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Abstract  

Introduction: Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease that results in the loss of 

motor neurons leading to limb paralysis and eventual death. Stem cell transplantation can be used to replenish the atrophied 

motor neurons and slow the progression of the disease, while the use of biomaterials, genetic engineering, and nanoparticles 

can reduce the hostility of the microenvironment. Thus, we propose a novel combinatorial therapeutic approach termed 

Amyotrophic Lateral Sclerosis Therapeutic and Regenerative (ALSTaR) cell treatment. 

Methods: This strategy will employ miRNA-124 and chitosan polyplex biomaterial to enhance engraftment of neural 

progenitor cells (NPCs), which will be engineered to overexpress an autophagy-regulatory gene, TFEB, and secrete an 

autophagy-inducing drug, trehalose. We will bioengineer an organoid model of the ventral column of the spinal cord which 

will be used for extensive in vitro characterization of ALSTaR cells through single-slice electrophysiology and 
immunocytochemistry. Using the SOD1G93A mutant mouse model, weekly behavioural assessments of motor recovery will be 

conducted until the humane endpoint; thereafter extensive immunohistochemical and protein quantification analyses will be 

performed to determine treatment efficacy in vivo.  
Results: ALSTaR cell treatment should result in motor functional recovery and lifespan elongation through several cellular 

and molecular mechanisms, including decreased neuroinflammation, upregulation of autophagy, degradation of protein 

aggregates, enhancement of transplanted cell integration, and regeneration of axons. 

Discussion: In vitro characterization of ALSTaR cells in bioengineered spinal cord organoids will reveal stable 

electrophysiological recordings of motor neurons, higher levels of neuronal differentiation markers, and lower levels of 

inflammation markers in the ALSTaR group compared to the control group or the groups treated with the biomaterial or the 

NPCs alone, suggesting neuronal recovery. Behavioural assessments in the ALS mouse model will reveal increased motor 

coordination, neuromuscular strength, and motor activity in the ALSTaR group compared to other groups, suggesting motor 

functional recovery. In vivo characterization of ALSTaR cells in the SOD1G93A mice will suggest enhanced stem cell 

integration and recovery of cellular and molecular processes.  

Conclusion: With currently no effective treatment for ALS, this novel combinatorial treatment strategy could improve the 

health-related quality of life of patients suffering from this debilitating disease.  
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Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a fatal, 

progressive, neurodegenerative disorder of cortical upper 

motor neurons and brainstem and spinal cord lower motor 

neurons, with a prevalence rate of 6 in 100,000 and a 

survival rate of 3-4 years from disease onset [1,2]. Clinical 

manifestations include: skeletal muscle weakness and 

atrophy, spasticity, dysarthria, dysphagia, cognitive 

impairment, and eventually respiratory insufficiency and 

paralysis [2]. Although most patients are diagnosed with 

unidentifiable causes (sporadic ALS), genetic risk variants 

have been identified in some patients (familial ALS), 

particularly mutations in the SOD1 gene encoding for 

superoxide dismutase, and the TARDBP gene encoding for 

TAR DNA-binding protein 43 (TDP-43) [2]. 
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The pathophysiological mechanisms underlying this 

devastating disease are copious, thus we will focus our 

intervention on two crucial pernicious responses—

neuroinflammation and protein aggregation. In the diseased 

microenvironment, microglia change from their 

neuroprotective phenotype into a toxic one that secretes 

abnormally high levels of cytokines, leading to cell survival 

decline [2]. The most pervasive proteinopathies in ALS are 

the cytoplasmic aggregation of TDP-43 in motor neurons 

and the downregulation of transcription factor EB (TFEB), 

which subsequently disrupts the transcriptional regulation 

of macroautophagy. When the autophagy process is 

dysregulated, the cell is unable to degrade aggregates of 

TDP-43 and other proteins [3,4]. 

