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Abstract. The lysosomal storage diseases (LSDs) are a group 
of inherited metabolic disorders caused by the deficiency of 
any of the lysosomal functions, in most cases of lysosomal 
hydrolases. LSDs are typically characterized by storage of a 
variety of substrates in multiple tissues and organs and by the 
variable association of unusual clinical manifestations that 
are often responsible for physical and neurological handicaps. 
During the past two decades, research in the field of LSDs has 
made marked progress, particularly with the development of 
a variety of innovative therapeutic approaches. These include 
several strategies aimed at increasing the residual activity of 
the missing enzyme, such as hematopoietic stem cell trans-
plantation, enzyme replacement therapy, pharmacological 
chaperone therapy and gene therapy. An alternative approach 
is based on reducing the synthesis of the stored substrate. More 
recently, the improved knowledge on LSD pathophysiology 
has indicated additional targets of therapy. The recent progress 
made in the treatment of LSDs represents a good model that 
may be extended to other genetic disorders.
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1. Introduction

The lysosomal storage diseases (LSDs) are a group of inherited 
metabolic disorders caused by mutations in genes encoding 
soluble lysosomal hydrolases, integral membrane proteins 
and transporters (1). The defective function of these proteins 
results in the impaired intracellular turnover and disposal of 
a broad range of complex molecules including sphingolipids, 
glycosaminoglycans, glycoproteins and glycogen.

The pathology of LSDs is typically characterized by 
intra-lysosomal storage of a variety of substrates in multiple 
tissues and organs. Thus, the phenotypes of these disorders 
are complex, and characterized by the variable association 
of visceral, ocular, hematologic, skeletal and neurological 
manifestations. These manifestations are in most instances 
responsible for physical and neurological handicaps. In partic-
ular, those related to the involvement of the central nervous 
system (CNS) may cause progressive neurodegeneration and 
severe cognitive impairment.

More than 40 LSDs are currently known and are tradition-
ally classified according to the chemical properties of the 
accumulated substrate. Although each of these disorders is 
rare, their overall prevalence is relatively high, compared to 
other groups of rare diseases, and is estimated at 1 in 8,000 
live births (2).

For their cumulative prevalence, for the debilitating effects 
of their clinical manifestations, and for the need of a multidis-
ciplinary approach to the care of patients, LSDs represent a 
challenge for pediatricians and other physicians, and a heavy 
burden in terms of public health and economical costs.

An additional and attractive reason of interest for these 
disorders derives from the fact that during the past two decades 
the research in the field of LSDs has made significant progress, 
particularly with the development of a variety of innovative 
therapeutic approaches, that may be potentially extended to 
other genetic diseases (3).

The marked advancement in the treatment of LSDs has 
been largely stimulated by the improved knowledge on their 
molecular bases and pathophysiology. Further impulse to 
the development of therapies for LSDs has derived from the 
availability of technologies allowing large-scale production, 
purification and manipulation of new drugs, recombinant 
proteins and viral vectors, and from the orphan drug legis-
lation, that encouraged biotech companies to invest in the 
treatments for rare diseases (4).
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2. Advances in the understanding of LSD pathophysiology 
and their therapeutic implications

The understanding of LSD pathophysiology has rapidly 
evolved during the past decade and it is now clear that storage 
of substrates within the lysosomal compartment triggers a 
number of secondary cellular responses that eventually lead 
to cell death and tissue damage. Substrate storage acts as a 
primum movens that leads to the derangement of housekeeping 
cellular functions and pathways, including receptor activation 
by non-physiologic ligands, modulation of receptor responses 
and signal transduction cascades, activation of inflamma-
tory responses, impaired intracellular trafficking of vesicles, 
membranes and membrane-bound proteins, impairment of 
autophagy, and others (5).

It is also becoming clear that each of the events in the 
pathogenetic cascade of LSDs is a potential target of therapy 
and that various approaches, based on different strategies and 
rationale, may be exploited to treat these disorders.

Until two decades ago, the treatment of patients affected 
by LSDs was exclusively based on palliative or supportive 
medical therapies. The first therapeutic strategies directed 
toward the correction of the basic defect of these disorders 
were introduced in the early 1990s, and since then a number of 
novel approaches have been proposed or tested in preclinical 
studies.

