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Abstract  37 

Natural biomatrices are popular owing to their ability to mimic tissue-specific biological properties. 38 

These properties are crucial for the intervertebral disc, a particularly demanding tissue whose 39 

degeneration is a major cause of chronic lower back pain. Degeneration starting within the core of the 40 

disc, the nucleus pulposus (NP), is marked by the loss of notochordal cells (NCs) and associated-healthy 41 

extracellular matrix. The regulative potential of the NC-secretome was exploited  through a PEG-based 42 

hydrogel formulated with decellularized porcine notochordal cell matrix (dNCM). Even under 43 

conditions which mimic the degenerate niche, the hydrogel supported maintenance of the native 44 

porcine NC phenotype, well-known for the difficulty in preserving their vacuolated phenotype. dNCM-45 

PEG hydrogel carrying human mesendodermal progenitors (hMEPCs; iPSC-derived and capable of 46 

differentiating into NCs), was injected into NP explants with enzymatically induced matrix degradation 47 

and subjected to dynamical loading. hMEPCs engrafted successfully and a healthy disc cell phenotype 48 

was observed. Injection of dNCM+hMEPCs into degenerated discs in a pilot experimental dog study 49 

indicated that ~7% of the 0.5 million hMEPCs engrafted. Single cell RNAseq analysis showed over 30% 50 

of the engrafted and recovered hMEPCs co-expressed Collagen Type II and Aggrecan consistent with a 51 

functional phenotype. No tumorigenic or systemic immunogenic side effects were observed. At the 52 

tissue level, TBXT expression, as well as matrix quality, were enhanced in the treated degenerate disc 53 

tissues. Together, this study highlights the translational potential of combining cell-based therapies 54 

with a bioactive material containing part of the NC secretome, warranting further development and 55 

validation. 56 

Keywords: bioactive materials, induced pluripotent stem cells, bioreactors, explant culture, 57 

regeneration, low back pain 58 

1. Introduction 59 

A common cause for chronic low back pain is degeneration of the intervertebral disc (IVD), with an 60 

estimation of > 40 million patients worldwide [1, 2]. This degenerative process often starts within the 61 

core of the IVD, the nucleus pulposus (NP), and is characterized by cell depletion and extracellular 62 

matrix (ECM) degradation [3]. In IVD regeneration obstacles remain in implementing cell-based 63 

therapies. First, the environment of the degenerated IVD is harsh for cells to survive, as it is avascular 64 

with a limited nutrient supply and waste removal, resulting in low oxygen, glucose, and pH levels [4, 65 

5]. Additionally, IVDs are subjected to dynamic loading, which imposes significant metabolic demands 66 

on the transplanted cells in this nutrient-limited environment [6]. These circumstances lead to poor 67 

cell survival, and thus only short-term and minimal clinical improvement after the injection of 68 

mesenchymal stromal cells (MSC) [7, 8]. Hence, while biomaterials serve as cell carriers minimizing the 69 
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risk of cell leakage upon intra-discal injection, they also need to provide the appropriate 70 

microenvironment allowing cells to thrive and fulfil regenerative roles, for example, production of 71 

healthy ECM rich in aggrecan and collagen type II [9] and/or stimulation of resident cells to deposit 72 

healthy ECM. In this context, bioactive biomaterials may offer a promising approach for an emerging 73 

tissue-specific cell type, the notochordal cell (NC), which has been shown to possess distinct 74 

regenerative abilities (reviewed by Bach et al. 2022) [10] for IVD degeneration.  75 

Large vacuolated NCs reside within the developing human disc and by about 10 years of age, they 76 

disappear and are replaced by smaller non-vacuolated NP cells (NPCs) [11, 12]. NCs have a higher 77 

proteoglycan production capacity than NPCs [13, 14] and play an essential role in IVD homeostasis. 78 

They produce secretory products that can regulate NPCs toward a healthy state in multiple species 79 

[15]. Porcine NC-derived matrix (NCM) and its decellularized version (dNCM) [16] stimulate NPCs to 80 

produce healthy ECM and proliferate in vitro [17, 18], exert anti-inflammatory effects [17, 18], and 81 

have promising regenerative effects in vivo on degenerated canine IVDs [17]. (d)NCM may act as an 82 

‘instructive matrix’—similar to bovine derived demineralized bone matrix in bone regeneration [19] by 83 

providing ECM cues and locally releasing growth factors. Consequently, intradiscal injection of (d)NCM 84 

could represent a promising regenerative therapy for IVD disease, potentially bypassing the complex 85 

task of identifying the specific bioactive substances secreted by NCs. Based on this and many other 86 

studies, NCs and their secretome-containing ECM proteins and trophic factors, have received attention 87 

as potential sources for cell therapy to halt or reverse IVD degeneration [10]. 88 

The implementation of NC-based therapeutic approaches presents several challenges. Native NCs are 89 

scarcely available; humans do not maintain NCs beyond adolescence, resulting in considerable ethical 90 

challenges concerning the use of fetal NCs and/or NC-rich IVDs [20, 21]. Another key limitation of 91 

therapeutic approaches employing NCs is the preservation of their specific phenotype during isolation 92 

and expansion (reviewed by Williams et al. 2023) [22]. To overcome this, the field has shifted from 93 

native NCs to induced pluripotent stem cell (iPSC)-based technologies [23]. Human iPSC-derived 94 

mesendoderm progenitor cells (hMEPCs) have already shown potential to further differentiate into 95 

notochordal-like cells (NLCs) in vitro [24, 25] and are considered a promising alternative to native NCs 96 

for NP regeneration. However, achieving further differentiation of hMEPCs in vitro into mature NLCs 97 

has been challenging with studies reporting heterogeneous cell populations with only low percentages 98 

of NLC [24]. Purification of iPSC-derived NLCs requires the use of surface markers which have not been 99 

confirmed yet for their potency for purification and even then, this would remain a bottleneck in 100 

achieving sufficient yield of cells available for translational and clinical studies. Furthermore, NLCs 101 

developed in vitro [24-28] fail to further mature to ultimately mimic the considerable instructive and 102 

matrix-producing capacity of native NCs. The incorporation of natural substrates into biomaterials is 103 
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an attractive proposition to provide bioactive materials that interact with biological systems and may 104 

provide additional cues for differentiation of iPSCs [29]. Notably, NC-conditioned medium has been 105 

employed to differentiate mouse iPSCs that are positive for CD24, which is considered an NP cell 106 

progenitor marker [30], into NP-like cells that can synthesize matrix components similar to those of 107 

native NP [31]. In this context, dNCM containing naturally occurring bioactive ECM components may 108 

provide tissue-specific signaling cues to promote differentiation towards the NC-lineage over any 109 

growth factor supplementation [10, 29]. Furthermore, less stiff biomaterials, which may incorporate 110 

naturally derived components, are better carriers for optimal biological performance of injected cells 111 

[32]. This aligns with the softer biomechanical environment found in IVDs with NCs than in IVDs with 112 

NPCs [33-35]. 113 

To conclude, there is an unmet need for suitable bioactive materials that can both protect and guide 114 

the injected cells towards the NC lineage. Therefore, the goal of this study was to develop a bioactive 115 

dNCM-based hydrogel cross-linked with polyethylene glycol (PEG) which provides a supportive 116 

environment and serves as an instructive cell carrier (Figure 1). The protective capacity of the dNCM-117 

PEG hydrogel was studied following encapsulation of native porcine NCs and exposing them to harsh 118 

degenerated IVD conditions, that is, low nutrient and oxygen levels. The instructive capacity was 119 

studied by determining the cell fate and regenerative effects of the bioactive and biodegradable 120 

dNCM-PEG hydrogel in combination with hMEPCs after injection into degenerated bovine NP explants. 121 

In this ex vivo model, early IVD degeneration and daily biomechanical loading were mimicked[6, 36] 122 

with 28 days follow-up [37] providing a clinically relevant IVD model as reviewed by Salzer et al. 2023 123 

[38]. Finally, dNCM+hMEPCs was further evaluated in a pilot study using a well-established preclinical 124 

dog model of disc degeneration [17] by studying effects at tissue-level via biochemistry and at the 125 

cellular level through single-cell sequencing.  126 

2. Material and Methods 127 

If not stated otherwise, chemicals were purchased from Merck (St. Louis, USA). 128 
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2.1 Decellularized notochordal cell-derived matrix (dNCM) synthesis 129 

In compliance with Dutch regulations, spines were obtained from less than 12-week-old piglets from 130 

the slaughterhouse. The NC-rich NP tissue, which can be easily discerned from the AF, was harvested 131 

aseptically, devitalized, and dehydrated using a freeze-dryer. Next, NCM was decellularized by a 132 

detergent-free protocol using Benzonase® Nuclease (70746-4)) treatment (200 U/mL) for 48 h at 37 °C 133 

on a roller mixer at 2 rpm and subsequently washed in saline, frozen, lyophilized, pulverized, and 134 

sterilized via UV irradiation before storage at -80 °C (Figure 1A) [16]. 135 

Figure 1: General set-up of the study. A hydrogel was fabricated based upon porcine-derived decellularized 136 

notochordal cell derived matrix (dNCM) crosslinked with 8-arm poly-ethylene glycol (PEG) (A). The potency of 137 

the dNCM-PEG hydrogel to support native notochordal cells (NCs) in a healthy and degenerate environment in 138 

vitro was tested (B). As a translational step, the potency of the injectable dNCM-PEG hydrogel to serve as 139 

bioactive carrier for human iPSC-derived cells in an advanced ex vivo model was investigated under diurnal and 140 

dynamic loading in bovine NP tissue explants (C), and the effect of dNCM+hMEPCs was further explored in an in 141 

vivo pilot study studying effects at NP tissue level, as well as by studying the effect on resident dog NPCs and 142 

hMEPCs.  Here, non-crosslinked dNCM was used allowing for analysis through single cell RNAseq (D).  143 
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2.2 Fabrication of a dNCM-based poly-ethylene glycol (PEG) hydrogel  144 

The hydrogel was fabricated via an amide reaction, which resulted in a highly stable covalent bond 145 

between the carboxyl groups of the glycosaminoglycan (GAG)-rich ECM in the dNCM and the NH2 146 

amine terminal of the PEG crosslinker (Figure 1A). dNCM was dissolved in 0.1 M 4-147 

Morpholineethanesulfonic acid (MES) buffer pH 7.2 (M3671) and left overnight at 4 °C to dissolve fully. 148 

Subsequently, 4-(4,6-dimethoxy 1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM; 149 

348960050, Thermo Fisher, Waltham, Massachusetts, USA), dissolved in 0.1 M MES buffer, and was 150 

added to the dNCM to activate its carboxylic groups. Finally, 8-arm PEG amine (tripentaerythritol) and 151 

HCL Salt (8ARM(TP)-NH2HCL-20K, JenKem Technology, Plano, USA) were added and vortexed to ensure 152 

proper mixing of the gel solution. This 8-arm PEG derivative, with terminal amine groups promoted a 153 

more efficient cross-linking reaction compared to 4-arm PEG (Supplementary Figure 1A-C). The 154 

hydrogel contained a final concentration of 15 mg/mL dNCM, 21 mg/mL 8-arm PEG, and 15 mg/mL 155 

DMTMM. This concentration of dNCM was based on the predicted molar ratio of active sites for cross-156 

linking and previous rheological tests with non-decellularized NCM (Supplementary Figure 1A-C), 157 

which showed that 15 mg/mL in a 2:1 ratio with 8-arm PEG was the highest concentration  suitable for 158 

injection through a 27 G needle necessary for clinical application [39] and formation of a cross-linked 159 

hydrogel with the desired rheological properties. The mixed hydrogel formulation was incubated at 37 160 

