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ABSTRACT 

Globoid cell leukodystrophy (GLD), also known as Krabbe disease, is a severe neurological 

disorder caused by the deficiency of galactocerebrosidase (GALC) enzyme, leading to the 

accumulation of toxic metabolites and ultimately resulting in progressive demyelination and 

neurodegeneration. The only treatment option currently available is the hematopoietic 

stem/progenitor cell transplant (HSPC-T), although this is not effective if administered after 

diseases onset. Thus, there is no cure for GLD emphasizing the need for novel approaches.  

While most of the GLD neurodegenerative clues in the brain have been clarified, the 

underlying mechanisms of neuroinflammation are not yet fully understood. GLD brain shows 

an important inflammatory infiltration including the accumulation of unique and often 

multinucleated macrophages (“globoid cells”). However, the role in GLD pathogenesis and 

progression of all other non-parenchymal components of the brain, potentially contributing 

to the inflammatory process and diseases progression, has not been elucidated yet. 

Recently, new and important interactions between brain and meninges have been 

described. Meninges appeared as a highly heterogeneous tissue with trophic, immune and 

neurogenic properties. Recently it has been identified a neurogenic stem/progenitor cell 

(NSPC) population present in meninges. In vivo, meningeal NPCs can migrate to the brain 

and, without proliferation, differentiate into functional integrated neurons of the cortex. 

Following brain pathological conditions, meninges are activated increasing their immune 

function and neural stem cell properties. However, the potential involvement of meninges 

during GLD pathogenesis and progression is completely unknown.  

In this project, I have studied the involvement of meninges in the pathogenesis and 

progression of GLD in the Twitcher mouse model that resembles the early infantile form in 

humans. I have used mice at four different time points that represent the disease stages, 

including early pre-onset, pre-onset, onset and disease progression. I have found an 

increase of immune cells, including neutrophils, macrophages and T cells in TWI meninges 

starting from very early pre-onset GLD stage and persisting throughout the disease. 

Moreover, neuronal committed NSPCs appeared to be present in meninges at pre-onset 

and onset stages of GLD. These findings reveal, for the first time, the early GLD-induced 

response of meninges that start perinatally, well before the pathological involvement of the 

brain and the appearance of the clinical symptoms are detectable in CNS.  

Then, I have exploited meninges as a new complementary and less invasive site for in vivo 

gene therapy (GALC lentiviral transduction). Post natal day 1 (P.1) pup mice have been 

injected in meninges with lentiviral vector (LV) overexpressing GALC gene and then 
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analyzed at P.30 when the GLD is severe. Of note, GALC transduction in meninges at P.1 

induced at P-30 a significant improvement on motor function and a large reduction of 

inflammatory infiltrate in the brain. Moreover, GALC overexpressing NSPCs at P.1 meninges 

have been found in P.30 mice with neuronal morphology into the second layer of the cortex 

expressing the neuronal marker NeuN, suggesting that they migrated from meninges to the 

cortex and differentiated into cortical neurons.  

Finally, I have assessed the proof of concept of efficacy and safety of LV-GALC 

overexpression in somatic adult human meningeal NSPCs as potential therapeutic target 

for meningeal-directed in vivo gene therapy. These results showed that GALC 

overexpression in human meningeal neurons derived from NSPCs showed no toxicity and 

alteration in stem cells and neuronal properties. 

Overall, these data highlight the importance of early meningeal involvement in GLD 

pathogenesis, opening the opportunity to find in meninges newly GLD-modifier therapeutic 

targets. Moreover, meninges could be exploited as novel, safe and effective site for gene 

therapy, which is less invasive than current intraparenchymal gene transfer approaches. 

This work paves the way for new therapeutic strategies for GLD, changing the focus from 

brain toward its stromal component.   
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ABBREVIATION 

AAV: Adeno-associated viruses 

ARSA: arylsulfatase A 

BBB: blood-brain barrier 

BM: bone marrow 

BMP: bone morphogenetic proteins 

BMT: bone marrow transplantation 

Bp: base pair 

BSA: bovine serum albumine 

CB: cerebellum 

CB: cerebellum 

CD3: cluster of differentiation 3 

cDNAs: complementary deoxyribonucleic acid 

CFU: colony forming unit  

CGT: ceramide galactosyltransferase 

CNS: central nervous system 

CSF: cerebral spinal fluid 

CST: galactosylceramide sulfotransferase 

CT: chaperon therapy 

DABCO: 1,4-diazabicyclo[2.2.2]octane 

DAPI: 4',6-diamidin-2-fenilindolo 

DCX: doublecortin 

DRG: dorsal root ganglia 

ECM: extracellular matrix 

EGF: epidermal growth factor 

ER: endoplasmic reticulum  

ERT: enzyme replacement therapy 

FGF: fibroblast growth factor 

FW: forward 

GALC: galactocerebrosidase 



7 
 

GFAP: glial fibrillary acidic protein 

GFP: green fluorescent protein 

GLD: globoid cell leukodystrophy  

GT: gene therapy 

HE: heterozygous 

HIV: human immunodeficiency virus 

HLA: human leukocyte antigen 

HO: homozygous  

HRP: horseradish peroxidase 

HSPC: hematopoietic stem progenitor cell 

HSPC-T: hematopoietic stem/progenitor cell transplant 

IBA: ionized calcium-binding adaptor molecule 1 

ICV: intracerebro ventricular 

IFN-γ : interferon-γ  

IL: interleukin 

IP: intraperitoneal 

iPSCs: induced pluripotent stem cells 

IT: intrathecal 

IV: intravenous 

Kb: kilobase 

KO: knock out 

LSDs: lysosomal storage disorders 

LV: lentivirus 

LVhGALC: lentivirus human galactocerebrosidase  

LVmGALC: lentivirus murine galactocerebrosidase 

Ly6G: Lymphocyte antigen 6 complex locus G6D 

M6P: mannose 6 phosphate 

M6PR: mannose 6 phosphate receptor 

MAP2: Microtubule Associated Protein 2 
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MHC2: major histocompatibility complex 2 

MLD: metachromatic leukodystrophy disease 

MOI: multiplicity of infection 

MPS: Mucopolysaccharidosis 

MRI: Magnetic Resonance Imaging 

MSC: mesenchymal stem cell 

NBS: newborn screening 

NEUN: neuronal nuclei  

NHP: non-human primate 

NPC: neural precursor cell 

NPs: nanoparticles 

NSC: neural stem cell 

NSPCs: neural stem/precursor cells 

O/n: overnight 

OD: optical density 

OPCs: oligodendrocytes progenitor cells 

PAS: periodic acid–Schiff 

PAX6: paired Box 6 

PCs: pharmacological chaperones 

PDGFrß: platelet-derived growth factor receptor beta 

PFA: paraformaldehyde 

PGK: phosphoglycerate kinase 

REV: reverse 

RNA: Ribonucleic acid 

RT: room temperature 

SapA: saponin A 

SDF1: stromal cell-derived factor 1 

SIN: self-inactivating  

SLYM: Subarachnoidal lymphatic-like membrane 

SOX2: SRY-Box Transcription Factor 2 
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SRT: substrate reduction therapy 

SVZ: subventricular zone 

SYP: Synaptophysin 

TBI: traumatic brain injury 

TBST: Tris-buffered saline with Tween 20 

TEL: telenchepalon 

TELO: telomerase 

TGF-β: transforming growth factor-beta  

TGN: trans-Golgi network 

TNF: tumor necrosis factor 

TU: transducing unit 

TUBB3: Beta 3 tubulin 

TWI: Twitcher 

VCN: vector copy number 

Vs: versus 

WT: wild type 
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INTRODUCTION 

1. Lysosomal storage disorder (LSDs) 

1.1. Lysosomal storage disorder: general mechanisms  

Lysosomal storage disorders (LSDs) are more than 70 inherited metabolic disease. 

Many LSDs are transmitted via autosomal recessive inheritance, although three are 

inherited through X-linked patterns (1). LSDs are relatively common as a group, with 

an estimated incidence of 1 in 5,000 to 1 in 5,500, especially for those linked to 

defects in lysosomal enzymes or integral membrane proteins. However, each specific 

LSD is rare, with individual incidences estimated between 1 in 50,000 and 1 in 

250,000 live births (2). 

Lysosomes are crucial for the degradation and turnover of macromolecules such as 

carbohydrates, lipids, nucleic acids, and proteins. They also act as metabolic centers 

and are essential for regulating nutrient sensing, maintaining amino acid and ion 

balance, and managing calcium signaling (1). Lysosomes are constantly active, they 

frequently fuse with autophagosomes, phagosomes, and the plasma membrane. This 

dynamic behavior is essential for facilitating communication between cells, 

responding to infections, and preserving cellular homeostasis (2). Moreover, 

lysosomes form functional contact points with other organelles membranes to allow 

exchange of lipids, metabolites and ions. Therefore, is clear the crucial role of 

lysosomes in biochemical processes of the organism and how changes in the 

lysosomal state can lead to severe disorders (3). Mutation occurring in LSDs disrupt 

the normal processing and degradation of substrates, impair the transport of lipids 

and metabolites, and cause primary accumulation of undegraded macromolecules 

within lysosomes. When defects in non-enzymatic lysosomal proteins, such as 

transporters, occur, secondary storage is the cause of LSDs. 

Immune cells and in particular circulating monocytes and tissue macrophages, are 

primarily impacted in many lysosomal storage diseases (LSDs). These cells play a 

crucial role in clearing cellular debris, apoptotic and necrotic cells through 

phagocytosis. However, in LSDs, their phagocytic ability is compromised, leading to 

the storage of catabolic products. Therefore, the accumulation of macromolecules, 

derived by altered catabolism, triggers inflammation processing that led to disease 

progression (4).  The accumulation occurring inside lysosomes, primes a series of 

processes, including lysosomal membrane permeabilization, autophagy, oxidative 
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stress, mitochondrial dysfunction, release of damage-associated molecular patterns 

(DAMPs), which activate the innate immune system and activation of cell death 

pathway. The cumulative effects of lysosomal dysfunction, autophagy impairment, 

oxidative stress, inflammation, and defective signaling ultimately result in tissue 

degeneration (5). 

The activation of innate immune cells, such as microglia and blood-born 

macrophages in the brain and macrophages in peripheral tissues, significantly 

contributes to the advancement of LSDs (6). In response to damage-associated 

molecular patterns from dying or damaged neurons, activated monocyte-derived cells 

release cytokines and chemokines, which further recruit immune cells to the affected 

areas, thereby enhancing the inflammatory response (7).  

 

1.2 Classification of LSDs, clinical features and therapies 

Classical LSDs are caused by enzyme deficiency and can be classified based on 

the nature of the substrate accumulated in glycogenoses, glycoproteinosis, 

mucolipidoses, mucopolysaccharidoses, neuronal ceroid lipofuscinoses, and 

sphingolipidoses (8). 

In the table below is reported the list of most common LSDs. 

 

Table 1.  Classification of lysosomal storage disorders 

Group of LSD 

(Accumulated 

substrate) 

Disease Inheritance OMIM number 

Glycogenoses 

(Glycogen) 

 

• Danon Disease 

• Pompe Disease 

 

X-LD 

AR 

300257 

232300 

 

 

 

Glycoproteinoses 

(Glycoproteins) 

• Aspartylglucosaminuria 

Disease  

• Fucosidosis  

• Galactosialidosis  

• α-Mannosidosis  

• β-Mannosidosis  

• Schindler Disease  

• Sialidosis  

AR 

 

AR 

AR 

AR 

AR 

AR 

AR 

208400 

 

230000 

256540 

248500 

248510 

609241 

256550 

Mucolipidoses 

(Mucolipids) 

• Type I-IV  AR 252500 
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Mucopolysaccharidoses 

(Glycosaminoglycans) 

• Type I (Hurler Syndrome)  

• Type II (Hunter Syndrome)  

• Type III (Sanfilippo 

Syndrome)  

• Type IV (Morquio 

Syndrome)  

• Type VI (Maroteaux -Lamy 

Syndrome)  

• Type VII (Sly Syndrome)  

• Type IX (Natowicz 

Syndrome)  

• *MPS-Plus syndrome  

AR 

 

X-LR 

 

AR 

 

AR 

 

AD 

AR 

 

AR 

AR 

607014 

 

309900 

 

252920 

 

253000 

 

184095 

253220 

 

601492 

617303 

Neuronal ceroid 

lipofuscinoses 

(Lipofuscin) 

• Type I – VIII  AR 256730 

Sphingolipidoses 

(Sphingolipids) 

• Fabry Disease  

• Farber Disease  

• Gaucher Disease  

• GM1 Gangliosidoses  

• GM2 Gangliosidoses   

• Metachromatic 

leukodystrophy  

• Niemann-Pick A, B, C  

• Krabbe Disease  

X-L 

AR 

AR 

AR 

AR 

AR 

 

AR 

AR 

301500 

228000 

231000 

230500 

272800 

250100 

 

257200 

245200 

Others • Cystinosis  

• Cholesteryl ester storage 

disease  

• Free sialic acid deposition 

disorders  

• Multiple sulphatase 

deficiency  

• Pycnodysostosis  

AR 

AR 

 

AR 

 

AR 

 

AR 

219750 

278000 

 

269920 

 

272200 

 

265800 

 

Recently LSDs have been classified based on the molecular defect that causes the 

specific disorder (9). This classification includes six groups: 

1. non-enzymatic lysosomal protein defects 

2.  transmembrane protein defects (transporters and structural proteins) 
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3. lysosomal enzyme protection defects 

4. post-translational processing defects of lysosomal enzymes 

5. trafficking defects in lysosomal enzymes 

6. polypeptide degradation defects. 

