
Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 1/16

Regenerative Medicine Targeted for
Intervertebral Disc Disease
Subjects: Orthopedics

Contributor: Jordy Schol

Low back pain is critical health, social, and economic issue in modern societies. This disease is often associated

with intervertebral disc degeneration; however, contemporary treatments are unable to target this underlying

pathology to alleviate the pain symptoms. Cell therapy offers a promising novel therapeutic that, in theory, should

be able to reduce low back pain through mitigating the degenerative disc environment. 

cell therapy  stem cells  intervertebral disc  degeneration  spine  low back pain

regeneration  clinical trials  minimally invasive surgery

1. Introduction

Low back pain (LBP) and neck pain currently form the primary causes of global disability , and prevalence is

likely to increase with a generally aging population, further imposing concerns on the socioeconomic affordability of

healthcare and social security expenses . Both disorders are generally associated with the intervertebral discs

(IVD) being subdued to progressive age- and non-age-related degeneration . IVD constitute the fibrocartilage

tissues between each two vertebrae, capable of distributing complex loads along the spine. The IVD is composed

of a highly hydrophilic core, the nucleus pulposus (NP), which is laterally enclosed by multiple collagenous

lamellae, cumulatively termed the annulus fibrosus (AF) (Figure 1A). The IVD is connected to each vertebra with a

thin hyaline cartilage layer, the endplate, which forms the primary source of nutrient, waste, and gas exchange for

the predominantly avascular discs . The IVD derives its function through a careful interplay of the high osmotic

pressure engendered by the proteoglycan-rich NP, which is constricted by a stiff AF, jointly enabling the IVD to

absorb relatively large forces while retaining flexibility. Tissue-specific cells are responsible for maintaining and

remodeling the region-distinct extracellular matrix (ECM) to maintain the IVD and its biomechanical features.

Although the etiology and progression of IVD degeneration remain somewhat obscure, it is generally associated

with a progressive decline in cell numbers and a cellular switch toward a more catabolic and senescent state 

(Figure 1B). Consequently, deteriorating the quality and organization of the ECM, thereby compromising the discs

biomechanical limits . Jointly, these changes engender an inflammatory environment, promoting immunogenic

cell migration and potentially inducing blood vessel and neuronal ingrowth into the disc, thereby conceivably

sensitizing the discs or inflaming regional spinal nerves . Moreover, the progressive decline of the

biomechanical sturdiness of the disc may allow AF tissue to bulge or burst, compressing neuronal and vascular

tissues along the spine. Alternatively, the loss of water retention in the NP leads to a decline in disc height and
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mechanical features that further stress other spinal tissues, e.g., facet joints and tendons, to thereby be involved in

the pathogenesis.

Figure 1.  Illustration depicting (A) a healthy IVD with hydrated nucleus pulposus (NP) and organized annulus

fibrosus (AF), (B) subsequent degenerative cascade resulting in AF disorganization loss of NP hydration, endplate

vascularization, and disc height, and (C) Injection of de novo cells into the NP and their three proposed potential

therapeutic mechanisms; i.e., (i) attraction of regenerative cells or limiting catabolic/inflammatory cells into the IVD,

(ii) reactive and directing local cells to produce extracellular matrix (ECM), and (iii) integration into the IVD and

contribution to ECM production directly.

Contemporary treatment strategies remain primarily palliative (Figure 2). Early-stage LBP is commonly treated with

physiotherapy or the administration of analgesics . Consequently, LBP has been indicated as the primary reason

for non-cancer opioid prescription . Nevertheless, high-quality evidence supporting the efficacy of these

conservative therapies is severely lacking . At later stages of LBP, surgical intervention may be employed.

Generally, this involves either excision of protruding disc material in cases of disc herniation or complete removal of

discs followed by arthroplasty or arthrodesis. Although these procedures are commonplace and rates are

dramatically increasing , their efficacy remains largely controversial . In addition, none of these

interventions aim to resolve the degenerative cascade underlying the pathology, and furthermore, can trigger

degenerative cascades in neighboring discs . For treatment investigations, a slight reduction in the number of

LBP patients, associated medical care, or back pain intensity can make a significant impact on socioeconomic

costs, and translate to a large cohort of patients. These new strategies being explored focus on limiting, halting,

and even reversing disc degeneration in an attempt to revitalize the disc’s composition and thus its biomechanical

features, thereby resolving or preventing associated spinal disorders . These include regenerative

approaches, e.g., growth factor injection , gene therapy , tissue engineering , and biomaterial-

applications , each being at different stages of development and presenting different levels of success in
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preclinical and/or clinical studies. Moreover, each strategy will likely be most effective at different stages of the

degeneration cascade (Figure 2). One particular regenerative approach that has gained significant momentum in

the recent decade is cell therapy . Cell therapy involves the transplantation of additional cell populations into

the IVD with the aim to either (i) directly impact IVD repair by repopulating the disc with de novo active cells to

reestablish appropriate ECM production or (ii) indirectly induce IVD repair by stimulating or attracting regional cells

to induce a more anabolic state, by for example tempering inflammation or to promote (re)initiation of IVD-ECM

production by native cells (Figure 1C). The optimal strategy for restoring degenerative IVD in a clinic setting

remains to be determined and is likely highly dependent on the degenerative state and disease indications. Multiple

cell products and transplantation strategies have now been assessed in the clinical, showing promising results.

Nevertheless, due to the accelerating speed of publication on this topic , new advancements in cellular therapy

and new insights on potential limitations require continuous and careful review of progress in the field. 

Figure 2.  Illustrative plot depicting the contemporary treatment gap for low back pain associated with disc

degeneration, in which only treatment options are available (oval) in either the mild or severe disc degeneration

and low back pain range. New proposed techniques (blocks) likely will be most effective at different stages of

degeneration and are likely less invasive than the surgical intervention currently employed.