°C for 3 h to allow for polymerization (Supplementary Video 1).  161 

2.3 Generation of human induced pluripotent stem cell-derived MEPCs 162 

As human NCs are scarcely available, hiPSC-derived MEPCs could be a promising alternative cell source 163 

since they have already shown their potential to further differentiate towards NLCs[24, 25]. hMEPCs 164 

were generated following the method described by Warin et al. (2024)[24] with written consent from 165 

the human donors (approved by the ethical commission of the Canton of Bern, SwissEthics #2019-166 

00097). In short, hiPSCs (hPSCreg Name: REGUi016-D 4F_PBMC_Sv190) were expanded on human 167 

rLaminin-521 (cat# 354221, Corning, NY, USA) -coated 6-well plates (Falcon, 353046, Corning, NY, USA) 168 

or chamber slides (80826, ibidi GmbH, Gräfelfing, Germany) for two days in mTeSRTM1 medium (Stem 169 

Cell Technologies, Vancouver, Canada, 85851 batch #AG29793402 + supplement 85821 batch 170 

#1000068567, Vancouver, Canada) followed by 48 h culture in N2B27 media, containing DMEM-F12 171 

(Gibco,  11330) with MEM non-essential amino acids 1% (Gibco, 1140), GlutaMAX 1% (Gibco, 35050), 172 

β-mercaptoethanol 0.01% (Gibco, 31350), N2 5% (Gibco, 17502048), B27 5% (Gibco, 17504044), and 173 

1.25 mg/mL Bovine Serum Albumin (BSA) (Sigma Aldrich, A1595). This medium was supplemented with 174 

3 μM CHIR99021 (cat# 1386, Axon Reston, USA) to commit the cells towards the mesendodermal 175 

identity (Figure 1C). The identity of these hMEPCs was confirmed by performing immunofluorescence 176 

(IF) on 4% paraformaldehyde fixed cells in chambers slides. The samples were then saturated and 177 
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permeabilized for 1 h at room temperature with 0.1% Triton and 3% BSA in phosphate buffered saline 178 

(PBS). Cells were incubated with primary antibodies (anti-TBXT [0.5 µg/mL; R&D Systems, af2085, 179 

Minneapolis, USA] and anti-FOXA2 [0.075µg/ml; Ozyme, 8186S, Saint-Cyr-l'École, France]) overnight 180 

at 4 °C in 1% BSA in PBS. After washing with PBS, incubation with secondary antibodies was performed 181 

using donkey anti-goat IgG (H+L) antibody (Alexa Fluor 488 conjugated, 2 µg/mL; Molecular Probes, A- 182 

cat# 11055, Thermo Fisher) or donkey anti-rabbit IgG (H+L) antibody (Alexa Fluor 594, 2 µg/mL; 183 

Molecular Probes A-21207, Thermo Fisher) for 1 h at room temperature in 1% BSA in PBS. After 184 

washing the secondary antibodies with PBS, the cells were counterstained with Hoechst 33258 185 

pentahydrate (bis-benzimide) (2 µg/mL, H3569, Life Technologies) to visualize the nuclei and stored in 186 

CitiFluorTM AF1 (Electron Microscopy Sciences, #1179 70-25) at 4 °C. Confocal IF images were acquired 187 

using an LFOV FLIM Nikon® confocal microscope (Nikon, inc. Tokio, Japan). For each sample, three 188 

pictures were taken randomly within the well at 20 × magnification. Positive cells were quantified using 189 

the Volocity software (version 6.3, Quorum Technologies, San Jose, USA). These data confirmed the 190 

identity of the hMEPCs as 63% TBXT+/FOXA2+ cells (Supplementary Figure 2A, B). hMEPCs were 191 

dissociated using TryplE for 5 min at 37 °C, counted, and immediately used (referred to as “fresh”) or 192 

frozen at 4 × 106 cells/ml in Cryostor® CS10 (Stem Cell Technologies, 100-1061), and stored in liquid 193 

nitrogen until further use. 194 

2.4 Characterization of the dNCM-PEG hydrogel  195 

To assess the swelling capacity of the dNCM-PEG formulation, it was first freeze-dried, and the initial 196 

dry weight (Wi) was measured. The hydrogel was incubated at 37 °C in either healthy or degenerate 197 

disc media developed previously (manuscript in preparation) to mimic different NP environments in 198 

vivo (see Table 1; Supplementary Table 1) [5, 40]. The final weight (Wf) of the gel was measured after 199 

10 min, 30 min, 1 h, 2 h, 24 h, and 96 h, and the swelling capacity was calculated as a percentage 200 

increase using the following equation:  201 

(Wf – Wi)/Wi*100           Eqn 1 202 

To analyze the biomechanical properties, the storage and loss moduli of the dNCM-PEG hydrogel were 203 

determined. Since the presence of cells can influence the properties of the hydrogel these 204 

measurements were performed with encapsulated fresh hMEPCs in a concentration of 2 × 106 cells/mL 205 

corresponding with the intended application in our advanced ex vivo model (Figure 1C). Rheological 206 

measurements were performed using a MCR 501 Modular Compact Rheometer (Anton Paar, Austria). 207 

Briefly, the mixed hydrogel formulations were incubated at 37 °C for 3 h for polymerization and 208 

thereafter added to the plate at 37 °C. The rheometer was equipped with a circulating water bath to 209 

control the temperature. After a 5 min conditioning step, to ensure a normal force close to zero and 210 
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equilibrate the sample temperature, storage modulus (G’) and loss modulus (G’’) were determined by 211 

applying shear oscillations at a constant stress of 0.5 Pa and a frequency of 1 Hz for 5 min. 212 

2.5 3D-encapsulation of porcine notochordal cells in dNCM-PEG hydrogel in vitro 213 

Before investigating the potency of the hydrogel to serve as a cell carrier for the hMEPCs to protect 214 

them in the harsh IVD environment and further direct them towards the NC-lineage, we first analyzed 215 

to what extent the hydrogel supported the viability, vacuolated morphology, and phenotype of native 216 

NCs (Figure 1B). As human NCs are scarcely available, porcine NCs (pNCs) were used for this purpose. 217 

NP tissues were harvested from less than 12-week-old piglets (easily obtainable and rich in NCs[10]) 218 

and digested with 7 U/mL pronase (10165921001; Roche Diagnostics, Rotkreuz, Switzerland) for 30 219 

min followed by overnight incubation with 125 U/mL collagenase II (LS004177; Worthington, 220 

Columbus, USA) on a roller mixer at 40 rpm at 37 °C. The following day, pNCs were seeded in the 221 

dNCM-PEG hydrogel formulation at a density of 4 × 106 cells/mL, corresponding to the higher end of 222 

the cell density of a human native NP (2–4 × 106 cells/cm3) [12] to enhance the insights on the 223 

cytocompatibility and cell supportive capacity of the hydrogel. Cells encapsulated in a volume of 50 µL 224 

were cultured for 14 days in low‐adherence cell‐repellent surface 96‐well plates (650 970, CELLSTAR 225 

Greiner Bio‐One, Frickenhausen, Germany) and maintained at 37 °C and 5% O2 to mimic the hypoxic 226 

in vivo environment (considered tissue physioxia) [41]. To determine the cytocompatibility of the 227 

dNCM-PEG hydrogel and the ability to support the NC phenotype in a healthy and degenerate NP 228 

environment, different media compositions mimicking these conditions were used (Table 1) [5, 40]. 229 

The medium was refreshed every three days under normoxic conditions. 230 

Table 1: Composition and properties of healthy and degenerate disc media [5, 40, 42] 231 

Healthy Degenerate 

Low glucose DMEM Low glucose DMEM 

450 mOsm/kg 350 mOsm/kg 

pH 7.1 pH 6.8 

- 100 pg/mL IL-1β 

 232 

2.5.1 Assessing pNC viability 233 

To assess cell viability of the pNCs directly after encapsulation, images were obtained using a 234 

microscope (Leica TCS SP8 X, Leica, Germany) after whole-mount staining with Calcein-AM and 235 

Propidium Iodide. However, since cluster formation and the background signal of the hydrogel 236 

hampered proper quantification, the double-stranded (ds)DNA content of the pNCs was measured 237 

using the Qubit® dsDNA High Sensitivity Assay Kit (Invitrogen, Q32851, Thermo Fisher) according to 238 

the manufacturer’s instructions to estimate the number of living cells on days 0, 7, and 14. The 239 

hydrogels were first digested by overnight incubation at 60 °C in 300 μL papain digestion solution (pH 240 
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6, 200 mM H2NaPO4*2 H2O (21254, Boom B.V., Meppel, the Netherlands), 10 mM EDTA (100944, 241 

Merck Millipore, Amsterdam, the Netherlands), 10 mM cysteine HCl (C7880, Sigma-Aldrich, Saint Louis, 242 

USA), and 10 mM papain (P3125, Sigma-Aldrich). 243 

2.5.2 Morphology and phenotype of the pNCs after encapsulation in dNCM-PEG hydrogel 244 

For histological evaluation, cell-laden hydrogels were fixed in 3.7% formaldehyde (Sigma-Aldrich, 11-245 

0705) on days 0 and 14, dehydrated, and processed to wax using a tissue processor. Native porcine NP 246 

tissue was included as a positive control.  247 

Four µm thick paraffin-embedded sections were deparaffined, rehydrated and stained with Mayer’s 248 

Hematoxylin (109249, Sigma Aldrich) for 10-20 sec and Eosin solution (2.0 g/L Eosin Yellowish (Sigma 249 

Aldrich, 115935 in 50% ethanol) for 20 sec to evaluate their morphology after dehydration and 250 

mounting. Sections were imaged using a bright-field microscope (Olympus BX51; Olympus, Tokyo, 251 

Japan). 252 

To evaluate the expression of phenotypic and ECM markers, immunohistochemical (IHC) staining for 253 

several markers (aggrecan (ACAN), brachyury (TBXT), caveolin-1 (CAV-1), collagen type II (COL II), 254 

Forkhead Box F1 (FOXF1), cytokeratin 8/18/19 (panKRT), and Paired Box 1 (PAX1); Table 2) was 255 

performed. The deparaffinized sections were blocked with 0.3% H2O2 for 10 min, washed with a 0.1% 256 

phosphate buffered saline (PBS)-Tween solution (PBS-T 0.1%), and antigen retrieval was performed as 257 

listed in Table 2. After washing with PBS-T solution, sections were blocked with 5% BSA in PBS for 30 258 

min. Finally, the sections were incubated with the primary antibody (Table 2) overnight at 4 °C. The 259 

day after, the sections were washed with PBS-T solution and incubated with the appropriate secondary 260 

antibody for 30 min. The sections were incubated with the Bright-DAB substrate kit (Immunologic, 261 

VWRKBSO4-116) for 5 min after washing with PBS. After rinsing with Milli-Q® water, the sections were 262 

counterstained with Mayer’s hematoxylin for 1 min. Finally, the sections were rinsed in running tap 263 

water, dehydrated, cleared, and mounted (Vectamount; H5000, Vector Laboratories, Burlingame, 264 

USA). The corresponding diluted isotype antibody was used for each antibody. Images of the sections 265 

were acquired using cellSens software (version 2.3, Tokyo, Japan) and a bright-field microscope 266 

(Olympus BX51, Tokio, Japan). To quantify the immunopositivity for the phenotypic markers, the 267 

positively stained cells were manually counted or positive area determined using Fiji plugins and 268 

divided by the total number of cells in that area. For both methods, six different areas per condition 269 

were randomly selected in images at 20 × magnification.  270 
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Table 2. Detailed information of products and protocols used for immunohistochemical stains of porcine 271 

notochordal cells and bovine nucleus pulposus tissue.  272 

Primary antibody Host Conc. Antigen retrieval Secondary antibody Chromogen 

Aggrecan (ACAN)  
(Abcam, ab3778) 

