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ABSTRACT

Intervertebral disc (IVD) degeneration (IDD) has been yet inextricably associated to the manifestation of low
back pain, a major cause of disability with a vast socioeconomic impact worldwide. IDD treatment has been
challenging given that IDD is characterized by a constellation of changes, major among them being the reduc-
tion in cell number and the modification of the cellular phenotype and function, ultimately contributing to tis-
sue structural breakdown. As alternative options to the conservative and surgical approaches that only target
IDD symptoms, injection of bioactive substances, gene therapy or cell transplantation have been attempted
with some encouraging results even though no complete restoration of the injured tissue has been achieved
thus far. In this short review we discuss the effect of the particular IVD environment (a combination of nu-
trients” and oxygen deprivation, mechanical and oxidative stress, high osmolality and acidic pH) on several
parameters of the physiology of the resident or implanted cells that should be taken under consideration for
a successful regenerative intervention. The role of cells” senescence in IVD physiology is also discussed as a
putative novel therapeutic target for IDD. Deep understanding of the molecular alterations underlying IVD
cells” responses could lead to more effective IDD treatment modalities.
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1. Therapeutic strategies for the treatment of in- loss of productivity in the adult population in
tervertebral disc degeneration Greece [3] and worldwide [4, 5].

Intervertebral disc (IVD) degeneration (IDD) with IVDs, charged to play the role of suspension for
a yet established incrimination in the aetiology of the spine, intervene between vertebrae, with di-
chronic low back pain (LBP) [1, 2] represents the rect adjacency to the superior and inferior cartilage
leading cause of disability, activity limitation and endplates. They consist of an outer layer of concen-
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trically arranged fibrous lamellae (containing cells
similar to fibroblasts) and a gelatinous core (with
chondrocyte-like cells), namely annulus fibrosus
(AF) and nucleus pulposus (NP), respectively [2].
In addition, native IVD stem/progenitor cells, ex-
pressing a set of mesenchymal stem cells” surface
markers, have been isolated from human degen-
erated discs [6]. The IVD is mostly extracellular
matrix (ECM) characterized by a rigid AF colla-
genous network that encapsulates a well-hydrated
NP proteoglycan (mainly aggrecan) matrix [2]. The
negatively-charged IVD ECM and the diurnal com-
pressive load-driven water loss due to posture and
other activities constantly expose IVD cells to ex-
treme variations in extracellular osmolality [7, 8]. In
addition, the avascular nature of the tissue leads to
oxygen deprivation, nutrients” deficiency, acidic pH
and accumulation of IVD cells” metabolic byprod-
ucts and oxidative stress [7, 9]. As a consequence of
this harsh microenvironment, a very low number of
cells are embedded in the IVD ECM [2, 7, 10], with
a pivotal role though in maintaining disc homeosta-
sis, since they are the producers of ECM molecules,
as well as of the ECM-degrading enzymes [e.g., ma-
trix metalloproteinases (MMPs) and a disintegrin
and metalloproteinase with thrombospondin motifs
(ADAMTSs)].

IVD degenerative changes concern the number,
phenotype and secretome of IVD cells, the accumu-
lation of inflammatory mediators and the disorgan-
ization of the ECM [11, 12], characterized by deple-
tion, cross-linking and oxidation of collagen and
lower aggrecan content, which all lead to greater
stiffness and progressive dehydration [12-14]. Fur-
thermore, cell number is reducing due to apopto-
sis at the same time that cell clusters are appearing
possibly due to the degradation of the surrounding
restrictive ECM. IVD ECM structural breakdown
ultimately allows disc herniation and nerve intru-
sion that lead to LBP. Current IDD treatments such
as administration of analgesics, non-steroidal an-
ti-inflammatory drugs and opioids, exercise, physi-
otherapy and spinal manipulation for rehabilitation
mostly target symptoms’ alleviation without ad-
dressing the causes of the disease [12, 15]. On the
other hand, invasive disc and spinal surgical pro-

cedures (discectomy, spinal fusion or arthroplasty)
stand as the last recourse as they are high-cost and
in many instances non-effective or even risky for
post-operative complications [12, 16, 17].

