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Abstract Intervertebral disc degeneration is a primary
cause of low back pain and has a high societal cost. Research
on cell-based therapies for intervertebral disc disease is
emerging, along with the interest in biological therapy to
treat disc disease without reducing the mobility of the spinal
motion segment. Results from animal models have shown
promising results under limited conditions; however, future
studies are needed to optimise efficacy, methodology, and
safety. To advance research on cell-based therapy for inter-
vertebral disc disease, a better understanding of the
phenotype and differentiation of disc cells and of their
microenvironment is essential. This article reviews current
concepts in cell-based therapy for intervertebral disc disease,
with updates on potential cell sources tested primarily using
animal models, and discusses the hurdles to clinical appli-
cation. Future perspectives for cell-based therapies for
intervertebral disc disease are also discussed.
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Introduction

Tissue destruction and altered function of intervertebral
discs (IVD) result in instability of the associated spinal
motion segment, which largely accounts for low back pain,
secondary spinal deformity, and neural compressive mani-
festations. Low back pain and related disease have a high
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societal cost, including direct medical costs, insurance, lost
productivity, and disability benefits [7]. These costs are
estimated to be £12 billion per year in the United Kingdom.
In the United States, over $50 billion in annual health costs
are accredited to low back pain directly or indirectly [7, 18].

Although it has been shown that IVD degeneration is the
cause of more than 20% of low back pain, the pathological
mechanism by which the IVD degenerates is largely
unknown. The disease process is thought to involve
sequential events that lead to loss of cells and of disc matrix,
which is composed of proteoglycans and collagen, and to
altered biomechanics [3-5]. Current treatment of disease
resulting from disc degeneration includes surgical proce-
dures, such as discectomy and spinal fusion; however, these
procedures do not preserve the function of the IVD. More-
over, they reduce the mobility of the associated spinal motion
segment and increase the mechanical load and stresses on
adjacent discs [26]. Mobility preserving techniques using
artificial disc and nucleus implants have been tested clini-
cally to preserve mobility in cases of severely damaged discs.
Appropriate patient selection is needed to use these tech-
niques effectively, and both these treatments and fusion
surgeries have uncertain long-term results. Therefore, the
demand for therapeutic inhibition of the early stages of the
IVD degeneration process is increasing. Much of the recent
research in the area of the IVD has focused on the biologic
restoration of the IVD using growth factors, gene therapy,
tissue engineering, and cells [1, 4] (Fig. 1).

Therapeutic scenario using cells for the treatment
of disc disease

The IVD consists of the nucleus pulposus (NP), annulus
fibrosus (AF), and the cartilage end plate (EP); three tissues
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Fig. 1 Time-course pattern of normal ageing versus pathological disc
degeneration. Biological therapies (drugs, protein injections, gene
therapy, and cell therapy) may have potential to reverse the
progression of degeneration by the appropriate timing of intervention.
Chronic back pain may be associated to period where pathological
disc degeneration progresses from moderate to severe. In the severe
period, secondary spinal deformity, and neural compressive manifes-
tations are manifested

that differ histologically, chemically, and physiologically.
Previous histological studies have shown that one of the
initial triggers of disc degeneration is a decrease in the
number of viable cells in the NP [3, 5]. These cells syn-
thesize matrix proteoglycan, which binds to water,
resulting in a large swelling pressure. A decrease in the
function and number of NP cells results in a decrease in
this pressure, which leads to a disorientation of the lamellar
structure in the inner AF [3]. In addition, biomechanical
stress can lead to sequential annular tears. These events can
occur in any order, and differ between individuals and
events. NP and AF cells possess poor regenerative capacity
compared to cells in other tissues.