Mouse 11.9 
µg/mL 

Pronase + 
Hyaluronidase (60 

min, 37 ⁰C) 

Brightvision poly-HRP-
Anti-Mouse 

(Immunologic 
VWRKDPVM110HRP) 

3,3'-
Diaminobenzidine 

(Bright-DAB; 
Immunologic, BS04-

110) 

Brachyury (TBXT)  
(R&D Systems, 

af2085) 

Goat 4 
µg/mL 

10 mM citrate 
buffer pH 6 (30 

min, 70 ⁰C) 

ImmunoCruz® goat 
LSAB Staining System 
(Santa Cruz, sc-2053) 

Bright-DAB 

Caveolin-1 (CAV-
1) 

(BD Biosciences, 
610406) 

Mouse 2.5 
µg/mL 

10 mM citrate 
buffer pH 6 (60 

min, 70 ⁰C) 

Brightvision poly-HRP-
Anti-Mouse 

Bright-DAB 

Collagen II (COL II) 
(DSHB, II-II6B3) 

Mouse 0.375 
µg/mL 

Pronase + 
Hyaluronidase 
(30 min, 37 ⁰C) 

Brightvision poly-HRP-
Anti-Mouse 

Bright-DAB 

FOXF1 
(Abcam, 

ab168383) 

Rabbit 6.9 
µg/mL 

10 mM citrate 
buffer pH 6 (30 

min, 70 ⁰C) 

Brightvision poly-HRP-
Anti-rabbit 

Bright-DAB 

Human nuclei 
(HuNu)  
(Abcam, 

ab190710) 

Mouse 10 
µg/mL 

10 mM citrate 
buffer pH 6 (30 

min, 70 ⁰C) 

Goat-anti mouse IgG, 
AP-conjugated (Abcam, 

ab97020) 

StayGreen/AP 
(Abcam, ab156428) 

Ki67   
(Thermo Fisher 
Scientific, MA5-

14520) 

Rabbit N/A 10 mM citrate 
buffer pH 6 (30 

min, 98⁰C) 

Brightvision poly-HRP-
Anti-rabbit 

(Immunologic, 
DPVR55HRP) 

Bright-DAB 

Cytokeratin 
8/18/19 (panKRT)  

(Abcam, 
ab41825) 

Mouse 1 
µg/mL 

10 mM citrate 
buffer pH 6 (30 

min, 70⁰C) 

Brightvision poly-HRP-
Anti-Mouse 

Bright-DAB 

mScarlet 
(SYST, 409 008) 

Rabbit 0.67 
µg/mL 

10 mM citrate 
buffer pH 6 (30 

min, 70⁰C) 

Brightvision poly-HRP-
Anti-rabbit 

Bright-DAB 

PAX1 
(Abcam, 

ab203065) 

Rabbit 20 
µg/mL 

10 mM citrate 
buffer pH 6 (30 

min, 70⁰C) 

Brightvision poly-HRP-
Anti-rabbit 

Bright-DAB 

 273 

2.6 Injection of dNCM-PEG hydrogel combined with human iPSC-derived 274 

mesendoderm progenitor cells in an ex vivo NP model  275 

As a next translational step, we investigated the potency of the dNCM-PEG hydrogel as a protective 276 

and instructive carrier for hMEPC injection in a bovine NP (bNP) explant culture under diurnal and 277 

dynamic loading over 28 days (Figure 1C). Bovine caudal IVDs are the most commonly used tissue 278 

source for ex vivo culture[38]. Bovine IVDs are comparable to healthy human discs in terms of cell type 279 

in the NP, ECM composition, geometry, diffusional distance, and biomechanical properties [14, 22, 33, 280 

37]. In this ex vivo model we replicated early IVD degeneration and subjected tissue samples to 281 
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biomechanical stresses mimicking daily activities [6], and hence strived to replace the commonly used 282 

rodent models of IVD degeneration studies [37].  283 

To prepare hMEPCs for encapsulation in the hydrogel and injection into bovine NP explants, 284 

cryopreserved cells were thawed, seeded at a density of 70,000 cells/cm2 and cultured overnight on 285 

human rLaminin-521-coated 6-well plates in N2B27 medium supplemented with 3 µM CHIR99021, 100 286 

ng/mL NOGGIN (Miltenyi Biotec, Leiden, The Netherlands), and 10 µM Y-27632 dihydrochloride (Tebu-287 

bio, Heerhugowaard, The Netherlands). After 24 h of recovery, the hMEPCs were stained using the 288 

PKH26 Red Fluorescent Cell Linker Kit (Sigma Aldrich, PKH26GL) according to the manufacturer's 289 

instructions before mixing with the dNCM-PEG hydrogel. 290 

In parallel, the effect of cryopreservation on the identity of hMEPCs was assessed by IF and compared 291 

with previously published results from Warin et al. 2024 [24]. Three distinct hiPSC lines from different 292 

origins were used (Life Technologies, Cat# A18944, Lot Number: 1938075; hPSCreg Name: LIMFRi001-293 

A [43]; iPSC line published by Kilens et al., 2018 [44]). These data showed maintenance of hMEPC 294 

identity after cryopreservation with > 52% ± 13% TBXT+/FOXA2+ cells (Supplementary Figure 2C, D), 295 

in consistency with previously published results for fresh MEPCs [24] facilitating potential clinical 296 

application of cryopreserved hMEPCs. Furthermore, their proliferative state was confirmed by IF 297 

staining for TBXT and Ki67 (0.25 µg/ml; Sigma Aldrich, 275R-14) showing 57% ± 19% TBXT+/Ki67+ cells 298 

(Supplementary Figure 2E, F).  299 

2.6.1 Bovine NP explant culture under dynamic loading  300 

NP explants (8 mm diameter, 4-6 mm height) were aseptically prepared from the first five intact 301 

proximal discs of tails from two- to three-year-old cows, obtained from a local abattoir, within 24 h of 302 

sacrifice, complying with local regulations. Different disc levels were distributed equally and randomly 303 

among the groups (day -1). Freshly harvested NP tissue (day -1) served as native and normal tissue 304 

controls (n = 12, ‘native’; Table 3). 305 

Hydrogel distribution after injection was visualized by injecting dNCM-PEG hydrogel stained with 306 

Procion® Red MX-5B (5% w/v; Sigma Aldrich, 404365) into normal bovine NP explants and afterwards 307 

cutting open the NP tissue in the midsagittal line. Additionally, spatial distribution was checked by 308 

adding Al2O3 particles to the hydrogel (10% w/v, 0.4 µm, Final Advanced Materials, Strasburg, France) 309 

and scanning with a μCT100 (Scanco Medical, Brüttisellen, Switzerland) with an energy level of 55 kVp, 310 

an intensity of 200 μA, and at a resolution of 7.4 µm. 311 

The other bovine NP explants (n = 6 / group and timepoint) were cultured (10% CO2 (pH 7.2), 5% O2, 312 

37 °C) in previously developed volume-controllable NP culture chambers [36, 45]. The culture medium 313 

consisted of low glucose (5.55 mM) DMEM (Gibco, 21885) with 3% FBS (F7524) and 1% P/S (Lonza 17-314 
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602, Basel, Switzerland) mimicking hereby limited nutrients and physioxic (1-5% O2) NP environment 315 

[5]. The medium was changed every 2-3 days by applying fresh 8 mL media per bioreactor chamber; 316 

the medium supernatant was collected with every change and stored at -20 °C until further 317 

biochemical analysis. Explants were initially equilibrated overnight to a pressure of 0.2 MPa, after 318 

which this volume was constrained to the maximum volume, that is, the swelling of the explants was 319 

constrained to this volume/pressure (day 0). Injections were performed through an injection port in 320 

the culture chamber with a 27G needle. This needle diameter would ideally be used in clinical practice 321 

for intradiscal injection into lumbar human discs. To induce a sGAG reduction that mimics early IVD 322 

degeneration twelve explants received a chondroitinase ABC (chABC; Sigma Aldrich, C3667) injection 323 

at a dose of 0.05 U / explant (20 µL of 2.5 U/mL reconstituted in 1% BSA in PBS) (Table 3) [36].  324 

On day three, the degenerate explants received a second injection of 25 µL corresponding to circa 10% 325 

tissue volume with either PBS (‘PBS’, or dNCM-PEG hydrogel with hMEPCs encapsulated (‘dNCM-326 

PEG+hMEPCs’) (Figure 1C; Table 3). The hMEPCs were formulated at a concentration of 2 × 106 cells/mL 327 

(i.e, 50,000 cells/explant) before injection to be on the lower side of the cell density of human native 328 

NP tissue[46] to prevent nutrient deprivation.  329 

From day three onwards, explants were cultured with diurnal dynamic loading[6] previously shown to 330 

maintain tissue ECM composition and properties comparable to those of native samples. A static load 331 

(0.1 MPa) was applied for 6 h to mimic the inactive phase of the diurnal cycle. The active phase was 332 

mimicked by six cycles of 1 h dynamic loading (0.2 MPa – 0.4 MPa, 0.2 Hz) followed by 2 h of a static 333 

load of 0.1 MPa. A minimum of 3 hours between injection and the start of the loading cycles to achieve 334 

complete gelation of the hydrogel and gelation in a reaction tube were ensured to reduce the risk of 335 

leakage. Longitudinal biomechanical testing and metabolic monitoring were conducted, and explants 336 

were harvested on day 27 and cut into two halves in the midsagittal line: one half for biochemical 337 

analysis and one half for histological analysis. 338 

As a control, hMEPCs encapsulated in the dNCM-PEG hydrogel were simultaneously cultured in 96-339 

well plates until day 27 using the same cell density, culture media, and incubator settings to determine 340 

cellular survival (described below) in vitro. In vitro cell survival was investigated by imaging (Axio 341 

Observer 7, Zeiss, Germany) PKH26-labelled fluorescent hMEPCs embedded in the dNCM-PEG 342 

hydrogel in well plates. For the ex vivo evaluation of cell survival, one-quarter of the explants with 343 

injected cells were harvested on day 27 and imaged immediately for PKH-labelled cells. DAPI staining 344 

was performed to co-identify resident bovine NPCs.  345 
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Table 3: Overview of the experimental groups 346 

Treatment Dynamic 

loading 

Injection 

Day 0 

Injection 

Day 3 

Harvest 

Day 

Native - - - Day -1 

PBS + chABC PBS Day 27 

dNCM-
PEG+hMEPCs 

+ chABC dNCM-
PEG+hMEPCs 

Day 27 

 347 

To determine the regenerative effects of the hydrogel alone, a similar experiment was conducted in 348 

which bNP explants received an injection with either PBS or the dNCM-PEG hydrogel on day 3 and 349 

samples were collected on day 21 (Supplementary Table 2). 350 

2.6.2 Biomechanical testing of the NP explants 351 

A stress relaxation test was used to determine the equilibrium stress as a surrogate for intradiscal 352 

pressure during the culture period, as a change in sGAGs is correlated to the equilibrium pressure via 353 

the fixed charge density[36]. Shortly, with a mechanical testing system (MTS Criterion Model 42, MTS, 354 

MO), three preconditioning ramps of 2% compression were applied, after which a preload of 0.98 N 355 

was applied. Subsequently, a displacement of 5% was applied within 1 sec and held constant for 30 356 

min while measuring force continuously[36]. Equilibrium stress was determined, and equilibrium 357 

pressure was calculated with the available surface area of the explants. Furthermore, height loss after 358 

16 h of active phase and recovery after 5 h of unloading were measured in the ‘PBS’ and ‘dNCM-359 

