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2. Summary 
 
Chronic low back pain (LBP) is a leading cause of disability worldwide and is strongly 
associated with degeneration of the intervertebral disc (IVD) [1, 2]. Current therapies 
for the treatment of discogenic LBP (termed degenerative disc disease, DDD) include 
conservative or surgical methods which have their limitations and drawbacks. These 
may include discectomy, fusion surgery and disc arthroplasty [3]. Nevertheless, in 
recent years, scientific knowledge on human physiology and cell biology as well as 
interactions has greatly increased creating a tremendous impact in the advancement 
of tissue engineering and prominently regenerative techniques for IVD repair [4]. Cell 
therapy has shown promising results for IVD regeneration.  
 
Regenerative IVD therapies target minimal-invasive application of autologous cells 
amongst others that should ideally differentiate to IVD-like cells and/or secrete trophic 
and anti-inflammatory factors with the aim to repair the IVD [3, 5-7]. A typical approach 
taken is to combine cell suspension with biocompatible materials which are supposed 
to provide mechanical stability and protection of the cells after implantation. 
Nevertheless, none of these strategies have been widely accepted for clinical 
implementation. Several publications have indicated that therapeutic cells suffer within 
the harsh microenvironment of the DDD [5, 8-12]. Human nasal chondrocytes (NC) 
are a promising cell source for the treatment of DDD. NC can be harvested from 
nasoseptal cartilage biopsy obtained under local anaesthesia and with minimal donor 
site morbidity [13-15]. They were shown to possess high proliferation and post-
expansion differentiation capacity and can adapt to the heterotopic transplantation 
sites [16]. Moreover, they showed superior viability over articular chondrocytes (AC) 
and mesenchymal stromal/stem cells (MSC) in simulated DDD microenvironment thus 
represent a robust cell population with the potential of survival in the IVD post injection 
[17]. 
 
Within other tissue engineering fields, it has been demonstrated that spheroid-based 
strategies might help to overcome hurdles associated with DDD due to their superior 
regenerative performance and/or resistance compared to single cells [18, 19].  
Spheroids can self-assemble by forming intercellular contacts on non-adhesive 
substrates [20-23]. Their 3D organization mimics closer the physiological conditions 
and allows the cells to differentiate toward target tissue. The 3D structure allows the 
cells to accumulate ECM that might protect them from a surrounding harsh micromilieu 
[1, 24]. Furthermore, by priming the spheroids using biomimetic environment [25-27], 
genetically modifying the cells [28, 29], and/or combining the spheroids with an 
instructive biomaterial [30] is hypothesized to further increase their performance within 
a harsh microenvironment. Therefore, taking a spheroid-based therapeutic approach 
for IVD repair could be a promising strategy. 
 
Currently applied in vitro models to study cell treatment strategies for IVD repair use 
2D and 3D culture systems among others [31]. The use of an in vitro 3D model 
mimicking the degenerated IVD environment, would allow to study the regenerative 
performance of the therapeutic cells. The harsh IVD microenvironment is 
characterized by avascular, hypoxia, low glucose level, acidic, inflamed, high 
osmolality and non-physiological biomechanics [32]. However, it has been shown that 
less than 15% of the in vitro studies include either one of these parameters thus not 
mimic the harsh IVD microenvironment properly [31].  
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In my PhD thesis I give an introduction into the field of my research (Chapter 1: 
Introduction) and highlight the areas of future research in spheroid-based regeneration 
of IVD in the form of a review (Chapter 2: Spheroid-Based Tissue Engineering 
Strategies for Regeneration of the Intervertebral Disc). I discuss cell sources and 
methods for spheroid fabrication and characterization, mechanisms related to 
spheroid fusion, as well as enhancement of spheroid performance in the context of 
the IVD microenvironment.  

I report my findings on the suitability of nasal chondrocyte derived spheroids (NCS) 
for use as grafts in cell-based and scaffold-free regeneration of the NP. In particular, I 
investigate whether human NCS (1) can be generated in a feasible and reproducible 
way (2) possess the biomechanical and biochemical properties relevant for the target 
NP tissue, and (3) can be injected into the IVD via a spinal needle and engraft within 
a DDD-mimicking microenvironment (Chapter 3: Nose to Spine: spheroids generated 
by human nasal chondrocytes for scaffold-free nucleus pulposus augmentation).  

Furthermore, I introduce a novel 3D in vitro degenerative NP micro-tissue (NPµT) 
model that allows researchers to study the reaction of NCS to the harsh DDD 
microenvironment. I investigate how pre-conditioning of the NCS with FDA approved 
drugs could enhance their performance within DDD microenvironment (Chapter 4: 
Human 3D nucleus pulposus micro-tissue model to evaluate the potential of pre-
conditioned nasal chondrocytes for the repair of degenerated intervertebral disc). 
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3. Chapter 1: Introduction  

In this section, the structure of the IVD and its function is described. Furthermore, the 
development of degenerative disc disease (DDD) and the current therapies for DDD 
treatment are depicted. 

Lower back pain is a common musculoskeletal disorder concerning more than 600 
million people around the world making it the leading disability in the world [33]. It 
creates a significant socioeconomic burden among active ageing populations. In total 
~40% of the world population is experiencing LBP during their lifetime [34]. Low back 
pain is a leading purpose for physician visits, hospitalization and use of other health 
care services [35]. IVD degeneration is considered to be the most common and 
primary cause of low back pain. Discogenic LBP (termed degenerative disc disease, 
DDD) is referred to as the association of IVD degeneration with pain and inflammation 
[36, 37]. 

3.1 Intervertebral Disc (IVD) 

The IVD is built as a tough tissue structure in between the vertebral bodies with three 
distinctive parts (Figure 1): the nucleus pulposus (NP), the annulus fibrosus (AF) and 
of cartilaginous end plate (CEP). This complex structure allows the spine to perform 
flexible 3D motions. The IVD needs to fulfill three important functions. It must be able 
to bond and hold the vertebrae bodies of the spine together, then it is required to act 
as a shock absorber and lastly by taking the role of a "pivot point" it must offer the 
spine the possibility to bend, rotate and twist [38, 39].  

 
Figure 1: Schematic representation of the multi-scale architecture of the intervertebral disc with the 
indication of the primary geometric axes [40].  

The NP and AF have a number of structural, cellular, and molecular differences, which 
explain their distinctive biomechanical properties (Table 1). 
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Table 1. Composition of healthy nucleus pulposus (NP) and annulus fibrosus (AF) [41]. *Percentage of 
wet weight; ‡Percentage of dry weight of the IVD. PG = proteoglycans. 

 Water Collagens PG Other 
proteins Cells 

NP 
(inner core, 
highly hydrated 
and jelly tissue) 

70-90%* 
15-20%‡ 
mainly collagen 
type II 

65%‡ 20-45%‡ Minor 

AF 
(outer IVD ring, 
elastic and 
fibrous tissue) 

60-70%* 
50-60%‡ 
mainly collagen 
type I 

20%‡ 10%‡ Minor 

Function Hydrostatic 
pressure 

Tensile 
strength 

Osmotic 
pressure 

Support of 
matrix and 
cells 

Homeostasis 

 

3.1.1 Nucleus Pulposus  

The nucleus pulposus (NP) is a large hydrated inner core of the IVD and it contains 
mainly water, collagens, and proteoglycans (Figure 2) [42, 43]. 77% of the wet weight 
in NP consist of water and together with collagen type II, the NP is capable to 
elastically deform under stress [44]. The primary collagen in the NP is collagen type II 
(4% of the wet weight) while collagen of type VI, IX, XI are present in smaller amounts. 
Proteoglycans constitute around 14% of the wet weight in the NP and contributes 
mainly to the tensile strength of the disc hence plays a key role in resisting 
compression and providing resilience. The most abundant proteoglycan in the NP is 
aggrecan (ACAN) with lesser amounts of versican, biglycan, decorin, and fibromodulin 
[45]. The major macromolecules are chondroitin sulfate A and C, which are strongly 
hydrophilic and promote disc viscosity by binding water. When the NP is experiencing 
axial compression, it diverts the forces evenly towards the AF therefore acting as a 
shock absorber. Morphologically, the nucleus pulposus of a child is translucent and 
gel-like but during adulthood it becomes more whitish and fibrous due to an increase 
in concentration and diameter of the collagen fibrils [46].  