Exogenous cell transplantation techniques have 

extensively been used to provide a promising therapeutic 

treatment for ALS, as a means of replenishing lost motor 

neurons, overexpressing depleted genes, and delivering 

drugs. Stem cells and their progeny provide neuroprotection 

by interacting with the cytotoxic microenvironment, 

inhibiting inflammation signalling, and releasing growth 

factors, thereby promoting axonal growth [5,6]. Induced 

pluripotent stem cells (iPSCs) can be produced from adult 

tissue, such as skin fibroblasts, and be reprogrammed into 

autologous pluripotent cells, similar to embryonic stem cells 

(ESCs) by retroviral transduction encoding transcription 

factors, such as KLF4, OCT4, SOX2, and c-MYC [7]. 

Although iPSCs promote functional recovery, their survival 

rates are poor due to the toxic microenvironment. Hence, 

combinatorial therapies are investigated, including tissue 

engineering techniques, which usually combine certain types 

of cells, bioactive molecules, and biomaterials, like three-

dimensional (3D) scaffolds [5]. 

Chitosan is a polyplex system that has been shown to 

efficiently deliver microRNA-124 (miRNA-124), which 

targets signal transducer and activator of transcription 3 

(STAT3) to decrease inflammatory cytokine levels 6. A 

polyplex system is ideal, as it is composed of the chitosan 

polymer that electrostatically interacts with the miRNA-124 

nucleic acid to protect it from enzymatic degradation, 

thereby facilitating its release at the site of inflammation 

[8]. Chitosan itself can improve the microenvironment of 

the diseased spinal cord by recovering nerve impulse 

conduction and reducing the production of reactive oxygen 

species, so subsequently transplanted stem cells can grow 

on this scaffold with less inhibition [9]. Additionally, it is 

biodegradable, biocompatible, and bio-tolerated (i.e., it 

degrades over time and does not result in inflammatory 

responses in the body), making it a good choice of 

biomaterial [6,10]. 

Previous studies have demonstrated that protein 

aggregation in ALS can be reduced by promoting 

autophagy through two mechanisms: (1) direct 

overexpression of TFEB and (2) delivery of trehalose—a 

disaccharide drug that upregulates autophagy-regulatory 

genes, such as Lc3, Becn1, Sqstm1, and Atg5, and 

transcription factors involved in autophagy activation, such 

as FOXO1 [3,11,12]. Although trehalose is traditionally 

delivered intraperitoneally, its bioavailability is low due to 

the presence of hydrolyzing enzymes in the intestine and 

kidney [11,13]. Thus, packaging trehalose into nanocarriers 

taken up by stem cells that will subsequently be 

transplanted into the diseased spinal cord would result in 

more sustainable and direct drug delivery [14]. 

Neural organoids are 3D cell culture systems that are 

developed to model neurodevelopmental and 

neurodegenerative disorders in humans. This 3D in vitro 

system is formed by proliferating, differentiating, 

migrating, and self-organizing pools of neural progenitor 

cells (NPCs) and are able to mimic cytoarchitecture, cell 

type composition, maturity, and functionality of in vivo 

structures [15,16]. We can develop spinal cord organoids to 

model motor neuron diseases, like ALS.  

We propose our novel Amyotrophic Lateral Sclerosis 

Therapeutic and Regenerative (ALSTaR) cell treatment, 

which involves the integration of the miRNA-124 and 

chitosan polyplex biomaterial, with genetically and nano-

engineered NPCs that are designed to overexpress TFEB 

and secrete trehalose. We hypothesize that ALSTaR cell 

transplantation into the diseased ALS microenvironment of 

a spinal cord organoid would result in decreased 

neuroinflammatory responses, upregulated autophagy, 

decreased toxic protein aggregation, enhanced engraftment 

of stem cells onto the artificial scaffold, improved axonal 

regeneration, and subsequently motor functional recovery 

in the SOD1G93A mutant mouse model. By amalgamating 

biomaterial, genetic, and nanoparticle technologies, we 

present a novel combinatorial treatment approach to ALS 

that utilises various aspects of synthetic biology in an 

ethical and target-specific manner. Specifically, we opt for 

the use of iPSCs to avoid the controversial derivation of 

ESCs from human embryos. Moreover, we precisely target 

neuroinflammation and protein aggregation to repair the 

spinal cord microenvironment, thus making it conducive for 

both endogenous cells that can be rescued and exogenous 

cells that will be transplanted to replenish lost neurons. The 

aforementioned studies have demonstrated mild functional 

recovery and slightly prolonged lifespan with their 

individualised therapeutic approaches, thus we propose to 

unite these various molecular applications into one 

coalesced strategy to treat the multifaceted disease that is 

ALS [4,6,11,17]. 
 

