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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.
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| 1. Introduction

Low back pain (LBP) and neck pain currently form the primary causes of global disability 2, and prevalence is
likely to increase with a generally aging population, further imposing concerns on the socioeconomic affordability of
healthcare and social security expenses 22!, Both disorders are generally associated with the intervertebral discs
(IVD) being subdued to progressive age- and non-age-related degeneration 4. 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 2. 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 B[]
(Figure 1B). Consequently, deteriorating the quality and organization of the ECM, thereby compromising the discs
biomechanical limits 8. 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 B8 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.
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Figure 1. lllustration 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 [10] 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 10 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 (L2131 their efficacy remains largely controversial (14181 1 addition, none of these
interventions aim to resolve the degenerative cascade underlying the pathology, and furthermore, can trigger
degenerative cascades in neighboring discs 161 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 18 These include regenerative
approaches, e.g., growth factor injection 22, gene therapy ¥, tissue engineering 2122 and biomaterial-

applications 28 each being at different stages of development and presenting different levels of success in

https://encyclopedia.pub/entry/19445 2/16



Regenerative Medicine Targeted for Intervertebral Disc Disease | Encyclopedia.pub

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 (24251, 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 (i) 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 24, new advancements in cellular therapy

and new insights on potential limitations require continuous and careful review of progress in the field.
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Figure 2. lllustrative 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 [26]27] 5
wide range of other cell therapies have been postulated and examined, including regenerative strategies, cancer
treatment, immunomodulation, or otherwise 28 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 VD 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 [2B381  Cell transplantation into
the IVD is commonly employed through minimally invasive surgery, involving a percutaneous injection commonly
through a 21- or 22-gauge needle 24 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 gratft,
or other carriers 22, 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 £2l. Multiple
cell types have been examined as the agent engendering the repair, and these will be discussed in further detalil

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 B4. 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 [B2I[38137] MSC are of particular interest due to their easy accessibility and
expandability [22. Unlike other cell types, MSC can with relative ease be aspirated from healthy and young donors
as well as from autologous sources 24, 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 [E8l32149 Additionally,
MSC possess an innate immunomodulatory capacity and could potentially limit the inflammatory environment of
the IVD upon transplantation 41, Nevertheless, their survival and capacity to strive in the IVD remain an aspect
requiring careful examination 4243l For example, MSC subjected to IVD environmental factors have been shown
to severely reduce proliferation and chondrogenic potency 4. 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 7. Moreover, due to the unmatured nature of the MSC following transplantation and
potential migration or leakage out of the VD, they could potentially give rise to undesired differentiation and tissue

formation, e.g., osteophyte as observed by Vadala et al. 43, 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

[46147] 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 4843 hone marrow BABLB2IESEAIBSIEGISTISE or ymbilical cord B2 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 48] or significant “2 improvement in both visual analog pain scores (VAS) as well as Oswestry disability
index (ODI). Interestingly, Piccirilli et al. “8 and Kumar et al. 49 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.

