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Abstract: Lysosomal storage disorders (LSDs) represent a complex and heterogeneous group of
rare genetic diseases due to mutations in genes coding for lysosomal enzymes, membrane proteins
or transporters. This leads to the accumulation of undegraded materials within lysosomes and a
broad range of severe clinical features, often including the impairment of central nervous system
(CNS). When available, enzyme replacement therapy slows the disease progression although it
is not curative; also, most recombinant enzymes cannot cross the blood-brain barrier, leaving the
CNS untreated. The inefficient degradative capability of the lysosomes has a negative impact on
the flux through the endolysosomal and autophagic pathways; therefore, dysregulation of these
pathways is increasingly emerging as a relevant disease mechanism in LSDs. In the last twenty
years, different LSD Drosophila models have been generated, mainly for diseases presenting with
neurological involvement. The fruit fly provides a large selection of tools to investigate lysosomes,
autophagy and endocytic pathways in vivo, as well as to analyse neuronal and glial cells. The
possibility to use Drosophila in drug repurposing and discovery makes it an attractive model for
LSDs lacking effective therapies. Here, ee describe the major cellular pathways implicated in LSDs
pathogenesis, the approaches available for their study and the Drosophila models developed for these
diseases. Finally, we highlight a possible use of LSDs Drosophila models for drug screening studies.

Keywords: lysosomal storage disorders; Drosophila melanogaster; animal model; mucopolysacchari-
dosis; sphingolipidosis; mucolipidosis; neuronal ceroid lipofuscinosis; autophagy; lysosome

1. Introduction

Lysosomal storage disorders (LSDs) are a group of about 70 inherited metabolic
diseases [1] caused by deficiencies in lysosomal acid hydrolases, membrane proteins or
transporters. This results in abnormal accumulation of undegraded macromolecules within
the endolysosomal system and dysregulation of this pathway [2]. Although many LSDs
had already been recognized as clinical entities since the 19th century, their classification
started many years later with the discovery of the lysosome by Christian de Duve in
1955 [3] and with the establishment of the concept of lysosomal diseases by Hers in 1965 [4].
Typically, LSDs are primarily classified based on the biochemical nature of the storage
material: sphingolipidoses, gangliosidoses, leukodystrophies, mucopolysaccharidoses,
glycoproteinoses, mucolipidoses and cystinosis [5]. They are inherited in an autosomal
recessive manner, except for Mucopolysaccharidosis type II, Fabry disease and Danon
disease, which are X-linked. Individually rare, their prevalence varies from 7.5 to 23.5 per
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100,000 live births [6]. Most LSDs present a broad phenotypic spectrum, ranging from
severe forms with infantile-onset to milder ones with adult-onset. The most common
clinical signs include hepatosplenomegaly, musculoskeletal deformities, pulmonary and
cardiac problems, deafness, blindness and movement impairment. In addition, two-thirds
of the patients present with heavy neurological involvement [5].

Since the discovery of LSDs, important research efforts have been made to find
effective treatments for these pathologies. However, despite great successes and progress,
many LSDs still lack a cure or can benefit from a therapy, as enzyme replacement, which is
ineffective on neurological or bone symptoms. To overcome these limitations, certainly,
a thorough understanding of their pathogenesis would be of great help. Thus, in recent
years several studies of basic biological processes concerning endolysosomal pathway,
autophagy, lysophagy and mitochondria have been conducted, allowing to better clarify
the link among these pathways, together with inflammatory and developmental defects,
all differently involved in LSDs [5]. However, efforts are still needed to fully understand
the multiple aspects underlying lysosomal storage and what they entail and probably
only a deeper comprehension of this could lead to the development of effective therapies,
especially for difficult to treat areas as the central nervous system (CNS).

To understand the pathophysiology of LSDs and to develop possible therapies, verte-
brate models (mainly zebrafish, mouse, cat, dog, sheep) and invertebrate models (C. elegans,
D. melanogaster) have been generated since the 1970s [7–11]. In particular, the invertebrate
models for LSDs have been developed since the beginning of the 2000s, first in worm [12]
and then in fruit fly [13].

This review summarizes the major cellular pathways implicated in LSDs and the
Drosophila melanogaster models that have been developed for these diseases, discussing the
key findings that they have allowed, their potential for future studies and the importance
of developing new therapies, in particular their use for drug screening.

2. Cellular Pathways Involved in LSDs
2.1. The Lysosome and Its Spatial Distribution in the Cytosol
2.1.1. Lysosome Structure and Formation

Lysosomes are membrane-bounded organelles for a long time identified mainly as
the “cell recycling center”, later recognized as the center of the cell homeostasis and in the
past decade as an important component of the organelle network [14,15]. The lysosomal
membrane is enriched with over 120 membrane proteins. Most of them (primarily LAMPs
and LIMPs) are glycosylated in the luminal domain, forming the so-called glycocalyx,
that protects the membrane from internal digestion [16,17]. The main transmembrane
multimeric protein complex is the H ± ATPase, responsible for the characteristic acidic pH
(4.5–5.0) of the lysosomal lumen, essential for the functioning of the acidic hydrolases. In
fact, they are activated exclusively at this pH and this also prevents their action in other
cellular compartments. The lysosomal lumen contains about 60 acid hydrolases (proteases,
glycosidases, sulfatases, lipases, nucleases, phosphatases, sphingomyelinases, ceramidases
and aspartylglucosaminidases), specialized in the degradation of intra- and extra-cellular
macromolecules, such as lipids, polysaccharides, proteins and nucleic acids [18] (Figure 1).

In its primary function of “lytic body” of the cell, the lysosome actively degrades the
discarded or damaged intra- and extra-cellular material, to maintain cellular homeostasis
and guarantee the correct disposal of the different macromolecules and organelles as well as
the correct recovery of their products for further metabolic processes and cellular functions.

Lysosome function and formation are regulated and guaranteed by two main pathways:
endocytosis and autophagy (Figure 1). In particular, the endocytosis (or endolysosomal
pathway) allows internalization and recycling of extracellular materials, whereas autophagy
allows the degradation and turnover of organelles and large intra-cellular macromolecules.
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Figure 1. Endolysosomal and autophagic pathways. Schematic view of the main cellular pathways involved in Lysosomal
Storage Diseases. As summarized by the figure, endolysosomal and autophagic pathways are the most important processes
regulating the degradation and recycling of intracellular materials. These two pathways converge to the final step of
lysosomes (green) formation. EE, early endosome (light blue); LE, late endosome (blue); MVB, multivesicular body
(blue); RE, recycling endosome (light yellow); ER, endoplasmic reticulum (red); Golgi (violet); amphisome (light green);
autolysosome (orange); healthy mitochondria (dark green); damaged mitochondria (grey).

The first step in the formation of the lysosome is the budding from the Golgi apparatus
of hydrolytic vesicles (or primary lysosome), enriched in the lithic enzymes produced by the
endoplasmic reticulum (ER). After synthesis in the ER, acid hydrolases are phosphorylated
in the Golgi with a mannose-6-phosphate (M6P) residue, which allows the binding to the
M6P receptors (MPRs) in the trans-Golgi network (TGN) and the transport to the early
endosomes (EEs) and late endosomes (LEs) via clathrin-coated vesicles, joining to the
endolysosomal pathway and, finally, forming the lysosomes [19].

2.1.2. Lysosome Positioning

Early positioning studies of lysosomes identified a preference of these organelles
for the perinuclear space [20]. However, studies conducted over the past 30 years have
highlighted that lysosomes are widely distributed throughout the cytoplasm [21]. In non-
polarized cells lysosomes are mainly concentrated in the perinuclear cloud surrounding
the microtubule organizing center, whereas in polarized cells, such as neurons, they are
distributed in all cytoplasmatic domains [5]. Kinesin and dynein motors regulate the
anterograde and retrograde movement of lysosomes along microtubules, in a stop-and-
go motion [21]. Contact with others organelles can also influence lysosome motility;
for example, endoplasmic reticulum (ER)-lysosome contact leads lysosomes to localize
to the perinuclear area, where fusion and fission of organelles take place [5]. Even if
they move throughout the cell, the lysosomes maintain non-random and well-defined
spatial distributions at the whole-cell scale [22]. Moreover, the single lysosomes are able to
organize together to increase their density in an area and to interact with the endosomes [22].
These abilities of moving and maintaining stable spatial distribution are the basis of the
involvement of these special organelles in multiple functions.
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2.2. Functions of the Lysosome and Its Central Role in Cell Homeostasis
2.2.1. Lysosome as a Regulatory Hub

In the last years, the study of lysosome positioning and its capacity to fuse with
other intracellular membranes and organelles contributed to elucidate the many functions
played by lysosomes, in addition to being the cell recycling center [15]. It plays a key role in
processes like endocytosis, autophagy, secretion, lipid metabolism, glycogen homeostasis,
plasma membrane repair, gene regulation, nutrient sensing, ion homeostasis, pathogen
sensing and immune responses. These many functions have led to the definition of the
lysosome as a “regulatory hub” of the cell [15,23,24]. Lysosomes are now considered not
only in the study of LSDs pathogenesis, but also in other more common and studied
disorders, such as neurodegenerative diseases and cancer [25].

In this review, we will summarize the role of the lysosome in key processes such as
endocytosis and autophagy. The relationship between lysosomes and lipid metabolism
and glycogen homeostasis will be also discussed. Information about the other processes in
which lysosomes are involved can be found in other recent reviews [23–25].