In enzyme deficiency LSDs, the age at which symptoms first appear is usually 

influenced by the amount of residual enzyme activity, which is determined by specific 

genetic mutations. These conditions often affect multiple systems in the body and 

can manifest symptoms from the prenatal stage up to adulthood. Many enzyme 

deficiency LSDs involve CNS failure. Neurological symptoms are quite common in 

these patients(10). Accumulation of substrates in particular organs is the hallmark of 

some enzyme deficiency disorders, such as in the kidneys with Fabry disease, the 

heart with Pompe disease, or the mononuclear phagocyte system with Gaucher 

disease (10). 

Post-translational modification disorders, like multiple sulfatase deficiency and 

mucolipidoses II and III, arise from mutations in genes responsible for the 

biochemical modification of lysosomal hydrolases. Consequently, the clinical 

symptoms of these disorders are more widespread and share common 

characteristics with disorders caused by defects in specific lysosomal hydrolases. 

LSDs involving integral membrane proteins, like enzyme deficiency disorders, can 

affect the central nervous system and may be present in infancy, childhood, or 

adulthood. Typical symptoms include intellectual disability, ataxia, seizures, and 

spasticity(10). 

Although early diagnosis of LSDs is crucial for effective treatment, diagnosis of LSDs 

is often not straightforward due to the general symptoms of these disorders and 

because affected children are generally asymptomatic. Newborn and prenatal 

screenings are available in case of family history by using fluorometric enzymatic 

assays and more recently tandem mass spectrometry to measure enzyme activity 

(11). 

To date treatments exist for some LSDs (Figure 1), but for many of them there is no 

cure, and they are treated based on symptoms. Hematopoietic stem cell 

transplantation (HSCT) is the standard cure used for children with Hurler disease 

hampering the development of neurological symptoms(12). The aim of HSCT is to 
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supply bone marrow derived cells with normal levels of enzyme that replace the 

defective cells. The therapy is more effective in younger patients rather than older 

ones. It is used also for other LSDs where there are no other treatments like 

metachromatic (13) and globoid cell leukodystrophy (14,15). However, the results 

are less encouraging, HSCT is effective only if administrated before clinical 

symptoms start.  

Enzyme replacement therapy (ERT) (Figure 1) has been approved by FDA for some 

LSDs including Gaucher disease, Fabry disease, Pompe disease, lysosomal acid 

lipase deficiency and MPS I, II, IV, VI and VII (16). ERT relies on the cells' capability 

to uptake enzymes, through endocytosis. These enzymes can then be delivered to 

lysosomes via the fusion of endosomes and lysosomes. This therapeutic strategy is 

suitable only for soluble enzymes. Moreover, some organs are not accessible to the 

administration of the enzyme and the effect of ERT is transient. 

Substrate reduction therapy (SRT) (Figure 1) reduces the accumulation of substrate 

by using small molecules that inhibit the buildup of macromolecules. SRT has been 

approved for Gaucher disease type I by using drugs that inhibits upstream the 

biosynthesis of glycosphingolipids (17). SRT is used mostly for 

glycosphingolipidoses because biosynthetic inhibitors of other LSDs are still not 

known.  

Chaperon therapy (CT) (Figure 1) used to stabilize mutant enzyme, since many 

mutations occurring in lysosomal enzyme cause unstable protein that is rapidly 

degraded or has a reduced catalytic activity (18). CT is approved for Fabry disease 

(19). This therapy needs to be administered every other day to enhance the 

therapeutic effect and is expensive. 

Gene therapy (GT) (Figure 1) is based on the direct correction of patients’ cells to 

restore the expression of a functional enzyme. This can be achieved either by gene 

editing (correcting the mutated gene itself) or by gene transfer, where one or more 

copies of the functional gene are introduced into the patient's cells using a vector 

delivery system. These vectors are typically viral, such as adeno-associated virus 

(AAV) or lentivirus (LV), but non-viral systems like nanoparticles (NPs) can also be 

used (20–22). The transfer of the corrected gene can be obtained using in vivo or ex 

vivo GT approaches. In in vivo GT, the corrected gene is delivered directly into the 

patient's body. This can involve in situ administration via direct delivery into target 

tissues or systemic delivery via injection into the bloodstream or cerebrospinal fluid 
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(CSF), allowing the therapeutic gene to reach multiple tissues.  These approaches 

could be invasive and may lead to off- target gene transfer (23,24). In ex vivo GT, 

the patient's HSPCs are collected, transduced to express the missing enzyme (in 

vitro) and then reinfused (autologous HSPC transplantation) in the patient, where 

they can repopulate and function normally. It has the advantage of inducing the 

overexpression of the lysosomal enzyme in the donor cell populations, thus 

increasing its availability in the affected tissues after transplantation. Taking 

advantage of the LV-mediated insertion of a transgene into the patient’s HSPC 

genome ensures the transmission of the functional gene to the HSPC progeny and 

the maintenance of life-long gene correction. This approach is less challenging for 

the patients since requires a myeloablation treatment and avoids the need for an 

immunosuppressive regimen (25,26). Both in vivo and ex vivo gene therapy 

approaches are being explored in clinical trials for various lysosomal storage 

disorders (LSDs), such as: MLD, MPS including types I, II, IIIA, VI, Pompe disease, 

Fabry disease, Gaucher disease. An extraordinary example of ex vivo GT is the one 

applied for MLD, that reaches promising experiment for in phase I/II of preclinical 

studies by treating presymptomatic patients with autologous HSPCs transduced with 

LV encoding ARSA (27). The follow-up study  (28,29) displayed disease onset 

prevention or the progression was arrested in eight out of nine patients, providing 

evidence of the safety and efficacy of this approach that has been authorized under 

the commercial name Libmeldy in the European Union by the European Medicines 

Agency (EMA). Other studies have demonstrated encouraging results for gene 

therapy in LSDs, showing significant therapeutic benefits such as improved enzyme 

activity, reduced pathological symptoms, and enhanced quality of life in patients 

(21,22,30). 
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Physiology of the lysosome is at the basis of the therapeutic strategies 
proposed to treat LSDs. All these approaches aim to restore substrate 
production/cleavage balance in the lysosome (green semicircle in the 
center of the image). (Fernandez-Pereira et al., Biomolecules 2021) 

Figure 1. Therapeutic approaches in LSDs 
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2. Globoid cell Leukodystrophy  

Globoid cell Leukodystrophy (GLD), also called Krabbe disease, was described for the 

first time in 1916 by doctor Krabbe(31). It is classified as sphingolipidoses, among LSDs, 

due to the accumulation of sphingolipids in the central and peripheral nervous system 

(CNS, PNS). GLD is an autosomal recessive disorder characterized by an early-onset 

and rapid progression which led promptly to death. The pathological hallmarks of the 

disease are the white matter involvement (myelin loss), reactive astrogliosis and the 

infiltration of unique macrophages called globoid cell, from which derive the name. These 

cells contain periodic acid–Schiff (PAS)–positive inclusions and are mostly found in 

demyelination areas. Globoid cells are primarily located in the affected white matter but 

can also accumulate in gray matter. These latter are giants, multinucleated cells and 

exhibit macrophages/microglia-specific phenotype (32,33).  

GLD is caused by mutation in the lysosomal galactosylceramidase enzyme (GALC) 

gene. Various mutations, around 200, have been identified in the GALC gene of affected 

patients, with no clear genotype-phenotype correlation. It is known that large gene 

deletions (approximately 30 kilobases), truncations, frameshift mutations, and nonsense 

mutations are commonly associated with more severe phenotypes. The main GALC 

substrate is galactosylceramide (GalCer), which is localized in the myelin sheet, others 

are psychosine (galactosylsphingosine) and lactosylceramide. On the contrary to what 

is expected GalCer do not accumulate in the brain. It is well established that the disease 

occurs from the accumulation of psychosine. It is a molecule that derives from GalCer 

N-diacylation and by glycosylation of sphingosine. It is produced during active 

myelination and when GALC in present it is rapidly break down into galactose and 

sphingosine (34). Psychosine accumulation in the brain has crucial role in the 

pathogenesis of the disease (35). Although GalCer molecules do not accumulate in the 

brain, they enhance the infiltration of macrophages triggering the microglia response, 

formation of globoid cells and neuroinflammation leading to disruptions of myelin sheaths 

formation and damage of myelin. Overall, these factors result in deterioration of cognitive 

and motor functions in patients with GLD. 

Four different clinical forms of GLD can be distinguished according to the age of the 

onset of symptoms: 

1. early infantile (0 months - 6 months) 

2. late infantile (6 months – 3 years) 
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3. juvenile (3 years – 8 years) 

4. adult (8+ years) 

The early infantile form is the most severe and frequent; the incidence is of 1 in 100.000 

live births. The clinical course of early infantile form can be divided in three stages. Stage 

I is marked by hyperirritability, heightened sensitivity (hyperesthesia), fever, and some 

limb stiffness. During the first few months of life, the child becomes increasingly sensitive 

to auditory, tactile, or visual stimuli, often crying frequently. Early symptoms may also 

include delays or regression in psychomotor development, feeding difficulties and 

convulsive seizures. Stage II is characterized by a rapid and severe decline in both motor 

and mental functions. Hypertonicity becomes pronounced, with the legs extended and 

crossed, arms flexed, and the head arched backward. Tendon reflexes are notably 

hyperactive. Optic atrophy and sluggish pupillary responses to light are also common. 

Stage III can be reached within a short time. During this stage, the infant becomes 

decerebrate, blind, and unresponsive to the environment. Survival beyond 2 to 3 years 

is uncommon (36). The later-onset forms are highly variable, making diagnosis 

challenging. Late-onset globoid cell leukodystrophy is typically divided into two types: 

late infantile (early childhood) and juvenile (late childhood). In the late infantile group 

common early symptoms include irritability, psychomotor regression, stiffness, ataxia, 

and vision loss. The disease progresses rapidly, often leading to death within 2 to 3 years 

of onset. In the juvenile form patients frequently experience vision loss, along with 

hemiparesis, ataxia, and psychomotor regression. In adults, the condition may manifest 

as slowly progressive spastic paraparesis. Some adult patients may live a normal 

lifespan (37).  

 

2.1.  GALC gene and protein 

Human GALC gene is localized in the chromosomal region 14q3. The gene contains 

16 introns and 17 exons encoding a 3.8 kb mRNA that has four isoforms: isoform A; 

C; D precursor, and isoform X1 (38). Severe clinical manifestations of GLD are 

usually associated with huge mutations in the GALC gene. The 30‐kb deletion that 

start at intron 10 and extend beyond the end of the gene is a common mutation among 

patients with European ancestry (39). Two base substitutions, leading to the 

missense variants, 1586C>T; p.T529M and c.1700A>C; p.Y567S, are another 

frequently mutations found in European population and all together, these three 
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mutations are estimated to account for approximately 50%‐60% of pathogenic alleles 

in early infantile patients of European ancestry (40).  

