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Abstract: Parkinson’s disease (PD) is a multifarious neurodegenerative disease. Its pathology is
characterized by a prominent early death of dopaminergic neurons in the pars compacta of the
substantia nigra and the presence of Lewy bodies with aggregated α-synuclein. Although the
α-synuclein pathological aggregation and propagation, induced by several factors, is considered one
of the most relevant hypotheses, PD pathogenesis is still a matter of debate. Indeed, environmental
factors and genetic predisposition play an important role in PD. Mutations associated with a high risk
for PD, usually called monogenic PD, underlie 5% to 10% of all PD cases. However, this percentage
tends to increase over time because of the continuous identification of new genes associated with
PD. The identification of genetic variants that can cause or increase the risk of PD has also given
researchers the possibility to explore new personalized therapies. In this narrative review, we discuss
the recent advances in the treatment of genetic forms of PD, focusing on different pathophysiologic
aspects and ongoing clinical trials.
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1. Introduction

Parkinson’s disease (PD) is a complex and manifold neurodegenerative disease. Its
pathology is characterized by a prominent early death of dopaminergic neurons in the
pars compacta of the substantia nigra (SNpc) and the presence of Lewy bodies containing
aggregated α-synuclein encoded by the SNCA gene [1,2]. Currently, the diagnosis of PD is
clinical and based on the presence of bradykinesia, eventually being associated with rigidity
and resting tremor [1]. It is well known that the neurodegenerative process of PD starts
several years before the onset of motor symptoms [3]. This prodromal phase is heteroge-
neous and depends on the phenotype of PD (according to the “brain first, body first” onset
of pathology) [4]. The PD clinical course and the response to treatment vary just like its eti-
ology, which is multifactorial and complex [5]. It is currently hypothesized that pathogenic
mechanisms linked with sex, genomic, epigenetic, and environmental factors lead to several
alterations at the cellular level [6–9]. These may include: conformational changes with mal-
function and accumulation of key proteins due to abnormalities in their clearance systems
(ubiquitin–proteasome system; lysosome- and chaperone-mediated autophagy); dysreg-
ulation of mitochondrial function and oxidative stress; loss of trophic factors; alterations
of intracellular Ca2+ homeostasis; and finally neuroinflammation [2,9,10]. Nevertheless,
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the pathological aggregation and spread of α-synuclein is considered the key event in
PD pathogenesis [11,12]. This protein, mainly expressed in the brain, is fundamental for
neurotransmitter release and synaptic vesicle function [13]. It has been hypothesized that
environmental factors (viruses, bacteria, toxins, etc.) might start α-synuclein’s pathological
accumulation, likely favored by a genetic predisposition [14–16]. The treatment of PD is
currently only symptomatic, mainly focused on an improvement in motor and non-motor
signs and symptoms [17]. However, PD management requires a multidisciplinary and
holistic approach that should integrate pharmacological and non-pharmacological treat-
ment. Among the latter, rehabilitative therapy and exercise should be implemented during
all phases of PD [17]. Indeed, recent studies have shown the presence of a dose–response
association between physical activity and all-cause mortality in PD patients. This under-
lies the need to increase and maintain physical activity in PD [18], and this can play a
preventative and maintenance role regarding physical fitness and mental health [19].

Mutations associated with a high risk for PD (monogenic PD) underlie 5% to 10% of
all PD cases [20–22]. However, this percentage tends to increase over time as a result of the
continuous identification of new genes associated with PD [5,23,24]. Besides PD-related
genes, the SNCA gene was the first gene associated with inherited PD [12]. In more recent
years, mutations in the leucine-rich repeat kinase 2 (LRRK2) and parkin (PRKN) genes were
found to be the most common causes of dominantly and recessively inherited forms of
PD, respectively [20–22]. Heterozygous mutations in the β-glucocerebrosidase gene (GBA)
currently represent the greatest genetic risk factor for developing PD [25]. An updated
list of the genes associated with PD is provided in Table 1 [20]. The importance of the
genetic contribution to PD pathogenesis is twofold, as illustrated in Figure 1. On the
one hand, the identification of genetic variants linked to PD may elucidate the different
pathophysiological mechanisms involved in the disease. On the other hand, this knowledge
can help to investigate potential new experimental and personalized therapies tailored to
the genetic profile of an individual patient [10]. In this narrative review, we discuss the
recent advances in the treatment of the most relevant genetic forms of PD, focusing on
different pathophysiologic aspects that have driven ongoing clinical trials.

Table 1. Updated list of genes associated with PD. Reproduced with permission from Day JO and
Mullin S, Genes (Basel); published by MDPI, 2021 [20].

Gene (HGNC
Approved Name)

Alternative Gene
Names Inheritance Pathogenicity PD Phenotype Function

High penetrance

SNCA PARK1, PARK4,
NCAP AD Pathogenic Early-onset Uncertain (encodes

α-synuclein)

VPS35 PARK17, MEM3 AD Pathogenic Typical Retromer and endosomal
trafficking

PINK1 PARK6 AR Pathogenic Early-onset
MitochondrialPARK7 DJ-1 AR Pathogenic Early-onset

PRKN PARK2, PARKIN AR Pathogenic Early-onset

PLA2G6 PARK14, IPLA2 AR Pathogenic Early-onset,
atypical Cell membrane

ATP13A2 PARK9 AR Pathogenic Early-onset,
atypical Lysosomal

FBX07 PARK15, FBX7 AR Pathogenic Early-onset,
atypical Mitochondrial

POLG POLG1, POLGA AD Pathogenic Early-onset,
atypical

Mitochondrial DNA
Maintenance

DNAJC6 PARK19, DJC6 AR Likely pathigenic Early-onset

Synaptic vesicle formation
and trafficking

DNAJC13 PARK21, RME8 AD Conflicting reports Typical

TMEM230 C20ORF30 AD Conflicting reports Typical

SYNJ1 PARK20 AD Conflicting reports Typical

VPS13C PARK23 AR Pathogenic Early-onset Mitochondrial

CHCHD2 - AD Pathogenic Typical Uncertain

DCTN1 - AD Pathogenic Atypical Microtubule
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Table 1. Cont.