In particular, the NP has a low cell density and is a site
where cellular proliferation is limited. The NP contains
different cell types, including notochordal and chondro-
cyte-like cells, depending on the age of the subject [5]. The
microenvironment of NP and AF cells is subjected to high
stress, and is characterised by low oxygen tension, low pH,
and limited nutrition. It has been shown that NP cells are
well adapted to this harsh microenvironment through util-
isation of glycolysis and expression of hypoxia resistance
factors [27]. The concept of cell supplementation by cell
transplantation has emerged with the aim of either inhib-
iting or regenerating the loss of NP cells. In 1998, an
animal model study was performed for the first time by
Nishimura and Mochida demonstrated that the reinsertion
of autologous fresh or cryopreserved NP tissue slowed
degeneration in the rat IVD using degeneration model
created by nucleus aspiration [22]. Since then, a number of
studies have reported the efficacy of cell transplantation

therapy using various animal models and donor cell types
[2, 6, 11-13] (Fig. 2; Table 1).

Cell transplantation is a suitable approach for the IVD
because of its unique structure, in which the NP is sur-
rounded by the AF and the EP, which prevents cell
migration and allows space for donor cells to adapt. The
contained structure of the IVD is also thought to play an
important role in limiting the immune response following
cell transplantation. Cells from the NP have been reported
to express Fas ligand (FasL), a specific protein seen in
organs that are immune privileged [25, 33]. These ana-
tomical and molecular data suggest that the NP region may
tolerate cells from other areas of the body or even other
individuals.

Review of potential cell sources tested in basic research
Autologous or allogeneic NP cells

Regeneration of a given tissue likely to be achieved by
transplanting active cells that possess many characteristics
of the native cells; however, the preparation of NP cells for
reimplantation is problematic because autologous trans-
plantation requires more cells than can be harvested from a
single disc and harvest of cells from healthy discs may
create iatrogenic degeneration in the donor disc. To obtain
greater numbers of active NP cells, Okuma et al. [24] found
that NP cell viability (primarily notochordal cells) could be
improved by co-culture with AF cells. With low cellular
yields and low proliferative activity of NP cells in the early
phases of primary culture, further enhancement of the
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Fig. 2 Therapeutic scenario for the use of cells to treat disc disease.
Pathological disc degeneration due to disc herniations, etc. will most
likely progress after surgical intervention. The rescue of viable cells
by supplementing various donor cells using in vitro culture techniques
may help delay or regenerate the progressive degeneration process
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Table 1 Summary of relevant in vivo animal experimental studies on cell transplantation therapy for intervertebral disc degeneration

Cell/tissue type Animal model Author Year

NP tissue Autologous, fresh or Rat (nucleus aspiration) Nishimura and Mochida [22] 1998
cryopreserved, primarily
notochordal NP cel)

NP cells Primarily notochordal NP cell, Rabbit (nucleus aspiration) Okuma et al. [24] 2000
expanded and co-cultured

NP tissue Allograft, cells or tissue, primarily ~ Rabbit (nucleus aspiration) Nomura et al. [23] 2001
notochordal NP cells

Disc chondrocytes Autologus AF cells expanded Sand Rat Gruber et al. [11] 2002
in culture

Disc chondrocytes Autologus NP and AF cells Canine (disc material removal)  Ganey et al. [10] 2003
expanded

Cartilage chondrocyte  Autologous auricular cartilage Rabbit (nucleus aspiration) Gorensek et al. [12] 2004
expanded

Bone marrow MSCs Autologous MSCs expanded, Rabbit (nucleus aspiration) Sakai et al. [28, 30] 2003, 2006
genetic marking with LacZ

Bone marrow MSCs MSCs expanded Rat (no injury) Crevensten et al. [6] 2004

Bone marrow MSCs Autologous MSCs expanded, Rabbit (nucleus aspiration) Sakai et al. [29] 2005
genetic marking with GFP

Bone marrow MSCs Allogenic MSCs expanded Rabbit (no injury) Zhang et al. [36] 2005

Bone marrow MSCs Allogenic MSCs expanded Rabbit (nucleus puncture) Leung et al. [16] 2006

Bone marrow MSCs Autologous MSCs expanded Canine (nucleotomy) Hiyama et al. [13] 2008

Adipose MSCs Autologous MSCs expanded Goat (ABC chondroitinase) Hoogendoorn et al. [14] 2008

biological and metabolic viability of NP cells is desirable.
A novel method to obtain further activation of NP cells was
reported by Yamamoto et al. [35] using a direct cell-to-cell
contact co-culture system with mesenchymal stem cells
(MSCs). Besides differentiating into multiple cell types of
mesenchymal origin, MSCs serve as feeder or nursing cells
for other cells.