The GALC protein is produced as an 80 kDa precursor and undergoes N-

glycosylation in the ER. In the Golgi, it is tagged with mannose-6-phosphate (M6P), 

which allows it to be recognized by the mannose-6-phosphate receptor (M6PR) in the 

trans-Golgi network (TGN). This recognition directs the protein to the lysosomal 

compartment. In the acidic lysosomal environment, the GALC protein is proteolytically 

cleaved into a 50 kDa N-terminal fragment and a 30 kDa C-terminal fragment, which 

then combines to form the active enzyme complex (41).  

GALC enzyme is a lysosomal hydrolase that break down GalCer, one of the main 

components of myelin, into galactose and ceramide (Figure 2 B). The functional 

enzyme is composed of a central dimer of Saponin A (SapA), the GALC co-factor, 

bound to two molecules of GALC, to form a heterotetrameric complex (42) (Figure 2 

A). The activator Saposin-A, a post-translation product of the prosaposin gene, is 

required to facilitate sphingolipid processing by presenting the galactose group to the 

GALC catalytic site. Diseases causing mutations are mostly, but not exclusively due 

to GALC gene alteration. In 2005, a patient with Krabbe disease due to Saposin-A 

deficiency was identified (43,44). 

The main substrates of GALC are galactocerebroside (GalCer) and its lysolipid 

derivative, psychosine (psy) (42). GalCer is a key lipid component of myelin, 

produced from ceramide by the enzyme ceramide galactosyltransferase (CGT) and 

from sphingosine by arylsulfatase A (ARSA). It is involved in pathways that regulate 

oligodendrocyte differentiation  (45) and axon-glia interactions (46), with its 

expression peaking during the period of active myelination—within the first 1.5 years 

after birth in humans, and between 15 to 25 days postnatally in rodents (38). Although 

GalCer can also be broken down by galactosylceramide sulfotransferase (CST), its 

levels remain similar between GLD patients and healthy individuals (38). Psychosine 

(psy) is generated through the transfer of galactose to sphingosine by CGT, the same 

enzyme responsible for GalCer synthesis (47), and from the deacylation of GalCer 

by acid ceramidase (ACD) (48). CGT is more highly expressed in myelinating cells 

compared to neurons, making oligodendrocytes more prone to psychosine 

accumulation (33). Unlike GalCer, psychosine cannot be degraded by other enzymes 

except GALC, leading to its progressive accumulation in the central nervous system 

(CNS) tissues of GLD patients. Under normal conditions, psychosine is present in 
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CNS tissues at nanomolar concentrations, but in GLD patients and animal models, it 

accumulates up to 100 times higher, reaching micromolar levels (49). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. GLD pathogenesis and diagnosis 

GALC deficit gives rise to defect in the myelin lipid degradation; GalCer is the main 

substrate and psy is the derivative toxic product. Suzuki in 1972 proposed the 

“psychosine hypothesis” to describe the GLD pathogenesis (35).This hypothesis 

suggests that the disease arises not only from the accumulation of the enzyme's 

primary substrate, due to the enzyme defect but also from the accumulation of the 

toxic metabolite: psy. The excessive accumulation of psychosine is toxic to myelin-

forming and neuronal cells, leading to their rapid degeneration. Neurodegeneration 

and neuroinflammation are the two main component of GLD. GalCer elicit the 

formation of globoid cells and it has been described that GalCer triggers the so called 

A) Two GALC molecules (cyan and magenta) and two SapA molecules 
(yellow and orange) are assembled in a pseudo-symmetric 2:2 
heterotetramer. B) The cleavage of galactocerebroside (GalCer) by 
GALC produces galactose and ceramide. (Hill et al., 2018). 

 

A 

B 

Figure 2. Crystal structure of the human GALC enzyme and Saponin 
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“globoid reaction” in GALC-deficient macrophages. This reaction involves an 

increased expression of proinflammatory cytokines and stress response effectors, 

highlighting the significant role of GalCer in the pathology of globoid cell 

leukodystrophy (GLD) and in the dysfunction of macrophages (50). On the other 

hand, psy accumulates in neurons and oligodendrocytes. In neuros psy lead to 

several detrimental effects including neurofilament dephosphorylation and axonal 

transport inhibition (51). In oligodendrocytes, which are more affected, psy 

accumulation result in disruption of cell membranes (52,53) impairment of 

mitochondrial and peroxisomal function (54), increase of cell death through apoptosis 

(54) (55), astrogliosis e microgliosis (37). Myelin and cellular debris from dead cells 

(neurons and oligodendrocytes in the CNS) activate microglial cells, which then 

become phagocytic and release pro-inflammatory cytokines like tumor necrosis factor 

alpha (TNF-α), interferon-γ (IFN-γ), and interleukin 1 beta (IL-1β). These cytokines 

further amplify microgliosis and trigger astrogliosis (32). This initiates a feedback loop 

where macrophage infiltration and the release of cytotoxic metabolites contribute to 

the progression of gliosis and inflammation, intensifying over time as demyelination 

worsens(32). Furthermore, immune cell infiltration is promoted by alteration in the 

blood-brain barrier (BBB), including increased permeabilization, for which psy is a 

major contributing factor (56) (Figure 3). 

GLD can be diagnosed through neuroimaging, nerve conduction studies, and by 

measuring GALC activity in leukocytes or cultured skin fibroblasts, or by measuring 

protein levels in the cerebrospinal fluid (CSF) (57). Severe reduction of enzyme 

activity, in the range of 0-5%, is common in GLD patients.  Brain computerized 

tomography (CT) or magnetic resonance imaging (MRI) typically reveals diffuse 

cerebral atrophy and demyelination. A strong peripheral neuropathy, assessed by 

reduced nerve conduction velocities, is present in all cases of early infantile GLD and 

in some patients with later-onset forms. In patients with early infantile form, a common 

30-kb deletion beginning in intron 10 and extending beyond the end of the gene 

(c.502T/del) is observed with an allele frequency of 40–45% in those of Northern 

European descent and 35% in individuals from Mexico and South America with 

Spanish ancestry (58)(59)This deletion is most prevalent in patients from Sweden, 

where it likely originated, accounting for 75% of mutant alleles. Homozygosity for the 

30-kb deletion or compound heterozygosity involving this deletion and another severe 

mutation is always associated with early infantile GLD (59). Additionally, two-point 
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mutations, c.1538C>T (p.T513M) and c.1652A>C (p.Y551S), represent another 10–

15% of mutant alleles in infantile patients of Northern European descent. The 

c.809G>A mutation, which substitutes glycine with aspartic acid at position 270, is 

found exclusively in cases of late-onset, though clinically variable, GLD, regardless 

of the accompanying second mutation (58). 

Newborn screening (NBS) programs are available. In 2006 New York was the first 

state to apply NBS for GLD, quantifying the GALC activity in dried blood spot of 

newborns. After, other ten states in the United States included GLD in their newborn 

screening program  (39). In Europe there are fewer NBS programs and up to date 

GLD is not one of them.  In Italy NBS programs are available for other LSDs (Pompe, 

Fabry and MPS-I disease) (60,61). Although NBS are very sensitive, false positive 

are possible and are not specific for the early infantile form, which is the most severe. 

NBS can detect infants with moderate levels of psy that will remail asymptomatic for 

years, developing the later onset form. This arises ethical concern about prognosis 

and how to treat these patients.  

 

Adapted from Suzuki 2003. 

 

Figure 3. Psychosine and Galactosylceramide in 
pathogenic cascade of GLD. 
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2.3. GLD animal models 

Animal models are fundamental to understand pathological mechanism of a specific 

disease and to test therapeutic approaches in preclinical studies. Different animal 

models of GLD, both naturally occurring and genetically modified exist. Among them 

are included mice, canine and non-human primates (NHP).  

The most widely used animal model is the Twitcher mice (TWI), which better 

resemble the early-infantile form of GLD. It is a naturally occurring mouse model. 

The non-sense mutation in the Galc gene (chromosome 12), that has no counterpart 

in humans (62), is responsible for a G>A transition at position 1017 of the cDNA. 

This leads to the formation of a premature stop codon (W339X) and the degradation 

of synthesized mRNA resulting in GALC enzymatic activity loss (63,64). Clinical 

phenotype is due to the autosomal recessive mutation in the GALC gene. 

Homozygotes mice start to show clinical sign around post-natal day 21 (P.21) and 

includes loss of wight and tremors, from which derive the name. The disease 

progress rapidly, with progressive muscle weakness and eventual paralysis, 

especially in the hind limbs and the neck muscle, the weight reaches one-third of 

normal mice until 35-40 day when the mice died (65). The heterozygotes mice, which 

carry one copy of the gene   are phenotypically normal. Pathological changes occur 

mainly in the nervous system. Until 15 days no neurological symptoms are present, 

even though they are already present inclusion in the oligodendrocytes and 

astrogliosis. Macrophages infiltration in the cerebral, cerebellar and brain stem white 

matter is evident from 20 days onwards. The pathological features of GLD in the 

human CNS include demyelination, the death of oligodendrocytes and neurons, and 

the infiltration of globoid cells. These characteristics are also present in the TWI 

model, which makes it a suitable model for studying GLD. In the PNS, nerve fibers 

result abnormal, thick and translucent. Schwann cells of myelinated fiber present 

GLD inclusion and astrogliosis, as in human (65).  

Another GLD mouse model is the trs mouse, a transgenic mouse carrying the H168C 

missense mutation, which result in 10%–20% of the normal wild-type (WT) GALC 

activity. It is similar to TWI mice, with a slightly slower storage of psy and a delay of 

the pathological feature of around 10 day (66)  

An inducible GALC KO mice was generated by using the GALC gene flanked by loxP 

site and the Cre/ERT2 system to induce GALC loss at different time points. It resulted 
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the earlier was the GALC KO more was severe the disease progression resembling 

the TWI mice (67).  

A GLD mouse model was also generated by knocking out the activator SapA, using 

the Cre/loxP system to introduce an amino acid substitution (C106F). These SapA–

/– mice develop a later-onset, chronic form of GLD, with symptoms typically starting 

around 2.5 months of age. The model shows severe involvement of the peripheral 

nervous system (PNS) and presents a phenotype that is like, but milder than, the 

canonical TWI model. This results in a slower progression of the disease and a 

longer survival time of approximately 122 ± 17 days (68).  

As far as canine model, in 1966 was identified for the first time the West Highland 

Terrier breed as a naturally occurring model of infantile GLD. In this model, reduced 

GALC activity is caused by a spontaneous missense mutation, Y158S, which leads 

to elevated psychosine levels throughout the nervous system. In GLD dogs 

symptoms start at 4–6 weeks of age, which include hind limb weakness, forelimb 

dysmetria, and tremor. Phenotypic sigs worse by 12 weeks of age, until reaching the 

endpoint at 16 weeks. At histological level this model shows myelin loss, astrogliosis, 

microgliosis, and globoid cell accumulatio similarly to what found in humans GLD 

(69,70). 

NHPs model for GLD are also available and share about 97% of their amino acid 

sequence with humans. This model is characterized by a complete lack of residual 

GALC activity. Phenotype typically is manifested between 3 to 6 months of age, with 

rapid disease progression leading to early death around 1 year old, resembling the 

early infantile form in humans (71). GLD animals display globoid cells in white matter, 

gliosis, demyelination in both the CNS and PNS, and reduced nerve conduction 

velocity (72) 

2.4. GLD therapeutic strategies 

So far there is no cure for GLD. Several therapeutic approaches have been tested 

on GLD animal model and patients obtaining some promising results. However, no 

one was able to arrest completely the disease progression because of the complex 

pathogenesis of GLD. 

Allogenic hematopoietic stem/progenitor cell transplantation (HSPC-T) 

The transplantation of allogeneic hematopoietic stem and progenitor cells (HSPCs) 

from bone marrow or umbilical cord blood is currently the standard treatment for 



26 
 

GLD. This approach aims to repopulate the patient's hematopoietic system with 

healthy donor cells that can migrate to affected organs and provide a lifelong supply 

of functional lysosomal enzymes. These enzymes help both locally and through 

cross-correction. In the brain, the most affected organ in GLD, HSPC-derived cells 

can engraft as macrophages or microglial cells. However, clinical evidence shows 

that while HSPC transplantation can delay disease progression if performed before 

symptoms begin, it does not stop the progression entirely. The outcome depends on 

the disease's severity at diagnosis, and the procedure carries risks due to the need 

for HLA-matched donors, myeloablation, and immunosuppression. Since this 

treatment is not curative, other therapies are under investigation also in preclinical 

studies. 