In an attempt to override the limitations of the
hitherto employed therapeutic strategies against
IDD, injection of bioactive substances, genetic inter-
ventions or cell transplantation could serve as prom-
ising alternative options [12, 15]. One of the first ap-
proaches was based on the injection of growth fac-
tors in the degenerated disc, since these molecules
induce not only disc cell proliferation and survival,
but also the local production of ECM constituents
by the cells [18, 19]. Indeed, disc cells secrete growth
factors to which they respond with the activation of
pivotal signalling pathways leading to cell prolifer-
ation [20-22]. Some of the growth factors that have
been investigated in animal models against experi-
mentally induced IDD include TGF-f, IGF-I, basic
fibroblast growth factor (bFGF) and various bone
morphogenetic proteins (BMPs), with BMP-14 or
growth and differentiation factor-5 (GDF-5) [23, 24],
while natural mixtures of multiple growth factors,
such as platelet-rich plasma (PRP) have been also
proposed for such use [25, 26]. Among the disad-
vantages of this approach are its high cost, the in
vivo proteolysis of growth factors and the possible
adverse effects due to enhanced angiogenesis in the
IVD. Still their use in vivo could be possible in con-
junction with appropriate biomaterials offering the
capability of controlled release [17]. Unfortunate-
ly, the injection of growth factors (e.g., GDF-5 and
BMP-7) and other bioactive substances (e.g., the IL-6
receptor antibody tocilizumab and the TNFa selec-
tive inhibitor Etanercept) had no conclusive results
in most cases so far [15, 17].

Gene therapy - that is the in vivo or ex vivo genetic
manipulation of cells aiming at the modification of
the deduced encoded products at the RNA and pro-
tein level - can be carried out using viral or non-vi-
ral vectors. Furthermore, genetic engineering tech-
niques employed for gene therapy could be RNA in-
terference or the recently discovered state-of the-art
clustered regularly interspaced short palindromic
repeats (CRISPR) [27]. TGF-p1, TGF-33, connective
tissue growth factor (CTGF), BMP-2, BMP-7, IGF-],
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latent membrane protein (LMP)-1, SRY-box tran-
scription factor (SOX)-9 and tissue inhibitor of met-
alloproteinases (TIMP)-1 delivery resulted in signif-
icant anabolic effects and increased ECM deposition
[27, 28]. Despite these auspicious findings, skepti-
cism remains regarding the usage of viral vectors in
clinical applications in humans due to the existing
risk of insertional mutagenesis and immunogenici-
ty [29-31]. On the other hand, miR-29a, miR193a-3p,
miR93, miR146, mR146a have shown ECM-promot-
ing or anti-inflammatory properties [17, 27]. Small
interfering RNA (siRNA)-mediated knockdown
has been used to target Fas ligand, ADAMTS-5,
caspase-3 and mTOR in vitro and/or in vivo [27, 28].
CRISPR genome and epigenome editing have been
also endeavored with some positive results [32, 33].
Non-viral gene therapy methods seem to be safer,
but still have the disadvantage of lower transfection
efficacies compared to viral vector methods [34].

2. Challenges for a successful IDD cell-based ther-
apy

As mentioned earlier, one of the initiating events of
IVD degeneration seems to be the decline in the res-
ident IVD, and especially NP, cell number, which
disrupts the balance between anabolic and cata-
bolic processes in ECM synthesis. Taking this into
account, punctual NP supplementation by direct
transannular or transpedicular intradiscal injection
with functional cells - owning themselves or stimu-
lating in the resident cells a desired ECM-restoring
and/or anti-inflammatory phenotype - can offer a
potential solution for preventing or delaying IDD.
Available cell sources for IVD cell-based therapies
are autologous and allogeneic NP cells or articular
chondrocytes; mesenchymal stromal cells (MSCs)
able to both replenish the number of NP cells and
to stimulate NP reconstruction; induced pluripotent
stem cells (iPSCs) [17, 35]. Although autologous
NP cells would be the ideal foolproof selection, fol-
lowed by articular chondrocytes, their low availa-
bility and proliferative potential or already acquired
catabolic phenotype along with their high preva-
lence for de-differentiation when cultured in vitro
have rendered them challenging or sometimes un-
suitable candidates for cell therapy. For that reason,