2. Cell Therapy
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Cell therapy is a therapeutic strategy in which generally living cells are introduced into the patient to replace or

repair damaged tissue or otherwise alter endemic cell behavior. The most well-established form of cell therapy

remains bone marrow transplantation for leukemia patients; however, since its first descriptions in 1968 , a

wide range of other cell therapies have been postulated and examined, including regenerative strategies, cancer

treatment, immunomodulation, or otherwise . For the IVD, cellular therapeutics are commonly designed

specifically for regenerative purposes, in which the transplanted or infused cells are expected to produce or

stimulate the production of appropriate IVD-ECM or otherwise reduce the inflammatory and catabolic environment

that typifies a degenerating IVD. As such, the cell product needs to either have the capacity to (1) survive and excel

within the degenerating IVD to directly contribute to matrix product, (2) generate strong (paracrine)signaling able to

promote an anabolic switch in native cells, or (3) support the recruitment of regenerative cells or otherwise limit the

migration of fibrotic/catabolic cells into the IVD. Multiple in vivo animal studies have suggested the ability of

transplanted cells to limit and sometimes even reverse the degeneration process . Cell transplantation into

the IVD is commonly employed through minimally invasive surgery, involving a percutaneous injection commonly

through a 21- or 22-gauge needle  under fluoroscopic guidance into the IVD space, but can also involve

systemic infusion or local transplantation. Intradiscally injected cells can potentially be maintained in the IVD space

due to the enclosed nature of the disc or, otherwise, might be retained by encapsulation in a hydrogel, tissue graft,

or other carriers . Otherwise, cells transplanted outside the IVD could either migrate into the IVD to induce their

regenerative effect or otherwise effectuate a more anabolic environment through paracrine signaling . Multiple

cell types have been examined as the agent engendering the repair, and these will be discussed in further detail

below.

3. Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSC), often falsely termed mesenchymal stem cells, usually involve a heterogeneous

population of multipotent and more committed progenitor cells with relatively high proliferation capacity . These

cells can be sourced from multiple tissues; both are most often derived from bone marrow, adipose tissue,

peripheral blood, or umbilical cords. Notably, however, the different MSC sources have been linked to differences in

potency and differentiation inclinations . MSC are of particular interest due to their easy accessibility and

expandability . Unlike other cell types, MSC can with relative ease be aspirated from healthy and young donors

as well as from autologous sources . Moreover, the MSC are characterized by their ability to differentiate toward

a chondrogenic cell type, including the induction of a high rate of proteoglycan production . Additionally,

MSC possess an innate immunomodulatory capacity and could potentially limit the inflammatory environment of

the IVD upon transplantation . Nevertheless, their survival and capacity to strive in the IVD remain an aspect

requiring careful examination . For example, MSC subjected to IVD environmental factors have been shown

to severely reduce proliferation and chondrogenic potency . Although MSC have been shown capable of

surviving and differentiating in the IVD of a range of animal models, their full NP cell phenotypical characteristics

have not yet been reported . Moreover, due to the unmatured nature of the MSC following transplantation and

potential migration or leakage out of the IVD, they could potentially give rise to undesired differentiation and tissue

formation, e.g., osteophyte as observed by Vadala et al. . Finally, MSC have also been shown potent inducers of
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angiogenesis, particularly sourced from adipogenic tissue, which could further aggravate the degenerative cascade

. These practical benefits and opportunities should be carefully weighed out to the potential risks.

For human clinical trials, MSC are by far the most common cell type being examined. At current, MSC products are

either sourced from adipose , bone marrow , or umbilical cord  tissues (Table 1)

and applied either as an autologous or allogenic cell product. Two reports on adipose-derived MSC (AD-MSC)

trials, involving a combined 18 patients, suggested that intradiscal injection at a 1-year follow-up was able to show

a trend of  or significant  improvement in both visual analog pain scores (VAS) as well as Oswestry disability

index (ODI). Interestingly, Piccirilli et al.  and Kumar et al.  reported an improvement in MRI signal intensity in

80% of examined discs and 30% of patients, respectively, suggesting to some extent the ability of the MSC to

support IVD regeneration in some cases.

Table 1. Overview of reported clinical trials, case series, and case reports on cell transplantation for IVD repair.
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  Trial Design Outcomes

  Sponsor,
Study [Ref] Trial Type Control Product

(Type)
Dose

(Cell/mL)
Cohort

(n)
FU
(y) Pain Disability MRI SAE

Mesenchymal
Stromal Cells

Piccirilli 
Case
series

None
AD-MSC

(Autologous)
ns/~1 mL 8 1

Trend of VAS
improvement

Trend of ODI
improvement

80% of disc
regained

signal
intensity

None

Kumar PhaseI/IIa
trial

None
AD-MSC

(Autologous)

20 × 10 /
2 mL HA

5

1
Significantly
enhanced

VAS

Significantly
enhanced

ODI and SF-
36

3/10 patients
presented
enhanced
intensity

None
40 × 10 /
2 mL HA

5

Henriksson 
Prospective

study
None

BM-MSC
(Autologous)

1 ×
10 /ns

10 <3 - - -

Calcium
deposits

observed in
1/4 patients

Wang Prospective
study

None
BM-MSC

(Allogenic)

4 × 1 ×
10  (/kg
BW)/10

mL *

31 <1 - -

Ankylosing
spondylitis
features
mitigated

None

Elabd
Unspecified None

BM-MSC
(Autologous)

31 (±14)
×

10 /0.25–
1 mL PL

5 6 -

Trend of
improvement
in strength

and mobility

- None

Yoshikawa 
Case
series

None
BM-MSC

(Autologous)
ns/ns 2 2

Trend of VAS
improvement

Trend of
amended

JOA scores

Trend
increased

signal
intensity

None
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Bone marrow-derived MSC (BM-MSC) as an IVD therapeutic have been examined as an intradiscal injection

product in 132 LBP patients  and as an intravenous infusion product for 31 ankylosing

spondylitis patients . In all studies that reported on pain or disability-related outcomes, at least a trend of

improvement was observed (Table 1). For example, the non-controlled study of Orozco et al.  involving 10

patients resulted in significant VAS, ODI, and short-form 36 (SF-36) measurements. Of particular interest are the

two controlled clinical trials. Noriega et al.  compared the transplantation of 25 × 10  allogenic BM-MSC to a

control involving a local paravertebral anesthesia injection. In their 1-year follow-up, the authors recorded a

significant improvement in VAS and ODI values compared to baseline at higher rates than the control cohort. A

more recent and larger randomized controlled clinical trial (RCT) study by Amirdelfan et al.  comparing high (18

