outcomes at shorter or longer
stimulation periods. This requires further examination.

Overall, a need exists for novel regenerative strategies to treat intervertebral disc
diseases. Currently, cell therapy [26] and growth factor injection [17] is gaining momentum,
however, further validation and optimization of different regenerative products will likely
be needed [64]. One potential approach for enhancing cellular products is priming the cells
before transplantation [65], to promote an optimal anabolic state, such that the transplanted
cells have the highest potential to contribute to the reorganization of the disc matrix or
otherwise direct regional cells to do so [30]. Growth factors could be a potent tool in this
regard. However, caution is required. Growth factors often function in context-dependent
manners, and as such not every MSC population sourced from different donors might
respond similarly. For clinical application and marketability, cell-product quality control is
key, and this aspect should be taken into consideration [3,4,66]. Moreover, growth factors
are generally quite expensive, particularly when applied over longer culture periods and
for large-scale production. Thus, their application could hinder commercialization, by
potentially increasing the price of cellular therapy production. Again, care should be
taken that the benefits of growth factor stimulation outweigh the additional expense of the
cellular product. From our screening of 86 different growth factor combinations for MSC to
NP cell differentiation, we found that Wnt3a could potentially be an impactful factor when
applied in 2D monolayer, although the mechanisms and requirements for these effects
compel further exploration. Of all combinations analyzed, only the combination of GDF5
and TGF-β1 was able to result in fully chondrogenic pellets when applied in 3D cultures,
and it might be the most potent combination for MSC to NP cell differentiation.
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Appendix A

Table A1. Tabular overview of primer sequences used for gene expression analysis.

Target Primer Sequence (Forward) Primer Sequence (Reverse)

GAPDH 5′-AATCAAGTGGGGCGATGCTG-′3 5′-GCAAATGAGCCCCAGCCTTC-′3
CD24 5′-GCACTGCTCCTACCCACGCAGATTT-′3 5′-GCCTTGGTGGTGGCATTAGTTGGAT-′3
Brachyury 5′-GGGTCCACAGCGCATGAT-′3 5′-TGATAAGCAGTCACCGCTATGAA-′3
COL2A1 5′-GGAAGAGTGGAGACTACTGGATTGAC-′3 5′-TCCATGTTGCAGAAAACCTTCA-′3
SOX9 5′-CAGACAGCCCCCTATCGACT-′3 5′-CGTTGACATCGAAGGTCTCG-′3
ACAN 5′-GTGCCTATCAGGACAAGGTCT-′3 5′-GATGCCTTTCACCACGACTTC-′3
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Abstract: After the discovery of functionally superior Tie2-positive nucleus pulposus (NP) progenitor
cells, new methods were needed to enable mass culture and cryopreservation to maintain these
cells in an undifferentiated state with high cell yield. We used six types of EZSPHERE® dishes,
which support spheroid-forming colony culture, and examined NP cell spheroid-formation ability,
number, proliferation, and mRNA expression of ACAN, COL1A2, COL2A1, and ANGPT1. Six different
types of cryopreservation solutions were examined for potential use in clinical cryopreservation
by comparing the effects of exposure time during cryopreservation on cell viability, Tie2-positivity,
and cell proliferation rates. The spheroid formation rate was 45.1% and the cell proliferation rate
was 7.75 times using EZSPHERE® dishes. The mRNA levels for COL2A1 and ANGPT1 were also
high. In cryopreservation, CryoStor10 (CS10) produced ≥90% cell viability and a high proliferation
rate after thawing. CS10 had a high Tie2-positive rate of 12.6% after culturing for 5 days after
thawing. These results suggest that EZSPHERE enabled colony formation in cell culture without
the use of hydrogel products and that CS10 is the best cryopreservation medium for retaining the
NP progenitor cell phenotype and viability. Together, these data provide useful information of NP
cell-based therapeutics to the clinic.

Keywords: intervertebral disc; nucleus pulposus; nucleus pulposus progenitor cells; cryopreserva-
tion; Tie2; spheroid colony; EZSPHERE; CryoStor 10

1. Introduction

Low back pain is the primary cause of disability worldwide and often leads to poor
quality of life for patients [1,2]. Low back pain is thought to relate to intervertebral disc
(IVD) degeneration, although the mechanisms have not been clearly identified [3]. The IVD
is composed of three distinct tissues: the nucleus pulposus (NP), annulus fibrosus (AF),
and cartilage endplate. The NP comprises the gelatinous tissue located in the center of
the IVD. The AF comprises layered collagen structures that surround the NP [4]. Previous
reports have indicated that IVD homeostasis is determined by the NP [5,6] and that IVD
degeneration is thought to be caused by dysregulation of extracellular matrix (ECM)
homeostasis within the NP tissue [7,8].