Gene (HGNC
Approved Name)

Alternative Gene
Names Inheritance Pathogenicity PD Phenotype Function

Variable penetrance
LRRK2 PARK8, DARDARIN AD Pathogenic Typical Lysosomal, mitochondrial,

microtubule

GBA GBA1 AD Pathogenic Typical Lysosomal

Associated with PD
but unlikely to be

pathogenic

HTRA2 - AD Uncertain/likely
benign - Mitochondrial

UCHL1 PARK5 AD Uncertain/likely
benign - Ubiquitin-proteasome

GIGYF2 PARK11 AD Uncertain/likely
benign - Uncertain

EIF4G1 - AD Benign - mRNA translation

LRP10 LRP9 AD 1 Uncertain - Uncertain

AD 1 = autosomal dominant, AR = autosomal recessive, HNGC = HUGO Gene Nomenclature Committee.

Figure 1. Interplay between genetic contributions to PD, pathophysiology, and innovative thera-
pies. The importance of the genetic contribution to PD pathogenesis is twofold. From one side, the
identification of genetic variants that can cause or increase the risk of PD can elucidate the different
pathophysiological mechanisms involved in the disease. From another side, this knowledge can help
better investigate potentially effective treatments and explore new personalized therapies. As an
example, mutations in the GBA or LRRK2 genes have led to a better understanding of PD pathophys-
iology but also to the development of innovative experimental therapies (i.e., ambroxol, venglustat,
BIIB122/DNL151, LY3884961). On the other hand, DJ1, PINK,1 and SNCA have allowed us to
improve our knowledge about the underlying pathophysiology of PD but until now no experimental
treatments specifically targeting these genes have been developed. Some other innovative therapies,
such as prasinezumab, cinpanemab, deferiprone and lithium, are not focused on the genetic aspects
of the disease but on the common pathophysiological mechanisms of PD. Abbreviations: glucocere-
brosidase: GBA; leucine-rich repeat kinase 2: LRRK2; Parkin: PRKN; PTEN Induced Kinase-1: PINK1;
VPS35: Vacuolar protein sorting ortholog 35.
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2. GBA Gene
2.1. Pathophysiological Mechanisms

The GBA gene is located on chromosome 1 (1q21) and encodes the lysosomal enzyme
glucocerebrosidase (GCase), which is involved in the metabolism of glucosylceramide
(GL-1), a basic glycolipid component of the cell membrane [25]. Biallelic mutations in the
GBA gene have been classically associated with Gaucher’s disease (GD), a systemic disorder
with a varying degree of central nervous system (CNS) involvement [25]. After observing
an increased risk of PD in patients with GD [26,27], several large-scale genetic studies have
also demonstrated that heterozygous variants in the GBA gene are the most important
genetic risk factor for developing PD. Indeed, heterozygous GBA variants account for 5–30%
of PD cases depending on the population and age [27–30]. To date, more than 300 GBA
variants have been associated with PD, with an overall odds ratio (OR) for developing the
disease of approximately 3.5–6 [27]. This OR seems to be directly linked to the severity of
GBA mutations; indeed, severe GBA mutations (i.e., L444P, IVS2+1G>A, c.84dupG, V394L,
D409H, RecTL, RecNCil) are associated with a higher risk of PD compared to mild ones
(i.e., N370S) [25]. In addition, the severity of GBA mutations may also influence the clinical
phenotype and the severity of the disease [27–29,31]. PD patients carrying severe mutations
have an earlier age of onset and greater risk of dementia, impulsive–compulsive behavior
(ICB), and delusions when compared to PD patients carrying mild mutations in the GBA
gene [27–29,31]. The molecular mechanisms underlying the pathogenesis of GBA-PD are
complex and not yet fully understood. The direct correlation between the severity of both
the clinical course and the GBA variants (on the basis of the deleterious effect on GCase
enzymatic activity) support the hypothesis of a key pathogenic role played by the loss of
GCase function. However, the scenario is far from being so defined. PD patients harboring
GBA variants such as E326K, which has a less-pronounced effect on GCase enzyme activity,
do not appear to have a more benign clinical course [29,31]. Several reports describe an
association between this variant and a higher risk of cognitive problems [29,31]. In addition,
if the risk of PD depended on the extent of the residual GCase activity, most patients with
GD would be expected to develop PD. However, that does not seem to happen [29,31]. The
link between GBA mutations and PD still requires more effort in order to tackle the right
molecular mechanism that is dysfunctional in the genesis of PD. The mutated GCase is not
able to fold properly in the endoplasmic reticulum (ER), causing the protein to accumulate
in this cellular compartment [25]. This leads to two main relevant consequences. Firstly,
the accumulation of misfolded GCase protein in the ER may directly lead to ER oxidative
stress with subsequent neuronal loss in dopaminergic neurons [32]. Secondly, the reduction
in endolysosomal GCase activity may cause α-synuclein accumulation [25,32]. In addition,
the accumulation of GL-1, due to low endolysosomal GCase activity, can also play a
role, affecting the membrane fluidity of lysosomes and accelerating the formation of toxic
α-synuclein oligomers, which in turn may block the ER–Golgi trafficking of GCase and
lead to further GL-1 accumulation [33]. The failure of the endolysosomal and autophagic
pathways is considered one the most important alterations at a cellular level in PD [2,10,25].
This is not surprising, since these scavenger systems are crucial for the degradation of
α-synuclein, whose accumulation in the dopaminergic neurons is one of the hallmarks
of PD [25].