PEG+hMEPCs’ groups on day 25, two days before harvest. 360 

2.6.3 Metabolic activity 361 

To investigate the metabolic activity of the bNP explants after hMEPC injection, a glucose and lactate 362 

assay were performed on medium supernatant samples collected during the media changes over the 363 

27-day dynamic loading culture period from the experimental group ‘dNCM-PEG+hMEPCs’ with the 364 

‘PBS’ -group as controls as previously described [6]. This was performed to check whether cell injection 365 

would induce stress to the resident bNPCs and transplanted cells hMEPCs e.g. because of lactate 366 

buildup or medium consumption. Glucose concentrations were measured with an adapted 367 

colorimetric assay [47]. Briefly, a fresh buffer/chromophore reagent was prepared by mixing 3.5 mL of 368 

10 mM 4-amino antipyrine (Sigma Aldrich, cat# 06800) with 3.5 mL of 10 mM 3-(N-ethyl-3-369 

methylanilino) propane sulfonic acid sodium salt (Sigma Aldrich, E8506) and 3 mL of 0.8 M sodium 370 

phosphate buffer (pH 6). One hundred µL buffer/chromophore reagent was mixed with 10 µL 371 

peroxidase (1.6 U/mL; Sigma Aldrich, cat# 77332), and 10 µL glucose oxidase (2.7 U/mL; Sigma Aldrich, 372 

cat# G7141) per well and added to 2 µL sample. After 30 min of incubation at room temperature in the 373 
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dark, absorbance was measured at 550 nm, and concentration was determined with a standard curve 374 

of D-glucose from 0.08 to 10 mM. Lactate concentrations were determined by an enzymatic assay[48]. 375 

Briefly, a reaction mix was prepared to contain 5 mg/mL of β-nicotinamide adenine dinucleotide 376 

hydrate (Sigma Aldrich, N7004, 0.2 M glycine buffer (Sigma Aldrich, G5418), and 22.25 U/mL of l-lactic 377 

dehydrogenase (Sigma Aldrich, 3916). Per well, 40 μL of the sample was mixed with a 40 μL reaction 378 

mix and incubated at 37 °C for 30 min, after which absorbance was measured at 340 nm. The lactate 379 

concentration of the samples was calculated using a standard curve of sodium l-lactate (Sigma Aldrich, 380 

cat# L7022) ranging from 0.016 to 1 mM. 381 

2.6.4 Biochemical evaluation 382 

The halved bNP explants were weighed and frozen at -80 °C and, after lyophilization for 72 hours, 383 

weighed again to determine the relative water content. The lyophilized samples were digested 384 

overnight at 60 °C in 500 µL digestion buffer (100 mM phosphate buffer, 5 mM L-cysteine, 5 mM EDTA, 385 

and 140 µg/mL papain (Sigma Aldrich, P-5306)) [49]. dsDNA was quantified as described for the pNCs 386 

as an indication for the number of living cells. Hydroxyproline content was measured with a 387 

chloramine-T assay [50] using trans-4-hydroxyproline (Sigma Aldrich, H54409) as standard and reading 388 

absorbance at 550 nm. The collagen content was calculated by multiplying the hydroxyproline content 389 

with factor 7.5 [51]. sGAG content was quantified by 1,9-dimethyl methylene blue (DMMB) binding 390 

assay at pH 3 using chondroitin sulphate (CS) from shark cartilage (Sigma Aldrich, C4348) as standard 391 

and extracting measured absorbance at 595 nm from 540 nm. The fixed charge density (mEq/g wet 392 

tissue) was estimated by assuming a molecular weight of 502.5 g/mole and 2 moles of charge per mole 393 

of sGAG.  394 

2.6.5 Histological evaluation 395 

For histological evaluation, the halved bNP explants and native bovine NP tissues were fixed in 4% 396 

neutral buffered formaldehyde, processed to paraffin wax, sectioned (4 µm), and stained as described 397 

for the pNC encapsulation experiment.  398 

To obtain an indication of the presence of proteoglycans and collagen, the bNP explant sections were 399 

stained with Alcian Blue (30 min) and Picrosirius Red (1 h) and imaged with a bright-field microscope 400 

(Axio Observer Z1, Zeiss, Germany). To assess the cell phenotype, presence of specific ECM 401 

components and cell proliferation, IHC staining was performed for several markers (ACAN, TBXT, COL 402 

II, CAV1, FOXF1, Ki67, panKRT, PAX1) using the DAB chromogen (Table 2). Furthermore, staining for 403 

Human nuclei (HuNu) was employed to allow for co-detection of the hMEPCs injected into the bNPs in 404 

the formalin-fixed deparaffinized sections for which the AP-conjugated secondary antibody was used 405 
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and visualized with the StayGreen chromogen (Table 2). Quantification of phenotypic markers with 406 

exclusive cellular expression was performed as previously described for the pNCs.  407 

2.7 Pilot experimental in vivo dog study 408 

To take the next translational step, a pilot study was performed using an experimental dog model 409 

(Figure 1D). Here we focused on investigating the medium -term survival and cell fate of the 410 

intradiscally injected hMEPCs and studied the regenerative potential of dNCM+hMEPCs on the resident 411 

disc cells. To evaluate functional differentiation of the injected hMEPCs into matrix-producing cells 412 

within the degenerate IVD host environment, the ACAN-2A-mScarlet reporter hiPSC line (TMOi001-A-413 

14) was used as published by Tong et al. (2024) [52]. ACAN-2A-mScarlet reporter hiPSCs can 414 

differentiate into aggrecan-producing cells and co-express mScarlet, a marker tracing human 415 

differentiated cells that produce aggrecan. They were differentiated into hMEPCs as described in 416 

section 2.3 and directly used (i.e. not cryopreserved). For this study, hMEPCs were mixed with non-417 

crosslinked dNCM as this enabled the isolation of single cells for RNA sequencing to determine the cell 418 

fate of hMEPCs and treatment effects on resident dog NPCs. 419 

Procedures were approved and conducted in accordance with National Animal Experiments 420 

Committee guidelines (project number: AVD10800202216538) and overseen by the Local Welfare 421 

Body (working protocol number: 16538-1-01), required by Dutch regulation. One intact male Beagle 422 

(12 months of age, weight 17 kg) was purchased as a surplus animal. Four weeks before the intradiscal 423 

injections (i.e. T = −1 month) moderate IVD degeneration was induced in four lumbar IVDs by a board-424 

certified veterinary surgeon via partial NP removal (NX) as previously described [17]. Shortly before T 425 

= 0, magnetic resonance imaging (MRI) was performed to determine the degree of IVD degeneration. 426 

At T = 0, four IVDs in which NX was performed were injected with 50 μL of 5 × 105 fresh hMEPCs 427 

suspended in 20 mg/mL dNCM hydrogel (L1-2; L3-4; L5-6; L7-S1). This cell number and volume was 428 

chosen taking into account the limited space and nutrient supply available in the NP. Since dNCM 429 

contains approximately half the amount of proteins as NCM [16], a double concentration of dNCM was 430 

used compared to the study conducted by Bach et al. 2018 [17]. At T=3 months, the dog was 431 

euthanized and the samples collected. A detailed description of the anesthesia and analgesia 432 

protocols, induction of degeneration and intradiscal injections, MRI and CT, and sample collection are 433 

provided in the supplementary Materials and Methods. The GAG, DNA, and collagen content were 434 

determined as described in section 2.6.4.  435 

 436 
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2.7.1 Single cell analysis 437 

To assess whether the engrafted hMEPCs displayed an NC/NPC-like phenotype, and to check for off-438 

target differentiation, together with effects on the resident dog NPCs, the L7-S1 IVD segment was 439 

collected within 3 h after termination and immediately processed. In accordance with the 3Rs 440 

principle, from an unrelated experiment we processed in parallel a non-treated IVD level of a sibling 441 

Beagle dog in which also degeneration was induced by NX at T = -1 month. Single cells from these two 442 

NPs were isolated using a two-step enzymatic digestion protocol using 3.5 U/mL pronase 443 

(11459643001, Roche) and 570 U/mL collagenase type II (LS004177, Worthington). The living single 444 

cells (detected based on the Hoechst signal) were FACS sorted into capture plates during which human 445 

cells were identified and sorted from dog NPCs with the aid of the human specific, HLA+FITC antibody 446 

(1 µg / 1 × 106 cells; 11-9983-42, Thermo Fisher). Capture plates with the sorted single cells were 447 

subjected to single-cell RNA sequencing at Single Cell Discoveries (Utrecht, the Netherlands) according 448 

to an adapted version of the SORT-seq protocol [53].  449 

Bioinformatic analysis was conducted using R (R v4.4.2) using the Seurat package [54]. Based on the 450 

HLA signal the wells containing human cells were identified and removed from the dog data, whereas 451 

for the human data these wells were selected. Dog cells with total gene counts between 1,000 and 452 

6,000, at least 500 total genes, and mitochondrial RNA <5% were retained for analysis. Human cells 453 

with total gene counts between 1,000 and 4,000, at least 500 total genes, and a mitochondrial RNA 454 

<5% percent were retained for analysis. After removing low quality barcodes, samples were 455 

normalized and integrated using the top 2000 variable genes [55]. Based on the principal component 456 

analysis (PCA), the first 9 (dog) or 5 (human) principal components (PCs) were selected for 457 

dimensionality reduction and graph-based clustering, visualized using Uniform Manifold 458 

Approximation and Projection (UMAP). Cluster marker genes were identified using Seurat’s 459 

‘FindAllMarkers’ (Wilcoxon rank sum test; FDR-adjusted p < 0.05, logFC ≥ 0.25).  460 

 461 

2.7.2 Tracking of differentiated hMEPCs at the tissue level  462 

Using the ACAN-2A-mScarlet reporter iPSC line [52], the presence of ACAN-producing hMEPCs was 463 

evaluated after 3 months by immunostaining for the mScarlet protein [56], besides evaluating the 464 

presence of healthy NP cell phenotypic marker TBXT (Table 2; section 2.5.2).  465 

2.7.3 Immunogenic response  466 

Potential systemic side-effects caused by the xenotransplantation of the hMEPCs were assessed on 467 

PBMCs isolated from blood samples at baseline, 2 weeks and 3 months post injections. PBMCs were 468 

incubated with fluorescently conjugated primary antibodies to detect phenotypic and activation 469 

markers for either T cells or monocytes (Supplementary Table 3). Furthermore, liver, lung, kidney, 470 
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testis, heart, spleen, and lymph nodes were screened for the presence of abnormalities (i.e. infiltration 471 

of immune cells) by a veterinary pathologist. 472 

2.8 Statistical analysis 473 

Statistical analysis was performed with Graph Pad Prism version 9.1.0. Normal distribution was tested 474 

by Shapiro–Wilks’ test. For normally distributed data, a one- or two-way analysis of variance (ANOVA) 475 

test was used depending on the relevant number of variables and graphs show the mean ± standard 476 

deviation. The Tukey test was used to correct for multiple comparisons. When data were 477 

nonparametric, the Kruskal–Wallis test with Dunn's multiple comparison test was performed in a one-478 

way fashion and graphs show median ± interquartile range. Statistical significance was assumed for p 479 

< 0.05. 480 

3 Results 481 

3.1 The dNCM-PEG hydrogel shows suitable injectability and rheological properties for 482 

intradiscal applications 483 

Visibly, a cross-linked hydrogel was formed after 3 h (Figure 2A). Swelling studies were performed at 484 

different timepoints up until 96 h to observe the hydrogel behavior in media mimicking the healthy 485 

and degenerate IVD environment (Figure 2B) [5]. The hydrogel reached the maximum swelling capacity 486 

(approximately 30%) within the first 2 h without considerable weight fluctuations compared to later 487 

timepoints (Figure 2B). There were no differences found between the healthy and degenerate media, 488 

indicating that the swelling capacity of the hydrogel was not influenced by the osmolarity and pH level 489 

of the media. The dNCM-PEG hydrogel formulation mixed with hMEPCs was easily extruded through a 490 