× 10 ) and low (6 × 10 ) dosages of their allogenic “mesenchymal precursor cells” administration to a saline and

hyaluronic acid vehicle control group. Their study showed a significantly enhanced improvement of LBP and ODI

  Trial Design Outcomes

  Sponsor,
Study [Ref] Trial Type Control Product

(Type)
Dose

(Cell/mL)
Cohort

(n)
FU
(y) Pain Disability MRI SAE

Citospin/TerCel,
Noriega 

RCT,
blinded,

phase I/II

Paravertebral
muscle

anesthesia

BM-MSC
(Allogenic)

25 × 10 /
2 mL

12 1

Significant
VAS

improvement,
significantly
higher than

control

Significant
ODI

improvement,
significantly
higher than

control

Significantly
enhanced
Pfirrmann

grading while
worsening in

control

None

ITRT,
Orozco 

Phase I/II
trial

None
BM-MSC

(Autologous)
10 (±5) ×

10 /ns 10 1
Significant

VAS
improvement

Significant
ODI and SF-

36
improvements

Significant
increase in

signal
intensity

None

Regenexx,
Centeno 

Prospective
study

None
BM-MSC + PL
(Autologous)

1–3 ×
10 /10–
20% PL
1–2 mL,
+3–5 mL

PL
(epidural)

33 7
Significant

NPS
improvement

Trend of FRI
score

improvement

85% showed
reduction in
disc bulge

size

None

Mesoblast,
Amirdelfan 

RCT,
blinded,
phase II

(1) Saline
injection

(2) HA injection

BM-MSC
(Allogenic)

6 × 10 /2
mL HA

30

2

Significant
VAS

improvement,
significantly
higher than

sham control

Significant
ODI

improvement,
significantly
higher than

sham control

No clear
difference in
Pfirrmann

grades

8/60 SAE
compared to

4/40 in
control, 1
case of
discitis

18 ×
10 /2 mL

HA
30

Pang Case
series

None
UC-MSC

(Allogenic)
10 ×

10 /1 mL 2 2
Trend of VAS
improvement

Trend of ODI
improvement

1/2 patients
showed

increase in
signal

intensity

None

Chondrogenic
cells

NOVOCART ,
Tschugg 

RCT,
blinded

phase I/II

PEG-HA
injection

IVD cells
(Autologous)

ns/0.5–2
mL PEG-

HA
12 <1 - -

No
improvements

reported
None

Meisel RCT
Sequestrectomy

only

IVD cells +
Sequestrectomy

(Autologous)
ns/ns 22 >5

Trend of VAS
improvement
compared to

control

Trend of ODI
improvement
compared to

control

Significant
improvement

signal
intensity

compared to
control

None

Mochida Case
series

None IVD cells
(Autologous)

1 ×
10 /0.7

mL

9 3 Trend of LBP
subscale

improvement

Trend of JOA
improvement

Signal
intensity

maintained.
1/9 showed
Pfirrmann-

None
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* Cells administered per intravenous infusion as opposed to an intradiscal injection, ** following crossover.

Abbreviations: AC; articular cartilage cells, AD; adipose-derived, BM; bone marrow-derived, BMA; bone marrow

aspirate, BMC; bone marrow concentrate, BW; body weight, FRI; functional index rating, FU; maximum follow-up

time, HA; hyaluronic acid, HSC; hematopoietic stem cells, ITRT; Instituto de Terapia Regenerativa Tissular, IVD;

for cell-treated cohorts compared to control groups, with higher rates of responders. Though significant, the

question can be raised regarding the clinical significance of these findings. Another consideration is underlined by

the study of Noriega et al. , in which they reported a significant improvement in ODI and VAS values;

however, according to the authors, this effect stemmed from a 40% portion of responders in their experimental

cohort. MRI findings of the BM-MSC studies (Table 1) generally report at least maintenance of disc features, while

most suggest a trend of improvement. Specifically, the work of Noriega et al.  highlighted a significant

improvement of Pfirrmann grading for the cell-treated cohort, while their control group had a significant decline in

Pfirrmann classification at 12 months compared to baseline. Orozco et al. similarly reported a significant

improvement in MRI signal intensity in their treated IVD. On the contrary, the RCT of 60 patients by Amirdelfan et

al.  failed to report a consistent improvement on MRI outcomes for their cell-treated cohorts. The intravenous

infusion of allogenic BM-MSC, as reported by Wang et al. , was suggested to alleviate ankylosing spondylitis

symptoms as observed through MRI.

Finally, the small case series by Pang et al.  applied allogenic umbilical cord-derived MSC (UC-MSC) in two

patients. They reported a trend of VAS and ODI improvement 2 years follow-up with one of the two LBP patients

presenting enhanced signal intensity on MRI compared to baseline.

Regarding safety outcomes of all MSC types, most of the studies reported no clear serious adverse events, only

Amirdelfan et al.  reported 8 serious adverse events in their 60 cell-treated patients (1 involving discitis),

compared with 4 of 40 patients in their control cohort. These events, however, did not include a severe

immunogenic reaction. Of specific interest is the report of Garcia-Sancho et al. , complimenting in part the study

of Noriega et al. , which assessed the influence of HLA matching regarding their allogenic MSC products. They

found of the nine degenerative disc disease patients analyzed, none presented with HLA-targeted antibodies

matching those of their MSC donors . The lack of immunoreactivity, as suggested by the authors, might be found

in the immunomodulatory potential of MSC or the immune privileged and enclosed nature of the IVD, though these

suggestions remain highly speculative, especially considering the limited numbers analyzed. On the contrary, a

small study by Henriksson et al.  applied iron sucrose-labeling to their transplanted BM-MSC for potential cell

tracing. In their study, 4 of the 10 patients post MSC transplantation opted to undergo fusion surgery. As part of the

fusion surgery, the IVD tissues were explanted, and iron sucrose-labeled cells were detected. Their assays

revealed the presence of the transplanted MSC up to 28 months following transplantation. Moreover, additional

staining suggested some but not all cells were apoptotic and were in close proximity to SOX9 and type II collagen-

positive areas. Notably, however, was the detection of calcium deposits, suggesting early bone formation, in one of

the four IVD explants. Again, raising some concern on the potential undesirable differentiation potential of MSC

upon transplantation . Though, these deposits were found in both iron sucrose-positive and -negative areas.