promises and challenges

the requirement for alternative options, such as NP
and chondrocytic cells of allogeneic origin or MSCs
and iPSCs, has emerged. Adult stem cells may con-
tribute to IVD regeneration either by their differ-
entiation into NP-like cells or by acting as feeders
that induce the up-regulation of ECM synthesis by
their native NP counterparts [36]. IVD progenitor
cells also hold prospects for their potential use in
IDD treatment [6, 12]. It is intelligible that in favor
of using cells of allogeneic origin is that the patient
is only subjected to one-step surgery, but the risk
of stimulating an immunogenic effect always exists.
Then again, the use of MSCs or iPSCs involves the
peril of tumor formation [17]. As already mentioned
above for growth factors, the use of biomaterials
seems to be necessary for cells” delivery in the disc,
as well. These include hydrogels based on proteins
(e.g. collagen) or polysaccharides (e.g. alginate) [37,
38], composite systems, such as a collagen hydrogel
supplemented with chondroitin sulfate [39], hydro-
gels cross-linked or in the form of microparticles and
natural materials [40]. The first clinical trials based
in the use of autologous or allogeneic MSCs resulted
in pain relief. Clinical studies using discogenic cells,
autologous disc chondrocytes or MSCs combined
with biomaterials have been also conducted [14, 17].
Still, there is no until now strong evidence to sup-
port the preference of anyone of the cell sources.

An important step for the refinement of IVD cell
therapy is the determination of the optimal timing
and expedient precise cell number for intradiscal
delivery (accounting for the putative cell leakage
during injection at the delivery site and/or the cy-
totoxicity ensuing from the shear forces applied by
the needle or from the harsh conditions of the final
destination) in order to achieve maximal benefit. It
is, for instance, important to apply the treatment
when the grade of degeneration is still low, prior to
the launching of an advanced and irreversible IDD
to expect a possible successful regenerative effect.
In addition, given that implanted cells (irrespective
of the source) not only need to be able to survive
but also to be functional and to produce ECM of the
desired quality, it is essential to consider the hostile
local IVD microenvironment, which worsens with
the progression of degeneration [35].
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IVD cells” responses to inflammatory cytokines
Inflammatory mediators including interleukins
(ILs) and TNFa have been shown to be expressed
in the human NP and what is more their expression
along with the expression of their receptors increas-
es with age and in symptomatic and degenerated
discs [41, 42]. ILs and TNFa have been reported to
exert a catabolic/anti-anabolic effect in the IVD [43]
[41]. We have shown that TNFa up-regulates MMP-
3 expression in bovine NP cells, which is attenuated
by the presence of glucosamine [44].

IVD cells” responses to mechanical stress

Mechanical loading is indissolubly connected with
IVD homeostasis [45]. We have shown that cyclic
tensile stress stimulates the expression of the pro-in-
flammatory genes, cyclooxygenase-2 (COX-2), IL-6,
and IL-8 in AF IVD cells, mediated by members of
the MAPK superfamily [46]. Moreover, changes in
type 1I collagen expression and altered proteogly-
can synthesis have been reported as a response to
the application of mechanical loads and hydrostatic
pressure [45].

IVD cells” osmo-regulatory response

High osmolality raises a torrent of biochemical
events in NP IVD cells, as shown by our whole-ge-
nome array analysis, revealing the simultaneous
transcriptional change of >200 genes [47]. We have
shown that this stress is genotoxic and has an an-
ti-proliferative effect on NP cells [48, 49]. In addi-
tion, high osmolality restrained the mitogenic effect
of platelet-derived growth factor (PDGF) or IGF-I
via ERK and Akt activation [50]. This strict control
of hyperosmolality on the proliferation of NP IVD
cells is retained even after the administration of
glucosamine, shown to result in an increase in the
glycosaminoglycan content [51]. Regarding ECM
components, it has been reported that aggrecan and
collagen type Il were up-regulated, while collagen
type I expression was inhibited by high osmolality
in human IVD cells [45].

IVD cells’ responses to oxidative stress
The presence of oxidative stress in the IVD has been
established in vivo [9, 52-54]. We have shown that

oxidative stress activated survival and stress signal-
ling pathways in human NP cells, while it proved to
be genotoxic, triggering the activation of the DNA
repair response [55]. Oxidative stress-induced NF-
kB activation has been also shown in the human NP
in vivo [42].

Moreover, we have shown that a combination of
all IVD conditions (i.e. low glucose, hypoxia, high
osmolality and absence of serum) is anti-prolifera-
tive for IVD cells [56] and it has been reported that a
concurrent exposure to low glucose, acidic pH and
hypo-osmolality down-regulates the expression of
ECM components and up-regulates the expression
of MMPs [45, 57].