The cellularity of the NP reaches an average cell density of 3000 cells/mm3 which 
remains three times lower than the cellularity found in the AF (9000 cells/mm3) [47]. In 
early childhood, the cells within the NP have a similar phenotype (25 − 85μm diameter, 
vacuole-like) as the cells within the embryonic notochord. During the first decade of 
life, the amount of these cells decreases and are slowly replaced by smaller (10μm 
diameter), round and non-vacuolated cells [48]. These mature NP cells portray a 
morphology termed as "chondrocyte-like cells" because of the large similarity to 
articular chondrocytes. The distinction remains with a small portion of cells still 
expressing notochordal biomarkers and carrying a different phenotype [49]. 
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Figure 2: Schematic demonstrating the different regions of an IVD with their composition and structure 
[50]. 

3.1.2 Annulus Fibrosus  

The AF is formed of 15-25 parallel layers, namely the lamellae, which are each 
approximately 0.05-0.5 mm in thickness. This thickness also increases from outer to 
inner part among other characteristics that follow such trend. Less than half of these 
lamellae are circumferentially incomplete and this number escalates with age [47]. 
Similarly, to NP, the inner section of AF has a higher content of proteoglycan, water 
and collagen type II but reduced in collagen type I. Collagen type II create a meshed 
network that hold proteoglycans and thus retaining water. Just like a hyaline cartilage, 
this empowers the inner AF to cope with large compressive forces [48]. Strong 
collagen type I fibers are constituents of each layer with an orientation that alternates 
throughout subsequent sheets between ±45◦ to the transverse plane (Figure 3c). 
Towards the inner wall of the AF, this angle increases to approximately 60◦ [49]. This 
type of network provides an increased shear resistance between neighboring layers. 
The AF allows the NP to withstand the tensions enabling an elastic deformation. 

 
Figure 3: Anatomy of a disc. (a) Cross section of a disc in the coronal plane, (b) diagram of a 
transversely sliced IVD and (c) diagram showing the alternating fiber alignment in successive lamellae. 
AF: annulus fibrosus; CEP: cartilaginous end plate; BEP: bony end plate; NP: nucleus pulposus [39].  
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3.1.3 Cartilaginous end plate  

The cartilaginous end plate (CEP) is usually around 0.6 mm thick. CEP are made of 
hyaline cartilage that is attached to the adjacent bony end plates (BEP), a thick layer 
of perforated cortical bone [51]. The thickness of the IVD decreases with age. Major 
components at dry weight of the CEP are collagen type II and proteoglycans. The 
entire unit contains about 60% water. The collagen content is higher and PGs content 
lower, at the brink of the disc [52]. The stable 3D collagen type II network of the CEP 
prevents swelling which also reduces the discharge of water from the NP when heavily 
pressured while still allowing nutrients and oxygen to diffuse into the disc from the 
vertebral body [52]. While some of the compressive load on the NP is transmitted 
towards the AF, the underlying layer of CEP and BEP are capable of bulging by about 
1 mm into the vertebral body [53]. 

3.2  Degenerative disc disease (DDD)  
 

3.2.1 Disc degeneration 

The association of disc degeneration with inflammation and chronic lower back pain 
is referred to as degenerative disc disease (DDD). IVD degeneration and subsequent 
imbalance of anabolic/catabolic activities could arise due to aging. In fact, it involves 
the loss and destruction of tissue over time that may very well be asymptomatic for 
certain people [38]. At the early stages of IVD degeneration, the NP first begins to 
dehydrate and become more fibrous [54]. The dehydration is directly linked to a drastic 
decrease in size and content of PGs, collagen type II and water concentration in the 
NP. It causes the pressure to drop in the NP leading to approximately 50% in reduction 
of the longitudinal diameter [55]. The NP cannot execute anymore its function properly 
namely to distribute axial compression evenly towards AF which results in some cases 
in AF rupture. The accumulation of these circumstances results in further disc matrix 
degeneration as well as loss of hydration and disc height causing a significant 
impediment on the ability of the IVD to function properly (Figure 4). With increasing 
age the calcification of the CEP by calcium phosphate crystalline deposits influence 
the IVD degeneration [56]. Reduced CEP permeability could lead to reduced vascular 
connections in the subchondral bone and hinders oxygen, nutrition and waste diffusion 
as well as hampers cell metabolism and biosynthetic function causing or accelerating 
IVD degeneration [57-59]. Subsequently, the decrease in oxygen concentration leads 
to an increase in lactate production and a decrease in pH as well as affect adversely 
the cellular metabolism [60, 61].  
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Figure 4: IVD anatomy and physiology in health (left) and disease (right) [59]. IVD degeneration could 
lead to altered ECM marker expression, loss of disc height and subchondral bone sclerosis. CEP 
calcification combined with limited blood flow compromise disc nutrition, oxygenation, and removal of 
metabolic waste leading to unfavorable effects on the activity and viability of IVD cells. Development of 
ectopic sensory nerve fibers and blood vessels lead to discogenic pain. 

 
3.2.2 Pain and inflammation 

The onset of discogenic LBP is characterized by the migration of immune cells into 
the degenerating disc and the ingrowth of nerve fibers into an otherwise aneural IVD 
[62-64]. The degenerating IVD releases chemokines and cytokines which enhance the 
activation and infiltration of leukocytes into the IVD which secrete their own cytokines, 
further amplifying the inflammatory response [65, 66]. Infiltration of the immune cells 
is accompanied by neovascularization and the appearance of nociceptive nerve fibers 
that arise from the dorsal root ganglion (DRG) within the herniated IVD [62-64]. 
Consequently, neurogenic factors produced by the herniated disc as well as invading 
leukocytes induce the expression of pain-associated cation channels such as acid-
sensing ion channel 3 (ASIC3) and transient receptor potential cation channel 
subfamily V member 1 (TrpV1) in the DRG [67-69]. 

The involvement of low-grade inflammation and metabolic disturbances in IVD 
degeneration has been extensively scrutinized, directing the focus of research to the 
immune-metabolic features of disease pathophysiology and the severe alterations in 
metabolism [57, 70-72]. The progression of IVD degeneration has been associated 
with the abnormal production of pro-inflammatory molecules secreted by both NP and 
AF cells as well as macrophages, T cells, and neutrophils [73-75]. These molecules 
could activate signaling pathways that promote autophagy, senescence or apoptosis 
[76-78]. Pro-inflammatory mediators associated with IVD degeneration and ECM-
degrading factors such as metalloproteinases (MMPs) and a disintegrin and 
metalloprotease with thrombospondin motifs (ADAMTS) include TNF, IL-1α, IL-1β, IL-
6, IL-8, IFN- γ, and PGE2 among others [79-82]. For example, IL-1α and IL-1β could 
trigger signal transduction via binding to the receptor of IL1 (IL1-R1) which activates a 
cascade of events downstream of the IL-1R complex (Figure 5). As a result, signaling 
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proteins such as mitogen-activated kinases (JNK, p28, ERK1/2), transcription factors 
including NFκB (p65 and p50 subunits) and c-Jun (a subunit of AP-1) will be activated 
which control the expression of inflammatory and catabolic genes such as MMPs and 
ADAMTS [83]. 

 

Figure 5: IL-1α and IL-1β synthesis and signal transduction pathway [83]. IL-1α and IL-1β are 
synthesized as precursor proteins (pro-IL-1α and pro-IL-1β), which then undergo proteolytic cleavage 
by calpain and caspase-1, respectively, to produce the mature active forms. Pro-IL-1α, IL-1α and IL-1β 
can all bind to IL-1R1, which enables recruitment of the IL-1RAcP co-receptor. A cascade of events 
downstream of the IL-1R complex results in the activation of important signalling proteins, such as 
mitogen-activated kinases (JNK, p38, ERK1/2), as well as transcription factors, including NFκB (p65 
and p50 subunits) and c-Jun (a subunit of AP-1), which control expression of a number of inflammatory 
and catabolic genes. Signalling through the IL-1R complex is modulated by inhibitory actions of IL-1R2, 
sIL-1R2, sIL-1RAcP and IL-1Ra. Abbreviations: AP-1, activator protein 1; ERK1/2, extracellular signal-
regulated kinase 1/2; IκB, inhibitor of nuclear factor κB; IKK, IκB kinase; IL-1R1, IL-1 receptor 1; IL-1R2, 
IL-1 receptor 2; IL-1Ra, IL-1 receptor antagonist; IL-1RAcP, IL-1 receptor accessory protein; IRAK, IL-1 
receptor-activated protein kinase; JNK, c-Jun N-terminal kinase; MyD88, myeloid differentiation primary 
response gene 88; NFκB, nuclear factor κB; NLS, nuclear localization sequence; sIL-1R2, soluble 
IL-1R2; sIL-1RAcP, soluble IL-1RAcP; TAK1, transforming-growth-factor-β-activated protein kinase 1; 
TRAF6, TNF receptor-associated factor 6. 
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3.2.3 Diagnosis of DDD 

The ideal methodology to diagnose a degenerated disc remains complex and difficult. 
An IVD degeneration is graded on the basis of published criteria such as magnetic 
resonance imaging (MRI) [84], radiographic imaging [85], or by directly visualizing of 
IVDs dissected in the longitudinal or transverse plane [86]. Unfortunately, these 
methods are found to be imperfect as they do not necessarily deal with the entirety of 
the disc or simply turn out to be ambiguous as they are unable to reliably characterize 
all stages of the degeneration [86]. Currently the most efficient clinical method is to 
perform an MRI giving the possibility to investigate each portion of the IVD and 
consequently assess the disc degeneration and disc height [87]. With such imaging 
the disc degeneration is analysed based on water content, height, as well as searching 
for tears or disparities within the tissue.  

