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3. In vivo meningeal GALC gene therapy 

After the assessment of early GLD-induce response of meninges, I wanted to exploit 

meninge as a new therapeutic target for gene therapy. I injected in the subarachnoid 

space of P.1 pups meninges a lentiviral vector expressing the murine GALC gene, 

mcherry tagged, (LV-mGALC) or a control vector expressing GFP (LV-GFP), under a 

constitutive promoter, and I evaluate the effect of the treatment at the later time points 

(P.30) when the disease largely progressed. No side effects due to the sensitive nature 

of these tissues and the immune responses were detected. 

3.1. GALC delivery in meninges partially improves motor function 

To assess whether GALC gene transfer in meninge could have an effect in the motor 

coordination, balance and walking impairment of TWI mice, I performed the footprint 

gait analysis. In this test mice’s paws were stained and then were left walk freely in 

the cage. Two main parameters were measured, in the hindbase paws, the stride 

length and hindbase width, to assess gait abnormalities or motor deficits. 

At P.30 I do not find any significant differences in the motor coordination and balance 

between TWI and WT mice, suggesting that at this time points walking abnormalities 

are still not present in TWI mice and the sensibility of this test need to be evaluated 

at later time point when the disease worsens (Figure 14 A-B-C). 

In TWI mice starting from P.21, clinical symptoms of the disease occur and progress 

rapidly; among them there is the loss of weight (65). To assess whether in GALC 

treated mice the loss of weight could be arrested, I weighed GFP (TWI LV-GFP) and 

GALC treated TWI mice (TWI LV-mGALC) at P.30. I did not observe any weight gain 

in TWI LV-mGALC as compared to TWI LV-GFP, while weight reduction persists in 

TWI LV-mGALC in contrast to WT (p=0.02) (Figure 14 D). 

Although I did not find any gain of weight in TWI LV-mGALC, I wanted to evaluate if 

GALC gene delivery in meninges could ameliorate the motor function in treated TWI 

mice. From P.21 TWI mice show clasping behavior which consists in stereotypical 

motor response where a mouse retracts its hindlimbs towards its body when 

suspended by its tail. The clasping test is a common behavioral assay used to 

assess motor and neurological function in models of neurodegenerative and 

demyelination disorders. The clasping response is quantified using a scoring system 

based on the severity of limb retraction. This test is particularly useful to monitor the 

progression of the disease and neurological deficits (146). I performed the clasping 
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test of TWI LV-mGALC at P.30 and found a partial amelioration of motor function 

with a reduced clasping behavior compared to TWI LV-GFP (56%, p<0.0001) (Figure 

15 E).  

  

 

3.2. GALC gene transfer in meninges reduce inflammation in TWI mouse brains 

The major pathological hallmark of GLD brains is the macrophages/microglia 

activation. To assess whether inflammation in the TWI brains could be rescued by 

GALC injection in the meninges, I quantified CD68 and IBA-1 expressing cells in 

selected brain regions: brainstem, cerebellum and cortex, that are the most affected 

by the disease. Of note, I observed a strong significant reduction of IBA-1 positive 

cells in the brainstem (37%, p=0.009) (Figure 15 A-B), in the cerebellum (44%, 

A) Schematic representation of footprint gait analysis. B) Representative walking footprint patterns 
(red: fore paws; blu: hinbase paws) of P.30 WT and TWI mice. C) Quantitative analysis of stride length 
and hindbase width. D) Body weight of GALC/GFP treated and WT mice at P.30. E) Quantitative 
analysis of hindlimb clasping scores. N=3-5 TWI mice; N>10 WT mice. Data are expressed as mean 
± SD, statistical analysis was performed with ordinary one-way ANOVA(D;E) or unpaired t-test (C). 

 

Figure 14. GALC gene transfer in meninges ameliorate motor function in TWI mice.   
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p=0.009) (Figure 15 A-C) in GALC treated TWI mice compared to GFP injected TWI 

mice. Similarly, I also found a trend of reduction of IBA-1 positive cells in the cortex 

(Figure 15 A-D). These data indicate that LV-mediated GALC gene transfer in 

meninges can effectively reduce GLD-induced brain inflammation and suggest that 

transduce meningeal cell potentially the secreted GALC enzyme, which can be 

spread in the brain via CSF. In line with monocyte/microglia reduction, the analysis 

of the morphology of IBA-1+ cells revealed a drastic change in GALC-treated TWI 

compared to LV-GFP injected mice. GLD induced the activated  bushy and ameboid 

microglia phenotype in TWI LV-GFP mice, while IBA-1+ cells in TWI LV-mGALC 

trated brains were ramified (Figure 15 A), suggesting the resting/non-activated stage 

of these cells. Further quantitative analysis of IBA-1 cell morphology are still ongoing. 