3. IVD cells’ senescence

A key step for the elucidation of IDD-related mod-
ifications in the IVD tissue microenvironment was
the discovery of senescent cells in IVDs in vivo, first
reported by Roberts et al. [10, 58] and later verified
by other groups [59, 60]. There are two types of cel-
lular senescence: the “replicative senescence” attrib-
uted to telomere attrition arising from the consecu-
tive replications of the cells and the “stress-induced
premature senescence” (SIPS) manifested as the re-
sult of several genotoxic stresses encountered by the
cells [10, 13]. Given the restraining physicochemical
conditions of the IVD microenvironment [61], se-
nescence in the IVD is most probably stress-induced
rather than replicative [10]. Beyond their enlarged
and irregular shape and their inability for prolifera-
tion, senescent cells are characterized by a catabolic
and pro-inflammatory phenotype namely the “se-
nescence-associated secretory phenotype” (SASP)
(consisting of soluble inflammatory mediators, pro-
teolytic enzymes or growth factors and insoluble
ECM components) [13, 62, 63] that may contribute
to the IDD-associated tissue remodelling. We have
shown that senescent human NP cells up-regulated
MMPs and ADAMTSs and down-regulated aggre-
can, biglycan, decorin and versican [55, 64]. MMP-1
has been also shown to be up-regulated in line with
the degree of the deformity in an experimentally
induced scoliotic deformity rat model [65]. This se-
nescence-induced catabolic phenotype of the IVD
cells has been confirmed using several means of se-
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nescence induction, as well as in a progeria mouse
model in vivo [13]. Most importantly, we recently
demonstrated that the IVD cells” senescent pheno-
type is maintained when cells are cultured under
the actual conditions they face in vivo (hyperosmo-
lality, low oxygen and glucose concentration and
serum starvation), which supports their possible
implication in IDD [56].

The implication of senescent cells in age-related
diseases and the improvement of tissue homeosta-
sis by their elimination have been recently experi-
mentally supported by using the p16-3MR trans-
genic mouse model in which the p16™*-positive
senescent cells can be removed by ganciclovir [66].
Reducing the number of senescent cells in aged
mice increased IVD proteoglycan matrix content,
thus improving the histological features of the disc
[67] and indicating that cellular senescence could
be a therapeutic objective for IDD. However, the
above-mentioned approach cannot be applied to
humans. A recently developed alternative is the use
of new class of drugs that can selectively kill senes-
cent cells (senolytics) or reverse the inflammatory
phenotype of senescent cells (senomorphics). Seno-
lytics activate the apoptotic machinery in senescent
cells. Interestingly, the combination of the first se-
nolytics discovered, i.e. the well-known anticancer
drug Dasatinib and the natural flavonoid Querce-
tin led to an increase of proteoglycans in the NP of
prematurely aged transgenic animals [68], while the
MDM2 inhibitor RG-7112 and the natural anti-ox-
idant and anti-inflammatory compound o-Vanillin
express senotherapeutic properties in IVD cells and
an ex vivo model [69, 70]. The above indicate a novel,
non-invasive, approach for preventing or treating
IDD and LBP.

4. Conclusion
Based on the above, it becomes unambiguous that
IVD microenvironment is a parameter that must be

promises and challenges

taken into account in the design of cell-based ther-
apies. The heretofore carried out pre-clinical and
clinical trials using NP cells, chondrocytes or MSCs
had already some encouraging results [14, 17]. Bet-
ter survival in the disc environment and improve-
ment of the clinical success for patients could be
achieved by preconditioning of exogenous cells
prior to implantation (e.g. under hypoxic and acid-
ic conditions and with culture medium enriched
with growth factors), CRISPR-mediated knockout
(e.g. of cytokine receptors to reduce inflammatory
responses or of cell cycle regulators to delay se-
nescence) and knockin (e.g. of ECM components)
or co-administration of senotherapeutics [35, 71].
Thus, more efficacious therapeutic options could
be developed in the future, involving the joint
application of appropriate cell sources, targeted
genetic manipulations, bio-active substances and
bio-compatible scaffolds.

Acknowledgements

This work was partly supported by the project “Tar-
get Identification and Development of Novel Ap-
proaches for Health and Environmental Applica-
tions” (MIS 5002514), which is implemented under
the Action for the Strategic Development on the Re-
search and Technological Sectors, and by the project
“Analysis of anticancer compounds’ accumulation
in intervertebral disc tissues and their effect on cell
senescence”, which is implemented by the Opera-
tional Program “Human Resources Development,
Education and Lifelong Learning” (MIS 5047829);
both projects are funded by the Operational Pro-
gram “Competitiveness, Entrepreneurship and In-
novation” (NSRF 2014-2020) and co-financed by the
European Union (European Social Fund) and Greek
national funds.

Conflict of interest
The authors declare no conflicts of interest.

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



Mavrogonatou E, et al. Cell-based therapies for the regeneration of the intervertebral disc:
promises and challenges

10.

11.