For grading lumbar disc degeneration, criteria were published by Pfirrmann et al. in 
2001 [88]. In their study, the authors developed a classification system for disc 
degeneration based on routine T2 weighted MRI. The signal loss of the disc on T2-
weighted MRIs has been shown in previous study to correlate with progressive 
degenerative changes of the intervertebral disc [89]. The grading system and 
algorithms are based on MRI signal intensity, disc structure, distinction between NP 
and AF, and IVD height (Figure 6) which is now being routinely used by surgeons for 
scoring IVD of patients. 

 

Figure 6: A–E, Grading system for the assessment of lumbar disc degeneration [88]. Grade I: The 
structure of the disc is homogeneous, with a bright hyperintense white signal intensity and a normal 
disc height. Grade II: The structure of the disc is inhomogeneous, with a hyperintense white signal. The 
distinction between nucleus and anulus is clear, and the disc height is normal, with or without horizontal 
gray bands. Grade III: The structure of the disc is inhomogeneous, with an intermediate gray signal 
intensity. The distinction between nucleus and anulus is unclear, and the disc height is normal or slightly 
decreased. Grade IV: The structure of the disc is inhomogeneous, with an hypointense dark gray signal 
intensity. The distinction between nucleus and anulus is lost, and the disc height is normal or moderately 
decreased. Grade V: The structure of the disc is inhomogeneous, with a hypointense black signal 
intensity. The distinction between nucleus and anulus is lost, and the disc space is collapsed. Grading 
is performed on T2-weighted midsagittal (repetition time 5000 msec/echo time 130 msec) fast spin-
echo images. 
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3.3 Current approaches for DDD treatment  
 

3.3.1 Nonsurgical treatments 

According to the guidelines of the global spine care initiative, patients with DDD lasting 
>3 months without serious pathology are recommended non-pharmacological options, 
exercise and yoga amongst others for treatment, in combination with psychological 
therapies such as cognitive behavioral therapies and progressive relaxation (Table 2) 
[90]. DDD patients experience persistent symptoms and which are often accompanied 
with functional limitation thus the main target of non-pharmacological treatment is to 
restore function but also to address psychological and social factors.  

Table 2. Non-pharmacologic recommendations for chronic non-specific low back pain [90]. 

 

Pharmacological treatments attempt to reduce pain rather than repair the damaged 
IVD. The treatments used presently are mainly conservative and are aimed at 
returning patients to work. They range from bedrest to use of nonsteroidal anti-
inflammatory drugs (NSAIDs), skeletal muscle relaxants, and antidepressants 
amongst others (Table 3). They are frequently prescribed for the patients with DDD 
and in some cases, opioids are used but in caution due to the risk of addiction and 
consequences resulting out of it such as overdosing, and in worst case to death [91, 
92]. 
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Table 3. Pharmacologic interventions for chronic non-specific low back pain [90]. 

 

 
3.3.2 Surgical treatments 

For patients at severe stages, surgical interventions are considered. For example, 
patient with herniated or bulging discs, with signs of compressed spinal nerves, would 
most likely undergo discectomy. Alternatively, in the case of complete IVD 
replacement, fusion surgery or total disc arthroplasty will be attempted [3]. In addition, 
discectomy and fusion procedures, which aim at removing the pain source and 
restoring the kinematical function, are largely palliative in nature and may lead to re-
operation and instability. These surgeries do not intend to restore the IVD, but instead 
immobilizes the joint and which could further induce degeneration in the neighboring 
discs [93]. Replacement of the degenerated discs by artificial discs has mixed clinical 
outcomes, and many unanswered questions regarding the design, choice of materials, 
indications of disease, salvage procedures, and economic issue need to be clearly 
addressed [94].  
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3.3.3 Cell- and scaffold-based approaches for IVD repair 
 
Translation of new approaches for IVD repair faces several critical challenges, mainly 
related to (i) creating more hospitable IVD microenvironment, (ii) selecting ideal 
therapeutic cell source for DDD treatment (iii) physiological properties of the 
cells/constructs (iv) implementation of proper in vitro models [1, 31, 95]. 
 

3.3.3.1 Creating more hospitable IVD microenvironment 
 
Several in vitro, ex vivo, and in vivo studies have investigated the effect of anti-
catabolic or anti-inflammatory factors for IVD repair [96-98]. The aim was to either 
directly suppress the expression of catabolic enzymes (i.e., MMPs and ADAMTS) or 
by downregulating pro-inflammatory mediators (i.e., TNF-α, IL-1) [99, 100]. Clinical 
studies demonstrated that the injection of anti-TNFα compounds could reduce pain in 
patients suffering of severe sciatic pain or radicular pain [101, 102]. However, these 
therapies could not eliminate the need of surgical procedures [103-105]. The injection 
of the anti-IL-6 compound Tocilizumab in patients with discogenic LBP and spinal 
stenosis lead to reduced LBP [106, 107]. Another approach is to inhibit signaling 
pathways promoting inflammation. For example, IL-1 receptor antagonist (IL1-Ra) has 
been reported to reduce in vitro anti-inflammatory and anti-catabolic factor release of 
NP cells by inhibiting the p38 MAPK activity [108]. Furthermore, it has been 
demonstrated in an ex vivo study that IL1-Ra delivered directly and by gene therapy 
inhibits matrix degradation in the intact degenerate human intervertebral disc [100]. 
Although these approaches showed promising anti-catabolic and anti-inflammatory 
effects, they are not sufficient enough to regenerate the IVD function since the resident 
cells fail to restore ability to synthesize ECM [109].  
 
Pro-anabolic strategies using growth factors (i.e., GDF-5 or TGFβ) have been also 
investigated to induce anabolic activities within the NP tissue with encouraging in vitro, 
ex vivo and in vivo results [110-114]. Growth and differentiation factor-5 (GDF-5) is 
known to downregulate the expression of catabolic factor matrix metalloproteases 
(MMPs) to inhibit ECM catabolism and upregulates the expression of major ECM 
components , aggrecan and collagen type II, to enhance the ECM anabolism [115]. 
Clinical studies investigated the safety, tolerability and efficacy of injection of GDF-5 
into degenerating IVD and the results indicate no major adverse events directly related 
to GDF-5 injection as well as the patients reported moderate improvement of their pain 
and disability (https://clinicaltrials.gov; NCT01158924, NCT00813813, NCT01182337, 
and NCT01124006). However, these pro-anabolic approaches are limited by the little 
amount of healthy cells in the NP. Therefore, a single intradiscal injection of biological 
factors with anti-catabolic, anti-inflammatory and pro-anabolic effects combined with 
healthy therapeutic cells, which survive and produce ECM within the DDD 
microenvironment, could be a better approach to repair the NP tissue. 
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3.3.3.2 Selecting ideal therapeutic cell source for DDD treatment 
 