4. Nucleus Pulposus and Articular Cartilage-Derived Cells

NP cells form a heterogeneous cell population of native cells residing in the NP and can include highly

differentiated rounded NP cells or less undifferentiated progenitor cells . NP cells are the cells endemic to

the IVD, and unlike the previously discussed MSC, they are specially adapted to survive and thrive within the harsh

  Trial Design Outcomes

  Sponsor,
Study [Ref] Trial Type Control Product

(Type)
Dose

(Cell/mL)
Cohort

(n)
FU
(y) Pain Disability MRI SAE

grade
improvement

NuQu ,
Coric

Phase I
trial

None
AC

(Allogenic)

10–20 ×
10 /1–2

mL
Fibrin

15 1
Significant

NRS
improvement

Significant
ODI and SF-

36
improvements

10/13
patients

presented
MRI

ameliorations

None

Vivex
Biomedical,

Beall

RCT,
crossover

study

(1) placebo, (2)
conservative

care

“Spine-derived”
cells in NP

tissue allograft
(Allogenic)

>6 ×
10 /1.25–
1.75 mL

NP
allograft

140
(+37)

**
1

Significant
VAS

improvement,
not different
from placebo

group

Significant
ODI

improvement,
not different
from placebo
group, unless
stratified for

younger
patients (<42

y)

-

11 SAE in
allograft and

1 in
crossover
cohort, 6

considered
treatment
related;

including
osteomyelitis

and
bacteremia

Other/Combined

Bioheart,
Comella 

Prospective
study

None
SVF + PRP
(Autologous)

30–60 ×
10 /1–3
mL PRP

15 1

Trend of VAS
and pain

rating
improvements

Minimal
improvements

in disability
and QoL
scores

- None

Pettine 
Prospective

study
None

BMC
(Autologous)

1–2 ×
242–363
× 10 /2–

3 mL

26 3
Significant

VAS
improvements

Significant
ODI

improvements

40% present
Pfirrmann-

grade
improvement

None

Subach
Case report None

BMA + Adipose
tissue + Plasma

(Autologous)
ns/3 mL 1 1 - - -

Disc
extrusion,

discitis with
osteomyelitis
requiring in
emergency

surgery

Haufe Prospective
study

None
HSC

(Autologous)
ns/ns 10 1

No pain
improvement

- - None
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intervertebral disc, JOA; Japanese orthopaedic association, MRI; magnetic resonance imaging, NP; nucleus

pulposus, NPS; numerical pain score, ns; not specified, ODI; Oswestry disability index, PEG; polyethylene glycol,

PL; platelet lysate, PRP; platelet-rich plasma, QoL; quality of life, RCT: randomized controlled clinical trial SAE;

serious adverse events, SF; short form, SVF; stromal vascular fraction, UC; umbilical cord derived, VAS; visual

analog (pain) score.

IVD environment . Moreover, the chondrogenic NP cells are hallmarked by their high proteoglycan and type II

collagen production rates . Naturally, these cells possess the optimal cell type for the regeneration of the NP of

the IVD and have been shown to retain in the IVD following transplantation in multiple animal studies .

Alternatively, other chondrogenic cells types have been suggested, specifically, chondrocytes from articular

cartilage as well as hyaline cartilage tissues . Similar to NP tissue, other articular cartilage sources are also

avascular, and their cells are prone to high proteoglycan and type II collagen production and have thus been

suggested and tested as an alternative cell source for IVD repair . Notably, however, the rates of proteoglycan

production have been shown to be much lower for articular chondrocytes compared to NP cells . Although both

cell types in preclinical studies are suggested to be very potent in supporting IVD repair, their applicability is mainly

limited by practical consideration . Specifically, NP and other cartilage sources have low accessibility, and often

tissue sources that are obtainable are compromised by disease, age, or trauma . Moreover, these chondrogenic

cells types present a limited proliferation capacity and tend to lose their phenotypical features rapidly in vitro .

Although culture optimization strategies are being explored to enhance the expandability of these cell types 

.

Clinical studies applying either IVD-derived or articular cartilage-derived cells are less common and small in nature.

In total, researchers identified 5 separate studies (Table 1) involving 15 patients treated with articular chondrocytes

and 220 treated with IVD-derived chondrocytes. A smaller case series by Mochida et al.  transplanted

autologous NP cells, reactivated by MSC coculture ex vivo, as a strategy to limit degeneration progression in discs

adjacent to fused IVD to prevent adjacent segment disease. Researchers  will discuss more on this trial in

paragraph 6; nevertheless, overall, the procedure appeared safe and did not show any worsening of the adjacent

segments on MRI observations. Similarly, work by Coric et al. , which employed juvenile articular chondrocytes,

showed in a 1-year follow-up a significant improvement in pain rating as well as ODI and SF-36 outcomes for their

15 treated patients. Moreover, 10 out of 13 patients analyzed through MRI showed improvement on MRI. An RCT

study by Meisel et al.  compared patients undergoing sequestrectomy to a cohort undergoing sequestrectomy

followed by transplantation of autologous IVD-derived cells. Their study suggested a trend of improvement in VAS

and ODI scores comparing the control to the experimental cohort. Moreover, MRI signal intensity was found

significantly higher in the cell-treated cohort than the sequestrectomy-only group. An RCT by Tschugg et al. 

involving autologous IVD-derived cell transplantation was compared to a control cohort only receiving hyaluronic

acid-polyethylene glycol carrier. This phase I trial reported no clear evident worsening of disc MRI, but their report

did not mention any clear enhancement for the cell-treated group compared to the carrier control group. Finally, a

very recent RCT by Beall et al.  seeded “cells” in an NP allograft and compared the treatment effects to a

placebo control and conservative treatment cohort. Conservative treatment recipients were allowed to crossover at

3 months post-transplantation to the allograft cohort if outcomes were unsatisfactory. Their 1-year follow-up study

revealed a significant reduction in pain and ODI values for the allograft and crossover group; however, these

changes appear similar to the reduction seen in their placebo cohort, resulting in a lack of statistical significance.

Nevertheless, a post-hoc stratification analysis by Hunter et al.  highlighted that when only patients were

considered below the age of 42 years, a statistically significant improvement was observed for mean change in

ODI comparing allograft and crossover cohorts separately to the placebo control. Moreover, responder rates for
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both active groups were significantly higher than the placebo for both ODI (≥10 points) and VAS (≥50%) outcomes.