Moreover, LV-mGALC treated TWI mice displayed global reduction of CD68 

macrophages in the cerebellum (66%, p=0.01), mostly in the white matter which is 

the most affected in the GLD (Figure 16 A-C). In the brainstem and cortex, even 

though not statistically significant, CD68 positive area is decreased (38%, 46%, 

respectively) in GALC treated mice as compared to control TWI mice (Figure 16 A-

D). This data further demonstrates the reduction of brain inflammatory response after 

therapeutically targeting meninges. 

A) Representative maximum intensity projections of z-stack confocal images of IBA-1+ cells in LV-GFP 
and LV-GALC treated TWI mice at P.30 in different brain regions (brainstem, cerebellum and cortex). B) 
Quantitative analysis of IBA-1+ area in brainstem; C) cerebellum and D) cortex. N=4 mice/group. Data are 
expressed as mean ± SD, statistical analysis was performed with unpaired t-test. Nuclei are 
counterstained with DAPI (blu).  Scale bar 100µm 

 

Figure 15. GALC gene transfer in meninges reduce microglia in brain parenchyma. 
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3.3. Meningeal GALC transduced cells differentiate into neurons, express GALC 

and cross-correct parenchymal cells 

To investigate the mechanisms behind the improvement of neuroinflammation in 

GALC treated TWI mice, I wanted to assess the effective transduction of meningeal 

cells population. In the cerebellum of TWI LVmGALC mice, where I found a large 

reduction of inflammation, I confirmed GALC transduction of CD68 macrophages in 

meninges (Figure 17 A-B). I hypothesized that the gene transfer in meninges allows 

large secretion of GALC enzyme and its distribution in the parenchyma via CSF 

(glymphatic flux). Moreover, GALC expressing immune cells in meninges may 

reduce the overall GLD induced infiltration of macrophages in the brain. In the cortex 

of GALC treated mice, I observed the presence of GALCmcherry+ cells in the second 

layer of cortex (Figure 17 C). GALCmcherry+ cells derive from meningeal cells 

transduced in meninges at P.0 that have migrated into the cortex (Figure 17 D), as 

already demonstrated in previous studies (125).  

To assess the phenotype of GALCmcherry+ cells in the cortex I performed 

immunostaining for neuronal markers, and I confirm that meningeal NPCs for 

meninges migrate to the cortex and differentiate into neurons (125) (Figure 18 A). I 

A) Representative maximum intensity projections of z-stack confocal images of CD68+ cells in LV-GFP and 
LV-GALC treated TWI mice at P.30 in different brain regions (brainstem, cerebellum and cortex). B) 
Quantitative analysis of CD68+ area in brainstem; C) cerebellum and D) cortex. N=4 mice/group. Data are 
expressed as mean ± SD, statistical analysis was performed with unpaired t-test. Nuclei are counterstained 
with DAPI (blu). Scale bar 100µm 

Figure 16. GALC gene transfer in meninges reduce macrophages in brain parenchyma 
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examined whether GALC transduced cells effectively express the GALC protein. 

Immunostaining followed by confocal analysis showed GALCmcherry+ transduced 

cells expressing GALC protein in the brain of TWI mice (Figure 18 B). Interestingly, 

GALCmcherry- cells positive for the expression of GALC protein were found in 

proximity of double GALC+GALCmcherry+ cells, suggesting that GALC enzyme 

have been released by transduced GALCmcherry+ cells and it has been uptaken by 

neighboring GALC deficient cells (cross-correction) (Figure 18 C). Overall, these 

results highlight as meninges can be exploited as a new therapeutic site for in vivo 

gene therapy. GALC delivery in meninges allows the transduction of meningeal cell 

population which results in: i) reduction of neuroinflammation and improvement of 

moto function, possibly due to enzyme distribution in the brain cells via CSF; ii) 

supplying of GALC expressing neuron in the cortex; iii) enzyme distribution in the 

brain cells via CSF and cross-correction of neighbor cells. 

