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ABSTRACT 

The recent description of resident stem/progenitor cells in degenerated intervertebral discs (IVDs) supports the 

notion that their regenerative capacities could be harnessed to stimulate endogenous repair of the nucleus pulposus 

(NP). In this study, we developed a delivery system based on pullulan microbeads (PMBs) for sequential release 

of the chemokine CCL-5 to recruit these disc stem/progenitor cells to the NP tissue, followed by the release of the 

growth factors TGF-β1 and GDF-5 to induce the synthesis of a collagen type II- and aggrecan-rich extracellular 

matrix (ECM). Bioactivity of released CCL5 on human adipose-derived stem cells (hASCs), selected to mimic disc 

stem/progenitors, was demonstrated using a Transwell® chemotaxis assay. The regenerative effects of loaded 

PMBs were investigated in ex vivo spontaneously degenerated ovine IVDs. Fluorescent hASCs were seeded on 

the top cartilaginous endplates (CEPs); the degenerated NPs were injected with PMBs loaded with CCL5, TGF-

β1, and GDF-5; and the IVDs were then cultured for 3, 7, and 28 days to allow for cell migration and disc 

regeneration. The PMBs exhibited sustained release of biological factors for 21 days. Ex vivo migration of seeded 

hASCs from the CEP toward the NP was demonstrated, with the cells migrating a significantly greater distance 

when loaded PMBs were injected (5.8 ± 1.3 mm vs. 3.5 ± 1.8 mm with no injection of PMBs). In ovine IVDs, the 

overall NP cellularity, the collagen type II and the aggrecan staining intensities, and the Tie2+ progenitor cell density 

in the NP were increased at day 28 compared to the control groups. Considered together, PMBs loaded with 

CCL5/TGF-β1/GDF-5 constitute an innovative and promising strategy for controlled release of growth factors to 

promote cell recruitment and extracellular matrix remodelling.  
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INTRODUCTION 

Low back pain (LBP) is an ongoing major socio-economic problem in industrialized societies, affecting 80% of the 

world population at least once in their lifetime [1]. LBP is associated with repeated work absences and it represents 

one of the leading causes of severe disability and deterioration in the quality of life [2]. Intervertebral disc (IVD) 

degeneration is currently acknowledged to be one of the major causes of chronic LBP [3,4]. IVD is paramount for 

spine stability and mobility. The nucleus pulposus, which is the central part of the IVD, is gelatinous and hydrated, 

thereby allowing the IVD to resist compressive strains. The annulus fibrosus (AF), which surrounds the NP, offers 

elastic properties and resistance to tensile stresses. Finally, two cartilaginous endplates (CEPs) lie on either side 

of the IVD, forming a junction with the vertebral bodies while allowing the diffusion of oxygen, nutrients, and 

metabolic waste products [5]. These three specific structures of the IVD provide a suitable environment for 

absorption of spinal column impacts and they act as fibro-hydraulic shock absorbers [6,7]. Mechanical loading, 

trauma, and aging constitute the main risk factors for IVD degeneration. A pronounced decline in NP cell density 

combined with loss of the homeostasis balance leads to substantial deterioration of the quality and the quantity of 

the NP extracellular matrix (ECM) components, with a decrease in aggrecan and type II collagen fibres. This 

alteration could be due to abnormal and/or increased inflammatory and catabolic activities in particular, as 

evidenced by increased expression of IL-1β, -6, -8, TNF-α, MMPs, and ADAMTSs [8,9]. These biological 

impairments orchestrate structural alterations that affect the mechanical properties of the IVD, thereby often giving 

rise to low back pain. This degenerative cascade leads to a vicious circle that amplifies the IVD degeneration and 

it prevents natural repair processes from taking place [6,10]. The currently available treatments for discogenic LBP 

are focused on pain relief via pharmacological approaches or invasive surgical procedures in severe and resistant 

LBP cases, such as spine fusion or disc replacement. Although these surgical procedures have been shown to 

have a degree of clinical efficacy, particularly in terms of pain relief, they are, however, highly invasive and they 

risk inducing accelerated degeneration of adjacent discs as well as disruption of spine biomechanics, particularly 

with spine fusion. Moreover, they do not address the underlying pathogenic mechanisms of IVD degeneration, nor 

do they allow restoration of the biological integrity and function of IVDs [11].  

In recent years, regenerative medicine approaches have been described as a promising option to stop or even to 

reverse degenerative disc disease (DDD) [12]. Among these approaches, the aim of cell therapies is to transplant 

exogenous cells to repopulate the degenerated NP and to reinitiate the anabolic IVD machinery, thereby leading to 

the synthesis of an adequate ECM that could contribute to restoration of the IVD height. In particular, mesenchymal 

stem/stromal cells (MSCs) have been studied extensively as a promising source of cells [13]. Preclinical trials 

involving the injection of MSCs have yielded positive results, with an increase in type II collagen fibre synthesis. 

Clinical trials in humans have revealed significant pain relief and improvement of the quality of life of patients, albeit 

with very few signs of IVD regeneration [14]. Thus, a number of studies have suggested therapeutic in vitro 

manipulation of MSCs prior to their injection, in order to generate NP-like cells, using growth factor-driven 

differentiation protocols [15,16]. Co-culture experiments have also been performed to evaluate the effects of 

injected MSCs on resident NP cells [17,18]. However, the injection of exogenous cells suffers from a major 
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drawback, mainly due to the limited survival of cells after their injection into the harsh NP microenvironment [19,20]. 

Indeed, degenerated IVDs represent a hostile microenvironment, with a high osmotic pressure, acidic pH, low 

nutrient availability, and hypoxic conditions, as well as degenerative inflammatory and catabolic events [5]. In 

addition, osteophyte formation following MSC injection has been reported, and technological and regulatory 

restrictions have hampered the transfer of cell-based therapies into patients [21]. 

Recently, stem/progenitor cells have been reported to be present in healthy and degenerated IVD tissues from 

human and various other mammalian species [22–24]. Potential migration within the disc tissue has been 

suggested, as well as the existence of a migration route connecting the CEP, the AF, and the NP [25]. These disc 

stem/progenitor cells resemble MSCs as they express typical MSCs markers (CD90, CD105, CD45, and STRO1), 

and they can be differentiated in vitro into osteocytes and chondrocytes [11,26,27]. Interestingly, comparative 

studies of these disc stem/progenitor cells isolated from CEPs, the AF, and the NP have demonstrated the 

superiority of CEP-stem cells in terms of their capacity to migrate in vitro [28,29]. On the other hand, Tie2-positive 

progenitor cells have also been described in mouse, bovine, and human NP as potential sources of regenerative 

cells [30]. In this context, these endogenous disc stem/progenitor cells constitute a promising alternative to the use 

of exogenous stem cells for IVD regenerative strategies [31]. However, such endogenous repair strategies face the 

challenge of recruiting disc stem/progenitor cells from the periphery of the IVD and the CEPs, where they are most 

abundant, toward the degenerated NP. Interestingly, ex vivo studies performed on bovine IVDs cultured under 

degenerative conditions, have demonstrated overexpression of chemokines known to specifically recruit MSCs 

[32,33]. These results suggest that a natural mechanism of endogenous healing occurs in degenerative IVDs, but 

this may not be sufficient to allow for full restoration of disc homeostasis [10]. This low regenerative capacity could 

be due to the IVD’s avascularity, which limits the availability of nutrients and oxygen [5]. 

Chemokines and growth factors act as mediators of healing processes and they represent potential molecular 

targets to stimulate and guide regenerative mechanisms. Chemokine (CC-motif) ligand 5 (CCL5, also called 

Regulated upon Activation, Normal T cell Expressed, and Secreted, RANTES) recruits a substantial number of 

cells, including bone marrow mesenchymal stem cells (BM-MSCs) that express its specific membrane receptor 

CCR1/3/5 [34,35]. In the IVD context, CCL5 is secreted by disc cells, and CCL-5 receptors are expressed on the 

surface of AF and NP cells, thus suggesting that CCL5 could play a role in the IVD healing process [33]. 

Interestingly, physiological expression of CCL5 is upregulated under degenerative conditions [33,36,37]. Moreover, 

in patients, systemic CCL5 has been associated with discogenic back pain and moderate/severe lumbar disc 

degeneration, thus suggesting that CCL5 could be considered to be a biomarker for the diagnosis and monitoring 

of disc degeneration [38–40]. On the other hand, the growth factors TGF-β1 and GDF-5, both essential factors for 

IVD embryonic development, have been evaluated as therapeutic targets [41]. GDF-5 is physiologically present in 

IVD tissue and it participates in disc homeostasis by increasing type II collagen fibre and aggrecan synthesis by 

NP cells, which are also called nucleopulpocytes (NPCy) [42,43]. TGF-β1 induces upregulation of COL2A1 and 

ACAN gene expression in NPCy in vitro [44,45]. Of particular interest, we have demonstrated a synergistic role of 

these factors in the induction of nucleopulpogenic differentiation of human adipose stem cells (hASCs) after 28 
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days of in vitro culture, as evidenced by the synthesis of ECM rich in sulphated glycosaminoglycans (GAGs) and 

type II collagen fibres, and expression of specific NPCy markers, such as CD24, PAX1, and OVOS2 [46].  

