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Abstract 

 
The intervertebral disc (IVD) is immensely important for the integrity of vertebral column 
function. The highly specialized IVD functions to confer flexibility and tensile strength to the 
spine and endures various types of biomechanical force. Degenerative disc disease (DDD) is a 
prevalent musculoskeletal disorder and is the major cause of low back pain and includes the 
more severe degenerative lumbar scoliosis, disc herniation and spinal stenosis. DDD is a multi-
factorial disorder whereby an imbalance of anabolic and catabolic factors, or alterations to 
cellular composition, or biophysical stimuli and genetic background can all play a role in its 
genesis. However, our comprehension of IVD formation and theetiology of disc degeneration 
(DD) are far from being complete, hampering efforts to formulate appropriate therapies to 
tackle DD. Knowledge of the stem cells and various techniques to manipulate and direct them to 
particular fates have been promising in adopting a stem-cell based regenerative approach to 
DD. Moreover, new evidence on the residence of stem/progenitor cells within particular IVD 
niches has emerged holding promise for future therapeutic applications. Existing issues 
pertaining to current therapeutic approaches are also covered in this review.  
 
Key words: Degenerative disc disease; stem cells; IVD stem cells; niche. 
 

(181 words) 
______________________________________________________________________________________________________________ 

 

Introduction 

 
Degenerative disc disease (DDD) is a 
prevalent musculoskeletal disorder, often 
associated with low back pain, which can 
be indicative of severe conditions like disc 
herniation or prolapse, radiculopathy or 
spinal stenosis. Low back pain affects about 
70% of the population at some point in 
their lives (Raj, 2008). It imposes an 
enormous socio-economic burden on the 
affected individual and the health care 
services, with increased medical 
expenditure and reduced productivity 
owing to loss of working days. In Sweden, 
the average annual direct and indirect cost 
per patient for chronic low back pain in 
2002 was US$2,900 and US$16,600 
respectively (Ekman et al., 2005). In the 
USA alone, the cost of chronic low back 

pain exceeds USD $30 billion annually, 
which is in excess of the combined costs of 
stroke, respiratory infection, diabetes, 
coronary artery disease and rheumatoid 
disease (JN, 2006; RZ et al., 2003; Walker, 
2000). 
 
DDD is a progressive disorder correlated 
with age. Mild degeneration has been 
detected in teens as early as 11- to 16-
years of age and severe degeneration in 
60% of 70-year olds (Boos et al., 2002; 
Miller et al., 1988; Raj, 2008). While 
debilitating pain in symptomatic DDD 
compels one to seek appropriate medical 
attention, a significant proportion of DDD 
cases are asymptomatic, thus preventing 
timely intervention (Boden et al., 1990; 
Boos et al., 1995; Raj, 2008).  Such 
unnoticed DDD worsens with age owing to 
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the constant strain applied to the already 
compromised spine and can eventually 
lead to permanent disabilities. A myriad of 
other factors also influence the occurrence 
of disc degeneration, such as lifestyle, 
nutrition, body mass index, genetic 
susceptibility and injury (Alexiou and 
Voulgaris, 2012; Zhang et al., 2011).  
 
Current clinical therapies for DDD involve 
symptomatic relief from pain by 
administering medications or 
physiotherapy (Chou and Huffman, 2007). 
Surgeries such as disc arthroplasty, spinal 
fusion, and disc decompression are 
employed as a last resort and may involve 
complications such as adjacent level 
disease that often warrants further surgical 
procedures (Levin et al., 2007; Raj, 2008). 
Such treatment modalities, however, 
neither arrest the progression of 
degeneration nor restore the native 
functional state of the IVD. 
 
Even though numerous factors associated 
with DDD have been identified, the exact 
molecular mechanisms of intervertebral 
disc (IVD) development and pathogenesis 
of DDD have yet to be elucidated. This 
dearth in information coupled with the 
multifaceted nature of the disease thus 
hampers efforts to formulate appropriate 
and effective therapies to tackle DDD. 
Intradiscal injection of growth factors 
(GFs) has been tested as a means to restore 
IVD functionality. Expanding knowledge on 
the stem cells and various techniques to 
manipulate and direct them to specific 
fates has promoted a stem cell-based 
regenerative approach to DDD.  In this 
review, the pathology of DDD, current 
developments on cell-based therapies, IVD 
stem/progenitor cells and their niche 
within the IVD are discussed. Existing 
issues pertaining to these techniques and 
factors that need to be considered when 
undertaking a stem cell-based approach 
are also covered.  
 
The Healthy Adult IVD 

 
The vertebral column, with its metameric 
vertebral bodies and intervertebral discs, is 
the indispensable mainstay and chief 
support structure of vertebrates. The fibro-

cartilaginous IVD is an integral aspect of 
the vertebral column connecting adjacent 
vertebral bodies together. It functions to 
withstand biomechanical forces, conferring 
tensile strength, stability and flexibility to 
the spine. The mature IVD is a highly 
specialized, multi-component structure, 
encompassing a central gelatinous nucleus 
pulposus (NP), encased by a ligamentous 
annulus fibrosus (AF) and inferiorly and 
superiorly positioned cartilaginous 
endplates (EP). The mature IVD is largely 
avascular and aneural, with vascular ends 
terminating in the outer AF (in 10-month 
old children) or the EP (in adults) and the 
region within the vertebral bodies adjacent 
to the EP (Nerlich et al., 2007; Raj, 2008).  
Similarly, the neural supply (sinovertebral 
nerves) emerging from the dorsal root 
ganglion extends only up to the outer 
annulus (Raj, 2008; Roberts et al., 1995). 
 
In a healthy disc, the necessary nutrition 
and oxygen are supplied to the AF and NP 
via diffusion from the blood vessels 
through the endplates and the lateral 
boundaries of the AF. The avascular and 
aneural nature of the disc exposes the 
contents of the NP to a low oxygen and 
nutrition environment, which is generally 
believed to be responsible for its poor 
regenerative capacity (Raj, 2008; Roberts 
et al., 1995).   
 