27 G needle before gelation, supporting the injectability for in vivo intradiscal application 491 

(Supplementary Video 1). The biomechanical properties, determined post-gelation of the dNCM-PEG 492 

hydrogel (i.e. 3 h after mixing of the hydrogel formulations), showed a storage modulus of ~ 400 Pa 493 

and loss modulus of ~ 25 Pa (Figure 2C). The properties showed a relatively soft hydrogel which is 494 

known to be favorable for NC phenotype and survival [57, 58].   495 
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Figure 2. A dNCM-PEG-based hydrogel was fabricated with suitable rheological properties for intradiscal 496 

application. A visible hydrogel was formed 3 h after mixing the hydrogel formulations with hMEPCs (A). 497 

Percentage of swelling of the hydrogel in healthy (black) and degenerate (grey) disc media of the aggregated 498 

data (n = 3 technical replicates) (B). Storage modulus (G’; black) and loss modulus (G’’; grey) applying shear 499 

oscillations at a constant stress of 0.5 Pa and a frequency of 1 Hz (n = 5 technical replicates) (C). Individual 500 

measurements are presented in Supplementary Figure 3. 501 

3.2 dNCM-PEG hydrogel supports viability and NC-phenotype of porcine notochordal 502 

cells in vitro 503 

To examine the ability of the dNCM-PEG hydrogel to support viability and the NC-morphology and 504 

phenotype, native pNCs were encapsulated and cultured within the dNCM-PEG hydrogel under healthy 505 

and degenerate disc conditions. pNCs were viable directly after encapsulation in the dNCM-PEG 506 

hydrogel, as indicated by the live-dead images (Figure 3A). Since the presence of NC clusters and the 507 

background signal of the hydrogel hampered proper quantification of the number of living cells during 508 

the culture period, the dsDNA content was measured as an indication of the viability (Figure 3B). On 509 

day 7, the dsDNA content showed a relative decrease (healthy 1.5; degenerate 1.3 fold change (FC)) 510 

compared to day 0, although not significant (healthy p = 0.058; degenerate p = 0.400) after which it 511 

stabilized. Thereafter, encapsulated pNCs showed stable dsDNA values throughout the culture period 512 

in both media compositions, demonstrating that the dNCM-PEG hydrogel supported NC viability under 513 

healthy or challenging degenerative NP conditions (Figure 3B).  514 
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 515 

Figure 3. dNCM-PEG hydrogel supported viability of native porcine notochordal cells (pNCs). Viability  of pNCs 516 

directly after encapsulated in dNCM-based hydrogel in healthy and degenerate disc medium. Scale bar = 20 µm 517 

(A). dsDNA content (mean ± SD) of the encapsulated pNCs on day 0, 7, and 14 in dNCM-PEG hydrogel in both 518 

media compositions. n = 3 technical replicates/condition prepared from 3 pooled porcine spines (Two-way 519 

ANOVA with Tukey correction; no statistical differences were observed) (B).  520 

Native NCs are characterized by their cluster formation and intracellular vacuoles which are typically 521 

rapidly lost during in vitro cultures [22]. In line with this, we observed that the immunopositivity of 522 

several transcription factors that define the healthy NPC/NC phenotype [10] (TBXT, FOXF1, and PAX1) 523 

and the NC-phenotypic marker panKRT was diminished directly after pNC encapsulation (day 0) 524 

compared to the native tissue (Figure 4). However, the presence of vacuoles and cluster formation of 525 

pNCs was maintained as shown by H&E-stained sections and the protein expression of the vacuole 526 

marker caveolin (CAV-1) [22] (Figure 4). Remarkably, the dNCM-PEG hydrogel was able to restore the 527 

expression of NC transcription factors, as shown by increased immunopositivity for TBXT, FOXF1, and 528 

PAX1 on day 14 of culture (Figure 4) when compared to day 0. Expression of the NC phenotypic marker-529 

set panKRT was also increasingly detected on day 14 of culture (Figure 4). Immunopositivity of all NC 530 

markers increased to comparable levels in both media conditions. Quantification showed a significant 531 

increase in TBXT (2.3 FC; p = 0.042), FOXF1 (5.6 FC; p = 0.042), PAX1 (2.2 FC; p = 0.002), and panKRT 532 

(202 FC; p = 0.0027) expression on day 14 compared to that on day 0 in the healthy medium, and only 533 

TBXT (5.2 FC; p = 0.0007) and CAV1 (3.3 FC; p = 0.0042) immunopositivity in the degenerate medium 534 

(Figure 5A-E).  535 

To study the capacity of pNCs to produce healthy ECM, collagen type II (COL II) and aggrecan (ACAN) 536 

immunostaining was performed, demonstrating increased deposition of ACAN after 14 days compared 537 

to the starting culture point on day 0 (Figure 4). COL II was not present in the pericellular ECM on day 538 

0 as expected after tissue digestion for cell isolation with collagenase II, whereas some cytoplasmatic 539 

staining was detected on day 14 (indicated by arrowheads in Figure 4). These results indicate that the 540 

dNCM-PEG hydrogel maintained the vacuolated phenotype and cluster formation of pNCs and 541 
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remarkably restored the expression of typical NC-phenotypic and ECM markers after 14 days of culture 542 

under normal and even degenerate disc culture conditions.  543 

Figure 4. dNCM-PEG hydrogel maintained porcine notochordal cell (pNC) morphology and restored expression 544 

of NC phenotypic markers. Representative images of native porcine nucleus pulposus tissue and pNCs on day 0 545 

and 14 in healthy and degenerate media encapsulated in dNCM-PEG hydrogel. Arrowheads indicate cytoplasmic 546 

COL II immunopositivity; Scale bar = 20 µm.  547 
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Figure 5. Expression of notochordal cell (NC)- phenotypic markers in porcine NCs is restored after 14 days of 548 

culture in dNCM-PEG hydrogel. Immunopositivity quantifications (median ± IQR) in porcine NCs cultured in 549 

healthy and degenerate disc media encapsulated in dNCM-PEG hydrogel on day 0 and 14. Graphs show % of 550 

positive cells or stained area / total cells for NC transcription factors Brachyury (TBXT) (A), FOXF1 (B), PAX1 (C), 551 

cytokeratin 8/18/19 (panKRT; D), and vacuole marker CAV-1 (E). n = 6 areas/condition. Kruskal–Wallis test with 552 

Dunn's correction; * p < 0.05, ** p < 0.01, *** p < 0.001.  553 

3.3 hMEPCs guided by the dNCM-PEG hydrogel successfully engraft in the bovine 554 

nucleus pulposus explants but do not lead to biochemical restoration  555 

The dNCM-PEG hydrogel was injected through a 27G needle (in a volume of 25 µL/explant i.e. 556 

approximately 10% of the NP tissue volume) and was distributed mainly in the central region of non-557 

degenerated bNP explants, as visualized by Procion Red-colored hydrogels (Figure 6A). The central 558 

distribution in chABC-treated bNP explants was confirmed by µCT imaging (Figure 6B), and the needle 559 

tracks were visible in both the Procion Red injections and µCT images (Figure 6A,B). 560 
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Figure 6. Distribution of dNCM-PEG hydrogel after injection into normal bovine nucleus pulposus (NP) 561 

explants. NP tissue was harvested from a bovine intervertebral disc using a biopsy punch of 8 mm diameter 562 

whereafter it was placed in the confined culture chamber. Hydrogel distribution after injection was visualized by 563 

injecting dNCM-PEG hydrogel stained with Procion Red whereafter it was dissected at the midsagittal line. In an 564 

intact bNP explant, the Procion-Red labeled hydrogel distributed centrally (A). Using dNCM-PEG hydrogel labeled 565 

with Al2O3 particles, distribution of the injected hydrogel was visualized through µCT imaging (B). Scale bar = 1 566 

mm. * yellow star indicates the needle track.  567 

Both PBS and dNCM-PEG+hMEPCs injections resulted in no observable leakage. During the injection, 568 

the operator haptically monitored the tissue back pressure, which is considered an indirect sign of an 569 

intact explant. Induction of degeneration led to decreased proteoglycan and ACAN staining in the 570 

chABC-treated bNP explants injected with PBS compared to native tissue (Figure 7A). COL II 571 

immunopositivity was unaffected, which was expected as chABC only targets the proteoglycans of the 572 

ECM. Although the bNP explants treated with dNCM-PEG+hMEPCs showed more proteoglycan staining 573 

and immunopositivity for ACAN compared to the PBS control (Figure 7A), the overall sGAG content 574 

was lower (2.3−3 FC; p < 0.0001) in all treatment groups compared to native samples (Figure 7B). The 575 

water content was higher (1.1 FC; p = 0.0045) in the PBS-treated group compared to the native 576 

samples, and this was unchanged with dNCM-PEG+hMEPCs injection (1.1 FC; p = 0.0006). However, it 577 

should also be noted that the native tissue was not equilibrated in the culture medium, and thus, the 578 

water content could have been lower due to tissue harvesting (Figure 7C).  579 

Together, these changes led to a marked decrease (3.9 FC; p < 0.0001 for PBS and 3 FC; p < 0.0001 for 580 

dNCM-PEG+hMEPCs) in the fixed charge density in all treatment groups compared to that in the native 581 

tissue (Figure 7D). Both sGAG content and fixed charge density reduction were a result of the chABC 582 

injection and confirmed the successful induction of NP degeneration. The collagen content, normalized 583 

to dry weight, increased in the PBS- (1.3 FC; p = 0.0027) and dNCM-PEG+hMEPC-treated (1.2 FC; p = 584 

0.017) groups, resulting from the change primarily in sGAG content (Figure 7B,E). In line with this, 585 

compared to day 0, the PBS and dNCM-PEG+hMEPCs groups lost approximately 50-75% of their initial 586 
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pressure after injection of chABC and culture for three days (Supplementary Figure 4A). After seven 587 

days, the equilibrium pressure was constant and did not increase over time indicating the absence of 588 

biomechanical recovery. The explant height loss compared to the original height (measured on day 0) 589 

after 16 h of loading (44% ± 5% for dNCM-PEG+hMEPCs vs. 49% ± 6% for PBS) and subsequent recovery 590 

for 5 h (5% ± 5% for dNCM-PEG+hMEPCs vs. 13% ± 11% for PBS) showed no significant differences 591 

between the groups, but suggested there was slightly less height loss in the dNCM-PEG+hMEPCs group 592 

(Supplementary Figure 4B). Together, these results indicated that there was no detectable biochemical 593 

restoration as tested at the sGAG level or at the biomechanical level within 27 days of the treatment 594 

with the dNCM-PEG hydrogel with hMEPCs.  595 

Figure 7. dNCM-PEG + hMEPC injected bNP explants show positive proteoglycan staining in contrast with PBS 596 

controls. Qualitative (A) and quantitative (mean ± SD; B-E) analysis at the tissue level of bNP explants after 27 597 

days of culture where degeneration was induced with chondroitinase ABC. bNP explants were injected either 598 

with PBS control (PBS) or treated with 2 * 106 human mesendoderm cells/mL in dNCM-PEG hydrogel (‘dNCM-599 

PEG+hMEPCs’; 25 µL hydrogel delivering 50.000 hMEPCs/explant). Alcian Blue/Picrosirius Red stained sections 600 

indicated loss of GAGs in the PBS injected explants. This was confirmed by immunostainings for ACAN showing 601 

depletion of aggrecan in the extracellular matrix and cytoplasm. In bNP explants treated with dNCM-602 