Methods 

Spinal Cord Organoid Models 

Adapting protocols in previously published literature, 

two spinal cord organoid models will be bioengineered 

using human iPSCs reprogrammed from skin fibroblasts 

retrieved from either healthy volunteers or ALS-inflicted 

patients who carry the SOD1 mutation. These iPSCs are 

expected to recapitulate the neuronal phenotype as seen in 

previous studies [7]. Firstly, the Wnt pathway will be 
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activated in the iPSCs using the lipid molecule, 

prostaglandin E2, after which they will then be treated with 

retinoic acid to induce caudalization in three-day-old 

cultures. A Sonic Hedgehog pathway agonist, 

Purmorphamine, will be added to cultures from days 10 to 

17 to induce ventralization signals. This tissue will then be 

encapsulated within Matrigel droplets and allowed to 

expand and grow in a spinning bioreactor with 

differentiation media [18]. Within a month, the developed 

spinal cord organoids, of either healthy or ALS phenotypes, 

will be treated with various combinations of miRNA-124 

and chitosan complex biomaterial and the ALSTaR cells 

(Table 1). Single-slice electrophysiological recordings of 

motor neurons and immunocytochemical analyses of key 

neuronal differentiation and ALS-related markers, in the 

organoids will be compared across conditions (Figure 1). 

 

Table 1. Conditions for in vitro characterization of ALSTaR cells in spinal cord organoids derived from iPSCs from healthy 

and ALS-inflicted patients. Created on MS Word. 

Condition miRNA-124/Chitosan Complex iPSC-Derived NPCs 

Control - - 

Biomaterial + - 

Cells - + 

Biomaterial + Cells + + 

 
 

Figure 1. Generation of spinal cord organoid model and experimental procedure for in vitro characterization of ALSTaR cell 

treatment. Created with BioRender.com. 

 

Animal Model 

This study will use 20 wildtype and 80 

SOD1G93A  mutant mice (purchased from Jackson Laboratory 

USA10), expressing mutant superoxide dismutase—40 males 

and 40 females; both sexes to analyse potential sex-based 

differential disease progression (Table 2). 

 

Table 2. Treatment groups of mice (n = 20, 10:10 male:female). Created on MS Word. 

Experimental Group ALS 
miRNA-124/Chitosan Complex 

Injection 

iPSC-Derived NPCs 

Transplantation 

Control - - - 

Vehicle + Vehicle + - - 

Biomaterial + Vehicle + + - 

Vehicle + Cells + - + 

Biomaterial + Cells + + + 
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Behavioural Assessments 

Blood samples will be collected from the transgenic 

mice and checked for the diseased phenotype by conducting 

reverse transcription polymerase chain reaction (RT-PCR). 

Thereafter, weekly behavioural and weight assessments will 

be conducted starting one week post-training until the 

humane endpoint (i.e., complete paralysis; typical lifespan 

of 19-23 weeks), including the Rotarod Test, Hanging-Wire 

Test, and Treadmill, assessing motor coordination, 

neuromuscular strength, and motor activity, respectively 

[17]. All assessments will be performed and scored by two 

independent, blinded observers to reduce subjective bias. A 

two-way analysis of variance (ANOVA) test will be used to 

analyze significant statistical differences across treatment 

group and sex [17]. 

 

 

Figure 2. Animal model and experimental timeline for in vivo characterization of ALSTaR cell treatment. Created with 

BioRender.com. 

