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1 Parkinson Disease 

 

Parkinson´s Disease (PD) is the first most common movement disorder and second 

most common neurodegenerative disease that affects 1.5% of the global population 

above 65 years old (Blesa and Przedborski, 2014). Although the incidence of PD varies 

depending on genetic, race/ethnicity and environmental factors, advanced age has been 

appointed as the main risk factor for PD. 

The number of older people living in the European Union (EU) is constantly growing, 

as a consequence of the increased life expectancy. While the EU general population is 

projected to increase only by 3% between 2010 and 2060, in the same timeframe 

population over 65 years of age is expected to almost double (from 87 to 150 millions). 

In this aging population, the number of subjects affected by PD is destined to increase 

dramatically, and so the related social and economic burden. When compared to the 

past generation, the number of new PD cases has more than doubled reaching over 6 

million (Dorsey et al., 2018). Although PD patients are often managed clinically as if they 

have an uniform disorder, current views consider PD as an heterogeneous disorder, 

where patients need to be properly stratified in an attempt to minimize potential 

failures of clinical trials, particularly those intended to develop disease-modifying 

therapies (Lang and Espay, 2018). 

The first description of PD is found in a monograph called “An essay on the shaking 

palsy” written by James Parkinson about 200 years ago. At that time he merely described 

the clinical manifestations of six patients (Parkinson, 2002). PD is clinically characterized 

by a slow and progressive deterioration of motor function accompanied by four cardinal 

motor symptoms including bradykinesia, postural instability, resting tremor and rigidity. 

In addition to motor symptoms, PD patients also exhibit non-motor disturbances such 

as cognitive impairment, autonomic dysfunction and sleep disorders, among others 

(Jost, 2017; Schapira et al, 2017; Tibar et al., 2018).  
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Figure 1. Phases and clinical symptoms in PD. Neurodegeneration starts before PD 

patients are diagnosed. During this prodromal phase, the non-motor symptoms and pre-

motor signs start to appear. There is an attractive early time-window at the “risk stage” 

phase that requires further investigations. Image reproduced from Postuma and Berg, 

2016. 

 

Motor dysfunction is triggered by the loss of pigmented dopaminergic neurons (DAn) 

within the midbrain. Dopamine-producing neurons are located in the Substantia Nigra 

pars compacta (SNpc) and in the ventral tegmental area (VTA), the former mainly 

projecting to the dorsal striatum (CPu) through the nigrostriatal pathway. Dopamine 

(DA) release from nigrostriatal terminals modulates corticocortical transmission leading 

to either movement activation or suppression. DA release targeting striatofugal neurons 

containing dopamine D1 receptors promotes movement, whereby DA effects on D2-

expressing striatal neurons results in the opposite effect (Lanciego et al 2012). It has 

been estimated that a threshold of 50% of SNpc DA neuronal loss together with a 

reduction of 70-80% of striatal DA is required for triggering the initial appearance of PD 

motor symptoms (Cheng et al 2010; Ehringer and Hornykiewicz, 1998; Lees, 1991)  
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1.1 Clinical management of PD. 

 

After initial diagnosis, PD patients eventually need to follow pharmacological 

treatments intended to alleviate their motor symptoms. The development of new 

therapies and identification of therapeutic targets for PD is an unmet medical need. 

Although motor-related symptoms can be successfully managed with currently available 

pharmacological arsenal (e.g. dopamine-replacement strategies), existing treatments do 

not exhibit any effect in slowing-down the SNpc dopaminergic neurodegeneration and 

disease progression rates, meaning that a curative treatment for PD is still lacking.  

The most suitable therapeutic choice for a PD patient depends on many factors, such 

as the disease stage, age, lifestyle, presence of non-motor symptoms and comorbidities. 

Therefore, there is no single treatment that could work for every patient, consequently 

treatments should be precisely tailored in an individual basis adjusting the choice of 

drugs and dosages based on clinical presentations and potential side effects, if expected. 

Nevertheless, even when these features are all being properly balanced, selection of the 

most correct therapeutic strategy remains controversial.  
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Figure 2 Current treatment choices for Parkinson´s Disease. Nowadays PD cannot be 

cured, but there are different treatments that help controlling the symptoms. 

Parkinson´s medications are the mainstay of treatment, often using a combination of 

different drugs. Surgical alternatives also have an important role for a subset of patients. 

Finally, potential disease-modifying therapies are gaining increase interest in the field, 

including gene therapy, immunotherapy, enzymatic replacement, and cell therapy. 

 

1.1.1. Pharmacological management  

 

The most widely used therapies for PD can temporally lighten the quintessential 

manifestations. The best ones are based on the restoration of normal dopamine levels, 

approaches that are focused on enhancing the DA levels and/or mimicking the role of 

DA under normal physiological conditions. 

During early disease stages, the best suited approach is pharmacological therapy. 

The DA precursor named Levodopa is the gold-standard choice, however, the 

appearance of motor complications derived from its chronic use, made necessary to 

administer levodopa side-by-side with dopa-decarboxilase, an inhibitor that limits some 

of its side effects.  

Other agents such as dopamine agonists (Das), Monoamine Oxidase-B enzyme inhibitor 

(MAO-B I), COMT enzyme inhibitors, amantadine or anticholinergics are also proposed 

to reduce the metabolism of endogenous DA (Marsili et al, 2018; Stoker et al, 2018). 
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Table 1. Dopaminergic drugs. This table summarizes the current drug portfolio for the 

clinical management of PD. (table modified from Sierra and Lanciego 2018). 

1.1.2. Functional neurosurgery. 

 

The so-called “functional neurosurgery” represents the gold-standard for non-

pharmacological therapies, however, it is not recommended in early-stages of the 

disease. When PD patients became no longer manageable by drugs, lesions and Deep 

Brain Stimulation (DBS) of the subthalamic nucleus (STN), internal Globus Pallidus (GPi) 

and thalamus are the most widely used targets due to their effectiveness in inducing a 

remarkable relief of motor symptoms (reviewed in Guridi et al., 2018). More recently, a 

safe and incision-less procedure called high intensity focused ultrasound (HiFu) has been 

made available, rendering optimal clinical results whilst minimizing potential adverse 

effects and complications inherent to any brain surgical procedure. Although currently 

existing indications for HiFu are limited to the treatment of essential tremor (Martínez-

Fernández et al., 2018), exploratory clinical investigations are also being implemented 

by targeting basal ganglia-related nuclei such as the STN. 



I	n	t	r	o	d	u	c	t	i	o	n																																																																																																						 	

 8 

2 Genetics and PD pathophysiology 

 

Although the exact cause of PD remains unknown, several risk factors have been 

identified, therefore suggesting a multifactorial etiology for PD, including both different 

genetic backgrounds and environmental factors (environmental toxins, exposure to 

pesticides, and other environmental chemicals). Notwithstanding that the most 

important risk factor is advanced age, PD has been classified into idiopathic and familial 

PD, the former accounting for a vast majority of diagnosed cases. Although PD has long 

been viewed as a pure sporadic disorder, the identification of several PD-associated 

genetic mutations provided a shift in this paradigm, and therefore at present it has been 

estimated that up to 15% of PD cases have a familial origin (Liu et al., 2019). 

Polymeropoulos and colleagues (Polymeropoulos, 1997) described the first PD-

associated mutation, a substitution in the alpha-synuclein gene (SNCA) of an alanine for 

a threonine in position 53 (A53T). Since then, many genetic mutations other than SNCA 

have been appointed as PD-related risk factors, such as mutations in parkin, LRKK2, 

MAPT, PRKN, PINK1, DJ-1 and GBA1 genes, among others (Billingsley et al, 2018; Hao 

Deng et al., 2018). The discovery that alpha synuclein (a-Syn) is the main component of 

Lewy bodies (LBs; Spillantini et al., 1997) drastically changed the field of the underlying 

genetics of PD. 

 

2.1 Alpha synuclein (a-Syn) 

 
a-Syn is a 140 amino acid (aa) natively unfolded protein enriched preferentially in 

presynaptic nerve terminals (Stefanis, 2014) and it is involved in neurodegenerative 

diseases collectively named as synucleinopathies,  these including dementia with Lewy 

bodies (DLB) and multiple system atrophy (MSA) (Surguchev et al, 2019). a-Syn has a 

molecular weight of 14 kilodalton (kDa), and is comprised of 3 domains, namely, N-

terminal lipid-binding alpha helix (aa 1-65), a non-amyloid-B component central domain 

(NAC) (aa 66-95), and an unstructured C-terminus acidic tail (aa 96-140) (Zhang et al., 

2018). 
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While the natural function of a-Syn still is not completely understood, there are solid 

indications in numerous reports demonstrating that a-Syn is involved in diverse 

physiological processes, such as in compartmentalization, the regulation of synaptic 

transmission, calcium and glucose regulation, mitochondrial homeostasis, and storage 

and recycling of neurotransmitters. (Burré, 2015; Emamzadeh, 2016; Guardia-Laguarta 

et al, 2015; Reish and Standaert, 2015; Xu and Pu, 2016) 

In normal conditions, a-Syn has an alpha-helical structure conformation, impeding 

pathological aggregation by establishing a helically folded tetramer (Cheng et al, 2018). 

However, under pathological conditions, a-Syn can change the structure into a Beta-

sheet-rich conformation, for instance by destabilizing the N-terminal region, then having 

a tendency to aggregate and form toxic species such as oligomers, fibrils and protofibrils 

(Baba et al., 1998; Zhang et al., 2018).  

 

 
 

Figure 3. Pathway of a-Syn aggregation. 

Physiologically, a-Syn is present either as a monomer or as a dimer. Intrinsically 

disordered a-Syn starts to misfold forming fibrils that aggregate in the cytoplasm to 

form structures known as Lewy body, which are harder to be degraded. 

 

Physiological α-Syn α-Syn partial fold α-Syn Oligomer Protofibrils Insoluble Fibribls

Augmenting Stability

monomer

dimer
α-Syn Fibrillation
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Since mutations in the SNCA gene (A30P, E46K, H50Q, G51D, A53T, A53E) are 

associated with a faster rate of motor decline in PD patients, several groups have 

committed their work to a better understanding of a-Syn toxicity (Zhang et al., 2018). It 

has been postulated that A53T, H50Q and E46K mutations variants are associated with 

an increased tendency of a-Syn self-aggregation, whereby A30P, G51D and A53E 

mutation variants tend to reduce the rate of aggregation (Cheng et al., 2018). 

 

 

 
 

Figure 4. ⍺-Syn	structure. N-terminal: Membrane binding domain.  This region is where 

most of the mutations associated with familial PD have been found. This region binds to 

membrane of phospholipids adopting an alpha-helical conformation. NAC: Hydrophobic 

region promoting protein aggregation, important for polymerization. C-terminal: Acidic 

tail, in charge of inhibiting aggregation. Ca2+ binding domain + phosphorylation site. 

Chaperone activity. 

 

 

a-Syn is naturally found throughout the brain, predominantly in mature neurons. It 

plays an important role in neuronal differentiation, maintenance of the synaptic 

homeostasis and neurotransmission (Si et al,2017). Regarding PD and from a biophysical 

point of view the rearrangement of a-Syn structure into B-strands is thought to promote 
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protein misfolding, oligomerization and accumulation,  being the main driver leading to 

pathological abnormalities (Soto and Pritzkow, 2018). 

The uptake of pathogenic a-Syn could be accomplished through either an active 

manner (diffusion) or a passive manner (endocytosis) contributing to the cell-to-cell 

protein spread. This spreading could promote progression of neuropathology from 

diseased regions to connected healthy brain areas (Jucker and Walker, 2018; Vargas, et 

al, 2019) This pathological progression has been postulated to occur (1) from the 

olfactory bulb to the temporal lobe by means of an anterograde transport, and (2) from 

vagus nerve to the cerebral cortex through the midbrain and forebrain. (Braak et al, 

2003a; Braak et al., 2003b; Dagher and Zeighami, 2018; Rietdijk et al 2017) 

Available evidence has shown that besides neurons, glial cells also uptake a-Syn 

mainly via clathrin-mediated endocytosis (CME). Astrocytes transfer the aggregated a-

Syn through tunneling nanotubes (TNTs) to healthy astrocytes in order to remove 

pathological molecules instead of degrading them by lysosomes. Moreover, microglial 

cells normally employ endocytosis to uptake a-Syn. When there is a mis-regulation of 

the a-Syn trafficking, several concurrent mechanisms may be engaged in disease 

progression. For instance, misfolded proteins can trigger the activation of glial cells, 

which in turn may release pro-inflammatory mediators and molecules also affecting 

different mechanisms of protein degradation. The accumulation of unfolded proteins 

could trigger ER stress and mitochondrial disturbances, all together finally leading to 

oxidative stress (Cheng et al., 2018). 

 

2.2. Glucocerebrosidase  

 

Glucocerebrosidase (GCase) is a lysosomal enzyme encoded by Beta-

Glucosylceramidase (GBA1) gene, responsible for the hydrolysis of the glycolipid 

glucocerebroside (GlcCer) into glucose and ceramide. Furthermore, it also cleaves 

glucosylsphingosine and potentially other B-glucosides (Ziv Gan-Or et al, 2018; Taguchi 

et al., 2017). The GBA1 gene is located in 1q22 of chromosome 1 of the human genome, 

contains 11 exons and encodes a transcribed 497 aa protein lysosomal hydrolase of 62 

kDa (Balestrino and Schapira, 2018; Franco et al, 2018). GCase alterations where firstly 
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described by Dr. Philippe Gaucher in 1882 (Mehta, 2006), when he discovered a patient 

with bizarre-looking cells -known as Gaucher cells- in bone marrow, liver and spleen, a 

clinical syndrome later named as Gaucher Disease (GD), which is the most common 

lysosomal storage disorder.  

 

 
Figure 5. The pathological bi-directional loop for GCase in Parkinson´s Disease. (A) 

GBA1 messenger RNA is translated into GCase. GCase protein is synthesized in the 
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Endoplasmic Reticulum (ER) and travel to the lysosome through the Golgi apparatus 

linked to the Lysosome Membrane Protein 2 (LIMP2). Both proteins travel to the 

lysosome, were an acidic pH facilitates their separation. In the lysosome, GCase interacts 

with GlcCer substrate and a-Syn with the help of the GCase activator Saposin C. When 

the GBA1 is mutated, the interaction between these proteins is weaker, therefore 

increasing the a-Syn accumulation. This occurs naturally with aging, since the function 

and number of lysosomes decrease, and therefore an increase of a-Syn is observed. (B) 

The mutations in the GBA1 gene could also affect the transport of GCase to the 

lysosomes. Misfolded GCase could also activate the Unfolded Protein response (UPR) or 

Reticulum Associated degradation (ERAD). The association of mutations in the GBA1 

gene with the accumulation of the misfolded a-Syn form resulted in a vicious cycle. 

3. Gcase-associated PD  

 

Most -if not all- enzyme-related inherited disorders are due to a loss of function 

(Scriver et al, 2001), therefore mutations in the GBA1 gene are known to induce a GCase 

deficiency leading to an accumulation of GlcCer inside the lysosome, finally resulting in 

the appearance of clinical manifestations (Qi and Grabowski, 1998). This accumulation 

results in Gaucher Disease (GD), the most frequent lysosomal storage disorder caused 

by a homozygous mutation in the GBA1 gene. Up to 3 different GD subtypes (GD I-III) 

have been described depending on the clinical characteristics and the presence or 

absence of neurological manifestations. Although only homozygotes will develop the 

disease, it has been estimated a 1:200 incidence of heterozygotes in the global 

population. Heterozygous carriers will never develop the disease, but they can transmit 

to their descendants. 

The first report suggesting an association between PD and GD was published by Van 

Bogaert and Froelich (1934), reporting a putative damage of the dopaminergic pathway 

in adult forms of GD type I. These observations were corroborated by a few “case 

reports” published in the 70-80s. Reported cases were all characterized by a premature 

parkinsonian syndrome with a faster progression, good response to dopaminergic 

replacement, early presence of cognitive impairment and neuropsychological 
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alterations. The first well-documented relationship between GD and PD was provided 

by Neudorfer et al (Neudorfer et al., 1996), reporting 6 patients of GD type I showing 

typical PD symptoms such as tremor (3/6), rigidity (6/6) and bradykinesia (6/6). Such a 

causative genetic link was later confirmed in larger patient cohorts (Tayebi et al., 2003) 

(Bultron et al., 2010; Chérin et al., 2010). Different multicentric studies with thousands 

of patients have provided final evidence showing that mutations in the GBA1 gene are 

the main genetic risk factor for the development of PD, with an odds ratio (OR) of 5.43 

(E Sidransky et al., 2009). Furthermore, a higher frequency of GBA1 mutations has also 

been found in familial forms of PD (Mitsui et al., 2009; Nichols et al., 2009). All these 

studies have shown that PD patients carrying GBA1 mutations have an earlier PD onset 

(approximately 5 years on average) compared to non-carriers PD patients with a disease 

onset dependent on the severity of GBA1 mutations, together with a more frequent and 

earlier presence of cognitive impairment (Z. Gan-Or et al, 2009; Neumann et al., 2009; 

Thaler et al , 2018). Conducted neuropathological studies looking for GBA1 mutations in 

post-morten brains of PD have found GBA1 mutations in up to 21% of the analyzed cases 

(Lwin, 2004). Moreover, GBA1 mutations have been found in 17% of PD cases that 

underwent deep brain stimulation within an Italian cohort (Angeli et al., 2013). Available 

evidence to date demonstrates that GBA1 mutations are numerically the main risk factor 

for PD, increasing the risk by 20- to 30-fold. Between 7 to 15% of PD diagnosed cases 

are carriers of GBA1 mutation (Bultron et al., 2010; McNeill et al, 2012;  Sidransky et al., 

2009). 

However, although not all carriers of GBA1 mutations will develop the disease, it has 

been estimated that at least 30% of said carriers will be diagnosed with PD before 

reaching 80 years of age. GBA1 mutation carriers without diagnosis of PD often show 

symptoms and prodromal signs typical of PD, such as a significant deterioration in scales 

of depression, olfaction and cognitive impairment, REM sleep disorders and an incipient 

UPDRS motor score (Beavan et al., 2015; McNeill et al., 2014). 

There are several hypotheses suggesting the presence of either a direct or an indirect 

link between GBA1 mutations and a-Syn accumulation, although the ultimate 

mechanism is still unknown. Whilst the clinical manifestations and the 

neuropathological findings are practically identical in PD patients with or without GBA1 

mutations, it is widely believed that processes like a-Syn aggregation, mitochondrial 
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involvement, autophagic dysfunction, inflammation and endoplasmic-reticulum stress -

among others- are playing a fundamental role when coming to explain the faster 

progression of GBA1-associated PD. The analysis of brain samples from patients with PD 

and DLB carrying GBA1 mutations has revealed that on average up to 75% of LBs are 

positive for GCase, while said immunoreactivity was only detected in 10% of the PD and 

DLB patients without GBA1 mutations, suggesting a clear link between mutated GCase 

and a-Syn aggregation (Goker-Alpan et al, 2010). This interaction takes place at the 

lysosomes, since it is only detectable under acidic pH conditions (Yap et al., 2011). At 

present up to three main hypotheses that support the relationship between GCase and 

a-Syn have been suggested: the first one postulates a gain of function by the misfolded 

GCase after interacting with a-Syn, resulting in increased accumulation and aggregation 

of a-Syn (Ellen Sidransky and Lopez, 2014). A second hypothesis argues for a GCase loss 

of function as the cause of GCase substrate accumulation, which in turn alters lipid 

homeostasis followed by a dysfunction in the movement, processing and clearance of 

a-Syn. This cascade of events promotes a-Syn aggregation and facilitates the formation 

of a-Syn oligomers (Rothaug et al., 2014; Ellen Sidransky and Lopez, 2014; Westbroek et 

al, 2011). Finally, a third hypothesis suggests the presence of a feedback bidirectional 

loop, where GCase deficiency would facilitate the formation of a-Syn oligomers which 

in turn would account for a decrease in GCase activity, this decline promotes the 

formation of more a-Syn oligomers (Rothaug et al., 2014). Even in cases of PD without 

GBA1 mutations, a decrease in GCase activity has been found in the blood, cerebrospinal 

fluid and brain tissues (Alcalay et al., 2015; Gegg et al., 2012; Parnetti et al., 2014) 

suggesting that this enzyme plays a much more important role in the pathophysiology 

of PD than formerly considered. Finally, it is also worth noting that a natural decline in 

GCase activity with aging has also been reported (Rocha et al, 2015) this finding also 

pointing into the direction of increased PD risk, bearing in mind that advanced age is the 

main risk factor for PD and related synucleinopathies. Another interesting feature of 

GBA1-related PD is that it seems that the type of GBA1 mutation variant also plays a role 

in the clinical course of the disease. From the two types of most frequent GBA1 mutation 

variants, N370S has been considered as a ‘mild’ mutation, more closely related to PD 

than the L444P ‘severe’ mutation, the one most frequently found in DLB patients 
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(Beavan et al, 2015; Ziv Gan-Or et al., 2015; Postuma and Berg, 2016). Furthermore, the 

pathogenic role of mutations other than N370S and L444P such as E326K (the latter 

unrelated to Gaucher disease), needs to be ascertained, and indeed the presence of the 

E326K mutation variant has been correlated with a faster progression to cognitive 

impairment (Davis et al., 2016; Mata et al., 2016). For those PD patients harboring the 

N370 mutation variant, a residual GCase enzymatic activity of 32%-38% has been 

estimated, whereas the more severe L444P leaves a remaining GCase activity of only 

13%-24% (Alfonso et al., 2004; Beutler and Gelbart, 1998; Malini et al., 2014), both 

mutation variants leading to a 80%-95% decrease of the intrinsic catalytic activity of 

mutated GCase compared to the wild-type (Grace et al, 1999; Liou et al., 2006; Salvioli 

et al., 2005). Considering sporadic forms of PD, a decline in GCase enzymatic activity 

ranging from 10%-33% has been observed (Alcalay et al., 2015; Gegg et al., 2012; 

Parnetti et al., 2014). 

In summary, at present a broad consensus exists on the need for developing new 

therapeutic avenues aimed at increasing GCase activity, as a promising disease-

modifying therapy for all types of PD patients, these including PD individuals with and 

without GBA1 mutations, reviewed in (Blandini et al., 2019).  

 

4. Gene therapy approaches for Parkinson’s disease 

 

As explained before, when compared to any other neurodegenerative disease, there 

currently is at our disposal a broad pharmacological arsenal for the appropriate clinical 

management of PD (Table 1). Most of these therapeutic options share the ground of 

restoring normal dopaminergic levels through the use of levodopa and/or dopamine 

agonists. As the disease course goes on, pharmacological treatments need to be 

constantly updated, often leading to the appearance of the so-called “on-off” 

phenomena and side effects (involuntary movements known as levodopa-induced 

dyskinesia). A substantial proportion of these unwanted complications can be resolved 

with either high-frequency deep brain stimulation (HF-DBS), reviewed in (Guridi and 

Alegre, 2017) or with a more recently available technique named high-intensity focused 
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ultrasound (HIFUS, (Martínez-Fernández et al., 2018)). All together and although it is 

worth recognizing that these therapeutic choices are very efficient in alleviating the 

main motor disturbances that typically characterize PD, it is worth noting that available 

dopamine replacement strategies merely are symptomatic treatments (and the same 

also applies for HF-DBS and HIFUS), without any impact on disease progression. In other 

words, existing treatments for PD are limited in effect and mainly address the symptoms 

rather than the cause of the progressive natural course of the disease. In this context, 

there is a clear pressing need for pushing forward the development of disease-modifying 

therapies for PD, capable of slowing-down, arresting or even ideally reverting disease 

progression. 

