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Abstract

Degenerative Disc Disease (DDD) is a prevalent musculoskeletal disorder associated with lower back pain that typically
occurs with age but can also be precipitated by other factors. At present, the available treatments such as physical
therapy, analgesics, anti-inflammatory drugs, and surgical interventions are aimed at addressing the symptoms of the
disease but not the degeneration process. Among the various biological disc repair therapies, cell therapy has gained
interest as it offers a disc regenerative potential while being minimally invasive. Stem cells have the unique property of
differentiating into chondrocytes (specialized cells found in cartilage) that resemble Nucleus Pulposus (NP) cells of the
disc. Therefore, stem cells can be used to replace the lost NP cells in the degenerated disc. This reduces inflammation
and helps in the regeneration of the degenerated disc. In vitro studies, several animal-based studies, and a few human
pilot studies have demonstrated safety and efficacy in the treatment of DDD with different types of Mesenchymal Stem
Cells (MSCs), Induced Pluripotent Stem Cells (IPSCs), and Intervertebral Disc Stem Cells (IVDSCs). This review aims to
address the current status, recent advancements, and different types of stem cells in degenerated disc therapy.

Keywords: Degenerative disc disease (DDD); Cell therapy; Nucleus pulposis (NP) cells; Intervertebral disc stem cells
(IVDSCs); Degenerated disc therapy

1. Introduction

According to the recent analysis of Global Burden of Disease (GBD) by WHO approximately 1.71 billion people globally
have musculoskeletal conditions and lower back pain is the main contributor to this overall burden. A common cause
of lower back pain is disc degeneration. Degenerative disc disease (DDD) or Intervertebral disc degeneration (IVD) is a
prevalent musculoskeletal disorder associated with lower back pain that typically occurs with age. It affects the
functional capability of the intervertebral disc, making it unable to bear physiological loads, thus leading to damage to
structural integrity, formation of disc herniation, osteophyte, and vertebral micro-fracture [1].

DDD can be attributed to many factors, including genetic factors, injury, spine deformity as well as aging. These
biological and environmental risk factors may lead to the spine being susceptible to stress and abnormal gene
expression which results in disc degeneration (Fig 1) [2].

Treatment options for the early stages of the disease are physical therapy, analgesics, administration of anti-
inflammatory drugs, and surgical interventions. These treatment methods are aimed at addressing the symptoms but
not the cause of the disease [3]. Therefore, it is necessary to understand the molecular and cellular basis of DDD and
develop alternative biological treatment modalities to reverse or halt the progression of degenerative changes within
the native disc [4].
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Figure 1 Factors influencing Intervertebral disc degeneration [2]

Among the various biological disc repair therapies, cell therapy has gained interest as it offers a disc regenerative
potential while being minimally invasive. A cell therapy approach aims to address disc inflammation by inhibiting
aberrant cytokine production; water loss in the disc and height restoration by initiating matrix anabolism, repopulating,
and stimulating the native cells [5].
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Figure 2 Illustrations showing the normal and degenerated intervertebral disc [2]

2. Morphology of the disc and degeneration

Intervertebral discs are the fibrocartilaginous cushion-like structures that separate the bones of the vertebrae. They
allow limited movement of the spine and resist spinal compression [6].

The disc consists of four major parts:

e an extracellular matrix,

e the elastic outer shell called the annulus fibrosus (AF),

e aninner jelly-like structure called nucleus pulposus (NP),
e the cartilaginous endplates (CEP) (Fig 2) [2].
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The structural components in the matrix include the collagen of AF and the proteoglycan or aggrecan of NP. The
collagenous proteins provide shape and tensile strength to the discs and the proteoglycans impart water holding
capacity, tissue viscoelasticity, stiffness, and resistance to compression. To maintain the integrity and mechanical
activity of the disc a balance between the matrix synthesis and degradation is necessary. This balance is mediated by
the activity of cytokines, enzymes, enzyme inhibitors, and growth factors [1][7]. With aging, there will be structural,
molecular, and cellular changes in the disc. The structural changes are dehydration, tearing of AF, NP, and CEP,
molecular changes include limited synthesis of collagen, proteoglycans, loss of nutrients and water, which in turn causes
cellular changes such as necrosis/apoptosis resulting in the loss of disc cells. All these changes result in the imbalance
between the matrix synthesis and degradation resulting in degeneration of the disc [8]. Therefore, the advanced stages
of degeneration require biological treatment at the molecular level, stem cell therapy is one such effective treatment
method [4].