 

  

A) Maximum intensity projections of z-stack confocal images of CD68+ cells in LV-GFP and LV-GALC 
treated TWI mice at P.30 in the cerebellum. B) Magnification of double GALCmcherry+CD68+ cells in 
the cerebellum meninges (white arrows). C) Maximum intensity projections of z-stack confocal images 
of CD68+ cells in LV-GFP and LV-GALC treated TWI mice at P.30 in the cortex. D) Maximum intensity 
projections of z-stack confocal images of GALCmcherry+ or GFP+ transduced cells at P.0 in the cortex 
of LV-GFP and LV-GALC treated TWI mice at P.30. Nuclei are counterstained with DAPI (blu). Scale 
bar 100 µm (A,C);20 µm (B); 50 µm (D). 

Figure 17. GALC gene transfer in meninges ameliorate inflammation in brain parenchyma by 
transducing meningeal immune cells and NPCs that migrate to the cortex. 
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A) Maximum intensity projections of z-stack confocal images of double GFP+ or GALCmcherry+ NeuN+ cells 
in the cortex of transduced TWI mice at P.30 (white arrow). B) Maximum intensity projections of z-stack 
confocal images of double GALCmcherry+ GALC+ cells in the cortex of transduced TWI mice (white arrows). 
C) Maximum intensity projections of z-stack confocal images of GALCmcherry-GALC+ cells in the cortex of 
transduced TWI mice (white arrows and asterisk). Nuclei are counterstained with DAPI (blu). Scale bar 50 µm 
(A,); 20 µm (B,C). 

 

Figure 18. Meningeal GALC transduced NSPCs differentiate into neurons in the cortex, express 
GALC enzyme and cross-correct parenchyma cells. 
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4. LVhGALC delivery in adult human meningeal NSPCs  

4.1. GALC overexpression is safe in adult human meningeal NSPCs  

Meningeal NSPCs can be isolated and cultured in vitro in different species, during 

development or in adulthood ((124,160) I have isolated and cultured, both in 

suspension and adhesion, adult human meningeal NSPCs (hM-NSPC) derived from 

human intraoperative sample (Figure 19 A-A’-A’’). In the perspective of evaluating the 

translational potential of meninges as a new site for gene therapy, I decided to test 

the safety of GALC overexpression in human meningeal NPCs. To this aim, I 

transduced hM-NSPC with a third-generation lentiviral vector expressing the human 

GALC gene myc tagged (LV-hGALCmyc) or the report gene GFP (LV-GFP) under 

the control of the PGK promoter (MOI=20) (Figure 19 B). To assess the transduction 

efficiency, I performed qPCR to calculate the VCN (Figure 19 C) and the western blot 

analysis using the antibody anti GALCmyc to detect the GALC protein in LV-

hGALCmyc transduced hM-NSPC (Figure 19 D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess whether GALC overexpressing hM-NSPC maintain their neural stem properties, 

I evaluated the expansion capability, measuring the growth rate of transduced cells. I 

observed comparable cumulative growth curve in GALC overexpressing cells compared to 

A) Workflow of hM-NSPC isolation and culture both in suspension (A’) and adhesion (A’’). B) Schematic 
representation of LV-mediated transduction of hM-NSPC. C) VCN measure of LV-GFP and LV-
hGALCmyc transduced hM-NSPC (MOI=20). Data are expressed as mean ± SD (N=2).  D) Blot showing 
the GALCmyc protein in the hM-NSPC transduced cells (N=3). Scale bar 100 µm (A’); 20 µm (A’’) 

Figure 19. LV-mediated GALC expression efficiently transduce human meningeal NSPCs. 

A’ A’’ 
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control at different passages and after around 70 days of culture (Figure 20 A). Then, I 

evaluated the self-renewal properties of GALC overexpressing hM-NSPC by colony forming 

unit assay. I did not observe any significant difference in the number of colonies between 

LV-hGALCmyc and LV-GFP transduced hM-NSPC (Figure 20 B). After, I looked at the 

migratory capabilities of GALC overexpressing cells by wound healing assay. Again, I did 

not find any significant difference in the percentage of wound closure between LV-

hGALCmyc and LV-GFP transduced hM-NSPC (Figure 20 C). Finally, to assess the 

expression of NSPC markers in LV-hGALCmyc and LV-GFP transduced hM-NSPC I 

performed immunostaining using specific antibodies for neural stem and progenitor cells. 