Luoma, K., H. Riihimédki, R. Luukkonen, et al.,
Low back pain in relation to lumbar disc degeneration.
Spine (Phila Pa 1976), 2000. 25(4): p. 487-92.
Urban, J.P. and S. Roberts, Degeneration of the in-
tervertebral disc. Arthritis Res Ther, 2003. 5(3): p.
120-30.

Stranjalis, G., K. Tsamandouraki, D.E. Sakas, et al.,
Low back pain in a representative sample of Greek popu-
lation: analysis according to personal and socioeconom-
ic characteristics. Spine (Phila Pa 1976), 2004. 29(12):
p- 1355-60; discussion 1361.

Vos, T., A.D. Flaxman, M. Naghavi, et al., Years
lived with disability (YLDs) for 1160 sequelae of 289
diseases and injuries 1990-2010: a systematic analysis
for the Global Burden of Disease Study 2010. Lancet,
2012. 380(9859): p. 2163-96.

Manchikanti, L., V. Singh, F.]. Falco, et al., Epidemi-
ology of low back pain in adults. Neuromodulation,
2014. 17 Suppl 2: p. 3-10.

Risbud, M.V., A. Guttapalli, T.T. Tsai, et al., Evi-
dence for skeletal progenitor cells in the degenerate hu-
man intervertebral disc. Spine (Phila Pa 1976), 2007.
32(23): p. 2537-44.

Urban, J.P., The role of the physicochemical environ-
ment in determining disc cell behaviour. Biochem Soc
Trans, 2002. 30(Pt 6): p. 858-64.

Urban, J.P. and J.F. McMullin, Swelling pressure of
the inervertebral disc: influence of proteoglycan and
collagen contents. Biorheology, 1985. 22(2): p. 145-
57.

Nerlich, A.G., E.D. Schleicher, and N. Boos, 1997
Volvo Award winner in basic science studies. Immu-
nohistologic markers for age-related changes of human
lumbar intervertebral discs. Spine (Phila Pa 1976),
1997. 22(24): p. 2781-95.

Kletsas, D., Senescent cells in the intervertebral disc:
numbers and mechanisms. Spine J, 2009. 9(8): p. 677-
8.

Johnson, W.E., S.M. Eisenstein, and S. Roberts, Cell
cluster formation in degenerate lumbar intervertebral
discs is associated with increased disc cell proliferation.
Connect Tissue Res, 2001. 42(3): p. 197-207.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wang, S.Z., Y.F. Rui, ]. Lu, et al., Cell and molecular
biology of intervertebral disc degeneration: current un-
derstanding and implications for potential therapeutic
strategies. Cell Prolif, 2014. 47(5): p. 381-90.
Mavrogonatou, E., H. Pratsinis, A. Papadopoulou,
et al., Extracellular matrix alterations in senescent
cells and their significance in tissue homeostasis. Ma-
trix Biol, 2019. 75-76: p. 27-42.

Smith, L.J., L. Silverman, D. Sakai, et al., Advancing
cell therapies for intervertebral disc regeneration from
the lab to the clinic: Recommendations of the ORS spine
section. JOR Spine, 2018. 1(4): p. e1036.

Colella, F., J.P. Garcia, M. Sorbona, et al., Drug de-
livery in intervertebral disc degeneration and osteoar-
thritis: Selecting the optimal platform for the delivery
of disease-modifying agents. ] Control Release, 2020.
Hanley, E.N., Jr., H.N. Herkowitz, ].S. Kirkpatrick,
etal., Debating the value of spine surgery. ] Bone Joint
Surg Am, 2010. 92(5): p. 1293-304.

Clouet, J., M. Fusellier, A. Camus, et al., Interverte-
bral disc regeneration: From cell therapy to the develop-
ment of novel bioinspired endogenous repair strategies.
Adv Drug Deliv Rev, 2019. 146: p. 306-324.
Masuda, K., Biological repair of the degenerated in-
tervertebral disc by the injection of growth factors. Eur
Spine J, 2008. 17 Suppl 4(Suppl 4): p. 441-51.
Masuda, K., T.R. Oegema, Jr., and H.S. An, Growth
factors and treatment of intervertebral disc degenera-
tion. Spine (Phila Pa 1976), 2004. 29(23): p. 2757-69.
Pratsinis, H. and D. Kletsas, PDGF, bFGF and IGF-I
stimulate the proliferation of intervertebral disc cells in
vitro via the activation of the ERK and Akt signaling
pathways. Eur Spine J, 2007. 16(11): p. 1858-66.
Pratsinis, H. and D. Kletsas, Growth factors in in-
tervertebral disc homeostasis. Connect Tissue Res,
2008. 49(3): p. 273-6.

