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1. Introduction

Low back pain (LBP) is the number one cause of disability worldwide, with incidences
increasing exponentially [1–3]. A recent study estimates that by the year 2050, an increase
of 200 million people is expected, with a current peak at 619 million people [1]. This
Special Issue targets the specific niche of finding innovative ways to address the clinical
problem of LBP, which is often induced by the prolapse of the spinal column caused by
genetic or epigenetic factors. Intervertebral disc (IVD) degeneration is often believed to
be the root cause of chronic pain. Future research aims to understand the contribution of
metabolic factors such as nutrition, besides other risk factors such as smoking and Diabetes
mellitus [1]. This Special Issue provides a heterogeneous snapshot of recent applied research
on IVD and LBP, ranging from cell biology studies to artificial intelligence in diagnostics.
In the following subsections, I provide a short overview and summarize the seven articles’
main findings.

2. Wet Laboratory Studies in the Second Special Issue

Two original studies focused on the single-cell transcriptomics to characterize pheno-
types in rats in an IVD degeneration model [4] or performed a pathway study of ~100 genes
using qPCR gene arrays using total RNA extractions from human donors suffering from
idiopathic skeletal hyperostosis (DISH). The first study established an in vivo IVD degener-
ation model in 8-week-old Sprague Dawley rats that underwent surgery for retroperitoneal
exposure using a 27 Gauge needle of the L4-L6 lumbar spine. Rohanifar et al. (2022) [4] then
allowed the rats to recover for two and eight weeks postoperatively. Then, they digested
the single cells from the tissue using mild digestion protocols, extracted and sequenced
the total RNA and compared the next-generation sequencing (NGS) data relative to un-
treated controls. Rohanifar et al. (2022) confirmed that the nucleus pulposus (NP) mainly
expressed key markers such as CD24 [5] as well as aggrecan and collagen type 2 [6–8].
In the outer part of the IVD, the cells mainly expressed collagen type 1, as previously
identified in rats [6–8] but also in other species such as bovine and human [9]. Furthermore,
their data allowed us to distinguish IVD cells from lymphoid, endothelial and myeloid
cells [4]. The needle-punctured groups subsequently had a significantly higher amount of
myeloid cells and lymphocytes than controls. These data are logical since needle puncture
causes inflammation [4]. The second transcriptome study is on DISH patients. DISH is
also known as Forestier’s disease [10–13]. To the best of my knowledge, the study by
Gantenbein et al. (2021) [14] is the first to elucidate on the possible phenotypic changes and
deregulations of DISH cells compared to the phenotype of IVD cells isolated from trauma
patients. This comparison has its limitations, of course, as trauma cells are not necessarily
“healthy” cells. However, it most likely that these cells are still in a better state than cells
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isolated from degenerated IVDs. Nevertheless, by comparing the expression levels of bone
morphogenic protein pathway cytokines and their inhibitors, i.e., Gremlin, Noggin and
Chordin, my group found that these were dys-regulated [15], although these changes were
not significant. However, DISH-IVD, in contrast to IVD obtained from trauma, showed
a significant up-regulation of early growth response 2 (EGR2) interleukin 6 (IL6), and
insulin-like growth factor 1 (IGF1) tended to be up-regulated [14]. IGF1 has been proposed
by other authors to be a possible marker in serum samples of DISH patients [16,17].

The third study in the Special Issue is that of Bischof et al. (2021) [18], who focused on
cell culture and tissue-specific progenitor cells. They presented a study on the optimization
of culture conditions on the so-called nucleus pulposus progenitor cells (NPPC). In this
study, primary IVD cells were isolated from human disc tissue with a mild digestion
protocol [19,20]. After reaching confluence in monolayer recovery, these mixed IVD cells,
mainly from the nucleus pulposus (NP), were then trypsinized and sorted with a surface
marker named Tie2 (or CD202b), which stands for angiopoeitin receptor-1. The Tie2+ cells
and the Tie2- cells were then further cultured in normoxic and hypoxic (i.e., 2%) conditions
in presence of Angiopoetin-1 (Ang-1) or Ang-2 at increasing doses [21]. However, the
results of the study [18] did not produce the expected results, namely, that Tie2+ were
stimulated and would proliferate faster compared to Tie2− cells. Despite this, it seemed
very clear that hypoxia, i.e., at 2% oxygen level, was the most important factor for higher
cellular metabolic activity. Their conclusion that hypoxia is beneficial for these NPPC
is in agreement with other studies performed by the team of Daisuke Sakai from Tokai
University School of Medicine [22,23].