2.2. Novel Therapeutic Approaches and Ongoing Clinical Trials

Novel therapeutic approaches in GBA-PD are based on both the attempt to increase
GCase activity through gene therapy or GCase enhancers and to reduce substrate accumu-
lation [34]. Table 2 summarizes the ongoing clinical trial in GBA-PD patients.
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Table 2. Clinical trials of therapeutic interventions in GBA-PD patients.

Therapeutic Agent Target/Mode of Action Clinical Trial ID Stage Status

Ambroxol Hydrochloride

GCase enhancement: increase
GCase activity and reduce

α-synuclein levels in vitro and
in vivo

AMBITIOUS
NCT05287503 2 Recruiting

Ambroxol Hydrochloride

GCase enhancement: increase
GCase activity and reduce

α-synuclein levels in vitro and
in vivo

NCT02914366 2 Active, not recruiting

Intracisternal AAV9-GBA1
gene (LY3884961)

administration

β-Glucocerebrosidase gene
therapy

PROPEL
NCT04127578 1/2a Active, not recruiting

Venglustat
GZ/SAR402671

Glucosylceramide synthase
inhibition: allosteric inhibitor

of the enzyme
glucosylceramide synthase

MOVES-PD
NCT02906020 2

Terminated (The topline results of the
52-week double-blind placebo-controlled
period were analyzed. The study did not

meet the primary or secondary
endpoints. Based on these results, the

decision was made to halt the long-term
follow-up period of the study)

The first novel therapeutic approach developed in GBA-PD patients was based on
molecular chaperones, a class of protein that may facilitate the refolding of their sub-
strates [35]. Chaperones may help to refold mutant GCase inside the ER, facilitating
trafficking and increasing GCase levels in lysosomes [27,36]. Ambroxol is an inhibitory
chaperone that mobilizes the sequestered mutant GCase from the ER, inducing a conforma-
tional change that facilitates transport to lysosomes and the recovery of GCase lysosomal
function. In vitro and in vivo studies have confirmed that ambroxol can increase GCase
activity and reduce α-synuclein levels [37]. In a phase 2, open-label study (NCT02941822)
involving 17 PD patients with and without GBA mutations, ambroxol (at an escalating
oral dose to 1.26 g per day) was able to both cross the blood–brain barrier (BBB) and to
increase the GCase and α-synuclein concentrations in the cerebrospinal fluid (CSF) [38].
Based on these promising results, two phase 2 clinical trials are ongoing (NCT05287503,
NCT02914366). In particular, NCT02914366 is a 52-week, randomized, placebo-controlled,
quadruple-masking trial that is testing the hypothesis that oral ambroxol (1050 mg/daily)
may improve cognitive and motor symptoms in patients with PD dementia (PDD). In
addition, the multicenter, randomized, double-blind, placebo-controlled NCT05287503 trial
(Ambitious study) is investigating whether the prolonged administration of high-dose oral
ambroxol is able to change GCase activity and α-synuclein CNS levels and to reduce the
progression of cognitive decline and motor disability in a cohort of 60 PD-GBA patients.
Aside from ambroxol, other small-molecule chaperones (GC00188758, NCGC607, quetiap-
ine, PGRN, HSP70, arimoclomol, LTI-291) have been investigated, but are so far supported
by limited preclinical evidence [27].

Gene therapy in GBA-PD patients relies on the delivery of a normal GBA gene using an
adenoassociated virus (AAV) vector [39]. The efficacy of this approach has been confirmed
in different animal models of PD-GBA [39–42], showing a significant reduction in both
α-synuclein accumulation and CNS inflammation [39]. Based on these premises, the first
experimental gene therapy in PD-GBA patients has been recently developed [39]. This
investigational drug (PR001) is composed of a viral vector (adenoassociated virus serotype
9) containing a codon-optimized plasmid encoding a wild-type human GBA gene, proved to
be able to increase GCase activity, decrease glycolipid substrate accumulation, and improve
motor abnormalities in GBA-PD models in vivo [27,39]. This has led to the development of
the J3Z-MC-OJAA study, a Phase 1/2a, multicenter, open-label, ascending-dose, first in-
human study that will evaluate the safety of intratecal LY3884961 administration in patients
with moderate to severe PD with at least one pathogenic GBA mutation (NCT04127578).
Two escalating dose cohorts (low-dose and high-dose) will be studied, and patients will be
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evaluated for the effect of LY3884961 on safety, tolerability, immunogenicity, biomarkers,
and clinical efficacy measures with a 5-year follow-up.

