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Intervertebral disc (IVD) degeneration is frequently associated with Low back pain (LBP), which can
severely reduce the quality of human life and cause enormous economic loss. However, there is a lack of
long-lasting and effective therapies for IVD degeneration at present. Recently, stem cell based tissue
engineering techniques have provided novel and promising treatment for the repair of degenerative
IVDs. Numerous studies showed that stem/progenitor cells exist naturally in IVDs and could migrate from
their niche to the IVD to maintain the quantity of nucleus pulposus (NP) cells. Unfortunately, these
endogenous repair processes cannot prevent IVD degeneration as effectively as expected. Therefore,
theoretical basis for regeneration of the NP in situ can be obtained from studying the mechanisms of
endogenous repair failure during IVD degeneration. Although there have been few researches to study
the mechanism of cell death and migration of stem/progenitor cells in IVD so far, studies demonstrated
that the major inducing factors (compression and hypoxia) of IVD degeneration could decrease the
number of NP cells by regulating apoptosis, autophagy, and necroptosis, and the particular chemokines
and their receptors played a vital role in the migration of mesenchymal stem cells (MSCs). These studies
provide a clue for revealing the mechanisms of endogenous repair failure during IVD degeneration. This
article reviewed the current research situation and progress of the mechanisms through which IVD stem/
progenitor cells failed to repair IVD tissues during IVD degeneration. Such studies provide an innovative
research direction for endogenous repair and a new potential treatment strategy for IVD degeneration.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Low back pain (LBP) is one of the most common diseases in the
musculoskeletal system' >, About 70% of adults will suffer low back
or neck pain at least once during their lifetime, and the majority of
patients will lose their labor capacity*”. Therefore, such disorders
cause significant economic losses worldwide each year® 8. LBP
imposes a great threat on the quality of human life and requires
significant medical resources” ',
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Intervertebral disc (IVD) degeneration is one of the major causes
of LBP'?!3, An important composition to maintain the IVD biome-
chanical performance is the nucleus pulposus (NP), which un-
dergoes cellular and extracellular matrix (ECM) changes during IVD
degeneration at the early pathological stage®. Because of the poor
self-repair ability of NP, it is difficult to reverse the IVD degenera-
tion’. At present, it is a challenge to repair or regenerate the
structure and functions of IVD via conservative or surgical treat-
ments, as there are still many complications and problems in terms
of long-term curative effects'4'>,

As one of the core elements of biological treatments, stem cells
play a significant role in the repair of IVD degeneration>'°. The
theory of the stem cell based biological treatment is to recruit
endogenous IVD stem/progenitor cells and/or supplement exoge-
nous mesenchymal stem cells (MSCs) to the IVD tissues, and then
induce the differentiation of stem cells into IVD cells and/or protect
the IVD cells, so as to increase the quantity and quality of IVD cells
for the repair and regeneration of the degenerative IVD'’. However,
endogenous IVD stem/progenitor cell based endogenous repair
processes fail to prevent IVD degeneration, which has been
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indicated as a major cause of IVD degeneration®'*'. The latest
research suggests that IVD stem/progenitor cells play a crucial role
in endogenous IVD repair, and how to maintain a sufficient number
of stem cells with vitality under adverse microenvironments in the
IVD, such as compression and hypoxia, is an important issue
needing to solve'*2°,

Potential of IVD stem/progenitor cells for IVD degeneration
repair

Previous studies have isolated, cultured, and identified IVD
progenitor cells in the NP, annulus fibrosus (AF) and cartilage
endplate (CEP), and stem cells in stem cell niche areas (perichon-
drium areas outside of the epiphyseal plate)?' >, which express a
series of MSC markers including OCT3/4, CD90, and stromal cells
antigen-1. They are highly homologous, and their migration route
from the stem cell niche to the IVD has been reported by several
studies?”%37 [Fig. 1(A)]. In general regeneration processes, stem
cells from stem cell niche areas migrate towards AF and NP to
regenerate IVD tissues [Fig. 1(A)]. We found that there were also
some progenitor cells in the AF around the CEP (Supplementary
Fig. 1), and it suggested that stem cells from stem cell niche areas
presumably could migrate towards the AF through CEP (Fig. 1).
While in the degenerative IVDs, the migration ability and the
number of IVD stem/progenitor cells were negatively affected by
the severe adverse IVD microenvironments (Fig. 1(B) and supple-
mentary reference). Therefore, according to the findings described
above, these stem/progenitor cells from different parts of IVD could
be regarded as the same cells (IVD stem/progenitor cells) under
different microenvironments or at different differentiation stages
during migration towards the IVD?438,

Stem cells used in biological therapies for IVD degeneration can
be divided into two categories: exogenous MSCs and IVD stem/
progenitor cells (endogenous stem/progenitor cells)*°, and the
theory according to which the stem cells repair IVD degeneration
has been clarified above. And many research groups have achieved
encouraging progress in IVD degeneration treatment by tissue
engineering techniques based on exogenous MSCs*’~#?. However,
there is a great challenge for the two methods to maintain the
number and viability of stem/progenitor cells in IVDs under adverse

A

IVD microenvironment, including mechanical loading, hypoxia,
acidity, hypertonicity and nutrient deficiency'**>.

Encouragingly, it has been demonstrated that the quantity and
quality of stem/progenitor cells in IVDs is maintained by promoting
the migration of endogenous stem/progenitor cells into IVDs>’.
Migration of stem cells into damaged tissue is a dynamic process
regulated by a series of complicated mechanisms, including cyto-
kines and their receptors, interactions between cells, intracellular
signal transduction, and even interactions between intracellular
structures such as mitochondria and the cytoskeleton**. NP cells
can secrete factors that induce MSC chemotaxis, such as hypoxia-
inducible factor-1a. (HIF-1a), vascular endothelial growth factor,
stromal cell derived factor-1 (SDF-1), and chemokine C—C motif
ligand (CCL) 5*°~*". In return, stem cells respond to chemokines and
migrate towards the damaged tissue. In 2014, Pattappa et al.*’ re-
ported that chemoattractants could be released and active exoge-
nous MSCs migration towards induced degenerative IVDs, which
suggests that endogenous IVD stem/progenitor cells could be
recruited by chemoattractants and exhibit therapeutic potential for
IVD degeneration. However, stem cells in stem cell niche areas and
the recruited IVD stem/progenitor cells still have to suffer from the
adverse IVD microenvironments (such as compression and hyp-
oxia) and may undergo excessive cell death.

Therefore, further studies are needed to determine how adverse
microenvironments affect the cell death and the chemo—attractive
activity of IVD stem/progenitor cells, and reveal how stem/pro-
genitor cells interact with other IVD cells and cope with the adverse
microenvironments. And these further researches may elucidate a
novel strategy and stimulate the potential of IVD stem/progenitor
cells to repair degenerative IVDs.