According to the Horizon 2020 Advisory Group, Personalized Medicine refers to a 

medical model using characterization of individual’s phenotypes and genotypes (e.g. 

molecular profiling, medical imaging and lifestyle data) for tailoring the right -individual- 

therapeutic strategy, for determining the predisposition to disease and/or for delivering 

timely and targeted prevention. In this regard, the research field related to 

neurodegenerative disorders overall, and to PD in particular, may not be at the stage 

where there can be realistic personalized approaches according to the above definition. 

Instead, the field is at the stage of Precision Medicine as relating to stratification of 

subgroups of populations for diagnosis, treatment or prevention, which may result in 

the targeting of specific elements responsible for pathology in a given individual at a 

particular point of time. The concept provides the opportunity to better understand the 

complex mechanisms underlying a disease and seeks to apply optimally targeted and 

timed therapies to the precise molecular causes in well-defined or stratified patient 

populations. 

Within this context, gene therapy likely represents the most promising approach 

currently available for Precision Medicine focused on PD. In the last two decades, gene 

therapy has made considerable achievements, with new arrivals being incorporated at 

a breath-taking speed, particularly in the field of PD. When considering gene therapy 

overall, targeting PD likely represents the most appealing scenario at present. By 

providing functional copies of genes implicated in monogenic disorders, or delivering 

genes related to survival or crucial metabolic pathways, gene therapy may regenerate 

cellular integrity and improve neuron survival, thereby restoring brain functions. 
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Numerous proofs of concepts were made in animal models of genetic diseases and 

translational steps on large animals allowed phase 1/2 clinical trials for a number of 

severe neurodegenerative conditions. This concerned genetic (particularly lysosomal 

storage disorders) but also complex multifactorial disorders like PD. From these first 

steps in humans, knowledge has been greatly improved and both critical issues and 

bottlenecks to be overcome have been identified: vector tools, therapeutic constructs, 

delivery systems, administration routes, clinical protocols, design of preclinical 

evaluation and clinical trials, including precise endpoints. This is mandatory if we want 

future therapeutic applications to be not only successful for few patients with severe 

rare conditions but feasible for complex diseases and accessible for a large number of 

patients. 

 

4.1. The gene therapy concept for CNS disorders 

 

Neurodegenerative diseases are a wide group of heterogeneous disorders with an 

unrelenting course resulting from progressive neuronal death. The development of 

regular pharmacological therapies has become a problem for treating CNS diseases, due 

to the limited ability of most of the newly-developed drugs to cross Blood-Brain-Barrier 

(BBB) in levels high enough to elicit the expected efficacy.  

The first proposals of using gene therapy to treat human diseases were performed 

by Friedmann and Roblin in 1972. Gene therapy approaches for neurodegenerative 

diseases focus on the transfer of defined genetic material to specific target cells or CNS 

regions for the correction of genetic irregularities, the slowing-down of the disease 

progression rates by neuroprotection, and symptomatic control.  

The transfer of the therapeutic genes is carried out by vehicles called vectors. CNS 

gene transfer can be achieved through two different routes: on one hand, it can be 

accomplished by the direct administration of a specific recombinant vector, or, or 

indirectly by the injection of genetically engineered cells (therapeutic gene being 

introduced in vitro to a cell into a specific brain region. Although both viral and non-viral 

vectors have been broadly used as gene therapy strategies, viral vectors are a more 
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suitable choice since non-viral vectors alternatives have some caveats regarding 

instability and quick clearance (Yin et al., 2014). 

As demonstrated in recent clinical trials, gene therapy has a strong potential for 

treating and correcting different genetic disorders, being a potential alternative to 

pharmacological approaches and avoiding the need for repeated administration. Among 

the different viral vectors, when targeting the CNS, AAVs currently represent the first 

choice at hand, due to its safety profile and neuronal tropism (Hudry and Vandenberghe, 

2019). To date, more than 2500 gene therapy clinical trials have been performed, are 

ongoing or approved worldwide, being a promising alternative for conventional 

therapies (Ginn et al, 2018). 

 

4.2. Different viral vectors for different purposes 

 

Considering the use of viral vectors at the CNS level, there are several different 

families (Herpesvirus, adenovirus, retrovirus, Adeno-Associated virus) with their own 

packaging capacities, tropism, transduction efficacy and safety concerns (Pignataro et 

al., 2017). Nowadays the most widely used viral vectors are the lentiviruses and the 

adeno-associated viruses (AAV). Lentiviruses are a subgroup of the retrovirus family, 

with a cargo capacity of up to 8-9 Kb. One of the advantages of using lentiviruses is 

represented by their ability to infect dividing and non-dividing cells and indeed their 

genome capacity integration allows for the long-term expression of the encoded 

transgene. When considering gene therapy purposes, the original envelope is often 

replaced by the vesicular stomatitis viral glycoprotein in order to generate a 

pseudotyped lentiviral vector (Pignataro et al., 2017). 

AAV are a member of the Parvoviridae family and Dependoparvovirus genus. AAVs 

are non-pathogenic and replication-defective virus, since they require a co-infection 

with adenovirus or herpes simplex virus (HSV) to complete the replication cycle. In 

absence of a helper virus, AAVs can produce a latent infection in which the viral genome 

persists integrated in infected cells (Murlidharan et al, 2014). AAVs were first identified 

by Robert W Atchison´s group by electron microscopy, as contaminants of adenoviral 

stocks produced in in vitro preparations (Atchison et al, 1965). 
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AAVs are characterized by their non-enveloped 20 to 25 nm in diameter icosahedral 

capsid carrying a 4.7 kilobases single stranded (ss), linear DNA genome packaging, that 

contains two open reading frames encoding four non-structural proteins (Rep78, 68, 52 

and 40), the capsid gene encoding for three structural proteins (VP; VP1, VP2, VP3) and 

a small viral co-factor required for assembly called assembly-activating protein (AAP).  

 

The replication gene (Rep) encodes four proteins which are essential for the replication, 

packaging, transcriptional regulation and site-specific integration. The genome is 

flanked by two 145 nucleotides inverted terminal repeats (ITRs) that fold into T-shaped 

hairpins, which are the only sequences required in cis for the replication and packaging 

of the AAV genome. 

 

 

 
 

Figure 6.  AAV capsid and vector structure. (A) The AAV is a multimeric protein made of 

60 asymmetric structural subunits with a diameter of 20-25 nm. From capsid center to 

surface: Blue-green-yellow-red (110-130 A). Arrows are showing the icosahedral 2-, 3-, 

and 5- fold symmetry axes in addition to the different features founded in the AAV 

capsid.  (Tseng and Agbandje-McKenna, 2014). (B) Wild type AAV2 encoding the Rep and 

Cap genes, and assembly associated protein, flanked by the ITRs.  
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Although the capsid structure is preserved, different capsid surface loop-out 

domains and a slight variance in the amino acid composition generate different AAV 

serotypes. Up until now, at least 12 different natural serotypes (AAV1-AAV12) and more 

than 100 variants have been isolated from NHP and human samples (Salganik et al, 

2015). 

 

For the production of a recombinant AAV genome the rep and cap genes of the WT 

AAV are replaced by any sequence of interest within the cargo capacity of 4,7kb and 

packaging. 

 

 

 

 

 

Figure 7.  Construction of recombinant AAV for therapeutic approaches. Schematic 

representation of the basic components inside a rAAV. When constructing the AAV 

transfer plasmid, Rep and Cap are supplied in trans. 

 

 

For the production of the rAAV vector plasmids are transfected in host mammalian 

cells, such as HEK293T cells. It involves the co-transfection of two/three plasmids: (i) 

AAV2 ITRS containing the gene of interest (ii) second, a plasmid containing the AAV2 Rep 

proteins and the Cap proteins of the chosen serotype (iii) finally, if necessary (if the 

second plasmid doesn´t contain the helper genes), the third plasmid, providing the 

helper genes required for the viral vector replication. 48-72 hours post transfection cells 

are harvest and lysed. Vectors are purified by either column chromatography or density 

gradient centrifugation and quantified by real-time PCR. 
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Figure 8. Recombinant AAV (rAAV) vector production and infection. (A) Co-transfection 

of the therapeutic vector and the helper plasmid (1), both in Hek293T cells, which 

genome contains the Ad E1 gene, together with another one required Ad gene and 

supplied by helper plasmid allows the establishment of a productive infection. (2) Empty 

capsid is formed by AAV structural proteins assembly into the nucleus. (3) The replicated 

ssDNA therapeutic viral genome once packaged into the empty capsid gives rise to a 

non-replicative recombinant AAV vector virion. (B) Once the AAV is injected, the 

infection takes place. The AAV transduction in host cells could be explained in 8 different 

steps. (i) Viral binding to a membrane receptor/co-receptor, (ii) Endocytosis of the virus 

by host cells, (iii) Intracellular trafficking through the endosomal compartment, (iv) 

Release of the virus from the endosome, (v) Virion uncoating, (vi) Entrance into the 

nucleus, (vii) Viral genome conversion from a single-stranded to a double-stranded 

genome capable of expressing the therapeutic gene, and (viii) Integration into the host 

genome (low rate) or permanence of an episomal (mainly) form capable of expressing 

the encoded gene. 
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Different AAV serotypes have been described to perform diverse in vivo tropism and 

receptor interactions for different tissues. In the case of targeting cells in the CNS, the 

AAV serotype 9 has been appointed as the preferred, most convenient choice. 

(Murlidharan et al., 2014; Zincarelli et al, 2008). 

 

 
 

Figure 9. Different rAAV vector tropism.  The product of the transfection in the 

packaging cells of both plasmids, the one containing the AAV genome (therapeutic 

sequence), co-transfected with the packaging sequences (rep and cap genes) and the 

helper virus, produce a capsid sequence dependent tropism. While the different capsids 
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conserve most of the sequence structure, slight changes could modulate the tropism, 

opening an appealing window for improving therapeutic approaches. Figure taken from 

(Adapted from Surace and Auricchio, 2008 and patent W0201113389A1) 

 

4.2.1 GCase-based AAV gene therapy approaches 

 
The first in vivo experimental concept test was carried out by Sardi et al. (Sardi et al., 

2011), who demonstrated that over-expression of GCase by an adeno-associated viral 

vector in the hippocampus of a murine model of GD reduced the pathology of a-Syn and 

improved cognitive deficits. Using a transgenic mouse for the mutated form of a-Syn 

obtained evidence showed that the increased expression of GCase reduced a-Syn levels 

and associated pathology (Giasson et al., 2002). Besides the use of viral vectors encoding 

the GBA1 gene, very appealing data have been obtained with the use of GCase 

chaperones like ambroxol and others (Bendikov-Bar et al, 2013a; McNeill et al., 2014; 

Patnaik et al., 2012; Richter et al., 2014) limiting factors of the activation of GCase as 

LIMP-2 (Rothaug et al, 2014), and transcription factors increasing the expression of 

GBA1 as TFEB (Decressac et al, 2013). Finally, and because of its direct involvement to 

our conducted work, special emphasis is made on the study by Rocha et al. (Rocha et al, 

2015a), who have shown that the gene therapy using AAVs encoding the GBA1 gene 

prevented a-Syn aggregation and improved survival of dopaminergic cells. Experiments 

were carried out in two different animal models. The first one was a transgenic mouse 

model that expresses mutated a-Syn (ASO mouse), while in the second model, rats were 

injected with an AAV coding for mutated a-Syn gene. In the ASO mouse model, the 

intraparenchymal delivery of AAV-GBA1 increased GCase activity and lead to a reduction 

in a-Syn burden in the substantia nigra (SNpc) and striatum (ST). Considering 

experiments carried out in rats, the co-injection of AAV-GBA1 and AAV-SynA53T in the 

SNpc prevented the dopaminergic neurodegeneration driven by a-Syn aggregation with 

a follow-up of 6 months (Rocha et al., 2015a).  

Taken as a whole, these data demonstrated a neuroprotective effect of GCase 

enhancement against a-Syn-induced dopaminergic neurodegeneration. Another 

feasible approach was recently reported by Morabito et al. in 2017 (Morabito et al., 
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2017) by taking advantage of BBB-penetrating AAVs coding for GBA1 (AAV-PHP.B-

GBA1). The systemic delivery of this viral vector in an a-Syn transgenic mice resulted in 

a clear reduction of a-Syn burden throughout the mice brain. However, it is worth noting 

that  a-Syn transgenic mice lack the adequate PD-like phenotype and indeed some 

controversy still remains on the limited BBB penetration exhibited by AAV-PHP.B vectors 

when tested in animal species other than mice (Matsuzaki et al., 2018) or even when 

using different strains of mice (Hordeaux et al., 2018; Liguore et al., 2019). 

 

4.3. Ongoing gene therapy clinical trials for Parkinson’s disease 

 

Here we summarize a number of ongoing clinical trials focused on AAV-based gene 

therapies for the treatment of Parkinson’s disease. Bearing in mind the well-known 

decline in dopamine levels resulting from dopaminergic cell loss, one of the first 

conducted strategies was aimed at restoring normal dopamine levels by transferring 

dopa-decarboxylase, the enzyme in charge of converting levodopa into dopamine 

(reviewed in Hudry and Vandenberghe, 2019b). Phase II clinical trials have been 

successfully completed by Voyager Therapeutics. Moreover, another feasible choice is 

represented by the use of neurotrophic factors like glial cell line-derived neurotrophic 

factor (GDNF) or close relatives like neurturin (NTN) since both neurotrophins are known 

to induce dopaminergic neuroprotection. Although promising results have been 

generated in nonhuman primates (Qu et al, 2019), these studies did not progress 

towards clinical trials.  

Finally, a different approach takes advantage of the well-known hyperactivity of the 

subthalamic neurons under parkinsonian conditions. In an attempt to tune-down such 

hyperactivity, clinical trials have been conducted with rAAV2 encoding glutamic acid 

decarboxyalse (GAD), the rate-limiting enzyme for the production of the inhibitory 

neurotransmitter GABA (LeWitt et al., 2011).   
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Table 2. Ongoing clinical programs for CNS intraparenchymal injections of AAVs 

 

Most of the clinical trials strategies are using rAAVs direct intraparenchymal injection as 

the best choice allowing a localized expression of the encoded transgene. Although it 

can be argued that alternative delivery routes such as an intrathecal injection can 

achieve a broader CNS distribution, this choice also possesses its own caveats due to the 

high volumes and AAV titers needed, the potential spread to peripheral organs and 

failure to penetrate into deep brain tissues.  

 

Consequently, given high efficiency and efficacy of AAV vectors to delivery transgenes 

into the CNS with an excellent safety profile, it is our chosen gene therapy vehicle for 

the delivery of the a-Syn and GBA1 genes in order to (i) mimic the neuropathological 

features appeared in PD patients, and (ii) to perform a reduction of a-Syn burden being 

neuroprotective for dopaminergic neurons, and ultimately minimizing disease 

progression rates.
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Hypothesis 

 
The mechanisms through which GCase regulate the homeostasis of a-Syn -and vice 

versa- still remain elusive, with little experimental evidence to date. GBA1 mutations are 

known to induce a GCase loss-of-function, ultimately leading to a-Syn aggregation. In 

turn, a-Syn aggregation per se (e.g. in the absence of GBA1 mutations) also triggers 

GCase loss-of-function. Accordingly, approaches aimed at enhancing GCase activity will 

likely have therapeutic potential for the treatment of PD patients, with and without 

GBA1 mutations. In this regard, a number of different therapeutic choices are currently 

under development, these including enzyme replacement, GCase chaperones, substrate 

reduction and gene therapy strategies. Here we have chosen a tailored gene therapy 

approach intended to enhance GCase activity. Our working hypothesis is that the AAV-

mediated enhancement of GCase activity may induce a reduction of a-Syn burden 

adequately to promote dopaminergic neuron survival. 

 

Objectives 

 
General Objective 

Our main goal is to develop a gene therapy strategy aimed to enhancing GCase 

activity in mice and nonhuman primate models of a PD-like synucleinopathy by taking 

advantage of the intraparenchymal focused delivery into the substantia nigra pars 

compacta of adeno-associated viral vectors (AAVs) coding for the GBA1 gene. Conducted 

work focused on providing evidence supporting the use of viral-mediated GCase 

enhancement as a neuroprotective treatment in PD, once the neurodegenerative 

changes subsequent to progressive a-Syn aggregation are already ongoing and before 

reaching a non-returning point. 

This main goal was achieved by the implementation of a dedicated work plan, 

broken down into the following specific objectives: 
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Specific Objectives 

1. Characterization of the baseline expression levels for GCase in the non-human 

primate (NHP) brain. 

2. Design, synthesis and purification of the AAVs required for (i) disease modeling 

purposes (AAV encoding a-synA53T) and (ii) therapeutic intervention (AAV 

encoding GBA1).  

3. Testing the use of rAAV9-GBA1 in a mouse model of Parkinson’s disease-like 

synucleinopathy. 

4. Testing the use of rAAV9-GBA1 in a NHP model of Parkinson’s disease-like 

synucleinopathy. 
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ABSTRACT 

 

Glucocerebrosidase (GCase) is a lysosomal enzyme encoded by the GBA1 gene. 

Mutations in GBA1 gene lead to Gaucher’s disease (GD), the most prevalent lysosomal 

storage disorder. GBA1 mutations reduce GCase activity, therefore promoting the 

aggregation of alpha-synuclein, a common neuropathological finding underlying 

Parkinson’s disease (PD) and dementia with Lewy bodies. However, it is also worth 

noting that a direct link between GBA1 mutations and alpha-synuclein aggregation 

indicating cause and effect is still lacking, with limited experimental evidence to date. 

Bearing in mind that a number of strategies increasing GCase expression for the 

treatment of PD are currently under development, here we sought to analyze the 

baseline expression of GCase in the brain of Macaca fascicularis, which has often been 

considered as the gold-standard animal model of PD. Although as with other lysosomal 

enzymes, GCase is expected to be ubiquitously expressed, here a number of regional 

variations have been consistently found, together with several specific neurochemical 

phenotypes expressing very high levels of GCase. In this regard, the most enriched 

expression of GCase was constantly found in cholinergic neurons from the nucleus 

basalis of Meynert, dopaminergic cells in the substantia nigra pars compacta, 

serotoninergic neurons from the raphe nuclei, as well as in noradrenergic neurons 

located in the locus ceruleus. Moreover, it is also worth noting that moderate levels of 

expression were also found in a number of areas within the paleocortex and archicortex, 

such as the entorhinal cortex and the hippocampal formation, respectively. 
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INTRODUCTION 

 

Glucocerebrosidase (GCase) is a lysosomal enzyme involved in the hydrolysis of the 

glycosphingolipid glucosylceramide to ceramide and glucose. Homozygotic mutations in 

the gene coding for GCase (GBA1) cause Gaucher’s disease (GD). Although GD is 

categorized as a rare disease, it is the most prevalent one within the broad spectrum of 

lysosomal storage disorders. Up to three different types of GD have been described (GD 

I-III) based on clinical disease progression and the presence of neurological 

manifestations (Jmudiak and Futerman, 2005; Grabowski, 2008). 

GCase has currently deserved increased attention in the field of Parkinson’s disease 

and related synucleinopathies. A first study was published long ago by Van Bogaert and 

Froehlich (1939) who reported about one GD patient that exhibited extra-pyramidal 

symptoms. Later on, Neurdofer et al. (1996) have found typical parkinsonian symptoms 

-resting tremor, bradykinesia and rigidity- in a cohort of 6 GD patients. The presence of 

a direct link between GBA1 mutations and synucleinopathies like PD and dementia with 

Lewy bodies (LBD) has been uncovered by multicenter genetic studies (Sidransky, 2005, 

2009; Goker-Alpan et al., 2004, 2008, 2012; reviewed in Aflaki et al., 2017). These studies 

appointed GBA1 mutations as the most common genetic risk factor for developing PD 

and indeed the association between GBA1 mutations and LBD is even stronger than for 

PD (Nalls et al., 2013). Furthermore, it is also worth noting that after a follow-up of two 

years, both GD patients as well as heterozygous carriers of GBA1 mutations showed 

prodromal signs of parkinsonism, such as olfactory deficits, higher UPDRS motor scores, 

lower cognitive assessment scores, REM sleep disturbances and higher depression 

scores (McNeil et al., 2012; Beavan et al., 2015). Regarding the clinical phenotype, GBA1-

associated PD is almost identical to idiopathic PD, besides a slightly earlier disease onset 

and greater risk for neuropsychiatric symptoms (reviewed in Midgalska-Richards and 

Schapira, 2016; Blanz and Saftig, 2016). Moreover, an association between the severity 

of the PD phenotype and the burden of GBA1 mutations has also been recently reported 

(Thaler et al., 2017). Finally, it is also worth noting that GBA1 mutations were found in 

17% of PD patients being treated with deep brain stimulation (Angeli et al., 2013). 

Although the overall incidence of PD in GBA1 mutation carriers ranges between 3-15% 
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of PD individuals (mainly related to the way in which the GBA1 gene is sequenced), it 

can be roughly estimated that 10% of PD patients hold a GBA1 mutation (reviewed in 

Midgalska-Richards and Schapira, 2016; Blanz and Saftig, 2016; see also Aflaki et al., 

2017). While the genetic link between GBA1 mutations and synucleinopathies like PD 

and LBD is the strongest argument linking GCase deficit with the appearance of 

synucleinopathies, the ultimate basis for this association has remained elusive, with very 

little experimental evidence to date. 

While as a lysosomal enzyme, GCase is ubiquitously expressed throughout all organs 

of the body, also including the brain (www.proteinatlas.org), very little is known about 

the patterns of expression of GCase in the control and diseased brain. Available data are 

mainly limited to changes in GCase enzymatic activities, whereas neuropathological 

studies are often restricted to specific brain areas such as the substantia nigra and the 

hippocampal formation. In this regard, several studies reported reduced GCase activity 

in the substantia nigra of PD brains (Gegg et al., 2012; Chiasserini et al., 2015). 

Furthermore, within 3 GD patients and 4 heterozygotic carriers, 32-90% of Lewy bodies 

were found to display GCase immunoreactivity (Goker-Alpan et al., 2010). Finally, strong 

CGase immunoreactivity was found in the hippocampal formation (regions CA2-4) both 

in control brains as well as in GD type I patients (Wong et al., 2004). Bearing in mind the 

current broad interest in glucocerebrosidase as a potential target candidate for the 

treatment of PD and related synucleinopathies, here we provide a comprehensive 

mapping of baseline GCase expression levels throughout the entire brain of the long-

tailed macaque. 

 

MATERIALS AND METHODS 

 

Here we have used two series of coronal brain sections available in our macaque 

brain bank (2 series per animal). Sections were taken from three naïve adult male 

Macaca fascicularis primates (body weight 3.4-4.5 Kg). Animal handling was conducted 

in accordance with the European Council Directive 210/63/UE as well as in keeping with 

the Spanish legislation (RD53/2013). The experimental design was approved by the 

Ethical Committee for Animal Testing of the University of Navarra (ref: 009-12). All 

animals were captive-bred and supplied by R.C. Hartelust (Leiden, The Netherlands). 
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Perfusion and tissue processing: 

 

Animals were anesthetized with an overdose of 10% chloral hydrate and perfused 

transcardially. The perfusates consisted of a saline Ringer solution followed by 3,000 ml 

of a fixative solution containing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.125 

M phosphate buffer (PB), pH 7.4. Perfusion was continued with 1,000 of a 

cryoprotectant solution made of 10% glycerin and 1% dimethylsulphoxide (DMSO) in 

0.125 M PB, pH 7.4. Once the perfusion was completed, the skull was opened and the 

brain removed and stored for 48 h in a cryoprotective solution containing 20% glycerin 

and 2% DMSO in 0.125 M PB, pH 7.4. Next, frozen serial coronal sections (40 µm-thick) 

were obtained on a sliding microtome and collected in 0.125 M PB cryoprotective 

solution containing 20% glycerin and 2% DMSO, as 10 series of adjacent sections. 