Disc degeneration is associated with a decline in NP cell numbers and potency, and
renewal by stem or progenitor sources appears to be limited [9]. Interestingly, in 2012,
Sakai et al. discovered a specific NP progenitor cell population species [9]. NP progen-
itor cells were shown to have the ability for self-renewal and multipotency, including
adipogenic, osteogenic, and neurogenic differentiation potential [9–12]. NP progenitor

Appl. Sci. 2021, 11, 3309. https://doi.org/10.3390/app11083309 https://www.mdpi.com/journal/applsci

111



Appl. Sci. 2021, 11, 3309

cells were reported to differentiate into two types of colony-forming units upon culture in
methylcellulose semisolid medium: spheroid colony-forming units (CFU-s) with high ECM
production and fibroblastic colony-forming units (CFU-f) with low functionality [9,13]. The
propensity of NP progenitor cells for CFU-s was linked to the expression of the cell surface
marker angiopoietin-1 receptor (Tie2) [9]. Tie2-expressing NP progenitor cells have since
been identified in human, canine, murine, and bovine IVD samples [12–14]. Interestingly,
the presence of Tie2-expressing cells within the IVD declines sharply with aging [9] and
is similarly linked with progression of disc degeneration [9]. Thus, Tie2 progenitor cells
provide a promising therapeutic target in the treatment of IVD degeneration.

Cell therapy is a rapidly evolving field and is thought to be safe and effective for the
treatment of low back pain associated with degenerating IVDs [15] Cell therapy has been
suggested to be effective through repopulation of the IVD cells or reactivation of endemic
cells through paracrine signaling, thereby switching the disc environment from catabolic
to anabolic [15]. Our group has conducted one of the first IVD cell therapy clinical trials,
which involved the transplantation of autologous NP cells that were reactivated using
coculture with mesenchymal stem cells (MSCs) [16]. The trial revealed that NP cells could
be safely transplanted and that cell transplantation appears to be effective in preventing
disc degeneration [16].

Although these results are promising, NP materials are often derived from aged and
diseased patients, which can compromise their regenerative potential [17–19]. We believe
that the potency of NP cell therapy could be increased by using a cell population with
high Tie2-positive rates. However, Tie2-positive cells remain difficult to maintain in culture
because they rapidly lose their Tie2 expression and consequently their proliferative capacity
and potency [13]. In addition, mass production of these cells is limited by the high viscosity
of the methylcellulose medium and unsuitability for industrialization.

A variety of studies have investigated ways to improve the culture conditions [10,14,20]
or isolation methods [21] to increase the number of Tie2-expressing cells. For example,
Tekari et al. reported beneficial effects of fibroblast growth factor 2 (FGF2) and hypoxic
culture conditions [14]. Recent work by Guerrero et al. [10] showed the benefits of three-
dimensional (3D) pellet culture environments for maintaining the multipotent capacity
and retaining Tie2 expression in Tie2-positive NP progenitor cells. These findings provide
evidence for the potential of culture augmentation to increase the retention of NP progenitor
cells. However, an optimized culture method that would be scalable, marketable, and
clinically applicable remains to be determined.

Another consideration that could hinder the translation of Tie2-positive NP progen-
itor cells to the market is their preservation. Tanaka et al. has shown that cell viability,
differentiation ability, and ECM production do not change significantly from before to
after NP cell cryopreservation [22]. This finding suggests that activated NP cells could be
used in a cryopreserved state whenever needed according to the patient’s condition, thus
increasing their potential as a commercial, mass-produced, off-the-shelf (OTS) regenerative
therapeutic product. In a canine study, an OTS discogenic NP cell product was shown to
be as effective in regenerating induced disc degeneration compared with freshly cultured
cells [23]. These products are currently undergoing clinical trial evaluations (NCT03347708,
NCT03955315).

There is a large difference between the actual clinical application and the results in
laboratory-based reports. In addition, the time required before and after freezing is rarely
considered [24]. The cytotoxicity of animal serum and dimethyl sulfoxide (DMSO) con-
tained in the cryopreservation solutions may also present safety and regulatory problems
during clinical applications [13,25]. Furthermore, during the product management and
transportation after mass culture, the process from cell isolation to storage becomes more
complicated and time consuming.

We wanted to examine the potential for optimization of the practical aspects of NP
cell production in terms of cell culture, storage, and logistic handling. Given the needs of
future commercialization, we aimed to identify optimal cryopreservation solution(s) that
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could limit the functional deterioration and maintain the high cell viability of Tie2-positive
NP cells. We examined the potential for using specialized nonadherent EZSPHERE®

dishes, which have been used with induced pluripotent stem cells and cancer cells but not
with NP cells. This culture dish supports 3D cell cultures without the need for hydrogel
encapsulation to enable mass production of spheroid-forming NP cells.