The unique biochemical composition of 
each of the IVD components impart 
different biomechanical functions and 
collectively help the IVD to distribute the 
load evenly. For instance, the semi-fluidic 
NP is rich in proteoglycans (e.g. Aggrecan) 
and Collagen II, whereby the constituent 
glycosaminoglycans (GAGs) of the 
proteoglycans are critical in water 
absorption to maintain the osmotic 
pressure of the NP. This allows it to resist 
load and prevents the AF from collapsing 
inwards. The concentrically arranged 
lamellae, Collagen I, Collagen II and Elastin  
fibers of the AF help to withstand 
compressive forces and hold the NP in 
place during compression. The thin 
endplates composed of hyaline cartilage 
join the adjacent bony vertebrae to the AF 
to provide continuity (Hayes et al., 2011; 
Raj, 2008).  
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The Degenerated IVD 
 

Morphological Hallmarks of Disc 

Degeneration 

 
In clinical settings, radiographic and 
Magnetic Resonance Imaging (MRI)-based 
imaging are the most commonly used 
modes of assessment of disc degeneration 
in patients. Morphological hallmarks of 
DDD are reduced disc height or collapsed 
disc space, lack of distinction between 
boundaries of the annulus and the nucleus 
pulposus, loss of signal intensity on T2-
weighted images, lack of homogeneity of 
the NP and/or disc extension beyond the 
interspace (DEBIT). Annular ruptures are 
also detected in degenerated discs, which 
can explain the extrusion of NP content 
that can irritate adjacent spinal nerves 
resulting in pain. Changes to endplate 
shape, sclerosis, Schmorl’s nodes and 
calcification are also correlated with DDD 
(Benneker et al., 2005; Pfirrmann et al., 
2001).  
 
Biochemical Hallmarks and Pathology of 

DDD 

 
DDD ensues with alterations to the 
biochemical and cellular composition of the 
IVD. A decrease in large proteoglycans 
(Aggrecan, Versican), which are essential in 
retaining water, and a marked increase in 
Collagen I, and small proteoglycans 
(Biglycan, Decorin) that play essential roles 
in matrix organization occur in the NP with 
ageing and in degeneration. The increase in 
the relative ratio of small-to-large 
proteoglycans results in a more fibrous 
constituency with a reduced ability of NP to 
retain water (Cs-Szabo et al., 2002; Inkinen 
et al., 1998; Johnstone and Bayliss, 1995; 
Lyons et al., 1981). The various factors that 
contribute to the aberrant biochemical 
changes of the IVD are discussed in the 
following sub-sections. 
 

(I) Imbalance of Anabolic and Catabolic 

Factors 

 
Deviations from the homeostatic levels of 
anabolic and catabolic factors are 
instrumental in the progression of 
degeneration. Abnormal local production 

of matrix remodeling enzymes, like matrix 
metalloproteinases (MMPs), a disintegrin 
and metalloproteinase with 
thrombospondin motifs (ADAMTSs) and 
tissue inhibitor of metalloproteinase 
(TIMPs) affect the overall matrix turnover 
in the IVD and result in a net loss of 
proteoglycans (Liu et al., 1991; Sedowofia 
et al., 1982; Sternlicht and Werb, 2001). 
The consequential dehydration of the disc 
and loss of its structural integrity adversely 
affect its load-bearing ability. Besides, 
several inflammatory mediators and 
cytokines like interleukin-1 (IL-1), 
interleukin-6 (IL-6), nitric oxide (NO), 
tumor necrosis factor alpha (TNF-alpha) 
and prostaglandin E2 (PGE2) are known to 
increase the catabolic factors (MMP3, 
MMP12, ADAMTS-4) and suppress 
proteoglycan and collagen production. 
These pro-inflammatory cytokines may 
also sensitize the nerves in the IVD, 
thereby triggering pain in some 
degenerative conditions (Kang et al., 1997; 
Le Maitre et al., 2005; Millward-Sadler et 
al., 2009; Wang et al., 2011). 
 
(II) Cellular Composition of the NP – 

Notochordal Cells and Their Role as 

“Organizers” 

 
During embryogenesis, the nucleus 
pulposus is derived through the interaction 
of the notochord and the sclerotome; the 
notochord regresses from the sclerotome-
derived vertebral bodies and expands into 
the IVD anlagen, thus giving rise to the cells 
of the NP (Aszodi et al., 1998; Choi et al., 
2008; McCann; et al., 2012; Smits and 
Lefebvre, 2003).  
 
The cells within the mature NP are 
heterogenous, consisting of two prominent 
populations – the large vacuolated 
notochordal cells and small chondrocyte-
like cells. Lineage tracing experiments by 
Choi et al (2008) and McCann et al (2012) 
have shown that the large-vacuolated cells 
(NP cells) and small chondrocyte-like cells 
of the mature NP are derived from the 
notochord (see (Risbud and Shapiro, 2011; 
Sivakamasundari and Lufkin, 2012) for 
review on IVD morphogenesis) (Choi et al., 
2008; McCann; et al., 2012).  
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The changes in the biochemical 
composition of the IVD is closely linked to 
changes in the cellular composition in the 
ageing or degenerate NP (Hunter et al., 
2003; Trout et al., 1982; Walmsley, 1953). 
While the notochordal cells populate the 
immature NP, they decline in numbers in 
the mature IVD, which then consists mainly 
of the chondrocyte-like cells (Walmsley, 
1953). Loss of notochordal cells as early as 
in the teen years has been observed in 
humans and is postulated to be a key factor 
in the development of disc degeneration as 
it has implications in the NP proteoglycan 
composition (Hunter et al., 2003; 
Maldonado and Oegema, 1992; Stevens et 
al., 2000; Trout et al., 1982).  
 