Autophagy, apoptosis, and necroptosis of stem cells under
adverse microenvironments

Under adverse microenvironments (such as compression and
hypoxia), IVD stem/progenitor cells undergo excessive cell death,
which is the major reason for the difficulty to maintain the number
and viability of stem/progenitor cells in IVDs**>% Our research
group has systematically reported the effect of compression at the
magnitude of 1 MPa on autophagy, apoptosis, and necroptosis of NP

B

Fig. 1. Diagram of the stem cell niche and migration route of the stem/progenitor cells in an IVD?>”*5%’, (A) Diagram of the non-degenerative IVD. (B) Diagram of the degenerative
IVD. (NP: nucleus pulposus; AF: annulus fibrosus; CEP: cartilage endplate; EP: epiphyseal plate; SCN: stem cell niche. The red dots indicated the stem cells in the SCN, the blue dots
indicate the progenitor cells outside of the SCN, and the arrows indicate the potential migration routes of stem/progenitor cells).
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cells in IVDs>' %, Although a large number of studies have reported
that NP-derived progenitor cells exhibit higher tolerance to acidic
and hypertonic microenvironments than exogenous MSCs 4485 few
studies have investigated the survival, death, and response mecha-
nism of IVD stem/progenitor cells under compression and hypoxia.

Autophagy is an evolutionarily conserved and lysosome-
dependent catabolic pathway essential for the homeostasis of
stem cells®® %, Our previous study showed that compression-
induced NP cell damage could be suppressed by activating auto-
phagy through removing the damaged mitochondria and reducing
cell reactive oxygen species (ROS) production, whereas excessive
compression (1 MPa lasted for more than 36 h) induced apoptosis
and autophagic death through caspase-dependent mitochondrial
pathways®">>. Furthermore, hypoxia (1% 0,) could balance be-
tween cell survival and death by activating autophagy through the
SCF/c-kit pathway to improve the self-renewal of MSCs>°. Regret-
tably, there have been no studies to reveal the protective effect and
regulatory mechanism of autophagy in IVD stem/progenitor cells
under compression or hypoxia.

Apoptosis is gene-controlled programmed death that sustains
homeostasis®*®!. Both compression (1 MPa) and hypoxia (2% 0,)
stimuli could induce apoptosis of NP-derived progenitor cells**%2,
For example, it was reported that hypoxia (22—24 mm Hg) could
induce apoptosis of MSCs through the mitochondrial pathway®.
Our previous study also showed that compression at the magnitude
of 1 MPa could induce apoptosis of NP cells through caspase-
dependent mitochondrial pathways, which correlated with the
compression-induced autophagy®”>. These results indicate that a
correlation between autophagy and apoptosis may exist in IVD
stem/progenitor cells, but the mechanism is unclear (Fig. 2).

Necroptosis is a form of programmed cell death, which exhibits
a necrosis-like morphology®* . The effect of necroptosis on IVD
stem/progenitor cells under adverse microenvironments has not
been studied. N-acetylcysteine and ascorbate-2-monophosphate
could protect mitochondria to improve the survival rate of trans-
planted MSCs by decreasing necroptosis®’. We found that nec-
roptosis was also involved in compression-induced NP cell death by
examining compression-induced cell death (at the magnitude of
1 MPa)>*%8, Whether necroptosis plays the analogous role in IVD
stem/progenitor cells needs further investigation.

The survival rate of MSCs can be increased by regulating auto-
phagy and apoptosis®®®?. Our previous studies showed that auto-
phagy, apoptosis, and necroptosis were all involved in compression-
induced NP cell death, and there was a crosstalk among them®>>%,
The inhibitor of necroptosis necrostatin-1 remarkably down-
regulated compression-induced NP cell autophagy, while the in-
hibitor of autophagy 3-methyladenine had no significant effect on
the level of necroptosis. There was a waxing and waning phenom-
enon between autophagy and apoptosis (Fig. 2). These data
demonstrate that a single intervention in one of the mechanisms
cannot long-lastingly or effectively increase the survival rate of IVD
stem/progenitor cells under adverse microenvironments. Hence, it
is necessary to comprehensively research the three mechanisms
involved in cell death in IVD stem/progenitor cells, so as to seek
proper regulatory targets to decrease the number of IVD stem/
progenitor cell death under adverse microenvironments.

Recently, increasing evidences have demonstrated that the
number of IVD stem/progenitor cells declines significantly with age
and the degree of degeneration'>’%7!, And it was reported that NP-
derived progenitor cells harvested from old rats displayed senescent
features and presented decreased proliferation ability, compared to
the progenitor cells harvested from young rats>>. These results
suggested that the number and viability of IVD stem/progenitor
cells could be affected by age, and the cellular senescence might be
one of the reasons for the endogenous repair failure and could be
used as a novel therapeutic target for IVD degeneration.

Correlation of stem cell migration with IVD
microenvironments

Decreased migration of IVD stem/progenitor cells into [IVDs may
be another important reason for the declining number of IVD stem/
progenitor cells under adverse microenvironments. However,
migration ability of stem cells can be affected by different condi-
tions and even by the same conditions on different scale under
altered microenvironments.

For example, hypoxia (2.2% O;) could promote proliferation as
well as migration of MSCs through the HIF-10/FASN/mTORC1
pathway’?. In contrast, the migration ability of MSCs dramatically
decreased in a severe hypoxic microenvironment (1% O3) via the
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Fig. 2. The possible signaling pathways of IVD stem/progenitor cells death under compression and hypoxia. Under adverse microenvironments (such as compression and hypoxia),
NP cells and other IVD cells underwent cell death (apoptosis, autophagy or necroptosis), and several signaling pathways involved in it, including caspase-dependent apoptosis
pathway”’, JNK pathway'?’, BNIP3/NIX pathway'%°, PI3K/AKT pathway''®, RIPK1/RIPK3/MLKL pathway* and cross-talks among them®>>>, Therefore, it can be speculated that the
same adverse microenvironments may induce IVD stem/progenitor cells apoptosis, autophagy or necroptosis through these signaling pathways. And further studies are needed to
verify the hypotheses, which contribute to better understanding of endogenous repair failure during IVD degeneration.
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regulation of GTPase RhoA activity’>. In IVDs, oxygen concentra-
tions fall towards the disc center due to the avascular structure and
the distribution of oxygen are very variable in the center of nu-
cleus’®. Therefore, IVD stem/progenitor cells in different anatomic
regions are exposed to different levels of oxygen concentration, and
their migration abilities may be affected by hypoxia in varying
degrees. However, there has been no study to clarify the correlation
between hypoxia and migration in IVD stem/progenitors.

The BrdU labeling technique has been adopted to study the ef-
fect of continuous pressure on stem cell migration in a controllable
axial loading-induced rabbit lumbar disc degeneration model
(Supplementary reference). It revealed that the number of stem
cells migrating to the IVD increased dramatically in the mild
pressure group (19.6 N), but decreased distinctively in the severe
pressure group (78.4 N). These studies indicate that stem cells may
migrate to the IVD to repair the IVD under mild adverse microen-
vironments, such as mild hypoxia and compression microenvi-
ronments. And the endogenous repair behaviors can be interrupted
or even fail when stem cells are exposed to severe hypoxia and
excessive compression>’. Hence, studying the recruitment mecha-
nisms of stem cells in degenerative IVDs and the interference
mechanisms of stem cell migration under adverse microenviron-
ments may contribute to better understanding of endogenous
repair failure during IVD degeneration.