GALC overexpressing cells resulted positive to DCX, Nestin, and PDGFrβ staining, 

comparable to GFP transduced cells (Figure 20 D). Overall, these results suggest the safety 

of GALC overexpression in adult human meningeal NSPC. 
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A) Diagram representing the cumulative cell number as a function of time at different 
passages. B) CFU derived from transduced GFP or hGALCmyc hM-NSPCs at 
different passages normalized for the number of plated cells. C) Representative bright 
filed images and quantitative analysis of transduced GFP or hGALCmyc hM-NSPC 
migratory properties at T0 and T16 hours in presence or absence of mitomycin. Data 
are expressed as mean ± SD (N=2-4).   D) Maximum intensity projections of z-stack 
confocal images of transduced GFP or hGALCmyc hM-NSPC expressing neural 
stem/precursor cell marker (Nestin, DCX and PDGFrβ). Nuclei are counterstained 
with DAPI (blu). Scale bar 50 µm. 

 

C 

D 

Figure 20.  Safety of GALC overexpression in hM-NSPCs. 
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4.2. GALC overexpression is safe in adult human meningeal derived 2D neurons 

and 3D neural organoids 

After demonstrating the safety of GALC overexpression in adult human meningeal 

NSPC, I wanted to evaluate whether hM-NSPC maintain neural differentiation 

potential after transduction. In previous studies we have generated adult meningeal 

derived neurons that after 1-2 weeks in neuronal differentiation culture (see material 

and methods) express marker of immature neurons (DCX, TUBB3) but after 3 weeks 

they start to express marker of maturation (MAP2 and NEUN) (Figure 21 A). To 

assess whether overexpressing GALC hM-NSPC preserves their capability to 

differentiate into neurons, I culture in neuronal differentiation media transduced hM-

NSPC. After around 40 days of in vitro culture (Figure 21 B), I performed the 

immunostaining with specific antibodies for mature neurons. LV-hGALCmyc and LV-

GFP meningeal derived neurons express MAP2 and SYP, suggesting GALC 

overexpression do not affect neuronal differentiation potential of hM-NSPC (Figure 

21 C).  
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Previously, we generated 3D neural organoids starting from hM-NSPC that show 

multipotent potential. Meningeal derived organoids self-assembled into 3D structure 

and grow during differentiation. At early stages of differentiation (day 12) they are 

composed mostly of NSPCs (Nestin, Sox2 and DCX expressing cells). After two 

months in differentiation media culture starts to differentiate also in mature neurons 

and astrocytes (Figure 22 A-B).  

To further demonstrate the safety of GALC overexpression in human neurons I seed 

LV-hGALCmyc or LV-GFP hM-NSPC to generate 3D neural transduced organoids 

(see material and methods). I plate transduced cells at single cells and after one week 

they start to self-assembly and grow during time (Figure 22 C). After 4 months in 

culture, I performed immunostaining to assess the multipotent differentiation potential 

of transduced cells, and I observed the presence of TUBB3, MAP2 and SYP positive 

mature neurons, and GFAP positive astrocytes indifferently in LV-hGALCmyc or LV-

GFP transduced organoids (Figure 22 D).  

Overall, these results demonstrate the safety of GALC overexpression in neurons in 

2D and 3D culture and suggest the possibility to exploit meninges as a new site for 

gene therapy. 

A) Maximum intensity projections of z-stack confocal images of hM-NSPC derived neurons at 
different stage of differentiation (7-14-21 days). B) Bright field and C) maximum intensity 
projections of z-stack confocal images of transduced GFP or hGALCmyc meneindeal derived 
neurons expressing neuronal cell marker (MAP2, SYP and NEUN) after 40 days in culture. 
Nuclei are counterstained with DAPI (blu). N=2-3 experiments. Scale bar 50 µm (A), 30 µm (B), 
20 µm (C).  

 

Figure 21. Safety of GALC overexpression in human meningeal derived neurons. 
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A) Maximum intensity projections of z-stack confocal images and B) quantitative analysis of hM-NSPC derived 
3D neural organoids at different stage of differentiation (12-27-75 days). C) Schematic representation and bright 
field images of transduced 3D neural organoids in vitro cultured up to 4 months.  D) Maximum intensity 
projections of z-stack confocal images of transduced GFP or hGALCmyc meningeal derived 3D neuronal 
organoids expressing neuronal cell marker (TUBB3, MAP2 and SYP) and astrocytic marker (GFAP) after 4 
months in culture. Nuclei are counterstained with DAPI (blu). Data are expressed as mean ± SD. N>3 
experiments.  Scale bar 50 µm (A, C); 200 µm (B). 