Biological factors are particularly prone to degradation in vivo, and their protection by biomaterials is an option to 

enable a sustained therapeutic effect with a single injection into the IVD [12,47]. A large panel of biomaterials, 

composed of natural or synthetic polymers, have been combined with biological factors [48]. Among these, 

polysaccharide microparticles have been studied for encapsulation of CCL5, TGF-β1, and GDF-5 [49,50]. Such 

microparticles have been prepared from pullulan, which is a linear polymer of glucose units that has already been 

approved by the Food and Drug Administration (FDA) and widely used in the food, pharmaceutical, and cosmetics 

industries [51–53]. We have previously studied these microbeads, particularly as a TGF-β1 and GDF-5 delivery 

system, with 27% and 100% release over 21 days, respectively, and maintenance of their biological activity in terms 

of SMAD-mediated phosphorylation pathways has been demonstrated in vitro [49]. 

 In this context, the objective of the present study was to develop a delivery system composed of pullulan 

microbeads (PMBs) that could i) deliver CCL5 to recruit disc stem/progenitor cells, and ii) release a TGF-β1 and 

GDF-5 synergistic cocktail to stimulate the synthesis of an NP-like ECM. Since disc stem/progenitor cells, which 

are the cells ultimately targeted by an endogenous IVD regenerative strategy, are only present in small numbers 

and are difficult to isolate, we used hASCs as a substitute. This approach based on the use of model cells has been 

previously reported in several endogenous IVD repair studies [32,54–56]. We characterised the CCL5 adsorption 

and release kinetics, and we assessed the stimulatory effect of CCL5 on hASCs migration in vitro. Finally, we 

investigated the ex vivo effect of the injection of CCL5, TGF-β1, and GDF-5 PMBs in a degenerated IVD model in 

sheep by analysis of cell migration and tissue responses.  
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MATERIALS AND METHODS 

FITC-Pullulan microbeads (PMBs)  

First, pullulan (200 000 g/mol, Hayashibara Inc., Japan) was labelled with fluorescein isothiocyanate isomer I (FITC) 

(Sigma Aldrich, St Louis, MO, USA), as previously described [49]. FITC-pullulan (10 mg), combined with unlabelled 

pullulan (6 g), was dissolved in 20 mL of distilled water, under magnetic stirring, until a homogenous, viscous 

solution was obtained. Microbeads were then obtained using a combined emulsion/cross-linking process. Briefly, 

three 3 mL syringes were prepared in parallel with (1) 2.5 g of FITC-pullulan solution, (2) 250 µL of 10 M NaOH 

solution, and (3) 250 µL of 90% w/v sodium trimetaphosphate (Sigma Aldrich, St Louis, MO, USA) [57]. In parallel, 

75 mL of rapeseed oil was placed in a 150 mL beaker and stirred for 30 minutes at room temperature. The contents 

of syringes (1) and (2) were then mixed using a Luer-lock connection, after which syringe (3) was connected to add 

the crosslinking agent. The resulting mixture was then quickly injected, within 30 seconds, using an 18G needle, 

into the oil phase under stirring at 450 rpm. The water/oil emulsion was then incubated at 37 °C for 90 minutes 

under magnetic stirring to allow for chemical cross-linking and microbead formation. The beads were then subjected 

to successive washing steps with PBS pH 7.4 (Sigma Aldrich, St Louis, MO, USA), followed by solutions of sodium 

dodecyl sulphate (0·008% w/v, Sigma Aldrich, St Louis, MO, USA) and then NaCl (0.0025%, Sigma Aldrich, MO, 

USA). The PMBs were then filtered using a blood transfusion set (mesh aperture 200 µm, CareFusion, San Diego, 

CA, USA), freeze-dried, and stored at room temperature until use. All of the formulated PMB batches were then 

pooled to obtain a single batch. 

The PMBs were observed by fluorescence microscopy (DM IL LED Fluo, Leica, Germany) to visualize their shape 

before and after freeze-drying. Their size was measured using particle size analysis (Mastersizer 3000 Laser, 

Malvern Instruments, UK). For each FITC-PMB batch, 5 measurements were performed using 30 mg of freeze-

dried PMBs rehydrated in PBS.  

PMB loading with CCL5 chemokine  

All of the loading and release experiments were performed using 20 mg of freeze-dried PMBs, corresponding to 

800 000 microbeads, that had been decontaminated by exposure to UV light for 30 minutes. Three concentrations 

(1, 2, and 4 µg/mL in PBS/BSA) of human CCL5 (# 278-RN, R&D Systems Inc., Minneapolis, MN, USA) were 

prepared in filter-sterilized PBS pH 7.4 (Thermo Fisher Scientific, St Aubin, France), containing 1% w/v of bovine 

serum albumin (BSA, Sigma Aldrich, St Louis, MO, USA), as the buffer solution. The PMBs were suspended in 

500 µL of chemokine solution and loading was performed by adsorption at 4 °C under rotary stirring on a Mini 

LabRollerTM Dual Format Rotator (Labnet) for 24 hours. Unloaded PMBs were prepared in parallel by omission of 

the chemokines from the process. To remove unloaded chemokines, the samples were centrifuged at 5 000 rpm 

for 10 minutes, at 4 °C. The supernatants were then retrieved for ELISA assays (# 278-05, Duoset® kits, R&D 

Systems Inc., Minneapolis, MN, USA) to measure the amount of unloaded CCL5 and to calculate the amount of 

adsorbed chemokines and the adsorption efficacy. The experiments were performed in triplicate for each condition. 
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Loading of PMBs with growth factors 

The loading was performed as previously described [49], using 20 mg of freeze-dried PMBs, corresponding to 

800 000 microbeads, that had been decontaminated and suspended in 500 µL of 1.2 µg/mL human TGF-β1 (# 

100-21, 50 µg/mL, PeproTech, Neuilly-Sur-Seine, France) or 2.4 µg/mL of human GDF-5 (# 120-01, 100 µg/mL, 

PeproTech, Neuilly-Sur-Seine, France) solution prepared in filter-sterilized PBS/BSA. The loading was performed 

by adsorption at 4 °C under rotary stirring on a Mini LabRollerTM Dual Format Rotator (Labnet) for 24 hours. 

Visualization of adsorbed chemokines 

Chemokine-loaded PMBs, and unloaded PMBs, were washed in PBS immediately after adsorption and then fixed 

in 4% w/v paraformaldehyde (PFA) for 10 minutes at room temperature. After three wash steps with PBS, the PMBs 

were incubated overnight at 4 °C with human CCL5 (# AF-278-NA, R&D Systems Inc., Minneapolis, MN, USA) at 

10 µg/mL in PBS1X. Samples were then incubated for 1 h at room temperature with a secondary antibody (1:1 000 

anti-goat IgG Alexa Fluor® 577 nm; NorthernLightsTM, R&D Systems Inc., Minneapolis, MN, USA). For all of the 

incubation steps, the samples were rotary stirred on a Mini LabRollerTM Dual Format Rotator (Labnet). The labelled 

PMBs were then mounted on glass slides with Prolong® (Molecular probes®, Life Technologies, USA) and 

observed by fluorescence confocal microscopy (A1RS, Nikon, Champigny-sur-Marne, France). The acquired 

images were then processed with ImageJ software. The experiments were performed in triplicate for each condition.  

In vitro release of chemokines from PMBs 

Chemokine-loaded PMBs were suspended in 500 µL of PBS/BSA at 37 °C for 21 days, under rotary stirring. At 

1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, 4 days, 7 days, 14 days, and 21 days, PMBs were centrifuged at 5 000 rpm for 

10 minutes at 4 °C and the supernatants were collected and replaced with fresh PBS/BSA. The collected 

supernatants were used for ELISA assays to evaluate the amount of released CCL5 at each time point. The 

experiments were performed in triplicate for each condition and each time point. For all of the subsequent 

experiments, the loaded PMBs were prepared using chemokine solutions at 4 µg/mL. 

In vitro bioactivity of chemokines 

Adipose stem cell isolation and culture 

Human adipose-derived stromal cells (ASCs) were collected from lipoaspirates harvested from 7 adult donors (33-

64 years of age) who had provided their informed consent (Supplementary Table 1). Adipose tissues were 

enzymatically digested and human ASCs were isolated by density gradient centrifugation and adherence to tissue 

culture plastic as previously described [46,58] and expanded with complete culture medium (high-glucose 

Dulbecco’s modified Eagle’s medium DMEM, Gibco, Life Technologies, Paisley, UK) supplemented with 10% w/w 

foetal calf serum (FCS) (Dominique Dutscher, France), 1% w/w Penicillin/Streptomycin (P/S), and 0.1% w/w 

fungizone. The human ASCs were used at no more than passage 4. 
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In vitro migration assay 

Human ASC migration assays were performed in 24-well plates combined with Transwell inserts with an 8-µm pore 

polycarbonate membrane (Corning, 3422, Kennebunk ME, USA). The cells were deprived of serum the day before 

the experiment, detached with trypsin, and then suspended in serum-free culture medium supplemented with 0.1% 

BSA w/v. The cells (250 000 cells) were seeded on the top of the inserts (200 µL). Aliquots of CCL5 solution (250 

ng/mL) were prepared in serum-free culture medium supplemented with 0.1% w/v of BSA and added to the bottom 

chamber of the wells (500 µL). Control experiments were performed by omission of the chemokines. After 4 h of 

incubation at 37 °C in a 20% O2, 5% CO2 atmosphere, the cells that remained on top of the inserts were removed 

using a cotton swab, while those that migrated to the lower side of the insert were fixed with cold methanol (VWR 

Prolabo Chemicals, Fontenay-sous-Bois, France) and stained with a 0.1% w/v crystal violet solution (Sigma Aldrich, 

St Louis, MO, USA). After observing the stained cells that had migrated using light microscopy, crystal violet was 

solubilized in 500 µL of acetic acid (Merck Millipore, Darmstadt, Germany, 1% v/v). The absorbance was quantified 

at 595 nm (PerkinElmer) and the number of cells that had migrated was calculated from a standard curve.  