2. Materials and Methods

2.1. Human NP Cell Isolation

Human NP tissues were collected from 10 patients undergoing surgery for lumbar disc
herniation at Tokai University Hospital and related facilities (Table 1). All patients provided
their informed consent for the collection and use of surgical waste for research purposes.
All research procedures described in this study were approved by the Institutional Review
Board for Clinical Research, Tokai University (application number 16R-051: 15 July 2016).

Table 1. Details of clinical samples. Age, sex, total weight of IVD tissue collected at the time of
surgery, and weight of NP tissue after selection are listed for each sample. LDH: lumber disc hernia,
IVD: intervertebral disc, NP: nucleus pulposus.

Code Age Sex Disease
IVD Tissue
Amount(g)

NP Tissue
Amount(g)

1 T19 19 M LDH 8.05 7.59
2 A29 29 F LDH 3.76 2.57
3 K30 30 F LDH 4.26 2.5
4 E32 32 F LDH 4.75 4.75
5 A16 16 F LDH 3.58 1.9
6 K21 21 F LDH 7.52 4.79
7 A24 24 M LDH 8.04 4.69
8 T23 23 M LDH 5.06 4.6
9 T18 18 M LDH 3.38 3

10 A18 18 M LDH 5.88 3.73

NP cells were isolated as described previously [13]. Briefly, the collected NP tissue
was washed with excess saline and the tissue wet weight was measured. In a 100 mm
dish, the tissue was cut into 3–5 mm-sized pieces with sterilized scissors and scalpels. The
shredded NP tissue was carefully transferred to a 50 mm conical tube and centrifuged at
1200 rpm for 5 min at 4 ◦C. After centrifugation, the supernatant was removed, and the
tissue was resuspended in 10 mL of 10% (v/v) fetal bovine serum (FBS), minimal essential
medium α (MEMα, Fujifilm Wako Pure Chemical Corporation, Osaka, Japan), and 10 mL
of TrypLE Express (Thermo Fisher Scientific, Tokyo, Japan). The suspension was incubated
with gentle swirling at 37 ◦C for 1 h. The tissue dissolution state was confirmed and the
sample was centrifuged at 1800 rpm for 5 min. Next, the tissue was resuspended in 15 mL
of 10% FBS–MEMα and 5 mL of 0.25 mg/mL collagenase P (Roche, Basel, Switzerland),
and incubated for 2 h at 37 ◦C. After digestion, the tissue was again centrifuged and
resuspended in 20 mL of 10% FBS–MEMα, the cell suspension was filtered through a 40 μm
cell strainer (Corning, Corning, NY, USA), and the cells were subjected to experimental
cryopreservation or culture conditions as described below.

2.2. NP Cell Culture Conditions

Primary human NP cells (n = 4, Table 1: T19, A29, K30, E32) were suspended at
10,000 cells/mL in 10% FBS–MEMα. Cells were seeded in 2 mL onto different types of
EZSPHERE® plates (spheroid-formation culture vessel: IWAKI, Tokyo, Japan) and cultured
at 37 ◦C in 5% CO2 and 5% O2 for 14 days. EZSPHERE® plates have a uniform well
structure on the surface of the dish that allow cells to form different shapes of germ
layers or spheroids depending on the size and type of the well (Figure 1). Here we
used the following EZSPHERE® dish types: 4000-900 (caliber: 500 μm, depth: 100 μm,
number of wells: 2300); 4000-901 (caliber: 200 μm, depth: 100 μm, number of wells: 9200);
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4000-902 (diameter: 500 μm, depth: 200 μm, number of wells: 2300); 4000-903 (diameter:
800 μm, depth: 400 μm, number of wells: 600), and 4000-904 (diameter: 800 μm, depth:
300 μm), number of wells: 200); type 4000-905 (caliber: 1400 μm, depth: 600 μm, number of
wells: 2300). After 2 weeks of culture, the established colonies were collected carefully by
pipetting. For analysis of marker expression, standard monolayer culture was performed
by seeding NP cells at a density of 4.5 × 105 cells/cm2 into 100 mm plates and culturing
them under identical conditions for 7 days. These cells were used as the control.

 
Figure 1. Cells cultured giving rise to spheroid forming units within EZSPHERE® dish (A) type 4000-900, (B) type 4000-901,
(C) type 4000-902, (D) type 4000-903, (E) type 4000-904, and (F) type 4000-905 at 4× (left) and 10× (right) magnification.
Images visualized by inverted phase contrast microscope. 20,000 human nucleus pulposus cells were seeded per dish and
cultured for 14 days at 5% CO2, 5% O2, and 37 ◦C.

NP cells (n = 1, donor E32) were also cultured in EZSPHERE® dish type 4000-903 with
normal medium or medium supplemented with 100 ng/mL epidermal growth factor (EGF;
R&D Systems, Minneapolis, MN, USA), 10 ng/mL FGF2 (PeproTech, Cranbury, NJ, USA),
100 ng/mL platelet-derived growth factor (PDGF; R&D Systems), or a combination of all
three factors. The colonies obtained were similarly harvested and evaluated.