Notably, fundamental differences exist 
between the characteristics of the 
notochordal cells and chondrocyte-like 
cells. Firstly, even though notochordal cells 
can produce NP matrix proteoglycans, 
Collagen II and Aggrecan at a rate akin to 
that of the chondrocyte-like cells of the NP 
(but in lower levels than that of the NP 
cells), the chondrocyte-like cells exhibit a 
faster population doubling time than the 
notochordal cells  (Aguiar et al., 1999; Kim 
et al., 2009a). Secondly, in vitro imaging of 
the rabbit notochord cells showed that 
single notochord cells were able to self-
renew, albeit at a low frequency (1 in 100), 
but not proliferate unlimitedly. This 
indicates that the notochord cells are not 
“stem cells” like but may potentially 
encompass a “progenitor” subset of cells 
(Kim et al., 2009a). Furthermore, the 
notochord cells differentiated into three 
morphologically different cells: vacuolated 
cells, polygonal cells and giant cells, 
significance of which is yet to be elucidated 
(Kim et al., 2009a). Such imaging studies 
remain to be shown for the direct 
conversion of notochordal cells into 
chondrocyte-like cells. Hence, it is still 
unclear if the chondrocyte-like cells are a 
result of the aberrant transformation of the 
notochordal cells or are derived from one 
of the three morphologically distinct cells 
of the NP. Thirdly, the chondrocyte-like 
cells resemble articular chondrocytes and 
significant differences exist in the structure 
of the proteoglycans and the 
proteoglycan/collagen ratio between the 

articular cartilage and the NP (Mwale et al., 
2004). Additionally, injection of 
chondrocytes isolated from rabbit ear 
cartilage into denucleated IVD resulted in 
the formation of hyaline cartilage instead 
of a gelatinous NP (Gorensek et al., 2004; 
Mwale et al., 2004).  
 
Considering that the notochordal cells 
produce less proteoglycans than the NP 
cells, proteoglycan production may not be 
the primary function of the notochordal 
cells (Aguiar et al., 1999). Rather, they may 
operate as “organizers” to the surrounding 
cells in the IVD, a function which probably 
cannot be matched by the chondrocyte-like 
cells. It is hypothesized that the early 
“organizer” functions of the notochord, 
whereby it serves as a Shh signaling centre 
to pattern the surrounding paraxial 
mesoderm and direct them to a 
sclerotomal fate, may also persist at later 
stages to maintain the NP homeostasis 
(Choi et al., 2012; Fan and Tessier-Lavigne, 
1994; Hunter et al., 2003; Murtaugh et al., 
1999). The adult notochord cells may 
provide yet unknown cues to the NP cells 
or other cells of the IVD (eg. stem cells in 
the IVD stem cell niche), protecting, 
stimulating or recruiting them to maintain 
the NP homeostasis. For example, 
notochordal cells secrete soluble factors 
that can protect NP cells from matrix 
degradation and apoptosis by altering 
matrix remodelling genes  (MMP3, 
ADAMTS-4 and TIMP1) and suppressing 
activated capases-9/3/7 respectively 
(Aguiar et al., 1999; Erwin et al., 2011; 
Nishimura and Mochida, 1998). They can 
also promote proteoglycan synthesis by the 
degenerate NP cells when co-cultured or 
when the NP cells are grown in notochord-
conditioned medium (Aguiar et al., 1999; 
Gantenbein-Ritter and Chan, 2012). In 
addition, some authors have proposed the 
adult notochord cells to be an “organizer 
cell” in terms of stimulating the migration 
of resident stem cells from the IVD niche 
regions to the NP (Hunter et al., 2003). 
Through an in vitro cell migration assay, 
Kim et al (2009) showed the ability of 
notochord cells to stimulate the migration 
of EP-derived chondrocytes (Kim et al., 
2009b). Hence, based on these unique 
properties of the notochord cells, it is 
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postulated that the adult notochord cells 
may be involved in organizing the NP 
environment by cooperating with the stem 
cells and other cells of the NP.  
 
Thus, in the ageing or degenerate IVD, the 
absence of such organizer cells in the IVD 
could mean an inability to recruit 
stem/progenitor cells from the 
surrounding niche regions into the NP for 
regeneration. The resident NP cells would 
no longer receive the appropriate “signals” 
for matrix synthesis to maintain the NP 
homeostasis. This could explain the poor 
capacity for regeneration or the lack of 
maintenance of the IVD despite the 
presence of the stem/progenitor 
population in the degenerate IVD (see “The 
Stem/progenitor Cells and Stem Cell Niche 
in the IVD” section). One has to ponder 
whether genetic factors implicated in DDD 
also play a role in the failure of these cells 
to maintain the IVD.  
 
(III) Impaired Nutrient Supply 

 
Importantly, impaired nutrient supply to 
the IVD cells owing to damage to the 
endplates (calcification or sclerosis) can 
negatively alter the microenvironment of 
the IVD, thus precipitating disc 
degeneration. The reduced oxygen tension, 
nutrition and increased acidity of the 
degenerate IVD diminish the viability of NP 
cells (increased apoptosis or necrosis) or 
increases senescence of NP and/or AF cells 
and adversely affects matrix production 
(Horner and Urban, 2001; Illien-Junger et 
al., 2012; Jackson et al., 2011; Li et al., 
2012).  
 