In a further experiment, the migration assays were performed by replacing the chemokine solutions with PMBs 

loaded with CCL5 to evaluate the bioactivity of the chemokine released over time. Time-course in vitro migration 

assays were performed with 250 000 cells/insert and a migration duration of 4 hours. First, chemokine-loaded 

CCL5/PMBs, prepared in serum-free culture medium supplemented with 0.1% w/v of BSA, were added to 24-well 

plates (500 µL) and incubated at 37 °C. At each release time point (0 h, 4h, 24h, 48 h, 72 h, and day 7), human 

ASCs were seeded on the top of a Transwell insert (250 000 cells/insert) as previously described, and the migration 

assay was performed with cells in the presence of the CCL5/PMBs for 4 hours at 37 °C. The inserts were then 

removed and the cells that had migrated were analysed by staining with crystal violet, while the 24-well plates 

containing the loaded PMBs were reincubated at 37 °C for further chemokine release and additional analyses. 

Controls experiments were performed with unloaded PMBs and free-chemokine solutions. The experiments were 

performed in triplicate, with cells from 4 human donors (D, E, F, and G). 

Ovine IVD isolation 

IVDs were collected from 10 sheep that were between 1 and 7 years old (Vendée breed, GAEC HEAS, Les 

Rabelais, Ligné, France) in the accredited Centre of Research and Pre-Clinical Investigations (ONIRIS, National 

Veterinary School of Nantes). The sheep received a bolus hypocoagulant dose of heparin (50 IU/kg) and were 

euthanized with an overdose of barbiturates (60 mg/kg) in accordance with the current best practices and legislation 

(European Directive 2010/63/EU). Post-euthanasia medullar MRI of the thoracolumbar sheep spines were 

performed to obtain T2-weighted images (TE: 86 ms, TR: 3,000 ms; slice thickness: 3 mm), using a 1.5 T MRI 

scanner (Magnetom Essenza®, Siemens Medical Solutions, Erlangen, Germany) [59]. Post-euthanasia X-ray 

imaging was conducted using a radiography machine (Convix 80® generator and Universix 120 table) from Picker 

International (Uniontown, Ohio, USA), to obtain coronal and sagittal plane radiographs of the sheep lumbar spines, 

with a collimator-to-film distance of 100 cm, an exposure of 100 mAs, and a penetration power of 48 kVp. Osirix 
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software® (3.9, Osirix Foundation, Geneva, Switzerland) was used to analyse the X-ray and the MRI images, and 

each lumbar IVD was analysed using the Pfirrmann grading system [60] by two neurosurgeons at the Nantes 

hospital. After extraction of the thoracolumbar spine via a posterior approach, under aseptic conditions, the IVDs 

were individually isolated by removal of the vertebral bodies with an oscillating saw without damaging the 

cartilaginous endplates, as previously described for a bovine caudal model [54,61].  

Ovine IVD ex vivo culture  

Isolated IVDs were cultured in 30 mL of IVD culture medium composed of high-glucose DMEM, 2% FCS, P/S 1% 

v/v, fungizone 0.1% v/v, ITS 1.25% v/v, ascorbate-2-phosphate 1% w/v, and non-essential amino-acids 1% w/v, at 

37 °C in a 20% O2 and 5% CO2 atmosphere. To evaluate the feasibility of long-term culture of healthy ovine IVDs, 

a preliminary study with isolated lumbar IVDs from 4 young sheep (1-year-old, Pfirrmann grade 1), cultured for 7, 

14, and 21 days, was performed. To assess the feasibility of injecting PMBs, the IVDs were injected at day 0 with 

PMBs (0.8% w/w suspension in PBS) via a transannular pathway and a 23G needle connected to a 1-mL syringe 

(injected volume 200 µL) and cultured for 7, 14, and 21 days. The IVDs were processed for histological sectioning, 

after one of the cartilaginous endplates was removed with a scalpel. The IVDs were frozen for 3 minutes in 

isopentane/dry ice and then embedded in Super Cryoembedding Medium (SCEM) (Section-lab, Hiroshima, Japan), 

frozen again in isopentane/dry ice, and finally stored at -80 °C until further use. The frozen IVDs were sectioned 

(7-10 µm) with a CryoStar NX70® cryostat (Thermo Fisher Scientific, Waltham, Massachusetts, USA) in the axial 

orientation, starting from the side without a CEP. The frozen IVD sections were stained with Alcian blue and 

haematoxylin/eosin/saffron (HES) or used for cell metabolism activity analysis using a Lactate 

Dehydrogenase/Ethidium Homodimer (LDH/EtH) staining protocol. Briefly, frozen IVD sections were first incubated 

with 1 µg/mL EtH (Sigma Aldrich, St Louis, MO, USA) for 15 minutes at room temperature and then with a freshly 

prepared LDH solution (2 mM Gly-Gly buffer at pH 8·0 containing 40% Polypep, 5.4 mg/ml lactic acid, 1.75 mg/ml 

β-nicotinamide adenine dinucleotide hydrate, and 3 mg/mL nitrotetrazolium blue chloride (NBT)) for 3 h at 37 °C. 

The stained sections were then rinsed with distilled water at 50 °C and fixed with 4% PFA for 5 minutes. The 

sections were mounted on glass slides with Prolong® (Molecular probes®, Life Technologies, USA) and observed 

both by brightfield and fluorescence (excitation/emission 528/617 nm) microscopy using a slide scanner 

(NanoZoomer®, Hamamatsu Photonics, Hamamatsu, Japan). Image analysis was performed with NDP.view2 

software® (Hamamatsu Photonics). The results are expressed as the percentage of metabolically active cells 

(labelled by LDH) in relation to the total number of cells observed in the NP and the AF. 

Ex vivo bioactivity of PMBs loaded with chemokine and growth factors  

To evaluate the activity of our sequential delivery system on a cellularized IVD microenvironment, CCL5/PMBs, 

TGF-β1/PMBs, and GDF-5/PMBs were injected into the NP of an ex vivo IVD via a transannular pathway. hASCs 

were then seeded on the top cartilaginous endplate (Fig. 6). Briefly, 200 µL of loaded PMBs, containing 320 000 

PMBs adsorbed with 800 ng of CCL5, 25 000 PMBs adsorbed with 600 ng of TGF-β1, and 25 000 PMBs adsorbed 

with 1 200 ng of GDF-5, were injected via a 23G needle connected to a 1-mL Hamilton syringe. The injection was 
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performed by applying a constant pressure and by pausing before removal of the needle to avoid reflux. The injected 

IVDs were then incubated for 2 hours in 30 mL of IVD culture medium at 37 °C, in a 20% O2 and 5% CO2 

atmosphere. The culture medium was then removed and human ASCs (500 000 of cells in 100 µL, passage 1-3) 

were seeded on the top cartilaginous endplate. The IVDs were then incubated for 30 minutes before adding 30 mL 

of culture medium. Before injection, the human ASCs were freshly labelled with VybrantTM Dil cell-labelling solution 

(#V-22888, Molecular Probes, USA), according to the supplier’s guidelines. The culture medium was replaced every 

2-3 days. The disc height was measured with callipers each time the medium was changed and the IVDs were 

carefully kept in the same orientation so that the seeded top endplate remained upright throughout the study. 

Control experiments with intact IVDs, IVDs injected only with loaded PMBs, and non-injected IVDs seeded with 

labelled human ASCs were performed. The IVDs were cultured for 3, 7, and 28 days for all conditions. Overall, 

3 donors of human ASCs (D, E, and G) were used, and the IVDs were isolated from 6 sheep (3-7 years old) that 

had Pfirrmann grade 2 or 3 lumbar IVDs (Fig. 6).  

Analysis of cell recruitment and regeneration in ex vivo ovine IVDs 

At each time point, ex vivo IVDs were processed for histological analysis, with fixation in 4% PFA for 5 days, 

followed by decalcification (Shandon TBD-2™ Decalcifier, Thermo Fisher Scientific, Cheshire, UK) for 3 weeks and 

a post-fixation step, after abundant rinsing, in 4% PFA for 24 hours. All of the IVDs were then frozen and 

cryosectioned, as previously described, in the coronal orientation, starting from the posterior arch. To evaluate cell 

migration, the 18 IVDs seeded with hASCs were sectioned at 5 levels, separated from each other by 500 µm, while 

18 other IVDs (intact- and loaded-PMB groups) were sectioned at 2 levels, separated from each other by 2 cm, for 

evaluation of the ECM. The frozen IVD sections were either directly mounted in Prolong® (Molecular probes®, Life 

Technologies, USA) to observe the localization of labelled human ASCs, or they were subjected to histological 

staining with Alcian blue, HES, and Masson’s trichrome, or processed for immunohistochemical staining (Fig.6).  