Increased cell death and decreased migration into IVDs are the
two main mechanisms of declining number of IVD stem/progenitor
cells under adverse microenvironments, and there may be a posi-
tive correlation between them. The intimate connection between
migration and autophagy in stem cells has been wildly confirmed in
other tissues’>’%. For example, an autophagy activator facilitates
the migration of dental pulp stem cells, while an inhibitor signifi-
cantly suppresses SDF-1a-induced migration’’. Moreover, non-
coding RNAs have been reported to participate in both migration
and cell death in other tissues and have been recognized as
important regulators of IVD degeneration in recent years’®/8780,
Then it can be speculated that miRNAs may play a crucial role in the
regulatory mechanisms of the correlation between cell death and
migration of IVD stem/progenitor cells. Therefore, studies to clarify
the correlation between cell death and migration of IVD stem/
progenitor cells, as well as the corresponding signaling pathways
and miRNAs involved should be performed, which may provide
new therapeutic targets for IVD degeneration.

Interactions between exogenous MSCs and NP cells

IVD stem/progenitor cells, which migrate into IVDs, should not
only adapt to the IVD microenvironment, but also communicate
with NP cells inside the IVD. But, there are few studies related to the
interactions between IVD stem/progenitor cells and NP cells. Pre-
vious study showed that NP cells induced MSC differentiation into
NP-like cells in a co-culture system®’. And some studies indicated
that adipose-derived MSCs could communicate with NP cells under
mechanical loading in vitro, and NP cells promoted adipose-derived
MSCs to differentiate into NP-like cells and synthesize more
collagen, proteoglycans, cytokines and enzymes®>®3, And it was
demonstrated that MSCs influenced NP cells via paracrine manner,
cell contact, and cell fusion, promoting NP cells to secrete cytokines
that induced the differentiation of stem cells to NP-like cells, and
these cytokines could also facilitate NP-like cells to repair IVD
degeneration®®°. It was also reported that NP cells could secrete
exosomes to induce bone marrow-derived MSCs differentiation to
NP-like cells and promote bone marrow-derived MSCs migration®®.

Currently, how to guide stem cells in their original location, the
stem cell niche, to migrate into the IVD and differentiate to NP-like
cells has been a research hotspot. There are many factors related to

chemotaxis, including tumor necrosis factor-o. (TNF-a.), interleukin
(IL)-1B, SDF-1, monocyte chemotactic protein-1 (MCP-1), insulin-
like growth factor (IGF)-1, transforming growth factor (TGF)-8,
platelet derived growth factor (PDGF), fibroblast growth factor-2
and macrophage-derived protein®’. TNF-o can enhance the effects
of PDGF, TGF-, IGF-1, SDF-1, MCP-1 and CCL5/RANTES on MSCs,
and induce stem cell migration into damaged tissues®® °, And
chemokine receptors on the cell surface can be classified into two
categories: CXC and CC receptors. These chemokine receptors
interact with various chemokines, such as the interactions between
CXCR4 and SDF-1, and CCR1/3/4/5 and CCL5, to induce stem cell
migration®“®, It is still unclear which kinds of chemokine receptors
are expressed on the surface of IVD stem/progenitor cells. An
in vitro study showed that IVD cells might express chemokines that
induced MSC migration into IVD tissues®'. Another study showed
that NP cells expressed more CCL5 during degenerative changes of
IVDs%?. Therefore, CCL5 may play an important role in the early
stage of IVD degeneration, and increased secretion of CCL5 from NP
cells in IVDs may attract more stem/progenitor cells*’. However, the
approach to regulate the secretion function of NP cells to increase
the number of stem/progenitor cells needs further study.

It was generally accepted that MSCs repaired the damaged tis-
sues mainly by differentiating into specific IVD cell types and
replacing the lost IVD cells. But some studies demonstrated that
stem cells secreted cytokines and growth factors that could influ-
ence NP cells, such as TGF-B and IGF-1 to inhibit NP cell senes-
cence”, IGF-1 and bone morphogenetic protein (BMP)-7 to prevent
NP cell apoptosis®®, and TGF-p and BMP-7 to reduce decomposition
of the cell matrix and inhibit inflammation in IVDs®>%4, And it was
reported that adipose-derived MSCs inhibited the apoptosis of NP
cells by down-regulating the expression of caspase-3 and -9 in NP
cells, and promoted NP cells to produce more ECM and suppressed
the expression of matrix metalloproteinases, a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTSs) as well
as pro-inflammatory factors, which could induce NP cells to express
tissue inhibitors of metalloproteinases (TIMPs), cytokeratin 8, and
other cytokines*>819> These studies showed a brand new mecha-
nism of cellular interaction between MSCs and IVD cells, and
suggested that MSCs might repair the degenerative tissue by pro-
tecting damaged IVD cells. Whether IVD stem/progenitor cells play
a similar role in degenerative IVD requires further studies in the
future. Based on these studies, we put forward two hypotheses: (1)
The interaction between IVD stem/progenitor cells and NP cells has
an important regulatory function in IVD stem/progenitor cell
migration and differentiation. (2) The interaction between IVD
stem/progenitor cells and NP cells can be regulated. Regulating the
secretion of CCL5 and other chemotactic factors may increase the
number of stem/progenitor cells migrating into the IVD. Regulating
the secretion of TGF-B and other factors may induce IVD stem/
progenitor cells to differentiate to NP-like cells.

Constructing a tissue engineering matrix material with a
suitable structure and biological activity for NP cells and IVD
stem/progenitor cells

To maintain the number of stem/progenitor cells in the IVD and
improve the efficiency of IVD stem/progenitor cells in IVD degen-
eration treatment, creating the microenvironment that is condu-
cive to the stem/progenitor cells growth is needed. Therefore,
constructing a tissue engineering matrix material with a suitable
structure and biological activity, and providing an appropriate
stromal environment for IVD stem/progenitor cells are two
important methods of effective treatments for IVD degener-
ation?®71%, polypeptide self-assembled nanofiber gels are one of
the latest materials in tissue engineering*>°>'°!, They have been
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used for three-dimensional culture of cells, repair of defective tis-
sue, and drug/cytokine release. Studies have shown that functional
materials possessing similar structure/properties to the target tis-
sues, such as mechanical strength and the ultrastructure, are more
beneficial for the biological functions of cells**'°?, In addition to the
advantages of traditional materials (such as modeling of natural
ECM nanomaterials, high-density functional epitopes, biodegrad-
ability, non-toxicity and immunogenicity), peptide hydrogels have
the same mechanical strength as NP tissue'?. Therefore, self-
assembled nanofiber hydrogels with polypeptides may be the
most promising scaffold material for NP tissue engineering. Recent
studies have shown that the peptide self-assembly hydrogel in-
tensity and its molecular skeleton sequence are closely related®”.
Whether the skeleton sequence of self-assembled peptide mole-
cules can be changed to increase the strength of self-assembled
hydrogels or not and the construction of polypeptide biomimetic
materials that are more suitable for NP tissue engineering are the
focuses of future research.