 

Histological processing: 

 

For each of the three macaques, one entire series of rostrocaudal sections ranging 

from 10 mm rostral to the anterior commissure and 24 mm caudal to the anterior 

commisure were used for the immunoperoxidase detection of GCase. Individual 

sections taken from the second series of sections were used for performing multiple 

immunofluorescent stains combining GCase with the detection of a variety of markers 

such as cholineacetyltransferase (ChAT), tyrosine hydroxylase (TH) and serotonin (5HT). 

For the immunoperoxidase detection of GCase, free-floating sections were rinsed 

with Tris buffer pH 7.4 (TBS) and then incubated for 40 min with a 0.3% solution of H2O2 

in methanol to block the endogenous peroxidase activity. After several rinses in the TBS 

solution, the sections were incubated in a blocking solution containing 1% cold fish 

gelatin (Sigma), 1% bovine serum albumin (BSA; Sigma) and 0.05% Triton X-100 (Sigma) 

in TBS (TBS-Tx) for 1 hour, followed by an overnight incubation with a monoclonal mouse 

anti-GBA antibody (1:500; Abcam, ref: ab55080). After several rinses in TBS-Tx, sections 

were incubated for 30 min with a biotinylated donkey-anti mouse IgG (1:600; Jackson 

Laboratories, ref: 715-066-150). Sections were next rinsed several times in TBS-Tx and 

further incubated for 30 min in an ABC solution (Vectastain ABC HRP kit; Vector 

Laboratories, ref: PK4000). Specificity of the anti-GBA antibody was previously shown by 
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Barneveld et al. (1983). Additional negative controls were performed by removal of the 

primary antibody, a procedure resulting in complete lack of stain. Delineation of the 

boundaries of brain nuclei showing GCase labeling and nomenclature was based on the 

atlases of Lanciego and Vázquez (2012) and Martin and Bowden (1996, 1997). 

A similar procedure was conducted for the immunofluorescent detection of GCase 

combined with a number of neuronal markers. In this case, the following primary 

antibodies were used: mouse anti-GBA (1:500; Abcam), goat anti-TH (1:50; Santa Cruz, 

ref: sc-7847), goat anti-ChAT (1:100; Millipore, ref: AB114P), and rabbit anti-5HT 

(1:5,000; immunostar, ref: 20080). Detection was carried out using the following 

secondary antibodies (all diluted 1:200 and incubated for 2 hours at room temperature): 

Alexa Fluor® 488-conjugated donkey anti-mouse IgG (Molecular Probes-Invitrogen, ref: 

A21202), Alexa Fluor® 546-conjugated donkey anti-goat IgG (Molecular Probes-

Invitrogen, ref: A11056), and an Alexa Fluor® 555-conjugated donkey anti-rabbit IgG 

(Molecular Probes-Invitrogen, ref: A31572). Sections were incubated in a solution of 

Topro-3 for counterstaining purposes (1:400, 1 h at room temperature; Invitrogen, ref: 

T3605). 

Sections were finally rinsed in TBS and mounted on SuperFrost Ultra Plus slides, 

dried at room temperature and coverslipped with DePex® (VWR International). 

Immunoperoxidase sections were inspected and photographed with a Nikkon 

Eclipse 800 brightfield microscope. GCase expression levels were evaluated by four 

independent neuroanatomists according to a scoring scale ranging from 1 to 4 

(reflecting low to high intensity, respectively). Obtained scores were averaged to finally 

generate an overall pattern of GCase staining intensitites across all inspected brain areas 

and nuclei. Sections processed for immunofluorescence were inspected under a 

confocal laser-scanning microscope (LSM 800, Zeiss, Germany). To ensure appropriate 

visualization of the labeled elements and to avoid false positive results, the emission 

from the argon laser at 488 nm was filtered through a band pass filter of 505-530 nm 

and color-coded in green. The emission following excitation with the helium laser at 543 

was filtered through a band pass filter of 560-615 nm and color-coded in red. Finally, a 

long-pass filter of 650 nm was used to visualize the emission from the helium laser at 

633 and color-coded in dark blue. 
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RESULTS 

 

The immunohistochemical detection of GCase was carried out in serial coronal 

sections comprising the entire rostrocaudal extent of the brain in the long-tailed 

macaque, Macaca fascicularis. As a lysosomal enzyme, GCase expression was found to 

be expressed throughout all inspected brain cortical areas and subcortical structures. 

However, region-specific differences were consistently observed, comprising changes in 

baseline expression levels between neocortex, archicortex and paleocortex, as well as 

within subcortical territories as the amygdala, hypothalamus and the caudal 

intralaminar nuclei. Most importantly, neurons giving rise to diffuse ascending systems 

were the ones that exhibited by far the highest GCase expression levels.  

 

Cerebral cortex 

 

Neurons from all neocortical areas including the frontal, parietal, occipital and 

temporal lobes exhibited a weak GCase immunoreactivity. Pyramidal neurons within 

layers III, V and VI are the ones showing slightly higher expression levels, particularly 

giant layer V pyramidal neurons from the frontal lobe (Figure 1). By contrast, neurons 

located in older brain cortices such as the archicortex (entorhinal cortex) and 

paleocortex (hippocampal formation) displayed a more robust GCase immunoreactivity. 

Within the entorhinal cortex, a tri-layered pattern was typically observed, best 

exemplified by layers V and VI (Figure 2A-A”; see also Figure 3A). Furthermore and in 

keeping with has been reported in human brains (Wong et al., 2004), strong GCase 

staining was found in hippocampal regions CA2-4, whereas in the CA1 region very low 

expression levels were constantly found (Figure 2B-E’). This also applies to hippocampal-

related territories like the prosubiculum, subiculum and presubiculum, all of them 

showing very sparse labeling (Figure 2B). 

 

Subcortical structures 
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The patterns of GCase expression were also analyzed in a number of subcortical 

structures, these comprising the basal ganglia nuclei, claustrum, septum, amygdala, 

hypothalamus, thalamus and brainstem. While a ubiquitous and weak GCase 

immunoreactivity was found within all these structures, neurons within several nuclei 

exhibited more intense GCase expression levels. For instance, at the level of the 

amygdaloid complex, the basal amygdaloid nucleus is more intensely stained than any 

other amigdaloid nuclei (Figure 3A-A”). This is also the case for the lateral hypothalamus 

when compared with the ventral and dorsal medial hypothalamic nuclei, the latter two 

showing a sparser staining (Figure 3B-B”). Furthermore, within the septal nuclei, only 

the major island of Calleja showed a moderate neuropil staining. At the thalamic level, 

the highest GCase expression levels were found in the caudal intralaminar nuclei 

(centromedian-parafascicular complex, see Figure 3C and C’). Some minor differences 

were also found in the habenular complex. When comparing lateral and medial 

habenular nuclei, the latter showed a more intense expression pattern (Figure 3C and 

C”). Basal ganglia-related nuclei such as the caudate and putamen nuclei, both segments 

of the globus pallidus, the subthalamic nucleus and the substantia nigra pars reticulata 

displayed a very weak GCase staining, with the only exception of the large cholinergic 

striatal interneurons that exhibited very intense GCase expression levels (Figure 5E-H’). 

For all the remaining structures inspected, ranging from the red nucleus in the 

mesencephalon to the inferior olive of the brainstem -also including cerebellar cortex 

and deep cerebellar nuclei- only a very weak pattern of GCase immunoreactivity was 

consistently found, without any noticeable difference between different nuclei. 

 

Diffuse ascending systems 

 

Besides the overall weak or moderate GCase expression levels observed throughout 

the entire rostrocaudal extension of the non-human primate brain, very intense 

expression levels were characteristically found in neurons giving rise to the so-called 

“diffuse ascending systems” (Thierry et al., 1990; see Figure 4). These are very small 

nuclei or cellular groups found in restricted locations providing the brain with specific 

neurotransmitters such as acetylcholine (cholinergic neurons from the nucleus basalis 

of Meynert), dopamine (substantia nigra pars compacta), serotonin (raphe nuclei) and 
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noradrenaline (locus ceruleus). Within all these cellular groups, the intensity of GCase 

staining is so high that it is even visible to the naked eye, i.e., without the need of a 

microscope. In non-human primates, the nucleus basalis of Meynert (NBM) is made up 

of a thin band of densely-packed cholinergic neurons located in the forebrain just below 

the ventral pallidum/substantia innominata. These neurons exhibited very intense 

GCase expression levels with a typical granular-like appearance, distributed throughout 

the cytoplasm (Figure 4A-A”). Similar GCase staining patterns were also found in the 

substantia nigra pars compacta and in the locus ceruleus (Figure 4B-B” and 4C-C”, 

respectively). The cholinergic, dopaminergic, serotoninergic and noradrenergic 

identities of these neurons expressing such a very high GCase immunoreactivity was 

confirmed by inmmunofluorescent studies, as shown in Figures 5, 6 and 7. 

 

 

DISCUSSION 

 

While the data provided here are consistent with a ubiquitous distribution of GCase 

in the non-human primate brain, a number of regional variations in the GCase 

expression levels were constantly found. For instance, older brain cortices like the 

archicortex and the paleocortex showed a more intense immunoreactivity than any 

neocortical area. Most importantly, neurons giving rise to diffuse ascending systems 

were the ones showing the highest levels of GCase immunoreactivity. The overall 

pattern of GCase immunoreactivity in the non-human primate brain is summarized in 

Figure 8. 

At present it is broadly accepted that mutations in the gene coding for GCase (GBA1 

gene) represent the main genetic risk factor for the development of PD and LBD. 

Although mutations in genes like LRRK2, PINK1 and DJ-1 have often been implicated in 

the pathophysiology of syucleinopaties, GBA1 mutations are the ones showing the 

highest prevalence (Neumann et al., 2009). While GCase deficit and alpha-synuclein 

aggregation are apparently directly linked to each other, the ultimate mechanisms 

sustaining this association still remain elusive. Indeed, it may well be the case that 

instead of existing a linear relationship between GCase and alpha-synuclein, GCase loss-

of-function may trigger a number of changes in lipid metabolism, autophagy, 
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mitochondrial function and dysfunction, ER stress and cytotoxicity that all together 

would be the actors truly sustaining the aggregation of misfolded alpha-synuclein (Wong 

et al., 2004; Mazzuli et al., 2011; Kurawa-Akanbi et al., 2012; Murphy et al., 2014; 

Chiasserini et al., 2015; Gegg and Schapira, 2016). Data gathered from PD patients 

showed that GCase protein levels and enzymatic activities are reduced in brain areas 

showing alpha-synuclein aggregation (Murphy et al., 2014). GCase mRNA levels were 

significantly reduced in the substantia nigra in PD and LBD patients (Chiasserini et al., 

2015). These findings are in full keeping with earlier reports showing a substantial 

decrease on GCase activity in a number of brain areas, from which the greatest 

deficiency was found in the substantia nigra (Gegg et al., 2012). In summary, it seems 

that GCase and alpha-synuclein are forming together a bidirectional, vicious circle that 

self-perpetuates disease progression (Mazzuli et al., 2011). These evidences have paved 

the way for the development of disease-modifying therapies intended to increase GCase 

levels in an attempt to slow-down or ideally revert the progressive aggregation of alpha-

synuclein. In this regard, it has been recently shown that the co-injection of adeno-

associated viral vectors coding for GBA1 and mutated forms of alpha-synuclein in rats 

fully prevented nigral dopaminergic neurons from neurodegeneration with a follow-up 

of 6 months (Rocha et al., 2015). Besides gene therapies, there currently is strong 

interest from pharmaceutical companies for the development of different approaches 

such as chaperones, allosteric modulators and BBB-passing enzyme replacement 

therapies, to mention just a few, all these approaches sharing a common rationale of 

increasing brain levels of GCase (reviewed in Kelly et al., 2017; see also Sardi et al., 2013). 

Indeed, it has been recently shown that the inhibition of glucosylceramide synthase in a 

mice model of Gaucher-related synucleinopathy efficiently reduces the levels of alpha-

synuclein, ubiquitin and Tau aggregates at the level of the hippocampal formation (Sardi 

et al., 2017). 

Finally, it is worth noting that the findings reported here demonstrate that the most 

enriched GCase levels were consistently found in neurons giving rise to diffuse ascending 

systems. All these specific neuronal groups share a common engagement in dealing with 

several distinct types of misfolded proteins such as alpha-synuclein and Tau. For 

instance, the presence of Lewy body-like pathology in the locus ceruleus is a 

phenomenon appearing even before the presence of alpha-synuclein aggregates in the 
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substantia nigra (Del Tredici et al., 2002; Braak et al., 2003). Furthermore, it is also 

known that neurons in the locus ceruleus and substantia nigra pars compacta co-

aggregate both alpha-synuclein and Tau proteins in patients suffering from progressive 

supranuclear palsy (Erro Aguirre et al., 2015). Considering Alzheimer’s disease, 

formation of abnormally phosphorylated Tau protein was firstly detected in subcortical 

nuclei projecting to the cerebral cortex, i.e., the nucleus basalis of Meynert and the locus 

ceruleus (Braak et al., 2011). 
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FIGURES 

 

 
 

FIGURE 1: Immunohistochemical detection of GCase in neocortical areas. 

Representative images taken at different magnifications from the anterior cingulated 

gyrus (A-A”), superior frontal gyrus (B-B”) and inferior frontal gyrus (C-C”). All labeled 

cells displayed a weak GCase immunoreactivity. GCase stain was slightly more 
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prominent in pyramidal cell layers. Giant pyramidal cells (Betz neurons) are the ones 

more easily appreciated. Scale bar is 300 µm in A, B and C; 150 µm in A’, B’ and C’; and 

75 µm in A”, B” and C”. 

 

 

 
 

FIGURE 2: Immunohistochemcial detection of GCase in archicortex and paleocortex. 

Representative images taken at different magnifications from the entorhinal cortex (A-
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A”) and the hippocampal formation (B-C’). Deep layers of the entorhinal cortex (lamina 

V and VI) displayed a moderate GCase staining. At the level of the hippocampal 

formation, fields CA2-4 are the territories showing a more intense GCase 

immunoreactivity. By contrast, CA1 field, prosubiculum (ProS), subiculum (S) and 

presubiculum (PreS) only showed a very weak staining. Scale bar is 300 µm in A; 150 µm 

in A’; 75 µm in A”; 1,500 µm in B, 300 µm in C, D and E; and 75 µm in C’, D’ and E’. 
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FIGURE 3: Immunohistochemical detection of GCase in a number of subcortical 

structures. Representative images taken at different magnifications from the 

amygdaloid complex (A-A”), the hypothalamus (B-B”) and the caudal thalamus (C-C”). At 

the level of the amygdaloid complex, the basal amygdaloid nucleus (BA) exhibited a 

higher staining intensity than any other nuclei of the amygdaloid complex. Regarding 

the hypothalamus, the lateral hypothalamic area (LH) showed a more intense GCase 

immunoreactivity than the dorsomedial (DMH) and ventromedial (VMH) hypothalamic 

nuclei. The centromedian-parafascicular thalamic complex (CM-Pf) is the thalamic 

nucleus with higher GCase stain, whereas for the habenular complex, the medial 

habenular nucleus (MHb) is more intensely stained than the lateral habenular nucleus 

(LHb). Abbreviations: optic tract (opt), nucleus basalis of Meynert (NBM), claustrum (Cl), 

superior temporal gyrus (STG), medial temporal gyrus (MTG), inferior temporal gyrus 

(ITG), entorhinal cortex (Ent), middle temporal sulcus (mts) rhinal sulcus (rhs), accessory 

basal amygdaloid nucleus (ABA), basal amygdaloid nucleus (BA), basolateral amygdaloid 

nucleus (BL), bsolateral nuclear group (BL), central amygdaloid nucleus (CeA), medial 

amygdaloid nucleus (MeA), third ventricle (3V), mediodorsal thalamic nucleus (MD), 

posterior commissure (pc), aqueduct (Aq), habenular commissure (hbc). Scale bar is 

3,000 µm in A; 150 µm in A’, B’ and B”; 120 µm in B and C; 300 µm in C’ and C”; and 75 

µm in A”. 
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FIGURE 4: Immunohistochemical detection of GCase in neuronal groups giving rise to 

diffuse ascending systems. Cholinergic neurons from the nucleus basalis of Meynert (A-

A”), dopaminergic neurons from the substantia nigra pars compacta (B-B”) and 

noradrenergic neurons from the locus ceruleus (C-C”) were the ones showing the 

highest GCase staining intensities throughout the entire macaque brain. All these 
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neurons typically exhibited intense granular-like GCase immunoreactivity. 

Abbreviations: substantia innominata (SI), supraoptic nucleus (SO), nucleus basalis of 

Meynert (NBM), medial longitudinal fasciculus (mlf), red nucleus (RN), subthalamic 

nucleus (STN), substantia nigra pars compacta (SNpc), substantia nigra pars reticulata 

(SNr), ventral tegmental area (VTA), third cranial nerve (3n), aqueduct (Aq), locus 

ceruleus (LC), superior cerebellar peduncle (scp), medial longitudinal fasciculus of pons 

(mlfp). Scale bar is 750 µm in A; 1,500 µm in B; 300 µm in C; 75 µm in A’, B’ and C’; and 

18.75 µm in A”, B” and C”. 
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FIGURE 5: Cholinergic neurons and GCase expression. Multiple immunofluorescent 

stains showing the expression of GCase within cholinergic neurons from the nucleus 

basalis of Meynert (A-D’) as well as in striatal cholinergic interneurons from the putamen 

(E-H’). GCase expression is shown in the green channel; ChAT-immunoreactivity in the 

red channel. Sections were counterstained with Topro-3 as illustrated in the blue 

channel. Scale bar is 40 µm in panels A-D and E-H, and 10 µm in panels A’-D’ and E’-H’. 

 

 

 

 
 

FIGURE 6: GCase expression in dopaminergic and serotoninergic neurons. Multiple 

immunofluorescent stains showing the GCase expression within dopaminergic neurons 

from the substantia nigra pars compacta (A-D’) as well as in serotoninergic neurons from 
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the dorsal raphe nuclei (E-H’). Green channel shows the GCase expression whereas 

tyrosine-positive neurons or serotoninergic neurons are illustrated in the red channel 

(C-C’ and G-G’, respectively). Sections were counterstained with Topro-3 as seen in the 

blue channel. Scale bar is 40 µm in panels A-D and E-H, and 10 µm in panels A’-D’ and 

E’-H’. 

 

 

 

 
 

FIGURE 7: GCase expression levels in the locus ceruleus. Green channel shows the GCase 

expression whereas tyrosine-positive neurons are illustrated in the red channel. 

Sections were counterstained with Topro-3 as seen in the blue channel. Scale bar is 40 

µm in panels A-D, and 10 µm in panels A’-D’. 
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FIGURE 8: Schematic diagram summarizing the observed GCase staining patterns 

throughout different rostrocaudal brain sections of the non-human primate brain. The 

staining intensities are coded according to different colored gradients. Striatal 

cholinergic neurons as well as neurons giving rise to diffuse ascending systems are by 

far the ones showing the highest GCase staining intensities. High levels of GCase 

immunoreactivity were also found in the hippocampal formation and in the entorhinal 

cortex. 
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ABSTRACT 

 

The field of gene therapy has recently witnessed a number of major conceptual 

changes. Besides the traditional thinking that comprises the use of viral vectors for the 

delivery of a given therapeutic gene, a number of original approaches have been 

recently envisaged, focused on using vectors carrying genes to further modify basal 

ganglia circuits of interest. It is expected that these approaches will ultimately induce a 

therapeutic potential being sustained by gene-induced changes in brain circuits. Among 

others, at present it is technically feasible to use viral vectors to (i) achieve a controlled 

release of neurotrophic factors, (ii) conduct either a transient or permanent silencing of 

any given basal ganglia circuit of interest, (iii) perform an in vivo cellular reprogramming 

by promoting the conversion of resident cells into dopaminergic-like neurons and (iv) 

improving levodopa efficacy over time by targeting aromatic L-amino acid 

decarboxylase. Furthermore, extensive research efforts based on viral vectors are 

currently ongoing in an attempt to better replicate the dopaminergic 

neurodegeneration phenomena inherent to the progressive intraneuronal aggregation 

of alpha-synuclein. Finally, a number of incoming strategies will soon emerge over the 

horizon, these being sustained by the underlying goal of promoting alpha-synuclein 

clearance such as for instance gene therapy initiatives based on increasing the activity 

of glucocerebrosidase. In order to provide adequate proof-of-concept on safety and 

efficacy and to push forward true translational initiatives based on these different types 

of gene therapies before entering into clinical trials, the use of non-human primate 

models undoubtedly plays an instrumental role. 
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1. Introduction 

 

Parkinson’s disease (PD) is, by large, an idiopathic neurodegenerative disorder of 

basal ganglia origin sustained by the progressive loss of midbrain dopaminergic neurons 

located in the substantia nigra pars compacta (SNc). Although only a minimal fraction of 

cases can be attributed to a Mendelian inheritance due to several genetic mutations, 

there is an overall consensus in considering the etiology of PD as a mixed scenario 

comprising genetic susceptibility together with environmental factors including 

insecticides, pesticides and herbicides. The so-called “genetic susceptibility” stands on a 

quickly-increasing list of involved genes such as the ones coding for alpha-synuclein (α-

SYN), parkin, leucine-rich repeat kinase 2 (LRRK2; also known as dardarin), PTEN-induced 

putative kinase 1 (PINK-1), DJ-1 and ATP13A2 (reviewed in Klein and Westenberger, 

2003). Moreover, mutations in the gene coding for glucocerebrosidase (known as GBA1 

gene) deserve special attention since a tight relationship between homo- and 

heterozygous-GBA1 mutations and the appearance of PD has been only recently 

uncovered (Sidransky, 2005). 

 

Bearing in mind that PD in mostly diagnosed people lacks a specific known cause (at 

least without specific genetic inheritance) it seems there will be little chances for the 

development of gene therapy-based approaches. Although it might be argued that we 

are facing quite a negative scenario, a number of advances being made in the last few 

years have completely changed the former thinking into the development of more 

plausible strategies that so far can be broadly categorized into five main groups. First 

category is represented by the controlled release of neurotrophic factors through viral 

vectors, mostly focused on glial cell-derived neurotrophic factor (GDNF) and neurturin 

(NRTN; a close relative of the GDNF family). A second group is made up of a number of 

gene therapy-based initiatives using genes with the aim of modifying basal ganglia 

circuits (DREADD-related systems, tract-targeting approaches and Rheb-induced 

nigrostriatal reconstruction). Next, in vivo reprogramming has also recently emerged as 

an appealing strategy. A fourth group of initiatives are directed towards targeting 

neurotransmitters such as glutamic acid decarboxylase and aromatic L-amino acid 
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decarboxylase. Finally, a fifth group comprises options made available in the last few 

years following the identification of key downstream targets within pathogenic 

pathways implicated in PD pathophysiology. Among others, extensive research is 

currently being conducted with genes implicated in autophagy and mitochondria, 

lysosomal impairment and endoplasmic reticulum (ER) stress. Furthermore, it is also 

worth noting that gene therapy might also be a very helpful choice for modeling PD in 

experimental animals by promoting the progressive aggregation of alpha-synuclein (see 

accompanying manuscript by Jeff Kordower, this issue). Moreover, it is worth noting 

that gene therapy with glucocerebrosidase has been appointed as a feasible approach 

for conducting alpha-synuclein clearance (Rocha et al., 2015). Although it is practically 

impossible to deal with all the currently available gene therapy tools for PD, here we will 

try to summarize the most popular ones in an attempt to provide potential readers with 

a landscape view of what’s going on in the field. 