2.2.2. Endocytosis

The endolysosomal pathway (Figure 1) starts with the budding and detachment from
the plasma membrane of the endocytic vesicle. The latter then fuses with the EEs, that
subsequently mature into LEs and, finally, fuse with lysosomes. Endosomes and lysosomes
can interact and exchange materials by two different mechanisms: the kiss-and-run and
the direct fusion. In the kiss-and-run process, the lysosome transiently merges with the
endosome forming a pore that allows the exchange of cargos between the two organelles
(kiss), followed by their scission in order to prevent their complete fusion (run). In the direct
fusion, the lysosome completely merges with the endosome forming the endo-lysosome.
Cargoes destined for degradation in lysosomes are retained in intraluminal vesicles (ILVs)
within EEs, which have a mild acid pH of 6.0. The small GTPase Rab5 localizes in the
EEs and it is considered the master regulator of the endolysosomal system [26]. ILVs
increase during maturation of EEs to LEs, thanks to successive fusion and fission cycles
of membranes, during which the lipid and protein composition of the endosomes is
also modified [27]. LEs are also called multivesicular bodies (MVBs), for the numerous
ILVs contained and present Rab7 as specific coat component, which replaces Rab5 in
the maturation process [28]. Rab5 and Rab7 are conserved in Drosophila and mammals,
where they are both involved in the endolysosomal and autophagic pathways [29]. Both
pathways and the main genes involved are conserved among eukaryotes, allowing to study
complex pathways in vivo, even using simpler models such as the fruit fly. In this view, in
a recent study, Jacomin and colleagues blocked the endolysosomal pathway at different
levels (Shibire, Rab4, Rab5, Chmp1 and Rab7), showing in the fruit fly that its integrity is
necessary for proper lysosome biogenesis and effective autophagy in vivo [30].

Basic metabolites degraded in lysosomes are released in the cytosol, through specific
lysosomal transporters, to be reused in different cellular processes. Some macromolecules,
not destined to lysosomal degradation, can return to the plasma membrane directly from
the EEs, thanks to specialized recycling endosomes (REs). These are characterized by
two Rab proteins (Rab4, Rab11) [31,32] and can direct the cargo not only to the plasma
membrane but also to other separate cellular destinations [33].

2.2.3. Autophagy

Autophagy is a highly conserved process among different species and currently it
can be classified into three subtypes: microautophagy, chaperone-mediated autophagy
(CMA) and macroautophagy [34,35]. In macroautophagy (hereafter called autophagy),
internal organelles (e.g., mitochondria) are enclosed by fragments of membranes from
the ER, forming first phagophores and then autophagosomes (Figure 1). It starts with the
sequestration of soluble materials and organelles in a newly formed double membrane
called phagophore. The maturation of the double membrane and the complete inclusion of
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the internal cargo ends in the formation of the autophagosome. This fuses with LEs and
lysosomes, forming respectively the amphisome and the autolysosome and recycling their
contents.

The formation of the phagophore, size and number of autophagosomes and the
autophagic activity are regulated by autophagy-related gene (ATG) proteins, together with
the members of the light chain 3 (LC3) family (Atg8 in the fruit fly), vascular protein sorting
(VPS), Rab small GTPases and specific SNAREs. ATG proteins are about 40, but only
parts of them are directly associated with autophagy; they are highly conserved across
eukaryotes, including Drosophila melanogaster [36].

Thanks to the first identification of autophagy in the larval fruit fly [37] and the
conservation of the autophagic and the endolysosomal pathways, many studies have been
carried out in Drosophila to understand the function of many of these proteins [29,38]. For
example, one of the last studies suggested a central role of Rab2 in the regulation of both
pathways, by controlling the fusion processes with the LEs [39].

Together with ATGs, mTOR (mammalian target of rapamycin) is another master
regulator of autophagy. In healthy condition and nutrient availability, mTOR is related
to the lysosomal membrane in a peripheral location of the cell and interacts with the
transcription factor EB (TFEB) to prevent its translocation to the nucleus. In a condition
of starvation, lysosomes move to the perinuclear zone and the binding of mTOR with
TFEB is interrupted. Thus, TFEB is translocated to the nucleus and here it binds to CLEAR
(coordinated lysosomal expression and regulation) elements, inducing the transcription of
genes involved in lysosomal biogenesis and autophagy [40].

2.2.4. Autophagic Lysosomal Reformation (ALR)

In addition to the de novo formation from the Golgi, in the last decade, another mech-
anism of lysosome formation has been identified and studied: the Autophagic Lysosomal
Reformation (ALR) [41]. The ALR process consists in the formation of new lysosomes
starting from autolysosome. This reformation starts with the clathrin-mediated membrane
budding from the autolysosome, then phosphatidylinositol-4,5-biphosphate (PI4,5P2) and
KIF5B trigger the elongation of the buds in Lamp1-positive membrane tubules; finally,
the GTPase Dynamin 2 allows the proto-lysosome scission and the maturation to lyso-
somes [42] (Figure 2).

Figure 2. Autophagic lysosome reformation (ARL). Schematic illustration of the principal steps
involved in the autophagic lysosome reformation. Initially, the tubular structures emerge from
autolysosomes (yellow) and small vesicles bud off these tubules (protolysosome, in light green) to
mature into functional lysosomes (dark green). The renewed pool of lysosomes can re-enter the flux
fusing with the autophagosomes (orange) and generating autolysosome.

The regulation of ALR is strictly connected to the regulation of autophagy. After
prolonged starvation, levels of metabolites released from the autolysosome increase and
this could reactivate mTOR activity, reducing autophagy and increasing ALR process [41].
In Drosophila, it has been found that defects in Spinster (Spin), a lysosomal efflux permease
with the function of sugar transporter, cause storage of lysosomal carbohydrates and
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enlarged lysosomes and autolysosomes. Thus, Spin is essential after prolonged starvation
for mTOR reactivation and ALR [43].

2.2.5. Glycogen Homeostasis

Glycogen is a highly branched polymer of glucose residues and it is present in the
cytosol in the form of granules. In vertebrates, glycogen represents the storage form of
the glucose and it is predominantly found in the liver and in the skeletal muscle and, in
small amounts, in the brain. Three main pathways are involved in glycogen homeostasis:
glycolysis, glucose release into the blood and lysosome glycogen clearance (Figure 3). The
latter serves to dispose of glycogen, which arrived into lysosomes through glycophagy [44].

Figure 3. Glycogen Homeostasis. Schematic view of the main pathways involved in glycogen
homeostasis: glycogenolysis, glycolysis and glycophagy. Glycogen (violet) is cleaved to glucose-1-
phosphate during glycogenolysis and serves as a substrate for the glycolysis allowing the release of
glucose. Glycogen homeostasis is also regulated by glycophagy in which glycogen is sequestered
in lysosomes (green) and degraded to obtain glucose. Autolysosome in yellow, autophagosome
in orange.

Glycophagy is a glycogen-specific autophagy with a key role in maintaining glucose
homeostasis. It is a hormonally controlled and regulated process, in which glycogen is
sequestered into lysosomes and here degraded by the lysosomal acid alpha-glucosidase
(GAA), making glucose available [45]. Glucose is then released in the cytosol thanks
to efflux permease and sugar transporters, like Spinster in the fruit fly [43]. Being a
specific type of autophagy, glycophagy is also regulated by mTOR, which is, in turn,
regulated downstream by protein phosphatase 2A (PP2A), promoting the synthesis of
acid glucosidase [45]. Glycogen homeostasis could be studied in Drosophila, as were
the endolysosomal and autophagic pathways, by which it is also regulated. Zirin and
colleagues have demonstrated that glycophagy depends on autophagy genes and it is
therefore also dependent on the availability of nutrients or on starvation conditions [46],
suggesting that the fruit fly could be a good model to study glycophagy, as well as the
other pathways involved in glycogen homeostasis.

2.2.6. Lipid Metabolism

Lysosomes and late endosomes can degrade lipids thanks to lipases, specific acid
hydrolases present in their lumen. Lipids reach lysosomes through different ways: as lipid
bilayer of different vesicles; by endocytosis mediated by specific low-density lipoprotein



Biomedicines 2021, 9, 268 7 of 32

(LDL) receptors; by autophagy specific for lipids (like lipid droplets), named lipophagy
(Figure 4).

Figure 4. Lipid metabolism: lipid species such as triacylglycerols and sterol esters reach lysosomes
(green) through different ways: as lipid bilayer of different vesicles; by endocytosis mediated by
specific low-density lipoprotein (LDL) receptors; by autophagy specific for lipids (like lipid droplets),
named lipophagy. LE, late endosome (blue); ERC, endocytic recycling compartment (light yellow);
FFA, free fatty acid.

Hydrolysis of lipids in LEs and lysosomes requires highly controlled mechanisms.
Indeed, lipases could also degrade the lipid bilayer of the organelles and, therefore,
two systems are mainly used by lysosomes and LEs to protect themselves. First, the
abundance of highly glycosylated lysosomal membrane proteins, such as the lysoso-
mal integral membrane proteins (LIMPs) and lysosome-associated membrane proteins
(LAMPs), forms the glycocalyx which is enzyme-resistant [16]. Second, lipid hydrolysis
is mainly carried out in the internal vesicle membranes, that are highly enriched in BMP
(bis(monoacylglycerol)phosphate), an unusual negative charged glycerophospholipid [47].

LDLs lead exogenous sterols, triglycerides and phospholipids to degradation in lyso-
somes [48]. LDLs bind to their specific receptors on the plasma membrane, they are
internalized by clathrin-coated vesicles and transported to transient sorting endosomes.
Here, LDLs are directly recycled towards the plasma membranes or passing through the
endocytic recycling compartment (ERC). The sorting endosomes mature into LEs that start
to degrade LDLs internalized in the ILVs and enriched in BMP. LEs mature into lysosomes
and LDLs degradation proceeds releasing cholesterol and free fatty acids (FFA) (Figure 4).
Cholesterol is insoluble in the aqueous environment of the lysosomal lumen. Niemann-Pick
type C (NPC) 2 protein acts delivering cholesterol through the lysosomal lumen to the
luminal N-terminal domain of NPC1 on the lysosomal membrane. Hence, cholesterol
is released from lysosome and transported to ER, plasma membrane and Golgi through
different vesicular and non-vesicular trafficking routes [49].