Although stem cells themselves can migrate into the IVD, their
migration efficiency and rate are relatively low, and they have to
suffer the adverse IVD microenvironments. The bottleneck of
endogenous repair for IVD degeneration is that it is difficult to
provide continued sufficient numbers of IVD stem/progenitor cells
with high activity. Studies have shown that cytokines can regulate
stem cell migration'*>!%% SDF-1a is a growth factor secreted by
stromal cells with excellent biological functions'®~'%7. SDF-1a can
not only induce stem cell migration, but also can interact with
proteoglycans to positively regulate SDF-1o. functions'®. Therefore,
more IVD stem/progenitor cells can be recruited into the IVDs to
repair early disc degeneration by transplanting hydrogel material
loaded with chemokines or other active molecules, which may help
them adapt to the IVD environment better and maintain a healthy
condition and high activity. Hydrogel-loaded with chemokines and
other signaling molecules may be the future trend of tissue
engineering.

Conclusion

In summary, IVD degeneration is a complex process and
endogenous stem/progenitor cell based treatment for IVD degen-
eration is a promising approach. Further studies are needed to
clarify the mechanisms of endogenous repair failure by studying
the correlations among IVD stem/progenitor cell death, migration
and IVD microenvironments, and the interactions between IVD
stem/progenitors and NP cells. Then, biomimetic peptide bio-
materials loaded with signaling molecules related to the mecha-
nisms can be designed to improve the migration and survival of IVD
stem/progenitor cells, promote the regeneration of NP tissue in situ,
and repair the degenerative IVDs. It can be expected that these
studies will provide a theoretical basis for early treatment of IVD
degeneration and create new treatment strategies.

Authors' contributions

Zengwu Shao and Liming Xiong contributed to the conception and
design of this review article. Kaige Ma and Sheng Chen performed
searches, analyses, and interpretations. Zhiliang Li and Xiangyu
Deng drafted the paper, Donghua Huang substantially revised the
paper. Zengwu Shao and Liming Xiong gave final approval of the
version to be submitted.

Conflicts of interest
None.

Acknowledgments

This study was supported by grants 2016YFC1100100 from The
National Key Research and Development Program of China, grants
91649204 from Major Research Plan of National Natural Science
Foundation of China, grants 81501924 from National Natural Sci-
ence Foundation of China and grants 81572204 from National
Natural Science Foundation of China.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.joca.2018.08.021.

References

1. Tong W, Lu Z, Qin L, Mauck RL, Smith HE, Smith L], et al. Cell
therapy for the degenerating intervertebral disc. Transl Res
2017;181:49-58.

2. Paige NM, Miake-Lye IM, Booth MS, Beroes JM, Mardian AS,
Dougherty P, et al. Association of spinal manipulative therapy
with clinical benefit and harm for acute low back pain. ] Am
Med Assoc 2017;317:1451—-60.

3. Henry N, Clouet J, Fragale A, Griveau L, Chedeville C, Veziers J,
et al. Pullulan microbeads/Si-HPMC hydrogel injectable sys-
tem for the sustained delivery of GDF-5 and TGF-betal: new
insight into intervertebral disc regenerative medicine. Drug
Deliv 2017;24:999—-1010.

4, Blanquer SBG, Grijpma DW, Poot AA. Delivery systems for the
treatment of degenerated intervertebral discs. Adv Drug
Deliv Rev 2015;84:172—-87.

5. Sakai D, Andersson GB. Stem cell therapy for intervertebral
disc regeneration: obstacles and solutions. Nat Rev Rheu-
matol 2015;11:243—-56.

6. Hoffman AM, Dow SW. Concise review: stem cell trials using
companion animal disease models. Stem Cell 2016;34:
1709-29.

7. Juch JNS, Maas ET, Ostelo RW]JG, Groeneweg ]G, Kallewaard J,
Koes BW, et al. Effect of radiofrequency denervation on pain
intensity among patients with chronic low back pain. ] Am
Med Assoc 2017;318:68—81.

8. Somerville S. Guideline: in low back pain, nonpharmacologic
treatments are recommended. Ann Intern Med 2017;166:C62.

9. Evans CH, Huard J. Gene therapy approaches to regenerating
the musculoskeletal system. Nat Rev Rheumatol 2015;11:
234—42.

10. Deyo RA. The role of spinal manipulation in the treatment of
low back pain. ] Am Med Assoc 2017;317:1418-9.

11. Karran EL, McAuley JH, Traeger AC, Hillier SL, Grabherr L,
Russek LN, et al. Can screening instruments accurately
determine poor outcome risk in adults with recent onset low
back pain? A systematic review and meta-analysis. BMC Med
2017;15:1-15.

12. Fernandez-Moure ], Moore CA, Kim K, Karim A, Smith K,
Barbosa Z, et al. Novel therapeutic strategies for degenerative
disc disease: review of cell biology and intervertebral disc cell
therapy. SAGE Open Medicine 2018;6:1936900281.

13. Fontana G, See E, Pandit A. Current trends in biologics de-
livery to restore intervertebral disc anabolism. Adv Drug
Deliv Rev 2015;84:146—58.

14. Wang F, Shi R, Cai F, Wang Y, Wu X. Stem cell approaches to
intervertebral disc regeneration: obstacles from the disc
microenvironment. Stem Cell Dev 2015;24:2479—-95.


https://doi.org/10.1016/j.joca.2018.08.021
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref1
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref1
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref1
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref1
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref2
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref2
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref2
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref2
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref2
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref3
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref3
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref3
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref3
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref3
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref3
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref4
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref4
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref4
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref4
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref5
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref5
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref5
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref5
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref6
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref6
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref6
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref6
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref7
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref7
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref7
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref7
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref7
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref8
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref8
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref9
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref9
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref9
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref9
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref10
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref10
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref10
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref11
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref11
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref11
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref11
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref11
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref11
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref12
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref12
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref12
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref12
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref13
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref13
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref13
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref13
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref14
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref14
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref14
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref14

46

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

K. Ma et al. / Osteoarthritis and Cartilage 27 (2019) 41—48

. Yim RL, Lee JT, Bow CH, Meij B, Leung V, Cheung KMC, et al.
A systematic review of the safety and efficacy of mesen-
chymal stem cells for disc degeneration: insights and future
directions for regenerative therapeutics. Stem Cell Dev
2014;23:2553—-67.

Skovrlj B, Qureshi S, Singh K. Mesenchymal stem cells for
intervertebral disc repair and regeneration. Semin Spine Surg
2015;27:76-81.

Clouet ], Fusellier M, Camus A, Le Visage C, Guicheux ]J.
Intervertebral disc regeneration: from cell therapy to the
development of novel bioinspired endogenous repair strate-
gies. Adv Drug Deliv Rev 2018;132. Epub ahead of print.
Silva-Correia J, Correia SI, Oliveira JM, Reis RL. Tissue engi-
neering strategies applied in the regeneration of the human
intervertebral disk. Biotechnol Adv 2013;31:1514—31.
Huang YC, Leung VY, Lu WW, Luk KD. The effects of micro-
environment in mesenchymal stem cell-based regeneration
of intervertebral disc. Spine ] 2013;13:352—62.