To repopulate the NP tissue with cells, endogenous stem/progenitor cell recruitment 
by injecting chemokine ligands (i.e., CCL5 or CXCL12) [116-118] or exogenous cell 
injection strategies have been explored over the last two decades [119]. In our studies, 
we focus on the latter therapeutic approach. Currently, differentiated cell sources such 
as NP, AF, notochordal cells, nasal chondrocytes (NC), articular chondrocytes (AC) 
as well as stem/stromal cells such as bone marrow-derived mesenchymal 
stem/stromal cells (BMSC), adipose-derived mesenchymal stromal/stem cells 
(ADSC), umbilical cord stem/stromal cells (UCSC), nucleus pulposus-derived 
progenitor cells (NPPC) and induced pluripotent stem/stromal cells (iPS) (Table 4) 
were scrutinized even in preclinical and/or clinical trials for the IVD repair, also in 
combination with instructive biomaterials or growth factors [120-134]. However, each 
cell source has its own limitations. Autologous IVD (especially NP) cells are very 
sparse in the adult, and their phenotype is changing with aging [135]. The slow 
expansion rate and the loss of native phenotypic features during the expansion in 
monolayer are also potential drawbacks [136]. NPPC have been a challenge to 
implement in clinics due to their extremely low yield and the fact that their numbers 
decrease with age and degeneration [125, 126]. iPS have shown to exhibit features of 
teratoma formation and uncertain differentiation capability [124]. Even though MSC 
have demonstrated promising results in preclinical and pilot clinical trials for IVD repair, 
MSC-based IVD therapy is not yet in routine clinical use [137-139] possibly due to their 
high inter-individual variability in their differentiation capacity [140, 141] and/or the fact 
that these cells are not performing as expected in a harsh degenerated 
microenvironment which negatively affects their survival, function, and differentiation 
[5, 17, 142-146]. For both endogenous and exogenous cell supplementation, healthy 
cells are either not available in excess for treatment, donor site morbidity arises, and/or 
cell survival within the harsh DDD microenvironment is limited [5, 141, 144, 145, 147].  
 
Table 4. Cell sources for disc regeneration. 
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It has been demonstrated that AC may represent a better alternative in terms of 
resilience in harsh microenvironments [133, 134]. However, AC might retain their 
phenotype and produce ECM with hyaline cartilage-like composition, possibly 
affecting the biomechanical properties of the IVD in vivo [128]. NC (i.e., cells that can 
be isolated from nasoseptal cartilage biopsy obtained under local anaesthesia and 
with minimal donor site morbidity [13-15]) were shown to possess high proliferation 
capacity and moreover, the dedifferentiated NC are capable to form cartilage post-
expansion and can adapt to the heterotopic transplantation sites [16]. Moreover, these 
cells showed superior viability in simulated DDD microenvironment (compared to AC 
and MSC) thus they might represent a robust cell population with a likelihood of 
survival post injection [17, 134, 148]. Furthermore, in the degenerative IVD condition, 
NC produced a ratio of low collagen to high GAG content whereas AC produced less 
favorable high collagen content [134]. There are no long-term survival results of NC in 
an in vivo degenerative IVD setting available. However, NC have been implemented 
in clinical trials for the reconstruction of nasal alar lobules [13] and the repair of 
articular cartilage defect in the knee [149]. Furthermore, Acevedo Rua et al. has 
recently demonstrated that tissue-engineered cartilage graft using NC (N-TEC) 
maintained its cartilaginous properties when exposed to in vitro inflammatory stimuli 
present in osteoarthritic joints [150], which has similarities with degenerating IVD 
environment [57]. In the same study, preclinical results demonstrated that the graft 
survived and engrafted in sheep articular cartilage defects that mimic degenerative 
settings. The authors also tested the safety of autologous N-TEC was tested in clinical 
setting for the treatment of osteoarthritic cartilage defects in the knees of  two patients 
with advanced OA (Kellgren and Lawrence grades 3 and 4) who were otherwise 
considered for unicondylar knee arthroplasty. No adverse reactions were recorded 
and patients reported reduced pain, improved joint function, and life quality 14 months 
after surgery. 
 

3.3.3.3 Spheroids for DDD treatment 
 
Spheroid-based approaches for tissue repair has been implemented in other fields of 
tissue engineering and could support to overcome the challenges within the IVD field 
due to their superior regenerative properties comparted to single cells [18, 19]. Cells 
self-assemble to spheroids and mature by forming intercellular contacts and producing 
extracellular matrix (ECM) [20-23]. The 3D spatial organization simulates physiological 
conditions, and controls the cell phenotype, function, and the cell response to loading. 
Due to increased ECM accumulation in spheroids, their adhesion properties also 
increase and protect at least the inner cells more from harsh conditions [1, 24]. The 
size of the spheroids should not be above 500 µm in diameter to prevent necrotic core 
formation [151]. The intrinsic ability of spheroids to fuse with the tissue of interest 
allows them to integrate structurally and functionally into the new tissue environment 
[152]. They have been used combined with biomaterials or without as scaffold-free 
products for tissue repair. In fact, spheroids-based technology is in clinical use for 
articular cartilage repair and is being investigated for regeneration of skin and blood 
vessels among others, supporting the idea of using spheroids for IVD regeneration 
[19, 153]. In Figure 7, different possibilities of spheroid-based regeneration methods 
for IVD repair are illustrated [41].  
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Figure 7: Spheroid-based regeneration of the intervertebral disc (IVD) [41]. (A) Several cell sources 
have been proposed for IVD repair. (B) While variety of spheroid fabrication methods are suitable for 
research purposes, low adherence plates facilitating large-scale standardized spheroid production 
might be the first-choice technology for clinical application. (C) The systematic characterization of the 
produced spheroids (e.g. cell viability, spheroid geometry, extracellular matrix (ECM) composition, 
biomechanical properties) is essential to ensure their applicability for IVD repair. (D) Spheroids can 
exhibit several modes of action to support the IVD, including rapid fusion with target tissue and 
mechanical support, differentiation of the constituent cells into IVD-like cells, and by secretion of 
biomolecules (cytokines, growth factors, extracellular vesicles (EVs), ECM proteins, etc.). (E) Both 
scaffold-based and scaffold-free approaches demonstrate the potential for the regeneration of the IVD. 
IVD = intervertebral disc, ECM = extracellular matrix, GAG = glycosaminoglycans, NP = nucleus 
pulposus, AF = annulus fibrosus, EVs = extracellular vesicles. Created with BioRender.com 

Injected spheroids into the NP tissue should ideally adhere to the NP tissue enabling 
the surface cells to migrate and the spheroid itself should undergo remodelling. 
Spheroids are expected to accumulate NP-like matrix within the degenerating NP 
tissue allowing biochemical integration of the spheroid cells into the surrounding NP 
tissue. The regeneration of the NP tissue should lead to IVD height restoration and 
IVD function [24, 154]. The 3D organization of the therapeutic cells result in increased 
paracrine effects compared to 2D culture. Trophic factors produced by the therapeutic 
cells induce their differentiation leading to accumulation of cell-produced ECM and 
encapsulation of these cells in native ECM [41, 152, 155]. AC-based spheroids were 
implemented clinically for the repair of traumatic cartilage defects in the knee and 
demonstrated to produce hyaline-like structure and potential to synthesize articular 
cartilage-specific matrix [24, 154]. Furthermore, it was demonstrated that ECM and 
biomechanical properties of spheroids derived from human nasal chondrocytes are 
tuneable by cell culture supplements, possibly to match properties of target tissue (NP) 
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and that spheroids of less than 600µm are injectable into a (bovine) IVD through a 
clinically relevant spinal needle, without their mechanical damage [155]. Cell-produced 
ECM within spheroids retain growth and tropic factors and builds a physical barrier 
between the harsh micro-milieu of the damaged tissue and the therapeutic cells [18]. 
For the scaffold-free tissue repair the number of cells required to maintain the same 
3D shape as scaffold-based constructs are higher. Since the native NP tissue contains 
proportionally very low cell numbers compared to ECM, the use of biomaterial might 
help to maintain the implant volume. 
 

3.3.3.4 Enhancement of spheroid function  
 
The therapeutic cells can support IVD repair not only by differentiating toward target 
structures and accumulating ECM but also via paracrine effect which could counteract 
the effects of inflammation present in DDD and promote anabolic activities. Therefore, 
choosing a therapeutic strategy that enhances the anabolic, anti-catabolic, and anti-
inflammatory effects of the spheroids could lead to increased performance and 
resistance of spheroids within the harsh DDD condition. Compared to single cells, cells 
in 3D configuration have been shown to release significantly more growth and anti-
inflammatory factors [156-158]. The secreted biomolecules could be entrapped in the 
cell-produced ECM and control downstream biological processes thus becoming 
crucial for molecular signalling mechanisms involved for tissue regeneration. By using 
particular culture supplements, the paracrine effect of the spheroids could be further 
enhanced providing improved function even without the implementation of stimulative 
growth factors [156, 159].  
 