Lipid droplets (LDs) are lipid-rich organelles that regulate intracellular lipid storage
and metabolism. In recent years, lipophagy has been considered increasingly important
as a mechanism for regulating lipid homeostasis. In this autophagic process, LDs are
internalized in the bilayer of the phagophore, which matures in autophagosome and then
fuses with the LEs and/or lysosomes to form the autolysosomes, where the lipids are
degraded to FFA [49].

Very little is known about the regulation of lipid metabolism in LSDs and for this
purpose the use of Drosophila would be very helpful. Indeed, the fruit fly shares with
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mammals most of the organs and the metabolic signalling pathways involved in lipid
metabolism and homeostasis. They are evolutionarily and functionally conserved and
its fat body (similar to adipose tissue in mammals) is full of lipid droplets and easy to
study [50].

2.3. Lysosomal Diseases and the Major Metabolic Pathways Altered in in These Pathologies

Dysfunctions in endolysosomal and autophagic pathways are implicated in several
disorders [23]. This has led in recent years to the identification of a broader class of
diseases defined lysosomal disorders, which include not only the most classic lysosomal
storage diseases, but also all those pathologies that have been found to have a lysosomal
impairment [15]. These also include such well-known neurodegenerative diseases such as
Parkinson’s, Alzheimer’s and Huntington’s diseases.

In the classic LSDs the accumulation is mainly caused by lysosomal acid hydrolases
deficit, but also by impairment of proteins involved in lysosomal trafficking (e.g., LAMP2,
LIMP2, NPC1, NPC2) [1]. The different degradation cascades are compromised, as well as
the consequent availability of metabolites and the cellular homeostasis. Given the role of a
metabolic hub of lysosomes, it is therefore not surprising that their impairment at different
levels causes dysregulation of the lysosome-linked pathways, first endocytosis and lipid
metabolism and, above all, autophagy. In fact, lysosomal storage materials have a negative
impact on the flux through autophagy and an increasing number of LSDs are described to
have autophagic impairment [51]. This is mainly characterized by defects in the vesicular
trafficking, inhibition of autophagosome-lysosome fusion and autophagosome formation,
reduction in autophagosome and autophagic degradation, defects in autophagosome mat-
uration, increase in the number of autophagosomes, accumulation of autophagic cargoes
and reduced organelles turnover [51]. Moreover, in LSDs also lipids, such as cholesterol
and sphingolipids, accumulate, finally, causing lysosomal membrane impairment and a
failure or improper fusion of lysosomes with autophagosomes [52].

Being lysosomal genes’ housekeeping, it is not surprising that LSDs are generally
multisystemic and highly devastating diseases.

Most LSDs have no cure and, where available, the most common treatment, ERT,
is not able to help some clinical aspects, as the neurological involvement. Therefore, to
identify new therapeutic targets as well as innovative therapeutic strategies it is extremely
important to understand the alteration of all the cellular pathways that may be related to
lysosomal dysfunction.

To this aim, models like C. elegans, D. melanogaster and D. rerio have been gaining
ground in recent years, as they allow to analyse many pathways in in vivo contexts, using
simpler methods than those used for rodents or other mammals, taking advantage of easier
genetic manipulation methods, higher number of animals obtainable and analysable in
shorter times, availability of different tools of analysis and, finally, fewer ethical concerns.

3. Modelling LSDs in Drosophila
3.1. Approaches to Model Diseases in Drosophila

Drosophila melanogaster is a widely used and highly manageable genetic model or-
ganism, useful to understand many molecular and developmental processes involved in
human diseases. Many biological, physiological and neurological properties are, in fact,
conserved between mammals and the fruit fly. Approximately 75% of human disease-
causing genes have a functional homolog in the fruit fly, performing the same function in
Drosophila tissues as in humans [53–55].

Drosophila offers a good background for genetic and biological studies of different
pathological conditions such as neurological, cardiac and metabolic disorders [53]. To
understand the function of the gene of interest generally the inverse genetics approach is
used, creating mutations in fly homologs of human genes to study their phenotypes in
vivo. Several strategies are available to knockout genes in Drosophila: transposon-mediated
mutagenesis and excision of existing transposable elements (TE), FLP/FRT (recombinase
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flippase) recombination system, phiC31 integrase-mediated targeted insertion and, more
recently, targeted gene disruption using clustered regularly interspaced short palindromic
repeats/Cas9 (CRISPR/Cas9) mutagenesis. In parallel, gene silencing and knockdown are
possible by the RNA interference (RNAi) approach, taking advantage of the GAL4/UAS
system. In addition, to loss-of-function studies, wild-type or mutant version of a human
disease-causing gene (transgene) can be overexpressed in flies to evaluate the gain of
function effects, also in specific tissues [53,56] (Figure 5).

Figure 5. Approaches to model diseases in Drosophila. Schematic view of the principal genetic approaches adopted to
manipulate the Drosophila genome in a reverse approach. (a) P-element excision can generate a deletion or a mutation, can
exit leaving the region fully intact or produce insertion in other sites. (b) The combination of the bacterial endonuclease
Cas9 with a small guide RNA (gRNA) can drive the Cas9 to a genomic target site 5′ to an NGG protospacer adjacent motif
(PAM). Repair of CRISPR/Cas9-mediated DNA double-strand breaks can occur by error-prone non-homologous end joining
(NHEJ) or by homology-directed repair (HDR). (c) The UAS-GAL4 binary system allows the expression of the desired
construct under the control of GAL4 protein. The system combined two transgenic lines, the driver line carrying the GAL4
expressed under a genomic enhancer and the responder line carrying the UAS promoter upstream of a gene of interest.
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3.1.1. Transposable Elements

P-elements are the most used transposable elements in Drosophila for exploring genes
function (Figure 5a). P-element insertions are used as starting-points for generating chro-
mosomal deletions to remove flanking genes, by screening for imprecise excision events
or by selecting for male recombination events. They are classified in autonomous or non-
autonomous. Autonomous P-elements encode a functional own transposase essential for
their mobilization by a cut-and-paste mechanism inside a genome; non-autonomous ones
need an external source of transposase to be mobilized. During these years, many transpo-
son vectors have been developed such as piggyback and Minos, and diverse systems, like
FLP/FRT recombination and phiC31 integrase-mediated targeted insertion, have been used
to target specific genes in the fruit fly genome. Moreover, many engineered vectors have
been developed for diverse transgenic applications like gene disruption, enhancer trapping,
gene-tagging, targeted misexpression, RNA interference and inducible gene expression or
repression [57,58].

3.1.2. The CRISPR/Cas9 Approach

The CRISPR/Cas9 is an innovative and powerful system to manipulate the genome of
various organisms in an easy and precise way. For more than 30 years, CRISPR systems
has been known to provide adaptive immunity to bacteria and archea, and only in the last
10 years it has been applied to genome manipulation, also in Drosophila [59]. This approach
consists of the bacterial endonuclease Cas9 and a small guide RNA (gRNA, drawable on
the gene of interest) which drives Cas9 to a genomic target site 5′ to an NGG protospacer
adjacent motif (PAM). Repair of CRISPR/Cas9-mediated DNA double-strand breaks can
occur by error-prone non-homologous end joining (NHEJ) or by homology-directed repair
(HDR) (Figure 5b). Using the NHEJ approach it is possible to obtain insertions/deletions
in selected regions of the gene of interest. Using the HDR, the homologous recombination
allows repairing the double-strand break with the desired piece of exogenous DNA, for
example a mutated form of the gene of interest. This new genetic tool allows the gen-
eration of complete loss-of-function or null mutations in all genes of Drosophila genome,
making specific mutations within a coding sequence to model the effects of precise genetic
mutations (knock-in), exploring the function of a specific protein domain, characterizing
splice sites and fusing specific reporters (GFP, YFP) at exact locations within a gene [60–62].
Being relatively simple to draw and generally requiring fewer generations of flies than
systems with transposons to obtain the desired mutant, CRISPR/Cas9 is increasingly used,
especially in the creation of new disease models in the fruit fly.

3.1.3. The GAL4/UAS System

One of the most important genetic systems used in the fruit fly is the GAL4/UAS
(Figure 5c). This approach allows driving the expression of a gene in a specific/defined
way for studying its expression and function [63]. This system consists mainly of two parts:
the GAL4 gene, coding for the GAL4 transcription activating protein in yeast and the UAS
(Upstream Activation Sequence), a short sequence of the promoter to which GAL4 binds to
activate the transcription [63].

Many fly stocks carrying the UAS in the promoter region of the gene of interest are
available or can be easily generated. The GAL4 gene has been inserted in many positions
in the Drosophila genome, generating a lot of “enhancer-trap” line specific for different cells
and tissues. Therefore, the expression of a gene of interest can be easily driven, upregulated
or downregulated simply crossing an enhancer-GAL4 line with the fruit fly line expressing
the sequence of interest downstream of the UAS. [56,61,64,65].

The GAL4/UAS is a powerful genetic tool and it can be used for many approaches
in Drosophila. In the last decades, researchers have taken advantage of this system. They
have inserted P-elements containing cellular markers, as GFP or Beta-galactosidase (LacZ),
after an endogenous promoter; or introduced transposable elements to generate cell-type-
specific GAL4 expression lines. One of the main uses of the GAL4/UAS system is the RNA
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interference (RNAi) approach, which consists in expressing short repeat RNA hairpins
targeting specific genes, to knockdown their mRNA levels. In Drosophila, RNAi is a
powerful tool to study protein-coding genes for phenotypes of interest. Indeed, researchers
can use the GAL4 driver lines and the UAS-RNAi responder lines to investigate the function
of genes in cellular and developmental processes from embryos to adults [61].

3.2. Tools to Study LSDs’ Pathways in Drosophila

Thanks to all these transgenesis methods, Drosophila melanogaster has become a power-
ful and versatile animal model, easily used to create disease models and to study cellular
pathways, as the endolysosomal and the autophagic ones. In the last few years, many
biochemical, molecular, genetic and imaging approaches have been developed to study
these pathways.