Figure 22. Safety of GALC overexpression in human meningeal derived 3D neural organoids. 



74 
 

DISCUSSION  

The primary pathological effect of GALC deficiency is the destruction of myelin, which 

insulates nerve fibers in the CNS, leading to severe neurological impairment. Despite 

preclinical treatment efforts aimed at correcting metabolic deficiencies, therapeutic 

strategies have provided only modest improvement. Currently, there is no cure for GLD, and 

existing treatments are extremely limited.  

Allogeneic HSPC-T is the only available therapy for patients with GLD. However, this 

treatment is insufficient to fully correct the CNS pathology in infantile GLD, even when 

performed at asymptomatic stage (161) The suboptimal effectiveness in rescuing CNS 

function is likely due to the inadequate supply of GALC in the CNS provided by the 

transplanted HSPC-derived myeloid cells (103). Gene therapy holds promise for addressing 

this limitation by ensuring a stable, robust, and potentially lifelong supply of GALC to all 

tissues, including the CNS. Studies have demonstrated that the parenteral injection of 

different adeno-associated virus (AAV) serotypes encoding the GALC gene into GLD animal 

models (mice, dogs, and non-human primates) effectively prolongs survival (24,69,97). This 

approach is currently being evaluated in two Phase 1/2 clinical trials. However, concerns 

remain regarding the safety of AAV-based therapies, particularly the potential risk of 

hepatocellular carcinoma development (77,162) and the degeneration of dorsal root ganglia 

(DRG) neurons (24,70,163,164). Additionally, there are potential risks of genotoxicity 

associated with AAV gene integration, which must be carefully considered (77,162,165–

167). 

Early intervention to provide a consistent and global GALC supply is mandatory to prevent 

storage accumulation and widespread tissue damage. It is crucial to maximize GALC 

expression by transduced cells and distribution in the CNS to enhance the efficacy of GT 

approaches. 

Recent studies have revealed that meninges are more than just protective layers around the 

brain. They are highly heterogeneous tissues with immune, trophic, and neurogenic 

properties (117,168). Meninges are composed of three layers: dura mater, arachnoid mater, 

and pia mater, which contain blood vessels, lymphatics, and various cell types, including 

fibroblasts, resident macrophages, and mast cells (117,169).  Importantly, NSPCs have 

been identified within the meninges. These cells can migrate into the cortex and differentiate 

into functional neurons, as demonstrated in vivo studies. Meninges serve as a neuroimmune 

interface, hold entry point for immune cells to access the CNS, both under normal and 
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pathological conditions. Furthermore, meninges show increased reactivity following brain 

injuries, displaying enhanced immune and neural stem cell functions.  

Despite being overlooked, meninges may play a role in the development and progression of 

GLD. Their involvement in other neurodegenerative conditions suggests a potential role in 

GLD as well.  

The role of meninges in GLD pathogenesis and progression has never been explored. Given 

the critical role meninges play in CNS during health and disease, this project aimed to i) 

study meningeal contribution to the disease's progression; ii) exploit meninges as a new 

route for therapeutic interventions (gene transfer using LVs); iii) evaluate efficacy and safety 

of LV-GALC overexpression in somatic adult human meningeal NSPCs.  

In this work for the first time, it has been demonstrated that the early involvement of 

meninges in GLD, both immune and neural precursor cell are activated and respond to 

pathological brain condition. I have studied the modification of the meningeal cell 

composition in the Twitcher mouse model, that recapitulates the early infantile form, during 

GLD progression. Interestingly, the innate immune response is strongly triggered in TWI 

meninges and specifically include APC and neutrophils (~ 80% increase). These findings 

are in line with recent previous studies in which Cagurra at al. demonstrated that in the 

context of both injury and autoimmune encephalomyelitis, monocytes and neutrophils can 

invade the CNS through meninges. This infiltration contributes to the inflammatory response, 

potentially exacerbating tissue damage and influencing disease progression (170). As 

demonstrated in other CNS diseases, it is likely that immune cells present in TWI meninges 

at an early stage, invade the brain parenchyma and contribute to neuroinflammatory 

mechanisms.  