For immunostaining, frozen sections were incubated with chondroïtinase ABC (# C2905, Sigma Aldrich, St Louis, 

MO, USA) or 0.1% trypsin (# T9935, Sigma Aldrich, St Louis, MO, USA) or proteinase K (# P6556, Sigma Aldrich, 

St Louis, USA), for 30 minutes, and then with 3% v/v H2O2 (Sigma Aldrich, St Louis, MO, USA) to inactivate internal 

peroxidases. After blocking with 10% w/w goat serum in 4% w/w BSA (# A9647, Sigma Aldrich, St Louis, MO, USA,) 

for 30 minutes, the sections were incubated in the various primary antibody solutions (prepared in 0.1% v/v Triton 

and 4% w/v BSA) overnight at 4 °C. The primary antibodies were directed against: type I collagen (1:250 diluted 

ab138492, anti-human, Abcam, Cambridge, UK), type II collagen (1:100 diluted # 631701, anti-human, MP 

Biomedicals, France), Aggrecan (1:100 diluted ab3778, anti-human, Abcam, Cambridge, UK), and Tie2 (1:100 

dilution, anti-sheep, CliniSciences, Nanterre, France). The sections were then incubated with a secondary antibody 

(biotinylated goat anti-mouse secondary antibody (1:500 diluted E0433, Dako, Agilent Technologies, Les Ulis, 

France,) for aggrecan or anti-rabbit secondary antibody (1:300 diluted E0432, Dako, Agilent Technologies, Les 

Ulis, France) for type I and II collagen and Tie2 for 1 h at room temperature. Following horseradish peroxidase-

conjugated streptavidin amplification (1:400 dilution, Dako, Demark), the sections were developed with 
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diaminobenzidine (DAB kit, GBI Labs, CO2-12, USA) for 1 minute and counterstained with haematoxylin for 

30 seconds.  

The unstained and the stained sections were observed by brightfield and fluorescence microscopy using a slide 

scanner under (NanoZoomer®, Hamamatsu Photonics, Hamamatsu, Japan), and image analysis was performed 

with NDP.view2 software® (Hamamatsu Photonics) and ImageJ software. The cells identified in the NP that had 

migrated were counted using ImageJ software and the results are expressed as the mean value of the number of 

cells that migrated per section, with 5 sections (each separated by 500 µm) analysed per disc and per time point. 

The maximum migration distance from the endplate to the NP was measured using NDP.scan software. For each 

section, time point, and donor, the results are presented as the mean value of 3 measurements performed on a 

single section. 

Statistical analysis 

All of the results are presented as means ± SD. The statistical analyses were performed using GraphPad Prism 

5.0® software (GraphPad, San Diego, California, USA). Statistical significance was determined using one-way 

ANOVA or two-way ANOVA followed by a Bonferroni's post-test for multiple group comparisons. Statistical 

significance was set at p < 0.05. Unless otherwise stated, the experiments were repeated at least three times. 
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RESULTS 

Pullulan microbeads (PMBs) for chemokine adsorption and release 

PMBs were successfully obtained by a water/oil emulsification process combined with a chemical crosslinking step 

during which phosphate bonds between the -OH groups of the pullulan chains are created, as described previously 

[49]. To perform the loading with biological factors, freeze-dried PMBs were rehydrated with CCL5 at three different 

loading concentrations (1, 2, and 4 µg/mL) and incubated at 4 °C for 24 hours. The loaded PMBs exhibited a 

spherical morphology and a mean size of 95.4 ± 0.5 µm (90% of the particle population had a diameter of less than 

184 µm) (data not shown) [49]. ELISA assays performed on the supernatants obtained after centrifugation did not 

detect CCL5, thus indicating a 100% loading efficiency for this chemokine (data not shown). The absorption of the 

CCL5 on the PMBs was evidenced using red fluorescently labelled specific antibodies (Fig. 1). CCL5 adsorption 

was confirmed at all three of the tested concentrations, while the unloaded PMBs incubated with PBS did not exhibit 

any red fluorescence (Fig. 1).  

The release of CCL5 into PBS supplemented with 1% w/v BSA was then studied for 21 days at 37 °C, with ELISA 

assays performed at each time point on the supernatants collected after centrifugation. Macroscopic observations 

at the end of the release experiment did not provide any evidence of degradation of the PMBs (data not shown). 

The results for the cumulative amount of CCL5 released over time are presented in Fig. 1. Overall, sustained 

delivery of adsorbed chemokine was observed for 21 days, at all initial loading concentrations. The PMBs/CCL5 

(initial concentration of 4 µg/mL) exhibited an initial burst release during the first 24 h, with a release rate of 43 ng/h, 

followed by a continuous release of 0.07 ng/h. A similar profile was observed for the PMBs/CCL5 loaded at initial 

concentrations of 1 µg/mL and 2 µg/mL. At day 21, 85%, 99%, and 99% of the adsorbed CCL5 were released from 

PMBs loaded with initial concentrations of 1, 2, and 4 µg/mL, respectively.  

In vitro migration assay 

We then evaluated the ability of free and released chemokines to stimulate the migration of human adipose-derived 

stem cells (hASCs), which were used to mimic the endogenous progenitors, by means of a Transwell insert. We 

analysed the migratory effect of CCL5 (250 ng/mL in DMEM/BSA) on human ASCs, with experiments performed in 

triplicate on 3 donors (donors A, B, and C) (Fig. 2). Representative microscopic images of the lower side of the 

inserts, with cells stained with crystal violet, revealed that only a small number of the untreated cells, i.e., exposed 

to DMEM/BSA, had undergone spontaneous migration (Fig. 2A, left image), whereas numerous cells treated with 

CCL5 (Fig. 2A, right image) had migrated as they were detected on the lower side of the porous membrane. 

Quantitative analysis of the migration is presented as a migration fold increase for each donor (Fig. 2A, lower panel), 

compared to their own control group (untreated cells). We observed a striking degree of inter-donor variability, with 

migration of the cells from donor B barely enhanced by incubation with CCL5, while migration of the cells from 

donors A and C was increased 3.1- and 4.2-fold, respectively, in the presence of CCL5. 
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In a further experiment, we evaluated the chemokine recruitment activity over time by incubation of CCL5 solutions 

(at 4 µg/mL) or PMBs previously loaded with CCL5 (loading concentration 4 µg/mL) at 37 °C for up to 7 days using 

cells from four additional donors (D, E, F, and G). At specific time points (fresh solution or suspension, 4 h, 24 h, 

48 h, 72 h, and 7 days of incubation), human ASCs were seeded on Transwell inserts (with 250 000 cells/insert) 

and a migration assay was then performed for 4 hours with cells in the presence of previously incubated free 

chemokines or released chemokines. The results are expressed as the fold increase compared to untreated cells 

or cells treated with unloaded PMBs (pooled for all donors D, E, F, and G) at each time point. For free CCL5 

(Fig. 2B, left panel), a decreasing trend in activity over time was observed, with a 4.1-fold increase in migration 

with a fresh solution compared to untreated cells, and reduced migration after only 4 hours of incubation at 37 °C 

(fold increase of 1.4). No effect on the in vitro migration of human ASCs was observed after 72 hours or after 7 

days. By contrast, PMBs loaded with CCL5 exerted an increased migratory effect on human ASCs that peaked at 

24 hours (Fig. 2B, right panel). The results are expressed as the fold increase compared to cells treated with 

unloaded PMBs at the same time points (fresh suspension of PMBs, 4 h, 24 h, 48 h, 72 h, and 7 days of incubation). 

We observed an increase in the migratory effect on ASCs after 4 hours and 24 hours of incubation (fold increase 

of 1.6 and 2.0, respectively), and no migration was discernible when the CCL5/PMBs were incubated for 7 days 

before the migration assay. It is worth noting that pooled results from four human donors indicated no significant 

differences. To overcome the inherent inter-donor variation, we increased the number of in vitro experiments and 

we confirmed that a significant increase in migration was achieved with released CCL5 for three out of four cell 

donors. Moreover, similar bioactivity profiles were obtained with all four donors, with a maximum level of migration 

obtained with PMBs incubated for 4 h to 48 h (Fig. 2C). 

Ex vivo lumbar ovine IVD long-term organ culture  

We next investigated the feasibility of long-term organ culture with lumbar IVDs isolated from four sheep. Harvested 

IVDs (Fig. 3A) were cultured for 21 days and their structural integrity was analysed on histological sections stained 

with Alcian blue and HES. While a decrease in the Alcian blue staining intensity in the NP at day 21 was observed 

compared to day 0, there was no obvious alteration of the tissue cellularity on the HES sections. These data 

collectively show that we have, for the first time, successfully implemented an ex vivo culture model of ovine lumbar 

IVD that is able to maintain its cellular and histological organization for at least 3 weeks. 

By using this model, we then tested whether PMBs suspended in PBS can be injected intradiscally. IVDs were 

hence injected at day 0 with PMBs (0.8% (w/w) suspension in PBS, injected volume 200 µL), via a trans-annular 

route and a 23G needle (n=8 discs), to estimate the impact of this injection on long-term IVD organ culture (Fig. 3B). 

At each time point (day 0, 7, 14, and 21), the discs were cryosectioned and negatively charged PMBs were 

visualized on Alcian blue sections as dark blue dots, as indicated by black arrows.  

To further address whether this transannular injection of PMBs may affect IVD integrity during the course of culture, 

histological Boos scoring was used to quantitatively assess the IVD degenerative status. Our data indicate that the 

culture duration tended to increase the modified Boos’ score of cultured and non-injected IVDs from a score of 6 at 
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day 0 to a score of 10 at day 7 (Fig. 3C). The Boos’ score then remained stable until day 21. A similar trend was 

observed with cultured, injected IVDs, for which the Boos score was higher immediately following injection (a score 

of 10 at day 0) and then remained stable until day 21. It is worth noting that the modified Boos score used in this 

study takes into account the NP cell density, the number of NP tears and granular changes, as well as the presence 

of NP mucosal degeneration. It ranges from 0 (no IVD degeneration) to 18 (complete IVD degeneration), and the 

values obtained here hence indicate that the ex vivo culture of IVDs and injection of PMBs did not induce major 

degenerative processes. In addition, disc cell metabolic activity was assessed on disc sections with an LDH/EtH 

assay. At each time point, more than 80% of the disc cells were metabolically active, whether or not the IVDs had 

been injected with PMBs (Fig. 3D).  

