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1. Summary 

 

We proposed here to translate the combination of neuronal precursor cells, derived 

from the spinal cord tissue (NPC) and the local administration of a new fasudil 

nanoconjugate (PGA-SS-FAS) for the treatment of acute spinal cord injuries (SCI) from 

preclinical experimentation into a closer clinical practice. To do so, we have generated 

a cell bank of human NPCs from fetal tissue (hfNPCs) from spinal cords from legal 

gestational interruptions during second semester (19.21 weeks), and manufactured 

clinical grade PGA-SS-FAS at a large scale. In vitro expanded hfNPCs retained neural 

features and multipotency keeping self-renew capacity allowing the generation of cell 

banking for allogenic application. Second, we established a simple procedure to prime 

the hfNPCs by overnight treatment with 50 µM of PGA-SS-FAS to induce improved 

neuronal differentiation and to overcome neurite-like retraction by Rho/ROCK 

activation, mimic in vitro by the presence of lysophosphatidic acid. Primed hfNPCs 

transplanted in an immune-deficient mouse (NU(NCr)-Foxn1nu) immediately after SCI 

by thoracic compression, in comparison with non-primed cells: 1) enhanced grafted 

cells migration throughout the spinal cord injured tissue; 2) increased preservation of 

GABAergic inhibitory Lbx1 and glutamatergic excitatory Tlx3 somatosensory 

interneurons; 3) increases the number of preserved and activated neurons, positive for 

cfos, surrounding the injury epicenter. Overall, the new generate hfNPC lines, primed 

by an in vitro treatment with a new polymer-conjugate of fasudil, would provide an 

improved translational approach for the treatment of acute SCIs. 

 

 

2. Results 

 

Pseudo-GMP manufacture of the PGA-SS-FAS conjugate, a nanoconjugate with 

ROCK-2 inhibitor properties 

A GMP-like manufacture process is in place for the production of PGA-S-S-fasudil. The 

manufacturing protocol involves 3 steps: 1) The polymerization and deprotection of 

poly-L-glutamic acid, 2) the synthesis and purification of the disulphide-Fas linker and 

3) the covalent conjugation of the Fas-linker moiety to the poly-L-glutamic acid carrier. 

A 5g testing sample with the optimized synthesis was obtained following this process 

as a validation. This was together with a batch of 20g of the non-GMP fasudil linker 

that had been stored already without degradation. A risk pre-assessment in non-GMP 
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environment, non-GMP batch production for preclinical studies, in-process controls, and 

batch Release were included. After the risk-analysis (RA) study under Quality-Risk 

Management ICH Q9 guidelines following a FMECA methodology executed with the 

support of PTS based on the optimized PGA-SS-fasudil synthesis, the self-immolative 

fasudil linker is the critical step due to its instability. 

 

Also, all methods of analysis (MoAs), including qualified MoAs, reference standards set, 

in-process controls, and intermediate and final products MoAs have been developed 

and adjusted to be used in future clinical trials with nanoconjugate involvement. 

Finally, a technical package for process transference to GMP manufacture has also been 

elaborated to accelerate the translation process. 

 

hfNPCs populations proliferate, expand and express canonical neural markers 

and neural progenitor cells features in vitro: We tested whether whole human 

fetal spinal cord homogenates could be used to isolate and expand hfNPCs with 

minimal intervention since neurosphere-like forming cultures make it possible to isolate 

self-renewing and clonally-like growing neural precursors (Reynolds & Rietze, 2005). 

Dissociation and culture of human fetal spinal cord efficiently generated neurospheres 

in free-floating conditions after 2 DIV in the presence of the mitotic factors bFGF, EGF 

and LIF, although as shown in Figure 1A (left panel), cultures also presented cell 

aggregates and debris. As previously described for adult human NPCs (Mothe, Zahir, 

Santaguida, Cook, & Tator, 2011), we found that propagation of hfNPCs was more 

efficient when hfNPCs were cultured as an adherent monolayer than in suspension 

(Figure 1B). Following subculture on reaching 80% confluence, the cell doubling time 

calculation (PDL-t) for the NPCs population was calculated until passage four (Figure 

1C). In order to study if our hfNPCs also form neurogenic niche-like structures, we 

performed immunostainings against γ-tubulin, that recognises in microtubule-

organizing centres, centrosomes and basal bodies and β-catenin to delineate cell 

borders as previously described (Rodriguez-Jimenez, Clemente, Moreno-Manzano, & 

Erceg, 2019). We thus found for the first time that in vitro cultures of hfNPCs 

neurospheres derived from spinal cord adopt pinwheel structures and show neural 

features during fetal developmental stages (Figure 1D). hfNPCs (at passage 4) showed 

proliferative ability, 21.4 ± 3.3% cells were at mitosis, since they incorporated BrdU 

and around 37.5 ± 4.7% were positive for Ki67 (Figure 1E). To ascertain if hfNPCs 

expressed canonical neural markers (Figure 1F), we examined the expression of 
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neurogenic locus notch homolog protein 1 (Notch1), paired-box protein 6 (Pax6), 

nestin, Sox2, Forkhead Box J1 (FoxJ1), doublecortin (DCX) and neurogenin. hfNPCs 

highly expressed Notch1 and Pax6 (90.5 ± 13.8% and 91.7 ± 4.4% positive cells 

respectively). Pax6 regulates proliferation and self-renewal of NPCs (Sansom et al., 