Trial Design Outcomes
Sponsor, . Product Dose Cohort FU . . -
Study [Ref] Trial Type Control (Type) (CelimL) () () Pain Disability MRI SAE
Mesenchymal 80% of disc
Stromal Cells Piccirilli 48] Ca_se None AD-MSC el 8 1 Trend of VAS Trend of ODI regalned None
series (Autologous) improvement improvement signal
intensity
20 x 106/
2 r’:L HA 5 Significantl Significantly 3/10 patients
Kumar Phasel/lla None AD-MSC 1 eahancedy enhanced presented None
149] trial (Autologous) 20 x 106/ VAS ODI and SF- enhanced
2 mL HA 5 36 intensity
Calcium
. Prospective BM-MSC 1x deposits
[50]
hiepgkssel study M (Autologous) 10%ns 2 = observed in
1/4 patients
4x1x Ankylosing
Wang Prospective BM-MSC 108 (/kg spondylitis
5] study AL (Allogenic) BW)/10 Gt s features A
mL * mitigated
31 (x14) Trend of
Elabd o BM-MSC x improvement
22 UnEpesits Lone (Autologous) 108/0.25~ 2 @ in strength RS
1mLPL and mobility
Trend
Trend of .
Yoshikawa 52 Ca§e None SIS ns/ns 2 2 Trend NS amended mcreased None
series (Autologous) improvement signal
JOA scores . 3
intensity
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Trial Design Outcomes
Sponsor, . Product Dose Cohort FU . . -
Study [Ref] Trial Type Control (Type) (CelimL) () () Pain Disability MRI SAE
Significant Significant Significantly
VAS ODI enhanced
Citospin/TerCel, RCT' Paravertebral BM-MSC 25 x 10%/ improvement, improvement, Pfirrmann
Nori [53][54] blinded, muscle X 12 1 N N . . None
oriega hase Ul —— (Allogenic) 2mL significantly significantly grading while
P higher than higher than worsening in
control control control
Significant Significant Significant
ITRT, Phase I/l None BM-MSC 10 (+5) x 10 1 gVAS ODI and SF- increase in None
Orozco 51 trial (Autologous) 10%/ns imorovement 36 signal
P improvements intensity
1-3 %
10%/10-
- 85% showed
0,
Regenexx, Prospective e BM-MSC + PL fOZA) Pi‘ 33 7 Slg,:'gl;am Trer;:of:feFRl reduction in e
Centeno 28157 study (Autologous) —em, ) ) disc bulge
+3-5mL improvement improvement -
PL
(epidural)
6 x 10%2 30 Significant Significant 8/60 SAE
RCT (1) saline mL HA VAS ODI No clear compared to
Mesoblast, blinde‘d T BM-MSC 2 improvement, improvement, difference in 4/40 in
Amirdelfan [58] - I’I @ HL iniection (Allogenic) 18 x significantly significantly Pfirrmann control, 1
p ) 1082 mL 30 higher than higher than grades case of
HA sham control sham control discitis
1/2 patients
showed
X 10 x
Pang (59 Ca;e None e MS.C 6 2 2 Trend AT Trend eieie] increase in None
series (Allogenic) 10°%1 mL improvement improvement signal
intensity
Chondrogenic NOVOCART®, RCT, PEG-HA VD cells ns/0.5-2 ) No
cells Tschugg 162611 blinded et (Autologous) mL PEG- 12 <1 improvements None
99 phase I/l ) 9 HA reported
Significant
IVD cells + Trend of VAS Trend of ODI improvement
Meisel [621(63] RCT Sequestrectomy Sequestrectomy e 2 -5 improvement improvement signal e
only (Autologous) compared to compared to intensity
9 control control compared to
control
Mochida 4 Case None IVD cells 1x 9 3 Trend of LBP Trend of JOA Signal None
series (Autologous) 10%/0.7 subscale improvement intensity
mL improvement maintained.
1/9 showed
Pfirrmann-