Pratsinis, H., V. Constantinou, K. Pavlakis, et al.,
Exogenous and autocrine growth factors stimulate hu-
man intervertebral disc cell proliferation via the ERK
and Akt pathways. ] Orthop Res, 2012. 30(6): p. 958-
64.

Feng, C., H. Liu, Y. Yang, et al., Growth and dif-

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



24.

25.

26.

27.

28.

29.

30.

31.

32.

38

Mavrogonatou E, et al. Cell-based therapies for the regeneration of the intervertebral disc:

ferentiation factor-5 contributes to the structural and
functional maintenance of the intervertebral disc. Cell
Physiol Biochem, 2015. 35(1): p. 1-16.

Walsh, A.J., D.S. Bradford, and J.C. Lotz, In vivo
growth factor treatment of degenerated intervertebral
discs. Spine (Phila Pa 1976), 2004. 29(2): p. 156-63.
Akeda, K., HS. An, R. Pichika, et al., Platelet-rich
plasma (PRP) stimulates the extracellular matrix me-
tabolism of porcine nucleus pulposus and anulus fibro-
sus cells cultured in alginate beads. Spine (Phila Pa
1976), 2006. 31(9): p. 959-66.

Gelalis, I.D., G. Christoforou, A. Charchanti, et
al., Autologous platelet-rich plasma (PRP) effect on
intervertebral disc restoration: an experimental rabbit
model. Eur ] Orthop Surg Traumatol, 2019. 29(3): p.
545-551.

Takeoka, Y., T. Yurube, and K. Nishida, Gene Ther-
apy Approach for Intervertebral Disc Degeneration: An
Update. Neurospine, 2020. 17(1): p. 3-14.

Sampara, P., R.R. Banala, S.K. Vemuri, et al., Un-
derstanding the molecular biology of intervertebral disc
degeneration and potential gene therapy strategies for
regeneration: a review. Gene Ther, 2018. 25(2): p. 67-
82.

Somia, N. and .M. Verma, Gene therapy: trials and
tribulations. Nat Rev Genet, 2000. 1(2): p. 91-9.
Tripathy, S.K., H.B. Black, E. Goldwasser, et al.,
Immune responses to transgene-encoded proteins limit
the stability of gene expression after injection of rep-
lication-defective adenovirus vectors. Nat Med, 1996.
2(5): p. 545-50.

Wallach, CJ., J.S. Kim, S. Sobajima, et al., Safety
assessment of intradiscal gene transfer: a pilot study.
Spine J, 2006. 6(2): p. 107-12.

Hwang, P.Y., L. Jing, J. Chen, et al., N-cadherin is
Key to Expression of the Nucleus Pulposus Cell Pheno-
type under Selective Substrate Culture Conditions. Sci
Rep, 2016. 6: p. 28038.

Farhang, N., M. Ginley-Hidinger, K.C. Berrett, et
al., Lentiviral CRISPR Epigenome Editing of Inflam-
matory Receptors as a Gene Therapy Strategy for Disc
Degeneration. Hum Gene Ther, 2019. 30(9): p. 1161-
1175.

34.

B,

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

promises and challenges

Vadala, G., G.A. Sowa, and ].D. Kang, Gene therapy
for disc degeneration. Expert Opin Biol Ther, 2007.
7(2): p. 185-96.

Kregar Velikonja, N., J. Urban, M. Frohlich, et al.,
Cell sources for nucleus pulposus regeneration. Eur
Spine ], 2014. 23 Suppl 3: p. S364-74.

Vadala, G., F. Russo, L. Ambrosio, et al., Stem cells
sources for intervertebral disc regeneration. World ]
Stem Cells, 2016. 8(5): p. 185-201.

Bron, J.L., L.A. Vonk, T.H. Smit, et al., Engineering
alginate for intervertebral disc repair. ] Mech Behav
Biomed Mater, 2011. 4(7): p. 1196-205.

Pereira, D.R., J. Silva-Correia, J.M. Oliveira, et al.,
Hydrogels in acellular and cellular strategies for in-
tervertebral disc regeneration. ] Tissue Eng Regen
Med, 2013. 7(2): p. 85-98.

Pratsinis, H. and D. Kletsas, Organotypic Cultures of
Intervertebral Disc Cells: Responses to Growth Factors
and Signaling Pathways Involved. Biomed Res Int,
2015. 2015: p. 427138.