Enzyme replacement therapy (ERT) 

ERT consists of the intravenous injection of functional recombinant lysosomal 

enzymes. The major challenge with ERT is that recombinant enzymes are unable to 

cross the BBB and after systemic or direct intracerebroventricular (ICV) injection of 

the GALC enzyme, only a small amount reached the brain. This limits the therapy's 

effectiveness for GLD, on behalf of LSDs with predominantly peripheral 

manifestations, such as Gaucher and Fabry diseases (73,74). 

To specifically target the brain, Del Grosso and colleagues developed a strategy 

involving the intraperitoneal (IP) administration of nanoparticles (NPs) loaded with 

the GALC enzyme and engineered with brain-targeting peptides. This technique 

successfully increased GALC activity in the brain but did not reach the spinal cord 

(SC) or PNS (75)  

 

Substrate reduction therapy (SRT) 

Substrate reduction therapy (SRT) works by inhibiting biosynthetic enzymes that act 

upstream of the mutated enzyme, aiming to decrease the accumulation of 

undegraded substrates. One major advantage of SRT over enzyme replacement 

therapy (ERT) is its potential for oral administration and the lack of immune reactions.  

For GLD, subcutaneous administration of L-Cycloserine, which is an irreversible 

inhibitor of 3-ketodihydrosphingosine synthase (involved in sphingosine synthesis), 

can cross the blood-brain barrier (BBB). This treatment has demonstrated slight 

improvements in survival and reduction of pathological signs in TWI mice. When 

combined with therapies like hematopoietic stem cell transplantation (HSPC-T) or 
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gene therapy (GT) (76–78)these effects were enhanced. However, due to its toxicity 

at higher doses, L-cycloserine has not been approved for human use (79).  

 

Pharmacological chaperone therapy 

Pharmacological chaperone therapy, also called enzyme enhancement therapy, 

involves the use of small molecules known as pharmacological chaperones (PCs). 

These molecules bind to mutant proteins, supporting their proper folding, increasing 

stability, and improving cellular trafficking. The goal of this approach is to enhance 

the residual enzymatic activity of misfolded or unstable enzymes.  

PCs offer key advantages, including excellent biodistribution after oral 

administration, the ability to cross the blood-brain barrier (BBB), a reversible 

mechanism of action, and minimal impact on the patient’s overall quality of life. 

However, this therapy can only be applied to patients carrying mutations that 

respond to chaperones (80,81). 

For GLD, several potential candidates for PC therapy have been identified 

(74,82,83). Unfortunately, their selectivity for the GALC enzyme remains low, 

meaning that the concentration required to significantly enhance enzyme activity 

would be extremely high (32), leading to significant safety concerns. 

 

Stem cell-based therapy 

Different types of stem cells can be utilized for the treatment of LSDs. The rationale 

behind transplanting healthy donor mesenchymal stem cells (MSCs) or early neural 

progenitor cells (NPCs) is based on their immunomodulatory effects and ability to 

integrate into host tissues, offering a stable source of the missing enzyme  (84,85). 

This therapeutic strategy has been investigated in both preclinical studies and 

clinical trials. 

Systemic infusion or striatal injection of MSCs in TWI mice resulted in minimal clinical 

improvement and low levels of engraftment in the CNS (84,86). In contrast, when 

NPCs were injected directly into the CNS of TWI mice, they successfully engrafted, 

differentiating into neuronal lineages without disrupting brain cytoarchitecture. This 

makes NPC transplantation a promising therapeutic option. Injected NPCs restored 

GALC activity up to 50% of wild-type levels, not only in the telencephalon (TEL), 

where most donor cells engrafted, but also in the cerebellum (CB) and spinal cord 

(SC) (87) 
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Although NPCs significantly supply the enzyme and exhibit neuroprotective and 

immunomodulatory effects, NPC transplantation as a standalone therapy has only 

shown modest results, slightly delaying disease onset. However, it has not been 

sufficient to prevent disease progression, particularly regarding the severe 

demyelination of the peripheral nervous system (PNS) (85,87,88). 

 

Gene therapy (GT): in vivo and ex vivo 

The main aim of GT is to provide sufficient enzyme supply to the affected tissue. 

Several preclinical and clinical studies apply in vivo GT via intracerebral gene delivery 

mediate by viral vectors. Commonly, AAV and LV vectors are used. They have 

different cell/tissue tropism, molecules distribution, immune issues and insertional 

mutagenesis risk. Both vectors are indicated for CNS gene delivery; AAV vectors are 

limited by the size of the transgene that can be inserted but guarantee a higher 

enzyme dissemination than LV (89); LV vectors, instead, allow insertion of larger 

transgenes and show low immunogenicity (90). The advancement of third-generation 

self-inactivating (SIN) LVs has significantly enhanced the safety of gene therapy by 

drastically reducing the risk of insertional oncogenesis (91–93). 

Several experimental approaches using AAV have been employed in GLD murine 

models: intracerebral injections of AAV1-GALC (94) and AAV2/5-GALC (95) in pups 

GLD mice resulted in sustained expression of GALC activity and varying degrees of 

clinical and pathological improvement. The therapeutic effects were significantly 

enhanced by using multiple injections and routes. However, this raises safety 

concerns when considering clinical translation (96). AAV-mediated GT has been 

tested also on large animals. The study by Bradbury and colleagues evaluated the 

safety and efficacy of AAV-mediated GT in the canine model of GLD, using two 

different approaches: i) combination of Intravenous (IV) and Intracerebroventricular 

(ICV) injections; ii) single Intrathecal (IT) Injection. IV and ICV resulted in delayed 

onset of clinical signs, extended lifespan, correction of biochemical defects and 

reduced neuropathology. However, this approach did not fully prevent myelin loss or 

storage accumulation. The IT approach resulted in increased GALC enzyme activity, 

normalized psy concentration, improved myelination, and reduced inflammation in 

both the CNS and PNS. It prevented the onset of clinical neurological dysfunction, 

extending the lifespan of treated dogs beyond 2.5 years (97). High-dose AAV9-GALC 

into post-symptomatic dogs at 6 weeks of age significantly extended their lifespan. 
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This result suggests a promising treatment option for patients for whom hematopoietic 

stem cell transplantation (HSPC-T) is not suitable (98). AAV mediated GT has been 

evaluated also in NHPs demonstrating the feasibility of clinical translation (24). As far 

for AAV approaches, a single injection of LV-GALC into the white matter tracts of GLD 

mice provided a rapid and long-lasting source of the therapeutic enzyme, significantly 

improving CNS pathology. Importantly, this approach showed no adverse effects, 

immune responses, or signs of genotoxicity (90). In summary, both AAV and LV-

based gene therapies show promise in treating GLD mice, with AAV posing some 

safety concerns due to the need for multiple injections, while LV demonstrates fewer 

risks. 

Ex vivo GT consist in the engineered autologous transplantation of HSPC that are 

transduced to express the missing enzyme and then reinfused. Ex vivo GT in GLD 

has shown some benefits but also has notable limitations. This approach results in 

only moderate improvement in the pathological hallmarks of GLD and a slight 

increase in survival (99,100). The transplantation of HSPCs may not sufficiently 

rescue GALC activity because the engraftment and expansion of donor cells in the 

recipient's body is a slow process compared to the rapid progression of the disease. 

Moreover, GALC protein levels are generally low in the tissues, making it challenging 

to achieve significant overexpression(101). High doses and repeated treatments 

raise some concerns about safety.  

 

Combined therapy 

Various strategies have been explored in combination to enhance therapeutic 

outcomes. These strategies often integrate bone marrow transplantation (BMT) with 

other treatment modalities. Combining BMT with SRT aims to address the disease by 

both replenishing the deficient enzyme through stem cell-derived cells and reducing 

the accumulation of toxic substrates. This approach has shown some promising 

results (102). BMT with ERT seeks to complement the effects of BMT with additional 

enzyme supplementation, either systemically or directly into the cerebrospinal fluid 

(intrathecal) to target the CNS more effectively (103). BMT with 

Intracerebral/Intrathecal AAV Vector Injection aim to provide localized gene therapy 

in addition to the systemic benefits of BMT (104,105). BMT with Systemic Injection of 

LV can help in delivering the therapeutic gene throughout the body, including the CNS 

(106) SRT with Multiple Intracerebral AAV Injections seek to enhance the overall 
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efficacy by addressing substrate accumulation while providing a sustained gene 

therapy effect (76). 

These combined therapies aim to tackle GLD from multiple angles, addressing both 

enzyme deficiencies and substrate accumulation. Each approach presents distinct 

advantages and limitations, and continuous research is crucial to identify the optimal 

combination and delivery methods to enhance patient outcomes. 
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3. Meninges 

Meninges are three membrane layers: the external dura mater, in the middle the 

arachnoid mater and the inner pia mater. Recently Mollgard et al. have shown the 

presence of a fourth membrane layer that they called subarachnoid lymphatic-like 

membrane (SLYM) (107). In the past meninges have been thought to have merely 

protective and structural functions. Now it is known that meninges play a critical role in 

the development of brain cortex (108), cerebellum (109) and hippocampus (110). 

Primitive meninges appear very early during development together with the neural tube 

formation and(111) brain vasculature (112). 

Moreover, meninges are heterogeneous tissue which host different cell populations, 

including resident immune cell, neural precursors cells, stromal cell and endothelial cells 

(113). Meninges have been described to have multiple roles; i) they secrete molecules 

necessary for the neural precursor cell maturation and migration; ii) are involved in the 

cerebrospinal fluid (CSF) dynamics; iii) are involved in neuro immune interaction.  

 

3.1. Meninges: anatomical composition and distribution 

The meninges consist of three layers surrounding the CNS (brain and spinal cord). 

Dura mater is collagenous membrane about 1 mm thick. It consists of an outer 

periosteal layer (adhering to the skull) and an inner meningeal layer (dura mater 

proper). These layers are mostly fused but separate at sites of venous sinuses, where 

venous blood drains from the brain. Dura mater folds into regions called dural 

reflections that partition the brain into subregions. Examples include the falx cerebri, 

which separates the two cerebral hemispheres, and the tentorium cerebelli, which 

divides the cerebellum from the cerebral hemispheres. The dura is composed of 

densely packed collagen fibers with embedded arteries, veins, and lymphatic vessels 

(114,115). The arachnoid mater is a thin, translucent membrane made of a few layers 

of flattened cells. Below the membrane there is a net of spongy connective tissue, 

composed of collagen fibers and fibroblasts. This trabecular network forms the 

subarachnoid space, which is traversed by blood vessels and filled with cerebrospinal 

fluid (CSF) (Figure 4 A) (116,117). Pia mater the innermost, delicate layer, typically a 

single layer of cells that closely follows the brain's surface it allows blood vessels from 

the subarachnoid space to branch into the brain. Beneath the pia lies the pial 

basement membrane, a sheet of extracellular matrix containing laminins, collagen IV, 

heparan sulfate and other molecules (116,118)This membrane forms the boundary 
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between the meninges and the brain's parenchyma. These layers work together to 

protect the brain and spinal cord while providing pathways for blood vessels and CSF 

circulation.  

The meninges not only envelop the brain but, upon closer ultra-structural 

examination, demonstrate an extensive distribution throughout various brain regions. 

They extend deeply into structures such as the cerebral hemispheres and the 

hippocampus, with a significant portion of the brain's stroma being composed of 

meninges (116,119,120). The pia mater projects into the stroma of the choroid plexus 

and continues as a meningeal extension beneath the hippocampal formation. 

Additionally, the pia mater forms the non-neural roof of the third, lateral, and fourth 

ventricles (116,117). A pial sheath surrounds the major arteries entering the cerebral 

cortex, and both the pia mater's basement membrane and the glia limitans 

accompany these penetrating arterioles, forming the blood-meningeal barrier 

(121,122). The perivascular space, situated beyond the arteriolar endothelium, is 

separated from the brain parenchyma only by the pia mater’s basement membrane, 

which lacks tight junctions. Cerebrospinal fluid (CSF) flows through these 

perivascular spaces and into the brain parenchyma, facilitating the drainage of 

extracellular metabolites via the glymphatic system (123) (Figure 4 B). Given its 

widespread presence throughout the brain, the meninges may have functions far 

beyond simple protection. 