The most obvious approach to correct loss-of-function 
diseases, such as LSDs, caused in most cases by the deficiency 
of a lysosomal hydrolase, is to restore or replace the defective 
enzymatic activity. Thus, the majority of the approaches thus 
far developed to treat LSDs are aimed at increasing the cell 
and tissue levels of the missing enzyme. These include hemato-
poietic stem cell transplantation (HSCT), enzyme replacement 
therapy (ERT), pharmacological chaperone therapy (PCT) and 
gene therapy (GT).

These types of approaches may be particularly suitable for 
disorders such as LSDs, as it is assumed that clinical symp-
toms generally develop in patients when the level of residual 
enzyme falls below a critical threshold. Thus, residual activi-
ties greater than 10% of the normal level may, in principle, be 
sufficient to prevent storage, and it is possible to speculate that 
even minor increases of enzyme activity may translate into 
some clinical benefit for patients.

An alternative approach, substrate reduction therapy (SRT), 
is based on reducing the synthesis of the substrates stored in 
the lysosomes.

In recent years, with the improved knowledge on the 
pathophysiology of LSDs, other innovative therapeutic strate-
gies have been proposed and are being evaluated in preclinical 
studies (Fig. 1).

3. Hematopoietic stem cell transplantation

HSCT was the first therapeutic approach introduced in the 
treatment of LSDs. Bone marrow has been traditionally the 
graft source for this procedure. However, in recent years, a 
number of patients have been treated with unrelated donor 
umbilical cord blood transplant, allowing rapid and increased 
access to transplantation (6).

HSCT relies on the use of hematopoietic stem cells derived 
from a healthy donor as a therapeutic agent. By this approach, 
a dual effect may be achieved (Fig. 2); the first is to repopulate 
specific tissues by the donor's healthy cells, and the second and 
key effect is related to the secretion of functional lysosomal 
hydrolases by the donor's cells in the extracellular space and 
into the blood circulation. The secreted normal enzyme may 
be taken up by the recipient cells and may cross-correct the 
enzyme defect in these cells.

The clinical experience obtained so far with HSCT, 
however, suggests that this procedure is limited to few 

Figure 1. The pathogenetic cascade of LSDs (white boxes and white arrows). LSDs are due to mutations that cause the synthesis of mutated proteins and the 
defective activity of a lysosomal function. This results in intra-lysosomal storage of undegraded substrates and triggers secondary cellular abnormalities. Each 
of these events is a potential target of therapy, with different strategies and rationale (italics and grey arrows).
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lysosomal disorders. HSCT is indicated for the treatment of 
mucopolysaccharidosis (MPS) I (7) and has beneficial effects 
on the visceral manifestations of MPS VI, in pre-symptomatic 
or late-onset Krabbe disease, and in the attenuated forms of 
metachromatic leukodystrophy (8). For MPS I indications, 
optimal timing, safety and efficacy of HSCT have recently been 
reviewed by a European panel of specialists that participated 
in a modified Delphi process to develop consensus-based state-
ments on this approach (9). HSCT is considered the preferred 
treatment for patients with severe MPS I diagnosed before the 
age of 2.5 years, and may be considered in individual patients 
with intermediate phenotypes if there is a suitable donor.

For Krabbe disease and metachromatic leukodystrophy, 
disease phenotype and the extent of disease at the time of 
transplantation are of fundamental importance in determining 
outcomes (10).

A significant advantage of HSCT is that, as donor-derived, 
enzyme-producing cells are able to migrate to the brain. This 
procedure has the potential to improve neurocognitive function 
and quality of life, particularly when performed early in the 
course of the disease. On the other hand, HSCT is burdened by 
a significant mortality related to the procedure, by the limited 
availability of suitable donors, by the limited number of disor-
ders that can be treated by this approach and by insufficient 
engraftment and correction of pathology in some tissues, such 
as bone or heart.