3.2.1. Reporter Lines

One of the most used tools in Drosophila is the GAL4/UAS system. Thanks to the
fruit fly scientific community, over the years many reporter lines have been developed
and made available through public stock centres (i.e., Bloomington Drosophila Stock Cen-
ter, Vienna Drosophila Resource Center, Kyoto Stock Center). UAS-lines expressing GFP
and/or mCherry-tagged genes have been developed for a lot of Atg and Rab proteins, as
well as for Lamp (lysosomal associated membrane protein). In particular, GFP and/or
mCherry-tagged Atg8a are largely used to detect the autophagic structures (including
autophagosomes and autolysosomes); reporter lines expressing other tagged-Atg proteins
(Atg5 and Atg12) allow the detection of phagophores; GFP and/or mCherry-tagged Lamp
lines identify lysosomes and autolysosomes; the combination of GFP-Lamp1 with mCherry-
Atg8a allows to distinguish autophagosomes from autolysosomes; tagged-Rab proteins
(i.e., Rab5, Rab7, Rab11) allow to follow the endocytic pathway and the maturation of endo-
somes [29]. All these lines, crossed with proper enhancer-GAL4 lines, allow to analyse the
endolysosomal and autophagic pathways very easily in a cell- and tissue-specific manner
using the confocal microscopy. For example, crossing this reporter lines with elav-GAL4 or
repo-GAL4 enhancer flies, it is possible to analyse these pathways specifically in neurons
and glial cells respectively. Among others, this tool could be useful to better understand
the alterations of the different CNS cells in diseases with neurological involvement, such as
many LSDs. Many UAS-lines have been developed also to overexpress or downregulate
(thanks to RNAi approach) all these genes. This is very useful to understand the impli-
cations of up- or down-regulation of a gene of interest in the pathogenic mechanisms of
a disease.

3.2.2. Vital Dyes and Antibodies

Alongside the GAL4/UAS approach, other systems have been developed that take
advantage of confocal microscopy for evaluation of endolysosomal and autophagic path-
ways. The most used are definitely vital dyes and antibodies. Among these, LysoTracker®

and acridine orange are membrane-permeable dyes that accumulate in acidic organelles al-
lowing the detection of lysosomes. Magic Red is a dye marking lysosomes/autolysosomes
containing active cathepsin [29]. The LysoSensor™ probes exhibit a pH-dependent increase
in fluorescence intensity upon acidification, allowing to investigate the acidification of lyso-
somes and alterations of their function or tracking. Few antibodies are available to study
endogenous proteins in Drosophila. However, in recent years toolkits were generated to
study autophagy and the endolysosomal pathway, like the one generated in Sean Munro’s
lab [66].

3.2.3. Other Tools

Together with reporters, vital dyes and antibodies, other tools allow studying au-
tophagy and endolysosomal pathways in the fruit fly. Electron microscopy allows the
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identification of autophagic structure and lysosomes on the ultrastructural level [29]. Real-
time qPCR permits the analysis of these pathways from a molecular point of view.

Autophagy can be studied in Drosophila by treating both larvae and adults with
autophagy-modulating drugs, such as rapamycin, ecdysone and spermidine. Feeding
larvae with Chloroquine inhibits acidification of lysosomes, whereas Bafilomycin affects
both autophagosome-lysosome fusion and acidification.

3.3. Next-Generation Analysis and Metabolic Studies

To date, next-generation sequencing, lipidomic and metabolomic approaches have
been extensively applied to studies conducted in mouse models and human samples.
However, these techniques can be applied also to easier models like Drosophila to unravel, by
high throughput systems, genes, proteins and metabolites involved in pathways of interest.
Thanks to the wide knowledge of Drosophila organ-systems and to the functional analogues
to vertebrate counterparts, the fruit fly has been used in the last decade to study the
metabolism [67]. Signalling pathways like cell growth, proliferation and death and energy
homeostasis, like carbohydrate and lipid metabolisms, are highly conserved in the fruit fly.
Therefore, D. melanogaster has emerged as a good model to study cellular metabolism, also
applying high throughput systems such as nuclear magnetic resonance (NMR) spectroscopy
and mass spectroscopy (MS) [67]. Different studies have been conducted in the last decade
on oxidative stress, gluconeogenesis, amino acid synthesis, metabolic profile throughout
the life cycle, as well as neurotransmitters, amino acids, carbohydrates and fatty acids in
metabolic and neurodegenerative fruit fly disease models [67]. All these pathways have
been found to be involved to some extent also in LSDs and a deeper metabolomic study by
using the fruit fly models could be useful to dissect their involvement in the pathogenesis
of these disorders.

4. Current Drosophila Models of LSDs: An Unexplored Potential

Many Drosophila models have been generated for Lysosomal Storage Disorders in
the last ten years. Some of them have been analysed in detail, others have only been
characterized, leaving great potential for use. Here, we will briefly list the LSD fly models
so far generated and the related investigations and phenotypes associated to each of them
(Table 1).

Almost all models well reflect the corresponding human pathology. Moreover, quite
all of them present affected endolysosomal and autophagic pathways at different levels. In
some models, imbalances in the lipid pathway were also detected.

Of note, quite all models have been used to study the neurological pathology, showing
abnormalities that go from dysfunctional motility, to abnormal axonal trajectory, decreased
number of neuromuscular junction (NMJ) boutons, loss of dopaminergic neurons, as well
as apoptosis and increased autophagy at neuronal and glial cells level.

4.1. Mucolipidosis Type IV (MLIV) Drosophila Model

MLIV is an autosomal recessive lysosomal storage disease caused by loss-of-function
mutations in the MCOLN1 gene, coding for the potential channel protein mucolipin-1
(TRPML1), resulting in abnormal transport of the lipids to the lysosomes where hetero-
geneous materials (phospholipids and gangliosides) accumulate [68,69]. The disease is
characterized by psychomotor delay, ophthalmologic abnormalities (corneal opacities, reti-
nal degeneration and delayed visual development) and reduced language functions [70].

The Drosophila Trpml homolog (CG8743) shares 40% amino acid identity with the hu-
man protein and is widely expressed, though at low levels. Drosophila model for MLIV was
generated through a P-element insertion, 242 bases 5′ of the translation initiation site [71].
The mutant flies showed reduced viability due to pupal semi-lethality and a progressive
loss of motor function. Mutants’ brain showed progressive signs of neurodegeneration
through apoptosis (accumulation of large vacuoles in the brain and detection of apoptosis
in both neurons and glial cells by TUNEL assay). A progressive loss of photoreceptors in
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ommatidia resembles the ophthalmologic abnormalities in human pathology. All mutant
tissues showed an increased number of lysosomes and increased lysosomal storage of
lipofuscin, the latter sign of disrupted autophagy, with a subsequent increase in autophago-
somes and amphisomes (from the fusion of autophagosomes and endosomes). Despite
the fusion of lysosomes and autophagosomes, a defect in lysosomal degradation due to
over-acidification of the lysosomal lumen, as a result of the loss of trpml, was noticed. Inhi-
bition of autophagy leads to an accumulation of damaged mitochondria and to oxidative
stress that can induce apoptosis and, therefore, neurodegeneration [71,72]. The trpml1
Drosophila mutant also showed a decreased number of synaptic boutons at the NMJ, due to
the diminished activation of the Rag/mTORC1 signalling pathway, fundamental for the
normal development of the NMJ [73]. A protein-supplemented diet and the inhibition of
ALK (tyrosin-kinase receptor, which represses the neuronal amino acids uptake) recover
the lethal phenotype and the number of synaptic boutons [73]. Onyenkoke and colleagues,
suggest that loss of activity of AMPK (5′ AMP-activated protein kinase) leads to the lack of
inhibition of the enzyme target of rapamycin (TOR), a nutrient-sensitive protein kinase,
which in turn may inactivate through phosphorylation TRPLM1 channel and, therefore,
functional autophagy [74].

4.2. Batten Disease/Neuronal Ceroid Lipofuscinose (NCL) Drosophila Models

The neuronal ceroid lipofuscinoses (NCLs) are a group of lysosomal storage diseases,
also known as Batten disease, most of all inherited in an autosomal recessive manner.
They present variable ages of onset (congenital, infantile, late infantile, juvenile, adult
and late adult) and the clinical features of childhood forms are progressive visual loss,
mental and motor degeneration, seizures and premature death. Autofluorescent, electron-
dense, periodic acid-Schiff (PAS)- and Sudan black B-positive granules accumulate in the
cytoplasm of the cells, especially in the lysosomes of brain cells, leading to progressive
loss of neurons [75]. NCLs are a group of ten different disorders and they are classified
according to the designation of the mutated gene [76].

4.2.1. Palmitoyl Protein Thioesterase I (CLN1) Drosophila Model

CLN1 gene encodes for the lysosomal enzyme palmitoyl-protein thioesterase 1 (PPT1)
and mutations in this gene cause the Infantile NCL (INCL), the most severe form of NCL.
The predicted gene in Drosophila has been identified as CG12108, encoding a protein 55%
identical and 72% similar to human Palmitoyl-protein Thioesterase 1 and ubiquitously
expressed. PPT1 enzyme activity was detected in all tissues in Drosophila, although at
significantly lower levels than those observed in mice or humans [77].

The Ppt1 deficient fly generated through RNAi technique displays, unlike the unregu-
lar granular deposits of the human’s pathology, homogenous deposits, spherical shaped
and composed of thousands of concentric layers of material, similar to the multilamellar
bodies observed in Niemann–Pick disease [78]. The osmiophilic deposits are especially
located near the cell nucleus and increase in number with age. Abnormal deposits are seen
also in third-instar larvae brains. Adult flies are vital and fertile but have a reduced lifespan.
No alterations in brain structure were observed as well as no signs of neurodegeneration
or apoptosis [78]. Embryos do not display any sign of accumulation bodies; however,
motoneurons have abnormal axonal trajectory and cells display aberrant fate specification.
Axon defects may mean that Ppt1 is necessary for axon guidance and fasciculation [79].