3. Sources and cell types

The different types of stem cells in the human body range from embryonic stem cells to adult stem cells (Fig 3). Even
though embryonic stem cells are totipotent, they are usually not preferred in any clinical application due to legal and
ethical controversies. Adult stem cells can be used in regenerative medicine without any legal or ethical barrier as they
can be isolated from the patient itself. Adult stem cells represent the group of progenitor cells in various regions of the
body of an adult organism. These cells are characterized in the tissues of bone marrow, adipose, blood, skin, and skeletal
muscle. The cell types are selected based on the abundance, ease of isolation, and capability to survive in the disc
microenvironment with minimum or no immune reaction. NP cells of the disc resemble chondrocytes in terms of
phenotype and molecular markers, therefore the cells which are capable of differentiating into chondrocytes, have been
considered to be a potential source for degenerated disc therapy [9]. Apart from the adult stem cells induced pluripotent
stem cells and intervertebral disc stem cells are also exploited for stem cell therapy.
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Figure 3 Sources of stem cells for degenerated disc therapy and a common protocol followed during the treatment [9]

Stem cells are isolated from the source, expanded in the culture, and then injected into the degenerated disc of the
animal or human model. Further, assessment is done based on the phenotype, histology, and imaging studies [9].

4. Mesenchymal stem cells (MSCs)

MSCs are the multipotent cells derived from mesodermal tissues and organs, that can differentiate into several cell
types, including bone, cartilage, fat, muscle, and tendons, depending on the environment and biologic signals provided.
These cells can differentiate into NP-like cells in the disc and help in restoring the lost function of the NP cells thereby
promoting anti-inflammatory effects [9]. In 2015, Sakai etal. [10] demonstrated that transplantation of culture-
expanded autologous MSCs into the nucleus of degenerated discs slowed the degenerative process and improved
annular integrity, providing proof of the concept. The most commonly used approach to identify the MSCs is based on
the presence of biomarkers such as CD90(+), CD73(+), CD105(+), CD14(-), CD34(-), CD45(-), CD79(-), and HLA-DR (-)
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as described by the International Society for Cellular Therapy. But this method yields a heterogeneous population of
progenitor cells. Selecting a particular type of MSCs having high chondrogenic properties is very important for the
success of the therapy [10,11,12]. In this regard, studies have been conducted to demonstrate the use of a specific
subpopulation of MSCs having the potential to differentiate into a particular cell line [10]. The most exploited MSC
subpopulations are bone marrow, adipose tissue, synovial tissue, muscle tissue, and umbilical cord due to their
accessibility and proliferation rate [10,12].

5. Bone-Marrow derived mesenchymal stem cells (BMSCs)

BMSCs are multipotent adult stem cells having the potential to differentiate into multiple lineages including bone
(osteoblasts), tendon, cartilage (chondrocytes), fat (adipocytes), fibroblasts, endothelial cells, and smooth and cardiac
muscles [42]. These stem cells can be isolated from the bone marrow aspirate (BMA). BMA is a rich source of BMSCs
and other growth factors. The biomarkers that aid in the identification of BMSCs are CD271, CD105, CD44, CD90, and
CD117 [12]. In 2011, Alvarez-Viejo et al. [14] reported that CD271 is the most versatile and specific marker for the
isolation and characterization of BMSCs [11]. Most recently, in 2017 Jezierska-Wozniak et al. [15] demonstrated that
CD271(-) MSCs have more potential to differentiate into NP-like cells than its counterpart, CD271(+) MSCs [11]. BMSCs
are well suited for both the stimulation of native disc cells and differentiation into NP-like cells (chondrocytes) [16].
BMSCs have shown the ability to produce nuclear matrix and its components in vitro [16,17]. In 2017, Tan et al. [18]
reported that the BMSCs can successfully differentiate into chondrocytes in a biomimetic environment and the
differentiation can be increased with applied mechanical and chemical stimulations. These stem cells have shown
promising results when intradiscally injected into humans.