Meninges are composed of a diverse population of cells. Under normal conditions, 

the leptomeninges host three primary groups of cells: resident stromal cells (such as 

pericytes, telocytes, smooth muscle cells, fibroblasts, and pial cells), resident immune 

cells (including border-associated macrophages, dendritic cells, and mast cells), and 

more recently discovered, neural precursors (113,124–130). 
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3.2. Meninges as a neural stem cell niche 

The meninges play a vital role in brain development and are closely associated with 

brain parenchyma at various levels. They exhibit many niche-like features, and 

numerous studies have identified neural progenitors within the meninges.  

Meninges develop alongside the brain, appearing as soon as the neural tube forms. 

Their widespread distribution in the brain, blood vessels without tight junctions, 

access to CSF, and hosting of a diverse cell population underscore their potential as 

modulators of CNS function. Key factors influencing NSCs, such as fibroblast growth 

factors (FGFs), transforming growth factor-beta (TGF-β), and bone morphogenetic 

proteins (BMPs), are found in the meninges, either entering from the blood, CSF, or 

being secreted by meningeal cells themselves (113,131,132) Signaling molecules 

like SDF-1, insulin-like growth factors (IGFs), BMP 4, BMP 7, TGF-β, and vascular 

endothelial growth factors (VEGFs) are also present in neurogenic niches and are 

crucial for NSC migration, homing, proliferation, and differentiation (113,117,133–

135). Moreover, studies show that meninges-secreted factors promote NSC 

proliferation and differentiation in vitro (136). 

The meninges’ extracellular matrix (ECM) contains fibronectin, laminin, collagens IV 

and XV, and heat shock proteins (HSPs) such as perlecan, agrin, and N-sulfated 

heparan sulfate. The ECM is organized into fractones, which sequester and 

A) Schematic representation of human coronal brain section with overlying skull, dura mater and 
leptomeninges (arachnoid and pia mater). 1) Zoom in the meningeal cell composition; 2) Zoom in on 
the lack of BBB between meninges, that form the perivascular space around vessels, and brain 
parenchyma. B) CSF within the subarachnoid space flows into brain specifically via periarterial space 
formed by meninges. (Ampie et al., Immunity 2022; Louveau et al., JCI 2017) 

Figure 4. Meninges composition and glymphatic pathway. 
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concentrate growth factors like epidermal growth factors (EGFs), IGFs, FGFs, 

chemokines, and morphogens, creating a gradient that helps recruit and guide NSCs 

(113,117,137). This organization is like other well-studied neurogenic niches. 

Multiple studies have identified neural precursors in the meninges expressing 

markers such as nestin, glutamate aspartate transporter (GLAST), SOX2, and 

doublecortin (DCX) at various developmental stages, including in adults under both 

normal and pathological conditions (124–130). PAX6, a marker of radial glial cells in 

the ventricular zone, has also been detected in the meninges during both 

development and adulthood (125). Lineage tracing and birth dating experiments 

revealed that neurogenic radial glia-like cells appeared in the meninges during 

embryonic stages (E13.5-E16.5), remained dormant until birth, and later migrated to 

the cortex, giving rise to mature cortical neurons (125). Other research demonstrated 

that neural precursors from the meninges migrated to the cortex and differentiated 

into oligodendrocyte precursor cells (126)(Figure 5 A-B). 

Additionally, neural precursors have been isolated from the meninges of the adult 

brain and spinal cord and were shown to differentiate into neurons and 

oligodendrocytes in vitro (124,126,130,133). These neural precursors are widely 

distributed across the adult brain and spinal cord meninges (113). Overall, meninges 

possess neurogenic niche features and retain neural precursors from embryonic 

stages through adulthood under physiological conditions. Importantly, the role of 

meninges is not limited to normal conditions. Studies have shown an increase in 

cells expressing neural precursor markers in the meninges following pathological 

events like stroke, spinal cord injury, epilepsy, and progressive ataxia (127,128,138). 

A recent study using single-nucleus RNA sequencing on the leptomeninges of adult 

mice after stroke identified a cluster of radial glia-like cells (139).  

3.3 Meninges in neurological diseases 

In pathological conditions, the meninges thicken, with increased proliferation of 

stromal cells and neural precursors. Neural precursors migrate from the meninges 

to injured areas of the brain and spinal cord, contributing to neural repair processes.  

Alongside the activation of resident immune cells, blood-derived immune cells like 

monocytes, lymphocytes, and neutrophils are also recruited to the area (113).  

Studies have shown an increase in cells expressing neural precursor markers in the 

meninges following pathological events like stroke, spinal cord injury, epilepsy, and 

progressive ataxia (127,128,138). (Figure 5 A).  
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Meninges not only act as a protective barrier but also actively engage in disease-

modifying responses. They can release cytokines, chemokines, and growth factors 

in response to CNS damage, which modulates local immune responses and 

neuroinflammation. This responsiveness indicates that the meninges may create a 

favorable environment for CNS regeneration. Evidence from studies on 

neurodegenerative conditions and traumatic brain injuries (TBI) further underscores 

this role, as meningeal cells contribute to neurovascular remodeling and scar 

formation, impacting CNS repair processes (140,141). 

After spinal cord injury, Nestin-positive cells in the meninges show enhanced self-

renewal and proliferative capabilities, with DCX-positive cells emerging in the adult 

spinal cord meninges (133) (Figure 6 B). The neurogenic potential of meningeal 

NSCs was further highlighted in a model of adult progressive cerebellar 

degeneration with early onset microgliosis (142). In this model, the transplantation 

of human cerebellar granule neuron precursors (GNPs) into the cerebellum 

stimulated the proliferation of endogenous nestin-positive precursors in the 

meninges 

Similarly, in an animal model of epilepsy using amygdala kindling, strong activation 

of nestin-expressing cells was observed in the meninges (127). Genetic ablation of 

nestin increased susceptibility to kindling.  

The neurogenic potential of neural stem cells (NSCs) located in the meninges 

extends beyond the generation of neurons, as recent findings suggest these cells 

also have the capacity to produce oligodendrocytes in the adult brain. In a study by 

Dang and colleagues (2019), transient ablation of oligodendrocyte progenitor cells 

(OPCs) in the adult brain triggered a robust activation of NSCs within the cortical 

meninges. This was observed using an inducible transgenic mouse model in which 

the expression of platelet-derived growth factor receptor-alpha (PDGFRα), a key 

marker for OPCs, was knocked out in all cells following tamoxifen administration. 

After five days of tamoxifen treatment, OPCs were eliminated. Interestingly, just 

three days post-treatment, clusters of repopulating PDGFRα+ OPCs began to 

emerge. These clusters were found not only in the meninges and perivascular 

regions but also within the brain parenchyma. The newly formed OPCs were highly 

proliferative and exhibited the typical morphology of immature OPCs (Figure 5 B) 

(126). At a later stage, some of the cells derived from the meninges also began to 

express myelin proteins, indicating that these cells may contribute to the pool of 
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myelin-forming cells in the brain. By using transgenic mice, it was possible to 

demonstrate that most of the meningeal-derived OPCs arise from Nestin+ cells 

(126).   

Overall, meninges are a promising site for intervention in regenerative medicine, 

given their extensive roles in neural repair and immune modulation in neurological 

diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) Schematic representation showing the meningeal environment in the central nervous system 
pathological conditions. B) The injury induced meningeal-derived neural cell contribution to three 
different pathological conditions. In the upper right panel, following transient depletion of 
oligodendrocyte precursor cells (OPCs), meningeal derived OPCs migrate to the injured 
parenchyma and differentiate into oligodendrocytes; modified from Dang and others (2019). In the 
middle right panel, following spinal cord injury, meningeal neural precursors (nestin+, red) migrate 
to the glial scar site; modified from Decimo and others (2011). In the lower right panel, after brain 
stroke, meninges increase the expression of nestin- and DCX-positive cells, which migrate to the 
injured cortex and potentially contribute to cortical regeneration/repair; modified from Nakagomi and 
others (2012). 

A B 

Figure 5. Meningeal neural progenitors in diseases. 
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AIM OF THE THESIS 

Globoid Cell Leukodystrophy is a severe and rare lysosomal storage disorder resulting from 

a deficiency in the enzyme GALC. The disease manifests most severely in its infantile form, 

characterized by rapid progression and significant neurological decline. 

In this work I considered GLD from a completely new perspective, changing the focus from 

the neurons and oligodendrocytes to non-parenchymal brain cells: the meninges. Meninges 

are the stromal compartment of the brain and have multiple roles in the maintenance of brain 

homeostasis both in physiological and pathological conditions.  

The main aims of my PhD project are: 1. to study the involvement of meninges in the 

pathogenesis and progression of GLD; 2. to test meninges as a new site for gene therapy 

(GALC lentiviral transduction); 3. to assess the efficacy and safety of LV-GALC 

overexpression in somatic adult human meningeal NPCs. 

In this thesis I studied the modification of the meningeal cell distribution and composition 

during GLD onset and progression in the Twitcher mice, an animal model of GLD that 

recapitulates the severity and the rapid progression of the human pathology. At different 

time points (early pre-onset, pre-onset, onset and advance state of the disease), I have 

evaluated changes in phenotype and number of immune cells and neuronal precursor cells. 

Then, I exploited meninges as a new and complementary way of LV administration. This 

approach allows functional GALC enzyme to the brain through both transduced meningeal 

cells, since CSF directly flow from the perivascular space to the brain parenchyma, cross-

correct parenchymal cells and reduce brain inflammation; and trough meningeal-derived 

neurons in the cortex as a source of cerebral neurons producing GALC enzyme that cross-

correct neighboring cortical neurons 

Finally, I assessed the feasibility, safety and efficacy of LV-hGALC transduction and 

potential GALC overexpression in human meningeal NPCs and human meningeal-derived 

neurons. I have investigated the safety of LV-hGALC overexpressing human meningeal 

NPCs in terms of cell survival, proliferation, migration and neuronal differentiation potential. 
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MATHERIAL AND METODHS 

 

1. Animals 

Mouse colonies are maintained in the animal facility of Lita, University of Milan Italy. All 

procedures are performed according to protocols approved by the Animal Care and Use 

Committee. Authorization n°433/2020. 

1.1. Twitcher mouse model 

The TWI (twitcher) mouse model is a well establish model used to study Krabbe 

disease, a severe neurodegenerative disorder caused by mutations in the Galc gene. 

This model has a specific autosomal recessive mutation in the Galc gene, leading to 

a premature stop codon at position 355 (p.W355*) due to a G to A transition (65). As 

a result, these mice have no residual GALC (galactocerebrosidase) enzyme activity. 

TWI mice have a C57BL/6J genetic background (Jackson laboratory, Bar Harbor, 

Maine, 04609, USA). Heterozygous (HE) mice, which carry one copy of the mutant 

allele, have a normal phenotype with approximately 50% of normal GALC enzyme 

activity and are indistinguishable from wild-type (WT) mice. However, homozygous 

TWI mice, carrying two copies of the mutant allele, develop a progressive and severe 

neurological phenotype. These mice are bred by mating HE mice, as homozygous 

TWI mice do not survive long enough to reproduce and have abnormalities in 

spermatogenesis (143). The offspring from these matings include homozygous TWI, 

HE, and WT mice.  

Phenotypically, TWI mice appear normal at birth but begin to show signs of disease 

around postnatal day 21 (P.21). Early symptoms include mild tremors and initial hind 

limb paralysis. The disease progresses rapidly, leading to severe tremors, weight 

loss, paralysis, and muscle wasting by around P.30. Mice do not survive more than 

35-40 days (65). These mice exhibit significant demyelination in the peripheral 

nervous system (PNS) and in the central nervous system (CNS) (144).  

In this study males and females were both used and randomly distributed in the 

experimental groups. 
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1.2. Genotyping of TWI mice by PCR 

The genotype of the newborn mice is determined by polymerase chain reaction 

(PCR), specifically targeting the twitcher mutation.  