Brown S, Matta A, Erwin M, Roberts S, Gruber HE, Hanley EN,
et al. Cell clusters are indicative of stem cell activity in the
degenerate intervertebral disc: can their properties Be
manipulated to improve intrinsic repair of the disc? Stem Cell
Dev 2018;27:147—65.

Wang H, Zhou Y, Chu T, Li C, Wang ], Zhang Z, et al. Dis-
tinguishing characteristics of stem cells derived from
different anatomical regions of human degenerated inter-
vertebral discs. Eur Spine ] 2016;25:2691—704.

Liu S, Liang H, Lee SM, Li Z, Zhang ], Fei Q. Isolation and
identification of stem cells from degenerated human inter-
vertebral discs and their migration characteristics. Acta Bio-
chim Biophys Sin 2016;49:101-9.

Shen Q, Zhang L, Chai B, Ma X. Isolation and characterization
of mesenchymal stem-like cells from human nucleus pulpo-
sus tissue. Sci China Life Sci 2015;58:509—11.

Shi R, Wang F, Hong X, Wang Y, Bao ], Cai F, et al. The pres-
ence of stem cells in potential stem cell niches of the inter-
vertebral disc region: an in vitro study on rats. Eur Spine ]
2015;24:2411-24.

Liu C, Guo Q, Li J, Wang S, Wang Y, Li B, et al. Identification of
rabbit annulus fibrosus-derived stem cells. PLoS One 2014;9:
e108239.

Huang B, Liu L, Li C, Zhuang Y, Luo G, Hu S, et al. Study to
determine the presence of progenitor cells in the degen-
erated human cartilage endplates. Eur Spine ] 2012;21:
613—-22.

Henriksson H, Thornemo M, Karlsson C, Hagg O, Junevik K,
Lindahl A, et al. Identification of cell proliferation zones,
progenitor cells and a potential stem cell niche in the inter-
vertebral disc region: a study in four species. Spine (Phila Pa
1976) 2009;34:2278—-87.

Liu LT, Huang B, Li CQ, Zhuang Y, Wang ], Zhou Y. Charac-
teristics of stem cells derived from the degenerated human
intervertebral disc cartilage endplate. PLoS One 2011;6:
e26285.

Blanco JF, Graciani IF, Sanchez-Guijo FM, Muntion S, Her-
nandez-Campo P, Santamaria C, et al. Isolation and charac-
terization of mesenchymal stromal cells from human
degenerated nucleus pulposus: comparison with bone
marrow mesenchymal stromal cells from the same subjects.
Spine (Phila Pa 1976) 2010;35:2259—65.

Feng G, Yang X, Shang H, Marks IW, Shen FH, Katz A, et al.
Multipotential differentiation of human anulus fibrosus cells.
] Bone Joint Surg 2010;92:675—85.

Pereira CL, Gongalves RM, Peroglio M, Pattappa G, D'Este M,
Eglin D, et al. The effect of hyaluronan-based delivery of

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

stromal cell-derived factor-1 on the recruitment of MSCs in
degenerating intervertebral discs. Biomaterials 2014;35:
8144-53.

Zhu C, Li ], Liu C, Zhou P, Yang H, Li B. Modulation of the gene
expression of annulus fibrosus-derived stem cells using pol-
y(ether carbonate urethane)urea scaffolds of tunable elas-
ticity. Acta Biomater 2016;29:228—38.

Zhao Y, Jia Z, Huang S, Wu Y, Liu L, Lin L, et al. Age-related
changes in nucleus pulposus mesenchymal stem cells: an
in vitro study in rats. Stem Cell Int 2017;2017:1—13.

Sang C, Cao X, Chen F, Yang X, Zhang Y. Differential charac-
terization of two kinds of stem cells isolated from rabbit
nucleus pulposus and annulus fibrosus. Stem Cells Int 2016
2016:1—14.

Navaro Y, Bleich-Kimelman N, Hazanov L, Mironi-Harpaz I,
Shachaf Y, Garty S, et al. Matrix stiffness determines the fate
of nucleus pulposus-derived stem cells. Biomaterials
2015;49:68—76.

Barreto HH, Lindahl A, Skioldebrand E, Junevik K, Tangemo C,
Mattsson J, et al. Similar cellular migration patterns from
niches in intervertebral disc and in knee-joint regions
detected by in situ labeling: an experimental study in the
New Zealand white rabbit. Stem Cell Res Ther 2013;4:104.
Henriksson HB, Svala E, Skioldebrand E, Lindahl A, Brisby H.
Support of concept that migrating progenitor cells from stem
cell niches contribute to normal regeneration of the adult
mammal intervertebral disc. Spine 2012;37:722—-32.

Sasaki N, Henriksson HB, Runesson E, Larsson K, Sekiguchi M,
Kikuchi S, et al. Physical exercise affects cell proliferation in
lumbar intervertebral disc regions in rats. Spine (Phila Pa
1976) 2012;37:1440-7.

Priyadarshani P, Li Y, Yao L. Advances in biological therapy for
nucleus pulposus regeneration. Osteoarthritis Cartilage
2016;24:206—12.

Sun Z, Luo B, Liu Z, Samartzis D, Liu Z, Gao B, et al. Adipose-
derived stromal cells protect intervertebral disc cells in
compression: implications for stem cell regenerative disc
therapy. Int J Biosci 2015;11:133—43.

Chen S, Zhao L, Deng X, Shi D, Wu F, Liang H, et al. Mesen-
chymal stem cells protect nucleus pulposus cells from
compression-induced apoptosis by inhibiting the mitochon-
drial pathway. Stem Cell Int 2017;2017:1—10.

Wang B, Sun C, Shao Z, Yang S, Che B, Wu Q, et al. Designer
self-assembling peptide nanofiber scaffolds containing link
protein N-terminal peptide induce chondrogenesis of rabbit
bone marrow stem cells. BioMed Res Int 2014;2014:1—10.
Djouad F, Delorme B, Maurice M, Bony C, Apparailly F, Louis-
Plence P, et al. Microenvironmental changes during differ-
entiation of mesenchymal stem cells towards chondrocytes.
Arthritis Res Ther 2007;9:R33.

Caino MC, Chae YC, Vaira V, Ferrero S, Nosotti M, Martin NM,
et al. Metabolic stress regulates cytoskeletal dynamics and
metastasis of cancer cells. ] Clin Invest 2013;123:2907—20.
Kang SK, Shin IS, Ko MS, Jo JY, Ra JC. Journey of mesenchymal
stem cells for homing: strategies to enhance efficacy and
safety of stem cell therapy. Stem Cells Int 2012 2012:1—-11.
Zhao Y, Zhang H. Update on the mechanisms of homing of
adipose tissue-derived stem cells. Cytotherapy 2016;18:
816—-27.

Pattappa G, Peroglio M, Sakai D, Mochida ], Benneker LM,
Alini M, et al. CCL5/RANTES is a key chemoattractant released
by degenerative intervertebral discs in organ culture. Eur Cell
Mater 2014;27:124—36.