Surprisingly, adaptative immune response was also triggered in TWI meninges at early 

stage (~ 70% increase compared to WT). The involvement of T cells in GLD has never been 

explored since pathogenic mechanics underlying the neuroinflammation are mostly due to 

innate immune response. T cell in meninges might be triggered by the release of myelin 

antigens due to demyelination. In this context, T cells may contribute to a secondary wave 

of immune-mediated damage, exacerbating CNS pathology in GLD, like other demyelinating 

conditions such as multiple sclerosis. However, further studies are required to elucidate the 

role of T cells in GLD, and additional mechanisms involving innate-adaptive immune 

interactions may potentially emerge.    

Most importantly, enhancement of immune cells in TWI meninges occurs at the very early 

pre-onset and pre-onset stage, when in the brain, at molecular level, still there is no sign of 
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neuroinflammation but only substrate storage (62). Specific immune cells increase in TWI 

meninges suggests the pathological nature of those cell population and draws attention to 

the early injury-induced response of meninges. Understanding the mechanisms by which 

APC, neutrophils and T cells are recruited to the meninges, whether infiltrate into CNS and 

their role in GLD may provide insights for developing therapeutic strategies aimed at 

modulating neuroinflammation. Immunomodulatory therapies targeting those cells could be 

explored as treatments in GLD. Modifying the GLD-induced meningeal response may help 

reduce inflammation and support regenerative therapies aimed at restoring myelin. 

Similarly, neural precursor cells in TWI meninges respond to GLD. NSPCs more 

differentiated toward the neuronal lineage (DCX+ and TUBB3+ cells), are increased (~ 75%) 

in TWI meninges at pre-onset and onset demonstrating that not only immune cells early 

react to GLD but also NPSCs. Early activation of immune cells followed by enhancement of 

NSPC in TWI meninges suggest a potential neuro-immune crosstalk. Several studies 

suggest the immune modulatory properties of NSPCs. Meningeal undifferentiated NSPCs 

in culture have been shown to maintain homeostasis and support the survival of immune 

cells including T cells (171). In this study it has been shown a GLD-induced effect on more 

differentiated NSPCs suggesting that the disease may influence the immune function of 

meningeal stem cell niche. Remain to elucidate whether dysfunction of meningeal NSC 

immune-modulatory activity contributes to meningeal inflammation in GLD and whether 

modulation of meningeal activation can modify disease progression enhancing brain 

regeneration and reducing the inflammatory response.   

Meningeal involvement can extend to the spinal cord, even though in this studied I focused 

on brain meninges. In GLD, neuroinflammation is not confined to the brain but affects the 

entire central nervous system (CNS) (65,87). Patients with GLD often experience symptoms 

that are indicative of spinal cord pathology, such as muscle weakness, spasticity, and loss 

of motor function. Thus, the inflammatory processes seen in the brain meninges due to 

demyelination and axonal injury can spread to the spinal meninges, resulting in similar 

patterns.  

To further exploit the therapeutic potential of meninges, they have been used as a new target 

for gene therapy. Sub-dural injections of lentiviral vectors are less invasive than direct 

intraparenchymal injections. This method allows for larger volumes of vectors to be 

administered and targets an area where meninges could act as a NPSCs reservoir for GALC 

gene delivery. Meningeal NSPCs can migrate to the cortex and differentiate into neurons 

(125). These cells can be engineered to overexpress GALC, contributing to regenerative 
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medicine strategies aimed at restoring lost neuronal functions and alleviating the effects of 

GLD.  In addition to their potential in gene therapy, meninges are closely associated with 

the glymphatic system, a network that facilitates the flow of CSF from the perivascular space 

(around CNS blood vessels) to the brain parenchyma (172). Exploring the connection 

between the meninges, glymphatic system, and GLD could open new avenues for 

understanding disease mechanisms and therapeutic interventions.  

To explore the therapeutic potential of meninges, I have exploited meninges as a new and 

complementary site for gene-therapy in vivo in the TWI mouse model. Gene therapy 

approaches rely on production and secretion of the enzyme from GALC expressing cells, 

followed by uptake by deficient cells to facilitate metabolic cross-correction (34). Effective 

cross-correction is critical for reversing or stabilizing the metabolic defects caused by 

enzyme deficiency. However, achieving this in certain tissues, especially those with 

challenging anatomical and physiological characteristics, such as the CNS, is particularly 

difficult. The brain is less accessible to therapeutic interventions due to the blood-brain 

barrier.  Therefore, the success of GT in these tissues requires overcoming these challenges 

to ensure widespread enzyme delivery and function across affected cell populations.  