To perform the PCR, the DNA is extracted from mouse phalanges biopsies obtained 

at P.7 for the analysis at P.21 and P.30 or from tail biopsies obtained before sacrifice 

for the analysis at P.1 and P.10. Tissues are digested in 100 μl of lysis buffer at 56°C 

overnight. Details of the lysis buffer are shown in the table below (Table 2). 

 

Table 2. Details of lysis buffer composition 

 

 

 

 

 

The following day, the samples are homogenized with a pipette tip p1000, incubate 

for 1 hour at 65° and then at 95° for 10 minutes to inactivate the Protease K. 

The genotype is determined by PCR followed by amplified fragment digestion at 37 

°C for 1 hour. The forward primer (FW) for the reaction is designed on an intronic 

sequence 230 base pair (bp) upstream the mutation (FW: 5’ 

CACTTAATTTTCTCCAGTCAT-3’), while the reverse primer (REV) has a 

complementary sequence of the exon downstream the mutation site (REV: 5’- 

TAGATGGCCCACTGTCTTCAGGTGATA-3’). The mutation forms a restriction site 

for the enzyme EcoRV. Details of the PCR and digestion reactions are shown in 

Tables 3 and 4. 

 

Table 3. Details of PCR reaction mix component and thermal cycle used for TWI genotyping. 

PCR reaction Mix Thermal cycle 

 Volume (µl) Provider  

Step1 

 

95°C 

 

5 min 

 

1 cycle DNA 1 (from 

digestion) 

 

Go Taq 

Reaction 

Buffer 5x 

 

5 

Promega  

 

 

 

95°C 

 

30 sec 

 

 

 

 

Volume (µl) Provider 

BUFFER 5X 20 Promega 

Protease K (20mg/ml) 2 Sigma 

dH2O Up to 100  
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dNTPs 10 

mM 

 

0.5 

Promega  

 

Step 2 

 

 

 

56°C 

 

 

30 sec 

 

 

30 cycles FW Primer 

10µM 

 

0.5 

Eurofins 

REV primer 

10µM 

 

0.5 

Eurofins  

 

72°C 

 

 

30 sec Go Taq 

polimerase 

 

0.2 

Promega 

MgCl2 25mM 1.5   

 

Step3 

 

 

72°C 

 

 

5 min 

 

 

1 cycle 

H2O 

nuclease 

free 

 

up to 25 µl 

  

Table 4. Details of enzymatic digestion following PCR. 

Digestion reaction mix 

 Volume (µl) Provider 

DNA 20 (from PCR product)  

NEBuffer 3.1 2.5 Biolabs 

EcoRV 20000U/ml 0.7 Biolabs 

H2O nuclease free Up to 25  

 

After EcoRV digestion, the PCR products are separated by electrophoresis in 3% 

Low Range Ultra Agarose gel (Bio-Rad, 1316107). WT DNA results in the generation 

of a band of 260 bp; HE shows 2 bands, one corresponding to the WT allele (260 

bp) and the other corresponding to the mutant allele (234 bp); HO shows only the 

band corresponding to the mutant allele (234 bp). Representative image of agarose 

gel showing the three different genotypes is illustrated below. 

 

 

 

 

HE WT HO 

260 bp 
234 bp 
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2. Lentiviral vector 

The lentiviral vectors (LVs) used in this work were provided by Prof. Angela Gritti’s group 

(SR-Tiget, IRCCS San Raffaele Scientific Institute). For meningeal transduction in vivo, 

monocistronic LVs expressing murine GALC (LV-mGALCmcherry) or the GFP cDNAs 

(LV-GFP), as control, under the PGK promoter have been used. For hM-NPCs 

transduction in vitro I used monocistronic LVs expressing human GALC (LV-hGALCmyc) 

or the GFP cDNAs (LV-GFP) under the control of the PGK promoter. Procedures 

regarding LV preparation and titration have been previously described (145). 

In the table below are shown titration and suspension of LVs used. 

 

Table 5. Titer and suspension of LVs used 

Vector Titer 

(TU/ml) 

LV suspension used (TU/ml) 

LV-mGALCmcherry 1.11x109 2x106 (in vivo) 

LV-hGALCmyc 4x109 2x106 (in vivo) 

LV-GFP 2.93 x109 2x106 (in vivo and in vitro) 
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3. In vivo and ex vivo studies 

3.1. LV meningeal injection 

TWI and WT P.0/P.1 pups were anesthetized by hypothermia. Lentiviral suspension 

was loaded into a previously pulled glass capillary. The skull was carefully holed and 

2-3 µl of LV-mGALCmcherry or LV-GFP, diluted in 0.05% FastGreen 1:10 (Sigma), 

were injected into the subarachnoid space at lambda level (125). Fon injection the 

FemtoJet injector (Eppendorf, Hamburg, Germany) have been used. After injection, 

mice were left recovery in their own nest under infrared light lamp. When they were 

awake, they went back into the cage with their mums. Treated and control mice were 

then sacrificed at P.30 and tissue were processed as described in paragraph 3.3. 

3.2. Behavioral test  

3.2.1. Hindlimb clasping 

Hindlimb clasping has been shown to occur in various neurodegenerative mouse 

models (146). For this test, P.30 mice were suspended by the base of the tail 

and videotaped for 10–15 seconds. Hindlimb clasping was rated from 0 to 4 

based on severity by blinded operator.  0= hindlimbs splayed outward and away 

from the abdomen (normal behavior); 1: partial closure of the hind limbs, but not 

complete, with the legs starting to bend toward the body; 2: moderate closure, 

the hind legs are halfway bent toward the body; 3: strong closure, the hind limbs 

are strongly bent and touch the body or come close to each other; 4: total 

closure, the hind limbs are completely folded against the body. 

 

3.2.2. Footprint gait analysis 

For the gait analysis, hind- and fore-paws were coated with blue and red 

nontoxic food dye, respectively. Mice were then allowed to walk along a 30 cm‐

long, 10 cm wide runway with 15 cm‐high walls with white paper lining the floor, 

into the nest. The footprints were analyzed for stride length (the distance 

covered by the same hind paw), the stride width (the distance from one hind-

limb that intersects perpendicularly with the line for stride length on the 

contralateral hind paw) (146).  
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3.3  Tissue collection and processing  

Twitcher and wild-type (P.10, P.21 and P.30) mice were anesthetized with Ketamine-

Xylazine (100 and 10 mg/Kg, respectively) and intracardially perfused via the 

descending aorta with PBS1X and then 4%PFA. Pup mice (P.0) were anesthetized 

by hypotermia and decapitated. After, the skull is removed, the brain is collected and 

put in 4%PFA (paraformaldehyde) overnight or 48 hours (P.0 pup mice). The 

following days, the PFA is removed and after washing in PBS, brains are left in 30% 

sucrose in PBS solution until their use. For immunofluorescence analysis, brains were 

embedded in Tissue-Tek O.C.T. compound (Sigma) and deep-freezing on dry ice. 

Serial sagittal sections (30 µm) were cut in a cryostat (Leica, Heidelberg, Germany) 

and mounted onto SuperFrost slides (Fisherscientific). The immunofluorescence 

protocol is below (see paragraph 3.4). 

3.4 Immunofluorescence analysis  

Tissue: after a single wash with PBS (10 minutes), sagittal brain sections were 

incubated with blocking solution containing 2% BSA, 0.25% Triton X-100 in PBS for 

30 minutes (RT) and then incubated o/n at 4°C with the primary antibodies diluted in 

blocking solution. The following day, after 5 washes (5 min each), antibody staining 

was revealed using species-specific fluorophore-conjugated secondary antibodies 

diluted in blocking solution (RT, 4 h). Nuclei were counterstained with DAPI (10 min 

at RT) and after a single wash in PBS (5 minutes), slides were mounted using 

Prolong gold mountant (Thermofisher). Samples incubated only with secondary 

antibodies were used as negative controls. The primary and secondary antibodies 

are listed in table 7. 

Cells: cells were fixed in 4% PFA (10 minutes), rinsed with PBS, 2% BSA, 0.25% 

Triton X-100 in PBS for 30 minutes (RT) and then incubated 2 hours at 4°C with the 

primary antibodies. After 5 washes (5 min each), antibody staining was revealed 

using species-specific fluorophore-conjugated secondary antibodies diluted in 

blocking solution (RT, 1 h). Nuclei were counterstained with DAPI (10 min at RT) and 

after a single wash in PBS (5 minutes), coverslips were mounted on glass slides 

using Prolong gold mountant (Thermofisher). Cells incubated only with secondary 

antibodies were used as negative controls. The primary and secondary antibodies 

are listed in table 7. 
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Organoids: organoids were put on a 96-well plate and fixed in 4% PFA (15 minutes), 

rinsed with PBS, 2% BSA, 0.25% Triton X-100 in PBS for 1 hour (RT) and then 

incubated o/n at 4°C with the primary antibodies. After 5 washes (5 min each), 

antibody staining was revealed using species-specific fluorophore-conjugated 

secondary antibodies diluted in blocking solution (RT, 5 h). Nuclei were 

counterstained with DAPI (10 min at RT) and after a single wash in PBS (5 minutes), 

organoids were left in DABCO (sigma) until the acquisition. Cells incubated only with 

secondary antibodies were used as negative controls. All the washes and 

incubations were performed in mild shaking. The primary and secondary antibodies 

are listed in table 7. 

3.5 Confocal imaging 

Z-stacks were acquired at 10X, 40X and 63X magnification (scale bars are specified 

in the figure legends) with a Leica TCS SP5 and Leica Stellaris DLS confocal 

microscopes.  To describe the pathology in TWI meninges, images were acquired 

on cortical meninges and meningeal substructures (meninges penetrating the brain 

underneath the hippocampus) at 40X magnification (125) To evaluate the effect of 

LV-hGALCmyc in TWI brains, images were acquired on cortex, cerebellum and 

brainstem at 10X magnification to cover all the specific brain region (87).   

3.6 Cell count and image analysis 

Confocal images were analyzed with ImageJ software. In the meninges to count 

immunoreactive cells, which were normalized on the total number of nuclei, cell 

counter tool was used. Cells were counted in 3–5 non-overlapping fields/slices, 2–3 

slice/animal, n=3-4 animals. In the brain to count immunoreactive area, was set a 

threshold equal for all the images. Immunoreactive area was measured by 4 non-

overlapping fields/brain region, 3 brain region/animal, n= 4 animals. In organoids 

area fraction was calculated. The area was measured on 3–5 non-overlapping 

fields/slices, 2–3 slice/organoid, n≥ 3 organoids. 

3.7 Statistics 

All data were analyzed with Graph Pad Prism version 10.3 and expressed as the 

mean ± standard deviation (SD). Two-tailed unpaired Student’s t test, for two 

datasets, or One-Way ANOVA, for multiple datasets, are used (statistical 

significance: p<0.05). The number of samples and the statistical tests used are 

indicated in the legends to each figure (see Results). 
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4. Human meningeal NSPCs transduction and characterization 

4.1. Ethical statement 

This study was carried out according to the tenets of the Declaration of Helsinki. Fresh 

human brain samples were obtained from Humanitas research Hospital according to 

the ethical approvement by IRCCS Humanitas prot. Nr. 400/19. Human brain portions 

were resected for surgical reasons and were found disease-free after molecular, 

morphological and pathological investigation. 

4.2. Isolation of NSPCs from human brain meninges (hM-NSPCs) 

The meninges were peeled from the brain tissue, using the tweezers, as neatly as 

possible and cut into small pieces in cold PBS1X containing 1% of antibiotics 

(penicillin and streptomycin). Meninges along with PBS were transferred to the MACS 

C-tube. The MACS C-tube was centrifuged at 300g for 5 minutes and excess PBS 

was removed leaving only 5ml PBS in the tube. Enzymatic digestion (collagenase 

200 U/ml, accutase (1X) and mechanically dissociated. Finally, MACS C-tubes were 

centrifugate at 300g per 5 minutes, the supernatant removed, and the pellet 

resuspended in DMEM-F12 with 20ng/ml of fibroblast growth factor (FGF) and 

epidermal growth factor (EGF). When cell colony started to appear, cells were 

dissociated in accutase and maintained in culture with DMEM-F12 with 20ng/ml 

growth factors. 