Another therapeutic approach in GBA-PD is focused on the reduction of GL-1 accumu-
lation [25]. Venglustat is a potent, CNS-penetrant inhibitor of glucosylceramide synthase
that can reduce the formation of GL-1 [33]. The efficacy of venglustat in GBA-PD patients
was explored in the MOVES-PD trial, a randomized, double-blinded, placebo-controlled,
dose-escalation study (NCT02906020). The first part of the study included 29 GBA-PD
patients, and showed that venglustat had a favorable safety and tolerability profile [33].
However, the second part of the MOVES-PD trial (NCT02906020), which included 273
early-PD patients, did not meet the study’s primary objective, i.e., the efficacy on motor
symptoms (primary endpoints: MDS-UPDRS part II–III). In particular, a progressive deteri-
oration in clinical outcomes was noticed over time in the treatment arm compared to the
placebo, leading to a premature interruption of the study [27].

3. LRRK2 Gene
3.1. Pathophysiological Mechanisms

Pathogenic mutations in the LRRK2 gene are common genetic risk factors for both
familial and sporadic adult-onset PD [43]. Up until now, over 50 different LRRK2 variants
have been identified [44]. The most common mutation, LRRK2-G2019S, accounts for up to
6–40% of familial PD cases depending on the ethnic group, and up to 2% of all sporadic
cases [43]. PD patients with the G2019S mutation usually present with a substantial clinical
overlap with idiopathic PD and a similar rate of progression [5]. However, they may
more commonly have a postural-instability/gait-difficulties phenotype, levodopa-induced
dyskinesias, and fewer nonmotor manifestations [5]. LRRK2 is located at chromosome
12q12 and encodes a multidomain protein of 2527 amino acids harboring different catalytic
domains, including the MAPKKK kinase domain, the Ras of complex (ROC) GTPase
domain, and the C-terminal of ROC (COR) domain [44]. Seven missense LRRK2 mutations
have been identified as pathogenic, including R1441G, R1441C, R1441H, Y1699C G2019S,
R1628P, G2385R, and I2020T, which are mainly located in the catalytic domains of the
LRRK2 gene [45]. LRRK2 is widely expressed in several tissues including the brain, lungs,
heart, and kidney [45]. At the brain level, LRRK2 mRNA and proteins are highly expressed
in dopamine-innervated areas including the cerebral cortex, striatum, cerebellum, and
hippocampus, while at low levels in dopaminergic neurons of the substantia nigra and
ventral tegmental area [45]. At the cellular level, the LRRK2 protein is mainly found
throughout the cytoplasm associated with various intracellular membranes and vesicular
structures (i.e., early endosomes, lysosomes, plasma membrane and synaptic vesicles, ER,
Golgi complex, and outer mitochondrial membrane) [45].

Through the phosphorylation of several substrates, LRRK2 is involved in several
cellular functions including late-stage endocytosis, lysosomal trafficking, cytoskeletal re-
modeling, and synaptic-vesicle endocytosis [43,46]. The current understanding of LRRK2
functions and pathogenicity in PD is still incomplete [5]. It is believed that increased
LRRK2 activity may raise the risk of PD because the increased kinase activity has been
associated with nigrostriatal degeneration and Lewy body (LB) formation [5,43–45]. In
addition, the G2019S mutation, located in the kinase domain of the gene, has been asso-
ciated with increased phosphorylation activity in vivo [5]. In primary neuronal cultures,
overexpression of LRRK2 G2019S, I2020T, R1441C, or Y1699C consistently induces neu-
ronal toxicity, as evidenced by neurite shortening, cell death, and impaired functions
of intracellular organelles [43]. Furthermore, many of these phenotypes may be allevi-
ated by introducing kinase-inactive or guanosine triphosphate (GTP)-binding-deficient
mutations and/or treatment with chemical inhibitors of LRRK2 [43]. LRRK2 may also
cause α-synuclein neurotoxicity by increasing its propagation and aggregation in a kinase-
dependent manner with the contemporary reduction in its clearance [47]. LRRK2 may also
play a role in cell-to-cell transmission and long distance spreading of α-synuclein, presum-
ably through regulation of the release, uptake, and lysosomal/proteasomal degradation
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of the protein [43]. LRRK2 can also interact with several other proteins throughout the
endolysosomal pathway, and its excessive expression levels or kinase activity may disrupt
vesicle trafficking and protein degradation [48].