The ability of MSCs to enhance the biological and
metabolic viability of NP cells (primarily notochordal
cells) was evaluated using rabbit cell cultures. The results
showed significantly better NP cell proliferation, DNA
synthesis, proteoglycan synthesis, and cytokine and/or
growth factor production in a co-culture system with direct
cell-to-cell contact with MSCs, compared to a conventional
co-culture system or using monolayer cultures of NP cells.
Furthermore, concentrations of transforming growth factor
(TGF)-f, insulin-like growth factor 1 (IGF-1), epidermal
growth factor, and platelet-derived growth factor were
significantly increased in the direct cell-to-cell contact co-
culture group, which presumably led to enhanced NP cell
proliferation [35]. With the positive results of this co-cul-
ture system, pre-clinical studies to test its effects on human
NP cells are ongoing.

Allografting of NP cells and tissue has also proven to be
effective in an animal model. Nomura et al. [23] trans-
planted allogeneic NP cells (primarily notochordal NP
cells) and tissue in a rabbit disc degeneration model, and
found that they effectively preserved the disc structure
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without a major immune response. This may provide more
evidence for IVD as an immune-privileged organ. Fur-
thermore, they have shown that transplanting NP tissue
achieved better preservation of disc structure than
implanting cells [23].

Autologous disc chondrocytes

Several groups have used the term “autologous disc
chondrocytes” as cells taken from the IVD (in some studies
including AF) possessing chondrocytic character. This may
be separated from other works as they focus on utilising
animal species that possess primarily chondrocytic NP
cells, like humans.

Gruber et al. [11] implanted autologous disc cells in a
sand rat, an animal that undergoes spontaneous disc
degeneration. The cells were harvested from IVDs,
expanded in monolayer culture, labelled, and then
implanted into different disc sites of the donor animals.
The cells were either placed on a bioresorbable scaffold or
injected directly into the recipient disc. Labelled cells were
seen in the discs of animals as long as 8 months after
transplantation; clearly autologous disc cell implantation
can successfully lead to cell survival and integration into a
disc.

Ganey et al. [10] studied a canine model, in which disc
degeneration was induced by partial discectomy. Six mil-
lion autologous disc cells expanded from disc aspiration



Eur Spine J (2008) 17 (Suppl 4):5S452-S458

S455

were transplanted to the NP region of injured discs without
a carrier matrix. The discs in the dogs receiving transplants
were significantly better maintained in terms of disc height
and structure than in the controls. The effect lasted for
about 12 months after transplantation. Furthermore, with
success in the animal model, Meisel et al. have brought this
procedure to a prospective, controlled, randomized, mul-
ticenter clinical study of safety and efficacy [9, 16, 20].

Other chondrocytes

Because human IVD cells share matrix-producing proper-
ties with chondrocytes, a study tested transplanting
chondrocytes from other parts of the body. Gorensek et al.
[12] transplanted chondrocytes from elastic cartilage into
rabbit discs. They found that this method also reduced the
loss of proteoglycans from injured IVDs compared to discs
not receiving treatment assuming that transplanted cell
producing proteoglycans. This approach raises the question
of whether any type of chondrocyte, or any other cell that
produces proteoglycans and type II collagen, could be
successfully used as an alternative cell source. The lack of
a definitive cell marker to distinguish IVD cells from other
cells has made it difficult to provide an answer to this
question. However, recent studies have shown that there
are indeed phenotypic differences between NP cells, AF
cells, and articular chondrocytes. A study by Mwale et al.
[21] reported that the proteoglycan to collagen ratio is
distinctly higher in the NP compared to cartilage in indi-
viduals of the same age, and that this difference can be
used as a distinguishing cell phenotype.