Cell migration in a spontaneously degenerated ovine IVD microenvironment 

After having validated our ability to culture an ex vivo organ model of ovine IVD, we were interested in determining 

whether intradiscally injected PMBs loaded with CCL5 and growth factors can contribute to mobilization, 

recruitment, and stimulation of stem/progenitors cells (modelized by human ASCs placed on top of the CEP) in our 

organ culture model. To assess the effect of CCL5/PMBs on cell migration, Vybrant™ Dil-labelled fluorescent 

human ASCs were seeded on the top cartilaginous endplate of degenerated ovine IVDs (Pfirrmann grade 2-3, as 

assessed on spine MRIs (Fig. S1)) and then tracked for up to 28 days of culture. The experimental design is 

presented in Figure 4, with four conditions: intact IVDs (n=9), IVDs injected with CCL5/PMBs, TGF-β1/PMBs, and 

GDF-5/PMBs (n=9), IVDs seeded with human ASCs (n=9), and IVDs seeded with human ASCs and then injected 

with CCL5/PMBs, TGF-β1/PMBs, and GDF-5/PMBs (n=9). 

At day 3, 7, and 28, no fluorescent cells were observed in the IVD sections under intact and injected PMB conditions 

without any seeded hASCs (Fig. 5A, top row). By contrast, numerous red-fluorescent cells were observed on 

sections of IVDs seeded with hASCs, whether or not injected with PMBs (hASCs and hASCs + PMBs groups), at 

each time point (Fig. 5A). The number of fluorescent cells in the NP was determined using ImageJ software, and 

the results are expressed as the total number of cells that had migrated per section (Fig. 5B). While a tendency for 

an increase in the number of cells per section that had migrated as a function of time was noted for both the seeded 

hASCs condition (mean values of 11, 12, and 8 at days 3, 7, and 28, respectively) and the seeded hASCs + loaded 

PMBs condition (mean values of 9, 22, and 12 at days 3, 7, and 28, respectively), there was no significant difference 

between the groups at the same time point. The maximum migration distance from the endplate to the NP, 

highlighted by yellow dotted arrows in Fig. 5A, was measured and the results are presented in Fig. 5C as the mean 

value of three measurements for each donor (D, E, and G). While the human ASCs migrated a distance of 3-4 mm 

at day 3 and day 7, respectively, whether or not loaded PMBs where injected, a significant increase in the maximum 

migration distance was observed at day 28 in the loaded PMBs condition compared to the seeded hASCs condition 

(7.48 ± 0.42 mm vs. 2.67 mm ± 0.66 mm for donor D, 4.78 mm ± 0.13 mm vs. 5.87 mm ± 0.20 mm for donor E, and 

5.07 mm ± 0.41 mm vs. 2.02 mm ± 0.38 mm for donor G, respectively). These data demonstrate that the loaded 

PMBs did not significantly impact the number of cells that had migrated, although they did significantly increase 

their migration distance within the disc tissue.  
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Extracellular matrix histological analysis of ex vivo IVDs 

To evaluate the anabolic effects of the seeded human ASCs and the injected loaded PMBs on the NP extracellular 

matrix, histological Alcian blue (AB), HES, and Masson’s trichrome staining were performed on sections at all levels 

of each condition and at each time point (day 3, day 7, and day 28). Representative coronal sections show the 

3 anatomical IVD regions of the IVD (CEPs on the top and bottom, the NP in the centre surrounded by the AF) 

(Fig. 6). While the Alcian blue intensity decreased over time in the intact group (Fig. 6A), a slightly more intense 

blue staining was observed at day 7 and day 28 in all of the experimental groups (hASCs, loaded PMBs, and hASCs 

+ loaded PMBs conditions), particularly in the hASCs + loaded-PMBs group, thus suggesting the formation of an 

ECM with a higher GAG content. The injected PMBs, composed of a negatively charged polysaccharide network, 

were identified as blue dots within the NP tissue at each time point, thus indicating that the PMBs withstood the 

hostile microenvironment of the degenerated IVD throughout the ex vivo culture process (Fig. 6B, day 28). No blue 

dots of this nature were observed in the sections from the groups that were not injected with PMBs, at any time 

point. It is worth noting that in the hASCs + PMBs condition, the injected PMBs appear to be surrounded by a certain 

amount of loose blue-stained tissue at day 7 (data not shown) and day 28 (Fig. 6B). Regarding the NP cellularity, 

a quantitative analysis of the HES-stained NP sections of the group seeded with hASCs and injected with PMBs 

revealed a significant increase of NP cellularity from 36±14 cells per section at day 7 to 100±11 cells per section 

at day 28 (Fig. S2). Moreover, analysis of all groups revealed a signficantly higher cell density at day 28 for the 

groups seeded with hASCs and injected with PMBs (100±11 cells per section), compared to the NP sections of the 

groups that were seeded with hASCs and not injected (39±16 cells per section), or not seeded with hASCs (intact 

(27±1 cells per section) and PMBs (52±25 cells per section) conditions) (Fig. S2).  

Collagen and aggrecan expression in ex vivo IVDs 

Immunostaining of ECM molecules was performed on cryosections at several levels for each condition, and at each 

time point (day 3, day 7, and day 28). Intense collagen type I immunohistostaining was observed in the vertebral 

bodies and the AF areas of the IVD sections of all of the groups and at each time point (not shown). Collagen type 

II was observed throughout the IVD sections, mainly as diffuse matrix staining, for all conditions and at each time 

point, with a slight increase in the staining intensity at day 28 for the groups seeded with hASCs, whether or not 

injected with PMBs, compared to the NP sections of the groups that were not seeded with hASCs (intact and PMBs 

conditions) (Fig. 7, top row). On high-magnification images, cytoplasmic expression of type II collagen was 

observed in cells of the transitional zone (TZ) between the CEPs and the NP, as well as in cells of the NP area 

(Fig. 7, 2nd and 3rd rows). Similarly, diffuse aggrecan staining was observed for all conditions and at each time point, 

with a slight increase in the staining intensity at day 28 for the groups seeded with hASCs, whether or not injected 

with PMBs, compared to the NP sections of the groups that were not seeded with hASCs (intact and PMBs 

conditions)(Fig. 7, bottom row). In addition, intracellular staining was observed for all of the groups, except for the 

intact group, with aggrecan-positive cells mainly localized in the TZ area (not shown), while some aggrecan-positive 

cells were also observed in the NP.  
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Tie2-positive cells in ex vivo IVDs 

To further analyse the presence and localization of progenitor cells in the ex vivo IVDs, immunohistostaining for a 

progenitor cell marker, the angiopoietin-1 receptor (Tie2), was carried out. Surprisingly, numerous Tie2-positive 

cells were observed in all of the spontaneously degenerated IVD sections, for all of the groups and all of the time 

points (Fig.8). After 3 days of ex vivo culture, Tie2-positive cells were found in both the TZ and the NP areas. In 

the groups that were not seeded with hASCs (intact and PMBs conditions), we observed a rapid decrease in the 

density of Tie2-positive cells with the ex vivo culture time, with 27±4 and 18±2 cells per section, respectively, at 

day 3, and only very few positive cells in the NP at day 7 (13±2 and 15±1 cells per section, respectively) and day 

28 (11±4 and 8±3 cells per section, respectively). For the group seeded with hASCs but not injected with PMBs, a 

moderate decrease overtime was also noted, with Tie2-positive cells identified in both the TZ and the NP areas 

after 3 days (39±25 cells per section), 7 days (25±9 cells per section) and 28 days (18±5 cells per section) of 

ex vivo culture. By contrast, in the group seeded with hASCs and then injected with loaded PMBs, a significantly 

higher number of Tie2-positive cells was detected at day 7, compared to all other groups, and at day 28, compared 

to groups that were not seeded with hASCs (intact and PMBs conditions)(Fig.S3).  
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DISCUSSION 

The present work is aimed at development of an injectable sequential release system of chemokine and growth 

factors in order to stimulate endogenous repair in degenerated IVD. The sequential release steps are essential to 

i) recruit endogenous stem/progenitor cells to the degenerated NP, and then ii) locally stimulate these cells that 

have migrated in order to synthesize a healthy extracellular matrix that is rich in aggrecan and type II collagen. 

Endogenous disc stem/progenitor cells have recently been discovered and characterized, thereby paving the way 

to new regenerative strategies while also overcoming many of the difficulties that are often associated with cell 

therapy. Indeed, cell leakage and death following injection into the NP, as well as osteophyte formation, are partly 

due to the fact that the injected cells fail to thrive in the disc microenvironment [13,21,23,62]. By contrast, disc 

stem/progenitor cells have been identified in all three IVD compartments (the CEP, NP, and AF), as well as in 

vertebral bodies [28,37,63]. Migration routes within the IVD, more precisely pathways connecting the cartilaginous 

endplates to the centre of the NP, have been hypothesized and subsequently studied [64,65]. Disc stem/progenitor 

cells exhibit phenotypic similarities and higher osteogenic and chondrogenic differentiation capabilities than bone 

marrow-derived mesenchymal stem cells (BM-MSCs) [24,26]. Interestingly, disc stem/progenitor cells originating 

from the CEP have enhanced migratory capacities and they result in a greater degree of chondrogenic regeneration 

[29,66,67]. As such, the recruitment of disc stem/progenitor cells from the CEPs to the NP appears to be a highly 

promising endogenous repair strategy.  

