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ABSTRACT

functional disorders.

N

The intervertebral disc hernia is distinguished one of the diseases of the human locomotor apparatus that causes pain, neurological deficit and

Inefficency of concervative treatment and repeated appeals for medical help after surgery have urged on the need for exploration of some new
more effective methods of treatment aimed not only at weakening degenerative processes and pain but also at renewing disc function and its
height maintenance. Achievements of regenerative medicine and tissue engineering promote development of new efficient methods of cell
therapy. The results of their application in experimental studies on animals give us hope for their successful use in humans.
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Annually, nearly 100 billion dollars are spent for low back pain treat-
ment in the developed countries [1-3]. These costs are allocated not only
for medical health care services but also for disability payments in the
social provision system.

As a rule, low back pains are linked with degenerative processes in
the locomotor apparatus. According to the MRT data, the spinal pains in
approximately 40 % of patients are caused by degenerative changes in the
intervertebral disc (IVD). These processes are accompanied with higher
production of the inflammatory cytokines by the IVD cells. So, the tu-
mor necrosis factor alpha (TNF-a), interleukine-1 o/f and interleukine-17
cause matrix degradation, production of chemokines and change of cell
phenotype. This, in turn, leads to the imbalance of catabolic and anabolic
processes and to [VD microstructure disturbances like the appearance of
cracks and protrusions becoming more marked with time and disrupture
of annulus fibrosus (AF) and hernia form appearance in it. It has been
shown that appearance of hernias parallels CD68* disc tissue infiltration
by the macrophages, neutrophils and T-lymphocytes (CD4+, CD8*), and
appearance within IVD structures of nerve fibers-derivatives of the ce-
rebrospinal ganglia [4, 5]. Under such conditions, the disc and immune
cells produce neurogenic factors such as nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) that cause pain via influence on
the cation channels in the cerebrospinal ganglia [6-8].

Since the physiotherapeutic measures and anesthesia produce only
a short-term weakening of pain symptoms, the patients are advised sur-
gical back pain treatment. However even surgery does not guarantee full
recovery because after removal of sequestered disc hernia and disap-
pearance of acute neurologic symptomatics there develop irreversible
involutive processes in the IVD. They lead to a significant diminution of
the disc height that, in its turn, again causes a development of the root
syndrome and frequent recurrence (15 %) of hernias after their removal
[9-12]. Removal of the nucleus pulposus (NP) tissue during discectomy,
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irrespective of patient’s age, accelerates the process of IVD degeneration
[13, 14]. Furthermore, there may take place limitation of movement and
spine biomechanic after spine surgery [15].

Experimental investigations in the biology of stem cells and tissue
engineering carried on animals give us hope for the application of cell
technologies allowing homeostasis recovery in the degenerative changed
human disc [16]. Selection of proper source of cells is the necessary
condition for successful transplantation, survival and development of the
required quality tissue, especially against a background of changed mi-
croenvironment of the degenerative disc. With the view of regenerating
and preventing disc height loss at IVD hernias, studies were carried on
regenerative potential of the autologous cells of the nucleus pulposus and
annulus fibrosus. A special attention has been given to the use of multi-
potent mesenchymal stromal cells (MMSCs) [17, 18]. Elaboration of new
approaches to IVD restoration must be based on the knowledge of its
anatomic and histologic structure.

STRUCTURE OF INTERVERTEBRAL DISC

Human spine has 24 movable discs: 7 cervical (neck), 12 thoracic
(chest) and 5 lumbar (back). Except the 15t and 2™ neck discs, all discs
are connected by type of symphysis by special structure, the interverte-
bral disc, which provides for the maintenance of discs together, transmits
load, arising from body weight/muscle activity and permits a range of
spinal movement (bending, flexion, torsion). The IVD is the fibrocartilag-
inous structure with three zones: nucleus pulposus, annulus fibrosus and
two cartilaginous endplate (CEP).

NUCLEUS PULPOSUS (NP)

Owing to the NP the hydraulic pressure is uniformly spread to all
directions inside each disc under spinal compression load. NP is the high-
ly hydrated (70-90 % depending on age), visco-elastic structure being



formed mainly by the network of type Il collagen fibres (55-65 % dry
weight) and a smaller number of type IlI, VI, IX and XI collagens and pro-
teoglycans. It contains elastin and laminins [19].