Meninges are a valuable site for gene-therapy since stable gene transduction of GALC 

enzyme in resident meningeal cells may provide brain parenchyma with high concentration 

of enzyme due to the direct flow of CSF from the perivascular space to the brain parenchyma 

and correction of parenchyma cells. Moreover, injection through the skull at the level of the 

lambda is an accessible, more efficient and safer site compared to intracerebral 

administration. The use of third-generation self-inactivating lentiviral vectors minimize 

insertional oncogenesis risks. After meningeal gene transfer of P.1 pup mice, a partial 

recovery of motor function occurs in TWI mice with lowering of clasping stereotypic behavior. 

Of note, brain inflammatory response after treatment, is massively reduced (~ 60%) in 

specific regions of the brain that are mostly affected by GLD and in white matter, which is 

the most damaged. Specific brain regions were investigated after LV-GALC treatment 

because they are highly involved in motor control and coordination, which is relevant when 

assessing motor function improvements in disorders that affect motor skills. Cerebellum, 

brainstem, and cortex are commonly impacted in GLD due to their high reliance on white 

matter integrity and myelination. These regions are among the primary sites of pathology in 

the disorder (65,87). The observed motor improvements are likely due to GALC expression 

and subsequent psychosine reduction in these specific motor-related brain areas, especially 

cerebellum.  As mentioned above, meningeal NSPCs have immune-modulatory properties, 
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thus it is likely that GALC transduced meningeal NSPCs release factors that reduce 

neuroinflammation and promote a more favorable environment. Moreover, NSPCs in 

meninges that were transduced at P.1, migrated to the cortex and differentiated into neurons 

expressing GALC enzyme. These GALC-expressing neurons can cross-correct other brain 

parenchymal cells. Transduced meningeal NSPCs might exert a double function in 

counteract disease progression, by repopulating GALC expressing neurons in the GLD brain 

and by cross-correction of parenchyma cells.  

Once assessed the effect of LV-GALC treatment in the brain parenchyma, which is widely 

studied and well characterized in GLD, remain to consider the effect of treatment on 

meninges. This aspect is relevant to evaluate whether early changes occurring in TWI mice 

meninges (meningeal NSPCs and immune cells) are reverted/reduced after treatment and 

contribute to amelioration of pathology in the brain parenchyma.  

Another important consideration to take into account is that it is possible to obtain NSPC 

culture from meninges. Studies have shown that in vitro cultured meningeal NSPCs can be 

obtained from different animal models across various developmental stages, including 

adulthood  (130,133,173). Moreover, meningeal NSPCs offer the possibility of obtaining 

adult, somatic, autologous NSCs, which can be expanded in vitro and exhibit neural  (173) 

and oligodendrocyte  (130) differentiation potential when transplanted in vivo. This makes 

them a valuable resource for regenerative therapies aimed at neural repair and myelin 

regeneration in diseases. Meningeal NSPCs provide a viable somatic alternative to induced 

pluripotent stem cells (iPSCs), offering a more direct approach to studying the 

pathophysiology of genetic neurodegenerative diseases. They can be used for drug 

screening platforms to test and identify therapeutic compounds that promote neuronal and 

myelin cell survival and differentiation.  

We have generated a somatic adult human NSPC culture derived from human meninges 

that can be expanded in vitro, show neural stem potential and differentiation ability towards 

neuronal lineage in 2D and 3D culture. I took advantage of this human model to test the 

safety of GALC overexpression in human NSPCs. GALC transduced hM-NSPCs have 

conserved expansion, self-renewal and migratory capability. Previously, we have generated 

meningeal-derived neurons that express neuronal markers at around 20 days in 

differentiation and are able also to generate action potential (manuscript in preparation). To 

further assess the safety of GALC overexpressing meningeal-derived neurons, they were 

maintained in culture for longer time and still they have not shown impaired neuronal 

differentiation in vitro. To further confirm the safety of GALC overexpression in a more 
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complex system, I have generated GALC overexpressing 3D neural organoids. Previously, 

meningeal derived 3D neural organoids have been generated and have been widely 

characterized (manuscript in preparation). Meningeal derived 3D neural organoids have 

self-assembly properties, can differentiate into different neural lineage and are electrically 

active by showing calcium fluctuation already after 60 days. GALC overexpressing 

meningeal NSPCs show expected differentiation potential in 3D neural organoids up to 120 

days in culture. These data confirm the efficacy and safety of supra-physiological GALC 

expression in somatic, human meningeal NPCs, as potential therapeutic target for 

meningeal-directed in vivo GT. 
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CONCLUSION 

Overall, the results of this work show significant advances in understanding GLD 

pathogenesis. For the first time it has been demonstrated the involvement of non-

parenchymal brain cells in the progression of GLD. The identification of GLD-modifier 

therapeutic targets can pave the way for new therapeutic intervention. However, a deep 

analysis of pathogenic mechanism occurring in GLD meninges is needed.  