 

2. Different types of viral vectors for different purposes 

 

2.1. The vector matters: Selection of the most appropriate viral vector 

To bypass the blood brain barrier (BBB), viral vectors are directly injected into the 

brain parenchyma through stereotaxic surgery, a strategy termed “in vivo gene 

therapy”. Up to a dozen viral families have been the focus of intensive research for CNS 

application (Nassi et al., 2015), each family with his own properties for packaging 

capacity (i.e., cargo), tropism, transduction efficacy and safety concerns. Besides earlier 

studies that were conducted with retroviral and herpes viral vectors, the most popular 

and broadly used choices for CNS research in animal models and in clinical trials are 

currently represented by lentiviruses and adeno-associated viruses (AAVs). Lentiviruses 

have a cargo capacity of approximately 9 Kb (8.5 Kb between the LTRs) and are able to 

infect dividing and non-dividing cells. In most cases, the original envelope is replaced by 

the vesicular stomatitis viral glycoprotein to further generate pseudotyped lentiviral 

vectors. By contrast, AAVs have a smaller cargo capacity (approximately 4.7 Kb) infecting 

also both, dividing and non-dividing cells. Upon intraparenchymal stereotaxic delivery, 

the diffusion of lentiviral vectors if often limited to few millimeters away from the 

injection site (Linterman et al., 2011), whereas for AAVs the transduced area largely 
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depends on the AAV serotype, production and purification (Aschauer et al., 2013; 

Cearley et al., 2006; Ayuso et al., 2010). Bearing in mind that when considering non-

human primates (NHPs) increasing the transfected area as much as possible often is a 

desirable need, the so-called “convection-enhanced delivery” is a highly recommended 

choice (Richardson et al., 2011; San Sebastian et al., 2012). Alternatively, a new 

generation of pseudotyped lentiviruses (Kato et al., 2014) as well several AAVs serotypes 

can be used for the retrograde spread of therapeutic genes, thus representing new 

choices for selective viral infection of projection neurons. In other words, brain circuits 

can be used for long-distance gene delivery without the need of directly injecting the 

viral vector into the brain area of interest. Finally, AAV serotype 9 vectors can bypass 

the BBB quite efficiently, particularly when engineered through the so-called Cre 

recombination-based AAV targeted evolution (CREATE; see Deverman et al., 2016). 

When customized this way, the vector transduces both neurons and astrocytes in the 

CNS after systemic delivery, without the need of performing stereotaxic surgery for viral 

vector administration. A number of modifications of this AAV-based system are 

expected in the near future to drive cell-specificity of the transduction (i.e., neurons vs. 

glial cells) as well as specificity for a given neuronal phenotype (for instance, 

dopaminergic neurons). 

 

2.2. The promoter matters: selection of the most appropriate AAV promoter 

The AAV vector is a Parvovirus that belongs to the genus Dependovirus. The 4.7-

kilobase (kb) single-stranded wild-type AAV genome is composed of three open reading 

frames (ORF), flanked by two 145 nucleotide inverted terminal repeat sequences (ITRs). 

The rep ORF encodes four proteins essential for replication, packaging, transcriptional 

regulation of viral promoters and site-specific integration. The cap ORF acts as a 

template for the production of three structural proteins that only differ in their N-

terminus: VP1, VP2 and VP3 proteins; these proteins form the capsid at a ratio of 1:1:10, 

respectively. An alternative ORF nested in cap encodes for an assembly activating 

protein (AAP), which interacts with the capsid proteins VP1, 2 and 3 and is necessary for 

viral assembly (Murlidharan et al., 2014; Ojala et al., 2015). To construct a recombinant 

AAV vector both the cap and rep genes are replaced by a cassette containing the 

transgene of interest and the regulatory sequences needed for the transgene expression 
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such as the promoter and the poliA sequence (Flotte and Cater, 1995; Carter and 

Samulski, 2000; Gaj et al., 2016). AAVs transduce both dividing and non-dividing cells 

and are capable of long-term, stable gene expression without noticeable inflammation 

and toxicity phenomena. Bearing in mind that neurons are post-mitotic cells, the ability 

of AAVs for transducing non-dividing cells is of paramount importance within the 

context of neurodegenerative disorders (Bartlett et al., 1998, 1999). The selection of the 

most appropriate promoter is an essential factor when considering the design of gene 

therapy tool (Gray et al., 2011), and this also includes defining the choice between a cell-

specific or region-specific promoter (Papadakis et al., 2004). In other words, although 

AAVs can infect different cell types, the expression of a given transgene can be directed 

to a particular cell type by choosing a specific promoter. Considering that AAVs have a 

limited cloning capacity due to the small genome, the use of small promoters facilitates 

the expression of large genes or even the co-expression of more than one gene from the 

same vector. In this regard, astrocyte-selective targeting can be accomplished using a 

reduced version of the GFAP promoter named gfaABC1D (hGFAP pr; Lee et al., 2008). 

Different versions of this astrocyte-specific promoter have been designed, such as one 

in which the D sequence of the promoter was removed (hGFAPΔD pr; Besnard et al., 

1991; Lee et al., 2008) as well as a murine version of the human gfaABC1D promoter 

(Pignataro et al., 2016). Considering oligodendrocytes, specific promoters have also 

been made available elsewhere (Chen et al., 1999; McIver et al., 2005; Lawlor et al., 

2009; von Jonquieres et al., 2013; Kagiava et al., 2014). Furthermore, when dealing with 

the design of neuron-specific promoters, there are at hand a number of available 

choices. The most popular one is represented by the use of the synapsin I promoter 

(Kügler et al., 2003), a neuronal protein localized in the surface of synaptic vesicles (Thiel 

et al., 1991). It has been demonstrated that the regulatory element of synapsin I 

promotes neuron-specific gene expression (Schoch et al., 1996). Furthermore, the 

mouse calcium-calmodulin kinase-2a promoter (CaMKIIa) also is a feasible alternative to 

synapsin I for achieving specific neuronal transgene expression (Gerits et al., 2015; 

Watakabe et al., 2015). When constructed this way, only neurons and not glial cells 

became specifically transduced with the gene of interest. Illustrative examples of 

neuron-specific promoters are provided in Figure 1. 
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Figure 1. Neurospecific gene transfer with an AAV9 vector encoding either the wild type 
or the mutated form of alpha-synuclein using a hybrid synapsin I promoter. Following 
the delivery of the vector into the rat striatum, only striatal neurons became infected 
(green). Both astrocytes and microglial cells completely lacked transgene expression 
(red channel). Scale bars 20 lm (A, B, C, D); 35 lm (A’); 10 lm (B’, C’, D’). 
 
 

3. Viral vectors for the delivery of neurotrophic factors 

Neurotrophic factors (NTFs) are naturally-occurring proteins acting on a number of 

intracellular signaling pathways. Among the NTFs with a proven dopaminotrophic effect, 

glial cell line-derived neurotrophic factor (GDNF) and neurturin (NRTN) have been 

extensively tested in animal models of PD and indeed translated to early phases of 

clinical trials (for review see Kelly et al., 2015). NTFs act on membrane receptors (GFRa 

and Ret) before activating downstream intracellular pathways in dopaminergic neurons 

(Jing et al., 1997; Walker et al., 1998; Quartu et al., 2007). Although it has long been 

known that intracerebral infusion of the naked GDNF recombinant protein promoted 

functional and structural improvements in MPTP-treated macaques (Gash et al., 1996; 

Gerhardt et al., 1999; Iravani et al., 2001; Grondin et al., 2002), the initially encouraging 

results gathered from two different phase I clinical trials (the “Bristol” and “Kentucky” 

studies, see Gill et al., 2003; Slevin et al., 2005) were not confirmed in a phase II 

randomized, placebo-controlled trial (Lang et al., 2006). The conducted research 

pushing forward intracerebral infusion of NRTN mimicked -at least to some extent- 
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former experiences with GDNF. Although the chronic infusion of NRTN ameliorated 

motor scores in MPTP-treated NHPs (Grondin et al., 2008), the discouraging results 

gathered from randomized GDNF clinical trials likely prevented pushing NRTN  infusion 

towards more translational initiatives. Moreover, it is also worth noting that reduced or 

impaired axonal transport has also been appointed as a potential cause of the failure of 

these trials. In this regard, NRTN retrograde transport from the putamen to the 

substantia nigra was found to be reduced in advanced stages of the disease (Bartus et 

al., 2011, 2015). 

 

Besides a number of safety concerns, the limited diffusion of GDNF and NRTN 

proteins has often been claimed to play a key role in clinical trials failure. In an attempt 

to overcome these limitations and to further obtain a more widespread distribution of 

NTFs, viral-mediated gene transfer has emerged as a feasible choice. Both lentiviruses 

and AAVs have been used for the controlled release of GDNF in MPTP-treated macaques 

(Kordower et al., 2000; Eslamboli et al., 2005), whereas for NRTN, AAVs serotype 2 

(known as Cere-120) have been administered to both MPTP-treated and aged macaques 

showing high efficacy without safety concerns in pre-clinical testing (Kordower et al., 

2006; Herzog et al., 2007; 2008). These encouraging results sustained the translation of 

Cere-120 in an open-label phase I clinical trial (Marks et al., 2008), then followed by a 

double-blind randomized, controlled phase II trial (Marks et al., 2010). Furthermore, it 

is worth noting that important differences were observed when comparing 

biodistribution of Cere-120 in macaques and patients (the latter from post-mortem 

analysis conducted on two patients), thus further emphasizing the need for achieving a 

broader brain distribution of delivered AAV vectors. In this regard, Kystoff Bankiewicz 

and co-workers have long been pushing forward the so-called convection enhanced 

delivery (CED) for the administration of AAV2-GDNF. When going through this way, 

remarkable improvements in motor performance and striatal dopaminergic function 

have been reported (Eberling et al., 2009; Johnston et al., 2009; Kells et al., 2009, 2010). 

 

4. Use of viral vectors for silencing basal ganglia circuits 

Most of our current understanding of basal ganglia function and dysfunction stands 

on the so-called “classic basal ganglia model” (Albin et al., 1989; DeLong, 1990). 
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Although modified and amplified by the emergence of new data, much of the model has 

remained (for review, see Lanciego et al., 2012). Most importantly, the classical model 

settled the basis for the renaissance of functional neurosurgery for movement disorders, 

best exemplified by high-frequency deep brain stimulation (DBS) approaches targeting 

hyperactive basal ganglia- related nuclei such as the internal division of the globus 

pallidus (GPi) and the subthalamic nucleus (STN). Indeed, lesioning strategies targeting 

these nuclei in NHPs (Guridi et al., 1994; 1996) paved the way for the translational 

development of DBS to individuals suffering from PD in an attempt to tune down this 

hyperactivity back to baseline levels. Within the field of gene therapy, a number of 

approaches have recently been made available for conducting either a transient or a 

permanent silencing of hyperactive brain circuits (DREADD-based systems and 

neuroanatomical tract-targeting, respectively). 

 

4.1. DREADD-based approaches 

DREADD is the acronym for Designer Receptors Exclusively Activated by Designer 

Drugs, a chemogenetic tool well suited for the transient manipulation of a given brain 

circuit. Different DREADD systems, for different purposes, have been added to the 

current technical portfolio at a breathtaking speed. Briefly, DREADDs are useful tools to 

modulate GPCR signaling, either by activation or inhibition of a given neuronal circuit. 

For the purposes of performing a transient silencing of a given brain circuit, the most 

conventional way is to use an AAV coding for a modified human muscarinic receptor 

(hM4D). Once injected into the brain area of interest, the hM4D is expressed in AAV-

infected neurons. Bearing in mind that the hM4D receptor is exclusively activated by a 

pharmacologically inert compound known as clozapine-N-oxide (CNO; a metabolite of 

the atypical antipsychotic drug clozapine), the peripheral administration of CNO will 

result in hM4D-mediated neuronal hyperpolarization through a G protein related 

activation of inward-rectifying potassium channels (Armbruster et al., 2007). In other 

words, this approach will ultimately result in a transient silencing of a brain circuit being 

sustained by CNO-mediated hyperpolarization of the parent neurons giving rise to such 

a brain circuit. As the CNO serum levels decrease, the hM4D-AAV-infected neurons 

returned back to the normal state of polarization. 

 



C	h	a	p	t	e	r			2																																																																																																																													 	

 74 

Within the basal ganglia field, DREADDs have been used to modulate the activity of 

striatal projection neurons in rodents (Ferguson et al., 2013; Farrell et al., 2013; 

Bellochio et al., 2016; López-Huerta et al., 2016). Moreover, this technique has also been 

shown useful for the dissection of corticolimbic networks being recruited in awake vs. 

anesthetized conditions at the level of the shell of the nucleus accumbens (Michaelides 

et al., 2013). Similar approaches were used to activate mesolimbic dopaminergic 

projections arising from the ventral tegmental area and innervating neurons of the 

nucleus accumbens (Boender et al., 2014). Furthermore, the role of astrocytes from the 

nucleus accumbens core in the glutamatergic-mediated reinstatement of cocaine 

seeking was recently untangled using an hM3D DREADD-coding AAV under the control 

of a GFAP promoter (Scofield et al., 2015). Besides using DREADDs for dissecting brain 

circuits noninvasively, there is also a role for DREADDs as therapeutic adjuncts improving 

dopaminergic cell replacement strategies (Dell Anno et al., 2014; see also Vazey and 

Aston-Jones, 2014). Considering NHPs, a reversible and repeated disconnection of the 

orbitofrontal and rhinal cortices was achieved with an hM4Di-coding lentivirus under a 

neuron-specific promoter (Eldridge et al., 2016). In summary, DREADDs are 

chemogenetic tools with a broad range of applications in neuroscience research. When 

thinking on the potential translational use of these techniques in humans, the 

pharmacologically inert compound most likely to be used is perlapine instead of CNO 

since the latter has a proved long history of safety in humans. Regarding the viral vector 

of choice, AAVs seem to be the most natural choice. Potential readers interested in going 

on deeper in this technique are referred to reviews made recently available by Urban 

and Roth (2015) and Roth (2016). 

 

4.2. Pseudotyped lentiviruses for tract-targeting 

When dealing with gene therapy approaches for CNS diseases, in most cases 

stereotaxic administration of the viral vector is the only choice at hand. Moreover, the 

way in which the target area is approached also plays a fundamental role. As pointed 

out above, although AAVs are the most commonly used platforms for gene delivery, 

there is often a need for delivering the AAVs directly into the desired brain area of 

interest in an attempt to improve the spread of transduction. Although certain AAV 

serotypes can be transported retrogradely (Towne et al., 2010, 2011), both AAVs and 
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lentiviruses have been more broadly used at large. The overall concept stands on the 

idea of using brain circuits for the retrograde spread and selective expression of the 

transgene of interest. In this regard, upon delivery in a given brain area, the viral vector 

is taken up by axon terminals and retrogradely transported back to the parent cell body 

of neurons innervating the injected area. In other words, long-distance access of any 

given gene can be achieved by means of the retrograde spread of the viral vector, thus 

circumventing the need of directly approaching the designated brain area  of interest. 

Moreover, reaching access to brain territories that are non-approachable by direct 

stereotaxic surgery can be secured in a very specific way. 

 

For retrograde transduction, lentiviruses are better choices than AAVs (Kato et 

al., 2013b; Oguchi et al., 2015), particularly when lentiviruses are pseudotyped, e.g., by 

replacement of the original lentiviral envelope glycoprotein with the rabies glycoprotein 

or with fusions of the extracellular domain of the rabies glycoprotein and the 

intracellular domain of the vesicular stomatitis virus glycoprotein (Kato et al., 2013a,b). 

When constructed this way, the pseudotyped lentiviral vector known as NeuRet showed 

a very high efficiency of gene transfer through retrograde transport (Kato et al., 2011a). 

Furthermore, enhanced efficiency of retrograde gene delivery with the NeuRet vector 

has been achieved by optimizing the junction between the rabies virus glycoprotein and 

the vesicular stomatitis virus glycoprotein in fusion glycoproteins in their membrane-

proximal region (Kato et al., 2014). Based on these retrogradely-transported 

pseudotyped lentiviruses, Kazuto Kobayashi and co-workers developed the concept of 

immunotoxin-mediated tract-targeting (Kobayashi et al., 1995; Kato et al., 2012), a tool 

with a proven efficacy for the selective elimination of brain circuits. Briefly, the lentiviral 

vector was designed to encode the human interleukin 2 receptor α subunit (IL-2Rα), a 

receptor molecule for a recombinant immunotoxin, anti-Tac(FV)-PE40. Once the 

lentiviral vector was retrogradely transported to the first-order projection neuron, 

infected neurons started expressing the IL-2Rα receptor. In a second surgical step, local 

administration of the recombinant immunotoxin leads to a selective elimination of 

neurons expressing the IL-2Rα receptor. By going this way, a selective elimination of the 

thalamostriatal pathway in rats has been efficiently achieved, firstly by injecting the 

pseudotyped lentivirus into dorsal striatal territories, later followed by imunotoxin 
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delivery within the parafascicular nucleus (Kato et al., 2011b). In NHPs, the delivery of 

the lentiviral vector into the subthalamic nucleus, later followed by immunotoxin 

injections in the supplementary motor area resulted in a selective removal of the 

cortico-subthalamic pathway (Inoue et al., 2012). Furthermore, we have also tested the 

efficacy of the immunotoxin-mediated tract-targeting for the alleviation of levodopa-

induced dyskinesia in macaques. For this purpose, a lentivirus coding for both the IL-2Rα 

receptor and for enhanced green fluorescent protein (eGFP) was injected in the ventral 

anterior/ventral lateral thalamic nuclei into the left thalamus, whereas a lentivirus only-

carrying the GFP gene was injected into similar locations in the right thalamus for control 

purposes. Next, the recombinant immunotoxin was delivered bilaterally into the 

internal divisions of the left and right globus pallidus (GPi). Most of the pallidothalamic-

projecting neurons from the left GPi were eliminated, whereas eGFP-only expressing 

neurons from the right GPi remained unaffected from the immunotoxin. Preliminary 

results showed an almost complete alleviation of the contralateral levodopa-induced 

dyskinesia (see Figure 2).  

 

 

 

Figure 2. Selective elimination of the left pallidothalamic pathway in dyskinetic NHPs 
with immunotoxin-mediated tract-targeting. A lentiviral pseudotyped vector encoding 
the IL-2Ra receptor (HiRet vector) and GFP was delivered into the left VA/VL thalamic 
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nuclei, whereas for control purposes, a lentiviral vector carrying the GFP gene only was 
injected into similar locations in the right thalamus. After adequate transgene 
expression (3 weeks post-lentiviral delivery), the recombinant immunotoxin was 
injected into both the left and right GPi nuclei. The immunohistochemical detection of 
GFP revealed that most of the GPi neurons giving rise to the Left pallidothalamic 
pathway were damaged following immunotoxin treatment. Similar treatment 
conducted in the right GPi revealed no changes in neuron survival. This procedure allows 
eliminating the left pallidothalamic pathway in a very specific way, since corticothalamic 
and nigrothalamic projections in the left brain hemisphere remained unaffected. As 
expected, a marked alleviation of the levodopainduced dyskinetic syndrome was 
observed in the side of the body contralateral to the removal of the left pallidothalamic 
pathway. Scale bar is 3000 µm for the panel showing the injection sites and 1000 µm for 
the remaining panels. 
 

5. Viral vector-mediated reconstruction of the nigrostriatal pathway 

Although Parkinson’s disease cannot be merely seen as the result of dopaminergic 

neuronal cell loss in the substantia nigra pars compacta, achieving a reconstruction of 

the damaged nigrostriatal pathway has often been considered as a long, unmet need. A 

number of attempts based on gene therapy tools, even alone or in combination with 

other procedures have been made in the past few years. Initial experiments showed that 

the intrastriatal delivery of GDNF potentiates the growth of dopaminergic axons through 

the medial forebrain bundle after the implantation of dopaminergic cell grafts into the 

substantia nigra (Wang et al., 1996; Wilby et al., 1999).This concept was further 

expanded by Thomson et al. (2009) who injected an AAV vector coding for GDNF under 

the control of a constitutive promoter (chicken beta actin) into the striatum to enhance 

dopaminergic axonal outgrowth arising from intranigral cell grafting. When stimulated 

this way, the “calling effect” exerted by AAV-mediated over-expression of GDNF in the 

host striatum largely improved the sprouting of dopaminergic fibers from cells being 

implanted in the substantia nigra. 

 

For the purposes of reconstructing the nigrostriatal dopaminergic pathway, a 

different approach was undertaken by Robert E. Burke and colleagues (Kim et al., 2011, 

2012) by taking advantage of the inheritance properties of the mammalian target of 

rapamycin (mTOR) kinase as mediator in many aspects including axon growth, axon 

number per neurons, branching, caliber and growth cone dynamics. They analyzed the 

effects of activation of the mTOR complex 1 (mTORC1) by its immediate upstream 
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regulator, the GTPase ras homolog enriched in brain (Rheb) and its constitutively active 

form (hRheb.S16H). These authors explored the ability of AAVs for transducing 

dopaminergic nigral neurons with hRheb-S16H to further induce the regrowth of axons 

from dopaminergic neurons after they have been partially destroyed by the intrastriatal 

delivery of 6-hydroxidopamine (6-OHDA). Upon AAV-hRheb(S16H)-mediated activation 

of intrinsic cellular programs regulated by mTor, an impressive regrowth of 

dopaminergic axons coming from surviving nigral dopaminergic neurons was observed 

(Kim et al., 2011). In mice treated with AAV1-hRheb(S16H), the extent of striatal 

reinnervation was 44.6% compared to the contralateral control, reflecting a 71% of 

increase in the number of tyrosine hydroxylase-positive axons observed in the medial 

forebrain bundle ipsilateral to the AAV-hRheb(S16H)-injected substantia nigra (Kim et 

al., 2012). Furthermore, it is worth noting that the induced reinnervation apparently was 

functionally adequate, as shown by the marked reduction in contralateral turning 

behavior observed in AAV-hRheb(S16H)-treated animals when compared with the 

control cases being injected with a GFP-coding AAV. Accordingly, here we have 

conducted few exploratory preliminary experiments testing whether this approach 

would also be useful for MPTP-treated macaques. hRheb(S16H)-FLAG-coding AAV 

serotype 5 vectors driven by a constitutive hybrid promoter composed of the CMV 

immediate-early enhancer fused to chicken beta-actin promoter (CBA promoter) were 

prepared in our in-house facilities from the plasmids, maps and sequences generously 

provided by R.E. Burke and N. Kholodilov. Two macaques with a severe MPTP-induced 

parkinsonism (87% of dopaminergic depletion on average, as estimated with 11C-

dihydrotetrabenazine PET scans) were injected with hRheb(S16H)-AAV5 into lateral 

territories of the substantia nigra pars compacta, unilaterally. Follow-up lasted for 6 

months and included regular assessment of motor symptoms with an UPDRS clinical-

rating scale as well as regular PET scanning. Both animals were sacrificed 6 months post-

AAV delivery. The conducted neuropathological studies revealed a very few number of 

FLAG+ neurons being infected with the AAV in the substantia nigra (less than a dozen 

dopaminergic neurons per animal, see Supplementary Figure 1). Nevertheless, few 

FLAG+ axons were seen travelling through the medial forebrain bundle (Supplementary 

Figure 1), ultimately ending into the putamen as few discrete patches of TH+ terminals 

distributed throughout a rostrocaudal extent of 4.5 mm comprising both the pre- and 
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the post-commissural putamen (as shown in Figure 3). Obtained patterns of 

reinnervation closely mimicked the known morphology of arborization for single 

nigrostriatal axons (Matsuda et al., 2009; see also Bolam and Pissadaki, 2012). These 

results suggested that the nigrostriatal pathway can be reconstructed -albeit to a very 

limited extent- in macaques with severe dopaminergic damage. Although the obtained 

results represent an appealing proof-of-concept, it is worth noting that Rheb is known 

to be a potent oncogen (Shaw et al., 2006) and therefore the potential therapeutic 

translation of these findings obviously deserves a very careful consideration. 