4. Enzyme replacement therapy

The most important advancement and a major breakthrough in 
the treatment of LSDs is ERT. This approach is based on peri-
odic intravenous infusions of human recombinant lysosomal 
enzymes produced and purified on large scale from different 
sources with recombinant DNA techniques. Once injected, 
the recombinant wild-type enzymes are distributed to tissues, 

internalized by cells and targeted to the lysosomal compart-
ment, where they replace the defective enzyme.

The development of ERT is an excellent example of how 
progress in the knowledge of lysosomal biology may lead to 
the development of novel therapeutic approaches. The ratio-
nale of ERT evolved from pivotal studies on the molecular 
and cellular mechanisms implicated in the sorting of newly 
synthesized and secreted lysosomal enzymes. These studies 
showed that lysosomal hydrolases are delivered to lysosomes 
through the mannose or the mannose-6-phosphate receptor 
pathways and that these receptors are also expressed at the 
plasma membrane of cells (11). Thus, the lysosomal enzymes 
can be internalized by cells and follow the endocytic route to 
be correctly delivered to lysosomes, by binding to the recep-
tors exposed on the cellular membrane (Fig. 3). Based on these 
studies, it has become evident that the same route could be 
exploited to deliver recombinant enzymes to defective cells 
and tissues and that LSDs represented the best model of inher-
ited metabolic disorders that could be treated by providing the 
missing enzyme from external sources.

The first attempts to develop an ERT were made in Gaucher 
disease. After more than two decades of clinical experience 
with thousands of patients treated, the success of ERT has 
been clearly documented in this disease. ERT has been firmly 
proven to be effective in ameliorating the visceral, hemato-
logical and biochemical manifestations of Gaucher disease 
and has substantially improved patient quality of life.

The success of ERT in Gaucher disease (12,13) stimulated 
the development of this approach for the treatment of the most 
prevalent lysosomal disorders, for which ERT is presently 
considered the standard of care.

In Fabry disease, a lysosomal disorder due to the deficiency 
of α-galactosidase A and involving vascular endothelia, heart 
and the peripheral nervous system, beneficial effects have 
been documented on cardiac and renal functions, together 

Figure 2. Hematopoietic stem cell transplantation is based on the use of hematopoietic stem cells derived from a healthy donor as a therapeutic agent. Once 
injected into patients the cells have a dual effect; one is to replace and repopulate specific tissues by the donor's healthy cells, and the second effect is related 
to the secretion of functional lysosomal hydrolases by the donor's cells in the extracellular space and into the blood circulation. The secreted normal enzyme 
may be taken up by the recipient cells and may cross-correct the enzyme defect in these cells.
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with reduced pain and improved quality of life (14-16). Also, 
reduction of plasma and urinary levels of substrate documents 
ERT efficacy.

In Pompe disease, clinical experience has shown striking 
effects on cardiomyopathy, with reduced left ventricular mass 
index, prolonged survival in early onset patients (17), improved 
physical performance, stabilization or amelioration of skeletal 
muscle function in late onset patients (18,19).

In MPS I, II and VI, the general benefits of ERT include 
improved walking ability, improved respiration and enhanced 
quality of life (7). A biochemical marker of ERT efficacy is the 
reduced urinary excretion of glycosaminoglycans observed in 
treated patients.

Due to the success of ERT in these disorders, recombi-
nant enzymes are being tested to treat other LSDs, including 
MPS IV (Morquio disease), MPS VII (Sly disease), MPS IIIA 
(Sanfilippo disease A), metachromatic leukodystrophy and 
acid lipase deficiency.

On the other hand, clinical experience with ERT has 
shown that this approach has limitations, mostly related to the 
bioavailability of recombinant enzymes and to the high cost 
of therapies.

Recombinant enzymes are large molecules that do not 
freely diffuse across membranes and that are unable to reach 
therapeutic concentrations in some of the target tissues. Thus, 
a number of tissues remain refractory to this treatment and 
some patients experience limited clinical benefits under ERT 
treatment or continue to show signs of disease progression. 
Examples of the limitations of ERT are seen in MPS I, II and 
VI, where correction of pathology is insufficient in tissues such 
as bone, cartilage and heart, that are major sites of pathology. 
In Pompe disease, achieving corrective levels of α-glucosidase 
activity and correcting pathology in skeletal muscles remains 
a major challenge (20).