Among the proteoglycans (aggrecan, biglycan, decorin and versikan)
affording visco-elasticity of the NP, it is worth to set off the aggrecan — a
large molecule (3+102-7+10% kD), an integral part of which is the glycos-
aminoglycans chains of chondroitine sulphate and keratan sulphate. In
the process of non-covalent binding with hyaluronan molecule via con-
necting protein, the aggrecan forms big negatively charged aggregates,
which adsorb and keep water in the NP [20]. Noteworthy, the number of
proteoglycans and their ability to keep water inside the NP is diminishing
with age [21]. This leads to diminution of the hydrostatic pressure and
further loss of disc height and increase of load compressive tension on
the AF. As a result, there can appear both protrusions on the AF with a
formation of the so-called «Schmorl’s nodes», AF disrupture and herni-
ation [22].

Of special attention is the NP cell content. The NP tissue contains
heterogeneous population of cells whose composition and morphology
undergo changes with age [23]. In adult humans the density of cells is
very low making 2-103-5-10% cells/cm® [24]. The extracellular matrix,
unique by its composition, is produced mainly by the chondrocyte-like
cells and maintained by the population of NP cells, which has a noto-
chordal origin by its phenotypic markers (expression of cytoceratins 8,
18, 19 and galectin-3) [25-29]. It is thought that notochordal cells are
specific cells-organizers which stimulate migration of resident stem cells
from IVD niches to the NP as well as take part in the maintenance of its
homeostasis. The soluble factors secreted by these cells protect NP cells
from matrix degradation and apoptosis by inhibiting activities of caspases
and metalloproteinases [28].

At human birth the NP cells are large (25-85 pm), vacuolized and mor-
phologically resemble embryonal notochordal cells [28]. Across the first
years of life they decrease in number and are replaced by small chondro-
cyte-like cells of the non-notochondral origin [31, 32] and for this reason
the self-renewing ability of this structure is considerably reduced. The NP
is an avascular structure; and in the absence of oxygen the cells survive at
the cost of energy obtained by anaerobic glycolysis. Physiological load on
the spine stimulates the mechanoreceptors of NP cells, thereby stimulating
synthesis of cytokines of the TGF-B superfamily. These growth factors reg-
ulate anabolic processes in the cartilage tissue of the IVD that activates type
I collagen and aggrecan biosynthesis in the NP [33].

ANNULUS FIBROSUS

AF has a mesenchymal origin [30] and its structure is presented by
fibre cartilage tissue, in which the collagen fiber bunches are placed in
layers and rings, have various orientation to the disc axis and adjacent
plates that give it elasticity during compression. AF consists of collagens,
predominantly type I, (50-70 % of dry weight), proteoglycans (10- 20 %
of dry weight), water (60-70 %) and non-collagenous proteins (elastin).
Arbitrarily, it is possible to single out the outer and inner zones within
this structure. Cell composition and types of collagen synthesized in the
above-listed zones differ. The outer zone of AF contains the fibroblast
like cells synthesizing type | collagen and a small amount of the capillar-
ies. Type Il collagen as well as types lll, IV, IX and X are synthesized by
the chondrocytes of the inner AF zone to form complex intercellular sub-
stance of the AF [19]. Chondrocytes of the intermittent and inner zones,
located in the lacunes surrounded by the pericellular matrix, synthesize
not only the collagen but also proteoglycans (aggrecan, biglycan, decorin
and versikan). Some of the annulus fibers on the periphery penetrate into
vertebral bodies, as «sharpey’s fibers» [33].

Owing to the specifics of architectonic of AF collagen fibers the rela-
tively stable NP volume is ensured. It should be noted that internal part of
the annulus fibrosus is more resistant to high hydrostatic pressure from
the nucleus pulposus than to extension efforts of the external part of the
AF. Having this in mind, the synthesis of extracellular matrix and its re-
newal proceeds differently in the various zones: from internal to external
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zone the synthesis of type | collagen is intensive while that of type Il col-
lagen, on the contrary, is reduced. Decorin and biglican are placed mainly
in the external part of the AF and type X collagen in the inner zone. Despite
a very small content of the elastin (nearly 2 % of dry weight), it plays an
important role in the amortization properties of the AF. Owing to the elas-
tic fibers which are found in all disc components, the dynamic loads are
distributed on the intervertebral disc.