 

 
 
 
Figure 3. Partial reconstruction of the nigrostriatal pathway in macaques with hRheb-
carrying AAV5. Following the stereotaxic delivery of hRheb(S16H)-AAV5 into lateral 
territories of the substantia nigra in two macaques showing a severe parkinsonian 
syndrome (estimated dopaminergic depletion of 87% on average), less than a dozen of 
neurons became infected with the vector. After a follow-up of 6 months, the 
immunohistochemical analysis revealed the presence of tyrosine-positive axons 
coursing rostrally through the medial forebrain bundle, ultimately forming discrete 
patches of axon terminals through the anteroposterior axis of the putamen. In keeping 
with the known pattern of axonal arborization of dopaminergic neurons (Matsuda et al. 
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2009), these patches likely belong to Rheb-infected nigral neurons. Scale bars 2000 µm 
(A–C), 200 lm (A’–C’) and 100 µm (A’’–C’’). 

 

6. AAV-mediated delivery of glutamic acid decarboxylase 

According to the basal ganglia model, under circumstances of dopaminergic 

depletion there is a well-known hyperactivity of the subthalamic nucleus (STN) driven 

by reduced GABAergic innervation coming from the external division of the globus 

pallidus (for review, see Obeso et al., 2000). Besides paving the way for the 

implementation of high-frequency DBS neurosurgical procedures targeting the STN 

nucleus, such hyperactivity opened new avenues for gene therapy approaches. In this 

regard, Emborg and colleagues (2007) developed a gene therapy approach in NHPs by 

targeting STN neurons with the gene coding for glutamic acid decarboxylase (GAD) 

through an AAV2 vector under the control of a ubiquitous promoter (CBA). Six animals 

were injected with AAV-GAD into the right STN, whereas in another cohort of six 

macaques, GFP-coding AAVs were delivered into the STN for control purposes. After a 

follow-up of 55 weeks, animals treated with AAV-GAD showed significant improvements 

in bradykinesia, gross motor skills and tremor. These findings correlated with 

improvements observed in FDG-PET neuroimage studies. Throughout the follow-up 

period, AAV-GAD proved safe and without adverse events. These promising pre-clinical 

evidences prompted to the implementation of an open-label, non-randomized phase I 

clinical trial (Kaplitt et al., 2007). The ultimate goal was to tune down STN hyperactivity 

back to baseline levels in parkinsonian patients (12 individuals, Hoehn and Yahr stage 3 

or greater). Although this trial was not intended to assess efficacy of the treatment, 

substantial improvements in the off and on states were found. The procedure was found 

to be safe and well-tolerated, without substantial adverse effects. 

 

7. Cellular reprogramming with viral vectors 

The concept of in vivo reprogramming is based on the idea of using endogenous cells 

(either neurons or glial cells) as an unlimited autologous source for the generation of 

new neurons with the desired phenotype and without the appearance of 

immunorejection phenomena. This type of “phenotypic switch” is termed in vivo 

reprogramming. The first successful demonstration of this approach in adult animals 
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was carried out in the pancreas, by reprogramming pancreatic exocrine cells into insulin-

secreting beta cells using a combination of three transcription factors (Zhou et al., 2008). 

Similar approaches -to some extent- have been carried out in other organs, such as the 

heart and liver (Qian et al., 2012; Song et al., 2012, 2015, 2016; Rezvani et al., 2016). 

Within the CNS, a priori it sounds reasonable to focus on astrocytes instead of in neurons 

for in vivo reprogramming purposes, thus directly converting astrocytes into different 

types of neuronal-like phenotypes. Among others, the genes coding for a number of 

transcription factors such as neurogenin 2 (Ngn2), NeuroD1, Sox2, Ascl1, Lmx1a/b, 

Nurr1, Bcl2, FGF2 (or combinations herein) have been mounted into different viral 

vectors to promote the in vivo reprogramming of astrocytes in the CNS with low to high 

reprogramming efficiency. Furthermore, instead of directly reprogramming astrocytes 

into neurons, other approaches have tested the feasibility of firstly converting glial cells 

into neuroblasts, the latter being further converted into neurons (Su et al., 2014; Niu et 

al., 2015). Moreover, dedicated genes have also been used for the conversion of 

olygodendrocyte precursors (NG2 glia) into neurons in the adult mouse brain (Torper et 

al., 2015). Finally, a given type of neuron can also be converted into a neuron with a 

different phenotype, particularly at embryonic or early postnatal stages (for an in-depth 

review, see Li and Chen, 2016). Besides the huge potential use of these approaches for 

clinical application, a number of challenges still remain, such as for instance achieving 

best functional reintegration of reprogrammed cells within the local scenario to further 

restore the formerly lost brain function. Before considering the potential translation of 

in vivo reprogramming, extensive testing should be carried out in non-human primate 

models of parkinsonism, in an attempt to properly bridging the gap between studies in 

mice and clinical testing in humans. 

 

8. Strategies focused on aromatic L-amino acid decarboxylase 

Levodopa is the gold-standard pharmacological approach for early stages of PD. 

Aromatic L-amino acid decarboxylase (AADC) is the enzyme in charge of converting 

levodopa to dopamine. With disease progression the waning therapeutic effect of 

levodopa is probably due to declining striatal levels of AADC (Nagatsu and Sawada, 

2007). This has prompted to viral-mediated approaches trying to increase AADC levels. 

In NHPs, initial attempts were conducted by Krystof Bankiewic’s group using an AAV 
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serotype 2 coding for AADC under the control of a CMV promoter. These experiments 

resulted in a long-term improvement in clinical rating scores, together with reduced 

levodopa requirements and persistent AADC activity as seen with PET neuroimage 

studies (Bankiewicz et al., 2006). Furthermore, a linear relationship between vector 

dosage and AADC enzymatic activity was noticed (Forsayeth et al., 2006). Obtained 

preclinical evidence on the effectiveness of AAV2-AADC in parkinsonian NHPs sustained 

the implementation of clinical trials. In a first clinical trial (NCT002229736), 10 patients 

received bilateral intraputaminal infusions of AAV2-AADC through convection-enhanced 

delivery and results were reported with a follow-up of 6 and 12 months (Eberling et al., 

2008; Christine et al., 2009; Mittermeyer et al., 2012). Throughout the evaluated period, 

UPDRS scores showed significant improvements both in the on and off periods, 

consistent with elevated AADC expression levels as seen with PET neuroimage scans. 

Very recently, Voyager Therapeutics, Inc (Cambridge, Mass.) published a press release 

reporting positive results from a phase 1b trial of VY-AADC01 (AAV2-AADC vector; trial 

identifier NCT01973543) comprising two cohorts of patients begin treated with  low and 

high doses of VY-AADC01(cohorts #1 and #2, respectively) and followed-up for 6 and 12 

months. Although important ameliorations of the parkinsonian syndrome were found in 

both cohorts, best positive results were particularly observed in cohort #2 (the one in 

which patients were treated with the highest dose of VY-AADC01). These positive data 

include substantial improvement in UPDRS scales in on and off medication states, 

reduction in the daily off-time and lower requirements for daily doses of levodopa. In 

parallel, a good safety profile and a lack of serious adverse events was also reported. 

According to the information provided within the press release, this company is planning 

to enroll five more patients within a new cohort, to be treated with a three-fold higher 

total dose than cohort #2. By the end of 2017 the start of a placebo-controlled trial is 

planned. Taken together, these data hold great promise for gene therapy strategies 

targeting AADC and indeed very good results were also reported by another trial with 

the same focus on AAV2-AADC that has been conducted in Japan by an independent 

research group (Muramatsu et al., 2010). 

 

At this point, it is also worth commenting on a recently-available strategy known as 

“ProSavin®” that also shares a similar rationale as AAV2-AADC, at least to some extent. 
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ProSavin® is based on initial experiments carried out in the non-human primate model 

of Parkinson’s disease. To the aim of achieving a natural production of dopamine in a 

continuous manner, Jarraya et al. (2009) have designed a lentiviral vector coding for 

three genes needed for dopamine synthesis within a tricistronic cassette (tyrosine 

hydroxylase, AADC and guanosine 5’-triphosphate cyclohydrolase 1). Upon delivery of 

the lentiviral vector into the post-commissural putamen of MPTP-treated macaques, a 

safe restoration of extracellular dopamine levels is noticed, together with a marked 

improvement in motor deficits throughout a follow-up of 12 months. Furthermore, 

lentiviral-driven observed increases in extracellular dopamine levels did not resulted in 

the appearance of off-induced dyskinesia. Such appealing data gathered from 

experimental testing in NHPs motivated the design of an open-label phase 1/2 clinical 

trial enrolling a cohort of 15 patients. Recruited patients received a bilateral injection of 

ProSavin® into the post-commissural putamen (low, med and high doses were tested) 

and safety and tolerability was assessed with a follow-up of 12 months. UPDRS motor 

scores off medication improved significantly both at 6 and 12 months after ProSavin® 

administration, together with the lack of serious adverse effects. Long-term tolerability 

and clinical benefit was maintained up to 4 years after treatment. Similarly to AAV2-

AADC-based trials, patients being treated with the highest doses of ProSavin® showed 

the greatest motor alleviation, the highest reduction in dopaminergic replacement 

medication and the best neuroimage improvements (for more information, see Palfi et 

al., 2014). 

 

9. New arrivals for the near future 

The use of gene therapy methodologies for achieving a symptomatic and/or disease-

modifying effect in Parkinson’s disease has overall a great promise. An impressive 

amount of new approaches are under current implementation by targeting a broad 

range of biological pathways. Within the past two decades and in keeping with the 

increased knowledge of the pathophysiology of Parkinson’s disease, including genetic 

susceptibilities, several targets have been continuously appointed. Although at this 

stage it would be hard to anticipate which are going to be the most successful candidates 

for gene therapy, several choices will surely be tested, most of them with the underlying 
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denominator of targeting downstream biological pathways related to alpha-synuclein 

intracellular processing and aggregation. 

 

9.1. Gene therapy-based models of alpha-synuclein aggregation 

Although the MPTP-based model of Parkinson’s disease in non-human macaques 

has settled most of our current understanding of basal ganglia function and dysfunction 

(DeLong, 1990), it is also worth recognizing a number of inherent limitations to 

neurotoxin-based models. For instance, the natural course of the disease is not fully 

replicated even when achieving a chronic, long-term treatment of the macaques with 

very low doses of MPTP. Furthermore, the main neuropathological hallmark of the 

human disease, represented by the aggregation of alpha-synuclein in the form of Lewy 

bodies is not properly mimicked. At present, there is a marked tendency for the 

preparation a new generation of animal models better reproducing the progressive 

dopaminergic neuronal degeneration as a result of alpha-synuclein aggregation. 

 

In this regard, the use of viral vectors (mostly AAVs) carrying the alpha-synuclein 

gene(s) for modeling Parkinson’s disease has gained increased acceptance by the 

scientific community at large. Pioneer studies using AAVs coding for either the wild-type 

form of alpha-synuclein (WT-Syn) or the mutated form (A53T-Syn) showed a sustained 

transduction  of alpha-synuclein in dopaminergic neurons from the substantia nigra pars 

compacta in rodents (Kirik et al., 2002; Klein et al., 2002). When infected this way, a 

substantial death of dopaminergic neurons was induced, correlated with striatal 

denervation and the appearance of motor defects together with behavioral 

abnormalities like rotational behavior upon administration of apomorphine and 

amphetamine (for review, see Volpicelly-Daley et al., 2016). Furthermore, it is worth 

noting that rodent AAV-syn animal models accurately recapitulate most of the pro-

inflammatory phenomena typically observed in human Parkinson’s disease (Allen Reish 

and Standaert, 2015). However, there still is a need for reaching a consensus on a 

number of issues critical for the standardization of rodent AAV-Syn models of 

parkinsonism, such as the best type of AAV serotype, the most efficient promoter as well 

as on the most adequate species and strains of the rodents. Furthermore, we strongly 

believe that “upgrading” the model to NHPs would undoubtedly represent a major step 
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forward in pushing ahead these initiatives and further entering in a completely new 

scenario. Considering NHPs, alpha-synuclein-induced dopaminergic degeneration was 

carried out in marmosets by using both AAV5-mediated overexpression of either wild 

type or mutated forms of alpha-synuclein (Eslamboli et al., 2007). When injected directly 

into the substantia nigra, cell loss was more pronounced for mutated forms of alpha-

synuclein when compared to the wild type form. Most importantly, this model 

recapitulates most of the behavioral, motor and histological disturbances that typically 

characterize Parkinson’s disease.  

 

9.2. Gene therapy with glucocerebrosidase for alpha-synuclein clearance 

Glucocerebrosidase (GBA) is a lysosomal enzyme involved into the conversion of 

glucosylceramide into glucose and ceramide. Homocygotic mutations of the gene coding 

for GBA (GBA1 gene) leads to the development of Gaucher’s disease, the most frequent 

lysosomal storage disease. Most importantly, it has only been recently uncovered a tight 

link between Gaucher’s and Parkinson’s diseases. It has been recently proven that the 

presence of homo- or heterozygous GBA1 mutations confer a 20- to 30-fold increase in 

the risk of suffering from Parkinson’s disease (reviewed in Sidransky and Lopez, 2012). 

Such finding shook the field and GBA is currently viewed as a very hot target for 

Parkinson’s disease. Although the exact mechanism through which GBA and alpha-

synuclein talk to each other  still remains to be fully elucidated, there is a kind of 

bidirectional loop sustaining loss-of-function of mutated GBA following augmented 

alpha-synuclein neuropathology, and indeed it seems that increases in alpha-synuclein 

aggregation results in a reduced expression of GBA (see Blanz and Saftig., 2016; 

Migdalska-Richards and Schapira, 2016). Furthermore, a natural increase in alpha-

synuclein oligomerization leading to reduced expression of GBA activity has been 

reported in aged monkey brains (Liu et al., 2015). Accordingly, a number of initiatives 

under the common ground of increasing GBA activity to conduct a clearance of 

aggregated forms of alpha-synuclein are currently under development. For instance, 

small molecular chaperones under current use for Gaucher’s disease (ambroxol and 

isofagomine) are also being tested in an attempt to reduce alpha-synuclein burden 

(reviewed in Migdalska-Richards and Schapira, 2016). Within the field of gene therapy 

and Parkinson’s disease, Rocha et al. (2015) have recently shown that the co-injection 
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into the substantia nigra of two different AAVs (one coding for A53T alpha-synuclein, 

the other one coding for GBA) exerts a substantial neuroprotective effect on 

dopaminergic neurons. It is expected that AAV-mediated transfection of GBA into 

dopaminergic neurons in macaque model of synucleinopathies will soon start being 

tested. 

 

10. The added value of non-human primates for gene therapy-based therapies 

Non-human primate models of Parkinson’s disease have been -and surely will 

continue to be- instrumental in advancing our understanding of Parkinson’s disease. 

Gene therapy tools in NHPs open new appealing research avenues not only under a 

translational perspective, but also for boosting the existing know-how on the 

fundamental mechanisms underlying of the pathophysiology of PD. We guess that in the 

next few years currently available models of Parkinson’s disease in NHPs by chronic 

MPTP intoxication will be gradually superseded by models based on dopaminergic cell 

death sustained by the progressive aggregation of alpha-synuclein. Models based on 

alpha-synuclein aggregation in most cases are likely to be generated with different types 

of viral vectors. Nevertheless and before these new arrivals became a truly available 

alternative, it is worth recognizing that the MPTP model of Parkinson’s disease in NHPs 

will continue to be -at least for the next years- the gold-standard choice that best 

recapitulates the main cardinal symptoms of the disease. Indeed, it is worth stressing 

the fact that most of the clinical trials mentioned here, together with few more ones 

under current development, have been finally implemented as a result of preclinical 

evidence gathered from experiments conducted in MPTP-treated NHPs. Finally, when 

modeling PD in NHPs, it should be taken into consideration that most of the patients to 

be enrolled in clinical trials will probably be suffering from advanced stages of PD and 

therefore preclinical research to be conducted in NHPs should be based on animal 

models properly mimicking both disease progression and severity. To what extent this 

can be achieved with either neurotoxins like MPTP or with models based on alpha-

synuclein aggregation still is an open question requiring a properly-balanced debate in 

an attempt to reach a final consensus. 
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11. Supplementary material 

 

 
 

Supplementary Figure 1: Intranigral delivery of hRheb(S16H)-AAV5. (A) The left 
substantia nigra pars compacta was injected with hRheb(S16H)-AAV5 (arrowheads), 
whereas a GFP-coding AAV5 was delivered in the contralateral side for control 
purposes (arrow). (A’-A’’) Insets taken at higher magnification from the AAV-injected 
areas, as seen with the immunohistochemical detection of TH. (B-B’’’) Illustrative 
examples of FLAG-positive stained neurons in lateral territories of the left substantia 
nigra. (C-C’’) Immunohistochemical detection of GFP. GFP-positive neurons were only 
found in the right substantia nigra. (D-D’’): FLAG-positive axons travelling through the 
left medial forebrain bundle. 
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ABSTRACT 

 

Mutations in the GBA1 gene coding for the lysosomal enzyme glucocerebrosidase 

(GCase) are related to increased incidence of synucleinopathies such as Parkinson’s 

disease (PD) and dementia with Lewy bodies (DLB). Although the mechanisms through 

which GCase regulates the homeostasis of alpha-synuclein still are not fully understood, 

the identification of reduced GCase lysosomal activity as a common feature sustaining 

the neuropathological findings underlying PD and DLB -even when considering sporadic 

forms of these synucleinopathies- has recently attracted strong interest in the field. 

Accordingly, a number of novel strategies focused on increasing GCase activity to reduce 

alpha-synuclein burden and preventing dopaminergic neuronal death have been 

designed. Here we have performed bilateral injections of a recombinant adeno-

associated viral vector serotype 9 coding for the mutated form of human alpha-

synuclein (rAAV9-SynA53T) for disease modeling purposes, both in mice as well as in 

non-human primates (NHPs), further inducing a progressive neuronal death in the 

substantia nigra pars compacta (SNpc). Next, another rAAV9 coding for the GBA1 gene 

(rAAV9-GBA1) was unilaterally delivered in the SNpc of mice and NHPs one month after 

initial insult with rAAV9-SynA53T, together with the contralateral delivery of an empty 

rAAV9 (rAAV9-null) for control purposes. Obtained results showed that rAAV-mediated 

enhancement of GCase activity reduced alpha-synuclein burden, leading to improved 

survival of dopaminergic neurons together with a reduction in microglial-driven pro-

inflammatory phenomena. Furthermore, the transynaptic spread of mutated alpha-

synuclein was impeded upon treatment with rAAV9-GBA1. Data reported here support 

the use of glucocerebrosidase gene therapy as a disease-modifying treatment for PD 

and related synucleinopathies, also including sporadic forms of these disorders. 

 

Key words: GBA1, adeno-associated viral vectors, synucleinopathies, neuroprotection, 

Gaucher disease. 
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INTRODUCTION 

 

The GBA1 gene is located in the chromosome 1 of the human genome and encodes 

the lysosomal enzyme glucocerebrosidase (GCase) that hydrolyzes glucosylceramide 

down to glucose and ceramide. In the past few years, accumulating evidence was 

provided sustaining a direct genetic link between GBA1 homo- and heterozygous 

mutations and increased incidence of synucleinopathies, these including Parkinson’s 

disease (PD) and dementia with Lewy bodies (DLB; Sidransky et al., 2009; Neumann et 

al., 2009; Gegg et al., 2012; reviewed in Aflaki et al., 2017). It has been estimated that 

7%-10% of PD patients harbor a GBA1 mutation (Neumann et al., 2009; Li et al., 2014), 

these patients facing a slight earlier disease onset together with a more aggressive 

disease course, including a faster progression to dementia, a higher prevalence of 

neuropsychiatric symptoms, autonomic dysfunction and increased risk of mortality 

(reviewed in Blandini et al., 2019). Moreover, it is worth noting that up to 1% of 

individuals in the general population are heterozygous GBA1 mutations carriers 

(Sidransky, 2005), this incidence increasing to 8% is the Ashkenazi Jewish population 

(Neudorfer et al., 1996). Furthermore, it has also been postulated a relationship 

between the type of GBA1 mutation variant and the risk of suffering from PD and DLB. 

In this regard, the N370S mutation variant seems to be closer to PD, whereas the L444P 

mutation is more likely associated to DLB (Cilia et al., 2016). 

Although conclusive experimental evidence disclosing the ultimate mechanisms 

through which GCase regulates alpha-synuclein homeostasis -and vice versa- is still 

lacking, it has been postulated the presence of a bi-directional loop (Mazzulli et al., 

2011). Bearing in mind that most enzyme-related inherited disorders are due to a loss 

of function (Scriver et al., 2011), deficit in GCase enzymatic activity would promote 

alpha-synuclein aggregation, the neuropathological hallmark characterizing PD and DLB. 

Conversely, it seems that alpha-synuclein aggregation in itself (e.g. without GBA1 

mutations) induces GCase loss-of-function, and indeed GCase deficiency has been found 

in the brain, cerebrospinal fluid and blood of patients suffering from idiopathic PD (Gegg 

et al., 2012; Parnetti et al., 2014; Alcalay et al., 2015), such GCase deficiency correlating 

with increased alpha-synuclein burden. 
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Accordingly, approaches aimed at enhancing GCase activity will likely have 

therapeutic potential for the treatment of PD patients, with and without GBA1-

associated mutations. In this regard, a number of different therapeutic choices are 

currently under development, these including enzymatic replacement, GCase 

chaperones and substrate reduction. Finally, another choice for GCase enhancement is 

represented by gene therapy approaches taking advantage of the use of different types 

of adeno-associated viral vectors (AAVs) encoding the GBA1 gene. In this regard, AAV-

mediated overexpression of GCase has managed to reduce alpha-synuclein burden, 

further inducing neuroprotection both in animal models of PD (Rocha et al., 2015b; 

Morabito et al., 2017) as well as in murine models of Gaucher disease (Sardi et al., 2011; 

2013). 

Here we have implemented a gene therapy strategy aimed at enhancing GCase 

activity in mice and nonhuman primate models of a PD-like synucleinopathy by taking 

advantage of the intraparenchymal focused delivery into the SNpc of AAVs coding for 

the GBA1 gene. Compared to prior art, our goal was to provide evidence supporting the 

use of viral-mediated GCase enhancement as a neuroprotective treatment in PD, once 

the neurodegenerative changes subsequent to progressive alpha-synuclein aggregation 

are already ongoing and before reaching a non-returning point. 

MATERIALS AND METHODS 

Animals 

A total of 11 male C57BL/6 mice (2 months of age) and 4 young adult male Macaca 

fascicularis primates (body weight 3.4-4.1 kg) were used in this study. Animal handling 

was conducted at all times in accordance with the European Council Directive 

2010/63/UE as well as in keeping with Spanish legislation (RD53/2013). The 

experimental design was approved by the Ethical Committee for Animal Testing of the 

University of Navarra (refs: 021-17 and 016-17). 