4.2.2. CLN3 Drosophila Model

CLN3 encodes a transmembrane protein whose function is still unknown. Mutations in
the CLN3 gene are responsible for the juvenile form of NCL [80]. The Drosophila orthologue
(CG5582) encodes a protein which shares many of the properties of human CLN3 and is
expressed throughout the fly, partially localized to late endosomes or lysosomes [81].

The cln3 fly mutant was generated by imprecise excision of a Minos transposable
element inserted within the large first intron of the gene [82]. The mutant flies are viable and
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fertile without developmental abnormalities or accumulation of autofluorescent material
in the brain, but they are hypersensitive to oxidative stress compared with control flies.
When exposed to conditions of oxidative stress, mutant flies show an accumulation of
ROS, which may be responsible for neural degeneration [82]. Another RNAi line against
Drosophila cln3 showed a diminished synaptic growth, similarly to Trpml loss of function
flies [73].

4.2.3. CLN4 Drosophila Model

CLN4 gene encodes the synaptic vesicle protein CSPα (Cystein-String Protein α). Mu-
tations in this gene cause the only autosomal dominant form among the NCLs [83,84]. Imler
and colleagues [85] generated two fruit fly models of CLN4 through P-element insertion
of the mutated human CSPα (hCSPα) in the first model and of the mutated Drosophila
CSPα (dCSPα) in the second one. The hCSPα in Drosophila is correctly palmitoylated and
efficiently traffics to exon terminals, where it co-localizes with endogenous dCSPα. In
both models, where the mutant protein is selectively expressed in neurons, they observed
a dose-dependent lethality and reduction of lifespan. From a biochemical point of view,
they observed the formation of SDS-resistant, high molecular weight hCSPα oligomers
in Drosophila neurons. Moreover, they observed that the mutant hCSPα is reduced at
synaptic boutons and accumulate in axons and, at the same time, it co-accumulates with
Lamp1-GFP and HRS-positive endosomes. This suggested an accumulation of the mutated
protein on pre-lysosomal endosomes, that are inefficiently processed for lysosomal fusion.
The mutant hCSPα is also enriched in ubiquitinated oligomers. Finally, they observed
abnormal membrane structures. Expression of the normal hCSPα restores adult lifespan,
meaning that the protein has a conserved function in the fly and expression of the normal
dCSPα only partially rescues adult lifespan. Therefore, they concluded that both models
replicated the key hallmarks of the human pathology, while the study of these models
allowed to find new insights into mechanisms underlying the pathology [85].

4.2.4. Cathepsin D (CLN10) Drosophila Model

CLN10 gene encodes the lysosomal aspartic endo-protease Cathepsin D, ubiquitously
distributed in lysosomes. Its main function is to degrade proteins and activate precursors
of bioactive proteins in pre-lysosomal compartments.

The Drosophila homolog of cathepsin D (cathD) encodes a predicted protein, which
shares 50% amino acid identity and 65% similarity with human cathepsin D. The mutant fly
was generated through the insertion of an EP-element in the cathD gene and a successive
imprecise excision [86]. The mutant flies are fertile and viable with no differences in
lifespan compared to controls. They show a progressive accumulation of storage material
in brain, fat body and intestine, which resembles the human pathology and progressive
neurodegeneration with the loss of neurons through apoptosis [86]. Finally, the mutant flies
show a moderate retinal neuronal loss or vacuolization when compared with the control
flies [87].

4.3. Mucopolysaccharidosis Drosophila Models

Mucopolysaccharidoses (MPSs) are a group of lysosomal storage diseases caused by
deficit of lysosomal enzymes degrading glycosaminoglycans (GAGs). Accumulation of
GAGs in several cell types and the consequent secondary cascade of events leading to the
dysfunction of other cellular pathways, cause progressive multi-organ impairments [88].
Up to date, 11 different MPSs are known, each one due to mutations in genes coding for
lysosomal hydrolases, involved in the degradation of different GAGs, at different steps.
All together MPSs incidence varies in the different countries/ethnicities from 1.04 to 4.8
per 100,000 live births [89].



Biomedicines 2021, 9, 268 15 of 32

4.3.1. Mucopolysaccharidosis Type II (MPS II) Drosophila Model

Iduronate 2-sulfatase (IDS) is a lysosomal enzyme involved in the degradation of the
glycosaminoglycans heparan- and dermatan-sulfate. Mutations in the IDS gene lead to a
lack of function of the enzyme and are responsible for Mucopolysaccharidosis type II (MPS
II, Hunter Syndrome), an X-linked recessive LSD [90,91]. Main clinical features of MPS
II are short stature, skeletal deformities with enlarged head, organomegaly, cardiac and
respiratory diseases and, in the severe forms, a progressive neurological involvement [92].

In Drosophila a unique homologous gene (CG12014/Ids) is present in the third chro-
mosome and the protein shares 47% identity with human IDS [93]. Recently, ubiquitous,
pan-neuronal and glial fruit fly knockdown model for MPS II has been developed by an
RNA interference approach. However, glycosaminoglycan storage, locomotion behaviour
and molecular markers for endolysosomal and autophagic pathways resulted not affected.
This suggested that a strong, but not completely abolished IDS-activity is not enough to
induce a fly pathological phenotype, suggesting the need for a total knockout Drosophila
model [94].

4.3.2. Mucopolysaccharidosis Type IIIA (MPS IIIA) Drosophila Model

Mucopolysaccharidosis type IIIA (MPS IIIA) is an autosomal recessive LSD due to a
mutation in the gene of N-sulfoglucosamine sulfohydrolase (SGSH) that causes a lack of activity
of this enzyme, involved in the degradation of the glycosaminoglycan heparan-sulfate. The
accumulation of heparan-sulfate leads to a dysfunction of lysosomes and to the onset of the
pathology [95]. The main clinical feature is a severe central nervous system degeneration,
together with mild somatic symptoms. Common features are hyperactivity with aggressive
behaviour, delayed development, sleep disorders, delayed speech development (or no
speech at all) and severe cognitive retardation [96].

The homologous of human SGSH has been identified in D. melanogaster with the gene
CG14291, with which it shares 53% identity. The fruit fly model for MPS IIIA has been
generated by the knockdown of CG14291 through RNA interference [97]. This model
presents a significant accumulation of heparan-sulfate in 1-day old whole flies, which
further increases at 6 weeks of age. The specific neuronal knockdown of CG14291 leads to
a significant defect in climbing activity, worsening with age, a hallmark of nervous system
dysfunction and neurodegeneration. This specific knockdown also showed an increased
number of acidic vesicles and the disruption of the vesicular trafficking (with impaired
autophagic activity) that may contribute to neuronal dysfunction [97].

4.3.3. α-N-acetylglucosaminidase (NAGLU) Homologous Identified in Drosophila

α-N-acetylglucosaminidase (NAGLU) is a lysosomal enzyme involved in the degrada-
tion of the glycosaminoglycan heparan-sulfate. NAGLU deficiency leads to a progressive
accumulation of partially degraded heparan-sulfate and to the onset of Mucopolysacchari-
dosis type IIIB (MPS IIIB), an autosomal recessive LSD [95]. MPS IIIB is characterized by
delayed development and progressive neurodegeneration, although the pathology seems
to advance slower and to be less severe than MPS IIIA [96]. Comparative studies of NAGLU
showed highly protein sequence conservation among species and also in Drosophila (41%
identity) [98].

4.3.4. Mucopolysaccharidosis Type VII (MPS VII) Drosophila Model

Mucopolysaccharidosis type VII (MPS VII) is an autosomal recessive LSD due to a
deficiency in the activity of the lysosomal enzyme β-glucuronidase (β-GUS). The lack of
activity of β-GUS leads to the accumulation of partially degraded dermatan-, heparan-
and chondroitin-sulfate in the lysosomes of many cells and tissues and to the onset of
diverse clinical features in patients, such as short stature, cognitive disability, skeletal
abnormality, motor impairment, hernias, hepatosplenomegaly, hydrops fetalis and cardiac
and respiratory problems [96].
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The Drosophila model of MPS VII has been generated by the knockout of the β-GUS
orthologue (CG2135, in the Flybase, also known as βGlu) [99]. The fruit fly sequence shares
>40% identity and >60% similarity with that of the human β-GUS protein and the active
site amino acids of the human β-GUS are conserved in βGlu protein [100]. The activity of
βGlu is 3.7 × 106 units/mg, comparable to the activity of human β-GUS [101,102].

The adult knockout fly exhibited typical features of MPS VII, with reduced lifespan (5
to 13 days) and progressive decline in locomotor activity (85% decline in climbing activity
at the fourth week of age). In the brain of adult flies, an increased number and size of
lysosomes was observed. Furthermore, the CG2135-/- model showed an abnormal increase
in the number of ubiquitinated proteins and in the number of mitochondria, which might
be caused by a defect in the lysosome-mediated cellular pathway. In brain sections, there
is an appearance of cellular vacuolization and loss of dopaminergic neurons, which are
involved in locomotor activity. Finally, the loss of muscular fibers integrity of thoracic
muscles through apoptosis of myocytes could be another pathological basis for locomotor
disability. Of note, neuromuscular degeneration and locomotor deficit are attenuated by
treatment with resveratrol [99].

4.4. Sphingolipidoses Drosophila Models

Sphingolipidoses are a group of inherited lysosomal storage diseases characterized
by a massive sphingolipid and membrane accumulation in lysosomes, neurodegeneration
and short life expectancy [103].

Sphingolipidoses include GM1 and GM2 gangliosidosis, Niemann–Pick disease,
Globoid cell leukodystrophy (Krabbe disease), Gaucher disease, metachromatic leukodys-
trophy and Fabry disease.