3.2. Novel Therapeutic Approaches and Ongoing Clinical Trials

The objective of the novel therapeutic approaches in LRRK2-PD is to reduce the patho-
logical excessive kinase activity of the mutated gene. Table 3 summarizes the ongoing
clinical trial in LRRK2-PD. The CNS-penetrant, selective, small-molecule LRRK2 kinase in-
hibitor DNL201 was able to inhibit LRRK2 kinase activity and improve lysosomal function
in preclinical models [49]. In one phase 1 and one phase 1b clinical trial, which included
122 healthy volunteers and 28 PD patients, DNL201 (at single and multiple doses) inhibited
LRRK2, was well tolerated, and showed robust CSF penetrance [49]. The safety, tolera-
bility, pharmacokinetics, and pharmacodynamics of multiple oral doses of LRRK2 kinase
inhibitor BIIB122/DNL151 were assessed in PD patients in a phase 1 study (NCT04056689)
whose results are still pending. This molecule is now under investigation in two other
ongoing trials. The objective of the phase 2b, multicenter, randomized, double-blind,
placebo-controlled study LUMA (NCT05348785) is to assess the safety of BIIB122 oral
tablets (225 mg once daily) and the possible impact of the drug on disease progression. A
total of 640 early-stage PD patients without mutations in the LRRK2 gene will be enrolled.
In addition, the phase 3, multicenter, randomized, double-blind, placebo-controlled study
LIGHTHOUSE (NCT05418673) will aim to determine the safety profile and the efficacy of
BIIB122/DNL151 to slow the progression of disease in 400 LRRK2-PD patients. The use
of antisense oligonucleotides (ASOs) for LRRK2 inhibition represents another therapeutic
approach under investigation in LRRK2-PD patients. This approach is supported by pre-
clinical studies that showed that the administration of LRRK2 ASOs to the brain was able to
reduce LRRK2 protein levels and fibril-induced α-synuclein inclusions [50]. Furthermore,
mice exposed to α-synuclein fibrils treated with LRRK2 ASOs showed more tyrosine hy-
droxylase (TH)-positive neurons compared to control mice, suggesting that LRRK2 ASOs
treatment could be a potential therapeutic strategy for preventing PD-associated pathol-
ogy [50]. Based on these premises, the ongoing phase 1 single- and multiple-ascending-dose
study REASON (NCT03976349) will assess the safety, tolerability, and pharmacokinetic
profile of intrathecal injections of the LRRK2 ASO inhibitor BIIB094 in PD patients with
and without LRRK2 mutations.

Table 3. Clinical trials of therapeutic interventions in LRRK2-PD patients.

Therapeutic Agent Target/Mode of Action Clinical Trial ID Stage Status

BIIB122/DNL151 Inhibition of LRRK2 kinase NCT05348785 2b Recruiting

BIIB122/DNL151 Inhibition of LRRK2 kinase NCT05418673 3 Recruiting

Trehalose Autophagy enhancement NCT05355064 4 Not yet recruiting

BIIB122/DNL151 Inhibition of LRRK2 kinase; autophagy promoter NCT04056689 1b Completed

DNL201 Inhibition of LRRK2 kinase; autophagy promoter NCT03710707 1b Completed

BIIB094 Antisense oligonucleotide for LRRK2 inhibition NCT03976349 1 Recruiting

4. SNCA Gene
4.1. Pathophysiological Mechanisms

Generally, patients carrying SNCA mutations present with early-onset parkinsonism
with severe and early non-motor symptoms, including cognitive decline. However, many
different PD phenotypes have been related to SNCA mutations [51,52]. Indeed, while in
whole-gene multiplications, the number of SNCA copies clearly correlates with the disease
severity, supporting the notion of a “dosage effect”, missense mutations cause more com-
plex phenotypes with mutation-specific trends in clinical presentations [52]. α-synuclein,
encoded by the SNCA gene, is a 14-kDa protein involved in synaptic vesicle release [11],
mitochondrial function, and intracellular trafficking and is a potential chaperone [53]. The
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deposition of α-synuclein oligomers and fibrils disrupts synaptic-vesicle trafficking at the
presynaptic terminal leading to an impairment of dopamine release [54] and dopamine
transporter (DAT) function [54]. The deposition of α-synuclein oligomers may also impair
mitochondrial function, leading to increased mitophagy and mitochondrial DNA dam-
age and decreasing the mitochondrial biogenesis factor peroxisome proliferator-activated
receptor γ co-activator 1α (PGC-1α) [55]. This is supported by animal models carrying
A53T and A30P α-synuclein mutations [56,57]. A-synuclein deposition can also disrupt
ER and Golgi trafficking, with a subsequent reduction in lysosomal enzyme levels, which
in turn impairs the autophagic degradation of damaged organelles and protein aggre-
gates [11]. Finally, α-synuclein fibrils activates microglia via TLR2 (Toll-Like Receptor
2), resulting in the activation of NF-kB and MAPK, and the production and release of
pro-inflammatory mediators.