 

Viral vector production: 

The recombinant ssAAV9.hsynapsin.ASYN.A53T or ssAAV9.nGUSB.GBA1 vectors 

were produced by co-transfection into a HEK293T cell line, by using polyethykenimine 

25 kDa (Polyscience, Warrington, PA) with plasmids containing the ITR-flanked 

transgene construct and a plasmid containing the AAV2 rep, the AAV9 cap and the 
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adenoviral helper genes. Supernatant was collected and treated with polyethylene 

glycol solution (PEG8000, 8% v/v final concentration) for 72 h post-transfection and 

stored for 72 h at 4 ºC. Supernatant was then centrifuged at 3,000 rpm for 15 min. Both 

supernatant and pellet containing AAV particles were collected and treated with lysis 

buffer (50 nM Tris/HCl, 150 nM NaCl, 2 mM MgCl2, 0.1% Triton X-100) and kept at -80 

ºC. Cells were lysed by 3 cycles of freezing/thawing. Viral particles were treated with 

DNAse and RNAse and purified by ultracentrifugation in an iodioxanol gradient 

according to the method of Zolotukhin et al. (1999). AAV particles were then 

concentrated through centricon tubes (YM-100; Millipore, Bedford, MA), alicouted and 

stored at -80 ºC until used. Viral vector titers (viral particles vg/ml) were calculated by 

qPCR method as described elsewhere (Pignataro et al., 2017). The primers used in the 

qPCR were: 

 

Forward-ITR 5’-GGAACCCCTAGTGATGGAGTT-3’ 

Reverse-ITR 5’-CGGCCTCAGTGAGCGA-3’ 

Forward-ASYN 5’-AGAAGACAGTGGAGGGAGCA-3’ 

Reverse-ASYN 5’TGTCAGGATCCACAGGCATA-3’ 

Forward-GBA 5’-CCTGGATGCTTATGCTGAGC-3’ 

Reverse-GBA 5’-CCAGATACCAGTGCACAGCAATC-3’ 

 

Rodent experiments: 

 

Intraparenchymal deliveries of rAAVs 

Surgical anesthesia was induced by intraperitoneal injection of ketamine (100 

mg/kg) and xylazine (10 mg/kg). Stereotaxic coordinates for the substantia nigra pars 

compacta (SNpc; 3.4 mm caudal to bregma, 1.22 mm lateral to midline and 3.75 mm 

ventral to the pial surface) were calculated according to the atlas of Franklin and Paxinos 

(1997). Bilateral pressure-delivery of a neurospecific rAAV9-SynA53T vector was 

performed with a Hamilton syringe at a speed of 0.2 µl/min (1 x 1013 vg/ml; 1 injection 

site of 2 µl each into the left and right SNpc). Once injections were completed, the needle 

was left in place for additional time of 10 min before withdrawal, to minimize AAV reflux 
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through the injection tract. Four weeks later, animals were pressure-injected with the 

therapeutic vector rAAV9 coding for GBA1 under the control of a constitutive GusB 

promoter (rAAV9-GBA1; 1 x 1013 vg/ml; 1 injection site of 2 µl) into the right SNpc and 

with a control empty vector (rAAV9-null; 1 x 1013 vg/ml; 1 injection site of 2 µl) into the 

left SNpc. Coordinates and procedures for these injections were the same as previously 

described for rAAV9-SynA53T. 

 

Necropsy and tissue processing: 

Anesthesia was firstly induced with an intramuscular injection of ketamine (10 

mg/kg), followed by a terminal overdose of chloral hydrate (100 mg/kg) and perfused 

transcardially with an infusion pump. The perfusates consisted of a saline Ringer solution 

followed by 50 ml of a fixative solution made of 4% paraformaldehyde and 0.1% 

glutaraldehyde in 0.125M phosphate buffer (PB), pH 7.4. Once perfusion was 

completed, the skull was opened and the brain removed and stored for 48 h in a 

cryoprotectant solution containing 20% glycerin and 2% dimethylsulphoxide (DMSO) in 

0.125 M PB, pH 7.4. Next, frozen serial coronal sections (40 µm-thick) were obtained on 

a sliding microtome and collected in 0.125 M PB, pH 7.4, as 10 series of adjacent 

sections. These series were used for the immunohistochemical detection of (1) alpha-

synuclein, (2) phosphorylated alpha-synuclein, (3) tyrosine hydroxylase, (4) dopamine 

transporter, (5) glucocerebrosidase, (6) ionized calcium binding adaptor molecule 1 (Iba-

1), (7) major histocompatibility complex class II (MHC-II), and (8-10) combined multiple 

immunofluorescent detection of several markers. 

Single-immunoperoxidase stains for the markers listed above were carried out by 

overnight incubation with specific primary antisera, followed by incubation in the 

corresponding biotinylated IgGs for 120 min, and later on with a Vectastain avidin-biotin 

complex for 60 min. Final visualization was carried out with a diaminobenzidine-H2O2 

reaction for 5-10 min. Sections were mounted on gelatin-coated slides, air-dried, 

dehydrated and cleared in toluene and finally coverslipped with Entellan (Merck). A 

similar procedure was conducted for the multiple immunofluorescent visualization of 

several markers, in this case by taking advantage of different Alexa Fluor-tagged 

secondary antibodies. Sections processed for immunofluorescent detection were 

inspected under a confocal laser-scanning microscope (LSM 800, Zeiss, Germany) with 
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specific emission filter combinations ensuring appropriate visualization of labeled 

elements without the presence of false positive results. A complete list of antibodies 

used, indicating antibody dilutions, incubation times and commercial sources is 

provided in Table 1. 

 

Nonhuman primate experiments: 

 

Intraparenchymal deliveries of rAAVs 

Surgical anesthesia was induced by intramuscular injection of ketamine (5 mg/kg) 

and midazolam (5 mg/kg). Local anesthesia was implemented just before surgery by 

means of a 10% solution of lidocaine. Analgesia was achieved with a single intramuscular 

injection of flunixin meglumine (Finadyne, 5 mg/kg) delivered at the end of the surgical 

procedure and repeated 24 and 48 h post-surgery. A similar schedule was conducted for 

antibiotic delivery (ampicillin, 0.5 ml/day). After surgery, nonhuman primates (NHPs) 

were kept under constant monitory in single cages with ad libitum access to food and 

water. 

Stereotaxic coordinates for the SNpc were taken from the atlas of Lanciego and 

Vázquez (2012). During surgery, target selection was assisted by ventriculography. 

Bilateral pressure-delivery of a neurospecific rAAV9-SynA53T vector was made through 

a Hamilton syringe in pulses of 1 µl/min for a total volume of 5 µl each (1 x 1013 vg/ml) 

into 2 sites into the SNpc, each deposit spaced 1 mm in the rostrocaudal direction. Once 

injections were completed, the needle was left in place for additional time of 10 min 

before withdrawal, to minimize AAV reflux through the injection tract. Coordinates for 

the more rostral SNpc injection of rAAV9-SynA53T were 7.5 mm caudal to the anterior 

commissure (ac), 5 mm ventral to the bicommissural plane (ac-pc plane) and 4 mm 

lateral to midline, whereby the more caudal deposit was placed 8.5 mm caudal to ac, 

5.5 mm ventral and 4 mm lateral to midline. One month later, animals were pressure-

injected with the therapeutic vector rAAV9 coding for GBA1 under the control of a 

constitutive GusB promoter (1 x 1013 vg/ml; two sites, 10 µl each) into the left SNpc and 

with a control empty vector (rAAV9-null; 1 x 1013 vg/ml; two sites, 10 µl each) into the 

right SNpc. Coordinates and procedures for these injections were the same as previously 

described for rAAV9-SynA53T. 
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MicroPET scans 

MicroPET scans with 11C-dihydrotetrabenazine (11C-DTBZ, a selective VMAT2 ligand) 

were performed on each animal at baseline and months 1, 2 and 3 post-injection of 

rAAV-SynA53T. 11C-DTBZ was synthesized at the Department of Nuclear Medicine, 

Clinica Universidad de Navarra with a radiochemical purity of >95% following available 

protocol (Quincoces et al., 2008). MicroPET images were acquired on a dedicated small 

animal Philips Mosaic tomograph (Cleveland, OH). The standard acquisition and 

quantification of microPET studies with 11C-DTBZ were conducted as previously 

described (Blesa et al., 2010). In brief, a dynamic microPET study of 40 min was acquired 

after the intravenous injection of the radiotracer. MicroPET studies were analyzed by 

suitable tracer kinetic model using PMOD v3.2 software (PMOD Technologies Ltd, 

Adliswil, Switzerland) to obtain parametric images containing the information on the 

binding potential of the VMAT2 transporter. Parametric images were spatially 

normalized into standard stereotaxic space using a specific template (Collantes et al., 

2009). Binding potential was measured using a pre-defined map of regions of interest 

(ROIs) defined over MRI images comprising the caudate and putamen nuclei. Changes 

in radiotracer binding potential were calculated for each animal at each time point.  

 

Necropsy and tissue processing: 

Anesthesia was firstly induced with an intramuscular injection of ketamine (10 

mg/kg), followed by a terminal overdose of chloral hydrate (100 mg/kg) and perfused 

transcardially with an infusion pump. The perfusates consisted of a saline Ringer solution 

followed by 3,000 ml of a fixative solution made of 4% paraformaldehyde and 0.1% 

glutaraldehyde in 0.125M phosphate buffer (PB), pH 7.4. Perfusion was continued with 

1,000 ml of a cryoprotectant solution containing 10% glycerin and 1% dimethyl sulfoxide 

(DMSO) in 0.125 M PB, pH 7.4. Once perfusion was completed, the skull was opened and 

the brain removed and stored for 48 h in a cryoprotectant solution containing 20% 

glycerin and 2% DMSO in 0.125 M PB, pH 7.4. Next, frozen serial coronal sections (40 

µm-thick) were obtained on a sliding microtome and collected in 0.125 M PB, pH 7.4, as 

10 series of adjacent sections. Conducted immunohistochemical processing of NHP 
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brain tissue samples was the same as described above for experiments carried out in 

mice.  

 

Unbiased stereological estimation of TH-ir neurons in the SNpc 

 

Stereological estimation of TH-ir neurons was performed in all animals using an 

optical fractionator unbiased sampling design. Up to seven equally-spaced coronal 

sections through the entire rostrocaudal extent of the SNpc were sampled per animal. 

Stereological analysis was performed using an Olympus Bx61 microscope (Olympus, 

Hicksville, NY) equipped with a DP71 digital camera (Olympus) and a motorized X-Y-Z 

stepper and with the NewCast Visiopharm software version 3.6.0.0 (Horsholm, 

Denmark). The analyzed regions from the left and right SNpc territories were outlined 

at low magnification. A counting frame was superimposed on the image and the neurons 

were samples at high magnification (Plan Apo oil-immersion 100x lens, N.A. 1.4) with 

the nucleolus used as the sampling unit (Nissl-counterstained TH-processed sections) 

and up to 200 cells were counted in each specimen. The percentage of neuronal loss in 

the SNpc was calculated against the values obtained in intact animals (5 mice and 3 

NHPs). One-way analysis of variance (ANOVA) with repeated measures followed by 

Turkey’s post-hoc test was used to estimate overall significance. Probability (p) values 

less than 0.05 were considered to be statistically significant. SPSS 15.0 software was 

used. 

 

Data availability: 

 

Data relevant to the study is available from authors on reasonable request. 

 

 

RESULTS 

 

Obtained data suggest that AAV-mediated GCase enhancement can be considered 

as a feasible strategy for the treatment of initial stages of sporadic PD-like 

synucleinopathies. By taking advantage of two animal models (mice and NHPs) of AAV-
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induced alpha-synuclein aggregation, the conducted approach revealed that the use of 

rAAV9-GBA1 resulted in an almost complete clearance of alpha-synuclein aggregates, 

further leading to dopaminergic neuronal neuroprotection. Moreover, microglial-driven 

pro-inflammatory events triggered by the progressive, time-dependent accumulation of 

alpha-synuclein became attenuated upon GCase enhancement. Finally, the reduction of 

alpha-synuclein burden induced by GCase enhancement is strong enough to further 

impede the trans-synaptic neuron-to-neuron prion-like spread of mutated alpha-

synuclein protein. 

 

Experiments conducted in mice: 

 

Mice received a bilateral injection of a neurospecific rAAV9-SynA53T into the 

substantia nigra pars compacta (SNpc), one site each hemisphere (2 µl of 1.0 x 1013 

vg/ml). Four weeks later, animals were injected into the right SNpc with a rAAV9 coding 

for the GBA1 gene under the control of the constitutive promoter GusB (2 µl of 1.0 x 

1013 vg/ml), together with an empty rAAV9 (rAAV9-null) into the left SNpc for control 

purposes (2 µl of 1.0 x 1013 vg/ml). Animals were sacrificed 4 weeks later (e.g. 8 weeks 

after initial deliveries of rAAV9-SynA53T). 

Conducted immunohistochemical (IHC) stains revealed strong immunoreactivity for 

alpha-synuclein both in the left SNpc (firstly injected with rAAV9-SynA53T, later followed 

by rAAV9-null delivery) as well as in the ipsilateral striatum, and a similar staining pattern 

was also observed for phosphorylated alpha-synuclein. In parallel, a clear reduction was 

noticed when dealing with both tyrosine hydroxylase (TH) and glucocerebrosidase 

(GCase) IHC stains. By contrast, at the level of the right SNpc (e.g. the one initially 

injected with rAAV9-SynA53T, and later on with rAAV9-GBA1), alpha-synuclein 

immunoreactivity was clearly reduced to a point that only very few SNpc neurons 

remained immunopositive for alpha-synuclein, whereby alpha-synuclein stain was 

almost completely absent throughout all striatal levels examined. Furthermore, AAV-

mediated enhancement of GCase substantially reduced phosphorylated alpha-synuclein 

in the right SNpc, where only dopaminergic neurons in the ventral tegmental area (VTA) 

remained positive. Most importantly, the reduction of alpha-synuclein burden exerted 

a substantial neuroprotective effect of dopaminergic neurons in the right SNpc, as seen 
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by TH stain. This is in keeping with the more abundant expression of GCase observed in 

the right vs. the left SNpc. Illustrative examples of the conducted IHC stains are provided 

in Figure 1. 

Unbiased stereological estimation of the density of TH+ neurons in the left and right 

SNpc was conducted and compared to the TH+ mean neuronal density measured in a 

separate group of 5 naïve animals that were used for control purposes. Obtained data 

estimated a 55.1% of mean neuronal death in the left SNpc 8 weeks after the initial insult 

with rAAV9-SynA53T, contrasting with a 23.6% reduction in TH+ neuronal densities 

observed in the right SNpc, i.e. the one treated with rAAV9-GBA1 instead of rAAV9-null 

(Figure 2). 

Regarding the engagement of microglial cells, by taking advantage of the 

panmicroglial marker Iba1, changes in morphological phenotype have been observed 

upon alpha-synuclein aggregation within TH+ neurons. As soon as alpha-synuclein starts 

to aggregate within dopaminergic neurons, microglial cells change phenotype to further 

create an envelope surrounding alpha-synuclein expressing TH+ neurons, likely as an 

early attempt to isolate these neurons from the surrounding tissue (Figure 3). This 

phenotypic switch in microglial cells was reverted upon GCase-induced alpha-synuclein 

clearance, i.e. the removal of alpha-synuclein allowed microglial cells coming back to a 

normal morphological phenotype (Figure 3). 

 

Experiments conducted in NHPs 

 

Data obtained in mice provided proof-of-principle and laid the groundwork to design 

a similar approach in NHPs. Accordingly, 4 NHPs were bilaterally injected with of a 

neurospecific rAAV9-SynA53T into the substantia nigra pars compacta (SNpc), two sites 

spaced 2 mm in between within the SNpc of each hemisphere (5 µl of 1.0 x 1013 vg/ml). 

Four weeks later, animals were injected into the left SNpc with a rAAV9 coding for the 

GBA1 gene under the control of the constitutive promoter GusB (two injections of 10 µl 

of 1.0 x 1013 vg/ml), together with an empty rAAV9 (rAAV9-null) into the right SNpc for 

control purposes (two deposits of 10 µl of 1.0 x 1013 vg/ml). Animals were sacrificed 8 

weeks later (e.g. 12 weeks after initial deliveries of rAAV9-SynA53T). 
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The density of dopaminergic innervation of the caudate and putamen nuclei was 

assessed in vivo by neuroimage microPET scanning using the radiotracer 11C-

dihydrotetrabenazine (11C-DTBZ), a selective VMAT-2 ligand. Scans were performed at 

baseline, and 1, 2, and 3 months post-injection of rAAV9-SynA53T. All animals showed a 

bilateral reduction in the 11C-DTBZ binding potential one month after delivery of rAAV9-

SynA53T, although to a variable interindividual extent. One month after delivery of 

rAAV-GBA1 (left SNpc) and rAAV-null (right SNpc), 3 out of 4 animals showed an 

asymmetrical pattern of 11C-DTBZ uptake that was confirmed at two-month time-point 

for all animals (e.g. 3 months post-bilateral injection of rAAV9-SynA53T). However, 

although there was a clear trend supporting left vs. right differences in radiotracer 

uptake (Figure 4), when compared to baseline levels these differences failed to reach 

statistical significance. 

Immunohistochemical processing of NHP brain samples revealed very similar results 

compared to the ones formerly obtained in mice. Three months post-bilateral delivery 

of rAAV9-SynA53T, expression of both total and phosphorylated alpha-synuclein was 

observed in the cell bodies and neurites of neurons located in the right SNpc. Alpha-

synuclein expression levels were high enough to be visible even under low-power 

magnification. By contrast, when considering the left SNpc, i.e. the one treated with 

rAAV9-GBA1, alpha-synuclein expression levels were markedly reduced and indeed only 

very few neurons and neurites still remained immunopositive for alpha-synuclein 

(Figure 5). This reduction in alpha-synuclein burden, driven by GCase overexpression, 

induced a neuroprotective effect in the dopaminergic system. Both the number of TH+ 

neurons in the left SNpc and the density of TH+ terminals in the ipsilateral caudate and 

putamen nuclei are clearly higher when compared to the right SNpc, i.e. the one treated 

with the empty vector (Figure 6). To what extent the dopaminergic system was better 

preserved in the side treated with rAAV9-GBA1 is best exemplified by the staining 

pattern observed for the dopamine transporter DAT (Figure 6). 

Unbiased stereological estimation of the density of TH+ neurons in the left and right 

SNpc was conducted and compared to the TH+ mean neuronal density measured in a 

separate group of 3 naïve NHPs that were used for control purposes. Obtained data 

estimated a 39.1% of mean neuronal death in the right SNpc 12 weeks after the initial 

insult with rAAV9-SynA53T, contrasting with a 14.9% on average of reduction in TH+ 
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neuronal densities observed in the left SNpc, i.e. the one treated with rAAV9-GBA1 

instead of rAAV9-null (Figure 2). 

When considering the assessment of the effect of GCase enhancement in the 

microglial reaction triggered by alpha-synuclein aggregation, IHC stains for MHC-II -a 

marker for activated microglial cells- were performed in NHP brain tissue samples at the 

level of the SNpc. Similarly to what has been formerly observed in mice when using the 

panmicroglial marker Iba1, activated microglial cells changed phenotype and 

surrounded TH+ neurons showing alpha-synuclein immunoreactivity in the SNpc treated 

with rAAV9-null, whereby upon AAV-mediated GCase enhancement, the subsequent 

clearance of alpha-synuclein resulted in microglial phenotypes much closer to 

physiological conditions (Figure 3). 

Finally, it seems that GCase enhancement might also be playing a role in tuning-

down the transneuronal prion-like spread of alpha-synuclein. Three months after 

delivery of rAAV9-SynA53T into the right SNpc, phosphorylated alpha-synuclein 

immunoreactive fibers were found leaving the right SNpc and coursing rostrally through 

the medial forebrain bundle, finally reaching the caudate and putamen nuclei, as well as 

more distant territories of the frontal lobe. Within the superior and inferior frontal gyri, 

a moderate amount of layer V pyramidal neurons and dystrophic neurites exhibited 

immunoreactivity for phosphorylated alpha-synuclein, thus providing evidence 

sustaining a transynaptic spread of mutated alpha-synuclein. By contrast, the reduction 

of alpha-synuclein burden in the left SNpc upon treatment with rAAV9-GBA1 minimized 

the number of alpha-synuclein positive fibers within the medial forebrain bundle, 

further leading to a complete lack of pyramidal neurons immunoreactive for alpha-

synuclein. Illustrative examples are provided in Figure 7. 

 

 

DISCUSSION 

 

Evidence was provided here further supporting the use of GCase gene therapy as a 

disease-modifying strategy for the treatment of early stages of synucleinopathies in two 

different animal models of sporadic PD. 
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Considerations on AAV-mediated animal models of PD-like synucleinopathies 

 

Although neurotoxin-based mammalian animal models of PD have settled the basis 

for most of our current understanding of basal ganglia function and dysfunction 

(Lanciego et al., 2012) these models failed to recapitulate the progressive nature and 

the main neuropathological hallmarks that typically characterize PD. Most importantly, 

the acute dopaminergic damage induced by neurotoxins represents an important 

limitation when testing neuroprotective, disease-modifying approaches. The discovery 

that alpha-synuclein is the main component of Lewy bodies (Spillantini et al., 1997), 

drastically changed the field of animal modeling in PD. Accordingly, several murine 

transgenic lines overexpressing different mutated or wild type forms of alpha-synuclein 

have been made available, most of these models reproducing several key features of 

PD. Although these transgenic mice lines are appealing choices for testing new 

therapeutic candidates against alpha-synuclein aggregation, it is worth noting that in 

most cases neuronal loss in the SNpc is often weak or even absent (reviewed in Visanji 

et al., 2016). 

The use of AAVs coding for alpha-synuclein for the purpose of PD modeling in 

mammalian species currently is in the spotlight and indeed AAVs are versatile enough 

to collectively represent an appropriate choice for disease modeling. When designed 

this way, the intraparenchymal delivery of different AAV serotypes carrying the alpha-

synuclein gene both in rodents and in nonhuman primates showed a variable degree of 

dopaminergic damage upon the time-dependent aggregation of alpha-synuclein 

(reviewed in Marmion and Kordower, 2018). In this regard, the use of AAVs coding for 

wild-type or mutated forms of alpha-synuclein in rats resulted in a time-dependent loss 

of up to 80% of dopaminergic neurons with a follow-up of 8 weeks (Kirik et al., 2002), 

this approach being later validated by an independent group (Koprich et al., 2010; 2011) 

showing a 52% loss of dopaminergic neurons with a shorter follow-up period of 3 weeks. 

A similar approach conducted in marmosets based on the use of AAV2 showed a variable 

30-60% loss of dopaminergic cells together with a well-established alpha-synuclein 

neuropathology (Kirik et al., 2003). Furthermore, when using AAV5 instead of AAV2 for 

triggering alpha-synuclein aggregation in marmosets, a consisting cell loss above 40% 
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was observed in the injected marmosets (Eslamboli et al., 2007). Considering Old World 

monkeys (M. fascicularis), the use of chimeric AAV1/2 coding for mutated human alpha-

synuclein resulted in a 50% reduction of TH+ neuron number in the substantia nigra 17 

weeks post-AAV delivery (Koprich et al., 2016). Although work presented here was not 

designed for these purposes, obtained findings also support the use of the 

intraparenchymal delivery of AAVs encoding SynA53T for the purposes of disease 

modeling in cynomolgus macaques, bearing in mind that a dopaminergic cell loss of up 

to 39% was observed with a follow-up of 3 months in the SNpc firstly injected with AAV9-

SynA53T and later on with AAV9-null. The use of different methodologies, these 

including the choice of AAV serotypes and promoters, viral titration, number of 

injections and follow-up period, may account for the observed differences in terms of 

neuronal death. 