3. Clinical/Radiological Studies in the Second Special Issue

There are two radiological studies published in this Special Issue. Firstly, Landauer and
Trieb (2022) [24] provide radiological evidence that the lumbosacral transitional vertebrae
(LSTV) are valid as a model for IVD regeneration. They scanned 1482 patients radiologically,
and their LSTV were then classified according to Castellvi classification type II–IV [24].
Additionally, magnetic resonance scans (MRIs) were also obtained from selected patients.
The authors concluded that the reduced or absent mobility in the LSTV segments led to an
overload of the adjacent segments in these patients.

The second study, by Kim et al. (2022) [25], is on the usage of natural language pro-
cessing (NLP), which is defined as understanding, analyzing, and extracting meaningful
information from text (natural language) by computer science [26]. This research targets a
highly significant area of research, which is “big data”. It is obvious that artificial intelli-
gence (AI) will be necessary to make full use of all the available clinical data and to help
surgeons to take decisions with the assistance of fast data processing. In this approach, the
authors tested their NLP pipeline on a balanced sample of 300 X-ray, 300 CT, and 300 MRI re-
ports. When evaluating their NLP model performances, four parameters—recall, precision,
accuracy, and a so-called “F1” score (the harmonic mean of precision and recall [27])—were
greater than 0.9 for all 23 radiologic findings.

4. A Review on Secretomes of the IVD

Extracellular vesicles (EVs) have long attracted the attention of the regenerative com-
munity. The importance of this topic is underlined by a current “wave” of comparable
articles that also focus on the usage of EVs to regenerate the IVD [28–31]. This is not
altogether surprising as regulatory hurdles toward proving non-toxicity and patient safety
have recently been introduced by authorities such as the Federal Drug and food Agency
(FDA) and the label of the Conformité Européene (CE) [32]. This applies in particular to
cellular applications. Thus, secretomes, or so-called conditioned media, have been the
focus of recent IVD-related research [29,33]. The review by Tilotta et al. (2023) provides a
valuable insight into the field of EVs and a summary of their characterization [29].



Appl. Sci. 2023, 13, 7346 3 of 4

5. Conclusions

Overall, this Special Issue offers a good insight into the heterogeneity of IVD research
and the recent findings not only from clinics, but also from biologists and engineers. I
hope that this Special Issue will give scientists an overview of this highly translational and
applied fast growing research field. There is still yet further research to come to help to find
possible “cures” for affected patients. With the recent prognosis by Ferreira et al. (2023) [1]
warning of an increase of one-third more LBP patients in the next 50 years, the scientific
community is urged to find better treatment options and also especially early diagnostic
tools to foresee critical cases to come.

Acknowledgments: B. Gantenbein wishes to acknowledge his funding sources, namely, the Marie
Skłodowska Curie International Training Network (ITN) “disc4all” (https://disc4all.upf.edu, ac-
cessed on 6 June 2023) grant agreement #955735 (https://cordis.europa.eu/project/id/955735, ac-
cessed on 6 June 2023), the iPspine project, and the Swiss National Science Foundation projects
#310030E_192674/1 (https://data.snf.ch/grants/grant/192674, accessed on 6 June 2023) and project
#40B2-0_211510/1 (https://data.snf.ch/grants/grant/211510, accessed on 6 June 2023).

Conflicts of Interest: The author declares no conflict of interest.

References
1. Ferreira, M.L.; de Luca, K.; Haile, L.M.; Steinmetz, J.D.; Culbreth, G.T.; Cross, M.; Kopec, J.A.; Ferreira, P.H.; Blyth, F.M.;

Buchbinder, R.; et al. Global, regional, and national burden of low back pain, 1990–2020, its attributable risk factors, and
projections to 2050: A systematic analysis of the Global Burden of Disease Study 2021. Lancet Rheumatol. 2023, 5, e316–e329.
[CrossRef]

2. GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, and national incidence, prevalence, and
years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990–2017: A systematic analysis for the
Global Burden of Disease Study 2017. Lancet 2018, 392, 1789–1858. [CrossRef] [PubMed]

3. Rivera-Tavarez, C.E. Can We Increase Our Health Span? Phys. Med. Rehabil. Clin. N. Am. 2017, 28, 681–692. [CrossRef] [PubMed]
4. Rohanifar, M.; Clayton, S.W.; Easson, G.W.; Patil, D.S.; Lee, F.; Jing, L.; Barcellona, M.N.; Speer, J.E.; Stivers, J.J.; Tang, S.Y.; et al.