2.3. Cryopreservation of NP Cells

After confirming they were free of contamination and the state of the cells, primary NP
cells were treated with 5 mL of TrypLE Express for 3 min and then collected into a 15 mL
conical tube. Samples were centrifuged at 500× g for 5 min at 4 ◦C, resuspended in 5 mL of
buffered saline, and centrifuged again at 500× g for 5 min at 4 ◦C. The cells were counted
using the trypan blue exclusion method to determine their cell number and viability.

For the first experiment, the cell suspension (donor T19) was centrifuged once more to
prepare a 1 mL suspension of CELLBANKER 1 (CB1), STEM-CELLBANKER GMP grade
(SCB), or STEM-CELLBANKER DMSO Free GMP grade (SCBD-Free) (all from Zenoaq
Resource, Fukushima, Japan) (Table 2), each containing 1 × 106 cells in their respective
cryopreservation solution to be dispensed into a cryotube. The samples were kept at room
temperature or on ice for 0.5, 1, 2, 3, 4, and 5 h, and cell viability was directly analyzed either
or analyzed following cryostorage at –80 ◦C for 1 day. Cryostorage was prepared with
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BICELL containers (Nihon Freezer, Tokyo, Japan) in same way as previously reported [22]
to control the cooling rate.

Table 2. Details of cryopreservation solutions. Whether include the animal serum, clears GMP
grade, and concentration of DMSO are listed for each cryopreservation. CB-1: CELLBANKER 1, SCB:
STEM-CELLBANKER GMP grade, SCBD-free: STEM-CELLBANKER DMSO Free GMP grade, CS10:
CryoStor® CS10, and PF: Pro Freeze™-CDM.

Cryopreservation Animal Serum Concetration of DMSO GMP Grade

CB1 Included 10% Not Cleared
SCB Not Included 10% Cleared

SCBD-free Not Included 0% Cleared
CS10 Not Included 10% Cleared

CP-1™ Not Included 5% Not Cleared
PF Not Included 15% Not Cleared

Next, the effects of cryopreservation solutions on NP cell potency and surface marker
expression were examined. Based on the previous step, a 3 h incubation time on ice was
selected. NP cells (n = 3, T19, A24, and T23) were aliquoted at 1 × 106 cells in 1 mL of CB1,
SCB, or SCBD-Free. The cells were then frozen at –80 ◦C for 1 day, thawed, and cultured in
monolayer culture for 5 days. The cells were retrieved using TrypLE Express and analyzed
by flow cytometry.

Tie2 expression and cell viability of NP cells (n = 1, donor, T19) were examined using
six different cryopreservation compositions: CB1, SCB, SCBD-Free, CryoStor® CS10 (CS10)
(Stemcell Technologies, Vancouver, BC, Canada), CP-1™ (Kyokuto Pharmaceutical Industry,
Tokyo, Japan), and Pro Freeze™-CDM (PF) (Lonza Bioscience, Basel, Switzerland). The
final tubes were incubated on ice, frozen at −80 ◦C, and cultured before being analyzed as
previously described.

Finally, 1 × 106 NP cells (n = 3, T19, A18, and T18) were kept in 1 mL of CB1 or CS10
on ice or at room temperature for 0, 2, 3, or 5 h. Cells were either analyzed directly or
cryopreserved at –80 ◦C for 1 day.

2.4. Thawing Protocol of NP Cells

Cells cryopreserved in cryotubes were slowly warmed in a bath with 37 ◦C water
for about one minute. The tube was removed from the pre-heated water and kept on
room temperature until complete thawing was observed. When thawed, the solution
was carefully transferred to a falcon tube, and dropwise media containing 10% FBS was
added to slowly resuspend the cells and dilute the cryo-storage media. The samples were
then centrifuged at 1200 rpm for 5 min at 4 ◦C to collect the cells and applied for the
respective experiments.

2.5. Colony Formation and Cell Proliferation Rates

After the cells were cultured for 14 days in EZSPHERE® plates, an inverted phase-
contrast microscope was used to count the number of colonies that had formed per 100 wells.
To calculate the number of cells, the entire colonies were collected, centrifuged, and treated
with 1% Liberase (Roche) for 30 min at 37 ◦C. The cells were centrifuged again and
resuspended, and the number of cells derived from the colonies was counted.
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2.6. Cell Viability

Cell viability was measured using the standard trypan blue exclusion method and an
inverted phase-contrast microscope; the percentages of living and dead cells were counted.