 It is also worth noting that the AAV field is a quickly changing scenario, with new 

arrivals being incorporated at a breath-taking speed (reviewed in Hudry and 

Vandenberghe, 2019). Different viral vector capsids together with different promoters 

driving cell-specific transgene expression have recently been made available (Pignataro 

et al., 2017; 2018). Here we have chosen a synapsin promoter driving SynA53T gene 

selective expression in neurons without infecting glial cells (Pignataro et al., 2018). This 

choice was based in an attempt to best mimic what it is currently known about PD 

pathophysiology, a two-stage process where dopaminergic neurons firstly die as a result 

of alpha-synuclein aggregation, later triggering microglial-driven pro-inflammatory 

responses which in turn enhance and self-perpetuate dopaminergic neuronal damage 

(Lanciego et al., 2012). In other words and when compared to the use AAVs encoding 

SynA53T under the control of constitutive promoters (Kirik et al., 2002; 2003; Eslamboli 

et al., 2007; Koprich et al., 2010; 2011; 2016), here we wanted to make sure that the 

initial insult with mutated alpha-synuclein was affecting only neurons and not glial cells. 

That said, obtained data supported that microglial activation is an event appearing 

earlier than expected, bearing in mind that microglial cells changed phenotype as soon 

as dopaminergic neurons started to aggregate alpha-synuclein (e.g. before the 

extracellular release of alpha-synuclein resulting from neuronal death), and therefore 

the choice of promoter might not be representing a fundamental issue when coming to 

the use of alpha-synuclein coding AAVs for disease modeling purposes. Moreover, 
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several different AAV capsid variants have been made available very recently, most of 

these new arrivals representing appealing choices for disease modeling. For instance, 

two newly engineered AAV capsids (AAV2-retro and AAV-TT) enabled the retrograde 

spread of any given transgene by taking advantage of brain circuits (Tervo et al., 2016; 

Tordo et al., 2018). Furthermore, when AAV9 vectors are customized through the so-

called Cre recombination-based AAV targeted evolution, these vectors efficiently 

transduced both neurons and astrocytes in the CNS after systemic delivery (AAV9-PHP.B; 

Chan et al., 2017). Finally, a new generation of AAVs allowing specific transduction of 

oligodendrocytes has been made recently available (AAV-Olig001; Powell et al., 2016). 

Indeed, the use of AAV-Olig001 coding for mutated alpha-synuclein has enabled 

modeling of the main neuropathological events that typically characterize multiple 

system atrophy both in rats as well as in nonhuman primates (Mandel et al., 2017).  

 

Targeting the GCase-synuclein pathway for the treatment of PD-like synucleinopathies 

 

At present a consensus exists on appointing GCase as a promising target for the 

treatment of neurodegenerative disorders caused by the progressive aggregation of 

alpha-synuclein. Despite the limited knowledge on the ultimate mechanisms liking 

GCase loss-of-function with alpha-synuclein aggregation -and vice versa- it seems clear 

that any attempt focused on enhancing GCase lysosomal activity might play a beneficial 

effect regarding alpha-synuclein clearance, therefore resulting in to dopaminergic cell 

neuroprotection and ultimately leading to slower disease progression rates. Moreover, 

the target population would comprise all types of PD patients, i.e. those with and 

without GBA1 mutations. It has been estimated that harboring a GBA1 mutation implies 

a 20 to 30-fold increased the risk of suffering from PD and DLB (reviewed in Migdalska-

Richards and Schapira, 2016). Furthermore, a natural decline in GCase activity with aging 

has also been reported (Rocha et al., 2015a), this finding also pointing into the direction 

of increased PD risk, bearing in mind that advanced age is the main risk factor for PD and 

related synucleinopathies. Regarding the PD clinical phenotype, only minor differences 

have been observed when comparing GBA1 mutation carriers and non-carriers, 

although a slightly earlier disease onset has been described for PD patients harboring a 

GBA1 mutation, these patients facing a more aggressive disease course (Winder-Rhodes 
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et al., 2013; Brockmann et al., 2015; Cilia et al., 2016). Within this more aggressive 

disease course, a higher incidence of cognitive impairment and the presence of 

neuropsychiatric symptoms has been reported (Cilia et al., 2016; Creese et al., 2018; 

reviewed in Blandini et al., 2019), likely reflecting earlier cortical dysfunction and indeed 

Lewy body pathology has been more often described in PD patients carrying a GBA1 

mutation (Neumann et al., 2009; Goker-Alpan et al., 2012; Tsuang et al., 2012). Another 

interesting feature of GBA1-related PD is that it seems that the type of GBA1 mutation 

variant also plays a role in the clinical course of the disease. From the two types of most 

frequent GBA1 mutation variants, N370S has been considered as a ‘mild’ mutation, 

more closely related to PD than the L444P ‘severe’ mutation, the one most frequently 

found in DLB patients (Beavan et al., 2015; Gan-Or et al., 2015; Postuma and Berg, 2016). 

Furthermore, the pathogenic role of mutations other than N370S and L444P such as 

E326K (the latter unrelated to Gaucher disease), needs to be ascertained, and indeed 

the presence of the E326K mutation variant has been correlated with a faster 

progression to cognitive impairment (Mata et al., 2016; Davis et al., 2016). 

For those PD patients harboring the N370 mutation variant, a residual GCase 

enzymatic activity of 32%-38% has been estimated, whereas the more severe L444P 

leaves a remaining GCase activity of only 13%-24% (Alfonso et al., 2004; Beutler et al., 

2005; Malini et al., 2014), both mutation variants leading to a 80%-95% decrease of the 

intrinsic catalytic activity of mutated GCase compared to the wild-type (Grace et al., 

1999; Salvioli et al., 2005; Liou et al., 2006). Considering sporadic forms of PD, a decline 

in GCase enzymatic activity ranging from 10%-33% has been observed (Gegg et al., 2012; 

Parnetti et al., 2014; Alcalay et al., 2015). 

 

 

Available choices for enhancing GCase enzymatic activity 

 

Available evidence showing GCase reduced enzymatic activity in PD patients with 

and without GBA1 mutations have paved the way for the design and implementation of 

a number of approaches sharing the common ground of enhancing GCase function as 

putative disease-modifying therapies. When considering GCase replacement therapies, 

although the administration of the recombinant enzyme has been a successful choice 
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for the treatment of Gaucher disease (Weinreb et al., 2002; Connock et al., 2006), the 

main limitation is represented by the fact that GCase cannot enter the CNS in levels high 

enough to enhance lysosomal enzymatic activity due to limited penetration of 

recombinant GCase protein through the blood-brain barrier (BBB; Brady et al., 2013). 

Moreover, the use of molecular GCase chaperones currently represents an appealing 

choice for improving GCase trafficking from the endoplasmic reticulum to the lysosomes 

and indeed the GCase chaperone ambroxol has been appointed as the best therapeutic 

candidate so far (Maegawa et al., 2009; Bendikov-Bar et al., 2013; Luan et al., 2013; Jung 

et al., 2016; Migdalska-Richards et al., 2017). GCase chaperones other than ambroxol 

are currently being tested in preclinical studies (Khanna et al., 2010; Jung et al., 2016), 

likely approaching clinical trials in the very near future. Furthermore, the hypothesis of 

ceramide accumulation as a pathogenic mechanism in PD patients holding GBA1 

mutations has paved the way for the implementation of neuroprotective strategies 

based on the use of inhibitors of glucosylceramide synthase (Sardi et al., 2013, 2017). 

Finally, the field of gene therapy also holds great promise as a feasible approach for 

enhancing GCase activity. The simultaneous intraparenchymal delivery into the SNpc of 

two AAVs, one coding for SynA53T, the other one carrying the GBA1 gene prevented the 

degeneration of dopaminergic neurons in rats (Rocha et al., 2015b), and indeed the 

recent availability of BBB-penetrant AAV variants coding for GBA1 (AAV-PHP.B-GBA1) 

has demonstrated a good performance for inducing alpha-synuclein clearance in 

transgenic mice when injected intravenously (Morabito et al., 2017). Besides PD and 

related synucleinopathies, it is also worth noting that the intraparenchymal delivery of 

AAV-GBA1 in a transgenic mice model of Gaucher disease showed a reduction in 

misfolded protein aggregates of alpha-synuclein, tau and ubiquitin at the level of the 

hippocampal formation (Sardi et al., 2011; 2013). 

Regardless the chosen approach for GCase enhancement, there are a number of 

demands needed to be fulfilled by any successful therapeutic strategy targeting the 

GCase-alpha-synuclein pathway, such as i) ability to induce alpha-synuclein clearance, 

ii) neuroprotective effect for dopaminergic neurons, iii) attenuation of microglial-driven 

pro-inflammatory phenomena and iv) impairment of the trans-synaptic “prion-like” 

spread of alpha-synuclein towards connected brain areas. Although data presented here 

succeeded in fulfilling all these pre-requirements listed above in two different animal 
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species modeling early stages of PD, before considering a potential translation of this 

approach to clinical trials, there are two more items requiring to be satisfied, such as i) 

demonstration of a positive effect of early interventions with AAV-GBA1 after a long-

term read-out and ii) efficacy of AAV-GBA1 in late interventions, i.e. once the 

neurodegenerative processes are far more advanced. 
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FIGURE LEGENDS 

 

 

 

Figure 1: Immunohistochemical stains conducted in mice. Coronal sections through the 

mice brain taken at the level of caudal mesencephalon and striatum. rAAV-mediated 

enhancement of GCase activity in the right SNpc resulted in an almost complete 

clearance of alpha-synuclein burden, both at the level of the SNpc as well as in the 

striatum, when compared to the contralateral SNpc where a control-null vector was 

delivered. Reduction in alpha-synuclein burden exerted a neuroprotective effect on the 

number of TH-ir neurons in the SNpc, in keeping with enhanced expression of GCase. 

Scale bar is 1,000 µm for insets and 2,000 µm in low-magnification panels (4,000 µm 

when considering the panel showing a coronal section through the striatum). 
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Figure 2: Unbiased stereological estimation of TH-ir neurons in the SNpc. Top: results 

gathered from mice experiments. Mean baseline density of TH-ir neurons was calculated 

in 5 naïve mice (blue dots and bar) and used for comparison purposes of mice treated 

with rAAV9-GBA1 (red dots and bar) and with rAAV9-null (green dots and bar). Eight 

weeks post-delivery of rAAV9-SynA53T an average neuronal death of 55.1% was found 

in the SNpc upon treatment with the control vector, contrasting with 23.6% of neuronal 

death found in the right SNpc (e.g. the one treated with rAAV9-GBA1). Bottom: 

stereological estimation of the density of TH-ir neurons in the nonhuman primate SNpc. 

Three control naïve NHPs were used to estimate the baseline TH-ir neuronal density 

(blue dots and bar). Within the right SNpc (treated with rAAV9-null vector), a 

dopaminergic neuronal death of 38.1% was found with a follow-up of 3 months post-

injection of rAAV9-SynA53T, whereby neuronal death was reduced to 14.9% on average 

in the SNpc injected with rAAV9-GBA1. Statistical comparisons were found to be highly 

significant for all groups (p < 0.05 for comparisons between control groups and animals 
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treated with rAAV9-GBA1; p < 0.01 for comparisons between treated and untreated 

animal groups; p < 0.01 for comparisons between control groups and animals treated 

with rAAV9-null). 

 

 

 
 

Figure 3: Assessment of microglial reaction. Multiple immunofluorescent stains 

conducted for the simultaneous detection of i) alpha-synuclein (green channel), ii) 

microglial markers (Iba-1 in mice; MHC-II in NHPs; red channel) and iii) TH-ir neurons 

(blue channel). Upon alpha-synuclein aggregation within TH-ir neurons (left top and 

bottom panels; animals treated with rAAV9-null), microglial cells changed phenotype by 

creating an envelope surrounding alpha-synuclein expressing TH-ir neurons. Treatment 

with rAAV9-GBA1 (right top and bottom panels), reverted this phenotypic switch and 

microglial cells returned back to normal morphologies. Scale bar: 10 µm (20 µm for right 

bottom panel). 
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Figure 4: MicroPET follow-up of NHPs. Representative coronal images taken at the level 

of the post-commissural caudate and putamen nuclei for all the 4 NHPs included in the 

study. MicroPET scans with 11C-DTBZ were taken at baseline, and 1, 2 and 3 months 

post-bilateral delivery of rAAV9-SynA53T. Compared to baseline radiotracer uptake 

levels, a bilateral decline is observed in all animals 1 month post-injection of rAAV9-

SynA53T. One month later (e.g. 2 months post-treatment with rAAV9-SynA53T and 1 

month post-injection of rAAV9-GBA1 in the left SNpc and rAAV9-null in the right SNpc), 

an asymmetrical pattern of radiotracer uptake is noticed in all animals with the only 

exception of M263. MicroPET scans were repeated one month later (3 months of rAAV9-

SynA53T including 2 months of rAAV9-GBA1 and rAAV-null), evident left vs. right 

differences in radiotracer uptake were observed in all animals. When compared to 

baseline levels, observed differences with a follow-up of 3 months failed to reach 

statistical significance. 
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Figure 5: Immunohistochemical detection of alpha-synuclein in NHPs. Coronal sections 

through the caudal mesencephalon taken at the level of the SNpc showing the obtained 

stains for total alpha-synuclein (top panels) and phosphorylated alpha-synuclein 

(bottom panels). Even at low magnification, there is a clear noticeable left vs. right 

difference in the obtained staining patterns. High-magnification insets showed a 

substantial reduction of alpha-synuclein burden in neurons and neurites within the left 

SNpc (e.g. the one treated with rAAV9-GBA1; left panels) when compared to the right 

SNpc (right panels). Scale bar is 2,000 µm for low-magnification photomicrographs and 

200 µm in insets. 
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Figure 6: Immunohistochemical detection of dopaminergic markers in NHPs. Panels A 

and B are coronal sections taken at the level of the post-commissural caudate and 

putamen nuclei showing the staining pattern for the dopaminergic transporter (DAT) 

and TH. Panels A, A1 and A2 show a higher staining intensity obtained for DAT in the left 

striatum (e.g. the one innervated by the left SNpc where rAAV9-GBA1 was delivered) 

when compared to the right striatum (e.g. the one located ipsilateral to the right SNpc; 

injected with the control vector). Panels B, B1 and B2 were taken from an adjacent 

section and show that the TH staining patterns were very similar to the ones of DAT. 

Panels C, C1 and C2 were taken at the level of the SNpc and illustrate the left vs. right 

differences in TH-ir profiles. Even at low magnification it can easily be observed that the 

treatment with rAAV9-GBA1 (left SNpc, C1 inset) resulted in a better preservation of the 

number of TH-positive neurons when compared to the right SNpc, treated with the 

control vector (C2 inset). Scale bar is 4,000 µm for low-magnification images and 2,000 

µm for insets. 

 

 
Figure 7: Effect of GCase enhancement on the trans-neuronal spread of alpha-synuclein. 

3 months post-injection of rAAV9-SynA53T into the right SNpc (2 months post-treatment 
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with the control vector), a moderate number of thick fibers immunoreactive for 

phosphorylated alpha-synuclein was observed coursing rostrally through the medial 

forebrain bundle (panel 5). At the level of the right frontal lobe, a discrete number of 

layer V pyramidal neurons and dystrophic neurites were found in both the superior and 

inferior frontal gyri (panels 1 and 3, respectively), therefore accounting for a “prion-like” 

spread of mutated alpha-synuclein. By contrast, after two months of treatment with 

rAAV9-GBA1 (3 months post-delivery of rAAV9-SynA53T), the number of alpha-

synuclein immunoreactive fibers observed within the left medial forebrain bundle were 

markedly reduced (panel 6) and indeed pyramidal neurons positive for alpha-synuclein 

were never observed in the superior and inferior frontal gyri (panels 2 and 4) of the left 

frontal lobe. Obtained data showed that the AAV-mediated GCase enhancement at the 

level of the SNpc induced a clearance of alpha-synuclein burden high enough to impede 

its transneuronal spread through interconnected brain areas. Scale bar is 100 µm for 

panels 5 and 6; 50 µm for panels 3 and 4; and 25 µm for panels 1 and 2. 

 
Antibody Dilution Incubation 

time 
Supplier Reference 

Goat anti-tyrosine hydroxilase 1:500 overnight Mybiosource MBS421729 
Rabbit anti-tyrosine hydroxilase 1:100 overnight Millipore AB152 
Mouse anti-glucocerebrosidase 1:500 overnight Abcam Ab55080 
Rabbit anti-glucocerebrosidase 1:500 overnight Thermofisher PAS-21347 
Goat anti-a-synuclein 1:300 overnight Abcam Ab2080 
Mouse anti-a-synuclein 1:500 overnight Abcam Ab27766 
Mouse anti-phospho-a-synuclein 1:1000 overnight Wako 015-25291 
Rat anti-dopamine transporter 1:500 overnight Millipore MAB369 
Rabbit anti-Iba1 1:500 overnight Wako 019-19741 
Mouse anti-HLA class II 1:50 overnight Leica NCL-LN3 
Donkey anti-mouse IgG Alexa 546 1:200 120 min Thermofisher A-10036 
Donkey anti-rabbit IgG Alexa 647 1:200 120 min Thermofisher A-31573 
Donkey anti-goat IgG Alexa 488 1:200 120 min Thermofisher A-11055 
Donkey anti-rabbit IgG Alexa 555 1:200 120 min Thermofisher A-31572 
Donkey anti-mouse IgG Alexa 488 1:200 120 min Thermofisher A-21202 
Donkey anti-goat IgG Alexa 633 1:200 120 min Thermofisher A-21082 
Donkey anti-goat IgG biotinylated 1:600 120 min Jackson 705-065-147 
Donkey anti-rabbit IgG biotinylated 1:600 120 min Jackson 711-065-152 
Donkey anti-mouse IgG biotinylated 1:600 120 min Jackson 715-066-150 
Goat anti-rat IgG biotinylated 1:600 120 min Jackson 112-066-003 
Vectastain ABC HRP standard kit 1:1000 60 min Vector Labs PK-4000 

 
Table 1. List of primary and secondary antibodies 
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General Discussion 

 

Although existing treatments for the clinical and surgical management of PD have 

been very successful in alleviating the main motor symptoms of this neurodegenerative 

disorder, currently available therapeutic interventions are all merely symptomatic, 

without any effect on disease progression. Moreover, dopamine replacement strategies 

are highly efficient and therefore the pharmaceutical market is already well satisfied 

with the current drug arsenal at our disposal (Cruz-Monteagudo et al., 2016). 

Given the fact that PD is by large an idiopathic disorder, the design of curative 

therapies is an unrealistic aim according to existing knowledge. At present, the most 

appealing and pragmatic initiatives are focused on the implementation of disease-

modifying approaches, i.e. therapies intended to slow-down, arrest or even ideally 

revert the natural progressive course that typically characterizes PD, in an attempt to 

convert PD into a chronic disorder, better manageable by pharmacological therapies and 

with a lower incidence of side effects. In this regard and bearing in mind the well-known 

phenomena underlying the pathophysiology of PD, some reflections are required for 

deciding which are the characteristics needed to be fulfilled for the development of an 

adequate disease-modifying treatment. Firstly, any treatment of this type should be 

efficient in removing a-Syn aggregates in dopaminergic neurons. Secondly, this 

reduction in a-Syn burden should promote survival of DAn i.e. a-Syn clearance within 

dopaminergic “diseased” neurons should convert these neurons into “healthy” ones. 

Next, in parallel to a-syn removal and neuroprotection of dopaminergic neurons, a 

disease-modifying treatment should also be efficient in reverting pro-inflammatory 

phenomena driven by reactive microglial cells, or at least in tuning-down this underlying 

pro-inflammatory environment. Finally, since the “prion-like” spread of mutated species 

of a-Syn has often been considered as a key element sustaining disease progression (Ma 

et al., 2019), there should be a way to minimize this spread to further prevent a-Syn 

dissemination throughout the brain. In order to achieve this goal and based on an 

exhaustive revision of the literature, we decided to evaluate the therapeutic efficacy of 
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the genetic delivery of human Gcase in PD animal model associated with a-Syn 

aggregation. 

Since the final aim of the conducted study was to enhance GCase activity in animal´s 

brain and bearing in mind that very little is currently known about GCase expression 

levels in the control and diseased brain, we thought that an essential aspect of this work 

was to perform a detailed histological analysis of GCase in the macaque brain. In this 

regard and to our surprise, very little information was available in the existing literature, 

likely because that as with any other lysosomal enzyme, a ubiquitously GCase expression 

throughout the healthy brain was expected (www.proteinatlas.org). Existing data are 

mostly narrowly focused on changes in GCase enzymatic activities, whereas conducted 

studies are most often restricted to specific brain areas such as the substantia nigra and 

hippocampus, overall reporting for a reduction of GCase enzymatic activity in the 

substantia nigra of PD patients (Chiasserini et al., 2015; Gegg et al., 2012). Indeed, the 

only available neuropathological studies indicate the presence of strong GCase 

immunoreactivity in hippocampal areas CA2, CA3 and CA4, both in control brains as well 

as in GD type I patients (Wong et al., 2004). While data reported here (Dopeso-Reyes et 

al., 2018) are in keeping with a ubiquitous distribution of GCase in NHP control brains, 

substantial region-specific variations in GCase immunoreactivity were found and indeed 

the obtained patterns of normal GCase distribution are interesting enough to pave the 

way for elucidating a potential role for GCase in a number of neurodegenerative 

disorders other than synucleinopathies. From the conducted studies, two main 

conclusions can be highlighted: firstly, it is clear that neurons located in the oldest 

cortical brain regions (archicortex and paleocortex) display a more intense GCase 

immunoreactivity than any other neocortical brain area. Secondly, neurons giving rise 

to the so-called “diffuse ascending systems” (these comprising cholinergic neurons in 

the nucleus basalis of Meynert, dopaminergic neurons in the substantia nigra, 

serotoninergic neurons in the raphe nuclei and noradrenergic neurons in the locus 

ceruleus) are by far the most enriched ones in GCase levels. Since both the diffuse 

ascending systems together with the archicortex and paleocortex are ontogenically very 

well preserved across most animal species, there should be a reason explaining why such 

old parts of the brain are the ones exhibiting the highest GCase levels. In this regard, it 

is worth noting that all these specific neuronal groups share a common early 
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engagement in the neuropathological events underlying several different misfolded 

neurodegenerative disorders. For instance, the existence of a-Syn aggregates in the 

locus ceruleus is a phenomenon appearing even before the presence of similar 

aggregates in the substantia nigra (Braak et al., 2003; Del Tredici et al, 2002). 

Furthermore, it is also known that noradrenergic neurons in the locus ceruleus and 

dopaminergic neurons in the substantia nigra co-aggregate a-Syn and tau proteins in 

patients suffering from progressive supranuclear palsy (Erro Aguirre et al, 2015). 

Regarding Alzheimer’s disease, phosphorylated tau aggregates are firstly detected in 

subcortical nuclei innervating the cerebral cortex such as the nucleus basalis of Meynert 

and the locus ceruleus, these neurons also showing a-Syn pathology in latter stages of 

PD (Braak et al, 2011). In summary and although there is a well-established genetic link 

between GBA1 mutations and increased incidence of synucleinopathies, very little is 

currently known about the mechanisms sustaining the association between GCase 

reduced activity and increased a-Syn aggregation (and vice versa). Data gathered from 

the obtained normal pattern of GCase distribution in the NHP brain are appealing 

enough to overall appoint for a generic role of GCase within the pathophysiology of 

neurodegenerative disorders caused by the abnormal aggregation of misfolded 

proteins, a hypothesis sustained by the fact that the most enriched expression of GCase 

was particularly found in specific brain areas where their neurons are specialized in 

dealing with a misfolded proteins of variegated sources. 

 

As with any other therapeutic intervention with a translational focus, success often 

depend on a number of inter-related bottlenecks that need to be fixed appropriately to 

minimize experimental and clinical failures, such as (i) the choice of appropriate animal 

models, (ii) decision on which could be the best delivery route and (iii) rationale for 

appointing glucocerebrosidase as the best therapeutic candidate. 