Of even greater clinical relevance is the inability of recom-
binant enzymes to cross the blood-brain barrier (BBB) and 
reach the CNS (21,22). As approximately two thirds of LSD 
patients have CNS involvement and progressive neurodegen-
eration, obtaining corrective enzyme levels in the brain is a 
major therapeutic goal.

To circumvent these problems and improve delivery of the 
enzymes to target tissues, including CNS, different strategies 
are being evaluated. All these strategies are still experimental.

Attempts to obtain corrective levels of enzyme activity in 
brain in neuronopathic LSDs have been made, by chemically 
manipulating the recombinant enzymes. β-glucuronidase, 
which is deficient in MPS VII, has been modified to increase 
the plasma half-life and facilitate its traffic through the BBB 
(23). Other approaches that are currently being explored are 
based on receptor-mediated penetration of BBB, such as by 
coupling recombinant enzymes with transferrin and using 
transferrin receptor-mediated endocytosis for transport across 
the BBB (24).

In addition to these approaches an invasive procedure, 
such as intrathechal ERT administration, has been evaluated 
in preclinical studies for several lysosomal disorders and has 
been translated into human therapy for MPS I (25).

Attempts have also been made to improve muscle targeting 
of ERT in Pompe disease. Pompe disease is a metabolic 
myopathy due to the deficiency of α-glucosidase. The recom-
binant α-glucosidase (rhGAA) used for the treatment of this 
disorder has shown insufficient correction of pathology in 
skeletal muscles. Zhu et al (26) developed a glycoengineered 
rhGAA (neo-rhGAA) in which additional mannose 6-phos-
phate moieties were introduced that showed higher affinity 
for the mannose-6-phosphate receptor. In a Pompe disease 
mouse model, this modified enzyme promoted a greater clear-
ance of lysosomal glycogen in muscles when compared to the 

Figure 3. The rationale of ERT. ERT is based on periodic intravenous infusions of human recombinant lysosomal enzymes. The enzymes bind to the mannose 
or mannose-6-phosphate receptors available at the plasma membrane of cells. The enzymes are thus internalized by the cells and delivered to lysosomes 
through the endocytic route (dotted arrows).
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unmodified enzyme. Other approaches are based on the fusion 
of a peptide tag derived from insulin-like growth factor-ΙΙ 
(IGF-II), which is also a ligand for the mannose-6-phosphate 
receptor, onto rhGAA.

The high cost of ERT is another significant limitation and a 
major problem for the treatment of patients with LSDs. Initial 
investments in research and costs related to the production 
of large amounts of recombinant enzymes according to good 
manufacturing practice, contributed to the high cost of ERT. 
The treatment of a single LSD patient may require as much 
as several hundred thousand euros (or dollars) per year. Such 
high costs, that are acceptable in western countries, are barely 
affordable in underdeveloped countries, and limit the access 
of patients to ERT. The availability of novel molecular tech-
nologies may allow the production of less expensive enzyme 
preparations. As an example, recombinant β-glucosidase, the 
enzyme deficient in Gaucher disease, has been manufactured 
in plants or plant-derived cells (27).

5. Small molecule pharmacological chaperones

An approach that has recently gained much attention for 
the treatment of diseases due to protein misfolding in 
general and for LSDs specifically, is enzyme enhancement 
with small molecule pharmacological chaperones (28,29). 
Pharmacological chaperone therapy is based on the concept 
that loss-of-function diseases are often due to missense muta-
tions that cause misfolding (abnormal conformation) of mutant 
proteins. The misfolded proteins are recognized by the quality 
control systems of the endoplasmic reticulum and are degraded. 
Thus, in these so-called ‘misfolding protein diseases’ the loss 
of function is not due to the loss of catalytic activity, but is 
the result of the degradation of the aberrant protein. It has 
been shown that small-molecule ligands (pharmacological 

chaperones) can interact with the mutant protein, favor its 
correct conformation, and enhance its stability. As a result, the 
enzymatic activity of the mutant protein is partially rescued 
(Fig. 4). As with ERT and other approaches directed toward 
replacing or increasing the residual activity of the defective 
enzyme, it is reasonable to speculate that even minor increases 
in activity may have a favorable impact on patient status and 
rate of disease progression.