(IV) Biophysical Stimuli in Disc 

Degeneration 

 
Another well-known factor that can 
contribute to the biochemical changes seen 
in DDD is inappropriate biomechanical 
stress acting on the spine or the lack 
thereof. A static, unloaded state of the IVD 
results in degenerative changes such as 
decreased GAG content, anabolic activity 
and viability of AF or NP cells, while 
dynamic loading up-regulated the anabolic 
genes (Chan et al., 2011; Ching et al., 2004; 
MacLean et al., 2003; Paul et al., 2012; 

Wilke et al., 1999). At the same time, the 
favorable effects of dynamic loading is 
dependent on its magnitude, frequency and 
duration; stepping beyond a certain range 
of all these parameters induced 
degenerative changes such as reduced 
proteoglycan synthesis and increased 
catabolic remodeling and apoptosis of NP 
or AF cells (Maclean et al., 2004, 2005; 
Walsh and Lotz, 2004; Wuertz et al., 2009) 
(see (Chan et al., 2011) for a detailed 
review). Indeed, cells of the NP and AF 
exhibit different viscoelastic properties in 

vitro, which are postulated to result in 
different metabolic responses 
(proteoglycan and collagen synthesis) to 
mechanical loading (Guilak et al., 1999). 
Thus, diurnal mechanical loading activities 
may act as biophysical signal in healthy IVD 
cells, by yet unknown mechanisms, thereby 
stimulating them to maintain appropriate 
matrix turnover.  
 

(V) Genetic Influence 

 
Like many other diseases, the genetic 
background of the individual also plays a 
role in disc degeneration. DDD is polygenic 
as mutations in a multitude of genes 
encoding structural proteins, interleukins, 
apoptosis regulators or MMPs have been 
associated with risk for DDD and/or disc 
dehydration and disc height narrowing. 
These genes include ACAN, COL9A1, 

COL9A2, COL9A3, COL1A1, COL11A1, IL1A, 

IL18RAP, IL18R1, IL-10, CASP9, BCL-2 and 
MMP9 (Cong et al., 2010; Kalichman and 
Hunter, 2008; Lin et al., 2011; Shang et al., 
2012; Solovieva et al., 2007; Sun et al., 
2011; Sun et al., 2009; Videman et al., 
2009). A recent population based study 
also provided evidence for a heritable 
predisposition to developing symptomatic 
lumbar disc disease (Patel et al., 2011). 
How such genetic predisposition and 
association with degenerative changes will 
affect therapeutic outcomes is not known. 
Then again, such information would be 
useful for pre-emptive measures against 
developing DDD. Studies addressing this 
issue may, in the future, help to steer 
therapies towards a more personalized 
approach.   
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Resolving DDD 
 

The knowledge of the pathology of DDD, 
namely the alterations to the cellular 
composition and biochemical changes of 
the NP, can be utilized for its resolution. 
Employing the most appropriate 
therapeutic strategy based on the level of 
degeneration is imperative to derive the 
most favorable outcome for patients. An 
ideal therapy would be one that is 
minimally invasive, not requiring 
hospitalization and improved pain relief as 
well as restoring disc function. In mild 
degenerative conditions, a conservative 
approach is taken mainly to reduce pain, 
which includes physiotherapy 
(biomechanical stimuli), and 
administration of medications such as 
NSAIDs, acetaminophen, tricyclic 
antidepressants (for chronic pain) and 
muscle relaxants (Chou and Huffman, 
2007). At intermediate levels of disc 
degeneration, protein injections, cell 
therapy or gene therapy approaches could 
be adopted. With severe cases of 
degeneration, surgeries such as total disc 
replacement and spinal fusion may be the 
only viable options (Zhang et al., 2011). 
 

The premise of protein injections, or gene 
therapy relies on the fact that remaining 
healthy endogenous cells can be stimulated 
to proliferate and/or re-establish the 
matrix homeostasis, thereby restoring the 
NP and/or AF tissues. Numerous GFs such 
as BMP7 (OP-1) (Imai et al., 2007; Masuda 
et al., 2003; Miyamoto et al., 2006), BMP14 
(GDF-5) (Li et al., 2004; Walsh et al., 2004), 
TGF-B (Gruber et al., 1997; Hayes and 
Ralphs, 2011; Thompson et al., 1991), IGF-
1 (Hayes and Ralphs, 2011; Osada et al., 
1996), bFGF (Pratsinis et al., 2012), PDGF 
(Pratsinis et al., 2012), BMP12 (Gilbertson 
et al., 2008), BMP13 (GDF6) (Wei et al., 
2009b) and BMP2 (Gilbertson et al., 2008; 
Tim Yoon et al., 2003)) have been 
investigated for this purpose in various in 

vitro or in vivo conditions (for detailed 
reviews see (Masuda, 2008; O'Halloran and 
Pandit, 2007)). They produced promising 
results such as elevating the proteoglycan 
content of the NP and AF, and/or 
stimulating the proliferation of the 
endogenous cells, thus assisting in 
restoring their biomechanical properties. 

In fact, recombinant GDF5 (rhGDF5) is 
currently under human Phase I/II clinical 
trials for the treatment of early stage 
lumbar disc degeneration (Advanced 
Technologies and Regenerative Medicine, 
2012; Zhang et al., 2011). Noteworthy, 
some BMPs possess the risk of causing 
pathological bone formation within the IVD 
(Zara et al., 2011). BMP13 is particularly 
promising owing to its ability to inhibit 
osteogenic differentiation of human bone 
marrow derived MSCs (BM-MSCs) but 
promote a chondrogenic fate (Shen et al., 
2009a). Whether it would serve as a 
suitable therapeutic agent for DDD therapy 
has to be ascertained in the future. 
 
The main advantage of intradiscal protein 
injection is that it does not involve 
complicated surgical procedures. However, 
the drawbacks are that the therapeutic 
effects are transient and at more advanced 
levels of disc degeneration, the endogenous 
cells may no longer be responsive to such 
stimuli or there may be insufficient number 
of functional cells in the IVD to begin with 
(Le Visage et al., 2006; Masuda, 2008).  
 