Single Cell RNA-Sequence Analyses Reveal Uniquely Expressed Genes and Heterogeneous Immune Cell Involvement in the Rat
Model of Intervertebral Disc Degeneration. Appl. Sci. 2022, 12, 8244. [CrossRef]

5. Liu, Z.; Zheng, Z.; Qi, J.; Wang, J.; Zhou, Q.; Hu, F.; Liang, J.; Li, C.; Zhang, W.; Zhang, X. CD24 identifies nucleus pulposus
progenitors/notochordal cells for disc regeneration. J. Biol. Eng. 2018, 12, 35. [CrossRef]

6. Minogue, B.M.; Richardson, S.M.; Zeef, L.A.; Freemont, J.; Hoyland, J.A. Transcriptional profiling of bovine intervertebral disc
cells: Implications for identification of normal and degenerate human intervertebral disc cell phenotypes. Thromb. Haemost. 2010,
12, R22. [CrossRef]

7. Shapiro, I.M.; Risbud, M.V. Transcriptional profiling of the nucleus pulposus: Say yes to notochord. Thromb. Haemost. 2010,
12, 117. [CrossRef]

8. Rutges, J.; Creemers, L.; Dhert, W.; Milz, S.; Sakai, D.; Mochida, J.; Alini, M.; Grad, S. Variations in gene and protein expression
in human nucleus pulposus in comparison with annulus fibrosus and cartilage cells: Potential associations with aging and
degeneration. Osteoarthr. Cartil. 2010, 18, 416–423. [CrossRef] [PubMed]

9. Calió, M.; Gantenbein, B.; Egli, M.; Poveda, L.; Ille, F. The cellular composition of bovine coccygeal intervertebral discs: A
comprehensive single-cell RNAseq analysis. Int. J. Mol. Sci. 2021, 22, 4917. [CrossRef]

10. Resnick, D.; Shapiro, R.F.; Wiesner, K.B.; Niwayama, G.; Utsinger, P.D.; Shaul, S.R. Diffuse idiopathic skeletal hyperostosis (DISH)
[ankylosing hyperostosis of forestier and Rotes-Querol]. Semin. Arthritis Rheum. 1978, 7, 153–187. [CrossRef]

11. Resnick, D.; Shaul, S.R.; Robins, J.M. Diffuse Idiopathic Skeletal Hyperostosis (DISH): Forestier’s Disease with Extraspinal
Manifestations. Radiology 1975, 115, 513–524. [CrossRef] [PubMed]

12. Forestier, J.; Rotes-Querol, J. Senile Ankylosing Hyperostosis of the Spine. Ann. Rheum. Dis. 1950, 9, 321–330. [CrossRef]
[PubMed]

13. Mader, R.; Verlaan, J.-J.; Buskila, D. Diffuse idiopathic skeletal hyperostosis: Clinical features and pathogenic mechanisms. Nat.
Rev. Rheumatol. 2013, 9, 741–750. [CrossRef]

14. Gantenbein, B.; May, R.D.; Bermudez-Lekerika, P.; Oswald, K.A.C.; Benneker, L.M.; Albers, C.E. EGR2, IGF1 and IL6 Expression
Are Elevated in the Intervertebral Disc of Patients Suffering from Diffuse Idiopathic Skeletal Hyperostosis (DISH) Compared to
Degenerative or Trauma Discs. Appl. Sci. 2021, 11, 4072. [CrossRef]

15. May, R.D.; Frauchiger, D.A.; Albers, C.E.; Tekari, A.; Benneker, L.M.; Klenke, F.M.; Hofstetter, W.; Gantenbein, B. Application
of Cytokines of the Bone Morphogenetic Protein (BMP) Family in Spinal Fusion—Effects on the Bone, Intervertebral Disc and
Mesenchymal Stromal Cells. Curr. Stem Cell Res. Ther. 2019, 14, 618–643. [CrossRef]