Thereby highlighting the likely need for careful patient selection .

Regarding safety outcomes, none of the studies reported any serious adverse events, with the exception of the

Vivex Biomedical RCT , which involved 11 serious adverse events in their allograft cohort and 1 in their

crossover group. Six of these were considered potentially related to the treatment and included bacteremia and

osteomyelitis.

References

1. Vos, T.; Allen, C.; Arora, M.; Barber, R.M.; Bhutta, Z.A.; Brown, A.; Carter, A.; Casey, D.C.;
Charlson, F.J.; Chen, A.Z.; et al. Global, regional, and national incidence, prevalence, and years
lived with disability for 310 diseases and injuries, 1990–2015: A systematic analysis for the Global
Burden of Disease Study 2015. Lancet 2016, 388, 1545–1602.

2. Katz, J.N. Lumbar disc disorders and low-back pain: Socioeconomic factors and consequences.
J. Bone Jt. Surgery. Am. Vol. 2006, 88 (Suppl. S2), 21–24.

3. Martin, B.I.; Deyo, R.A.; Mirza, S.K.; Turner, J.A.; Comstock, B.A.; Hollingworth, W.; Sullivan, S.D.
Expenditures and health status among adults with back and neck problems. JAMA 2008, 299,
656–664.

4. Oichi, T.; Taniguchi, Y.; Oshima, Y.; Tanaka, S.; Saito, T. Pathomechanism of intervertebral disc
degeneration. JOR Spine 2020, 3, e1076.

5. Fournier, D.E.; Kiser, P.K.; Shoemaker, J.K.; Battie, M.C.; Seguin, C.A. Vascularization of the
human intervertebral disc: A scoping review. JOR Spine 2020, 3, e1123.

6. Sakai, D.; Schol, J.; Bach, F.C.; Tekari, A.; Sagawa, N.; Nakamura, Y.; Chan, S.C.W.; 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.

7. Le Maitre, C.L.; Dahia, C.L.; Giers, M.; Illien-Junger, S.; Cicione, C.; Samartzis, D.; Vadala, G.;
Fields, A.; Lotz, J. Development of a standardized histopathology scoring system for human
intervertebral disc degeneration: An Orthopaedic Research Society Spine Section Initiative. JOR
Spine 2021, 4, e1167.

8. Vergroesen, P.P.; Kingma, I.; Emanuel, K.S.; Hoogendoorn, R.J.; Welting, T.J.; van Royen, B.J.;
van Dieen, J.H.; Smit, T.H. Mechanics and biology in intervertebral disc degeneration: A vicious
circle. Osteoarthr. Cartil. 2015, 23, 1057–1070.

9. Lama, P.; Le Maitre, C.L.; Harding, I.J.; Dolan, P.; Adams, M.A. Nerves and blood vessels in
degenerated intervertebral discs are confined to physically disrupted tissue. J. Anat. 2018, 233,

[84]

[66][67]



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 10/16

86–97.

10. North American Spine Society. Diagnosis and Treatment of Low Back Pain. Available online:
https://www.spine.org/Research-Clinical-Care/Quality-Improvement/Clinical-Guidelines (accessed
on 21 February 2020).

11. Ringwalt, C.; Gugelmann, H.; Garrettson, M.; Dasgupta, N.; Chung, A.E.; Proescholdbell, S.K.;
Skinner, A.C. Differential prescribing of opioid analgesics according to physician specialty for
Medicaid patients with chronic noncancer pain diagnoses. Pain Res. Manag. 2014, 19, 179–185.

12. Davis, H. Increasing rates of cervical and lumbar spine surgery in the United States, 1979–1990.
Spine 1994, 19, 1117–1123.

13. Martin, B.I.; Mirza, S.K.; Spina, N.; Spiker, W.R.; Lawrence, B.; Brodke, D.S. Trends in Lumbar
Fusion Procedure Rates and Associated Hospital Costs for Degenerative Spinal Diseases in the
United States, 2004 to 2015. Spine 2019, 44, 369–376.

14. Fritzell, P.; Hagg, O.; Wessberg, P.; Nordwall, A.; Swedish Lumbar Spine Study Group. 2001
Volvo Award Winner in Clinical Studies: Lumbar fusion versus nonsurgical treatment for chronic
low back pain: A multicenter randomized controlled trial from the Swedish Lumbar Spine Study
Group. Spine 2001, 26, 2521–2532; discussion 2532–2534.

15. Nguyen, T.H.; Randolph, D.C.; Talmage, J.; Succop, P.; Travis, R. Long-term outcomes of lumbar
fusion among workers’ compensation subjects: A historical cohort study. Spine 2011, 36, 320–
331.

16. Epstein, N.E. Adjacent level disease following lumbar spine surgery: A review. Surg. Neurol. Int.
2015, 6, S591–S599.

17. Zhang, F.; Wang, S.; Li, B.; Tian, W.; Zhou, Z.; Liu, S. Intradiscal injection for the management of
low back pain. JOR Spine 2021, e1186.

18. Thorpe, A.A.; Bach, F.C.; Tryfonidou, M.A.; Le Maitre, C.L.; Mwale, F.; Diwan, A.D.; Ito, K. Leaping
the hurdles in developing regenerative treatments for the intervertebral disc from preclinical to
clinical. JOR Spine 2018, 1, e1027.

19. Hodgkinson, T.; Shen, B.; Diwan, A.; Hoyland, J.A.; Richardson, S.M. Therapeutic potential of
growth differentiation factors in the treatment of degenerative disc diseases. JOR Spine 2019, 2,
e1045.

20. Takeoka, Y.; Yurube, T.; Nishida, K. Gene Therapy Approach for Intervertebral Disc Degeneration:
An Update. Neurospine 2020, 17, 3–14.

21. Buckley, C.T.; Hoyland, J.A.; Fujii, K.; Pandit, A.; Iatridis, J.C.; Grad, S. Critical aspects and
challenges for intervertebral disc repair and regeneration-Harnessing advances in tissue
engineering. JOR Spine 2018, 1, e1029.