Han B, Wang H, Li H, Tao Y, Liang C, Li F, et al. Nucleus pul-
posus mesenchymal stem cells in acidic conditions


http://refhub.elsevier.com/S1063-4584(18)31462-6/sref15
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref15
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref15
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref15
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref15
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref15
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref16
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref16
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref16
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref16
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref17
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref17
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref17
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref17
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref18
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref18
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref18
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref18
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref19
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref19
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref19
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref19
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref20
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref20
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref20
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref20
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref20
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref20
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref21
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref21
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref21
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref21
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref21
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref22
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref22
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref22
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref22
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref22
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref23
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref23
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref23
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref23
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref24
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref24
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref24
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref24
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref24
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref25
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref25
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref25
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref26
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref26
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref26
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref26
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref26
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref27
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref27
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref27
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref27
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref27
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref27
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref28
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref28
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref28
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref28
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref29
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref30
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref30
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref30
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref30
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref31
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref31
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref31
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref31
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref31
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref31
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref32
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref32
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref32
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref32
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref32
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref33
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref33
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref33
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref33
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref34
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref34
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref34
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref34
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref34
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref35
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref35
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref35
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref35
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref35
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref36
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref36
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref36
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref36
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref36
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref37
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref37
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref37
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref37
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref37
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref38
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref38
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref38
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref38
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref38
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref39
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref39
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref39
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref39
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref40
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref40
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref40
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref40
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref40
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref41
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref41
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref41
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref41
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref41
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref42
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref42
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref42
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref42
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref42
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref43
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref43
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref43
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref43
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref44
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref44
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref44
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref44
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref45
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref45
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref45
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref45
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref46
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref46
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref46
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref46
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref47
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref47
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref47
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref47
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref47
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref48
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref48

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

K. Ma et al. / Osteoarthritis and Cartilage 27 (2019) 41—48 47

mimicking degenerative intervertebral discs give better
performance than adipose tissue-derived mesenchymal stem
cells. Cells Tissues Organs 2015;199:342—-52.

Li H, Tao Y, Liang C, Han B, Li F, Chen G, et al. Influence of
hypoxia in the intervertebral disc on the biological be-
haviors of rat adipose- and nucleus pulposus-derived
mesenchymal stem cells. Cells Tissues Organs 2013;198:
266—77.

Liu ], Tao H, Shen C, Liu X, Wang H, Dong F, et al. Biological
behavior of human nucleus pulposus mesenchymal stem
cells in response to changes in the acidic environment during
intervertebral disc degeneration. Stem Cell Dev 2017;26:
901-11.

Ding F, Shao Z, Yang S, Wu Q, Gao F, Xiong L. Role of mito-
chondrial pathway in compression-induced apoptosis of
nucleus pulposus cells. Apoptosis 2012;17:579—-90.

Ding F, Shao ZW, Xiong LM. Cell death in intervertebral disc
degeneration. Apoptosis 2013;18:777—85.

Ma KG, Shao ZW, Yang SH, Wang ], Wang BC, Xiong LM, et al.
Autophagy is activated in compression-induced cell degen-
eration and is mediated by reactive oxygen species in nucleus
pulposus cells exposed to compression. Osteoarthritis Carti-
lage 2013;21:2030-8.

Chen S, Lv X, Hu B, Shao Z, Wang B, Ma K, et al. RIPK1/RIPK3/
MLKL-mediated necroptosis contributes to compression-
induced rat nucleus pulposus cells death. Apoptosis 2017;22:
626—38.

TaoY, Liang C, Li H, Zhang Y, Li F, Chen G, et al. Potential of co-
culture of nucleus pulposus mesenchymal stem cells and
nucleus pulposus cells in hyperosmotic microenvironment
for intervertebral disc regeneration. Cell Biol Int 2013;37:
826—34.

Antonioli M, Di Rienzo M, Piacentini M, Fimia GM. Emerging
mechanisms in initiating and terminating autophagy. Trends
Biochem Sci 2016;42:28—41.

Miyazaki S, Kakutani K, Yurube T, Maeno K, Takada T,
Zhang Z, et al. Recombinant human SIRT1 protects against
nutrient deprivation-induced mitochondrial apoptosis
through autophagy induction in human intervertebral disc
nucleus pulposus cells. Arthritis Res Ther 2015;17:253.
Wang XM, Yang Y], Wu Y], Zhang Q, Qian HY. Attenuating
hypoxia-induced apoptosis and autophagy of mesenchymal
stem cells: the potential of sitagliptin in stem cell-based
therapy. Cell Physiol Biochem 2015;37:1914—26.

Lee Y, Jung ], Cho K], Lee SK, Park JW, Oh IH, et al. Increased
SCF/c-kit by hypoxia promotes autophagy of human placental
chorionic plate-derived mesenchymal stem cells via regu-
lating the phosphorylation of mTOR. ] Cell Biochem 2013;
114:79-88.

Kim KW, Ha KY, Lee ]S, Rhyu KW, An HS, Woo YK. The
apoptotic effects of oxidative stress and antiapoptotic effects
of caspase inhibitors on rat notochordal cells. Spine (Phila Pa
1976) 2007;32:2443-8.

Pena-Blanco A, Garcia-Sdez AJ. Bax, Bak and beyond - mito-
chondrial performance in apoptosis. FEBS ] 2018;285:
416-31.

Li Z, Chen S, Ma K, Lv X, Lin H, Hu B, et al. CsA attenuates
compression-induced nucleus pulposus mesenchymal stem
cells apoptosis via alleviating mitochondrial dysfunction and
oxidative stress. Life Sci 2018;205:26—37.

Zhu W, Chen ], Cong X, Hu S, Chen X. Hypoxia and serum
deprivation-induced apoptosis in mesenchymal stem cells.
Stem Cell 2006;24:416—25.

Linkermann A, Green DR. Necroptosis. N Engl ] Med
2014;370:455—65.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Vandenabeele P, Galluzzi L, Vanden BT, Kroemer G. Molecular
mechanisms of necroptosis: an ordered cellular explosion.
Nat Rev Mol Cell Biol 2010;11:700—14.

Shan B, Pan H, Najafov A, Yuan J. Necroptosis in development
and diseases. Genes Dev 2018;32:327—40.

Li CJ, Sun LY, Pang CY. Synergistic protection of N-ace-
tylcysteine and ascorbic acid 2-phosphate on human
mesenchymal stem cells against mitoptosis, necroptosis and
apoptosis. Sci Rep 2015;5:9819.

Lin H, Zhao L, Ma X, Wang B, Deng X, Cui M, et al. Drp1
mediates compression-induced programmed necrosis of rat
nucleus pulposus cells by promoting mitochondrial trans-
location of p53 and nuclear translocation of AIF. Biochem
Biophys Res Commun 2017;487:181-8.

Cheng ], Zhang P, Jiang H. Let-7b-mediated pro-survival of
transplanted mesenchymal stem cells for cardiac regenera-
tion. Stem Cell Res Ther 2015;6:216.

Sakai D, Grad S. Advancing the cellular and molecular therapy
for intervertebral disc disease. Adv Drug Deliv Rev 2015;84:
159-71.