2009) and Notch translocates on activation to the nucleus and leads the maintenance 

of stemness (Imayoshi, Sakamoto, Yamaguchi, Mori, & Kageyama, 2010). hfNPCs were 

also positive for nestin (83.4 ± 2% positive cells) and Sox2 (79.7 ± 2.2% positive 

cells) which are conserved in NPCs (Collignon et al., 1996; Lendahl, Zimmerman, & 

McKay, 1990). We also determined the expression of FoxJ1, which is specifically 

involved in the maintenance of neural stem cells in the spinal cord (X. Li et al., 2018), 

accounting for 65 ± 6.4% of positive cells. 

 

In addition, half of the population of hfNPCs was positive for DCX accounting for 56.4 ± 

7.4% of positive cells and neurogenin accounting for 45.8 ± 9.5% of positive cells, 

both neurogenin and DCX being involved in promoting neurogenesis (Brown et al., 

2003; Sun et al., 2001). 
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PGA-SS-FAS enhances ventral engraftment and promotes hfNPCs neural 

differentiation: To determine safety of the therapy, we studied the tumorigenic and 

invasive capacity of the transplants 4 weeks after transplantation in healthy spinal cord 

tissue. We did not find any overgrowth or phenotypic transformation of the grafted 

cells in the spinal cord (Fig. 2A) and we do not detect any invasion of eGFP positive 

expressing cells in the brain, heart or liver (Fig. 2B). 

 

Immunostaining analysis demonstrated that hfNPCs survived at the lesion site, 

migrated and integrated within the host spinal cord 4 weeks after transplantation in 

non-injured (Figure 2B) and injured animals (Figure 2F-G). Interestingly, we show 

similar survival levels on non-injured and injured animals, indicating that the lesion 

environment was not affecting the survival. Although PGA-SS-FAS did not show any 

effect on cell survival on injured animals (Figure 2H), PGA-SS-FAS treated hfNPCs 

Figure 1. hfNPCs in vitro expansion. 
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showed increased co-localization with c-Fos (GFP+/c-Fos+ cells) (Figure 2I), c-Fos being 

a marker associated with neuronal activity (Hudson, 2018), which suggests functional 

integration into the host spinal cord circuitry. Furthermore, PGA-SS-FAS treatment 

enhanced hfNPC migration in the spinal cord parenchyma (Figure 2F) and we also 

found a significantly higher percentage of the grafted hfNPCs (PGA-SS-FAS hfNPCs) in 

the ventral areas of the spinal cord (Figure 2G) compared to untreated group (hfNPCs). 

In addition, analysis performed on non-injured animals (data not shown) revealed that 

the lesion environment was not influencing hfNPC survival or migration patterns, and in 

Figure 2.hfNPCs grafts 4 
weeks after transplant.  
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this case PGA-SS-FAS-treated hfNPCs were also distributed more evenly throughout 

the spinal cord tissue. 

 

Furthermore, four weeks after grafting, some of the grafted cells expressed the 

neuronal markers of specific GABAergic inhibitory Ladybird homeobox 1 (Lbx1) and 

glutamatergic excitatory T cell leukemia homeobox 3 (Tlx3) somatosensory 

interneurons (Figure 2J-L). These markers are involved in neuronal fate determination 

of interneuron populations located in the dorsal horns of the spinal cord and Lbx1 and 

Tlx3 interneurons, modulate and integrate peripheral somatosensory inputs (Monteiro 

et al., 2021). We found that both Lbx1+ and Tlx3+hfNPCs were located in dorsal areas 

of the spinal cord as the endogenous populations of these neurons which are located in 

the dorsal horns. However, we did not see any effect of PGA-SS-FAS treatment on the 

differentiation process. 

 

 

3. Relevance and possible clinical applicability of the final results: 

 

The complex pathological nature of traumatic spinal cord injuries requires the 

implementation of a multifaceted and versatile therapeutic perspective regarding the 

development of treatments. The single application of unique strategies based on cell 

transplantation including the use of neural precursor cells (NPC) has already shown 

beneficial effects on clinical applications. We have accomplished a new strategy for 

improving individual cell therapy by a combination of the NPC with a new compound 

PGA-SS-F which has shown to be a good candidate to reinforce the regenerative 

capabilities of the NPCs. We have implemented here a methodology to prime the cells 

before transplantation in order to achieve a unique treatment application with 

improved characteristics, such as increased migration into the grafted and injured area 

and higher cellular activation, in a model of SCI by severe compression. This strategy 

will contribute to provide a versatile and clinically relevant approach to be implemented 

in the near future in the treatment of acute SCI. 
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