The use of pharmacological chaperones for the treatment 
of lysosomal storage diseases was first proposed for Fabry 
disease (30). In cells from patients with Fabry disease, one 
of the most potent inhibitors of α-gal A, 1-deoxygalactono-
jirimycin (DGJ), was paradoxically shown to enhance residual 
α-galactosidase A activity. Oral administration of DGJ to 
transgenic mice overexpressing a mutant α-galactosidase A 
substantially elevated the enzyme activity in some organs (31).

The same approach was subsequently investigated for 
a restricted number of other disorders of this group (28,29), 
including Gaucher disease (32) and Pompe disease (33,34).

In principle, chaperones (as with substrate reducing 
drugs and small molecule drugs in general) have several 
advantages, as compared to ERT, as they can be admin-
istered orally, allowing for a non-invasive treatment, are 
non-immunogenic and do not need to be delivered to cells 
through the mannose-6-phosphate pathway, which may be 
secondarily impaired in some of these disorders. In addition, 
small molecule chaperones are expected to diffuse freely 
across cell membranes and reach therapeutic concentrations 
in different tissues and systems, including the CNS. In the 
animal model of GM1 gangliosidosis, a severe neurodegen-
erative disorder due to the deficiency of β-galactosidase, the 
use of the chaperone N-octyl 4-epi-β-valienamine (NOEV) 
resulted in increased residual activity in the brain and greater 
clearance of substrate (35).

Figure 4. Pharmacological chaperone therapy is based on the concept that mutated misfolded proteins are recognized by the quality control systems of the 
endoplasmic reticulum and degraded. Small-molecule ligands (pharmacological chaperones) can interact with the mutant protein, favor its correct conforma-
tion, and enhance its stability. As a result, the enzymatic activity of the mutant protein is partially rescued.
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On the other hand, chaperone therapy appears to be feasible 
only in patients with responsive mutations mostly located in 
specific domains of the enzymatic protein (36).

Concerns have also been raised by the fact that most 
chaperones thus far identified for the treatment of LSDs are 
active site-directed molecules and, in other words, potential 
competitive inhibitors of the target enzymes.

These limitations may be overcome by the discovery 
of new molecules interacting with other protein domains. 
Recently, allosteric chaperones of α-glucosidase, the enzyme 
deficient in Pompe disease, were identified by the combination 
of biochemical characterization and a computational analysis 
of the interactions of these drugs with the enzyme (37). High 
throughput screenings of chemical libraries may also be a 
time-efficient way to identify new-generation chaperones 
(38,39).

After the in vitro studies, suggesting a potential of phar-
macological chaperones for the treatment of LSDs, research is 
now moving into clinical translation. Phase I/II clinical trials 
are being conducted for Fabry, Gaucher and Pompe disease. For 
Fabry disease, a phase II/III clinical trial has been performed 
and has shown encouraging results in terms of enhancement of 
the residual α-galactosidase A enzyme activity and clearance 
of substrate.

6. Combination of chaperones and ERT

Although pharmacological chaperone therapy (PCT) has been 
developed as a strategy to rescue mutant enzymes from degra-
dation, recent studies showed that chaperones are also able to 
enhance physical stability and potentiate the therapeutic action 
of the enzymes used for ERT (40-43). These studies, performed 
in cell systems and in the animal models of Pompe and Fabry 
disease, suggested a major change in the use of PCT. In both 
disorders, when recombinant enzymes were administered in 
combination with the chaperone molecules, the lysosomal 
trafficking, the maturation and the intracellular activity of the 
recombinant enzymes was highly improved.