PEG+hMEPCs there was ample extracellular proteoglycan deposition, and cytoplasmic and pericellular ACAN 603 

staining on day 27. Scale bar = 50 µm (A). The sulphated glycosaminoglycan (sGAG) content decreased (B), water 604 

content increased (C), fixed charge density (FCD) reduced (D), and relative collagen content increased (E) 605 

compared to native tissue in both groups. One-way ANOVA with Tukey correction; * p < 0.05; ** p < 0.01; *** p 606 

< 0.001; **** p < 0.0001; n ≥ 6 explants / group. 607 

  608 
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3.4 hMEPCs survive in the dNCM-PEG carrier in degenerated bovine NP explants under 609 

dynamic loading 610 

Metabolic activity, determined by lactate release (Supplementary Figure 4C) and glucose uptake 611 

(Supplementary Figure 4D) in the medium supernatant, did not vary between the PBS- and 612 

dNCM+hMEPCs-treated groups at any time, indicating no additional metabolic stress other than the 613 

dynamic loading experienced by the cells. To further evaluate the survival of injected hMEPCs, we 614 

analyzed the PKH-26 signal and dsDNA content. These results showed that the hMEPCs cultured either 615 

in well plates or in the degenerated bNP explants remained viable for 27 days in the dNCM-PEG 616 

hydrogel (Figure 8A-C) cultured in media mimicking the disc environment under low glucose and low 617 

oxygen levels and daily loading conditions. Notably, the dsDNA content of bNP explants injected with 618 

dNCM-PEG+hMEPCs was significantly higher (2 FC; p = 0.002) than that of the native tissue, but not in 619 

the PBS-injected controls (Figure 8C). This finding was accompanied by immunopositivity for the 620 

proliferation marker Ki67 in dNCM-PEG+hMEPCs-treated bNP explants (Figure 8D). 621 

Figure 8. Human mesendoderm progenitor cells (hMEPCs) survive for 27 days in vitro and ex vivo. Fluorescently 622 

labelled hMEPCs cultured in the dNCM-PEG hydrogel were detected on day 0 and day 27 (A). In the nucleus 623 

pulposus explants, fluorescent hMEPCs were detected on day 27; DAPI used as nuclear counter stain showing 624 

also the presence of resident bovine NP cells (B). dNCM-PEG+hMEPCs injection resulted in increased DNA 625 

content (mean ± SD) compared to native NP tissue. One-way ANOVA with Tukey correction; ** p < 0.01; n ≥ 6 626 

explants / group (C). In line with this, proliferative cells were observed with immunohistochemical staining for 627 

Ki67, arrowheads indicate positive staining (D). Scale bars = 20 µm. 628 
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3.5 dNCM-PEG+hMEPCs injection improves the cell phenotype in bovine NP explants  629 

In the native bovine NP tissue, cell clusters were present as well as expression of NC/NPC transcription 630 

factors TBXT, FOXF1, and PAX1 (Figure 9). ChABC-treatment followed by PBS injection resulted in the 631 

loss of cell clusters and decrease of the positive cells for transcription factors TBXT (79.8 FC; p = 0.06), 632 

FOXF1 (80.6 FC; p = 0.012), PAX1 (87.2 FC; p = 0.0083), and CAV1 (51.3 FC; p = 0.18) compared to 633 

control native tissue confirming successful induction of degeneration (Figure 9). In bNP explants 634 

injected with dNCM-PEG+hMEPCs, cell clusters were present and increased immunopositivity for the 635 

transcription factors TBXT (93.8 FC; p = 0.0008), FOXF1 (11.1 FC; p = 0.0045), PAX1 (8.1 FC; p = 0.0118), 636 

panKRT (58.7 FC; p = 0.0015), and CAV1 (83.6; p = 0.0037) compared to PBS-treated NP explants (Figure 637 

9). PKH-26 labeling was undetectable due to processing of the tissue sections, which did not allow for 638 

direct detection of the PKH-labeled hMEPCs. To determine the origin of TBXT-expressing cells, co-639 

detection with the human nucleoli marker (HuNu) was conducted, which exclusively stains cells of 640 

human origin. TBXT expression was observed in cells that also showed immunopositivity for HuNu 641 

confirming the engraftment of hMEPCs as well as in HuNu-negative cells, the latter indicating the 642 

expression of TBXT in resident bovine NPCs (Figure 9).  643 

Consistent with these beneficial effects of dNCM-PEG+hMEPCs by resident cells and tissues, we 644 

conducted a follow-up study to investigate the performance of the hydrogel alone at 21 days 645 

(Supplementary Table 2). Similar to the previous experiment, NP degeneration was successfully 646 

induced, as evidenced by Alcian Blue/Picrosirius Red staining, which showed decreased proteoglycan 647 

staining in PBS-treated bNP explants compared to native bNP explants (Supplementary Figure 5A). This 648 

reduction was less pronounced after injection of the dNCM-PEG hydrogel, as confirmed by the 649 

immunopositivity for ACAN (Supplementary Figure 5A). Compared to the native bNP tissue, the water 650 

content was significantly increased (1.1 FC; p = 0.0036, Supplementary Figure 5B), and the sGAG 651 

content was significantly reduced (2.1 FC; p < 0.0001, Supplementary Figure 5C), resulting in 652 

considerably decreased fixed charge density (2.8 FC; p < 0.0001, Supplementary Figure 5D) for dNCM-653 

PEG-treated groups. dNCM-PEG treatment significantly increased collagen content compared to native 654 

NP tissue (1.4 FC; p = 0.0003, Supplementary Figure 5E), while there was no significant change in DNA 655 

content (Supplementary Figure 5F; p = 0.087). These results together indicate that, comparable to the 656 

results seen with the dNCM-PEG+hMEPCs injection, there was no biomechanical restoration within 21 657 

days of treatment with the dNCM-PEG hydrogel alone (Supplementary Figure 5G). Nonetheless, at the 658 

tissue level, extracellular and cytoplasmic ACAN and COL II immunopositivity was consistently 659 

observed in the dNCM-PEG-treated bNP explants compared to PBS, where it was largely absent 660 

(Supplementary Figure 5A). Furthermore, dNCM-PEG injection was accompanied by immunopositivity 661 
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of TBXT, FOXF1, PAX1, panKRT, and CAV1 at 21 days of follow-up, comparable to treatment with 662 

dNCM-PEG+hMEPCs (Supplementary Figure 6).  663 

Figure 9. dNCM-PEG+hMEPC injection results in improved phenotype in bovine NP explants. Images show 664 

immunohistochemical staining for Brachyury (TBXT), FOXF1, PAX1, cytokeratin 8/18/19 (panKRT), and Caveolin 665 

1 (CAV1) in brown using the DAB chromogen. Immunohistochemical staining for human nucleoli (HuNu) is stained 666 

green using the StayGreen chromogen to demonstrate the presence of engrafted human MEPCs. Arrowheads 667 

indicate positive DAB staining and arrow indicates double positive staining for DAB and StayGreen (scale bar = 668 

20 µm). Quantification of DAB immunopositivity is shown in % of positive cells / total cells (median ± IQR) for 669 

TBXT, FOXF1, PAX1, panKRT, and CAV1. Kruskal–Wallis test with Dunn's correction; * p < 0.05, ** p < 0.01, *** p 670 

< 0.001.  671 

 672 

These results indicate that the hydrogel alone also exerted beneficial effects on the resident bNPCs 673 

and tissue. However, the significant increase in dsDNA content was exclusively observed when the 674 

hMEPCs were added (Figure 8C, Supplementary Figure 5F).  675 
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3.6 Intradiscally injected hMEPCs guided by dNCM successfully engraft showing 676 

combined treatment exerts tissue anabolic effects in a dog disc degeneration model 677 

To further explore the potency of hMEPCs supported by dNCM, we performed a pilot study using a 678 

validated preclinical dog model [15, 59]. Initially, moderate degeneration was induced by partial 679 

nuclectomy (NX) in alternate IVD levels. One month after induction, these levels were intradiscally 680 

injected with dNCM+hMEPCs on T=0 (Figure 10A). Three months after the treatment, the IVDs were 681 

harvested. Three injected (L1-2, L3-4, L5-6) and native discs (T13-L1, L2-3, L4-5) were used for 682 

biochemical and histological analysis (Figure 10A; indicated in black) and the L7-S1 level was processed 683 

for single cell RNA sequencing. A disc (T12-13) in which NX was performed of a dog of the same litter 684 

that was not treated with dNCM+hMEPCs was used as degenerated control (Figure 10A; indicated in 685 

grey).  686 

Analysis of T2 weighted-MRI images demonstrated a median Pfirrmann score of 2.3 (range 2.3-3) in 687 

noNX IVDs and a median of 3 (range 2.7-3) in NX IVDs at T = 0 (4 weeks after NX; Supplementary Figure 688 

7) confirming the degeneration model. Three months after intradiscal injections, the dNCM+hMEPCs 689 

injected IVD stabilized with median score of 3 (range 2.7-3.3) (Supplementary Figure 7), whereas the 690 

range of controls for untreated NX discs after 3 months follow-up increased to 3-4 in previous 691 

experiments[60]. Biochemical analysis demonstrated that dNCM+hMEPCs injections significantly 692 

increased the DNA and GAG content of the NP compared to the native lumbar discs of the same dog, 693 

whereas the slight increase in collagen content was not significant (Figure 10B-D).  694 

FACS results of the enzymatically digested NP tissue showed 5.6% of cells in the disc injected with 695 

dNCM+hMEPCs were HLA+ indicating engraftment of the hMEPCs after 3 months follow-up (Figure 696 

10E). Relating this to the 5 × 105 injected hMEPCs, this would indicate that approximately 6.7% of the 697 

injected hMEPCs engrafted in the NP tissue. This estimate is based on the 6 × 105 cells isolated from 698 

the injected disc following tissue digestion and may represent a slight underestimation, as not all NP 699 

cells may have been recovered during the process.   700 

After filtering, the engrafted hMEPCs dataset consisted of 233 cells and 6710 genes. Interpretation of 701 

the filtered data requires caution: despite expected library sizes and high percentages of mapped 702 

reads, the total UMI were low indicating the presence of low-quality cells. These cells were removed 703 

with the quality filters resulting in lower cell numbers with acceptable quality. Cluster-analysis showed 704 

3 different clusters (n = 133, 66, and 34 cells; Supplementary Figure 8A), with cluster 1 displaying 705 

differentially expressed genes (DEG) of inflammatory cytokine genes (TNF, IL1B), and a gene (FN1) 706 

associated with inflammation and fibrosis [61] as well as the NC matrisome [24, 62, 63] 707 
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(Supplementary Figure 8B; Supplementary Table 4). The DEGs were insufficient to support precise 708 

lineage annotation.  709 

To evaluate the  lineage commitment of the engrafted hMEPCs, we conducted a supervised single-cell 710 

analysis without taking clusters into account and using different gene panels as previously published 711 

by Warin et al. (2024) [24] (Supplementary Table 4): only Sex-determining Region Y-Box  (SOX)9 712 

expression was detected in 16% of the cells (Supplementary Figure 8C). None of the common healthy 713 

NP markers (e.g., TBXT, KRT8/18/19; Supplementary Table 6) were expressed by the engrafted hMEPCs 714 

except for CAV1, which was expressed by 3.9% of the cells (data not shown). To further explore the 715 

functional ECM-producing capacity of the engrafted hMEPCs, the data were checked for the presence 716 

of ECM anabolic and catabolic/inflammatory genes [24, 52, 64-66]. Interestingly, ACAN and Collagen 717 

(COL)2A1 were expressed by 50 and 58% of the engrafted hMEPCs, respectively, with 34% co-718 

expressing these two main ECM components of the healthy NP (Figure 10F; Supplementary Figure 719 