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 11/16

22. Gullbrand, S.E.; Smith, L.J.; Smith, H.E.; Mauck, R.L. Promise, progress, and problems in whole
disc tissue engineering. JOR Spine 2018, 1, e1015.

23. Mohd Isa, I.L.; Abbah, S.A.; Kilcoyne, M.; Sakai, D.; Dockery, P.; Finn, D.P.; Pandit, A.
Implantation of hyaluronic acid hydrogel prevents the pain phenotype in a rat model of
intervertebral disc injury. Sci. Adv. 2018, 4, eaaq0597.

24. Schol, J.; Sakai, D. Cell therapy for intervertebral disc herniation and degenerative disc disease:
Clinical trials. Int. Orthop. 2019, 43, 1011–1025.

25. Smith, L.J.; Silverman, L.; Sakai, D.; Le Maitre, C.L.; Mauck, R.L.; Malhotra, N.R.; Lotz, J.C.;
Buckley, C.T. Advancing cell therapies for intervertebral disc regeneration from the lab to the
clinic: Recommendations of the ORS spine section. JOR Spine 2018, 1, e1036.

26. Bach, F.H.; Albertini, R.J.; Joo, P.; Anderson, J.L.; Bortin, M.M. Bone-marrow transplantation in a
patient with the Wiskott-Aldrich syndrome. Lancet 1968, 2, 1364–1366.

27. Gatti, R.A.; Meuwissen, H.J.; Allen, H.D.; Hong, R.; Good, R.A. Immunological reconstitution of
sex-linked lymphopenic immunological deficiency. Lancet 1968, 2, 1366–1369.

28. Okano, H.; Sipp, D. New trends in cellular therapy. Development 2020, 147, dev192567.

29. Hiraishi, S.; Schol, J.; Sakai, D.; Nukaga, T.; Erickson, I.; Silverman, L.; Foley, K.; Watanabe, M.
Discogenic cell transplantation directly from a cryopreserved state in an induced intervertebral
disc degeneration canine model. JOR Spine 2018, 1, e1013.

30. Nukaga, T.; Sakai, D.; Schol, J.; Sato, M.; Watanabe, M. Annulus fibrosus cell sheets limit disc
degeneration in a rat annulus fibrosus injury model. JOR Spine 2019, 2, e1050.

31. Vickers, L.; Thorpe, A.A.; Snuggs, J.; Sammon, C.; Le Maitre, C.L. Mesenchymal stem cell
therapies for intervertebral disc degeneration: Consideration of the degenerate niche. JOR Spine
2019, 2, e1055.

32. Sakai, D.; Schol, J. Cell therapy for intervertebral disc repair: Clinical perspective. J. Orthop.
Transl. 2017, 9, 8–18.

33. Andreas Croft; Svenja Illien-Jünger; Sibylle Grad; Julien Guerrero; Sebastian Wangler; Benjamin
Gantenbein; The Application of Mesenchymal Stromal Cells and Their Homing Capabilities to
Regenerate the Intervertebral Disc. International Journal of Molecular Sciences 2021, 22, 3519,
10.3390/ijms22073519.

34. Lindner, U.; Kramer, J.; Rohwedel, J.; Schlenke, P. Mesenchymal Stem or Stromal Cells: Toward
a Better Understanding of Their Biology? Transfus. Med. Hemother. 2010, 37, 75–83.

35. Mohamed-Ahmed, S.; Fristad, I.; Lie, S.A.; Suliman, S.; Mustafa, K.; Vindenes, H.; Idris, S.B.
Adipose-derived and bone marrow mesenchymal stem cells: A donor-matched comparison. Stem
Cell Res. Ther. 2018, 9, 168.



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 12/16

36. Fabre, H.; Ducret, M.; Degoul, O.; Rodriguez, J.; Perrier-Groult, E.; Aubert-Foucher, E.;
Pasdeloup, M.; Auxenfans, C.; McGuckin, C.; Forraz, N.; et al. Characterization of Different
Sources of Human MSCs Expanded in Serum-Free Conditions with Quantification of
Chondrogenic Induction in 3D. Stem Cells Int. 2019, 2019, 2186728.

37. Williams, R.J.; Tryfonidou, M.A.; Snuggs, J.W.; Le Maitre, C.L. Cell sources proposed for nucleus
pulposus regeneration. JOR Spine 2021, 4, e1175.

38. Morita, K.; Schol, J.; Volleman, T.N.E.; Sakai, D.; Sato, M.; Watanabe, M. Screening for Growth-
Factor Combinations Enabling Synergistic Differentiation of Human MSC to Nucleus Pulposus
Cell-Like Cells. Appl. Sci. 2021, 11, 3673.

39. Clarke, L.E.; McConnell, J.C.; Sherratt, M.J.; Derby, B.; Richardson, S.M.; Hoyland, J.A. Growth
differentiation factor 6 and transforming growth factor-beta differentially mediate mesenchymal
stem cell differentiation, composition, and micromechanical properties of nucleus pulposus
constructs. Arthritis Res. Ther. 2014, 16, R67.

40. Stoyanov, J.V.; Gantenbein-Ritter, B.; Bertolo, A.; Aebli, N.; Baur, M.; Alini, M.; Grad, S. Role of
hypoxia and growth and differentiation factor-5 on differentiation of human mesenchymal stem
cells towards intervertebral nucleus pulposus-like cells. Eur. Cells Mater. 2011, 21, 533–547.

41. Weiss, A.R.R.; Dahlke, M.H. Immunomodulation by Mesenchymal Stem Cells (MSCs):
Mechanisms of Action of Living, Apoptotic, and Dead MSCs. Front. Immunol. 2019, 10, 1191.

42. Sakai, D.; Andersson, G.B. Stem cell therapy for intervertebral disc regeneration: Obstacles and
solutions. Nat. Rev. Rheumatol. 2015, 11, 243–256.

43. Benneker, L.M.; Andersson, G.; Iatridis, J.C.; Sakai, D.; Hartl, R.; Ito, K.; Grad, S. Cell therapy for
intervertebral disc repair: Advancing cell therapy from bench to clinics. Eur. Cells Mater. 2014, 27,
5–11.

44. Gay, M.H.; Mehrkens, A.; Rittmann, M.; Haug, M.; Barbero, A.; Martin, I.; Schaeren, S. Nose to
back: Compatibility of nasal chondrocytes with environmental conditions mimicking a degenerated
intervertebral disc. Eur. Cells Mater. 2019, 37, 214–232.