In 2017, Noriega et al. [19] conducted a randomized clinical trial to examine the intervertebral disc repair by allogeneic
MSCs derived from bone marrow. They randomized 24 patients with disc degeneration and are unresponsive to
conservative treatments. The test group was given with allogenic BMSCs and the clinical outcomes of those patients
were followed up for a year. When the disc quality was examined they found that the patients treated with BMSCs
showed quick and significant improvement. However, this improvement was noted only in 40% of the cohort [11]. In
2019, Blanco et al. [20] conducted phase I/II clinical trials to analyze the safety, efficacy, and clinical feasibility of
autologous BMSCs embedded with tricalcium phosphate as a therapeutic alternative to bone graft in patients with DDD
during posterolateral spine fusion. Eleven patients were included in the study, age of the patients was within the range
of 30-58yrs. At the end of the follow-up, it was found that 80% of patients achieved lumbar fusion without any adverse
side effects.

These findings indicate that both allogeneic and autologous BMSCs are capable of treating the degenerated disc.
However, autologous BMSCs are more preferable as they are immunologically compatible. Even though these stem cells
have the potential properties to treat DDD, there are several disadvantages. Isolation of MSCs from bone marrow
involves a complicated procedure and the concentration of MSCs obtained in BMA will be less compared to stem cells
isolated from the adipose tissue [16]. Studies are required to address these issues so that BMSCs can be used effectively
in degenerated disc therapy without any limitations.

6. Adipose-derived mesenchymal stem cells (AMSCs)

AMSCs are an alternative source of MSCs other than bone marrow. These cells are easily isolated from the Stromal
Vascular Fraction (SVF) of the adipose tissue [21]. AMSCs are identified based on the positive surface markers CD90,
CD44, CD29, CD105, CD13, CD34, CD73, CD166, CD10, CD49¢, CD59 and negative surface markers CD31, CD45, CD14,
CD11b, CD19, CD56, CD146 along with other antigen-specific markers, HLA-ABC(+), STRO-1(+) and HLA DR(-) [22]. The
genetic profiling studies conducted by Minogue et al. [23] depicted that AMSCs are more appropriate to treat DDD than
the BMSC, as they differentiate into phenotypes more similar to NP cells [16,24].

In 2015, Xu et al. [25] conducted in vitro study to investigate the feasibility of AMSCs to differentiate into NP-like cells.
In this study, they isolated AMSCs from healthy New Zealand rabbits and co-cultured those cells with the NP cells
isolated from the allogeneic rabbit. They observed that AMSCs were able to differentiate successfully into NP-like cells
in the co-culture system. AMSCs have also shown promising results when injected into humans. In 2017, Kumar et al.
[26] conducted a phase I clinical trial to examine the feasibility, safety, and tolerability of AMSCs that are intradiscally
implanted along with hyaluronic acid in patients suffering from chronic discogenic back pain. At the end of the trial, it
was found that out of 10 patients 6 patients responded to the treatment and showed significant improvement without
any adverse side effects. Among these 6 patients, 3 of them were found to have increased water content in their disc. In
2017, Comella et al. [28] conducted a phase I clinical trial to analyze the effects of stromal vascular fraction (with AMSCs)
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and platelet-rich plasma (PRP) implanted in patients with DDD. The majority of patients showed a positive response to
the treatment and no adverse effects were reported during the trial. Recently, in 2019 Ishiguro et al. [29] performed in
vivo studies to analyze the regenerative efficacy of AMSCs derived tissue-engineered construct (AMSC-TEC) in rat
nucleotomy model. The study reported that the nucleotomized IVD restored integrity and biomechanical functions. The
disc height and endplate structure were preserved up to 6 months after the implantation.

Even though several trials have reported the successful application of AMSCs in DDD therapy, further randomized
clinical trials are necessary to examine the efficacy of the treatment in humans.