4.3. LV transduction of meningeal NSPCs 

To transduce hM-NSPCs with a LV-hGALCmyc or LV-GFP, 1x105 cells/well were 

plated in 6-well plate. The following day the media was removed and fresh media 

containing the vector (MOI=20) was added (for vector titer see table 5). After 24 

hours the media was removed, and new fresh media was added. Transduced cells 

were expanded and cryopreserved for further experiments. 

4.4. Quantification of the vector copy number (VCN) 

The VCN analysis is set up to determine the number of integrations into genomic 

DNA. VCN is determined through qPCR made by TaqMan and analyzed by absolute 

quantification. Genomic DNA from hM-NSPCs was extracted from cellular pellets 

(mini kit Qiagen), following the manufacturer’s instructions. DNA was quantified by 

260/280 nm optical density (OD) reading on the NanoDrop ND810 

Spectrophotometer (Euroclone). CEM#41 cell line, which contain a unique copy of 
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HIV, was used for the standard curve (five serial dilutions have been prepared), and 

CEM#37 cell line, which contain 4 copies of HIV, was used as positive control. 

Human telomerase was used as a control gene. Each sample was run in duplicate 

in a total volume of 25μl/reaction. Details of the qPCR reactions are shown in Table 

6. 

 

Table 6. Details of qPCR reaction mix component 

TaqMan HIV and TELO 
 

Reagents Volume (ul) 

  

TaqMan 12.5 

H2O 5 

FW (10uM) 0.75 

REV (10uM) 0.75 

Probe (5uM) 1 

DNA (20 ng/ul) 5 

 

Gene primers and probes are listed below: 

TELO primers/Vic-TAMRA probe set 

Forward primer: 5’-GGCACACGTGGCTTTTCG-3’  

Reverse primer: 5’-GGTGAACCTCGTAAGTTTATGCAA-3’  

Vic-TAMRA probe: 5’-TCAGGACGTCGAGTGGACACGGTG-3’  

HIV primers/FAM probe set 

Forward primer: 5′-TACTGACGCTCTCGCACC-3′ 

Reverse primer: 5′-TCTCGACGCAGGACTCG-3′ 

FAM probe: 5′-ATCTCTCTCCTTCTAGCCTC-3′ 

For the analysis QuantStudio software was used and copy number was determined 

by calculating the ratio of the target molecule concentration (HIV) to the reference 

target molecule concentration (TELO), multiplied by the ploidy of reference species. 

4.5. Western blot analysis (WB) 

Transduced hM-NSPCs were plate at the same concentration (5x105 cells/well in 6-

well plate and after 1 week were lysed using sample buffer (SDS 15%, 0.57M 

sucrose, 0.32M TrisHCl pH 6.8, 0.5% β-mercaptoethanol, bromophenol blue). 
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Samples were boiled at 95° for 5 minutes and then sonicated for 30 seconds. 5ul 

each sample was loaded in 10% precast gel (Bio-rad) and were run in running buffer 

at 100 V for 45 minutes. After, the gel was transferred to PVDF membrane (Bio-rad) 

for 30 minutes at 25V by using the transblot machine (Bio-rad). Membranes were 

incubated with ready-to-use blocking solution (Bio-rad) for 30 minutes and then 

incubated o/n at 4°, in mild shaking, with primary antibodies against GALCmyc or 

TUBB3, as a control gene (see antibodies table 7). The following day, the membranes 

were washed 5 times for 5 minutes with TBST (200 mM Tris-HCl pH 7.5, 1,5 M NaCl, 

0.1% Tween 20). Then, species-specific horseradish peroxidase (HRP)-conjugated 

secondary antibodies (see antibodies table 7). were diluted in blocking solution and 

added for 1 hour at RT. After 5 washing for 5 minutes with TBST, membranes were 

developed using ClarityTM ECL western blotting substrate (Bio-Rad) at UVITEC. 

4.6. In vitro characterization of stem cell properties in LV transduced hM-NSPCs 

4.6.1. Expansion assay 

Transduced hM-NSPCs were cultured in-vitro at 37° C and 5% CO2 in 

DMEM/F12-GlutaMAX (Gibco) supplemented with the addition of 1% 

antibiotics (penicillin and streptomycin), 1% N2, and 2% B27 supplements 

(Gibco). The growth factors EGF and FGF2 (Peprotech) in the concentration 

of 20ng/ml were added to this medium to promote cell division and maintain 

the stem phenotype (referred as growth medium). To sustain culture 

expansion, the medium was changed regularly until cells reached 80% 

confluence, and then the cells were dissociated, counted, and plated in multi-

well plates or flasks at different concentrations depending on the planned 

experiment. NSCs grow mostly in adhesion but also sometimes in suspension 

as neurospheres. 

To evaluate the cell proliferation parameters and confirm the expansion 

capability of GALC overexpressing hM-NSPCs, cell growth was quantitatively 

analyzed over time. 2x105 cells were plated in a 75cm2 Flask on day 0; at 

regular time intervals the cells were then split and counted and at each step 

2x105 were always plated in a 75cm2 Flask. After 4-5 passages proceeding in 

this way, growth was evaluated, and cumulative growth was calculated 

considering the proliferation of all the cells.  
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4.6.2. Self-renewal assay 

Transduced hM-NSPCs were plated at densities of 1x103 cells per well, in 

growth medium, in a 6-well plate poli-D Lysine coated to let the cell adhere to 

the plate. After around 14 days of culture, the cells were fixed with 4% 

paraformaldehyde (PFA) and stained with Hematoxylin for 2-3 minutes, 

washed in PBS1x and then Eosin for 2-3 minutes and washed again in PBS1x 

(H&E staining). The number of colonies (1 colony equal to ≥ 20 cells) formed 

was counted. The CFU analysis was conducted by normalizing the number of 

colonies to the number of cells plated.   

4.6.3 Wound healing assay 

Transduced hM-NSPCs were plated in 12-well plate were pre-coated with 

poly-D-lysine at the density of 3x105 cells per well and cultured in growth 

medium. When the cells reached 100% confluence, a wound was created in 

the cell layer, the media was changed with fresh growth medium with or without 

500 ng/ml Mitomycin C (to inhibit cell proliferation), and an initial image of the 

wound was taken. After 16 hours a second image of the wound was taken and 

the migration properties were quantified by measuring the area of wound 

closure with ImageJ software.  

4.6.4 2D neuronal differentiation of transduced hM-NSPCs 

Transduced hM-NSPCs were plated at the density of 5x104 cells per well in a 

12-well plate in which coverslips were previously coated with poly-L-Lysine. 

Cells were seeded in growth medium and the following day, the medium was 

changed and substituted with neuronal differentiation medium composed of 

Neurobasal A (GIBCO), supplemented of 200 mM L-Glutamine (GIBCO), 1% 

N2 supplement (GIBCO), 2% B27 supplement (GIBCO), 1% 

Penicillin/Streptomycin and 50 ng/ml Brain Derived Neurotrophic Factor 

(BDNF) (Peprotech). The neuronal differentiation was assessed by 

immunofluorescence after 40 days in culture. 

 

4.6.5 3D neuronal differentiation of transduced hM-NSPCs 

To generate transduced organoids, an already reported protocol of 

hippocampal murine organoid generation was adapted (147).  
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Transduced hM-NSPCs were plated at the density of 2x105 cell per well in 24-

well low attachment plate and cultured for 5 days in growth medium. Cells were 

then cultured for 2 days in growth medium with a reduced concentration of 

growth factors and the following 5 days with a further reduced concentration of 

growth factors to induce the differentiation. Then, the medium was substituted 

with neuronal differentiation medium supplemented with BDNF. After one 

month the concentration of BDNF was reduced and spheroids were 

maintained in culture for 2-4 months.  

 

Table 7. List of primary and secondary antibodies. 

Primary antibody Provider Dilution 

  IF WB 

mouse anti-TUBB3 Promega 1:300 1:1000 

rabbit anti-laminin Merck 1:400 - 

mouse anti-MAP2 Merck 1:200 - 

mouse anti-NeuN Merck 1:200 - 

mouse anti-Nestin R&D system 1:300 - 

rabbit anti-DCX Cell signaling 1:400 - 

rabbit anti-DCX Abcam 1:400 - 

rat anti-CD68 Invitrogen 1:400 - 

rat anti-LY6G Bio X cell 1:300 - 

rabbit anti-CD3 Abcam 1:300 - 

rat anti-MHC2 Invitrogen 1:300 - 

rabbit anti-IBA1 Wako 1:500 - 

mouse anti-GALC Merck 1:300 - 

goat anti-GFAP Abcam 1:400 - 

rabbit anti-GFP Invitrogen 1:300 - 

guinea pig anti-SYP Synaptic system 1:200 - 

mouse anti-PDGFrβ Invitrogen 1:200 - 

rabbit anti-mcherry Abcam 1:800 - 

rabbit anti-myc Abcam - 1:2000 

Secondary antibody  IF WB 

HRP goat anti-mouse Biorad - 1:3000 

HRP goat anti-rabbit Biorad - 1:3000 

ALEXA 647 anti-

mouse 

Thermo fisher scientific 1:800 - 

ALEXA 647 anti-goat Thermo fisher scientific 1:800 - 
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ALEXA 488 anti-

mouse 

Thermo fisher scientific 1:800 - 

ALEXA 546 anti-

mouse 

Thermo fisher scientific 1:800 - 

ALEXA 546 anti-rabbit Thermo fisher scientific 1:800 - 

ALEXA 546 anti-

mouse 

Thermo fisher scientific 1:800 - 

cy3 anti-rat Jackson immuno research 1:800 - 

488 anti-rat Thermo fisher scientific 1:800 - 

cy3 anti-guinea pig Jackson immuno research 1:800 - 

488 anti-goat Thermo fisher scientific 1:800 - 
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RESULTS 

1. GLD-induced activation of meninges: immune cells 

1.1. Activated macrophages increase in TWI meninges at pre-onset stage  

Macrophages play crucial roles in the progression of GLD. In the brain parenchyma 

of TWI mice, macrophages infiltrate the neural parenchyma at the peri-onset (P.21) 

of the disease, when they acquire a globoid phenotype. In the GLD brain, the 

possible involvement of the brain stoma components in the disease progression is 

still unexplored. Meninges represent most of the stromal compartment of the brain. 

Meninges are a major site of disease-induced immune interactions and have been 

shown to secrete several trophic and chemiotactic factors affecting the neural 

parenchymal functions both in physiological and pathological conditions. 

To this aim, I started to explore the presence of GLD-induced modification in 

meninges. First, I assessed the expression of different macrophages markers: 

ionized calcium-binding adaptor molecule 1 (IBA-1) and CD68. IBA1 is a 

cytoplasmatic marker of monocytes lineage and in the brain is expressed by 

microglia. Increasing of IBA1 is associated with microglia activation involving 

membrane ruffling and phagocytosis (127). CD68 is a pan-macrophages marker, it 

is a transmembrane glycoprotein and is part of the lysosomal/endosomal-associated 

membrane glycoprotein (LAMP) family. The protein is located mostly in lysosomes 

and endosomes, but it is also located in the cell surface (128). 

To evaluate whether macrophage in meninges respond to GLD, I performed IBA-1 

and CD68 immunostaining on TWI mouse brains and WT littermates at different 

stages of disease: early pre-onset (P.1), pre-onset (P.10), onset (P.21) and 

progression (P.30). IBA-1 positive cells in the WT mouse meninges were mostly 

present at P.1 and P.10 and decreased at the other time-points considered. On the 

contrary, in TWI mice meninges, IBA-1 positive cells increase with disease 

progression by 58% in P.21 mice (p=0.06) and by 65% in P.30 mice (p=0.02) (Figure 

6 A-B-C).  I found similar results in the number of CD68 macrophages in TWI 

meninges compared to WT at onset (p=0.08) and disease progression (p=0.05), 

further confirming the disease-induced response of macrophages in TWI meninges 

(Figure 7 A-B-C).   
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A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of IBA-1+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, 
P.10 pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate 
meninges form brain parenchyma. C) Quantitative analysis of IBA-1+ cells in WT vs TWI meninges 
at different time points. N=3 mice/group. Data are expressed as mean ± SD, statistical analysis was 
performed with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with 
DAPI (blu). Scale bar 20µm. 