Nonetheless, cell therapy could circumvent 
the problem of short-lived effect of protein 
injections. Based on numerous in vitro and 
in vivo studies on rat, rabbit, canine, 
porcine, ovine, bovine and human, IVD 
cells, including notochordal cells and NP 
cells are potentially the ideal choice for 
transplantation procedures (for a detailed 
review on cell types, culture conditions and 
scaffolds used for IVD repair see 
(O'Halloran and Pandit, 2007)). Their 
ability to increase the proteoglycan 
content, viability upon transplantation and 
established protocols to expand them in 

vitro are advantageous for cell therapy 
(Erwin et al., 2011; Ghosh et al., 2012; 
Iwashina et al., 2006; Nishimura and 
Mochida, 1998; Nomura et al., 2001; 
Okuma et al., 2000). For instance, 
implantation of autologous NP cells or 
entire NP, retarded disc degeneration 
(Nishimura and Mochida, 1998; Nomura et 
al., 2001; Okuma et al., 2000). Also, 
injection of immortalized human NP cells 
into degenerate rabbit disc preserved the 
matrix of NP and decelerated its 
degradation (2003; Iwashina et al., 2006). 
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On the contrary, chondrocytes are 
unsuitable since their injection into the 
rabbit IVD resulted in the formation of 
hyaline cartilage instead of a gelatinous NP 
(Gorensek et al., 2004). Thus, introduction 
of autologous notochordal or NP cells into 
the affected IVD could replenish and 
thereby restore the IVD to its healthy state 
or at the least, reduce the rate of 
degeneration.   
 
It is noteworthy though that cells 
harvested from a degenerated IVD may not 
be suitable as they exhibit senescence with 
an altered molecular phenotype and 
distinct pathology (Gruber et al., 2009; 
Roberts et al., 2006). Similarly, autologous 
cells harvested from patients who are 
genetically susceptible to DDD may prove 
inferior for cell therapy since they are 
already pre-disposed to degeneration 
(Gruber et al., 2006; Richardson et al., 
2007). In addition, obtaining healthy 
notochord cells is not a feasible option 
owing to the absence of such cells in adults.  
 
Gene therapy is one avenue to enhance the 
biological activity of the IVD cells. 
Transfection of degenerate human NP cells 
with anti-catabolic TIMP-1 resulted in 
increased proteoglycan production in vitro 

(Wallach et al., 2003). Likewise, NP cells 
transfected in vitro with CTGF and TIMP-1 
genes (using viral vectors) in rhesus 
monkey and rabbit animal models showed 
increased proteoglycan and Collagen II 
production (Liu et al., 2010; Liu et al., 
2011b). In the latter study, transplantation 
of the modified cells back into the rabbit 
IVD resulted in a reversal of disc 
degeneration (Liu et al., 2011b). Therefore, 
the ability of degenerate NP cells to 
produce the required matrix proteins could 
be revived through genetic modification, 
after which the transgenic cells can be 
transplanted into the degenerate IVD to 
restore its function.  
The caveat with this approach is that viral 
vectors are often used for gene transfer, so 
their safety and effectiveness need to be 
thoroughly evaluated before being 
employed in human trials. More 
importantly, harvesting adult NP or AF 
cells from prospective healthy discs of the 
patients is also counterproductive as it 

could result in increased morbidity or 
further damage to the IVD. Therefore, stem 
cells, which possess multi-lineage 
differentiation potential, could be utilized if 
they could be successfully directed to a NP 
or AF cell fate before transplantation.  
 

Stem Cell Therapy 
 

Stem cells are a boon to medical science 
and hold great promise for regenerative 
therapy. They are unique in that they are 
pluripotent (e.g. embryonic stem cells, 
ESCs) or multipotent (e.g. mesenchymal 
stem cells, MSCs), possessing the ability to 
self-renew as well as differentiate into 
specific cell lineages. ESCs are derived from 
inner cell mass of blastocysts, and have an 
advantage over MSCs as they can give rise 
to cells from all three germ layers 
(endoderm, mesoderm and ectoderm) and 
exhibit extensive proliferation ability in 

vitro. In spite of this, their usage in clinical 
settings is hindered by a number of other 
factors such as: difficulties in acquisition 
owing to ethical concerns, immune 
rejection after allogeneic transplantation, 
risk of disease transmission and the 
possibility of teratoma formation (Satija et 
al., 2007). 
 

On the contrary, MSCs overcome several of 
these hurdles for clinical application. 
Firstly, even though they exhibit limited 
capacity to proliferate in vitro, they can be 
isolated from multiple sources such as, 
adipose tissue, blood, synovial membrane, 
deciduous teeth, dermis, muscle or 
periosteum (Friedenstein et al., 1976; 
Pittenger et al., 1999; Richardson et al., 
2010; Satija et al., 2007; Shi and Gronthos, 
2003). Secondly, they can be expanded in 

vitro and directed to a selective set of adult 
tissue lineages like chondrogenic, 
osteogenic, adipogenic, myogenic, tendon 
or neurogenic fates in appropriate culture 
conditions (Dezawa, 2008; Lin et al., 2008; 
Pittenger et al., 1999; Wang et al., 2005). 
Thirdly, they express chemotactic 
receptors and MMPs for matrix 
remodeling, which confer them with the 
ability to home or “engraft” to sites of 
injury in response to cytokines; a property 
that would serve well for regeneration of 
degenerated tissues (Ji et al., 2004; Mauney 
et al., 2010; Ponte et al., 2007; Ries et al., 
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2007). A recent study by Illien-Junger et al 
(2012) showed that BM-MSCs had a 
greater ability to home to the NP/AF of the 
degenerated discs compared to healthy 
discs in a bovine organ culture model 
(Illien-Junger et al., 2012). Fourthly, they 
are hypoimmunogenic owing to their lack 
of expression of HLA class-II molecules and 
the ability to inhibit T-cell proliferation and 
maturation (Chanda et al., 2010; 
Deschaseaux et al., 2003; Jarvinen et al., 
2008). This property might be 
advantageous in situations requiring 
allogeneic transplantation of MSCs. A 
caveat, though, is that ex vivo cultured 
murine MSCs were shown to develop 
osteosarcomas (Tolar et al., 2007). Then 
again, another study showed that 
prolonged culturing of human BM-MSCs 
did not result in malignant transformation 
of the cells, but majority of them attained 
senescence by passage 25 (Bernardo et al., 
2007). Thus, it is imperative that sufficient 
precautionary measures be taken when 
preforming stem cell transplantations in 
humans. 
 