7. Synovial mesenchymal stem cells (SMSCs)

In recent years, SMSCs have gained much attention in degenerated disc therapy as they possess a proliferation rate
greater than the bone marrow and adipose-derived mesenchymal stem cells. These mesenchymal cells are found in the
synovial tissue of knee joints. The synovial tissue has three regions, surface, stromal and perivascular region. But the
exact location of mesenchymal cells in the synovial tissue is yet to be investigated [29,11]. The chondrogenic surface
markers that help in the identification of SMSCs are the positively expressed CD73, CD90,CD105,CD106,CD166,CD271,
CD29, CD44, CD56, GD2, SSEA-4, integrins a2, 5 and «10, notch, Sca-1, ALDH. However, CD73(+) expresses the highest
levels of SOX9, ACAN, and COL2A1. The increased levels of SOX indicate that SMSCs have the potential to differentiate
into chondrogenic cells [29]. In 2010, Miyamoto et al. [30] performed in vivo studies in rabbits to analyze the feasibility
of SMSCs in treating disc degeneration. They found that SMSCs injected into degenerated discs promoted the synthesis
of NP cells and maintained the structure of the intervertebral disc. In 2018, Fernandes et al. [31] successfully
demonstrated the in vitro differentiation of SMSCs into chondrocytes according to GMP standards.

Although SMSCs have remarkable proliferating properties they are not used to treat DDD as much as BMSCs and AMSCs.
Based on the studies available, further research must be done to formulate a therapeutic protocol for DDD therapy using
SMSCs [11].

8. Muscle derived mesenchymal stem cells (MMSCs)

MMSCs are located within skeletal muscles, they have specific properties of a stem cell such as self-renewal,
differentiation into other cell types such as hematopoietic, osteogenic, chondrogenic, adipogenic, and skeletal myogenic
cells [1]. MMSCs have positively expressed CD73, CD90, and CD105 and negatively expressed CD34 and CD45 surface
markers that help in the identification of these chondrogenic stem cells [32]. In 2011, Zheng et al. [33] demonstrated
that non-myogenic cells in the fascia of skeletal muscle can differentiate into chondrocytes, and therefore MMSCs can
be used in repair and regeneration applications.

Although MMSCs can differentiate into chondrocytes there is no strong evidence depicting the efficacy of MMSCs based
therapy for DDD in humans. Advanced research in this regard might give more insights into the applications of MMSCs
in disc degeneration therapy.

9. Umbilical cord-derived mesenchymal stem cells (UMSCs)

The umbilical cord (UC) is a very good source of mesenchymal stem cells. Apart from the typical properties of a stem
cell, UMSCs have several advantages such as easy, painless isolation, and rapid self-renewal ability [35]. The umbilical
cord is considered medical waste, therefore there are limited ethical concerns associated with its use in clinical
applications. The surface markers that are considered for the identification of UMSCs are similar to that of BMSCs, but
UMSCs express negative for hematopoietic and macrophage markers [36]. The umbilical cord (UC) has four regions
artery, vein, Wharton’s jelly, and cord lining. In 2013, Mennan et al. [36] were successful in isolating the stem cells from
all four regions of the UC and they found that all the cells showed almost equal potential to differentiate into
chondrocytes. In 2013, Leckie et al. [37] conducted a randomized placebo-controlled study to determine whether the
injected UMSCs improve degenerated disc in skeletally mature New Zealand white rabbits. At the end of this study, they
found that there was an improvement in terms of cellularity and disc architecture in responded patients. In 2019, Yan
et al. [38] demonstrated that exomes produced from the 3D cultures of the UMSCs in a hollow fiber bioreactor show
improved osteochondral activity than those obtained from conventional 2D culture. This finding helps in understanding
that improved regeneration potential of 3D exomes can be applied in treating cartilage-based defects like DDD. In 2021,
Ekram et al. [39] have performed in vivo studies to analyze the effects of UMSCs in the rat intervertebral disc
degeneration model. At the end of the study, they found that chondroprogenitors of UMSCs could regenerate the disc
and downregulate the inflammation and pain in the treated rat model.
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Most scientists concentrate on BMSCs to treat DDD but the above findings show that UMSCs have equal potential to be
a choice for DDD therapy. However, further studies and clinical trials are required to validate the use of UMSCs in clinical
applications.