https://disc4all.upf.edu
https://cordis.europa.eu/project/id/955735
https://data.snf.ch/grants/grant/192674
https://data.snf.ch/grants/grant/211510
https://doi.org/10.1016/S2665-9913(23)00098-X
https://doi.org/10.1016/S0140-6736(18)32279-7
https://www.ncbi.nlm.nih.gov/pubmed/30496104
https://doi.org/10.1016/j.pmr.2017.08.002
https://www.ncbi.nlm.nih.gov/pubmed/29031335
https://doi.org/10.3390/app12168244
https://doi.org/10.1186/s13036-018-0129-0
https://doi.org/10.1186/ar2929
https://doi.org/10.1186/ar3003
https://doi.org/10.1016/j.joca.2009.09.009
https://www.ncbi.nlm.nih.gov/pubmed/19833252
https://doi.org/10.3390/ijms22094917
https://doi.org/10.1016/0049-0172(78)90036-7
https://doi.org/10.1148/15.3.513
https://www.ncbi.nlm.nih.gov/pubmed/1129458
https://doi.org/10.1136/ard.9.4.321
https://www.ncbi.nlm.nih.gov/pubmed/14800245
https://doi.org/10.1038/nrrheum.2013.165
https://doi.org/10.3390/app11094072
https://doi.org/10.2174/1574888X14666190628103528


Appl. Sci. 2023, 13, 7346 4 of 4

16. Denko, C.W.; Malemud, C.J. Body mass index and blood glucose: Correlations with serum insulin, growth hormone, and
insulin-like growth factor-1 levels in patients with diffuse idiopathic skeletal hyperostosis (DISH). Rheumatol. Int. 2005, 26,
292–297. [CrossRef]

17. Denko, C.W.; Boja, B.; Moskowitz, R.W. Growth factors, insulin-like growth factor-1 and growth hormone, in synovial fluid and
serum of patients with rheumatic disorders. Osteoarthr. Cartil. 1996, 4, 245–249. [CrossRef]

18. Bischof, M.C.; Häckel, S.; Oberli, A.; Croft, A.S.; Oswald, K.A.C.; Albers, C.E.; Gantenbein, B.; Guerrero, J. Influence of
Angiopoietin Treatment with Hypoxia and Normoxia on Human Intervertebral Disc Progenitor Cell’s Proliferation, Metabolic
Activity, and Phenotype. Appl. Sci. 2021, 11, 7144. [CrossRef]

19. Sakai, D.; Schol, J.; Bach, F.C.; Tekari, A.; Sagawa, N.; Nakamura, Y.; Chan, S.C.; Nakai, T.; Creemers, L.B.; Frauchiger, D.A.;
et al. Successful fishing for nucleus pulposus progenitor cells of the intervertebral disc across species. JOR Spine 2018, 1, e1018.
[CrossRef]

20. Frauchiger, D.A.; Tekari, A.; May, R.D.; Džafo, E.; Chan, S.C.; Stoyanov, J.; Bertolo, A.; Zhang, X.; Guerrero, J.; Sakai, D.; et al.
Fluorescence-Activated Cell Sorting Is More Potent to Fish Intervertebral Disk Progenitor Cells Than Magnetic and Beads-Based
Methods. Tissue Eng. Part C Methods 2019, 25, 571–580. [CrossRef] [PubMed]

21. Sakai, D.; Nakamura, Y.; Nakai, T.; Mishima, T.; Kato, S.; Grad, S.; Alini, M.; Risbud, M.V.; Chan, D.; Cheah, K.S.; et al. Exhaustion
of nucleus pulposus progenitor cells with ageing and degeneration of the intervertebral disc. Nat. Commun. 2012, 3, 1264.
[CrossRef] [PubMed]

22. Sako, K.; Sakai, D.; Nakamura, Y.; Matsushita, E.; Schol, J.; Warita, T.; Horikita, N.; Sato, M.; Watanabe, M. Optimization
of Spheroid Colony Culture and Cryopreservation of Nucleus Pulposus Cells for the Development of Intervertebral Disc
Regenerative Therapeutics. Appl. Sci. 2021, 11, 3309. [CrossRef]

23. Sako, K.; Sakai, D.; Nakamura, Y.; Schol, J.; Matsushita, E.; Warita, T.; Horikita, N.; Sato, M.; Watanabe, M. Effect of Whole Tissue
Culture and Basic Fibroblast Growth Factor on Maintenance of Tie2 Molecule Expression in Human Nucleus Pulposus Cells. Int.
J. Mol. Sci. 2021, 22, 4723. [CrossRef] [PubMed]

24. Landauer, F.; Trieb, K. Diagnostic Limitations and Aspects of the Lumbosacral Transitional Vertebrae (LSTV). Appl. Sci. 2022,
12, 10830. [CrossRef]