 

Cellular and Molecular Analysis 

To create the miRNA-124 and chitosan complex, 

chitosan, which is 95% de-acetylated, will be purchased 

from Heppe Medical Chitosan GMbH (Frankfurt, 

Germany) and processed to form a 1mg/ml solution. The 

pre-miR™ miRNA precursor, miR-124, will be diluted in 

acetate buffer and following this, the chitosan solution will 

be added to it, resulting in a complex [19]. The miRNA-124 

and chitosan complex biomaterial will be injected into the 

lumbar spinal cord parenchyma two weeks post-disease-

onset. Next, we will overexpress TFEB to counteract 

autophagy dysfunction and neurodegeneration as a result of 

ALS. To do this, we will use CRISPR-Cas9 activation 

methods and transfect NPCs with d-Cas9-VPR with a 

combination of sgRNAs designed to target the promoter 

region of the TFEB gene [20]. To increase the 

transactivation efficiency, we will be using a combination 

of three sgRNAs and a dual rAAV vector system for 

dCas9-VPR-mediated TFEB transactivation in NPCs. To 

further enhance protein aggregate degradation directly in 

the diseased microenvironment, we will also encapsulate 

trehalose into a nanocapsule based on methods previously 

described [21]. These nanocapsules will be delivered into 

the genetically engineered NPCs by incubating the cells 

with trehalose-encapsulated nanocapsules at 37℃ for 40 

minutes [21]. These transgenic NPCs labelled with green 

fluorescent protein (GFP) will be injected in the same 

region as the biomaterials one week thereafter.  

To prevent rejection of human cells, mice will be 

immunosuppressed by treating them with Cyclosporin A 

(CsA) [22]. Although this transplantation process is invasive 

due to the required laminectomy and local injection into 

sensitive tissue, we believe parenchymal penetration would 

be more effective than an intrathecal approach, as it directly 

targets the toxic microenvironment [23]. 

The mice will be transcardially perfused at the humane 

end point, which is marked by complete paralysis, 

representing end-stage ALS (typical lifespan of 19-23 

weeks) [3]. Blood and cerebrospinal fluid (CSF) will be 

extracted for molecular analysis, and spinal cords and 

brains will be harvested, cryoprotected, embedded, and 

cryosectioned for immunohistochemical analysis. 

Quantification of protein aggregates, namely TDP-43 in the 

blood and CSF samples, will be performed using a 

commercially available ELISA kit according to the 

manufacturer’s instructions. In this assay, a biotinylated 

rabbit polyclonal antibody against TDP-43 will be used [24]. 

A panel of five cytokines, which include tumor necrosis 

factor-α (TNF-α), interleukin-6 (IL-6), interleukin-2 (IL-2), 

interleukin-10 (IL-10), interferon-gamma (IFN-γ)will be 

analysed using the Bio-Plex Multiplex Immunoassay (Bio-

Rad Laboratories). This analytical platform consists of a 

fluorescent bead-based technology combined with a 

sandwich immunoassay performed on blood and CSF 

extracted from the mice [25]. In the brain and spinal cord 

sections, autophagy will be detected using levels of TFEB 

and LC3-II protein, which can be detected by 

immunohistochemical analysis; the antibodies rabbit anti-

TFEB and rabbit anti-LC3II will be used, respectively. 

Stem cell integration will be mapped using GFP [7,11,12]. 
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Results 

We expect to observe increased axonal regeneration, 

NPC engraftment, and autophagy in our ALS spinal cord 

organoid upon treatment with ALSTaR cells and chitosan 

miRNA polyplex biomaterial. These organoids are also 

expected to show lower levels of neuroinflammation and 

protein aggregation. In the in vivo study, we expect to 

observe the longest lifespan and the most improved 

functional recovery in the mutant mice with miRNA-124 

and chitosan polyplex biomaterial microinjection and 

ALSTaR cell transplantation, with lower quantifications of 

protein aggregates and higher autophagy levels due to 

overexpression of TFEB and secretion of trehalose, 

compared to the other experimental groups. No sex-

dependent differences are expected to emerge. 