In the adults the density of cells in the AF makes about 9-10°
cells/cm? that is almost 2 times as greater in comparison with the NP
[34]. The study of the cells obtained from human AF has shown their
ability for differentiation in the chondrogenic and adipogenic directions
[35, 36] that gives us the hope for their application at such pathological
conditions as IVD hernia.

CARTILAGINOUS ENDPLATES

Two cartilaginous endplates (CEP) of less than 1 mm thick lock the
disc axially and fit closely to the adjacent vertebral bodies, ensuring dif-
fusion of nutrients and oxygen to the avascular intervertebral disc struc-
tures [37]. The CEP is the most vulnerable structure to constant compres-
sion forces that can lead to the appearance and accumulation of micro
damages (cracks). Under significant forces the AF penetrates into sponge
vertebral body and forms Schmorl’s hernias [38]. CEP calcification also
enhances disc degeneration due to reduced diffusion of both nutrients
and by-side products of cell viability. Many authors assume the presence
of the niches of progenitor cells in the CEP migrating to the disc [39, 40].

It is noteworthy that all elements of the IVD (nucleus pulposus, annu-
lus fibrosus and cartilaginous endplates) are structurally interlinked, and
changes, occurring in one of them, lead to the development of negative
events within a whole structure. To explain the cause-and-effect relation-
ships of these events as well as to introduce new methods of treatment,
using the stem cells in particular, can be possible due to modeling patho-
logical conditions of the locomotor apparatus in animals.

EXPERIMENTAL MODELS OF IVD PATHOLOGIES IN ANIMALS

Generally, methods of locomotor apparatus treatment using cell tech-
nologies have been studied both in small (mice, rats) and big (rabbits,
dogs, pigs, goats) animals by modeling degenerative processes through
traumatic or chemical impacts on the IVD structures [41-46]. Studies of
the regenerative potential of the MSCs, obtained from the adipose-derived
tissue, bone marrow and synovial tissue of the knee joint, have shown their
ability to gain NP function after transplantation or promote stimulation of
the IVD cells to develop extracellular matrix [47]. The above-mentioned
effects have been confirmed by radiographic analysis of the disc height,
detection of type Il collagen and proteoglicans by histological and gene
expression analysis. In particular, it has been shown in rabbit experiments
that the chondrocytes of elastic cartilage of the rabbit ear introduced into
the IVD survive and promote extracellular matrix production and type I
synthesis in the NP; chondrocytes of the joint cartilage transplanted into
the pig IVD also showed positive effects [48].

There is no ideal model that could be fully identical to the pathological
state of human IVD due to several reasons. Firstly, unlike human studies,
the experiments include animals with healthy IVD with normal cell com-
position and microenvironment. Secondly, there are differences in the
size of cells and in the composition of NP cell populations (for instance,
adult animal NP has notochordal cells which, as a rule, are absent in adult
human IVD). In addition, they differ by their biomechanical properties (for
example, upright walking of humans) [49-51].

The dog in the most proper animal showing development of sponta-
neous IVD degeneration accompanied with pain and neurological deficit
similarly to such processes in humans [52-55]. It is precisely the dogs
that showed the results of effective application of the autologous cells of
the IVD cultured in vitro. There are evidences indicating that cells implant-
ed into canine IVD were viable (after BrdU-stain), promoted synthesis of
extracellular matrix components similar to IVD composition in the norm.
Their proliferative activity has been confirmed histologically [55].
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Nevertheless, despite difficulties of extrapolation of the results ob-
tained in animals the use of MSCs opens vistas for treatment of IVD her-
nias and disc degenerative diseases occurring in humans [56].

In the humans there are numerous potential sources of stem cells for
their potential use in cell therapy: bone marrow, adipose-derived stem cells
(ADSCs) and other tissues (i.e. knee joint synovial tissue, etc.). A great in-
terest has been shown to the study of effectiveness of cells obtained from
the IVD (NP cells culture or NP and AF cells co-culture) [57, 58].