4.4.1. Niemann–Pick Type C Disease (NPC) Drosophila Model

NPC is an autosomal recessive lysosomal storage disorder caused by mutations in
the genes NPC1 and NPC2 [104,105] that determine a defective cholesterol transport from
the lysosomes. Free cholesterol, sphingolipids and gangliosides accumulate in lysosomes
of all cells leading to hepatosplenomegaly and neurodegeneration [106,107]. The co-
accumulation of cholesterol and glycolipids forms detergent-resistant membranes whose
cluster leads to conversion into multilamellar bodies [108].

Two homologous NPC1 genes were identified in Drosophila melanogaster: dnpc1a, which
shares 44% similarity and 63% identity with human NPC1 and dnpc1b, which shares 55%
similarity and 38% identity with human NPC1 [109].

Meanwhile, the NPC2 homologous gene in Drosophila melanogaster is represented by
a family of eight genes named npc2a-h, where npc2a is the one with the highest sequence
identity (36%) and similarity (53%) to human NPC2 [110].

The first Drosophila model for NPC was generated through RNAi for dnpc1a [109].
This gene is ubiquitously expressed in embryo and third-instar larva, but when mutated
causes death at first larval instar stage. First-instar larvae exhibit sterol accumulation
like that of mammalian NPC cells. Food supplementation with 7-dehydrocholesterol and
ecdysone, which is the hormone needed for the eclosion, or dnpc1a specific expression in
ring gland, the site of ecdysone synthesis, rescue the lethal phenotype and the mutants
can reach the adult stage. The adult flies show sterol accumulation in brain and presence
of multi-lamellar organelles in Malpighian tubules cells, which resembles the human
pathology [109,111].

The cholesterol-rescued adult mutants have strong locomotor defects worsening
with age and a reduced lifespan. In adult heads, a threefold increase of free cholesterol
compared with wild-type adults is present, forming aggregates in neurons already at 5
days of age. Adult brains and retina present a progressive vacuolization, that is sign of
neurodegeneration, although without apoptosis. Neurons are enriched with multi-lamellar
bodies that progressively accumulate with age. Finally, adult mutants present a much more
elevated age-dependent loss of phototransduction [112].
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The second Drosophila model for NPC was generated through P-element imprecise
excision of the gene npc2a, which is the most ubiquitously expressed in the family of npc2
gene [110]. The mutation is not lethal, and flies reach adult stage and have good fertility,
although with a reduced lifespan. Sterols accumulate in all tissues and multi-lamellar
and multi-vesicular bodies are increased in Malpighian tubules. In adult brains, there is
absence of vacuolization, but there are many TUNEL-positive cells.

The third Drosophila model for NPC was generated through P-element imprecise exci-
sion of the gene npc2b, which is expressed specifically in tracheal system and hypopharynx.
This mutant also reaches the adult stage and is fertile but shows no accumulation of sterol
in any tissue. The npc2a/npc2a; npc2b/npc2b double mutant is, on the other hand, lethal
and animals die at larval or pupal instar, with only one-tenth of flies reaching the adult
stage. The brain presents an elevated number of TUNEL-positive cells, most of them
neurons [110].

4.4.2. Gaucher Disease (GD) Drosophila Model

Gaucher disease (GD) is a rare autosomal recessive disease belonging to lysosomal
storage disorders. It is characterized by mutations in the β-glucocerebrosidase (GBA) gene
that encodes a lysosomal enzyme catabolizing glucocerebroside, which accumulates into
lysosomes of several cells and tissues [113].

Clinical manifestations of GD are visceral and skeletal abnormalities, with hepato-
splenomegaly, pathological macrophages infiltration in the lung, osteonecrosis that causes
osteoporosis and, in the severe forms (Gaucher disease type II and type III), neurological
dysfunctions [114].

Drosophila genome has two GBA1 homologous genes, CG31148 (dGBA1a) and CG31414
(dGBA1b) that show differential tissue expression: dGBA1b protein is expressed in the
adult brain and in the adult fat body, whereas dGBA1a is mainly expressed in the adult fly
digestive system and not in the adult brain [115].

Three different Drosophila mutants for GBA1 were generated using homologous recom-
bination: dGBA1a mutant, dGBA1b mutant and dGBA1a,b double mutant: only dGBA1a flies
showed a significantly increased survival compared with control flies, whereas dGBA1b mu-
tant and dGBA1a,b double mutant showed a significantly reduced lifespan compared with
control flies, both in normal and in low nutrient condition, together with developmental
defects from larva to pupa and from pupa to adult [116–118]. dGBA1b mutant and dGBA1a,b
double mutant showed progressive age-dependent locomotor deficits in climbing ability,
starting from 5 days after eclosion [116,118] and reduced fertility, with age-dependent
declined number of laid eggs per female. As in human pathology, dGBA1b mutant and
dGBA1a,b double mutant showed lack of enzyme activity and significant accumulation of
glycosylceramide in their heads [116,119], with subsequent increase in lysosomes number
and size, which leads to a dysregulation of autophagy and the further accumulation of
undegraded poly-ubiquitinated protein in whole flies and in heads [117,119–121]. The
dysregulation of autophagy, whose accumulation of Ref(2)p is a marker [117], also leads to
the accumulation of giant and dysfunctional mitochondria and a subsequent hypersensitiv-
ity to oxidative stress. Elevation in levels of Hsc70-3 (Heat shock 70-kDa protein cognate
3, orthologue for mammalian BiP, endoplasmic reticulum chaperone BiP) mRNA, Xbp1
(X-box binding protein 1) splicing and in the level of phosphorylated eIF2α (eukaryotic
translation initiation factor 2α) in mutated flies are markers of activation of Unfolded
Protein Response pathway and of stress of endoplasmic reticulum [118,119,122]. Moreover,
loss of GBA1 in brain leads to neuroinflammation and neurodegeneration (increased brain
vacuolization) and loss of synaptic functions [117,119–121]. Treatment with the pharma-
cological chaperone ambroxol decreases the levels of UPR parameters, ameliorates the
inflammation and the neuroinflammation and increases the lifespan, although it neither
rescues the enzyme activity nor reduces substrate accumulation [119].

In the last few years, GD Drosophila model has been used to demonstrate the associ-
ation between mutated GBA gene and increased risk to develop Parkinson’s disease. In



Biomedicines 2021, 9, 268 18 of 32

particular, Drosophila double heterozygous for mutated GBA gene, as well as Drosophila
with the insertion of the mutated human GBA gene, shows activation of the UPR pathway
(like human carriers of mutated gene) and parkinsonian signs, such as loss of dopaminergic
neurons and aggregation of α-synuclein. These models also show progressive defective
locomotion and a shorter lifespan [123,124].

4.4.3. Metachromatic Leukodystrophy (MLD) Drosophila Model

Metachromatic leukodystrophy (MLD) is an autosomal recessive LSD caused by mu-
tations in the gene ARSA, encoding for the lysosomal enzyme Arylsulfatase A, which
catalyses the conversion of sulfatide (sulfogalactosylceramide) in galactosylceramide. Lack
of this enzyme activity leads to the accumulation of sulfatides into lysosomes in central
and peripheral nervous system, leading to a progressive demyelination and reduced nerve
conduction velocity [125]. MLD comprises three clinical subtypes, depending on the age
of symptoms onset: late-infantile (before 30 months of age), juvenile (between 2.5 and
16 years of age) and adult (after 16 years of age) forms. It is characterized by deteriora-
tion of motor and cognitive functions or behavioral problems [126]. Lee and colleagues
have demonstrated that ARSA, despite being a lysosomal protein, directly interacts with
α-synuclein present in the cytosol of the cell, acting like a molecular chaperone: some
ARSA disease-causing variants are responsible for a reduction of this interaction and a con-
sequent α-synuclein aggregation, whereas other variants, known to be protective against
parkinsonism, encode for proteins that have a stronger interaction with cytoplasmatic
α-synuclein [127]. In this last publication [127], the authors generated a transgenic fly
model for mutant α-synuclein that displays progressive locomotor deficit, reversed by
the expression of wild type human ARSA protein, as well as of the human ARSA N352S
variant (protective), but not by the expression of the L300S variant (pathogenic).

4.4.4. Fabry Disease Drosophila Model

Fabry disease is a recessive X-linked LSD due to mutations in the gene coding for
the lysosomal enzyme α-galactosidase A (α-Gal A), this leads to the progressive accu-
mulation of globotriaosylceramide (GB3) and its acylated form lyso-GL3 (lyso-GB3) in
endothelium [128]. Clinical manifestations include progressive renal insufficiency, cardiac
impairment, gastrointestinal system pathology and neuropathology mainly referred to
cerebral vasculopathy [129]. Fabry disease is classified, based on the age at onset, in classic,
which presents onset between the first and the second decade of life and late onset, which is
characterized by varied and later onset and symptomatology [130]. Patients often present
vascular remodeling with an increased thickness of the carotid intima-media, due to the
huge proliferation of smooth muscle cells [131,132]. Recently, a new Drosophila model for
Fabry disease was generated by integrating wild type and mutant α-Gal A gene under the
control of UAS/GAL4 system in the fly genome [133]. Adult flies expressing mutated α-Gal
A display significant locomotor dysfunction and shortened lifespan, compared to flies
expressing the wild type form. Biochemically, they saw that mutated variants were retained
in ER and underwent Endoplasmic-reticulum-associated protein degradation (ERAD), with
the consequent activation of the UPR machinery (increase of Hsc70-3, spliced Xbp1 and
Atf4 (Activating Transcription Factor 4) mRNA levels). Moreover, selective expression of
mutated variants in dopaminergic cells, lead to cell death. Treatment of flies from first day
of eclosion for 22 days with migalastat, a molecular chaperone, rescues lifespan, locomotor
defects and dopaminergic cells deaths, but fails in ameliorating UPR parameters [133].

4.4.5. Saposin Deficient Sphingolipidoses Drosophila Model

Saposins are lysosomal soluble hydrolases derived by enzymatic cleavage from the
precursor prosaposin. Mutations in prosaposin gene cause ubiquitous storage of sphin-
golipids in humans [134].