2.7. Real-Time Polymerase Chain Reaction (PCR) Analysis

Cultured human NP cells (n = 3, E32, A16 m, and K21) were homogenized using ISO-
GEN II (Nippon Gene, Tokyo, Japan), and RNA was prepared using an RNAqueous Micro
RNA isolation kit (Applied Biosystems, Thermo Fisher Scientific, MA, USA) following the
manufacturer’s instructions. High-Capacity cDNA Reverse Transcription Kits (Applied
Biosystems 4387406) were used to reverse transcribe mRNA and to synthesize cDNA. Based
on TaqMan gene expression assays (Applied Biosystems), gene expression levels were de-
tected using TaqMan Universal PCR Master Mix and the following primers: TaqMan Gene
Expression (human): ACAN (Hs00153936; Applied Biosystems), COL1A2 (Hs01028956; Ap-
plied Biosystems), COL2A1 (Hs00264051; Applied Biosystems), and ANGPT1 (Hs00919202;
Applied Biosystems). PCR was performed using an amplification machine (7500; RealTime
PCR Systems) with stage 1 (95 ◦C for 20 s × 1 cycle) and stage 2 (95 ◦C for 3 s, 60 ◦C for
30 s × 50 cycles). CT values were calculated relative to the CT value for the housekeeping
gene GAPDH (4333764F; Applied Biosystems).

2.8. Flow Cytometry and Fluorescence-Activated Cell Sorting

NP cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). Only living cells were targeted by using a living (propidium iodide-
negative) gate. The cell sorting methods and monoclonal antibodies used for analysis were
performed as described previously [13].

2.9. Statistical Analysis

All data were collected and processed using Microsoft Excel (Microsoft, Redmond,
WA, USA). Statistical analysis was performed using IBM SPSS Statistics software (version
26; IBM Corp., Armonk, NY, USA). Significant differences were identified using the Mann–
Whitney U test and Kruskal–Wallis test. All values are presented as mean (±standard
deviation). p values of <0.05 were considered to be significant.

3. Results

3.1. Spheroid Colony-Formation and Cell Proliferation Rates in EZSPHERE Dishes

The ability of EZSPHERE dishes to support NP cell colony formation was evaluated by
determining the colony formation and cell proliferation rates (Figure 1). Interestingly, the
colonies formed in each plate were similar in size (Figure 1). The average colony formation
rates were 9.1% (±3.0%) for type 4000-901, 15.6% (±9.6%) for type 4000-900, 24.0% (±1.0%)
for type 4000-902, 45.1% (±12.1%) for type 4000-903, 17.5% (±7.0%) for type 4000-904, and
15.1% (±5.1%) for type 4000-905. Dish 4000-903 significantly outperformed almost all other
dish types (Figure 2A).

Similarly, the cell proliferation rates were highest using the 400-903 plate, although
the only significant difference was compared with 4000-905 (p = 0.029) (Figure 2B). Dish
type 4000-903 seemed to be the most suitable type for NP cell CFU culture. Next, growth
factor supplementation showed strongly increased proliferation rates by up to 45 times
when stimulated with FGF2 or 62.5 times when stimulated with all three factors combined
(Figure 2C).
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Figure 2. (A) The rate of spheroid colonies that formed and (B) fold increase of cells on different EZSPHERE® dish types
derived from 20,000 human nucleus pulposus cells (n = 4) following 14 days of culture. (C) The fold-increase in cell numbers
following culture of nucleus pulposus cells (n = 1) on EZSPHERE® dish type 4000-903, without (-) or with 100 ng/mL
epidermal growth factor (EGF), 10 ng/mL fibroblast growth factor (FGF), 100 ng/mL platelet derived growth factor (PDGF),
and a combination of all three growth factors (Mix). Data is presented as mean values with error bars presenting standard
deviation. * p < 0.05,

3.2. NP Cell Marker Expression in EZSPHERE Spheroid Colonies

Real-time PCR was performed after culturing cells in each of the six types of EZ-
SPHERE dishes. The expression levels of ANGPT1 and COL2A1 were higher in 3D com-
pared with 2D culture (Figure 3A,D). The COL2A1 expression was particularly prominent,
which supports previous reports of high ECM production performance in colony-forming
cells [9]. Augmentation of EZSPHERE culture conditions by growth factor supplementa-
tion revealed strong reduction in the expression levels of ACAN, COL1A2, COL2A1, and
ANGPT1. (Figure 3E–H). Notably, the standard deviation for type 4000-901 was observably
high for COL2A1 and ANGPT1 outcomes, predominantly due to high expression found for
the A29 donor. (Figure 3A,D) The expression levels for the FGF2- and PDGF-supplemented
conditions were similar to those of the monolayer-cultured NP cells.