Understanding the mechanisms of IVD degeneration as well as the failure of repair processes could be the key to 

designing an effective disc regeneration strategy. Indeed, IVD spontaneous endogenous repair may not be as 

effective as expected in regard to preventing degeneration [10]. All three major events in IVD degeneration, i.e., 

inflammation and catabolic cascades, a progressive loss of cells, and a decline in cellular functions and anabolic 

activities, should be considered for implementation of a robust and sequential repair strategy [68]. Therapeutic 

strategies should hence address these three events, with the aim of decreasing the catabolic and inflammatory 

activities in order to make the degenerated IVD microenvironment less hostile, repopulate the partially healed NP 

tissue, and finally to restore the anabolic activities, and all this by a single intradiscal injection [11,12,47]. However, 

a chemokine/growth factor delivery approach may still be sufficient to counteract moderate inflammation, notably 

with TGF-β contributing to maintain the expression level of connective tissue growth factor (CCN2), which 

decreases the upregulation of MMPs and ADAMTS by inhibition of IL-1β [69–71]. This present work is, therefore, 

based on a two-step sequential strategy that could take place in a moderately degenerated IVD with restrained 

inflammatory, catabolic activities, and available disc stem/progenitor cells, which have been reported to decrease 

with age [30,72].  

To develop such a two-step sequential strategy, in the present study we selected the chemokine CCL5 to recruit 

disc stem/progenitor cells from the periphery of the IVD to the NP, and the growth factors TGF-β1 and GDF-5 to 

orientate and stimulate the migrated disc stem/progenitor cells to synthesize a nucleopulpogenic ECM. In order to 

be able to perform a single injection treatment, we combined these factors with pullulan microbeads (PMBs). We 
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hypothesized that these loaded PMBs would provide appropriate chemokine/growth factor release and biological 

properties. We analysed the adsorption and release profiles of chemokine CCL5 from PMBs, using the same initial 

concentrations (1, 2, and 4 µg/mL) as those used in our previous study with growth factors (TGF-β1 and GDF-5) 

and PMBs [49]. We demonstrated an adsorption efficiency of 100% and a sustained release profile for CCL5, with 

99% being released at 21 days with an initial loading concentration of 4 µg/mL. We hypothesized that in this two-

step sequential strategy, the released chemokine CCL5 would first recruit disc stem/progenitor cells from the 

periphery of the IVD to the NP, thus increasing the cell density in the IVD microenvironment, then afterwards the 

released growth factors TGF-β1 and GDF-5 would stimulate the migrated disc stem/progenitor cells to synthesize 

an NP-like ECM. Although fast release of CCL5 fits the required profile for cell recruitment in step 1, the previously 

reported rate of growth factor release (27% for TGF-β1 and 100% for GDF-5) [49] may be too fast to achieve the 

production of an ECM with appropriate biomechanical properties. Whether such a drug delivery system may allow 

migrated progenitors to fully differentiate into the nucleopulpogenic pathway remains of particular interest and 

warrants further analysis. The association of microparticles or microbeads with a macro-hydrogel could slow down 

the release of biological factors and potentially result in an ideal sequential release profile [68]. This delayed effect 

has, in fact, been reported for TGF-β1/PMBs and GDF-5/PMBs dispersed in a cellulose-based hydrogel [49]. A 

polymer of choice could be hyaluronic acid, which is one of the main components of the NP ECM and which has 

been used as a thermoreversible hydrogel to deliver another chemokine, CXCL12 (Chemokine (CXC) ligand factor 

12, also called stromal cell-derived factor-1, or SDF-1 [54–56]. In this study, a burst release of SDF-1 (~27%) was 

observed within the first 6 h, after which the release continued slowly, reaching about 54% after 7 days. The 

maximum release of SDF-1 was observed at 24 h, and a significant increase of the number of cells migrating into 

nucleotomized discs compared with discs treated with a solution of SDF-1 was observed at 48 hours. In order to 

extend the duration of the release, complex delivery systems might be necessary. IVD-specific approaches for local 

and sustained delivery of fragile biologics into IVDs were recently reviewed, including  multiscale combined systems 

associating in situ-forming hydrogels with ready-to-use micro- or nano- particles [12]. 

Regarding the CCL5 chemoattractant activity, the trend of enhanced cell migration overtime obtained with 

CCL5/PMBs compared to unloaded PMBs and free chemokines confirmed that the protection provided by the 

biomaterial is a fundamental aspect to ensure a sustained biological effect. This is in line with the retention of the 

biological activity of TGF-β1 and GDF-5 after their release from PMBs, i.e., the ability to phosphorylate components 

of the SMAD (2/3 and 1/5/8) pathways of hASCs, that was demonstrated previously [49]. As reported in the 

literature, we found -as expected- that the chemotaxis results varied substantially between donors. This is in 

agreement with a study that, by assessing the effect of the donor’s age on cell migration, found that human BM-

MSCs isolated from young donors exhibited a significantly higher migration capacity in a bovine ex vivo model 

compared to cells from older donors [54]. To overcome this variability, we increased the number of in vitro 

experiments with different donors and we confirmed that a significant increase in migration was achieved with 

released CCL5 for three out of four human donors, with similar profiles obtained for all of the human donors.  
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Ex vivo IVD culture organ models have recently been developed by several research teams in order to evaluate 

disc stem/progenitor cell migration routes. We first validated our culture conditions, based on protocols developed 

by the AO Foundation [61], using lumbar IVDs isolated from young sheep. Our histological and cell metabolism 

data collectively show that we have, for the first time, successfully implemented an ex vivo culture model of lumbar 

ovine IVD for at least 3 weeks and that it can be used to monitor the effects of intradiscally injected biologics. We 

then implemented a degenerative model to study the chemoattractant potential of our sequential release system. 

Previous studies were performed in caudal IVDs that were isolated from calves and then submitted to a nucleotomy 

to degenerate the initially healthy tissue [61]. However, this induced microenvironment to mimic a degenerative 

tissue is not representative of a naturally damaged IVD. We, therefore, wished to use a spontaneously degenerated 

microenvironment. We hence selected sheep IVDs, which are known to undergo spontaneous IVD degeneration 

with age, as a more relevant animal model [73,74]. Testing of CCL5/PMBs, TGF-β1/PMBs, and GDF-5/PMBs was 

then performed with this age-dependent spontaneous degenerative model using lumbar IVDs harvested from 3- to 

7-year-old sheep. While spontaneous disc degeneration models are highly clinically relevant, they also suffer from 

several drawbacks compared to induced degeneration models. In addition to the inherent inter-discal variability 

within a given animal, this is an uncontrolled and less repeatable model due primarily to the significant inter-donor 

variability of the disc degeneration. In addition, the model has turned out to be technically challenging, with the 

presence of osteophytes that hampers cryosectioning of the decalcified samples. Nonetheless, this spontaneous 

model of IVD degeneration in a large animal model is a considerable asset for performing an ex vivo proof of 

concept of a novel therapeutic approach. To our knowledge, this is the first study to report an ex vivo model of 

naturally degenerated IVD.  

Using this ex vivo spontaneously degenerated IVD model, we were able to document an increasing trend in terms 

of the number of migrated hASCs and a significant increase in the hASCs migration distance when we used the 

CCL5/TGF-β1/GDF-5 PMBs sequential release system. We were also able to show that there was spontaneous 

cell migration, in agreement with what has been reported in ex vivo caudal bovine IVDs, and this was probably due 

to chemokines secreted by the degenerated disc cells, notably CCL5 [32,33]. Another study performed in an ex 

vivo nucleotomized bovine IVD showed that, while injected soluble SDF-1 had no chemoattractant activity, 

suggesting that the soluble protein might be prone to degradation in the tissue, hyaluronan-poly(N-

isopropylacrylamide) (HAP) hydrogels exhibited maximal release of SDF-1 at 24 h. In addition, there was a 

significant increase in the proportion of human BM-MSCs that had migrated from the CEP toward the NP after 48 

hours [54]. It is worth noting that several ex vivo studies have been performed using bioreactors whereby the IVD 

tissues were submitted to high-frequency loading (10 Hz) to induce degeneration [32,33]. In these conditions, 

secretion of CCL5 by the degenerated disc cells was enhanced and resulted in a chemotactic effect on human 

MSCs. Since we used sheep IVDs that exhibited age-related degeneration, implementation of a bioreactor using 

“physiological loading” at low frequency (0.2 Hz) could be performed to investigate cell recruitment.  

The progenitor cell marker Tie2 has already been described in the mouse, canine, bovine, and human NP 

[30,75,76]. These studies demonstrated that, unlike Tie2-negative cells, Tie2-positive cells isolated from NP tissue 
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could differentiate into the mesenchymal lineage [75]. For the first time, we report the presence of Tie2-positive 

cells in ovine IVDs. The rapid loss of Tie2-positive cells in ovine degenerated IVDs that were cultured for 7 days or 

28 days (intact groups) is in accordance with the reported decrease with age and degeneration of Tie2 progenitor 

cells in the murine and human NP [30]. Interestingly, increased NP cellularity was observed in the condition where 

hASCs were seeded on the top endplate compared to the control group. While both healthy and herniated human 

IVDs have been reported to exhibit a low level of cell proliferation [77,78], stimulation of NP cell proliferation has 

been described when IVDs are injured by nucleotomy. Moreover, the injection of loaded PMBs resulted in 

preservation of Tie2-positive cells in the NP tissue overtime compared to day 0. These results suggest that the 

combination of CCL5/TGF-β1/GDF-5 PMBs could have either enhanced the migration of hASCs from the CEP 

toward the NP, stimulated the migration of endogenous progenitor cells from the CEP toward the NP, or enhanced 

expression of the Tie2 marker in resident NP cells. Interestingly, it has been reported that hASCs promote 

expression of the Tie2 marker by progenitor cells [79,80]. Human anti-mitochondrial immunolabelling has not been 

successful, and we are currently investigating another way to label human cells in order to confirm these 

hypotheses. 