45. Vadala, G.; Sowa, G.; Hubert, M.; Gilbertson, L.G.; Denaro, V.; Kang, J.D. Mesenchymal stem
cells injection in degenerated intervertebral disc: Cell leakage may induce osteophyte formation.
J. Tissue Eng. Regen. Med. 2012, 6, 348–355.

46. Planat-Benard, V.; Silvestre, J.S.; Cousin, B.; Andre, M.; Nibbelink, M.; Tamarat, R.; Clergue, M.;
Manneville, C.; Saillan-Barreau, C.; Duriez, M.; et al. Plasticity of human adipose lineage cells
toward endothelial cells: Physiological and therapeutic perspectives. Circulation 2004, 109, 656–
663.

47. Takeuchi, R.; Katagiri, W.; Endo, S.; Kobayashi, T. Exosomes from conditioned media of bone
marrow-derived mesenchymal stem cells promote bone regeneration by enhancing angiogenesis.



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 13/16

PLoS ONE 2019, 14, e0225472.

48. Piccirilli, M.; Delfinis, C.P.; Santoro, A.; Salvati, M. Mesenchymal stem cells in lumbar spine
surgery: A single institution experience about red bone marrow and fat tissue derived MSCs. J.
Neurosurg. Sci. 2017, 61, 124–133.

49. Kumar, H.; Ha, D.H.; Lee, E.J.; Park, J.H.; Shim, J.H.; Ahn, T.K.; Kim, K.T.; Ropper, A.E.; Sohn,
S.; Kim, C.H.; et al. Safety and tolerability of intradiscal implantation of combined autologous
adipose-derived mesenchymal stem cells and hyaluronic acid in patients with chronic discogenic
low back pain: 1-year follow-up of a phase I study. Stem Cell Res. Ther. 2017, 8, 262.

50. Henriksson, H.B.; Papadimitriou, N.; Hingert, D.; Baranto, A.; Lindahl, A.; Brisby, H. The
Traceability of Mesenchymal Stromal Cells After Injection Into Degenerated Discs in Patients with
Low Back Pain. Stem Cells Dev. 2019, 28, 1203–1211.

51. Wang, P.; Li, Y.; Huang, L.; Yang, J.; Yang, R.; Deng, W.; Liang, B.; Dai, L.; Meng, Q.; Gao, L.; et
al. Effects and safety of allogenic mesenchymal stem cell intravenous infusion in active
ankylosing spondylitis patients who failed NSAIDs: A 20-week clinical trial. Cell Transplant. 2014,
23, 1293–1303.

52. Yoshikawa, T.; Ueda, Y.; Miyazaki, K.; Koizumi, M.; Takakura, Y. Disc regeneration therapy using
marrow mesenchymal cell transplantation: A report of two case studies. Spine 2010, 35, E475–
E480.

53. Garcia-Sancho, J.; Sanchez, A.; Vega, A.; Noriega, D.C.; Nocito, M. Influence of HLA Matching on
the Efficacy of Allogeneic Mesenchymal Stromal Cell Therapies for Osteoarthritis and
Degenerative Disc Disease. Transpl. Direct. 2017, 3, e205.

54. Noriega, D.C.; Ardura, F.; Hernandez-Ramajo, R.; Martin-Ferrero, M.A.; Sanchez-Lite, I.; Toribio,
B.; Alberca, M.; Garcia, V.; Moraleda, J.M.; Sanchez, A.; et al. Intervertebral Disc Repair by
Allogeneic Mesenchymal Bone Marrow Cells: A Randomized Controlled Trial. Transplantation
2017, 101, 1945–1951.

55. Orozco, L.; Soler, R.; Morera, C.; Alberca, M.; Sanchez, A.; Garcia-Sancho, J. Intervertebral disc
repair by autologous mesenchymal bone marrow cells: A pilot study. Transplantation 2011, 92,
822–828.

56. Centeno, C.; Markle, J.; Dodson, E.; Stemper, I.; Williams, C.J.; Hyzy, M.; Ichim, T.; Freeman, M.
Treatment of lumbar degenerative disc disease-associated radicular pain with culture-expanded
autologous mesenchymal stem cells: A pilot study on safety and efficacy. J. Transl. Med. 2017,
15, 197.

57. Elabd, C.; Centeno, C.J.; Schultz, J.R.; Lutz, G.; Ichim, T.; Silva, F.J. Intra-discal injection of
autologous, hypoxic cultured bone marrow-derived mesenchymal stem cells in five patients with
chronic lower back pain: A long-term safety and feasibility study. J. Transl. Med. 2016, 14, 253.



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 14/16

58. Amirdelfan, K.; Bae, H.; McJunkin, T.; DePalma, M.; Kim, K.; Beckworth, W.J.; Ghiselli, G.;
Bainbridge, J.S.; Dryer, R.; Deer, T.R.; et al. Allogeneic mesenchymal precursor cells treatment for
chronic low back pain associated with degenerative disc disease: A prospective randomized,
placebo-controlled 36-month study of safety and efficacy. Spine J. Off. J. N. Am. Spine Soc. 2021,
21, 212–230.

59. Pang, X.; Yang, H.; Peng, B. Human umbilical cord mesenchymal stem cell transplantation for the
treatment of chronic discogenic low back pain. Pain Physician 2014, 17, E525–E530.

60. Tschugg, A.; Diepers, M.; Simone, S.; Michnacs, F.; Quirbach, S.; Strowitzki, M.; Meisel, H.J.;
Thome, C. A prospective randomized multicenter phase I/II clinical trial to evaluate safety and
efficacy of NOVOCART disk plus autologous disk chondrocyte transplantation in the treatment of
nucleotomized and degenerative lumbar disks to avoid secondary disease: Safety results of
Phase I-a short report. Neurosurg. Rev. 2017, 40, 155–162.

61. Tschugg, A.; Michnacs, F.; Strowitzki, M.; Meisel, H.J.; Thome, C. A prospective multicenter phase
I/II clinical trial to evaluate safety and efficacy of NOVOCART Disc plus autologous disc
chondrocyte transplantation in the treatment of nucleotomized and degenerative lumbar disc to
avoid secondary disease: Study protocol for a randomized controlled trial. Trials 2016, 17, 108.