Figure 6. Meningeal macrophages increase in GLD at onset and progression. 
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To assess whether macrophages present in TWI meninges have an activated 

phenotype, I immunostained brain meninges of WT and TWI mice for major 

histocompatibility complex class 2 (MHC2) marker. MHC2 is a marker for antigen- 

presenting cells (APC), which include dendritic cells and macrophages. APC 

specifically binds to antigenic peptides that are presented to T-cells to trigger the 

appropriate immune response (148). Interestingly, the MHC2 marker was very low 

in WT meninges at all the four time points. Instead, in TWI meninges, the number of 

MHC2 positive cells were strongly increased at pre-onset (86%; p=0.03) and 

progression stage (75%, p=0.005), suggesting that activated macrophages 

presenting antigens are already present at TWI meninges at early stage (P.10) 

before clinical manifestation of symptoms. These data highlight the early response 

of meninges to the clinical condition and identify meninges as an early pathological 

site in GLD (Figure 8 A-B-C).   

 

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of CD68+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, 
P.10 pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate 
meninges form brain parenchyma. C) Quantitative analysis of CD68+ cells in WT vs TWI meninges 
at different time points. N=3-4 mice/group. Data are expressed as mean ± SD, statistical analysis was 
performed with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with 
DAPI (blu).  Scale bar 20µm. 

Figure 7. Meningeal macrophages increase in GLD at onset and progression 
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1.2. Neutrophils increase in TWI meninges at very early pre-onset up to disease 

progression.  

To further investigate the innate immune response of meninges in GLD, I studied 

neutrophils. Neutrophils are the first immune cells that are recruited when an immune 

response is required and play a crucial role in responding to central nervous system 

(CNS) injuries. Their involvement in neurological disorder appears to be peculiar. 

They can contribute to both neuroinflammation and neurodegeneration, worsening 

the pathological condition (149), but on the other hand they might also participate in 

neuroprotection, aiding in recovery (150). Therefore, neutrophils have a complex 

influence on the progression of neurodegenerative processes (151). Ly6G 

(Lymphocyte antigen 6 complex locus G6D Ly6G (Lymphocyte antigen 6 complex 

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of MHC-2+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, 
P.10 pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate 
meninges form brain parenchyma. C) Quantitative analysis of MHC-2+ cells in WT vs TWI meninges 
at different time points. N=3 mice/group. Data are expressed as mean ± SD, statistical analysis was 
performed with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with 
DAPI (blu).  Scale bar 20µm. 

A B 

C 

Figure 8. Meningeal activated macrophages increase in GLD at pre-onset. 
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locus G6D) is a glycosylphosphatidylinositol (GPI)-anchored surface protein. It is 

primarily associated with myeloid-derived cells, particularly in the bone marrow. Ly6G 

is an important marker used to identify and study neutrophils (152). I studied whether 

neutrophils were activated in TWI meninges. I carried on Ly6G immunostaining on 

TWI and WT mouse brains. As expected, neutrophils in WT meninges were almost 

absent or rare. Interestingly, I detected significant increase of neutrophils in TWI 

meninges at early pre-onset (74%, p=0.007), pre-onset (84%, p=0.008), at onset 

(77%, p=0.008) and progression (82%, p=0.009) (Figure 9 A-B-C). I found a peak at 

P.10 in which neutrophils are significantly increased in number compared to the other 

time points considered. These results highlight for the first time that GLD-pathological 

events occur not only in parenchyma but also in the brain stroma at early stage when 

in the brain parenchyma there are no signs of neuroinflammation. The pathological 

features and the early response of neutrophils in TWI meninges suggest their 

potential as new disease-modifier therapeutic targets for GLD. 
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1.3. T lymphocytes increase in TWI meninges at very early pre-onset.  

After studying innate immune response (monocytes/macrophages and neutrophils) I 

wanted to assess whether adaptive immunity was involved in the GLD pathological 

mechanisms.  Are emerging evidence about the role of adaptive immune system not 

only in inflammation-driven neurodegenerative disorders like multiple sclerosis (MS) 

but also in other neurodegenerative disorders such as Parkinson's disease (PD) and 

Alzheimer's disease (AD) (153). To this aim I focused on T lymphocytes. They are 

white blood and present a T-cell receptor (TCR) on their surface which gives them 

the ability to recognize foreign antigens. The TCR can bind to a specific antigen, 

presented on the MHC by antigen-presenting cells such as dendritic cells or 

macrophages. The antigen-TCR binding activates a cascade of intracellular events 

that lead to T cell activation, proliferation, and differentiation. (154). To study T cell in 

TWI mice, I used a specifical antibody anti CD3. CD3 (Cluster of Differentiation 3) is 

essential for activating T cells. All T cells express CD3 marker (155). In WT meninges 

CD3 positive cells are at low level with a slight increase at P.10, in TWI meninges, 

instead, occurs an enhancement of T-lymphocytes at early pre-onset (72%, p=0.01), 

pre-onset (57%, p=0.09) and onset (74%, p=0.06) (Figure 10 A-B-C). A peak of CD3 

cells at P.10 can be observed, suggesting the early activation of adaptative immune 

response at pre-symptomatic stage in meninges in GLD condition.    

  

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of LY6G+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, 
P.10 pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate 
meninges form brain parenchyma. C) Quantitative analysis of LY6G+ cells in WT vs TWI meninges at 
different time points. N=3-4 mice/group. Data are expressed as mean ± SD, statistical analysis was 
performed with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with DAPI 
(blu). Scale bar 20µm 

Figure 9. Neutrophils increase in GLD meninges already at early pre-onset. 
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Overall, this data shows involvement of meningeal immune cell population during 

GLD. Innate and adaptative immune cells resulted increased in TWI brain meninges 

as a response to the pathological condition. I found a consistent increase of APC, 

neutrophils and T lymphocytes at an early stage suggesting that an immune response 

occur in brain stroma before than in the brain itself. 

  

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative analysis 
of CD3+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, P.10 pre-onset, 
P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate meninges form brain 
parenchyma. C) Quantitative analysis of CD3+ cells in WT vs TWI meninges at different time points. N=3-
4 mice/group. Data are expressed as mean ± SD, statistical analysis was performed with ordinary one-
way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with DAPI (blu). Scale bar 20µm 

A B 
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Figure 10. T-lymphocytes increase in GLD meninges already at early pre-onset.  
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2. GLD-induced activation of meninges: neural progenitor cells 

2.1. Neural progenitor cells increase in TWI meninges at pre-onset and onset. 

Meninges host not only immune cells, but also it has been described as the presence 

of neural stem/progenitor cell (NSPCs) meningeal niche. Different studies have 

shown the disease-induced meningeal NSPCs niche activation. Following spinal cord 

injury, ataxia and stroke, meningeal niche is activated, and precursors cell migrate to 

the brain parenchyma and participate to the brain reaction (119,126–128,142,156).  

To determine whether stem/precursor cells in meninges of GLD animals also are 

altered and react to the disease, I analyze changes in the number of neural 

stem/precursor cells at different stages of maturation. I have quantified the number 

of undifferentiated (Nestin) and differentiated (DCX and B3tubulin) neural precursors 

cells   in TWI mice compared to WT mice at P.1, P.10, P.21 and P.30.  

Nestin is a type VI intermediate filament and is one of the major components of the 

cytoskeleton (157). Nestin is a marker of neural stem cell, and it is expressed in a 

variety of tissues including meninges. Nestin-expressing cell population has been 

found in leptomeninges, which include arachnoid pia and mater, during embryonic 

stages and persist up to adulthood. (124). This cell population constitutes a niche of 

neural progenitors in the meninges in physiological condition that instantaneously 

respond to neural pathological condition (116). To explore whether Nestin positive 

cells in meninges were increased in GLD, I studied changes occurring in TWI mice at 

P1, P.10, P.21 and P.30.  I do not find any difference in the number of Nestin positive 

cells in TWI mice meninges as compared to the WT (Figure 11 A-B-C).   
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Then I looked at Doublecortin (DCX) expressing cells in meninges. DCX is a 

microtubule-associated protein that is expressed in migrating neuroblasts during 

early embryonic development. In adults it is also retained in neurogenic areas like the 

subventricular zone (SVZ) and the subgranular zone of the dentate gyrus (SGZ) of 

the hippocampus (158). This cell population, together with Nestin+ cell population, 

constitutes a niche of neural stem/progenitors in the meninges. Compared to Nestin 

marker DCX is expressed in more mature neural precursors cells which are more 

committed towards neuronal linage. In WT meninges DCX is expressed at basal level 

in all the time-points considered. In TWI meninges the number of DCX positive cells 

increase significantly at pre-onset (61%, p=0.05) and onset (75%, p=0.005) 

suggesting the injury-induced response of neural precursors cell in meninges (Figure 

12 A-B-C). Increase in DCX positive cells in the absence of an increase in Nestin 

positive cells might be due to cell proliferation or cell migration of neuroblasts. The 

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of Nestin+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, 
P.10 pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate 
meninges form brain parenchyma. C) Quantitative analysis of Nestin+ cells in WT vs TWI meninges 
at different time points. N=3-4 mice/group. Data are expressed as mean ± SD, statistical analysis was 
performed with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with 
DAPI (blu).  Scale bar 20µm 

A B 

C 

Figure 11. Undifferentiated neural stem/precursor cells remain unchanged in GLD meninges 
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early response of neural precursor cell, due to pathological condition, highlight the 

possible role of DCX in the pathogenic mechanisms in GLD and identify this cell 

population as a potential disease-modifies therapeutic target. 

 

 

 Figure 12. Differentiated neural stem/precursor cells increase in GLD meninges at pre-onset 
and onset 

 

Lastly, I studied more mature neural precursor cell population identified by β3-tubulin 

(Tubb3) expression. It is a well-established and highly specific marker for neuronal 

differentiation. Its expression coincides with the final mitotic division of neuronal 

precursors, signaling the critical transition from precursor cells to fully differentiated 

neurons (159). To further assess changes occurring in the meningeal NPC niche, I 

immunostained TWI and WT mice meninges with antibody against Tubb3. In WT 

mice, I found an increase of TUBB3 at P.10. Considering that meninges are involved 

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of DCX+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, P.10 
pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate meninges 
form brain parenchyma. C) Quantitative analysis of DCX+ cells in WT vs TWI meninges at different 
time points. N=3-4 mice/group. Data are expressed as mean ± SD, statistical analysis was performed 
with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with DAPI (blu). 
Scale bar 20µm 

 

 

Figure 12. Neural stem/precursor cells increase in GLD meninges at pre-onset and onset. A) 
Representative maximum intensity projections of z-stack confocal images and B) quantitative analysis 
of DCX+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, P.10 pre-
onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate meninges 
form brain parenchyma. C) Quantitative analysis of DCX+ cells in WT vs TWI meninges at different 
time points. N=3-4 mice/group. Data are expressed as mean ± SD, statistical analysis was performed 
with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained with DAPI (blu). 
Scale bar 20µm 
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in brain development, enhancement of more mature neural precursor cell can be 

expected at that time points. In TWI meninges, the response of TUBB3 cells induced 

by the disease is observed at P.21 with a significant enhancement of this cell 

population (75%, p=0.008) (Figure 13 A-B-C). 

 

 Figure 13. More differentiated neural stem/precursor cells increase in GLD meninges at onset. 

 

When I looked at the number of nuclei of the meningeal layer analyzed over time, I 

did not find any change. Overall, these data demonstrate not only the involvement of 

meningeal immune cells in GLD but also of meningeal NPCs. Our results show a prior 

activation in TWI mouse meninges of immune cells (neutrophils, APC and T 

lymphocytes) at early pre-onset (P.1) and pre-onset (P.10) followed by NPCs 

activation at pre-onset (P.10) and onset (P.21), suggesting a potential neuro-immune 

interaction in GLD meninges.  

 

A) Representative maximum intensity projections of z-stack confocal images and B) quantitative 
analysis of TUBB3+ cells in WT and TWI meninges at four different time points (P.1 early pre-onset, 
P.10 pre-onset, P.21 onset, P.30 progression). Laminin (Lam) stains the basal lamina to separate 
meninges form brain parenchyma. C) Quantitative analysis of TUBB3+ cells in WT vs TWI meninges 
at different time points. N=3-4 mice/group. Data are expressed as mean ± SD, statistical analysis 
was performed with ordinary one-way ANOVA(B) or unpaired t-test (C). Nuclei are counterstained 
with DAPI (blu). Scale bar 20µm 
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