Several molecules have also been suggested as candi-
dates for an NP cell marker. Risbud et al. [27] have
reported a difference in the expression of hypoxia inducible
factor-1 (HIF-1) in NP cells compared to AF cells or
chondrocytes. Fujita et al. [8] have suggested CD24 and
Semba et al. [31] the sickle tail (Skt) gene as NP cell
markers for rats and mice. From microarray analysis, Lee
et al. [15] have reported that the expression of annexin A3,
glypican 3, keratin 19, and pleiotrophin was significantly
higher in NP cells compared to AF cells and articular
chondrocytes. By utilising these markers, or other potential
markers, it may be possible to determine the phenotype of
the most appropriate cells for transplantation.

Stem cells

If a suitable cell source is unavailable, obvious candidates
would be progenitor cells or stem cells. Sakai et al.
[28-30] studied the potential of MSCs as an alternative
cell source. They transplanted autologous MSCs tagged
with the gene for green fluorescent protein (GFP) in rabbit
disc degeneration model created by nucleus aspiration,

and followed the GFP-labelled cells for a period of
48 weeks, tracking the effects using magnetic resonance
imaging (MRI) and radiography. They also used immu-
nohistochemistry for chondroitin sulphate, keratan
sulphate, collagen types I, II, and IV, HIF-1« and f3, HIF-
20 and f, glucose transporters GLUT-1 and GLUT-3, and
matrix metalloproteinase-2 (MMP-2), and applied reverse
transcriptase-polymerase chain reaction (RT-PCR) to
assess expression of the genes for aggrecan, versican,
collagen types I and II, interleukin-18 (IL-1f) and IL-6,
tumour necrosis factor-o (TNFa), MMP-9, and MMP-13.
MRI and radiographic results confirmed the regenerative
effects of the procedure. GFP-positive cells were detected
in the nucleus throughout the time course at proportions
rising from 21% =+ 6% at 2 weeks to 55% + 8% at
48 weeks, which demonstrated the survival and prolifer-
ation of MSCs. Immunohistochemistry showed positive
staining for all proteoglycan epitopes and type II collagen
in some of the GFP-positive cells. MSCs produced HIF-
lo, MMP-2, and GLUT-3 with phenotypic activity com-
parable to NP cells. The RT-PCR demonstrated significant
restoration of aggrecan, versican, and type II collagen
gene expression, and significant suppression of TNF-o
and IL-1p expression in the transplantation group. Thus,
MSCs transplanted into degenerating discs in vivo can
survive, proliferate, and differentiate into cells expressing
the phenotype of NP cells with suppression of inflam-
matory genes [29] (Fig. 3).

Since the first report of MSC transplantation, several
studies have confirmed the effectiveness of this procedure.
Crevensten et al. [6] demonstrated that MSCs injected into a
rat disc using hyaluronan gel as a scaffold maintained via-
bility and proliferated. Using cell labelling, viable cells
were detected over the 28 day study period, maintaining
disc height. Zhang et al. [36] implanted allogeneic MSCs
containing the marker gene LacZ from young rabbits into
rabbit intervertebral discs to determine the potential of this
cell-based approach. They reported that transplanted allo-
geneic MSCs could survive and increase the proteoglycan
content within the disc, supporting their use as a potential
treatment for intervertebral disc degeneration. Hiyama et al.
confirmed the effectiveness of MSC transplantation in large
animal models (chondrodystrophoid breed canine with nu-
cleotomy) that are closer to humans. They also showed that
transplanted MSCs expressed FasL after transplantation to
the NP region, suggesting preservation of immune privilege
in MSC transplantation [13]. These findings are to some
extent similar to the results performed in the rabbit studies
which used primarily notochordal NP cells.

The possibility of allogeneic MSC transplantation has
also been suggested. Leung et al. [16] reported multiple
advantages of MSC transplantation for disc disease,
including that if the NP were an immune-privileged
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Stem cell transplanted

Fig. 3 Macroscopic evaluation and T2 weighted magnetic resonance
images (MRI) of undamaged intervertebral disc (IVD)(normal
control), IVD degeneration induced by nucleotomy (degeneration
model) and mesenchymal stem cell (MSC) transplantation (stem cell

environment, then MSCs being less antigen presenting,
would be able to escape alloantigen recognition.
Recently, MSCs from adipose tissue have been reported
as another potential cell source. Using a goat ABC chon-
droitinase degeneration model, Hoogendoorn et al. [14]
reported that adipose-derived MSCs can be beneficial for
cell therapy of IVD disease from the standpoint that they are
easily isolated compared to bone marrow MSCs. Like the
case with bone marrow MSCs, co-culture induction study
has also been reported using adipose-derived MSCs [17].