25. Kim, Y.; Song, C.; Song, G.; Kim, S.B.; Han, H.-W.; Han, I. Using Natural Language Processing to Identify Low Back Pain in
Imaging Reports. Appl. Sci. 2022, 12, 12521. [CrossRef]

26. Bacco, L.; Russo, F.; Ambrosio, L.; D’antoni, F.; Vollero, L.; Vadalà, G.; Dell’orletta, F.; Merone, M.; Papalia, R.; Denaro, V. Natural
language processing in low back pain and spine diseases: A systematic review. Front. Surg. 2022, 9, 957085. [CrossRef] [PubMed]

27. Syed, K.; Sleeman, W.; Hagan, M.; Palta, J.; Kapoor, R.; Ghosh, P. Automatic Incident Triage in Radiation Oncology Incident
Learning System. Healthcare 2020, 8, 272. [CrossRef]

28. Teo, K.Y.W.; Tan, R.; Wong, K.L.; Hey, D.H.W.; Hui, J.H.P.; Toh, W.S. Small extracellular vesicles from mesenchymal stromal cells:
The next therapeutic paradigm for musculoskeletal disorders. Cytotherapy 2023. [CrossRef] [PubMed]

29. Tilotta, V.; Vadalà, G.; Ambrosio, L.; Cicione, C.; Di Giacomo, G.; Russo, F.; Papalia, R.; Denaro, V. Mesenchymal stem cell-derived
secretome enhances nucleus pulposus cell metabolism and modulates extracellular matrix gene expression in vitro. Front. Bioeng.
Biotechnol. 2023, 11, 1152207. [CrossRef]

30. Yu, H.; Wang, H.; Lin, S. Exosome-mediated repair of intervertebral disc degeneration: The potential role of miRNAs. Curr. Stem
Cell Res. Ther. 2023. [CrossRef]

31. Zhou, H.-Y.; Hu, Y.-C.; Zhang, X.-B.; Lin, M.-Q.; Cong, M.-X.; Chen, X.-Y.; Zhang, R.-H.; Yu, D.-C.; Gao, X.-D.; Guo, T.-W.
Nanoscale treatment of intervertebral disc deneration: Mesenchymal stem cell exosome transplantation. Curr. Stem. Cell Res. Ther.
2022, 18, 163–173. [CrossRef] [PubMed]

32. Evans, C.; Ghivizzani, S.; Robbins, P. Orthopedic gene therapy-lost in translation? J. Cell. Physiol. 2011, 227, 416–420. [CrossRef]
[PubMed]

33. Zhao, X.; Xu, B.; Duan, W.; Chang, L.; Tan, R.; Sun, Z.; Ye, Z.; Md, D.P. Insights into Exosome in the Intervertebral Disc: Emerging
Role for Disc Homeostasis and Normal Function. Int. J. Med. Sci. 2022, 19, 1695–1705. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00296-005-0588-8
https://doi.org/10.1016/S1063-4584(05)80102-5
https://doi.org/10.3390/app11157144
https://doi.org/10.1002/jsp2.1018
https://doi.org/10.1089/ten.tec.2018.0375
https://www.ncbi.nlm.nih.gov/pubmed/31154900
https://doi.org/10.1038/ncomms2226
https://www.ncbi.nlm.nih.gov/pubmed/23232394
https://doi.org/10.3390/app11083309
https://doi.org/10.3390/ijms22094723
https://www.ncbi.nlm.nih.gov/pubmed/33946902
https://doi.org/10.3390/app122110830
https://doi.org/10.3390/app122412521
https://doi.org/10.3389/fsurg.2022.957085
https://www.ncbi.nlm.nih.gov/pubmed/35910476
https://doi.org/10.3390/healthcare8030272
https://doi.org/10.1016/j.jcyt.2023.04.011
https://www.ncbi.nlm.nih.gov/pubmed/37191613
https://doi.org/10.3389/fbioe.2023.1152207
https://doi.org/10.2174/1574888X18666230504094233
https://doi.org/10.2174/1574888X17666220422093103
https://www.ncbi.nlm.nih.gov/pubmed/35466881
https://doi.org/10.1002/jcp.23031
https://www.ncbi.nlm.nih.gov/pubmed/21948071
https://doi.org/10.7150/ijms.75285
https://www.ncbi.nlm.nih.gov/pubmed/36237988

	1
	Clinical/Radiological Studies in the Second Special Issue 
	A Review on Secretomes of the IVD 
	Conclusions 
	References