Bone marrow-derived MSC (BM-MSC) as an IVD therapeutic have been examined

as an intradiscal injection

product in 132 LBP patients BUB2B3IBAIBSIEEITEE and as an intravenous infusion product for 31 ankylosing
spondylitis patients B, 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. B3 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. B3[54l compared the transplantation of 25 x 108 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. B8 comparing high (18
x 106) and low (6 x 108) 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
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Trial Design Outcomes sant. the
Sponsor, . Product Dose Cohort FU . . - ’, y
Study [Ref] Trial Type Control (Type) (CelimL) () () Pain Disability MRI SAE .
grade rlined by
improvement
[531[54] , values;
10-20 x R 10/13 !
NuQu®, g,l 5 Significant Significant patients .
Coric Pha_lse I None L . VTS 15 1 NRS Rl presented None Enmental
65] trial (Allogenic) mL improvement 36 MRI
Fibrin improvements liorati .
ameliorations es, while
53][54 11 SAE in s
Significant allograft and gn Iflcant
oDl lin . .
@ Significant improvement, crossover  €cline in
) V|ve>.< RCT, (1) placebo, (2) Splne-Qerlved 108/1.25- 140 ) VAS not different cohprt, 6 .
Biomedical, ! cells in NP improvement, from placebo considered n|f|Cant
crossover conservative . 1.75mL (+37) 1 . = g
Beall - — tissue allograft NP - not different group, unless treatment
pealiczlice) Y (Allogenic) . from placebo  stratified for related; delf t
9 group younger including elran e
patients (<42 osteomyelitis
58] ) and  AVeNnous
bacteremia
e — - ..
(511 . yondylitis
Minimal
30-60 x LS| CAZS improvements
Bioheart, i i PR
Kt v S ots 2 S 7
ISl improvements andioo
scores
[59] - . Ly
Prospective BMC 2:2—23)((33 Siopicant Siojifcait Agffr)rg::z?t ’) n tWO
Pettine 0L P None . 26 3 VAS oDl None )
study (Autologous) x 10°/2— improvements  improvements grade patlents
3mL improvement
Other/Combined
Disc
extrusion,
Subach BMA + Adipose discitis with
72 Case report None tissue + Plasma  ns/3 mL 1 1 - - - osteomyelitis
(Autologous) requiring in ntS’ 0n|y
emergency
[58] sweey - discitis),
Haufe Prospective HSC No pain
2] study NEms (Autologous) TS 0 improvement . : fNole L severe

immunogenic reaction. Of specific interest is the report of Garcia-Sancho et al. B3, complimenting in part the study
of Noriega et al. 24, 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 23], 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. 2% 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 Il 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 42!, Though, these deposits were found in both iron sucrose-positive and -negative areas.

| 4. Nucleus Pulposus and Articular Cartilage-Derived Cells

Cells administered per intravenous infusion as opposed to an intradiscal injection, ** following crossover.

RRLrEARIREN AL HITH R HE R P ISp ARt IBPSRaGEV RIS YESRARG Mrtiow-RR vt BYKYiRa08emRIGRY
ARIFRIRI GO ARAE N QWIS R AR Rl Y Py e Mt Adctamaliindqypaling, St 1AxEnsBrgdmt 18
HHRavBAa Y AHIRBIThAevibtisiy THRRIORXEIIG ECReGHR $hBalRHH4BES 1SLARR EaHERFRRRitHRPHR nYSh
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IMBreextzbrahatis £2108 AV Sermaee stheochopdedje nas it ietits ars Rl Inmetgrdtioy tesimaigbepiotagigigcal Rind tpieul
paliomus phodSctiamraties | ihiNaoma|ynshese sphsifieds€BItheswpeistiyl dishbyiity fodéxe PE@Npoiyieihyletee gy df
Ple pretridysave, B&P; ghatetetidcte pimsinath@olyydaliowfdifearmplEntatidoniizedutiipie ciietnalirsaadiesa[28)XE:;
sdteonatinderseheveatmn8fggemict telie, (PpEs dievmabeascslagdeattion,speificalhilicah@oddodgrdge dy ovid S rivcs Uit
aadlEg@amystioss. hyaline cartilage tissues #4178 Similar to NP tissue, other articular cartilage sources are also
avascular, and their cells are prone to high proteoglycan and type Il collagen production and have thus been
suggested and tested as an alternative cell source for IVD repair 2. Notably, however, the rates of proteoglycan
production have been shown to be much lower for articular chondrocytes compared to NP cells 2. Although both
cell types in preclinical studies are suggested to be very potent in supporting VD repair, their applicability is mainly
limited by practical consideration 241, Specifically, NP and other cartilage sources have low accessibility, and often
tissue sources that are obtainable are compromised by disease, age, or trauma [24. Moreover, these chondrogenic
cells types present a limited proliferation capacity and tend to lose their phenotypical features rapidly in vitro B89,

Although culture optimization strategies are being explored to enhance the expandability of these cell types [E1182]
83

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. 4 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. [83], 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. 8263l 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. 6]
involving autologous IVD-derived cell transplantation was compared to a control cohort only receiving hyaluronic
acid-polyethylene glycol carrier. This phase | 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. [68167] 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. 68 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 4!,

Regarding safety outcomes, none of the studies reported any serious adverse events, with the exception of the
Vivex Biomedical RCT [B8l€7] 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.
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