This work has provided a valuable complimentary gene transfer approach that is minimally 

invasive. LV-transduction in meninges resulted in diminishing neuroinflammation in the brain 

and local expression of GALC expression and in meningeal derived neuron in the brain. 

Remain to evaluate the survival, the effect of meningeal in vivo transduction in TWI mice at 

more advanced disease progression and the GLD-induced response in meninges after 

treatment. This approach has been administered at presymptomatic stage, the assessment 

of the therapeutic effect of GALC gene transfer in meninges at onset is unexplored and 

might add value to the efficacy of this approach. GLD does not affect only CNS ma also PNS 

that has not be include in this study. Thus, exploring the effect of meningeal GALC gene 

delivery on PNS needs to be addressed and likely combinatory approaches might be needed 

to recover PNS.  

In addition, it has been provided with proof-of-concept data testing the capability to engineer 

human somatic meningeal NSPCs to over-express GALC and the effect of this 

supraphysiological expression of GALC on human meningeal NSPC and derivative cells 

properties in vitro.  
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LAY SUMMARY 

La leucodistrofia a cellule globoidi è una malattia genetica estremamente grave e invalidante 

che provoca la degenerazione delle cellule nervose del cervello.  È causata dall’assenza 

del gene GALC convolto nella produzione della guaina che riveste i neuroni. In questo 

progetto è stato studiato come l’evoluzione della malattia modifica il tessuto stromale (non 

nervoso) dell’encefalo, e in particolar modo le meningi, le membrane che avvolgono il 

cervello. Le meningi contengono diversi tipi cellulari, come cellule del sistema immunitario, 

ma anche cellule staminali che sono capaci di migrare nel cervello e aggiungervi nuovi 

neuroni. I risultati di questo studio hanno rivelato modifiche precoci nelle cellule immunitarie 

e nella riserva di cellule staminali dovute alla malattia. Inoltre, le cellule della meninge sono 

state corrette per esprimere il gene GALC e produrre la proteina mancante che è stata poi 

distribuita alle cellule neurali, probabilmente tramite il flusso di liquor che irrora e nutre il 

cervello. Nella corteccia dell’encefalo sono state trovate delle cellule neuronali derivate da 

queste cellule staminali della meninge geneticamente corrette e capaci di esprimere GALC. 

Lo studio delle meningi nella leucodistrofia a cellule globoidi potrebbe portare 

all’identificazione di nuovi bersagli terapeutici capaci di modificare la gravità e la 

progressione della malattia. Inoltre, è stato testato nuovo approccio di terapia genica che 

potenzialmente è in grado di rifornire la proteina GALC a tutto il cervello. 

 

Globoid cell leukodystrophy is an extremely severe and debilitating genetic disease that 

causes the degeneration of neurons in the brain. It is caused by the absence of the GALC 

gene, which is involved in the production of the myelin sheath that covers neurons. This 

project studied how the evolution of the disease affects the stromal (non-neural) tissue of 

the brain, and particularly the meninges, the membranes that envelope the brain. The 

meninges contain various cell types, such as immune cells, but also stem cells that are 

capable of migrating into the brain and adding new neurons. The results of this study 

revealed early changes in immune cells and the stem cell niche due to the disease. 

Additionally, meningeal cells were corrected to express the GALC gene and produce the 

missing protein, which was then distributed to neural cells, likely through the flow of 

cerebrospinal fluid that bathes and nourishes the brain. In the cortex, neuron-like cells 

derived from these genetically corrected meningeal stem cells were found, and they were 

capable of expressing GALC. The study of the meninges in globoid cell leukodystrophy 

could lead to the identification of new therapeutic targets that can modify the severity and 
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progression of the disease. Moreover, a new gene therapy approach was tested that 

potentially could supply the GALC protein to the entire brain. 