A part of the secreted factors from spheroids is composed of extracellular vesicles. 
Recently, the therapeutic effects of extracellular vesicles on IVD repair was reviewed 
[160]. For example, extracellular vesicles secreted by MSC were shown to increase 
regenerative properties and exhibit anti-inflammatory and anti-apoptotic effects in the 
IVD. Spheroids could be used to improve the quality and increase the yield of 
therapeutic vesicles.  
 
Using spheroid-conditioned medium containing therapeutic secreted molecules could 
represent an alternative cell-free treatment of DDD with less problems in regard to 
clinical translation [157, 158]. In fact, applying pre-conditioning during spheroid 
generation in vitro showed to increase tissue-specific functions such as improved 
chondrogenesis and resistance to harsh conditions. For example, spheroids formed 
under hypoxia upregulated the expression of collagen II and aggrecan at mRNA and 
protein levels as well as increased ECM deposition resulting in higher quality of 
cartilage formation [25, 161]. In regard to IVD repair, the implementation of hypoxia 
on MSC showed beneficial effects by inducing the hypoxia-inducible factor (HIF) 
signalling pathway which in also known to be involved in maintaining cell phenotype, 
metabolism and homeostasis of the IVD [25-27]. The results of hypoxia on spheroids 
formed with MSC has not yet been investigated.  
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Recently the priming of adipose-derived MSC (ACS)-spheroids with Matrilin-3, a non-
collagenous ECM adaptor protein, has been scrutinized [162]. These spheroids 
upregulated gene and protein expression of growth factors and downregulated the 
secretion of hypertrophic ECM components. Moreover, the priming lead to the 
induction of SOX9, collagen II and aggrecan mRNA expression and resulted in 
enhanced chondroitin sulphate accumulation in NP cells (indirect co-culture). Matrilin-
3-primed ASC spheroids could also support the repair of an AF puncture-induced IVD 
degeneration [162]. Altogether, there is evidence for the usefulness of spheroid pre-
conditioning to improve the ability of spheroids to repair the IVD. 
 
Genetic modifications could also enhance the chondrogenic properties and resistance 
of spheroids to the harsh DDD microenvironment [28, 29]. For example, interleukin-1 
receptor antagonist (IL1-Ra) and growth differentiation factor-5 (GDF-5) represent 
promising targets [163]. Moreover, genetically modified MSC spheroids with 
upregulated Runx2 were demonstrated to overcome negative effects associated with 
harsh microenvironment (not in IVD tissue) and promoted regeneration in bone tissue 
engineering [164]. However, there are major limitations if human genetic engineering 
strategies are chosen, mostly related to viral vectors and low expression of 
transgenes. Instructive biomaterials were designed allowing to regulate physical and 
chemical signals, modulate cellular behaviour and promote specific spheroid 
phenotypes [30]. The encapsulation of growth factors promotes spheroid fusion while 
materials with/without Arginylglycylaspartic acid (RGD) peptides would regulate 
spheroid spreading [165]. A combination of biomaterial and MSC spheroids which 
allows slow release of growth factors showed promising outcome when implanted in 
sheep osteochondral repair [165]. Altogether, spheroid-based approaches to restore 
disc function represent a promising future and has to be investigated further. More 
information on spheroid is given in chapter 2. 
  



 23 

3.3.3.5 Physiological properties of the cells/constructs  
 
The use of biomaterial for DDD treatment has been investigated thoroughly. In regard 
to spheroids, biomaterials could be used already during or after spheroid formation. 
For example, hydrogels allow to reconstruct the 3D structure of the NP tissue thus 
create volume. Furthermore, it supports cell adhesion, migration, and integration. 
Biological material such as collagen, hyaluronan, chitosan, or fibrin are being 
implemented to simulate native ECM thus to mimic in vivo environment. It has been 
shown that MSCs encapsulated injectable colloidal gelatine hydrogels support NP-like 
differentiation, increase cell adhesion within the tissue preventing cell leakage, and 
increase therapeutic cell survival in a rabbit model [166]. Synthetic polymers such as 
poly(lactide) (PLA), poly(glycolide) (PGA), and poly (ε-caprolactone) (PCL) are also 
being used since they contain properties allowing facilitated processing, tuneability of 
mechanical properties and degradation patterns, and low immunogenicity [167, 168].   
 
In the field of IVD research, the combination of hydrogels with spheroids has to be 
tested. But for cartilage repair it has already been tested. For the functional 
regeneration of articular cartilage in sheep, hydrogel was used to embed MSC-
spheroids in bi-layered osteochondral implants [165]. For better performance of the 
spheroids, it might be helpful to encapsulate them into an injectable biomaterial which 
allows to keep the spheroids in place, protect them from harsh micromilieu and 
promote cell differentiation [169, 170]. Besides modulating the spheroid function, the 
biomaterial needs to allow spheroid spreading and fusion with damaged NP tissue. 
However, it has been suggested that delayed spheroid spreading can lead to superior 
chondrogenic effects in vitro and in vivo [171]. In regard to NP tissue, it has to be 
investigated if delaying the spheroid spreading using biomaterials might have 
beneficial effects for the NP repair. Due to the viscous nature of hydrogels, cell 
migration and the exchange of nutrients and waste products into and out of the 
hydrogel can be hindered thus the synthesis of newly formed ECM can be impaired 
[172-174]. An approach to overcome this limitation was taken by creating highly 
porous silk fibroin scaffold with interconnected macropores, leaving space for NP cells 
to infiltrate, increase, and deposit newly synthesized ECM and the results has shown 
positive outcome [173]. 
 
By including biomaterial already during spheroid fabrication allows to form composite 
spheroids. For example, it has been shown that forming composite multicellular 
spheroids using MSC and synthetic biodegradable nanofilaments improves 
adipogenic potential compared to homotypic spheroids. The size of the spheroids 
could also be controlled depending on the quantity of nanofilaments. Furthermore, the 
biomaterial allowed to release over time bioactive drugs such as growth factors in 
order to modulate the properties of the target tissue [175]. Altogether, the idea to 
combine spheroids with injectable instructive biomaterial might lead to better results 
for the NP repair. It has to be defined in the future which biomaterial could have 
potential for spheroid encapsulation and biomechanical stability. 
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3.3.3.6 Implementation of proper In vitro co-culture models 
 
The first step for developing new therapeutic cell-based strategies for IVD repair 
includes testing in in vitro models. For the proper design of the in vitro models, the 
selection of ideal cell source, culture system and culture condition are of importance. 
The right choice of species from which therapeutic cells are being isolated for in vitro 
culture has to be considered because it is known that species-specific responses could 
lead to different outcomes [176, 177]. Therefore, for initial proof of concept 
experiments, the data collected using non-human cells has to be interpreted 
cautiously. The differences could result from species-specific proteoglycan 
accumulation capacity, energy metabolism, or the progression of DDD within the 
tissue from which the cells of interested are being isolated [178-180]. Initial 
experimental studies use animal cells isolated from healthy young adult animals but 
these cells are not representing the senescent and catabolic phenotype present in a 
degenerating adult human IVD [181, 182]. Nevertheless, studies using human cell 
sources have increased around 50% over the past 15 years [31].  
 
For in vitro IVD cell and therapeutic cell co-culture studies, 2D and 3D culture systems 
are commonly being used. 2D culture is well established thus more comparative 
literature is available and it is easier for cell observation and general analysis 
compared to complex 3D cell culture systems. For example, it has been reported that 
direct cell-cell contact in monolayer co-culture of NP and MSC cells upregulated cell 
viability, proteoglycan synthesis and cell proliferation of NP cells [183]. Another study 
demonstrated that the monolayer NP-MSC co-culture (ratio: 3:1) cause differentiation 
of the MSC cells to NP-like phenotype [184]. To investigate the bi-directional exchange 
of cellular components and how it affects the phenotype of the NP cells, studies have 
been performed in 2D NP-MSC cultures (ratio: 1:1) and the results indicate that not 
only cell-cell interactions play a role for intercell communication but also the bi-
directional exchange of cellular components such as extracellular vesicles affect the 
cell phenotype [185]. Even though these findings are essential for the fundamental 
understanding of cell function and communication, the 2D culture system does not 
represent proper real cell environment enabling to mimic the in vivo situation of the 
host tissue. Besides unnatural elongated and flat shape of the cells [186], the 2D 
culture could lead to changes in cellular phenotype as well as de-differentiation of the 
cells (e.g., loss of ECM synthesis) which could lead to failure in clinical translation 
[187].  
 