Many evidences indicate that human MSCs are capable to differen-
tiate into NP cells and produce matrix containing the proteoglycans and
type Il collagen. Moreover, co-culture of human MSCs and NP not only
enhances differentiation of NP cells but also restores their normal func-
tioning and enhances proliferation. Thus Blanco JF, et al. identified the
population of CD105*CD73+CD90+CD45-CD34-CD14-CD11b-CD79- CD19-
HLA-DR cells resembling MSCs of the bone marrow, which met minimal
criteria of such type of cells developed by the International Society for
Cellular Therapy (ISCT) [59].

To enhance regenerative properties of transplanted cells in the zone
of damaged disc, the scaffolds of various origins as a three-dimensional
matrix for cells has been successfully used. They can support mechani-
cal loads and prevent implanted MSCs population into other tissues, as
well as promote proliferation and differentiation. The use is more often
made of the hydrogels based on the hyaluronic acid collagen as they are
hydrophilic polymers, which are slowly dissolved allowing transplanted
MSCs differentiate and produce their own matrix [60]. For survivorship of
the transplanted MSCs the scaffolds must be non-immunogenic, bioavail-
able, biodegradable and bear mechanical loads in the IVD. Qwing to its
structure the scaffold itself can promote cell differentiation. In particular,
the ADSCs introduced into the chitosan-alginate gel are capable to differ-
entiate into nucleus pulposus-like cells at hypoxia [61].

CELL THERAPY OF IVD HERNIA IN CLINIC

For successful use in clinical practice, the material must be safe and
accessible in the maximal amount for regeneration of the IVD structures.
Autologous cells are thought to be the safest material. Due to immunose-
lection it became possible to use cell material of the allogeneic origin. It
is very essential to consider the suitability of the phenotype of implanted
cells to functioning cells of the disc as well as the way of their introduc-
tion and their amount. It is known that the number of introduced cells
is critical for their survival. Serigano K., et al. (2010) have shown that
the optimal number of autologous MSCs isolated from the iliac crest for
transplantation into canine IVD made 108 per disc and 107 cells — induced
apoptosis [62].

To minimize risk of immunogenic reactions and to recover appro-
priate biological matrix for normal metabolism and biomechanics of the
disc, it is desirable to use the autologous cells of the IVD obtained after
the removal of hernia sequester.

Such approach was realized by the research group of H. J. Meisel in
2008 who initiated the first randomized trial in humans to evaluate the
effectiveness of autologous chondrocytes isolated from hernia sequester
(Euro Disc Randomized Trial) [56]. The cell preparation obtained accord-
ing to the GMP had nearly 5108 alive cells. Injection was performed with
a thin needle for minimal injury of the AF, as it is known that the size of
AF injury correlates with intensified degeneration of the IVD [63-66]. Af-
ter two-year follow-up the patients demonstrated improvements showing
effects that had been obtained earlier in the dogs, namely: pain disappear-
ance, disc height maintenance in comparison with patients without im-
plantation of cell material after hernia removal [56]. It should be stressed
that NP cells obtained from patients with disc hernia showed the signs
of apoptosis and aging and they produced less type Il collagen. More-
over, the authors observed an increased expression of catabolic factors
and reduced synthesis of matrix components [67, 68]. Human NP cells
obtained after removal hernia sequester displayed the signs of aging in
the culture in vitro, increasing in the number from 19.8 % to 23.9 % at
passages 4 and 5, respectively. This fact is confirmed by the expression
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of B-galactosamine (SABGal) — the marker of cell aging. However, even in
such material one could observe the expression of the markers of multi-
potency Oct3/4, Notch1 and such markers of MSCs as CD105, CD90 and
Stro-1 that evidenced for the presence of primitive cell population in the
degenerated disc, which is involved in its regeneration [69].

Since 2012 there has been carried on a new clinical trial
(NCT01640457) of a cell preparation called NOVOCART® Disc Plus (Tetec,
Germany) obtained from the cells of removed human IVD hernia seques-
ter [70]. Expected results will allow to assess safety and effectiveness of
cell therapy in IVD regeneration.