10A,B). Using the ACAN-2A-mScarlet reporter iPSC-line[52] the presence of ACAN-producing engrafted 720 

hMEPCs was further supported by immunopositivity (~2.5% of the cells) for the mScarlet protein in the 721 

treated IVDs (Figure 10G). Additionally, other NC- associated matrisome markers were expressed e.g. 722 

Secreted Phosphoprotein 1 (SPP1), Fibronectine-1 (FN1), Galactin-3 (LGALS3) [24, 62, 63] (56%, 95%, 723 

99% respectively) as well as proteoglycans Syndecan-4 (SDC4), Versican (VCAN), and Decorin (DCN) 724 

(92%, 45%, 33%, respectively) (Supplementary Figure 9). Further analysis revealed that cells expressing 725 

catabolic/inflammatory markers did not segregate based on the expression of  ACAN+/COL2A1+ or the 726 

absence thereof ACAN-/COL2A1- (Supplementary Figure 10B,C). Hence, hMEPCs expressing 727 

catabolic/inflammatory markers did not represent a dysfunctional cell population.  728 

After filtering, the resident dog single cell NPC population consisted of 515 cells and 11,170 genes, 729 

which could be distributed in three distinct clusters (Figure 10H). Most cells derived from the 730 

degenerated NP control appeared in cluster 0 (n = 226 cells), whereas cells derived from the 731 

dNCM+MEPC-treated NP were in cluster 1 and 2 (n = 262; n = 27 cells, respectively) (Figure 10H). Such 732 

clear variations in their cluster distribution indicate a different expression profile between treated and 733 

untreated IVDs. Within the top 20 DEGs, inflammatory and degenerative markers [67-69] Periostin 734 

(POSTN), High Temperature Requirement A Serine Peptidase 1 (HTRA1), and COL18A1 while cluster 1 735 

was characterized by increased expression of protective marker [70] Chitinase-3-Like Protein 1 736 

(CHI3L1) and proteoglycan VCAN (Supplementary Figure 11). Supervised analysis using selected marker 737 

sets to distinguish between the NPC and NC phenotype (Supplementary Table 6 [71]), showed 738 

comparable expression levels of NC-marker Thy-1 Cell Surface Antigen (THY1) in cluster 0 and 1, 739 

whereas cluster 2 showed almost no expression (Supplementary Figure 11B). NPC-marker 740 

Proteoglycan 4 (PRG4) was present in all clusters with a comparable expression profile, whereas 741 
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RUNX1 expression was low in all clusters (Supplementary Figure 11B). Other phenotypic markers found 742 

in the healthy NP (KRT8, KRT18, KRT19, CAV1, PAX1, FOXF1; Supplementary Table 6) were also not 743 

differentially expressed between the clusters. Focusing on ECM anabolic and catabolic markers[64, 72-744 

74] (Supplementary Table 5), cluster 1 showed a higher expression of VCAN, COL2A1, COL3A1, COL9A1, 745 

COL9A3 compared to cluster 0, whereas the latter showed higher expression of aforementioned 746 

catabolic markers (POSTN, HTRA1, and COL18A1) (Figure 10I). There was no differential expression of 747 

angio-neurogenesis associated genes clusters. Cluster 2 was characterized by lower expression of most 748 

proteoglycans and collagens compared to cluster 0 and 1 except for SDC4 and COL1A2 (Figure 10I). 749 

Notably, this cluster showed the highest expression of most catabolic/inflammatory markers e.g. C-C 750 

Motif Chemokine Ligand (CCL)3, CCL4, CCL5, C-X-C Motif Chemokine Ligand (CXCL)10, Interleukin 1 Beta 751 

(IL1B), Matrix Metallopeptidase (MMP)9, Signal Transducer and Activator of Transcription (STAT)1, 752 

STAT3, which together with the loss of NC/NPC phenotypic markers, indicates the dog NPCs in this 753 

cluster had a more catabolic/inflammatory phenotype.     754 

Gene expression of key NC marker TBXT was not detected in the single cell data set. In light of the 755 

technical limitations encountered resulting into low UMIs, we extended the analysis at the protein 756 

level. TBXT immunopositivity was detected in ~5% of the cells in the dNCM+hMEPC-treated NPs (Figure 757 

10G) whereas only one single positive cell was detected (L6-L7) across all three native IVD levels 758 

(Supplementary Figure 11C). To further investigate the working potential mechanisms underlying 759 

dNCM+hMEPCs-induced regeneration, we analyzed key pathways in the single cell data 760 

(Supplementary Table 7) [75], but probably limited by the low cell numbers and limited complexity of 761 

RNA features, found no distinct transcriptomic differences in pathway regulation between the injected 762 

and degenerate control disc (Supplementary Figure 11D).  763 

Flow cytometry analysis of the isolated PBMCs demonstrated slight activation of T-cells and monocytes 764 

indicated by increased CD3+/CD69+ and CD14+/CD86+, respectively (Supplementary Figure 12A-B) at T 765 

= 6 weeks compared to baseline samples. However, normalization at T = 3 months indicated no 766 

relevant immunogenic response to the injected treatment. There were no abnormalities on the CT-767 

scans (e.g. extra-discal mineralization or other bone abnormalities) or on macroscopic and microscopic 768 

level of the collected organs (liver, lung, kidney, testis, heart, spleen, and lymph nodes), nor was there 769 

cell infiltration observed in the three dNCM+hMEPC-treated discs (H&E-stained sections; 770 

Supplementary Figure 12C). As an additional assessment of teratoma risk, the expression of 771 

pluripotency markers (Alkaline Phosphatase (ALPL), LINE-1 Type Transposase Domain Containing 1 772 

(L1TD1), SOX2, Octamer-binding Transcription Factor 4 (OCT4)) was evaluated in the hMEPC sorted 773 

cells and found to be absent. However, due to low sequencing depth, definitive conclusions regarding 774 

undetected genes cannot be drawn. 775 
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Figure 10: Human MEPCs guided by dNCM survive and obtain a functional matrix-producing phenotype after 778 

3 month follow-up in a preclinical dog model with a small proportion obtaining a degenerative phenotype. 779 

Graphical representation of the treatment conditions with treatment injected 1 month after partial nuclectomy 780 

(NX). hMEPCs were mixed with non-crosslinked dNCM as this enabled the isolation of single cells for RNA 781 

sequencing to determine the cell fate of hMEPCs and treatment effects on resident dog NPCs. A disc (T12-T13) 782 

of a dog from the same litter used in an unrelated animal experiment served as degenerate control (Deg ctrl) for 783 

the single cell analysis (A). Biochemical analysis of the nucleus pulposus (mean ± SD; One-way ANOVA with Tukey 784 

correction; * p < 0.05;) (B-D). HLA-labelled cells of the enzymatically digested L7-S1 segment subjected to flow 785 

cytometry and single cell sorting for single cell RNA-seq (E). UMAPs indicating COL2A1, ACAN, and COL2A1/ACAN 786 

double (indicated by green dots) positive cells within the hMEPC population (F). Immunostains for mScarlet and 787 

TBXT in dNCM+hMEPC injected NPs with arrowheads indicating positive cells per NP tissue section (scale bar = 788 

20 μm) (G). UMAPs of the dog cells showing cluster separation and cell origin (H). Dot plots showing expression 789 

of proteoglycan, collagen, and catabolic genes within the different dog cell clusters (I).  790 

4 Discussion 791 

In this study, we successfully integrated the widely recognized regenerative potential of NCs into a 792 

user-friendly hydrogel that builds upon the widespread use of natural biomatrices and their capacity 793 

to replicate the tissue-specific environment. This approach resulted in a nature-inspired bioactive 794 

hydrogel that supported regenerative processes and serves as an instructive cell carrier providing the 795 

necessary cues for injected cells to survive, engraft, and thrive in the harsh IVD environment. This 796 

instructive cell carrier achieved maintenance, even under degenerative disc culture conditions, of the 797 

phenotype of native NCs, which are well-known for the difficulty in maintaining their vacuolated 798 

phenotype in culture. Furthermore, this work showed the translational potential of NC-based therapies 799 

combined with a bioactive material containing part of the NC secretome in the form of dNCM in a 800 

clinically relevant advanced ex vivo culture system mimicking the degenerate IVD during daily life 801 

loading. Preliminary data demonstrate that the hMEPCs successfully engrafted and obtained a 802 

functional ECM-producing phenotype after intradiscal injection together with dNCM in a preclinical 803 

dog model. This combined treatment resulted in tissue anabolic effects after 3 months follow-up with 804 

a small sub-population of resident NP cells presenting with a catabolic/inflammatory phenotype.  805 

4.1 dNCM-PEG hydrogel shows suitable properties for a cell-based intradiscal 806 

application 807 

The dNCM-PEG hydrogel formulation, containing 15 mg/mL dNCM cross-linked with 8-arm PEG was 808 

easily extruded through 27 G before gelation and showed a swelling capacity comparable to other HA-809 

based hydrogels [76]. Even though there was a fast initiation of gelation (within 30 s), an incubation 810 

time of 3 h at 37 °C was required to achieve full gelation. We hypothesize that as more amine and 811 

carboxyl groups are used, fewer remain available, tapering the kinetics of the reaction. In a clinical 812 

application the hydrogel would be mixed with the cell product and thereafter injected intradiscally 813 

under fluoroscopic guidance. Under such conditions, a longer gelation time during which the hydrogel 814 

remains injectable is preferred and could even enhance cross-linking between the hydrogel and/or its 815 
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components, and the native tissue, facilitating bio-integration, as previously shown by an HA-hydrogel 816 

cross-linked with PEG [77]. However, more studies are necessary to determine the exact gelation 817 

behavior of the dNCM-PEG hydrogel inside the disc and its ability to integrate via crosslinks within the 818 

native ECM. Furthermore, Procion Red-stained dNCM-PEG hydrogel injections into bNPs were 819 

distributed within the tissue, filling fissures of the explants, while remaining in explants where exterior 820 

fissures were absent. It is therefore imperative to highlight that such intradiscal approaches can be 821 

applied in IVDs, where the annulus fibrosus and endplates are intact and the limited injection volume 822 

for the NP is respected [36]. The low storage modulus (400 Pa) of dNCM-PEG did not immediately 823 

restore the swelling behavior of the degenerated bNP explants, but a low storage modulus could 824 

contribute to restoration of the pig NC phenotype and to  guiding the hMEPCs in the hydrogel to the 825 

NC lineage, as previous studies have reported that softer substrate stiffness are essential for the NC-826 

phenotype [31, 78]. This also aligns with the softer biomechanical environment found in IVDs rich in 827 

NCs than that found in IVDs rich in NPCs [33-35].  828 

4.2 dNCM-PEG hydrogel protects the typical morphology of native NCs and restores 829 

their phenotype 830 

The dNCM-PEG hydrogel supported the maintenance of cell clusters and CAV-1+-vacuoles of porcine 831 

primary NCs in both healthy and degenerate disc-mimicking media. Furthermore, it restored their 832 

phenotype marked by the presence of NC- and healthy ECM markers. This is a promising finding, since 833 

most studies report that the NC-specific phenotype is already lost during extraction [79] and is very 834 

challenging to restore ormaintain using monolayer [80-83] as well as 3D-culture systems [84]. Previous 835 

in vitro studies only demonstrated retention of vacuolated cells expressing NC markers under very 836 

specific, non-degenerate, culture conditions [22, 85, 86]. This is the first study to demonstrate the 837 

presence of vacuoles and NC-marker expression after 14 days of in vitro culture in a medium that 838 

mimics the degenerative state of the NP. This implies that the dNCM-PEG hydrogel provides the 839 

necessary protective and instructive microenvironment for the NCs to restore their characteristic 840 

phenotype and matrix production, even when subjected to harsh degenerated IVD medium.  841 