Sakai D, Nakamura Y, Nakai T, Mishima T, Kato S, Grad S, et al.
Exhaustion of nucleus pulposus progenitor cells with ageing
and degeneration of the intervertebral disc. Nat Commun
2012;3:1264.

Lee HJ, Ryu JM, Jung YH, Oh SY, Lee SJ, Han HJ. Novel pathway
for hypoxia-induced proliferation and migration in human
mesenchymal stem cells: involvement of HIF-1alpha, FASN,
and mTORC1. Stem Cell 2015;33:2182—-95.

Raheja LF, Genetos DC, Wong A, Yellowley CE. Hypoxic
regulation of mesenchymal stem cell migration: the role of
RhoA and HIF-1alpha. Cell Biol Int 2011;35:981-9.

Bartels EM, Fairbank JC, Winlove CP, Urban JP. Oxygen and
lactate concentrations measured in vivo in the intervertebral
discs of patients with scoliosis and back pain. Spine (Phila Pa
1976) 1998;23:1-7.

Zhu A, Kang N, He L, Li X, Xu X, Zhang H. MiR-221 and miR-
26b regulate chemotactic migration of MSCs toward HGF
through activation of akt and FAK. ] Cell Biochem 2016;117:
1370-83.

Lu MH, Hu (], Chen L, Peng X, Chen J, Hu JY, et al. miR-27b
represses migration of mouse MSCs to burned margins and
prolongs wound repair through silencing SDF-1a. PLoS One
2013;8, e68972.

Yang JW, Zhang YF, Wan CY, Sun ZY, Nie S, Jian SJ, et al.
Autophagy in SDF-1alpha-mediated DPSC migration and pulp
regeneration. Biomaterials 2015;44:11-23.

Wen Z, Zheng S, Zhou C, Yuan W, Wang J, Wang T. Bone
marrow mesenchymal stem cells for post-myocardial
infarction cardiac repair: microRNAs as novel regulators.
] Cell Mol Med 2012;16:657—71.

LiJ, Li Q Huang H, Li Y, Li L, Hou W, et al. Overexpression of
miRNA-221 promotes cell proliferation by targeting the
apoptotic protease activating factor-1 and indicates a poor
prognosis in ovarian cancer. Int J Oncol 2017;50:1087—96.
Li Z, Yu X, Shen J, Chan MTV, Wu WKK. MicroRNA in inter-
vertebral disc degeneration. Cell Prolif 2015;48:278—83.
Ouyang A, Cerchiari AE, Tang X, Liebenberg E, Alliston T,
Gartner ZJ, et al. Effects of cell type and configuration on
anabolic and catabolic activity in 3D co-culture of mesen-
chymal stem cells and nucleus pulposus cells. ] Orthop Res
2016;35:61-73.

Dai J, Wang H, Liu G, Xu Z, Li F, Fang H. Dynamic compression
and co-culture with nucleus pulposus cells promotes prolif-
eration and differentiation of adipose-derived mesenchymal
stem cells. ] Biomech 2014;47:966—72.


http://refhub.elsevier.com/S1063-4584(18)31462-6/sref48
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref48
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref48
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref48
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref49
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref49
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref49
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref49
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref49
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref49
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref50
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref50
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref50
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref50
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref50
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref50
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref51
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref51
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref51
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref51
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref52
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref52
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref52
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref53
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref53
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref53
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref53
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref53
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref53
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref54
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref54
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref54
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref54
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref54
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref55
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref55
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref55
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref55
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref55
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref55
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref56
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref56
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref56
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref56
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref57
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref57
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref57
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref57
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref57
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref58
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref58
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref58
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref58
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref58
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref59
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref59
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref59
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref59
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref59
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref59
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref60
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref60
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref60
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref60
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref60
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref61
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref61
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref61
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref61
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref61
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref61
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref62
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref62
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref62
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref62
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref62
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref63
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref63
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref63
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref63
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref64
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref64
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref64
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref65
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref65
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref65
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref65
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref66
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref66
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref66
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref67
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref67
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref67
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref67
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref68
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref68
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref68
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref68
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref68
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref68
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref69
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref69
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref69
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref70
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref70
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref70
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref70
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref71
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref71
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref71
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref71
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref72
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref72
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref72
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref72
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref72
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref73
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref73
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref73
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref73
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref74
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref74
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref74
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref74
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref74
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref75
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref75
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref75
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref75
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref75
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref76
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref76
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref76
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref76
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref77
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref77
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref77
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref77
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref78
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref78
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref78
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref78
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref78
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref79
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref79
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref79
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref79
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref79
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref80
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref80
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref80
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref81
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref81
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref81
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref81
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref81
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref81
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref82
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref82
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref82
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref82
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref82

48

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

K. Ma et al. / Osteoarthritis and Cartilage 27 (2019) 41—48

. Kim DH, Kim SH, Heo SJ, Shin JW, Lee SW, Park SA, et al.
Enhanced differentiation of mesenchymal stem cells into NP-
like cells via 3D co-culturing with mechanical stimulation.
] Biosci Bioeng 2009;108:63—7.

Sun Z, Liu Z, Zhao X, Sun L, Chen Y, Zhang W, et al. Impact of
direct cell co-cultures on human adipose-derived stromal cells
and nucleus pulposus cells. ] Orthop Res 2013;31:1804—13.
Cao C, Zou ], Liu X, Shapiro A, Moral M, Luo Z, et al. Bone
marrow mesenchymal stem cells slow intervertebral disc
degeneration through the NF-kappaB pathway. Spine ]
2015;15:530-8.

Lu K, Li H, Yang K, Wu ], Cai X, Zhou Y, et al. Exosomes as
potential alternatives to stem cell therapy for intervertebral
disc degeneration: in-vitro study on exosomes in interaction
of nucleus pulposus cells and bone marrow mesenchymal
stem cells. Stem Cell Res Ther 2017;8:108.

Nitzsche F, Muller C, Lukomska B, Jolkkonen |, Deten A,
Boltze J. The MSC adhesion cascade - insights into homing
and transendothelial migration. Stem Cell 2017;35:1446—60.
Baek SJ, Kang SK, Ra JC. In vitro migration capacity of human
adipose tissue-derived mesenchymal stem cells reflects their
expression of receptors for chemokines and growth factors.
Exp Mol Med 2011;43:596—603.

Naaldijk Y, Johnson AA, Ishak S, Meisel HJ, Hohaus C,
Stolzing A. Migrational changes of mesenchymal stem cells in
response to cytokines, growth factors, hypoxia, and aging.
Exp Cell Res 2015;338:97—104.

Ponte AL, Marais E, Gallay N, Langonné A, Delorme B,
Hérault O, et al. The in vitro migration capacity of human
bone marrow mesenchymal stem cells: comparison of che-
mokine and growth factor chemotactic activities. Stem Cell
2007;25:1737—45.