The Drosophila orthologue of prosaposin is called Saposin-related (Sap-r) and encodes a
protein very similar to the human prosaposin. Sap-r in Drosophila is ubiquitously expressed,



Biomedicines 2021, 9, 268 19 of 32

especially in metabolic organs, central nervous system (in both neurons and glia) and
embryonic hemocytes. It is localized in endosomes, lysosomes and autophagosomes, like
mammalian prosaposin. Two models were developed: the first one through FLP-FRT based
deletion, removing the first three exons of the gene [103], the second one via an imprecise
P-element mobilization strategy with deletion of the first two exons [135].

The Sap-r model developed by Sellin and colleague [103] presented a semi-lethal
phenotype, in fact, only 70% of larvae reach the pupal stage and 55% the adulthood and
adult flies have a reduced lifespan. Accumulation of acidic vesicles are seen in almost all
organs and they increase in size and number with age. Lysosomal dysfunction leads to a
block in the autophagic pathway with a subsequent accumulation of defective mitochondria
and elevated H2O2 levels, sign of increased oxidative stress. In all brain regions are
present enlarged multivesicular and multilamellar bodies and a large amount of dead and
vacuolized cells, increasing with age, all signs of neurodegeneration. Mutant flies also show
a defect in climbing ability that worsen with age and correlates with neurodegeneration,
indicating a progressive motor function decline [103,135].

The second Sap-r model [135] confirmed perturbations in sphingolipid catabolism
leading to reduced longevity and neurodegeneration. The authors also highlighted a
swelling of neuronal soma and suggested a possible calcium homeostasis deficit.

4.5. LSDs-Like Drosophila Models

LSDs-like are diseases that present tracts similar to LSDs but are not caused by
mutations in lysosomal proteins. In this group, disorders of lysosome-related organelles
are included [136].

Spinster/Benchwarmer Drosophila Model

Spinster (Spin) or benchwarmer (bnch) gene encodes a transmembrane protein localized
to the late endolysosomal compartments, mainly expressed in motoneurons [137,138]. Spin
does not have any human homologous, therefore, no human pathology is associated to this
model. When mutated, Spin causes a LSD-like neurodegeneration [137]. The Drosophila
model for spinster shows reduced viability and lifespan with lethality at the late pupal
stage [13,138]. Adult escapers exhibit progressive locomotor defects, consisting in difficulty
in righting after a fall and lower level of locomotor activity, that worsen with age and result
in death within 5–12 days [139].

In Spin mutant, autofluorescent material that overlaps with Spin gene expression
can be identified: neurons and glial cells contain multilamellar bodies and electron-dense
lobulated granules very similar to lipofuscin and also the retina contains a large number
of abnormal membranous inclusions in the cell bodies of mutant photoreceptor [13,139].
Moreover, an accumulation of enlarged lysosomes with partially degraded contents in spin
mutant muscle and within the presynaptic nerve terminal was observed [138,139]. The
material that accumulates in Spin mutant corresponds to ceramides, increased more than
800% on day 1 in mutant brains [137].

In Spin mutant a synaptic overgrowth with an increase of more than 200% in bouton
numbers and an expansion of total synaptic area was observed, albeit a reduction in muscle
fibers dimension was also observed and a deficit in presynaptic transmitter release [138];
in fact, at high stimulation frequency, the amplitude of the excitatory junctional potentials
declines to 55–60% of the original response after 10 min [139].

The abdominal ganglion of Spin mutant is longer [13] and vacuolated, sign of neu-
rodegeneration; moreover, there is a severe neuronal loss with a significant decrease in
the number of neuronal cell bodies and severe vacuolization in cortical brain layers [139].
The extent of these defects is progressive; in fact, there is an increased number and size of
retinal vacuoles in an age-dependent manner [139].
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Table 1. Lysosomal storage disorder Drosophila models.

Disease Human Gene Protein Protein Localization Drosophila Gene Protein Alignment
Data Model Generation Method References

Neuronal Ceroid-Lipofuscinosis (CLN) or Batten Disease

CLN1 CLN1/PPT1 Palmitoyl-protein
thioesterase 1 (PPT1)

Cytosol; Golgi apparatus;
Lysosomal lumen; Nucleus CG12108/Ppt1 72% similarity, 55%

identity RNAi [78,79]

CLN3 CLN3 Transmembrane protein

Endoplasmic reticulum; Early
endosome; Late endosome; Golgi

apparatus; Golgi membrane;
Lysosomal membrane;

Mitochondria; Nucleus;
Plasma membrane

CG5582/Cln3 Data not available Minos transposable element
imprecise excision; RNAi [73,82]

CLN4 CLN4/DNAJC5 Soluble cysteine string
protein α (CSPα) Cytosol CG6395/Csp Data not available P-element insertion [85]

CLN10 CLN10/CTSD Cathepsin D (CTSD) Lysosomal lumen CG1548/cathD 65% similarity,
50% identity

P-element
imprecision excision [86,87]

Mucolipidosis (ML) and Mucopolysaccharidoses (MPSs)

MLIV MCOLN1 Mucolipin-1 (TRPML1)
Lysosome membrane; Late
endosome membrane; Cell

membrane; Phagosome membrane
CG8743/Trpml 40% identity P-element insertion [71–73]

MPS II,
Hunter Syndrome IDS Iduronate 2-sulfatase

(IDS) Lysosomal lumen CG12014/Ids 47% identity RNAi [93,94]

MPS IIIA,
San Filippo Syndrome

type A
SGSH N-sulfoglucosamine

sulfohydrolase (SGSH) Lysosomal lumen CG14291/Sgsh 53% identity RNAi [97]

MPS IIIB,
San Filippo Syndrome

type B
NAGLU

α-N-
acetylglucosaminidase

(NAGLU)
Lysosomal lumen CG13397 41% identity none [98]

MPS VII,
Sly Syndrome GUSB Glucuronidase beta

(GUSB) Lysosomal lumen CG2135/βGlu 40% identity,
60% similarity Homologous recombination [99]

Sphingolipidosis

Gaucher disease (GD)
or glucocerebrosidase

deficiency
GBA Glucosylceramidase

beta (GBA)
Lysosomal lumen;

Lysosomal membrane
CG31148/GBA1a
CG31414/GBA1b

31% identity, 49%
similarity

Minos transposable element
insertion;

Homologous recombination;
Transposon insertion and

precise excision;
RNAi

[116,118];
[121,122];

[117];
[120]
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Table 1. Cont.

Disease Human Gene Protein Protein Localization Drosophila Gene Protein Alignment
Data Model Generation Method References

Niemann Pick disease
type 1C (NPC1) NPC1

NPC intracellular
cholesterol transporter 1

(NPC1)

Endoplasmic reticulum; Late
endosome membrane; Golgi

apparatus; Lysosomal membrane;
Nuclear envelope;
Plasma membrane

CG5722/Npc1a
CG12092/Npc1b

Npc1a: 44% similarity,
63% identity;

Npc1b: 55% similarity,
38% identity

RNAi [109,111,112]

Niemann Pick disease
type 2C (NPC2) NPC2

NPC intracellular
cholesterol transporter 2

(NPC2)

Endoplasmic reticulum;
Lysosomal lumen

CG7291, CG3153,
CG3934, CG12813,
CG31410, CG6164,
CG11314, CG11315

(Npc2a-h)

Npc2a: 53% similarity,
36% identity

P-element insertion and
imprecise excision [110]

Metachromatic
leukodystrophy ARSA Arylsulfatase A Endoplasmic reticulum;

Lysosomal lumen CG32191 Data not-available PhiC31 integrase system [127]

Fabry disease GLA α-Galactosidase Lysosomal lumen CG5731 Data not available [133]

Saposin deficiency
sphingolipidoses PSAP Prosaposin (PSAP) Lysosomal lumen; Lysosomal

membrane; Plasma membrane
CG12010

(Saposin-related) Data not available
P-element insertion and

imprecise excision; FLP-FRT
based deletion

[103,135]

LSD-like

Spinster/Benchwarmer -

transmembrane protein
and putative late-

endosomal/lysosomal
efflux permease

Late endolysosomal compartment CG8428 (spin or bnch) Data not available
P-element insertion and

imprecise excision
P-element insertion

[138,139];
[13,137]
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5. Drosophila as a Tool for Drug Testing and Screening

All the above results have led Drosophila to be a model mainly used to study basic
mechanisms and conserved pathways. However, it remains an underestimated model
to address drug efficacy and toxicity and a viable drug screening model. Screening in
a living animal as the fruit fly can speed up and reduce the costs of the drug screening
process, since it allows an in vivo research, much more reliable than the in vitro one and
not practicable in mice.

The use of fruit fly-based models for drug screening has already led to several positive
results on different neurological and cancer models [140]. Moreover, in recent years,
several efforts have been made to refine and speed up dedicated techniques, for example by
developing in vivo large-scale chemical screening platforms, to test up to 2000 compounds
using 96-well plates [141].

Till now, Drosophila models for LSDs have been used to test single drugs, like resvera-
trol for MPS VII [99] or ambroxol for Gaucher disease [119]. However, since all LSDs lack
therapy for the CNS involvement (and in most cases also for bone and cardiac pathologies),
it would be of great importance to exploit Drosophila models to carry out drug screening
targeted to the CNS and able to cross the blood-brain barrier (BBB) [142,143].

Finally, a further advantage of screening in Drosophila of molecules already approved
for other therapeutic uses in humans is represented by the possibility, in case of identifica-
tion of an effective molecule, to actively contribute to drug repurposing, thus avoiding a
possible off-label use of the drug and drastically shortening the timing of a correct drug
translation to patients.