Blanquer, S.B., D.W. Grijpma, and A.A. Poot, De-
livery systems for the treatment of degenerated in-
tervertebral discs. Adv Drug Deliv Rev, 2015. 84: p.
172-87.

Johnson, Z.1., Z.R. Schoepflin, H. Choi, et al., Disc
in flames: Roles of TNF-a and IL-1f in intervertebral
disc degeneration. Eur Cell Mater, 2015. 30: p. 104-
16; discussion 116-7.

Wuertz, K., N. Vo, D. Kletsas, et al., Inflammato-
ry and catabolic signalling in intervertebral discs: the
roles of NF-kB and MAP kinases. Eur Cell Mater,
2012. 23: p. 103-19; discussion 119-20.

Hoyland, J.A., C. Le Maitre, and A.J. Freemont,
Investigation of the role of IL-1 and TNF in matrix
degradation in the intervertebral disc. Rheumatology
(Oxford), 2008. 47(6): p. 809-14.

Mavrogonatou, E.,, M.T. Angelopoulou, and D.
Kletsas, The catabolic effect of TNFa on bovine nucle-
us pulposus intervertebral disc cells and the restrain-
ing role of glucosamine sulfate in the TNFa-mediated
up-regulation of MMP-3. ] Orthop Res, 2014. 32(12):
p. 1701-7.

Neidlinger-Wilke, C., F. Galbusera, H. Pratsinis, et

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



Mavrogonatou E, et al. Cell-based therapies for the regeneration of the intervertebral disc:
promises and challenges

46.

47.

48.

49.

50.

Bl

52.

58,

54.

al., Mechanical loading of the intervertebral disc: from
the macroscopic to the cellular level. Eur Spine J, 2014.
23 Suppl 3: p. S333-43.

Pratsinis, H., A. Papadopoulou, C. Neidlinger-Wil-
ke, et al., Cyclic tensile stress of human annulus fi-
brosus cells induces MAPK activation: involvement in
proinflammatory gene expression. Osteoarthritis Car-
tilage, 2016. 24(4): p. 679-87.

Mavrogonatou, E., K. Papadimitriou, J.P. Urban,
et al., Deficiency in the al subunit of Na+/K+-ATPase
enhances the anti-proliferative effect of high osmolali-
ty in nucleus pulposus intervertebral disc cells. ] Cell
Physiol, 2015. 230(12): p. 3037-48.

Mavrogonatou, E. and D. Kletsas, High osmolality
activates the G1 and G2 cell cycle checkpoints and af-
fects the DNA integrity of nucleus pulposus interver-
tebral disc cells triggering an enhanced DNA repair
response. DNA Repair (Amst), 2009. 8(8): p. 930-43.
Mavrogonatou, E. and D. Kletsas, Differential re-
sponse of nucleus pulposus intervertebral disc cells
to high salt, sorbitol, and urea. ] Cell Physiol, 2012.
227(3): p. 1179-87.

Mavrogonatou, E. and D. Kletsas, Effect of varying
osmotic conditions on the response of bovine nucleus
pulposus cells to growth factors and the activation
of the ERK and Akt pathways. ] Orthop Res, 2010.
28(10): p. 1276-82.

Mavrogonatou, E. and D. Kletsas, The effect of glu-
cosamine sulfate on the proliferative potential and gly-
cosaminoglycan synthesis of nucleus pulposus interver-
tebral disc cells. Spine (Phila Pa 1976), 2013. 38(4): p.
308-14.

Nerlich, A.G., B.E. Bachmeier, E. Schleicher, et al.,
Immunomorphological analysis of RAGE receptor ex-
pression and NF-kappaB activation in tissue samples
from normal and degenerated intervertebral discs of
various ages. Ann N'Y Acad Sci, 2007. 1096: p. 239-
48.

Sivan, S.S., E. Tsitron, E. Wachtel, et al., Age-relat-
ed accumulation of pentosidine in aggrecan and colla-
gen from normal and degenerate human intervertebral
discs. Biochem J, 2006. 399(1): p. 29-35.

Vo, N., L.J. Niedernhofer, L.A. Nasto, et al., An

b5

56.

57.

58.

59.

60.

61.

62.

63.

64.

overview of underlying causes and animal models for
the study of age-related degenerative disorders of the
spine and synovial joints. ] Orthop Res, 2013. 31(6):
p. 831-7.