Gruber HE, Hoelscher GL, Ingram JA, Bethea S, Norton H]J,
Hanley EN. Production and expression of RANTES (CCL5) by
human disc cells and modulation by IL-1-f and TNF-a. in 3D
culture. Exp Mol Pathol 2014;96:133-8.

Kepler CK, Markova DZ, Dibra F, Yadla S, Vaccaro AR,
Risbud MV, et al. Expression and relationship of proin-
flammatory chemokine RANTES/CCL5 and cytokine IL-1beta
in painful human intervertebral discs. Spine (Phila Pa 1976)
2013;38:873—80.

Wang F, Cai F, Shi R, Wang XH, Wu XT. Aging and age related
stresses: a senescence mechanism of intervertebral disc
degeneration. Osteoarthritis Cartilage 2016;24:398—408.
Yang H, Cao C, Wu C, Yuan C, Gu Q, Shi Q, et al. TGF-f 1
suppresses inflammation in cell therapy for intervertebral
disc degeneration. Sci Rep 2015;5:13254.

Hu ], Deng G, Tian Y, Pu Y, Cao P, Yuan W. An in vitro
investigation into the role of bone marrow derived mesen-
chymal stem cells in the control of disc degeneration. Mol
Med Rep 2015;12:5701—8.

lllien-Jiinger S, Sedaghatpour DD, Laudier DM, Hecht AC,
Qureshi SA, latridis JC. Development of a bovine decellular-
ized extracellular matrix-biomaterial for nucleus pulposus
regeneration. ] Orthop Res 2016;34:876—88.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Kumar D, Gerges I, Tamplenizza M, Lenardi C, Forsyth NR,
Liu Y. Three-dimensional hypoxic culture of human mesen-
chymal stem cells encapsulated in a photocurable, biode-
gradable polymer hydrogel: a potential injectable cellular
product for nucleus pulposus regeneration. Acta Biomater
2014;10:3463—74.

Thorpe AA, Dougill G, Vickers L, Reeves ND, Sammon C,
Cooper G, et al. Thermally triggered hydrogel injection into
bovine intervertebral disc tissue explants induces differenti-
ation of mesenchymal stem cells and restores mechanical
function. Acta Biomater 2017;54:212—26.

Wan S, Borland S, Richardson SM, L R, Merry C, Saiani A, et al.
Self-assembling peptide hydrogel for intervertebral disc tis-
sue engineering. Acta Biomater 2016;46:29—40.

Bowles RD, Setton LA. Biomaterials for intervertebral disc
regeneration and repair. Biomaterials 2017;129:54—67.
Wang B, Wu Y, Shao Z, Yang S, Che B. Functionalized self-
assembling peptide nanofiber hydrogel as a scaffold for rab-
bit nucleus pulposus cells. J] Biomed Mater Res Part A
2012;2014:1-10.

Du X, Zhou J, Shi ], Xu B. Supramolecular hydrogelators and
hydrogels: from soft matter to molecular biomaterials. Chem
Rev 2015;115:13165—307.

Zhang H, Yu S, Zhao X, Mao Z, Gao C. Stromal cell-derived
factor-1a-encapsulated albumin/heparin nanoparticles for
induced stem cell migration and intervertebral disc regen-
eration in vivo. Acta Biomater 2018;72:217-27.

Hondke S, Cabraja M, Kriiger JP, Stich S, Hartwig T,
Sittinger M, et al. Proliferation, migration, and ECM formation
potential of human annulus fibrosus cells is independent of
degeneration status. Cartilage 2018:764872010.

Liu MH, Bian BS, Cui X, Liu LT, Liu H, Huang B, et al.
Mesenchymal stem cells regulate mechanical properties of
human degenerated nucleus pulposus cells through SDF-1/
CXCR4/AKT axis. Biochim Biophys Acta 2016;1863:
1961-8.

Sun J, Mou C, Shi Q, Chen B, Hou X, Zhang W, et al. Controlled
release of collagen-binding SDF-10. from the collagen scaffold
promoted tendon regeneration in a rat Achilles tendon defect
model. Biomaterials 2018;162:22—33.

Haji Mansor M, Najberg M, Contini A, Alvarez-Lorenzo C,
Garcion E, Jérome C, et al. Development of a non-toxic and
non-denaturing formulation process for encapsulation of
SDF-1a. into PLGA/PEG-PLGA nanoparticles to achieve sus-
tained release. Eur ] Pharm Biopharm 2018;125:38—-50.
Muguruma K, Nishiyama A, Kawakami H, Hashimoto K,
Sasai Y. Self-organization of polarized cerebellar tissue in 3D
culture of human pluripotent stem cells. Cell Rep 2015;10:
537-50.

Zhang F, Zhao X, Shen H, Zhang C. Molecular mechanisms of
cell death in intervertebral disc degeneration (Review). Int ]
Mol Med 2016;37:1439—48.

Ouyang ZH, Wang W]J, Yan YG, Wang B, Lv GH. The PI3K/Akt
pathway: a critical player in intervertebral disc degeneration.
Oncotarget 2017;8:57870—81.


http://refhub.elsevier.com/S1063-4584(18)31462-6/sref83
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref83
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref83
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref83
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref83
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref84
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref84
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref84
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref84
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref85
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref85
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref85
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref85
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref85
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref86
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref86
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref86
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref86
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref86
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref87
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref87
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref87
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref87
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref88
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref88
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref88
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref88
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref88
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref89
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref89
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref89
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref89
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref89
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref90
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref91
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref91
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref91
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref91
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref91
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref92
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref92
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref92
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref92
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref92
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref92
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref93
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref93
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref93
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref93
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref94
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref94
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref94
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref95
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref95
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref95
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref95
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref95
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref96
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref96
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref96
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref96
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref96
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref97
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref98
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref98
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref98
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref98
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref98
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref98
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref99
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref99
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref99
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref99
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref100
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref100
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref100
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref101
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref101
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref101
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref101
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref101
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref102
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref102
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref102
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref102
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref103
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref103
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref103
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref103
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref103
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref104
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref104
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref104
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref104
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref105
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref105
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref105
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref105
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref105
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref105
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref106
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref106
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref106
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref106
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref106
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref107
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref108
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref108
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref108
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref108
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref108
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref109
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref109
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref109
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref109
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref110
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref110
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref110
http://refhub.elsevier.com/S1063-4584(18)31462-6/sref110

	Mechanisms of endogenous repair failure during intervertebral disc degeneration
	Introduction
	Potential of IVD stem/progenitor cells for IVD degeneration repair
	Autophagy, apoptosis, and necroptosis of stem cells under adverse microenvironments
	Correlation of stem cell migration with IVD microenvironments
	Interactions between exogenous MSCs and NP cells
	Constructing a tissue engineering matrix material with a suitable structure and biological activity for NP cells and IVD st ...
	Conclusion
	Authors' contributions
	Conflicts of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