In this study, we selected hASCs as substitute for IVD stem/progenitor cells, as well as for their demonstrated ability 

to differentiate into NP-like cells when cultured in the presence of TGF-β1 and GDF-5 [46]. We speculate that 

hASCs that migrated from the CEP were able to attenuate IVD degeneration through ECM remodelling and the 

synthesis of a healthy NP ECM. As such, increasing the recruitment of disc stem/progenitor cells to a degenerated 

NP could increase ECM remodelling, thereby enhancing the tissue regenerative potential. In vivo, CCL5 could also 

mediate the recruitment of immune cells, which would then propagate inflammation and amplifiy tissue damage 

[81,82]. It will be interesting to explore the mechanisms by which cells invade the IVD tissue. It has been 

hypothesized that ECM degradation by MMPs secreted by degenerative cells plays a role, and upregulation of 

MMP13 and MMP7 has been demonstrated in an ex vivo bovine IVD model cultured under degenerative conditions 

[32].  

The next step of the study will be to perform an in vivo proof of concept in sheep with degenerated IVDs exhibiting 

Pfirrmann scores between 2 and 3, in order to confirm the regenerative potential of this chemokine/growth factor 

sequential delivery system. The intradiscal injectability in delicate and hard-to-reach IVD tissue should be 

considered. Injectability by means of a 23G needle has been demonstrated for PMBs alone and PMBs dispersed 

within a macro-hydrogel [49]. Trans-annular injection is the most commonly studied method and it is being used in 

ongoing clinical studies. It is worth noting that the transpedicular approach has recently been described as an 

alternative route, but long-term effects on the endplate integrity have not yet been evaluated and signs of a degree 

of induced degeneration have been reported [83].  

 

CONCLUSION 
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This study demonstrates that pullulan microbeads (PMBs) constitute a suitable microcarrier for CCL5 chemokine 

and TGF-β1 / GDF-5 growth factors, thereby allowing their sequential and sustained release and maintenance of 

their biological activity, i.e., the in vitro ability to enhance cell migration, as well as the ability to activate SMAD 

signalling [49]. We also demonstrated that this sequential release system significantly increased the distance that 

human ASCs were able to migrate toward the NP, using a newly described ex vivo degenerated ovine IVD model. 

In addition, the overall NP cellularity, the collagen type II and aggrecan staining intensity, and the Tie2-positive 

progenitor cell density in the NP were increased at day 28 compared to the control groups. The results presented 

here constitute a proof of concept that PMBs loaded with CCL5/TGF-β1/GDF-5 constitute an innovative sequential 

release system for endogenous IVD regeneration.  
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Figure 1. CCL5 chemokine adsorption and release kinetics from pullulan microbeads (PMBs). The PMBs were 

loaded by incubation with CCL5 (1, 2, or 4 µg/mL in PBS) and stirred at 4 °C for 24 hours. In one experiment, the 

loaded PMBs were fixed with PFA and immunolabelled with anti-CCL5 antibody, followed by secondary antibodies 

conjugated to Alexa Fluor® (577 nm) fluorophores. Images of the chemokine on the surface of the PMBs were 

obtained by confocal fluorescence microscopy (scale bar 100 µm). In another experiment, release of the chemokine 

from the loaded PMBs took place with stirring in 500 µL of PBS/1% w/v BSA at 37 °C for 21 days. Aliquots of 

supernatants were retrieved at specific time points and analysed by ELISA for CCL5. The results are expressed as 

the cumulative amount of released CCL5 as a function of time. The experiments were performed in triplicate and 

the results are expressed as means ± the SD. Abbreviations: CCL5: chemokine (C-C motif) ligand 5; PFA: 

paraformaldehyde. 
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Figure 2. In vitro bioactivity of CCL5 on human ASC migration. (a) Migratory effect of CCL5 on human ASCs. The in vitro migration over a four-hour period of human ASCs 

treated with CCL5 (250 ng/mL in DMEM/0.1% w/v BSA) and of untreated cells (DMEM/0.1% w/v BSA) are presented. Representative microscopy images of the lower side of the 



25 
 

inserts, with crystal violet staining of the cells that had migrated, are shown (scale bar 100 µm). The results for three donors (donors A, B, and C) were independently expressed 

as the fold increase compared to their own control groups (untreated cells) and they are presented as means ± the SD of triplicate experiments. (b) Sustained bioactivity of CCL5. 

The migratory effect of free CCL5 on human ASCs was assessed as a function of time. Free CCL5 (4 µg/mL) in DMEM/0.1% w/v BSA was incubated at 37 °C. At specific time 

points (fresh solution or suspension, 4 h, 24 h, 48 h, 72 h, and 7 days of incubation), human ASCs were seeded on transwell inserts and a migration assay was then performed 

for 4 hours, with cells in the presence of the incubated free chemokines. The results are expressed as the fold increase compared to untreated cells at each time point, pooled 

for all of the donors (donors D, E, F, and G). The untreated cells were incubated with DMEM/0.1% w/v BSA. (c) Sustained bioactivity of CCL5 released from PMBs. The migratory 

effect of CCL5 released from PMBs on human ASCs was assessed as a function of time. CCL5/PMBs (initial loading concentration 4 µg/mL) in DMEM/0.1% w/v BSA were 

incubated at 37 °C. At specific time points (fresh solution or suspension, 4 h, 24 h, 48 h, 72 h, and 7 days of incubation), human ASCs were seeded on transwell inserts and a 

migration assay was then performed for 4 hours, with cells in the presence of the incubated CCL5/PMB. Cells from four donors (D, E, F, and G) were used to assess the bioactivity 

of the CCL5/PMBs over time. For each time point and donor, the migration results are expressed as the fold increase compared to cells treated with unloaded PMBs at the same 

time point. The results are presented as means ± the SD for four donors (donors D, E, F, and G), and all of the experiments were performed in triplicate. *represents a significant 

difference with untreated cells, ** p < 0.01, *** p < 0.001, two-way ANOVA, Bonferroni post-test. Abbreviations: CCL5: chemokine (C-C motif) ligand 5; ASCs: adipose stem cells; 

BSA: bovine serum albumin; PMBs: pullulan microbeads. 
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Figure 3. Long-term ex vivo culture of ovine IVDs. (a) Lumbar IVDs (n=16) were harvested from young sheep, with a spine MRI performed immediately post-mortem (Pfirrmann 

grade 1). The IVDs were cultured for up to 21 days, cryosectioned, and then histologically stained with Alcian blue (AB) and haematoxylin/eosin/saffron (HES) to analyse the 

ECM content and cell density over time (scale bar 10 mm for the whole IVD section and 2.5 mm for the high magnification). (b) IVDs (n=8) were injected with unloaded PMBs 

(0.8% w/w in PBS), cryosectioned, and then histologically stained (scale bar 10 mm for the whole IVD section and 2.5 mm for the high magnification). Injected PMBs observed 

within the NP tissue at day 0 and day 21 are indicated with black arrows. (c) The Boos score was measured on histologically stained sections of intact (non-injected; n=8, with 2 

discs used per time point) and injected IVDs (n=8, with 2 discs used per time point). (d) Cell metabolism in the NP and AF was evaluated with an LDH/EtH assay. The results are 

expressed as the percentage of metabolically active cells (labelled by LDH) relative to the total number of cells. The experiments were performed on two IVDs per time point for 

each condition (non-injected and injected). Abbreviations: IVD: intervertebral disc; AB: Alcian blue; HES: haematoxylin eosin saffron; NP: nucleus pulposus; PMBs: pullulan 

microbeads, LDH: lactate dehydrogenase; EtH: ethidium homodimer. 
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Figure 4. Schematic representation of the experimental design for studying cell migration and disc regeneration. An ex vivo organ culture model was performed by using age-

related degenerated ovine IVDs. Four conditions were evaluated, with 9 intact IVD controls (intact group), 9 IVDs seeded with VybrantTM Dil-labelled human ASCs (hASCs group), 

9 IVDs injected with CCL5/PMBs, TGF-β1/PMBs, and GDF-5/PMBs (loaded-PMBs group), and 9 IVDs seeded with VybrantTM Dil-labelled human ASCs and then injected with 

CCL5/PMBs, TGF-β1/PMBs, and GDF-5/PMBs (hASCs + loaded-PMBs group). At each time point (3, 7, and 28 days of culture), the IVDs were fixed with 4% PFA and then 

frozen and sectioned coronally (7 µm). The IVDs that were not seeded were cut at 2 levels and the IVDs seeded with cells were cut at 5 levels, with 40 sections per level for all 

of the IVDs. To evaluate the migration, red-fluorescent cells were observed using a NanoZoomer® slide scanner. For analysis of the ECM, the slides were histologically stained 

(Alcian blue, haematoxylin/eosin/saffron, and Masson’s trichrome) and labelled immunohistochemically (type I collagen, type II collagen, aggrecan, and Tie2). Abbreviations: 

ASC: adipose stem cells; IVD: intervertebral disc; PMBs: pullulan microbeads; CCL5: chemokine (C-C motif) ligand 5; TGF-β1: transforming growth factor-β1; GDF-5: growth 

differentiation factor 5; ECM: extracellular matrix; PFA: paraformaldehyde. 