4.2. Novel Therapeutic Approaches and Ongoing Clinical Trials

Table 4 summarizes the ongoing clinical trials focused on α-synuclein. The treatment
strategies may be subdivided into different approaches. One strategy relies on the reduc-
tion of α-synuclein synthesis using small interfering RNAs (siRNA) that target α-synuclein
mRNA or antisense oligonucleotides (ASO); the latter has shown promising results in
animal models [58,59]. However, no related clinical trial is currently ongoing. Another
approach is based on the increase in the degradation of α-synuclein aggregates through
autophagy and lysosomal function. As an example, the overexpression of lysosomal tran-
scription factor EB (TFEB) in rats expressing α-synuclein decreases its oligomer’s levels,
preventing organelle dysfunction and neurodegeneration [60]. This approach includes
other possible targets including the mammalian target of rapamycin (mTOR) signalling
and the cellular homolog of ABL1 (c-Abl) [10]. Indeed, α-synuclein overexpression in-
hibits autophagy by increasing mTOR activity, which can be modulated or inhibited by
different substances or drugs, including rapamycin, curcumin, piperine, lithium (ongo-
ing phase I clinical trial (NCT04273932), trehalose, corynoxine B, sodium valproate, and
carbamazepine [10]. Studies in PD animal models and brain specimens from PD patients
have revealed increased levels and activity of c-Abl in dopaminergic neurons with phos-
phorylation of protein substrates, such as α-synuclein and the E3 ubiquitin ligase [61]. The
inhibition of c-Abl kinase activity by drugs used in the treatment of human leukaemia has
shown promising neuroprotective effects in cell and animal models of PD [61]. This has
led to the development of several ongoing phase 1 and phase 2 clinical trials testing the
safety and efficacy of c-Abl inhibitors (i.e., imatinib, nilotinib, bafetinib, IkT-148009) in PD
patients. In particular, the results from two recent trials have been recently published. The
single-center, phase 2, double-blind trial NCT02954978 included 75 patients randomized
vs. placebo and oral nilotinib 150-mg or nilotinib 300-mg for 12 months followed by a
3-month washout period [62]. This trial met its primary outcome (safety, tolerability, and
detection in CSF), and is expected to guide a future phase 3 study to evaluate oral nilotinib
as a disease-modifying medication for PD [62]. Nilotinib appeared to be reasonably safe
and detectable in the cerebrospinal fluid, and exploratory biomarkers were altered in re-
sponse to it [62]. Different results came from a 6-month, multicenter, double-blind trial
(NCT03205488) that included 76 PD patients randomized to placebo vs. 150-mg nilotinib
or 300-mg nilotinib once daily orally for 6 months, followed by a 2-month off-drug eval-
uation [63]. Unfortunately, nilotinib at 150 mg and 300 mg worsened on-medication PD
motor scores (MDS-UPDRS-3) compared with placebo, with no differences in the change
in off-medication MDS-UPDRS-3 scores [63]. Furthermore, there was no evidence of a
treatment-related alteration of dopamine metabolites in the CSF. The authors concluded
that, due to the low CSF exposure, lack of biomarker effect, and lack of efficacy, nilotinib
should not be further tested in PD [63]. Furthermore, GCase may also decrease soluble
α-synuclein in mice expressing mutant human A53T α-synuclein [64]. Two non-inhibitory
GCase modulators (NCGC00188758 and NCGC607) have been found to increase GCase
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activity and decrease α-synuclein accumulation and toxicity in human neurons derived
from induced pluripotent stem cells (iPSCs) [27].

Table 4. Clinical trials of therapeutic interventions against a-synuclein.

Therapeutic Agent Target/Mode of Action Clinical Trial ID Stage Status

Vodobatinib Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT03655236 2 Recruiting

Radotinib Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT04691661 2 Recruiting

Nilotinib Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT02954978 2 Met primary outcome

Nilotinib Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT03205488 2 Failed meeting primary

endpoint

IkT-148009 Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT04350177 1 Active, not recruiting

Lithium Enhancement autophagy and reduced
intracellular levels of a-synuclein NCT04273932 1 Active, not recruiting

Memantine Inhibition of α-synuclein cell–cell Transmission NCT03858270 3 Recruiting

BIIB054 (cinpanemab) Monoclonal antibody that binds to α-synuclein NCT03318523 2 Failed meeting primary
endpoint

Prasinezumab
(RO7046015/PRX002) Monoclonal antibody that binds to α-synuclein NCT03100149 2 Failed meeting primary

endpoint

Prasinezumab
(PADOVA TRIAL) Monoclonal antibody that binds to α-synuclein NCT04777331 2 Recruiting

PD01A
Active

α-synuclein
immunization

NCT01568099 1 Positive antibody
response

PD03A
Active

α-synuclein
immunization

SYMPATH grant
agreement 602999 1 Positive antibody

response

UB-312
Active

α-synuclein
immunization

NCT04075318 1 Positive antibody
response

Anle138b

Structure-dependent binding to pathological
aggregates and strong inhibition of formation
of pathological oligomers in vitro and in vivo

for α-synuclein

NCT04208152 1 Completed

NPT200-11 α -synuclein misfolding inhibition NPT200-11 1 Completed

UCB0599 α -synuclein misfolding inhibition NCT04875962 1 Completed

UCB0599
(ORCHESTRA STUDY) α -synuclein misfolding inhibition NCT04658186 2 Recruiting

K0706 Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT03655236 2 Recruiting

IkT-148009 Inhibition of α-synuclein aggregation
(autophagy-ABL1 inhibitors) NCT04350177 1 Active, not recruiting