3.3. Cell Viability after Addition of Cryopreservation Solution

To examine the effects of different cryopreservation solutions on NP cells during
mass cell batch production, we tested extended exposure of NP cells to three types of
cryopreservation solution (CB1, SCB, and SCBD-Free). At room temperature, cells exposed
to SCB and SCBD-Free showed a rapid decline in cell viability, with >50% cell loss within
1 h (Figure 4A). In the same process on ice, a high cell viability of ≥80% was obtained in all
solutions for up to 2 h, but the number of viable cells decreased with longer incubations in
SCB and SCBD-Free (Figure 4C). Samples left at room temperature for ≥1 h followed by
cryopreservation showed complete loss of viability (Figure 4B). Samples kept on ice before
cryopreservation had better viability, although cell viability was 67% in SCB and 57.8% in
SCBD-Free conditions after 2 h and decreased further with time (Figure 4D). Cells exposed
to CB1 had a survival rate of ≥90% even after being left for 5 h on ice, although the cell
viability decreased with time at room temperature.
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Figure 3. Relative gene expression levels of (A) COL2A1, (B) COL1A2, (C) ACAN, and (D) ANGPT1 for nucleus pulposus
cell spheroid colonies cultured on different EZSPHERE® dish types. (n = 4) Relative gene expression of (E) COL2A1,
(F) COL1A2, (G) ACAN, and (H) ANGPT1 of nucleus pulposus cell cultured on EZSPHERE® dish 4000-903 (n = 1) without
(-) or with 100 ng/mL epidermal growth factor (EGF), 10 ng/mL fibroblast growth factor (FGF), 100 ng/mL platelet derived
growth factor (PDGF), or a combination of all three growth factors (Mix). Data is calculated relative to monolayer cultured
nucleus pulposus cells. Values derived using 2−ΔΔCt method and presented as mean values with error bars presenting
standard deviation.
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Figure 4. Cells (n = 1) were suspended in CellBanker-1 (CB-1), STEM-CELLBANKER (STEM-CB), or STEM-CELLBANKER
without DMSO (STEM-CBDMSO FREE) and kept for up to 5 h on (A,B) room temperature or kept (C,D) on ice. Cell viability
tested at multiple time points either before or after 1 day of cryopreservation.

3.4. Cell Potential after Cryopreservation

Next, NP cells were exposed to cryostorage solutions (CB1, SCB, or SCBD-Free) for 3 h
on ice before freezing. The cells were thawed and subsequently cultured. The cells frozen in
CB1 had an average cell viability of 95.7% (Figure 4A), but the other two cryopreservation
solutions resulted in considerable cell loss (Figure 5A). The average growth rate of cells
frozen in CB1 was 5.9 times (p = 0.53), which was lower than the growth rate of cells frozen
in SCB (8.93 times; Figure 5B). The Tie2- and CD24-positive rates in flow cytometry analysis
showed a trend toward reduced Tie2- and CD24-expressing fractions for NP cells kept in
CB 1 compared with SCBD-Free, although this difference was not significant (Figure 5C,D).

Additional investigation with a wider range of cryopreservation solutions (CB1, SCB,
SCBD-Free, CS10, CP-1, and PF) revealed viability ranging from 63.6% (PC) to 84.6% (CS10)
(Figure 6A). Interestingly, the Tie2-positivity rates of NP cells was 12.6% in cells in CS10,
suggesting a higher Tie2 retention rate in cells in CS10 than in CB1 (Figure 6B).
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Figure 5. Cells (n = 3) were suspended in CellBanker-1 (CB-1), STEM-CELLBANKER (STEM-CB), or
STEM-CELLBANKER without DMSO (STEM-CBDMSO FREE) and kept for on ice for 3 h and frozen
for 1 day. Subsequently (A) cell viability was assessed. Following cryostorage and thawing cells
were seeded cultured for 5 days. The (B) fold-increase in cell numbers was analyzed, as well as the
fraction of (C) Tie2 expressing and (D) CD24 expressing cells as analyzed by flow cytometry. Data is
presented as mean values with error bars presenting standard deviation. * p < 0.05.

Figure 6. Comparison of 6 types of cryopreservation solutions, namely CELLBANKER 1 (CB-
1), STEM-CELLBANKER GMP grade (STEM-CB), STEM-CELLBANKER DMSO Free GMP grade
(STEM-CBDMSO FREE), CryoStor® CS10 (CS10), and Pro Freeze™-CDM (ProF). Nucleus pulposus
cells suspended in the cryopreservation solutions and kept on ice for 3 h before cryostoring them for
1 day. The cells were recovered and cultured for 5 days. Subsequently, the (A) viability rate and the
(B) fraction of Tie2 positive cells were determined. Data is presented as mean values with error bars
presenting standard deviation.

Finally, CS10 and CB1 were used to resuspended primary NP cells and the effects
on cell viability in cells with time left at room temperature or on ice were examined. The
average cell viability was 95.2% (±1.8%) for cells in CS10, and this value was maintained
even after 5 h on ice (Figure 7A) and at 89.9% (6.5%) in cells stored at room temperature
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(Figure 7B). CB1 produced similar results (Figure 6B). The average cell viability after
cryopreservation and thawing also remained high: 88.4% (±4.6%) in cells on ice in CS10 or
87.7% (±6.0%) in CB1 (Figure 7C). However, when kept at room temperature, the survival
rate after cryopreservation and thawing appeared to decrease to 67.5% (±29.9%) after 3 h
in CS10 compared with 82.1% (±6.5%) in CB1 (Figure 7D).