Dimozi, A., E. Mavrogonatou, A. Sklirou, et al,,
Oxidative stress inhibits the proliferation, induces pre-
mature senescence and promotes a catabolic phenotype
in human nucleus pulposus intervertebral disc cells.
Eur Cell Mater, 2015. 30: p. 89-102; discussion 103.
Kouroumalis, A., E. Mavrogonatou, O.D. Sav-
vidou, et al., Major traits of the senescent phenotype of
nucleus pulposus intervertebral disc cells persist under
the specific microenvironmental conditions of the tis-
sue. Mech Ageing Dev, 2019. 177: p. 118-127.
Neidlinger-Wilke, C., A. Mietsch, C. Rinkler, et al.,
Interactions of environmental conditions and mechani-
cal loads have influence on matrix turnover by nucleus
pulposus cells. ] Orthop Res, 2012. 30(1): p. 112-21.
Roberts, S., E.H. Evans, D. Kletsas, et al., Senescence
in human intervertebral discs. Eur Spine ], 2006. 15
Suppl 3(Suppl 3): p. S312-6.

Gruber, H.E., J.A. Ingram, H.]. Norton, et al., Senes-
cence in cells of the aging and degenerating interverte-
bral disc: immunolocalization of senescence-associated
beta-galactosidase in human and sand rat discs. Spine
(Phila Pa 1976), 2007. 32(3): p. 321-7.

Le Maitre, C.L., A.]. Freemont, and J.A. Hoyland,
Accelerated cellular senescence in degenerate interver-
tebral discs: a possible role in the pathogenesis of in-
tervertebral disc degeneration. Arthritis Res Ther,
2007. 9(3): p. R45.

Vo, N.V., R.A. Hartman, P.R. Patil, et al., Molecular
mechanisms of biological aging in intervertebral discs. |
Orthop Res, 2016. 34(8): p. 1289-306.
Mavrogonatou, E., H. Pratsinis, and D. Kletsas, The
role of senescence in cancer development. Semin Can-
cer Biol, 2020. 62: p. 182-191.

Acosta, ]J.C., A. Banito, T. Wuestefeld, et al., A
complex secretory program orchestrated by the inflam-
masome controls paracrine senescence. Nat Cell Biol,
2013. 15(8): p. 978-90.

Vamvakas, S.S., E. Mavrogonatou, and D. Kletsas,

Human nucleus pulposus intervertebral disc cells be-

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



Mavrogonatou E, et al. Cell-based therapies for the regeneration of the intervertebral disc:
promises and challenges

VOLUME72 | ISSUE1 | JANUARY - MARCH 2021

coming senescent using different treatments exhibit a
similar transcriptional profile of catabolic and inflam-
matory genes. Eur Spine J, 2017. 26(8): p. 2063-2071.

68.

Cell, 2019. 18(3): p. €12927.
Zhu, Y., T. Tchkonia, T. Pirtskhalava, et al., The

Achilles” heel of senescent cells: from transcriptome to

65. Grivas, T.B., E.S. Vasiliadis, A. Kaspiris, et al., Ex- senolytic drugs. Aging Cell, 2015. 14(4): p. 644-58.
pression of matrix metalloproteinase-1 (MMP-1) in 69. Cherif, H., D.G. Bisson, M. Mannarino, et al., Seno-
Wistar rat’s intervertebral disc after experimentally therapeutic drugs for human intervertebral disc degen-
induced scoliotic deformity. Scoliosis, 2011. 6(1): p. 9. eration and low back pain. Elife, 2020. 9.

66. Baker, D.J., T. Wijshake, T. Tchkonia, et al., Clear- 70. Cherif, H., D.G. Bisson, P. Jarzem, et al., Curcumin
ance of plé6lnk4a-positive senescent cells delays age- and o-Vanillin Exhibit Evidence of Senolytic Activity
ing-associated disorders. Nature, 2011. 479(7372): p. in Human IVD Cells In Vitro. ] Clin Med, 2019. 8(4).
232-6. 71. Krupkova, O., E. Cambria, L. Besse, et al., The po-

67.

READY - MADE
CITATION

Patil, P., Q. Dong, D. Wang, et al., Systemic clear-
ance of p16(INK4a) -positive senescent cells mitigates

age-associated intervertebral disc degeneration. Aging

tential of CRISPR/Cas9 genome editing for the study
and treatment of intervertebral disc pathologies. JOR
Spine, 2018. 1(1): p. e1003.

Mavrogonatou E, Kouroumalis A, Papadopoulou A, Pratsinis H, Kletsas D. Cell-
based therapies for the regeneration of the intervertebral disc: promises and
challenges. Acta Orthop Trauma Hell 2021; 72(1): 21-29.

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA

29