3D culture systems have shown to restore the cell phenotype and allow to reproduce 
in vivo spatial distribution of the cells [188]. They represent a more relevant biomimetic 
tissue models which makes them more physiologically relevant and predictive than 2D 
cultures thus facilitating the translation to in vivo applications. Furthermore, the 3D 
structure of the cells allows to create complex organization of the cells which models 
closer the cell interactions taking place in a tissue [188]. In the field of IVD repair, 3D 
models have been widely used to study NP cell behavior, function, differentiation. The 
alginate-gel matrix system was extensively used to study production, organization and 
turnover of proteoglycans [189-191] as well as biochemical characteristics of AF and 
NP cells [192, 193].  
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Different in vitro 3D co-culture systems (i.e. insert system, alginate bead system, pellet 
system) were used to study the interaction of therapeutic cells with the IVD cells. By 
using indirect co-culture transwell insert system, it has been demonstrated that co-
culturing NP monolayer cells and ADSC pellets (ratio: 1:2) promotes the differentiation 
of ADSC into NP like cells [194]. Indirect co-culture of porcine NP and bone marrow 
cells (ratio: 1:1) in 3D alginate hydrogels showed that MSC acts as supporting cells 
enhancing NP proliferation and subsequent matrix production by NP cells [195]. The 
crosstalk of MSC and NP cells through trophic factors has already been investigated 
and reported to play a key role for intercellular communication [196-198].  
 
The direct co-culture of therapeutic cells with NP cells has also been widely performed. 
For example, it has been shown that co-culture of MSC with NP cells (ratio: not 
indicated) using calcium alginate gel balls lead to the reduction of senescence 
associated β-galactosidase expression, increased cell proliferation, decreased 
catabolic activity and reduced NF-κB signaling in senescent NP cells [199]. Direct co-
culture of human BMSC with bovine NP cells (ratio: 1:1) encapsulated in alginate 
beads revealed that hypoxia and co-culture could lead to BMSC differentiation into 
NP-like phenotype [200]. With the aim to overcome several major disadvantages of 
the alginate bead system such as lack of reproducibility, uniformity of quality and size 
of the microspheres [201], the pellet culture system was used extensively used for co-
culture studies between therapeutic cells with NP cells. For example, it has been 
demonstrated that co-culture of MSC with NP cells in pellet could modulate the gene 
expression of the MSCs towards chondrogenesis and matrix deposition [202, 203]. In 
a serum free pellet system containing high concentration of TGFβ the co-culture of 
synovium-derived MSCs with NP cells (ratio: 1:1) lead to similar differentiation state 
and matrix production as NP pellets alone [204].  
 
Tissue explant and organ culture model are excellent to test local tissue responses, 
integration and delivery of therapeutic cells into the IVD tissue and also in regard to 
biological and cellular functions [205-208]. However, due to the handling and 
complexity of in vitro tissue/organ culture, they are not ideal for initial fundamental 
studies. For large scale drug testing experiments, organ-on-chip systems derived from 
microfluidic technologies have recently gained interest for biomedical research. It 
allows to mimic dynamic tissue microenvironments, while controlling crucial tissue 
parameters such as flow rates, molecular gradients, and biophysical cues [209]. 
Recently, it has been proposed to investigate pathological alterations of IVD 
cells/tissues (reviewed by Mainardi et al. [210]). Even though it represents an ideal 
platform to mimic in vivo conditions with high throughput, it has some drawbacks such 
as classical readouts within IVD research (i.e., histological staining) are challenging or 
fabrication and handling of the device is difficult. 
 
Selecting the ideal culture condition to mimic the DDD microenvironment is essential 
to study the potential of therapeutic cell for IVD regeneration. The harsh IVD 
microenvironment is characterized by avascular, hypoxia, low glucose level, acidic, 
inflamed, high osmolality and non-physiological biomechanics [32]. Several studies 
have assessed the performance of the therapeutic cells within in vitro models 
simulating some of the parameters present in the DDD microenvironment (Table 5) 
[145]. For example, hypoxic culture condition has revealed to increase HIF-1 and 2 
expression in nucleopulpocytes which lead to increased cell proliferation and matrix 
production [211]. Acidity significantly decreased cell proliferation and synthesis of 
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ECM-associated component such as aggrecan in BMSC [144]. IL1-β treatment of NP 
derived MSC revealed to reduce aggrecan and SOX expression while improving their 
neurogenic differentiation which might play a role in IVD neoinnervation [212]. 
However, it has been shown that less than 15% of the in vitro studies include either 
one of these parameters thus not mimic the harsh IVD microenvironment properly [31].  
 
Table 5. Different responses of therapeutic cells to degenerative microenvironment [145]. 
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4. Aims and outline 
 
The overarching goal of my work is to assess the potential of engineered human nasal 
chondrocyte spheroids for intervertebral disc regeneration. 
 
Towards that goal, the specific aims of this thesis are to: 
 

I. Propose and discuss the use of cellular spheroids for regeneration of 
nucleus pulposus (NP) and annulus fibrosus. Chapter 2 is thus dedicated to 
review 
a. Cell sources and methods for spheroid fabrication and characterization. 
b. Mechanisms related to spheroid interaction with a target environment. 
c. Spheroid-based cell therapies for degenerative disc disease (DDD). 
d. Strategies to enhance spheroid function in a DDD microenvironment. 

 
A review article was published (first-authorship) in International Journal of Molecular Sciences - IF: 
6.2 
Kasamkattil, J., A. Gryadunova, I. Martin, A. Barbero, S. Scharen, O. Krupkova, and A. Mehrkens. 

"Spheroid-Based Tissue Engineering Strategies for Regeneration of the Intervertebral Disc." 
Int J Mol Sci 23, no. 5 (Feb 25 2022). https://dx.doi.org/10.3390/ijms23052530. 

 
II. Assess the suitability of autologous spheroids formed with nasal 

chondrocytes (NCS) as a graft for cell-based, scaffold-free regeneration of 
the NP. Chapter 3 thus addresses whether human NCS 
 
a. can be generated in a reproducible way with characteristics compatible with minimally-

invasive delivery in the NP. 
b. possess the biomechanical and biochemical properties relevant for the target NP 

tissue. 
c. can be injected into native intervertebral disc (IVD) ex vivo via a spinal needle and 

engraft within a DDD-mimicking microenvironment. 
d. can be regulated in their properties (i.e., elastic modulus) using different media 

composition. 
 
Results were published (co-first-authorship) in Acta Biomaterialia - IF: 10.6 
Gryadunova, A., J. Kasamkattil, M. H. P. Gay, B. Dasen, K. Pelttari, V. Mironov, I. Martin, S. 

Scharen, A. Barbero, O. Krupkova, and A. Mehrkens. "Nose to Spine: Spheroids Generated 
by Human Nasal Chondrocytes for Scaffold-Free Nucleus Pulposus Augmentation." Acta 
Biomater 134 (Oct 15 2021): 240-51. https://dx.doi.org/10.1016/j.actbio.2021.07.064. 

 
III. Investigate whether pre-conditioning of nasal chondrocytes (NC) can 

enhance their capacity to repair IVD tissue, using a 3D in vitro human NP 
micro-tissue model. Chapter 4 thus reports on 
 
a. the feasibility to develop a 3D in vitro degenerative NP micro-tissue model capturing 

features of a DDD microenvironment. 
b. the response of NC suspensions as well as NC spheroids (NCS) when exposed to the 

DDD microenvironment mimicked by the model. 
c. the effect of NCS pre-conditioning on their function when exposed to the DDD 

microenvironment. 
 