Figure 7. Cells (n = 3) were suspended in CellBanker-1 (CB-1) and CryoStor-10 (CS10) and kept for up to 5 h on (B,D) room
temperature or (A,C) on ice. Cell viability tested at multiple time points either before or after 1 day of cryopreservation.

4. Discussion

In this study, we aimed to tackle some practical issues that potentially limit the market
and clinical translation of NP progenitor cells as a regenerative cell transplantation product.
First, we examined the ability of EZSPHERE cultures plates to allow large-scale colony-
forming culture of NP progenitor cells. Second, we examined the effects of cryopreservation
solution on NP cell viability and potency under real-world conditions.

Spheroid formation rates were highest using EZSPHERE plate type 4000-903, which
has wells with a diameter of 800 μm and a depth of 400 μm. The proliferation rates were
also the highest for this plate type. 3D cell cultures are used widely in research in various
tissues, such as the vascular endothelium and cartilage, in an attempt to simulate the
in vivo microenvironment. Better differentiation potential has been demonstrated in vitro
compared with monolayer cultures of MSCs in spheroid cultures [26]. Previous work has
shown that spheroid-forming NP cells have a greater ability to produce ECM [9,27] and
are thus considered as promising cell types for regenerative and cellular therapeutics.

Our data support these previous findings, as EZSPHERE cultured cells exhibited a
markedly higher COL2A1 expression (on average 836-fold) compared with monolayer
cultured NP cells. By contrast, COL1A2 expression, as a negative NP marker [28], was
markedly downregulated (on average 0.6-fold). The ECM produced by NP cells in human
IVD tissue is classified mainly as type II collagen and proteoglycans, and IVD is not
formed normally in type II collagen-deficient mice [29]. Therefore, type II collagen is
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thought to play an important role in the formation of the IVD, which suggests that NP
cells that can be collected by this culture method should have excellent functionality. This
supports our previously stated belief that the ability for colonization is an indicator of NP
functionality [7].

We were particularly interested in the potential application of EZSPHERE plates
as an alternative to the current standard of methylcellulose-based CFU-s cultures [13].
Culturing in EZSPHERE plates has an additional potential advantage because the diffusion
gradient of the cultured cells and solution can be controlled more closely, which should
improve the reproducibility and quality control for commercialization [30]. Conversely,
methylcellulose-based culture leads to the formation of spheroid colonies of different sizes
and, because of the high viscosity of the culture medium, cell recovery can be complicated.
By contrast, the size of colonies obtained using EZSPHERE culture relies on the well’s
dimension, which produces relatively uniform colony sizes (Figure 1A). Moreover, the
colonies are not maintained in a hydrogel, and the recovery of large quantities of colonies
is much easier.

The EZSPHERE culture systems offer a promising culture device that could be scal-
able for production of CFU-s NP cells. As a goal for commercialization, for example,
cells from one sample must be extracted and available for at least 100 people. This is
important because IVD cell therapy products generally involve the transplantation of a
total of 1–100 × 106 cells per disc (although an optimal concentration has not been deter-
mined) (15). For example, in our previous clinical trial [16], we obtained an average of
1.24 × 106 primary cells/7.92 g tissue per patient donor material (Table 3). Assuming that
a cell therapy product requires 1 × 106 NP cells, ~100 times the cell proliferation effect
is required. However, with the EZSPHERE method alone, the cell proliferation rate was
7.75-fold in our study, which would mean that only nine patients on average could be
treated with cells from a single-batch production following EZSPHERE culture methods.
Our data in the present study show that growth factor supplementation can markedly
increase the NP cell proliferation rate. These findings are consistent with previous work
showing that FGF2 has a Tie2 expression-enhancing effect on NP cells [14]. In our study,
FGF2 supplementation had positive effect by increasing the cell proliferation rate by up to
62.5%. This would make it possible to manufacture NP cell products for about 77 patients
from a single tissue sample. However, cells cultured with other growth factors showed a
marked decrease expression of COL2A1 and ACAN, which may be a disadvantage com-
pared with the original colony assay culture. Further analysis and in vivo experimentation
are needed to elucidate these effects.

Table 3. Details of previous Mochida et al. clinical trial of autologous NP cell transplantation. In the clinical trial of Mochida
et al. [16], surgically removed NP tissue and obtained cells were cultured and administered to prevent adjacent degenerative
disc disease. The average time required to recover the transplanted cells was 122.9 min using a similar procedure in this
study. IVD: intervertebral disc, NPC: nucleus pulposus cell.