 

 



30 
 

 



31 
 

Figure 5. Cell migration in spontaneously degenerated ex vivo ovine IVDs. IVDs (n=36) were isolated from 6 sheep (3-7 years old) that exhibited moderate lumbar degeneration 

(Pfirrmann grade 2 or 3). The top cartilaginous endplates were seeded with human ASCs (n=9 discs, donors D, E, and G), freshly labelled with VybrantTM Dil, and PMBs loaded 

with CCL5, TGF-β1, and GDF-5 (0.8% w/w in PBS) were injected via a trans-annular injection into the NP at day 0. Control discs were either only injected with PMBs (n=9 discs), 

only seeded with human ASCs (n=9 discs), or kept intact (n=9 discs). After 3, 7, or 28 days of culture, the IVDs were fixed with 4% PFA and then frozen and coronally sectioned 

(7 µm). To evaluate cellular migration, red-fluorescent cells were observed using a NanoZoomer® slide scanner. (a) Representative fluorescent images of IVD frozen sections 

at 3 and 28 days. The high-magnification inserts highlight the migrated red-fluorescent cells observed at the greatest distance from their seeding point, with dotted arrows 

indicating the distance covered by the cells (scale bars: low magnification 5 mm, high magnification 250 µm). (b) Cells that had migrated into the NP were identified and counted 

using ImageJ software. The results are presented as the mean value of the number of cells that had migrated per section, with 5 sections (each separated by 500 µm) analysed 

per disc and per time point. The values from three donors are represented. (c) The maximum migration distance from the endplate (highlighted with a yellow line) toward the NP 

was measured using NDP.scan software. For each section, time point, and donor, the results are presented as the mean value of 3 measurements performed on a single section. 

Abbreviations: ASCs: adipose stem cells; IVD: intervertebral disc; PMBs: pullulan microbeads; CCL5: chemokine (C-C motif) ligand 5; TGF-β1: transforming growth factor-β1; 

GDF-5: growth differentiation factor 5; ECM: extracellular matrix; PFA: paraformaldehyde. 
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Figure 6. Histological analysis of spontaneously degenerated ex vivo ovine IVDs. Lumbar IVDs (n=36) were harvested from 6 sheep (3-7 years old) that exhibited moderate 

lumbar degeneration (Pfirrmann grade 2 or 3). The top cartilaginous endplates were seeded with human ASCs (n=9 discs, donors D, E, and G), freshly labelled with VybrantTM 

Dil, and PMBs loaded with CCL5, TGF-β1, and GDF-5 (0.8% w/w in PBS) were injected via a trans-annular injection into the NP at day 0. Control discs were either only injected 

with PMBs (n=9 discs), only seeded with human ASCs (n=9 discs), or kept intact (n=9 discs). Following 3, 7, or 28 days of culture, the IVDs were fixed with 4% PFA, frozen, 

coronally sectioned (7 µm), and then histologically stained with Alcian blue (AB) and haematoxylin/eosin/saffron (HES) to analyse the ECM content and the cell density, 

respectively. (a) Representative whole IVD sections stained with AB (scale bar 2.5 mm). (b) High magnification of AB-stained sections with negatively charged PMBs identified 

as blue dots within the NP tissue at day 28 (scale bar: 500 µm). (c) High magnification of HES-stained sections, with cells labelled with black arrows (scale bar 50 µm). 

Abbreviations: IVD: intervertebral disc; ASCs: adipose stem cells; PMBs: pullulan microbeads; CCL5: chemokine (C-C motif) ligand 5; TGF-β1: transforming growth factor-β1; 

GDF-5: growth differentiation factor 5; NP: nucleus pulposus; PFA: paraformaldehyde; AB: Alcian blue; HES: haematoxylin eosin saffron; ECM: extracellular matrix. 
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Figure 7. Collagen and aggrecan immunostaining in age-related degenerated ex vivo ovine IVDs. Lumbar IVDs (n=36) were harvested from 6 sheep (3-7 years old) that exhibited 

moderate lumbar degeneration (Pfirrmann grade 2 or 3). The top cartilaginous endplates were seeded with human ASCs (n=9 discs, donors D, E, and G), freshly labelled with 

VybrantTM Dil, and PMBs loaded with CCL5, TGF-β1, and GDF-5 (0.8% w/w in PBS) were injected via a trans-annular injection into the NP at day 0. Control discs were either 

only injected with PMBs (n=9 discs), only seeded with human ASCs (n=9 discs), or kept intact (n=9 discs). After 3, 7, or 28 days of culture, the IVDs were fixed with 4% PFA, 

cryosectioned coronally (7 µm), and then immunohistologically labelled with type II collagen and aggrecan antibodies. Representative whole IVD sections (day 28) immunolabelled 

for type II collagen (top row, scale bar 2.5 mm), with high magnifications of TZ (scale bar 50 µm) and NP regions (scale bar 250 µm). Representative low-magnification (top row, 

scale bar 250 µm) and high-magnification NP sections (scale bar 50 µm) (day 28) immunolabelled for aggrecan. Abbreviations: IVD: intervertebral disc; ASCs: adipose stem 

cells; PMBs: pullulan microbeads; NP: nucleus pulposus; TZ: transitional zone; PFA: paraformaldehyde; ECM: extracellular matrix. 
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Figure 8. Tie2+ cell immunostaining in age-related degenerated ex vivo ovine IVDs. Lumbar IVDs (n=36) were harvested from 6 sheep (3-7 years old) that exhibited moderate 

lumbar degeneration (Pfirrmann grade 2 or 3). The top cartilaginous endplates were seeded with human ASCs (n=9 discs, donors D, E, and G), freshly labelled with VybrantTM 

Dil, and PMBs loaded with CCL5, TGF-β1, and GDF-5 (0.8% w/w in PBS) were injected via a trans-annular injection into the NP at day 0. Control discs were either only injected 

with PMBs (n=9 discs), only seeded with human ASCs (n=9 discs), or kept intact (n=9 discs). After 3, 7, or 28 days of culture, the IVDs were fixed with 4% PFA, cryosectioned 

coronally (7 µm), and then labelled immunohistologically with Tie2 antibodies. Representative images of the transitional zone between the CEPs and the NP (TZ, scale bar 100 
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µm) and the central NP region (NP, scale bar 50 µm) within the same IVD section, for each group at day 3, 7, and 28. Abbreviations: IVD: intervertebral disc; ASCs: adipose 

stem cells; PMBs: pullulan microbeads; TZ: transitional zone; NP: nucleus pulposus; PFA: paraformaldehyde; ECM: extracellular matrix. 
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Figure S1. Representative MRIs of the ovine spines used for the spontaneous IVD degeneration ex vivo model. 
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Figure S2: Quantification of cellularity in aged-related degenerated ex vivo ovine IVDs. IVDs (n=36) were isolated 

from 6 sheep (3-7 years old) presenting moderate lumbar degeneration (Pfirrmann’s grade 2 or 3). Top cartilaginous 

endplates were seeded with human ASCs (n=9 discs, donors D, E and G), freshly labeled with VybrantTM Dil, and 

loaded PMBs with CCL5, TGF-β1 and GDF-5 (0.8 % w/w in PBS) were injected via a trans-annular injection in the 

NP at day 0. Control discs were either only injected with PMBs (n=9 discs), only seeded with human ASCs (n=9 

discs), or 9 others kept intact (n=9 discs). After 7 or 28 days of culture, IVDs were fixed with PFA 4% then coronally 

frozen sectioned (7 µm). Cells in the central NP region were identified on high magnification HES stained sections 

and counted using NDP view software. For each section, time point and donor, results are presented as the mean 

value of 5 measurements performed on one section. * represents a significant difference between groups, ** p<0.01, 

*** p<0.001, two way ANOVA, Bonferroni post-test. $ represents a significant difference between day 7 and day 

28, $$ p<0.01. Abbreviations: IVD: intervertebral disc; ASCs: adipose stem cells; PMBs: pullulan microbeads; NP: 

nucleus pulposus; PFA: paraformaldehyde. 
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Figure S3: Quantification of Tie2-positive cells in aged-related degenerated ex vivo ovine IVDs. IVDs (n=36) were 

isolated from 6 sheep (3-7 years old) presenting moderate lumbar degeneration (Pfirrmann grade 2 or 3). Top 

cartilaginous endplates were seeded with human ASCs (n=9 discs, donors D, E and G), freshly labeled with 

VybrantTM Dil, and loaded PMBs with CCL5, TGF-β1 and GDF-5 (0.8 % w/w in PBS) were injected via a trans-

annular injection in the NP at day 0. Control discs were either only injected with PMBs (n=9 discs), only seeded 

with human ASCs (n=9 discs), or 9 others kept intact (n=9 discs). After 3, 7 or 28 days of culture, IVDs were fixed 

with PFA 4% then coronally frozen sectioned (7 µm). Tie2+ cells were immunohistologically labeled then counted 

using NDP view software on high magnification stained sections. For each section, time point and donor, results 

are presented as the mean value of 5 measurements performed on one section. * represents a significant difference 

between groups, * p<0.05, *** p<0.001, two way ANOVA, Bonferroni post-test.  $ represents a significant difference 

with the same group at day 7, $$ p<0.01. Abbreviations: IVD: intervertebral disc; ASCs: adipose stem cells; PMBs: 

pullulan microbeads; NP: nucleus pulposus; PFA: paraformaldehyde. 
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Table S1: Human donor information.  

Donor Age (yrs) Gender Experiments 

A 42 Female In vitro migration analysis 

B 57 Female In vitro migration analysis 

C 64 Female In vitro migration analysis 

D 51 Female In vitro migration analysis, ex vivo model 

E 45 Female In vitro migration analysis, ex vivo model 

F 33 Female In vitro migration analysis 

G 45 Female In vitro migration, ex vivo model 
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