Although the mechanism underlying this synergistic effect 
of ERT and pharmacological chaperones is not yet fully under-
stood, this synergy may have important advantages compared 
to the ‘traditional’ use of chaperones to rescue mutated 
enzymes. First, the therapeutic effect is directed toward the 
exogenous wild-type enzyme used for ERT, it is mutation-
independent, and may thus be exploited in any patient on ERT 
(37,41). Second, while the enhancement of endogenous defec-
tive enzymes by chaperones in most cases results in minor 
changes in terms of residual activity (possibly with a modest 
impact on patient outcome), the synergy between chaperones 
and ERT apparently induces, at least in cellular models, notable 
increases in specific activity with complete or near-complete 
correction of the enzymatic defect.

Also, these studies suggest that, in principle, the synergistic 
effect of chaperone therapy and ERT may be seen in any LSD 
for which ERT and a chaperone are available.

Clinical trials based on the combination of chaperones and 
ERT are already in progress (see trials NCT00214500 and 
NCT01196871 at http://clinicaltrials.gov; Telethon founda-
tion trial GUP09017, http://www.telethon.it/ricerca-progetti/
progetti-finanziati).

7. Proteostasis regulators

In addition to chaperone therapy, other approaches have been 
proposed that are aimed at rescuing the mutated enzymes 
in LSDs. While chaperones are ligands that specifically 
interact with mutant proteins (and are thus able to rescue 
a single protein), other drugs are able to adjust the cellular 
mechanisms controlling the homeostasis of proteins, or 
proteostasis. Proteostasis is a complex network that controls 
protein synthesis, folding, trafficking, aggregation and degra-
dation. These small molecule drugs, known as proteostasis 
regulators, can adjust the capacity of this network and have 
the potential to restore the normal balance between protein 
folding, trafficking, and degradation. Two proteostasis 
regulators have been reported to restore the function of two 
mutant lysosomal enzymes in two distinct LSDs, Gaucher 
disease and GM2 gangliosidosis (44). Co-administration of 
a pharmacological chaperone and a proteostasis regulator 
exhibited synergy and resulted in further enhancement of 
enzyme activity. This approach remains largely experi-
mental.

8. Gene therapy

Gene therapy is an attractive strategy that holds great promise 
for LSD patients and is commonly viewed as the approach that 
has the greatest potential for complete and sustained correc-
tion of the enzymatic defect (45,46). Gene therapy is also an 
excellent example of a strategy that is being developed owing 
to the combination of improved knowledge of the molecular 
bases of LSDs and technical advancements in the optimization 
and preparation of therapeutic agents.

Gene therapy, as with the approaches mentioned above, is 
aimed at increasing or restoring the activity of the defective 
enzyme in the patient's cells. This is not obtained by supplying 
the missing enzymatic protein, but by delivering the normal 
copy of the defective gene, that will direct the synthesis of the 
normal enzyme by the recipient's cells.

LSDs appear to be amenable to this therapy for several 
reasons. First, these disorders are monogenic and it is theo-
retically possible to correct the disease by rectifying the gene 
defect; second, if lysosomal enzymes are secreted from a 
small number of transduced cells they can be taken up, via the 
mannose-6-phosphate receptors, by adjacent affected cells. 
Such cross-correction, similar to that documented in HSCT, 
avoids the necessity of transferring the gene to all cells, with 
the advantage that a small percentage of transduced cells 
could act therapeutically with consequent benefits for several 
organs. Third, as already mentioned, even minor increases of 
enzymatic activity (up to 10%) may be sufficient for clinical 
benefit and partial phenotypic correction.

Different viral vectors and different strategies have been 
explored to accomplish in vivo gene transfer. Herpesviruses, 
lentiviruses, adeno-associated viruses (AAVs), adenoviruses 
(Ads) and others have been tested as vectors (45).

Genetic modification may be performed either ex vivo or 
in vivo (Fig. 5). The first strategy is based on ex vivo modifi-
cation of cells and transplantation of the modified cells into 
patients. Cells that are most commonly considered therapeutic 
targets for LSDs are hematopoietic progenitor cells.
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Another strategy that is being extensively tested is based 
on the direct in vivo gene therapy. This approach is based on 
the injection of a gene transfer vector directly into a tissue or 
into the circulation.