AFFITOPE® PD01A New vaccine against α -synuclein NCT02758730 1 Withdrawn

Another different approach relies on the blockage of α-synuclein propagation between
neurons. This approach is supported by preclinical studies, which showed that memantine,
an antagonist of the NMDA (N-Methyl-D-Aspartate) subtype of glutamate receptor, may
exert neuroprotective properties via the inhibition of cell-to-cell transmission of extracellu-
lar α-synuclein. A phase 3 trial (NCT03858270) is ongoing in order to evaluate the drug’s
clinical impact on PD patients. A further promising approach to target α-synuclein aggre-
gates is based on passive immunization using antibodies against α-synuclein, which may
promote its lysosomal clearance. Antibodies against α-synuclein have already been tested
in two recent RCTs, PRX002 (Roche) and BIIB054 (Biogen). Unfortunately, a randomized,
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double-blind, placebo-controlled study (SPARK) that evaluated the efficacy and safety of
BIIB054 in PD patients did not meet both primary and secondary outcome measures for
year one and also failed to meet secondary outcome measures [65]. This has led to the dis-
continuation of the development of BIIB054 for PD, and the SPARK study has been closed.
Even the phase 2 PASADENA trial (NCT03100149), evaluating the safety and efficacy of
intravenous prasinezumab (PRX002) in early-stage PD, did not show promising results [66].
This trial included 316 participants; 105 were assigned to receive placebo, 105 to receive
1500 mg of prasinezumab, and 106 to receive 4500 mg of prasinezumab [66]. Treatment
with prasinezumab had no meaningful effect on global or imaging measures of PD progres-
sion compared to the placebo and was associated with infusion reactions [66]. However,
another phase 2b, randomized, double-blind, placebo-controlled study with prasinezumab
(NCT04777331), the PADOVA trial, is ongoing. As opposed to passive immunization, which
involves administering anti-α-syn antibodies to the patient conferring temporary protec-
tion against the disease, active immunization involves stimulation of the immune system
to produce antibodies against toxic α-syn conformations [67]. In this contest, different
phase 1 clinical trials (PD03A [SYMPATH grant agreement 602999], PD01A [NCT01568099],
UB-312 [NCT04075318]) targeted against oligomeric α-synuclein have been completed
and have shown promising results with a positive antibody response [68,69]. Obviously,
phase 2 trials are needed to test these promising results in a large cohort. Globally, due to
the negative results of different anti-α-synuclein trials, a debate is ongoing as to whether
toxic α-synuclein aggregation is the real culprit or rather if it is a loss of function in PD
(gain-of-function vs. loss-of-function theories). The latter has been supported by the fact
that the overexpression of native α-synuclein can rescue animal models of PD [70–72]. The
loss-of-function α-synuclein theory is also based on the fact that α-synuclein is a critical
protein in neuron (i.e., dopamine neurons) survival and that maintaining a certain level
of biologically functional protein is an important consideration in targeting α-synuclein
for therapies [70–72]. In this setting it has been assumed that a reduction in biologically
functional α-synuclein, whether through aggregation or reduced expression, may at least
in part be involved in the neurodegeneration of PD [70–72].

5. PRKN and PINK1 Genes
5.1. Pathophysiological Mechanisms

Up to 15% of monogenic PD cases are due to mutations in the PRKN gene [21,73].
From a clinical point of view, PD patients carrying biallelic mutations in the PARK gene
show a typical early or juvenile age at onset (mean, 31 years), while tremor, bradykinesia
and foot dystonia are the most commonly presenting signs [74]. Early dyskinesias, good
response to dopaminergic treatment, and prominent motor fluctuations are other common
findings in PARK gene mutation carriers [74]. On the contrary, cognitive alterations and
dementia are very rare [74]. In addition, there is a debate on the role of monoallelic
mutations in the PRKN gene; indeed, while some authors have suggested an association
with an increased risk of PD [75,76]; other recent cohort studies have pointed out that
heterozygous pathogenic PRKN mutations are common in the population but do not
increase the risk of Parkinson’s disease [77,78]. PD due to PINK 1 biallelic mutations is
characterized by a slow progression, good and persistent levodopa response, and minimal
cognitive involvement [5]. In addition, some other features have been described, including
dystonia, sleep benefit, and hyperreflexia [5].

The PRKN gene encodes for the E3 ubiquitin ligase parkin [79], which acts together
with the PINK1 protein in a pathway of the mitochondrial quality control (MQC) system,
which has neuroprotective effects [79]. The MQC has several functions, including the
regulation of interconnected and dynamic networks of mitochondria through fusion and
fission; government of mitochondrial morphology, regulation of ATP levels, and control
of the constant and timely turnover of mitochondria [80]. The parkin protein, which
is localized in the cytosol, is recruited to move to the outer mitochondrial membrane
(OMM) of depolarized mitochondria [81] and promotes the ubiquitination of OMM proteins
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involved in upregulating mitochondrial fusion [82]. The ubiquitination is the step needed
to remove these proteins and shift the balance between fission and fusion towards increased
fission, promoting mitochondrial fragmentation and triggering the cellular autophagic
machinery to mitophagy [83]. Parkin and PINK-1 may play similar roles in the cell,
acting in a common pathway, where parkin acts downstream of PINK1. Indeed, missense
mutants of parkin and PINK1 exhibited a loss of mitochondrial integrity because of reduced
mitochondrial fission [82]. Parkin and PINK1 are involved in a direct interaction, whereby
PINK1 phosphorylates parkin and activates its E3 ligase activity at the OMM [84]. If either
parkin or PINK1 are mutated or down-regulated, the dysfunctional mitochondria will
remain in the cytoplasm, creating an environment of oxidative stress ultimately resulting
in cell death. Parkin has limited activity in the absence of PINK1, and this activity is
potentiated through PINK1 expression [85].

In vivo PD PINK1 models using Drosophila display higher levels of misfolded mi-
tochondrial respiratory complex components, ultimately leading to mitochondrial dys-
function and fragmentation [86]. PINK1 knockout (KO) mouse models showed a lower
basal mitochondrial respiration in the dorsal striatum when compared to wild-type control
mice [87,88]. The circuit also exhibited less dopamine release, suggesting that the neuro-
transmitter’s deficient release might be mostly caused by mitochondrial dysfunction and
lower ATP levels [87]. Both PINK1 and parkin patient-derived midbrain dopaminergic neu-
rons were found to have higher levels of α-synuclein, altered mitochondrial morphology,
and increased vulnerability to mitochondrial aggressors [87]. Iron accumulation secondary
to mitophagy dysfunction, both in PINK1- and PRKN-mutated PD patients, has raised the
possibility to employ iron chelator drugs in this subgroup of PD patients [87,89].