Age Sex
IVD Tissue Amount

(g)
Number of Collectied

NPC
Number of Cultured

NPC
Cultured Cell

Recovery Time (min)

1 21 M 8.2 1.25 × 106 7.2 × 106 115
2 28 M 4 0.93 × 106 5.85 × 106 113
3 28 M 10.9 3.42 × 106 10.80 × 106 105
4 27 M 8.9 1.20 × 106 5.8 × 106 174
5 29 M 3.6 0.71 × 106 3.36 × 106 100
6 28 M 7.7 1.0 × 106 3.02 × 106 120
7 21 M 11.9 1.05 × 106 2.88 × 106 120
8 29 M 6.6 0.5 × 106 2.48 × 106 125
9 21 F 9.1 0.93 × 106 2.63 × 106 115
10 25 M 8.3 1.43 × 106 2.80 × 106 142
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The different types of cryopreservation solutions and exposure times used in the cryop-
reservation of cellular products are thought to affect the product quality [24]. Especially in
undifferentiated cells such as MSCs, the maintenance and prevention of phenotype loss and
changes in metabolism during storage are important. Reports have suggested inadequate
therapeutic results can arise because of the effects of cryopreservation in clinical trials using
MSCs [31,32]. Given our aim to deliver multipotent, undifferentiated NP progenitor cells
with high Tie2 positivity, concerns were raised about the effects of cryopreservation on NP
cells and their potency. In the trial reported by Mochida et al. [16], the collection of cultured
cells before their administration in the operating room was performed in a similar fashion
as in our experiments; that is, the NP cells were cryopreserved before transplantation.

The purpose of the current study was to identify the most appropriate cryopreserva-
tion solutions and freezing procedures by investigating their effects on NP cells over time.
Of the 10 patients treated in the previous clinical trial [16], an average of 4.6 × 106 NP cells
were administered following harvest from their respective coculture conditions. At the
time of surgery, the cryostored NP cells were recovered, thawed, and transported from a
cell-processing center to the operating room, and the waiting time before transplantation
was on average 122.9 min, which meant that the cells were exposed to the cryopreserving
agents for about 2 h. Our current results show that NP cells subjected to cryopreserving
agents for up to 3 h had survival rates of ≤70% in SCB and SCBD-Free. Interestingly, cells
kept on ice in CB1 retained a cell viability of 90% for up to 5 h.

Although CB1 has been shown to be optimal, for clinical translation, it is desirable
to preserve and administer cells in solutions devoid of animal-derived serum or DMSO.
Therefore, we examined six additional commercial cryopreserving preparations. We found
that cell viability after thawing was maintained at ≥80% with CB1, CS10, and CP-1. CS10
was also able to maintain a high Tie2-expressing faction. In addition, CS10 is an animal
component-free GMP-certified formula, making it potentially ssafer to administer directly
to patients than CB1 when used as an OTS [23]. However, SCB is a product with an identical
composition as CB1, but without animal components, and this resulted in a sharp decrease
in viability at room temperature or on ice with time. Moreover, the CS10 formula does
contain 10% DMSO, which showed a decrease in the number of cells after an incubation of
≥3 h incubation, which suggests that the collection and freezing of harvested cells should
be performed in the shortest possible time. If we select one type of cell preservation solution
for industrialization, CS10 is considered to be most optimal because it showed similar
levels of cell viability maintenance as CB1 but does not contain any animal components.

The limitation of our study is that procurement of human-derived cell sources was
limited, and some experiments had a limited sample size. Moreover, in this experiment, the
cryopreservation period was only 24 h and long-term storage might have a more impactful
effect on NP cells. Still, freezing and thawing process is likely the most important and
damaging phase in cryopreservation, as such we believe this experiment is sufficient to
compare the usefulness of solutions. Additionally, we did not further assess the impact
of cryopreservatives on NP cell potency. Furthermore, a recent study by Croft et al.
suggested that the type of cryopreservation medium, including CS10, had limited effects
on NP cell multipotency [33]. The work by Hiraishi et al. suggested no effect on the in vivo
regenerative potency of NP cells [24]. However, the effects on the potentially more sensitive
Tie2 cells remains unclear [13]. Further advances in culture, storage, and logistics for NP
cell-based cell therapeutics are needed to expand their potential as effective and marketable
products in the clinic [17,25].

5. Conclusions

EZSPHERE culture plates enabled us to examine colony formation in cell culture with-
out the use of methylcellulose or other hydrogel products. EZSPHERE culture methods
produced high colony formation and increased proliferation rates, which could be aug-
mented by FGF supplementation. Continued examination of the optimal culture methods
is required for further development and commercialization. The derived cells should be

123



Appl. Sci. 2021, 11, 3309

assessed in vivo for their potential as a regenerative medicinal product. Our study showed
that CS10 is presently, the best cryopreservation medium for retaining NP progenitor cell
phenotype and viability when cells are kept on ice or even at room temperature for up
to 3 h. Our findings provide information that may be useful for the translation of NP
cell-based therapeutics to the clinic.
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