10. Induced Pluripotent stem cells (IPSCs)

IPSCs are somatic stem cells that have been reprogrammed to express the genes of embryonic stem cells [39]. This
reprogramming can be done by Somatic Cell Nuclear Transfer (SCNT), cell fusion, or transduction of OSKM transcription
factors (Oct3/4, Sox2, c-Myc, KlIf4). IPSCs can express similar features to embryonic stem cells such as self-renewal
property and ability to differentiate into many types of cells in the body. Owing to its properties such as pluripotency,
patient-specific, and disease-specific, they can be used in various clinical applications as an alternative to embryonic
stem cells (ESCs). This helps to overcome the ethical and legal barriers concerning ESCs [41].

Many studies have been performed to demonstrate the In vitro differentiation of IPSCs into NP-like cells. In 2015, K. Liu
et al. [42] were successful in inducing differentiation of mouse IPSCs into NP cells with the addition of transforming
growth factor-beta 1 (TGF-f31). Furtherin 2018, Tang et al [43] developed a protocol in which the IPSCs were transduced
using lentivirus containing reporter gene for Green fluorescent protein and the promoter of a transcription factor. This
study reported the efficient differentiation of IPSCs into NP-like cells. Recently, in 2020 Hu et al. [44] developed a new
strategy to differentiate IPSCs into NP cells. They transfected the IPSCs with the GDF5 gene (a gene that induces
differentiation of IPSCs into NP cells) integrated lentivirus vector and those transfected cells were co-cultured with the
NP cells. Further, the obtained NP cells were prepared in a thermosensitive hydrogel. In both In vitro and in vivo studies,
it was found that GDF5 expressing IPSCs encapsulated in thermosensitive hydrogel improved disc degeneration.

Despite their potential to induce chondrogenesis, IPSCs might lead to tumor formation due to their pluripotency [11].
Standard protocols and additional efficacy studies are required to properly implement IPSCs in degenerated disc
therapy.

11. Intervertebral disc stem cells (IVDSCs)

Both the normal and the degenerated IVD is the reservoir for stem cells and are referred to as intervertebral derived
stem cells (IVDSCs). These stem cells can be isolated from the various parts of the IVD such as nucleus pulposus, annulus
fibrosus, and cartilaginous endplate, and they are called nucleus pulposus stem cells (NPSCs), annulus fibrosus stem
cells (APSCs), and cartilaginous endplate stem cells (CEPSCs) respectively [45]. They express the surface markers
namely, Sox2, Oct3/4, Nanog, CD133, Nestin, and NCAM. The IVDSCs in the AP region has several specific markers such
as STRO-1, C-KIT, NOTCH1, DLL4, and JAG1 [44,45]. These markers aid in the isolation of IVDSCs. Some studies have
reported that there is a stem cell niche (SCN) within the disc which has an extracellular matrix and neighboring stem
cells. The cells isolated from SCN have typical properties of mesenchymal stem cells [44]. In 2016, Wang et al. [45]
reported that the chondrogenic property is highest in the CEPSCs and then followed by AFSCs and NPSCs. Also, the
CEPSCs have higher chondrogenic properties than the BMSCs [45,47,48]. When cultured in a biomimetic environment,
IVDSCs showed resistance to acidic pH and hypoxic environment than AMSCs indicating that they are suitable for disc
regeneration [45].

The major factors that influence the differentiation of IVDSCs are the disc microenvironment and extracellular matrix
(ECM). The microenvironment of the disc is characterized by low oxygen (hypoxia), nutrient depletion, and high stress.
Under hypoxia, the NPSCs express more potential to differentiate into chondrocytes but the same condition does not
favor the differentiation of CEPSCs into osteocytes. Therefore, it becomes important to properly manage the hypoxemic
environment in the disc according to the requirements [44,48,49]. Another influencing factor in the microenvironment
is mechanical stress. In vitro studies have shown that tensile stress in the disc causes apoptosis of CEPSCs and NPSCs.
But this tensile stress is required by the stem cells for their normal functioning. Hence it is important to properly
stimulate the tensile stress in the biomimetic environment. The ECM of the disc greatly influences the phenotype and
functions of the stem cells [45].