5.1. Drug Delivery in Drosophila

Drugs or small molecules can be delivered in Drosophila at all developmental stages,
in acute or chronic exposure experiments and for low or high-throughput screens. Drugs
can be administered by permeabilization of embryos [144], by adding to the solid media
for chronic exposures or in a dilute solution of yeast paste for shorter exposures, as well as
by injection when larvae are studied [144–148]. Administration of drugs to adult flies can
be delivered in the food, from a sucrose/drug-saturated filter paper or by drug injection
into the abdomen, permitting a quick diffusion throughout the organism [149] and also as
a vapor (e.g., ethanol, cocaine and anesthetics) [150–153].

Drug administration through feeding may encounter some problems, such as animal
rejection of food containing drugs. In fact, Drosophila can respond to a broad range of taste
chemicals avoiding the ingestion of toxins or unpleasant compounds. In addition, drugs
can affect the molecular targets that modulate feeding behavior [154–156]. To determine
whether the presence of a drug influences food intake, different feeding assays can be
performed, such as the capillary feeder (CAFE), colorimetric dye observations of proboscis
extension (PE) and food labelling with a radioactive tracer [157–159].

Furthermore, several pharmacological phenotypic screening assays have been de-
veloped to expose adult, larva or embryo to liquid, solid or volatile drugs and measure
the desired phenotypic change. Usually, in high-throughput screenings, larvae, adults or
embryos are dispensed into plates and fed with liquid or solid food, consisting of sugar
and yeast extract and supplemented with fluorescein and/or drugs for visualization of
food and drug intake. The plates, under well-controlled environmental conditions, can be
screened by using imaging techniques (as for cell culture), biochemical approaches (plate
reader) or behavioral tests, using camera that records movements [141,156,160–162]. The
other alternative option is to expose flies to volatile drugs and test the behavioral effect
after chemical exposure [163]. Thus, chemical libraries may be tested for their ability to
modify or cause a specific phenotype, such as growth defects, lethality, uncoordinated or
reduced locomotion and morphological defects in a whole organism [164].

In Drosophila, as suggested by Pandey, the physiologically effective concentrations of
a drug in the feeding substrate are in the range of 0.01–100 mM [55]. Furthermore, when
new compounds are tested in Drosophila it is recommended to start with a pilot study using
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at least three different concentrations at log dilutions in the feeding substrate (for example
0.01, 0.1 and 1.0 mM) and to analyze the efficacy in a particular assay. Following this
step, the appropriate concentration, based on the obtained results, can be used for the full
screen [55]. After ingestion of food containing drugs and oral adsorption, it is difficult to
predict the bioavailability at the site of physiological activity. To examine the actual in vivo
bioavailability of the drug high-performance liquid chromatography or mass spectrometry
methods can be applied to analyze Drosophila tissues and obtain highly sensitive chemical
quantification after administration [160]. In addition, to drug concentration, it is possible
to identify the more efficient exposure timing: exposing multiple samples to the drug at
the same time simplifies the exposure-response assessment, speeding up the identification
of the correct dosage of the compounds and therefore carrying out the pharmacological
screen [55].

Recently, an interesting approach focused on the simultaneous targeting of specific
effectors (combination of more drugs at the same time) in cancer and age-related patholo-
gies in Drosophila, has suggested a potential application of this model in drug repurposing
and poly-therapy development [165,166]. Given that LSDs are biologically complicated
disorders, with different intracellular pathways deranged, the effectiveness of a poly-
pharmacological approach targeting the different alterations could be investigated in depth.

Taking into consideration the manageability of the fruit fly model, the drug delivery
methods available and the potential of the model in drug repurposing and discovery, a wide
range of different approaches can be adopted to conduct pharmacological tests on LSDs
Drosophila models already generated, thus helping the identification of lead compounds
likely to be therapeutically useful both in mono- and in combinational therapies.

5.2. Drosophila BBB as a Tool for CNS Treatments Discovery

The BBB tightly regulates the movement of ions, molecules and cells between the
blood and the brain, allowing the maintenance of the brain homeostasis in response to
extrinsic factors and physiological changes [167]. As mentioned above, the drug exclu-
sion properties of BBB are one of the limiting steps to the development of effective CNS
disease treatments and model systems able to recapitulate the functions of the BBB are
highly attractive. In vertebrates, the brain vascular endothelial cells form the BBB and
together with pericytes, myocytes, astrocytes, microglia, extracellular matrix and neurons
compose the neurovascular unit (NVU) [168]. NVU functions as a detector for neuronal
needs and contributes to the BBB development and integrity [169]. Drosophila, by contrast,
has an open circulatory system, where hemolymph flows and transports molecules to
tissues and organs [170]. As in vertebrate, the Drosophila CNS is protected by a BBB, that
insulates the CNS from the hemolymph and it is composed by two glial subtypes, the
apical perineurial glia (PG) and basal subperineurial glia (SPG) that form collectively the
surface glia. Furthermore, apically to the PG, a neural lamella resembles the extracellular
matrix surrounding the vertebrate NVU [171]. Despite that, at first glance, the Drosophila
BBB results anatomically different from that of vertebrates, fruit fly humoral/CNS barrier
conserves the xenobiotic exclusion properties typical of the vertebrate vascular endothe-
lium. The semipermeable properties of vertebrate BBB results from the function of different
players that can be found, at least in part, in Drosophila. Intercellular protein complexes
between endothelial cells such as the tight junction (TJ) regulate the paracellular fluid flux
in vertebrate, whereas in Drosophila similar function is exerted by the septate junction (SJ),
present between SPG cells [172]. SPG cells express the drug efflux transporter Mdr65, the
equivalent of vertebrates Mdr1/P-glycoprotein, belonging to the ATP-binding cassette
(ABC) [173,174]. Moreover, fly surface glia transcriptome identified a huge number of
highly expressed genes as ATP-binding cassette (ABC), solute carrier transporters, cell
adhesion molecules, as well as metabolic enzymes, signaling molecules and components
of xenobiotic metabolism pathways present in vertebrate, pointing out the functional
conservation of BBB between the species [175].
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An intriguing example of functional parallelism between Drosophila and vertebrates,
is the glia cell-neuron lactate shuttle process that allows supply of nutrients to neuronal
cells. In vertebrates, the astrocyte uptakes the glutamate released from synapses for lactate
production via glycolysis which in turn fuel active neurons [176,177]. In Drosophila, the
neuronal feeding is achieved mainly by the BBB. SPG cells facilitate the absorption of
trehalose, the major energy metabolite in Drosophila, to produce glucose that is finally,
converted to alanine or lactate taken up by neurons [178,179]. The fly glia–neuron lac-
tate shuttle plays also an additional role in neuroprotection under stress: ROS promotes
neuronal lipogenesis and in turn neuronal lipid transport to glia is necessary to protect
neuron from lipid toxicity [180,181]. Of note, lactate is also emerging as a neuroprotective
agent in mammalian [182,183]. The comparison between fly and vertebrates is less sim-
ple when neuroinflammation is discussed. BBB permeability defects, a phenotype often
linked to neurodegeneration, have been associated to microglia activation and astrocytes
dysfunction [184–186]. In Drosophila, instead of microglia, much more complex, we find the
ensheathing glia that expresses key components of the glial phagocytic machinery [187,188].

Drosophila is already a widely in vivo model used to disentangle the mechanisms
and properties as well as dysfunctions of BBB of CNS disorders [143,189–191]. Moreover,
different approaches are available to evaluate the capacity of drugs to cross the fly BBB,
making this model suitable for preclinical drug screening [148,160,192].

6. Conclusions

Drosophila melanogaster has the longest history as a genetic model system and it is one
of the most studied organisms in biological research.

In the last 15 years, several models for lysosomal storage disorders have been devel-
oped, mainly to better understand which pathways are compromised as a result of storages,
at what level the endolysosomal and autophagic pathways are dysregulated and, above all,
what leads to the neurological impairment. Thanks to these models, some steps forward
have been made in the understanding of these pathologies, however, most of them have
been poorly used and analyzed, still leaving a huge potential for development.

As seen in some LSD models, thanks to the many tools available it is possible to
highlight in vivo defects in the fusion of endosomes and lysosomes, increased apoptosis
and autophagy, as well as vacuolization and loss of dopaminergic neurons, decreased
number of synaptic boutons, neurodegeneration, apoptosis and increased autophagy in
neuronal and glial cells.

Glial cells and neurons are an open paradigm in LSDs. In the fruit fly, a selective
expression of genes in these cells could clarify basic mechanisms implicated in the neu-
ropathology. Moreover, it would be of great importance to exploit these models also to
better understand the involvement in the CNS disease of secondary storages and of poorly
studied pathways, as lipid and glycogen metabolism and of ARL.

Preclinical models have the important function to drive the development or not of
specific drugs. However, to reduce translational failures we need predictive and robust
preclinical models. In this context, the benefit of small animal models has emerged in the
last years since several drugs screening in D. melanogaster, C. elegans and D. rerio have been
conducted. The improvement of tools and design of experimental research to identify new
compounds in these models could help, change and accelerate the passage from preclinical
to clinical studies. In this context, D. melanogaster could be an extremely valuable tool, due
to the degree of conserved biology and physiology between flies and humans. Nevertheless,
it needs to be taken into account that pharmacokinetics and pharmacodynamics of small
molecules might display many differences between Drosophila and humans and this could
lead to significant discrepancies in drug plasmatic levels and tissue distribution profiles.
As seen in MPS VII and Gaucher fruit flies, LSD Drosophila models can be used to test drugs,
differential diets and to search for new molecules potentially able to improve the disease
phenotype. Compounds can be easily administered to fruit fly embryos, larvae or adults,
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also overcoming a possible lethality problem, easily exploiting it as a useful phenotypic
feature to test the efficacy of drugs in high-throughput screenings.

In conclusion, we suggest a wider use of the Drosophila models already developed by
the scientific community working on LSDs to better understand these pathologies, as well
as to develop other Drosophila models, especially for LSDs still lacking a preclinical model,
and above all a therapy, thus exploiting the possibility to carry out drug screening and to
identify compounds capable of totally or partially resolve the pathological phenotype.
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