62. Meisel, H.J.; Ganey, T.; Hutton, W.C.; Libera, J.; Minkus, Y.; Alasevic, O. Clinical experience in
cell-based therapeutics: Intervention and outcome. Eur. Spine J. 2006, 15 (Suppl. S3), S397–
S405.

63. Meisel, H.J.; Siodla, V.; Ganey, T.; Minkus, Y.; Hutton, W.C.; Alasevic, O.J. Clinical experience in
cell-based therapeutics: Disc chondrocyte transplantation A treatment for degenerated or
damaged intervertebral disc. Biomol. Eng. 2007, 24, 5–21.

64. Mochida, J.; Sakai, D.; Nakamura, Y.; Watanabe, T.; Yamamoto, Y.; Kato, S. Intervertebral disc
repair with activated nucleus pulposus cell transplantation: A three-year, prospective clinical study
of its safety. Eur. Cells Mater. 2015, 29, 202–212; discussion 212.

65. Coric, D.; Pettine, K.; Sumich, A.; Boltes, M.O. Prospective study of disc repair with allogeneic
chondrocytes presented at the 2012 Joint Spine Section Meeting. J. Neurosurg. Spine 2013, 18,
85–95.

66. Beall, D.P.; Wilson, G.L.; Bishop, R.; Tally, W. VAST Clinical Trial: Safely Supplementing Tissue
Lost to Degenerative Disc Disease. Int. J. Spine Surg. 2020, 14, 239–253.

67. Beall, D.P.; Davis, T.; DePalma, M.J.; Amirdelfan, K.; Yoon, E.S.; Wilson, G.L.; Bishop, R.; Tally,
W.C.; Gershon, S.L.; Lorio, M.P.; et al. Viable Disc Tissue Allograft Supplementation; One- and
Two-level Treatment of Degenerated Intervertebral Discs in Patients with Chronic Discogenic Low
Back Pain: One Year Results of the VAST Randomized Controlled Trial. Pain Physician 2021, 24,
465–477.



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 15/16

68. Hunter, C.W.; Guyer, R.; Froimson, M.; DePalma, M.J. Effect of age on outcomes after allogeneic
disc tissue supplementation in patients with chronic discogenic low back pain in the VAST trial.
Pain Manag. 2021.

69. Comella, K.; Silbert, R.; Parlo, M. Effects of the intradiscal implantation of stromal vascular
fraction plus platelet rich plasma in patients with degenerative disc disease. J. Transl. Med. 2017,
15, 12.

70. Pettine, K.; Suzuki, R.; Sand, T.; Murphy, M. Treatment of discogenic back pain with autologous
bone marrow concentrate injection with minimum two year follow-up. Int. Orthop. 2016, 40, 135–
140.

71. Pettine, K.A.; Murphy, M.B.; Suzuki, R.K.; Sand, T.T. Percutaneous injection of autologous bone
marrow concentrate cells significantly reduces lumbar discogenic pain through 12 months. Stem
Cells 2015, 33, 146–156.

72. Subach, B.R.; Copay, A.G.; Martin, M.M.; Schuler, T.C.; DeWolfe, D.S. Epidural abscess and
cauda equina syndrome after percutaneous intradiscal therapy in degenerative lumbar disc
disease. Spine J. Off. J. N. Am. Spine Soc. 2012, 12, e1–e4.

73. Haufe, S.M.; Mork, A.R. Intradiscal injection of hematopoietic stem cells in an attempt to
rejuvenate the intervertebral discs. Stem Cells Dev. 2006, 15, 136–137.

74. Risbud, M.V.; Schoepflin, Z.R.; Mwale, F.; Kandel, R.A.; Grad, S.; Iatridis, J.C.; Sakai, D.;
Hoyland, J.A. Defining the phenotype of young healthy nucleus pulposus cells: Recommendations
of the Spine Research Interest Group at the 2014 annual ORS meeting. J. Orthop. Res. 2015, 33,
283–293.

75. 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.

76. Risbud, M.V.; Schipani, E.; Shapiro, I.M. Hypoxic regulation of nucleus pulposus cell survival:
From niche to notch. Am. J. Pathol. 2010, 176, 1577–1583.

77. Ganey, T.; Libera, J.; Moos, V.; Alasevic, O.; Fritsch, K.G.; Meisel, H.J.; Hutton, W.C. Disc
chondrocyte transplantation in a canine model: A treatment for degenerated or damaged
intervertebral disc. Spine 2003, 28, 2609–2620.

78. Acosta, F.L., Jr.; Metz, L.; Adkisson, H.D.; Liu, J.; Carruthers-Liebenberg, E.; Milliman, C.;
Maloney, M.; Lotz, J.C. Porcine intervertebral disc repair using allogeneic juvenile articular
chondrocytes or mesenchymal stem cells. Tissue Eng. Part A 2011, 17, 3045–3055.

79. Mwale, F.; Roughley, P.; Antoniou, J. Distinction between the extracellular matrix of the nucleus
pulposus and hyaline cartilage: A requisite for tissue engineering of intervertebral disc. Eur. Cells
Mater. 2004, 8, 58–63.



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/19445 16/16

80. Nukaga, T.; Sakai, D.; Schol, J.; Suyama, K.; Nakai, T.; Hiyama, A.; Watanabe, M. Minimal
Sustainability of Dedifferentiation by ROCK Inhibitor on Rat Nucleus Pulposus Cells In Vitro.
Spine Surg. Relat. Res. 2019, 3, 385–391.

81. 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.

82. 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.

83. Guerrero, J.; Hackel, S.; Croft, A.S.; Albers, C.E.; Gantenbein, B. The effects of 3D culture on the
expansion and maintenance of nucleus pulposus progenitor cell multipotency. JOR Spine 2021, 4,
e1131.

84. Rustenburg, C.M.E.; Faraj, S.S.A.; Ket, J.C.F.; Emanuel, K.S.; Smit, T.H. Prognostic factors in the
progression of intervertebral disc degeneration: Which patient should be targeted with
regenerative therapies? JOR Spine 2019, 2, e1063.

Retrieved from https://encyclopedia.pub/entry/history/show/46383