In 2010, Blanco et al. [3] conducted a study to analyze whether NPSCs and BMSCs isolated from the same patient have
similar biological properties. The NPSCs were able to differentiate into chondrocytes and osteocytes as efficiently as the
BMSCs. However, adipocyte was an exception. In 2016, Chen et al. [51] demonstrated that NPSCs have high regeneration
potential than NP cells when transplanted into rabbits with the degenerated disc. In 2017, Huang et al. [52] performed
in vivo studies to analyze the stimulation of stem cells with simvastatin (an antilipemic agent which enhances cell
proliferation). At the end of the study, they found that simvastatin can regulate the differentiation of NPSCs by
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promoting the hypoxemic condition for the stem cells to regenerate the disc. Stem cells can be easily transplanted into
the target location when it is loaded to a scaffold. Scaffold helps in maintaining the microenvironment necessary for the
differentiation of the stem cells. In this regard, in 2019 Wang et al. [53] conducted a study to examine the effects of
hydrogel combined NPSCs when injected into the rat model with DDD. The results depicted that there was a remarkable
improvement in the differentiation of NPSCs when it was combined with the 3D hydrogel and this could be an effective
therapeutic strategy for DDD.

Considering the above findings, it is clear that IVDSCs have the potential to differentiate into disc cells more efficiently
as they very well adapt to the disc microenvironment. Since the factors such as disc microenvironment and ECM
influences the differentiation of IVDSCs it is necessary to perform further studies to formulate a standard protocol for
the in-vitro differentiation of IVDSCs and test the feasibility of these cells in regenerating the degenerated disc in
humans.

12. Selection of patients

Stem cell therapy might not work if it is applied to the wrong patient. Therefore patient cohort should be properly
stratified using the magnetic resonance imagining technique. It is very important to note that stem cell therapy will be
effective only in the advanced stages of disc degeneration. Patients representing Pfirrmann grade III or IV on MRI have
moderate severity disc degeneration. Patients representing Pfirrmann grade II or IV on MRI have too mild or too
advanced disc degeneration. Currently, patients with chronic back pain (>4 VAS) and disability index (>40 ODI) are
selected for stem cell therapy. However, patients having abnormalities such as disc herniation, fracture, scoliosis,
spondylolysis, spondylolisthesis are excluded. The present imaging techniques fail to efficiently identify the specific
pain-generating components in the disc. In this regard, new imaging techniques are being developed. It includes T1p
and T2 relaxation times, and chemical exchange saturation transfer (CEST) [54].

Table 1 Safety and efficacy are important [54]

Safety

Efficacy

The long-term retention of the stem cells in the disc
has to be studied under the physiological
environment.

The selected protocol should help in the long-term
relaxation of symptoms, restoration of the disc
structure, and biomechanical functions.

Acute, chronic, and systemic toxicity should be
evaluated both In vivo and In vitro.

Experimental control, cost, and results in the early
stages should be balanced with biological
complexity and clinical relevance at the later stages.

The delivery of the stem cells to the target site should
not be invasive.

The model system should mimic the physical,
chemical, mechanical, and biological environment of
the disc.

Multiple administration should be avoided.

The effects of age, sex, and species on the efficacy of
the treatment in animal models should be
considered.

The genetic stability of the cells should be
manipulated In vitro.

Human-sourced cells should be incorporated for
better efficacy.

Autologous therapies are preferable as they pose less
risk compared to allogeneic cells.

There should be clearly defined success benchmarks
for each experiment.

13. Conclusion

Degenerative disc disease is indeed a critical condition that requires immediate care and treatment. Although
conventional treatments are available none of them provide a complete cure for the disease. Due to the flourishing
knowledge about stem cells and their behaviour in vitro and in vivo, their application in regenerative medicine is gaining
a lot of attention. The pre-clinical and clinical studies conducted on animal and human models show that certain stem
cells such as mesenchymal stem cells (MSCs), Induced pluripotent stem cells (IPSCs), and Intervertebral disc stem cells
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(IVDSCs) in our body have the capability to reverse or halt disc degeneration. If the pathogenesis, treatment protocol,
success rate are clearly understood then stem cell therapy can replace the current treatments for DDD. However, till
now animal studies and a few human studies with a limited population have been tested for stem cell therapy for DDD.
Therefore, randomized clinical trials and further research is necessary to understand the behavior of stem cells in the
disc environment along with the safety, and feasibility of stem cell therapy for DDD. All these seem to be achievable in
the field of stem cell therapy which in turn can enhance human life.
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