MSCs for DDD Therapy 
 

In stem cell therapy, some critical 
questions need to be addressed namely: 
can the cells be differentiated to the correct 
phenotype; are they viable on the long-
term in the degenerate environment; can 
they restore the degenerated disc at the 
biochemical (proteoglycan, collagen and 
water content) and structural (AF tissue 
repair, disc height restoration) level; can 
sufficient numbers of stem cells be 
procured in a feasible manner; and most 
importantly, would these cells be safe for 
transplantation?  
 

Several investigators have studied the 
ability of MSCs to promote matrix synthesis 
and attempted to differentiate them to NP 
or AF cell fates either through co-culture 
experiments, using growth factor(s) 
supplemented media or by directly 
injecting them into the IVD. 
 

(I) MSC Differentiation towards NP Cell 

Type 
 

In vitro experiments on rat, rabbit and 
human cells showed that proteoglycan 

content and cell proliferation improved 
when NP cells were co-cultured with MSCs 
with direct cell-to-cell contact (Richardson 
et al., 2006; Watanabe et al., 2010; Wei et 
al., 2009a; Yamamoto et al., 2004). Bi-
directional exchange of membrane 
components occur between the MSCs and 
NP cells which was proposed by the 
authors as a key mode of communication 
between the two cell types in the direct co-
culture conditions (Strassburg et al., 2012). 
In addition, Richardson et al (2006) 
showed that a 3:1 ratio of NP: MSC is 
optimal for the differentiation of human 
BM-MSCs into “NP-like” cells (Richardson 
et al., 2006).  
 
Likewise, MSCs cultured in vitro in 3-
dimensional, hypoxic culture conditions, 
with TGF-B1 supplemented media 
exhibited a NP-like phenotype (Risbud et 
al., 2004; Steck et al., 2005). Other growth 
factors, such as BMPs (2/4/6/7/9) in 
combination with TGF-Bs (1/2/3), have 
also been investigated for their ability to 
differentiate bone-marrow or adipose 
tissue derived MSCs towards a 
chondrogenic phenotype for use in IVD or 
cartilage repair (Puetzer et al., 2010). 
Notably, the best combination of factors 
required for inducing chondrogenic 
differentiation differs for BM-MSCs and 
adipose tissue derived stromal cells 
(ADSCs). For example, in BM-MSCs, both 
BMP2 and TGF-B3 synergistically induced 
chondrogenic differentiation when 
cultured in high-density or in alginate 
beads (Schmitt et al., 2003; Shen et al., 
2009b). Whereas for ADSCs, a combination 
of TGF-B2 and BMP7 proved most effective 
in promoting a chondrogenic fate, 
compared to a combination of other BMPs 
(2/6/7) with TGF-B2 (Kim and Im, 2009) 
(readers may refer to the review by 
(Puetzer et al., 2010) on growth factors for 
effective chondrogenic differentiation of 
the MSCs).  
 
It has to be noted, however, that such MSCs 
differentiated towards the chondrogenic 
fates may not necessarily be ideal for IVD 
repair. As mentioned before, injection of 
chondrocytes into the NP resulted in the 
formation of hyaline cartilage instead of a 
gelatinous matrix (Gorensek et al., 2004). 
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Hence, directing the MSCs towards specific 
NP or AF fates is crucial to ensure effective 
disc repair. Nevertheless, these studies 
serve as a starting point to optimize the 
culture conditions for efficiently attaining 
NP or AF cell fates from the MSCs. 
 
(II) MSC Differentiation towards AF Cell 

Type 

 
Unlike the NP cells, far fewer attempts have 
been made to differentiate MSCs towards 
an AF cell type. In the adult IVDs, the AF 
consists of fibroblastic cells arranged 
radially around the NP. During embryonic 
development, the inner AF is cartilaginous 
while the outer AF is fibrous. The inner AF 
is rich in Collagen II while the outer AF has 
a greater proportion of Collagen I. During 
post-natal development, the AF attains a 
fibrocartilaginous phenotype with 
increased GAG and Collagen II production, 
and the distinction between the inner AF 
and outer AF becomes less obvious (Hayes 
et al., 2011). Recently, See et al (2012) have 
utilized a tissue engineering approach to 
regenerate AF-like cells. They simulated an 
IVD-assembly using sheets of BM-MSCs 
transplanted onto silk scaffolds, which was 
then wrapped around cylindrical silicone 
NP substitute. After 4 weeks of culturing in 
static environment, the BM-MSCs 
resembled an inner AF more than outer AF 
based on the higher proportion of Collagen 
II production compared to Collagen I (See 
et al., 2012). Also, application of axial 
compression forces to the IVD-assembly 
promoted a greater production of Collagen 
II compared to static conditions, which still 
resembled inner AF (See et al., 2011).  
 
Regeneration of AF-like tissue that more 
closely resembles the native fibroblastic AF 
would be valuable for rectifying or sealing 
annular tears. A key limitation pertaining 
to these studies is the lack of reliable 
phenotypic markers specific for AF cell 
type. 
 
Notably, in a number of these studies, the 
mere expression of a limited number of 
markers, mainly Collagen II, Aggrecan and 
Sox9, was deemed to represent the NP-like 
phenotype (Richardson et al., 2006; Steck 
et al., 2005; Wei et al., 2009a). However, 

both NP and articular chondrocytes cells 
express key extracellular matrix (ECM) 
genes and transcription factors like SOX9, 
ACAN and COL2A1 at equally high levels, so 
they cannot be used as reliable markers to 
distinguish between both the cell types 
(Minogue et al., 2010). These authors 
resorted to using a limited number of 
markers for assessment because more 
specific human NP cell markers were not 
identified prior to the molecular profiling 
study by Minogue et al in 2010 (Minogue et 
al., 2010). Nevertheless, in the future, the 
true NP phenotype of MSCs after 
differentiation could be assessed more 
rigorously using multiple, species-specific 
markers (e.g. PAX1, FOXF1, OVOS2, CA12, 

HIF-a, GLUT-1 and MMP2) (Minogue et al., 
2010; Power et al., 2011; Rajpurohit et al., 
2002; Risbud et al., 2006).  
 