4.3 dNCM-PEG hydrogel serves as instructive cell carrier and induces a healthy cell 842 

phenotype 843 

The cryopreserved injected human iPSC-derived MEPCs, together with dNCM-PEG as a carrier, 844 

engrafted and thrived in the degenerate bovine NP explants as indicated by the PKH26 red fluorescent 845 

signal and co-expression of HuNu and TBXT. Furthermore, higher cellularity was observed in explants 846 

that received dNCM-PEG+hMEPCs injections, but not in dNCM-PEG-alone treated explants, 847 

characterized by cell clusters and Ki67 immunopositivity indicative of increased cell proliferation. This 848 
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could be due to the proliferative effect on the resident bovine NPCs, in line with previous reports [16, 849 

18, 36], as well as the proliferation  of the injected hMEPCs.  850 

Injection of the dNCM-PEG hydrogel with and without hMEPCs restored the expression of healthy 851 

NPC/NC phenotypic markers (TBXT, FOXF1, PAX1, CAV1, and panKRT) and the most important ECM 852 

component, aggrecan, in bNP explants cultured in low glucose, tissue physiological conditions, and 853 

subjected to a loading regime mimicking daily activities. In line with this, dNCM-PEG with and without 854 

hMEPCs injection also increased the Alcian Blue staining intensity of tissue sections compared to the 855 

PBS group, which together could indicate partial proteoglycan restoration of the degenerate NP tissue 856 

due to the hydrogel injection. Although not confirmed at the explant level by sGAG content 857 

quantification, the immunostaining indicated that specifically aggrecan is enriched in the pericellular 858 

matrix of treated explants. As aggrecan is a core protein for GAG attachment, its presence on 859 

immunostaining may indicate early aggrecan expression before GAG decoration. This conclusion is 860 

drawn within a relevant context, that is, the low metabolic rates of NPCs within the disc environment 861 

and the time needed to recover the proteoglycan content by cell production alone are estimated to be 862 

several months [46]. Several other factors affect the rate of GAG production, including the cell 863 

phenotype and number of transplanted and resident cells. NCs have 2−4-fold higher GAG production 864 

and higher metabolic activity than bovine NPCs [13, 14]. Hence, the rate of proteoglycan synthesis also 865 

depends on the differentiation efficiency of hMEPCs toward matrix-producing cells, the stimulation of 866 

resident cells to produce matrix, and the number and metabolic activity of the injected cells. Per 867 

explant 0.5 × 105 cells were injected with an estimated tissue volume of 0.3 cm3. This could be 868 

considered a low number considering that the cell density in the native normal bovine NP is estimated 869 

to be approximately 3–6 × 105 cells/0.3 cm3 (per explant) [40]. Nevertheless, a relatively low cell 870 

number for injection has two main advantages over higher cell numbers. First, there is a better chance 871 

of cell survival of both injected and resident cells and for the cells to fulfill their therapeutic tasks, as 872 

with increasing cell density, the nutrient demand and waste accumulation increases [4]. The 873 

unaffected lactate and glucose content in the medium suggest that the cell density used in the present 874 

study did not cause nutrient deprivation and waste accumulation (lactate) which could lower the pH 875 

and thereby cause additional stress to the transplanted hMEPCs and resident NP cells. Follow-up 876 

studies should determine the optimal cell density that results in the highest therapeutic effect without 877 

overpopulating the NP.  878 



34 

 

4.4 Intradiscally injected hMEPCs engraft and obtain a functional phenotype in a dog 879 

disc degeneration model  880 

To take the next translation step, hMEPCs were intradiscally injected together with non-crosslinked 881 

dNCM in a preclinical dog model. To date, iPS-NLCs and iPS-NP cells have been generated using (a mix 882 

of) specific medium supplements (e.g. TGF-β3, GDF-5, BMP-4, and FGF), with varying degrees of success 883 

[25-28]. As opposed to this approach, in this work, we co-injected hMEPCs with dNCM with the aim to 884 

provide a tissue-specific cocktail of natural cues to direct them further to the NC-lineage. Recently it 885 

was shown that differentiation of disc-derived hiPSCs using dNCM resulted in an increased expression 886 

of healthy phenotypic and matrisome-related NP markers compared to the use of only TGF-β [87]. The 887 

present study, using blood-derived fresh hMEPCs, demonstrated that part of the injected hMEPCs 888 

engrafted after 3 months follow-up. Furthermore, a subset of the engrafted hMEPCs acquired a 889 

functional phenotype characterized by protein expression of mScarlet, indicative of differentiated 890 

hMEPC into an ACAN producing phenotype and further substantiated at the transcriptomic level by 891 

the co-expression of anabolic markers/healthy matrix markers ACAN and COL2A1 and expression of 892 

other proteoglycans involved in tissue homeostasis [88], VCAN and DCN. Additionally, other markers 893 

linked to the NC matrisome [24, 62, 63] (SPP1, FN1, LGALS3) were expressed by at least half of the 894 

engrafted hMEPC population. However, co-expression of catabolic and inflammatory markers suggests 895 

a multifaceted phenotype that requires further studies at single cell resolution to understand lineage 896 

commitment within the disc environment. Definitive differentiation into an NC-like identity could not 897 

be confirmed by the single cell RNA sequencing data. The expression of ACAN and COL2A1 indicate 898 

differentiation to matrix-producing cells imperative for a regenerative response, however other 899 

marker genes were not consistently identified.  900 

Regenerative effects of the injected dNCM+hMEPCs were observed at the matrisome level in the 901 

resident dog NP cells. The majority of the resident dog NPCs displayed an anabolic response [70, 88, 902 

89] to the dNCM+hMEPC treatment marked by increased expression of VCAN, COL9A1, CHI3L1 and 903 

decreased expression of degenerative/catabolic markers [67, 68] COL18A1, POSTN compared with the 904 

degenerate control. Notably, a small subset of resident dog cells exhibited a catabolic phenotype after 905 

dNCM+hMEPC injection accompanied by low expression of ECM markers. However, a properly 906 

balanced initial inflammatory response may contribute to tissue repair and regeneration [90] and may 907 

have favorable effects in the long-term. This is supported by a previous study which demonstrates that 908 

porcine NCM induced an initial inflammatory response, but thereafter exerted a prolonged anti-909 

inflammatory effect [91]. The biologic role of the catabolic dog NPC subpopulation identified in this 910 

study as well as the catabolic genes expressed by the engrafted hMEPCs require validation in larger-911 

scale follow-up studies. 912 
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The overall regenerative response of the dNCM+hMEPC treatment observed at the cellular level was 913 

further supported by a significant increase in both DNA and GAG content, potentially explained by 914 

engrafted hMEPCs producing healthy ECM, and/or a proliferative and anabolic effect of (d)NCM on the 915 

resident disc cells in line with previous studies [16-18]. Notably, an increase in DNA content was also 916 

observed in bNP explants treated with dNCM-PEG+hMEPCs. Despite the observed effects, the mode 917 

of action of dNCM+hMEPCs remains unclear, as this preliminary in vivo study did not observe distinct 918 

transcriptomic differences in pathway up- or downregulation in the injected disc compared with the 919 

degenerate control.  920 

Importantly, there were no signs of a systemic immunogenic response against the xenogeneic 921 

application.  Furthermore, in the absence of infiltrating immune cells, the transcriptome profiles of the 922 

subset of engrafted hMEPCs and the small subpopulation of dog NPCs in the dNCM-hMEPC treated 923 

disc used for single cell sequencing are also consistent with degenerative processes in the disc [64, 72]. 924 

From a clinical and regulatory perspective, even though we did not detect pluripotency markers in the 925 

single cell analysis, future work should focus on purification of the hMEPC population before intradiscal 926 

injection using for example the rBC2LCN lectin probe, which selectively binds to the surface of 927 

undifferentiated iPSCs [92], to mitigate the risk of tumorigenesis. 928 

In both treated bNPs and dog NPs, we observed increased TBXT protein expression following treatment 929 

(i.e., dNCM-PEG hydrogel+hMEPCs in bNPs and dNCM+hMEPCs in dog IVDs) indicating an improved 930 

NP cell phenotype. Wu et al. (2023) [93] demonstrated that TBXT not only marks NP identity but also 931 

actively promotes the transcription of aggrecan. Additionally, Xia et al. (2024) [94] provided supporting 932 

evidence showing that TBXT enhances ECM production in NPCs by stimulating SMAD3 transcription, 933 

leading to increased levels of aggrecan and collagen type II within the ECM. These findings suggests 934 

that TBXT expression may not only serve as an indicator of NC/NP-like cell identity but may also actively 935 

contribute to functional matrix production which is in line with the presence of cytoplasmatic and 936 

pericellular aggrecan in the bNPs, increased GAG content in the dog NPs after treatment, together with 937 

the preliminary evidence of functional differentiation of MEPCs into ACAN expressing cells at the gene 938 

and protein level. 939 

The limited sequencing depth, leading to reduced detection of e.g. critical transcription factors, 940 

together with the small sample size, places constrains on the robustness of the conclusions. The 941 

employed study design  precludes elucidation of the interplay between hMEPCs, dNCM and the 942 

resident disc cells and hence defining the mode of action. Therefore, larger scale, longer follow-up 943 

studies looking in more detail into the fate of hMEPCs after injection together with the bioactive 944 

dNCM(-PEG hydrogel) with specific attention to lineage identification at single cell level are required 945 
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to further improve the therapeutic approach based on iPSC-derived hMEPC. The present study does 946 

provide evidence that even in a xenogeneic approach hMEPCs engraft and a proportion of cells 947 

presents a functional disc cell phenotype expressing healthy ECM components like ACAN, VCAN, and 948 

COL2A1. In line with this, neurotrophin-enriched hydrogels have recently been shown to improve the 949 

efficacy of iPSC-derived brain repair and exert pronounced beneficial effects on progenitor survival 950 

and maturation [95] supporting the notion that with appropriate signaling, progenitor cells are indeed 951 

able to survive and mature further in vivo. As such, the concept of incorporating a tissue-specific 952 

matrisome within a hydrogel, could pave the way for bioactive material-based treatment approaches 953 

across multiple fields. 954 

For clinical translation, it is essential to evaluate the retention of the hydrogel when exposed to long-955 

term mechanical loading. Furthermore xenogeneic approaches, like the porcine-derived NCM 956 

conceptualized in this study, may overcome safety risks using suitable decellularization methods that 957 

remove xenogeneic DNA and minimize the potential for viral transmission. Although, the unique 958 

avascular and immune-privileged environment of the NP could facilitate clinical translation xenogeneic 959 

approaches [4, 96], immunogenic responses to xenogeneic proteins could remain an issue. The latter 960 

challenge could be addressed by identifying the key bioactive factors, elucidating their mode of action, 961 

and developing corresponding human analogs to augment the intrinsic regenerative processes.   962 

5. Conclusions 963 

In this study a nature-inspired conceptual bioactive hydrogel was developed using the considerable 964 

regenerative potential of dNCM by crosslinking it with PEG. The dNCM-PEG hydrogel allowed native 965 

porcine NCs to recover their phenotype and served as protective and instructive cell carrier that 966 

promotes a healthy phenotype of both injected human MEPCs and resident bovine/dog NP cells. 967 

Preliminary results indicate that the hMEPCs guided by dNCM were able to engraft and together exert 968 

anabolic effects in a preclinical dog model. We hypothesize that the increase in healthy phenotypic 969 

and ECM markers demonstrated in this study may lead to long-term regeneration and biomechanical 970 

restoration. Altogether, the presented concept of incorporating a tissue-specific matrisome within a 971 

hydrogel, underscores the potential for the application of bioactive naturally-derived and/or synthetic 972 

biomimetic biomaterials in other regenerative medicine fields. 973 
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