5.2. Novel Therapeutic Approaches and Ongoing Clinical Trials

At the moment, no ongoing preclinical or clinical studies targeting PRKN or PINK1
mutations or the related biochemical pathways have been reported. However, there are
some interesting pre-clinical studies that might lead to future clinical applications. It
has already been pointed out that mitophagy and mitochondrial dysfunction are ma-
jor aspects of PRKN and PINK1-related PD. Thus, restoring normal mitophagy through
targeting the PINK1/Parkin pathway seems to be the most promising therapeutic ap-
proach [90,91]. The mitochondrial receptor Nip3-like protein X (Nix) overexpression was
found to rescue the organelle function in fibroblast lines from homozygous mutated PINK1
patients [87]. Similarly, the matrix protein nipsnap homolog 1 (NIPSNAP1) might rescue
PINK1-Parkin-dependent mitophagy in PINK1 phenotypes, since the molecule has been
shown to contribute to this mitophagy pathway in cellular models [92]. Zebrafish lacking
NIPSNAP1 were shown to have reduced brain mitophagy and increased reactive oxygen
species (ROS) [92]. However, the removal of too many mitochondria may have a paradoxi-
cal negative effect if normal homeostasis is affected by the intervention [87]. In this setting,
the identification of biomarkers for mitochondrial dysfunctions to serve as a therapeutic
response monitor is of paramount importance [87].

6. DJ1 Gene
6.1. Pathophysiological Mechanisms

Clinically, PD patients with biallelic DJ-1 mutations exhibit early-onset dyskinesia,
rigidity, and tremor, followed by later manifestation of psychiatric symptoms, such as psy-
chotic disturbance, anxiety, and cognitive decline, and generally respond well to L-DOPA
treatment [93]. DJ-1 was originally identified as an oncogene and later associated with
PD and diabetes mellitus [94]. The DJ-1 protein is expressed in reactive astrocytes and,
to a lower extent, in neurons [95,96]. It is involved in mitochondrial function, apoptosis
regulation, pro-survival signaling, autophagy, inflammatory responses, protection against
oxidative stress, and chaperone activity [97]. PD-associated DJ-1 variants result in a loss
of protein function. Experiments using PD-patient-derived DJ-1-deficient cells showed
predominantly mitochondrial dysfunction and a reduced dopaminergic differentiation
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potential [97]. One study found elevated levels of α-synuclein in iPSC-derived human neu-
rons from biallelic DJ-1 mutation carriers [98]. DJ-1 loss of function is also associated with
increased inflammatory responses. siRNA DJ-1-knockdown mouse astrocytes are less able
to protect against neurotoxins such as rotenone when compared to wild-type controls [96].
Furthermore, there is a reduced expression of prostaglandin D2 synthase, which regulates
anti-inflammatory responses. Similarly, DJ-1-deficient microglia have an increased sensitiv-
ity to pro-inflammatory signals such as lipopolysaccharide (LPS), as well as an impaired
uptake and degradation of α-synuclein and autophagy [99]. It has been demonstrated that
rasagiline, a monoamine oxidase inhibitor, reduces the pro-inflammatory phenotype in
microglia in a DJ-1 knockout model [100]. Therefore, this drug may be particularly useful
in the treatment of DJ-1 PD patients [101].

6.2. Novel Therapeutic Approaches and Ongoing Clinical Trials

There are currently no human trials targeting DJ-1 for disease-modifying molecules.
However, there are some interesting pre-clinical studies that might lead to future clinical
applications. The most frequent approach in different pathological models is to increase
DJ-1 levels in order to achieve neuroprotection in the face of oxidative stress [93]. Several
studies using rat PD models have demonstrated the efficacy of recombinant wild-type
DJ-1 for the protection of dopaminergic neurons [102–104]. However, all studies used
intranigral injection for drug delivery, which is not clinically feasible [102–104]. A more
promising way of DJ-1 delivery is based on the transactivator of transcription (TAT) cell-
permeable peptide, used by HIV to cross plasma membranes [105]. Reduced dopaminergic
dysfunction and improved behavior were achieved in a hemiparkinsonian mouse model,
as well as reduced MPTP toxicity [106]. A second major strategy is the identification of
drugs that inhibit the excessive oxidation of an important cysteine (Cys) residue at position
106 of the DJ-1 protein (Cys106). The reduced form of the protein (DJ-1 Cys106-SH) can
be oxidized to a sulfinic acid form (DJ-1 Cys106-SO2H) and a sulfonic acid form (DJ-1
Cys106-SO3) in the presence of moderate or high oxidative stress (overoxidation) [93]. The
reduced and sulfinic DJ-1 forms are stable; the sulfonic, on the other hand, is unstable
and prone to aggregation (DJ-1 inactivation) [93]. The Cys106 sulfinate form (Cys-SO2

−)
stabilizes both human and Drosophila DJ-1 [107]. In this line of thought, studies using
DJ-1 stabilizers in rat models were able to prevent dopaminergic neuronal death and even
restore normal locomotor function. The most promising substance, compound-23, inhibited
MPTP-induced locomotor deficits and cell death in the substantia nigra and striatum [93].

7. Conclusions

In this narrative review, we have illustrated the recent main advances in the treatment
of genetic forms of PD. Each form has different pathophysiological characteristics that have
not yet been fully elucidated. A precise identification of the pathophysiological mechanisms
underlying specific genetic forms of PD represents a necessary effort in order to be able to
develop customized gene-based treatments aimed at repairing different monogenic forms.
While for the more frequent forms (i.e., GBA, LRRK2) experimental pharmacological trials
are in progress or are about to begin, for the rarer forms (such as DJ1, PRKN, and PINK1),
unfortunately, concrete therapeutic advances are still lacking.
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