Moreover, these studies failed to assess the 
proteoglycan-to-collagen ratio 
(GAG:hydroxyproline ratio) of the secreted 
matrix, which is an alternative way to 
affirm that the matrix resembles that of a 
NP rather than hyaline cartilage. The 
hyaline cartilage (produced by 
chondrocytes) is composed of 
proteoglycan:collagen at a ratio of 2:1 
whereas the NP matrix (from healthy IVD) 
encompasses a different ratio of 27:1 
which permits greater capacity for water 
retention, thus giving the NP its gelatinous 
consistency (Mwale et al., 2004). Besides, 
the morphology of the differentiated MSCs 
ought to be examined to confirm that the 
differentiated cells are of a NP phenotype. 
 

(III) Injection of MSCs 

 
In a clinical setting, expansion of 
autologous MSCs in vitro is time consuming 
and extreme care is needed to avoid 
contamination. Hence, it was investigated if 
the IVD microenvironment would promote 
the differentiation of MSCs towards a “NP 
phenotype” in vivo and restore the 
proteoglycan content of the IVD. Injection 
of MSCs directly into the IVD (with or 
without carrier/scaffold) showed 
promising results, whereby the injected 
cells were viable, differentiated into a “NP-
like phenotype”, promoted matrix 
synthesis and restored disc height in rat, 
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rabbit and canine models as well as in 
xenogeneic transplant of human MSCs into 
a porcine model (Crevensten et al., 2004; 
Henriksson et al., 2009b; Hiyama et al., 
2008; Hohaus et al., 2008; Le Maitre et al., 
2009; Sakai et al., 2006; Sakai et al., 2005). 
Additionally, MSCs demonstrated 
comparable ability for GAG and Collagen II 
production as NP cells in the rabbit model 
(Feng et al., 2011). Thus, MSCs clearly 
appear to be suitable for regeneration of 
NP tissue. 
 
Some of the main concerns that ought not 
to be overlooked in MSC therapy are the 
survival of the injected cells, rejection by 
host immune system and potential adverse 
effects of the carriers used for 
transplantation.  
 
Viability of the transplanted cells is often a 
point of criticism in cell therapy, 
considering the hostile environment 
(hypoxia, low-nutrient levels, presence of 
inflammatory cytokines and matrix 
degrading enzymes) of the degenerate IVD 
(Sakai, 2008). Apparently, survival of the 
transplanted cells is imperative to ensure 
disc repair. In most of the studies, the 
transplanted cells were shown to be viable 
from 1 to 6 months (i.e. for the maximum 
investigation period that was carried out in 
each study) (Hohaus et al., 2008; Iwashina 
et al., 2006; Le Maitre et al., 2009; Sakai et 
al., 2003). Furthermore, in 
xenotransplantation of human MSCs into 
porcine discs or murine ESC-derived 
chondroprogenitors into rabbit discs, the 
injected cells survived up to 6 months and 
2 months respectively, without 
immunosuppressant administration 
(Henriksson et al., 2009b; Sheikh et al., 
2009). It is believed that the avascular 
nature of the NP might allow it to be 
immunoprivileged, thus reducing the risk 
of any graft-versus-host reaction upon 
implantation of allogenic or xenogeneic 
cells (Raj, 2008; Sheikh et al., 2009). 
Nonetheless, appropriate precautionary 
measures must be taken when it comes to 
allogenic cell transplantation in humans. 
 
Carriers such as Atelocollagen®, 
hyaluronic acid, and injectable hydrogels 
are commonly used to retain the 

transplanted cells at the site of injection, 
mimic the IVD environment to facilitate the 
survival of the transplanted cells and/or 
promote matrix production (Collin et al., 
2011; Henriksson et al., 2012a). 
Atelocollagen® is known to enable the 
proliferation, matrix synthesis and assist in 
the differentiation of the MSCs (Sakai et al., 
2003; Uchio et al., 2000). Hyaluronic acids, 
on the other hand, do not sufficiently result 
in disc rehydration on their own, but show 
favorable disc repair when used in 
conjunction with stem cells (Hohaus et al., 
2008). Moreover, a recent study by 
Henriksson et al (2012) showed that 
hyaluronan-based hydrogel caused 
hyperproliferation of transplanted cells in 

vivo and resulted in bone formation in the 
IVD, indicating its unsuitability for use in 
cell transplantation (Crevensten et al., 
2004; Henriksson et al., 2012a) (for 
discussion on various hydrogels used for 
IVD repair, see a recent review by (Chan 
and Gantenbein-Ritter, 2012); see review 
by (O'Halloran and Pandit, 2007) for more 
information on cell types and scaffolds 
used in cell therapy). Therefore, a thorough 
in vivo investigation for each type of carrier 
is vital before they are used in human cell 
therapy.   
 
(IV) Human Trials  

 
Encouraging results from the numerous in 

vivo cell transplantation studies prompted 
a pilot Phase I study by Orozco et al (2011) 
in 10 patients suffering from chronic low 
back pain and lumbar disc degeneration. 
Autologous BM-MSCs expanded in vitro 
under Good Manufacturing Practice (GMP) 
conditions were injected (spinal needles) 
into the NP of affected IVDs. This 
procedure did not involve any major 
surgical operation and only required local 
anesthesia and mild sedation. In a 1-year 
followup, 9 out of 10 patients showed 
improved pain relief and water content of 
the discs, but no improvement in disc 
height was observed. Whether disc height 
improvement would be observed over time 
is yet to be seen. The authors relegated the 
analgesic effects to potential induction of 
anti-inflammatory cytokines by the MSCs 
(Chanda et al., 2010; Orozco et al., 2011).  
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A similar FDA-approved trial has begun at 
the Washington Center for Pain 
Management in the USA in 2012, which 
aims to conduct a study on 100 patients for 
a period of 3 years. The researchers 
proposed to use bone marrow derived 
mesenchymal precursor cells in 
conjunction with a hyaluronic acid carrier 
(Wash, 2012 ). While such short-term 
outcomes from these human clinical trials 
appear promising, long-term 
improvements and safety measurements 
are essential. 
 