1. Strategies for accurately modeling PD in experimental animals. 
 

Even before considering the appointment of any therapeutic candidate, in our belief 

an initial bottleneck is represented by a number of limitations that are inherent to 

currently available laboratory animal models of PD. In other words, most -if not all- 
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existing animal models are not the most appropriate ones when coming to develop 

disease-modifying therapeutics. Although neurotoxin-based animal models (6-OHDA, 

MPTP, rotenone, paraquat) have been widely used in the past to establish most of what 

we know about basal ganglia function and dysfunction, these models fail to mimic crucial 

aspects of PD and thus are not relevant for the development of neuroprotective, 

disease-modifying therapies (Blesa and Przedborski, 2014). Indeed, these animal models 

are also useless for acquiring a proper understanding of the mechanisms through which 

a-Syn misfolds and propagates. Whilst the precise cause of PD remains unclear, it is 

primarily characterized by the progressive loss of dopamine-producing neurons in the 

SNpc as a result of a-Syn aggregation. Along with dopaminergic cell degeneration, the 

key pathological hallmark of PD is the presence of eosinophilic cytoplasmic protein 

aggregates known as Lewy bodies (LBs), where a-Syn represents its main component 

(Spillantini et al., 1997).  a-Syn is encoded from the SNCA gene, located in chromosome 

4. The a-Syn protein is made of 140 amino acids and contains an amphipathic amino-

terminus, a hydrophobic central region and an acidic carboxy-terminal tail (Ulmer et al, 

2005). The hydrophobic central region is crucial for the aggregation of a-Syn (Uéda et 

al., 1993). The protein sequence of a-Syn is highly preserved across mammals. Great 

apes have exact copies of human a-Syn protein sequence, whereby Old-World monkeys 

differ at sites 95 and 114 and cynomolgus monkeys only at 114. New World monkeys 

(marmosets and spider monkeys) hold a naturally occurring threonine in the 53rd 

position (Vermilyea and Emborg, 2015). In summary, when trying to establish an ideal 

animal model of PD, this model should recapitulate the disease progression rate as well 

as the progressive loss of nigrostriatal-projecting dopaminergic neurons. Moreover, 

since LBs are the main neuropathological correlate of PD, any promising animal model 

should exhibit a-Syn aggregates in brain regions consistent with the disease. In the past 

few years, substantial efforts have been made to further standardize animal models 

centered on a-Syn aggregation, getting started with transgenic mice, more recently 

moving into viral vector transfer of a-Syn and pre-formed synthetic fibrils of a-syn, 

reviewed in (Marmion and Kordower, 2018). Transgenic mice expressing either wild type 

or mutated forms of human a-Syn represented the earlier approaches intended to step  
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away from neurotoxin-based models of PD (Lee et al, 2012). The occurrence of PD-like 

phenotypes in a-Syn transgenic mice is correlated with transgene distribution and high 

expression levels, and strongly supports a toxic gain of function mechanism for a-Syn 

pathogenesis. These transgenic mice exhibit synucleinopathy, neurodegeneration, loss 

of striatal dopamine and locomotor dysfunction. However, overall these models lack the 

adequate PD-like phenotype, since neuronal loss and nigral pathology are often too 

weak and even absent in most transgenic lines reviewed in (Marmion and Kordower, 

2018) and the synucleinopathy usually takes place in PD-unrelated regions such as the 

spinal cord. Although these transgenic mouse models exhibiting a rapid onset of 

pathology are appealing platforms to test therapeutic strategies targeting a-Syn 

aggregation, these mice are all lacking for a disease-specific trigger that initiates the 

pathophysiological cascade. Finally, several transgenic mice lines exist on a background 

that expresses endogenous murine a-syn, thus complicating the interpretation of the 

obtained results. 

In an attempt to circumvent the somewhat disappointing limitations shown by a-

Syn transgenic mice models, different approaches taking advantage of viral-mediated 

gene transfer of a-Syn have been implemented and provided more promising results. 

The main added value is represented by the fact that viral-mediated strategies allowed 

for focused overexpression of a-Syn into the desired brain regions, specifically into the 

SNpc. Accordingly, the delivery of AAVs encoding either wild type or mutated human a-

Syn into the SNpc of rats resulted in over 90% of SNpc dopaminergic neurons expressing 

a-Syn 3 weeks post-initial injection (Kirik et al., 2002). Observed ratios of dopaminergic 

cell loss ranged from 23% at 3 weeks up to 55% with a follow-up time of 8 weeks, in 

parallel to a 40-50% reduction in striatal levels of dopamine and tyrosine hydroxylase. 

Similar procedures, when upgraded to common marmosets revealed a-Syn expression 

in 90-95% of dopaminergic neurons together with a cell loss ratio between 30% and 60% 

16 weeks post-transduction and a 40-50% reduction in tyrosine hydroxylase fiber 

density throughout the ipsilateral caudate and putamen nuclei (Kirik et al., 2003). 

However, bearing in mind that New World common marmosets harbor 4 altered 

residues in the a-Syn protein compared to humans, including threonine at the 53rd 

residue, some concerns arise on the use of common marmosets for PD modeling 
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purposes. It is worth noting that human a-Syn contains alanine at the 53rd position, and 

the mutation substituting threonine at this site is known to cause a genetic variant of PD 

in humans, which is aggressive and of early onset. In an attempt to circumvent this 

limitation, Koprich et al (2016) optimized AAV-mediated delivery of a-Syn in Old World 

monkeys. When conducted this way, up to 50% dopaminergic cell death was observed 

17 weeks post-transduction, together with a similar reduction in striatal levels of 

tyrosine hydroxylase (Koprich et al., 2016). 

Although the work presented here was not designed for these purposes, obtained 

findings also support the use of the intraparenchymal delivery of AAVs encoding 

SynA53T for disease modeling purposes in mice and cynomolgus macaques, bearing in 

mind that a dopaminergic cell loss of up to 39% was observed with a follow-up of 3 

months in the SNpc firstly injected with rAAV9-SynA53T and later on with a rAAV-null. 

The use of different methodologies, these including the choice of rAAV serotypes and 

promoters, viral titration, number of injections performed and follow-up periods, may 

account for the observed differences in terms of percentages of neuronal death. 

It is also worth noting that the AAV field is a quickly changing scenario, with new 

arrivals being incorporated at a breath-taking speed (reviewed in Hudry and 

Vandenberghe, 2019). Different viral vector capsids together with different promoters 

driving cell-specific transgene expression have recently been made available (Pignataro 

et al., 2017; 2018). Here we have chosen a synapsin promoter driving SynA53T gene 

selective expression in neurons without infecting glial cells (Pignataro et al., 2017). This 

choice was based in an attempt to best mimic what it is currently known about PD 

pathophysiology, a two-stage process where dopaminergic neurons firstly die as a result 

of a-Syn aggregation, later triggering microglial-driven pro-inflammatory responses 

which in turn enhance and self-perpetuate dopaminergic neuronal damage (Lanciego et 

al, 2012). In other words and when compared to the use AAVs encoding SynA53T under 

the control of constitutive promoters (Eslamboli et al., 2007; Kirik et al., 2003; Kirik et 

al., 2002; Koprich et al., 2011, 2016; Koprich et al, 2010) here we wanted to make sure 

that the initial insult with mutated a-Syn was affecting only neurons and not glial cells. 

That said, obtained data supported that microglial activation is an event appearing 

earlier than expected, bearing in mind that microglial cells changed phenotype as soon 
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as dopaminergic neurons started to aggregate a-Syn (e.g. before the extracellular 

release of a-Syn resulting from neuronal death), and therefore the choice of promoter 

might not be representing a fundamental issue when coming to the use of a-Syn coding 

AAVs for disease modeling purposes. Moreover, several different AAV capsid variants 

have been made available very recently, most of these new arrivals representing 

appealing choices for disease modeling. For instance, two newly engineered AAV capsids 

(AAV2-retro and AAV-TT) enabled the retrograde spread of any given transgene by 

taking advantage of brain circuits (Tervo et al., 2016; Tordo et al., 2018). When used this 

way, retrogradely-spreading rAAV capsid variants might be very appealing choices for 

modeling advanced stages of PD. Although most of the rAAVs coding for a-Syn used so 

far have been used to generate a focused and progressive synucleinopathy at the level 

of the SNpc, it is well known that the presence of non-motor symptoms in PD like 

dementia and neuropsychiatric symptoms are resulting from a widespread 

synucleinopathy extending beyond the SNpc, particularly at the level of the cerebral 

cortex. Accordingly, it might be hypothesized that the intraputaminal delivery of these 

retrogradely-spreading rAAVs coding for SynA53T will allow the efficient transduction of 

projection neurons innervating the injected putaminal territories, therefore setting up 

an appealing scenario where corticostriatal, thalamostriatal, nigrostriatal and 

amygdalostriatal neurons started expressing a-Syn aggregates. 

 

More recently, a new concept emerged and changed the way the pathologic spread 

is viewed. This new concept appointed a-Syn as a protein with prion-like capabilities, 

enabling its spread from diseased neurons to healthy cells connected with the diseased 

ones, and it is very much in keeping with the so-called “Braak staging” of PD 

pathogenesis (Braak et al., 2003). However, despite the demonstration of cell-to-cell 

transfer of a-Syn in the mouse brain (Guo and Lee, 2014; Jucker and Walker, 2013), this 

concept remains controversial, and there are other potential explanations for the 

apparent spread of a-Syn aggregates, including selective neuronal vulnerability induced 

by underlying neuroinflammation or oxidative stress (Walsh and Selkoe, 2016). If this 

“prion-like” spread of a-Syn is taken as granted, then the best way to model this 

phenomenon is represented by the use of exogenous synthetic recombinant a-Syn 
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preformed fibrils (PFFs), acting as “seeds” promoting the aggregation of endogenous a-

syn. The intrastriatal inoculation of a-Syn PFFs in both transgenic and wild type mice 

lead to widespread Lewy body-like pathology in brain areas innervating the striatum, 

with nigral cell degeneration and presence of behavioral deficits over the course of 6 

months of follow-up (Luk et al., 2012). Considering nonhuman primates, (Shimozawa et 

al., 2017) recently reported on the intracerebral injection of PFFs in the caudate and/or 

putamen nuclei of common marmosets. After 3 months post-delivery, a-Syn pathology 

was found to occur in brain regions innervating the striatum, these comprising the 

cerebral cortex, thalamus, amygdala, globus pallidus and substantia nigra, the latter 

showing a 20-40% reduction in dopaminergic cell number. Although Shimozawa et al 

(2017) provided the first evidence showing propagation of a-Syn pathology through 

connected brain areas, some concerns have arisen, related to the number of animals 

used (only one animal per experimental group), the lack of a control group, the use of 

common marmosets (as explained above marmosets are not the best animal model for 

modeling synucleinopathies) and the murine nature of injected PFFs that questioned the 

proper translation to the human disorder. 

In summary, the central role of a-Syn in the pathogenesis of PD has paved the way 

for a shift from traditional neurotoxin-based models to models based on the forced 

expression of a-Syn. Although any available approach has its own pros and cons, it has 

been broadly accepted that the one used in study based on viral-mediated 

overexpression of a-Syn (either wild type or mutated) is the choice that overall best 

recapitulates both the known PD-related neuropathology and the slow progressive 

disease course, the latter allowing a therapeutic window wide enough to properly 

accommodate testing of disease-modifying therapies. 

 

2. Different delivery routes for different purposes  
 

The choice of the most appropriate delivery route is a key variable for any given gene 

therapy approach and determines major outcomes such as safety and efficacy for the 

conducted treatment. Delivery routes can be broadly categorized into local and 

peripheral administration procedures, the former comprising intraparenchymal CNS,  
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ocular and cochlear, the latter including intravenous and intra-CSF deliveries. 

Neurosensory organs are well suited for local AAV delivery, particularly because surgical 

feasibility and their compartmentalized nature limiting the potential systemic spread of 

the viral vector. In this regard, both intracameral (e.g. intravitrous) and subretinal 

injections have been conducted for the treatment of different types of retinal disorders.  

 

 
 

Figure 10. Overview of the different strategies to access the CNS. Image obtained 

from Hudry and Vandenberghe, 2019. 

 

Quite the same also applies when conducting cochlear AAV gene transfer, where AAVs 

are injected though the oval window (NCT02132130). Besides targeting neurosensory 
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organs, the most widely used delivery route in CNS studies is represented by direct 

intraparenchymal injection of the viral vector into the desired brain area through 

stereotaxic surgery. This approach has been successful in numerous preclinical studies 

in animal models of lysosomal storage disorders, Alzheimer’s, Parkinson’s and 

Huntington’s diseases (reviewed in Hocquemiller et al 2016; Choudhury et al., 2017). 

This option represents the standard choice in most clinical programs conducted in 

humans so far (see Table 2 in the introduction section). Furthermore, in an attempt to 

maximize vector diffusion within the injected brain area, the use of the so-called 

convection-enhanced delivery is a feasible option (Bankiewicz et al., 2000). In keeping 

with most of the conducted studies so far, here we underwent a direct intraparenchymal 

injection of our therapeutic vector by directly targeting the SNpc through 

ventriculography-assisted stereotaxic surgery. Up to two different viral vector injections 

were performed in an attempt to maximize the transduced SNpc area. 

 

However and besides the inherent risks to any neurosurgical intervention, the main 

limitation of intraparenchymal deliveries is the restricted spread of the viral vector in 

the injected area and indeed it is also worth recognizing that when dealing with 

neurodegenerative disorders, by the time in which patients get enrolled in clinical trials, 

the underlying neuropathology (e.g. a-Syn aggregation) is already spread far away from 

a single brain territory (e.g. the SNpc in PD stages above H-Y 3). In this regard, the recent 

availability of viral vector capsids engineered to allow for a retrograde dissemination 

through brain circuits such as AAV2-retro and AAV-TT (Tervo et al., 2016; Tordo et al., 

2018) collectively represents a very appealing choices for the simultaneous targeting 

with a given therapeutic AAV product of diseased brain areas located far away from the 

injected territory (e.g. resulting in multiple hits with just only one delivery). 

Indeed, and as commented above, late stages of PD are often characterized by the 

presence of a widespread synucleinopathy affecting the cerebral cortex. Accordingly, 

the use of retrogradely-spreading rAAV capsid variants coding for the GBA1 gene will 

likely allow the simultaneous enhancement of GCase activity in multiple distant brain 

areas connected with the injected site. 
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In an attempt to de-risk the limitations inherent to any surgical intervention needed 

for intraparenchymal deliveries and to achieve a broader gene transfer in the CNS, the 

intra-CSF delivery route also sounds as a feasible choice. The intra-CSF delivery 

encompasses intracerebroventricular (most often targeting lateral ventricles), 

intracisternal (targeting the cisterna magna) and intrathecal (through a lumbar 

puncture). While intracerebroventricular and intracisternal deliveries have been the 

most widely used ones in animal models, intrathecal punctures might be the most 

translatable ones, bearing in mind that accessing this space already is a standard clinical 

routine. According to available data, AAV serotype 9 seems to be the best one in terms 

of transduction efficacy after intra-CSF administration (Gray et al, 2013). Main 

limitations are represented by the fact that intra-CSF injections seem to perform the 

best when conducted in early postnatal stages and by the observed transduction of 

ependymal cells and choroid plexuses (although sometimes viewed as advantageous; 

these cells acting as therapeutic reservoirs). Furthermore, it is worth noting that the CSF 

in humans has a quick turnover, being replaced 5 times per day. Accordingly, it is very 

likely that any intra-CSF approach will need repeated injections to be conducted. 

Finally, the recent availability of modified AAV capsids allowing for an efficient 

passage of the BBB has appointed the intravenous delivery route as an efficient and non-

invasive choice allowing a widespread CNS transduction. Besides earlier attempts mostly 

based on the systemic delivery of AAV9 (reviewed in Hudry and Vandenberghe, 2019), 

the capsid variant known as AAV-PHP.B (Deverman et al., 2016) seems to be the one 

showing broadest transduction efficiency and best BBB penetration. However, some 

concerns remain about AAV-PHP.B since a poorer -if any- BBB penetration in animal 

species other than mice has been claimed elsewhere (Challis et al., 2019; Hordeaux et 

al., 2018 ; Liguore et al., 2019). 

In summary, when considering a risk-benefit ratio, intraparenchymal deliveries still 

are the best preferred choices maximizing local transduction while reducing safety 

constraints. Peripheral administration routes, these comprising either intra-CSF or 

intravenous injections, currently are in a too early stage of development and indeed 

these approaches are facing relevant limitations, such as increased safety risk (higher 

dosing levels needed), manufacturing overload and repeated deliveries being likely 

required. 
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3. Rationale for appointing glucocerebrosidase as the best therapeutic candidate  
 

The identification of reduced GCase activity in PD patients has paved the way for the 

development of novel therapeutic strategies directed at enhancing GCasa activity for 

reducing a-Syn burden, thereby slowing-down or even ideally prevent dopaminergic 

neuronal death. Although the mechanisms through which GCase regulates the 

homeostasis of a-Syn -and vice versa- still are not fully understood, GBA1 mutations 

have been considered as the main genetic risk factor for PD (Sidransky et al., 2009). Even 

in the absence of GBA1 mutations, reduced GCase activity has been documented in 

blood, CSF and brain tissues of patients with sporadic forms of PD (Alcalay et al., 2015; 

Gegg et al., 2012; Parnetti et al., 2014) Therefore, any strategies intended to increase 

GCase enzymatic activity are currently viewed a potential disease-modifying treatment 

for PD, with and without a GBA1 mutation background. 

The first, most obvious choice is represented by the direct supplementation of GCase 

with the recombinant enzyme, as this has been a successful treatment for Gaucher 

disease (GD; Connock et al., 2006; Weinreb et al., 2002). In these patients, the 

intravenous administration of recombinant GCase has been shown to localize to the 

lysosome and to upregulate enzymatic activity. However, as a 60 kDa protein, GCase 

cannot cross the BBB in sufficient levels to modify CNS enzymatic activity (Begley 2009, 

(Brady et al, 2013), even when delivered intra-CSF (Brady et al., 2013; LeBowitz, 2005) 

and indeed concern remains over the ability of intra-CSF delivered GCase to penetrate 

deep brain tissues at a therapeutic concentration. 

A completely different approach is represented by strategies intended to reduce 

accumulation of glucosylceramide, the GCase substrate, often suggested as a 

pathogenic mechanism in PD patients harboring a GBA1 mutation (Sardi et al., 2013). 

Although glucosylceramide accumulation has not been demonstrated in PD, a significant 

reduction in ceramide levels has been reported elsewhere (Gegg et al., 2015; Murphy et 

al., 2014). In this regard, the use of miglustat, a reversible inhibitor of glucosylceramide 

synthase has been tested in the context of GD type III (Cox et al., 2012; Schiffmann et 

al., 2008; Serratrice et al, 2015). Two other compounds sharing a common rationale for 

substrate reduction are currently undergoing evaluation in clinical trials of GD 

(NCT00891202; (Mistry et al., 2017)) and PD (NCT02906020). 
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Another feasible choice stands on the observation that mutant GCase remains 

sequestered within the endoplasmic reticulum (ER). Accordingly, small GCase 

chaperones enhancing the trafficking of mutant GCase to the lysosomal compartment 

have been appointed for these purposes (Bendikov-Bar et al, 2013b; Luan et al., 2013; 

Maegawa et al., 2009). The chaperone binds to the active site of the enzyme, being 

eluted on encountering the acidic conditions of the lysosome. The degree of elution 

depends on the affinity of the chaperone for the substrate and if the affinity is too great, 

then the chaperone will remain bound to the active site and no catalysis will occur, even 

inhibiting enzymatic catalysis within the lysosome. This was very likely the case with 

isofagomine and the reason sustaining the failure of the conducted clinical (Khanna et 

al., 2010; Maegawa et al., 2009; Sun et al., 2012) Accordingly, careful consideration must 

be given to choose a chaperone with a GCase affinity within a narrow therapeutic 

window allowing sufficient GCase trafficking to the lysosome and adequate elution once 

the chaperone is within it. In this regard, a new generation of noninhibitory small 

molecular chaperones of GCase currently is under development (Mazzulli et al., 2016). 

At present, the best clinical candidate within the field of chaperones is ambroxol, 

showing high GCase binding at neutral pH together with almost no inhibitory effect at 

an acidic pH below 4.6 (Maegawa et al., 2009). A phase 2 trial of ambroxol in 

neuronopathic GD patients achieved 10%-20% of the serum ambroxol concentration in 

CSF (Narita et al., 2016) and indeed two phase 2 clinical trials of ambroxol in PD are 

currently underway (NCT02941822 and NCT02914366). 

Finally, gene therapy strategies taking advantage of AAVs coding for the GBA1 gene 

also hold great promise. The co-injection of two different AAVs, one coding for a-syn, 

the other one coding for GBA1 prevented neurodegeneration of dopaminergic neurons 

in rodents (Rocha et al., 2015). Furthermore, the use of a BBB-penetrating AAV9 variant 

known as AAV-PHP.B coding for GBA1 induced an almost complete clearance of a-Syn 

throughout the brain of a-Syn transgenic mice (Morabito et al., 2017). Compared to 

existing prior art, it is worth stressing the fact that the strategy conducted here has 

demonstrated that the viral-mediated enhancement of GCase activity in both mice and 

NHPs induced and efficient a-Syn clearance once the underlying neurodegenerative 

phenomena are already ongoing but before reaching a non-returning point. A number 
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of concurrent phenomena such as microglial-driven pro-inflammatory effects and the 

prion-like spread of mutated a-Syn are also tuned-down by means of the conducted 

approach. However, it is also worth noting that the neuroprotective effect driven by the 

local delivery of our therapeutic candidate rAAV9-GBA1 was observed in pre-clinical 

levels of dopaminergic neurodegeneration (up to 39% of degeneration induced by 

rAAV9-SynA53T with a follow-up period of 3 months). Accordingly and before 

considering a potential clinical translation of the conducted approach, there are two 

more scenarios requiring to be satisfied, such as i) demonstration of a positive effect of 

early interventions with rAAV9-GBA1 after a long-term read-out and ii) efficacy of 

rAAV9-GBA1 in later stages of synucleinopathy, i.e. once the neurodegenerative 

processes are far more advanced, ideally when reaching a minimum of 70% of 

dopaminergic cell death therefore best mimicking the time of first diagnosis for an 

standard PD patient. In conclusion and even when taking into consideration that we are 

only dealing with early pre-clinical stages, obtained data are appealing enough to pave 

the ground for appointing gene therapy with GBA1 as a disease-modifying treatment 

showing an unprecedented potential. 
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Conclusions	
	
	

1. The oldest areas of the nonhuman primate brain are the ones showing higher 

baseline levels of glucocerebrosidase. The most enriched glucocerebrosidase 

content was found in neurons giving rise to diffuse ascending systems. 

 

2. The intraparenchymal delivery of a neurospecific rAAV9 expressing a mutated 

form of human alpha-synuclein at the level of the substantia nigra pars compacta 

in mice and nonhuman primates induced a progressive synucleinopathy that 

accurately mimics early stages of Parkinson’s disease.  

 

3. The intraparenchymal delivery into the substantia nigra of a rAAV9 coding for 

the GBA1 gene under the control of the constitutive promoter GusB induced an 

almost complete clearance of alpha-synuclein aggregates.  

 

4. The observed reduction in alpha-synuclein burden, driven by the AAV-mediated 

enhanced expression of glucocerebrosidase, resulted in a significant 

neuroprotective effect for dopaminergic neurons together with an attenuation 

of microglial-driven pro-inflammatory scenario and impairment of the prion-like, 

transneuronal spread of mutated alpha-synuclein.  

 

5. Obtained results appointed glucocerebrosidase gene therapy as a promising 

disease-modifying strategy, capable of slowing-down (or even ideally arrest) 

disease progression rates. The conducted approach seems to be well suited for 

parkinsonian patients, particularly those patients in early disease stages. 
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