 

Discussion 

This study aims to test the efficacy of the ALSTaR cell 

treatment in recovering cellular processes damaged by 

ALS, improving motor function, and elongating lifespan. 

The results of these experiments will reveal the efficacy of 

the ALSTaR treatment in an ALS mouse model, which can 

then be clinically translated to the human population. 

Specifically, in vitro characterization of ALSTaR cells 

in spinal cord organoids will reveal stable 

electrophysiological recordings of motor neurons, higher 

levels of neuronal differentiation  markers, such as glial 

fibrillary acidic protein (GFAP) and beta-III tubulin, and 

lower levels of inflammation markers, such as IL-2, IL-6, 

IL-10, TNF-α, and IFN-γ in the ALSTaR group compared 

to the control group or the groups treated with just the 

biomaterial or just the NPCs, suggesting neuronal recovery. 

After successful results in the spinal cord organoids, in 

vivo characterization of ALSTaR cells in an ALS mouse 

model will reveal increased motor coordination, 

neuromuscular strength, and motor activity, suggesting 

motor functional recovery in the ALSTaR group compared 

to other groups. Moreover, molecular analysis of the blood 

and CSF, and the immunohistochemical analysis performed 

on the spinal cord and brain sections will reveal lower 

levels of protein aggregates and cytokines, higher levels of 

autophagy, and increased stem cell integration in the 

ALSTaR group, suggesting recovery of cellular and 

molecular processes that likely underlie the behavioural 

improvements observed (Figure 3). 

 

 
 
Figure 3. Expected results of the ALSTaR cell treatment in ALS patients. Created with BioRender.com. 

 

Future studies should be conducted to assess the efficacy of 

the ALSTaR treatment in a diverse cohort of human ALS 

patients. A major limitation of this study is the use of a 

mouse model that mimics ALS due to a mutation in the 

SOD1 gene, which would only represent familial cases of 

ALS. Most patients are diagnosed with sporadic ALS, thus 

the observed efficacy of the ALSTaR treatment in this 

genetic model of ALS may not represent its effects in the 

variable ALS population. 

 

Conclusions 

This study will explore the ALSTaR cell treatment, 

which involves the integration of the miRNA-124 and 

chitosan polyplex biomaterial, with genetically and nano-

engineered NPCs that are designed to overexpress TFEB 

and secrete trehalose, as a novel intervention strategy for 

ALS. It is expected that ALSTaR cell transplantation into 

the  

diseased ALS microenvironment of a spinal cord organoid 

would result in decreased neuroinflammatory responses, 

upregulated autophagy, decreased toxic protein 

aggregation, enhanced engraftment of stem cells onto the 

artificial scaffold, improved axonal regeneration, and 

subsequently motor functional recovery in the SOD1G93A 

mutant mouse model. With currently no effective treatment 

for ALS, a debilitating disease that affects 6 in 100,000 

people annually, this novel treatment strategy could 

improve the health-related quality of life of patients 

suffering from ALS. Future directions will involve clinical 

trials in human ALS patients to experimentally test the 

safety and efficacy of the ALSTaR cell treatment. 
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List of Abbreviations Used  

ALS: amyotrophic lateral sclerosis  

TARDBP: TAR DNA-binding protein 43 

TFEB: transcription factor EB  

iPSCs: induced pluripotent stem cells  

ESC: embryonic stem cells 

3D: three-dimensional  

miRNA-124: microRNA-124 

NPC: neural progenitor cell 

ALSTaR: amyotrophic lateral sclerosis therapeutic and 

regenerative 

RT-PCR: reverse transcription polymerase chain reaction 

ANOVA: analysis of variance 

GFP: green fluorescent protein 

CsA: cyclosporin A  

CSF: cerebrospinal fluid 

TNF-α: tumor necrosis factor-α   

 IL-6: interleukin-6 

IL-2: interleukin-2  

IL-10: interleukin-10  

IFN-γ: interferon-γ 
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