The Stem/Progenitor Cells and Stem 

Cell Niche in the IVD 

 

(I) IVD Stem/Progenitor Cells 

 
In parallel, researchers have sought after 
IVD progenitor cells or a stem cell niche in 
the IVD. Stem cell niches are specific 
anatomical regions in which stem cells 
reside in a quiescent state (‘slow cycling 
cells’) until activated by specific signals 
such as those arising from injury, upon 
which they can produce daughter cells 
which then differentiate into the required 
cell type to replace or repair the damaged 
tissue (Henriksson and Brisby, 2012).  
 
Lately, numerous studies have emerged 
that have successfully isolated cells with 
stem cell markers from the IVD. Risbud et 
al (2007) first identified a proliferating 
population of skeletal progenitors to reside 
within the NP and AF of moderately 
degenerated human IVDs. These 
progenitor cells expressed general stem 
cell markers (CD90, CD105, CD166 and 
CD133/1) and osteogenic precursor 
markers (CD63 and CD49a). They were 
also capable of differentiation to 
osteogenic, chondrogenic and adipogenic 
lineages in vitro (Risbud et al., 2007). 
Blanco et al (2010) reproduced those 
results by isolating cells with stem 
cell/progenitor markers from the 
degenerate human NP, but the cells 
isolated in their study could not be 
differentiated to the adipogenic lineage 
(Blanco et al., 2010). Likewise, Liu LT et al 
(2011) isolated cells expressing the stem 
cell/progenitor markers (CD90, CD105, 
CD166, CD133/1 and STRO-1) from the 

degenerate human cartilage EP. These cells 
also highly resembled BM-MSCs in terms of 
immunophenotype, gene expression 
profile, proliferation capacity and 
differentiation to all three lineages (Liu et 
al., 2011a). More recently, Erwin et al 
(2011) isolated stem/progenitor cells from 
the canine NP, which they named as 
nucleus pulposus progenitor cells (NPPCs). 
Their isolation criteria, however, was 
based on a different set of stem cell 
markers, namely Sox2, Oct3/4, Nanog, 
CD133, Nestin and NCAM. These cells were 
capable of differentiation into 
chondrogenic, adipogenic and neural 
lineages in vitro, and to the neural lineage 
in vivo (Erwin et al., 2011).  
 
The above-mentioned results from 
different groups clearly indicate the 
presence of stem/progenitor cells in the 
IVD. The lack of standardization on the 
repertoire of markers used to isolate these 
cells from the NP/AF/EP, the degree of 
degeneration in the discs that were used 
for cell isolation and the experimental 
techniques employed could explain the 
discrepancies in terms of the 
differentiation potential exhibited by the 
isolated cells.  
 
(II) Stem Cell Niche in the IVD 

 
Using a repertoire of stem cell/progenitor 
markers (STRO-1, C-KIT, NOTCH1, DLL4 and 
JAG1), Henriksson H et al (2009) identified 
stem cell niches in the AF border to 
ligament zone and the perichondrium of 
rabbit, pig and human IVD samples. They 
proposed that these stem/progenitor cells 
are recruited to the NP or AF, and in 
combination with MSCs from the bone 
marrow niche (in the EP) they execute 
their regenerative functions in a healthy 
IVD (Henriksson et al., 2009a). In support 
of this, they recently showed that the ‘slow-
cycling’ cells in the rabbit IVD express 
migration and epithelial-mesenchymal 
transition (EMT) markers like SNAI1, SLUG 
and ITGB1 in the niche region in the early 
time-points, along the migratory route and 
the outer AF at later time points 
(Henriksson et al., 2012b). Still, more 
robust experimental evidence is required 
to definitively prove the migration of 
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stem/progenitor cells from the niche 
regions. In vivo cell tracking or in vitro 
migration assays of the isolated 
stem/progenitor cell population from the 
niche regions could be performed. 
 

Future Directions 
 

The etiology of degenerative disc disease 
(DDD) is complex and has yet to be fully 
understood. Numerous therapies have 
been developed but administering the right 
type of therapy based on the level of 
degeneration is critical. In moderate 
degrees of degeneration, autologous MSC 
transplantation appears promising in 
terms of restoring the NP water content 
and alleviating the pain associated with 
disc degeneration. Long-term studies on 
patients are still pending before the safety 
and efficacy of this approach can be fully 
determined.  
 

Also, it is still unclear how pre-disposition 
to DDD or the presence of calcified or 
sclerotic EP, may affect the outcome of 
autologous cell transplantation. Use of 
protein injections (GFs, anti-catabolic 
factors) in conjunction with stem cell 
therapy may help to enhance the 
microenvironment of the IVD to be more 
conducive for the initial phase of MSC 
survival and differentiation in vivo.   
 

Furthermore, alternative sources of MSCs 
such as adipose tissue derived stromal cells 
(ADSCs) are gaining attention for DDD 
therapy owing to their ease of acquisition 
and in greater numbers, through simple 
outpatient liposuction procedures. 
Whether they possess equal capacity to 
restore the IVD matrix is a question that 
remains to be addressed. More 
importantly, the identification of stem/ 
progenitor cells in the IVD is an exciting 
finding as they are similar to BM-MSCs, 
implicating the ability to harness the 
capabilities of their “stemness” to achieve 
the desired NP fate in vivo. The possibility 
of stimulating the resident 
stem/progenitor cells holds tremendous 
promise for the future.  
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