Results are being prepared for publication in Frontiers in Bioengineering and Biotechnology – IF: 6.1 
J. Kasamkattil, Gryadunova, A., M. H. P. Gay, B. Dasen, H. Hilpert, R. Schmid, K. Pelttari, I. Martin, 
S. Scharen, A. Barbero, O. Krupkova, and A. Mehrkens. Potential title: "Development of 3D in vitro 
NP micro-tissue model to study the reaction of nasal chondrocytes to degenerative disc 
microenvironment." Envisioned journal for submission: Frontiers in Bioengineering and Biotechnology. 
  

https://dx.doi.org/10.3390/ijms23052530
https://dx.doi.org/10.1016/j.actbio.2021.07.064
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5. Chapter 2: Review - Spheroid-Based Tissue Engineering 
Strategies for Regeneration of the Intervertebral Disc 

 
Results were published (first-authorship) in International Journal of Molecular 
Sciences - IF: 6.2 
Kasamkattil, J., A. Gryadunova, I. Martin, A. Barbero, S. Scharen, O. Krupkova, and 

A. Mehrkens. "Spheroid-Based Tissue Engineering Strategies for 
Regeneration of the Intervertebral Disc." Int J Mol Sci 23, no. 5 (Feb 25 2022). 
https://dx.doi.org/10.3390/ijms23052530. 

 
Contribution: Data curation, Investigation, Writing – original draft. 
 
  

https://dx.doi.org/10.3390/ijms23052530
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6. Chapter 3: Nose to Spine: spheroids generated by human nasal 
chondrocytes for scaffold-free nucleus pulposus 
augmentation 

 
Results were published (co-first-authorship) in Acta Biomaterialia - IF: 10.6 
Gryadunova, A., J. Kasamkattil, M. H. P. Gay, B. Dasen, K. Pelttari, V. Mironov, I. 

Martin, S. Scharen, A. Barbero, O. Krupkova, and A. Mehrkens. "Nose to 
Spine: Spheroids Generated by Human Nasal Chondrocytes for Scaffold-Free 
Nucleus Pulposus Augmentation." Acta Biomater 134 (Oct 15 2021): 240-51. 
https://dx.doi.org/10.1016/j.actbio.2021.07.064. 

 
Contribution: Data curation, Formal analysis, Investigation, Methodology, Writing – 
original draft. 
  

https://dx.doi.org/10.1016/j.actbio.2021.07.064
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7. Chapter 4: Human 3D nucleus pulposus micro-tissue model to 
evaluate the potential of pre-conditioned nasal chondrocytes 
for the repair of degenerated intervertebral disc”  

 
Results are being prepared for publication in Frontiers in Bioengineering and 
Biotechnology – 6.1 
J. Kasamkattil, Gryadunova, A., M. H. P. Gay, B. Dasen, H. Hilpert, R. Schmid, K. 
Pelttari, I. Martin, S. Scharen, A. Barbero, O. Krupkova, and A. Mehrkens. Potential 
title: "Human 3D nucleus pulposus micro-tissue model to evaluate the potential of pre-
conditioned nasal chondrocytes for the repair of degenerated intervertebral disc" 
Envisioned journal for submission: Frontiers in Bioengineering and Biotechnology. 
 
Contribution: Data curation, Formal analysis, Investigation, Methodology, Writing – 
original draft. 
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8. Chapter 5: Discussion and Outlook 
 

8.1 Discussion 

In this thesis, I first present an overview of spheroid-based treatments for nucleus 
pulposus (NP) and annulus fibrosus repair. I also discuss cell sources and methods 
for spheroid fabrication and characterization, mechanisms related to spheroid fusion, 
as well as enhancement of spheroid performance in the context of the IVD 
microenvironment.	 Furthermore, my studies assess whether spheroids formed by 
nasal chondrocytes (NCS) represent a suitable graft for cell-based scaffold-free 
regeneration of the NP and investigate their performance within a novel 3D in vitro 
human degenerative NP micro-tissue (NPµT) model. 

Our envisioned therapeutic strategy is scaffold-free. While injectable cell-carrier 
systems have improved cell delivery into the NP in preclinical studies, the biomaterial 
itself poses a challenge for clinical translation [1]. Carrier degradation products might 
accumulate to levels beyond those found in other (vascular) tissues, possibly causing 
NP-specific toxicity [213, 214]. On the other hand, intradiscal delivery of cell 
suspensions in a saline solution can lead to cell leakage out of the IVD, hindering the 
regulatory approval process [147]. For clinical application, spheroid-based strategies 
represent an ideal approach for IVD repair using minimal invasive treatment of early 
stage DDD in patients. My suggested NCS-based therapy may benefit patients with 
mild or moderate levels of degeneration with average Pfirrmann Grade 2-3 [215]. I 
provided in vitro evidence of the applicability of NCS for the augmentation of NP. Non-
adhesive technology allowed reproducible fabrication of NCS both with and without 
additional growth factors. I detected no significant effects of shear stress on gene 
expression markers for inflammation, catabolism, or apoptosis markers while passing 
the NCS through a spinal needle. While growth medium ensured stable elastic 
modulus (E), chondrogenic medium increased E of NCS in correlation with their 
gene/protein expression of collagen type I in a time-dependant manner. The fusion 
kinetics of NCS with spheroids formed out of NP cells was not impaired in DDD-
mimicking conditions, supporting their integration potential within harsh 
microenvironments. I also demonstrated that NCS can be delivered into the IVD 
without damage using spinal needles and rapidly fuse with NPS.  
 
Application of NCS might circumvent regulatory issues related to biomaterials as well 
as increase cellular retention in the NP space. Previously reported clinical use of 
spheroid-based technology for articular cartilage repair supports the feasibility and 
translational potential of this strategy [153]. Optimal NCS dosage (and composition) 
will likely depend on the stage of degeneration, determined by MRI [95]. The ultimate 
goal is to alleviate patient’s pain (short-term pain relief) and stabilize NP function by 
reconstituting native tissue structures, to improve long-term quality of life [1]. The 
proposed mechanism for NCS-based regeneration is both structural (directly 
supporting NP with their own ECM-forming capacity and stiffness) and trophic 
(delivering signals to protect or nurture resident NP cells). Indeed, it has been shown 
that the secretome of nasal chondrocyte-based tissue-engineered cartilage (N-TEC) 
for the repair of osteoarthritic knee cartilage defect reduced the inflammatory profile of 
osteoarthritic cells [150]. Downregulation of Wnt signalling pathway mediated by 
secreted frizzled related protein 1 (sFRP1) was suggested as a possible mechanism 
leading to superior performance of NC (compared to articular chondrocytes) in pro-
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inflammatory milieu. Since IVD degeneration and osteoarthritis are characterized by 
similar immuno-metabolic alterations [57], the NC might display a comparable anti-
inflammatory effect via modulation of Wnt signalling within the DDD microenvironment.  
 
The reaction of therapeutic cells to a degenerative NP microenvironment is critical for 
the success of cell therapy. Therapeutic cells were reported to suffer from limited 
nutrient supply and waste removal in vivo due to endplate calcification and/or an 
excess number of introduced cells [95]. Implanted cells are exposed to the avascular 
niche with low oxygen and glucose, high concentration of lactic acid, and complex 
non-physiological loading [216]. I developed a novel 3D in vitro degenerative NPµT 
model which allowed to investigate the reaction of nasal chondrocytes, a potential 
therapeutic cell source, to DDD microenvironment. NPµT exposed to the DDD 
conditions produced less proteoglycans and collagens while expressing more 
inflammatory/degrading markers as compared to the healthy control, thus acquiring 
features of an early stage degenerated IVD tissue [95, 217]. Furthermore, I observed 
superior performance of NCS compared to NC suspension within the model, 
supporting further the use of spheroidal organisation of NC for clinical applications. 
Previous studies demonstrated that NC were superior at surviving and accumulating 
ECM in an inflamed IVD milieu to AC and MSC. However, their anabolic activity was 
drastically impaired in such harsh environments [17]. Using our NPµT model, I showed 
that NC, even within spheroids produced limited amounts of proteoglycans and 
acquired apoptotic traits. These results thus prompted us to investigate strategies to 
increase the anti-inflammatory/pro-anabolic properties of NC spheroids.  
 
Among the different anti-inflammatory compounds tested, only IL-1Ra significantly 
reduced the expression of inflammatory markers in NC and subsequently in NCS, 
when cultured in DDD microenvironment. We implemented IL-1Ra pre-conditioned 
NCS (pNCS) within our model to counteract inflammation-driven catabolic activity by 
NC. Interestingly, NPµT containing pNCS released significantly less IL-8 and also a 
trend in downregulation of MMP-13 expression was detected till day 7. This 
observation is even more impressive since the biological half-life of IL1-Ra protein has 
been reported to be 4-6 hours [218]. Promoting tissue repair via localised delivery of 
therapeutic bioactive factors in low doses limits side effects caused by diffusion into 
neighbouring tissues. Local sequential release of therapeutics is often accomplished 
using biomaterial systems. For example, IL-1Ra was encapsulated in drug delivering 
biodegradable polymers (poly(D,L-lactidide-co-glycolide), PLGA, polyethylene glycol 
(PEG), thermo-reversible gel) for steady-state sustained release at the site of 
administration [218]. In regard to IVD repair, it was reported that bioactive IL-1Ra 
encapsuled in PLGA microspheres could be successfully delivered via intradiscal 
injection into rat caudal IVD which prevented IL-1β-induced glycosaminoglycan loss 
in vivo [219]. However, the use of biomaterials for IVD repair can have cytotoxicity and 
immunogenic effects due to the degradation of the biomaterial itself [220].  
 