An advantage of a gene therapy approach compared to 
ERT is the potential for long-term expression of the therapeutic 
protein. Thus, this would be a once-and-for-all procedure, and 
may have obvious advantages compared to ERT and small 
molecule therapies, that require life-long treatments. Another 
advantage is that gene therapy may be available to patients 
with conditions so rare that developing enzyme for ERT is not 
commercially feasible.

Although gene therapy is a promising treatment for LSDs, 
some concerns remain. The major issue is viral vector safety 
and the possibility of carcinogenesis following retrovirus- or 
adenovirus-mediated gene transfer. Unlike retroviral vectors, 
AAV vectors are nonpathogenic and generally do not inte-
grate into the host genome and are, in this respect, safer. A 
second consideration for gene replacement for the LSDs is 
that the vectors generally express supra-physiologic levels of 
enzyme and it is not known whether this would be safe in 
humans.

Other issues are related to the doses of vectors to be used, 
to the choice of the best vectors to obtain the desired correc-
tion of tissue and organs, and to the possibility of immune 
response toward the wild-type enzyme.

Although cross-correction makes it possible to achieve 
widespread enzyme distribution while genetically modifying 
a minority of cells, effective treatment of CNS disease remains 
an unsolved issue. This is due to the presence of the BBB, 
which excludes exogenous lysosomal enzymes from the brain. 
For neuronopathic LSDs, intracerebral injection of the vector 
carrying the wild-type gene has been explored as a possible 
strategy. In the animal model of multiple sulfatase deficiency 
(MSD), a severe autosomal recessive disease is caused by 
mutations in the sulfatase modifying factor 1 gene (Sumf1), 
the combination of systemic and intracerebral delivery of the 

wild-type gene resulted in the global activation of sulfatases, 
near-complete clearance of glycosaminoglycans, and improved 
behavioral abilities (47).

Gene therapy is under study for a variety of diseases, 
mostly in preclinical studies performed in animal models 
recapitulating the LSDs, phenotypes. The first clinical trials 
are now in progress or are being planned.

9. Substrate reduction therapy

SRT is based on the concept that the inhibition of specific steps 
of the biosynthetic pathways of substrates may reduce their 
flux to lysosomes and help restore the equilibrium between 
their synthesis and catabolism (48,49). This task is generally 
accomplished by using small-molecule inhibitors of enzymes 
involved in the biosynthesis of substrates.

SRT has already been approved for clinical use for the 
treatment of type 1 Gaucher disease, the most prevalent LSD, 
due to β-glucocerebrosidase deficiency and characterized 
by glycosphingolipid storage, and of Niemann-Pick disease 
type C (NPC), a defect of intracellular cholesterol trafficking.

The largest clinical experience on this approach has been 
obtained with the use of N-butyldeoxynojirimycin (Miglustat) 
in Gaucher disease. In this disorder, Miglustat has been 
shown to be effective in improving or stabilizing biochemical, 
visceral, hematologic and bone markers of the disease (50), 
causing limited adverse events (51).

A novel substrate inhibitor, eliglustat tartrate, was recently 
introduced and evaluated in a multisite, open-label, single-arm 
phase II clinical trial (52). Treatment with eliglustat tartrate 
resulted in improved hemoglobin levels and platelet counts, 
reduced spleen and liver volume, and increased lumbar spine 
bone mineral density.

In NPC, it has been demonstrated that glycosphingolipid 
storage plays a pathogenic role in brain disease (53). Thus, it 
was proposed that Miglustat, the same therapeutic agent used 
for Gaucher disease, could also be beneficial in NPC patients. 

Figure 5. Gene therapy is based on the delivery of the normal copy of the defective gene, that will direct the synthesis of the normal enzyme by the recipient's 
cells. The genetic modification may be performed by modifying the cells ex vivo, and by transplantation of the modified cells into patients. Another strategy is 
based on the direct in vivo gene therapy. This approach is based on the injection of a gene transfer vector directly into a tissue or into the circulation. In both 
cases, transduced cells may either repopulate specific tissues or cross the recipient cells, as shown for HSCT.
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In a controlled trial in 29 adult and juvenile NPC patients, 
Miglustat stabilized neurological disease, with improved 
horizontal saccadic eye movement, stabilized ambulation, 
and improved swallowing (54,55). Improved swallowing was 
also observed in a study on the efficacy of Miglustat in four 
pediatric patients (56).