Hurdles to clinical application

Despite the growing variety of potential cell sources tested
in large and small animal models, more investigation and
discussion are needed before actually considering transla-
tion to the clinic. There are several points of concern. The
first is the problem arising from the absence of an appro-
priate animal model that mimics IVD degeneration in
humans. Usually, animal models have a better IVD nutri-
tion status, compared to the degenerating human IVD, and
because the process of IVD degeneration is not uniform, it
is almost impossible to establish an animal model for
naturally occurring human disc degeneration. For these
reasons, the researcher is challenged to match a model to
the objectives of the study [19, 32].

The second concern is the method of cell delivery.
Animal studies present several ways to transplant cells to
the IVD. Injection by an open procedure or fluoroscopy-
guided discography is ideal. However, there may be other
methods, such as the use of various scaffolding or drug
delivery systems. These should also be tested to find the
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transplanted). Note that the structure of the nucleus pulposus (NP) is
better retained and MRI signal intensity has increased in the stem cell-
transplanted IVD, suggesting positive effect of the procedure in
delaying the progression of IVD dgeneration

most efficient method to specifically match cell type and
procedure.

The third concern is deciding which patients are
appropriate for the application of IVD cell therapy, and this
is a major concern. Biologically less active IVDs, partic-
ularly Thompson grade 4-5 discs, are not realistic
candidates because of their inactive IVD microenviron-
ment. IVDs with Thompson grades 2-3 with mild to
moderate degeneration may be better recipients, or more
realistically, we may only target iatrogenic IVD degener-
ation induced post discectomy or by degeneration of the
adjacent discs [34]. The answers to these questions need to
be clarified by thorough investigation before experimental
studies are translated to the clinic.

Fourth, although most of the research reported is in NP
cell supplementation, it must be acknowledged that the AF
and EP should also be looked at as therapeutic targets. As
described above, the interaction with AF cells increases the
biological activity of NP cells, and the EP is the site that
provides nutrition. Facilitation of AF and EP regeneration
is clearly needed to synergistically improve the efficacy of
cell-based therapy.

The final concern is the issue of ensuring safety in the
performance of these newly developed techniques in a
clinical setting. It should always be kept in mind that
degeneration of recipient tissue may be a balance to
maintain homeostasis. Introducing cells from an outside
environment may not always be beneficial, and could cause
unexpected reactions, such as tumourigenesis, transforma-
tion, or karyotypic abnormalities of the cells. In vitro
techniques and reagents used in cell culture may induce
adverse changes in cells. These issues need to be assessed
thoroughly before any clinical applications are considered.
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Future of cell utilisation for disc disease

Despite the growing number of research data on cell-based
experimental therapy for IVD disease, it is clear that we do
not know much about native disc cells and their microen-
vironment. This lack of information is a major obstacle in
building a strategy for the treatment of IVD disease.
Investigating the specific differentiation status of native
IVD cells and their homeostasis will surely provide more
ideas and clues for efficient therapeutic approaches.
Although cell-based therapy for IVD disease is still in its
infancy, the stage of testing a variety of cells for injection
should be toned. To progress to the next step, we should be
investigating what exactly IVD cells are, and how they
control their homeostasis, in parallel with various studies
optimising parameters, such as cell dosage and culture
period and the severity of IVD degeneration in the recipient.

Conclusions

Studies on cell-based therapy using various cell sources in
animal models are emerging. The results of animal models
are promising in proving efficacy under limited conditions.
Future studies are required to optimise efficacy, method-
ology, and safety. To take research on cell-based therapy
for IVD disease a step forward, a better understanding of
the phenotype and differentiation of IVD cells and of their
microenvironment is essential.
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