Another source of stem cells is the bone marrow. Interesting results
on the use of earlier cultivated autologous bone marrow MSCs were also
obtained in the clinical trials carried on the patients with degenerated
disc with stable spinal pain symptoms. Orozco L., et al. (2011) injected
pre-cultured autologous bone marrow cells straightly into the NP [71]
while Yoshikawa T., et al. (2010) performed such injections on the col-
lagen scaffold [72]. In the first case the pain disappeared in 10 patients
with intact AF and stable spinal pain three months post cells injection
and disc height increase was seen after 12 months. Such analgesic effect
can be explained by improvement of intercellular interactions within the
IVD structures manifesting itself prior to tissue regeneration. It can be
assumed that injected MSCs in this case manifest immune-modulatory
properties. The data of second investigation demonstrate health condition
improvement in 2 patients with «vacuum-phenomenon» (presence of gas
bubbles of various size inside the disc) confirmed by the X-ray pattern and
magnetic resonance imaging. In both patients the authors reported a pain
relief and a high-intensity signal in the intervertebral discs after transplan-
tation of MSCs into the zones with collagen sponge that indicated high
humidity level for disc height maintenance [72].

There are exceptions among positive results of cell therapy, and
therefore proper choice of the source of cells and their number is very
important. The investigations of Haufe S. M. and Mark A. R. carried out in
2006 with the use of autologous hematopoietic stem cells isolated from
the hipbone showed no improvement in 10 patients with stable disc pain.
There may be two reasons for this: a small number of cells obtained in
vitro or an improper selection of the cell source, although their previous
studies in animals showed positive results [73].

Owing to the immunoselection it became possible to test the allo-
geneic cell preparations of various origin in humans: from bone marrow
(NCT01860417) [74], from the adult precursors of the mesenchymal cells
(NCT01290367) [75] and from the juvenile chondrocytes (NCT01771471)
[76].

The stromal cells of adipose-derived tissue (ADSCs) are worth atten-
tion in the matter of elaboration of cell preparations. Considering the ac-
cessibility and possibility of getting maximally sufficient amount of cells
as well as experimentally proved (in animals) capacity for function renew-
al in NP cells, the ADSCs are very promising to be used in clinic [77, 78].

The data of experimental investigations show that their implantation
into canine IVD after removing of hernia sequester promotes its regener-
ation, as it is evidenced from unchanged morphology and MRI mainte-
nance of the disc height [79].

Other investigators have shown that co-culture of ADSCs with NP
cells suppresses apoptosis by suppressing activation of caspase-9 and
caspase-3. Moreover, the ADSCs protect NP cells from the destroy-
ing action of compression owing to the considerable expression of the
proteins of the extracellular matrix protein genes (SOX9, COL2A1 and
ACAN), genes (TIMP-1 and TIMP-2) of metalloproteinase tissue inhibitors
(TIMPs) and cytokeratin 8 (CK8). Also, the ADSCs inhibited anti-inflam-
matory factors IL-1B, IL-6, TGF-31 and TNF-a [78].

In January 2015, in view of the positive results obtained in experimen-
tal animals, the clinical trial (phase 1) of autologous adipose tissue-de-
rived stem cells in combination with the hyaluronic acid derivatives was
started «Autologous Adipose Derived Stem Cell Therapy for Intervertebral
Disc Degeneration» (NCT02338271) involving 10 patients with chronic
low back pain and degenerated lumbar IVDs [80].
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To sum up, the application of cell therapy at degenerative-dystrophic diseases of the locomotor apparatus and intervertebral disc hernias in
particular is effective and promising. Implantation of cell prevents loss of disc height compared with control group patients, who underwent the
removal of hernia sequester only without further transplantation. Both, the experimental investigations in animals and the following clinical trials
evidence the improvement of biochemical properties of the spine and pain weakening/loss. Importantly, the safety of biological material considering
the need for manipulations in vitro remains in the focus of thorough attention. The future large-scale randomized trials will ascertain a real safety

and effectiveness of cell therapy in the intervertebral disc regeneration.
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