The approach based on SRT has also been extended to the 
treatment of MPS. Preclinical and clinical studies were based 
on the use of non-specific inhibitors of glycosaminoglycan 
synthesis, the isoflavone genistein and the chemical dye rhoda-
mine B (57-60). The effects of these drugs, however, have 
been quite variable so far. In a two-year follow-up study of 
eight MPS III patients (61) treated with genistein, five patients 
showed improvement or stabilization of cognitive functions, 
whereas three showed further deterioration.

SRT has also been proposed in a few preclinical studies 
for the treatment of other LSDs, such as Sandhoff disease (62), 
Fabry disease (63), and Pompe disease (64,65).

The use of small-molecule inhibitors of substrate synthesis 
has obvious advantages, compared to the use of ERT and gene 
therapy, particularly in terms of bioavailability in different 
tissues and organs, including the CNS. The efficacy profile in 
NPC and other disorders, however, remains to be fully defined.

10. Other experimental approaches

The improvement of the knowledge on the molecular bases 
of genetic diseases and on the pathophysiology of LSDs has 
recently indicated additional targets of therapy.

As an example, it has been shown that manipulation of 
the autophagic pathway may have a beneficial effect in the 
animal model of Pompe disease. Genetic suppression of 
autophagy in the Pompe mouse resulted in reduced glycogen 
accumulation in skeletal muscle by 50-60% compared with 
mice with genetically intact autophagy (66). In addition, in the 
autophagy-defective Pompe animals, the efficacy of ERT was 
greatly improved with a near-complete clearance of glycogen 
in the skeletal muscle, a therapeutic goal never attained in PD 
mice with genetically intact autophagy.

Therapeutic strategies have been developed to induce ribo-
somal read-through of nonsense mutations in mRNA and allow 
production of a full-length functional protein. Small-molecule 
drugs such as aminoglycosides and ataluren (PTC124) have 
been developed and are in clinical testing in patients with 
several genetic disorders, such as Becker/Duchenne muscular 
dystrophy, cystic fibrosis, methylmalonic acidemia and others 
(67-70). In principle, use of nonsense mutation suppres-
sion may offer the prospect of treating patients with other 
genetic diseases due to premature termination of ribosomal 
reading, including LSDs. This approach has been explored in 
preclinical studies in cells from neuronal lipofuscinoses due to 
palmitoyl-thioesterase deficiency (71).

An entirely new and attractive concept of treatment derived 
from recent discoveries on the biology of lysosomes. It has been 
shown that lysosomal biogenesis and expression is regulated by 
the transcription factor EB (TFEB) (72). TFEB also regulates 
lysosomal exocytosis (73) by increasing the pool of lysosomes 
in the periphery of cells and facilitating their fusion with the 
plasma membrane. Induction of lysosomal exocytosis by TFEB 
overexpression rescued pathological storage and restored normal 

cellular morphology in vitro in cells from different LSDs (Pompe 
disease, multiple sulfatase deficiency, mucopolysaccharidosis 
type IIIA) and in vivo in the animal model of multiple sulfatase 
deficiency. These results indicated an alternative therapeutic 
strategy for disorders associated with intracellular storage, 
based on stimulation of lysosomal exocytosis.

11. Conclusion

The past two decades have given rise to significant progress in 
the treatment of LSDs. Different therapeutic options are now 
available or are being evaluated in preclinical studies. However, 
none of these options is applicable to all lysosomal diseases 
and most of the approaches have important limitations related 
to the bioavailability of therapeutic agents, toxicity, immune 
response, and impact on patient quality of life.

Future research is required to address these issues. 
Particular attention should be paid to the clear definition of 
guidelines for the treatment of patients. In this respect, careful 
collection of information in international registries on the 
natural history of LSDs and on the effects of therapies will be 
beneficial.

The possibility to combine different approaches in order 
to obtain the highest therapeutic efficacy and to personalize 
treatment protocols for each disorder and for each individual 
patient must be explored.
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