Several scaffold-free approaches were investigated in the past to extend the half-life 
and/or sustained release of IL-1Ra. For example, it has been demonstrated that the 
binding affinity of IL-1Ra to the ECM is increased by fusing IL-1Ra to an ECM-binding 
sequence derived from the heparin-binding domain of placenta growth factor (PlGF) 
[221, 222]. This protein fusion limits the diffusion of low IL-1Ra doses into neighbouring 
tissues thereby preventing side effects. In my NPµT model I show that the anti-
inflammatory and anti-catabolic effect of IL-1Ra diminished on day 14 indicating that 
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the supplemented IL-1Ra is consumed. It has to be investigated whether NCS entrap 
the IL-1Ra by binding it to the ECM and if the binding affinity of IL-1Ra should be 
increased for improved clinical efficacy. 
 
Altogether, this thesis contains an overview of spheroid-based strategies for IVD 
repair. I generated and characterized NCS which have the potential to be used for 
clinical treatment of early stage DDD. I tested in a newly developed 3D in vitro human 
degenerative NPµT model performance of NCS to survive, counteract inflammation 
and accumulate ECM. I could state that pre-conditioning of NCS with IL-1Ra support 
the NCS to counteract inflammation within harsh DDD microenvironment. 
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8.2  Outlook 
 
My work can be further developed in different directions, in order to lead to more 
fundamental biological understanding and to a potential clinical application. The future 
challenges I have identified are of scientific, technical, translational and regulatory 
nature.  
 
For generating volume within the degenerating NP tissue, the combination of 
spheroids with an injectable biomaterial such as alginate/hyaluronic acid (HA) 
hydrogel should not be excluded from future investigations. In AF tissue engineering, 
spheroids could serve as building blocks for living AF patches, together with various 
biomaterials to seal the AF. A biomaterial could regulate the rate of spheroid fusion 
with AF, define spheroid position in a patch, and/or release factors that regulate 
spheroid functions (e.g., growth factors). Spheroids capacity for rapid fusion might aid 
in filling deeper and irregular AF defects. The spheroid functionality could be enhanced 
by using biomimetic and/or bio-instructive environment, as well as genetic 
modifications using for example CRISPR technology to increase GDF-5 or IL1-Ra 
expression in NC. In regard to NP tissue repair, a suitable biomaterial such as 
hydrogels could be used to encapsulate NCS before intradiscal injection in order to 
protect them from the harsh DDD microenvironment. However, it has to be 
investigated whether the NC within NCS could migrate out of the hydrogels to support 
NP tissue repair. Furthermore, the biomaterial itself could cause regulatory problems 
due its mechanical properties or cytotoxicity caused by degradation of the biomaterial. 

The 3D in vitro human NPµT model has several limitations that could be improved. 
Culture medium was changed twice a week, removing any cell-produced trophic 
factors and new media containing DDD associated environmental cues were added 
over two weeks. One way to solve this problem would be to exchange only 50% of the 
media and new media should only be added once a week. I used 1:1 ratio of NP/NC 
cells based on literature [223-226]. However, it was also reported that a ratio of 75:25 
NP/MSC cells leads to optimized MSC differentiation towards NP phenotype [184]. It 
still has to be determined which ratio is the optimum for co-culture studies of NP cells 
with therapeutic cells. The micro-tissues were cultured in static conditions, thus 
applying compressive loading on them might increase cell survival due to increased 
nutrient diffusion as well as waste removal within the micro-tissue. With the 3D in vitro 
degenerative NPµT model I aim to substitute the current alginate and pellet culture 
systems. It should allow to study the survival, anti-inflammatory/catabolic and pro-
anabolic activities of (primed) therapeutic cells within the harsh NP microenvironment 
created during early stage of DDD. However, to obtain more clinically relevant 
information of NCS such as survival, retention, integration and ECM accumulation 
within harsh IVD microenvironment, an ex vivo disc culture model where loading could 
be applied [227] should be implemented and further pre-clinical studies using large 
animals should be performed before clinical application.  

As aforementioned, ideal ex vivo culture model to study the performance of NCS in 
DDD microenvironment could be bovine disc culture model using dynamic loading 
[227]. The bovine disc could be isolated from a bovine tail and IVD degeneration could 
be induced by chemonucleolysis via intradiscal delivery of an ECM-degrading 
enzymes such as chondroitinase ABC which recapitulates the loss of proteoglycans 
in IVD degeneration. Subsequently, NCS (generated with labelled NC) could be 
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injected into the bovine discs to test their survival, retention, integration, and ECM 
accumulation properties during long-term culture under (hyper)-physiological loading. 
The model will also allow researchers to study whether the NCS fuse with the NP 
tissue or if NC migrate out of the NCS to the damaged area for either accumulating 
ECM themselves or supporting the NP cells to restore their cell function and ECM 
production capabilities. Within the IVD research field, it is well known that intradiscal 
delivered cells could leak causing osteophyte formation [147]. Therefore, it is crucial 
to study the retention of the NCS within the IVD. For example, by injecting NCS, which 
were incubated in a contrast solution, into the degenerated bovine IVD the retention 
could be quantified using MRI analysis.  
 
Animal models of disc degeneration range in scale from small species (mouse, rat, 
rabbit) to large (sheep, goat, pig, dog) species [228-232] However, there are several 
reasons why a large animal model should be considered to study IVD degeneration. 
Large animal models possess similarities in morphology to human lumbar IVD as well 
as sufficient disc height to mimic the nutrient deprived microenvironment in human 
IVD compared to small animal models [233]. Furthermore, in sheep and goat the 
proteoglycan content and the IVD mechanics are similar to human [234, 235]. The 
canine model is also promising since it could reflect natural IVD degeneration [236]. 
However, in case of animal models without natural occurring IVD degeneration, 
chemonucleolysis could be performed to induce IVD degeneration [229]. The animal 
model enables to assess the survival of the injected cells and to study through which 
mechanisms the implanted cells induce IVD repair. Moreover, only the animal model 
will allow to monitor pain which represents the major burden for the patient. 
 
For clinical application of NCS, production must be carried out according to standard 
operating procedures (SOPs), following good manufacturing practice (GMP) 
guidelines and applying in-process controls (IPCs) and defined release criteria to 
ensure high quality, sterility and safety of the product. NCS is a scaffold-free tissue 
engineered product. Advanced therapy medical products (ATMP) can only be 
produced following legal framework since it has been standardized in Europe since 
2007 [237]. Therefore, main criteria for release include viability, identity, potency and 
purity. This requires demonstration of the functionality and performance through 
validated assays. For example, release criteria for NCS generated considering GMP 
compliance could be to score a roundness above 0.8 and diameter >600µm to prevent 
blockage of the spinal needle which will be used for intradiscal injection. Cell 
viability/morphology should be tested for each batch produced. Ideally, the 
concentration of secreted factors should also be considered to understand the mode 
of action of the NCS. Biomechanical properties of the NCS could be also added as 
release criteria to ensure elastic modulus of the NCS similar to the NP tissue (~5kPa 
in healthy NP tissue). In addition, sterility, endotoxin levels and absence of 
mycoplasma have to be demonstrated. 
 
To conclude, the progression of IVD degeneration is complex and modulated by 
multiple biological processes. For the IVD research field, a standardised 3D in vitro 
model simulating early stage IVD degeneration could help to optimize and compare 
cell-based therapeutic strategies. Several approaches based on biological factors or 
cell and gene therapy, also in combination with biomaterials, have shown promising 
results. However, a more advanced strategy is needed to simultaneously counteract 
inflammation and catabolic activities, repopulate the degenerating IVD and finally to 
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promote ECM accumulation within the IVD. Addressing all these aspects, spheroid-
based strategies are promising and could change the field of IVD repair.  
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